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ABSTRACT 

 

A process for the production of clean hydrogen from methane based upon the sequential 

reduction and oxidation of metal oxides has been studied. The original process, based on 

iron oxide, suffers from significant disadvantages including deactivation by sintering and 

coke deposition. Improvement of the iron based system and identification and 

development of alternative metal oxides for hydrogen production has formed the basis of 

this study.  

 

The literature review outlines current methods for hydrogen production, followed by a 

review of the Steam-Iron Process as an improved and simpler method for clean hydrogen 

production. Thermodynamic assessment shows Fe3O4/FeO/Fe, WO3/WO2/W and 

SnO2/SnO/Sn to be the most prospective systems for the Steam-Metal Process.  

 

Experimental testing showed that Fe and W based systems were suitable for hydrogen 

production, but Sn based systems were unsuitable due to poor reducibility using methane. 

Attention was then focused on the addition of CeO2/ZrO2 promoters to Fe and W based 

systems in order to improve reactivity and prevent catalyst deactivation. CeO2/ZrO2 

promoted Fe2O3 showed improved redox reactivity and increased stability, with 

formation of FeO. This aided in mitigation of sintering and introduced the possibility of 

prevention of coking, as catalysed by methane decomposition over fully reduced Fe 

metal. 

 

Although WO3 was found to be a suitable oxide, complete reduction to tungsten metal 

resulted in the formation of tungsten carbide and contamination of hydrogen produced. 

The formation of 31mol% [CeO2/ZrO2] / 69 mol% WO3 showed stabilised reduction 

using methane, allowing for redox cycling of the WO3-WO2 couple and preventing 

complete reduction to W metal. The use of the doped metal oxide showed the best 

performance of all the metal oxides tested, with clean hydrogen production over multiple 

redox cycles and high metal oxide stability.  



 iii 

Further kinetic studies of both the reduction and oxidation reactions show reduction is 

chemical reaction controlled process (WO3/WO2.9 � WO2) with an apparent activation 

energy of 142 ± 3 kJ/mol. Oxidation is also fitted to a chemically controlled process, with 

a reaction rate expression derived as: 

 

2 2

( 108750/8.314 ) 0.75[0.064 ( 0.00038)] [ ]T
H H Or F e P− ×= + × ⋅ ⋅  

 

The apparent activation energy for oxidation was calculated as 109 ± 1 kJ/mol. 
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1                                INTRODUCTION 

 

1.1 Introduction 

 

The Steam-Iron Process is a redox process by which clean hydrogen can be produced: 

 

3 4 4 24 3 4 8Fe O CH Fe CO H+ → + +  �H°298 = +488 kJ/mol   1.1 

2 3 4 23 4 4Fe H O Fe O H+ → +   �H°298 = -76 kJ/mol   1.2 

 

This process can be enhanced via addition of promoters or supporting oxides. 

 

Current industrial methods for hydrogen production include methane steam reforming 

(Equation 1.3) and methane partial oxidation (Equation 1.4): 

 

224 3HCOOHCH +→+   �H°298 = +206 kJ/mol   1.3 

2422
1 2HCOCHO +→+   �H°298 = -38 kJ/mol   1.4   

 

These processes are designed for large scale industrial hydrogen production, requiring 

cost effective generation of expensive steam (methane steam reforming) or pure oxygen 

separated from air (methane partial oxidation). Hydrogen produced via these processes 

also requires energy intensive separation and purification from carbon oxides, such that it 

is suitable for use in hydrogen fuel cells. 

 

The Steam-Iron Process is a means for decentralised small to medium scale clean 

hydrogen production in a two-step process. It has the potential for utilising cheaper 

materials and minimising distribution costs.  Whilst current metal oxides used in this 

process perform well, various alternatives are sought in the interest of more efficient and 

effective clean hydrogen production. 
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This thesis is focused toward identifying potential metal oxides which are suited to the 

Steam-Metal Process. Low temperature methane reduction and clean hydrogen 

production from water oxidation are the primary focus, along with an investigation of 

promoter addition to enhance the redox process.  

 

The literature review (Chapter 2) outlines current methods for hydrogen production and 

the potential shortcomings of these methods. The Steam-Iron Process is one method of 

hydrogen production that may address these shortcomings. Whilst the most widely 

utilised system for the Steam-Iron Process is iron oxide (Fe3O4), clean hydrogen 

production is impeded by catalyst deactivation through both sintering of reduced Fe metal 

and carbon formation stemming from use of carbon based reductants. Identification of 

alternative metal oxide systems that may fulfill a similar function to that of iron oxide 

without deactivation under similar circumstances are tentatively identified. 

 

Based on thermodynamic assessment (Chapter 3) and information obtained from the 

literature review, potential metal oxides were assessed. A range of reactions using 

methane as a reductant and water as an oxidant over these metal oxide systems were 

analysed to develop experimental conditions best suited to achieving clean hydrogen 

production. It is sought to limit potential deactivation of selected metal oxides via 

addition of promoters to reduce sintering, stabilise metal oxide reduction, and limit 

carbon formation. 

 

Chapter 4 outlines the experimental conditions employed for the redox system using a 

fixed bed reactor. The details of experimental method, catalyst preparation methods, 

catalyst testing and catalyst characterisation are all outlined in this chapter. 

 

The reactivity of iron oxide (Fe2O3) was analysed with and without addition of CeO2 and 

CeO2/ZrO2 as promoters (Chapter 5). Potential stabilisation of intermediate iron oxide 

(FeO) over multiple redox cycles resulting from addition of CeO2/ZrO2 is found. 
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Addition of this promoter also leads to increased reactivity for both reduction and 

oxidation cycles. 

 

Chapter 6 outlines the addition of CeO2/ZrO2 promoters to SnO2. This proves to be an 

unsuitable system for the Steam-Metal Process, due to the poor reducibility of both 

unpromoted and CeO2/ZrO2 promoted SnO2 by methane.  

 

Study of the CeO2/ZrO2 promoted WO3 system shows that, stabilisation of the metal 

oxide during methane reduction at specific promoter concentration is achieved (Chapter 

7). By limiting complete reduction to form W metal, reproducible clean hydrogen 

production over numerous cycles is possible, with minimised catalyst deactivation. 

Detailed kinetic analysis identifies the reaction process for both reduction and oxidation 

(Chapter 8). Subsequently, greater understanding of the kinetic controlling mechanisms 

enables optimisation of experimental conditions. 

 

More detailed presentation of gas concentration calculations are outlined in Appendix I. 
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2                          LITERATURE REVIEW 

 

2.1 Introduction 

 

The environmental impact of fossil fuel usage has resulted in damaging environmental 

effects, of which the most well known is global warming [1, 2]. The use of non-

renewable carbon-based energy sources must be limited and eventually phased out, or we 

run the risk of irreparable damage to our ecosystem. At this time, only ~25% of energy 

consumption is based on carbon-free or ‘green’ energy. Despite the need to stem 

emissions, there exists an ever increasing demand for energy, and new energy solutions 

must be found which can overcome this problem. Investment made toward research and 

development in alternative clean fuels must compete with established technologies to be 

equally if not more cost effective. Taking this factor into consideration, the transition 

toward clean energy must be gradual, utilising current infrastructure and resources, such 

that it may remain competitive and relevant to today’s economy.  

 

Hydrogen is at the forefront of alternative fuels research as the prime candidate for 

replacing conventional fossil fuels provided methods can be found to generate hydrogen 

cheaply and efficiently.  The gas can be generated from a broad range of methods, 

utilising any number of resources. The most heavily employed methods today involve 

extracting hydrogen from hydrocarbons including methane and longer chain fossil fuels. 

It is also possible to extract hydrogen from water using such methods as electrolysis but 

this is a highly inefficient process, coupled with a high energy cost for extraction.  The 

studies described in this thesis are focused on one means of generating hydrogen. 
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2.2 Background 

  

Hydrogen is a source of clean burning fuel, releasing heat and yielding water as a by-

product from combustion, providing an ideal energy carrier. 

 

2 2 22 2H O H O+ →         2.1   

 

In the long term, solar-based water decomposition to produce hydrogen is highly 

attractive for carbon-free hydrogen.  

 

1
2 2 22H O H O→ +         2.2 

 

The feasibility of this route was first considered in the early 1970’s by Wentorff and 

Hannerman [3], with high levels of interest generated and a number of papers published 

soon thereafter [4-10].  This is a highly endothermic reaction with temperatures of up to 

4300K (4027°C) required for the reaction to proceed, as demonstrated by thermodynamic 

calculations. Whilst water splitting is achievable at lower temperatures, at �2500K 

(~2200°C) only ~25% conversion is achievable [11]. At high temperature, re-radiation 

losses become more predominant, resulting in process efficiency reaching a maximum 

before declining as temperature is systematically increased [12]. High temperature 

separation of H2 and O2 is difficult due to recombination of the products at even moderate 

temperatures, and the H2 and O2 mixture possessing a low limit of flammability [13].  

 

Thermal water decomposition is highly inefficient and is made more difficult by these 

excessively high temperatures. In the short term hydrogen production from fossil fuels 

allows for the realisation of a hydrogen based economy, by more efficient utilisation of 

readily available resources and without implementing significant changes to current 

infrastructure [14]. In addition, hydrogen production at a central site offers the possibility 

of sequestration of greenhouse gases also produced in the conversion.  
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To this point, demand for hydrogen has been primarily as feedstock for use in various 

syntheses reactions, as well as for hydrotreatment in industrial processes. The shift in use 

of hydrogen as an energy carrier has led to a substantial increase in demand [15, 16].  

Hydrogen production in the immediate future will depend on hydrocarbons as feedstock 

for economic reasons, utilising abundant reserves of natural gas. Hydrogen production 

from clean and/or renewable resources cannot be economically competitive for a number 

of years, requiring a great deal more research before the technology is mature. Current 

methods for hydrogen generation are designed for large scale industrial processes, due to 

the necessity for generating either large amounts of expensive steam (methane steam 

reforming) or generating clean oxygen separated from air (methane partial oxidation). 

When considering centralised hydrogen production, there is a high cost involved with 

building the necessary infrastructure for large scale transmission and utilisation combined 

with safety issues associated with hydrogen compression and transportation. 

 

In the short term, hydrogen from hydrocarbons on a small to medium scale is the most 

viable option. This will allow for on-site and decentralised hydrogen production which 

can help to reduce distribution costs and potentially utilise cheaper materials and 

reactants. The Steam-Iron Process has significant potential to fulfill these needs, with the 

possibility for small scale hydrogen production from methane, as well as producing clean 

hydrogen without additional hydrogen purification steps. This process involves cyclic 

redox of metal oxides using methane and water to produce hydrogen in a two-step 

process. 

 

3 4 4 24 3 4 8Fe O CH Fe CO H+ → + +       2.3 

2 3 4 23 4 4Fe H O Fe O H+ → +        2.4 

. 

This review will introduce current methods of hydrogen generation from methane. This is 

followed by an assessment of the Steam-Iron Process in its current form, identification of 

potential metal oxides that are potentially suited for this process, as well as developments 

in metal oxide promotion to improve performance and limit deactivation.  
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2.3 Hydrogen from Methane 

 

2.3.1 Steam Reforming 

 

Steam reforming is currently the most widely utilised process at an industrial scale for the 

production of syngas. This process was first industrially implemented as early as the late 

1800’s for the purpose of producing syngas for both Fischer-Tropsch synthesis reactions 

and for the synthesis of liquid fuels [17]. The status of steam methane reforming as a 

mature technology makes it the most industrially important reaction for hydrogen 

production, with 90% of hydrogen production currently derived from steam reforming 

[18, 19]. A large number of carbon-based fuel sources are suitable feedstock in the steam 

reforming cycle but methane derived from natural gas is the most commonly used - due 

not only to its abundance, but also to the reduced coking produced by this lighter 

hydrocarbon, in comparison to other hydrocarbon types [20].  

 

The endothermic steam methane reforming (SMR) reaction is favoured by high 

temperatures (700-950ºC) with low pressures, due to volume expansion of the system 

resulting from an increase in number of moles of gas from reactants to products. The high 

temperature water gas shift (HTS) and low temperature water gas shift (LTS) reaction 

follow the steam reforming reaction, and both are used to either alter the ratio of CO to 

H2 ratio when producing syngas, or to produce more hydrogen whilst minimising the 

amount of CO in the product gas [16]. The reverse methanation reaction occurs 

spontaneously alongside the steam reforming reaction, resulting in excess production of 

CO2 gas [21]: 

 

SMR (700ºC-950ºC) 

224 3HCOOHCH +→+  �H°298 = +206 kJ/mol    2.5 

 

HTS (350ºC-500ºC) 

222 HCOOHCO +→+  �H°298 = -41 kJ/mol    2.6 
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LTS (200ºC) 

222 HCOOHCO +→+  �H°298 = -41 kJ/mol    2.7 

 

Reverse Methanation 

2224 42 HCOOHCH +→+  �H°298 = +165 kJ/mol    2.8 

  

In the final step, pressure swing adsorption (PSA) is used for removal of CO and CO2 to 

produce clean hydrogen gas.  Actual operating temperatures of steam reforming are 

largely dependant upon maximising the desired product gas. To maximise the amount of 

hydrogen in the product gas stream, the exothermic WGS reaction is operated at lower 

temperatures, favouring high conversion of CO to form greater amounts of H2. 

Favourable catalysts for the steam reforming reaction include Ni/MgAl2O4 and 

Ni/CaAl2O4. Stoichiometric ratios of H2O/CH4 cannot be used due to carbon formation 

below a critical ratio and increasing carbon formation with temperature [22]. Therefore, 

the ratio of H2O/CH4 lies somewhere between 2-5, with the excess steam in the feedgas 

limiting carbon formation by gasification of adsorbed carbon (Equation 2.9-2.10):  

 

22 HCOCOH +→+         2.9 

 

2 2 22 2H O C H CO+ → +        2.10 

 

Higher ratios of steam favours production of hydrogen, resulting from a shift in the 

thermodynamic equilibrium toward the reactants. However, at low temperatures and low 

activity the catalyst is prone to deactivation by oxidation with this higher ratio of steam. 

The steam reforming catalyst is only active in the metallic state and once it is oxidised, 

the oxide form must be reduced to retain activity. This is especially the case when using 

nickel catalysts. At lower temperatures there is limited activity and insufficient 

conversion of methane, which results in low levels of reducing H2 with high levels of 

oxidizing H2O.  
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2.3.2 Dry Reforming 

 

Dry reforming does not require generation of expensive heated H2O, unlike steam 

reforming, utilising cheap and widely available CO2. The dry reforming reaction uses 

methane which is reacted with CO2 gas in the presence of a catalyst, producing CO and 

H2 in a ratio of 1:1 [22]. 

 

242 22 HCOCHCO +→+   �H°298 = +247 kJ/mol   2.11  

 

This reaction is accompanied by the reverse water-gas shift reaction (RWGS), resulting 

in production of excess amounts of CO: 

 

OHCOHCO 222 +→+   �H°298 = +41 kJ/mol   2.12 

 

Rhodium and ruthenium noble metal catalysts demonstrate high activity for the dry 

reforming reaction, with no observed carbon formation [23]. Whilst nickel catalysts 

traditionally used in the steam reforming reaction are also active for the dry reforming 

reaction, rapid deactivation via carbon deposition is observed. There is a marked decrease 

in the rate of reforming observed for the dry reforming reaction in comparison to steam 

reforming. This could be explained by the increased ratio of CO formed, resulting in 

higher levels of coking from the Boudouard reaction (Equation 2.13) and more rapid 

catalyst deactivation [23].  

 

22 COCCO +→   �H°298 = -172 kJ/mol    2.13 

 

Addition of TiOx demonstrates an increased activation barrier for the CO dissociation 

reaction, inhibiting carbon formation by blockage of active sites at which carbon 

deposition may occur. MgO is also used to react with Ni to form a solid solution, aiding 

in prevention of carbon dissolution into the nickel crystal [24]. Ceria has demonstrated 

unique properties in being able to oxidise carbon species to regenerate the catalyst and 
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prevent deactivation even at low temperatures [25]. Ceria as a catalyst has proven highly 

effective [26], and ceria as a promoter has demonstrated not only increased catalytic 

stability, but also enhanced prevention of catalyst coking by the removal of adsorbed 

carbon species [27, 28].  

 

2.3.3 Partial Oxidation / Oxyreforming 

 

Partial oxidation can proceed by both catalytic and non-catalytic means but the high 

temperature requirement for the non-catalytic partial oxidation and the tendency for 

carbon formation have shifted focus toward catalytic methods. On the outset, partial 

oxidation looks to be more energy efficient than reforming processes, being slightly 

exothermic, unlike the highly endothermic steam reforming process [29]. Methane is 

reacted with pure oxygen to produce H2 and CO in a ratio of 2:1. 

 

2422
1 2HCOCHO +→+  �H°298 = -38 kJ/mol    2.14   

 

This process requires a supply of pure oxygen which, when produced by air separation 

units, can account for up to 40% of expenditure in the partial oxidation plant. In contrast, 

steam reforming has been shown to be far more economical and efficient, resulting in a 

period of disinterest in partial oxidation research for a number of years.  More recently, 

the increasing demand for fuel and syngas has led to renewed research into this field. 

 

Research initially conducted by Prettre et al. [30] demonstrated that despite the 

exothermic nature of the reaction, high temperatures of >850°C were required to obtain a 

substantial yield of H2. Reactor temperatures are generally in the range of ~1300K 

(1027°C) to prevent carbon deposition, with very short contact times between catalyst 

and reactants. Products of the reaction include not only H2 and CO, but also CO2 and H2O 

in smaller amounts. Product selectivity is difficult to control, and whilst H2 and CO are 

desired, complete oxidation of CH4 results in the production of CO2 and H2O, thus the 

need for high temperatures to better control selectivity for CO [31]. Stoichiometric ratios 
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favour high selectivity of syngas in a ratio of 2:1 but a decrease in reactant ratio tends 

toward total combustion of reactants, producing both carbon dioxide and water, whilst an 

increase in ratio results in lower methane conversion. In the instance of complete 

oxidation, further reactions become of importance, including steam reforming and the 

water gas shift reaction. Introduction of H2O to the partial oxidation reaction results in 

greater conversion of methane as well as mitigating formation of surface carbon species 

[15]. At higher pressures, complete oxidation tends to be favoured, resulting in 

production of carbon dioxide and water, rather than carbon monoxide and hydrogen [29].  

 

In order to produce pure hydrogen from partial oxidation, methanation of the product is 

used to re-form CH4 and H2O, such that all carbon monoxide is removed to prevent 

contamination of fuel cells and catalysts [32].  

 

Noble metal catalysts demonstrate high affinity for the partial oxidation reaction by 

increasing product selectivity and providing better resistance to catalyst deactivation by 

coking [33, 34]. Addition of rare earth oxides limits carbon formation, where it was 

found that high conversion of CH4 to synthesis gas is possible with minimal contact time, 

mitigating the formation of carbonaceous species [35, 36]. The short contact time with 

the catalyst not only produces decreased coking effects in comparison to reforming 

reactions, but also limits the effects of catalyst sintering. Despite their appeal, use of 

noble and rare earth metal catalysts is generally cost prohibited in industrial scale 

catalysis. The general consensus is that cheaper nickel supported catalysts are most active 

for production of syngas [29, 37-41].  

 

2.3.4 Autothermal Reforming 

 

Autothermal reforming combines both steam reforming and non-catalytic partial 

oxidation to create a more efficient process. Utilisation of heat from the exothermic 

partial oxidation reaction is used in the subsequent steam reforming reaction for the 

generation of syngas and/or hydrogen.  The process was developed in the 1950’s by 
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Haldor Topsoe as a self contained process for conversion of hydrocarbons to 

syngas/hydrogen within a single reactor [42].  

 

The autothermal reactor consists of a feed preheat sector, reactor and a gas separation 

unit. The feed introduced into the reformer is generally a mixture of CH4 + H2O and CH4 

+ O2 where, at the top of the reactor, methane is initially combusted using O2 in a partial 

oxidation reaction for the production of CO, H2O and heat using temperatures in excess 

of 2000K (~1700°C). Further down the reactor, CO and H2 are combined with steam in a 

reforming reaction for production of hydrogen and/or syngas in precise ratios, with 

temperatures of around ~1500K (~1200°C) [43]. 

 

Combustion zone: 

OHCOOCH 222
3

4 2+→+   �H°298 = -520 kJ/mol   2.15 

 

Catalytic zone: 

224 3HCOOHCH +→+   �H°298 = -206 kJ/mol   2.16 

222 HCOOHCO +→+   �H°298 = -41 kJ/mol   2.17  

 

The advantage of autothermal reforming is the requirement for less O2 of lower purity, 

which is one of the biggest expenditures in the partial oxidation reaction. The reaction is 

able to proceed at lower temperature than the partial oxidation reaction alone, reducing 

process cost. Whilst there is less flexibility in feedstock availability for autothermal 

reforming when compared to partial oxidation, the range of available feedstock still 

exceeds that of steam reforming.  

Catalysts used in the steam reforming reaction have also demonstrated high affinity for 

autothermal reforming, with noble metal and suitably supported nickel catalysts retaining 

high activity for the latter process [43-45]. However, Ni catalysts are prone to oxidation 

due to the presence of oxygen and steps must be taken to avoid this. The lower selectivity 

of feedstock requires autothermal reforming catalysts are able to process ‘dirtier’ and are 

less susceptible to carbon deposition [46].  
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2.3.5 Catalytic Decomposition 

 

Carbon monoxide and dioxide emissions are an undesirable by-product of the reforming 

and partial oxidation processes for hydrogen production. Sequestration of CO2 is an 

option, but product gas still requires stringent processes for removal of carbon monoxide 

prior to its use in hydrogen fuel cell applications. Catalytic decomposition of methane is a 

method for eliminating carbon oxide emissions completely [47]. This process can 

proceed by either catalytic or non-catalytic means, with the prospect of producing carbon 

that is easily separated from hydrogen [48].  

 

24 2HCCH +→   �H°298 = +75.6 kJ/mol   2.18  

 

Non-catalytic decomposition of methane requires high temperatures, with direct 

decomposition requiring temperatures upward of 1800K (~1500°C). This process is 

ultimately impeded by formation of carbon deposits on the interior of the reactor, 

eventually leading to overheating by reactor blockage. Potential catalysts have been 

found for this reaction, notably by Muradov et al., who are focused toward producing 

CO-free hydrogen [48, 49]. Transition metal catalysts such as Fe and Ni have 

demonstrated high affinity for the methane decomposition reaction [50, 51]. Despite 

higher catalytic activity observed at higher temperature, the resultant increase in carbon 

deposition facilitates rapid catalyst deactivation. Therefore, effective and efficient 

removal of surface carbon is required for improved catalyst performance and sustained 

hydrogen production. By controlling the type of carbon produced at the surface, stable 

catalyst activity is observed over a longer period of time [52, 53], and this can be 

controlled by use of various catalyst supports. Formation of filamentous carbon is less 

harmful than encapsulating carbon, which is known to block active sites and results in 

catalyst deactivation. It is also possible to catalyse formation of carbon nanotubes and/or 

nanofibres on Ni based catalysts, which are a useful by-product that can be later 

separated [54, 55]. Use of appropriate support materials such as SiO2 and Nb2O5 can also 

retard catalyst deactivation [56, 57]. 
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Some amount of CO and CO2 formation will result from the use of metal oxide catalysts 

due to oxidation of deposited carbon by the oxide support [58]. The amount of CO2 

produced by the decomposition reaction was observed to be far less than CO2 produced 

during the process of steam reforming. For limiting or eliminating CO2 based emissions, 

catalytic methane decomposition is the most effective means of generating hydrogen 

from hydrocarbons [48]. However, this process is not sustainable, largely due to the 

aforementioned reason of catalyst deactivation.  

 

In an effort to overcome this problem of carbon deposition associated with transition 

metal oxide catalysts, carbon based catalysts are another option which has been 

investigated [59]. Activation energy for this reaction is slightly higher when using active 

carbon catalysts compared to metal oxides. The rate of carbon formation during this 

reaction is high and frequent purging of the catalyst is a significant factor to retaining 

catalytic activity over a number of cycles, resulting in carbon oxide emissions which arise 

during the gasification and/or oxidation process [48, 60]. With the specific formation of 

carbon black at the surface of catalytically active carbons, rather than using gasification 

or oxidation for removal of carbon, a fluidized bed mechanism can be used for circulating 

active carbon particles, alleviating the effects of carbon buildup and blockage of active 

sites [61].  

 

2.3.6 Catalyst Deactivation 

 

A challenge faced with hydrogen generated from methane is the formation of unwanted 

carbon deposits, resulting in catalyst deactivation. Ni catalysts have high activity for 

industrial processing of methane, but they tend to promote much higher levels of coke 

formation [62]. Different manufacturers use various additives to promote coke 

gasification. The main reactions contributing to formation of coke include [22]: 

 

24 2HCCH +→   �H°298 = +75 kJ/mol    2.19 
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22 COCCO +→   �H°298 = -172 kJ/mol    2.20 

 

OHCHCO 22 +→+  �H°298 = -131 kJ/mol    2.21 

 

nmn CHHC )( 2→   (gum)      2.22 

 

cokeolefinsHC mn →→        2.23 

 

Carbon can be formed as ‘gum’ carbon (Equation 2.22), pyrolytic carbon/coke 

(Equation 2.23) and whisker carbon (Equation 2.19-2.21). Gum formation is favoured 

at lower temperatures, resulting from adsorbed long chain hydrocarbons being converted 

to a polymer film which deposits itself upon the catalyst surface causing deactivation. 

Formation of pyrolytic coke is promoted at high temperatures by the pyrolysis of long 

chain hydrocarbons. This results in the deposition of coke at the surface and eventual 

encapsulation of the catalyst to cause deactivation. Whisker carbon is the predominant 

form of carbon resulting in catalyst deactivation. This is initiated by dissolution of 

adsorbed surface carbon into the substrate, which nucleates as a whisker and diffuses 

through the particle destroying the catalyst structure. These carbon fibres then precipitate 

out at the surface, resulting in lifting of catalyst particles from the surface. Whilst this 

does not affect catalyst activity to a significant degree, the lifting of particles does results 

in eventual reactor blockage due to the breaking up of the catalyst.  

 

Another form of carbon formed at the catalyst surface is graphitic carbon. This is 

produced by decomposition of CO and/or CH4, allowing for the nucleation of carbon at 

the energetically favourable step sites and surface defects. Graphene can form and 

propagate out from this step to form graphene islands and block active sites by surface 

coverage.  
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Smaller particle size has been observed to retard carbon formation [63]. In addition, 

smaller particle size impedes the migration of dissolved carbon through the substrate for 

the formation of whisker carbon. Sintering has a promoting effect upon sample coking, 

given that larger particle sizes and larger pore sizes from sintering allow for easier carbon 

diffusion through the catalyst. A catalyst support aids in maintaining dispersion of the 

catalytically active phase and increases stability of the catalyst, and generally acts to 

retard catalyst deactivation.  

 

The addition of promoters can also act as an effective aid in this regard. This is achieved 

by enhancing adsorption of reactants and increasing rate of reaction, whilst decreasing 

the rate of methane decomposition, thereby preventing carbon formation. Besides 

increasing catalytic surface area and retarding deactivation, promoters can also actively 

participate in the reaction process, such as by increasing dissociation of H2O at oxide 

sites to expedite the reaction process. Use of high oxygen capacity supports can aid in 

preventing buildup of coke at the surface by oxidizing adsorbed carbon.  
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2.3.7 Summary 

 

Current methods for hydrogen production stem primarily from methane. Such methods 

include steam methane reforming, dry methane reforming, methane partial oxidation, 

methane autothermal reforming and methane catalytic decomposition. These processes 

are suited toward large scale industrial production of hydrogen due to generation of large 

amounts of expensive steam for methane steam reforming, or generation of pure oxygen 

for methane partial oxidation, these being the most widely employed processes for 

hydrogen production today. The hydrogen produced via these processes must also be 

separated from carbon oxides and undergo stringent purification.  

 

Use of Ni catalysts in methane based hydrogen production processes is highly favoured, 

but also tends to promote high levels of coking. Catalyst deactivation results from carbon 

formation, with various types of carbon formed which may act to block active sites or 

facilitate structural degradation of the catalyst over time. The limitations of current 

hydrogen production technologies include hydrogen separation and storage combined 

with the economic limitations of large scale hydrogen production and transportation. In 

light of these issues, the Steam-Iron Process has been identified as a potential means of 

fulfilling hydrogen production needs on a smaller scale, allowing for hydrogen to be 

stored in a relatively innocuous form and generated cleanly from steam at lower 

temperatures. 
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2.4 Steam-Iron Process 

 

2.4.1 History 

 

The first successful implementation of the Steam-Iron Process on a commercial scale was 

demonstrated by Lane as early as 1903 [64]. Approximately 10 years later, Messerschmitt 

introduced an improved design which was subsequently implemented due to reduced 

operating cost [65]. The basic process involved the reduction of iron oxide to form iron 

by passing over a reducing gas generated by steam gasification of coke, followed by re-

oxidation using steam for the production of hydrogen. The process is able to be repeated 

indefinitely provided complete re-oxidation can be achieved and metal oxide deactivation 

does not occur. 

 

3 4 2 2 24 / 3 4 /Fe O CO H Fe CO H O+ → +      2.24  

 

2 3 4 23 4 4Fe H O Fe O H+ → +        2.25  

 

Whilst Equation 2.24 and Equation 2.25 above depict reduction of magnetite to iron 

metal and subsequent re-oxidation to form magnetite, there are numerous possible 

oxidation states of iron oxide: 

 

 3Fe2O3 (hematite) � 2Fe3O4 (magnetite) � 6FeO (wustite) � 6Fe (iron) 

 

Reduction of Fe2O3 by CO or H2 does not yield FeO due to its thermodynamic instability, 

where below approximately 570ºC the formation of FeO is not formed [66, 67]. The 

reduction pathway proceeds from 3Fe2O3 � 2Fe3O4, followed by 2Fe3O4 � 6Fe. At 

higher temperatures, the reduction of Fe2O3 shifts to allow reduction of 2Fe3O4 � 6FeO, 

followed by reduction of 6FeO � 6Fe [68]. Re-oxidation of Fe3O4 by water to form 

Fe2O3 is thermodynamically unfavourable. 
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It was not until 1976 that the process was further developed by Tarman et al. [69-71], 

utilising gasified coal as a reductant. The problem with utilising gasified coal products is 

the high level of sulphur impurities present in coke along with carbon deposition from 

carbon monoxide decomposition [72]. With repeated cycling, accumulation of these 

impurities contaminates the hydrogen product, as well as causing deactivation of the iron 

oxide.  

 

The Steam-Iron Process has been well documented as a method for hydrogen production 

and as a means for storage of hydrogen generated by other processes, in the form of 

syngas (CO + H2) [73-79]. This process has a distinct advantage over current processes 

for hydrogen production, including steam reforming and partial oxidation, as it facilitates 

pure hydrogen production in a two step process, independent upon purity of the reducing 

gas. Syngas used in the Steam-Iron Process is derived from coal, biomass and steam 

reforming and/or partial oxidation of methane.  

 

The use of methane is a relatively recent introduction to the Steam-Iron Process, which 

allows for the intermediate step of generating syngas from methane as a reductant to be 

eliminated. Methane is a much cleaner burning fuel than coal derived products, leading to 

decreased greenhouse gas emissions, with potential production of useful synthesis gas 

[80]. The introduction of methane in the Steam-Iron Process was initially proposed by 

Steinfeld et. al. [68, 81], with further in depth investigation of reduction of modified iron 

oxide using methane undertaken by Takenaka et. al. [82-84].  

 

3 4 4 24 3 4 8Fe O CH Fe CO H O+ → + +      2.26 

 

More recently, Hacker et al. have proposed the implementation of a reformer sponge iron 

cycle (RESC) in the Steam-Iron Process [73, 74, 85-87]. This method improves on 

previous SIR designs by better circulation of iron catalyst to prevent sintering and better 

cycling of the catalyst, with use of cheaper sponge iron. In addition, combining the 

Steam-Iron Process together with reforming allows for utilisation of a much wider range 
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of feedstock, and the production of high quality syngas to be used for the reduction 

reaction [85-87]. This in turn gives better reduction of the iron oxide and by doing so, 

increases catalyst lifetime and efficiency significantly. Product gases from the reduction 

reaction can be recycled, enabling CO and CO2 produced to be re-fed to the reformer, 

reducing emissions.  

 

2.4.2 Promotion of the Steam-Iron Process 

 

Improvements to the Steam-Iron Process can be made by mitigation of sintering to 

increase metal oxide stability and prevent deactivation and by improving kinetic activity. 

Process temperatures are limited due to sintering at higher temperature, yet kinetic 

activity is directly proportional to temperature. Therefore, it is necessary to add 

promoters that may increase kinetic activity at lower temperature and/or to maintain 

metal oxide stability at higher temperature in order to mitigate sintering.  

 

Kodama et. al. reported on the reduction of metal ferrites, with metals comprising Mg, 

Mn, Ni, Zn and In [88]. In-FeOx showed the highest activity and selectivity for the 

reduction reaction, with high levels of H2 production from water oxidation as compared 

to magnetite alone. Ni-FeOx supported on ZrO2 showed high selectivity for CO 

production from methane reduction, with  clean hydrogen production in the oxidation 

reaction  [89]. 

 

Takenaka et. al. have performed an extensive study of the addition of a wide range of 

metal and metal oxide promoters to iron oxide [79, 82]. Reports indicate that noble 

metals, specifically Rh and Ir, markedly enhance redox activity but these metals are 

unable to prevent sintering. The addition of other metal elements including Mo, Cr, Al, 

Zr, Ga, V and Ti prevent iron oxide sintering over numerous cycles. This resulted in 

maintaining catalytic surface area approximately 10 times higher than unmodified iron 

oxide with repeated cycling, whilst achieving reduction temperatures as low as 770K 

(500°C) [90]. It was concluded that the addition of both Rh to enhance reactivity and 
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another metal support such as Mo was necessary to improve the process [91]. Further 

investigation found that Cu and Ni could also increase redox activity of iron oxide but 

enhanced sintering of iron oxide was observed [83, 84, 92]. Co-addition of Cr in these 

systems is necessary to maintain metal oxide dispersion and mitigate sintering. Cu, Ni 

and Rh are present in the metallic form, whereas, Cr forms an oxide. Park et. al. also 

reported Cu to both enhance reduction kinetics and to decrease reduction temperature, 

whilst preventing iron carbide and graphite formation during methane reduction [93].  

 

Addition of rare earth oxides such as ceria can enhance the redox reaction due to high 

oxygen storage capacity coupled with the ability to rapidly donate and release oxygen 

from the lattice. The promoting effect of ceria upon iron oxide for methane oxidation has 

been reported by Kang and Wang [94], along with reports by Huang et. al. attesting to the 

positive effect of ceria addition upon CO oxidation [95]. Addition of ceria shows high 

activity and increased stability of iron oxide over numerous cycles [96], with addition of 

zirconia further enhancing these effects [97, 98]. The presence of ceria as a promoter is 

known to participate in removal of adsorbed surface carbon as a result of oxidation by 

lattice oxygen species of ceria [99]. Use of zirconia enhanced ceria has shown favourably 

to increase catalytic activity whilst limiting the degree of carbon deposition at the catalyst 

surface, more so than ceria alone [98]. 

 

Addition of supporting oxides such as Al2O3, TiO2, ZrO2 and SiO2 are used for mitigation 

of sintering at high temperature. Addition of ZrO2 can maintain iron oxide stability at 

temperatures as high as 1600ºC, as observed from thermochemical decomposition of 

ZrO2 supported iron oxide in a hydrogen production cycle [100, 101]. Interestingly, it has 

been reported by Kodama et. al. that the addition of SiO2 as a support showed selective 

formation of C2 hydrocarbons from methane oxidation [102]. 
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2.4.3 Thermodynamic and Kinetic Studies of the Steam-Iron Process 

 

By initial assessment of thermodynamics for both the reduction and oxidation of various 

metal oxides in the Steam-Iron Process, reaction products and metal oxide formation can 

be predicted based upon reaction conditions. A more detailed study of redox 

thermodynamics is presented later in Chapter 4. Plotting change in change in Gibbs Free 

Energy as a function of temperature can predict the thermodynamic likelihood of the 

reaction proceeding [103, 104]. 
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Figure 2.1 Variations in �G° for the reactions (a) 1/yMxOy+CH4 � CO+2H2+x/yM 

and (b) x/yM+H2O � H2+1/yMxOy with temperature for the metal oxide, redox pair 

candidates [105] 
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Thermodynamics of iron oxide reduction by carbon based reductants predicts both carbon 

formation by methane decomposition at high temperature and also iron carbide 

formation, with the possibility of CO decomposition from the product gas [106]. Careful 

management of the incoming gas stream and temperature control is necessary to favour 

iron oxide formation and exclusion of unwanted products. Xin et. al. present equilibrium 

composition data calculated based on minimisation of Gibbs Free Energy, which 

indicates high methane to iron oxide ratios favours both partial oxidation and carbon 

formation following complete reduction to metallic iron, whilst maximising the ratio of 

iron oxide to methane tends incomplete reduction and formation of lower iron oxidation 

states [107].  

 

A Baur-Glaessner plot based upon CO + H2 reduction of iron oxide also suggests 

formation of different oxidation states of iron is largely dependent on both temperature 

and H2/CO ratio [73], with the formation of FeO as an intermediate state in the reduction 

of Fe3O4 to Fe bypassed completely at lower temperature. A thermodynamic study of the 

RESC conducted by Hacker et. al. suggests that a reduction temperature of 800ºC is the 

upper limit for this process, with further increasing temperature showing negligible 

change in conversion efficiency [108]. Theoretically, up to 75% conversion of 

hydrocarbon reductants can be achieved.  

 

Thermodynamics of oxidation by water is relatively easily examined, with the possible 

formation of only H2 from H2O. Figure 2.1 shows the high temperature reduction 

reaction to be the rate limiting step of the Steam-Iron Process, with the oxidation reaction 

favoured at lower temperatures for most metal oxides examined. However, despite being 

thermodynamically favourable, the oxidation process is often kinetically limited and 

proceeds too slowly at very low temperatures.  

 

The kinetics of iron oxide reduction have been studied extensively via the method of 

hydrogen temperature programmed reduction (TPR) [66, 67, 109, 110]. These results 

reflect predicted thermodynamics, with reduction of Fe2O3 at lower temperature 
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proceeding in a two-step process from Fe2O3 to Fe3O4 followed by Fe3O4 to Fe. The 

formation of FeO is not observed except at high temperature [68]. There exists a large 

degree of discrepancy between reported values for apparent activation energy of iron 

oxide reduction, as well as the specific mechanism governing the reduction process. 

Some reports indicate that random nucleation according to the Avrami-Erofeyev model to 

be the governing kinetic model, whilst others suggest the reaction is phase boundary 

controlled. The particle size and reaction conditions such as flow rate and ramping rate 

play a large part in governing reduction kinetics. The kinetics of the reduction of 

promoted iron oxide has also been examined for Ce0.5Zr0.5O2 promoted Fe2O3 by Galvita 

et. al. [111]. Formation of Ni and Cu based ferrites show greater reaction rate upon 

reduction [112]. 

 

In comparison to reduction kinetics, detailed reports of oxidation kinetics of iron oxide 

are limited. Analysis of the oxidation of Fe2O3 undertaken by Herguido et. al. shows 

application of the Johnson–Mehl–Avrami–Kolmogorov (JMAK) model, based on a 

random nucleation method, adequately describes oxidation kinetics [113]. Steam partial 

pressure and temperature are determined to be independent of oxidation reaction rate. 

Oxidation kinetics of molten reduced iron oxide (FeO) following thermochemical 

decomposition of Fe2O3 at high temperature is governed by diffusion, following rapid 

oxidation of the particle surface [114].  Kim et. al. report oxidation of Mn and Zn 

modified ferrites are also controlled by diffusion processes in a first order reaction [112]. 

Higher reaction rate and lower temperature oxidation are observed, compared to 

oxidation of unpromoted iron oxide.  

 

2.4.4 Suitable Alternative Metal/Metal Oxide Systems 

 

A number of papers assessing the feasibility of a wide range of metals to be used for the 

Steam-Iron Process has been published [115-118]. Testing of metal oxide systems for the 

Steam-Iron Process reveals that low reduction temperature is often coupled with limited 

hydrogen yield upon subsequent oxidation with water. The reverse is also true, in that for 
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metals which demonstrate favourable hydrogen generation at lower temperature from 

water oxidation also show a temperature of reduction that is prohibitively high. 

Therefore, by thermodynamic assessment, a wide range of metals have been eliminated 

on the basis of either temperature of reduction or limited hydrogen yield. Subsequently, 

metal oxides which have been identified as potential Steam-Iron Process candidates from 

thermodynamic analysis include Fe3O4, ZnO, SnO2, In2O3, WO3, CeO2, MoO2, V2O5, 

Nb2O5 and GeO2. A number of these identified metal oxides have been experimentally 

tested in a Steam-Iron type process. 

 

Zn/ZnO 

 

Following iron oxide, zinc oxide has been the most extensively investigated, with a large 

amount of work undertaken by Steinfeld et. al. in relating to zinc oxide for use in 

hydrogen production via a redox cycle [119-121]. The interest in zinc oxide stems 

primarily from the possibility for relatively low temperature thermochemical 

decomposition of ZnO to Zn, thereby eliminating the presence of carbon in the redox 

cycle. Use of methane as a reducing agent further reduces reduction temperature as 

reported by Steinfeld et. al. [121-125].  

 

4 22ZnO CH Zn CO H+ → + +       2.27 

 

2 2Zn H O ZnO H+ → +        2.28 

 

Thermodynamic analysis suggests that use of a solar reactor combined with flow of 

methane gas will enable yields of up to 90% Zn from ZnO to be achieved [126]. Due to 

the low melting point of metallic zinc and the high temperature of reduction, the 

formation of gaseous zinc is a possibility, requiring quenching for the condensation of 

liquid zinc. This is to prevent both recombination of Zn and O2, as well as to allow for 

zinc to be separated from gaseous CO and H2 before it can be oxidised by steam. The 
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quenching of zinc represents a high energy loss, given that the heat from this reaction is 

wasted and unable to be recycled for the lower temperature oxidation reaction. Limited 

research has demonstrated the possibility for oxidation of zinc to form hydrogen from 

water by bubbling of steam through a solution of molten metal [127].  

 

The rate limiting step of the reaction process is the diffusion of products through the zinc 

oxide film formed at the surface of the zinc particles. Synthesis of ZnO nanoparticles has 

demonstrated increased reaction rates and complete reduction of ZnO to Zn as well as 

oxidation of Zn to ZnO due to the high surface to volume ratio of these particles and 

faster diffusion through the surface film [121]. Addition of previous metals such as Rh 

and Pt have shown to increase water re-oxidation reaction rates by up to 600 times 

compared to the negligible rate of hydrogen production observed for re-oxidation of 

unpromoted ZnO [128]. In any reaction process in which the final zinc product ultimately 

undergoes melting, the addition of promoters may prove useless, given that - after one 

cycle - the promoters will inevitably precipitate out from solution. 

 

SnO2/SnOx 

 

Similarly to zinc oxide, investigation of tin oxide is focused toward a carbon free 

thermochemical cycle, wherein tin oxide is thermally decomposed before being re-

oxidised by water to produce hydrogen [129, 130]. Oxidation of reduced tin oxide and/or 

tin metal with water shows high reactivity for hydrogen production [130-132]. 

Thermodynamic calculations demonstrate the feasibility of methane use for reduction of 

SnO2, proceeding at temperatures >1000ºC [133]. 

 

2 4 2(2 ) (2 ) 2(2 )xSnO x CH SnO x CO x H+ − → + − + −    2.29 

 

2 2 2(2 ) (2 )xSnO x H O SnO x H+ − → + −      2.30 
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Despite favourable thermodynamics of the above reaction, reduction of SnO2 alone by 

methane shows limited activity, with removal of only weakly bonded surface oxygen 

species and no observable reduction of lattice SnO2 oxygen in the bulk. Subsequent re-

oxidation by water yields negligible hydrogen, and it is necessary to achieve complete 

reduction of bulk oxygen species. Addition of Fe and/or Cr to SnO2 to create a composite 

oxide shows high activity for methane oxidation and increased resistance to thermal 

sintering [134-136]. Addition of alkali earth metals to create tin based oxides doped with 

Bi has shown the capability for selective oxidation of methane to produce C2 

hydrocarbons [137]. Kodama et. al. also show the addition of Fe3O4 and SiO2 to SnO2 to 

have a similar effect when reducing using methane with a co-feed of water [138].  

 

For deep reduction of SnO2 by methane, the addition of promoters is required. The low 

temperature melting point of unpromoted Sn metal is also a limiting factor in this system, 

making addition of support oxides to maintain SnOx stability a necessity.  

 

In2O3/In 

 

A significant amount of work has been compiled by Otsuka et. al. regarding hydrogen 

production by redox of indium oxide [139-142]. Whilst this initial work focused 

primarily upon reduction of indium oxide via H2, C and CO, later work included 

reduction of indium oxide by methane for the CO2 free production of hydrogen [143]. 

Addition of promoters to results in higher hydrogen yield upon re-oxidation by water, 

whilst showing efficient reduction [144-146].  

 

2 3 4 23 2 3 6In O CH In CO H+ → + +       2.31 

 

2 2 3 22 3 3In H O In O H+ → +        2.32 
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The bulk of this work was performed over two decades ago, with only recent studies to 

determine the suitability of methane used in the reduction process. A primary reason for 

this is likely to be the low melting point of indium metal, which results in extensive 

sintering or complete melting of the catalyst following reduction, with evaporation of 

indium at high temperature remaining a problem. Over numerous cycles catalyst 

functionality would rapidly decline and, from an economic standpoint, the requirement 

for constant catalyst regeneration coupled with the high cost of indium is a significant 

drawback to this process.   

 

WO3/WOx 

 

Kodama et. al. have reported testing of WO3/W in a Steam-Iron type process, whereby, 

WO3 was reduced by  methane with high selectivity for CO and H2 formation [105, 147, 

148]. Addition of ZrO2 improved process reactivity for both reduction and oxidation, due 

to formation of smaller more well dispersed particles of WO3 on ZrO2. This study 

demonstrated the possibility of partial reduction to form WO2, and re-oxidation of WO2 

by water to WO3 [147]. Complete reduction of unpromoted WO3 to W formed WC, 

which was subsequently unable to be re-oxidised to WO3 [148]. 

 

3 4 2 22WO CH WO CO H+ → + +       2.33 

3 4 23 3 6WO CH W CO H+ → + +       2.34 

2 4 22 2 4WO CH W CO H+ → + +       2.35 

 

2 2 22 2W H O WO H+ → +        2.36 

2 2 3 2WO H O WO H+ → +        2.37 

2 3 23 3W H O WO H+ → +        2.38 

 



 CHAPTER 2  

 30 

WO3/WOx is a promising candidate for hydrogen production in a Steam-Iron type 

process, with methane reduction temperatures comparable to iron oxide. The high 

molecular weight of W may prove to be a limitation in hydrogen production, given the 

low oxygen to metal ratio as compared to other such candidates as iron oxide. 

 

CeO2/Ce2O3 

 

Ceria (CeO2) as a catalyst demonstrates unique oxygen storage properties, which can be 

attributed to an ability to retain its lattice structure, following reduction and removal of 

lattice oxygen to form oxygen lattice vacancies [149, 150]. This enables faster reduction 

and oxidation, making this an ideal choice to use in redox reactions for the storage and 

release of oxygen. A significant amount of work has been published by Trovarelli et al. 

pertaining to the catalytic properties of ceria [25, 99, 149-152].  

 

From the early 1980’s, a series of papers published by Otsuka et. al. identified a number 

of potential metal oxides for hydrogen production via a redox cycle, with ceria showing 

favourable reactivity for further investigation [115, 144, 153-155]. The unique properties 

of ceria as a catalyst, such as its high affinity for the oxidation of hydrocarbon species, 

led to use of methane for the low temperature reduction of ceria in the production of 

syngas [155-157].  

 

2 4 2 3 22 2CeO CH Ce O CO H+ → + +       2.39 

 

2 3 2 2 22Ce O H O CeO H+ → +        2.40 

 

It has been demonstrated, that, despite sintering of ceria over a number of 

reduction/oxidation cycles and subsequent reduction in surface area, the reaction rate is 

observed to remain constant over time. Thus, it is suggested that the active sites may not 

be uniformly distributed across the surface, and that the reduction rate is not wholly 



 CHAPTER 2  

 31 

dependant upon available surface area [149]. Following reduction and oxidation of the 

ceria-zirconia solid solution over a number of cycles, the reduction temperature is 

actually observed to decrease by almost 200°C, a remarkable trait in contrast to expected 

behaviour [158].  

 

Use of promoters for enhancing the catalytic properties of ceria have been investigated, 

with the addition of rare earth and noble metals demonstrating increased catalytic activity 

for the reduction-oxidation process, allowing for reduction of ceria at lower temperatures 

[144, 159]. The addition of zirconia to ceria particularly enhances the unique properties 

of ceria, dependant upon the final composition, be it a mixed oxide of separated ZrO2 and 

CeO2 phases or a solid solution. Introduction of ZrO2 has shown to significantly enhance 

the catalytic properties of ceria by both increasing oxygen storage capacity (OSC) as well 

as decreasing temperature of reduction [25]. Comparison between formation of a mixed 

oxide and a solid solution demonstrates that, although a mixed oxide composition does 

act to increase the OSC, the effect of solid solution formation upon OSC is at least twice 

that of the same mixed oxide [160]. A number of papers have been published on the 

catalytic properties of Ce-ZrO2 mixed oxide and its application in oxidation reactions 

[160-163]. Ceria-zirconia solid solution has also exhibited high affinity for the catalytic 

decomposition of methane as a reducing agent in the reduction reaction, proceeding at 

low temperature [164, 165].  

 

Additional Metal/Metal Oxide Systems 

 

Investigation of other systems include a prior study of germanium oxide [166], in which 

impure hydrogen and carbon monoxide derived from gasified coal or syngas was purified 

by reduction of GeO2 and subsequent re-oxidation with water. Al2O3 was used as a 

support material, and addition of Ni and Cu enhanced yield of hydrogen from water re-

oxidation. Use of magnesium oxide in a solar driven Steam-Iron type process required 

temperatures in excess of 1700ºC for carbon reduction of MgO and 1900ºC for methane 
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reduction of MgO [167]. Despite reasonably low water oxidation temperatures of 350ºC, 

the excessive temperature of reduction is prohibitively high for this system.  

 

2.4.5 Deactivation Studies 

 

Deactivation of iron oxide in the Steam-Iron Process occurs by either sintering, resulting 

in decreasing redox activity with repeated cycles, or carbon deposition from the use of 

carbon based reductants.  

 

Mitigation of sintering effects can be achieved by addition of support oxides to maintain 

dispersion and stability. Additionally, by increasing reactivity the process is accelerated, 

limiting high temperature exposure of the system and enabling repetition of a greater 

number of cycles in the same amount of time. The primary cause for deactivation of iron 

oxide in the Steam-Iron Process has been identified by Kersten et. al. to be the result of 

sintering effects [168]. The degree of sintering is directly proportional to the relative 

conversion of iron oxide. By limiting total conversion it is possible to limit sintering but 

limited conversion will also limit hydrogen production capacity.  

Other methods to mitigate sintering include addition of metal oxides. For promoter 

addition to be effective in prevention of sintering, it is necessary to limit interaction 

effects with iron oxide. Galvita et. al. have reported the addition of CeO2 and La2O3 to 

Fe2O3 formed solid solutions during redox cycling, resulting in both lower oxygen 

storage capacity and deactivation by sintering [169]. Addition of Ce0.5Zr0.5O2 to Fe2O3 is 

maintained as two separate phases in a mixed oxide configuration, giving much better 

resistance to deactivation. Further addition of Mo played a role in preventing contact 

between iron oxide particles and enabling stable hydrogen production over 100 redox 

cycles. 

 

Thermodynamic assessment conducted by Baxter et. al. illustrate the tendency for both 

carbon deposition and iron carbide formation from methane at the high operating 

temperature necessary for reduction of iron oxide by methane [106]. Assessment of 
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equilibrium composition of iron oxide and  methane at various temperatures shows the 

importance of iron oxide to methane ratio upon subsequent reaction products [107]. At 

higher iron oxide to methane ratio, it is possible to limit carbon formation but reduction 

of iron oxide is also limited, requiring higher temperatures to proceed. With higher ratio 

of methane to iron oxide, complete reduction is observed and there is high selectivity for 

partial oxidation to form CO and H2 products, but the likelihood of carbon formation is 

increased.  

 

4 22CH C H→ +    �Hº = +74.8 kJ/mol   2.41 

4 3( ) ( ) ( )CH ad CH ad H ad→ +  �Hº = +438.6 kJ/mol   2.42 

3 2( ) ( ) ( )CH ad CH ad H ad→ +       2.43 

2 ( ) ( ) ( )CH ad CH ad H ad→ +       2.44 

( ) ( ) ( )CH ad C ad H ad→ +        2.45 

22 ( ) ( )H ad H g→         2.46 

( ) ( )C ad C dissolved→        2.47 

 

Equation 2.41 shows methane decomposition to be a moderately endothermic reaction 

but calculations predict methane decomposition to proceed at much lower temperature 

than has been demonstrated experimentally. Various studies have shown that 

decomposition of methane does not proceed via a single step, but rather, through 

sequential decomposition of methane adsorbed at the metal surface [170-172]. The 

energy required for initial removal of a hydrogen atom from methane is much higher than 

is required for direct decomposition of methane (Equation 2.42). Via this reaction 

process, methane is sequentially broken down to a form carbon atom adsorbed at the 

surface of the metal, which can dissolve into the metal to form carbide species (Equation 

2.47).  

 

Carbon formation from methane during reduction of iron oxide has been demonstrated by 

Hacker et. al. to be a significant problem of the Steam-Iron Process at temperatures 
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greater than 800ºC [173]. Carbon deposition from methane decomposition occurs upon 

complete reduction of iron oxide to the metallic iron form. It is suggested that partial 

reduction of iron oxide to a lower oxidation state and prevention of iron metal formation 

is a means of preventing carbon deposition. These findings illustrate the formation of 

carbon is generally favoured in conditions where oxygen availability is low relative to 

methane concentration. 

 

Carbon formation from reaction products via the Boudouard Reaction is also considered, 

due to CO production from methane reduction. 

 

22CO C CO→ +  �Hº = -172.4 kJ/mol     2.48 

 

Calculations show that carbon formation via the Boudouard Reaction is favoured at low 

temperatures, whilst methane decomposition only occurs at high temperature (Equation 

2.48). 

 

2.4.6 Summary 

 

The Steam-Iron Process favours use of iron oxide due to a number of factors, those of 

which include oxygen storage capacity, high activity and low temperature reduction. 

However, problems associated with use of iron oxide, such as deactivation by sintering at 

higher temperatures and carbon deposition from carbon based reductants must be 

eliminated. Methods of improving iron oxide activity include addition of metal and/or 

metal oxide promoters, with addition of support oxides to increase stability over 

numerous cycles. Addition of precious metals such as Rh and Pt show marked 

improvement of both reduction and oxidation activity. Supporting metal oxides such as 

ZrO2, Al2O3 and SiO2 are able to maintain dispersion of iron oxide particles, preventing 

sintering with numerous cycles. Promoting oxides such as CeO2 which possess high 

oxygen storage capacity maybe also enhance the process by participation in the redox 
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reaction through donation of oxygen, as well as limit deactivation by possible oxidation 

of adsorbed carbon species. 

 

Analysis of thermodynamics suggests that careful control of gas compositions and 

reaction conditions are important to ensure selective formation of product gases and limit 

carbon and/or iron carbide formation. Coupled with knowledge of reaction kinetics, this 

enables more calculated determination of optimal experimental parameters based upon 

controlling redox mechanisms. 

 

This literature investigation reveals the need for further analysis of iron oxide; despite the 

wide range of literature currently available pertaining to use of iron oxide in the Steam-

Iron Process, its favourable characteristics as a candidate for this process still makes it the 

most appropriate selection. Further analysis of other metal oxides including SnO2, In2O3, 

WO3, MoO2, Nb2O5 and V2O5 should also be conducted by experimental methods for 

their potential in the Steam-Iron Process, with their performance possibly matching or 

exceeding that of iron oxide. Thus the aim of conducting this further investigation is for 

the identification of novel metal oxide candidates which are equally suitable, if not more 

so, than metal oxides already found in the literature. Further to this, by control of reaction 

conditions and detailed analysis of reaction kinetics, a more complete understanding of 

performance and methods for improving hydrogen production can be gained. 
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3   THERMODYNAMIC ASSESSMENT OF POTENTIAL  

METAL OXIDES FOR THE STEAM-METAL PROCESS 

 

3.1 Introduction 

 

In determining suitable catalysts to be used for the purpose of hydrogen production in a 

process analogous to the Steam-Iron Process (hereby referred to as the Steam-Metal 

Process for all non-iron systems), a number of factors must be considered. The catalyst 

must be reducible at reasonably low temperature and produce a substantial yield of clean 

hydrogen upon re-oxidation with water, also at low temperature. Using thermodynamic 

analysis, it is possible to identify potential metal oxide systems for their suitability in a 

reduction/re-oxidation cycle for hydrogen production [1]. In addition to identification of 

potential catalysts for investigation, it is necessary also to seek novel methods by which 

to improve these catalysts. The prevalent method for creating novel catalysts focuses 

upon the addition of promoters to enhance catalytic activity and function whilst retarding 

causes of deactivation. 

  

In this chapter it is sought to address these issues by identifying potential catalysts for 

investigation via a thermodynamic calculation approach. This is followed by preliminary 

experimental analysis of chosen promoting species using the technique of temperature 

programmed reduction (TPR). Occurrence of other possible reactions during the redox 

process can also be predicted via thermodynamics.  
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3.2 Catalyst Selection 

 

Testing of a number of metal oxide systems for reactivity in the reduction/water oxidation 

cycle reveals that oxides which reduce at low temperature produce negligible yield of 

hydrogen at equilibrium upon re-oxidation. The reverse is also true - that for metals 

which demonstrate high affinity for hydrogen production in the re-oxidation reaction, the 

temperature of reduction is considered prohibitively high. This has enabled a wide range 

of metals to be eliminated on the basis of either temperature of reduction and/or limited 

hydrogen yield.  

 

The energy intensive and rate limiting step of the Steam-Metal Process is known to be the 

high temperature reduction from metal oxide to a reduced form. It is sought to minimise 

this temperature whilst producing a substantial yield of hydrogen gas in the subsequent 

re-oxidation reaction. Ideally, methane is employed as a reducing agent, reducing the 

metal oxide at lower temperature than required for thermal decomposition. Possible 

production of syngas (CO + H2) as a by-product can be used as feedstock in syntheses 

such as production of ammonia or methanol. The proposed reaction pathway for the 

primary reduction reaction is as follows:  

 

4 1 22x xMO CH MO CO H−+ → + +       3.1 

 

Following reduction, re-oxidation of the reduced metal oxide produces hydrogen gas 

whilst regenerating the metal oxide, allowing for the cycle to be repeated: 

 

1 2 2x xMO H O MO H− + → +        3.2 

 

3.2.1 Thermodynamic Analysis 

 

The likely reaction pathway and temperature of reduction/re-oxidation can be predicted 

through knowledge of the values for enthalpy (�H), entropy (S) and heat capacity (C) for 
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the reactants and products of the reaction. Thermodynamic analysis is calculated on the 

basis of minimisation of Gibbs Free Energy, where it is expected that the reaction would 

proceed spontaneously when �Gº < 0.  

 

REACTANTSPRODUCTS H - H  H °Δ°Δ=°Δ       3.3 

� ⋅=Δ
1

2

T

T
dTCS         3.4   

ST - H  G Δ°Δ=°Δ         3.5 

 

As temperature is increased, the value of Gibbs free energy decreases, such that the 

reaction is able to proceed forward spontaneously at a sufficiently high temperature. The 

nature of temperature programmed reduction (TPR) is such that H2O produced from the 

reduction reaction is removed from the reaction zone, resulting in lower pressure of H2O 

compared to H2. This results in a significant decrease in �Gº with increasing temperature 

(Equation 3.6) [2].  

 

�
�
�

�
�
�
�

�
+°Δ=Δ

2

2

H

OH

P

P
 log RTG G        3.6 

 

The equilibrium constant, K, can be determined from �Gº by the formula: 

 

G RT lnKΔ ° = −         3.7 

 

All subsequent calculations are made assuming standard atmospheric pressure (1 atm), 

with thermodynamic values obtained from Barin [3]. Values are applied to Equations 3.3 

to 3.5, taking into account the change of enthalpy and entropy with temperature.  

 

The primary focus of the Steam-Metal Process thus far, has been on the use of iron oxide 

(magnetite, Fe3O4) [4-7]. Magnetite exhibits both relatively low temperatures of 

reduction and re-oxidation, coupled with low molecular weight of Fe to give high oxygen 
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to metal ratio. However, the reduction of magnetite by methane is susceptible to the 

formation of iron carbide [8] and formation of iron metal from reduction is known to 

catalyse methane decomposition [9], resulting in coke formation and deactivation.  

 

More recently, interest moved toward the development of zinc oxide (ZnO) for this 

application. This is more due to the low temperature of thermal decomposition for this 

oxide. However some work has been focused upon the use of methane as a reductant for 

this process [10-12]. Thermal decomposition of metal oxides using heat alone has the 

advantage of being a completely carbon free cycle, thereby eliminating issues associated 

with carbon oxide formation upon methane reduction. However, due to the current 

limitations of generating such high temperatures as is required for this process, it is 

necessary to introduce reductants that are able to facilitate reduction at lower 

temperatures in a step toward a completely carbon free cycle. Zinc metal also possesses a 

low melting point of 693K (420°C), which results in extensive sintering following the 

reduction reaction.  

 

From the literature, a great number of other potential candidates for this reaction have 

been identified which meet the selective criteria [13-16]. The most promising of these 

candidates include tin oxide (SnO2) [17-19], indium oxide (In2O3) [20-23], molybdenum 

oxide (MoO2) [14, 15], tungsten oxide (WO3/WO2) [24, 25], and niobium oxide (Nb2O5) 

[13, 14]. Whilst other candidates exist, it is not possible to investigate all potential 

alternatives in order to find and develop metal oxides that match, if not exceed 

performance of iron oxide and zinc oxide. Assessment of these chosen candidates is 

performed by plotting calculated Gibbs Free Energy against temperature for the reduction 

of each metal oxide with methane. This allows direct comparison of a range of metals, 

illustrating the temperature of reduction and/or re-oxidation above or below which �Gº < 

0 [1]. Equations 3.8 to 3.17 show reduction of various metal oxides by methane, per 

mole of O2 removed. Figure 3.1 illustrates reduction of various metal oxides by CH4, 

with change in Gibbs Free Energy against temperature.  
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31
3 4 4 22 22 2 4Fe O CH Fe CO H+ → + +      3.8 

3 4 4 22 2 6 2 4Fe O CH FeO CO H+ → + +      3.9 
2 2

3 4 23 32 2 4WO CH W CO H+ → + +       3.10 

3 4 2 22 2 2 2 4WO CH WO CO H+ → + +       3.11 

2 4 22 2 4SnO CH Sn CO H+ → + +       3.12 

2 4 22 2 2 2 4SnO CH SnO CO H+ → + +      3.13 

2 4 22 2 4MoO CH Mo CO H+ → + +       3.14 

2 4
2 3 4 23 32 2 4In O CH In CO H+ → + +       3.15 

2 5 4 2 22 2 4 2 4Nb O CH NbO CO H+ → + +      3.16 

4 22 2 2 2 4ZnO CH Zn CO H+ → + +       3.17 
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Figure 3.1 Reduction of various metal oxides by CH4, per mole of O2 removed. Note 

that the Gibbs Free Energy of reduction for Fe3O4 to FeO falls below -200 kJ/mol 
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Equations 3.18 to 3.27 show re-oxidation of these reduced metal oxides by H2O, per 

mole of O2 added. These reactions are represented graphically in the form of Gibbs Free 

Energy against temperature in Figure 3.2. 

 

3 1
2 3 4 22 22 2Fe H O Fe O H+ → +       3.18 

2 3 4 26 2 2 2FeO H O Fe O H+ → +       3.19 
2 2

2 3 23 32 2W H O WO H+ → +        3.20 

2 2 3 22 2 2 2WO H O WO H+ → +       3.21 

2 2 22 2Sn H O SnO H+ → +        3.22   

2 2 22 2 2 2SnO H O SnO H+ → +       3.23 

2 2 22 2Mo H O MoO H+ → +        3.24 
4 2

2 2 3 23 32 2In H O In O H+ → +        3.25 

2 2 2 5 24 2 2 2NbO H O Nb O H+ → +       3.26 

2 22 2 2 2Zn H O ZnO H+ → +        3.27 
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Figure 3.2 Re-oxidation of various reduced metal oxides by H2O, per mole of O2 

added 

 

Figure 3.1 shows the reduction of SnO2 to Sn, SnO2 to SnO and WO3 to WO2, at 

equilibrium, to proceed at temperatures lower than that of Fe3O4 reduction. The 

remaining metal oxides require higher temperature before reduction is favoured. Figure 

3.2 shows re-oxidation of reduced metal oxides to proceed over a range of temperatures. 

It is noted that, at lower temperature, re-oxidation is more highly favoured for all metal 

oxides, becoming less favourable with increasing temperature. The metal oxides that are 

more easily reduced at lower temperature show a limited temperature range for re-

oxidation, bar WO2 to WO3 re-oxidation, which is seemingly not favoured at 

temperatures higher than 500K. A shift in Gibbs Free Energy from negative to positive 

values at higher re-oxidation temperature is observed for all metal oxides. The desire for 

low temperature re-oxidation would tend to minimise the need to achieve these higher 

temperatures. 
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To maximise efficiency of the redox process, it is also necessary to find metal oxide 

systems of high oxygen storage capacity (OSC). Higher OSC allows for a greater 

proportion of oxygen to be removed from the metal oxide during reduction, thereby 

generating a greater amount of hydrogen upon re-oxidation (Table 3-1). WO3 to W 

shows greatest OSC per mole of metal, followed by MoO2, SnO2, In2O3, Fe3O4, ZnO, 

WO3 to WO2, SnO2 to SnO, Nb2O5 and Fe3O4 to FeO. However, when calculated per 

gram of sample/metal oxide, Fe3O4 has the greatest OSC, followed by MoO2, SnO2, 

WO3, ZnO, In2O3, SnO2 to SnO, with Fe3O4 to FeO and WO3 to WO2 showing equal H2 

production capacity, and finally Nb2O5. The high molecular weight of tungsten metal 

gives low OSC per gram WO3. The inhibition of further reduction of Nb2O5 beyond 

NbO2 also prevents greater OSC. The theoretical hydrogen storage capacity of iron oxide 

greatly exceeds that of various other metals, highlighting the importance of finding low 

weight metals to be used for this process.  

 

Table 3-1 Potential H2 production from H2O re-oxidation 

H2 Production 

Eq. Reaction mol.H2/ 

mol.(sample)a 

mol.H2/ 

g.(sample)a 

L.H2/ 

kg.(sample)a 

3.18 3 1
2 3 4 22 22 2Fe H O Fe O H+ → +  1.33 1.73 x 10-2 384 

3.24 2 2 22 2Mo H O MoO H+ → +  2 1.56 x 10-2 348 

3.22 2 2 22 2Sn H O SnO H+ → +  2 1.33 x 10-2 295 

3.20 2 2
2 3 23 32 2W H O WO H+ → +  3 1.29 x 10-2 288 

3.27 2 22 2 2 2Zn H O ZnO H+ → +  1 1.23 x 10-2 273 

3.25 4 2
2 2 3 23 32 2In H O In O H+ → +  1.5 0.48 x 10-2 107 

3.23 2 2 22 2 2 2SnO H O SnO H+ → +  1 0.84 x 10-2 148 

3.19 2 3 4 26 2 2 2FeO H O Fe O H+ → +  0.33 0.43 x 10-2 96 

3.21 2 2 3 22 2 2 2WO H O WO H+ → +  1 0.43 x 10-2 96 

3.26 2 2 2 5 24 2 2 2NbO H O Nb O H+ → +  0.5 0.38 x10-2 84 

a The sample referred corresponds to the completely oxidised form of metal oxide 
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These calculations only illustrate theoretical consumption/production of hydrogen, with 

further experimental evaluation necessary to determine actual degrees of reduction and 

re-oxidation. This can be quantitatively determined by experimental analysis using 

temperature programmed reduction.  

 

3.2.2 Experimental Analysis 

 

Temperature programmed reduction (TPR) involves passing a reducing gas across the 

metal oxide whilst ramping at a constant rate to generate a reduction profile. The 

information provided by this technique gives not only information regarding the 

concentration of the reducing gas required for the reduction reaction , but can also 

provide an insight into the effect upon metal oxide reducibility resulting from 

introduction of promoter or other metal oxide materials. The presence and identification 

of different oxidation states can be ascertained, with direct comparison of metal oxide 

reduction kinetics between various metal oxides made easier by comparing reduction 

profiles. See following chapter, Chapter 4 (Experimental Methodology) for details on 

experimental technique relating to TPR analysis. 

 

H2 TPR (Figure 3.3) shows H2 consumption during reduction. SnO2 is completely 

reduced at the lowest temperature, whilst the reduction temperature of In2O3 is 

comparable to complete reduction of Fe2O3. Reduction of WO3 is known to take place via 

the following pathway [26. 27]:  

 

WO3 � WO2.9 � WO2 � W 

 

This is shown in Figure 3.3, with a smaller peak correlating to reduction of WO3 to 

WO2.9 preceding further reduction to WO2 followed by WO2 to W reduction. MoO3 is 

reduced to MoO2, followed by complete reduction of MoO2 to Mo. Following reduction, 

both Sn and In were found to have completely melted, due to their low melting points. 

Nb2O5 reduces at much higher temperature, with minimal H2 consumption.  
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Figure 3.3 5% H2 TPR of various metal oxides up to 1000°C 

 

TPR gives an approximate determination of OSC for each metal oxide. This study 

determines that Nb2O5 is unsuitable for the Steam-Metal Process, given that the oxide 

shows minimal H2 consumption and thus limited OSC, coupled with high temperature 

reduction. In2O3 is also eliminated on the basis of extensive sintering during the redox 

process coupled with the high cost of using In as a catalyst. MoO2 is eliminated from 

further study as reduction of MoO2 to Mo metal is well known to result carbide formation 

[28]. A distinct feature of selected metal oxides (SnO2, Fe3O4, WO3) is the existence of 

intermediate oxide phases. This has the advantage of mitigating sintering by preventing 

complete reduction to the metallic form, along with preventing coke or metal carbide 

formation, which is generally favoured upon complete reduction to the metallic form. 

Unlike the WO3/WO2/W system, complete re-oxidation of MoO2 to form MoO3 is 

thermodynamically limited. 

 

SnO2 demonstrates a lower temperature of reduction than Fe3O4 and high OSC capacity. 

Despite extensive sintering of Sn upon reduction, there remains scope for further 
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investigation of SnO2 as a potential catalyst for the Steam-Metal Process due to the 

relatively cheap cost of Sn and the possibility for partial reduction of SnO2 to SnO. It may 

be possible to find methods for stabilising this intermediate oxide phase, thereby allowing 

for higher retention of surface area by limiting complete reduction and subsequent 

melting of Sn metal at low temperature. Furthermore, Sn is relatively cheap which is not 

prone to carbide formation upon reduction by methane, nor does it catalyse methane 

decomposition at higher temperature. Methods of mitigating sintering problems following 

reduction of SnO2 will be addressed following further study. Experimentally, re-oxidation 

of SnO by water has shown reasonable hydrogen yield [19, 29]. Re-oxidation of Sn also 

produces a substantial amount of hydrogen even after melting [17].  

 

Tungsten oxide shows a high level of hydrogen consumption, indicative of high OSC 

despite higher temperature reduction than Fe3O4. Complete reduction of WO3 to W tends 

to result in tungsten carbide formation, as addressed later in this study. The possibility for 

partial reduction of WO3 to WO2, which can be re-oxidised by water at low temperature 

to form WO3 and hydrogen, has a distinct advantage in both limiting sintering effects, as 

well as preventing carbide formation.  

 

Whilst Fe3O4 metal oxide has been well studied for the Steam-Metal Process and 

possesses both high OSC coupled with low temperature reduction, there are issues as 

previously outlined, including sintering and carbon deposition during reduction, resulting 

in catalyst deactivation. These will be addressed later in this study. Of the various metal 

oxides assessed for use in a Steam-Metal type process, WO3 and SnO2 have been selected 

for further study, along with a more in depth investigation of Fe3O4. 
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3.3 Thermodynamic Assessment of Chosen Oxides 

 

3.3.1 Possible reactions during Steam-Metal Process 

 

The possible occurrence of side reactions and the formation of intermediates and other 

products can be predicted by application of Equations 3.3 to 3.5 and Equation 3.7. 

Reduction may result in formation of CO2 and H2O, rather than the preferred products of 

CO and H2. Comparison between reaction processes and calculation of formation of other 

products shows partial oxidation of CH4 to form CO and H2 tends to be favoured at 

higher methane concentration, with a ratio of one mole of methane required per oxygen 

atom removed. At lower concentration of methane, complete oxidation of CH4 to form 

CO2 and H2O is more likely, with a ratio of one mole of methane necessary for removal 

of four oxygen atoms. Plots of Gibbs Free Energy as a function of temperature for all 

potential reactions and products during reduction of the various metal oxides are 

presented below (Figure 3.4 - Figure 3.9). All equations and calculations are calculated 

per mole O2 removed.  
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Figure 3.4 Reduction of Fe2O3 by CH4 and re-oxidation of Fe3O4 by H2O 
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Figure 3.5 Reduction of Fe2O3 by CH4 and re-oxidation of FeO by H2O 

 

-250

0

250

250 500 750 1000 1250 1500 1750

Temperature \ K

�G
º 

/ (
kJ

/m
o

l)

Fe2O3 + 3CH4 = 2Fe + 3CO + 6H2

4Fe2O3 + CH4 = 4Fe + 3CO2 + 6H2O
Fe2O3 + CH4 = 2Fe + CO + 2H2O

2Fe2O3 + 3CH4 = 4Fe + 3CO2 + 6H2

2Fe + 3H2O = Fe2O3 + 3H2

 

Figure 3.6 Reduction of Fe2O3 by CH4 and re-oxidation of Fe by H2O 
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Figure 3.7 Reduction of Fe3O4 by CH4 and re-oxidation of FeO by H2O 
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Figure 3.8 Reduction of Fe3O4 by CH4 and re-oxidation of Fe by H2O 
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Figure 3.9 Reduction of FeO by CH4 and re-oxidation of Fe by H2O 

 

Reduction of Fe2O3 is known to follow the pathway Fe2O3 to Fe3O4 to FeO to Fe [30]. 

This is also observed through thermodynamic calculations (Figure 3.4 - Figure 3.9). 

Initial reduction of Fe2O3 to Fe3O4 shows CO2 and H2O to be the favoured products at 

lower temperature, 6Fe2O3 + ½CH4 � 4Fe3O4 + ½CO2 + H2O,  (Figure 3.4 - Figure 

3.6). Re-oxidation of Fe3O4 to re-form Fe2O3 is unachievable, with Fe3O4 the highest 

possible oxidation state upon re-oxidation with H2O (Figure 3.4). Reduction of Fe3O4 to 

FeO to form CO + H2 is the predominant reaction (Figure 3.7), followed by slight 

favourability for reduction of FeO to Fe forming CO + H2 formation at higher 

temperature (Figure 3.9). Whilst FeO exists as an intermediate oxidation phase, this is 

also known to be metastable at high temperatures and it is not expected that complete 

reduction of Fe3O4 to FeO will occur prior to FeO to Fe reduction [30].  

 

To further assess the thermodynamic probability of over-reduction to form CO2 and/or 

H2O, the subsequent reduction of each metal oxide by the CO and H2 products is also 

considered (Figure 3.10 - Figure 3.12).  
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Figure 3.10 Over-reduction of Fe3O4/Fe to from CO2 and H2O 
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Figure 3.11 Over-reduction of Fe3O4/FeO to form CO2 and H2O 
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Figure 3.12 Over-reduction of FeO/Fe to form CO2 and H2O 

 

Based upon these graphs (Figure 3.10 - Figure 3.12)., all forms of iron oxide show low 

affinity for further reduction by CO + H2 resulting in formation of CO2 and H2O, in 

contrast to the thermodynamic favourability of desired reaction producing CO + H2 from 

reduction by CH4. All lines corresponding to further reduction by CO and H2 show 

minimal favourability based upon negative values of Gibbs Free Energy over a large 

temperature range. 
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Figure 3.13 Reduction of WO3 by CH4 and re-oxidation of WO2 by H2O 
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Figure 3.14 Reduction of WO3 by CH4 and re-oxidation of W by H2O 
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Figure 3.15 Reduction of WO2 by CH4 and re-oxidation of W by H2O 

 

Reduction of WO3 to WO2 shows preference for CO + H2 production only at higher 

temperature, with re-oxidation unfavourable except at much lower temperatures (Figure 

3.13, Figure 3.14). Despite this, re-oxidation of W to WO3 is shown to proceed at 

moderate temperature (Figure 3.14), <1100K, therefore WO3 is worth investigating. 

Thermodynamic data indicates a two-step reduction in which initial reduction of WO3 to 

WO2 is followed by WO2 to W reduction. Formation of CO + H2 upon WO2 to W 

reduction is shown to be favourable over a wider range of temperatures (Figure 3.15), 

with re-oxidation by H2O to form WO2 and possibly WO3 also favourable.  
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Figure 3.16 Over-reduction of WO3/W to form CO2 and H2O 
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Figure 3.17 Over-reduction of WO3/WO2 to form CO2 and H2O 
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Figure 3.18 Over-reduction of WO2 to form CO2 and H2O 

 

Reduction of WO3 to WO2 shows that, at lower temperatures, reduction of WO3 by CO 

and H2 can take place, forming CO2 and H2O (Figure 3.17). Therefore, to give 

preferential formation of CO and H2, it is necessary to perform reduction at higher 

temperatures, such that these products are thermodynamically more favourable than the 

former. Reduction of WO2 shows formation of CO and H2 products over a wide range of 

temperatures, rather than formation of CO2 and H2O (Figure 3.18). 
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Figure 3.19 Reduction of SnO2 by CH4 and re-oxidation of SnO by H2O 
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Figure 3.20 Reduction of SnO2 by CH4 and re-oxidation of Sn by H2O 
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Figure 3.21 Reduction of SnO by CH4 and re-oxidation of Sn by H2O 

 

Reduction of SnO2 to SnO/Sn shows a large degree of overlap between SnO2 to SnO 

reduction and SnO2 to Sn reduction (Figure 3.19, Figure 3.20). From thermodynamics, it 

is difficult to determine whether the reduction will take place in a two-step process, 

initially forming SnO then reducing to Sn (Figure 3.21), or reducing directly from SnO2 

to Sn. TPR data shows a single peak, indicative of overlapping between SnO2 to SnO and 

SnO to Sn reduction (Figure 3.3). Formation of CO2 + H2O is highly favoured at all 

temperatures at which reduction takes place, with re-oxidation indicative that a SnO2/Sn 

cycle is achievable. However, due to the low melting point of Sn, it is advantageous to 

achieve partial oxidation if possible, whereupon a SnO2/SnO cycle would prevent the 

extensive sintering associated with complete reduction to form Sn.  
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Figure 3.22 Over-reduction of SnO2/Sn to form CO2 and H2O 
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Figure 3.23 Over-reduction of SnO2/Sn to form CO2 and H2O 
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Figure 3.24 Over-reduction of SnO/Sn to form CO2 and H2O 

 

In all cases, SnOx is preferentially reduced by CH4 to form CO + H2, as indicated by 

comparison between Figure 3.19 - Figure 3.21 and Figure 3.22 - Figure 3.24, with 

complete oxidation of CO and H2 unlikely until much higher temperatures are reached. 

Gupta et al. show through calculation of phase equilibrium diagrams, reaction of CO and 

H2 over SnO2 to form CO2 and H2O is relatively poor in comparison to other metal oxides 

examined [31]. 
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3.3.2 Routes to hydrogen product contamination and catalyst deactivation during 

the Steam-Metal Process 

 

Formation of metal carbide species as a possible reaction from methane reduction of 

metal oxides is detrimental toward the Steam-Metal process [32, 33], due to the resultant 

contamination of H2 produced upon re-oxidation. This arises from the re-oxidation of the 

metal carbide, resulting in COx production.  

 

2 2x x yM C yH O M O yH+ → +  

 

The likelihood of carbide formation may be assessed and minimised by employing 

certain experimental criteria to help favour specific products whilst limiting the extent of 

carbide formation [34]. Calculation of possible carbide formation routes from both CH4 

reactant and CO product is tabulated below for reduction of iron and tungsten oxides and 

compared to reduction of the respective metal oxides to a lower oxidation state or to the 

metal form (Table 3-2 - Table 3-10). These reaction processes are also presented in 

graphical form, with plotting of Gibbs Free Energy as a function of temperature 

highlighting the temperature requirements for the formation of metal carbides to become 

a favourable process (Figure 3.25 - Figure 3.33). 

 

The formation of tin carbide has been reported as entirely unfavourable with tin carbide 

found not to be a stable compound [35].  
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Table 3-2 Carbide formation (Fe3C) during Fe3O4 reduction by CH4  

Key Reaction 

Llllll 31
3 4 4 22 22 2 4Fe O CH Fe CO H+ → + +     3.8 

lllllll 
3 4 4 3 25 4 10Fe O CH Fe C CO H+ → + +

    3.28 

lllllll 
3 4 4 3 2 22 3 2 6Fe O CH Fe C CO H O+ → + +

    3.29 

lllllll 
3 4 4 3 23 5 3 2 10Fe O CH Fe C CO H O+ → + +

    3.30 

lllllll 
3 4 4 3 2 23 2 6Fe O CH Fe C CO H+ → + +

    3.31 

lllllll 
3 4 2 3 2 22 4 4Fe O CO H Fe C CO H O+ + → + +     3.32 

lllllll 
3 4 2 3 25 5Fe O CO H Fe C H O+ + → +      3.33 

 

-150

0

150

250 500 750 1000 1250 1500 1750 2000

Temperature / K

�G
º 

/ (
kJ

/m
o

l)

 

Figure 3.25 Carbide formation (Fe3C) during Fe3O4 reduction by CH4 
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Table 3-3 Carbide formation (Fe3C) during FeO reduction by CH4  

Key Reaction 

Llllll 
4 22FeO CH Fe CO H+ → + +      3.34 

lllllll 
4 3 23 4 3 8FeO CH Fe C CO H+ → + +      3.35 

lllllll 
4 3 2 212 5 4 10FeO CH Fe C CO H O+ → + +     3.36 

lllllll 
4 3 29 4 3 8FeO CH Fe C CO H O+ → + +     3.37 

lllllll 
4 3 2 23 2 4FeO CH Fe C CO H+ → + +      3.38 

lllllll 
3 23 5 4FeO CO Fe C CO+ → +       3.39 

lllllll 
2 3 2 23 2 3 3FeO CO H Fe C CO H O+ + → + +     3.40 

lllllll 
2 3 23 4 4FeO CO H Fe C H O+ + → +      3.41 
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Figure 3.26 Carbide formation (Fe3C) during FeO reduction by CH4 
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Table 3-4 Carbide formation from Fe (Fe3C) during Fe3O4/FeO reduction by CH4 

Key Reaction 

lllllll 
4 3 23 2Fe CH Fe C H+ → +       3.42 

lllllll 
3 23 2Fe CO Fe C CO+ → +       3.43 

lllllll 
2 3 2 26 3 2Fe CO H Fe C CO H O+ + → + +     3.44 

lllllll 
2 3 23Fe CO H Fe C H O+ + → +      3.45 
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Figure 3.27 Carbide formation (Fe3C) from Fe during reduction of Fe3O4/FeO by 

CH4 
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Table 3-5 Carbide formation (W2C) during reduction of WO3 by CH4 
Key Reaction 

Llllll 2 2
3 4 23 32 2 4WO CH W CO H+ → + +      3.10 

Llllll 
3 4 2 22 2 2 2 4WO CH WO CO H+ → + +      3.11 

lllllll 
3 4 2 22 7 6 14WO CH W C CO H+ → + +      3.46 

lllllll 
3 4 2 2 24 4 2 2 8WO CH W C CO H O+ → + +     3.47 

lllllll 
3 4 2 26 7 3 4 14WO CH W C CO H O+ → + +     3.48 

lllllll 
3 4 2 2 22 4 3 8WO CH W C CO H+ → + +      3.49 

lllllll 
3 2 22 8 7WO CO W C CO+ → +       3.50 

lllllll 
3 2 2 2 22 2 6 6WO CO H W C CO H O+ + → + +     3.51 

lllllll 
3 2 2 22 7 7WO CO H W C H O+ + → +      3.52 
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Figure 3.28 Carbide formation (W2C) during reduction of WO3 by CH4 



 CHAPTER 3  

 83 

Table 3-6 Carbide formation (WC) during reduction of WO3 by CH4 
Key Reaction 

Llllll 2 2
3 4 23 32 2 4WO CH W CO H+ → + +      3.10 

Llllll 
3 4 2 22 2 2 2 4WO CH WO CO H+ → + +      3.11 

lllllll 
3 4 24 3 8WO CH WC CO H+ → + +      3.53 

lllllll 
3 4 2 24 5 4 10WO CH WC CO H O+ → + +     3.54 

lllllll 
3 4 23 4 3 8WO CH WC CO H O+ → + +      3.55 

lllllll 
3 4 2 22 5 2 3 10WO CH WC CO H+ → + +     3.56 

lllllll 
3 25 4WO CO WC CO+ → +       3.57 

lllllll 
3 2 2 22 3 3WO CO H WC CO H O+ + → + +     3.58 

lllllll 
3 2 24 4WO CO H WC H O+ + → +      3.59 
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Figure 3.29 Carbide formation (WC) during reduction of WO3 by CH4 
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Table 3-7 Carbide formation (W2C) during reduction of WO2 by CH4 

Key Reaction 

lllllll 
2 4 22 2 4WO CH W CO H+ → + +      3.60 

lllllll 
2 4 2 22 5 4 10WO CH W C CO H+ → + +      3.61 

lllllll 
2 4 2 2 24 3 2 6WO CH W C CO H O+ → + +

    3.62 

lllllll 
2 4 2 26 5 3 2 10WO CH W C CO H O+ → + +

    3.63 

lllllll 
2 4 2 2 22 3 2 6WO CH W C CO H+ → + +

     3.64 

lllllll 2 2 22 6 5WO CO W C CO+ → +       3.65 

lllllll 2 2 2 2 22 2 4 4WO CO H W C CO H O+ + → + +     3.66 

lllllll 
2 2 2 22 3 3WO CO H W C H O+ + → +      3.67 
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Figure 3.30 Carbide formation (W2C) during reduction of WO2 by CH4 

 

 



 CHAPTER 3  

 85 

Table 3-8 Carbide formation (WC) during reduction of WO2 by CH4 

Key Reaction 

lllllll 
2 4 22 2 4WO CH W CO H+ → + +      3.60 

lllllll 
2 4 23 2 6WO CH WC CO H+ → + +

     3.68 

lllllll 
2 4 2 22 4WO CH WC CO H+ → + +

     3.69 

lllllll 
2 4 22WO CH WC H O+ → +

      3.70 

lllllll 
2 24 3WO CO WC CO+ → +

      3.71 

lllllll 
2 2 2 22 2 2WO CO H WC CO H O+ + → + +     3.72 

lllllll 
2 2 23 3WO CO H WC H O+ + → +      3.73 
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Figure 3.31 Carbide formation (WC) during reduction of WO2 by CH4 
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Table 3-9 Carbide formation from W (W2C) during WO3/WO2 reduction by CH4 

Key Reaction 

lllllll 
4 2 22 2W CH W C H+ → +       3.74 

lllllll 
2 22 2W CO W C CO+ → +       3.75 

lllllll 
2 2 2 26 4 2 3 2W CO H W C CO H O+ + → + +     3.76 

lllllll 
2 2 22W CO H W C H O+ + → +      3.77 
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Figure 3.32 Carbide formation from W (W2C) during WO2/WO3 reduction by CH4 
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Table 3-10 Carbide formation (WC) from W during WO3/WO2 reduction by CH4 

Key Reaction 

lllllll 
4 22W CH WC H+ → +       3.78 

lllllll 
22W CO WC CO+ → +       3.79 

lllllll 
2 2 22 3 2W CO H WC CO H O+ + → + +     3.80 

lllllll 
2 2W CO H WC H O+ + → +       3.81 
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Figure 3.33 Carbide formation (WC) from W during WO3/WO2 reduction by CH4 
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Based upon the graphing of Gibbs Free Energy versus temperature (Figure 3.25 - Figure 

3.33), iron and tungsten oxides show the possibility for metal carbide formation [34]. The 

reactions for formation of metal carbides show this to be a favourable process at higher 

temperatures, with the possibility for a number of competing reactions at the temperature 

of reduction in the reaction process [35-37]. The formation of metal carbide with CO + 

H2 competes directly with formation of the corresponding metal and CO + H2 (Table 3-2-

Table 3-10). In addition, there is also the possibility for formation of CO2 and/or H2O in 

the product gases. Formation of metal carbide from fully reduced metals is high. 

  

To prevent carbide formation it may be possible to achieve partial oxidation to a lower 

oxidation state and in doing so, not only prevent metal carbide formation, but also limit 

the occurrence of methane decomposition. Other means of preventing carbide formation 

could involve the use of promoters which may either aid to stabilise intermediate metal 

oxides or possibly inhibit formation of metal carbide and/or carbon. Tin oxide shows no 

evidence of the possibility for metal carbide formation [38].  

 

Formation of unwanted products from CH4 can occur, with methane decomposition 

forming C and H2 (Equation 3.82), along with formation of C from CO (Boudouard 

Reaction) following reduction (Equation 3.83):  

 

24 2HCCH +→         3.82 

22 COCCO +→         3.83 

 

These reactions are shown in Figure 3.34 along with the effect of increasing chain length 

upon carbon formation from hydrocarbon decomposition (Equation 3.84 and 3.85). 

Hydrocarbon chain length greater than that of methane results in high likelihood of 

carbon formation:  

 

262 32 HCHC +→         3.84 

283 43 HCHC +→         3.85 
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Figure 3.34 Carbon formation during reduction of metal oxides by CH4 

 

Thermal decomposition of methane is shown to be favourable at temperatures above 

820K (Figure 3.34). However, methane has proven to decompose via a multi-step 

process (Equation 3.87-3.91) rather than by the direct route shown in Equation 3.86. 

This is due to the strong C-H bond, which requires temperatures in excess of 1000ºC 

before dissociation of methane can occur [39-41]. 

 

24 2HCCH +→    �Hº = +74.8 kJ/mol   3.86 

4 3( ) ( ) ( )CH ad CH ad H ad→ +  �Hº = +438.6 kJ/mol   3.87 

3 2( ) ( ) ( )CH ad CH ad H ad→ +       3.88 

2 ( ) ( ) ( )CH ad CH ad H ad→ +       3.89 

 ( ) ( ) ( )CH ad C ad H ad→ +        3.90 

22 ( ) ( )H ad H g→         3.91 
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Multi-step decomposition of methane is a highly endothermic reaction, thus this should 

not affect the methane reduction reaction taking place at lower temperature. However, 

certain metals, including Fe, are known to catalyse decomposition of methane at lower 

temperature. The oxidation of adsorbed carbon during re-oxidation forms CO and CO2 

along with H2 in the product gas (Equations 3.92 and 3.93, Figure 3.35): 

 

2 2C H O CO H+ → +         3.92 

2 2 22 2C H O CO H+ → +        3.93 

 

To completely oxidise adsorbed carbon species it may be necessary to re-oxidise at 

higher temperature (Figure 3.35).  
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Figure 3.35 COx formation from carbon oxidation during re-oxidation of reduced 

metal oxides 
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3.4 Conclusions 

 

1. SnO2, WO3/WO2 and Fe3O4 have been identified as potential metal oxides 

suitable for further experimental study in a Steam-Iron type process. 

2. Low melting point and the expense of In2O3 are limiting factors to further 

investigation 

3. The low oxygen cycling capability of Nb2O5 (due to limited reduction at low 

temperature) will result in low hydrogen production capacity 

4. The inability to reduce MoO2 to a lower oxidation state will limit its potential in 

the Steam-Metal Process due to catalyst deactivation by sintering and metal 

carbide formation and/or carbon deposition 

5. Methane concentration and temperature control is required to achieve partial 

oxidation of CH4 to form useful CO and H2 products, rather than complete 

oxidation, resulting in formation of CO2 and H2O 

6. Stabilisation of intermediate metal oxide phases by introduction of promoters are 

methods of avoiding carbide formation and coking from decomposition of 

methane. These two primary routes to catalyst deactivation are likely to occur 

over completely reduced metals 
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4             EXPERIMENTAL METHODOLOGY 

 

4.1 Introduction 

 

This chapter describes the synthesis, testing and characterisation of all samples. 

 

4.2 Experimental 

 

4.2.1 Materials 

 

4.2.1.1 Chemicals 

 

The major chemicals used as precursor materials for formation of metal oxide based 

samples are as follows: 

  

• (FeNO3)3.9H2O – Univar 98% 

• (CeNO3)3.6H2O – Aldrich 99% 

• ZrO(NO3)2.xH2O – Technical Grade 

• (NH2)2CO – Biolab Scientific 99.5% 

• SnCl4.5H2O – Aldrich 98% 

• InCl3 – Alfa Products (ultrapure) 

• (NH4)2.Mo7O24.4H2O – Univar 81-83% as MoO3 

• WCl6 – Aldrich 99.9+% Metals basis 

• NbCl5 – Aldrich 99% 

• (NH4)2Ce(NO3)6 – Sigma Aldrich 99.99% 
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4.2.1.2 Gases 

 

9.85 mol% H2 in He, diluted to approximately 5 mol% total H2, was used for all 

Temperature Programmed Reduction (TPR) analyses. 4.0 mol% H2 in N2 was used for all 

Thermogravimetric Analysis (TGA) experiments. 29.9% CO/1.04 mol% Ar in He 

balance (10%), H2 (10-30%) and CH4 (10-50%) were used as reductants in the Steam-

Iron/Metal Reaction (SIR), with 1.06 mol% Ar in He as a reference gas and further He 

added for balance. 0.55 mol% Ar in N2 and 1.06 mol% Ar in He were employed as 

carrier gases which were passed through a water saturator for the re-oxidation phase of 

the Steam-Iron/Metal Reaction. Helium was used as a dilution gas in the Steam-

Iron/Metal Reaction and Temperature Programmed Reduction respectively. Argon was 

used as a reference gas for mass spectrometer analysis and provided a benchmark for 

fluctuation in reactant gas flow. 

Gas concentrations in reduction gases were initially selected on the basis of reproduction 

of literature based experiments. Change in gas concentration was implemented with 

respect to performance during reduction; if gas concentration influenced poor reduction 

or rapid catalyst deactivation, concentrations were altered accordingly.  

 

Table 4-1 Gas Specifications 

Gas Purity Usage Manufacturer 

Ar/N2 0.55% Ar/N2 SIR carrier gas Linde 

CH4 High Purity, 99.99% SIR reducing gas Linde 

Ar/He 1.06% Ar/He 
TPR/SIR reference gas 

SIR carrier gas 
Coregas 

Ar/CO/He 1.04% Ar/29.9% CO/He SIR reducing gas Coregas 

H2/He 9.85% H2/ He TPR reducing gas Coregas 

Ar High Purity, 99.999% Diluent gas Coregas 

He High Purity, 99.999% Diluent gas Coregas 

H2 High Purity, 99.999% SIR reducing gas Coregas 

N2 High Purity, 99.999% Balance gas Coregas 

H2/N2 4% H2/N2 TGA reducing gas BOC 

Zero Grade Air High Purity Carrier gas  BOC 



CHAPTER 4 

 99 

4.2.2 Synthesis Methodology 

 

4.2.2.1 Urea Hydrolysis 

 

Experimental procedure for preparation of metal oxides by urea hydrolysis was followed 

as outlined in previous methodology [1, 2].  The method of urea hydrolysis synthesis has 

demonstrated a means of reproducibly synthesizing homogenous particles with high 

surface area. The concentrations of metal salt (0.1M) and urea (0.4M) have been shown 

by Lin, J-D and Duh, J-G [3] to produce particles of the higher surface area in 

comparison to reactions at lower concentrations of urea.  To maximise the effect of ceria 

for increased reducibility of the promoted metal oxide and zirconia for enhanced particle 

dispersion, the molar ratio of CeO2:ZrO2 was maintained at 1:1. At a ratio of 1:1, 

CeO2/ZrO2 demonstrates the greatest reducibility [4, 5], with the (CeO2-ZrO2):MOx ratio 

also maintained at 1:1. The preparation procedure was as follows: 

 

1 Dissolve metal salts (nitrates or chlorides) at desired ratios in MilliQ water to 

form 0.1M solution. Dissolve corresponding amount of urea in MilliQ water to 

form solution of 0.4M, giving ratio of metal salt solution to urea solution of 2:1 

(v/v). 

2 Combine both solutions and heat whilst stirring to boil under reflux conditions.  

3 Age the precipitate in boiling solution for 24 hours. 

4 Allow the solution to cool to room temperature 

5 Centrifuge and wash solution using MilliQ water no less than three times. The 

product was washed by a process of redispersing in fresh MilliQ water and 

sonicating, then centrifuging to remove the supernatant.  

6 Dry the precipitate at 120ºC overnight 

7 Calcine by heating dried precipitate to 500ºC at 8ºC/min and holding for 4 hours. 

8 Grind calcined particles into suitable particle size between 150-250 microns in 

diameter. 
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Extra care was taken when dissolving volatile chloride based metal salts, which react 

violently when exposed to moisture. All samples were weighed out in a glove box under 

N2 atmosphere, and sealed in containers under inert atmosphere. The weighed sample 

was added directly to the MilliQ water solution to minimise sample loss from 

atmospheric exposure.  
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Reactions were conducted within a tubular fixed bed reactor system comprising a quartz 

tube of dimensions 400mm x 8mm. A thermocouple was placed outside the reactor tube 

within the furnace for monitoring temperature. Reactant gases were fed into the reactor 

tube through heated lines. Water was fed into the reactor by means of gas (0.55 mol% Ar 

in N2 or 1.06 mol% Ar in He) passing through a heated water saturator to achieve the 

desired water content. A condenser was used to remove water from the product gas 

stream prior to passing into the mass spectrometer.  

 

The sample was loaded into the reactor and held by means of quartz wool packing. Flow 

rates were calibrated using Brooks 5850E mass flow controllers, and flow rates were 

measured using a soap bubble flow meter. Studies on the effect of mass transfer in the 

reactor were not carried out. 

 

4.2.4 Furnace and Preheater Setup 

 

An electric furnace was used to heat the reactor, with temperature of the reactor tube 

monitored by a thermocouple within the furnace at the reactor bed. Shinko temperature 

controllers were used for temperature programming and monitoring of the system.  

 

The pre-heater was used to heat both incoming and outgoing gases from the reactor tube, 

with the temperature maintained at 180ºC to achieve complete water evaporation in the 

gas stream. The gas lines passing the water saturated gas stream into the reactor were 

heated by means of a heating line controlled by a specially constructed transformer. The 

temperature of all heated lines was maintained at no less than 150ºC to ensure 

evaporation of water in the gas stream prior to passing through the reactor tube, and to 

prevent condensation of water in the product gas stream.  
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4.2.5 Gas Detection 

 

A Balzers Thermostar Quadropole Mass Spectrometer was used to analyse all incoming 

and outgoing gases. Mass spectrometry works on the principle of separation of molecules 

based on their mass to charge ratio. Molecules entering the chamber are ionized to 

generate charged molecules and molecular fragments, which then pass through an 

electromagnetic field allowing them to be separated according to their mass to charge 

ratio.  

 

The molecular weights and their fragmentations for gases H2(2), He(4), H2O(18, 17), 

CO(28, 12), CO2(44), O2(32, 16) and Ar(40) were monitored. Detected signals were 

corrected with respect to their background signal.  
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Figure 4.2 Experimental setup for the Steam-Iron/Metal Process reaction  
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4.2.6 Experimental Conditions 

 

4.2.6.1 Sample Pretreatment 

 

No pre-treatment was employed prior to reaction of catalysts, with the exception of 

drying the catalyst within the reactor tube. This procedure involves: 

 

1 Loading catalyst into the reactor tube 

2 Purging the system by passing He through the reactor tube at 30mL/min whilst 

simultaneously heating the system to 150ºC and holding at this temperature until 

observed moisture content in the system has stabilised (1 hr). 

 

4.2.7 Characterisation Techniques 

 

4.2.7.1 Transmission Electron Microscopy (TEM) 

 

TEM works on the principle of an electron beam passing through the sample, with an 

image formed by the interaction of electrons as they move through the sample. As the 

sample becomes thicker, the intensity of outgoing electrons is altered, which gives rise to 

image contrast over the image. The electron beam having passed through the sample is 

detected and used to form an image. 

 

All sample images were taken using a TEM Philips CM200 with an accelerating voltage 

of 200kV, spot size of 25 nm and at an objective aperture setting of 4.  Samples were 

prepared by dispersing in methanol by sonication prior to being analysed on a 200 mesh 

copper grid.   
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4.2.7.2 Scanning Electron Microscopy (SEM) 

 

SEM works on the principle of a beam of electrons rastered over the sample surface, 

which produces elastically scattered electrons, inelastically scattered electrons and 

electromagnetic radiation. From interaction of the electrons with the sample surface, the 

subsequent detected electrons are used to form an image, giving depth and contrast from 

the electron intensity following this interaction.  

 

All sample images were taken using a Hitachi S4500 with an accelerating voltage of 5kV, 

and a working distance of 20mm.  Samples were prepared by mounting onto a metal stub 

with carbon tape then gold coated to improve conductivity.   

 

4.2.7.3 Brunauer-Emmett-Teller (BET) Surface Area  

 

Surface area is determined by calculating the volume of N2 required to form a monolayer 

on the sample surface (Vm), using the following formula: 

 

0 0

1 ( 1)

( )a m m

P C P

V P P V C V C P

−= +
−

 

 

where, Va is the volume of gas adsorbed at pressure P, 

P0 is the gas saturation pressure,  

Vm is the volume necessary to cover the entire adsorbing surface by a mono molecular 

layer, 

C is a constant involved with energy of adsorption 

Plotting of P/Va(P0-P) vs. P/P0 gives a slope of (C-1)/VmC and intercept of 1/VmC which 

can be used for determining a value for Vm. Applying the formula: 

 

0

m m aV A N
S
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=  
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where, S is the specific surface area of the sample in m2g-1, 

Na is the Avogadro’s number, 6.023x1023 molecules mol-1, 

Am is the area of an adsorbed molecule, m2, 

V0 is 22414mL mol-1, and  

W is the sample weight, 

which gives surface area of the sample.  

 

BET surface area and pore volume data was determined by N2 adsorption using the forty 

point BET method on the Micrometrics Tristar device. The sample of ca. 150 mg was 

loaded into the sample tube and degassed at 150°C for 3 hours, followed by purging 

using nitrogen just prior to BET measurement.   

 

4.2.7.4 X-Ray Diffraction (XRD) 

 

Characterisation of powder samples by XRD is useful for qualitative, and to a lesser 

extent, quantitative analysis.  Bragg’s Law states:  

 

2 sinn dλ θ=  

 

where, n is an integer, 

� is the wavelength of incident radiation, 

d is the d-spacing, crystal plane distance, and 

� is the angle of incidence. 

This technique can be used to determine the d spacing within a given crystal lattice for 

any given angle of incidence, giving a characteristic diffraction spectrum for each 

sample.   

 

This technique can also be used to determine crystallite size via the Scherrer Equation,  
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0.9

cos
t

B

λ
θ

=  

where, t is particle diameter, 

B is width of diffraction curve at FWHM, in radians, 

� is the wavelength of incident radiation, 

� is the angle of incidence. 

 

XRD analysis was taken following grinding of the sample to particle sizes no greater than 

60 �m. All samples were measured on the Philips X’pert Multipurpose X-ray Diffraction 

System (MPD) using Cu K	 radiation over 10° – 100° in the 2� range at 40mA and 

45kV. Analysis of XRD data was performed using the X’Pert Highscore Plus software 

package, with XRD spectra matched against the International Centre for Diffraction Data 

(ICDD) database for comparison and phase determination.   

 

4.2.7.5 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-Ray Photoelectron Spectroscopy (XPS) is a highly useful technique for the qualitative 

surface analysis of powder and thin film samples [6]. The technique involves irradiating 

the sample via a monochromated (or non-monochromated) x-ray source, whereupon 

electrons are emitted by the sample with a discrete kinetic energy. By determining the 

characteristic electron binding energy associated with individual elements, the elemental 

composition of the sample is thus analysed. Semi-quantitative analysis of the sample is 

also possible by measurement of comparative intensity of emitted electrons between 

individual elements contained within the sample.  

 

Samples were analysed with a Thermo Scientific ESCALAB220i-XL using a 

monochromated Al K 	 (energy 1486.6 eV) x-ray source at 15 mA and 10 kV. Pass 

energy of 100 eV was employed for survey scans or 20 eV for region scans, with a step 

size of 1 eV for surface scans or 0.1 eV for region scans. 
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4.2.7.6 Thermoanalytical Characterisation 

 

Temperature Programmed Reduction (TPR) 

 

The technique of temperature programmed reduction (TPR) is a highly useful 

characterisation technique to study the behaviour and properties of metal oxide systems, 

amongst many others [7]. By simultaneously heating and passing a reducing gas over the 

sample it is possible to determine the onset temperature of reduction, as well as 

comparison between different oxide species and the effect of promoter/support addition 

upon reduction. Using this method, some comparisons can be drawn between 

thermodynamic predictions and experimental outcomes.  

 

TPR experiments were conducted using a Micromeritics AutoChem II 2920. 

Approximately 50 mg of sample were loaded into the quartz reactor tube, which was 

purged using argon gas at a flow rate of 30mL/min and heated to 150ºC to remove 

moisture. Once the water signal from the sample was observed to stabilise (1 hr), the 

reducing gas comprising ca. 5% H2 / He / Ar was flowed over the sample at a rate of 

30mL / min whilst ramping the temperature from 150ºC to 1000ºC at a rate of 5ºC / min. 

The change in H2 flow and H2O production was monitored using a MS. 

 

Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a highly useful characterisation technique used to 

study the degradation of metal oxide systems, amongst other materials. Characterisation 

is determined by measurement of weight change in relation to temperature as the sample 

is being reduced. By comparison between changes in weight due to mass loss and known 

sample mass of oxidation states, it is possible to determine various metal oxidation states 

within the system, as well as the onset temperature of reduction. 



CHAPTER 4 

 109 

TGA experiments were conducted using a Mettler Toledo, TGA/SDTA851e. 10-50 mg of 

sample was loaded into the reactor tube then calcined by heating the sample from room 

temperature to 500ºC at 5ºC/min in air. The sample was held at 500ºC for 1 hr, before N2 

at a flow rate of 20mL/min was introduced into the reactor tube and the sample cooled 

back to room temperature under a flow of N2. At this point, 4% H2 / 96% N2 at a flow 

rate of 40mL/min was flowed over the sample for 1 hr before sample reduction by 

heating from room temperature to 900ºC at 5ºC/min under a flow of 4% H2 / 96% N2. 

The sample was held at 900ºC for 3 hrs to ensure complete reduction by 4% H2 / 96% N2, 

before finally being cooled to room temperature under a flow of N2 gas.  
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5  INVESTIGATION OF SUITABLE PROMOTERS      

FOR THE STEAM-IRON PROCESS        

 

5.1 Introduction 

 

A primary characteristic of metal oxides surveyed for use in the Steam-Iron Process is the 

inability to undergo both reduction and re-oxidation at relatively low temperature 

(Chapter 3). A wide range of metal oxides are either easily reduced or re-oxidised at 

lower temperature, but very few oxides are capable of being both reduced and oxidised 

within a relatively low narrow range of temperatures. Iron oxide is a suitable metal oxide 

which has been heavily investigated for its potential in the Steam-Iron Process [1-6]. 

 

The use of carbon containing reductants such as methane or carbon monoxide tend to 

favour coking and catalyst deactivation, a trend which may be minimised by the use of 

suitable promoters [6]. Whilst iron oxide species show the highest activity when 

promoted with precious metals such as Rh, Pt and Pd, cheaper alternatives also exist. 

Ceria and ceria-zirconia are well known for their high oxygen storage capacity (OSC), [7-

9]. Use of ceria as a promoter is expected to both enhance the redox of oxide species and 

the oxidation of adsorbed carbon species [9, 10]. By oxidation of adsorbed carbon during 

the reduction phase of the reaction, it may be possible to avoid carbon oxide formation 

during hydrogen production upon re-oxidation. Ceria and ceria/zirconia have also been 

shown to enhance the thermal stability of the iron-iron oxide system [11, 12].  

 

This chapter investigates the effect of ceria and ceria-zirconia based promoters on the 

reduction and re-oxidation behaviour of iron oxide. The effect of promoter addition is 

assessed over a variety of reductants in an attempt to increase reducibility and/or 

oxidisability, along with metal oxide lifetime.  
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5.2 Experimental 

 

5.2.1 Metal Oxide Preparation 

 

Unpromoted and promoted Fe2O3-based metal oxides were prepared by the method of 

urea hydrolysis, as described in Chapter 4 (Experimental Methodology). This method 

has shown to maximise both homogeneity and surface area of synthesized metal oxide 

particles when compared to various co-precipitation methods. The composition of 

promoted Fe2O3 was selected at 75mol%Fe2O3-25mol%CeO2 and 50mol%Fe2O3-

25mol%CeO2-25mol%ZrO2. Characterisation techniques involved BET, XRD, TEM, and 

TPR as described in Chapter 4 (Experimental Methodology). 

 

5.2.2 Temperature Programmed Reduction (TPR) 

 

An outline of experimental apparatus used for TPR analysis can be found in Chapter 4 

(Experimental Methodology). Prior to analysis, the sample was heated under a flow of Ar 

to 150ºC for 1 hour to ensure all excess moisture was removed. 

 

The following experimental conditions were employed: 

• Flow rate: 30mL/min  

• Incoming gas mixture: 5 vol%H2-95 vol% (1%Ar in He) 

• Metal oxide loading: 0.05-0.1g 

• Temperature ramping rate: 150-800ºC at 5ºC/min 

• Reactor Pressure: 1 atm 
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5.2.3 Steam-Iron Process 

 

An outline of experimental apparatus used for Steam-Iron reaction studies can be found 

in Chapter 4 (Experimental Methodology). Initially the sample was heated under flow of 

He up to 150ºC and held until no further change in the outgoing H2O signal was 

observed. Flow rates of all incoming reactants were maintained at 60 mL/min, with 

reactor pressure maintained at a constant 1 atm. 

 

The following experimental conditions were employed for all metal oxides during 

reduction/re-oxidation studies (Table 5-1): 

 

Table 5-1. Reaction conditions for redox analysis of promoted iron oxides  

Reductant Incoming gas mixture Metal Oxide 
Loading / g 

Temperature of 
reduction 

H2 
25 vol% H2 -13.3 vol% 

(1%Ar in He) - 61.7 vol% He 
0.2 - 0.3 550ºC 

CO 
10 vol%CO-13.3 vol% 

(1%Ar in He)-76.7 vol% He 0.2 - 0.3 450ºC 

CO + H2 (syngas) 10 vol% CO - 30 vol% H2 - 
60 vol% He 0.2 - 0.3 450ºC 

CH4 
10 vol% CH4 - 13.3 vol% 

(1%Ar in He) - 76.7 vol% He 0.2 - 0.3 750ºC 

Oxidant Incoming gas mixture Metal Oxide 
Loading / g 

Temperature of 
oxidation 

H2O 2-3 vol% H2O - 97 vol% 
(1 vol%Ar in N2) 

0.2 - 0.3 450 - 750ºC 
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5.3 Results and Discussion 

 

5.3.1 Characterisation 

 

TEM imagery of as prepared unpromoted and promoted Fe2O3 is indicative of an overall 

decrease in particle size with addition of promoters (Figure 5.1). Unpromoted Fe2O3 

particles show a highly porous structure, as evident from TEM imagery with higher 

contrast observed at interparticle pores compared to particle bulk, and observed particle 

diameters approximately equal to particle diameters calculated from XRD spectra.  

 

Figure 5.2 shows XRD spectra of as prepared unpromoted and promoted Fe2O3, which 

show the presence of CeO2 and CeO2/ZrO2 as separate phases when added to Fe2O3 as 

promoters. Line broadening is observed in promoted Fe2O3, indicative of decreased 

crystallite size for promoted Fe2O3. The crystallite size of Fe2O3 with CeO2 and 

CeO2/ZrO2 was determined via the Scherrer equation, using the approximation of Fe2O3 

as spherical particles (Table 5-2). Surface area was also found to increase with the 

addition of CeO2 and CeO2/ZrO2 to Fe2O3 (Table 5-2). The increase in surface area is 

attributed to an additive effect of the surface areas promoters to Fe2O3, rather than surface 

area change resulting from formation of a new oxide. XRD results show two distinct 

phases corresponding to the individual oxides, with no peak shift to indicate formation of 

a solid solution or other structures. 

          

Figure 5.1 TEM imagery of as prepared samples: (A) Fe2O3, (B) Fe2O3/CeO2, (C) 

Fe2O3/[CeO2/ZrO2] 
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Figure 5.2 XRD spectra of as prepared unpromoted and promoted Fe2O3 

 

Table 5-2 Measured crystallite size and surface area of as prepared unpromoted and 

promoted Fe2O3 

Sample Particle Diametera,b / nm BETSA
b / (m2/g) 

Fe2O3 48 19.8 

CeO2 -- 89.5 

ZrO2 -- 105.1 

CeO2/ZrO2 -- 88.1 

Fe2O3/CeO2 27 51.7 

Fe2O3/ [CeO2/ZrO2] 25 80.3 

a Determined by Scherrer Equation from XRD spectra, values calculated from major Fe2O3 peaks b Values 

determined after calcination in air at 500°C 
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Temperature programmed reduction (TPR) analysis of unpromoted and promoted Fe2O3 

is shown in Figure 5.3. Unpromoted Fe2O3 reduces in three stages, with peaks at 356ºC, 

562ºC and 727ºC. These peaks correlate to reduction of Fe2O3 to Fe3O4, Fe3O4 to FeO 

and FeO to Fe respectively [13, 14]. Due to the metastable nature of the intermediate FeO 

phase, complete reduction of Fe3O4 to FeO was not achieved before reduction of FeO to 

Fe begins, as evidenced by the large degree of overlap between the final two peaks.  

 

Reduction of CeO2 promoted Fe2O3 shows three peaks at 353ºC, 505ºC and 600ºC 

(Figure 5.3). It has been reported that the three peaks correlate to reduction of Fe2O3 to 

Fe3O4 at the lowest temperature peak (353ºC), followed by a combination of reduction of 

Fe3O4 to Fe and reduction of high surface area species of CeO2 to Ce2O3 at the second 

peak. The final peak at 750ºC is assigned to the reduction of bulk species of CeO2 to 

Ce2O3 [15, 16].  

 

Deconvolution of CeO2/ZrO2 promoted Fe2O3 spectra (Figure 5.3) shows initial 

reduction of Fe2O3 to Fe3O4 (343ºC). The second peak is determined to be reduction of 

high surface area 2(CeO2/ZrO2) to Ce2O3/2ZrO2 (445ºC), as based on calculation and 

comparison of Fe2O3 based peak area ratios. Subsequent peaks can then be assigned to 

reduction of Fe3O4 to FeO (568ºC), and finally FeO to Fe (750ºC) [11]. In addition, a 

peak at high temperature, was observed by superposition with peak fitting (>750ºC), 

which is attributed to reduction of bulk species of CeO2/ZrO2 [11]. The higher proportion 

of 50% CeO2/ZrO2 results in a more predominant 2(CeO2/ZrO2) to Ce2O3/ZrO2 peak at 

445ºC prior to reduction of Fe3O4 to Fe, as compared to CeO2 promoted Fe2O3.  

 

Identified peaks are assigned to reduction of Fe2O3 or promoting oxides alone. Further 

peaks or peak shifts which may be attributed to reduction of composite oxide species, 

such as Fe-Ce-O or Fe-Zr-O have not been identified. Strong interactions between Ce and 

Fe species are not observed except at higher ratios of Ce to Fe (>60%) [15] and 

deconvolution of CeO2/ZrO2 promoted Fe2O3 based on peak positions suggest that 

minimal, if any interactions exist between Fe and Ce or Zr species [11].  
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Figure 5.3 5% H2 TPR of unpromoted and promoted Fe2O3 up to 800ºC 

 

Table 5-3 Peak temperatures and assignments of 5% H2 TPR of unpromoted and 

promoted Fe2O3 

Oxidation State 
Sample 

Temperature / (ºC) 

Reduction State 
Fe2O3 � 

Fe3O4 

2(CeO2/ZrO2) 

� 

Ce2O3/2ZrO2 

Fe3O4 � 

FeO 
FeO � Fe 

CeO2 � 

Ce2O3 

Fe2O3 356 -- ~ 562 727 -- 

Fe2O3/CeO2 353 -- ~ 505 ~600 750 

Fe2O3 / [CeO2/ZrO2] 343 445 568 ~750 -- 
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5.3.2 Steam-Iron Reaction: H2 reduction studies on promoted Fe2O3 

 

Following TPR studies, metal oxides were studied in a Steam-Iron type process, initially 

using H2 as a reductant. Redox was performed at 550ºC, which was determined to be the 

approximate temperature at which reduction of Fe2O3 to form FeO could be achieved 

[17]. By limiting complete reduction to Fe, it is possible to prevent extensive sintering 

and increase catalyst lifetime. Initial reduction was performed with a temperature ramp, 

with H2 reduction from 150-550ºC. However, as shown below, reduction to Fe did occur 

in some samples. Subsequent re-oxidation and further reduction cycles were performed 

isothermally at 550ºC.  

 

5.3.2.1 H2 reduction/H2O re-oxidation of unpromoted Fe2O3  

 

Hydrogen consumption in the first reduction is consistent with reduction of Fe2O3 to Fe, 

with stoichiometric levels of hydrogen consumption (Table 5-4): 

 

2 3 2 23 2 3Fe O H Fe H O+ → +        5.1 

 

Subsequent reduction cycles show hydrogen consumption indicative of reduction of 

Fe3O4 to Fe: 

 

3 4 2 24 3 4Fe O H Fe H O+ → +        5.2 

 

A drop in hydrogen consumption is observed, resulting from sintering effects limiting the 

exposed surface area available for hydrogen to react during reduction.  

  

Re-oxidation of unpromoted Fe2O3 is from Fe to Fe3O4 (Table 5-5): 

 

2 3 4 23 4 4Fe H O Fe O H+ → +        5.3 
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A progressive decrease in the amount of hydrogen produced results from rapid sintering 

of completely reduced iron metal with each cycle, resulting in rapid catalyst deactivation 

(Figure 5.4). Sintering is known to be the primary mechanism responsible for 

deactivation of iron oxide. Bleeker et. al. have shown that the extent of reduction; the 

degree of oxygen removed from the metal oxide, has a significant effect upon the degree 

of deactivation [18]. Re-oxidation is made more difficult by a high percentage of bulk Fe, 

which is more difficult to re-oxidise than intermediate oxide phases of iron, due to larger 

grain size caused by more extensive sintering as previously mentioned.  

 

Table 5-4 Total H2 consumption from unpromoted Fe2O3 reduction at 550ºC 

 Cumulative H2 Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 

Reduction state Fe2O3-Fe Fe3O4-Fe Fe3O4-Fe 

Stoichiometric 4.67 4.16 4.16 

Experimental 4.6 3.7 3.1 

 Cumulative H2O Production (x 10-3) / moles 

Stoichiometric 4.67 4.16 4.16 

Experimental 4.6 3.7 3.4 

 

Table 5-5 Total H2O consumption and H2 production from unpromoted Fe2O3 re-

oxidation at 550ºC  

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 

Re-oxidation state Fe-Fe3O4 Fe-Fe3O4 Fe-Fe3O4 

Stoichiometric 4.16 4.16 4.16 

Experimental 4.1 3.2 2.7 

 Cumulative H2 Production (x 10-3) / moles 

Stoichiometric 4.16 4.16 4.16 

Experimental 3.8 2.7 2.4 
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Figure 5.4 H2O re-oxidation of unpromoted Fe2O3 over 3 cycles at 550ºC 

 

5.3.2.2 H2 reduction/H2O re-oxidation of CeO2 promoted Fe2O3  

 

Initial reduction of CeO2 promoted Fe2O3 is from Fe2O3 to Fe. Following this, hydrogen 

consumption in the second reduction is consistent with a transition of FeO to Fe (Table 

5-6): 

 

2 2FeO H Fe H O+ → +        5.4 

 

This observation is based upon calculated H2 production from the re-oxidation reaction, 

along with the time taken for re-oxidation to go to completion.  

 

Complete re-oxidation of Fe by H2O can only form Fe3O4 (Chapter 3), on the basis of 

which the final three reductions are determined to correlate to: 
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3 4 2 24 3 4Fe O H Fe H O+ → +        5.2 

 

Re-oxidation of CeO2 promoted Fe2O3 shows transition of Fe to FeO for the first two 

cycles, followed by re-oxidation of Fe to Fe3O4 in the following three cycles, as 

calculated by H2 production values (Figure 5.5, Table 5-7). In addition, the similarity in 

the re-oxidation times between the first and second cycles compared to latter cycles is 

indicative of slower re-oxidation of bulk Fe metal. The reason for this incomplete re-

oxidation is not completely understood. It is believed this may arise as a result of 

formation of a new binary oxide between Fe and Ce [16, 19]. The occurrence of such an 

event may simply arise after a number of cycles due to sintering and diffusion effects 

from cycling at high temperature.  

 

Excess hydrogen consumption is observed with the addition of CeO2, resulting in values 

in the initial reduction that exceed stoichiometric values by up to 2.5 times. Whilst this 

effect is influenced by the presence of CeO2, hydrogen consumption is not in direct 

correlation to CeO2 and/or Fe2O3 reduction. The reason for this is not entirely understood. 

There is the possibility excess hydrogen consumption effect may arise as a result of the 

aforementioned formation of a new potential binary oxide between Ce and Fe. It has been 

reported by Nguyen et. al. that the formation of a solid solution between CeO2 and SnO2 

resulted in a significant increase in hydrogen consumption from reduction, beyond 

calculated values for the maximum OSC of the individual oxides [20]. CeO2 promoted 

Fe2O3 shows good surface area retention, with approximately 75% of maximum 

hydrogen production produced over all cycles.  
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Table 5-6 Total H2 consumption from CeO2 promoted Fe2O3 reduction at 550ºC 

 Cumulative H2 Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Reduction State Fe2O3-Fe FeO-Fe FeO-Fe Fe3O4-Fe Fe3O4-Fe 

Stoichiometric 3.31 2.21 2.21 2.93 2.93 

Experimental 7.7 2.2 3.9 3.7 3.3 

 Cumulative H2O Production (x 10-3) / moles 

Stoichiometric 3.31 2.21 2.21 2.93 2.93 

Experimental 2.9 2.2 2.4 2.6 2.6 

 

Table 5-7 Total H2O consumption and H2 production from CeO2 promoted Fe2O3 

re-oxidation at 550ºC 

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Re-oxidation 

State 
Fe-FeO Fe-FeO Fe-Fe3O4 Fe-Fe3O4 Fe-Fe3O4 

Stoichiometric 2.21 2.21 2.93 2.93 2.93 

Experimental 1.6 1.7 2.1 2.0 2.2 

 Cumulative H2 Production (x 10-3) / moles 

Stoichiometric 2.21 2.21 2.93 2.93 2.93 

Experimental 1.6 1.6 2.3 2.3 2.3 
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Figure 5.5 H2O re-oxidation of CeO2 promoted Fe2O3 over 5 cycles at 550ºC 

 

5.3.2.3 H2 reduction/H2O re-oxidation of CeO2/ZrO2 promoted Fe2O3  

 

Reduction of CeO2/ZrO2 promoted Fe2O3 shows only partial reduction of Fe2O3 to FeO in 

the first cycle (Table 5-8):  

 

2 3 2 22Fe O H FeO H O+ → +        5.5 

 

Subsequent reduction cycles transition between Fe3O4 and FeO for a further two cycles, 

before finally reverting to Fe3O4-Fe redox cycling behaviour: 

 

3 4 2 23Fe O H FeO H O+ → +        5.6 

3 4 2 24 3 4Fe O H Fe H O+ → +        5.2 
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Re-oxidation is consistent with a FeO to Fe3O4 transition for the initial three cycles, 

followed by Fe to Fe3O4 redox cycling (Figure 5.6, Table 5-9): 

 

2 3 4 23FeO H O Fe O H+ → +        5.7 

2 3 4 23 4 4Fe H O Fe O H+ → +        5.3 

 

Stoichiometric values are consistent with production of hydrogen from both FeO to Fe3O4 

re-oxidation and from Ce2O3/ZrO2 to CeO2/ZrO2 re-oxidation in the first three cycles: 

 

2 2 2 2 3 2 22( / ) / 2CeO ZrO H Ce O ZrO H O+ ↔ +     5.8 

 

CeO2 to Ce2O3 reduction is observed in the TPR profile (Figure 5.3), where reduction of 

CeO2 to Ce2O3 inhibits reduction further reduction of FeO to Fe.  

 

Cycle 1-3 – Reduction:  

(1st reduction) 2 3 2 3 4 23 2Fe O H Fe O H O+ → +     5.9 

3 4 2 2 2 2 3 2 22( / ) 2 3 / 2 2Fe O CeO ZrO H FeO Ce O ZrO H O+ + → + +   5.10 

Re-oxidation: 

2 3 2 2 3 4 2 2 23 / 2 2 2( / ) 2FeO Ce O ZrO H O Fe O CeO ZrO H+ + → + +   5.11 

 

Cycle 4, 5 – Reduction: 

3 4 2 24 3 4Fe O H Fe H O+ → +        5.2 

Re-oxidation: 

2 3 4 23 4 4Fe H O Fe O H+ → +        5.3 
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Table 5-8 Total H2 consumption from CeO2/ZrO2 promoted Fe2O3 reduction at 

550ºC 

 Cumulative H2 Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Fe2O3-FeO Fe3O4-FeO Fe3O4-FeO 
Reduction State 

CeO2-Ce2O3 CeO2-Ce2O3 CeO2-Ce2O3 
Fe3O4-Fe Fe3O4-Fe 

0.82 + 0.41 0.54 + 0.41 0.54 + 0.41 
Stoichiometric 

1.23 0.95 0.95 
2.17 2.17 

Experimental  11.5 2.9 1.6 5.1 2.9 

 Cumulative H2O Production (x 10-3) / moles 

0.82 + 0.41 0.54 + 0.41 0.54 + 0.41 
Stoichiometric 

1.23 0.95 0.95 
2.17 2.17 

Experimental 1.3 1.1 1.2 1.8 2.0 
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Figure 5.6 H2O re-oxidation of CeO2/ZrO2 promoted Fe2O3 over 5 cycles at 550ºC 
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Table 5-9 Total H2O consumption and H2 production from CeO2/ZrO2 promoted 

Fe2O3 re-oxidation at 550ºC 

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

FeO-Fe3O4 FeO-Fe3O4 FeO-Fe3O4 
Re-oxidation State 

Ce2O3-CeO2 Ce2O3-CeO2 Ce2O3-CeO2 
Fe-Fe3O4 Fe-Fe3O4 

0.54 + 0.41 0.54 + 0.41 0.54 + 0.41 
Stoichiometric 

0.95 0.95 0.95 
2.17 2.17 

Experimental 0.8 0.8 0.9 1.8 1.6 

 Cumulative H2 Production (x 10-3) / moles 

0.54 + 0.41 0.54 + 0.41 0.54 + 0.41 
Stoichiometric 

0.95 0.95 0.95 
2.17 2.17 

Experimental  0.8 0.8 0.9 2.0 1.8 

 

CeO2/ZrO2 is preferentially reduced prior to reduction of Fe3O4 to Fe (Figure 5.3), with 

CeO2/ZrO2 acting to stabilise the metastable FeO phase, allowing for subsequent cycling 

between FeO and Fe3O4. With each cycle, slight over-reduction of FeO results in 

formation of Fe metal. Following the third cycle, due to the high proportion of Fe formed, 

complete reduction to form Fe metal becomes favoured over stabilisation of FeO.  

 

Re-oxidation of FeO to Fe3O4 in the first three cycles produces stoichiometric amounts of 

hydrogen, but re-oxidation of Fe to Fe3O4 in the fourth and fifth cycles shows 

progressively decreasing hydrogen production. Minimal sintering is expected for 

reduction of Fe3O4 to FeO, but upon complete reduction of Fe3O4 to Fe the degree of 

sintering in the metallic phase is greater. Re-oxidation is much quicker in the first three 

cycles, due to re-oxidation of a less sintered intermediate oxide phase (FeO) and the 

lesser amount of oxygen removed (0.33 moles/mol.Fe), as compared to Fe to Fe3O4 re-

oxidation (1.33 moles/mol.Fe). This stabilizing effect may arise due to interaction 

between iron oxide and the promoting species, as found in the reduction of iron oxide 
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promoted with MgO and CaO species [21, 22]. It is reported by El-Geassy that MgO has 

a retardation effect upon the reduction of Fe2O3, in which a stable wustite phase is formed 

resulting from interaction with MgO species. No reports of stabilisation due to 

introduction of CeO2/ZrO2 promoters at the loadings used were found. 

 

Reduction of CeO2/ZrO2 promoted Fe2O3 also shows high levels of hydrogen 

consumption, with values five times greater than stoichiometric values in the initial 

reduction. Once again, the reason for this excess hydrogen consumption is not clear, with 

literature references primarily referring to hydrogen overspill when using precious metals 

promoters. This phenomenon is not found to be directly related to reduction of either 

Fe2O3 or CeO2 species. Surface area is likely to be a factor in hydrogen consumption; 

with increasing surface area from CeO2 promoted Fe2O3 to CeO2/ZrO2 promoted Fe2O3, 

there is a two-fold increase in hydrogen consumption, as compared to hydrogen 

consumption over unpromoted Fe2O3.  

 

5.3.2.4 Post-redox characterisation 

 

Figure 5.7 shows post-H2 reduction/H2O re-oxidation XRD sample analysis. The final 

phase composition is consistent with Fe3O4 and CeO2 or CeO2/ZrO2. Calculated particle 

diameters based upon XRD results indicate increased crystallite size due to sintering 

effects (Table 5-10).  
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Figure 5.7 XRD spectra of as prepared and H2/H2O post-redox of promoted Fe2O3 

 

Table 5-10 Measured properties of H2 post-redox samples 

Sample 

Crystallite Diameter/ nm    

Post-Steam-Iron Reactiona  

(5 cycles) 

BETSA / (m2/g) Post-Steam-

Iron Reaction (5 Cycles) 

Fe2O3 -- <1 

Fe2O3/CeO2 42 4.2 

Fe2O3 / [CeO2/ZrO2] 50 19.1 

a Determined by Scherrer Equation from XRD spectra (Figure 5.7) 

 

This observation is supported by TEM imagery (Figure 5.8) with elimination of 

interparticle porosity as compared to fresh, unreacted samples. However, smaller 

particles dispersed throughout the aggregates are also observed. This is indicative of 

sintering of iron oxide, whilst CeO2 and CeO2/ZrO2 promoted Fe2O3 are relatively less 

sintered, retaining smaller particle size and structure. 
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Figure 5.8 TEM imagery of (A) Fe2O3/CeO2 and (B) Fe2O3/[CeO2/ZrO2], H2/H2O 

post-redox  

 

5.3.2.5 H2 reduction/H2O re-oxidation of unpromoted and promoted Fe2O3  

 

Redox of Fe2O3, CeO2/Fe2O3 and [CeO2/ZrO2]/Fe2O3 using H2 as the reductant and H2O 

as the oxidant was performed at 550ºC over a number of cycles to determine the effects 

of promoters upon Fe2O3 redox behaviour and change in potential OSC. Unpromoted 

Fe2O3 showed initial reduction to Fe metal, followed by redox cycling between Fe 
 

Fe3O4 as calculated from hydrogen consumption during the reduction reaction and 

hydrogen production during the re-oxidation reaction (Table 5-4, Table 5-5). Re-

oxidation of Fe3O4 to form Fe2O3 is considered to be thermodynamically unfavourable 

and this transition was not observed during the redox process. Deactivation as a result of 

sintering effects accounted for an incremental decrease in H2 production capacity up to 

35% between the first and the third cycle, with the same decrease in stoichiometric H2 

production capacity. 

 

CeO2 promoted Fe2O3 showed unexpected redox behaviour. Following initial reduction 

of Fe2O3 to Fe metal, subsequent re-oxidation formed FeO, as determined by calculation 

of H2 production and re-oxidation time (Table 5-9, Figure 5.5). This cycling between Fe 
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 FeO occurred for two cycles, whereupon from the third cycle onward, complete re-

oxidation to form Fe3O4 was observed and redox cycling between Fe 
 Fe3O4 took 

place. Redox of CeO2 species did not occur, as TPR indicated (Figure 5.3) reduction of 

CeO2 only takes place beyond 700ºC, well above the 550ºC operating temperature for 

redox. This unusual behaviour was possibly attributed to the formation of a new form of 

Fe-Ce binary oxide, however this was not confirmed [16, 19]. The final structure is 

consistent with separate oxides of Fe3O4 and CeO2. Over five cycles approximately 25% 

reduction in H2 production capacity was observed. Hydrogen production remained 

consistent with minimal decline following the first cycle, with the exception of the 

increase in H2 production due to a transition to higher oxidation state upon Fe3O4 

formation (previously FeO formation). 

 

Addition of CeO2/ZrO2 to Fe2O3 demonstrates limited stabilising behaviour upon 

reduction of Fe2O3, forming metastable FeO and subsequently allowing for cycling 

between FeO 
 Fe3O4 for up to three cycles (Table 5-9, Figure 5.6). Reduction and re-

oxidation times were more rapid as compared to Fe 
 Fe3O4 cycling, with calculation of 

H2 production from each cycle consistent with this observation. Similar stabilisation of 

intermediate iron oxide (FeO) has been observed with addition of MgO and CaO as 

reported by El-Geassy [21, 22]. From the fourth cycle onward, cycling behaviour 

reverted once more to form Fe 
 Fe3O4. Reduction of CeO2 species also took place, 

giving additional OSC and H2 production. High H2 production capacity was retained over 

numerous cycles, with only 15% reduction in H2 production between experimental and 

stoichiometric values.  

 

Addition of CeO2 and CeO2/ZrO2 promoters increase the rate of re-oxidation of Fe2O3 

even when taking into account the difference in Fe2O3 percentage within unpromoted and 

promoted samples (Figure 5.4 – Figure 5.6). High surface area retention allows for a 

greater proportion of reduced iron oxide to be re-oxidised over a number of cycles, 

maintaining increased hydrogen production during re-oxidation. This conclusion is based 

on higher percentage of hydrogen produced per mole of Fe over promoted iron oxide. 



 CHAPTER 5  
 

 131 

Addition of CeO2 and CeO2/ZrO2 allows for Fe3O4 to form a greater proportion of surface 

oxygen species, resulting in more rapid reduction as compared to unpromoted Fe3O4 

which is contains a greater proportion of bulk oxygen that is more slowly reduced. 

Additionally, complete reduction to Fe metal shows increased sintering effects and 

catalyst deactivation even for promoted Fe2O3, whereas stabilisation of FeO aids to retain 

surface area and maximise hydrogen production. 

 

5.3.3 Steam-Iron Reaction: CO reduction studies on promoted Fe2O3 

 

Reduction of unpromoted and promoted Fe2O3 by CO was investigated at 450ºC. The 

possibility of CO decomposition over Fe at higher temperature would result in undesired 

coking and rapid catalyst deactivation, thus temperature was limited in an effort to 

prevent such effects. Following reduction of Fe2O3 from 150-450ºC in the first cycle, 

subsequent reduction and re-oxidation processes were performed isothermally at 450ºC. 

Figure 5.9 shows the CO reduction profiles of unpromoted and promoted Fe2O3 up to 

450ºC. Unpromoted Fe2O3 reduces in two steps, yet the CO signal does not return to the 

original value, possibly due to ongoing reduction. As it unlikely that unpromoted Fe2O3 is 

reduced to FeO and remains stable, it is probable that Fe2O3 has reduced to Fe, 

whereupon CO decomposition over Fe metal accounts for continuous CO consumption 

over time. CeO2 promoted Fe2O3 shows reduction in two distinct steps, Fe2O3 to Fe3O4 

followed by Fe3O4 to FeO. In contrast, CeO2/ZrO2 promoted Fe2O3 shows complete 

reduction, with three distinguishable peaks correlating to reduction from Fe2O3 to Fe3O4, 

Fe3O4 to FeO and FeO to Fe. Again, the CO signal does not return to its original value, 

indicative of the reaction yet to reach completion with ongoing CO consumption. 
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Figure 5.9 10% CO reduction of unpromoted and promoted Fe2O3 up to 450ºC 

 

5.3.3.1 CO reduction/H2O re-oxidation of unpromoted Fe2O3  

 

Table 5-11 summarises CO consumption and CO2 production from the reduction of 

unpromoted Fe2O3. Consumption of CO is observed to be greater than CO2 production. 

According to the predicted reaction process, CO and CO2 should be produced in a 1:1 

ratio for CO consumption correlating to reduction of Fe3O4 to Fe. 

 

3 4 24 3 4Fe O CO Fe CO+ → +        5.12 

 

Upon formation of Fe metal, further reactions which could take place include the 

formation of Fe3C and/or CO decomposition catalysed by Fe metal, resulting in carbon 

deposition. Either of these two reactions would result in excess CO consumption in 

comparison to CO2 formation. Thermodynamic assessment of reduction of iron oxide by 

CO suggests that at relatively low temperatures of reduction (<1000ºC) carbon deposition 
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is the highly favourable reaction upon formation of Fe metal [23]. Thus it is assumed that 

this excess CO consumption correlates to CO decomposition over reduced Fe metal to 

form carbon. The sharp drop in CO consumption and CO2 production from reduction in 

the following cycles indicates that carbon deposition and sintering cause substantial 

decrease in cyclic activity. Table 5-12 shows H2 and CO2 production from re-oxidation 

of reduced Fe2O3. There is approximately stoichiometric production of hydrogen from Fe 

re-oxidation in the first cycle, along with limited hydrogen produced from carbon 

oxidation. Subsequent cycles show significant drops in hydrogen production. 

 

Table 5-11 Total CO consumption and CO2 production from unpromoted Fe2O3 

reduction up to 450ºC 

 Cumulative CO Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 

Reduction State Fe2O3-Fe Fe3O4-Fe Fe3O4-Fe 

Stoichiometric 4.71 4.18 4.18 

Experimental 4.9 0.7 0.3 

 Cumulative CO2 Production (x 10-3) / moles 

Stoichiometric 4.71 4.18 4.18 

Experimental 4.2 0.5 0.3 
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Table 5-12 Total H2O consumption, H2 production and CO2 production from 

unpromoted Fe2O3 re-oxidation at 450ºC 

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 Cycle 3 

Re-oxidation State Fe-Fe3O4 Fe-Fe3O4 Fe-Fe3O4 

Stoichiometric 4.18 4.18 4.18 

Experimental 4.2 1.1 1.0 

 Cumulative H2 Production (x 10-3) / moles 

Stoichiometric 4.18 4.18 4.18 

Experimental 4.7 1.1 0.9 

H2-Fe re-oxidation 4.1   

 Cumulative CO2 Production (x 10-3) / moles 

Experimental 0.3 0.04 0.04 

 

5.3.3.2 CO reduction/H2O re-oxidation of CeO2 promoted Fe2O3  

 

Table 5-13 shows slightly greater than stoichiometric consumption of CO in the first 

cycle, with stoichiometric CO2 production, consistent with Fe2O3-FeO reduction together 

with some carbon deposition. In the second reduction cycle, CO consumption is in excess 

of stoichiometric quantities required for complete reduction of Fe3O4 to Fe alone, due to 

CO decomposition over completely reduced Fe.  

 

H2O consumption and H2 production upon re-oxidation correlate to FeO-Fe3O4 re-

oxidation, with minimal CO2 production from carbon oxidation (Table 5-14): 

 

2 2 22 2C H O CO H+ → +        5.13 
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In the second re-oxidation cycle, carbon deposition on the metal oxide surface from the 

previous reduction cycle inhibits Fe to Fe3O4 re-oxidation, thereby preventing further 

hydrogen production. At the relatively low temperature used for re-oxidation (450ºC), 

these adsorbed carbon species are unable to be re-oxidised by H2O. 

 

Carbon burn off was not performed to verify the extent of carbon deposition. However, 

XRD analysis of CeO2 promoted Fe2O3 following two redox cycles of CO reduction and 

H2O re-oxidation shows a structure predominantly comprising Fe metal and carbon 

(Figure 5.12).  

 

Table 5-13 Total CO consumption and CO2 production from CeO2 promoted Fe2O3 

reduction up to 450ºC 

 Cumulative CO Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 

Reduction State Fe2O3-FeO Fe3O4-Fe 

Stoichiometric 1.15 3.07 

Experimental 1.6 5.9 

 Cumulative CO2 Production (x 10-3) / moles 

Stoichiometric 1.15 3.07 

Experimental 1.2 2.6 
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Table 5-14 Total H2O consumption, H2 production and CO2 production from CeO2 

promoted Fe2O3 re-oxidation at 450ºC 

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 Cycle 2 

Re-oxidation State FeO-Fe3O4 Fe-Fe3O4 

Stoichiometric 0.76 3.07 

Experimental 1.3 1.2 

 Cumulative H2 Production (x 10-3) / moles 

Stoichiometric 0.76 3.07 

Experimental 1.3 0 

 Cumulative CO2 Production (x 10-3) / moles 

Experimental 0.1 0.1 

 

5.3.3.3 CO reduction/H2O re-oxidation of CeO2/ZrO2 promoted Fe2O3  

 

Table 5-15 shows high levels of CO consumption from reduction of CeO2/ZrO2 

promoted Fe2O3, with Figure 5.9 showing continued consumption of CO after reduction 

of FeO to Fe has taken place. CO2 production is approximately 50% of CO consumption, 

indicating the Boudouard Reaction as the primary reaction, producing CO2 and C: 

 

22CO CO C→ +         5.14 

 

Figure 5.10 shows lack of any H2 production in the re-oxidation step, with some CO2 

being produced. Subsequent re-oxidation yields minimal CO2, with carbon oxidation 

unfavourable at lower temperature. 
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Table 5-15 Total CO consumption and CO2 production from CeO2/ZrO2 promoted 

Fe2O3 reduction up to 450ºC 

 Cumulative CO Consumption (x 10-3) / moles 

 Cycle 1 

Reduction State Fe2O3-Fe 

Stoichiometric 2.45 

Experimental 12.1 

 Cumulative CO2 Production (x 10-3) / moles 

Stoichiometric 2.45 

Experimental 5.4 

 

Table 5-16 Total H2O consumption, H2 production and CO2 production from 

CeO2/ZrO2 promoted Fe2O3 re-oxidation at 450ºC 

 Cumulative H2O Consumption (x 10-3) / moles 

 Cycle 1 

Re-oxidation State Fe-Fe3O4 

Stoichiometric 2.17 

Experimental 0.5 

 Cumulative H2 Production (x 10-3) / moles 

Stoichiometric 2.17 

Experimental 0 

 Cumulative CO2 Production (x 10-3) / moles 

Experimental 0.04 
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Figure 5.10 H2 and CO2 production from H2O re-oxidation of CeO2/ZrO2 promoted 

Fe2O3 at 450ºC 

 

5.3.3.4 Post-redox characterisation 

 

H2 production from one redox cycle of unpromoted Fe2O3 shows stoichiometric H2 

production however, H2 production in subsequent redox cycles is minimal due to limited 

repeatable redox capability (Figure 5.11). CeO2 promoted Fe2O3 demonstrates fast re-

oxidation for one redox cycle, albeit, with lower H2 production due to limited reduction 

compared to unpromoted Fe2O3. Beyond the first cycle coking results in catalyst 

deactivation. 
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Figure 5.11 H2 production from H2O re-oxidation of unpromoted and CeO2 

promoted Fe2O3 at 450ºC 

 

Post-redox XRD (Figure 5.12) shows unpromoted Fe2O3 with a Fe3O4 composition. The 

first reduction of Fe2O3 to Fe is followed by subsequent re-oxidation of Fe to Fe3O4, due 

to complete re-oxidation to Fe2O3 being thermodynamically unfavourable. CeO2 and 

CeO2/ZrO2 promoted Fe2O3 show predominantly Fe metal composition post-redox, 

indicating of a lack of re-oxidation. Due to carbon on the surface reduced Fe is unable to 

be re-oxidised, preventing hydrogen production over promoted Fe2O3. All samples show 

carbon, due to adsorbed carbon species that are unable to be oxidised at lower 

temperature. 

 

Higher surface area retention promoted Fe2O3 is also observed by post-SIR BET (Table 

5-17). However, the high surface area can also be attributed to deposition of high surface 

area carbon on unpromoted and promoted Fe2O3 samples. 
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Figure 5.12 XRD spectra of as prepared and CO/H2O post-redox of unpromoted 

and promoted Fe2O3 

 

Table 5-17 Measured properties of CO/H2O post-redox unpromoted and promoted 

Fe2O3 at 450ºC 

Sample 
Particle Diameter/ nm         

Post-SIRa (5 cycles) 

BETSA / (m2/g)                  

Post-SIR (5 Cycles) 

Fe2O3 54.6 43.2 

Fe2O3/CeO2 55.1 53.0 

Fe2O3 / [CeO2/ZrO2] 39.7 89.9 

a Determined by Scherrer Equation from XRD spectra (Figure 5.12)  

 

Calculation of Gibbs Free Energy (Table 5-18) indicates at 450ºC, oxidation of carbon 

by H2O is not a favoured reaction. At this lower temperature, the Boudouard reaction is 

favoured, resulting in extensive carbon deposition when using CO as a reductant. 
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Table 5-18 Gibbs Free Energy of reaction at 450ºC 

Equation Reaction �Gº450 / (kJ/mol) 

5.12 2 2 22 2C H O CO H+ → +  24.88 

5.15 2 2C H O CO H+ → +  38.64 

5.13 22CO CO C→ +  -44.20 

 

CeO2 and CeO2/ZrO2 promoters increase reducibility of Fe2O3 and, as a result, promoted 

Fe2O3 shows greater levels of coking compared to unpromoted Fe2O3. Complete and 

rapid reduction of Fe2O3 to Fe in promoted samples, coupled with higher surface areas, 

results in high levels of CO decomposition. Carbon oxidation is not observed upon re-

oxidation due to low temperature of reaction. In comparison, whilst unpromoted Fe2O3 

still shows hydrogen production after a number of cycles, there is a significant decrease 

in percentage hydrogen production due to catalyst deactivation.  

 

5.3.3.5 CO reduction/H2O re-oxidation of unpromoted and promoted Fe2O3  

 

Redox of Fe2O3, CeO2/Fe2O3 and [CeO2/ZrO2]/Fe2O3 using CO as the reductant and H2O 

as the oxidant was performed at 450ºC over a number of cycles to compare CO as a 

reductant. Unpromoted Fe2O3 shows ongoing CO consumption beyond 200 minutes 

following reduction of Fe2O3 to Fe3O4, followed by Fe3O4 to Fe reduction, which is 

attributed to CO decomposition following reduction to Fe metal (Figure 5.9). Re-

oxidation produces CO2 from oxidation of deposited carbon with close to stoichiometric 

H2 production in the first redox cycle (Table 5-12). Subsequent redox cycles show 

minimal CO consumption during reduction and subsequently, minimal H2 production 

during oxidation due to blockage of active sites by carbon deposits at the catalyst surface. 

Carbon oxidation is not possible at the relatively low temperature of re-oxidation. 
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CeO2 promoted Fe2O3 shows excess CO consumption in the first reduction, according to 

the calculated FeO final oxidation state, with greater than stoichiometric hydrogen 

production from re-oxidation (Figure 5.9, Table 5-14). This is attributed to oxidation of 

deposited carbon, which produces CO2 and H2. Beyond the first cycle, complete 

reduction to Fe metal is observed, whereupon excess CO consumption from CO 

decomposition to form carbon occurs. Introduction of CeO2 to Fe2O3 stabilises the 

formation of intermediate FeO. CO decomposition catalysed over Fe metal is considered 

to be the primary cause for catalyst deactivation and contamination of H2 production.  

 

CeO2/ZrO2 promoted Fe2O3 shows deactivation following the first reduction cycle, in 

which up to six times the stoichiometric level of CO is consumed, resulting in excessive 

carbon deposition (Figure 5.9). Subsequent re-oxidation yields no H2 with minimal CO2 

production (Table 5-16). Unlike reduction of unpromoted Fe2O3 and CeO2 promoted 

Fe2O3, the rapid reduction of CeO2/ZrO2 promoted Fe2O3 forms Fe metal which catalyses 

CO decomposition by the Boudouard Reaction. The high level of carbon formation 

prevents further re-oxidation of reduced Fe2O3 species, thereby limiting H2 production.  

 

5.3.4 Steam-Iron Reaction: CO + H2 reduction studies on promoted Fe2O3 

 

Reduction using a syngas mixture (CO + 3H2) resulted in high levels of coking and rapid 

catalyst deactivation of both unpromoted and promoted Fe2O3. Once temperatures 

reached 450ºC, CO and H2 consumption increased to a maximum level at which they 

remained, indicative of reactor blockage (Figure 5.13). Re-oxidation of both unpromoted 

and promoted Fe2O3 at 450ºC resulted in negligible levels of hydrogen production due to 

complete reactor blockage, as well as the inability to oxidise adsorbed carbon at low 

temperature. Syngas is highly reactive as a reductant, but without means of limiting 

carbon formation from CO decomposition, catalyst deactivation is inevitable. The 

possibility for lower temperature reduction in an effort to prevent carbon deposition was 

considered improbable, due to inefficiency of the subsequent re-oxidation step at lower 

temperature. 
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Figure 5.13 10% CO / 30% H2 reduction of unpromoted and promoted Fe2O3 up to 

450ºC 

 

5.3.5 Steam-Iron Reaction: CH4 reduction studies on promoted Fe2O3 

 

Higher concentration of methane results in preferential partial oxidation of methane, to 

give CO + H2 rather than CO2 and H2O (Equation 5.15-5.18): 

 

2 3 4 3 4 23 2 2Fe O CH Fe O CO H+ → + +      5.16 

3 4 4 24 3 4 8Fe O CH Fe CO H+ → + +       5.17 

1 1
2 3 4 3 4 2 22 26 4Fe O CH Fe O CO H O+ → + +      5.18 

3 4 4 2 23 2Fe O CH Fe CO H O+ → + +       5.19 

 

Due to methane decomposition over Fe beyond ca 750ºC [24], it is necessary to limit 

methane concentration such that severity of carbon deposition is mitigated. Methane 

concentration was set to 10% CH4 in Ar/He, at a flow rate of 60mL/min. 
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As shown in Figure 5.14, reduction of unpromoted Fe2O3 by methane up to 750ºC is 

incomplete, with two peaks at 530ºC and 750ºC+ being assigned to Fe2O3 to Fe3O4 and 

Fe3O4 to FeO reduction. CeO2 promoted Fe2O3 showed two peaks at 612ºC and 750ºC+, 

assigned to the same aforementioned peaks for unpromoted Fe2O3. A third peak that 

emerges after the temperature is held at 750ºC for 60 minutes corresponds with complete 

reduction of FeO to Fe. Reduction of CeO2/ZrO2 promoted Fe2O3 shows extensive CH4 

decomposition at 750ºC+, with reactor blockage due to carbon deposition. This is 

evidenced by the sudden decrease in the methane signal (Figure 5.14), which is not 

accompanied by a corresponding increase in product gases, as would be expected for high 

methane consumption due to decomposition (Figure 5.15). There is a sudden fluctuation 

in Ar reference gas signal (not shown) also corresponding with limited methane gas flow.  

 

Figure 5.15 more clearly illustrates the reduction profile of each sample from CH4 

reduction, showing CO2 and H2O production. These products provide the most distinct 

profile with these gases produced at all reduction peaks therefore they provide the most 

accurate depiction of the reduction profile during CH4 reduction. A broad peak at low 

temperature observed for CeO2/ZrO2 promoted Fe2O3 (and to a lesser extent, CeO2 

promoted Fe2O3), can be assigned to reduction of CeO2 and CeO2/ZrO2 by CH4, shown in 

Figure 5.15. CH4 reduction occurred more rapidly on CeO2/ZrO2 promoted Fe2O3 in 150 

min, compared to 200+ min for CeO2 promoted Fe2O3 (Figure 5.14, Figure 5.15). 

Unpromoted Fe2O shows incomplete reduction with only two distinct peaks observed. 

The primary products from CH4 reduction are CO2 and H2O, produced at each reduction 

peak. CO and H2 production (not shown) are produced upon complete reduction of FeO 

� Fe in the final reduction peak situated beyond 750°C. 
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Figure 5.14 10% CH4 reduction of unpromoted and promoted Fe2O3 up to 750ºC 
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Figure 5.15 CO2; H2O production from 10% CH4 reduction of unpromoted and 

promoted Fe2O3 up to 750ºC 
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5.3.5.1 CH4 reduction/H2O re-oxidation of unpromoted Fe2O3  

 

Table 5-19 Total CH4 consumption and CO2 and H2O production from unpromoted 

Fe2O3 reduction up to 750ºC 

CH4 Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

Peaks 1 + 2 

CH4 H2O CO2 

Reduction State Fe2O3-FeO Fe2O3-FeO Fe2O3-FeO 

Stoichiometric 0.39 0.78 0.39 

Experimental 0.4 0.7 0.4 

 

CH4 consumption and H2O and CO2 production in the peaks at 570ºC and 750ºC, from 

reduction of unpromoted Fe2O3, are consistent with reduction of Fe2O3 to Fe3O4 and 

Fe3O4 to FeO (Table 5-19). Subsequent re-oxidation produces negligible amounts of H2 

(not shown), possibly resulting from extensive sintering of unpromoted Fe2O3, and partial 

reduction to metastable FeO. 

 

5.3.5.2 CH4 reduction/H2O re-oxidation of CeO2 promoted Fe2O3  

 

Reduction of CeO2 promoted Fe2O3 gives CH4 consumption and CO2 and H2O 

production consistent with a Fe2O3 to FeO transition, via Fe3O4, in the first two peaks at 

590ºC and 750ºC (Table 5-20). In the third reduction peak, following holding at 750ºC 

over a period of time, CO and H2 are also produced along with CO2 and H2O (Table 

5-21):  

 

4 2 24 4 2FeO CH Fe CO H O+ → + +       5.20 

4 22FeO CH Fe CO H+ → + +       5.21 
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According to experimental results (Table 5-21), Equation 5.20 is the favoured reaction, 

producing four times greater CO in comparison to CO2 production. Thermodynamic 

assessments confirms this observation (Figure 3.9), showing CO and H2 formation 

(Equation 5.20) to be favoured over CO2 and H2O production (Equation 5.19). CH4 

consumption is approximately 200% of CH4 consumed from reduction, due to subsequent 

CH4 decomposition following reduction. 

 

Table 5-20 Total CH4 consumption and CO2 and H2O production over CeO2 

promoted Fe2O3 reduction up to 750ºC, Peaks 1 + 2 (Figure 5.15) 

 CH4 Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

Peaks 1 + 2 CH4 H2O CO2 

Reduction State Fe2O3-FeO Fe2O3-FeO Fe2O3-FeO 

Stoichiometric 0.29 0.58 0.29 

Experimental 0.2 0.4 0.2 

 

Table 5-21 Total CH4 consumption and CO2 and H2O production over CeO2 

promoted Fe2O3 reduction up to 750ºC, Peak 3 (Figure 5.15) 

 CH4 Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

Peak 3 CH4 H2O CO2 H2 CO 

Reduction State FeO-Fe FeO-Fe FeO-Fe FeO-Fe FeO-Fe 

Stoichiometric 1.44 0.58 0.29 2.30 1.15 

Experimental 3.0 0.5 0.3 2.5 1.2 
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CeO2 promoted Fe2O3 was re-oxidised at lower temperature (550ºC), and compared to re-

oxidation at temperatures used in reduction (750ºC). Re-oxidation at 550ºC (Figure 5.16, 

Table 5-22) yielded clean hydrogen, with less than 50% of the total stoichiometric 

hydrogen expected. When re-oxidised at 750ºC (Figure 5.16, Table 5-23), production of 

CO, CO2 and H2 was observed. 

 

COx formation can take place due to oxidation of adsorbed carbon species, or through re-

oxidation of iron carbide species: 

 

2 2 22 2C H O CO H+ → +        5.13 

2 2C H O CO H+ → +         5.15 

3 2 23Fe C H O Fe CO H+ → + +       5.22 

3 2 2 22 3 2Fe C H O Fe CO H+ → + +       5.23 

 

Carbon deposition becomes more pronounced with increasing degree of oxygen 

conversion in the metal oxide being reduced [25, 26]. Based upon Figure 5.15, CeO2 

promoted Fe2O3 shows high percentage oxygen conversion, with complete reduction to 

form iron metal, thus resulting in carbon deposition from methane reduction over Fe 

metal. Galvita et. al. do not report the formation of iron carbides, instead mentioning only 

carbon deposition as the primary source of COx formation during re-oxidation studies 

[26]. Akiyama et. al. report the primary product arising from oxidation via steam to be 

CO2, especially in the initial stages, as compared to minimal CO production in latter 

stages of oxidation, in accordance with change in Gibbs Free Energy with temperature 

[27]. The ability of ceria to oxidise deposited carbon via lattice oxygen, is dependent 

upon the degree of oxygen conversion; for higher oxygen conversion, available ceria 

lattice oxygen for carbon oxidation is reduced and carbon deposition is increased. Based 

upon the primary production of CO along with the complete reduction of iron oxide, it is 

surmised that carbon deposition is the primary contributor to COx formation during H2O 

oxidation.  
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H2O consumption is consistent with oxidation of both carbon and Fe: 

 

2 2 2Moles.H O = Moles.CO + [2  moles.CO ] + Moles.H (Fe reoxidation)×  5.24 

 

Hydrogen production from re-oxidation of reduced Fe2O3/CeO2 alone can be calculated 

as the difference in total hydrogen production less hydrogen produced by carbon 

oxidation (Figure 5.16, Table 5-23): 

 

2 2 2 2 2H (Fe reoxidation) = H (Total) - H (CO) - 2H (CO )    5.25 

 

At 750ºC, oxidation of carbon allows for complete re-oxidation of reduced Fe2O3/CeO2. 

Re-oxidation at 550ºC produces clean hydrogen, but the amount of hydrogen produced is 

much lower than stoichiometric re-oxidation of Fe to Fe3O4, indicative of incomplete re-

oxidation. Adsorbed carbon species remaining on the metal surface that are unable to be 

oxidised will result in catalyst deactivation. 
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Figure 5.16 H2O re-oxidation of CeO2 promoted Fe2O3 showing, (A) H2 production 

at 550ºC, and (B) H2, CO and CO2 production at 750ºC 
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Table 5-22 Total H2O consumption and H2, CO, CO2 production from CeO2 

promoted Fe2O3 re-oxidation at 550ºC 

 H2O Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

 H2O H2 CO CO2 

Re-oxidation state Fe-Fe3O4 Fe-Fe3O4 C + H2O C + H2O 

Stoichiometric 3.07 3.07 -- -- 

Experimental 1.6 1.2 0 0 

 

Table 5-23 Total H2O consumption and H2, CO, CO2 production over CeO2 

promoted Fe2O3 during re-oxidation at 750ºC 

 H2O Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

 H2O H2 CO CO2 

Re-oxidation State Fe-Fe3O4 Fe-Fe3O4 C + H2O C + H2O 

Stoichiometric 3.07 3.07 3.07 3.07 

Experimental 4.4 4.0 1.2 0.2 

H2-Fe re-oxidation  2.4   

 

5.3.5.3 CH4 reduction/H2O re-oxidation of CeO2/ZrO2 promoted Fe2O3  

 

Reduction by CH4 gives H2O and CO2 production consistent with Fe2O3 to FeO 

reduction, via Fe3O4, in the two peaks at 610ºC and 730ºC (Table 5-24). Following this, 

CH4 decomposition following holding the temperature at 750ºC produces CO and H2, as 

well as H2O and CO2, with complete reduction of the oxide to Fe (Table 5-25). CO and 

H2 production is the favoured reaction, with product ratios skewed toward partial 

oxidation. In assuming that 30% of the reaction process results in formation of CO2 and 
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H2O, and the remaining 70% of the processes favors CO and H2 production, the product 

ratios can be calculated as shown below: 

 

4 2 20.3 [4 4 2 ]FeO CH Fe CO H O× + → + +      5.26 

4 20.7 [ 2 ]FeO CH Fe CO H× + → + +       5.27 

 

CH4 consumption in excess of the calculated consumption for FeO to Fe results from 

carbon deposition, and H2O production is greater than stoichiometric ratios predict. 

 

Table 5-24 Total CH4 consumption and CO2 and H2O production from CeO2/ZrO2 

promoted Fe2O3 reduction up to 750ºC, Peaks 1 + 2 (Figure 5.14) 

 CH4 Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

Peaks 1 + 2 CH4 H2O CO2 

Reduction State Fe2O3-FeO Fe2O3-FeO Fe2O3-FeO 

Stoichiometric 0.20 0.41 0.20 

Experimental --a 0.4 0.2 

a Unable to be determined due to noise to background ratio 

 

Table 5-25 Total CH4 consumption and CO2 and H2O production from CeO2/ZrO2 

promoted Fe2O3 reduction up to 750ºC, Peak 3 (Figure 5.14) 

 CH4 Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

Peak 3 CH4 H2O CO2 H2 CO 

Reduction State FeO-Fe FeO-Fe FeO-Fe FeO-Fe FeO-Fe 

Stoichiometric 1.0 0.12 0.061 2.28 1.14 

Experimental 2.8a 0.3 0.05 2.3 1.1 

a Value calculated up to reactor blockage observed 
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Figure 5.17 shows re-oxidation of CH4 reduced CeO2/ZrO2 promoted Fe2O3. The 

reaction shows an initial steady stream of CO and H2 at equal ratios, following which 

enhanced hydrogen production is observed, along with CO2. The formation of CO and 

CO2 is attributed to oxidation of deposited carbon species resulting from CH4 

decomposition during the reduction reaction, similar to re-oxidation of CeO2 promoted 

Fe2O3:  

 

2 2C H O CO H+ → +          5.15 

2 2 22 2C H O CO H+ → +        5.13 

 

H2O consumption is consistent with carbon oxidation and re-oxidation of Fe (Table 

5-26): 

 

2 2 2Moles.H O = Moles.CO + [2  moles.CO ] + Moles.H (Fe reoxidation)×  5.28 

 

Hydrogen production from re-oxidation of reduced Fe2O3/[CeO2/ZrO2] is calculated as 

follows: 

 

2 2 2 2 2H (Fe reoxidation) = H (Total) - H (CO) - 2H (CO )    5.29 
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Figure 5.17 H2O re-oxidation of CeO2/ZrO2 promoted Fe2O3 showing H2, CO and 

CO2 production at 750ºC 

 

Table 5-26 Total H2O consumption and H2, CO, CO2 production from CeO2/ZrO2 

promoted Fe2O3 re-oxidation at 750ºC 

 H2O Consumption 

(x10-3) / moles 
Cumulative Gas Production (x10-3) / moles 

 H2O H2 CO CO2 

 Fe-Fe3O4 Fe-Fe3O4 Fe-Fe3O4 Fe-Fe3O4 

Stoichiometric 2.17 2.17 2.17 2.17 

Experimental 5.4 5.3 2.9 0.3 

H2-Fe re-oxidation  1.8   
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5.3.5.4 Post-redox characterisation 

 

Figure 5.18 shows H2 production from unpromoted and promoted Fe2O3 with 

measurements based on absolute H2 production according to sample weight. Negligible 

H2 production over unpromoted Fe2O3 is observed. CeO2 promoted Fe2O3 re-oxidises 

more rapidly than CeO2/ZrO2 promoted Fe2O3, but this is due to more severe coking over 

the latter, resulting in longer re-oxidation time to completely oxidise all adsorbed carbon 

and subsequently re-oxidise Fe. Figure 5.19 shows XRD spectra of post-CH4-H2O redox 

on CeO2 and CeO2/ZrO2 promoted Fe2O3. Post-redox XRD of CeO2 promoted Fe2O3 

shows CeO2 and Fe2O3 as the primary phases. Fe is expected to re-oxidise only to form 

Fe3O4 with presence of Fe2O3 in the final composition unexpected. This may arise from 

donation of oxygen in the CeO2 lattice to Fe3O4, allowing for formation of Fe2O3. Neither 

iron carbide nor carbon was detected, indicative of complete oxidation of adsorbed 

carbon species on both CeO2 and CeO2/ZrO2 promoted Fe2O3. 
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Figure 5.18 H2 production from H2O re-oxidation of CH4-reduced unpromoted and 

promoted Fe2O3 at 750ºC 
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Figure 5.19 XRD spectra of fresh and CH4/H2O post-redox promoted Fe2O3 

 

Table 5-27 Measured properties of CH4/H2O post-redox unpromoted and promoted 

Fe2O3 

Sample 
Particle Diameter/ nm 

Post-SIRa (5 cycles) 

BETSA / (m2/g) 

Post-SIR (5 Cycles) 

Fe2O3 -- <1 

Fe2O3/CeO2 50.0 15.0 

Fe2O3 /[CeO2/ZrO2] 45.0 10.7 

a Determined by Scherrer Equation from XRD spectra (Figure 5.19)  

 

In summary, both CeO2 and CeO2/ZrO2 promoters increase the rate of CH4 reduction, 

compared to unpromoted Fe2O3, which does not undergo complete reduction up to 750ºC. 

Re-oxidation at lower temperature (550ºC) allows for production of clean hydrogen over 

CeO2 promoted Fe2O3, however, carbon remains on the surface, as shown when further 

re-oxidation is performed at 750ºC. Limited hydrogen production is also observed at 
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550ºC, due to carbon inhibiting complete re-oxidation of Fe. In comparison, re-oxidation 

at 750ºC of CeO2 and CeO2/ZrO2 promoted Fe2O3 show high levels of hydrogen 

production, but with co-production of CO and CO2. CeO2/ZrO2 promoted Fe2O3 is 

particularly affected by high levels of coking, primarily due to accelerated reduction, 

favouring complete reduction to Fe metal. CH4 decomposition over Fe metal at 750ºC is a 

known issue. 

 

Whilst it is possible to increase rate of reduction at higher CH4 concentration, coking at 

higher concentration is also much more severe. In order to use CH4 as a reductant it is 

necessary to find methods of preventing CH4 decomposition, such that use of higher CH4 

concentration is advantageous rather than a cause of catalyst deactivation.  

 

5.3.5.5 CH4 reduction/H2O re-oxidation of unpromoted and promoted Fe2O3  

 

Redox of Fe2O3, CeO2/Fe2O3 and [CeO2/ZrO2]/Fe2O3 using CH4 as the reductant and 

H2O as the oxidant was performed at 750ºC over a number of cycles to compare CH4 as a 

reductant. Unpromoted Fe2O3 shows incomplete reduction up to 750ºC with CH4, with 

minimal H2 production upon H2O re-oxidation (Figure 5.14, Figure 5.18).  

 

CeO2 promoted Fe2O3 undergoes complete reduction by CH4 up to 750ºC, forming Fe 

metal which catalyses CH4 decomposition and subsequent carbon deposition (Figure 

5.14). The formation of Fe3C as the final product of this reaction is ruled out based on 

post-reduction XRD results and literature findings confirming formation of carbon is 

generally the favoured reaction route. Subsequent re-oxidation at 550ºC shows 

substoichiometric hydrogen production, with no evidence of COx formation (Figure 

5.16A). Repeated reduction in a second cycle, followed by re-oxidation this time at 

750ºC shows the formation of CO and CO2 (Figure 5.16A). Therefore, in the first cycle, 

formation of COx is not observed due to inability to oxidise deposited carbon at the low 

temperature of reaction. Subsequently substoichiometric hydrogen production is due to 

catalyst deactivation from blockage of active sites by this deposited carbon. In the second 
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cycle, this carbon is able to be removed at the higher temperature of re-oxidation, 

forming CO and CO2. Whilst low temperature re-oxidation produces clean hydrogen, this 

is not a sustainable redox cycle; with increasing deposition of carbon over each reduction 

phase, deactivation of the metal oxide will rapidly ensue, thus it is necessary to burn off 

or remove this carbon. 

 

CeO2/ZrO2 promoted Fe2O3 shows more rapid reduction up to 750ºC when reduced by 

CH4 (Figure 5.14), forming Fe metal with high levels of carbon deposited on the catalyst 

surface, as evidenced by the substantial contamination of hydrogen produced upon re-

oxidation (Figure 5.17). Complete oxidation of this deposited carbon is necessary before 

oxidation of Fe metal takes place, due to excessive coverage of the catalyst surface 

following reduction.  

 

Comparison between all reductants used for reduction and re-oxidation of Fe2O3, 

CeO2/Fe2O3 and [CeO2/ZrO2]/Fe2O3 shows H2 to be the most effective reductant with 

[CeO2/ZrO2]/Fe2O3 the best performing oxide. The H2 reduction and H2O re-oxidation 

cycle on CeO2/ZrO2 promoted Fe2O3 is able to reproducibly form close to stoichiometric 

levels of hydrogen and high surface area retention is observed over numerous cycles. Use 

of carbon based reductants CO and CH4 show carbon deposition over Fe metal formed 

during the reduction phase, which subsequently contaminates the H2 production stream 

during re-oxidation. It is necessary to limit the degree of oxygen species removed, with a 

greater degree of oxygen removal correlating with higher levels of carbon formation [26]. 

Formation of Fe metal is known to catalyse CO and/or CH4 decomposition, therefore, 

preventing its formation by reduction to FeO will allow for clean reduction and re-

oxidation of iron based metal oxides using carbon based reductants. 
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5.4 Conclusions 

 

1. Addition of CeO2 and CeO2/ZrO2 to Fe2O3 results in improved reducibility and 

increased surface area retention 

2. Addition of CeO2/ZrO2 to Fe2O3 inhibits complete reduction of Fe2O3 to Fe 

during H2 reduction, by stabilising intermediate oxide FeO for a number of cycles.  

3. CO reduction of CeO2 promoted Fe2O3 allows for clean H2 production for one 

cycle, by stabilisation of FeO, prior to catalyst deactivation due to coking. 

4. Use of CO reductant results in coke formation on both unpromoted and promoted 

Fe2O3 samples. Better reducibility of promoted samples show complete reduction 

to Fe metal, catalysing CO decomposition. Both unpromoted and promoted Fe2O3 

samples reduced by CO and CO + H2 show poor hydrogen production upon 

subsequent oxidation. 

5. CeO2 and CeO2/ZrO2 promoted Fe2O3 show better reducibility when reduced by 

CH4, compared to incomplete reduction of unpromoted Fe2O3. 

6. CeO2 and CeO2/ZrO2 promoters prevent formation of iron carbide when reduced 

by CH4, with complete oxidation of adsorbed coke when re-oxidised with H2O at 

750ºC. 

 

Fe catalyses carbon formation by facilitating decomposition of CO and CH4. Carbon 

formation during partial reduction of promoted Fe2O3 species to FeO may result from 

some Fe being formed. Limiting reduction temperatures during CH4 reduction is one 

possible solution, but the limited reactivity of CH4 at lower temperature remains a barrier. 

CO and CO + H2 reduction promote carbon formation at relatively low temperature. By 

decreasing the temperature of reduction, it may be possible to limit formation of Fe 

which catalyses CO decomposition however, this would severely limit the rate of H2O re-

oxidation. Thermodynamics indicate that increasing process temperature above 750ºC 

may render the CO decomposition reaction unfavourable, thereby limiting carbon 

formation (Chapter 3). 
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Whilst catalytic activity is not directly proportional to surface area, maximising surface 

area results in a greater percentage of reduction and re-oxidation. Increased surface area, 

achieved by addition of promoting species, helps to limit sintering over a number of 

cycles, thus maintaining higher levels of H2 production, as evident by the significant drop 

in hydrogen production of non-promoted Fe2O3. 

 

FeO stabilisation upon H2 reduction of CeO2/ZrO2 promoted Fe2O3 has been shown here. 

CH4 reduction of CeO2/ZrO2 promoted Fe2O3 does not exhibit the same stabilised 

formation of FeO. Reduction of CeO2/ZrO2 alone by CH4 occurs at much lower 

temperature than does the commencement of Fe2O3 reduction. H2 reduction of CeO2/ZrO2 

promoted Fe2O3 shows that reduction of CeO2/ZrO2 and reduction of FeO overlap, with 

CeO2/ZrO2 reduction taking place following initial reduction of Fe2O3 to Fe3O4. It is 

possible that H2 reduction of CeO2/ZrO2 at similar temperature to Fe3O4 to FeO acts to 

inhibit further reduction of FeO to form metallic Fe. By reducing CeO2/ZrO2 promoted 

Fe2O3 with CH4 at lower temperature stabilised formation of FeO may occur. However, 

as observed in reduction of CeO2 promoted Fe2O3 reduction, FeO is not stabilised, with 

complete reduction of FeO to metallic Fe over a period of time of maintaining process 

temperature at 750ºC.  

 

The effect of CeO2/ZrO2 promoter addition as reported here may be applied to various 

metal/metal oxide systems in the hope that stabilisation of intermediate metal oxide 

phases can be achieved. The effect of increased metal oxide stability will allow for 

resistance to deactivation as well as prevention of carbon and/or metal carbide formation 

resulting from over-reduction to the metallic form.  
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6  INVESTIGATION OF PROMOTED TIN OXIDE    

FOR THE STEAM-METAL PROCESS 

 

6.1 Introduction 

 

Thermodynamic calculations indicate that the use of tin oxide for the production of 

hydrogen in the Steam-Metal Process is favourable (Chapter 3) [1, 2]. Preliminary 

studies have focused primarily upon high temperature thermochemical reduction of tin 

oxide via solar energy [1, 3] due to its comparably low temperature of thermal 

decomposition, in contrast to solar thermochemical reduction of zinc oxide [4, 5] and iron 

oxide [6, 7]. Re-oxidation of reduced tin oxide and/or tin metal by water has also shown 

to proceed readily at relatively low temperature [3, 8, 9].  

 

Few studies have reported on the use of methane [10, 11] and carbon monoxide [12] in 

tin oxide reduction. In the previous chapter (Chapter 5), promoted iron oxide showed 

good reducibility using CO and CO + H2 as reductants. However, use of methane as a 

reductant is favoured given that CO and CO + H2 (syngas) are derived from methane via 

the steam reforming reaction:  

 

4 2 23CH H O CO H+ → +        6.1 

2 2 2 2SnO CO H Sn CO H O+ + → + +       6.2 

 

2 4 22 2 4SnO CH Sn CO H+ → + +       6.3 
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The effect of CeO2 on SnO2 has been shown to increase reducibility of SnO2, with a 

reported oxygen storage capacity (OSC) greater than that of ceria-zirconia [13, 14]. 

Promotion of SnO2 by CeO2/ZrO2, as yet unreported, is proposed to be equally as 

effective, if not more so than addition of CeO2 alone. However, the low melting point of 

Sn metal (230°C) will result in significant sintering upon complete reduction of the 

sample, drastically reducing the available surface area and limiting subsequent hydrogen 

production. As such, the aim of CeO2/ZrO2 addition is to produce a threefold effect:  

 

• Increase in H2 production by increasing SnO2 OSC 

• Greater thermal stability and resistance to sintering  

• Possible stabilisation of intermediate oxidation state (SnO) during reduction 

 

By stabilised formation of SnO during reduction, it may be possible to prevent Sn metal 

formation and hinder sintering. A similar effect was reported in the previous chapter 

(Chapter 5), with addition of CeO2/ZrO2 allowing for stabilised reduction of Fe2O3 to 

form FeO. 
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6.2 Experimental 

6.1.1 Metal Oxide Preparation 

 

Unpromoted and promoted SnO2 samples were prepared by the method of urea 

hydrolysis, as described in Chapter 4 (Experimental Methodology). Ceria-zirconia was 

added to SnO2 at concentrations of 10mol%, 20mol%, 25mol%, 30mol%, 40mol% and 

50mol%. The composition of SnO2 was adjusted to make up the difference. 

Characterisation techniques include BET, XRD and TPR as described in Chapter 4 - 

Experimental Methodology. 

 

6.2.1 Temperature Programmed Reduction (TPR) 

 

An outline of the experimental apparatus used for TPR analysis can be found in Chapter 

4 (Experimental Methodology). Prior to analysis, the sample was heated under a flow of 

Ar to 150ºC for 1 hour to ensure all excess moisture was removed. 

 

The following experimental conditions were used: 

• Flow rate: 30mL/min  

• Incoming gas mixture: 5 vol%H2-95 vol% (1%Ar in He) 

• Metal oxide loading: 0.05-0.1g 

• Temperature ramping rate: 150-750ºC at 5ºC/min 

• Reactor Pressure: 1 atm 
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6.2.2 Steam-Metal Process 

 

An outline of the experimental apparatus used for Steam-Metal reaction studies can be 

found in Chapter 4 (Experimental Methodology). Initially the sample was heated under 

flow of He up to 150ºC and held until no further change in the outgoing H2O signal was 

observed. Flow rates of all incoming reactants were maintained at 60 mL/min, with 

reactor pressure maintained at a constant 1 atm. 

 

The following experimental conditions were employed for all metal oxides during 

reduction/re-oxidation studies (Table 6-1): 

 

Table 6-1 Reaction conditions for redox analysis of promoted tin oxide 

Reductant Incoming gas mixture 
Metal Oxide 
Loading / g 

Temperature of 
reduction 

CH4 
10 vol% CH4 -13.3 vol% 

(1% Ar in He) - 76.7 vol% He 
0.2 - 0.3 150 - 750ºC 

Oxidant Incoming gas mixture Metal Oxide 
Loading / g 

Temperature of 
oxidation 

H2O 
2-3 vol% H2O - 97 vol% 

(1% Ar in N2) 
0.2 - 0.3 600ºC 
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6.3 Results and Discussion 

 

6.3.1 Characterisation 

 

Figure 6.1 shows the XRD pattern of unpromoted and CeO2/ZrO2 (CZ) promoted SnO2, 

with CeO2/ZrO2 shown for comparison. At low CeO2/ZrO2 addition (10 mol% 

[CeO2/ZrO2] / 90 mol% SnO2) the structure is characteristic of tetragonal SnO2. With 

increasing addition of CeO2/ZrO2, characteristic CeO2/ZrO2 peaks become more 

predominant indicating formation of a mixed oxide comprised of SnO2 and CeO2/ZrO2. 

 

Surface area increases with increased addition of CeO2/ZrO2 (Table 6-2). Corresponding 

crystallite sizes calculated from XRD spectra using the Scherrer Equation (Table 6-2) 

show increasing SnO2 crystallite size with higher CeO2/ZrO2 addition, up to 20 mol% 

loading of CeO2/ZrO2. Similarity of XRD spectra between unpromoted SnO2 and low 

percentage addition of CeO2/ZrO2 (Sn(0.9)CZ), suggests that formation of a SnO2 based 

solid solution may be possible. This is further evidenced by the similarity in crystallite 

size between Sn(0.9)CZ and SnO2. As increasing amounts of CeO2/ZrO2 are added, SnO2 

crystallite size shows a sudden increase to a constant value. The consistent increase in 

surface area which is not reflected in a corresponding change in crystallite size shows a 

lack of interaction between SnO2 and CeO2/ZrO2 that would otherwise influence 

crystallite size of SnO2. Thus the change in surface area comes about as an additive effect 

due to addition of increasing amounts of higher surface area CeO2/ZrO2. 
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Figure 6.1 XRD spectra of unpromoted and promoted SnO2, shown with CeO2/ZrO2 

 

Table 6-2 Measured crystallite size and surface area of as prepared unpromoted and 

promoted SnO2 

Sample Crystallite Diameter / nm BETSA
 / (m2/g) 

SnO2 11.0 36.0 

Sn0.9CZ 13.0 62.1 

Sn0.8CZ 25.8 65.0 

Sn0.75CZ 24.6 66.5 

Sn0.7CZ 25.0 73.8 

Sn0.6CZ 23.3 77.3 

Sn0.5CZ 23.9 82.6 

CeO2/ZrO2 -- 88.1 
a Determined by Scherrer Equation from XRD spectra, values calculated from major SnO2 peaks  
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6.3.2 H2 Temperature Programmed Reduction (TPR) 

 

Figure 6.2 shows H2 TPR of unpromoted and CeO2/ZrO2 promoted SnO2 up to 750ºC. A 

low temperature shoulder peak is observed, starting from approximately 200ºC in 

unpromoted SnO2. This shoulder can be assigned to surface reduction of oxygen species 

on SnO2, with the predominant high temperature peak at 680ºC assigned to bulk 

reduction of SnO2 [12]. The reduction of Sn4+ to Sn2+ is not observed as an intermediate 

peak prior to complete reduction to Sn metal.  

 

With increasing addition of CeO2/ZrO2 the main reduction peak decreases in temperature 

from 680ºC for unpromoted SnO2 down to 570ºC for 50 mol% [CeO2/ZrO2]/50 mol% 

SnO2 (Table 6-3). It is surmised this results from the added reducibility from addition of 

CZ to SnO2 along with the lower starting temperature of reduction for CZ alone. 

Increasing CeO2/ZrO2 results in lower hydrogen consumption due to limited OSC, with 

minimal hydrogen consumption at 50 mol% [CeO2/ZrO2]/50 mol% SnO2. It is also 

observed that with increasing addition of CeO2/ZrO2, surface area retention following 

reduction is increased (Table 6-3). The results shown are not normalised against the 

proportion of SnO2 present in the sample, thus the results are a reflection of the 

performance of each promoted oxide based upon the effects of added proportion of CZ. 
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Figure 6.2 5% H2 TPR of unpromoted and promoted SnO2 up to 750ºC 

 

Table 6-3 Peak temperatures from 5% H2 TPR of unpromoted and promoted SnO2 

up to 750ºC 

BETSA
 / (m2/g) 

Sample Peak Temperature / ºC 
Pre-TPR Post-TPR 

SnO2 680 36.0 -- 

Sn0.9CZ 663 62.1 5.6 

Sn0.8CZ 634 65.0 18.9 

Sn0.75CZ 623 66.5 26.8 

Sn0.7CZ 648 73.8 14.4 

Sn0.6CZ 612 77.3 17.6 

Sn0.5CZ 570 82.6 48.8 
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TPR results show the major reduction peak reaches a minimum temperature at a 

composition of 25 mol% [CeO2/ZrO2] / 75 mol% SnO2. Further increase of CeO2/ZrO2 

loading up to 40 mol% shows minimal decrease in reduction temperature of SnO2 to Sn. 

The sample consisting of 25 mol% [CeO2/ZrO2] loading on SnO2 was selected as the 

composition for further investigation. This loading shows a good compromise between 

reducibility, surface area retention and OSC. 

 

Although further increasing CeO2/ZrO2 addition shows greater reducibility and possibly 

higher surface area retention, the limited proportion of SnO2 results in low OSC and 

limited H2 production potential, resulting in less H2 production per gram of catalyst used. 

In addition, the reduction of CeO2 and/or CeO2/ZrO2 by carbon based reductants shows 

high levels of COx production upon re-oxidation by water. This results from carbon 

deposition on the CeO2 surface, along with the formation of carbonaceous material 

during the reduction phase, which is favoured in the presence of Ce [17]. Furthermore, 

with deeper reduction of CeO2, a greater degree of carbon and carbonaceous material is 

deposited at the catalyst surface, resulting in COx contamination upon H2O re-oxidation 

[18]. Therefore, in the interest of producing clean hydrogen and eliminating potential 

formation of COx species, it is desirable maximise the amount of SnOx as the primary 

oxide phase in the material.  

 

6.3.3 Transmission Electron Microscopy (TEM) 

 

TEM imagery of unpromoted SnO2 shows larger particle sizes compared to 25 mol% 

[CeO2/ZrO2] / 75 mol% SnO2 (Figure 6.3). In comparison, 25 mol% [CeO2/ZrO2] / 75 

mol% SnO2 shows a larger calculated crystallite size from XRD spectra, along with 

higher surface area from BET measurements, as compared to unpromoted SnO2 (Table 

6-2). This would result from higher porosity of the promoted sample, where calculated 

surface area may be greater, despite larger crystallite sizes. The less porous nature of 

unpromoted SnO2 subsequently has a lower surface area in comparison due to lesser sites 

available for gas adsorption during BET measurements.  
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Figure 6.3 TEM imagery of (A) unpromoted SnO2 and (B) 25 mol% [CeO2/ZrO2] / 

75 mol% SnO2 

 

6.3.4 CH4 Temperature Programmed Reduction (TPR) 

 

Reduction of unpromoted SnO2 shows two peaks, which are attributed to the reduction of 

surface oxygen species (Figure 6.4) [10]. The two peaks are unable to be assigned 

individually. The difference in methane consumption calculated between the first and 

second peaks eliminates assignment of SnO2 to SnO reduction, followed by SnO to Sn 

reduction. Methane consumption of each peak in the aforementioned process would be 

equivalent. Calculation of methane consumption indicates minimal reduction of SnO2, 

with approximately 16 times lower methane consumption than stoichiometric values 

expected for complete reduction of SnO2 to Sn (Table 6-4). Increasing temperature up to 

750ºC shows no further reduction of SnO2, suggesting reduction of bulk SnO2 oxygen 

species does not take place below 750ºC [19, 20].  

 

TPR of SnO2(0.75)/[CeO2/ZrO2](0.25) shows a similar degree of methane consumption to 

unpromoted SnO2, albeit with a single reduction peak at slightly higher temperature 

(465ºC) (Figure 6.4).  

(A) (B) 



 CHAPTER 6  
 

 173 

150 250 350 450 550 650 750

Temperature / ºC

C
H

4 
C

o
n

su
m

p
ti

o
n

 / 
(a

.u
.)

 

Figure 6.4 10% CH4 TPR of unpromoted SnO2 and SnO2(0.75)/[CeO2/ZrO2](0.25) 

 

Table 6-4 Peak temperature and assignment of unpromoted SnO2 and 

SnO2(0.75)/[CeO2/ZrO2](0.25) TPR 

 Oxidation State 

 SnO2 SnO2(0.75) / [CeO2/ZrO2](0.25) 

 
SnO2 � SnO/Sn 

SnO2 � SnO/Sn                

CeO2 � Ce2O3 

Temperature / ºC 310 440 465 

 CH4 Consumption / (moles/g.SnO2) 

Stoichiometric 1.33 x 10-3 1.04 x 10-3 

Experimental 0.08 x 10-3 0.08 x 10-3 

 

Experimentally, total methane consumption is identical between the two samples despite 

the fact that methane consumption over SnO2(0.75)/[CeO2/ZrO2](0.25) is expected to be less 

due to partial substitution of higher OSC SnO2 with CeO2. As such, CeO2/ZrO2 promoted 

SnO2 

SnO2(0.75)/[CeO2/ZrO2](0.25) 
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SnO2 shows proportionally higher methane consumption per gram of SnO2. Addition of 

CeO2/ZrO2 does not facilitate deeper bulk reduction of SnO2 oxygen species. Wang and 

Xie report that through the formation of a higher surface area solid solution based on 

SnO2 doped with Cr and/or Fe, a reduction in structural crystallinity and the resultant 

introduction of structural defects allows the lattice oxygen species to become more active 

[15, 19-21]. This in turn increases CH4 reducibility of the Sn based solid solution, thereby 

facilitating deeper reduction of the bulk. It is surmised that the lack of interaction 

between CeO2/ZrO2 and SnO2 lattice oxygen species prevents deeper reduction of SnO2 

from occurring. 

 

The ratio of H2 production to CH4 consumption from oxidation and subsequent reduction 

of unpromoted SnO2 is most likely attributed to cycling of surface oxygen species 

between SnO2 and SnO (Table 6-5). SnO2(0.75)/[CeO2/ZrO2](0.25) shows minimal H2 

production following re-oxidation, with CO2 production observed. Calculation of CO2 

production during re-oxidation shows approximately 1.2 x 10-5 moles of CO2 produced 

per gram of SnO2(0.75)/[CeO2/ZrO2](0.25) (Figure 6.5). This would suggest the same 

number of moles of carbon is deposited at the catalyst surface, which is subsequently 

removed during re-oxidation. Addition of CeO2/ZrO2 does not show improved 

reducibility of SnO2 by methane, and results in coke deposition from CeO2/ZrO2 

reduction alongside SnO2 reduction, producing COx contaminants. The carbon deposits 

do not facilitate reduction of SnO2/SnO, as evidenced by the minimal hydrogen 

production during re-oxidation (Table 6-5). 
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Table 6-5 H2 production from H2O re-oxidation of unpromoted SnO2 and 

SnO2(0.75)/[CeO2/ZrO2](0.25) at 600ºC 

 Oxidation State 

 SnO2 SnO2(0.75) / [CeO2/ZrO2](0.25) 

 SnO/Sn � SnO2   SnO/Sn � SnO2    /    Ce2O3 � CeO2  

 H2 Production / (moles/g.SnO2) 

Stoichiometric 3.99 x 10-3 3.12 x 10-3 

Experimental 0.09 x 10-3 0.08 x 10-3 
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Figure 6.5 CO2 production from H2O re-oxidation of SnO2(0.75)/[CeO2/ZrO2](0.25)  
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6.4 Conclusions 

 

1. Addition of CeO2/ZrO2 retards sintering of SnO2 upon reduction, as well as 

improving reducibility, with a decrease in the temperature of H2 reduction 

2. Unpromoted SnO2 and 25 mol% [CeO2/ZrO2] / 75 mol% SnO2 show only limited 

reduction of surface oxygen species by methane, up to 750ºC 

3. Re-oxidation of 25 mol% [CeO2/ZrO2] / 75 mol% SnO2 reduced by methane 

shows CO2 production, with negligible H2 production 

4. Stabilisation of intermediate SnO upon reduction of SnO2 is not observed for 

CeO2/ZrO2 promoted SnO2 

 

Methane is a poor reductant over unpromoted SnO2. Addition of CeO2/ZrO2 shows 

slightly improved reducibility of surface oxygen species, but does not catalyse further 

reduction of bulk SnO2 oxygen species. It is clear that ceria/zirconia promoted tin oxide 

is not a good system for the Steam-Metal Process.  
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7  INVESTIGATION OF PROMOTED TUNGSTEN OXIDE         

FOR THE STEAM-METAL PROCESS 

 

7.1 Introduction 

 

Thermodynamic assessment of tungsten oxide (Chapter 3) has shown it to be suitable in 

the Steam-Metal Process and this has been confirmed by preliminary work by Kodama et 

al [1-3]. Tungsten oxide shows high selectivity for methane oxidation in this process, 

with addition of zirconia leading to improved performance. Tungsten metal and its oxides 

possess high melting point, resulting in greater resistance to sintering and making it an 

ideal candidate for high temperature redox reactions.  

 

In the previous chapter (Chapter 5), promoted iron oxide showed good reducibility using 

CO and CO + H2 as reductants, but carbon formation from CO decomposition over Fe 

metal and formation of iron carbide are problems. CO and CO + H2 (syngas) can be 

derived from methane via the steam reforming reaction (Chapter 2). By achieving 

reduction by methane, the intermediate syngas production step is eliminated. However, 

methane decomposition over W formed during reduction of WO3 results in carbon 

deposition and tungsten carbide formation [4, 5]. As a result, it is necessary to prevent 

decomposition or to limit further reduction of WO3 to WO2.  

 

Ceria-zirconia has been proven to stabilise Fe2O3/Fe3O4 reduction to form an intermediate 

FeO phase (Chapter 5). It was suggested that addition of ceria-zirconia to tungsten oxide 

may produce a similar effect and hence achieve redox cycling between higher and lower 

tungsten oxidation states (WO3
WO2). Ceria-zirconia would also aid in maintaining 

greater surface area with repeated redox cycling and limiting catalyst deactivation.  

 

This chapter investigates the effect of ceria-zirconia promoters on the reduction and/or re-

oxidation behaviour of tungsten trioxide, employing methane as a reductant.  
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7.2 Experimental 

 

7.2.1 Metal Oxide Preparation 

 

A series of ceria-zirconia promoted tungsten oxide samples and unpromoted tungsten 

oxide were prepared by the method of urea hydrolysis, as described in Chapter 4 

(Experimental Methodology). Ceria-zirconia was added to tungsten trioxide at doping 

concentrations of 10mol%, 15mol%, 20mol%, 25mol%, 31mol%, 50mol%, with the 

concentration of tungsten trioxide adjusted accordingly. The ratio of CeO2 to ZrO2 was 

maintained at 1:1, with [CeO2-ZrO2] (hereby designated as CZ) equivalent to a single 

mole of CeO2 alone. The inconsistency in promoter addition was due to 2Ce2O3.9WO3 

(31mol%Ce2O3-69mol%WO3) corresponding to a known compound [6, 7]. By replicating 

this level of promoter addition, albeit using CZ in place of CeO2, it was sought to form a 

stable compound with unique structural characteristics. Catalyst characterisation involved 

BET, XRD, SEM, XPS, TPR and TGA as described in Chapter 4 (Experimental 

Methodology). 

 

7.2.2 Temperature Programmed Reduction (TPR) 

 

An outline of experimental apparatus used for TPR analysis can be found in Chapter 4 

(Experimental Methodology). Initially the sample was heated up to 150ºC under a flow of 

He and held until no further change in outgoing H2O signal was observed. 

 

The following experimental conditions were employed: 

• Flow rate: 30mL/min 

• Incoming gas mixture: 5 vol%H2-95 vol% (1%Ar in He) 

• Catalyst loading: 0.05g 

• Temperature ramping rate: 150-1000ºC at 5ºC/min 

• Reactor Pressure: 1 atm 
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7.2.3 Thermogravimetric Analysis (TGA) 

 

An outline of experimental apparatus used for TGA analysis can be found in Chapter 4 

(Experimental Methodology). Initially the sample was heated under air at 5ºC/min to a 

temperature of 500ºC and held for 1 hour, whereupon N2 was introduced into the system 

at 20mL/min as the sample was cooled back to 30ºC. 4% H2 in N2 was then flowed over 

the sample at 30ºC for 1 hour prior to the analysis. 

  

The following experimental conditions were used: 

• Flow rate: 40mL/min 

• Incoming gas mixture: 4 vol%H2-96 vol% N2 

• Catalyst loading: 0.01-0.05g 

• Temperature ramping rate: 30-900ºC at 5ºC/min; 900ºC for 3hrs 

• Reactor Pressure: 1 atm 

 

7.2.4 Steam-Metal Process 

 

An outline of experimental apparatus used for Steam-Metal reaction studies can be found 

in Chapter 4 (Experimental Methodology). Initially the sample was heated under flow of 

He up to 150ºC and held until no further change in the outgoing H2O signal was 

observed. Reactor pressure was maintained at a constant 1 atm. 

 

The following experimental conditions were employed for all samples during 

reduction/re-oxidation studies (Table 7-1, Table 7-2): 
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Table 7-1. Reaction conditions for redox analysis of promoted tungsten oxide (Initial 

experimental conditions) 

Reductant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of reduction 

CH4 
50 vol% CH4 -            

13.3 vol% (1% Ar in He) -
36.7 vol% He 

0.19 - 0.2 60 750ºC 

Oxidant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of oxidation 

H2O 19.8 vol% H2O -          
80.2 vol% (1% Ar in N2) 

0.19 - 0.2 120 750ºC 

 

Table 7-2. Reaction conditions for redox analysis of promoted tungsten oxide 

(Redox cycling) 

Reductant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of reduction 

CH4 
50 vol% CH4 -            

13.3 vol% (1% Ar in He) - 
36.7 vol% He 

0.19 - 0.2 60 750ºC 

Oxidant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of oxidation 

H2O 46.8 vol% H2O -          
53.2 vol% (1% Ar in N2) 

0.19 - 0.2 120 750ºC 
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7.3 Results 

 

7.3.1 Characterisation 

 

Figure 7.1 shows XRD spectra of as prepared unpromoted and promoted WO3. All peaks 

in the pattern of unpromoted WO3 were assigned to the stoichiometric monoclinic phase 

(JCPDS 43-1035). With addition of CZ there is minimal change observed with respect to 

appearance of CZ peaks, indicating a primarily WO3 based structure. The Ce and Zr may 

be of an amorphous form or exist as very small particles such that their diffraction lines 

are too broad to be observed. At a loading of 31 mol% CZ / 69 mol% WO3, additional 

peaks to those of WO3 alone are observed. The pattern of this additional phase present in 

31 mol% CZ / 69 mol% WO3, was analysed separately (not shown), however a matching 

spectra for this unknown phase could not be found in the literature. Yoshimura et. al. 

have reported formation of various Ce(III)WxOy phases however, the peaks cannot be 

assigned to any of these [7].  

 

Further increased loading of CZ to 35 mol% displays similar spectral characteristics to 

lower loading of CZ (less than 25 mol% CZ) and unpromoted WO3. At 50 mol% CZ / 50 

mol% WO3 the spectra shows very broad peaks, most likely due to the amorphous nature 

of the zirconia phase within the compound, and specific spectral characteristics relating 

to neither WO3 nor CZ were not observable. Armendáriz et. al. have reported similar 

behaviour, in which addition of tungsten to zirconia showed broad and undefined peaks 

of similar characteristic to Figure 7.1, consistent with retaining a zirconia based 

amorphous structure [8, 9]. With greater proportion of Zr present within this compound, 

the structure tends toward that of ZrO2, rather than that of WO3 as found at lower 

concentration of CZ. Crystalline ZrO2 is not observed except with an increase in 

calcination temperature and decrease in WO3 loading.  
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Figure 7.1 XRD spectra of unpromoted and promoted tungsten trioxide with 

CeO2/ZrO2. Peaks inconsistent with monoclinic WO3 structure are marked 

CeO2 

CeO2/ZrO2 

ZrO2 

WO3(0.9)/CZ 

WO3(0.85)/CZ 

WO3(0.8)/CZ 

WO3(0.75)/CZ 

WO3(0.69)/CZ 

WO3(0.65)/CZ 

WO3(0.5)/CZ 

WO3 
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Table 7-3 Measured crystallite size and surface area of as prepared samples 

Sample Particle Diametera / nm BETSA
 / (m2/g) 

WO3 32.9 19.1 

WO3(0.9)/CZ 34.9 20.0 

WO3(0.85)/CZ 39.9 40.1 

WO3(0.8)/CZ 32.5 49.6 

WO3(0.75)/CZ 28.5 51.6 

WO3(0.69)/CZ 31.3 47.6 

WO3(0.65)/CZ 31.1 60.8 

WO3(0.5)/CZ -- 89.2 

CeO2 -- 89.5 

ZrO2 -- 105.1 

CeO2/ZrO2 -- 88.1 

a Determined by Scherrer Equation from XRD spectra, values calculated from major WO3 peaks  

 

Surface area was found to increase with increasing loading of CZ to WO3 up to 20 mol% 

CZ. At this point surface area remained similar despite increasing CZ loading with the 

exception of 50 mol% CZ (Table 7-3). Crystallite size calculated by the Scherrer 

Equation showed minimal variation in crystallite size over a range of CZ loading. This 

lack of change in crystallite size would suggest that the increase in surface area results 

from greater dispersion of WO3 species due to introduction of CZ promoters, rather than 

formation of a solid solution, which may alter crystallite size.  

 

SEM imagery of ‘as prepared’ unpromoted and promoted WO3 is indicative of increasing 

agglomerate size with addition of CZ (Figure 7.2). Unpromoted WO3 shows high 

concentration of small particle agglomerates and, following addition of CZ, overall 

particle size increases. There is very little change in overall structure with increasing 

loading of CZ. 
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Figure 7.2 SEM imagery of fresh samples, accelerating voltage 20kV and 5000 times 

magnification: (A) WO3, (B) WO3(0.9)/CZ, (C) WO3(0.85)/CZ, (D) WO3(0.8)/CZ, (E) 

WO3(0.75)/CZ, (F) WO3(0.69)/CZ, (G) WO3(0.65)/CZ, (H) WO3(0.5)/CZ 
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At 31 mol% CZ / 69 mol% WO3 and 35 mol% CZ / 65 mol% WO3 the observed structure 

is more similar to that of unpromoted WO3, indicating a change in structure as compared 

to lower concentrations of CZ addition (<25 mol% CZ). This is also the case with 50 

mol% CZ / 50 mol% WO3. 

 

7.3.2 Hydrogen Temperature Programmed Reduction (TPR) 

 

Temperature programmed reduction (TPR) analysis of unpromoted and promoted WO3 

with increasing loading of CZ is shown in Figure 7.3. Unpromoted WO3 reduces in a 

multi-step process, with peaks at 573ºC, 679ºC, 735ºC and 956ºC. There is overlap of the 

second and third reduction peaks, followed by complete reduction of WO2 to W. The 

observation of multiple intermediate oxidation phases of tungsten during reduction of 

WO3 has been previously reported [10, 11], resulting in a reduction process that can be 

broken down into WO3 � WO2.9 � WO2.72 � WO2 � W (Table 7-4). Following 

addition of CZ to WO3, the WO2.9 � WO2.72 � WO2 reduction steps are no longer 

separable, reducing in a single step. This is preceded by a small peak arising at ~600C 

which is attributed to the WO3 � WO2.9 reduction step. Following these two steps is the 

complete reduction of WO2 to W for all CZ promoted WO3 samples. Reduction of WO2.9 

to WO2 is observed to occur at increasing temperature following addition of CZ at 10%, 

with a slight shift to lower temperatures at increasing additions of CZ.  
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Figure 7.3 H2 TPR of unpromoted and promoted WO3 up to 1000ºC 

 

Table 7-4 Peak temperatures and assignments of 5% H2 TPR of unpromoted and 

promoted WO3 

Sample Temperature / (ºC) 

Reduction 
State 

WO3 � WO2.9 

2(CeO2/ZrO2) � 
Ce2O3/2ZrO2 

WO2.9 � WO2.72 WO2.72 � WO2 WO2 � W 

WO3
a 573 679 735 956 

WO3(0.9)/CZ 581 764 1000 

WO3(0.85)/CZ 587 749 986 

WO3(0.8)/CZ 544 742 954 

WO3(0.75)/CZ 541 729 977 

WO3(0.69)/CZ 489 729 976 

WO3(0.65)/CZ 537 705 927 

WO3(0.5)/CZ 512 694 866 

a Reduction of unpromoted WO3 does not include reduction of CeO2/ZrO2 
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With increasing CZ loading, the initial peak in the TPR profile is observed as a broad 

shoulder. Based on calculated peak area comparison, this shoulder cannot be assigned to 

reduction of WO3 to WO2.9 but it may be defined as a combination of both the 

aforementioned reduction, along with 2(CeO2/ZrO2) to Ce2O3/2ZrO2 reduction. H2 

reduction of CeO2/ZrO2 shows reduction to occur at similarly low temperature but, at 

such low loadings and low levels of H2 consumption, it is difficult to resolve this peak 

within the reduction profile.  

 

There is minimal change discernable in the behaviour of H2 reduction with increasing 

addition of CZ up to 35%. At a 1:1 ratio of WO3 to CZ (50 mol% CZ / 50 mol% WO3), 

the observed hydrogen consumption is markedly decreased, indicative of lower OSC as 

compared to both unpromoted WO3 and lower loadings of CZ. As stated earlier, in the 

interest of maximising potential hydrogen production, it is necessary to limit the 

percentage of CZ addition.  

 

7.3.3 Methane Temperature Programmed Reduction (TPR) 

 

With the primary reductant of interest being methane, it is necessary to determine how 

the methane reduction profile for unpromoted and promoted WO3 differs from H2 

reduction. Figure 7.4 shows the H2O production profile from methane reduction of WO3 

with increasing loading of CZ. The outgoing water signal gives the clearest signal, and 

thus was chosen over other product gases or methane consumption signal as a means for 

gauging the reduction process. In the interest of limiting potential carbon formation from 

methane decomposition, the reduction temperature did not extend beyond 750ºC. After 

holding the temperature constant at 750ºC for approximately 50 minutes, unpromoted 

WO3 is further reduced to form W metal, where subsequent methane decomposition 

occurs and formation of WC is observed (Figure 7.6). With increasing addition of CZ, 

there is longer time taken for the outgoing gas signal to stabilise at 750ºC, as an indicator 

of complete reduction, at which point methane decomposition over W produces carbon 

and/or tungsten carbide.  
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Figure 7.4 H2O output signal of 50% CH4 TPR of unpromoted and promoted WO3 

up to 750ºC: (A) CeO2/ZrO2, (B) WO3, (C) WO3(0.9)CZ, (D) WO3(0.85)CZ, (E) 

WO3(0.8)CZ, (F) WO3(0.75)CZ, (G) WO3(0.69)CZ 

Table 7-5 Peak temperatures and assignments of 50% CH4 TPR of unpromoted and 

promoted WO3 

Sample Temperature / (ºC) 

Reduction State 
WO3 � WO2.72 

2CeO2/ZrO2 � Ce2O3/2ZrO2 
WO2.72 � WO2 WO2 � W 

WO3
a 737 750 750 

WO3(0.9)/CZ 281 750 750 

WO3(0.85)/CZ 280 750 -- 

WO3(0.8)/CZ 259 750 -- 

WO3(0.75)/CZ 270 750 750 

WO3(0.69)/CZ 264 740 -- 

CeO2/ZrO2 315; 590   

a Reduction of unpromoted WO3 does not include the reduction of CeO2/ZrO2 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 
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Figure 7.5 CO; CO2 output signal of 50% CH4 TPR of unpromoted and promoted 

WO3 up to 750ºC: (A) CeO2/ZrO2, (B) WO3, (C) WO3(0.9)CZ, (D) WO3(0.85)CZ, (E) 

WO3(0.8)CZ, (F) WO3(0.75)CZ, (G) WO3(0.69)CZ 

 

Reduction of CeO2/ZrO2 shows a broad peak between 150-600ºC, assigned to reduction 

of Ce species (Figure 7.4). Lower temperature peaks between 150-600ºC are also 

observed during reduction of all CZ promoted WO3 samples. These peaks are assigned to 

a combination of the aforementioned reduction of CeO2/ZrO2 for promoted WO3 along 

with reduction of WO3 to WO2.72 (Table 7-5). Following on from this initial peak, 

reduction of CZ promoted WO3 to form WO2 at ~750ºC (CZx.WO2(x-1)) for all samples 

shows no evidence of COx formation upon re-oxidation with H2O (not shown). In the 

reduction of unpromoted WO3, initial transition of WO3 to WO2.72 occurs at ~730ºC, as 

indicated by a small shoulder preceding the reduction of WO2.72 to WO2 beyond 750ºC 

(Figure 7.4, Table 7-5). CO output results reflect the results shown by H2O signal from 

reduction (Figure 7.5). CO2 production is minimal. 
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At 15 mol% CZ and 20 mol% CZ loading on WO3, it is observed that H2O production is 

not stabilised up to 250 min, with reduction taking place beyond 250 min (not shown).  It 

is surmised that the reduction peak arising beyond 200 min for 25 mol% CZ loading on 

WO3 may be a discrepancy, given that with increasing CZ addition, the time taken for 

reduction to go to completion increases accordingly. At a loading of 31 mol% CZ, hereby 

designated as 4CZ.9WO3, complete stabilisation of the outgoing gas signal is observed, 

indicative of stabilised formation of the intermediate WO2 phase. For all other samples, 

complete reduction by methane takes place to form W/WC. Stabilisation of the 

intermediate WO2 phase within 4CZ.9WO3 limits the need for further investigation of 

methane reduction at higher CZ loading, due to further decrease in oxygen storage 

capacity with increased addition of CZ. In the interest of maximising hydrogen 

production, minimal CZ loading on WO3 is sought. 

 

7.3.4 Post methane TPR analysis 

 

Post CH4 TPR analysis was limited to unpromoted WO3 and 4CZ.9WO3. It was assumed 

that for all other samples (WO3(0.9)CZ, WO3(0.85)CZ, WO3(0.8)CZ, WO3(0.75)CZ), 

final sample composition was comparable with unpromoted WO3 in terms of undergoing 

complete reduction. The sample of interest was primarily 4CZ.9WO3 due to its stabilised 

reduction and unique structure (Figure 7.1). XRD analysis of reduced, unpromoted WO3 

shows formation of a primarily WC phase with some W and a small amount of WC1-x 

(Figure 7.6). XRD analysis of the reduced state of 4CZ.9WO3 shows the structure is 

comprised primarily of WO2 (JCPDS 32-1393) with some WO2.72 present (JCPDS 05-

0392) (Figure 7.7). Separate peaks associated with Ce and Zr species were not observed, 

and there was no indication of any phase separation between the promoting species and 

WO3, with the structure retaining a predomoninantly WOx phase. The results show that 

reduction of 4CZ.9WO3 produces WO2 without reducing completely to form W, thereby 

preventing formation of WC and/or carbon through methane decomposition. Elimination 

of these products allows for production of clean hydrogen during re-oxidation with water 

by limiting potential formation of CO and/or CO2. Due to the sensitive nature of reduced 
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WO2 and Ce2O3, exposure to the atmosphere most likely results in some degree of 

oxidation, accounting for formation of some WO2.72.  

 

Both unpromoted and promoted WO3
 were reduced under the same conditions, as in CH4 

reduction above in Figure 7.4, with reduction continuing to the point at which the H2O 

signal stabilised and reduced to a minimum value, at which point it was assumed the 

reduction had gone to completion. According to Figure 7.4, the reduction times for both 

samples were not significantly different, however the XRD spectra of unpromoted WO3 

shows line broadening (Figure 7.6), consistent with smaller particles, as compared to 

post-reduction XRD of 4CZ.9WO3, which has sharper peaks indicative of larger 

crystallite size due to sintering (Figure 7.7). Particle fragmentation has been observed 

upon formation of WC by Medeiros et. al., resulting in smaller particle size as compared 

to the oxide precursor, whilst Madhav Reddy et. al. have reported the formation of 

amorphous WC upon reduction [12, 13]. 
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Figure 7.6 Post methane reduction XRD spectra of WO3 
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Figure 7.7 Post methane reduction XRD spectra of 4CZ.9WO3 

 

XPS analysis of fresh unpromoted WO3 and 4CZ.9WO3 shows minimal variation in the 

W4f W6+ doublet at binding energies of 35.81 eV (WO3) and 35.71 eV (4CZ.9WO3) 

respectively (Figure 7.8, Figure 7.9, Table 7-6). Based on literature values, this shift of 

0.1 eV is not considered to be of significance, with binding energy values for W4f peaks 

of WO3 ranging between 35.5-35.8 eV [14-16]. In the case of significant interaction 

between the promoting oxide species and WO3, it has been reported that peak broadening 

is observed due to greater dispersion of WO3 species, however, peak broadening is not 

observed in this case [17]. XPS analysis of peaks in the Ce3d region of 4CZ.9WO3 

(Table 7-6) produced minimal intensities, thus more detailed analysis and comparison of 

Ce3d species between CZ promoted WO3 and CeO2/ZrO2 alone was not possible. Table 

7-6 shows minimal variation in calculation of oxygen species (O1s) atomic percentage 

between unpromoted and promoted WO3, indicating that substitution of 31 mol% WO3 

with CZ still shows high OSC retention. Minimal Ce3d species are detected at the 

surface, perhaps resulting from Ce species present as very small particles or primarily 

within the bulk, which also renders them undetectable by XRD (Figure 7.1).  
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Table 7-6 Measured XPS peaks and corresponding binding energies  

Sample Element Binding Energy / eV [AT] / % 

WO3 O1s 532.9 2.37 

 O1s 531.68 6.24 

 O1s 530.72 50.56 

 W 4f 35.81 22.27 

4CZ.9WO3 O1s 533.51 1.73 

 O1s 532.1 7.36 

 O1s 530.69 47.80 

 W 4f 35.71 17.42 

 Ce 3d5 886.32 0.39 

 Ce 3d5 882.42 0.26 
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Figure 7.8 W 4f peaks from XPS spectra of fresh unpromoted WO3  
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Figure 7.9 W 4f peaks from XPS spectra of fresh 4CZ.9WO3  

 

Surface analysis of reduced 4CZ.9WO3 by XPS (Figure 7.10) shows W 4f peaks of W6+ 

doublet at a binding energy of 36.34 eV. W 4f doublets which emerge at 34.67 eV and 

33.51 eV can be assigned to W5+ and W4+ respectively (Table 7-7) [18, 19]. Surface 

oxidation occurs upon sample exposure to the atmosphere, thus it is difficult to gain an 

accurate sample composition from XPS, due to the surface analysis limitation of this 

technique. By quantification of the amount of W4+ and W5+ in the sample with respect to 

W6+, more precise determination of the exact oxidation state would be possible. 

Relatively large amounts of W4+ observed from XPS coupled with XRD data identifies 

the reduced state of 4CZ.9WO3 as comprised primarily of WO2. Comparison between 

reduced 4CZ.9WO3 and ‘as prepared’ 4CZ.9WO3 shows a decrease in the W6+ W4f 

atomic percentage due to its removal during reduction to form W4+ and W5+, and a slight 

increase in Ce3d species resulting from greater exposure of Ce species at the surface 

following reduction (Table 7-6, Table 7-7). Comparison between reduced 4CZ.9WO3 

and ‘as prepared’ 4CZ.9WO3 shows only a slight decrease in atomic percentage of 

oxygen species (O1s), however, this may result from unavoidable surface oxidation.  

W 4f doublet 
W6+ species 
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Table 7-7 Measured XPS peaks and corresponding binding energies post-redox 

Sample Element Binding Energy / eV [AT] / % 

4CZ.9WO3 Reduced State  O1s 532.80 5.19 

 O1s 531.30 45.06 

 W 4f 36.34 14.38 

 W 4f 34.67 3.41 

 W 4f 33.51 1.22 

 Ce 3d 886.46 0.60 

 Ce 3d 882.60 0.49 
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Figure 7.10 W 4f peaks from XPS spectra of reduced 4CZ.9WO3  

 

These results show partial reduction of 4CZ.9WO3 to 4CZ.9WO2 to be stable, as 

compared to lower loading of CZ on WO3. Complete reduction of unpromoted WO3 

forms WC, which is thermodynamically unfavourable for re-oxidation to form WO3 [2]. 

W 4f doublet 
W6+ species 

W 4f doublet 
W6+ species 

W 4f doublet 
W5+ species 
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Contamination of hydrogen production due to COx formation during H2O re-oxidation 

would also result.  

 

2 2WC H O W CO H+ → + +        7.1 

2 2 22 2WC H O W CO H+ → + +       7.2 

 

7.3.5 Thermogravimetric Analysis (TGA) 

 

To gain a better understanding of the reduction pathway and various intermediate 

oxidation states of unpromoted and CZ promoted WO3, thermogravimetric analysis 

(TGA) was used to determine the precise mass loss during sample reduction. Given the 

choice of 4CZ.9WO3 as the primary candidate for further investigation, TGA studies 

were limited to unpromoted WO3, 4CZ.9WO3 and CeO2/ZrO2 for comparison. 

 

Prior to reduction, samples were calcined in air at 500ºC for 1 hr. All samples showed 

some degree of mass loss during calcination, however, upon cooling back to room 

temperature, mass gain was observed. The initial sample mass was taken as the measured 

mass of the sample during the calcination step at 500ºC, as this mass loss was not 

attributed to sample reduction when H2 was introduced. This resulted in an initial mass 

greater than 100% prior to reduction by H2.  

 

As per H2 TPR studies on WO3, TGA confirms reduction in a four step process from 

WO3 � WO2.9 � WO2.72 � WO2 � W based on weight loss calculations, which is 

consistent with previous findings (Figure 7.11, Table 7-8) [10, 11]. The available OSC 

of CeO2/ZrO2 is shown to be much less than that of WO3, with approximately 2% total 

mass loss in CeO2/ZrO2, resulting from 2(CeO2/ZrO2) to Ce2O3/2ZrO2 reduction, as  

compared to 7.4% for reduction of WO3 to WO2 at 810-820ºC. 4CZ.9WO3 demonstrates 

similar OSC to unpromoted WO3 for the reduction of WO3 to WO2, with final OSC for 

complete reduction of WO3 greater than complete reduction of 4CZ.9WO3 (Table 6-4). 
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Reduction of CZ within 4CZ.9WO3 occurs alongside conversion of WO3 to WO2 at low 

temperature.  

 

The similarity between final mass loss for WO3 and 4CZ.9WO3 is unexpected, given that 

substitution of CZ into 4CZ.9WO3 should show a decrease in total OSC equivalent to 

approximately 81% of total OSC of WO3 compared to the 0.85% difference in final mass 

loss between the two samples. The more pronounced shoulder that appears at 810-820ºC 

for 4CZ.9WO3 and unpromoted WO3 demonstrates increased stabilisation of intermediate 

WO2 in 4CZ.9WO3 over a larger temperature range. Initial reduction of 4CZ.9WO3 from 

WO3 to WO2 shows a more pronounced effect from addition of CZ, with increased OSC, 

following which reduction of WO2 to W occurs at reasonably similar rates for both CZ 

promoted WO3 and unpromoted WO3 once the sample reaches 900ºC. 
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Figure 7.11 TGA of unpromoted WO3, 4CZ.9WO3 and CeO2/ZrO2 
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Table 7-8 Peak temperatures and assignments of unpromoted WO3 TGA 

 Oxidation State 

WO3 WO3 � WO2.9 WO2.9 � WO2.72 WO2.72 � WO2 WO2 � W 

Temperature / ºC 160 473 612 812 

 % Mass Remaining / % 

Stoichiometric 99.31 98.07 93.10 79.30 

Experimental 99.52 98.42 92.57 78.52 

 

Table 7-9 Peak temperatures and assignments of 4CZ.9WO3 TGA 

 Oxidation State 

4CZ.WO3 
WO3 � 

WO2.9 

WO2.9 � WO2.72 

2[CeO2/ZrO2]  � Ce2O3/ZrO2 

WO2.72 � 

WO2 
WO2 � W 

Temperature / ºC 150 387 644 817 

 % Mass Remaining / % 

Stoichiometric 99.46 97.90 94.03 83.27 

Experimental 99.52 97.75 92.50 79.33 

 

7.3.6 Theoretical Calculation of Potential Oxygen Storage Capacity (OSC)  

 

To quantify the hydrogen production potential of 4CZ.9WO3 redox compared to 

unpromoted WO3 and CZ addition at various loadings, a theoretical calculation method is 

employed. Table 7-10 shows calculations of the theoretical potential maximum hydrogen 

production from tungsten oxides and cerium oxides. Hydrogen production from oxidation 

of Ce2O3 to CeO2 yields only 65% of potential hydrogen compared to hydrogen 

production from oxidation of WO2 to WO3. With addition of ZrO2, hydrogen production 

from CeO2/ZrO2 is further halved to 32.5%. Based on these calculations, in the interest of 

maximising hydrogen production it is necessary to limit addition of CZ to the CZx.WO3(x-

1) system.  
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Table 7-10 Potential H2 production from H2O re-oxidation of various metal oxides 

H2 Production 

Eq. Reaction mol.H2/ 

mol.(sample)a 

mol.H2/ 

g.(sample)a 

L.H2/ 

kg.(sample)a 

7.3 2 3 23 3W H O WO H+ → +
 

3 12.9 x 10-3 287.9 

7.4
 2 2 22 2W H O WO H+ → +

 
2 8.63 x 10-3 192.0 

7.5
 2 2 3 2WO H O WO H+ → +  1 4.31 x 10-3 96.0 

7.6
 2 3 2 2 22Ce O H O CeO H+ → +  0.5 3.39 x 10-3 75.4 

7.7
 

2 3 2 2[ 2 ]Ce O ZrO H O− +

2 2 22[ ]CeO ZrO H→ − +  
0.25 1.69 x 10-3 37.7 

7.8
 

2 3 2 (0.1) 2(0.9) 2[ 2 ] .Ce O ZrO WO H O− +

2 2 (0.1) 3(0.9) 22[ ] .CeO ZrO WO H− +  
0.925 4.14 x 10-3 92.1 

7.9
 

OHWOZrOOCe 2)85.0(2)15.0(232 .]2[ +−

2)085(3)15.0(22 .][2 HWOZrOCeO +−  
0.888 4.06 x 10-3 90.3 

7.10
 

OHWOZrOOCe 2)8.0(2)2.0(232 .]2[ +−

2)8.0(3)2.0(22 .][2 HWOZrOCeO +−  
0.85 3.95 x 10-3 87.9 

7.11
 

OHWOZrOOCe 2)75.0(2)25.0(232 .]2[ +−

2)75.0(3)25.0(22 .][2 HWOZrOCeO +−
 

0.813 3.85 x 10-3 85.7 

7.12
 

2 3 2 2 22[ 2 ].9 11Ce O ZrO WO H O− +            

2 2 3 24[ ].9 11CeO ZrO WO H→ − +
 

0.769 3.73 x 10-3 83.0 

7.13
 

OHWOZrOOCe 2)65.0(2)35.0(232 .]2[ +−

2)65.0(3)35.0(22 .][2 HWOZrOCeO +−
 

0.738 3.64 x 10-3 81.1 

7.14
 

2 3 2 (0.5) 2(0.5) 2[ 2 ] .Ce O ZrO WO H O− +

2 2 (0.5) 3(0.5) 22[ ] .CeO ZrO WO H− +  
0.625 3.29 x 10-3 73.2 

a
 The sample referred to corresponds to all metal oxides incorporated within the system (W, Ce, Zr). In the case of CeO2-ZrO2 the 

sample referred to is both Ce and Zr. 
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Based upon these results, total hydrogen production from 2 3 23 3W H O WO H+ → +  

(287.9L/kg.W) is 3.5 times greater compared to 2 2 3 24 .9 4 .9CZ WO H O CZ WO H+ → +  

(83L/kg.[W + Ce + Zr]). Given the potential for clean hydrogen production using the 

latter resulting from incomplete reduction from WO3 to WO2, complete reduction of 

unpromoted or promoted WO3 is not feasible due to WC formation and subsequent COx 

contamination. Comparison between 2 2 3 2WO H O WO H+ → +  (96L/kg.W) and 

2 2 3 24 .9 4 .9CZ WO H O CZ WO H+ → +  (83L/kg.[W+Ce+Zr]) shows only a 13.5% 

decrease in total potential hydrogen production. The actual potential hydrogen production 

may be greater, as TGA results show possible increased OSC (Figure 7.11). In addition, 

the increased resistance to sintering from CZ in 4CZ.9WO3 allows for higher levels of 

hydrogen production to be maintained over numerous cycles, as compared to unpromoted 

WO3, which would sinter more readily, thus limiting potential hydrogen production.  

 

 

7.4 CH4-H2O redox cycling of 4CZ.9WO3 

 

7.4.1 Optimisation of 4CZ.9WO3 Redox Process 

 

Following selection of 4CZ.9WO3 as an optimal CZ loading on WO3, further studies 

were conducted to determine ideal experimental conditions at which the system was 

optimised. This study was conducted in two separate phases, reduction and re-oxidation. 

In the reduction phase, the reduction parameters were altered whilst the oxidation 

parameters were kept constant. Similarly, in the oxidation phase, reduction parameters 

were kept constant with alteration of the oxidation parameters between experiments. The 

experimental parameters of importance were defined as flow rate, reactant concentration 

and operating temperature for both phases of the process. The nature of the Steam-Metal 

Oxide Process is such that reduction is immediately followed by re-oxidation, thus it is 

desired to select an optimal temperature at which both reduction and re-oxidation are to 

be conducted, making the process more energy efficient.  
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Reduction of 4CZ.9WO3 was performed at different temperatures to assess the extent of 

reduction (Figure 7.12), and the effect of reduction temperature upon subsequent 

hydrogen production (Figure 7.13). Re-oxidation parameters were kept constant with 

isothermal re-oxidation at 750ºC via 19.8% H2O in Ar/He at 60mL/min. Reduction at 

650ºC is incomplete, as observed by low levels of product gases observed. Subsequent re-

oxidation of this sample produces minimal amounts of H2. At 750ºC, outgoing CO and 

H2O gases show small reduction peaks which are ongoing up to 100 minutes of residence 

time. The reaction shows production of H2 and CO2 are minimal. These results are 

indicative of a greater degree of reduction than at 650ºC and a final product consistent 

with WO2. Re-oxidation of this sample confirms this analysis, producing hydrogen in 

amounts close to the stoichiometric amounts of hydrogen expected for WO2 � WO3 re-

oxidation. At 850ºC, much more prominent peaks associated with product gases are 

observed, with an initial peak arising in the first 25 minutes of reduction, which is 

followed by generation of large amounts of CO, H2 and H2O. Once again the production 

of CO2 is considered minimal. This rapid reduction peak following approximately 25 

minutes at 850ºC results in formation of W metal and tungsten carbide. The initial peak is 

ascribed to a WO3 � WO2 transition, as per reduction at 750ºC. Re-oxidation by H2O 

shows greater than stoichiometric amount of hydrogen produced due to tungsten carbide 

oxidation producing both COx and H2.  

 

These findings demonstrate isothermal reduction at 750ºC to be the ideal temperature for 

stabilised reduction of 4CZ.9WO3 to form 4CZ.9WO2, allowing for clean hydrogen 

production upon re-oxidation with H2O. 



 CHAPTER 7  
 

 205 

0 50 100

Time / min

H
2,

 C
O

, C
O

2,
 H

2O
 P

ro
d

u
ct

io
n

 / 
(a

.u
.)

850ºC

750ºC

650ºC

H2

CO
CO2

H2O

   

Figure 7.12 Normalised H2, CO, CO2, H2O production from isothermal reduction of 

4CZ.9WO3 with 50% CH4 in Ar/He at various temperatures 
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Figure 7.13 Total hydrogen production from isothermal re-oxidation of 4CZ.9WO3 

reduced at various temperatures with 19.79% H2O in Ar/He 

19.8% H2O in Ar/He; 60mL/min 

750ºC 



 CHAPTER 7  
 

 206 

Figure 7.14 shows hydrogen production from isothermal re-oxidation of reduced 

4CZ.9WO3. Reduction parameters were kept constant with isothermal reduction at 750ºC 

via 50% CH4 in Ar/He at 60mL/min. Re-oxidation at 650ºC results in incomplete re-

oxidation of 4CZ.9WO3, and minimal hydrogen production. Increasing temperature to 

750ºC and 850ºC shows stoichiometric amounts of hydrogen production, with respect to 

re-oxidation of partially reduced 4CZ.9WO3. Higher temperature shows increased rate of 

re-oxidation. In the interest of maintaining reduction and re-oxidation at a constant 

temperature, 750ºC was selected, allowing for complete re-oxidation along with partial 

reduction of 4CZ.9WO3.  

 

The effect of flow rate and reactant concentration was determined by experimental design 

in which the chosen parameters were varied simultaneously with each reaction (Table 

7-11-Table 7-14). The experimental order was randomized to ensure that time was not a 

significant factor in the overall design and the results remained unbiased.  
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Figure 7.14 Total hydrogen production from isothermal re-oxidation of 4CZ.9WO3 

at various temperatures with 19.8% H2O in Ar/He 

19.8% H2O in Ar/He; 60mL/min 
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Table 7-11 Experimental conditions and randomised order for optimisation of 

methane reduction parameters 

  Methane Concentration / % CH4 

 750ºC 10 25 50 

30 1 2 3 

60 4 5 6 

F
lo

w
 R

at
e 

/ 

(m
L

/m
in

) 

120 7 8 9 

 

Table 7-12 Constant water oxidation experimental conditions during optimisation of 

methane reduction parameters 

Flow Rate / (mL/min) H2O Concentration / % H2O Reactor Temperature / ºC 

60 19.8 750 

 

Table 7-13 Experimental conditions and randomised order for optimisation of water 

oxidation parameters 

  H2O Concentration / % H2O  

(Water saturator temperature / ºC) 

 750ºC 19.8 (60ºC) 30.9 (70ºC) 46.8 (80ºC) 

30 5 9 1 

60 2 7 8 

F
lo

w
 R

at
e 

/ 

(m
L

/m
in

) 

120 3 4 6 

 

Table 7-14 Constant methane reduction experimental conditions during 

optimisation of water oxidation parameters 

Flow Rate / (mL/min) CH4 Concentration / % CH4 Temperature / ºC 

60 50 750 
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Reduction experiments show that increasing flow rate and methane concentration results 

in more rapid reduction (Figure 7.15). Low methane concentration (10%) results in 

incomplete reduction despite varying flow rate. Stabilised reduction of 4CZ.9WO3 is 

observed at 25% methane. Further increasing methane concentration to 50% results in 

more rapid reduction whilst still showing stabilised partial reduction of 4CZ.9WO3. The 

exception is 50% methane concentration at 120 mL/min which shows rapid and complete 

reduction, resulting in COx production from H2O re-oxidation. 
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Figure 7.15 Normalised H2O production from isothermal CH4 reduction of 

4CZ.9WO3 at 750ºC with: (A) 30mL/min; 10% CH4, (B) 30mL/min; 25% CH4, (C) 

30mL/min; 50% CH4, (D) 60mL/min; 10% CH4, (E) 60mL/min; 25% CH4, (F) 

60mL/min; 50% CH4, (G) 120mL/min; 10% CH4, (H) 120mL/min; 25% CH4, (I) 

120mL/min; 50% CH4 
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H2 production shows the extent of reduction coupled with varying reduction parameters 

(Table 7-15). At 10% methane concentration, sub-stoichiometric hydrogen production 

during H2O re-oxidation indicates incomplete reduction. Increasing methane 

concentration during reduction produces higher levels of hydrogen from re-oxidation due 

to more complete reduction. Time taken for reduction is proportional to both methane 

concentration and flow rate.   

 

Table 7-15 H2 production from 19.8% H2O re-oxidation of 4CZ.9WO3 at 750ºC, 

reduced by varying flow rate and CH4 concentration  

Reduction Parameters Re-oxidation 

CH4 Concentration / 
% CH4 

Flow Rate 
/ (mL/min) 

Time / 
min 

H2 Production / moles 

Stoichiometric 

H2 Production / 
moles 

Experimental 

10 30 187 3.3 x 10-4 

25 30 158 5.2 x 10-4 

50 30 147 7.0 x 10-4 

10 60 177 6.1 x 10-4 

25 60 113 7.3 x 10-4 

50 60 95 6.9 x 10-4 

10 120 122 7.5 x 10-4 

25 120 130 7.4 x 10-4 

50 120  63 

7.47 x 10-4 

a 9.4 x 10-4 

a Over-reduction of WO3 resulted in formation of WC, thereby producing greater than theoretical H2 

concentration upon re-oxidation due to CO & CO2 formation. 
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Variation of re-oxidation parameters shows minimal difference in total hydrogen 

production, with influence primarily upon the rate of re-oxidation (Table 7-16). The rate 

of re-oxidation is proportional to flow rate and H2O concentration (Figure 7.16). 

Stoichiometric hydrogen production is determined as the potential hydrogen production 

of 4CZ.9WO3 comprising, 2 2 3 2WO H O WO H+ → +  and 2 3 2 2 22Ce O H O CeO H+ → + . 

 

Selected experimental parameters for reduction were then chosen with 50% CH4 in Ar/He 

at a flow rate of 60mL/min, and reduction conducted isothermally at 750ºC. Re-oxidation 

experimental parameters were selected as 46.8% H2O in Ar/He (water saturator 

temperature of 80ºC) at a flow rate of 120mL/min, and an isothermal re-oxidation 

temperature of 750ºC.  

 

Table 7-16 H2 production from H2O re-oxidation of 4CZ.9WO3 at varying flow rate 

and H2O concentration at 750ºC  

H2O Concentration / 
% H2O 

Flow Rate 
/ (mL/min) 

H2 Production / moles 

Stoichiometric 

H2 Production / moles 

Experimental 

Time / 
min 

19.79 30 7.2 x 10-4 50 

30.87 30 7.2 x 10-4 30 

46.79 30 7.2 x 10-4 28 

19.79 60 7.8 x 10-4 45 

30.87 60 7.2 x 10-4 24 

46.79 60 7.2 x 10-4 20 

19.79 120 7.4 x 10-4 37 

30.87 120 7.1 x 10-4 24 

46.79 120 

7.47 x 10-4 

7.7 x 10-4 16 
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Figure 7.16 Rate of reaction vs. flow rate of H2O re-oxidation of 4CZ.9WO3 at 

750ºC 

 

7.4.2 Post-Redox Characterisation of 4CZ.9WO3 

 

There is an observed structural change in redox cycled 4CZ.9WO3 following the first 

cycle, with XRD analysis of post-redox samples showing a different structure of 

4CZ.9WO3 compared to the initial spectra (Figure 7.17). Most notably, the three most 

prominent tungsten peaks have been replaced by a single peak. The new spectra can be 

defined as WO2.9 or a sub-stoichiometric form of tungsten trioxide (JCPDS 05-0386). 

This is also evident by the colour change between fresh 4CZ.9WO3 and its cycled 

counterpart, from a green-yellow colour which corresponds to monoclinic WO3, to a 

predominantly blue colouring. Tungsten ‘blue’ oxide is a well known and well 

characterised form of tungsten oxide, corresponding to sub-stoichiometric tungsten 

trioxide, of which WO2.9 is one form [20, 21]. This is indicative of the inability of H2O to 

completely re-oxidise WO2 and form WO3, leading to a slight loss in total OSC.  
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Figure 7.17 XRD analysis of 4CZ.9WO3 following CH4-H2O redox, with fresh 

4CZ.9WO3 and unpromoted WO3 

 

XPS surface analysis of H2O re-oxidised 4CZ.9WO3 (Figure 7.18) shows W 4f peaks 

assigned to W6+ doublet at a binding energy of 36.26. The presence of sub-stoichiometric 

tungsten oxide in the form of W5+ is also detected at binding energy of 34.51. 

Quantification of relative amounts of W6+ compared to W5+ shows approximately 3.3% 

W5+ as a proportion of all W oxidation states present. 
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Figure 7.18 W 4f peaks from XPS spectra of re-oxidised 4CZ.9WO3  

 

Table 7-17 Measured XPS peaks and corresponding binding energies post-redox 

Sample Element Binding Energy / eV [AT] / % 

4CZ.9WO3 Re-oxidised State O1s 533.63 2.41 

 O1s 532.38 5.47 

 O1s 531.18 42.75 

 W 4f 36.26 14.55 

 W 4f 34.51 0.50 

 Ce 3d 886.69 0.31 

 Ce 3d 882.36 0.14 

 

Following CH4-H2O redox cycling of 4CZ.9WO3, oxygen was passed over the sample to 

achieve complete re-oxidation. XRD spectra of this oxidised sample shows a monoclinic 

WO3 phase comparable to the fresh sample, indicating that it is the oxidizing ability of 

H2O which affects complete re-oxidation (Figure 7.19). 

W 4f doublet 
W6+ species 

W4f doublet 
W5+ species 
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Figure 7.19 XRD analysis of O2 oxidation of 4CZ.9WO3 following CH4-H2O redox, 

with fresh 4CZ.9WO3 and unpromoted WO3 

 

7.4.3 Optimised CH4-H2O Redox Cycling of 4CZ.9WO3 

 

Following selection of optimal reduction and re-oxidation parameters, sample redox was 

repeated twenty times to determine cyclic stability and hydrogen production potential 

with multiple cycles (Table 7-18). Rate of reduction and total time taken for reduction to 

stabilise did not have an influence upon rate of re-oxidation or total hydrogen production. 

Total hydrogen production remained relatively consistent throughout the 20 cycles, with 

only 6% difference in H2 production potential between the first and last cycle, and an 

overall fluctuation of up to 18% in final H2 production over all cycles.  
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Table 7-18 H2 production from H2O re-oxidation of 4CZ.9WO3 (0.2g) over 20 cycles 

Reduction Re-oxidation 

Cycle 
Time / min 

H2 Production  

(x10-4) / moles 

Stoichiometric 

H2 Production 

(x10-4) / moles 
Experimental 

Time / min 

1 180 7.5 17.4 

2 127 6.14 23.1 

3 137 7.61 20.1 

4 129 7.29 18.8 

5 89 7.19 19.9 

6 87 6.8 19.5 

7 81 6.2 23.2 

8 89 7.12 19 

9 80 7.22 23.6 

10 87 7.26 20.6 

11 97 7 24 

12 97 6.2 20.5 

13 95 7.12 19 

14 100 7.23 19.4 

15 101 7.4 20.3 

16 103 6.91 20.3 

17 101 7.6 17.2 

18 96 7.25 17.5 

19 100 7.25 18.1 

20 95 

7.47  

7.16 15.7 

a Values determined following reduction by CH4, re-oxidation by H2O at 750ºC 
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The relatively low hydrogen production for a number of cycles may indicate that 

experimental hydrogen production is less than stoichiometric calculations. Given the 

formation of the final phase of 4CZ.9WO3 as a sub-stoichiometric tungsten oxide 

comprised of WO2.9 (Figure 7.17), it is likely that hydrogen production would be less 

than that of complete re-oxidation calculations predict for WO2 to WO3 re-oxidation. 

This would give a value of 6.80 x 10-4
 moles H2 production from re-oxidation of partially 

reduced 4CZ.9WO3. Therefore, it is presumed that the final tungsten oxide phase is a 

mixture of multiple oxidation states.  

 

Final surface area of samples cycled for various lengths is shown Table 7-19. Following 

operation for 20 cycles at 750ºC under constant redox, 4CZ.9WO3 retains relatively high 

surface area, which accounts for the high levels of hydrogen production throughout the 

20 cycles. In comparison, surface area of unpromoted tungsten oxide is measured at 19.1 

m2/g which is not significantly greater than 13.1 m2/g measured for 4CZ.9WO3 after 20 

redox cycles. CZ promoted Fe2O3 also shows reasonable surface area retention however, 

the higher melting point of tungsten oxide aids to maintain much higher relative surface 

area in comparison to Fe2O3, irregardless of CZ promotion. Unpromoted Fe2O3 shows 

surface area of <1 m2/g after only 3 redox cycles at much lower cycling temperature 

(550ºC) (Table 5-2, Table 5-10). 

 

Table 7-19 Measured surface area of samples post-redox 

Sample Number of Cycles BETSA
a / (m2/g) 

4CZ.9WO3 0 47.6 

4CZ.9WO3 1 40.0 

4CZ.9WO3 5 30.2 

4CZ.9WO3 10 23.3 

4CZ.9WO3 20 13.1 

  a Values determined following reduction by CH4, re-oxidation by H2O at 750ºC 
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Figure 7.20 Variation in H2 production and re-oxidation time from H2O re-

oxidation of 4CZ.9WO3 (0.2g) over 20 cycles 

 

Figure 7.20 shows hydrogen production and time of hydrogen production with minimal 

variation, as surface area decreases over twenty cycles (Table 7-19). Surface area 

remains independent of both hydrogen production and re-oxidation kinetics, as a 

progressive decrease in hydrogen production and increase in re-oxidation time would be 

expected from the first to last cycle due to sintering effects. Kodama et. al. show similar 

behaviour with CH4-H2O redox of ZrO2 promoted WO3 under similar experimental 

conditions [3], however this behaviour is only reported over five cycles, therefore it is 

difficult to establish whether a different trend might emerge upon further cycling. 

Subsequent surface areas are not reported which would give further insight toward 

surface area from the first and last cycles. Balducci et. al. report unusual behaviour of 

CeO2-ZrO2 solid solutions following numerous redox cycles, in which improved 

reduction behaviour is observed despite sintering effects [22]. In this case, availability of 

active sites is not considered to be a rate limiting step in the redox of 4CZ.WO3. 
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7.5 Conclusions 

 

1. Addition of CeO2/ZrO2 increases stability of WO3, giving higher surface area and 

a structure predominantly based upon monoclinic WO3. 

2. Precise loading of 31mol% CZ / 69 mol% WO3 (4CZ.9WO3) allows for 

stabilisation of WO3 to form WO2 when reduced by methane, as compared to 

unpromoted WO3, which forms WC. 

3. Optimal operating conditions for this process were found to be 50% CH4 at a flow 

rate of 60mL / min for reduction, and 46.8% H2O saturation in He/Ar at a flow 

rate of 120 mL / min for oxidation. Both reduction and oxidation were performed 

at a temperature of 750ºC. 

4. 4CZ.9WO3 shows no evidence of methane decomposition or tungsten carbide 

formation upon reduction, with re-oxidation producing comparable amount of 

clean hydrogen up to 20 cycles. 

 

Reduction of unpromoted WO3 by methane results in tungsten carbide formation upon 

complete reduction to W. This carbide formation proceeds by decomposition of methane 

over W. Hydrogen produced upon H2O re-oxidation of this species is subsequently 

contaminated by co-production of COx.  

 

Use of CeO2/ZrO2 as a promoter allows for stabilisation of partially reduced 4CZ.9WO3 

to form WO2, thereby limiting formation of W and enabling reproducible clean hydrogen 

production. Addition of CeO2/ZrO2 also aids to impede WO3 deactivation by maintaining 

higher surface area over time at high temperature. By limiting further reduction of WO2 

sintering is also prevented, which otherwise take would place by way of W metal 

nucleation.  
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8   KINETIC STUDY OF CERIA-ZIRCONIA PROMOTED        

TUNGSTEN OXIDE FOR THE STEAM-METAL PROCESS 

 

8.1 Introduction 

 

This kinetic study was designed to gain a better understanding of the influence of reaction 

conditions during the oxidation and reduction reactions on promoted tungsten oxide and 

to gain a greater understanding of the reaction mechanism and how it best fits with 

existing kinetic models. The kinetics of reduction and re-oxidation are taken into 

consideration, with each treated as an individual process.  

 

Literature pertaining to the kinetics of the reduction phase in the Steam-Iron Process is 

primarily focused on iron oxide reduction [1-4] and to some extent, on the kinetics of 

zinc oxide reduction [5, 6]. There is some discrepancy between proposed kinetic models 

for reduction of iron oxide but there is agreement that the kinetics of Fe2O3 to Fe3O4 

reduction differs from the kinetics of Fe3O4 to FeO/Fe reduction.  A limited amount of 

literature can be found pertaining to the reduction kinetics of promoted iron oxide [2, 7]. 

Due to the multi-step reduction mechanism of a number of metal oxides (Fe2O3, WO3) 

reduction kinetics are to be obtained via a non-isothermal TPR method. 

 

Knowledge of the kinetics of oxidation of reduced metal oxides by steam in the Steam-

Iron Process is fairly limited with discrepancy between various studies [8-10]. Oxidation 

kinetics can possibly be derived from Chemical Looping Combustion data, which is 

comparable to the Steam-Metal Process [11, 12]. Re-oxidation proceeds as a rapid single 

step process, with oxidation kinetics calculated by isothermal oxidation methods. 

  

This chapter investigates the kinetics of CeO2/ZrO2 promoted WO3 (4CZ.9WO3) during 

both reduction and re-oxidation. 
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8.2 Experimental 

 

8.2.1 Metal Oxide Preparation 

 

Ceria-zirconia promoted tungsten oxide samples and unpromoted tungsten oxide samples 

were prepared by the method of urea hydrolysis, as described in Chapter 4 

(Experimental Methodology). Ceria-zirconia was added to tungsten trioxide at a 

concentration of 31mol%, with the concentration of tungsten trioxide adjusted 

accordingly. This ceria-zirconia promoted tungsten oxide sample is hereby referred to as 

4CZ.9WO3. The ratio of CeO2 to ZrO2 was maintained at 1:1, with [CeO2-ZrO2] (hereby 

designated as CZ) equivalent to a single mole of CeO2 alone.  

 

8.2.2 Reduction Kinetics - Temperature Programmed Reduction (TPR) 

 

An outline of experimental apparatus used for TPR analysis can be found in Chapter 4 

(Experimental Methodology). Initially the sample was heated up to 150ºC under a flow of 

He and held until no further change in the outgoing H2O signal was observed. 

 

The following experimental conditions were employed: 

• Flow rate: 30mL/min 

• Incoming gas mixture: 5 vol%H2-95 vol% (1%Ar in He) 

• Catalyst loading: 0.05g 

• Temperature ramping rate: 150-1000ºC at 3, 4 and 5ºC/min 

• Reactor Pressure: 1 atm 

 

Both unpromoted WO3 and 4CZ.9WO3 were tested for comparison, using a particle size 

of 150 – 250 �m. Apparent activation energy was determined by variation of the ramping 

rate of TPR measurements.  
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With many metal oxides reducing through a series of oxidation phases before being 

completely reduced, it is necessary to determine the reduction mechanism for each of 

these phases. As a result, the kinetics of metal oxide reduction processes can be 

determined by thermo-analytical means such as temperature programmed reduction 

(TPR), which is an important characterisation technique for determining the reducibility 

of metal oxides [7, 13, 14]. The technique of TPR allows for the observation of various 

oxidation phases during the reduction of a given metal oxide. 

 

 The general kinetic rate equation applied to the reduction process is as follows: 

 

2 2( ) ( ) '( , )H H O

d
r k T f f P P

dt

α α= = ⋅ ⋅       8.1 

 

where � is the degree of conversion of oxygen within the metal oxide and k(T) is the 

temperature dependent rate co-efficient which can be expressed via the Arrhenius 

Equation. f(�) represents the dependence of reduction kinetics upon the degree of solid 

conversion, whilst f(PH2, PH2O) represents the dependence of reduction kinetics upon the 

concentrations of H2 and H2O in the gas phase. The term k(T) can be represented by the 

equation: 

 

( / )( ) aE RTk T A e −= ⋅         8.2 

 

where A is the pre-exponential factor, Ea is apparent activation energy and R is the ideal 

gas constant (8.314 Jmol-1K-1).  

For a constant heating rate, the term for temperature change can be expressed as: 

 

dT dtφ= ⋅          8.3 

 

where φ  is temperature ramping rate. Combining Equations 8.1 to 8.3 gives: 
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( / )
2 2( ) '( , )aE RT

H H O

d A
r e f f P P

dT

α α
φ

−= = ⋅ ⋅ ⋅      8.4 

 

Under differential conditions, the term 2 2'( , )H H Of P P  can be approximated as a constant 

[14], reducing Equation 8.4 to the form: 

 

( / )'
( )aE RTd A

r e f
dT

α α
φ

−= = ⋅ ⋅        8.5 

 

By integration of Equation 8.5, a theoretical TPR profile can be obtained and compared 

to experimental results to assign an appropriate kinetic model to individual reduction 

peaks.  

 

0

( / )

0

'
( )

( )
a

T E RT

T

d A
g e dT

f

α α α
α φ

−= = ⋅ ⋅� �      8.6 

 

Reduction models can be classified into three categories which include phase boundary 

controlled processes, diffusion controlled processes, and random nucleation (Table 8-1) 

[7, 13, 14]. The phase boundary controlled mechanism is also defined as the shrinking 

core model, with the chemical reaction process as the rate-determining step. In a 

diffusion-controlled process, the rate of reaction is controlled by the movement of 

reactant species to or a product from a reaction interface inside the material. Nucleation-

controlled processes proceed by internal reduction and removal of lattice oxygen atoms. 

When a critical concentration of vacancies is reached, rearrangement of the lattice takes 

place to eliminate these vacancies and form metal nuclei. Nuclei growth and expansion 

gives rise to an increase in the reduction process due to the increasing metal–metal oxide 

interface. When the sample-product interface decreases, so does the reduction process.  
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Table 8-1 Common controlling mechanisms for solid-state reactions [7, 13, 14]  

a The phase boundary controlled mechanism is also defined as the shrinking core model, with chemical reaction as the 

rate-determining step [14]. 

 

A method for calculating apparent activation energy from reduction data has been 

proposed by Kissinger [15], calculated by shifts in peak temperature, TMAX, with 

changing heating rate, φ . At the maximum of the TPR peak, the following equation can 

be applied: 

 

0
MAXT T

d d

dT dT

α

=

	 
� � =� �� �� � �
        8.7 

 

whereupon, combining Equation 8.5 with Equation 8.7 gives: 

 

( / )'
( ) 0

MAX

Ea RT

T T

d A
e f

dT
α

φ
−

=

	 
� �⋅ ⋅ =� �� �
� � �

      8.8 

 

forming: 

Model f(�) g(�) 

Unimolecular Decaya (1 )α−  ln(1 )α− −  

2D Phase Boundarya 1/ 2(1 )α−  1/ 22(1 (1 ) )α− −  

3D Phase Boundarya 1/3(1 )α−  1/33(1 (1 ) )α− −  

1D Nucleation Avrami-Erofeyev 1/ 22(1 )( ln(1 ))α α− − −  1/ 2( ln(1 ))α− −  

2D Nucleation Avrami-Erofeyev 2 /33(1 )( ln(1 ))α α− − −  1/ 3( ln(1 ))α− −  

3D Nucleation Avrami-Erofeyev 3/ 44(1 )( ln(1 ))α α− − −  1/ 4( ln(1 ))α− −  

One-Dimensional Diffusion 
1

2α
 

2α  

Two-Dimensional Diffusion ln(1 ) 1α− − −  (1 ) ln(1 )α α α− − +  

Three-Dimensional Diffusion 

(Jander) 

2 /3

1/3

3(1 )

2(1 (1 ) ))

α
α

−
− −

 1/3 2(1 (1 ) )α− −  
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2

( ) '
0a MAX

MAX MAX

E RTa

T T T TMAX

Ed df A
e

dT RT d

α α
α φ

−

= =

	 
� �� � � �+ ⋅ =� �� �� � � �
� � � � � �� � �

   8.9 

 

Equation 8.9 can be reduced to Equation 8.10 by way of the fact that 0
MAXT T

d

dT

α
=

� � ≠� �
� �

: 

 

( / )
2

( )

'
a MAX

MAX

E RTa

T TMAX

E df
e

A RT d

φ α
α

−

=

� �= − � �
� �

     8.10 

 

which further reduces to: 

 

2

( )
ln ln ln

'
MAX

a a

T TMAX MAX

E E df

T A R RT d

φ α
α =

� � −� � � �+ = + −� � � �� � � �� �� �
   8.11 

 

( )f α and 
MAXT Tα =  remain independent of heating rate, allowing for Equation 8.11 to be 

expressed as: 

 

2

'
ln lna

MAX MAX a

E A R
C

T RT E

φ � �� � −= + +� �� �
� � � �

      8.12 

 

By plotting 
2

ln
MAXT

φ� �
� �
� �

 vs. 
1

MAXT
 at various heating rates, an Arrhenius plot can be 

obtained, in which the slope of the curve is defined as aE

R

−� �
� �
� �

from which an apparent 

activation energy, Ea, can be calculated [14]. 
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8.2.3 Oxidation Kinetics 

 

An outline of experimental apparatus used for oxidation kinetics studies can be found in 

Chapter 4 (Experimental Methodology). Initially the sample was heated up to 150ºC 

under a flow of He and held until no further change in the outgoing H2O signal was 

observed. Reactor pressure was maintained at a constant 1 atm. 4CZ.9WO3 was tested at 

a particle size of 150 – 250 �m. Particle size less than 150 �m was also tested to 

determine the effect of particle size upon re-oxidation time. 

 

The reaction order with respect to H2O was obtained by varying flow rates at 30, 60 and 

120 mL/min, with the H2O concentration varied at 19.8 vol%, 30.9 vol% and 46.8 vol% 

in the gas mixture. H2O was introduced into the reactor by a flow of 1 vol% Ar in N2 

through a water saturator, with the temperature of the water saturator used to alter H2O 

concentration. The apparent activation energy was determined by varying oxidation 

temperature at 700, 750 and 800ºC whilst maintaining flow rate and incoming H2O 

concentration as constants. 

 

In all oxidation kinetics experiments, reduction was achieved using methane as the 

reductant between each oxidation cycle, as outlined in Table 8-2. The following 

experimental conditions were employed for all samples during oxidation studies: 

 

Table 8-2. Reaction conditions for redox analysis of promoted tungsten oxide 

(Redox cycling) 

Reductant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of reduction 

CH4 
50 vol% CH4 -               

13.3 vol% (1% Ar in He) - 
36.7 vol% He 

0.19 - 0.2 60 750ºC 

Oxidant Incoming gas mixture Metal Oxide 
Loading / g 

Flow Rate / 
mL/min 

Temperature 
of oxidation 

H2O 19.8-46.8 vol% H2O -         
80.2-53.2 vol% (1% Ar in N2) 

0.19 - 0.2 30 - 120 700-800ºC 
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8.3 Results and Discussion 

 

8.3.1 Reduction Kinetics 

 

The TPR of unpromoted WO3 (Figure 8.1) at various ramping rates was compared with 

that of 4CZ.9WO3 (Figure 8.2). TPR of unpromoted WO3 shows four distinct peaks, 

assigned to reduction steps following WO3 � WO2.9 � WO2.72 � WO2 � W. At lower 

ramping rate, the reduction profile of WO3 shows less separation between the second and 

third reduction peaks (WO2.9 � WO2.72 � WO2). With increasing ramping rate, the 

separation between the second and third reduction peaks becomes more prominent. In 

contrast, reduction of 4CZ.9WO3 shows only two major peaks consistent with direct 

WO3/WO2.9 � WO2 reduction, with no intermediate WO2.9 � WO2.72 � WO2 reduction, 

followed by WO2 � W. The initial peak in the 4CZ.9WO3 reduction profile is not easily 

resolved, and is observed as a broad shoulder which may be defined as a combination of 

both WO3 � WO2.9 with 2(CeO2/ZrO2) to Ce2O3/2ZrO2 reduction. Both unpromoted 

WO3 and 4CZ.9WO3 show increasing peak temperature, TMAX, with increasing ramping 

rate. 

 

The choice of minimal increase in temperature ramping rate arises from the equation P = 

�S0/FC0, where � = Ramping rate (ºC/min), S0 = Amount of reducible species (mg), and 

F.C0 = Hydrogen flow rate (cm3.H2/min). Based upon this equation, it is desired to 

minimise the value of P [16]. With higher ramping rates, peak resolution is decreased due 

to rapid temperature increase overrunning peak temperatures, and in addition, peak 

distortion may arise. The shift in TMAX is sufficiently spaced and reproducible to give 

accurate results.  
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Figure 8.1 5% H2 TPR of unpromoted WO3 at various ramping rates, up to 1000ºC 
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Figure 8.2 5% H2 TPR of 4CZ.9WO3 at various ramping rates, up to 1000ºC 
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Plotting [ln(ramping rate) / TMAX
2] against TMAX

-1 gives Arrhenius plots of reduction 

peaks for unpromoted WO3 (Figure 8.3) and 4CZ.9WO3 (Figure 8.4) with the slope of 

the line equating to aE

R
� �−� �
� �

, where R = 8.314 Jmol-1K-1. 

 

The fraction of total WO3 or 4CZ.9WO3 converted at each reduction peak is shown 

below (Table 8-3), as calculated via TGA (Figure 7.11, not shown). Apparent activation 

energies for oxidation states of unpromoted WO3 are calculated, giving activation 

energies for reduction of WO3, WO2.9, WO2.72 and WO2 as 74 ± 1* kJ/mol, 189 ± 4* 

kJ/mol, 90 ± 1* kJ/mol and 52 ± 1* kJ/mol respectively (Table 8-4). 4CZ.9WO3 shows 

an apparent activation energy for the reduction of WO3/WO2.9 � WO2, hereby assigned 

as peak 2 + 3, (142 ± 3* kJ/mol, Table 8-5), to be less than the activation energy of 

reduction of WO2.9 � WO2.72 (189 ± 4* kJ/mol), peak 2, and reduction of WO2.72 � 

WO2 (90 ± 1* kJ/mol), peak 3, for unpromoted WO3.  

 

Table 8-3 Peak assignments of unpromoted WO3 and 4CZ.9WO3 TGA 

 Oxidation State 

WO3 WO3 � WO2.9 WO2.9 � WO2.72 WO2.72 � WO2 WO2 � W 

 % Mass Remaining / % 

Stoichiometric 99.31 98.07 93.10 79.30 

Experimental 99.52 98.42 92.57 78.52 

 Oxidation State 

4CZ.9WO3 WO3 � WO2.9 
WO2.9 � WO2.72 

CeO2/ZrO2  � ½CeO2/ZrO2 
WO2.72 � WO2 WO2 � W 

 % Mass Remaining / % 

Stoichiometric 99.46 97.90 94.03 83.27 

Experimental 99.52 97.75 92.50 79.33 
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Figure 8.3 Arrhenius plots for unpromoted WO3, with data obtained from Figure 

8.1 
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Figure 8.4 Arrhenius plots for 4CZ.9WO3, with data obtained from Figure 8.2 
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Table 8-4 Peak temperature, TMAX, at various ramping rates determined from 5% 

H2 TPR of unpromoted WO3 (Figure 8.1), with calculated apparent activation 

energies, Ea. 

Temperature, TMAX / K 
Ramping Rate / Ks-1 

3 4 5 

Apparent Activation 

Energy / (kJ/mol) 

Peak 1 

(WO3 � WO2.9) 
814.7 834.8 848.0 74 ± 1* 

Peak 2 

(WO2.9 � WO2.72) 
933.7 946.0 951.6 189 ± 4* 

Peak 3 

(WO2.72 � WO2) 
964.7 984.7 1003.3 90 ± 1* 

Peak 4 

(WO2 � W) 
1145.8 1195.6 1228.3 52 ± 1* 

 

Table 8-5 Peak temperature, TMAX, at various ramping rates determined from 5% 

H2 TPR of 4CZ.9WO3 (Figure 8.2), with calculated apparent activation energy, Ea.  

 Temperature, TMAX / K 

Ramping Rate / Ks-1 3 4 5 

Apparent Activation 

Energy / (kJ/mol) 

Peak 2 + 3 

(WO3/2.9 � WO2) 
975.6 986.5 1001.5 142 ± 3* 

Peak 4 

(WO2 � W) 
1160.8 1213.4 1246.7 51 ± 1* 

 

Based upon kinetic models from Table 8-1, theoretical TPR curves for 4CZ.9WO3 

reduction can be calculated by application of Equation 8.6, and fitted to experimental 

data to determine the kinetic model governing the reduction process. Experimental TPR 

profiles obtained at the lowest heating rate (3K/min) are preferable for comparison due to 

minimal instrumental peak broadening, and comparatively large sample size [17].  

 

Theoretical TPR curves obtained from various models show for peak 2 + 3 reduction 

(WO3/WO2.9 � WO2) of 4CZ.9WO3, the 1D Phase Boundary / Unimolecular Decay 

model best describes reduction behaviour (Figure 8.5, Table 8-6). This equates to a total 

fraction of 5.4% conversion of 4CZ.9WO3 
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Figure 8.5 Comparison between experimental and calculated H2 TPR curves based 

on various reduction mechanisms (Table 8-1) for peak 2 + 3 of 4CZ.9WO3, heating 

rate 3K/min 

 

Various models fit against experimental data for reduction of peak 4 of 4CZ.9WO3 (WO2 

� W) indicate that the 3D Phase Boundary model provides a reasonably suitable fit for 

this peak (Figure 8.6, Table 8-6). This equates to a total of 16.14% conversion of total 

4CZ.9WO3. 
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Figure 8.6 Comparison between experimental and calculated 5% H2 TPR curves 

based on reduction mechanisms (Table 8-1) for peak 4 of 4CZ.9WO3, heating rate 

3K/min.  
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Figure 8.7 Overall peak fitted 5% H2 TPR profile for 4CZ.9WO3 
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Table 8-6 Reduction mechanisms and pre-exponential factor, A, for individual 

reduction steps, determined from H2 TPR of 4CZ.9WO3 (Figure 8.2)  

 Reduction Mechanism A / s-1 

Peak 2 

(WO3/2.9 � WO2) 
Unimolecular Decay 2.07 x 106 

Peak 3 + 4 

(WO2 � W) 
3D Phase Boundary 7.84 

 

Peak fitting of kinetic models to TPR of unpromoted WO3 shows peak 1 to fit to a 1D 

Phase Boundary / Unimolecular Decay model, whilst peak 2 fits to the 3D Phase 

Boundary model (Figure 8.8, Table 8-7). At a ramping rate of 3K/min, peak 3 is unable 

to be resolved, and thus its reduction cannot be assigned. Peak 4 conforms to 3D Phase 

Boundary reduction kinetics.  
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Figure 8.8 Comparison between experimental and calculated 5% H2 TPR curves 

based on various reduction mechanisms (Table 8-1) for unpromoted WO3, heating 

rate 3K/min.  
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Table 8-7 Reduction mechanisms and pre-exponential factor, A, for individual 

reduction steps, determined from 5% H2 TPR of unpromoted WO3 (Figure 8.1)  

 Reduction Mechanism A / s-1 

Peak 1 

(WO3 � WO2.9) 
Unimolecular Decay 2108 

Peak 2 

(WO2.9 � WO2.72) 
3D Phase Boundary 1.71 x 109 

Peak 3 

(WO2.72 � WO2) 
-- -- 

Peak 4 

(WO2 � W) 
3D Phase Boundary 10.2 

 

Addition of CeO2/ZrO2 shows a largely similar reduction mechanism, with the exception 

of 3D Phase Boundary reduction of unpromoted WO3 in comparison to 1D Phase 

Boundary reduction of 4CZ.9WO3 for the reduction step of importance (WO3/WO2.9 � 

WO2). Reduction of WO2 � W remains the same in both samples conform to the 3D 

Phase Boundary mechanism. Comparison between the reduction of unpromoted and 

promoted WO3 shows the reduction of WO3 to WO2 is influenced with the inclusion of 

CeO2/ZrO2. However, the reduction mechanism remains the same as phase boundary or 

chemical reaction controlled reduction. The reduction kinetics of CeO2/ZrO2 in 

4CZ.9WO3 are unable to be calculated due to largely indiscernible peaks in the TPR 

profile.  

 

By this method, it is possible to determine an approximation of the governing kinetics for 

each stage of metal oxide reduction. Although this does not exclude the possibility of 

other kinetic processes controlling the reduction reaction, the strong correlation between 

theoretical and experimentally plotted data does give weight to its selection.  
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8.3.2 Oxidation Kinetics 

 

When determining the oxidation kinetics, it is first necessary to establish the controlling 

mechanism, allowing for a suitable rate equation to be derived [18]. Gas-solid reactions 

can be broadly classified into one of two models, those being the progressive conversion 

model and the unreacted core model. The former dictates that gas enters and reacts 

throughout the particle, progressively converting solid reactant. In the latter model, the 

incoming gas first reacts at the outer layer of the particle, before reacting inward toward 

the unreacted core following complete reaction of the outer layers. In this particular case, 

the oxidation of a metal oxide, the unreacted core model is known to be the closest 

approximation to oxidation behaviour.  

 

The three main resistances which govern the unreacted core model are gas phase 

diffusion, ash layer diffusion and chemical reaction controlled. In gas phase diffusion the 

reaction is limited by the diffusion of reacting gas through the gas film created at the 

surface of the solid reactant. Ash layer diffusion is controlled by the diffusion of reacting 

gas through the ash layer, which is the reacted and inert solid surrounding the unreacted 

core. Chemical reaction control is unaffected by the surrounding ash layer, thus the 

reaction rate is dependent upon the available surface area of the unreacted core as the 

reaction proceeds.  

 

The rate controlling step can be determined by dependence of reaction rate upon various 

factors including temperature, flow rate and reactant concentration. Diffusion controlled 

processes have a low dependence on temperature, whilst chemical reaction controlled 

processes are highly influenced by temperature change (Figure 8.9) [18]. Figure 8.10 

shows theoretical conversion of solid reactant with various rate controlling mechanisms. 

Comparison of experimental results (Figure 8.11) with theoretical plots is consistent with 

a chemical reaction controlling mechanism.  
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Figure 8.9 Dependence of reaction rate upon temperature at various flow rates and 

H2O partial pressures 
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Figure 8.10 Reaction progress with respect to time for various rate controlling 

processes [18]  
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Figure 8.11 Experimental reaction progress with respect to time 

 

Where X is defined as the amount of oxide converted, t is defined as time at a given 

conversion, and � is defined as time taken for complete conversion.  

 

The rate of reaction over different particle size can give an indication of the rate 

controlling mechanism. For diffusion controlled mechanism, time taken for complete 

conversion is given as 2t R∝  whilst for chemical reaction controlling, t R∝ . Particle 

size, x, was maintained at between 150 �m to 250 �m for all reactions, with an assumed 

average particle size of 200 �m. Experiments conducted using particles ground to less 

than 150 �m shows that time is approximately proportional to particle size, with reaction 

time for x < 150 �m approximately 76% of reaction time for 150 �m < x < 250 �m 

(Figure 8.12). 
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Figure 8.12 Effect of particle size upon time of reaction 

 

Establishing the reaction rate controlling mechanism as one of chemical reaction 

controlling allows for application of a general rate equation of the form: 

 

2
( ) [ ]a

H O

d
r k T P

dt

α= = ⋅        8.13 

 

where  

 

( / )( ) aE RTk T A e −= ⋅         8.14 

 

r is reaction rate, 	 is the fraction of metal (or metal oxide) converted, t is time, k is rate 

constant, T is reaction temperature, [PH2O] is the partial pressure of H2O, a is the reaction 

order in H2O, A is the pre-exponential factor, Ea is apparent activation energy and R is the 

ideal gas constant (8.314 Jmol-1K-1). 
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The reaction order in H2O can be determined by measuring the rate of reaction at 

different partial pressures of H2O. At constant partial pressure of H2O and varying 

temperature, reaction rates can be determined. Then by plotting ln[rH2], (rH2 being rate of 

H2 production) against ln[PH2O], the slope of aE

R
� �−� �
� �

 can be used to obtain the apparent 

activation energy, Ea. 

 

The effect of H2O partial pressure upon rate of reaction is shown in Table 8-8. Plotting 

ln(rH2) against ln(PH2O) gives a value for reaction order of H2O (Figure 8.13). Average 

values at various flow rates gives a reaction order of H2O of 0.75. A value for reaction 

rate constant k(T) can then be calculated using experimentally obtained data for reaction 

rate with respect to changing H2O partial pressure (Table 8-8): 

 

Table 8-8 Reaction rate of oxidation at varying H2O partial pressure and flow rate, 

with calculated reaction rate constants 

Flow Rate / 

(mL/min) 
PH2O / kPa 

Rate of Reaction /             

(x10-6 H2.mol/g.s) 

k(T) / 

(x 10-7 H2.mol/g.s.kPa) 

20.05 2.03 

31.27 2.80 30 

47.4 3.52 

3.07 

20.05 2.14 

31.27 3.44 60 

47.4 4.34 

2.46 

20.05 2.82 

31.27 4.05 120 

47.40 5.49 

2.10 
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Figure 8.13 Effect of H2O partial pressure upon rate of reaction  

 

The apparent activation energy was calculated by varying reaction temperature whilst 

keeping flow rate and H2O partial pressure constant. Activation energy data was obtained 

at two sets of conditions to determine the effect, if any, of varying flow rate and H2O 

partial pressure (Table 8-9). Arrhenius plots of ln(rH2) vs. 1/T shown in Figure 8.14 give 

value of apparent activation energy, Ea, of 109 ± 7+ kJ/mol.  

 
+: Standard error based upon one standard deviation. 
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Table 8-9 Experimental data of effect of reaction temperature upon rate of reaction 

Flow Rate / 

(mL/min) 
PH2O / kPa 

Temperature / 

K 

Rate of Reaction / 

(x10-6 H2.mol/g.s) 

Apparent Activation 

Energy / (kJ/mol) 

973 1.21 

1023 2.15 

1073 4.66 
60 20.05 

1123 7.50 

114 

973 3.39 

1023 5.99 

1073 12.16 
120 47.40 

1123 17.98 

104 

    109 ± 7+ 
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Figure 8.14 Arrhenius plots for the oxidation reaction of 4CZ.9WO3 at varying flow 

rate and H2O partial pressures 
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From the values of k(T) derived in Table 8-8, values for A, the pre-exponential constant, 

and its dependence upon flow rate can be calculated. These values were found to be 

0.109, 0.087 and 0.075 at flow rates of 120 mL/min, 60 mL/min and 30 mL/min 

respectively. By plotting these values against flow rate, the dependence of flow rate upon 

pre-exponential constant A can be determined, to give a rate equation (Figure 8.14): 

 

2 2

( 108750/8.314 ) 0.75[0.064 ( 0.00038)] [ ]T
H H Or F e P− ×= + × ⋅ ⋅    8.15 

 

where F is flow rate in mL/min. Equation 8.15 shows a good fit to experimental data, as 

shown in Figure 8.16. 

 

y = 0.00038x + 0.06369
R2 = 0.99842
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Figure 8.15 Dependence of the pre-exponential constant, A, upon flow rate 
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Figure 8.16 Theoretical reaction rate against predicted reaction rate for oxidation of 

4CZ.9WO3 

 

8.3.3 Comparison of Promoted Tungsten Oxide Reduction-Oxidation Kinetics 

 

Results show that the kinetics of both reduction and oxidation are controlled primarily by 

a chemical reaction mechanism (Figure 8.11, Figure 8.12). The rate of chemical reaction 

is directly proportional to, and highly dependent upon temperature. In the interest of 

limiting sintering and maximising metal oxide lifetime, it is desirable to minimise 

reaction temperature. Formation of WO2 from methane reduction of 4CZ.9WO3 is 

temperature dependent, with stability of WO2 compromised with reduction at higher 

temperature, resulting in formation of W and WC (Figure 7.12, Figure 7.13). 750ºC 

(1023K) has shown to be the optimal temperature for operating the overall process, 

giving compromise between stabilised reduction of 4CZ.9WO3 to form WO2, whilst 

maintaining a high rate of re-oxidation. 
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Based upon these results, a comparison between the W based Steam-Metal system and Fe 

based Steam-Iron system can be made. Reduction of Fe3O4 is governed by a nucleation 

controlling mechanism however, the reduction mechanism is found to be dependent upon 

particle size; as particle size increases the mechanism can shift to one of phase boundary 

controlled reduction [7, 17]. The nucleation based mechanism is initially governed by 

uniform internal reduction of the particle, whereupon removal of enough lattice oxygen 

atoms to achieve a critical concentration of vacancies shows acceleration in reaction rate 

due to lattice rearrangement to facilitate metal formation and eliminate vacancies. As 

reduction proceeds further, once a high degree of oxygen has been consumed and there is 

a greater proportion of metal product to initial metal oxide sample, the reaction 

decelerates due to limited vacancies to allow for further lattice rearrangement. 

Experimental results show a phase boundary controlled mechanism for reduction of WO3, 

with the reaction rate dependent upon the reaction itself between the sample and reactant, 

thus such factors as temperature and gas concentrations which control the reaction are 

rate dependent factors. In comparison, reaction rate dependence in the nucleation 

mechanism is based upon concentration of vacancies. Based on this, it is presumed that 

the activation energy for a nucleation based mechanism, in this case Fe3O4 reduction, 

should be lower than that of a phase boundary controlled mechanism, WO3 reduction.  

 

Oxidation of reduced FeOx to Fe3O4 has been determined to be diffusion based [9]. 

Diffusion based kinetics remain independent of temperature and gas concentration, and 

reaction rate is influenced by the rate at which the reactant can diffuse through the 

reacted layer or product at the surface to react at the unreacted core. This mechanism is 

expected to have high activation energy; as the metal oxide is oxidised, reaction rate 

decreases due to the requirement for H2O to penetrate the increasingly thick oxide layer. 

WO2 to WO3 oxidation for 4CZ.9WO3 is primarily chemical reaction based, similar to 

reduction.  

 

Activation energies for reduction of 4CZ.9WO3 by H2 (142 ± 3 kJ/mol) has a higher 

calculated activation energy than reduction of Fe3O4 by H2, with literature values for 
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activation energy ranging from 70-111 kJ/mol [7, 17], dependent upon experimental 

conditions. Reduction by H2 gives lower activation energies than would be expected for 

reduction by CH4, due to the greater reducing capability of H2. Activation energy of Fe to 

Fe3O4 oxidation (78 kJ/mol) [9] is higher than that of 4CZ.WO2 to 4CZ.9WO3 oxidation 

by water (109 ± 7 kJ/mol). Redox of Fe3O4 
 Fe shows lower activation energy 

compared to redox of 4CZ.WO3 
 4CZ.9WO2 irregardless of governing kinetics. 

Addition of CeO2/ZrO2 promoters to WO3 shows a decrease in activation energy from 

189 ± 4 kJ/mol for reduction of unpromoted WO3 to 142 ± 3 kJ/mol for CeO2/ZrO2 

promoted WO3. In contrast, a significant decrease in activation energy is not observed for 

reduction of unpromoted Fe3O4 (59-70 kJ/mol) compared to reduction of CeO2/ZrO2 

promoted Fe2O3 (78 ± 12 kJ/mol) [7]. It is difficult to discern promoter addition 

significantly alters activation energy or governing redox kinetic mechanism, which is 

highly dependent upon experimental conditions [1, 7, 9, 14], suffice to say promoter 

addition has demonstrated increased reducibility and oxidisability through experimental 

studies (Chapter 5, 7, 8).  

 

Despite lower activation energy of Fe3O4 reduction by hydrogen as compared to WO3 

reduction, WO3 shows better reducibility using methane as a reductant under the same 

conditions as methane reduction of Fe3O4 (Chapter 5 and 7). The ability to stabilise 

reduction of 4CZ.9WO3 for repeated formation of WO2 during methane reduction is a 

significant advantage over methane reduction of Fe3O4. Whilst H2 reduction of promoted 

Fe2O3 is able to be stabilised to some degree (Chapter 5.3.2.2 and 5.3.2.3), methane 

reduction shows reduction to Fe metal even with addition of promoters.  

 

The Fe3O4-Fe cycle has the capacity to produce up to 384 L.H2/kg of Fe3O4, however, 

due to the carbon formation from methane decomposition over Fe metal, a Fe3O4-FeO 

cycle may be used to limit carbon formation [19]. Further investigation will be necessary 

to determine more precise experimental conditions allowing for stabilised formation of 

FeO with methane as a reductant. Similarly, despite the high hydrogen production 

capacity of the WO3-W cycle (288 L.H2/kg of WO3) formation of WC is a problem. Both 
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the Fe3O4-FeO and WO3-WO2 cycles are capable of producing up to 96 L.H2/kg of their 

respective oxides. Addition of CeO2/ZrO2 to WO3 to form 4CZ.9WO3 shows slightly 

decreased hydrogen production at 83 L.H2/kg of 4CZ.9WO3 due to the lower oxygen 

storage capacity of 2[CeO2/ZrO2]-[Ce2O3/2ZrO2] redox, compared to WO3-WO2 redox. 
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8.4 Conclusions 

 

1. The kinetics for the reduction of 4CZ.9WO3 (WO3/WO2.9 � WO2) has shown the 

system to conform to a 1D phase boundary/unimolecular decay model. The 1D 

phase boundary/unimolecular decay model and 3D phase boundary model are 

assigned to reduction of WO3 � WO2.9  followed by reduction of WO2.9 � WO2 

respectively. 

 

2. The apparent activation energy for reduction of 4CZ.9WO3 (WO3/WO2.9 � WO2) 

was calculated at 142 ± 3* kJ/mol, which is less than the value of 189 ± 4* kJ/mol 

obtained for reduction of unpromoted WO3. 

 

3. The rate controlling step of the oxidation reaction for 4CZ.9WO3 was determined 

to be chemical reaction based. 

 

4. The apparent activation energy for the oxidation of 4CZ.9WO3 (WO2 � 

WO2.9/WO3) was calculated as 109 ± 7+ kJ/mol. 

 

5. The reaction rate expression for oxidation was derived as: 

 

2 2

( 108750/8.314 ) 0.75[0.064 ( 0.00038)] [ ]T
H H Or F e P− ×= + × ⋅ ⋅  

 

This is indicative of a high dependence of H2O partial pressure upon reaction rate and 

some dependence upon flow rate. The reaction is primarily chemical reaction controlled 

however, the slight dependence upon flow rate indicates there also exists some degree of 

mass transfer control. This derived expression gives a good fit between theoretical and 

experimentally obtained reaction rates. 
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9                                    CONCLUSIONS 

 

9.1 Conclusions 

 

Based on the Steam-Iron Process for clean hydrogen generation, a series of metal oxides 

were assessed and tested for their reactivity and potential hydrogen production capability 

under a range of conditions.  

 

Thermodynamic feasibility studies were performed over a selection of metal oxides for 

their reactivity in both methane reduction and water re-oxidation to produce clean 

hydrogen. The systems comprising Fe3O4/FeO/Fe, WO3/WO2/W and SnO2/SnO/Sn were 

identified as suitably active for further experimental analysis. Other metal oxides 

analysed were considered unsuitable for the Steam-Metal process due to low melting 

point and high cost (In2O3), low oxygen storage capacity (Nb2O5) and formation of metal 

carbide from carbon based reductants (MoO2). To improve redox reactivity, prevent 

metal oxide deactivation and achieve stabilisation of the intermediate metal oxide phase 

of the selected systems, use of promoters was employed. 

 

Addition of CeO2 and CeO2/ZrO2 promoters to Fe2O3 improved redox reactivity 

compared to unpromoted Fe2O3, along with increasing surface area retention and thereby 

limiting metal oxide deactivation. Stabilisation of FeO during repeated redox of 

CeO2/ZrO2 promoted Fe2O3 was observed with use of H2 as a reductant and H2O as an 

oxidant. Deactivation of Fe2O3 was attributed primarily to carbon formation when using 

both CO and CH4 as reductants. This resulted from complete reduction to form metallic 

Fe, over which methane decomposition and the Boudouard Reaction are catalysed.  

 

Addition of CeO2/ZrO2 to SnO2 retards sintering as well as improving reducibility. 

However, methane proved to be a poor reductant over unpromoted SnO2. Addition of 

CeO2/ZrO2 shows slightly improved reducibility of surface oxygen species, but does not 
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catalyse further reduction of bulk SnO2 oxygen species. It is clear that CeO2/ZrO2 

promoted SnO2 is not a good system for the Steam-Metal Process. 

 

Addition of CeO2/ZrO2 increases stability of WO3 with higher surface area retention 

observed over a number of cycles. Within this work a unique Ce2O3/ZrO2 promoted WO3 

structure was found at a composition of 31mol% [CeO2/ZrO2] / 69 mol% WO3. Using 

this compound, stabilised formation of WO2 (31 mol% [Ce2O3/ZrO2] / 69 mol% WO2) is 

observed using methane as a reductant. In comparison, reduction of unpromoted WO3 

forms WC. Optimal operating conditions for this process were found with a concentration 

of 50% CH4 in He/Ar at a flow rate of 60mL / min for reduction, and 47% H2O saturation 

in He/Ar at a flow rate of 120 mL / min for oxidation. Both reduction and oxidation were 

performed at a temperature of 750ºC. Redox was repeated over 20 cycles, each time 

showing stoichiometric levels of clean hydrogen production. 

 

A kinetic study of the 31 mol% [CeO2/ZrO2] / 69 mol% WO3 shows WO3/WO2.9 � WO2 

reduction conforms to a 1D phase boundary / unimolecular decay model. This is defined 

as a shrinking core type model based on the chemical reaction process as the rate 

determining step. WO3 also reduced via the same 1D phase boundary / unimolecular 

decay mechanism for reduction of WO3 � WO2.9, following which WO2.9 � WO2 

reduced via a 3D phase boundary mechanism. Both unpromoted and promoted WO3 

showed reduction behaviour consistent with the 3D phase boundary mechanism for the 

reduction of WO2 � W. The apparent activation energy for the reduction of 4CZ.9WO3 

(WO3/WO2.9 � WO2) was calculated at 142 ± 3* kJ/mol, which is less than the value of 

189 ± 4* kJ/mol obtained for reduction of unpromoted WO3 (WO2.9 � WO2). The rate 

controlling step of the oxidation reaction of 31 mol% [CeO2/ZrO2] / 69 mol% WO3 for 

WO2 � WO2.9/WO3 formation was also determined to be chemical reaction based. The 

apparent activation energy for oxidation was calculated as 109 ± 7 kJ/mol. The reaction 

rate expression for oxidation was derived as: 

 

2 2

( 108750/8.314 ) 0.75[0.064 ( 0.00038)] [ ]T
H H Or F e P− ×= + × ⋅ ⋅  
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This shows a high dependence of reaction rate upon H2O partial pressure and some 

dependence upon flow rate due to minimal mass transfer limitations. The derived 

expression gives a good fit between theoretical and experimentally obtained reaction 

rates. The rate controlling mechanism of the overall redox process is determined to be 

based primarily on chemical reaction kinetics, with reaction rate directly proportional to 

temperature. Formation of WO2 from methane reduction of 4CZ.9WO3 is temperature 

dependent, with reduction at 750ºC (1023K) shown to be the optimal temperature for 

operation of the overall process, giving compromise between high rate of re-oxidation 

and stabilised reduction of 4CZ.9WO3. 

 

In summary, 31mol% [CeO2/ZrO2] / 69 mol% WO3 exhibited stabilised reduction by 

methane, forming 31mol% [Ce2O3/ZrO2] / 69 mol% WO2. Re-oxidation by water yielded 

clean hydrogen, with no observed COx by products. Addition of CeO2/ZrO2 was observed 

to lower the activation energy of reduction, as compared to unpromoted WO3. Repeated 

redox over 20 cycles showed minimal loss in hydrogen production capacity with good 

surface area retention. 

 

From an industrial viewpoint, this process has a number of advantages over currently 

implemented hydrogen production technologies. There is currently no network available 

for hydrogen distribution and inherent risks involved with transporting hydrogen, both of 

which limit the widespread utilisation of hydrogen as an energy carrier. The Steam-Metal 

Process has significant potential to fill these gaps, with the ability to implement small to 

medium scale hydrogen production centres, creating the possibility for on-site and 

decentralised hydrogen production. The major limitation with use of iron oxide in this 

process from an industrial sense is its rapid deactivation due to sintering effects combined 

with carbon deposition from carbon based reductants. However, the advantages of using 

iron oxide have generated much interest in improving its functionality, with a wide range 

of literature seeking to address these issues through a variety of methods. The use of 

promoted tungsten oxide in this process has the possibility to eliminate such problems as 
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found with iron oxide, whilst generating a comparable amount of hydrogen (WO3 
 

WO2 ≡ Fe3O4 
 FeO). A major advantage of using tungsten oxide is the lack of carbon 

produced during the methane reduction process, as compared to methane reduction of 

iron oxide based samples, allowing for clean hydrogen production upon re-oxidation and 

mitigating the need for further hydrogen purification. The high level of hydrogen 

production observed over numerous cycles despite decreasing surface area shows 

minimal deactivation of tungsten oxide. Implementation of a fluidized bed system may 

improve the performance of this process, particularly from an industrial sense, as is 

addressed in recommendations for future work below. 
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9.2 Recommendations 

 

Use of iron oxide in the Steam-Metal Process is desirable, for its high oxygen storage 

capacity, relatively low temperature of reduction and re-oxidation, and the fact it is cheap 

and widely available. Recommendations for further investigation of iron oxide (1, 2 and 3 

below) based on the results of this thesis include: 

 

1. Optimisation of the ratio of CeO2/ZrO2 promoter addition to Fe2O3 to determine 

possible promoter addition concentration and/or ideal reaction conditions at which 

methane reduction forms stabilised FeO. Based upon experimental work with H2 

reduction of CeO2/ZrO2 promoted Fe2O3 (Chapter 5.3.2), it is possible to 

stabilise reduction of Fe2O3 to some extent. Upon further investigation, more 

stringent reaction conditions may be found to achieve this same stabilisation with 

methane reduction. 

 

2. Introduction of precious metals such as Pt onto CeO2/ZrO2 promoted Fe2O3 to 

facilitate methane reduction without methane decomposition which forms carbon. 

Use of precious metals including Pt, Rh and Pd have shown to lower activation 

energy and accelerate redox reactions, along with facilitating syngas formation 

from methane in the reduction of metal oxides to mitigate carbon formation [1, 2].  

 

3. More detailed analysis of optimal reaction conditions including flow rate, reaction 

temperature and reactant concentration for redox of CeO2/ZrO2 promoted Fe2O3. 

Optimisation of reaction conditions for the redox of CeO2/ZrO2 promoted WO3 

(Chapter 7.4.1) showed the possibility for improved reaction kinetics and 

maximisation of hydrogen production. 

 

4. Study of SnO2 for CH4/H2O redox using other more active promoters such as Cr 

and Fe. Addition of Cr and Fe to SnO2 and sulfated SnO2 show extensive 

reduction by methane [3-5]. By achieving deeper reduction of SnO2 and promoted 
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SnO2, increased hydrogen production is possible upon re-oxidation of reduced 

SnO2 species.  

 

5. Consideration of a circulating system such as a fluidized bed in order to 

investigate possible commercialisation of the WO3 based system. The use of a 

fixed bed system as reported in this thesis has limitations associated with reaction 

gradients, especially regarding the exact nature of achieving stabilised partial 

reduction of the promoted WO3 system. Fluidized bed reactors have a number of 

advantages over fixed bed reactors and are predominantly utilised in numerous 

industrial processes. Due to the nature of its operation allowing for constant 

mixing, the utilisation of a fluidized bed reactor gives uniform particle mixing, 

uniform temperature gradient and the ability to operate the reaction process 

continuously, which is particularly advantageous in a continuous redox type 

process [6]. 
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APPENDIX I 

 

Calculation of Gas Concentration Conversions 

 

The following procedure was used to calculate the conversion of gas flow concentration 

as a function of the outgoing mass spectrometer ion current during all Steam-Iron/Metal 

Process testing. 

 

To convert ion current signal into a gas percentage, a conversion factor was first 

established using a bypass gas flow. The ion current for the selected gas of interest (H2, 

CH4, CO, CO2, H2O) was measured at a known gas concentration. A second reference 

gas (Ar) was also monitored in the gas stream to ensure any fluctuations observed in the 

gas signal were a function of gas consumption or production rather than random 

fluctuations in gas flow. The ratio of the ion current of reactant gas against the ion current 

of reference gas was equated to a specific gas concentration: 

 

%react

ref

Bypass Gas
x

Bypass Gas

⋅ ≡
⋅

 

 

Consequently this conversion factor was used to determine the change in the reactant gas 

with respect to the reference gas and obtain a value for changing gas concentration during 

the experiment: 

 

% / %react react

ref ref

Bypass Gas Experimental Gas
x y

Bypass Gas Experimental Gas

	 
� �⋅ ⋅× =� �� �� �⋅ ⋅� �� � �
 

 

This gas concentration value can then be converted into moles by application of the 

following formula: 
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% ( )

( )

y flowrate gas density
Moles gas

gas molecular mass

× × ⋅⋅ =
⋅ ⋅
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