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Abstract 

 

1 

ABSTRACT 

 

This thesis is concerned with the preparation of Ni-based catalysts and hydrogen 

selective PdCu membranes that allow the integration of hydrogen production and 

purification processes. With this purpose, Ni-based catalysts supported over MgO and 

Al2O3 were prepared by wet-impregnation method. These catalysts’ activity was tested 

in CPO, wet-CPO and SR processes from methane, varying operating parameters 

according to the kinetics and thermodynamics of the reactions involved. Their 

characterization was performed using diverse chemical and structural techniques. 

Ni/MgO showed better activity and stability than Ni/Al2O3 operating at CPO or wet-

CPO with S/C=0.5 at 1073 K and atmospheric pressure. 

 

PdCu membranes for hydrogen purification were prepared at ECN facilities, in The 

Netherlands, by electroless plating of Cu over Pd ceramic membranes. The preparation 

method was optimized in order to prepare thin and dense membranes with a Pd 

concentration between 44-82 wt% and 0.7-1.7 µm thickness. Membranes were firstly 

tested under pure hydrogen to study their performance and stability with thermal cycles. 

Uncontrolled cooling was found to be critical for membranes behaviour. 

 

Once the catalysts and the membranes were prepared and tested, both processes were 

integrated. Critical process parameters were optimized, such as feed pressure and sweep 

gas flow, and the problem of coke formation in the membrane module due to CO 

containing gases was solved. Afterwards, hydrogen purification from complex mixtures 

produced in the catalytic reactor was analysed. It was concluded that CO did not 

negatively affect hydrogen permeability and water seemed to have a positive effect on 

it. Around 60-65 % of the hydrogen fed to the membrane module was recovered in 

diluted mixtures (20-30 %). 

 

Finally, a more realistic process integration was performed testing the membranes, the 

catalysts and the integrated process with H2S addition, with concentrations lower than 

100 ppmv. The used Ni/MgO catalyst was not deactivated. It was observed that sulphur 

was not irreversibly adsorbed on the membranes surface but led to a decrease of 

selectivity.  
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LABURPENA 

Tesi honetarako katalizatzaile berriak eta hidrogenoari selektiboak diren PdCu mintzak 

prestatu dira hidrogenoa ekoizteko eta arazteko prozesuak integratzeko helburuarekin. 

Helburu hau lortzeko MgO eta Al2O3 euskarritzat dituzten nikelezko katalizatzaileak 

prestatu ziren inpregnazio hezea metodoa erabiliz. Katalizatzaileen aktibitatea 

metanotik hidrogenoa ekoizteko hiru prozesuetan (oxidazio partziala, oxidazio hezea eta 

lurrun bidezko erreformatua) eta lan-baldintza desberdinetan neurtu zen. 

Katalizatzaileak prestatu eta erabili ondoren teknika kimiko eta estrukturalak erabiliz 

karakterizatu ziren. Ni/MgO katalizatzaileek jokaera hoberena aurkeztu zuten oxidazio 

partzialean 1073 K-etan eta presio atmosferikoan edo oxidazio ezean lurrin/karbono 

erlazio txikiarekin, 0.5ekoa hain zuzen ere.  

 

Hidrogenoa arazteko mintzak Herbehereetan dagoen ECN instalazioetan prestatu ziren, 

zeramikazko Pd mintzak eta jalkitze ez elektrolitikoa erabiliz. Mintzak prestatzeko 

metodoa optimizatu zen %44-82 Pd pisutan eta 0.7-1.7 µm-ko PdCu mintz meheak eta 

selektiboak lortzeko. Mintzen iragazkortasuna eta egonkortasuna aztertzeko lehenengo 

saiakuntzak hidrogeno puruarekin eta ziklo termikoak erabiliz egin ziren. Kontrolik 

gabeko hozteak oso kaltegarriak izan ziren mintzen bizi iraupenerako. 

 

Katalizatzaileak eta mintzak prestatu eta banaka probatu ondoren, prozesu biak 

integratu egin ziren. Hidrogenoa ekoizteko eta arazteko prozesuan garrantzizko 

parametroak optimizatu ziren, hala nola elikadura presioa eta arraste-gasaren emaria. 

Aldi berean, CO-z osatutako nahasteek mintz moduluan sortutako koke arazoa ere 

konpondu zen. Ondoren, hidrogeno arazketa saiakuntzak egin ziren, baina erreaktore 

katalitiko batetik sortutako gas nahastea zuzenean mintzera elikatuz. Lortutako 

emaitzetatik ondorioztatu zen CO-ak ez zuela hidrogenoaren iragazkortasunean eragin 

negatiborik eta bazirudien urak eragin positiboa zuela. Mintzetara heltzen zen hidrogeno 

diluitutik (%20-30 hidrogeno) %60-65a berreskuratzen zen. 

 

Gas naturalean metanoarekin batera sufre trazak aurkitzen direnez, prozesu osoa 

(katalitikoa eta mintza) sufre konposatu bat gehituta probatu zen. Saiakuntza 

desberdinak egin ziren 100 ppmb H2S baino gutxiagoko gas nahasteekin. Erabilitako 

Ni/MgO katalizatzailea ez zen desaktibatu sufrearen eraginez. Mintzean sufre adsortzioa 

itzulgarria izan zen, baina bere H2:N2 selektibitatea jaitsi zen.   
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RESUMEN 

 

El hidrógeno se presenta en la actualidad como uno de los vectores energéticos del 

futuro, debido a las ventajas que presenta con respecto a los combustibles empleados 

hoy en día. Una de ellas es que se puede producir de forma descentralizada, 

permitiendo, por ejemplo, el aprovechamiento del exceso de energía producido en 

parques eólicos mediante electrólisis de agua. Otra ventaja se encuentra en su uso en 

vehículos, disminuyendo la polución, principalmente en las ciudades. Empleando 

hidrógeno como combustible en vehículos con motor eléctrico y pila de combustible se 

produce como único producto vapor de agua.  

 

Hasta la completa implantación de la llamada economía del hidrógeno es necesaria una 

etapa de transición durante la cual se prepare la infraestructura necesaria. En ese periodo 

se hace necesaria la posibilidad de obtener hidrógeno en grandes cantidades y a un 

precio competitivo. Con este propósito, y mientras la obtención de hidrógeno mediante 

energías renovables continúa desarrollándose, la fuente más adecuada de hidrógeno es 

el gas natural. El principal componente del gas natural es el metano, cuyo porcentaje 

puede oscilar entre el 85-97% en función del origen del gas. Y esta molécula es la que 

mayor ratio H:C presenta, por lo que para una misma cantidad de hidrógeno producido 

se emite menor cantidad de CO (tóxico) o CO2 (gas de efecto invernadero). Además, 

apenas produce productos secundarios que puedan ocasionar mayores problemas 

ambientales.  

 

La tecnología más extendida actualmente en la industria para la producción de 

hidrógeno a partir de gas natural es el reformado con vapor (RV). Si bien, existen 

procesos prometedores como la oxidación parcial catalítica (OPC), que es un proceso 

exotérmico, y la oxidación parcial catalítica húmeda, que presenta ventajas tanto del RV 

como de la OPC. El empleo de gas natural, de gran accesibilidad debido a la extensa red 

de gasoductos de la que se dispone en la actualidad, permitiría un arranque competitivo 

de la energía del hidrógeno y descentralizado.  

 

Además de la necesidad de una producción competitiva frente a los actuales 

combustibles, debe de tratarse de un hidrógeno de pureza suficiente para ser empleado 
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en las pilas de combustible. El hidrógeno producido por OPC o RV se encuentra en una 

corriente mezcla, por lo que es necesaria su purificación. Existen diversas tecnologías 

implantadas en la industria para la purificación de gases, siendo el PSA (pressure swing 

adsorption) la más empleada. Esta técnica consiste en la separación de un compuesto 

gaseoso de una mezcla de gases adsorbiéndolo en un sólido por efecto de la presión. El 

coste de operación de esta técnica es elevado y es necesario disponer de dos unidades en 

paralelo para trabajar en continuo. Las membranas selectivas de hidrógeno basadas en 

Pd son sistemas avanzados para la purificación de hidrógeno de corrientes mezclas. 

Estas membranas presentan una selectividad infinita a hidrógeno, permitiendo producir 

una corriente de gran pureza.  

 

El presente proyecto de tesis se encuadra en el escenario anteriormente descrito. Se 

analizó inicialmente la producción de hidrógeno a partir de gas natural para purificarla a 

continuación en un módulo dotado con una membrana de PdCu.  

 

Para la producción de hidrógeno a partir de gas natural se prepararon tres catalizadores 

no convencionales de níquel soportado mediante impregnación húmeda. En estos 

catalizadores se analizó la influencia de soporte básico (MgO) y ácido (Al2O3), así como 

el efecto de añadir distintas cantidades de níquel en el caso del básico (30 y 40%). El 

porcentaje real de metal activo en estos tres catalizadores se determinó mediante análisis 

químico y estos fueron entre un 2 y un 6% inferiores al nominal, pero dentro del rango 

experimental aceptable. Se tomaron imágenes de microscopía electrónica de los 

catalizadores para estudiar la dispersión del metal activo en los soportes. Se observó que 

el níquel se encontraba mejor disperso en el soporte básico MgO, de forma homogénea 

y en pequeñas partículas, que en el soporte de alúmina.  

 

Las propiedades texturales de los catalizadores frescos se estudiaron mediante isotermas 

de adsorción y desorción de nitrógeno. El área superficial BET de los soportes 

empleados era bajo, especialmente el soporte de alúmina con 6.2 m2/g. Tras la 

deposición de níquel el área superficial varió. Aumentó ligeramente en el soporte 

alúmina, dada su baja área superficial inicial, y disminuyó en los de MgO, 

probablemente debido al cierre de poros pequeños como se concluyó por el aumento de 

su tamaño promedio. 
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Se determinó también la capacidad reductora de los catalizadores mediante la técnica de 

reducción a temperatura programada. Los resultados obtenidos mostraban dos picos de 

reducción del níquel (II) a níquel metálico, que es la fase activa del proceso, alrededor 

de 698 y 898 K. El primer pico se debía principalmente al NiO libre y el de mayor 

temperatura al NiO que se encuentra interaccionando con el soporte. En los 

catalizadores de MgO no se detectaron picos de reducción. Esto se debe a la formación 

de la solución sólida de Ni/MgO detectada también en bibliografía y que explicaría 

tanto este efecto, como la buena dispersión observada en las imágenes de microscopía y 

los resultados de difracción de rayos X. 

 

La actividad catalítica de los catalizadores en OPC, OPC-húmedo y RV se analizó a 

distintas temperaturas (1073 y 898 K) y velocidades espaciales de gas (600 y 1200 h-1). 

En las condiciones de OPC la conversión obtenida fue prácticamente la de equilibrio a 

1073 K y superior a 898 K. En ambos casos la temperatura del lecho era superior a la de 

control de entrada debido a la exotermicidad del proceso para los tres catalizadores. 

Comparando a 1073 K los tres procesos de obtención de hidrógeno para cada 

catalizador y ambas velocidades espaciales, la actividad fue muy inferior en los 

procesos con presencia de agua. En OPC-húmeda, con bajo contenido en agua, la 

conversión disminuyó ligeramente hasta el 80 % mientras que el rendimiento a 

hidrógeno aumentó. En las condiciones de proceso empleadas la actividad de los 

catalizadores en RV fue baja. 

  

Continuando con la caracterización de los catalizadores estos se analizaron mediante 

difracción de rayos X (DRX) y espectroscopía de rayos X (SPX) para determinar los 

principales compuestos que los formaban. En las muestras frescas-reducidas de los 

catalizadores de MgO se detectó NiO, pero en los mismos ángulos de difracción que el 

MgO. Esto reforzaba la hipótesis de la formación de solución sólida en este catalizador. 

Se analizó el tamaño promedio de partícula cristalina tras realizar ensayos de OPC-

húmeda y RV y se observó la sinterización de partículas. Mediante los análisis de SPX 

se determinó la composición química de la superficie de los catalizadores. En las 

muestras frescas-reducidas los catalizadores de alúmina no se habían reducido 

completamente, probablemente debido a fuertes interacciones con el soporte. De la 

misma forma, en los catalizadores de MgO alrededor de la mitad del níquel se había 

reducido a Ni0. En las muestras analizadas tras ensayos de actividad se observó mayor 
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cantidad de Ni metálico en los catalizadores de Ni/MgO, indicando que si bien su 

reducción parece complicada por la formación de la solución sólida éste se va 

reduciendo a lo largo del proceso y se mantiene estable. En la muestra usada del 

catalizador de Ni/Al2O3 se observó una rápida reoxidación del níquel metálico a NiO. 

Tal y como se esperaba en los catalizadores probados en OPC-húmeda y RV, no se 

detectó acumulación de coque que pudiera derivar en una desactivación del catalizador.  

 

Tras los ensayos de actividad realizados con los catalizadores preparados se 

seleccionaron las condiciones de operación óptimas para posteriormente ser empleadas 

en la integración de los procesos de producción de hidrógeno seguido de su purificación 

en el módulo de membrana. Previamente a la integración de los procesos se procedió a 

preparar y caracterizar las membranas selectivas de hidrógeno.  

 

Las membranas de PdCu se prepararon depositando el Cu mediante deposición no 

electrolítica sobre una membrana de Pd. Un vez depositado el cobre ambos metales se 

alearon para completar la mezcla, ya que es el Pd quien tiene la capacidad de disociar la 

molécula de hidrógeno en dos átomos capaces de difundirse a través de la capa metálica 

densa. La morfología y espesor de la capa metálica de las membranas se determinó 

mediante imágenes de microscopía electrónica (SEM) y se observaron superficies 

homogéneas y brillantes a la vista. Tras analizar imágenes SEM de membranas antes y 

después de realizar la aleación se concluyó que no era necesaria la completa aleación de 

los metales para obtener una membrana con alta y constante permeabilidad.  

 

La permeabilidad de hidrógeno de las membranas se determinó mediante ciclos 

térmicos a 673 y/o 773 K en los que se realizaba un enfriamiento en gas inerte y otro en 

atmósfera de hidrógeno. La permeabilidad de las membranas se encontraba en el rango 

de las halladas en bibliografía. Los valores del exponente de presión calculados a partir 

de los datos de permeabilidad fueron superiores a 0.5, dado el pequeño espesor de la 

capa metálica de en torno a 1-2 micras. La permeabilidad de las membranas se mantuvo 

constante durante los ciclos térmicos, y no se detectó fragilización de la capa metálica 

durante los ciclos en hidrógeno.   

 

La fase inicial de la integración en la planta piloto de la producción y purificación del 

hidrógeno supuso la optimización de dos parámetros con gran efecto en ambos 
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procesos: la presión de la alimentación y el caudal del gas de arrastre en la membrana. 

El mayor ratio de hidrógeno purificado y producido se obtuvo operando a 3.5 bar(g) de 

presión en la línea de alimentación y con un caudal de gas de arrastre igual al 20% del 

caudal de entrada al módulo de membrana. En estas condiciones se analizó la 

purificación de hidrógeno de corrientes complejas producidas en el primer reactor a 

partir de OPC y OPC-húmeda con los catalizadores preparados. En dichos ensayos el 

porcentaje de hidrógeno en la corriente producida en R1 varió en función de las 

condiciones de operación entre un 20 y un 30%. El hidrógeno recuperado en el módulo 

de membrana fue de en torno al 60-65% y no se observó una desactivación de la 

membrana como consecuencia del contacto con gases como el CO o CO2. La adición de 

agua pareció tener un efecto positivo en el comportamiento de la membrana. 

 

Dos de las membranas ensayadas con mezclas complejas, M6 y M7, sufrieron 

enfriamientos incontrolados, algunos de ellos en presencia de hidrógeno. Tras 3500 y 

1500 horas de operación, respectivamente, M6 y M7 dejaron de ser selectivas a 

hidrógeno. Durante el tiempo de operación de la membrana M6 el caudal de nitrógeno, 

la fuga, a través de la membrana se mantuvo constante, y fue disminuyendo el del 

hidrógeno. Tras el enfriamiento incontrolado la membrana dejó de ser selectiva y una 

vez fuera del módulo se observó que el metal se había desprendido del soporte 

cerámico. En imágenes de SEM se observó que los límites de grano se habían hecho 

más profundos, debido seguramente al estrés térmico. En la membrana M7 el flujo de 

hidrógeno se mantuvo hasta el segundo enfriamiento incontrolado momento en el que 

también el flujo de hidrógeno disminuyó. Tras el ensayo con estas dos membranas se 

concluyó que el estrés térmico debido a los enfriamientos incontrolados fue crítico para 

las membranas y que afectaba tanto a su permeabilidad como a la creación de poros. 

 

Por último se realizaron ensayos con una membrana en mezclas de azufre con inerte y 

con mezclas complejas. Al añadir 100 o menos ppmv de H2S en una mezcla con 

hidrógeno puro, el porcentaje de hidrógeno recuperado en el módulo de membrana 

disminuía considerablemente, en torno a 75 puntos porcentuales. Pero al retirar el azufre 

del medio la membrana recuperaba la permeabilidad inicial, lo que implicaba que el 

azufre no se adsorbía de forma irreversible sobre la superficie metálica. Se analizó 

también el efecto de la adición de azufre en el proceso integrado de producción y 

purificación de hidrógeno mediante OPC y OPC-húmeda. En ambos casos 32-33 ppmv 
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de H2S no afectaron la actividad del catalizador, si bien la purificación de hidrógeno 

disminuyó de un 80 % en OPC y un 60 % en OPC-húmeda iniciales a un 40 % al añadir 

H2S. De nuevo, al retirar el compuesto de azufre la permeabilidad de la membrana se 

recuperó.  

 

Durante los ensayos con azufre se observó que la fuga de la membrana aumentaba con 

el tiempo, lo que se puede justificar con un ataque preferente del azufre en los límites de 

grano o zonas débiles, llegando a crear poros en el metal. Las condiciones húmedas 

fueron especialmente críticas para la membrana. Al concluir las pruebas con azufre, y 

cuando la fuga de la membrana era ya muy elevada, ésta se retiró del módulo y se 

observó que la capa metálica no se había desprendido del soporte de la misma forma 

que en las dos membranas anteriores. La ruptura de la capa metálica se produjo en la 

zona de la membrana que trabajó a concentraciones mucho más elevadas a los 100 

ppmv alimentados, ya que tras permear el hidrógeno al interior del tubo de la membrana 

la concentración de azufre al final de la membrana era mucho mayor. Sin embargo, no 

se observó azufre adsorbido en la superficie, corroborando la teoría de que el azufre no 

se adsorbió de forma irreversible en la membrana de PdCu.  
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Hydrogen is foreseen as an important energy carrier in a future sustainable energy 

society. It can be produced by different sustainable ways, but there will be a transition 

between nowadays energy structure and the future sustainable situation. During this 

transition natural gas can be used for hydrogen production. It is the cleanest fossil fuel, 

and the highest H2/(CO + CO2) ratio can be obtained from its conversion. In most of the 

hydrogen applications high purity hydrogen is needed and hydrogen selective Pd alloy 

membranes can be used to fulfil this objective. An overview of the existing technologies 

for hydrogen production and the published research about H2 producing catalytic 

processes and PdCu membranes will be presented in this chapter.  
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The problems associated with petroleum use like pollution, global warming, oil spills 

and our increasing dependence on fossil fuels, have made it necessary to find new 

alternatives for the energy supply. The petroleum barrel production per year is already 

higher than the amount of petroleum that is discovered. Hydrogen is foreseen by many 

as an important energy carrier in the future. Today it is used in petroleum refinery, 

ammonium and fertilizers production and in fuel cells. The latest advances in fuel cells 

point to them as a very promising solution in the automobile sector to reduce air 

pollution. Hydrogen economy presents another important advantage: its decentralized 

production is possible. It can be generated from hydrocarbons, mainly from natural gas 

steam reforming; from water electrolysis, which requires energy that can be supplied 

from renewable sources like solar or wind; and from biomass or coal gasification. In 

most of these processes hydrogen is generated in a mixed stream. The main requirement 

of PEM fuel cells is that they need high purity hydrogen, so a purification unit is 

necessary. For this purpose there are different techniques: “pressure-swing adsorption” 

(PSA) which is widely used in industry and hydrogen selective membranes, which are a 

promising future technology mainly for decentralized production. Nowadays around 

half of the hydrogen is produced from natural gas, which is the hydrocarbon with the 

highest H:C ratio. Hydrogen production from natural gas is studied here as an option for 

the transition to a hydrogen economy. In the future the ideal situation would be 

hydrogen production from renewable energies to really have a green energy scenario.  

 

1.1 Hydrogen uses 

Nowadays the main uses of hydrogen are fossil fuel processing and ammonia 

production, but it is also interesting as an energy carrier. Hydrogen use in transportation, 

via fuel cells, would burn relatively cleanly without carbon emissions. It is years that 

prestigious motor companies like BMW, Toyota, Chrysler and Daimler Benz are 

working in the development of this system, and they have some prototypes. The energy 

conversion efficiency of fuel cells, defined as the fraction of the fuel’s energy that is 

available as mechanical energy at the wheel, is intrinsically higher than that of internal 

combustion engines since it is not limited by the Carnot cycle. The maximum 

theoretical electrical efficiency of the fuel cell stack can be 85 % [1], because of the 

internal resistance, etc. And the practical electrical efficiency of the fuel cell could be 

50-70 % [2].  
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1.2 Hydrogen production from natural gas 

1.2.1 Natural gas 

Natural gas is formed from the decomposition of organic material trapped between rock 

layers. The composition of the natural gas varies depending on the origin of the reserve. 

Its average composition is 85 % CH4, 10 % C2H6 and the rest is a mixture of C3H8, C4-

C8, CO2, N2, H2S and He. The main gas reserves are located in the Middle East and in 

the Soviet Union, see Figure 1.1. One of the main advantages of natural gas is its high 

versatility. It can be used in the industry, for household use, in cogeneration, electric 

generation with combined cycle, etc. 

 

 

Figure 1.1. World natural gas production Source: Energy Information Agency 

(2007), International Energy Outlook 2007. 

 

Natural gas is a less polluting fuel than coal or petroleum. Its combustion produces 

between 40 and 45 % less carbon dioxide than coal and 20-30 % less by-products than 

petroleum per energy unit. The emission of solid particles, nitrogen oxides, ashes and 

sulphur oxides is also smaller. As a consequence of all these environmental advantages 

the use of natural gas in countries with strict environmental regulations is encouraged. 

In Spain, natural gas demand in 2009 was 402.5 TWh, according to the Spanish energy 

regulator’s annual report to the European Commission 2010. On the other hand, the 

main disadvantage of natural gas is that it has to be imported. In the European Union the 

demand is higher than the production, which also involves a necessity of source 

diversification and a high investment in new gas pipelines.  
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1.2.2 Chemical processes 

The main processes for hydrogen production from natural gas are based on the 

following reactions: methane catalytic partial oxidation, CPO [Equation 1]; methane 

steam reforming, SR [Equation 2] and wet catalytic partial oxidation, wet-CPO 

[Equation 4] which is a combination of CPO and SR. Water gas shift process can also 

occur [Equation 3]. 

 

224 2
2

1
HCOOCH 

 

molKJH /360   Equation 1 

224 3HCOOHCH   molKJH /2260   
Equation 2 

222 HCOOHCO   molKJH /410   
Equation 3 

22224 eHdCOcCOObHaOCH    Equation 4 

 

In these processes, oxidation side reactions can also occur: 

222

1
COOCO 

 

 Equation 5 

OHOH 222 2

1


 

 Equation 6 

 

Nowadays, methane SR is the main process for full-scale hydrogen production. It is a 

mature technology and operates close to its theoretical limits. Some of the 

disadvantages of SR are that it is highly endothermic [Equation 2] and that it is a slow 

reaction compared to CPO [Equation 1]. The advantages of CPO are that it is an 

exothermic and quick reaction (milliseconds [3]). And the main disadvantages are the 

catalysts’ low stability, the possibility of coke deposition and hot spots formation on the 

catalysts’ surface that can lead to sintering of active sites [4]. Regarding the wet-CPO, it 

has halfway conditions between SR and CPO with the positive point that it does not 

require so much energy supply, as it takes advantage of the heat generated from the 

CPO.  

 

In processes for hydrogen production from methane processes, carbon can be deposited 

to various degrees according to the endothermic methane cracking, and the slightly 

exothermic Boudouard reaction or CO disproportionation.  
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24 2HCCH   Cracking  Equation 7 

22 COCCO   Boudouard reaction Equation 8 

 

The coke can be removed by steam gasification, Equation 9, or burnt off with oxygen, 

Equation 10. 

22 HCOOHC    Equation 9 

22 COOC    Equation 10 

 

Coking can lead to deactivation of both catalyst particles and hydrogen selective 

membranes due to surface covering. Thermodynamically, the methane steam reforming 

reaction is out of the region for carbon formation with a CH4/H2O ratio of 3 [5]. 

However when hydrogen selective membranes are involved, carbon deposition has been 

found to occur before the thermodynamic limit is reached as shown by Pieterse et al. 

[6]. De Groote et al. [7] modeled the partial oxidation of CH4 with steam addition on a 

Ni/MgO/Al2O3 catalyst and found that operating at high pressures lowers the total 

amount of coke deposited on the catalyst surface. Operating the reactor at high pressure 

also implies a high partial pressure of oxygen. This leads to a faster combustion of 

methane, but also to a higher rate of coke burning by oxygen. Methane cracking is 

accelerated too, but to a lesser extent. Because of higher combustion rates more CO2 is 

produced, so that the rate of the reverse Boudouard reaction increases significantly. In 

methane reforming processes, an increase of pressure has been found to enhance the 

carbon deposition tendency [8, 9]. It has been suggested that carbon deposition can be 

attenuated when the metal is supported on a metal oxide with strong Lewis basicity. 

This occurs because the increase of the Lewis basicity of the support increases the 

ability of the catalyst to chemisorb H2O and these species react with C to form CO, 

resulting in the reduction of coke formation [10].  

 

Regarding the temperature influence on coke formation in methane catalytic partial 

oxidation with steam addition it was observed that the total carbon content decreases for 

higher temperatures [7]. The rate of methane cracking is less influenced by the 

temperature than the rates of the reverse Boudouard reaction and the coke gasification 

by oxygen. Wang et al. [11] analysed methanol reforming and observed a lower coke 

yield at high temperatures (1073 K >973 K>673 K>473 K).  
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1.3 Catalysts 

Methane conversion to hydrogen requires high temperature. Using catalysts with low 

activation energy, high conversions can be obtained at temperatures around 973-1073 

K. The active phase present in a catalyst is responsible for the catalytic activity. This 

phase can be very expensive when using noble metals as platinum, rhodium or 

palladium. With an adequate support this active phase can be dispersed and stabilized 

while bringing good mechanical properties to the catalyst. Porous materials, with high 

surface area per catalyst weight, are normally used as supports. An operational 

limitation of the catalysts is their deactivation. The principal deactivation causes are: 

 

- Poisoning of the catalytic surface by strongly adsorbed molecules. 

- Carbon formation, coking.  

- A decrease of the active surface due to thermal surface reconstruction, 

sintering. This can happen in the CPO due to hot spots in the catalyst 

surface. 

- Loss of active phase due to catalyst erosion. 

 

The employed active metals for methane conversion can be divided into two types, 

noble metal-based catalysts and “cheap” metal-based catalysts. The noble metal-based 

catalysts include Rh, Ru, Ir, Pt and Pd [12-14]. They show excellent catalytic 

performance, but their cost limits their applications in industry [15]. The “cheap” metal-

based catalysts include Ni, Co and Cu. Among them, Ni-based catalysts exhibit similar 

catalytic performance than noble metal ones and have been studied extensively [16]. 

However, the Ni-based catalysts have been affected by deactivation due to carbon 

deposition [17] and sintering of Ni particles [18]. 

 

In order to improve the capability of Ni-based catalysts to resist carbon deposition, 

catalysts have been prepared with different methods [19], suitable supports have been 

selected [20], supports or catalysts have been modified with small amount of noble-

metals [21], and promoters with basic properties have been added [22]. For solving the 

problem of the sintering of Ni particles at high reaction temperatures, noble metals or 

substances with high thermal conductivity were effective [23].  
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1.3.1 Supported Ni-based catalysts for CPO 

Different supports. 

Supported Ni catalysts have been the most commonly used and easily prepared 

catalysts. The most extensively investigated support has been γ-Al2O3 [24, 25] due to its 

large specific surface area, thermal stability and cheap price.  

 

The Ni/γ-Al2O3 catalysts prepared by modified sol-gel method showed relatively high 

activity in CPO (80 % at 973 K, atmospheric pressure and 105 h-1 GHSV ((volume of 

feed gas at STP/h)/(volume of the reactor)). However, the conversion of CH4 decreased 

on Ni/γ-Al2O3 catalysts prepared by the impregnation method in the long time stability 

test. In general, carbon deposited gradually on Ni/γ-Al2O3 (10 wt% Ni) due to the acidic 

property of the support, which finally resulted in catalyst deactivation. Deactivation by 

carbon deposition was the lowest in Ni/MgO (10 wt% Ni) [26]. For this reason, supports 

other than γ-Al2O3 have also been investigated, such as ZrO2, SiO2, La2O3 and Y2O3 

[27]. 

 

The preparation methods of ZrO2 affected the catalytic performance of Ni/ZrO2 (14 

wt% Ni) catalysts in CPO [28]. A Ni/ZrO2 catalyst prepared by the precipitation method 

showed high catalytic activity (about 84 %), but it deactivated quickly in CPO owing to 

the large Ni particle sizes which favoured carbon deposition. On the contrary, a Ni/ZrO2 

(14 wt% Ni) catalyst prepared by hydrothermal method possessed small particle sizes, 

and was active (86 % conversion) and rather stable in life-test [28].  

 

Guo et al. [29] illustrated that the catalytic performance of Ni/SiO2 catalysts in CPO 

strongly depended on the size of Ni particles, and Takenaka et al. [30] reported that 

Ni/SiO2 catalysts prepared by the impregnation method deactivated rapidly in CPO due 

to the large size of Ni particles and the weak interaction between Ni and SiO2.  

 

Employing rare earth metal oxides as supports can be an effective way to decrease the 

carbon deposition tendency of catalysts. Fleys et al. [31] observed that Ni/La2O3 (0.16-

9.4 wt% Ni) was active and stable in CPO. Y2O3 shows basic properties and could be a 

potential support for Ni in CPO with high capacity to resist carbon deposition [32].  
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Promoters and redox properties 

Promoters, mainly noble metals, can improve the catalytic performance of Ni-based 

catalysts in CPO. Berger-Karing et al. [33] observed that the addition of a small amount 

of Rh to a Ni/γ-Al2O3 catalyst promoted the reduction of inactive NiAlxOy to Ni0 

species, which lead to a higher catalytic activity and selectivity. Cheng et al. [34] 

employed Ru-Ni/Mg(Al)O for converting hot coke oven gas to syngas and found that it 

exhibited good resistance to coking.  

 

Preparation methods 

Preparation methods of catalysts would also influence the distribution of Ni particles, 

and affect their catalytic performance in CPO. Berrocal et al. [35] prepared Al-Zr 

supports by the precipitation method, and evaluated the impregnated Ni/Al-Zr (8 wt% 

Ni) in CPO. The results showed high activity and selectivity. Solid solutions of Ce-Zr 

and well dispersed Ni could be obtained by preparing Ni-Ce-Zr catalysts by the co-

precipitation method [36]. With the sol-gel method, an efficient way of preparing 

catalysts, catalysts with elements mixed at molecular level could be obtained. In Ni-

Al2O3 (2 and 4 wt% of Ni) prepared by such a method the growth of Ni0 particles was 

prevented and the catalysts presented a high resistance to carbon deposition [Song 2009] 

[37]. The hydrothermal method has been proved to be effective in preparing substances 

of high purity and good crystallization. ZrO2 oxide hydrothermally prepared offered 

small particle size with uniform size distribution [28]. The activity, selectivity and solid 

solution formation of Ni/MgO catalyst were stronger when preparing them by wet 

impregnation than by mechanical mixing [38].  

 

Bimetallic catalysts 

In order to improve the performance of catalysts, second active components can be 

employed, the most common ones are Cu and Co. Habimana et al. [39] prepared 

Ni/Cu/SBA-15 (5 to 15 wt% Ni) catalysts, and found that they presented better 

performance than the unmodified ones. The performance of Ni-Cu/Al2O3 improved 

significantly compared to Ni/Al2O3 and Cu/Al2O3, and the amount of carbon was 

negligible on Ni-Cu/Al2O3 [40]. Ag, Fe, Pt and Pd were also applied to prepare 

bimetallic catalysts with 10 wt% of Ni [41]. Results indicated that Ni-Ag/CeZrO2 

exhibited the best performance and stability for 24 h in CPO. Methane conversions were 

also high on Ni-Pt/CeZrO2 and Ni-Pd/CeZrO2, but not comparable to the Ag one.  
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1.3.2 Supported Ni-based catalysts for SR 

The nickel-based catalysts are also much studied for methane steam reforming due to 

the relatively low price of nickel compared to other transition metals (Rh, Ru, Pt, Pd, 

Ir). The majority of the authors found that the most active metals for methane steam 

reforming are Rh and Ru [42, 43]. Wei and Iglesia recently reported a different relative 

reactivity of the transition metals: Pt>Ir>Ni>Rh>Ru [44]. 

 

Dan et al. [45] analysed the influence of metal addition (1 wt% of Ag and Au) and 

support modification (CeO2 and La2O3 6 wt%) on the catalytic properties of Ni/Al2O3 (7 

wt% of Ni) prepared by the wet impregnation method. At 973 K and with a steam-to-

carbon ratio of 4, S/C, they found no important effects of metal addition. Coke 

deposition was found in the Ni/La2O3-Al2O3 and on the Ni/CeO2-Al2O3 catalysts. The 

addition of Au and Ag has also been reported to reduce coke formation on nickel 

catalysts during hydrocarbon reforming [46, 47]. Cerium and lanthanum addition to 

alumina supported noble metal catalysts by the sol-gel method (Pt and Pd) was reported 

to improve the catalyst stability for methane SR [48, 49]. 

 

Other supports like ZrO2 have also been experimentally analysed for SR [50]. In 

Co/CeO2-ZrO2 catalyst prepared by wet impregnation and co-precipitation, Lin et al. 

[51] observed that they had similar physical properties, but impregnation showed the 

highest catalytic activity. Metal-support interactions were stronger in the impregnation, 

which allows only partial reduction of cobalt during the pre-reduction, but stronger and 

with higher activity.  

 

Since MgO is an effective support in order to suppress the coke deposition [52, 53] it 

has been also used for methane reforming. When using MgO as a support with Ni, the 

interaction between Ni species and MgO is so strong that NiO-MgO solid solutions are 

formed. The reducibility of NiO-MgO is lower than that of Ni/α-Al2O3 and Ni/γ-Al2O3 

[52]. The interaction of Ni species with support materials such as Al2O3 and MgO is 

much stronger than that of noble metals, and it can be related to the low reducibility of 

the supported Ni catalysts. 
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Ni/MgO catalysts prepared by the impregnation method and by mechanical mixture 

have been tested in the literature. Hu et al. [10] observed in the XRD patterns that a 

fraction of NiO formed a solid solution with MgO in the mechanical mixture calcined at 

1073 K and that fraction increased with calcination time, whereas the entire NiO in the 

NiO/MgO catalyst prepared by impregnation and calcined at 1073 K for 1.5 h formed a 

solid solution with MgO. They concluded that the impregnation method is preferable to 

the precipitation and the mechanical mixture for NiO-MgO solid solution catalysts. The 

precipitation method provided a uniform NiO-MgO solid solution, hence a large amount 

of NiO was located in the bulk of the solid solution and was not available to the 

catalytic reaction. 

 

In Ni/γ-Al2O3 (10-13 wt% Ni) catalysts, surface area and pore volume of the one 

prepared by wet-impregnation were smaller than for the catalysts prepared by co-

precipitation and sol-gel [54]. By the wet impregnation method yielded a larger particle 

size and Ni2+ was easier to reduce. 

 

Bimetallic catalysts have also been proposed to improve the performance in methane 

SR. Addition of small amounts of Rh to Ni/Al2O3 (10 and 18 wt% Ni) catalysts 

increased the activity [55]. Rh-promoted Ni/αAl2O3 (10 wt% Ni) catalysts prepared by 

co-impregnation were reported to show higher activity than Ni/α-Al2O3 and Rh/α-Al2O3 

and excellent coke resistance in methane reforming with CO2 [56]. Some other metals 

have also been tested in the literature. Foletto et al. [57] reported that the addition of 

small amounts of Pt to Ni/MgAl2O4 (15 wt% Ni) promoted an increase in surface area 

of Ni metal and caused a considerable increase in methane conversion. The addition of 

Pt, Pd and Rh to Ni0.3Mg0.97O solid solution catalysts enhanced the activity and stability 

in methane reforming with CO2 [58, 59]. 

 

As summarized in the previous sections, there has been a wide research done in the last 

decades about methane CPO and SR catalysts. In the current work nickel was used as 

the active metal in the prepared catalysts as it has been observed to have good activity 

both in methane CPO and SR processes, therefore it can also be expected to be a good 

choice for wet-CPO. Regarding the support, due to the fact that coke formation is 

favoured by acidic supports, metallic oxides with strong Lewis basic centres such as 

MgO were used together with alumina, which has also been widely employed due to its 
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high metal dispersion capacity. α-Al2O3 is used instead of γ-Al2O, because it is 

thermally more stable, even if it has a lower surface area [60]. Both supports have been 

observed in the literature, and explained before, to strongly interact with nickel. This is 

important as phases that do not interact with the support are easily reducible to metallic 

nickel, but they also sinter and form carbonaceous structures more easily [61]. The 

preparation method chosen for the catalysts was the wet-impregnation. This is an easy 

method and is applied especially when a precursor-support interaction can be envisaged 

[62]. By wet-impregnation the solute ions may be taken up at the mouth of the pores, 

which can be desirable when the reaction occurs predominantly near the outer surface of 

the catalyst pellets as a result of quick reaction or pore diffusion limitation [60]. 

 

1.4 Hydrogen purification membranes 

In most of the hydrogen applications high purity hydrogen is required. One of the most 

used technique for hydrogen purification is the pressure-swing adsorption (PSA). In the 

PSA technology hydrogen is separated from a mixture of gases under pressure 

according to its affinity for an adsorbent material. Different types of adsorbents such as 

zeolites [63] and activated carbons [64] are used. Hydrogen selective metallic 

membranes are viable and promising candidates for hydrogen purification processes due 

to their high hydrogen permeability. The main requirements for the implementation of 

membranes in a hydrogen purification unit is that they must show high hydrogen 

permeation and selectivity, appropriate mechanical resistance, chemical and thermal 

stability at the operating conditions, long and reliable performance and a cost / hydrogen 

production ratio better than other separation processes. Pd and Pd alloy membranes can 

be implemented as a hydrogen separation unit, or can be integrated in the reactor where 

hydrogen is produced, see Figure 1.2. If the catalyst is filled in the membrane reactor 

hydrogen is separated at the same time when it is produced, decreasing the hydrogen 

amount in the reactor and allowing to achieve higher conversions at lower temperature, 

as Le Chatelier law explains. 
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Figure 1.2. Diagram of hydrogen production from natural gas reforming 

integrating hydrogen selective membranes [65]. 

 

1.4.1 Pd and PdCu membranes 

Pd has the ability to dissociate hydrogen molecules into hydrogen atoms, whereby 

membranes separate hydrogen from other gases. Nevertheless, in practice, certain 

mechanical problems arise due to H2 embrittlement. At temperatures below 573 K, and 

pressures below 2.0 MPa [66] the   hydride may nucleate from the   phase. This 

results in severe lattice strains (from the   to   phases the lattice expands by about 4 

%), and as a result pure palladium membranes become brittle after a few cycles of  

   transitions. The Pd-H   system, depicted in Figure 1.3, has a low H/Pd 

concentration and the   phase a high hydrogen concentration (H/Pd   0.57 mol% at 

298 K). Two phase region,  +  , is also possible in between [67].  

 

In order to improve the membranes resistance to hydrogen embrittlement, different Pd 

alloys have been studied, such as silver, gold, nickel and copper based ones. In general, 

the critical temperature for the α/β phase transformation can be lowered considerably by 

alloying palladium with other metallic elements such as Ag, Cu, Fe and Ni [68-70]. The 

difference in lattice size between the α and β phases also decreases in palladium-alloys 

so that less distortion occurs during hydrogen adsorption-desorption cycles [71, 72]. 

PdAg alloy membranes have received major attention as they often present higher 

hydrogen permeability than Pd over a wide temperature range [73]. The role of silver is 
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explained by its electron donating performance being similar to the one of the hydrogen 

atom in palladium. This makes the membrane more stable and increases its lifetime. The 

permeability of PdAg (23 wt% Ag) has been found in the literature to be higher than for 

pure Pd [74-76]. PdAg membranes with 23-25 % silver are produced commercially by 

Johnson Matthey [77], and there are other commercially available Pd based hydrogen 

separation modules today [78-80]. The PdCu alloy is being widely studied due to its 

better permeance compared to Pd, and its better resistance to hydrogen sulphide and 

sulphurous components. Kulprathipanja et al. [81] studied the effect of H2S addition to 

Pd and PdCu membranes. They observed that PdCu membranes show higher H2 

permeance than similar Pd membranes and also a higher resistance to H2S. Another 

advantage with respect to pure Pd membranes is the cost reduction due to replacement 

of Pd with less expensive Cu. 

 

 

Figure 1.3. Phase diagram for Pd-H system at standard pressure [67].  

 

 

1.4.2 PdCu phase diagram 

The phase diagram of the palladium-copper binary system has been reported in the 

literature [82]. The PdCu alloy can form two different crystal structures: bcc and fcc, 

shown in Figure 1.4. 
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Figure 1.4. Crystal structure of the PdCu alloy. Body centred cubic (bcc) on the 

left, and face centred cubic (fcc) on the right [83]. 

 

As it can be seen in Figure 1.5, the ordered bcc structure is formed at temperatures 

below 873 K in the composition domain from 48 to 60 wt% of Pd. A two-phase domain 

is found in the neighbouring composition ranges. For composition lower than 40 wt% of 

Pd the phase boundary of ordered Cu3Pd is shown (L12 is Pm m, and 1D or 2D LPS are 

one or two dimensional long-period structures). The disordered fcc phase is formed for 

the other composition ranges. In general, bcc phase membranes are more permeable to 

hydrogen due to its tetrahedral configuration, as compared to the octahedral 

configuration of the fcc phase. The bcc lattice is less dense than the fcc one and the 

longer distance between the atoms could explain this observation of higher permeance 

[84]. When hydrogen is diffusing through the PdCu alloy several systems can be formed 

as: Pd-H, Cu-H, Pd-Cu and Pd-Cu-H. Huang et al. modelled the thermodynamics of 

these systems to analyse hydrogen diffusion through them [85].  

 

The influence of the PdCu alloy composition on its hydrogen permeance has been 

widely studied. The structure change of the PdCu alloy means a restructuring of Pd and 

Cu atoms, which affects membrane permeability. In most of the references the 

maximum hydrogen permeability was measured with a Pd percentage of 47 mol% or 60 

wt%. Hydrogen permeation through dense metal membranes is influenced by the 

thickness of the metal layer, temperature, alloy composition, pressure difference across 

the membrane and support, amongst others. A lot of works are based on a patent from 

McKinley and Nitro in 1969 [87], where they tested PdCu alloy foils of 25 μm at 623 K. 

Since this study a lot of studies have been published and a more selective comparison 

can be made nowadays.  
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Figure 1.5. Phase diagram of the PdCu alloy [86]. 

 

Figure 1.6 shows hydrogen permeability data from the literature related to membrane 

composition and measured at temperatures in the range 623-773 K. The data depicted 

with full rhombus is from PdCu membranes over ceramic supports with between 1 and 

27 µm thickness [81, 87-92]. The permeability data in open triangles are from 

McKinley and Nitro [87] performed with 25.4 µm foils. In the data from McKinley the 

highest permeability was obtained with 60 wt% of Pd, but there are more recent values 

in the range of higher Cu content, obtained with ceramic support, which also show quite 

high permeability. This gives a glimpse about the fact that it is not so easy to assume 

that the Pd60Cu40 composition is always the one with the highest permeability. 

Nevertheless, it must be taken into account that the possible differences in composition 

and in thickness of the electroless plated membranes make more difficult to compare 

their permeability results with those from foil membranes. 

 

 

bcc

fcc
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Figure 1.6. Hydrogen permeability data of PdCu membranes over ceramic 

supports with between 1-27 µm thickness from the literature [81, 87-92]. 

 

 

 

As it has been explained before, all the metal phase, the thickness and the support 

influence membranes hydrogen permeance. Figure 1.7 shows a relation between the 

three most important variables for membranes: temperature, composition and 

permeability (proportional to the sphere diameter). Temperature and composition are 

represented by the centre of the circles. These data have been obtained from data 

reported in the literature for ceramics-supported PdCu membranes with a metal layer 

thickness between 1 and 13 μm at different temperatures [87-91, 94]. By means of this 

figure the influence of the metal phase in the recorded permeability value can be easily 

studied. In order to differentiate the results from McKinley and Nitro [87] their data are 

shown in darker coloured circles. From the data shown in the figure it can be again 

observed that, apart from the composition, there are other variables affecting 

membranes permeability, as for example the metal layer microstructure, which can 

affect the hydrogen diffusion process and consequently the permeability.  
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Figure 1.7. Hydrogen permeability values (proportional to circle diameter) of 

PdCu membranes over ceramic supports with metal thickness of 1-13 µm from 

the literature at different temperatures and with different compositions. In blue 

colour [88-91, 94] and in purple colour McKinley and Nitro [87]. 

 

 

The structure of most of the tested membranes in the literature is bcc+fcc or fcc. 

Howard et al. [93] made PdCu alloy foils (100 μm) with different compositions and 

they checked the effect of temperature on permeance (Figure 1.8). The permeability 

values shown in this figure are calculated from the permeance data depicted and the 

thickness given in the paper. As it can be observed, permeability of the 60 and 53 wt% 

Pd membranes decreases at temperatures that coincide with the phase change area. 

There is no phase change in the 80 wt% Pd membrane, and its permeability therefore 

increases constantly. As a conclusion it can be said that if the membrane is going to 

operate just at a temperature below 775 K, the bcc phase is more appropriate, but 

otherwise, if temperature changes are going to take place, the fcc phase can present a 

better performance. The adjustment of the atoms during the phase change has a negative 

effect on the permeability of the membrane. 
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Figure 1.8. Effect of the temperature change on the hydrogen permeability of 

PdCu membranes with different composition. Estimated data from [93]. 

 

1.4.3 Electroless plating 

There are different ways of producing PdCu membranes such as: electroless plating, 

electroplating, physical vapour deposition (PVD or sputtering) and chemical vapour 

deposition (CVD). From all these techniques electroless plating is the most researched 

one, since it requires minimal equipment, no exotic precursors and can be performed on 

any appropriately activated surface [95]. The disadvantages of this technique are the 

slow kinetics and the possible membrane contamination with the elements from the 

bath. Metals can be either co-plated or sequentially plated and then alloyed by 

increasing the temperature [96, 97].  

 

The support, where the metal layer will be plated, influences the stability and 

permeability of the membrane. Frequently studied supports are porous stainless steel 

(PSS), Vycor glass and ceramics. The main differences between them are the minimal 

thickness needed to obtain dense metal layers, and the temperature and pressure range at 

which membranes can operate. Some advantages of porous steel are that it increases the 

robustness due to the similar thermal expansion coefficients of Pd and PSS, resulting in 

better mechanical properties during thermal cycling. The minimum thickness required 

to obtain a dense Pd film depends strongly on the morphology, roughness, and size of 

the largest pores of the support surface. As an example, in a symmetric ceramic support 

(99.8 % alfa-alumina) with 200 nm particles 10 µm thickness was enough. Whereas, in 
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an asymmetric alfa-alumina support (particle size between 1 and 70 nm) the needed 

minimum thickness was around 1-2 µm [98]. Ceramics can be synthesized with a 

smoother surface layer than the steel support, containing very uniform small pore 

systems, and they are commercially available.  

 

Theoretical background 

The main characteristic of the electroless plating is that a controlled metal deposition 

occurs on an active surface without any power supply. The plating only occurs on this 

catalytic surface and the minimum necessary components are a metal salt and an 

adequate reducing agent. The reducing agent supplies the electrons that the oxidizing 

agent uses. The overall reaction of the electroless metal deposition is:   

 

solution
zesurfacecatalytic

solution
z

solution M OxidantReductantMetal 0  
  Equation 11 

 

The catalytic surface for electroless plating can be the substrate itself or catalytic nuclei 

of a metal dispersed on a non-catalytic substrate surface. For the Cu plating Pd seeds are 

usually needed. The reducing or oxidizing behaviour of a metal depends always on the 

potential of other components present in the solution. The standard electrode potential 

(E0) is the electromotive force of a cell in which the cathode electrode is a standard 

hydrogen electrode and the anode is the electrode in question, measured with a 

concentration of 1 mol/L for aqueous species and 1 atm for gaseous ones. In general, an 

agent with lower electrode potential will reduce an agent with higher electrode 

potential, as illustrated in Figure 1.9. 

 

 

Figure 1.9. An electrode with lower electrode potential (E0) will reduce ions of an 

electrode with higher electrode potential [99]. 
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1.4.4 Electroless deposition of Cu on Pd membrane 

The overall electroless copper plating reaction, when using formaldehyde, is 

theoretically given as follows, see Equation 12. 

 

  222
02 2242 HCOOHHCuOHHCHOCu  Equation 12 

 

Each deposited copper atom will consume four hydroxide ions and two molecules of 

formaldehyde, but some side reactions can also take place. The most common side 

reaction is the Cannizzaro reaction (disproportionation of formaldehyde), which 

consumes additional caustic and formaldehyde, see Equation 13.  

 

  HCOOOHCHOHHCHO 32  Equation 13 

 

The rate of this side reaction increases with increasing pH and temperature [100]. Other 

side reactions can also occur, consuming formaldehyde and producing unwanted by-

products such as cuprous oxide, which can lead to bath instability.  

 

Cu electroless plating recipe 

As mentioned before, the main components of the plating solution are a Cu containing 

reactant and a reducing agent, but other additives are normally added such as 

complexing agents and stabilizers. Some Cu plating recipes used in the literature are 

shown in Table 1.1. No conclusion about the precursor Cu (II) salt effect on the copper 

plating could be obtained from the literature, as the electroless plating processes were 

performed using different recipes and at different conditions, making a comparative 

discussion very difficult. Copper sulphate seems to produce more uniform surfaces than 

other cupper salts according to Bennett et al. [101]. 

 

The type of deposited copper and its physical and morphological properties depend, to a 

great extent, on the first deposited layers. The complex (ligand) dissociation rate and the 

deposition rate are closely related. But a deep study of this rate is complex as, for 

example, at pH higher than 11 there are at least three simultaneously existing complexes 

in solutions of Cu(II) ions and EDTA: CuEDTA, Cu(OH)EDTA and Cu(H2O)EDTA 

[102].  
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The reducing agents used in the Cu plating industry are formaldehyde, dimethylamine 

borane, borohydride, hypophosphite, hydrazine, sugars and dithionite [103]. However, 

in practice, formaldehyde is the most common one due to the combination of cost, 

effectiveness and ease of control, despite the health concerns regarding the exposure. 

Since OH- ions are reactants in the charge-transfer step of the electroless plating, the 

effect of pH is significant and its value has to be around 12-14.  

 

Complexing or chelating agents, such as tartrate salts, alkanol amines or EDTA 

compounds, are required in the plating solution due to the fact that simple copper salts 

are insoluble at pH above 4 and the operating pH is around 12-14. Salts can be easily 

separated from the plating solution with pH adjustment. The saccharose has also been 

studied as copper (II) ligand for electroless copper plating solutions. Norkus et al. [104] 

showed that although with the sucrose the deposition rate was similar, the Cu roughness 

was higher than with the EDTA. Lin et al. [105] performed a comparison using EDTA, 

TEA and ethylenediamine (En) as additives or chelating agents in electroless copper 

plating with formaldehyde as reduction agent and CuSO4 as Cu source. They observed 

that EDTA played an important role of chelating and the plated Cu grain size was more 

uniform than with TEA and En. 

 

Some other additives can also be present in the electroless plating solution. They are 

supposed to control parameters such as initiation, plating rate, stability, colour, ductility, 

etc. Some rate promoters can be: ammonium salts, nitrates, chlorides, chlorates and 

perchlorates. Examples of components used as stabilizers are mercaptobenzothiazole, 

thiourea and methyl butynol. Surfactants can also be added to improve deposit 

characteristics. Some additives, such as 2,2-bypyridyl, have different effects depending 

on the temperature at which they are used, or the quantity that is added.  

 

The stability of the plating solution 

Formation of metal in the plating solution is hindered by energy barriers; the activation 

barrier of homogeneous reactions between metal ions and reducing agent, and the 

barrier of the new phase formation. The stability of plating solutions decreases with the 

increase of the reactant concentration, the increase of temperature, the decrease in metal 

ion complexes stability and with the presence of solid foreign particles in the solution. 
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The most effective solution stabilization method is the introduction of special additives 

[106]. 

 

Due to the plating solution characteristics, Cu(OH)2 precipitation can be one of the most 

important aspects for the bath stability. This precipitation is strongly related with Cu2O 

formation, which can also influence the properties of the Cu deposits. There are 

different suggested reactions leading to Cu2O formation: 

 

OHOCueHOHCu 222 322)(2  
 Equation 14 

OHHCOOOCuOCHOHCu 222
2 352  

 Equation 15 

 

pH influence in the Cu plating 

Electroless copper deposition is affected by the pH in two different ways. Firstly, OH- 

ions are reactants in the overall reaction. Secondly, it affects various phenomena 

associated with the structure and composition of the metal-solution interphase. If 

experimentally observed plating rates are plotted against pH, an initial increase, a 

maximum value, and finally a decrease of the rate can be observed. The pH value at 

which the maximum rate is achieved depends on the plating conditions. As an example, 

the results obtained in an EDTP (ethylenedinitrilo-tetra-2-propanol) type electroless 

copper bath, where the oxygen was removed by bubbling argon through the solution, 

are shown in Figure 1.10. The pH values used in the literature for the Cu electroless 

plating vary from 12 to 14. 

 

 

Figure 1.10. Electroless copper deposition rate as a function of pH [112, 113].  



 

 

 

Table 1.1. Review of some recipes for electroless plating of Cu used in the literature. 

                                 [Ref.] 
                                 support 
Reagents 

[107] 
Al2O3 

[98] 
Ceramic 

[92] 
Al2O3 

[88] 
Al2O3 

[94] 
Ceramic 

[108] 
Ceramic 

[109] 
PSS 

[82] 
PSS 

[110] 
 

[111] 
 

[103] 
(general 
recipe) 

CuCl2·2H2O (g/L) 8.6           

CuSO4·5H2O (g/L)  7.8 6.23   8.69 20 25 7.49 12.5  

Cu(NO3)2·2H2O (g/L)    9.6 9.6       

Cu salt as Cu(II)*           2.0 g/L 

KNaC4H4O6 (g/L) 11.3           

NaOH (g/L) 18.0 16 20 11 11 17.78  pH12 pH12 pH12.9 7 

(C2H5)2NCS2Na·3H2O       5 ppm 5 ppm    

K4Fe(CN)6·3H2O 
400 

mg/L 
  50 mg/L 50 mg/L  35 ppm 35 ppm    

2,2-bypyridyl (mg/L) 80 10 5 20 2 9.6   0-500 150-156  

N,N,N;,N;-
tetramethylethylenediamine 

320 
mg/L 

          

HCHO (>37 %) (mL/L) 14 16 14.0 125 124 15.3 14 25 6.24 6.0 3.9 

Na2EDTA·2H2O (g/L) 19.2      30 47.5   42 

Na2EDTA (g/L)  40 20.1 29.8 23.3 44.44    37.2  

EDTA (g/L)         8.76   

EDA       100 ppm 112 ppm    

Glycine (g/L)  5          

Tryton X-100 (mg/L)  50 25   0.62      

Tryton X-114 (mL/L)          0.1-0.3  

Additives (in general)           <2g/L 

T (K) 303 315-325 338 329 330 323 293-298 293-298 303-343 333 318 

* 2 g/L of Cu (II)) = 7 g/L of CuSO45H2O. 
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Temperature influence in Cu plating 

The temperature range used in the literature is between 293 and 343 K, as reported in 

Table 1.1. The deposition rate of Cu is remarkably affected by the bath temperature as 

explained by Oita et al. [110]. Morphology and Cu2O precipitation were also influenced 

by temperature, as co-deposited Cu2O on the copper film was observed at 303 K with 

fine grain structure; while at 343 K there was not Cu2O and a coarse grain structure was 

observed. Varying the temperature from 303 to 353 K the colour of the copper films 

varied from blue to copper-bright, being the strength of the copper-bright film superior 

to that of the blue one.  

 

1.4.5 Mechanism of Cu electroless plating 

The electroless plating of Cu on Pd membranes can be considered an autocatalytic 

process. These type of processes are highly complex. They contain many reactions and 

their mechanism is not yet understood in detail. The reduction reaction and metal 

deposition on the metal surface is usually attributed to the requirement of a catalytic 

surface for one or more stages of the process. In accordance with one of the theories, an 

active intermediate product is obtained on the catalytic surface, which then reduces the 

metal ions [114]. Firstly, atomic hydrogen, and later a negative hydrogen ion were 

considered to be the intermediate products [115]. This reaction scheme gives a good 

explanation of the relationship observed in nickel and copper plating processes. A more 

versatile explanation of the catalytic mechanism in these processes is based on 

electrochemical reactions [116]. It is suggested that reducing agents are oxidized on the 

catalyst surface and the electrons obtained are transferred to metal ions, which are 

reduced. According to this theory electrons are the active intermediate product. The 

electrons may be easily transferred along the catalyst without mass transfer resistance, 

and for this reason, the catalytic reaction occurs because of the exchange of electrons 

via the metal surface.  

 

Another theory is the mixed potential theory. During the simultaneous oxidation and 

reduction process on the metal surface, a steady state in the catalytic system of 

electroless plating is obtained. In that moment, the rates of both electrochemical 

reactions are equal, and the metal catalyst acquires a mixed potential (Em). This theory 

was developed by Wagner and Traud (1938) for the purpose of interpreting metal 
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corrosion processes and it was years after applied to the interpretation of the electroless 

deposition of copper [117].  

 

After analysing the possible theories of the Cu deposition first steps, the next stage is 

the thin film formation (< 3 μm). This mechanism is characterized by three 

simultaneous crystal building processes: nucleation (formation), growth, and 

coalescence of three dimensional crystallites (TDC) [118]. According to this work, in 

the initial stages the nucleation is the predominant process, and the average density of 

TDCs increases with time of deposition. Later, the average density of TDCs reaches a 

maximum and then decreases with time. In the TDC density decreasing stage, the 

coalescence is the predominant crystal-building process. A continuous electroless film 

is formed by lateral growth and coalescence of TDC. The process of coalescence 

deserves special attention, since many physical properties of the deposit depend on the 

type of coalescence. There are two types of TDC coalescence. Coalescence without the 

proper filling of the space between TDC results in the incorporation of impurities or 

additives, generation of stress, voids, and dislocations (Figure 1.11b). Coalescence with 

filling of the space between TDC, favourably generates joined crystallites (Figure 

1.11a) and results in copper films of better quality than in the first type. The process 

type of coalescence depends to a great extent on the type and concentration of additives 

in the solution.  

 

Figure 1.11. Two types of coalescence of the three dimensional crystallites 

(TDC): (a) coalescence with proper filling and (b) coalescence without proper 

filling [99]. 

 

As a conclusion it could be said that the type of coalescence that takes place during the 

deposition will influence the roughness of the sample (Figure 1.11b is rougher than 

Figure 1.11a), and the roughness can give us an idea of the quality of the metal layer. 

An easy, but approximate way, of analysing the roughness of the sample is the 

brightness of the deposited Cu. The brightness of a surface is defined as the optical 
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reflecting power of the surface and it is measured by the amount of light specularly 

reflected, as depicted in Figure 1.12. In case of the electroless plating deposition there is 

a direct relationship between the logarithm of the amount of light specularly reflected 

by a surface and the fraction of the surface having a roughness of less than 1500 Å 

[119]. As prepared membrane samples can be visually analysed and this can give a hint 

to its expected performance and leak tests results.   

 

 

Figure 1.12. Effect of the surface roughness in the light refection [99]. 

 

1.4.6 Alloying of PdCu membranes 

When PdCu membranes are prepared by sequential plating of Pd and Cu, it is necessary 

to alloy the metals in order to obtain high hydrogen permeance, since Pd dissociates 

hydrogen molecules into two atoms. If Cu is on the outside of the metal layer hydrogen 

will not diffuse through it. In some references the alloying is stopped when a constant 

permeance is obtained, but there are also some theoretical methods. In the work by 

Khanuja et al. [67] the alloying was studied analysing the d value (distance between 

identical lattice planes) of alloyed PdCu samples. These values were between the ones 

of pure Cu and pure Pd. As the Vegard’ Law states, the expansion of the crystal 

structure upon substitution of smaller atoms by larger ones is reflected by increasing 

lattice constants, and vice versa. As a consequence, the d value can represent the 

mixture between Cu and Pd atoms.  

 

Palladium and copper have melting points of 1828 and 1358 K, corresponding to 

Tamann temperatures of about 913 and 679 K, respectively. The so-called Huttig and 

Tamman temperatures indicate the temperature at which sintering starts. The following 

semi-empirical relations for Huttig and Tamman temperatures are the more common 

ones: 

meltingHuttig TT 3.0
 Equation 16 
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meltingTamman TT 5.0
 Equation 17 

 

The temperature at which the solid phase becomes mobile depends on several factors 

such as texture, size and morphology of the metal crystallites. For small particles this 

temperature may be much lower than that indicated by Tamman or Huttig. The effect of 

the size can be clearly observed in the literature, as the alloying temperature is 

influenced by the thickness of the metal layer. In Table 1.2 some alloying methods 

found in the literature are listed.  

 

Table 1.2. Alloying methods for some PdCu membranes used in the literature. 

Ref. Support Gas T(K) Time (h) wt% Pd 
Thick 
(μm) 

[120] Alumina H2 623-823    

[92] Alumina H2 623  70, 80, 90 15 
[94] Alumina H2 853 12 60, 76, 60, 10 6-7 
[121] Alumina 5%H2/N2 623-723 120/240  5 

[81] Alumina 
5%H2 
/He 

623-723 120 
35, 30, 70, 80, 

90 
 

[88] Alumina 
H2 and 

N2 

573*(N2) 
and to 

773*(H2) 

Until 
constant 

permeance 
 15 

[122] Alumina He 873    
[89] Alumina Inert 623 8 99, 70, 60, 10 1-5 
[108] Alumina N2 673* / 898* 120 54-100 2.5-6 
[123] Foil H2 623 72 60 8 

[82] 
Porous 

SS 
H2 773 120  5 

[124] Metal H2 
523-823 

(50 K 12-
24h) 

 95 7 

[112] 
Porous 

SS 
N2 723 

5 
(alternative 

Pd, Cu 
layers) 

63 2 

* The slope used in the heating was 1 K/min, in the other references it is not specified. 

 

The mechanism of PdCu alloying has been widely studied, but unlike most Pd systems, 

PdCu is uncertain: theory and experiments are equally divided with respect to the choice 

of which metal diffuses through the other one. Based on the Tamman temperature Cu 
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atoms will start to be mobile before the Pd ones. Therefore, Cu will be expected to 

diffuse in the Pd crystal structure [112]. Some models have been performed in the 

literature about the tendency of the Cu to diffuse into or from the Pd surface. Some Cu 

segregation to the outer surface was observed in Pd-Cu systems calcined in air at 673 K, 

and then reduced in hydrogen at 623 K [125]. Preferential segregation of Cu was 

experimentally detected in 100 nm CuxPd1-x films at temperatures ≥ 700 K [126], and 

was also predicted using a density-functional band-structure formalism [127]. On the 

contrary, some recent theoretical studies found reversal diffusion for CuxPd1-x 

disordered alloys, meaning that the diffusing species varies with composition at 300 K 

[128] and at room temperature [129]. Diffusion has not only been observed during the 

alloying, but also during the H2 permeation experiments. After performing hydrogen 

permeance tests in 3-7 μm PdCu membranes the Pd composition in the surface was 

enriched from 88-91 at% to 98.7-99.2 at% [107].  

 

During the alloying process Pd and Cu atoms mix, and this involves that the Pd:Cu ratio 

changes. The phase formation during alloying of a 100 nm (Pd50Cu50) film has been 

studied in the literature [130]. It was observed that the interdiffusion that occurred 

during alloying was accompanied by sequential formation of Cu3Pd and then PdCu, and 

that it led to a little increase in the average grain size. Alloying had also influenced the 

residual stress of the studied metal layers. In the as-deposited conditions, the stress in 

the Pd layer was compressive and in the Cu layer was tensile, while after the alloying 

the average stress was tensile and increased with increasing alloying time and 

temperature.  

 

A computational technique (breadth-first search, BFS) can be used to study the energy 

of the different superficial PdCu (100) and PdCu (110) alloys formation, based on the 

energy difference between the alloy and each component separately [131]. With this 

technique it was concluded that the preferred ways for the surface structure in which the 

energy was minimised are the configurations represented in Figure 1.13. 
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Figure 1.13. Energetically favoured surface structure of PdCu. White: Cu (100) 

surface. Grey: Cu atoms. Black: Pd atoms. [131]. 

 

1.4.7 Hydrogen transport in dense Pd alloy membranes 

Membranes can be defined as a material layer designed to separate or filter. The use of 

dense metal membranes for hydrogen separation gives to the process a theoretically 

infinite selectivity. H2 permeation process through dense metal membranes has different 

steps: diffusion of the H2 molecules to the membrane, adsorption of hydrogen 

molecules, dissociation from H2 into H, diffusion of atomic H through interstitial sites 

in the membrane, recombination of the H atoms and, finally, desorption of the H2 

molecules and diffusion to the permeate flow as illustrated in Figure 1.14.  

 

 

Figure 1.14.  H2 transport in dense Pd alloy membranes. 

 

The simplest description of gas diffusion through a nonporous structure is Fick’s first 

law [132]: 

 

dx

dc
DJ 

 
Equation 18 
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Where, J is the molar flux through the membrane (mol/cm2s), D is the diffusion 

coefficient (cm2/s), and the driving force is the concentration gradient across the 

membrane, dc/dx.  

 

Under these conditions, the thermodynamic equilibrium between the hydrogen 

molecules in the gas phase and hydrogen atoms dissolved at the interface can be 

established by the following formula [133]: 

n
iSPc   Equation 19 

 

Where S is the hydrogen solubility and Pi the hydrogen partial pressure.  

 

The hydrogen permeation at constant temperature through a dense palladium membrane 

is described by the following general expression: 

l

PPP
J

n
permi

n
feediH

H

)( ,,2

2


  Equation 20 

 

Where 
2HJ is the hydrogen flux through the membrane, 

2HP the hydrogen permeability, 

l the membrane thickness and n the dependence factor of the hydrogen flux on the 

hydrogen partial pressure, experimentally determined in the range 0.5-1 [133]. When n 

is 0.5 the hydrogen flux follows the so-called Sieverts’ law, which applies only when 

the limiting step of the hydrogen permeation process is the bulk diffusion through the 

metal.  

 

Concerning the influence of temperature on hydrogen permeability, the relationship 

between the hydrogen permeation rate and the temperature can be described by an 

Arrhenius law: 







RT

E
PP a

HH exp0

22
 Equation 21 

 

Where 0

2HP , Ea, R and T are the pre-exponential factor, the apparent activation energy, 

the universal gas constant, and the absolute temperature, respectively.  
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The rate of bulk transport is inversely proportional to the membrane thickness, while the 

combination of surface characteristics and operating conditions determine the surface 

reaction rate. The value of n=0.5 has been the most widely used for permeability data in 

the literature allowing the comparison. In the last years metal membrane preparation 

techniques are improving, reducing membrane thickness and increasing the importance 

of the surface reaction and of the H2 mass transport resistance on the overall 

performance of a membrane.  

 

It is expected that as the membrane thickness decreases, the pressure exponent will 

vary, indicating that the limiting step of the permeation process changes. In the 

literature it is generally accepted that if the pressure exponent is close to 1 the surface 

reactions become rate-limiting in hydrogen transport [134]. This n approaching to 1 is 

also generally related to thin membranes, << 10 µm. But the hydrogen diffusion process 

is affected by many things, such as the material (grain boundaries, pores and voids), the 

temperature (the higher the temperature the lower the limitation of the surface reactions) 

and the thickness (the higher the thickness the higher the diffusion limitation through 

the metal layer). This could be the explanation for different n values found in the 

literature for membranes of similar thickness. With a 2 μm thick membrane using a 

mesoporous SS support, the n value was close to 1 at 723 K in a study by Nam et al. 

[112], while an unsupported 2 μm Pd-23 %Ag membrane showed an n value equal to 

0.54 at 673 K [135]. Caravela et al. [136] performed a correlation between the 

permeation steps and the obtained n value with a theoretical model and compared it to 

experimental data from two different membranes in the literature. They concluded that 

the n value is dependent on the operating conditions, thickness and material, making it 

impossible to assume that an n value tending to 1 would always indicate that the surface 

reactions are rate-limiting.  

 

When a hydrogen containing mixture is fed to a membrane, the concentration 

polarization (CP) phenomenon contributes to the resistance of hydrogen permeation 

through the membrane, as summarized in Figure 1.15. It consists of a driving force 

decrease of hydrogen from the bulk gas to the membrane surface in the presence of non 

permeable species due to counter diffusion of H2 and the non-permeating species. This 

phenomenon will also occur inside the porous support and from the support surface to 

the permeate side gas. As it has been explained before, the mass transfer resistance can 
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seriously affect the membrane performance, up to becoming one of the slowest 

elementary step of the whole process. If this was the case concerning Pd-alloy 

membranes, Sieverts’ law could not be used for modelling the hydrogen permeation. 

This can be practically important, as it is not worth trying to produce very thin 

membranes, making them mechanically weak, if the main limitation to the diffusion 

process is the availability of hydrogen at the metallic surface. To override this 

limitation, membrane module design will be the challenge. 

 

Figure 1.15. Schematic representation of hydrogen concentration variation when 

diffusing through a supported dense metallic membrane.  

 

With high hydrogen percentage in the retentate side polarization tends to be lower, even 

for high fluxes, because of the absence of other species creating a composition gradient. 

At lower temperatures the resistance of the Pd-based membranes is higher, and thus the 

incidence of polarization is lower. As the purification process goes on, the hydrogen 

molar fraction in the retentate decreases, increasing the CP effect the more the thinner is 

the membrane.  

 

1.4.8 Effect of reforming mixtures on PdCu membrane 

performance  

The composition of alloy membranes, surface roughness and lifetime can be affected by 

the gas composition fed to the membrane. Depending on their interaction with the metal 

surface, feed gases can be divided into different groups: inerts (Ar, He, N2), and species 

Boundary 
layer

Bulk gas

FEED SIDE PERMEATE SIDE
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that can react with the surface. The ones that react can be categorised depending on the 

degree of reversibility of their effect. Compounds are classed as inhibitors if the system 

is recovered when the compound is removed, as for example CO, CO2, H2O, O2 and 

H2S. Compounds which effect is irreversible are known as poisons. Some compounds, 

as CO and H2S can show both tendencies depending on the concentration and the 

exposure time. The adsorption energy of the inert gases is negligible and the H2 flux 

decrease is principally due to hydrogen dilution. On the contrary, inhibitors adsorb on 

the membrane surface. In this case, H2 flux reduction is caused by the dilution and the 

adsorption of inhibitors on the surface. The removal of inhibitor gases from the 

membrane surface stores their efficiency. Poisonous gases are expected to adsorb and 

also react with membrane surface atoms. Temperature has a strong influence on the 

effect of feed contaminants as, in general, adsorption is unfavoured at high 

temperatures.  

 

The effect of H2O, CO and CO2 

Gases such as H2O, CO and CO2 can have an inhibitive effect on the hydrogen 

permeation through dense membranes due to their competitive adsorption with 

hydrogen on the metallic surface [137]. Steam and CO were found to have significant 

effects at temperatures lower than 623 K, and at 2 bar, whereas, CO2 displayed only a 

slightly inhibitive effect on a PdAg membrane studied by Hoe et al. [138]. At 548 K, 

with 5 % of H2O, CO and CO2 alternatively, the hydrogen permeation rate decreased by 

70 % with steam, 10 % with CO2 and 40 % with CO. They also observed that the effect 

increased with the amount of steam, CO or CO2 in the feed, and decreased with 

temperature. At temperatures higher than 673 K very slight effects were recorded. For a 

6 μm thick PdCu membrane the hydrogen permeation decrease was higher in contact 

with 10 % of H2O (75 %) than with 10 % of CH4 (67 %) or 10 % of CO2 (67 %) at 623 

K [139]. Delamination of the metal film was even observed for a PdCu membrane after 

60 min in contact with 10 % of steam [121]. It was also found that the height of micron-

scale hillocks and the size of defects increased after the addition of CO and CO2 [121]. 

 

The effect of O2 

The positive or negative effect of air purges on hydrogen permeance has been widely 

studied. Paglieri et al. [140] observed a recovery of the hydrogen flux in 9, 10 and 15 

μm thick Pd membranes after introducing an air purge between H2 permeation tests. 
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Their explanation was that some Pd will oxidize to palladium (II) oxide (PdO), and in 

contact with H2 it will reduce again resulting in nano-crystallites of Pd with higher 

activity or surface area for hydrogen dissociation. The surface of the metal layer 

changed after being in contact with air, or oxygen. Aggarwal et al. [141] annealed some 

40-200 nm thick Pd films in vacuum and oxygen and observed that the morphology of 

the metal layer annealed in oxygen had completely changed (Figure 1.16). This shape 

changing can be a consequence of the Pd film deformation due to the PdO crystallites.  

 

 

Figure 1.16. Atomic Force Microscopy (AFM) image published in [141] showing 

the result of annealing a 80 nm Pd film in oxygen at 1173 K for 1 h.  

 

 

PdCu membranes tested with air or O2 purge showed the same behaviour observed for 

the Pd ones. Air exposure of Pd alloy thin films can make them rearrange in conical-

shaped structures, and with higher surface area more H2 can permeate. Air would also 

clean the surface from contaminants. Additional contribution to the permeation rate 

could come from the pinholes generated during the rearrangement of the film, but with 

negative effects on the selectivity. It is noticed that the oxidation of metallic Pd is 

accompanied by an experimentally observed volume change of 38 %, as can be seen in 

Figure 1.17 [98]. After air exposure at 723 K a lot of pores, of around 5 nm diameter, 

were formed. After being one week in H2 atmosphere, the holes and features developed 

during the air purge were covered and levelled off [98]. This reversible effect, after 

being in contact with hydrogen, has also been observed in damaged membranes with 

CO or CO2.   
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Figure 1.17. Air purge representation and implications for nitrogen leakage and 

surface area increase [98]. 

 

The effect of sulphur compounds 

Products like H2S are very common in process streams derived from natural gas, coal 

gasification or oil refinery operations. It is not easy to estimate the percentage of 

sulphur in natural gas as it strongly depends on the source, but it can be around 8000 

ppmv [142] or 15000 ppmv [143]. Most of the sulphur is generally removed before 

entering to a process but some ppm are always left. In the case of the household natural 

gas sulphur compounds are added in the pipelines to odorize the gas and make possible 

leaks easily detectable. Sulphur components are poisonous for a lot of catalysts and they 

can deactivate metal membranes and reduce their hydrogen permeation and selectivity. 

Some studies have shown that Pd alloy membranes, such as PdCu and PdAu, have a 

better H2S resistance than the Pd ones [144, 145]. The present work is focused on PdCu 

alloy membranes. In a study by Kulprathipanja et al. [81] H2 permeation was totally 

inhibited with 300 ppmv of H2S for a PdCu membrane and with 100 ppmv for a Pd 

membrane. In general it can be said that the effect of H2S on PdCu membranes is related 

to the working temperature, concentration of H2S and time of exposure. These 

parameters will determine also the reversibility of the contamination. 

 

PdCu membranes with different metal compositions have been studied in contact with 

H2S. Pomerantz et al. [82] observed an 80 % decrease in H2 permeance when adding 

45-55 ppmv of H2S in a H2S/H2 mixture, at 723 K. They reintroduced a pure H2 stream 

and observed that some of the H2S poisoning was reversible. The amount of irreversible 

poisoning increased as the H2S exposure time increased and the exposure temperature 

decreased, because of the exothermic nature of H2S adsorption. In the work by Ishteiwy 

et al. [120] H2 permeance decreased by 32-36 percentage points when exposing the 

PdCu membrane to 1 ppmv of H2S, and by 52-63 points with 10 ppmv at 523 K. The 

hydrogen permeance was recovered after introducing a pure H2 feed, while with 250 
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ppmv of H2S it totally failed. In the work of Way et al. [122] a 40 percentage point 

reduction of the hydrogen flux occurred when adding 100 ppmv of H2S to a 50/50 

H2/N2 mixture. 

 

Some other studies showed good performance of PdCu membranes in the presence of 

H2S. Iyoha et al. [142] found that when adding H2S below the H2S/H2 threshold ratio 

required to form thermodynamically stable sulphides (molar ratio H2S/H2=0.0011), both 

Pd and Pd80Cu20 membranes kept their mechanical integrity and H2 selectivity, but with 

a big deactivation of the catalytic surface. They tested a mixture of 90 % H2 with 1000 

ppmv of H2S and He with both Pd and Pd80Cu20 membranes, and there were no changes 

in the H2 permeance. But when working under WGS conditions with H2S addition, the 

Pd80Cu20 membrane had no problems along 6 days, while in the Pd membrane pinhole 

defects were formed in the third day. Increasing the H2S/H2 ratio made membranes fail 

within minutes and they broke. SEM analysis of the samples suggested that at high 

H2S/H2 ratios, the H2S compromised the mechanical integrity by preferentially attacking 

the grain boundary region. Morreale et al. [146] tested a 50 μm Pd60Cu40 at 773 K with 

1000 ppmv during 14 days and hydrogen flux was almost constant at around 1.6·10-3 

molm-2s-1Pa-0.5. 

 

The effect of the PdCu phase on the resistance to H2S has been also studied. Mundschau 

et al. [147] studied 0.1 mm foils of different compositions (Pd80Cu20, Pd60Cu40, 

Pd53Cu47) at temperatures from 603 to 1123 K. They saw that the permeance of the fcc 

crystalline structure did not change when adding 1000 ppmv of H2S at any temperature, 

while that of the bcc phase was two orders of magnitude lower (Figure 1.18). So they 

suggested that the fcc phase was resistant to H2S, but not the bcc one.  

 

As it has been explained in previous sections, the structure of the PdCu membranes 

depends not only on the composition, but also on the temperature. To check the claim 

that the fcc phase is resistant to sulphur, Table 1.3 shows a comparison of some 

literature results. It can be noticed that not all the experiments carried out with H2S and 

fcc structure membranes were successful. The thickness of the tested membranes could 

have been an important factor in the results as well.  
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Figure 1.18. Hydrogen permeance results for 60 wt% Pd – 40 wt% Cu alloy 

membranes as a function of temperature. Reported in Morreale et al. [147]. 

 

Table 1.3. Comparison of the H2S effect on PdCu membranes. 

Ref. PdxCuy T (K) Phase 
Metal 

layer (μm) 
[H2S] 

(ppmv) 
Effect in the H2 

permeance 

[82] 
Pd92Cu8 
Pd82Cu18 
Pd81Cu19 

623-723 
fcc 
fcc 
fcc 

20 45-55 80 % loss 

[120] ns 623 ns 2 1-50 Decrease 32-63 % 
[122] Pd60Cu40 723 bcc+fcc 1-25 100 40 % decrease 

[81] 

Pd35Cu65 723 
fcc 

3-10 
115-630 Decrease 10-30 % 

Pd27Cu73 fcc 160-250 Decrease 70-90 % 

Pd 723 ns ns 
20 Decrease 30 % 

115 Failed 

[146] Pd60Cu40 773 bcc+fcc 25-50 1000 
No decrease after 14 

days 

[142] 
Pd80Cu20 1173 fcc ns 1000 No decrease 

Pd 1173 ns ns 1000 No decrease 

[147] 
Pd80Cu20 

625-1000 
fcc 

100 – 1000 
1000 Decrease <10 % 

Pd60Cu40 

Pd53Cu47 
bcc 1000 Decrease 80-90 % 

ns: not specified 

 

The H2S can be thermically decomposed, yielding hydrogen and elemental sulphur as 

primary products. In the presence of a catalytic element this can be a very fast reaction, 

but it will just proceed to 10-20 % conversion of the H2S, for thermodynamic 

equilibrium limitations, at 973 K. Thermal decomposition of H2S can be the reason for 
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the good results from [142] in Table 1.3. The elemental sulphur can be combined with 

the elements of the membrane: Pd membranes form Pd4S in the bulk, PdAg membranes 

Ag5Pd10S5 and PdCu ones Pd4S. PdCu membranes show better tolerance to H2S and the 

surface remains with the original alloy composition, but some Pd4S is formed in the 

bulk [148]. In the membranes prepared for the present work the Pd percentage is around 

40-80 % and the temperature will range between 673 K and 773 K, so no H2S thermal 

decomposition can be expected.  

 

The mechanism by which the hydrogen permeance decreases in Pd alloy membranes 

when being in contact with sulphur compounds is not yet completely understood. At 

low H2S concentrations H2 dissociation sites are blocked. Wilke et al. [149] made a 

theoretical study and found that low sulphur surface coverage (θS <0.25) reduces 

hydrogen adsorption energy at sites close to adsorbed sulphur, while at higher surface 

coverage (θS =0.5) strong repulsive H-S interactions strictly block the adsorption of 

hydrogen in the vicinity of sulphur adsorbed atoms. When high H2S concentrations are 

used, a sulphur surface layer does not allow H2 to even penetrate to the PdCu surface. 

They set out two hypotheses: firstly, the decrease in hydrogen flux can be attributed to 

the formation of a sulphide surface scale with low hydrogen transport, and secondly, 

there is a competitive adsorption between adsorbed S and H atoms. 

 

1.5 Membrane reactor 

With the implementation of hydrogen selective membranes in reactors it is possible to 

overcome the thermodynamic equilibrium conversion of methane reforming processes, 

resulting in less severe operating conditions. The selective removal of hydrogen from 

the reaction side enables methane reforming to proceed towards completion. Moreover, 

high purity hydrogen could be produced via dense Pd-based membrane reactors (MR), 

which allows the simultaneous performance of both chemical reaction and mixture gas 

separation in the same device. 

 

Several works can be found in the literature where Pd or PdAg membranes are 

integrated in a MR in processes producing hydrogen. Pd membranes reactors have been 

tested for methane reforming with Ni/Al2O3 catalyst [150]. They simulated the effect of 

granular or structured catalyst beds and found that the structured catalytic bed could 
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noticeably raise the yield of hydrogen. Uemiya et al. [151] employed a MR with Pd 

membranes of 20 µm at 773 K and 10 bar obtaining 80 % conversion in methane steam 

reforming. A methane conversion of 84-98 % was achieved by Tong et al. [152] with a 

6 µm thick Pd membrane. The good performance was mainly ascribed to the better 

separation efficiency of the membrane and optimum operating parameters. A higher 

methane conversion of 98.8 % was reported by Che et al. [153] with a 4 µm thick Pd 

membrane at 823 K, Pfeed=9 bar, GHSV= 4000 mL/(gcath), and with a steam to methane 

ratio of 3.0. The high conversion was attributed to the high membrane permeance, good 

catalyst activity and the counter current design.  

 

MR with Pd membranes have also been tested for the WGS reaction. Li et al. [154] 

employed a multi-tube membrane reactor with 5.6 µm thick membranes to perform 

WGS with a simulated pre-reformed mixture (CO, CO2, H2, CH4 and H2O) at 673 K 

with 20-35 bar of feed pressure and 15 bar of permeate pressure. They observed that the 

overall hydrogen permeation dropped by 20 % compared to a H2/N2 mixture with the 

same H2 concentration.  

 

As explained in previous sections Pd alloys have been widely studied as their hydrogen 

permeance is close or sometimes even higher than that of Pd membranes and because 

they minimize embrittlement problems. Membrane reactors with PdAg membranes have 

been analysed during the last years in different processes. A conversion of 63 % in 

methane steam reforming was obtained using a PdAg with 23 wt% of Pd and 0.1 mm 

thickness in a MR adding pure CH4 at 0.5 LNCH4/(gcath), 773 K, Pfeed=10 bar and 

Psweep=0.5 bar [155]. 51 % CH4 conversion was derived by Shu et al. [156] with a 10.3 

µm thick PdAg membrane at 773 K, Pfeed=1.36 bar, a steam-to-carbon ratio of 3, and in 

presence of a Ni/Al2O3 catalyst, exceeding the calculated equilibrium CH4 conversion of 

40 %. 56 % conversion was obtained by Basile et al. [157] at 723 K, Pfeed=3 bar, 

Psweep=1 bar with a 50 µm PdAg membrane with co-current system and a Ni/ZrO 

catalyst. Gallucci et al. [158] obtained 70 % CH4 conversion with a 50 µm thick PdAg 

membrane at 723 K, Pfeed=1.22 bar, far beyond the CH4 conversion of 25 % in the 

traditional reactor.  

 
As a consequence of the improvement in PdCu alloy preparation, obtaining membranes 

with hydrogen permeance values in the ranges of the Pd ones, PdCu membranes have 
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started to be tested in membrane reactors for different processes. The amount of works 

found in the literature testing PdCu membranes in real conditions is still quite low 

compared to Pd or PdAg ones. Membrane reactors for ethanol steam reforming with 

PdCu membranes have been tested. Lim et al. [159] obtained better conversion and 

hydrogen yield with a PdCu MR for ethanol steam reforming at 1-10 atm and 623 K 

than in a conventional reactor. Yun et al. [160] observed an ethanol conversion 

enhancement of 22 % in ethanol steam reforming in a 2 µm PdCu MR at 733 K 

compared to a conventional packed bed reactor.  

 

PdCu membrane reactors have also been tested in water gas shift reactions. Hwang et al. 

[161] performed WGS with Pt/CeO2 catalysts in a 4 µm PdCu MR at 773 K. They 

observed that the presence of CO and other gases reduced the H2 permeation by more 

than 50 %. The CO conversion was improved by 65 % compared to the catalyst without 

any membrane, and the CH4 formed by an undesired side reaction was significantly 

reduced. The system was operated for 60 h without membrane defect or carbon 

deposition. With thick-walled tubes (125 µm) Iyoha et al. [142] obtained higher 

conversion with the MR than without the membrane in CO WGS at 1173 K. Comparing 

Pd and PdCu MR they observed higher conversion in the Pd one, most probably 

because of a higher permeability of this membrane. In another work from the same 

authors [162] they observed that after 8 days operating in CO WGS conditions at 1173 

K with 241 kPa trans-membrane pressure differential and in the absence of 

heterogeneous catalyst particles both in Pd and PdCu (125 µm thick) the environment 

caused pinhole formation in the retentate surface. 

 

No studies have been found in the literature about the application of PdCu membranes 

to methane steam reforming or catalytic partial oxidation processes, which are the 

processes studied in the present thesis. As not too much work has been done on the 

testing of PdCu membranes under real mixtures, in the present work the hydrogen 

production from methane and the purification with PdCu membranes has been 

performed in separate units. This configuration has a number of advantages. (1) Many 

different operating conditions can be tested and many catalysts can be evaluated with 

easy substitution without damaging the membrane. (2) Operating at lower temperatures 

in the membrane module increases membrane stability, allowing to operate with thinner 

metal layers.  
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The goals and scope of the research work are defined in this chapter.  
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Nowadays hydrogen is foreseen as an important energy carrier for the future as it 

presents advantages such as available technologies for its decentralized production, low 

pollution via fuel cell utilization and diverse production sources, among others. In a 

green hydrogen economy this fuel will be generated from renewable energy sources or 

materials. In order to decrease the relatively high hydrogen storage and transport costs 

the production must be planned close to the consumption places.  

 

Before a green hydrogen economy is reached the required infrastructures have to be 

built. In the meanwhile, the easiest and cheapest way of producing hydrogen with the 

present available technologies is from methane via its catalytic conversion. The most 

extended industrial technology for hydrogen production from methane is steam 

reforming (SR). But for its decentralized generation more compact technologies are 

needed, such as catalytic partial oxidation (CPO) or wet catalytic partial oxidation (wet-

CPO). Using methane, which is the main component of natural gas and biogas, 

hydrogen production and price would be adequate to start with the development of the 

infrastructure required for a hydrogen economy, while greener technologies are 

optimized and their use generalized.  

 

It is not only important to produce hydrogen, but its quality is also critical for its use in 

fuel cells, as this is one of the most promising hydrogen applications to solve the 

pollution problems created in the cities by internal combustion engine vehicles. In order 

to purify hydrogen from a mixture different techniques can be employed. The most 

spread one in industry is pressure swing adsorption (PSA) which operates under 

pressure and implies high investment, making it economic only at large scale. For 

decentralized hydrogen production smaller scale economic purification technologies 

will be required, such as hydrogen selective Pd based membranes. They have 

theoretically infinite hydrogen permselectivity and will allow performing hydrogen 

production and purification in an integrated unit. 

 

As a consequence, both compact technologies for hydrogen production and small-scale 

technologies for its purification are key areas of research on the road to decentralized 

hydrogen production. This development, starting with natural gas as raw-material, will 

prepare the infrastructures that will facilitate later on hydrogen production from 

renewable sources. As renewable energies are available at smaller scales and spread 
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over large areas, and as hydrogen storage and transportation costs are high, the 

decentralized strategy is a very promising alternative. 

 

 

Figure 2.1. Main research areas of this Ph.D. thesis. 

 

The main objective of the thesis is focused on the previously summarized scenario: to 

improve the knowledge about hydrogen selective PdCu membranes when operating in 

complex mixtures produced from methane CPO or wet-CPO using Ni-based catalysts 

and also in the presence of H2S. An outline of the main research areas of this Ph.D. 

Thesis is shown in Figure 2.1. 

 

Works about hydrogen production via CPO or wet-CPO with Ni-based catalysts have 

been previously published in the literature, but further knowledge about the effects of 

the generated complex mixtures on PdCu membranes performance is needed. In order to 

achieve this main objective the following steps will be executed: 

 

1.  Catalysts preparation. Ni based catalysts will be prepared over basic and acidic 

supports via wet impregnation method. Different Ni percentages will be 
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incorporated to analyse the influence of the support and the active metal amount 

on catalyst activity and stability.  

 

2. Characterization of the prepared catalysts. The prepared catalysts will be 

characterized using textural and physicochemical techniques in order to establish 

correlations between catalysts characterization and activity results. 

 

3. Set-up of a bench-scale pilot plant. This plant will allow testing of catalysts and 

membranes in the same reactor or in consecutive stages with the adequate 

control of temperatures, pressures, flows and gas compositions. 

 

4. Activity tests of the prepared catalysts. The catalysts will be tested at different 

temperatures, space velocities and in CPO, wet-CPO and SR processes. The aim 

of this part will be to choose the most promising catalyst and the optimal 

conditions to be used in the integrated hydrogen production plus purification 

system. 

 

5. Membrane preparation. As one of the aims of this work was to test the influence 

of small concentrations of H2S, it was decided to prepare Pd membranes alloyed 

with Cu. The method for Cu electroless plating over Pd ceramic membranes will 

be optimized. Several PdCu membranes with different compositions will be 

prepared to be later employed in hydrogen purification tests.  

 

6. Membranes characterization. The prepared membranes surface and metal layer 

will be characterized and measured, and their permeability in pure hydrogen will 

be measured at different pressures and with thermal cycles to analyse if 

embrittlement problems appear.  

 

7. Membrane performance tests. Membrane permeability will be measured 

purifying hydrogen from complex mixtures produced via CPO or wet-CPO from 

methane with the developed catalysts. The optimal feed pressure and sweep gas 

flow for the integration will be analysed and the effect that compounds other 

than hydrogen have on membrane surface and performance will be studied. 



Chapter 2 

 

64 

8. Membrane permeability tests treating H2S containing mixtures. Hydrogen 

sulphide addition effect on membrane performance and stability will be 

analysed. Less than 100 ppmv of H2S will be used trying to simulate realistic 

conditions.  

 

9. Integration of hydrogen production and purification when H2S is added. The 

integrated process, hydrogen production and purification, will be tested 

operating with H2S addition. The tests will allow studying catalyst activity with 

H2S addition and membranes hydrogen permeability when purifying hydrogen 

from complex mixtures containing H2S. 

 

10. Analysis of membrane lifetime. The hydrogen and nitrogen flow variation along 

time-on-stream of the membranes tested with complex mixtures and with H2S 

addition will be checked to obtain information about the effect of the operating 

conditions on the membrane performance.  

 

11. Characterization of the used membranes. The ones used with complex mixtures 

and with H2S addition will be characterized at the end of their lifetime using 

SEM and XRD techniques in order to explain how the membrane performance 

evolved. 



 

 

 

 

 

 

 

 

 

 

 

3. EXPERIMENTAL 

PROCEDURES 

 

 

 

 

 

 

 

 

 

In this chapter the bench-scale pilot plants where catalyst and membrane tests were 

performed are explained, together with the activity and stability tests carried out with 

them. Then, catalyst and membrane preparation methods, wet impregnation and 

electroless plating respectively, are described. And finally, catalyst and membrane 

characterization techniques are presented.  
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3.1 Bench-scale pilot plants description 

Two different bench-scale pilot plants were used to carry out catalyst and membrane 

tests. The catalysts activity and stability tests were performed in a bench-scale pilot 

plant (PP) (PID Eng&Tech) using a stainless steel fixed-bed reactor (1.15 cm i.d. and 30 

cm length). The PP is illustrated in Figure 3.1. The reactor and the lines were inside a 

hot box (at 413 K) that kept the water in the vapour phase to avoid flooding problems 

during system operation. Feed gas flows were controlled with massflow controllers, and 

water was fed to the system with a liquid pump (Gilson 307). The desired gases entered 

the hot box and were mixed with the water steam. This mixture entered the reactor from 

the top, the reaction occurred and products went out through a condenser. The effluent 

stream was cooled down, thus condensed water was collected and weighed, and the gas 

phase was analysed on-line by a GC (HP 5890) equipped with FID and TCD detectors. 

Two columns, Porapack Q and Molecular Sieve 5A, were used in a series/bypass 

arrangement for the complete separation of H2, CH4, CO and CO2 in the GC. The 

outflows were manually measured with a soap bubble-flowmeter.  

 

 

Figure 3.1. Diagram and image of the bench-scale pilot plant PP for catalysts 

activity tests. 

 

Membranes were tested in a bench-scale Membrane Plant (MP) (PID Eng&Tech). The 

diagram of this plant is shown in Figure 3.3. Feed gases were pre-heated and mixed 

with the water steam produced in an evaporator. This mixture entered the first oven, 
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with a stainless steel fixed-bed reactor (1.22 cm i.d. and 30 cm length), and the 

generated products entered the membrane module. Membranes (around 15 cm long and 

with 1.4 cm outer diameter) were located in this module, and Ar was fed as sweep gas. 

Retentate gases could enter a second reactor with the same characteristics as the first 

one, if further reaction tests were to be performed with them (for example water gas 

shift reaction). Finally, the gases went out through a condenser. This MP was connected 

on-line to a mass spectrometer (OmniStar Pfeiffer Vacuum). By means of a six lines 

valve, the composition of the outlet gas from the first reactor, both permeate and 

retentate flows from the membrane module, and the outlet flow from the second reactor 

can be analysed. The membrane module was operated in counter-current mode, which 

allowed a higher hydrogen partial pressure difference throughout the membrane. Figure 

3.2. depicts the nomenclature of the streams involved in the membrane module. As it 

can be observed in this figure, the membranes used in this work were dead end type. 

The main advantage of this MP is the different test options that it offers, making it 

possible to test different reactions and hydrogen separation configurations in order to 

identify the most suitable one. 

 

 

 

Figure 3.2. Nomenclature of the flows involved in the membrane reactor. 
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Figure 3.3. Diagram of the membrane plant. 

 

3.2 Catalyst preparation 

Three Ni catalysts were prepared for the CPO, SR and wet-CPO tests: 30 and 40 wt% 

Ni over MgO (30Ni/MgO, 40Ni/MgO) and 40 wt% Ni over Al2O3 (40Ni/Al2O3). All of 

them were prepared by the wet impregnation method. For the catalysts with basic 

support Ni(NO3)26H2O (Sigma Aldrich, 99.999 %) was used as the active phase 

precursor and MgO (Sigma Aldrich, >98 %, BET-specific area 27.09 m2/g, pore volume 

0.1583 cm3/g) as the support precursor. The impregnation was made in a rotary 

evaporator. 

 

Firstly, the required amount of the Ni salt was dissolved in about 120-150 mL of 

distilled water. When the salt was completely dissolved, the solution was added to the 

rotary cylinder, where the adequate amount of MgO suspension had been previously 
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located. The mixture was kept stirring for 30 min at 293 K, and then the excess water 

was evaporated to dryness in the rotary evaporator at 323 K and 0.4 bar total pressure. 

Samples were dried in a drying oven at 383 K during 24 h, and finally they were 

calcined in air atmosphere at 1073 K for 4 h, with 3 K/min. In order to avoid extremely 

high pressure drops in the catalytic fixed-bed reactor the catalysts were pressed, crushed 

and sieved to obtain a homogeneous particle size of 0.42 < dp < 0.50 mm. 

 

The Ni/Al2O3 catalyst was prepared using the same method. In this case, nickel acetate 

Ni(CH3CO2)24H2O was used as precursor (Sigma Aldrich, 99.99 %) and α-Al2O3 (Alfa 

Aesar 99.9 %, 20-50 µm, BET-specific area 6.17 m2/g, pore volume 0.0110 cm3/g) as 

support. The nickel acetate was dissolved in distilled water, and it was mixed with an 

alumina suspension (the alumina dust had been previously calcined at 1073 K for 4 h). 

The mixture was stirred in the cylinder and the pH value was measured before 

establishing the vacuum and the temperature at 323 K. In the preparation of this catalyst 

the pH value is an important parameter, it has to be neutral. The rest of the preparation 

method was the same as used for the Ni/MgO catalysts: dry, calcine, press, crush and 

sieve.  

 

3.3 Catalyst characterization 

3.3.1 Elemental chemical analysis 

The metal nominal composition of the prepared catalysts was measured with an 

inductively coupled plasma unit, ICP (Perkin Elmer ICP-AES 2000-DV). Samples are 

nebulised and injected in an argon plasma. The plasma, at 7273 K, excites thermically 

the electrons from the external layer of the elements contained in the sample. The 

excitation causes sample atomization, and therefore, the emission of the energy beams. 

A spectrometer scatters the beam dividing the characteristic wavelength of each 

element. The selected emission is then directed, through different lenses, to the 

photomultiplier-detector. This detector sends an electric signal to the computer where it 

is transformed into a concentration value. There were some requirements that catalysts 

samples had to satisfy in order to be analysed by ICP: 
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- Samples needed to be in aqueous solution and without precipitates or 

suspended solids. 

- Ni concentration had to be lower than 20 ppmv, if not the samples had to be 

diluted.  

- The calibration patterns and samples had to be prepared in the same way and 

in each analysis. In addition to the samples two patterns and a sample blank 

had to be prepared each time.  

 

Due to the conditions explained before, the solid catalysts (samples around 30-50 mg) 

were broken down in a digester with 4.5 mL of HF, 4.5 mL of HNO3 and 3.0 mL of 

HCl. Before the analysis in the ICP the liquid samples were diluted with deionised 

water to fulfil the detection limits of the equipment.  

 

3.3.2 X-Ray diffraction 

With the non-destructive X Ray diffraction method the qualitative and quantitative 

determination of the crystalline phases of the sample components can be performed. 

Every crystalline substance gives always the same pattern; therefore, the X-ray 

diffraction pattern of pure substances is like a fingerprint. The main use of powder 

diffraction is to identify components in a sample. Furthermore, the areas under the 

diffractogram peak are related to the amount of each phase present in the sample. Due to 

the nature of the technique just the crystalline solids can be characterized with XRD.  

 

The equipment employed for the X-ray diffraction analysis was a Philips PW 1710 

diffractometer using Cu Kα radiation. The XRD patterns had been represented with the 

2θ angle value where diffraction maximum appeared. Identification of the phases was 

done using the Powder Diffraction File (PDF-2,4) database from the International 

Centre for Diffraction Data (ICDD).  

 

The particle average size of the crystalline phases present in the samples can be 

calculated with the Scherrer equation. In this equation the full-width half maximum (B) 

is related to the effective crystal size (d) by the relation: 
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CosB

K
d





 

Equation 22 

 

Where: 

K: Sphericity factor of the particles (0.9). 

 : Wavelength of the used radiation (Cu line 1.54 Ǻ). 

B: Full-width half maximum. 

 : Angular position of the maximum diffraction line. 

d: The average crystallite size.  

 

The Scherrer equation states that narrow diffraction peaks correspond to big and 

crystalline particles, whereas wide peaks correspond to amorphous or small particles.  

 

The previous equation assumes that the only factor that affects the broadening of the 

diffraction line is the crystallite size. In small particles the number of available parallel 

planes is not high enough to obtain a sharp diffraction line and the peaks widen. 

Nevertheless, there are more factors that contribute to line widening, such as 

instrumental factors and the fact that crystals are not completely ideal. As a 

consequence of this difficulty to establish the actual particle size, the values obtained for 

the catalysts in this work were used more in a qualitative than in a quantitative way.  

 

3.3.3 Electron microscopy  

In the electron microscopy technique an electronically-magnified image of the sample is 

generated. The microscopes use an electron beam to illuminate the specimen and create 

a magnified image of it. The Transmission electron microscope (TEM) uses high 

voltage electrons to create the image. The electrons are emitted, accelerated by an 

anode, focused by lenses and transmitted through the specimen that is in part transparent 

to electrons and in part scatters them out of the beam. These electrons carry information 

about the structure of the specimen. 

 

Unlike the TEM, the SEM does not carry a complete image of the specimen at any time. 

SEM produces images by probing the specimen with a focused electron beam that is 

scanned across a rectangular area of the specimen. At each point on the specimen the 
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incident electron beam loses some energy, and the lost energy is converted into other 

forms, such as heat, emission of low-energy secondary electrons, light emission or x-ray 

emission. The display of the SEM maps the varying intensity of any of these signals into 

the image in the position of the beam on the specimen when the signal was generated.  

 

SEM analyses of the catalysts were performed using a JEOL JSM-6400 equipment with 

W filament and a maximum resolution of 3.5 nm. The resolution is given by the 

manufacturer and means that under optimum operational conditions points separated by 

3.5 nm can be differentiated. The TEM analyses were performed in a Philips CM200. 

SEM provided information about the morphology of the sample and TEM allowed 

studying the internal structure.  

 

3.3.4 Nitrogen adsorption isotherms (BET) 

The texture of the catalysts was evaluated using nitrogen adsorption isotherms. Gas 

adsorption represents the most used technique to evaluate the specific surface and to 

characterize porous textures. Porosity can be characterised by adsorption isotherms, 

usually with nitrogen. In addition to the specific surface, total pore volume and pore size 

distribution can be measured. The size distribution is often important to ensure efficient 

transport of reactants and products to and from the active surface. 

 

The equipment used for this technique was a Micromeritics TPR/TPD 2900. Firstly 

samples were degassed at 423 K for 24 hours, until the physisorbed gases were taken 

out. Then, the nitrogen pressure was increased in the sample chamber at 77 K until 

saturation. The surface area was determined with the physisorption of nitrogen through 

the B.E.T. method. The equation for the adsorption in different layers is the following 

one: 

00
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Equation 23 

 

Where: 

P/P0: The nitrogen partial pressure. 

Va: The adsorbed volume. 

Vm: The adsorbed volume of the first monolayer.  
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c: The B.E.T. constant that is related to the adsorption enthalpy of the first layer.  

 

When representing the 1/Va(P/P0-1) values as function of the P/P0, for P/P0 values lower 

than 0.3, a straight line is obtained. From its slope, Vm can be calculated, and, knowing 

the area that a nitrogen molecule covers (0.162 m2), it is possible to estimate the surface 

area of the sample. 

 

3.3.5 Temperature programmed reduction (TPR) 

This technique is very interesting for the characterization of supported metals in 

catalysts. It provides information about the redox properties and the metal-metal and 

metal-support interactions. The tests were performed subjecting the oxidized catalytic 

materials to a programmed heating in a reducing atmosphere and registering the 

consumed hydrogen. This hydrogen consumption is due to the reduction of the oxidized 

phases with the following stoichiometry. 

OyHxMyHOM yx 22   Equation 24 

 

The employed equipment was an Autosorb 1C-TCD. The analysis conditions were: 

reduction mixture: 5 % of H2 in Ar, mixture flow: 50 NmL/min, temperature range: 

323-1273 K, heating rate: 10 K/min. The measurements were made using approximately 

1 g of catalyst. The outlet gas went through a cold trap that maintained a temperature of 

185 K during the experiments in order to condense the water provided from the 

reduction. After the cold trap the remaining gas went through the detector (TCD).  

 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

This technique has been used to determine the chemical state and the surface 

composition of fresh and used catalysts. XPS spectra are obtained by irradiating a 

material with a beam of X-rays while simultaneously measuring the kinetic energy and 

number of electrons that escape from the top 1 to 10 nm of the material being analysed. 

The area of the analysed catalysts sample is a circle of 720 µm diameter, which allows 

to obtain information about the metal and the supports. The equipment where the 

samples were analysed was a VG ESCALAB 200R spectrometer with an X-ray 
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emission source of Mg. The kinetic energy of the electrons is related to the bond 

energies of each atom at each level following the equation:  

SC BEhE    Equation 25 

 

In this equation h is the energy of the X-ray photons being used, BE is the kinetic 

energy of the electron as measured by the instrument and S is the work function of the 

spectrometer (not the material). 

 

In addition to element identification, surface atomic ratios were calculated. The 

intensity of the obtained peak was calculated by integrating each peak and subtracting 

the background signal.  

 

3.4 Catalyst activity tests 

The activity of the developed catalysts was tested at 1073 K, atmospheric pressure and 

two different gas space velocities: 600 h-1 and 1200 h-1 (WHSV, ggasgcat
-1h-1). The 

reaction temperature was controlled with a K type thermocouple. Prior to the 

corresponding activity measurement, the catalysts were activated to obtain the metal 

active phase. For the Ni catalysts used in this work, the active phase is the metallic 

nickel. To obtain the metallic phase, the catalysts were reduced at 1073 K, using 0.015 

Nm3/h of a 3:1 N2:H2 mixture, during 4 h. The catalyst weight (0.18 g) was diluted with 

SiC at 1:9 ratio in order to minimize temperature gradients in the bed. The rest of the 

reactor was filled with SiC to improve the mixture of the feed gases.  

 

In the CPO tests the feed molar ratio was: CH4/O2/N2=2/1/3.8. These ratios are 

thermodynamically the most adequate ones [1]. In the wet-CPO and SR experiments 

different steam-to-carbon (S/C) ratios were used: 0.5, 2.0, 2.5 and 3.0. Working with 

water excess the coke formation in the Ni catalysts is minimized [2, 3]. 

 

The parameters used for evaluation of the performance of the catalysts were conversion, 

yield and selectivity, which are defined as follows: 
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Methane conversion (%): 
inCHmol

outCHmolinCHmol
convCH

4

44
4


  Equation 26 

Hydrogen selectivity (%): 
outOHmoloutHmol

outHmol
selectH

22

2
2 

 Equation 27 

Hydrogen yield: 
inCHmol

outHmol
yieldH

4

2
2   Equation 28 

 

3.5 Membrane preparation 

The tested PdCu membranes were prepared in the Energy Research Centre of the 

Netherlands (ECN), in the Efficiency and Infrastructure unit during a six month 

internship. PdCu membranes were prepared by sequential electroless plating. The initial 

membranes used in this work were ECN’s Pd membranes. These membranes consisted 

of Pd over an alumina tubular support, with an outside diameter of 14 mm and a wall 

thickness of 3 mm. The support consists of a multiple layer structure with a top layer of 

α-Al2O3 with 90 nm pore size. Pd membranes were prepared following the procedure 

reported by Hou et al. [4]. 

 

The reactants used for the copper plating metal and reducing solutions are shown in 

Table 3.1 and Table 3.2. A simplified recipe based on suggestions found in the literature 

was used [5]. In case of Cu electroless plating on a Pd membrane, the Pd layer itself is 

the active surface. When using formaldehyde as the reducing agent, the effect of pH is 

significant; with its optimum value between 12 and 14, and also the plating bath 

temperature [6]. The amount of solution was prepared according to the membrane 

length, so that the entire surface was covered. The solution volume per membrane 

surface area was between 6 and 7 cm3/cm2, which varied due to the different length of 

the Pd membranes that were Cu plated.  

 

Table 3.1. Recipe of the metal solution for Cu plating. 

 

 

 

 

 

Reagent Quantity 
CuSO4 5H2O 8.69 g/L 
Na2EDTA 44.44 g/L 
NaOH 17.77 g/L 
Triton X-100 0.617 mg/L
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Table 3.2. Recipe of the reducing solution for Cu plating. 

 

 

 

 

 

The necessary equipment for the Cu plating was an electroless plating bath (placed in a 

fume hood) with a heating unit, a filter cylinder, filter papers, Teflon plugs to seal the 

membranes inside, and a drying oven. The Pd and Cu layers were on the outside of the 

tubular membrane, so the inside of the membrane had to be hermetically sealed during 

the plating time. In the plating process the membranes and the solution were carefully 

manipulated to avoid any dust deposition or damage. The metal solution was put into a 

plating bath equipped with a heating unit that kept the temperature constant at 323 or 

318 K. The solution was carefully shaken by hand during plating to prevent the 

exhaustion of the metal solution near the membrane as well as bubble adhesion to the 

membrane that could result in film defects.  

 

When the desired plating time (0.5, 1.0, 1.5 or 2.0 h) had elapsed, the membranes were 

rinsed and dried at 333 K. Membranes were weighed before and after the plating 

process to measure the weight increase with a view to estimating the amount of 

deposited copper. PdCu layers were then alloyed in an inert atmosphere at 673 K for 

150 h, according to the procedure proposed in [7]. To verify the optimum alloying time, 

two of the prepared membranes were alloyed in a gas permeation system. This 

experiment simulated the alloying conditions, the same heating rate and in inert 

atmosphere, but allowed to measure hydrogen permeation to check how the permeation 

changed with alloying time.  

 

All the prepared membranes were checked with a simple nitrogen test to detect metal 

layer defects that could influence membrane permeance and selectivity results. This test 

was conducted before and after Cu plating, after alloying and after the hydrogen 

permeance tests in order to control the effect of the steps on membrane morphology 

(defect formation). For the leak tests, the ends of the membranes were sealed and the 

membranes were then filled with nitrogen at 3 bar(g).  

 

Reagent 
Quantity 

(for 100 mL of Cu bath) 
Formaldehyde (37 %) 1,53 mL 
2,2-bypirydyl 0,96 mg 
Ultrapure water 9,58 mL 
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3.6 Membrane characterization 

Thickness of the metal layers 

The easiest technique for measuring the PdCu metal layers thickness is the weighing 

difference before and after the metal plating. The Cu layer thickness values obtained 

using the weight difference technique were compared to the ones determined by SEM. 

Membranes SEM analyses were performed with a JEOL JSM 6550F equipment with a 

field emission cathode and with 8 nm of resolution. To measure the metal layer 

thickness by SEM images, membrane rings were cut and these rings were broken to 

measure the thickness perpendicularly.  

 

Membrane Composition 

The composition was calculated from the metal layer thicknesses measured with Field-

Emission SEM after the Cu plating. Due to the fact that membranes are not completely 

regular, the thickness of the Pd and Cu was measured at different points on a cut ring, 

and the average of these values was calculated. With the obtained thickness values the 

composition of the membranes was estimated. EDX measurements were also performed 

after the alloying of some of the membranes. 

 

Morphology of the metal layer 

It is important to check the morphology of the prepared membranes, as it has been 

observed in the literature that the strength of the metal layer is directly related to the 

performance and selectivity of the membrane. Membrane morphology was analysed 

using SEM images. These images were obtained after Cu plating, after alloying and 

after the permeance tests, in order to check how the surface changed throughout the 

entire process.  

 

3.7 Membrane permeance measurements in pure H2  

The hydrogen permeance (molH2 m
-2s-1Pa-n) of some of the prepared PdCu membranes 

was measured at ECN facilities, during the internship period, in a Gas Permeation 

System (GPS). The others were tested in the MP previously explained in section 3.1. 

The GPS system, which includes a dead end module with bleed flow, can control feed 

and permeate pressure, temperature, and the feed gas type and flow. The procedure to 
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measure the permeance was the same in the GPS (ECN) and in the MP (Bilbao) 

systems. Before starting the hydrogen permeance tests, a leak test was conducted with 

N2 at 298 K, as a reference, and then the membranes were heated in N2 to 673 K. Once 

at the desired temperature, another N2 leak test was carried out. The membranes were 

then kept in hydrogen followed by permeation readings, at 9, 7, 5 and 3 bar(g) feed 

pressure with 2 bar of pressure difference across the membrane. These measurements 

were repeated three times. The membranes were then cooled to 423 K and subsequently 

heated again to 673 K in N2 followed by three permeance measurements in a hydrogen 

atmosphere. The next step involved cooling and heating the membranes again, but this 

time in H2. Finally, before the last cooling, three hydrogen permeance measurements 

were taken at different feed pressures.  

 

3.8 Membrane permeation measurements in complex mixtures 

In the bench-scale pilot membrane plant in Bilbao, MP, membrane integration in 

hydrogen production and purification process was analysed. In the MP, methane 

catalytic CPO and wet-CPO with subsequent hydrogen separation in the membrane 

module were performed in order to analyse the membrane performance when purifying 

hydrogen from complex mixtures. Methane was converted to hydrogen in the first fixed 

bed reactor. The product flow, from here on the complex mixture, generated in this first 

reactor was then fed to the membrane module for hydrogen purification.  

 

In CPO and wet-CPO reactions hydrogen production is favoured by high temperature 

and low pressure. However, the second part of the process, hydrogen purification, is 

favoured by high pressure difference over the membrane. In order to select the optimum 

operating pressure for both processes, hydrogen production followed by purification 

tests were performed at different feed pressures. The hydrogen pressure difference over 

the membrane, and therefore hydrogen recovery, can also be improved by adding a 

sweep gas on the permeate side of the membrane. The sweep gas can decrease the 

partial pressure of hydrogen on this side increasing the hydrogen pressure difference 

across the membrane. Several sweep gas flows were employed at two pressure 

differences across the membrane, 2 and 3.5 bar, in order to analyse its effect on 

hydrogen recovery. Argon was used in these tests as sweep gas for reasons of 
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simplicity, but steam can also be used, obtaining a pure hydrogen flow simply by 

cooling the hydrogen/water permeate flow.  

 

Once the main process parameters had been set, hydrogen production and subsequent 

purification tests were performed at different reaction conditions in the first reactor. 

Both CPO and wet-CPO processes were carried out in the catalytic reactor at a space 

velocity of 600 h-1 (ggas·h
-1·gcat

-1) with 0.35 g of catalyst, diluted with SiC at a 1:9 ratio. 

Prior to the reaction tests, the catalyst was reduced at 1073 K using 0.015 Nm3/h of a 

3:1 N2:H2 mixture for 4 h. In the wet-CPO process, steam-to-carbon ratios (S/C) were 

varied from 0.02 to 2.5. The membrane module operated at 673 K. By means of a six-

port valve, the outlet gas from the first reactor and both permeate and retentate outlet 

flows from the membrane module compositions were analysed on-line by the mass 

spectrometer. The performance of the process was analysed in terms of methane 

conversion, Equation 26. Hydrogen recovery, Equation 29, was calculated to analyse 

hydrogen purification in the membrane module.  

Hydrogen recovery: 
feedHmol

retentateHmolfeedHmol
H

2

22
2 recovery


  Equation 29 

 

3.9 Membrane permeation measurements with H2S addition 

The H2S addition effect on the membrane performance was analysed through different 

kinds of tests. First of all hydrogen permeance tests were performed in H2:H2S mixtures 

with 40, 60 and 100 ppmv of H2S. With these tests it was possible to study the influence 

of H2S addition and compare it with the hydrogen permeance recorded with pure 

hydrogen at the same pressure difference. Sulphur compounds are interesting as they 

appear in the natural gas. Therefore, some process integration tests with hydrogen 

production from methane in the first reactor followed by purification in the membrane 

module were performed adding 32 ppmv of H2S. Two different hydrogen production 

processes were performed, CPO and wet-CPO with S/C=0.5. Finally, hydrogen 

permeance recovery tests were carried out. As observed in the literature hydrogen 

permeance will be affected by sulphur addition, and maintaining the membrane in 

hydrogen atmosphere at high temperature can restore its permeance. In order to try to 

recover the permeance and selectivity, the membrane was kept in hydrogen at 

temperatures around 773-898 K.   
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4. EXPERIMENTAL 

RESULTS. 

CATALYSTS 

 

Prior to performing activity tests with the prepared catalysts, some theoretical studies 

were carried out. The Aspen Plus software was employed to choose the optimum 

operating conditions taking into account the three hydrogen production processes: CPO, 

wet-CPO and SR. Diffusional studies were done to identify if the catalytic processes 

were limited by the diffusional steps or by the reactions. The selected operational 

variables were: 1073 K and atmospheric pressure, knowing that they imply some 

diffusional limitations. The three prepared catalysts were characterized before and after 

the activity tests. A good dispersion of the Ni over the low BET surface supports was 

observed in SEM and TEM images. By XRD and TPR it was concluded that a solid-

solution was formed in the Ni/MgO catalysts. No carbon formation was observed by 

XPS in the used catalyst samples and sintering could be the main reason for the 

deactivation observed in some of the activity tests.   
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4.1 Thermodynamic and diffusion studies of hydrogen production 

processes 

The operating variables for hydrogen production process have to be selected in order to 

obtain high hydrogen production with low catalyst deterioration. The variables that most 

influence the process are temperature, pressure, steam-to-carbon ratio (S/C), and feed 

space velocity. Low temperatures would be thermodynamically favourable for the CPO 

reaction and high temperatures for SR. About the pressure, the process is favoured at 

low pressures, as explained by Le Chatelier’s Law. Hydrogen production will be 

enhanced increasing the steam-to-carbon ratio in SR and wet-CPO processes, 

minimizing also coke production.  

 

The Aspen Plus software, with the UNIQUAC model, was used to carry out a sensitivity 

analysis of temperature, pressure and steam-to-carbon ratio influence on methane 

conversion and select the most appropriate operating conditions for the experimental 

tests. The S/C and O/C ratios of the simulated conditions are shown in Table 4.1. The 

effect of temperature on methane conversion and hydrogen yield was analysed at 1 bar 

and with constant composition, varying the temperature from 723 to 1123 K, see Figure 

4.1, Figure 4.2, Figure 4.3 and Figure 4.4. At around 1073 K methane conversion is 

around 95 % in CPO and almost 100 % in wet-CPO and SR with an S/C value higher 

than 2. As it can be observed in the figures, when all the possible reactions between 

CH4, CO, CO2, H2O and O2 are considered in CPO, the methane equilibrium conversion 

increases with temperature. Methane conversion is lower than 50 % in SR with S/C=0.5 

even at high temperatures, as depicted in Figure 4.2. This is due to water stoichiometric 

limitation and is not reflecting the thermodynamics. Hydrogen yield increases when 

increasing the amount of water added to the process, as expected. Working at 

temperatures higher than 1073 K will only imply higher energy consumption with no 

significant increase of methane conversion.  

 

Table 4.1. S/C and O/C ratios of the CPO and wet-CPO conditions. 

Process CPO wet-CPO 
S/C ratio 0 0.5 2.0 2.5 3.0
O/C ratio 1.0 1.4 2.5 2.8 3.2
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Figure 4.1. Thermodynamic effect of temperature on methane conversion with 

CPO and wet-CPO processes with S/C ratio from 0.5 to 3 at 1 bar. 
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Figure 4.2. Thermodynamic effect of temperature on methane conversion with 

CPO and SR processes with S/C ratio from 0.5 to 3 at 1 bar. 
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Figure 4.3. Thermodynamic effect of temperature on hydrogen yield with CPO 

and wet-CPO processes with S/C ratio from 0.5 to 3 at 1 bar. 

 

 

Figure 4.4. Thermodynamic effect of temperature on hydrogen yield with CPO 

and SR processes with S/C ratio from 0.5 to 3 at 1 bar. 

 

 

When simuling the effect of increasing pressure at constant temperature, see Figure 4.5 

and Figure 4.6, it was observed that it unfavoured all three processes, as it is 

thermodynamically expected, due to the fact that in the main reactions the product 

moles are more than the reactant moles. The addition of water to the process, at 1 bar 

and 1073 K, increases methane conversion to almost 100 % with S/C=0.4 in wet-CPO 

and with S/C=1.2 for SR process as illustrated in Figure 4.7. Hydrogen yield also 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

600 700 800 900 1000 1100 1200

H
2
yi
el
d

Temperature (K)

CPO

wet‐CPO SC 0.5

wet‐CPO SC 2.0

wet‐CPO SC 2.5

wet‐CPO SC 3.0

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

500 600 700 800 900 1000 1100 1200

H
2

yi
el

d

Temperature (K)

CPO
SR SC 0.5
SR SC 2.0
SR SC 2.5
SR SC 3.0



Chapter 4 

 

88 

increases with water addition to 2.3 and 3.2 at S/C=2 in wet-CPO and SR respectively, 

see Figure 4.8. 
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Figure 4.5. Thermodynamic effect of pressure on methane conversion in CPO, 

wet-CPO and SR processes at 1073 K. 
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Figure 4.6. Thermodynamic effect of pressure on hydrogen yield in CPO, wet-

CPO and SR processes at 1073 K. 
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Figure 4.7. Thermodynamic effect of S/C ratio on methane conversion in wet-

CPO and SR processes at 1 bar and 1073 K. 
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Figure 4.8. Thermodynamic effect of S/C ratio on hydrogen yield in wet-CPO and 

SR processes at 1 bar and 1073 K. 

 

With the previous simulations the thermodynamic influence of the main parameters was 

studied. According to the thermodynamic simulation results the operating conditions for 

CPO, SR and wet-CPO will preferably be atmospheric pressure, temperature between 

1023 and 1073 K, and S/C ratio between 2 and 3 for wet-CPO.  

 

Nevertheless, the real process is catalytic, so the thermodynamic values are just the 

maximum conversion that could be reached. A theoretical study of diffusional 
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limitations was performed taking into account that the real process needs catalyst to 

operate at moderate temperatures with high methane conversion. Hydrogen production 

from methane is a heterogeneous catalytic process that can be divided in different 

stages: 

 

1st. Mass transport of reactants from the bulk fluid phase to the outer surface of the 

catalyst particles. 

2nd. Reactant diffusion from the outside of the pores to the active centres that can be 

inside the porous structure. 

3rd. Reactant adsorption at an active centre of the catalyst. 

4th. Reaction at an active centre of the catalyst. 

5th. Desorption of the products. 

6th. Diffusion of the products from the inside of the pores to the outside. 

7th. Mass transport of the products from the outer surface of the catalysts particles to the 

bulk fluid phase.   

 

The overall reaction rate depends on the resistance of all the stages involved in the 

catalytic process and it is controlled by the slowest stage. In the case of porous catalysts, 

as in this case, it is necessary to analyse separately the reaction influence and the 

possible internal (inside the catalysts pores) and external (in the fluid boundary layer 

around the catalytic particles) diffusional limitations. When the reaction occurs in, or 

close to, the catalyst active centres usually the adsorption and desorption stages are 

quick enough as to be considered in quasi equilibrium.  

 

The preferred operational situation is the one where the reaction limits the catalytic 

process, so that the conversion will be conditioned by the catalyst performance and not 

by diffusional problems. The external and internal mass transport resistances can be 

analysed with the Mears and Weisz-Prater criteria [1] in order to determine if they are 

influencing the overall process. According to the Mears criterion the external mass 

transport effects can be neglected if the relation shown in Equation 30 is confirmed. 

 

15.0
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Equation 30 
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Where: 

Ar  (obs): observed reaction rate, mol CH4 per catalyst kg and second 

b : catalyst bed bulk density (kg/m3)= cb  )1(    

b : bed porosity 

c : catalyst density  

R: catalyst particle radius (m)  

n : reaction order 

kc : external mass transport coefficient, related to the catalyst bed volume (m/s)  

CAb : bulk volumetric concentration (kmol/m3) 

 

 It was assumed that the reaction order was 1 and the global mass transport coefficient, 

kc, was calculated using the Colburn J factor (JD) as a function of the Reynolds number, 

see Equation 31, Equation 32, Equation 33 and Equation 34. 

Re3/1Sc

Sh
JD   Equation 31 

Sherwood number:  
A

pc

D

dk
   Equation 32 

Schmidt number:  
AD


              Equation 33 

Reynolds number: 


 UdUd pp    Equation 34 

 

Where: 

kc : external mass transport coefficient (m/s) 

dp : catalyst particle diameter (m) 

AD  : diffusivity of methane in the mixture (m2/s), estimated by ASPEN PLUS software 


   : kinematic viscosity (m2/s) 

 : fluid viscosity (g/sm) 

  : fluid density (g/m3)  

U: superficial gas velocity (m/s) 
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The mixture density and viscosity were calculated simulating the operating conditions 

in the Aspen Plus software.  

 

The JD factor was calculated from the Dwidevi and Upadhayay [2] mass transport 

correlation for packed beds, see Equation 35, that is applicable for low Re numbers 

(>1). 

 4069.0Re4548.0 DbJ               Equation 35 

 

To analyse if the internal diffusion inside the pores limited the catalytic rates the Weisz-

Prater criterion (Equation 36) was used [1], employing experimentally observed 

reaction rates, -r’A(obs).  

ASe

cA
WP CD

Robsr
C





2

2 )('   
Equation 36 

 

 

If CWP << 1 there is no internal diffusion limitation 

If CWP >> 1 the internal diffusion limits the catalytic process 

 

Where: 

A : methane 

-r’A(obs): 
scatkg

reactCHmol


4  

De : effective diffusivity, see Equation 37 (m2/s). 

  




~


 pA
e

D
D  

Equation 37 

 

 

Where:  

DA : methane diffusivity in the gaseous mixture (m2/s) 

p : catalyst particle porosity (typical value of 0.4) 

  : constriction factor (typical value of 0.8) 

~  : tortuosity (typical value of 3)  

CAS : methane concentration on the catalyst outer surface  

 



Experimental results. Catalysts 

 

93 

The methane diffusivity was calculated with the Aspen Plus software, and for the 

calculation of the reaction rate the experimentally obtained conversion at the operating 

conditions was used. The rest of the values were known.  

 

During the experimental work two different catalytic systems were employed: pilot 

plant (PP) (section 4.2) and the first reactor R1 in the membrane plant (MP) (sections 

6.2 and 6.3). As the reactors dimensions were different, the external and internal mass 

transport influence was analysed for both of them separately. The mass transport 

limitation criteria were calculated for both, the equilibrium conversion at the set point 

temperature and pressure and the observed conversion for the 30Ni/MgO catalyst.  

 

When operating in CPO in the PP, see Table 4.2, there are both external and internal 

mass transport limitations. The observed conversion was close to the equilibrium one 

even with the mass transport limitations, which meant that the process was not 

kinetically controlled.  At 898 K the experimental conversion was higher than the 

corresponding equilibrium conversion, due to a higher temperature in the catalytic bed, 

which will be discussed in section 4.2. Thus, the qualitative nature of the data shown in 

Table 4.2 should be taken into account when diffusion limitations at different space 

velocities are compared. The uncertainties arise from: I) the temperature at the bed exit 

was not measured; II) not all the catalyst particles might be required when the lowest 

space velocity was used, as equilibrium conversions could be reached before the end of 

the bed. This implies that weight based specific reaction rates are underestimated, 

resulting in higher values of the parameters used to determine if diffusion limitations 

must be taken into account. 

 

Table 4.2. Results of the external and internal mass transport criteria for the PP 

with the equilibrium (Eq conv) and the experimentally observed (Obs conv) 

conversions for 30Ni/MgO at CPO and 1 bar.  

PP  CPO 
Temperature (K)  1073 898 
Space velocity (h-1)  600 1200 600 1200 

Mears, external 
< 0.15 

Eq conv 0.23 0.29 0.16 0.21 
Obs conv 0.22 0.30 0.19 0.29 

Weisz-Prater, internal 
< 1 

Eq conv 3.54 7.10 2.76 5.52 
Obs conv 3.51 7.02 3.31 7.56 
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When operating in wet-CPO or SR conditions in the PP the observed conversion was 

much lower than the equilibrium one at 1073 or 898 K. With the lower conversions, 

wet-CPO with S/C 2 and 3 and SR, there was no external mass transport limitation, see 

Table 4.3. Regarding the internal diffusion results in most of the conditions there is still 

internal mass transport limitation, which means that the Ni deposited inside the pores 

will not be 100 % effective. This is partially solved by incorporating the active phase 

mostly over the surface of the catalyst particles and on the outer part of the pores. 

 

Table 4.3. Results of the external and internal mass transport criteria for the PP 

with the equilibrium (Eq conv) and the experimentally observed (Obs conv) 

conversions for 30Ni/MgO at wet-CPO and SR at 1 bar. 

PP  Wet-CPO SR 

Temperature (K)  1073 1073 
WHGV (h-1)  600 1200 600 1200 
S/C ratio  0.5 2 3 0.5 2 3 0.5 2 3 0.5 2 3 
Mears, external 
< 0.15 

Eq conv 0.23 0.25 0.25 0.30 0.32 0.33 0.12 0.25 0.26 0.16 0.33 0.35 

Obs conv 0.21 0.14 0.09 0.26 0.14 0.05 0.05 0.07 0.08 0.03 0.03 0.02 

Weisz-Prater, 
internal < 1 

Eq conv 3.69 4.55 4.66 7.34 8.56 9.32 1.97 4.45 4.83 3.96 8.92 9.67 

Obs conv 3.38 2.54 1.62 6.23 3.60 1.38 0.79 1.27 1.53 0.79 0.91 0.45 

 

 

In the MP bench-scale pilot plant when CPO and wet-CPO process were carried out 

there was still high internal mass transport limitation, see Table 4.4, but the external 

limitation was less severe than in the PP due to a better reactor design.  

 

Table 4.4. Results of the external and internal mass transport criteria for the PM 

with the equilibrium (Eq conv) and the experimentally observed (Obs conv) 

conversions for 30Ni/MgO tested with M8 membrane in CPO and wet-CPO at 3.5 

bar(g). 

PM  CPO Wet-CPO 
Temperature (K)  1073 1073 
Space velocity (h-1)  600 600 
S/C ratio  0 0.5 1.5 2.5 

Mears, external 
< 0.15 

Eq conv 0.14 0.17 0.17 0.17
Obs conv 0.12 0.15 0.16 0.16

Weisz-Prater, internal 
< 1 

Eq conv 2.60 2.92 3.64 3.45
Obs conv 2.19 2.59 3.42 3.17

 



Experimental results. Catalysts 

 

95 

4.2 Catalysts performance in methane CPO, wet-CPO and SR 

The Ni-based catalysts prepared for hydrogen production from methane in CPO, wet-

CPO and SR were analysed at different temperatures and space velocities in the bench-

scale pilot plant PP. First of all, the three of them were tested in CPO at 1073 K with 

600 h-1 and 1200 h-1 of space velocity, followed by the same test at 898 K. The catalysts 

were changed after the tests at 1073 K and fresh catalysts were used for the tests at 898 

K. The dotted lines indicate the change of working day. During the nights the reactor 

was cooled down to room temperature and heated before next day operation at 3 K/min 

under nitrogen. Only fresh catalysts were activated, heating them at 3 K/min in N2:H2 

3:1 and maintained 4 h at the desired temperature. Catalysts were activated at the 

operation temperature, 1073 or 898 K. 

  

The reactor temperature was controlled with a thermocouple located just before the 

catalytic bed. A second thermocouple was also placed around the middle of the catalytic 

bed in order to get qualitative knowledge about the temperature profile inside it. From 

the analysis of these temperature measurements it can be concluded that: I) for the CPO 

tests an increase of around 100 to 200 K was measured; II) for wet-CPO tests with S/C 

ratios higher than 2, temperature differences lower than 10 K were recorded, and III) for 

SR reaction decreases of 50-100 K were detected. 

 

Table 4.5. Deviations, (inlet-outlet)/inlet  in %, of C, O and H material balances 

during the CPO tests with 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 at 1 bar. 

  1073 K 
600 h-1 

1073 K 
1200 h-1

898 K 
600 h-1 

898 K 
1200 h-1 

30NiMgO C 6.2 0.4 5.6 6.0 1.5 
 O 14.9 13.0 1.2 8.3 3.8 
 H 2.5 3.6 9.4 6.5 2.0 
40NiMgO C 6.5 2.6 0.3 2.0 2.0 
 O 0.2 2.9 0.3 0.2 4.7 
 H 7.3 3.5 4.8 4.6 0.9 
40NiAl2O3 C 7.8 4.3 6.8 5.4 
 O 2.0 1.4 5.3 3.3 
 H 9.6 6.9 9.9 4.5 

 

In Table 4.5 a summary of the deviation on the C, O and H material balances during the 

CPO tests performed with the three catalysts (Figure 4.9, Figure 4.10 and Figure 4.11) 
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are shown. C, O and H mol differences between the inlet (feed flows) and the outlet 

(measured out flow and composition) was calculated for each measured point. In the 

table the average value of the C, O and H deviation obtained at each condition is shown. 

Differences were usually below 10 %, which is considered acceptable taking into 

account the experimental procedure (i.e. liquid water determined by weight and flows 

measured by manual bubble flow-meter).  

 

The 40Ni/MgO catalyst showed high methane conversion, around 94 %, close to the 

equilibrium conversion, when operating at 1073 K and 600 h-1, see Figure 4.9. The 

increase of the space velocity from 600 h-1 to 1200 h-1 at 1073 K had a negative effect 

on the conversion. The conversion had a slightly decreasing tendency, being 88 % at the 

end of the test. The conversion decrease indicates that the catalytic bed is not enough to 

achieve the equilibrium conversion. At both space velocities the temperature inside the 

catalytic bed was higher than the set point, as explained in previous section. 

 

When the catalyst was activated and operated at 898 K, the conversion at 600 h-1 was 

continuously increasing for around 7 hours. Ni/MgO catalysts are known to form solid 

solutions, impeding the metal reduction, which will be discussed in section 4.3. Most 

probably, the activation at 898 K (heating at 3 K/min till 898 K and maintained for 4 h) 

was not enough to activate the catalyst. The hydrogen produced during the reaction 

together with the fact that the real temperature in the bed was higher than 898 K, will 

have allowed further activation of the catalyst during the test, obtaining higher 

conversion. The obtained conversion was above the equilibrium one at 898 K, due to the 

higher temperature in the catalytic bed due to the exothermic CPO reaction. Increasing 

the space velocity at 898 K the conversion increased to around 90 %. With more feed 

gas, more reaction occurred, more heat was generated, and higher was the bed 

temperature.  
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Figure 4.9. Activity results of 40Ni/MgO catalyst in CPO conditions at 1 bar in 

the PP. 

 

The 30Ni/MgO catalyst showed, in general, the same behaviour as the 40Ni/MgO one 

as illustrated in Figure 4.10. Conversion at 1073 K was around 95 % at 600 h-1 and 

around 93 % at 1200 h-1, near the equilibrium conversion in both cases.  

 

Figure 4.10. Activity results of 30Ni/MgO catalyst in CPO conditions at 1 bar in 

the PP. 
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As observed in the 40Ni/MgO catalyst, the conversion of the 30Ni/MgO was 

continuously increasing when operating at 898 K and 600 h-1. Comparing the tendencies 

of the two Ni/MgO catalysts, a bigger increase was observed for 30Ni/MgO. This can 

be due to the fact that as it had less nickel, it needed more time to achieve its highest 

activity. At 898 K the observed conversion, higher than the theoretical one at 898 K is 

explained by the bed temperature, higher than 898 K. 

 

The conversion obtained for the 40Ni/Al2O3 catalyst at 1073 K was also high and close 

to the equilibrium one, see Figure 4.11. The main difference between the Ni/Al2O3 and 

the Ni/MgO catalysts was recorded when operating at 898 K. The conversion at 898 K 

and 600 h-1 for the 40Ni/Al2O3 was stable, unlike the Ni/MgO ones that needed 6 or 

more hours to stabilize. The main reason for stable conversion with 40Ni/Al2O3 can be 

the reducibility of the catalyst, as it will be discussed in section 4.3. Most probably the 

catalyst was activated enough during the activation step prior to reaction.  

 

 

Figure 4.11. Activity results of 40Ni/Al2O3 in CPO conditions at 1 bar in the PP. 
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space velocities: 600 and 1200 h-1. Before testing each process (CPO, wet-CPO and SR) 

fresh catalyst was charged and reduced in the reactor at 1073 K. After the wet-CPO and 

SR tests at S/C 2 the reactor was cooled to room temperature during night at 3 K/min 

under nitrogen. Before the tests at S/C 2.5 the catalysts were reactivated heating them to 

1073 K at 3 K/min with N2:H2 3:1 mixture and maintained for 4 h.  

 

As observed before, in CPO conditions all the catalysts presented high and stable 

methane conversion, between 90 and 94 % at 600 h-1 and 1073 K, depicted in Figure 

4.12. The Ni/MgO catalysts were the ones which presented the best activities and H2 

yields. Regarding the hydrogen yield, all the catalysts reached similar value, around 1.6. 

The catalysts presented high methane conversion in wet-CPO conditions with a S/C 

ratio of 0.5, but the activity decreased with the addition of water. In general the 

40Ni/Al2O3 presented better behaviour than the Ni/MgO ones operating with water 

addition. Under wet-CPO operation with S/C 2 and 3 the external mass transport 

limitation with the observed conversion was negligible, due to the low observed 

conversions. Therefore, the low activity of the catalysts was due to a kinetic limitation. 

 

  

Figure 4.12. Activity results of 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 at 1 bar, 

600 h-1 and 1073 K in CPO and wet-CPO conditions in the PP. 
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A B 

Figure 4.13. Activity results of 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 in the PP 

at 1 bar, 600 h-1 and 1073 K in SR conditions. A: methane conversion results, B: 

H2 yield results.  

 

In SR experiments the activity of the catalysts was very low (see Figure 4.13). At S/C 

0.5 the conversion was limited by the water amount fed to the system. At S/C 2.0 the 

activity of 40Ni/Al2O3 increased, reflecting the stoichiometric limitation at S/C 0.5. 

With further water addition catalyst activity was negatively affected. Regarding the 

Ni/MgO catalysts, the addition of water seemed to improve their activity. The low water 

amount fed during the initial operating time could have affected their behaviour. Coke 

could have been formed initially due to methane decomposition and then have been 

gradually removed with higher water addition. 

 

In Figure 4.14 the activity results of the three catalysts in CPO and wet-CPO at 1073 K 

when the space velocity was doubled from 600 h-1 to 1200 h-1 is depicted. The 

theoretical equilibrium conversion at 1073 K and 1 bar for each reaction condition is 

also shown. In CPO the conversion was again high for all the catalysts, close to the 

theoretical one, being the 30Ni/MgO the most active catalyst. When operating in wet-

CPO conditions with S/C 0.5, they all maintained quite high conversions, but lower than 

at 600 h-1. This indicated that the catalytic bed was not enough to reach the equilibrium 

conversion with this space velocity. When the S/C ratio was further increased, from 0.5 

to 3.0, the 30Ni/MgO and 40Ni/Al2O3 the conversion continuously dropped from 80 % 

to 20 %. The 40Ni/MgO catalyst presented conversion values slightly higher than the 

ones reported for 600 h-1, which can be an indicator of external mass transport limitation 

0

20

40

60

80

100

0 5 10 15

C
o

n
ve

rs
io

n
 (

%
)

Time (h)

Equilibrium conv.

Conv. 40Al

Conv. 30Mg

Conv. 40Mg

SR
0.5             2.0            2.5               3.0

S/C

0

1

2

3

4

5

0 5 10 15

H
2

yi
el

d

Time (h)

H2 yield 40Al

H2 yield 40Mg

H2 yield 30Mg

0.5             2.0             2.5                3.0
S/C SR



Experimental results. Catalysts 

 

101 

improvement due to the higher feeding flow. The H2 yield, that was very stable under 

CPO operation, decreased for the 40Ni/Al2O3 and 30Ni/MgO. As observed at 600 h-1, 

the hydrogen yield at CPO conditions was very similar for all the catalysts and its value 

was around 1.6. 

 

 

Figure 4.14. Activity results of 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 at 1 bar, 

1200 h-1 and 1073 K in CPO and wet-CPO conditions in the PP. 
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Figure 4.15. Activity results of 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 at 1 bar, 

1200 h-1 and 1073 K in SR conditions. A: methane conversion results, B: H2 yield 

results in the PP. 
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conversions. The 30Ni/MgO catalyst seemed to be much damaged after operation at S/C 

0.5, and the conversion was lower than 10 % even with the addition of water.  The low 

activity of these catalysts can be attributed to the high space velocity used in the activity 

tests. The SR reaction rate is known to be slower than the CPO one, which occurs in 

milliseconds [3, 4]. These tests were carried out at a higher space velocity than the ones 

that can be found in the literature [5-8]. At wet-CPO and SR conditions, the hydrogen 

yield was higher than in CPO. Therefore, at this space velocity a part of the fed water 

was converted to hydrogen.  

 

4.3 Catalysts characterization 

4.3.1 Chemical analysis (ICP) 

In order to check the real metal amount in the prepared catalysts chemical analyses were 

carried out. The nominal and measured metal values of fresh Ni catalysts were very 

close, see Table 4.6. Nominal values are used to identify them, in order to simplify the 

nomenclature. 

 

Table 4.6. Real Ni content of the catalysts prepared for hydrogen production 

measured with ICP. 

 
Ni measured 

(wt%) 
30Ni/MgO 29.38 
40Ni/MgO 37.74 
40Ni/Al2O3 38.20 

 

4.3.2 Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) 

With the main objective of trying to obtain information about the Ni dispersion on the 

supports surface, SEM analyses in back scattered electrons mode were carried out for 

the three Ni freshly-calcined catalysts. In these images it can be observed how the Ni 

was distributed on the samples in a different way, mainly depending on the support. The 

bright areas are the Ni particles and the dark ones the support. In the Ni/MgO catalysts, 

see Figure 4.16, the colour of the SEM images was more homogeneous compared to the 
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40Ni/Al2O3 one (Figure 4.17). This means that the Ni was apparently better dispersed 

initially in the MgO support. Regarding the Ni/MgO catalysts, no high nickel dispersion 

differences were observed between them.   

  

   

A B 

Figure 4.16. SEM images of the Ni/MgO catalysts. A: 30Ni/MgO. B: 40Ni/MgO. 

 

 

 

Figure 4.17. SEM image of the 40Ni/Al2O3 catalyst. 

 

For a deeper analysis of the Ni dispersion in the catalysts, TEM images were taken. In 

the two MgO samples, see Figure 4.18, there were some darker areas that correspond to 

Ni. Analysing the composition of the samples with the Energy-dispersive X-ray 

spectroscopy (EDX) at different points, it was found that there was Ni everywhere. This 

can be due to a solid solution formation between the nickel and the support. On the 

other hand, for the 40Ni/Al2O3 catalyst, see Figure 4.19, it can be clearly seen in the 

image that there were some Ni particles dispersed on the surface of the support. 

Apparently, the Ni dispersion in the 40Ni/Al2O3 was not as good as in the MgO ones. 
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A B 

Figure 4.18. TEM images of the Ni/MgO catalysts: A: 30Ni/MgO. B: 40Ni/MgO. 

 

 

 

Figure 4.19. TEM image of the 40Ni/Al2O3 catalyst. 

 

4.3.3 X ray diffraction 

Through XRD measurements the crystalline structure and crystallite size of the fresh 

and calcined catalysts was analysed. Some of the catalyst samples used in wet-CPO and 

SR processes were also analysed. The XRD patterns for the fresh 30Ni/MgO and 

40Ni/MgO were the same, given in Figure 4.20. Two solid phases were observed: NiO 

(as they were fresh catalyst samples the metal was not yet reduced to Ni) and MgO. The 

reflexion angles of both compounds are the same, but the intensity is different as the 

elements are different. The intensity of the catalyst sample (111) reflexion at position 37 

(2θ) and the (200) at 43 (2θ) indicated that it was a mixture of MgO and NiO. 
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The presence of NiO and MgO at the same diffraction angle indicates structural 

similarities that facilitate the solid-solution formation between them, which has been 

widely studied [9-10]. In the work of Hu et al. [11] three double peaks were observed in 

catalysts prepared by mechanically mixing of NiO and MgO at 2θ positions: 63, 75 and 

79. On the other hand, double peaks were not observed in the samples prepared by wet 

impregnation, concluding the solid solution formation between them. For the two 

Ni/MgO catalysts prepared in this work single peaks were obtained by XRD, indicating 

that all the NiO was probably forming solid solution with the MgO. In the 40Ni/Al2O3 

catalyst, see Figure 4.21, the signals of NiO and Al2O3 could easily be distinguished 

[12].  

 

 

Figure 4.20. XRD diffraction spectra of the freshly-calcined 30Ni/MgO and 

40Ni/MgO catalysts with the NiO and MgO diffraction patterns.  
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In both MgO and Al2O3 catalysts NiO was observed, but it was a different phase. In the 

Ni/MgO catalysts the NiO was the phase with JCPDS (International Centre for 

Diffraction Data) card number 00-001-1239 and in the 40Ni/Al2O3 the card number of 

the NiO was 00-044-1159. The NiO formed in the MgO catalysts was a cubic crystal 

system, from the space group Fm-3m and the NiO formed in the Al2O3 catalyst was 

rhombohedric with a space group R-3m. The density of both NiO phases was very 

similar, 6.8 and 6.81 respectively, but the volume was quite different: 72.56 and 54.66 

respectively, which could influence the performance of the active metal or its reduction 

ability [13, 14]. 

 

 

Figure 4.21. XRD diffraction patterns of the freshly-calcined 40Ni/Al2O3 catalyst 

with the NiO and Al2O3 diffraction patterns. 
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solid solution crystallites. The results shown in Table 4.7 were calculated using the peak 

at position around 44 (2θ). The largest crystallites appeared in the 30Ni/MgO catalyst 

(0.115 μm) and a similar value was obtained in the 40Ni/MgO (0.099 μm). Most 

probably solid solution formation influences the Ni/MgO particle structure and they can 

be more dispersed over the catalyst surface, but as bigger crystallites. The 40Ni/Al2O3 

presented the smallest crystallite size.  

 

Table 4.7. Average crystallite size of the fresh and calcined catalysts. 

Fresh catalysts Crystallite size (μm) 

30Ni/MgO 0.115 

40Ni/MgO 0.099 

40Ni/Al2O3 0.069 

 

Extensive XRD measurements of the reduced and used 40Ni/Al2O3 catalyst were 

recorded, see Table 4.8. The crystallite size was estimated using the X’pert HighScore 

software with peaks at position 44 (2θ) for Ni, 35 (2θ) for Al2O3 and 37 (2θ) for NiO. 

After reduction, the metallic Ni content observed using XRD was very low (2.2 %). 

This can be due to a quick Ni re-oxidation during the handling of the sample or to the 

fact that the nickel was difficult to reduce due to a strong interaction between the NiO 

and the alumina support. This strong interaction could indicate the formation of nickel 

aluminates [15, 16] which are difficult to reduce. Consequently, only a small amount of 

the Ni present as NiO is expected to be reduced and to form small metallic nickel 

particles on the surface of the catalyst. The increase in the Ni crystallite size for the used 

catalysts can be due to Ni sintering, being the NiO particles undetectable in the used 

catalysts samples, probably because of a further reduction under reaction conditions 

[17].  

 

Comparing the crystallite size of the 40Ni/Al2O3 after wet-CPO and after SR with the 

fresh-calcined samples, it can be observed that the Ni crystallites were bigger. They rose 

from 48 nm to 93 nm after the wet-CPO test at 600 h-1, and to 122 nm after SR at 600 h-

1. This means that sintering phenomena took place during the tests [18], which could 

have influenced the activity observed during the tests at wet-CPO and SR. 
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Table 4.8. Al2O3, NiO and Ni crystallite sizes in the fresh, reduced and used 

40Ni/Al2O3 catalyst. 

40Ni/Al2O3 Al2O3 NiO Ni 
Fresh (μm) 0.199 0.112 nd 
Fresh-reduced (%) 64.5 33.3 2.2 
Fresh-reduced (μm) 0.074 0.044 0.048
Used in wet-CPO, 600 h-1 (μm) 0.199 nd 0.093
Used in SR, 600 h-1 (μm) 0.333 nd 0.122

                         nd: not detected 

 

4.3.4 Nitrogen adsorption isotherms (BET) 

The textural properties of the prepared catalysts were examined by nitrogen adsorption-

desorption isotherm measurements. Figure 4.22 depicts the nitrogen isotherms of the 

MgO support and the two Ni/MgO catalysts. All the samples exhibited type IV 

isotherms, according to the IUPAC classification [19], indicating well-developed 

mesopores (pores of between 2 nm – 50 nm diameter). Adsorption on mesoporous 

solids proceeds via multilayer adsorption followed by capillary condensation. 

Therefore, the adsorption process is initially similar to that on macroporous solids, but 

at higher pressures the adsorbed amount rises very steeply due to the capillary 

condensation in mesopores. After these pores are filled, the adsorption finishes. 

Capillary condensation and evaporation do not take place at the same pressure, which 

leads to the appearance of hysteresis loops. In the Ni/MgO catalysts the adsorption at 

p/p0 close to 0 was not very high, indicating a small amount of micropores [20]. 

 

The adsorption process on mesoporous solids is often accompanied by adsorption-

desorption hysteresis. The hysteresis is usually attributed to the thermodynamic or 

network effects or the combination of these two effects. Namely, if larger pores have 

access to the surrounding only through narrower pores; the former cannot be emptied at 

the relative pressure corresponding to the capillary evaporation in the smaller 

connecting pores. The MgO support and Ni/MgO catalysts presented isotherms with H3 

type hysteresis loops, indicating the existence of narrow slit-shaped pores. The 

isotherms show a hysteresis loop at relatively high pressures, between 0.8 and 1.0, 

reflecting larger pores formed between plate-like particles [21, 22]. In the Ni/MgO 

catalysts the addition of Ni decreased the adsorption volume, compared to the support. 
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But the adsorption volume in the hysteresis region increased when increasing the Ni 

amount from 30 to 40 wt%. This can be due to the creation of new volume due to the 

metal addition. 
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Figure 4.22. Nitrogen adsorption-desorption isotherms of the MgO support and 

Ni/MgO catalysts. 
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Figure 4.23. Nitrogen adsorption-desorption isotherms of the α-Al2O3 support and 

the Ni-Al2O3 catalyst. 
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In the case of the α-Al2O3 support it exhibited a type-II isotherm without hysteresis 

loop, whereas the Ni/Al2O3 catalyst presented isotherm type IV with H3 loop as 

illustrated in Figure 4.23. In the literature, isotherms type-IV [23, 24] and type-V [25] 

were observed for Ni/Al2O3 catalysts. The change in surface area after the impregnation 

process with Ni can be explained based on the increase of the particle size and the 

decrease of the contact area among them, which consequently increases the pore sizes of 

the materials, also shown in Table 4.9 [26]. 

 

In Table 4.9 the BET results of the supports and catalysts are summarized. All the 

supports presented low BET area, as all of them were materials with low surface area: 

7.4 m2/g for the 30Ni/MgO, 12.1 m2/g for the 40Ni/MgO and 6.8 m2/g for the 

40Ni/Al2O3. As a consequence of the α-Al2O3 support low area, observed in Figure 

4.23, a small increase of the BET area was measured when nickel was deposited on it. 

On the other hand, the BET area of the Ni/MgO catalysts decreased after the nickel 

deposition, probably due to blocking of some pores, but it increased with further 

addition of Ni from 7.4 to 12.1 m2/g. The increase of the surface area could be due to a 

roughening of the surface due to Ni incorporation, which has also been found in the 

literature [27, 28]. A higher Ni content and higher exposure area (m2/g) implies a higher 

amount of nickel with low interaction with the support, which can facilitate the 

reducibility of 40Ni/MgO compared to 30Ni/MgO. This easier reduction was observed 

operating at 898 K, see Figure 4.13. To have more Ni available on the surface of the 

catalyst could have also been responsible for the better behaviour shown under kinetic 

controlled wet-CPO and SR tests of the 40Ni/MgO catalyst compared to the 30Ni/MgO 

one.   

 

Table 4.9. Surface area and pore data of the prepared catalysts and supports. 

 MgO 30Ni/MgO 40Ni/MgO α-Al2O3 40Ni/Al2O3

BET surface area (m2/g) 27.1 7.4 12.1 6.2 6.8 
Vol. of pores between 17.0 and 
3000.0 Å diameter (cm3/g) 

0.16 0.06 0.12 0.01 0.04 

Average pore diameter (4V-A) (Å) 341 449 410 118 250 
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4.3.5 Temperature programmed reduction (TPR) 

The TPR profiles obtained for the three prepared catalysts in the same conditions (0.1 g 

of sample with heating rate of 10 K/min) are shown in Figure 4.24. With this technique 

the reduction temperature required for the nickel deposited over the supports can be 

evaluated. In the 40Ni/Al2O3 catalyst a major peak and two other overlapped peaks at 

higher temperatures were observed. The lower temperature peak appeared at 695 K and 

it was due to the bulk NiO particles without interaction with the support, α-Al2O3. The 

second peak, at around 790 K, was attributable to the NiO strongly interacting with the 

support. The last peak, at around 840 K, could be related to the reduction of the stable 

NiAl2O4 species [29, 30]. 

 

For the Ni/MgO catalysts no significant temperature peak was observed, which could be 

due to the known NixMg1-xO solid-solution formation in these catalysts [31, 32]. This 

involves a difficulty to reduce the NiO to Ni0 in these catalysts. In order to further 

analyse their reducibility, the reduction conditions used before the reaction tests in the 

PP and PM were reproduced in the TPR measurement. This second profile, shown in 

Figure 4.25, was performed at 3 K/min and then maintaining 1073 K during 4 h with 1 g 

of 30Ni/MgO. In this case, some reduction peaks were observed, which indicates that 

under these conditions nickel was reduced. Comparing the signals of the 30Ni/MgO 

reduction peaks at 3 K/min to those obtained for 40Ni/Al2O3 at 10 K/min it can be 

concluded that the 40Ni/Al2O3 is more easily reducible. The easier reduction of the 

40Ni/Al2O3 catalyst corroborates the conclusion obtained from the activity tests at 898 

K in section 4.2. In Figure 4.9 and Figure 4.10 the Ni/MgO catalysts increased their 

activity during the first hours of the tests, whereas the 40Ni/Al2O3 in Figure 4.13 had 

almost stable conversion since the beginning.  
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Figure 4.24. TPR profiles of the 30Ni/MgO, 40Ni/MgO and 40Ni/Al2O3 catalysts 

with 0.1 g of sample and heated at 10 K/min.  

 

 

 

 

A B 

Figure 4.25. TPR profiles of 30NiMgO. A: heated with 3 K/min and maintained at 

1073 K 4 h, and the temperature variation in time. B: heated at 3 K/min and 10 

K/min. 
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4.3.6 X-ray photoelectron spectroscopy (XPS) 

XPS analysis was used to determine the chemical composition of the catalyst surface 

and to better understand the nature of interactions between the dispersed Ni species and 

the supporting oxides. This technique was employed to analyse the surface 

characteristics of the freshly-reduced catalysts and catalysts used in wet-CPO at 1200 h-

1 with S/C ratios from 0.5 to 3.0. All the samples were collected in isooctane after 

taking them out from the reactor to prevent metal oxidation. For each sample C1s, O1s, 

Ni2p and Mg2p or Al2p internal electronic levels were analysed. For comparison of the 

freshly-reduced and the used catalysts only the Ni2p3/2 is presented. 

 

The freshly-reduced Ni/MgO catalysts showed the shoulder peaks of Ni2p3/2 identified 

as Ni0 (852.8-852.9 eV), in addition to the peaks at 854.9-857.2 eV corresponding to 

Ni2+ spectra [33, 34]. The shake-up satellite peak of the Ni2+ was observed in binding 

energy (BE) values between 859.65-862.34 eV [35], see Figure 4.26. Furthermore, 

deconvolution of Ni 2p3/2 peaks was carried out and relative percentage areas of Ni0 

and Ni2+ were calculated. As it can be observed in Table 4.10 the main peak was 

attributed to the Ni0 in the fresh Ni/MgO catalysts: 57.8 % in the 30Ni/MgO and 48.8 % 

in the 40Ni/MgO. The BE values of Ni0 could indicate that the Ni electron state was 

intermediate between bulk Ni metal (852 eV) and NiO (854 eV) [36]. The binding 

energy of the largest Ni2+ peak in the fresh Ni/MgO catalysts was high as compared to 

the pure NiO (854 eV). This could be due to the Ni2+ ions forming part of the NiO-MgO 

solid solution as revealed by the XRD and TPR characterization [27, 37, 38].  

 

For the freshly-reduced Ni/Al2O3 catalyst the Ni2p3/2 peak showed a peak at 852.4 eV, 

identified as Ni0, the Ni2+ peaks at 854.9 eV and 856.9 eV, and the satellite peak of the 

Ni2+ at 861.1 eV. The XPS spectra of the used 40Ni/Al2O3 did not show the Ni0 

characteristic peak. The energy recorded for the Ni2+ species in the used 30Ni/Al2O3 

catalyst was 855.2 and 856.7 eV with the shake-up satellite broad peak at 861.9 eV.  
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Figure 4.26. XPS spectra of the fresh-reduced Ni-based catalysts. 

 

 

In the comparison between the freshly-reduced and the used catalysts it could be 

observed that in the Ni/MgO catalysts the binding energies moved to higher energies in 

the used catalyst samples. The main peak in the used 30Ni/MgO catalyst, see Figure 

4.27, was at 855.2 eV, which is referred to the Ni 2+ and it was a 52 % of the area, at 

higher energy than the fresh sample (852.8 eV a 57.8%). The performance of the 

40Ni/MgO catalyst was similar. The main peak for the fresh sample was the Ni0, 48.8 

%, whereas in the used sample it was 18.9 %. In the used 40Ni/MgO the binding 

energies moved also to higher energies, see Figure 4.28.  
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Table 4.10. XPS spectra peaks and their relative atomic percentage area of the 

freshly-reduced and used catalysts in wet-CPO at 1200 h-1 and S/C 0.5-3.0. 

Catalyst Peak position Area (%)

30Ni/MgO 
freshly-reduced

852.8 57.8 
854.9 9.2 
856.6 27.4 
859.6 5.6 

30Ni/MgO 
used 

852.9 3.7 
855.2 52.0 
861.2 44.3 

40Ni/MgO 
freshly-reduced

852.9 48.8 
855.5 15.0 
857.2 25.0 
860.3 4.5 
862.3 6.7 

40Ni/MgO 
used 

852.5 18.9 
854.4 46.2 
859.6 27.3 
861.8 7.6 

40Ni/Al2O3 
freshly-reduced

852.4 18.5 
854.9 34.1 
856.9 24.0 
861.1 23.4 

40Ni/Al2O3 
used 

855.2 53.8 
856.7 15.5 
861.9 30.7 
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Figure 4.27. XPS for 30Ni/MgO catalyst fresh-reduced and used in wet-CPO at 

1200 h-1 with S/C=0.5-3. 

30NiMg used 

30NiMg fresh 
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Figure 4.28. XPS for 40Ni/MgO catalyst fresh-reduced and used in wet-CPO at 

1200 h-1 with S/C=0.5-3. 

 

The high amount of Ni2+ in the used Ni/MgO could be due to the reoxidation of the 

outer Ni atoms with low interaction with the support during the handling. There was 

more metallic nickel in the used sample of 40Ni/MgO than in 30Ni/MgO which 

supports the quicker reduction observed in the test at 898 K (see Figure 4.9 and Figure 

4.10). 

 

In the 40Ni/Al2O3 used catalyst sample, see Figure 4.29, the binding energies shifted to 

higher energies, compared to the fresh samples, but only Ni2+ peaks were observed at 

855.2 and 856.7 eV, with the satellite peak at 861.9 eV. Binding energy of the Ni0 was 

not observed in the XPS analysis of the used catalyst sample. This suggested that a 

quick re-oxidation of the outer metallic nickel layer could have happened during the 

handling of the sample before putting it in isooctane, or that the signal of Ni2+ species 

could be due to NiAl2O4, which is more difficult to reduce [39]. Aluminate species were 

not detected by XRD, which could be due to a crystal size not big enough to be 

detected. The fact that Ni0 was not observed in the used 40/NiAl2O3 catalyst 

corroborates the easier reducibility/reoxidation of the Ni/Al2O3 compared to the 

Ni/MgO observed in the activity tests and in the TPR. 

 

40NiMg fresh 

40NiMg used 
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Figure 4.29. XPS for 40Ni/Al2O3 catalyst fresh-reduced and used in wet-CPO at 

1200 h-1 with S/C=0.5-3. 

 

As it can be observed in Table 4.11 carbon signals were detected in the XPS analysis of 

the freshly-reduced and used catalysts samples. For the three freshly-reduced catalysts 

the main peak in the spectra of the C1s was at 284.7 eV (81 % in the 30Ni/MgO), 284.2 

eV (65 % in the 40Ni/MgO) and 284.9 eV (68.9 % in the 40Ni/Al2O3) that are attributed 

to the sp2 of graphitized carbon [40]. The origin of this carbon in the fresh catalysts can 

be the catalyst preparation method. In the used catalysts the main peak was also the one 

from the graphitized carbon. The C/Ni ratio in the freshly-reduced and used catalysts 

did not change considerably in the Ni/MgO catalysts, whereas in the alumina sample the 

ratio was very high in the freshly-reduced sample. This could be explained taking into 

account that the Ni/Al2O3 catalyst was prepared using nickel acetate, whereas the 

Ni/MgO catalysts were prepared using nickel nitrate. The reduction step seemed to be 

not severe enough for degrading these carbon-containing compounds in the 40Ni/Al2O3 

catalysts, but after 16 hours under testing conditions the C/Ni ratio strongly decreased to 

values similar to the other two catalysts. The low C/Ni ratios after the tests were 

expected as the samples operated under wet-CPO conditions with S/C ratios that were 

supposed to minimize coke production.  
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Table 4.11. Atomic element ratios determined by XPS for fresh and used catalysts 

in wet-CPO at 1200 h-1 with S/C=0.5-3. 

Catalyst 
Atomic 

Ni/Mg or Ni/Al ratio
Atomic 

C/Ni ratio
Atomic 

C/Mg or C/Al ratio 
30Ni/MgO fresh 0.17 3.33 0.57 
30Ni/MgO used 0.32 3.14 1.00 
40Ni/MgO fresh 0.18 4.09 0.74 
40Ni/MgO used 0.31 4.05 1.24 
40Ni/Al2O3 fresh 0.14 21.34 2.92 
40Ni/Al2O3 used 0.25 3.06 0.77 

 

 

With respect to the atomic Ni/Mg and Ni/Al ratios, they were very similar, regardless 

the Ni content. This could imply that the Ni amount accessible to the XPS technique 

was similar in all of them. The Ni/support ratio measured with the XPS increased after 

the tests in wet-CPO conditions in a proportion between 1.7 and 1.9. This can indicate a 

diffusion of the nickel to the outer surface during reaction time [41]. From the catalysts 

weight composition measured by ICP the Ni/support values can be calculated and 

compared to the surface values obtained by XPS, see Table 4.12. The diffusion of the 

metal particles to the outer surface of the catalysts can also be observed from this 

comparison. In the used catalyst samples there was more Ni in the outer surface 

accessible to the XPS than present in the fresh samples before the catalytic process.  

 

 

Table 4.12. Catalysts Ni/Mg or Ni/Al ratio calculated from the ICP composition 

and compared to the XPS results. 

Catalyst 
Ni/Mg or Ni/Al

ratio (ICP) 
Ni/Mg or Ni/Al

ratio (XPS) 
30Ni/MgO fresh 0.29 0.17 
30Ni/MgO used  0.32 
40Ni/MgO fresh 0.41 0.18 
40Ni/MgO used  0.31 
40Ni/Al2O3 fresh 0.54 0.14 
40Ni/Al2O3 used  0.25 
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4.4 Discussion 

The prepared catalysts showed high performance in CPO and wet-CPO at S/C 0.5 at 

600 and 1200 h-1 despite their low specific surface area. The corresponding reaction 

rates were high enough to reach the equilibrium. This indicated that the dispersion was 

adequate in the three catalysts and stable during the operation time. Ni/MgO and 

Ni/Al2O3 catalysts presented all good activity and stability in the CPO tests. Methane 

conversion and hydrogen yield were very close to the equilibrium values. This good 

performance was maintained in wet-CPO at low S/C ratio, while at higher ratios in wet-

CPO and SR processes the activity and stability decreased considerably as compared to 

CPO. During CPO at 898 K the catalytic bed temperature was always much higher than 

898 K, which explained the conversions higher than the equilibrium one at 898 K that 

were obtained. Apparently, the reactor temperature in CPO mode was affected by both 

the heat of the exothermic reaction and the heat flow from the furnace. 

 

Operating at wet-CPO with S/C higher than 0.5 and in SR the catalytic processes were 

kinetically controlled. The experimentally obtained conversions were far from the 

equilibrium, with no external mass transport limitation and lower internal diffusion 

limitation. The crystallite size increase observed in XRD could indicate that the activity 

decrease could be due to sintering of the nickel. However, it is known from literature 

that SR is a slower reaction compared to CPO. Coke formation was not observed by 

XPS in the samples used at wet-CPO. 

 

Due to the low conversion observed in wet-CPO and SR processes the theoretically 

estimated external mass transport limitation was negligible and internal diffusion 

limitation was also lower than in CPO mode. Therefore, the low activity of the catalysts 

was due to a kinetic limitation. This indicated that the space velocity was too high, or 

that the catalyst bed was not enough 

 

When NiO was incorporated to the MgO support, a solid-solution was formed between 

them during calcination. This solid-solution was detected by same diffraction angles in 

XRD, good dispersion in SEM and TEM, higher surface Ni/Mg ratio than Ni/Al and 

low reoxidation by XPS. As a consequence of this strong interaction Ni/MgO catalysts 
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were more difficult to reduce. This slow reducibility was observed by TPR and during 

the activity tests at 898 K.  

 

Ni/MgO catalysts had higher BET surface areas than the Ni/Al2O3 one. This, together 

with the solid-solution formation, could explain a better dispersion of Ni over the 

support observed by SEM and TEM in the Ni/MgO catalysts. Comparing the 40Ni/MgO 

with the 30Ni/MgO catalyst, a higher Ni percentage (ICP), together with a higher 

surface area (BET) allowed a higher Ni availability at the catalyst surface (XPS), which 

implied that there was more Ni with low metal-support interaction, allowing a better 

reducibility of the 40Ni/MgO catalyst as observed in a quicker stabilisation of the 

activity at 898 K and a quicker reoxidation detected in the used samples by XPS.  

 

With the same amount of Ni and lower BET surface, Ni particles were formed over the 

Al2O3 surface, whereas solid solution between NiO and MgO was observed by TEM 

images for the 40Ni/MgO. This implies a worse dispersion of Ni in Al2O3 and can be 

the reason for the lower amount of Ni in the outer layer measured by XPS.  

 

In the case of the 40Ni/Al2O3 there was also a part of the Ni2+ which could be highly 

interacting with the support forming aluminates (XPS). In wet-CPO at 1200 h-1 and S/C 

from 0.5 to 3, the 40Ni/MgO catalyst showed better performance than the 30Ni/MgO 

one, which can be explained by a higher amount of metallic nickel (by ICP and also in 

the surface by XPS), with larger surface area (BET) which implies a larger amount of 

accessible Ni being more easily reducible. 

 

In wet-CPO process, at the lowest S/C ratio, only 40Ni/Al2O3 catalyst presented an 

activity increase as compared to CPO. The presence of water in the feed avoided coke 

formation, as observed in the C/Ni ratios in XPS, but at the same time the deactivation 

rate increased. After reaction, in wet-CPO conditions, the crystallite size calculated 

from XRD results was bigger than in the freshly-reduced catalyst, indicating that some 

sintering had taken place. At higher water concentration in the feed flow (SR 

conditions) the crystallite size was bigger than in wet-CPO conditions, which could 

support the idea of catalyst deactivation due to nickel agglomeration.  
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5. EXPERIMENTAL 

RESULTS. 

MEMBRANES 

 

 

 

The electroless plating recipe for PdCu alloy membranes preparation was optimized and 

a kinetic study of the Cu deposition was carried out. Alloying is a required step for 

PdCu membranes preparation, and it was observed that even if no complete alloying 

was achieved, 15-20 h were enough to obtain a high and stable hydrogen permeance 

with a thin metal layer of less than 2 µm. Membrane preparation steps influenced the 

membrane surface. The calculated experimental n value was higher than 0.5 as 

expected, due to the thin metal layer. During the performed thermal cycles in inert and 

hydrogen atmospheres embrittlement problems were not detected.   
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5.1 Membrane preparation 

5.1.1 Plating recipe 

PdCu membranes were prepared by Cu electroless plating over Pd membranes. The first 

two PdCu membranes were prepared with the recipe from Tesselaar et al. [1] listed in 

Table 5.1. Membranes were plated for 1 h and then thickness and surface morphology 

were analysed with SEM images. As the 2,2-bipyridyl (2,2-bpd) compound used in the 

recipe could have a negative influence on the Cu deposition rate [2], a simplified recipe 

was also used. In the work by Li et al. [3] it can be observed that with more 2,2’-

bipyridyl the deposited copper was brighter and less rough, but the plating rate was 

slower (at 343 K and with hypophosphite, H2PO2
-, instead of formaldehyde). 2,2-

bipyridyl is also known to be a ductility promoting additive. The brittleness of the 

electroless plated copper is mainly determined by the formation of small voids and 

small gas bubbles containing hydrogen. Another two membranes were prepared without 

the 2,2-bpd and some bigger Cu particles were observed, so temperature was decreased 

from 323 to 318 K trying to improve the surface morphology by decreasing the 

deposition rate. As a result three different procedures were used to prepare PdCu 

membranes: with 2,2-bpd at 323 K, without 2,2-bpd at 323 K and without 2,2-bpd at 

318 K. 

 

Table 5.1. Recipe for PdCu membrane electroless plating, [1]. 

 

A comparison of the metal surface morphology using the original recipe and the 

simplified recipe at 318 K is shown in Figure 5.1. As it can be observed, using the third 

recipe the surface was more homogeneous and the metal particles were smaller. The 

main negative effect of the new recipe was that the plating rate was a bit slower. It 

decreased from 1.22 to 1.05 mg Cu/(h·cm2). 

Metal solution Reducing solution 

Reagent Quantity Reagent 
Quantity 

(for 100 mL Cu bath)
CuSO4·5H2O 8.69 g/L   
Na2EDTA 44.44 g/L Formaldehyde (37 %) 1.53 mL 
NaOH 17.77 g/L 2,2-bypirydyl 0.96 mg 
Triton X-100 0.617 mg/L Ultrapure water 9.58 mL 
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A B 

Figure 5.1. SEM surface image of membranes plated with the original recipe at 

323 K (A), and with the simplified recipe at 318 K (B).  

 

After this initial work it was decided that all the membranes to be characterized and 

tested in this work would be prepared with the recipe shown in Table 5.1 without 2,2-

bpd and at 318 K. In Figure 5.2 the conditions studied by Shu et al. [4] for the Cu(OH)2 

precipitation are represented. The [EDTA]/[CuSO4] and [NaOH]/[CuSO4] ratios of this 

recipe are represented in Figure 5.2 with a grey spot. All the plating solutions used for 

Cu plating were stable, no precipitation was observed, as their concentration was lower 

than the [CuSO4]= 0.05 M line.  

 

 

Figure 5.2. Cu(OH)2 precipitate formation probability in electroless copper baths 

[4]. 
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5.1.2 Kinetic study of Cu plating  

It is important to know the amount of Cu that will be deposited in a fixed period of time, 

in order to predict the final alloy composition. The thickness of the Cu plated was 

measured using two different techniques, namely, weight analysis and SEM analysis. 

Figure 5.3 shows the Cu thickness calculated with both methods after different Cu 

plating times of the Pd membranes. There was not a clear correlation between time and 

thickness. Even though, there was a general tendency for the thickness calculated from 

weight differences: the plating rate increased at the beginning, then stabilized and, 

finally, prolonged plating times did not result in further Cu deposition.  

 

 

Figure 5.3. Comparison of the Cu thickness obtained at different plating times. 

 

Both methods used for the estimation of the layer thickness had major experimental 

limitations, even leading to the recording of negative values using the weight method. 

This was probably due to humidity and to the fact that the gained weight was very small 

compared to the membranes total weight. In Figure 5.3 it can be observed that results of 

the thickness measurements by SEM, for the same plating time, are more spread than 

the ones calculated by the weight method. This may be a consequence of the thin metal 

layer of Pd and Cu, which implies high measuring errors by SEM, and to the fact that 

just a ring from the whole membrane is taken for this purpose and the electroless plating 

can be heterogeneous. Differences between the thickness calculated with the weight 

difference method and the SEM images have also been reported in the literature [5]. 

Some authors use the weight method [6, 7] and others SEM images [8-10] to determine 

the Pd alloy composition. The thickness calculated with the SEM images was the 
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average of three or four measurements, with a standard deviation lower than 0.2 µm. 

Regarding the weight values, an error of 1 mg in the measured weight would involve a 

standard deviation of 0.018 µm. In the present work, as the Pd was already on top of the 

membrane, metal thicknesses measured by SEM images were used for the composition 

estimation of the prepared membranes. 

   

With respect to Cu plating rates, the calculated ones from the SEM Cu thicknesses can 

be compared to a kinetic equation from the literature [11], see Equation 38, being T the 

temperature in Kelvin. Introducing in this equation the compound concentrations used 

in this work at 318 K, the obtained initial Cu plating rate with the initial concentrations 

would be 1.955 µm/h. The observed global plating rates of the prepared membranes in 

this work varied from 0.267 to 1.25 µm/h of Cu. Taking into consideration that the 

kinetic equation from the literature was obtained in a non-stirred bath and that the 

substrate and catalytic surface can influence the kinetic parameters, it can be concluded 

that the experimental values were in the same order of magnitude than the ones 

estimated with the equation. 

 





 

 



T

313)(T
11.5exp

[EDTA]][OH

[HCHO]][Cu
2.81r

0.040.70

0.160.432

p  Equation 38 

 

5.1.3 Membrane alloying 

After Cu deposition, Pd and Cu were alloyed to obtain the desired composition and H2 

permeance characteristics. Diffusion of the metals was visually monitored as the colour 

changed from Cu colour, before the alloying, to Pd colour after the alloying, see Figure 

5.4.  

 

  

Figure 5.4. Membrane colour before the Cu plating (left), after Cu plating 

(middle) and after alloying (right). 
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For the alloying process membrane samples were kept in a reactor for 150 h at 673 K 

under nitrogen atmosphere. Membranes were alloyed in three different batches, but 

even if all batches were alloyed under the same conditions they looked different after 

this process. Membranes from the first batch were bright and homogeneous, the ones in 

the second batch had no homogeneous colour, and in the third the membranes got dark 

as shown in Figure 5.5. Most probably there was a set-up problem resulting in oxygen 

presence during the alloying. 

   

  

 

A B C  
Figure 5.5. Comparison of membranes alloyed in the three different batches: in 

the first one (A), in the second one (B) and in the third one (C).  

 

The composition of the outside and inside area of the alloyed metal layer of some of the 

membrane rings was analysed by EDX to study metal diffusion during alloying. PdCu 

composition was measured from a metal layer cross-section. Figure 5.6 shows the SEM 

image of a metal layer after alloying. The outside, the darkest area, contains more Cu 

than the inside. This is due to incomplete alloying.   
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Figure 5.6. Membrane ring piece for the EDX composition measurement after the 

alloying. 

 

Figure 5.7 shows the EDX results for two of the prepared and alloyed membranes with 

different Cu plating times, 0.5 and 1.0 h. Before alloying, all the Cu was on the outside 

and the Pd was on the inside of the metal layer. Although after alloying there still was 

more Cu on the outside of the membrane (23 and 14 %) than inside (18 and 9 %), metal 

diffusion throughout the alloying could be monitored. All the prepared and analysed 

membranes followed the same pattern when EDX compositions before and after 

alloying were compared. 

 

 

Figure 5.7. EDX composition of two membranes with different plating times (0.5 

and 1.0 h) on the outside and inside of the metal layer after alloying at 673 K for 

150 h in the first batch.  

 

Two of the prepared membranes were alloyed in a gas permeation system (GPS) with 

hydrogen tests in between to check the increase in permeance and the required alloying 

time. The results are illustrated in Figure 5.8. The membranes were heated at 1 K/min in 

nitrogen and once at 673 K they were maintained in nitrogen except when hydrogen was 
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introduced to measure the H2 permeance. The hydrogen permeance was zero at the 

beginning of both tests, when all Cu was outside, and after a sharp increase at around 15 

h of alloying it continued increasing, albeit much more slowly. As no permeance occurs 

when Cu is on the top of the metal layer, the beginning of H2 permeance could be 

attributed to the presence of some Pd on the surface. Therefore, around 20 h in an inert 

atmosphere and 673 K were enough in order to reach a 1-2 µm partially alloyed 

thickness.  

 

Another important conclusion of this test is that PdCu membranes prepared by 

sequential electroless plating can be directly placed in the reactors. If they are heated in 

inert atmosphere at 1 K/min and maintained at 673 K, after around 15-20 hours high 

hydrogen permeance can be obtained. With this, the alloying step can be taken out from 

the membrane production process.  

 

 

Figure 5.8. Hydrogen permeance in the membranes while alloying in nitrogen gas 

at 673 K. 

 

5.2 Visual analysis 

It is very important to perform visual analysis of membranes during all the preparation 

process. As it is not always possible to analyse membrane morphology, non-destructive 

methods, such as leak tests and visual analysis, are needed to select good membranes 

from a batch. In the prepared membranes visual changes happened after the plating and 

after the alloying, as illustrated previously in Figure 5.4. Pd membranes showed Pd 

colour, bright and homogeneous. After the Cu plating the colour changed to the Cu one 

0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

0 50 100 150

H
2

p
er

m
ea

n
ce

 (m
o

l/m
2 s

P
a0.

5 )

Time  (h)

M4

M5



Chapter 5 

 

132 

and after the diffusion occurred during the alloying the colour was again the one of Pd, 

see Figure 5.4.  

 

In one of the prepared membranes delamination of the metal layer occurred and was 

detected by visual analysis, see Figure 5.9. Differences between membranes from the 

three alloying batches were also visually observed, see Figure 5.5. Membranes from the 

first alloying batch looked bright and homogeneous. The ones from the second one 

showed no homogeneous colour, and the membranes from the third one were dark. Two 

membranes, one prepared like the ones alloyed in the second batch and the other like the 

ones from the third batch, were alloyed in the GPS instead of the oven. After their in 

situ alloying in the GPS, both looked bright and homogeneous. Therefore, something 

changed in the alloying reactor from the first to the third batch.  Most probably there 

was a leak in the system and some oxygen entered during the alloying. A membrane 

from the third alloying batch was analysed by SEM technique and will be studied in the 

next section. In principle, even if the colour of the third alloying batch was darker they 

were not dull, so most probably the differences had more to do with the composition 

than with the morphology of the metal layer.  

 

 

Figure 5.9. Delamination problems could be visually predicted in the membranes 

before and after Cu plating.  

 

5.3 Gas permeation measurements 

In this section the influence of hydrogen feed pressure variation on the membrane 

permeation performance will be discussed. Hydrogen permeation of the prepared 

membranes was tested at different feed pressures after H2 activation and with cooling 

cycles. A summary of the main characteristics of the compared membranes is shown in 

Table 5.2.  
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Table 5.2. Hydrogen permeation performance of PdCu and Pd membranes 

reported in literature and in this work. 

 
Pd 

wt% 
PdCu or Pd 
layer (µm) 

Temperature 
(K) 

Permeability 
mol/smPa0.5 

Selectivity n Ref.

M1 63 1.0 673 1.6·10-8 >300 0.65 ª c 
M2 65 1.4 673 1.7·10-8 >400 0.64 ª c 
M3 44 0.9 673 3.3·10-9 >100 0.75 ª c 
M4 60 1.0 673 7.8·10-9 >450 nm c 
M5 77 0.9 673 1.2·10-8 >1000 nm c 
M6 82 1.7 673 7.1·10-9 >600 0.63 ª c 
M6 82 1.7 773 9.9·10-9 >750 0.71 ª c 
M7 74 0.7 673 7.5·10-9 >550 0.76 ª c 
M7 74 0.7 773 1.4·10-8 >1700 0.80 ª c 
M8 69 0.9 673 3.2·10-9 >750 0.76 ª c 
M8 69 0.9 773 7.8·10-9 >1000 0.89 ª c 
PdCu/PSS 68 20 623 4.9·10-9 ∞ 0.6 [12]
PdCu/PSS 64.2 16.7 723 4.7·10-9 123 0.8 [13]
PdCu/PSS 60 25.4 673 2.1·10-8 ns 0.5 [14]
PdCu/Al2O3 92 5.0 753 1.1·10-8 >1000 1 [15]
PdCu/Al2O3 95 7.0 753 1.2·10-8 900 1 [15]
PdCu/Al2O3 50 3 750 5.3·10-9 150 ns [16]
Pd 100 0.35 673 7.6·10-10 1140 1 [17]
Pd 100 10 740 2.1·10-8 b 970 0.65 [18]
Pd 100 20 623 6.0·10-9  ∞ 0.6 [12]
Pd 100 5 723 1.1·10-8 b 3700 ns [19]

a: average n value calculated from the experimental data. 
b: permeability value calculated from the data in the article assuming standard 

conditions and n value of 0.5. 

c: this work. 

ns: not specified 

nm: not measured 

 

The composition of the membranes was calculated from Pd and Cu metal layer 

thicknesses measured by SEM at different points of one ring of each membrane. As 

explained previously, SEM measurements were not very accurate due to the thin metal 

layer thicknesses. This implies that the calculated composition is also not very accurate. 

In Table 5.3 the standard deviations of the calculated Pd wt% in each membrane are 

shown. The number of points employed to measure the thickness in each membrane ring 

is also given. As it can be concluded from the deviation values, the real composition of 

membranes M8, M2 and M1 could differ significantly from the estimated ones. 
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Table 5.3. Standard deviation of the Pd wt% calculated for membranes 

composition by metal layer thicknesses measured by SEM and the number of 

points analysed in each membrane ring. 

 M1 M2 M3 M4 M5 M6 M7 M8 
Standard deviation (%) 6.3 7.7 -- 5.5 2.9 2.4 1.4 8.2 
Measured points 4 4 1 4 3 3 3 3 

 

The hydrogen flux values of membranes M1, M2, M3, M6, M7 and M8 measured at 

673 K in pure hydrogen at 2 bar pressure difference across the membrane are shown in 

Figure 5.10. The experimentally estimated n value was used in the ∆Pn calculation. 

Richardson’s equation (Equation 20) was followed at all the tested feed pressures. This 

can be observed from the correlation index values obtained from linear regression, close 

to 1 (Table 5.4).  
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Figure 5.10. Hydrogen permeance results for PdCu membranes at 673 K using the 

experimental n value at 2 bar of pressure difference. 

 

Table 5.4. Correlation index values obtained in the hydrogen permeance results at 

673 K. 

Membrane M1 M2 M3 M6 M7 M8 
Correlation 
index value (R2) 

0.996 0.998 0.989 0.947 0.912 0.978 

 

The highest hydrogen flux, 0.81 mol1s-1m-2, was obtained for the M1 membrane at 3 

bar(g) on the feed side and 1 bar(g) on the permeate side of the membrane, but a 

correlation between flux, thickness or composition was not observed. When the metal 
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bulk diffusion limits the hydrogen purification process of the membranes, a hydrogen 

flux increase should be observed for thinner membranes, but there is not a direct 

correlation in the obtained results. Looking at the experimentally calculated n values 

they are between 0.5 and 1, which implies that the limiting step should probably be a 

mixture of metal bulk diffusion and surface adsorption and desorption steps. External 

mass transport step should be almost negligible as the tests were done with pure 

hydrogen and without sweep gas. The thin metal layer of the prepared membranes, the 

low accuracy in the SEM measurements, the surface reactions implication in the 

hydrogen diffusion process and the known membrane composition effect on hydrogen 

diffusion make difficult to find an explanation to the different fluxes observed for the 

membranes. Also the amount of Pd deposited inside the pores structure or the support 

may play an important role in hydrogen diffusion through the membrane. These 

differences in Pd incorporation to the membranes are analysed in section 5.4. 

 

Three of the membranes were also tested at 773 K in pure hydrogen, with the same feed 

pressures and submitting them to the cooling and heating cycles under N2 and H2 as the 

ones performed at 673 K. In Figure 5.11 a comparison of the data obtained for the M6, 

M7 and M8 membranes at 673 and 773 K is shown. At both temperatures Richardson’s 

Law was followed, as it can be concluded from the correlation index values, see Table 

5.5. In this case, the correlation index of the M8 membrane tested at 773 K was quite 

low, probably due to experimental error.  
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Figure 5.11. Hydrogen flux results for PdCu membranes with the experimental n 

value tested at 673 K and 773 K. 
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Table 5.5. Correlation index values obtained in the hydrogen permeance results at 

673 K and 773 K. 

Membrane 
M6 M7 M8 

673 K 773 K 673 K 773 K 673 K 773 K 
Correlation 
index value (R2) 

0.947 0.933 0.912 0.9687 0.978 0.775 

 

From Arrhenius plot of the hydrogen permeance data at different temperatures, the 

global activation energy of the hydrogen permeation process can be calculated. In the 

present work the estimated activation energies are not accurate, as just two temperatures 

were tested. In Table 5.6 the estimated activation energies of M6, M7 and M8, from 

permeability data with n=0.5, are shown together with some data from the literature for 

PdCu, Pd, PdAg and PdAu membranes. The activation energies estimated for M6, M7 

and M8 are different, but in the range of the PdCu membranes from the literature with 

similar thickness. The metal composition, the limiting step in the hydrogen diffusion 

process, the metal surface structure and the thickness could influence the activation 

energy value. This could also explain the differences in the Ea values found in the 

literature. 

 

The hydrogen permeation performance of the PdCu membranes tested in the GPS (M1, 

M2, M3, M4 and M5) and in the MP (M6, M7 and M8) systems are summarized in 

Table 5.2. The permeability data shown in this table for the prepared membranes were 

obtained at 673 K and/or 773 K with 2 bar pressure difference and using a pure 

hydrogen atmosphere. As observed in Table 5.2, the prepared membranes showed good 

permeation performance as compared to the reported values for PdCu and Pd 

membranes. The selectivity of the tested membranes was high, at least >100 mL H2/mL 

N2, and the thickness of the metal layers was around 0.7 – 1.7 µm. The calculated n 

coefficient values, from the correlation between permeance values and pressure 

differences across membranes, were between 0.628 and 0.891. The n values were 

calculated from 36 points for the M1 to M7 membranes and with 12 points for the M8. 

The standard deviation of the n values calculated from flux data obtained in the GPS 

(M1 to M3) was between 0.9 and 1.7 %, whereas for the membranes tested in the MP 

(from M6 to M8) it was higher, between 3.0 and 8.8 %. The reason for this accuracy 
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difference is that the GPS is a smaller and more optimized system for characterizing 

membranes, whereas the MP is a bigger system, optimized for chemical processes.  

 

Table 5.6. Activation energies calculated for M6, M7 and M8 membranes and for 

some PdCu, Pd, PdAg and PdAu reported in the literature. 

Membrane Pd wt% Support Thickness (µm) Ea (kJ/mol) Ref.
M6 82 Al2O3 1.7 14.3 a 

M7 74 Al2O3 0.7 27.8 a 

M8 69 Al2O3 0.9 38.3 a 

PdCu 57 PSS 25.4 9.5 [14]
PdCu Ns PSS 20 13.2-16.5 [12]
PdCu 76 b 16.7 9.3 [13]
PdCu 61 Al2O3 2 10.3 [8] 
PdCu 81 PSS 2 33.3 [20]
PdCu 58 ZrO2/PSS 1 15.4 [21]
PdCu 85 ZrO2/PSS 0.6 14.5 [21]
Pd 100 Foil 100-150 23.7 [22]
Pd 100 γAl2O3/αAl2O3 15 10 [23]
Pd 100 CeO2-PSS 13 16.2 [24]
PdAg 76 PSS 20-26 8-15 [25]
PdAg 90 Al2O3/PSS 16 12.3 [26]
PdAu 84 Foil 100-150 21.3 [22]
PdAu 50 Foil 100-150 35.2 [22]
PdAu Ns PNS 4 14.6 [27]

         PSS: Porous Stainless Steel Support, PNS: Porous Nickel Support 
             a: this work 
            b: the membrane film was deposited directly on a micro-channel plate 

        ns: not specified 

 

As membrane thickness decreases, the pressure exponent is expected to be higher than 

0.5, meaning that bulk metal diffusion is not the only limiting step. In the membranes 

prepared in this work all the n values were higher than 0.5, which most probably implies 

that surface reactions influenced the overall hydrogen diffusion process due to the thin 

metal layer. As the measurements were made in pure hydrogen, external mass transport 

phenomena could be neglected. The hydrogen transport through Pd-based membranes 

occurs via a solution and diffusion mechanism, including several surface processes and 

bulk diffusion. Both processes could be the rate-determining step for hydrogen 

permeation [28]. If the pressure exponent is close to 1, this indicates that the surface 
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reactions or mass transport become rate-limiting in hydrogen transport [20, 29]. For n 

values between 0.5 and 1, both surface, mass transport and bulk diffusion processes can 

be responsible for hydrogen flux resistance. Rothenberger et al. [30] compared Pd 

membrane thicknesses and n values and found that for thicknesses of less than 10 µm 

the n value was higher than the theoretical one of 0.5. In Table 5.2 it can be observed 

that for thicker membranes the n value is closer to 0.5, indicating metal bulk diffusion 

limitation. 

 

The n value is not only affected by the thickness of the metal layer, but also by, amongst 

others, the preparation method, surface composition, mass transport resistance and 

experimental conditions [15]. In the work by Li et al. [3] a 2 μm Pd membrane was 

analysed and they observed that n value gradually decreased from 1.0 to 0.68 when 

temperature and pressure were increased. They worked with pure H2, so the change of 

the rate-limiting step was suggested to be the main reason for the fluctuation of n value, 

as there were no polluting agents. In the membranes tested in the MP the n value also 

varied when increasing temperature, as the relative importance of surface processes and 

bulk diffusion changes with temperature. Moreover, membranes may undergo structural 

changes such as grain coarsening, segregation and grain boundary excretion with 

increasing temperature.  

 

Hydrogen flux through the membranes, measured in pure H2 with 2 bar pressure 

difference, increased when increasing temperature in the three tested membranes. In the 

M6 it varied from 0.33 to 0.42 mol/(sm2), in the M7 from 0.28 to 0.50 mol/(sm2) and in 

the M8 from 0.20 to 0.59 mol/(sm2). This increase is also observed in the permeability, 

with n=0.5, data presented in Table 5.2. The selectivity obtained in measurements made 

at 773 K was higher than 750 mL H2/mL N2 and it increased with temperature. The 

experimentally calculated n values where high at 773 K, between 0.713 and 0.891 

highlighting the relative importance of the surface step in the permeance process.   

 

As explained before, PdCu membranes permeance depends on a lot of parameters as 

composition, temperature and crystalline phase. Figure 5.12 shows a qualitative 

comparison of the permeance values obtained in this work (darker circles) with some 

from the literature for PdCu alloys on ceramic supports and with metal layer thickness < 

5µm (lighter colour), as a function of membrane composition and temperature. 
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Permeance values are proportional to circle diameters and were calculated with the 

theoretical n=0.5 value. The permeance values of the membranes reported in this work 

were consistent with the ones from literature. At the same temperature membranes with 

composition around 60 wt% of Pd were the ones with the highest permeance values, as 

expected from the literature [14, 31]. Nevertheless, permeance is influenced by so many 

variables that it is not easy to establish a maximum permeance just based on membrane 

composition. At 673 K and with the composition calculated from the SEM images, the 

membranes with the highest theoretical permeance values seemed to have bcc+fcc 

structure. The membrane with the lowest Pd percentage (44.4 wt% Pd) was also the one 

with the lowest permeance value, even if it also seemed to have bcc+fcc structure.  

 

 

Figure 5.12. Comparison of the prepared PdCu membranes permeance values with 

some reported in the literature [8, 32-35]. Circle diameter is proportional to 

permeance. Small points represent phase limits. 

 

Temperature cycles were carried out to test the stability of the prepared PdCu 

membranes by cooling them under inert and hydrogen atmospheres. Figure 5.13 shows 

the calculated permeability values of the tested membranes in the GPS (M1, M2 and 

M3) and in the MP (M6, M7 and M8) at 673 K. Between the first and the second group 

of data, membranes were cooled to 423 K and heated again to 673 K in an inert 

atmosphere. Between the second and the third group of data, the same thermal cycle 

was performed, but this time in a hydrogen atmosphere. As it can be observed, 
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membrane permeability was stable after the temperature cycles, even after the one in 

hydrogen. According to Miller et al. [36] the reason could be that the H atoms in the Pd 

alloys travel through the Pd-X lattice, but are not incorporated into the structure, thereby 

minimising embrittlement problems. This test showed that membranes were stable and 

did not become brittle, but longer thermal cycle tests should be carried out to gain more 

information about permeability evolution with thermal cycles.  

 

The membranes with the highest permeability were M1 and M2 that had a calculated 

composition close to the optimum 60 wt% of Pd and metal thicknesses of 1.0 and 1.4 

µm respectively. The lowest permeabilities were measured for M3 and M8 and both had 

0.9 µm of metal layer thickness. The reason for the low permeability of M3 could be its 

low Pd concentration, 44 wt%. In the case of M8, the calculated composition was 69 

wt% of Pd, but the standard deviation of this value was very high as presented before, 

being more difficult to find an explanation for the low permeability. 

 

 

Figure 5.13. Hydrogen permeability, n=0.5, with temperature cycles in inert and 

hydrogen atmospheres at 673 K. 
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Figure 5.14. Hydrogen permeability test, n=0.5, with temperature cycles in inert 

and hydrogen atmospheres at 773 K at 2 bar of pressure difference. 

 

The same thermal cycle was also performed at 773 K with three of the membranes in 

the MP, see Figure 5.14. The three membranes showed stable permeability with similar 

values. With these tests it was again observed that the membranes were stable and that 

they did not suffer from embrittlement along the tests carried out. At 773 K the 

membrane with the highest permeability was the thinnest one, M7, but due to the 

uncertainty of the thickness measurements and therefore, the calculated composition, it 

was not possible to obtain an explanation for the differences in the permeability values. 

 

5.4 Membrane morphology 

In order to analyse the effect of Cu plating, alloying and hydrogen permeance tests on 

the membrane metal layer, SEM images were taken. In these SEM images the dark 

rough area on the left is the alumina support. Moving to the right there is an area where 

the Pd is anchored to the support, the next bright area is the Pd and the last and darkest 

one is the Cu layer. Figure 5.15 illustrates SEM images of the M2 membrane after Cu 

plating (A), after alloying in an inert atmosphere (B) and after the hydrogen permeance 

test at 673 K over 5 days with two temperature cycles in between: in inert and in 

hydrogen atmospheres (C). Metal diffusion during alloying was not clearly detectable in 

the SEM images. Comparing A and B images from Figure 5.15, the difference 

originated by Pd and Cu mixing cannot clearly be observed, even though the high 
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permeability value of the alloyed membrane implied that there was some Pd in the 

surface. In image C, after the hydrogen permeance and temperature cycles, it was still 

possible to differentiate the Cu layer, but the PdCu mixture was more extended.  

 

 
A B C 

Figure 5.15. SEM image of the M2 after Cu plating (A), after alloying (B), and 

after the hydrogen permeance test at 673K (C). 

 

Figure 5.15 also shows the previously mentioned differences in Pd amount diffused into 

the alumina support. This Pd deposition inside the pores could contribute to different 

hydrogen fluxes despite similar apparent membrane thickness.  

 

The membrane composition was measured after alloying and after hydrogen testing to 

check if alloying continued during the hydrogen diffusion. Table 5.7 presents the 

composition values measured by EDX in the M2 and M1 membranes after alloying and 

after the hydrogen permeance test, calculated as an average from four measured points. 

Even if no clear conclusions can be obtained from these data, it seems that metals 

continued mixing during the hydrogen permeance test as in the “In” the area Cu 

concentration increased after the H2 test. Based on SEM images, EDX values, alloying 

tests in the GPS and permeation measurements performed with the membranes, it can be 

concluded that from a certain point onwards, alloying has no substantial influence on 

permeance, even if it has not been completed to full homogeneity [37].  
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Table 5.7. EDX composition of two membranes on the outside (Out) and inside 

(In) of the metal layer after alloying and after the hydrogen permeance test. 

  Out 
Cu wt%

In 
Cu wt%

M2 After alloying 5.10 2.31 
 After H2 test 5.28 5.57 
M1 After alloying 7.82 2.17 
 After H2 test 6.43 3.84 

 

 

The metal appearance of most of the prepared membranes was not completely 

homogeneous after Cu plating. To check the differences between areas such as white 

spots and blackish areas, examples are given in Table 5.8, SEM images were taken to 

analyse their morphology. According to these images no big surface differences were 

observed. In Table 5.8 the average surface, representative of the overall membranes’ 

surface morphology, is shown. Only the white or clearer spots seemed to have a rougher 

or more opened surface as shown in Table 5.9. The M9, M10 and M11 membranes’ 

metal layer was peeled off, that could be correlated to the roughness and/or 

heterogeneity of the surface.  

 

 

Table 5.8. Images of blackish and whitish area and spots observed in some 

membranes after Cu plating. 

Blackish area Black spots Whitish area 
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Table 5.9. Comparison of the average surface morphology with the black, dull and 

white areas of membranes after Cu plating.  

M3 M9 M10 M11 

 
Average surface Average surface Average surface Average surface 

 
Blackish area Black spot Dull area White area 

 

 

SEM images were also taken to analyse the influence the membrane preparation steps 

had on the surface morphology. Table 5.10 compares the membrane surface after Cu 

plating, after alloying and after the H2 test and temperature cycles in the GPS/MP. After 

hydrogen tests the appearance of the PdCu membranes was homogeneous. Areas such 

as whitish, blackish or spots, detected after Cu plating, were not observed. The white 

particles observed in the images were probably alumina particles from membrane 

cutting prior to SEM analysis. After alloying the surface was rougher and there were 

larger metal particles in the surface due to grain growth. Nevertheless, after the 

hydrogen permeance tests, the large metal particles tended to disappear.  

 

The third batch of alloyed membranes was especially interesting, as they were going to 

be tested with gas mixtures from hydrogen production processes from methane and also 

in the presence of a sulphur compound (Chapter 6). As explained before, the visual 

appearance of these membranes was darker and the SEM image showed that the surface 

was rougher and with bigger particles. The surface of one of these membranes, M7, was 

analysed with both SEI and COMPO images, shown in Figure 5.16. In the SEI images 

the colour differences are due to morphologic differences, and in the COMPO ones the 

colour can be related to composition. The morphology of the membrane was quite 

homogeneous, but rough (see Figure 5.16 A). Regarding the composition, it could be 
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clearly observed that it was not homogeneous (see Figure 5.16 B). The irregular areas 

observed in the morphologic analysis had different compositions compared to the 

smooth areas.  

 

 

Table 5.10. Comparison of the average surface morphology of the membranes 

after the Cu plating, the alloying and the H2 permeance tests. 

M1 M2 M3 M7 

 

 

After Cu plating. 
 

After Cu plating. After Cu plating. 

After alloying, 2nd 
batch. 

 
After alloying, 2nd 

batch. 

 
After alloying, 1st 

batch. 

 
After alloying, 3rd 

batch. 

 
After permeance test. 

 
After permeance test. 
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A B 

Figure 5.16. SEM images of the M7 membrane from the third alloying batch. (A) 

SEI image, (B) COMPO image. 

 

Surface composition in three different areas of the membrane was analysed with EDX. 

The results are listed in Table 5.11. As it can be observed, in the darker areas, EDX 3 

and EDX 4, there was high oxygen content. The alumina detected in the EDX 4 could 

be due to ceramic particles in the surface from the cutting. The hypothesis of a leak in 

the alloying reactor system seemed to be right, and the effect on the membrane 

performance can be critical. The morphologic roughness could also be explained by a 

shape change as a consequence of Pd deformation due to PdO crystallite formation 

shown in Figure 1.16. This rearrangement of the film could lead to pinholes generation, 

but the surface could also be levelled off while being under hydrogen atmosphere.  

 

Table 5.11. Surface composition study of the M7 membrane from the third batch. 

Wt% EDX 2 EDX 3 EDX 4
C 2.9 1.6 1.7 
O 4.6 13.9 24.9 
Pd 83.7 31.9 39.4 
Cu 8.8 52.6 19.2 
Al - - 14.8 

 

Some membrane defects could be detected with SEM, such as pinholes in the 

membranes as shown in Table 5.12. Both membranes, M12 and M13, were found to be 

not dense after the alloying step. There were some small holes and open surfaces in the 

M12 membrane, but the metal surface in M13 was completely porous with open pore 

sizes between 0.2-0.5 µm. These defects have also been observed in the literature, as the 

10 µm

Edx 2
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bcc/fcc mixed phase morphology is prone to defect formation along the grain boundary 

[16]. Large holes were also observed in the bulk metal layer. These results observed for 

the defective membranes highlight the importance of the leak tests performed before 

testing membranes in the GPS. 

 

Table 5.12. SEM images of the membranes that were not dense after alloying. 

M12 M13 

 

 

 

5.5 Discussion 

The electroless plating method was suitable for thin PdCu metal layer membrane 

preparation. The Cu plating recipe for PdCu membranes preparation was optimized. The 

electroless solutions were stable, without precipitation, and allowed to prepare thin and 

dense PdCu membranes that showed high permeability. The weight increase and SEM 

images were compared as methods to estimate the metal layer thickness and to calculate 

the composition, but SEM was not accurate enough for the thin prepared membranes. 

The alloying step could be reduced to around 20 h for the metal layer thickness of the 

prepared membranes, 1-2 µm. In addition, a sequentially plated PdCu membrane can be 

also alloyed insitu in the reactor, obtaining high permeability without the alloying step 

in a separate unit. Therefore, the manipulation of membranes is reduced decreasing the 

risk of damages before delivery and utilization. 

 

The prepared membrane composition was between 44 and 82 wt% Pd and all of the 

membranes followed Richardson’s Law. The experimental values of the pressure 

exponent n were higher than the theoretical one, 0.5, measured under pure hydrogen 

atmosphere. This indicates that in the prepared thin membranes both surface and bulk 

diffusion processes were limiting the hydrogen flux. The hydrogen flow increased with 



Chapter 5 

 

148 

increasing temperature in the tested membranes, but as the hydrogen diffusion steps are 

differently affected by the temperature, different n values were detected.  

 

A direct correlation between the thickness of the metal layer and the permeability was 

not observed. This can be due to the low accuracy when measuring thin metal layers 

with SEM images. The membrane with the highest permeance value at 673 K had an 

estimated composition close to 60 wt% of Pd and, therefore, according to the phase 

diagram it should present the bcc+fcc structure. The tested membranes showed stable 

permeances throughout the temperature cycles, even after the one in hydrogen, and their 

selectivity was high.  

 

The characterization of the membranes using SEM images provided valuable 

information about the influence of the metal alloying and the hydrogen permeance 

processes on the surface morphology. The membrane surface presented bigger particles 

after alloying and was less rough after the permeance tests. This can be due to hydrogen 

diffusion through the metal affecting its morphology. Based on the cross-sectional metal 

layer composition measurements taken with EDX it was concluded that a full alloying 

was not required to obtain a PdCu membrane with high and stable permeance.  
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6. EXPERIMENTAL 

RESULTS. PROCESS 

INTEGRATION 

 

 

Membrane performance separating hydrogen from complex mixtures was evaluated in 

this chapter. Hydrogen production was carried out in a first reactor (R1) using the 

previously developed and tested catalysts at the operating conditions used in chapter 4 

and the outgoing complex mixtures were fed into the membrane module (MM). 

Hydrogen recovery in the MM was analysed varying the hydrogen production process 

in R1 and therefore, varying the composition of the mixture fed to the membrane. Both 

catalysts and membranes were finally tested operating with H2S addition. Membrane 

lifetime was analysed and SEM and XRD techniques were employed to characterize the 

used membranes. 
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6.1 Coke formation in the membrane plant (MP) 

In order to test the membrane performance separating hydrogen from complex mixtures, 

a mixture was produced in the catalytic reactor (R1) and then the product mixture was 

fed to the membrane module (MM), see Figure 6.1. In the first process integration tests 

performed with hydrogen production in R1 and purification in MM coke formation was 

detected in the membrane module, see Figure 6.2. The membrane located in the module 

was completely covered by coke and it cracked and separated from the metallic header 

tube.  

 

 

Figure 6.1. Membrane plant (MP) scheme for hydrogen production in R1 followed 

by hydrogen purification in MM. 

 

R1. CH4 reaction and 

mixture formation 

MM. H2 separation 

from the mixture 
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Figure 6.2. Coke formation in the membrane module during the initial tests with 

complex mixtures. 

 

In order to search what was the reason for coke formation, a stainless steel tube was 

located instead of the membrane, as illustrated in Figure 6.3. With this purpose different 

process configurations and conditions were tested. Coke formation occurred in the 

membrane module, even if no catalyst was used here because just hydrogen separation 

was carried out. Different reaction conditions were tested in the R1 to analyse if water 

addition could prevent coke formation in MM. Methane CPO, wet-CPO and SR were 

performed in R1 at 1073 K and 1000 h-1 with different S/C ratios, as summarised in 

Table 6.1. In this table, the obtained methane conversion in R1 and the collected coke 

weight in the MM at the end of the test are also shown. Water addition in the hydrogen 

production process in R1 had a positive effect avoiding coke formation in MM. When 

the CPO process was carried out in R1 a lot of coke was generated in the MM, but 

operating in SR conditions with S/C ratios of 2 and 3, the coke formation was almost 

negligible. Even though a way of minimizing coke formation was found, further 

investigation was needed for the CPO and wet-CPO scenarios.  

 

 

Figure 6.3. Stainless steel tube located in the MM.  

 

 



Experimental results. Process integration 

 

155 

Table 6.1. Reaction conditions in R1 and their effect in coke formation in MM. 

SR Wet-CPO CPO

S/C 3.0 2.0 2.0 1.9 1.7 1.5 1.3 1.0 0 

CH4 conversion (%) 45 40 78 77 90 89 80 88 87 88 84 

Coke in MM (g) 0.08 nd 0.10 0.11 0.98 1.41 0.08 0.11 1.33 1.33 8.65

nd: not detected 

 

One of the possibilities for coke formation was that the Boudouard reaction took place 

in MM, Equation 39. In order to analyse this possibility, two different tests were carried 

out. First of all a CO:N2 mixture, with 15 % of CO, was fed to the system at 1073 K and 

at the same space velocity as the previous tests from Table 6.1, 1000 h-1. 

 

22 COCCO   
 Equation 39 

 

The composition of the inlet and outlet gas from MM was measured with the mass 

spectrometer. The consumed CO amount was calculated throughout a material balance. 

If all the CO would have reacted in Boudouard reaction, 0.012 g of coke should have 

been formed in the MM during the testing time. When the test was finished, the 

generated coke amount was measured. In the MM there was 1.26 g of coke, 0.14 g in 

the last reactor and big coke pieces were collected from the R1. Then, the test was 

repeated but feeding CO2 to the system instead of CO. In this case, no coke was 

generated in the R1, neither in the R2 and 0.21 g in the MM. From these tests it was 

concluded that Boudouard reaction was occurring in the MM, but the CO was not the 

only carbon source.  

 

Three coke samples were analysed by XRD to determine their composition and C, 

NiCr2O4 and Fe2O3 were detected. In Table 6.2 the overall composition of the 316 

stainless steel used in the bench-scale plant is shown. The reactors and the membrane 

module are made of this material. Comparing the composition of the coke samples and 

steel it can be observed that coke formation was linked to the steel as the only source of 

Ni, Cr and Fe in the system was the steel. The MM steel tube appearance after doing 

some tests at 1073 K is shown in Figure 6.4. The 316 stainless steel was damaged by the 

aggressive operating conditions. Most probably the steel was even decomposed in 
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contact with the complex mixtures produced in the R1. This can be related to the “metal 

dusting” phenomenon, which can take place under reducing atmospheres with high 

levels of CH4 and CO. Metal dusting is a severe form of corrosive degradation of metals 

and alloys at high temperatures (300-850 ºC) in carbon-supersaturated gaseous 

environments [1]. The suspected mechanism is firstly the deposition of a graphite layer 

on the surface of the metal, and then it forms metastable M3C species (where M is the 

metal) which migrate away from the metal surface [2]. 

  

Table 6.2. Average composition of the 316 Stainless steel (wt%). 

C max. Si max. Mn max. P max. S max. Cr Ni Mo Fe 

0.08 1.00 2.00 0.045 0.030 16-18 10-14 2-3 62-68 

 

 

 

Figure 6.4. The steel tube of the membrane module after tests at 1073 K.  

 

As metallic elements from the steel were found in the coke, it was concluded that most 

probably those metals, especially the Ni and Fe, could be promoting coke formation in 

the MM. The higher reactor volume, compared to the R1, which implies a lower gas 

space velocity and therefore, more time to react, could also have enhanced coke 

formation in the MM. In order to analyse the steel effect on coke formation, a 

membrane module tube with the inside covered by a thick chromium layer was 

prepared, see Figure 6.5. This hard chrome plating is an electrolytic process used in the 

industry for deposition of a layer of chromium onto a metallic object with the objective 

of improving properties like the corrosion resistance. 
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Figure 6.5. Membrane module with the hard chrome plating inside. 

 

To check if the chromium plated tube was suitable for the system, the CPO process was 

performed in R1 with the new tube in the membrane module. When the test finished the 

MM was opened and the “stainless steel membrane” was taken out of it. It was clearly 

observed that the chromium plated tube was coke free, but the steel tube was completely 

covered by coke, see Figure 6.6.  

 

Figure 6.6. Coke formed in the “stainless steel membrane” inside the hard chrome 

plated tube.  

 

When operating with membranes, the steel surface exposed to the mixtures was going to 

be lower than with the “stainless steel membrane”, but even then, there were some steel 

areas (i.e. the end caps of the membranes). A special high temperature tape was used to 

cover the exposed steel (69 Glass Cloth Electrical Tape, 3M). Using this tape no coke 

was detected in the membrane module after carrying out CPO in R1 as shown in Figure 

6.7. During all the tests that will be explained in this chapter, where complex mixtures 

were fed to the MM, the hard chrome plated tube was used in the MM and the stainless 
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steel areas of the membrane were covered with the special tape. In a real process a more 

suitable metallic material for the membrane holder should be used to avoid coke 

formation in this area if operating in similar conditions. 

 

 

Figure 6.7. Hard chrome plated tube and the “stainless steel membrane” covered 

with a high temperature tape after performing CPO. 

 

6.2 Process integration parameters selection 

6.2.1 Feed pressure 

Once the coke formation problem was solved, the most appropriate hydrogen 

production (in R1) followed by purification (in MM) process parameters were selected. 

From an economic point of view there is clear indication to avoid the incorporation of a 

gas compressor between reactor and membrane module. Therefore, in order to get the 

optimal feed pressure, the effect of this feed pressure on both the CPO reaction and 

hydrogen separation was tested. Figure 6.8 shows the effect of increasing pressure on 

the hydrogen flow produced by CPO in the catalytic reactor R1 and on the hydrogen 

amount purified in the MM at 673 K. The sweep/permeate side pressure was 

atmospheric and the feed/retentate side pressure was increased varying the pressure 

difference across the membrane. As expected from the thermodynamics of the CPO 

reaction, there was a decrease in the produced hydrogen amount when the feed pressure 

increased. At around 4 bar of feed pressure, it decreased by 30 %. The test conditions 

are summarised in Table 6.3, and an overview of the mixture composition produced in 

the CPO reactor is shown in Table 6.4. The composition of the mixture changed along 
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time with the feed pressure as it affected the CPO process. Table 6.4 shows the average 

composition of the process for some of the tested feed pressures. The rest of the flow to 

100 % was Ar.  

 

 

Figure 6.8. Feed pressure effect on the amount of hydrogen produced by CPO in 

the catalytic reactor (reactor temperature 1073 K and methane feed flow 700 

NmL/min) and on the purified H2 flow in the MM at 673 K. 

 

 

Table 6.3. Test conditions in the catalytic reactor and in the membrane module for 

the analysis of the optimal feed pressure.  

 Catalytic reactor Membrane module 

T (K) 1073 673 
Flow in (NL/min) 2.3 2.9 – 2.5 
Sweep flow (NL/min) - 0 / 0.55 / 1.7 
Feed pressure (barg) 0-9 0-9 
Permeate pressure - atmospheric 

Process 
Hydrogen production by 
methane CPO 

Hydrogen purification with M6 
PdCu membrane 
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Table 6.4. Average composition produced in the catalytic reactor and fed to the 

membrane module.  

 H2 CO2 CO CH4 O2 

With feed pressure = 1.0 bar(g) 29.0 1.8 17.1 3.8 nd 
With feed pressure = 3.5 bar(g) 26.7 2.2 16.3 4.7 nd 
With feed pressure = 5.5 bar(g) 21.5 3.7 12.9 9.0 nd 
With feed pressure = 9.0 bar(g) 18.1 4.3 12.1 9.9 nd 

                    nd: not detected 

 

A decrease in the hydrogen production in the reactor R1 due to an increase of the feed 

pressure directly affected the hydrogen recovery in the membrane module. There are 

two simultaneous processes in the system with an opposite effect on membrane 

performance. Less hydrogen is produced when the feed pressure increases, decreasing 

the hydrogen pressure difference across the membrane and hence decreasing the 

hydrogen recovery in the MM. However, the hydrogen partial pressure in the retentate 

increases as the feed pressure increases, increasing the hydrogen pressure difference 

across the membrane. Figure 6.9 shows the effect of the feed pressure on the hydrogen 

recovery at a constant atmospheric pressure on the permeate side. The hydrogen 

recovery in the membrane module is calculated with Equation 29. It is increased as the 

feed pressure increases even though the fed hydrogen percentage decreased, due to a 

higher hydrogen pressure difference across the membrane. The selected operating feed 

pressure was 3.5 bar(g), as it was the value with the highest hydrogen 

recovery/production ratio. 

 

Figure 6.9 also shows the effect of the sweep gas flow variation on the hydrogen 

recovery with the M6 membrane in the MM. Sweep gas flow addition had a positive 

effect on the process due to the increase of the hydrogen partial pressure difference 

across the membrane. With 550 NmL/min of sweep gas, the hydrogen recovery was 

approximately doubled, but with 1700 NmL/min no further improvement of any 

significance was observed. 
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Figure 6.9. Feed pressure effect on hydrogen recovery at different sweep gas 

flows (M6 membrane at 673 K). 

 

6.2.2 Sweep gas flow 

As explained before hydrogen production is thermodynamically favoured at low 

pressures and hydrogen purification at high feed pressures. Apart from the feed pressure 

effect analysed before, the sweep gas flow is also an important parameter. Higher sweep 

gas flow implies lower hydrogen partial pressure in the permeate side of the membrane, 

increasing the hydrogen pressure difference across the membrane. Another disadvantage 

of increasing the pressure to increase the hydrogen pressure difference, apart from the 

fact that it decreases the produced amount of hydrogen, is that gases different from 

hydrogen could go through the membrane [3]. Even though the use of sweep gas is 

beneficial for the overall process, it is also an expensive part of it, which makes 

indispensable to optimize the required flow. The hydrogen dilution in the retentate, or 

feed, side of the membrane is another critical factor for the hydrogen permeation across 

the membrane. In the integrated hydrogen production plus purification process, the 

hydrogen concentration in the feed flow to the membrane depends on the conversion 

and feed dilution of the previous R1, thus, it can change with time on stream.  

 

In order to obtain an optimal sweep gas flow, hydrogen permeation tests were 

performed with different hydrogen dilutions and using different sweep gas flows. In the 

tests, the hydrogen amount was maintained constant and it was diluted by varying the 

added Ar amount. The main experimental error was the flow measurement with the 
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manual flow-meter. Measurements were repeated until differences between them were 

lower than 3 %.  

 

Figure 6.10 illustrates hydrogen recovery tests performed at 3.5 bar(g) in the feed side 

and atmospheric pressure in the sweep side with the M7 membrane at 773 K. The solid 

lines are guides. The hydrogen flow was kept constant at 0.54 NL/min and it was 

diluted with Ar to obtain different feed gas compositions. Eight different hydrogen 

dilutions in inert gas were tested, between 20 and 70 %. For each dilution the hydrogen 

flow across the membrane was measured at different sweep gas flows. The sweep gas 

flow used in each measurement was fixed as a percentage of the feed gas that was added 

to the membrane module.  
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Figure 6.10. Hydrogen recovery of M7 (membrane area of 53.7 cm2) in the 

membrane module with 0.54 NL/min of H2 diluted with Ar to obtain different 

feed gas compositions and using different sweep gas flows at 3.5 bar pressure 

difference across the membrane and 773 K.  

 

It can be observed that when the hydrogen percentage was high, 70 %, even with no 

sweep gas the hydrogen recovery was very high, more than 90 %. But for lower 

hydrogen percentage cases, around 20-25 %, the recovery without sweep gas flow was 
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lower than 20 %. When using a sweep flow around 15-20 % of the total flow fed to the 

MM, the hydrogen recovery levelled off. Larger sweep gas flow, and therefore higher 

economical cost, will not imply higher efficiency of the process.  

 

Hydrogen recovery versus sweep gas flow at different hydrogen compositions was also 

studied at 2.0 bar(g) of feed pressure and 773 K. The corresponding results are shown in  

Figure 6.11. The solid lines are guides. The hydrogen flow was kept constant at 0.54 

NL/min and it was diluted with Ar to obtain different feed gas compositions. The aim of 

this second test was to check the dependence of the optimal sweep gas flow percentage, 

calculated from the results given in Figure 6.10, on the feed pressure. The tested 

hydrogen dilutions were in the range of the ones used in the previous test at 3.5 bar(g), 

between 16 and 70 %.  
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Figure 6.11. Hydrogen recovery of M7 (membrane area of 53.7 cm2) in the 

membrane module with 0.54 NL/min of H2 diluted with Ar to obtain different 

feed gas compositions and using different sweep gas flows at 2.0 bar pressure 

difference across the membrane and 773 K.  
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The negative effect of not using sweep gas on the hydrogen recovery was more 

noticeable in this case. The hydrogen partial pressure in the feed side of the membrane 

was lower and therefore also the hydrogen pressure difference across the membrane, 

which is the driving force for hydrogen permeation. However, the maximum hydrogen 

recovery was achieved again when using a sweep gas flow of around 15-20 % of the 

flow fed into the MM.  

 

Regardless the composition of the flow fed into the MM, that could vary in time in a 

real processes due to catalyst deactivation or feed composition fluctuations, the optimal 

sweep gas flow can be determined just measuring the flow fed into the membrane 

module and using a sweep gas flow of around a 20 % of this value.  

 

6.3 Membrane performance under complex mixtures 

Hydrogen recovery from a gas mixture is not only affected by hydrogen dilution and 

hydrogen partial pressure difference across the membrane, as studied before, but also by 

the mixture components. When producing hydrogen from methane, as in this work, 

hydrogen is always mixed at least with N2, CO, CO2, H2O and CH4 provided that 

sulphur compounds accompanying the natural gas have been removed before. The CO 

is known to have an important inhibition effect on membrane performance [4-7]. About 

water vapour influence, contradictory information is reported in the literature. It was 

considered negligible for a PdAg membrane by Nguyen et al. [8], whereas a reduction 

of around 70 % was observed by Gielens et al. [9] for Pd and PdAg membranes. 

Regarding CO2, CH4 and argon they do not affect the membrane so strongly [10, 11]. 

CO has been found to cause more inhibition than the same concentration of CO2 [12].  

In the present work the CO percentage was around four times that of CO2, so the study 

was focused on the CO effect on the prepared PdCu membranes performance, 

supposing a negligible effect of CO2.  

 

In this section the results of the tests where hydrogen was produced via CPO and wet-

CPO processes in the R1 catalytic reactor and separated in counter-current mode in the 

MM are presented. In the hydrogen production via wet-CPO process different 

water/methane ratios were tested to analyse the effect of water addition on membrane 

performance. The catalytic reactor R1 was operated at 1073 K and 600 h-1 of WHSV. 
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The membrane module operated at 773 K, the feed pressure of the system was 3.5 

bar(g), the sweep side was at atmospheric pressure, and the used sweep gas flow was 20 

% of the flow produced in R1 and fed into the MM. The conversion plotted in the 

following figures refers to the conversion in the catalytic reactor R1. The membranes 

seemed to have no influence on the conversion. The calculated global conversion and 

R1 conversion differed by less than 2 percentage points, which could be due to the 

experimental error rather than to the catalytic activity of the PdCu layer. The hydrogen 

yield is also calculated for the catalytic reactor, R1. The effect of the gas mixture 

components and the water content on the membrane performance was analysed with 

three membranes: M6, M7 and M8.  
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Figure 6.12. Hydrogen production via CPO in R1 at 1073 K with 0.35 g of 

catalyst and 600 h-1 of WHSV and purification in MM with M7(membrane area 

53.7 cm2) at 773 K with a 20 % of sweep gas and 3.5 bar of pressure difference. 

 

With the M7 membrane hydrogen was purified from a complex mixture produced in R1 

via CPO. Figure 6.12 shows the methane conversion measured in R1 and the hydrogen 

recovery recorded in the membrane module throughout the operation time. The catalyst 

activity was stable during the test. As CPO conversion is negatively affected by a 

pressure increase, the conversion shown in Figure 6.12 was lower than the one obtained 

in Chapter 4 at the same temperature and space velocity but at atmospheric pressure. 

The measured conversion was around 70-75 % and the hydrogen yield was around 1.1. 
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The average H2 and CO percentages in the mixture were 27.5 % and 14.0 % 

respectively. The hydrogen recovery decreased along time on stream towards 85 %. 

Mixture components fed into the membrane module seemed to have a slightly negative 

influence on the membrane performance, but the test was not long enough to obtain 

final conclusions.  

 

With the M6 membrane longer mixture tests were carried out. The mixture fed to the 

MM was produced in R1 via methane CPO and wet-CPO alternating over time. The 

operating conditions and the average mixture composition produced in R1 in each time 

segment are summarized in Table 6.5. The catalyst activity and membrane hydrogen 

recovery results are depicted in Figure 6.13. Between the different testing days the 

membrane was kept in inert atmosphere at 673 K, identified in the figure with thicker 

lines. In the figure, the positive effect of sweep gas addition in the first hours can be 

observed, when CPO was performed without sweep gas, segment A, and then with 

sweep gas, segment B. Methane conversion and hydrogen production in the R1 reactor 

were reasonably stable, 85-90 % and 0.5-0.6 NL/min, respectively. The highest 

hydrogen yield in R1 was obtained at the highest S/C ratio due to higher H2/CH4 ratio in 

the reforming process, operating conditions F. When changing the reaction conditions in 

the R1 the composition of the mixture produced in R1 and fed to the membrane module 

changed.  

 

Table 6.5. The employed process operating conditions and mixtures dry 

composition in the complex mixtures tested with M6. 

 A B C D E F 
Process 

CPO 
Wet-CPO 

S/C 0.02 0.11 0.50 0.90 
Sweep gas No 550 NmL/min 
T reactor (K) 1073 
T membrane (K) 673 
CO (mol%) 18.0 17.8 18.1 17.5 14.8 
H2 (mol%) 20.4 19.4 19.7 21.6 22.6 
CH4 (mol%) 4.4 4.6 4.6 4.4 2.9 
CO2 (mol%) 2.4 2.7 2.7 4.7 7.0 
O2 (mol%) nd nd nd nd nd 
Feed flow to MM (NL/min) 2.4 2.5 2.4 2.5 2.6 

    nd: not detected 
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Figure 6.13. Performance of the CPO-membrane system. R1 at 1073 K with 0.35 

g of catalyst and 600 h-1 of WHSV, membrane module with M6 (membrane area 

of 58.9 cm2) at 673 K with a 20 % of sweep gas, feed pressure=3.5 bar(g) and 

sweep gas at atmospheric pressure.  

 

The variation in the mixture composition fed to the membrane module had no 

significant negative effect on membrane performance, as the hydrogen recovery was 

around 60 % during all the testing time at 673 K. Two of the compounds may have an 

impact on membrane performance: carbon monoxide and water. Carbon monoxide is 

known to have a major inhibiting effect. When operating under B conditions, CPO 

without water, hydrogen recovery seemed to be lower than under wet-CPO conditions 

(C, D, E or F segments). The lowest carbon monoxide concentration, 14 %, was 

produced under F conditions with the highest S/C ratio. The good performance of the 

system under F conditions compared to the others, taking into account the decreasing 

CO percentage, showed that the positive effect of water probably overrules the expected 

negative effect of carbon monoxide on the membrane performance. Between 60 and 70 

% of the hydrogen produced in the first reactor was recovered by the membrane, 

regardless of operating conditions and mixture compositions. 

 

The hydrogen recovery of the M6 membrane in a H2:N2 mixture, with 25 % hydrogen 

and 550 mL/min of sweep gas flow, was around 80 %. Therefore, hydrogen recovery 
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decreased to 60-70 % due to operation under complex mixture conditions, so there was 

a reduction by 10 to 20 percentage points. Similar data have been obtained in the 

literature. A reduction of 20 percentage points of hydrogen recovery is reported by Li et 

al. [12] when operating a Pd membrane in a simulated WGS mixture at 673 K. It has 

been observed that membrane permeance can decrease when operating with carbon 

monoxide due to coke formation at low water/carbon monoxide ratios, as used in this 

work [13, 14]. Cheng et al. [15] observed a rapid decrease in hydrogen recovery after 12 

h operation of a Pd membrane installed in a methane CPO reactor, due to coke 

formation from carbon monoxide at 773 K. Whereas in other works when operating in a 

simulated gas mixture with water/carbon monoxide ratios 3 and 19, carbon monoxide 

had no significantly negative effect at 573 K, permeance decreased by 8 % and 

remained constant during further operation [16]. High temperature, 673 K, and water 

addition seemed to be the reasons for not observing coke in the tests with M6.  

 

Complex mixture tests were also performed with the M8 membrane. Catalyst activity 

and hydrogen recovery results are shown in Figure 6.14. Table 6.6 summarizes the 

average compound percentages obtained in the different hydrogen producing processes 

performed in the R1. As it can be observed in the table, the hydrogen percentage in the 

mixture increased when adding water, due to additional reforming reactions. As a 

consequence of the process modification adding water, the selectivity of the catalytic 

process in R1 varied, decreasing the percentage of CO in the outflow mixture.  

 

Table 6.6. Average percentages of the outflow of the catalytic reactor and fed to 

the membrane module at different operating conditions.  

 CPO Wet-CPO 
S/C  0.5 1.0 1.5 2.0 2.5 
CO (mol%) 15.5 13.6 11.9 10.8 8.9 8.3 
H2 (mol%) 27.4 27.5 28.1 31.2 34.1 32.0 
CH4 (mol%) 5.3 4.4 3.1 1.3 2.8 2.0 
CO2 (mol%) 1.6 2.8 3.6 4.2 6.0 5.8 
O2 (mol%) nd nd nd nd nd nd 

        nd: not detected 
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Figure 6.14. Hydrogen production in the catalytic reactor R1 at 1073 K with 0.35 

g of catalyst and 600 h-1 of WHSV and purification with M8 (membrane area of 

33.0 cm2) at 773 K in the MM with a 20 % of sweep gas at 3.5 bar of pressure 

difference.  

 

The obtained conversion in CPO was lower than the one obtained in Chapter 4 in the 

PP, which can be due to the negative thermodynamic effect of increasing pressure. On 

the other hand, the higher pressure seemed to benefit the wet-CPO process. At the same 

temperature with the same amount of methane moles, a higher pressure in the reactor 

implies higher concentration of reactants that favours the kinetics. As the conversion is 

far from the equilibrium conversion (around 95 % shown in Figure 4.5) the process is 

limited by the kinetics with some influence of the internal diffusion. When pressure is 

increased to 3.5 bar(g), the concentration increase improves the reaction rate and offsets 

the slightly negative thermodynamic effect of increasing operating pressure. At each 

operating conditions conversion tended to increase, whereas hydrogen yield decreased, 

indicating that the hydrogen selectivity had declined. 

 

The process in the MM required quite a long time to stabilize. Each condition was tested 

during one working day. The membrane module was kept at 773 K during night, but 

under inert atmosphere. At the beginning of the process the membrane permeability 

increased and by the end of the day it started to stabilize, which could be due to a 

reactivation in presence of hydrogen during the test. Once it was near to the steady state, 
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hydrogen recovery was around 60, 60, 67, 67, 63 and 67 %, respectively, at each 

operating condition. Water addition increased the hydrogen production, increasing the 

hydrogen mole fraction in the feed to the membrane, which can explain the slightly 

increasing tendency of the hydrogen recovery in the MM. The CO percentage did not 

seem to damage the membrane, and neither the rest of the gases such as steam, CO2 or 

CH4. The obtained hydrogen recovery was around 60-67 %, regardless the operating 

conditions and the mixture composition during more than 50 hours. As observed before 

in the similar test performed with the M6 membrane, the positive effect of water could 

have overruled the expected negative effect of carbon monoxide 

 

As a conclusion from the hydrogen purification tests carried out in the membrane pilot 

plant with complex mixtures, it can be said that between the 60 and 70 % of the 

hydrogen produced in R1 was purified in the membrane module, regardless the used 

operating conditions and mixture composition.  This value is close to the 70 % obtained 

in a membrane reactor with methane reforming by Basile et al. [17]. As adsorption on 

the membrane surface decreases at high temperatures, 773 K could have been a high 

enough temperature to avoid inhibitive adsorption to occur. The combination of CO 

concentration decrease and water concentration increase seemed to have a positive 

effect on hydrogen recovery, together with the fact that at higher S/C ratio the hydrogen 

percentage in the mixture was higher.  

 

6.4 Membrane lifetime during pure H2 and complex mixture tests 

In this section an overview of the lifetime of the three tested membranes (M6, M7 and 

M8) with H2 or complex mixtures is given. All the permeance measurements shown in 

the figures of this section were carried out with pure hydrogen or pure nitrogen at a feed 

pressure of 2 bar(g), with atmospheric pressure in the permeate side and at temperatures 

of 673 or 773 K. In the upper side of the figures the prevalent operating conditions 

during each period are shown. In order to check the membrane performance pure 

nitrogen or pure hydrogen permeation measurements were performed during their time 

on stream. Segments where “inert” appears mean that the membrane was kept under Ar 

or N2 atmosphere. “Air” description means that the membrane module was taken out 

from the system and, therefore, exposed to atmospheric air. During the time where 
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“mixture” appears, hydrogen purification from complex mixture tests were performed 

and during nights membranes were kept under inert gas at elevated temperature.   

 

Figure 6.15 summarizes the main tests performed with the M6 membrane and the 

hydrogen and nitrogen flows measured through the membrane during its lifetime in pure 

H2 or N2. The selectivity of the membrane varied throughout its lifetime from 1500 to 

250 at 773 K, but in all cases the nitrogen flow through the membrane was low 

compared to the hydrogen flow. The difference between hydrogen flow at 100 h and 

650 h is because of the temperature increase from 673 to 773 K. The hydrogen 

permeance through the membrane, measured in pure hydrogen, decreased over time 

from around 1.3·10-3 to 4.5·10-4 mol/sm2Pa0.5 at 673 K, measured at 75 h and 2700 h, 

respectively. From 900 h to 1800 h and from 3300 h on, the membrane was kept in air at 

298 K.  

 

 

Figure 6.15. Pure hydrogen and nitrogen permeance throughout the M6 lifetime 

(feed pressure=2 bar(g) and sweep gas at atmospheric pressure).  

 

The first hydrogen permeance shown in the “mixture 773 K” segment, after 1850 h, is 

from the day before the mixture tests were started. The lower hydrogen permeance at 

1850 h might be due to the storage in air. Earlier tests showed that it takes at least 150 

hours in hydrogen atmosphere to achieve a stable hydrogen flow through the membrane 

after its storage in air. During the period when the membrane was operated under 

complex mixtures, the hydrogen permeance was stable at around 7.2·10-4 mol/sm2Pa0.5. 
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At around 2450 h, there was a power failure in the system, and the membrane cooled 

without control from 773 K to room temperature in H2 containing atmosphere. Up to 

this moment, the permeance had been slowly increasing during the mixture tests, from 

7.1·10-4 to 7.3·10-4 mol/sm2Pa0.5. However, after the power failure the hydrogen 

permeance decreased to values of around 3.2·10-4 mol/sm2Pa0.5. At 3200 h, the 

membrane was cooled to 298 K in inert gas at 1 K/min. It was re-heated to 673 K at 

3600 h to continue the tests, but it was not selective any more, 1.2 NL/min of nitrogen 

passed through the membrane with a pressure difference of 2 bar. The membrane was 

removed from the module, and it was observed that the metal layer of the membrane 

had peeled off, as Figure 6.16 shows.  

 

 

Figure 6.16. M6 membrane peeling off detected at 3600 h.  

 

The analysis of the hydrogen and nitrogen flow values throughout the entire lifetime of 

the M6 membrane leads to several conclusions. The nitrogen flow did not increase 

significantly during the lifetime of the membrane, so this flow can be most probably due 

to a leak in the ceramic-metal sealing or to membrane defects that remained unchanged. 

However, the hydrogen flow decreased during its lifetime. When calculating membrane 

permselectivity from the data given in Figure 6.15, a variation from 1500 to 250 was 

observed. This selectivity decrease was not due to pore formation in the metallic layer 

but to a decrease in hydrogen diffusion through the membrane. Therefore, it can be 

concluded that membrane deterioration was not caused by open pore formation but by a 

change in the metal structure that entailed a worsening of its hydrogen bulk diffusion 

capacity, which can be caused by aging or slow poisoning of the membrane.  

 

The power failure occurred in the system at 2424 h and the subsequently uncontrolled 

cooling in hydrogen atmosphere had a negative effect on the hydrogen flow through the 

membrane. Figure 5.13 and Figure 5.14 showed that controlled cooling in hydrogen 
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atmosphere did not affect the membrane permeance. Thermal cycling of the 

hydrogenated metallic layer has been observed in the literature to produce membrane 

failure, characterized by crack formation and metal film peeling [18], like observed with 

the M6 membrane. In the case of the M6 membrane, controlled cooling or heating did 

not seem to compromise membrane performance, whereas the same thermal cycle 

without controlling the rate had an irreversibly negative effect. Nonetheless, further 

investigation by longer thermal cycling tests should be conducted to determine if 

uncontrolled cooling in hydrogen is the reason for membrane failure. 

 

The detached M6 membrane metal layer was analysed using XRD and SEM techniques. 

The outer surface of the metal layer had deep grain boundaries, see Figure 6.17, not 

observed before (in Chapter 5). The oxygen observed on the membrane surface of the 

membranes alloyed in the third batch, Figure 5.16 and Table 5.11, could have had a 

negative influence causing a morphological change in the metallic layer. Grain 

boundaries and rough areas are weak places where leakage and finally detachment of 

the membrane film can occur. As concluded from the M6 lifetime figure with hydrogen 

and nitrogen flows, open pores were not created in the metal layer, as the N2 flow did 

not increase.  

 

 

Figure 6.17. SEM image of the detached M6 metal layer, x18000 magnification. 

 

The metal foil that peeled off had many ceramic particles on the support side, indicating 

numerous stresses at the interface. This pattern occurs normally after cooling in a 

hydrogen-filled membrane system, which was the case with the M6 membrane when the 

power failure occurred during operation. Deep grain boundaries, but no open pores, 

1 µm
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were most probably created due to stress (thermal or chemical) until the metal foil 

peeled off and the membrane failed completely.  

 

The composition of the metal layer was analysed with SEM-EDX to check whether 

coke formation had occurred when working under mixture, which could lead to metallic 

phase deactivation [19]. Only Pd (89.6 wt%) and Cu were observed in the metal layer 

surface. The stable permeance observed in Figure 6.13 corroborates that the metallic 

layer was not deactivated during operation in complex mixtures due to carbon 

deposition.  

 

The peeled off M6 membrane was analysed with XRD in order to have deeper 

knowledge of the metal layer. Figure 6.18 shows the diffractogram of M6 membrane 

sample, in dark line. As a reference, the diffractogram of a membrane prepared and 

alloyed in the same way as M6 is given in red. The metal layer has fcc structure as 

expected from the composition and explained in the previous chapter. In the 

diffractogram of the reference sample there are some peaks that do not appear in the M6 

diffractogram at 35, 38, 43, 58 and 67 angles that correspond to the Al2O3 from the 

support. In the M6 diffractogram, peaks associated to a crystalline structure between 

pure Pd and PdCu are observed, suggesting the PdCu solid solution formation. This 

means that the copper atoms are placed in the Pd net, displacing slightly the peaks to 

higher angles. In the literature it has also been observed that before alloying separate Pd 

and Cu maximums appear in the diffractogram [20-22]. Whereas, after the alloying all 

the characteristic peaks of Pd were in the same position for both Pd and PdCu [23. 24]. 

This shows the formation of PdCu interstitial alloys, which occurs when the atoms of 

one component are smaller than the other and the smallest atoms fit into the spaces 

between the largest atoms [25].  

 

Hydrogen and nitrogen flows across the M7 membrane measured with 2 bar of pressure 

difference throughout its lifetime can be observed in Figure 6.19. The main events that 

occurred during M7 lifetime have been summarized in Table 6.7. The pure hydrogen 

flow between 0 and 240 h was measured at 663 K and all the rest at 773 K. As it can be 

observed in the table, there were some problems in the system at 750, 1130 and 1415 h. 

In the first one, system failure, the membrane cooled at 1 K/min but in hydrogen 

atmosphere. In the two power failures the membrane cooled with no temperature control 
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but in inert atmosphere. In the one at day 1130 it cooled to 298 K and in the last one, 

day 1415, to 693 K.  

 

 

Figure 6.18. XRD diffractogram of the used M6 membrane.  

 

 

Table 6.7. Lifetime summary of the M7 membrane.  

Time (h)  

0 – 240 Hydrogen permeance measurements with thermal cycle at 673 K, Figure 5.12 

241-410 Hydrogen permeance measurements with thermal cycle at 773 K, Figure 5.13 

600-745 Hydrogen recovery Vs sweep gas flow tests at 773 K,  

Figure 6.10  

750 System failure. Controlled cooling to 298 K 

792-1050 Hydrogen recovery Vs sweep gas flow tests at 773 K,  

Figure 6.11 

1130 Power failure. Uncontrolled cooling to 298 K 

1415 Power failure. Uncontrolled cooling to 693 K 
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Figure 6.19. Pure hydrogen and nitrogen permeance throughout M7 membrane 

lifetime measured with 2 bar of pressure difference.  

 

The consequence of the system and power failures can be observed in the measured 

hydrogen and nitrogen flows. After the system failure, at 750 h, the hydrogen 

permeance increased substantially and there was a small increase in the nitrogen 

permeance. After the first power failure with uncontrolled cooling, at 1130 h, the 

nitrogen permeance increased drastically, indicating the formation of open pores in the 

metal layer and implying the end of the membrane operating lifetime. The second power 

failure had a different effect on the membrane as nitrogen permeance remained constant 

and hydrogen permeance halved. This indicates that this last power failure affected the 

hydrogen diffusion process and not the metallic layer morphology. At around 1440 h, 

the membrane was found to be not selective any more, most of the flow that entered the 

MM was detected in the permeate side.  

 

Figure 6.20 shows a picture of the broken M7 membrane when it was taken out of the 

membrane module, with a thermal stress characteristic breakage. The membrane surface 

morphology was analysed with SEM images in the close cap area, where metal 

detachment was observed, and in the open cap area as shown in Figure 6.21. Comparing 

these images with the ones obtained with membranes after alloying, Table 5.10, a much 

rougher area is observed. Uncontrolled cooling together with the possible negative 
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effect of oxygen during alloying on the metal morphology could have enhanced defect 

formation along the grain boundaries of the membrane [26]. All this could have been 

the reasons for the membrane failure.  

 

 

Figure 6.20. Picture of the detached metal layer in the close cap area of the used 

M7 membrane. 

 

 

Close end cap  

Open end cap  

Figure 6.21. SEM images of both end caps of the M7 membrane at x2.000 and 

x10.000 enlargements. 
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Comparing the peeling off occurred in the M6 and in the M7 membranes there were 

some differences. In the M6 membrane it seemed that there was a unique point from 

which the metal layer broke. As explained in the M6 lifetime summary, no open pores 

occurred and the metal layer was most probably peeled off due to stress. On the other 

hand, during the M7 membrane lifetime pore formation was observed as the nitrogen 

flow increased. When looking at the broken M7 membrane it was observed that there 

were many places where the metal layer had been peeled off. This might indicate that 

the surface had become rougher, enhancing open pores formation that continue opening 

until the metal layer peeled off from the ceramic support. The difference in thickness 

can be the reason for pore formation in M7 (0.7 µm) and not in M6 (1.7 µm). 

 

The hydrogen and nitrogen flows measured along the lifetime of the M8 membrane with 

H2:N2 and complex mixture tests are shown in Figure 6.22. The main tests performed 

during this period are summarized in Table 6.8. During the first 210 h hydrogen and 

nitrogen flows were measured at 663 K and the rest of the time the membrane operated 

at 773 K. Throughout the M8 membrane lifetime there were no power failures, although 

variations in the membrane performance were observed. After the hydrogen permeance 

test in pure hydrogen at 773 K at time 430 h, shown in Figure 5.11, the membrane was 

kept in inert gas for more than 10 days, but the hydrogen permeance decreased and the 

leak flow increased during this time. In the period where the membrane was tested 

purifying the hydrogen from the mixture produced in the catalytic reactor, the hydrogen 

flow and leaks were quite stable. As it was concluded from hydrogen recovery test in 

the complex gas mixtures performed with the M8 membrane, Figure 6.14, the mixture 

components did not have a severe influence on the membrane performance. The M8 

membrane was then tested with H2S addition. These results and its complete lifetime are 

presented in the following sections. 
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Figure 6.22. Pure hydrogen and nitrogen permeance throughout M8 membrane 

lifetime (feed pressure=2 bar(g) and sweep at atmospheric pressure). 

 

Table 6.8. Lifetime summary of the M8 membrane.  

Time (h)  

0 – 210 Hydrogen permeance measurements with thermal cycle at 673 K, Figure 5.12 

310-400 Hydrogen permeance measurements with thermal cycle at 773 K, Figure 5.13 

430-745 In inert atmosphere at 773 K 

770-1030 Hydrogen production plus purification tests at 773 K, Figure 6.13 

 

After analysing the effect that the performed tests had on the three membranes it can be 

concluded that uncontrolled cooling has a strong effect on membrane lifetime. After one 

and two power failures the M6 and M7 membranes, respectively, broke. Different 

effects of the stress suffered by the metallic layer due to the uncontrolled cooling were 

observed in the measured nitrogen and hydrogen flows. The M7 membrane started to 

fail with the formation of open structures in the metallic layer, increasing notably the 

membrane leakage. In addition a hydrogen flow decrease was observed, indicating that 

the hydrogen diffusion through the metallic layer had been affected (M6 and M7). 

Thermal stresses produce structure modification that could involve cone structure 

formation, enhanced by the oxygen detected during alloying, with higher surface and 

higher permeance. But further stress produced open pores and nitrogen flow increase 
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(M6). In the M7 membrane, the thermal stress produced structural changes that reduced 

the hydrogen diffusion through the membrane and finally, produced metal layer 

detachment. The metal layer detachment of the two membranes was different. In the one 

where conically shaped structures seemed to explain its performance, M7 membrane, 

detachment started in more than one site of the membrane. Whereas in the M6, where 

this effect was not observed, there was just one point where the detachment started.  

 

Regarding the PdCu metal alloy, it was corroborated by XRD that membrane M6 had a 

fcc structure, and it was observed that the PdCu alloy was formed by a Pd crystalline net 

where the Cu atoms where located.  

 

6.5 Membrane performance with H2S addition  

In the previous sections the optimum operating parameters and the effect that cooling 

and complex mixtures have on the membrane performance have been analysed. Two of 

the membranes tested with complex mixtures (M6 and M7) failed as explained before, 

most probably due to thermal stresses. The third membrane, M8, was tested with H2S 

addition, as usually together with the methane some ppm of sulphur compounds are part 

of the natural gas. In this section the H2S addition effect, up to 100 ppmv, on the 

performance of membrane M8 is explained.  

 

6.5.1 H2S and H2 mixture (I) 

In order to study the effect of H2S impurities on membrane performance, the hydrogen 

permeance was sequentially measured in H2+H2S atmospheres with H2S concentrations 

of 100 and 40 ppmv and in pure hydrogen at 773 K. With these cycles it was possible to 

analyse if the permeance was recovered when taking out the H2S from the system. 

 

In the tests performed with H2:H2S mixtures the final area of the membrane was 

exposed to higher H2S concentration than the initial area, as a part of the H2 diffused 

through the membrane. The maximum H2S concentration in the membrane module can 

be calculated from the H2S flow fed to the module and the measured total retentate flow. 

In order to obtain the desired H2S concentration and operate at 2 bar of pressure 

difference, the amount of H2S:H2 from the standard bottle varied from one test to 
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another. This influenced the total amount of H2S gas fed to the module and therefore, 

the maximum H2S concentration achieved in the module.  

 

Figure 6.23 shows the permeance inhibition caused by the addition of the sulphur 

compound to the stream. The membrane permeance decreased by approximately 80 %, 

but it was not a permanent poisoning, as it was recovered under H2 atmosphere at 773 

K. The permeance inhibition observed due to the presence of H2S was nearly identical 

with 40 ppmv and 100 ppmv H2S in H2:H2S mixtures. The measured hydrogen flow 

through the membrane with 40 ppmv of H2S was slightly higher than with 100 ppmv, 25 

% of the value in pure hydrogen, and the permeance increased slowly with time. When 

taking out the H2S from the system the permeance recovered up to the level measured 

before the H2S addition. The membrane selectivity changed throughout the test. 

Nitrogen flow across the membrane varied from around 10 NmL/min in the first 

measurement to 60 NmL/min after the test with 100 ppmv of H2S. The test with 40 

ppmv of H2S did not further increase the nitrogen flow across the membrane. During the 

test where the fed H2S concentration was 100 ppmv, the maximum H2S concentration in 

the module was 140 ppmv, and during the time with 40 ppmv it was also 140 ppmv. 

 

 

Figure 6.23. Hydrogen and nitrogen permeance through the M8 membrane in 100 

and 40 ppmv H2S/H2 mixtures and in pure H2 at 773 K (feed pressure=2 bar(g) 

and sweep at atmospheric pressure).  
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The decrease of the hydrogen permeance could be attributed to H2S adsorption on the 

metallic surface. It seems that only reversible site blocking, with no irreversible bulk 

sulphidation, occurred under the testing conditions, as the permeance was recovered 

when removing H2S. The H2S/H2 ratio fed to the MM in the test was lower than the 

threshold ratio required to form thermodynamically stable sulphides (molar ratio 

H2S/H2=0.0011) [27]. The high temperature employed in the test, 773 K, could have 

enhanced reversible sulphur adsorption [28].  

 

The metallic PdCu surface was damaged by the H2S as nitrogen flow increased during 

the test. Coulter et al. [29] observed a slight decrease in the selectivity with a 33.2 µm 

PdAu membrane operating at 673 K in a mixture with 20 ppmv of H2S (50 % H2, 1 % 

CO, 30 % CO2, 19 % H2O). They observed a slight decrease of selectivity over time, 

and after 90 h it rapidly decreased, which was explained with pore formation.  

 

Sulphur atoms could have attacked weak areas, possibly grain boundaries, creating open 

pores. The quick negative effect on selectivity of H2S could have been accelerated by 

the fact that the metallic layer was very thin (0.9 µm) as compared to the previously 

explained 33.2 µm PdAu membrane from Coulter et al. [29]. But sulphur-adsorbing 

sites are almost saturated at 40 ppmv, as the hydrogen permeance was almost the same 

with 40 and with 100 ppmv. The permselectivity of the membrane when this first 

analysis with H2S addition was finished was low, 70. 

 

6.5.2 CPO process with H2S addition 

H2S addition effect on membrane permeability was also analysed when operating under 

complex hydrogen containing mixtures produced in R1. Hydrogen production via CPO 

was performed in R1 with 0.35 g of 40Ni/MgO catalyst at 600 h-1 and 1073 K. The 

membrane module operated at 773 K with the M8 membrane at a pressure difference of 

3.5 bar and with a sweep gas flow of 0.7 LN/min (23 % of the outflow from the 

catalytic reactor). The sweep side pressure was atmospheric, and the hydrogen recovery 

was calculated based on the permeate mole fraction and flow rate.  

 

The results are given in Figure 6.24. During the first hours the process operated without 

sulphur. After 3.5 h, 32 ppmv of H2S were added to the system and the conditions were 
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maintained constant during six hours. The catalyst activity in R1 seemed to be not 

affected by H2S addition at this concentration and during the testing time, as CH4 

conversion and H2 yield were stable. This was a good result as Ni-based catalysts are 

usually deactivated in the presence of sulphur compounds [30]. The complex mixture 

produced in R1 and fed to the MM contained an average of 12.4 % CO, 1.3 % CO2, 

21.2 % H2, 4.4 % CH4 and 59.1 % Ar. Taking into account the fed H2S flow and the 

retentate outflow, the maximum H2S concentration achieved in the module was 42 

ppmv. In this test the maximum concentration was similar to the fed one as it was 

diluted with gases that did not diffuse through the metal layer. 

 

When H2S was added to the system, hydrogen recovery in the membrane dropped 

drastically from 80 % (without H2S) to 40 % (with 32 ppmv of H2S) and then it slightly 

increased in time to 50 %. This hydrogen recovery was lower than the one observed in 

complex mixtures without H2S addition, 60-65 %. On the other hand, in the H2:H2S 

mixture test with 40 ppmv of H2S the hydrogen flow across the membrane decreased by 

75 %, much more than the 30 % observed in the mixture+H2S test comparing the 

permeability without and with H2S. Membrane deactivation was not more pronounced 

due to the simultaneous presence of complex mixture and H2S in the stream.  

 

Figure 6.24.  H2S addition effect on hydrogen production in R1 via CPO with 

40Ni/MgO at 600 h-1 (1073 K) and purification in MM with M8 (773 K) at 3.5 bar 

of pressure difference. 
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When this mixture+H2S test was finished, the nitrogen flow through the membrane at 2 

bar pressure difference was measured and it was 200 NmL/min. Before this test the 

recorded leakage was around 60 NmL/min. The leakage increase meant that open 

structures continued to be forming in the metallic layer. Most probably sulphur atoms 

continued attacking the grain or pores boundaries forming more or bigger pores.  

 

6.5.3 Permeance recovery test (I) 

After the tests performed with H2+H2S and complex mixtures with H2S, the membrane 

leakage was very high. In order to try to decrease it, the membrane was maintained in 

H2 atmosphere for some days. Firstly, the membrane was kept at 773 K and then, the 

temperature was raised as listed in Figure 6.25. In case there was some adsorbed sulphur 

on the membrane, desorption was expected at higher temperatures resulting in a 

permeance increase, since the dissociative adsorption of H2S on metals is exothermic. 

Different effects of the thermal treatment can be observed in this figure. As it was 

expected from the previous tests with H2S+H2 mixture, H2S did not seem to be adsorbed 

on the metallic surface, as instead of increasing, the hydrogen permeance decreased.  

 

 

Figure 6.25. First thermal cycle in hydrogen atmosphere attempt with M8 for 

hydrogen permeability and leakage recovery (feed pressure=2 bar(g) and sweep at 

atmospheric pressure).  
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decrease, which was observed till 150 h. But the nitrogen flow remained the same level 

despite further temperature changes, signalling that the structure of the membrane had 

changed leading to severe reduction of the hydrogen flow. The nitrogen flow through 

the membrane decreased from 340 to around 200 NmL/min after the thermal cycle. 

 

The employed temperatures seemed to be too high for the membrane. The hydrogen 

flow through membranes usually increases with temperature. But when checking the 

hydrogen flow measured at the same temperature and different times a drop is observed. 

At 773 K it was 5·10-3 mol/m2sPa0.5 after 27 h and 2·10-3 mol/m2sPa0.5 after 288 h. This 

suggests that the membrane structure was seriously damaged. Pores could have been 

closed due to metal diffusion at the employed high temperatures, which lead to leakage 

decrease. As the copper melting point is lower than that of Pd, a Cu segregation could 

have happened closing some pores but passivating a fraction of the membrane surface. 

At the end of the test, after 290 h, the membrane selectivity was too low, 10. Even then, 

more sulphur tests were performed with the membrane to further analyse H2S effects on 

the membrane surface.   

 

6.5.4 H2S and H2 mixture (II) 

Even though, as explained before, the selectivity of the M8 membrane was too low, 

some extra sulphur tests were carried out. First of all the H2 + H2S mixture test was 

performed again. Hydrogen fluxes through the M8 membrane were measured when 

adding 100 and 60 ppmv of H2S alternated with permeance measurements in pure H2 to 

establish a baseline.  

 

Hydrogen permeance through the membrane in pure hydrogen atmosphere before 

performing the current test was 2·10-3 mol/m2sPa0.5. Figure 6.26 shows the effect of 

adding 100 and 60 ppmv of H2S in a H2:H2S mixture. The obtained results were similar 

to the ones obtained before with 100 and 40 ppmv of H2S, Figure 6.23. In this second 

H2:H2S test, the hydrogen flow across the membrane also decreased significantly in 

presence of H2S, by 50 %. Comparing these results to those obtained in the 100 and 40 

ppmv test, one observes that even if the membrane had been damaged during the 

thermal treatment, the measured hydrogen permeance was almost the same when H2S 

addition was performed, around  9.6·10-3 mol/m2sPa0.5. The membrane permeability was 
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higher before the first H2:H2S test than before the second one, so the measured 9.6·10-3 

mol/m2sPa0.5 represent a reduction by 80 % in the first test and by 50 % in the second 

one. It seems that hydrogen diffusion through the metal was affected in the same way 

even if the membrane quality was different, most probably due to a similar surface 

blocking by sulphur atoms.  

 

The maximum H2S concentrations achieved in the membrane when feeding 100 and 60 

ppmv of H2S were 910 and 160 ppmv, respectively. The high 910 ppmv H2S maximum 

concentration was due to a low flow of H2S fed to the module that entailed low total 

flow in the module and low retentate hydrogen flow.  

 

In this test the hydrogen permeability was also restored to original values after being in 

pure H2 at 773 K, so sulphur adsorption was reversible. The selectivity was not affected 

by the H2S, the leak did not increase during the test, even if a fraction of the membrane 

could have been exposed to H2S concentrations as high as 910 ppmv. The nitrogen flow 

was stable throughout the test, which can imply that H2S did not further damage the 

membrane surface.  

 

 

Figure 6.26. Hydrogen and nitrogen flow through the M8 membrane in 100 and 

60 ppmv H2S/H2 mixtures and in pure H2 at 773 K (feed pressure=2 bar(g) and 

sweep at atmospheric pressure). 
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6.5.5 Wet-CPO process with H2S addition 

The last test performed with H2S addition was hydrogen production by wet-CPO and 

purification with the addition of some H2S. In this test wet-CPO was performed in R1 

with 0.35 g of 40Ni/MgO catalyst at 600 h-1 and 1073 K. The membrane module 

operated at 773 K with the M8 membrane at a pressure difference of 3.5 bar and with a 

sweep gas flow of 0.7 LN/min (20 % of the outflow from the catalytic reactor). The 

sweep side pressure was atmospheric, and the hydrogen recovery was calculated based 

on the permeate mole fraction and flow rate. From previous results it was concluded 

that the addition of water improved the hydrogen production when operating with this 

conditions in the MP. But in this case H2S was also added and by mixing water and H2S 

a very corrosive medium for the system and the membrane was created. In order to 

minimize the corrosion, a low S/C ratio, equal to 0.5, was employed in the hydrogen 

production by the wet-CPO process.  

 

During the first hours the process operated without H2S, see Figure 6.27. During the 

time without sulphur it can be observed that the hydrogen recovery increased from 60 to 

80 %. This result is in accordance with the positive effect of water addition on the 

membrane performance observed already in the previous chapter. After 4 hours 33 

ppmv of H2S were added to the system and these conditions were maintained during 5.5 

hours. The catalyst activity in R1 was not strongly affected by H2S addition as CH4 

conversion and H2 yield were quite stable, although a slow activity decrease was 

observed. When H2S was added to the system the hydrogen recovery in the MM 

dropped drastically from 80 % (without H2S) to 36 % and then, it slightly increased in 

time up to around 45 %. In this test the maximum H2S concentration achieved in the 

membrane module was 52 ppmv. Results are again very similar to the ones obtained in 

sections 6.5.1 (H2+H2S first test) and 6.5.2 (CPO+H2S test). The hydrogen recovery 

decreased by ca. 50 % when operating with H2S addition, similar to the situation 

observed with 40 and 100 ppmv of H2S before.  
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Figure 6.27. H2S addition effect on hydrogen production in R1 via wet-CPO with 

40Ni/MgO at 600 h-1 and 1073 K, and on purification in MM with M8 at 773 K 

and with 3.5 bar of pressure difference. 

 

After performing the wet-CPO+H2S test, the nitrogen flow through the membrane was 

measured with 2 bar pressure difference and it had significantly increased from 200 to 

500 NmL/min. Operating under wet-CPO mixture with H2S addition was more 

aggressive to the metallic membrane, probably creating more open pores or cracks in 

the thin metal layer that could explain the leak increase. 

 

6.5.6 Permeance recovery test (II) 

A long recovery test in hydrogen atmosphere was performed after the H2S addition in 

the wet-CPO hydrogen production process. By this moment the membrane was 

seriously damaged, but the aim of the current test was to analyse if permeance or 

leakage improvements could be achieved with thermal cycling. As depicted in Figure 

6.28, the membrane was maintained in hydrogen atmosphere during almost 15 days. 

The temperature was varied and pure hydrogen and pure nitrogen flows through the 

membrane were measured at 773, 823 and 873 K. The high temperatures were kept for 

short time, as it had been observed before that they strongly damage the membrane. 

During the test no hydrogen permeability improvement was observed. The leakage 

decreased slightly when increasing the temperature to 873 K and it was then remained at 
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the same level despite further temperature change. Probably, some open pores were 

closed due to the high temperatures, but during the last days at 773 K a leakage increase 

was again observed. The hydrogen diffusion through the membrane measured at 773 K 

remained the same after 1880 h and 2000 h. 

 

 

Figure 6.28. Second thermal cycle in hydrogen atmosphere attempt with M8 for 

hydrogen permeability and leakage recovery (feed pressure=2 bar(g) and sweep at 

atmospheric pressure). 

 

6.5.7 Complete lifetime of the M8 membrane 

In this section an overview of the M8 membrane complete lifetime is presented. Pure 

hydrogen and pure nitrogen flows across the membrane measured at 2 bar pressure 

difference are given. Results are shown in Figure 6.29. In the “recovery try” segments 

just the hydrogen flow measurements (see Figure 6.25 and Figure 6.28) made at 773 K 

are illustrated. This membrane was firstly characterized with pure hydrogen permeation 

tests involving thermal cycles in inert and hydrogen atmosphere at 673 and 773 K (0 to 

500 h). It was then tested at 773 K in hydrogen purification from complex mixtures 

produced from CPO and wet-CPO in the R1 (770 to 1150 h). Finally, tests with H2S 

addition were performed: H2+H2S mixture (1200 to 1320 h), CPO process in R1 and 
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H2+H2S mixture test (1680 to 1780 h), wet-CPO process in R1 and purification in MM 

with H2S addition (1900 h) and second thermal test (1920 to 2190 h). 

 

 

Figure 6.29. Complete lifetime summary of the M8 membrane. Pure hydrogen and 

nitrogen flows were measured at 2 bar(g) of feed pressure and atmospheric in the 

sweep.  
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literature. In the results from Kim et al. [31] no irreversibly sulphide formation was 
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were applied damaging the membrane and strongly decreasing the hydrogen flow to 

around 2.1·10-3 mol/m2sPa0.5.  

 

After the first permeability recovery test, a second test with 100 and 60 ppmv H2S in 

H2:H2S mixture was carried out. Similarly, it was observed that the metallic layer was 

not irreversibly deactivated, but the membrane structure was further damaged and the 

leaks increased. During wet-CPO with H2S addition, the hydrogen recovery increased, 

most probably due to the positive effect of water addition, and the nitrogen flow was 

stabilized. In the last recovery period the hydrogen flow was quite stable and the 

leakage had a slowly increasing tendency, so the membrane performance did not 

improve. 

  

6.5.8 M8 membrane characterization 

After performing the previously explained tests with the M8 membrane, it was taken out 

from the MM. Visually some remarkable areas were observed on the membrane surface, 

illustrated in Figure 6.30. There was a split part, leakage, which started 10 mm from the 

close end cap. The surrounding area of several centimetres was rough. A lot of stresses 

must have been present to result in those small folds and roughness. During the 

operation, this close end cap site of the membrane was the final part of the membrane, 

so most of the hydrogen had diffused to the permeate side before arriving there. 

Therefore, H2S concentration during the performed tests in this area was much higher 

than the ppm added to the system and could have been as high as 910 ppmv in the test 

shown in Figure 6.26. This could also be corroborated by the fact that on the other side 

of the membrane, near the open end cap shown in Figure 6.31, the drying fold of the 

ceramics can be observed. This can be a suspected weak area of the membrane, but no 

problems were observed in this area. This area was located at the beginning of the 

membrane, where the H2S concentration was the lowest. 
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A B 

Figure 6.30. M8 membrane general image at the end of its lifetime (A) and in the 

area exposed to the highest H2S concentrations (B). 

 

 

 

Figure 6.31.  M8 membrane image at the end of its lifetime near the area exposed 

to the lowest H2S concentrations.  

 

 

In SEM images structural differences between the membrane areas expose to high and 

to low H2S concentrations were observed, see Figure 6.32. The area exposed to high 

concentrations, where the split was located, was rougher than the area exposed to lower 

H2S. Some open areas, where the metal layer was thinner, could be observed in the 

x10.000 enlargement image of the area exposed to high concentrations. These open 

pores explain the experimentally observed leakage increase after the H2S tests. The 

surface was rougher than before the permeability tests, which was also observed in the 

literature after H2S tests with PdCu membranes [32]. 

 

 



Experimental results. Process integration 

 

193 

Area exposed to high H2S concentrations  

  

Area exposed to low H2S concentrations  

Figure 6.32. SEM images of both endings of the used M8 membrane at x2.000 

and x10.000 enlargements. 

 

In Pd foils, pinholes and crack formation have been found in the literature to be caused 

by the stress generated due to the difference in the lattice constant between Pd and bulk 

Pd4S after H2S exposure [33]. In the current work with PdCu membranes no sulphur 

compounds were found on the surface after the tests. This result is in accordance with 

others from the literature, where no sulphur was observed in a bcc PdCu membrane at 

623 K by SEM and XRD [34] and neither in fcc PdCu phase until 700-1000 ppmv of 

H2S [35]. From atomistic modelling it has been demonstrated that irreversible 

adsorption of S monolayers on most PdCu alloys is not favoured [36]. Even if no 

irreversibly adsorbed sulphur compounds were found in the M8 membrane, during 

operation some Pd could have reversibly formed Pd4S and generated the stress that 

caused the observed splits.  
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Using EDX technique, the elemental composition was measured at three different 

positions of the surface areas exposed to low and high H2S concentrations. The average 

composition of the membrane was quite heterogeneous, as shown in Table 6.9. But it 

seemed that the Pd percentage in the area exposed to high concentrations was higher 

than in the low concentration area. This could be due to the metallic deposition method 

employed for membrane preparation. The membranes were located vertically to perform 

the electroless plating and probably the amount of Cu deposited at the bottom and at the 

top was not exactly the same. The second explanation to this compositional difference 

can be metal diffusion during the tests performed with M8 membrane. Metal diffusion 

can specially be affected by components other than H2 (i.e. H2S). In the M8 membrane a 

higher Cu concentration was detected in the area that operated with higher H2S 

concentration. Adsorbed sulphur was not detected with the SEM-EDX composition 

analysis, which supported the conclusion obtained from the experimental tests that the 

sulphur adsorption on the membrane surface seemed to be reversible. 

 

Table 6.9. Elemental composition measurements performed at three different 

positions of the M8 samples with SEM-EDX.  

High H2S concentration area At.% Pd At.% Cu
 78.96 

73.28 
76.07 

19.81 
23.64 
18.27 

Low H2S concentration area At.% Pd At.% Cu
 82.09 

80.83 
81.52 

10.77 
15.68 
12.33 

 

 

The phase structure of the used M8 membrane was studied by XRD. Diffraction 

measurements were performed in the areas exposed to high and low H2S concentrations 

and both in the external and internal (the support side) surface. Results are depicted in 

Figure 6.33. Due to the fact that the PdCu layer of the M8 membrane was very thin, 

0.87 µm, and the penetration depth of XRD is a few microns, the XRD results in both 

internal and external surfaces (A and B) were the same. The crystalline structure of the 

samples was fcc, as expected from the membrane composition. When comparing the 

diffraction peaks of the M8 sample with that of pure Pd, Figure 6.34, it is observed that 
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they were very similar. This result was also detected for the M6 membrane, Figure 6.18. 

Cu atoms are located inside the Pd crystalline net when alloyed and they modify the Pd 

net parameters only slightly. This effect is well observed at high angles. The peak 

splitting occurs at the highest angles because of modifications in the surroundings of the 

Pd coordination net due to the presence of Cu. This means that the Cu modified the 

structure and this distortion generated the formation of two signals at 2Theta values of 

68, 83 and 88.  

 

 

 

Figure 6.33. XRD diffractogram of the M8 membrane at the end of its lifetime in 

the area exposed to the high H2S concentrations (High) and the low concentrations 

(Low) in both internal (A) and external (B) surface of the metal layer. 
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Figure 6.34. Position of the most intense diffractogram peaks observed in the M8 

membrane and the characteristic maximums of pure Pd.  

 

In the two X-ray diffraction measurements performed in the area exposed to the highest 

H2S concentration (A and B), the splitting of the peaks is more pronounced than in the 

open cap side. This would involve that the metal alloy of the close cap area had more 

Cu atoms into the Pd net than in the open cap area. No adsorbed sulphur in the metal 

foil was detected by XRD, also found in the literature with a Pd47Cu53 foil [37]. 

 

The used PdCu M8 membrane metal alloy surface was also analysed by XPS. The peaks 

for Cu2+ 2p3/2, Cu0 2p 3/2 and Pd0 5/2 were measured at binding energies of 932, 952 

and 335 eV, respectively [38-40]. The calculated Pd/Cu ratio was higher in the area 

exposed to high H2S concentrations than in the one exposed to lower concentrations. 

Therefore, according to this technique, there was more Cu in the area that operated 

under low H2S concentration than in the area operated under high concentration. This 

result is opposite to the one obtained by EDX and XRD. In work reported by Miller et 

al. [41] it was observed that S interactions with Pd70Cu30 membranes enhanced the Pd 

surface concentration. The explanation of the differences found between the 

characterization methods employed can be that due to the small thickness of the PdCu 

metal foil, XRD and EDX were measuring bulk concentrations, whereas XPS was 

measuring just the outer surface. Therefore, Pd surface diffusion when operating in high 

H2S concentration is in accordance with results found in the literature. And the copper 

concentration differences between areas exposed lo low and high concentrations 

measured by EDX and XRD are most probably due to the employed plating method.  

Pd 

PdCu 
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6.6 Discussion 

During the first tests of process integration with hydrogen production in R1 and 

hydrogen purification in MM, coke formation was observed. This problem was solved 

by changing the MM tube and using a stainless steel tube with the inside wall covered 

by hard chrome plating. With this covering the contact between the gas mixture and the 

stainless steel was limited and coke was not generated any more. The hard chrome 

plated tube was operated for more than 3 years without coke formation. 

 

After solving the coke formation problem, process parameters were optimized to 

improve hydrogen production and recovery, such as feed pressure and sweep gas flow. 

The aim of both of them was to increase the hydrogen partial pressure difference across 

the membrane to enhance the hydrogen recovery. The hydrogen production step was 

unfavoured by high pressure, and the use of sweep gas is expensive, so they needed to 

be optimized. The highest hydrogen recovery in the MM was obtained with 3.5 bar(g) 

feed pressure and atmospheric pressure in the permeate side using a sweep gas flow 

equal to around 20 % of the flow produced in R1 and fed to the MM. 

 

The membrane performance under complex mixtures was analysed carrying out both 

CPO and wet-CPO processes in the R1 at a space velocity of 600 h-1 (ggas·h
-1·gcat

-1) with 

0.35 g of catalyst. The obtained hydrogen recovery in the MM was around 60-65 % 

regardless the composition of the mixture, which depended on the hydrogen production 

process carried out in the catalytic reactor R1. This hydrogen recovery was around 10-

20 percentage points lower than obtained with the same hydrogen percentage in a H2:N2 

mixture. Mixture components like CO, CO2 and CH4 seemed to have no dramatically 

negative effect on the hydrogen permeance at the tested concentrations, whereas water 

addition seemed to have a positive effect on it. No coke formation was observed on the 

membranes, which could have caused a hydrogen permeance decrease. The operating 

temperature of the membrane was quite high, 773 K, which could have also minimized 

the adsorption of inhibitors on the metallic surface.  

 

From H2S addition tests performed with 40, 60 and 100 ppmv of H2S in H2:H2S 

mixtures, it was concluded that sulphur was not irreversibly adsorbed on the metallic 

surface, but it affected the metallic structure. The hydrogen permeance was recovered 
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when taking out the sulphur compound from the system, but the nitrogen flow through 

the membrane increased. Open pores where detected by SEM images in the membrane 

area where the H2S concentration was higher than the fed ppm. This indicated that 

sulphur atoms mainly attacked weak areas producing open structures. Afterwards 

nitrogen flow did not further increase, but the hydrogen permeance decreased.  

 

Two different mechanisms may be responsible for the inhibition of hydrogen transport 

through the membranes with H2S: poisoning of the catalytic dissociation of H2 at the 

surface, which was directly observed when H2S was added to the system; and reduced 

permeability of hydrogen through the bulk of the membrane, which was observed in the 

lifetime summary. The temperature employed in the tests, 773 K, and the fact that the 

membrane was fcc, being more resistant than the bcc phase to sulphur, could have been 

the reasons for the reversibility of sulphur adsorption. H2S addition increased the 

nitrogen flow through the membrane, which was facilitated by the thin metal layer of 

the membrane (0.866 µm). This flow could be reduced keeping the membrane under 

hydrogen atmosphere at high temperature, but temperatures around 873 K damaged the 

metal structure and reduced the hydrogen permeability.  

 

When operating in complex mixtures with H2S addition, the hydrogen recovery by the 

membrane decreased but to a lesser extent than when H2:H2S mixtures were used. In 

complex mixtures, gases other than hydrogen do not permeate through the membrane, 

implying that the H2S concentration was lower throughout the membrane than in 

H2:H2S tests. Nevertheless, the membrane performance was strongly affected also when 

H2S was added to a water containing feed.  

 

In none of the three characterization techniques employed with the used M8 membrane 

adsorbed sulphur was observed, which was also expected from the hydrogen 

permeability tests carried out with H2S addition. This observation is in accordance with 

the experimental post mortem SEM-EDX results. The prepared PdCu membranes 

seemed to be able to operate with temporary addition of 100 ppmv H2S, or lower, 

without irreversibly decreasing the hydrogen permeability, but affecting their 

selectivity. 
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Two of the membranes were strongly affected by uncontrolled cooling that occurred due 

to power failures in the system. Controlled cooling and heating, even in hydrogen, did 

not seem to affect their properties, but after the uncontrolled cooling leakage appeared 

and the metal layer was peeled off. In the membrane tested with H2S addition, no power 

failures occurred and its lifetime was longer. In this membrane, the cause for its 

continuous decrease of selectivity was the sulphur attack to grain or pore boundaries. 

When the third membrane was taken out from the module a split was observed in the 

area where the H2S concentration was the highest.  
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7. CONCLUSIONS 

AND FUTURE 

RESEARCH 

 

 

 

 

This chapter reviews the achievements fulfilled after the research carried out, shows 

how the work presented in this thesis meets the planned objectives and makes some 

suggestions for future work. 
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Evaluation of the results 

 

The aim of the work presented in this thesis was three-fold: i) to prepare Ni-based 

catalysts for hydrogen production from methane, ii) to prepare PdCu hydrogen selective 

membranes for hydrogen purification and iii) to integrate both processes in a hydrogen 

production and purification system. Each main objective was divided into different sub-

topics as depicted in Figure 7.1. The catalysts for hydrogen production from methane 

were prepared by wet-impregnation over basic and acid supports, their activity was 

analysed in CPO, wet-CPO and SR processes at different operating conditions and they 

were characterized using composition, structural and morphological techniques 

(Chapter 4). PdCu membranes for hydrogen purification were prepared by electroless 

plating and characterized with permeability tests in pure hydrogen and with 

morphologic techniques (Chapter 5). When integrating both processes several operating 

parameters had to be optimized and then, hydrogen recovery tests from complex 

mixtures were carried out analysing the effect hydrogen dilution and compounds other 

than hydrogen had on the membrane performance (Chapter 6). Finally, a sulphur 

compound was added to the mixture fed to the integrated system and it allowed studying 

its effect on catalyst activity, membrane performance and hydrogen recovery (Chapter 

6).  

 

Figure 7.1. Structure and approach of the research presented in this thesis. 
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Activity, performance and characterization results analysis and discussion allowed 

obtaining the conclusions that are enumerated below. 

 

Testing facility development 

 

1. A versatile bench-scale pilot plant was designed, built and operated, in order to 

test various process configurations. 

 

2. Coke formation problems located in stainless steel areas in contact with CO 

containing gases took place after high residence times and could be prevented 

with hard chromium plating. This treatment kept its properties for at least three 

years under operation. 

 

Hydrogen catalytic production from methane 

 

3. The prepared Ni-based catalysts over MgO and Al2O3 supports presented 

conversion values close to the equilibrium ones at 1073 K and 1200 h-1 in CPO 

process. No remarkable differences were observed when increasing the Ni 

content from 30 to 40 wt% or between both supports. Both catalysts showed low 

BET surface area. 

 

4. External and internal diffusion limitations were predicted for CPO, where 

internal limitations appeared to be more pronounced, implying that the use of 

supports with higher porosity particle size would be beneficial. 

 

5. Methane reforming processes presented low conversion with the prepared 

catalysts, especially in SR. With low amounts of water in wet-CPO, S/C=0.5, 

conversion was around 85 % with an increase in the produced hydrogen yield. 

 

6. At the operating conditions applied, a better performance of the MgO-based 

catalysts than the Al2O3-based one was observed taking into account both 

conversion and stability. 

 

7. The Ni/MgO catalysts showed high metal dispersion as observed by SEM and 

TEM images and solid solution formation was detected using XRD. This 
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implied that nickel reduction was more difficult as observed in TPR, XPS and 

activity tests at 898 K. The nickel reduction when supported on MgO was 

difficult but the conversion results showed that there was enough reduced Ni as 

to reach conversions close to the equilibrium in CPO. 

 

8. The 40Ni/MgO catalyst was not deactivated when operating with 33 ppmv of 

H2S during 6 hours in CPO or wet-CPO with S/C=0.5. 

 

9. The Ni/Al2O3 catalyst also presented good metal dispersion in SEM and TEM 

images and some sintering of crystallites was observed by XRD. This could be 

the main reason for deactivation after wet-CPO and SR process. In the TPR 

analysis the catalyst showed a main peak of NiO, and XPS data showed that a 

fraction of this NiO was strongly interacting with the support as aluminates. 

 

Hydrogen purification process with PdCu membranes 

 

10. Thin, dense and highly hydrogen permeable and selective PdCu membranes 

were prepared by plating Cu over Pd membranes using the quick and easy 

electroless plating method. The main difficulty was to determine the 

composition of the prepared membranes. Around 20 hours of alloying were 

enough to obtain membranes with high and stable permeance, even if incomplete 

alloying was observed in SEM images. 

 

11. Membranes in the range of 44-82 wt% Pd were prepared with thicknesses 

between 0.9-1.7 µm. They presented good thermal stability with controlled 

cooling, even under hydrogen atmosphere. Both surface and bulk diffusion 

processes were responsible for hydrogen flux resistance through the membranes 

due to their low thickness. 

 

12. The highest permeance was observed with the 60 wt% Pd membrane, 4.4·10-3 

mol/(sm2Pa0.5), and it increased with temperature from 673 to 773 K. 

Temperatures higher than 873 K irreversibly deteriorated the membranes. 
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13. Once the membranes were activated, to take them out from the system and keep 

them in air at room temperature seemed to affect their hydrogen diffusion 

capacity. 

 

14. Uncontrolled cooling induced structural changes that led to pore formation, and 

therefore the hydrogen selectivity decreased. In all the cases the stress ended in 

metal layer detachment.  

 

15. H2S was not irreversibly adsorbed on the PdCu membranes, but it attacked grain 

boundaries decreasing the membrane selectivity. The prepared membranes could 

operate with complex mixtures containing less than 100 ppmv of H2S. The 

hydrogen permeability was recovered when the sulphur compound was 

eliminated from the feed.  

 

16. The membrane crystalline structure observed by XRD was a Pd net with copper 

atoms in it. This solid solution was formed during the alloying and was not 

affected by complex mixtures or H2S addition.  

 

17. The Pd superficial diffusion of Pd from regions with higher H2S content to 

regions with lower content seems to occur based on XPS observations. 

 

Process integration 

 

18. The optimum operating conditions achieved after process integration in the 

designed bench-scale pilot plant were 3.5 bar(g) feed pressure, atmospheric 

pressure in the sweep side, R1 at 1073 K, 773 K in the membrane module and a 

sweep gas flow equal to 20 % of the flow fed to the membrane module.  

 

19. When purifying hydrogen from complex mixtures, the PdCu membranes 

presented a stable hydrogen recovery, around 60-65 %, regardless of the 

complex mixture composition.  

 

20. Water presence in the integrated process seemed to have a positive effect on the 

hydrogen recovery through the membranes, overlaying the negative effect of the 

CO. 
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21. Membrane deactivation due to coke formation was not observed during the tests 

carried out, most probably due to water presence and high temperature that 

prevented coke precursor adsorption on the surface. 

 

 

 

Future work 

 

This Ph.D thesis opens future possible research lines. Some of them are presented 

below. 

 

- Further development of Ni-based catalysts improving their properties for 

CPO, wet-CPO and SR processes; for example with the incorporation of 

promoters or testing other preparation methods to increase the active species 

dispersion. 

 

- Catalysts activity tests and process integration studies using natural gas from 

the distribution mains. 

 

- Longer activity tests with the most promising catalysts to check their 

stability, including experiments with H2S in the feeds. 

 

- Incorporation of a selective oxygen membrane in the catalytic reactor that 

would allow to decrease hot spot formation in catalyst beds and to decrease 

hydrogen dilution by N2 in the mixture fed to the membrane module. 

 

- Longer thermal cycling tests with the membranes to get deeper information 

about the effect of uncontrolled and controlled cooling on their performance. 

 

- Analysis of the membrane behaviour when purifying hydrogen from 

complex mixtures with H2S addition with longer tests. 

 

- Comparison of PdCu membrane behaviour purifying hydrogen from 

complex mixtures and with H2S addition with other Pd or Pd-alloy 

membranes such as PdAg or PdAu. 
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