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ABSTRACT 

Chemical looping (CL) technology offers a promising avenue for producing high-purity 

hydrogen with inherent CO2 separation. A critical challenge lies in identifying oxygen carriers 

with high performance and sustained activity across multiple redox cycles. This study 

investigates the influence of metal doping (Co, Cu, Ni) on the performance of brownmillerite-

structured Ca2Fe2O5 for biomass gasification and hydrogen production. Carriers were 

synthesized via a citric acid-assisted sol-gel method and tested in a fixed-bed reactor under 

atmospheric conditions. The study systematically examined the effects of temperature, water 

injection rate (steam/biomass ratio), and catalysts on biomass conversion. An optimal water 

injection rate of 0.1 mL/min with Ni-doped Ca2Fe2O5catalyst significantly enhanced hydrogen 

yield by 82.4% compared to the undoped carrier. Increasing temperature consistently improved 

H₂ yield throughout the gasification process. Notably, doping with Ni and Co significantly 

increased H₂ yield from 27.82 g/mol biomass (undoped) to 33.15 g/mol biomass (Ni) and 32.05 

g/mol biomass (Co), respectively. Furthermore, this research explored the valuable application of 

adding biochar to the asphalt mixture. The results revealed that incorporating biochar 

significantly improved the asphalt's performance against rutting and cracking, offering a 

promising and sustainable approach to enhance pavement longevity.
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CHAPTER 1: INTRODUCTION 

1.1 Background  

 

The term "chemical looping combustion" (CLC) was initially coined to describe the concept of 

chemical looping. This innovative approach gained prominence primarily in the fields of power 

generation and CO2 capture. The key advantage of CLC lies in the spatial separation of fuels and 

air during the reaction processes. This unique characteristic enhances its effectiveness in achieving 

efficient combustion and facilitating the capture of CO2 (Li et al., 2020). Over the past two decades, 

chemical looping (CL) technology has been applied beyond just power generation and CO2 

capture. Compared to alternative CO2 capture technologies, the advantage of adopting CL 

technologies is the inherent CO2 capture without the energy cost for separation processes 

(Abuelgasim et al., 2021). Just like combustion of fossil fuels (Sharma, 2019), chemical looping 

combustion of solid biomass has the unique potential to generate energy with negative carbon 

emissions while entailing an energy penalty compared to traditional combustion that is lower than 

that of the competing carbon capture technologies (Coppola & Scala, 2021). It is important to 

highlight that the utilization of biomass as a fuel does not contribute to an increase in the overall 

atmospheric CO2 inventory. When combined with carbon capture and storage (CCS) technology, 

the entire system can achieve a carbon-negative status. Through a synchronized reaction, the 

technology harnesses the inherent advantages of CL to produce syngas and generate hydrogen by 

utilizing water as a reactant (Yin et al., 2020). This method has gained significant popularity as 

the direct conversion of methane is difficult, leading to high consumption of energy. Syngas can 

further be processed into value-added products such as chemical feedstocks or liquid fuels, which 

have the potential to replace petroleum. The second product, hydrogen, is one of the most 
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promising energy carriers because of its high net calorific value of up to 121 MJ/kg (Ma et al., 

2017).  

Biomass chemical looping gasification (BCLG) utilizes two interconnected reactors that hold a 

metal oxide (MxOy) that acts as an oxygen carrier. This carrier transfers oxygen and heat from an 

air reactor (AR) to a fuel reactor (FR) without directly mixing the gases. In the FR, biomass is fed 

and breaks down into volatile compounds, tars, and char. These components react with a gasifying 

agent (like water vapor or carbon dioxide) and the oxygen carrier. This reaction produces a syngas 

mixture containing carbon dioxide, hydrogen, carbon monoxide, methane, and some heavier 

hydrocarbons. During this process, the oxygen carrier loses oxygen and becomes MxOy-1. The 

reduced carrier then travels to the AR where it's re-oxidized with air, preparing it for another cycle 

(Oscar Condori et al., 2021). Additionally, biochar carried over with the carrier is also combusted 

in the AR. The heat released from these exothermic reactions in the AR is carried back to the FR 

by the oxygen carrier, providing the energy needed for the endothermic gasification reactions (O. 

Condori et al., 2021). 

BCLG prioritizes syngas (primarily H2 and CO) production via enhanced partial oxidation 

(equation 1) compared to CLC. Additionally, steam or CO2 can be introduced into the fuel 

reactor to promote steam reforming (equation 2) and CO2 reforming (equation 3), further 

enhancing syngas yield.  

CnH2mOp + (n − p)MxOy → nCO + mH2 + (n − p)MxOy−1     (Equation 1) 

CnH2mOp + (n − p)H2O → nCO + (m + n − p)H2      (Equation 2) 

CnH2m + nCO2 → 2nCO + mH2        (Equation 3) 
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It's important to note that reactions 1 and 2 are highly endothermic, requiring external heat input 

to the fuel reactor. Despite this, BCLG boasts several advantages. First, it eliminates the need for 

direct air-fuel mixing. Second, BCLG offers a cost-effective approach to generate heat necessary 

for converting methane (CH4) to hydrogen (H2), eliminating the need for expensive oxygen 

production (X. Zhao et al., 2017). Finally, BCLG leverages a unique benefit when utilizing 

biomass compared to coal: the inorganic components in biomass ash act as effective gasification 

catalysts. 

Perovskites are a class of materials with the general formula ABO3, where A and B are cations. 

They are known for their unique crystal structure, which gives them a variety of desirable 

properties, including high reactivity, good stability, and ease of synthesis (Cao, Luo, Xing, et al., 

2022). These properties make perovskites well-suited for use as oxygen carriers in CL technology. 

There are several advantages to using perovskites as oxygen carriers in CL technology. First, 

perovskites are highly reactive, which means that they can quickly transfer oxygen to fuels. This 

is important for achieving high efficiency in chemical looping reactions. Second, perovskites are 

stable under a wide range of conditions, including high temperatures and pressures. This makes 

them well-suited for use in industrial applications. Third, perovskites are relatively easy to 

synthesize, which makes them a cost-effective option for oxygen carriers. The properties of 

perovskites can be tailored to optimize their performance for specific applications. For example, 

the composition of a perovskite can be changed to alter its oxygen-carrying capacity or its 

reactivity. Additionally, the surface of a perovskite can be modified to improve its stability or its 

catalytic activity. 

Ca-based perovskites have been extensively studied for their potential as oxygen carriers and 

catalysts in biomass gasification processes (Dawa & Sajjadi, 2024). These materials offer several 
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advantages over traditional catalysts, including high oxygen-carrying capacity, good stability, and 

catalytic activity. Several studies have demonstrated the effectiveness of Ca-based perovskites in 

promoting biomass gasification reactions. Liu et al. found that CaMn0.6Fe0.4O3 can simultaneously 

act as both an oxygen carrier and a catalyst, leading to increased H2/CO production and lower 

energy consumption compared to gasification without a catalyst (C. Liu et al., 2018). The enhanced 

performance of CaMn0.6Fe0.4O3 is attributed to the increased d-spacing caused by Mn-doping, 

which promotes the formation of high-charge Mn ions and facilitates oxygen-ion migration and 

oxygen activation (Liu et al., 2023). CaFe2O4 and Ca2Fe2O5 have been shown to achieve 

gasification efficiencies of 89.21% and 92.49%, respectively (Zhang et al., 2017). Sun et al. further 

investigated the performance of three calcium ferrite catalysts (CaO-Ca2Fe2O5, Ca2Fe2O5, and 

CaFe2O4) for gasifying pine wood and found that Ca2Fe2O5 exhibited superior H2-rich syngas 

yields (Sun et al., 2018). This superior performance is attributed to Ca2Fe2O5's continuous 

promoting mechanism and remarkable redox durability. Liu et al. elucidated the reaction pathway 

for Mn/Ca2Fe2O5 perovskites in chemical looping gasification (CLG) of biogas residue (Liu et al., 

2023). The proposed pathway involves oxygen uncoupling, CO2 catalytic conversion, regeneration 

of oxygen uncoupling vacancy, and ultimately recoverable oxygen uncoupling. However, 

Ca2Fe2O5 faces challenges such as Fe3C formation, carbon deposition, weak oxygen release, and 

easy sintering. These challenges can be addressed by doping Ca2Fe2O5 with other elements to 

enhance its oxygen-carrying capacity and catalytic activity. There have been relatively few studies 

conducted on using modified Ca2Fe2O5 in CL applications and further research is needed to 

optimize the performance of Ca2Fe2O5 and make it a viable option for large-scale CLG 

applications. 

1.2 Problem statement 
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BCLG is a promising technology for producing clean syngas and hydrogen from biomass with 

inherent CO2 capture. However, achieving optimal performance in BCLG relies heavily on the 

oxygen carrier material. While Ca2Fe2O5 perovskites demonstrate potential as oxygen carriers, 

limitations such as weak oxygen release, carbon deposition, and sintering hinder their large-scale 

application. 

This research aims to address these limitations by investigating the effects of Co, Ni, and Cu 

doping on the performance of Ca2Fe2O5 in BCLG. The specific objectives are to: 

1. Evaluate the impact of Co, Ni, and Cu doping on the reactivity of Ca2Fe2O5 with biomass 

and its influence on syngas production. 

2. Identify the optimal doping strategy to enhance the oxygen-carrying capacity and catalytic 

activity of Ca2Fe2O5 for improved BCLG performance. 

3. Investigate the influence of operating conditions (temperature and water injection rate) on 

gasification efficiency and product yields. 

1.3 Objectives 

 

To improve the performance of Ca2Fe2O5 oxygen carriers in CLG, three metals – Co, Ni, and Cu 

– were selected for doping optimization. The reactivity of the doped OCs with biomass and their 

gas production performance were evaluated using fixed-bed experiments. In addition, their redox 

properties were investigated using characterization techniques such as X-ray diffraction (XRD), 

scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) analysis, and hydrogen 

temperature-programmed reduction (H2-TPR). This study aims to (1) investigate the feasibility 

of utilizing a Ca2Fe2O5-based brownmillerite structure for high-purity hydrogen production 

through the CLG process, (ii) develop and characterize Ca2Fe2O5 doped with Co, Ni, and Cu to 
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assess how dopant type and concentration impact reactivity with biomass, syngas production, 

and hydrogen enrichment, (iii) investigate the influence of key operating parameters, including 

temperature and water injection rate to maximize product yields, focusing particularly on the 

production of high-purity hydrogen and (iv) evaluate how biochar affects asphalt's behavior at 

high temperatures in bio-asphalt mixtures. 

1.4 Outline of thesis 

 

Chapter 1: Introduction 

This chapter introduces the concept of Biomass Chemical Looping Gasification (BCLG) and its 

potential for clean syngas and hydrogen production with inherent CO2 capture. We briefly 

highlight the challenges associated with oxygen carriers in chemical looping, while also 

outlining the advantages of both the chemical looping process and the use of perovskite 

structures. Additionally, we review previous research conducted on Ca-based perovskites for 

biomass gasification and highlight the key objectives of our work.  

Chapter 2: Literature Review 

This section delves into a comprehensive review of over 100 research papers exploring the 

utilization of perovskite structures within various chemical looping technologies. The analysis 

focuses specifically on the recent advancements and findings related to the application of 

perovskites as oxygen carriers or catalysts in these processes. 

Chapter 3: Methodology  

This section details the experimental approach employed in this study, encompassing: 

1. Biomass Preparation: Selection, drying, and grinding of the chosen biomass feedstock. 
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2. Catalyst Synthesis: Synthesis of perovskite catalysts with characterization using 

appropriate techniques to confirm their structure and properties. 

3. Experimental Setup: Description of the BCLG reactor configuration, including details on 

gas flow rates, temperature control, and GC used. 

4. Experimental Procedure: Outline of the steps involved in BCLG experiments, including 

loading of biomass and catalyst, operating conditions (temperature, gas flow, water 

injection), and gas/solid product sampling procedures. 

5. Analysis of Results: Description of the analytical techniques employed to characterize the 

gas and solid products obtained, including gas composition analysis and hydrogen yield 

determination. 

Chapter 4: Results and Discussion 

This section presents the key findings from the BCLG experiments. We discuss the composition 

and concentration of gases produced during the process, focusing on the comparison between 

pyrolysis and gasification results. Additionally, we analyze the influence of temperature and 

dopant type on hydrogen enrichment in the syngas product. 

Furthermore, we present the optimal mixing protocol for incorporating biochar into asphalt 

mixtures. This section also investigates the impact of biochar particle size and production 

temperature on the high-temperature properties of the resulting binder blends. 

CHAPTER 2: LITERATURE REVIEW 

In 1897, Franz Bergmann was recognized for applying a chemical looping principle to convert 

hydrocarbons and calcium oxide into calcium carbide using manganese oxides. His pioneering 
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work in this field marked an early application of the chemical looping concept (Bergmann, 1897). 

Some batch experiments were carried out in the 1900s. However, the process could not be 

consistently operated as the technologies were only implemented at the pilot scale and not 

successfully scaled up for commercial use. This was primarily due to various factors such as low 

reactant conversions, high capital costs, and the deterioration of the looping carriers (Fan, 2017). 

During the 1990s, E. I. DuPont de Nemours and Company (DuPont) achieved a significant 

milestone by successfully commercializing chemical looping technology for the production of 

maleic anhydride from n-butane. Their groundbreaking approach involved the utilization of a 

vanadium pyrophosphate catalyst encapsulated in a silica shell. This chemical looping process was 

implemented in a circulating fluidized bed (CFB) configuration, marking DuPont as the first major 

industrial corporation to bring this technology to market (Patience & Bockrath, 2010). The 

emergence of the 21st century marked a notable period characterized by the global development 

and operation of numerous chemical looping units. This trend of ongoing interest and active 

construction of demonstration units signifies the growing significance and relevance of chemical 

looping systems in various industrial applications. Such developments underscore the potential 

and promise of chemical looping as a valuable technology for the industry. 

The term "chemical looping combustion" was initially coined to describe the concept of chemical 

looping. This innovative approach gained prominence primarily in the fields of power generation 

and CO2 capture. The key advantage of chemical looping lies in the spatial separation of fuels and 

air during the reaction processes. This unique characteristic enhances its effectiveness in achieving 

efficient combustion and facilitating the capture of CO2 (Li et al., 2020). Over the past two decades, 

chemical looping technology has been applied beyond just power generation and CO2 capture. 

Applications include chemical looping steam methane reforming, biomass decomposition, 
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ammonia synthesis, full oxidation, partial oxidation, selective oxidation, super dry reforming, dry 

reforming, desulfurization, and thermochemical CO2 and H2O splitting. Additionally, chemical 

looping processes have been utilized for converting fossil fuels into both power and chemicals, 

while simultaneously capturing CO2 in-situ. Notably, these applications demonstrate good 

integration of process heat, further enhancing their efficiency (Li et al., 2017). Compared to 

alternative CO2 capture technologies, the advantage of adopting CL technologies is the inherent 

CO2 capture without the energy cost for separation processes (Abuelgasim et al., 2021). Just like 

combustion of fossil fuels, chemical looping combustion of solid biomass has the unique potential 

to generate energy with negative carbon emissions while entailing an energy penalty compared to 

traditional combustion that is lower than that of the competing carbon capture technologies 

(Coppola & Scala, 2021). It is important to highlight that the utilization of biomass as a fuel does 

not contribute to an increase in the overall atmospheric CO2 inventory. When combined with 

carbon capture and storage (CCS) technology, the entire system can achieve a carbon-negative 

status. CL technologies find another significant application in reforming processes. Methane, a 

key component of natural gas and biogas, can be effectively converted into high-quality syngas . 

A novel technology known as chemical looping steam methane reforming (CLSMR) has emerged 

to facilitate this methane reforming process while simultaneously generating hydrogen from water. 

CLSMR represents an innovative approach where chemical looping principles are utilized to 

enable the efficient conversion of methane into syngas. Through a synchronized reaction, the 

technology harnesses the inherent advantages of CL to produce syngas and generate hydrogen by 

utilizing water as a reactant (Yin et al., 2020). This method has gained significant popularity as 

the direct conversion of methane is difficult, leading to high consumption of energy. Syngas can 

further be processed into value-added products such as chemical feedstocks or liquid fuels, which 
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have the potential to replace petroleum. The second product, hydrogen, is one of the most 

promising energy carriers because of its high net calorific value of up to 121 MJ/kg (Ma et al., 

2017). On the other hand, chemical looping dry reforming of methane (CLDRM) is a potential 

alternative to the traditional steam reforming process, which can produce syngas with a [H2]/[CO] 

ratio equal to 2 during the reduction step (Adanez et al., 2012), (García-García & Metcalfe, 2021). 

From an environmental point of view, CLDRM is a novel application since two greenhouse gas 

molecules (methane and carbon dioxide) are converted into valuable products (hydrogen and 

carbon monoxide). Aside from reforming, thermochemical water splitting is another promising 

technique for efficiently producing green hydrogen at scale using thermal energy (Ozcan et al., 

2023). While the current hydrogen market heavily relies on fossil-fuel-based platforms, the 

thermochemical water-splitting systems based on the reduction-oxidation (redox) looping 

reactions have a significant potential to contribute to the sustainable production of green hydrogen 

at scale. It is a process in which pure H2 is produced with capturing relatively pure CO2 (i.e., 

separate H2 and CO2 streams). CL can also be used for the removal of catalyst deactivating agents 

such as sulfur (desulfurization). Fossils and most renewable fuels contain significant amounts of 

sulfur contaminants (mainly in the form of H2S), which can react with metals and metal oxides to 

form the corresponding metal sulfides and can thus impact the performance of carrier materials 

used in CL technologies (Jerndal et al., 2006). Metal sulfides often have lower melting points 

compared to the corresponding metals or metal oxides. As a result, the operating temperature of a 

combustion process is influenced by this characteristic. However, the challenges posed by 

sulfidation can be mitigated by employing desulfurized fuels or periodically regenerating the 

carrier material through oxidation with air (Solunke & Veser, 2011). This regeneration process 

effectively removes physically and/or chemically bound sulfur from the carrier material, which is 
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an inherent feature of CLC (chemical looping combustion) processes. In CLC, the carrier material, 

in its reduced state, is cyclically transferred to the oxidizer, where it undergoes re-oxidation using 

oxygen from the air. Therefore, if the carrier material becomes sulfurized during the reduction 

phase, it will be subsequently regenerated in the oxidizer during the next cycle. Consequently, if 

the carrier material has a strong affinity for sulfur compounds, CLC has the potential to facilitate 

the desulfurization of the fuel-side effluent. By leveraging the fundamental principles of CLC, 

such as periodic regeneration and the affinity of carrier materials for sulfur species, the process 

can effectively address sulfidation concerns and enable the desulfurization of fuel-side effluents. 

Furthermore, CL technologies exhibit potential for the production of various chemicals, including 

ethene and ammonia. One notable application is chemical looping oxidative dehydrogenation 

(CLODH) of ethane, which offers advantages in terms of avoiding air separation and explosion 

concerns. This process utilizes the lattice oxygen present in the catalysts to facilitate the oxidation 

of ethane, resulting in the production of ethene. Subsequently, the reduced redox catalysts are 

efficiently regenerated through exposure to air. This approach showcases the capacity of CL 

technologies to enable a safer and more streamlined oxidative dehydrogenation process for the 

production of ethene, while ensuring the efficient recovery and reuse of catalysts through periodic 

regeneration (García-García & Metcalfe, 2021). CL technologies also offer several advantages 

over the conventional Haber-Bosch process when it comes to ammonia production. These benefits 

include lower energy consumption, reduced greenhouse gas emissions, and decreased capital costs. 

By leveraging CL technologies, the efficiency of ammonia production can be significantly 

improved by minimizing the energy requirements for gas separation and purification processes. 

The overall cost reduction is primarily achieved by decreasing the plant cost associated with the 

reforming unit and CO2 separation. Consequently, the utilization of CL technologies yields a 
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negative cost for CO2 avoidance, typically ranging from -$1 to -$5 per ton of CO2, depending on 

factors such as the cost of oxygen carriers and chemical looping reactors. These advantages 

position chemical looping as a promising and economically viable alternative for ammonia 

production, with the potential to not only enhance process efficiency but also contribute to 

sustainability goals by reducing both energy consumption and greenhouse gas emissions.  

In all the aforementioned CL applications, perovskites can be used as oxygen carriers in the 

absence of air to promote reactions between oxygen and fuels. Perovskites can be reduced by the 

fuel to form a metal oxide and release oxygen, which can then react with the fuel to produce carbon 

dioxide and water. The reduced metal oxide can then be re-oxidized in a separate step, regenerating 

the perovskite, and releasing the captured carbon dioxide in a concentrated form that can be easily 

captured and stored. Therefore, they undergo macroscopic redox cycles of reduction and oxidation 

reaction cycles with significant loss and gain of surface and lattice oxygen. Due to their excellence 

in redox reaction, reducibility, ionic electronic properties, and high thermal stability, these 

materials have been widely studied (Cao, Luo, Xing, et al., 2022). The use of perovskites as oxygen 

carriers in chemical looping technology offers several advantages over other materials, including 

high reactivity, good stability, and ease of synthesis. Additionally, perovskites can be tailored to 

optimize their properties for specific applications, such as high-temperature or low-temperature 

reactions reactors. 

This review will provide a systematic and comprehensive summary of recent studies exploring 

perovskite structures and their applications in chemical looping. This review seeks to investigate 

the performance of those perovskite structures in different chemical looping processes, 

highlighting their unique properties, reactivity, and stability. This review also aims to evaluate the 

diverse applications and capabilities of perovskites in various chemical looping technologies 
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where perovskites have demonstrated their effectiveness, including combustion, steam and dry 

reforming and gasification. 

Perovskite Structures  

Perovskites, a vast family of compounds, possess structures that are closely related to CaTiO3. The 

initial discovery of these structures can be attributed to Lev Perovski in 1792 (Cheng & Lin, 2010). 

However, their detailed description was first provided by Wenk and Bulakh in 1926, and later on 

published in 1945 (Szuromi & Grocholski, 2017). Due to their high stability and versatility to 

accommodate various cations into their structures, perovskites and perovskite-derived structures 

represent some of the most important geological compounds (Zhu et al., 2018). Perovskites exhibit 

a common structure known as ABX3, wherein 'A' and 'B' represent cations of differing sizes, and 

'X' represents an anion that forms bonds with both cations. The crystal structure of ABX3 

perovskite is depicted in Figure 1, showcasing the arrangement and configuration of the A, B, and 

X atoms within the perovskite lattice. The A-site typically consists of divalent base alkaline, 

alkaline-earth, or rare-earth metal elements with larger ionic radii, while the B-site comprises 

transition metal elements with smaller ionic radii. X is commonly oxygen or other larger ions like 

halides, sulfides, and nitrides. The 'A' atoms are larger than the 'B' atoms (Ono et al., 2017), and 

both can be substituted by any metal or semimetal from the periodic table. The atomic 

arrangements in perovskite structures were first described for the mineral perovskite calcium 

titanate as “sub- metallic to metallic luster cube like-structure with deficient cleavage and hard 

tenacity, colorless streak or colors include orange, black, brown, yellow and gray” (Whitfield et 

al., 2016). In a perovskite cubic unit cell, A cations are 12-fold coordinated and sit in corners of 

the cube at corner position (0, 0, 0) while X atoms are at the face center of the cubic lattice at 

position (1⁄2, 1⁄2, 0) but tetravalent B cations lie within the octahedral, occupying the body center 
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position (1⁄2, 1⁄2, 1⁄2) (Assirey, 2019). The structure is pictured as a three-dimensional network of 

regular corner linked BO6 octahedral (Tan et al., 2014).  

 

Figure 1: The 3D crystal structure of perovskite structure ABX3. Reprinted with permission 

from (Luo & Daoud, 2014). Copyright 2023 American Chemical Society. 

Double Perovskites  

Double perovskites are the perovskites with the A or B site occupied by two different types of 

cations, giving the formulas of A′A′′B2O6 (double A-site) or A2BB′O6 (double B-site). The A-sites 

of double A-sites are characterized by valences of +1 or +2, typically encompassing elements from 

the first or second group of the periodic table, such as K, Ba, Sr, and others. Conversely, the B and 

B' sites predominantly exhibit variable oxidation states (+3, +4, +5, +6) combined 

stoichiometrically (Basavarajappa & Chakraborty, 2022). The double B-sites are perovskites 

where two different B cations occupy the center of the cube resulting in a ratio of rA/(rB1 + rB2) or 

(rA1 + rA2) /rB different from 1. Examples include Sr2FeMoO6 and Ba2YMoO6 (Vries et al., 2010) 

where two different B cations occupy the center of the perovskite cube. These structures have been 

widely investigated because they have high oxygen surface exchange kinetics and fast oxygen ion 

diffusion rates, and good mixed ionic and electronic conductivity at elevated temperature (Y. Cao 

et al., 2021). These structures also hold a more orderly structure arrangement, thereby preventing 
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lattice distortion and improving cycling stability. Compared with simple perovskite, A and B-site 

double perovskite with more substitution sites provide more opportunities to regulate the crystal 

structure, electronic and ionic defects, and therefore enhance the electrochemical performance 

(King & Woodward, 2010).  

Since A-site cations usually act as an electron donor to the [BO6] framework and the physical 

properties of ABO3 perovskites are highly dependent on B-site cations, double perovskites usually 

indicate double B-site perovskites (Yin et al., 2019). The crystal structure of a double perovskite 

A2B′B′′O6 is determined by the arrangement of B′ and B′′ cations in the B sublattice. For the 1:1 

B-site ordered perovskite, the B- and B′-site elements behave very differently in chemical valence. 

The B-site cation is occupied by low valence cations (Fe, Co, Ni, Mg, and so forth), while the B′-

site cation usually has high valence, such as Nb, Mo, and W, and so forth. They are ordered in the 

configuration of -[B-O-B′-O-B]- along three axes, forming a B-site rock-salt like structure (Figure 

5b). The three main kinds of B-cation sublattice include random, rock salt and layered structures. 

These arrangements are determined by the charge difference (ΔQ) between B′ and B′′. Based on 

the existing double perovskites, the random order dominates when ΔQ = 1, but the rock-salt order 

dominates when ΔQ > 2. Since ΔQ ≥ 2 in most of the double perovskites, the rock-salt order 

accounts for the majority of double perovskites. 

In the case of A-site ordered double perovskite AA′B2O6, A is generally a lanthanide element (Pr, 

Nd, Sm, Gd, and so forth) with a smaller ionic radius while the A′ is usually a large cation, such 

as the alkaline earth metal Ba. Due to the great difference in ionic radii between A and A′ cations, 

A-site double perovskite tends to form an A-site layered structure with a stacking sequence of -

[AOδ]-[BO2]-[A′O]-[BO2]-[AOδ]- along the c axis. The ordering in A-site double perovskite could 

be partial in whole lattice, depending on the difference in cation valence. The oxygen in the [AOδ] 
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layer can be fully occupied, half-occupied, or even completely removed, depending on differences 

in the size of the A and A′ cation and/or environment atmosphere. The high content of oxygen 

vacancies in the [AOδ] layer provides rapid migration channels for oxygen ions, therefore, the 

AA′B2O6 perovskite demonstrates unique oxygen surface exchange and migration properties (M. 

Zhang et al., 2022).   

Perovskite Synthesis 

Perovskite synthesis methods have advanced rapidly since their first development using the simple 

ceramic method in the 1970s. The main goal of this progress has been to improve the poor textural 

properties of perovskites, which are important for catalytic applications where surface area is key 

(Royer et al., 2014). This has led to the development of more efficient synthesis routes, such as 

the sol-gel method, solid-state reaction, Pechini and modified Pechini techniques, wet 

impregnation method and spray drying method (Figure 2). Perovskites synthesized through these 
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methods have been utilized by various researchers for applications in CL technologies.  

 

Figure 2: Synthesis Methods used for Perovskite Synthesis 

 

 Perovskites in Chemical Looping (CL) Technologies   

Chemical looping represents an important category of technologies, which can be deployed for 

direct combustion, used in reforming applications, gasification, oxygen uncoupling, air separation, 

oxidative dehydrogenation, and epoxidation. In this kind of system, oxygen is added to the fuel 

gas via a solid carrier so that it may later be released as a pure CO2 stream that is suited for 

consumption, or more likely sequestration or storage. The solid is then regenerated in a reactor 

using an oxygen source (e.g. air, steam or carbon dioxide), so that the technology effectively 

achieves oxygen separation from the oxygen source without the use of a costly cryogenic process 

or membrane technology (Anthony & Symonds, 2022). Cycles of gas-solid reactions make up a 

chemical looping process, and the performance of the oxygen carriers is crucial to its efficient 
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functioning. The total process in a typical chemical looping system may be thought of as burning 

and partial oxidation/reforming of the fuels, which calls for certain oxygen carrier qualities in order 

to correctly manage the product selectivity (Zheng et al., 2022).  

One of the major issues with the chemical looping principle is the selection of suitable oxygen 

carrier (OC) material (Figure 3). Oxygen carriers (metal oxides or perovskites) are applied for the 

chemical looping process in place of air to offer oxygen for fuel combustion. These oxygen carrier 

particles consist of reducible MOx compounds with three key functions: generating oxygen ions 

or vacancies and electrons or holes, facilitating their diffusion in the bulk phase, and providing 

active sites for surface reactions (Zeng et al., 2018). Because of a variety of factors, including 

thermal activity, cost, availability, environmental, and safety concerns, it is difficult to classify 

suitable candidates as OC in the chemical looping (CL) process. Some characteristics of an 

efficient oxygen carrier include high surface areas and low transport resistances between the 

external atmosphere, intraparticle pores and particle surface. 

 

Figure 3: An oxygen carrier particle can be reduced by H2 and reoxidized by O2. (Zeng et al., 

2018) 

In the subsequent sections, we will explore various chemical looping technologies (Figure 4) 

described in the literature and examine how different perovskite structures have been utilized in 

recent times to enhance process efficiency, along with their underlying mechanisms. 



 

19 

 

 

 (a) (b) (c) 

 (d) (e) (f) 

 
 (g) 

 

Figure 4: a) Chemical Looping Combustion (CLC), b) Chemical Looping Reforming (CLR), c) 

Chemical Looping Gasification (CLG), d) Chemical Looping Air Separation (CLAS), e) Chemical 

Looping Dehydrogenation (CLDH), f) Chemical Looping Epoxidation (CLEPOX), g) Chemical 

Looping Oxygen Uncoupling (CLOU 

 

Perovskites in Chemical Looping Combustion (CLC) 

Table 1 presents a comprehensive list of perovskite structures that have been utilized in chemical 

looping combustion (CLC), along with their respective reaction parameters and main findings. In 

recent years, Ca-based perovskites have gained much attention for scale up of CLC processes. Ca-
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Mn based perovskites can facilitate fuel combustion as they release gaseous oxygen. They are 

made of cheap materials and suitable candidates for CLC. Abad et al. (Cabello et al., 2021) 

explored the use of CaMn0.775Ti0.125 Mg0.1O2.9-δ , the first and only oxygen carrier prepared at ton-

scale, which exhibits promising features for the CLC scale-up.  

In-situ activation of perovskite via air heating resulted in a remarkable performance enhancement: 

oxygen release rate increased by up to 50%, carbon monoxide production decreased by up to 70%, 

and the temperature requirement for CLC decreased by up to 100 degrees Celsius (Cabello et al., 

2021). Källén, et al investigated the use of CaMn0.9Mg0.1O3-δ as oxygen carrier for CLC of natural 

gas. CaMn0.9Mg0.1O3-δ was able to reversibly store and release oxygen at high temperatures and 

convert natural gas to CO2 and H2O with high efficiency. Minimal formation of fines was estimated 

at below 0.01%, suggesting that the particles have the potential for a significantly extended 

lifespan (Källén et al., 2013). Pachler et al. (Pachler et al., 2019) focused on examining the impact 

of sulfuric fuel impurities on CLC using a 120 kWth pilot unit comprising interconnected 

circulating fluidized beds. In the investigation, CaMn0.775Mg0.1Ti0.125O3-δ was used as an oxygen 

carrier and natural gas was employed as fuel. It was found that the presence of sulfur in the fuel 

feed negatively affects the general fuel conversion performance of the perovskite oxygen carrier, 

and it gets captured by the perovskite oxygen carrier as crystalline phases of MgS. Also, 

regeneration of the perovskite after switching off the sulfur feed was not possible. Further research 

is needed to develop strategies for mitigating the effects of sulfur on CLC performance. 

There have been various reports on the ability of La-based perovskites to facilitate CLC. The 

ability to tune their properties, such as electronic and ionic conductivity and catalytic activity, by 

controlling their elemental composition, makes them especially attractive (Readman et al., 2005). 

Readman et al. (Readman et al., 2005) studied the feasibility of La1−xSrxCo1−yFeyO3−δ perovskites 
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by investigating their structural properties under both oxidative and reductive atmospheres. These 

structures had the redox properties required for CLC. Jiang et al. (Jiang et al., 2018) combined 

thermal cycle with solar-heat driven chemical-looping combustion (S-CLC) to investigate the 

properties of LaCuxNi1−xO3. They found that x = 0.1 is the ideal copper substitution and more than 

46% of these structures reduced in 5 minutes and no carbon deposition was observed.  

Mei, et al. (Mei et al., 2020) synthesized double perovskite-type La2NiB'O6 (B' = Mn, Fe, Co, Cu) 

catalysts with a three-dimensional ordered macroporous (3DOM) structure using the colloidal 

crystal template method. The 3DOM structure enhanced the contact efficiency between soot and 

the catalyst. The arrangement of [NiO6] and [B'O6] octahedrons in La2NiB'O6 created coordination 

unsaturated B-site ions. The 3DOM La2NiB'O6catalysts exhibited excellent catalytic performance 

for soot combustion in simulated exhaust, with their performance depending on the synergistic 

effect of binary Ni and B'-site ions. Among the catalysts, the La2NiCoO6 catalyst showed greatest 

level of catalytic activity for soot combustion, with a maximum soot combustion rate of 98.2%. 

The mechanism proposed (Figure 5) suggests that the synergistic effect of Ni and B' ions enhances 

the crucial step of NO oxidation to NO2. They also suggest that the key step in the elimination of 

soot by the La2NiCoO6 catalyst involves the oxidation of NO to NO2 by surface active oxygen 

species. These 3DOM catalysts, as non-noble metal nanocatalysts, showed promising potential for 

practical applications in catalytic diesel soot elimination. 

 

 

 

 

 

 

 

 

 

 

La2NiCoO6 

NO2 NO O2 

La2NiCoO6 

CO2 NO2 

Figure 5: Reaction mechanism diagram of 3DOM double perovskite-type La2NiCoO6 catalysts for 

soot combustion (Mei et al., 2020). 
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Fang, et al. (Fang et al., 2018) synthesized La1-xKxFeO3-δ nanotubes using electrospinning and 

calcination techniques for efficient soot oxidation. The addition of a certain amount of K+ ions into 

the inhibited crystallite growth during high-temperature calcination, which further prevented the 

destruction of the macro/mesoporous tubular structure and increased contact between soot particles 

and active sites. It also resulted in a higher density of oxygen vacancies, enhancing the redox 

abilities of the catalyst. However, excessive K+ doping caused the collapse of the 

macro/mesoporous tubular structure, which negatively affected the catalytic performance. They 

found that La0.8K0.2FeO3-δ nanotubes exhibited the best performance for soot removal. 

Cui. et al. (Cui et al., 2020) explored A-site disubstituted lanthanides and discovered that the right 

amount of K+ doping might lessen the catalyst's tendency to sinter, decrease the thermal stability 

of the catalyst, speed up the coal's burning, and enhance the catalytic effect. The catalyst with the 

greatest combustion reaction rate was La0.66Sr0.2K0.14MnO3, which also caused significant changes 

in the catalyst's specific surface area and particle size. Substituting Sr2+ and K+ with La3+ in the A-

site of LaMnO3 resulted in expansion of the unit cell and an increase in particle size. Introducing 

K+ doping reduced the thermal stability of coal and increased the combustion rate. The 

incorporation of K+ cations in the A-site led to enhanced activity of adjacent O2- anions on the 

dodecahedron sites and increased vacancies in these sites. Oxygen vacancies located on the 

catalyst surface facilitated greater O2 adsorption, resulting in a higher combustion rate for coal. 

Sarshar and Kaliaguine (Sarshar & Kaliaguine, 2013) explored the reduction reaction of two OC, 

a perovskite material (LaMnO3) and the same perovskite covered with a silica shell (LaMnO3@ 

SiO2). The silica shell was found to protect the perovskite from sintering under high-temperature 

CLC conditions. However, the activation energies determined for the reduction of LaMnO3 and 
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LaMnO3@ SiO2 were 23 and 57 kJ/mol respectively, indicating the increased difficulty of reducing 

the perovskite phase.  

In the United States, coal-fired power plants are the largest source of Hg emissions to the 

atmosphere. The Environmental Protection Agency (EPA) estimates that coal-fired power plants 

emit about 49% of all Hg emissions in the United States. Yanget al. (J. Yang et al., 2023) state that 

the perovskite La0.8Ce0.2MnO3 has a high efficiency for Hg0 capture. It was able to remove 99.9% 

of Hg0 from coal combustion flue gas at 250 °C. The pellets were also able to be reused for up to 

10 cycles without significant loss of efficiency. The high efficiency of the perovskite was attributed 

to its large surface area, which allows it to adsorb more Hg0 molecules. La0.8Ce0.2MnO3 could 

withstand the harsh conditions of coal combustion flue gas, such as high temperatures and acidic 

environment. This makes it a promising material for Hg0 capture from coal combustion flue gas.  

Ksepko(Ksepko, 2018) studied the effect of Cu2+ doping on the B site in the Sr(Fe1-xCux)O3-δ on 

the oxygen transport capacity. At 600 °C, the highest oxygen capacity of 4.01 wt% was observed 

for Sr(Fe0.67Cu0.33)O3, indicating a synergistic effect between Fe and Cu. Additionally, all OCs 

were capable of releasing oxygen at temperatures as low as 600 °C, and their oxygen capacities 

increased with temperature, reaching 3.8, 4.22, and 4.86 wt% at 800 °C for Sr(Fe0.9Cu0.1)O3, 

SrFeO3, and Sr(Fe0.67Cu0.33)O3, respectively. The materials exhibited high temperature stability, 

with melting temperatures well above 1200 °C and no signs of agglomeration, enabling their use 

over multiple redox cycles. Kwonget al. (Kwong et al., 2022) investigated the combustion of 

biomass char in fluidized beds containing SrFeO3−δ and compared its performance to other oxygen 

carriers. They found that released gaseous O2 at all temperatures studied. At 1168 K, the 

uncoupling reaction from SFO (SrFeO3) lasted approximately 30 seconds based on numerical 

simulations. 
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Table 1. Perovskite Structures for Chemical Looping Combustion 

Catalyst 

information 

Support Reaction parameters Results Main findings/conditions Ref 

La Based Perovskites 

La1-yCayCuxNi1-xO3  

x = 0, 0.1, 0.2, 0.3, 

0.5 

y = 0, 0.1, 0.5, 0.9 

SM: combustion  

Calcination: 900 

°C, 6 h 

 F: CH4  

CH4: OC = 5:1 

Ǭ: 20 mL min–1  

T: 200 – 600 °C 

( X(CH4):  90% 

RO: 1.5 wt% 

C: > 8 cycles 

Ca2+ can facilitate the element dispersion on the 

bulk, leading to high surface areas.  

La0.1Ca0.9Cu0.1Ni0.9O3 showed satisfying coke 

resistance and regenerability. 

Promising OC for low-temperature CLC processes. 

(Jiang et al., 

2020) 

LaNi1-xCoxO3  

(x = 0.0; 0.2; 0.5; 

1.0) 

SM: citrate method 

Calcination: 330 

°C, 2 h, 800 °C, 

4h, 1000 °C, 2 h 

 F: CH4 

T: 700 – 850 °C 

Ǭ: 20 mL min–1   

Total amount of oxygen desorbed (mol 

O2 mg-1): 

LaNiO3                        8.76 × 10-7 

LaNi0.8Co0.2O3             6.71 × 10-7 

LaNi0.5Co0.5O3             3.38 × 10-7 

LaCoO3                        1.48 × 10-7 

Nickel substitution for cobalt reduced active 

oxygen, decreasing catalyst activity for methane 

combustion. 

Cobalt insertion enhanced catalyst re-oxidation & 

reduced coke deposition. 

LaNi0.5Co0.5O3 lead to a complete reduction in less 

time. 

The proposed order of catalytic oxidation activity: 

LaNiO3 > LaNi0.8Co0.2O3 > LaNi0.5Co0.5O3 > LaCo

O3 

(de Santana 

Santos et al., 

2021) 

La2NiB’O6 

B’= Mn, Fe, Co, 

Cu 

SM: colloidal 

crystal template 

Calcination: 

600 °C, 4 h 

 soot combustion 

5 % O2, 0.2 % NO, 5 % 

H2O in Ar, 50 mL min−1 

highest catalytic activity achieved for 

La2NiCoO6: 98.2% 

the synergistic effect between binary Ni and B' site 

elements plays a crucial role in enhancing the 

reduction properties of the catalyst 

(Mei et al., 

2020) 

LaMnO3 

SM: reactive 

grinding 

Calcination: 600 

°C, 24 h, 550 °C, 

6 h 

SiO2 methane combustion 

T: 600 – 680°C 

Fluidized bed reactor 

20% O2 in He 

Ea (LaMnO3): 23 kJ/mol 

Ea(LaMnO3@ SiO2): 57 kJ/mol 

the reduction of Mn3+ into Mn2+ in 

LaMnO3@mSiO2 was more difficult compared to 

LaMnO3 

(Sarshar & 

Kaliaguine, 

2013) 

La1-xKxFeO3-δ 

SM: 

electrospinning & 

sol-gel 

Calcination: 

700 °C, 2 h 

 soot combustion 

200 mg catalyst with 50 mg 

soot at 320 °C for 100 min 

with a 150 ml min−1 gas 

flow of 20% O2 

X(soot): 13% nanotubes with 20% K+ doping show the best 

activity for soot catalytic oxidation 

(Fang et al., 

2018) 

Ca Based Perovskites 

CaMn0.9Mg0.1O3−δ  Methane combustion 

500-Wth continuous CLC  

for test 9 with ϕ = 3.4: power (Wth) = 

1015 

Reducing fuel concentration improved combustion 

efficiency. 

(Cabello et 

al., 2014) 
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SM: spray drying 

method 

Calcination: 1573 

K, 4 h 

PS: +100 μm to 

+300 μm 

T (air reactor): 1223 K 

T (fuel reactor): 1173 K 

Reducing gas: 15 vol % 

CH4  

ϕ (oxygen carrier-to-fuel ratio) Higher ϕ required for near 100% combustion 

efficiency. 

CaMn0.775Ti0.125Mg

0.1O2.9-δ 

SM: spray drying 

method 

Calcination: 

1608 K, 4 h 

PS: 125 to 200 μm 

 Ǭ: 25 L/h  

reduction stage: 15 vol% 

CH4 + 20 vol% H2O  

(N2 balance)  

CH4 conversion 77.6 ± 4% 

RO: 8.4-9.0 wt% 

 

Under CLC unit activation conditions, solid 

requirement for full CH4 combustion reduced to 

160 kg/MWth. 

Oxygen transport capacity slightly decreased 

during activation. 

(Abad et al., 

2020) 

C14: 

CaMn0.9Mg0.1O3-δ  

C28: 

CaMn0.775Mg0.1Ti0.

125O3-δ  

SM: VITO via 

spray drying 

followed by 

calcination 

PS: C14: 135 μm, 

C28: 151 μm  

 Sweet natural gas 

dual circulating fluidized 

bed reactor 

120 kWth pilot plant 

T: 800 °C to 960 °C 

Fuel power specific FR inventory 

mspec,FR: 360 kg/MW (C14) and 320 

kg/MW (C28) 

Both, C14 and C28 can release about 10 % of the 

total available oxygen 

The oxidation state of the OC is linked with oxygen 

partial pressure in the AR 

(Mayer et al., 

2018) 

CaMn0.9Mg0.1O3-δ 

SM: spray drying 

Calcination: 

1300 °C, 4 h 

 Natural gas 

Fluidized bed reactors 

Far = 200 LN/min, Ffr = 

9−12 LN/min (6.6−8.8 kW), 

and Tfr = 935−955 °C 

Real Set-up 

YCO2: 0.98 - 1 

no inclination towards agglomeration or attrition, 

while also releasing oxygen at significant levels 

(exceeding 3% in oxygen concentration) 

(Källén et al., 

2013) 

CaMn0.775Mg0.1Ti0.

125O2.9-δ  

SM: spray drying 

Calcination: 

1335 °C, 4 h 

 methane 

0.5 kWth CLC unit 

15 vol% CH4 + 20 vol% 

H2O (N2 to balance) 

T = 900 °C 

ROC,t = 0.091 

Xr = 0.53 

exhibited significant promise in enhancing 

combustion efficiency at low ϕ values (ϕ < 2) 

operating at moderate solids circulation rates and 

maintaining oxygen carrier-to-fuel ratio values, a 

relatively low attrition rate could be sustained 

(Cabello et 

al., 2021) 

CaMn0.775Mg0.1Ti0.

125O3-δ 

SM: spray drying 

& calcination 

 sulfurous fuel (H2S: 100 – 

300 ppmv) 

dual circulation fluidized 

bed 

120 kWth CLC pilot plant 

T: 950 °C 

XCH4: 98.38 

YCO2: 96.46 

continuous long-term operation is not feasible in 

the presence of substantial quantities of H2S 

(Pachler et al., 

2019) 

Sr Based Perovskites 

Sr(Fe1-xCux)O3-δ  

x = 0, 0.1, 0.33 

 gaseous fuel 

T:  600–800 °C 

Rdn: 3% H2/Ar 

Oxygen capacity @ 600°C highest for 

Sr(Fe0.67Cu0.33)O3: 4.01 wt% 

 

exhibited high temperature stability, with melting 

temperatures well above 1200 °C and no signs of 

agglomeration 

(Ksepko, 

2018) 
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SM: mechanical 

mixing calcination 

method 

Calcination: 

2*(950 °C, 24 h) 

Oxdn: 20% O2/N2 

SrFeO3−δ 

SM: solid-state 

synthesis method 

Calcination: 

4*(1273 K, 3 h) 

 Biomass Char 

Fluidized bed 

Oxdn: air 

oxygen release time: 70 s 

 

Released O2 at all investigated temperatures 

Low oxygen capacity per unit mass 

(Kwong et al., 

2022) 

Fe Based Perovskites 

FeTiO3 

supplied by Titania 

A/S 

W: 15 g  

PS: 125–180 μm 

 T: 970 °C 

Ǭ methane or syngas (50% 

CO, 50% H2) = 

450 mLn/min  

flow of 5% O2 in nitrogen 

1000 mLn/min  

Ro:  5.0% high conversion of CO and moderate conversion of 

CH4 

showed no tendency of decreased reactivity after 

37 cycles or 3 days of experiments. 

(Leion et al., 

2008) 

SM: synthesis method, W: weight of sample, PS: particle size, T: temperature, Ǭ: Flow Rate, RO: Oxygen Transfer Capacity, C: Cyclic Stability, : efficiency, X: Conversion, F: 

feed 
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Perovskites in Chemical Looping Reforming (CLR) 

Table 2 summarizes the perovskite structures for chemical looping steam and dry methane 

reforming. The classification in the table is based on the A site and the discussion below follows 

the same order of the structures provided in Table 2.   

 
Figure 6: Matching oxygen migration rate with the surface reaction rate to reach high selectivity 

of syngas in CLRM. Reproduced from Ref. (H.-X. Zhang et al., 2022). 

LaFeO3-based structures and the corresponding A and/or B sites substituted, have demonstrated 

remarkable catalytic activity and exceptional selectivity towards CO/H2 in CLMR processes. Dai 

et al (Dai et al., 2016) investigated the reduction kinetics of LaFeO3 oxygen carrier by chemical 

looping methane reforming and reported the apparent activation energy of about 151 kJ/mol, and 

the pre-exponential factor of about 4.53 × 104 s-1.  He et al, (Zhao et al., 2014) compared the 

macroporous and nano-LaFeO3 perovskite and reported that the former had a more stable reactivity 

of methane oxidation and better resistance to carbon formation, which was partially attributed to 

the higher surface area. It has also been found two kinds of oxygen species to exist on the 

macroporous LaFeO3 perovskites: surface adsorbed oxygen and bulk lattice oxygen. The highly 

reactive surface oxygen played a crucial role in completely oxidizing methane to CO2 and H2O, 

while the bulk lattice oxygen primarily facilitated the partial oxidation of methane to H2 and CO 

(He, Zhao, et al., 2013), (Shen et al., 2016). LaFeO3 perovskite can also be used for ethane 

reforming via CLDR, where the main products are syngas, with a few by-products including C2H4, 
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CO and CH4. Due to its lower C–H bond energy (414 kJ/mol) compared to methane (435 kJ/mol), 

ethane can be easily activated, allowing for a lower reaction temperature (approximately 100 ◦C 

lower) to be employed (Ma et al., 2023).  

Studies have indicated that the introduction of CeO2 nanoparticles (2–3 nm) onto macroporous 

LaFeO3 enhances the generation of oxygen vacancies, resulting in notable improvements in 

reducibility, oxygen mobility, and resistance to carbon formation (Zheng et al., 2017). On the other 

hand, the lattice oxygen of LaFeO3  can further be activated by surface modification of NiO, which 

results in the methane conversion and product selectivity (X. Li et al., 2022). The doping of basic 

metals such as Ca and Mg has obvious effects on the reactivity of LaFeO3 oxide. The doping of 

CaO/MgO with LaFeO3 favored the transformation from lattice oxygen into chemisorbed oxygen 

and formation of oxygen vacancy (Zhao, He, et al., 2016b). 

By using DFT calculations, Zhu et al. (Yang et al., 2022) discovered four active ensembles on 

LaFeO3-δ including Fe-O5(ferryl O), Fe-O5, Fe-O4(Vo), and Fe-O3(Vo)2, which leads to the 

reduction of the oxygen carrier in three stages at different active sites with varied Fe coordination 

environments. At stage(I), the total combustion of methane dominates the overall kinetics on the 

catalyst surface where Fe is likely to have a Fe-O5 or a Fe-O5(ferryl O) coordination environment. 

At stage(II) which is the major part of the reaction, the Fe-O4(Vo) ensemble involving an oxygen 

vacancy is predicted to lead to fully selective methane conversion to CO. At stage(III), carbon 

deposition would take place at the Fe-O3(Vo)2, leading to the initial stage of deactivation of the 

catalyst. 

Regarding B-site substitution, the use of Co in LaFeO3 for CL-SMR to produce syngas and 

hydrogen has been widely studied. He et al. (Zhao et al., 2019) observed that the substitution of 

Co metal does not significantly alter the crystal structure of the double perovskite. However, it 

https://www.sciencedirect.com/topics/chemistry/reaction-selectivity
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does introduce a certain degree of Fe/Co disorder, leading to the generation of oxygen vacancies 

and/or higher oxidation states of the metal cations. On the other hand, Zhao et al. (K. Zhao, Y. 

Shen, et al., 2017) studied the double perovskite oxide LSFCO (LaSrFeCoO6) and observed that 

its structure and chemical composition return to their original state after steam and air oxidation. 

However, they noted that Co ions cannot integrate into the double perovskite structure and instead 

form CoO solely through individual steam oxidation. The synergistic interaction of surface metal 

ions, specifically (Fe4+/Fe5+-O2--Co2+) and (Fe3+-O2--Co3+), has a beneficial impact on methane 

dissociation. In terms of SRM, the incorporation of Co metal enhances hydrogen production 

capacity and improves resistance against carbon formation. The deep reduced metals (Fe2+ and 

Co0) combining with the abundant oxygen vacancies provided enough active sites for the breakage 

of HO bond of H2O. The oxygen vacancies were neutralized immediately by the O atom, and the 

two H atoms combined together to form amounts of H2. These results suggested that, the positive 

roles displayed by the synergistic effects between multi-metals in double perovskite structure 

could effectively promote the partial oxidation of methane and steam splitting (K. Zhao, A. Zheng, 

et al., 2017). The synergistic effects between Co and Fe in double perovskite LaSrFe2-xCoxO6 

promoted the CH4 conversion from 50% to ~70% (Zhao et al., 2019). After exposure to CH4 

atmosphere, Zhao et al (Zhao, Shen, et al., 2016) observed the reduction of Fe3+ to Fe2+/Fe0 and 

the reduction of Co3+ to Co2+/Co0, while La3+ and Sr2+ maintained their valence states as La2O3 

and SrO, respectively. As a result, the authors concluded that the La3+ and Sr2+ ions in A-site did 

not take part in reaction, but the B-site metals played the key reductive properties role. Similar 

synergistic interactions has also been reported by other researchers as well (K. Zhao, L. Li, et al., 

2017), (Zhao, He, et al., 2016a). In the steam dissociation stage, the combined presence of deeply 

reduced metals (Fe2+ and Co0) and abundant oxygen vacancies provides active sites for breaking 
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the H-O bond in H2O. The oxygen vacancies are quickly neutralized by O atoms, while the 

combination of two H atoms produces significant amounts of H2. These results highlight the 

positive synergistic effects of multi-metals in the double perovskite structure, promoting methane 

partial oxidation and steam splitting. 

In terms of A-site substitution, Sr has shown an excellent performance for CLRM (Sastre et al., 

2019). LSF perovskites show great potential for advancing sustainable syngas production through 

alternative cycles of methane partial oxidation and CO2 splitting. The addition of Sr2+ improves 

the oxygen storage capacity of perovskite materials. This enhancement is attributed to the 

facilitated reduction of Fe4+ to Fe3+ in the doped perovskites, leading to improved redox 

performance. On the other hand, the introduction of Sr2+ balances the electronic asymmetry 

through the oxidation of a portion of Fe3+ to Fe4+ and/or the formation of oxygen vacancies (He, 

Li, et al., 2013). The majority of authors (Sastre et al., 2019), (He et al., 2019), (He, Li, et al., 2013) 

have reported that the optimal x < 0.5-0.7 in La1-xSrxFeO3 gives the maximum Ola/Oad (Ola and 

Oad stand for lattice oxygen and adsorbed oxygen species, respectively. Coronado et al. (He et al., 

2019) found that perovskites with x ≤ 0.3 Sr exhibited the best results, with syngas yields 3-6 times 

higher compared to others. Additionally, the selectivity for hydrogen production increased with 

higher Sr2+ content, attributed to the contribution of methane decomposition and the reverse 

Bourdouard reaction aiding in carbon removal during CO2 splitting. Cerium is another viable 

option for substituting the A-site in catalysts. The Ce3+/Ce4+ redox pair is recognized for its ability 

to facilitate H2O splitting and enhance catalyst durability in this process. Several studies have 

explored the combination of La and Ce with Fe oxide as redox catalysts for chemical looping 

methane reforming. Consequently, La1-xCexFeO3 catalysts have demonstrated exceptional stability 

and superior performance in syngas and hydrogen production (Zhao, Zhang, et al., 2022). 
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In a series of studies, the activity of LaMnO3 has been explored for SRM (Yang et al., 2021; Yin 

et al., 2022; Yin et al., 2021a, 2021b; Zheng et al., 2021) as well as DRM (Nalbandian et al., 2011). 

Substitution of A-site in LaMnO3 with Sr increased the oxygen vacancies which facilitated the 

migration of oxygen anion in the bulk of the oxygen carrier particles and substitution of B-site 

with cobalt provided surface active sites to accelerate the activation of methane on the surface (Yin 

et al., 2022).  

Shen et al. (Yin et al., 2021a) studied Al doping in LaMnO3+δ perovskites. Al substitution increased 

surface-active sites and improved crystal structure symmetry, facilitating methane activation and 

oxygen vacancy formation. The CO2 yield decreased with higher Al doping due to reduced Mn4+ 

and surface absorbed oxygen. Al cations stabilized the crystal structure, preventing perovskite 

damage. LaMn1-xAlxO3+δ (x ≤ 0.5) showed no carbon formation and achieved prolonged partial 

oxidation, producing high-quality syngas with an H2/CO ratio of 2 and pure hydrogen. However, 

LaMn0.3Al0.7O3+δ experienced carbon deposition. In another work, the same authors investigated 

the doping of other metals and reported the improvement with the order of Ni > Co > Fe, due to 

the addition of active sites and the formation of oxygen vacancies (Yin et al., 2021b). Substitution 

of A-site with Cu was investigated by Zheng et al. (Zheng et al., 2021), where the authors noted 

smaller crystal size and cell volume, and better reducibility of La1-xMnCuxO3 compared with the 

pure LaMnO3. Moreover, the syngas productivity of La1-xMnCuxO3 (2.79–5.20 mmol/g) increased 

gradually with the Cu content in the methane partial oxidation stage. Substitution of A-sites with 

Fe resulted in a better structural properties, higher surface area and porosity and exhibited a better 

reactivity and thermal stability, compared to B-site substitution (Yang et al., 2021).  

Cu and Mn have also been used for A site modification (Nazari et al., 2023) for SRM, which has 

been exhibited  high sustainability, high XCH4, high YH2, and low produced carbon content.  

https://www.sciencedirect.com/topics/chemistry/reducibility
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Doping Ni provides an effective approach for controlling the surface lattice oxygen vacancies and 

lattice oxygen migration rate in perovskite oxides. Zheng et al, (Zhao, Fang, et al., 2022) developed 

A series of novel CeO2/La0.9Sr0.1Fe1− xNixO3 composite oxide carriers with varying doping ratios 

of Ni. The authors found that regulation of oxygen vacancies and lattice oxygen in 

CeO2/La0.9Sr0.1Fe1− xNixO3 prevents excessive reduction of surface metal ions within the 

perovskite oxides and the consequent formation of carbon deposits during CL-SRM. Enhanced 

resistance against coke formation and improved reactivity of CH4 through Ni doping has also been 

confirmed by other researcher as well (Oh et al., 2023). Ni doping with LaAlO3 was also found as 

an effective strategy for DRM (Qi et al., 2022). 

Unlike the perovskites discussed earlier in this section, which have primarily been employed for 

SRM, the LaNiO3 perovskite family has predominantly found application in dry reforming of 

methane (DRM). The crucial aspect of constructing a dry reforming system revolves around the 

development of a catalyst with excellent resistance to carbon deposition. Additionally, the catalyst 

should effectively provide reaction energy to the reactive zone, considering the high endothermic 

nature of dry reforming. On the other hand, a significant drawback is nickel's propensity to induce 

carbon formation, leading to catalytic deactivation. Yang et al., (Yang et al., 2015) found that the 

incorporation of iron into the perovskite structure exhibits robust resistance to carbon deposition. 

Among the different perovskite catalysts (La0.9M0.1Ni0.5Fe0.5O3, M = Sr, Ca) the authors prepared, 

the La0.9Ca0.1Ni0.5Fe0.5O3 catalyst displayed the highest level of catalytic performance and superior 

carbon resistance. To further mitigate carbon deposition, Firoozi et al. (Shahnazi & Firoozi, 2021) 

explored the incorporation of manganese (Mn) by substituting it into the B-site of LaNiO3 

catalysts. This Mn substitution proved highly effective in reducing carbon deposition, leading to a 

transformation from whisker-like structures to an amorphous form. The observed change was 
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attributed to the reversible transformation between Mn4+ and Mn3+, which resulted in enhanced 

oxygen mobility within the catalyst. 

Brackmann (Bertoldi et al., 2022) investigated the impact of partial substitution of La3+ by Ce4+ 

and Sr2+ in LaNiO3 (LN). LCN (La1.8Ca0.2NiO4) catalyst showed primary phases of LaNiO3 

crystalline structures, while LN catalyst exhibited La2NiO4 spinel structure and LSN 

(La0.95Sr0.05NiO3) catalyst had segregated phases of single oxides. Despite structural differences, 

LN and LSN achieved methane conversions similar to LCN catalyst (75%). However, LCN 

catalyst demonstrated the highest CO2 conversion (32%), compared to LN (21.9%) and LSN 

(17.1%). 

Doping Ni2+ at the B sites of other perovskite oxides improves oxygen carrier activity, though it 

typically leads to methane cracking and carbon deposition. Xian et al (F. Wang et al., 2023) 

synthesized a series of Ni and Co doped CeO2/La2Ni2-xCoxO6 double perovskite and reported that 

doping Ni ions increases composite oxygen carrier reactivity with CH4, while Co and Ni 

adjustments align lattice oxygen migration and methane activation rates. The authors enhanced the 

syngas selectivity by tuning the Co/Ni doping ratio. Co-doping of Ni with other metals (e.g. Fe 

(Zhao, Zhang, et al., 2022) or Ce (Zhao, Zhang, et al., 2022)) has been reported in other research 

works as well to enhance the methane partial oxidation while suppressing carbon deposition. 

Luo et al. (Cao et al., 2023) studied the effects of different preparation methods sol-gel, co-

precipitation, hydro-thermal, and solid-state methods) on La2NiO4 for DRM. The findings revealed 

that the sol-gel method resulted in the highest CH4 and CO2 conversion rates (91.4% and 91.5% 

respectively) and exhibited the highest carbon resistance in DRM due to its enhanced 

microstructure, higher reducibility, and increased basicity. The lowest performance was observed 

in the sample prepared using the solid-state method, primarily due to the limited presence of 
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reduced amorphous NiO and the poor reducibility of the perovskite phase. In another work,  Lee 

et al (Lim et al., 2017) investigated the transition of Fe2O3–NiO oxides to single NiFe2O4 and 

concluded that the transition of mixed oxides to single NiFe2O4 enhanced syngas yields. 

Wang et al, (Wang et al., 2013) synthesized a series of LaNiO3 perovskite catalysts supported on 

different meso-porous silica (SBA-15, MCM-41 and SiO2). LaNiO3/MCM-41 displayed the most 

notable initial catalytic activity attributed to its small Ni particle size. On the other hand, 

LaNiO3/SBA-15 outperformed the other catalysts in terms of long-term stability. This was 

attributed to the strong anchoring effect that restricted the migration of nickel clusters. 

As per the A-site classification represented in Table 2, BaCoO3 families have also been used 

mainly for SRM. Just like the previously mentioned structures, sol-gel was found the best method 

for synthesizing BaCoO3 (Ding et al., 2023). However, it is hard to drive any conclusion due to the 

limited number of works on this structure. It seems an A-site modification (such as Sr-substitution) 

is required to enhance the amounts of syngas and hydrogen, and to bring the H2/CO ratio of syngas 

closed to the ideal value (D. Cao et al., 2021; Ding et al., 2023; Ding et al., 2019).  

Ca2Fe2O5 has also been mainly used for CH4 conversion and CO2 splitting (CLDRM). Fan et al 

(Shah et al., 2021) achieved >99% methane conversion with ~98% syngas selectivity and 2:1 

H2:CO ratio using MgO-supported calcium ferrite. The lattice oxygen in the brownmillerite 

structure of Ca2Fe2O5 acts as efficient active sites for CO and H2 production. Oxygen vacancies 

significantly reduce energy barriers for C-H cleavage and CO formation, enhancing reactivity and 

selectivity.  

Ce-Zr oxides were used by Chen et al. (Chen et al., 2023) to improve methane conversion and the 

selectivity of H2/CO of Ca2Fe2O5. However, the reactivity displayed a declining trend with 

increasing recycling time. In their next work, the authors investigated the lattice oxygen migration 
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of Ca2Fe2O5/Zr0.5Ce0.5O2 by controlling the reduction and oxidation time. They found that, the 

complete reoxidation of the reduced structure (40 min) occurred more rapidly than the complete 

reduction process (160 min). Ce and Sr based perovskites have also been used for DRM in a limited 

number of works. Chen et al (Chen et al., 2020) demonstrated a high redox performance of a 

chlorine-doped SrFeO3-𝛿-CaO nanocomposite in methane-assisted CO2 splitting. Doping with 

chlorine promoted methane cracking in the CH4-POx (partial oxidation of methane) step and 

improved methane and CO2 conversions. However, chlorine also increased coke formation, 

leading to a 3.4-fold increase in coke selectivity during CH4-POx. Ce-based perovskite in the work 

by Garcia et al was used as a support for iron oxide. The authors demonstrated the evolution of Fe 

and Ce oxide, from Fe2O3@CeO2-𝛿 at t=0 sec, to Fe3O4@CeFeO3 at t=100 sec and to Fe@CeFeO3. 

Compared to the mixed oxides of the Ce and Fe (Fe2O3@CeO2-𝛿), Fe3O4@CeFeO3 reached a 

higher hydrogen and carbon monoxide yields. The high carbon deposition potential of metallic Fe0 

limits the enhancement of methane-to-syngas selectivity in chemical looping technology. 

However, Wang et al (Q. Yang et al., 2023) found that in-situ formation of CeFexAl1−xO3 over 

ceria-hexaaluminate improved carbon resistance. As a result, the recycled ceria-hexaaluminate 

achieved a high CH4 conversion rate of approximately 90%, with syngas yield enhancements of 

105% and 72% compared to CeO2-Fe2O3-Al2O3 oxide and Fe-hexaaluminate, respectively. 
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Table 2. Perovskite Structures for Chemical Looping Steam and Dry Methane Reforming 

Catalyst information Support Reaction parameters 

(vol%) 

results H2 product Main findings/conditions Ref 

La Based Perovskites 

LaFeO3 

SM: Sol-Gel 

Calcination: 850 °C, 12 h 

CeO2, ZrO2 

Al2O3, SiO2 

Steam Reforming 

T: 950 °C 

(CH4: 50%) 

Se (CO): 95% 

 

H2:CO ratio: 2 

 

The A-site element affected gas 

production, whereas the B-site element 

influenced the H2/CO ratio of syngas.  

CeO2 not only serves as a source of 

lattice oxygen for syngas production but 

also enhanced H2 production in the RS 

stage. 

(Cao, Luo, 

Wu, et al., 

2022) 

LaFeO3 

SM: Sol-Gel 

Calcination: 1173 K for 

10 h 

 Reforming 

T: 900 °C 

(CH4: 11%, O2:11%) 

X(CH4): 65% 

Se (CO): 92% 

 

 Three models, namely the power–law 

relation, the shrinking core model, and 

the nucleation and nuclei growth model, 

were evaluated to predict the kinetic of 

CLRM using LaFeO3. 

(Dai et al., 

2016) 

LaFeO3 

SM: polystyrene 

colloidal crystal 

templating 

Calcination: 500 °C , 3h, 

850 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 50% 

Se (CO): 100% 

Se (H2): ~80% 

H2:CO ratio: 5-7 

 

Macroporous -LaFeO3 exhibited a better 

performance for SRM than the nano one.  

(Zhao et al., 

2014) 

LaFe0.7Co0.3O3 

SM: polystyrene 

colloidal crystal 

templating 

Calcination: 500, 800, 

850 °C 

 Partial Oxidation 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 91% 

 

H2:CO ratio: 2 

 

The surface oxygen contributed to the 

complete oxidization of methane to CO2 

and H2O 

The bulk lattice oxygen tended towards 

partial methane oxidation to H2 and CO 

(He, Zhao, 

et al., 2013) 

LaFeO3 

SM: Sol-Gel 

Calcination: 1000 °C, 

12 h 

 Dry Reforming 

T: 725-825 °C 

 

@ 775 °C 

Se (CO): 50% 

X(C2H6): 75% 

C deposition: 25% 

H2:CO ratio: 1.4 

 

At T<800 C, the conversion of ethane is 

low, but oxidative dehydrogenation 

produces ethylene. 

T >800 C lead to C deposition, so that 

CO selectivity first increases and then 

decreases as the T rises. 

(Ma et al., 

2023) 

LaFeO3  

SM: modified emulsifier-

free emulsion 

polymerization technique 

Calcination: 600 °C, 2 h 

CeO2 T: 800 °C 

(CH4: 5%) 

X(CH4): 72% H2:CO ratio: 10 

 

The coexistence of Ce3+ and Fe2+ irons 

induces abundant oxygen vacancies on 

the mixed oxides 

(Zheng et 

al., 2017) 

LaFeO3 enhanced by 

NiO 

SM: wet impregnation 

Calcination: 800 °C, 2 h 

 Partial Oxidation 

T: 600-800 °C 

(CH4: 40%) 

X:(CH4): 95.2% 

Se (CO): 82.1% 

 

H2:CO ratio: 2.5 The lattice oxygen were carriers by 

surface modification of NiO. 

(X. Li et 

al., 2022) 
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The methane conversion and product 

selectivity mainly depend on the Ni 

loading. 

LaFeO3 (LF) 

LaFeO3-CaO (LF-Ca) 

LaFeO3-MgO (LF-Mg) 

SM: co-precipitation 

Calcination: 400 °C, 2 h, 

850 °C, 2 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 93% 

Se (CO): 100% 

Se (H2): 95% 

H2:CO (LF): 7 

H2:CO (LF-Ca): 4 

H2:CO (LF-Mg): 

5.5 

 

The addition of CaO/MgO promotes the 

conversion of lattice oxygen into 

chemisorbed oxygen and facilitates the 

formation of oxygen vacancies. 

LF-CaO sample shows high electron 

density, enhancing resistance to carbon 

deposition. 

(Zhao, He, 

et al., 

2016b) 

LaFeO3 

SM: Combustion 

Calcination: 1173 K for 

10 h 

 Partial Oxidation 

(CH4: 45%, O2: 25%) 

X:(CH4):70-80% 

Se (CO): 80-90%  

NA Active ensembles on LaFeO3-δ including 

Fe-O5, Fe-O5, Fe-O4(Vo), and Fe-

O3(Vo)2, which leads to a 3-step 

reduction, combustion, conversion and C 

deposition.   

(Yang et 

al., 2022) 

LaFe0.7Co0.3O3 

SM: Micro-emulsion 

Calcination: 500-900 °C, 

6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 80% 

Se (CO): 98% 

Se (H2): 45% 

H2:CO ratio: 2 

 

The sample calcined at 500°C exhibited a 

surface area of 19.82 m2/g. 

The sample calcined at 900°C collapsed 

and the specific surface a rea reduced to 

4.48 m2/g. 

(Shen et al., 

2016) 

La0.6Sr0.4FeO3  

SM: gel formation 

Calcination: 1400 °C, 4 h  

 

 Dry Reforming 

T: 900 °C 

(CH4: 5%, CO2: 15%) 

 

Se (syngas): 90% 

Reduction degree:  

fluidized bed = 

72% 

fixed bed = 50% 

H2:CO ratio: 2 

0.6 Nm3 of 

syngas per kg of 

catalyst  

 

C deposition does not deactivate OC 

Reduction times decrease with T, while 

oxidation times show a non-monotonic 

trend. 

Fluidized-bed tests improved CH4 

decomposition control and conversion 

rates. 

Fluidized bed tests showed up to 9%w 

inventory loss due to particle attrition. 

(Padula et 

al., 2022) 

La1-xSrxFeO3 

x: 0; 0.1; 0.3; 0.5; 0.7; 

0.9; 1 

SM: Modified Pechini 

Calcination: 1100 °C, 

10 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

La0.9Sr0.1FeO3 

X:(CH4): 85% 

 

 The addition of Sr2+ improves the oxygen 

storage capacity of perovskite materials. 

(Sastre et 

al., 2019) 

La1-xSrxFeO3 

x : 0.0, 0.1, 0.3, 0.5, 0.7, 

0.9, 1 

SM: Combustion 

Calcination: 500 °C, 3 h 

900 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 80% 

 

H2:CO ratio: 2 

 

x ≤ 0.3 Sr exhibited the best results, with 

syngas yields 3-6 times higher compared 

to others.  

The selectivity for hydrogen production 

increased with higher Sr2+ 

(He et al., 

2019) 

La1−xSrxFeO3 

Calcination: 800-900 °C, 

3 h 

 Steam Reforming 

T: 800 °C 

(CH4: 40%) 

X:(CH4): 80% 

 

X:0.1,  

H2:CO ratio: 5 

 

Sr substitution can inhibit methane 

decomposition in methane reaction. 

(He, Li, et 

al., 2013) 
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An optimal range of the degree of Sr 

substitution is x = 0.3–0.5 

La0.9Sr0.1FeO3 

SM: Pechini 

Calcination: 1100 °C, 

10 h 

_ 

YSZ 

Dry Reforming 

T: 850 °C 

(CH4: 5%, O2: 5%) 

X:(CH4):30% 

 

H2:CO ratio: 10 

H2:CO ratio: 2 

LSF/YSZ shows significantly better 

activity, with peak production rates of 

CO, and H2. 

But, the activity of LSF/YSZ materials 

per cycle is lower than that of unmodified 

LSF. 

(Sastre et 

al., 2022) 

LaSrFeCoO6 

Calcination: 1000 °C, 6 h  

SM: Microemulsion 

 Steam Reforming 

T: 400 °C 

(CH4:40%, H2O:0.4%) 

Se (H2): 50% 

X(CH4): 80% 

H2:CO ratio: 2 

 

Oxidation route (e.g. steam or air) is 

particularly important.  

After the oxidation with steam, the Co 

ion cannot incorporate into the double 

perovskite structure. 

The original structure was recovered 

when the sample oxidized by steam was 

further oxidized by air. 

(K. Zhao, 

Y. Shen, et 

al., 2017) 

LaSrFe2-xCoxO6 

SM: Microemulsion 

Calcination: 1000 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

x:0.2 

X:(CH4): 80% 

Se (CO): 50% 

Se (H2): 55% 

H2:CO ratio: 2 

 

An optimal range of the degree of Co 

substitution is x = 0.4–0.6 

The substitutions of metal Co promoted 

the CH4 conversion from 50% to ~70%. 

(Zhao et al., 

2019) 

La1.6Sr0.4FeCoO6 

SM: Micro-emulsion 

Calcination: 1000 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

 H2:CO ratio: 2 

 

The presence of multiple metals 

concurrently enhances oxygen diffusion. 

 Lattice oxygen migrates from the bulk 

towards the boundary to participate in the 

reaction. 

• The reduced metals within active sites 

gradually move towards the bulk. 

(K. Zhao, 

A. Zheng, 

et al., 2017) 

LaSrFeCoO6 

SM: SG, SSM, ME, 

Alloy 

Calcination: 1000 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X-SSM(CH4): 

50% 

X-AA(CH4): 75% 

X-SG(CH4): 75% 

X-ME(CH4): 80% 

H2:CO-SSM: 2 

H2:CO-AA: 4 

H2:CO-SG: 3 

H2:CO-ME: 2.5 

The reduction of Co3+ to Co2+ and Co0, 

occurred at lower temperatures.  

The reduction of Fe3+ to Fe2+ and the 

partial reduction of Fe2+ to Fe0 took place 

at higher temperatures. 

(Zhao, 

Shen, et al., 

2016) 

La1−xSrxFeCoO6  

(x = 0, 0.2, 0.4, 0.6, 0.8, 

1.0) 

SM: Micro-emulsion 

Calcination: 500 °C, 2 h 

900 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

La1.6Sr0.4FeCo 

X:(CH4): 94% 

Se (CO): 40% 

Se (H2): 40% 

H2:CO ratio: 2.5 

 

Synergistic interactions between 

Fe4+/Fe5+ and Co3+, enhanced the 

reducibility of oxygen carriers. 

La0.6Sr0.4FeCoO6 showed superior 

oxygen transport ability, thermal 

stability, and hydrogen generation 

capacity among samples with varying Sr 

substitution. 

(K. Zhao, 

L. Li, et al., 

2017) 

LaFe1−xCoxO3 

SM: combustion 

Calcination: 900 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

X:(CH4): 90% 

Se (CO): 45% 

Se (H2): 50% 

H2:CO ratio: 2.5 

 

The optimal degree of Co substitution for 

achieving optimal oxygen-donation 

ability, resistance to carbon formation, 

(Zhao, He, 

et al., 

2016a) 
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and hydrogen generation capacity is x = 

0.3. 

La1-xCexFeO3  

(x = 0, 0.5, 1)  

SM: Pechini 

Calcination: 900 °C, 4 h 

 Steam Reforming X:(CH4): 80% 

Se (CO): 75% 

Se (H2): 90% 

 

 

Substituting Ce3+ at the A site enhanced 

the surface reactivity during the H2O 

splitting process. 

La0.5Ce0.5FeO3 demonstrated rapid 

oxygen restoration kinetics during the re-

oxidation step. 

(Zhao, 

Zhang, et 

al., 2022) 

La1−xSrxMn1−yCoyO3+δ 

Co: 0.4–0.5, Sr: 0.2–0.4 

SM: Sol-Gel 

Calcination: 350 °C, 2 h, 

850 °C, 2 h 

 Steam Reforming 

T: 900 °C 

 

La0.8Sr0.2Mn0.5Co0.

5 O3+δ  

X(CH4): 70% 

Se (CO): 90% 

H2:CO ratio: 3.2 

 

The inclusion of cobalt introduced active 

sites on the surface, promoting the 

activation of methane.  

Sr doping increased the presence of 

oxygen vacancies, facilitating the 

migration of oxygen anions within the 

bulk of the oxygen carrier particles. 

(Yin et al., 

2022) 

Al doped LaMnO3+δ 

x ≤ 0.5 

SM: Sol-Gel 

Calcination: 850 °C, 2 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

Se (CO): 87% 

 

H2:CO ratio: 3.5 

 

Doping with Al enhances selective 

oxygen release. 

LaMn1−xAlxO3+δ (x ≤ 0.5) exhibits high 

resistance to carbon deposition. 

LaMn1−xAlxO3+δ (x ≤ 0.5) enables 

prolonged partial oxidation. 

(Yin et al., 

2021a) 

LaMn1−xBxO3+δ  

(B = Fe, CO and Ni) 

SM: Sol-Gel 

Calcination: 850 °C, 2 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

LaMn1−xCoxO3+δ  

Se (CO): 85% 

 

H2:CO ratio: 8 

 

Fe, Co, and Ni in LaMnO3+δ enhanced the 

migration of oxygen ion. 

Fe, Co, and Ni doping increased yields of 

syngas and hydrogen. 

The improvement effect was in the order 

of Ni > Co > Fe. 

(Yin et al., 

2021b) 

La1-xMnCuxO3 

(x = 0, 0.05, 0.1, 0.15, 

0.2) 

SM: Sol-Gel 

Calcination: 800 °C, 2 h 

 Steam Reforming 

T: 900 °C 

(CH4: 5%) 

X:(CH4): 30-55% 

Se (CO): 80% 

 

H2:CO ratio: 2 

 

La1-xMnCuxO3 exhibited smaller crystal 

size and cell volume, and better 

reducibility compared with the pure 

LaMnO3. 

The syngas productivity of La1-

xMnCuxO3 increased with the Cu content. 

(Zheng et 

al., 2021) 

La0.85MnFe0.15O3 (LMF) 

SM: Sol-Gel 

Calcination: 700-850 °C, 

2 h 

 Steam Reforming 

T: 700-850 °C 

(CH4: 5%) 

 H2:CO ratio-800: 

2 

H2:CO ratio-850: 

1.7 

The LMF series displayed superior 

structural and porous properties. 

Among them, LMF-800 showcased the 

highest reactivity and thermal stability. 

The samples subjected to calcination at 

800 °C exhibited an increased 

concentration of oxygen vacancies and 

improved oxygen mobility. 

(Yang et 

al., 2021) 

La1−xSrxMyFe1−yO3  

(M = Ni, Co, Cr, Cu) 

SM: Sol-Gel 

 Dry Reforming 

Pulse, 1000 °C 

 Y-H2 (POx): 90% 

 

Small quantities of NiO, increases the 

methane decomposition and selectivity 

towards CO and H2. 

(Nalbandia

n et al., 

2011) 
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Calcination: 1000 °C, 6 h The CH4 conversion was in the order of 

Ni > Cr > Cu> Fe> Co. 

The CH4 conversion was in the order of 

Cr > Cu> Fe> Co> Ni. 

CuxMn1-xFe2O4 

(x = 0.3, 0.5, 0.6, and 

0.7) 

SM: Co-precipitation 

Calcination: 500 °C, 6 h  

 Steam Reforming X(CH4): 98.7%  

 

Y(H2): 83% The association of Cu, Mn, and Fe in the 

spinel ferrite structure results in high 

sustainability, XCH4, YH2, and low 

carbon content on the OC.. 

(Nazari et 

al., 2023) 

La1−yCayNi0.9Cu0.1O3 

SM: Sol-Gel 

Calcination: 750 °C, 1 h, 

900 °C, 6 h 

 Steam Reforming 

T: 850 °C 

(CH4: 10%) 

X:(CH4): 80% 

 

H2:CO ratio: 2 

 

The reactivity of the 

La1−yCayNi0.9Cu0.1O3 is improved as the 

calcium substitution increases. 

(Jiang et 

al., 2019) 

La0.9Sr0.1Fe1−xNixO3 

SM: Sol-Gel 

Calcination: 400 °C, 2 h 

850 °C, 6 h 

CeO2 Steam Reforming 

T: 850 °C 

(CH4: 40%) 

Se (H2): 88% 

(LSN) 

X:(CH4): 90% 

 

H2:CO ratio: 2 The Ni doping in the B-site increased 

their reactivity with methane. 

The substitution of La by Sr in A site 

improves the syngas selectivity via 

adjusting the migration rate of lattice 

oxygen. 

(Zhao, 

Fang, et al., 

2022) 

Ni(0.5)  

Ni(2.5)  

Ni(10.0) 

 

La0.9Ca0.1AlO2.95 

SM: Sol-Gel 

Calcination: 

450 °C, 5 h 

Dry Reforming 

CH4:CO2:Ar 

= 1:1:2 

X:(CH4): 60% 

X:(CH4): 73% 

X:(CH4): 79% 

 

 The initial activity followed the sequence 

of Ni(10.0) > Ni(2.5) > Ni(0.5), whereas 

the Ni(2.5) catalyst exhibited the best 

stability 

(Qi et al., 

2022) 

xCuO/ La0·7Sr0·3FeO3 

(LSF) 

x: 0,2,5,10,15 

SM: Sol-Gel 

Calcination: 900 °C, 4 h 

 Partial Oxidation 

T: 750 °C 

(CH4: 40%) 

XLSF:(CH4):65% 

XCu-LSF:(CH4):80% 

 

H2:CO LSF: 3.5-4 

H2:COCu-LSF: 2.5-

3.5 

 

The CuO and KSF interaction played a 

vital role in oxygen carriers. 

CuO modification improved methane 

dissociation and activation of lattice 

oxygen. 

10CuO/La0·7Sr0·3FeO3 showed good 

reactivity and regenerability. 

(Zhang et 

al., 2020) 

Ni-Co doped  

La0.6Ca0.4FeO3-δ 

SM: Sol-Gel 

Calcination: 900 °C, 5 h 

 T: 850 °C 

(CH4: 5%, CO2:5%) 

X-Ni:(CH4):73% 

X-Co:(CH4):65% 

H2:CO(Ni):1.4 

H2:CO(Co):1 

https://doi.org/10.1016/j.apcatb.2023.122

745 

The inclusion of Ni and Co in the sample 

led to enhanced resistance against coke 

formation and improved reactivity of 

CH4. 

(Oh et al., 

2023) 

La1.6Sr0.4FeCoO6 (LSFC) 

(doped with Mg/Li/bare) 

SM: Sol-Gel 

Calcination: 1000 °C, 8 h 

 Reforming 

T: 800-900 °C 

(CH4: 37%, CO2:5%) 

X-Mg:(CH4):90% 

 

H2:CH4(Mg):1.6 Mg doping enhances the migration rate 

of lattice oxygen.  

LSFC doped with Mg demonstrates 

excellent reactivity and stability.  

The potential reaction mechanism 

involves both methane cracking and 

oxidation. 

(Li et al., 

2019) 

https://doi.org/10.1016/j.apcatb.2023.122745
https://doi.org/10.1016/j.apcatb.2023.122745
https://www.sciencedirect.com/science/article/pii/S036031991930936X
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Fe-substituted LaCoO3 

SM: modified Pechini 

Calcination: 450 °C, 4 h, 

900 °C, 6 h 

 Steam Reforming 

T: 700 °C 

 

X(CH4): 92% 

 

H2:CH4(Mg):2.2 LaCo0.6Fe0.4O3 showed the highest H2 

purity and yield at 700 °C.  

Fe substitution enhanced hydroxide 

adsorption and decomposition, while 

increasing CO selectivity by reducing 

lattice oxygen transfer to the surface. 

(Lee et al., 

2020) 

MeOx@LaySr1−yFeO3  

Me: Co, Mn, Fe 

SM: Pechini 

Calcination: 450 °C, 4 h, 

950 °C, 8 h 

 Partial oxidation 

T: 950 °C, 8h 

(CH4: 10%, O2:10%) 

Se-Co(CO): 62% 

Se-Co(CO): 88% 

Se-Co(CO): 82% 

H2 (POx): 33% 

H2 (POx): 71%  

H2 (POx): 84% 

Mn and Co oxides were used as core in a 

MeOx@LSF core-shell structure. The 

selectivity and formation of coke depend 

on the core material. 

(Neal et al., 

2015) 

La1−xSrxMyFe1−yO3  

(M = Ni, Co, Cr, Cu) 

SM: Sol-Gel 

Calcination: 1000 °C, 6 h 

 Dry Reforming 

Pulse, 1000 °C 

X-Ni:(CH4):75% 

X-Cr:(CH4):78% 

X-Cu:(CH4):78% 

X-Fe:(CH4):60% 

X-Co:(CH4):50% 

Y-H2 (POx): 40% 

Y-H2 (POx): 60% 

Y-H2 (POx): 55% 

Y-H2 (POx): 50% 

Y-H2 (POx): 35% 

Small quantities of NiO significantly 

increased methane decomposition and 

selectivity towards CO and H2.  

Mechanically mixing NiO with the 

perovskites yields different results 

compared to adding Ni to the perovskite 

crystal structure. 

(Nalbandia

n et al., 

2011) 

La2NiO4 (LN) 

La1.8Ca0.2NiO4 (LCN) 

La1.8Ba0.2NiO4 (LBN)  

La1.8Ca0.1Ba0.1NiO4 

(LCBN) 

SM: MW-combustion  

Calcination: 900 °C, 2 h 

 Steam Reforming 

T: 950 °C 

(CH4: 15%, H2O: 20%) 

RO:  4.12 

RO:  4.47 

RO:  2.41 

RO:  3.44 

H2:CO ratio: 1.10 

H2:CO ratio: 0.93 

H2:CO ratio: 0.95 

H2:CO ratio: 0.87 

 

Ni-based double perovskites did not 

present oxygen decoupling property. 

LBN was less reactive than the others 

due to its greater stability 

LCN showed good reactivity and high 

recovery capacity 

(Medeiros 

et al., 2020) 

LaFe1−xNixO3  (x: 0.05, 

0.1, 0.15, 0.2, 0.25, 0.3) 

SM: polystyrene 

colloidal crystal 

templating  

Calcination: 500 °C, 3 h 

 Steam Reforming 

T: 850 °C 

(CH4: 5%) 

x:0.05, 0.1, 0.15 

X:(CH4): 85% 

 

H2:CO ratio: 2.8 

 

Ni substitution improved the oxygen 

supply capacity. 

Ni substitution increased the dissociation 

of methane and coke deposition. 

(Shen et al., 

2019) 

La2NiO4 

SM: Sol-Gel, SSM, CP, 

HT 

Calcination:  

 Dry Reforming 

T: 850 °C 

(CH4: 7%) 

X(CH4): 91.4% 

X(CO2): 91.5% 

 

 Sol-gel method exhibited the highest 

carbon resistance. 

The lowest performance was observed in 

the sample prepared using the solid-state 

method 

(Cao et al., 

2023) 

LaNiO3 

Calcination: 700 °C, 6 h 

SBA-15, MCM-

41, silica 

Dry Reforming 

T: 700 °C 

CH4:CO2 = 1:1 

X(CH4): 75% H2:CO ratio: 1.1 

 

LaNiO3/MCM-41 demonstrated superior 

initial catalytic activity due to its 

enhanced Ni dispersion. 

LaNiO3/SBA-15 exhibited superior long-

term stability compared to 

LaNiO3/MCM-41.  

(Wang et 

al., 2013) 

Fe2O3–

NiO/La0.8Sr0.2FeO3 

 Dry Reforming 

T: 900 °C 

X(CH4): 97% H2:2*CH4 ratio: 

0.9 

Transitioning from mixed Fe2O3-NiO 

oxides to single NiFe2O4 enhances 

(Lim et al., 

2017) 
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Calcination: 400 °C, 2 h  

SM: modified Pechini 

(CH4: 25%, CO2: 25%)  syngas yields, while also improving 

carrier activity and stability over repeated 

cycles. 

La0.9M0.1Ni0.5Fe0.5O3 (LN

F) 

(M = Sr, Ca)  

Modified EDTA- 

cellulose method 

Calcination: 550 °C, 5 h 

 Dry Reforming 

T: 900 °C 

CH4:CO2 = 1:1 

X-LNF(CH4): 

84.2% 

X-SrLNF(CH4): 

92% 

X-CaLNF(CH4): 

90% 

H2:CO ratio: 0.6 

H2:CO ratio: 0.8 

H2:CO ratio: 0.8 

C deposition is a challenge in LaNiO3 

families during DRM. 

Fe insertion in the perovskite structure 

has strong resistance to carbon formation. 

The basicity of catalysts was changed by 

partial substitution of A site either by Ca 

or Sr and prevented metal sintering. 

(Yang et 

al., 2015) 

LaNi1-xMnxO3 

0<x<1 

SM: Ultrasonic spray 

pyrolysis 

Calcination: 800 °C, 4 h 

 Dry Reforming 

T: 800 C 

CH4: CO2: N2  

1: 1: 2 

X (CH4): 90% 

X (CO2): 80-90% 

 

 

H2:CO ratio: 1.05 https://doi.org/10.1016/j.jcou.2021.10145

5 

C deposition is a challenge in LaNiO3 

families during DRM. 

Mn-substituted catalysts greatly reduced 

carbon deposition and transformed its 

morphology from whiskers to 

amorphous. 

(Shahnazi 

& Firoozi, 

2021) 

LaAl0.25Ni0.75O3 (LANO) 

Si-doped-

LaAl0.25Ni0.75O3(LANO-

Si) 

Calcination: 750 °C, 4 h 

 Dry Reforming 

T: 800 °C 

CH4:CO2:N2 

1:1:2 

XLANO:(CH4):82% 

XLANO:(CO2):82% 

XLANO-Si:( 

CH4):65% 

XLANO-Si:(CO2):6% 

 Mesoporous perovskite catalyst was 

synthesized using SBA-15 as template. 

Si doping enhanced Ni-support 

interaction, inhibiting Ni particle 

sintering. 

(Ruan et 

al., 2020) 

La0.95Ce0.05NiO3 (LCN) 

La0.95Sr0.05NiO3 (LSN) 

Modified Pechini's 

Calcination: 800 °C, 5 h 

 Tri-Reforming 

CH4:CO2:H2O:O2 

1:0.5:0.25:0.5 M 

Se (H2): 55% 

(LCN) 

Se (H2): 62% 

(LSN) 

X:(CH4): 75% 

H2:CO ratio: 1.2 

H2:CO ratio: 1.5-

1.6 

https://doi.org/10.1016/j.ijhydene.2022.0

7.053 

LCN demonstrates the quickest 

attainment of steady state. 

LSN facilitates interactions between 

strontium phases and coke. 

La0.95Ce0.05NiO3 exhibits higher CO2 

conversions compared to the other 

catalysts. 

The order of H2/CO molar ratio is LN ≈ 

LSN > LCN. 

(Bertoldi et 

al., 2022) 

La2Ni2-xCoxO6  

SM: Sol-Gel 

Calcination: 850 °C, 3 h  

CeO2 Steam Reforming 

T: 850 °C 

 

Se (syngas): 95% 

X(CH4): 86% 

 

H2:CO ratio: 2 

 

Co introduction increases surface active 

sites, accelerating CH4 activation. 

Ni addition promotes oxygen vacancy 

formation for lattice oxygen migration. 

(F. Wang et 

al., 2023) 

Ni/LaAlO3 

Ni/La0.8Mg0.2AlO2.9 

(N/LMA) 

SM: Sol-Gel 

Calcination: 450 °C, 5 h 

 Dry Reforming 

T: 700 °C 

CH4:CO2 = 1:1 

X(CH4): 70% 

X(CO2): 80% 

H2:CO ratio: 0.8 

H2:CO ratio: 0.9 

 

The N/LMA catalyst exhibited better 

performance compared to the Ni/LaAlO3 

catalyst.  

Mg substitution resulted in the formation 

of smaller Ni nanoparticles.  

(Bai et al., 

2021) 

https://doi.org/10.1016/j.jcou.2021.101455
https://doi.org/10.1016/j.jcou.2021.101455
https://doi.org/10.1016/j.ijhydene.2022.07.053
https://doi.org/10.1016/j.ijhydene.2022.07.053
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Mg substitution increased the both basic 

sites and oxygen vacancies. 

La0.95Ce0.05NixFe1-

xO3 (LCNF) 

(x = 0, 0.2, 0.5, 0.8, 1.0)  

 Steam Reforming x:0.2, X(CH4): 

95% 

x:0.5, X(CH4): 

89% 

H2:CO ratio: 2 

 

LCNF with x: 0.2 and 0.5 reached a 

higher syngas selectivity accompanying 

with good methane conversion (93.1% 

and 95.7%). 

The proper amount of Ni doping forming 

the Ni Fe synergetic effects also 

contributed highly to methane partial 

oxidation. 

(Zhao, 

Zhang, et 

al., 2022) 

La1-xCexFeO3  

(x = 0, 0.5, 1)  

SM: Sol-Gel 

Calcination: 900 °C, 4 h 

 Steam Reforming X:(CH4): 80% 

Se (CO): 75% 

Se (H2): 90% 

 

 

https://doi.org/10.1016/j.ces.2020.115707 

Substituting Ce3+ at the A site enhanced 

the surface reactivity during the H2O 

splitting process. 

La0.5Ce0.5FeO3 demonstrated rapid 

oxygen restoration kinetics during the re-

oxidation step. 

(Zhao, 

Zhang, et 

al., 2022) 

Ba Based Perovskites 

BaCoO3−δ perovskite 

SM: Sol-Gel 

Calcination: 850 °C, 5 h 

CeO2 Steam Reforming 

T: 850 °C 

(CH4: 50%) 

Se(H2): 2 

Se(CO): 1 

 

H2:CO ratio: 2  

 

The co-sol-gel sample contained 

impurities (Co3O4, BaCO3, and BaCeO3) 

that reduced the reaction capacity and 

promoted secondary methane 

decomposition. This resulted in an 

excessive H2/CO ratio in the syngas and 

the formation of coke. 

(Ding et al., 

2023) 

Ba1-xSrxCoO3-δ 

SM: Impregnation 

Calcination: 400 °C, 30 

min 

CeO2 Steam Reforming 

(CH4: 50%) 

Se(CO): 90% 

Se(H2): 125% 

 

H2:CO ratio: 2 

 

A series of cordierite (honeycomb 

ceramics) monolith reactors coated with 

Ba1-xSrxCoO3-δ/CeO2 was prepared. 

the introduction of cordierite could 

inhibit the methane pyrolysis and the 

carbon deposition in the later stage 

during the partial oxidation 

(D. Cao et 

al., 2021) 

Ba1-xSrxCoO3-δ 

SM: Sol-Gel 

Calcination: 850 °C, 5 h 

CeO2 Steam Reforming 

(CH4: 50%) 

Se(H2): 85% 

Se(CO): 90% 

H2:CO ratio: 2 

 

The combined influence of A-site 

elements (Ba/Sr) and CeO2 boosted the 

reactivity of Ba1-xSrxCoO3-δ/CeO2. 

The partial sintering of Ba1-xSrxCoO3-δ 

perovskite improved the oxygen 

movement within Ba1-xSrxCoO3-δ/CeO2. 

(Ding et al., 

2019) 

Ca Based Perovskites 

Ca2Fe2O5  

SM: solid-state 

Calcination: 1150 °C, 

10 h 

MgO Dry Reforming 

(CH4: 10%, CO2: 40%) 

X(CH4): 99.88% 

 

H2:CO ratio: 2.03 

 

Ca2Fe2O5 oxygen carriers outperform 

Fe2O3 in syngas production.  

The utilization of Ca2Fe2O5 results in a 

higher thermodynamic conversion of 

(Shah et al., 

2021) 

https://doi.org/10.1016/j.ces.2020.115707
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CO2 when oxidizing the reduced 

samples. 

Ca2Fe2O5/Zr0.5Ce0.5O2  

SM: Sol-Gel 

Calcination: 1000 °C, 

10 h 

 Dry Reforming 

T: 850 °C 

(H2: 10%, CO2: 10%) 

- H2: 99.88% 

 
Ce-Zr oxides enhanced the methane 

conversion and the selectivity of 

H2/CO in Ca2Fe2O5.  

The reactivity declined with 

increasing recycling time 

(Chen et 

al., 2023) 

Ca2NixFe2-xO5  

(x = 0, 0.25, 0.5, 0.75, 1)  

SM: Sol gel method 

Calcination: 1000 °C, 

10 h  

MgO Toluene Reforming 

T: 900 °C 

Toluene: 0.01 ml/min 

Steam: 0.01 ml/min 

Se (syngas): 

66.88% 

Se (H2): 82.41% 

Y (Syngas): 1.06 

Nm3/L  

Y (H2): 2.13 

Nm3/L  

Ni doping enhances the redox activity of 

lattice O2  

Ni-doping causes the energy of oxygen 

vacancy formation and bulk oxygen 

migration to reduce  

Ni doping perturbs the electronic 

structures of the transition metal oxides 

(Xu et al., 

2023) 

Sr Based Perovskites 

SrFeO3-δ-Ca0.5Mn0.5O 

SM: Sol gel method 

Calcination: 1000 °C, 

6 h  

 Partial Oxidation 

CH4 

T: 850, 900, 950 

X(CH4)-850: 6.7% 

X(CH4)-900: 6.0% 

X(CH4)-950: 4.1% 

Y(H2): 4 mmol/g 

Y(CO): 2 mmol/g 

(@900 °C) 

Strontium ferrite nanocomposite was 

synthesized in the form of reticulated 

foam, rather than powder, for solar 

driven CLMR.  

The foam exhibits a higher solar-to-fuel 

efficiency (5.68% vs. 4.68%) 

(Wang et 

al., 2022) 

Chloride-promoted 

SrFeO3-δ (SFO-CA) 

SrFeO3-δ-CaO (SFOC-

CA) 

SM: Pechini method 

Calcination: 1200 °C, 

12 h  

 Dry Reforming 

T: 980 

(CH4: 4%, CO2: 5%) 

X(CH4)-SFO-CA: 

78% 

X(CH4)- SFOC-

CA: 88% 

 Chlorine promotes coke formation. 

Tailored window both suppresses 

complete oxidation and enhances CH4 

and CO2 transformations. 

(Chen et 

al., 2020) 

Ce Based Perovskites 

Fe2O3 

Fe3O4 

Fe 

SM: Sol gel Pechini 

method 

Calcination: 900 °C, 1 h  

CeO2-x  

CeFeO3  

CeFeO3 

 

Dry Reforming 

T: 900 

(CH4: 10%) 

 H2:CO ratio< 2 

H2:CO ratio: 2 

H2:CO ratio> 2 

 

 

https://doi.org/10.1016/j.catcom.2021.10

6356 

The activity of Fe/Ce mixed oxides can 

be adjusted by controlling the 

Fe2O3/CeO2 mass ratio, initial oxidation 

state, and reaction time. 

Compared to Fe2O3@CeO2-𝛿, 

Fe3O4@CeFeO3 reached a higher 

hydrogen and carbon monoxide yields. 

(García-

García & 

Metcalfe, 

2021) 

CeFexAl1−xO3 (CFA) 

SM: co-precipitation  

Calcination: 900 °C, 4 h  

 Dry Reforming 

(CH4: 5%) 

X(CH4): 70-85% H2:CO ratio: 2.2 

 

https://doi.org/10.1016/j.apcatb.2023.122

636 

CeFexAl1−xO3/Fe0/Ba-

hexaaluminate improved carbon 

resistance 

(Q. Yang et 

al., 2023) 

https://doi.org/10.1016/j.catcom.2021.106356
https://doi.org/10.1016/j.catcom.2021.106356
https://doi.org/10.1016/j.apcatb.2023.122636
https://doi.org/10.1016/j.apcatb.2023.122636
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CFA formed through CeO2-Fe-Al 

interaction in hexaaluminate. 

Metallic Fe0 from Fe-hexaaluminate 

facilitated CH4 activation. 

CFA exhibited high oxygen ion 

conduction. 
Rd: Reduction, Ox: Oxidation, Se: Selectivity, OC: Oxygen Carrier, Y: Yield, Conversions: X, SSM: Solid State Method, CP: co-precipitation method, HT: hydrothermal method, 

SG: sol-gel method, C: Carbon, T: Temperature 
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Perovskites in Chemical Looping Gasification (CLG) 

Table 3 summarizes the perovskite structures for chemical looping gasification. La-based 

perovskites, especially LaFeO3, have gained significant attention in recent years ((Yan et al., 

2023), (Shen et al., 2022)). In terms of A-site modification, the effects of the Ba-substitution in 

lanthanum ferrites were investigated by Yan et al. (Yan et al., 2021), who found that La0.3Ba0.7FeO3 

(L3B7F) performed best compared with  LaFeO3 (LF) and LaFe0.5Ni0.5O3 (LN5F5), provided the 

maximum syngas output, carbon conversion, and gasification efficiency. In terms of B-site 

modification, Shen et al. (Shen et al., 2019) partially substituted Fe with Mn, Co, Ni, and Cu and 

reported that the oxygen releasing capacity increasing in the following order: LaFeCu > LaFeCo 

> LaFeNi > LaFeMn > LaFe. A similar trend has also been reported by Li et al, LaFeCu > LaFeCo 

> LaFeNi > LaFeCr > LaFe.  

Gasification processes are usually applied to coal, lignite, biomass, and wastes, but could be 

applied to microalgae as well with economic constraints. Due to their increased output, quicker 

development, and higher photosynthetic efficiency, microalgae are particularly appealing among 

these fuels (Yan et al., 2023). However, because microalgae have a high nitrogen content, the 

emission of nitrogen-containing chemicals like NOx and its precursors (HCN and NH3) is 

becoming a serious environmental problem during the thermochemical conversion of microalgae 

(Yan et al., 2023). This challenge is a major focus of many CLG process using La-based 

perovskites. Similar to CLC, thermal and rapid NOx generation during CLG was significantly 

minimized by the gasifier's comparatively low temperature (1000 ºC) and nitrogen-free 

environment (Wang et al., 2021).Yan et. al (Yan et al., 2023) proposed a possible evolution 

pathway of gas-N during CLG of microalgae over La0.3Ba0.7FeO3 (L3B7F). They found that the 

L3B7F has the capacity to reduce tar and NOx synergistically at high temperatures (>700 °C) and 
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to store NOx on its surface at moderate temperatures (400 °C). To improve the oxygen releasing 

ability of LaFeO3, various studies have been conducted by substituting the B-site metal ions. 

According to Zhang et al., (Zhang et al., 2006) the B-site doping could significantly increase the 

conversion of NO to N2, and LaMnO3 perovskite had a noticeable catalytic impact on the 

synergistic removal of NO and C3H6. Additionally, the doped La-Fe-O series perovskites were 

evaluated, and the yield of N2 over LaFe0.8Cu0.2O3 reached around 97 % at 700 °C. Shen et. al. 

(Zhang et al., 2006) revealed that lanthanum manganite’s initial oxygen vacancy count grew and 

that, following Cu doping (LaMn1−xCuxO3) , the link between metal and oxygen deteriorated, 

which enriched surface absorption oxygen and improved lattice oxygen release. However, the 

increased α-oxygen content expedited the non-selective oxidation of hydrocarbons while inhibiting 

the creation of organo-nitrogen compounds. As a consequence, the N2 yield in comparison to Mn-

based perovskites was adversely affected, resulting in poor performance. Co-doping at the B-site 

also improves the reactivity and inhibits carbon formation of chemical looping reaction (Zhao, He, 

et al., 2016a). Wang and Shen (P. Wang et al., 2023) proposed La1-xCaxFeO3 perovskites (x = 0, 

0.1, 0.2 and 0.3) as possible catalysts for NH3 selectivity promotion in biomass gasification. Ca2+ 

has a smaller ionic radius than La2+, is a more basic element and can act as a promoter for the 

formation of active sites on the surface of the catalyst. The results indicate that La0.8Ca0.2FeO3 

possessed the highest conversion of nitrogen into NH3 (62.2 wt%). It also showed superior 

stability, with a conversion of nitrogen into NH3 of 58.4 wt% after 100 h of reaction.  

Several studies have also been conducted on Ca-based perovskite structures ((Hu et al., 2020), (Liu 

et al., 2019a), (Liu et al., 2019b)). Compared to the gasification process of rice husk char without 

CaMn0.6Fe0.4O3, Liu et al. found that the CaMn0.6Fe0.4O3 structure serves the roles of both oxygen 

carrier and catalyst with greater H2/CO and low energy consumption (C. Liu et al., 2018). The 
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performance of the oxygen evolution reaction can be increased by proper Mn-doping due to the 

increase in d-spacing, which resulted in more high-charge Mn ions and better oxygen-ion 

migration and oxygen activation (Liu et al., 2023). CaFe2O4 and Ca2Fe2O5 have been found by 

Zhang et al. (Zhang et al., 2017) to have a gasification efficiencies of 89.21% and 92.49% 

respectively. Sun et. al. (Sun et al., 2018) explored three calcium ferrite catalysts (CaO-Ca2Fe2O5, 

Ca2Fe2O5, and CaFe2O4) for gasifying pine wood and increasing H2-rich syngas yields. As a  

consequence of its continuous promoting mechanism and considerable redox durability, the results 

indicated that Ca2Fe2O5 is a viable catalyst for large-scale biomass conversion applications. On 

the other hand, Liu et. al (Liu et al., 2023) revealed a clear reaction pathway for 

Mn/Ca2Fe2O5 perovskites in CLG of biogas residue that involved oxygen uncoupling, 

CO2 catalytic conversion, the regeneration of oxygen uncoupling vacancy and finally recoverable 

oxygen uncoupling (Figure 7). 

Ba containing oxygen carriers among various composite metal oxides demonstrated great 

performance in CLG process (Sun, Xiao, et al., 2022). Chen et. al (Chen et al., 2019) explored the 

reactivity of BaFe2O4 in CLG and discovered that it is a potential catalyst for the production of 

Mn/Ca2Fe2O5 

C O 

Mn/Ca2Fe2O5 

C O O 

Mn/Ca2Fe2O5 

O → H2O + CO 

CO2 + H2  

C 

O2 + Feed → H2 + CO + 

                     CH4 + CO2 

Mn/Ca2Fe2O5 

Redox cycle 

● Fe ions, ● Oxygen uncoupling vacancy, ● Mn ions, ● Lattice oxygen 

Figure 7: Reaction mechanism model for CLG over Mn/Ca2Fe2O5 OCs. Reproduced from Ref. 

(Liu et al., 2023). 
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H2-rich syngas because of its continuous promoting mechanism, strong redox durability, and high 

hydrogen output. Yan et. al. (Yan et al., 2020) studied the reaction mechanism between carbon 

and barium ferrite. They concluded that BaFe2O4 is a potential OC for gasification with generation 

of hydrogen-rich syngas and removal of tar. Siriwardane et. al. studied BaFe2O4 as oxygen carriers 

in CLG of coal and proved that when these oxygen carriers were present during the steam 

gasification, the rate of gasification and selectivity for the formation of synthesis gas were much 

increased (Siriwardane et al., 2016). 
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Table 3. Perovskite Structures for Chemical Looping Gasification 

Catalyst information Reaction parameters Cycles results Main findings/conditions Ref 

Ca Based Perovskites 

Ca2Fe2O5  

SM: wet impregnation 

Calcination: 800 °C, 4 h 

W: 1 g 

PS: 0.090–0.212 mm 

CLG temp: 600 - 900 °C 

Fuel: Rice straw 

Packed bed 

3 c  Hydrogen yield (at optimal 

temperature of 800 °C) = 63.20 % 

 

 

Improving cyclic durability of Ca2Fe2O5 

can enhance its suitability for chemical 

looping gasification of biomass. 

CLG cyclic performance decreases due 

to Si accumulation from biomass ash 

destroying Fe-Ca structure. 

(Hu et 

al., 

2020) 

Ca1.4Sr0.6Fe2O5 

SM: sol-gel method 

Calcination: 600 °C, 2h, 

900 °C, 5 h 

PS: > 200 μm 

CLG temp: 850 °C 

Fuel: microalgae 

Packed bed 

10 c  H2 (%) = 48.7 

CO (%) = 29.5 

CO2 (%) = 11.6 

Sr-doping in low is a great method for 

enhancing the reactivity of Ca2Fe2O5 as 

OC in microalgae CLG. 

 

(Liu et 

al., 

2019a) 

Ca2Fe1.8Co0.2O5 

SM: sol-gel method 

Calcination: 600 °C, 2 h 

900 °C, 5 h 

CLG temp: 850 °C 

Fuel: microalgae 

Packed bed 

10 c ɳ Gasification (without steam): 

66.80%  

ɳ Gasification (with steam): 91.14 % 

Cobalt substitution for Fe improves the 

activity of oxygen carriers, but excess 

Cobalt tends to complete oxidation 

(Liu et 

al., 

2019b) 

Mn/Ca2Fe2O5 

SM: sol-gel method 

Calcination: 900 °C, 4 h  

PS: < 200 μm 

CLG temp: 800 °C 

Fuel: biogas solid residues 

Reactor: tube furnace  

 The gasification efficiency: 72.31% 

and  

Carbon conversion efficiency: 95.72%  

The reaction mechanisms of are due to 

the oxygen uncoupling ability achieving 

gas–solid reaction.  

(Liu et 

al., 

2023) 

CaFe2O4 

SM: sol-gel method 

Calcination: 900 °C, 4 h 

CLG temp: 800 °C 

Fuel: coal 

Reactor: fixed bed 

5 c Syngas selectivity: 0.9 

Carbon conversion up to 90 % 

Only interacts with coal, which makes it 

simpler to keep the reaction going 

throughout the gasification step to create 

syngas. 

Wyodak coal and CaFe2O4 seemed to be 

a synergistic combination of steam and 

oxygen carriers. 

(Siriward

ane et 

al., 

2016) 

CaFe2O4  

Ca2Fe2O5 

SM: combustion 

calcined at 900 °C for 5 h 

PS: < 200 μm 

CLG temp: 850 °C 

Fuel: microalgae 

Reactor: fixed bed 

 Gasification efficiency (%) 
 

CaFe2O4 89.21 

Ca2Fe2O5 92.49 

Calcium ferrites would be reduced by the 

step of CaFe2O4 → FeO/Ca2Fe2O5 → Fe 

Ca2Fe2O5 provides better surface 

structure  

(G. Liu 

et al., 

2018) 

Ca2Fe2O5 

SM: wet impregnation 

Calcination: 950 °C, 5 h 

CLG temp: 800 - 900°C 

Fuel: char coal 

Reactor: fluidized bed 

 Gasification efficiency (%): 85 

Gasification rate: 1.5 g/min/gcat 

hampers hydrogen production in the 

iron-steam process 

enhances the rate of hydrogen production 

due to its active sites. 

(Wang et 

al., 

2019) 
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CaFe2O4  

SM: direct decomposition 

Calcination: 500 °C, 6 h, 

1000 °C, 6 h 

CLG temp: 700 - 900°C 

Fuel: coal 

 OC Accumulative 

mole of 

syngas 

(mol/kg) 

Carbon  

conversion  

(%) 

LF 34 93 

LN5F5 35 94 

L3B7F 37 97 
 

Calcium plays a dual role in regulating 

the transportation of oxygen ions within 

the solid material and influencing the 

rate of carbon oxidation in coal char. 

(Miller 

& 

Siriward

ane, 

2018) 

Ba Based Perovskites 

BaCoO3 

BaFeO3 

Ba0.5Sr0.5Co0.8Fe0.2O3 

(BSCF) 

SM: sol gel method 

Calcination: 400, 850 0C, 20 

h 

Perovskite/coal mass ratio: 0 

– 0.3 

CLG temp: room – 850 °C 

Fuel: lignite  

Fixed bed  

 

 

 

 

12 c  Ǭ: BSCF > BC > BF  

Steam/hydrogen: 0.641 

BSCF sample had the lowest proportion 

of CO2 and the highest hydrogen 

production. 

Elemental compositions do not change 

during CLG and stable after 6 cycles. 

Optimum reaction temperature between 

800 0C and 850 0C 

the carbon conversion rate of pyrolysis 

stage decreases with increasing S/H 

ratio. 

(Ding et 

al., 

2016) 

 

BaFe2O4 

SM: direct decomposition 

CLG temp: 850 °C 

Fuel: coal char 

Reactor: fixed bed  

 Max CO yield at first stage: 1.51 % at 

552 °C 

Max CO yield at second stage: 0.38% 

at 850 °C 

BaFe2O4 → BaFe4O7 → BaO + FeO + F

e 

(Sun, 

Xiao, et 

al., 

2022) 

La Based Perovskites 

LaFeO3 (LF) 

LaFe0.5Ni0.5O3 (LN5F5) 

La0.3Ba0.7FeO3 (L3B7F) 

SM: modified citric acid–

nitrate sol–gel method 

CLG temp: 700–900 ◦C 

Fuel: microalgae 

Reactor: fixed bed 

 Syngas yield (mol/mol microalgae) 
LF: 0.56 
LN5F5: 0.71 
L3B7F: 0.64 
 

Below 400 °C, nitrogen oxides can be 

stored on the perovskite surface in the 

form of nitrites and/or nitrates.  

NO can be selectively reduced by 

reducing components over perovskites 

over 700 °C 

(Yan et 

al., 

2023) 

LaFe0.5Mn0.5O3 

LaFe0.5Co0.5O3 

LaFe0.5Ni0.5O3 

LaFe0.5Cu0.5O3 

SM: sol gel method 

calcined at 900 ℃ for 4 h 

CLG temp: 250 – 600  

Fuel: biomass 

Reactor: fixed bed 

 Highest H2 yield for LaFeNi: 3.71 

mmol.g-1 

Highest CO yield for LaFeCo: 1.98 

mmol.g-1 

LaFeNi suitable for torrefied biomass 

CLG  

The sequence of oxygen releasing 

capacity: LaFeCu > LaFeCo > LaFeNi > 

LaFeMn > LaFe 

(Shen et 

al., 

2022) 

La1-xBaxFeO3 (x = 0, 0.3, 0.5, 

0.7, 0.9, 1.0) 

SM: sol gel method 

calcined at 750 ◦C for 6 h 

CLG temp: 900 ◦C 

Fuel: microalgae 

Reactor: fixed bed 

10 c La0.3Ba0.7FeO3 (L3B7F) exhibits the 

best performance in CLCSG  

The maximum syngas yield of 1.00 

m3/kg-Algae, carbon conversion of 

98.86% and gasification efficiency of 

96.71%  

Tetravalent iron (Fe4+) and oxygen 

vacancies are created when divalent 

barium (Ba2+) is substituted for trivalent 

lanthanum (La3+) at the A-site of 

LaFeO3, greatly enhancing the oxygen 

transport capability and catalytic activity 

of perovskite.  

(Yan et 

al., 

2021) 

La1−xCaxFeO3 (x = 0–0.4) 

SM: sol gel method 

CLG temp: 700 - 900 ◦C 

Fuel:  

 CO conversion (%) highest for x=0.4: 

9.8  

CO conversion is increased by increasing 

CO adsorption capacity 

(Sun, 

Shen, et 
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calcined in air at 800 °C for 

6 h 

W: 0.05 g 

Reactor: fixed bed CO conversion increases by Ca 

substitution 

al., 

2022) 

LaCr0.5Fe0.5O3  

LaCo0.5Fe0.5O3 

LaCu0.5Fe0.5O3 

SM: sol gel method 

calcined at 850 °C for 5 h in 

air 

PS: < 200 µm 

CLG temp: 800 ℃ 

Fuel: digestate 

Reactor: fixed bed 

8 c For LaCu0.5Fe0.5O3: 

gas yield: 1.03 Nm3/kg 

gasification efficiency: 72.69% 

B site can be doped with metal to 

increase activity and facilitate the CLG 

reaction 

(Z. Li et 

al., 

2022) 

La1-xCaxFeO3 

SM: sol-gel 

Calcination: 750°C, 6h 

CLG temp: 800 ℃ 

Fuel: biomass 

Reactor: fixed bed 

Steam/biomass ratio: 1:1 

 X(N2 to NH3): 62.2% Excessive doping of calcium (x = 0.3) 

reduces ammonia production. 

La0.8Ca0.2FeO3 possessed the highest 

conversion 

(P. Wang 

et al., 

2023) 

SM: Synthesis method, ɳ: Efficiency, SSM: Solid State Method, CP: co-precipitation method, HT: hydrothermal method, SG: sol-gel method, X: Conversion, PS: Particle Size 
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CHAPTER 3: METHODOLOGY 

3.1 Materials 

 

The study focused on catalytic pyrolysis and steam gasification experiments conducted with 

biomass - Miscanthus, supplied by the Idaho National Laboratory. The biomass samples (Fig 8.) 

were dried at a temperature of 105 °C for 12 h and subsequently underwent crushing and sieving, 

resulting in particle sizes ranging from 125 to 150 μm. 

 

The results of elemental analysis and ash composition of the biomass samples are presented in 

Table 4 and 5 respectively. The mass concentrations of C, H and O in miscanthus are 50.64%, 

5.85%, and 43.06%, respectively. Thus, the H/C and O/C molar ratios of miscanthus are 1.376 and 

0.621, respectively, suggesting that the molecular formula of miscanthus could be defined as 

CH1.376O0.621. 

 

 

 (a) (b) (c) (d)  

Figure 8: a) Miscanthus biomass, b) dried and ground biomass, c) sieved biomass to the desired 

particle size, d) produced biochar (sieved for the second time to achieve the desired particle size) 
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Table 4: Proximate and ultimate analysis of biomass (Miscanthus) composition. 

Proximate analysis  (% by weight) 

Fixed carbon 13.06 

Volatile 85.53 

Ash 1.40 

Carbon 50.64 

Hydrogen 5.85 

Nitrogen 0.21 

Oxygen 41.88 

Sulfur 0.01 

 

Table 5:Ash composition of biomass (Miscanthus) samples. 

Compound Biomass ash (%) 

Al2O3 0.29 

CaO 18.34 

Fe2O3 1.20 

K2O 6.44 

MgO 9.03 

MnO 1.11 

Na2O 0.18 

P2O5 3.58 

SiO2 52.31 

TiO2 0.02 

SO3 3.15 
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3.2 Preparation of Ca-Fe based oxygen carriers 

Four different oxygen carriers Ca2Fe2O5, Ca2Fe1.9Cu0.1O5, Ca2Fe1.9Ni0.1O5 and Ca2Fe1.9Co0.1O5 

were prepared using the citric acid assisted sol-gel method (Fig 9.). In this process, calcium nitrate 

tetrahydrate (Ca(NO3)2·4H2O), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), and citric acid 

were mixed according to the desired molar ratios (Fe:Ca:citric acid = 1:1:6 for Ca2Fe2O5 

preparation). For the other modifications, Cu(NO3)2.3H2O, Ni(NO3)2.6H2O and Co(NO3)2·6H2O 

were added. The mixture was dissolved in deionized water and stirred constantly overnight at 

80°C. The resulting solution was dried at 180°C for 12 hours and then calcined in air in a muffle 

furnace at 650°C for 4 hours (temperature ramp 5°C/min from room temperature to 650°C). 
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Figure 9: Synthesis of oxygen carrier via sol-gel process. 

Mix 
Precursor

s

Dissolve 
& Stir (80 

°C)

Dry (Vacu
um, 180 
°C, 12 h)

Calcine (6
50 °C, 4 h, 
5 °C/min)

Grind 
(150 μm)
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3.3 Characterization of carrier materials 

The crystalline phases of OCs were determined by X-ray diffraction (XRD) which was conducted 

by Rigaku SmartLab X-ray Diffractometer using a Cu K α radiation (λ = 0.15046 nm), a target 

current of 40 mA, and a target voltage of 40 kV. The diffraction angle 2θ was scanned from 20 to 

80 ° with a step of 0.0167  °/𝑠. Transmission Electron Microscopy (TEM) was conducted using 

the JEOL 2010F Field Emission Transmission Electron Microscope to view ~3-5 clusters of each 

catalyst type. For morphological analysis, the scanning electron microscopy (SEM) and energy 

dispersive spectrometer (EDS) were conducted using the Thermo Quattro S field-emission 

environmental Scanning Electron Microscope.  

3.4 Experimental set-up and procedure 

The steam gasification tests on biomasses were conducted using a fixed bed reactor, with the 

experimental setup consisting primarily of an electrical furnace, a reactor, a steam generator, a 

temperature controller, flow meters, and gas collecting bags (as depicted in Fig 10. & 11.). The 

reactor was constructed from a quartz tube with dimensions of 0.750” in outer diameter, 0.500” in 

inner diameter and 40” in length. 
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Figure 10: Experimental setup for investigating biomass conversion processes: pyrolysis and 

gasification. 

In a typical experiment, a mixture of 4 g of biomass and 0.4 g of catalyst was prepared by constant 

stirring and grinding for at least 5 min. Subsequently, the mixture was loaded into the constant 

temperature zone of the quartz tube reactor. Prior to heating the furnace to the desired temperature 

(650 °C, 750 °C or 850 °C) at a heating rate of 20 °C/min and an N2 flow rate of 50 mL/min, the 

system was purged with N2. Once the specified temperature was reached, water was injected at the 

desired flow rate of 0.10 mL/min using a syringe pump, initiating the gasification stage. The 

produced gas underwent cleaning and drying before being sampled with gas bags every 10 min. 

The concentrations of H2, CH4, CO, and CO2 in each sample bag were determined using a 

Shimadzu 2014 GC.  
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Figure 11: Schematic diagram of fixed bed catalytic biomass refinery system. (1) N2 cylinder; (3) heating tape 

temperature controller; (4) Heating tape; (5) HPLC syringe pump 0.1 – 10 ml/min; (6) fixed bed furnace and quartz 

tubular reactor; (7) temperature controller of furnace; (8) bio-oil collector; (9) biomass sample; (10) sample stopper; (11) 

gas wash bottle; (12) membrane filter; (13) gas bags; (14) Argon cylinder; (15) Gas chromatograph, Shimadzu; (16) 

split/spitless injection port; (17) Thermal conductivity detector; (18) Computer with Lab solution software; (19) online 

thermal sensor. 
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As seen in Fig 12., gas samples were collected using 1 L Tedlar® bags connected to the outlet of 

the gas wash unit, where the gas was passed through a cleaning process. The flow rate of the gas 

exiting the gas wash unit was measured using a soap film flowmeter. 

 

Figure 12: Schematic of the gas sampling setup. 

A Shimadzu GC-2014 equipped with a ShinCarbon column (2.0 m length, 0.53 mm ID, 212 μm 

film thickness) was employed for the analysis of the collected gas samples. Argon served as the 

carrier gas. Five calibration standards were prepared with varying concentrations of target gas 

components as shown in Table 6. 

Table 6. Calibration Standard Compositions 

Std CO2 (mol %) CO (mol %) H2 (mol %) CH4 (mol %) O2 (mol %) N2 (mol %) 

1 1 % 1 % 1% 1% 1% 95 % 

2 15 % 7 %  4.5 % 4 % - 

3 - - 99.99 % - - - 

4 - - - 99.99 % - - 

5 99.8 % - - - - - 
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The GC was operated under the following conditions: 

• Column temperature: 40 °C (isothermal) 

• Equilibration time: 0.2 min 

• Injector temperature: 250 °C 

• Injection mode: Split 

• Sampling time: 1 min 

• Pressure: 278.5 kPa 

• Total flow: 10.5 mL/min 

• Linear velocity: 187.9 cm/s 

• Purge flow: 3.0 mL/min 

• Split ratio: 2 

The detector (DTCD) was operated at a temperature of 100 °C with a filament current of 70 mA. 

Byproducts, including biochar and bio-oil (Fig 13.), were collected in vials. These materials can 

be utilized for further applications. 

 
Figure 13: Bio-oil (left) and biochar (right) collected during the biomass conversion process. 
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3.5 Data Analysis 

 

The volume of syngas components (H2, CH4, CO, CO2) were calculated as follows: 

 

𝑉𝐻2
=  𝐶𝐻2

𝑉          (Equation 4) 

 

𝑉𝐶𝑂 =  𝐶𝐶𝑂𝑉          (Equation 5) 

 

𝑉𝐶𝐻4
=  𝐶𝐶𝐻4

𝑉          (Equation 6) 

 

𝑉𝐶𝑂2
=  𝐶𝐶𝑂2

𝑉          (Equation 7) 

 

where 𝐶𝐻2
, 𝐶𝐶𝐻4

, 𝐶𝐶𝑂 , 𝐶𝐶𝑂2
 represent the syngas concentrations of H2, CH4, CO, and CO2, 

respectively, and 𝑉 represents the volume of gas collected in sampling bag every 10 minutes. The 

total gas yields for one gas bag are calculated as: 

 

𝑌𝑖 =  
𝐶𝑖𝑉

𝑚
          (Equation 8) 

where 𝐶𝑖 was the actual concentration of gas component i, measured by the GC; V (L) was the 

volume of gas collected in sampling bag every 10 minutes and m (g) was the mass of Miscanthus. 

 

The cumulative H2 yield is the sum of H2 obtained with every 10 min: 

 

𝑌𝐻2
=  ∑ 𝑌𝐻2

𝑛
1     (n=1,2,3,4,5,6,7,8,9)      (Equation 9) 

 

The syngas concentration (Csyngas) and CO selectivity (SCO) are defined as: 

 

𝐶𝑠𝑦𝑛𝑔𝑎𝑠 =  
𝑌𝐶𝑂+𝑌𝐻2

∑ 𝑌𝑖
         (Equation 10) 

 

𝑆𝐶𝑂 =  
𝑌𝐶𝑂

𝑌𝐶𝑂+𝑌𝐶𝑂2

         (Equation 11) 

 

CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1 Physical properties 

 

Fig 14. shows SEM images revealing the surface morphology of the synthesized OCs, along with 

corresponding EDS mapping. As can be seen, Ca2Fe2O5 performed as a flake structure with large 
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amount of pores. When doped with Co, its structure did not have significant variations. The EDS 

mapping confirms the presence of Ca, Fe, Co, Cu and Ni in respective catalysts. The results of 

EDS mapping are summarized in Table 7. It also revealed that all elements were uniformly 

distributed within all synthesized OCs, indicating the uniform impact of OC.  

Table 7: Extracted spectrum weight % for each element by SEM. 

 Weight % 

Element Ca₂Fe₂O₅ Ca₂Fe₁.₉Cu₀.₁O₅ Ca₂Fe₁.₉Co₀.₁O₅ Ca₂Fe₁.₉Ni₀.₁O₅ 

O 40.209 35.58 29.745 32.037 

Ca 19.703 23.349 21.343 12.992 

Fe 29.089 26.633 35.057 37.068 

Cu - 3.805 - - 

Co - - 2.944 - 

Ni - - - 6.055 
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(a)  (b) 

 

  (c) (d) 

Figure 14: SEM-EDS images of a) Ca2Fe2O5, b) Ca2Fe1.9Co0.1O5, c) Ca2Fe1.9Cu0.1O5, d) 

Ca2Fe1.9Ni0.1O5. 

Ca                        Fe                        O Ca                        Fe                        Co 

Ca                        Fe                       Cu Ca                        Fe                       Ni 
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TEM micrographs (Fig 15.) were obtained using lacey carbon grids (Ted Pella) for all samples 

except those containing Cu. For Cu-containing variants, lacey carbon nickel grids were employed. 

Grid preparation involved dry shaking the grids within the sample vial, ensuring adherence of the 

smallest nanoparticles to the grid mesh. Notably, the Ca2Fe2O5 morphology remained consistent 

across all samples, while variations in secondary signals detected by EDS were observed between 

different samples. All samples exhibited uniform elemental distribution, regions with elevated Fe 

content also displayed a corresponding increase in O content, as revealed by EDS mapping. 
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Figure 15: TEM-EDS images of fresh a) Ca2Fe2O5, b) Ca2Fe1.9Co0.1O5, c) Ca2Fe1.9Cu0.1O5, d) 

Ca2Fe1.9Ni0.1O5. 
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As shown in Fig 16., XRD was carried out to detect the phase structures of OC. The crystallite 

size was calculated using the Scherrer equation by fitting a Gaussian function to the four most 

intense characteristic peak to obtain the peak width at half maximum. The observed diffraction 

peaks of Ca2Fe2O5 were perfectly indexed with JCPDS Card no 71–2264. The results also revealed 

that all oxygen carriers exhibited a brownmillerite-type crystalline structure. Doping with Co, Ni, 

or Cu did not alter the overall crystal structure, but some variations in the diffraction patterns were 

observed. Notably, Cu doping resulted in a shift of most diffraction peaks to higher angles. This 

suggests that Cu doping may decrease the grain size within the brownmillerite structure, leading 

to an increase in crystal plane d-spacings. 

 

Figure 16: XRD images of fresh a) Ca2Fe2O5, b) Ca2Fe1.9Co0.1O5, c) Ca2Fe1.9Cu0.1O5, d) 

Ca2Fe1.9Ni0.1O5. 
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Figure 17 presents the FTIR spectra of the Ca2Fe2O5 catalysts with Cu, Co, and Ni dopants. All 

samples exhibit characteristic peaks at 594 cm-1 and 710 cm-1, corresponding to Fe-O and Fe-Ca 

stretching vibrations, respectively (Vadivel et al., 2016). The addition of dopants leads to a slight 

decrease in the intensity of the Fe-Ca peak, suggesting a potential interaction between the dopant 

and calcium cations.  The strongest absorption band observed at 3470 cm-1 can be attributed to 

O-H groups in aromatic and aliphatic structures (Choi et al., 2020). This suggests the presence of 

surface hydroxyls likely formed during the breaking of hydrogen bonds, potentially releasing 

water or alcohols during the synthesis process. Additionally, a peak at 1450 cm-1 indicates the 

presence of C-O stretching vibrations (Berestova et al., 2020), while the peak at 1640 cm-1 is 

associated with amide I bonds (Tenri Ola et al., 2022). 

 

Figure 17: FTIR spectra of oxygen carriers 

 

4.2 CLG without steam 
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The reactivity of different OCs in BCLG was tested in a fixed bed reactor. Biomass first undergoes 

initial decomposition into gaseous products, tars, and char. The OC then participates in a redox 

reaction with these pyrolysis products. This redox interaction, involving both the oxidation of char 

and reforming of tars, significantly enhances the production of syngas. However, excessively high 

oxidation activity by the OC can be detrimental to syngas yield. This is because it can promote the 

conversion of valuable syngas components (CO and H2) into less desirable products like CO2 and 

H2O. 

Figure 18 reveals the contrasting effects of pyrolysis on biomass alone compared to when four 

different OCs are introduced. The presence of the OC demonstrates a two-fold impact. Firstly, it 

acts as a cracking catalyst, significantly boosting the overall yield of gaseous products from the 

biomass. Secondly, the OC exhibits selective oxidation behavior. While the addition of the catalyst 

doesn't substantially alter the production of hydrogen (H2), it does lead to a noticeable increase in 

CO selectivity, shifting from 41.5% without the catalyst to 53.3% with Ca2Fe2O5. This observed 

CO appears to originate from the partial oxidation of carbon species on the OC surface, rather than 

direct decomposition by oxygen or complete oxidation for heat generation. Consequently, the 

partial oxidation activity of Ca2Fe2O5 in this study results in the highest CO content observed in 

the gas products from the biomass-OC mixture. Interestingly, the addition of Ca2Fe2O5 

significantly enhances H2 yield, with a notable increase from 5.71 mol/kg biomass (raw pyrolysis) 

to 9.406 mol/kg biomass with catalyst. However, doping the OC with small quantities (0.1 mol/kg) 

of Cu, Co, or Ni did not necessarily improve the purity of the H2 produced. Copper's low melting 

point (1085 °C) can lead to agglomeration in Cu-doped oxygen carriers (OCs). This phenomenon 

might contribute to the observed lower H₂ production compared to other dopants. Operating the 

fuel reactor at temperatures below 800 °C is recommended to mitigate this potential issue. 
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The reaction temperature plays a critical role in governing the efficiency of catalytic biomass 

pyrolysis, as corroborated by numerous studies (Hu & Gholizadeh, 2019). This is further supported 

by the data presented in Figure 19 that depicts the trend of total gas yield with increasing 

temperature during biomass pyrolysis with and without the OC. The results show a gradual 

increase in total gas production at 750 °C compared to 650 °C, followed by a slight decrease at 

850 °C. This non-monotonic behavior can be attributed to the interplay of several competing 

reactions involving the OC, syngas, biochar, and tar. While literature confirms that syngas 

production generally increases with temperature during biomass pyrolysis [49], high temperature 

can also enhance the OC's reactivity towards syngas [39]. The observed decrease at 850 °C 

suggests that these competing reactions become significant. The OC may be consuming a portion 

of the syngas at this temperature. At higher temperatures, the OC's reactivity might be 

compromised due to sintering at excessively high temperatures [50]. Consequently, the dominant 

reaction becomes biomass pyrolysis for syngas production, leading to an overall increase in total 

gas yield. 

Figure 20 illustrates the average composition of syngas across experiments with increasing 

temperature. The CO concentration remains relatively while the H2 fraction exhibits a gradual 

increase with temperature. This can be attributed to the CO2 reforming reaction with CH4 and the 

Boudouard reaction, both of which are known to be favored by higher temperatures [51]. This 

explains the observed decrease in CO2 and CH4 fractions. Additionally, higher temperatures 

promote tar cracking, further contributing to the rise in H2 content. 

Pyrolysis of miscanthus proceeds in the ways of: 

Biomass pyrolysis: CH1.376O0.621 → (H2 + CO + CO2 + CH4 + C2+…) + Tar + Char  (R1) 
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Tar cracking: Cn Hm → (m/2) H2 + Cn       (R2) 

Ca2Fe2O5 reduction with CO: Ca2Fe2O5 + 3CO → 2CaO + 2Fe +3CO2   (R3) 

Ca2Fe2O5 reduction with H2: Ca2Fe2O5 + 3H2 → 2CaO + 2Fe +3H2O   (R4) 

Ca2Fe2O5 reduction with CH4: 4Ca2Fe2O5 + 3CH4 → 8CaO + 8Fe +3CO2 + 6 H2O  (R5) 

Tar conversion with CO2: Cn Hm(tar) + nCO2→ nCO + m/2H2    (R6) 

Tar conversion with H2O: Cn Hm(tar) + nH2O→ nCO + (m/2 + n)H2   (R7) 

The introduction of a Ca2Fe2O5 introduces complexity to the biomass pyrolysis process compared 

to uncatalyzed reactions. This complexity arises from the interaction between the catalyst and the 

syngas produced during pyrolysis. The catalyst undergoes reduction by syngas, generating H2O 

and CO2 according to reactions (R3-R5). These reduction products can further promote the 

decomposition of tar, a complex mixture of heavier hydrocarbon molecules, into smaller molecules 

during pyrolysis. This enhances the yield of valuable products like syngas. While the catalyst 

consumes a portion of the reducing gases (H2 and CO) that contribute to syngas production, the 

generated CO2 and H2O promote tar cracking, potentially leading to a higher overall syngas yield. 

This suggests a net benefit despite the initial consumption of reducing gases. The reducing 

atmosphere created by syngas during pyrolysis partially reduces the Fe in Ca2Fe2O5 to FeO, with 

the concurrent formation of CaO, which offers an additional advantage. CaO itself acts as a 

catalyst, further enhancing tar cracking and promoting better overall biomass conversion during 

pyrolysis. 

Figure 20 reveals that the majority of H2 release occurs within the first 20-40 minutes of the 

experiment. This observation suggests that investigating the influence of water injection rate prior 
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to reaching the set reaction temperature might be beneficial. Consequently, in this study, the 

syringe pump for water injection was activated as soon as the furnace temperature reached 100 °C. 
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  (a) H2  (b) CO 

           

  (c) CH4 (d) CO2 

Figure 18: Effect of doping Ca2Fe2O5 with Cu, Co and Ni on gas composition and production during pyrolysis.
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(a) 650 °C 

 

(a) 750 °C 
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(a) 850 °C 

Figure 19: Gas composition and total gas production during pyrolysis stage at different 

temperatures. 

 

         

 (a) No Catalyst, 650 °C (a) No Catalyst, 750 °C                  (a) No Catalyst, 850 °C 
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 (b) Ca2Fe2O5, 650 °C (b) Ca2Fe2O5, 750 °C (b) Ca2Fe2O5, 850 °C 

         

 (c) Ca2Fe1.9Cu0.1O5, 650 °C (c) Ca2Fe1.9Cu0.1O5, 750 °C     (c) Ca2Fe1.9Cu0.1O5, 850 °C 

         

 (d) Ca2Fe1.9Co0.1O5, 650 °C (d) Ca2Fe1.9Co0.1O5, 750 °C      (d) Ca2Fe1.9Co0.1O5, 850 °C 
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 (e) Ca2Fe1.9Ni0.1O5, 650 °C (e) Ca2Fe1.9Ni0.1O5, 750 °C      (e) Ca2Fe1.9Ni0.1O5, 850 °C 

Figure 20: Syngas concentration and yields from miscanthus pyrolysis using pure biomass, 

Ca2Fe2O5, Ca2Fe1.9Cu0.1O5, Ca2Fe1.9Co0.1O5, and Ca2Fe1.9Ni0.1O5. 

 

4.3 CLG with steam 

 

Steam is a well-established gasifying agent for the production of hydrogen-rich syngas. Studies 

have demonstrated an initial increase in H₂ yield with increasing steam concentration during 

biomass pyrolysis. To investigate this effect, steam was injected into the system at three flow rates: 

0.05 mL/min, 0.1 mL/min, and 0.2 mL/min (Figure 21). As expected, H₂ production initially 

increased with increasing steam flow. However, observations indicated that a significant portion 

of the injected steam remained unreacted, leading to bio-oil dilution and potential inefficiency. 

Furthermore, the relationship between steam and H₂ production becomes more intricate when 

oxygenated catalysts are present. Two key factors contribute to this complexity. Firstly, higher 

initial temperatures promote biochar conversion, reducing the amount of biochar available for 

steam gasification and ultimately decreasing H₂ yield. Secondly, excessive steam can impede H₂ 

production by blocking active sites on the OCs, hindering their catalytic activity. 
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Therefore, to optimize H₂ production while minimizing unreacted steam, a steam flow rate of 0.1 

mL/min was chosen for all subsequent gasification tests within this study. 

 

Figure 21: H₂ Production During Gasification Trials at Different Temperatures and Water 

Injection Rates 

Steam plays a critical role in shaping the product gas distribution during biomass gasification, as 

evident in Figure 21. Its introduction significantly increases H2 and CO2 yields, while decreasing 
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shift (WGS) reaction (CO + H2O → CO2 + H2), which consumes CO and promotes H2 and CO2 

formation, and the iron-steam reaction with reduced iron in the catalyst, further enhancing H2 

production. The second stage of gasification with steam encompasses a complex interplay 

between various gas species, vapor, biochar, and the reduced catalyst. The main reactions were 

shown as follows: 

Steam oxidation of Fe0: 2𝐹𝑒 + 2𝐶𝑎𝑂 + 3𝐻2𝑂 → 𝐶𝑎2𝐹𝑒2𝑂5 + 3𝐻2   (R8) 
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Steam tar reforming: 𝐶𝑛𝐻𝑚 + 2𝑛𝐻2𝑂 → (𝑛 +
𝑚

2
) 𝐻2 + 𝑛𝐶𝑂2    (R9) 

𝑠𝑡𝑒𝑎𝑚 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑝𝑟𝑖𝑚𝑎𝑟𝑦): 𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2    (R10) 

𝑠𝑡𝑒𝑎𝑚 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦): 𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 2𝐻2   (R11) 

𝑤𝑎𝑡𝑒𝑟 𝑔𝑎𝑠 𝑠ℎ𝑖𝑓𝑡: 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2       (R12) 

𝑠𝑡𝑒𝑎𝑚 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔: 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2     (R13) 

𝐵𝑜𝑢𝑑𝑜𝑢𝑎𝑟𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐶 + 𝐶𝑂2  →  2𝐶𝑂       (R14) 

𝑚𝑒𝑡ℎ𝑎𝑛𝑎𝑡𝑖𝑜𝑛: 𝐶 + 2𝐻2  → 𝐶𝐻4        (R15) 

The Ca2Fe2O5 catalyst significantly alters the reaction pathway during steam gasification. Firstly, 

reduced Ca2Fe2O5 from the pyrolysis stage undergoes oxidation by steam, leading to increased 

H₂ concentration and yield. Secondly, the water gas shift reaction (CO + H₂O → CO₂ + H₂) 

becomes the dominant pathway, generating CO while simultaneously reducing the re-oxidized 

catalyst. This reduction-oxidation cycle involving the catalyst and steam promotes the formation 

of Fe³⁺ cations, facilitating an "inner looping" mechanism. This mechanism enables the 

continuous conversion of biochar through the redox reactions. Notably, the Ca2Fe2O5 catalyst 

remains stable throughout the process, allowing for its reusability in subsequent outer looping 

experiments. 

4.3.1 Effect of temperature on chemical looping gasification 

 

The impact of temperature on the chemical looping gasification of biomass is evident from the 

experimental results presented in Figure 23. As the temperature increases from 650°C to 850°C, 

there is a notable enhancement in the production of gases such as H₂, CO, CH₄, and CO₂.  
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For instance, in the absence of a catalyst, at 650°C, the mol/kg of gas produced is 8.99 for H₂, 1.18 

for CO, 1.16 for CH₄, and 4.28 for CO₂. As the temperature rises to 850°C, these values increase 

substantially to 25.19 for H₂, 2.61 for CO, 2.01 for CH₄, and 8.05 for CO₂. This escalation indicates 

the favorable effect of elevated temperatures on gas production during the chemical looping 

gasification process. 

Moreover, the temperature effect is also observed in the presence of different oxygen carriers. 

Taking Ca₂Fe₂O₅ as an example, at 650°C, the mol/kg of gas produced is 13.01 for H₂, 0.97 for 

CO, 1.05 for CH₄, and 3.14 for CO₂, which significantly increases to 27.82 for H₂, 2.84 for CO, 

2.26 for CH₄, and 8.14 for CO₂ at 850°C. This trend underscores the significance of temperature 

in enhancing gas yields across various catalysts. 

4.3.2 Effect of oxygen carrier on chemical looping gasification 

 

The influence of catalysts on the chemical looping gasification of biomass is evident from the 

comparative analysis of different oxygen carriers (Figure 22). The introduction of catalysts such 

as Ca₂Fe₁.₉Cu₀.₁O₅, Ca₂Fe₁.₉Co₀.₁O₅, and Ca₂Fe₁.₉Ni₀.₁O₅ has a discernible impact on gas 

production, particularly in terms of the composition and quantity of gases generated. 

For instance, considering Ca₂Fe₁.₉Cu₀.₁O₅ at 650°C, the mol/kg of gas produced is 9.56 for H₂, 

0.76 for CO, 1.50 for CH₄, and 4.55 for CO₂. In comparison, with Ca₂Fe₁.₉Ni₀.₁O₅ under the same 

conditions, the production yields are 13.54 for H₂, 0.98 for CO, 1.49 for CH₄, and 4.91 for CO₂. 

This suggests that the catalyst composition significantly affects gas generation, with variations 

observed in the quantities of H₂, CO, CH₄, and CO₂. 
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Furthermore, the effect of catalysts becomes more pronounced as the temperature increases. For 

example, with Ca₂Fe₁.₉Co₀.₁O₅ at 850°C, the mol/kg of gas produced is 32.05 for H₂, 2.41 for CO, 

1.21 for CH₄, and 8.97 for CO₂, showcasing the catalytic influence on gas production at higher 

temperatures. 
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  (a) H2  (b) CO 

           

  (c) CH4 (d) CO2 

Figure 22: Effect of doping Ca2Fe2O5 with Cu, Co and Ni on gas composition and production during gasification. 
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(a) 650 °C 

 

(a) 750 °C 
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(a) 850 °C 

Figure 23: Gas composition and total gas production during gasification stage at different 

temperatures. 

         

 (a) No Catalyst, 650 °C (a) No Catalyst, 750 °C               (a) No Catalyst, 850 °C 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

G
as

 C
o
n
ce

n
tr

at
io

n
 (

m
o
l%

)

H₂ CO CH₄ CO₂

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

m
o

le
 G

as
 p

er
 k

g
 b

io
m

as
s

Time (min)

CO₂-650

CH₄-650

CO-650

H₂-650

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

m
o
le

 G
as

 p
er

 k
g
 b

io
m

as
s

Time (min)

CO₂-750

CH₄-750

CO-750

H₂-750

0.0

1.0

2.0

3.0

4.0

5.0

6.0
0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

m
o
le

 G
as

 p
er

 k
g
 b

io
m

as
s

Time (min)

CO₂-850

CH₄-850

CO-850

H₂-850



 

85 

 

 

         

 (b) Ca2Fe2O5, 650 °C (b) Ca2Fe2O5, 750 °C (b) Ca2Fe2O5, 850 °C 

         

 (c) Ca2Fe1.9Cu0.1O5, 650 °C (c) Ca2Fe1.9Cu0.1O5, 750 °C      (c) Ca2Fe1.9Cu0.1O5, 850 °C 

         

 (d) Ca2Fe1.9Co0.1O5, 650 °C (d) Ca2Fe1.9Co0.1O5, 750 °C     (d) Ca2Fe1.9Co0.1O5, 850 °C 
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              (e) Ca2Fe1.9Ni0.1O5, 650 °C             (e) Ca2Fe1.9Ni0.1O5, 750 °C       (e) Ca2Fe1.9Ni0.1O5, 850 °C 

Figure 24:  Syngas concentration and yields from miscanthus gasification using pure biomass, 

Ca2Fe2O5, Ca2Fe1.9Cu0.1O5, Ca2Fe1.9Co0.1O5, and Ca2Fe1.9Ni0.1O5. 

 

4.4 Biochar asphalt mix 

 

Asphalt binder is one of the most commonly used materials in the paving industry for road and 

airport pavement infrastructures. This durable, cost-effective material boasts impressive 

application, and swift build times keep the world moving. However, as cities and countries 

undergo extensive development globally, asphalt pavement is increasingly susceptible to 

cracking, rutting, moisture damage, and other forms of degradation when subjected to dynamic 

loads and extreme weather conditions (Hemmati et al., 2023). These challenges pose a threat to 

the quality and safety of roads, necessitating additional maintenance and reconstruction efforts. 

Derived as a byproduct of refineries, asphalt is a complex material characterized by unique 

viscoelastic properties attributed to its high content of asphaltenes and resins. This viscoelastic 

nature renders it an ideal blend with aggregates for diverse load-bearing applications. It's crucial 

to acknowledge that the effectiveness of asphalt's viscoelasticity is confined to a specific 

temperature range. Beyond this range, be it too high or too low temperatures, the asphalt binder 

is more prone to defects and diminished durability (Hemmati et al., 2022). The asphalt industry 
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has been committed to reducing greenhouse gas emissions since the 1990s, driven by increasing 

concerns about environmental issues such as global warming and carbon footprint  (Caputo et al., 

2020). One notable initiative involves blending asphalt with biochar, where carbon remains 

stable in biochar's structure for 102 to 107 years. Therefore, incorporating biochar into asphalt 

binder contributes to reducing the construction industry's carbon footprint by securely trapping 

carbon within the infrastructure. 

The produced biochar was crushed and sieved into three different particles sizes of 50, 100 and 

150 mm. This was then mixed with the PG 64-22 asphalt binder. Biochar percentages used were 

2%, 4% and 6% by weight of asphalt. Then, the biochar and matrix asphalt were subjected to 

three different mixing protocols summarized in Table 8 using a high-speed shearing machine 

(Eurostar 200 controller).  

Table 8: Mixing Protocols considered for binder mix 

Mixing Protocol RPM Temperature (°C) Duration (min) 

M1 1100 163 5 

M2 1100 135 30 

M3 1100 150 30 

The mixed samples were poured into cigar tubes and cut into three sections—top, middle, and 

bottom. These sections then underwent dynamic shear rheometer (DSR) tests to determine which 

mixing protocol yielded the highest-grade binder mix. 
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As a result of the superior performance grade observed in the 6% biochar asphalt mixture created 

through mixing protocol 3, all subsequent tests were conducted under consistent conditions: an 

RPM of 1100 at 163°C for 30 minutes. Ten samples were examined, including neat asphalt, as 

well as asphalt with 6% biochar produced at temperatures of 550, 650, and 750 °C, with particle 

sizes of 50, 100, and 150 μm. 

Standard laboratory procedures were employed to simulate the aging process asphalt undergoes 

throughout its lifespan. The rolling thin film oven (RTFO) test (ASTM D2872) mimics the short-

term aging that occurs during production, transportation, and construction. First, 35 g of the 

sample are poured into a glass bottle and placed in a preheated Despatch oven maintained at 

325°F (163°C) for 85 minutes. During this process, the bottles rotate continuously, ensuring the 

asphalt evenly coats the inner surface and forms a thin film of approximately 1.25 millimeters. 

Additionally, hot air is continuously injected into the bottles at a rate of 4 liters per minute to 

accelerate the aging process. 
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Figure 25: Effect of particle size and production temperature on asphalt performance grade 

The incorporation of biochar into the asphalt mixture resulted in enhanced performance in both 

dynamic shear rheometer (DSR) grading and high-temperature rolling thin film oven (RTFO) 

testing 
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CHAPTER 6: CONCLUSIONS 

This study investigated the influence of Ca₂Fe₂O₅ catalysts doped with Co, Ni, and Cu on the 

chemical looping gasification of Miscanthus biomass for enhanced H₂ production purity. 

Employing 350 gas chromatography analyses, we compared pyrolysis and gasification 

performance with and without catalysts at various temperatures. Sol-gel synthesized catalysts 

exhibited uniform elemental distribution, resulting in consistent influence on gasification. 

A comparison between pyrolysis and gasification revealed that steam oxidation of the reduced 

oxygen carrier significantly enhanced H₂ production through a synergistic reaction. A 0.1 mL/min 

steam injection rate increased H₂ yield by 82.4% for the best performing Ni-doped catalyst 

(Ca₂Fe₁.₉Ni₀.₁O₅). Increasing temperature consistently led to higher H₂ yield. Doping with Ni and 

Co proved particularly effective, enhancing H₂ yield from 27.82 g/mol biomass (undoped) to 33.15 

g/mol biomass (Ni) and 32.05 g/mol biomass (Co), respectively. These findings demonstrate the 

potential of sol-gel synthesized Ca₂Fe₂O₅ catalysts doped with Ni and Co for promoting H₂ 

production purity in chemical looping gasification of biomass, particularly when combined with 

steam injection. 

Furthermore, this study successfully developed a valuable application for biochar. Cigar tube tests 

revealed that Mixing Protocol 3 produces uniform binder blends with biochar, leading to improved 

high-temperature performance grade and potentially enhanced rutting resistance. Additionally, 

biochar particle size significantly impacted the performance grade of the binder blends, while 

increasing production temperature showed a slight positive effect. 
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Appendix A: Error Analysis 

This table summarizes error analysis for CO2, H2, and CH4 GC measurements. Each compound 

shows three replicate surface area measurements at various standard concentrations. 

The analysis calculates key parameters to assess the precision of the GC analyses: 

• Mean surface area: This represents the average surface area measured across the three 

replicates for each standard concentration. 

• Standard deviation: This quantifies the spread of the replicate measurements around the 

mean, indicating how much individual measurements deviate from the average value. 

• RSD (Relative Standard Deviation): This expresses the standard deviation as a 

percentage of the mean, allowing for easier comparison across different concentration 

levels and compounds. 

Lower RSD values indicate higher precision, meaning the replicate measurements are closer to 

each other within a concentration level. For example, CO2 shows the highest RSD across all 

concentrations (4.96% to 7.90%), suggesting slightly lower precision compared to H2 (2.68% to 

13.29%) and CH4 (3.13% to 6.22%). 

 Standard SA1 SA 2 SA 3 Mean SA STDEV RSD 

CO2 

1.00 568.00 650.00 569.00 595.67 47.06 7.90 

15.00 13678.00 13049.00 14409.00 13712.00 680.64 4.96 

50.00 38608.00 35647.00 34088.00 36114.33 2295.95 6.36 

99.90  93682.00 84617.00 89149.50 6409.92 7.19 
       

H2 1.00 11398.00 11318.00 10466.00 11060.67 516.55 4.67 
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50.00 512644.00 395461.00 488464.00 465523.00 61868.26 13.29 

99.90 1033052.00 1085498.00 1079081.00 1065877.00 28607.78 2.68 
        

        

CO 
1.00 656.00 687.00 613.00 652.00 37.16 5.70 

7.00 8166.00 7726.00 8588.00 8160.00 431.03 5.28 
        

        

CH4 

1.00 2290.00 2434.00 2335.00 2353.00 73.67 3.13 

4.50 15540.00 14983.00 16401.00 15641.33 714.41 4.57 

50.00 102413.00 95708.00 97984.00 98701.67 3409.62 3.45 

99.90 284464.00 320618.00 294653.00 299911.67 18641.84 6.22 
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y = 2905.9x - 8743.1
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