
ABSTRACT 

THORNTON, ALAJIA RENAY. Screening Different Perovskite-based Phase Transition 

Sorbents for Sorption-Enhanced Steam Reforming of Glycerol. (Under the direction of Dr. 

Fanxing Li). 

 

Sorption-enhanced steam reforming is a potentially efficient process to intensify 

hydrogen production. Sorbents that are commonly used suffer from a loss in CO2 sorption 

capacity because of their proclivity to sintering. Our group proposed a perovskite-based phase 

transition sorbent that can resist deactivation, thereby maintaining sorption capacity and catalytic 

activity. We specifically tested three families of A- and B-site doped SrFeO3-δ materials: SrxCa1-

xFeyN1-yO3-δ (SCFN), SrxCa1-xFeyCo1-yO3-δ (SCFC), and Co-Impregnated SrxCa1-xFeO3-δ (Co-Imp 

SCF). These materials were subjected to sorption-enhanced steam reforming of glycerol to 

observe their suitability as phase transition sorbents. Multiple characterization methods were 

conducted in addition to the packed-bed reactor results and confirmed the recyclability and 

durability of these sorbents. This study revealed that each material is indeed able to capture CO2 

in-situ, retain catalytic activity, and undergo recyclable phase changes.   



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Alajia Renay Thornton 

All Rights Reserved



Screening Different Perovskite-based Phase Transition Sorbents for Sorption-Enhanced Steam 

Reforming of Glycerol 

 

 

 

 

by 

Alajia Renay Thornton 

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

 

Chemical Engineering 

 

 

 

Raleigh, North Carolina 

2022 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

Dr. Fanxing Li                                                                      Dr. Saad A. Khan 

Committee Chair 

 

 

_______________________________                        

Dr. Philip R. Westmoreland                        



 

ii 

 

DEDICATION 

To my parents, Michelle and Dave Chamness. I have felt your love and support from 

across the country during my entire college career. I love you and I appreciate you both more 

than you can ever know. Todo pasa por una razón o el otro and thank you for constantly 

reminding me. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

BIOGRAPHY 

Alajia Thornton was born in December 1997 in Savannah, Georgia. In 2020, she earned a 

Bachelor of Science in Chemical Engineering from the United States Military Academy at West 

Point. She completed a master's degree in 2022 in Chemical Engineering at North Carolina State 

University. For her master’s research, she studied perovskite oxides behaving as phase transition 

sorbents for sorption-enhanced steam reforming under the guidance of Dr. Fanxing Li. 



 

iv 

 

ACKNOWLEDGMENTS 

I would like to acknowledge Leo Brody and Dr. Runxia Cai for accepting me into this 

research project with open arms. Your knowledge, assistance, and friendship has been incredible 

over the past year. Thank you, Katelyn Foust and Mahe Rukh for assisting me with preparation 

and experiments. You both lightened my load, and I am incredibly grateful. 

 I would also like to acknowledge the rest of the Li group for their support and 

suggestions throughout this project. I would like to acknowledge Dr. Fanxing Li for his guidance 

and for accepting me into his group. I would also like to thank my committee members Dr. 

Phillip Westmoreland and Dr. Saad Khan for their feedback and patience. 

Finally, I would like to thank my best friends and family for their constant love and 

support throughout the highs and lows of this thesis. 



 

v 

 

TABLE OF CONTENTS 

LIST OF TABLES ......................................................................................................................... v 

LIST OF FIGURES ...................................................................................................................... vi  

1. Introduction ................................................................................................................................ 1 

1.1 Hydrogen Production ............................................................................................................ 1 

1.2 Sorption-Enhanced Steam Reforming of Glycerol ............................................................... 1 

1.3 Thesis Overview ................................................................................................................... 4 

2. Experimental Section ................................................................................................................. 5 

2.1 Synthesis of Perovskite Material .......................................................................................... 5 

2.2 SESRG Runs ......................................................................................................................... 6 

2.3 Thermogravimetric Analyzer Experiments........................................................................... 8 

2.4 Calculations......................................................................................................................... 10 

2.5 X-Ray Diffraction and Scanning Electron Microscope & Energy Dispersive Spectroscopy

.....11 

3. Results and Discussion ............................................................................................................ 11 

3.1 SESRG Performance of SCFN ........................................................................................... 11 

3.2 SESRG Performance of SCFC............................................................................................ 16 

3.3 SESRG Performance of Co-Imp SCF ................................................................................. 21 

4. Conclusion and Future Work ................................................................................................... 25 

4.1 Conclusion .......................................................................................................................... 25 

4.2 Issues Encountered and Future Work ................................................................................. 25 

5. References ................................................................................................................................ 28 

6. Supplementary Information ..................................................................................................... 31 



 

vi 

 

LIST OF TABLES 

Table S1 Summary of Reactor Performance for SCFN Compositions ................................... 34 

 

Table S2 Summary of Reactor Performance for SCFC Compositions .................................... 34 

 

Table S3 Summary of Reactor Performance for Co-Imp SCF Compositions ......................... 35 

 



 

vii 

 

LIST OF FIGURES 

Figure 1 SESRG experimental setup ........................................................................................ 7 

 

Figure 2 A reaction cycle for SCFN 4691 from MS data (Ar and H2O are not shown). Both 

the pre- and post- breakthrough occur during the reduction step. The 

regeneration/decarbonation step releases CO2 with O2 as the oxidizing gas ............. 8 

 

Figure 3 A TGA reaction cycle that depicts a weight change of SCFN during the reduction 

step due to carbonate formation and during the decarbonation step due to 

decarbonation. In-between the reduction and decarbonation, there is a weight gain 

due to oxygen filling the empty lattice spots .............................................................. 9 

 

Figure 4 (A) A summary of the SCFN compositions’ packed-bed reactor performance. 

Metrics shown are average: glycerol conversion, sorption capacity, and pre-

breakthrough H2 concentration. (B) SESRG performance of SCFN-4691 over 15 

cycles with H2 volumetric flow, CO2 sorption capacity, and pre-breakthrough time 

 .................................................................................................................................. 12 

 

Figure 5 Ex-situ XRD pattern for a fresh and post-15 reaction cycles of SCFN-4691 .......... 13 

 

Figure 6 Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA 

experiments for SCFN compositions ....................................................................... 14 

 

Figure 7 (A) XRD pattern showing extent of reduction in TGA. (B) Comparison of extent of 

reduction in TGA and packed-bed reactor ............................................................... 15 

 

Figure 8 (A) A summary of the SCFC compositions’ packed-bed reactor performance. 

Metrics shown are average: glycerol conversion, sorption capacity, and pre-

breakthrough H2 concentration. (B) SESRG performance of SCFC-6491 over 15 

cycles with H2 volumetric flow, CO2 sorption capacity, and pre-breakthrough time. 

Note: SCFC-4682 and -7382 experienced only 1 and 2 cycles, respectively .......... 17 

 

Figure 9 Ex-situ XRD pattern for a fresh and post-15 reaction cycles of SCFC-6482 .......... 18 

 

Figure 10 Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA 

experiments for SCFC compositions ........................................................................ 19 

 

Figure 11 SEM images of (A) fresh and (B) regenerated samples of SCFC-6482 .................. 20 

 

Figure 12 EDS mapping of (A & C) fresh and (B & D) regenerated SCFC-6482 ................... 20 

 

Figure 13 (A) A summary of the Co-Imp SCF compositions’ packed-bed reactor performance. 

Metrics shown are average: glycerol conversion, sorption capacity, and pre-

breakthrough H2 concentration. (B) SESRG performance of Co-Imp SCF-73 over 15 



 

viii 

 

cycles with H2 volumetric flow, CO2 sorption capacity, and pre-breakthrough time 

 .................................................................................................................................. 21 

 

Figure 14 Ex-situ XRD pattern for a fresh and post-15 reaction cycles of Co-Imp SCF-64 .... 22 

 

Figure 15 Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA 

experiments for Co-Imp SCF compositions ............................................................. 23 

 

Figure 16 SEM images of (A) fresh and (B) regenerated samples of Co-Imp SCF-46 ............ 24 

 

Figure 17 EDS mapping of (A & C) fresh and (B & D) regenerated Co-Imp SCF-46 ............ 24 

 

Figure S.1 SESRG performance of (a) SCFN-3791, (b) SCFN-5591, (c) SCFN-6491, and (d) 

SCFN-7391 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, and pre-

breakthrough time ..................................................................................................... 31 

 

Figure S.2 SESRG performance of SCFN-5591 over 35 cycles with H2 volumetric flow, CO2 

sorption capacity, and pre-breakthrough time .......................................................... 32 

 

Figure S.3 SESRG performance of (a) SCFC-3782 and (b) SCFC-5582 over 15 cycles with H2 

volumetric flow, CO2 sorption capacity, and pre-breakthrough time ...................... 32 

 

Figure S.4 SESRG performance of (a) Co-Imp SCF-37, (b) Co-Imp SCF-46, (c) Co-Imp SCF-

55, and (d) Co-Imp SCF-64 over 15 cycles with H2 volumetric flow, CO2 sorption 

capacity, and pre-breakthrough time ........................................................................ 33 

 

 

 

 



   

1 

 

1. INTRODUCTION 

1.1 Hydrogen Production 

The need for energy is increasing due to the growth in the human population and 

technological advances. To meet the demand, the energy sector has been predominantly relying 

on fossil fuels [1]. Consequently, copious amounts of greenhouse gases, specifically carbon 

dioxide, are being emitted during the combustion of fossil fuels and these quantities are expected 

to increase [2]. A popular alternative to fossil fuels is hydrogen gas because it is considered a 

green fuel and can be produced from renewable and sustainable energy sources [3-7].  

Processes to produce hydrogen can be split into four main categories: electrolysis, 

thermolysis/thermocatalytic, photolysis, and biolysis. Subcategories of hydrogen production 

exist and consist of a combination of the main processes such as electro-photolysis or bio-

thermolysis [8-10]. Steam reforming of methane (SRM), a thermocatalytic process, followed by 

a water-gas shift reaction (WGS) is the most common method to produce hydrogen or syngas. 

H2, CO, and small amounts of CO2 are produced by an endothermic reaction between steam and 

methane over a catalyst [11, 12]. SRM is advantageous because the conversion efficiency of 

methane is between 74-85%, it is the process with the most developed technology, and there is 

existing infrastructure. The drawbacks of SRM are CO2 being a byproduct and the reliance on 

fossil fuels still exists [13]. Therefore, alternative feedstocks to produce hydrogen are desired. 

1.2 Sorption-Enhanced Steam Reforming of Glycerol 

An alternative feedstock can be found in biodiesel production. Biodiesel is an 

environmentally friendly alternative to petrodiesel that can be produced from many renewable 

sources. Two concerns of biodiesel production are the costs when compared to traditional fossil 

fuels and the crude glycerol byproduct. An excessive amount of glycerol, which is 10 wt.% of 
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the final product when creating biodiesel, can result in market saturation and waste management 

problems. To ensure biodiesel production is sustainable and cost-effective, glycerol needs to be 

used. A viable option is using glycerol as a feedstock for hydrogen production [14-16]. 

Methods to produce hydrogen from glycerol include steam reforming, autothermal 

reforming, aqueous-phase reforming, gasification, and pyrolysis [17-19]. Similar to hydrogen 

production from fossil fuels, steam reforming is the predominant method for hydrogen 

production from glycerol [19]. The reaction sequence is detailed below [16, 20]. 

Glycerol steam reforming is an endothermic reaction that occurs at high temperatures:  

𝐶3𝐻8𝑂3 ↔ 3𝐶𝑂 + 4𝐻2  (∆𝐻𝑟
0 = +250

𝑘𝐽

𝑚𝑜𝑙
) 

The excess steam in the process causes CO to oxidize to CO2 and produce more H2 

(WGS reaction): 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 (∆𝐻𝑟
0 = −41

𝑘𝐽

𝑚𝑜𝑙
) 

This reaction results in an overall reaction that is less endothermic: 

𝐶3𝐻8𝑂3 +3𝐻2𝑂 ↔ 3𝐶𝑂2 + 7𝐻2 (∆𝐻𝑟
0 = +128

𝑘𝐽

𝑚𝑜𝑙
) 

Methanation can occur at lower temperatures, resulting in the loss of some H2: 

𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 (∆𝐻𝑟
0 = −206

𝑘𝐽

𝑚𝑜𝑙
) 

Steam reforming of glycerol faces a handful of challenges, such as coke deposition at 

higher temperatures, necessity of heat due to the endothermicity, low H2 yield, and selectivity 

[16,20,21]. To overcome these challenges and enhance the process, a CO2 sorbent can be used to 

remove CO2 in-situ. Capturing CO2 in-situ would shift the thermodynamic equilibrium of the 

WGS reaction and lead to more H2 produced [21, 22]. CaO, for example, would react with the 
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CO2 produced from the WGS reaction and form a carbonate. The reaction can occur in the 

reverse direction if the sorbent is regenerated at higher temperatures [23, 24]. The reaction is: 

𝐶𝑎𝑂 + 𝐶𝑂2 ↔ 𝐶𝑎𝐶𝑂3 (∆𝐻𝑟
0 = −178

𝑘𝐽

𝑚𝑜𝑙
) 

Sorption-enhanced steam reforming is an improvement compared to steam reforming 

because the selectivity and yield of H2 are higher, carbon formation and methanation are 

reduced, and hydrogen production and CO2 capture occur simultaneously [22, 24]. The overall 

reaction for sorption-enhanced steam reforming of glycerol (SESRG) is: 

𝐶3𝐻8𝑂3 +3𝐻2𝑂 + 3𝐶𝑎𝑂 ↔ 3𝐶𝑎𝐶𝑂3 + 7𝐻2  (∆𝐻𝑟
0 = −407

𝑘𝐽

𝑚𝑜𝑙
) 

SESRG is an enhanced process, however, the introduction of sorbents creates different 

obstacles. CaO based sorbents experience the loss of CO2 sorption capacity due to sintering and 

deactivation. During sintering, small particles can agglomerate and the pore can shrink or change 

shapes [25]. This phenomenon occurs when the operating temperature is above the Tammann 

temperature, which is 533 ˚C for CaCO3. This low Tammann temperature results in sintering 

occurring during the high-temperature decarbonation step and even the lower temperature 

carbonation step (550-600 ˚C) [26]. CaO-based sorbents can experience a 40-60% decrease in 

sorption capacity after 10 carbonation and decarbonation cycles [27, 28]. 

Approaches taken to mitigate this issue include reactivating sorbents with hydration or 

chemical/thermal pretreatment, spacers to physically separate the sorbent particles, decreasing 

the particle size, and most promisingly employing a catalyst that can reversibly change phases 

under high temperatures; a phase-transition sorbent (PTS) [23, 25, 29, 30]. These types of 

catalysts can retain their catalytic activity over extended periods of time and avoid sintering [29, 

31]. An example for SESRG is a calcium cobaltate from Dang et al. that maintained a stable 
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sorption capacity after 120 reaction-decarbonation cycles. Notably, the decarbonation step was 

carried out under air to enable a reversible phase-change atmosphere [32]. 

It is concluded that a PTS should have a high CO2 sorption capacity, maintain stable 

sorption capacity and activity over repeated cycles, and undergo recyclable phases changes to 

avoid sintering. Therefore, perovskite oxides are good candidates as they enhance redox activity 

and are easily modifiable. Perovskite oxides have the form of ABO3-δ, where A is an alkali or 

alkaline earth metal cation, B is a transition metal cation, and δ is the oxygen non-stoichiometry, 

The structure can be doped with certain metals to stabilize the perovskite phase and provide a 

higher redox activity [33, 34]. Experiments with doped perovskite oxides have proven that PTSs 

are valuable materials for chemical looping applications [35]. For that reason, we hypothesize 

that PTSs will strengthen the SESRG process. 

1.3 Thesis Overview 

The goal of this thesis is to investigate if doped perovskite oxides can behave as PTSs. 

We tested this hypothesis by subjecting various compositions of SrxCa1-xFeyN1-yO3-δ (SCFN), 

SrxCa1-xFeyCo1-yO3-δ (SCFC), and Co-impregnated SrxCa1-xFeO3-δ (Co-Imp SCF) to SESRG 

cyclic reactions and assessing their performance. We analyzed the glycerol conversion, pre-

breakthrough time, CO2 storage capacity, and stability over many cycles. The materials were also 

characterized to determine the bulk phase, morphology, and surface elemental properties to 

observe the phase changes. 
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2. EXPERIMENTAL SECTION 

2.1 Synthesis of Perovskite Materials 

Both SCFN and SCFC powders were synthesized by a modified Pechini method. This 

modified Pechini method allowed the perovskite phase to form after the calcination of a 

polymeric resin. For the SCFN material, stoichiometric amounts of Sr(NO3)2, Ca(NO3)2∙4H2O, 

Fe(NO3)2∙9H2O, and Ni(NO3)2∙6H2O were combined. 10 ml of distilled water was added at room 

temperature to fully dissolve the precursors. The aqueous solution was heated to 40 ˚C and citric 

acid was added in a molar ratio of 5:1 with respect to the metal cations. The solution was held 

isothermal for thirty minutes to allow for a metal citrate to form. After 30 minutes, ethylene 

glycol was added in a molar ratio of 1.5:1 with respect to the citric acid and the solution was then 

heated to 80 ˚C. The solution was isothermally mixed for approximately 3-4 hours so a 

homogenous polymeric gel could form. Once the gel was formed, it was moved to a drying oven 

at 120 ˚C for at least 16 hours followed by a calcination in air at 1000 ˚C for 10 hours in a muffle 

furnace. The remaining material was ground with a pestle and mortar sieved to the desired 

particle diameter size of 180-250 μm. To synthesize SCFC powders, the same method was 

followed. However, the Ni(NO3)2∙6H2O was replaced with Co(NO3)2∙6H2O. 

The cobalt-impregnated SCF followed a similar method to the SCFN and SCFC 

synthesis. All the steps for the modified Pechini method were conducted, except stoichiometric 

amounts of only the Sr, Ca, and Fe nitrate precursors were combined. After the calcination, the 

remaining material was ground with a pestle and mortar and combined with an amount of the 

cobalt nitrate that equaled 20mol% of the total moles. The minimum amount of water needed to 

fully cover the solid material in the crucible was added. This mixture was mixed on a stir plate 

for 30 minutes, then moved to a drying oven at 90 ˚C until all the liquid had evaporated. The 
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remaining solid was calcined in air at 800 ˚C for 10 hours in a muffle furnace, then ground and 

sieved into the desired particle diameter size of 180-250 μm. 

 

2.2 SESRG Runs 

1.0 gram of PTS powder was loaded into a quartz u-tube (8 mm I.D. and 280 mm length) 

and packed-with silicon carbide and quartz wool to prevent gas flow from ejecting the material 

and preheat the inlet gas. The u-tube was housed in a Carbolite tube furnace for the duration of 

the experiment. Figure 1 depicts the packed-bed reactor set up. The tube furnace was possessed 

looped temperature cycling and was automated by PLATINUM™ Configurator software 

(Omega Engineering). A 50 ml stainless steel syringe filled with 30 wt.% glycerol in water was 

connected to a programmable injector and automated via FlowControl™ software (Harvard 

Apparatus) to cyclically inject the feedstock at 0.02 ml∙min-1. The feedstock was fed from the 

syringe pump (through a PTFE tube with 1/16” O.D.) to a two-way liquid injector valve that was 

automated with an electric actuator and programmed with LABVIEW. The outlet of the valve 

connected to a stainless-steel capillary tube that with a 1/16” O.D. PTFE line. A 1/8” O.D. 

stainless steel connected the reactor outlet to a condenser u-tube submerged in water to unreacted 

glycerol and water. The gaseous composition exiting the condenser was fed to a MKS Cirrus II 

quadrupole mass spectrometer (QMS) for composition analysis. The flow of Ar (Airgas UHP 5.0 

grade) and O2 (Airgas extra dry grade) were controlled by Alicat MFCs with NI MAX (National 

Instruments™) controlling the valve switches. Ar was flowed throughout all the cycles at a 

constant rate of 30 SCCM to move the gaseous products through the reactor and to act as a purge 

gas between the reforming and decarbonation step. O2 was flowed during the decarbonation step 

at a rate of 3.30 SCCM to maintain a 10% atmosphere. 
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Figure 1: SESRG experimental setup [36]. 

 

For SCFN, the reaction cycle was 65 minutes consisting of a 20-minute reforming step 

and 20-minute decarbonation step. The reaction cycle is: (1) 20-minute injection of the feedstock 

at 570 ˚C; (2) 10-minute isothermal purge with Ar; (3) 10-minute ramp from 570 ˚C to 850 ˚C 

with O2 and Ar; (4) 10-minute isothermal oxidation; (5) 15-minute ramp down to 570 ˚C. For 

SCFC and Co-Imp SCF, the reaction cycle was 75 minutes and consisted of a 30-minute 

reforming step and 20-minute decarbonation step. Otherwise, the reaction cycle process 

remained the same. The reforming step was 10 minutes longer to allow for the gases to 

equilibrate. 

The gaseous products were sampled during the first 30 seconds of the pre-breakthrough 

(tpb) period and last 2 minutes of the post-breakthrough period. The gas samples were analyzed 

with an Agilent 7890 Series Fast RGA gas chromatograph (GC) with two thermal conductivity 

detector (TCD) channels (He/TCD channel for CO/CO2 analysis and Ar/TCD channel for H2 
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analysis) and a flame ionization detector (FID) channel for hydrocarbon analysis. Figure 2 shows 

one reaction cycle as an example of the reaction process and when GC sampling occurs. 

 

 

Figure 2: A reaction cycle for SCFN 4691 from MS data (Ar and H2O are not shown). Both the pre- and 

post- breakthrough occur during the reduction step. The regeneration/decarbonation step releases CO2 

with O2 as the oxidizing gas. 

 

2.3 Thermogravimetric Analyzer Experiments 

Two sets of experiments were conducted in thermogravimetric analyzers (TGA, TA 

Instruments SDT Q600) to determine the sorption capacity and oxygen non-stoichiometry. The 

first experiment involved simulating the reduction/carbonation step by feeding concentrations of 

H2 and CO2 that matched the SESRG packed-bed environment. The concentration values were 

obtained from MS data that corresponding SCFN composition. To easily compare TGA results 

for SCFC and Co-Imp SCF compositions, we kept the H2 concentration at 20% and the CO2 

concentration at 10% for every experiment. 50 mg of SCFN or SCFC particles (180-250 μm) 
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were loaded into an alumina crucible then placed in the TGA and heated to 570 ˚C under Ar with 

a ramping rate of 20 ˚C/min. The reduction/carbonation step was 20 minutes long at 570 ˚C 

followed by an 11-minute Ar purge. The system was held isothermal for 3 minutes while the gas 

switched from pure Ar to 40% O2. To enable the decarbonation/regeneration step, the system 

was heated to 850 ˚C. This step lasted for 25 minutes under the Ar and O2 gas mixture. Lastly, 

Ar purged the system for 16 minutes. This cycle was performed 15 times. Figure 3 shows one 

cycle of the reduction and decarbonation process in the TGA. 

 

 

Figure 3: A TGA reaction cycle that depicts a weight change of SCFN during the reduction step 

due to carbonate formation and during the decarbonation step due to decarbonation. In-between the 

reduction and decarbonation, there is a weight gain due to oxygen filling the empty lattice spots [36].  

 

The second experiment involved incremental temperature changes from 500-900 ˚C 

under varying oxygen concentrations. 50 mg of SCFN, SCFC, or Co-Imp SCF particles were 

heated to 700 ˚C under 50% O2/Ar. After 20 minutes of isothermal conditions, the system was 
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cooled back down to 500 ˚C. The sample was heated from 500-900 ˚C at 20 ˚C/min with 10-

minute isotherms every 50 ˚C. For SCFN, this process was repeated for O2/Ar concentrations of 

20%, 10%, 5%, 3%, 1%, and pure Ar. For SCFC and Co-Imp SCF, this process was repeated for 

O2/Ar concentrations of 30%, 20%, 10%, 5%, and pure Ar. To establish a baseline, the sample 

was reduced at 1100 ˚C under 20% H2/Ar after the final temperature cycle.  

2.4 Calculations 

The tpb, CO2 sorption capacity, and the time average of H2 vol% were determined from 

the MS data. The CO2 sorption capacity was calculated by dividing the moles of CO2 released 

during decarbonation divided by the moles of the proper PTS material:  

𝐶𝑂2 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (
𝑛𝐶𝑂2𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑛𝑃𝑇𝑆 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
) ∗ 100 

The pre-breakthrough and post-breakthrough concentrations were obtained from the GC: 

𝐻2 𝑃𝑢𝑟𝑖𝑡𝑦 = (
[𝐻2]

[𝐻2] + [𝐶𝑂2] + [𝐶𝐻4] + [𝐶𝑂]
) ∗ 100 

Glycerol conversion (XG) could also be calculated from MS data since the glycerol 

injection was controlled. This calculation involves a carbon balance using the COx and CH4 MS 

signals. The H2:CO ratio was calculated by dividing the post-breakthrough H2 vol% by the post-

breakthrough CO vol%. The data for the vol% came from the GC for SCFN compositions and 

from the MS for SCFC and Co-Imp SCF compositions. 

Both results from the TGA experiments were needed to determine the CO2 sorption 

capacity and non-stoichiometry (δ). Figure 3 revealed a mass gain during the reduction step due 

to carbonation and the mass gain after the purge due to oxygen replenishing depleted lattice sites. 

For this reason, Δδ was calculated directly from TGA data by taking the mass difference (Δms) 

of the pre- and post-regenerated sample: 
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∆𝛿 =
∆𝑚𝑠 ∗ 𝑀𝑆𝐶𝐹𝑥

𝑀𝑂2∗𝑚𝑆𝐶𝐹𝑥

 

2.5 X-Ray Diffraction and Scanning Electron Microscope & Energy Dispersive 

Spectroscopy 

Ex-situ x-ray diffraction (XRD) was used to identify the bulk phase of fresh and 

regenerated samples of SCFN, SCFC, and Co-Impregnated SCF from the packed-bed reactor. 

XRD scans were conducted on a Rigaku SmartLab x-ray diffractometer with Cu Kα radiation 

(40 kV and 44 mA). The scanning range was 15-60˚ (2θ) with a scan step of .05˚ and a duration 

of 3.0 seconds at each step. 

The surface morphology and elemental distribution were completed using a scanning 

electron microscope (SEM) and energy dispersive spectroscopy (EDS). The system was an 

Oxford X-Max operating at an accelerated voltage of 20 kV and a working distance of 9.5-10 

mm. 

 

3. RESULTS AND DISCUSSION 

3.1 SESRG Performance of SCFN 

The overall performance of each SCFN composition is illustrated in Figure 4. Individual 

cycle performances for each SCFN composition can be found in the Supplementary Information 

(SI). The relevant performance metrics, CO2 sorption capacity, tpb, and H2 purity, remained 

stable over the course of 15 cycles for all compositions tested. Figure 4(A) informs us that 

SCFN-5591 is the best performing material if hydrogen purity is the primary concern. SCFN-

5591 had an average H2 purity ~97% of and average tpb of 2.50 minutes. However, SCFN-4691 

had a higher sorption capacity and H2:CO ratio. These values were ~38% and 6.13, respectively. 

One noticeable trend between performance and the materials is that glycerol conversion 
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decreases as the A-site composition increases above 50% Sr. We suspect this trend is due to 

SrFeO3-δ being more stable than CaFeO3-δ. 

SCFN-5591 was subjected to 35 cycles because of the impressive performance it 

demonstrated in 15 cycles. The sorption capacity plateaued around 35% after 10 cycles and 

remained stable for the duration of the experiment. Typical CaO-based sorbents are plagued by a 

10-cycle limit, yet all SCFN compositions maintained their stability in all performance metrics. 

SCFN-5591 exceeded those expectations and the individual cyclic performance is in the SI. 

 

   

                            (A)                                                                                (B) 

Figure 4: (A) A summary of the SCFN compositions’ packed-bed reactor performance. Metrics shown 

are average: glycerol conversion, sorption capacity, and pre-breakthrough H2 concentration. (B) SESRG 

performance of SCFN-4691 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, and pre-

breakthrough time. 

 

XRD patterns of fresh SCFN showed the presence of small amounts of NiO. This is 

possible if Ni cations were exsoluted from the perovskite structure during the calcination. XRD 

patterns of spent samples were also taken to observe the phase reversibility. The XRD patterns of 

the fresh and spent samples for SCFN-4691 can be found in Figure 5. We can conclude that this 
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material, along with the others, possesses great durability and phase reversibility since the peaks 

are almost perfectly aligned. 

 

Figure 5: Ex-situ XRD pattern for a fresh and post-15 reaction cycles of SCFN-4691 [36]. 

 

The TGA experiments provided us insight on the relationship between lattice oxygen 

release and sorption capacity since they are functions of B-site reduction. We concluded that 

oxygen release and sorption capacity are positively related. Figure 6 reveals that an increase in 

A-site doping leads to an increase in sorption capacity and oxygen donation, yet both variables 

decrease and stabilize as the doping surpasses 40% Sr. This trend is the same as is found between 

sorption capacity and SCFN compositions in the packed-bed reactor. 
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Figure 6: Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA experiments for 

SCFN compositions [36]. 

 

Spent and reduced (cycle ends after reduction step) TGA samples were subjected to ex-

situ XRD to investigate the extent of reduction. Figure 7(A) displays a comparison between the 

two samples for SCFN-3791. From this XRD pattern, we concluded that the extent of reduction 

and carbonate formation are sensitive to the gas compositions present during the 

reduction/carbonation step. A comparison of the reduced samples from the TGA and packed-bed 

reactor showed evidence of the TGA sample having a greater extent of reduction and more 

pronounced CaO and CaCO3 peaks (Figure 7(B)).  
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                            (A)                                                                                (B) 

Figure 7: (A) XRD pattern showing extent of reduction in TGA. (B) Comparison of extent of reduction 

in TGA and packed-bed reactor [36]. 

 

Other characterization methods such as SEM-EDS, in-situ XRD, and XPS were 

completed solely by lab members Leo Brody and Runxia Cai for fresh, reduced, and regenerated 

SCFN-5591 samples. SEM images indicated that sintering did not occur as fresh and spent 

samples did not show any signs of particle agglomeration with EDS informing us that the Sr, Ca, 

and Fe were evenly distributed on the surface with Ni forming in clusters. In-situ XRD was 

utilized to explore the difference in extent of reduction between samples reduced with H2 vs 

H2/CO2. They key finding was that flowing CO2 in addition to H2 provides a greater extent of 

reduction. Therefore, CO2 and the formation of carbonations are the primary drivers for the 

reduction of SCFN [36]. 

XPS revealed more information about the surface chemical environment than XRD alone 

could provide. SrCO3 and CaCO3 were identified by in-situ XRD and XPS, while SrO and CaO 

were detected by XPS. Elemental analysis showed that the surface of SCFN-5591 did not have 
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equal amounts of Sr and Ca. Instead, Sr was 17.86 atomic percentage (At%) and Ca was 6.43 

At%. Ni was barely on the surface and accounted for 0.14 At%. The reduced sample had a larger 

amount of Ni at 0.14 At% with Sr at 9.92 At% and Ca at 4.24 At%. Most of the surface was the 

carbonates which was expressed by C at 42.99 At%. One key takeaway from the reduced 

deconvoluted Ca 2p peaks is the lack of lattice Ca peaks. The lack of peak suggests that Ca 

quickly formed into CaO or CaO3 and could explain the higher sorption capacities for SCFN-

4691 and 5591. However, this explanation does not apply to SCFN-3791 and implies that other 

phenomena besides Ca molar percentage in the A-site affect sorption capacity [36]. 

3.2 SESRG Performance of SCFC 

SCFC performed poorly when compared to SCFN. Figure 8 shows the average 

performance of SCFC materials and the cyclic performance of the best performer, SCFC-6482. 

Due to short/non-existent pre-breakthroughs and the experimental system running overnight, GC 

samples were not taken. Therefore, sorption capacity, tpb, and H2:CO ratio were the only 

performance metrics examined. Regardless of the low performance, the metrics did remain stable 

during the 15 reaction cycles. SCFC-6482 had the highest glycerol conversion, sorption capacity, 

and tpb, however, SCFC-3782 had the highest H2:CO ratio. SCFC-4682 had comparable 

performance to SCFC-6482, but not enough cyclic data was collected on this material to 

determine an accurate conclusion. The individual cyclic performance of the other compositions 

is in the SI. We hypothesized that a wet impregnation of Co would provide a better performance 

due to a more even surface coating of the Co. These results are discussed in Section 3.3. 
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                            (A)                                                                                (B) 

Figure 8: (A) A summary of the SCFN compositions’ packed-bed reactor performance. Metrics shown 

are average: glycerol conversion, sorption capacity, and pre-breakthrough H2 concentration. (B) SESRG 

performance of SCFC-6491 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, and pre-

breakthrough time. Note: SCFC-4682 and -7382 experienced only 1 and 2 cycles, respectively. 

 

The XRD analysis conducted on fresh samples of SCFC indicated that all compositions 

achieved a pure perovskite phase. Figure 9 depicts the XRD pattern for SCFC-6482 and confirms 

that phase reversibility was achieved. The other compositions that underwent the full 15 reaction 

cycles also achieved phase reversibility and were deemed to be durable. 
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Figure 9: Ex-situ XRD pattern for a fresh and post-15 reaction cycles SCFC-6482. 

 

The TGA results for SCFC did not have a similar conclusion as the SCFN results. From 

Figure 10, we see that sorption capacity and oxygen release were not positively related, nor was 

there a clear trend. Despite the lack of a trend between those metrics, the sorption capacity in the 

TGA follows the same trend as the packed-bed reactor. The sorption capacity increases from 

30% to 40% Sr doping, then drastically decreases with 50% Sr doping. Then once again, an 

increase from the 50% Sr doping leads to an increase in the sorption capacity.  
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Figure 10: Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA experiments for 

SCFC compositions. 

 

SEM-EDS images were taken of fresh and regenerated samples of SCFC-6482 to 

determine if sintering had occurred between the two samples. The SEM images (Figure11) 

portray that no significant particle agglomeration occurs between the fresh and regenerated 

samples. The surface elemental mapping provided by EDS (Figure 12) shows that the A- and B-

site elements were homogenously distributed with no clusters of Co forming. 
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                            (A)                                                                                (B) 

Figure 11: SEM images of (A) fresh and (B) regenerated samples of SCFC-6482. 

 

   

                            (A)                                                                                (B) 

   

                            (C)                                                                                (D) 

Figure 12: EDS mapping of (A & C) fresh and (B & D) regenerated SCFC-6482. 
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3.3 SESRG Performance of Co-Imp SCF 

Co-Imp SCFC performed far better than SCFC. The overall results appear in Figure 13 

along with the individual cyclic performance of Co-Imp SCF-73. The other composition results 

are presented in the SI. Similar to the two previous general chemical compositions, the sorption 

capacity and tpb remained stable throughout the cycles. Only Co-Imp SCF-46 experienced a pre-

breakthrough time during every cycle that was significant enough to gather a gas sample from 

the GC. Co-Imp SCFC-46 experienced the best tpb with an average of 1.71 minutes with a H2 

purity of ~91% during the last two cycles. There was not one material that performed the best in 

all categories. Co-Imp SCF-73 had the highest sorption capacity at ~28%, while Co-Imp SCF-64 

had the best H2:CO ratio of 3.67. Due to different compositions excelling in each area, there 

were not any clear trends between the materials’ composition and the performance metrics. More 

investigation into the kinetics and thermodynamics of this material needs to be conducted.  

 

   

                            (A)                                                                                (B) 

Figure 13: (A) A summary of the Co-Imp SCF compositions’ packed-bed reactor performance. Metrics 

shown are average: glycerol conversion, sorption capacity, and pre-breakthrough H2 concentration. (B) 

SESRG performance of Co-Imp SCF-73 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, 

and pre-breakthrough time. 
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The XRD patterns for the fresh Co-Imp SCF samples confirmed that the perovskite phase 

was achieved. The XRD comparisons of the fresh and spent samples in Figure 14 are aligned and 

indicate that Co-Imp SCF-64 underwent phase reversibility and is durable. All other 

compositions had XRD patterns that also prove phase reversibility occurred. Like SCFN, small 

amounts of CoO appear. However, XRD was only able to identify it for the fresh sample. 

 

 

Figure 14: Ex-situ XRD pattern for a fresh and post-15 reaction cycles of Co-Imp SCF-64. 

 

The Co-impregnated samples outperformed the original SCFC samples in the TGA 

experiments. The CO2 sorption capacity and oxygen release were higher for each impregnated 

sample when compared to the corresponding SCFC sample with the same A-site doping. The 

exception to this observation is the sorption capacity for Co-Imp SCF-73; the sorption capacity 

decreased by 14.2% compared to SCFC-7382. For other Co-Imp SCF compositions, the smallest 

increase is 6.6% for sorption capacity for 30% Sr doping, while the largest increase is 441% for 

oxygen release for 60% Sr doping. In Figure 15, we do not see a relationship between sorption 

capacity and oxygen release. Although there is not a clear trend between each composition and 
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these two-performance metrics, there is a sole trend between the composition and sorption 

capacity. Increasing the A-site doping from 30% to 50% Sr increases the sorption capacity, but 

anything above that decreases sorption capacity. Interestingly, the TGA trends for sorption 

capacity does not match that of the packed-bed reactor. The sorption capacity in the packed-bed 

decreases when the Sr doping increases from 30% to 40% but continues to increase with a 50% 

Sr doping and above. 

 

 

Figure 15: Results of average CO2 sorption capacity and oxygen release (Δδ) from TGA experiments for 

Co-Imp SCF compositions. 

 

The SEM images of Co-Imp SCF-46 (Figure 16) did not show that significant sintering 

occurred between fresh and regenerated samples. The EDS mapping (Figure 17) depicted a 

homogenous distribution of the A- and B-site elements. 
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                            (A)                                                                                (B) 

Figure 16: SEM images of (A) fresh and (B) regenerated samples of Co-Imp SCF-46. 

 

   

                            (A)                                                                                (B) 

   

                            (C)                                                                                (D) 

Figure 17: EDS mapping of (A & C) fresh and (B & D) regenerated samples Co-Imp SCF-46. 
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4. CONCLUSION AND FUTURE WORK 

4.1 Conclusion 

These experiments establish that perovskite oxides can behave as phase-transition 

sorbents capable of CO2 sorption, oxygen release, and high catalyst activity. A major 

improvement over traditional methods is the superior longevity and reversibility of these 

materials. Packed-bed reactor results reveal the best performing materials based on pure H2 

production were SCFN-5591 and Co-Imp SCF-46 with H2 purities of 97.3% and 91%, 

respectively. XRD patterns along with the reactor results informed us that the SCFN and Co-Imp 

SCFC materials are durable and undergo phase recyclability. SEM-EDS imaging showed that 

significant sintering did not occur. SESRG results in conjunction with the bulk phase 

identification are substantial evidence that perovskite oxides, along with these specific materials, 

are worthwhile and should be investigated further. 

After multiple packed-bed reactor runs with SCFC, we hypothesized that impregnating 

SCF with Co would yield better results. Both TGA results and SESRG runs proved our 

hypothesis to be correct. Co based perovskites, specifically impregnated ones, have potential but 

more data collection and characterization analysis needs to be completed. However, he 

comparison between these two materials thus far verifies the catalytic effect of the B-site. The 

data collected is a starting point for further kinetic and thermodynamic studies to explore the 

specific reasons the impregnated material outperforms the typical one. 

4.2 Issues Encountered and Future Work 

Not all the desired experiments and characterizations were able to be completed before 

the end of this project. A major obstacle in the path of gathering consistent and reliable data was 

the mass spectrometer (MS). The MS was frequently moved and used by many other lab 
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members. This constant utilization required the MS to be calibrated every time it was reattached 

to the SESRG experimental setup. The MS also experienced gas blockages and required the 

capillary tube to be replaced multiple times. Therefore, the accuracy and reliability of the signals 

from the MS can be questioned between different experiments. 

The automated process did enable us to gather data for a singular SESRG experiment in 

one day as opposed to the three it took before, with the manual system. However, the automated 

process came with its own difficulties. Multiple experimental runs needed to be completed for all 

the materials before useful data could be collected. Sometimes the computer controlling the 

LABVIEW program would shut down during the middle of an experiment. The failure of the 

automation systems resulted in some materials not experiencing a proper regeneration. The 

LABVIEW program shutting down affected Co-Imp SCF-64 and is the reason only 10 out of the 

15 cycles were useful data. In the interest of being mindful of other MS reservations, a full 15-

cycle experiment needs to be conducted for this material and two others at another time. Other 

instances of the automation process failing resulted in unreliable or unusable data.  

Repeat runs for Co-Imp SCF should be conducted to confirm trends and to obtain GC 

data for all post-breakthrough periods. Co-Imp SCFC-46, the best performing material, should be 

subjected to a reaction cycle longer than 15 cycles to observe the sorption capacity over longer 

periods of time. Additional runs were not completed due to failures in the MS and the lack of 

time. 

Surface characterization analysis other than ex-situ XRD should be performed on all Co-

Imp SCF compositions; fresh, reduced, and regenerated samples need to be compared to each 

other and SCFN. BET surface area analysis should be conducted to confirm pore size changes 

before and after reaction cycles. BET analysis in conjunction with SEM-EDS will assist in 
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determining if sintering occurs and the effect that has on sorption capacity. In-situ XRD analysis 

should be performed to determine the extent of reduction as it would be further confirmation that 

the materials are experiencing a phase transition. A reaction scheme could also be proposed from 

these findings. Currently, XPS analysis has been performed on all the regenerated Co-Imp SCF 

samples. XPS analysis on reduced Co-Imp SCF and SCFC should be conducted next to draw 

comparisons between phase changes. The surface chemical environment and valence states 

before and after the reduction and carbonation step would be concluded from XPS. 

Once all these characterizations are complete, an overall comparison between SCFN and 

Co-Imp SCF can be conducted. The characterizations would help solidify Co-Imp SCFC as a 

viable PTS material for sorption-enhancement applications. The better performing material could 

be the main PTS used as this project starts to alter other variables such as feedstock. The findings 

can also guide the future efforts to optimize the phase-transition sorbents. 
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Supplementary Information 

 

 

 

Figure S1. SESRG performance of (a) SCFN-3791, (b) SCFN-4691, (c) SCFN-5591, (d) SCFN-6491, 

and (e) SCFN-7391 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, and pre-breakthrough 

time [36]. 

 



   

34 

 

 

Figure S2. SESRG performance of SCFN-5591 over 35 cycles with H2 volumetric flow, CO2 sorption 

capacity, and pre-breakthrough time [36]. 

 

   

                            (a)                                                                                (b) 

Figure S3. SESRG performance of (a) SCFC-3782 and (b) SCFC-5582 over 15 cycles with H2 

volumetric flow, CO2 sorption capacity, and pre-breakthrough time. 
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                            (a)                                                                                (b) 

   

                            (c)                                                                                (d) 

Figure S4. SESRG performance of (a) Co-Imp SCF-37, (b) Co-Imp SCF-46, (c) Co-Imp SCF-55, and (d) 

Co-Imp SCF-64 over 15 cycles with H2 volumetric flow, CO2 sorption capacity, and pre-breakthrough 

time. 
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Table S1. Summary of Reactor Performance for SCFN Compositions. 

  

SCFN 

Composition 

Average 

XG 

(±10%) 

Average 

PB 

H2 Vol% 

Average 

PO 

H2 Vol% 

Average 

PO 

CO 

Vol% 

Average 

PO 

CO2 

Vol% 

Average 

CO2  

Sorption 

Capacity 

Average 

tpb 

(mins) 

H2:CO 

3791 100% 87.49% 65.34% 18.05% 14.76% 22.37% 0.96 3.61 

4691 100% 95.58% 68.37% 11.15% 18.74% 38.22% 1.97 6.13 

5591 95.91% 97.33% 63.92% 18.17% 16.05% 35.80% 2.5 3.52 

6491 94.64% 92.14% 63.65% 17.76% 16.62% 21.35% 1.88 3.83 

7391 74.47% 92.50% 63.42% 16.74% 17.94% 21.32% 1.54 3.79 

Note: Average glycerol conversion, CO2 sorption capacity, and tpb were obtained from MS data 

with all others obtained from GC. 

 

Table S2. Summary of Reactor Performance for SCFC Compositions. 

SCFC 

Composition 

Average XG 

(±10%) 

Average CO2  

Sorption Capacity 

Average 

tpb (mins) 

H2:CO 

3782 34% 6.92% 0.19 1.51 

4682* 48.44% 14.32% 0 2.91 

5582 19.62% 1.13% 0.06 0.94 

6482 40.41% 15.61% 0.43 1.2 

7382* 30.98% 8.77% 0.10 1.25 

*Materials experienced less than 5 cycles. 
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Table S3. Summary of Reactor Performance for Co-Imp SCF Compositions. 

Co-Imp SCF 

Composition 

Average XG 

(±10%) 

Average PB 

H2 Vol% 

Average CO2  

Sorption Capacity 

Average 

tpb (mins) 

H2:CO 

37 98.12% NC 23.64% 0.13 2.76 

46 95.48% 91.47% 20.68% 1.71 2.64 

55 100% NC 22.05% 0.01 3.38 

64* 100% NC 22.08% 0.02 3.67 

73 68.29% NC 28.49% 0.01 2.21 

*Material only experienced 10 cycles. NC = Not Collected from GC. 


