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Scope of the thesis and Objectives CHAPTER 1

The development of the society has caused the continuous rise in energy
and chemicals demand across the years. Today, the energetic demands
are mainly covered with fossil fuels (oil, coal and natural gas)
(Figure 1.1). While renewable energy sources are a clean alternative to
produce energy chemicals demands (like plastics and other polymers or
pharmaceutical chemicals) are produced mainly from oil. Indeed, more
than 90% of the worldwide hydrogen production comes from fossil
resources (coal, oil or natural gas) or the complete benzene production

comes from upgrading of the oil in refineries.
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Figure 1.1: Worldwide energy outlook and perspectives. (a) primary energy
consumption by fuel (toe: tonne of oil equivalent); (b) shares for equivalent energy. *
Renewables includes wind, solar, geothermal, biomass and biofuels [1].

The current perspectives indicate that oil and natural gas sources will
be depleted during this century and coal reserves until next century with
the current consumptions. During the next two decades, oil and natural
gas will reach a peak of production and, in the posterior decades,
production will be decreasing gradually and, consequently, their prices

will increase [2].
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CHAPTER 1 Scope of the thesis and Objectives

The occidental countries (USA, European Union, Japan, Australian,
Canada) are gradually increasing their efforts in the research of clean
and viable alternatives for energy and chemicals. In the next decades,
the energy and chemical demands will continue increasing according
the current perspectives. This is mainly due to the rise of emergent
countries, especially China and India which have around the 30% of the
world population. Therefore, as oilfields are depleting, the necessity to
find viable and clean alternatives to fossil fuels — not only to obtain

energy — increases.

Although the development of the renewable energy sources has
achieved to take almost the 20% of the primary energy (hydro and
renewable in the Figure 1.1), for the next decades the dependency to the
non-renewable energy sources will be higher. Therefore, the
development, improvement and optimization of the processes which

uses this kind of primary energy is (and will be) necessary.

Hydrogen can be a clean energy source due to it does not cause direct
CO; emissions but, as previously was mention, more than the 90% of
the hydrogen production comes from fossil fuels while reforming
processes. Therefore, this hydrogen presents carbon footprint (8.62 kg
CO;, equivalent per each kg of H [3]). The clean alternative to obtain
hydrogen is the electrolysis. However, currently this process is not
competitive with the reforming process because its high electrical
demands. Integrating renewable energy sources with electrolysis could
be the key to improve the efficiency this energy sources because their
intermittent nature. Among the electrochemical storage systems, the

protonic ceramic materials show the best performance allowing the
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production of hydrogen dry and pressurized in one step. Although these
materials are in the lab scale, they are proved to be mature to scale up.
Naturally, further developments and researches are necessary to

consolidate this electrochemical technology.

Membrane reactors are chemical-conversion units which use selective
membranes in order to shift chemical equilibrium reactions to improve
the yield of the process and rise energy efficiency. The range of
operation temperatures of ionic ceramic materials (protonic and oxygen
ionic) allows the integration of this kind of cells on a huge range of
industrial reactive processes allowing their intensification: (i) shifting
the equilibrium controlled reaction improving the yield; (ii) simplifying
the process (reducing the size of the plant integrating several units in
one); (iii) coupling exo- and endothermical process improving the
thermal balance. Using the same strategy that in electrolysis, renewable
energy coupled with this kind of membrane reactors, or/and
electrochemical membrane reactors, could make the difference to lead
this technology to be competitive, especially against the conventional
technology. Integrating all these concepts, it leads until a clean, high
efficiency, compact and modular and, therefore, is an attractive
approach. Electrification of industrial processes based on renewable
energy is a crucial pathway to reach carbon neutrality within the coming
decades and electrochemical separators and reactors are suitable

approaches to achieve this in a flexible and efficient manner.

This thesis presents two main work lines: (i) experimental work focuses
on the development of nickel-free electrodes for protonic cells at high

temperature and (ii) modelling work focused on the study of different
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CHAPTER 1 Scope of the thesis and Objectives

processes using ionic ceramic conductors at high temperature.

Therefore, the main objectives of this thesis can be divided in two:

O1. Development of highly selective electrodes for tubular
electrochemical reactors based on proton conductors. These
electrodes have to allow the hydrogen dissociation and does not
promote coking under non-oxidative conditions.

O2. Study with finite elements methodology for the fitting,
analysis and optimization of the membrane reactors based on

ion conducting materials at high temperature.

To reach the objective O1, it was necessary to differentiate between the
different techniques used to deposit the electrode on the tubular cell.
Depending on the deposition technique, different materials were used
as electrode:

- Deposition of electrodes based on copper cermets by dip-
coating technique.

- Deposition of copper by sputtering technique.
In the modelling work (objective O2) different models were developed:

- Model of oxygen permeation across mixed ionic and electronic
conducting membranes.

- Model of water electrolysis using proton conducting cells at
high temperature.

- Model of the integration of a proton conducting cell in a steam

methane reformer to extract the hydrogen at high pressure.

14
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- Model of the intensification of a  methane
dehydroaromatization using catalytic membrane reactor based

on a co-ionic electrolyte.

References
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2.1.Resumen

En la presente tesis se han desarrollados estudios sobre reactores de
membrana de alta temperatura. Entre estos se puede diferenciar entre

un trabajo experimental y un trabajo de simulacion.

En el bloque experimental se han desarrollado electrodos basados en
cobre para reactores de membrana electroquimicos tubulares de alta
temperatura basados en electrolitos proténicos. Para depositar estos
electrodos sobre los tubos se han desarrollado diferentes técnicas. Se ha
optimizado el método dip-coating para depositar un cermet basado en
cobre utilizando la misma ceramica que el electrolito de los soportes
tubulares. Las condiciones con las que se llevo a cabo el proceso de dip-
coating provocan disminuciones de varios ordenes de magnitud en la
resistencia de polarizacion del electrodo final. Se trata de un método
gue es muy sensible a posibles defectos en electrolito, como pequefias
grietas o poros, ya que el cobre del electrodo depositado se introduce
por estos defectos reaccionando con el niquel del electrodo interno.
Asimismo, se ha empleado el método de sputtering para depositar cobre
metalico sobre soportes tubulares electroquimicos. Aumentar la
temperatura de deposicion genera mejores fijaciones electrodo-
electrolito. Las celdas con el cobre depositado a alta temperatura

mostraron resistencias de polarizacion inferiores a 0.1 Q-cm?.

En el bloque de simulaciones mediante métodos de elementos finitos se
han desarrollado diferentes modelos para la caracterizacion de los
fendmenos que tienen lugar en reactores de membrana de alta
temperatura. Se ha estudiado: (i) la permeacién de oxigeno a traves de

una membrana de conduccion ionica-electronica mixta; (ii) la
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CHAPTER 2 ResUmenes/Summary/Resum

electrolisis del agua utilizando celdas basadas en conductores
protonicos de alta temperatura; (iii) la integracion de una celda
protoénica para la extraccién de hidrogeno en un reformador de metano;
(iv) la integracion de una celda de conductividad co-i6nica en la

deshidroaromatizacion de metano en un reactor de lecho catalitico.

El modelo de permeacién de oxigeno a través de una membrana de
conductividad mixta se ajustd a datos experimentales. EI modelo
ajustado ha permitido caracterizar la importancia del efecto dilutivo y
de arrastre sobre el transporte de oxigeno a través de la membrana. Se
ha observado que, aunque el efecto de arrastre tenga menor importancia
que el dilutivo, su efecto es importante ya que previene la formacion de

concentraciones de polarizacion.

El estudio de electrolizadores que utilizan conductores protdnicos
solidos de alta temperatura ha permitido estudiar el efecto del escalado

en este proceso y evaluar la eficiencia en el almacenamiento de energia.

El modelo de un reactor de membrana electroquimico basado en
conductores protonicos integrado en un reformador de metano ha
permitido comprobar que la demanda térmica del proceso se cubre por
el efecto Joule y la electrocompresion del hidrogeno. Se ha comprobado
como el coarsening observado en las particulas de niquel no limita la

extraccion de hidrogeno para la celda estudiada.

Un Gltimo modelo fue construido para estudiar un reactor de membrana
para el proceso de deshidrogenacion de metano utilizando una celda co-
ibnica. EI modelo fue validado utilizando datos experimentales. Se
utilizé el modelo validado para realizar estudios para analizar posibles

limitaciones del proceso. Finalmente, se ha comprobado que el
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desplazamiento del equilibrio de reaccion mediante la extraccion de

hidrégeno se frena debido a limitaciones cinéticas.

21
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2.2.Summary

In this thesis several studies were developed about membranes reactor
at high temperature. Two differentiated blocks could be identified: (i)

experimental works; (ii) modelling works.

In the experimental block, electrodes based on copper was developed
for tubular protonic based cells. The deposition of the copper layer on
the tubes was developed by different techniques. Dip-coating method
was optimized to a copper-based cermet on the tube. Conditions of the
dip-coating procedure has a critical impact in the final performance of
the electrochemical cell whose supposes several orders of magnitude in
the polarization resistance. It is a sensitive process with the defect of
the tube as shows the copper spread over these defects. Additionally,
sputtering technique was used to deposit copper layer on the tube. High
temperature is required to achieve suitable attachments copper-tube.
This high temperature deposited layer present polarization resistances

lower than 0.1 Q-cm?.

In the modelling block, finite element methodology was used to build
different models to study different phenomena concerning membrane
reactors at high temperature. It was studied: (i) the oxygen permeation
across a mixed ionic and electronic conducting membrane; (ii) water
electrolysis based on high temperature protonic cells; (iii) hydrogen
extraction from a steam methane reforming using a protonic cell; (iv)
the intensification of the methane dehydromatization reactor using co-

ionic membrane.

Oxygen permeation model was built to evaluate the effect of the dilutive

and the sweep contribution over the permeation process. The fitted
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model allowed the importance of the dilutive and sweep effect over the
oxygen permeation. Although the sweep effect present lower influence
in the oxygen transport across the membrane, its effect prevents

concentration polarization limitations.

Modelling the protonic cell based electrolysis allowed to study the
effect of the scale up in this process and to evaluate the efficiency in the

energy storing in form of hydrogen.

Modelling protonic membrane reformer allowed checking the thermal
microintegration of all the heats which take place in the setup. The
electrocompression of hydrogen is an isothermal phenomenon which
releases the demanded energy as heat. The model allowed to check the
coarsening of the Ni particles does not limit the hydrogen extraction for
the studied cell.

A final model was built to study a catalytic membrane reactor for the
methane dehydroaromatization using co-ionic conducting cells. The
model was validated using experimental data. Additionally, different
studies were performed to analyze possible limitation in the process.
Results show that there are no hydrogen diffusion limitations in this
process. Additionally, the shift of the equilibrium by extracting

hydrogen has to be stopped because kinetic limitations.
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2.3.Resum

Esta tesi presenta resultats sobre reactors de membrana a alta
temperatura. Dos blocs diferenciades poden ser identificats: (i) treball
experimental; (ii) treball de modelat.

En el bloc experimental, electrodes basats en coure han siguts
optimitzats per a tubular cells de conductor protoniques. La deposicio
de la capa basada en coure es va fer amb diferents técniques. La tecnica
de dip-coating ha sigut usada per a depositar una capa de cermet basada
en coure. Aquesta técnica es molt sensible a les condicions amb les que
es desenvolupa la deposicid perquée causa canvis de varis ordres de
magnitud en la resisténcia de polaritzacié del eléctrode. A més, la
técnica de sputtering ha sigut triada per a depositar coure. Per a
depositar correctament la capa de coure, altes temperatures durant la
deposici6 foren requerides. El eléctrode optimitzat presenta resisténcies

de polaritzaci6 inferiors a 0.1 Q-cm?.

En el treball de modelat, la metodologia de elements finits va ser
utilitzada per a modelar diferents fendmens concernits a reactors de

membrana de elevada temperatura.

La permeacié de oxigen per membranes de conduccié mixta ha sigut
modelada per a avaluar la importancia de la diluci6 i del arrossegament.
Els resultats mostren que, encara que el efecte dilutiu es predominant,
el efecte del arrossegament no pot ser depreciat. Un adequat
arrossegament del oxigen permeat es necessari per evitar polaritzacions
en la concentracié del oxigen els quals limitarien la permeacio. El efecte

del arrossegament es major quan el gas portador es mes pesat.
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El model per estudiar un procés de electrolisis basat en conductors
protoniques a elevada temperatura ha permés estudiar ’efecte de
I’escalat de aquest procés i avaluar 1’eficiéncia en I’emmagatzemament

d’energia.

Modelant un reformador de membrana protonica ha permés comprovar
la microintegracié térmica de tots el fenomens que tenen lloc en aquest
procés. Aquest procés compren les reaccions de reformat, extraccio
electroquimica de hidrogen i electrocompressio del hidrogen generat.
La electrocompressio del hidrogen és un procés isoterma que allibera la
energia demanda en forma de calor. EI model ha permes comprovar que
I’engrossiment de les particules de niquel no limita 1’extraccié de

hidrogen.

Un ultim model va ser construit per estudiar I’extraccio de hidrogen en
un reactor de membrana per al procés de dehidroaromatizatié de meta.
El reactor de membrana utilitza materials co-ioniques per ’extraccio de
hidrogen de la camera de reaccio. Aquest model va ser validat amb
resultats experimentals. EI model va mostrar que no hi ha limitacions
amb la difusio del hidrogen. A més, el desplagament del equilibri
mediant ’extraccié de hidrogen esta limitat per la baixa activitat

cinética del procés.
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3.1.Introduction to the membrane reactors

The development of membrane reactors has produced important
advances for a large number of reactions that have allowed the
improvement of current processes and the opening of the development
of new processes which could lead to important advantages regarding
the respective conventional processes. That is reflected in the increase
of the publications in this topic during the last years (Figure 3.1).

1250 =TT T T T

1000 + M-l A
750 M
500

-

publications

o

Figure 3.1. Publications about membrane reactors [1].

A membrane reactor is a unit where a chemical reaction (or reactions)
takes place and, simultaneously, one (or more) of the active species (as
reactive or products) is selectively separated (or injected) from the
reaction chamber using a selective membrane. Membrane reactor
processes typically improve chemical reaction systems where the
chemical equilibrium limits significantly the productivity of the system.
Considering the Le Chatelier's principle, a selective membrane may
improve an equilibrium-limited process removing product compound

(Figure 3.2.a) or injecting reactive compounds (Figure 3.2.b).
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A+B=(C)+D 2 @+B=c+p 2

C SELECTIVE @ ﬁ ﬁ ﬁ ASELECTIVE
MEMBRANE iL MEMBRANE

Figure 3.2: membrane reactor principle. (a) Shifting the chemical equilibrium
removing products of the reaction chamber; (b) Shifting the chemical equilibrium
injecting reactive of the reaction chamber.

Membrane reactor processes are conventionally classified considering
the membrane material. Table 3.1 shows a brief analysis of this kind of
classification. Here, inorganic membranes are more expensive than the
organic membranes, especially compared with the polymeric ones
(10 — 50 times cheaper). However, inorganic materials offer important
advantages considering mechanical and chemical stability and
resistance even at high temperatures or well-defined porous structure

between others.

The study of polymeric membranes is mostly focused on the
biotechnology field where the temperature range does not put in risk the
integrity of the material [2-6]. Regarding the catalytic membrane
reactors (no biotechnological field), polymers are far from commercial
applications mainly due to slow Kinetics caused for low temperatures.
Higher efforts will be necessary to make competitive this type of
processes, where special polymers are being synthesized and developed
overcoming the typical limitations of the polymeric membranes,

specially temperature limitations [7-10].
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Considering metal membranes, most of these materials are based on
palladium. Pd-based membranes present very high hydrogen
permeance and selectivities but is a very expensive material and is
poisoned by typical gas compounds found in hydrocarbon processing.
Therefore, there are several studies to find how to overcome these
limitations. Among the proposed solutions it can distinguish two groups
[12-16]: (i) to alloy the Pd with other metal which can improve its
resistance against poisoning by CO or H-S and to enhance its hydrogen
permeability (like Ag or Cu); (ii) to support the dense Pd-based
membrane to reduce the price of the assembly (like stainless steel,

alumina and Vycor glass).

Carbon molecular sieves are porous solids with high separation
properties and stability, based on containing constricted pores that
approach the molecular dimensions of diffusing gas molecules [17-20].
Molecules with only slight dimension differences can be effectively
separated through this molecular sieving. However, the carbon
membranes must reach very high performances to compensate for their
high cost and improve the problems due to its brittleness [21]. In
addition, the presence of steam could have adverse effects in the

membrane performance.

Zeolites are microporous alumina-silicates used as catalysts or
adsorbents in form of micron or submicron-sized crystallites embedded
on millimeter-sized granules. However, membranes based on zeolites
present low gas fluxes compared with other inorganic membranes,

limiting the reaction process and several problems during the
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fabrication [22]. Furthermore, the thermal effect of zeolites could mean

important thermal stress problems [14, 23-25].

Molecular sieving silica membranes are amorphous microporous
ceramic membranes which separates gas species based on their
adsorption behaviour and kinetic diameters [26]. These materials
present excellent thermal, mechanical and chemical stability those
depends on the synthesis conditions and the overall membrane
morphology [27]. The major drawback is their chemical and structural
instability against steam atmospheres [28-30]. Hydrophobic
membranes can be obtained in hybrid organic-inorganic membranes to
overcome this limitation; however, their selectivity decreases
significantly [31, 32]. Metal and metal oxides additions have allowed

important improvements on the silica membrane performances [33-37].

Other ceramic membranes are made with complex oxides, typically
perovskites and fluorites structures [24, 38-40]. These materials present
defects in their crystal lattice usually in form of ion vacancies created
by doping agents introduced into these structures. These defects are the
rails for charge carriers when a potential difference is applied
conferring ionic conductivity to the material. Advance analysis of the
ionic conductivity mechanism is described far ahead. Depending on the
material and conditions, hydrogen or oxygen can be obtained with very
high selectivities (up to 100%). However, there is a large pathway in
order to decrease manufacturing costs and develop suitable sealings
which can operate at the temperatures which these materials require.
Figure 3.3 shows different membrane reactor process using oxygen and

hydrogen permeable membranes.
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Figure 3.3. Summary of processes where oxygen- and hydrogen-permeable

membranes for membrane reactors at high temperatures. Figure from [41].

3.2.Membrane assemblies based on ionic ceramic

conductors

Ceramic conducting materials (alkaline-based material no considered)
can divided into pure ionic conducting and mixed ionic conducting
materials. Typically, the mixed ionic conducting materials have
electronic and ionic conductivity, but there are materials that present
oxygen ion and proton conducting behavior simultaneously.
Considering this distinction, different applications are possible: pure
ionic conducting materials only can be used in electrochemical
applications (fuel cell mode, electrolysis mode or ionic pump mode)
while the mixed electronic ionic conducting materials can work only

driven by partial pressure difference.
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Electrochemical cells allow the conversion of electrical energy and
chemicals. The electrochemical assemblies can work in three different

ways:

i. electrolysis mode: (electricity — chemicals) where the
electric energy is applied to produce chemicals (most common
for hydrogen production)

ii.  fuel cell mode: (chemicals — electricity) where electrical
energy is obtained from chemicals

ili.  ionic pump mode: (chemicals + electricity — chemicals)
although it works as fuel cell mode, the charge transport
resistance causes additional energy is required to complete the

process.

Figure 3.4 shows an illustration of the typical electrochemical discharge
curve and showing all electrochemical modes depending on the

electrical current.

(] Reversible E
(®)] potential =
8 ¢
8] o
] Optimal
power
generation
Power >0
O Power generation ' O
Power <0 ;
Power demand
&/

Electrical current

Figure 3.4. Electrochemical cells: generical discharge electrochemical curve.
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Electrochemical cells are built of anode electrode, electrolyte and
cathode electrode (Figure 3.5). The anode electrode is defined as the
electrode where the oxidation reaction occurs. The cathode is the
reaction where the reduction takes place. Considering anionic
electrolyte, the active specie is reduced in the cathode and the ions flow
through the solid electrolyte and react in the anode. This reaction
generates electrons that are transported in the external circuit to the
cathode for the reduction. Considering cationic electrolyte, the active
specie is oxidized in the anode and the ions flow through the solid
electrolyte and react in the cathode. Therefore, the reactions of
oxidation and reduction take place in the interface electrode and
electrolyte, where electrons, gases and ions are in contact. This point is
also called Triple Phase Boundary (TPB).

Electrolyte

Cationic Anionic
electrolyte | electrolyte

Current
direction
()
—/

Ftes-1  I+igd-1"

Figure 3.5. Electrochemical cells: view of general assembly considering cationic
conducting based cell or anionic conducting based cell.
The electrochemical cells are typically classified according to the
electrolyte material (Table 3.2). At lower temperatures, the available
technologies are Polymer Electrolyte Membrane Fuel Cell (PEMFC),
Alkaline Fuel Cell (AFC), Direct Methanol Fuel Cell (DMFC) and
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Phosphoric Acid Fuel Cell (PAFC) and at high temperatures the
technologies Molten Carbonate Fuel Cell (MCFC) and Solid Oxide
Fuel Cell (SOFC). In this last group it can be differentiated SOFC based
on the oxygen conducting electrolytes and SOFC based on protonic

conducting electrolytes.

In the present thesis, fuel cells with high temperature conducting solid-
state ceramics have been selected as membrane electrochemical
reactors. These types of cells present some advantages, being the most
important the component management, since there are solid
electrolytes. The reaction processes considered have to work inside the

temperatures range where these cells work (400 — 1000°C).

The charge conductivity in solid materials is typically based on the
properties of the crystal lattice. The charge can be transported by means
of electrons, ions or valence-band electrons (also called holes) giving
materials with a unique type of charge conductivity (e.g. metals with
electronic conductivity), or materials which present various charge
conductivity simultaneously (e.g. perovskites can hold electronic,

oxygen ion conductivity and proton conductivity).

The materials for this thesis present electronic and ionic conductivities.
The total conductivity (o) of the material comes from the combination
of ionic and electronic contribution. The ionic contributions come from
anions (o,-) or cations (o.+) movement. The electronic conductivity

come from electron movement (a,) or electron holes (o).

0=04-+0,++0,+0, (3.1)
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Table 3.2. Summary of the fuel cell technologies [42-44]. 2: oxygen ion conducting ceramics; P: proton ion conducting ceramics.
PEMFC AFC PAFC DMFC MCFC OC-SOFC? PC-SOFCP
Primary fuel H, H, H, CH30H H,, CO, CH4, H,, CO, CH4, H,, CO, CH4,
Temperature
range 20-100°C 65-90-220°C 200°C 80°C 650 °C 600 — 1000 °C 600 — 1000 °C
Charge carrier H;O*/H* OH- H* H;O*/H* COz* 0% H*
Ext. Reforming Yes Yes Yes No No No No
Anode Pt/C Ni raney Pt/C Pt/Ru/C Ni Ni-ZrO, Ni-based
Electrolyte Polymers KOH H3PO,4 Polymers Li,CO3, K,CO3 Ceramics? Ceramics®
Cathode Pt/C Ag Pt/C Pt/Mo,RusSs NiO LaMnOs/Sr
Power density 4.1-7.1kwW/m? 4.3 8.2 kw/m? 0.8 — 1.9 kW/m? 0.6 kwW/m? 1.5 2.6 kw/m? 0.1-1.5 kW/m? -
Efficiency 35-45% 35-55% 40 % 30-40% >50 % >50 % >50 %
- Combined heat Combined heat Combined heat
Military, . and power and power
L Portable, back-up, Combined heat and and power . .
Applications . aerospace, . Portable . production, production,
stationary transport . power production production, . )
stationary - stationary, stationary,
stationary
portable portable
Status Commercial Commercial Commercial Commercial Research Research Research
Fuel flexibility,
high electrical Fuel flexibility,
LO\{V temperatures, Low component Low temperatures, High energy High efficiency, efficiency, high hlgh_ electngal
high pressures, cost, scalability, . density of o, tolerance, fuel efficiency, high
Advantages : . ; high tolerance of fuel flexibility, . " .
quick startup, solid quick startup, CH3OH, low - impurities, solid tolerance, fuel
o pollutants variety of catalyst . L .
electrolyte lifetime temperatures components, impurities, solid
waste heat components
recovery
Sensitivity to fuel .
Expensive catalyst, impurities: CO, SN Slow startup, High cost, .
RO : catalysts, slow . e High cost,
poisoning CO, H,S, H,S, Hy, CHy; Lower power corrosion of cell sensitivity to S, L
Drawbacks . Al startup and . limited power,
H, ultrapure is difficult in the . density components and slow startup, A
L corrosive : s sensitivity to S
required KOH intolerant sulfur stability
electrolyte
management
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¢ lonic conductivity

The ionic conductivity is based on defects in their crystal lattice. These

defects can be given in form of [45]:

- Vacant lattice sites or vacancies

- lons placed at normally unoccupied sites, called interstitials

- Foreign ions present as impurity or dopant

- lons with charges different from those expected from the

overall stoichiometry.

Impurity
or dopants
lons placed in
[ ] 3 stoichiometric
@ 0 o 0 o
" °* 9
@
. O o Vacancy
@ - - Ne )
. [ ] P ® ' lon of the crystal structure
? ‘ ' 0 ° [ ] lon of the crystal structure
O . . L] °
‘ ' @ lons with different charge
® ‘ from expected in the
’ L ° o o stoichiometric structure
P °
' e Impuri
. purity or dopants
Interstitial ’ . \ ' produced by foreign ions )

Figure 3.6. llustration of the different defects in a plane of the crystal structure.

In absence of external electric fields or chemical gradients, the

electroneutrality must be kept. Therefore, this kind of defects cannot

present individually, thus combinations of these defects are needed to

compensate the charges in the crystal structure, which in many cases

are not necessarily close together. Some of these combinations are:
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i.  Schottky disorder, where vacancies of different charged
appears in the crystal structure,

ii.  Frenkel disorder, where a particle (usually cation) leaves its
place in the lattice, creating a vacancy, and becomes an
interstitial by lodging in a nearby location,

iii.  Anti-site disorder, where the particles exchange these

positions in some places of the crystal structure;

e 2 0 @ o 0 ® 2 2 0 0 0 4 400 00
. . . L] . . . . . . . . [ L] .
° @ o @ o @ @ o o o o e @ @ @ @
- ™ * @ - - - D e - - M * °
@ .9 9 O 9 @ o 9 e 9 ® @ o @ o o
L] L] L - . L4 ' * . » * . ° °
@ @ 9 @ 9 L * o o 0 ® @ - o @ o
- . . . . . * @ . . LI ] . . .
* 0 0.2 0 o 2 0.0 0 0 o ® 2 @ a o o
g e o $ y [ I ] 4 - - e 9

Figure 3.7. Examples of combination of defects to keep the electroneutrality. (a)

Schottky disorder; (b) Frenkel disorder; (c) Anti-site disorder.
e Electronic conductivity

According the quantum theory, one atom displays discontinuous energy
levels. The energy band appears from the aggregation of large number
of atoms formed by the electrons belonging to similar energy levels
(Figure 3.8). The relevant bands and band gaps for electronics (and for
optoelectronics) are those with energies near the Fermi level. The Fermi
level (Ef) is the chemical potential for electrons and represents the
thermodynamic work to add an electron to the body. The bands and
band gaps near the Fermi level are given special names, depending on
the material. The highest occupied band for the electrons of the material
(in energy terms) is named valence band. The conduction band,

normally empty, is defined as the lowest unfilled energy band. In the
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conduction band, electrons can move freely and are generally called

conduction electrons.

J\
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Unfilled bands
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Metal ~ Semimetal p-type intrinsic n-type insulator

Semiconductors

Figure 3.8. Electric conductivity for different materials according their energy bands

Conventional charge conductors are based on electronic conductivity
(extra electron holes in the valence band (p-type conductivity) and extra
electrons in the conduction band (n-type conductivity)). Electronic
conducting oxides are characterized by n-type conductivity, transport
of electrons, or p-type conductivity, when the electron holes transport
prevails. However, other materials are predominantly ionic conductors
or mixed electronic and ionic conductors. Furthermore, some materials

can transport protons in hydrogen or water vapor atmospheres.
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Figure 3.9. Semiconductors type n (a-b) and type p (c-d). (a) Two-dimensional
representation and (b) corresponding energy bands for n-doped Si with As. (c) Two-
dimensional representation and (d) corresponding energy bands for p-doped Si with
Ga. CB: conduction band; Ec: lower energy level of the conduction band; Ep: energy
level of the donor atoms; Ev: upper energy level of the valence band; Ea: energy level

of the acceptor atoms. Image extracted from [46].

3.2.1. Pure oxygen ion conductors

These materials conduce oxygen ions (O%) when an electric field is
applied. The transport of the ions across the material depends on the
crystal lattice. Based on the crystal lattice, the most common oxygen
ion conducting materials are fluorite-based materials and perovskite-

based materials.

Fluorite-based ion conducting materials (Figure 3.10) present cubic
crystal lattices, AB,, where the tetravalent cations (A) occupy face-
centered positions in a cubic unit cell with anions (B) in the eight
tetrahedral sites between them [40]. The most common fluorite oxygen

ion conducting material is doped ZrO,. Pure ZrO, is not a good
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conductor and only present fluorite structure at temperatures higher
than 2300°C. Doping this material allows stabilizing it and to increase
oxygen vacancies concentration. Typical subvalent dopants are Ca®*
and Y*, producing calcia-stabilized zirconia (CSZ) and yttria-
stabilized zirconia (YSZ), respectively, the latter exhibiting good oxide-
ion conductivity above about 700°C. Another well-known fluorite
structure is the CeO- that does not need phase stabilization to increase
the vacancy concentration. This material is doped with Gd>O3 or Sm,03
producing gadolinia-doped ceria (CGO) and samaria-doped cera
(CS0O), respectively; which present better ionic conductivities than
YSZ. However, this material is not stable in reducing conditions where
the Ce*™ is reduced to Ce*? form providing electronic conductivity to
the material (n-type). It is important to know this mixed conductivity
because for pure ionic applications the appearance of the electronic
conductivity drops the efficiency of the system [47].

a=5.462A
b=5.462A
c=5.462A
a=90.000°

£=90.000°
y=90.000°

Figure 3.10. Fluorite crystal structure, ABz, where the orange balls are tetravalent

cations while green balls are the anions (in this case, O%). Image extracted from [48].
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Perovskite-based materials also have been reported as ionic conducting
materials. Perovskites present cubic lattice based on ABO;
(Figure 3.10). The large A cation is coordinated to twelve anions, with
the B cation occupying a six-coordinate site, forming a network of
corner-sharing BOs octahedra. Tilting of these octahedra leads to
deviations from the ideal cubic symmetry. (Sr,Mg)-doped LaGaO3
perovskites present higher conductivities than YSZ, but these materials

present poor long term stabilities [49].

a=3.795A
b=3.795A
©c=3.795A
«=90.000°
$=90.000°
¥=90.000°

Figure 3.11. Perovskite crystal structure, ABOs. Green ball is the A large cation
centered in the crystal cell; grey balls represent the B cations and the red balls are
the O%. Image extracted from [48].

Finally, Figure 3.11 shows a comparison of the ionic conductivity of
the typical oxygen ion conductor materials. In addition, there are three
additional materials which are not based on fluorite or perovskites. That
are LAMOX, based on La;Mo0,09, and Si-apatite and Ge-apatite, based
on Mio(X0,)s0-+y, Where M is rare-earth or alkaline-earth cation and X
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is a p-block element such P, Si or Ge. The last materials are in research

step and are still far for practical applications.
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Figure 3.12. Oxygen ion conductivity as function of the reciprocal temperature.
LAMOX: LazM020s. [40].

3.2.2. Pure proton conductors

There are several types of materials that present proton conductivity.
Considering this thesis is focused on membrane reactors of high
temperatures (> 500 °C), the materials considered is based on proton
conducting ceramics. Comparing the proton conducting materials with
oxygen ion conducting materials for solid oxide fuel cell applications,
the proton conducting materials present higher efficiency and fuel
utilization and it is possible working at lower temperatures because

energy activation of proton transport is lower [50-55].
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Results more relevant for proton conducting materials using solid
oxides use perovskites (Figure 3.10). Acceptor-doped perovskites
based on BaCeOs;, BaZrOs, SrCeQs, SrZrOs;, CaZrO; among others. In
high temperature proton conductors based on complex oxides, the
transport of protons roughly corresponds to the so-called Grotthuss
mechanism [55, 56]. Bare H" ions do not exist in solids under
equilibrium condition; they strongly interact with the electron density
of electronegative oxygen ions. However, the formed O-H bond is
weaker than that in the hydroxyl ion OH" [57]. The proton migration is
a result of the thermally activated hopping process requiring the
breaking of the O-H bond [58, 59]. The hopping mechanism of protons
(Figure 3.12) consists of the following two steps: (i) fast rotation of the
proton which is localized on the oxygen ion and (ii) proton transfer by
hopping toward a neighboring oxygen ion.

Figure 3.13. Grotthus type proton mechanism. Traces of the oxygen atoms of two
octahedra where the protonic motion generates the ring -like object around the
oxygen atom in the center and it diffuses to another oxygen position. Image obtained
from [60] and mechanism discussed in [61].

The presence of oxygen vacancies in the oxide material is the main
condition for the accomplishment of the proton transport (reaction 3.1).

The oxygen vacancies in proton conducting materials can be created by

46



Introduction CHAPTER 3

acceptor doping or can be a structural element of oxides. Upon
hydration, the oxygen vacancies are filled by oxygen from water
according the dissociative mechanism of water dissolution. The
interaction of the most proton conducting materials with water vapor
produces new structure elements. Here, it can be observed how the

surface processes is described using the Kréger-Vink notation
H,0 +V; + 0% 2 2 OH, (r3.1)

where 0j is the oxygen ion in the oxygen ion lattice site, OH, is the
proton localized on the oxygen ion (proton defect), and V,, is the oxygen

vacancy created in the crystal lattice during acceptor substitution.

Table 3.3 shows a summary of the types of high temperature protonic
conducting materials. Acceptor-doped Barium Zirconates (BaZrOs) or
Cerates (BaCeOs) are typical examples of a ceramic class that allows
for protonic conduction, rather than the more familiar oxygen ion
conduction seen in ceramics such as YSZ, SDC, and LSGM. It has been
recognized that these ceramics are also steam permeable under certain
conditions, an additional benefit that may be exploited in new fuel cell
systems or stand-alone applications [55]. These materials exhibit p-type
conductivity in absence of hydrogen or water vapor. However, in steam
or hydrogen conditions (at high temperatures), the p-type conductivity
decreases, and the protonic conductivity prevails. Doping the pure
material improves the protonic conductivity because it causes an
increase of oxygen vacancies in the lattice [62]. Furthermore, it has
been reported that the steam incorporation into the lattice is an

exothermic process [60, 63, 64] thus, the proton uptake in perovskite
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oxides increases with decreasing temperature. Finally, the Figure 3.13

shows the protonic conductivity of different materials.

Table 3.3: Comparison of target properties of the proton-conducting electrolytes. [55]

System Advantages Disadvantages

. . oLow chemical stability
¢ High oxygen and protonic

BaCeO3 conductivity

oPhase transitions
oNon-monotonic thermal
¢ Enough densification .
expansion
oPoor sinterability
oHigh sintering
temperatures
¢ High chemical stability oLow grain-boundary
BaZrOs . . .
¢ High bulk conductivity conductivity
oLow TEC value
oHigh contribution of p-
type conductivity
. oLow information of
BaCeOsz - e Acceptable stability ) o
) chemical compatibility
BaZrOs e Thermal and transport properties .
with other components
oHigh contribution of p-
type electronic
A(Ce,Zr)Os, ) o conductivity
¢ Acceptable protonic conductivity . . .
A=Ca, Sr ono information concerning
chemical compatibility

with other materials
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Figure 3.14. Summary of the protonic conductivity of different materials [60].

3.2.3. Mixed ion — electronic conductors

At the end, all these materials present mixed conductivity between
oxygen, protonic and electronic conductivity where depending on the
material and the conditions the type of conductivity which prevails is
different. That multi-type conductivity decreases the efficiency of the
setup, especially the electronic conductivity which the material may
present for current assisted membrane reactors. Even so, the co-ionic
conductivity could also improve the overall process. An example was
reported for Morejudo et.al [65] where a protonic conducting material
was introduced in a catalytic reactor system to extract the hydrogen and
to shift an equilibrium-limited reaction to the products. In this work, the

conditions and the properties of the electrolyte (BaZrOs based material)
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caused a co-ionic transport for the current extracting hydrogen (for the
protonic conductivity) from the catalytic chamber and injecting oxygen
(for the oxygen conductivity) in the catalytic bed. That oxygen injection
causes the suppression of coke depositions which is the main cause of

deactivation of the catalyst for this process.

However, the most important way to take profit of mixed conducting
materials until is using electronic conductivity and ionic conductivity
simultaneously to separate oxygen (or hydrogen) when a partial
pressure difference appears between both sides of the membrane. Here,
the oxygen or hydrogen separated is transported across the membrane
without external electric current achieving the oxygen or hydrogen
permeates across membrane. The solid-state permeation of oxygen
through these materials is possible due to the presence of oxygen
vacancies in the crystalline lattice. At high temperatures (> 500 °C),
oxygen ion is transported through the ceramic crystalline material
hopping from vacancy to vacancy and, in parallel to ionic diffusion, the
counter-diffusion of electronic carriers keeping the electroneutrality in
all the material. Therefore, mixed ionic and electronic conductivity

(MIEC) enables the oxygen transport.

The driving force for oxygen permeation is the chemical potential
gradient applied through the membrane. Therefore, high differences
between the oxygen concentration at feed and permeate sides will result
in high oxygen permeation rates. Since MIEC membranes are dense, O;
transport across membrane is not done in the molecular form but in the
ionic form O2. Oxygen permeates through MIEC membranes via three

main steps, i.e., oxygen exchange at the gas—solid interface of retention
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side, oxygen—electron (or hole) ambipolar diffusion through the
membrane bulk, and oxygen exchange at the gas-solid interface of
permeation side, as shown in Figure 3.14. The reactions related to
oxygen exchange at the gas—solid interfaces are also called surface
exchange reactions. The surface exchange reactions are complicated,

because there are four electrons related to the reactions.

\‘\irj POZI’

0, +2V; —> 4h* + 20

o~ . = MIEC
VO h membrane

().‘+2V(;(_4|1.+206 Poz'l >P02.”
0, Po, 1

Figure 3.15. Mechanism of oxygen permeation through an MIEC membrane [66]

Surface exchange reactions can be written as follows:

Feed side 1/2 0,4V, 208 +2h (r3.2)
Permeationside 0% +2h 21/2 0, +V, (r3.3)

where h’, denote the holes.

There are two diffusion paths for oxygen ions through the membrane
bulk: one is via the oxygen vacancies and the other is via the oxygen
interstitial sites. For most ABQOj3; perovskites and fluorites, the transport
of oxygen ions follows the vacancy diffusion mechanism, while for the
K2NiF;-type oxides, the transport of oxygen ions follows the interstitial
diffusion mechanism or a mixed interstitial and vacancy diffusion
mechanism. In the oxygen permeation process, oxygen ions transport

from the retention side to the permeation side, while the electrons or
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holes (depending on the type of conductivity) diffuses in an inverse

direction to keep the electric neutrality throughout the MIEC

membranes. Unlike an oxygen pump, which is based on pure oxygen

ionic conductors, such as yttria-stabilized zirconia (YSZ), and needs an

outside electric circle, the MIEC membranes can transfer electrons

internally, and thus, the complexity of the setup is significantly reduced

and facile to the large-scale applications. Besides these materials, other

compounds exhibiting interesting oxygen transport properties are

pyrochlore (A:B207), brownmillerite (A2B20s), Ruddlesden-Popper
series (An+1BnOsn+1), and SrFes«C0xO13 [67-70]. However, these last

materials and the K:NiFs-type present

comparison with fluorites and perovskites.

(b) Brownmillerite (c) K,NiF,
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Figure 3.16. Crystal structure of the oxygen permeation materials based on mixed ion

and electronic materials. (a) pyrochlore (A2B207)) (obtained from [48]); (b)

brownmillerite (A2B20s) (obtained from [71]); (c) KaNiF4 (obtained from [48]); (d)

Ruddlesden-popper (obtained from [48]).
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Fluorites exhibit high chemical stabilities under typical harsh
environments of industrial applications, nevertheless the low electronic
conductivity that also present leads to very low oxygen permeation. On
the contrary, perovskites exhibit outstanding permeation fluxes, but at
the same time low stability behaviors that restrict industrial

applications.

Therefore, dual-phase composite materials comprising two different
materials (one providing electronic conductivity and the other ionic
conductivity) are a very promising option for obtaining stable materials
with enough mixed-conduction for fulfilling oxygen permeation
requirements (Figure 3.17). Some examples of composites materials for
oxygen applications are:

- Ceramic — metal composites [72-74]
- Ceramic — ceramic composites: fluorite/spinel [75-78],
perovskite/spinel [79], fluorite/perovskite [80-82]

Oxygen permeable fo) fo) Oxygen permeable
membrar% l 2 Zl membrane (b)

I Eilectronic conductor [ mixed conductor
[_] oxygen ionic conductor

Figure 3.17. Schematic picture of dual-phase membranes. Image extracted from [83]
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3.3.Membrane reactor using high temperature

ceramic materials

lon conducting ceramic membranes reactors offer an opportunity to
integrate separation membranes enhancing chemical process.
Considering the different ceramic materials already described, now the
uses of these materials for membrane reactor is analyzed considering

the product desired.

3.3.1. Hydrogen production

Nowadays, hydrogen is mainly produced by steam reforming. These
processes combine the central steam reforming units (where the
hydrocarbon becomes in CO — reaction 3.4), water gas shift units
(where CO turns into CO; — reaction 3.5) and the hydrogen separation
unit (normally a PSA unit). Therefore, steam reforming processes

requires large plants.

CH, + H,0 2 CO + 3 H, (r 3.4)
CO + H,0 2 CO, + H, (r 3.5)
CH, + 2 H,0 2 CO, + 4 H, (r 3.6)

Considering previous reactions, hydrogen selective membranes could
overcome the equilibrium limitations integrating all the steps of the

conventional process poses in a single reactor [84, 85].

Several strategies to produce and separate the hydrogen have been
studied using high temperature ionic ceramics. Considering

electrochemical membrane reactors, electrolysis is an interesting
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alternative to storage the surplus of the energy from renewable sources.
This kind of processes are known as Power-to-hydrogen (P2h) [42, 86-
92]. Eventually, MIEC materials can be used to produce hydrogen from
three different processes: water splitting, water-gas shift reaction and

autothermal reaction.

Water splitting consists of the dissociation of water. However, as the
equilibrium constant of the dissociation of water to generate hydrogen
is very low and, consequently, it needs extreme conditions (partial
pressures) to obtain significant amounts of hydrogen. Further, it is a
very endothermic reaction leading to a high energy consumption of the

reaction.

Water splitting using oxygen permeable membranes has been proved
using different materials: CGO-based [93, 94], LaosSro7FeOs-s [95],
0.5SrTiosFeos03 5—0.5Ce08(SMosSro2)o2025 [96]. The process is
substantially improved using the permeated oxygen to oxidize a fuel
gas as it allows low oxygen partial pressures in this chamber improving
the driving force. That concept has been successful tested using
different MIEC materials: LagoCapiFeOs—s [97], a composite of
Ceo.85SMo.1501.925 SMoeSroaAlg3Feo 7035 [98], LaosSro4Coo2Feos0s-s
[99], Lao.7Sro3Cuo2FeosOs-s (LSCF) and BaFegsZro105-5 (BFZ) [100].

Water-gas shift reaction (reaction 3.5) is thermodynamically favored at
lower temperatures and kinetically favored at high temperatures [41].
Conventionally, this process takes place in two sequential units at
550°C and 200 — 250°C. Considering, a hydrogen selective membrane
reactor is theoretically possible full conversion in a unique step. The

concept was proved using SrCeo.7Zro2EuUp103-5 perovskite membrane
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achieving 90% of CO conversion at 900°C (thermodynamics at this
temperature lends to CO) [101].

3.3.2. Syngas production

Syngas is a valuable gas mixture of CO and H; as intermediate reaction
product, for example in the ammonia production (Haber Bosch process)
or gas-to-liquids applications (Fisher Tropps processes) [41]. This gas
mixture can be obtained by partial oxidation, steam reforming, reverse
water gas shift reaction and dry reforming of methane. Syngas also can
be obtained from thermochemical treatment (gasification and pyrolysis)
of biomass and coal [102, 103].

Partial oxidation of methane is an exothermic reaction so with a suitable
heat management of this heat, the process would not need heat supply
(reaction 3.7).

1 kj
CH, +5 0, CO+2H, AH®= —36ﬁ (r3.7)

The oxidations, in this case partial oxidations, are not reactions limited
by thermodynamic equilibrium. However, using oxygen permeable
MIEC membranes it possible to measure out the oxygen supply. In
addition, as previously it was explained, perovskites have low stabilities
under CO, atmospheres. Eventually, the oxygen needs to be introduced

suitability to avoid undesired coke and CO; formations.

Perovskites with high oxygen ion and electronic conductivities are the
most suitable materials for this process [41]. Using this kind of
materials in a Ni-based catalyst bed 85 — 96 % of CO yields have been
found [104-108]. Composite using cer-cer [109-112] or Ag/CGO [113]

56



Introduction CHAPTER 3

have also studied for this process but with lower CO yields than single

phase perovskite until now.

Reforming reactions can be used to obtain syngas. Here, ceramic ionic
conducting membranes can be used to improve these processes. Oxygen
permeable membranes uses a fraction of the reformer were the oxygen
injection allows control the thermal balance [114, 115]. With hydrogen
permeable membranes, the separated hydrogen is oxidized to balance

the process.

The dry reforming process allows to obtain syngas using CO: in spite
of steam (reaction 3.8). It is about a process favored at high
temperatures, where the main limitation comes because these
conditions, which favor carbon depositions and, thus, the process
deactivation. However, coke deposition could be avoided increasing the
ratio CO2/CH,4 [116]. As it happens for conventional steam reforming,
it is a process highly endothermic, which involves high thermal energy
demands to keep the temperature of the process. Here, using a hydrogen
selective membrane it is possible decrease the temperature of the
process and shift the equilibrium until full conversion. The concept has
been proved in previous works [117, 118].

k
CH,+C0,22C0+2H, AH®= 247m—£l (r 3.8)

3.3.3. Higher hydrocarbons production

Hydrocarbons are conventionally obtained fractionating the petroleum.
Therefore, although using a membrane reactor to obtain higher

hydrocarbons since methane, CO, or biomass is not currently
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competitive, as the fossil fuels sources is going depleting, alternative

processes will be necessary.

Higher hydrocarbons can be obtained via conducting ceramic
membranes with coupling of methane, hydrogenation, dehydrogenation

and dehydroaromatization.

Methane coupling reaction allows to obtain ethane (reaction 3.9 and
3.11) and ethylene (reaction 3.10 and 3.12) with oxidative and non-
oxidative reactions. The oxidative via uses oxygen-conducting
membranes (injecting the oxygen in the reaction chamber) and the non-
oxidative via uses hydrogen-conducting membranes (removing the

hydrogen from the reaction chamber).

2 CH, +% 0, 2 C,Hg + H,0 (r 3.9)
2CHy + 0, 2 C,H, + 2 H,0 (r 3.10)
2 CH, @ CyHg + H, (r3.11)
2CH, 2 C,H, + 2 H, (r 3.12)

Considering the oxidative pathway, it is more beneficial because the
reaction is exothermic and the process is easier to be auto-sustainable
[41]. However, the injection of oxygen needs to be carefully
implemented because the reaction products are more reactive than
methane and, therefore, this oxygen could degrade them [119]. The best
results show C; yield until 38 % [120].
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Using non-oxidative pathway, using an electrochemical membrane
reactor with a protonic conducting membrane very high C; selectivities
can be achieved for low current densities [121, 122]. However, these
materials present co-ionic conductivities at hydrogen and oxygen so, as
the current density and consequently the hydrogen extraction increases,
the oxygen injection increases too. Therefore, it may cause a
degradation of the catalyst and the hydrocarbons. Finally, using this
approach the best results reported are 58% of methane conversion with
13.4% of C; yield [123].

Alkane dehydrogenation to obtain olefins are interesting processes to
integrate this kind of membranes. Most researched process to integrate
a membrane in the process is the ethylene formation from ethane using
oxygen permeable membranes (oxidative dehydrogenation of ethane to
ethylene). Perovskites are the most preferred membranes where
ethylene yield up to 75% can be achieved at temperatures below 800°C
and until 83% at 850°C [124, 125]. Non-oxidative dehydrogenation of
ethane using hydrogen extraction membranes are limited for the
equilibrium of the reaction and it is because it is not so interesting than
oxidative pathway [41]. Propane dehydrogenation is also very attractive

process under research using membrane reactors [125].
1
C2H6 + E 02 g CzH4 + HzO (r 313)

Methane dehydroaromatization allows obtaining aromatics from
methane in one step. However, it is a process limited by the equilibrium
(12% of methane conversion at 700°C) and the coke formation. As

previous processes, it can be developed with a non-oxidative process
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(reaction 3.14) and oxidative process (reaction 3.15) and, consequently,
these processes can be enhanced using hydrogen permeable and oxygen
permeable membranes, respectively. Considering the non-oxidative
pathway, in the last years very stable and aromatic selective process has
been developed using a current assisted process with a proton conductor
membrane [65]. Non-oxidative pathway has been investigated
achieving aromatics yield until 6% with oxygen permeable membranes
[126].

6 CH, 2 CsHg + 9 H, (r 14)

9

Morejudo et. al. [65] proved the injection of controlled amounts of
oxygen while the hydrogen is removed with a co-ionic (protonic and
oxygen ion) conducting membrane allows to enhance the stability
because the suppression of coke depositions. Several works about
methane dehydroaromatization cofeeding with steam shows an
improvement of the catalytic stability due to coke suppression but
higher steam content of 2.6% causes a fall in the catalytic activity after
several hours due to the steam reacts with the catalyst, in particular,

with the C of the MoC sites according previous works [127-129].

3.3.4. Methane production

Nowadays, methane demands are covered because natural gas is mainly
methane (around 90%). However, methane can be a way to storage
surplus energy from renewable sources. In fact, nowadays, there is an
increasing of the effort to make viable and competitive to becomes CO;

and surplus of energy from renewable sources (solar and wind) in CH4
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[130-132] where the CO- can be obtained from biomass by mean of

thermochemical processes [131].

Methanation process allows becoming CO; into methane reverting the
methane steam reforming reaction (reaction 3.16). That pathway is
favored at lower temperatures and high pressures [133, 134].
Alternative current assisted process has been developed to overcome
the equilibrium limitations where the CO- is reduced to CH4 by an
electrochemical pathway [135-138], (reactions 3.17 and 3.18 shows the
electrochemical reduction of CO2 until CH4 by means of proton
conducting and oxygen ion conducting assemblies, respectively). The
protonic pathway (reaction 3.17) causes mixtures of methane and
steam, therefore, low temperatures are required to keep the methane and

avoid reforming reactions.

CO,+4H, > CH, + 2H,0 (r 3.16)
CO,+8H"+8e” - CH,+ 2 H,0 (r3.17)
CO,+2H,+4e” > CH,+20% (r3.18)

3.3.5. Ammonia production

Ammonia synthesis using ionic conducting ceramics is possible by
means of electrochemical cells. However, the electrochemical synthesis
of ammonia is still far from conventional Haber-Bosch process and it
requires more efforts to find optimal assemblies which are competitive
and viable [41].

Electrochemical cells to obtain ammonia would allow to reduce the
dramatically conditions of Haber-Bosch process (200-300 bar &

500 °C). Suitable ionic conducting ceramics as membrane materials are
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perovskites as barium cerates and fluorites as cerium oxides. Using
protonic conducting membranes reduces the power demand due to
oxygen conducting requires water dissociation and, therefore the
reversible work is considerable higher (Table 3.4). Relevant studies
using proton conducting perovskites have been developed to obtain
ammonia [139-141]. Reaction rates and faradaic efficiencies as high as
a3.3-10® mol s* cm™[142] and 90.4 % [143], respectively, have been
reported.

Table 3.4. Reactions for electrochemical synthesis of ammonia using oxygen ion

conducting and protonic conducting materials.

. Anode Cathode
Overall reaction
Oxygen conducting
Nz+3H20—>2NH3+§02 20 5 0,+4e” N, + 3 H,0 + 6e~ = 2 NHy + 3 0%~
Protonic conducting
N, +3H, > 2 NH, Hy,—2H*+2e N, +6H* +6e~ — 2 NH;

3.4.Electrodes for protonic conducting ceramics

The selection of the materials for electrodes depends on the final
applications. However, the electrode material must reach several

properties and conditions:

i.  Stability: chemical, morphological and dimensional in the
working conditions.

ii.  Conductivity: electronic conductivity must be as higher as
possible. In addition, considering that the surface exchange
reaction take place in the triple phase boundary (TPB), the
electrode must present ionic conductivity.

iii.  Porosity: allowing the gas transport to the TPB points.
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iv.  Thermal expansion coefficient: it must be similar to the
electrolyte.

v.  Compatibility with the rest of the materials of the cell:
electrolyte, supports, etc.

vi.  Catalytic activity: must have enough catalytic activity for the

different reactions to avoid polarization problems.

The typical H, electrode for SOFC applications (both protonic and
oxygen ion conductor membranes) is based on nickel [144, 145]. It
usually uses nickel cermet with the electrolyte material to maximize the
TPB points. However, the electrode material must be stable at the
working conditions and nickel presents several drawbacks like
coarsening and coke depositions under hydrocarbons atmospheres and
reoxidation in O2 or steam atmospheres. Therefore, alternatives to
nickel are needed to overcome these problems. Considering other
metals as Pd, Fe, Cu, Ru and Pt have been checked finding Fe and Ag-
Pd good alternatives to nickel [146-148]. The copper- based anodes in
combination with ceria catalysts, which may be of interest for
hydrocarbon-fueled SOFCs due to low catalytic activity of Cu toward
the C—C bond formation, exhibit a poor electrochemical performance
and undergo fast degradation [144]. Considering the ionic conductor

material, these materials were described before (see section 3.2).

3.5.Finite elements for high temperature membrane

reactors

The finite element method or computational fluid dynamics (CFD) is
used to solve physical problems in engineering analysis and design

[149]. Finite elements approach allows forward and complete analysis
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of a setup (for dynamic or steady states) considering the phenomena
which take place and the properties of the materials. The methodology
is based on a discretization of the geometry in interconnected nodes. As
more complex is the geometry and/or the process, this method could
require high computational resources to carry on. The analysis of an
engineering system usually requires the idealization of the system into

a form that can be solved, the formulation of the mathematical model,

the solution of this model, and the interpretation of the results.

Change of
l Physical problem l-i— physical |-
* problem
Mathematical modal
Governed by differential equations
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+ Geometry improve
+ Kinematics <— mathematical jee—
* Material law model
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R [y
]
! Finite element solution |
! Choice of 1
! + Finite elements |
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Finite H + Solution parameters  [* |
element H Representation of i
solution h + Loading i
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model i etc. E
| s
! Assessment of accuracy of finite i
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e e e e e e e m 4
Refine
Interpretation of results l——- analysis
Design improvements

Figure 3.18. Methodology to use finite elements. Image extracted from [149].
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The utilization of finite elements requires a validation step which allows
to demonstrate the model offers suitable predictions comparing with the
experimental results. Several works are focused in the validation steps
because is not always an easy step due to the high number of variables
to model the process phenomena [150-152]. CFD models are usually
used to find the optimal conditions of that processes [153-156] and to

evaluate the scale up and designing the final commercial setup [157].
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Figure 3.19: Main results of CFD model of cyclohexane dehydrogenation in a
hydrogen membrane reactor. [151].

Finite elements have been used to characterize ionic conductor ceramics
for fuel cell mode [158-163] and electrolysis [164, 165] with different
geometries and adapting works which use different materials as
electrolyte. Between a large number of works, it could find as several
works have improved the understanding of permeation processes [166-
169], adsorption [170, 171] or fluid dynamics at high temperatures
[172-174]. All these works allow doing estimations about membrane
reactor using these kinds of processes.
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Eventually, CFD buildings have proved the enhancement of integrating
membrane reactors for water gas shift process [152, 175-177], steam
reforming process [153, 156, 178, 179] and others [150, 180]. These
works have allowed to improve the knowledge of these reactions and
evaluating the effect of the different operation conditions and

parameters in yields and efficiencies of the overall process.
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In this chapter, the procedures to synthesize the materials and
developing the experimental characterization of these materials are
thoroughly described. First, the different pathways to synthesize the
different materials are described. Then, the methods to characterize the
synthesized materials are defined. Finally, the experimental procedures
and techniques to evaluate the behavior of the material are carefully
defined.

Finite elements models built for this thesis present very differentiated
methods and, therefore, an overall methods section would be tedious,
and, in any case, each model would need its respective specifications.
Therefore, each finite element-based study chapter presents its methods
section where the model to simulate each respective phenomenon of the
multiphysic process are carefully described.

4.1.Materials synthesis

The first experimental research of this thesis is focused in the
development of copper-based electrodes for tubular membrane reactors
based on protonic conducting ceramic materials. The procedures are
defined in general terms. That means, although the procedures are
cautiously described, the specific parameters of each method to
synthesize the material or to optimize the behavior of the material are

indicated in this chapter and detailed in the respective chapter.

4.1.1.Sol-gel method

Sol-gel method, also called Pechini method, is a technique that
combines different metal nitrates to obtain the final oxide combination

(Figure 4.1) [1]. The sol-gel method overcomes possible problems with
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the stoichiometry of precipitation methodologies when one or more ions
are left in solution because the reactants never precipitate out [2, 3].
Considering the final stoichiometry of the final desired compound,
stoichiometric nitrate amounts are mixed in distilled water. The mixture
keeps under stirring using a magnetic stirrer. The typical chelating agent
is citric acid (but EDTA is also used), and it is added to stabilize the
metal complexes during the reaction step. Ethylene glycol (EG) is
introduced for the polymerization process. Then, the temperature is
increased until 100 — 130°C to accelerate the combination of citric acid
and EG in a polyester while the water is gradually evaporated. That
causes a gelation of the solution followed by foaming. Afterwards, the
solution is introduced in a heater at 220°C to accelerate the process. The
oxides form at temperatures above of 500°C, therefore the powder
obtained from the heater is calcined at higher temperatures to achieve
the pure crystalline compound.

Ethylene
glycol

Nitrates Citric
acid

(1“) ()

Reaction

Calcination

= E:>jl

=

Figure 4.1. Sol-gel method for pure multicomponent formation.
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4.1.2.Solid state reaction

Solid state reaction (SSR) is technigue that combines non-volatile solids
in a solid reaction system to achieve the desired compound. The process
is accelerated using high temperatures due to the increasing of the
reactivity system and, specially, the solid diffusion [4]. The temperature
must be lower than the lowest melting point of the solids to avoid
material losses and to keep the desired stoichiometry in the final

compound.

Considering the doping agents, the reagents have to decompose before
or during the reaction. The nucleation rate can be optimized using

reactants with similar crystal structure.

SSR is a widely technique employed because its simplicity and low
manufacturing costs. However, the method requires a good
optimization in order to maximize the solid diffusion, to avoid
secondary phases and to maximize the homogeneity of the final ceramic
[5]. Further, SSR typically generates materials with small surface area

due to its high sintering temperature [6].

The stoichiometric amounts of the metal oxides (although the method
allows to use carbonates or sulphates) are mixed with zirconia balls
(2mm of diameter) and acetone. The mixture is grinded in a ball mill to
homogenize and to decrease the particle sizes minimizing the distance
the reactants that have to diffuse. The dried powder is sieved and
pelletized to maximize the contact between the different components.
Finally, the pellets are heated in a furnace for several hours. This

annealing must be conscientiously controlled to obtain the desired
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single phase. Figure 4.2 shows an illustration of the different steps of

this technique.

X N
Oxide powders

Zirconia balls Milling Upper Punch
‘ Pressure o
Sintering pellets

i ﬁ =[] ‘..
T

e
Acetone

Uniaxial pressing

Figure 4.2. Solid State Reaction procedure.

4.1.3. Co-precipitation method

Co-precipitation technique allows obtaining metal oxides from soluble
precursor of these metals using the change solubility of the metal
compound (hydroxides, oxalates, carbonates, etc.) at different pH [7].
The particle size and shape are strongly dependent on the process
conditions like the nature and method of dosing of ingredients, mixing
and stirring. Therefore, these conditions have to be accurately

controlled throughout the precipitation process [8].

Nitrate powders are dissolved in distilled water to achieve a specific
concentration. The solution is kept in stirring while the pH of the
solution is decreased using NaOH. The concentration of the NaOH
should be optimized to fit the microstructure of the final oxide. The
saturated solution is filtered with a vacuum filtration system and the

resultant cake, dried. Vacuum filter used is Filter Papers 41 Ashless
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diameter 150mm 100 circles from Whatman™. Finally, the resultant
powder is treated at different temperature in order to obtain the final
particle size. Figure 4.3 shows the main steps of the co-precipitation

method.
NaOH

Copper precursor

/ Ye250:

Vacuum filtration
Buchner funnel

7 fier paper

Calcination

Figure 4.3. Co-precipitation methodology.
4.2.Deposition techniques

Materials synthetized using the described methods were used to
developed copper-based electrodes and to deposit it on tubular half-

cells.

4.2.1. Tubular support tested

Several tubular supports based on BZCY perovskite were tested and
they were obtained from Coorstek Membrane Sciences. The
characteristics of the different tubes are shown in the table 4.1. These

tubes have 8.2 mm and 9.8 mm for internal and external diameters.
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Table 4.1. Composition and thicknesses of the tubular half-cell electrochemical

support.
Initial composition Layer Thickness (mm)
NiO-BZCY Porous cermet 0.775
NiO-BZCY/BZCY
BZCY Dense layer 0.025
Ni-BZCY Porous cermet 0.775
Ni-BZCY/BZCY
BZCY Dense layer 0.025

4.2.2. Dip-coating

The dip-coating method was developed to deposit thin and porous
electrode layers on the described tubular half-cells. In this process, a
liquid layer remains on the substrate with a thickness profile that is
determined by the effect of different forces (mainly viscous force,
gravity, and surface tension) on its flow [9]. Initial ceramic powders
were mixed in acetone in ball milling during 12h. The dried powder was
sieved. The slurry was prepared by mixing ethanol and different
mixtures of terpineol and ethylcellulose (EC). Then polyvinyl
pyrrolidone (PVP) was added to the solution. Finally, the ceramic
powder was added to the slurry and the slurry was homogenized by

stirring. Table 4.2 shows the composition of the slurries.

Table 4.2. Slurry compositions.

Ethylcellulose slurry Ethylcellulose free slurry
wt % wt %
Ethanol 23.5%  Ethanol 23.5%
Terpineol with 6 %wt EC 31.0%  Terpineol 31.0%
PVP 8.0% PVP 8.0%
CuO-BZCY mixture powder 37.5% CuO-BZCY mixture powder 37.5%
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Tubes were dipped in the slurry and dried at temperatures between 65
— 80 °C. The procedure of dipping and drying was repeated several
times to fit the thickness of the final cermet layer. Finally, dipped tubes
were sintered at high temperatures. Figure 4.4 shows the summary of
the dip-coating methodology with all the steps from the initial powders

until the final reduction.

Initial Milling Sieved Slurry Dipping Drying Reduction

powders

Sintering

~1000°C 1h 700°C H,

Figure 4.4. Dip-coating methodology.

Pt catalyst was introduced in the sintered electrode layer using the
infiltration method. Chloroplatinic acid was used as platinum precursor.
It was dissolved in acetone and was dropped on reduced copper-based

electrode until the full wetness of the layer.

4.2.3. Sputtering

The most basic and well-known glow-discharge technique to deposit
thin films is sputtering. The ejection of surface atoms from an electrode
surface (target) by momentum transfer from bombarding ions to surface
atoms until the substrate surface (Figure 4.5). From this definition,
sputtering is clearly an etching process and, is used as such for surface
cleaning and for pattern delineation. Since sputtering produces a vapor

of electrode material, it is frequently used as a method of film
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deposition. Sputter deposition has become a generic name for a variety

of processes [10].

Figure 4.5. Sputtering technique. (a) Setup view; (b) detailed view of the sputter
deposition on flat supports.
In this thesis, conventional sputtering system was adapted to be able to
deposit copper on a tubular support. For that end, the tube is rotating
during the deposition using an electric motor to ensure a homogeneous
deposition. Further, to improve the deposition, the sputtering was
developed at room temperature and at high temperatures. The heat to
achieve the desired temperature during the sputtering deposition was
supplied by an electrical resistance placed in the interior of the tube
beside of a thermocouple to control the temperature. Figure 4.6 shows

a drawing of this setup.

Cu films were deposited with a radio frequency (13.56 MHz) Pfeiffer
Classic 250 deposition system. The copper films were obtained by
sputtering 1 inch Cu sputtering target with r.f. power of 25 W. The base
pressure of the chamber before the deposition was 2-10° mbar or lower.
The working vacuum pressure was 2.1-102 mbar by using pure Ar.
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Tubein rotation during sample
the deposition

Tube fitting
coupled to
electric motor

Target

deposition resistance

sample thermocouple

Magnetron

Figure 4.6. Sputtering setup for tubular supports. (a) View of the rotating technique to
deposit the layer by sputtering; (b) View of the resistance for the heating and the

themocouple on the sputtering assembly to deposit copper on tubular supports.

4.2.4. Screen-printing

The deposition over flat supports was made by means of the screen-
printing technique. In general, properties of final films depends on
printer settings, screen options, substrate preparation and ink rheology
[11]. Screen-printing inks were prepared by mixing suitable amounts of
inorganic powders with a solution of ethylcellulose in terpineol (6%-
wt.) and subsequently refined using a three-roller mill (Exakt)
(Figure 4.7). The proportion powder-liquid (i.e. solution of
ethylcellulose in terpineol (6%-wt.)) is 50%-wt. Finally, the inks were
deposited on the BZCY72 disc pellets and sintering at high

temperatures.
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Terpineol with
6% wt. ethyl Cross-section of the three roll mill
powder cellulose -

:>:>

Three roll mill

s
-

Figure 4.7. Screen-printing technique methodology.

4.3.Structural characterization

4.3.1. X-ray powder diffraction

X-ray diffraction (XRD) is a non-destructive technique mainly used for
determining the crystalline phases and orientation of crystalline
materials and material related properties such as lattice parameters,

strain, crystallite size and thermal expansion.

X-ray are transverse electromagnetic radiations, similar to visible light,
with shorter wavelength produced via interactions of the accelerated
electrons of high energy with a heavy metal target (anode). X-ray than
appears because of the hit of the electrons with this material and it is

radiated in all directions.

This technique is based on the Bragg law (equation 4.1). This law says
if the incident X —rays of wavelength (1) strike a crystal where all
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atoms are placed in a regular periodic array with interplanar spacing d’,

diffraction beam of sufficient intensity is detected only when:

2-d" -sinf=n-2 (4.1)

where n is called the order of reflection and is equal to the number of
wavelengths in the path difference between diffracted X-rays from

adjacent crystal planes (see Figure 4.8).

Plane normal
Y la'2a’

Figure 4.8. Schematic diagram of diffraction of X-rays by a crystal (Bragg condition).
Image obtained from [12].
In general, the n™ order reflection from a certain crystal plane (h k 1)
with the interplanar spacing of d could be considered the first-order
reflection from a plane (nh nk nl). Since the (nh nk nl) plane is parallel
to the (h k I) plane, reflection from (nh nk nl) plane is equivalent to the
first order reflection from planes spaced at the distance (d = d'/n).
From such a point of view, 20 is called the diffraction angle in many

Cases.
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The diffraction angle 26 of any set of planes (h k I) can be computed by
combining Bragg law equation with the plane-spacing equations that
relate distance between providing the relationship among the distance
of adjacent planes to Miller indices and lattice parameters for each
crystal system. Therefore, information about the geometry of the crystal
can be obtained from the diffraction of X-ray. (Table 4.3)

X-Ray Diffraction

K x-ray diffractogram Crystal
: A X-ray Detactor P lattice
! J | tube ¢ ! ' _«1{?{
¥ | Clolllmatolrs \29\ ! =) &E '
' \ : &
! L I : il ey LZRDS
N L2\ | .

: /! —
PN AR = Crystal
‘ Matched

! ) filters

Figure 4.9. X-ray diffraction setup: from diffractometer until crystal structure.

In a diffraction testing, an incident wave is directed into a material and
a detector is typically moved about to record the directions and
intensities of the outgoing diffracted waves. Therefore, considering
each crystal structure and chemical composition causes their singular
patterns, comparing the results with the database it is possible to

determine the composition and crystal structure (Figure 4.9).

The measurements developed during the present thesis were carried out
by a Cubix fast diffractometer, using CuKa » radiation (A=1.5406 A)
and an X’Celerator detector in Bragg-Brentano geometry. XRD
patterns were recorded in the 26 range from 2° to 90° and analyzed

using X’Pert Highscore Plus software.
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Table 4.3. The fourteen Bravais lattices. From [12].

System Lengths and angles Geometries

Primitive Body-centered Face-centered Side-centered
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4.3.2. Scanning electron microscope

The scanning electron microscope (SEM) is one of the most versatile
instruments available for the examination and analysis of the
microstructure morphology and chemical composition
characterizations. SEM uses a focused beam of high-energy electrons
to generate a variety of signals at the surface of solid specimens. The
signals that derive from electron-sample interactions reveal information
about the sample including external morphology (texture), chemical

composition, and crystalline structure and orientation of materials
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making up the sample. In most applications, data are collected over a
selected area of the surface of the sample, and a 2-dimensional image

is generated that displays spatial variations in these properties.

A primary beam penetrates the specimen surface, it scatters as a variety
of signals. The scattered electrons that escape from atoms occupying
the top surface specimen, also called secondary electrons, are created
by inelastic collisions. The back scattered electrons are scattered from
deeper levels and are generated by multiple elastic collisions.
Secondary electrons and backscattered electrons are usually used for
imaging samples. Whereas secondary electrons are most valuable for
showing topography and morphology of samples, back scattered
electrons are most common to use it for drawing contrasts in
composition in multiphase samples. X-ray is produced by inelastic
collisions of the incident electrons with the electrons in the orbitals of
the sample. Thus, the X-ray generated depends on the excited element
by the electron beam. The X-ray can be used to determine the
compositions of the sample, since is well-known the energetic levels of

electrons in different shells for a certain element.

The SEM is also capable of performing analyses of selected point
locations on the sample; this approach is especially useful in
qualitatively or semi-quantitatively determining chemical compositions
(using EDS), crystalline structure, and crystal orientations (using
EBSD). The design and function of the SEM is very similar to the
EPMA and considerable overlap in capabilities exists between the two

instruments.
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Figure 4.10. SEM device description. Image from [13].

The SEM used in the present thesis was a JEOL JSM6300 electron

microscope.

4.3.3. Field emission scanning electron microscope

Field emission scanning electron microscope (FESEM) is a special type
of SEM with uses different emitter. SEM devices uses thermoionic
emitters where an electrical current heats up a filament. When the heat
is enough to overcome the work function of the filament material, the
electrons can escape from the material itself. Thermionic sources have
relative low brightness, evaporation of cathode material and thermal
drift during operation. FESEM uses field emission gun also called a
cold cathode field emitter, does not heat the filament. The emission is
reached by placing the filament in a large electrical potential gradient.
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FESEM produces clearer images, less electrostatic distortions than

SEM and spatial resolutions < 2 nm.

The FESEM used in the present thesis was a ZEISS Ultra55.
4.4.Chemical characterization

4.41. Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES)

The Na content in the CuO obtained by coprecipitation (see section
4.1.3) were checked and determined by ICP-OES on a Varian 715-ES.
The solid samples in powder (30 mg) were dispersed in a volumetric
mixture of HNO5:HF:HCI, 1:1:3 (vol. ratio). In all cases, the calibration
curve was adjusted to the expected analyte concentration and was

determined using ICP standard solutions (Aldrich).
4.5.Electrochemical characterization

45.1. Electrochemical Impedance Spectroscopy (EIS)

The copper-based materials developed on this thesis have their final
application as electrodes for protonic conductor membrane reactors at
high temperature. Therefore, their electrochemical behavior has to be

analyzed.

The emphasis in electrochemistry has shifted from a time/concentration
dependency to frequency-related phenomena because the
electrochemistry in solid-based setups is controlled by the triple phase
contacts between gas, electrode and electrolyte also called Triple Phase

Boundary (TPB). Electrical double layers and their inherent capacities
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reactances are characterized by their relaxation times, or more
realistically by the distribution of their relaxation times. The electrical
response of the heterogeneous cell can vary substantially depending on
the species of charge present, the microstructure of the electrolyte and

the texture and nature of electrodes [14].

Electrochemical impedance spectroscopy is used to evaluate electrical
properties of materials and their interfaces with surface-modified
electrodes. It may be used to investigate the dynamics of the bound or
mobile charge in the bulk or interfacial regions of any kind of solid or
liquid material: ionic, semiconducting, mixed electronic-ionic, and

even insulators (dielectrics) [14].

Standard impedance spectroscopy tests measure directly in the
frequency domain by applying a single-frequency voltage to the
interface and measuring the phase shift and amplitude, or real and
imaginary parts, of the resulting current at that frequencies. Any
intrinsic property that influences the conductivity of an electrode—
materials system, or an external stimulus, can be studied by EIS. The
parameters derived from an EIS spectrum fall generally into two

categories:

a) those pertinent only to the material itself: conductivity,
dielectric constant, mobilities of charges, equilibrium
concentrations of the charged species, and bulk generation—
recombination rates

b) those pertinent to an electrode—material interface: adsorption—
reaction rate constants, capacitance of the interface region, and

diffusion coefficient of neutral species in the electrode itself.
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Therefore, a monochromatic signal of potential v(t) (equation 4.2),
involving the single frequency (f) (w = 27rf), is applied to the cell and
the resulting steady state current measured i(t) (equation 4.3).

v(t) =V, - sin(wt) (4.2)
i(t) = Iy, - sin (wt + 6) (4.3)

Here, 0 is the phase difference between the voltage and the current (zero
for pure resistive behavior). The relation between system properties and
response to periodic voltage or current excitation is very complex in the
time domain. In general, the solutions of a system of differential
equations is required. Response of capacitive and inductive elements is
given (equations 4.4 and 4.5, respectively), with C and L
correspondingly, and combinations of many such elements can produce

an intractable complex problem.

o dv(t)

l(t)—[ It C (4.4)
di(t)

v(t)=[ -1 (4.5)

Fourier transformation allows to become these complex differential
expressions in a simpler system and defining the impedance (2) as a
complex function (equation 4.6). Here, it is critical to can assume the
linearity between the voltage and the current to carry out this analysis
[14].

V- sin (wt)

Z(a))=;=
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Where Z’ and Z’’ are the real and complex contributions of the
impedance, respectively andj = +/—1. In general, Z is frequency-
dependent, as defined above. Conventional EIS consists of the
(nowadays often automated) measurement of Z as a function of n or
over a wide frequency range. It is from the resulting structure of the
Z(w) vs. w response that one derives information about the electrical

properties of the full electrode—material system [14].

For nonlinear systems, i.e. most real electrode—material systems, EIS
measurements are useful and meaningful in general only for signals of
magnitude such that the overall electrode—material system response is
electrically linear. This requires that the response to the sum of two
separate input-measuring signals applied simultaneously be the sum of
the responses of the signals applied separately. Therefore, the
application of a monochromatic signal, one involving sin(wt), results in
no generation of harmonics in the output (or at least negligible), that is
components with frequencies nv for n = 2, 3, ... Electrochemical
systems tend to show strong nonlinear behavior, especially in their
interfacial response, when applied voltages or currents are large. But so
long as the applied potential difference amplitude Vn, is less than the
thermal voltage, V; = % = k’}’T'T, about 83 mV at 700 °C, it can be
shown that the basic differential equations which govern the response
of the system become linear to an excellent approximation. Here ky, is
Boltzmann’s constant, T the absolute temperature, p the proton charge,
R the gas constant, and F the faraday constant. Thus, if the applied
amplitude Vi, is appreciably less than Vg, the system will respond

linearly. Note that in the linear regime it is irrelevant as far as the
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determination of Z(w) is concerned whether a known v(wt) is applied
and the current measured or a known i(wt) applied and the resulting
voltage across the cell measured. When the system is nonlinear, this
reciprocity no longer holds. Additionally, the applied potential
difference amplitude Vi, must be enough to avoid that the signal is on

the range of white noise.

EIS can contribute to the interpretation of fundamental electrochemical
and electronic processes. Table 4.4 shows briefly the advantages and

limitations of this technique.

Table 4.4. Advantages and limitations for the EIS [14].

) Possible ambiguities in
Readily automated ) )
interpretation
Easy correlation between
electrical response and process
variables (mass transport, )
) ) Several options for the
reaction rates, corrosion, and ) o
) ) ) equivalent circuit (even
dielectric properties, to defects,
) infinites)
microstructure, and
compositional influences on the
conductance of solids)
Characterization of sensors and

fuel cells

98



Voltage

Experimental methodology CHAPTER 4

Finally, EIS technique introduces an AC voltage (or current) and
recover the response of the system in the respective AC current (or
voltage). Figure 4.11 shows the typical results when an AC voltage is
introduced with the different diagram and plots for obtaining the

information of the electrochemical processes.

a Relectrolyte Rpolarization

J = B

VAVAVAVAY 7aVAVAVAVA I wa S e o S Sy

N

—
V(t) =V, - sin(wt)

—I® N *00nsnny

6+ 000,
§ V(t)
Z= 4] . 7
=
=

I(t) = Iy, - sin(wt + 0) l

Current
freq (Hz)

Figure 4.11. Impedance spectroscopy applied to an electrochemical setup. (a)
Description of the general response of the system; (b) Nyquist plot of the impedance;
(¢) Bode plots for the real contribution of the impedance (Z’) and the imaginary
contribution of the impedance (7).

The different reactions occurred in the cell take place at different
velocities. As EIS makes the analysis in the complex plane using
different frequencies is possible to separate the different processes and

to analyze them separately.

Solartron 1470E was used for obtaining the data, generating the
sinusoidal current/voltage signals. 1455A module was connected for
the frequency analysis (frequency response analyzer, or FRA). The

electric connections are presented in the Figure 4.12. The connections
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from the Solartron modules consist of two couples of cables as
measuring terminal: a couple that transports the current (+ CE and
— WE) and the other couple for measuring the voltage (+ Rel and + Re2
of reference ones). These terminals are connected to the electrodes by
means of copper wires. Each current terminal is connected with the
respective reference terminal in the electrode to remove possible
contributions in the response of impedance of the terminals and wires.
Finally, the electrochemical impedance spectroscopy tests were
developed with 20 mV of amplitude in the frequency range of 30 mHZ
until 1 GHz.

1455A
Module [ 33kazazi)

Inner

Copper electrode

wires

Electrolyte

External
electrode

AT e e
T

Figure 4.12. Connection of the Solartron modules with the sample.

The diagram of the experimental setup is shown in the Figure 4.13. Gas
flows and composition are regulated using the flowmeters for hydrogen,
argon and methane. Moist conditions were achieved using a gas bubbler

at room temperature where the inlet gas takes water until the saturation
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conditions (~ 4 — 5 % of steam content). Ar line is connected with a by-
pass system to remove the air of all lines before to the start. The reactor
is heated using an electric furnace controlled using a thermocouple
placed between the reactor and the furnace. An additional thermocouple
was placed close of the sample to ensure the temperature in the tube is
desired. Both wires and the thermocouple placed close of the sample
are introduced in the reactor using alumina multibores ensuring

thermocouple was not connected with the electric wires.

(—— > VENT

|

Gas lines
Electric wires

[ Thermocouple wires

Figure 4.13. Diagram of the experimental setup to make electrochemical impedance

spectroscopy tests.
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5.1.Introduction

In the last years, the development of high-temperature ceramic ionic
conductors has experienced notable advances in the fields of fuel cells,
electrolysis and electrochemical membrane reactors. Solid oxide fuel or
electrolysis cells (SOFC and SOEC) offer better power and efficiencies
than conventional low temperature electrochemical cells [1]. The last
advances in the electrolyte materials for SOFC applications allow
operating at intermediate temperatures (500 — 800 °C) with suitable
conductivity response [2]. The operation temperature for the

electrochemical cell will depend to a large extent on the application [2].

High temperature proton conducting materials [3] have a high potential
as electrochemical membrane reactors for selective hydrogen
separation. Thermodynamic analysis show that SOFCs based on proton
conducting electrolytes may have essential advantages compared to
SOFCs based on oxygen-ion conductors, regarding the efficiency of the
transformation of chemically stored energy to electrical energy [4-6].
Additionally, proton conducting materials are able to work at lower
temperatures (400 — 800°C) than oxygen-ion conducting materials. The
benefits of using proton conductors in high temperature electrochemical
membrane reactors have been demonstrated in different catalytic
processes such as methane dehydroaromatization to produce benzene,

methane steam reforming or ammonia synthesis [7-10].

Most of the anodes for protonic based SOFC devices are mixtures of
NiO and the electrolyte material [10-13]. However, Ni electrodes tend

to coke under hydrocarbon-rich non-oxidative operation leading to
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extensive coke formation which is the cause of deactivation for catalyst-
based and electrochemical processes [12]. In order to find suitable
alternatives for nickel electrodes for membrane reactors must
accomplish certain series of conditions that depend on the process. In
general, anodes materials need to (i) fulfill high electrical conductivity;
(i) suitable thermal expansion coefficient; (iii) no coke formation; (iv)
low particle size (in the nanometer range); (v) no chemical interactions
with electrolyte material; (vi) large triple-phase boundary length, i.e.
surface area for the gas-solid reaction (vii); proper porosity for fast gas
transport; and (viii) good ionic conductivity [14]. Due to this large list
of requirements, only few alternatives to Ni have been reported for
protonic high temperature electrochemical cells so far. For instance, the
overpotentials of the Pd-loaded FeO anode and the BagsProsCoO3

cathode at 600 °C were less than one-fourth those of a Pt electrode [15].

To develop protonic high temperature electrochemical cells fed with
hydrocarbon fuels, the use of Fe or Cu as anode materials may represent
other valid alternative to Ni-based anodes, due to the reduced coke
formation [11]. Here, metallic copper is one of the most promising
materials as does not catalyze carbon formation, is stable at typical
SOFC non-oxidant conditions and does not catalyze hydrocarbon
oxidation at intermediate temperatures that could cause diffusion
problems [16]. One of the disadvantages of Cu is its low melting point
(1083 °C) as compared to Ni (1453 °C), implying that Cu electrodes
may lose porosity under operation at high temperature. Process
temperatures above 800 °C are not recommended with regard to

coarsening and sintering of Cu particle [16]. Considering the melting
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temperatures of CuO (1201 °C) and Cu;O (1235 °C), conventional
firing procedures are not applicable for the manufacture of Cu-based
electrodes. Copper has already been used as anode for electrochemical
membrane reactors in previous works [7, 8]. Finally, layers of Cu-Pd
were deposited using sputtering on disc pellets for hydrogen permeation
assemblies [17].

In this work, Cu-based cermet has been deposited on tubular proton
conducting electrochemical cells using dip-coating technique to reach
well-attached electrodes. This study involves different tubular supports
to find a robust methodology to achieve a suitable external copper-

based layers.
5.2.Results

5.2.1. Characterization of synthesized materials

Synthesis of CuO

CuO was obtained by coprecipitation methodology (details in chapter
4). The obtained powders were characterized by XRD, ICP and SEM.
The single phase CuO can be observed in the Figure 5.1 for different
sintering temperatures. ICP analysis revealed the final powder is free of

Na presence (from NaOH used to precipitate the copper nitrate).
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However, considering the microstructure, the precipitation
methodology can affect significantly to the CuQO particles. The
difference observed in the Figure 5.2 between the types of CuO
microparticles obtained comes from the NaOH concentration: for high
NaOH concentrations, the CuO obtained forms needles (Figure 5.2a)
while if the NaOH concentrations have lower concentrations than 2M,
the CuO obtained presents spherical particles (Figure 5.2b).
Considering spherical particles with similar sizes than BZCY s
requested, the NaOH concentration used has to be lower than 2M.
Consequently, using solutions with lower concentrations increases the
volume of solution needed to precipitate all the copper and the water

necessary for the filtration.
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Figure 5.2. (a) CuO from coprecipitation with NaOH solutions > 2 M; (b) CuO from
coprecipitation with NaOH solutions 2 M

Finally, Figure 5.3 shows that CuO particle size (precipitated using 2M

NaOH solutions) increases when the sintering temperature increases,

especially when the sintering temperature increase above 700°C.

Figure 5.3. CuO sintered at 600 °C (a), 700 °C (b) and 800 °C (c).

Synthesis of BZCY

The BZCY powder obtained by Solid State Reaction (SSR) method,
was characterized by XRD. As can be ascribed from the XRD patterns
(Figure 5.4), a single phase is obtained when the synthesized powder is
sintered first at 1550°C 15 hours (Figure 5.2 black) and when the
synthesized powder is sintered at 1600°C 10 hours (Figure 5.2 gray).
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5.2.2. Optimization of the dip-coating methodology

CuO particles plays a critical role in the final electrode and, therefore,
the geometry of the initial CuO must be spherical and similar to the
BZCY to ensure the optimal distribution of the particles in the cermet.
BZCY was sintered at higher temperatures than the cermet sintering
step and, therefore, it was expected the annealing slightly affects to the
size of the BZCY size. CuO particles were sintered at lower
temperatures and, thus, the sintering step of the cermet causes

significant changes in the size of the copper particles.
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Figure 5.5 shows the XRD patterns of the sintered BZCY powders, CuO
powders, the initial CuO-BZCY powder mixture and CuO-BZCY final
sintered cermet. These results show that there are no additional peaks
in the final sintered cermet as compared with the initial mixture or the
initial powders of BZCY and CuO. Therefore, the sintering step at
1000 °C 2 hours does not cause reactivity between the different
compounds of the cermet. This is in agreement with Patki et. al. which
did not observe interactions between Cu and BCZY in their study of
copper deposition on this kind of tubes using electroless plating

methodology [18].

However, considering a more aggressive final sintering step of the
CuO-BZCY mixture, in this case at 1050 °C 5 hours, the final XDR
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patterns shows the presence of BaCeOs (Figure 5.6). Therefore, the
sintering step have to carry out at temperatures below 1050 °C and with

shorter times.

BZCY-CuO 1050°C

BZCY-CuO initial mixture

CuO

BZCY

T T T T T
20 40 60 80

Position [‘Theta] (Copper (Cu))

The conditions of the pre-sintering of the copper oxide were controlled
to achieve similar distribution and sizes as the BZCY initial. The size
particle distribution of the co-precipitated CuO (blue, red and green
boxplots), the initial BZCY72 (grey band) and the CuO particles of the
final sintering cermet (grey boxplot) are presented in Figure 5.7 as a
function of the sintering temperature (of CuO powder and dipped tube).
The temperature of the sintering of the co-precipitated CuO leads to the
gradual grain growth from 200 — 300 nm at 600 °C until 500 — 1500 nm

at 800 °C. The pre-sintering temperature of the CuO was fixed between
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550 and 600 °C to achieve similar size distribution to the initial
BZCY72. The distribution of CuO oxide particles in the composite after
final sintering at 1000 °C ranges 1.75 — 3.5 um.

4

T
I CuO 600°C
B Cu0 700°C
B Cu0 800°C
[cCuo Sinterad cermeat

Particle size (um)

T T T T T T
800 900 1000 1100

Swmtermng temperature (°C)

Figure 5.8 shows SEM images of the electrodes-electrolyte interfaces
and electrodes overviews in both as-sintered and reduced state of a tube
that was dipped once using a slurry with ethylcellulose. The dipped tube
was sintered at 1000 °C for 2 h and reduced at 700 °C in H2. CuO or Cu
grains, for as sintered or reduced electrodes, respectively, are much
bigger than those of BZCY72. The sintering process (Figure 5.8a and c)
induced the CuO particles growth (see also Figure 5.7) from 250 —

400 nm initial until 2 — 3.5 um. As was expected, the reduction of the
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electrode slightly decreases Cu particle size (Figure 5.8b and d), but
they are still much larger than BZCY72 particles (Cu particles of 1.5—
2.5 um). It can also be inferred that both sintering and reduction
processes do not affect the BZCY72 particle size, ranging 250 — 400 nm

in both cases.

Several options were studied in order to reduce the copper particle size
in the electrode. The size of the initial BZCY72 was varied to attempt

blocking the growing of CuO particles during the sintering step in the
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reduced cermet electrode. With that purpose, three batches of BZCY
were obtained changing the milling times of the BZCY sintered. Figure
5.9 shows images of the reduced electrodes with different BZCY72
initial particle sizes. The size of the initial BZCY does not affect to the

copper particle sizes in the final sintered (or reduced) electrode.

Figure 5.9. Reduced cermet on tubes using different BZCY initial particle sizes.
Sintering at 1000°C 2h and reduced at 700°C in Hz. BZCY initial particle sizes: (a)
250-400 nm; (b) 425-700nm; (c) 500-900 nm.

The effect of the sintering time (at 1000 °C) on the microstructure of
the copper layer is presented in Figure 5.10. In these images, copper
particle size does not seem to be affected by the increase in the sintering

time. That means that the growing of the CuO during the sintering steps

occurs relatively fast.

Figure 5.10. Sintering cermet on tubes sintering at 1000°C with different times. (a)
1h; (b) 2h; (c) 4h.
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5.2.3. Effect of the sintering process in the cermet

microstructure

The procedure was refined in order to find the best conditions to deposit
the layer by dip-coating technique. Figure 5.11 shows SEM images of
electrode-electrolyte interfaces for reduced electrodes for different
sintering temperatures. The copper electrode sintered at temperatures
from 1000 (but lower than 1025°C) has larger copper particles and
lower overall cermet porosity compared with electrodes sintered at
temperatures lower than 1000 °C. Sintering at higher temperatures
improves the adhesion and necking between the Cu and BZCY72

particles.

ok
He

Sintered at <1000 °C Sinteredat >1000°C Jf
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The observed differences between the sintered -electrodes at
temperatures lower and higher than 1000°C may be caused by
phenomena that take place at these temperatures. The phase diagram for
the Cu-Cu,O-CuO system (Figure 5.12) as a function of temperature
and oxygen partial pressure [19] reveals that sintering in air leads to the
reduction of the CuO to Cu,O between 1020 °C and 1050 °C. As a
consequence, it can be hypothesized that the observed differences
between the copper particles in the electrode sintered at temperatures
above 1000 °C may be linked with this reduction step that further

activates the grain growth.
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Regarding the adhesion of the layer, the electrodes sintered at
temperatures from 1000°C showed good adhesion to the tubes (Scotch
tape test passed), while at lower temperatures, the layer adhesion is
insufficient. At temperatures higher than 1025 °C the reduced electrode

did not present in-plane electronic conductivity at room temperature.
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At that point, after fitting the sintering conditions for stable and well-
attached layer with electronic conductivity (at least, at room
temperature), the microstructure of the assembly was analyzed.
Figure 5.13 shows the fracture cross-section SEM image and the EDS
analysis of the complete and reduced tubular electrochemical cell
(internal electrode, electrolyte, external electrode). The EDS analysis
shows a homogeneous Cu-BZCY layer onto the BZCY electrolyte. This
electrode presents enough porosity and homogeneous particle sizes.
The electrolyte, with thickness in the range of 15-20 um, does not
contain detectable amounts of copper or nickel. As can be observed, the
support electrode beneath the electrolyte comprises brain-shaped nickel
particle aggregates while BZCY grains presents the same
microstructure as the electrolyte. Furthermore, hydrogen chemisorption
analysis revealed that the nickel surface area of the internal support is
0.186 m?/g.
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Finally, the complete cells were characterized by impedance

spectroscopy. Figure 5.14 shows the polarization resistance results
under dry and wet pure hydrogen at 700 °C corresponding to copper-
based electrodes sintered at different temperatures. The samples
sintered at temperatures above 1000 °C present lower polarization
resistances. This can be ascribed to the better copper connectivity,
necking with BZCY and improved attachment to the electrolyte, despite
the lower specific surface area achieved when the sintering temperature
is higher than 1000 °C.
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5.2.4. Effect of the dipping conditions

The sintering conditions determines significantly the microstructure of
the deposited layer. However, it may be optimized considering the
dipping procedure. To further improve porosity and electrochemical
performance, the dip-coating was further modified by varying the slurry
composition and the number of successive coatings. Figure 5.15 shows
cross-section images of two reduced electrodes with coating conditions
adjusted to reach a final thickness around 20pm. There is a decrease of
the thickness when the ethylcellulose was not included in the slurry
composition. Ethylcellulose induces a rise of the viscosity in the slurry
and, consequently, the thickness of the layer is higher. Indeed, in order
to achieve similar thickness with ethylcellulose-free slurries, three

sequential dipping steps were needed.
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Figure 5.15. Cross section SEM images for reduced cermets on asymmetric tubes
initially unreduced. The sintering step was developed at 1000 — 1025 °C 1h. (a) tube
dipped once on slurry with ethylcellulose; (b) tube dipped three times on free-
ethylcellulose slurry.

Finally, all dipped electrodes showed good adhesion to the tubes and
passed the so-called ‘Scotch tape’ test. Figure 5.16 shows camera
photos of the tube cells along the different preparation steps from the
initial clean tube until the final reduced electrode. The asymmetric
initially-unreduced tube was dipped three times using a ethylcellulose-
free slurry. The electrode was sintered at 1000 °C for 1 h and reduced

at 700 °C using 5% H on Ar for 5 h.
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5.2.5. Electrochemical characterization

Once the layer was deposited on the tubes, the electrochemical behavior
was characterized using electrochemical impedance spectroscopy (EIS)
at 700°C under H, based atmospheres. Figure 5.17 shows the
electrochemical results of an asymmetric tube that was dipped three
times using an ethylcellulose-free slurry and sintered at 1000 °C 1h in
air. The ohmic contribution of the overall resistance (Figure 17a and b)
at 700 °C decreases substantially under moist conditions. Additionally,
fast performance recovery was observed when switching back to wet
H, from wet CH4 — Hz mixtures. Higher polarization resistance values
(Figure 17c and d) are reached at 700 °C under dry H; rather than under
wet H, conditions while the electrode performance is recovered upon
switching back to wet H; from wet CHs-H; mixtures. Both
contributions —ohmic and electrode polarization— showed stable

behavior for 170 hours.
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Once analyzed the overall resistances, additional analysis allowed
characterizing the phenomena and their respective importance in the
electrochemical behavior of the sample. The normalized Nyquist plot
(Figure 5.18a) reveals that two arcs are appearing under dry H:
conditions while a single arc is detected under wet Hz conditions. One
arc disappears when it changes at moist H, conditions. Electrode
polarization resistance values of 4 and 2 Q-cm? are reached in dry and
wet Hy, respectively. Regarding wet CH4 — H, mixtures, the polarization

resistance values of 6, 7 and 12 Q-cm? were reached for 10%, 25%,
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50% of CH4 content (H, balance) under wet conditions, respectively.
After 5 hours under wet 50% CHj the polarization resistance decreased
until 10 Q-cm?. The imaginary Bode plot (Figure 5.17¢) reveals that the
measurement under dry H; presents a specific contribution at low
frequencies (0.1 Hz) together with a contribution at high frequencies
(9 kHz). Low-frequency contributions are usually attributed to
electrode surface processes while high-frequency contributions to bulk
processes, in this case, probably related to the low hydration degree of
the BZCY in the cermet [20-24] Under wet conditions, only one
contribution at medium frequencies appears (80-200 Hz) and may be
related to coupled surface processes and transport of protons within the

composite grains towards the electrolyte.
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Figure 5.19a shows the polarization resistance and their respective
contributions (at low and high frequencies) for different mixtures of Ar-
Hz in dry conditions at 700 °C. Decreasing the H, concentrations leads
to higher polarization resistances. Taking into account the double-arc
contribution appearing in dry conditions, the H> dilution increases the
low frequency contribution while the high frequency contribution keeps
constant. This supports that the present low frequency contribution is
related to surface reaction processes. The cell study under different
CHs—H; mixtures in wet conditions (Figure 5.19b) shows that the
polarization resistance augments with increasing CH4 contents in
agreement with results observed in previous studies with methane
mixtures [25-27].
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Considering the surface limitations under dry conditions, the effect of
the catalytic promotion of the electrode was investigated by infiltrating
a Pt aqueous solution into a copper cermet. Under dry H; at 700 °C, Pt
infiltration enables to reduce significantly the low frequency arc
(Figure 5.20) Pt dispersion on the electrode effectively seems to
promote surface reaction processes.
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Finally, Figure 5.21 shows the polarization resistances for all tubes
measured for the electrodes sintered at temperatures higher 1000 °C on
asymmetric initially unreduced tubes. Under dry H; conditions, the
polarization resistance values are lower than 7.5 Q-cm? for all cases and
lower than 5 Q-cm? for most of the samples. Under wet H, at 700 °C,
the polarization resistance is below 2.5 Q-cm? for all cases, and around
1 Q-cm? for half of the cases. In addition, from the comparison among
the different samples, a high reproducibility in the electrode preparation

and testing can be ascertained.
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5.2.6. Stability of the cermet electrode

The stability of the electrode was evaluated under dry H; at 750 °C and
800 °C. Here, a Cu — BZCY72 electrode deposited by double dipping
on asymmetric initially-unreduced tubes, sintered at 1015 °C 1 h and
reduced at 700 °C in H; for 2 h was employed. SEM analysis (Figure
5.22) of the electrode before and after annealing shows that there are no
significant differences between the microstructure and particle sizes
before (Figure 5.22a and d) and after test at 750 °C (Figure 22b and e)
for 2 weeks. However, the microstructure of the copper cermet after
annealing at 800 °C (Figure 5.22c and f) shows agglomeration/sintering
of the copper particles. Therefore, the microstructure of the copper
cermet electrode remains fairly stable at 750 °C but evolves by copper
sintering at 800 °C under dry H, atmospheres.
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5.2.7. Dip-coating on asymmetric initially reduced tubes

The dip-coating methodology was transferred for asymmetric tubular
support with the internal electrode initially reduced (asymmetric
initially-reduced tubes). The sintering step was accomplished by using
dual atmosphere (air for the external electrode and 5% H, in Ar for the
internal electrode) to avoid the oxidation of the internal electrode. After
the annealing, the external electrode presents a brown color and the
layer fold with the minimal friction contact. Figure 5.23a-d show the
cross section SEM image and the EDS analysis after the adapted
sintering step at 1000 °C. The EDS analysis did not show copper
presence in the external cermet layer. Additionally, Figure 5.23e-h
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shows the cross-section SEM image and the EDS analysis of the
internal electrode-electrolyte interface. This analysis reveals that
copper fully diffused into the inner Ni-based electrode during the dual-
atmosphere annealing. Figure 5.23g shows how the copper
concentration decreases with the distance from the BZCY electrolyte

within the inner electrode.

Taking into account the absence of copper in the outer electrode, two
possible mechanisms may be possible for the copper diffusion: (i)
diffusion across the bulk of BZCY electrolyte grains; and (ii) diffusion
across grain boundaries of BZCY electrolyte. To shed further light on
this mechanism a new experiment was designed. A symmetrical
assembly of Cu-BZCY electrodes on BZCY flat disc pellets was
elaborated by screen-printing sintering the layer at 1000°C 2hours.
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However, when this assembly was reduced in H; at 700 °C, the
electrodes on both sides of the pellet were in electric contact even at
room temperature. The EDS-SEM analysis of the copper-based cermet
on symmetrical cells (Figure 5.24) revealed that both electrodes were
connected because copper diffused along cracks and defects along the
electrolyte thickness (Figure 5.24c and Figure 5.24f). This effect
suggests that copper transport in reducing conditions or dual-phase
atmospheres takes places through electrolyte defects and/or grain
boundaries and these mechanisms are facilitated by the high mobility
of the copper oxides in these conditions. Therefore, dense electrolytes
without any defect are necessary for copper-based electrodes to avoid
the copper diffusion between electrodes or to avoid short-circuits at

high sintering temperatures.
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5.3.Summary

Dip-coating procedures were developed to deposit copper-based
electrodes on proton-conducting electrochemical tubular cells. The
sintering step was found to be the most critical step due to the fast

sintering of copper particles.

In the electrode deposition on asymmetric tubes with the inner Ni-based
electrode initially-unreduced, sintering temperatures between 1000 and
1025 °C causes bigger copper particles and better attachment between
BZCY72 and copper particles and, hence, a better interconnection of
the copper network. These electrodes present high stability regarding
microstructure and electrochemical results at 700 °C under different
conditions based on H» atmospheres. On asymmetric tubes with inner
electrode initially-reduced, copper migrates into internal electrode
during dual-phase sintering step through grain boundary and defects in

the electrolyte layer.

The copper-based electrodes deposited using dip-coating technique on
proton-conducting tubular cells present specific resistances lower than
2.5 Q-cm? for more than 150 hours on stream at 700 °C under different
application-oriented atmospheres (H.-CH4). The operation in wet
conditions ameliorates both surface reaction processes and solid
diffusion transport of protons thanks to the improved BZCY hydration.
The best electrode performances were reached in moist Ha-rich gas
environments while increasing CHs concentration leads to higher

electrode polarization resistances.
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6.1.Introduction

The development of ion-conducting ceramics for high temperature
applications is allowing the intensification of several processes. This
intensification is not only in the energy field (e.g. fuel cell and
electrolysis) but in chemical production using membrane reactors
integrating these materials as selective separators for the improvement
of several processes as methane steam reforming, ammonia synthesis
among others [1-3]. These processes involve very differentiated
atmospheres and, obviously, the materials for the respective
electrochemical assembly must be able to tolerate these conditions.
Therefore, the progress in this field is bounded to the development of

materials for stable and effective operation of the electrochemical cell.

Typical electrodes for SOFC applications are nickel-based cermets
comprising the ionic conducting material [3-6]. However, nickel
presents several drawbacks in some atmospheres as coarsening at high
temperatures and, specially, coke formation in non-oxidizing
hydrocarbon atmospheres [5]. Between different alternatives, copper is
a potential material because its high electronic conductivity even at high
temperatures and its stability at intermediate temperatures [7].
However, its low melt point makes difficult the deposition under the
electrolyte via conventional techniques, e.g. ceramic sintering
technique. Further, copper coarsening effect becomes important in the
microstructure of the layer at temperatures around 800°C [7]. However,
for lower temperatures applications, e.g. methane
dehydroaromatization at temperatures around 700°C, copper-based

electrodes could be a key to build viable and robust assemblies for the
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intensification of these processes [8]. Further, the last developments in
proton conducting materials allows decreasing the temperature window
until intermediate temperature applications (400 — 600°C) [4] where
copper could have an excellent behavior as electrode with the suitable

deposition method.

Sputtering could be a suitable technique to deposit copper because it
does not involve high temperatures, the versatility of the technique and
the facility to control the morphology of the deposition [9]. Sputtering
has been largely used for SOFC application, for both electrolyte and
electrodes depositions [9-13]. Deposition by sputtering at relative low
temperatures should minimize the risk of reactivities between electrode
and electrolyte material with regard to conventional sintering methods
[9]. Nanocomposite electrodes may result in increased triple phase
boundary area, reduced thermal stresses and the high-volume fraction
of grain boundaries [14-16]. Sputtered materials for ionic ceramic
applications have allowed improving not only the yield of these
processes but also the understanding of the phenomena those take place
[9, 17-21]. Finally, despite of all the reported benefits of sputtering, it
presents several drawbacks as the equipment costs and deposition rates

(<5 um/h) that limit the applicability of magnetron sputtering [9, 22].
6.2.Results

Sputtering method is conventionally used to deposit thin-films on
planar supports, therefore the sputtering assembly was adapted and
optimized to deposit copper electrodes on tubular electrochemical semi-

cells (described in Chapter 4). Considering the adapted sputtering

138



Copper sputtered anodes for membrane reactors at
high temperature

assembly, deposition time and temperature were studied to optimize the

deposition achieved.

6.2.1. Sputtering at room temperature

Once the sputtering assembly was adapted for tubular supports, the first
sputtering deposition attempts were developed at room temperature.
The adapted assembly consist of oriented magnetron guns towards the
surface of the tube while the tube is rotating. Therefore, copper particles

are being incorporated gradually on the external surface of the tube.

The copper layer deposited on tubular half-cells did not show good
adhesion to the electrolyte and, consequently, these layers did not pass
the “Scotch test”. Figure 6.1 shows several images of the microstructure
of the copper deposited layer on tubes. The layer presents a thickness
around 0.85 — 1 um. Further, although the images show well-defined
layers without interphases or reactivities between the different layers,
the deposited film is not continuous and dense while presenting cracks
(Figure 6.1.c)

electrolyte

1pm
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The electrochemical behavior was characterized using impedance
spectroscopy because, although the deposited layer does not present
perfect mechanical attachment with the tube, it may present a good
electrochemical connection, nevertheless. EIS results at 700 °C in H»

atmospheres are presented in the Figure 6.2.

25—V
DRY WET
CONDITIONS  conpiTions  [\rea: 8.8 cm?
1 ® CElectrolyte
20 - M o] Polarization
S s J
Q 15 - Cdlﬁo after EIS test
o
c
I é
3 10 ]
[}
m electralyts potarization
| qm—
SASNNIISND0000 & EENINED
- - - -
0 25 50 75 100 125
time (h)

While the electrolyte contribution keeps approximately constant with
time under dry and wet H, the polarization resistance increases
gradually, even when it changed until wet atmospheres. Finally, for dry
conditions where the polarization resistance was between 16 — 20 Q,

the specific polarization resistance ranges 140 — 175 Q-cm?. For wet
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conditions, the polarization resistance was between 6 — 20 Q, the
specific polarization resistance would be among 50 — 175 Q-cm?. When
the experiment finished it was observed (photo in the Figure 6.2) that
the electrode was almost peeled off. Therefore, the increase of the
polarization resistance is ascribed to the loss of adhesion and, thus,

active electrode area rather than to degradation of the material.

In summary, copper depositions on tubular supports by sputtering at
room temperature present important limitations due to the poor

attachment.

6.2.2. Sputtering at high temperature

The sputtering step was made at higher temperature to improve the
adhesion of the copper particles on the tubular support and overcoming

the limitations observed in room temperature sputter electrodes.

The sputtering deposition was developed at 400 — 450 °C 5 hours. After
deposition step, the deposited layer passes the Scotch test and it presents
electronic conductivity at room temperature (checked by multimeter).
Therefore, increasing the temperature during the deposition by
sputtering improves the adhesion of the copper on the tubular support.
Figure 6.3 shows the microstructure of the copper sputtered layer on
tubular supports. The thickness of the sputtered layers sizes ranges 10
— 15 pm (Figure 6.3.a), which means a deposition rate of 2 — 3 pm/h.
This deposition rates for copper target in sputtering are similar to the
reported in previous works [23-25]. The detailed view of the deposited
copper layer shows well-defined porous copper network (Figure 6.3.b

and c).
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BCzY
electrolyte

An advanced analysis of the microstructure and composition of the
different layers was made. Figure 6.4 shows the microstructure of the
cross-section of the inner electrode — electrolyte — sputtered electrode
and the EDS analysis. EDS analysis shows a homogeneous copper layer
above the electrolyte (Figure 6.4.b). The electrolyte layer is free of
nickel or copper (Figure 6.4.c).

electrolyte = =
_

Ni-BCZY.

electrode 20 pm Cu Kal c » Ba Lal

The copper layer deposited by sputtering at high temperature presents

well-attached and well-defined porous layer above the electrolyte. The
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sample was characterized by EIS to evaluate its electrochemical
behavior. Figure 6.5 shows the EIS results at 700°C under H,-CH4-H20
atmospheres. The steam absence increases dramatically the polarization
resistances two orders of magnitude from dry to wet conditions.
Furthermore, the steam presence modifies the electrolyte resistance
changes with around 1 Q-cm? in moist conditions and around 4 Q-cm?

in dry conditions.

10 ——

--1H, based conditions at 700°C

I electrolyte

0.1 4

Specific resistance (Q-cm?)

Pure Pure  25% CH, Pure
(end)

dry

Figure 6.6 shows the EIS results depending on the experimental time.
The test was developed at 700°C under Hy-CH4-H,O atmospheres.
When the steam is removed or added, the results recover its previous
values rapidly. Methane presence in wet conditions did not affect
significantly the results, but after around 10 hours in methane

conditions, the polarization contribution increases gradually until
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stabilization for 90 hours. The results after 100 hours lay around
4 Q-cm? for electrolyte and polarization contributions in dry conditions
and, for the wet conditions, 0.04 — 0.1 Q-cm? for the polarization
contribution and around 1.5 Q-cm? for the electrolyte contribution.
These electrolyte contributions give conductivities around 0.044 —
0.067 S/m on dry Hz and 0.16 — 0.24 S/m on moist H,. These
conductivities are in the range of the reported for previous works [26-
28].
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Figure 6.7 shows the Nyquist plots for the copper sputtered on tubular
support sample at high temperature. The electrode under dry H:

presents a double arc contribution at lower and higher frequencies,
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related to surface and bulk processes, respectively. The results in wet

conditions only show a single arc at high frequencies. Furthermore,

results show the polarization resistances significative lower in wet
conditions than in dry conditions. The electrolyte contribution increases
from around 1.45 Q.cm? until 1.5 Q-cm?* when the methane is
introduced in the test conditions (Figure 6.8b). Finally, Figure 6.8c
show the initial single arc when the conditions where changed until wet

conditions.
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The imaginary Bode plots (Figure 6.8) shows the frequency of each arc
contribution observed in the previous picture. The results obtained
under dry H; shows the first arc at low frequencies, between 0.1 — 1 Hz,
and the second arc at high frequencies, 100 — 1000 Hz (Figure 6.8a). At
wet conditions (pure Hz or mixture CHa-Hy) illustrate the single arc

observed in the Nyquist plot at around 1000 Hz.
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Finally, the Figure 6.9 shows the images of the electrode after the
sputtering step and after the EIS test in hydrogen atmospheres at
700 °C.
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6.3.Future works

Considering the excellent electrochemical behavior of the cell when the
copper is deposited by sputtering at high temperature, next works are
going to check the cell in reaction conditions: (i) checking the hydrogen
pumping of the cell, i.e. to evaluate the faradic efficiency ; (ii) checking
the behavior of the cell under reaction conditions: between the reaction
proposed are methane dehydroaromatization, methane steam reforming

and electrosynthesis of ammonia.
6.4.Summary

Copper layers for tubular electrochemical supports were developed and
optimized using magnetron sputtering as deposition technique.

Attachments problems were observed when the sputtering process was
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developed at room temperature. The electrode was detached at reaction
conditions (700°C in hydrogen rich atmospheres). These problems were
solved when the sputtering was carried out at high temperatures (400 —
450 °C). The resulting electrochemical cells shows very low
polarization resistances (0.01 — 0.1 Q cm?) while the final sputtered

layer is distributed as porous thin layer above the electrolyte.
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Characterization of oxygen transport on BSCF
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7.1.Introduction

Oxygen Transport Membranes (OTMs) represent a very appealing
option for conducting an in-situ and low cost O generation in small and
medium-scale industrial applications with an O, demand, e.g. partial
oxidation and combustions in cement, ceramic, glass and power
generation industries [1-3]. Currently, these industries utilize vacuum
pressure swing adsorption (VPSA) or cryogenic O, thus requiring a
periodic bulk transport and storage implying a high cost and an external
dependence. The economic and process advantages of implementing
OTM-based O, supply systems have been largely studied,
demonstrating benefits in O, production costs and a gain in process
efficiency due to the thermal integration of OTM systems within
processes presenting waste heat streams [4-6]. Amongst all the
considered materials for OTM, BaosSrosC0osF€0203.4 (BSCF) is that
presenting the highest permeation values with O, production
capabilities of up to 62ml-min™*-cm™ at 1000 °C [7] despite the limited
stability. Some studies have set a permeation threshold of at least 10
ml-min-cm? O, for considering the feasible utilization of OTM
modules in oxy-fuel applications [8], therefore, membrane modules
based on BSCF would be suitable for being integrated in such

applications.

The configuration of OTM modules for integration within an industrial
process can follow a 3-end or a 4-end approach [9]. In the latter, a hot
gas stream belonging to the process (typically a flue gas stream) is used
for heating up the module and for conducting the O, separation as sweep

gas, whereas for the 3-end mode the permeated O is collected by
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inducing vacuum. As BSCF is very sensitive to environments
containing CO; and H,O [10-12], it is considered a 3-end approach for
BSCF-based OTM production systems. O, permeation performance is
affected by several parameters such as temperature, O, concentration at
feed and permeate sides, feed and sweep gas flow rates and membrane
thickness. OTM module integration into an industrial process requires
a preliminary design phase where plant layout, elements and devices
are dimensioned. In this stage, process simulations are conducted for
checking mass and energy transfer balances and thus perform the most
precise definition of the different elements. Amongst all the existing
equipment, the OTM module is the most difficult to simulate, since the
most commonly used process simulation software do not include pre-
defined algorithms for simulating the OTM module performance. It is
then necessary to build an accurate permeation model that takes into
account the aforementioned parameters as well as permeation
mechanisms such as oxygen surface reactions and oxygen ions

diffusion through the bulk material.

Regarding the development of these materials, modelling helps to
improve the understanding of the permeation process as it provides a
physical explanation from the raw empirical results. Furthermore, the
achievement of an accurate model describing the O, transport across the
membrane is critical to design the assemblies for the demanded O;
considering the suitable membrane area. Most of the defined algorithms
for these processes consider 0D models [13-16]. Modelling of O,
permeation typically assumes local electroneutrality and the
idealization of the ionic conduction and gas diffusion as hypothesis

[17]. The applicability of the simulation results is limited by the

154



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

considered assumptions. The most-frequently considered models are
based on the surface reactions [18-24], chemical potential transport
[13,25] and effective medium transport [26]. The development of these
models allows the conduction of advanced studies by using
computational techniques for higher analysis of the O, permeation
process. On one side, commercial process simulation software such as
Aspen Plus permits the evaluation of the process viability [9,27-34].
On the other side, Computational Fluid Dynamics methodology (CFD)
has been utilized as strong visualization tool to simulate the effects of
reactions in membrane reactors [33,35-38]. In summary, although
several of the developed models are suitable to numerous applications,
the continuous development of O, permeation models is necessary
especially when these membranes are integrated in reactive systems

such as oxy-combustion reactors.

In the present chapter, the joint effect of the fluid dynamics conditions
and operating conditions (feed concentration and temperature) on the
oxygen transport was studied by using a model that specifically takes
into account the most relevant phenomena implied in the oxygen
transport through MIEC membranes, i.e. formation and diffusion of
oxygen vacancies and surface resistance to transport as proposed by
Zhu et al. [13]. The model implementation was carried out using a
Multiphysics software for finite element analysis (COMSOL
Multiphysics) that made possible to handle complex geometries. The
results herein obtained will permit the understanding and interpretation
of the different factors governing the oxygen permeation and
subsequently, the definition of strategies for the optimization of the

oxygen production with ceramic MIEC materials. Therefore, the main
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objective of this work is providing a tool for researchers on the
definition of tests and interpretation of experimental results involving
permeation of oxygen, as well as helping of more advanced and applied
research oriented to the design and the upscaling of processes in the
field of OTM technology.

7.2.Methods

7.3.1. Experimental procedure

In order to obtain the necessary information to fit the membrane
parameters from experimental data, permeation experiments were
carried out in an experimental set-up for a wide range of operating
conditions (i.e. temperature, flow rates, O, partial pressure, sweep gas
type). Permeation tests were conducted on 0.8 mm-thick disk-shaped
BSCF membranes. Dense membrane specimens were produced from
Bao5SrosFeo2C00503 commercial powder (IKTS Fraunhofer, Germany)
after uniaxial pressing in a 26 mm diameter steel die and subsequent
sintering at 1100 °C in air for 5 hours. These samples were tested in a
quartz lab-scale reactor in which synthetic air (21%, vol. O2) or O2/N>
mixtures were fed into the O-rich chamber, while Ar and different
Ar/CO, mixtures were used as sweep gases on the permeate side
chamber, in a 4-end mode configuration. Both streams were fed at
atmospheric pressure. Inlet gases were preheated in order to ensure the
correct gas temperature for contact with the membrane surface. This is
particularly important when high gas flow rates are employed. All
streams were individually mass flow controlled. The temperature was
measured by a thermocouple attached to the membrane. Membrane gas

leak-free conditions were achieved using gold rings, which were heated
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to 1060 °C for 4 h immediately prior to the measurement. The permeate
was analyzed at steady state by online gas chromatography using a
micro-GC Varian CP-4900 equipped with Molsieve5A, Pora-Plot-Q
glass capillary, and CP-Sil modules. Membrane gas leak-free
conditions were ensured by continuously monitoring the N
concentration in the product gas stream. An acceptable sealing was
achieved when the ratio between the O, flow leak and the O, flux was
lower than 1%. The data reported here were achieved at steady state
after 1 h in the reaction stream. Each test was repeated three times to
minimize the analysis error. The experimental analytical error was
below 0.5%.

A one-dimensional implementation of the model was additionally
performed for diminishing the computational time required for fitting.
This enabled an objective function performing significantly faster than
the objective function for the multidimensional model considering the
exact system geometry. Therefore, it was possible to use a genetic
algorithm for the minimization of the objective function, a technique
which is suitable for seeking for global optima, but highly time-
consuming. Once the model parameters were fitted, the model was able
to predict the O, permeation flux using as inputs the O partial pressure
on both sides of the membrane and the operating conditions.
Subsequently, the fitting parameters obtained with the one-dimensional
model were used as starting point for the minimization of the objective
function based on the full set-up geometry (COMSOL model) by using

a direct optimization method.

157



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

Sweep inner tube

[b]

Internal quartz reactor

LT o

g
Q
o
o
£
<
=1
=3
=
E
o
=
u

Gold [ ] BSCF
sealing membrane

rings R

Feed inner
tube

Once the parameters were refined for a base case, the effects of
membrane thickness, feed and sweep flow were studied in a range
around reference conditions. In addition, the effect of dilution and shear
conditions in the sweep side and the study of the limiting case of sweep
vacuum conditions were thoroughly characterized. Finally, it was built
a specific permeation model for the considered setup geometry by using

dimensionless numbers and the whole set of CFD results.

7.3.2. Modelling

7.3.2.1. Model equations

The developed model describes the O transport through a MIEC
membrane taking into account bulk diffusion and surface resistances,
both based on empirical parameters, together with model equations that

account for fluid dynamics and component transport in gaseous phases,
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assuming isothermal conditions. Table 7.1 summarizes the equations
used to describe the transport through the membrane bulk and across
the gas-membrane interfaces. According to the simplified scheme
shown in Figure 7.2, five regions are distinguished, where the O flux
is expressed in a different manner as a function of the oxygen potentials

in each region.

Feed side Membrane Permeate side
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The O transport through the membrane bulk occurs throught the
diffusion of oxygen vacancies (Eqg. (1)). In this equation, the diffusion
coefficient of oxygen vacancies is assumed to follow an Arrhenius
behavior (Eg. (2)). The equilibrium between the effective O, pressure
on the gas side and the oxygen vacancies (0xygen non-stoichiometry)
is expressed by a Langmuir-like equation (Eg. (3)) with temperature-
dependent coefficients (Eqg. (4) and (5)).
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The transport of O, in the gaseous phases depends on the fluid
dynamics. In the model, the Navier—Stokes equations were used under
the assumptions of stationary and isothermal flow, negligible volume
forces, density independent from composition, and Newtonian gas

behavior.
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The O transfer in the feed gas was modeled using the Maxwell-
Stephan diffusion approach, as the O, fraction is far from dilute
conditions. This equation requires the estimation of the diffusivity
matrix in terms of binary diffusion coefficients. In the sweep-gas
compartment, as the O, concentration is low, the Fick’s law accurately
describes the O2 mass transfer in the gas phase. The binary diffusion
coefficients were obtained from the Chapman-Enskog theory as a

function of the temperature and molecular properties.

The flux on both membrane interfaces is proportional to the drop in
chemical potential and inversely proportional to the transport surface
resistances (r;) and (rp) in Eqgs. (6) and (7), respectively. The drop in
chemical potential through the membrane-gas interface is calculated
with the O, effective pressure (in equilibrium with the concentration of
oxygen vacancies in the membrane) and the gas O, pressure in contact
with the membrane. According to the surface resistance model
proposed by Zhu et al. [13], the resistances follow a pressure power-
law (Egs. (8) and (10)) with coefficient n = 0.5. The specific resistances
of the feed side (rro) and permeation side (rp0) followed an Arrhenius-

like expression (Egs. (9) and (11).

In the case of the one-dimensional implementation of the model, it was
assumed that the only relevant gradients were those along the axial
coordinate z. The equations resulting from this simplification are shown
in Table 7.2.
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Thereby, the O, flux caused by the diffusion of oxygen vacancies is
simplified to Eq. (12). In this case, the Navier-Stokes and the rigorous
transport equations cannot be used to obtain the O, transport in the gas
phase domains. Instead, these equations were replaced by
phenomenological expressions using a mass transfer coefficient (Eq.
(13), (14)). Note that the latter equation takes into account an average
O pressure in the permeate compartment being expressed in its implicit
form. In both equations, the mass transfer coefficients ki and k, were
obtained from mass transfer simulations performed with the
Multiphysics software for the gas compartments specific geometries as

a function of gas inlet flow, temperature and gas composition.

Parameter Value

C1 -1.0534

Cc2 -4170.7094 K
C3 3.9175-10°3

C4 -2.2739-10° K1

Molecular volume for BSCF 38.3 mol m3
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7.3.2.2. Boundary conditions

The solution of the system of equations requires imposing proper
conditions at the boundaries of the five considered regions. For the
outmost boundaries, the pO; in the feed and sweep gas bulk must be
imposed. For the innermost boundaries, flux-matching conditions at the
gas-membrane interfaces were used (Egs. (15) and (16)). At the feed
side membrane surface, the flux from the feed gas must be equal to O,
flux in terms of the surface resistance to transport (defined by Eq. (6))
and the O flux caused by the filling of oxygen vacancies at the
membrane surface. Apparently, at the permeate side, the O, flux
originated by the formation of oxygen vacancies must equate the flux
given by Eq. (7) and the O flux from the gas in contact to the membrane
side to the sweep-gas bulk.

. y 1 1
]02'f|2=0 zjgz,f = E ]Vb 2=0
l ] = js =] |
2 ]V(j . ]Oz,p Joyp 7=Az

In the case of the simplified one-dimensional approach, as there are not
any flux components different from the axial one, all the fluxes for Eq.
(6), (7), (12), (13) and (14) are equal.

7.3.2.3. Model equation

The equations of the multidimensional model (Table 7.1) were
implemented in the software COMSOL Multiphysics v4.4. As the axial
geometry permits using 2D computational domains, then the model
complexity can be greatly reduced from a computational point of view

if only radial and z-components of the equations are considered [39].

163



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

Therefore, three interconnected domains were considered: permeate,

membrane, and feed compartments.

Figure 7.3 shows the meshing performed for the different domains. The
membrane domain used a mesh based on quadratic elements using a
mapped mesh type, while the gas phases were meshed using free
triangular elements. For the boundary layers it was used a special type
of meshing suitable for contours. The final mesh has an average quality
mesh of 0.9316. The calculations were carried out using the Parallel
Direct Solver (PARDISO) with parameter continuation to warrantee

convergence, fixing the tolerance of the method at 0.001.

The simplified one-dimensional model was implemented in MATLAB
and used the software numeric capabilities to solve the set of non-linear
algebraic equations corresponding to the flux identity between
domains. All scalar equations of Table 7.1 were used in the one-
dimensional model. The expression for flux of oxygen vacancies was
simplified to Eq. (12). The flux equations were expressed as a function

of the inlet O, pressure, O, pressure in the gas in contact with the

164



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

membrane surface and effective pressure in equilibrium with the
oxygen vacancies. The application of the boundary equations required

the calculation of these pressures and, consequently, of the O, fluxes.

7.3.3. Fitting procedure

The model equations include many parameters. To simplify the
problem, the equilibrium related parameters of Eqgs. (4) and (5) were
taken from [40]. Even so, the amount of the remaining temperature
dependent parameters was high. However, the quantity of parameters
to be fitted becomes smaller if the fitting is performed independently
for each temperature. Once the parameters for each temperature are
obtained, they can be fitted to determine their temperature-dependent

correlations.

According to this procedure, the experiments were divided into subsets
for each temperature. Figure 7.4 schematized a procedure for the fitting
of the parameters to the set of experimental results. The fitting
procedure is based on the minimization of absolute value of the
deviations of the values predicted for the model and the experimental
points as a function of the parameters. However, this fitting procedure
has the problem that many local minima can occur. To increase the
possibilities to obtain a global optimum, optimization technique based
on genetic algorithms was used although a large number of evaluations
of the objective function were required. This optimization approach can
be very time-consuming in the case of 2D models solved by a

Multiphysics software.
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The genetic algorithm used was a single genetic algorithm for real-
coded parameters as described by Haupt and Haupt [41]. The
individuals took the form of the parameter vector to be fitted and the
objective function to be minimized was the medium square error (MSE)
obtained between the calculated values for the present parameter vector
and the experimental values at constant temperature. The algorithm
starts from an initial population randomly generated around typical
values for the parameters found in the literature [41]. The initial
population size was 45. The population was improved for a number of

generations of 800.

The values of the parameters obtained using the one-dimensional model
were used as starting values for the fitting procedure using an objective
function based on the 2D model. In this case, a direct method (Nelder-
Mead) was sequentially applied to minimize the objective function by

sequentially using the results given by COMSOL. The whole procedure
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was repeated for each temperature. Afterwards, linear fitting was
applied between the logarithm of the parameters and the inverse of
temperature to obtain the law of temperature dependence for each
parameter. The fitting procedure of the vector of parameters was based
on the minimization of the medium square relative error (MSRE) of the

oxygen flux at given operating conditions (Eq (17)).

1 N icalc a‘ > 2
MSRE () ZNZ- (1—]‘)2",6—5,,}1’)) o
L

Joz,i

7.3.4. Description of the simulation studies

By using the fitted parameters, several studies were performed in order
to analyze the influence of the main variables of the membrane and
separation process. In addition, the use of vacuum pressure was studied
as an alternative to using a sweep gas for many industrial applications.
The conditions of the reference case used in the simulations are shown
in Table 7.4. In the following sections, the specific conditions and
ranges studied are described while keeping the rest of the conditions as
depicted in Table 7.4.

Parameter Units Values

Feed inlet composition - Air

Feed inlet flow mLstp/min 300
Pressure in the feed compartment bar 1

Sweep inlet composition - Ar®

Sweep inlet flow mLstp/mMin 300
Pressure in the sweep chamber bar 1
Membrane thickness pm 800
Temperature °C 700, 800, 900, 1000

@ Ar with 2-10° bar of O,
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7.3.4.1. Effect of the membrane thickness

The membrane thickness was varied from 10 to 5000 um to assess the
relative importance of the bulk transport with respect to the other
transport mechanisms involved in O, separation. The study was

performed with and without considering surface-exchange resistances.
7.34.2. Effect of the feed inlet flow

The flow rate of the air feed was varied from 10 to 1250 mLgste/min to
characterize the fluid dynamic behavior in the feed compartment and to

determine its impact in the O, flux as a function of temperature.
7.3.4.3. Effect of the sweep inlet flow

The gas sweeping causes different effects that influence the magnitude
of the net O, flux. Namely, the gas sweeps the O, from the membrane
surface and simultaneously dilutes the swept O gas. Both effects enable
to increase the driving force for oxygen transport. Both effects were
investigated through the fluid-dynamics simulation in the permeate
(sweep gas) compartment, i.e. by varying the sweep inlet flow rate in

the range from 10 to 1000 mLsre/min.
7.3.4.4. Effect of the sweep gas composition

He, CO; and steam were used as sweep gases for comparison with the
reference gas (Ar). For all the three sweep gases, a pO, of 2-10™ bar
was assumed at the inlet. CO, and steam may be adsorbed on the BSCF
membrane surface, leading to changes in the O surface-exchange
kinetics and in the material microstructure, thus affecting negatively the
O permeation [9,11,12,42,43]. However, the model does not consider

this specific surface phenomena and, therefore, the simulation only will
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account for fluid dynamic effects related with molecular mass, viscosity

and differences of oxygen diffusion in these gases.
7.3.4.5.  Apparent activation energy

Taking into account the simulation results obtained by varying the feed
and sweep inlet flow rates, two situations according to the magnitude
of the concentration polarization were studied for all sweep gases: (i)
situation with relative low sweep gas flow; and (ii) situation of high
sweep gas flow, i.e. the effect of concentration polarization may be
negligible. The comparison of both situations made possible to
determinate the effect of the concentration polarization on oxygen flux
and the associated (apparent) activation energy. Indeed, the apparent
activation energy is usually determined experimentally and is used as a
good indicator of the most probable rate-limiting step in O separation

with ionic membranes.
7.3.4.6.  Fluid-dynamic dimensionless studies

The analysis of the CFD results on the effect of the sweep gas in the
oxygen transport across the membrane was made considering
correlations of dimensionless numbers. For this kind of processes where
the permeation is governed by the oxygen transference across the
membrane, a correlation is needed to correlate gas transference, gas
diffusions and fluid-dynamics. The typical correlation for this kind of

phenomena uses the equation (18) [44-49], which relates the Sherwood

number (Sh = %), Reynolds number (Re = %LC) and Schmidt

number (Sc = L)
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Sh=a-Re? Sc° (18)

Where a, b, and c are the constants of the correlation. A typical value
for ¢ for this correlation is 1/3. The material transference coefficient

(km) was measured considering:

Joz = ki - ACo, 19)
_Jo2

Where ACo; is the oxygen concentration gradient in the surroundings
of the membrane.ACo; feed = Coz,chamber — Coz,membr fOr the feed
chamber and ACp; sweep = Cozmembr — Coz,chamber fOr the sweep

chamber.
7.3.4.7. Vacuum extraction system

The simulation of a vacuum extraction system in the same set-up
required the implementation of several changes in the model. The
sweep gas inlet was removed, and the sweep gas outlet was replaced by
the vacuum extraction tool included in the COMSOL software at the
corresponding pressure. The composition of the compartment was
adapted according to O properties. The considered vacuum pressures
ranged from 10 to 200 mbar. The feed inlet for all cases was

500 mLstp/min of standard air.
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7.3.Results

7.3.5. Fitting results

Figure 7.5 shows the fitting results for Dy, rs and r, as a function of
temperature. The diffusion coefficient of oxygen vacancies (Dv) fits an
Arrhenius expression (Figure 7.5a) with a correlation factor of > 0.99.
The temperature dependence of the parameters associated to gas-
exchange surface resistance (Figure 7.5b) was different for each
membrane side. In the case of the feed — membrane surface, the
resistance parameter r; decreases with temperature and the results fit to
an Arrhenius equation (Figure 7.5b). For the membrane — sweep
surface, the resistance parameter rp decreases until 800 °C, and it almost
stabilizes its value above this temperature. The results after fitting to an
Arrhenius expression are shown in Table 7.5. The activation energy
values of Dy are similar to those obtained elsewhere but the surface
resistances present lower values because of a small pre-exponential
factor [24,50-55].

Coefficient A units Ea Units
Dvo 8.471E-5 m?/s 63.853  kJ/mol
o 2.700E-6  Q-cm®  -78.133  kJ/mol
rpo (T <800 °C) 7.223E-5 Q-cm? -33.035  kJ/mol
rpo (T > 800 °C) 3.770E-3  Q-cm? 2272 kd/mol
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Figure 7.6 compares the experimental results (data points) of O, flux
(Jo2) with model simulations (solid lines) using the fitted parameters as
a function of the pO. of each chamber. In the studied range, the
experimental data have similar values to those reported in other works
[54,56-61] for BSCF membranes. In Figure 7.6a, the pO- of the feed
inlet is varied at different temperatures while the sweep inlet
composition remains fixed, as can be seen, the obtained CFD model fits
the experimental results with a high degree of accuracy. Similarly,
Figure 7.6b illustrates the goodness of the fitting when the pO; of the

sweep gas is varied at a fixed feed inlet composition.
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7.3.6. Results of the CFD simulations of the 3D permeation
setup

7.3.6.1. Effect of membrane thickness

As a general rule, the higher the membrane thickness the higher the
bulk-transport resistance towards O, permeation, hence an
improvement in Jo, can be expected when reducing thickness as long
as bulk-transport governs the O, separation. Figure 7.7 shows the Jo2
calculated by using the CFD model from the fitted parameters as a
function of the membrane thickness at different temperatures. On one
hand, if gas-exchange surface resistances are considered in addition to

bulk-transport resistances, Jo2 does not increase (solid lines) when
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reducing membrane thickness below 100 um. On the other hand, if the
effect of surface resistance is neglected in the model and only bulk-
transport is considered, the flux increases as the membrane thickness is
decreased in the considered range. Therefore, for thicknesses around
100 um, the surface resistances fully control the permeation process,
with no beneficial effects in Jo if thickness is reduced. At thicknesses
above 100 pum, both model considerations lead to a similar Joz behavior
with a performance worsening with thickness increments, since the

process is mainly controlled by the bulk transport of oxygen vacancies.
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From the CFD model it was also possible to determine the contribution

of the different resistances in dependence of thickness and temperature.
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Figure 7.8 shows the relative distribution of the different resistances in
a thickness range from 10 to 10000 um at 1000, 850 and 700 °C. As it
can be seen and as it was previously mentioned, for thicknesses below
100 um the bulk resistance effect is not significant in comparison with
the gas-exchange surface resistances in both feed and sweep sides for

all the considered temperatures.

100

[ Sweep-membrane surfacef
I Bulk
80 4| C_1 Feed-membrane

1000°C:

Fraction of the total resistance (%)
Fraction of the total resistance (%)

weep-membrane surface|
ulk
[_1Feed-membrane

T T i 0 T v - 0+ T
100 1000 10000 100 1000 10000 10 100

Membrane thickness (um) Membrane thickness (um)

Concerning the contribution of the surface resistances, there is a
stronger limiting effect of sweep side surface exchange reactions at
higher temperatures and low thicknesses, whereas at lower
temperatures the surface reactions at feed side become more dominant.
The latter is due to oxygen reduction reactions occurring at feed side
are more dependent on temperature, being then slower at low
temperatures with respect to oxygen oxidation reactions. The state-of-
the-art BSCF asymmetric membranes considered for practical
applications present thicknesses in the range from 10 to 60 um,

therefore it is necessary the conduction of surface activation strategies
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for optimizing the O, permeation performance [7,62]. For the highest
thickness values studied, the bulk resistance becomes comparable to the
surface resistances. At 700 °C (Figure 7.8a) and 850 °C (Figure 7.8b),
the resistances of the three contributions are similar, while at 1000 °C
(Figure 7.8c), the surface resistance on sweep side represents almost
half of the total resistance. Other authors have reported similar

resistance distribution [13,54].
7.3.6.2. Effect of the feed flow

Figure 7.9 shows the effect of feed flow rate in Joz for a 0.8 mm-thick
BSCF membrane at different temperatures. For the considered
membrane thickness, both the gas-exchange surface and the bulk
resistances are in the same order of magnitude. As can be seen in
Figure 8, the influence of feed flow rate is significant at low values,
with a sharp Jo2 decrease below 100 mLstp/min for all the considered
temperatures, whereas at flow rates above this value the O, fluxes are
barely improved. This is due to concentration polarization phenomena
occurring at feed side surface when the provided O; is insufficient for
satisfying the high transport of O through the bulk. Therefore, for
high-permeating materials such as BSCF, if the amount of O%
transported through the oxygen vacancies is higher than the supplied O,
(this happening at low feed flows), then a significant decrease of the
local pO, occurs at the membrane feed side surface due to an O2
depletion in the gas phase. This produces a reduction in the driving
force through the membrane and subsequently in the O, permeation.
Instead, at higher feed flow rates the O supply is sufficiently high for

ensuring the O* bulk diffusion and therefore no significant gain in J(O5)
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is obtained by increasing the feed flow. This polarization concentration
resistance takes place at all the temperatures, but it is more limiting at
higher temperatures due to the higher O bulk diffusion, as can be seen
for the 1000 °C results. The same behavior was reported for Zhu et. al.
[13] and Wang et. al. [58].
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7.3.6.3. Effect of the sweep inlet flow

Similarly to the feed side, the permeate side is also affected by
concentration polarization resistances in the way that an accumulation
of O, on membrane surface generates an increase in the pO; thus
lowering the pO, gradient across the membrane and, as previously

explained, the Jo2. Such an accumulation arises from a poor O
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desorption from the membrane surface due to an inefficient sweeping.
The sweep inlet flow causes velocity gradients on the membrane
surface that depend on the module geometry. The gas velocity gradients
determine the O, concentration profile in the sweep gas compartment
that, at the same time, influence the oxygen transport. Therefore, it is of
great importance to study the effect of the sweep flow rates on the pO;
profiles for understanding its influence on the maximization of Jo..
Figure 7.10 shows the effect of the sweep inlet flow on the average O-
flux, the average pO; and the average shear rate on the membrane
surface. The pO: is calculated as the average values at 2 mm from the
membrane surface. From the obtained results it is confirmed that as the
sweep inlet flow rate increases, the O, in the sweep compartment is
more diluted, and therefore, the Jo, increases as a consequence of the
increased driving force. For sweep gas flow rates greater than
300 mLste/min (approximately 10* s* of average shear rate) the sweep
inlet flow does not significantly influence the oxygen flux, thus setting

the optimal value for 0.8 mm-thick BSCF membranes.
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Figure 7.11 shows the pO. profile for different sweep inlet flows at
1000 °C. Regarding the pO; in the feed compartment, the polarization
effects were not significant, even for the highest sweep inlet flows
studied. However, in the sweep compartment, the polarization effect is
important at low sweep inlet flows, since (i) the sweep stream does not
dilute sufficiently the permeated O, and (ii) the velocity close to the
membrane is not high enough to sweep the O, and to properly mix with

it the main gas stream.
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7.3.6.4.  Analysis of the apparent activation energy

Taking into account the previous results, the effect of the thickness in
the apparent activation energies related to the O, flux was studied for
three cases according the fluid dynamic regime: (i) the reference case;
(ii) a case with low concentration polarization; and (iii) a case with high
concentration polarization. The conditions of each case are described in
Table 7.6.

Case Feed inlet flow Feedinlet Sweep inlet flow  Sweep inlet O
Units MLgrp/min - mLsre/min bar
Reference 300 Air 300 2-10°
Low polarization 300 Air 500 2-10°
High polarization 50 Air 50 2-10%
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Figure 7.12 shows the O flux for three different membrane thicknesses

(10, 100 and 1000 microns) in dependence of temperature. It is

commonly found that the apparent activation energies (Ea) for oxygen

permeation change their values above a certain temperature [19,63,64].

In our case, the results showed a change in Ex at a temperature near to

800 °C.
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Figure 7.13 shows the results of the Ea for the considered cases. The

case with high polarization has the lowest Ea values, while the reference

case and the case with low polarization present similar results. For all

cases, the Ea is lower at high temperatures (HT) than at lower

temperatures (LT). At LT the Ea for the reference and low polarization
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cases do not significantly vary with the membrane thickness, while for
the high polarization case, it increases with the membrane thickness
(specially above of 100 um). At HT, there is a notable raise in the Ea
with the thickness. These results are in line with previous experimental
works [13,54] and enables to quickly interpret typical experimental

results in O, permeation.
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Figure 7.14 does not show a linear relation between In(po2 feed/Po2.sweep),
considered as apparent driving force of the oxygen flux. At this

thickness (0.8 mm), there is not a single phenomenon that controls the
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process, but all the phenomena have significant contributions in the

process.
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Figure 7.15 compares the pO2 profiles for the high and low polarization
cases. In Figure 7.15a (high polarization case) it can be observed a
considerable pO2 gradient in the sweep compartment near to the
membrane surface. Furthermore, the O, profile in the feed compartment
shows that the permeated O, causes the pO; in contact with the
membrane to be lower than the pO, in the inlet feed. Otherwise,

Figure 7.15b (low polarization case) shows that the pO, on the
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membrane surface has practically the same value than in the feed. In

this case, the streamlines indicate the formation a swirl close to the

membrane.
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7.3.6.5. Effect of the sweep gas composition on the

oxygen transport in the gas phase

Considering the model established from the experimental data
(obtained by using Ar as sweep), it was studied the effect of varying the
type of sweep gas on the O transport in the gas phase. For conducting
this study, it was considered the sweeping of a BSCF membrane with
Ar, CO, H;O and He. Note that the possible effects on the surface
resistance due to gas composition are not considered in the study (e.qg.,

CO; and H20 completive adsorption on the surface of ionic membrane),
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i.e.,, only the fluid dynamic and diffusional characteristics are
considered. Figure 7.16a shows the results of O, flux at different
temperatures and sweep inlet flow for the four gases studied. The O,
flux obtained using He as sweep is lower than that obtained with the
other gases for values of sweep inlet flow higher than 100 mLste/min,
whilst the Joz tends to the same value for all gases at very high values
of sweep gas flow. As the molecular mass of He is notably smaller than
the other considered gases, therefore its ‘sweeping capacity’ is also
smaller. Figure 7.16b shows the shear rate on the membrane surface
from the same simulations as an indicator of the ‘sweeping capacity’ in
the way that the higher the shear rate the more effective the sweeping.
At low sweep gas flows (high concentration polarization), all gases lead
to similar shear rate values, but at high sweep flow values (high
concentration polarization), the use of Ar, CO; or steam leads to shear
rates two orders of magnitude higher than those of He, thus explaining

the Jo2 results observed in Figure 7.16a.

Figure 7.17 shows the apparent activation energy for the different gases.
At low temperature (T < 800 °C) all gases have the same behavior.
However, at high temperatures, He has higher activation energy than

the rest of the gases.
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Finally, Figure 7.18 shows results of fitting the correlation between
Sherwood (Sh), Reynolds (Re) and Schmidt (Sc) numbers (equation 18).
Plot shows the relation Sh/Sc€, with ¢ = 1/3 depending on Reynolds
number, as expected for mass transport processes in gases. This plot
provides an idea about the effect of the inertial forces effect on the
permeation. At Reynolds lower than around 8 — 10, the inertial forces
do not present any effect in the oxygen transport, thus for these lower
values, the oxygen transport is due only for the difference of partial
pressures and it is expected polarization close of the membrane appear
due to that low inertial strength of the gas. At Reynolds higher than 8 —
10, the increase of the inertial forces in the gas improves the oxygen
transference and, as consequence, the inertial forces enable to improve

the sweeping of the oxygen permeated.

Table 7.7 shows the comparison of the values for the fluid dynamic
correlation for this study (before the fitting and after the fitting) and
previous works [44-49]. The correlation values are in line with those
reported elsewhere while the fitted constants are similar to the reported
in the bibliography [44,45,47,48] using this correlation (eq. 18).

Composition a b c

0. - Ar 0.4361 0.9318 1/3
O, - steam 0.3577 1.0026 1/3
0:-CO; 0.5121 0.8936 1/3
O, — Global (sweep) 0.4394 0.9323 1/3
O, — Air (feed) 0.5309 0.697 1/3
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However, and although it is expected that the dilution effect has a higher
effect in the O, permeation than the inertial effect (or sweep effect).
This analysis reveals the importance of the sweep gas in the oxygen
transport process. Therefore, in order to avoid polarizations in this
chamber, the suitable gas compositions and flow shall be chosen
carefully. These considerations could be critical when upscaling the
permeation system to minimize the required membrane surface area,

and thus the related capital expenses.
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7.3.6.6. Vacuum system

Finally, the performance of a vacuum system was compared with that
of case using sweep gas at an inlet flow for which low concentration
polarization is obtained (500 mLste/min). Figure 7.19a shows that
similar O flux values to those of the sweep gas case are obtained for a
vacuum pressure of 10 mbar. For this vacuum pressure, the O flux is
higher than that of the sweep gas case at temperatures higher than
800 °C and smaller under this temperature. The reason of this behavior
can be seen in Figure 7.19b. Under this temperature value, the average
pO. on the membrane surface is higher using vacuum pressure and,

consequently, the driving force is smaller.

As it can be seen, compared with the situations in which a sweep gas is
used, there is not significant changes in the slope if vacuum pressure is

used. A previous work reported similar results for tubular devices [58].

Figure 7.20 shows the pO,, velocity profiles and streamlines for a
vacuum pressure of 10 mbar at 1000 °C. Comparing the pO. profiles
(Figure 7.20a) with one obtained using sweep gas, it can be observed
that the vacuum systems achieve a more homogeneous O; profile in the
sweep compartment. Therefore, by using vacuum pressure there is not
stagnant flow near to the corners and all the membrane surface is active

for transport.

189



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

Temperature (°C) Temperature (°C)

1000 900 800 700 1000 900 800 700
T T T T 0.016 T T T T
0.014 . b
—~ 0012 hN
= N
® N
Q  0.01- N
= 1 5 o008 »
£ £
5 S 0006 :
g 8 \\
- 53 AN
1S 0.1+ © 0.004 N
~ —— 10mbar (% AN
S —— 50mbar | N
- —— 100mbar B}
—— 150mbar Q
—— 200mbar - - - Sweep gas: 500 mL___/min Ar (2-10° bar O,)
--- Sweep gas: 500 mL__/min Ar (2- 10° bar o) |[—— vacuum pressure: 10mbar
0.01 T 0.002 T T T
0.75 0. 80 0. 85 0. 90 0. 95 1.00 1.05 08 0.9 1.0

1000/T (1/K) 1000/T (1/K)

A0.09 A021 A003 0.03
014 01
0.025
0.09
0.02
02 008 go1s
013
0.07 0.01
019 008 0003
o
012 0.05
0.005
018 0.04
-0.01
0.03
011 0.015
017 0.02
20.02
0.01
0,025
01 016 o
0 0.002 0.004 0006 0008 001 00l2 0014 V002 vo.2 ¥ 2x107 o 0.002 0.004 0.006 0.008 0.01 0.012 0.014

190

vo

Ao,

vo

02
X107
20



Characterization of oxygen transport on BSCF
membranes assisted by fluid dynamic simulations

7.4.Summary

Finite element model was built to evaluate the oxygen transport across
MIEC ceramics at high temperature. This methodology allows to
evaluate locally all the phenomena involved on the oxygen permeation
process. A fitting of the model to experimental results was done with
the parameters of the surface and bulk diffusion parameters of the
model. The advantage of this methodology is conventional 0D
methodology can be influenced for polarization phenomena while this

methodology evaluates locally all the phenomena.

The exploitation of the fitted model has revelated the oxygen
permeation are controlled (or limited) for the bulk diffusion for the high
thicknesses of the membrane (>2mm). Polarization effect causes higher
limitations on the oxygen transport when appears on the sweep side.
The polarization can be presented on the sweep chamber for a not
suitable sweep of the oxygen permeated. As this work reveals, the bas
sweep is due to the inert gas used to sweep the oxygen does not have
enough force to gather the oxygen. The study reveals that, although the
diluting effect of the sweep gas have higher influence on the oxygen
transport, the sweep effect is not neglectable (mainly due to the
appearance of polarization problems). Finally, a comparison with
vacuum extraction of the oxygen permeated was performed. This last
study allows to evaluate how high vacuums are needed to achieve

similar oxygen results than using sweep gas.
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List of symbols

Ay

Av

Amod

Cvs

Ci

Dvs

Ea

Ea,f

Ea’p

Ea,v

Pre-exponential factor of the feed-membrane surface

resistance

Pre-exponential factor of the permeate-membrane surface

resistance

Pre-exponential factor of the diffusion coefficient of oxygen

vacancies

Membrane active area

Molar concentration of oxygen vacancies

Coefficients for equilibrium equation

Diffusion coefficient of oxygen vacancies

Activation energy

Activation energy factor of the feed-membrane surface

resistance

Activation energy of the permeate-membrane surface

resistance

Activation energy of the diffusion coefficient of oxygen

vacancies

Faraday constant
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jo2

Jvo

Jo2

Po2

Po

Qv

Re

It

Molar flux of oxygen

Molar flux of oxygen vacancies
Flux of oxygen

Mass-transfer coefficient

Temperature dependent coefficient of the oxygen non-
stoichiometry

Temperature dependent exponent of the oxygen non-

stoichiometry

Exponential coefficient for oxygen pressure dependence of

surface resistance

Oxygen partial pressure

Reference pressure

inlet flow of sweep gas

Universal gas constant

Reynolds number

resistance parameter at the feed-membrane surface

resistance parameter at the permeate—membrane surface
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rro  Pre-exponential factor of surface resistance at the feed-

membrane surface

ro  Pre-exponential factor of surface resistance at the permeate-

membrane surface
Sc  Schmidt number
Sh  Sherwood number
T Absolute temperature

Greek letters:

0 Oxygen non-stoichiometry

Az Membrane thickness

oo Oxygen chemical potential
Subscripts

f Feed side

p Permeate side

z z-direction

Superscripts

* Gas property calculated in equilibrium with the oxygen vacancies
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S

Gas-membrane surface
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8.1.Introduction

At present, the concerning about to develop eco-friendly facilities is
growing because the awareness of the environment warnings status and
of the intensification of the legislations, especially in occidental
countries [1, 2]. Among the alternatives, hydrogen is a clean source of
energy and presents the with highest energy density (143 kJ/kg) [3].
Furthermore, hydrogen presents large demands for different industries
such as petrochemicals, pharmaceutical and, especially, ammonia
synthesis among others [4]. However, it presents several drawbacks
mainly because its low density makes difficult its storage [5, 6] and
from its production because there is not hydrogen deposits in the nature
and, consequently, it requires to be synthetized. Although storage
problems would lead to the hydrogen viability to be obtained in situ, the
conventional (and most-practiced) method to generate hydrogen is from
steam reforming processes. These processes need large plants to reach
economic viability [7, 8]. For this reason, the hydrogen status in these
days are focused to satisfice the industry demands [9]. Finally, as
consequence to obtain hydrogen from fossil fuels and energy, the
hydrogen is marked with considerable CO- footprints (around 8 — 12 kg
CO:z eq./kg Ho) [2, 10, 11].

Electrolysis can be potentially viable and competitive for the hydrogen
production comparing with the reforming process, mainly for small
scale productions [9]. However, high operation costs make necessary
further efforts. That high operation cost is mainly due to the high
electrical demands, therefore, in these days there is a high interest to

integrate renewable energy sources with electrolysis to obtain hydrogen

208



Energetic evaluation of solid oxide electrolyser

. . CHAPTER 8
using protonic conductors

[3, 4, 12]. These projects are known as Power to gas (P2g) and they are
focused in storage in form of H, or CH4 the energy from renewable
sources (mainly wind and solar) when they work in overplus situation,
i.e. the plant generates higher amounts of energy than the demand [12-
16]. Here, there is a big potential in using hydrogen as energy storage

using this kind of technology.

Alternative to the reforming processes, electrolysis allows obtaining
hydrogen from water and electricity. This technology is typically
classified depending on the material used as electrolyte. Further, the
different electrolyte materials work in very different conditions (mainly
temperature), leading to very differentiated processes. Although high
temperature electrolysers based on ion-conducting ceramics materials
are not in the market, they present the theoretical highest efficiencies
between the different electrolyser technologies [11, 17, 18]. Among
these materials, protonic conducting materials present the highest
efficiencies for electrolysers in comparison conventional oxygen ion
conducting ceramics [19, 20]. Additionally, protonic conductor
electrolyser allows obtaining pure hydrogen while for oxygen ion

conducting electrolysers the hydrogen is diluted with water.

Finite element approach has been used to enhance the understanding of
this kind of processes and advanced analysis about the integration of
the phenomena which take place in the process [21-25]. Three different
modes of operation were confirmed for electrolysis considering its heat
balance: (i) endothermic operation, working at potentials lower than
thermo-neutral potential; (ii) isothermal, working at thermo-neutral

potential; (iii) exothermic, working at higher potentials than thermo-
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neutral potential; depending of the difference between the heat demands
(reaction) and electrochemical heats [26-28]. Thermoneutral voltage is
the voltage where the heat demands of water dissociation carry out by
electrolysis is covered for the overpotentials of the electrochemical
circuit. Heat transference of additional phenomena may limit the
electrochemistry because the marked temperature-dependency of the
conductivities for these materials (both oxygen ion conductors and
protonic conductors) [29].

8.2.Methods

This chapter present the evaluation of the electrolysis process based on
protonic conducting materials at high temperatures. This evaluation has
been developed using finite elements and the efficiency of the overall
process. Finite elements method allows evaluating the performance of
the process. The efficiency of the process allows to evaluate the

theoretical yield of the system expressed in energy terms.

8.2.1. Methodology to evaluate the thermofluid dynamic of the

electrolysis process by finite elements

8.2.1.1. Equations and properties

The software used to evaluate the electrolyser with finite elements
methodology was Comsol Multiphysics v4.4. Electrolysis using
protonic conductor ceramics is a process which holds several
interacting phenomena. The phenomena of this process are: (i) gas flow,
(ii) gas diffusion, (iii) electrochemistry, (iv) heat transference. Table 8.1
shows the governing equations of all phenomena. Navier-Stoke

equations were used to model gas flows in the internal and in the
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external chamber considering the respective correction for the porous
domains. Averaged-mixture equations were used to model gas
diffusions where Ar, H,O and O, were considered for the external
chamber and Ar and H. for the internal chamber. Secondary current
distribution was considered to model the electrochemistry. The
electrochemical kinetics of electrodes were modelled using Butler-
Volmer method (eq 13) considering the exchange current density at
0.1 A-cm? and anodic and cathodic transference coefficients at 0.5.
Finally, the faradaic efficiency considered was 100%. For the heat
transference, it was model considering an adiabatic assembly with
radiative heat transference and considering the heats from the reaction

and electrochemical circuit as heat sources.

The properties of pure gases were collected from literature [30]. Gas
density was calculated considering ideal gas mixtures (eq 19). The
viscosity and the thermal conductivity for the gas mixtures (both
internal and external gas mixtures) were calculated using the wilke
model (eq 20, 21 and 28). The heat capacity and the heat capacity ratio
for gas mixtures was estimated considering the molar average (eq 30
and 31). For risers of the tube and the interconnectors, alumina
properties were considering. For the tube, Ni properties were used for
the thermal properties and density of the material. For the external tube

stainless steel properties were considered.
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The porosity and permeability are two key factors that govern the fluid
flow in the porous region and the permeability for a packed bed with
randomly distributed spherical particles was calculated using the
Carman-Kozeny model and the stated particle size and porosity model
[31]. As previously was determined for this kind of tubes, the porosity
of the internal electrode was fixed at 25% with a particle size of 10 um
[32, 33]. Additionally, the tortuosity of the system was evaluated
considering the inverse of the square root of the porosity of the domain
considering the electrode as a packed bed with randomly distributed

spherical particles [34, 35]. Finally, the gas diffusion coefficient was
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corrected for the internal porous electrode considering the porosity and

the tortuosity.

To simplify the complexity of the problem and considering it could not
distinguished between anode and cathode contribution in the
experimental polarization resistance, the total electric resistance was
introduced in the electrolyte layer as an Arrhenius expression
considering 3 Q c¢m? at 600°C with an activation energy of 0.5 eV based

on the experimental results.
e Radiation heat transference evaluation

The influence of radiation heat transference in SOFC has been a topic
of large discussion in the last decades [36-45]. Although the
conventional way to consider the heat transference on finite elements
studies for these processes is neglecting radiative effects, the high
temperatures of these processes indicate the radiative could have
significant effects under the overall heat transference and,
consequently, it would have significant effects in temperature
distributions. Considering the marked effect of the temperature in the
electrical charge resistances of the high temperature ceramic ionic
conductors, seems critical to characterize all the phenomena those can
have relevant effects in the temperature distribution. Therefore, in this

study, the radiative heat transference has been evaluated.

Previous studies including radiative heat transference revealed that, for
planar stacks the effect of the radiative effect is negligible or with minor
effects [37, 38, 40-42, 45]. For the tubular configurations, the radiative

effect causes a mitigation of the heats of the process and, consequently,
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a decrease of the temperatures along length of the tube, and a

distribution of temperature more homogeneous [39, 44-47].

In addition to the surface-to-surface radiative transference, there is to
take into account that the asymmetrical gas molecules gases (H20, CO,
COg, hydrocarbons, etc.) which could play a role in the radiative
performance while symmetrical and monoatomic are transparent to
thermal radiation (O2, Ny, etc. and Ar, He, etc.) [48]. Therefore,
between the surfaces of the internal chamber: alumina risers surface and
the internal electrode surface the radiative model considering only the
surface-to-surface radiative transference. On the other hand, for the
external chamber, H.O interacts with the radiation emitted for the
external surfaces of the tubular alumina risers, the external surface of

the external electrode, and the internal surface of the reactor.

Finally, considering the porous domain of the internal electrode, the
radiation heat has been considered using the equivalent thermal
conductivity (k.r) [49-51]. That equation replaces the equation 29 for

the thermal conductivity for porous domains.

0 Re, . prl/3
Koq = kO + 0.111 - kyqq T (32)
1+46- <d_)
eq
0.95- (1 —¢,)
kg = €p * (kgas +0.95 - ary, - dp) + —5 1” (33)

3Ky T T0 - Kggs + ays - dp
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Where Re,,, Pr and ¢ are the Reynolds number for the particles of the

internal electrode, the Prant number and the emittance of the material,
respectively. dp and deq are the particle size for the porous domain and
the diameter of the chamber, respectively.

_ dp *Ugas * Pgas

Re, = P (36)
gas
Cpgas " M

pr = P95 7948 gc;: 948 (37)
gas

Considering the overall heat transference, the equations to model that
phenomenon is:

pecy-u-VT =V (kegVT) + Qrerm (38)
N
o
j=1
og-n-T*
L,(T) = — (39)

Where S; are the surface i, |; is the spectra radiation intensity of the
surface Si, B is the extinction coefficient, k, is the absorption
coefficient, o is scattering coefficient (zero for this study), oy is the

Stefan-Boltzmann constant (5.67-10° W m™ K*), w; is angular range
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and ¢ is the phase function between the surfaces Sj and S;, and n is the
refractive index (fixed at 1). The equation 39 is a balance between the
irradiation transferred, the absorbed and the scattered. All solids
(alumina risers, electrochemical tube cell, stainless steel) were

considered as opaque solids.

Considering the surface-to-surface radiative heat transference for the
surfaces of the internal chamber (that means, these equations are
applied in the respective surfaces), the equations describing the heat

transference are:

—n - (=kVT) = ¢ (G — e,(T))

(40)

ep(T) = n?os - T* (41)

G = Gm()) + Gamp (42)
Gamb = Famp - € (Tamp) (43)

Where ¢ is the surface emissivity of the surface (0.8 for riser surfaces,
and 0.75 for the tube), G is the irradiation, ey is the irradiation of a black
body, J is the radiosity, Gn is mutual irradiation coming from other
surfaces, Gamp iS ambient irradiation, and Famp is the ambient factor.

(=n"-r)(n-r) ,

= 44
Gm 5’ 7T|r|4 ] dS ( )

(-n"-r)(n-7)
=1- —_— 45
Famb 1 o 7T|T|4 dS ( )
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Where S is the wall surface, »” is the unit normal factor of m” (x’, y’, z’)
in solid surface. r is the vector from the point m (x,y,z) tom (x’, y’, z’),
n is the normal unit factor of m (x, y, z) and J" is the radiosity of m’ (x’,
y’, z’). For this study, it works in radial coordinates, therefore each (x,
Yy, Z) becomes in (r, z, 6).

Finally, considering the radiative heat transference with participating
media for the external chamber, the heat emitted for the surfaces of the
chambers with the participating media (equation for external chamber
surfaces) is:

—n - (—kVT) = eop(Tany — T*) (46)

And the equations to model the heat transference are for participating

media domains (external chamber volume) are:
p-cp-u-VT =V (kVT + kgVT) + Qterm 47)

_16-n*-05-T?

ke = =55 (48)

Where kg is the radiative equivalent thermal conductivity, evaluated
using the Rosseland approximation, B is the extinction radiation
coefficient which is equal to the absorption coefficient for this case. The

absorption coefficient (ko) for the gases was considered as follow:

Kg20 = P20 * Q20 (49)
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1000 100042 100043
ayz0 = —0.23093 — 1.1239 - (T) +9.4153 - (T) —2.9988 - (T)

4 5 (50)
1000 1000

+0.513882 - (T) ~1.8684-1075 - (T)
Where przo is the steam partial pressure, and anzo is the Planck mean

absorption coefficient in m-atm™ [52-55].
8.2.1.2. Geometries

The reference geometry for the finite element study presents the same
dimensions of the experimental setup. To simplify the complexity of
the system, 2D axial symmetry was considered. The electrochemical
cell and risers have an internal diameter of 8.2 mm and an external
diameter of 9.8 mm. The tube cell has a length of 5cm where the external
electrode has a 2.9cm of length centered in the tube. The reactor has an
internal diameter of 16.5 mm and an external diameter of 20 mm.
Experimental setup is an isothermal assembly where the temperature
was ensured using a controlled electric furnace. The risers have a total

length of 10 cm.
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The evaluation of the scalability of the assembly was studied
considering assemblies with 1 (experimental setup), 5 and 10 segments
cells and with an additional setup with an external electrode with 10
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times the length of the experimental setup (Figure 8.1). The
interconnectors between segments have a length of 5 mm. For the
experimental setup, the inlet is introduced using an internal tube in the
internal chamber because it is a closed tube assembly. However, for the
rest of the assemblies, for the internal chamber, the inlet is introduced
in the bottom and extracted from the top. For the external chamber, the
gas is introduced in the top and extracted from the bottom.

8.2.1.3. Conditions and inlets

The reference conditions and inlets for the CFD study present the same
values of the experimental tests. The inlet for the external chamber was
150 NmL-min™ of a mixture of H,O, O, and Ar considering a total
pressure of 3 bar and the partial pressures in the inlet of the H20 and O;
are 1.5 and 0.08 bar, respectively. Finally, the external gas flow is
introduced at 600°C. For the internal chamber, the inlet gas is
50 NmL-min™ of a mixture of Hz and Ar were the total pressure is 3 bar
and the partial pressure of the H in the inlet is 0.3 bar. The inlet gas for

the internal chamber is introduced at 600°C.

For the evaluation of the scalability of the process, the study keeps the
inlet compositions for the reference case (both internal and external
chambers). For the total inlet flow of both chambers are increased

proportional to the increase of the area (as shows the Table 8.2).
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Setup Segments Feeding (NmL/min)

N°  Length (cm) Internal chamber External chamber
Experimental 1 29 50 150
5 segments 5 2.9 250 750
10 segments 10 2.9 500 1500
Larger segment 1 29.0 500 1500

8.2.1.4. Solver and meshing

Figure 8.1 shows the meshing performed for the different geometries.
The mesh was optimized using tetragonal division of the different
domains. Adaptive mesh refinement was used to optimize the mesh.
The calculations were carried out using the Parallel Direct Solver
(PARDISO) with parameter continuation to assure convergence. The
relative tolerance of the method is 0.001. A consistent stabilization
criterion was chosen for all phenomena using streamline diffusion and
crosswind diffusion. To improve the convergence of the system, the
process was solved under isothermal conditions and then the solution

was used as initial values for the complete process.

8.2.2. Methodology to evaluate the efficiency of the electrolysis

Process

The evaluation of the process considering finite elements is based on
results of experimental setup. However, these results were obtained for
low pressures (both steam-oxygen chamber and hydrogen chamber).
Therefore, the evaluation of the effect of the pressures of each chamber

is developed considering the effect of these pressures on the
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thermodynamic energy of the electrolysis and the different additional

units required for the electrolysis at high temperatures and pressures.

8.2.2.1. Study of the effect of the hydrogen and steam

chamber pressures

There was no experimental information available about the effect to
increase the pressures on the steam and/or the hydrogen chambers (at
higher pressures > 5bar), especially on the overall specific resistance, a

thermodynamic evaluation was done.

For study the effect of the hydrogen pressure in the electrolysis process
a simple 0D model was considered. The reversible potential (E,.,),
thermoneutral potential (E;;) and cell potential (E..;;) were calculated

using the equations 51, 52 and 53, respectively.

_ AG, (51)

Erev = 7 F
_ Al (52)

En =%
Ecen = Eyep +1- ASR (53)

The overall reaction Gibbs energy (AG,.) and overall reaction enthalpy

(AH,) were calculated using the equations:
AG, = MGy, (T, p"") + 0.5+ AGo, (T, p") — AGyao (T, p") (54)
AH, = AHy,(T,p") + 0.5 - AHp, (T, p") — AHyp0 (T, p") (55)

Where p' is the pressure in the steam-oxygen chamber, p'' is the pressure

in the hydrogen chamber, AG; is the gibbs energy of the pure i
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compound and AH; is the enthalpy of the pure i compound. The pure

compounds energies where obtained from [30].
o Effect of the hydrogen chamber pressure

The increase of the pressure of the hydrogen chamber allows obtaining
the hydrogen at high pressure. This pressurization is performed by a
regulator valve and it has its energy losses. However, in this study these
energy losses were not considered. Figure 8.2 shows the overall process
considered for the study of the pressure of the hydrogen chamber. First
the water is vaporized from 25°C and 1 bar of pressure. Then a heat
exchanging system is considered. It was considered that there is enough
heat in the outlet streams to heat the inlet stream until the working
temperature. Finally, the electrolysis was considered at adiabatic
conditions working at thermoneutral voltage. This allows working at

isothermal regime.

Heat exchanger system
High temperature

ol

Evaporator >
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The energies of upstream units of the electrolyser were obtained from
Aspen Plus v8.8. In this case, electrolysis energy and vaporization
energy are required to evaluate the energy demand of the process.
Finally, the energies collected from Aspen plus were corrected to obtain
energies in kWh/kg H. obtained. For that purpose, the steam conversion

in the electrolysis units was considered (XH20).

H(evap) . M0 .
FOyz0 My,

H(evap) = (56)
Where H(evap) is the energy to perform the water evaporation in terms
of kWh/kg. FOwo is the inlet water stream (kg/h). Mi is the molecular
weight of the i compound.

8.2.2.2.  Study of efficiency of the process

Finally, considering the experimental results, the energy stored
efficiency was evaluated. The aim is to evaluate the energy of the

hydrogen production.

For that purpose, different hypotheses were made considering the

energy demand of the process:

1) Only considering the electric energy demanded by the
electrolysis.

2) Adding the heat demand of the water dissociation when the cell
works at lower potentials than the thermoneutral voltage.

3) Adding the heat of the water evaporation.
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For this approach, the energy to heat the stream until the operation
temperature has not been considered. The energy efficiencies (1.nergy)

for each case are defined in the follow equations:

Considering only the electricity for the electrolysis

ltor *MF
po ) LHViy - Fyy LV T2 (57)
energy — p(elec) Eceu " Itor Ecen - Itor
LHVy; - Npar
Nenergy = m (58)

Where P(H>) is the energy of the hydrogen obtained, P(elec) is the
electricity required for the electrolysis, LHVy2 is the Low Heating value
for hydrogen (241.8 kJ/mol); Fu2 is the hydrogen molar flow, 5, is the

faradaic efficiency.

Adding the heat demand of the water dissociation when the process

works at endothermal operation mode

. _ P(H,) (59)
electric P(elec) + H(elec)
1 .
Netectric = LYy 2 (60)
electric EcetrItot+tot NFar (Eth—Ecel) (Ecett<Eth)
LHVH2 NFar

= 61

Netectric (EcetrtNFar (Eth—Ecen) (Ecen<Etn))-z-F ( )

Where H(elec) is the heat demand of the electrolysis process when the

cell works at voltages lower than thermoneutral voltage.
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Adding the water evaporation heat

. o p (H 2) (62)
electric P(elec) + H(elec) + H(H,0,XH20)
ItotFar
LHVHy —— %
Nelectric = ; ¥ (63)

Eceltot+tot MFar (Eth—Ecet) (Ecett<Etn)+AH20°FH20

1 .
LHV g totZlFar

Nelectric = T (64)
tot F
Ecetr'ltot tot MFar (Eth—Ecel) (Eceli<Eth) *AH20" 5 = X 1ap

LHV gy NFar

Nelectric = AH207M 65
(Ecetr+Nrar (Eeh—Ecet) (Ecen<En))-z-F+-H20 far (65)

Where H(H20,XH20) is the heat to vaporize the water of the process,
Ao 1S the latent heat of the water, Fizo is the water molar flow, XH20

is the water conversion of the electrolysis process.
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8.3.Results

8.3.1. Evaluation of the thermofluid dynamic of electrolysis

based on protonic conducting materials at high temperature

Figure 8.3 shows the mesh refinement study of the experimental setup.
This study was developed in adiabatic regime neglecting the radiation
heat transference. The temperature distribution shows slight differences
(around 2 — 3 °C) when the mesh was gradually improved. Additionally,
there is not signal of influence in the mesh used in the electrochemical
results. Therefore, the mesh optimal strategy (around 0.5-10° gl) was
kept for the other geometries analyzed this work.
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8.3.1.1. Evaluation of the fluid dynamic of the process

in isothermal conditions

The first evaluation of the built model was made in isothermal
conditions. This study allows to evaluate the process without the
influence of the heat exchanging phenomena. Figure 8.6 shows the
results of the model working in isothermal conditions as a function of
the current density. The molar fraction of the H,O and H for the outlet
streams of the external chamber and internal chamber, respectively,
shows how the process obey the material balance (Figure 8.4a). The cell
potential increases almost lineally with the current density
(Figure 8.4b). This indicates that the cell voltage is determined by the

cell resistance.

1.0
Material balance:
——H,0
0.8' H,
c Comsol results: —
.g 0 H,0 b
§ 0.6 M T
ju €
8 0.4] o] 2
" ] §
02] =" 4
5 1.0 ——500°C - 600°C —— 700°C ]
0.0 . . . ?gmsgrg(r)e“f:u“? 600°C_ O 700°C
0 100 200 300 400 0 100 200 300 400
i (MA-cm?) i (MA-cm?)

Gas speed profile for both chambers is depicted in Figure 8.5a and 8.5b
when the process works isothermally at 600°C and 99 mA-cm™. These

profiles show that the gas presents laminar distribution and there is not
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signal of local turbulences. Additionally, Figure 8.5¢ and Figure 8.5d
show the molar fraction profiles for steam and hydrogen for the external
chamber and the internal chamber, respectively. These profiles show
how the steam is converted gradually along the external electrode.
Furthermore, there is not important radial contributions for these
profiles. Likewise, there are practically no radial concentration
gradients, i.e. the proper gas-phase transport for the chosen cell
geometry is confirmed, while the spatially-progressive steam

conversion and dilution with the formed oxygen can be recognized.
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Figure 8.6 shows the current profiles for the ionic contribution and
electronic when the cell works isothermally at 600°C and 99 mA-cm™.
These profiles show how the current is exchanged between electronic
and ionic in the electrodes. Therefore, the electronic current decreases
with the distance to the electrolyte decreases because the electronic
current is gradually becoming in ionic current across the
electrochemical reactions. Then, the ionic current crosses the

electrolyte in the radial direction until reaching the other electrode.
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Finally, as Figure 8.7 has shown, the cell potential is dominated by the
ohmic losses. In this model, the overall resistance observed in the
experimental setup was introduced in the electrolyte layer because the
impossibility to switch the overall resistance in the contribution of each
layer (i.e. electrodes, electrolyte, and contact between each layer).
Figure 8.7 shows the ionic potential profile when the cell works
isothermally at 600°C and 99 mA-cm™. This profile shows how the

potential jump is gathered in the electrolyte layer.
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8.3.1.2.  Analysis of the cell assembly working at the

thermoneutral voltage

The finite element model was built to evaluate how the tubular cell
works around the thermoneutral voltage in adiabatic conditions.
Considering that all electrochemical energy exchanges are balanced, the

process would work isothermally.

Figure 8.8 shows the results of the model when the cell works in the
thermoneutral point. The model considers adiabatic conditions with
surface-to-surface radiation contribution and media participating
radiation for the external chamber. Temperature profile (Figure 8.8.c)

shows no important temperature gradient profiles along the cell. The
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highest temperatures are gathered in the central zone of the cell. This is
a consequence of the fact that top and bottom of the cell are refrigerated
by inlet streams (steam feed for the external chamber and sweep for the
internal chamber). Furthermore, molar fraction profiles (Figure 8.8.d)
shows how the electrochemical reaction takes place gradually along the
cell. As it was mention in the isothermal analysis, there is no important

radial gradients that could limit the process.
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This first analysis shows how the built CFD model offers coherent
results regarding the thermoneutral mode operation for the electrolyser
at 600°C.
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8.3.1.3. Effect of the radiation heat transference

The temperature plays a critical role in electrolysis mainly because its
remarked influence on the conductivities of the electrochemical cell
and, on the gas flows and gas diffusion. Considering the heat
exchanging of electrolysis, the heat transference must be thoroughly
characterized to avoid temperature polarizations that can lead to local
inefficiencies. Therefore, in view of the range of the temperatures of
this process works, the effect of the radiation heat transference has been
evaluated. The results of the analysis of the radiation heat transference
with the CFD model are in the Figure 8.9.

On one hand, when the radiation contribution is neglected, the low heat
transference between the cell and the external gas flow makes the
temperature in the cell is higher (Figure 8.9.a and b). This low heat
transference is because the low contact area between the solid and the
external gas. Otherwise, in the internal chamber, the internal porous
domain improves the heat transference because: (i) the contact area is
higher; (ii) the hydrogen is released at the cell temperature in this

domain.

On the other hand, when radiation is considered, peak temperatures
decrease comparing the radiation neglecting case (Figure 8.9¢) because
this contribution causes a mitigation of the heat sources of the process
[39, 44-47]. Furthermore, the temperature distribution is more
homogeneous. Including the radiation in the heat transference (as the
radiation starts to play a significant influence in the heat transference),
improves the way as the heat is transferred for the setup and,

consequently, it causes the temperatures are more homogeneous.
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Furthermore, the heat transference of this process involves different
radiation contribution: (i) surface-to-surface between the different
surfaces of the setup and (ii) participating media from the steam of the
external chamber. Furthermore, the thermal conductivity of the porous
domains was corrected. Considering the different contribution in the
radiative heat transference, Figure 8.10 shows the different temperature
profiles of the CFD model working in the exothermic zone (at around
100 mA cm). Although the conventional implementation in the

radiation implies neglecting the media participating contribution, the

234



Energetic evaluation of solid oxide electrolyser

. . CHAPTER 8
using protonic conductors

present results shows significant differences in the temperature

distribution.
605
Heat transference:
Neglecting radiation
+ Surface-to-surface contribution
604 - + Media participating contribution
O
Q 603
=
E ]
3
= 602 -
o
- /\
601 -
\
600 T T T T T T T T T

0 2 4 6 8 | 1|0 | 1|2 | 14 |
Length coordinate (cm)

Figure 8.11 shows a comparison of the experimental results with the
results of the model considering and neglecting the radiation

contribution.

Experimental results for the cell potentials presents a stabilization as
the current density increases. This stabilization is commonly attributed

to an improvement of the electrochemical phenomena which turns in a
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decrease of the specific electrochemical resistance when the current
density increases. However, comparing with results of the adiabatic
model, the decreasing of the overall specific resistance could be
simultaneously due an increase of the temperature in the cell, because
the controller only reads the temperature locally in the place of the
thermocouple. Considering that the electrolysis process implies high-
energy exchanges (and the stabilization occurs in the exothermic zone
(soft red zone in Figure 8.11a)), it can ascertain that the electrochemical
process may causes a local increase of the temperature without the

thermocouple realizes.

Finally, the model shows that there are no significant differences
between neglecting or considering the radiative heat transference in the
average temperature of the cell (even at cell potentials up to 1.8 V) but
yes in the temperature distribution where the radiation improves the
heat transference generating more homogeneous profiles. 600°C is not
a very high temperature for the radiative heat transference causes

significant changes.
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8.3.1.4.  Upscaling effect in the heat transference

One of the principal advantages for the conventional membrane
processes is its easy scaling because it only supposes an increase of the
membrane area. Therefore, the scaling was studied using different

membrane areas considering the same inlet compositions and keeping
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the relation between the total inlet flow and the cell. Four setups were
compared: (i) one cell with 2.9 cm of external electrode (experimental
setup), (ii) one cell with 29 cm of external electrode (reference length
x10), (iii) five cells with 2.9 cm of external electrode per cell and (iv)
ten cells with 2.9 cm of external electrode per cell. The temperature
profiles for cell working close of thermoneutral voltage are depicted in
the Figure 8.12. These images show that increasing the area does not
change significantly the temperatures when the heat sources are
balanced. As can be observed the central zones are at higher
temperatures than the bottom or the top. These zones are refrigerated
by the inlet streams. Therefore, as the electrochemical area is higher,
the temperature differences along the cell (for a larger electrode) or cells
working at different temperatures (when the area is switched in several

segments) is higher.

238



Energetic evaluation of solid oxide electrolyser

. . CHAPTER 8
using protonic conductors
d
A 601°C A 601°C
601 b A 600.5°C
4 600.1°C ' 601 601
600.1
600
600°C 500
600 ‘ 600
Y qo0oc Inlets x1 ¥ s00°C ¥ 600°C
Inlets x10 Inlets x10

Considering the final application, working in the thermoneutral voltage
only would require keeping well isolated the cell. However, working at
higher voltages could bring problems due to there are zones or cells
working with different temperatures due to the effect of the temperature
in the conductivity of the cell (Figure 8.13). In a multisegmented
configuration unit, if the segments are connected in series, then the
current distribution in the segments is homogeneous, but the heat

released not. The heat released would be higher in the segments where
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the temperature is lower and, consequently, this consequence brings the
setup until to more isothermal distribution (Figure 8.13a). However, for
segments connected in parallel, the current could not be perfectly
distributed in the segments. This would be due to the current would be

higher in segments with lower resistances (Figure 8.13b).
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Figure 8.14 shows results of the potential, the average temperature of
the setup and the overall specific resistance of each cell for the different
geometries considered in the study of the scaling-up. The results show
how the temperature increases when the total area increases. This
increase of the temperature causes a decrease in the resistance of the
cell and, consequently, the potentials are lower. For the geometries
which have different segments, the difference in the cell potential of
each segment for the same current density is because each segment
works at different temperature.
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Additionally, note that the scaling of the reactor systems, the heat

problems are usually enlarged (usually caused by the difficult

evacuation of heat leading to higher temperatures). When the

electrolyser should be scale up for the final application working at the

thermoneutral voltage should be the best way to avoid heat problems of

and peak temperatures.
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8.3.1.5. Effect of the specific resistance

The Joule effect can govern the electrolysis process until overcontrol
temperature situations when the process works at high voltages (above
of the thermoneutral voltage). The Joule effects originate rightly from
the electrochemical resistance of the cell. Therefore, a study of the
effect of this resistance is necessary to evaluate the Joule effect

influence on the heat transference and overall thermal behavior.

Figure 8.15 shows the average temperatures for the electrolysers
considering a total resistance at 600°C of 1, 2 and 3 Q-cm? (keeping the
energy activation). Electrochemical cell with lower specific resistance
reaches the thermoneutral voltage at higher current densities because
the potential drop is lower. The thermoneutral voltage is reached at
77 mA-cm?, 115mAcm? and 225 mA-cm?, when the overall
resistance at 600°C (ASRgpooc) is 1 Q-cm?, 2 Q-cm? and 3 Q.cm?,
respectively. Furthermore, the increase of the endothermal zone (cell
potential lower than thermoneutral voltage) may allow integrating the
setup on other process with present an excess of heat. In general, as the

overall specific resistance is lower, the temperatures are being lower.
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Figure 8.16 shows the cell potential when the current density is
increased for several specific resistance. As the overall electrical
resistance becomes higher, the temperature rise reaching faster the
exothermal mode of the electrolysis (cell potential higher than
thermoneutral voltage). As a consequence of this increase of the
temperature, the overall resistance decreases slightly (considering the

Arrhenius expression) and, thus, the deviation of the cell potential

linearity is higher as the overall electric resistance increases.
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8.3.2. Evaluation of the efficiency of electrolysis process based

on protonic conducting materials at high temperature

Electrolysis converts electric energy in chemical energy, in this case in
form of hydrogen. Considering electrolysis based on protonic ceramics
at high temperature, the conditions (i.e. temperature and pressure) plays
a critical role under the behavior of the process. These sections make a
detailed study of the effect of these conditions under the theoretical
behavior of the process.
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8.3.2.1. Thermodynamics of the hydrogen
pressurization in electrolysis working in the

thermoneutral potential

One of the advantages of the electrolysis in protonic cells is the
possibility to produce pressurized hydrogen in situ. Electrolysis does
not imply a conventional gas pressurization where the hydrogen (or
other gas or fluid) goes from an initial pressure p1 until a pressure p2
(p2 > py). In electrolysis, hydrogen is generated from water (steam for
these conditions) across the electrochemical reactions. Then, in
electrolysis we cannot talk formally about compression or
pressurization of the hydrogen. However, it is necessary to identify
where the electrochemical energy exchange takes place when the

hydrogen pressure is increased.

The Figure 8.17 shows the theoretical reversible and thermoneutral
voltages at different temperatures, hydrogen pressures and different
steam pressures. As can be observed, increasing the hydrogen pressure
increases the reversible voltage. Thermodynamically, increasing the
pressure of the hydrogen it causes a decrease of the entropy of the
overall electrochemical reaction and, thus, the Gibbs energy increases.
It becomes in the observed increase of the reversible potential.
Therefore, when the hydrogen pressure increases, the difference
between the reversible voltage and the thermoneutral voltage decreases.
If this difference decreases, the current density to reach the
thermoneutral voltage decreases (considering the same overall specific
resistance). The decrease in the current density leads a decrease of the

hydrogen productivity considering the same electrochemical membrane
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area. Increasing the electrochemical area allows to keep the hydrogen
productivity. Otherwise, an increase of the pressure of the steam causes
an increase of the entropy of the electrochemical reaction and the

opposite effect to the increase of the pressure in the hydrogen pressure.
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Additionally, increasing the pressure for the steam chamber could
improve the protonic conductivity of the material and, hence, the
resistance of the overall cell decreases. Figure 8.18a shows the effect of
the pressure of the steam neglecting its effect on the protonic
conductivity of the electrolyte. Figure 8.18b shows the coupled effect
(both reversible voltage and resistance of the cell) of the steam pressure.

Finally, the increase of the steam pressure causes a decrease in the
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reversible voltage and in the resistance of the cell that imply an increase

of the current density working at the same potential.
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Thermodynamic study of the effect of the

hydrogen pressure in the overall energy

In this section the effect of the pressure of the hydrogen on the energy

to obtain hydrogen from protonic-based electrolysers at high

temperature is analyzed.

Figure 8.19 shows the electrochemical results of the cell working at

600°C and at the thermoneutral voltage when the hydrogen pressure is

increased. The overall resistance considered of the cell was 3 Q-cm?

and the faradaic efficiency was considered 100%. The increase of the

hydrogen pressure does not change the thermoneutral voltage because

it does not affect to the enthalpy of the reaction. However, as it was

mention before, it supposes an increase of the reversible potential and
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a decrease of the current density to keep the potential. Therefore,
although the energy cost per hydrogen is the same, the hydrogen

produced per area of electrolyser decreases.
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For the same electrolysis setup (keeping the electrochemical area), the
hydrogen produced, and the steam converted decrease. The decrease of
the steam converted could affects to the efficiency if the feeding is not

controlled suitability.

Figure 8.20 shows the energy cost contribution of the electrolysis
process when the hydrogen pressure increases, the cell works in the
thermoneutral voltage and the feeding of steam keeps constant. In this
case, keeping the feeding of steam causes the unconverted fraction
increases. Although, the electrolysis work keeps constant with the

hydrogen pressure (dark gray contribution), the evaporation
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contribution (light gray) increases with the hydrogen pressure. The
decrease of the steam conversion implies the energy to transform the

water to steam is lost for the non-reacted water fraction.

70 " T T T T T T T T ; 20
60
= 415
I 501 c
= 8
s Water evaporation energy | n
< 40- .-
= . =
X Electrolysis energy 10 o
(3]
5 30 - =
g o
w20 @
0.5
104
0 0.0

0 5 10 15 20 25 30
H., pressure (bar)

Figure 8.20. Effect of the hydrogen pressure in the energy contributions of the
electrolysis process and in the steam conversion when the steam conversion is 90% at
1 bar of hydrogen.

Therefore, considering these results, the increase of the overall energy
of the process when the hydrogen pressure increases can be offset
decreasing the inlet flow to keep constant the steam conversion.
Figure 8.21 shows the results of the different contribution of the process
and the efficiency of the process regarding the steam conversion with
the cell is working at the thermoneutral voltage. In this case, it was
considered the inlet flow is controlled to keep the steam conversion.
Once again, the electrolysis energy is not affected by the steam
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conversion in terms of energy unit per hydrogen obtained while the
evaporation contribution increases when the steam conversion
decreases. As can be observed, water evaporation represents around
25% of the energy required when the steam conversion is around 1.
However, when the steam conversion is lower than 0.5, this
contribution reaches around the 33% of the overall demand. This
causes, the energy efficiency of the process (expressed in the energy of
the hydrogen obtained regarding the energy of the process) could
decrease around a 10% due to the steam conversion. Therefore,
controlling the inlet flow to keep the steam conversion is critical for the

efficiency of the process.
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Figure 8.21. Efficiency in the stored energy in the hydrogen depending on steam

conversion when the cell works at the thermoneutral voltage at 600°C.
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8.3.2.3. Study of the effect of the faradaic efficiency in

the energy stored efficiency

The last analysis studies the energy of the hydrogen obtained considers
100% faradaic efficiency. For the evaluation of the faradaic efficiency
effect in the efficiency of the process, experimental results were used.
Figure 8.22 shows the summary of the experimental results. Cell
potential increases when the current applied increases due to the
different resistances of the electrochemical cell. Faradaic efficiencies
are quite high for low cell potentials and 500 — 600 °C.

a b

—e—500°C 4
—a—G00°C
—a—700°C ]

09

07

Cell potential (V)

Faradaic efficieny

05 Cathode:  Ancce: | O6F i
p,, =3 bar P, =3bar
p, =05bar P=15bar | 0s5h b
) P, =0.5bar
0 2 1 " 1 L 1 04 L L L
0 100 200 300 0 100 200 300

Current density (mA cm?) Current density (mA cm™®)

Figure 8.23 shows the results of the energy stored efficiency for
different energy demands. Results shows how the energy efficiency
decreases when the current density increases. That is because two main
reasons: (i) the increase of the overpotentials with the current density;

(ii) the faradaic efficiency decreases with the current density.
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Electrolysis is a process where water dissociation takes place. Water
dissociation is a reaction which requires high amounts of energy. Part
of this energy is applied in form of electricity (P(elec)), but it is not the
overall energetic demand of this reaction. The entropic contribution of
this reaction (—T - AS) must be added in form of heat. Therefore,
considering endothermic operation mode (where this heat demand,
H(elec), is not balanced with the heat from the Joule effect), if an
additional source of heat is considered, the process could reach energy
efficiencies higher than 100% (only taking into account the
electrolysis). This is possible when, for example the electrolysis is
integrated with a process with an excess of heat regarded as “free heat”.
However, it is more suitable considering this heat demand in the
balance in the cases the Joule effect cannot overcome this demand (i.e.
endothermic operation mode). Additionally, the vaporization of water
(H(H20)) supposes a significant decrease of the energy efficiency. That
decrease could be higher than 20% considering the water utilization in

the electrolyser at low potentials.
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Figure 8.24 shows the results of the energy efficiency considering the
electricity and the heat demand of the electrolysis for different
temperatures. The effect of the resistances is higher at lower
temperatures as the conductivities improves with the temperature.
Additionally, the faradaic efficiency declines significantly above
600°C. Therefore, for this cell, above 600°C the decline of the energy
efficiency is caused mainly by the rise of the electronic leaks. Below
this temperature, the decrease of the efficiency is due to the increase of

the resistance contribution of the electrochemical cell.
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8.4.Summary

Electrolysis using proton conducting materials at high temperatures has

been analyzed considering different points of views.

A CFD model was built to evaluate the electrolysis using protonic
conductor ceramic cells. The radiative heat transference contribution
was evaluated in this study detecting slightly lower temperatures and
more homogeneous temperature than if this heat contribution is
neglected. Working in the thermoneutral voltage, there are not

important temperature gradients in the process.

Considering the scaling up, the overall electric resistance of the
electrochemical cell (or cells for multisegment) is the most critical

factor because the heat from the Joule effect can cause overheatings in
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the system. Additionally, if the tube cell presents an electrochemical
area switched in different segments, the parallel connection between
these segments could cause the heterogeneous distribution of the
current. If this happens the heat released in each local point changes
proportionally with the current density and, consequently, the

efficiency of the overall process could be dramatically affected.

Thermodynamic evaluation of the overall plant for the electrolysis
process is considered focusing the study in the pressures of the different
streams. An increase the hydrogen pressure causes an increase of the
reversible potential. Then the thermoneutral voltage is reached at lower
overpotentials, consequently, the current density at this point decrease
considering the same overall specific resistance. This effect can be
mitigated increasing the steam pressure, because it counteracts the
entropy effect to increase the hydrogen pressure (at least partially).
Additionally, considering the overall process, electrolysis energy is the
highest energy demand of the process. However, the vaporization
energy demand is not insignificant and, consequently, the steam
conversion in the electrolyser must be optimized and controlled in order

to avoid inefficiencies in the process.

List of symbols

Symbol  Description Symbol  Description
K, Adsorption coefficient of Vi Molecular volume of the i
radiation compound (A)
Famb Ambient factor M, Molecular weight of the gas
mixture (g/mol)
Gamb Ambient irradiation Mi Molecular weight of the i
compound (g/mol)
wj Angular range Gm Mutual irradiation coming
of other surfaces
ASR Asymmetric specific ba Overpotentials (a=I: ionic;
resistance (Q-cm?) a=S: electric) (V)

255



Energetic evaluation of solid oxide electrolyser using

CHAPTER 8 :
protonic conductors
D" Average diffusion coefficient n Overpotentials (V)
for the i compound (m?/s)
Ecen Cell voltage (V) pi Partial pressure of the i
compound (bar)
Kaite Coefficient for the binary gas dp Particle size of the porous
coefficient (10-° cm”2/s-atm) bed (m)
g, Conductivity (a=l: ionic; K Permeability of the porous
a=S: electric) (S/m) bed (m?)
R Constant of the ideal gases ¢(S;,S;)  Phase function between the
(8.314 J/mol/K) surface Si and Sj
ia Current density (a=I: ionic; & Porosity
a=S: electric) (A/m?)
p Denisty (kg/m®) Pr Prandt number
deq Diameter of the chamber (m) p Pressure (bar)
I Dynamic viscosity (Pa-s) K Radiative equivalent thermal
conductivity (W/m/K)
P(elec) Electric power demanded for y Radiosity
the electrolysis process
B Electrochemistry transfer ri Reaction rate of i (kg/m%/s)
coefficient
z Electrons exchanged n Refractive index (fixed at 1)
€ Emmitance of the material Eeq Reversible potential
contribution (V)
Teacres Energy efficiency Eeq’ Reversible potential in
standar conditions (V)
P(H2) Energy of the hydrogen Re, Reynolds number in the
obtained in the electrolysis porous domain
process (kWh/kg)
AH; Enthalpy of the i compound Ogc Scattering coefficient
(J/mol)
io Exchange current density Op Solid fraction in a porous
(AJcm?) domain
Br Extinction radiation Qor Source term (kg/m”3/s)
coefficient
Nrar Faradaic efficiency li Spectra radiation intensity of
the surface Si
F Faraday constant (96485 op Stefan-Boltzmann constant
C/mol) (5.67-10-8 W-m2-K™*)
Fi Flow of the i compound n; Stoichiometric coefficient of
(kgfs) the i compound
AG° Gibbs energy in estandar Si Surface i
conditions (J/mol)
Cp Heat capacity (J/kg/K) T Temperature (K)
y Heat capacity ratio k Thermal conductivity
(W/m/K)
H(elec) Heat demanded for the Keq Thermal conductivity for the
electrolysis process porous domain (W/m/K)
H(H20)  Heat of the evaporation of Em Thermoneutral voltage (V)
water
Qterm Heat source term (W/m?) liot Total current applied (A)
Heatgeact  Heat source term of the Heate e Total electric power

ION

reaction (W/m°)
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FO; Inlet flow of the i compound u Velocity (m/s)
(kgls)
Qi lonic source term (A/m®) XH20 Water conversion in the
electorlysis
G Irradiation H(evap)  Water evaporation energy
(kWh/kg)
€y Irradiation of a black body N; Weight flow for the i
compound (kg/m”2/s)
Br Isothermal compressibility ji Weight flux for the i
coefficient compound (kg/m”2/s)
LHVy, Low Heating Value of Wi Weigth fraction of the i
hydrogen (241.8 kJ/mol) compound
Di; Maxwell-Stefan diffusivity oIy Wilke dimensionless
(m?/s) number of the i and j
compounds

Xi

Molar fraction of the i
compound
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9.1.Introduction

Nowadays, more than 90% of the worldwide hydrogen production is
obtained using steam reforming processes [1, 2]. Conventional
production of hydrogen requires large industrial plants to minimize
energy losses and capital costs associated with steam reforming, water—
gas shift, product separation and compression. Furthermore, although
hydrogen is a clean source of energy, as almost the full hydrogen is
obtained from fossil fuels, this hydrogen presents an important CO;
footprint (8.62 kg CO; equivalent per each kg of H.) [1, 3]. Alternative
methods are not economically competitive yet and, only power-to-
hydrogen projects (using electricity surplus of the renewable sources)
seem to have possibilities to take part of the hydrogen market in
short/middle-terms [4-11]. Hence, improvements over conventional
reforming process are still necessary, e.g. to improve the conversion or

to decrease the process energy demand.

Several studies have proposed palladium-based membrane reactors to
integrate all the reforming steps of the reforming plant. This unique unit
allows hydrocarbon conversion to CO,, and hydrogen separation
simultaneously [12-15]. However, most of these studies show that this
kind of membranes does not reach 100% methane conversion and/or
hydrogen extractions, mainly due to the difficulty to overcome the
hydrogen partial pressure difference as driving force. Previous works
using protonic conducting ceramics as catalytic membrane reactor have
reported remarkable improvements of the process regarding the
conventional fixed bed strategies. Furthermore, high stabilities and

benzene selectivity were reported in methane dehydroaromatization
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process using BZCY based membrane in a catalytic membrane reactor
[16]. Electrocatalytic synthesis of ammonia using protonic conducting
ceramics shows promising results, although several issues (e.g. faradaic
efficiency) [17, 18] need to be overcome. BZCY protonic conducting
ceramic was used in the steam reforming process at intermediate
temperature to extract hydrogen in an electrochemical assembly with

significant advances in terms of conversion [19].

Malergd et. al. proposed a compact steam reforming unit using a proton
conducting ceramic to separate hydrogen, simultaneously pressurizing
it in an energy-balanced new process (Figure 9.1a) [20]. This study
shows full methane conversion in CO,. It also demonstrates how the
thermal balance is not only closed globally, but also locally achieving
the microthermal integration of all phenomena which take place in this
process. Further, this kind of assembly could be used to extract
hydrogen from other reactions as well, i.e. syngas obtained from

gasification of biomass.

Finite element methodology was used to reveal the thermal behavior of
reforming processes in previous studies such, (i) thermal integration of
steam reforming and combustion with different flow configurations
[21-25]; (ii) temperature integration across the catalytic pellets in a tube
[26-29], (iii) autothermal reforming with membrane reactor [30, 31].
Therefore, this kind of study allows analyzing the reactor design and
evaluating the effect of the different phenomena on the yield and

efficiencies.
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9.2.0bjectives

Integrating a protonic membrane reactor with a current assisted
hydrogen extraction in a methane steam reforming process, becomes
the conventional reformer reactor in a reactor that realizes four process
steps simultaneously within a 400 um length scale (Figure 9.1a). First,
it extracts hydrogen from the reforming side and shifts a
thermodynamically limited reaction sequence towards full conversion
of methane; second, it delivers heat to the strongly endothermic reaction
through the electrical operation of the membrane—acting as a separator
and a compressor (Figure 9.1b); third, it compresses hydrogen directly

at the sweep side of the membrane; and last, it produces high-purity

hydrogen.
h{ b
b .
H,0 CO, e'] Ie Scil(:arrl :e:)hane rce(f)orml;fI
CH ‘ , T H0 = + 3H,
ecC { ; _34.3| Water-gas shift i
©0 “lCO+H,0— CO, + H,
- Separation

H, z ¢ t

Water-gas shift | ™ 7 e 4 g - -94.0 USG,,J 1t = Ry ] Pt
Separation 2 ' 0 o

o & LRI
Steam methane | € I el E Compression to 50 bar
reforming Com : i t It

pression . _RT. /Px
971 uNe,mgr dt=2Fin p—ﬁ) Jrat
Hz 7~ 0
CH,+H,0 0O net energy loss H,(50 bar)
z Initial point (800 °C)
HO ey >

System microintegration

Therefore, not only the overall heat balance but local heat balance has
to be controlled to avoid heat accumulation that can bring high

temperature gradients inside the reactor. A finite element model was
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built to improve the understanding of the heat exchanging of
phenomena that take place in this process. Finally, the objective of this
study is to check if the integration of all heats is possible not only
globally but that the different phenomena do not cause significant
temperature gradients to keep the process around 800°C in the
electrochemical tube length. Additionally, several properties of the
process was extensively studied to evaluate their effect on the heat
balance.

9.3.Methods

9.3.1. Description of the process

The process integrates a protonic conductor ceramic material inside a
reforming reactor to extract the hydrogen generated in the reaction and,
consequently, shifting the reaction equilibrium towards the products.
The electrochemical assembly is based on the protonic conducting
material composed of BaZry7Ceo2Y010s5 (hereinafter BZCY). The
tube consists of three differentiated layers in the radial direction: (i) the
internal porous layer, made of a cermet of Ni and BZCY, acts as internal
electrode for the electrochemical assembly and as catalyst for the
reaction; (ii) the intermediate layer which acts as electrolyte in the
electrochemical assembly and, thus, is a dense layer made of the
protonic conductor material, BZCY; (iii) the external electrode,
centered in the tube, being a thin layer made of Ni and BZCY. The tube

is sealed to alumina tubes which act as tube risers and insulators.

Regarding the gas compositions, the pre-reformed inlet gas is a mixture

of hydrogen, steam and methane, and it enters the reactor in the internal
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chamber (hereinafter reforming chamber). The hydrogen extracted
from the reforming chamber, due to the current assisted process, is
released in the external electrode to the external chamber (hereinafter
hydrogen chamber). Finally, the hydrogen pressure is controlled using

a pressure regulator valve.

9.3.2. Experimental procedure

The process was studied isothermally at 800°C. The pressure of the
internal chamber was fixed at 10 bar, and the pressure of the hydrogen
chamber was varied to evaluate its effect on the process. The pre-
reforming inlet gas is a mixture of methane, steam, hydrogen and
helium. More details about tube elaboration, composition of the
different layer and experimental setup, can be found in the published
work [20].

9.3.3. Geometry

Figure 9.2 shows a sketch of the Protonic Membrane Reformer (PMR).
The setup consists of an external stainless-steel reactor (experimentally
316 SS Swagelok-based system) which contains the electrochemical
tube supported by alumina risers. As previously commented, the
electrochemical tube is made of a porous internal layer, thin electrolyte
layer and thin external layer. The external electrode was modelled as a
boundary domain to simplify the geometry. The internal porous layer
(Ni-BZCY) acts as catalyst for the reforming process and internal
electrode for the electrochemical assembly. The thin electrolyte
(BZCY) has around 25um. The tube possesses the following

dimensions: 9.8mm and 8.2mm of outer and inner diameter,
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respectively, and a length of approximately 12 cm. The above
mentioned outer and inner diameters were also fixed for the alumina
riser to simplify the geometry. The external stainless steel reactor
presents 20mm and 16.5mm of outer and inner diameter, respectively.
To simplify the complexity of this study, 2D axial symmetry was
considered (Figure 9.3c). Hydrogen pressure is controlled by means of
a regulator valve downstream (not viewed in Figure 9.2). The last
device is not modelled in the CFD built because the energy release in
the hydrogen pressurization is located in the electrochemical cell (as
explained section 9.3.4.1).

External stainless steel shell

Tube riser Inner electrode

Tube

Outer
electrode

Electrolyte

Zoom view
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9.3.4. Physics equations

As previously mentioned, this process combines several phenomena
that take place simultaneously involving heat exchange in the
membrane reformer reactor (Figure 9.3a). The process is based on
shifting the steam methane reformer reaction (SMR) and water gas shift
reaction (WGS) towards the products extracting the generated

hydrogen.
CH,+H,0 2 CO +3H, (SMR)
CO + H,0 2 C0, + H, (WGS)

The process entails steam methane reformer and water gas shift
reactions within the internal porous domain, fluid flows in the
reforming and hydrogen chambers, gas diffusion of the reforming
species in the reforming chamber, electrochemistry, gas compression
and thermal transference. In the reforming chamber (internal gas
domain and internal porous electrode domain), chemical reactions, gas
flow, gas diffusion process and the electrochemical hydrogen extraction
take place. In the external chamber (external gas domain), the gas flow
and hydrogen discharging take place. Hydrogen compression and the
electrochemistry take place in the electrochemical tube (internal porous

domain, electrolyte and external electrode boundary).
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pumping; iii: WGS reaction; iv: electrocompression); (b) zoom view of the
electrochemical cell; (c) 2D axial symmetry.

Table 9.1 presents the governing equations of the phenomena which
take place in this process. The fluid gas flows were modelled with the
Navier-Stokes equations (Equations 1-4) for the reforming and
hydrogen chambers (with the respective correction for the porous
domain). The transport of species in the reforming chamber (CH4, CO,
CO», H; and H,0) were modelled using the averaged-mixture model
(Equations 5-7). It should be noted that Knudsen diffusion processes

were neglected.
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Governing equation id Property equations id
Navier-Stokes
pu-Vu=v- [7p1+u(Vu+ (Vu)’)fgu(Vu)I] (1) P =%-M,‘ (20)
= Z H,i
V-(pu) =0 2) o x; Sy (21)
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Moreover, secondary current distribution was considered for the

electrochemistry (Equations 8-12) with 100% of faradaic efficiency.
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Considering that the gas compression occurs in a limited space, and as
long as this process entails heat exchange with the other phenomena
taking place, isothermal compression was accepted to model the
hydrogen pressurization (Equation 16, for more details see section
9.3.4.1). The heat transfer model considered the correction for the
porous domain, and the full process takes place adiabatically (Equations
13-14).

Considering the gas properties, ideal gas equation was used to calculate
the density (Equation 20), considering an ideal gas mixture for the
reforming chamber and ideal gas for the hydrogen chamber; viscosity
and thermal conductivity for the reforming gas was estimated using the
Wilke model (Equations 21, 22, 31), and for the hydrogen chamber pure
hydrogen properties were considered. Heat capacity and heat capacity
ratio were estimated considering the molar average (Equations 33-34).

The properties of pure gases were obtained from [32].

The porosity (e,,) and permeability (x) are two key factors that govern
fluid flow in the porous region. The permeability for a packed bed with
randomly distributed spherical particles was calculated using the
Carman-Kozeny model, and the average particle size (dp) and porosity
model [33]. As previously was determined for this kind of tubes, the
porosity of the internal electrode was fixed at 25% with a particle size
of 10 um [19, 20]. Additionally, the tortuosity of the electrode (,,) was
evaluated considering the inverse of the square root of the porosity,
considering the electrode as a packed bed with randomly distributed
spherical particles [34, 35]. Considering this, tortuosity was calculated

according the inverse of the square root of the porosity (650-5). Finally,
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the gas diffusion coefficient was corrected for the internal porous

electrode taking into account the porosity and the tortuosity.

For the solid domains, stainless steel properties were used for the
external reactor, alumina properties for the risers, and nickel properties
for the porous domain and the electrolyte (except for the electrical and
ionic conductivity). In order to reduce the complexity of the system and,
considering that experimentally it is not possible to separate each
electrical resistance contribution (internal electrode, electrolyte and
external electrode), all the electrical resistances were here introduced in
the electrolyte layer as ionic conductivity. Hence, the electrical
resistance  was modelled considering an Arrhenius expression
(Equation 30) with 0.5 Q-cm? at 800 °C as starting point and an

activation energy of 50.4 kJ/mol.

The kinetic model includes the reactions of steam methane reforming
and the water-gas shift reaction (rswrand rwes, respectively). Reactions
Kinetics are described according to the kinetic model of Xu and Froment
[36]. Equilibrium constants of SMR and WGS reactions were

calculated from thermodynamic data obtained from [32].

9.3.4.1. Thermodynamics about hydrogen

electrocompression

Hydrogen pumping using a current assisted electrochemical device
allows the transport of hydrogen from one chamber to other.
Considering the overall difference potential to carry out the operation,
the theoretical work (reversible contribution) for transporting hydrogen

was studied, the potential drops (non-reversible contribution) because
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the electronic and ionic transport are not considered in this

thermodynamic analysis.

+ _
Hy(Ty,p1,%1) > 2H* +2e” 2H* +2e” - Hy(T2,p2,%2)

Protonic

conducting

particle
Electronic
conducting
particle

& TPB

electrolyte

As Figure 9.4 illustrates, H> is incorporated in the TPB point of the
anode. H; is then transported across the bulk electrolyte and proton
conducting particles of electrodes. Finally, the hydrogen is released in
the TPB of the cathode. Considering the overall process, the hydrogen
is moved from a first chamber, source chamber for this analysis, until a
second chamber or final chamber. Both chambers present their own

conditions of temperature, pressure and H, concentration.

Assuming a perfect ionic and electronic conductor (or, what is the same,
neglecting overpotentials), the process exchanges energy to overcome
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the electrochemical reaction necessities. Electrochemical reactions (r 1

and r 2) are:
Hy(Ty,p1, %) » 2H* +2e” (r1)
2HY +2e™ > Hy(Ty, pq, x32) (r2)

Where T, pi and x; represent the temperature, the total pressure and the
hydrogen molar fraction of the chamber i. Hence, the overall reaction

is:
Hy(Ty, p1,%1) = Hy(T, 02, x2) (r3)

Therefore, the reaction in this direction in terms of energy is defined as

the hydrogen chemical potential difference (u,) of each chamber.

U2 (T2, D2, x2) — pp2 (T, P, X1) (36)

p-x
Uy (TI p; x) = Uy2 (T, p()) + RT - ln (p—) (37)
0

Where po is the pressure in standard conditions. Finally:

U2 (T2, D2, %2) — 2 (T1, Py, %) =
- b (38)
= tn2(T2,00) — t2(T, o) + R -T2 - In (;foz) —R-T;-In (;_01)

Typically, these assemblies present very thin electrolytes (< 20 um)
and, consequently, the difference of temperature between both sides of
the electrolyte should be insignificant. This feature is also met by the
experimental cell of this study, therefore, considering (T, — T;) — 0,

then the expression could be rewritten:
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U2 (T, 02, %2) — w2 (T, p1, %1) =

x x (39)

= uu2(T,po) — u2(T,po) + RT - In (%) —RT-In (%)
0 0

P2 - X
a2 (T, P2, x2) — P2 (T, p1,x1) = RT - In (pz . xz) (40)
1" X1

This first analysis has evaluated the energy to carry out the
pressurization of hydrogen using proton conducting electrochemical
cells. However, further analysis is necessary to find how the energy
exchange is produced, because in terms of binding energy this process

does not suppose any change.

The first law of thermodynamics (Eq. 41) says that in a closed system,
the energy can be transformed from one form to another but it can be
neither created nor destroyed. Conventional gas compressors pressurize
in quasi-isentropic conditions. The isentropic pathway causes the
pressurization energy to be absorbed by the gas itself during the
pressurization process increasing its internal energy and, consequently,
its temperature. However, in the electro-pressurizations, hydrogen is
pressurized when it is released in the external electrode. That release is
dominated by the electrical current, therefore hydrogen could not
increase its internal energy the same way that in a mechanical

compressor, because the reaction occurs in the electrode surface.

Additionally, hydrogen is transported through the electrolyte jumping
across oxygen lattice sites not in its diatomic molecular form but in the
atomic form. Therefore, and considering the low thickness of the

electrochemical tube, isothermal pressurization assumption was
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accepted describing the hydrogen pressurization, where the energy of
the process is released as heat. Considering gas pressurization into a
compressor, the pressurization does not cause any release of heat

(because all the energy of the process is absorbed for the gas).

isothermal
AU = Heat — Work ————— AU = 0 (41)
- X
Heat = Work =R-T -In <M> (42)
D1 Xy21

For the conventional electrochemical processes, the entropy
contribution supposes a heat exchange in the process (heat source for
fuel cell mode and heat demand for electrolysis). On the other hand, an
electropressurization supposes a change in the pressure of a gas in
quasi-isothermal conditions. A pressurization of a gas in isothermal
conditions occurs due to a change in its entropy, as theoretically says

the thermodynamics.

Finally, although the electrocompression phenomenon takes place
isothermally, heat released as consequence of the processes could
increase the temperature of the overall process. In this case, the
electrical work demanded (and released as heat) would increase with
the temperature of the process. The equation 43 shows the 0D balance
between the heat released for the process and the inlet stream heat in an

electrocompression process.

! R-T-1 (pz 'xz) F f ' (T)dT (43)
—_— . - In = . . C
7-F Py - Xy inlet r p

in
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The increase of the temperature of the process would increase the
reversible work contribution. The irreversible contributions would
decrease as the conductivity of the proton conducting ceramics
improves with the temperature. However, both reversible and
irreversible contributions entail heat release. To avoid inefficiencies
this heat needs to be balanced. For this purpose, several options can be
considered: (i) an additional stream to absorb this heat; (ii) integrate the
electrocompression in an endothermic process. Using an additional
stream would require a high enough flow to mitigate the increase of
temperature. Besides, an additional chamber for this stream would be
required to avoid hydrogen dilutions in the initial chamber or the final
chamber. Therefore, the integration of the electrocompression in an
endothermic process seems a suitable path to improve the efficiency of

the process.
9.3.4.2. Definition of the reference conditions

Hereinafter, the term “reference conditions” refers to an inlet with a
composition expressed in molar fractions of 0.237, 0.614 and 0.148 for
methane, steam and hydrogen, respectively. That feed composition
always maintains a steam to carbon ratio (S/C) of 2.58. The pressure in
the reforming chamber is fixed at 10 bar. Porosity and particle size were
fixed at 0.25 and 10 um.

The total volumetric gas flow is usually defined in standard conditions.
However, for this inlet composition, water is in liquid state at standard
conditions. To solve this, the inlet was defined using the volumetric
inlet flow for methane in standard conditions, and the inlet composition.

Therefore, the inlet flow of the other inlet compounds (hydrogen and
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steam) is easily obtained. Finally, the total inlet flow for the reference

conditions is 20 NmL/min of methane.
9.3.4.3. Definition of the boundary conditions

In this section is defined to describe the boundary conditions used in
this model. The Table 9.2 shows the boundary conditions of the model.

Figure 9.5 shows the place of the different boundary conditions.

Contour boundary Domain boundary

Domain*
Phenomenon conditions conditions

Gas flow land5 - Inlet (flow)

- Outlet Domain 5: H; extraction

Transport of 1and5 - Inlet (composition) Domain 5: Reactions and

species - Outlet H, extraction

- H, release (Faraday
Gas flow 3 law)
- Qutlet
- Electric current inlet
Electrochemistry 5-7 (internal electrode)
- Electric current outlet
(external electrode)

Domain 5: heat reactions

- Inlet flow (internal .
inlet flow): inlet and electrocompression
All :

Heat transference temperature heat

- Outlet flow (flow

outlets boundaries) Domain 6: Joule effect

heat
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9.3.5. Studies performed and conditions

In this section the studies performed in this work are described,
detailing the conditions and the range of variables tested in each study.
Initially, the mesh of the model was refined to find the optimal mesh
for this study. Then, several studies were performed under isothermal
conditions to evaluate the process without the effects of the
temperature. Finally, additional studies were performed on adiabatic

conditions to evaluate the possibility of microthermal integration.
9.3.5.1. Mesh refining methodology

For mesh refining, adiabatic process neglecting the radiation heat
transference was considered. According to previous works, radiation
heat transference mitigates heats sources (see section 9.3.6). Then,
radiation was neglected to maximize the temperature gradients which

could appear due to the heat sources of the process and, in this case, the
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focus of the mesh refining in the surroundings of the heat sources is
easier. For mesh refining, the specific tool which the software include
was used in order to improve the mesh by adding more nodes where the

geometry or the process requires.
9.3.5.2. Reaching the maximum hydrogen extraction

The finite element model allows hydrogen extraction from the
reforming chamber. Theoretically, considering the reaction system,
maximum hydrogen extraction would lead to the total shifting of the
reaction towards hydrogen reactions sides. However, for the finite
element model and for the real system, the maximum hydrogen
extraction cannot be reached because of diffusion limitations, which are
higher or lower depending on geometry and conditions of the process.
Figure 9.6 shows the methodology employed to reach the maximum
hydrogen extraction for the model evaluated in isothermal conditions
and for the model evaluated in adiabatic conditions. Hydrogen
Recovery test (HR test in Figure 9.6) represents the evaluation of the
model results to know the maximum hydrogen extraction. For a specific
applied current, if the model did not show incoherencies in the results
(i.e. negative fractions of the different species) then the test was
repeated increasing the applied current to evaluate if more hydrogen
could be extracted. The maximum hydrogen extraction was chosen as
the last current without incoherencies. For the adiabatic conditions an
additional test was performed in order to fit the temperature on the tube
cell length around 800 °C. Therefore, considering the temperature

distribution shown for the model, the temperature of the inlet of the

282



Thermofluid dynamic evaluation of the hydrogen

extraction in a protonic membrane reformer

reforming chamber was varied to fit the temperature in the tube cell
around 800 T.

CURRENT

-
[ocowermr> .
COMSOL ADIABATIC v v ADIABATIC
HR TEST x|

INLET
TEMPERATURE

9.3.5.3. Evaluation of the model in isothermal
conditions

1) Hydrogen extraction study

In order to evaluate hydrogen extraction, the current was gradually

increased until the maximum hydrogen extraction was obtained.

The total inlet flow studied (expressed with the methane inlet flow)
were 10, 15, 20, 25, 30, 40 NmL of methane per min. The rest of the
conditions were kept in the reference conditions. The maximum
theoretical current was calculated considering 100% of CO; yield. The

values are shown in the Table 9.3.
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Inlet Imax iMAx
NmL CH/min A A.cm?
10 6.65 0.2160
15 9.90 0.3216
20 13.30 0.4320
25 16.60 0.5392
30 19.90 0.6464
40 26.60 0.8640

Inax = (4 - Fo(CHy) + Fo(Hz)) -z F
2) Study of the porous domain

The porous domain was defined regarding particle size, porosity,
permeability and tortuosity. In this work the permeability and tortuosity
were defined using particle size and porosity. Therefore, the study of
the effect of the porous domain was evaluate considering changes in the
particle sizes and porosity. The particle size was varied form 10 pum (to
reference conditions) to 20 um. The porosity was varied from 0.125 to
0.3.

This study was evaluated considering the feeding proposed in the
reference conditions, and it compares the maximum hydrogen
extraction situations achieved for each combination of particle size and
porosity. Therefore, considering the starting point of the study of
hydrogen extraction in isothermal conditions for each couple of particle
size and porosity, the final current was increased or decreased
considering the criteria established for the maximum hydrogen

extraction (see section 9.3.5.2).

Variation of the characterization parameters of the porous domain could

bring limitations on the hydrogen extraction. Considering this, the
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implications on the heat balance (if there are any) are a consequence of
the decrease of the electric current applied and, consequently, the heats
directly related with the hydrogen extraction (i.e. electrocompression
and Joule effect) would be reduced. Additionally, the reduction of the
hydrogen extraction implies a decrease of the equilibrium shift and,
thus, reaction heats are also reduced. This study was evaluated first
isothermally to avoid possible thermal interactions (e.g., diffusion if
there is a significant decrease of the temperature) and, then, adiabatic
study was made for cases where the hydrogen extractions have to be
changed.

3) Study of the kinetics of each reaction

The effect of the kinetics on both reactions was evaluate the study was
performed using an additional coefficient (a,;), to correct the kinetic
coefficient of the respective reaction: k,; = a,; - k,;. Each reaction was

analyzed individually.

This study was evaluated considering the inlet proposed in the reference
conditions. This study compares the maximum hydrogen extraction
situations achieved for each case. Therefore, considering the starting
point the results of the study of hydrogen extraction in isothermal
conditions the final current was increased or decreased considering the

criteria established for the maximum hydrogen extraction.
9.3.5.4.  Evaluation of the model in adiabatic conditions

The adiabatic study neglecting radiation was developed for the
maximum current applied. The results of the isothermal study were

taken as initial solution to improve the convergence. Finally, the inlet
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temperature was adjusted to fit the temperature on the tube cell centered
at around 800°C (+30°C). Figure 9.4 shows the methodology for the

isothermal and adiabatic studies.

The total inlet flow studied (expressed with the methane inlet flow)
were 10, 15 and 20, NmL/min methane. The pressure range studied in
the hydrogen chamber was 10 — 40 bar. The rest of the conditions were

kept as in the reference conditions.
1) Adiabatic study considering radiation

The reference conditions were kept for this study, apart from the

pressure in the hydrogen chamber that was varied from 10 to 40 bar.
2) Study of the porous domain

Considering the solution of this study of the porous domain in
isothermal conditions, the study was repeated in adiabatic conditions
keeping the inlet temperature of the study of adiabatic study considering

radiation with 10 bar for the hydrogen chamber.
3) Study of the kinetics

Considering the solution of this study of the kinetics of each reaction in
isothermal conditions, the study was repeated in adiabatic conditions
keeping the inlet temperature of the study of adiabatic study considering

radiation with 10 bar for the hydrogen chamber.
4) Study of the specific resistance

The specific resistance depends on the material and conditions.
Experimental results show the overall specific resistance was around

0.5 Q-.cm? In this study, the specific resistance was varied according
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ASR' = a,sg - ASR, where ASR is the overall specific resistance to
considering the Arrhenius expression, a,sg is the parameter to study
the overall specific resistance and ASR’ is the new overall specific
resistance. The values tested for a,gz were 0.1, 0.25, 0.5, 0.75, 1, 1.25,
1.5, 1.75, 2.

This study was evaluated considering the inlet proposed in the reference
conditions. This study compares the maximum hydrogen extraction

situations achieved.
9.3.5.5. Characterization of the results

The characterization of the process was made using methane conversion
(Equation 43), vyield (Equation 44) and hydrogen extraction
(Equation 45).

FO(CH4) - Fend(CH4)

X(CH,) = FCHD, (43)
_ Fi,end

KRGy (44)

HR F(Hz)extracted (45)

- F(Hz)end + F(Hz)extracted

For the local evaluation of conversion and yields, the molar fractions

were used.
1 XcHa(1,2) mol CH, reacted
Xena(r,z) =1 xcna(r,2)+xco(1,2)+Xc02(r,2) mol C total ] (46)
xCOZ(r' Z) [ mol Cco, ]
Voo () = 47
co2(1,2) Xena(r) 2) + Xco (T, 2) + Xoog (1, 2) lmol C total (47)
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Where Xcha(r,z) is the methane conversion in the coordinates r,z; xi(r,z)
is the molar fraction in the coordinates r,z; Ycoz(r,z) is the CO; yield in

the coordinates r,z. The coordinates are expressed in radial system: r,z.

9.3.6. Effect of the radiation in the heat transference

The explanation about the governing equations to model the radiation
heat transference was carefully described in the Chapter 8. In this setup
different types of radiation could be considered. Between the surfaces
of the external chamber: (i) alumina riser surface, (ii) electrolyte
surface, (iii) external electrode with the internal surface of the stainless
steel reactor tube the radiative model considering only the surface-to-
surface radiative transference. On the other hand, for the internal
chamber, H,O, CO,, CO and, in minor grade, CH, acts as gray gases
against the radiation emitted for the internal surfaces of the tubular
alumina risers and the internal surface of the internal electrode. In this
study, the Planck absorption coefficient were calculated according the

equation 48.

1000y
Z Cij- (T) for H,0 and CO,
j

a; = .
| Zci,j-Tj for CO and CH,
Jj

(48)

Where a; is the Planck mean absorption coefficient in m-atm™. The
coefficients (cij) for each gas were obtained from bibliography [53-56]

and are presented in Table 9.4.
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i H20 CO2 CO CH4

j <750 K > 750 K

0 -0.23093 18.741 4.7869 10.09 4

1 -1.1239 -121.31 -0.06953 -0.01183 6.57-10
2 9.4153 2735 2.95775-10* 4.7753-10° -1.37-10°
3 -2.9988 -194.05 -4.25732-107  -5.87209-101° 7.34-10
4 0.513882 56.31 2.02894-10%°  -2.5334-10% -1.27-10%2
5 -1.8684-10° -5.8169

Range  300-2500 K 300-2500 K 300-750 K 750-2500 K 300-1400 K

9.3.7. Meshing and solver

The 2D axial symmetric model was built using Comsol Multiphysics in
steady state (Figure 9.3.c). The mesh uses tetragonal division of the
different domains. Adaptive mesh refinement was used to optimize the
mesh. The calculations were carried out using the Parallel Direct Solver
(PARDISO) with parameter continuation to assure convergence. The
relative tolerance of the method is 0.001. Consistent stabilization
criterium was chosen for all phenomena using streamline diffusion and
crosswind diffusion. To improve the convergence of the system, the
process was solved in isothermal conditions (at 800°C) and then, the

solution was used as initial values for the complete process.
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9.4.Results

9.4.1. Brief description of the experimental results

Firstly, a summary of the experimental results was made. All these

results were extensively described and analyzed in Malergd et. al. [20].

The experimental results about the integration of a protonic membrane
reactor in a methane steam reformer are shown in the Figure 9.7. By
applying a voltage and hence current across the electrolyte, hydrogen is
selectively extracted from the inner steam methane reforming chamber,
reaching hydrogen production rates of 25 Nml-min~t.cm™2 at 4 A-cm 2,
operating essentially at the theoretical Faradaic limit (Figure 9.7a).
Figure 9.7b shows the evolution of methane conversion to CO and COy,
and yield, as a function of the imposed hydrogen recovery at 800 °C
and 10 bar. Essentially full equilibrium shift of the steam reforming and
WGS reactions (99.9% methane conversion) is accomplished by
selectively extracting hydrogen along the reactor length. Methane is
completely converted to high-purity hydrogen and wet CO; (98%
selectivity towards CO,) in two separate gas streams. The PMR is
highly competitive on hydrogen production rate and recovery as well as
methane conversion and, advantageously, the PMR delivers
compressed hydrogen with an impurity level of < 4 ppm at 50 bar
(Figure 9.7¢). Low imperfections in the sealing and/or small spin holes
in the electrochemical cell are the cause of the impurities. Nevertheless,
the impurities of the obtained hydrogen are low (in the order of ppm)
and the impurities decrease with the pressure in the hydrogen chamber
(Figure 9.7¢).
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The cell voltage (Ucen) and associated electrical power required during
operation rely on reversible and irreversible terms [57]. The former is
described by the Nernst voltage (Unemst) Originating from the hydrogen
partial pressure gradient across the proton-conducting electrolyte, and
providing a direct estimation of the energy cost of the concomitant
hydrogen separation and compression. The irreversible term is related
to the overpotential of the resistance to proton migration through the
ceramic electrolyte (Uelectrolyte) and overpotentials related to the kinetics
of splitting and re-combining hydrogen at the electrodes (Uelectrode)-
When exposed to steam, the oxygen vacancies in the crystal lattice of
the BZCY electrolyte annihilate by hydration and are replaced by

protonic charge carriers residing as hydroxide ions [58].
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H,0 +v; + 0§ =2 0H, (49)

Under the PMR operating conditions, high steam pressure results in a
high concentration of protons and hence high and pure protonic
conductivity, even at 800 °C, while ceramic proton conductors
otherwise must operate below 600 °C under ambient humidity [59]. The
high-temperature operation exponentially enhances proton mobility,
and additionally reduces proton trapping [60] and grain boundary
resistance [61], resulting in high protonic conductivity and thus a low

U electrolyte-

The electrode composition and microstructure are tailored for high
electronic and protonic conduction, and gas transport. Moreover, the Ni
electrocatalyst is highly active towards hydrogen redox reactions,
altogether providing excellent electrode performance with a total area
specific electrode polarization resistance lower than 0.1 Q cm? during
operation (Figure 9.8a). Figure 9.8c shows the cell voltage breakdown
into these different terms, obtained under experimentally optimized
conditions. Only Unemst augments with increasing hydrogen delivery
pressure, while Ueiecrrolye decreases. The latter stems from the
simultaneous rise in hydrogen delivery pressure and steam pressure
(from 0.1 to 1.6 bar, corresponding to a mole fraction of H,O of 4%)
that boosts the electrolyte proton conductivity. The electrode
overpotential Uelectroge  remains essentially constant at ~30 mV,
indicating that the hydrogen desorption process is not affected by rising

delivery pressures, even up to 40 bar.
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A PMR long-term test (800 h) showed stable operation in terms of
catalytic activity, hydrogen production and area specific resistance,
although coarsening of Ni particles is detected after 1,800 h in operation

(see Figure 9.9).
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9.4.2. Validation of the finite element model

9.4.21.

Refining of the mesh

2000

The first task of the study was the search of the suitable mesh for the

geometry and phenomena with this process hold. Finite elements

analysis presents higher precision with increasing number of nodes.

However, an unreasonably high number of nodes leads to high times of

convergence and, consequently, even overcoming the computer

resources, the method does not reach a solution. To develop the work is

important to find an optimal mesh to allow obtaining suitable results in

reasonable times and computer resources. Additionally, it is important

to focus the refining on the place of the geometry where the phenomena

take place.
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Figure 9.10 shows how the results changes when the mesh is gradually
upgraded. Figure 9.10b-e show views of the initial and final meshes.
Considering these results, temperatures distributions show differences
lower than 10 °C between the initial mesh and the final mesh, and very
low difference for the kinetics results. The final mesh presents a high
number of nodes in the porous domain and its surroundings. In

summary, the results show a stabilization below 10° degrees of

freedom.
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9.4.2.2. Results in isothermal conditions

The experimental results reported by Malergd et. al. [20] comes from
an isothermal setup at 800 °C. The built model was checked in

isothermal conditions to compare with the experimental results.
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Figure 9.11 depicts the first results regarding the overall kinetics when
hydrogen extraction was gradually increased. The model shows how
the system reaches the equilibrium for each hydrogen extraction
situation in line with the experimental results (Figure 9.11a).
Figure 9.11b shows the current density applied depending on the
hydrogen recovery for different total inlet flows, i.e. methane inlet flow.
Figure 9.11c shows the maximum hydrogen situation reached when the
total inlet flow is increased. For all cases, the hydrogen recovery is
higher than 99%, therefore, there is no hydrogen diffusion limitation for
this process (at least with this range of inlet flows). Considering the CO-
yield for the maximum hydrogen recovery, for methane flows higher
25 — 30 NmL/min, the CO; yield starts to decline. The reason is because
the current applied has to be decreased. It means less hydrogen is
extracted regarding the maximum theoretical and, consequently, the
shifting of the WGS reaction decreases. The decrease of the current
density when the total inlet flow is because the conventional forces
sweep the reactive gases and, due to the geometry of the setup, these
gases have higher difficulty to spread until the internal catalytic

electrode.

Methane, CO, H; and H,O are the reactive species. For all cases, the
maximum hydrogen extraction and methane conversion overcomes
99%, consequently there is not hydrogen and methane diffusion
limitations. S/C ratio is 2.58, then there is a steam excess, while the
stoichiometric point is 2. Therefore, in these points the activity of steam
remains high. However, the CO activity tends to zero and,

consequently, for the CO is more difficult to reach the internal electrode
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than for the other species. Furthermore, although this decrease of the

CO; yield (from around 98% to 96%) during the scale up of the setup

is low, this effect must be taken into account to avoid the CO diffusion

that could limit the process. For the maximum hydrogen recovery

situation, the current applied was increased as higher as possible, but,

this last current was not fitted until the last decimal. Therefore,

Figure 9.11c shows the range of currents, considering the last point

reached and the step-change used.
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Different profiles for methane conversion and CO; yield are depicted in

Figure 9.12 for different hydrogen recoveries. Methane conversion

profiles show how methane reacts quickly in the first centimeters of the
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tube reaching the equilibrium for non-hydrogen extraction.
Additionally, methane conversion profiles show how the hydrogen
extraction shifts effectively the reaction from the initial equilibrium
status for non-hydrogen extraction (at the beginning of the tube cell)
from total methane conversion. The WGS reaction presents low
advances for the equilibrium in these conditions, CO; yield show a low
value which is reached also in the first centimeters of the tube for non-
hydrogen recoveries. In the same way that for SMR reaction, the profile
of CO; yield shows how the hydrogen extraction shifts effectively the
WGS reaction until almost 100% of CO- yield. These profiles show that
there are not significant radial contributions for methane and CO; yields
or concentrations, consequently, it can be affirmed the gas diffusion
does not limit this process. That is not so surprising considering the
radial distance between the center of the internal chamber and the
porous domains, i.e. ~ 4 mm (which plays as catalyst and electrode) and
the high temperature of this process 800°C which potentiate the

diffusion of the gases.
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Figure 9.12. Results of the kinetics in isothermal conditions at 800°C. (a) View of the
cross section plane on the geometry; methane conversion profiles for non hydrogen
extraction (b1) HR = 0.63 (b2) and HR ~ 1 (b3); CO: yield profiles for non hydrogen
extraction (c1) HR = 0.63 (c2) and HR ~ 1 (c3). Reference conditions.
Finally, the speed profile was analyzed for the maximum hydrogen
recovery for the reference conditions at 800°C. Full conversion to CO;
causes an increase of moles (CH, + 2 H,0 — CO, + 4 H;), leading to
an increase of the speed in the chamber. However, when the hydrogen
extraction increases, it causes a decrease of the 80% of the formed
moles (CH, + 2 H,0 = C0, + 4 H, = CO0,) and, therefore, the speed
decreases. Thus, considering the speed profile, the volumetric flow
increases in the first centimeters of the tube cell where the hydrogen
extraction has not significantly decrease of hydrogen percentage in the

chamber, and at the end of the tube, the speed decreases substantially
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because the hydrogen extraction (Figure 9.13b). Additionally, the speed
profiles also show a poor penetration of the gas flow in the porous
domain (Figure 9.13c). It is mainly due to the gas flow is not oriented
to the porous domain, but it goes tangentially. Finally, SMR
(Figure 9.13d) and WGS (Figure 9.13e) reaction rates shows how the
reactions take place in the first micrometers of the porous domain
(considering the radial direction) because the poor penetration of the
gas into the porous domain. Considering its final application,
improvements in the reactor are suggested, as example: static mixers,
lower internal radius for the tube, etc. because low penetration of the
flow indicates the porous domains is being underused considering only

its application as catalyst.
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Study of the porous domain in isothermal conditions

Experimental cells presented coarsening of the nickel particles of the
internal electrode. After 2000 hours of operation the particles size of
this electrode increases its size from the initial 10 um up to around 20
um (see Figure 9.9c). Experimental results show high stabilities
regarding the Kinetics and electrochemistry. However, these
experimental tests were developed at HR = 60% and not for the
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maximum hydrogen extraction. This study aims at evaluating the effect
of the porous domain on the maximum hydrogen extraction that could

be reached.

Figure 9.14 shows the evaluation of the parameters of the porous
domain in the maximum hydrogen extraction with the reference
conditions at 800°C. A decrease of the porosity leads to a decrease in
the maximum current that can be applied. If the porosity value for the
internal electrode keeps above 0.15, then the maximum current density
is higher than 0.99 (theoretical maximum). Figure 9.14b shows the
hydrogen removed and the CO; yield for the maximum hydrogen
extractions for each couple of porosity and particle size. Changes in
these parameters do not causes significant decreases of the hydrogen
which can be extracted because the hydrogen diffuses very fast in these
conditions. Additionally, as a consequence of the decreasing of the
maximum current when the porosity decreases, the yield of CO;

decreases because the shifting of the WGS reaction is reduced.

Finally, it can be concluded that the changes in the porous domain does
affect significantly to the maximum hydrogen which can be extracted

from the reforming chamber.
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Study of the SMR Kinetics in isothermal conditions

The effect of Kinetics in the steam methane reforming reaction was
evaluated (CH, + H,0 — CO + 3 H,), it should be considered that the
kinetics of this reaction are taken from bibliography. The results do not
show effects on the maximum current which can be applied to collect
hydrogen from the reforming chamber (Figure 9.15). However,
methane conversion profiles show that if the reaction kinetics worsen
its value around 2 and 4 orders of magnitude, methane needs more
length to react. It is necessary to remind two points: (i) although this
reaction is controlled by the equilibrium, the equilibrium at this
conditions is highly shifted to products, CO in this case, (conversion
~ 0.8 for non-hydrogen extractions), therefore, kinetics have to be

extremely low to limit significantly this reaction; (ii) considering the
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conclusions of the analyzes regarding the speed and reaction rates
profiles, the internal porous domain as catalyst is being underused. In
summary, the cell should have enough catalyst charge to overcome the
worsening of the kinetics of the SMR reaction (at least on the range
tested).
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Study of the WGS Kinetics in isothermal conditions

Similar to the SMR Kinetics study, kinetics of the WGS reaction were
evaluated to see its effect on the maximum hydrogen extraction
reached. Figure 9.16 shows the results of this study for the reference
conditions for the maximum hydrogen extraction reached when the
WGS kinetics were varied. At the operation conditions, 800°C, this
reaction is highly shifted to CO. Therefore, the worsening of the WGS
kinetics could be critical for producing hydrogen (at least the hydrogen
which can be collected from this reaction which is the 25% of the total
theoretical hydrogen for 100% of CO: yield).
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The CO; yield profiles allow visualizing the decrease of the water gas
shift reaction advance when the kinetic coefficient decreases
(Figure 9.17).
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Figure 9.17. Isothermal study at 800°C with the reference conditions of the kinetics of
the WGS reaction. CO2 yield profiles for awss > 0.005 (a1 and a2), awss = 0.001 (b1

and b2), awss = 0.0005 (c1 and c2). a2, b2 and c2 are the respective zoom view of the

images ai, b1 and c1, respectively. kycs = awes - kowes - exp (f %)
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9.4.3. Analysis of the PMR in adiabatic conditions

PMR can work independently as the heat balance is achieved. In this
case additional heat is not required to keep the temperature in the
reactor. Furthermore, it is necessary to guarantee the temperature inside
the reactor keeps approximately constant (here it was accepted
800+30°C), e.g. it does not shoot up locally as a consequence of
concentrated heats and insufficient heat exchange. Comsol model was
evaluated in adiabatic conditions at maximum hydrogen extraction
where the inlet temperature was adjusted to achieve the thermal
microintegration at 800 °C in the place of the tube. Furthermore, the

radiation heat transference in the setup was evaluated.

Adiabatic study neglecting radiation

Figure 9.18 shows different results profiles for adiabatic studies
working with the reference conditions for the maximum hydrogen
extraction (428 mA-cm?). Temperature profile shows that the
temperature in the assembly keeps around 800 °C where the
temperature gradients are not important. Therefore, it can be affirmed
that the thermal microintegration of the process heats is achieved for
these conditions. Comparing the temperature profile (Figure 9.18a)
with methane conversion profiles (Figure 9.18b) and CO; vyield

(Figure 9.18c), allows the identification of three zones in the tube:

1- First centimeters of the tube: most of the methane (around 80%)
is converted mainly to CO as WGS reaction barely takes place.
Considering heats of the process, in this zone appears the main

part of the heat demand of SMR reaction. There are low heat
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contributions from WGS (because the low advance of this
reaction) and electrocompression (mainly due to the hydrogen
partial pressure in the internal chamber for this zone is high).
On the other hand, Joule effect is high due to the decrease of
temperature and higher ASR. In summary, SMR reaction
dominates this zone decreasing locally the temperature.

Center zone of the tube cell: methane is completely consumed
and the WGS is gradually shifted to CO.. Therefore, the rest of
the heat demand appears, the heat of the WGS appears as this
reaction is shifted due to the hydrogen extraction. The Joule
effect is going down because the overall specific resistance
decreases with the increase of the temperature according the
Arrhenius expression. Finally, as H. is extracted, the H, partial
pressure is going down and, consequently, the
electrocompression heat increases gradually.

Final zone of the tube cell: the WGS is completely shifted to
CO, and the rest of the H, is extracted. Therefore, the rest of
heat from WGS appears. Considering the low H, partial
pressure the heat from the electrocompression is high but, due
to the increase of the temperature the ASR decreases and,
consequently, the heat from Joule effect decreases. Therefore,
in this place the heat sources are gathering what causes a local
increase of the temperature. This increase of the temperature is

mitigated when the system achieves proper heat exchange.
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Figure 9.19 shows temperature profiles of the adiabatic studies
working with reference conditions unless the specified total inlet
flows (expressed with methane inlet flow) and the pressure of the
hydrogen chamber. All these studies were developed working in the
maximum hydrogen extraction. These hydrogen extractions were
achieved working with 213mA.cm?, 317mA.cm™ and 428mA.cm™
as current density for the total inlet flows of 10 NmL-min?,
15 NmL-min* and 20 NmL-min™* of methane, respectively. Results
shows how when the pressure in the hydrogen chamber increases,
temperature profiles shows higher peak temperatures (especially in
the final zone of the tube cell). This is because there is more heat
from electrocompression heat source. This effect is specially noted
in the profiles of 10 NmL-min™ methane. At 10 bar in the H;
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chamber with this inlet the system does not have enough heat to
overcome the SMR reaction heat demands and, consequently, the
temperature decreases. However, this decrease of temperature
causes an increase of the ASR and, consequently, the heat from the
Joule effect increases, softening the decrease of temperature.
Additionally, it is observed that the temperature is slightly higher
when the total inlet flow increases. Therefore, for all these cases,
the thermal microintegration can be achieved.

Fineet(CH4) = 10 NmL/min Fincer(CH,) = 15 NmL/min Fineer(CH,4) = 20 NmL/min

P = 10bar  py," = 20bar  p," = 10bar  py," =20bar  p," = 10bar  py," = 20bar

830
800 820
300
805

805 810 510

800 805
800

90 95 90
795 795 790
780

90 i

770

In these previous adiabatic studies, the temperature of the inlet gas was

fitted to achieve the tube cell works around 800 °C. Figure 9.20 shows
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the inlet temperatures depending on the pressure of the hydrogen
chamber for the different inlet flow tested, and the temperature
gradients in the tube cell depending the total inlet flow. Temperature
gradients were estimated by the difference among the maximum
temperature and minimum temperature on the tube cell domains. As the
pressure in the H, chamber increases, the ratio of compression increases
and, consequently, heat from electrocompression rises according to the
logarithmic dependence with the ratio of compression. Therefore, with
increasing pressures, the gas could be introduced at lower temperatures.
With increasing inlet flows, the gas could be introduced at lower
temperatures. The reason comes from the joule effect, because it is, in
global terms, R.., -1%: and, consequently, while reactions and
electrocompression heats are proportional to the total inlet, the Joule
effect is proportional to the square of the inlet. Additionally, as the inlet
flow is higher, the gradients on the cell increase (Figure 9.20b). The
reason is the increase heats of this process presents higher magnitude

as the inlet flow increases while the total area is fixed.
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The Joule heat comes from the energy dissipated per charge passing
through resistor or, in this case, through the electrochemical cell.
Simplifying the complexity of this phenomenon, an expression of this

heat depending on the cell area can be obtained:

ASR ]
Heatjoule = Area : Itzot = ASR - itor * ltor (73)

Therefore, the parabolic increment of the joule effect with the total inlet

flow (Finier) can be mitigated increasing the total area of the cell (Area).
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Adiabatic study considering radiation

The radiation heat transference was evaluated in the study and
compared with the respective test neglecting it. Figure 9.21 shows
temperature profiles of the adiabatic studies considering and neglecting
the radiation contribution working with reference conditions unless the
pressure of the hydrogen chamber for the maximum hydrogen
extraction. Figure 9.21 shows the temperature distribution along the
reactor in the internal radius position. As can be observed, the
temperature gradients are lower when radiation heat transference is
considered and, consequently the setup is at more uniform temperature.
Considering the heat sources are the same (WGS reaction,
electrocompression and Joule effect), that implies a mitigation of the
heats of the process. Moreover, considering the heat SMR supposes a
heat demand this cannot be mitigated while this reaction takes place.
Additionally, the coldest zone (dominated for the SMR reaction as
previously was mention) are at temperatures slightly higher because the

radiation improves the heat transport.
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The heat transference of this process was studied until now considering
conditions of the process. However, additional studies were made to
evaluate the effect of different parameters on the heat transference as
the isothermal study (study of the porous domain and kinetics). Finally,
the Joule effect is the critical phenomenon to close the thermal balance
and, consequently, the effect of the overall specific resistance of the

electrochemical cell was evaluated.

The following studies were performed using the reference conditions at
maximum hydrogen extraction. Maximum hydrogen extractions were
evaluated in the respective isothermal study, apart from the overall
specific resistance where the study was made comparing with the initial
overall specific resistance considered (0.5 Q-cm? at 800°C and an

activation energy of 50.4 kJ/mol).
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9.4.3.1. Results of the study of the porous domain on

adiabatic conditions

The isothermal study of the porous parameters revealed the low impact
of these parameters over the maximum hydrogen extraction. For the
respective study in adiabatic conditions, all conditions were kept
constant considering the initial case (i.e. porosity 0.25 and particle size
10 um), and the electric current was varied considering the results
obtained in the isothermal study when the porosity and the particle size

were varied.

This study pretends to evaluate possible effects of the coarsening of the
nickel particles in the heat transference. Figure 9.23 shows results of
temperature profiles for different particle sizes and porosities for the
internal porous electrode. The reference conditions were kept for all
these studies. As the respective isothermal study did not show important
changes for this study, the adiabatic study does not show changes in the
temperature distribution. Additionally, the possible changes due to the
minor decrease of the maximum applied current when the porosity is

decreased below of 0.15 are mitigated by the effect of the radiation.
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In summary, the coarsening causes a low decrease of the maximum
hydrogen which can be extracted if the porosity falls dramatically. In
this case, in the real setup, the current would have to be adjusted to the
new maximum hydrogen that can be extracted. However, these minor
changes will not cause a significant impact in the heat balance of the

process.
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9.4.3.2. Results of the study of the SMR kinetics in

adiabatic conditions

Isothermal study of the kinetics of the SMR reaction did not show
significant influence on the maximum hydrogen extractions (in the
tested range). However, methane is consumed more gradually along the
tube as slower are the kinetics of this reaction. Figure 9.24 shows
temperature profiles when the SMR kinetics were gradually worsened.
These temperature profiles show how that the cooling down of the
temperature at the beginning of the tube cell disappears gradually when
the kinetics fall down dramatically. This is a consequence of the heat
demand of this reaction distributing more uniformly along the cell for

slow kinetics of the SMR reaction.
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9.4.3.3. Results of the study of the WGS kinetics in
adiabatic conditions

Repeating the methodology of the SMR reaction kinetics, the WGS
reaction kinetics were analyzed. Isothermal study of the kinetics of the
WGS reaction showed low decreases of the maximum hydrogen
extractions. Figure 9.25 shows the temperature profiles when the WGS
kinetics were gradually worsened for the maximum hydrogen situations
reached in each case for the reference conditions. These temperature
profiles show slightly lower temperatures when the Kinetics of the WGS

reaction falls around three orders of magnitude considering the initial
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kinetics. This can be explained as an effect of the applied current that
had to be decreased in this point regarding the initial Kinetics
considered. Therefore, the heats related of the hydrogen extraction or to
the respective current density applied (electrocompression and Joule
effect) decreases, and the heat from the WGS reaction decrease

proportionally to the lower of reaction shift.

WGS Kinetics
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9.4.3.4. Results of the study of the specific resistance in

o5

adiabatic conditions

Finally, the effect of the overall specific resistance of the
electrochemical cell in adiabatic conditions was evaluated. Figure 9.26

shows the temperature profiles when the overall specific resistance of
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the cell is gradually decreased to the maximum hydrogen extractions at
reference conditions. If the cell presents lower overall specific
resistances, the heat of the Joule effect decreases and, keeping all the
conditions and inlet constant, the temperature drops dramatically. To
counteract this decrease of temperature, the total inlet flow of the
reforming chamber can be increased. As previously was explained, the
increase of Joule effect is higher than the increase of the rest of heats of
the process. Therefore, the total inlet flow of the reforming chamber
could be adjusted to reach the suitable temperature correction and to

optimize the cell operation.
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Figure 9.27 shows the temperature profiles when the overall specific
resistance of the electrochemical is gradually increased for the
maximum hydrogen extractions at reference conditions. If the cell
presents higher overall specific resistances, the heat of the Joule effect
increases and, keeping all the conditions and inlets constant, the
temperature increases. Considering that radiation partially mitigates the
heats sources of the process, the increase of temperature due to the
increase of resistance are alleviated as the radiation heat transference

has higher impacts under the overall heat transport. Finally, to adjust
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temperature along the tube cell around 800 °C, the inlet temperature of
the reforming chamber and/or the total inlet flow of the reforming

chamber can be decreased.
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9.5.Summary

This work has built a finite element model to evaluate the integration of
a current assisted membrane reaction based on protonic conducting
materials in a methane steam reforming process. Additionally, this

process allows the pressurization of the hydrogen obtained from the
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electrochemical cell. The model contains the gas flow, transport of
species, reactions, electrochemistry and heat transport. Heat sources
considered were reaction heats, Joule effect and heat of the
pressurization of the hydrogen obtained. The conclusions of this work

can be summarized as:

e The hydrogen pressurization phenomenon using an
electrochemical cell takes place isothermally and it causes a
releasing of the theoretical work as heat. Additionally, this heat
needs to be balanced to avoid the increase of the process
temperature. Otherwise, as the theoretical work is proportional
to the temperature, this heat could cause over-control
temperature situations.

o Isothermal analysis of the model shows there is no diffusion
limitations in the hydrogen extractions in the conditions and
flows considered at 800 °C. However, keeping the
electrochemical area, the increase of the inlet flow could give
diffusion limitations because the low CO content in the last
zone of the cell.

¢ Isothermal analysis shows that, considering typical kinetics for
these reactions, the process presents enough Kinetic activity to
reach the equilibrium.

e Isothermal analysis shows how the porous matrix of the internal
electrode could only limit the hydrogen extraction if the
porosity reaches very low values.

e The study shows how the microthermal integration at 800 °C

for this process is achieved adjusting the temperature of the
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inlet stream. In this microintegration three different regions can
be identified: (i) first zone controlled by the SMR reaction with
a local temperature decrease; (ii) the second zone where there
is a mild increase of the temperature because the heats sources
are slightly higher than the heat demands; (iii) the last area
controlled by the electrocompression due to the low H; partial
pressure substantially increasing the compression ratio in this
zone.

Radiation heat transference help to mitigate the heat sources
and it help to homogenize the temperature in the setup.

The most critical factor for the thermal balance is the specific
resistance of the electrochemical cell. Experimental results
show how this resistance is dominated by the electrolyte
contribution. Moreover, porosity or kinetics do not present
important effects in the adiabatic process unless very closed

porous matrix and/or very slow kinetics.

List of factors

Factor Description Factor Description

D" Average diffusion F(i) molar flow for the i
coefficient for the i compound
compound

Mn average of the molecular Xi molar fraction of the i
weight compound

kairs coefficient for the binary Vi molecular volume for
gas coefficient the i compound

ni coefficient of the Mi molecular weight of the
electrochemical reaction i compound

0] conductivity (i=I ionic; i=S n overpotential
electric)

R Constant of the ideal gases pi partial pressure of the i

compound

Qo) current density source term dp particle diameter for the

(i=I ionic; i=S electric) catalytic bed
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Factor Description Factor Description
P density K permeability of the
catalytic bed
u dynamic viscosity & porosity
Hgi dynamic viscosity of the p pressure
pure i compound
is electric current density Kpri Pressure equilibrium
coefficient for the ri
reaction
Rell electrical resistance of the ri reaction rate for the i
assembly compound
Keg equivalent thermal Eeq reversible potential
conductivity in the porous
domain
z exchanged electrons Eeq” reversible potential in
standard conditions
F Faraday constant AH(i) ri reaction enthalpy
AGri Gibbs energy for the i Si selectivity of the i
reaction compound
AGrio Gibbs energy for the i Op solid porous fraction
reaction in standard
conditions
Cp heat capacity Qor source term
Cpo.i heat capacity of the pure i Temp Temperature
gas compound
y heat capacity ratio k thermal conductivity
Voi heat capacity ratio for the Kg,i thermal conductivity of
pure i gas compound the pure i gas
compound
Heat om, Heat from hydrogen kp thermal conductivity of
compression the solid of the porous
domain
Heatjoule  Heat from the joule effect Itot total electrical current
Heatyy  heat source of the ri p® total pressure of the i
reaction chamber
Qterm heat source term Area transversal area of the
electrochemical
assembly
| Identity matrix u velocity
Ani increment of mols for the i Ni weight flow for the i
reaction compound
i ionic current density Ji weight flux for the i
compound
PrF isothermal compressibility Wi weight fraction of the i

coefficient

compound
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Factor Description Factor Description
Kri kinetic coefficient for the i Bij wilke dimensionless
reaction number between i and j

compounds

Dik Maxwell-Stefan diffusivity F(i) molar flow for the i
compound

X(CH4)  methane conversion Xi molar fraction of the i
compound

SMR Steam methane reforming WGS Water gas shift
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10.1. Introduction

Nowadays, the growing interest to find alternatives to synthetize liquid
petroleum fractions have caused the developing of several processes
using different sources such as biomass [1-3] or natural gas [4-7]. The
main step of this kind of processes is the transformation of light
fractions (C1—C,) into heavier fractions. Methane dehydroaromatization
(MDA) allows methane to be converted into benzene in one-step [8-
10]. However, it is an equilibrium-limited reaction with (methane
conversion around 12% at 700°C) prone to catalyst deactivation due to
coke formation during the process. Previous works have attempted to
improve this process using hydrogen selective membranes to shift the
equilibrium, such as palladium-based membranes [11-16] or hydrogen
ceramic membranes [12, 17, 18]. However, the hydrogen extraction
does not solve the problem of catalyst deactivation due to coke
formation [19]. The oxygen injection either directly in the feed or
through oxygen selective membranes suppress coke formation what
improves the catalyst stability [19-21]. Co-feed with steam improves
the catalytic stability due to coke suppression but steam content above
2.5% can cause a fall in the catalytic activity after several hours as the
steam reacts with the catalyst, in particular, with molybdenum carbides

clusters — active catalyst sites [22-24].

According to Thermodynamics, temperatures above 650 °C are
necessary to achieve significant transformation of methane into
ethylene what increases more coke formation, which is already
significant at lower temperatures (Figure 10.1a). A thermodynamic

analysis of the MDA reactions without considering coke formation
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indicates that to reach high methane conversion is necessary to extract

a high hydrogen fraction (Figure 10.1b). However, as methane tends to

be converted into complex aromatics, hydrogen extraction needs to be

limited to achieve significant methane conversion and simultaneously

orienting the process to benzene production. Bijani et al. [25] showed

that low hydrogen co-feeding could improve benzene selectivity as it

limits high aromatic formation. Their results also show that steam co-

feeding with steam-to-methane ratios above 0.07 cause that the

reforming reactions control the process.
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Previous works have fitted the kinetics of MDA on experimental data

obtained from reactors either assuming lumped or plug-flow models

[26-28]. Corredor et al [29] built a plug-flow model for a reactor with a

membrane for hydrogen removal. The reaction model did not include
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coke formation. Their results showed that removal of hydrogen shifts
the conversion of methane to benzene and naphthalene. Kee et al [30]
studied also a packed bed reactor with hydrogen selective membranes
and observed relevant effects of the space velocity, for example,
relatively high space velocities can minimize the impact of coke

formation.

Recent research of our group has developed a membrane reactor using
co-ionic conducting ceramic membranes that improves significantly the
stability of the MDA reaction achieving very high benzene selectivities
[31]. A scheme of the experimental set-up is shown in Figure 10.2a. In
this reactor, an electrical potential is applied through the
electrochemical membrane cell to simultaneously extract hydrogen and
inject oxide ions thanks to the co-ionic conductivity of the membrane
(Figure 10.2b). In the electrode of the bed chamber, steam is generated
by the electrochemical reaction between the transferred oxide ions and
the hydrogen present. In this way, the oxygen injected to the catalytic
bed forms steam that reacts selectively with the coke particles

enhancing the stability of the catalyst.

The aim of this chapter is to achieve a better understanding of the
physical behavior of the experimental setup and to analyze the effect of
process and geometric variables on the reactor performance, thus
orienting the design of experiments in the laboratory but also the
industrial development of the process. To do that, a model to simulate
the experimental setup was implemented in a software for finite element
analysis. Next, the model kinetic parameters were fitted to experimental

information. Afterwards, several parametric studies were carried out to
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extrapolate the reactor performance at conditions different from those
experimentally studied. The main responses studied were the benzene

yield, hydrogen generation and extraction, and coke suppression.
10.2. Methods

10.2.1. Experimental setup and reference conditions

The catalytic membrane reactor setup consists of a catalytic bed
contained in a quartz tube with a tubular co-ionic conducting membrane
placed in the axis. The height of the catalytic bed is 4 cm, the tubular
membrane has an outer diameter of 9.8 mm and the quartz tube has an
inner diameter of 16.5 mm. The tubular electrochemical membrane is
composed of a thin external layer, a dense electrolyte film (BCZY72)
and an internal porous layer. The external layer acts as the anode (Cu-
based) and the internal layer (a porous BCZY72-Ni support) acts as the
cathode. The catalyst used is the 6Mo/MCM-22. The average particle
size of the catalyst bed size is 300 pum and the porosity is 0.5.

The feed composition was a mixture of CH4 and N; (95/5) injected at a
space velocity of 1500 NmL-h™.gest. The inner chamber was fed with
a moist sweep gas. The reactor operated at isothermal conditions
(700 °C). Further details of the experiment are described in the referred
work [31]. For this study, the reference conditions are those used in the

experimental runs.
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10.2.2. Model implementation

The stationary model of the reactor was implemented in a finite element
software (Comsol Multiphysics 4.4).

Compartment model and governing equations
As the reactor geometry is 2D axis-symmetric substantial

computational simplification was achieved respect to a 3D model.
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Three domains of annular section were considered, a feed chamber, the

catalyst bed and the outlet chamber (Figure 10.3a).

Gas outletboundary g 1
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Outl et % 1 electrode
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channel g
el
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Inlet I
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Figure 10.3. Model implementation of the membrane reactor setup: (a) 2D
axisymmetric domains and boundaries description (b) meshes used.
The process involves several coupled reaction and transport
phenomena. For this study, the following physics were taken into
account: gas flow, reactions, hydrogen extraction and species diffusion
in isothermal conditions (Table 10.1). Heat transfer and
electrochemistry effects were not taken account to focus the analysis on
the interactions between the fluid dynamics, diffusion and reactions
phenomena. The composition only took into account the major species
existing in the catalytic bed: methane, ethylene, benzene, naphthalene,

hydrogen, water and nitrogen.
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The gas flow in the inlet and outlet chambers was modeled using the
Navier-Stokes equations for laminar flow (Eqg. 1, 2). In the catalytic bed,
Navier-Stokes were coupled with Brinkman equations for porous media
including coke deposition as source term (Eq. 3, 4). The averaged-
mixture model (Eg. 5-7) was used to describe the transport of the
different species. The properties of the pure gases were obtained from
[32]. Density of the gas mixture was estimated assuming a mixture of
ideal gases (Eg. 8) and viscosity was calculated using the Wilke mixing
rule (Eq. 9, 10). The binary gas diffusion coefficient was obtained with

an empirical correlation (Eq. 14) based on the Fuller kinetic gas theory.
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The porous region was assumed to be a packed bed of randomly
distributed spherical particles. Its permeability was calculated using the
Carman-Kozeny model (Eg. 11) taken into account the average size and
porosity [33]. Tortuosity of the bed was evaluated as the inverse of the
square root of the porosity [34, 35]. The binary gas diffusion coefficient
(Eg. 14) was calculated with an empirical equation based on the Fuller
Kinetic gas theory [36] and it was corrected with the ratio of porosity to
tortuosity (Eq. 15).

Methane dehydroaromatization is a reactive process limited by
equilibrium.  The reaction model includes the following
dehydrogenation reactions: conversion from methane to ethylene (R1),
ethylene to benzene (R2), benzene to naphthalene (R3) and coke
formation (R4). Although previous works have reported, coke
formation can originate from different pathways, it was assumed that it
is produced from methane exclusively. It was also assumed that coke
suppression (R5) was achieved by selective reaction of steam with coke

depositions.

Coke formation implies losses of mass from the gas flow. As steam
could also react with each hydrocarbon species and to degrade the
catalyst, water partial pressure in the bed was checked to evaluate if the
reforming reactions or catalyst degradation take place. To simplify the
model, the naphthalene concentration used in the calculations
represents the sum of naphthalene and toluene concentrations measured

in the experimental runs.

The kinetic model for the five main reactions considered (Eq. 15-20 of

Table 10.2) was adapted from previous works [28, 37].
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Boundary conditions

Figure 10.3b shows the different boundary conditions used in the
coupled domains. The mass flow and composition of the feed were
specified in the lower boundary of the feed chamber. For the gas outlet,
the boundary condition for flow was a pressure specification and

convective drag was assumed for component transport.

In the electrode boundary, the extraction of hydrogen takes place as
protons and the injection oxygen ions thanks to the electrochemical
process. In the electrochemical reactions, that takes place in the side of

the bed chamber, the hydrogen reacts with the oxygen ions to form
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water and additionally hydrogen is oxidized to protons. The net result
is a positive flux of O atom as steam entering through the boundary and
a negative flux of hydrogen is extracted from the bed chamber
according to Faraday’s law (Figure 10.3a). The ratio of the oxygen ions
to protons was fixed to 0.2 based on experimental results. It was
assumed that the current applied is distributed uniformly along the

electrode.
Meshing and solver

The meshes performed for each domain were based on triangular
elements (Figure 10.3b). Their element size was calibrated for fluid
dynamics. The studies of the effect of the dimensions have their
respective meshes (Figures 10.4 and 10.5). The average mesh quality
used was 0.9194. The areas next to the electrode boundary were refined

to have a finer mesh.

The calculations were carried out using the Parallel Direct Solver
(PARDISO) in steady state mode with parameter continuation to
facilitate convergence. The relative tolerance of the method was 0.001.
Consistent stabilization criterion was chosen for all phenomena using

streamline diffusion and crosswind diffusion.
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Figure 10.4. meshes of the geometries used for the study of the influence of the length

of the catalytic bed and external electrode. (a) length of 1mm; (b) length of 2mm; (c)

length of 6mm; length of 10mm
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Figure 10.5. meshes of the geometries used for the study of the influence of the length
of the catalytic bed and external electrode. (a) catalytic width of 1mm; (b) 21mm; (c)

5 mm; (d) 8 mm; (e) 20mm; (f) 15mm; (g) 20mm.
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10.2.3. Fitting of the kinetic model to experimental data

Prior to the parametric studies, the kinetic coefficients of the reaction
system were fitted to experimental results obtained for the input
reference conditions and different applied currents. The error function
based on the difference of conversion and selectivity between the

Comsol model and the experimental results was minimized.

10.2.4. Studies performed

Once the kinetic parameters were fitted, the model was used to obtain
the composition and reaction rate profiles in the catalyst bed to improve
the understanding of the process. The profiles were obtained for the
experimental conditions corresponding to a case with a 25% of
hydrogen extraction. This parameter is defined as the ratio of the
hydrogen extracted —by the electrochemical cell- to the hydrogen

generated by the process catalytic reactions (Eq. 25 of Table 10.3).

Afterwards, different parametric studies were carried out to evaluate
how the operation parameters and set-up dimensions influence the
performance of the process. For all studies, space velocity was studied
in the range from 500 to 2000 NmL/(h-gcar) at the current for which
maximum hydrogen extraction. To determine this maximum hydrogen
extraction, the electrical current was gradually increased until zero
hydrogen weight fraction was reached on the membrane boundary. The
reference conditions different from the variables evaluated in each

study were maintained to value of the experimental setup.
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The studies performed were:

1. Effect of hydrogen extraction

The electrical current was increased for each space velocity to evaluate
the percentage of hydrogen extracted and the impact on the catalytic

performance.

2. Influence of gas inlet velocity

The total gas inlet flow was varied in the range of 10 — 250 NmL/min

and the catalyst charge was recalculated for each space velocity studied.

3. Influence of reactor geometry

To study the influence of geometry on the hydrogen polarization, the
length and width of the reactor were independently varied at constant
catalyst charge for the reference feed. The reactor length (bed and
membrane length) was varied from 1 to 10 mm. The bed width was
varied from 1 to 20 mm keeping constant the outer radius of the

electrochemical cell.

4. Influence of catalyst bed porosity

The effect of the porosity of the catalytic bed was studied to study their
effect on hydrogen diffusion and process performance. The porosity

was varied from 0.30 to 0.55.

5. Influence of the kinetics of the ethylene formation reaction

MDA is a complex reaction network process limited by the equilibrium

but also by kinetics. After having identified the reaction kinetics
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limiting the process, a sensitivity study was performed by varying the

magnitude of the specific kinetics parameter of this reaction.
10.3. Results

In this section, we show the results obtained in the simulation of the
reference case and the several parametric studies performed. The main
variables analyzed were methane conversion, benzene yield, hydrogen
extraction ratio, and coke suppression. Additionally, an equilibrium
ratio was defined to evaluate the degree of approach to equilibrium of
the different reactions. Table 10.3 shows the equations used to calculate

the mentioned variables.

Parameters Equation id

F, —F
Methane conversion Xcha = CHeS _CHbout (21)

FCH4,f

FC(n) out "1

Yield Yoy =—5—— 22
c(n) FCH4,f ( )

1, dV — F,
Coke vield Yoone = J7:.dV = Feoour (23)
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Itot
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tot + FHZ .
7 F ,OU
. nj
Equilibrium ratio B = Ip, (25)
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Coke Suppression CS = (26)

fT4 dV

The results are mainly discussed on the basis of the maximum hydrogen

extraction ratio attained for each situation. For the parametric studies
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performed, the supplementary figures (S3 to S6) relate the hydrogen
extraction ratio with the current density applied and indicate the

maximum hydrogen ratio.

10.3.1. Fitting the Kinetics to the experimental data

The first step was to fit the model developed in Comsol. Kinetic
coefficients were searched in ranges based in previous experimental
results [31] of the catalytic membrane reactor under different current
applied. The kinetic coefficients obtained are shown in Table 10.4.
Figure 10.6 compares experimental and model results at reference
conditions. The benzene yield is plotted against the hydrogen extraction
obtained. It is also shown methane conversion and the components
selectivity for a situation without hydrogen extraction and a situation
with hydrogen extraction. It can be seen that obtained with the fitted
model show good agreement with the experimental results (error <

15%, especially at lower hydrogen extraction).

Kinetic Adsorption

constant value units coefficient Value units
kr1 5.69 mol/(h-kgearbar?)  Kcha 0.3 1/bar
kr2 1.52-10° mol/(s- gearbar®)  Kcora 0.17 1/bar
kr3 25 mol/(s: gcarbar®)  Kcsris 2.41-10%  1/bar
Kra 1.3 mol/(h-kgcat-bar) KcioHs 2.51-10%  1/bar
krs 90 mol/(h-kgcat-bar) K2 5.06 1/bar
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10.3.2. Spatial distribution of the reaction rates

Figure 10.7 shows the profiles of the reaction rates in carbon basis,

equilibrium ratios, coke suppression ratio, and water and hydrogen

fractions calculated by the model at reference experimental conditions.

It can be seen that the ethylene (R1) and benzene formation reactions

(R2) have very similar profile (Figure 10.7a). Both reaction rates

decrease along the catalytic bed with insignificant radial gradients. The
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naphthalene formation (R3) barely advances in the catalytic bed what
agrees the experimental results. The rate of the coke formation reaction
(R4) is much lower than that of ethylene formation and show uniform
values in the catalyst bed. To evaluate the degree in which each reaction
is near to equilibrium, the profiles of the equilibrium ratio for reactions
1 to 3 were obtained (Figures 10.7b). It can be said that the ethylene
formation reaction (R1) advances gradually until getting close to
equilibrium at the end of the catalytic bed. This situation causes the
decrease of the reaction rate profile. On the other hand, the benzene
formation (R2) gets close to equilibrium in the first portion of the
catalytic bed. This explains the similarity of the reaction rates of

ethylene and benzene formation.

Figure 10.7c shows that the coke suppression ratio increases along the
bed. The steam generated in the external electrode is dragged by the
convective flow, thus determining the appearance of the water profile.
As coke suppression is directly related with steam concentration has
similar distribution. The coke suppression is lower in the bed entrance,
especially in the more distant areas to the external electrode. This fact
is critical because in these areas, the activity of the reactions from
methane to benzene is high and, consequently, an inefficient
suppression of coke depositions can deactivate these zones. Although
the methane can react in other zones of the bed, these first zones, where
the coke could be gathered, could orientate the methane to coke or third
reactions. Therefore, when this process has to be scaled for final
applications, the design has to be carefully designed to reduce the

impact of dead-zones.
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10.3.3. Hydrogen extraction analysis

Figure 10.8 shows the flows of hydrogen generated and extracted from
the reaction chamber and the associated hydrogen extraction ratio. The
maximum extraction of hydrogen from the reaction chamber is found
at the point in which the hydrogen extracted (faradaic hydrogen) is close
the hydrogen generated by all reactions (Figure 10.8a). For the same
current density applied, the lower the space velocity, the higher the
amount of hydrogen generated and consequently the lower the
hydrogen extraction ratio. For all space velocities, there are not
diffusional limitations, as it is possible to obtain high hydrogen
extraction ratios (greater than 95%) independently of the amount of

generated hydrogen (Figure 10.8b).
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Figure 10.9 shows the effect of hydrogen extraction on component

yields at different space velocities. As can be seen, hydrogen extraction
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has a significant effect on methane conversion, which is higher as the

space velocity is lower.
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The benzene yield represents the most important fraction of the total
conversion and always increases with hydrogen extraction. For
example, at the lowest space velocity, total conversion increases from
12% (no current density applied) to 52% (maximum current density)
while benzene yield changes from 9% to 45%. For all space velocities,
the ethylene yield was negligible. The naphthalene yield always
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remains approximately at a low value because it is limited by the low
Kinetics of its formation reaction. As can be observed, the higher the
hydrogen extraction, the higher the CO yield and the lower the coke
yield but the sum of both yields is slightly affected by the hydrogen
extraction. The reason is that the increase of the hydrogen extraction
implies an increase of the oxygen injection and consequently the steam
generated causes the coke to become gradually in CO.

Although the hydrogen extraction shifts the reactions to the production
of aromatics, methane conversion was only around 50% for the lowest
space velocity studied at the maximum hydrogen extraction ratio.
Consequently, the equilibrium is not limiting process under these
conditions and, thus, the hydrogen generation is limited by the kinetics
of the process. The low ethylene yield indicates that the rate dominant
step of the process is the ethylene formation as the kinetics of the
benzene formation is comparatively much faster. Figure 10.10 show the
equilibrium ratios of reactions R1 and R2 for a situation of high
hydrogen generation at 500 NmL/(h-gca) and maximum hydrogen
extraction. The equilibrium ratio of the reaction 1 shows the low
advance of this reaction because the low kinetic activity. Otherwise, the
equilibrium ratio profile of the reaction 2 (benzene formation), shows
how the profile is corrected as the hydrogen is extracted. The hydrogen
molar fraction profile shows how there is not important radial gradients.
Steam molar fraction shows how the steam reaches values above 10%
in the last points of the catalytic bed. Therefore, in this case this steam
could cause the degradation of the catalyst or reforming reactions in this

last zone where the activity of the steam is higher. Finally, the coke
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suppression profile shows how the coke is suppressed practically in all

the catalytic bed.
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Figure 10.11 shows the results for the hydrogen extraction, benzene
yield, and coke suppression reached at the maximum hydrogen
extraction for different spaces velocities when the feed inlet gas
velocity is increased. Figure 10.11a shows that for inlet feed velocities
< 1.5 cm/s, a high hydrogen extraction ratio can be obtained, with its
value being rather independent on the space velocity. Above this value,
the hydrogen extraction ratio decreases as the input velocity increases
because the convective drag of hydrogen overcomes the diffusion
forces for hydrogen transport towards the electrode. The decrease on

the hydrogen extraction ratio is less accused at low space velocity.
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Lower space velocities have higher hydrogen generation but lower
output gas volume because of the higher conversion. The increase on
the average hydrogen concentration in the output is compensated by the
volume reduction and consequently the changes on the convective drag
of hydrogen are less important than the increase on hydrogen generation
(Figures 12b and c). Therefore, greater values of maximum hydrogen
extraction ratios are obtained at lower space velocities (see
Figure 10.12a). Figure 10.11b shows how the benzene yield depends on
feed velocity for the different space velocities and different constant
catalytic loading. It can be seen that the decrease caused by the increase
of velocity is more accused at low catalyst loading. As the space
velocity is lower, the hydrogen extraction shifts more effectively the
equilibrium and high benzene yields are obtained. The decrease of
hydrogen extraction ratio due to the increase of inlet velocity causes a
sharper decrease in the benzene yield at low space velocities. Similarly,
Figure 10.11c shows how the coke suppression decreases with inlet feed
velocity. This decrease is due to the generated steam is swept more
effectively and, therefore, the steam concentration in the areas of the

bed close to the inlet is highly reduced.
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Given the feed flow, the changes on the reactor dimensions affected the

local velocities. Besides, as length of the external electrode coincides

with the bed length, the decrease of the length implied higher diffusion

limitations for the hydrogen to reach the electrode.

Figure 10.14 shows the benzene yield and the maximum hydrogen

extraction ratio as a function of the reactor length for different space

velocities. As can be seen in Figure 10.14a, the effect of the reactor

length on the benzene yield was only significant for the lowest space

velocity where the effect of hydrogen extraction on this response was

greater. The hydrogen extraction ratio keeps approximately constant for

reactor length values greater than 4 cm. If the reactor length is decreased

under this value, the hydrogen extraction ratio starts to decrease
(Figure 10.14b). To understand this effect, the hydrogen molar fraction
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profiles were analyzed (Figure 10.14c). For the shortest reactor, the
hydrogen molar fraction profile is highly polarized along all the reactor
length because a significant fraction of the generated hydrogen is not
able to reach the electrode. While for larger reactors, hydrogen
polarization is gradually mitigated and the radial distribution of

hydrogen near the output becomes more homogenous (Figure 10.14c).
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Figure 10.15 shows the analysis of the variation of the catalytic width.
As the width of the bed is increased, there is a gradual decrease of the
maximum hydrogen extraction ratio (Figure 10.15a). However, it only
causes significant effects on the benzene yield at the lowest space
velocity. Figure 10.15c shows the hydrogen molar fraction profiles for
different catalytic bed widths at maximum hydrogen extraction ratio for
the space velocity of 500 NmL/(h-gear). It can be seen an increase on
hydrogen polarization due to the increase of the distance which the

hydrogen has to cover to reach the electrode.
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Figure 10.16 and Figure 10.17 were used to select the maximum

hydrogen extraction values for each case. They show the effect of the

electric current density on the hydrogen extraction ratio for different

lengths and widths and two space velocities (500 and 1500

NmL/(h'gca[)).
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10.3.6. Influence of catalyst bed porosity

The decrease of the bed porosity increases the gas velocity and
decreases the effective coefficient diffusion. According to this, a
decrease on the maximum hydrogen ratio and consequently on benzene
yield is expected. Figure 10.18 shows the effect of the bed porosity on
these variables for different space velocities. As can be observed, only
a small decrease on the maximum hydrogen extraction ratio is observed
if porosity is lower than 0.4 (Figure 10.18a). The observed decreased is
not high enough to modify significantly to the benzene vyield
(Figure 10.18b). Figure 10.19 shows the current density applied to

increase the hydrogen removed from the reaction chamber at different
space velocities.
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10.3.7. Influence of the ethylene formation Kinetics

As previously was determined, the kinetics of the ethylene formation
reaction is the rate dominant step of the process kinetics. Therefore,
potential catalyst developments could enhance the kinetics of this
reaction and improve the process conversion. Figure 10.20 shows a
sensitivity study in which the fitted value of the kinetic parameter is
multiplied by an enhancement factor. The results show that the kinetics
enhancement causes a remarkable equilibrium shifting and increase of
methane conversion, especially at higher hydrogen extraction. Above
an enhancement factor of 5, methane conversion overcomes 50%

(Figure 10.20a) and benzene yield is improved correspondingly

(Figure 10.20Db).
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Figure 10.21 shows the fraction of hydrogen extracted as a function of

the current density for different enhancements factors of the kinetic

parameter.
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Reaching higher methane conversion implies an increase of the
hydrogen generated and therefore, higher amounts of oxygen are
injected because of the hydrogen extraction for the co-ionic conducting
membranes. For the fitted value of the Kinetic parameter, the full coke
suppression is achieved around 70% of hydrogen extraction, while for
an enhancement factor of 5, full coke suppression is achieved around
60% of hydrogen extraction. However, it should be taken into account
possible negative effects caused by the steam generated that
accumulates along in the reaction chamber. Figure 10.19c shows the
average steam molar fraction in the outlet as a function of the hydrogen
extraction. The results show how high hydrogen extraction ratio causes
significant steam concentration in the catalyst bed. Thus, considering
the works of the steam influence on this kind of catalyst [22-24], this
steam will cause catalyst deactivation or, even if this degradation would
not take place, the reforming reactions will cause significant
degradation not only for methane, but also for the rest of the
hydrocarbon compounds [25]. Therefore, in order to avoid high steam
concentrations in the reaction chamber, the oxygen injection through

the electrolyte must be carefully controlled (Figure 10.2b).
10.4. Summary

A Multiphysics model was built to study the performance of a novel
membrane catalyst reactor for the catalytic dehydroaromatization of
methane. Once the kinetic parameters were fitted by using experimental
results, the model enabled to describe accurately the catalytic behavior

of the reactor setup.
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A reference case using experimental conditions tested in the laboratory
setup was used as a starting point for the different parametric studies.
The analysis of the spatial distribution of the reactions for the reference
case determined that the ethylene formation reaction gradually
advances in the first zone of the reactor and it further does not
significantly progresses. Benzene formation reaction showed similar
profile except for the zones very close to the inlet. Further studies
confirmed that the ethylene formation is the rate determining step of the
process for all operation conditions studied. Naphthalene formation
from benzene was not significant. Coke evolution (coke formation and
coke suppression reactions) was not affected by the hydrogen removal

as it is not an equilibrium-controlled reaction.

Hydrogen extraction was the most relevant factor to improve methane
conversion and consequently benzene yield. In general, the diffusional
limitations were not important and high extracted-to-produced ratios of
hydrogen could be obtained. Lower space velocities gave rise to higher
extraction ratios of hydrogen and consequently higher values of

benzene yield.

The parametric studies determined the conditions leading to important
polarization of hydrogen transport. Above a critical inlet feed velocity
or below a critical reactor length, the maximum hydrogen extraction
ratio starts to decrease for all space velocities. If the catalytic bed width
is increased, the decrease of the ratio is gradual. For typical porosity
ranges there was not observed significant effects. For all parametric

studies, benzene yield was more sensible to hydrogen extraction.
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Coke suppression is directly related to hydrogen extraction because of
the steam formation thanks to the injection of oxygen ions through the
co-ionic conducting membrane. The simulation results are useful to
detect areas where steam concentration is not high enough to reach
suitable coke suppression or concentrations that could deactivate the
catalyst or promote reforming reactions. The mapping of coke
suppression showed low activity in areas near to the reactor entrance
that could be avoided with additional steam co-feeding. Besides,
benzene yield could be significantly improved by the development of
new catalysts that enhance the kinetics of the ethylene formation
reaction. However, the higher hydrogen extraction implies higher steam
concentration that could cause catalyst degradation or reforming

reactions.

Therefore, the simulation model performed could be used to test
geometries and conditions to obtain suitable steam distribution in the
bed and to maximize hydrogen extraction. In order to use this model to
optimize an industrial scale reactor future development like the
inclusion of temperature gradients and implement of the detailed

electrochemical model of the cell.

List of symbols

Factor Description Factor  Description
BZCY72  BaZry;Cep,Y 0103 NmL Normal gas volume expressed
inmL
CS Coke suppression (%) p pressure (Pa)
DC Direct electric current pi partial pressure of the i
compound (Pa)
Deffi; Corrected diffusivity in the Qor source term for the mass
porous domain (m%s) balance (kg/m®/s)
Dik Maxwell-Stefan diffusivity Rg Constant of the ideal gases
(m?/s) (8.314 J/mol/K)
DI Average diffusion coefficient ri reaction rate i (mol/kg/s)

for the i compound (m%/s)
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Factor Description Factor  Description

dp average of particle size in the T Temperature (K)
porous domain (m)

ei error (%) u gas velocity (m/s)

F Faraday constant (96485 C/mol) Vi molecular volume for the i

compound

Fio Molar flow of the i compound in Wi weight fraction for the i
the b boundary (mol/s) compound

GHSV Gas hourly space velocity XCHa4 methane conversion (%)
(NmL/(h-gcar))

HR Hydrogen removed (%) Xi molar fraction of the i specie

i current density (A/m?) Yi Yield of the i compound (%)

io2- current density of the oxygen z electron exchanged
ions (A/m?)

Itot Total electric current applied (A) Pr isothermal compressiility

coefficient

Ji Boundary flux of the i specie pi equilibrium ration of the i
(kg/s/m?) specie (%)

ji weight flux for i (kg/m?/s). €p porosity (%)

kd diffusion coefficient (m?-Pa/s) K permeability of the porous

domain (m?)

Ki Adsorption constant for the i " viscosity (kg/m/s)
compound (Pa)

Kpi Pressure equilibrium constant Hgi gas  viscosity of the
for the reaction Ri (units component i (kg/m/s)
depending on the reaction)

Kri kinetic ~ coefficient of the p gas density (kg/m?)
reaction r; (units depending on
the reaction)

MDA Methane DehydroAromatization Peat catalyst concentration in the

porous domain (kg/m®)

Mi Molecular weight of the i ) tortousity of the porous
compound (g/mol) domain

Mn Mean of the molecular weight of 0ij wilke number for the couple
the gas mixture (g/mol) of i and j components

nCi Carbon number of the i v Correction of the kinetics for
compound the adsorption phenomena

N; weight flow for i (kg/m?/s). T, Tortuosity
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11.General conclusions

This thesis presents results of two differentiated parts: (i) experimental
work focus in the development of electrodes for tubular electrochemical
cells based on copper and (ii) simulation work based on CFD models.
Therefore, separated conclusions were presented considering the

experimental conclusions (E) and the modelling conclusions (M).

The main conclusions of the development of layers based on copper for

tubular electrochemical cells are:
¢ Dip-coating technique to deposit the electrode

Ei: Dip-coating methodology presents high reproducibility while the
sintering temperature is identified as the most critical parameter of the

process.

E2: Copper based cermet electrodes deposited on tubular cells by dip-
coating present suitable and stable polarization resistance under moist
conditions when the sintering temperature was between 1000 and
1025°C.

e Sputtering technigue to deposit the electrode

Es: Sputtering of copper electrodes requires high temperatures during
the depositions to achieve suitable attachments to the electrolyte.

Otherwise the copper layer is delaminated after the deposition.

E4: Copper sputtered layers deposited at high temperatures present
excellent and stable polarization resistances (around 0.1 Q-cm?) in

moist conditions at 700°C in H based atmospheres.
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The development of the CFD models have revealed the next main

conclusions:
e Oxygen permeation in MIEC membranes

Ma: although the fitting of a model is complex using a 3D Multiphysics
approach, it allows including the possible effects of the concentration
polarization on the permeation model. This phenomenon is usually
neglected for the conventional modelling of this process (using 0D and
1D models).

M2: higher membrane thicknesses are necessary (> 1mm) for that the
bulk contribution resistance would be comparable to the surface
resistances. It leads to the oxygen permeation could improve more
efficiently using more effective surface area than using thinner

membranes (e.g. using porous domains)

M3s: concentration polarization causes significant differences between
the oxygen partial pressures in the chamber and in the surface contact
of the membrane. The polarization of the permeated oxygen could be
avoided using high flow of the sweep gas and, specially, using heavier
gas compositions. Using heavier gases improves the force of the gas

flow to sweep the oxygen permeated.
o Electrolysis based on protonic ceramics at high temperature

Ms: the temperature of the electrolyser depends on the heat from the
Joule effect. Therefore, the control of the heat management of a

electrolysis setup is based on the cell potential.

Ms: Upscaling electrolyser based on protonic ceramics are strongly

affected by the relation potential — temperature. The configuration of
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the setup has to be carefully selected to avoid heterogeneous electrical
current distribution along the different cells (considering multicell
setup). Neglecting this concept leads the process to gather current in the
favored cells that implies higher cell potentials and, finally, higher
temperatures. This is not only inefficient, but it could lead to problems
in the setup if the local temperatures reach material melting point.
Thermoneutral potential could help to control the temperature of the

electrolyser in the desired value.

Me: The hydrogen could be obtained at high pressure. The increase of
the hydrogen pressures causes an increase of the potential which could
be partially mitigated increasing the pressure in the steam chamber.
Furthermore, the efficiency of the process is controlled by the faradaic
efficiency, the overpotentials and the steam conversion. The
experimental results show that the process is more efficient working at
potentials equal or lower than the thermoneutral potential as, in this
regime, the faradaic efficiency is high and the overpotentials are low.
Finally, a high steam conversion prevents the waste of the evaporation

energy.
e Protonic membrane reformer

My-: There is no H, diffusion limitations. However, the diffusion of CO

could limit the shifting of the WGS reaction if the gas flow is high.

Ms: Microthermal integration of the heats of the process could be
achieved at 800°C since the operation regime (methane flow and
applied current) is adjusted. This microthermal integration allows the
process to work thermally balanced and autonomously. For this

microthermal integration the most important parameters are the
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magnitude of the cell resistance while cell support porosity is less

important.

Moq: the pressure of the separated H, could be increased while the

process could absorb the released heat.

e Methane dehydroaromatization by catalytic membrane reactor

based on co-ionic ceramics.

Mo: there is no hydrogen diffusion limitations in these conditions for
this process. However, the reactor dimensions have to be suitably
selected during the design to avoid the hydrogen extraction is not
limited by gas diffusion. Furthermore, the feeding of the inlet gas could
limit the hydrogen extraction as the gas velocity increases the sweep of

the hydrogen, stopping its diffusion until the electrode.

Mai: the shifting of the equilibrium-controlled reactions by the H,
extraction is limited by the kinetic activity of the ethylene formation
reaction. The coke suppression is achieved (completely or partially) by
the oxygen injection because the co-ionic conductivity of the
electrochemical cell. However, this oxygen injection has to be carefully
controlled (e.g. by the steam presence in the non-reactive chamber) to

avoid undesired reforming reactions or catalyst deactivation.
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12.Acronyms

Id

AC

AFC
BZCY
CFD
COMSO

DC
DMFC

EDS
EDTA
EG

EIS
FESEM

ICP

MIEC

SOFC
OH-o
Oox
OT™M
P2h

Description

Alternating Current

Alkaline Fuel Cell
BaZrxCeyY1-x-yO3
Computational Fluid Dynamics

Comsol Multiphysics software

Direct current

Direct Methanol Fuel Cell

electron

Energy Dispersive X-ray spectroscopy
Ethylenediaminetetraacetic acid

Ethylene glycol

Electrochemical Impedance Spectroscopy
Field emission scanning electron microscope
hole in the lattice

Inductively Coupled Plasma Optical Emission
Spectroscopy

mixed ionic and electronic conductivity

Oxygen ion conducting SOFC

proton localized on the oxygen ion
oxygen ion in the oxygen ion lattice site
Oxygen Transport Membranes

Power to hydrogen
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PAFC Phosphoric Acid Fuel Cell

PC- Protonic SOFC

SOFC

PEMFC  Polymer Electrolyte Membrane Fuel Cell
PSA Pressure Swing Adsortion process

PVP Polyvinylpyrrolidone

SEM scanning electron microscope

SMR Steam Methane Reforming

SOEC Solid Oxide Electrolyser Cell

SOFC Solid Oxide Fuel Cell

SSR Solid State Reaction

TEC Themal Expansion Coefficient

TPB Triple Phase Boundary

vO Oxygen vacancy

WGS Water Gas Shift reaction

XRD X-ray diffraction technique

YSZ Ytrium-Stabilized Zircona
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13.Figure list

Figure 1.1: Worldwide energy outlook and perspectives. (a) primary energy
consumption by fuel (toe: tonne of oil equivalent); (b) shares for equivalent
energy. * Renewables includes wind, solar, geothermal, biomass and biofuels

Figure 3.1. Publications about membrane reactors [1]. ....c..cccocevvvvivnininnnnns 29
Figure 3.2: membrane reactor principle. (a) Shifting the chemical
equilibrium removing products of the reaction chamber; (b) Shifting the
chemical equilibrium injecting reactive of the reaction chamber. ................ 30
Figure 3.3. Summary of processes where oxygen- and hydrogen-permeable

membranes for membrane reactors at high temperatures. Figure from [41].

....................................................................................................................... 34
Figure 3.4. Electrochemical cells: generical discharge electrochemical
CUPV. 1ttt etttk h ket bbbkt h e b et e s bbbt e bt b e et e et e b besneens 35
Figure 3.5. Electrochemical cells: view of general assembly considering
cationic conducting based cell or anionic conducting based cell. ................ 36
Figure 3.6. llustration of the different defects in a plane of the crystal
STFUCTUTE. ettt 39

Figure 3.7. Examples of combination of defects to keep the electroneutrality.
(a) Schottky disorder; (b) Frenkel disorder; (c) Anti-site disorder............... 40
Figure 3.8. Electric conductivity for different materials according their
ENEIGY DANAS ...t 41
Figure 3.9. Semiconductors type n (a-b) and type p (c-d). (a) Two-
dimensional representation and (b) corresponding energy bands for n-doped
Si with As. (c) Two-dimensional representation and (d) corresponding energy
bands for p-doped Si with Ga. CB: conduction band; Ec: lower energy level

of the conduction band; Ep: energy level of the donor atoms; Ey: upper
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energy level of the valence band; Ea: energy level of the acceptor atoms.
Image extracted from [46]......ccccereiirieiie e 42
Figure 3.10. Fluorite crystal structure, AB2, where the orange balls are
tetravalent cations while green balls are the anions (in this case, O%). Image
extracted from [48]. ..o 43
Figure 3.11. Perovskite crystal structure, ABOs. Green ball is the A large
cation centered in the crystal cell; grey balls represent the B cations and the
red balls are the O%. Image extracted from [48]. ......c.cccoovveereeeecireincnnne, 44
Figure 3.12. Oxygen ion conductivity as function of the reciprocal
temperature. LAMOX: LazM020g. [40]....cviviiieiiiie e 45
Figure 3.13. Grotthus type proton mechanism. Traces of the oxygen atoms of
two octahedra where the protonic motion generates the ring -like object
around the oxygen atom in the center and it diffuses to another oxygen
position. Image obtained from [60] and mechanism discussed in [61]......... 46

Figure 3.14. Summary of the protonic conductivity of different materials

50 SRR 49
Figure 3.15. Mechanism of oxygen permeation through an MIEC membrane
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Figure 3.16. Crystal structure of the oxygen permeation materials based on
mixed ion and electronic materials. (a) pyrochlore (A;B,07)) (obtained from
[48]); (b) brownmillerite (A;B,0s) (obtained from [71]); (c) K2NiF4

(obtained from [48]); (d) Ruddlesden-popper (obtained from [48])............. 52
Figure 3.17. Schematic picture of dual-phase membranes. Image extracted
FrOM [B3] oo e 53
Figure 3.18. Methodology to use finite elements. Image extracted from [149].
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Figure 3.19: Main results of CFD model of cyclohexane dehydrogenation in
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- Then the prophecies of the old songs have
turned out to be true, after a fashion! — said Bilbo

- Of course! — said Gandalf — And why should not
they prove true? Surely you don’t disbelieve the
prophecies, because you had a hand in bringing
them about yourself? You don’t really suppose, do
you, that all your adventures and escapes were
managed by mere luck, just for your sole benefit?
You are a very fine person, Mr. Baggins, and | am
very fond of you; but you are only quite a little

fellow in a wide world afterall!
- Thank goodness! - said Bilbo

Extracted from The Hobbit. J.R.R. Tolkien
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