
ABSTRACT 

DUDEK, RYAN BENJAMIN. Redox Catalysts for Selective Hydrogen Combustion. (Under the 

direction of Dr. Fanxing Li). 

 

The chemicals and petrochemicals sector is the largest industrial energy user and a prominent CO2 

emissions source, annually accounting for 10% of global final energy consumption (more than 40 

quadrillion BTU per year) and emitting 7% of all global greenhouse gases (1.5 Gt CO2,eq/year). 

Approximately one-fifth of all carbon emissions from the sector arise from the production of two 

high-volume commodity chemicals, ethylene and propylene, combining for 220 million tonnes of 

production in 2012. Often described as the building blocks of the industry, ethylene and propylene 

(also referred to as light olefins) are conventionally produced during the steam cracking of naphtha 

or ethane, which is the single most energy-intensive chemical manufacturing process. Oxidative 

reactions such as oxidative dehydrogenation (ODH) and oxidative cracking (OC) have significant 

advantages over steam cracking reactions in terms of energy utilization and obtainable light olefin 

yields; however, the implementation of these reactions in a commercial process can be difficult 

due to the need for pure, gaseous O2 with a potentially hazardous hydrocarbon co-feed. Chemical 

looping represents a promising strategy for implementing both ODH and OC processes to convert 

ethane or naphtha to light olefins without the requirement of co-feeding pure oxygen, resulting in 

improved processes with reduced energy consumption and carbon emissions in comparison to 

conventional steam cracking. Both chemical looping oxidative dehydrogenation (CL-ODH) and 

redox oxidative cracking (ROC) rely on a metal oxide intermediate known as an oxygen carrier or 

redox catalyst, which enables the partial oxidation of hydrocarbon feedstocks to form light olefins 

and the subsequent reactive separation of oxygen from air. 

 



The focus of this work is the development of redox catalysts which are suitable for both the CL-

ODH and the ROC processes to intensify olefin production from ethane and naphtha, respectively. 

A critical function of redox catalysts is the ability to donate lattice oxygen and perform selective 

hydrogen combustion (SHC) from a mixture of H2, C2H4, and other feed and product molecules; 

SHC by a metal oxide redox catalyst (i) enables autothermal operation through the release of in 

situ heat, (ii) increases single-pass conversion and allows for greater-than-equilibrium olefin yields 

by lifting thermodynamic constraints, and (iii) reduces downstream separation load by replacing 

H2 with easily condensable water, while (iv) avoiding non-selective combustion of feed or product 

to form COx compounds. Metal oxides typically do not inherently possess high H2 selectivity – 

instead, SHC properties must be developed and optimized during the design of redox catalysts. 

 

Firstly, a new class of manganese oxide-based redox catalysts for selective hydrogen combustion 

(SHC) is presented, and a paradigm for rationally designing and evaluating redox catalysts across 

a range of temperatures is discussed. A redox catalyst consisting of 20 wt.% Na2WO4 on perovskite 

oxide CaMnO3 is quickly identified as a highly selective and stable redox catalyst across the range 

of 550°C to 850°C using a H2/C2H4 co-feed. Na2WO4/CaMnO3 is subsequently demonstrated for 

SHC during ethane CL-ODH at 650°C using a Cr2O3/Al2O3 co-catalyst. Redox oxidative cracking 

(ROC) of naphtha (represented by n-hexane) is introduced in the next section as a more efficient 

alternative to naphtha steam cracking, enabled by the high selectivity of the Na2WO4/CaMnO3 and 

Na2WO4/SrMnO3 redox catalysts. Olefin yields as high as 58% are achieved at 725°C along with 

total H2 combustion, and a number of characterization methods are used to evaluate the material 

properties impacting SHC performance. Finally, the third and fourth studies presented here provide 

further detail on the reduction kinetics of CaMnO3 and Na2WO4/CaMnO3, the relationship between 



individual reduction rates and overall selectivity to H2 combustion, and the impact of operating 

conditions and phase transformations on the kinetics of the Na2WO4/CaMnO3 redox catalyst. 
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CHAPTER 1: INTRODUCTION 

1.1. The Growing Importance of Process Intensification for the Chemicals Sector 

The first two decades of the 21st century have seen the global scientific community solidify its 

consensus, based on extensive observational evidence, that Earth’s climate is rapidly changing and 

that greenhouse gas emissions from human activities are playing a primary role.[1–4] Populations 

and economies in the United States and throughout the world already face the risks and experience 

the impacts of climate change; critically, the 2020s and 2030s represent a shrinking window of 

opportunity to curb anthropogenic carbon emissions and limit the increase in annual average global 

temperature to 2°C or lower, thereby mitigating further, more drastic long-term climate impacts.[5,6] 

Carbon capture, utilization, and storage (CCUS), a developing set of technologies which has the 

potential to reduce carbon dioxide (CO2) emissions from coal- and natural gas-fired power plants 

and which is promising for emissions mitigation from other key sectors such as agriculture and 

manufacturing, has not yet been sufficiently deployed to impact this trajectory.[7–9]  Similarly, in 

the second half of this century, CO2 direct air capture (DAC) will likely play an important role in 

maintaining the global atmospheric CO2 concentration at or below pre-industrial levels; however, 

this technology is not mature, and significant steps are needed in the next two critical decades.[10] 

The global industrial and manufacturing sector (chemicals and petrochemicals, cement, iron and 

steel, etc.) produces 1.5 Gt CO2,eq annually and may have the most significant impact, positive or 

negative, on worldwide CO2 emissions and atmospheric CO2 concentration; despite improvements 

in the energy- and carbon-intensity of this sector, absolute levels of industry-related greenhouse 

gas emissions continue to increase.[11] The challenge of achieving a timely and absolute reduction 

in CO2 emissions from the industrial sector, while keeping processes reliable and cost-effective, 

requires radically innovative process schemes focused on mitigation and sustainability.[11,12] 
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The chemicals and petrochemicals manufacturing sub-sector is the largest industrial energy user, 

accounting for 10% of all global energy use (more than 40 quadrillion BTU/year) and 7% of global 

greenhouse gas emissions (1.5 Gt CO2/year).[13–15] The adoption of sustainable chemical processes 

represents a historic technical challenge for the sector – as well as an economic opportunity – and 

an array of technological options will be needed to produce significant energy savings and reduce 

CO2 emissions.[15–17] For example, downstream technologies such as CCUS can capture CO2 

during chemicals manufacturing for use as a feedstock in other processes,[9] while the adoption of 

the best available technologies will make a significant cut in energy use and emissions.[18] Long-

term decarbonization of the global chemicals sector will rely heavily on the research, development, 

and deployment of advanced technologies which can dramatically improve energy consumption 

and consequently cut emissions from high-volume chemicals production as demand grows, and 

this endeavor falls within the chemical engineering subdiscipline of process intensification.[12,15,18] 

Reay, Ramshaw, and Harvey define process intensification as “any chemical engineering 

development that leads to a substantially smaller, cleaner, safer, and more energy-efficient 

technology,” encompassing both decreased energy consumption and reduced emissions.[19] 

Process intensification will be most impactful when targeting the chemical products and processes 

with large and increasing production volumes, as well as high carbon emissions intensity (in ton 

CO2,eq per ton product), most notably those for producing ammonia, ethylene, propylene, 

methanol, and the BTX hydrocarbons (benzene, toluene, and xylenes).[13,15,18] 

 

The production of light olefins (ethylene and propylene) is a particularly compelling target for 

process intensification, with a combined production of 220 million tonnes in 2012 resulting in 220 

Mt CO2,eq emissions from these two chemicals alone (18% of the sector total).[13] Often described 
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as the building blocks of the chemicals industry,[15,20] ethylene (C2H4) and propylene (C3H6) are 

direct precursors for the plastics polyethylene and polypropylene (each representing approximately 

two-thirds of the demand for the respective monomer), and demand for these materials is projected 

to increase nearly 70% by 2050;[15] ethylene demand could reach 500–600 Mt/year in the same 

period.[16] Steam cracking of naphtha or ethane feedstock is the state-of-the-art industrial process 

for producing the light olefins ethylene and propylene and is the single most energy-intensive 

process in chemical manufacturing.[18,21–23] Highly endothermic cracking reactions, high operating 

temperatures (750–900°C), feed heating requirements (in the case of naphtha), and complex 

downstream separations result in (i) an energy intensity of 16–19 GJ/ton CnH2n and 14–17 GJ/ton 

CnH2n and (ii) a CO2 emissions intensity of 1.0–1.2 ton CO2/ton CnH2n and 1.6–1.8 ton CO2/ton 

CnH2n, for the steam cracking of ethane and naphtha, respectively.[21] Excellent descriptions of 

both steam cracking processes are available from Ren et al. and Zimmermann et al.[21,22] After 

decades of process optimization, steam cracking has reached its maximum potential in terms of 

first-law energy efficiency (95%).[24,25] Existing process alternatives are not well-suited to the 

challenge of greatly reducing energy consumption and carbon emissions from light olefins 

production; catalytic cracking can provide energy savings of 10–20%, while methanol-to-olefins 

(MTO) consumes about twice as much energy and relies on multiple chemical steps.[21,26] As the 

industry seeks to intensify the manufacturing of light olefins, more material-efficient and energy-

efficient process technologies are needed. 

 

In parallel with the increased global focus on sustainability, the United States shale gas boom over 

the last two decades has exerted significant influence on the industry by increasing the availability 

of light alkane feedstocks from natural gas (methane, ethane, and propane) and altering demand 
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for important commodity chemicals such as ethylene and propylene.[17,18,27–29] For example, the 

shift towards more abundant ethane feedstocks in steam cracking has already created a shortage of 

propylene, resulting in an increased reliance on on-purpose propylene production from propane.[30] 

The global feedstock transition towards light alkanes, and the resulting supply gaps and changes 

in profit margins, provide the chemicals sector with a rare economic opportunity to develop new, 

efficient technologies with reduced energy and emissions footprints using cheap and abundant 

starting materials.[16,17,30–32] The direct production of light olefins from alkanes is not new, but uses 

established process technologies which are scarcely better than steam cracking in terms of energy 

input due to the endothermic and equilibrium-limited nature of dehydrogenation.[30,33] Of these 

processes, the most industrially mature and historically relevant route to light olefins is catalytic 

dehydrogenation (DH) of propane to propylene or butanes to butenes (the analogous route of 

ethane to ethylene is not economically viable).[34,35] During World War II, dehydrogenation of 

butanes to butenes over chromia-alumina (Cr2O3/Al2O3) catalysts was the first step in synthesizing 

high-octane aviation fuels.[36] In the following decades, a number of industrial DH processes were 

patented and commercialized to produce propylene from propane as well as 1-butene, isobutylene, 

and 1,3-butadiene from butanes, with the Catadiene process invented by Eugene J. Houdry 

representing one of the earliest examples.[35] The two most industrially relevant catalytic 

dehydrogenation processes for the production of propylene and butenes are the Catofin process 

(Lummus) and the Oleflex process (UOP).[35,37] In addition to catalytic or “classical” 

dehydrogenation, the related approach of oxidative dehydrogenation (or oxydehydrogenation) – 

where the dehydrogenation of paraffins to olefins is followed by the selective combustion of the 

hydrogen co-product – has seen limited commercial implementation for the synthesis of butadiene, 

including the Oxo-D and O-X-D processes, and for the synthesis of propylene in the Uhde STAR 
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process.[23,34,35] As steam cracking of naphtha became more prominent in the late 20th century and 

heavier products such as propylene and 1,3-butadiene were co-produced with lighter ethylene gas, 

these on-purpose or ad-hoc technologies for producing C3 and C4 olefins became economically 

unviable. Now, as ethane from shale gas gains wider use as a steam cracking feedstock, 

dehydrogenation processes are once again becoming relevant, both as readily deployable 

commercial technologies for on-purpose production of C3-C4 olefins and as a starting point for the 

intensification of ethylene and propylene production utilizing light alkanes from shale gas.[17] 

 

Oxidative approaches to ethylene and propylene production are the most promising alternatives to 

steam cracking for the purposes of reducing energy consumption and carbon emissions.[38] Among 

these alternative olefin production technologies, oxidative dehydrogenation (ODH) – a variation 

on catalytic dehydrogenation (DH) – is potentially the most well-studied.[17,33,39–41] As depicted in 

Figure 1.1, classical ODH on a bulk metal oxide catalyst involves an oxygen-alkane co-feed (e.g. 

ethane, propane, butane) and encompasses (i) endothermic catalytic dehydrogenation of alkane to 

alkene and (ii) exothermic combustion of the hydrogen co-product to form water; the oxide 

supplies surface oxygen to the latter reaction via a Mars-van Krevelen redox mechanism with 

subsequent surface re-oxidation by gaseous O2.
[42,43] The presence of O2 and the selective oxidation 

of H2 enables ODH to overcome the thermodynamic limitations of traditional alkane DH and 

creates a net exothermic reaction, allowing for lower-temperature operation and improved energy 

efficiency compared to catalytic dehydrogenation and steam cracking.[33,34] Myriad catalyst 

systems have been demonstrated for the ODH of ethane and propane, with supported vanadium 

oxide representing the classical example.[44,45] Most propane ODH literature has focused on either 

supported vanadium oxide (VOx) or molybdenum oxide (MoOx) catalysts which, despite decades 
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of research, have not yet provided sufficiently high yields of propylene to garner commercial 

interest.[17,41,46–53] Boron nitride may represent a breakthrough catalyst technology for the ODH of 

propane,[54] as described in a recent review by Shi et al.[55] In contrast, several major categories of 

ethane ODH catalysts have shown >70% yield of ethylene.[40] Supported VOx and MOx are once 

again among the most-studied catalysts for ethane ODH,[56–62] and the related Mo-V-Te-Nb-O 

mixed oxide phase (“M1”) has shown high selectivity in literature studies.[63–65] NiO with various 

dopants, particularly Nb, also gives excellent selectivity to ethylene and is treated in detail in a 

case study by McFarland and Metiu.[66] A significant body of research has explored MgO-based 

catalysts with alkali promoters (e,g, Li), of which a few representative efforts are referenced 

here.[67–69] These Li/MgO catalysts were borrowed from the similar oxidative coupling of methane 

(OCM) to generate ethylene;[70–72] OCM will be discussed in a later section as the original source 

of the Mn-Na2WO4/SiO2 catalyst.[73] Following from Li/MgO, a larger group of supported molten 

alkali chlorides (Li, Na, K, etc.), commonly using Dy2O3-doped MgO as the support, have 

exhibited high ethylene selectivity (>90%) during ethane ODH due to the dynamically rearranging 

molten catalyst surface facilitating ethylene desorption.[74,75] Finally, platinum-group metals 

(PGM) supported on ceramic monoliths have been used by Schmidt et al. to perform ethane ODH 

with millisecond contact times, and this approach has been extended to propane-to-propylene and 

butane-to-butenes.[76–78] More broadly, it is worth noting that ODH has been applied widely to 

butanes and C6+ hydrocarbons to produce C4-C6 olefins and vinyl compounds;[45,79,80] the ODH of 

ethylbenzene to styrene is a prominent example.[66,81] Despite extensive research efforts on ethane 

and propane ODH and the compelling environmental advantages of these reactions in comparison 

to state-of-the-art steam cracking, recent and authoritative reviews on ODH with both feedstocks 

have cited low selectivity towards and yield of olefins as the principal obstacle to industrial 
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investment and commercialization.[39–41] Specifically, no low-cost and environmentally benign 

ODH catalyst has been identified which can selectively oxidize H2 while avoiding the over-

oxidation of alkanes or alkenes to CO and CO2 and do so over a long catalyst lifetime; vanadium 

oxide, for example, introduces significant health hazards due to its toxicity. Moreover, ODH is a 

challenging reaction to implement from a reactor design standpoint due to the inherent safety 

hazards associated with hydrocarbon-oxygen co-feed, and the requirement of pure O2 as a reactant 

negatively impacts the profit margin of any commercial ODH process.[17] ODH represents one of 

the most promising approaches for the intensification of light olefin production and possesses 

significant energy-savings and emissions-reduction potential. However, in order to unlock these 

benefits and ease the chemical sector’s reliance on steam cracking for light olefin production, novel 

approaches are needed in ODH catalyst design, ODH reactor and process design, or both.[20] 
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Figure 1.1: Comparison of classical or co-feed oxidative dehydrogenation (ODH) with chemical looping 

oxidative dehydrogenation (CL-ODH), using ethane to ethylene as an example. In comparison to gaseous O2 

used in ODH, the selectivity of the oxygen species in CL-ODH can be controlled by tuning the properties of 

the redox catalyst (MeOx → MeOx-1), facilitating selective hydrogen combustion and forming C2H4 and H2O. 

 

1.2. Chemical Looping as a Process Intensification Strategy for Light Olefins Production 

Chemical looping represents a novel, versatile, and potentially transformative technology platform 

to intensify processes for power generation and chemicals manufacturing through improved energy 

utilization and exergy loss minimization.[14] Originally developed over the past three decades as a 

strategy for the conversion of carbonaceous fuels (e.g. coal, natural gas) for power generation with 

intrinsic CO2 capture, chemical looping as a generalized approach can be applied to reduce energy 

consumption and carbon emissions from processes involving total or partial oxidation reactions.[82–

84] In a chemical looping process, the source of oxygen for the oxidation reaction – most typically 

air, though sometimes CO2 or H2O as steam is used – is kept separate from the fuel or chemical 

undergoing oxidation (Table 1.1). Instead, an intermediate solid oxygen carrier, known as a redox 

catalyst, is cycled between two spatially separate reactors, donating oxygen towards an oxidation 
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reaction in one reactor (often a “fuel reactor” or “reducer”) to become reduced, and then reacting 

with a gaseous oxidant in the other reactor (an “air reactor” or “regenerator”) to be re-oxidized. 

By decomposing an overall oxidation or combustion reaction into two sub-reactions via the use of 

a reducible intermediate, direct contact between the gaseous oxidant and the fuel or chemical is 

avoided. Moreover, the thermodynamically driven re-oxidation of the redox catalyst in air can be 

viewed as a reactive separation strategy for extracting O2 from air, eliminating the need for energy-

intensive methods of obtaining pure O2 such as cryogenic air separation.  

 

Table 1.1: Examples of the chemical looping process approach applied to a number of existing chemical 

processes. In each case, the CL oxidation reaction can be written as a multiple of MeOx-1 + ½ O2 → MeOx in 

which the redox catalyst can be contacted directly with air instead of pure O2. CLC = chemical looping 

combustion, CLR = chemical looping reforming, CL-ODH = chemical looping oxidative dehydrogenation, 

CL-OC = chemical looping oxidative cracking, CL-DHA = chemical looping dehydroaromatization. CL-ODH, 

CL-OC, and CL-DHA involve selective hydrogen combustion (SHC). 

Product Feedstock Standard Reaction Chemical Looping 

Reaction (Reduction) 

Process 

Power, 

Combustion 

Products 

Methane CH4 + 2 O2 →  

CO2 + 2 H2O  

CH4 + 4 MeOx → CO2 + 2 

H2O + 4 MeOx-1 

CLC 

Synthesis 

Gas 

Methane CH4 + ½ O2 →  

CO + 2 H2 

CH4 + MeOx → CO + 2 H2 

+ MeOx-1 

CLR 

Ethylene Ethane C2H6 + ½ O2 →  

C2H4 + H2O  

C2H6 + MeOx → C2H4 + 

H2O + MeOx-1 

CL-ODH 

Propylene Propane C3H8 + ½ O2 →  

C3H6 + H2O  

C3H8 + MeOx → C3H6 + 

H2O + MeOx-1 

CL-ODH 

Ethylene, 

Propylene 

Naphtha C6H14 + ½ O2 →  

3 C2H4 + H2O  

C6H14 + MeOx → 3 C2H4 + 

H2O + MeOx-1 

CL-OC 

Aromatics Methane 6 CH4 + 4.5 O2 →  

C6H6 + 9 H2O  

6 CH4 + 9 MeOx → C6H6 + 

9 H2O + 9 MeOx-1 

CL-DHA 

Aromatics Ethane 3 C2H6 + 3 O2 →  

C6H6 + 6 H2O 

3 C2H6 + 6 MeOx → C6H6 

+ 6 H2O + 6 MeOx-1 

CL-DHA 

Styrene Ethyl-

benzene 
C8H10 + ½ O2 →  

C8H8 + H2O 
C8H10 + MeOx → C8H8 + 

H2O + MeOx-1 
CL-ODH 
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Of central importance in chemical looping is the redox catalyst, which consists primarily of a metal 

oxide capable of becoming reduced by a fuel or chemical and subsequently regaining oxygen under 

an oxidizing environment. Additional phases such as an inert support material or a non-reducible 

chemical promoter may also be present. Many reported redox catalysts are transition metal oxide-

based (Ni, Cu, Fe, Mn, Co) and are either single or mixed oxides; moreover, crystal structures such 

as perovskites and spinels are often reported in chemical looping literature incorporating these 

elements along with alkaline earth or rare earth metals such as Ca or La.[85] As the development of 

redox catalyst particles is a key determinant of success in chemical looping processes, much work 

has been done identifying materials with desirable chemical and mechanical properties for a broad 

range of applications.[84,86] From a chemical reaction standpoint, the most important properties are 

activity, selectivity, and oxygen capacity, generally governing the rate at which the redox catalyst 

will donate oxygen, the extent of lattice oxygen (wt.%) that a redox catalyst can donate, and which 

gaseous species are or are not oxidized by the redox catalyst. Selectivity is most important for 

partial oxidation reactions and is highly transient, depending on the extent of depletion of the lattice 

oxygen at a given time.[87,88] The stability of the redox catalyst performance over many cycles 

combines both chemical and mechanical aspects and is highly important for the viability of any 

looping process. Additional mechanical properties such as particle integrity become important 

when redox catalysts are used at scale in a fluidized bed reactor. For many years, NiO – both as a 

pure phase and supported on various inert materials – was considered one of the most effective 

redox catalysts for chemical looping in terms of activity, syngas selectivity, stability, and overall 

performance, and some of the most profoundly useful studies in the literature were performed on 

NiO-based redox catalysts.[89–91] However, in recent years, NiO has lost favor compared to more 

benign catalyst materials.[92] The discovery of some of these, including the perovskite SrFeO3, was 
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enabled by recent advances in in silico screening techniques within the redox catalyst material 

space.[93] Subsequent sections will go into further detail on a few distinct redox catalyst materials 

which are relevant to this dissertation; for an excellent summary of the current state of the broad 

domain of redox catalyst design, the reader should consider the review by Zeng et al.[86] 

 

There are many potential feed and effluent streams in chemical looping processes which vary 

depending on the application. In a total oxidation context, such as in the traditional example of 

chemical looping combustion (CLC), the feed is typically a fuel such as coal or gas; the primary 

effluent stream consists of high-purity and readily sequestrable CO2 (plus easily condensable H2O) 

and the secondary effluent from the regenerator usually contains O2-depleted air. CLC of coal and 

methane for built-in CO2 capture  and sequestration was the first major application of chemical 

looping research and drove much of the technological innovation in the field, with pioneering 

developments coming from Chalmers University of Technology and Ohio State University.[82,89,94–

98] Variants of traditional CLC have also been developed such as chemical looping with oxygen 

uncoupling (CLOU) for improved gas-solid contact or the new application of bio-energy with 

carbon capture and sequestration (BECCS) for biomass conversion.[99,100] Of equal and growing 

importance to CLC and total oxidation is the use of chemical looping in a partial oxidation context, 

most notably with chemical looping reforming (CLR) of methane to syngas.[85,92,101] In applying 

the chemical looping paradigm to chemicals manufacturing, partial or selective oxidations are the 

most relevant reactions due to the importance of partial oxidation product CO (in synthesis gas) 

and of unsaturated hydrocarbons (such as olefins and aromatics) as building blocks for commodity 

chemicals and fuels.[14,102] Table 1.1 shows some of the diverse process chemistries towards which 

chemical looping has been applied, including CLC, CLR, and a range of selective oxidations.[14,86] 
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As discussed in the authoritative review by Zhu et al., chemical looping schemes have been utilized 

to produce a range of chemicals, including chemical looping partial oxidation (CL-PO) of methane 

to syngas; oxidative coupling of methane (CL-OCM) to ethylene; dehydroaromatization (CL-

DHA) of methane to aromatics; water-gas shift (CL-WGS) to produce H2; reverse water-gas shift 

(CL-RWGS) to produce CO; CL ammonia synthesis; air separation (CL-AS) to produce O2; and a 

range of CL selective oxidations.[14] For the production of light olefins and particularly of ethylene, 

the CL-OCM scheme is interesting but limited in terms of yield (~25%).[103,104] However, 

significant yields of both ethylene and propylene have been observed when the chemical looping 

approach has been applied to the process intensification of steam cracking, leading to a novel 

process which resembles oxidative dehydrogenation (ODH) but removes all of its disadvantages. 

 

As noted in previous sections, steam cracking takes primarily ethane or naphtha as feedstock, with 

the United States also utilizing some propane from natural gas (~15 wt.% of all cracking feeds).[21] 

Ethylene and propylene production from each of these distinct processes can be intensified with 

chemical looping oxidative dehydrogenation (CL-ODH) or chemical looping oxidative cracking 

(CL-OC), the result of combining the exothermic and thermodynamically favorable ODH process 

with the high-value product selectivity and built-in O2 reactive separation intrinsic to chemical 

looping partial oxidation processes.[105] As shown in Figure 1.2 using ethane as an example, CL-

ODH can be implemented in a variety of ways based on the operating temperature of the reactors 

and the properties of the redox catalysts; the commonality among all approaches is the use of the 

redox catalyst to selectively combust the H2 co-product as in conventional ODH. At relatively low 

temperatures (700°C and below for ethane), there is minimal ethane thermal cracking (or thermal 

dehydrogenation), necessitating the use of (i) a catalytically active ODH redox catalyst (pictured 
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in green in Figure 1.2) or (ii) a co-catalyst to activate and dehydrogenate ethane to form ethylene 

and H2 (pictured in red); the latter may be simply called “DH+SHC” representing catalytic 

dehydrogenation followed by selective hydrogen combustion. Higher temperature CL-ODH 

(750°C and above for ethane) can rely primarily on gas-phase thermal cracking of ethane to form 

the majority of the ethylene and H2, after which the H2 is selectively combusted by the SHC redox 

catalyst (pictured in blue); this type of CL-ODH can also be called CL-OC as it is an enhancement 

of a cracking reaction. Each CL-ODH variant has been demonstrated in the literature for one of 

the major cracking feeds. Grasselli et al. explored a redox process mode for the dehydrogenation 

of propane using a Pt-Sn/HZSM-5 catalyst along with a Bi2O3/SiO2 redox catalyst for the oxidation 

of hydrogen.[106] In the same year, Creaser et al. used a classical V2O5/MgO catalyst in a cyclic 

implementation of propane ODH; Ballarini et al. soon followed with several studies using 

supported VOx for the ODH of propane using a cyclic redox scheme.[107–110] After a brief period 

of inactivity, two groups began to research CL-ODH of ethane and propane feedstocks. Hossain, 

de Lasa, et al. relied primarily on supported VOx catalysts to demonstrate CL-ODH in a fluidized 

bed at relatively low temperatures (600°C), leveraging the catalytic activity of VOx species for 

ODH.[111–115] Modulation of bulk V2O5 catalyst by MoOx was later shown to significantly improve 

propylene selectivity in propane CL-ODH applications, eliminating a key disadvantage of that 

process.[116] Separately, Li and co-workers published a large body of work on ethane CL-

ODH.[25,105,117–128] For high-temperature CL-ODH with ethane thermal cracking followed by 

selective hydrogen combustion, Yusuf et al. developed a highly selective Na2WO4/Mg6MnO8 

redox catalyst capable of providing 68% ethylene yield at 850°C.[105,121,123] At 700°C, Gao et al. 

demonstrated a similar series of core-shell redox catalysts consisting of first of LiFeO2 and then 

of molten Li2CO3 supported on La0.8Sr0.2FeO3 perovskite oxide, which possessed both catalytic 
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activity for ODH and sufficient selective lattice oxygen for hydrogen combustion.[125–127] Novotny 

et al. also tested MoO3/Fe2O3 and MoO3/Al2O3 redox catalysts for ethane CL-ODH at 

600°C.[118,119] Finally, for a naphtha feedstock, Hossain et al. used VOx/Ce-Al2O3 to demonstrate 

the oxidative cracking of n-hexane to light olefins at 550°C;[129] shortly after, Li et al. introduced 

high-temperature CL-OC of n-hexane and cyclohexane feed streams over a Na2WO4/CaMnO3 

core-shell redox catalyst and demonstrated superior yields of both ethylene and propylene 

compared to naphtha steam cracking.[130–132] Process simulation studies by Haribal et al. on the 

CL-ODH of ethane and the CL-OC of naphtha demonstrate that chemical looping can reduce 

process energy consumption per kg ethylene product by 82% and 52%, respectively, along with 

commensurate decreases in carbon emissions, confirming the considerable potential of the 

aforementioned CL approaches for the intensification of olefin production.[120,133] As in any CL 

process, success hinges upon the redox catalyst; maintaining high selectivity and yields of olefins 

depends on the ability of the redox catalyst to selectively oxidize hydrogen out of the reactant 

mixture and avoid the over-oxidation of the feed or product molecules to form COx. 
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Figure 1.2: Methods of implementing CL-ODH. Left: A single, catalytically active ODH catalyst performs 

both dehydrogenation and selective H2 combustion at intermediate temperatures. Center: A dehydrogenation 

catalyst converts ethane to ethylene and H2 at lower temperatures; a selective hydrogen combustion (SHC) co-

catalyst removes H2 as H2O without oxidizing ethylene. Right: Ethane is cracked at high temperatures to form 

ethylene and H2; an SHC redox catalyst removes H2 as H2O without oxidizing ethylene. Arrows indicate the 

direction of reactants and overall gas flow. 

 

The selective removal of hydrogen during dehydrogenation – and other endothermic, equilibrium-

limited, H2-producing processes – allows for enhanced yields of various olefins and aromatics. 

CL-ODH achieves H2 removal by utilizing the active lattice oxygen of a redox catalyst for selective 

hydrogen combustion (SHC), which (i) minimizes the risk of product over-oxidation to COx, (ii) 

balances reactor heating requirements via an exothermic reaction, and (iii) simplifies downstream 

separations by forming easily condensable water.[120] From a thermodynamic standpoint, the in 

situ combustion of H2 for reactor heat is more exergetically efficient than the use of an external 

carbonaceous fuel such as methane; similarly, the combustion of the H2 co-product is currently 

more economically advantageous and less carbon-intensive than purifying and transporting H2.
[25] 

The concept of SHC has been a subject of industrial and academic interest for several decades. In 
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the 1960s, two processes by Petro-Tex Chemical Corporation and by Phillips Petroleum utilized 

the SHC approach to improve yields of 1,3-butadiene.[35] Multiple patents from inventors at UOP 

LLC cover the dehydrogenation of ethylbenzene to styrene via the SMART process, which 

includes an SHC step.[134–137] Starting from the 1990s, selective removal of hydrogen was 

increasingly explored for the catalytic dehydrogenation of propane, first through the use of 

permselective membranes and then with an oxygen-donating SHC catalyst.[138–140] Lin et. al 

reported a series of shape-selective metal-exchanged ZSM-5 catalysts as the first materials in open 

literature explicitly suited for SHC, focusing on enhancing isobutylene yields from isobutane.[141] 

Subsequently, a pioneering investigation by Grasselli and co-workers at Mobil identified multiple 

oxides and molybdates of bismuth and indium with high selectivity towards H2 combustion in the 

presence of propane and propylene and was the first study to demonstrate SHC by oxygen-

donating materials in a redox process mode.[106,142–145] Rothenberg et al. published a 

comprehensive body of work on the use of doped and promoted CeO2 (ceria) for selective 

hydrogen combustion in the context of both ethane and propane dehydrogenation, including a 

fixed-bed reactor study with a 1D transport modeling component which demonstrated the 

DH+SHC redox process scheme first proposed by Grasselli et al.[146–154] Many of the same metal 

dopants and promoters chosen to enhance SHC by ceria – particularly Cr, Pb, Tl, Bi, and In – were 

the same elements identified by Grasselli et al., and bismuth oxide on ceria is still studied for the 

SHC application.[155] Similarly, gadolinium-doped ceria (GDC) was employed to great effect by 

Zhang et al. to enhance the yield of aromatics from methane dehydroaromatization, another 

equilibrium-limited reaction which co-produces significant H2. A common challenge for all of the 

aforementioned SHC redox catalysts has been the high cost and toxicity of the promoters, which 

introduces a significant obstacle in the potential commercial use of these materials. SHC catalysts 
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consisting of supported platinum-group metals (PGM) have also been extensively studied; 

supported PGMs are used widely in industrial processes (e.g. Pt-Sn catalysts for propane 

dehydrogenation) and, while less toxic, are nonetheless costly.[156–159] McFarland and Metiu, in 

their 2013 review of doped oxide catalysis, noted that no existing SHC catalysts performed 

sufficiently well to be commercialized in a combined DH+SHC process.[66] Recent literature 

reports show some progress on the identification of low-cost and low-toxicity redox catalysts with 

high selectivity to H2 combustion – for example, perovskite oxides LaFeO3 and LaMnO3, prepared 

from abundant lanthanum oxide and transition metal oxides, were examined by Rothenberg and 

coworkers and found to have high selectivity to H2 (93%) and satisfactory cycle stability.[160] In 

another recent study, the redox pair Fe3O4/FeO was claimed to be selective for H2 combustion in 

the methane dehydroaromatization (MDA) reaction; the selective removal of H2 during MDA 

represents a particularly exciting research topic and has led to greater understanding of the kinetic 

and thermodynamic effects of H2 removal by combustion and other means.[161–163] SHC remains 

an active area of research in both academia and industry, with several relevant patents filed on 

SHC redox catalyst technologies within the past three years;[159,164,165] moreover, SHC is of central 

importance to the effectiveness of CL-ODH for the intensification of olefin production. The final 

two sections of this chapter will (i) provide further background on the materials specifically chosen 

for selective hydrogen combustion within the body of CL-ODH research performed by this group, 

and (ii) summarize the contribution of this dissertation to the state of knowledge in this field. 

 

1.3. Core-Shell Redox Catalysts for Selective Hydrogen Combustion 

A collection of successful redox catalysts will be shown throughout this dissertation for two key 

chemical looping schemes to produce light olefins: chemical looping oxidative dehydrogenation 
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(CL-ODH) and chemical looping oxidative cracking (CL-OC), also referred to as redox oxidative 

cracking (ROC). Subsequent chapters will describe the progression in our understanding of these 

redox catalyst systems, including a presentation of evidence from several characterization methods 

that the two primary phases of the redox catalysts – typically an oxygen-donating bulk metal oxide 

and a non-reducible alkali-based promoter – form a core-shell arrangement. This section aims to 

provide a background on each of the single components which are used together throughout the 

remainder of this work, specifically the perovskite oxides CaMnO3
[166,167] and SrMnO3

[166,168,169] 

and the spinel-structured alkali salt Na2WO4.
[170] Brief rationale for the material selection will be 

given, and elements of the previous work by this research group will be described in further detail. 

 

Throughout the majority of this work, the main component of the redox catalysts will be perovskite 

oxides with the structure ABO3, where the A-site is most commonly a Group II metal cation (e.g. 

Ca, Sr) and the B-site is occupied by a smaller d-row transition metal cation (e.g. Fe, Mn). Among 

the broader group of mixed metal oxides, perovskite oxides have proven to be excellent catalysts 

in a variety of contexts due to their finely tunable chemical and physical properties, a consequence 

of (i) the wide range of metals which are stable in the perovskite crystal structure and (ii) the ability 

to substitute (or “dope”) different cations into either the A- or B-site over a continuous distribution 

while maintaining a single phase (e.g. La0.8Sr0.2FeO3, CaMn0.75Fe0.25O3).
[171] Some established 

applications for perovskite oxides include automotive / three-way catalysis (CO oxidation, NOx 

reduction, etc.),[172] electrocatalysis (oxygen evolution and reduction reactions),[173] and acid-base 

catalysis,[174] and more recent research directions using perovskite oxides include thermochemical 

water splitting[175] and air separation.[176] For a general overview of the use of perovskite oxides 

across the field of catalysis, excellent reviews are available from Peña et al.[171] and Zhu et al.[177]  
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Owing to high oxygen storage capacity, fast reduction and oxidation rates, and the ability to donate 

substantial amounts of lattice oxygen (O2-) without undergoing a phase change, perovskite oxides 

are exceptional base materials for redox catalysts in chemical looping processes; a recent review 

by Zhu et al. provides an overview of their application in chemical looping along with a summary 

of the chemical, structural, and morphological properties of importance.[178] Two perovskite oxides 

(La0.8Sr0.2Co0.2Fe0.8O3-δ and CaMn0.875Ti0.125O3-δ) were initially investigated by Blom, Rydén, et 

al. for the chemical looping combustion of natural gas with oxygen uncoupling (CLOU) and later 

for the chemical looping reforming of methane (CLR).[179–182] Separately, Beckers et al. identified 

LaFeO3 and LaMnO3 as ideal oxygen carriers for selective hydrogen combustion (SHC) in their 

sweeping study of perovskite oxygen reservoirs.[160] In the years since, LaFeO3 and its derivatives 

(most notably La0.8Sr0.2FeO3 or LSF) have been studied extensively for the CLR of methane, 

leading to general insights about the selectivity of perovskite oxides in partial oxidation 

applications, including, e.g. (i) the influence of the degree of oxidation on surface oxygen coverage 

and selectivity,[88,183] (ii) the relative selectivity of lattice oxygen vs. surface oxygen species,[87,184] 

(iii) the effects of cation substitution on selectivity,[185] and (iv) the influence of the relative rates 

of bulk oxide ion diffusion vs. surface reaction.[186] In contrast with LaFeO3 and LSF, the use of 

LaMnO3 and CaMnO3 has primarily been confined to total oxidation applications, namely the CLC 

of methane.[187–189] CaMnO3, in particular, has been doped with a variety of elements such as Fe, 

Ti, and Mg for the CLC and CLOU of methane; these studies are tabulated in the review by Zhu 

et al., which also dedicates several paragraphs to the discussion of CaMnO3 as a redox catalyst.[178] 

Recently, Shafiefarhood, Mishra, et al. began to investigate CaMnO3 for the partial oxidation of 

methane, using a Rh promoter to reduce the reaction temperature and improve selectivity towards 

syngas compared to the bulk or unpromoted CaMnO3.
[190,191] However, if perovskite oxides are to 
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be extended to higher-temperature applications such as CL-ODH, rare metal promoters would not 

be feasible. From over a decade of research, it is clear that CaMnO3 has exceptional potential as a 

redox catalyst resulting from high oxygen capacity and stability, fast oxygen donation rates, and 

preparation from abundant and environmentally benign materials. In addition to CaMnO3, recent 

studies of the related Ca0.8Sr0.2MnO3 and SrMnO3 for thermochemical air separation have similarly 

demonstrated that these perovskite oxides have ideal oxygen donation properties in the 

temperature range of interest for dehydrogenation reactions.[176,192,193] The challenge is to enhance 

these CaMnO3 and SrMnO3 perovskite oxides for chemical looping partial oxidations such as CL-

ODH and CL-OC by improving their selectivity towards hydrogen combustion. 

 

Following on recent advances from this group on redox catalyst design for chemical looping partial 

oxidation reactions, most notably for the CL-ODH of ethane, the strategy for improving hydrogen 

combustion selectivity on CaMnO3 and SrMnO3 involves the use of a sodium tungstate promoter 

(Na2WO4).
[105,121–123] Investigations by Neal, Yusuf, et al. employed a 20 wt.% Na2WO4-promoted 

Mg6MnO8 redox catalyst for the CL-ODH of ethane at 850°C, a cyclic process scheme which 

involves parallel gas-phase cracking of ethane to ethylene with selective combustion of H2 on the 

redox catalyst surface. At these conditions, Na2WO4 exists in molten form. In the first two studies 

by Neal et al. and Yusuf et al., Na2WO4 was shown to significantly improve selectivity towards 

ethylene formation during ethane CL-ODH by suppressing over-oxidation of C2H4 and C2H6 by 

Mg6MnO8 to form COx; non-selective surface Mn4+ species were suppressed by the presence of a 

Na2WO4 shell coating the Mn/MgO core.[105,121] While the Na2WO4/Mg6MnO8 redox catalyst did 

not react with C2 hydrocarbons, it demonstrated a propensity for H2 combustion and removed 

~80% of produced H2 during the reaction, effectively heat-balancing the system and lifting 
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thermodynamic constraints to give higher ethylene yield.[120] Subsequent studies by Yusuf et al. 

extended the selectivity enhancing effect of Na2WO4 to a mixed Mn/Si oxide substrate[122] and 

further probed the mechanism of selective H2 combustion by the Na2WO4/Mg6MnO8 redox 

catalyst; in the latter, it was determined that H2 is oxidized at the gas-solid interface located at the 

surface of the molten Na2WO4 shell by oxide ions  (O2-) conducted through the tungstate layer.[123] 

The ability of Na2WO4 to conduct oxygen in crystalline (< 600°C) and molten form (> 700°C) was 

further confirmed in a recently published study by this group.[131] Additional insights on the role 

of Na2WO4 as a promoter have been published in the literature and will be reported in later chapters 

of this dissertation.[117,128,130] 

 

Given the importance of Na2WO4 to this body of work, these final introductory paragraphs will 

provide additional background on the use of this material as a chemical promoter in redox catalysis 

and describe what is known about the Na2WO4 structure—property relationship in this context. 

Most of the relevant information on Na2WO4 for high-temperature redox applications comes from 

the oxidative coupling of methane (OCM), first reported by Keller and Bhasin.[70] Early efforts on 

OCM demonstrated a highly selective Mn/SiO2 catalyst with a sodium pyrophosphate (Na2P2O7) 

promoter.[194–196] Shortly thereafter, Jiang et al. first reported the MnOx-Na2WO4/SiO2 catalyst for 

OCM;[197] the Mn-Na2WO4/SiO2 system remains the highest-yield OCM catalyst in the literature, 

consistently achieving ~25% ethylene yield from methane. (The success of Mn-Na2WO4/SiO2 and 

Mn-Na2WO4/MgO led directly to the discovery of Na2WO4/Mg6MnO8 for ethane CL-ODH; the 

final step of the OCM sequence is the ODH of ethane.)[105] Interestingly, there is not yet consensus 

on the nature of the active site on the Mn-Na2WO4/SiO2 catalyst, and the best reviews on the topic 

simply mention a “synergistic effect” among the Na, W, Mn, and Si metals.[73,198] The full breadth 
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of OCM studies on Mn-Na2WO4/SiO2 will not be summarized here, not least because of the lack 

of agreement on most aspects of the catalyst performance, and the review by Kiani et al. is highly 

recommended for an understanding of that application.[73] However, several specific OCM studies 

provide useful insights on the use of Na2WO4 as a promoter. Yu and Lunsford examined CeO2 and 

Pr6O11 with and without Na2WO4 and found that the addition of Na2WO4 transformed the materials 

from CH4 oxidation catalysts with < 10% C2+ selectivity to highly effective OCM catalysts with > 

70% C2+ selectivity (for Na2WO4/CeO2) at 780°C.[199] XPS measurements revealed that molten 

Na2WO4 completely coated the catalysts and suppressed the surface oxygen species implicated in 

CH4 over-oxidation, leading to higher C2H4 yields and demonstrating the effectiveness of Na2WO4 

across a variety of metal oxide substrates. Ji et al. noted that K2WO4 provided roughly the same 

benefits as Na2WO4 when incorporated into the Mn/SiO2 catalyst, though Li2WO4 did not;[200] 

similarly, Hou et al. showed that the MoO4
2- oxyanion was nearly as effective as WO4

2- for OCM, 

and taken together the studies suggest that the material space of molten salt promoters for selective 

hydrogen combustion could be extended beyond Na2WO4.
[201] A recent publication by Wang et al. 

focused on MnTiO3 as a catalytically active phase for OCM, and the authors demonstrated that the 

addition of 8–15 wt.% Na2WO4 to the perovskite oxide gave a significant and stable improvement 

to olefin selectivity (73% vs. 29%), showing that Na2WO4 on perovskites can be stable over many 

redox cycles (500 h).[202] In 2020, Werny et al. shared one of the first comprehensive operando 

investigations on Mn-Na2WO4/SiO2 for OCM, with several interesting findings: (i) during heating, 

crystalline (cubic) Na2WO4 disappears around 600°C from in situ XRD; (ii) in an air environment, 

cubic Na2WO4 is replaced by a transient phase possibly representing orthorhombic Na2WO4, while 

in an inert environment a different phase is seen; (iii) during cooling, two unidentified phases 

appear from 660–600°C, while cubic Na2WO4 does not recrystallize until 450°C; (iv) the classical 
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OCM catalyst with 5 wt.% Na2WO4 and 2 wt.% Mn does not have complete surface coverage with 

the melt, and some surface inhomogeneities exist; (v) MnWO4 forms under reducing conditions, 

but not during normal OCM operation which includes a low level of O2; and (vi) Na2O is identified 

as the active phase and is “stored” by the Na2WO4 until the introduction of O2 creates the condition 

for steady-state OCM, where a Mn7SiO12/MnWO4 redox pair stabilizes the mobile Na2O phase.[203] 

Finally, from a practical standpoint, Sadjadi et al. published a relevant study exploring whether 

Mn-Na2WO4/SiO2 could be used in a fluidized bed reactor for OCM and determined an optimum 

Na concentration to avoid particle agglomeration while preserving C2+ selectivity.[204] While these 

OCM studies provide relevant information about Na2WO4 in the form of both phase behavior and 

catalytic activity for C—H bond activation in CH4, it is noted that the primary role of Na2WO4 in 

this work is as a selective surface for hydrogen combustion in the presence of C2H4 and C2H6, and 

not as a catalytically active surface; activation of C2 hydrocarbons by Na2WO4 is not well studied. 

 

Lastly, a number of references from outside the scope of OCM literature provide relevant data and 

insights on the Na2WO4 phase and its close relatives. Due to the high-temperature conditions in 

which Na2WO4 will be employed in this work, the phase composition and crystal or melt structure 

during heating and cooling are highly pertinent. A phase diagram for the Na/W/O system can be 

found in Pistorius et al., which establishes ~590°C and ~695°C as the cubic-to-K2SO4-type and 

K2SO4-type-to-liquid phase transitions, respectively, at ambient pressure.[170] Studies of Na2WO4 

featuring in situ XRD report a loss of crystallinity in this region.[131,201,203,205] Luz-Lima et al. found 

that Na2WO4 during heating underwent a first-order phase transition from cubic to orthorhombic 

crystal system at approximately 560°C, after which the WO4
2- tetrahedra were partially disordered, 

before becoming fully disordered as a liquid.[206] These authors also reported similarities between 
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Na2WO4 and Na2MoO4 phases, echoing the finding by Hou et al.[201] Cortes-Jacome et al. studied 

a core-shell Na-WOx/TiO2 catalyst system via Raman spectroscopy and HR-TEM, finding sodium 

tungstate formation on the catalyst surface present in several phases including Na2WO4, Na2W2O7 

(sodium ditungstate), and NaxWO3 (sodium tungsten bronze). Wang et al. recently studied the 

melting and re-crystallization behavior of Na2W2O7 in detail via in situ Raman spectroscopy and 

determined that molten Na2W2O7 consists of isolated (W2O7)
2- anions (corner-sharing tetrahedra) 

while crystalline Na2W2O7 shows an infinite-chain network of [WO6] octahedra and [WO4] 

tetrahedra; moreover, a non-crystalline phase with a different structure from either pre-heating or 

molten Na2W2O7 was observed upon rapid cooling, suggesting a degree of thermal hysteresis.[207]  

Xu et al. demonstrated that the melting of Na2W2O7 is associated with a two-orders-of-magnitude 

increase in oxide ion conductivity, introducing the possibility that different mechanisms for oxide 

ion transport persist above and below the melting point of sodium tungstate;[208] currently, is no 

analogous study on conductivity by Na2WO4 which includes data at or above 700°C. NaxWO3 was 

hypothesized by Yusuf et al. to be involved in the redox mechanism for shuttling of oxygen species 

through the tungstate surface layer in the Na2WO4/Mg6MnO8 system;[123] a few studies on the 

properties of sodium tungsten bronze are cited here.[209,210] Finally, a recent follow-up study by 

Takanabe et al. on the in situ formation of OH radicals by Na2WO4 at high temperatures included 

a wide assortment of characterization on the Na2WO4 system, including in situ XRD and STEM 

measurements which corroborated earlier reports on the molten salt state of Na2WO4 relating to 

onset temperatures of phase transitions and the coverage of the support by the melt.[205] Many of 

these findings on Na2WO4 from the literature will be mentioned later in this dissertation as they 

become relevant, particularly in Chapter 5. 
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1.4. Summary 

The intensification of the most high-volume, energy-intensive, and emissions-intensive processes 

in the chemical industry will provide both environmental and economic benefits as sustainability 

and climate risk mitigation continue to grow in importance. For intensified production of ethylene 

and propylene, the chemical looping oxidative dehydrogenation (CL-ODH) and chemical looping 

oxidative cracking (CL-OC) are promising approaches due to the improved energy and exergy 

efficiency and lowered carbon emissions as compared to the conventional steam cracking of ethane 

and naphtha, respectively. As with any chemical looping scheme, these process technologies 

succeed or fail based on the activity, selectivity, and long-term stability of the metal oxide redox 

catalyst, which must undergo thousands of cycles between reduced and oxidized states with a low 

degree of degradation. The redox catalyst property of most importance for chemical looping partial 

oxidations, which includes CL-ODH and CL-OC, is the ability to perform selective hydrogen 

combustion (SHC) in a mixture containing H2 and high-value products including C2H4 and C3H6. 

This dissertation focuses on the development, characterization, and demonstration of a new class 

of highly selective core-shell redox catalysts prepared from earth-abundant, low-cost, and benign 

materials, which can be used to enable CL-ODH and CL-OC processes for olefin production. 

 

Chapter 2 introduces the design rationale and screening of a new class of Mn-containing redox 

catalysts for selective hydrogen combustion (SHC) in a cyclic redox scheme. The redox catalysts, 

which include unpromoted and Na2WO4-promoted Mg6MnO8, CaMnO3, and SrMnO3, are suitable 

for a range of chemical looping applications including the CL-ODH of ethane and the CL-OC of 

naphtha. Initial experiments using a H2/C2H4 co-feed are presented, demonstrating the selectivity-

enhancing effects of Na2WO4 promotion; moreover, the influence of Na2WO4 on the elemental 
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surface composition is explored. The best-performing redox catalyst, 20 wt.% Na2WO4/CaMnO3, 

is further examined in the CL-ODH of ethane using a Cr2O3/Al2O3 co-catalyst for dehydrogenation 

of ethane at 650°C. 

 

Chapter 3 demonstrates the high performance of the two perovskite oxide-based redox catalysts, 

Na2WO4/CaMnO3 and Na2WO4/SrMnO3, for SHC in a challenging chemical looping application: 

the redox oxidative cracking (ROC) of naphtha, represented by n-hexane, to form the light olefins 

ethylene and propylene. The ROC process for n-hexane conversion is introduced and reaction data 

for unpromoted and Na2WO4-promoted SrMnO3 and CaMnO3 are presented. The high selectivity 

and cycling stability of these oxygen-carrying materials is established. An array of spectroscopic 

and other methods are employed to determine the nature of the Na2WO4-promoted redox catalysts, 

and a core-shell arrangement is confirmed, with the oxygen-donating perovskite oxide serving as 

the core and the Na2WO4 forming a shell around the bulk oxide. 

 

In Chapter 4, the CaMnO3 and Na2WO4/CaMnO3 redox catalysts are investigated from a reduction 

kinetics perspective via thermogravimetric analysis (TGA). A new methodology is introduced for 

obtaining kinetic parameters from non-dimensionalized reduction rate data, and this approach is 

applied to the reduction of the two redox catalysts by H2, C2H4, and C2H6 in order to describe the 

selective combustion of hydrogen at the particle level. The impact of Na2WO4 is shown on the pre-

exponential factor and apparent activation energy for lattice oxygen removal from CaMnO3 by H2 

and C2H4; the reduction rate of Na2WO4/CaMnO3 in C2H4 is shown to be three orders of magnitude 

lower than in H2, supporting the use of this redox catalyst for selective hydrogen combustion. 
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Fixed-bed reactor data are acquired to complement the TGA kinetics information and illustrate the 

influence of solid conversion on H2 selectivity. 

 

Lastly, Chapter 5 represents a deeper dive into the reduction kinetics of Na2WO4/CaMnO3 and 

aims to characterize more precisely the transient nature of the redox catalyst performance. Thermal 

history is determined to be an important influence on the reduction rate of Na2WO4/CaMnO3 and 

significantly impacts the resulting kinetic parameters; moreover, the rates are shown to be affected 

by the extent of previous redox cycling. A higher degree of statistical rigor is applied to the kinetic 

data for reduction by both H2 and C2H4. Kinetic data from H2/C2H4 co-feed experiments are shown 

to determine whether the reduction of Na2WO4/CaMnO3 by the two gases is competitive (using 

the same sites) or additive (using different sites). 
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2.1. Abstract 

Selective hydrogen combustion (SHC) in the presence of light hydrocarbons was demonstrated 

with a series of Mn-containing mixed oxide redox catalysts in the context of a chemical looping-

oxidative dehydrogenation (CL-ODH) scheme. Unpromoted and 20 wt.% Na2WO4-promoted 

Mg6MnO8, SrMnO3, and CaMnO3 exhibited varying SHC capabilities at temperatures between 

550°C–850°C. Reduction temperature of unpromoted redox catalysts increased in the order 

Mg6MnO8 < SrMnO3 < CaMnO3. Promotion with 20 wt.% Na2WO4 resulted in more selective 

redox catalysts capable of high-temperature SHC. XPS analysis revealed a correlation between 

suppression of near-surface Mn and SHC selectivity. Na2WO4/CaMnO3 showed steady SHC 

performance (89% H2 conversion, 88% selectivity) at 850°C over 50 redox cycles. In series with 

a Cr2O3/Al2O3 ethane dehydrogenation catalyst, Na2WO4/CaMnO3 combusted 84% of H2 

produced while limiting COx yield below 2%. The redox catalysts reported can be suitable for 

SHC in a cyclic redox scheme for the production of light olefins from alkanes. 

 

2.2. Introduction 

Cracking and dehydrogenation processes, which convert alkane feedstocks to high-value, 

unsaturated hydrocarbons, are of significant importance to the chemical industry. These processes 

are used to produce light olefins such as ethylene and propylene, two essential chemical building 

blocks with a combined global production of 220 million metric tons in 2012.[1] The production of 

polyethylene, ethylene oxide, polypropylene, acrylonitrile, and many other critical industrial 

intermediates relies on these light olefins as feed chemicals.[2,3] At present, ethylene and propylene 

are primarily produced via these energy-intensive processes, consuming approximately 8% of total 

primary energy use in the chemicals sector.[1,4] The increased availability of natural gas in recent 



   

43 

 

years has created an economic incentive to convert ethane and propane into the corresponding 

alkenes.[5,6] As an alternative to the endothermic cracking and dehydrogenation processes, 

oxidative dehydrogenation (ODH) offers excellent potential to reduce primary energy 

consumption and pollutant emissions (CO2 and NOx) from olefin production.[7] 

 

ODH has been the subject of substantial research since the early 1990s due to its promising 

characteristics: (i) the ODH reaction is net exothermic and consumes less energy than steam 

cracking or catalytic dehydrogenation; (ii) the thermodynamic constraints on cracking and 

dehydrogenation reactions can be mitigated by oxidizing the hydrogen co-product; (iii) the 

presence of oxygen minimizes coke deposition and subsequent deactivation of the catalyst.[8–11] In 

the classical ODH literature, the most well-studied catalyst systems for ethane and propane ODH 

are those containing vanadium oxide and molybdenum oxide.[12–16] Platinum-group metals have 

also received attention for the ODH of various alkanes.[17,18] Most ODH reactions are operated 

between 400°C and 700°C and use co-fed gaseous oxygen. Although the ODH scheme provides 

numerous advantages, the safety concerns with oxygen-hydrocarbon mixing and the cost of O2 via 

cryogenic air separation limit its commercial attractiveness. Novel ODH approaches that preserve 

the advantages of conventional ODH while addressing its limitations are therefore highly 

desirable. 

 

Chemical looping-oxidative dehydrogenation (CL-ODH) is a process scheme for ODH without 

the need for gaseous O2.
[19–22] The CL-ODH scheme consists of two process steps in a cyclic 

reduction-oxidation (redox) mode (Figure 2.1). In the ODH step, the alkane feedstock is converted 

to alkene and water by lattice oxygen donated from an oxide-based redox catalyst. The subsequent 
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regeneration step involves re-oxidizing the reduced redox catalyst with air to complete the redox 

cycle. This regeneration step releases heat, which is stored and transferred by the catalyst particles 

to satisfy the energetic requirements of the ODH step. Although the overall reaction for CL-ODH 

is identical to that of conventional ODH (Figure 2.1), the use of the metal oxide redox catalyst 

facilitates the separation of oxygen from air and provides lattice oxygen to the ODH reaction in a 

controlled manner. CL-ODH eliminates the need for purified O2 from cryogenic air separation and 

minimizes explosion hazards from co-feeding oxygen with hydrocarbons. Moreover, the use of 

lattice oxygen can potentially inhibit non-selective oxidation reactions while reducing energy 

consumption and CO2/NOx emissions.[7] Due to the critical role of the redox catalyst, its 

performance (i.e. activity, selectivity, oxygen capacity, and durability) is the key to realizing the 

aforementioned advantages of CL-ODH.[23–25] 

 

 

Figure 2.1: A simplified block flow diagram for the chemical looping-oxidative dehydrogenation scheme. In 

this scheme, the ODH (reduction) step at left is comprised of two reactions. The first reaction is 

dehydrogenation (DH), proceeding either via gas-phase thermal cracking or by heterogeneous catalysis, and 

the second reaction is selective hydrogen combustion of the products from the dehydrogenation reaction. 
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As presented in Figure 2.1, the ODH step of the overall CL-ODH process can be implemented by 

coupling alkane dehydrogenation with selective hydrogen combustion (SHC). This approach to 

CL-ODH involves the use of the redox catalyst to selectively combust the hydrogen co-product 

from alkane dehydrogenation (DH); the DH reaction can occur either catalytically via a co-catalyst 

or through thermal cracking. The redox catalyst is not intended to interact with the fed alkane and 

should be relatively inert towards hydrocarbons in general, a difference which distinguishes this 

method from catalytic ODH.[21,26–29] Combustion of the hydrogen co-product not only provides 

heat to the endothermic dehydrogenation reaction but also can shift the dehydrogenation 

equilibrium towards the product side. Early studies of the catalytic DH+SHC approach 

investigated the use of a Pt-Sn-ZSM-5 dehydrogenation catalyst in the presence of bismuth, 

indium, and lead oxides or molybdates.[30–33] Rothenberg et al. further explored SHC by cerium 

oxides in CL-ODH processes, identifying the importance of SHC to achieving improved olefin 

yields; in the absence of a DH co-catalyst, these studies relied on simulated ethane DH or propane 

DH effluent streams containing H2 and olefins.[34–40] However, the attractiveness of these SHC 

materials is hindered by their high cost (cerium, bismuth, and indium oxides), toxicity (lead, 

molybdenum, and vanadium oxides), and lack of stability under continuous redox cycles. More 

recently, Yusuf et al. implemented CL-ODH by coupling thermal cracking of ethane with SHC 

and reported up to 68% ethylene yield with manganese-containing redox catalysts, which was 

among the highest yields reported in literature.[22] The use of low-cost and low-toxicity 

manganese-based redox catalysts is advantageous; however, the reported process relies on high-

temperature cracking (800°C and higher) to generate ethylene and hydrogen. High operating 

temperatures can lead to increased energy consumption and reactor costs as well as challenges in 

controlling product selectivity due to complex gas-phase reactions. Therefore, extending the SHC 
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properties of manganese-containing materials into the lower-temperature region can potentially 

provide greater flexibility in CL-ODH process design, especially in combination with the well-

established literature on catalytic dehydrogenation.[6] 

 

The current study aims to systematically investigate the SHC properties of three Mn-containing 

mixed oxides. Mn-containing mixed oxides including perovskite structured CaMnO3 and rock salt 

structured Mg6MnO8 have demonstrated excellent oxygen donation properties for chemical 

looping.[20,41,42] Our recent work showed that promoting Mg6MnO8 with sodium tungstate 

(Na2WO4) results in enhanced selectivity for hydrogen combustion while inhibiting activation of 

fed ethane or produced ethylene by the metal oxide.[20] Here, we further investigate and extend the 

effect of Na2WO4 promotion for SHC properties to other Mn-containing oxides. Importantly, we 

determine that SHC properties of Mn-containing oxides can be optimized for specific operating 

temperature ranges in redox ODH by varying the metal oxide substrate and promoter content. As 

such, the SHC redox catalysts developed in this study can be suitable for CL-ODH under a variety 

of operating conditions. 

 

2.3. Experimental Section 

2.3.1. Redox Catalyst Preparation 

Six redox catalysts including unpromoted and 20 wt.% Na2WO4-promoted Mg6MnO8, SrMnO3, 

and CaMnO3 were prepared. Magnesium manganese oxide (Mg6MnO8) was synthesized using a 

wet impregnation method, and 20 wt.% Na2WO4-promoted Mg6MnO8 was further obtained using 

a second wet impregnation step, both as reported elsewhere.[22] Strontium manganate (SrMnO3) 

and calcium manganate (CaMnO3) were synthesized via a modified Pechini method.[43] 
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Stoichiometric amounts of Mn(NO3)2·4H2O (97.0%, Sigma-Aldrich) and either Sr(NO3)2 (99.0%, 

Noah) or Ca(NO3)2·4H2O (99.0%, Sigma-Aldrich) were dissolved in deionized water with citric 

acid (99.5%, Sigma-Aldrich) in a 2.5:1 molar proportion of citric acid to metal ions (Mn4+ and 

either Sr2+ or Ca2+). The resulting solution was stirred at 500 rpm and 40°C for 30 min. Next, to 

aid the formation of a gel, ethylene glycol (99.8%, Sigma-Aldrich) was added to the mixture in a 

1.5:1 molar proportion of ethylene glycol to citric acid. The solution was heated to 80°C and stirred 

at 500 rpm until gel formation, then transferred to an oven and dried overnight at 120°C. 

Calcination was subsequently conducted in two steps. First, the gel was heated in the muffle 

furnace to 450°C at 5°C/min and held for 3 h to burn off nitrates, leaving a uniform metal oxide 

powder precursor. Second, the powder was calcined in a tube furnace (GSL-15 0X, MTI 

Corporation) under continuous air flow at 1000°C for 12 h (3°C/min ramping rate). The high 

temperature led to the formation of perovskite oxide phase SrMnO3 and CaMnO3. To synthesize 

promoted SrMnO3 or CaMnO3, sodium tungstate (Na2WO4) was added to the as-obtained 

perovskite oxide substrates in the amount of 20 w.t.% via wet impregnation as described in the 

previous paragraph, followed by drying overnight at 80°C. Finally, both Na2WO4/SrMnO3 and 

Na2WO4/CaMnO3 were calcined at 900°C. All redox catalysts were ground and sieved into the 

250–425 μm range for reaction testing. Powders finer than 250 μm were used for characterization 

techniques. 

 

2.3.2. Redox Catalyst Characterization 

Crystal phases of as-prepared redox catalysts were confirmed via powder X-ray diffraction (XRD) 

using a Rigaku SmartLab X-ray diffractometer (monochromatic Cu Kα radiation with λ = 0.1542, 

operated at 40 kV and 44 mA). XRD patterns were generated over a scanning range of 2θ = 10–
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80° with 0.05° step size, holding at each step for 3 s. Phases were matched to reference patterns 

from the International Center for Diffraction Data (ICDD) database in the HighScore Plus software 

package. Specific surface areas of redox catalysts were obtained via BET analysis of N2 

physisorption isotherms on a Micromeritics ASAP 2020 instrument at 77 K. All samples were 

degassed at 200°C under vacuum prior to adsorption measurements. 

 

Near-surface compositional information was obtained using X-ray photoelectron spectroscopy 

(XPS). For each as-prepared redox catalyst, XPS narrow scans were taken for all metal cations 

present (Mg 2s, Sr 3d, Ca 2p, Mn 2p, Na 1s, W 4f), along with C 1s and O 1s. Scans were also 

taken for cycled CaMnO3 and Na2WO4/CaMnO3. The XPS system used a Thermo-Fisher Alpha 

110 hemispherical energy analyzer and XR3 300 W dual-anode X-ray source, and samples were 

excited using an Al anode (1486.7 eV). Data processing and analysis were performed in the 

CasaXPS program (Casa Software Ltd., U.K.). All binding energies were calibrated to the 

adventitious C 1s peak at 284.6 eV, and narrow scans were processed with a 21-point smoothing 

function. Peak areas for the metal atoms were normalized by their relative sensitivity factors to C 

1s in CasaXPS and totaled in order to calculate surface atomic percentages; this calculation was 

done on a carbon- and oxygen-free basis. 

 

Co-feed H2/C2H4 TPR (temperature-programmed reaction) was used to screen the SHC properties 

of the redox catalysts. TPR experiments were carried out over 100 mg of redox catalyst loaded in 

a fixed-bed quartz U-tube reactor; further details on the reactor configuration are given in Section 

2.3.3. Prior to TPR runs, catalyst samples were heated to 900°C, held there for 30 min, and allowed 

to cool, all under 10% O2 in Ar (100 mL/min total). The redox catalysts were then heated from 
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350°C to 850°C at a ramping rate of 5°C/min under 100 mL/min (H2:C2H4 = 2.5%:2.5% v/v in 

Ar). Products formed during TPR runs were analyzed by a quadrupole mass spectrometer (MKS 

Cirrus II). H2O peaks and CO/CO2 (COx) signals were analyzed to quantify oxidation of H2 and 

C2H4, respectively; in most cases, COx signals were negligible. CO was calculated from mass 28 

by subtracting contributions by CO2 and C2H4 using characteristic ratios of 44/28 and 26/28 

determined from three-point MS calibrations. 

 

2.3.3. Reaction Testing 

To evaluate SHC properties in a simulated CL-ODH setting, isothermal redox cycling experiments 

were carried out in a fixed-bed quartz microtubular reactor (ID = 1/8 in.) at atmospheric pressure. 

Quartz wool was placed on either side of a 0.1 g bed of redox catalyst (sized 250–425 μm). 

Aluminum oxide grit (16 mesh) filled the remaining void space to limit gas volume in the heated 

zone of the reactor. The reactor tube was secured in a tube furnace a K-type thermocouple and a 

temperature controller. Inlet gas flow rate and composition were set with a panel of valves and 

mass flow controllers (MFCs), and the redox cycles were implemented with an automated valve 

switching program. 

 

Prior to any TPR or redox cycling experiments, samples were pre-treated with six ethane ODH 

redox cycles, three at 900°C followed by three at 850°C. During the reduction step, 60 mL/min 

C2H6 and 15 mL/min Ar were flowed for 3 min, followed by a 75 mL/min Ar purge for 5 min, 

then a regeneration step at 75 mL/min Ar and 15 mL/min O2 for 3 min, and finally another 75 

mL/min Ar purge for 5 min. A second type of redox cycle was used to evaluate SHC properties of 

the redox catalysts by simulating the product composition from ethane dehydrogenation.[35,36] The 
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reduction step consisted of 40%:40% H2:C2H4 v/v in Ar at 100 mL/min total. This reducing 

mixture flowed for 10 s to create a reducing gas volume of 13.3 mL. 17% O2 v/v in Ar was 

subsequently flowed at 120 mL/min for 3 min to re-oxidize the sample. Between each step, Ar was 

flowed for 5 min at 100 mL/min. Using a manual valve switch, effluent gas from the reducing step 

was flowed into a sample bag for quantitative analysis via GC. At each temperature, two redox 

cycles were completed first before the effluent was sampled. 

 

Gas chromatography (GC, Agilent Technologies 7890B) was used to analyze the outlet gas from 

the reactor. A flame ionization detector (FID) channel identified and quantified hydrocarbons, 

while Ar and He thermal conductivity detectors (TCD) identified H2 and COx gases, respectively. 

GC signals were calibrated using a refinery-grade gas standard, and volume percentages were 

calculated by integrating signal peaks. An atomic C balance was used to determine ethylene 

conversion as well as yields of all observed hydrocarbons; carbon losses to coking were 

determined to be less than 2% for all cycle experiments. H2O formation during the reduction step 

was calculated based on an atomic H balance, which was then used to calculate molar conversion 

of H2 and C2H4 by combustion reactions, and SHC selectivity, defined as (H2 conversion) / (H2 + 

C2H4 conversion). H2 formed as a byproduct of C2H4 combustion was not included in calculating 

H2 conversion. All cycles not analyzed with GC were sent downstream to the mass spectrometer 

(MS) for confirmation of GC results and for quantification of coke formation. 
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2.4. Results and Discussion 

2.4.1. Structure Characterization 

All six redox catalysts investigated in this study were characterized via X-ray powder diffraction 

(XRD) to confirm the presence of expected phases. Figure 2.2 shows the XRD patterns for the as-

prepared samples. Structural matches were obtained for Mg6MnO8 (ICDD PDF# 01-074-1903), 

SrMnO3 (PDF# 00-024-1213), and CaMnO3 (PDF# 04-016-1860). Sodium tungstate manifested 

in a crystalline phase for each material promoted with 20 wt.% Na2WO4 (PDF# 04-008-8508). All 

of the redox catalysts exhibited low surface area (< 10 m2/g) as determined by BET analysis, and 

Na2WO4 promotion further lowered the surface areas (Table 2.1). 

 

 

Figure 2.2: XRD patterns for (a) Mg6MnO8 (i) and 20 wt.% Na2WO4/Mg6MnO8 (ii); (b) SrMnO3 (i) and 20 

wt.% Na2WO4/SrMnO3 (ii); and (c) CaMnO3 (i) and 20 wt.% Na2WO4/CaMnO3 (ii). 

 

Table 2.1: BET surface areas (SBET, m2/g) for as-prepared redox catalysts. 

Redox Catalyst SBET (m2/g) 

Mg6MnO8 7.3 

Na2WO4/Mg6MnO8 2.7 

SrMnO3 6.8 

Na2WO4/SrMnO3 3.1 

CaMnO3 2.2 

Na2WO4/CaMnO3 2.0 
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2.4.2. Material Screening 

The primary function of the redox catalysts is to enhance ethylene or propylene yields from 

dehydrogenation reactions via selective hydrogen combustion. Throughout this work, ethane to 

ethylene/H2 was used as the model reaction. Prior to reactivity testing in a cyclic redox reaction, 

temperature-programmed reaction (TPR) experiments were conducted to screen the materials and 

determine temperature ranges at which these materials facilitated SHC. 

 

The reducibility of the redox catalysts is illustrated in Figure 2.3. In all cases, reduction of the 

metal oxide by C2H4, which can be quantified by COx areas, was found to be insignificant (less 

than 5% of total peak area, including H2O). Therefore, only the H2O signal (m/z = 18) is shown 

here, with complete MS signal data (H2, C2H4, CO, CO2) relegated to Figures A1–A6 in Appendix 

A. Figure 2.3a shows the oxygen release behavior of the Mg6MnO8 system with and without 

Na2WO4. The unpromoted Mg6MnO8 was active for H2 combustion at as low as 550°C. In 

comparison to the unpromoted sample, Mg6MnO8 promoted with 20 wt.% Na2WO4 behaved 

significantly differently, in general agreement with previous literature.[20] With Na2WO4 

promotion, Mg6MnO8 showed notable hydrogen combustion activity only at 750°C and above. We 

note that gas phase reactions also became significant at 750°C and above, with C2H4 conversion ≥ 

3%. However, no COx formation was observed, a result later supported by isothermal redox 

cycling at these temperatures. 
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Figure 2.3: H2O generation based on MS signal (m/z = 18) during H2/C2H4 TPR for the three redox catalyst 

systems: (a) Mg6MnO8; (b) SrMnO3; and (c) CaMnO3. Conditions: m = 100 mg, F = 100 ml/min, H2:C2H4 = 

2.5%:2.5% v/v in Ar, ramping rate = 5°C/min. 
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Figure 2.3b shows the reducibility of the SrMnO3 system. SrMnO3 became active for H2 

combustion around 450°C, peaking around 590°C, and exhibited slower oxygen release compared 

to Mg6MnO8, apparent from the wider H2O peak. Upon promotion with Na2WO4, the material 

became less reducible, and H2O did not appear until 605°C, peaking near 685°C. The presence of 

Na2WO4 had two effects: it increased the initial reduction temperature but leads to a narrower peak 

at a higher temperature. Figure 2.3c demonstrates the effect of Na2WO4 on the reduction of the 

CaMnO3 system. The bulk material exhibited similar behavior to bulk SrMnO3, including a wide 

temperature range for H2 combustion and a peak appearing around 600°C. However, the H2O peak 

had a shoulder extending to 665°C, possibly indicating phase change during the reduction reaction. 

Promotion CaMnO3 with Na2WO4 altered the H2 combustion properties significantly; reduction 

did not occur until 620°C, and the peak for H2O shifted to 705°C. 

 

Table 2.2 summarizes the peak temperatures for all samples. Addition of Na2WO4 increased the 

initial reduction and peak temperatures for H2 combustion. The effect of Na2WO4 was similar for 

the two perovskite materials, i.e. addition of Na2WO4 increased the peak temperature by 85–95°C. 

In comparison, Na2WO4 suppressed the SHC activity for the rock salt structured Mg6MnO8 in a 

much more significant manner, with a more than 235°C increase in the peak temperature. 

Moreover, four of the catalysts exhibited sharp reduction peaks with the following order: 

Mg6MnO8 < Na2WO4/SrMnO3 < Na2WO4/CaMnO3 < Na2WO4/Mg6MnO8. This indicates that the 

SHC properties of redox catalysts can potentially be adjusted by careful selection of substrate and 

promoter. The main body of cyclic redox-mode reactivity testing presented in the remainder of 

this study was designed to validate the possibility of tuning SHC properties (i.e. H2 conversion and 

SHC selectivity) for the redox catalysts. 
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Table 2.2: Reduction onset temperatures (To) and peak temperatures (Tp) over redox catalysts as determined 

by H2/C2H4 TPR. 

Redox Catalyst To (°C) Tp (°C) 

Mg6MnO8 545 615 

Na2WO4/Mg6MnO8 740 > 850 

SrMnO3 450 590 

Na2WO4/SrMnO3 605 685 

CaMnO3 435 620; 665 

Na2WO4/CaMnO3 620 705 

 

2.4.3. Selective Hydrogen Combustion Properties of Redox Catalysts 

Cycling at isothermal conditions can better represent typical CL-ODH operating modes. As such, 

a series of redox experiments was carried out to assess the SHC properties of the six redox catalysts 

within the temperature range 550°C to 850°C. This temperature range was selected based on the 

TPR results shown in Figure 2.3. Equimolar H2 and C2H4 was fed to the reactor in 10-second step 

injections at a flowrate of 100 cm3 STP/min, as described in Section 2.3.3. The reactions included 

combustion of H2 to H2O and combustion of C2H4 to CO and CO2, though gas phase reactions can 

occur at high temperatures. Reaction testing results for the six redox catalysts are presented in 

Figure 2.4. Estimated oxygen release or oxygen carrying capacity (in wt.%) from each redox 

catalyst as a function of temperature, calculated based on material balance across the experiments 

shown in Figure 2.4, are included in Figures A7–A9 of Appendix A. 
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Figure 2.4: Hydrogen conversion () and selectivity towards hydrogen combustion () for the unpromoted 

(—) and Na2WO4-promoted (– –) redox catalysts: (a) Mg6MnO8; (b) SrMnO3; (c) CaMnO3. Conversion and 

selectivity are determined via C and H atomic balances from GC analysis of entire pulse volumes. Conditions: 

m = 100 mg, F = 100 mL/min, H2:C2H4 = 40%:40% v/v in Ar, pulse duration = 10 s. 

 

Figure 2.4a illustrates the SHC performance of the Mg6MnO8 redox catalyst system. As 

previously observed in the TPR screening experiments, Mg6MnO8 activates hydrogen gas 

beginning around 550°C and exhibits ~20% oxidative conversion of H2 at 550°C. The peak of H2 

conversion occurs around 650°C, after which the observed oxidation of H2 begins to decline as a 

result of decreasing SHC selectivity—the relative rate of hydrogen combustion decreases, while 

that of ethylene combustion increases. At 850°C, unpromoted Mg6MnO8 shows an SHC selectivity 

of 60%. Addition of sodium tungstate results in a significant change in SHC properties. Na2WO4-

promoted Mg6MnO8 does not exhibit significant activity (i.e. achieve greater than 5% H2 

conversion) until 800°C, in agreement with TPR results, and at 850°C the activity is approximately 

20% towards H2 conversion. This is comparable to the activity of Mg6MnO8 at the same 

temperature, but Na2WO4 increases the selectivity to hydrogen combustion by more than 30% to 

a total SHC selectivity of 96%. This is the highest SHC selectivity of all six materials examined 

herein at 850°C. 
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Results from isothermal cycling on the SrMnO3 redox catalyst system are shown in Figure 2.4b. 

It is apparent that materials based on SrMnO3 are suitable for selective hydrogen combustion over 

much of the tested temperature range; both SrMnO3 and 20 wt.% Na2WO4-promoted SrMnO3 

show over 90% SHC selectivity up to 825°C even as the activity towards hydrogen conversion is 

50% or greater. Significant and selective activation of hydrogen is seen at 550°C for both materials, 

and this conversion remains selective at higher temperatures, indicating that SrMnO3 is an 

effective redox catalyst for SHC around 700°C. Most notably, a significant difference between the 

Mg6MnO8 system and the SrMnO3 system is the lack of significant effect of the Na2WO4 promoter 

in the latter material. The increase in SHC selectivity by adding Na2WO4 to the base material is 

countered by a marked decrease (15-20%) in overall H2 conversion. 

 

Figure 2.4c shows cycling results for the CaMnO3 system of redox catalysts. Both unpromoted 

and Na2WO4-promoted CaMnO3 are active in the upper region of the tested temperature range 

(~700°C and greater). This is in agreement with screening results from TPR experiments in which 

the H2 oxidation peaks manifested at an average of 650°C and 700°C for the bulk and promoted 

sample, respectively. The effect of promotion is more evident for this perovskite than for SrMnO3 

in terms of the selectivity increase. Sodium tungstate impregnation results in an only marginally 

less active material (the greatest difference in H2 conversion between materials is approximately 

15% at 750°C); however, the Na2WO4-promoted sample is much more selective towards hydrogen 

combustion (SHC selectivity increases by 5% at 850°C with equal H2 conversion). Generally, the 

CaMnO3-based materials are the most suitable for hydrogen combustion out of the materials 

examined in this study, particularly in terms of oxygen capacity. However, neither the CaMnO3 

nor Na2WO4-promoted CaMnO3 converts as much H2 as the SrMnO3 materials at temperatures 
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below 750°C. At temperatures near 850°C, Na2WO4-promoted Mg6MnO8 becomes a more 

desirable material for SHC due to its greater selectivity. Therefore, the utility of Na2WO4/CaMnO3 

for SHC lies between these two aforementioned materials, at temperatures from about 750°C to 

850°C. Promotion with Na2WO4 enables selective H2 combustion at temperatures slightly higher 

than bulk CaMnO3 is capable of (up to 800°C). 

 

Figures 2.4a–c show several trends. Firstly, SHC is facile at low temperatures (650°C), where five 

of the six materials (excluding Na2WO4/Mg6MnO8) achieve a molar hydrogen combustion 

selectivity of 97% or greater. As indicated in the figures, the apparent activation energy for 

hydrogen combustion is significantly lower than that for ethylene combustion. Secondly, the 

addition of sodium tungstate via wet impregnation has the consistent effect of suppressing oxygen 

donation from the redox catalysts, which manifests as (i) higher reduction peak temperatures and 

active ranges, (ii) decreased activity at identical temperatures compared to unpromoted materials, 

and (iii) greater selectivity towards hydrogen combustion. This effect is far more pronounced for 

the Mg6MnO8 system. Thirdly, while the selectivity towards hydrogen combustion and the 

magnitude of the combustion activity are inversely related, high values for H2 combustion (greater 

than 70%) may still be realized while maintaining an SHC selectivity of 90% or greater, as 

evidenced by the Na2WO4-promoted CaMnO3 data. This is beneficial for a cyclic ethane ODH 

scheme; a previous simulation study on the topic indicated that 71% H2 combustion by an oxygen 

carrier was ideal for obtaining high ethylene yields.7 This relationship between activity and 

selectivity is highly dependent on the metal oxide substrate. 
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It is evident that the three redox catalyst systems in this study can be selective for hydrogen 

combustion via lattice oxygen donation at varying temperature ranges. Moreover, the addition of 

sodium tungstate increases the SHC selectivity in all cases. One can therefore envision that SHC 

materials may be designed via a combination of a metal oxide substrate and an alkali tungstate 

promoter to meet specific operating temperature ranges of a process application. As an example, 

an ethane ODH reactor operated at 850°C and a residence time of 0.1 s with 70% ethane conversion 

would require approximately 71% in-situ combustion of H2 from a process heat balance 

standpoint.[7] This corresponds to an H2 combustion rate of 39.4 mmol H2 per kg catalyst per 

second. A similar specific combustion “rate” can be derived from the experimental GC results of 

this study by calculating a time-averaged combustion rate of H2, taking into account the feed 

flowrates and bed mass. Figure 2.5 thus presents the SHC properties of the six redox catalysts by 

temperature, using a threshold of 40 mmol H2/kg-cat·s to represent a useful H2 combustion 

activity, along with a selectivity towards SHC of 95% or higher. 
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Figure 2.5: Selective hydrogen combustion (SHC) properties of the six redox catalyst materials. Each bar 

represents the temperature range within which the catalyst provides an H2 conversion rate of at least 40 mmol 

H2 / kg-cat·s (averaged over a 10 s pulse) and at least 95% SHC selectivity. By varying the metal oxide 

substrate and by promotion with Na2WO4, a wide range of operating temperatures is covered. 

 

Gas hourly space velocity (GHSV, hr-1) is an important process condition to consider. Typical 

ethane steam cracking units operate at a GHSV range of 1800–8000 hr-1 STP.[2,11] Figure 2.6 

illustrates the effect of changing space velocity with the relatively less active Na2WO4/Mg6MnO8 

redox catalyst (Figure 2.6a) and the more active Na2WO4/CaMnO3 redox catalyst (Figure 2.6b). 

The change in space velocity results in more moderate levels of hydrogen combustion without any 

loss in SHC selectivity for either redox catalyst. Interestingly, the decrease in fractional H2 

conversion for Na2WO4/CaMnO3 was minimal (less than 10%) even when space velocity and total 

H2 volume was increased by 50%, indicating that the material has both a large oxygen capacity 
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and fast kinetics. Along with operating temperature, gas contact time or feed flowrate requirements 

should be included in the design parameters for the SHC redox catalysts. 

 

 

Figure 2.6: Effect of altering gas hourly space velocity (GHSV) through the reactor on molar H2 conversion 

and SHC selectivity; (a) lower GHSV over Na2WO4/Mg6MnO8, and; (b) higher GHSV over 

Na2WO4/CaMnO3. GHSV = 6000 hr-1 corresponds to τ ≈ 0.15 s. Conditions: m = 100 mg, H2:C2H4 = 

40%:40% v/v in Ar, pulse duration = 10 s, T = 850°C. 

 

With the goal of correlating redox catalyst SHC properties to near-surface atomic composition, we 

obtained X-ray photoelectron spectra (XPS) for each of the six redox catalysts investigated. Near-
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surface atomic percentages were calculated using the total of the corrected areas for each metal 

spectrum. Results of near-surface composition analysis are presented in Table 2.3. From the 

observed atomic percentages, an enrichment or suppression for each metal cation was derived 

based on the average atomic composition of the bulk material. Figure 2.7 presents these 

enrichment (greater than 1) and suppression (less than 1) ratios for the redox catalysts.  

 

Table 2.3: Near-surface atomic percentages of metal cations on fresh and cycled redox catalysts, obtained via 

XPS (on an oxygen- and carbon-free basis). Dashes indicate no measurement was taken. 

Redox Catalyst 
Mg 2s 

(%) 

Sr 3d 

(%) 

Ca 2p 

(%) 

Mn 2p 

(%) 

Na 1s 

(%) 

W 4f 

(%) 

Mg6MnO8 59.5 -- -- 40.5 0.0 0.0 

Na2WO4/Mg6MnO8 38.8 -- -- 18.4 25.0 17.9 

SrMnO3 -- 73.0 -- 27.0 0.0 0.0 

Na2WO4/SrMnO3 -- 57.5 -- 19.9 12.8 9.7 

CaMnO3 -- -- 67.5 32.5 0.0 0.0 

Na2WO4/CaMnO3 -- -- 42.2 22.6 16.0 19.2 

 

 

Figure 2.7: Near-surface enrichment (> 1) and suppression (< 1) ratios of metal atoms in as-prepared catalysts, 

determined via XPS narrow scan analysis. Enrichment and suppression are calculated based on the bulk atomic 

composition expected from the material stoichiometry. 
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Atomic percentages and enrichment behavior obtained for the Mg6MnO8 system are in good 

agreement with the XPS results reported by Yusuf et al.[22] In particular, manganese content in the 

near-surface of Mg6MnO8 is greater than the bulk formulation ratio of Mg/Mn; Mn exhibits an 

enrichment of 2.84. Upon promotion by Na2WO4, near-surface manganese is suppressed 

significantly. Moreover, sodium (25.0 at%, 3.50) and tungsten (17.9 at%, 5.01) are present in such 

quantities as to suggest enrichment of Na2WO4 on the surface. These results together with cycling 

data suggest that this surface enrichment is at least in part responsible for the selectivity of the 

catalyst towards hydrogen combustion.[22] To date, the effect of Na2WO4 promotion on the near-

surface composition of perovskite oxide structures has not been studied. As seen in Figure 2.7, 

the Na (0.98) and W (1.49) near-surface enrichment on promoted SrMnO3 is only slight, and Mn 

suppression is also insignificant. In conjunction with reaction data, these results suggest that 

Na2WO4 does not create a radically different near-surface environment from the unpromoted 

formulation of SrMnO3. These surface composition results are consistent with experimental 

findings that Na2WO4 promotion does not significantly change the SHC properties of the SrMnO3 

redox catalyst. 

 

In the CaMnO3 system, a greater degree of Na and W enrichment (Na = 1.56, W = 3.73) is seen 

than in the SrMnO3 system, along with slightly more significant Mn suppression. This correlates 

with more noticeably altered SHC behavior between the bulk and Na2WO4-promoted samples of 

this system; promoted CaMnO3 retains its selectivity towards SHC at higher temperature 

(~800°C). It can be surmised from these data and from the effects of Na2WO4 promotion in the 

Mg6MnO8 system that Na and W enrichment on the material surfaces is related to high-temperature 

SHC capability. Both Sr and Ca are enriched relative to Mn in the near-surface for their respective 
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perovskite oxides, regardless of promoter content; this Mn suppression may create a suitable 

structure for SHC activity by SrMnO3 and CaMnO3. Another noteworthy feature of the XPS data 

is a relative enrichment of W compared to Na in the promoted materials.  

 

2.4.4. Long-Term Stability and Application in Ethane Dehydrogenation 

To obtain further understanding of the effects of redox cycles on the SHC-active redox catalysts 

and particularly on the Na2WO4 promoter, the promoted CaMnO3 redox catalyst was cycled 50 

times. A high operating temperature of 850°C was selected to investigate the stability of the redox 

catalyst. As can be seen in Figure 2.8, the SHC properties of the Na2WO4/CaMnO3 redox catalyst 

were stable, with slight decrease in SHC selectivity and increase in activity over 50 cycles. These 

results indicate that Na2WO4-promoted CaMnO3 can be suitable for SHC under continuous redox 

cycles in a CL-ODH scheme. 

 

 

Figure 2.8: Redox cycling stability of the 20 wt.% Na2WO4/CaMnO3 redox catalyst over 50 cycles. 

Conversion and selectivity were calculated via C and H atomic balances of GC data. Conditions: m = 100 mg, 

F = 100 ml/min, H2:C2H4 = 40%:40% v/v in Ar, pulse duration = 10 s, T = 850°C. 
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In combination with cracking or dehydrogenation, redox catalysts possessing SHC properties can 

selectively oxidize the H2 co-product. In the case of dehydrogenation with selective hydrogen 

combustion (DH+SHC), the redox catalyst for SHC can be loaded either in series with, or as part 

of a physical mixture with, a catalytic dehydrogenation catalyst.[30,31] The latter approach was 

adopted in this study to demonstrate the SHC properties of 20 wt.% Na2WO4/CaMnO3 in series 

with Cr2O3/Al2O3, an ethane dehydrogenation catalyst. 

 

The results of a single-bed ethane dehydrogenation experiment (250 mg Cr2O3/Al2O3) and a 

sequential bed DH+SHC experiment (150 mg Cr2O3/Al2O3 followed by 500 mg 

Na2WO4/CaMnO3) at 650°C are presented in Figure 2.9. Consistent with previous SHC 

experiments with this redox catalyst, the Na2WO4/CaMnO3 selectively combusted over 84% of the 

H2 co-product. COx yield was less than 2% and C2H4 yield was unchanged from the Cr2O3/Al2O3 

single bed experiment (approximately 45% at 650°C after 30 min). These preliminary results 

demonstrate that redox catalysts for SHC such as those developed in this study can be combined 

with catalytic dehydrogenation catalysts to facilitate the selective combustion of hydrogen under 

a CL-ODH scheme. 
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Figure 2.9: Sequential bed results for Cr2O3/Al2O3 (ethane dehydrogenation) followed by Na2WO4/CaMnO3 

redox catalyst (selective hydrogen combustion). (a) Results of single Cr2O3/Al2O3 bed showing ethane 

dehydrogenation; (b) Sequential bed with Na2WO4/CaMnO3. The redox catalyst consumes 84% of H2 

generated by ethane dehydrogenation. Conditions: mEDH = 250 mg (a) or 150 mg (b), mSHC = 500 mg, F = 50 

mL/min, 5% C2H6 v/v in Ar, T = 650 °C. 

 

2.5. Conclusions 

Six Mn-containing redox catalysts were investigated and found to exhibit varying selective 

hydrogen combustion properties across the temperature range of 550°C to 850°C. Generally, H2 

conversion increased and SHC selectivity decreased at higher temperatures. Without a promoter, 

the base materials were capable of SHC in different temperature ranges, increasing in the order 

Mg6MnO8 < SrMnO3 < CaMnO3. Promotion by Na2WO4 increased the SHC selectivity of the 

mixed oxides but suppressed the H2 combustion activity; this effect was most significant on the 

Na2WO4-promoted Mg6MnO8, which was found to be the only redox catalyst suitable for SHC 

above 800°C. The selectivity enhancement effect of Na2WO4 promotion was also significant for 

the CaMnO3 redox catalyst. XPS analysis of the redox catalysts indicated that SHC selectivity was 

inversely related to the surface Mn content. Addition of the Na2WO4 promoter led to varying 



   

67 

 

degrees of Mn suppression near the surface; promoted Mg6MnO8 exhibited significant Na and W 

enrichment which was positively correlated with SHC selectivity results obtained from cyclic 

reaction testing. Na2WO4-promoted CaMnO3 showed stable SHC performance over 50 redox 

cycles. When placed downstream of an ethane dehydrogenation catalyst bed, this redox catalyst is 

suitable for selective hydrogen combustion with over 84% hydrogen conversion and less than 2% 

COx yield. 
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3.1. Abstract 

Steam cracking of naphtha is a commercially proven technology for light olefin production and 

the primary source of ethylene in the Europe and Asia-Pacific markets. However, its significant 

energy consumption and high CO2 intensity (up to 2 tons CO2/ton C2H4), stemming from 

endothermic cracking reactions and complex product separations, make this state-of-the-art 

process increasingly undesirable from an environmental standpoint. We propose a redox oxidative 

cracking (ROC) approach as an alternative pathway for naphtha conversion. Enabled by perovskite 

oxide-based redox catalysts, the ROC process converts naphtha (represented by n-hexane) in an 

auto-thermal, cyclic redox mode. The addition of 20 wt.% Na2WO4 to SrMnO3 and CaMnO3 

created highly selective redox catalysts capable of achieving enhanced olefin yields from n-hexane 

oxy-cracking. This was largely attributed to the redox catalysts’ high activity, selectivity, and 

stability towards selective hydrogen combustion (SHC) under a redox mode. Na2WO4/CaMnO3 

demonstrated significantly higher olefin yield (55–58%) when compared to that from thermal 

cracking (34%) at 725°C and 4500 h-1. COx yield as low as 1.7% was achieved along with complete 

combustion of H2 over 25 cycles. Similarly, Na2WO4/SrMnO3 achieved 41% olefin yield, 0.4% 

COx yield, and 73% H2 combustion at this condition. Oxygen-temperature-programmed desorption 

(O2-TPD) indicated that Na2WO4 hindered gaseous oxygen release from CaMnO3. Low-energy 

ion scattering (LEIS) and X-ray photoelectron spectroscopy (XPS) revealed an outermost 

perovskite surface layer covered by Na2WO4, which suppressed near-surface Mn and alkaline earth 

metal cations. The formation of non-selective surface oxygen species was also inhibited. XPS 

analysis further confirmed that promotion of SrMnO3 with Na2WO4 suppressed surface Sr species 

by 90%, with a similar effect also observed on CaMnO3. These findings point to the promoting 
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effect of Na2WO4 and the potential of promoted SrMnO3 and CaMnO3 as selective redox catalysts 

for efficient production of light olefins from naphtha via the ROC process. 

 

3.2. Introduction 

Ethylene is a critical building block in the chemical industry, with a worldwide market totaling 

148 million tonnes in 2014.[1,2] Steam cracking of hydrocarbon feedstocks (ethane, naphtha, etc.) 

is the leading technology for ethylene production, but it is also one of the most energy- and CO2-

intensive processes in the chemical industry; in 2010, 1.9 exajoules of energy were consumed and 

120 Mt CO2-eq emitted solely as a result of ethylene production via steam cracking.[3,4] With the 

global ethylene market projected to grow by as much as 400% by 2050, new process technologies 

are needed to maintain this growth while reducing the environmental impacts of ethylene 

production.[5] 

 

In Europe and the Asia-Pacific region, steam cracking of full-range naphtha (boiling point range 

of 35–180°C) is the primary source of ethylene production; worldwide, naphtha constitutes 55% 

of all steam cracking feedstocks.[1,3] In a typical naphtha steam cracking process, naphtha is 

vaporized and pre-heated in the convective zone of the furnace and mixed with diluting steam 

(0.4–0.5 kg/kg feed) before entering the radiant tube (750–900°C) and cracking into smaller 

molecules via free-radical reactions.[1,3,6] A subsequent quenching step preserves the light olefins 

formed. Steam cracking requires significant heat for steam generation, naphtha vaporization, and 

the endothermic cracking reactions. This heat requirement is met by combusting carbonaceous 

fuels such as fuel oil and/or natural gas, resulting in significant energy usage and up to 2 ton CO2 

/ ton ethylene produced.[3,7] Aside from heat supplied for cracking, the wide range of gaseous 
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products generated through steam cracking necessitates an extensive separation train which 

consumes additional energy. Novel approaches that can reduce the energy- and CO2-intensity for 

light olefin production from naphtha are highly desirable. 

  

While catalytic cracking in the presence of heterogeneous catalysts (e.g. zeolites) can decrease the 

temperature of the cracking reactions, the heat requirements associated with naphtha vaporization 

and pyrolysis are still present.[8,9] To balance these heat requirements, multiple process alternatives 

have been proposed in recent years. Liu et al. proposed a gas phase oxidative cracking process 

which gave 50% yield of light alkenes from n-hexane (as a model compound for naphtha) in the 

presence of gaseous oxygen at 750°C, but combustion reactions led to 12-13% COx yield.[10,11] 

Boyadjian et al. used Li/MgO catalysts in combination with gaseous O2 in a catalytic oxidative 

cracking process to achieve 17% light olefin yield from n-hexane at 575°C; the corresponding COx 

yield was 7%.[12] In a subsequent process analysis, feedstock loss to COx was shown to 

significantly harm the process economics.[13] In both studies, co-feeding of gaseous oxygen with 

hydrocarbons introduces an inherent flammability hazard and reduces olefin yields. Oxygen 

production via cryogenic air separation is also energy- and capital-intensive. 

 

Chemical looping provides a strategy for separating oxidative processes into two-step, cyclic redox 

processes in spatially separate reactors to mitigate the challenges related to oxygen co-feed.[14,15]  

In this study, we demonstrate a redox oxidative cracking (ROC) concept for naphtha conversion 

in absence of O2.
[7] In the ROC process, as illustrated in Figure 3.1, vaporized naphtha is cracked 

at temperatures above 500°C to form light olefins and hydrogen.[7,16] The resulting hydrogen is 

selectively combusted by the lattice oxygen of a metal oxide redox catalyst to form water.[7] The 
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reduced redox catalyst is then re-oxidized with air in a separate regeneration reactor, completing 

the redox cycle. In a study by Elbadawi et al., lattice oxygen from VOx/Ce-Al2O3 was used to drive 

a combined n-hexane cracking and oxidative dehydrogenation (ODH) reaction between 525°C and 

600°C in an oxidative cracker, with a separate regenerator reactor restoring the lattice oxygen. 

While this redox catalyst showed stable behavior over many redox cycles at 550°C, the olefin 

selectivity (60%) and hexane conversion (30%) were relatively limited.[16] In contrast, we recently 

showed that ROC of naphtha with a manganese-containing redox catalyst has the potential to 

reduce thermal energy demand by 52% and CO2 emissions by over 50% in comparison to steam 

cracking while slightly improving light olefin yields.[7,17] Given the importance of redox catalysts 

to the overall performance of ROC, further development and optimization of redox catalysts is 

highly desirable. 

 

 

Figure 3.1. A block flow diagram for the redox oxidative cracking (ROC) of naphtha concept, using the 

simplified net reaction C6H14 → 3 C2H4 + H2 to represent thermal cracking of naphtha with n-hexane as a 

model compound. MeOx represents a fully oxidized perovskite-type mixed metal oxide while MeOx-1 indicates 

lattice oxygen has been donated. 
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Our recent studies on chemical looping-oxidative dehydrogenation (CL-ODH) of ethane indicate 

that manganese-based redox catalysts capable of selective hydrogen combustion (SHC) can 

enhance olefin yields from ethane cracking by 25% at 850°C.[18,19] In addition to increasing yields, 

combustion of the hydrogen co-product in CL-ODH enabled auto-thermal operation of the ethane 

cracking reactor.[20] While a similar strategy can be applied for naphtha cracking, lower operating 

temperatures are required than those for ethane cracking. Recently, we identified a promising set 

of Mn-containing perovskite oxides capable of performing SHC in the presence of ethylene across 

a wide range of temperatures. With demonstrably high selectivity and activity values in the range 

from 650°C to 800°C, SrMnO3- and CaMnO3-based redox catalysts are potentially suitable for the 

ROC of naphtha.[21] 

 

In this work, we investigated the merits of perovskite oxides applied in the redox oxidative 

cracking of n-hexane as a model compound for naphtha. Strontium manganate (SrMnO3) and 

calcium manganate (CaMnO3) were synthesized both in as-prepared forms and with sodium 

tungstate promotion (20 wt.% Na2WO4). The performance of these redox catalysts was explored 

across a range of temperatures and gas flowrates. Na2WO4-promoted SrMnO3 and CaMnO3 were 

capable of achieving olefin yields in excess of the thermal background (e.g. 57% vs. 41% olefin 

yield at 750°C) while maintaining low COx yields (4% at 750°C) and combusting most of the H2 

produced during cracking (83%). Characterization including O2-TPD, XPS, LEIS, and XRD were 

used to study interactions between each perovskite oxide and the Na2WO4 dopant and correlate 

the structure and near-surface composition with reaction performance. Furthermore, 

Na2WO4/SrMnO3 and Na2WO4/CaMnO3 were evaluated in terms of their cycling stability and 

long-term performance for ROC of n-hexane under a cyclic redox scheme. 
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3.3. Experimental Section 

3.3.1. Synthesis of Redox Catalysts 

SrMnO3 (strontium manganate) and CaMnO3 (calcium manganate) were prepared via a modified 

Pechini method described elsewhere.[21] Briefly, stoichiometric amounts of Mn(NO3)2·4H2O 

(97.0%, Sigma-Aldrich) and either Sr(NO3)2 (99.0%, Noah) or Ca(NO3)2·4H2O (99.0%, Sigma-

Aldrich) were dissolved in deionized water and stirred at 40°C. Citric acid (99.5%, Sigma-Aldrich) 

was then added into the solution at a molar ratio of 2.5:1 to metal ions (Mn2+ and either Sr2+ or 

Ca2+). The solution was kept stirring at 500 rpm and 40°C for 30 min. Afterwards, ethylene glycol 

(99.8%, Sigma-Aldrich) in a molar ratio of 1.5:1 to citric acid was introduced to the mixture to 

promote gel formation. The solution was heated to 80°C with continuous stirring until a viscous 

gel formed, then dried overnight at 100°C in an oven. The dried precursor was first pre-treated in 

a muffle furnace at 450°C for 3 h to burn off nitrates, and then calcined in a tube furnace (GSL-15 

0X, MTI Corporation) at 1000°C for 12 h under continuous air flow. The high temperature 

sintering contributed to the formation of SrMnO3 and CaMnO3 perovskite oxides.  

 

Promotion of the as-obtained SrMnO3 and CaMnO3 materials with 20 wt.% Na2WO4 was done by 

wet impregnation. Calculated amount of Na2WO4·2H2O (99.0%, Sigma-Aldrich) was mixed with 

deionized water and added dropwise to the base perovskite oxides. After being stirred every 15 

min until dry, it was kept overnight at 80°C in an oven. Finally, the promoted samples, namely 

Na2WO4/SrMnO3 and Na2WO4/CaMnO3, were calcined again at 900°C for 6 h. All catalysts were 

ground and sieved into the size range of 250-850 μm for reaction testing. Powders smaller than 

250 μm were used for characterization. 
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3.3.2. Characterization of Redox Catalysts 

Powder X-ray diffraction (XRD) experiments were conducted to determine the crystal phase of 

both the as-prepared and cycled redox catalysts, using a Rigaku SmartLab X-ray diffractometer. 

The radiation source was monochromatic Cu Kα with λ = 0.1542 nm, operated at 40 kV and 44 

mA. A continuous scan method within a 2θ range of 10-80° was adopted to generate XRD patterns, 

with a step size of 0.05° and holding at each step for 3 s. The crystal phases were determined using 

the International Center for Diffraction Data (ICDD) database in HighScore Plus software.  

 

X-ray photoelectron spectroscopy (XPS) was adopted for near-surface composition analysis of the 

fresh and cycled redox catalysts. The XPS system consisted of a Thermo-Fisher Alpha 110 

hemispherical energy analyzer, a Thermo-Fisher XR3 and 300 W dual-anode X-ray source, with 

Al anode (1486.7 eV) as the excitation source. For each catalyst, XPS narrow scans were taken for 

all metal cations present (Sr 3d, Ca 2p, Mn 2p and 3s, Na 1s, W 4f), along with C 1s and O 1s. 

XPS patterns were analyzed by the CasaXPS program (Casa Software Ltd., U.K.). An adventitious 

C 1s peak at 284.6 eV was used for calibration of all binding energies. 

 

Low-energy ion scattering (LEIS) was conducted at the Surface Analysis Center at Lehigh 

University on an ION-TOF Qtac100 spectrometer to obtain surface compositional information. A 3 

keV He+ (2 x 1014 ions cm-2, 1.0 x 1.0 mm raster) primary ion beam was used at 3000 eV pass 

energy, while a 0.5 keV Ar+ sputtering source (0.5 or 1.0 x 1015 cm-2 cyc-1, 2.0 x 2.0 mm or 1.5 x 

1.5 mm raster) was used at 30° angle to the sample surface for depth profiling; during spectra 

acquisition and sputtering, charge neutralization was invoked. Prior to analysis, sample powders 

were dispersed into a sample holder and compressed by 2000 psi.  
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To investigate the reducibility of the catalysts as well as the onset temperature of reaction, n-

hexane temperature-programmed reaction (TPR) experiments of the four as-prepared catalysts 

were carried out using a 1/8 in. ID fixed-bed quartz U-tube reactor. Heat was provided to the 

reactor externally by a tube furnace equipped with a K-type thermocouple. In each run, 0.5 g of 

catalyst (250-850 μm) was loaded into the reactor. For comparison, a blank n-hexane TPR with 

inert Al2O3 (16 mesh) was also conducted. Prior to TPR tests, the samples were first pre-treated at 

900°C in 10 vol.% O2 (balance Ar, with a total flowrate of 100 mL/min) for 30 min to fully oxidize 

and clean the surface of the catalyst. After cooling down to room temperature, the catalyst samples 

were then heated from 450°C to 750°C at 5°C/min under ~13 vol.% n-hexane flow. 75 mL/min 

Ar carrier gas (a relatively low flowrate as compared to later tests) was used in order to amplify 

product signals on the mass spectrometer. Gas products generated in the reaction were analyzed 

by an MKS Cirrus II mass spectrometer, and volumetric flowrates of several primary gases (H2, 

C2H4, CO2, C6H14) were calculated using three-point calibrations (m/z = 2, 26, 44, and 57, 

respectively; m/z = 26 from ethylene was deconvoluted from ethane and n-hexane). 

 

Oxygen and carbon dioxide temperature-programmed desorption experiments (O2-TPD and CO2-

TPD) were performed on a SETARAM Setsys Evolution Thermal Gravimetric Analyzer (TGA-

DTA/DSC) using redox catalyst samples in the particle size range 150–250 μm. In a typical O2-

TPD experiment, 40–60 mg of catalyst was cycled three times between 10% H2 / 10% O2 using a 

carrier gas flow of 180 mL/min He at 750°C. The sample was then maintained under 10% O2, 

ramped to 900°C at 20°C/min, held at 900°C for 30 min, and cooled to 150°C at 10°C/min. After 

purging for 1 h in He, the sample was ramped to 900°C at 5°C/min and mass loss was recorded. 

For CO2-TPD experiments, 40–50 mg redox catalyst was heated to 900°C at 20°C/min under 10% 
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CO2 (with 180 mL/min He) and held there for 30 min, then cooled to 150°C at 10°C/min. The 

sample was then purged in He for 1 h and ramped to 900°C at 5°C/min. 

 

3.3.3. n-Hexane Oxidative Cracking Test Conditions 

Oxidative cracking experiments with n-hexane were conducted in a 1/8 in. ID fixed-bed quartz U-

tube reactor heated externally by a furnace controlled with a K-type thermocouple. Cycling 

between reduction and oxidation steps were achieved using an automated valve switching system. 

Each experiment used 0.5 g (approximately 1 mL volume) of redox catalyst sized 250-850 μm, 

with 16 mesh Al2O3 grit loaded into the remaining void space on either side of the fixed bed to 

limit the gas volume in the heated zone. For quantification of thermal background conversion and 

yields, the redox catalyst was replaced with Al2O3 grit at the same testing conditions. 

 

Prior to n-hexane oxy-cracking tests, samples were pre-treated at 750°C with five redox cycles 

comprising a 3 min reduction step of 80 vol.% ethane/Ar (total flowrate of 75 mL/min) and a 3 

min oxidation step of 17 vol.% O2/Ar (total flowrate of 90 mL/min) to achieve stabilized redox 

characteristics. During a typical n-hexane cracking experiment, up to 6 different temperature 

conditions (650-775°C, 25°C increments) were evaluated at a constant gas hourly space velocity, 

GHSV = 9000 h-1. A lowered GHSV = 4500 h-1 was also used during redox catalyst stability 

experiments to achieve deeper reduction and greater redox stress, conditions which are more likely 

to expose stability or coke resistance issues. Vapor-phase n-hexane was introduced into the reactor 

by flowing the inlet Ar stream into a stainless steel bubbler containing liquid n-hexane maintained 

at 20°C. Condensation of liquid n-hexane was avoided throughout the procedure by saturating the 

Ar stream at several degrees below room temperature and by diluting the saturated stream (yhexane 
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= 0.159) with pure Ar in a 4:1 ratio prior to the reactor, resulting in a final n-hexane concentration 

of yhexane = 0.127, below the saturation limit at 23°C. In a typical test at GHSV = 9000 h-1, 120 

mL/min Ar was introduced into the bubbler to generate saturated n-hexane/Ar flow and another 

30 mL/min Ar was added before entering the U-tube reactor for 20 s reaction duration. During the 

oxidation step, 150 mL/min Ar + 30 mL/min O2 (resulting in 16.7 vol.% O2) was used to regenerate 

the reduced catalyst for 3 min. A five-minute purge step with 150 mL/min Ar was introduced 

before and after each reduction step. For each condition, four redox cycles were conducted and the 

effluent gas from the third reduction step was collected in a sample gas bag for gas 

chromatography. Furthermore, to verify the stable cyclic redox characteristics of the two promoted 

samples, longer-term experiments with 25 redox cycles were conducted at 4500 h-1 GHSV and 

725°C. To ensure a constant volume of n-hexane injection at 4500 h-1 compared to 9000 h-1, the 

injection time was doubled. 

 

A gas chromatograph (GC, Agilent Technologies 7890B), with a flame ionization detector (FID) 

channel for hydrocarbon analysis and two thermal conductivity detector (TCD) channels for H2 

(Ar/TCD channel) and COx (He/TCD channel) identification, was used to analyze the outlet gas 

(collected by a gas sampling bag) during the reduction step. Before measurements, a refinery-grade 

gas calibration standard was used to calibrate the GC signals. The volume percentage of different 

gas species was calculated by integrating the signal peak. The conversion of n-hexane and 

selectivity to all carbonaceous products were calculated on a molar carbon basis. H2O formation 

was calculated on the basis of atomic H balance of all observed products. The whole product 

distribution was used to calculate the approximate oxygen donation (in wt.%) by the redox catalyst 

at each condition via the method given in Appendix B. All cycles not analyzed via GC were 
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measured by the MKS Cirrus II mass spectrometer and used to quantify coke (i.e. COx upon 

regeneration) as well as to verify GC results. 

 

3.4. Results and Discussion 

3.4.1. Perovskites as Redox Catalysts 

Ethylene is the major hydrocarbon species produced from the n-hexane cracking reaction, while 

hydrogen is a byproduct that can be selectively combusted to provide the energy for the 

endothermic cracking reaction. Our previous work has demonstrated the effectiveness of SrMnO3 

and CaMnO3 as oxygen donors capable of selective H2 combustion (SHC) in the presence of 

ethylene and hydrogen.[21] Therefore, these redox catalysts are investigated here for ROC 

applications. Na2WO4 was selected as a “promoter” since it was shown to be effective for 

inhibiting undesired COx formation in ODH and SHC reactions.[18,19,21,22] Unlike conventional 

heterogenous catalysts, an important function of the redox catalyst is to carry and donate its active 

lattice oxygen in the oxidative cracking reaction. As such, oxygen storage capacities of both the 

unpromoted and Na2WO4-promoted perovskite redox catalysts were determined first. The oxygen 

storage capacity of redox catalysts is independent of specific surface area; values for the latter are 

given in supplementary Table B1. 

 

Figure 3.2 shows the oxygen donation achieved by four redox catalysts during 10-second step 

experiments in the presence of a H2/C2H4 mixture. As can be seen, oxygen carrying capacities of 

Na2WO4-promoted redox catalysts are lower than their unpromoted counterparts. Nevertheless, all 

four redox catalysts exhibited satisfactory oxygen capacity within the temperature range of 

interest. Moreover, the lattice oxygen of redox catalysts employed in partial oxidation processes 
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such as ROC can be utilized more effectively compared to complete combustion processes, e.g. 

chemical looping combustion (CLC). For instance, CLC of n-hexane would consume up to 19 

times more lattice oxygen than n-hexane ROC (see Appendix B). Therefore, the oxygen capacities 

demonstrated by the four redox catalysts become potentially more attractive when lattice oxygen 

utilization in ROC is considered. 

 

 

Figure 3.2. Oxygen donation by (a) SrMnO3, Na2WO4/SrMnO3, and (b) CaMnO3, Na2WO4/CaMnO3, as 

determined by material balance on H2/C2H4 co-feed experiments in a U-tube reactor. Conditions: F = 100 

mL/min, yH2/yC2H4/yAr = 0.4/0.4/0.2, m = 100 mg, step duration = 10 s. 

 

3.4.2. Olefin Yield Comparisons 

Accurate evaluation of the role of catalysts, including redox catalysts, for ODH and oxy-cracking 

reactions can be affected by potential contributions from thermal cracking, especially at higher 

operating temperatures. While redox catalysts can significantly enhance single-pass olefin yield 

through SHC even if they are largely inactive for C-H bond activation,[18,19] catalytic activity for 

alkane activation is nevertheless desirable for redox catalysts due to the possibility of lowering the 
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operating temperature and/or residence time.[23,24] We employed a combination of temperature-

programmed and isothermal experiments to establish that SrMnO3- and CaMnO3-based redox 

catalysts are capable of generating ethylene yields in excess of the thermal background in an n-

hexane cracking setting. Temperature-programmed reaction (TPR) experiments were first 

conducted to assess the activity and reducibility of four redox catalysts under n-hexane flow in 

comparison to a thermal background TPR over inert alumina grit. The results of the five n-hexane 

TPR experiments are shown in Figure 3.3 in the form of ethylene product flow, incremental 

ethylene flow over the background, and incremental CO2 product flow over the background. 

 

 

Figure 3.3. Results from n-hexane TPR on four redox catalysts and accompanying thermal background, 

showing in STP mL/min (a) ethylene product flowrate, (b) incremental ethylene flowrate over the background, 

and (c) incremental CO2 product flowrate over the background CO2 (equal to zero). Ethylene production above 

the thermal background indicates n-hexane activation by the redox catalyst, while CO2 production indicates 

undesired side reactions. Results were obtained via mass spectrometry. Conditions: GHSV = 4500 h-1 (FAr = 75 

mL/min, m = 500 mg), yn-hexane ≈ 0.13, ramping rate of 5°C/min. 
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Figure 3.3a–b indicates that each of the four redox catalysts initiates ethylene formation at a lower 

temperature compared to n-hexane thermal cracking. n-Hexane reacts on the redox catalysts to 

produce ethylene at temperatures as low as 600°C, and the ethylene yield improvement over the 

background is the most significant around 650°C; for CaMnO3 vs. thermal background, this 

difference is 1.2 mL/min C2H4 vs. 0.3 mL/min C2H4, or 4 C% yield towards C2H4 vs. 1 C% C2H4 

yield. Thermal cracking of n-hexane to its products becomes dominant over surface-initiated 

reactions (i.e. over a redox catalyst) at temperatures of 700°C and above. 

 

Formation of COx is important in identifying the selectivity of redox catalysts towards hydrogen 

combustion (i.e. SHC) relative to oxidation of hydrocarbons (n-hexane fed, C2H4 produced, etc.). 

Loss via non-selective combustion would lead to COx formation and hence decrease the selectivity 

of desired olefin products. Generally, CO yields were insignificant compared to those of CO2 in 

both TPR and isothermal experiments. Figure 3.3c shows that in the case of the CaMnO3 redox 

catalyst, lower-temperature activation of n-hexane resulted in both C2H4 and CO2 (e.g. for 

CaMnO3 at 650°C, 0.6 C% CO2 yield vs. 3.8 C% C2H4 yield). Promotion of CaMnO3 with 20 

wt.% Na2WO4 led to a higher onset temperature for C2H4 formation and suppression of CO2 

generation until above 700°C. Meanwhile, SrMnO3 and Na2WO4/SrMnO3 did not yield 

appreciable amounts of CO2 at temperatures below 750°C during the TPR; however, the observed 

low COx selectivity from TPR experiments cannot be directly used to predict the redox catalyst 

performance at high-temperature isothermal conditions, due to the gradual removal of both 

selective and non-selective oxygen species at lower temperatures during the TPR.[21]  
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Isothermal n-hexane oxy-cracking experiments over Na2WO4/CaMnO3 feature olefin yields 

significantly higher than those from the background thermal cracking between 650°C and 775°C 

(Figure 3.4). Comprehensive reaction data for several background thermal cracking conditions are 

given in Table B2. The improvement in olefin yield by Na2WO4/CaMnO3 is most significant at 

750°C, where the yield increases by 35% over the background (55% vs. 41%). The yield increase 

observed across these conditions is mostly attributed to a commensurate increase in n-hexane 

conversion (66% vs. 48% at 750°C); selectivity towards olefins decreased only slightly over the 

redox catalyst due to non-selective combustion (COx selectivity below 3% across this temperature 

range). Na2WO4/CaMnO3 achieved an olefin yield of 67% at T = 775°C with 2.3% COx yield.  

Moreover, at the conditions shown, 88% or more of the H2 produced was combusted, which can 

provide heat to the overall reaction and may contribute to the increase in n-hexane conversion.  
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Figure 3.4. A comparison of n-hexane conversion and olefin yields over the Na2WO4/CaMnO3 redox catalyst 

with those from the thermal cracking background. Conditions: GHSV = 9000 h-1 (FAr = 150 mL/min, m = 500 

mg), yn-hexane ≈ 0.13, step duration = 20 s. 

 

3.4.3. Effect of Temperature on Product Yields 

A series of tests were conducted to assess the applicability of the four redox catalysts to n-hexane 

ROC and to study the resulting product distributions. Conversion of n-hexane proceeds largely via 

thermal cracking at the conditions tested (725°C to 775°C), and olefin yields (i.e. ethylene, 

propylene, and C4+) are therefore strongly dependent on temperature. Figure 3.5 illustrates the 

relationships between n-hexane conversion, olefin selectivity, and temperature for each of the 

redox catalysts, at a fixed GHSV = 9000 h-1. Olefin yields are differentiated by constant-yield 

contours.  
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Figure 3.5. Olefin yields achieved by four redox catalysts. From left to right: T = 725°C, 750°C, 775°C. 

Constant yield contours indicate the product of n-hexane conversion and olefin selectivity for each data point, 

with selectivity on a carbon basis. Results obtained via GC. Conditions: GHSV = 9000 h-1 (FAr = 150 mL/min, 

m = 500 mg), yn-hexane ≈ 0.13, step duration = 20 s. 

 

SrMnO3 showed the highest n-hexane conversion among the four redox catalysts, even at relatively 

low temperatures (82% at T = 725°C), along with the highest COx selectivity (43%), indicating 

that its lattice oxygen participates significantly in non-selective combustion. SrMnO3 was the only 

redox catalyst in this study to exhibit coke formation (Tables B3, B5; coke determination methods 

are described in Figure B1). Unpromoted CaMnO3 converted less n-hexane but was more 

inherently selective to olefins, though olefin selectivity decreased significantly with increasing 

temperature. The activity towards n-hexane conversion and the significant COx selectivity of the 

base SrMnO3 and CaMnO3 redox catalysts is not surprising, given that perovskite oxide-based 

catalysts have been explored for catalytic combustion or degradation of various hydrocarbons.[25,26] 

Promotion by 20 wt.% Na2WO4 consistently improves selectivity to olefins for both SrMnO3 and 
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CaMnO3. COx yield from CaMnO3 dropped by over 96% upon Na2WO4 promotion and olefin 

yield increased by 19% at 725°C, indicating that Na2WO4 suppressed the non-selective 

combustion of n-hexane and olefins by CaMnO3 and facilitated olefin yields in excess of the 

thermal background yields, as shown in Figure 3.4. Similarly, Na2WO4/SrMnO3 exhibited a 130–

140% increase in olefin selectivity compared to SrMnO3 at all temperatures tested. Complete 

reaction testing results can be found in Table B3. 

 

To further understand the effect of temperature on the oxy-cracking reaction, we examined the 

products formed over the Na2WO4-promoted CaMnO3, focusing on two aspects: (1) the 

combustion (via the redox catalyst) of any resulting hydrogen, to form H2O, and; (2) the formation 

of light olefins compared to that of COx compounds. On the first point, the ability to perform 

selective hydrogen combustion (SHC) is a key functionality for metal oxides employed in ROC; 

moreover, SHC has a complex dependence on reaction temperature. Selective combustion of H2 

to H2O shifts the dehydrogenation equilibrium towards the olefin product and provides internal 

heat to the reactor, closing the heat balance and enabling auto-thermal cracking operation. On the 

other hand, the formation of easily condensable water facilitates separation with reduced energy 

consumption. These benefits lie in contrast to non-selective combustion, which would lead to COx 

formation and decrease the yield of olefin products. 

 

Table 3.1 summarizes the performance of the Na2WO4/CaMnO3 redox catalyst in terms of key 

characteristics from the n-hexane oxy-cracking reaction at temperatures from 725°C to 775°C. 

Thermal background data are also given for T = 725°C and 775°C. At all three temperatures, in 

the presence of the redox catalyst, >88% of the H2 co-produced in cracking reactions was 
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combusted. Despite the significant combustion capability of Na2WO4/CaMnO3, there is relatively 

little generation of COx compounds at any of the temperatures studied, indicating that this redox 

catalyst is capable of performing SHC under n-hexane oxy-cracking conditions. CO2 selectivity 

reached a maximum of 2.8% at 775°C compared to a total olefin selectivity of 82.4%, and CO was 

never detected. While the olefin selectivity remained generally constant (from 85.5% at 725°C to 

82.4% at 775°C), the selectivity towards longer chain olefins decreased with increasing 

temperature due to the higher cracking severity. Ethylene was the favored product at each 

temperature, most significantly at 775°C, while propylene and the C4 olefins (e.g. 1-butene, 1,3-

butadiene) had greater selectivity at the low-temperature end of the range (25.0% and 18.1%, 

respectively). Neither coke nor aromatic compounds were detected in these experiments (verified 

via MS on-stream analysis, Figure B1). 

 

Table 3.1. Product distribution of the n-hexane oxy-cracking reaction over the 20 wt.% Na2WO4/CaMnO3 

redox catalyst at GHSV = 9000 h-1 (m = 500 mg) and over a range of temperatures. Thermal background (BG) 

data at 725°C and 775°C are from an inert alumina-packed reactor. 

 725°C (BG) 725°C 750°C 775°C 775°C (BG) 

Conversion (mol %)      

n-hexane 33.6 49.4 65.7 81.7 66.7 

H2 (to H2O) -- 89.0 100.0 89.0 -- 

Selectivity (carbon mol %)      

CH4 9.7 9.1 10.0 10.5 10.4 

C2H4 36.9 36.8 40.3 43.2 42.8 

C3H6 25.9 25.0 24.0 21.9 24.1 

butenes 15.9 14.9 12.2 9.5 11.0 

1,3-butadiene 1.9 3.2 4.6 6.2 4.2 

C2–C4 paraffins 4.2 4.3 4.0 3.7 4.1 

C5+ (paraffins, olefins) 4.8 4.6 3.1 1.6 2.3 

CO -- 0.0 0.0 0.0 -- 

CO2 -- 1.1 1.6 2.8 -- 
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3.4.4. Redox Catalyst Characterization and Mechanistic Investigation 

Redox catalysts are unique in that both the surface and bulk properties can affect reaction 

performance—the surface facilitates both desired and undesired chemical reactions, whereas the 

bulk supplies active lattice oxygen as the oxidant. In this section, we endeavor to explain the 

performance of Na2WO4-promoted SrMnO3 and CaMnO3 via characterization of as-prepared and 

cycled variants of these redox catalysts as well as the unpromoted perovskite oxides. The results 

shown in Figure 3.3 and Figure 3.5 indicate that perovskite oxide promotion by Na2WO4 alters 

the oxygen donation properties of SrMnO3 and CaMnO3 redox catalysts, leading to enhanced 

olefin yields. Generally, the increase in ethylene and propylene yields for the promoted samples 

was due to increased olefin selectivity rather than higher n-hexane conversion when compared to 

their unpromoted counterparts; in fact, conversion was suppressed by the presence of Na2WO4 for 

both redox catalyst systems whereas selectivity was significantly enhanced (Figure 3.5). 

Therefore, it can be instructive to investigate the effect of Na2WO4 on the oxygen donation and 

surface properties of the redox catalysts. We begin by assessing the ability of the redox catalysts 

to release oxygen directly into the gas phase (oxygen uncoupling) via oxygen temperature-

programmed desorption (O2-TPD) experiments. It is worth noting that oxygen uncoupling 

determined via O2-TPD is distinct from oxygen donation capacity under a reducing gas (i.e. as in 

Figure 3.2), and the two cannot be directly correlated. 

 

The effect of Na2WO4 promotion on oxygen release was characterized using O2-TPD, with redox 

catalyst mass loss measured on a SETARAM TGA instrument (Figure 3.6). O2-TPD results for 

SrMnO3 did not show significant desorption of oxygen species until a rise starting at 800°C which 

was attributed to the release of lattice oxygen resulting from oxygen vacancy formation and 
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reduction of Mn cations.[27,28] Conversely, significant O2 loss from CaMnO3 was detected 

beginning at 625°C, in agreement with previous reports showing that CaMnO3 will spontaneously 

release its lattice oxygen under inert atmospheres as low as 600°C.[27] Desorbed surface or 

chemisorbed oxygen species, while potentially present, could not be differentiated from released 

lattice oxygen. Oxygen desorption and lattice oxygen release were suppressed by promotion with 

Na2WO4 as indicated by the O2-TPD curve for Na2WO4/CaMnO3 in Figure 3.6; loss of oxygen 

from CaMnO3 fell by 41% (from 1.9 to 1.1 wt.%) upon Na2WO4 promotion. Na2WO4/SrMnO3 

was not tested due to the lack of meaningful oxygen release by SrMnO3 

 

 

Figure 3.6. O2-TPD results of three redox catalysts. Samples were held under 10% atmosphere of the 

adsorbing gas for 30 min at 900°C, ramped down to 150°C at 10°C/min, and purged under an inert He 

environment for 60 min prior to testing. TG weight loss rates were normalized by initial sample mass. 

Conditions: m = 30–50 mg, F = 180 mL/min He, ramping rate = 5°C/min. 

 

The O2-TPD results could explain both the lowered n-hexane conversion of Na2WO4/CaMnO3 

compared to CaMnO3 and (in part) the increased selectivity towards olefins (Figure 3.5), as 
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electrophilic oxygen species and more readily available oxygen evolved from the bulk would 

provide an abundance of non-selective oxidant for undesirable COx formation (as observed in the 

n-hexane TPR for CaMnO3 in Figure 3.3). Consistent with previous reports on ethane ODH with 

Ruddlesden-Popper-structured redox catalysts,[23,24] the O2-TPD and isothermal ROC reaction 

results indicate that inhibiting oxygen release properties from a mixed oxide can improve its 

selectivity towards olefins at the expense of lowered activity. However, such a principle cannot be 

used to compare different mixed oxides with varying compositions and hence surface properties. 

For instance, unpromoted SrMnO3, with inferior oxygen donation properties compared to 

unpromoted CaMnO3, gave higher n-hexane conversion and lower olefin selectivity. This was 

likely a result of their distinct surface properties, as will now be discussed. 

 

Near-surface atomic percentages found via X-ray photoelectron spectroscopy (XPS) for six 

SrMnO3- and CaMnO3-based redox catalysts exhibited a relative enrichment of Na and W atoms 

compared to Sr, Ca, and Mn (Table 3.2). In this context, enrichment (or suppression) was defined 

as the ratio of the observed near-surface metal content (in atomic percent) to the expected metal 

percentage based on the overall sample stoichiometry. W atoms were enriched in the near-surfaces 

of as-prepared Na2WO4/CaMnO3 (W = 3.3) and Na2WO4/SrMnO3 (W = 2.6), while Na enrichment 

was significant for the promoted CaMnO3 (Na = 2.9) and more modest for the promoted SrMnO3 

(Na = 1.1). After 25 redox cycles, Na2WO4 remained prominent in the near-surface of each redox 

catalyst (Table 3.2), rather than moving into the bulk in response to repeated redox stresses or 

volatilizing due to high-temperature operation. As such, the XPS analysis for each sample indicates 

a significant Na2WO4 enrichment on the redox catalyst surface which is resistant to change after 

25 redox cycles with n-hexane. Due to the escape depth of XPS measurements (~10 atomic layers), 
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the degree of Na2WO4 enrichment on the immediate surface is likely to be much stronger than 

indicated, as suggested in studies on related systems.[19,22] Carbon and oxygen were not included 

in enrichment and suppression calculations; C 1s and O 1s XPS spectra for all samples are provided 

in Figures B2–B5. 

 

Table 3.2. Surface cation atomic percentages for six redox catalyst variants from XPS analysis. Carbon and 

oxygen are excluded. Surface enrichment and suppression of cations, shown in parentheses, are calculated 

using observed percentages from XPS in combination with expected percentages from overall stoichiometry. 

Redox Catalyst Sr 3d / Ca 2p Mn 2p Na 1s W 4f 

SrMnO3 (fresh) 74.9% (1.5) 25.2% (0.5) -- -- 

Na2WO4/SrMnO3 (fresh) 52.9% (1.3) 16.1% (0.4) 14.2% (1.1) 16.7% (2.6) 

Na2WO4/SrMnO3 (cycled) 52.3% (1.3) 17.3% (0.4) 16.5% (1.3) 13.9% (2.1) 

CaMnO3 (fresh) 67.8% (1.4) 32.2% (0.6) -- -- 

Na2WO4/CaMnO3 (fresh) 41.9% (1.0) 19.1% (0.5) 22.2% (2.2) 16.7% (3.3) 

Na2WO4/CaMnO3 (cycled) 44.7% (1.1) 20.1% (0.5) 20.4% (2.0) 14.9% (2.9) 

 

The selectivity of perovskites for partial oxidation reactions such as methane to syngas and ethane 

oxidative dehydrogenation has previously been related to the relative amounts of lattice oxygen to 

surface oxygen species, often estimated from the XPS O 1s spectra.[24,29,30] While these species 

were clearly present in the asymmetric O 1s spectra of as-prepared SrMnO3 and CaMnO3 (with 

SrMnO3 showing slightly higher surface oxygen species), the presence of WO4
2- species 

obfuscated the relevant peaks in the Na2WO4-promoted samples (Figures B3–B4). Surface Mn 

was under-represented in both unpromoted samples, though Na2WO4 promotion further decreased 

the near-surface Mn cations in both cases (Table 3.2). Mn 2p spectra of the as-prepared and 

Na2WO4-promoted redox catalysts are presented in Figures B6–B7.  
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To understand the differences in olefin selectivity between as-prepared and Na2WO4-promoted 

redox catalysts, we examined the Sr 3d and Ca 2p XPS spectra of SrMnO3 and CaMnO3 for 

changes in (Sr,Ca) surface species upon promotion. The characteristic XPS peaks of these alkaline 

earth ions, particularly Sr, indicated a suppression of surface species upon promotion with 

Na2WO4. Figure 3.7 shows the fitted XPS spectra for Sr 3d (Figure 3.7a) and Ca 2p (Figure 3.7b) 

on SrMnO3-based and CaMnO3-based redox catalysts, respectively. Details of the fit peaks are 

given in Tables B6–B7. All spectra were well fit by a pair of doublets, with one doublet consistent 

with bulk oxide species and another consistent with surface species.[31] Line shape fitting for the 

Sr 3d spectra of SrMnO3 required two doublets: the Sr 3d5/2 peak at 132.3 eV binding energy (BE) 

was assigned to bulk Sr from the SrMnO3 lattice,[32–35] while a second doublet with its 

characteristic Sr 3d5/2 peak at 132.8 eV was attributed to a combination of Sr bonded with surface 

oxygen species (SrCO3, Sr(OH)2)
[31,36,37] and a near-surface SrO/Sr2MnO4 region (Sr/Mn = 3.0 for 

the SrMnO3 near-surface).[38,39] Each doublet exhibited an energy separation of 1.7 eV, consistent 

with previous literature.[33,36,40] Upon promotion of SrMnO3 with 20 wt.% Na2WO4, the presence 

of free SrO, Sr(OH)2, and SrCO3 in the near-surface was diminished by over 90%, evident from 

the drastic reduction of the higher BE Sr 3d doublet for surface Sr and the drop in overall near-

surface Sr enrichment (1.5 to 1.3), which corresponds to the 40% increase in olefin selectivity of 

the Na2WO4/SrMnO3 redox catalyst. CO2-TPD results confirmed an absence of strongly 

chemisorbed CO2 species on Na2WO4/SrMnO3, whereas CO2 adsorbed on unpromoted SrMnO3 

was significantly more stable and amounted to nearly 1 wt.% of the sample after exposure (see 

Figure B5). The suppression of Sr surface species resulting from Na2WO4 surface enrichment, 

and the subsequent inhibition of hydrocarbon combustion activity, was critical to achieving the 

high olefin yields demonstrated in Figure 3.5. This finding is consistent with previous literature 
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identifying the important role of surface Sr2+ in catalytic combustion reactions over Sr-containing 

perovskite catalysts.[25]  

 

 

Figure 3.7. Photoemission spectra of Sr 3d (a) and Ca 2p (b) for the SrMnO3- and CaMnO3-based redox 

catalysts, respectively, using an Al Kα X-ray source (1486.7 eV). Binding energies (BE) were referenced to 

the C 1s peak for adventitious carbon at 284.6 eV. Dotted lines indicate BE value for the characteristic peaks 

of lattice (low BE) and surface (high BE) doublets for the unpromoted (Sr,Ca)MnO3. 

 

Surface oxides, hydroxides, and carbonates were significantly less prominent for the undoped 

CaMnO3 system than for the SrMnO3 (accounting for 12.2% of Ca ions vs. 32.9% of Sr ions), and 

therefore the suppression of such species by Na2WO4 was less significant, as depicted in Figure 

3.7b. The Ca 2p spectra exhibited a primary feature at around 345.3 eV consistent with the 

characteristic Ca 2p3/2 peak for lattice Ca from CaMnO3.
[32] A high BE shoulder located at 346.7 
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eV indicated the presence of surface-type Ca, which can be assigned to CaO, CaCO3, Ca(OH)2, or 

a combination thereof,[32,26,41] as would be expected from the surface enrichment of Ca from the 

CaMnO3 lattice (1.4, Table 3.2). Upon promotion with 20 wt.% Na2WO4, surface-type Ca species 

decreased from 12.2% to 7.5% of all detected Ca which, combined with the near-surface depletion 

of Ca upon promotion with Na2WO4 (1.4 to 1.0), gave an overall decrease in Ca surface species 

of 62%. The suppression of surface species resulting from Na2WO4 enrichment may inhibit deep 

oxidation, resulting in greater olefin selectivity for the n-hexane oxy-cracking reaction in the 

presence of Na2WO4/CaMnO3 as compared to CaMnO3 (Figure 3.5).[23,30]  

 

After 25 redox cycles under n-hexane, the Ca 2p spectra of the Na2WO4/CaMnO3 were unchanged. 

For cycled Na2WO4/SrMnO3, the Sr 3d spectra reveal only a slight reemergence of surface-type 

Sr (11.2%), indicating that the cycled sample maintained a significant suppression of the surface 

Sr species from SrMnO3 (32.9%). Additional spectra for the cycled samples are presented in 

Figures B8–B10. The presence of significantly more surface hydroxides and carbonates on as-

prepared SrMnO3 compared to CaMnO3 can be attributable to both the stronger basicity of SrO, 

which strongly chemisorbs H2O and CO2,
[36,42] and to an elevated presence of Sr in the near-surface 

due to its surface separation, as reported in multiple studies of Sr-containing perovskites.[38–40,42] 

(XRD patterns indicated that such phase separation did not affect the bulk, as will be discussed 

later.) For both SrMnO3 and CaMnO3, the suppression of surface-type Sr and Ca species upon 

Na2WO4 promotion was associated with a significant decline in COx selectivity at reaction 

conditions, as shown in Figure 3.8. 
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Figure 3.8. Relationship between the accommodation of surface-type Sr/Ca species and COx selectivity at T = 

725°C and GHSV = 4500 h-1 (FAr = 75 mL/min, m = 500 mg). yn-hexane ≈ 0.13, step duration = 40 s. The dashed 

line is used to show the general trend and does not representative quantitative correlation. 

 

Surface enrichment of Na2WO4 was shown to have a significant suppression effect on surface 

cation and oxygen species, which resulted in greater olefin selectivity and improved yields from 

n-hexane ROC. The nature of this enrichment was further studied with low-energy ion scattering 

spectroscopy (LEIS), and we determined that Na2WO4 comprised the outermost surface layer of 

the Na2WO4/CaMnO3 redox catalyst upon promotion. Figure 3.9a shows LEIS spectra for the 20 

wt.% Na2WO4/CaMnO3 redox catalyst surface with increasing doses of sputter-etching using 0.5 

keV Ar+ sputtering source (1 x 1015 Ar+ ions/cm2 corresponding to the removal of approximately 

one atomic monolayer) and with a 3 keV He+ probe beam.[24] Initial sputtering with 0.5 x 1015 cm-

2 (green) revealed an outermost surface layer composed of O, Na, and W, with a slight shoulder in 

the vicinity of Ca and a less significant shoulder where a Mn peak would be expected, altogether 

indicating the predominance of Na2WO4 in the surface monolayer. Subsequent removal of the first 

few atomic monolayers revealed a Ca peak, but not a Mn peak; this may indicate that the CaMnO3 
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substrate terminates in a CaO plane or Ca-rich phase (e.g. CaO, Ca2MnO4) or that Ca from the 

CaMnO3 lattice migrates and reacts with Na2WO4 to form a calcium tungstate (e.g. CaWO4) phase 

near the surface. A cumulative dosing of 20 x 1015 cm-2 was sufficient to reveal a Mn peak. Depth 

profiling of the main elements shown in Figure 3.9b featured Na and W signals which rose more 

rapidly than those of Ca and particularly Mn with increasing sputtering, also indicating that the 

Na2WO4 promoter was at a higher concentration than CaMnO3 near the immediate surface. Taken 

together, the surface-sensitive characterization and reaction performance data of (Sr,Ca)MnO3-

based redox catalysts have revealed the crucial role of the Na2WO4 surface layer in achieving high 

olefin yields for n-hexane ROC. 

 

 

Figure 3.9. LEIS spectra for 20 wt.% Na2WO4/CaMnO3 acquired using a 3 keV He+ probe beam. (a) Surface 

scans after varying amounts of 0.5 keV Ar+ sputter-etching; one sputter cycle corresponds to 0.5 x 1015 Ar+ 

ions cm-2. (b) Depth profiles of Na, W, O, Ca, and Mn, showing peak areas as a function of sputter cycle, up to 

a maximum dose of 5.0 x 1015 cm-2. 
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3.4.5. Evaluation and Literature Comparison of Redox Catalyst Performance and Stability 

Lastly, we demonstrate with XRD after 25 cycles of n-hexane ROC that the Na2WO4/SrMnO3 and 

Na2WO4/CaMnO3 redox catalysts are structurally stable and capable of maintaining desirable 

properties (n-hexane conversion, olefin selectivity, SHC). Figure 3.10 gives key reaction 

characteristics for multiple n-hexane oxy-cracking cycles using Na2WO4/SrMnO3 (Figure 3.10a) 

and Na2WO4/CaMnO3 (Figure 3.10b) at T = 725°C and GHSV = 4500 h-1. Each sample was pre-

treated under ethane at 750°C. Both redox catalysts show stable conversion of n-hexane and of 

hydrogen as well as olefin yields that are consistently higher than the thermal background (given 

by the dashed line), with Na2WO4/CaMnO3 showing the greater activity (and slightly lower 

selectivity). 

 

 

Figure 3.10. A comparison of reaction characteristics over the course of 25 n-hexane oxy-cracking cycles for 

(a) Na2WO4/SrMnO3 and (b) Na2WO4/CaMnO3. Thermal background olefin yield is given as a dashed line. 

Conditions: T = 725°C, GHSV = 4500 h-1 (FAr = 75 mL/min, m = 500 mg), yn-hexane ≈ 0.13, duration = 40 s. 

 

Na2WO4/SrMnO3 preserves its high selectivity towards hydrogen combustion over the 25 cycles, 

with the last cycle showing low COx formation (0.28% COx yield). The slight decline in COx 

generation over 25 cycles may be explained by a decrease in available oxygen, as evidenced by 
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the XRD pattern for the cycled Na2WO4/SrMnO3 redox catalyst (Figure 3.11a). Non-selective 

combustion of n-hexane or olefins to COx may be exacerbated by a fully restored oxygen carrier 

and the presence of surface α-oxygen species. Nonetheless, the hydrogen conversion and SHC 

capability by this material is not negatively affected, and Na2WO4/SrMnO3 remains an attractive 

material for the application.  

 

 

Figure 3.11. XRD patterns for all redox catalysts. (a) Patterns for (i) SrMnO3, (ii) Na2WO4/SrMnO3, (iii) 

cycled Na2WO4/SrMnO3. (b) Patterns for (i) CaMnO3, (ii) Na2WO4/CaMnO3, (iii) cycled Na2WO4/CaMnO3. 

Cycled samples tested and re-oxidized at T = 725°C, GHSV = 4500 h-1 for 25 cycles. 

 

Na2WO4/CaMnO3 shows greater oxygen donation and higher conversions in general than the 

SrMnO3-based material, leading to higher COx yields (1.7–2.8%); this redox catalyst is capable of 

combusting 100% of the generated H2 in the system. This total combustion of H2 may contribute 

to the elevated n-hexane conversion over this redox catalyst (69–71% for Na2WO4/CaMnO3, 

compared to 48–50% for Na2WO4/SrMnO3) and the higher olefin yields which result (55–58% vs. 
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39–41% at 725°C). The results obtained for Na2WO4/CaMnO3 compare favorably with the catalyst 

developed by Liu et al., which produced approximately 12–13% COx yield along with 50% olefin 

yield at 750°C; for 20 wt.% Na2WO4/CaMnO3 at 725°C, a maximum of 58% olefin yield was 

achieved along with only 2.8% maximum COx yield while also decreasing the temperature 

requirement.[10,11] In another study by Boyadjian et al., Li/MgO catalysts achieved 17% light olefin 

yield from n-hexane at 575°C while producing 7% COx yield.[12] The performance of 

Na2WO4/CaMnO3 as compared to literature catalysts is best encapsulated in the ratio of carbon 

utilization for light olefin yield vs. COx yield, which was approximately 21:1 in this work, 

compared to 4.2:1 (Liu et al.) and 2.5:1 (Boyadjian et al.). Na2WO4/CaMnO3 is thus a stable and 

very promising redox catalyst for n-hexane oxidative cracking when operated at or near 725°C. 

 

Figure 3.11a–b shows results from XRD experiments on as-prepared and cycled samples based 

on SrMnO3 and CaMnO3, respectively. These patterns indicate that both Na2WO4/SrMnO3 and 

Na2WO4/CaMnO3 were resistant to promoter-oxide interactions during cycling at T = 725°C. 

Multiple phases were observed in the SrMnO3 system: a minor Sr2MnO4 impurity was present 

which was later undetectable after promotion with Na2WO4, and the brownmillerite phase 

Sr2Mn2O5 was present in nearly equal proportion to SrMnO3 for the cycled Na2WO4/SrMnO3 

sample. The latter phase indicated an incomplete regeneration of the perovskite structure. Lower 

operating temperatures therefore have the effect of lowering the oxygen capacity of the redox 

catalyst by limiting phase regeneration, but increasing selectivity towards hydrogen combustion, 

as supported by the results of Figure 3.10. The presence of Sr2Mn2O5 also suggests that complete 

regeneration of the perovskite phase is a slower process for the hexagonal SrMnO3 than for the 

cubic CaMnO3. 
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3.5. Conclusions 

In this work, we demonstrated the effectiveness of several redox catalysts for the redox oxidative 

cracking (ROC) of naphtha using n-hexane as a model compound. At 725°C and 4500 h-1, 

Na2WO4-promoted CaMnO3 achieved over 72% increase in olefin yields, on a relative basis, over 

thermal cracking while completely combusting H2. The redox catalyst exhibited < 3% COx yield 

and maintained excellent stability over 25 redox cycles. Na2WO4-promoted SrMnO3 also 

demonstrated superior olefin yield compared to thermal cracking with COx formation as low as 

0.28%. The greater olefin yields and low COx selectivity were attributed primarily to the selective 

combustion of H2 by Na2WO4/(Sr,Ca)MnO3. Promotion by 20 wt.% Na2WO4 was highly effective 

to improve the selectivity of the redox catalysts, which was attributed to a surface enrichment of 

Na and W and significant alteration of the surface sites of SrMnO3 and CaMnO3. 

 

XRD analysis confirmed the phase stability, and promoter-oxide interactions were not observed 

after cycling. Surface-sensitive LEIS and XPS characterization revealed an outermost surface layer 

of was covered by Na2WO4, and near-surface regions for Na2WO4/(Sr,Ca)MnO3 were significantly 

enriched in Na and W but deficient in Mn. Sr 3d spectra from XPS showed a 90% decrease in 

SrO/Sr(OH)2/SrCO3 surface species from SrMnO3 upon promotion with Na2WO4, while similar 

Ca-containing surface species on CaMnO3 were diminished by 62% with promotion. 

Correspondingly, we observed 97% suppression in COx selectivity with Na2WO4-promoted 

SrMnO3 and 90% suppression for Na2WO4/CaMnO3. Na2WO4 promotion also inhibited lattice 

oxygen release from CaMnO3. Such effects, resulting from the surface enrichment of Na2WO4, 

suppressed non-selective combustion reactions and significantly enhanced olefin yields. Through 

the combination of reaction and characterization, the role of Na2WO4 was determined, and 
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Na2WO4-promoted perovskite oxides are identified as promising redox catalysts for the oxidative 

cracking of n-hexane. 
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4.1. Abstract 

Steam cracking and catalytic dehydrogenation are the primary industrial routes to ethylene and 

propylene, but the high energy consumption and CO2 emission intensity of these processes have 

created a need for more sustainable alternatives in light olefin production. Chemical looping 

represents a novel approach for generating light olefins in which thermal cracking or catalytic 

dehydrogenation is coupled with selective hydrogen combustion (SHC) by a metal oxide redox 

catalyst, which enables autothermal operation, increased per-pass conversion, and greater-than-

equilibrium yields. Recent studies indicate that Na2WO4-promoted perovskite oxides are effective 

redox catalysts with high olefin selectivity; however, the underlying redox reaction kinetics have 

yet to be investigated. Here we report kinetic parameters, rates, and reaction models for the 

reduction of unpromoted and Na2WO4-promoted CaMnO3 redox catalysts by H2, C2H4, and C2H6. 

Reduction rates of CaMnO3 under ethylene and ethane were significantly lower than under H2. 

Model fitting of reduction kinetics (dimensionless solid conversion X vs. t, and dX/dt vs. X) showed 

good agreement with reaction order-controlled models for CaMnO3 reduction and predicted 

greater oxygen site dependence and higher activation energy for CaMnO3 reduction by C2H4 as 

compared to H2. Avrami-Erofe’ev nucleation and growth models provided the best statistical fit to 

the reduction of Na2WO4/CaMnO3 in H2 and in C2H4; after Na2WO4 promotion, the reduction rate 

of CaMnO3 was three orders of magnitude lower in ethylene in comparison to hydrogen, consistent 

with its superior selectivity to hydrogen combustion (SH). Kinetic modeling results were consistent 

with time-on-stream fixed-bed experiments in H2/C2H4/C2H6, which showed enhanced SH value 

(99.0% vs. 93.2%) for Na2WO4/CaMnO3 compared to CaMnO3. The kinetic models developed for 

H2 and hydrocarbon combustion by CaMnO3-based redox catalysts can be applied towards reactor 
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design and optimization in the context of enhanced olefin production via selective hydrogen 

combustion under a cyclic redox scheme. 

 

4.2. Introduction 

Plastics and petrochemicals manufacturing consume more energy than any other industrial sector, 

and direct GHG emissions from the petrochemicals industry are projected to increase 30% by 

2050.[1] For most petrochemical products, the significant energy consumption and CO2 emissions 

during manufacturing stem primarily from the production of olefinic starting materials (e.g. 

ethylene, propylene) via highly endothermic steam cracking processes.[2–5] Oxidative 

dehydrogenation (ODH) of light paraffins to the corresponding olefins, such as ethane ODH to 

ethylene using gaseous oxygen, represent a promising alternative route for olefin production which 

can reduce energy usage and CO2 generation.[6–8] Compared to conventional ODH, the chemical 

looping oxidative dehydrogenation (CL-ODH) process has the potential to integrate O2 separation 

with ODH for lowered energy- and CO2-intensity as compared to steam cracking.[9–11]   

 

In contrast with the conventional ethane ODH using gaseous O2, the CL-ODH scheme relies upon 

solid oxygen carriers, or redox catalysts, as the source of oxygen for redox reactions.[8,9] CL-ODH 

thus comprises two half-reactions occurring in spatially separate reactors which sum to the overall 

ethane ODH reaction, as depicted in Figure 4.1. We have shown in recent studies that redox 

catalysts in CL-ODH can function merely as oxygen carrying agents for in-situ selective hydrogen 

combustion (SHC).[10,12–14] Under this operating mode, ethane is dehydrogenated in the ODH 

reactor to ethylene and hydrogen gases, and hydrogen is preferentially combusted by the lattice 

oxygen of the redox catalyst to H2O, which reduces the oxidation state of the solid. Besides 
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hydrogen combustion, a small fraction of hydrocarbons can also be non-selectively oxidized by 

the redox catalyst to form COx byproducts. The reduced redox catalyst is subsequently re-oxidized 

by air in the regenerator, consuming O2 and forming a N2-rich effluent mixture, and the fully 

oxidized solid is circulated back into the reducer to close the cycle. Compared with conventional 

ODH of ethane, the CL-ODH scheme preserves the major advantages of the original ODH scheme 

— the net exothermicity of the reaction set, the removal of equilibrium limitations via H2 removal, 

and the suppression of coke deposition due to the active lattice oxygen species — and addresses 

the crucial concerns about ODH, by eliminating gaseous oxygen co-feed conditions and providing 

built-in air separation via the regeneration reaction. For high-temperature CL-ODH operation in 

which the dehydrogenation of ethane occurs primarily via thermal cracking, ethylene yields up to 

68% have been reported from ethane at 850°C using manganese oxide-based redox catalysts. [10,12] 

Compared to industrial steam cracking of ethane, the CL-ODH of ethane can decrease energy 

consumption and CO2 emissions by up to 82%.[11] Similarly, ethane CL-ODH operated at 700°C 

using an alkali-promoted lanthanum strontium ferrite (LSF) redox catalyst achieved up 52% 

ethylene yield.[15,16] In the latter studies, ethane dehydrogenation occurred catalytically on the 

promoted LSF surface. While these results are promising, the CL-ODH performance depends 

strongly on the selection of metal oxide materials for the redox catalyst, as non-selective 

combustion by lattice oxygen would result in COx formation and loss of valuable ethylene or 

ethane.[14,17]  In both previously cited examples, the propensity of the redox catalyst towards 

selective hydrogen combustion (over hydrocarbon combustion) enabled high ethylene yield and 

mitigated the thermodynamic constraints on the C2H6/C2H4/H2 equilibrium.[10,13,15] Selectivity 

towards hydrogen combustion (SH) is ultimately one of the most important considerations for 

redox catalyst development. 
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Figure 4.1. Schematic of the ethane chemical looping – oxidative dehydrogenation (CL-ODH) process; (left) 

gravimetric data showing the redox catalyst MeOx undergo reduction in H2 to MeOy (y < x); (right) gravimetric 

data representing the regeneration of MeOy to MeOx using oxygen from air. X corresponds to dimensionless 

solid conversion, with X = 0 as a fully oxidized solid and X = 1 as a fully reduced solid. 

 

Since the late 1980s, several studies have explored selective hydrogen combustion (SHC) as a 

promising potential strategy to achieve greater-than-equilibrium yields from dehydrogenation 

(DH) of ethane, propane, and butane.[18,19]  Pioneering contributions by Grasselli and coworkers 

identified a set of highly selective metal oxide-based catalysts capable of enhancing propylene 

yields from propane, including a supported Bi2O3 catalyst which enabled a 140% increase in 

propylene generation at 540°C.[20–22]  Subsequent research has focused on the incorporation of 

SHC catalysts into alkane dehydrogenation processes to improve the yields of ethylene,[23–25]  

propylene,[26–30]  etc. Recent work within the chemical looping community showcased improved 

olefin yields from the conversion of ethane (via CL-ODH) and n-hexane feedstocks resulting from 

hydrogen combustion by highly selective redox catalysts.[9,10,15–17,31] In these works, the alkali 

tungstate Na2WO4 emerged as a beneficial chemical promoter capable of enhancing selectivity 

towards hydrogen combustion in multiple systems, including rock salt-structured Mg6MnO8 and 
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perovskite-structured CaMnO3 and SrMnO3.
[9,10,17,31] In summary, a number of promising redox 

catalysts have been discovered for the SHC reaction, and their effects on olefin yields have been 

well described. However, despite the multitude of studies demonstrating the SHC properties of 

various metal oxides via reaction testing, a rigorous investigation of the process variables affecting 

selective hydrogen combustion has not been attempted. Specifically, to the best our knowledge, a 

systematic study focusing on kinetic modeling and parameter estimation of SHC materials in the 

context of light olefin production has yet to be performed. 

 

In principle, selective hydrogen combustion by a solid oxygen carrier can be described as the 

preferential reduction of the metal oxide by hydrogen as compared to other hydrocarbons, i.e. 

materials with high SH would exhibit rapid reduction rates under H2 and slower kinetics under 

ethylene, propylene, etc.[22] It follows that if the reduction kinetics of a redox catalyst could be 

modeled and parametrized for multiple gases (for ethane CL-ODH: H2, C2H4, C2H6), the dynamic 

SH of the catalyst could be estimated as a function of key process variables such as temperature 

(T), reactant gas partial pressure (Pi), and extent of solid conversion or oxygen donation (X), as in 

traditional solid-state reaction kinetics.[32] Fortunately, systems for modeling and understanding 

redox catalyst kinetics have recently begun to emerge for the most well-studied systems (e.g. 

NiO).[33,34] Pioneering work by such authors as Evans, Sohn, and Szekely provided much of the 

basis for contemporary studies of redox catalyst kinetics.[35–38] Subsequent developments detailing 

the solid-state kinetics of oxygen carriers under reducing conditions can be found from the 

chemical looping combustion (CLC) and reforming (CLR) literature, encompassing both 

supported metal oxides (e.g. NiO/Al2O3)
[39–44]  and bulk metal oxides, including perovskite oxides 

(e.g. LaMnO3).
[45–48] In terms of ethane ODH, Elbadawi and coworkers recently described the 
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reduction kinetics of supported vanadium oxide under a cyclic scheme.[49]  However, the reduction 

kinetics of bulk mixed oxides in CL-ODH of ethane has not been investigated to date. Moreover, 

as previously mentioned, no studies have fully investigated the comparative reduction kinetics of 

an oxygen carrier under two or more gases (H2, C2H4, etc.). In the current study, we model the 

reduction of CaMnO3 based redox catalysts by H2, C2H4, and C2H6, with the goal to establish a 

complete kinetic description of selective hydrogen combustion during the CL-ODH of ethane.  

 

In the present study, we comprehensively examined the selective hydrogen combustion properties 

of a promising SHC redox catalyst, the perovskite oxide CaMnO3 (with and without a Na2WO4 

promoter phase),[17,31] through a combination of fixed-bed reaction testing and thermogravimetric 

(TG) experiments. We endeavor to quantify the reduction rates of the solid redox catalyst by three 

gases – hydrogen, ethylene, and ethane – as a function of dynamic process variables. Satisfactory 

fits were obtained for CaMnO3 and Na2WO4/CaMnO3 reduction reactions, with reaction-order 

models describing the former process and Avrami-Erofe’ev models fitting well to the latter 

process. Our results demonstrate that CaMnO3 reduction is highly dynamic and dependent upon 

the extent of solid conversion. On a relative basis, more facile activation of H2 at later stages of 

reduction in comparison to C2H4 was observed. Moreover, C2H6 cannot be combusted by CaMnO3 

after partial removal of lattice oxygen. Na2WO4 increases the energy barrier for CaMnO3 reduction 

by both H2 and C2H4, but reduction rates in H2 was three orders of magnitude higher than in C2H4, 

supporting the high selectivity of the Na2WO4/CaMnO3 redox catalyst towards hydrogen 

combustion in the presence of ethylene and ethane. 
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4.3. Experimental Section 

4.3.1. Redox Catalyst Synthesis 

Perovskite-structured CaMnO3 was synthesized using a solid state reaction method (SSR). 

Stoichiometric amounts of powdered CaCO3 (Noah) and MnO2 (Materion) were physically 

blended in a ceramic jar and mixed for 24 h at 250 rpm in a planetary ball mill. The powder mixture 

was pressurized to 20 MPa using a pellet press, and the resulting mixed oxide pellets were heated 

up to 1200°C under air flow at 5°C/min in a tube furnace and calcined for 12 h to form the cubic 

perovskite oxide structure. Finally, the sintered CaMnO3 pellets were crushed by mortar and pestle 

and sieved into the 150–250 µm particle size range for TGA experiments; powders finer than 150 

µm were used for characterization of as-prepared samples. 

 

In addition to the base CaMnO3 redox catalyst, 20 wt% Na2WO4-promoted CaMnO3 

(Na2WO4/CaMnO3) was prepared via wet impregnation. Sodium tungstate dihydrate 

(Na2WO4•2H2O, Sigma-Aldrich) was dissolved in a small amount of water and added dropwise to 

the as-prepared CaMnO3 sample. The resulting wet powder was alternately hand-stirred and dried 

at 90°C until all water had evaporated, then kept at 90°C overnight. Lastly, the Na2WO4/CaMnO3 

sample was heated at 5°C/min to 900°C and calcined for 8 h in a muffle furnace, and the powder 

was re-sieved into the 150–250 µm particle size range. X-ray diffraction (XRD) patterns 

confirming the phases of the redox catalysts can be found in Figure C8. 

 

4.3.2. Fixed-Bed Reactor Experiments 

500 mg loadings of CaMnO3 and Na2WO4/CaMnO3 were tested in a fixed-bed configuration using 

a reactor apparatus detailed in our previous work.[17]  Briefly, gas mixtures were delivered from an 
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automated gas switching system into a quartz micro-tubular reactor (ID = 1/8”) containing the 

redox catalyst, suspended inside a furnace. Effluent gas from the microreactor was analyzed using 

a downstream quadrupole mass spectrometer (MKS Cirrus II). In the current study, the selectivity 

of the redox catalysts was examined in the presence of a H2/C2H4/C2H6 mixture. A total flowrate 

of 55 mL/min, in the ratios of Ar:H2:C2H4:C2H6 = 40:5:5:5, served as the inlet gas. At the operating 

temperature of 650°C, this mixture was thermally equilibrated based on thermodynamic 

calculations and experimental observations. In a typical fixed-bed cycling experiment, the redox 

catalyst was exposed to the reducing mixture for 10 min, followed by a 5 min purge (50 mL/min 

Ar), a 5 min regeneration step (50 mL/min Ar, 10 mL/min O2), and a second, identical purge. 

 

The effluent gas concentrations from the reduction step were analyzed at ambient conditions using 

an online MS and converted from m/z signals into volumetric flowrates using pre-determined 

sensitivity factors. Values of m/z = 2, 26, 30, 40, and 44 were processed for H2, C2H4, C2H6, Ar, 

and CO2, respectively; ethylene was quantified after first subtracting the m/z = 26 contribution 

from ethane. H2O formation (and consequently, total lattice oxygen donation) was estimated by 

determining the actual flowrate of H2 (over 10 min) at room temperature and integrating the area 

between this expected H2 curve and the experimental observation. CO2 was included in the oxygen 

balance, while CO formation was insignificant throughout the experiments, as confirmed via gas 

chromatography. 

 

4.3.3. Kinetics Experiments 

Reduction kinetics of CaMnO3 and Na2WO4/CaMnO3 were determined by measuring the change 

in mass of the redox catalysts via thermogravimetric analysis (TGA) on a SETARAM Setsys 
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Evolution TGA-DTA/DSC (hanging basket configuration with a quartz crucible). Experiments 

were performed on 20 mg of redox catalyst in the 150–250 µm particle size range; 20 mg was 

selected to keep a thin sample layer (~1 mm height) and minimize the limiting effects of external 

mass transfer on reduction kinetics. Prior to each kinetic experiment, the sample was cycled five 

times at 750°C between reducing (20 mL/min H2) and oxidizing (20 mL/min O2) gas flows, with 

a constant inert purge stream (180 mL/min He), to ensure material stability and kinetic 

reproducibility while minimizing external mass transfer effects. The effectiveness of these 

conditions for avoiding mass transfer effects are demonstrated in Figures C9–C11 of Appendix C. 

In addition, phase compositions of reduced CaMnO3 and Na2WO4/CaMnO3 redox catalysts, 

subjected to the above stabilizing procedure and ending with two full cycles and one reduction 

half-cycle at 650°C, are available in the Figure C12. 

 

In a typical cycling experiment, a pre-cycled sample was maintained at isothermal conditions and 

reduced under 10% of a single reducing gas for 20 minutes (20 mL/min H2, C2H4, or C2H6, in 180 

mL/min He or Ar carrier gas), purged in pure inert for 10 minutes, re-oxidized in 10% O2 (20 

mL/min O2 in 180 mL/min He or Ar), and purged again in inert flow. At least four temperature 

conditions were examined for every combination of sample and reducing gas, with three cycles 

recorded at each temperature. Reduction kinetics experiments using hydrogen were conducted 

between 500°C and 650°C at 50°C increments. Experiments using ethylene and ethane were 

conducted across a narrower temperature range of 650°C to 700°C, with four intermediate 

conditions at 665°C, 675°C, 685°C, and 695°C. Lastly, each experiment was performed in an 

identical manner on an empty crucible to account for the buoyancy and drag effects. Background 

TG data obtained from blank crucible experiments was aligned with and subtracted from the TG 
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data in the main experiment. A mass spectrometer located downstream of the TGA provided 

additional information about the combustion products, with data analysis proceeding as described 

in the preceding section. 

 

Corrected TG data from kinetic experiments, in the form of mass against time (m, mg vs. t, min), 

were transformed into a dimensionless solid conversion, X vs. t, using the following equation: 

𝑋(𝑡) =  
𝑚0 − 𝑚(𝑡)

𝑚0 − 𝑚∞
 

In the above calculation, m0 represents the fully oxidized sample mass prior to introduction of the 

reducing gas, m∞ represents the final sample mass after 20 minutes of reduction, and m(t) is the 

sample mass (mg) at time t (min) during the reduction step. t = 0 is defined as the point at which 

the reducing gas enters the TGA chamber. X = 0 thus indicates a fully oxidized redox catalyst, 

while X = 1 is reached when the solid has been completely reduced. 

 

4.3.4. Kinetic Modeling 

Processed experimental TGA data in the form X vs. t and dX/dt vs. X were next compared to 

predictions from 15 kinetic reaction models to empirically describe the reduction behavior of 

CaMnO3 and Na2WO4/CaMnO3 and evaluate the key kinetic parameters. The set of 15 reaction 

models in Table 4.1 draws from the solid state reaction models typically employed in the chemical 

looping literature to model kinetics of oxygen carrier reduction and oxidation.[33,34,50] Four types 

of single-parameter kinetic models were considered in the present study: reaction-order models 

(F), geometric contraction models (R), diffusion-limited models (D), and the Avrami–Erofe’ev 

nucleation and nuclei growth models (AE). More complex reaction models with two or more 
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parameters were not considered. In all cases, the single fitting parameter was the kinetic rate 

constant k (min-1). 

 

Table 4.1. The set of 15 reaction models evaluated in the current study. Each model is designated by an 

alphanumerical name based on its category: reaction-order models (F); geometric contraction models (R); 

diffusion-limited models (D); Avrami–Erofe’ev nucleation models (AE).[50]   

Name Reaction model description Differential form 

f(X) = 1/k dX/dt 

Integral form 

g(X) = kt 

F1 First-order or Avrami–Erofe’ev (n = 

1) 

(1–X) –ln(1–X) 

F1.5 Three-halves order (1–X)3/2 2[((1–X) –1/2 – 1] 

F2 Second-order (1–X)2 1/(1–X) – 1 

F3 Third-order (1–X)3 (1/2)[(1–X) –2 – 1] 

R1 Zero-order 1 X 

R2 Contracting area 2(1–X)1/2 1 – (1–X)1/2 

R3 Contracting volume 3(1–X)2/3 1 – (1–X)1/3 

D1 1-D diffusion 1/(2X) X2 

D2 2-D diffusion, Valensi equation 1/[–ln(1–X)] (1–X) ln(1–X) + X 

D3 3-D diffusion, Jander equation 3(1–X)1/3/[2(1–X)–1/3 – 

1] 

[1 – (1–X)1/3]2 

D4 Ginstling–Brounshtein equation 3/[2(1–X)–1/3 – 1] 1 – 2X/3 – (1–X)2/3 

AE0.5 Avrami–Erofe’ev (n = 0.5) (1/2)(1–X)[–ln(1–X)]–1 [–ln(1–X)]2 

AE1.5 Avrami–Erofe’ev (n = 1.5) (3/2)(1–X)[–ln(1–X)]1/3 [–ln(1–X)]2/3 

AE2 Avrami–Erofe’ev (n = 2) 2(1–X)[–ln(1–X)]1/2 [–ln(1–X)]1/2 

AE3 Avrami–Erofe’ev (n = 3) 3(1–X)[–ln(1–X)]2/3 [–ln(1–X)]1/3 

 

 

The results of each isothermal TGA experiment were fitted to the 15 reaction models according to 

the following approach. Processed TGA data in the form X vs. t were aligned with predictions for 

X(t) from each reaction model based on the same values of the independent variable t (min) 

according to its integral function g(X) = kt. The value of the kinetic model fitting parameter k (min-

1) was reached by minimizing the residual sum of squares (RSS) between the predicted value for 

X and the experimentally measured X, with the RSS calculated as below: 
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𝑅𝑆𝑆 =  ∑(𝑦𝑚𝑜𝑑𝑒𝑙 − 𝑦𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 )
2

𝑛

𝑖=1

 

Minimization of RSS was achieved using the Generalized Reduced Gradient (GRG) Nonlinear 

algorithm. Each model took an initial estimate of k = 1 min-1; identical convergence was reached 

using the initial value of k = 0.2 min-1. The summation of errors for calculating RSS was evaluated 

only for the range 0.15 ≤ X ≤ 0.6 to avoid instrumental artifacts during the initial entrance of gas 

to the TGA chamber as well as sample geometrical factors in the later stages of reduction.[51] For 

ethylene kinetics, 0.15 ≤ X ≤ 0.5 was selected to balance the high frequency of sampling during 

the later stage of conversion. The resulting value for the kinetic rate constant k gave the greatest 

fit of each reaction model to the experimental kinetic data. Following the determination of the 

fitting parameter using the integral form, the approach was repeated to fit TGA results of dX/dt vs. 

X against the model predictions dX/dt = k f(X). The value for k determined from the differential 

form was averaged with that from the integral form to give the final estimate for k in min-1.  

 

The fitting procedure described previously was applied separately to each isothermal condition, 

resulting in four k values across the range 500°C to 650°C for H2 and six k values across 650°C to 

700°C for C2H4. The reaction model with the smallest RSS among the 15 candidate models was 

selected for each temperature. Generally, the overall selected model provided the smallest or 

second-smallest RSS across the entire range of temperatures, indicating the general goodness of 

fit achieved by the model; see Appendix C for details. The set of k values obtained using the overall 

best-fit reaction model over the range of temperatures was linearized against 1/T (K-1) via the 

Arrhenius relation to obtain empirical estimates for the activation energy (Ea, kJ mol-1) and pre-

exponential factor (k0, min-1) for the reduction of CaMnO3 by each gas. 
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4.4. Results and Discussion 

4.4.1. Selective Hydrogen Combustion by CaMnO3-Based Redox Catalysts 

Previous studies have demonstrated the effectiveness of CaMnO3 as a redox catalyst for selective 

hydrogen combustion (SHC) in the presence of light hydrocarbons (e.g. ethylene, propylene); 

moreover, the addition of 20 wt% Na2WO4 to CaMnO3 (forming Na2WO4/CaMnO3), has been 

shown to significantly increase the selectivity of base CaMnO3 through creation of a Na- and W-

rich surface layer which suppresses surface-bound oxygen species.[17,31] The promising 

performance of CaMnO3 and Na2WO4/CaMnO3 at temperatures around 650°C potentially makes 

the redox catalysts suitable for a sequential process featuring ethane dehydrogenation followed by 

selective hydrogen combustion (EDH+SHC). Using the proposed EDH+SHC process as a case 

study, we endeavor in the present work to quantitatively explain the high selectivity of CaMnO3 

and Na2WO4/CaMnO3 by studying their reduction kinetics in the presence of H2, C2H4, and C2H6. 

 

Experimental investigations of SHC performance typically have compared redox catalysts on the 

basis of an overall selectivity towards H2 combustion, SH, though the definition of SH varies 

depending on the technique used for its determination (TGA, GC, MS, etc.).[22,23] Here, we base 

our calculation of SH on the experimentally measured inlet and outlet molar amounts of H2 and 

CO2, which are determined via mass spectrometry, as defined below: 

 

𝑆𝐻 =
(𝑛𝐻2,𝑖𝑛 − 𝑛𝐻2,𝑜𝑢𝑡)

(𝑛𝐻2,𝑖𝑛 − 𝑛𝐻2,𝑜𝑢𝑡) +
1
2 𝑛𝐶𝑂2,𝑜𝑢𝑡

≡
𝑚𝑜𝑙 𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑

𝑚𝑜𝑙 𝐻2 + 𝐶2𝐻4 + 𝐶2𝐻6 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 
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The proposed definition of SH is applied to the results of Figure 4.2, which illustrates the selective 

oxidation of H2 versus C2H4 and C2H6 feed gases by (a) CaMnO3 and (b) Na2WO4/CaMnO3, as 

well as the subsequent reduction of each redox catalyst represented by the oxygen donation Δm 

(wt%). As shown in Figure 4.2a, CaMnO3 possesses significant activity towards H2 combustion; 

CaMnO3 combusted more than 90% of the inlet H2 during the first 2 min (the dashed blue line 

indicates inlet H2), while approximately 72% of H2 is converted throughout the complete 10 min. 

The presence of notable CO2 flow at the beginning of the experiment indicates that CaMnO3 by 

itself is not entirely selective (SH = 93.2%); however, CO2 disappears after t = 5 min while 

instantaneous H2 combustion remains greater than 50%, showing that the reduction of CaMnO3 by 

ethylene or ethane is relatively difficult at higher solid conversion as compared to reduction by 

hydrogen. 
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Figure 4.2. Time-on-stream measurements of the effluent gas from an ethane dehydrogenation + selective 

hydrogen combustion scheme (EDH+SHC), utilizing (a) CaMnO3 and (b) Na2WO4/CaMnO3 as redox 

catalysts. Inlet gas flowrates were chosen to simulate the effluent gas from the dehydrogenation of ethane. The 

dashed blue line indicates the expected flow of hydrogen gas in absence of an oxygen donor. SH ≡ selectivity 

towards hydrogen combustion (%), Δm ≡ oxygen donation (wt.%). Conditions: m0 = 500 mg, FAr = 40 mL/min, 

FC2H6 = FC2H4 = FH2 = 5 mL/min, T = 650°C. 

 

Promotion of CaMnO3 with 20 wt% Na2WO4 resulted in a noteworthy increase in selectivity (SH 

= 99.0% vs. 93.2%) as well as slightly greater activity (Δm = 6.0 wt% vs. 5.6 wt%), as pictured in 

Figure 4.2b. CO2 formation over the course of 10 min was nearly undetectable, which indicates 

that the reduction of Na2WO4/CaMnO3 by C2H4 or C2H6 was not favored in the presence of H2 co-

feed. Moreover, the extremely low H2 signal suggests that Na2WO4/CaMnO3 possesses rapid 

kinetics for H2 combustion at 650°C, such that the consumption of hydrogen was limited only by 

the inlet H2 flowrate. Overall, the results shown in Figure 4.2b agree with our previous findings 

related to the SHC performance of Na2WO4/CaMnO3 in an EDH+SHC sequential reaction scheme 

at 650°C.[17]  
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4.4.2. Reduction Kinetics of CaMnO3 

Perovskite oxide-structured CaMnO3 has been shown to donate lattice oxygen towards the 

combustion of hydrogen starting around 500°C and towards the activation and total combustion of 

hydrocarbons starting around 650°C. Kinetics information for the reduction of CaMnO3 was thus 

obtained via TGA measurements between 500°C and 700°C; at greater temperatures, thermal 

cracking of ethane becomes significant, leading to coke deposition on the TGA crucible or the 

redox catalyst and interference with TG weight loss and gain. At 650°C, CaMnO3 is reduced by 

each of the three gases under consideration – H2, C2H4, and C2H6. Thus, the single-gas reduction 

kinetics of CaMnO3 can be compared effectively at 650°C in terms of dimensionless conversion 

(X vs. t) and its derivative (dX/dt vs. X). 

 

 

Figure 4.3. Results of three reduction kinetics experiments for CaMnO3 using H2, C2H4, and C2H6 at 650°C. 

(a) Dimensionless conversion (X) vs. time (t, min); (b) time derivative of conversion (dX/dt) vs. conversion 

(X). Mass measurements (in mg) were obtained via thermogravimetric analysis. Conditions: m0 = 20 mg, 150–

250 µm, T = 650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min H2/C2H4/C2H6, 180 mL/min He or Ar). 
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Figure 4.3a–b illustrates the differences in the kinetics of reduction for CaMnO3 under 10% H2, 

10% C2H4, and 10% C2H6 gas environments at 650°C. Hydrogen reduced CaMnO3 more rapidly 

than either ethylene or ethane, as shown in Figure 4.3a; the dimensionless conversion X reached 

a value of 0.95 around t = 3 min during reduction with H2, whereas C2H4 reached X = 0.95 around 

the t = 7 min mark and C2H6 could not deplete the lattice oxygen of CaMnO3 past approximately 

X = 0.75 after 10 min. In Figure 4.3b, the reduction rates (dX/dt) are directly compared across the 

three gases as a function of the dimensionless conversion. The rates of CaMnO3 reduction by C2H4 

and C2H6 were significantly lower than the reduction rate under H2 over the entire range of 

conversion, which was consistent with previous findings identifying CaMnO3 as a selective redox 

catalyst for H2 combustion. Moreover, H2 was capable of sustaining a rapid rate of oxygen removal 

from the CaMnO3 lattice until ~75% solid conversion, whereas both C2 hydrocarbons experienced 

a sharp decrease in reduction rate after only 30% removal of the CaMnO3 lattice oxygen. Ethylene 

maintained a slightly higher activation and reduction rate of CaMnO3 as compared to ethane for X 

> 0.3, potentially due to the relatively greater adsorption energy of alkenes on oxide surfaces.[52] 

It is worth noting that ethylene and ethane displayed sluggish kinetics for CaMnO3 reduction 

without the presence of H2. Figure 4.3 therefore indicates that selective hydrogen combustion 

(SHC) is likely not a sole consequence of competitive activation and reduction of a metal oxide in 

the presence of H2, C2H4, etc., but is at least partially due to the intrinsic characteristics of each 

individual gas reacting with the oxide. 

 

By combining TGA data for CaMnO3 reduction under ethylene and ethane gases with downstream 

MS measurements, a more complete understanding of the combustion reactions was obtained. 

Figure 4.4 shows coupled TGA-MS results for the reduction of CaMnO3 by C2H4 (solid lines) and 



   

126 

 

by C2H6 (dashed lines), with the dimensionless conversion X for each solid-gas reaction 

reproduced from Figure 4.3. For the case of CaMnO3 reduction by ethylene, the curve of 

dimensionless conversion X aligns as expected with the 10-minute duration of CO2 generation, 

suggesting the combustion of C2H4 to CO2 and H2O through a direct reaction between C2H4 and 

CaMnO3, which removes lattice oxygen from the perovskite oxide. The small yet consistent 

amount of H2 was due either to desorption of H2 formed during the ethylene conversion or as a 

byproduct of ethylene decomposition to coke. In the case of ethane, however, TGA-MS revealed 

that CaMnO3 was only able to directly react with ethane at the beginning of the reaction (X < 0.3); 

for X > 0.3, ethane was not combusted by CaMnO3, as evident from the decline in F-CO2. This 

point also coincided with the crook in the X(t) curve for the reduction of CaMnO3 by ethane near 

t = 1 min, suggesting a change in the CaMnO3 reduction mechanism. The presence of substantial 

background H2 from gas phase ethane dehydrogenation (~0.35 mL/min H2 detected throughout) 

suggested that the remaining 70% of solid conversion during the ethane experiment was not likely 

to be due to reduction by ethane but instead was a result of hydrogen combustion. Owing to the 

largely insignificant activation of CaMnO3 by C2H6 compared to the more reactive C2H4, and to 

the difficulties imposed by ethane dehydrogenation even at relatively low temperatures, we chose 

to focus the remainder of this study on C2H4 as a model hydrocarbon reactant. 
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Figure 4.4. TGA-MS data for CaMnO3 reduction kinetics experiments utilizing C2H4 (solid lines) and C2H6 

(dashed lines) individually as reducing gases. F-H2 and F-CO2 are volumetric flow rates from the outlet of the 

TGA determined via MS from m/z = 2 and 44, respectively, while X is the dimensionless solid conversion of 

CaMnO3 by each reducing gas determined via TGA. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P = 1 

atm, Ftotal = 200 mL/min (20 mL/min C2H4/C2H6, 180 mL/min Ar). 

 

Multiple isothermal experiments were conducted across a range of operating temperatures using 

the CaMnO3 redox catalyst under H2 and C2H4 gas environments in order to obtain temperature-

dependent kinetic information. Figure 4.5 presents the reduction of CaMnO3 by H2 at four 

temperatures from 500°C to 650°C, in terms of X (Figure 4.5a) and dX/dt (Figure 4.5b). The 

lattice oxygen of CaMnO3 was easily extracted by hydrogen gas as low as T = 500°C, with 80% 

solid conversion reached within 3 min. The kinetics of CaMnO3 reduction by H2 exhibit a strong 

dependence on temperature across the range of conditions examined; the peak rate of reduction at 

650°C (dX/dt ≈ 1.4) was more than twice that of the highest reduction rate at 550°C (dX/dt ≈ 0.6). 

At all four temperatures, the reduction rate passes through an elbow near X = 0.5–0.6 and the 
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remaining solid conversion is a considerably slower process, indicating the relative difficulty of 

oxygen removal once the original cubic perovskite CaMnO3 is reduced beyond the brownmillerite 

phase (Ca2Mn2O5). 

 

 

Figure 4.5. Reduction of CaMnO3 by H2 during four isothermal TGA experiments. (a) Dimensionless solid 

conversion (X) as a function of time; (b) time derivative of conversion (dX/dt) as a function of conversion 

Conditions: m0 = 20 mg, 150–250 µm, T = 500–650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min H2, 180 

mL/min He). 

 

Figure 4.6a–b shows results from analogous reduction kinetic experiments using ethylene over a 

range of isothermal conditions (650°C to 700°C). Reduction kinetics for CaMnO3 under C2H4 are 

consistently dependent on temperature, both in the initial reduction region (0 ≤ X ≤ 0.3) and in the 

remaining duration of solid conversion up until X = 1.0. The decrease in reduction rate around X 

= 0.3, demonstrated most clearly in the derivative dX/dt curves of Figure 4.6b, likely resulted from 

the initial removal of near-surface lattice oxygen and consequent drop in effective concentration 

of surface oxygen sites during the remainder of the reduction step. However, as noted previously 

during the comparison of H2, C2H4, and C2H6 kinetics at 650°C (Figure 4.3), the reduction rates 
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for CaMnO3 were faster and more stable for hydrogen than for ethylene, even at intermediate to 

high solid conversion X where the surface oxygen concentration was necessarily lower for both. 

The implications of this key difference will be further explored in the analyses that follow. 

 

 

Figure 4.6. Reduction of CaMnO3 by C2H4 during six isothermal TGA experiments. (a) Dimensionless solid 

conversion (X) as a function of time; (b) time derivative of conversion (dX/dt) as a function of conversion. 

Conditions: m0 = 20 mg, 150–250 µm, T = 650–700°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min C2H4, 180 

mL/min Ar). 

 

 

4.4.3. Kinetic Model Fitting and Parameter Estimation for CaMnO3 

Empirical kinetic modeling analyses were performed on the processed TGA data, in integral form 

X vs. t and in differential form dX/dt vs. X, in order to obtain approximate kinetic parameters 

(activation energy Ea, pre-exponential factor k0) and qualitative insights for the reduction of 

CaMnO3 by H2 and by C2H4. 15 solid-state reaction models were screened for the CaMnO3 

reduction reaction (see Table 4.1 in Section 4.3.4), and the residual sum of squares (RSS) for each 

prediction was used as the statistical indicator to assess the fit quality of the candidate kinetic 
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models. The best-fit RSS values accompanying all 15 kinetic models at each temperature 

condition, and for several combinations of reducing gas and redox catalyst, are collected in Tables 

C1–C3. 

 

Figure 4.7 illustrates the TGA data for the reduction of CaMnO3 by H2 from 500°C to 650°C along 

with the prediction of the best-fitting kinetic model, F1. Table C1 provides the fitting statistics for 

the 15 kinetic models considered. Of the four categories examined, the reaction-order type model 

(F) was most well-suited to describing the reduction of CaMnO3 by H2, and the first-order reaction 

model predictions (F1) generally provided the lowest RSS compared to the experimental data. In 

evaluating various types of kinetic models (see Figure C1), the geometric contraction models fit 

the integral form of the reduction data reasonably well, but failed to accurately predict the rate of 

change of the solid conversion; the opposite can be said of the diffusion models, which matched 

the slope of the dX/dt curves well but were not suitable to describe the conversion over time. In 

contrast, the F1 model – which predicts a decelerating rate of reduction based on the decreasing 

availability of reactant (in this case, the available lattice oxygen) – more closely matched both the 

integral and differential data.[32] As discussed in Section 4.3.4, the fitting methodology excludes 

data from X < 0.15 to avoid instrumental effects weighing on the fit. The values of k vs. T derived 

from the F1 model predictions were therefore chosen to evaluate the Arrhenius temperature 

dependence of CaMnO3 reduction with H2 and to estimate the apparent kinetic parameters. 
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Figure 4.7. Kinetic modeling results showing the model predictions of the best-fit kinetic model, F1 (the first-

order reaction model), in the (a) integral form and (b) differential form, for the reduction of CaMnO3 by H2 

from 500°C to 650°C. Points represent the experimental data and dotted lines represent the F1 model 

predictions. 

 

Experimental data and best-fit reaction models for the reduction kinetics of CaMnO3 under C2H4 

flow are provided in Figure 4.8, with the accompanying statistical values for all 15 kinetic models 

collected in Table C2. As with the kinetics under H2, the integral and differential conversion data 

for CaMnO3 reduction by ethylene were fit best by a kinetic model from the reaction-order 

category (F), though all types were considered (see Figure C2). In contrast to H2, which matched 

to F1, the activation of C2H4 and subsequent extraction of lattice oxygen are described better by 

the F2 and F1.5 models near 650°C and 700°C, respectively—neither model was best for all six 

temperatures. The difference in best-fit across this temperature range may be explained by the 

relative availability of surface oxygen sites on CaMnO3 during the reaction; at lower temperatures, 

the conduction of oxygen through the lattice to the CaMnO3 surface would be slower and the 

surface concentration of oxygen sites correspondingly lower, giving the impression of a reaction 

more limited by surface oxygen concentration (i.e. a higher exponent to the [1–X] term). The three-
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halves reaction-order model (F1.5), with a conversion dependence of (1–X)3/2, possessed superior 

fit quality to F2 over the entire range from 650°C to 700°C (see Table C2), and was therefore 

selected to model the reduction of CaMnO3 by ethylene (Figure 4.8). 

 

 

Figure 4.8. Kinetic modeling results showing the model predictions of the best-fit kinetic model, F1.5 (the 

three-halves reaction-order model), in the (a) integral form and (b) differential form, for the reduction of 

CaMnO3 by C2H4 from 650°C to 700°C. Points represent the experimental data and dotted lines represent the 

F1.5 model predictions. 

 

A direct comparison of the best-fit kinetic models determined to describe CaMnO3 reduction 

kinetics—F1 for reduction in H2 and F1.5 for C2H4—provides useful information about the 

dynamic combustion behavior of CaMnO3 in H2/C2H4 mixtures. At constant temperature of 650°C 

and equal partial pressures of H2 and C2H4, CaMnO3 in a fixed-bed configuration was shown to 

continuously combust H2 in the presence of C2H4 and C2H6 while at intermediate solid conversion, 

despite the decrease in activity towards the hydrocarbons by this point (see Figure 4.2). This 

observation is partially explained by the empirical description of the reduction rate in C2H4 – a 

function of (1–X)3/2 – that is, the reduction rate in C2H4 should deteriorate more quickly than the 
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reduction rate of H2 (dependent on [1–X]) when measured at the same solid conversion, X, which 

is supported also by the data of Figure 4.3. One potential explanation for the varying dependence 

on solid conversion is that H2 requires only one surface oxygen site, whereas C2H4 requires two or 

more adjacent sites being available.  

 

 

Figure 4.9. Arrhenius plot based on the rate constants for CaMnO3 reduction by H2 and by C2H4 across the 

temperature range 500°C to 700°C. Rate constants k (min-1) were extracted from the most well-fitting kinetic 

models (F1 for H2, F1.5 for C2H4) as determined via statistical analyses. Estimates for apparent activation 

energy, Ea (kJ mol-1), were calculated from the Arrhenius slope, m, as Ea ≈ –mRT. 

 

By evaluating the reduction rates of CaMnO3 in H2 and C2H4 gas environments across appropriate 

temperature ranges (500°C to 650°C, and 650°C to 700°C, respectively), and using the most well-

fitting kinetic models as determined via statistical analysis (F1 and F1.5, respectively), two sets of 

rate constants were derived for the reduction of CaMnO3. Figure 4.9 shows the Arrhenius relation 

between k (min-1) and 1/T (K-1) for the reduction rates using H2 and C2H4. Results for both gases 

demonstrate excellent linearity, supporting the choice of the F1 and F1.5 models for the data sets. 
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The Arrhenius slope provides additional information regarding the relative ease of reduction for 

CaMnO3 in the presence of hydrogen gas as compared to ethylene; for the former case, CaMnO3 

exhibits an apparent activation energy of 40.1 kJ mol-1 in H2. In the latter case, the apparent 

reduction energy barrier for C2H4 shows an approximate value of 117.9 kJ mol-1, nearly three times 

greater than the value for H2, indicating that C2H4 combustion by CaMnO3 is relatively more 

sensitive to temperature. The difference in apparent activation energy and solid conversion 

dependence for H2 vs. C2H4 together provide a quantitative measure of the inherent propensity of 

the CaMnO3 redox catalyst for selective hydrogen combustion.  

 

Having determined the explicit dependence of CaMnO3 reduction on solid conversion X (via the 

choice of reaction model) and on temperature (via the apparent Ea) for both H2 and C2H4, as well 

as the rate dependence on partial pressure Pi, a complete reduction rate equation may be assembled 

using the form:[32] 

𝑑𝑋

𝑑𝑡
= 𝑘(𝑇) 𝑓(𝑋) ℎ(𝑃𝑖) 

For conversion of the CaMnO3 solid by H2 gas, the following equation may be applied: 

𝑑𝑋

𝑑𝑡
= (3.42 × 102 𝑚𝑖𝑛−1 ) 𝑒𝑥𝑝 (

− 40.1
𝑘𝐽

𝑚𝑜𝑙

8.314 × 10−3 𝑘𝐽
𝑚𝑜𝑙 𝐾  𝑇 (𝐾)

) (1 − 𝑋) ( 
𝑃𝐻2

𝑃
)

0.61

 

CaMnO3 reduction by C2H4 can be described with the below variation: 

𝑑𝑋

𝑑𝑡
= (1.73 × 106 𝑚𝑖𝑛−1 ) 𝑒𝑥𝑝 (

− 117.9
𝑘𝐽

𝑚𝑜𝑙

8.314 × 10−3 𝑘𝐽
𝑚𝑜𝑙 𝐾  𝑇 (𝐾)

) (1 − 𝑋)3/2 (
𝑃𝐶2𝐻4

𝑃
)

0.28
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As discussed in Appendix C (Figures C3–C6), the reduction of CaMnO3 in H2 was of higher order 

(n = 0.61) than that for reduction by C2H4 (n = 0.28). The provided single-gas CaMnO3 reduction 

equations provide a basis for subsequent investigations to develop a solid conversion model 

describing the reduction of CaMnO3 in gas mixtures including H2, C2H4, and other hydrocarbons, 

and ultimately to predict CaMnO3 selectivity towards hydrogen combustion at a variety of 

temperatures and partial pressures as a function of solid conversion. The remainder of this study 

deals with the addition of Na2WO4 to CaMnO3 and its effect on these kinetics. 

 

4.4.4. Effect of Sodium Tungstate on Reduction Rates 

In our previous studies on selective hydrogen combustion, we have demonstrated that the addition 

of Na2WO4 to various metal oxides provides enhanced selectivity towards H2 combustion in the 

presence of ethylene and ethane.[10,12,13,17,31] Here, we show that the enhanced selectivity of 

Na2WO4-promoted CaMnO3 is not likely to be a consequence of any competitive effect between 

H2 and C2H4 adsorption, but rather results from the near complete inhibition of C2H4 reaction at 

the redox catalyst surface when it is covered by Na2WO4. In particular, the rates of 

Na2WO4/CaMnO3 reduction in C2H4 were drastically lowered relative to unpromoted CaMnO3. 

 

Figure 4.10a–c provides the X vs. t data with model fitting, dX/dt vs. X data with model fitting, 

and Arrhenius plot obtained from the fitting procedure for the reduction of the Na2WO4/CaMnO3 

redox catalyst by H2. For a complete statistical analysis of these data with 15 kinetic fitting models, 

see Table C3. The reduction kinetics in H2 are significantly different—both in quantitative terms 

and in the qualitative behavior—for the Na2WO4/CaMnO3 as compared to CaMnO3, indicating 

that the Na2WO4 layer alters the mechanism of oxygen donation from the CaMnO3 lattice. In 
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particular, the X vs. t data appeared sigmoidal rather than deceleratory throughout, with a long 

induction period, while the derivative dX/dt vs. X was parabolic and not monotonically decreasing 

as with the CaMnO3 results. Rather than fitting the F1 model for solid conversion, 

Na2WO4/CaMnO3 was fit best by an Avrami-Erofe’ev model describing slow nucleation and 

subsequent nuclei growth. While the single most optimal value of the Avrami exponent was not 

constant over the range of temperatures examined, the model AE2 with Avrami exponent n = 2 

was selected as the best representative model based on its close fitting to the X vs. t data and its 

intermediate position among the well-fitting models (AE1.5, AE2, AE3). The results of Figure 

4.10, especially when viewed in contrast with those of Figure 4.5 for unpromoted CaMnO3, show 

that Na2WO4 changes the physical process of lattice oxygen extraction by H2, possibly by 

inhibiting the access by H2 to the CaMnO3 surface.  
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Figure 4.10. Reduction kinetics of Na2WO4/CaMnO3 by H2 with superimposed best-fitting kinetic model AE2 

(dotted lines). (a) Solid conversion X vs. t; (b) derivative conversion dX/dt vs. X; (c) Arrhenius analysis of data 

using k(T) values based on the Avrami-Erofe’ev nucleation and growth kinetic model with n = 2. TGA 

conditions: m0 = 20 mg, 150–250 µm, T = 500–650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min H2, 180 

mL/min He). Ea (kJ mol-1) was calculated from Arrhenius slope m, as Ea ≈ –mRT. 

 

Compared with the reaction rate constants of CaMnO3 reduction by H2 (Figure 4.9), the rate 

constants for Na2WO4/CaMnO3 were also observed at lower values (Figure 4.10c), chiefly the 

result of a higher apparent activation energy for oxygen donation from the redox catalyst (86.5 kJ 

mol-1 vs. 40.1 kJ mol-1 for Na2WO4/CaMnO3 and CaMnO3, respectively). An additional oxygen 

conduction step through the Na2WO4 layer may potentially contribute to this raised energy 

barrier.[13] As a result of suppressed rate constants, the total rates of solid reduction by H2 decreased 
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from CaMnO3 to Na2WO4/CaMnO3 (see later Figure 4.11). At 650°C, the maximum instantaneous 

rate of oxygen donation and subsequent reduction achieved by CaMnO3, in 10% H2, was 13.3 

wt%/min, occurring at fractional solid conversion X = 0.23. For Na2WO4/CaMnO3 at the same 

conditions, the maximum rate of reduction was 2.37 wt%/min, coinciding with X = 0.52; 

meanwhile, at a matched solid conversion X = 0.23, the reduction rate of Na2WO4/CaMnO3 was 

1.54 wt%/min, a decrease in rate of over 88% compared to the base CaMnO3. A major influence 

of Na2WO4 was therefore to prevent the ease of oxygen donation from the CaMnO3 lattice during 

reduction, even by H2. 

 

For the case of 10% C2H4, the rate of Na2WO4/CaMnO3 reduction was so insignificant that the 

first 10 min of the reduction step at 675°C extracted less than 10% of the available oxygen (X = 

0.059 at t = 10 min), and the derivative form dX/dt vs. X could not be separated from instrumental 

noise. As a result, the applicability of kinetic models was limited to a small range of X values (0.01 

to 0.04), and the rate constants and kinetic parameters are of lower confidence than the three other 

gas-solid combinations reported here. The X vs. t data and Arrhenius curve are provided in Figure 

C7, based on the predictions of the half-order Avrami-Erofe’ev model (AE0.5), which was found 

to be the best statistical fit to the data. Upon promotion with Na2WO4, the apparent activation 

energy of solid reduction in C2H4 increased ~18% to 135.9 kJ mol-1 from 117.9 kJ mol-1 for 

unpromoted CaMnO3. This was a less significant change compared to that for H2 — 40.1 kJ mol-1 

vs. 86.5 kJ mol-1, a 115% increase — and demonstrates that the addition of Na2WO4 nearly 

equalizes the energy barrier for reduction in H2 and in C2H4. Meanwhile, the pre-exponential factor 

(k0) for Na2WO4-promoted CaMnO3 increased by nearly two orders of magnitude in the case of 

H2 combustion while decreased by two orders of magnitude for ethylene combustion. The net 
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result is significantly increased hydrogen combustion selectivity (vs. unpromoted CaMnO3), 

especially at higher temperatures. The selected kinetic models, rate constants, and activation 

energy values for each combination of gas and solid are summarized in Table 4.2. 

 

Table 4.2. Summary of chosen kinetic models, approximate rate constants and reduction rates at 650°C, and 

activation energy values for reduction of CaMnO3 and Na2WO4/CaMnO3 redox catalysts by H2 and C2H4. 

c CaMnO3 

(H2) 

CaMnO3 

(C2H4) 

Na2WO4/CaMn

O3 

(H2) 

Na2WO4/CaMn

O3 

(C2H4) 

Kinetic 

Model 

F1 F1.5 AE2 AE0.5 

Eapp 40.1 kJ mol-1 117.9 kJ mol-1 86.5 kJ mol-1 139.5 kJ mol-1 

k0 3.42 x 102 min-1 1.73 x 106 min-1 2.92 x 104 min-1 1.24 x 104 min-1 

k (650°C) 1.66 x 100 min-1 3.58 x 10-1 min-1 3.46 x 10-1 min-1 1.68 x 10-4 min-1 

 

 

We lastly present dimensional conversion data to emphasize the effect of Na2WO4 on suppressing 

non-selective combustion reactions. Figure 4.11 shows the conversion vs. time data for both 

CaMnO3 and Na2WO4/CaMnO3 in H2 and C2H4 gases, restored to dimensional terms as X (wt%) 

vs. t (min). As discussed previously, the rate of reduction by H2 was significantly impeded by the 

introduction of Na2WO4, but full conversion of the solid was reached after a lengthened period of 

time (t ≈ 6 min vs. t ≈ 3 min for promoted vs. unpromoted CaMnO3, respectively). The final weight 

percent conversion of 20 wt% Na2WO4/CaMnO3 (i.e. its oxygen capacity) was lower than for 

unpromoted CaMnO3 (7.03 wt% vs. 9.61 wt%) due to the insignificant reducibility of Na2WO4. 
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Figure 4.11. Quantitative comparison for the reduction of CaMnO3 and Na2WO4/CaMnO3 by either H2 or 

C2H4 at 650°C, depicted as solid conversion (wt%) vs. time (min). TGA conditions: m0 = 20 mg, 150–250 µm, 

T = 650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min H2 or C2H4, 180 mL/min He or Ar). 

 

The presence of Na2WO4 on CaMnO3 allowed for the donation of lattice oxygen towards H2 

combustion, albeit at a slower rate than the unpromoted CaMnO3, while almost completely 

inhibiting the reduction of the redox catalyst by C2H4. Between the H2 and C2H4 gases, the rate 

constants for reduction of Na2WO4/CaMnO3 differ by over three orders of magnitude, explaining 

the ability of the Na2WO4/CaMnO3 redox catalyst to perform selective hydrogen combustion. 

Relative to unpromoted CaMnO3 – with H2 and C2H4 rate constants differing by only one order of 

magnitude – Na2WO4/CaMnO3 can be anticipated to degrade less significantly at higher 

temperatures in terms of selectivity towards H2 combustion (and consequently, towards the 

preservation of ethylene yields), due to the proximity of the apparent activation energy barriers for 

H2 and C2H4 activation. In the case of H2/C2H4 mixtures, and moreover with the addition of C2H6, 

the presence of hydrocarbons would likely not affect the selectivity of Na2WO4/CaMnO3 towards 
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H2 combustion given the difference in H2 and hydrocarbon reaction orders, and particularly given 

the large difference in CaMnO3 reduction rates for the individual gases, especially after Na2WO4 

promotion. 

 

4.5. Conclusions 

The present study reports the reduction kinetics of CaMnO3 and Na2WO4/CaMnO3 redox catalysts 

suitable for the chemical looping-oxidative dehydrogenation (CL-ODH) of ethane, via a 

combination of redox TGA experiments and statistical analyses applied to commonly reported 

kinetic models. Both redox catalysts were cycled in H2 and C2H4 (as the more reactive C2 

hydrocarbon); the resulting TGA conversion data were made dimensionless (X vs. t), differentiated 

into the rate form (dX/dt vs. X), and fitted against 15 solid-state kinetic models in order to obtain 

appropriate empirical rate equations and kinetic parameters (Ea, k0). The rate parameters obtained 

for CaMnO3 reduction by H2 and C2H4, and the predicted greater dependence of C2H4 combustion 

upon oxygen site density (expressed as the reaction-order exponent; 1.5 vs. 1), were consistent 

with fixed-bed experiments on CaMnO3 showing selective H2 combustion relative to C2H4 at 

intermediate to high solid conversion (X).  

 

The addition of Na2WO4 to CaMnO3 increased the activation energy for reaction with both H2 and 

C2H4. It also led to significantly greater selectivity towards hydrogen combustion, evident from 

the three orders of magnitude difference in the rate constants for H2 vs. C2H4. Na2WO4/CaMnO3 

is also predicted to have greater resilience to a degradation in selectivity at high temperatures, 

compared to CaMnO3, based on the relative values of the apparent activation energy, Eapp, for 

reduction by the two reactants. The kinetic model equations and parameters reported herein for 
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reduction of CaMnO3-based redox catalysts in multiple gas environments enable the rational 

design and optimization of redox processes that employ these materials, such as the ethane CL-

ODH process.  

 

4.6. Symbols 

AE [unitless] designates an Avrami-Erofe’ev nucleation and nuclei 

growth kinetic model 

D [unitless] designates a diffusion-limited kinetic model 

dX/dt [min-1] derivative of solid conversion (X) against time (t) 

Eapp [kJ mol-1] apparent activation energy 

F [unitless] designates a reaction-order kinetic model 

k [min-1] rate constant 

k0 [min-1] pre-exponential factor 

m0 [mg] initial mass of (fully oxidized) redox catalyst 

m∞ [mg] final mass of (fully reduced) redox catalyst 

R [unitless] designates a geometric contraction kinetic model 

P [atm] total pressure 

Pi [atm] partial pressure of reactant i 

SH [percentage] selectivity towards hydrogen combustion 

t [min] time 

T [°C] temperature 

X [percentage] dimensionless solid conversion 
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CHAPTER 5: REDUCTION KINETICS OF NA2WO4/CAMNO3: INFLUENCE OF 

THERMAL HISTORY AND LONG-TERM REDOX CYCLING ON RATE 

PARAMETERS 
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5.1. Introduction 

Chemical looping oxidative dehydrogenation (CL-ODH) represents a promising route for 

intensification of olefin production from light alkanes, offering substantial reductions (>80%) in 

energy consumption and CO2 emissions compared to conventional steam cracking processes.[1,2] 

Building upon the well-established advantages of light alkane oxidative dehydrogenation (e.g. of 

ethane to ethylene) over steam cracking,[3] CL-ODH provides further reduction in energy intensity 

by spatially separating the CnH2n+2 and O2 reactants and decoupling the hydrogen oxidation 

reaction from the provision of gaseous O2 via a solid oxygen-donating reaction intermediate.[4] A 

properly selected solid oxygen carrier in CL-ODH facilitates reactive separation of O2 from air at 

temperatures compatible with oxy-dehydrogenation and oxy-cracking reactions, towards which 

the oxygen is subsequently donated.[5,6] Therefore, CL-ODH with a solid oxygen carrier directly 

addresses several key limitations of the conventional CnH2n+2/O2 co-feed approach to oxidative 

dehydrogenation, including (i) the operational risk associated with co-feeding oxygen, (ii) the 

over-oxidation of alkane and alkene to COx, and (iii) the requirement for costly, high-purity O2. 

 

Substantial attention has been paid in the literature to the design and evaluation of solid oxygen 

carriers, also known as redox catalysts, due to the central role of oxygen donation in chemical 

looping processes; the product distribution and overall process energy efficiency largely depend 

upon the selection of the redox catalyst, and hence the corresponding operating conditions.[1,7,8]  

Effective redox catalysts must be low-cost and low-toxicity materials possessing long-term redox 

stability, high mechanical strength, sufficient oxygen-donating capacity (in wt.%), and both high 

activity and selectivity towards the oxidation of hydrogen. The latter is referred to as selective 

hydrogen combustion (SHC) and determines whether an oxy-dehydrogenation or oxy-cracking 
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process will generate the preferred light olefins or undesirable COx side products.[1,6,9] Previously 

reported redox catalysts providing high olefin yields from CL-ODH include supported vanadium 

and molybdenum oxides,[10–14] MoO3/Fe2O3,
[15,16] and Li2CO3-promoted La0.8Sr0.2FeO3 

perovskite.[17–19] Recently, Yusuf et al. reported an ethylene yield of 68% from CL-ODH of ethane 

at 850°C using a Na2WO4-promoted Mg6MnO8 redox catalyst and attributed the high yield to the 

exceptional SHC properties of the Na2WO4/Mg6MnO8 system.[5,20] The high selectivity to H2 

combustion afforded by the Na2WO4 promoter has since been extended to additional metal oxide 

substrates, most notably the perovskite oxide CaMnO3, which forms a core-shell composite with 

Na2WO4 covering the redox catalyst surface; the core functions as the oxygen storage component 

whereas the shell inhibits non-selective oxidation.[6,21–24] Given the significant benefits provided 

by the Na2WO4 promoter in high-temperature redox applications, there is value in pursuing a 

deeper understanding of Na2WO4, its material properties under CL-ODH operating conditions, and 

its impact on the activity, selectivity, stability, and overall performance of redox catalysts, 

especially when CaMnO3 is used as the oxygen carrying component. 

 

The exploration of sodium tungstate (Na2WO4) as a structural promoter to metal oxide-based redox 

catalysts in olefin production schemes has stemmed from the successful demonstration of various 

Na2WO4-promoted catalysts by Jiang et al. and subsequently by Lunsford and coworkers for the 

oxidative coupling of methane (OCM), a process involving CH4/O2 co-feed.[25–28] The study by 

Jiang introduced the MnOx-Na2WO4/SiO2 catalyst system, which remains the best-performing 

OCM catalyst in the literature, achieving a C2 yield of 25% from methane.[29,30] Yu et al. in a later 

study demonstrated that by promoting a typically non-selective metal oxide (CeO2 or Pr6O11) with 

a small amount of Na2WO4, the resulting composite catalyst became highly selective for OCM due 
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to its increased ability to desorb ethylene prior to total oxidation.[26] Importantly, at the OCM 

conditions (780°C) and also at typical CL-ODH temperatures, Na2WO4 is molten and covers the 

surface of the oxide.[31,32] Multiple studies have therefore examined the properties of molten 

Na2WO4, both within and outside of the OCM literature, providing useful insights which will be 

relied upon later in this work.[32–36] Na2W2O7, a closely related phase, has also received attention 

and these insights may be useful based on the similarity of the monotungstate (Na2WO4) to the 

ditungstate or pyrotungstate.[37,38] However, while some of the cited studies have addressed oxygen 

ion mobility through the salt under both crystalline and molten working states, the use of oxide 

ions for a surface reaction (e.g. hydrogen combustion in the case of CL-ODH) was not examined. 

One of the goals of the present study is therefore to connect an understanding of the material 

properties of Na2WO4 during high-temperature operation (e.g. in CL-ODH) to an assessment of 

the influence of Na2WO4 on the selective hydrogen combustion reaction, with active oxygen 

provided from the lattice of the metal oxide substrate. 

 

As with any chemical process, an understanding of the kinetics is highly important for rational 

design of the reactor. For chemical looping processes, whether in a fixed bed or a fluidized bed 

reactor setting, the reduction kinetics of the oxygen carrier must be adequately characterized in 

order to make decisions about gas-solid contact time, total solid oxygen carrier inventory, reactant 

gas partial pressure, extent of regeneration, and a range of other factors.[39–41] Chemical looping 

oxygen carrier kinetics have been extensively studied, most commonly for the chemical looping 

combustion (CLC) of coal or methane. The typical approach adopted for these redox catalyst 

kinetics investigations has been to reduce (and then re-oxidize) the material and to non-

dimensionalize the extent of the solid conversion using the fully reduced (X = 1) and fully re-
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oxidized states (X = 0) as the boundary conditions.[42–44] The resulting dimensionless conversion 

curves (X vs. time) have been subsequently fitted to a variety of common solid-state kinetics 

models such as unreacted shrinking core models or nucleation and nuclei growth models.[43,45] We 

recently adopted this methodology to study the reduction kinetics of CaMnO3 and 20 wt.% 

Na2WO4/CaMnO3 redox catalysts, with and without Fe doping, with an emphasis on the reduction 

rates of each material by hydrogen, ethylene, and ethane gases as the major components of an 

ethane CL-ODH effluent stream.[46,47] In these investigations, the activation of C2H6 by the redox 

catalysts was deemed to be negligible, while the undesirable activation of C2H4 was inherently 

lower than that of H2 on the CaMnO3 redox catalyst and could be further suppressed by several 

orders of magnitude with the addition of the Na2WO4 promoter. However, several questions related 

to the reduction kinetics of the Na2WO4/CaMnO3 remain unanswered, including the impact of a 

crystalline or a molten Na2WO4 working state on the reduction kinetics, the importance of the 

thermal history of the sample, and the long-term kinetic behavior of the redox catalysts. 

 

In this study, we aim to perform a more rigorous investigation on the reduction kinetics of the 

CaMnO3 and Na2WO4/CaMnO3 redox catalysts, with a particular focus on capturing changes in 

the reduction rates which result from phase change of the Na2WO4 surface layer.[22,24] Moreover, 

here we place the rates and kinetic parameters we determined for this system in our previous work 

into a more firm context by assessing the variability and repeatability of the rates and evaluating 

the impact of extended redox cycling on the observed kinetics. As we have noted elsewhere, redox 

catalysts based on CaMnO3 with a molten salt promoter can find suitable application in chemical 

looping oxidative dehydrogenation (CL-ODH) of ethane, as well as other processes in which H2 

is produced alongside higher-value hydrocarbon products.[1,48] The improved understanding of 
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Na2WO4/CaMnO3 reduction kinetics afforded by this work can potentially enable the rational 

design and optimization of CL-ODH processes in fixed-bed and fluidized-bed reactors utilizing 

these materials. 

 

5.2. Experimental Section 

5.2.1. Redox Catalyst Preparation 

Perovskite oxide CaMnO3 was synthesized following a modified Pechini method as described in 

previous reports.[6,22] In brief, stoichiometric amounts of Mn(NO3)2·4H2O (97.0%, Sigma-

Aldrich), Ca(NO3)2·4H2O (99.0%, Sigma-Aldrich), and citric acid (99.5%, Sigma-Aldrich) were 

dissolved in deionized water at 40°C while stirring, followed by the addition of ethylene glycol 

(99.8%, Sigma-Aldrich). The solution was then heated to 80°C and stirred until the formation of a 

gel, then dried overnight at 100°C. Two calcination steps were used, the first at 450°C to 

decompose nitrates (3 h) and the second at 1000°C to form the CaMnO3 phase (12 h). To make 20 

wt.% Na2WO4/CaMnO3, an appropriate mass of Na2WO4·2H2O (99.0%, Sigma-Aldrich) was 

dissolved in deionized water and added dropwise to the CaMnO3 powder, then dried overnight. 

The mixture was then calcined at 900°C for 8 h to form the final Na2WO4/CaMnO3 redox catalyst. 

Powders in the size range 150-250 μm were used for kinetics experiments. 

 

5.2.1. Reduction Kinetics Experiments and Modeling 

The determination of reduction kinetics for the CaMnO3 and Na2WO4/CaMnO3 redox catalysts 

was performed in a similar manner to our previous work, and this section will primarily describe 

changes to this methodology; further details can be found in Dudek et al.[46] As before, 

thermogravimetric analysis (TGA) experiments using a SETARAM Setsys Evolution TGA-
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DTA/DSC instrument formed the basis of the kinetics data. All samples were cycled at least five 

times between 5% H2 and 5% O2 at 750°C, using He as the inert carrier gas; some samples were 

more extensively pre-treated, and some samples were utilized over multiple experiments. Table 

S1 provides a thorough description of the five CaMnO3 samples used in this study, and Table S2 

provides similar information on nine Na2WO4/CaMnO3 samples which are used throughout. 

Kinetic data were non-dimensionalized by the total weight change in order to produce the 

dimensionless solid conversion, X: 

𝑋(𝑡) =  
𝑚0 − 𝑚(𝑡)

𝑚0 − 𝑚∞
 

The trend of X vs. time was then fitted to a reaction model f(X). Temperature dependence k(T) 

and partial pressure dependence h(Pi) were extracted by selecting a reaction model, keeping either 

T or Pi constant, and varying the other condition: 

𝑑𝑋

𝑑𝑡
= 𝑘(𝑇) 𝑓(𝑋) ℎ(𝑃𝑖) 

 

The complete list of 15 solid-state kinetic models considered in this work are provided in Table 

D3 and are the same models considered in Dudek et al.[46] For the kinetic modeling approaches, 

one significance difference from the previous work is that each type of single-parameter kinetic 

model – reaction-order models (F), geometric contraction models (R), diffusion-limited models 

(D), and the Avrami–Erofe’ev nucleation and nuclei growth models (AE) – was fully fitted and 

evaluated to the point of determining Arrhenius relations and extracting kinetic parameters Ea (kJ 

mol-1) and k0 (s
-1). In every case considered, the Avrami-Erofe’ev family of models was the best 

fitting, and either AE1.5 or AE2 models were used to remove the X dependence of dX/dt in order 

to determine k(T) or h(Pi). A comparison of the four modeling types is provided for one sample 
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within the main manuscript (see Figure 5.4). The statistical approaches for the kinetic modeling 

are the same as discussed in Dudek et al.[46]  

 

5.2.3. In Situ X-Ray Powder Diffraction 

In situ powder X-ray diffraction (XRD) experiments were performed on compressed powders of 

20 wt.% Na2WO4/CaMnO3 using a PANalytical Empyrean X-ray diffractometer with an XRK900 

reactor chamber (Anton Parr) at the Analytical Instrumentation Facility (AIF) of North Carolina 

State University. Diffraction patterns were collected in the 2θ range 15° to 50° with 3 minutes per 

scan. Na2WO4/CaMnO3 samples were heated or cooled at a rate of approximately 3°C/min leading 

to one full scan per 10°C during temperature ramping. For isothermal in situ XRD measurements 

with a redox cycling component, the gas atmosphere was switched from an inert N2 gas to a 3% 

H2 (balance N2) reducing environment and an air environment, separated by purge steps of 12 min. 

 

5.3. Results and Discussion 

5.3.1. Partial Pressure Dependence of CaMnO3 Reduction Kinetics 

The primary body of experimental work in this study involved a systematic evaluation of the 

reduction kinetics of five CaMnO3 (CM) samples and nine Na2WO4/CaMnO3 (NWCM) samples. 

A variety of temperature and partial pressure conditions, testing programs, and catalyst lifetimes 

were considered, and presented in greater detail in Tables D1–D2. While not every sample and 

experiment are discussed in the main text, the remainder are presented in Appendix D. We begin 

by describing the reduction of CaMnO3 perovskite by hydrogen gas as a reference point for the 

later discussion of the 20 wt.% Na2WO4/CaMnO3 redox catalyst. The data presented here for the 

reduction kinetics of CaMnO3 build upon previously published kinetic data in four important ways, 
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providing an improved understanding of (i) the reaction order with regards to PH2, (ii) the margin 

of error on TGA measurements and derived rates, (iii) the effect of performing reaction testing in 

a decreasing order vs. an increasing order of temperatures, and (iv) the impact of extensive redox 

cycling on the reduction rates and kinetic parameters for CaMnO3.
[46]  

 

Figure 5.1 presents the dimensionless solid conversion (or percentage reduction) of CaMnO3 as a 

function of time for four partial pressures of H2 across a range of six operating temperatures. As 

in Chapter 4, solid conversion X is non-dimensionalized by dividing the mass differential (in mg) 

at a given time t with the overall change in oxygen content after 20 minutes of reduction (also in 

mg); the latter quantity can also be divided by the total sample mass to arrive at the material oxygen 

capacity (wt.%). Similarly, Figure 5.2 shows the time derivative of the solid conversion (dX/dt) 

as a function of solid conversion (X). The CaMnO3 sample used for these experiments (designated 

as CM-05) was cycled 45 times at 750°C prior to acquisition of kinetics information to determine 

dependences on PH2 (reaction order) and T (activation energy and pre-exponential factor). The data 

of Figure 5.1 and Figure 5.2 are consistent with our previously reported data for the reduction of 

CaMnO3 in 10% H2 and provide a more complete understanding of the reduction kinetics across a 

wider range of conditions. Of particular note is the shoulder in the reduction rate observed at lower 

temperature (600°C, 550°C, 500°C), which becomes more pronounced with decreasing 

temperature but is independent of the partial pressure of H2; given its location near X = 0.5 

(corresponding to an approximate stoichiometry of CaMnO2.5), the rate shoulder likely represents 

the decomposition of the brownmillerite phase into the solid solution of CaO and MnO, which 

dominates the overall rate at higher conversion. 
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Figure 5.1: Dimensionless solid conversion of the CaMnO3 redox catalyst (X) as a function of time (t, min) 

across a range of temperatures (°C) and PH2 (atm) values. All data were acquired using sample CM-05 with 

detailed experiment descriptions provided in Appendix D. 
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Figure 5.2: Dimensionless reduction rates of the CaMnO3 redox catalyst (dX/dt) as a function of conversion 

(X) across a range of temperatures (°C) and PH2 (atm) values. All data were acquired using sample CM-05 with 

detailed experiment descriptions provided in Appendix D. 
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Using the reduction rate information from Figure 5.1 and Figure 5.2 and applying an isothermal 

model fitting approach, a set of kinetic pre-factors are determined (k*PH2
n) and plotted as a 

function of PH2. An Avrami—Erofe’ev nucleation and nuclei growth reaction model (AE1.5) was 

chosen to fit the data. The resulting pre-factors and approximate reaction order n are provided in 

Table 5.1, while the partial pressure relations are included as Figure D1 in Appendix D. The 

reaction order n for the reduction of CaMnO3 by H2 is thus largely independent of temperature and 

centers on an approximate value of 0.73; the presence of an additional and potentially rate-limiting 

step at 550°C and 500°C (the brownmillerite decomposition) leads to a slight decrease in n for 

these conditions. The determination of a more precise reaction order for H2 allows for an 

improvement of the kinetic model established in Chapter 4.  

 

Table 5.1. Kinetic pre-factors A = k(T)*(PH2)
n for reduction of CaMnO3 by H2 at six temperatures and four 

PH2 conditions, along with apparent reaction orders n at each temperature. 

Temperature A (0.025 atm) A (0.05 atm) A (0.075 atm) A (0.10 atm) n 

700°C 0.907 1.437 2.021 2.503 0.735 

675°C 0.812 1.302 1.804 2.269 0.740 

650°C 0.721 1.139 1.605 1.937 0.721 

600°C 0.564 0.947 1.239 1.590 0.738 

550°C 0.409 0.662 0.850 1.104 0.701 

500°C 0.250 0.391 0.495 0.619 0.644 

 

5.3.2. Temperature Dependence of CaMnO3 Reduction Kinetics 

The primary focus of this kinetics investigation is on the temperature dependence of CaMnO3 

reduction, particularly as a point of comparison with the 20 wt.% Na2WO4/CaMnO3 discussed in 

later sections. Moreover, this study strives to obtain a firm understanding of the variability of the 

kinetic data. Figure 5.3 illustrates the dimensionless solid conversion (X) of CaMnO3 by 5% H2 

gas in integral form (X vs. t, Figure 5.3a) and differential form (dX/dt vs. X, Figure 5.3b). The 
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data represent an average of five independent data sets across four unique samples, with Figure 

5.3c-h presenting error bars based on the five data sets. Across the 500°C to 700°C range, the rates 

of CaMnO3 reduction by H2 followed a predictable Arrhenius trend. 95% dimensionless 

conversion of the perovskite (i.e. to CaO/MnO solid solution) was observed within 2 min at most 

conditions; at lower temperatures (≤ 600°C), a decrease in the reduction rate near X = 0.4 likely 

represented the more energetically difficult decomposition of brownmillerite (Ca2Mn2O5) into 

CaO and mixed manganese oxides as mentioned previously.  

 

A kinetic model fitting analysis as described next was performed independently on each of the 

CaMnO3 reduction data sets and will be shown for the sample CM-03 in Figure 5.4, while key 

kinetic results are tabulated in Table 5.2. The underlying experiments cover a range of different 

operating conditions, cycle programs, and sample histories, representing a more comprehensive 

examination of the dependence of CaMnO3 reduction on temperature; for more details on the 

experiments, see Appendix D. The present study evaluated 15 common solid-state kinetic models 

(Table D3), including four power-law relations (F), three geometric contraction models (R), four 

diffusion equations (D), and four Avrami-Erofe’ev nucleation-nuclei growth models (AE); in all 

cases, the rate constant k (min-1) served as the single fitting parameter.[45,49] Figure 5.4 depicts the 

application of the best-fitting models of each category to the CaMnO3 rate data at 700°C (Figure 

5.4a-b) and 500°C (Figure 5.4c-d) in the integral and differential forms. First-order power law 

(F1), unreacted shrinking core (R3), and nucleation-nuclei growth with Avrami exponent either n 

= 1.5 or 2 (AE1.5 or AE2) all provided satisfactory empirical fits to the reduction rate data across 

all six temperatures. The combination of the closely related AE1.5 and AE2 models exhibited the 

overall lowest fitting error across the entire temperature range, and the associated k values and 
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apparent activation energy Ea should be treated with greatest confidence among the four model 

types. As shown in the Arrhenius plot for the reduction of CM-03 in H2 (Figure D2), and the 

accompanying set of kinetic parameters (Table D4), the selection of kinetic model did not 

appreciably affect the value of Ea or the R2 of the Arrhenius relation, despite the variations in 

fitting accuracy of the model predictions to the kinetic data depicted in Figure 5.4. This held true 

for all samples tested.  
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Figure 5.3. Reduction kinetics of CaMnO3 in 5% H2. (a) Integral and (b) differential solid conversion plots, 

representing an average of thermogravimetric data for five independent experiments across four samples (CM-

02, CM-03, CM-04, CM-05), for all six temperature conditions. (c)—(h): Individual temperature data sets, 

with error bars representing one sample standard deviation calculated from the five individual sets. 
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Figure 5.4. Model-fitting method results for CaMnO3 reduction by 5% H2, shown for (a, c) integral and (b, d) 

differential data at 700°C and 500°C. Four best-fitting kinetic models are presented along with associated sum 

of squared errors (SSE): first-order power law (F1), three-dimensional unreacted shrinking core (R3), Jander 

equation for three-dimensional diffusion (D3), and Avrami-Erofe’ev nucleation (AE, n = 1.5 or 2). The fitting 

data are from Experiment 2 on sample CM-03. 

 

The model fitting analysis described above and illustrated in Figure 5.4 were applied to every 

individual data set. As can be seen from the range of kinetic parameters obtained across all 

experiments (Table 5.2), there is some variability in the kinetic parameters centered around an 

average Ea of approximately 39.5 kJ mol-1, which agrees with the apparent value of Ea determined 
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in the work discussed previously in Chapter 4 (40.1 kJ mol-1 for CaMnO3 prepared via the solid 

state reaction method). Removal of the outlier (30.2 kJ mol-1) results in an average value of 40.6 

kJ mol-1, equally close in agreement to the reported value. The results together indicate that 

preparation method does not significantly affect the apparent Ea for reduction by H2. One further 

insight that can be drawn from the data, from the CM-02 sample, is that the order in which the 

testing was performed did not significantly impact the reduction behavior or the apparent energy 

barrier; in back-to-back experiments following an increasing order program (500°C to 700°C) and 

then following a decreasing order program (700°C to 500°C), there was little observed variation. 

 

Table 5.2. List of apparent activation energy and pre-exponential factor values obtained via the reduction of 

CaMnO3 by H2. Avrami-Erofe’ev models (AEn) were selected for parameter fitting. 

Sample 

Name 

(Experiment) 

Testing Order Gas 

Environment 

# of Previous 

Cycles 

Ea (kJ mol-1) k0 (s
-1) 

CM-01 (1) Decreasing 10% H2 5 37.1 3.49 

CM-02 (1) Decreasing 5% H2 5 30.2 0.82 

CM-02 (2) Increasing 5% H2 23 39.6 3.99 

CM-03 (2) Decreasing 5% H2 24 40.6 1.93 

CM-04 (1) Decreasing 5% H2 25 42.9 1.85 

CM-05 (1) Decreasing 5% H2 45 40.6 1.58 

CM-05 (2) Decreasing 10% H2 66 42.3 8.16 

CM-05 (3) Decreasing 7.5% H2 87 43.2 7.34 

CM-05 (4) Decreasing 2.5% H2 105 39.4 2.03 

CM-05 (5) Decreasing 5% H2 123 39.5 3.33 

 

However, the extent of prior redox cycling potentially had an impact on the redox catalyst working 

state and in particular on the pre-exponential factor. The two lowest values of the apparent Ea for 

reduction in H2 (37.1 kJ mol-1 for CM-01 and the outlier 30.2 KJ mol-1 for CM-02) occurred when 

the respective samples had been cycled only five times each prior to the experiment, indicating 

that more extensive redox cycling may have stabilized the activation energy barrier for reduction 
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over time in the CaMnO3 system. Moreover, the reduction rates became faster overall with 

increased cycling; a comparison of the two experiments using 10% H2 (CM-01 (1) and CM-05 (2)) 

shows that the value of the pre-exponential factor more than doubled, from 3.49 s-1 to 8.16 s-1, 

possibly as a result of the difference in pre-treatment (five vs. 87 cycles). A similar outcome was 

observed with CM-02 (1), showing a pre-exponential factor of 0.82 s-1 in 5% H2, and every other 

experiment, which provided a range of significantly higher values (3.99, 1.93, 1.85, 1.58, and 

3.33), though with no obvious trend. One possible explanation for an increase in the reduction 

rates with cycling is that the average grain size of CaMnO3 changed over time. In summary, while 

bulk CaMnO3 reduction kinetics did not appear to be affected by testing order (highest 

temperatures vs. lowest temperatures first), the extent of redox cycling may have impacted the 

kinetics by bringing the samples to a higher and more stable activation barrier (~40 kJ mol-1) and 

increasing the reduction rates of CaMnO3 over time. 

 

The final aspect to be considered for the bulk or unpromoted CaMnO3 is the reduction kinetics in 

ethylene, which serves as an important contrast to the kinetics in H2. Chapter 4 focused heavily on 

the differences in reduction rates for the various gases. Here, we mention that the reduction rate of 

CaMnO3 in 5% C2H4 was in line with expectations based on the previously established rate data, 

with the magnitude of the rates about three to 15 times lower in ethylene than in hydrogen, and 

that the synthesis method (SSR method in Chapter 4 vs. modified Pechini method in Chapter 5) 

did not substantially affect the kinetics. As shown in Figure 5.5, the reduction rates of bulk 

CaMnO3 in 5% C2H4 atmosphere were only slightly lower than the reported rates for reduction of 

bulk CaMnO3 (via SSR) in 10% C2H4, a finding consistent with the reported low reaction order of 

n = 0.28 for ethylene.[46] The apparent activation energy barrier was not calculated again for 
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reduction by C2H4. Two final notes on the ethylene kinetics are that the testing order once again 

did not significantly impact the reduction rate and that the total extent of reduction of CaMnO3 in 

C2H4 did not reach the minimum achieved under H2, which agrees with previous results on the 

oxygen site dependence of the ethylene combustion reaction and explains the incomplete reduction 

curves shown in Figure 5.5. Ethylene kinetics will not be discussed in much more detail, and the 

broad focus of this chapter is on the rate differences between CaMnO3 and 20 wt.% 

Na2WO4/CaMnO3 under H2, as described next. 

 

 

Figure 5.5: Reduction kinetics of CaMnO3 in 5% C2H4; (a) Integral and (b) differential solid conversion plots. 

Data were acquired on sample CM-04. 

 

 

5.3.3. Reduction Kinetics of Na2WO4/CaMnO3: Rate Crossover and Hysteresis Phenomena 

The primary goal of this chapter is to provide a comprehensive view of the reduction kinetics of 

the high-performing Na2WO4/CaMnO3 redox catalyst in hydrogen gas, and to report on a series of 

interesting properties demonstrated by the material. In our previous work, we reported reduction 

rates and kinetic parameters for Na2WO4/CaMnO3 in both H2 and C2H4 and established that the 
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high selectivity of this redox catalyst stems from differences in the energy barrier (Ea and T), 

oxygen site dependence (X), and reaction order (PH2 and PC2H4). However, the full range of 

operating temperatures (500°C to 700°C) was not presented for the Na2WO4-promoted CaMnO3 

due to a series of interesting, yet highly dynamic rate phenomena which proved difficult to explain 

from a material standpoint. The rest of this chapter will provide our current level of understanding 

of the reduction kinetics of Na2WO4/CaMnO3, while the concluding chapter of this dissertation 

will include recommendations on how the system can and should be studied further. 

 

Figure 5.6 illustrates the reduction kinetics of the 20 wt.% Na2WO4/CaMnO3 redox catalyst in 5% 

H2 over a range of nine temperatures from 500°C to 700°C. In Figure 5.6a–b, the integral and 

differential kinetic plots are shown, respectively; Figure 5.6c–k focuses on one temperature 

condition each and gives error bars constructed from the sample standard deviation of three 

independent experiments on samples NWCM-05, NWCM-08, and NWCM-09, all of which were 

pre-treated with five cycles only before the experiments. Moreover, each experiment was 

conducted in a decreasing temperature order beginning from 700°C. The most notable feature of 

the Na2WO4/CaMnO3 kinetics is the presence of a statistically significant crossover between the 

high- and low-temperature conditions, particularly at low to intermediate conversion (X < 0.6), 

leading to an unusual phenomenon in which reduction rates increase with decreasing temperature 

starting at 625°C. Additionally, the rates at the four temperatures from 575°C to 500°C collapse 

upon one another, suggesting a region in which the apparent activation energy barrier equals zero. 

While the sample error did become prominent at high conversion due to the cumulative uncertainty 

throughout each experiment, at low conversions the error is minimal and so the crossover 

phenomenon should be accepted as repeatable. This phenomenon has also been reproduced across 
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multiple sample batches, including independent batches of modified Pechini method CaMnO3 as 

well as solid state reaction method CaMnO3 (Figures D3–D4) and at concentrations other than 5% 

H2; the phenomenon was observed almost identically at 10% H2 as shown in Figures D3–D5. All 

of these experiments agreed qualitatively (e.g. the absolute values of the rates were somewhat 

different, but the internal relations were comparable), and all showed similar crossover 

temperatures (typically 625°C or 600°C). Due to the lack of a similar rate crossover phenomenon 

for the unpromoted CaMnO3 redox catalyst (Figure 5.3), the counterintuitive results of Figure 5.6 

can be attributed to the presence of the Na2WO4 promoter. Given that some of the potential 

applications for this redox catalyst involve the selective combustion of hydrogen at or near 650°C 

(e.g. ethane dehydrogenation, ethane dehydroaromatization), it is importance to attempt to gain a 

fuller understanding of the system and of this Na2WO4 effect on kinetics within this temperature 

range. The following paragraphs delve further into various aspects of the reduction kinetics, with 

derived kinetic parameters Ea (kJ mol-1) and k0 (s
-1) listed in Table 5.3. 
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Figure 5.6: Reduction kinetics of 20 wt.% Na2WO4/CaMnO3 in 5% H2. (a) Integral and (b) differential solid 

conversion plots, representing an average of thermogravimetric data for independent experiments across three 

samples (NWCM-05, NWCM-08, NWCM-09), for nine temperature conditions. (c)—(k): Individual 

temperature data sets, with error bars representing one sample standard deviation calculated from the three 

individual sets. All data were acquired in a decreasing order of temperatures. 
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The Na2WO4/CaMnO3 grows more complex when the testing order of temperature conditions is 

switched from decreasing order, as in Figure 5.6, to increasing order, i.e. beginning from 500°C 

and heating to 700°C. Figure 5.7 shows the impact of reversing the testing order by examining the 

sample NWCM-07 in increasing order. (Multiple repetitions of this testing program have resulted 

in similar trends, but without sufficient quantitative agreement to make a presentation of error bars 

appropriate.) The rates at 500°C and 525°C, first in the testing order, were not well developed and 

are not pictured. On examination of Figure 5.7 and in comparison with Figure 5.6, two 

conclusions can be drawn: (i) the reduction rates are generally faster when the material is tested in 

increasing order, particularly at 600°C and above, and (ii) no high—low crossover phenomenon 

occurs as was seen for the decreasing order data sets. The reduction of Na2WO4/CaMnO3 by H2 

therefore exhibits thermal hysteresis in addition to the rate crossover during cooling. 

 

 

Figure 5.7: Reduction kinetics of 20 wt.% Na2WO4/CaMnO3 in 5% H2. (a) Integral and (b) differential solid 

conversion plots for seven temperature conditions, acquired on a single sample (NWCM-07, Experiment 1). 

All data were acquired in an increasing order of temperatures. 
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The hysteresis effect observed for the Na2WO4/CaMnO3 system was explored in further detail via 

two independent experiments on samples NWCM-07 and NWCM-08 after each sample had been 

cycled more than 30 times (see NWCM-07, Experiment 2A-B and NWCM-08, Experiment 2A-B 

in Appendix D). In one testing program, the sample was heated to 675°C first, tested in decreasing 

order, then immediately re-tested in increasing order; in the other, the sample was uniformly heated 

from 525°C and tested in increasing order up to 700°C followed immediately by decreasing order. 

Dimensionless conversion curves for the two complementary experiments are depicted in Figure 

5.8. 
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Figure 5.8: Examination of the thermal hysteresis effect on two distinct Na2WO4/CaMnO3 samples. (a)–(b): 

Experiments on sample NWCM-07, tested first in decreasing order from 675°C to 500°C (Exp. 2A) and then 

back to 675°C (Exp. 2B), comprising cycles 34–78 on the sample. (c)–(d): Experiments on sample NWCM-08, 

tested first in increasing order from 525°C to 700°C (Exp. 2A) and then back to 525°C (Exp. 2B), comprising 

cycles 33–77 on the sample. Dotted lines represent cooling; solid lines represent heating. 

 

The results in Figure 5.8 clearly demonstrate that the high—low temperature rate crossover 

phenomenon observed for decreasing order experiments is itself not affected by thermal hysteresis, 

as this phenomenon occurs regardless of whether the sample is quickly heated to 675°C or 700°C 

and then tested immediately in decreasing order, or heated gradually to high temperature with 
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consistent redox cycling during the increasing order testing and then subsequently tested in 

decreasing order. Similarly, Figure 5.8 also shows that the hysteresis effect differentiating the 

results from the two different testing orders will occur regardless of which conditions are 

performed first. Given the number of repetitions for which these phenomena have been observed 

as well as their appearance during two different testing protocols, the measurements shown here 

on the Na2WO4/CaMnO3 redox catalyst during reduction with H2 are likely to be genuine and not 

an artifact of the apparatus (e.g. TG drift). 

 

5.3.4. Effect of Long-Term Redox Cycling on Na2WO4/CaMnO3 Reduction Rates 

In a final set of experiments testing the reduction of the Na2WO4/CaMnO3 redox catalyst over an 

extended time, one final layer of complexity was revealed; namely, both the thermal hysteresis 

phenomenon (causing the increasing order and decreasing order rates to differ) and the rate 

crossover phenomenon (causing higher temperatures to produce lower reduction rates during 

sample cooling) disappeared gradually over the course of many redox cycles. Figure 5.9 describes 

the effect of extended redox cycling on Na2WO4/CaMnO3, using the NWCM-08 sample. Three 

sequential experiments (2, 5, and 6) were performed on this sample using the same testing program, 

with heating during the first half and cooling during the second half; in all, the sample was cycled 

in excess of 230 times, though not always with the same reducing gas environment (see Appendix 

D for details). The thermal hysteresis and the zero activation energy phenomenon both appeared 

during experiment 2A-B on NWCM-08, relatively early in the sample lifetime. However, 

subsequent experiments 5A-B and 6A-B clearly demonstrate that the hysteresis disappears with 

increasing cycle count. It is apparent from Figure 5.9e–f that after 180 redox cycles, the reduction 

rates during the increasing order and decreasing order programs have converged; moreover, the 
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decreasing order data (Figure 5.9f) no longer display a rate crossover between high and low 

temperature, and the rates from 575°C to 500°C are no longer identical, indicating that the apparent 

activation energy barrier no longer equals zero. Further experiments are needed to determine a 

material-based explanation for the hysteresis and rate crossover phenomena, as well as the gradual 

change in redox catalyst activity over time. In the following section we will describe an in situ X-

ray diffraction investigation of Na2WO4/CaMnO3, undertaken with this purpose in mind. 
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Figure 5.9: Effect of extended redox cycling on the reduction rate crossover and hysteresis phenomena of 

Na2WO4/CaMnO3, all performed on sample NWCM-08: (a) Cycles 33–77; (b) Cycles 135–185; (c) Cycles 

186–236. All experiments follow an increasing temperature program from 500°C/525°C to 700°C followed by 

a decreasing temperature program to 500°C/525°C. Reduction kinetics in 5% H2 are shown. 
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We conclude the discussion of the reduction kinetics of Na2WO4/CaMnO3 with H2 by presenting 

Table 5.3, which summarizes the Arrhenius kinetic parameters (Ea, kJ mol-1 and k0, s
-1) from the 

experiments presented in Figures 5.6–5.9. The Avrami-Erofe’ev nucleation and nuclei growth 

model was used once again to capture the kinetics, as this family of models (particularly with n = 

1.5 or 2) was determined to be best-fitting in a previous study (Chapter 4).[46] Several key 

comparisons can be drawn from the data of Table 5.3. Firstly, by examining rows 1–3, 5, and 7 

(corresponding to the data in Figure 5.6 and Figure 5.8a,d), it is clear that during a cooling 

temperature program, the reduction kinetics of Na2WO4/CaMnO3 are bifurcated around 600°C into 

a high-temperature region with a high Ea (on the order of 100 kJ mol-1) and a low-temperature 

region with approximately zero activation energy. Rows 4–7 (Figure 5.8) directly compare the 

differing kinetic parameters obtained from a heating and a cooling program, reproduced on two 

samples, and clearly illustrate that the energy barriers associated with Na2WO4/CaMnO3 reduction 

are not equal for a heating vs. a cooling program when the sample is still relatively fresh. Finally, 

an examination of rows 6–11 (Figure 5.9), and in particular of rows 7, 9, and 11, shows the steady 

convergence in apparent activation energy as the sample is progressively cycled, which results in 

the elimination of both the hysteresis phenomenon and the low-temperature rate convergence 

observed during the decreasing-order testing program. 
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Table 5.3. List of apparent activation energy and pre-exponential factor values obtained via the reduction of 

Na2WO4/CaMnO3 by 5% H2. The Avrami-Erofe’ev model (AE1.5 or AE2) was selected for parameter fitting. 

Experiments are separated into Low Temperature (575°C and below) and High Temperature (625°C and 

above) to capture the bifurcation of kinetics around 600°C for certain samples.  

Row Sample 

(Experiment) 

Testing 

Order 

# Prev. 

Cycles 

Ea (kJ mol-1) k0 (s
-1) 

Low T High T Low T High T 

1 NWCM-05 (1) Dec 5 0.0 71.7 5.0 x 10-4 5.4 x 101 

2 NWCM-08 (1) Dec 5 8.3 88.0 2.0 x 10-2 6.9 x 102 

3 NWCM-09 (1) Dec 5 0.0 74.4 2.0 x 10-3 1.1 x 102 

4 NWCM-07 (2A) Inc 33 33.8 1.5 x 101 

5 NWCM-07 (2B) Dec 54 4.6 111.7 1.0 x 10-2 1.8 x 104 

6 NWCM-08 (2A) Inc 32 36.0 1.9 x 100 

7 NWCM-08 (2B) Dec 53 0.5 100.6 1.0 x 10-2 5.9 x 103 

8 NWCM-08 (5A) Inc 134 47.3 8.3 x 100 

9 NWCM-08 (5B) Dec 158 24.4 61.7 4.2 x 10-1 4.6 x 101 

10 NWCM-08 (6A) Inc 185 41.6 41.3 5.8 x 100 4.4 x 100 

11 NWCM-08 (6B) Dec 209 29.9 59.9 8.7 x 10-1 4.3 x 101 

 

 

5.3.5. In Situ X-Ray Diffraction Study 

In an attempt to explain the thermal hysteresis and rate crossover phenomena on 

Na2WO4/CaMnO3, we turned to in situ powder X-ray diffraction (XRD) to characterize changes 

in phase composition and crystal structure of the redox catalyst as a function of both temperature 

and gas environment. Figure 5.10 displays in situ XRD data for the Na2WO4/CaMnO3 redox 

catalyst during a heating program (5.10a) and cooling program (5.10b). The phase composition of 

the sample is largely consistent with previous reports for this material, with the reflections at 2θ = 

24°, 33° and 48° corresponding to the cubic CaMnO3 phase (nominally 80 wt.% of the sample) 

and those at 2θ = 16°, 28°, and 32° indicating the presence of cubic crystalline Na2WO4. Upon 

heating the sample from room temperature to 700°C, the diffractions for crystalline Na2WO4 

disappeared at approximately 600°C; this phase transition is in good agreement with previous in 
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situ characterization of Na2WO4.
[24,32,36,37] The melting point of Na2WO4 (695°C) is also well-

established and has been observed via in situ techniques in multiple literature reports,[32,33] as well 

as in Figure 5.10, which features a second set of diffraction peaks disappearing at approximately 

680°C. However, there is uncertainty within the literature about the identity of the transitional 

phase which exists between 600°C and 680°C. According to Pistorius, the Na—W—O system at 

ambient pressure re-crystallizes from cubic to orthorhombic Na2WO4 at 600°C before melting at 

695°C.[33] Werny et al. attributed a phase in this 600°C to 680°C region, with peaks 2θ = 17°, 21°, 

26.5°, 27.5°, 28.5°, 31°, and 32°, to the orthorhombic structure of Na2WO4.
[32] Interestingly, these 

authors reported different diffraction patterns when Na2WO4 was heated under 10% O2 

environment vs. pure He; they did not identify the different phase which persisted during heating 

under inert He (2θ = 17°, 18.5°, 19.5°, 20.5°, 23°, 25.5°, 26.5°, 27°, 28°, 29.5°, 31.5°) and also did 

not comment on whether it was one or potentially multiple transition phases.[32] The diffraction 

peaks reported here in Figure 5.10 resemble more closely the orthorhombic Na2WO4 described by 

Werny et al. In contrast, Hao et al., studying the same Na2WO4/CaMnO3 system as in this work, 

attributed a similar set of peaks in this region to Na2W2O7.
[24] In the absence of more reliable 

diffraction data from the literature, it is difficult to rule out either phase, but it is evident that the 

Na2WO4 promoter undergoes a phase transition into a non-cubic crystalline phase within the same 

temperature range that the hysteresis effect appears in the reduction kinetics of Na2WO4/CaMnO3. 

However, the in situ XRD data from heating and cooling do not appear to show significant 

hysteresis in the melting and recrystallization behavior; the aforementioned transitional peaks 

appear faintly in Figure 5.10b before disappearing at approximately 575°C. This slight amount of 

hysteresis is in fact less significant than the hysteresis previously reported for this system, where 

cubic Na2WO4 did not recrystallize until 450°C. It is therefore difficult to conclude anything about 
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the melting and recrystallization of the Na2WO4, and its impact on the observed rate crossover and 

hysteresis phenomena, from the heating and cooling data alone. 

 

 

Figure 5.10: In situ XRD patterns for Na2WO4/CaMnO3 redox catalyst. (a) Heating from RT to 700°C, prior 

to redox cycling. (b) Cooling from 650°C to RT, following redox cycling. 

 

To complement the in situ XRD data from heating and cooling, in situ XRD measurements were 

also taken at six isothermal conditions: 550°C, 600°C, 625°C, 650°C, 675°C, and 700°C. In these 

experiments, sample powder of Na2WO4/CaMnO3 was alternated between 3% H2 (balance N2) and 

air environments, with inert N2 serving as the purge gas. Figure 5.11 shows the XRD patterns 

collected at all six conditions during redox cycling. The reduction step begins at approximately t 

= 10 min for each condition, with some variability, and lasts for a duration of between 45–90 

minutes, with lower temperatures requiring a longer exposure to reduce completely. The greater 

intensity of the diffraction peaks in Figure 5.11a and 5.11f (550°C and 700°C) are a result of fresh 

sample being used for these runs; in addition, the higher temperature runs generally maintained 

higher crystallinity and displayed more intense peaks as a result. All six measurements clearly 

show the signature peaks of CaMnO3 at 2θ = 24°, 33° and 48°. However, crystalline Na2WO4 
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appears only for the fresh samples which are present at the beginning of the runs pictured in Figure 

5.11a and 5.11f, and it is worth mentioning that Na2WO4 evidently does not reappear in crystalline 

form following re-oxidation even if the operating temperature is below the melting point of 

Na2WO4 (695°C). At all six temperatures, the reduction of the Na2WO4/CaMnO3 redox catalyst 

results almost immediately in the appearance of crystalline Ca3WO6 at 2θ = 18.5°, 19°, 22°, 31.5°, 

and 38.5° (see Figure D6 of Appendix D). This phase has been reported previously during the 

reduction of this redox catalyst.[6] Notably, this Ca3WO6 persists even after re-oxidation when the 

temperature is low (less than 650°C), such that the material likely begins with surface Ca3WO6 at 

the beginning of each redox cycle when the redox catalyst is operated below 650°C. It is possible 

that the Ca3WO6 phase factors into the rate crossover phenomenon; for example, if Ca3WO6 (which 

has a melting point far above these temperatures) has oxygen conductivity higher than 

orthorhombic Na2WO4 (or Na2W2O7) but lower than that of cubic Na2WO4, the reduction rate 

could increase due to the prevalence of surface Ca3WO6 as the temperature is lowered from 700°C. 

An explanation of the thermal hysteresis phenomenon is more elusive. Oxide ionic conductivity 

measurements for Na2WO4, Na2W2O7, and Ca3WO6 collected across the temperature range 500°C 

to 700°C (in which range the sodium tungstates are molten) could be useful in explaining the 

hysteresis, as the movement of oxygen ions (O2-) through the surface layer of the redox catalyst 

likely plays a major role in the overall reduction kinetics of the material. Additional in situ or 

operando techniques, such as in situ Raman spectroscopy, could also shed light on the working 

state of the redox catalyst and better inform the study of the reduction kinetics.[30]  
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Figure 5.11: In situ XRD patterns for Na2WO4/CaMnO3 redox catalyst at six operating temperatures during 

redox cycling. Beginning at t = 0 under inert N2 flow, the sample is switched to a 3% H2 environment for 45 to 

90 minutes, purged in N2, and then re-oxidized with air. 
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5.4. Conclusions 

In this study, we further investigated the reduction kinetics of both the unpromoted and 20 wt.% 

Na2WO4-promoted CaMnO3 redox catalysts for application in the CL-ODH of ethane and related 

applications involving the selective combustion of H2. Multiple experiments were conducted on 

CaMnO3 to determine a more precise PH2 and T dependence and to improve the previously reported 

model for the reduction kinetics of CaMnO3 in H2 gas. For the Na2WO4/CaMnO3 redox catalyst, 

two repeatable phenomena were observed which may have interesting implications in applying the 

material for ethane CL-ODH. Firstly, thermal hysteresis was observed in which the temperature 

order of the kinetics experiments (increasing or decreasing) had a significant effect on the kinetic 

parameters and reduction rates for Na2WO4/CaMnO3. Secondly, when Na2WO4/CaMnO3 was 

tested with a cooling (decreasing temperature) program, the rates at four conditions between 575°C 

and 500°C converged on one another, and all of the low-temperature reduction rates were faster 

than the rates at higher temperature (600°C and above). Both phenomena gradually disappeared 

as the sample was cycled more extensively (> 200 cycles). In situ XRD results indicated a lack of 

significant hysteresis in the melting and recrystallization behavior of the Na2WO4 promoter, but 

also revealed a crystalline Ca3WO6 phase which could potentially be involved in the rapid 

reduction of the Na2WO4/CaMnO3 redox catalyst at lower temperatures. Further investigations are 

needed to assess material changes (such as phase composition) of the material over many redox 

cycles and the impact of the changes on the reduction kinetics. 
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CHAPTER 6: CONCLUSIONS AND OUTLOOK 

6.1. Conclusions 

As global demand grows for ethylene and propylene, more sustainable and intensified processes 

are needed to supply these critical building blocks to the chemicals sector while reducing energy 

consumption and mitigating carbon emissions. Oxidative dehydrogenation (ODH) is a promising 

process alternative to replace the energy- and carbon-intensive steam cracking of ethane due to its 

net exothermicity, higher equilibrium ethylene yields, and minimal coke deposition. Similarly, 

oxidative cracking (OC) provides a path for lower-temperature conversion of naphtha to both light 

olefins, ethylene and propylene. However, the implementation of both processes is difficult due to 

the necessity for pure O2 from costly air separation and the inherently dangerous requirement for 

oxygen—hydrocarbon co-feed. Adopting a chemical looping (CL) approach for both ODH and 

OC eliminates these core disadvantages while preserving the main energetic and environmental 

benefits of each process in comparison with steam cracking. In both chemical looping oxidative 

dehydrogenation (CL-ODH) and redox oxidative cracking (ROC), two half-reactions proceed in 

spatially separate reactors, linked together by a solid oxygen-donating intermediate phase known 

as a redox catalyst. In the ODH (OC) reactor, also referred to as the reducer, the feed hydrocarbon 

(ethane or naphtha) undergoes gas-phase pyrolysis to form a mixture of light olefins, hydrogen 

gas, and unreacted feedstock. As the product mixture comes into contact with the metal oxide 

redox catalyst, the co-produced H2 is selectively combusted by the redox catalyst to form water, 

supplying in situ high-grade heat and shifting the equilibrium towards the production of olefins. 

In the regenerator reactor, the depleted redox catalyst becomes exposed to air and extracts the O2 

due to the PO2 difference between the air and the solid, enabling a thermodynamically driven, high-
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temperature reactive separation scheme. The redox catalyst, capable of becoming reduced and re-

oxidized over thousands of cycles, is of central importance to CL-ODH and ROC. 

 

The property of selective hydrogen combustion (SHC) – the ability of a redox catalyst material to 

oxidize H2 out of a hydrocarbon gas mixture without reacting with other compounds to form CO 

or CO2 – is critical to the success of any CL-ODH or ROC reaction and to any process operating 

on similar principles. Thus, the first body of work presented here focused on the screening of a set 

of redox catalysts for SHC properties in the context of CL-ODH of ethane. A series of low-cost, 

environmentally benign redox catalysts using manganese (Mn) and an assortment of alkaline earth 

metals (Mg, Ca, Sr), with and without an alkali salt promoter (sodium tungstate, Na2WO4), were 

selected for SHC testing across the temperature range 550–850°C. Unpromoted variants of the 

rock salt-structured Mg6MnO8 and perovskite oxide-structured CaMnO3 and SrMnO3 exhibited 

inherent selectivity towards H2 combustion in the presence of C2H4; in general, H2 conversion rose 

and selectivity towards H2 combustion (SH) fell with increasing temperature. The addition of 20 

wt.% Na2WO4 to each metal oxide substrate via wet impregnation resulted in much more selective 

redox catalysts which combusted H2 more selectively even in the presence of equimolar C2H4. 

Characterization of the six samples via XPS revealed that Na2WO4 inhibits the surface expression 

of Mn, which correlated well with the increase in SH. Na and W, in contrast, were over-expressed 

in the near-surface regions of the promoted samples, suggesting an enrichment of Na2WO4 to the 

redox catalyst surface. The high-performing Na2WO4/CaMnO3 redox catalyst was tested for 50 

cycles at 850°C and found to have satisfactory cycling stability. Additionally, Na2WO4/CaMnO3 

was evaluated for SHC in the presence of an ethane dehydrogenation co-catalyst (Cr2O3/Al2O3) 

and combusted 84% of the produced H2 while limiting COx yield to below 2% on a carbon basis. 
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The three promoted materials – Na2WO4/Mg6MnO8, Na2WO4/CaMnO3, and Na2WO4/SrMnO3 – 

were found to be exceptional redox catalysts for SHC across a range of operating temperatures. 

 

Perovskite oxide-based redox catalysts Na2WO4/CaMnO3 and Na2WO4/SrMnO3 were examined 

in closer detail for the redox oxidative cracking (ROC) of naphtha to light olefins, using n-hexane 

as a model compound for naphtha. (A subsequent study by these authors utilizes cyclohexane as a 

naphtha model compound and finds similar results.)[1] Both Na2WO4-promoted redox catalysts 

gave superior olefin yields compared to thermal cracking and also compared favorably with 

literature reports of olefin and COx yields from oxidative cracking; at 725°C and 4500 h-1 and over 

25 redox cycles, Na2WO4/CaMnO3 provided olefin yields 72% higher than thermal cracking and 

combusted all available H2 while generating less than 3% COx, and Na2WO4/SrMnO3 showed COx 

as low as 0.28%. The selective hydrogen combustion (SHC) by the redox catalysts, and 

consequently the preservation of high yields of ethylene and propylene, was primarily attributed 

to the presence of Na2WO4 as a surface-enriched promoter, which significantly altered the surface 

properties of the CaMnO3 and SrMnO3 bulk oxides. The unpromoted oxides generated excessive 

CO2 and lower olefin yields as a result. An array of characterization techniques revealed a core-

shell arrangement of the (Ca,Sr)MnO3 and Na2WO4 components; data from low-energy ion 

scattering (LEIS) along with XPS near-surface chemical composition data clearly showed Na2WO4 

enriched in the near-surface and constituting the first several layers of the redox catalyst surface. 

Hao et al. confirmed via transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS) in a follow-up study that molten Na2WO4 coats the exterior of CaMnO3. Non-

selective surface oxygen species such as hydroxides (OH-) and carbonates (CO3
2-) were suppressed 

by the Na2WO4 promoter, which correlated with a 97% and a 90% suppression in COx selectivity 
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on the SrMnO3 and CaMnO3 systems, respectively.[1] Similarly, the thermal uncoupling of oxygen 

from the lattice of CaMnO3 was inhibited by the tungstate promoter, further benefiting the 

selectivity towards H2 combustion. Na2WO4/CaMnO3 and Na2WO4/SrMnO3 redox catalysts were 

shown to be promising redox catalysts for the ROC of naphtha for intensified olefin production, 

and a combination of reaction testing and characterization methods emphasized the importance of 

the Na2WO4 surface layer to the overall function of the redox catalysts. As with the previous study, 

Na2WO4/CaMnO3 showed the highest performance for ROC – in this case, the highest olefin yield 

– among all the materials tested, and so Na2WO4/CaMnO3 was selected for a detailed investigation. 

 

To facilitate the rational design and optimization of redox catalysts in chemical looping processes, 

a firm understanding of redox catalyst kinetics must be obtained – therefore, the remainder of this 

work focused on the reduction and re-oxidation of Na2WO4/CaMnO3 at the particle level. Treating 

selective hydrogen combustion as a consequence of particle-level differences in the reduction of a 

redox catalyst by H2, C2H4, and other feedstock or product molecules, we examined the reduction 

kinetics of CaMnO3 and Na2WO4/CaMnO3, first with a focus on fitting kinetic models to the solid 

conversion by H2 and C2H4 (Chapter 4), and then with a deeper look at the kinetics with H2 over 

a wider temperature range with more complex material phenomena occurring (Chapter 5). For 

unpromoted CaMnO3,  it was determined that the kinetics of C2H4 oxidation depended to a greater 

extent on the available oxygen site concentration, related to solid conversion X, leading to dynamic 

selectivity behavior over time in a fixed-bed reactor as the redox catalyst became more reduced. 

Promotion of CaMnO3 with Na2WO4 resulted in a two-orders-of-magnitude suppression in the rate 

of reduction in C2H4 as compared to the unpromoted sample, giving the high SH we have repeatedly 

observed for that redox catalyst. Upon closer study of the Na2WO4/CaMnO3 redox catalyst, we 
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uncovered a number of unexpected phenomena affecting the reduction kinetics of the material near 

its phase transition temperatures (600°C cubic to orthorhombic transition; 695°C melting point of 

Na2WO4). Firstly, thermal hysteresis in the kinetics – seemingly due to the Na2WO4 salt – led to 

rates and kinetic parameters with markedly different values depending on whether the sample had 

recently been heated or cooled. Secondly, for experiments in which the conditions were tested in 

decreasing order of temperature, the redox catalyst upon molten salt recrystallization gave kinetics 

which were insensitive to temperature (i.e. exhibiting zero activation energy) between 575°C and 

500°C, as well as reduction rates which crossed over to give higher reduction rates as temperature 

decreased. In situ XRD revealed the presence of a Ca3WO6 phase which persisted after reoxidation 

at low temperature, which could be a contributing factor to the phenomena. However, the Na2WO4-

promoted CaMnO3 redox catalyst system should be investigated further in order to fully describe 

the changes in reduction kinetics and assess their importance in a scaled-up reactor. 

 

6.2. Outlook 

The central theme of this work has been the development of highly selective redox catalysts for 

use in chemical looping processes for the intensification of olefin production from hydrocarbon 

feedstocks. CL-ODH of ethane (775–850°C) and ROC of naphtha (725–800°C) were selected as 

representative examples of processes in which an alkane feedstock (ethane or n-hexane as a model 

compound) is cracked at high temperature to form olefins and H2, followed by a redox catalyst 

performing selective hydrogen combustion (SHC). We note that multiple other processes use the 

same principle of balancing heat requirements and lifting thermodynamic yield restrictions via the 

combustion of hydrogen, and in such processes the redox catalysts presented here may find suitable 

application. In the applications tested – high- and low-temperature ethane CL-ODH (with thermal 
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cracking and co-catalytic dehydrogenation, respectively) and the ROC of naphtha – redox catalysts 

consisting of a Mn-containing metal oxide core with a  Na2WO4 promoter shell were demonstrated 

to be highly effective for SHC in the presence of ethylene, propylene, and additional high-value 

olefins. The design principle of metal oxide surface modification using a molten alkali tungstate 

salt can be extended to use alternative alkali cations (e.g. Li2WO4) or oxyanions (e.g. Na2MoO4, 

Li2CO3); similarly, a wide range of oxide substrates could be used for the core material, including 

Mn- or Fe-based perovskite oxides, spinels, Ruddlesden-Popper phases, rock salts, or Mn ores.[2,3] 

Numerous process simulation studies on this topic have shown that CL-ODH and ROC can provide 

significantly reduced energy and emissions intensity compared to ethane or naphtha steam 

cracking, respectively, when a highly selective and stable redox catalyst is employed.[4–6] 

Therefore, future research should strive to develop a deeper understanding of the redox catalyst 

materials both from a fundamental standpoint (e.g. probing kinetic mechanisms) and from an 

applied perspective (e.g. testing at rigorous conditions over long sample lifetimes). In parallel with 

such efforts, the SHC redox catalyst materials should be evaluated in further applications. In the 

next section, a few potentially valuable directions of future work are presented. 

 

6.3. Future Work 

6.3.1. Oxidative Aromatization (OA) of Methane and Ethane 

As discussed in Chapter 1, a small subset of chemicals in the manufacturing sector are responsible 

for a large portion of energy consumption and carbon emissions; while this dissertation focused 

on the light olefins ethylene and propylene, the BTX class of compounds – benzene, toluene, and 

xylene – are a similarly attractive target for process intensification. A highly promising application 

for the SHC redox catalysts developed throughout this work is the oxidative aromatization (OA) 
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of methane and ethane from natural gas directly to form aromatics such as benzene and toluene. 

The OA concept builds upon existing research on dehydroaromatization (DHA) of methane and 

ethane, which typically proceeds over a Mo/HZSM-5 catalyst[7,8] or a Ga-Pt/HZSM-5 catalyst,[9–

11] respectively, according to the following reactions: 

6 𝐶𝐻4 →  𝐶6𝐻6 + 9 𝐻2 (1) 

3 𝐶2𝐻6 →  𝐶6𝐻6 + 6 𝐻2 (2) 

As with catalytic dehydrogenation and steam cracking processes, the methane and ethane DHA 

reactions are both highly endothermic and equilibrium-limited.[7] However, DHA reactions also 

evolve a significant amount of hydrogen gas, creating the same opportunity for selective hydrogen 

combustion to provide in situ heat to balance the endothermicity of the DHA reaction while lifting 

thermodynamic constraints on the equilibrium via the removal of H2 product (Table 6.1). Multiple 

studies by Bhan et al. have demonstrated a similar concept of enhancing aromatics yield from 

methane DHA by removing H2 with a “scavenger bed” made up of Zr metal downstream of the 

DHA bed.[12,13] In these studies, the resulting ZrH1.75 compound was regenerated by exposure to 

higher-temperature inert flow to release the H2 from the hydride phase. However, attempting the 

same principle with a composite catalyst system comprising a DHA catalyst and a metal oxide for 

SHC would potentially give the same benefits while also producing steam to actively suppress 

coke formation, which is a major problem for DHA catalysts.[14] Zhang et al. recently reported on 

this topic using a Gd-doped cerium oxide for SHC in combination with DHA in a composite bed 

configuration.[15]  
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Table 6.1: Effect of selective hydrogen combustion (shown as H2 conversion) on the overall heat of reaction 

(positive = endothermic) and equilibrium conversion of the feed (methane or ethane) for DHA at 650°C. 

 H2 Conversion ΔHR (650°C) Equil. Conv. 

Methane DHA 0% +592.9 kJ 8.0% 

96% -1631.9 kJ 74.9% 

Ethane DHA 0% +374.9 kJ 85.0% 

96% -1108.3 kJ 99.9% 

 

We have produced preliminary data using a composite DHA+SHC bed to enhance yields of 

aromatics from ethane, shown in Figure 6.1. Compared to a single bed containing a DHA catalyst 

(2.5% Ga / 0.5% Pt supported on ZSM-5), a composite bed consisting of the same DHA catalyst 

plus a downstream SHC bed of Na2WO4/CaMnO3 resulted in significantly higher instantaneous 

benzene and toluene yields (Figure 6.1a, 6.1c). The SHC material was capable of combusting H2 

produced during the DHA reaction (Figure 6.1b). Future research efforts will focus on improving 

synergy between zeolite-supported metal catalysts for DHA and manganese-based redox catalysts 

for SHC in order to provide enhanced yields of aromatics from methane and ethane, which could 

be a highly impactful chemical process for the valorization of stranded methane and natural gas 

liquid (NGL) reserves. The potential benefits of designing a single composite core-shell catalyst 

(SHC@DHA) for the OA process, in which the highly selective Na2WO4 surface layer on CaMnO3 

will be replaced with a shape-selective zeolite shell containing the DHA active metal sites, will 

also be evaluated as a part of this ongoing and future effort (Figure 6.2). 
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Figure 6.1: Oxidative aromatization using a DHA+SHC approach with either a single DHA bed (dotted line) 

or a DHA bed upstream followed by an SHC bed downstream (solid line). (a) Yields of benzene (B), toluene 

(T), and CO2 from DHA. (b) Hydrogen effluent flowrate from the reaction with and without the SHC bed. (c) 

Instantaneous benzene and toluene yields in DHA vs. DHA+SHC. 
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Figure 6.2: Core-shell composite catalyst design for the oxidative aromatization (OA) of methane or ethane 

using a combined SHC@DHA approach. In this OA catalyst system, a perovskite oxide (e.g. CaMnO3) with 

optimal oxygen donation properties is covered by a shape-selective zeolite shell exchanged with active metal 

sites (e.g. Mo, Ga, Pt), rather than by a chemical promoter such as Na2WO4. Alkane feedstock enters the pore 

network of the zeolite and is activated to form aromatics and H2; at the zeolite-perovskite interface, the SHC 

core selectively combusts hydrogen, and the resulting steam permeates through the zeolite shell, burning off 

coke in the process. 

 

6.3.2. Towards an Improved Understanding of Na2WO4/CaMnO3 Reduction Kinetics 

The primary focus of Chapter 4 and Chapter 5 was the kinetic modeling of the Na2WO4/CaMnO3 

redox catalyst in H2 and C2H4 reducing environments. While the efforts described throughout this 

work represent significant progress in the understanding of redox catalyst kinetics for selective 

hydrogen combustion (SHC), there are still many unknowns that must be adequately studied and 

addressed in order to utilize the redox catalysts in increasingly large-scale and complex operations 

such as CL-ODH. One particular area that should receive focus is the extent of prior redox cycling 

on the redox catalyst kinetics. Multiple studies,[6] including the one described in Chapter 3, have 

shown that Na2WO4/CaMnO3 and related redox catalysts such as Na2MoO4/CaMn0.9Ti0.1O3 are 
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highly stable over many redox cycles in fixed-bed and fluidized-bed reactor applications. 

However, the kinetic parameters for this system were shown to be highly dynamic, even after 200 

cycles (Table 5.3). A potential explanation for the gradual increase in activity and decrease in 

selectivity over time is that the sodium leached into the quartz crucible in which the experiments; 

the use of a ceramic crucible, such as one constructed from yttria-stabilized zirconia (YSZ), would 

help to address this issue. Whatever the explanation, the material properties of the system should 

be more fully understood. As the dynamics of the Na2WO4/CaMnO3 system become clear with 

further investigations, the presence or absence of (i) the rate crossover phenomenon and (ii) the 

thermal hysteresis phenomenon should be revisited. The kinetics studies reported in this work can 

also be expanded upon by utilizing different reducing gases relevant to the applications which have 

been discussed, such as propylene (for propane CL-ODH or naphtha CL-OC processes) or benzene 

(for oxidative aromatization of methane or ethane).  
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Appendix A: Supplementary Information for Chapter 2 

Definition and Calculation of Key Reaction Terms 

H2 conversion and SHC selectivity are referred to throughout this study as the key metrics for 

selective hydrogen combustion (SHC) performance. Both terms are calculated using gas 

chromatography results and an atomic balance approach on carbon and hydrogen. 

 

H2 conversion on a molar basis (by the redox catalyst) is defined using a balance on H2: 

𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (𝐻2)
𝑖𝑛

− (𝐻2)
𝑜𝑢𝑡

 

Hydrogen is converted in small amounts by side reactions; however, in most cases we observed 

more hydrogen generation (i.e. by COx formation) than hydrogen consumption in side reactions. 

 

C2H4 conversion on a molar basis (by the redox catalyst) is defined slightly differently, by knowing 

that COx is produced only by combustion with the redox catalyst: 

𝐶2𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  [(𝐶2𝐻4)
𝑖𝑛

− (𝐶2𝐻4)
𝑜𝑢𝑡

] (𝑆𝐶𝑂 + 𝑆𝐶𝑂2) 

Where SCO and SCO2 are selectivity to CO and CO2, respectively, on a carbon basis. Alternative 

forms of ethylene conversion (e.g. an equilibrium reaction with H2 to form C2H6) are not 

considered in this definition, as they take place in the gas phase. 

 

SHC selectivity is finally defined as the molar H2 conversion divided by the sum of molar H2 

conversion and C2H4 conversion (as defined above): 

𝑆𝐻𝐶 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + 𝐶2𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
 

 

  



   

200 

 

Complete TPR Data for All SHC Redox Catalysts 

 

Figure A1: Complete H2/C2H4 TPR results for the Mg6MnO8 redox catalyst, including H2 (m/z = 2), H2O (m/z 

= 18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 

 

 

Figure A2: Complete H2/C2H4 TPR results for the Na2WO4-promoted Mg6MnO8 redox catalyst, including H2 

(m/z = 2), H2O (m/z = 18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 
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Figure A3: Complete H2/C2H4 TPR results for the SrMnO3 redox catalyst, including H2 (m/z = 2), H2O (m/z = 

18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 

 

 

Figure A4: Complete H2/C2H4 TPR results for the Na2WO4-promoted SrMnO3 redox catalyst, including H2 

(m/z = 2), H2O (m/z = 18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 
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Figure A5: Complete H2/C2H4 TPR results for the CaMnO3 redox catalyst, including H2 (m/z = 2), H2O (m/z 

= 18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 

 

 

Figure A6: Complete H2/C2H4 TPR results for the Na2WO4-promoted CaMnO3 redox catalyst, including H2 

(m/z = 2), H2O (m/z = 18), C2H4 (m/z = 26) CO (m/z = 28), and CO2 (m/z = 44). 
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Oxygen Storage Capacity for Redox Catalysts 

Approximations of oxygen storage capacity (i.e. oxygen released during the experimental duration 

which are a measure of, but not the true value of, the oxygen capacity), for each of the six redox 

catalysts are included in Figures A7 through A9. Values are calculated based on atomic C, H, 

and O material balances on the entire step volume of the SHC experiments and derived from the 

GC data. See dissertation Section 2.3.3 for more experimental details. 

 

 

Figure A7: Approximation of oxygen storage capacity (OSC, wt.%) for the Mg6MnO8 pair of materials, based 

on material balances calculation on the GC control volume and product distribution. Conditions: m = 100 mg, 

F = 100 mL/min, H2:C2H4 = 40%:40% v/v in Ar, pulse duration = 10 s. 
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Figure A8: Approximation of oxygen storage capacity (OSC, wt.%) for the SrMnO3 pair of materials, based 

on material balances calculation on the GC control volume and product distribution. Conditions: m = 100 mg, 

F = 100 mL/min, H2:C2H4 = 40%:40% v/v in Ar, pulse duration = 10 s. 

 

 

Figure A9: Approximation of oxygen storage capacity (OSC, wt.%) for the CaMnO3 pair of materials, based 

on material balances calculation on the GC control volume and product distribution. Conditions: m = 100 mg, 

F = 100 mL/min, H2:C2H4 = 40%:40% v/v in Ar, pulse duration = 10 s. 
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Surface Enrichment and Suppression 

A complete set of enrichment and suppression values for each redox catalyst (obtained from XPS) 

are provided in Table A1. 

 

Table A1: Enrichment and suppression values for each metal present in the redox catalysts. Enrichment 

(greater than 1) indicates a higher metal content than the bulk formulation, while suppression (less than 1) 

indicates a lower than expected content. 

Redox Catalyst Mg Sr Ca Mn Na W 

Mg6MnO8 0.69 -- -- 2.84 -- -- 

Na2WO4/Mg6MnO8 0.51 -- -- 1.44 3.50 5.01 

SrMnO3 -- 1.46 -- 0.54 -- -- 

Na2WO4/SrMnO3 -- 1.43 -- 0.50 0.98 1.49 

CaMnO3 -- -- 1.35 0.65 -- -- 

Na2WO4/CaMnO3 -- -- 1.00 0.53 1.56 3.73 

CaMnO3, 

cycled 25 times 
-- -- 1.58 0.42 -- -- 

Na2WO4/CaMnO3, 

cycled 75 times 
-- -- 1.67 0.48 0.00 1.82 

 

 

Mn 2p 3/2 XPS Discussion 

XP spectra in the Mn 2p region for the CaMnO3 redox catalysts are presented in Figure A10. 
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Figure A10: XPS narrow scans over the range of the Mn 2p 3/2 peak for fresh and cycled variants of the 

CaMnO3 and Na2WO4/CaMnO3 redox catalysts. Each spectrum was normalized by its maximum and 

minimum value, i.e. peak amplitude is not indicative of relative manganese content. 
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Appendix B: Supplementary Information for Chapter 3 

Oxygen Donation Calculation 

Approximate oxygen donation by a redox catalyst during a step experiment (not to be confused 

with oxygen capacity, which is the maximum theoretical oxygen content which can be withdrawn 

from the redox catalyst) was calculated using a material balance on the gas injection. Volumes of 

combustion products H2O, CO, and CO2 were determined, and from these a mmol O donation 

number was calculated. Oxygen donation in wt.% was then estimated by converting to mg O and 

dividing by the redox catalyst loading. An example formula is presented below for a redox catalyst 

donating oxygen under an H2/C2H4 atmosphere as presented in manuscript Figure 3.1, where Yj 

refers to yield of a product. For an n-hexane injection, FC6H14 replaces FC2H4. 

 

𝑂𝑥𝑦𝑔𝑒𝑛 𝑑𝑜𝑛𝑎𝑡𝑒𝑑 (𝑚𝑚𝑜𝑙)

=
𝑡𝑖𝑛𝑗(𝑠)

60 
𝑠

𝑚𝑖𝑛

{[
2 ∗ 𝐹𝐶2𝐻4 (

𝑚𝐿
𝑚𝑖𝑛)

22.4 
𝑚𝐿

𝑚𝑚𝑜𝑙

(𝑌𝐶𝑂(%) + 2 ∗ 𝑌𝐶𝑂2(%))]

+ [
𝐹𝐻2 (

𝑚𝐿
𝑚𝑖𝑛)

22.4 
𝑚𝐿

𝑚𝑚𝑜𝑙

(
𝐻2,𝑓𝑒𝑑 + 𝐻2,𝑝𝑟𝑜𝑑

𝐻2,𝑓𝑒𝑑
) (𝑌𝐻2𝑂(%))]} 

𝑂𝑥𝑦𝑔𝑒𝑛 𝑑𝑜𝑛𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝑟𝑒𝑑𝑜𝑥 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 =  
𝑂𝑥𝑦𝑔𝑒𝑛 𝑑𝑜𝑛𝑎𝑡𝑒𝑑 (𝑚𝑚𝑜𝑙) ∗ (

16 𝑚𝑔 𝑂
1 𝑚𝑚𝑜𝑙 𝑂)

𝑟𝑒𝑑𝑜𝑥 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑔)
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Lattice Oxygen Utilization 

In chemical looping combustion (CLC), the oxygen donation required by a redox catalyst is high 

due to the total combustion of the fuel. If n-hexane were used as a feedstock for CLC, the total 

combustion would require 19 lattice oxygen atoms (shown as [O*]) per C6H14 molecule 

combusted: 

𝐶6𝐻14 + 19 [𝑂 ∗] → 6 𝐶𝑂2 + 7 𝐻2𝑂 

 

However, redox oxidative cracking (ROC) of n-hexane represents a partial oxidation approach, 

and therefore the redox catalyst needs only to donate one lattice oxygen atom per C6H14 

molecule undergoing reaction: 

𝐶6𝐻14 + [𝑂 ∗] → 3 𝐶2𝐻4 + 𝐻2𝑂 

 

Therefore, lattice oxygen from a redox catalyst can be used up to 19 times more efficiently in the 

ROC of n-hexane compared to traditional CLC. 
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Table B1. Specific surface areas (m2/g) from BET method for redox catalysts. The same preparation and 

characterization methods were used for CaMnO3, SrMnO3 and Na2WO4-promoted forms in both this work and 

Dudek et al. 2018. 

Redox Catalyst Surface Area (m2/g) 

SrMnO3 6.8 

Na2WO4/SrMnO3 3.1 

CaMnO3 2.2 

Na2WO4/CaMnO3 2.0 

 

 

 
Table B2. Supplemental reaction data for four thermal cracking background cases at T = 725°C and 750°C, 

GHSV = 4500 h-1 and 9000 h-1. Accompanying Results and Discussion. 

 725°C, 4500 

h-1 

725°C, 9000 

h-1 

750°C, 4500 

h-1 

750°C, 9000 

h-1 

Conversion (mol %)     

n-hexane 39.9 33.6 62.1 48.0 

Selectivity (carbon mol 

%) 

    

CH4 10.0 9.7 10.7 10.3 

C2H4 36.8 36.9 41.4 39.6 

C3H6 25.7 25.9 25.1 25.1 

butenes 14.8 15.9 11.3 13.8 

1,3-butadiene 2.4 1.9 3.6 2.7 

C2–C4 paraffins 4.6 4.2 4.4 4.4 

C5+ (paraffins, olefins) 4.3 4.8 2.6 3.6 
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Table B3. Supplemental reaction data for four redox catalyst materials at GHSV = 9000 h-1 and T = 725°C to 

775°C. Accompanying Figure 3.5 of Results and Discussion. 

Redox 

Catalyst 

T (°C) n-hexane 

Conv (%) 

Olefin 

Yield (%) 

COx 

Yield 

(%) 

Coke 

Yield (%) 

H2 Conv 

(%) 

SHC (%) 

SrMnO3 

725 81.78 28.70 43.21 3.89 100.00 37.79 

750 88.22 29.43 45.65 5.93 100.00 39.64 

775 93.32 30.60 46.18 7.42 100.00 40.24 

Na2WO4/ 

SrMnO3 

725 53.24 43.19 3.19 0.00 100.00 70.98 

750 72.03 58.52 3.58 0.00 90.02 69.48 

775 85.20 67.64 5.04 0.00 90.81 62.86 

CaMnO3 

725 57.35 35.55 15.42 0.00 95.37 35.30 

750 70.46 40.74 22.08 0.00 97.13 33.94 

775 85.70 42.15 34.23 0.00 98.30 27.88 

Na2WO4/ 

CaMnO3 

725 49.42 42.23 0.56 0.00 89.01 90.74 

750 65.67 55.20 1.04 0.00 100.00 88.41 

775 81.65 67.24 2.25 0.00 88.98 78.80 

 

 

Table B4. Reaction data for 500 mg 20 wt.% Na2WO4/CaMnO3 redox catalyst using two particle size ranges 

to verify similarity of performance. 

Particle Size Condition Hexane Conv. (%) Olefin Sel. (%) COx Sel. (%) 

250–425 µm 

725°C, 4500 h-1 60.1 83.7 1.8 

725°C, 9000 h-1 50.8 84.2 1.8 

750°C, 9000 h-1 65.9 83.8 2.4 

425–850 µm 

725°C, 4500 h-1 55.1 83.9 1.7 

725°C, 9000 h-1 47.8 83.8 2.1 

750°C, 9000 h-1 63.0 84.2 2.0 
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Table B5. Carbon balance on reaction data for SrMnO3 and 20 wt.% Na2WO4/CaMnO3 at the conditions of 

725°C and 4500 h-1; these tests best illustrate the prevalence of coke for SrMnO3 and the absence of coke 

formation on Na2WO4/CaMnO3. 

Product (C%) SrMnO3 Na2WO4/CaMnO3 

unreacted n-hexane 11.3 33.1 

methane 5.1 6.7 

C2-C5 olefins 27.5 54.8 

C2-C5 paraffins 1.7 2.8 

CO and CO2 46.0 1.7 

coke 8.3 0.0 

 

 

Figure B1. An illustration of how coke formation is detected in this system via on-stream MS analysis, for (a) 

SrMnO3 (heavy coking) and (b) 20 wt.% Na2WO4/CaMnO3 (no coking). During regeneration, deposited coke 

(C) is combusted by O2 to form CO2. The relative amounts of CO2 during reduction and regeneration are 

combined with gas chromatography analysis of the reduction half-cycle in order to close the carbon balance 

around the process. 
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Table B6. XPS peak positions (in eV) for Sr 3d spectra on SrMnO3-based redox catalysts, accompanying 

Figure 3.7 of Results and Discussion. 

 Lattice Sr 3d5/2 Lattice Sr 3d3/2 Surface Sr 3d5/2 Surface Sr 3d3/2 

SrMnO3 132.3 134.0 132.8 134.5 

Na2WO4/SrMnO3 132.2 134.0 132.6 134.3 

 

 

Table B7. XPS peak positions (in eV) for Ca 2p spectra on CaMnO3-based redox catalysts. Accompanying 

Figure 3.7 of Results and Discussion. 

 Lattice Ca 2p3/2 Lattice Ca 2p1/2 Surface Ca 2p3/2 Surface Ca 2p1/2 

CaMnO3 345.2 348.7 346.6 350.0 

Na2WO4/CaMnO3 345.3 348.8 346.6 350.1 
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Figure B2. XPS C 1s spectra for SrMnO3 redox catalysts. 

 

 

Figure B3. XPS C 1s spectra for CaMnO3 redox catalysts. 
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Figure B4. XPS O 1s spectra for SrMnO3 redox catalysts. 

 

 

Figure B5. XPS O 1s spectra for SrMnO3 redox catalysts. 
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Figure B6. XPS Mn 2p3/2 spectra for SrMnO3 redox catalysts. 

 

 

Figure B7. XPS Mn 2p3/2 spectra for CaMnO3 redox catalysts. 
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Figure B8. XPS Sr 3d spectra for SrMnO3 redox catalysts. 

 

Figure B9. Deconvolution of XPS Sr 3d spectra for fresh and cycled Na2WO4/SrMnO3. 
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Figure B10. XPS Ca 2p spectra for CaMnO3 redox catalysts. 
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Figure B11. CO2-TPD results for SrMnO3 and 20 wt.% Na2WO4/SrMnO3. 
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Figure B12. Relationship between bulk CaMnO3 content of the redox catalysts (wt.%), which is an indicator 

for the prevalence of surface-type Ca species, and COx selectivity in the n-hexane ROC reaction (pictured at 

725°C and 4500 h-1). 
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Appendix C: Supplementary Information for Chapter 4 

Tables C1–C4 provide statistical indicators for the kinetic model fitting of CaMnO3 and 

Na2WO4/CaMnO3 reduction by H2 and by C2H4. Figures C1 and C2 discuss the application of 

models of different categories to the reduction of CaMnO3. Figures C3–C4 demonstrate the 

reaction order of CaMnO3 reduction by H2, and Figures C5–C6 provide analogous information 

for C2H4. Figure C7 shows the original data and fitting of the AE0.5 model to the reduction of 

Na2WO4/CaMnO3 by ethylene. Figure C8 provides XRD patterns for the as-prepared redox 

catalysts. Figures C9–C11 provide additional experiments verifying the absence of mass transfer 

limitations on the measured kinetics. 
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Table C1: GRG nonlinear regression statistics for 15 kinetic model predictions, based on experimental data, for 

the reduction of CaMnO3 (SSR) by H2. Bolded figures indicate the top five best fits (by RSS) for each method 

(X – t, dX/dt – X), while the figure in green indicates the overall best-fit kinetic model. Particular solutions for 

the D2 and D4 kinetic models (i.e. in the integral form X – t) were not calculated. 

Method Model RSS (evaluated for 0.15 ≤ X ≤ 0.6) 

500°C 550°C 600°C 650°C 

X – t F1 0.00763 0.03507 0.04130 0.01907 

 F1.5 0.03005 0.06933 0.07080 0.03932 

 F2 0.07277 0.10957 0.10351 0.06316 

 F3 0.18602 0.19411 0.16939 0.11327 

 R1 0.08410 0.01332 0.01189 0.00688 

 R2 0.01907 0.01307 0.01931 0.00622 

 R3 0.01042 0.01852 0.02544 0.00936 

 D1 0.15538 0.17186 0.15134 0.09801 

 D2 -- -- -- -- 

 D3 0.26023 0.24359 0.20606 0.14083 

 D4 -- -- -- -- 

 AE0.5 0.31361 0.27768 0.23167 0.16120 

 AE1.5 0.16485 0.02251 0.00970 0.01267 

 AE2 0.59883 0.17086 0.09473 0.09903 

 AE3 1.77982 0.71220 0.45803 0.40785 

dX/dt – 

X 

F1 0.20271 0.05696 0.12814 0.11005 

 F1.5 0.07853 0.09586 0.18120 0.47112 

 F2 0.14969 0.45975 0.69650 1.42988 

 F3 0.71205 1.79376 2.58201 4.33346 

 R1 1.08701 1.15934 1.69253 1.74403 

 R2 0.54226 0.40820 0.62894 0.51460 

 R3 0.40509 0.24579 0.39787 0.28810 

 D1 0.15368 0.67871 1.10997 1.80207 

 D2 0.39533 1.27882 1.95380 3.11193 

 D3 0.24290 0.09224 0.18153 0.13383 

 D4 0.47180 0.33023 0.52073 0.41174 

 AE0.5 1.29074 3.03203 4.39621 6.64212 

 AE1.5 0.80703 0.67120 0.97170 0.82345 

 AE2 1.23501 1.24846 1.77857 1.73700 

 AE3 1.71136 1.94870 2.75879 2.92317 
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Table C2: GRG nonlinear regression statistics for 15 kinetic model predictions, based on experimental data, for 

the reduction of CaMnO3 (SSR) by C2H4. Bolded figures indicate the top five best fits (by RSS) for each method 

(X – t, dX/dt – X), while the figure in green indicates the overall best-fit kinetic model. Particular solutions for 

the D2 and D4 kinetic models (i.e. in the integral form X – t) were not calculated. 

Method Model RSS (evaluated for 0.15 ≤ X ≤ 0.5) 

650°C 665°C 675°C 685°C 695°C 700°C 

X – t F1 0.01889 0.01011 0.00742 0.00746 0.00468 0.00192 

 F1.5 0.00446 0.00164 0.00151 0.00241 0.00155 0.00126 

 F2 0.00142 0.00151 0.00205 0.00292 0.00280 0.00425 

 F3 0.01770 0.01735 0.01573 0.01486 0.01387 0.01709 

 R1 0.09873 0.06489 0.04826 0.04243 0.03060 0.02006 

 R2 0.04869 0.02995 0.02206 0.02000 0.01372 0.00759 

 R3 0.03676 0.02186 0.01605 0.01484 0.00994 0.00504 

 D1 0.03206 0.03029 0.02816 0.02491 0.02377 0.02703 

 D2 -- -- -- -- -- -- 

 D3 0.06422 0.05646 0.05062 0.04496 0.04119 0.04394 

 D4 -- -- -- -- -- -- 

 AE0.5 0.08210 0.07075 0.06272 0.05572 0.05042 0.05270 

 AE1.5 0.22943 0.15603 0.12387 0.11102 0.08585 0.06303 

 AE2 0.56819 0.40132 0.32089 0.28460 0.22599 0.17988 

 AE3 1.32358 0.95865 0.76705 0.67521 0.54474 0.45718 

dX/dt – 

X 

F1 0.10365 0.11384 0.11877 0.11409 0.13806 0.18078 

 F1.5 0.07093 0.06574 0.07902 0.12151 0.13699 0.17231 

 F2 0.05990 0.05025 0.07719 0.16623 0.18015 0.21588 

 F3 0.09458 0.10452 0.16937 0.34214 0.36905 0.42276 

 R1 0.23429 0.30723 0.31599 0.22561 0.29030 0.37516 

 R2 0.15850 0.19505 0.19818 0.14828 0.18854 0.24763 

 R3 0.13780 0.16438 0.16732 0.13210 0.16603 0.21862 

 D1 0.03610 0.03941 0.08842 0.20356 0.19045 0.20985 

 D2 0.06315 0.08413 0.16203 0.31392 0.31763 0.34893 

 D3 0.10946 0.12270 0.12651 0.11491 0.13983 0.18411 

 D4 0.14590 0.17662 0.17909 0.13722 0.17289 0.22805 

 AE0.5 0.17128 0.25141 0.39257 0.60723 0.65805 0.72793 

 AE1.5 0.22865 0.29649 0.31365 0.22965 0.30891 0.39261 

 AE2 0.30838 0.41393 0.44590 0.33046 0.44455 0.55582 

 AE3 0.44707 0.54122 0.59201 0.45182 0.60340 0.74539 
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Table C3: GRG nonlinear regression statistics for 15 kinetic model predictions, based on experimental data, for 

the reduction of Na2WO4/CaMnO3 (SSR) by H2. Bolded figures indicate the top five best fits (by RSS) for each 

method (X – t, dX/dt – X), while the figure in green indicates the overall best-fit kinetic model. Particular 

solutions for the D2 and D4 kinetic models (i.e. in the integral form X – t) were not calculated. 

Method Model RSS (evaluated for 0.15 ≤ X ≤ 

0.6) 

625°C 650°C 675°C 

X – t F1 0.35421 0.29484 0.18429 

 F1.5 0.47503 0.38867 0.24994 

 F2 0.59328 0.48025 0.31484 

 F3 0.81272 0.65028 0.43689 

 R1 0.12724 0.11534 0.06306 

 R2 0.23555 33.95115 23.50345 

 R3 0.27445 0.23251 0.14134 

 D1 0.84949 0.69531 0.46929 

 D2 -- -- -- 

 D3 1.01979 0.82665 0.56513 

 D4 -- -- -- 

 AE0.5 1.09676 0.88607 0.60869 

 AE1.5 0.03694 0.04175 0.01988 

 AE2 0.05209 0.04959 0.04883 

 AE3 0.69831 0.53902 0.43825 

dX/dt – 

X 

F1 0.60607 1.11629 1.60169 

 F1.5 0.96322 1.61745 2.33979 

 F2 1.33893 2.11836 3.08239 

 F3 2.05197 3.02396 4.43111 

 R1 0.09968 0.29622 0.41987 

 R2 0.30414 0.65748 0.93385 

 R3 0.39606 0.80248 1.14372 

 D1 1.45025 2.26554 3.37872 

 D2 1.83376 2.75449 4.10448 

 D3 0.55088 1.03594 1.48504 

 D4 0.34857 0.72851 1.03739 

 AE0.5 2.56145 3.64735 5.42494 

 AE1.5 0.17456 0.43799 0.60479 

 AE2 0.05811 0.21006 0.28394 

 AE3 0.01287 0.06989 0.10000 
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Table C4: Rate constants (k, min-1) for the selected best-fit kinetic models. Model fitting was performed 

independently for the integral TGA data (X vs. t) and for the processed derivative data (dX/dt vs. X). The k 

values used in Arrhenius analysis and parameter estimation were an average of the k values from the integral 

and differential methods (kavg). 

Solid / Gas  

(Model Fit) 
T (°C) k (X-t) k (dX/dt-X) k (avg) 

CaMnO3 / H2 

(F1) 

500 0.544 0.610 0.577 

550 0.793 0.994 0.893 

600 1.013 1.343 1.178 

650 1.502 1.817 1.659 

CaMnO3 / C2H4 

(F1.5) 

650 0.358 0.360 0.359 

665 0.477 0.490 0.484 

675 0.561 0.573 0.567 

685 0.630 0.626 0.628 

695 0.728 0.745 0.737 

700 0.794 0.845 0.819 

Na2WO4/CaMnO3 / H2 

(AE2) 

625 0.297 0.260 0.279 

650 0.367 0.324 0.346 

675 0.556 0.473 0.515 

Na2WO4/CaMnO3 / C2H4 

(AE0.5) 

600 0.000058 -- 0.000058 

625 0.000086 -- 0.000086 

650 0.000168 -- 0.000168 

675 0.000252 -- 0.000252 
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Figure C1: (a) Kinetic model fitting of X vs. t data, and (b) kinetic model fitting of dX/dt vs. X data, for the 

reduction of 20 mg CaMnO3 by H2 at 650°C. The best kinetic model of each of the four categories is plotted: 

F1 (first-order reaction order), R3 (contracting volume), D3 (three-dimensional diffusion; the Jander 

equation), AE1.5 (three-halves order Avrami-Erofe’ev nucleation and nuclei growth). Model F1 provided the 

overall best fit. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min 

H2, 180 mL/min He). 

 

 

Figure C2: (a) Kinetic model fitting of X vs. t data, and (b) kinetic model fitting of dX/dt vs. X data, for the 

reduction of 20 mg CaMnO3 by C2H4 at 650°C. The best kinetic model of each of the four categories is plotted: 

F1.5 (three-halves reaction order), R3 (contracting volume), D3 (three-dimensional diffusion; the Jander 
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equation), AE0.5 (one half-order Avrami-Erofe’ev nucleation and growth). Model F1.5 provided the overall 

best fit. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P = 1 atm, Ftotal = 200 mL/min (20 mL/min C2H4, 

180 mL/min Ar). 

 

 

Figure C3: Reduction of 20 mg CaMnO3 with H2 at differing partial pressures; yH2 = 0.025, 0.05, 0.15. (a) X 

vs. t, (b) dX/dt vs. X. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P = 1 atm, Ftotal = 200 mL/min (5, 

10, or 30 mL/min H2; 195, 190, or 170 mL/min He). 
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Figure C4: Logarithmic plot of hydrogen partial pressure (PH2) against the combined rate constant A, where 

A = k(T) h(PH2) = k0 exp(-Ea/RT) (PH2)
n. Values of A were approximated from the rate data of Figure S01 by 

assuming an F1 reaction model, as discussed in the main document. The slope of the plot is approximately 

equal to the reaction order, n, of H2 in the reduction reaction of CaMnO3 by H2. Rounded to the nearest integer, 

the reduction reaction is approximately 1st order in PH2. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P 

= 1 atm, Ftotal = 200 mL/min (5, 10, or 30 mL/min H2; 195, 190, or 170 mL/min He). 

 

 

Figure C5: Reduction of 20 mg CaMnO3 with C2H4 at differing partial pressures; yC2H4 = 0.025, 0.05, 0.075. 

(a) X vs. t, (b) dX/dt vs. X. Conditions: m0 = 20 mg, 150–250 µm, T = 650°C, P = 1 atm, Ftotal = 200 mL/min 

(5, 10, or 15 mL/min C2H4; 195, 190, or 185 mL/min Ar/He). 
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Figure C6: Logarithmic plot of ethylene partial pressure (PC2H4) against the combined rate constant A, where 

A = k(T) h(PC2H4) = k0 exp(-Ea/RT) (PC2H4)
n. Values of A were approximated from the rate data of Figure S03 

by assuming an F1.5 reaction model, as discussed in the main document. The slope of the plot is approximately 

equal to the reaction order, n, of C2H4 in the reduction reaction of CaMnO3 by C2H4. Rounded to the nearest 

integer, the reduction reaction is approximately 0th order in PC2H4. Conditions: m0 = 20 mg, 150–250 µm, T = 

650°C, P = 1 atm, Ftotal = 200 mL/min (5, 10, or 15 mL/min C2H4; 195, 190, or 185 mL/min Ar/He). 
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Figure C7: (a) Kinetic model fitting of X vs. t data, and (b) Arrhenius analysis for the reduction of 20 mg 

Na2WO4/CaMnO3 by C2H4. The one half-order Avrami-Erofe’ev kinetic model (AE0.5) was selected for the 

fitting based on its providing the best statistical indicators, though the Jander equation (model D3) provided 

similar rate parameters. Conditions: m0 = 20 mg, 150–250 µm, T = 600°C to 675°C, P = 1 atm, Ftotal = 200 

mL/min (20 mL/min C2H4, 180 mL/min Ar). 
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Figure C8: XRD patterns for two as-prepared redox catalysts, CaMnO3 and 20 wt.% Na2WO4/CaMnO3. 

Diffraction peaks for CaMnO3 are located at 2θ = 24°, 34°, 40°, 42°, 49°, 55°, 61°, and 72°; Na2WO4 

contributes to 2θ = 16°, 28°, 32°, 52°, 55°, 64°, and 67°. Patterns were collected on a Rigaku SmartLab X-ray 

diffractometer operated at 40 kV and 44 mA with a monochromatic Cu Kα radiation source (λ = 0.1542 nm). 
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Figure C9: Reduction kinetics of 20 mg Na2WO4/CaMnO3 under 10% H2 at T = 650°C, with data taken at 

four different total flowrates (200, 250, 280, and 300 mL/min), demonstrating that measured kinetics are not 

affected by external mass transfer limitations. 

 

 

Figure C10: Reduction kinetics of 20 mg CaMnO3 under 10% H2 at T = 650°C (featuring the most rapid rates 

present in this study), with data taken at five different total flowrates (100, 200, 250, 280, and 300 mL/min), 

demonstrating that measured kinetics are affected by external mass transfer at the 100 mL/min condition but 

such effects are largely avoided at the chosen flowrate of 200 mL/min and absent at temperatures below 

650°C. 
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Figure C11: Comparison of CaMnO3 reduction kinetics in H2 at four temperatures and two different particle 

sizes: (1) 150–250 µm; (2) 425–850 µm. Intraparticle mass transfer effects on measured kinetic rates are 

limited at T = 650°C (decreasing the maximum rate by ~10.2% from the smaller to the larger particle size) 

and entirely absent at 600°C and lower. Particle size of 150–250 µm was utilized for all kinetics calculations 

in this study to minimize such intraparticle effects. 
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Figure C12. XRD patterns of CaMnO3 and 20 wt.% Na2WO4/CaMnO3 redox catalysts, after five “break-in” 

redox cycles in 10% H2/O2 at 750°C, followed by two and one-half cycles at 650°C to end the materials in the 

reduced state. Powders with size less than 150 microns were used for XRD analysis. Phase markers indicate 

best-fit phases as determined via matching analysis in HighScore Plus using the ICDD database. 
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Appendix D: Supplementary Information for Chapter 5 

 

Table D1: Descriptions of all kinetics experiments conducted on CaMnO3 and discussed in this work. 

 

Sample / Experiment Batch Date Cycles T (°C) PH2 (atm) PC2H4 (atm) 

CM-01 / Experiment 1 

Cyc 1–5 [Break-In] 

Cyc 6–23 [10% H2, 
Decreasing T] 

Sol b.6A 05/20/19 1–5 750 0.10 -- 

6–8 700 0.10  

9–11 675 0.10  

12–14 650 0.10  

15–17 600 0.10  

18–20 550 0.10  

21–23 500 0.10  

CM-01 / Experiment 2 

Cyc 24–37 [10% C2H4, 
Decreasing T] 

Sol b.6A 05/21/19 24–26 700 -- 0.10 

27–29 695  0.10 

30–32 685  0.10 

33–35 675  0.10 

36–37 665  0.10 

CM-02 / Experiment 1 

Cyc 1–5 [Break-In] 
Cyc 6–23 [5% H2, 

Decreasing T] 

Sol b.6A 06/17/20 1–5  750 0.05 -- 

6–8 700 0.05  

9–11 675 0.05  

12–14 650 0.05  

15–17 600 0.05  

18–20 550 0.05  

21–23 500 0.05  

CM-02 / Experiment 2 

Cyc 24–47 [5% H2, 

Increasing T] 

Sol b.6A 06/19/20 24–26 500 0.05 -- 

27–29 550 0.05  

30–32 600 0.05  

33–35 625 0.05  

36–38 650 0.05  

39–41 675 0.05  

42–44 700 0.05  

45–47 725 0.05  

CM-03 / Experiment 1 
Cyc 1–6 [Break-In] 

Cyc 7–24 [5% H2, 

Increasing T] 

Sol b.6A 06/26/20 1–6 750 0.05 -- 

7–9 500 0.05  

10–12 550 0.05  

13–15 600 0.05  

16–18 650 0.05  

19–21 675 0.05  

22–24 700 0.05  

CM-03 / Experiment 2 

Cyc 25–42 [5% H2, 

Decreasing T] 

Sol b.6A 06/27/20 25–27 700 0.05 -- 

28–30 675 0.05  

31–33 650 0.05  

34–36 600 0.05  

37–39 550 0.05  

40–42 500 0.05  
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Table D1 (continued). 
 

CM-04 / Experiment 1 
Cyc 1–25 [Break-In] 

Cyc 26–46 [5% H2, 

Decreasing T] 

Sol b.6A 07/02/20 1–25 750 0.05 -- 

26–28 700 0.05  

29–31 675 0.05  

32–34 650 0.05  

35–37 625 0.05  

38–40 600 0.05  

41–43 550 0.05  

44–46 500 0.05  

CM-04 / Experiment 2 

Cyc 47–67 [5% C2H4, 
Decreasing T] 

Sol b.6A 07/20/20 47–49 700 -- 0.05 

50–52 690  0.05 

53–55 680  0.05 

56–58 665  0.05 

59–61 650  0.05 

62–64 625  0.05 

65–67 600  0.05 

CM-04 / Experiment 3 

Cyc 68–88 [5% C2H4, 

Increasing T] 

Sol b.6A 07/21/20 68–70 600 -- 0.05 

71–73 625  0.05 

74–76 650  0.05 

77–79 665  0.05 

80–82 680  0.05 

83–85 690  0.05 

86–88 700  0.05 

CM-05 / Experiment 1 

Cyc 1–45 [Break-In] 
Cyc 46–66 [5% H2, 

Decreasing T] 

 

Sol b.6A 07/04/20 1–45 750 0.05 -- 

46–48 700 0.05  

49–51 675 0.05  

52–54 650 0.05  

55–57 625 0.05  

58–60 600 0.05  

61–63 550 0.05  

64–66 500 0.05  

CM-05 / Experiment 2 

Cyc 67–87 [10% H2, 

Decreasing T] 
 

Sol b.6A 07/07/20 67–69 700 0.10 -- 

70–72 675 0.10  

73–75 650 0.10  

76–78 625 0.10  

79–81 600 0.10  

82–84 550 0.10  

85–87 500 0.10  

CM-05 / Experiment 3 
Cyc 88–105 [7.5% H2, 

Decreasing T] 

 

Sol b.6A 07/09/20 88–90 700 0.075 -- 

91–93 675 0.075  

94–96 650 0.075  

97–99 600 0.075  

100–102 550 0.075  

103–105 500 0.075  
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Table D1 (continued). 
 

CM-05 / Experiment 4 
Cyc 106–123 [2.5% H2, 

Decreasing T] 

 

Sol b.6A 07/13/20 106–108 700 0.025 -- 

109–111 675 0.025  

112–114 650 0.025  

115–117 600 0.025  

118–120 550 0.025  

121–123 500 0.025  

CM-05 / Experiment 5 

Cyc 124–144 [5% H2, 

Decreasing T] 
 

Sol b.6A 07/30/20 124–126 700 0.05 -- 

127–129 675 0.05  

130–132 650 0.05  

133–135 625 0.05  

136–138 600 0.05  

139–141 550 0.05  

142–144 500 0.05  

CM-05 / Experiment 6 

Cyc 145–165 [5% H2, 
Increasing T] 

 

Sol b.6A 08/05/20 145–147 500 0.05 -- 

148–150 550 0.05  

151–153 600 0.05  

154–156 625 0.05  

157–159 650 0.05  

160–162 675 0.05  

163–165 700 0.05  

CM-05 / Experiment 7 

Cyc 166–186 [5% H2, 

Decreasing T] 
 

Sol b.6A 08/06/20 166–168 700 0.05 -- 

169–171 675 0.05  

172–174 650 0.05  

175–177 625 0.05  

178–180 600 0.05  

181–183 550 0.05  

184–186 500 0.05  
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Table D2: Descriptions of all kinetics experiments conducted on Na2WO4/CaMnO3 and discussed in this 

work. 

 
Designation Batch Date Cycles T (°C) PH2 (atm) PC2H4 (atm) 

NWCM-01 / Experiment 1 
Cyc 1–5 [Break-In] 

Cyc 6–17 [10% H2, 

Decreasing T] 

Sol b.3 03/04/19 1–5 750 0.10 -- 

6–8 650 0.10 -- 

9–11 625 0.10  

12–14 600 0.10  

15–17 575 0.10  

NWCM-02 / Experiment 1 
Cyc 1–5 [Break-In] 

Cyc 6–20 [10% C2H4, 

Decreasing T] 

Sol b.6A 05/28/19 1–5 750 0.10 -- 

6–8 700 -- 0.10 

9–11 695  0.10 

12–14 685  0.10 

15–17 675  0.10 

18–20 665  0.10 

NWCM-03 / Experiment 1 

Cyc 1–5 [Break-In] 

Cyc 6–32 [10% H2, 
Decreasing T] 

Sol b.6A 06/07/19 1–5 750 0.10 -- 

6–8 700 0.10  

9–11 675 0.10  

12–14 650 0.10  

15–17 625 0.10  

18–20 600 0.10  

21–23 575 0.10  

24–26 550 0.10  

27–29 525 0.10  

30–32 500 0.10  

NWCM-04 / Experiment 1 

Cyc 1–5 [Break-In] 

Cyc 6–32 [5% H2, 
Increasing T] 

Sol b.6A 03/04/20 1–5 750 0.05 -- 

6–8 500 0.05  

9–11 525 0.05  

12–14 550 0.05  

15–17 575 0.05  

18–20 600 0.05  

21–23 625 0.05  

24–26 650 0.05  

27–29 675 0.05  

30–32 700 0.05  

NWCM-05 / Experiment 1 

Cyc 1–5 [Break-In] 
Cyc 6–32 [5% H2, 

Decreasing T] 

Sol b.6A 03/11/20 1–5 750 0.05 -- 

6–8 700 0.05  

9–11 675 0.05  

12–14 650 0.05  

15–17 625 0.05  

18–20 600 0.05  

21–23 575 0.05  

24–26 550 0.05  

27–29 525 0.05  

30–32 500 0.05  

NWCM-06 / Experiment 1 

Cyc 1–5 [Break-In] 
Cyc 6–30 [5% H2, 650°C 

→ 700°C → 650°C] 

Sol b.6A 03/19/20 1–5 750 0.05 -- 

6–10 650 0.05  

11–15 700 0.05  

16–30 650 0.05  
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Table D2 (continued). 
 

NWCM-07 / Experiment 1 
Cyc 1–6 [Break-In] 

Cyc 7–33 [5% H2, 

Increasing T] 

Sol b.6A 06/20/20 1–6 750 0.05 -- 

7–9 500 0.05  

10–12 525 0.05  

13–15 550 0.05  

16–18 575 0.05  

19–21 600 0.05  

22–24 625 0.05  

25–27 650 0.05  

28–30 675 0.05  

31–33 700 0.05  

NWCM-07 / Experiment 

2A-B 

Cyc 34–57 [5% H2, 

Decreasing T] 
Cyc 55–78 [5% H2, 

Increasing T] 

 

Sol b.6A 06/30/20 34–36 675 0.05  

37–39 650 0.05  

40–42 625 0.05  

43–45 600 0.05  

46–48 575 0.05  

49–51 550 0.05  

52–54 525 0.05  

55–57 500 0.05  

58–60 525 0.05  

61–63 550 0.05  

64–66 575 0.05  

67–69 600 0.05  

70–72 625 0.05  

73–75 650 0.05  

76–78 675 0.05  

NWCM-07 / Experiment 

3A-B 

Cyc 79–102 [5% C2H4, 
Increasing T] 

Cyc 100–123 [5% C2H4, 

Decreasing T] 
 

 

Sol b.6A 07/27/20 79–81 575 -- 0.05 

82–84 600  0.05 

85–87 625  0.05 

88–90 650  0.05 

91–93 665  0.05 

94–96 680  0.05 

97–99 690  0.05 

100–102 700  0.05 

103–105 690  0.05 

106–108 680  0.05 

109–111 665  0.05 

112–114 650  0.05 

115–117 625  0.05 

118–120 600  0.05 

121–123 575  0.05 
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Table D2 (continued). 
 

NWCM-07 / Experiment 
4A-B 

Cyc 124–143 [5% H2 + 5% 

C2H4, Increasing T] 
Cyc 140–159 [5% H2 + 5% 

C2H4, Decreasing T] 

 

Sol b.6A 08/10/20 124–127 600 0.05 0.05 

128–131 625 0.05 0.05 

132–135 650 0.05 0.05 

136–139 675 0.05 0.05 

140–143 700 0.05 0.05 

144–147 675 0.05 0.05 

148–151 650 0.05 0.05 

152–155 625 0.05 0.05 

156–159 600 0.05 0.05 

NWCM-08 / Experiment 1 
Cyc 1–5 [Break-In] 

Cyc 6–32 [5% H2, 

Decreasing T] 

Sol b.6A 06/24/20 1–5  750 0.05 -- 

6–8 700 0.05  

9–11 675 0.05  

12–14 650 0.05  

15–17 625 0.05  

18–20 600 0.05  

21–23 575 0.05  

24–26 550 0.05  

27–29 525 0.05  

30–32 500 0.05  

NWCM-08 / Experiment 
2A-B 

Cyc 33–56 [5% H2, 

Increasing T] 
Cyc 54–77 [5% H2, 

Decreasing T] 

 

Sol b.6A 06/28/20 33–35 525 0.05 -- 

36–38 550 0.05  

39–41 575 0.05  

42–44 600 0.05  

45–47 625 0.05  

48–50 650 0.05  

51–53 675 0.05  

54–56 700 0.05  

57–59 675 0.05  

60–62 650 0.05  

63–65 625 0.05  

66–68 600 0.05  

69–71 575 0.05  

72–74 550 0.05  

75–77 525 0.05  

NWCM-08 / Experiment 

3A-B 

Cyc 78–83 [5% H2, 
Increasing T] 

Cyc 84–89 [5% H2, 

Decreasing T] 

Sol b.6A 07/22/20 78–80 600 0.05 -- 

81–83 625 0.05  

84–86 625 0.05  

87–89 600 0.05  
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Table D2 (continued). 
 

NWCM-08 / Experiment 
4A-B 

Cyc 90–113 [5% C2H4, 

Increasing T] 
Cyc 111–134 [5% C2H4, 

Decreasing T] 

 

Sol b.6A 08/03/20 90–92 575 -- 0.05 

93–95 600  0.05 

96–98 625  0.05 

99–101 650  0.05 

102–104 665  0.05 

105–107 680  0.05 

108–110 690  0.05 

111–113 700  0.05 

114–116 690  0.05 

117–119 680  0.05 

120–122 665  0.05 

123–125 650  0.05 

126–128 625  0.05 

129–131 600  0.05 

132–134 575  0.05 

NWCM-08 / Experiment 

5A-B 

Cyc 135–161 [5% H2, 

Increasing T] 
Cyc 159–185 [5% H2, 

Decreasing T] 

 

Sol b.6A 08/07/20 135–137 500 0.05 -- 

138–140 525 0.05  

141–143 550 0.05  

144–146 575 0.05  

147–149 600 0.05  

150–152 625 0.05  

153–155 650 0.05  

156–158 675 0.05  

159–161 700 0.05  

162–164 675 0.05  

165–167 650 0.05  

168–170 625 0.05  

171–173 600 0.05  

174–176 575 0.05  

177–179 550 0.05  

180–182 525 0.05  

183–185 500 0.05  
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Table D2 (continued). 
 

NWCM-08 / Experiment 
6A-B 

Cyc 186–212 [5% H2, 

Increasing T] 
Cyc 210–236 [5% H2, 

Decreasing T] 

 

Sol b.6A 08/12/20 186–188 500 0.05 -- 

189–191 525 0.05  

192–194 550 0.05  

195–197 575 0.05  

198–200 600 0.05  

201–203 625 0.05  

204–206 650 0.05  

207–209 675 0.05  

210–212 700 0.05  

213–215 675 0.05  

216–218 650 0.05  

219–221 625 0.05  

222–224 600 0.05  

225–227 575 0.05  

228–230 550 0.05  

231–233 525 0.05  

234–236 500 0.05  

NWCM-09 / Experiment 1 

Cyc 1–15 [Break-In] 
Cyc 16–42 [5% H2, 

Decreasing T] 

Sol b.6A 09/02/20 1–15 750 0.05 -- 

16–18 700 0.05  

19–21 675 0.05  

22–24 650 0.05  

25–27 625 0.05  

28–30 600 0.05  

31–33 575 0.05  

34–36 550 0.05  

37–39 525 0.05  

40–42 500 0.05  
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Table D3: Fifteen solid-state reaction models tested for the fitting of CaMnO3 and Na2WO4/CaMnO3 

reduction kinetics, from four families of models: reaction-order models (F); geometric contraction models (R); 

diffusion-limited models (D); Avrami–Erofe’ev nucleation models (AE). 

Name Reaction model description Differential form 

f(X) = 1/k dX/dt 

Integral form 

g(X) = kt 

F1 First-order or Avrami–Erofe’ev (n = 

1) 

(1–X) –ln(1–X) 

F1.5 Three-halves order (1–X)3/2 2[((1–X) –1/2 – 1] 

F2 Second-order (1–X)2 1/(1–X) – 1 

F3 Third-order (1–X)3 (1/2)[(1–X) –2 – 1] 

R1 Zero-order 1 X 

R2 Contracting area 2(1–X)1/2 1 – (1–X)1/2 

R3 Contracting volume 3(1–X)2/3 1 – (1–X)1/3 

D1 1-D diffusion 1/(2X) X2 

D2 2-D diffusion, Valensi equation 1/[–ln(1–X)] (1–X) ln(1–X) + X 

D3 3-D diffusion, Jander equation 3(1–X)1/3/[2(1–X)–1/3 – 

1] 

[1 – (1–X)1/3]2 

D4 Ginstling–Brounshtein equation 3/[2(1–X)–1/3 – 1] 1 – 2X/3 – (1–X)2/3 

AE0.5 Avrami–Erofe’ev (n = 0.5) (1/2)(1–X)[–ln(1–X)]–1 [–ln(1–X)]2 

AE1.5 Avrami–Erofe’ev (n = 1.5) (3/2)(1–X)[–ln(1–X)]1/3 [–ln(1–X)]2/3 

AE2 Avrami–Erofe’ev (n = 2) 2(1–X)[–ln(1–X)]1/2 [–ln(1–X)]1/2 

AE3 Avrami–Erofe’ev (n = 3) 3(1–X)[–ln(1–X)]2/3 [–ln(1–X)]1/3 

 

 

 
Figure D1: Reduction kinetic pre-factors (k*PH2n) of CaMnO3 (sample CM-05) plotted as a function of H2 

partial pressure for the determination of the reaction order n (the exponent of the power-law trendlines). 
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Figure D2: A representative example of an Arrhenius plot developed in this work for the reduction of CaMnO3 

or Na2WO4. The pictured data are from the reduction of sample CM-03 by 5% H2 and are associated with 

Figure 3 and Figure 4 in the main text. 

 

Table D4: Resulting temperature-dependent kinetic parameters for the reduction of CaMnO3 (CM-03), 

associated with Figure D2 above and Figure 3 and Figure 4 in the main text, illustrating the minimal 

influence of model selection on Arrhenius plot linearity and derived parameters. 

 Model F1 Model R2 Model D3 Model AE2 

Ea (kJ mol-1) 35.7 37.1 39.2 34.6 

ko (s
-1) 1.88 0.91 0.65 1.49 

R2 0.9826 0.9821 0.9812 0.9912 
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Figure D3: Reduction kinetics of Na2WO4/CaMnO3 (prepared via solid state reaction or SSR method) by 10% 

H2. The data shown are the same as those featured in Dudek et al. with the lower temperatures included. 

 

 

Figure D4: Reduction kinetics of Na2WO4/CaMnO3 (prepared via modified Pechini method) by 10% H2. The 

data shown correspond to NWCM-01 (Experiment 1) described in Table D2. 
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Figure D5: Reduction kinetics of Na2WO4/CaMnO3 (prepared via modified Pechini method) by 10% H2. The 

data shown correspond to NWCM-03 (Experiment 1) described in Table D2. 

 

 

 

Figure D6: Reference X-ray diffraction (XRD) pattern for Ca3WO6. 
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