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Abstract 

Dense ceramic membranes have been extensively studied for gas separation and as 

reaction supports for significant environmental processes. In the work presented in this thesis, 

yttrium/zirconia doped barium cerate (BaCe0.8Y0.2O3-δ- BCY20 and BaCe0.6Zr0.2Y0.2O3-δ- 

BCZY) powders were synthesised using the sol-gel method and were calcinated to remove 

impurities (e.g. carbonates) in both conventional and microwave sintering furnaces at 900-

1250OC, to understand the process and attempt to reduce the calcination temperature. Results 

from the calcination tests proved that the use of a microwave furnace can reduce the 

calcination time and temperature for BCY20, from 1200OC for 12h in a conventional furnace, 

to 1000OC for 1h, thereby saving time and energy. For BCZY, the using a microwave furnace 

does not make a difference to the calcination temperature, the addition of the high melting 

point ZrO2 could not be removed at temperatures below 1250OC. BCZY20 and 

BaCe0.6Zr0.2Y0.2O3-δ-Ce0.8Gd0.2O3-δ dense membranes, were produced in the laboratory at low 

temperatures (1150OC), with the addition of 1-2% ZnO sintering aid and microwave furnace, 

alongside the samples containing 2% ZnO displaying a 92% relative density when sintered at 

1150OC for 6h. The success of producing a dense membrane in the laboratory meant catalytic 

tests could be completed. BaCe0.6Zr0.2Y0.2O3-δ was selected as the membrane support for 

wireless Electrochemical Promotion for CO oxidation on Pt. In a dual-chamber reactor, the 

use of H2/H2O flow in the sweep side, induced promoting species supply, to the catalyst in the 

reaction side of the reactor. Moderate promotion of the catalytic rate up to 10%, was observed 

for temperatures up to 650OC, while this promotional effect was reversible and repeatable. 

The encouraging preliminary catalytic experiments together with the membrane’s stability 

under the applied conditions reinforce the candidacy of BCZY membranes for intermediate-

temperature applications in catalytic membrane reactors. Continuing with the success of the 

wireless EPOC of CO oxidation on Pt using BCZY support, BCZY:CGO hollow fibre hybrid 

membrane was applied to the dehydrogenative conversion of methane with in-situ continuous 

removal of hydrogen in a hollow fibre catalytic membrane reactor (HFCMR). This proved 
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successful at 775OC, in a counter current setup, the use of a membrane showed 50% increase 

of reaction rate compared to a regular packed bed reactor, injecting air into the sweep side of 

the system, to permeate into the reactor side and burn the poisoning carbonous product off to 

increase the reactions lifetime, albeit with a slight decrease in rate due to the production of 

CO and CO2.   
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 Background, Aim and Novelty of Research 

The study of this research focuses on the synthesis and application of dense ceramic 

materials as co-ionic membranes in the areas of electrochemical promotion of catalysis 

(EPOC) and the improvement of chemical reactions, which are thermodynamically limited. 

Ionically conducting membranes have been studied and applied to thermodynamically limited 

and EPOC reactions, albeit with the use of an external electronic circuit to enhance electron 

movement across the membrane. The overall idea of this project is to identify an electro-

ceramic with desirable properties and produce a system, which is independent of an electronic 

circuit to alter the selected reactions. Eliminating the electronic circuit, will greatly simplify 

each system and allow for a more straightforward method to scale up to industry.  

With current crude oil resources not able to keep up with the world’s growing demand for 

fuels, a new resource is required to ease the pressure off oil drilling and refining. The natural 

gas present in the earth is a resource, still to reach its full potential. Currently natural gas is 

either converted to syngas and transported, which is energy intensive and expensive due to the 

multistage industrial processes, or simply burnt, which contributes to the issue of CO2 

emissions.  

The nonoxidative conversion of methane (NOCM) to aromatics process is a way to allow 

natural gas to reach its full potential. This process is a direct conversion, therefore only one 

catalytic reactor is required, reducing capital cost. This process has two major drawbacks, the 

poor conversion of methane to aromatics from thermodynamic limitations and the catalyst 

coking which poisons the catalyst [1]. Application of a catalytic membrane reactor (CMR) can 

be used to overcome both issues. CMRs have been studied in a range of energy related 

applications [2–4] and have shown increase in product yield, higher purity products and 

reactor efficiency [5]. Ceramic membranes will allow for hydrogen product to be separated, 

shifting equilibrium to favour products therefore increasing yield, and for oxygen to diffuse 

in the opposite direction across the membrane, to burn coke off the catalyst. A membrane 

which displays ambipolar diffusion is necessary to carry this out. Ambipolar diffusion is a 
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phenomenon where positively and negatively charged species, for example protons, oxide ions 

and electrons diffuse simultaneously through a ceramic perovskite [6]. 

Ceramic protonic conducting membranes have been in development since Iwahara et al. in 

1981 discovered some ceramic materials (strontium cerate) can conduct protons when exposed 

to a high temperature and hydrogen environment [7]. From these various ceramics, such as 

doped barium cerates, lanthanum tungstates have been developed and used in electrochemical 

processes, hence are ideal for what we want to achieve. Co-ionic membranes form a branch 

of ceramic membranes, which can simultaneously allow the movement of protons, oxide ions 

and electrons (ambipolar diffusion) to move across. The conversion of methane to higher 

hydrocarbons over zeolite catalysts is an example of a reaction which is thermodynamically 

limited, where the use of a membrane increases the reaction yield.   

Before catalytic experiments could take place, a method of producing dense ceramic 

membranes is required, these materials require sintering at extreme conditions for production 

(approximately 1700-2000OC for 1 day), a new method was necessary as the access to a 

furnace which operates at these temperatures was not possible. Therefore using a combination 

of metal oxide sintering aid [8,9] and a heating mechanism can be used in order to produce, 

fully dense ceramic membranes to use in catalytic reactions. Reducing the operating 

temperature and dwell time of ceramics also has mechanical and chemical advantages; higher 

mechanical strength due to smaller grain growth at lower temperature, higher chemical 

stability and performance due to no component vaporisation at the lower temperature [10,11], 

as well as the obvious economic advantages. The addition of a metal oxide sintering aid can 

affect the ceramic’s ability to conduct ions, therefore using the membrane in the 

electrochemical promotion of catalyst in an experiment is a suitable method to test the 

membranes’ ability to conduct ions and operate in a catalytic reaction.   

Ionic conducting ceramic membranes have extensively been used for electrochemical 

promotion of catalysis (EPOC) in the past [12]. EPOC, also known as non-faradaic 

electrochemical modification of catalytic activity (NEMCA) alters the performance of a 
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catalyst by ionic promoting species supplied via an ionic conducting support [13]. When 

compared to classical chemical promotion, i.e. where promoting ions are added ex-situ, the 

promotional effect is similar, EPOC supplies the promoting species in-situ and is reversible 

[14]. Whilst EPOC has been extensively observed, the study of using a proton conducting 

species is limited, due to the low effect of EPOC at optimal protonic conduction range 

(≥550OC) and chemical stability in CO2 environments. To test our ceramic membranes, the 

electrochemical promotion of catalysis effect was applied to the oxidation of CO to CO2 

reaction. Where the research differs is in the use of a wireless system (i.e., no use of an external 

current to start the flow of electrons and cause ions to diffuse). Use of a wireless system is 

more straightforward and means the system can be scaled up easier, therefore the ability of 

the membrane to operate in a wireless system is of great importance. To keep the work relevant 

to non-oxidative conversion of methane, the EPOC reaction will be tested from 550OC 

upwards, due to the NOCM reaction operating at ≤700OC, the performance of the EPOC 

reaction is not in the interest of this study, if there is a change observed in the reaction this 

will indicate that the ceramic membrane can transport ions in a wireless setup and suitable for 

the NOMC reaction. 

 Thesis Outline 

This thesis has been split into seven chapters, with references in each chapter at the end 

of the respective chapter. Chapter 1 includes this introduction and outline of the research to 

describe the goals and reasons for the project. Chapter 2 gives a detailed literature review of 

previous work related to the project and where we can differ. Chapter 3 outlines the different 

experimental techniques and equipment used in the project, mainly being characterisation of 

materials and created compounds, these were similar for most of the work, hence a 

comprehensive separate chapter was written for the convenience of the reader. Specific 

experimental procedures related to each of the experiments conducted are given in Chapter 4-

6 where the experimental work conducted for this research is discussed. These chapters were 



 

 

5 

 

split into 5 sections: introduction, materials, and methods (individual for each chapter), results, 

conclusion and references.  

 Chapter 4 discusses the synthesis, calcination of yttrium and zirconia doped barium cerates 

(BCZY) powders and sintering of BCZY pellet membranes and hybrid membranes consisting 

of BCZY and gadolinium doped ceria (CGO) with and without the use of a metal oxide 

sintering aid (ZnO). Chapter 5 consists of experimental work conducted with the membranes 

produced in chapter 4, applied to the electrochemical promotion of catalysis (EPOC) of the 

reaction oxidation of CO to CO2 using a wireless chemical reactor setup. Chapter 6 addresses 

the main topic of this thesis, application of a hollow fibre catalytic membrane reactor (HFCMR 

or CMR) to the non-oxidative conversion of methane to higher hydrocarbons, where the 

membrane is used to remove a species in the reaction to increase the hydrocarbon yield by 

shifting equilibrium to favour the product side. Chapter 7 summarises all the key findings in 

the work done in chapters 4-6 and gives suggestions for the future work. 
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 Introduction  

This chapter discusses the relevant literature and fundamental theory behind the work 

conducted within this thesis. The review gives an introduction and background to ceramic 

membranes, the different types of membranes and their capabilities, and finally their 

applications. The review shows why the ceramic membranes used in this thesis were used, 

their advantages over others and their suitability to this project. This is followed by the 

methodology and equipment of producing these ceramic membranes for suitable use in further 

experiments. The theory behind electrochemical promotion of catalysis (EPOC) mechanism 

and previous related work is discussed in detail, and how the reaction is promoted by a ceramic 

membrane. A review of literature and background of the reaction non-oxidative conversion of 

methane (NOMC) to higher hydrocarbons and the catalysts used for this reaction, the review 

then discusses the use of catalytic membrane reactors (CMR) and finally the application of a 

CMR to the non-oxidative conversion of methane reaction). 

 Ceramic Membranes 

Ceramic membranes are artificial membranes made from inorganic materials such as; 

titania, zirconia, silicon carbide for example. Membranes are used in highly selective 

separation with low energy consumption compared to regular separation processes like 

distillation and flash separation. With no chemicals needed, as in the solvent extraction 

processes, the permeate and retentate can both be used. Waste water treatment is a large area 

where membrane technology has made an impact, ultrafiltration has made it possible to 

removed particles and macromolecules therefore disinfecting the water [15]. This process 

technology has also become used in medication applications; ultrafiltration is used for blood 

dialysis (dialysis is the cleaning of blood used because of kidney failure).  

Ceramic membranes differ from the regularly used metallic membranes and organic 

membranes such as polymer membranes in numerous ways. Inorganic membranes such as 

metallic and ceramic membranes were developed for use in applications where high acid or 
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alkaline feed solutions and high operational temperatures were present and polymer based 

membranes could not be used [16]. Due to ceramic membranes, excellent thermal stability 

they are being used increasingly in high temperature chemical reactions, where membrane 

separation with a catalyst can be used as an all-in-one system. These systems can shift 

equilibrium to favour products by separating the products therefore increasing yield [3].   

Ceramic membranes can be split into four categories each with a different separation 

mechanism, macroporous (sieving), mesoporous (Knudsen diffusion), microporous 

(micropore diffusion) and dense (diffusion) [17], this thesis concentrates on the dense ceramic 

membrane category.  

Dense ceramics can transport ions and/or protons and electrons through their structure, within 

a large temperature range (600-1000OC), ionic conduction occurs due to point defects in the 

crystal lattice structure. Some ceramics are known as ionic conducting and mixed ionic 

electronic conducting ceramics. 

 Ionic Conducting Ceramics 

Ionic conducting ceramic membrane materials, can conduct ions through their crystal 

lattice at certain temperatures ranges (depending on the material) but are most commonly 

oxide conductors [18] and  have been extensively studied due to their large variety of potential 

applications, such as solid oxide fuel cells, sensors, gas separators and steam electrolysers 

[19–22].  

Ionic conduction occurs due to defects created in the perovskite lattice. These defects occur 

by either the ‘Frenkel defect’ or ‘Schottky defect’. Frenkel is where a cation in the lattice, 

leaves its normal lattice site and occupies an interstitial site (a usually unoccupied site) [23], 

this leaves a vacancy in the lattice in which an ion can move into, this mechanism occurs in 

compounds with low coordination numbers (number of nearest neighbours in a packed 

structure) and where the anions are much larger than the cations. Schottky defect is where an 

equal number of cations and anions are missing from the lattice sites and these empty sites are  
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vacancies [24–26]. 

 Example of an ionic conducting material is yttria stabilised zirconia, (ZrO2)1– x(Y2O3)x (known 

as YSZ), this material can conduct oxygen ions in the temperature range (depending on 

thickness) of 300-700OC. These conventional ionic conducting membranes require the use of 

an external circuit to allow electrons to migrate, as well as the corresponding ion charge, which 

is a more complex setup with difficulties when scaling up to industry level. Ionic conductivity 

is not limited to oxide ions, work conducted as discovered that some of materials can conduct 

H+, K+, Na+, Cu+, Ag+, Li+ and F- ions [27]. Typical examples of ionic conducting membranes 

(oxide conducting) are Ce1-xGdxO3-δ, LSGM- La0.9Sr0.1Ga0.8Mg0.2O2, LAMOX- La2Mo2O9,64, 

and Si-apatite- La10(SiO4)6O3 [12]. Typical proton conducting ceramics are BCY- BaCe1-

xYxO3-δ, BaCe1-xNdxO3-δ, SCYb- SrCe1-xYbxO3-δ, SZY- SrZr1-xYxO3- δ, and BZY- BaZr1-xYxO3-

δ.  

A special type of ionic conducting ceramics are the mixed ionic electronic conducting 

ceramics. These materials can conduct multiple species, protons, oxide ions and electrons 

through the perovskite structure.   

 

Figure 2.1 Diagrams of Schottky and Frenkel ion migration [24] 
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 Mixed Conducting Ceramic Membranes 

Mixed electronic and ionic conducting membranes are novel materials, where 

conventional ionic conductors require an external circuit to transfer electrons and in turn drive 

the ionic migration, these materials exhibit electronic conductivity and therefore electrons 

transfer through their bulk, as the material acts as an internal circuit. In the case of oxygen 

permeation through a dense mixed conducting membrane, oxygen permeates from the high 

concentration side by chemical potential difference to the low concentration side and the 

overall charge neutrality is maintained by the movement of electrons in the opposite direction. 

For proton conduction, the same mechanism occurs with the exception that the electrons move 

in the same direction as the protons to keep the systems charge neutral. Figure 2.2 depicts the 

difference in ion migration between a mixed conductor and a conventional ionic conductor. 

 

Figure 2.2 different principles for oxygen permeable membranes, a) mixed ionic-electronic. b) solid 

electrolyte membrane [28] 

 

 

In the interests of this work there are two types of mixed ionic and electronic conductors: oxide 

ion/electron conducting ceramics and proton/electron conducting ceramics. The major focus 

of this research is the study of protonic and electronic conducting ceramic oxides. This branch 

of mixed conducting ceramics has not been as extensively researched as oxide/electron 
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conductors, although are gaining more interest due to their applications in catalytic membrane 

reactors and hydrogen production/separation. These dense mixed conducting ceramics are 

usually perovskite type metal oxides.  

 Perovskite Oxides 

As previously stated, the mixed conducting ceramics follow the general structural 

formula of ABO3-δ lattice, where A is a large cation, B is a smaller cation, and then oxygen 

atoms. The ideal perovskite structure has the large cation A in the centre surrounded by 12 

oxygen atoms (Figure 2.3). In most cases the A site is occupied by a 2+ charge alkali earth 

metal ion, most commonly these are; barium, lanthanum or strontium, the B site is occupied 

by a smaller 4+ charge transition metal ion such as cerium, cobalt or tungsten [29]. The 

structure of these oxides are the same but the different combinations all exhibit varying 

properties, for example SrCoO3 exhibits oxygen conduction, whereas SrCeO3 exhibits proton 

conduction [28].  

 

Figure 2.3 The perovskite general structure, A being the large 2+ cation, B the smaller 4+ transition 

metal cation, and the oxygen [30] 

 

The structure of the crystal perovskite oxide deviates from the ideal cubic shape due to 

variations in ionic radii of the cations and oxygen. The goldsmith tolerance factor, equation 

2.1, can show the distortion of the structure from ideal cubic. 

t =
(rA+rO)

√2(rB+rO )
   (2.1) 



 

 

12 

 

Where rA, rB and rO are the ionic radius of A, B and O respectively. The ideal cubic structure 

has a tolerance factor value of 1, smaller A cations or larger B cations, t<1. Lower t values 

occur when the A cation is too small [31], large deviation from the ideal cubic structure can 

decrease the material’s stability [32] and lower ionic conductivity since the oxygen sites will 

have varying energy levels and the protonic mobility activation energy will be higher [33]. 

Even with the high levels of symmetry these perfect perovskite ceramics do not exhibit high 

conductivity, consequently further alteration of the structure is required.  

The perovskite materials (e.g. BaCeO3) can be doped to alter and thereby tailor the properties 

of the material and overcome the low levels of conductivity in the perfect perovskite 

structures.  Doping of these materials consists of substituting the A or B site cation with a 

smaller ionic radii cation. Substitution of the A or B site cation as a direct effect on the species 

the material can conduct [34], substitution of the A cation has shown to increase the 

perovskites ability to conduct oxygen [35] and a general formula Ax-1BMxO3- δ, whereas 

substitution of the B cation increases the perovskites hydrogen permeability [7] and a general 

formula of AB x-1MxO3- δ, doping of the ceramic perovskites is further explained in the next 

section.   

 Mixed Protonic Electronic Conduction 

These materials are gaining further interest and increased research due to their broad 

range of applications, such as protonic ceramic fuel cells (PCFCs), hydrogen separating 

membranes, protonic ceramic membrane reactors [36]. Discovered by Iwahara et al. [2] with 

the perovskite-type oxide SrCe0.95Yb0.05O3-∂ when this material was exposed to high reducing 

environment (high hydrogen concentration) the membrane exhibited protonic transport.  Other 

example perovskite type ceramics used for protonic conduction are; metal doped barium 

cerates (yttrium and neodymium dopants), metal doped strontium cerates (ytterbium and 

thulium dopants) [37]. Previous work has shown that (dense) materials ability to conduct 

protons is dependent on the materials electronic conductivity, for this reason the electronic 

conductivity needs to be enhanced to increase protonic conduction [38], work by Song et al. 
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suggest that altering the dopant levels to enhance the electronic conductivity of 

SrCe0.95Eu0.05O3−δ membrane to improve the hydrogen permeability, enhancing the electronic 

conductivity will improve the hydrogen exchange properties on the membrane surface and in 

turn increase permeability [39]. 

Doping of materials with a 3+ charge transition metal will enhance the materials ionic 

conduction and increases the materials electronic conduction. Some ceramics show no 

protonic conductivity without doping [16]. For example, yttrium doping in barium cerate, 

causes an increase in the number of vacancies to occur in the perovskite structure and allow 

protonic transport. The vacancy on the oxide ion occurs due to partial substitution of trivalent 

cations for the B site tetravalent cations. In the case of yttrium doped barium cerate (the most 

prominent hydrogen conductor tested [2]), Y3+ substitutes for the Ce4+ in the BaCeO3 structure, 

creating δ=x/2 oxygen vacancies, this is depicted in the Kroger-Vink notation [40]: 

2𝐶𝑒𝐶𝑒
𝑥  + 𝑂𝑂

𝑥 + Y2O3 → 2𝑌𝐶𝑒
∙ + 𝑉𝑂

∙∙ + 2CeO2 (2.2) 

This substitution of ions creates a vacancy (VO
∙∙) of which protons can attach to and hop through 

the perovskite via the Grotthuss mechanism (Figure 2.4). 

 

Figure 2.4 Grotthuss proton transport mechanism [41] 

 

 

Grotthuss mechanism or the ‘proton hop’ mechanism where protons hop between the oxygen 

vacancies created by the substitution of the B site cation with a 3+ charge metal. The proton 
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attaches itself to the oxygen ion to create a hydroxyl ion (OH-) and then hops to a neighbouring 

oxygen vacancy through the perovskite [42]. In a dry atmosphere the following reaction takes 

place: 

Dry atmosphere:    H2 + 2Oo 
x → 2OHo

-  (2.3) 

Proton transport can occur in humid atmospheres, equation 2.3 shows process when a ceramic 

membrane is exposed to a wet atmosphere, water dissociates, and protons are absorbed. 

Hydroxyl ions join at oxygen vacancies forming protonic defects [37].   

Wet atmosphere:   H2O(g) +  Vo
∙∙ + Oo

x  ↔ 2OHo
− (2.4) [5] 

The rate of the protons moving through the pervoskite are dependent on activation energy of 

the proton hop [43]. For the fastest proton conduction, the materials activation energy starts at 

30kJ/mol-1 (Caesium hydrogen sulfate), for barium based perovskite oxides activation energy 

is approximately 50 kJ/mol-1 [42].  

In wet/dry oxidising conditions and elevated temperatures (600-800OC) some ceramics, such 

as doped yttrium barium cerates can conduct multiple types of ions. Oxygen can incorporate 

into the lattice by dissolution and occupation of the oxygen vacancies, which results in the 

formation of electron holes (h-): 

Oxidising atmosphere:      
1

2
O(g)+ Vo

∙∙ ↔ Oo
x + 2h

-
  (2.5) 

Electron holes (h-) conduction is a defect seen in semiconductors and elevated temperatures, 

where the increase of energy due to temperature causes an electron to be freed from the crystal 

lattice leaving a hole. The hole is not fixed in position and can move about the lattice. This 

free electron and hole have a high contribution to the electronic conductivity of the material 

[44]. At elevated temperatures and the ideal environment some ceramic perovskites have been 

observed to show electron hole conduction and protonic conduction, although a reduction in 

proton incorporation into the lattice is seen.   



 

 

15 

 

 Barium Cerates 

Discovered by Iwahara et al. yttrium doped barium cerate, BaCe1-xYxO3-δ (BCY) ceramics 

are high temperature proton conducting perovskite oxides [2]. Interest in these ceramics has 

increased in recent years due to their ability to conduct protons and electrons, and potential 

application in reactors for downstream gas processing.  Numerous different metal dopants, 

such as ytterbium, gadolinium, neodymium, [2,45–47] have been extensively studied to find 

the ideal dopant for barium cerate, showing at elevated temperatures (900oC) that Gd doped 

barium cerate with highest hydrogen conductivity, but at lower temperatures (500-600oC) Y 

doping shows high conductivity [48]. At the elevated temperatures oxygen incorporates into 

BCY crystal lattice hence oxide conduction occurs, albeit causing a reduction in proton 

conduction [19]. 

BCY can conduct protons, oxide ions, and electrons, under optimal conditions, hence are 

called mixed conducting perovskites [41], BCY are good choices for and membrane reactors. 

Yttrium doped barium cerates show different prominent conductive species at different 

temperatures and environments. In wet oxidising conditions at 500-6000C proton conductivity 

is prominent, with increasing the temperature oxide ion conduction becomes more prominent. 

In wet reducing conditions protonic conductivity is prevalent, with oxide and electron 

conductivity occurring above 700oC [7,49].  

BCY has a large potential to be used in systems due to its mixed conducting abilities, with one 

major drawback being its chemical stability in CO2 [50,51] and H2O [52] environments. In 

high concentration CO2 environments, the BaCeO3 phase the structure decomposes into 

BaCO3 and CeO2 as shown in equation 2.6: 

BaCeO3+ CO2  →  BaCO3 + CeO2    (2.6) 

This is a two-step reaction and follows the equations: 

BaCeO3  →  BaO3+ CeO2   (2.7) 
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BaO + CO2  →  BaCO3+ CeO2   (2.8) 

When exposed to H2O at low temperatures (≤100oC) BCY structure decomposes to barium 

hydroxide via the equation: 

BaCeO3+ H2O  →  Ba(OH)2 + CeO2   (2.9) [53] 

Decomposition in water vapour does not pose an issue during use of the material due to it 

occurring at low temperature, but decomposition will occur overtime (i.e. during storage) in 

humid environments [53]. Instability in CO2 occurs at ≥400oC, which is the operation range 

of BCY, making the CO2 stability is an important issue, experiments conducted by Hibino et 

al. shows the decomposition of BCY in 200-300ppm CO2 (regular atmospheric CO2 

concentration is 400ppm) to BaCO3 reduces the materials electrical conductivity and causes 

increase in electrical resistivity as a result of the formed carbonates [54]. 

Research has shown the factors that influence the decomposition of BCY, is the amount of 

metal dopant on the B-site cation has shown to influence BCY in numerous ways. High levels 

of dopant, (20% mole before becoming detrimental to the structure) has shown to increase 

BCYs conductive abilities [48], this high percentage comes at a cost, Figure 2.5 displays a 

hydration study by Kruth and Irvine [55] of BCY in humid atmosphere and showed that a 

higher mole percentage decomposes at high temperature therefore finding the stoichiometry 

balance is crucial for stability and conductivity.  

 

Figure 2.5 Hydration study of BaC1-xYxO3- δ at operational temperatures, in 3% H2O/Ar environment 
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There have been several studies in further doping of the B-site with other cations to increase 

the BCYs CO2 stability. After research conducted by Navrotsky et al. which the Goldschmidt 

tolerance factor and Ba-based perovskites heat of formation had a linear relationship [56], 

previous work carried out within Poulidi’s research group [57] came to the conclusion that the 

linear relationship implies a lower heat of formation corresponds to a more stable compound 

due to the formation of the perovskite being the opposite reaction of equation 2.7,  would 

suggest Zirconium for further doping of the B-site in BCY perovskite.  Addition of Zr was 

selected as it will reduce the heat of formation and create a stable compound, Zr will also shift 

the tolerance factor towards ideal, meaning further stability is achieved and ideal tolerance 

factor means for higher proton mobility. 

When BCY is also doped with zirconium the compound formed is BaCe1-x-yZrxYyO3-δ. 

Thermogravimetric analysis by Sawart et al. [58] of BCY with varying amounts of zirconium 

dopant, shows how zirconium reduces the decomposition of BCY in CO2 environments. 

Figure 2.6 depicts the TGA scan performed of varying zirconium doped BCY and the change 

in weight with temperature in a CO2 atmosphere, the scan clearly shows the improvement of 

stability with the addition of zirconium. 

 

Figure 2.6 TGA showing the effects of addition of zirconia doping on BCY in CO2 environment [58] 
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Addition of zirconium does not come without its own drawbacks. Barium zirconates come 

with a history of poor sintering properties and require very high temperatures to achieve a 

dense sample, this high temperature causes small grain size and large grain boundary areas, 

which induces high resistance therefore limiting the materials conductivity. BZY perovskites 

have vastly lower conductivity than BCY perovskites, therefore using as minimal amount of 

Zr as possible is necessary to provide high stability and not affect the conductivity of the 

perovskite. Investigation from Figure 2.6 shows 20% Zr doping is required to provide stability 

in CO2, work conducted by Barison et al. [59] has shown that 20% Zr also not as detrimental 

to the conductivity ability. Furthermore, research into sintering of this compound is required 

to obtain a dense sample at a lower temperature to improve the materials microstructure and 

grain boundary. 

 Dual Phase Ceramic Membranes 

As previously discussed BaCe1-x-yZrxYyO3-δ ceramic conductors have good conduction at 

500-800oC and high stability in CO2 and H2O rich environments [59], the additional doping 

of Zr improves stability however this produces reduced electronic conductivity which reduces 

ion and proton mobility. Therefore, a new material is necessary to maximise the potential of 

the ceramic perovskites. Hybrid membranes or dual phase ceramic membranes are promising 

new materials and have gained an interest in the ceramic conductor’s area, due to their high 

stability in working environments and high conductivity.     

Finding an additional phase requires research for compatible material to compliment the 

original ceramic perovskite. Traditionally metallic phases (Ni, Pd etc) are used as the new 

phase, as this in theory would increase the electrical conductivity and publications have shown 

this to be true, but these metal phases dramatically reduce the thermomechanical stability 

(change in materials properties with respect to temperature) [60]. To overcome this issue with 

metallic phases, ceramic phase with high stability can be used. Previous studies on oxide 

conducting dual phase ceramic membranes [61,62] have shown the combination of two 

ceramic phases, have increased stability in working environments and enhanced oxygen 
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permeation. Using two compatible ceramics for this hybrid material is necessary, materials 

with similar sintering temperatures and mixing materials which complement each other, i.e. 

one ceramic with high proton conductivity and the other ceramic with excellent electronic 

conductivity. 

Rosensteel et al. [60] successfully fabricated a dense, hybrid membrane of, Ce0.8Y0.2O3-δ-

BaCe0.4Zr0.4Y0.2O3-δ (CYO:BCZY) membrane, this membrane exhibited high hydrogen 

permeability although degrades over time, this is not suitable as reactions can last up to 12 

hours. Gadolinium doped ceria, Ce0.85Gd0.15O3-δ ceramic exhibits good electrical conduction 

[63] and excellent stability in CO2  as seen in Figure 2.7 CGO also offers the best compatibility 

to BCZY, research conducted Montaleone et al. [64] shows that CGO has the best 

compatibility to BCZY thermo-mechanically and chemically. 

 

Figure 2.7 TGA of BCZY, CGO (GDC) and various dual phase compositions in CO2 [65] 

 

 

Alongside excellent stability in working atmospheres (Figure 2.7) the work conducted by 

Rebollo et al. shows the dual phase BCZY:CGO membrane to have exceptional hydrogen 

permeation performance and electrical conductivity. Their publication compared and 

summarised their work and other prominent protonic and electronic conductions, Table 2.1 

shows that dual phase BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Gd0.2O3-δ in the 50-50 volume ratio to have 

the highest hydrogen flux with a value of 0.27 mL.min-1.cm-2, at 755OC, the table shows the 
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material Ni-Ba(Ce0.9Y0.1)O3–δ  to have the highest permeation but the material tested is 230µm 

thick,  it is well documented that a thinner membrane results in higher flux due to the 

conducting species having to travel a smaller distance [16], therefore with the Ni-

Ba(Ce0.9Y0.1)O3–δ being 1/3 the thickness of  BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Gd0.2O3-δ we can 

predict in a test that the latter of the material would show higher flux. Therefore, from Table 

2.1 we can observe that the ideal material to use is 50:50 ratio  

BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Gd0.2O3-δ. 
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Table 2.1 Comparison of membranes and their tested flux in the respective conditions. 
    

  Thickness (µm)  Temperature (oC) Flux  

(mL.min-1.cm-2) 

Conditions;  

a: feed gas, b: atmosphere 

Reference  

BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Gd0.2O3-δ 
   

a: Humidified 50% H2 in He b: Humidified Ar 

 

  

[65]  

50 : 50 650 755 0.27   

60 : 40 660 755 0.14   

BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Y0.15O3-δ 
   

[65]  

50 : 50 610 735 0.12   

60 : 40 651 745 0.12   

La5.5WO11.25−δ – La0.87Sr0.13CrO3−δ 50 : 50 vol. 370 700 0.15 a: Humidified 50% H2 in He, b: Humidified Ar [66]  

BaCe0.2Zr0.7Y0.1O3−δ – Sr0.95Ti0.9Nb0.1O3−δ50 : 50 vol. 1000 700 3.5 × 10−2 a: Dry and wet 9% H2 in He, b: Dry Ar [67]  

Nd5.5W1−xMoxO11.25−δ 900 1000 0.3 a: Humidified 80% H2 in He, b: Humidified Ar [68]  

BaCe0.95Nd0.05O3−δ 700 925 2.6 × 10−2 a: 80% H2, 15% H2O, 5% He, b: 98.3% Ar +1.7% Ne [69]  

SrCe0.95Tm0.05O3−δ 1600 750 2.7 × 10−2 a: 10% H2 in He, b: 20% O2 in Ar [70]  

BaZr0.80Y0.15Mn0.05O3−δ 900 1000 3.0 × 10−2 a: Humidified 50% H2 in He, b: Humidified Ar [71]  

Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3−δ 750 900 4.6 × 10−2 a: Humidified 20% H2, 60% CO2, 20% He, b: N2 [72]  

Ni-Ba(Ce0.9Y0.1)O3–δ 230 800 0.76 a: 100% H2, b: 100 ppm H2 in N2 [73]  

Ni-BaZr0.1Ce0.7Y0.2O3−α 750 900 0.15 a: 20% CO2, 40% H2, 3% H2O in He, b: 100 ppm H2 in 

N2 

[74]  

Ni-BaCe0.85Tb0.05 Zr0.1O3−δ 500 800 0.17 a: 50% H2 −50% He, b: Ar [75]  
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 Ceramic Hollow Fibre Membranes 

Membrane geometry is an important step into the utilisation of membranes in industrial 

processes. Hollow fibre membranes present an attractive alternative and step forward in 

membrane technology in comparison to planar membranes, mainly due to hollow fibres 

superior surface-to-volume ratio [76]. The high surface-to-volume ratio makes hollow fibres 

more attractive to commercial/industrial scale as it provides high packing density [77,78]. 

Ceramic hollow fibre membrane present high permeation rates due to their thin walls and high 

surface area, geometry flexibility (i.e. they can be manufactured to fit different areas) [79] and 

ease of scale up- hollow fibre can be manufactured to be long and therefore the end sealants 

can be placed outside of the high-temperature zone [80].  

 

Figure 2.8 Membrane geometry examples, a) planar membranes, b) tubular membranes (1,2,3) and 

hollow fibre (4) [81] 

 

 

Optimisation of membrane geometry is an effective way of improving membrane 

performance, without the time and expense of developing new materials. Numerous studies 

have been conducted demonstrating the superior permeation and conduction of hollow fibre 

membranes opposed to regular planar membranes, for a membrane to be considered for use in 

commercial applications a flux of ≥1mL.cm-2.min-1 is required [82], this permeation rate is 

rarely seen in planar ceramic membranes. Membrane permeation rate is inversely proportional 

to the membrane thickness, this is due to the bulk diffusion resistance [83,84], Hamakawa et 

al. demonstrates the superior H2 permeation of a hollow fibre membrane with a thickness of 

2μm compared to a 1mm disk (planar) membrane, their work showed 100 times greater H2 
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permeation rate for the hollow fibre [84]. Further work for the improvement of hydrogen 

permeation through ceramic membranes has been carried out with dual phase membranes. 

Hollow fibres have been fabricated and tested with various ceramics for mixed ionic and 

electronic conduction; all have shown promising results. Previous literature is dominated by 

oxygen permeating membranes; materials such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and 

La0.6Sr0.4Co0.2F0.8O3-δ (LSCF) have been reported to exhibit high oxygen permeation across 

their bulk areas in comparison to previous disk and tubular membranes. Liu et al.   

investigation, on BSCF hollow fibre ceramic membrane reported an oxygen permeation flux 

of 5.1mL.min-1cm-2
 at 950OC [49], in a previous study on a BSCF disk membrane exhibited 

an oxygen permeation flux of 1.4mL.min-1cm-2
 at 950OC [85], a vast increase in permeation 

based on a simple change in geometry. Investigations into LSCF ceramic membranes provide 

the same results as BCSF, Tan et al. obtained an oxygen permeation flux of  

5.49x10-7 mol.cm-2.s-1 (0.778mL.min-1.cm-2) at 900OC with a hollow fibre LSCF, in 

comparison to a tubular LSCF membrane oxygen flux of 1.57mol.cm-2.s-1  

(0.21mL.min-1.cm-2) [86].  

With the high oxygen permeation flux displayed by BSCF and LSCF hollow fibre membranes, 

makes them more suitable for use in catalytic membrane reactors. Due to their small diameters 

and thin walls, hollow fibres in comparison to tubular membranes (Figure 2.9 a)) are ideally 

suited for catalytic and industrial reactions when a large number of hollow fibres are grouped 

in a module (Figure 2.9 b)). BSCF and LSCF membranes are commonly used in air separation 

processes/oxygen production [86,87] and more recently oxidation reactions. Poulidi et al. used 

a LSCF hollow fibre to support the Pt catalyst in the ethylene oxidation reaction, here the 

LSCF was implemented in the electrochemical promotion of catalyst (EPOC) to enhance the 

catalytic rate and the in-situ regeneration of the catalyst [78], details of how EPOC can alter 

the reaction is described later in this literature review. 
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Hydrogen permeating (mixed protonic and electronic conducting) ceramic hollow fibre 

membranes have not been as extensively covered in literature as oxygen permeating, 

nonetheless these ceramics are still of high interest to research and for commercial purposes 

due to their hydrogen separation ability and the emergence of hydrogen as an alternative 

transportation fuel [90]. Literature has shown that ceramic mixed protonic and electronic 

conducting have been based on doped SrCeO3, BaCeO3 perovskites and have shown promise 

in disk membrane form, however as previously stated in this review, for commercial interest 

the hydrogen permeation needs to be ≥1mL.min-1.cm-2. Tan et al. prepared and performance 

tested dense BaCe0.95Tb0.05O3−δ hollow fibre membranes, the maximum hydrogen permeation 

flux measured was 0.59mL.min-1cm-2 at 1000OC, at more normal operating temperatures (700-

800OC) the flux measured was only 0.35mL.min-1cm-2 [91], again illustrating the higher 

performance of hollow fibres in comparison planar (disk) membranes [92]. As previously 

discussed in this review, yttrium doped barium cerate (BCY) perovskites are of high interest 

to this work. Publication by Tan et al. serves as good information into the performance of 

hollow fibre BCY membranes [93], in this work thin hollow fibre membranes are directly 

compared to 1mm thick disk membranes. Hollow fibre hydrogen permeation flux was 

measured to be 0.38mL.min-1cm-2 at 1050OC, although this drops to 0.055mL.min-1cm-2
 at 

800OC, again this is much higher than flux measured for 1mm thick disk membranes. It is 

important to note that these experiments were conducted with a single hollow fibre hence low 

 

Figure 2.9 a) diameter of hollow fibres and tubular membranes [88], b) hollow fibre membrane module [89] 

 

a) 

b) 
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permeation flux is observed, as one of hollow fibres main advantages is their small diameter 

means a large amount of hollow fibres can be grouped in a module and permeation can be 

more effective. BCZY:CGO dual phase exhibited a maximum flux of 2.4mL.min-1.cm-2 at 

1040OC, but at typical operating temperatures for nonoxidative conversion of methane (700-

800OC) this dropped to 0.27mL.min-1.cm-2 far below the 1mL.cm-2.min-1 to be considered for 

commercial applications. This dual phase ceramic membrane was fabricated into thin wall 

disks of 20μm thickness by Montelone et al. and improved hydrogen permeation flux to 

0.68mL.min-1.cm-2 at 750OC the highest permeation for an all ceramic membrane [94], this 

work demonstrates a thin walled membrane can further enhance the permeation of a species, 

a hollow fibre membrane not only consists of thin walls but also adds a high surface area 

meaning a larger area for permeation to take place. 

In catalytic reacting systems dense hollow fibre membrane acts as a natural chamber separator, 

therefore some species (hydrogen or oxygen) can selectively permeate across the membrane. 

A review of ceramic catalytic membrane reactors published by Zhang et al. [81] details the 

advantages, issues, and reaction applications of dense hollow fibre membranes to catalytic 

reactions, they classify the systems into three categories. Firstly, the membranes can act as a 

distributor for one of the reactants, for an oxygen conducting membrane, the oxygen dosage 

can be precisely controlled, lowering the risk of thermal runaway. In a system where an 

increased yield is observed with a lower oxygen partial pressure, a membrane reactor can be 

applied to this situation to control flow of oxygen into the reaction side. Examples of reactions 

that can take advantage of this benefit are, partial-oxidation of hydrocarbons [95], oxidative 

coupling of hydrocarbons [96] and oxidative dehydrogenation of hydrocarbons [97]. The 

second category described by G. Zhang et al. is the membrane removing selective species 

from a reaction. A membrane reactor can remove a species from the mixture not just for 

product separation but more importantly this shifts chemical equilibrium in a desired direction 

from the reaction side of the membrane. This benefits hydrogen production reactions [98] and 

the non-oxidative conversion of methane reaction [99,100]. The third category involves 
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coupling reactions, where the product of the first stage in a coupling reaction permeates across 

the membrane to become a reactant in the other reaction chamber. This thesis addresses the 

use of ceramic hollow fibre membrane in a catalytic reaction of nonoxidative conversion of 

methane to enhance the reaction by removing hydrogen by product to shift equilibrium and 

favour the product side, further details on this reaction are given later in this literature review.        

 Ceramic Membrane Synthesis 

The first step in producing ceramic membranes is formation of the ceramic powder. 

Synthesis can be done using several different methods; Solid state reactive (SSR), and the new 

method solid state reactive sintering (SSRS) is the most common method of ceramic 

membrane synthesis developed by  Haile et al. [101] in 2005 with further development 

conducted by Tong et al. [102,103]. It is a direct method where precursor powders are mixed, 

usually ball milled in ethanol, the resultant mixture is pressed and sintered, this method of 

synthesis has few steps and is the most cost-effective [102]. 

Sol-gel (solution-gelatinous) method involves converting a solution into a colloidal liquid 

(sol) and then into a solid (gel). This technique is used for synthesising chemically 

homogenous materials with complex stoichiometry (such as ceramic perovskites) and ultrafine 

powders at low cost and compared to solid-state reaction synthesis (SSRS) much lower 

temperatures. A further advantage of the sol gel method is that the pore size within the 

membrane can be controlled as desired. There are two types of sol-gel methods, colloidal and 

polymetric. These methods differ in that colloidal uses metal salt and water precursors and, 

polymetric uses an organic solvent and metal salt precursors. Each method is used to produce 

materials with differing separation techniques. Membranes with pore diameters of 4-10nm 

(for ultrafiltration) are produced using the colloidal gel route [16]. Gas separation membranes 

require full dense or pore size less than 1nm [104], the polymer gel route is used.  

After sol-gel synthesis, the resultant powder is calcinated at high temperature to remove 

impurities, such as carbonates or nitrates depending on the precursor powder compound.  
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 Hollow fibre synthesis  

Hollow fibre fabrication is very different from the pressing of disk membranes and 

there are multiple methods to achieve hollow fibre geometry, all preparation methods start 

with an initial slurry or suspension being formed. The most commonly practiced method of 

hollow fibre fabrication is the phase inversion method [105–107], phase inversion is a 

complex method and consists of three steps; preparation of a spinning suspension, spinning of 

hollow fibres and then final sintering [16]. K. Li gives an excellent description in his book 

‘Ceramic Membranes for Separation and Reaction’ of the phase inversion method and the 

reasonings behind each step, the following description is an extract from this book [16]. The 

first stage, preparation of a spinning suspension may entail several steps, 1) mixing a 

dispersant and solvent of choice; 2) adding preconditioned particles for deflocculation and 

dispersion; 3) addition of polymer binder and plasticisers; 4) degassing the suspension. The 

deflocculation stage is important, as soft agglomerate particles within the suspension will 

affect pore size and permeability of the final membrane. The spinning suspension’s main 

ingredients are the ceramic powders, additives, and solvents. The role of the additives is to 

form a polymer solution in which the ceramic particles are dispersed throughout, the organic 

binders must be used in the lowest quantity without affecting the inversion and the organic 

binders must be burnt out during calcination leaving no ash or tar. The solvents must dissolve 

the additives and binders used in the previous steps.  

With the formation of the spinning suspension, the hollow fibre can be spun using a spinning 

apparatus and phase inverted. The spinning apparatus (Figure 2.10) pressurises spinning 

suspension in nitrogen and forces this pressurised fluid through a tube-in-orifice spinneret (8.) 

with different outer and inner diameters as expected, an internal flow of coagulant fluid is used 

to maintain an internal-diameter of the hollow fibre. The formed fibre passes through a 

coagulation tank (9.) where phase inversion takes place, after the hollow fibre is washed (10.)  

and stored (12.) [108].  
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The coagulant bath step is where immersive phase inversion occurs, according to Li et al. [3], 

this complex reaction can be broken down into three steps : 1) immersion of the polymeric 

solution (membrane after 8. in Figure 2.10) into the nonsolvent (coagulant bath), the solvent 

diffuses out of the formed polymer solution, whilst the nonsolvent diffuses into the polymer 

solution, this exchange causes the polymer solution to go from a thermodynamically stable 

state to unstable, then liquid-liquid de-mixing takes place. This step is important, as it will 

dictate the membranes structure. If the solvent flux is higher than the nonsolvent flux the 

polymer concentration at the interface increases, the highly concentrated polymer layer at the 

surface reduces the exchange rate of solvent and nonsolvent, replacement of the solvent by 

the nonsolvent means solidification of the polymer rich layer, and in the described case an 

asymmetric structure is obtained. When a suspension containing ceramic particles of various 

size is used, the solvent to nonsolvent ratio can affect the system differently, it has been 

suggested that smaller particles move faster than larger particles and a multi-layer structure 

can be obtained, therefore control and trial and error of the solvent to nonsolvent ratio is 

necessary to obtain the desired structure.  

 

Figure 2.10 Suspension spinning apparatus for hollow fibre formation [109] 
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The main advantages for using a spinning apparatus is the ability to tailor the initial coagulant 

(6.) to yield optimum membrane morphology, whilst also using a tailored washing fluid to 

remove residual solvents and effect the morphology of the interior wall [110]. Once the 

membranes have been spun, they can be sintered at high temperature. 

 Sintering 

Sintering used to produce dense materials by the application of thermal energy. 

Sintering involves controlling the densification, reducing the porosity of the sample, and 

controlling grain growth, increasing the average grain size sintering [111]. The most used 

techniques for sintering ceramics solid-state and solid state reactive (SSRS) techniques. These 

techniques differ, in that SSRS occurs in a single step to produce a pellet, whereas solid state 

requires the reaction precursors to be mixed, calcined, pressed and then sintered at high 

temperature [103].  Sintering is the major step in producing the dense membrane during the 

sintering process, ceramics undergo three steps, initial stage, intermediate stage and final stage 

[112]. Each stage has their own sintering mechanisms, which attribute to forming high relative 

density, low porosity ceramics.  

During the initial sintering stage (stage 2 in Figure 2.11) the ceramic particles undergo rapid 

neck growth, where the interparticle contact area increases forming grain boundaries, particles 

rearrange at this stage to increase the number of points of contact. The porosity starts to 

decrease and relative density increases to 65% [16,113]. Intermediate stage (stage 3) usually 

covers a major part of the sintering process and begins when the pores reach their equilibrium 

size in the initial stage. Neck growth continues and slow grain growth starts at this stage, 

which in turn induces shrinkage. A combination of these vastly decreases porosity and relative 

density reaches 90% [114,115]. Final stage (stage 4) sees the pores reduce to their final size 

or disappear altogether and grain growth increases forming larger grains more rapidly. 
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The control of grain growth in sintering is one of the major factors in sintering, as the 

uniformity and  grain size can affect the materials properties. At high temperatures grain 

growth is high and not uniform therefore detrimental to the materials properties [115], addition 

of Zr to the ceramic means higher sintering temperatures are required therefore this becomes 

an issue, as high temperature sintering is not possible on our campus therefore finding a 

suitable solution to reduce the sintering temperature is necessary.  

 Sintering Aids 

To reduce sintering temperature, the use of transition metal oxides, which can be used 

as an additive to a material to ensure a dense product is produced, these metals are referred to 

as sintering aids. Babailo et al. [101] shows they successfully sintered the perovskite yttrium 

doped barium zirconates (BZY) with  ZnO sintering aid at lower sintering temperature and 

time. BZY is known for its difficulty to sinter [47,116]. In addition to reducing the sintering 

temperature, their work showed that addition of ZnO showed uniform grain growth. Further 

work into sintering aids included testing of Ni, Cu, V, Cr, and Fe compounds, with Ni and Cu 

enhancing density at a lower temperature similar to Zn and V, Cr and Fe, hence showing they 

are unsuitable. Park et al. [117] performed a similar study concluding that CuO sintering aid 

was the best additive showing the highest electrical conductivity, whereas Babilo et al. suggest 

ZnO as the optimal additive due to the ceramics sustained stability in CO2 and no addition 

phases formed with the addition of the sintering aid.  

 

Figure 2.11 Stages of sintering showing decrease in porosity and increase in grain size at each stage [113] 
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The major issue seen with the addition (and amount added) of transition metal sintering aid is 

the lower conductivity observed. Babilo et al. and Park et al. both observed a reduction in 

conductivity with compounds that contain transition metal oxides. The majority of previous 

work suggest the use of no more than 1 wt.% sintering aid to limit the reduction in 

conductivity, whereas Baral [8] successfully sintered BCZY at 1100OC with 2 wt.% ZnO and 

showed a similar reduction in conductivity as lower weight percent, but this would agree with 

previous work on BCZY compounds, that a reduction in the amount of zirconate in the 

compound limits conductivity and sinterability. 

Further work on how the sintering aid was incorporated into the ceramic prior to sintering was 

tested by Tong et al.   [103], their work suggests incorporating the sintering aid should be done 

using the solid-state reactive method over sol-gel, as this method showed a lower loss in 

conductivity when compared to a sample with no additives. Most promising and thorough 

work for sintering aids in dense ceramic membranes was from Rebollo et al. with their work 

on dual phase membranes and the use of ZnO sintering aid, their work of characterisation, 

electronic and permeation tests of a dual phase membrane consisting of  

BaCe0.65Zr0.2Y0.15O3-δ:Ce0.8Gd0.2O3-δ and ZnO showed a reduction in sintering temperature, 

high stability in CO2, high electronic and H2 permeation at a range of temperatures. When 

considering a sintering aid, the literature can guide us to select the appropriate transition metal 

oxide, wt.% and incorporation method to maximise our ability to sinter dense, useable ceramic 

membranes in the laboratory.   

 Microwave Assisted Sintering 

Microwave sintering is an emerging method being implemented in the sintering of a 

variety of materials, with a considerable number of advantages over conventional sintering 

methods. Microwave heating generates the heat within the material bulk and then heats the 

entire volume [118], microwave heating occurs by exposing the sample to electromagnetic 

radiation properties, electrical and magnetic field, amplitude and ability to propagate, which 

means energy can be transferred from one point to another, depending on the materials 
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magnetic and electrical properties their interactions can be classified as one of three types; 

transparent where microwaves penetrate and are transmitted through with no energy transfer 

occurring, opaque where microwaves are reflected and do not penetrate the material and 

absorbent where microwaves are absorbed by the materials and exchange of energy takes place 

[119]. The absorbent mechanism again depends on the material and its response to the 

radiation and can take place in different forms or combination of mechanisms. Bipolar 

rotation, electrically neutral polar molecules with positive and negative charges are separated, 

in a microwave field these dipoles rotate with increasing amplitude, hence friction from this 

rotation causes general uniform heating. Resistive heating in conductors of high electrical 

resistivity, possess free electrons or high ionic content where ions receive freedom therefore 

a charge can be generated (and heat). Last mechanism is electromagnetic heating, this occurs 

in materials highly susceptible to external electromagnetic fields, this heating is from the 

friction caused by the rotation of magnetic polar molecules in oscillating electric fields [119].  

Whereas during conventional sintering, heating elements and the generated heat is transferred 

by radiation, convection, and conduction [118]. Microwave muffle furnaces show a 

considerable number of advantages over conventional furnaces, such as reduced sintering time 

and temperature, which suits BCZY ceramics sintering requirements. Microwave furnaces use 

microwave irradiation to internally heat the ceramic bulk and heat the entire volume [4]. This 

is more efficient than conventional sintering due to how the material is heated and the resulting 

interactions [120]. In a microwave furnace, the heating done by the electromagnetic energy of 

the microwaves is converted into thermal energy, hence there is no thermal conductivity 

mechanism [121–123]. Microwave sintering furnace has been successful in reducing sintering 

temperature and time of ceramic materials, as shown by Borges et al.   [124]. Their work 

showed a reduction in sintering temperature of BaCe1 − xGdxO3 – δ (BCGO), this ceramic is 

sintered at lower temperatures (1500OC) compared to BCZY, this coupled with the sol-gel 

method of synthesis, it is not surprising that the sintering temperature was lowered to 1370OC. 
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As discussed before the addition of zirconia increases the sintering temperature to <1700OC 

for BCZY, in comparison to perovskite BCGO.   

 

Figure 2.12 Schematic of conventional and microwave furnace [125] 

 

 

The difference in heating mechanisms gives microwave sintering the following advantages 

over conventional sintering; reduced energy consumption, rapid heating rates, decreased 

processing time, decreasing sintering temperature, improved physical and mechanical 

properties [125]. 

 Electrochemical Promotion of Catalysis (EPOC) 

Electrochemical promotion of catalysis (EPOC), also known as the non-faradaic 

electrochemical modification of catalytic activity (NEMCA effect), is a phenomenon in which 

electrochemistry can be used to activate and tune a heterogeneous catalyst. Unlike classical 

catalyst promotion, where the promoting species are added to the catalyst during the 

preparation, EPOC supplies the promoting species in situ. EPOC effect was first observed in 

1981 by Vayenas and Stoukides, where the activation and selectivity of a metal catalyst 

deposited on an ionic conducting ceramic support could electrochemically alter reaction 

during the process (in-situ). The EPOC mechanism, when a small current/potential difference 

is applied, the promoting species (ions) migrate from a metal surface (catalyst/working 

electrode) deposited on one side of the solid electrolyte to another metal deposited on the 

opposite side of the solid electrolyte (reference), the migration direction depends on the 

current/potential. For example, negative current or potential drives migration of positive ions, 
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e.g. Na+. In the case of a heterogenous catalyst being deposited on the solid electrolyte as the 

working electrode, an application of current can induce an increase of reaction rate, the term 

NEMCA originates due to this increase in reaction rate is higher by multiple factors than the 

value predicted by Faraday’s Law; 

𝑟𝑒= I/nF  (2.10) 

Where ‘I’ is the applied current, n is the ion charge and F is Faraday’s constant, and the 

increase in reaction rate is non-faradaic, hence the term Non-Faradaic Electrochemical 

Modification of the Catalytic Activity (NEMCA). This experiment has been widely studied, 

using multiple different solid electrolytes and metal surface catalysts, it is well known that in 

EPOC the promoting species migrates from the solid electrolyte to the metal catalyst (or vice 

versa) via the spillover and/or the back-spillover mechanism [127], ions from the ceramic 

support spill over on to the catalyst (and vice versa). Figure 2.13 gives a schematic of EPOC 

reaction of CO oxidation on YSZ oxide conducting ceramic, crucially most work has been 

conducted using an external circuit to supply electrons and drive the migration of ions, the 

downside to this is the application of an external circuit is complex and unreliable, hence 

testing a solid electrolyte with high electronic conduction to omit the use of an external circuit 

is necessary.  

 

Figure 2.13 Schematic of the spill over mechanism and migration on a Pt catalyst, in a CO oxidation 

reaction on Pt/YSZ  [126] 
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Catalytic promotion plays a vital role to enhance reactions for industrial applications, but is 

usually carried out during catalyst preparation using a classical promoter such as sodium ions, 

the application of EPOC to a heterogenous catalyst means the promotion and rate can be 

controlled and optimised in-situ [128]. The ions (promoting species) spill over and migrate at 

the gas-catalyst surface interface forms dipoles and their compensating charge from the metal 

catalyst and form a ‘Effective double layer’ [129], as shown below in Figure 2.14. 

 

Figure 2.14 Effective double layer formation [129] 

This effective double layer alters the catalyst work function (Φ), meaning the energy required 

to remove an electron from the surface has been changed [130]. Changing this work function 

will alter the catalysts ability to bind with the reactant molecules, as per equation 2.11: 

ΔΦ = e ∆𝑈𝑊𝑅    (2.11) 

With ∆UWR being the change of potential between the working and reference electrodes. The 

modification of the catalyst, i.e. reaction rate enhancement or diminution, depends on the 

promoting species nature [57], migration of an electronegative species results in an increase 

of catalyst work function and favouring of electron donor absorption  on to the catalyst surface 

and disfavouring electron acceptors, whereas migration of electropositive species results in 

the opposite occurring. 
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Figure 2.15 shows a graphical representation of the EPOC effect, reaction rate is catalytic 

under open circuit (r0). With a potential applied (i= i1), the reaction rate rapidly increases to 

r1. When the potential supply is cut, the rate returns to its initial value. Sometimes the rate can 

be permanently increased after a potential is applied (r2), this is called Permanent Rate 

Enhancement ratio, γ.  

Figure 2.15 illustrates the principle of EPOC, how on application of a current (i) can enhance 

the reaction rate and the removal of the current allows the reaction rate to return to its original 

value, this reversibility is one of EPOC main attractions as it gives the possibility of 

controlling the reaction and optimising the current applied to the system [131]. There are three 

key parameters designated to describing and quantifying the EPOC phenomenon [132]. 

Faradaic efficiency or the rate enhancement factor (Λ) is the parameter used in comparing 

EPOC reaction and Faraday’s law reaction: 

Λ ≡ ∆𝑟/(𝐼/𝑛𝐹)    (2.12) 

∆𝑟 = 𝑟1 − 𝑟0    (2.13) 

Where, I is the current density, n is the charge and F is the Faraday constant.  Another 

important parameter is the rate enhancement ratio (ρ), which quantifies the modification of 

 

Figure 2.15 basic EPOC principle using CO oxidation on Pt/YSZ example 
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the the catalytic rate on application of a current (r1 in Figure 2.15) and open circuit (r0 in Figure 

2.15) configurations, given by the equation; 

ρ = 𝑟1/𝑟0    (2.14) 

The promotional index (PI), defines promotion species from the (back-) spill over; 

𝑃𝐼𝑗 =  
∆𝑟/𝑟0

𝜃𝑗
    (2.15) 

Where θj is the coverage of promoting species on the catalyst. 

In a NEMCA reaction, the faradaic efficiency is |Λ| > 1, and the rate enhancement ratio is ρ ≠ 

1, if ρ = 1, that would tell us the open circuit reaction rate and induced current reaction rate 

are equal. The values of |Λ| ≥ 1 electrocatalysis takes place, therefore using these parameters 

is important as they can define whether EPOC has taken place.  

 Carbon Monoxide Oxidation 

Carbon monoxide oxidation on Pt is an extensively studied and well-known catalytic 

reaction, due to its presence in environmental processes such as automotive exhausts. It is well 

documented that the reaction follows the Langmuir-Hinshelwood mechanism [133], according 

to this CO and O2 are adsorbed on the Pt surface to form the CO2 product. The reaction follows 

the mechanism below: 

CO(g) → COads   (2.16) 

O2(g) → 2Oads   (2.17) 

COads + Oads → CO2(g)   (2.18) 

The reverse of equation 2.17 the desorption of adsorbed oxygen and the reverse of equation 

2.18, dissociative chemisorption of CO2 are considered to be negligible during the reaction. 

This reaction is heavily dependent on the ratio between reactant partial pressures (pCO and 

pO2). In a low ratio pressure system, pCO/pO2, the Pt catalyst surface is mainly covered by 

oxygen and the reaction rate is first order for CO and negative order for O2. In high pCO/pO2 
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ratio, the Pt surface is mainly covered by CO, and the catalytic rate turns to negative order for 

CO and positive for O2 [13].  

 Electrochemical Promotion of CO Oxidation 

CO oxidation reaction was one the three first reactions to be used to study the effect 

of electrochemical promotion, further development into promoting this reaction via 

electrochemical means has been successful, with Yentekakis et al. [134] being the first to 

investigate where they observed the effect of electrochemically pumping O2- ions on to the 

Pt/YSZ for CO oxidation at 250-600OC. Their results demonstrate that the pumping of O2- 

ions, the steady-state reaction rate increases or decreases by a magnitude of 2, and in severe 

reducing conditions the reaction rate increases by 500% and a rate enhancement ratio (ρ) of 

just below 6. Importantly, this work showed that the promotion/poisoning of the reaction rate 

is completely reversible back to the original open circuit conditions rate. This work predated 

the establishment of the spillover mechanism of electrochemical promotion. Vayenas et al. 

[135] continued from this initial study observing and quantifying the change in catalyst work 

function (UWR) depending on the applied potential (+ve or -ve), results from their investigation 

shows that at intermediate temperatures and on application of a positive and negative 

potentials to the catalyst, the reaction rate increases and are highest at low pCO/pO2 ratios. The 

rate is higher for positive potential due to the nature of the chemisorbed oxygen atom, as this 

is an electron acceptor, and this weakens the Pt-O bond.  

Tsampas et al. [136] further investigated the kinetics and rate oscillations but focuses on the 

effect of catalyst potential on the systems kinetics at 300-400OC. Figure 2.16 illustrates on 

application of an electrical current, the rCO2 rate increases. This change in rate occurs when a 

current is applied and O2-
 ions migrate and spillover to the Pt catalyst surface, inducing the 

effective double layer which is the highly active electropromoted state [136]. They discovered 

that for a UWR <0.4V, the EPOC effect is prominent with the ρ being approximately 9 and a 

rate enhancement factor (Λ) seen being approx. 1900, due to the spillover of O2- from YSZ to 

the Pt catalyst film creating the effective double layer (Figure 2.16).  
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Figure 2.16 Electrochemical promotion of CO oxidation on Pt/YSZ by Tsampas et al. [136] 

 

 

EPOC investigations with different conductors have been conducted but not extensively. 

Further work by Yentekakis et al. [137] investigates the in-situ control of promotion with Na+ 

on to the Pt film and shows how the use of an external circuit can apply Na+ ions across a β-

Al2O3 (Na+ conducting) solid electrolyte and effect the CO oxidation reaction, their results 

showed that on application of a potential difference (supply of Na+ ions) Na+ ions cover the 

Pt catalyst surface. This coverage alters the catalyst surface work function increasing the 

steady-state rate by 600%. Vayenas and Yentekakis [138]  studied the F- ion conductor CaF2 

to support Pt and achieved low reaction rate enhancement but noted that F- promote the 

reaction quite similar to O2- ions. Furthermore, these publications illustrate the potential for a 

non-oxide conducting material to be used and promote the CO oxidation reaction with other 

ions, and potential of using BCZY proton conductor to enhance the CO oxidation reaction.  

 Mixed (Protonic) Conductors in EPOC  

Mixed conducting ceramics (MIECs) (with a focus on proton conduction) have been 

investigated in electrochemical applications over time, and there have been studies where the 

EPOC effect has been observed. Mixed conducting perovskites have been applied to 

hydrogenation reactions such as CO2 methanation and dehydrogenation reactions such as 
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ethylene oxidation. Stoukides group studied the synthesis of ammonia at atmospheric pressure 

and temperatures up to 750OC [139] using a Pd catalyst supported by a SCYb membrane. They 

observed a maximum ρ and Λ values of 1.5 and 2 respectively. The first intentional study of 

a proton conductor in an EPOC reaction was reported by Belyaev et al. where they 

investigated methane oxidation on Pt supported SrCe0.92Dy0.08O3-δ where ρ and Λ values of 

3 and 500 were observed [140]. The mechanism for this promotion was not disclosed, hence 

further work was required. Further investigation of mechanism of a proton conductor and 

EPOC phenomena was required. Experiments on ethylene oxidation on Pt studied with 

CaZr0.9In0.1O3-δ [141] and Ba3Ca1.18Nb1.82O9-δ [142] proton conductors were performed to gain 

further understanding into the relationship. On application of a negative potential and supply 

of protons to the catalyst, a maximum rate enhancement ratio of 5 and 10, respectively. The 

oxidation of methane on Pt and CaZr0.9In0.1O3-δ investigation indicates that the promoting 

species were OH-, which have formed from the protons supplied and have reacted with the 

chemisorbed oxygen on the catalyst surface. In the second case, oxidation of ethylene on Pt 

and Ba3Ca1.18Nb1.82O9-δ (BCN18) by Thursfield et al. supports this theory, with results from 

A.C. Impedance Spectroscopy as well as the kinetic experiments suggest the formation of 

hydroxyl promoting species which are electrochemically generated and modify the catalyst 

activity. Their results show a ρ value of 10 and Λ of 103. Thursfield et al. suggests that the 

protons transfer via the Grotthuss mechanism (discussed previously in section 1.4.2) across 

the BCN18 membrane and on the catalytic surface, here the protons spillover to the catalyst 

attach to the chemisorbed oxygen ions to form OH- promoter ions and continue to hop from 

O atom to another. Furthermore, the suggestion that the OH- species is the promoter is 

confirmed by the reaction kinetics seen under negative polarisation, i.e. when the coverage of 

C2H4 is reduced and O coverage increases and more OH- promoter is produced. This work by 

Thursfield et al. is of interest to us as it illustrates a possibility of using a proton conductor 

(BCZY) and electrochemically promote the C2H4 oxidation on Pt reaction. 
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 Wireless EPOC 

Recent developments in MIEC ceramics in EPOC situations have led to the removal 

of the external circuit to induce the movement of ions and the spill over method, this 

development is known as ‘wireless NEMCA/EPOC’. Originally the idea of wireless NEMCA 

was explored by Vayenas et al. by applying a potential between two gold electrodes supported 

on a solid electrolyte with electronically isolated catalyst. This work highlighted the practical 

importance of a wireless system compared to regular electrochemical promotion and showed 

the possibility of a wireless NEMCA system [143]. True wireless NEMCA reaction is a 

relatively novel development being introduced by Poulidi et al.  in 2007 [144],  and has limited 

literature in comparison to conventional EPOC reactions. Utilising a ceramic with high 

electrical conductivity eliminates the need for an external circuit to transfer the migrating 

species from the membrane to the catalyst surface [144]. Where regular EPOC reactions used 

the external electrical circuit as a driving force for the promoting species, wireless is using the 

chemical potential of the promoting species across the membrane as the driving force.  

Wireless setups consist of a dual chamber reactor using a dense mixed ionic and electronic 

membrane to separate the chambers; the chambers are the “reaction side” and the “sweep 

side”. The reaction side has the metal catalyst and the reaction takes place here, while on the 

sweep side, the promoting species is flowed and controlled [145], therefore a MIEC with high 

permeation ability is required for this wireless method.  

Poulidi et al. first publication consisted of a La0.6Sr0.4Co0.2F0.8O3-δ (LSCF) oxygen permeating 

and electron conducting material with a platinum catalyst to promote the reaction of ethylene 

oxidation, a reaction widely promoted by classical catalyst promoters and membranes [144]. 

This work showed that the use of an oxygen permeable membrane can increase the reaction 

rate by an order of 1 magnitude, when the sweep side promoter gas is flowed and an estimated 

Faradaic efficiency of 104, which indicates that the reaction was NEMCA. This initial reaction 

showed the ability to control the reaction rate, by regulating the flow of the oxygen sweep gas, 

although the permeant rate enhancement can prove to be detrimental to the EPOC effect by 
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using up the catalyst at a much higher rate. Continuation of applying EPOC to ethylene 

oxidation was done using a hydrogen permeable membrane Sr0.97Ce0.9Yb0.1O3-δ (SCYb), this 

membrane demonstrated a high hydrogen permeation [39,146,147] in previous publications. 

Kinetic studies of Poulidi et al. in Figure 2.13 shows a distinct change in catalytic activity 

when hydrogen gas was flowed in the sweep side of the dual chamber reaction, with the rate 

decreasing when inducing of spill over of hydrogen ions on to the catalyst over a short period 

of time and stabilising, hence in this stage of the reaction the catalyst work function is lowering 

and poisoning the catalytic activity. On reintroduction of the helium sweep, the rate returns 

and stabilises to its original value. Figure 2.17 is of great importance as it demonstrates the 

major advantage of EPOC being possible without the use of an external electrical circuit.  

 

Figure 2.17 EPOC reaction of ethylene oxidation on Sr0.97Ce0.9Yb0.1O3-δ  membrane illustrating the 

reversibility of EPOC [145] 

 

 

Further in the work Poulidi et al. shows, the influence on the reaction conditions on the EPOC 

effect, how varying the gas environment and temperature can affect how the sweep gas can 

promote or poison the catalytic activity. The work shows that at the elevated temperature 

(515OC) and low reactant concentration promotion of reaction rate occurs, this is especially 

useful and relatable for our work, as this work SCYb is a mixed electronic and protonic 

conducting membrane at elevated temperatures and for our studies on BCZY which is in the 

same conducting category is to be used. These conditions give a starting point for our work. 
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Most wireless NEMCA reactions reported have been performed with a mixed electronic and 

oxide conducting membrane, however the performance of these membranes in high oxidising 

concentration conditions is important as we can draw comparisons with mixed electronic and 

proton conductor’s performance in high reducing conditions.  

 Nonoxidative Conversion of Methane (NOCM) 

Nonoxidative conversion of methane is a direct method of converting natural gas into 

higher hydrocarbons. This method has gained interest in recent years due to the continued high 

demand of long chained hydrocarbons and the abundance of natural gas due to new 

exploration techniques and dwindling oil reserves makes this an attractive downstream 

process to further utilise natural gas [148]. There are different methods for methane 

processing; direct conversion and indirect- via synthesis gas, Figure 2.18 gives an overview 

of the different gas processing methods. 

Indirect processing of methane is the most widely used method of utilising natural gas. This 

is a multistep process that requires the formation of synthesis gas (syngas) which primarily 

consists of H2 and CO via methane reforming and further processing to form the products in 

Figure 2.18. This indirect conversion requires severe reaction conditions, due to the high 

stability of the methane molecule, and that 60-70% of the capital costs and the plants energy 

consumption originates from the preparation and compression of syngas [149]. The 

dehydrogenative conversion of methane offers more economical, is the direct method of 

converting methane to added-value chemicals such as ethane, ethylene, benzene and toluene, 

and is an environmentally friendly approach to the processing of natural gas compared to the 

multistep-indirect route [148].  
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In 1993 Wang et al. reported the catalytic conversion of methane on modified HSZM-5 

catalysts under non-oxidising conditions [150], this work was an initial study and showed 

100% selectivity to benzene and 7% methane conversion at 973K, further work by L. Wang’s 

group found C2 hydrocarbons and toluene, the methane to higher hydrocarbons follows the 

equations [151]:  

6𝐶𝐻4  ↔ 𝐶6𝐻6 + 9𝐻2   (2.19) 

2𝐶𝐻4  ↔ 𝐶2𝐻4 + 4𝐻2  (2.20) 

𝐶𝐻4  ↔ 𝐶 + 2𝐻2  (2.21) 

Issues with this process is the thermodynamic limitations, these the cause the low conversion 

observed with this reaction and the rapid deactivation (from coking) seen, Figure 2.19 

illustrates the low conversion and high deactivation due to coking. This reaction operates at 

high temperatures, however this is not thermodynamically favourable under non-oxidative 

conditions [152], on addition of oxygen the reaction becomes more thermodynamically 

favourable, however the combustion of methane is more favourable than the desired reactions 

[153].  

 

Figure 2.18 Methane direct and indirect conversion overview [149] 
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Figure 2.19 Converison of methane to hydrocarbons and coke [151] 

 

Figure 2.20 showing the typical reaction path, I. activation, II. Steady state, III. Deactivation [152] 

 

Different methods have been attempted to improve and understand this reaction mechanism, 

firstly by developing the catalyst used and catalyst manufacturing process such as pre-

treatment. Here the molybdenum supported zeolite catalyst is still the most widely used 

catalyst for this reaction, others have been attempted such as adding promoter to the 

Mo/HZSM, using transition metals alone with rhenium and tungsten being the most successful 

alternatives. Mo-based catalysts still give the best conversion to aromatic hydrocarbons due 

to them reacting to form molybdenum carbide which is essential to the formation of aromatics 

from methane [153]. Table 2.2 gives an overview of the different catalysts used and their 

conversion and selectivity. 

Molybdenum is still the ideal transition metal for the conversion of methane to higher 

hydrocarbons, due to its low cost and one of the highest methane conversion observed, further 
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research has been undertaken to improve the reaction limitation via altering the catalyst by 

varying the zeolite support, molybdenum loading (wt.%), Si/Al ratio, and pre-treatment 

available. Zhang et al. studied multiple different catalysts using a range of zeolites; HZSM-

5/8/11, HMCM-11, HSAPO-5/11 to name a few, with 3wt.% Mo loading, and found that 

HZSM-5 to be the best performing zeolite support [154]. Kosinov et al. [155] investigated the 

different Mo wt.% loading, on the catalyst with HZSM-5 zeolite, with results displaying that 

the highest benzene yield was with 2wt.% loading with the optimal performance by keeping 

its activity for an extended period and 5wt.% loading showing rapid deactivation. It is well 

documented that the Si/Al ratio of the zeolite has a direct effect on the reaction, with Lui et 

al. [156] testing a vast range of Si/Al ratios from 20 to 1900 in the 3wt.% Mo/HZSM-5, to 

summarise their work, they found maximum benzene yield and minimal coking was obtained 

at a Si/Al ratio of 20, with any higher being detrimental to the reaction.  

The previous work on catalysis for the non-oxidative conversion methane to higher 

hydrocarbons  gives an indication of what catalyst our group should use for the associated 

work, for the work presented in this thesis the catalyst Mo/HZSM-5 was used with varying 

Si/Al content and Mo wt.% therefore we could come to our own conclusions for what is 

optimal for the membrane reactor system.  
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Table 2.2: nonoxidative methane reaction with different transition metal catalyst and support, same conditions for each reaction [62] 

Catalyst Temp. (K) Pressure (kPa) Conv. of CH4 (%) Selectivity to aromatics (%) Reference 

MoO3 973 200 0 0 [150] 

HZSM-5 973 200 1 100 [150] 

Mo/HZSM-5 973 200 7.2 100 [150] 

2Mo/HZSM-5 973  - 6.7 80.8 [157] 

MoO3/Al2O3 973 115 0.7 70.6 [158] 

MoO3/Sioux 973 115 0.8 87.6 [158] 

Mo/NaZSM-5 973 200 0 0 [157] 

Mo/HSAPO-34 973 115 0.67 62.7 [159] 

Mo/HY 973 115 0.01 0 [159] 

Zn/HZSM-5 973 115 1 79.1 [158] 

Cu/HZSM-5 973 115 0.6 52.5 [158] 

Pt/HZSM-5 973 115 0.03 0 [158] 

Re/HZSM-5 973 101.325 7% 60 [160] 

W-H2SO4/HZSM-5 1093 101.325 21% 96 [161] 

Ni/HZSM-5 973 115 0.01 0  [158] 
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 Membrane-based Nonoxidative Conversion of Methane 

With the development of new catalysts, there is not an improvement to the conversion 

to products to make the reaction industrially viable, the most promising solution to this issue 

is the application of a hydrogen-selective membrane to overcome the equilibrium barriers by 

the in-situ removal of hydrogen product by Le Châtelier’s Principal equilibrium will shift and 

favour the product side. This solution has been previously explored, but it was first suggested 

by Borry et al. in 1998 [162] where the group proposed the application of a SrZr0.95Y0.05O3 

(SZY) membrane to the nonoxidative conversion of methane in an non-electrochemical setup, 

illustrated in Figure 2.21 Borry et al. methane dehydroaromatisation with continuous 

hydrogen extraction [162], to continuously remove hydrogen from the reaction and shift 

equilibrium to favour the products. Previous attempts have been made at the oxidative 

coupling of methane with an electrochemical setup, however these have not proved successful 

due to deposition of carbon on the electrodes [163]. Metallic Pd alloy membranes are usually 

applied for in-situ extraction of H2 during this type of reaction [164], however Pd alloy 

membranes are not suitable because the reaction requires high temperatures, ≥700OC [165] 

and at this temperature and in the presence of hydrocarbons Pd alloy membranes undergo 

degradation [166].  

 

Figure 2.21 Borry et al. methane dehydroaromatisation with continuous hydrogen extraction [162] 
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Ceramic membranes which exhibit mixed proton and electron conductivity as previously 

discussed, can offer a solution to the Pd alloy membranes, with their ability to operate at high 

temperatures and their unreactive nature in the presence of hydrocarbons, therefore can 

support the reaction to improve product yield. Research has been conducted into the computer 

simulation into the viability of such system. Initial work by Borry et al. included the simulation 

of the continuous hydrogen extraction, their work showed a hydrocarbon yield of 85% with a 

1mm thick SZY membrane compared to 21% hydrocarbon yield with no H2 extraction. The 

initial experimental work from Borry demonstrated that hydrogen extraction rate must 

increase by enlarging the membrane surface area and/or decreasing the membrane thickness, 

in order to make a substantial difference in the yield obtained. Liu et al. [167] implemented a 

2μm SCYb membrane, and observed a slight increase in CH4 conversion with H2 extraction 

but higher catalyst deactivation, this deactivation was reduced by the injection of trace 

amounts of CO2. They concluded that higher hydrogen permeation rates were necessary to 

make the process attractive for commercial use. The work conducted from these groups leads 

us to applying a tubular or hollow fibre membrane to increase hydrogen permeation rates. 

After Borry et al. and Lui et al. suggested membranes showing higher permeation rates are 

required to make the process viable, Caro and co-workers [165] continued the development 

and applied a tubular La5.5W0.6Mo0.4O11.25−δ (LWMO) membrane and experimented with CO2 

and Ar sweep gases (Figure 2.22) using 6wt.% Mo/HZSM-5 catalyst. In this, 40-60% 

extraction of the hydrogen produced lead to a high aromatics yield obtained than without H2 

extraction and that higher extraction is obtained with argon used as the sweep gas. The H2 

extraction still lead to more rapid catalyst deactivation but they put forward using air injections 

to burn the carbonaceous deposits from the catalyst and illustrated this suggestion with the 

catalytic rate being very similar between fresh and regenerated catalyst. 

Caro’s group [168] implemented a 20μm asymmetric oxygen conducting BSCF membrane in 

the coupling of methane using a 6wt.%, Si/Al = 27, Mo/HZSM-5 catalyst, their goal was to 

extend the life of the catalyst by injecting air into the sweep side of the reactor and permeate 
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the oxygen across the membrane to the reaction side and suppress the carbonaceous deposits 

on the catalyst produced in the reaction. The results they observed showed that with the 

membrane reactor (CMR) and addition of oxygen there was a lower rate of deactivation 

compared to a regular fixed bed reactor (FBR), however this came at a cost as methane 

oxidation to COx took place which decreased the reactions selectivity to aromatic 

hydrocarbons. This publication leads to the potential of combining hydrogen and oxygen 

transport within a system to increase yield by removing H2 and the occasional supply of 

oxygen to the reaction side to suppress coke formation on the catalyst.  

 

Figure 2.22 Caro et al. membrane reactor with CO2 sweep gas [165] 

 

 

The more successful work conducted in this field has come from Morejudo et al. [100] where 

they used a 25μm BaZr0.7Ce0.2Y0.1O3-δ membrane which exhibits both high proton and minor 

oxide ion conductivity, therefore can simultaneously extract H2 from the reaction side to 

increase product yield and intermittent injection of oxygen into the sweep side to transport 

oxide ions in the opposite direct to burn the coke deposits off the Mo/H-MCM-22 catalyst. In 

this work they apply an external circuit to simulate the movement of ions. Their results 

demonstrate the previous discussed potential in applying a membrane reactor to the 

nonoxidative conversion of methane. Figure 2.23 illustrates the dramatic increase of aromatic 

yield on application of an electrical current, with a 12% aromatics yield seen at 10h in the 

CMR, compared to 8% with FBR, what is also interesting is the CMR setup sustained high 

aromatics yield over the course of time, i.e. low deactivation as opposed to the FBR which 

deactivated over the same course. Furthermore, the coke suppression method of injecting air 
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into the sweep showed a vast decrease in catalyst deactivation rate constant, without being 

detrimental to the aromatics yield.  

 

Figure 2.23 Morejudo et al. graphical representation of the process intensification with  a BCZY72 

membrane, A) aromatics yield of CMR vs FBR, B) converison comparison, C) Coke content and 

accumlative aromtics during the reaction [100] 

 

 This work 

The aim of this thesis is to bring together the different concepts discussed in this literature 

review, applying BCZY and BCZY-GDC membranes to catalytic reactions. The major focus 

and novelty of this thesis lies in the development and application of dense synthesised BCZY 

with zinc oxide sintering aid membranes and hybrid BCZY-CGO hollow fibre membranes in 

catalytic reactions. Synthesis and sintering of dense BCZY disk membranes by incorporating 

a metal oxide sintering aid and using microwave assisted furnace to lower sintering 

temperature and time. The next stage is to successfully use laboratory prepared BCZY 
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membranes in Electrochemical Promotion of CO Oxidation over Pt catalyst, without the use 

of an electrical circuit. With this reaction we can flow H2 gas into the sweep and utilise the 

membrane’s high proton conductivity to supply protons to the reaction side of the reaction to 

alter the reaction rate. This experiment will give an initial understanding of whether BCZY 

can be used in a wireless electrochemical reaction and prepare for the next experimental stage.  

The work conducted by Morejudo et al. has pioneered this process and demonstrated the 

potential first proposed by Borry, carrying on from the BCZY EPOC reaction, we apply the 

BCZY:CGO wireless reactor (using hollow fibre membranes) to the dehydrogenative 

conversion of methane, similar to Morejudo, albeit where Morejudo utilised an electrical 

circuit to simulate the movement of ions, we propose the use of a  wireless system and an 

improved dual-phase consisting of BCZY:CGO ceramics to improve protonic and oxide ion 

conductivity to see similar results to Morejudo, removing the external electrical circuit will 

make the process more commercial ready, as external circuit setups are complex and can be 

problematic.  
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Chapter 3  Experimental Methods 
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 Introduction 

This chapter addresses the theory and basic principles of the characterisation and analytic 

methods used in this work. The methodology discussed is: 

• Material characterisation techniques. Scanning electron microscopy (SEM), X-

ray diffraction (XRD). 

• Gas Analysis of EPOC and CMR experiments using, online Gas Chromatography 

(GC) and CO2 analyser.  

 Characterisation Techniques  

Characterisation equipment and techniques are required for understanding and to ensure 

a substance has been synthesised correctly and other phases are not present. Techniques used 

for this work were X-ray diffraction analysis (XRD) and scanning electron microscopy 

(SEM).   

 X-ray Diffraction (XRD) 

XRD is a commonly used characterisation of materials technique. It is used for phase 

identification and crystal structure determination in crystalline materials. There are three basic 

elements to the X-rat diffractometer, X-ray tube, sample holder, X-ray detector. Small waved 

electromagnetic radiation, X-rays are generated by a heating element which produces high 

energy electrons, then applying a voltage to bombard a metal with electrons, in this case 

Copper (Cu) is the metal bombarded. These electrons displace the inner shell electrons in the 

atom and create electron vacancies. Vacancies are filled by electrons of higher energy level, 

meaning an emission of X-ray photons. Within crystalline substances, the atoms are separated 

by a unique distance, hence when the beam of parallel X-rays hit the crystalline substance, X-

ray photons are scattered in different and unique directions [169]. The crystal atomic planes 

(Figure 3.1 separated by distance d) cause constructive interference between the X-rays which 

are diffracted by an angle θ and equivalent to the angle of incident, Bragg’s Law (equation 
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3.1) the model in Figure 3.1 which shows this is satisfied for two different waves but 

constructive [170,171], with Bragg’s law satisfied a peak is seen in the diffraction graph. 

n λ = 2 d sinθ  (3.1) 

 

Figure 3.1 Graphical representation of Bragg's law satisfied by two different waves, ABC and A’B’C’ 

[170] 

 

XRD measurements presented in this work were accomplished by a Panalytical X’Pert PRO 

Diffractometer. The diffractometer consists of an X-ray generator with a copper (Cu) target, 

a sample holder and an X-ray detector. A goniometer is mechanically connected with the 

detector and the sample holder which can rotate during the experiment. In the X-ray source, a 

filament is heated and produces electrons, which are accelerated by application of potential 

and bombard a Cu target. The emitted X-rays are filtered to produce monochromatic CuKα 

radiation with λ=1.5418Å and directed on the sample. The sample and the detector are rotating 

at an angle of 2θ within a range of 5-85o
 and the intensity of the diffracted X-rays is recorded. 

A diffractogram is collected with peak intensity values for the full scan of a 2θ range. A peak 

intensity appears in the diffractogram only when constructive interference takes place and 

Bragg’s Law is satisfied [171].  

The diffractogram provides a set of peak intensities in the corresponding diffraction angles or 

d-spacing and is a unique fingerprint for each material. Hence, in an unknown sample, crystal 
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structure analysis and phase identification can be extracted by the XRD technique. Software 

packages exist that can process XRD data, such as Panalytical X’Pert Highscore Plus which 

was used during this study. This software can be used to compare the XRD pattern of the 

tested sample with known patterns of materials available through crystallographic databases 

such as JCPDS (Joint Committee on Powder Diffraction Standards). Here, quantification of 

the phases in the tested material was accomplished by the Reference Intensity Ratio (RIR) 

method, which compares the agreement of peak positions and quality of the intensity match 

between the measured XRD pattern and the reference patterns.  

In this work, XRD was used to characterise the materials by evaluating the success of 

preparation methods, sintering and their stability after experimental applications. 

  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an analytical technique used for material 

characterisation. SEM scans a focused electron beam over a surface to generate images of high 

resolution, high magnification, and outstanding depth. These images can provide us with 

information on a morphology and structure of the sample or the catalytic layer coating. 

The principle of SEM is the use of high-energy electron beams to scan a sample and produce 

high-resolution, highly magnified image, samples can be coated with a thin film of gold or 

platinum to improve contrast. An electron beam is generated by an electron source from the 

top of the instrument, an electron gun is used as the source. The beam moves vertically through 

electromagnetic lenses, to produce a focused electron probe on the substance placed on the 

sample holder. 
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Figure 3.2 schematics of main components of SEM [172] 

 

Important information from SEM relies on the intensity of secondary electrons, backscattered 

electrons and characteristic X-rays which are analysed by corresponding detectors. The image 

of the specimen surface topography is obtained by measuring the secondary electron (low 

energy) intensity as a function of the position of the primary electron beam, hence the intensity 

of the secondary produced electrons is related to the specimen surface topography. Qualitative 

element analysis can be obtained by the backscattered electron images, intensity and the 

contrast of the image can be correlated to the atomic number of the element. 

SEM characterisations are performed under vacuum conditions, to ensure there are no air or 

dust particles that could block the path of the electron beam or distort the specimen surface. 

Therefore, a sample must be stable under vacuum conditions and needs to be conductive to 

produce images. Non-conductive samples must be sprayed with a thin layer of carbon. 

In this work, a FEI Quanta FEG, Environmental Scanning Electron Microscope was used to 

study the morphology of the BCZY and hybrid powders and pellet membranes, hollow fibres, 

catalyst layers and the Mo/HZSM catalyst after synthesis. SEM will show the particle size and 

the material porosity/densification. Element analysis was performed on the BCZY disc 

membrane with the Pt catalyst, to ensure sufficient surface coverage by catalyst on the 

membrane, this was done using the energy-dispersive X-rays (EDX) and Aztec software. 
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Hollow fibre and disc membranes were studied under SEM for cracks and porosity, all 

membranes underwent element analysis to ensure the elements were dispersed throughout the 

sample.  

 Gas Analysis 

 Gas Chromatography  

Product gases were analysed using on-line Thermofisher Trace1300 GC, equipped 

with both flame ionisation detector and thermal conductivity detector, respectively connected 

to a Porapak q 1/8” packed column and Shincarbon ST 1/16” column.  

Thermal conductivity detector (TCD), this detector measures the changes in thermal 

conductivity of the reference carrier gas in the presence of a substance [173]. This consists of 

two channels, one channel contains the pure carrier gas, the other channel consists of the 

carrier gas from the column containing the sample components, as most substances have 

thermal conductivities much less than helium or hydrogen carriers. The major component in 

the TCD is the filament, this part is heated, and the resistance of the filament is dependent on 

temperature [174], therefore a change in temperature will cause a change in resistance and this 

change is detected. TCD is commonly used for detecting inorganic gases such as argon, 

nitrogen, oxygen, hydrogen, carbon dioxide [175]. For our system, the TCD was connected to 

a shin carbon ST 1/16th diameter and 6ft column with argon carrier, used to analyse the 

inorganic gases produced, carbon dioxide, hydrogen, methane and carbon monoxide.  

 

Figure 3.3 thermal conductivity detector schematic [173] 
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The other detector used is a flame ionisation detector (FID), this detector consists of a H2/air 

flame and a collector plate. The carrier gas containing the organic sample is introduced into 

the flame and the sample is ionised, these ions generate a current and intensity of the current 

is detected using the metal collector plate which has a high DC voltage [176]. The FID was 

connected to a porapak q 1/8th diameter and 2m length column, using a helium or argon carrier 

gas.  

 

Figure 3.4 flame ionisation detector schematic [9] 

 

 

Gas chromatograph columns separate the molecules within the gaseous mixture by volatility 

and polarity. These factors change how each component interacts with the stationary phase 

within the column. In packed columns the solid support has 5-20% of the stationary phase 

impregnated onto an inert support [177]. Different factors can influence the separation of the 

gas components, vapour pressure, component polarity versus the polarity of the stationary 

phase, column temperature and length [178]. The columns used in the work presented in this 

thesis are both Porous Layer Open Tubular columns (PLOT), as these columns contain a 

porous layer of a solid adsorbent (in this works case, Porapak and Shincarbon), these columns 

are well suited for analysis of light, fixed gases, and some volatile substances, therefore well 

matched to the work for this thesis.  
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Gas chromatography was calibrated using gas calibration mixtures of known concentrations 

of hydrocarbons and inorganic substances, the FID and TCD were calibrated separately. The 

calibration gas mixtures used consisted of, CH4, C2H4, C2H6, C6H6, C10H8 and argon balance 

for the FID calibration, and H2, CO, air, CH4, CO2 for the TCD calibration. A quartz tube of 

200ml volume was placed in a furnace at a temperature of 700OC (this is to replicate the 

methane dehydroaromatisation reaction conditions, as discussed in the literature review), mass 

flow controllers were calibrated for the calibration gas flow using a bubble flow meter. This 

is an important and necessary step as the mass flow controllers are used to vary the gas flow 

for the dilution of the calibration gas concentration with argon carrier. The varying gas 

flowrates for corresponding dilution was calculated using Microsoft excel. The calibration gas 

concentration was varied from 0-100% at different increments (0.5%, 1%, 5%, 10%, 20%, 

40% etc.) with the argon carrier as the balance, carrying this out gave a more accurate 

calibration curve could be obtained. Gases were flowed into the reactor and on to the GC to 

be analysed, each concentration was analysed 3 times to get an average and a more accurate 

calibration. The GC method used is provided in Table S1 in the appendix.  

 

Figure 3.5 FID calibration chromatogram 
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 CO2 Analyser 

The Vaisala GMP343 CO2 analyser, connected to the reactor outlet, was used for CO 

oxidation reaction which produces CO2 and for catalyst regeneration reaction after the 

methane coupling reaction. The analyser utilises an infra-red (IR) sensor in the detection of 

CO2 in the gas flow. Figure 3.5 shows the schematic of the analyser. The pulsed light from a 

miniature filament lamp, which is reflected and focused on to the IR detector, a Fabry-Perot 

Interferometer (FPI). The FPI is electrically tuned and measures the wavelength changes 

between the adsorption band of the CO2 of the tested gas and the reference band. The IR 

detector detects the decrease in light transmission. The wavelength measurement of the FPI is 

changed to the reference band and has no absorption lines and the IR detector sees full light 

transmission. The ratio of these signals indicates the degree of light absorption in the gas and 

is proportional to the gas concentration. 

 

 Figure 3.6 schematic of the Vaisala CO2 Analyser [179] 

 

 

The maximum flowrate of gas which can be analysed is 10L/min, the volume of the internal 

chamber is 59ml (±1ml), in this work the maximum flowrate analysed was 200ml/min.  The 

analyser is factory calibrated with dry N2-CO2 gas mixtures of ±0.5% tolerance in the range of 

0-2% CO2 concentration and for temperatures up to 50OC. The unit was also given an 

additional calibration curve for 0-100% concentrations [179]. The output reading in CO2 is 

given in ppm and can be compensated with temperature, relative humidity and oxygen 

presence. The accuracy of the reading is ±1% within the temperature range of 10-60oC, ± 
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0.02% per g/m3 of water in the flow and ±0.2% for oxygen up to 20.9% concentration in the 

flow [179]. 
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Chapter 4  Synthesis of BaCe1-x-yZrxYyO3-δ 
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  Introduction 

In this chapter we will discuss the methods of preparation of doped barium cerate powders, 

pellets and the results obtained. As discussed in the literature review, yttrium doped barium 

cerate (BaCe0. 8Y0.2O3-δ) is a predominant ceramic proton conductor at moderate temperatures 

(400-700OC). This material has a range of potential applications such as solid oxide fuel cells, 

chemical sensors, and membrane reactor setups. Doping with 20 mol% yttrium is the ideal 

amount, as 20% exhibits high protonic conductivity [180] at intermediate temperatures. 

As discussed in the literature review in chapter 2, the issue with this ceramic is the stability 

under certain environments, namely under CO2 and H2O containing atmospheres [181]. To 

overcome this instability BCY can be additionally doped with zirconia, this dopant increases 

the materials stability in CO2 and H2O environments, although this increased stability means 

reduction in proton conductivity and extreme calcination (1250-1500OC) and sintering 

conditions (1500OC to 1700-2000OC) [182]. High calcination temperatures are required to 

form a material consisting of a single phase, other phases and impurities can cause further 

degradation. In addition, a high sintering temperature is required for densification of the 

membrane, dense ceramic membranes need to be ≥90% relative density subsequently there 

are no leaks through the membrane. 

High temperature furnaces are not commonly available and are costly, therefore another 

avenue for calcination and sintering is required. Different methods can be implemented to 

overcome the high sintering temperatures and calcination temperatures. As previously 

discussed, other studies have shown the use of a sintering aid can be utilised to reduce the 

sintering temperature of the ceramics [9,183]. The present work implements the use of a 

sintering aid such as a metal oxide and microwave sintering to reduce the calcination and 

sintering temperature. The purpose was to produce a BaCe0.6Z0.2Y0.2O3-δ (BCZY) disc 

membrane with a relative density of <90% at the lowest temperature possible. BCZY and 

BCY powders were prepared using the sol-gel method and calcined in various furnaces at 

different temperatures and dwell times.  
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The downside to using a sintering aid is the reduction of electronic conductivity with the 

increasing amount of metal oxide sintering aid [184]. Electronic conductivity is essential to a 

dense ceramic membrane in permeation of ions, as electron migration across the membrane is 

required in the absence of an external electrical circuit [40], therefore minimising the amount 

of sintering aid is important. A method to overcome the decrease in electrical conductivity due 

to the addition of a sintering aid (and in fact to simply increase the electronic conductivity of 

the material) is to form a dual phase-hybrid membrane by using both with gadolinium doped 

ceria, which has a higher electrical conductivity to form a dual phase-hybrid membrane.  

Microwave sintering is fundamentally different from conventional sintering. As previously 

discussed in the literature review, microwave sintering utilising a different  mechanism of heat 

transfer to the main body of the sample [185].  

  Materials and Method 

  Powder Preparation 

BaCe0.8Y0.2O3-δ and BaCe0.6Zr0.2Y0.2O3-δ powders were synthesised using the sol-gel 

method, this method differs to the commonly solid-state reactive sintering (SSRS) method 

[102,186] as in the sol-gel method the precursors are made into colloquial liquid (sol) which 

is then made into a gel, whereas the SSRS method is more straight forward, stoichiometric 

amounts of the metal oxide/carbonate precursors are mixed and pressed into a disc and sintered 

in a single step. This method requires a high temperature furnace, which is not accessible to 

the group. Sol-gel method was first used by Barison et al. [103] for the preparation of BCZY 

powders.  
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Stoichiometric amounts of BaCO3 (≥99%, Sigma Aldrich), CeO2 (≥99.9%, Aldrich), ZrO2 

(≥99%, Aldrich), Y2O3 (≥99.99%, Aldrich) to produce 10g of BaCe0.8Y0.2O3-δ and 

BaCe0.6Zr0.2Y0.2O3-δ product, were weighed. These were then dissolved in 500ml of distilled 

water, followed by the slow addition of 153ml H2O2 whilst stirring, 5.3ml of NH4OH was then 

added and stirred for 2 hours. The resultant solution was then dried at 90oC until the liquid 

evaporated to leave a precipitate. The precipitate was heated at 250OC for 2 hours producing 

the powder. The resulting powders were analysed using SEM and XRD to verity the crystal 

structure and powder morphology achieved after calcination, the calcination step is described 

in detail below. 

 Calcination 

Calcination is the process of heating a substance under controlled temperature and 

environment [59] and is an important step when preparing samples. Calcination is required 

for several reasons: 

• To heat the sample to below its melting point to create a phase transition.  

 

Figure 4.1 Flow chart for doped barium cerate synthesis using the aqueous sol-gel method 

 

Stoichiometric amounts of BaCO3, 
CeO2, Y2O3 (and ZrO2) dissolved 

in 500ml H2O

Stirring and slow addition of 
153ml of H2O2

Addition of 5.3ml of NH4OH and 
stirred for 2h

Condensation of the resulting 
liquid at 90oC overnight

Precipitate remaining is dried at 
250oC for 2h

Calcination in microwave and 
conventional furnace at varying 

conditions

XRD and SEM analysis
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• To decompose the impregnated metal salts to produce a pure single phase, this 

includes decomposition of precursors, nitrates, chloride and carbonates to leave only 

the metal or metal oxide in the structure. 

• Calcination helps to produce a mechanically and thermodynamically stable 

macrostructure, defined geometry and pore size. 

• Calcination helps to uniformly distribute ions throughout the sample. 

Calcination differs to sintering in that, lower temperatures are used, and the sample does not 

undergo densification, whereas in sintering the sample undergoes densification. 

The synthesised BCY20 and BCZ20Y20 powders were separated into multiple samples, these 

samples were calcinated in a microwave muffle furnace and a conventional furnace under 

different conditions as shown in Table 4.1 and Table 4.2. Both ceramics were calcinated in a 

conventional furnace, BCY for 1100 OC for 5 hours and BCZY for 1400 OC for 24 hours [187]. 

Table 4.1 BaCe0.8Y0.2O3-δ calcination condition and furnace variations 

Sample name Furnace type Temperature MW Power Duration 
Reference 

BCY.MW.900-1 Microwave 900OC 1800 1hr This work 

BCY.CF.900-1 Conventional 900 OC - 1hr This work 

BCY.MW.950-1 Microwave 950 OC 1800 1hr This work 

BCY.CF.950-1 Conventional 950 OC - 1hr This work 

BCY.MW.950-4 Microwave 950 OC 1800 4hr This work 

BCY.CF.950-4 Conventional 950 OC - 4hr This work 

BCY.MW.1000-1 Microwave 1000 OC 1800 1hr This work 

BCY.CF.1000-1 Conventional 1000 OC - 1hr This work 

BCY.MW.1000-4 Microwave 1000 OC 1800 4hr This work 

BCY.CF.1000-4 Conventional 1000 OC - 4hr This work 

BCZY.MW.1150-2 Microwave 1150 OC 1800 2hr This work 

BCZY.CF.1400-24 Conventional 1400 OC - 24hr [181] 

BCZY.MW.1150-4 Microwave 1150 OC 1800 4hr This work 

BCZY.CF.1250-14 Conventional 1250 OC - 10hr [181] 

BCZY.MW.1150-10 Microwave 1150 OC 1800 10hr This work 
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 Sample Characterisation 

The prepared samples were characterised using X-ray diffraction (XRD) and scanning 

electron microscope (SEM). These characterisation techniques will give understanding to the 

phases present and morphology produced from each furnace and temperature used in the 

calcination stage. Methods used for both characterisation techniques are described in Chapter 

3. 

  Disc Membrane Preparation 

Disc membranes were prepared once the characterisation of the synthesised powders 

had been done. It was known that the BCY samples would not be used for further catalytic 

experiments due to the presence of CO2 in the following chapters reactions, the purpose of the 

calcination experiment and synthesis was to understand if and how a microwave sintering 

furnace can be used to reduce calcination temperature and dwell time for different ceramic 

substances (BCY and BCZY). Synthesis of the barium cerate powders could only produce in 

low quantities and the powder stoichiometry could not be repeated in each batch, due to 

inconsistences such as human error and differing ambient conditions altering the materials 

properties such as density. The other issue was the nanoparticles produced were too large to 

be pressed into discs (discussed later). It was more beneficial to this work to use commercially 

prepared powders, BaCe0.6Zr0.2Y0.2O3-δ powder was supplied by Marion Technologie. Using 

the commercially prepared powders means a large quantity is readily available and there are 

no discrepancies between each batch of ceramic used, compared to laboratory synthesised 

BCZY where each small volume batch takes time and each batch can be different, as well as 

the fabrication of hollow fibres required for catalytic experiments require much higher 

quantities of powder than disc membranes. Extensive review of literature and previous tests 

carried out by the research group [181] suggested BaCe0.6Zr0.2Y0.2O3-δ was the ideal material 

to use as a disc membrane and hollow fibre membrane. 
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Further analysis of literature proposed that using a dual phase membrane [65,188], consisting 

of two ceramic materials is the ideal material to be used in the dehydroaromatisation of 

methane reaction, as the use of BCZY and gadolinium doped ceria (Ce0.8Gd0.2O3-δ) dual phase 

membrane have shown promise in hydrogen permeation and excellent stability. 

Disc membranes were sintered using a metal oxide sintering aid and in this work zinc oxide 

was used. BCZY and varying weight percentage of ZnO (Sigma-Aldrich) for comparison, 

were mixed in a small amount of isopropanol until a homogenous mixture was generated. The 

mixture was dried overnight to evaporate the liquid. The remaining solid then ground and 

sieved to 36μm particles. For the actual catalytic experiments, hollow fibre membranes were 

used, and they were prepared in Tianjin Polytechnical University, as we do not have the 

facilities to prepare hollow fibres. Pellets were prepared in the laboratory here to gain better 

understanding for the sintering requirements of BCZY:CGO dual phase membranes.  

The same method was used for the dual phase BCZY:CGO hybrid membrane, equal amounts 

of each ceramic powder (CGO powder supplied by Marion Technologie) and varying amounts 

of weight percentage ZnO sintering aid were mixed in isopropanol until homogenous. The 

next steps were the same as the BCZY discs. After each powder was ground and sieved, they 

were analysed with XRD to show each component was present in the resultant mixtures. After 

XRD confirmation, the resultant powders were then pressed using a coaxial hydraulic bench 

press at 10tons and held for 2-3 minutes, resulting in a disc of 18mm diameter and 1-1.2mm 

thickness. The disc membranes were then sintered using the microwave furnace. The sintering 

temperature for this work was dictated by the maximum temperature of the microwave 

sintering furnace, 1150OC.  Samples were again characterised with XRD and SEM after 

sintering.  

 

 



 

 

70 

 

Table 4.2 composition of each sintered disc membrane. 

Material Sintering Aid Abv. Temperature Duration 

BaCe0.6Z0.2Y0.2O3-δ No BCZY-0.MW 1150OC 10hr 

BaCe0.6Z0.2Y0.2O3-δ Yes- 1% wt BCZY-1-ZnO.MW 1150OC 10hr 

BaCe0.6Z0.2Y0.2O3-δ Yes- 1% wt BCZY-1-ZnO.CF  24hr 

BaCe0.6Z0.2Y0.2O3-

δ:Ce0.8Gd0.2O3-δ 

50:50 volume 

No BCZY:CGO-50-0.MW 1150OC 10hr 

BaCe0.6Z0.2Y0.2O3-

δ:Ce0.8Gd0.2O3-δ 

50:50 volume ratio 

Yes- 1% wt 

BCZY:CGO-50-1-

ZnO.MW 

1150OC 10hr 

 

The work published by E.  Rebollo et al. and Montalone et al. investigated the chemical and 

mechanical compatibility of BCZY and CGO. Rebollo’s group the material using TGA giving 

a good indication that the materials are chemical compatible in high temperature CO2 

environment (see Introduction chapter section 2.6), as compositions of 50-50 volume ratio 

BCZY-CGO did not compose in high temperature and CO2 rich environment. Mechanical 

compatibility tests were conducted by Montalone et al. where different BCZY-ceramic 

mixtures were tested at high temperature in air and reducing environments, and thermal 

expansion coefficients were obtained using dilatometer. Their results obtained indicate BCZY 

and CGO have very similar thermal expansion coefficients across the temperature range of 0-

1000OC. Both sets of work signify that BCZY-CGO dual phase materials are chemically and 

mechanically compatible, hence these tests were not repeated in this thesis. Furthermore 

Rebollo et al. undertook and reported hydrogen permeation performance tests of the same 

composition BCZY-CGO membranes, thus these were not carried out. In place of the 

permeation performance test, the membranes were tested in a catalytic environment to assess 

the performance of the material in an actual real-life application.  
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 Results 

  Synthesis and Calcination of Powders 

Synthesis of the powders using the aqueous sol-gel method has proven by work 

conducted in the research [181] group to be a suitable way to synthesise barium cerate in an 

efficient, low energy expenditure method. All samples of BCY and BCZY were synthesised 

successfully, although the calcination process showed varying results. XRD analysis of each 

powder showed how the calcination temperature and furnace type effects the phases present 

in the compound.  

Figure 4.2 shows the XRD patterns of previous work done by Stavrakakis et al. [181] for BCY 

and BCZY of varying dopant quantities, calcination in the conventional furnace at 1250OC for 

10h and 1400OC for 24h respectively. These XRD patterns, for both BCZ20Y20 and BCY20, 

are used here as control in the comparison of calcination methods. XRD of synthesised powder 

in this work in Figure 4.2 showed that the sol-gel method successfully incorporated the 

barium, cerium, yttrium and zirconium together, pre-calcination XRD showed this.  

 After calcination of the BCY and BCZY powders they were analysed with XRD to observe 

the phases present. Figure 4.3 compares the calcination of the powders in a conventional 

 

Figure 4.2 XRD patterns of BCZY and BCY with varying quantities of dopants [181]. 
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furnace at 900-1000oC for 1-4h. Samples calcined in the conventional furnace in Figure 4.3 

(a) showed multiple phases present at all temperatures in particular large amounts of carbonate 

still present (peak at 23-25O) [60] meaning the calcination process was not successful. 

Calcination 1000oC and 4h showed the closest to a pure phase with single peaks present at  

40 O, 52 O, 59O, 67O and 75O which in agreed with the corresponding pattern in Figure 4.2. The 

shoulder present at 29O suggests the phase BaCO3 is still present [189].  

When analysing the samples calcinated in the microwave furnace, Figure 4.3 (b), it can be 

immediately seen that the samples calcinated have much fewer phases present at all 

temperatures, the difference between the samples at 900OC and 950OC is substantial. In the 

microwave furnace a single phase is present with the only issue being the carbonate (peak at 

29O) not being removed during the calcination process. As discussed in the literature review, 

the issue with carbonate being present is the stability of the sample in a CO2 environment, in 

the following chapters CO2 is a product and a by-product of the reactions therefore, a stable 

sample is required.  

Calcination at 1000oC with a 4h dwell time, shows a pure single phase calcinated and no 

carbonate present, signifying that this method was successful, on comparison with the relevant 

pattern in Figure 4.1, the patterns are identical, meaning the microwave furnace was successful 

in reducing the calcination temperature by 20%. This method is energy and time efficient 

compared to the conventional furnace. Calcination time was reduced by 75%, this is due to 

the microwave sintering process, where the main bulk is heated directly via microwave 

radiations direct heating of the sample , therefore heat is not lost to surroundings, and the 

particles undergo the full temperature effect [190]. This bulk heating implies the heat losses 

are reduced and a lowered temperature gradient suggesting a high heating rate can be used.  

The reduction in calcination is a more complex topic to understand. Work done by 

Thridandapani et al. [191] evaluates the kinetics of a lower sintering temperature used in the 

densification of YSZ using a microwave sintering furnace compared to a conventional 

furnace. As we are seeing a comparison in results in our calcination of BCY20 in a microwave 
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furnace (pure phase obtained at lower temperature) the work can be correlated. Thridandapani 

et al. suggests that the use of a microwave furnace results in a lower activation energy in the 

densification mechanism, a change in activation energy means a different mechanism path is 

at work. Conventional furnace sintering a value of 500kJ/mol was observed, whereas value of 

200kJ/mol was observed for microwave sintering furnace. The difference can be attributed to 

the different heating mechanism of the crystal lattice [191], what we are suggesting with our 

work is that the reduction in calcination temperature follows their microwave sintering 

mechanism. During conventional sintering and calcination particles undergo bulk diffusion, 

in microwave sintering particles undergo heating at the grain boundary, therefore enhancing 

grain boundary diffusion [119]. These mechanisms occur at different rates, hence the 

difference in calcination temperature. A dilatometer is required to evaluate this theory, a 

dilatometer will measure the volumetric changes of the materials with heat, therefore we can 

observe the changes of the material during calcination in each furnace. This equipment is not 

accessible to the research group, so a theory for this change must be proposed.   

 

 

Figure 4.3: XRD of BCY20 calcinated in; a) conventional furnace and b) microwave sintering furnace 
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 The results of calcination of BCZ20Y20 at 1400OC for 24h in the conventional furnace shows 

a pure phase of BCZY formed, separate Ba-Ce-Zr-Y oxide phases all formed with no 

significant secondary phases present. When calcined at 1250OC, XRD pattern shows multiple 

phases present, the shoulder at 30o suggests the formation of BaZrO3 [192], this is not an 

overall issue with this phase not influencing the BCZY mechanical or chemical stability, work 

done by Babilo et al. shows a summary of the how more dopant increases the conductivity of 

barium zirconate but displays lower conductivity than BCY, this phase will reduce the 

materials ability to conduct ions [193].  

Calcination in the microwave furnace took place at the highest temperature possible (1150OC) 

for 10h, XRD pattern for this condition showed a similar pattern to calcination at 1250OC, 

with the same phase peaks for BaZrO3 and peaks for ZrO2. ZrO2 was a precursor material 

therefore the temperature used for calcination was not high enough for ZrO2 phase to react 

[194]. Hence calcination is not possible in the microwave muffle furnace present in the lab 

due to the BaZrO3 and ZrO2 phases and not being able to form a single phase and higher 

temperatures are required, the XRD analysis shows similar results for 1150OC and 1250OC 

calcination, therefore the use of microwave furnace for calcination could reduce the 

temperature required for BCZ20Y20.  

 

Figure 4.4 BaCe0.8Y0.2O3-δ X'Pert highscore spectra 
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Figure 4.5: XRD patterns of calcined BCZY in conventional and microwave furnaces 

 

After calcination, the successfully calcinated powders (BCY20) were viewed with SEM to 

observe any microstructure differences between the different furnaces and temperatures used. 

SEM images show there are distinct differences between powder calcined in the microwave 

and those in the conventional furnace in this work and further a difference in work done by 

Barion et al. [59], this change in morphology has been suggested to be due to the lower 

calcination times and temperatures used in the microwave furnace [195], the reason for the 

microwave causing this is difficult to pinpoint, with some groups suggesting the morphology 

change is due to the microwave heating mechanism (outside to in heating) [196] but there are 

no explanations on the reasons for the change.  
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Figure 4.6: a) sample BCY.MW.1000-1 b) Barison et al. BCY20 powder calcined at 1100OC [59] 

 Sintering to dense pellets 

With extensive review of literature, we knew that BCY20 would not be a suitable for 

further use in wireless dual chamber setup or catalytic membrane reactor due to the presence 

of CO2. The purpose of the calcination was to understand if these materials could be 

successfully produced in a microwave sintering furnace and understanding the difference 

between microwave and conventional sintering.  The results showed that BCY could be 

successfully calcined at a lower temperature using the microwave sintering furnace. The 

BCZY samples could not be calcinated in the microwave furnace as higher temperatures are 

required. The issues with laboratory production of these powders, is that each sample could 

not be replicated consistently and we could not successfully press the powders into discs due 

to the larger particle size and we were unable reduce the particle size further.  Due to this, 

BaCe0.6Z0.2Y0.2O3-δ and Ce0.8Gd0.2O3-δ powders were supplied by Marion Technologie, as 

commercially produced powders have an exact specification, new samples can be produced 

quickly and are all the same. Pellets were pressed into 19mm discs at 10tons of pressure using 

a uni-axle press, they were then sintered at 1150OC for 10h. Pellets were analysed by XRD 

and SEM imagery, this was to understand the composition and morphology after sintering. 

4.3.2.1   BCZY 

Figure 4.7 shows a distinct difference between samples with and without the use of a 

sintering aid. Sample a) shows a darker colour as there is a difference with the sample 

a) 
b) 

10μm 10μm 
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composition, thus the ZnO has been incorporated successfully after sintering. Work previously 

done with higher temperature sintering without the aid show the material changes colour 

[197], the higher temperature shows there is another possibly unwanted reaction taking place, 

unfortunately this could not be tested due to not having access to a high temperature furnace. 

With the edges being lighter, this shows how the microwave furnace heating mechanism 

works from the middle to the edge of sample, the opposite to a conventional furnace [4]. The 

next chapter shows how a dense centre is more important, as the bulk of permeation occurs 

here, whereas the edges are covered with sealant. Table 4.3 shows the sample percentage 

change in diameter with sintering, sample BCZY-0 did not show much shrinkage with the 

diameter decreasing by 9%, whereas sample BCZY-1-ZnO the diameter decreased by 20%, 

the minimal shrinkage in sample BCZY-0 tells us that the sample had not densified, and the 

sample was porous, SEM images in Figure 4.8 also illustrates this.  

 

 

Figure 4.7: Pictures of sintered pellets with a) sample BCZY-1-ZnO, b) sample BCZY-0, both sintered at 

1150OC for 10h 
 

a) b) 
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Microstructure analysis of the sintered pellets is to check whether the pellet is dense. A porous 

pellet would show dark holes, these are pores, caused by the particle grain size not increasing, 

as shown by sample BCZY-0 in Figure 4.8 a).  Sample BCZY-0 shown in image a) is a pellet 

which has not been fully sintered, this can be seen by the image scale that the sample still has 

nanoparticles present and has not undergone densification. Whereas sample BCZY-1-ZnO in 

images (b) to (d) is a pellet with 1% ZnO sintering aid; image b) where a larger grain size is 

present, (c) BSED backscatter shows there is no pores, and (d) showing a cross section of the 

middle which shows complete density through the middle, all comparable to similar samples 

produced at temperatures of 1600oC and above [59].   

 

 

Figure 4.8: SEM images of BCZY pellets sintered at 1150oC in the microwave furnace with and 

without sintering aid, a) sample BCZY-0, x50000 ETD b) BCZY-1-ZnO, x5000 ETD c) sample BCZY-

1-ZnO x20000 BSED d) sample BCZY-1-ZnO cross section, x10000 ETD 

 

Table 4.3 BCZY samples and the % change in diameter after sintering (shrinkage) 

Sample                Diameter (mm) Δ (%) 

Before sintering 19 0 

BCZY-0 17.3 9 

BCZY-1-ZnO 15.27 20 

2μm 20μm 

10μm 

c) 

5μm 

a) b) 

d) 
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Figure 4.9 displays how the use of ZnO produced similar grain size and shape from lower 

sintering temperature.  The SEM images also show fewer pores present in the ZnO sample 

compared to the work conducted by Sawant et al. [26], this sample was chosen as a 

comparison as it has the same composition as our sample, BaCe0.6Zr0.2Y0.2O3-δ albeit no ZnO 

sintering aid present and it is a dense sample produced in a lab. This reduction in sintering 

temperature can be explained by Tao et al. [198], where it is possible to see the ZnO reacting 

with the barium oxides to form a lower melting point temperature intermediate compound 

which causes liquid phase sintering at lower temperature [8]. Liquid phase sintering is induced 

by the addition of a transition metal oxide additives to promote densification [199]. The liquid 

phase forms between the transition metal oxide (ZnO) and the alkali earth metal (Ba), this 

dissolves the oxides present forming the perovskite [184]. The other possibility of sintering 

temperature reduction is the Zn has entered the perovskite lattice structure, this new Zn 

containing perovskite exhibits a lower melting point, therefore densified at the reduced 

temperature [199]. 

 

Figure 4.9: SEM images a) sample BCZY-1-ZnO sintered at 1150oC in microwave furnace for 10h (this 

work), b) BCZY sintered at 1400oC in a conventional furnace adapted from [200] 

 

 

Density of this sample was measured using the Archimedes method of water displacement to 

calculate the samples actual volume and using the mass of the sample, the theoretical density 

was provided by the supplier, i.e. 6.18gcm-3. Due to the low amount of ZnO used in the sample 

(1% wt) this would not influence the theoretical density of the sample, the density of the 

sample was calculated to be 5.69gcm-3, hence a relative density of 92%. The increased density 

20μm 20μm 

a) b) 
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is again due to the use of the microwave sintering furnace, high powered field generated by 

the microwave results in ionisation of the pellet surface, this diffusion of ions between the 

sample’s particles is increased and results in higher rate of densification [190]. 

The reduction in dwell time, which was 10h for this work, whereas other dense ceramic 

samples require 24h [201], occurs due to the heating mechanism of microwave furnaces, the 

sample which undergoes direct heating in the microwave and directly absorbs the energy 

[190], this direct heating of the sample indicates heat loss is decreased. In addition to the 

decreased heat losses, the microwave radiation directly interacts with the sample particles 

[202]. This volumetric heating signifies a higher heating rate can be used, as there is a lower 

temperature gradient, decreasing sintering time.  

Achieving this density is of great importance to us, as this material is to be used in catalytic, 

sensory, SOFC applications that require a relative density of at least 90% [198] and achieving 

this at a comparatively low temperature of 1150OC is a great success. Lower sintering 

temperatures denotes the barium is not vaporised in the higher temperatures and Y2O3 phase 

is not created as this reduces the conductivity [186,203,204]. The next chapter or publication 

[181] would not have been possible without this work. 

Future work on this topic would include gas tightness measurements to ensure a fully dense 

sample was obtained using this sintering method. 

4.3.2.2  BCZY:CGO 

XRD analysis of BCZY and BCZY-CGO mixture after sintering shows single sharp 

peaks meaning single phases are present. The XRD in Figure 4.10 shows how the method of 

mixing BCZY and CGO and the addition of ZnO produced single phases after sintering at 

1150oC for 10h. 

Figure 4.10 b) shows in the peak from 28-30o depicts a double peak, this peak illustrates that 

the BCZY and CGO are both present in the pellet.  Therefore, the mixing and sintering method 

used for BCZY:CGO sample was successful in incorporating each phase.  
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Table 4.4 shows the sample change in diameter after sintering. This is important as this gives 

an idea of how the sample has densified at high temperature. Sample BCZY:CGO-50-0 shows 

the diameter has  decreased by 8%, whereas sample BCZY:CGO-50-1-ZnO shows a higher 

level of shrinkage with a 20% decrease in diameter, showing that the sample has further 

densified than the sample with no ZnO present. 

  

 

 

 

SEM analysis on the obtained pellets showed that a good degree of densification had been 

achieved. As can be seen in Figure 4.11 in sample BCZY:CGO-50-1-ZnO  the sample shows 

low porosity. The results are comparable to those published by Itagki et al. [205] in Figure 

4.12. 

SEM analysis of the samples again shows a positive effect on densification with the used 

sample BCZY:CGO-0-ZnO (no sintering aid) in Figure 4.11 a), shows the samples are still a 

 

Figure 4.10: XRD patterns of a) Marion supplied powders and b) sintered samples BCZY:CGO-1-ZnO 50:50 volume ratio 

Table 4.4 BCZY:CGO samples % change in diameter after sintering (shrinkage) 

Sample Diameter (mm) Δ (%) 

Before sintering  19 0 

BCZY:CGO-50-0 17.4 8 

BCZY:CGO-50-1-ZnO 15.21 20 
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nano-powder and porous, even after pressing and sintering, this can be seen as the particles 

are still extremely small in comparison to sample BCZY:CGO-1-ZnO (1% ZnO sintering aid) 

in images b) to d), where there are larger grains present and no pores telling us that the ceramic 

particles have fused together and undergone densification. The BCZY:CGO-1-ZnO sample 

underwent the same sintering mechanism as BCZY-1-ZnO, where the ZnO sintering aid 

underwent liquid phase sintering due to the ZnO reacting with BaO in the system [199,201] 

thus a reduction in sintering temperature. 

 

Figure 4.11: SEM surface images of a) sample BCZY:CGO-0-ZnO, x10000, ETD detector, b)-

BCZY:CGO-1-ZnO, x10000, ETD, c) BCZY:CGO-1-ZnO, x30000, d) BCZY:CGO-1-ZnO, x30000, 

BSED.  All samples were sintered at 1150OC in the microwave furnace for 10h.  

 

 

In the comparison of our work in Figure 4.11, and work done by Itagki et al. [205] where their 

method consisted of mixed wet ball milling of BCY and CGO powders, our method shows 

that ball mill equipment is not necessary for successful mixing of the powders. Figure 4.12 

shows the hybrid samples b) 22vol% CGO/BCY, c) 46vol% CGO/BCY and d) 72vol% 

CGO/BCY are all relatively porous. Whereas sample BCZY:CGO-1-ZnO in figure 4.11 

shows high density and low porosity when sintered at a lower temperature (1150OC in this 

10μm 

a) 

10μm 

b) 

4μm 

d) 

4μm 

c) 



 

 

83 

 

thesis vs.1450OC by Itagki et al.) and with zirconia present. Therefore, the addition of a metal 

oxide sintering aid can help obtain a dense sample at lower sintering temperatures.  

One important aspect of this work is that the methodology used for the sintering of the 

membranes allowed us to obtain dense pellets with a zirconia containing phase. As previously 

discussed, zirconia increases the ceramics stability in hydrated and CO2 environment [198], 

but the addition of Zr increases the sintering temperature due to zirconia’s high melting point. 

Barison et al. [59] performed sintering on BCY and BCZY samples and discussed the inability 

to produce a dense BCZY pellet at temperature below 1400OC.  

 

Figure 4.12: BCY-CGO synthesised by Y. Itagaki SEM images of the surfaces of (a) BCY, (b) 22vol% 

CGO/BCY, (c) 46vol% CGO/BCY, (d) 72vol% CGO/BCY, (e) CGO, and cross-sectional surface view of 

(f) 46vol% CGO/BCY after sintering at 1450°C [205] 

 

 Conclusions 

BaCe0.6Zr0.2Y0.2O3-δ (BCZY) and BaCe0.8Y0.2O3-δ (BCY) ceramic compounds were 

synthesised using the aqueous sol-gel method and calcined in a microwave sintering furnace 

and a conventional furnace at varying temperatures and dwell times. The calcination work 

shows that the use of a microwave sintering furnace can be utilised to reduce the calcination 

dwell time of BCY samples. XRD analysis of the samples shows that the BCY20 sample 

calcinated in the microwave furnace have a pure phase at 1000OC and a 1h calcination time, 

whereas sample calcinated in the conventional furnace require calcination at 1250OC and 14h 

calcination time for a pure phase. Calcination at 1000OC in the conventional furnace still had 
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carbonate present (peak at 24O). Direct comparison of the XRD patterns of the sintering 

conditions showed drastic differences between the conventional and microwave furnaces, with 

the microwave furnace reducing the amount of impurities at temperatures as low as 950OC, 

whereas in the conventional furnace large amounts of impurities are still present at 1000OC. 

The difference in calcination temperature between the furnaces was attributed to the different 

activation energies due to different calcination mechanisms present, comparable to work done 

by R.R. Thridandapani. During microwave calcination the sample undergoes heating at the 

grain boundary and enhances grain boundary diffusion.   

The same cannot be said for the calcination of BCZY. The inclusion of zirconia in the 

perovskite structure requires an increase in temperature to form a pure phase sample, XRD 

analysis of BCZ20Y20 calcined at 1400OC for 24h produced a pure Ba-Ce-Zr-Y phase sample, 

calcination at 1250OC for 14h (conditions required for BCY20 calcination) showed ZrO2 and 

BaZrO3 phases present. As the microwave furnace in the laboratory has a maximum 

temperature of 1150OC, this was the only temperature that was tested in the microwave 

furnace. Calcination at 1150OC for various times in the microwave furnace showed the same 

pattern as 1250OC, therefore the same bulk and grain boundary theory can be suggested for 

this temperature difference. All results show that a higher temperature is required to remove 

the ZrO2 and BaZrO3 phases and to produce pure Ba-Ce-Zr-Y phase. 

The results achieved from sintering tests were extremely pleasing. As stated 

BaCe0.6Zr0.2Y0.2O3-δ and Ce0.85Gd0.15O3-δ were both bought from a commercial supplier Marion 

Technologie, due to lack of consistency with stoichiometry and particle size in the laboratory 

preparation, whereas commercially supplied powder produced in large batches is consistent 

with stoichiometry, particle size and samples can be produced quicker. The BCZY and 

BCZY:CGO hybrid materials sintering experiments showed that a use of a metal oxide 

sintering aid (ZnO used), can produce dense membranes at relatively low temperatures. The 

material shrinkage was shown in Table 4.3 and Table 4.4; shrinkage can show that a sample 

has densified, with the diameter reduction results in pores being closed. Table 4.3 showed that 
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sample BCZY-1-ZnO diameter had reduced by 20% after sintering, whereas BCZY-0 had 

only reduced by 5%. Shrinkage results for BCZY:CGO hybrid in Table 4.3 were similar, with 

sample BCZY:CGO-50-1-ZnO diameter shrinking by 21% and sample BCZY:CGO-50-0 

shrinking by 8%.  

Scanning electron microscope analysis further confirmed that the samples with ZnO sintering 

aid had densified, with Figure 4.8 compares sample a) BCZY-0 and b) to d) BCZY-1-ZnO. 

Figure 4.8 of sample BCZY-1-ZnO shows increased particle size and fused particles, whereas 

images of sample BCZY-0 illustrates small particles and large pores present. Figure 4.11 

shows hybrid samples after sintering, again similar to Figure 4.8, BCZY:CGO-50-1-ZnO 

showing poreless, dense sample, with increased grain size. Figure 4.12 work done by Itagaki 

et al. and their BCY:CGO samples which SEM images display increased porosity after 

sintering at higher temperature. The reduction in sintering temperature is attributed to the 

addition of the ZnO sintering aid. The metal oxide induces liquid phase sintering after reacting 

with the BaO present in the sample, hence lower sintering temperature. Sintering time was 

reduced from 24h to 10h with the use of the microwave sintering furnace, this is attributed to 

the microwave heating mechanism.  

Work conducted in this chapter shows preparation techniques, which can be applied to the 

later catalytic experiments and for future work. The production of dense membranes gave us 

the necessary knowledge to complete the following chapters and for the future of the research 

group.  
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Chapter 5  Electrochemical Promotion of 

CO Oxidation on Pt/BCZY 

The work presented in this chapter was published, Stavrakakis, E., West, M., Johnston, S. et 

al. Hydration, CO2 stability and wireless electrochemical promotion studies on yttria-doped 

Ba (Ce, Zr) O3 perovskites. Ionics 25, 1243–1257 (2019). https://doi.org/10.1007/s11581-

019-02836-6 
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  Introduction 

In this chapter we discuss the use of the dense BaCe0.6Zr0.2Y0.2O3-δ (BCZY) membranes 

prepared in chapter 4 in the wireless electrochemical promotion of CO oxidation using a 

platinum catalyst, the results of this chapter have been published in Ionics under the title; 

Hydration, CO2 stability and wireless electrochemical promotion studies on yttria-doped Ba 

(Ce, Zr) O3 perovskites [181]. The purpose of this work is to understand whether the BCZY 

membrane prepared in the laboratory could be used as a wireless electrochemical promotion 

of catalyst reaction with a catalytic reaction, in this case CO oxidation with Pt catalyst.  This 

experiment is an ideal way to test BCZY in a simple catalytic setup and observe a reaction 

which can be affect by the addition of hydrogen, before applying the membrane to a more 

complicated reaction (methane dehydroaromatisation). 

Catalysis promotion has been previously studied in the research group [206], and showed that 

the addition of a classical promoter, a proton donating species, has an effect on the catalytic 

rate. Classical promotion can be difficult to control and needs to be done before the reaction, 

hence a method to apply reversible change to the catalytic rate in-situ is required. 

Electrochemical promotion of catalyst (EPOC) is an extensively studied field [12,207], this 

method of in-situ change in catalytic rate on the application of a potential difference (positive 

and negative), with Vayenas et al. [208] showing catalytic improvement, with the application 

of a potential difference to their Ru catalyst deposited on yttrium doped barium zirconate 

support, for CO2 hydrogenation to methane reaction by removing H+
 ions from the reaction. 

An issue with this setup is the complications with assembling the electric circuit to the 

membrane support and the high cost of the gold electrodes necessary.  

Wireless electrochemical promotion of catalysis has been studied by Poulidi et al. 

[78,127,144,145,209], where the dense ceramic membrane support is used as a separator 

between two chambers in the dual chamber setup, the chambers consist of a reaction and a 

sweep side. Electrochemical promotion is achieved by a chemical potential difference of the 

promoter across the membrane, where a promoter is flowed through the sweep side and can 
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be conducted to the reaction side by the solid electrolyte [145]. In our case, BaCe0.6Zr0.2Y0.2O3-

δ with 1% ZnO sintering aid as prepared in Chapter 4, was used as the dense ceramic 

membrane between the reactor chambers.  

Due to the material’s low electronic conductivity at the tested temperature range (350-750oC) 

and displays limited hydrogen permeation flux, with pellets showing fluxes of 10-3-10-2 ml.cm-

2.min-1 in the thickness range of 1-1.5mm [210], it is very difficult to perform permeation 

experiments with our limited equipment. Whereas EPOC activation can be achieved at these 

low fluxes and current densities in the form of microamperes per square meter (μA.cm-2) [13] 

which is equivalent to 10-4 ml.cm-2.min-1 proton flux. Hence EPOC can show the permeation 

of hydrogen across the BCZY membrane. 

  Materials and Methods 

  Disc Membrane Preparation 

Preparation of the disc membranes was carried out using the same method described 

in Chapter 4. After literature review and work done previously in the research group 

BaCe0.6Zr0.2Y0.2O3-δ was the perovskite decided on for the electrochemical tests, due to its 

stability in CO2 environments [181] and hydrogen flux permeation [211].  

BaCe0.6Zr0.2Y0.2O3-δ (BCZY) powder was supplied by a commercial supplier (Marion 

Technologie), this ensures consistent stoichiometry and characteristics for each pellet 

compared to laboratory prepared powders where inconsistences can occur. For the disc 

membrane preparation, 1.2g of BCZY powder was mixed with 2 wt.% of ZnO nano powder 

(Aldrich) which was used as the metal oxide sintering aid (as discussed in Chapter 4) in 

isopropyl until a homogenous slurry is formed, this was then dried at 100oC and ground and 

sieved to 36μm. The sieved powder mixed was uniaxially pressed in a pellet die (19.5mm 

diameter) under 5t for 2min. The disks were sintered in a microwave furnace (Analytix Pyro 

Muffle Furnace) at 1150oC and 1800W for 6h, these conditions formed 15mm diameter, 

1.2mm thickness, 92% relative density sample.  
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The CO oxidation reaction requires a platinum catalyst, this was applied to the BCZY-ZnO 

disk membrane via brush-painting a platinum paste and firing at 800oC for 30min. The paste 

was prepared by dissolving H2PtCl6.6H2O powder (Sigma Aldrich) in isopropyl and terpinol 

ink vehicle (Fuel Cell Materials) and mixed. The amount of Pt on the catalyst surface was 

approximately 5mg and 0.42cm2 projected surface area. 

Catalytic experiments were accomplished using a wireless Electrochemical Promotion 

configuration, conducted in a dual-chamber membrane reactor comprising of a dense pellet 

membrane separating the two reactor chambers. The dense BCZY.ZnO disk membrane was 

attached and sealed to a macor tube using Aremco CERAMABOND 552 to create the separate 

chambers as seen in Figure 5.1, the sealant was cured via three steps, firstly air dried at RTP, 

then fired in a conventional furnace with a ramp rate of 0.5oC.min-1 at 96oC for 2h and finally 

fired for 260oC for 2h. The low ramp rate was necessary, so the sealant was gently heated and 

did not crack during the heating process. A K-type thermocouple was used to measure the 

actual temperature within the reactor. 

The reaction took place in one chamber of the reactor while the other chamber was used for 

the sweep gas. The balance of the reaction mixture was helium. Excess oxygen is used to 

prevent carbon deposition and subsequent poisoning of the catalyst. The unmodified reaction 

rate was obtained using argon in the sweep side of the reactor, while protonic species were 

supplied to the catalyst in order to promote the catalytic activity via the use of a 15% H2/2.3% 

H2O (diluted with argon, total flow rate 100 ml.min−1) sweep on the reaction side, 2.3% H2O 

is the estimated water saturation content according to the steam tables [212]. The use of 

different balance gases in the reaction and sweep sides allowed for the detection of leaks (not 

observed for the duration of these experiments), these leaks were detected using gas 

chromatography equipped with TCD and argon carrier, this allowed us to detect helium which 

has leaked through the membrane or sealant.  

The reacting gases used were 10% CO in Ar, air and 15% H2 in Ar (sweep) all supplied by 

BOC. The product gas was analysed with a Vaisala GMP343 CO2 Analyser, the only stream 
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analysed was the product flow to understand the difference in CO2 rate with a change in the 

conditions (i.e. sweep gas change), this equipment took a CO2 ppm reading every 5s, meaning 

changes in rate could be seen quickly.    

 

Figure 5.1 Reactor schematic and AUTOCAD 3D drawing 

 

Figure 5.2 Process flow diagram of the CO oxidation testing rig (AUTOCAD) 
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 Results 

  Experimental Conditions 

Catalytic experiments were conducted at 350, 550, 650 and 750OC, and reactor 

conditions used were pCO = 1kPa, pO2 = 10kPa, these highly oxidising conditions indicates 

there is a high supply of oxide ions to the catalyst to ensure CO2 production, excess O2 used 

also prevents carbon deposition on the catalyst and the subsequent poisoning of the catalyst 

which would eventually occur. Previous work in the research group [206] shows high oxygen 

partial pressure (pO2 = 10kPa) conditions exhibited high EPOC effect, hence the focus of this 

chapter is observing change in catalytic rate and not reactor design/optimisation, therefore 

these high oxygen partial pressure conditions were used. For each temperature, the reaction 

started and was allowed to settle for 10-13h in order that a stable rate could be used as a 

consistent starting platform. During the settle period Ar/3%-H2O was flowed in the sweep side 

of the reactor to saturate the membrane with H+ ions, as discussed in the literature review, 

saturating the membrane with H2O will maximise the materials proton conductivity and 

permeation [59,94,213,214]. The experiment was conducted swapping the sweep gases after 

a reasonable number of hours for a settled rate to be obtained.  

CO2 product concentration was obtained using Vaisala GMP353 CO2 analyser where CO2 

product from the reactor outlet was measured in ppm. The ppm was converted to catalytic rate 

(r) in mol.s-1 using the following equations:  

r =  fm x [𝐶𝑂2]/1000000  (5.1) 

Herein [CO2] is the CO2 concentration in ppm and fm is the molar flowrate at STP conditions. 

Flowrate is measured in volumetric form (fv) in ml.min-1. A consistent total volumetric 

flowrate of 200ml.min-1
 was used during the experiment, this is approximately the same value 

as the reactor’s outlet in these low conversion conditions and the reactor’s operation in CSTR 

mode [57].  Therefore, it is necessary to convert fv to fm using ideal gas equation:  

fm =  
fv (𝑐𝑚3.𝑚𝑖𝑛−1)

60 (s.𝑚𝑖𝑛−1)
 x 

1 

22400 (𝑐𝑚3.𝑚𝑜𝑙−1)
   (5.2) 
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fm =  mol. s−1   

The catalytic rate was further divided by the catalyst projected surface area to form the unit 

mol.cm-2
.s-1. 

  CO Oxidation 

Catalytic experiments showed promising results for wireless electrochemical 

promotion of catalyst at each temperature, consistent trends occur, albeit with varying values. 

Upon introduction of H2/3%-H2O stream on the sweep side, a hydrogen potential difference 

is created. This potential difference acts as the driving force for the proton species to migrate 

across the membrane to the reaction side, the protonic species spills over on to the catalyst 

similar to classical EPOC [127]. As previously discussed, the effect on the catalytic rate 

(promotion or poisoning) is dependent on the nature of the promoting species, either 

electronegative or electropositive and the adsorption status of the reactants. Hence with the 

high oxidising conditions used (pO2 = 10kPa), the catalytic rate can be increased by increasing 

the CO adsorption using an electronegative promoter; in the case of our reaction CO acts as 

an electron donor in the presence of the high electronegativity of oxygen [215]. It is commonly 

known that CO oxidation undergoes Langmuir-Hinshelwood mechanism as shown in Figure 

5.3, where CO and oxygen are adsorbed on to the Pt catalyst and CO2 product is released 

[133].  

 

Figure 5.3 Langmuir-Hinshelwood mechanism of CO oxidation [216] 

 

Pt 
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Previous work done by Hu et al. [217] and J. Bergeld [133] where both discussed the influence 

of water on the rate of CO2 formation during CO oxidation reaction. Their work shows the 

introduction of how water forms hydroxyl ions which are the deemed to be the promoting 

species in the reaction, with the widely accepted mechanism of the reaction being;  

𝑂 + 𝐶𝑂 + 𝐻2𝑂 →  𝐶𝑂2 +  𝐻2𝑂  (5.3) [217] 

Elementary steps: 

2𝐻2𝑂 + 𝑂 → 2𝑂𝐻 + 𝐻2𝑂  (5.4) [217] 

𝐶𝑂 + 𝑂𝐻 → 𝐶𝑂𝑂𝐻  (5.5) [217] 

𝐶𝑂𝑂𝐻 +  𝐻2𝑂 →  𝐶𝑂2 +  𝐻2𝑂 +  𝐻2𝑂  (5.6) [217]  

Equation 5.3 is the suggested overall reaction; the elementary steps show the formation of 

hydroxyl ions which has been identified as the promoting species, the H2O product in equation 

5.4 will react with oxygen to form more hydroxyl ions. Furthermore, it is stated that the 

reaction promotion can be divided into two classes, 1. By the H- bonding between H and H2O 

and an electronegative species, or 2. H2O dissociates into H and OH and this directly 

participates in the reaction.  

This study helps us to understand why the use of a proton conducting membrane and the 

introduction of H2/H2O in the sweep side of the reaction increases the transient rate. With 

conduction of protons across the membrane to the reaction side, it can be suggested that the 

hydrogen reacts with the excess oxygen to form hydroxyl ions which promote the formation 

of CO2. Protons migrate via the Grotthaus mechanism [218,219] from the BCZY disk to the 

catalyst/gas interface, where the hydroxyl group is formed through reaction with absorbed O 

atoms [141,142]. Figure 5.4 is our suggested mechanism of what occurs, on introduction of 

the H2/H2O sweep, protons migrate to the reaction side catalyst where they react with absorbed 

O atoms to form hydroxyl group promoter which forms a layer of OHδ- over the catalyst, this 
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increases the absorption of CO on the catalyst and the rate of CO2 formation increases 

(catalytic rate) [142].   

 

Figure 5.4 proposed EPOC mechanism of CO oxidation on Pt with sweep gas of humidified hydrogen. 

 

 

Results from the CO oxidation experiment show how the introduction of humidified H2 sweep 

influences the catalytic rate of reaction, Figure 5.4 shows the experiment at 350oC. After a 

settling period of 12h, on the introduction of the humidified hydrogen the transient rate 

increases from 0.865μmol.cm-2.s-1 to 0.975 and settles over the course of 2h to a consistent 

rate of 0.9μmol.cm-2.s-1, a modest 3.4% rate increase. This rate was sustained for 11h, we can 

put this change in rate down to what was previously suggested, proton migration on to the 

catalytic surface which reacts with the oxygen to form hydroxyl species (electronegative) 

which increases the adsorption of the CO species (electron donor).  

The rate returns to its original value of 0.87μmol.cm-2.s-1,once the hydrogen sweep is removed 

and Ar-sweep is applied. This behaviour is different to previous wireless electrochemical 

promotion of catalyst experiments with mixed oxygen and electronic conductor 

[78,127,144,209,220], but similar to work carried out with mixed protonic and electronic 

conductor [145] as used in the modification of Pt catalytic activity for ethylene oxidation. 

With the mixed oxygen and electronic conductor experiment, the catalytic rate remained at 

the promoted level upon the re-introduction of the inert sweep gas, whereas with the proton 
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and electron conductor the catalytic rate underwent rapid restoration to the original value upon 

re-introduction of the inert sweep.  

Experiments conducted at 350OC showed the introduction of a promoting species can show a 

sustained and stable rate for an extreme duration. Further experiments were conducted to 

understand the repeatability of EPOC effect on CO oxidation along with the effect of change 

in temperature, therefore further experiments were conducted at 550, 650 and 750OC.   

Experimental results observed at 550OC in Figure 5.6, as expected showed an increase of the 

initial “open-circuit” reaction (r0) with this being approximately 0.995μmol.cm-2.s-1. On 

introduction of the promotion sweep, the catalytic rate increased to a maximum value of 

1.1μmol.cm-2s-1 (15% increase), the rate then settled to a value of 1.065μmol.cm-2.s-1
 after 1h 

(7% increase). The promotional sweep was stopped and Ar flowed into the chamber, allowing 

the rate to return to its unpromoted state (albeit a lower value than original). After 1h of Ar 

sweep, the H2/H2O flow was restarted, and the catalytic rate increased to a maximum value of 

1μmol.cm-2.s-1. The procedure was repeated once more (a total of 3 promoting cycles), the 

 

 

Figure 5.5 CO oxidation on Pt and BCZY membrane at 350OC, with  pCO = 1kPa, pO2 = 10kPa in the 

reaction chamber and 50ml/min 15% H2/Ar in the sweep chamber 
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unpromoted rate for the cycle was 0.875μmol.cm-2.s-1
 which increased to 0.975μmol.cm-2.s-1 

(10.5% increase). The slow increase and fast decrease in catalytic rate indicates that the rate 

is being altered by permeation of hydrogen, if the hydrogen was transporting via a leak, the 

rate would increase immediately and settle quickly due to the large amount of gas flowing, in 

the reaction the rate increases and settles over an hour.  

The reaction at 650OC gives similar results to what was seen at 350 and 550OC. As expected, 

the initial “open circuit” rate was higher than the previous temperatures, with r0 being 

2.45μmol.cm-2.s-1. At 650OC the change in catalytic rate for each H2/H2O cycle 1, 2 and 3 were 

4.1%, 7.08% and 7.88% respectively. This is slightly lower than the changes seen at 350OC 

and 550OC, this could be due to the BCZY membrane entering oxide conductivity and the 

chemical gradient of oxygen between the two chambers allowed for a minimal amount of 

oxide ions to transport across the BCZY membrane [45]. A higher temperature could confirm 

this being the case, as 650OC is a low temperature for oxide ion transport to take place. 

Experiments at 550OC and 650OC showed that BCZY can be used in an EPOC setup for 

reversible changes in catalytic rate.  

 

 

Figure 5.6 EPOC CO oxidation on Pt at 550OC with  pCO = 1kPa, pO2 = 10kPa in the reaction 

chamber and 50ml/min 15% H2/Ar in the sweep chamber 
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Results observed for the catalytic experiment conducted at 750oC ( Figure 5.8) are very 

different from what was previously observed at the other temperatures (Figure 5.5, Figure 5.6, 

Figure 5.7 and  Figure 5.8). At 350-650oC the trend was an increase in catalytic rate on the 

introduction of the H2/H2O sweep, whereas at 750oC on the first H2/H2O sweep the catalytic 

rate decreased and then upon the reintroduction of the inert sweep the catalytic rate decreased 

further to stabilise at a lower value. In the next H2/H2O sweep cycle there was no change in 

catalytic rate observed.  

As discussed previously, the conductive properties of BCZY change at elevated temperatures, 

more specifically at 700oC BCZY enters a predominantly oxide ion conductivity regime in the 

presence of steam, or as in the present case oxygen [45,210]. The oxygen chemical potential 

difference exists throughout the reaction, due to the excess amount of oxygen used in the 

reaction side of the reactor.  When taking this increased oxygen ion conductivity of the 

membrane at this temperature, it is possible for the adsorbed oxygen to be removed from the 

catalyst and transported through the membrane to the sweep side. Removal of oxygen ions 

from the catalyst surface would disfavour the adsorption of the electron donor (CO) which 

 

Figure 5.7 EPOC CO oxidation on Pt at 650OC  with  pCO = 1kPa, pO2 = 10kPa in the reaction 

chamber and 50ml/min 15% H2/Ar in the sweep chamber 
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determines the reaction kinetics under these conditions. The effect of this can be seen at the 

beginning of the experiment, at this stage with the previous experiment temperatures we saw 

an increase in reaction rate as the temperature increased, 350oC r0
 = 0.875μmol.cm-2.s-1, 550OC 

r0 = 0.995μmol.cm-2.s-1 and 650oC r0 = 2.45μmol.cm-2.s-1, whereas r0 at 750oC was decreased 

to 2.3μmol.cm-2.s-1. 

During the first introduction of the H2/H2O sweep, the hydrogen chemical potential difference 

is created across the membrane, activating proton transport from the sweep side to the reaction 

side, therefore overall ambipolar diffusion of protons and oxygen ions takes place. With this 

we see two competing mechanisms that can each affect the catalytic rate, if one flux is higher 

than the other, the higher flux species will influence the reaction rate. In the present case the 

initial drop-in rate with the introduction of the H2/H2O sweep can be attributed to the higher 

oxygen ion flux. In the second and third H2/H2O cycles there appears to be no change in the 

reaction rate, this can be explained by the competing transport mechanisms being in 

equilibrium, accordingly no species with a higher flux therefore no change in rate.  

 

 Figure 5.8 EPOC CO oxidation on Pt at 750OC  with  pCO = 1kPa, pO2 = 10kPa in the reaction 

chamber and 50ml/min 15% H2/Ar in the sweep chamber 
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Carrying out an overall material mass balance will confirm if H2O has been produced as a by-

product and in-turn confirm that H2 permeation has occurred. The overall balance deduced 

that during the H2 sweep, more O2 reacted in the system compared to the inert sweep, 

suggesting that the O2 was being converted into CO2, this increase in reacted oxygen did not 

balance with the increased CO2 therefore can be deduced water was formed and therefore 

confirming that hydrogen permeation had taken place. Previous studies on wireless using SCY 

and SCYb by Poulidi et al. [127,145,220] displays similar results as these proton conducting 

materials with a change in catalytic rate occurring on addition of H2 to the reaction, hence with 

this previous work being comprehensive and showing similar results it was not carried out in 

this system. 

  EPOC Performance Evaluation 

EPOC reactions are commonly described and evaluated with two major parameters, Faradaic 

efficiency (Λ) and rate enhancement (ρ), these parameters are calculated using the following 

equations: 

Λ =  ∆𝑟𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐  /
𝐼

𝑛𝐹
      (5.7) 

𝜌 = 𝑟/𝑟0    (5.8) 

The rate enhancement and faradaic efficiencies have been calculated for each temperature and 

shown in Table 5.1. 

Calculating faradaic efficiency is more complex for the wireless EPOC setup in comparison 

to classical EPOC, as there is no known applied current used to alter the reaction, hence an 

estimation of Λ can be found using hydrogen flux of the system. Again, this is difficult due to 

the low flux present with a membrane of 1-1.5mm thick. Attempts were made to measure the 

hydrogen flux of the system, but the permeation was too low to be analysed and have a 

numerical value assigned. Analysis of literature presented a minimum value of  

10-4ml.cm-2.s-1 hydrogen flux [210], which would equate to a current of approximately -

200μA.cm-2.  For NEMCA reaction to have taken place, Λ > |1|, but usually for NEMCA 
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reactions Λ >> |1|  occurs and ρ ≠ 1 [145]. The values seen in table 5.1 would suggest that the 

reactions carried out at 350-650OC were non-Faradaic with high values for Λ and all adhering 

to the ρ ≠ 1 rule with the rates observed at 350, 550 and 650OC being 1, 1.55 and  

2.5μmol.cm-2.s-1 and the respective values for Λ were calculated to be 8.49x104, 9.65x104 and 

1.61x105 respectively, with results at 750OC showing no promotion was occurring which 

coincides with low to no Λ values. 
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Table 5.1 EPOC performance evaluation 

Temperature  350OC 550OC 650OC 750OC 

    Δrcatalytic ρ Λ Δrcatalytic ρ Λ Δrcatalytic ρ Λ Δrcatalytic ρ Λ 

H2/H2O 

Cycle 

1 0.11 1.12 8.49x104 0.105 1.11 1.01x105 0.1 1.04 6.43x104 -0.1 0.957 -3.86x104 

2       0.155 1.18 1.50x105 0.23 1.10 1.48x105 0 1 0 

3       0.1 1.11 9.65x104 0.25 1.11 1.61x105 0 1 0 

    Assumptions: 
350OC 

I/A.cm-2 

-

0.00013 
[30,31] F/s.A.cm-2 96.5   n -1       

   550OC 

I/A.cm-2 
-0.0001 [30,31]         

   650OC 

I/A.cm-2 

-

0.00015 
[30,31]         

   750OC 

I/A.cm-2 

-

0.00025 
[30,31]         
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  Stability of Pt/BCZ20Y20 membrane 

Due to the product of the tested catalytic reaction being CO2 it is important to test the stability 

of the BCZ20Y20 membrane after the catalytic experiments. The BCZY and CO2 reaction 

only occurs at the gas-solid electrolyte interface, a dense membrane would offer enhanced 

resistance to carbonation [221]. This could not be carried out during the actual experiments as 

the membrane was bonded to a macor tube. Therefore, it is not an economical use of time or 

consumables to detach the membrane after each experiment and there is a high risk of breaking 

the membrane.   

 

Figure 5.9 XRD patterns of BCZ20Y20 after exposure to the duplicated catalytic conditions for 24h at 

each temperature. 

 

The reaction was replicated, and a membrane exposed to the conditions used for the catalytic 

reaction. The fresh membrane had minor impurities of CeO2 and BaCO3 phases most likely 

from sintering and catalyst deposition. XRD analysis of the duplicated conditions shown in 

Figure 5.9 (XRD characterisation of the BCZY was done after 24h in catalytic conditions at 

each temperature), the perovskite phase was shown to be intact and the ratio between the 

BCZY and secondary phases appeared to be unchanged. Hence there was no further 

decomposition of the BCZ20Y20 membrane; understanding the decomposition of the 
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membrane is important as it will give an indication of the membrane’s lifespan under real 

working conditions and if any further improvements are necessary, in the present case the 

membrane shows good stability after 100h in extreme conditions (high temperature and CO2 

environments). 

   Conclusion 

This preliminary work under reactive conditions using a wireless configuration (i.e. 

utilising the material’s electronic mobility even at such low temperatures) indicates that BCZY 

shows a lot of promise as a material in catalytic membrane reactors and applications involving 

reactions of environmental importance where H2 transport required. The work presented in 

this chapter shows the application of a MIEC membrane can enhance a reaction by the 

promotion of an electronegative species. The present results show on the introduction of 

H2/H2O on to the sweep side of the system, can enhance the catalytic rate by 1-1.2 times the 

unpromoted rate, this promotion is due to the formation of electronegative hydroxyl ions, 

which as shown in previous literature are highly promoting in the oxidation of CO to CO2 

reaction [217].  

Calculations performed for the EPOC evaluation show high values for Faradaic efficiency and 

rate enhancement ratios that are not equal to 1, which can lead us to conclude successful 

NEMCA reaction has taken place as for NEMCA reaction, Λ >> |1| and  ρ ≠ 1 [145]. The 

promotional index was not calculated due to the lack of available values and too many 

assumptions are required to calculate this parameter with Wireless EPOC reactions. With this 

work, we can apply BCZY membranes in more complex systems that occur at intermediate 

temperatures (500-800OC), where hydrogen can be removed (or added) from the reaction 

system to alter reaction rate and overall product yield, such as methane coupling reactions.  
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 Introduction 

In this chapter we discuss the catalytic reaction of nonoxidative conversion of methane 

(NOCM) to longer chained hydrocarbons over transition metal supported HZSM-5 zeolite 

(aluminosilicate zeolite) catalyst in a packed bed reactor (PBR) and a ceramic hollow fibre 

membrane with proton transport properties catalytic reactor (HFMCR). As previously 

discussed in the literature review, major drawbacks of the NOCM are thermodynamic 

limitations and coking [1]. In this work we tested multiple Mo/HZSM-5 catalysts (varying 

Si/Al ratios) in packed bed PBR configurations to determine the best available catalyst. The 

results of the best catalyst from PBR experiments were compared with experiments using 

hollow fibre membrane catalytic reactor (HFMCR). This work carries on from the previous 

chapter, where the use of a membrane reactor is studied to alter the performance of the system. 

Use of a proton conducting ceramic membrane is ideal for this reaction, due to their high 

hydrogen permeation at the operating conditions (≥700OC) of NOCM reaction [222] and in 

comparison, to metallic (Pd-Ag or Pd) membranes their catalytic inactivity [223,224]. 

Catalytic membrane reactors (CMR) have been applied to numerous energy related 

applications [37,122], where they have proved to show increases in product yield, purity and 

reactor efficiency [5].  

The increasing demand of organic chemical products puts a strain on manufacturing which 

relies heavily on petrochemicals. With the production of natural gas increasing worldwide, 

due to the development of hydraulic fracturing for shale in the United States and OPEC 

wanting to stay competitive with demand [225] with petroleum reserves being depleted, and 

natural gas reserves being estimated at 194  trillion m3 in 2016 [226], the utilisation of natural 

gas is a progressive step. An issue with natural gas is the high transportation cost from remote 

sites, and the high cost and energy intensive processes of converting the gas into other useful 

substances (Fischer-Tropsch) [226,227]. 

The nonoxidative conversion of methane, equations 6.1 and 6.2 is a promising route, which 

converts methane directly to hydrocarbons such as aromatic compounds, intense efforts have 
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been dedicated to the development of a suitable catalyst. This reaction is of optimal 

hydrocarbon yield at 700-800OC albeit with a low conversion rate and high catalyst 

deactivation rate due to coking [222], at higher temperatures the coke formation is further 

accelerated [162]. 

 6𝐶𝐻4  →  𝐶6𝐻6 + 9𝐻2  (6.1) 

2𝐶𝐻4  →  𝐶2𝐻4 + 2𝐻2  (6.2) 

Figure 6.1 illustrates the temperature increase and high coke formation, therefore if the 

reaction can be improved at lower temperatures (700-800OC) the coke formation can be 

limited whilst maximising product yield.  

 

 

Figure 6.1 methane dehydroaromatisation reaction conversion with temperature [152]. 

 

 

Borry et al. [162] in 1997 suggested the use of a catalytic membrane reactor with H2 permeable 

membrane for the nonoxidative conversion of methane to overcome the thermodynamic 

limitations of the reaction. In theory the H2 produced in the reaction can be continuously 

removed in-situ and increase the hydrocarbon yield [228]. This concept has been further 

explored using different membrane materials and conductors. Pd-Ag membranes used in the 

same reaction system showed an increase in catalytic activity [229], but an issue with these is 

their reactive nature and low stability. Ceramic perovskite-based membranes would be more 
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suitable to the temperature and environments of this reaction due to their chemical and 

mechanical stability at high temperature [181]. Z. Chen et.al utilised the perovskite membrane 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), an established oxygen conductor [230], in the oxidative 

conversion of methane to aromatics [231], this system was utilised as in theory the oxidative 

conversion of methane benzene will reduce the coking due to the presence of O2 [168], 

although this reaction does not yield as much longer chained hydrocarbon product as the 

nonoxidative conversion due to combustion of methane occurring simultaneously [228]. Other 

membrane reactor work has been carried out with oxidative methane coupling to ethylene 

reaction utilising a BSCF and LSCF oxide conducting membranes [96,232]. Early work by 

Wang et al.[232] and their BCSF membrane increased C2 selectivity to 88% and yield to 15%,  

Tan et al. [96] group’s use of LSCF membrane for methane coupling increased C2 selectivity 

was 71.9%, further proof that membranes can be used in catalytic methane reactions, with 

methane dehydroaromatisation reaction the range of hydrocarbons which can be produced 

(C2H4, C2H6, C6H6) and the increasing value of H2 make this reaction more appealing and in 

need of improvement. 

Further promising development with this reaction in a catalytic membrane reactor system has 

been demonstrated recently by Morejudo et al. [100] and the use of the co-ionic ceramic 

material La5.5W0.6Mo0.4O11.25-δ (lanthanum tungstate) in the catalytic membrane reactor. 

Lanthanum tungstate ceramic membrane is chemically and mechanically stable at high 

temperature and is predominately H2 permeable. Permeation at 800OC is reported at 0.025mL 

min-1 cm-2
 by Xie et al. [107], Morejudo et al. however increased the H2 permeation by utilising 

an external electrical circuit to the system, thus driving protonic mobility under an electrical 

driving force [233]. The group increased the aromatic yield from 10% with a packed bed 

reactor to 12% with a catalytic membrane reactor, their use of lanthanum tungstate meant the 

coke produced could be burnt off using, periodic O2 injections and O2 permeation through the 

membrane in the opposite direction, the membrane decreased the catalyst deactivation after 

approximately 10h to be operational for over 45h [233].   



 

 

108 

 

The discussed methods for catalytic membrane reactor have used materials, which are well 

known and have shown good performance but have been enhanced with an electrical circuit. 

Where this work differs and improves on previous work reported is the use of a dual phase 

BCZY-CGO hollow fibre membrane, the high electronic conductivity associated with the 

material means the system does not need an external circuit, making the process more 

commercially viable. Recently work with BCZY-CGO dual phase ceramic membranes have 

shown exceptional H2 permeation and very high electrical conductivity.  Ceramic membrane 

yttrium and zirconia-doped barium cerate (BCZY) and gadolinium doped ceria (CGO) hybrid 

is one of these new promising materials. Iwahara et al. [7] discovered yttrium doped barium 

cerate (BCY) as an excellent mixed ionic conductor, showing dominant proton conductivity 

at 500-600OC and oxygen ion conduction becomes more significant at 700-800OC, an issue 

with this material is its thermal and chemical stability in CO2 and H2O environments [234].  

Several studies have shown to overcome this, barium cerate is doped with Zr increases the 

materials stability [51,235], although the addition of Zr greatly reduces the materials 

conductivity [236]. The BCZY-CGO hybrid has shown to overcome these deficits, showing 

excellent stability in CO2 and H2O environments, whilst showing exceptional electronic 

conductivity between 700-800OC [205,213], and outstanding hydrogen permeation with 

Rebollo et al. showing hydrogen flux as high as 0.27mLmin-1cm-2 at 755OC [65], this being 

10 times the flux shown by Xie et al. with  lanthanum tungstate at 800OC [107].  

For this catalytic membrane reactor system, hollow fibre membranes are required, as they 

offer increased permeability compared to disk membranes due to their high surface area per 

unit volume and reduction in thickness [106,237–239]. Tan et al. [91] compared hollow fibre 

and 1mm thick disk BCY membranes H2 permeability at a range of temperatures, with the 

hollow fibre exhibiting a permeation of 0.38mL.min-1.cm-2 and the disk with less than  

0.01mL.min-1cm-2 at 1000OC. The hollow fibres used for this work were prepared by Tan et 

al. at the Tianjin Polytechnical University.  
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 Materials and Methods 

  HZSM-5 Packed Bed Reactor Experiment 

Mo/HZSM-5 catalyst of varying Si/Al on the zeolite support was first tested to 

understand which would perform best in the system. Analysis of the literature had already 

suggested that Si/Al mole ratio of 23:1 shows the best catalyst performance, i.e. highest 

hydrocarbon yield and CH4 conversion, our own tests were conducted to confirm this.  HZSM-

5 powders were supplied by Alfa Aesar (1318-02-01), in 3 different Si/Al mole ratios; 23:1, 

50:1 and 80:1. 1g of catalyst was loaded into a quartz tube and held in place using cotton wool. 

Swagelok ultra-torr vacuum fittings were used as the reactor fittings to ensure the reaction 

look place in the lowest quantity of air present. Heated lines were used to keep the products 

in the gaseous state for analysis with gas chromatography. 

The products were analysed using online Thermofisher Trace1300 gas chromatographer 

equipped with a 1/8th” porapak q column connected to an FID for hydrocarbon analysis and 

1/16th” shincarbon ST column connected to a TCD for the permeant gases analysis. The GC 

was calibrated using known quantities of the expected gaseous products (calibration gas 

supplied by CK gases).  

After the Si/Al mole ratio was tested the effect of metal support loading was determined. This 

is a widely studied topic, but we conducted our own investigation to confirm previous research 

findings. Literature review points to using molybdenum (Mo) as the widely used metal for this 

reaction [161,222,240], this was the chosen metal due to the catalyst performance, availability 

of materials and synthesis method, the quantity of Mo needed to be decided as in literature the 

best Mo wt.% in the catalyst varies. Synthesis of the Mo/HZSM-5 catalyst was done using the 

wetness impregnation method, this is the generally accepted method synthesis for this catalyst 

[241]. HZSM-5 catalyst (Alfa Aeasar, 1318-02-01) was weighed and a wt.% of ammonium 

heptamolybdate tetrahydrate ((NH4)6Mo7O24, Merck, 12054-85-2) was added. The mixture 

was dissolved in 10ml of deionised water and mixed at 70oC for 2h. The resultant powder was 

dried at 120oC and then calcinated in the microwave furnace at 550oC for 4h.  
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The Mo/HZSM-5 product was characterised using XRD and SEM imagery. The Mo supported 

HZSM-5 catalyst was tested in the same PBR setup and conditions, the conditions used were 

1atm of pressure in the reaction chamber, 700-800OC and flowrates varying from 10 to 

100ml.min-1. Figure 6.1 shows a process flow diagram of the PBR experiment. The rapid 

deactivation of this reaction due to coking means the catalyst must be regenerated to perform 

repeat experiments. Regeneration was done using compressed air, flowed at 50ml.min-1, the 

CO2 product was analysed using GMP343 CO2 analyser and Thermofisher Trace1300 GC with 

the TCD detector.  

 

Figure 6.2 Process flow diagram of NOCM PBR 

 

 Hollow Fibre Catalytic Membrane Reactor 

The hollow fibre membrane reactor can be altered to operate in co-current or counter-

current flows and the gases flowed were 5% CH4/Ar and 10% CH4/He in the reaction side and 

Ar/H2O in the sweep side, the flowrates were adjusted using Aalborg mass flow controllers, 

flowrates used in the reactions side ranged from 10-100ml/min methane and 0-100ml/min 

argon carrier, in the sweep side Ar/2.3% H2O was used at a flowrate of 50ml/min, the reactor 
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was also used at various temperatures; 700, 750 and 775OC. The ceramic membranes were 

held in place by macor tubing and secured with high temperature silicon sealant (Acc Silicones 

158 Silcoset, RS Components). The two chambers were created by customised Swagelok 

ultra-torr vacuum fittings with an inlet and outlet flow, as with the permeation experiment the 

argon cylinder was connected to a humidifier creating a flow of Ar/2.3% H2O. The system 

was leak tested with helium and the TCD, the setup leak was deemed satisfactory, if there was 

no helium peak present or the peak was less than 5% of the total helium flow rate. With the 

membrane and catalyst in place it was not possible to have the thermocouple in the reaction, 

as the tight area meant the membrane was at risk of snapping.  

 

Figure 6.3 HFCMR process flow diagram in co-current flow format 
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Figure 6.4 HFCMR CAD drawing (AUTOCAD)
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 Membrane Characterisation and Permeation 

With our previous work and literature review, the ceramic perovskite decided on for 

the hollow fibres was BCZ20Y20-CGO15 hybrid material. This material’s high hydrogen 

permeation rate and stability in reactive environments [65] make it ideally suited for our 

system. BCZ20Y20 (Marion Technologie) and CGO15 (Marion Technologie) and ZnO 

(Merck) sintering aid were sent to the Department of Chemical Engineering, Tianjin 

Polytechnic University for manufacture into hollow fibre membranes.  

Hollow fibre membranes were characterised using XRD and SEM, and then underwent 

permeation tests. The hollow fibre membrane was coated in Pt paste and calcined at 800oC to 

enhance the H2 permeation. The paste was prepared by dissolving H2PtCl6.6H2O powder 

(Sigma Aldrich) in isopropyl and terpinol ink vehicle (Fuel Cell Materials) and mixed, then 

brush applied to the membrane. Permeation characterisation is required to confirm H2 and O2 

transfer across the membrane and quantify the permeation rate. To carry this out a setup of 

two separate chambers are required and they must be leak-tight. The experimental setup 

consisted of two chambers sealed from one another (Figure 6.2 and Figure 6.3). Gases flowed 

through the membrane (tube) were 15% H2/2.3% H2O and through the quartz tube (shell side) 

Ar/2.3% H2O, controlled by Aalborg mass flow controllers. The flows were humidified as this 

increases the membranes ability to conduct H+
 [65,94,214] by saturating the membrane with 

H+ ions, as previously discussed in the introduction section of this thesis. Permeation was 

performed at the range of temperature, 700-800OC, these temperatures are optimal for NOCM 

reaction, hence other temperatures are not of use. 

   Results 

  Packed Bed Reactor Experiment 

6.3.1.1   Catalyst Comparison 

As discussed in the literature review there are numerous metal supported zeolite 

catalyst combinations [222,242] which can be used for methane to aromatics, with Xu et al. 
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[158] documented their comparisons, showing that the conversion ideal catalyst combination 

was HZSM-5 and a wt.% Mo.  

XRD analysis (Figure 6.5) shows similar patterns for each compound, with the most 

prominent difference occurring at 7O, with the twin peaks seen at 7O increasing as the Si/Al 

ratio increases, suggesting this is decreasing in acidity from the reduction of Al content or 

increase in Si content. 

 

Figure 6.5 XRD of HZSM-5 catalyst of varying Si/Al ratio 

 

 

 The Si/Al ratio of HSZM-5 is known to have an influence on the reaction performance and 

the catalyst thermal stability [243], furthermore the Si/Al ratio also has an influence on the 

dispersion of the Mo species throughout the catalyst [244], this lower dispersion of Mo in the 

inner HZSM-5 channel means there is a smaller area for the reactant (methane) molecules to 

react with the Mo, lowering reaction performance [245]. Even with previous publications we 

conducted our own tests to understand the effect of Si/Al ratio and what catalyst to use for 

aromatic production. The issue with the Si/Al ratio is increased ratio (lower Al content, 

reduced acidity) provides a more thermally stable catalyst, where as a high ratio shows thermal 

degradation at temperatures above 600oC [246]. This high stability has its disadvantage, tests 



 

 

115 

 

conducted by other groups and this work demonstrates that higher Si/Al ratio limits the 

catalytic activity resulting in lower yield.   

In addition, these experiments displayed that the HZSM-5 catalyst shows low-no selectivity 

towards aromatics as the only products detected were C2s and carbon (coking). What the 

comparison of the Al/Si showed was the catalyst performance. Overall, the lower Al/Si ratio 

(23:1) revealed higher rate of C2s produced, and a slower deactivation, suggesting thermal 

degradation and coking has not been influenced by the Si/Al ratio. Whereas the results for 

50:1 and 80:1 show decreased rate of production and an increase in rate of deactivation, 

therefore rate and deactivation are affected by the catalyst acidity. This outcome follows 

results previously published where HZSM-5 has high selectivity towards C2H4 and C2H6, and 

very low towards C6H6. All work published has compared results of Mo/HZSM-5 catalyst 

with varying Si/Al ratio, consequently this work indicates that the thermal stability of the 

catalyst and deactivation are affected when the Mo is added to the catalyst. Figure 6.6 

compares the performance of varying Si/Al ratio in a packed bed reactor using 1g of catalyst. 

Similar performance is obtained for the 23:1 and 50:1 ratio sample, however 80:1 ratio shows 

low rate and fast deactivation compared to 23:1 and 50:1. 

 

Figure 6.6 reaction of HZSM-5 for NOMC with varying Si/Al ratios reactions were done at 700OC, CH4 

and Ar flow rates of 30ml/min  and 100ml/min respectively 
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Further tests, such as comparisons of Si/Al with varying amount of Mo can allow us to 

understand the catalyst and why the addition of Mo produces aromatic compounds (benzene).  

Table 6.1 Comparison of HZSM-5 catalyst performance 

Si/Al ratio 
Selectivity (Hydrocarbons) 

Conversion (XCH4) 

C2 C6H6 

23:1 98% 2% 1% 

50:1    100% 0% 0.5% 

80:1 100% 0% 0.5% 

 

6.3.1.2   Mo loading and Si/Al Catalyst ratio: Mo/HZSM-5 

The Si/Al ratio alone limited impact on the reactions performance, hence we can 

suggest that the interaction between the zeolite and Mo affects the reaction in question [245]. 

The reaction products can be affected by the amount of Mo support in the catalyst, 

furthermore, as stated in several publications the Si/Al ratio affects the Mo/HZSM-5 catalyst. 

The Mo introduction into the HZSM-5 catalyst forms a bi-functional catalyst, where the Mo 

site and the acidity/shape selectivity of the zeolite are essential (acidity/shape affected by the 

Si/Al ratio) [247].  

XRD patterns obtained (Figure 6.7) of 23:1 HZSM-5 with 0, 3 and 6% Mo loading are very 

similar. Suggesting that the addition of low amounts of Mo does not affect the overall structure 

of the HZSM-5 or that the low percentage of Mo present in each compound means it is not 

visible in the XRD pattern, Figure 6.8 is a XRD by Zhu et al. [248] illustrates Mo/HZSM-5, 

HZSM-5 and MoO3 XRD patterns, this can confirm that the low quantity used for this work’s 

synthesised catalyst means the molybdenum cannot be seen on XRD.   
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Figure 6.7 XRD of 23:1 HZSM-5 with 0, 3 and 6% Mo loading  respectively 

 

Figure 6.8 Mo/HZSM-5, HZSM-5 and MoO3  compounds XRD patterns [49] 

 

 

Varying amounts of Mo were tested for different Si/Al ratio, synthesised using the wetness 

impregnation method as previously described. Work published by Vollmer et al. [249] has 

shown that Mo wt.% above 6% limits the catalyst dispersion throughout the catalyst, therefore 

there are not as many active sites for the methane to react on, hence only 3 and 6wt.% were 

tested in this section. Results are similar to those published [155], reaction shows high 

selectivity to benzene over C2 hydrocarbons, in comparison to reaction with HZSM-5 (0%wt 

Mo), which showed full selectivity and very low rate/conversion to C2s. Results show that 

catalyst with high Si/Al ratio has low catalytic activity, as Figure 6.7 illustrates that 3wt.% 

23:1 catalyst shows a high rate of benzene production in comparison to 3%wt 80:1 which 
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showed low rate, further indicating that the reaction has an acidity dependency [245,250]; the 

same occurred with the 6wt.% 23:1 and 6%wt 50:1, these results align with the work by K. 

Zhoa et al [245]. They suggest that the interaction between the molybdenum and zeolite 

changes the Brønsted acid site (BAS) interactions between the molybdenum and the zeolite, 

the BAS drives the Mo species into the zeolite channels to form the active species, at a high 

Si/Al ratio there are fewer BAS, and a lower product yield is observed.  

First attempts for the catalyst comparison followed what had been previously reported in 

literature and the original idea was to apply the catalyst to the membrane, via painting a 

catalyst solution on to the membrane, therefore 0.2g of catalyst mixed with 0.8g of inert 

alumina to increase the catalyst bed length, the bed length was increased as when the catalyst 

is applied to the membrane it is spread across a large surface area. Previous studies used 90% 

CH4/Ar gas mixture; this work used 10% CH4/He gas (BOC) for laboratory safety reasons. 

This low methane concentration and low amount of catalyst used, proved to be the wrong 

method as no product was seen in the analysis. Consequently, the catalyst amount was 

increased to 1g and the flows left the same, Figure 6.8 shows the results of this experiment, 

only C2H4 and C2H6 were produced and at a maximum rate in the order of nmols s-1 

 (x10-9) and fast deactivation.  

 

 

Figure 6.8 Experiment  of different catalysts and 30ml/min 10% CH4  flow rate diluted with 100ml/min 

Ar at 700OC 
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Results from the variation in Mo loading are again in line with what is reported in literature, 

lower wt.% demonstrates higher rate and conversion of methane. This was also observed by 

Zhu et al. where 2wt.% Mo exhibited the highest benzene yield and high selectivity when 

compared to 5wt.% [250]. The comparison done in our work was 3% and 6% (Figure 6.9), 

which presented the same results, higher benzene yield for 3wt.% and selectivity. Suggestions 

for this reduction with increased Mo loading is the higher percentage of Mo blocks the zeolite 

channel, therefore the methane cannot adsorb on to the active sites and cannot react [251].  

Table 6.2 shows the selectivity of the Mo/HZSM-5 catalysts.  

 

Figure 6.9 catalyst comparison of rate of benzene production at 700oC and 15ml/min CH4 flow rate. 

 

Table 6.2 Mo/HZSM-5 catalytic tests selectivity and conversion 

Catalyst Selectivity CH4 conversion 

Si/Al Mo wt.% C6H6 % C2 %  

23:1 3% 92.30% 7.70% 3.0% 

23:1 6% 97.50% 2.50% 0.7% 

50:1 6% 100% 0% 0.2% 

80:1 3% N/A N/A 0% 
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Further experiments were conducted with 5% CH4/Ar mix and varying flow rates, to obtain 

the best results for each catalyst. Different flow rates were tested, 20, 50 and 100ml/min of 

the reactant gas and catalyst 23:1 3wt.% Mo was used. At a flow rate of 100ml/min the catalyst 

and quartz wool ended up being pushed out of the high temperature reaction area and into the 

Swagelok fittings. Where there were lower flowrates the catalyst stayed in the high 

temperature region of the reactor, results for these flowrates are shown in Figure 6.10.  

 

Figure 6.10 benzene formation rate and inlet gas flow rate comparison 

 

 

The results show that at the lower gas flow rate the higher the reaction rate and overall 

hydrocarbon yield, therefore it can be said a higher reactor space time, alluding to more time 

for the reactants to stay in the reaction area, therefore a high space velocity is beneficial to this 

system. Space time for each flow rate was calculated using equation 6.3 and shown in Table 

6.3.  

𝜏 =  
𝑉

𝑄
    (6.3) 

Table 6.3 Calculated space time of each flow rate 

Volumetric rate (Q, 

cm3/min) 

Reactor volume 

(V, cm3) 
Space time (τ, min) 

Space velocity 

(SV, min-1) 
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20 26.016 1.3008 0.7678 

50 26.016 0.52032 1.92 

 

6.3.1.3   Reaction Limitation 

An important aspect is the mass transfer limitation (diffusion control) of the reaction. 

Due to the low flow rates and high temperatures necessary for the reaction and to obtain the 

highest yield, the reaction is most likely be limited by mass transfer. This occurs from the 

diffusion of the reactant (methane molecules) and active sites within the catalyst pores, this is 

referred to as pore diffusional resistance. Furthermore, due to the reaction taking place in a 

packed bed setup, the pore resistance leads to the catalyst being underutilised, as the interior 

of the catalyst in the packed bed is exposed to a lower reactant concentration [252]. A method 

to overcome this issue is to use a smaller particle diameter catalyst, but this comes at a price 

of high pressure drop across the reactor, therefore a compromise is necessary. The internal 

mass transfer of catalyst particles with sub millimetre size, does not impact gas-phase 

reactions [253], in these experiments the catalyst particle size used was between 36-60μm 

(after grinding and micro-sieving). Corresponding with work conducted by Iliuta et al. [254] 

and Fogler et al. [255], the small variation in Figure 6.10 between benzene formation with 20 

and 50ml.min-1
 flow rates could suggest the mass transfer limitations of the reaction can be 

considered as negligible. Further work is required to fully understand the effects of mass 

transfer, as different results were observed by Cui and co-workers [256], where they tested a 

large range of gas flow rates to understand the diffusion limitations. Their work suggests that 

the gas flow of the reactants does not affect the reactions maximum benzene concentration 

produced, but influences how quickly it takes to reach the maximum concentration [256]. This 

relates to our work as membranes take time to activate and start permeating H2, if the reaction 

occurs too quickly and the catalyst starts to deactivate the benefits of applying the membrane 

are not seen, hence using a lower flowrate and letting the membrane activate and will allow 

us to observe and gain the benefits from the using a membrane. 
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6.3.1.4    Catalyst Regeneration 

As seen in the catalytic tests, the NOCM reaction catalyst rapidly lose their initial 

activity during the reaction due to carbon deposition on to the active sites, moreover this a 

frequently observed issue [99,155]. Research has shown there are methods to offset this issue 

and extend catalytic performance, the most common way is to co-feed the methane reactant 

and H2 to suppress the formation of coke, however this can shift thermodynamic equilibrium 

and lower the methane conversion [257]. Understanding what changes can occur to the 

catalytic performance after regenerating the catalyst using air is important, as due to 

constraints, such as heating time for the membrane reactor, the catalyst need to be reused 

instead of being replaced.  

Figure 6.11 a) shows the catalytic performance after regeneration, as stated by other 

publications, the regenerated catalyst shows lower activation than the fresher catalyst, 

suggesting that there is still coke deposited on the catalyst blocking the active sites, and as 

suggested in other work that the regeneration of the catalyst causes the Mo to react with the 

Al framework in the zeolite collapsing the zeolite structure [258,259]. The amount of CO2 

produced in the regeneration can be calculated by finding the area under the curve in Figure 

6.11 b) via integration. Integrating the equation of the curve, between the limits of 0 and 40min 

gives a value of 0.873mol. With this value we can deduce that 0.873mol/gcat of carbon was 

produced during the packed bed reactor. Calculating the amount of C6H6 produced (in the first 

fresh run) with the same method gives a value of 0.00188mol/gcat. Therefore, we know that 

only 0.01128 moles of methane are reacting to produce C6H6, whereas 0.873moles of methane 

is going towards carbon, confirming the reactions high favourability to carbon. With the use 

of a hydrogen permeating membrane, the reaction can be improved through the in-situ removal 

of hydrogen and increased the amount of C6H6 produced. 

Figure 6.11 b) depicts the CO2 produced from regeneration, the addition of O2 (air) burns the 

carbon off the catalyst to produce CO2. Going forward with this regeneration with air 

(oxygen), applying a membrane which can conduct multiple species, protons, oxide ions and 
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electrons means that whilst being able to remove hydrogen to intensify the reaction, but 

oxygen can be injected into the sweep and oxide ions conducted across to the reaction side to 

burn the carbon deposits off the catalyst to improve the catalysts lifespan.  

 

 

 

Figure 6.11 a) PBR reaction showing deactivation of the catalyst after regeneration,using 15ml/min 5% CH4/Ar  b) CO2 

produced after catalyst regeneration with 50ml/min  Air, both took place at 750OC 

 

Figure 6.12 a) Fresh unused Mo/HSZM-5 catalyst, b) used deactivated catalyst, c) regenerated catalyst 

 

 

a) b) a) b) 

a) 

b) 

c) 
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Figure 6.13 illustrates SEM images of fresh, poisoned and regenerated catalyst, the poisoned 

catalyst image clearly shows the deposited coke on the catalyst sites and the regenerated 

catalyst shows the coke deposits have mostly been removed, suggesting that regeneration 

using air is possible. 

 Membrane Reactor 

6.3.2.1   Membrane Characterisation 

Once the packed bed reactor experiments were completed and the hollow fibre 

membranes had been received from Tianjin University, the hollow fibres were firstly 

 

Figure 6.13 SEM-EDS mapping of Mo/HZSM-5 catalyst: a) Before reaction, b) after reaction, c) after regeneration 

in 200ml/min of air 

 

 

a) b) 

c) 
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characterised using XRD to check the materials (BCZY and CGO) were present, they were 

then viewed with SEM to check the membranes porosity, thickness, and composition. A small 

sample of the hollow fibre membrane was ground and then analysed with XRD. This shows 

the presence of BCZY and CGO compounds present in the hollow fibres, SEM imagery in 

Figure 6.14 shows a dense membrane was produced, the diameter and membrane thickness 

were determined using SEM, membranes thickness ranges between 150-300μm and an inner 

diameter of 1-1.5mm.  
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Figure 6.14 SEM images of the hollow fibre membranes, a) small sample of a hollow fibre, b) x10000 

magnification ETD image, c) cross section of hollow fibre, d) x5000 magnification ETD image of the 

cross section, e) XRD pattern of hollow fibre 

 

6.3.2.2  Hydrogen Permeation 

The ability to permeate hydrogen was a key attribute of the ceramic membrane that 

needed to be studied and quantified for further understanding for the catalytic experiments. 

Following the work published by Rebollo et al. [65], their work compared different hydration 
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configurations,  hydrating no chambers, one chamber or both chambers. The hydration of the 

sweep side reactor chamber was suggested to be optimal for permeation, hence this was used, 

humidification of both chambers is detrimental to our work [65], Rebollo et al. tested the 

humidification  configurations, testing the water content in the sweep side, reaction side and 

both, their results show that highest permeation was observed with the humidification of the 

sweep side, they suggest that this is due to the increase in oxide ion transport as there is a 

higher oxygen concentration gradient present, this behaviour is seen in other proton transport 

membranes [260].  Permeation tests took place at 600-800OC, these temperatures were used 

as the NOMC reaction hence quantification of higher temperatures were not.  Figure 6.14 

shows permeation of H2 in Arrhenius plot to calculate activation energy, 50ml/min 15% H2/Ar 

gas was flowed into a reactor (configuration seen in Figure 6.3) with the membrane sealed at 

one end, the sweep flow used was 100ml/min humidified Ar (3% H2O from STP steam tables). 

The results illustrate as expected, the hydrogen flux increases as temperature increases, with 

the largest jump in flux seen between 650-700OC, telling us that hydrogen permeation is most 

effective above 700OC, Rebollo et al. work saw the same results, and suggested it was due to 

the higher production of H2 from the splitting of water at a higher temperature. Therefore 

oxygen transport is taking place from the sweep to the feed side, this behaviour has been seen 

before by other protonic conductors [260,261]. The effective temperature area of the furnace 

from the temperature profile observed is approximately 10cm, in this region the temperature 

deviates by -2OC from the centre of the furnace therefore the permeation was calculated across 

this area of the furnace as this is where most of the permeation would take place due to the 

highest temperature being present there.  
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Figure 6.15 Arrenhius plot of Flux as a function of a reciprocal of Kelvin temperature, experiment used 

100ml/min 25% H2/Ar in one chamber and 50ml/min Ar/2.3% H2O in the other chamber 

 

The graph in Figure 6.15 can be used to calculate the activation energy of permeation by the 

Arrhenius equation. 

K = e−
𝐸𝑎
𝑅𝑇 + 𝐴   (6.4) 

LnK = −
𝐸𝑎

𝑅𝑇
+ Ln𝐴  (6.5) 

This equation can be adapted to fit the graph in Figure 6.15: 

𝐿𝑛𝐽𝐻2 =  −
𝐸𝑎

𝑅
 𝑥

1000

𝑇
+ Ln𝐴   (6.6) 

The Arrhenius equation and activation energy is the standard method of correlating 

permeation and temperature. The activation energy is the energy required for the permeation 

of one mole of H2 through a membrane. Physically, a smaller value of activation energy stands 

for a smaller energy barrier or less energy required for H2 permeating through a membrane 

[262]. In the case of more energy being supplied, i.e. higher temperature, the permeance 

always increases [263]. Calculations using equation 6.6 showed activation energies for 650-

750OC was -10.92kJ.mol-1 and for >750OC the activation energy was -257.09kJ.mol-1, the 
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gradient from <650OC was not calculated due to the low permeation value obtained. The H2 

concentration used for this experiment was far lower than used by Rebollo et al. this could be 

the reason for the difference in their work and our presented results. The difference in 

activation energy of the two regions observed, 650-750OC and <750OC, show how permeation 

dramatically changes with temperature, the higher temperature means more energy supplied 

to overcome the activation barrier. This would suggest the use of a higher reaction temperature 

for the catalytic membrane reactor experiments, the low activation energy from <750OC 

informs us that the permeation is highly sensitive to change in temperature and has a large 

effect on permeation, suggesting that the membrane enters full protonic conduction from 

750OC. Permeation experiments can be deemed as a success, consequently as the membrane 

was shown to permeate hydrogen in a wireless setup, due to the chemical difference between 

each chamber. This positive result shows the membranes can be used for hydrogen removal 

in NOMC reaction. 

  NOCM reaction with in-situ Hydrogen Removal 

6.3.3.1   Painted Catalyst 

With the success of the hydrogen permeation experiment the NOMC reaction with the 

membrane can be attempted. First experiments used a hollow fibre with the Mo/HZSM 

catalyst painted on the membrane (as seen in Figure 6.16), the catalyst paint was synthesised 

using the same method as the platinum catalyst described in chapter 5. After calcination, the 

membrane and catalyst were weighed and showed to have 0.2mg of catalyst on the surface 

(difference in mass of membrane with and without catalyst). Further attempts of applying the 

catalyst resulted in the catalyst falling off the membrane. This was used for the first 

experiments, if using a smaller amount of catalyst could result in the same amount of product 

as the packed bed with 1g the first stages could be deemed as successful. Unfortunately, this 

was not the case, no hydrocarbons were produced in the painted catalyst reaction, mostly likely 

due to the minimal amount of catalyst used (0.2g) and low CH4 concentration used. 
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Following the earlier packed bed experiments, 1g of catalyst was used in the membrane reactor 

configuration. Figure 6.17 illustrates the packed bed with hollow fibre membrane reactor 

setup, the membrane was sealed using Acc Silicones silicoset and inner macor tubes to create 

two chambers, reactor and sweep side, a heated line was attached to the hydrocarbon outlet to 

keep the products in the gas phase. 

 

The reactor was leak tested with nitrogen at the operating temperature (750OC), to check the 

integrity of the sealant at high temperature, ‘sealant zone’ was placed on the edge/outside of 

the furnace therefore it was not exposed to the high temperature region of the furnace. The 

leaks were detected with GC-TCD for nitrogen peaks, if a peak was observed in the trace the 

setup as deemed unusable and was resealed, a GC chromatogram of a leak free reactor is 

provided in Figure S7 in the appendix. The next experiment conducted was the HFCMR setup 

 

 

Figure 6.16 BCZY:CGO painted catalyst 

 

 

 

Figure 6.17 HFCMR setup with Mo/HZSM packing around the membrane 
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with 10% CH4/He as the reactor gas and Ar/3% H2O sweep gas in a counter current flow, at 

700OC. In this reaction using a higher concentration of methane was more aligned with 

previous published work, using 10% methane means the reaction was carried out at a lower 

temperature, to limit the amount of coke produced [264].  

6.3.3.2   Packed Bed Membrane Reactor 

Figure 6.18 shows initial reaction was promising, the membrane reactor (CMR) 

showed an increase in benzene production rate in comparison to a PBR under the same 

conditions. As seen in Figure 6.18 the rate increased, however after 100mins the rate dropped 

from 0.022µmol to 0.08µmol and further to 0.05µmol. This sudden dip is unusual and was not 

observed when performing packed bed reactions.  

Accounting for this dip is difficult to explain as it could range from numerous factors which 

are all challenging to quantify, such as a leak in the system, product flow out of the system 

and gas analysis equipment issues. In this case the activation time required for the H2 

permeation across membrane takes time to establish, consequently the membrane can take 

several hours to start permeating H2, hence holding back this reaction. This activation time 

was also seen in the permeation experiments and work conducted by other research groups 

[65], when used in a catalytic reactor by the time the membrane started to permeate the catalyst 

had started to deactivate, wherefore an increase is seen at approximately 180min in Figure 

6.18. Despite with this issue, the rate starts to increase again at 180min up to the maximum 

value observed, suggesting that the membrane had been removing H2 during the reaction and 

increasing the product rate. Due to equipment restrictions only one of the reaction or sweep 

side of the reactor could be analysed at once, this posed an issue when attempting to analyse 

the hydrogen in the sweep side. The large amount of helium present in the CH4/He reactant 

mixture means there were large quantities of helium seen in the analysis. When swapping from 

reactant side analysis to the sweep analysis on the TCD, the large amounts of helium present 

in the outlet pipes, GC injection valve and column meant large helium peaks were detected 

and look a long time to leave the system, with this hydrogen could not be seen on the 
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chromatogram, as it is difficult to analyse H2-He mixture, therefore future reactions used 

CH4/Ar as reactant gas. This indicated that experimenting with the 10% CH4 showed promise 

for the system. The C6H6 conversion for the CMR reached approximately 4.5% in this 

experiment, whereas for the PBR conversion reached 3.9%.  

 After the experience using 10% CH4/He reactant gas, further tests were conducted using 5% 

CH4/Ar therefore it was possible to analyse the sweep gas stream in situ. The reactions took 

place at 700OC, where low amounts of hydrocarbons were produced, therefore the temperature 

of the system was increased (tested using a PBR experimental setup) until a reasonable 

increase of hydrocarbons was seen, this temperature was 775OC, with 725 OC and 750OC also 

tested. Our understanding was the lower methane concentration (5%) suggests there is less 

methane to react in the system, hence an elevated temperature was necessary to observe higher 

rates and for ease of analysis. The results from CMR setup at 775OC and 5% CH4 were 

extremely impressive and showed the system can be used in a wireless setup, whereas similar 

results seen by Morejudo et al. [100] were obtained using an external circuit, a much more 

complex and less economically viable method. 

 

Figure 6.18 CMR and PBR experiment with 10% CH4  benzene production rate comparison at 775OC 

30ml/min 10% CH4/Ar and 50ml/min Ar/2.3% H2O sweep,  

 



 

 

133 

 

The reactor was used in a counter current setup. Figure 6.19 shows how the rate of product 

increased from the start, this is due to the membrane being saturated with water overnight in 

a humidified Ar/3% H2O flow in the sweep, this saturation means the membrane will release 

protons readily into the low concentration side, this concept was shown to be successful in 

Chapter 5. Figure 6.19 shows the vast difference between the rate over the course of the 

experiment, with the maximum rate of the PBR reactor at 775OC reached 0.1μmol/min.gcat, 

after 100min and then started to deactivate, whereas the CMR reached this at the same time 

but continued to increase up to 0.14μmol/min.gcat, a 50% increase and sustained an increased 

rate between 0.1 and 0.15 for approximately 850mins, showing an improvement on catalytic 

stability, again similar to Morejudo et al. [100] work. Our results also indicate the CMR 

system operated for nearly 1000mins, initially we thought that the system stopped due to extra 

pressure exerted on to the membrane from coking, but this was quickly ruled out on inspection 

of the membrane and analysis (Figure 6.21), which directed us to identifying that the 

membrane was breaking due to chemical decomposition. Figure 6.19 also displays the 

hydrogen removal rate during the reaction, this steady rate shows that H2 was being removed 

and there was no leak present due to the system being leaked tested and no methane seen in 

the sweep side, the rate was 0.7μmol/min, this is a higher value that which was seen during 

the permeation studies due to the higher membrane surface area (0.75cm2 compared to 

0.42cm2 used in the permeation tests), however when this value is converted to ml.min-1.cm-2 

using the ideal gas equation, the permeation value observed was 0.232ml.min-1.cm-2, 

compared to 0.26 ml.min-1.cm-2  seen in the permeation experiment. Therefore, it is lower 

when the values are normalised. The lower value is due to the higher concentration of 

hydrogen used in the permeation experiment compared to what was produced in the catalytic 

experiment, hence a higher concentration gradient was present in permeation tests. 

 

The results in Figure 6.19 illustrates the outstanding performance of the ceramic membrane at 

775OC in a counter current arrangement, the next step is to test the system in a co-current 

configuration to be discussed later (Figure 6.23). Previous literature in the study of hydrogen 
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permeation states that counter-current flow is the better configuration as it leads to more 

hydrogen being removed by the membrane [265], according to work done by Basile et al. 

indicates a 2% increase in hydrogen permeance for counter-current in a gas-water shift 

membrane reactor [266].  

 

Figure 6.19 Comparison of CMR and PRB reaction performance at 775OC with 15ml/min 5% CH4/Ar 

and 50ml/min Ar/2.3% H2O sweep. 

 

 

The overall reaction conversion to products (C6H6 and C2 hydrocarbons) distinctly shows that 

the use of a membrane has improved the reactions conversion, to hydrocarbon products by 

removing hydrogen and shifting equilibrium to favour the products. Figure 6.20 illustrating 

that the PBR system had conversions of approximately 3.5% for C6H6 and 0.8% for C2s both 

reactions lasting for 250mins, whereas the CMR system displays a conversion of 4.1% to C6H6 

and 0.9% to C2s, both lasting for at least 950mins, a vast improvement on the PBR system. 

This improvement in overall product yield can be deduced from the influence of removing 

hydrogen with the BCZY:CGO membrane and shifting equilibrium to favour the hydrocarbon 

productions. The reaction had a higher conversion to hydrocarbons, for a prolonged amount 



 

 

135 

 

of time, which results in a high product yield. Further showing that the application of a 

selective membrane in an equilibrium limited reaction can vastly increase the product yield of 

a reaction. Overall reaction selectivity had shifted to be in favour of hydrocarbon products, 

this is known due to the increased longevity of the reaction from 300min in the PBR to  

1000min the CMR arrangement. This would suggest that the selectivity to carbon (coke) had 

been significantly reduced due to the reaction lasting longer. Table 6.4 illustrates the 

selectivity and conversion. The selectivity to benzene, over C2 hydrocarbons, decreased from 

95% in the PBR to 83% in the CMR system. Selectivity decreased due to the higher conversion 

to C2, which was not previously observed in the PBR system, the removal of H2 shifts chemical 

equilibrium to favour the products, consequently the conversion of not only benzene 

increased, the conversion to C2s was also increased and prolonged. 

 

 

Figure 6.20 Conversion % to C6H6 and C2 hydrocarbons in CMR and PBR reactors, reactions were at 

775OC, and 15ml/min 5% CH4 and 50ml/min Ar/2.3%.H2O sweep for the CMR 
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Table 6.4 Selectivity and conversion comparison  

Reactor 
Selectivity 

Conversion %. C6H6 Yield % 
C6H6 %. C2s %. 

PBR 95% 5% 3.5% 8% 

CMR 83% 17% 5% 16% 

Table 6.5 Comparison of this work and previous nonoxidative methane conversion using a membrane reactor 

Membrane 

External electric 

current 

Conditions Catalyst Product Yield Reference 

BaCe0.6Zr0.2Y0.2O3-Ce0.8Gd0.2O3 

hybrid 

N 775OC, 1atm 

3wt% Mo/HZSM-5 

Si/Al= 21 

16% C6H6 This work 

SrZr0.95Y0.05O3 N 700OC, 1atm Mo/HZSM-5 7% C6H6 [162] 

BaZr0.7Ce0.2Y0.1O3-δ Y 700OC, 1atm Mo/H-MCM-22 12% C6H6 [100] 

La5.5W0.6Mo0.4O11.25−δ N 700OC, 1atm 

6wt% Mo/HZSM-5 

Si/Al= 27 

6% C6H6 [165] 

SrCe0.95Yb0.05O3-α N 950OC, 1atm Mo/HZSM-5 12% C2 [3] 
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Analysis of the membrane after the reaction showed an interesting issue, Figure 6.21 displays 

what happened to the membrane during the reaction, the experiment was only stopped due to 

the membrane breaking. The membrane showed a change in colour from the original black 

(Figure 6.14 a)) to yellow, suggesting either one of the phases has migrated to the surface of 

the membrane. The hypotheses are difficult to pinpoint with the novelty of this system, as 

there is no publication to compare with, consequently we are required to make our own 

suggestions.  

SEM image in Figure 6.21 b) shows the membrane has an additional layer over the top of the 

surface, suggesting a component has reacted and merged with the membrane surface, further 

analysis showed that some of the yellow layer could be removed using isopropanol and tissue, 

hence leading us to understand the layer was the catalyst. The change in colour can be 

attributed to the molybdenum migrating off the catalyst and on to the membrane surface, 

possibly due to the high temperature used in the system and the 23:1 Si/Al ratio meaning the 

catalyst has lower thermal stability. Previous work by Kosinov discussed how HZSM-5 

samples of low Si/Al ratios have reduced thermal stability [155], suggesting that over the 

course of the reaction, the catalyst underwent degradation overtime, this was not seen with the 

PBR experiments as the reaction did not last as long as the CMR experiment. The catalyst was 

not regenerated here due to the membrane breaking before the catalyst deactivated. Due to 

faulty equipment SEM-EDX mapping could not be done on the sample, in future this will be 

performed, an additional characterisation method to understand the phase segregation by the 

reaction’s reducing conditions, which has possibly taken place is temperature programmed 

oxidation/reduction, of the hollow fibre sample to gain excellent and accurate analysis of what 

occurred during the reaction and what phases are present on the surface, this can also be done 

in future work.  
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Figure 6.21 a) hollow fibre after use in CMR, b) SEM x10000 of the yellow surface 

 

 

6.3.3.3   Sweep Gas Configuration 

Co-current and counter-current gas flows systems differ in permeation efficiency. In 

co-current the flows are in the same direction, at the beginning there is high permeation is seen 

due to the large concentration gradient, this tails off as the gradients become equal towards 

the end. Whereas, in a counter-current system the flows are in opposite directions therefore 

one end has 0% (i.e. the reaction inlet end and sweep exit) and the other is at 100% (Figure 

6.22), counter current is the more efficient flow method as it maximises the average 

concentration gradient across the entire system compared to a co-current system. Figure 6.22 

gives a graphical representation of each configuration, with co-current graph illustrating the 

large gradient at the beginning, however, the system reaching equilibrium and permeation 

stops, and a counter current arrangement shows a large concentration gradient across the entire 

system and therefore higher permeation. Despite evidence in the literature of the better 

performance of counter current configuration it is still important to test the theory. 

a) b) 
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Figure 6.22 Co-current and counter current flows  

 

 

Our comparison of the co-current and counter-current experiment (Figure 6.23) is in 

accordance with what is suggested in the literature, in the co-current system, the rate of 

hydrocarbon production is lower than counter-current system, due to the lower hydrogen 

permeance, in the case of co-current there was difficulty analysing the amount of H2 diffused 

because of the very low permeation. The gas analysis equipment was not calibrated to analyse 

this low concentration of hydrogen, future work would require analysis using IR spectroscopy 

to quantify very low hydrogen concentration. The low number of hydrocarbons produced can 

also be accredited to the catalyst starting to be permanently deactivated. Several attempts were 

made at this experiment, with there being low amounts of hydrocarbons produced, although 

high amounts of hydrogen were being produced in the reaction, though not permeating across 

the membrane. Pinpointing a reason for the poor reactor performance is challenging, as either 

the co-current configuration hinders the process, or what is more likely is the possibility of 

leaks or a pressure drop across the system implies there is no flow to the outlet and gas 

analysis. Other reasons for the very low rates observed in the co-current experiments was done 

after the counter current test, therefore the catalyst had started to deactivate when this 

experiment took place meaning for a much lower product rate observed, this is the more likely 

as the results observed for the co-current experiments C6H6 rate is also much lower than rates 

observed in packed bed experiments. Future co-current sweep experiments should use fresh 

catalyst for a fair comparison. 
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 Conclusion 

The work conducted and presented within this chapter clearly shows exceptional steps 

have been taken in improving the non-oxidative conversion of methane reaction (to primarily 

benzene) with the use of a ceramic membrane. The beginning of the chapter shows that a 

higher acidity (low Si/Al ratio) HZSM-5 catalyst increases the reaction rate and overall 

product yield, furthermore the addition of molybdenum metal pushes the reaction to convert 

to the desired products (C2 compounds and aromatic compounds), the Mo is the catalyst 

supported by the HZSM-5. Lower wt.% Mo loading on the HZSM-5 has shown to be the 

optimal catalyst for this system, with 3% showing the highest rate for the longest time for 

hydrocarbon production. The lower wt.% of Mo results in the metal is more dispersed 

throughout the HZSM-5 catalyst, therefore more active sites are present and provide better 

performance, similar results have been reported in literature [155]. The amount of catalyst 

used in the reaction is crucial in this system, with previous work conducted using high 

concentration methane gas (90%), this work showed using similar catalyst quantity was not 

possible and 1g instead of 0.2g was used. On top of this the gas flow rate was critical, this 

work shows that a low flow rate (i.e. a high residence time) was optimal to obtain the highest 

 

Figure 6.23 Sweep gas flow configuration comparison, reactions were conducted at 775OC, using 

15ml/min 5% CH4/Ar for the reactant and 50ml/min Ar/2.3% H2O in the sweep side 
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quantity of product possible in the reaction, meaning the optimal system can be setup for the 

catalytic membrane reactor (CMR).  

With the optimal catalyst amount and reactant gas flow known, work was then conducted on 

the BCZY:CGO hybrid hollow fibre membranes. Initial work consisted of characterisation of 

the membranes, with the composition identified, the membranes hydrogen permeance was 

tested. Permeation tests were conducted at 500-800OC, showing a positive result of hydrogen 

permeating across the membrane via a chemical potential difference, therefore the ceramic 

could be used in a hollow fibre catalytic membrane reactor setup. The membrane reactor was 

setup initially with the idea of painting the catalyst on to the surface, this proved ineffective, 

as the maximum amount of catalyst painted on to the surface was 2mg, not enough for 

hydrocarbon production with 5-10% concentration methane gas. The CMR with the 1g of 

catalyst packed was used in the experiment, initially 10% CH4/He was applied in the reaction 

but using helium as a carrier made it impossible to see hydrogen produced and conducted in 

the system. Consequently 5% CH4/Ar was used for all further work. The experiment 

conducted at 775OC and Ar/H2O sweep gas in counter current proved to be the most effective 

setup, with the hydrocarbon yield increasing by 10% over packed bed system in identical 

conditions.  

On top of an increased rate/yield of product, we saw an increase of reaction time. With the 

PBR operating for 200min and the CMR operating for 1000min. This was down to the 

presence of oxygen in the sweep gas of the system from humidifying the flow (3% H2O), this 

addition of water also meant the presence of oxygen, which conducted across the membrane 

into the reaction side and burnt the coke poisoning off the catalyst, extending the life of the 

catalyst.  

In summary the work conducted in this chapter is extremely good, showing that a HFCMR 

using a BCZY:CGO membrane can be used to increase the yield and rate of a 

thermodynamically limited reaction. 
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Chapter 7  Conclusion and Future Work 
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 Conclusions 

This chapter addresses the conclusions from the project and what future work can be 

undertaken for the project presented in this thesis. The calcination work in Chapter 4 shows 

that a microwave sintering furnace can be used to reduce the calcination dwell time of BCY 

and BCZY samples. XRD analysis of the samples shows that the BCY20 sample calcinated 

in the microwave furnace have a pure phase at 1000OC and a 1h calcination time, whereas a 

sample calcinated in the conventional furnace require calcination at 1250OC and 14h 

calcination time for a pure phase. Calcination at 1000OC in the conventional furnace still had 

carbonate present. Direct comparison of the XRD patterns of the sintering conditions showed 

drastic differences between the conventional and microwave furnaces, with the microwave 

furnace reducing the number of impurities at temperatures as low as 950OC, whereas in the 

conventional furnace large amounts of impurities are still present at 1000OC. The difference 

in calcination temperature between the furnaces was attributed to the different activation 

energies due to different calcination mechanisms present, comparable to work done by R.R. 

Thridandapani [191]. During microwave calcination the sample undergoes heating at the grain 

boundary and hence enhances grain boundary diffusion.   

The calcination of BCZY was not as successful. The inclusion of zirconia in the perovskite 

structure requires an increase in temperature to form a pure phase sample, XRD analysis of 

BCZ20Y20 calcined at 1400OC for 24h produced a pure Ba-Ce-Zr-Y phase sample, 

calcination at 1250OC for 14h (conditions required for BCY20 calcination) showed ZrO2 and 

BaZrO3 phases present. As the microwave furnace in the laboratory has a maximum 

temperature of 1150OC, this was the only temperature that was tested in the microwave 

furnace. Calcination at 1150OC for various times in the microwave furnace showed the same 

pattern as 1250OC, therefore the same bulk and grain boundary theory can be suggested for 

this temperature difference. All results show that a higher temperature is required to remove 

the ZrO2 and BaZrO3 phases and to produce pure Ba-Ce-Zr-Y phase. 
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Results achieved from Chapter 4 sintering tests were extremely pleasing. As stated 

BaCe0.6Zr0.2Y0.2O3-δ and Ce0.85Gd0.15O3-δ were both purchased from a commercial supplier, 

Marion Technologie. Results of the BCZY and BCZY:CGO hybrid materials when sintered 

showed that the use of a metal oxide sintering aid (ZnO used), can produce dense membranes 

at relatively low temperatures. The material shrinkage can show that a sample has densified, 

with the diameter reduction results in pores being closed. Comparison of samples with 

sintering aid illustrated the diameter had reduced by 20% after sintering, whereas the sample 

without had only reduced by 5%. Shrinkage results for BCZY:CGO hybrid were similar, with 

sample BCZY:CGO-50-1-ZnO diameter shrinking by 21% and sample BCZY:CGO-50-0 

shrinking by 8%.  

Scanning electron microscope analysis further confirmed that the samples with ZnO sintering 

aid had densified, with images comparing the samples BCZY-0 and BCZY-1-ZnO showing 

samples with the addition of ZnO, particle size increased and particles fused, whereas samples 

without ZnO, displayed small particles and large pores present. The hybrid samples after 

sintering were similar, with BCZY:CGO-50-1-ZnO showing poreless, dense samples, with 

increased grain size. In Y. Itagaki et al. [205] publication, their BCY:CGO samples which 

SEM images show increased porosity after sintering at higher temperature. The reduction in 

sintering temperature is attributed to the addition of the ZnO sintering aid. The metal oxide 

induces liquid phase sintering after reacting with the BaO present in the sample, therefore a 

lower sintering temperature is required. Sintering time was reduced from 24h to 10h with the 

use of the microwave sintering furnace, this is attributed to the microwave heating mechanism.  

Chapter 5 of EPOC of CO oxidation with BCZY membrane indicated that BCZY can be 

applied to complex systems and reactions. The work presented in this chapter shows the 

application of a MIEC membrane can enhance a reaction by the promotion of an 

electronegative species. The present results show that on introduction of H2/H2O on to the 

sweep side of the system, this can enhance the catalytic rate by up to 20%, this promotion is 
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due to the formation of electronegative hydroxyl ions which as shown in previous literature, 

are highly promoting in the oxidation of CO to CO2 reaction.  

Calculations performed for the EPOC evaluation show high values for Faradaic efficiency at 

350-650OC and rate enhancement ratios that are not equal to 1, which can lead us to conclude 

successful NEMCA reaction has taken place as for NEMCA reaction, Λ >> |1| and  ρ ≠ 1 

[145]. The promotional index was not calculated due to the lack of available values and too 

many assumptions are required to calculate this parameter with Wireless EPOC reactions. 

With this work, we can apply BCZY membranes in more complex systems that occur at 

intermediate temperatures (500-800OC) where hydrogen can be removed (or added) from the 

reaction system to alter reaction rate and overall product yield, such as methane coupling 

reactions.  

The work conducted in Chapter 6 shows that a higher acidity (low Si/Al ratio) HZSM-5 

catalyst increases the reaction rate and overall product yield, furthermore the addition of 

molybdenum metal pushes the reaction to convert to the desired products (C2 compounds and 

aromatic compounds) hence the Mo is the catalyst supported by the HZSM-5. Lower wt.% 

Mo loading on the HZSM-5 has shown to be the optimal catalyst for this system, with 3% 

showing the highest rate for the longest time for hydrocarbon production. The lower wt.% Mo 

means the metal is more dispersed throughout the HZSM-5 catalyst, suggesting more active 

sites are present and better performance and similar results have been seen in literature. The 

amount of catalyst used in the reaction is crucial in this system, with previous work conducted 

using high concentration methane gas (90%), this work displayed using similar catalyst 

quantity was not possible and 1g instead of 0.2g was used. On top of this the gas flow rate was 

critical, this work shows that a low flow rate (i.e. a high residence time) was optimal to obtain 

the highest quantity of product possible in the reaction, meaning the optimal system can be 

setup for the catalytic membrane reactor (CMR).  

With the optimal catalyst amount and reactant gas flow known, work was then conducted on 

the BCZY:CGO hybrid hollow fibre membranes. Initial work consisted of characterisation of 
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the membranes and with the composition known, the membranes hydrogen permeance was 

tested. Permeation tests were conducted at 500-800OC, showing positive result of hydrogen 

permeating across the membrane via a chemical potential difference, thus the ceramic could 

be used in a hollow fibre catalytic membrane reactor setup. The membrane reactor was setup 

initially with the idea of painting the catalyst on to the surface, this proved ineffective, as the 

maximum amount of catalyst painted on to the surface was 2mg, not enough for hydrocarbon 

production with 5-10% concentration methane gas. CMR with the 1g of catalyst packed was 

used, initially 10% CH4/He was used for the reaction but using helium as a carrier made it 

impossible to see hydrogen produced and conducted in the system. Hence 5% CH4/Ar was 

used for all further work. The experiments were conducted at 775OC and the Ar/2.3% H2O 

sweep gas in counter current proved to be the most effective setup, with the hydrocarbon yield 

increasing by 10% over packed bed system in identical conditions.  

Along with improved reaction performance, there was also an increase in reaction time 

observed. With the PBR operating for 200min and the CMR operating for 1000min. This was 

down to the presence of oxygen in the sweep gas of the system from humidifying the flow 

(2.3% H2O), and the addition of water also meant the presence of oxygen, which conducted 

across the membrane into the reaction side and burnt the coke poisoning off the catalyst, 

extending the life of the catalyst. When directly injecting air into the sweep side, oxygen 

permeance was seen due to the production of CO2 but no hydrogen permeance. With a 

temperature of 775OC, the membrane is well known to be an oxide conductor, at this 

temperature oxide conduction prevails over hydrogen and no change in catalytic rate was seen 

from the reaction.  

 Future Work 

Future work on this system can be split into two main future strands of research, firstly 

analysis of the hydrogen permeation/extracted during the catalytic membrane reaction needs 

to be correctly setup and calibrated, therefore the hydrocarbon products from the reaction side 

and permanent gases (such as CO, CO2 most importantly H2) can be analysed simultaneously, 
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therefore the system can be fully analysed. Secondly, utilising BCZY:CGOs impressive ability 

to simultaneously conduct electrons, protons and oxide ions, this would allow air to be injected 

into the sweep side and conduct oxide ions into the reactor side and burn the carbonaceous 

deposits off the Mo/HZSM-5 catalyst to extend the catalysts life. This theory was originally 

applied by Morejudo et al. [100] where this unique ability of BaZr0.7Ce0.2Y0.1O3-δ (used in their 

work) utilises this with the use of an external circuit, again where this differs is the ions migrate 

due to a chemical potential difference. Issues with air injection can be further investigated, 

whether the in-situ addition of air is too detrimental to the overall reaction as previously 

discussed, the addition of oxygen will induce the combustion of methane, which is a more 

thermodynamically favourable reaction, therefore we can analyse the effects of this on the 

aromatics production. Preliminary experiments for air injection studies have taken place with 

the results illustrated in Figure 7.1, with air being introduced into the sweep side of the reaction 

at 100ml/min and the reaction temperature was 775OC. Due to leaks in the fittings from the 

ambient air (from the expansion of the rubber O-rings at high temperature), it was not possible 

to quantify the O2 using GC calibrated for O2. Oxygen diffusion was measured using the CO2 

analyser, as CO2 is a product of the oxygen burning the coke off the catalyst, an increase of 

CO2 will show oxide ions have diffused across and reacted with the deposited carbon (coke). 

The product stream was also analysed during this test using the GC-FID (Figure 7.1), with the 

system not showing any change in the rate, but the reaction lasted substantially longer in than 

the PBR system. The lack of change in the C6H6  rate, i.e. due to no hydrogen diffusing, was 

mostly likely caused by the high concentration and flow of air used, meaning the membrane’s 

oxide conduction had taken over therefore the membrane was forced out of proton conduction 

stage as seen at 750OC in chapter 5 [181]. 
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Figure 7.1 illustrates the C6H6 produced with air injection, the air injection showed interesting 

results with the reaction lifetime being extended (200min for PBR to 1000min for CMR), this 

extension can most likely be attributed to the diffusion of oxide ions, but the catalytic rate 

observed was much lower than the packed bed used in Chapter 6. The lower reaction rate 

observed is most likely attributed to the oxide ions reacting with the methane (combustion) to 

produce CO2, this reaction is much more favourable than methane to aromatics, especially at 

the high temperatures being used in these experiments (775OC) [267]. Work by Morejudo et 

al. [100] injected steam into the system to supply the oxide ions for the coke suppression 

system, in our work we used a sweep gas stream of Ar/3% H2O supplying a low quantity of 

oxide ions. The water dissociates on contact with the Pt catalyst in the sweep side of the 

membrane, mainly to help the diffusion of protons [94,213], this also allowed for oxide ions 

to migrate across and suppress the coke produced in the reaction side. The oxide ion migration 

did not take over in this case due to the low amount of water (3%) used to humidify the system, 

whereas in Figure 7.1 20% O2 (compressed air, BOC) was injected into the sweep side of the 

system, therefore the excess oxygen forces the membrane into oxide conduction only [181].  

 

Figure 7.1 catalytic performance when air is injected showing extended catalyst life. Reaction  was done 

at 775OC, reaction side of 5% CH4/Ar at 15ml/min and swwep side of Air at 50ml/min. 

 

 



 

 

149 

 

Another option is the potential use of CO2 as a sweep gas, this would-be CO2 produced in 

processes that can be recycled back into the system instead of releasing it into the atmosphere. 

The issue with this is was Caro et al. with a LWMO hollow fibre and they observed a low rate 

of H2 extraction with CO2 as a sweep gas, with the use of our BCZY-CGO membrane could 

potentially see a different result due to higher H2 permeation of BCZY-CGO membrane in a 

CO2 rich environment compared to LWMO [213]. Initial experiments were conducted for this 

theory, where 15% CO2/Ar mixture was used as a sweep gas during the nonoxidative 

conversion of methane. The initial work (Figure 7.3) showed that the catalyst life was 

increased, as seen in Chapter 6 the packed bed reaction the catalyst deactivated after 200mins, 

whereas Figure 7.2 shows the catalyst deactivates after 800mins, the reasons for this increase 

are the removal of H2 from the reactant side meaning there was higher selectivity towards C6H6 

over coke, or due to fresh catalyst being used, further research is necessary to determine if the 

CO2 sweep had an effect on the reaction. There was no obvious increase in catalytic rate or 

yield of products, if the permeation of H2 is lower when using CO2/Ar sweep gas, which was 

seen by Rebollo et al. [213] the permeation rate would be too low to have an impact on the 

product rate and yield. Further tests are required to complete this study as this could not be 

completed due to time constraints and more hollow fibre membranes needed to be 

manufactured. 

 

Figure 7.2 nonoxidative converison of methane to benzene using a catalytic membrane reactor and 

CO2/Ar  sweep. Reaction was done with a fresh catalyst, at 775OC, CH4/Ar flow of 15ml/min and CO2/Ar 

flow of 50ml/min 
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In summary the work presented in this thesis shows the massive potential and future economic 

viability of applying a wireless dual phase hollow fibre membrane to supply or extract 

hydrogen to alter the reaction, in the case of CO oxidation on methane supplying protons to 

the catalyst increases the reaction rate, with respect to non-oxidative conversion of methane 

the dual phase BCZY-CGO membrane was used to remove hydrogen and shift equilibrium to 

favour the products, and this was seen in chapter 6. Furthermore, the use of a transition metal 

sintering aid and microwave furnace can lead to reducing the costs in the synthesis of the 

ceramic membranes making them more attractive for further development and in commercial 

use.  
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Appendix 

 

Figure S1 Gas Chromatography equipment used 

 

Table S1 GC methods 

 FID TCD 

Column Porapak Q- 80/100, 1/8” 6ft 

packed column 

ShinCarbon ST, 1/16”, 6ft 

packed column 

Carrier parameters 400kPa Constant pressure 

Argon 

150OC 

5ml/min constant flowrate 

Argon 

100OC 

Gas flowrates Air- 350ml/min 

Hydrogen- 35ml/min 

Argon- 1ml/min 

Temperature Detector- 175OC Detector- 250OC 

Filament- 350OC 

Oven  Ramped temperature- 

120OC held for 0.5min 

Ramped at 60OC/min to 

150OC held for 6min 

Isothermal  

120OC 
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Figure S2 FID calibration chromatogram 

 

 

 

Figure S3 Raw XRD data of BCZ20Y20 after 4h microwave calcination  
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Figure S4 SEM image of sintered BCZY with 2% ZnO sintered at 1150OC in microwave furnace  

 

 

 

Figure S5 Dense BCZY pellet with Pt catalyst XRD 
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Figure S6 Raw collected data of electrochemical promotion of CO Oxidation at 550OC 

 

 

 

Figure S7 Gas chromatogram of Hollow fibre reactor leak test with Nitrogen 
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Figure S8 SEM images at x500 and x10000 magnification respectively of BCZY:CGO  

hybrid hollow fibres synthesised at Tianjin Polytechnical University 

 

 

 

 

Figure S9 Raw catalyst regeneration collected data, regeneration here was done at 750OC and 50ml/min Air  
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Figure S10 Permeation data from GC-TCD, left image shows no H2 permeation and the right showing H2 present in the 

sweep side. This experiment was conducted at 750OC and 100ml/min H2  and 50ml/min Ar/2.3% H2O    

 

 

 

 

 

 


