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Resumen

Las emisiones de dioxido de carbono de caracter antropogénico,
generado principalmente por el uso masivo de combustibles fésiles en los
sectores industrial, energético y de transporte, son una de las principales
causas responsables del deterioro progresivo del medio ambiente generado
por el calentamiento global. En este contexto, resultan criticas la promocion
del uso de energias renovables y la mejora de la eficiencia energética de
multitud de procesos quimicos e industriales para lograr reducir los actuales
niveles de emisiones de CO». El uso de hidrogeno como vector energético
limpio se presenta como una de las aternativas mas prometedoras para
facilitar estatransicion energética, ya gue puede obtenerse mediante diversas
tecnologias a partir de materias primas, como gran parte de los residuos
organicosy el agua. Sin embargo, en la mayoria de los casos este gas ho se
obtiene con la pureza requerida en ciertas aplicaciones, como por ejemplo
las pilas de combustible tipo PEM para generacion de energia eléctrica, dado
que tipicamente se encuentra mezclado con elementos como nitrégeno,
vapor de agua u Oxidos de carbono, entre otros. Por consiguiente, siempre es
necesaria una etapa adicional de purificacion aguas abajo del reactor o del
equipo de produccion general. Esta separacion puede llevarse a cabo
mediante una etapa independiente a través de diversas tecnologias,
principalmente, destilacion criogénica, absorcion por cambio de presion o
mediante el uso de membranas selectivas. Estas Ultimas permiten su
acoplamiento en la propia etapa de reaccion, conocida como reactor de
membrana, de forma gue las etapas de reaccion quimica y separacion se
[levan a cabo de manera simultanea en una misma unidad. El uso de este
tipo de dispositivos puede proporcionar importantes ventajas competitivas
en comparacion con los esquemas tradicionales de proceso, pudiendo
destacar el posible desplazamiento del equilibrio quimico en reacciones
reversibles para la mejora del rendimiento y conversion, una buena
escalabilidad para diferentes niveles de produccion, la posibilidad de operar
a condiciones de operacion mas suaves, 0 la propia intensificacion del
proceso al requerir un menor nimero de equipos. Todo ello permitiriareducir
tanto los costes de operacion, asociados a las menores necesidades
energéticas del proceso, como los costes fijos por e menor nimero de
€quipos necesarios en comparacion con un proceso en dos etapas.

En este contexto, el objetivo principal de la presente TesisDoctoral es
el desarrollo de nuevas membranas compuestas de base pa adio que permitan
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mejorar su capacidad de permeacion y mantener una adecuada resistencia
mecanicay selectividad a hidrogeno. Paraello, se haactuado principa mente
en dos etapas claves del proceso de fabricacion de las membranas, a) la
modificacion delamorfologiaoriginal de los soportes porosos de acero 316L
empleados para la fabricacién de las membranas y b) la propia técnica de
deposicion del paladio mediante Electroless Pore-Plating (ELP-PP). En
primer lugar, se estudio el efecto de incorporar diferentes capas intermedias
entre el soporte de la membrana y la capa selectiva de Pd. En concreto se
usaron interfases de grafito, 6xido de cerio denso y Oxido de cerio
Mesoporoso sobre 10s propios soportes de acero poroso para modificar sus
propiedades superficiales y facilitar la posterior deposicién de una capa de
paladio con mejores propiedades en términos de espesor y homogeneidad.
Posteriormente también se analizd la influencia del dopado con ntcleos de
Pd finamente distribuidos de algunas de | as particul as que conformaban estas
capas intermedias antes de su propia incorporacion sobre el soporte poroso
de acero, en sustitucion de la habitual etapa de activacion superficial previa
requerida para la etapa ELP-PP. Sobre todas estas membranas compuestas
se realizaron una serie de ensayos de permeaci On tanto con gases puros como
mezclas de diferente composicion y concentracion para varias condiciones
de operacion, principalmente temperatura, presion y direccién del flujo de
permeado. Por otro lado, también se realiz6 un andlisis econdmico sobre las
diferentes alternativas planteadas, asi como su escalado aunamayor longitud
y la demostracién de las propiedades exhibidas por las membranas
seleccionadas mediante su integracion en un reactor de membrana para la
produccion de H, mediante reformado con vapor de &cido acético.

Con la primera modificacién, basada en el uso de grafito como capa
intermedia, se intentd demostrar el efecto beneficioso que puede generar la
presencia de un material adicional sobre |a superficie de soportes porosos de
acero inoxidable. Este fue seleccionado debido ala simplicidad del proceso
de incorporacién, consistente en su aplicacién directa mediante su roce con
la mina de un l&piz de tipo 2B. Con este tipo de membranas compuestas se
consiguio un espesor final de la capa de paladio cercano a 17 um y una
permeanza de H, de 4,01-10* mol m? s! Pa® a 400 °C. Estos valores
suponen una reduccién del espesor de la capa selectiva al H2 del 43% y una
mejora de la capacidad de permeacion en torno al 250%, manteniendo una
elevada selectividad, respecto a otras membranas compuestas desarrolladas
previamente mediante EL P-PP sobre soportes porosos de acero inoxidable
sin la capa intermedia de grafito, tomado como referencia
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Unavez evidenciado de formagenéricael beneficio de incorporar una
capa intermedia para el desarrollo de membranas compuestas de paladio, se
Ilevo a cabo un estudio mas exhaustivo para la seleccidn de los materiales
potencialmente més atractivos para preparar este tipo de capas intermedias.
Para ello, se selecciond el oxido de cerio como uno de los mas adecuados
debido asu elevada resistenciaquimicay mecanicaen lastipicas condiciones
de operacion de una membrana de paladio, y su similar coeficiente térmico
de expansion a resto de materiales que conforman la propia membrana
(acero 316L y paladio). El uso del 6xido de cerio como capa intermedia
implico el desarrollo completo del método de deposicidn, esta vez mediante
la técnica de recubrimiento por inmersion, incluyendo tanto el dispositivo
necesario para ello como la optimizacién de los pardmetros del propio
proceso. Con este tipo de membranas con particulas de 6xido de cerio densas
como capa intermedia se consiguiod un espesor final de la capa de paladio
cercano a 15 um, algo inferior al logrado de forma preliminar con el grafito,
y una permeanza de H de 5,37-10*mol m? s* Pa®® a 400 °C. Estos valores
suponen unareduccion del espesor dela capa selectivadel 50% y unamejora
de la capacidad de permeacién en torno al 350% respecto a otras membranas
ELP-PP sin ninguln tipo de capaintermedia de tipo ceramico, tomado como
referencia.

Ademés de la optimizacion del método de deposicion de las capas
intermedias de 6xido de cerio denso, también se propuso modificar el propio
proceso de activacion superficial de los soportes requerido parallevar a cabo
la posterior deposicion de paladio mediante ELP-PP. Este consiste en la
generacion de pequefios nucleos de paladio homogéneamente distribuidos
sobre |la superficie de los soportes para facilitar una posterior deposicion
homogénea del paladio. Tipicamente, esto se lleva a cabo justo antes de la
propia deposicion del paladio, es decir, una vez se ha finalizado la
modificacion del soporte mediante la incorporacién de la/ls capas
intermedias. Sin embargo, en la presente Tesis Doctoral se propuso la
realizacion de esta etapa de activacion directamente sobre las particulas de
Oxido de cerio antes de ser incorporadas al propio soporte de acero poroso,
de forma que pudiera mejorar la dispersion de estos nicleos de paladio
generados sobre las particulas y centrarse éstos Unicamente en la zona que
ocupa la capa intermedia. Esta nueva distribucion de los nucleos de paladio
permitié obtener membranas con menores espesores de la capa de paladio
(inferior a 10 um), lo que supuso una disminucion del 70% en comparacion
con otras membranas compuestas desarrolladas mediante EL P-PP sin capa
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intermedia. Respecto a la capacidad de permeacion, este nuevo tipo de
membranas exhibieron permeanzas de hidrégeno en torno alos 6,26- 10 mol
m? st Pa® a 400 °C, lo que implica un aumento de la capacidad de
permeacion superior al 400%.

El dltimo tipo de interfase desarrollada en el presente trabajo se basa
en el uso de particulas de cerio mesoporoso, que manteniendo la misma
naturaleza del material con el que se preparaeste tipo de capas introduce una
cierta porosidad intraparticular, en contraste con las particulas densas
comerciales empleadas hasta este momento. Estas nuevas particulas se
sintetizaron mediante un proceso de nanoreplicacion empleando SBA-15
como plantilla, que se elimina posteriormente para dar lugar a particulas
mesoporosas de éxido de cerio con la estructura inversa. Con este tipo de
membranas se consiguieron espesores de la capa de paladio en tornoa 12 um
y una permeanza de H de 1,03-103mol m2 s Pa®® a 400 °C. Estos valores
suponen una reduccion del espesor de la capa selectiva del 60% ademas de
unamejoradelacapacidad de permeaci6n notablemente superior, situandose
en torno al 680% respecto a membranas ELP-PP sin capaintermedia.

Por otro lado, de manera adicional a los ensayos de permeacion
llevados a cabo con H» puro sobre los diferentes tipos de membranas
compuestas incluidos en la presente Tesis Doctoral, también se realizaron
una serie de experimentos con mezclas de Hi/N.. En estos ensayos se
mantuvo una ata selectividad HJ/N. para todas las membranas,
independientemente del material empleado como capa intermedia,
obteniendo valores superiores a 10.000. Sin embargo, se observaron claros
fendmenos de polarizacion por concentracion durante el proceso de
permeacién, con caidas en los flujos de permeado en el intervalo 10-50% en
funcién de las condiciones de operacién empleadas. En general, este efecto
tiende a estabilizarse para atos grados de dilucion, es similar
independientemente de la temperatura de operacion considerada y es mas
acusado para las membranas que presentan una mayor capacidad de
permeacion inicial o cuando los ensayos se llevan a cabo recogiendo €l
permeado por la parte externa de la capa de paladio de las membranas. Pese
a ello, debe destacarse que todas las membranas mantuvieron una excelente
resistencia mecanica independientemente de la direccion del flujo de
permeado considerado para los ensayos que se llevaron a cabo a diferentes
presionesy temperaturas (1-4 bar y 350-450 °C).
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Con todos estos datos se realizd una estimacion preliminar de los
costes asociados a proceso de fabricacion a escala de laboratorio para cada
una de las membranas compuestas que incluian capas intermedias basadas
en el uso de éxidos de cerio. En este andlisis se tuvieron en cuenta todas las
etapas necesarias para preparar cadatipo de membrana, el nimero de ciclos
necesario de cada una de ellas, la cantidad de reactivos quimicos empleados
y las necesidades energéticas del proceso. Ademas, €l coste estimado para
cada tipo de membrana se relacion6 con su capacidad de permeacién
mediante un parametro denominado como factor M, cuyas unidades son
€/10* mol m? s Pa®®, De este modo, las membranas que proporcionaron la
mejor relacion entre coste y capacidad de permeacion fueron las
desarrolladas con una capa intermedia de oxido de cerio denso dopado con
paladio. Por tanto, estas fueron seleccionadas como las més adecuadas para
su escalado e implementacion en un reactor de membrana. Respecto al
escalado, no se detectaron diferencias significativas en la morfologia o la
permeabilidad en comparacion con las membranas mas cortas. Asi, este tipo
de membranas se empled para la produccion de H,; mediante reformado con
vapor de &cido acético en este tipo de dispositivos. Gracias a la
implementacién de la membrana en el propio sistema de reaccién se obtuvo
un aumento tanto de la conversion de &cido acético (10%) como del
rendimiento a H, (9%), en comparacion con los resultados obtenidos al
realizar los mismos experimentos sin la incorporacion de la membrana
selectiva, pese a no haber optimizado de forma rigurosa las condiciones de
operacion consideradas en estos ensayos.

De manera general, puede concluirse que el uso de capas intermedias
afecta positivamente al rendimiento de las membranas compuestas que las
contienen, permitiendo tanto la disminucion del espesor de la capa selectiva
incorporada mediante EL P-PP como el asociado aumento de la capacidad de
permeacion de H.. El 6xido de cerio se presenta como uno de los materiales
mas adecuados para la preparacion de este tipo de capas intermedias debido
ala buena integracion de sus propiedades mecénico-fisicas con las del resto
de materiales que componen la membrana (principalmente, acero y paladio).
Ademas, la activacion de las particul as cerdmicas con nicleos de paladio de
manera previa a su incorporacion como capa intermedia es capaz de lograr
una disminucion del espesor final de la capa selectiva de paladio (inferior a
10um) y un consiguiente aumento de la capacidad de permeacion de Ho.
Algo similar puede lograrse mediante la sustitucion de particulas de ceria
densas por otras con una cierta porosidad intraparticular, aungue su mayor
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coste de fabricacion compromete la ventaja competitiva lograda por la
mejora de sus propiedades. Asi, tras analizar técnico-econdmicamente todas
las alternativas planteadas, las membranas compuestas de paladio con una
capa intermedia de éxido de cerio denso dopado con paladio fueron
seleccionadas como las més adecuadas para su escalado y posterior
integracion en un reactor de membrana. Estas membranas exhibieron una
adecuada resistencia mecanica frente a las condiciones de operacion
empleadas en un proceso de reformado con vapor de acido acético para la
produccion de hidrégeno.

Esta tesis doctoral se presenta como compendio de los siguientes
articulos cientificos, todos ellos publicados en revistas internacionales de
alto impacto:

I. D. Martinez-Diaz, R. Sanz, A. Carrero, JA. Cales, D. Alique.
Effective H, separation through Electroless Pore-Plated Pd-
membranes containing Graphite lead barriers. Membranes 10
(2020) 410.

. D. Martinez-Diaz, R. Sanz, JA. Calles, D. Aligue. H> per meation
increase of electroless pore-plated Pd/PSS membranes with
CeO; intermediate barriers. Separation and Purification
Technology 216 (2019) 16-24.

1. D. Martinez-Diaz, D. Alique, JA. Cales, R. Sanz. Pd-thickness
reduction in electr oless por e-plated membranesby using doped-
ceria asinterlayer. International Journal of Hydrogen Energy 45
(2020) 7278-7289.

V. D. Martinez-Diaz, D. Martinez del Monte, E. Garcia-Rojas, D.
Alique, JA. Calles, R. Sanz. Comprehensive per meation analysis
and mechanical resistance of electroless pore-plated pd-
membranes with ordered mesoporous ceria as intermediate
layer. Separation and Purification Technology 258 (2021) 118066.

V. D. Martinez-Diaz, P. Leo, A. Carrero, JA. Calles, D. Alique. Life
cycle assessment of Hp-selective Pd membranes fabricated by
EL P-PP. Journal of cleaner production (under revision).

VI. G. Adduci, D. Martinez-Diaz, D. Sanz-Villanueva, A. Caravella,
JA. Calles, R. Sanz, D. Alique. Stability of electrolesspor e-plated
Pd-membranes in acetic acid steam membrane-reformers for
ultra-purehydrogen production. Fuel Processing Technology 212
(2021) 106619.

VI
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Summary

The current emissions of anthropogenic carbon dioxide are mainly
generated by the use of fossil fuels in the industrial, energy, and transport
sectors, being the main responsible for global warming and progressive
deterioration of the environment. In this context, the promotion of clean
renewable energies as well as the adoption of efficient energy strategies to
reduce CO,emissions are critical issues. The use of hydrogen as a clean
energy vector is one of the most promising aternatives to facilitate a
progressive transition towards this situation since it could be obtained from
awide variety of feedstock by multiple techniques. However, in most cases
it is not directly produced with the minimum required purity for certain
applications, i.e. PEM-typefuel cellsfor power generation, being mixed with
other compounds such as nitrogen, steam, or carbon oxides, among others.
Therefore, it will be always necessary an additional down-stream separation
step after the main production unit. In a first approach, this purification is
usually carried out by an independent step that can be achieved through
diverse technologies such as cryogenic digtillation, pressure swing
adsorption, or membrane separation. Thelast alternative allows an additional
possibility by coupling the separation with the chemical reaction itself in a
same unit denoted as membrane reactor. The use of this alternative can
provide important competitive advantages compared to traditional process
schemes in which both reaction and separation steps are carried out
independently. In this manner, it could be possible to overcome possible
equilibrium restrictions of chemical reactions by selective separation of a
product according to the Le Chatelier’s principle. It could be used to improve
the process performance and productivity, work at milder operating
conditions and intensify the process itself due to the reduction of required
equipment. Moreover, it could be easily scaled for different production
levels. All these advantages make possible to reduce both operating costs,
associated with a lower energy demand and fixed costs due to the limited
number of equipment.

In this context, the main objective of this Ph.D. Thesis is the
development of new palladium-composite membranes that allow improving
their permeation capacity while maintaining enough hydrogen selectivity
and mechanical resistance against diverse operation conditions. In this
regard, great efforts have focused on two key stages of the membrane
manufacturing process related to the modification of the original morphology

VI
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of porous stainless steel (PSS) supports and the palladium deposition by
Electroless Pore-Plating (EL P-PP). First, the effect of incorporating different
intermediate layers formed by graphite, dense cerium oxide, or mesoporous
cerium oxide onto the PSS supports was addressed. The main objective of
this strategy is based on the modification of the original surface properties,
thus facilitating the subsequent incorporation of the Pd film with good
homogeneity and lower thickness. Subsequently, the generation of first
palladium nuclei onto the ceramic particles, before their incorporation onto
the PSS support as intermediate layer, was also analyzed. This strategy
replaces the traditional surface sensitization/activation step required for any
metal incorporation by electroless techniques. A series of permeation tests
with both pure gases and mixtures of diverse concentrations were carried out
at diverse main operating conditions (including temperature, pressure, and
permeate flux direction) for all the samples. Additionally, detailed economic
analysis about the fabrication costs was also performed for each proposed
aternative with aim to select the most suitable one for an eventual scale-up
and future commercialization. In this context, the sdected fabrication
strategy was scaled-up to longer dimensions, while the previously exhibited
main properties of the membranes were tested again after itsintegration in a
membrane reactor for H» production through acetic acid steam reforming
(AASR-MR).

Thefirst modification of PSS supports, based on the use of graphite as
intermediate layer, was performed to demonstrate the potential beneficial
effect of including additional layers onto the surface of raw supports. This
material was selected due to the simple incorporation process, based on a
direct application by rubbing with the lead of a 2B-type pencil. Following
this preparation strategy, afinal Pd-thickness of 17 pm and H » permeance of
4.01-10*mol m2s?! Pa®°at 400 °C were reached. These valuesimply a 43%
reduction of the Pd-thickness and an improvement of around 250% in the
permeation capacity but maintaining a really high Hz-selectivity, in
comparison to other similar PSS/Pd composite-membranes prepared by
EL P-PP without any intermediate layer.

After demonstrating the potential benefit of considering the use of
intermediate layers to improve the development of Pd-membranes, the most
adequate material to prepare these interlayers was further analyzed in depth.
In this way, cerium oxide was selected as one of the most suitable ceramic
materials due to its high chemical and mechanical resistances under typical
operating conditions of most Pd-membranes. Moreover, its thermal

VIII
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expansion coefficient is very close to that of other membrane constituents
(mainly stainless steel and palladium), thus ensuring an eventual better
mechanical resistance against successive heating-cooling cycles during
operation. In this work, the use of this material, commercial dense cerium
oxide, as intermediate layer implied the complete development of the
incorporation method, by means of vacuum-assisted dip-coating (VA-DC),
including both device design and optimization of the operating process
conditions (1-4 bar y 350-450 °C).

This composite-membrane, including dense cerium oxide particles as
intermediate layer, exhibited a final Pd-thickness of around 15 pum, dightly
lower than the previously achieved when using graphite as intermediate
layer. This lower thickness represents a reduction of around 50% compared
to other ELP-PP membranes without any type of intermediate layer. As a
consequence of this reduction in the Pd-film, H, permeance was increased
up to 5.37-:10*mol m2s?! Pa® at 400 °C, representing an improvement of
around 350% in the permeation capacity.

On the other hand, it was also proposed a modification of the
conventional PSS surface activation performed to facilitate the subsequent
Pd-deposition by ELP-PP. Typically, this step is carried out just before the
Pd-deposition step; in other words, once the incorporation of eventual
intermediate layers has been completed. However, this work proposes to
carry out this activation step directly on the CeO, particles before being
incorporated asintermediate layer, being possible to improve in thisway the
palladium nuclei dispersion around the new surface of modified supports,
including the new porous-structure.

The new distribution of the Pd nuclei reached by this strategy allowed
to decrease the Pd thickness below10 pum, which represented a decrease of
70% compared to other composite membranes devel oped by EL P-PP without
any intermediate layer. Therefore, these membranes exhibited higher H.
permeances of around 6.26-10*mol m?s?! Pa®°at 400 °C, which implies an
increase of the permeation capacity greater than 400%.

The last type of intermediate layer developed in the present work is
based on the use of mesoporous CeO, particles, which introduces a certain
intra-particular porosity against the commercial dense particles previously
described but maintains the main advantages provided by the ceramic
material. The new porosity could be used to minimize possible resistances of
the supports against the gas transport through the porous media as well as
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being functionalized for particular applications of interest. These new
particleswere synthesized through nano-casting using SBA-15 asatemplate,
which is subsequently removed to obtain mesoporous cerium oxide particles
with a reverse structure. Following this strategy, Pd-thicknesses of around
12 pm and H, permeance of 10.3-10“% mol m? s? Pa®> at 400 °C were
achieved. These values represent areduction in the selective layer thickness
of 60% but an improvement in the permeation capacity around 680%
compared to other EL P-PP membranes without any intermediate layer.

In addition to the permeation tests carried out with pure gases (H2 and
N2) on the different composite-membranes included in this study, a series of
experiments with binary Ho/N2 mixtures were also carried out. In these tests,
ahigh H2/N2 selectivity above 10,000 was maintained for all the membranes,
independently of the considered material to prepare the intermediate layers.
However, a clear concentration-polarization effect was observed during
permeation, decreasing the permeate fluxes in the range 10-50% in function
of the considered operating conditions. In general, this effect tends to
stabilize for high dilution grade being certainly similar for any operating
temperature, thus suggesting a certain independency of this parameter.
However, the above-mentioned effect on the permeation capacity of the
composite-membranes becomes more pronounced for membranes presenting
a higher initial permeation capacity or while permeating from the inner to
the outer surface of the composite-membranes. Nevertheless, it should be
noted that all the membranes maintained excellent mechanical resistance
independently of the permeation direction considered for these tests, as well
as against the different pressures and temperatures analyzed.

With all these results, a preliminary cost estimation associated with
the laboratory-scale manufacturing process was made for each alternative
including intermediate layers based on CeO,. For this analysis, all required
steps to prepare each membrane type, as well as, chemical reagents and
energy demands were taken into account. Moreover, the estimated cost of
each membrane type was related with their permeation capacity using a
parameter denoted as M-factor, whose units are €/10“% mol m2 s* Pa®5, In
this way, the best result was obtained with the Pd membranes that contain
dense CeO; particleswith Pd nuclei. Thus, this membrane type was selected
asthe most suitable onefor their scale-up and implementation in amembrane
reactor. No significant differences related to both morphology or membrane
performance were detected during the fabrication of longer composite EL P-
PP membranes, almost tripling the length of the original ones. Therefore, the
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new longer membranes were mounted in a membrane reactor to perform the
acetic acid steam reforming for ultra-pure H> production. Due to the
membrane implementation in the reaction system, and despite not
performing a rigorous optimization of the operating conditions, a sight
increase of acetic acid conversion (10%) and H; yield (9%) were obtained in
comparison to similar experiments performed in a traditional fixed-bed
reactor.

To sum up, it can be concluded that the use of intermediate layers has
aclear positive effect on the performance of composite membranes prepared
onto PSS supports, alowing a decrease in the Pd- thickness and the
consequent increase of H, permeation capacity. Cerium oxideis proposed as
one of the most suitable materials for the preparation of this type of
intermediate layers due to the good integration of its mechanical-physical
propertieswith the other membrane materials (stainless steel and palladium).
Moreover, the activation of ceramic particles with Pd-nuclei before their
incorporation as intermediate layer is able to decrease the required final Pd-
thickness below 10 um for reaching fully dense membranes. Consequently,
an increase of the H, permeation capacity was also reached. A certainly
similar effect can be achieved by replacing the dense ceria particles by
mesoporous ones, although their higher manufacturing costs compromise the
competitive advantage achieved by improving their performance. Thus, after
a techno-economic analysis of different aternatives, the composite
membranes including dense CeO. particles doped with Pd-nuclei as
intermediate layer were selected as the most suitable alternative. These
membranes were scaled-up to longer dimensions of the supports and
integrated in a real membrane reactor to perform AASR. The good
mechanical stability of this type of membranes was demonstrated at these
conditions.

Finally, it should be highlighted that the present Ph.D. Thesis is
presented by compendium of scientific articles published international
journals with high impact as aresult of the promising reached insights. The
most relevant ones are listed below:
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1. Introduccion

1.1 Generalidades

El continuo crecimiento de la poblacion y la intensificacion de la
economiahaimplicado un aumento de lademanda energéticamundial. Hasta
la actualidad, este incremento ha sido cubierto por el uso masivo de
combustibles fésiles, causando efectos perjudiciales sobre el calentamiento
global debido a la gran emisién de gases de efecto invernadero, asi como
otros contaminantes asociados alacombustion [1]. Esta situacion esaln mas
problematica debido al agotamiento de estos recursos fosiles anivel mundial
y, por lo tanto, representa un escenario claramenteinsostenible parael futuro.
En los Ultimos afios, se ha sugerido un amplio conjunto de alternativas para
el reemplazo progresivo de los combustibles fosiles como recurso energético
primario [2,3]. En esta situacion, laimplementacion de lallamada economia
del hidrégeno se considera una opcion real y esta recibiendo gran atencion
en los Ultimos afios [4-8].

El hidrogeno es presentado como un vector energético muy
prometedor debido a su viabilidad alargo plazo, alta densidad de energia (14
JkgteC™), bajas emisiones de combustion y elevada presencia de este
como recurso. De hecho, el hidrogeno es el elemento mas abundante en la
Tierra, aunque generalmente se encuentra combinado con otros elementos,
principalmente en moléculas de agua e hidrocarburos. La idea es transferir
la energia obtenida de diferentes fuentes de energia primaria,
preferentemente renovables (es decir, edlica, solar 0 biomasa, entre otras), al
hidrégeno, el cual puede amacenarse, transportarse y eventualmente
utilizarse en diferentes aplicaciones energéticas. Idealmente, el hidrégeno
puede obtenerse del agua mediante el uso de estas energias renovables,
minimizando asi el impacto ambiental mientras se cubre la demanda de
energia [9,10]. Sin embargo, la generacién de hidrogeno por procesos
termoquimicos parece ser una opcidn mas realista en el futuro cercano para
reducir costes [11-14]. El hidrégeno puede generarse a partir de una amplia
variedad de materias primas que contienen hidrocarburos, tanto para
sistemas de produccién centralizados como  descentralizados, mediante el
uso de tecnologias relativamente maduras [14], siendo especialmente
atractivo el uso de biomasay materiales residuales [15-19]. En estos casos,
habitualmente se produce una mezcla de compuestos gaseosos, siendo
necesario purificar el hidrogeno hasta los niveles requeridos de acuerdo con
la aplicacion final, es decir, principalmente celdas de combustible PEM,
turbinas o motores de combustion [20]. De hecho, la etapa de purificacion
del hidrégeno es un proceso crucial en la implementacion exitosa de la
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1. Introduccion

economia del hidrégeno, tanto desde el punto de vista técnico como el
econémico.

Entre las alternativas disponibles parala purificacién de hidrégeno, se
hapropuesto y utilizado en lapractica el uso de membranas para aplicaciones
de separacion / produccidn de hidrégeno. Esta tecnologia muestra ventajas
relevantes tales como bajo consumo de energia, buenas propiedades
medioambientales y potencial para combinarse con una unidad de reaccion
en un reactor de membrana multifuncional [21,22]. La combinacion
simultanea de la reaccién quimicay la separacion de hidrégeno en un Unico
paso da como resultado beneficios adicionales en términos de aumento de
conversion a cambiar el equilibrio de la reaccién a medida que uno de los
productos, €l hidrégeno, se separa selectivamente del medio de reaccion
[23,24]. En particular, las membranas densas metélicas se han propuesto
durante afios debido a su posibilidad de proporcionar una selectividad hacia
€l hidrégeno completa [25,26]. Por |o tanto, la estructura de los metales que
pertenecen alos grupos I11-V, como Pd, Ni y Pt (purosy aleados), tiene la
capacidad de permitir la difusién de hidrégeno a través de su red metalica,
evitando la penetracion de otras moléculas [27,28]. De esta manera, €l
mecanismo de solucién-difusién, representado enlaFigural.1.1, seusapara
describir €l proceso de permeacion de hidrogeno en estas membranas
selectivas a Ho.

Retenido Permeado
.
PH_, retenido = |
o &
B
% o 2]
PH2, permeado '
o, @ %
" !
W . H, Puro
e 8 v
‘%
1.0 Py o ' ' '

Figura 1.1.1. Mecanismo de solucion-difusion para la permeacion de hidrégeno a través de
una membrana metélica densa [29].

Hastalafecha, el paladio es el metal masestudiado paralapreparacion
de membranas selectivas al H,. Los primeros estudios datan del siglo XIX,
cuando Devilley Troost descubrieron la capacidad del hidrogeno de penetrar
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en el paladio [30,31] y Graham determind que este metal podia absorber cien
veces su propio volumen en hidrégeno [32]. Sin embargo, € uso de
membranas de paladio para aplicaciones de separacion / produccion de
hidrégeno no aparece hastalos afios cincuenta. A partir de esta década, como
lo demuestra el nimero de publicaciones cientificas relacionadas con el
tema, estas membranas han ganado un interés creciente. Esta tendencia se
puede observar en la Figura 1.1.2, donde se muestra € numero de
documentos cientificos publicados por afio y region, considerando como
palabrasclave: hidrégeno, paladio y membranao reactor de membrana. Debe
sefidlarse el aumento de publicaciones realizado durante los dltimos afios,
principalmente debido aunamayor conciencia sobre la proteccion del medio
ambiente y el desarrollo de energias renovables, donde el hidrogeno emerge
como un vector de energia limpia muy prometedor que, como se menciond
anteriormente, debe ser previamente purificado [20,25]. Analizando el
ndimero de publicaciones por region, es evidente que este tema se investiga
ampliamente en todo el mundo, encabezando la lista se encuentran los
Estados Unidos de América con politicas muy ambiciosas, pero seguido de
cercapor diferentes paises de Asia (Japény China) y Europa (principalmente
Italia, Alemania, |os Paises Bgjos y Espaiia).

i| L]

] =

Figura 1.1.2. Andlisis de citas usando como palabras claves: paladio+ membrana+
hidrégeno (a, b) y paladio+ reactor de membrana+ hidrégeno (c, d). (fuente: Scopus)

Actualmente, los principales esfuerzos se centran en reducir el coste
de estas membranas y aumentar su resistencia mecénica, vida Util y
reproducibilidad de fabricacién [33,34]. El paladio es un elemento caro y
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escaso, del cual se esperaque la creciente demandade su uso en aplicaciones
a gran escala siga aumentando su precio [35]. Dos de las estrategias mas
estudiadas para reducir el coste de las membranas son: (a) minimizar la
cantidad de paladio requerida para lograr una capa completamente densa
[36-39] y (b) aumentar la vida Util del uso, ya que estas membranas pueden
sufrir desactivacion por envenenamiento y agrietamiento por estrés térmico
0 mecéanico [40-44]. Teniendo en cuenta la ecuacion utilizada tipicamente
para describir el flujo de permeacion de hidrogeno (/4,) a través de una
membrana de base Pd (ecuacion de Richardson, ecuacion (1)) en funcién de
lapermeabilidad al hidrégeno (Kk), el espesor del metal (t) y fuerzaimpulsora
(PB vet — Pl per) €S Obvio que una disminucion en el espesor del metal
provoca un aumento de la capacidad de permeacion [28,45].

k
Ju, = T (PZILZ,ret - PITILZ,per) Ec.l

En el caso de una membrana base Pd totalmente libre de defectos, la
permeacién de hidrégeno esta determinada por la solucién-difusion en el
metal y el factor exponencial toma el valor n = 0,5, esta ecuacion se conoce
como ley de Sievert.

Sin embargo, la preparacion de capas de paladio ultradelgadas
conlleva dos problemas principales: (i) limitacion de laresistencia mecanica
delamembranay (ii) dificultad para obtener peliculas libres de defectos. La
fabricacion de membranas compuestas, haciendo uso de soportes porosos
intenta superar estos problemas y, por lo tanto, mantener propiedades
mecanicas adecuadas que ahorren paladio [46-50]. Por otro lado, muchos
autores centran sus esfuerzos en desarrollar nuevos procesos de fabricacion
para garantizar una mejor reproducibilidad y reducir el numero de
membranas rechazadas [50-52] o modificar la capa selectiva (aleaciones
base Pd) para mejorar algunas propiedades particulares, como la resistencia
alafragilizacién por hidrégeno o la desactivacion por compuestos de azufre
[53-57].

Se pueden usar diversas tecnologias para incorporar una pelicula
delgada del metal selectivo, preferiblemente Pd o aleaciones base Pd, sobre
un soporte poroso. Se puede mencionar el arrollamiento mecanico [58-60],
la deposicion fisica en fase vapor [61-64], la deposicion quimica en fase
vapor [65-67], la deposicion electroquimica [68-70] y la deposicién no
electroquimica [34,63,71,72]. Esta Ultima opcioén (electroless plating, o su
acronimo EL P) proporciona importantes ventajas en términos de adherencia



1. Introduccion

y uniformidad de la capa depositada, tanto en superficies no conductoras
como conductoras, incluso con geometrias complejas. Ademés, debido al
bajo coste del equipamiento necesario este proceso es utilizado para la
mayoria de los estudios realizados en este campo [73-76].

1.2 El hidrégeno

El hidrégeno no se encuentra libre en nuestro planeta, sino que esta
enlazado a otros &tomos debido a su elevada reactividad. Es por esto por lo
que no es considerado como una fuente de energia primaria, sino un portador
0 vector de energia, como la electricidad. El concepto de utilizacién del
hidrégeno como un vector energético sefortalecié notablementetraslacrisis
energética global de 1974. A pesar de que el potencial del hidrogeno es
conocido desde hace mas de dos siglos, fue primero el carbén y méstarde el
petréleo los combustibles que han impulsado el desarrollo social e industrial
hasta la fecha. Esto es |0 que se conoce como economia de |os combustibles
fosiles donde lamayoria de los medios de transporte (aviones, trenes, barcos
y automdviles) estdn alimentados précticamente de manera exclusiva por
derivados del petr6leo como gasolina, diésel 0 queroseno. Ademas, un
amplio porcentaje de las centrales eléctricas actuales usa también este tipo
de combustibles fésiles como materia prima, ya sea petréleo, gas natural o
carbon. Debido a aumento constante del consumo de estos recursos, los
cualesno sonilimitados, es necesario el desarrollo de nuevastecnol ogias que
puedan abastecer esta creciente demanda del consumo energético global.
Unido al pensamiento de evitar el agotamiento completo de estos recursos
naturales aparece la mayor concienciacion de la sociedad sobre las
consecuencias negativas de la emision de gases de efecto invernadero, lo que
ha desembocado en la busqueda de mejoras tecnol 6gicas que conduzcan al
cumplimiento de ambos objetivos, todo ello amparado bajo acuerdos y
tratados de caréacter politico y econémico.

Es en esta situacion donde la economia del hidrogeno aparece,
teniendo como promesa la eliminacién de la dependencia e inconvenientes
asociados a uso masivo de los combustibles fésiles [77]. El uso del H, tiene
como intencién utilizar este gas como vector en los sectores energéticos,
transporte, industriales, residencialesy comerciales. Unavez separado, €l H;
puede convertirse en electricidad o utilizarse directamente como combustible
0 reactivo en ciertas industrias (Figura 1.2.1). En particular, el H, es
compatible con pilas de combustible, motores de combustion interna o
turbinas de combustién para generacién de energia con cero emisiones de
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1. Introduccion

gases de efecto invernadero. La economia del H. podria ayudar a reducir
significativamente las emisiones de gases de efecto invernadero
especialmente si este se produce a partir de fuentes de energia renovables o
energia nuclear, ademas de en sistemas basados en combustibles fésiles con
captura de carbono [78]. El hidrégeno puede ser almacenado, transportado
en camion o por tuberias para usarse posteriormente bajo demanda. A pesar
de €llo, la bgja densidad de este producto hace necesario €l transporte y
almacenamiento de este producto a elevada presion o combinado con otros
elementos (como el transporte de amoniaco).

Pilas de
combustible

Hidrocarburos Motores/Turbinas

Almacenamiento

Clasin de energia

—
/

7

Energias
Renovables

Nuclear

Figura 1.2.1. Vision del hidrogeno como vector energético.

En términos globales, distintas iniciativas aparecen en torno a la
economia del H,. Vale la pena mencionar el ejemplo de la International
Partnership for H, and Fuel Cellsin the Economy (IPHE) [79], cuya mision
esfacilitar y acelerar latransicion a sistemas de energiay movilidad limpios
y eficientes que utilizan H; y tecnologias de pilas de combustible tanto en
aplicaciones anivel usuario como anivel industrial. Esté formada por paises
como Estados Unidos de América, Canadd, Brasil, Rusia, Sudéfrica,
Republica de Corea, Japdn, India, China, ademés de la Comision Europea.
Las principales iniciativas se centran en regulaciones, cédigos, estdndares y
seguridad.

A nivel europeo, los proyectos de 1+D fueron financiados inicialmente
por laComision Europea (CE) y desde 2008 por la Fuel Cells and Hydrogen
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Joint Undertaking (FCH JU) [80] con el objetivo de desarrollar tecnologias
H, listas para su comercializacion en 2020. La FCH JU juega un papel
importante en reunir recursos bajo una asociacion publica / privada
garantizando asi el enfoque comercial, para hacer coincidir las actividades
de | + D con las necesidades y expectativas de la industria, permitiendo
escalar e intensificar los vinculos entre la industria y la comunidad de
investigacion. En los Ultimos 10 afios, la FCH JU ha apoyado fuertemente
estas tecnologias con un total de 893 millones de euros y asegurando otra
inversion de capital similar de otrasfuentes. Estasinversiones serealizan con
el objetivo de desarrollar pilas de combustible e infraestructuras para €l Hx
(produccién, amacenamiento y distribucion), tanto para aplicaciones de
transporte como produccion eléctrica, ademés de financiar proyectos
transversal es sobre seguridad, educacion o regulaciones.

1.3 Produccion de hidrogeno

A pesar de que e hidrogeno esta siendo producido para diversas
aplicaciones [81], esta ganando popularidad para su uso como portador de
energia para mercados estacionarios y de transporte con tecnologia de pilas
de combustible [82]. La Figura 1.3.1a muestra la capacidad de produccion
de hidrégeno a nivel mundial de los diferentes paises agrupados segln su
localizacién geogréfica. Este valor global se estimaen aproximadamente 400
millones de metros cubicos por dia. Puede observarse como la mayor
capacidad de produccion se encuentraen Asia, seguido de Américay Europa
[83]. Hay que destacar que, de cadaregion, el pais con una mayor capacidad
de produccion es Estados Unidos de América (28%), Japon (10%) y
Republica de Corea (10%), Alemania (5%) y Egipto (0,1%) [83]. Dentro del
continente europeo |os paises con una mayor capacidad de produccion son
Alemania, Paises Bajos, Espafia, Italiay Rusia. Para puntualizar el caso de
Espafia, a este pais se le atribuye en torno al 2% de la capacidad de
produccion de hidrogeno global. La Figura 1.3.1b muestra la capacidad
productiva de H; de los paises del continente europeo [83].
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Figura 1.3.1. Capacidad de produccion de hidrégeno en 2020 a nivel mundial (a) y a nivel
europeo (b) [83].

Actualmente, procesos como €l reformado de metano con vapor [84]
y la electrdlisis [85,86] son los principales métodos de produccién de Ho.
Ademas de la utilizacion de estos métodos, es importante el desarrollo de
nuevas tecnologias tanto a partir de combustibles fésiles como de energias
renovables, siendo especialmente necesario enfocar la produccion desde los
recursos de energias renovables [87]. En el siguiente apartado se resumen los
procesos de produccion de hidrogeno mas utilizados, mostrando un esquema
visual delos principalesen laFigura1.3.2.

Gastificacion

Reformado

Pirdlisis

Biologico

Electrdlisis

Termdolisis

Fotoelectrolisis

-

-

Partiendo de
Biomasa

Fuentes

Renovables

Partiendo de

Agua

Partiendo de
Hidrocarburo

Fuentes No
Renovables

Partiendo de
Carbon

<

r

-
r

-

Reformado

Pirolisis

Gastficacion

Pirolisis

Figura 1.3.2. Principal es métodos de produccion de hidrogeno basados en combustibles
fésilesy fuentes de energia renovables.
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1.3.1 Fuentesnorenovables

Actualmente, los combustibles fosiles son el principal recurso para la
produccion de hidrégeno, debido a su precio ya que éste se usa en su mayor
parte como materia prima para procesos de refino o en la industria
petroquimica [88]. Se estima que aproximadamente e 48% de esta
produccion de hidrégeno a partir de combustibles fosiles se realiza a partir
de gas natural, seguido de un 30% producido a partir de aceites pesados y
naftay un 18% utilizando carbon [89]. Las dos alternativas tecnol 6gicas mas
utilizadas con este tipo de materia prima son el reformado y la pirolisis.

El reformado se define como un proceso quimico a partir del cual el
combustible fosil es convertido en H, [12,90]. Esta técnica suele implicar
varias etapas consecutivas. generacion de gas de reformado o sintesis,
reaccion de desplazamiento de gas de agua (en inglés Water Gas Shift, WGS)
y purificacion de gas. Ademéas del hidrocarburo, se deben afiadir otros
reactivos como puede ser vapor (reformado con vapor), oxigeno (reformado
oxidativo) o ambos (reformado autotérmico) [91]. Por o general, a pesar de
los distintos reactivos que pueden afadirse junto al hidrocarburo, lareaccion
de desplazamiento de gas de agua suele aplicarse sobre el gasde sintesis para
disminuir de esta manera la presencia de mondxido de carbono, alavez que
se incrementa la produccién de Hy, tal y como se describe en la siguiente
ecuacion:

CO+ H,0 & CO,+H, AHyog0c = —41Kj/mol Ec.2

Uno de los procesos més desarrollados es el reformado con vapor,
obteniendo eficiencias superiores al 85%, y usado ampliamente en
produccion de hidrégeno a gran escala [92]. Las materias primas
involucradas en este proceso consisten en metano, gas natural y otros gases
gue contienen metano a través de varias combinaciones de hidrocarburos
ligeros, incluyendo etano, propano, butano, pentano, nafta ligera o pesada
[12]. La etapa de reformado de vapor con agua se basa en la siguiente
reaccion endotérmica:

CoHy +nHy0 + calor &nCO + (n + %) H, Ec.3

El combustible mas cominmente utilizado es el metano (CH4), siendo
en este caso la reaccion claramente endotérmica requiriendo 206,14 kJ por
mol de metano para que la reaccion tenga lugar. En este caso la reaccion es
lasiguiente:
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CH, + H,0 & CO +3H, AH,og0c = +206,14Kj/mol Ec.4

Estetipo de procesos tienen lugar atemperaturas en torno a800-
1000 °C y presiones moderadas, comprendidas entre 13 y 30 bar
[90,91]. Es habitual utilizar unarelacion de 2,8-3,2 partes de vapor por
cada parte de carbono, mientras que, respecto a catalizador son
ampliamente utilizados los de base Ni, Co, Rh, Pdy Pt [90]. El coste
de produccién de H2 para una planta con una capacidad de disefio de
380,000 kg/dia, con un factor de capacidad del 90% y un coste de gas
natural de 34 US$/MWh, se estima en 2,27 y 2,08 US$/kg con y sin
captura de carbono, respectivamente [93].

Una alternativa este proceso es € reformado oxidativo. En este
proceso, similar a anterior, € hidrocarburo reacciona con vapor para
transformase en Hz 'y COz, destacando el uso de laoxidacion parcia a
realizar el proceso con unapresenciade Oz en e medio dereaccion en
una cantidad por debajo de la estequiométrica[90]. El agente oxidante
puede ser tanto oxigeno puro como aire. Como materia prima puede
utilizarse desde metano hasta nafta utilizando catalizadores de las
mismas familias a los mencionados anteriormente. La reaccion del
proceso en caso de partir de metano seria la siguiente:

2CH4 + 02 « 2C0 + 4‘H2 AH2980C = _36k]/m0l Ec. 5

En este proceso generalmente la reaccién tiene lugar a temperaturas
superiores a 700 °C, utilizando presiones comprendidas entre 1 y 30 bares
[90]. Hay que destacar que esta reaccion es muy rapiday exotérmica. Este
proceso es altamente beneficioso en el caso de trabajar con aceites pesados
residuales, debido a que, durante la desulfuracion (posterior a reformado),
se obtiene O; el cual esrecirculado para continuar con €l propio proceso. En
un estudio de un caso tipico utilizando carbdén como materia prima, sereporto
el coste del kg de H, como 1,63 y 1,34 US$ con y sin captura de carbono,
respectivamente [93,94].

Otra alternativa a es el reformado autotérmico, donde la oxidacion
exotérmica parcial proporciona el calor durante el reformado con vapor
endotérmico, o que conduce a una mayor produccién de H,. Es decir, se
utilizan como reactivos el combustible, vapor y oxigeno o aire [91]. Las
reacciones principal es de este proceso para un hidrocarburo genérico son las
siguientes:
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1. Introduccion

CoHpm + % & nCo + %HZ + Calor Ec.6

2

CoHyy +nH,0 + Calor < nCO + (n + g)H2 Ec.7

Tipicamente, el vapor esinyectado, junto con O, 0 aire, en la camara
de reformado para que tengan lugar de manera simulténea las reacciones de
reformado y oxidacién [95]. A pesar de la alta temperatura de operacion
necesaria (1100-1500 °C) [90], este proceso implica menores costes de
inversion, dando lugar a que las plantas avanzadas de ref ormado autotérmico
a gran escala con ~ 90% de captura de CO; y una eficiencia de ~ 73%
permiten un coste de produccion de Hz aproximado de 1,48 US$ por kg [96].

Los procesos de piralisis implican la descomposicién térmica bajo
condiciones especificas para la produccion de Ho. Dentro del campo de los
combustibles fésiles, este proceso puede realizarse utilizando como materia
primatanto carbén como hidrocarburos pesados, siendo més eficiente el uso
de estos Ultimos por su mayor contenido en hidrégeno. La descomposicién
termocatalitica de hidrocarburos liquidos més ligeros produce H, y carbono
elemental, mientras que las fracciones de hidrocarburos méas pesadas
necesitan larealizacion de dos etapas, una primera hidrogasificacion seguida
de un posterior craqueo de metano para la obtencion de H, [97,98]. Estos
procesos no requieren la posterior captura de CO; u otros gases residuales,
lo que puede llegar a suponer una disminucién del cogte final del H. en
aproximadamente un 30% respecto a los procesos de reformado [98,99]. El
mayor inconveniente de esta tecnologia esta relacionado con la etapa de
separacion de H; debido a la baja presién parcial de Hz en la mezcla de
reaccion. Las reacciones principales asociadas a un proceso de pirolisis son
las siguientes [100,101]:

CoHim 0, + calor & (1-x)CO + (3)Hy +C Ec.8

C,H,0, + calor & (1 —-x)CO + (m—4)H, +CH, Ec9

Este tipo de procesostiene lugar atemperaturas entrelos 300 y 650 °C
[100], destacando €l uso de catalizadores metalicos del grupo VIIIB como
Ni, Co, Fe, Ru, Rh, Pt, Pd [102] soportados generalmente sobre SiO» 0 Al2O3
[103]. Igual que en el caso del reformado, puede aplicarse una etapa de
reaccion de desplazamiento de gas de agua para incrementar la produccion
de H, alavez que sereducen las emisiones CO (Ec. 2).
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La gasificacion desde combustibles fésiles se basa principalmente en
la transformacion de carbon o compuestos sdlidos de tipo carbonoso desde
su estado sdlido a un gas de sintesis compuesto fundamentalmente por CO e
H,. Este proceso se desarrolla a elevada temperatura (700-1400 °C) [100],
con un rango de presiones entre 1 y 30 bares, 1o que conlleva un elevado
consumo energético. Unido a esto, los bajos rendimientos asociados a este
proceso junto a la emision de CO. a la atmosfera, son los principales
inconvenientes de este proceso. Para este proceso destaca € uso de
catalizadores base Ni, aunque también se utilizan otros con base Pt, Ru, Zr y
Rh[104]. De manera andloga alo comentado para el caso del reformadoy la
pirdlisis, la reaccion de desplazamiento de gas de agua para reducir las
emisiones de CO e incrementar la produccién de Hz al mismo tiempo (Ec.
2).

1.3.2 Fuentesrenovables

Como se comentd previamente, las alarmantes cifras sobre el continuo
aumento de emisiones de CO, antropogénico requiere la necesidad de un
cambio tecnolégico hacia alternativas fuera del ciclo de carbono. Ante esta
disyuntiva, y previendo un cada vez més préximo agotamiento de los
combustiblesfdsilestradicionalesy el aumento laconcienciasobre el respeto
al medio ambiente, se prevé que se produzca una importante transicién y el
uso de recursos renovables domine el sector energético en las préximas
décadas. Las siguientes secciones resumen algunos de los principales
métodos para la produccién de H, a partir de materias primas de caracter
renovable.

La biomasa es una materia prima de caracter renovable y puede ser
obtenida a partir de una gran variedad de fuentes tales como maderay restos
de poda, pastos o cultivos especificos y residuos de éstos. También pueden
englobarse en esta categoria los residuos organicos, tanto de caracter
doméstico como industrial, y los desechos de ganaderia producidos por la
cria de animales, lo que puede tener un especial atractivo en términos de
valorizacion energética [105]. La produccién de hidrogeno a partir de los
diferentes tipos de biomasa se puede llevar a cabo, de manera general,
mediante procesos termoquimicos y/o biol6gicos.

El hidrégeno, entre otras alternativas, puede ser producido a partir de
biomasa mediante procesos como lagasificacion o pirdlisis[106]. El primero
de estos procesos se redliza a elevada temperatura (800-1.200 °C) [107],
donde el CH,y CO generados junto con otros productos gaseosos pueden ser
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post-procesados para un mayor rendimiento a H, mediante reformado con
vapor y reacciones WGS, como ya se comentd en apartados anteriores [ 108
110]. Laeficienciade este proceso variaen funcién del tipo de materiaprima,
el catalizador empleado y la temperatura, el nimero de etapas [111]. En un
proceso tipico de gasificacidn- vaporizacion- reformado- compresion- WGS
de biomasa se requieren de entrada 2,4 TJ de energia de materia prima por
cada TJ de H; producido [112]. Se estima que para una planta con una
produccion de 139.700 kgH./dia que utiliza biomasa, con un coste de 46-80
$ por tonelada, el coste de produccion de H, seade 1,77 a2,05 $ por kg [93].
Por otro lado, la pirdlisis de biomasa generalmente se lleva a cabo a ~ 550
°C en atmésferainerte [113]. Las variables que afectan en mayor medida al
proceso de pirdlisis son las mismas que se han comentado previamente para
el proceso de gasificacion [111]. El coste de la produccion de H: estimado
esta en el rango de 1,25 a 2,20 US$/kgH>, dependiendo del tipo de biomasa
y €l tamafio del lote [113].

Como alternativaa estos procesos existen |os procesos biol 6gicos. Los
mas empleados para la produccion de H, son la bio-fotdlisis directa e
indirecta, la fotofermentacion y la fermentacion oscura. Estos procesos
destacan entre otros debido a su bajo consumo de energia y al uso de
condiciones de operacion sencillas, 30-40 °C y presion atmosférica
[100,114]. El proceso biol égico de produccion de Hz involucralafotdlisisde
agua asistida por bacterias o algas a través de sistemas de enzimas
hidrogenasa o nitrogenasa, y €l uso de biomasa para procesos fermentativos
donde las materias gque contienen carbohidratos se convierten en acidos
organicos y posterioremente en H, gaseoso mediante tecnologias de
bioprocesamiento [115,116]. En caso de la utilizacion de la bio-fotdlisis
directa para la produccién de hidrégeno, con un foto-biorreactor con una
eficiencia de conversion solar del 10% y un coste de 50 US$/m?, podrian
alcanzarse precios de 2,13 US$/kgH, [117]. En €l caso de la biofotdlisis
indirectalos precios podrian al canzar valoresde 1,42 US$/kgH2, aunque este
proceso se encuentra todavia en una etapa conceptual [118]. Por otro lado, la
produccion de H, basada en algas es un proceso prometedor ya que utiliza
fuentes de combustible renovablesy CO, [119]. Sin embargo, el proceso est&4
limitado debido a ciertos inconvenientes, como €l bajo potencial de
produccion de H, y € requisito de una gran superficie para recoger la luz.
Otro proceso de biofotdlisis eslafermentacion, lacual implicalaconversién
microbiana de materia prima organica en presencia o ausencia de oxigeno en
alcoholes, acetona, etc [116,120]. Estos procesos son prometedores para la
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produccion de Ha, ya que utilizan materiales de desecho y proporcionan una
generacion de energia econdmica de manera simultanea al tratamiento de
desechos. Sin embargo, la baja eficiencia de conversion de energiasolar y la
demanda de foto-biorreactores anaerdbicos, son algunas de las principales
barreras que restringen estos procesos [121-123]. De hecho, el proceso
termoquimico es superior en comparacion con el proceso biolgico debido a
una cinética mas rapida.

Otra alternativa ampliamente utilizada es la produccion de H;
mediante la division de la molécula de agua. Esta es una de las rutas méas
ambiciosas y que tendria grandes beneficios medioambientales al
encontrarse totalmente fuera del ciclo del carbono. Dentro de las diferentes
posibilidades existentes, las técnicas de electrdlisis, termdlisis y
fotoelectrdlisis son algunas de las més prometedoras, detallandose a
continuacion sus caracteristicas mas relevantes [85,124,125].

La produccion de H, mediante la electrélisis del agua consiste en
descomponer la molécula de H,O en sus elementos constituyentes,
hidrégeno y oxigeno, mediante la aplicacién de una corriente eléctrica. Este
proceso endotérmico es ampliamente conocido, basado en dos reacciones
redox complementarias (Ec. 10 y 11), aunque alin no resulta competitivo a
compararlo con otras alternativas termoquimicas [86].

2H,0 + 2e~ - 20H™ + H, Catodo Ec.10
20H™ = H,0 + 30, + 2e~  Anodo Ec.11

Una de las alternativas més atractivas es emplear el excedente de
electricidad generado a partir de recursos de energia renovable, como la
edlica y la solar, para llevar a cabo la electrdlisis, produciendo H; verde,
pudiendo ademas ayudar a minimizar las fluctuaciones en los sistemas de
energia renovable mediante el almacenamiento de H» [126] en sistemas de
produccion centralizados o descentralizados. En los procesos de electrélisis,
se produce H- puro en el citodo y éste es separado del aguay el O, que se
generaen el dnodo. El proceso de electrdlisis parala produccion de H; agran
escala a partir de agua no puede competir en la actualidad con las otras
técnicas debido a la gran necesidad de energia eléctrica (~ 40 kWh/kgH>).
Actualmente, los electrolizadores alcalinos comerciales, con una eficiencia
aproximada del 73%, pueden alcanzar tasas de produccion anual de 380.000
kgH2 con un consumo de energia del sistema de 53,4 kWh/kgH-, 1o que
supone un coste de 3,2 US$H/ kgH» [127]. A pesar de esto hay que destacar
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gue los electrolizadores jugaran un papel importante en latransicion haciala
economia Hz con electricidad generada a partir de fuentes renovables. Esto
implica la integracion de las energias renovables en la red, donde el H; se
considera el Unico vector energético. Los electrolizadores pueden convertir
la electricidad renovable en H, que puede almacenarse, transportarse y
distribuirse alos usuarios finales para diversas aplicaciones.

El proceso de termdlisis implica la division de la molécula de agua a
alta temperatura, ~ 2.500 °C, debido a su alta energia libre de Gibbs. Para
hacer que este proceso sea més sostenible, se han propuesto varios ciclos
termoquimicos de divisiéon del agua utilizando catalizadores basados en Cu-
Cl 0 SnO; que utilizan flujo solar o energia nuclear, con el interés futuro de
centrar su aplicacion en acumuladores solares [128]. En este caso €l coste de
produccion del kg de H, dependera principalmente del coste del
equipamiento utilizado y de los problemas de corrosion asociados a este,
ademés de la eficiencia general del sistema[129].

El proceso de foto-€electrdlisisimplicaladivisiéon del aguapor lacarga
generada en un electrodo semiconductor mediante laabsorcion deluz visible
[130]. Se utilizan materiales semiconductores que generan pares de
electrones a partir de la absorcién de fotones, a mismo tiempo es aplicado
un potencial de polarizacion el cual hace que |os el ectrones separados fluyan
através de un circuito externo hacia el catodo para acoplarse con H* parala
produccion de H,. Mientras tanto en el anodo tiene lugar la division de la
molécula de agua para generar H* y O, Este proceso estd limitado
principalmente por el transporte de carga y la eficiencia de absorcién de la
luz visible del electrodo semiconductor [131]. Un estudio reciente sobre este
proceso de produccion de hidrégeno estimo un coste aproximado de 10,36
US$/kgH» [132].

1.3.3 Etapadepurificacion

Una vez producido el hidrégeno, su purificacién es una etapa crucial,
para adaptarlo de esta manera a los requisitos de calidad que la posterior
aplicacién necesite. Hay que destacar que las tecnologias de purificacion son
muy relevantes a la hora de implantar el hidrégeno como vector energético
de una manera eficiente. Como se comento previamente, de manera general
el hidrégeno es obtenido junto a otros subproductos, siendo necesaria la
separacion de este del resto de compuestos. Actualmente destaca el uso dela
adsorcion por cambios de presion (PSA), la destilacion criogénica o la
tecnologia de membranas.
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La adsorcion por cambios de presién esta basada en la diferencia de
afinidades de los diferentes compuestos de una corriente gaseosa por un
determinado material adsorbente. Con este proceso pueden alcanzarse
valores de pureza muy elevados (99,99%) con factores de recuperacion en
torno al 70-85%. A pesar de ser latecnologia mas extendida universalmente
para este proceso presenta un elevado gasto energético, |o que repercute en
su rentabilidad econdémica especialmente para pequefias producciones.

La destilacion criogénica aprovecha las diferencias entre las
temperaturas de |os puntos de ebullicion de los componentes de la corriente
gaseosa para redlizar la separacidon. Este proceso se realiza a baa
temperatura, lo cual supone también un elevado gasto energético y
econdémico. Los factores de recuperacién de hidrégeno de este proceso son
superiores a los mencionados previamente para la adsorcion por cambios de
presion (>85%), pero no se alcanza niveles de pureza superiores al 95%.

Por otro lado, la tecnologia de membranas apareci6 como una
alternativa a estos procesos de purificacion de hidrégeno. Esta tecnologia
puede alcanzar valores de pureza muy elevados (99,99%) y permite
combinarse con |os procesos de reaccién en una unidad denominada reactor
de membrana. Este concepto se propuso por primera vez a finales de la
década de los 60, pero la mayor parte del desarrollo se ha logrado tan solo
en los Ultimos 20 afios, momento en donde se encuentran la mayoria de las
publicaciones y patentes sobre el tema. El uso de un reactor de membrana
puede proporcionar algunas ventgjas en comparacién con un proceso
tradicional de reaccion y separacion, como lamejora de la productividad, la
obtencion del producto purificado en un solo paso o el desarrollo de un
proceso simple con un menor coste de capital al necesitar menos equipos.
Ademas, a diferencia de los procesos anteriores este método permite la
realizacién de la etapa de separacion en continuo sin afiadir aditivos al medio
y puede ser econdmicamente viable para bajos volimenes de produccion.
Debido a que esta tecnologia es la que se desarrolla en este trabajo, en €l
siguiente apartado se ampliaran los fundamentos de este método de
separacion.

1.4 Tecnologia de membranas

Las membranas son basicamente barreras que permiten el flujo
selectivo de algunos componentes de una corriente de mezcla de gases. De
manerageneral las membranas deben tener las siguientes caracteristicas: adta
selectividad al producto deseado, alto flujo, bajo coste y alta estabilidad
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mecanica y quimica. Las membranas pueden clasificarse siguiendo
diferentes criterios, los més utilizados son su naturaleza, su estructuray el
régimen de separacion en el que trabajan. Segln su naturaleza se pueden
encontrar dos tipos distintos, naturales y sintéticas. Dentro del primero
pueden encontrarse membranas inorganicas y biologicas, mientras que el
segundo grupo puede dividirse a su vez en organicas (poliméricas) e
inorganicas (ceramicas, vitreas y metdlicas). Segin su estructura las
membranas pueden organizarse en dos grandes grupos, macroscopicas y
microscopicas. Las membranas con una estructura macroscopica pueden a
su vez subdividirse en laminares, tubularesy fibras huecas. Por otro lado, las
membranas con una estructura microscopica pueden organizarse segln su
configuracion, simétricasy asimétricas, y seglin su porosidad, distinguiendo
entre densas y porosas. Dentro de las membranas con una configuracion
microscopica porosa se distinguen tres categorias atendiendo al criterio de
tamafio de poro: microporosas (tamafios de poro < 2 nm), mesoporosas (2-
50 nm) y macroporosas (> 50 nm) [120]. Finalmente, atendiendo al criterio
del régimen de separacién pueden encontrarse tres tipos de membranas:
porosas, densasy deintercambio idnico. La Figura1.4.1 muestra un esquema
general de las distintas clasificaciones de las membranas, atendiendo a los
distintos criterios previamente descritos.
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Figura 1.4.1. Clasificacion de membranas segln su estructura, régimen de
separacion y naturaleza.

En concreto, parala separacion de hidrogeno se han utilizado distintos
tipos de membranas entre las que destaca el uso de membranas poliméricas
[133], de carbono [134], ceramicas microporosas [79], ceramicas densas
[135] y metdlicas densas [136,137]. Como comportamiento general las
membranas que presentan un alto flujo de permeado suelen presentar bajos
valores de selectividad. Por g emplo, las membranas polimeéricas, de carbono
0 ceramicas microporosas suelen obtener altos flujos, debido principalmente
alas bajas selectividades. Por el contrario, las membranas densas cerédmicas
y metédlicas estan asociadas a valores de selectividad muy elevados,
generando en ocasiones flujos de permeado bajos. A pesar de esto, no hay
una Unica membrana valida para la separacion de hidrogeno ya que habra
que seleccionar en cada caso la membrana mas adecuada para las
condiciones de operacion del proceso y la pureza del Hy deseada, sin
olvidarse del coste.

Las membranas poliméricas presentan la principal ventaja de su bajo
coste, ademas de poder fabricarse de una manera relativamente sencilla.
Destaca €l uso de Nafion® a pesar de presentar problemas de absorcion de
aguay su bajatemperatura de uso (< 100 °C), aunque en la actualidad se han
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presentado modificaciones de este permitiendo aumentar poco a poco la
temperatura de trabajo [138]. También se han desarrollado otro tipo de
material es que se han podido utilizar paralafabricacién de membranas como
es el caso de la polisulfona sulfonada (S-PSU), el polibenzimidazol
sulfonado (S-PBI), €l polietersulfona sulfonado (S-PES) o el poli (éter-éter-
cetona) sulfonado (S-PEEK) [139], Por otro lado, también destaca el
desarrollo de los polimeros de microporosidad intrinseca, conocidos como
PIMs (polymersof intrinsic microporosity). Estos se definen como polimeros
macromoleculares con un ato volumen de poros interconectados de menos
de 2 nm de didmetro [140]. Dentro de esta categoria el material conocido
como TPIM-1 destacapor presentar uno de los valores de selectividad Ho/N>
mas elevados, a pesar de que este valor es solamente 156 [133].

Respecto a las membranas de carbono, estas presentan un coste de
fabricacién superior al de las poliméricas. Como ventgja presenta una
elevada temperatura de trabajo de hasta 900 °C. |os principal esinconveniente
son el bajo flujo de permeado y selectividad (< 200), ademés de su fragilidad
[28,134].

L as membranas ceramicas miCroporosas se caracterizan por ser inertes
a cualquier tipo de gas'y operar en un amplio rango de temperaturas (200-
600 °C). Igual que en el caso de las membranas comentadas previamente,
presenten una baja selectividad al hidrégeno (< 300). Pueden ser fabricadas
a partir de numerosos materiales como alimina, zirconia, silice o zedlitas,
siendo los dos Ultimos los més relevantes [28,134].

El uso de cerdmicas densas para la fabricacion de membranas parala
separacion de hidrogeno esta asociado a una selectividad muy elevada (>
1000) y unos flujos de permeado bajo. En este caso latemperatura de trabajo
permitida para esta membrana es la més elevada, llegando al valor de 900
oC. Estas membranas se basan en el uso de perovskitas, material que se
compone de mezclas de 6xidos alcalineoterreos con la estructura cristalina
ideal ABO; [141]. La composicion de estos materiales va desde
formulaciones simples como  BaCepsoYo0200:s,  BaZrogFen10s
5 0 SrCengsTho 5035, hasta formulas mas complejas que afiaden aleantes
para mejorar sus propiedades de permeacién o estabilidad como Ni-
BaZro10Cen70Y 0,10Y D0,10035, Pd-BaCey 40Zr0,40Gdo,10DY0,1003-5 o]
LassWO11,25.5-La 0,875r0,13CrOs.5 [135].

Las membranas metélicas densas se presentan como una buena
aternativa para la obtencion de hidrogeno de elevada pureza. Presentan
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selectividades ideales (> 1000) y elevados flujos de permeado. No estan
compuestas por materialesfragilesy permiten trabajar aelevadatemperatura
(<700°C). Dentro delos metales permeablesal hidrogeno destacan el niobio,
vanadio, téntalo y paladio. Por otro lado, también se han desarrollado
membranas metdlicas amorfas, como ZrssNies, NbxoTiswNig, 0
(TissZrisBexoCuioNig)io0xNbx  [142]. La Figura 1.4.2, muestra una
representacion grafica de la permeabilidad al hidrégeno frente a la
selectividad H2/N2 para los diferentes tipos de membranas utilizadas. Puede
observarse como las membranas metdlicas densas presentan una alta
permeabilidad, ademas de una ata selectividad. A pesar de la amplia
variedad de membranas metdlicas [143], la tecnologia de membranas
basadas en Pd esla més desarrollada actual mente debido aque presentan una
alta permeabilidad y selectividad a hidrégeno, una estabilidad térmica
razonable y unaresistencia mecanica adecuada [136,137].

Permeabilidad (barrer)

Selectividad H; /N,

Figura 1.4.2. Vision general de la permeabilidad y selectividad al H2 para diversostipos de
membranas [ 136]
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1.5 Membranasde paladio

Las membranas densas de base Pd pueden clasificarse en dos grupos
principales, autosoportadas y soportadas. Respecto a primer tipo,
generalmente se preparan a partir de ldaminas de paladio relativamente
gruesas (o aleaciones base Pd) que, como Tosti y col. Indican, en caso de
buscar geometriastubulares, son laminadasen frio y posteriormente soldadas
[17,144]. Los espesores tipicos varian de 50 a 150 pm. Sin embargo, como
se menciond anteriormente, una capa gruesa de Pd disminuye la velocidad
de permeacion del hidrégeno y aumenta el coste de la membrana. Por lo
tanto, el desarrollo de nuevas membranas delgadas sin poner en peligro la
resistencia mecanica y la presencia de defectos es el objetivo principal de
muchos investigadores en este campo [60,61,145]. Este objetivo puede
lograrse mediante la fabricacién de membranas soportadas, en las que se
incorpora una delgada capa de Pd en la superficie de un material poroso que
proporciona la resistencia mecénica requerida a la membrana soportada
[72,146-148]. Esta compleja tarea es objeto de numerosos estudios, ya que
se deben considerar muchos factores, por gemplo, la compatibilidad entre el
soporte y la capa selectiva, la cual determina la resistencia mecanica de la
membrana debido a grietas que se pueden formar a altas temperaturas como
consecuencia de la diferencia en los coeficientes de expansion.

Se pueden utilizar como soporte paralacapaselectivaal H, numerosos
materiales porosos como, por gemplo, el vidrio Vycor [149,150], metales
sinterizados [72,146,151], una amplia variedad de cerdmicas
[54,72,152,153] e incluso polimeros [154-156]. Las caracteristicas mas
relevantes para la seleccion de los soportes incluyen propiedades de
porosidad (principalmente porosidad media y distribucién de tamafios de
poro), rugosidad de la superficie y estabilidad mecanica, quimicay térmica
[157]. En este contexto, se consideran factores positivos una gran porosidad
con una distribucion de tamafios de poro estrecha, alta resistencia mecanica
y resistencia quimica, ademés de un coeficiente de expansion térmicasimilar
al de la capa selectiva [158]. En cuanto a las propiedades texturales, la
porosidad del soporte debe estar |0 suficiente abierta e interconectada para
no ser una limitacion al transporte del gas a través del soporte, ademés los
tamafios boca y garganta de los poros son considerados criticos [159]. Se
acepta que generamente tanto el tamafio de poro como la rugosidad
determinan fuertemente la morfologiay la continuidad de la capa selectiva.
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En este sentido, Mardilovich y col. [160] indicaron que €l espesor minimo
de una capa de Pd preparada mediante deposicion no electroquimica sobre
un soporte poroso es aproximadamente tres veces el tamafio de poro medio
de los poros més grandes. A pesar de que el vidrio Vycor fue uno de los
primeros soportes porosos utilizados para incorporar Pd mediante ELP
[149,150], actualmente es méas frecuente e uso de metales porosos
sinterizados [72,146,161,162] o materiales ceramicos [54,72,152,163].

Actualmente, el uso de soportes porosos polimeros en reactores de
membrana, que generalmente operan a alta temperatura, es escaso debido a
la baja resistencia térmica de estos materiales [164]. Para esta aplicacion en
particular, los soportes metdlicos son los preferidos, como el acero
inoxidable 316L [72,151], Hastelloy [165,166], Inconel [162], niquel [167]
0, en algunos casos particulares, aleaciones base Ti como Ti-Al [168] o Ti-
Ni [169]. Por lo general, estos garantizan buenas propiedades mecanicas,
dureza y un coeficiente de expansién térmico similar al del paladio, en €l
rango de 10,5-12,5:10°® °C 1. Ademas, estos materiales se sellan y se
acoplan facilmente alos médulos de un reactor de membrana, normalmente
fabricados en acero inoxidable [164]. Sin embargo, estos soportes presentan
poros relativamente grandes con unaamplia distribuci6n de tamafios de poro,
lo cual dificulta la generacion de una capa de Pd delgaday sin defectos. De
hecho, es habitual que los fabricantes no proporcionen el valor concreto de
los tamafios de poro en estos soportes, dando un valor promedio relativo,
conocido como grado medio, que representa el tamafio de particula que es
rechazado en un 95% en un proceso de filtracién [63]. Ademas, también es
posible que aparezca la interdifusion metalica entre el soporte y la capa
selectiva base Pd después de operar a altas temperaturas durante largos
periodos de tiempo. Este fendmeno causa una acusada disminucion en la
capecidad de permeacion [157]. Para superar ambos inconvenientes, el
soporte original puede modificarse antes de la incorporacion de la capa
selectivaal Hz [157,161,167].

Por otro lado, los soportes cerdmicos proporcionan una superficie més
lisa con un control preciso de la porosidad y distribuciones estrechas de
tamarios de poros, de hasta unos pocos handmetros [39]. Estas propiedades
facilitan la deposicién de capas selectivas sin defectos y con un grosor
realmente bajo, es por eso que muchos investigadores optan por usar las
cerdmicas como soportes para membranas [42,54,152]. Entre algunas
posibilidades, predomina e uso de audmina, Al.O; [170,171], que
generalmente combina las particulas a- Al,Oz y y- Al,Os para preparar
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soportes asimétricos. Esta asimetria es generada mediante la formacién de
poros grandes en el nucleo, para garantizar mayores permeabilidades, y
peguefios en la parte exterior, para facilitar la incorporacion de una capa
selectiva delgada [72]. Sin embargo, estos materidles presentan un
coeficiente de expansién térmica notablemente diferente a de los materiales
utilizados para la capa selectiva. Ademas, tienen una resistencia mecanica
baja, 1o cual pone en peligro laintegridad de la membrana soportada, factor
determinante en los reactores de membrana [159]. Otra alternativa menos
frecuente para preparar soportes ceramicos es el uso de zirconia estabilizada
con itria (ZrOz-Y SZ), con un coeficiente de expansion térmica de 10,0-10°°
°C 1, valor més cercano al de los metales utilizados para la capa selectiva
[153,164].

De cualquier modo, tanto soportes metélicos como ceramicos pueden
ser usados para la preparacion de membranas soportadas totalmente densas
de base Pd, aungue en la actualidad todavia no se ha alcanzado una solucién
prevalente. Las ventajas proporcionadas por los soportes cerdamicos son
problemas cuando se utilizan soportes metdlicos y viceversa, por 1o que se
pueden observar diferentes tendencias de uso en la literatura Algunos
autores se inclinan hacia soportes ceramicos, formados principalmente por
alimina, para garantizar la incorporacién de una capa selectiva delgada sin
defectos, centrandose principalmente en la preparacion de la membrana,
mientras que otros prefieren el uso de soportes metdlicos pensando en la
aplicacion e integracion real de las membranas en dispositivos industriales
de acero inoxidable.

Independientemente del material constituyente de los soportes, la
geometria de este también es importante, pudiéndose encontrar distintas
configuracionesen laliteratura, principal mente geometrias planas [168,169],
tubulares [72,146] y de fibra hueca [172,173]. En general, € uso de
materiales ceramicos y metdlicos en geometrias tubulares son o mas
frecuente en caso de considerar su uso en un reactor de membrana, mientras
que los soportes metalicos con geometria plana son mas frecuentes en el caso
de estudiar la preparacion de la membrana solo con fines de purificacion
[174-176]. Sin embargo, esta situacion ha cambiado en |os Ultimos afios con
la aparicion de geometrias de tipo disco y fibras huecas en el disefio de
sistemas de reactores con microcanales [177].

La Tabla 1.5.1 resume los soportes inorganicos més frecuentes
presentes en la literatura para la preparacion de membranas base Pd,
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indicando pardmetros importantes tales como material, geometria, porosidad
mediay tamarios de poros. Se han considerado varios fabricantes relevantes
en todo el mundo, como Mott Metallurgical Corporation (Estados Unidos de
América), Pall Corporation (Estados Unidos de América), GKN Sinter Metal
(Reino Unido), Inopor GmbH (Alemania), TAMI industries (Francia) o
NGK Insulators (Japdn). Actualmente, se pueden lograr precios mas bajos
para los soportes ceramicos, a pesar de que presentan tamafios de poro mas
pequefios que los metdlicos, aunque su reutilizacion no es facil debido ala
frecuente rotura durante la operacion.

Tabla 1.5.1 Soportes inorganicos comerciales mas cominmente utilizados para la
preparacion de membranas de paladio.

Espesor Por osidad Tamafio poro

Compania Material Geometria (mm) (%) (nm)

Mott Ac.Inox: 304L,316L,310, 347,430  Disco, placa, 1-3 0,1-100-103
copa, tubo
Hastelloy: C-22, C-276, X, N, B
Inconel: 600, 625, 690

GKN Ac. Inox: 304L 316L, 904L, 310 Disco, tubo 153 0,1-200-10°
Hastelloy: C-22, C-276, X
Inconel: 600, 625

Monel: 400
Bronce
Titanio
Pall Ac. Inox: 304L 316L, 310 SC Copa, tubo -@ >0,1-103@
Hastelloy: X
Inconel: 600
Monel: 400
SiC/AI203
Mullita
Inopor a—Al203 Tubo, tubo 40-55 70-800
multicanal
TiO2 40-55 100-800
30-55 5-30
30-40 1
ZrO2 40-55 110
30-55 3
y-Al203 30-55 5-10
SO 30-40 1
Tami TiO/ZrO; Tubo, tubo 2 45103
multicanal
@ bgjo pedido
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Como se menciond anteriormente, no es comuin el uso directo de
soportes comerciales para preparar membranas soportadas, especialmente en
el caso de sustratos metdlicos. Por e contrario, es habitual realizar
pretratamientos y modificaciones superficiales del soporte para mejorar la
calidad final de lamembrana. Ademas de los procedimientos convencionales
de limpieza inicial, la mayoria de estas modificaciones se centran en la
mejorade laadherenciade las capasy / o lareduccion de los tamarios medios
deporoy larugosidad delasuperficie del soporte paralograr capas selectivas
més delgadas. Estos tratamientos se pueden clasificar en tres categorias
generales: (i) tratamiento quimico, (ii) tratamiento fisico e (iii) incorporacién
de una capa intermedia. Considerando la gran importancia de estas
modificaciones en las propiedades finales de la membrana y sus costes,
algunos de los avances més relevantes y précticas extendidas se resumiran
en los siguientes apartados. Se ha prestado especial atencion a los soportes
metalicos ya que, como se menciond anteriormente, pueden ser mas
adecuados para su integracion en reactores de membrana para la produccion
de hidrogeno. Ademas, debe tenerse en cuenta que la superficie externa de
los soportes cerdmicos no suele modificarse antes de depositar la capa
selectiva debido alas buenas propiedades original es en términos de didametro
medio de porosy rugosidad de la superficie.

151 Tratamientos quimicos

El uso de productos quimicos para modificar la superficie de los
soportes porosos se conoce comunmente como grabado. Se aplica
generalmente en materiales poliméricos, pero también se puede usar para
modificar algunas propiedades superficiales de materialesinorganicos. Estos
tratamientos consisten en sumergir €l soporte en una solucién corrosiva,
tradicionalmente un &cido fuerte y mantenerlo a temperatura controlada
durante un corto periodo de tiempo. El efecto principal de estos tratamientos
es disolver peliculas finas de dxidos formadas en la parte superior de los
soportes, pudiendo también eliminar parte del propio material del soporte. El
efecto de este tratamiento estd determinado principalmente por la
composicién del soporte, la concentracion de &cido, la temperatura y el
tiempo del tratamiento. Mardilovich y col. [178] utilizaron una solucién de
acido clorhidrico para tratar un soporte comercial de acero inoxidable,
logrando un aumento notable de la rugosidad en la superficie, con un
tratamiento de tan solo 5 minutos de inmersién. Ademas, la nueva superficie
generada mostré mejores propiedades para la posterior incorporaciéon de
paladio, aumentando la velocidad de recubrimiento y mejorando su
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adherencia. Un tratamiento similar fue reportado por Li y col. [179]
mezclando en este caso el acido clorhidrico con cierta cantidad de &cido
nitrico. Por otro lado, Kimy col. [169] lo hicieron también para preparar una
membrana de Pd soportada, en este caso sobre un soporte de niquel poroso.
De estamanera, €l pretratamiento de grabado de un soporte inorganico puede
proporcionar beneficios parala posterior deposicién de lacapa selectivaaun
coste relativamente bajo, independientemente del uso posterior de cualquier
otro tratamiento adicional como lamodificacion mecanicao laincorporacion
de una capa adicional.

1.5.2 Tratamientos mecanicos

El desbaste de la superficie externa puede llevarse a cabo como una
alternativa diferente paramodificar |os soportes comerciales, principalmente
los metdlicos. La plasticidad de las particulas metélicas que forman el
soporte es utilizada para reducir tanto el tamafio externo de los poros como
la rugosidad, mediante un tratamiento mecanico con un material abrasivo.
Una de las primeras referencias sobre el uso de esta dternativa, para la
preparacion de membranas soportadas de base Pd, fue publicada por
Jayaraman y col. En los afios noventa, utilizaron lijas comerciales con
diferentes nUmeros de grano para desbastar la superficie original del soporte
[180]. En particular, utilizaron lijas comerciales con grados # 320, # 500 y #
800. Més tarde, Mardilovich y col. [178] utilizaron un proceso de pulido
similar para modificar la superficie de los soportes porosos de acero
inoxidable. Indicaron que era posible reducir el tamafio de poro externo
medio, aunque también se pierde porosidad, disminuyendo la capacidad de
permeacion del soporte modificado hasta un 20%, respecto al soporte no
tratado. Mas recientemente, €l trabajo de técnicas similares basadas en el uso
de papel de lija abrasivo ha seguido siendo utilizado y reportado en la
literatura, como evidencia de los trabajos publicados por Li y col. [179], Ryi
y col. [181] o Pinacci y col. [182]. Estas técnicas de desbaste no solo se han
propuesto para modificar |as propiedades superficiales de |os soportes, sino
que también es posible la reparacion de algunos defectos superficiales en
capas selectivas [183]. A pesar de que este tipo de tratamientos mecanicos
de desbaste son los predominantes, también es posible encontrar algin
trabajo en el que se utiliza el granallado de ata velocidad con particulas
idnicas para lograr la deformacion plastica de las particulas metalicas del
soporte. Sin embargo, €l alto coste de esta alternativa hace que los abrasivos
tradicionales prevalezcan [184].
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Sin embargo, algunos investigadores tienen opiniones criticas sobre
estos tratamientos mecanicos debido a la reduccion de la capacidad de
permeacién del soporte y la disminucion de la adhesion de la capa selectiva
En este contexto, estd ampliamente aceptado que la adhesion entre el soporte
y la capa selectiva depende de la unién mecanica y el anclgje. En
consecuencia, es recomendable cierta rugosidad en el soporte para garantizar
una buena adhesién de los recubrimientos [185,186]. Esto se indica
claramente en trabajos publicados por Collins [187] y Huang [188], donde
los poros mas grandes y una cierta aspereza externa en |os soportes mejoran
la adhesion del recubrimiento. De esta manera, se puede afirmar que es
necesario lograr una solucién de compromiso entre la modificacion de la
superficie original y mantener ciertos puntos de anclaje para garantizar una
adherencia adecuada de la capa selectiva.

15.3 Incorporacion de capasintermedias

A pesar de usar tratamientos quimicos y / 0 mecanicos, la
incorporacion de una capa interfase entre el soporte comercial y la capa
selectiva es la alternativa mas utilizada para mejorar la superficie externa del
soporte original. Esta opcion puede ser utilizada simultdneamente para
diferentes objetivos, como la modificacién de la morfologia original, la
mitigacion de la interdifusion metélica entre soporte y Pd, la mejora de la
adhesion de la capa selectiva, la prevencion de la corrosion del soporte o
incluso la incorporacion de |los primeros nicleos metélicos como superficie
activada. Esta Ultima suele ser la razon principal para incorporar una capa
interfases en soportes ceramicos, debido a que estos soportes comercialesya
presentan una superficie lisa con una distribucién de tamarios de poro muy
estrecha, hasta 3 nm [72,189], por lo que generalmente no hay necesidad de
realizar otras modificaciones adicionales. Sin embargo, los soportes
metalicos muestran tipicamente una superficie rugosa y tamafios de poros
anchos [63,72], siendo la incorporacion de una capa intermedia una etapa
critica para lograr la deposicion de una capa selectiva realmente delgada.
Considerando como objetivo final 1aobtencion de unamembrana compuesta,
la composiciéon y grosor de la capa interfase deben gjustarse a un coste
razonable, no habiendo alcanzado en la actualidad una solucién Unica.

De cualquier modo, uno de los factores méas importantes a considerar
es la compatibilidad entre los diferentes componentes de la membrana
soportada. La Figura 1.5.1 muestra el coeficiente de expansion térmico para
algunos de los materiales més utilizados como capa interfase, ademés de los
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principales materiales utilizados como soporte (acero inoxidable 316L,
Alimina o Hastelloy X) y los componentes de la capa selectiva
(principalmente paladio, plata, cobrey oro).
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Figura 1.5.1. Coeficientes de expansién térmicos de los principales materiales utilizados
para la fabricacion de membranas de base paladio selectivas al hidrégeno [29].

En general, se considera que cuanto mas parecidos sean los
coeficientes de expansi6n térmico de | os elementos de membrana soportados
mejor puede ser la resistencia mecanica en condiciones de funcionamiento,
generamente a temperaturas moderadas o altas. Segun los datos que se
muestran en la Figura 1.5.1, el 6xido de cerio aparece como una alternativa
muy atractiva, con un coeficiente de expansion térmicaentre el paladioy los
soportes metélicos mas habituales. Este material fue empleado por Tong y
col. [190] para modificar un soporte tubular de acero inoxidable macro
poroso para la preparacion de membranas de Pd soportadas con una capa
selectiva de alrededor de 13 um de espesor. Pusieron de manifiesto una muy
buena estabilidad del sistema después de experimentos a largo plazo,
obteniendo una permeabilidad al hidrégeno casi igual al valor tedrico para
unamembranade Pd puro. Una capainterfase de CeO, similar fue preparada
por Qiao y col. [191] para evitar la difusion intermetalica entre un soporte
poroso de acero y una capa sel ectiva de aleacion PdCu. Estacapaintermedia
fue preparada mediante el método sol-gel y la modificacion del soporte
original también mejor6 la adherencia de la capa selectiva.
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Ademés de CeO;, también otros materiales se han incorporado con
éxito como capa interfase, a pesar de que presenten un coeficiente de
expansion térmico diferente alos de la capa selectiva o el soporte. Un primer
grupo relevante estd formado por el éxido de zirconio y materiales
relacionados. Algunos autores, como Wang y col. [192] o Gao y col. [193],
modificaron soportes comerciales de acero inoxidable mediante la
incorporacion de particulasde ZrO, parareducir el grosor delacapaselectiva
de hidrégeno hasta valores cercanos a 10 um. Otro ejemplo seria €l realizo
por Tarditi y col. logrando también un espesor similar [161] mediante la
incorporacion de las particulas de ZrO; a través de un método asistido por
vacio, mientras que Leey col. [194] redujeron todavia més el espesor, hasta
3,5 um obteniendo una mayor permeabilidad. Otrosinvestigadores utilizaron
particulas de zirconia estabilizada con itria (Y SZ) con el fin de aumentar la
estabilidad de la estructura del material [51,185]. Las referencias en la
literatura presentan el uso de Y SZ como capa interfase con el doble objetivo
de reducir el espesor del paladio y prevenir la difusion intermetélica entre el
soporte y la capa selectiva, indicando los métodos de sol-gel o la
pulverizacion de plasma atmosférico como técnicas adecuadas para la
incorporacion de material [71,146,195].

Considerando | as propiedades superficialesrel ativamente buenas de la
alimina como material paralafabricacion de soportes, €l uso de este material
como capa interfase para la modificacién de soportes metdlicos también ha
sido propuesto por diferentes autores. De esta manera, Yepesy col. [196] y
Liy col. [197] consiguieron disminuir el tamarfio de poro original del soporte
metélico a incorporar una capa interfase de alimina, evitando ademas
posibles procesos de interdifusion entre el soporte original y la capa
selectiva. Brogliay col. [198] desarrollaron un proceso de incorporacién de
particulas de y-Al,Os mediante la aplicacion de un recubrimiento por
inmersion del soporte paralograr una capade Pd totalmente libre de defectos
de alrededor de 11 um. Chi y col. [199] detallaron el uso de particulas de
alimina con diferentes tamafios para una mejor modificacion de |os soportes
de acero comerciales. Utilizaron particulas de un tamafio cercano a 10 um
para llenar los poros mas anchos y particulas més pequefias (tamafio
aproximado de 1 um) para obtener una superficie lisa final. Por lo tanto,
finalmente lograron una delgada capa de Pd libre de defectos con menos de
5 um de espesor y buena estabilidad térmica. Lee y col. [194] compararon el
efecto del uso de Al,O3 y ZrO, demostrando que ambos materiales actlian
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efectivamente como barrera de difusion, aunque el uso de alimina produce
una menor permeabilidad de la membrana.

Otro material utilizado como capainterfase es €l SiO,, siendo posible
realizar diferentes funciones con esta capa como modificar la superficie del
soporte, limitar la difusién intermetdlica o incluso ser € catalizador para
algunos procesos quimicos. Por gjemplo, Nam y col. [200] modificaron un
sustrato comercial de acero inoxidable 316L mediante la incorporacion de
silice amorfa. De esta forma, redujeron el espesor de la capa selectiva,
constituida por una aleacion de PdCu, hasta 2 um y manteniendo una
permeabilidad de hidrégeno de 8,37-10 7 mol-m2.s1-Paly una selectividad
H2/N, de alrededor de 70.000 a 450 °C. Por otro lado, Calles y col. [63]
publicaron el uso de tres diferentes materiales siliceos como capa interfase
parapreparar membranas de Pd soportadas en acero inoxidable: siliceamorfa
desordenada, silice amorfa ordenada (HMS) y silice cristalina (silicalita-1).
En todos los casos, se redujo tanto la rugosidad como el tamafio de poro de
los soportes originales y, en consecuencia, €l espesor de Pd minimo
requerido para obtener una capa selectiva libre de defectos. Los mejores
resultados se obtuvieron con el uso de silicalita-1, reduciendo el espesor de
Pd hasta 5 pm y obteniendo una permeabilidad de hidrégeno de 1,42:104
mol-m2.s71.Pa %® con una selectividad de hidrégeno completa a 400 °C. Se
pueden encontrar modificaciones similares de soportes metélicos con capas
de silice microporosas paraaumentar |a permeabilidad de H, de lamembrana
compuesta sin la utilizacion de ninguna otra capa adicional [201] o incluso
combinarse con paladio en estructuras de matriz mixta[202]. Recientemente,
estos materiales también se han aplicado en la parte externa de las
membranas de Pd soportadas una vez finalizadas para reparar pequefios
defectosy poros, aumentando significativamente la selectividad al H, conun
coste muy bajo [203].

Otros materiales que también se han utilizado son aluminosilicatos,
como las zeolitas, materiales cristalinos con distribucion controlada de
tamarios de poro y propiedades cataliticas adicionales. Entrelagran variedad
de estructuras posibles, reportadas en la literatura se encuentra el uso de
zeolitas NaA [204], NaX [205], Z-21 [206], tipo FAU [207] y TS-1
[208,209]. En general, el mayor coste de estos materiales limita su uso a
procesos muy especificos, principalmente a reactores de membrana en los
gue la zeolita pueda desempefiar el papel tanto de modificador del soporte
como de catalizador.
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Otro método bastante simple para modificar el soporte, con alta
reproducibilidad y coste razonable, esla oxidacion directade |os soportes de
acero 316L en atmésfera de aire a altas temperaturas. Este proceso produce
un recubrimiento exterior de Fe;O3-Cr.O3, que puede disminuir el proceso
de interdifusion metdlica [146]. Ma y col. [210] patentaron un método
controlado de oxidacion in-situ para preparar membranas compuestas de Pd
sobre soportes porosos de acero inoxidable y, por lo tanto, lograr barreras
efectivas de interdifusion con tratamientos térmicos superiores a 600 °C.
Después de este trabajo pionero, otros investigadores como Guazzoney col.
[211] o Mateos-Pedrero y col. [212] han trabajado sobre la modificacion de
soportes metalicos mediante la incorporacion de 6xidos metélicos derivados
de un proceso de oxidacion a temperaturas superiores a 400 °C.
Principalmente, solo se pueden observar ligeras modificaciones en la
superficie de soporte con los tratamientos térmicos debido al espesor muy
limitado de la nueva capa de 6xido y, en consecuencia, € espesor de Pd no
se reduce tanto como cuando se usan otras aternativas. En caso de utilizar
temperaturas realmente altas para el tratamiento (> 700 °C), se genera una
mayor cantidad de 6xidos, y como consecuencia la porosidad del soporte
disminuye drésticamente.

En los Ultimos afios, se han investigado otros materiales para
desarrollar nuevas capas intermedias y lograr meores membranas
soportadas. Algunas de estas novedades son €l uso de capas finas de TiN
obtenidas por pulverizacion catddica [213], una combinacion de plata, como
barrera de difusién, y gel de hidroxido de aluminio, pararellenar los poros
mas grandes del soporte [214], multicapas bimetdlicas de Pd y Ag [215],
niguel [216] o incluso polvos de wolframio [48]. Sin embargo, a pesar de
estos resultados prometedores, alin no se ha encontrado una solucion
definitiva[217,218].

Finalmente, a pesar de que la presencia de una capa intermedia en
sustratos ceramicos es menos comun, también se pueden encontrar algunos
casos en la literatura. Por ejemplo, el trabajo publicado por Hu y col. [219],
en el que un soporte macroporoso de Al>O3 se modificé con grafito de un
l4piz 2B convencional. Con este método, lograron una membrana soportada
totalmente libre de defectos con un espesor de paladio de 5 pum. A pesar de
gue laincorporacion de capasintermedias en |os soportes ceramicos antes de
incorporar el recubrimiento selectivo final es escasa, es posible encontrar
algunos trabajos que utilizan esta alternativa para megorar la etapa de
activacion de la superficie, segin lo publicado por Zhao y col. [220]
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utilizaron una disolucién de bohemita modificadacon Pd (1) paramejorar la
superficie original, obteniendo un espesor de la capa selectiva de solo 1 pm.
Una aplicacion muy particular de esta metodologia es la sintesis de
membranas en las cuales las particulas YSZ se utilizan para modificar la
superficie original de los soportes cerdmicos en una doble capa [221].

EnlaTablal.5.2. seresumen las alternativas mas relevantes, incluidas
en esta seccion, para modificar los soportes comerciales. En la tabla se
indican datos sobre la naturaleza del soporte y las aternativas de
modificacion se recopilan, asi como otros pardmetros relevantes como la
composicion, el espesor de la capa selectiva 'y la permeacion de H de la
membranafinal.

Tabla 1.5.2 Alternativas de modificacién de soportes comer ciales inorganicos para
la preparacion de membranas de base Pd.
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154 Preparacion dela capa selectiva de Pd

Actualmente, existe una gran variedad de técnicas para redlizar la
deposicion de paladio o sus aleaciones sobre soportes porasos con el fin de
obtener membranas permeoselectivas al hidrogeno. Entre ellas, destacan el
arrollamiento mecanico, la deposicion quimica en fase vapor (CVD), la
deposicion fisica en fase vapor (PVD), la deposicién electroquimica (EDP)
y la deposicion no electroquimica (ELP). A continuacion, se resumen
brevemente |as principal es caracteristicas de cada una de €ellas.

1541 Arrollamiento mecanico

A pesar de no ser una técnica de deposicion como tal, esta técnica es
también utilizada para la obtencién de capas selectivas a hidrogeno que se
disponen en membranas compuestas [17]. Se basa en la preparacion de
l&minas de paladio, en general relativamente gruesas (50-200 pm) mediante
un proceso mecanico de laminacion [60]. Posteriormente, se enrollan con la
ayuda de un soporte metélico y se sueldan los extremos de la l&mina con el
objetivo de conseguir la continuidad y resistencia mecanica. El principal
inconveniente de este proceso eslanecesidad de utilizar |aminas gruesas para
garantizar la calidad de la soldadura, o que repercute negativamente tanto
en el coste final de la membrana como en el flujo de permeado obtenido
[223]. Para mejorar ambos inconvenientes, actualmente, la fabricacion de
membranas mediante este proceso se basa principalmente en la aleacion
PdAg [60,222].

15.4.2 Deposicion quimicaen fase vapor (CVD)

En este proceso se parte de reactivos gaseosos para buscar una
reaccion en lasuperficie del sustrato arecubrir, formando una especie solida
junto a otros productos gaseosos [224,225]. Generalmente estos procesos
tienen una cinética de reaccion lenta, por 10 que es necesario una etapa de
activacion para agilizar la deposicion [226]. Esta activacion puede ser
térmica, con plasma o con laser, permitiendo estos ultimos disminuir la
temperatura del proceso y aumentando ampliamente el coste del
equipamiento necesario [225,227]. Como principales ventajas presenta una
gran facilidad para depositar recubrimientos multicapa con una alta
adherencia, ademés de permitir trabajar a gran escala y ser un proceso
industrializable. A pesar de esto, el elevado coste y temperatura del proceso
limita las posibilidades de uso de esta tecnologia, ademas de los problemas
medi cambi ental es por el uso de gases muy téxicosy reactivos|[224,225,227].
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15.4.3 Deposicion fisica en fase vapor (PVD)

La deposicion fisica en fase vapor consiste en la evaporacion de un
metal que sedepositay se condensa sobre unasuperficie determinadasin que
tenga lugar ninguna reaccion quimica. Para evaporar 10os materiales cuyo
punto de fusion es muy elevado se procede a calentamiento hasta su
evaporacion directamente con un haz de electrones [225]. El proceso de
evaporacion tiene lugar a todas las temperaturas, pero la presion de vapor
tiene una variacion exponencial con la temperatura y que sélo depende del
calor latente de vaporizacion. Debido a esto, este proceso se realiza a vacio
para aumentar la velocidad del proceso, |0 que ademés permite que los
atomos viajen haciael sustrato en linearecta sin pérdidas de energia cinética.
Como consecuencia de este desplazamiento lineal, es necesario utilizar
multiples fuentes y sistemas planetarios para obtener recubrimientos con
cierta homogeneidad en superficies complejas [225]. Otra tecnologia de
evaporacion es el sputtering, la cual consiste en el bombardeo del blanco a
evaporar con iones altamente energéticos. Para ello se utiliza un gas inerte
como el Ar que se encarga de iniciar y mantener el plasma, debido a la
colision de los iones de Ar excitados por el plasma la fuente metalica es
evaporaday posteriormente depositada sobre la superficie deseada con ayuda
de campos magnéticos para confinar el plasma[228].

La deposicion fisica de vapor es un proceso menos laborioso que la
deposicidn quimicaen fase vapor descrita previamente, que proporcionauna
tasa de deposicion mas rapida, permitiendo ademas un mejor control sobre
€l espesor depositado al no depender de una etapa de reaccion [226]. Esta
técnicaademas permite ladeposicion de lacapaatemperaturasrelativamente
bajas y, por lo tanto, permite no degradar las propiedades mecanicas de los
sustratos [229]. Con esta técnica se pueden depositar multiples materiales
manteniendo un control muy preciso de la composicion de la capa
depositada. A pesar de suponer un menor coste que los procesos de
deposicion en fase vapor, el precio de esta tecnologia sigue siendo elevado
[230].

15.4.4 Deposicidn electroquimica (EPD)

La deposicion electroquimica o electrodeposicidn tiene lugar sobre
una superficie conductora que actlia como electrodo [225]. Debido a campo
eléctrico generado entre los dos electrodos del sistema por la aplicacion de

una corriente externa, los iones metalicos en disolucion migran hacia el
cétodo, donde son neutralizados e incluidos en la matriz metélica
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produciéndose por tanto la deposicion. Esta tecnologia presenta unos costes
de proceso inferiores a las de CVD o PVD, siendo la necesidad de aplicar
corriente eléctrica uno de los gastos principales [225]. Con esta técnica se
pueden depositar todos |os materiales metélicos menos electronegativos que
el zinc, con la ventaja de poder realizarlo a baja temperatura [231]. Como
principal desventaja presentalafaltade homogeneidad enlos recubrimientos
en geometrias complejas y la elevada porosidad de |os recubrimientos. Para
intentar mejorar en cierta medida la homogeneidad del recubrimiento se
puede recurrir a la agitacion, tanto de las piezas a recubrir como del bafio
electrolitico [226]. Por otro lado, para obtener una pelicula totalmente densa
suele ser necesario aumentar el espesor del recubrimiento, ademés de la
optimizacién de la cuba electrolitica, el bafio electralito, los electrodos y 1a
temperatura del proceso [226]. La Figura 1.5.2, muestra una comparativa
entre los distintos métodos de obtencidn de la capa selectiva en términos de
temperaturas del proceso y espesores obtenidos, incluyendo ademas de las
técnicas descritas con anterioridad la deposicion no electroquimica (ELP)
gue se describira con unamayor profundidad en el siguiente apartado. Puede
observarse cOmo tanto la deposicién electroguimica como la no
electroquimica, pueden utilizarse a temperaturas inferiores a las requeridas
por los procesos de PVD, CVD oincluso el enrollamiento mecanico, debido
ala necesidad de la etapa de soldadura. Ademés, espesores delgados como
en el caso del PVD o CVD también pueden obtenerse con las técnicas
basadas en reacciones quimicas sin cambio de fase.
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Figura 1.5.2. Valores de temperatura y espesor de la capa selectiva asociados a los
principales procesos de fabricacion utilizados.
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1545 Deposicién no electroquimica (ELP)

El término deposicién no electroquimica (ELP) fue acufiado por
primera vez a mediados de los afios cuarenta por Brenner y Riddell para
definir ladeposicion de metal en ausencia de una fuente externa de corriente
eléctrica [232]. La aplicacion de la tecnologia ELP a la incorporacion de
paladio sobre soportes porosos se ha utilizado ampliamente para preparar
membranas selectivas de hidrégeno durante afios. Esta técnica no requiere
un equipo costoso y tampoco supone altos costes operativos, debido
principalmente a que se realiza a bajatemperaturay no presentala necesidad
de electrodos o fuentes de electricidad externas. Ademaés, el ELP permite la
deposicion de peliculas delgadas y homogéneas en geometrias complejas e
incluso en materiales no conductores [111,155-157], siendo la opcién méas
ampliamente utilizada sobre el resto de métodos.

El uso del EL P parala preparacion de membranas selectivas de H» se
basa en la deposicion de paladio (o materiales de aleacion relacionados,
como se comentara posteriormente) sobre una superficie, como un soporte
poroso, desde una disolucidn acuosa que contiene el precursor metélico. Por
lo general, este precursor se disuelvey se estabiliza paraformar un complejo
antes de ser reducido a través de una reaccion quimica autocatalitica
controlada [236,237]. En los Ultimos afios, la mayoria de los trabajos
publicados utilizan hidroxido de amonio y &cido etilendiaminotetraacético
paraformar complejos con el precursor del paladio. Por otro lado, se utiliza
hidracina como agente reductor debido aque se genera nitrégeno como Unico
subproducto de lareaccién quimica, evitando de este modo la deposicion de
otros compuestos no beneficiosos en la capa selectiva, como por ejemplo,
cuando se usa fésforo [235,237,238]. La hidrazina es un agente reductor
fuerte tanto en medios acidos como alcalinos, permitiendo la reduccion de
los iones metdlicos dependiendo de las condiciones de reaccién [239-241].
A continuacion, se presentan las principales reacciones quimicas
involucradas en el proceso de deposicion de paladio:

2Pd(NH3)%* + 4e~ - 2Pd° + 8NH; E =095V  Ec. 12
N,H, + 40H™ - N, + 4H,0 + 4e~ E°=1,12V  Ec. 13
Siendo lareaccion global del proceso la siguiente:
2Pd(NH3)3* + N,H, + 40H™ - 2Pd° + 8NH;+ N, + 4H,0 E° =2.07V Ec. 14

Paralograr una deposicion homogénea de Pd, una buena adherenciay
tiempos de inicio de reaccion reducidos, los soportes deben primero ser
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activados o sensibilizados. Este proceso consiste en la deposicion de
pequefios nucleos de paladio antes de la deposicidn de la capa selectiva de
paladio [242]. Convencionalmente, este paso se ha llevado a cabo mediante
inmersiones repetitivas en soluciones écidas de estafio y paladio [243]. Sin
embargo, algunos estudios sugieren problemas en la estabilidad de la
membranaatemperaturas de operacion altas causadas por residuos de estafio,
que conducen a la formacion de defectos y poros en la capa de Pd, como
Paglieri y col. indicaron por primera vez [244]. Este comportamiento fue
respaldado mas recientemente por otros autores como Wel y col. publicando
recientemente un estudio detallado sobre la correlacidn entre la presenciade
residuos de estafio y la estabilidad de lamembrana [245]. Teniendo en cuenta
estos efectos negativos de los tratamientos clasicos de sensibilizacién-
activacion, se han propuesto métodos alternativos para evitar el uso de
soluciones de estario. Se han usado diferentes enfoques, tales como el uso de
particulas activadas con nicleos de Pd para la preparacion de capas
intermedias [105,193,195,246]; superficies de alUmina anddica catalizada
para facilitar el ELP de Pd [247]; el aumento de |la tasa de deposicién de
nucleos de Pd y la ruptura de conglomerados mediante ultrasonidos [248]; la
incorporacion, descomposicion y reduccion de una solucién de acetato de
paladio en cloroformo en la superficie [249]; o, directamente, la generacion
de particulas de Pd de tamafio nanométrico por reduccién directa de una
solucion altamente diluida con una mezcla de amoniaco-hidrazina [52,72].
Sin embargo, hasta la fecha no se ha encontrado una solucién mejor y €l
método clasico sigue siendo ampliamente utilizado por muchos
investigadores [28,47,239].

En los Ultimos afios, se han realizado grandes esfuerzos para reducir
el coste general de la fabricacion de membranas base Pd, centrandose
principalmente en la reduccién del espesor de la capa de paladio, pero
asegurando la ausencia de defectos en el recubrimiento [36,38,39,250].
Como se comentd previamente, una estrategia se basa en la preparacion de
membranas soportadas, que generalmente implica la modificacion de
soportes originales para facilitar la incorporacion de una capa de paladio
delgada libre de defectos [21,63]. Otras estrategias se centran para mejorar
el proceso de deposicién de metales, particularmente la deposicion no
electrolitica, para lograr una mejor adherencia, homogeneidad, una mayor
cobertura de poros o, en general, una mejor estabilidad de la capa selectiva
de H. base Pd con un espesor reducido.
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De este modo, Uemiya y col. [251] consiguieron aumentar la
velocidad de incorporacién del metal al sumergir el soporte poroso en una
solucion que contiene hidrazina antes de cada etapa de recubrimiento
electrolitico. Otros autores intentaron mejorar laincorporacion de paladio en
las zonas profundas de larugosidad superficial, donde las particulas de metal
depositadas cierran con eficacia las bocas de los poros del soporte
completando una capa totalmente densay continua mediante el mecanismo
del puente [252]. Zhao y col. [220] y Zhang y col. [253] informaron el uso
de vacio en €l interior de los soportes para lograr una microestructura
uniforme de lacapade Pd con un espesor inferior alas depositadasde manera
convencional. Otros investigadores obtuvieron resultados similares, como
Yeung [254], Souleimanova [255] o Li [256] cuando se genera un efecto
osmético entre la solucién con la fuente metélica y una solucion acuosa de
sacarosa.

Pacheco Tanaka y col. [51,53,257] desarrollaron membranas
soportadas en las que laincorporacién de Pd o aleaciones base Pd mediante
un proceso de deposicion no electroguimico asistido por vacio entre dos
capas ceramicas de 6xido de circonio, una de ellas activada con nicleos de
Pd previamente y depositado sobre un soporte tubular de alimina. Este tipo
particular de membranas, en las que la capa selectiva se coloca en una
estructura de tipo sdndwich se denominaron membranas de tipo pore-filled.
Las principales ventajas descritas por los autores incluyen la capacidad de
operar la membrana por debajo de la temperatura critica y mejorar la
estabilidad mecanica, respecto a otras membranas soportadas basadas en un
recubrimiento externo convencional. Ademas, la estructura sandwich
también proporciona a la capa selectiva una proteccién adicional contra el
envenenamiento [158].

Siguiendo también este concepto de estructuras tipo sandwich,
Goldbach y col. [258] desarrollaron membranas soportadas de aleacion base
Pd, denominadas como duplex, en las cuales el soporte queda colocado entre
dos capas selectivas. Hay que destacar que las capas selectivas no estaban
totalmente libres de defectos, pero debido a la casuistica de la distribucién
de los defectos en cada una de las capas se obtuvieron membranas con una
ata selectividad. Este fendmeno puede explicarse debido a que el H; puede
atravesar libremente las capas de Pd, pero por el contrario €l N2 debe pasar a
través de un defecto de laprimeracapay recorrer laporosidad interconectada
del soporte hasta encontrar otro defecto através del cual poder sobrepasar la
segunda capa selectiva. De este modo el recorrido del N» para atravesar la
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membrana es mas largo, conllevando un tiempo mayor, que €l realizado por
el Hy, lo cual da lugar a un aumento en la selectividad Ha/ N2. Una
representaci 6n esquematica de este concepto serepresentaen laFigural.5.3,
donde se pueden observar los recorridos que deben realizar los diferentes
gases para atravesar la membrana.

(a) (h) 2

Pd —1 Pd —IN
Soporte Soporte
cerdmico ceramico

Figura 1.5.3. Representacion esquematica de la distancia minima de difusion del Hz y N2
con una capa selectiva (a) y dos capas selectivas (b) [258].

Por otro lado, diferentes estudios se centran en modificar la
composicidn de los bafios necesarios para formar el recubrimiento, con el
objetivo de mejorar las propiedades finales de la capa selectiva. En este
contexto, se ha demostrado que los bafios que contienen &cido
etilendiaminotetraacético (EDTA) presentan buena estabilidad a diferentes
temperaturas, aungue da como resultado una pureza limitada de la capa de
paladio debido a laincorporacion de depdsitos de particulas de carbono del
complejo EDTA dentro del metal [165,259,260]. Estos depdsitos de carbono
podrian disminuir el rendimiento de la membrana por la formacion de CO,
en algunas condiciones de funcionamiento. Por lo tanto, también se ha
investigado la preparacion de bafios libres de EDTA, logrando rendimientos
de deposicion de paladio aceptables con buena estabilidad de los bafios de
deposicidn en ausencia de este estabilizador [165,259,260].

Otros autores han estudiado lainfluencia de la fluidodindmica entre el
soportey el liquido del bafio. Llegando alaconclusion de que larotacion del
soporte durante el proceso de deposicién aumenta la velocidad de
recubrimiento y la homogeneidad de la capa de Pd, como observaron Chi y
col. [261]. En comparacion con el ELP estético, €l uso de la rotacion del
soporte durante el proceso repercutié en la obtencion de superficies mas
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uniformes y lisas de las membranas de Pd, lo que a su vez mejora su
estabilidad.

A pesar del esfuerzo realizado en la investigacion para mejorar la
calidad y larentabilidad de las membranas de Pd, muchos otros estudios se
centran en disminuir el nimero de membranas rechazadas debido a la
presencia de defectos o grietas durante los procesos de fabricacion. En este
sentido, han aparecido nuevas alternativas para la reparacion de posibles
defectos generados en la superficie de Pd. Por ejemplo, Li y col. [256]
utilizaron los fundamentos del efecto osmético para la incorporacion de Pd
de manera preferentemente en los defectos de la capa de Pd a reparar.
Siguiendo este procedimiento, aseguraron ladesaparicion delosdefectos con
el consiguiente aumento significativo en el factor de separacion de hidrégeno
ideal, sin una reduccion notable del flujo de permeacion ni incremento
significativo del espesor. Con fundamentos similares, Zeng y col. [262]
repararon defectos localizados en membranas soportadas de base Pd. En este
caso, el método fuerza la reaccion quimica para la reduccién del paladio
alrededor de los defectos al alimentar lafuente de metal y el agente reductor
desde lados opuestos de la membrana soportada.

Sobre la base de estos procedimientos de reparacion, otros
investigadores reportaron laadicion por separado delafuente de Pdy el bafio
reductor para la preparacion membranas de Pd directamente sobre soportes
comerciales de acero [50,52,72,146-148]. Este nuevo procedimiento,
denominado Electroless Pore-Plating (ELP-PP), la pared del soporte es
utilizada para mantener separadas la fuente de Pd y la disolucion de
hidrazina. En estas condiciones, la hidrazina difunde preferentemente a
través de los poros del soporte, reaccionando con el complejo amino-paladio
cercadel area de los poros. Idealmente, en caso de una activacion adecuada
de la superficie interna del poro, esta reduccion se inicia desde la porosidad
interna del soporte de una manera similar a método de reparacion
[50,52,263]. Destacaron que es posible disminuir el consumo de lafuente de
paladio y minimizar el nimero de membranas rechazadas siguiendo esta
metodologia, reduciendo consecuentemente el coste total de la preparacion
de membranas. Esto es posible debido a que el contacto entre los reactivos
se vuelve progresivamente mas dificil durante laincorporacion de Pd, hasta
la obtencién del blogueo completo de los poros del soporte, momento en €l
que se detiene el proceso de reaccion. Un esquema sobre la alternativa EL P-
PP se muestra en la Figura 1.5.4. Este proceso dificulta el aumento de la
incorporacion de paladio después de bloguear los poros, en contraste con €l
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incremento de espesor constante alcanzado por ELP convencional, 1o que
resulta en una pelicula completamente densa con un espesor mas reducido.

Disolucan

Fuente de
** paladio

Figura 1.5.4. Esquema del proceso de deposicion de paladio no electrolitico mediante la
alternativa ELP-PP.

A pesar de laincorporacion preferente de Pd en los poros del soporte,
los autores observaron la generacion de una pelicula externa en el soporte de
acero, comercial o modificado, causada por la gran variedad de diametros de
poro existente en los soportes [50,52,263]. La hidrazina no puede pasar a
través de los poros més pequefios ya que estos quedan completamente
cerrados por paladio en un tiempo relativamente corto, mientras que el
agente reductor si puede difundir facilmente a través de los mas anchos,
parcialmente cerrados, hasta la superficie externa en contacto con el bafio de
paladio, donde se forma la capa exterior. De esta manera, se reportd que
varios pardmetros afectan fuertemente a proceso de ELP-PP. (i)
caracteristicas de los poros del soporte (diametro promedio de poros y
porosidad), (ii) formulacién de los bafios utilizados, reductor y fuente
metélica y (iii) relacion entre la longitud de la membrana y volumen de
soluciones.

Finalmente, algunos investigadores proponen la mejora de las
propiedades de las membranas, centrdndose principalmente en un aumento
de la permeacion y la estabilidad térmica de manera simultdnea a la
diminucion de la presencia de defectos, a usar un tratamiento térmico
adicional (> 640 °C) después de la deposicion del recubrimiento de paladio
[43]. Aungue esta alternativa no es estrictamente una mejora del proceso de
deposicion, puede usarse para mejorar |la membrana preparada previamente.
Los avances més relevantes para la incorporacion de Pd por deposicion no
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electroquimica se presentan en la Tabla 1.5.3. Donde lasmejoras clave y los
detalles experimental es se resumen junto a la informacion sobre el material
de soporte, las modificaciones del soporte, el espesor de la capa selectivay
las propiedades de permeacion.

Tabla 1.5.3 Modificaciones al proceso de deposicion ELP para la preparacion de
membranas base en Pd.
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155 Preparacion de aleaciones

Independientemente del uso de un proceso de deposicién no
electroquimica convencional o mejorado, muchos investigadores respaldan
la preparacién de aleaciones en las que €l paladio se combina con algunas
cantidades de otros metales para mejorar el comportamiento de permeacion,
la estabilidad térmica y mecanica y la tolerancia a envenenamiento de la
membrana [57,264-266]. Por lo tanto, en esta seccién se presenta una
descripcion general de |as aleaciones base Pd mas frecuentes, detallando los
procedimientos y principales beneficios obtenidos, asi como las tendencias
recientesy las perspectivas futuras.

El Pd puro puede sufrir el Ilamado fendmeno de fragilizacion por
hidrégeno debido a la expansion de la red cristalina provocada por la
transicion de la fase a a la . Este fendbmeno ocurre cuando el metal esta4
expuesto a unaatmaésfera de hidrégeno atemperaturasy presiones inferiores
a298 °Cy 2 MPa, respectivamente. Esta transicion de fase genera tensiones,
especialmente en el caso de geometrias tubulares, |0 que a menudo conduce
a la ruptura de la capa de Pd y, por lo tanto, a la consiguiente pérdida de
selectividad al hidrégeno de lamembrana. Este inconveniente puede evitarse
trabajando en condiciones de funcionamiento por encima del punto critico
mencionado cuando la membrana estd expuesta al hidrégeno o variando €l
punto de trabajo dentro del diagrama de fasesdel Pd [267]. La Ultima opcion
puede realizarse mediante la aleacion de Pd puro con otros metales, como
por gjemplo, plata [53,174,268-270], cobre [167,170], rutenio [265,271] u
oro [272,273]. Esta demostrado que las aleaciones basadas en Pd con

42



1. Introduccion

concentraciones especificas de estos metales modifican la fase del hidruro
metdlico dentro del diagrama, evitando los fendmenos de fragilizacion
mencionados [28].

Otro problema que afecta negativamente a la permeabilidad de las
membranas densas de base Pd es el envenenamiento irreversible por
contaminantes quimicos, como el mondxido de carbono o € azufre. Estas
mol éculas son quimisorbidas sobre la capa metélica, siendo también posible
una reaccién guimica con hidrégeno para formar especies que bloguean los
sitios activos para la disociacién en la superficie y dificultan la penetracion
del hidrégeno. Algunas aleaciones ayudan a evitar este efecto de
envenenamiento mientras mantienen un factor de separacion de hidrogeno
completo ideal [158], incluso en presencia de compuestos de azufre que
tradicionalmente causan el envenenamiento irreversible en peliculas de Pd
puro [28,170,264,274].

La preparacion de aleaciones eficientes con base de Pd mediante un
proceso de deposicién no electroquimica, con una composicién precisa es
actualmente uno de los hitos mas importantes para la implementacion de
membranas industriales. Como se comenté previamente, la deposicion fisica
en fase vapor ofrece multiples posibilidades para incorporar diferentes
metales ala membrana con un control realmente bueno de la composicion de
la aleacion [62,275-277]. Sin embargo, esta técnica tiene cierta dificultad
para generar capas libres de defectos en superficies rugosasy altos costes de
inversion [61]. Por lo tanto, en lafecha actual, la incorporacion de metal por
deposicion no electroquimica estd ampliamente adoptada [260].

En general, la incorporacion de metales mediante la deposicion no
electroquimica para la preparacion de aleaciones puede realizarse de
diferentes maneras después de una activacion previa del soporte, como se
ilustra en la Figura 1.5.5. Primero, puede utilizarse un bafio Unico que
contenga todos los componentes de la aleacion, es decir, materiales A y B,
depositando de este modo de manera simultédnea todos ellos, denominandose
esta variante como codeposicion (Figura 1.5.5a). En este caso, los
componentesde laal eacin se distribuyen al eatoriamente en la capa sel ectiva
con una composicion similar en ambas direcciones, longitudinal y
transversal. Por o tanto, se favorece la consecucion de una capa homogénea
en composicién en el siguiente tratamiento térmico paraformar la aleacion.
Sin embargo, esta opcion solo es posible en el caso de utilizar metales con
propiedades analogas que puedan reducirse en condiciones similares, como
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por eiemplo el paladio y la plata. Sin embargo, la cinética del proceso de
reduccion suele ser diferente para otros componentes y, en consecuencia, no
es facil definir las condiciones del bafio para lograr la composicion de
aleacion deseada [28,75,278,279]. Otra posibilidad para preparar membranas
de aeaciones de Pd se basa en deposiciones secuenciadles de cada
constituyente, incorporando toda la cantidad requerida de material B sobre
una capa formada previamente por el material A (Figura1.5.5b) o viceversa
(Figura 1.5.5c), ambas alternativas se conocen como deposiciones
secuenciales consecutivas. Otra alternativa de deposiciones secuenciales es
la alternancia de diferentes capas formadas por cada constituyente hasta
lograr lacomposicién 'y grosor deseado (Figura 1.5.5d, e, métodos alternos).
En estos casos, es posible incorporar metales de diferentes bafios utilizando
los mismos o diferentes agentes reductores con lacondicidn de que no ocurra
desplazamiento galvanico. La cinética de los procesos de deposicion se
puede controlar, a igual que la composicion final de la aleacion. El
inconveniente méasrelevante de las deposiciones secuenciales esladificultad
de lograr una buena homogeneidad de la aleacion a través del espesor total
de la capa[280].

Codepasiclion Securack)

Comsecutine Alterne

A+B Rel Asti+nst BeOeBeA
S Eh e e
(=) 1)) lc) Id| (2]

L Cosutterraie A Cantitervan 0

Figura 1.5.5. Diferentes alternativas al proceso de deposicién de aleaciones binarias
mediante la deposicidn no electroquimica: codeposicion (a), deposicidn secuencial
consecutiva (b, ¢) y deposicién secuencial alterna (d, €)[29].

En cualquier caso, siempre se requiere un tratamiento térmico
adicional para lograr la difusion de &omos dentro del material solido para
formar la aleacién, independientemente del uso de alternativas secuenciales
o lacodeposicion paralaincorporacién de los metales. Este proceso, también
conocido como aleado, puede llevarse a cabo bgjo atmosfera inerte
(generalmente utilizando Ar, He o Ny) [167,214,281] 0 en presencia de
hidrogeno [53,162,265,278,282]. L os procesos de aleacion tradicionales para
membranas de base Pd utilizan una atmdsfera inerte a presion ambiental y
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requieren tiempos bastante largos [54]. Sin embargo, desarrollos recientes
prefieren procesos mas rdpidos en atmosfera de hidrogeno a presion. En este
caso, se observé que el hidrégeno disuelto formavacantesen lared cristalina
de paladio, favoreciendo la movilidad de otros componentes de la aleacion
Yy, en consecuencia, reduciendo el tiempo requerido para obtener la aleacion
[273]. Como se menciond anteriormente, las capas preparadas por
codeposicién necesitan tratamientos térmicos mas suaves (tiempos mas
cortos o temperaturas mas bajas) para el aleado completo, en comparacion
con las capas generadas por deposicidn secuencial (consecutivao alternativa)
[163,280]. Teniendo en cuenta que la preparacién de aleaciones con un
control preciso es un desafio decisivo para la aplicacion a gran escala de
membranas basadas en Pd [283,284], las continuacion se resumen algunos
de los avances mas relevantes en este campo, distinguiendo entre la
preparacion de aleaciones binarias y ternarias. Entre la gran cantidad de
aleaciones posibles de diferentes pares de metales, las aleaciones binarias
base Pd son las més frecuentemente estudiadas y utilizadas para la
produccion de hidrégeno.

Como se mencioné anteriormente, la aleacion de paladio con otro
componente puede evitar la fragilizacién por hidrogeno y mejorar las
propiedades mecénicas y quimicas. En algunos casos especificos, la
permeabilidad a hidrogeno puede incluso aumentar, dependiendo de la
composicién de la aleacién. La Figura 1.5.6 muestra € valor de la
permeabilidad del paladio puro y algunas de sus aeaciones. Puede
observarse como en algiin caso pueden superar este valor solo en unaventana
de composicion estrecha, mientras que otras también funcionan en una
amplia gama de composiciones. Las desviaciones respecto a la composicion
objetivo o la diferencia de composicién dentro de la propia capa selectiva
metalica pueden deteriorar notablemente el comportamiento de permeacion
con respecto al paladio puro. Por ejemplo, esto ocurre cuando excede el 36%
0 €l 21% en peso para el caso de aleaciones con plata u oro, respectivamente.
Para las aleaciones de paladio y cobre, las pequefias desviaciones del valor
objetivo de PdssCuso implican una disminucion drastica en la permeabilidad
al hidrégeno.
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Figura 1.5.6. Permeabilidad de H2 en funcion de la composicion de la aleacién de Pd con
Cu, Agy Au a 350°C [284].

Una de las primeras aternativas para la preparacion de aleaciones
binarias de base Pd consiste en laincorporacién de plata, utilizada desde los
anos ochenta para la separacion de isdtopos de hidrégeno [285,286]. La
resistencia a la fragilizacion por hidrégeno mejora significativamente
después de laincorporacion de plata en la capa de paladio [279], asi como la
permeabilidad al hidrégeno original también puede aumentarse para algunas
condiciones particulares [287]. Como se mostré previamente en la Figura
1.5.6, laadicion de plata sobre paladio para preparar una aleacion binaria de
PdA g aumenta la permeabilidad de |lamembrana, respecto al Pd puro, en una
amplia gama de composiciones, desde porcentajes de Ag muy bajos hasta
alrededor del 36% en peso [284]. Particularmente, se demuestra que usando
una composicion de Pd;7AQzs, la permeacion de hidrégeno alcanza un
maximo y, por lo tanto, muchos investigadores de todo e mundo han
adoptado esta composicion como objetivo principal de la composicion de la
capa selectiva. Con respecto al procedimiento de preparacién para obtener
esta aleacibn mediante una deposicion no electroquimica, se pueden
encontrar ampliamente en la bibliografia las aternativas de codeposicién
[163] y deposicion secuencial [280].
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El uso de cobre como elemento de aleacién para la preparacion de
membranas basadas en Pd no solo mejora la resistencia contra la
fragilizacién por hidrégeno, sino que también aumenta ligeramente la
permeacion en comparacion con las membranas de paladio puro a mismo
tiempo que conservala capacidad de permeacion en presencia de mezclas de
gases gue contienen compuestos de azufre [55,191,283]. Ademas, €l cobre
es bastante més barato que el paladio y, por lo tanto, la reduccion porcentual
de Pd en la capa selectiva (composicion éptima alrededor de PdesCuao)
reduce su coste final. La preparacion de las membranas de PACu mediante
deposicion no electroquimica generalmente se lleva a cabo de manera
secuencial incorporando paladio en primer lugar, seguido de cobre, con un
tratamiento de aleado posterior a ata temperatura. En este caso, la
codeposicion estable es realmente dificil debido ala diferente naturaleza de
cada metal y el desplazamiento galvanico del cobre por el paladio debido al
menor potencial de reduccion del primero [288]. Sin embargo, el uso de
aleaciones de PdCu estarestringido aun rango de composicién muy estrecho
y preciso, debido ala caida drastica del permeado de H, cuando se producen
pequefias variaciones en el 40% de contenido de Cu [170,259,289,290].

La adicién de oro en una capa selectiva de paladio aporta beneficios
similares a los obtenidos con el cobre en las aleaciones de base Pd.
Principalmente mejoran la tolerancia al azufre [159], aunque el coste de las
membranas resultantes es mayor debido al elevado precio del oro con
respecto al del cobre y la necesidad de un mayor contenido en paladio para
este tipo de aleaciones, generalmente superior al 80% [284]. Sin embargo,
consta de un amplio rango de composiciones en los que la aleacion PdAu
exhibe una estructura cuibica centrada en las caras, |0 que asegura una mayor
permeabilidad respecto a las membranas de Pd puro [283]. Este hecho es
muy beneficioso para la preparacién de la membrana, ya que es posible
aumentar la permeacién con todos los contenidos de Au inferiores al 21%,
mientras se mantiene la tolerancia al azufre. Entre estas posibilidades, una
composicién de PdgAuso podria presentarse como objetivo, ofreciendo las
mejores propiedades en la membrana resultante [284]. Respecto a la
preparacion de este tipo membranas, el procedimiento ampliamente descrito
en lamayoria de los trabajos publicados es la combinacion de la deposicion
no electroquimica del Pd y la consecutiva incorporaciéon de Au por
desplazamiento galvanico [161,162,279].

Las deaciones binarias mencionadas anteriormente basadas en
paladio, plata, cobre y oro son las alternativas méas cominmente utilizadas
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por los investigadores para la separacion selectiva de Hz. Sin embargo,
también es posible encontrar la combinacion de paladio con otros metales
paralograr ventajas adicionales en la reduccién de costes o €l aumento de la
capacidad de permeacion. En este contexto, la principal limitacion para
explorar nuevas aleaciones es la posibilidad de incorporar los metales
mediante la deposicion no electroquimica, prefiriéndose utilizar la
deposicion fisica en fase vapor [62,277]. Sin embargo, como se detallo
anteriormente, el uso de la deposicién no electroquimica parala preparacion
de membranas selectivas al H. es recomendado en términos de rentabilidad
econémica[34]. En este contexto, se haexplorado el uso de niquel [216,291]
o platino [153,265] para preparar aleaciones base Pd mediante procesos no
electroquimicos. Las membranas soportadas de aleacién Pd-Ni muestran
estabilidad térmica a largo plazo a 300 °C bajo permeacion constante de
hidrégeno [291]. A diferencia de la aleacion PdNi, las aleaciones PdRu y
PdPt [265] mostraron estabilidad térmica a largo plazo a mayores
temperaturas. Las membranas basadas en una pelicula delgada de PdRu
fueron preparadas por codeposicién con contenidos realmente bajos en
rutenio (< 2% en peso) [271], mientras que las membranas de PdPt se forman
alternando capas de Pd y Pt [153] con unacargafinal de platino de alrededor
del 25% en peso.

También se ha considerado que laformulacion de aleaciones ternarias
para combinar simultdneamente las mejoras asociadas a cada componente
[75]. Sin embargo, las investigaciones publicadas sobre la preparacion de
estas aleaciones mediante deposicion no electroquimica alin son escasas, y
se iniciaron hace solamente unos afos. Los primeros trabajos sugieren que
ciertas composiciones particulares parecen alcanzar mejoras adicionales en
las propiedades de la membrana en comparacion con las aleaciones binarias,
en términos de aumento de permeabilidad al hidrogeno y / o la resistencia
quimica[57]. Aleando Pd simultaneamente con otros dos 0 mas metales (por
giemplo, Ag, Cu o Au), es posible mejorar no solo la permeabilidad de la
membrana sino también las resistencias mecénicas y quimicas al
envenenamiento por azufre al mismo tiempo [42,279]. Ademés, el uso de
materiales més baratos, como Ag o Cu, en estas formulaciones reduce el
coste final de la membrana [292-295]. Por otro lado, €l cobre y €l oro
presentan puntos de fusion mas altos que la plata, aunque ligeramente una
menor permeabilidad de sus aeaciones binarias con paladio. Por lo tanto,
agregar estos metales en aleaciones de PdAg para conformar una aleacién
ternaria podria aumentar la estabilidad térmica de la membrana [42,57,296]

48



1. Introduccion

como por ejemplo: PAAgCu [297], PdAgAuU [42] o incluso la combinacién
de ambos sin la adicion de plata (PdCuAu) [278].
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Objetivos

Desde un punto de vista ambiental, la utilizacion masiva de
combustibles fosiles en |os sectores industrial y de transporte constituye la
principal fuente de emision de gases de efecto invernadero responsables del
calentamiento global del planeta, principaimente metano y didxido de
carbono. El uso de hidrégeno se postula como una alternativa atractiva para
paliar esta problemética, lo que previsiblemente incrementaria su demanda
como vector energético durante las proximas décadas. El departamento de
Tecnologia Quimica, Energética y Mecénica de la Universidad Rey Juan
Carlos ha establecido una serie de lineas de investigacion cuyo objetivo es el
estudio y desarrollo de diferentes tecnologias para la produccion,
purificacion y almacenamiento de hidrégeno con € fin de poder
implementarlas de forma satisfactoria en los sectores industrial y de
transporte.

La presente Tesis Doctoral se enmarca dentro de una de estas lineas
de investigacion, y presenta como objetivo principal €l desarrollo de nuevas
membranas compuestas de base paladio que permitan mejorar su capacidad
de permeacién y mantener una adecuada selectividad al hidrégeno y
resistencia mecénica frente a diversas condiciones de operacion.

Para alcanzar este objetivo principal, se han establecido los siguientes
objetivos parciales o especificos:

¢ Moaodificacion superficial de soportes porosos de acero inoxidable
mediante la incorporacién de capas intermedias con el fin de
reducir su rugosidad y tamafio medio de poros originales, para
facilitar laposterior deposicién de unacapade paladio de reducido
espesor mediante |la técnica de Electroless Pore-Plating.

¢ Maodificacion del proceso de activacion superficial de los soportes
necesario paralaposterior incorporacion del paladio con objeto de
lograr una mejor distribucién de los centros de nucleacion en las
zonas de interés.

e Evauacion de la morfologia, capacidad de permeacion,
selectividad hacia el hidrogeno y resistencia de las membranas
preparadas frente a diversas condiciones de operacién que
incluyen presién, temperaturay direccion del flujo de permeado.
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Andlisis de los posibles fendmenos de polarizacion por
concentracion que afectan a la capacidad de permeacion de
membranas de paladio mediante la realizacion de ensayos con,
mezclas de gases en distintas concentraciones a diferentes
condiciones de operacion.

Estudio tecno-econémico de los diferentes tipos de membranas
desarrollados parala seleccion de la alternativa méas prometedora.
Integracion del tipo de membrana de paladio seleccionada en un
reactor de membrana parala producciony purificacion simultanea
de hidrogeno mediante reformado con vapor de &cido acético.
Andlisis de la resistencia mecanica exhibida por la membrana en
estas condicionesy los resultados al canzados en comparacion con
los obtenidos en un reactor de tipo convencional.
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2. Metodologia

2.1 Preparacion de membranas

En el presente trabajo de investigacién se han preparado membranas
selectivas a hidrogeno. Estas membranas estan compuestas por un tubo de
acero poroso, que hace la funcidn de soporte, y una capa metalica de base
paladio, que funciona como membrana selectiva a hidrégeno. Los soportes
de acero utilizados son adquiridos a la empresa “Mott Metallurgical Steel”,
mientras que la capa metdlica es generada mediante deposicion no
electroquimica (ELP).

Respecto al soporte de acero poroso comercial, esta fabricado
mediante pulvimetalurgiaapartir de particulas de acero 316L . Estos soportes
tienen una geometria cilindrica con un diametro exterior de 12,9 mm, un
espesor de pared de 1,9 mmy unalongitud de 150,0 mm. Ademés, el soporte
presenta una porosidad del 20% y un grado de 0,1 um. Este dltimo valor
indica el tamafio minimo de particula que no puede atravesar el soporte,
siendo rechazadas el 95% de las particulas de este tamafio.

Antes de proceder ala deposicion de la capa selectiva se realizan una
serie de etapas, como son el acondicionamientoinicial del soporte comercial,
la modificacién superficial del soporte mediante la incorporacion de capas
intermedias y el proceso de activacion con nucleos de paladio sobre el
soporte modificado. En el presente trabajo se haanalizado el efecto del orden
de realizacion de esta Ultima, habiéndose realizado membranas siguiendo la
secuencia descrita previamente o realizando la activacion directamente sobre
las particulas de manera previa a su incorporacion como capa intermedia.
Una vez realizadas estas etapas, independientemente del orden seguido, se
continua con la deposicion de la capa selectiva mediante deposicién no
electroquimica, concretamente mediante el proceso Electroless pore-plating
(ELP-PP).

211 Acondicionamiento del soporte comer cial

Para comenzar con la preparacion de unamembranalo primero que se
ha realizado es un corte sobre los soportes originales, para adecuar la
longitud del soporte poroso a las dimensiones del reactor. Este corte se
realiza mediante una microcortadora Buehler modelo 1somet 4000, dejando
lalongitud final de los soportes en 30 mm.

Una vez redlizado el corte, para evitar que la presencia de
contaminantes afecte a la preparacion o uso de la membrana se realiza una
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etapa de limpieza en tres pasos. Primero se sumerge el soporte en una
disolucién de &cido clorhidrico 0,1 M durante 5 minutos. Seguidamente se
introduce durante el mismo tiempo en una disolucién 0,1 M de hidréxido
sodico. Para finalizar, se introduce el soporte en una disolucion de etanol
comercial 96% v/v durante 15 minutos. Estas etapas se llevan a cabo en un
bafio de ultrasonidos a una temperatura de 60 °C, realizando un aclarado con
agua desionizada entre etapas.

2.1.2 Modificaciéon superficial de los soportes

Con €l objetivo de disminuir los problemas generales del uso de un
soporte metdlico para la fabricacion de la membrana, se rediza la
modificacion de la superficie mediante la incorporacion de una capa
intermedia de 6xidos mixtos hierro-cromo y posteriormente otra de grafito o
oxido de cerio. Dichos problemas pueden resumirse, principalmente, en un
tamafio medio de poro elevado y con una amplia distribucién de tamafios,
ademés de la posible aparicion de interdifusién metélica entre el soportey la
capa selectiva durante el uso de la membrana. El uso de interfases también
esta normalmente ligado a la obtencion de una membrana mas delgada, o
cual implica una mejora en la capacidad de permeacion de la misma.

21.21 Capaintermedia de éxidos mixtoshierro-cromo

Larealizacion de estainterfase se lleva a cabo a partir de los propios
componentes del soporte de acero 316L, mediante un tratamiento térmico.
Para este proceso se introduce el soporte en una mufla tubular, con una
atmosfera oxidante de aire a600 °C durante 12 horas. Ademas, se hautilizado
una velocidad de calentamiento y enfriamiento de 1,8 °C/min [298].

2.1.2.2 Capaintermediadegrafito

De manera posterior ala generacion de la capa de 6xidos mixtos Fe-
Cr, laincorporacion de la capa intermedia de grafito se aplico directamente
mediante el pintado de la superficie del soporte poroso con una mina de
grafito extraida de un lapicero 2B. Para ello se recubrié completamente toda
lasuperficie del soporte, repitiendo este proceso dos veces de manera previa
alaretira del exceso superficial mediante un lavado con agua. Finalizar, el
soporte modificado es calcinado a 500 °C durante 5 h en aire, para garantizar
la eliminacion de los compuestos organicos que formaban parte de la mina.
De manera andloga a lo realizado en la etapa de generacion de la capa
intermedia de 6xidos mixtos Fe-Cr, la velocidad de calentamiento y
enfriamiento es de 1,8 °C/min.
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2.1.2.3 Capaintermediade éxido decerio

Tras la generacion de la capa intermedia de Oxidos mixtos Fe-Cr, la
incorporacion de laintermedia de CeO; se lleva a cabo mediante un proceso
de recubrimiento por inmersién asistida por vacio (Vacum-assisted Dip-
Coating method). Para ello se prepara una suspensién acuosa con un 10y un
2% en volumen de particulas de Oxido de cerio y alcohol palivinilico,
respectivamente. El soporte se coloca en un dispositivo, similar a
representado en la Figura 2.1.1, el cual sella el soporte mediante el uso de
unas juntas de silicona, permitiendo a mismo tiempo aplicar vacio en el
interior. Una vez realizado dicho montaje, se introduce el conjunto en la
suspension de particulas, aplicando una fuerte agitacion, durante 5 minutos.
Este ciclo de inmersién del soporte en la suspension de particulas de CeO;
se realiza dos veces, dejando un tiempo de secado entre ciclos de 2 horas.
Respecto al vacio, este se realiza Uinicamente en la segunda mitad del dltimo
ciclo, lo que ayudaaladeposicion de las particulasen el interior de los poros
del soporte. Una vez realizados ambos ciclos, se elimina el exceso de
material mediante un lavado con agua desionizada. Para finalizar, se calcina
el soporte modificado a 500 °C durante 5 h en aire, para garantizar la
estabilidad de la interfase eliminando los compuestos organicos que
formaban parte de la suspension. En este caso, la velocidad de calentamiento
y enfriamiento también es de 1,8 °C/min.

En el presente trabajo de investigacion se han realizado interfases de
oxido de cerio con particulas densas y mesoporosas. Las primeras son
adquiridas a la empresa “Alfa Aesar”, por el contrario, las segundas son
sintetizadas mediante nano replicacion usando como plantilla SBA-15.
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Al rticulas de Celh
| ol par iculas de Cell
Juntas de .~ Soporte

e —_—
silicona " | POIos0
.\-H-.- .-

Figura 2.1.1 Esquema del proceso de deposicidn de la capa intermedia.
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2.1.3 Deposicién dela capa selectiva
2.1.3.1 Proceso de activacion

Para poder obtener una capa selectiva delgada, homogéneayy libre de
defectos, es necesario realizar la activacion de la superficie a recubrir de
manera previaalageneracion del recubrimiento. Esta activacion consiste en
ladeposicion de pequefios nlcl eos de pal adio homogéneamente distribuidos.
En este proceso se utilizan dos disoluciones, cuya composicion se recoge en
la Tabla 2.1.1. Los nucleos de paladio se generan mediante la reduccion
directa del paladio metdlico contenido en la sal de cloruro de paladio a
reaccionar con una disolucion reductora que contiene hidracina.

Tabla 2.1.1 Composicién de las disoluciones utilizadas en la activacion.

Componentes Bafio de Pd Bafio reductor
HCI 35% (mi/l) 1,0 -
PdCl2 (g/1) 0,1 -
N2H4 (ml/l) - 10,0
NH4OH 32% (mi/l) - 119,6

En este trabajo, se ha evaluado €l efecto de realizar esta activacion en
dos superficies distintas. En el primer caso, la activacion se realiza sobre la
superficie del soporte metdlico, modificado previamente con las capas
intermedias. Para ello se coloca el soporte modificado en un dispositivo de
Teflén, similar al esquematizado en la Figura2.1.2, el cual permite asegurar
laestanqueidad de la zona interior mediante el uso de juntas de silicona. Este
montaje seintroduce en el bafio de paladio, al mismo tiempo que se afiade el
bafio reductor en el interior. Debido al diferente valor de mojabilidad de
ambas disoluciones con la superficie del soporte modificado, la disolucion
interior empieza adifundir através de los poros hasta entrar en contacto con
ladisolucion exterior, dando lugar ala deposicion de los nucleos de paladio.
Como consecuencia de este proceso de difusion a través de los poraos, los
nucleos se generan tanto en la zona interior de los poros como la superficie
externa del soporte. Esta activacion se lleva a cabo a temperatura ambiente
durante 2 horas, utilizando una relacién volumeétrica de bafio interior/exterior
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de 1/16. Unavez finalizado este proceso, |os soportes se introducen en una
estufa durante 8 horas a 100 °C para su secado compl eto.

w

Fuente de
L] .
paladio

Figura 2.1.2 Esquema del proceso de deposicion de paladio no electrolitico mediante la
alternativa ELP-PP.

El segundo proceso consiste en la activacion superficial de las
particulas de CeO,, de manera previa a su incorporacion como interfase en
€l soporte metalico. Para ello se afiaden las particulas al bafio de paladio y,
aplicando una fuerte agitacion, se dosifica gota a gota el bafio reductor. La
agitacion se mantiene durante 2 horas a temperatura ambiente,
posteriormente las particulas se filtran y secan durante 8 horas a 100 °C en
una estufa. La relacion de cantidades entre particulas, bafio de Pd y bafio
reductor es unade las variables que se analizard en detalle posteriormente en
el apartado resultados.

2.1.3.2 Deposicion depaladio

La deposicién de paadio se rediza mediante un proceso no
electroquimico conocido como Electroless Pore-Plating (ELP-PP), el cual
fue desarrollado previamente en la Universidad Rey Juan Carlos [52]. Esto
método se diferencia de los convencionales por la adicion de la fuente de
paladio y el agente reductor por lados opuestos del soporte. Las disoluciones
utilizadas se recogen en la Tabla2.1.2. Al igual que en el primer método de
activacion, el soporte se monta en un dispositivo (Figura 2.1.2) donde la
disolucion reductora afadida en el interior del soporte difunde atravésdelos
poros, hasta ponerse en contacto y reaccionar con lafuente de paladio situada
en lazonaexterior. Ladeposicion de paladio sellevaacabo a60°C, enciclos
de 2 o0 7 horas hasta conseguir una membrana libre de defectos. Entre ciclos
sereadlizalaextraccion delamembrana del dispositivo, seguida de un lavado
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en agua desionizada y un secado a 110 °C durante 8 horas. La relacion de
volUmenes entre bafio interior/exterior es también de 1/16.

Tabla 2.1.2 Composicion de las disoluciones utilizadas para la deposicion.

Componentes Bafio de Pd Bafio reductor
NH4OH 32% (ml/l) 390,0 -
PdCI: (g/1) 5,4 -
EDTA (g/l) 70,0 -
N2H4 (mif) - 10,0

2.2 Técnicasde caracterizacion

En este apartado se describen las técnicas de caracterizacion
empleadas durante el presente trabajo, tanto para el andliss de lamembrana
obtenida como para los componentes de la misma.

2.2.1 Microscopia electr 6nica de barrido (SEM)

El microscopio electrénico de barrido (SEM) utilizado para la
caracterizacion de los materiales ha sido un equipo Hitachi modelo S-2400N
equipado con detectores de electrones secundarios (SE) y retrodispersados
(BSE). Los primeros, son utilizados principalmente para obtener
informacion topogréfica, mientras que los segundos se usan para obtener
informacion composicional. Ademés, para poder redizar un andlisis
composicional semicuantivo, se utilizé la técnica dispersiva de rayos X
acoplada a SEM. En € presente trabajo de investigacion se ha utilizado la
microscopia electrénica de barrido no solo para analizar la superficie final
de lamembrana, sino también el soporte comercial y laincorporacion de las
capas interfases, asi como cortes transversales de las muestras tras los
ensayos a alta temperatura.

2.2.2 Microscopia electronicadetransicion (TEM)

Un microscopio electronico de transicion (TEM) de la compafia
JEOL modelo JEM-2100 fue utilizado para la caracterizacion inicial de
particulas que posteriormente seincorporarian como capainterfase al soporte
metélico.
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2.2.3 Perfilometria dptica 3D

La perfilometria Optica afiade un escaner vertical de la muestra (gje 2)
a la microscopia éptica convencional. Permitiendo crear una imagen 3D a
partir de la combinacion de las partes de la muestra en foco del plano xy,
paralas distintas distancias focales del gje z. El modelo utilizado es €l Zeta-
20 de la compafiia ZETA Instruments, €l cual permite tomar imagenes a
diferentes magnificaciones, |legando aresolucionesinferioresa0,2 pma500
aumentos. En este trabgjo la perfilometria Optica se utilizo para caracterizar
larugosidad superficial del soporte inicial, asi como después de cada una de
las modificaciones redlizadas sobre el mismo, incorporacién de capas
intermediasy capas selectivas.

2.24 Difracciéon derayos X (DRX)

Los espectros de difraccion rayos X proporcionan informacion
cualitativay cuantitativa de las fases cristalinas presentesen lamuestra. Para
este andlisis se empled un difractdmetro Philips modelo X"PERT PRO
MPD/MRD con K, del Cu (1,54 A) y un monocromador secundario. Estos
resultados se han utilizado para identificar la presencia de fases cristalinas
en el soporte de la membrana, antes y después de cada una de las capas
depositadas, asi como el ordenamiento estructural de algunos de los
compuestos utilizados como capa interfase de la membrana.

2.25 Difraccion laser

Esta tecnologia es aplicada mediante un analizador de tamafio de
particula Mastersizer 2000, €l cual puede evaluar tanto € tamafio como la
distribucion de tamafio de |l as particulas. En este trabajo se ha utilizado dicha
técnica para eval uar estos dos pardmetros comentados previamente, sobrelas
particulas de Oxido de cerio que se incorporan como capa interfase en la
membrana.

2.2.6 Espectroscopia de emision atomica (ICP-AES)

L a técnica de espectroscopia de emisién atdmica de plasma acoplado
por induccion (ICP-AES) permite evaluar la concentracion de un elemento
en disolucion, realizando previamente medidas de calibrado con patrones
certificados. Antes de realizar €l andlisis, se somete a las muestras solidas a
un tratamiento de digestion, para favorecer la disoluciéon de todos los
componentes. En el presente trabajo se ha utilizado un aparato VARIAN,
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modelo Varian Vista AX Pro. Este equipo se ha usado para analizar lacarga
de paladio incorporadaalas particulas de ceria durante |a etapa de activacion.

2.2.7 Gravimetria

Los ensayos gravimétricos se basan en la medida de la ganancia o
pérdida de masa, por diferencia de pesada, que se han producido en una
muestra después de haberlo sometido a un determinado proceso. En este
trabajo se ha utilizado una balanza analitica de alta precisién Kern & Sohn
ABS-4, con una precisién de +0,0001 g. En e presente trabajo de
investigacion se hautilizado el andlisis gravimétrico paraevaluar laganancia
de peso adquirida tras cada incorporacion de capa interfase o ciclo de
deposicion de la capa selectiva. Teniendo en cuenta las dimensiones del
soporte comercial y la densidad del componente a evaluar puede calcularse
un espesor de capa aparente, considerando que todo el material se deposita
sobre la cara externa del didmetro el exterior.

2.2.8 Ensayosde permeacion de gases

Las membranas realizadas se han caracterizado en términos de
capacidad de permeacion realizando una serie de ensayos de permeacion con
gases. Estos ensayos consisten en hacer pasar un gas 0 mezclas de gases a
través de la membrana, en distintas condiciones de presién y temperatura,
analizando el caudal (Qpem) y lacomposicién (Ci) del gas permeado. De este
modo y teniendo el valor del &rea superficial de la membrana (A), se puede
obtener mediante la siguiente ecuacion el flujo de permeado (J):

]i — Qper;ln Cl

Otro factor que determinala calidad de lamembranaeslaselectividad
de esta hacia un producto, en este caso el hidrégeno. Este factor de
separacion (o) se define como la relacion entre el flujo de hidrogeno
permeado obtenido (J."™) y el flujo del resto de gases presentes en €l
permeado (JP*™). Cuando esta medida se realiza alimentando gases puros de
manera independiente (H2 y N», habitualmente) recibe el nombre de factor
de separacién ideal y se expresa como:

(Ec.2.1)

perm

ahy) = ]’;Z—m (Ec. 2.2)

i

Por otro lado, también puede realizar esta medida alimentando una
mezcla de gases. De este modo se obtiene el factor de separacion real, para
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€l cual es necesario analizar la composicion de las corrientes. Ademas de la
selectividad, estos ensayos permiten determinar como afecta la presencia de
otros gases en el alimento a la permeacién de hidrégeno, los cuales pueden
producir fendmenos de polarizacién, inhibicion o contaminacion de la capa
selectiva.

2.2.8.1 Ensayo preliminar: detecciéon defugas

Con €l objetivo de poder determinar cuando una membrana esta
finalizada y lista para ser utilizada en ensayos de permeacion a alta
temperatura, se realiza una prueba preliminar de deteccion de fugas a
temperatura ambiente. Para ello se coloca la membrana en un dispositivo
similar a representado en la Figura 2.1.2, el cual permite presurizar €l
interior con un gasinerte. Unavez finalizado el montaje de la membrana en
el dispositivo, el conjunto se introduce en un recipiente con etanol y se
presuriza €l interior de la membrana con helio (< 3 bar). En estas
condiciones, si la capa metélica depositada presenta alguna discontinuidad,
COMo poros o grietas, el gas interior podra salir a través del defecto dando
lugar a la formacion de burbujas en la superficie. En caso de detectar la
presencia de burbujas se realizan ciclos de deposicion ELP-PP adicionales,
hasta obtener una membrana libre de defectos. A pesar de ser una prueba
sencilla, esta es de gran utilidad a la hora de la seleccionar membranas de
buena calidad.

2.2.8.2 Ensayo depermeacion de gases

Una vez obtenida una membrana con una capa sel ectiva aparentemente
libre de defectos, se procede al montaje de ésta en el sistema experimental
de permeacion representado en la Figura 2.2.1. Esta instalacion cuenta con
tres lineas de entrada que permiten trabajar con hidrégeno, nitrogeno y
dioxido de carbono, de manera independiente o simultanea. Cada linea
dispone de un controlador de caudal masico de gas de la empresa Bronkhorst
Hi-tec, modelo F-201CV-AGD-11-V, con una capacidad de 400 mL/min
(x1%). Estos controladores, FIC-01 para el Hy, 02 para el N2 y 03 para el
CO,, actuan sobre sus correspondientes vavulas, CV-01, 02 y 03, uniéndose
como una Unica corriente de alimentacion a reactor. Por otro lado, se
dispone de una cuarta linea de entrada la cual se utiliza para introducir N>
como gas de arrastre en la zona de permeado. En este caso el controlador
utilizado, FIC-04, es el mismo modelo a los anteriores, pero con una
capacidad maxima 200 mL/min (x1%), el cual actia sobrelavévula CV-04
pararegular el caudal. A lasalida del médulo de permeacién se obtienen dos
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corrientes, permeado y retenido. El permeado esta formado por la cantidad
de gas que ha conseguido atravesar la membrana, mientras que el retenido se
compone del gas que no lo ha hecho. La instalacion cuenta con un medidor
de caudal mésico de gas (FI-01) Bronkhorst Hi-tec modelo F-111B-AGD-
11-V que posee una capacidad méaxima de 200 mL/min (£1%), el cual puede
medir la corriente de permeado o retenido, En funcién de la posicién de las
valvulas manuales V-03, V-04, V-05 y V-06. La composicion de ambas
salidas, permeado y retenido, pueden ser determinadas mediante andlisis
cromatogréfico mediante un MicroGC Varian CP-4900. Debido a la
necesidad de una fuerza impulsora para que se produzca la permeacion, en
este caso una diferencia de presion parcial de hidrégeno entre ambos lados
de la membrana, la instalacién cuenta con un controlador de presién
backpressure Bronkhorst (PIC-01) modelo P-702CV-AGD-11-V, cuyo
maximo son 10 barg. Este controlador actla sobre la corriente de retenido,
mientras que la de permeado se mantiene a presion atmosférica.

cv-04 ) V-04

Figura 2.2.1 Esquema de la instalacién experimental para la permeacion de gases.

Respecto a médulo de permeacidn, éste consiste en un recipiente
cilindrico de acero, €l cual se sella mediante el uso de una junta de grafito.
Alrededor de este se coloca una camisa calefactora que permite alcanzar la
temperatura de operacion, controlada mediante un controlador de
temperatura (TIC-01), modelo Eurothern 2216e, y un termopar tipo K
situado en una zona proxima a la superficie exterior de la membrana. En €l
interior de este cilindro metélico se encuentra la membrana, de 30 mm de
longitud, colocada en una celda metdlica, similar a las utilizadas para la
deposicion de la capa selectiva. En este caso las juntas utilizadas para sellar
el érea de contacto entre membrana y celda son de grafito, debido a la
imposibilidad de usar juntas de silicona a la temperatura de trabajo. Las
lineas de gases del médulo de permeacion estan unidas a dos valvulas
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manuales, V-01y V-02, las cuales controlan la direccion del fluido. De este
modo se obtiene la posibilidad de realizar ensayos con dos direcciones de
permeacién en la membrana, dando lugar a dos modos de operacién,
denominados como in-out y out-in. En e modo in-out, la corriente de
alimento se introduce en €l interior de la membrana, dando lugar a que la
permeacién se produzca desde €l interior al exterior. Por el contrario, en €l
modo out-in el alimento se introduce por el exterior de la membrana,
teniendo que permear el gas hacia la zona interna. Una representacion
esquematica de los modos de operacion se presentaen la Figura 2.2.2.

!

Codigo de colores: = Alimento m Gas de arrastre m Permeado = Retenido

Figura 2.2.2 Esquema de la celda de permeacion de la instalacién experimental
describiendo |os dos modos de operacién posibles: modo in-out (a) y out-in (b).

Utilizando la instalacion experimental previamente descrita se han
realizado ensayos de permeacion a distintas temperaturas (350-450 °C),
incrementos de presion (0,2-3 bar), utilizando los dos modos de operacion
posibles (in-out, out-in). Para ello se han alimentado gases puros (Hz, N2) y
mezclas de estos. Hay que destacar que en las etapas de calentamiento y
enfriamiento se han realizado introduciendo N> por la corriente de alimento
y de gas de arrastre, con una diferencia de presién entre corrientes de 0,2 bar
y utilizando el modo de operacion out-in. De esta manera se pretende
proteger alamembrana del fendbmeno de fragilizacion por hidrégeno, el cual
puede darse en membranas de paladio a temperaturas inferiores a 293 °C en
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presencia de este gas. Una vez alcanzada la temperatura deseada y
manteniendo el N, como Unico gas de alimento, se comprueba el caudal de
la corriente de permeado a diferentes presiones. En caso de haber obtenido
una capa selectiva densa, libre de defectos, no se observard caudal en la
corriente permeado, saliendo todo el caudal alimentado por la corriente
retenido. Posteriormente, se cambialaalimentacion de Nz aH.y seesperaa
realizar las mediciones de caudal hasta obtener un valor de permeado estable.
Para comprobar la estabilidad de las membranas este proceso de
calentamiento, estabilizacién con H, y enfriamiento se repite un minimo de
5 veces antes de evaluar cOmo afectan el resto de variables a la permeacién.
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3. Discusion general

3.1 Incorporacion de capasintermedias

La modificacion superficial de los soportes comerciales utilizados
parala preparacion de membranas soportadas de base paladio, con objeto de
mejorar sus propiedades originales, ha despertado un gran interés en los
ultimos afios. Existe la posibilidad de emplear para tal fin tratamientos de
diversa naturaleza, incluyendo procesos quimicos, mecanicos o
incorporacion de capas intermedias, y todos ellos persguen mejorar las
propiedades superficiales de los soportes en términos de tamafio medio de
poro y rugosidad para asi favorecer la posterior incorporacion de una capa
de paladio de reducido espesor con una buena homogeneidad. En primer
lugar, se busca mantener una porosidad elevada, pero con una distribucion
de tamafio medio de poro lo més estrechay reducida posible para que puedan
ser cubiertos en su totalidad més fécilmente por particulas de paladio.
Ademas, la disminucion de larugosidad superficial original de los soportes
asociadas a este tipo de modificaciones también puede favorecer la posterior
formacién de capas de paladio con menores espesores. Asi, globalmente este
tipo de modificaciones persiguen la adecuacion de la superficie original de
los soportes porosos empleados en la preparacién de las membranas
soportadas para asi facilitar la posterior deposicion de la capa selectiva de
paladio con un menor espesor, pero firmemente adheridas al propio soporte.
De este modo, puede obtenerse un importante beneficio econémico ligado
tanto a la reduccion de la cantidad de paladio, de alto coste, requerido en
cadaunade las membranas como aladisminucion del nimero de membranas
rechazadas debido a problemas de roturas o delaminacion, en servicio o
durante su fabricacion.

En este trabajo de investigacion se ha estudiado como afecta la
incorporacion de distintas capas intermedias a las propiedades superficiales
de soportes porosos comerciales de acero inoxidable 316L (PSS), asi como
ala posterior incorporacion de la capa selectiva de paladio necesaria parala
obtencion de membranas selectivas a H, mediante |a técnica ELP-PP,
desarrollada con anterioridad por el propio grupo de investigacion. Debe
destacarse que estas capasintermedias no seincorporaron directamente sobre
la superficie del soporte comercial, s no que estos fueron previamente
oxidados en aire a 600 °C durante 12 horas, como ya se detallé previamente
en el apartado de metodologia, con objeto de que posibles etapas de
calcinacién requeridas para la incorporacion de estas nuevas capas
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intermedias no afectaran de forma diferente alos propios soportes en funcion
del material empleado.

En este contexto, inicialmente se analiz6 de forma global los posibles
efectos beneficiosos que podria tener la incorporacion de una capa
intermedia adicional en el desarrollo y uso de membranas de paladio
sintetizadas sobre soportes PSS mediante ELP-PP. Para ello, se selecciond
el grafito como material de partida debido principalmente a la simplicidad
del proceso de modificacion. Estas capas se incorporaron pintando
directamente la superficie del soporte PSS previamente oxidado con un lapiz
2B, de forma que el grafito contenido en lamina de este cubriera facilmente
la totalidad de la superficie del soporte. De este modo, no fue necesario €l
disefio y uso de ningun dispositivo especifico. La morfologia de superficie
externa del soporte obtenida tras este tipo de modificacion se analizd
mediante microscopia el ectronica de barrido, recogiéndose unaimagen de la
misma en la Figura 3.1.1. En ella puede observarse cémo las particulas de
grafito se depositaron preferencialmente en las partes mas profundas de la
porosidad externa del soporte, pudiéndose distinguir los granos de acero
pertenecientes al soporte original del grafito afiadido debido ala eliminacion
del exceso de material llevada a cabo en la superficie del soporte. Esto
implica una disminucion considerable del tamafio medio de las bocas de los
poros, que previsiblemente pueden ser cubiertos por paladio con una mayor
facilidad que los originales, de mayor diametro. Esto conduciriano sélo aun
menor coste de fabricacion de este tipo de membranas (por lamenor cantidad
de paladio necesaria para formar una capa continua) sino también por la
mayor capacidad de permeacion de hidrogeno que esta reduccion del espesor
de paladio conllevaria.
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Figura 3.1.1 Imagen SEM de vista superior de soporte de PSS oxidado tras|a
incorporacion de la capa intermedia de grafito.

Para demostrar esta hipétesis, una vez generada la capa intermedia de
grafito se llevé a cabo incorporacion de la capa de Pd selectiva a H-
mediante EL P-PP. En este caso, se consiguio reducir el espesor medio de la
capa selectiva de Pd, estimado mediante andlisis gravimétrico, hasta 17 um,
en contraste con el valor de 30 um necesario cuando el soporte carece de este
tipo de capa intermedia. Analizando el corte transversal de la membrana
(Figura 3.1.2) puede observarse que el espesor real de la capa externa se
mantiene en el intervalo 8-12 um. La diferencia obtenida entre el espesor
real de la capa externa y el anteriormente estimado mediante gravimetria
puede explicarse debido a la presencia de paladio no solo en la superficie
externa del soporte, sino que también en el interior de algunos de sus poros
(hasta una profundidad cercanaalas 35 um desde la superficie externa). Esto
se debe a la propia naturaleza del proceso de deposicion empleado para la
incorporacion del paladio, ELP-PP, en el que las disoluciones que contienen
la fuente de paladio y el agente reductor se alimentan desde lados opuestos
del soporte, encontrandose ambas en los poros del mismo, que es donde se
inicialareaccién de deposicion del Pd.
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Particulas
grafito

V 6.8mm x250 BSECOMP

Figura 3.1.2 Micrografia SEM del corte transversal de la membrana compuesta de Pd con
capa intermedia de grafito a varios aumentos.

Con este tipo de membranas se realizaron ensayos de permeacién de
H, a ata temperatura (350-450 °C) y diferentes presiones transmembrana
(0,5-2,5bar). LaFigura3.1.3 recoge | os principal es resultados al canzados en
estos ensayos, pudiendo observar de forma general el efecto que ambos
pardmetros gjercen sobre los flujos de permeado. En este punto, es necesario
indicar que los valores de flujo presentados hacen referencia a ensayos
Ilevados a cabo con hidrégeno puro. Sin embargo, también se realizaron
ensayos con nitrogeno para evaluar la selectividad de la membrana, no
siendo detectado este gas en la corriente de permeado para ninguna de las
condiciones de operacion analizadas. De este modo, teniendo en cuenta los
flujos de permeado obtenidos y €l limite de deteccion del caudalimetro
empleado para estos experimentos (1 NmL / h), se puede garantizar una
selectividad ideal de la membrana H2/N2 >10.000.

También esimportante destacar que pese a que, de forma general, un
aumento de presion provoca un aumento en el flujo de permeado obtenido,
tal y como predice laley de Sieverts querige el comportamiento de este tipo
de membranas, la interseccion con el origen no es del todo clara Figura
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3.1.3a. Este gjuste lineal puede mejorarse significativamente si se considera
la presencia de una resistencia adicional a proceso de permeacion tipico
basado en un mecanismo de solucién-difusién que se da en membranas
densas, lo que implica la presencia de una minima diferencia de presion
transmembrana para conseguir un flujo de permeado, como se observaen la
Figura 3.1.3b. Esta particularidad, asociada a propio proceso de
incorporacion del paladio mediante ELP-PP y encontrada con anterioridad
para otras membranas, se abordara de forma més extensa con posterioridad.
En cualquier caso, bajo estas premisas, se alcanzaron valores de permeanza
entre 3,24-10* y 4,33-10*mol m2 st Pa®5(350-450 °C), |o que supuso una
significativa mejora respecto a los resultados obtenidos previamente con
membranas que carecian de una capa intermedia (kn2=1,00-10- 2,00 10*
mol m2 st Pa®®) [52]. Esto se debe principalmente a la reduccién del 43%
alcanzada sobre el espesor de la capa de paladio necesario parala obtencion
de una membrana compuesta totalmente densa con la nueva estrategia de
sintesis planteada.

Finalmente, el efecto de la temperatura sobre la operacion de la
membrana se traduce en una energia de activacion de 10,6 kJ mol?, valor
situado dentro del intervalo tipico que exhiben otras membranas de paladio
recogidas en literatura especializada [ 71].

® 350°C R®=0,998
v 375°C R’=0,998
oo
0,104 & 400°C R*=0,998 N 0,10
R
R

® 425°C R’=0,998 °
A 450°C R*=0998 24
00,084 £ 0,08

J (mol/m2 s)

H
o
=
=

0 50 100 150 200 250 0 50 100 150 200 250
0,5 0,5 0,5,
P _ (Pa ) 0,5_ 0,5 ( 0,5)

H,ret H,perm H,ret H,perm

Figura 3.1.3 Ensayos de permeacién de hidrégeno de una membrana con capa intermedia
de grafito después de la deposicion de Pd por ELP-PP: a) ajustando a la ley de Severts
mediante (0,0) y b) considerando la presencia de una resistencia adicional al proceso de

permeacion de Ho.
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3.2 Moadificaciéon de soportes con particulas de CeO2 comercial

Unavez comprobado el efecto beneficioso de laincorporacion de una
capa intermedia en el desarrollo de membranas de paladio compuestas €l
siguiente paso que se realizo fue la seleccion de un material méas adecuado
paralafabricacion de dichas interfases. Teniendo en cuenta las condiciones
de operacion a las que se utilizan las membranas de paladio es importante
encontrar un material que tenga estabilidad quimica y mecanica a
temperaturas superiores a los 350 °C, debido a esto se opto por trabajar con
materiales ceramicos. En concreto se selecciond el 6xido de cerio (CeOy)
debido a su coeficiente térmico de expansién, cuyo valor (12,0-13,0-10°°
°C1) se encuentra entre los otros materiales que conforman la membrana
compuesta, acero inoxidable 316L y paladio (15,0-18,0-10°° °C* and 10,0-
13,0-10°6 °C1, respectivamente). Esto posiciona al 6xido de cerio como un
material a tener en cuenta debido a que el conjunto de la membrana
compuesta sufrird menos con los ciclos de calentamiento y enfriamiento,
evitando asi posibles roturas y/o delaminaciones asociadas a los diferentes
coeficientes de expansion. A diferencia del resto de materiales que se han
incorporado habitualmente como capa interfase, ZrO»-Y 203, Al2Os, SIO,, €l
Ce0; es €l Uinico gue presenta un coeficiente de expansion térmico superior
al del paladio, siendo por tanto el mas cercano al acero inoxidable 316L,
utilizado como soporte poroso. La Figura 3.2.1, muestra los coeficientes de
expansion térmicos mas comunmente utilizados para la preparacion de
membranas compuestas de base paladio, mostrando los valores tanto de los
materiales que forman la capa selectiva (en rojo) como los de |os soportesy
capas interfases (en azul y verde, respectivamente).
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Figura 3.2.1 Coeficientes de expansi6n térmicos de los principales material es utilizados
para la fabricacion de membranas de base paladio selectivas al hidrogeno H2[29].

Una vez seleccionado el 6xido de cerio como material parala capa
intermedia, el siguiente paso fue la seleccion y optimizacion del método de
preparacion de las capas. En este trabagjo se selecciond el método de
recubrimiento por inmersion (dip-coating), debido principalmente a su
sencillez y bajo requerimiento del equipamiento necesario para aplicar
método. Con €l objetivo de anclar en mayor medida la capa intermedia al
soporte poroso se realizd este proceso aplicando vacié al mismo tiempo, 1o
gue promueve la deposicidn de las particulas de ceria en €l interior de la
porosidad del soporte. Para eso se sellaron ambos lados del soporte tubular,
permitiendo la conexién de lalinea de vacio por uno de los extremos (Figura
2.1.1). Unavez montado el soporte poroso en este dispositivo que permite la
aplicacion de vacio, €l conjunto se introduce en una suspension de particulas
de CeO, densas durante 5 minutos, dos veces, aplicando vacio Unicamente
durante la segunda mitad del dltimo ciclo. La suspension utilizada es de base
acuosay contiene un 10y un 2% en volumen de particulas de éxido de cerio
y acohol polivinilico, respectivamente. Siguiendo este método primero se
obtiene una capainterfase gruesa, la cual colapsala porosidad del soporte de
acero inoxidable lo que impediria la posterior deposicion de la capa de
paladio por ELP-PP, debido a que la hidracina del interior del soporte no
podria difundir hacia el exterior através de los poros debido al bloqueo de
las particulas. De este modo, para determinar la cantidad de particulas
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Optimas para la capa intermedia se pusieron 3 grados de retirada del exceso
de material mediante lavados con agua MiliQ. La Figura 3.2.2 recoge las
superficies analizadas con un perfilémetro dptico de los soportes de acero
poroso oxidados sin modificar y modificados con particulas de ceria después
de eliminar el exceso de ceria en distintos grados. Como puede observarse,
el soporte oxidado, identificado como OXI (Figura 3.2.2.8), presenta una
superficie muy rugosa, con un valor de rugosidad mediade Ra= 4,579 £ 0,3
um. La morfologia observada en esta superficie mantiene la morfologia
original de un soporte tipico de acero poroso, como se publicé previamente
[263,298]. La primera muestra analizada que contiene una capa intermedia
de ceria, OX1-CeO,-01, ha sido preparada con el grado de retirada de ceria
mas bajo después del paso de recubrimiento por inmersion asistido con
vacio. Como consecuencia se alcanzé un aumento de peso de 0,0373 g
respecto a propio peso de ese mismo soporte oxidado antes de la
incorporacion de la interfase (Figura 3.2.2.b). Este valor del incremento de
masa asociado a las particulas de ceria es 1o que se considerard como
referenciaparaevaluar y comparar con losotrosgradosderetiradadel exceso
de CeO:.. En estas condiciones, laceriaremanente cubre compl etamente toda
la superficie del soporte oxidado, ocultando por completo todos los poros
originales. Como resultado, se obtuvo la rugosidad superficial media mas
baja de todas|as analizadas con un valor de R, = 1,137 + 0,2 um. La segunda
alternativa, grado de retirada medio (OXI-CeO>-02), genera una mayor
retirada de material, obteniendo un incremento de masa de 0,0219 g de CeO-
en lacapaintermedia (Figura3.2.2.c). En este caso, parte de la superficie del
soporte oxidado puede observarse ya que las particulas de ceria remanentes
se sitlan en el interior de los poros, debido a la retirada de las mas
superficiales en la etapa de lavado. Como consecuencia se obtiene un
aumentando de larugosidad media, respecto a la alternativa anterior, con un
valor de R, de 2,343 + 0,2 um. La ultima modificacion implica el mayor
grado de retirada de particul as de ceria del soporte modificado, (OX1-CeO.-
03), quedando Unicamente las particulas ceramicas colocadas dentro de la
porosidad del soporte metélico ancladas con fuerte adherencia. El peso total
de la ceria remanente se situd en torno a los 0,0165 g, acanzando un ato
valor de rugosidad cercano al del soporte PSS oxidado, Ra= 3,794 + 0,4 um
(Figura 3.2.2.d).
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m CeO, = 0,0373 g
Ra= 1,137 +0,2pm

m CeO,=0,0165¢g

m Ce0,=0,0219¢g R = 39944 0.4um
a=3 +0,4p

Ra=2343+0,2pm

Figura 3.2.2 Morfologia superficial obtenida mediante perfilometria dptica (x500) para €l
soporte PPS oxidado antes (a) y después de la incorporacién de las capas intermedias de
CeO2 con distintos grados de retirada de exceso: OXI-CeO2-01 (b), OXI-Ce02-02 (c) y OXI-
Ce02-03 (d).

Como se ha explicado previamente, las modificaciones de los
soportes comerciales mediante la incorporacion de capas intermedias
ceramicasfacilitan la deposicion de una capadelgada de Pd libre de defectos,
pero también pueden afectar tanto a la resistencia mecanica como a la
permeabilidad del sustrato original, comprometiendo lafutura permeabilidad
de lamembrana compuesta. Debido a esto, para completar |a caracterizacion
de los soportes modificados se debe analizar la permeacion de los mismos,
con €l fin de seleccionar la estrategia méas adecuada para la preparacion de
membranas compuestas selectivas de H,. La Figura 3.2.3 muestra los flujos
de permeado obtenidos como resultados de estos experimentos. Serealizaron
experimentos con nitrégeno puro con diferencias de presion en €l intervalo
de0,5a1,0 bar atemperaturaambiente. El soporte oxidado sin capainterfase
de ceria, estomado como referencia para este estudio, presentando un flujo
en el rango de 0,551-1,233 mol m? s? para las presiones analizadas.
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Figura 3.2.3 Flujo de N2 de los soportes de PSS oxidados y modificados con CeO: a
temperatura ambiente.

Como puede observarse, €l caudal de N, permeado disminuye
progresivamente a medida que aumenta la cantidad de ceria de la capa
intermedia. Asi, el soporte modificado con la mayor cantidad de ceria
(muestra OX1-CeO2-01) presenta el menor caudal para ambas presiones
evaluadas, obteniendo 0,059 y 0,137 mol m? s! para 0,5 y 1,0 bar,
respectivamente. Este hecho se explica debido al blogueo casi completo de
los poros originales del soporte metélico con las particulas densas de CeOs-,
reduciendo de este modo la porosidad abierta original. Ademés, €l uso de
vacio durante la preparacién de la capa intermedia junto al elevado espesor
de la capa intermedia provoca un ato grado de compactacion de las
particulas cerdmicas y, en consecuencia, una marcada disminucién de la
permeacion del sustrato. Por otro lado, en caso de aplicar e grado deretirada
de CeO; mas adto (OXI-CeO,-03), la caida del permeado disminuyo
solamente hasta un 30% (0,341 y 0,769 mol m? s! para 0,5y 1,0 bar,
respectivamente) respecto al soporte oxidado (OXI). Este resultado
evidencia la baja modificacion de la superficie de soporte lograda siguiendo
este procedimiento experimental, como ya se discutiéo anteriormente en
términos de rugosidad externa. Finalmente, también se analizo la situacién
intermedia (OX1-Ce0.-02), retirando parcialmente el exceso de particulasde
CeO, pero manteniendo una buena cobertura de la mayor parte de los poros
y asegurando una adecuada modificacion del soporte para facilitar la
posterior incorporacién de la capa de paladio. En estas condiciones, se
observaron datos de permeacion congruentes entre las anteriores muestras,
con valores de 0,231y 0,529 mol m? s' para 0,5y 1,0 bar, respectivamente.
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En resumen, laincorporacion de una capa intermedia de CeO- sobre
un soporte de PSS oxidado afecta significativamente a la morfologia
superficial resultante y a las propiedades de permeacién (

Tabla 3.2.1), siendo de esperar también cierta influencia sobre la
posterior deposicion de pal adio mediante EL P-PP. Debido ala naturaleza de
este proceso de deposicion, donde la disolucion reductora atraviesa la
porosidad del soporte, cualquier modificacion del soporte puede afectar al
método de deposicion del Pd. Para evaluar este efecto, se llevaron a cabo
algunos experimentos preliminares para depositar la capa de Pd en las
condiciones experimentales éptimas determinadas previamente. Durante
estos experimentos la disolucion reductora de hidracina (con una
concentracion 0,2 M) encontrd una fuerte resistencia a pasar a través de la
porosidad el soporte OXI-CeO»-01, modificado con la mayor cantidad de
particulas de CeO,, debido a colapso de la mayoria de los poros con las
particulas ceramicas. Por otro lado, en el soporte modificado con la menor
cantidad de CeO, (OXI-CeO2-03), la mayoria de los poros externos
originales solo se han reducido ligeramente, |o que dificultala generacion de
unacapade paladio densatotal con un espesor limitado. Por lo tanto, seeligio
utilizar la situacién intermedia que posibilita simultaneamente la reduccion
de la rugosidad superficial y el tamafio de los poros, pero manteniendo un
gran nimero de poros interconectados con un didmetro suficiente para
facilitar ladifusion de lahidracinaatravés del soporte desde el interior hacia
el exterior. La reproducibilidad de este proceso se confirmé mediante la
preparacion de 10 soportes modificados con ceria en condiciones
experimentales analogas, obteniendo en todos los casos una cantidad
incorporada de ceria en torno a 0,0201 + 0,0020 g.

Tabla 3.2.1 Propiedades de | os soportes modificados con capas intermedias de CeQOx.

Capa JIn, (Mol/mZ)
intermedia |2 @ Ra (um) AP=0,50bar AP=1,00 bar
oXI - 4579+ 0,3 0,550 1,233
OX1-Ce0,-01 0,0373 1,137 +0,2 0,059 0,137
OX1-Ce0,-02 0,0219 2,343+ 0,2 0,231 0,529
OX1-Ce0,-03 0,0165 3,794 + 0,4 0,341 0,769

La superficie externa obtenida para la muestra seleccionada (OXI1-
Ce0,-02) se analiz6 adicionalmente mediante microscopia electrénica de
barrido. La Figura 3.2.4 muestra las imégenes de SEM, incluyendo la
superficie del soporte oxidado sin capaintermedia de CeO, (OXI) parapoder
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realizar una comparacion. Como se puede observar, con el soporte oxidado
se obtiene una superficie mas rugosa con una amplia distribucion de
diametros de boca de poros (Figura 3.2.4a), mientras que muchos de estos
poros mas grandes quedan cubiertos con particulas de CeO; tras la
incorporacion de la capa intermedia (Figura 3.2.4b). Observando con mas
detalle en la imagen ampliada, estas particulas cerdmicas permanecen
preferentemente en la parte més profunda de los poros externos del soporte
metélico una vez eliminado el exceso de material, pero manteniendo una
estructura porosa con tamafios de boca de poro mas pequefios. Estos poros
mas pequefios pueden ser cerrados con paladio con mayor facilidad que los
originales, més grandes, |o que promueve la generacion de una capa selectiva
delgada con una alta capacidad de permeacion al H.

Figura 3.2.4 Imagenes SEM de la superficie externa para: (a) soporte PSSoxidado y (b)
modificacion seleccionada mediante la incorporacion de una capa intermedia de CeOz,
OXI-CeO2-02.

Una vez seleccionado el grado intermedio de retirada del exceso de
particulas de ceria como el més adecuado (OXI-CeO--02), el siguiente
objetivo es obtener una capa de paladio continua y sin defectos, 1o que
asegura una elevada selectividad. Ademas, es necesario que ésta tenga la
suficiente resistencia mecanica para soportar las condiciones de operacion a
las que serd sometida. Por otro lado, también se busca un elevado valor de
permeacion de Hy, por lo que serd necesario obtener una capa selectiva
delgadasin que se vean comprometidas las premisas anteriores. Con estetipo
de capa interfase el espesor medio de la capa selectiva de Pd, estimado a
partir de andlisis gravimétricos, fue de 15 um. La Figura 3.2.5 muestra las
imégenes SEM obtenidas de una membrana compuesta de este tipo después
de depositar la capa paladio, incluyendo tanto la superficie externa (Figura
3.2.5a) como lavista del corte transversal (Figura3.2.5b).
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Figura 3.2.5 Imagenes SEM después de la deposicion de Pd por ELP-PP sobre el soporte
modificado OXI-CeO2-02: a) vista superior (antes de |os experimentos de permeacion) y b)
seccion transversal (después de los experimentos de permeacion).

Como se puede observar en laFigura 3.2.5a, la superficie externade
la capa de paadio depositada por ELP-PP presenté una superficie
relativamente lisa con la aparicion de algunas cavidades superficiales. Sin
embargo, estos poros no se pudieron encontrar analizando el cortetransversal
(Figura 3.2.5b), por lo que se establecid que estas cavidades superficiales no
estan interconectadas debido a la incorporacion de paladio dentro de estas.
Teniendo en cuenta la naturaleza y caracteristicas del ELP-PP utilizado en
este trabajo, la presencia de poros externos no implica una baja calidad (en
términos de selectividad de Hy) de la membrana. De hecho, se llevo a cabo
una prueba de fugas preliminar a temperatura ambiente, en la que no se
detectd flujo de gas (helio) en el lado del permeado para todo el rango de
diferencias de presién (hasta 3 bar). Analizando €l corte transversal (Figura
3.2.5b), tanto las particulas de ceria como la capa de paladio pueden
distinguirse féacilmente del soporte PSS. Las primeras se incorporaron
cubriendo parcialmente las bocas de los poros mas grandes del soporte
poroso de acero inoxidable, mientras que el paladio se depositd
simultaneamente en €l interior de los porosy en la superficie externa debido
al paso de la hidracina a través de los poros més grandes, solo parcialmente
cubiertos. Esta morfologia particular, es inherente al proceso ELP-PP s €l
soporte presenta una cierta distribucion de tamafios de poro, ya reportado en
trabajosprevios[50,52,72,147]. En este contexto, se esperaque ladeposicion
de paladio dentro de los poros proporcione un buen anclaje para la capa
selectiva al H; y, en consecuencia, aumentar la resistencia mecanica de la
membrana compuesta. Finalmente, atendiendo al espesor real de la capa
externa de paladio, se puede concluir que en laimagen SEM se observé un
valor muy cercano (alrededor de 15 um) al estimado a partir de los andlisis
gravimétricos. Lo que supuso unareduccion del 50% respecto al valor de 30
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um tomado como referencia, obtenido con membranas desarrolladas
siguiendo el mismo procedimiento experimental, pero sin capaintermedia.

Como se detall6 en el apartado experimental, se realizaron
experimentos de permeacion con gases puros (nitrégeno e hidrégeno) para
determinar las propiedades de este tipo de membranas compuestas a altas
temperaturas, en un rango de 350 a475°C, paraevitar laposiblefragilizacion
por hidrégeno de la pelicula de paladio. Hay que destacar que, para todo el
conjunto de experimentos realizados no se detecto nitrogeno en el lado del
permeado, demostrando de este modo una buena calidad de la membrana.
Después de las pruebas de permeacion con nitrégeno puro, se realizaron 5
ciclos térmicos con hidrégeno puro para analizar la estabilidad de la
membrana y de las medidas de permeado. Para cada ciclo, la celda de
membranase calentd hasta 400 °C en unaatmasfera de nitrégeno, cambiando
la alimentacion de gas a hidrégeno puro para determinar e flujo de
permeacion después de un periodo de estabilizacion de 2 h. Finalmente, se
enfria el sistema en atmosfera de nitrégeno para volver a temperatura
ambiente. En general, hay que destacar que los flujos obtenidos para cada
ciclo térmico variaron levemente con una desviacion que oscilo entre el 1-
2% con respecto al valor promedio determinado de todos los experimentos.
De este modo, €l comportamiento de permeacién de esta membrana OXI-
Ce0,-02, formada por un soporte de PSS oxidado, una capa intermedia de
ceriay una capa selectiva de paladio, puede considerarse estable. La Figura
3.2.6 resume todos los resultados obtenidos en los ensayos de permeacion
con H, puro, donde se muestra el flujo de permeado de H, a distintas
presiones y diferentes temperaturas. La Figura 3.2.6a muestra el ajuste
matemético de los datos medidos, evidenciando unatendencialineal entre el
flujo y la fuerza impulsora que se mantiene independientemente de la
temperatura experimental. A pesar de que un aumento de presién provoca un
aumento del flujo, como sugiere la ley de Sieverts, la interseccion con el
origen (que implica que no hay permeacion cuando no se aplica una fuerza
impulsora) no esclaro. Este gjuste lineal puede mejorarse significativamente
considerando la presencia de una resistencia adicional al proceso de
permeacion (Figura3.2.6b), como ya se sugirié previamente en otrostrabajos
en los que se analizaron membranas compuestas preparadas mediante EL P-
PP [50,72]. Estaresistencia adicional a fendmeno de permeacion implicala
presencia de un valor de presion minimo por debajo del cual no se produce
la permeaciéon de hidrégeno a través de la membrana de paladio. La
contribucion del soporte a este efecto es considerada como insignificante,
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como ya se publicé previamente [50,72]. Sin embargo, es necesario sefialar
que laresistencia adicional a fenémeno de permeacion determinada parala
membrana OX1-CeO,-02 es significativamente menor, en torno al 30%, del
valor previamente determinado para una membrana similar, también
preparada por EL P-PP, pero sin la presencia de una capaintermedia de CeO-
[50,72]. Este nuevo comportamiento podria derivarse de la reduccién de
tamafio de los poros mas grandes del soporte metalico como consecuencia
de la incorporacion de las particulas de ceria, reduciéndose también
parcialmente el espesor delacapaexternade Pdy su penetracion enlosporos
del soporte. En resumen, se alcanz6 un aumento del flujo de hidrégeno
obteniendo una permeanzaen el rango de 4,74-10- 6,35-10*mol m? s! Pa
95 (respecto a los valores tomados como referencia de 1,00-104- 2,00 10*
mol m? s Pa®® obtenido para una membrana ELP-PP similar sin capa
intermedia de ceria[52]). De este modo, se puede garantizar una selectividad
ideal de H, / N2 > 10.000, teniendo en cuenta el limite de deteccion del
caudalimetro de gas utilizado en estos experimentos (1 NmL / h). Ademas,
se calcul6 una energia de activacion de 8,9 kJ mol, valor que esta situado
dentro del rango de otras membranas de paladio reportadas en la literatura
[71]. Como Ultima observacion, también es necesario mencionar que la
membrana exhibié un rendimiento y una estabilidad realmente buenos
durante tiempos prolongados (> 400 h) a alta temperatura (> 350 °C).
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Figura 3.2.6 Ensayos de permeacion de la membrana OXI-CeO.-02 después de la
deposicion de Pd por ELP-PP: a) ajustando a la ley de Severts mediante (0,0) y b)
considerando la presencia de una resistencia adicional al proceso de permeacion de Ho.
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3.3 Moadificaciéon del proceso de activacion, capas intermedias
de 6xido de cerio dopadas con paladio.

Una vez analizados todos los beneficios obtenidos con el uso de
particulas de CeO, comercialesy optimizadas|as condiciones del proceso de
generacion de capas interfases, se propone seguir trabajando con este
material para el desarrollo de capas intermedias. Para seguir mejorando el
rendimiento de este tipo de membranas compuestas se propone la
modificacion del método de activacion previo a la deposicion de paladio
mediante ELP-PP. Como ya se ha comentado anteriormente, la activacion
del soporte es un proceso necesario mediante el cual se generan una serie de
centros de nucleacion de paladio homogéneamente distribuidos. Con este
proceso se consigue favorecer el posterior crecimiento de la capa selectiva
de paladio continuay sin defectos. De modo general este proceso se redliza
sobre el soporte una vez ha sido acondicionado para la deposicién de Pd. En
este trabajo se ha analizado el efecto de la generacion de estos centros de
nucleacion de paladio directamente sobre las particulas de 6xido de cerio de
manera previa a su incorporacion sobre el soporte de acero inoxidable como
capa intermedia. En este apartado se recoge el estudio de optimizacién del
proceso de activacion directamente sobre las particulas de CeO; y sus efectos
sobre el posterior desarrollo de la deposicion de la capa sdlectiva de paladio,
esperando mejorar |os resultados ya obtenidos con las capas intermedias de
oOxido de cerio comercial tanto en términos de disminucion del espesor de la
capa selectivacomo en el aumento de la permeacion de Ha.

Por tanto, de manera previa a su incorporacién como capa interfase las
particul as de CeO- se doparon con nlcleos de paladio. Para el procedimiento
de dopado, la composicién de ambos bafios (fuente metdlica y reductor) es
idéntica a las utilizadas anteriormente para la activacion del soporte. Se
consideraron diversas relaciones entre la cantidad de particulas de CeO. y €l
precursor de Pd, desde 1:6 a 1:36 (vol.). Respecto alarelacion entre el agente
reductor y fuente metélica, esta se mantuvo constante con unarelacién 1:30
(vol.) para todos los experimentos, garantizando de esta manera que se ha
aportado la suficiente cantidad de agente reductor para reducir todos los
iones metalicos. Esimportante destacar que las particul as utilizadas para este
tipo de interfases dopadas con niicleos de paladio son lasmismas alas usadas
previamente en el apartado 3.2. La Tabla 3.3.1 recoge la carga de Pd
alcanzada en las particulas de CeO, después de la etapa de dopado realizada
en las diferentes condiciones experimentales utilizadas (analizada mediante
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espectroscopia de emision atdmica de plasma acoplado por induccién), asi
como laeficienciadel proceso (Ndopado), €Xpresada como larelacion entre los
nlcleos de Pd depositados sobrelas particul as de CeO; y lacantidad de metal
disponible en la disolucion para el dopado.

Tabla 3.3.1 Cargas de paladio obtenidas en las particulas de CeO2 después de |0s procesos
de dopado.

Ratio CeO./Fuente metalica (vol.) Carga Pd (ppm) T dopado (%0)

1.6 92,31 26,21
1.9 186,30 34,91
1:18 569,36 52,40
1:36 1077,95 52,00

Una relacion menor entre la cantidad de particulas de CeO. y la
disolucién que contiene la carga metélica implica una mayor cantidad de
paladio disponible parala generacion de nlcleos de Pd durante el proceso de
dopado. De hecho, se alcanza un aumento de la carga de Pd depositado en
las particulas de CeO- cuando se usa un mayor volumen de disolucién. Una
tendencia similar se obtiene al analizar la eficiencia del proceso de dopaje,
lo que conllevaa un rendimiento méximo de dopaje (M dopado) €N torno al 52%.
Ademés, todas |as muestras exhibieron una buena distribucién de los nlicleos
de Pd alrededor de las particulas de ceria, independientemente de la carga de
Pd alcanzada, aunque se pudo observar un color gris mas oscuro a medida
gue la carga de Pd aumentaba. Por lo tanto, el color amarillo original de las
particulas de CeO, comerciales se convierte progresivamente en un gris
oscuro cuando hay una mayor cantidad de paladio disponible en el medio.
Finalmente, con el fin de evaluar el efecto de cada tipo de particula en la
posterior deposicion de paladio por ELP-PP, se utilizaron todas las muestras
resumidas en la Tabla 3.3.1 para preparar una capa intermedia siguiendo el
procedimiento experimental seleccionado anteriormente como € mas
adecuado. Como resultado, se observé que las particulas dopadas con una
relacion igual o menor a 1:18 (vol.) provocaron una ganancia de peso de Pd
en la membrana después del primer ciclo de ELP-PP similar al obtenido en
caso de utilizar el proceso de activacién convenciona sobre una capa
intermedia previamente incorporada. Por el contrario, en el caso de utilizar
las particulas con las relaciones de 1:6 y 1:9 se obtuvo una ganancia de peso
inferior a la mitad que con las particulas anteriormente mencionadas,
mostrando la poca eficacia de ambas aternativas como proceso de
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activacion. De este modo, teniendo en cuentala gananciade masade paladio
durante el primer ciclo y considerando que la eficiencia del proceso de
dopado parece no aumentar al aumentar la relacién particulas / disolucion,
se han seleccionado las particulas de CeO. dopado con Pd preparado con la
relacion 1:18 (vol.) como las més adecuadas para continuar €l estudio. Estas
particul as cuentan con una carga de paladio de 569,36 ppm.

Igual que en las membranas preparadas anteriormente, antes de la
incorporacion de capa intermedia mediante un recubrimiento por inmersion
asistido con vacio, |os soportes porosos de acero inoxidable (PSS) 316L son
calcinados durante 12h a 600 °C en atmosfera de aire. Estos soportes
mantienen la morfologia externa después del proceso de calcinacion,
presentando una superficie relativamente rugosa con valores de R, en torno
alos 4,579 £ 0,3 um. Esta rugosidad presenta un valor muy cercano a los
obtenidos para los soportes PSS sin modificacion alguna (Ra = 5,082 + 0,4
um). Esta rugosidad externa del soporte PSS calcinado se redujo a la mitad
a incorporar las particulas de CeO, dopadas como capa intermedia,
alcanzando la rugosidad un valor promedio de Ra = 2,726 + 0,4 um. La
Figura 3.3.1 muestra la morfologia externa obtenida mediante perfilometria
Optica de soportes PSS calcinados antes (Figura 3.3.1a) y después de
incorporar la capaintermedia de CeO, dopado con unarelacion de particulas
/ disolucion metélica de 1:18 vol. (Figura 3.3.1b). Como puede observarse,
las particulas de CeO. dopadas (de color blanco) se colocaron
preferentemente alrededor de las areas més profundas cubriendo los poros
mas grandes del soporte de PSS calcinado (de tonos pardos).
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Ra=2,726 + 0,4 um

Figura 3.3.1 Morfologia superficial obtenida mediante perfilometria optica del soporte PSS
calcinado antes (a) y después (b) de la incorporacién de la capa intermedia.

Para analizar la variacion morfolégica de la superficie externa del
soporte, se adquirieron imagenes SEM tras laincorporacion de particulas de
CeO; dopadas como capa intermedia (Figura 3.3.2). Como se comento
previamente la imagen SEM del soporte de PSS calcinado (Figura 3.2.4a)
revel 6 una superficie rugosa con una amplia variedad de didmetros de boca
de poros de hasta unas pocas micras. Esta morfologia cambi6 notablemente
después de la incorporacion de particulas de CeO, dopadas (Figura 3.3.2),
debido a que estas particulas se depositaron principalmente dentro de los
poros mas grandes de la superficie externa del soporte de PSS calcinado.
Ademaés, se generan nuevos poros entre las particulas cerdmicas de la capa
intermedia con un tamarfio de boca significativamente menor gque los poros
originales del soporte, 10 que puede promover la generacion de una capa de
paladio delgada. Analizando esta comparacion, esta nueva superficie es
bastante similar a la obtenida previamente cuando se utilizan particulas de
CeO; sin dopar como capa intermedia (Figura 3.2.4b). De hecho, sobre el
soporte calcinado se incorporaron 0,0184 g de CeO, dopado, obteniendo asi
una variacion por debajo del 8% con respecto a la ganancia media de peso
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obtenida al utilizar particulas de CeO, comerciales directamente como capa
intermedia. Esta similitud entre ambas modificaciones se evidencio también
con pruebas de permeacion con N2 sobre el soporte modificado, obteniendo
con las particulas dopadas valores muy similares a los ya publicados para el
uso de particulas comerciales. Para las nuevas interfases dopadas se
obtuvieron valores de flujo de N2 de 0,299 y 0,784 mol m? s* a temperatura
ambiente paraincrementos de presion de 0,5y 1,0 bar, respectivamente. Con
ambas interfases tanto el diametro medio de los poros, como la rugosidad
externa, se reducen notablemente mientras se mantuvo una permeabilidad
adecuada. Por lo que puede concluirse que el proceso de dopado de las
particulas no af ecto significativamente alas propiedades morfol 6gicas de las
capas intermedias generadas.

Figura 3.3.2 Imagen SEM de la superficie externa del soporte de PSS calcinado después de
la incorporacion de particulas de CeO2 dopadas como capa intermedia.

Respecto a la incorporacion de la capa selectiva, esta se depositd
mediante EL P-PP siguiente el mismo procedimiento detallado previamente.
La Figura 3.3.3 recoge dos micrografias de la superficie externa obtenidas
traslaincorporacion de Pd por EL P-PP sobre soportes PSS modificados con
una capa intermedia formada por particulas de CeO. dopadas. Como puede
observarse, seformé unacapa superior de paladio aparentemente homogénea
y continuasobre la superficie externadel soporte. Esta capa superior presenta
algunas cavidades residuales, como ya pudo observarse también en otras
membranas fabricadas mediante EL P-PP (Figura 3.2.5a). Sin embargo, la
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presencia de estas cavidades en la capa superficial de Pd no perjudico a la
calidad de la membrana en términos selectividad al H,. Este hecho fue
confirmado mediante una prueba de fugas con He a temperatura ambiente,
lo que evidenci6 un buen sellado de todos los poros del soporte con paladio
a no presenciarse flujo de He. Como resultado del uso de una capa
intermedia de 6xido de cerio dopado con nicleos de paladio se logré una
capa selectiva de tan solo 9 um de espesor, estimado mediante analisis
gravimétrico, en contraste con la capa de Pd de 15 um de espesor que se
obtuvo como resultado de la generacion de una capa interfase generada de
manera anéloga con particulas de CeO, comerciales sin dopar. Por o tanto,
se alcanz6 una reduccién del espesor de la capa Pd estimado mediante
gravimetria de un 40% cuando se reemplaza el uso de particulas de CeO-
comerciales sin dopar por particulas de CeO. dopadas con nucleos de Pd
como capa intermedia.

o
7

3 4
15.0kV 9,3:2!11 X350 SE

Figura 3.3.3 Imagenes SEM de la superficie de Pd incorporado por ELP-PP sobre un
soporte modificado con CeO2 dopado a un aumento: (a) x350 y (b) x1000.

La Figura 3.3.4 muestra la vista del corte transversal de una
membrana preparada usando particulas de CeO, comercial sin dopar como
capaintermedia (Figura 3.3.4a) y otra usando las mismas particul as de CeO»
pero dopadas con Pd (Figura 3.3.4b) para su comparacién directa. En ambos
casos, la mayoria de los poros externos de los soportes PSS se rellenan con
paladio, como es habitual en las membranas preparadas mediante EL P-PP.
Lapresenciade Pd dentro de los poros puede explicarse debido a que ambos
reactivos se encuentran dentro de los propios poros, mientras que la mayor
velocidad de difusion de la disolucién reductora de hidracina desde el 1ado
interior del sustrato hacia el exterior puede explicar €l blogueo preferencial
de los poros en la zona méas cercana a la superficie externa del sustrato
tubular. Por otro lado, la distribucién de los poros del soporte PSS
modificado hace que este proceso de difusién a través del soporte sea
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ciertamente heterogéneo, por lo que la hidracina puede llegar hasta la
superficie externa del PSS con mayor facilidad a través de los poros mas
grandes, |o que hace posiblelaformacion de unacapaen lasuperficie externa
continua de Pd. Sin embargo, se pueden apreciar diferencias significativas
en esta capa externa de Pd en caso de utilizar particulas de CeO, comerciales
0 dopadas como capa intermedia. Las membranas de Pd que contienen una
capa intermedia formada por CeO, comercia sin dopar (Figura 3.3.4a),
presentan un espesor de Pd externo real muy cercano al estimado por andlisis
gravimétrico, en el rango de 13-17 um. Esta capa de Pd cubre casi por
completo la morfologia original del soporte de PSS calcinado,
proporcionando una superficie externamuy plana. Por el contrario, el uso de
una capa intermedia formada por particulas de CeO, dopadas con Pd deriva
en una pelicula externa de Pd notablemente més delgada (Figura 3.3.4b) con
alrededor de 5 um, a pesar de la estimacion antes mencionada del andlisis
gravimétrico de 9 um. Ademas, esta capa externa de Pd, al ser mas delgada,
replica megjor la morfologia superficial original del soporte de PSS, sin
recubrir por completo con sobre espesores las bocas de | os poros més anchos.
La nueva distribucion de nicleos de Pd alrededor de cada particula de CeO;
facilita el crecimiento homogéneo de la capa de paladio sobre la superficie
del soporte, evitando los crecimientos heterogéneos en la direccién del
espesor de la propia capa, lo que ayuda a obtener una membrana
completamente densa con menores espesores de la capa selectiva de Pd.
Ademas, el uso de las particulas dopadas también aumenta la cantidad de
paladio que se depositaen el interior de los poros, haciendo que lamembrana
gquede completamente densa con mayor facilidad. De hecho, esto puede
observarse analizando como el espesor externo real de 5 um obtenido
mediante SEM (Figura 3.3.4b), es significativamente menor a estimado
mediante andlisis gravimétrico (te pe= 9 um). Esta diferencia, no se observo
en el caso de utilizar particulas de CeO, sin dopar como capa intermedia,
donde la cantidad de Pd depositado dentro de los poros del soporte poroso
tiene unamenor influenciarespecto alacantidad total del Pd incorporado en
la membrana. Cabe sefialar que ambas membranas, preparadas con capas
intermedias de particulas de CeO, comercial dopadas o sin dopar, se
obtuvieron siguiendo el mismo procedimiento experimental, tanto para la
incorporacion de la capa intermedia como para la capa de Pd, ambos
descritos previamente en la seccién metodol ogia. Por tanto, puede concluirse
gue el nuevo procedimiento experimental aqui propuesto parece ciertamente
atractivo en términos de reduccion del espesor de capa de Pd.
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Figura 3.3.4 Imagenes SEM del corte transversal de las membranas preparadas sobre
soportes PSS modificados con capas intermedias formadas por: (a) CeO2 comercial o (b)
dopado con Pd.

Respecto a los ensayos de permeacion, se han realizado
experimentos con gases puros (N2 y Hz) y mezclas a dif erentes temperaturas
(350-450 °C) y diferencias de presiéon (0,5-2,0 bar). De manera previaala
realizacion de estos experimentos, se realizaron pruebas de fugas con He a
temperatura ambiente para asegurar la continuidad de la capa de Pd, donde
no se observo flujo de gas. Posteriormente, durante los ensayos a alta
temperatura tampoco se detect6 flujo (de N2 en este caso) en la corriente de
permeado para ninguna de las temperaturas probadas, considerando que el
[imite minimo de deteccién del caudalimetro de gas utilizado es 1 NmL h.
Ademas, igual que en los ensayos redlizados previamente para las
membranas con capas interfases de oxido de cerio comercial sin dopar se
realizaron 5 ciclos térmicos secuenciales con un tiempo de operacién
promedio de alrededor de 5 h por ciclo antes de considerar estos datos de
permeado de H, como estables. Los resultados obtenidos se resumen en la
Figura 3.3.5, donde €l flujo de H, se representa frente ala presion parcial de
H. a diferentes temperaturas. Estos resultados muestran que el flujo de H-
permeado aumenta al mismo tiempo que lo hace la fuerza impulsora o la
temperatura. Ademas, se obtuvo unatendencialineal entreel flujoy lafuerza
impulsora, independientemente de la temperatura de funcionamiento. Sin
embargo, como se menciond en las secciones anteriores, puede observarse
como estas tendencias no se observa el punto de corte con el punto (0,0), en
contraste con el comportamiento esperado paralas membranas base Pd segin
la ley de Sieverts (n = 0,5). Este comportamiento particular, ya descrito
previamente, puede explicarse considerando la presencia de una resistencia
adicional al proceso de permeacion, cuando se utiliza el método ELP-PP. La
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resistencia adicional obtenida en este caso para las membranas preparada
usando CeO; dopado como capa intermedia es muy cercana a los valores
obtenidos previamente usando particulas de CeO, comerciales sin dopar.
Siendo el valor de esta resistencia alrededor de un 35% inferior al
determinado para membranas ELP-PP sin capa intermedia, donde el Pd se
deposito siguiendo el mismo procedimiento [38,49]. Teniendo en cuenta este
comportamiento, los valores de permeanza oscilaron entre 4,50-10* y
6,39-10 mol m2 s Pa®® atemperaturas entre 350 y 450 °C. Estos valores
representan un aumento del 30% con respecto al uso de ceria comercial como
capa intermedia. De esta manera, se ha conseguido un aumento en la
permeanza de H; de 4,46-10*a 5,73-10* mol m? s Pa® a 400 °C. Esta
mejora se debe principalmente a la disminucion del espesor de la capa
selectiva de paladio en un 40%, asi como alanuevamorfologiade lapelicula
selectiva H, alcanzada debido al uso del CeO, dopado, como se analizd
previamente en la Figura 3.3.4.

A 450°C R’=0,99944
® 400°C R?=0,99947
m 350°C R’=0,99949

2

(mol/m™:s)

J

T T T T T T
50 100 150 200 250
0,5 0,5 0,5
(Pa™)

Hz,ret Hz,perm

Figura 3.3.5 Flujo de permeado de la membrana preparada con particulas de ceria dopada
como capa intermedia, considerando la presencia de una resistencia adicional al proceso
de permeacién de Ha.

Después de todos estos experimentos a alta temperatura, llevados a
cabo durante méas de 120 h, la membrana mostré una integridad mecénica
completa. Estaresistenciamecanicase confirmé en una prueba de estabilidad
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alargo plazo con Hz puro a400°C y AP = 1 bar, recuperando €l flujo de H»
inicial y manteniendo una permeacién y una selectividad estable
(selectividad H2/N2 ideal > 10.000) a pesar de prolongar el tiempo de
operacion de la membrana hasta 720 h. Como resultado, la membrana
compuesta estuvo funcionando durante més de 30 dias (aproximadamente
850 h) sin ningln problema mecanico.

3.4 Moaodificacion de soportes con particulas de CeO:2
Mesopor 0SO

Una vez analizados los beneficios obtenidos en caso de realizar un
proceso de dopado con nucleos de paladio directamente sobre las particulas
de ceria, de manera previa a su incorporacion como capa intermedia, se
planted otra posible via de mejora respecto al uso de las particulas densas de
Oxido de cerio comercial sin dopar. En este caso en lugar de redlizar una
modificacion quimica sobre la particula comercial, afiadiendo nucleos de
paladio, se propuso modificar la morfologia de las propias particulas. Se
plante6 la posibilidad de usar particulas porosas en lugar de particulas
densas, como se habian utilizado hasta el momento. La idea inicial de este
concepto es conseguir un aumento de la permeabilidad inicial del soporte
modificado con la capa intermedia de particulas, debido a que estas
particulas porosas restringiran en menor media el flujo de gas a través del
soporte.

Estds nuevas particulas se sintetizaron mediante un proceso de
nanoreplicacion usando como plantilla SBA-15, dando lugar a particulas
mesoporosas de 0xido de cerio. Respecto a las propiedades texturales este
material present6 una superficie BET de 135 m?/g, con un tamafio medio de
poro de 10-12 nm. Estas particulas de ceria mesoporosa presentaron un
didametro medio de 100 nm, valor similar al tamarfio de las particulas densas
utilizadas previamente para la preparacion de capas intermedias. La figura
Figura 3.4.1a muestra una imagen TEM de una de estas particulas
mesoporosas, donde puede observarse la presenciade nanoparticulasde ceria
(7-12 nm de diametro) que se unen ordenadamente formando cadenas, que a
su vez se aglomeran dando lugar a las particulas de ceria mesoporosa. Una
vez sintetizadas estas particulas de ceria mesoporosa, se incorporaron sobre
soportes porosos de acero inoxidables, previamente oxidados, mediante el
mismo proceso de recubrimiento por inmersion asistido con vacio descrito
anteriormente para la preparacion de membranas con particulas densas de
oOxido de cerio. Por tanto, €l tipo de particula utilizada parala generacion de
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la capaintermedia es la Unica variable respecto alas membranas preparadas
usando Oxido de cerio comercial sin dopar, ya que estés particulas no se
activaron con nucleos de paladio de manera previa a su incorporacién y la
capa de paladio se depositd también mediante ELP-PP. La superficie final

del soporte modificado puede observarse en la Figura 3.4.1b donde, al igual

que en los casos anteriores, la mayor parte de los poros mas grandes estén
rellenos de particulas, reduciendo por tanto el tamafio medio de las bocas de
los poros, promoviendo de este modo la posterior generacion de una capa
selectiva de paladio delgada. En términos de permeacion con este tipo de
interfases se obtuvo un flujo N2 de 1,233 mol m? s* a temperatura ambiente
con una presion transmembrana de 1,0 bar. Este valor supone solamente una
disminucién del 30% respecto al flujo de N2 obtenido por un soporte sin capa
intermedia, 1o que supone una menor reduccion del flujo de N respecto a

uso de particulas densas (52%). Por tanto, puede concluirse que el uso de las
particulas de ceria mesoporosas implica un mayor flujo de permeado del

soporte modificado, ya que ambos tipos de capas intermedias se prepararon
siguiendo el mismo procedimiento y ambos materiales presentan un tamafio
de particula similar (100 nm).

Figura 3.4.1 Micrografias TEM de una particula de éxido de cerio mesoporoso (a) y SEM
dela superficie externa del soporte PSS calcinado después de la deposicion de particulas.

Respecto a la capa selectiva de paladio, la Figura 3.4.2a muestra la
superficie obtenida, donde se observa una morfologia similar a las
previamente analizadas depositadas también mediante ELP-PP. El espesor
de esta capa selectiva se estim6 en 9 um mediante andlisis gravimétricos. La
Figura 3.4.2b muestra el corte transversal de una de estas membranas, donde
puede observarse como el espesor real de la capa externa de paladio se
encuentraentre 7-12 um, en concordancia con el espesor estimado mediante
gravimetria. De manera andloga a lo que sucedia en € caso de utilizar
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particul as densas, |as particulas porosas se depositaron también en €l interior
de los poros mas grandes.

Figura 3.4.2 Micrografias SEM de la membrana compuesta de Pd preparada sobre un
soporte de PSS con una capa intermedia de OMC: a) Superficie externa y b) Vista del corte
transversal.

En los ensayos de permeacion con H; (Figura 3.4.3)estas membranas
mostraron una capacidad de permeaci on superior alas previamente utilizadas
con interfases de 6xido de cerio denso, tanto comercial como dopado. En
este contexto, se obtuvieron permeanzas de 7,81-10“a 9,91-10* mol m? s
Pa®5 para temperaturas entre 350 y 450 °C, respectivamente, lo que implica
una selectividad ideal aH,N, > 24.000, teniendo en cuenta el [imite minimo

de deteccion del caudalimetro de gas utilizado parala corriente de permeado.
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Figura 3.4.3 Flujo de permeado de la membrana preparada con particulas de ceria
mesoporosa como capa intermedia, considerando la presencia de una resistencia adicional
al proceso de permeacion de Ho.
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Llegado este punto esimportante destacar que también se analizo el
efecto del modo de operacion variando la direccion del flujo de hidrogeno
utilizando los dos modos de operacion que permite la instalacion
experimental: in-out (Figura 3.4.4a) y out-in (Figura 3.4.4b) a temperaturas
y diferencias de presion transmembrana en el rango 350-450 °C y 0,5-2,0
bar, respectivamente. Estos experimentos serealizaron con todos lostipos de
membranas con CeO,, es decir, con interfases de Oxido de cerio denso
(comercial y dopado con paladio) y con 6xido de cerio mesoporoso.

1

Codigo de colores: = Alimento m Gas de arrastre m Permeado = Retenido

Figura 3.4.4 Esquema de la celda de permeacion de la instalacion experimental
describiendo los dos modos de operacién posibles: modo in-out (a) y out-in (b).

Los datos de permeanza obtenidos a 400 °C para todos tipos de
membranas analizados y ambos modos de operacion se recogen en la Tabla
3.4.1. Puede observarse como al utilizar el modo de funcionamiento in-out
los valores de permeanza obtenidos son superiores a los valores alcanzados
en caso de operar usando el modo opuesto, permeando desde el exterior hacia
el interior (modo out-in).
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Tabla 3.4.1 Resumen de |as permeanzas obtenidas a 400°C con |os diferentestipos de
membranas para ambos modos de operacion.

Permeanza de H 400 °C (mol/s m? Pa®®)

Tipo de membrana

In-Out Out-in
CeO;, denso 5,37-10% 4,46-104
CeO, denso dopado 6,39-10 5,73-10*
CeO, Mesoporoso 1,03-10°3 8,82:10*

Esta variacion podria deberse a la incorporacion de Pd en el interior
de los poros del sustrato asociada al proceso de deposicion ELP-PP. Este
hecho provoca que las superficies internas y externas de las peliculas de Pd
sevuelvan significativamente diferentesy, por lo tanto, también |os procesos
involucrados en la permeacion global del hidrogeno através delamembrana.
Para entender mejor esta hipotesis, la Figura 3.4.5 representa una vista
esguematica de una seccion transversal tipica de una membrana ELP-PP,
marcando en diferentes colores las superficies de la pelicula de Pd tanto
externa como interna (rojo y azul, respectivamente). Como se puede
observar, la superficie exterior del paladio es relativamente més lisa en
comparacion con la interior, que presenta una mayor tortuosidad provocada
por lainfiltracion de paladio en el interior de los poros del soporte. De este
modo, la superficie de paladio disponible para la disociacion de H; es
significativamente mayor en el lado interno que en el externo. Por tanto, se
puede adsorber mas H, sobre el lado del retenido de lapelicula de Pd cuando
se trabaja en el modo de operaciéon de in-out y, como consecuencia, se
alcanza una mayor permeabilidad. Por otro lado, al realizar estos ensayos se
puede destacar la resistencia mecanica de las membranas preparadas,
principalmente al trabajar en el modo in-out en el que la presién genera
tensiones de traccion sobre la capa de paladio que podria dar lugar a la
aparicion de delaminaciones de la capa de paladio. Al no producirse este
hecho, queda comprobado el buen anclagje de la capa selectiva al soporte
debido aladeposicién parcial de paladio dentro de los poros que proporciona
el método de deposicién ELP-PP.
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Capade Pd
Poros

Figura 3.4.5 Vista esquemética de una membrana ELP-PP, distinguiendo la superficie
externa (marcada en rojo, @) y la interna (marcada en azul, e) de |la pelicula de Pd
generada sobre €l soporte poroso.

Ademasde estos ensayos con Ha puro en ambos modos de operacion,
se realizaron experimentos con mezclas binarias de H>-N para analizar la
influencia del uso mezclas y los posibles efectos de concentracién-
polarizacién. Los resultados obtenidos para estos experimentos, realizados a
400 °C en los dos modos de funcionamiento posibles (out-in e in-out, Figura
3.4.4), se muestran en la Figura 3.4.6, donde se comparan los resultados
obtenidos para membranas con capas intermedias de CeO, denso comercial
(dopado y sin dopar) y mesoporoso. En general, un aumento del contenido
de N enla corriente de alimentacidn siempre promueve una reduccion en la
permeabilidad al Hs, independientemente del modo de permeacion, a pesar
de tener en cuenta el efecto de dilucion inherente en la mezcla para calculo
de datos. Este comportamiento sugiere la influencia de posibles efectos de
concentracion-polarizacion en la capa de Pd como principal responsable de
la pérdida de permeabilidad. Este efecto es claramente més pronunciado en
el caso de trabajar con el modo de funcionamiento in-out. Hay que recordar
gue las permeanzas al canzadas en esta configuracién (in-out) fueron mayores
gue las obtenidas en caso de operar en sentido contrario (out-in),
manteniéndose esta tendencia para todo el conjunto de experimentos (Tabla
3.4.1). Sin embargo, a pesar de estos valores mayores, la caida en la
permeanza relativa fue mas relevante en la configuracion in-out. Este
resultado particular puede explicarse debido a los diferentes caminos que el
H> necesita seguir para atravesar la membrana compuesta en caso de utilizar
un modo de permeacion u otro.
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Figura 3.4.6 Efecto de la dilucién de la corriente de alimentacién con mezclas binarias de
H2-N2 a 400 °C para membranas con capas intermedias de CeO. comercial (triangulos) o
dopado (circulos) y mesoporoso (cuadrados) para ambos modos de permeacion: in-out
(simbolos rellenos) y out-in (simbolos vacios).

Con € fin de realizar esta explicacion de una manera mas clara, se
han disefiado dos esquemas simples para €l proceso de permeacion al
alimentar mezclas binarias de Hx-N, y operar en los modos antes
mencionados (Figura 3.4.7). Como puede verse en el esquema, a considerar
el modo de operacién out-in (Figura 3.4.7a), el H, puede alcanzar facilmente
la superficie externa de la capa de Pd, penetrando a través de esta capa
mientras el N2 es rechazado. Aungue puede producirse un efecto de
polarizacién-concentracion debido a los movimientos contrarios de las
nuevas moléculas de H; que intentan alcanzar la capa de Pd y las moléculas
de N: rechazadas que regresan a la fase de volumen retenido, la alta
velocidad de la corriente de alimentacion a lo largo de la direccién axial
elimina féacilmente las moléculas de la superficie de Pd, relativamente lisa.
Por el contrario, considerando el modo de operacion de in-out, la corriente
de alimentacién debe primero atravesar el medio poroso, formado por el
soporte acero poroso y la capa intermedia de ceria, antes de llegar a la capa
de Pd (Figura 3.4.7b). Entonces, las moléculas de N rechazadas tienen
mayor dificultad para abandonar el medio poroso, permaneciendo durante
algun tiempo y, por lo tanto, dificultando el transporte de nuevas moléculas
de H- hacia la capa de Pd. Como resultado de estos diferentes procesos, se
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obtuvo una caida mas alta en la permeanza relativa en caso de operar con €l
modo in-out. Por otro lado, pararesumir el efecto delas mezclasbinarias Ho-
N2 sobre las distintas membranas que contienen CeO, como capaintermedia,
se puede afirmar que las capas de Pd con mayor capacidad de permeacion se
ven mas afectadas por la polarizacion por concentracion producida el
alimento de corrientes de H diluidas, a pesar de alcanzar siempre valores de
flujo H. permeado superiores en todas|as condiciones. Este efecto se observa
independientemente de permear desde €l interior hacia €l lado exterior o
viceversa (in-out o out-in, respectivamente).

H,/N, \
. \
.. ,\
: /
v ~ )
NZ

5 \ 4
N
H 2

Figura 3.4.7 Mecanismo de permeacién alimentando una mezcla de hidrdgeno y nitrégeno
en el modo de operacion a) in-out y b) out-in

Para terminar con los andlisis sobre la alimentacion de mezclas
binarias de H.-N;, se completaron los ensayos analizando el efecto de la
temperatura. Estos resultados experimentales se han recopilado en la Figura
3.4.8, donde también se representa la variacién relativa de la permeanza
alcanzada en cada temperaturay modo de operacion, parauna membranacon
particul as de ceria mesoporoso como capa intermedia. Cabe sefialar que las
caidas de permeanza fueron similares para todas las pruebas realizadas a
diferentes temperaturas y concentraciones de N2 en el rango de 350-450 °C
y 0-50% vol., Respectivamente. Ademés, también se mantuvo la influencia
del uso delosmodos de funcionamiento in-out o out-in, obteniendo un mayor
efecto para la primera configuracion. Por ejemplo, la caida de permeanza
relativa observada en el caso de alimentar la mezcla méas diluida (50% en
volumen de N) fue de alrededor del 40% para el modo de operacion de out-
in, mientras que esta caida se produjo hasta un 50% con el modo in-out.
Analizando globalmente todo el conjunto de experimentos, se puede apreciar
que ladesviacion entre todos | os resultados experimentales fue menor al 5%
para cada concentracion de N2 en la mezcla con ambos modos de operacion,
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siendo posible concluir que el efecto concentracion-polarizacion no se vio
afectado sensiblemente por temperatura.
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Figura 3.4.8. Variacion de la permeanza al alimentar mezclas binarias de H2-N2 en distintas
proporciones a diferentes temperaturas y modos de operacién: in-out (a) o out-in (b).

A modo de resumen en la Figura 3.4.9 se pueden comparar algunos
de los pardmetros mas relevantes de los distintos tipos de membranas
preparadas como el espesor de la capa selectiva de paladio estimado
mediante gravimetria (Figura 3.4.9a) y la permeanza de | os distintos tipos de
membranas compuestas (Figura 3.4.9b). Respecto a espesor de la capa
selectiva (Figura 3.4.9a), con el uso de particulas de 6xido de cerio denso
comercial, se consiguio disminuir €l espesor de la capa selectivaen un 50%,
respecto al tipo de membranas tomadas como referencia(sin capaintermedia
de CeO,) pasando de valores de 30 atan solo 15 um. Como consecuenciade
esta modificacion también se consigui6 aumentar la capacidad de
permeacion en un 350% obteniendo una permeanza de 4,46-10 mol m2 s
Pa®° a 400 °C (Figura 3.4.9b), manteniendo una elevada selectividad Hz/N».
Desde este punto se consiguid mejorar el comportamiento de permeacion de
dos maneras distintas: (a) modificando el proceso de activacion del ciclo
ELP-PP, usando particulas de CeO. dopadas con nicleos de Pd y (b)
modificando la morfologia de las particulas de CeO, de la capa intermedia,
utilizando particulas de 6xido de cerio mesoporoso. Con la modificacion (a)
se consiguié aumentar la permeanza a H». en un 400%, respecto a
membranas sin capa intermedia de ceria, obteniendo valores de permeanza
de 5,73-10 mol m2 st Pa®® (Figura 3.4.9b). En términos de espesor de la
capa de paladio, se disminuyd el espesor hasta valoresinferioresalas 10 um
(Figura3.4.9a), estimadas mediante analisis gravimétricos. Esta disminucion
en el espesor de la capa selectiva pudo conseguirse debido a la nueva
distribucion de los nlcleos de paladio generados en las particulas de manera
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previa a su incorporacion como capa intermedia y como consecuencia se
obtuvo el correspondiente aumento de la permeanza.

Por otro lado, sustituyendo las particulas comerciales densas por
particulas mesoporosas, €l espesor final de las membranas de este tipo se
estimé en 12 um (Figura 3.4.9a). A pesar de tener un espesor superior alas
previamente mencionadas, la permeanza al H, aumento en mayor medida,
un 680% respecto a membranas sin capa intermedia de ceria, obteniendo
valores de permeanza de 1,03-10° mol m? s* Pa®° a400 °C (Figura 3.4.9b).
La porosidad de las particulas permite un mejor crecimiento de la capa de
paladio en direccion horizontal (desde la vista del corte transversal),
permitiendo asi reducir el espesor respecto a las particulas densas. Por otro
lado, esta porosidad limita en menor medida el flujo de H, a través de la
membrana, como ya se observé previamente con el N2 en el caso del soporte.
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Figura 3.4.9 Comparacion de los valores de espesores de la capa de paladio y
permeanza para los distintos tipos de membranas desarrolladas.

3.5 Anadlisiseconémico

Una vez andizada tanto la morfologia obtenida como el
comportamiento de las membranas compuestas que han sido preparadas
mediante el uso de diversas capas intermedias, se ha llevado a cabo un
analisis econdémico sobre los costes asociados a la preparacién a escala de
laboratorio, de cada uno de los tipos de membrana planteados con el objeto
de seleccionar laestrategia de sintesis mas adecuada para un posible escalado
y aplicacion industrial. Hay que recordar que todas estas membranas estén
realizadas sobre un soporte de acero poroso de geometria tubular con una
longitud de 30 mmy un didmetro exterior de 12,7 mm. Ademés, en todos los
casos el método de deposicion de paladio utilizado fue el ELP-PP.
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La Figura 3.5.1 muestra un esquema de las distintas etapas necesarias
para la fabricacién de membranas compuestas que contienen una capa
intermedia basada en CeO,, ya sea en forma de particul as densas (dopadas 0
no) o de particulas con unaciertaporosidad interna. A modo de referencia se
han afiadido también las etapas necesarias para la obtencién de una
membrana compuesta de paladio sin que se incluya ningln tipo de capa
cerdmica intermedia adicional. En general, estas etapas se dividen en 2
categorias. modificacion superficial de los soportes (MS) y deposicién de
paladio (DP). Las etapas asociadas a la modificacion superficial de los
soportes engloban su lavado inicial (MS-1), oxidacion (MS-2), deposicién
de la capa intermedia (MS-3), posible necesidad de calcinacion de las
mismas (MS-4) o etapas adicionales para lograr un material con cierta
porosidad intraparticular (sintesis de SBA-15 o proceso de nanoreplicacion,
denominadas como, MS-5 y MS-6, respectivamente). Por otro lado, dentro
del conjunto de etapas asociadas a la deposicién de paladio se encuentran la
activacion del soporte modificado (DP-1), el proceso de ELP-PP para la
formacion de la capa densa de paladio (DP-2) junto con el posterior lavado
y secado tras cada ciclo de deposicién (DP-3). Debe destacarse que €l
proceso de activacion realizado directamente sobre las particulas que forman
lacapaintermedia(“DP-1"), y no sobre el soporte modificado, se haincluido
dentro de la categoria de modificacion superficial a pesar de estar asociado
al proceso de deposicion. También debe destacarse que no es necesario la
realizacién de todas y cada una de las etapas descritas parala sintesis de los
distintos tipos de membrana analizados.

Las caracteristicas particulares de cada una de las disoluciones
utilizadas en las diferentes etapas descritas con anterioridad se recogen en la
Tabla 3.5.1, donde se identifican los reactivos quimicos y materiales
necesarios en cada una de ellas, junto con la cantidad requerida de los
mismos.
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Figura 3.5.1 Esquema de los distintos procesos de sintesis de membranas analizados.

Tabla 3.5.1 Disoluciones utilizadas en la sintesis de | os distintos tipos de membranas.
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Ademés de todos |os productos quimicos y materiales descritos hasta
el momento, el consumo eléctrico asociado a cada una de las etapas
necesarias paralafabricacion de cadatipo de membranatambién se hatenido
en cuenta en este estudio. Por todo ello es importante recordar la escala de
laboratorio considerada para analizar desde el punto de vista econémico los
procedimientos de sintesis desarrollados para las diferentes membranas. En
este contexto, para cada una de las etapas consideradas como necesarias para
preparar unamembrana segun las diferentes estrategias planteadas es posible
gestionar de forma simultédnea un nimero diferente de membranas. Asi, en
lasetapasMS-1, DP-1, DP-2y DP-3 es posible manipular cuatro membranas
simultaneamente, mientras que solo se pueden procesar al mismo tiempo dos
unidades en los pasos MS-2 y MS-4. Por otro lado, los pasos MS-3y DP-1
se realizan de manera individual para cada membrana. Esta informacién es
relevante ya que los costes eléctricos asociados a cada una de |as etapas por
unidad funcional (en este caso, una membrana con longitud de 30 mm)
dependerdn del nimero de membranas que puede procesarse a mismo
tiempo. Teniendo en cuenta todas estas consideraciones, la

Tabla3.5.2 recoge el desglose de nimero de etapas necesarias, cantidad
de cada una de las disoluciones y el consumo eléctrico requerido en cada
caso para lafabricacion de cadatipo de membrana incluido en este estudio.
Este tipo de requerimientos se ha traducido en costes monetarios para un
andlisis més claro. Para ello se tom6 como referencia e coste medio del
kilovatio hora en Espafia en 2020, el cual se fijo en 0,14 €/kWh.

Deformageneral, puede concluirse que el coste global de preparacién
de una membrana sobre un soporte PSS mediante ELP-PP (95,10 €) puede
reducirse notablemente mediante el uso de capas intermedias de ceria. De
este modo segun el tipo de material empleado para este tipo de capas
intermedias, mayor o menor es el nivel de ahorro, alcanzando un coste total
de 65,41 € cuando se emplea una capa intermedia formada por particulas de
Ce0; denso, 66,03 € cuando estas particulas son porosas o 50,05 € cuando
las particulas de CeO, denso son previamente dopadas con nucleos de
paladio. Teniendo en cuenta que el coste del soporte de acero poroso se
mantiene constante para las diferentes alternativas planteadas (32,50 €), se
ha descartado su influencia para proceder a un analisis méas detallado de los
costes asociados a la propia modificacion de éste, incluyendo en este punto
tanto su modificacion superficial como la posterior incorporacion de la capa
de paladio mediante EL P-PP. Como resultado, los costes de estas etapas de
fabricacion, ordenados de mayor a menor son: 62,60 € para una membrana
sin capaintermedia, 33,53 € cuando se incluye una capaintermedia de CeO;
Mesoporoso, 32,91 € cuando las particulas de CeO, empleadas en esta capa
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son completamente densas 0 17,55 € cuando estas particulas de CeO, densas
se dopan con nucleos de paladio antes de llevar a cabo la deposicion de
paladio mediante EL P-PP.
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Tabla 3.5.2 Costes de |as distintas etapas para cada tipo de membrana.
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Para analizar de unaforma mas clara estos resultados, |la Figura 3.5.2
muestra la distribucion de costes asociados a consumo de la fuente de
paladio y otros reactivos, junto al consumo eléctrico para los distintos tipos
de membranas sintetizadas. En general, puede observarse que con ambos
tipos de interfases de CeO, denso se ha conseguido una reduccion en todos
|os gastos asociados tanto al consumo de reactivaos como de electricidad. Sin
embargo, con el uso de interfases de CeO, mesoporoso se obtuvo una clara
reduccion del coste asociado a la fuente de paladio, pero no al consumo
eléctrico y a de otros reactivos, necesarios para la obtencion del propio
material empleado. Esto incluye la sintesis del material SBA-15 empleado
como agente director de la estructura porosa buscada y e proceso de
nanoreplicacion para la obtencion del material final, lo que eleva su coste.
En lineas generales, el uso de CeO, supuso unareduccion del coste total para
la modificacion del soporte en un 47,21 y un 46,44% para particulas densas
Yy Mesoporosas, respectivamente. Por otro lado, la realizacion de la etapa de
activacion directamente sobre las particulas de CeO, denso supuso la mayor
reduccion de costes, un 71,96%.
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Figura 3.5.2 Distribucién de costes de los distintos procesos de fabricacion.

Para finalizar este estudio, se han evaluado los resultados
experimentales obtenidos mediante ensayos de permeacion de manera
conjunta con los obtenidos en el andlisis econémico. Para ello, se hatenido
en cuentalacapacidad de permeacion de cada uno de los tipos de membranas
junto a los costes estimados para su fabricacion definiendo un nuevo
parametro denominado “factor M”, cuyas unidades son €/10* mol m?2 s Pa

108



3. Discusion general

9%, De este modo, el tipo de membrana que minimice este factor sera
seleccionado como més adecuado, ya que ofrecerd una mayor capacidad de
permeacién por unidad monetaria. Como resultado, lamembrana que ofrece
un menor factor M es la que contiene CeO, denso dopado como capa
intermedia, con un valor M=2,80. A continuacién, se sitla el uso de
particulas mesoporosas como capa intermedia, con un valor M= 3,26. Estas
Ultimas, apesar de ofrecer unamayor permeanza que las anteriores (10,3-10°
“mol m?s?! Pa®® frente a6,26:10* mol m2 st Pa®® a 400 °C), pierden esta
ventgja competitiva debido al incremento en su coste de fabricacion (un
1919% superior). Respecto al uso de particulas de CeO, densas, el coste final
obtenido es més del doble de |os mencionados anteriormente, obteniéndose
un factor M=6,13. Por ultimo, lamembrana usada como referencia, es decir,
sin capa intermedia obtuvo €l peor resultado con factor M de 41,73 €/10*
mol m? s! Pa®, La Tabla 3.5.3 recoge a modo de resumen todos estos
resultados. En conclusién, puede afirmarse que las membranas que contienen
una capa intermedia de CeO, denso dopado parecen ser la alternativa méas
prometedora para su escalado a mayores longitudes y su integracion en
reactores de membrana reales.

Tabla 3.5.3 Coste, permeanza y factor M de |os distintos tipos de membranas.

!lh-l;p;l-lli.‘;r!;i; . E;E,_d_r-;- - ;.-rl-:ll__ — ':_tﬂl_ S

e ] {12 50 32,91 1755 1153
Pormmsta B0 molm a7 P ™) 1.5 537 b.25 103
Facioe M S 10 molm ™ 57 ra ™ a1.758 [N ] LG B
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3.6 Escalado eintegracion en sistemas dereaccion

Teniendo en cuenta las propiedades de los digtintos tipos de
membranas preparados junto a los resultados del andlisis econdmico
realizado previamente, se seleccionaron las membranas compuestas de
paladio con unacapaintermedia de 6xido de cerio denso dopado con paladio
como las més adecuadas para su escalado y posterior integracién en un
reactor de membrana. Asi, la preparacion de este tipo de membranas se
escal 6 amayoreslongitudes de | os soportes porosos (7 cm). Con estas nuevas
dimensiones se pudo observar como el aumento de peso asociado a la
incorporacion de la capa intermedia de CeO, se mantuvo proporcional a la
longitud de la pieza. Respecto ala capa selectiva de paladio, se observo una
buena homogeneidad también en la direccién longitudinal, ademéas de
valores de permeanzay espesores similares alos previamente obtenidos con
las membranas de menor longitud. Con respecto a la economia del proceso
de fabricacion, la preparacion de membranas de mayor longitud resulto
beneficiosa en términos de costes, reduciéndose éste de 5,85 a 3,27 €/cm
cuando la longitud de los soportes porosos pasd de 3 a 7 cm. Esto se debe
principalmente a que el escalado a una mayor longitud de las membranas no
es proporcional a la evolucion de las necesidades en reactivos 0 consumo
eléctrico debido a ligeros cambios en el equipamiento experimental y el
factor de economia de escala. De esta forma, el escalado de la membrana en
las condiciones realizadas supuso una reduccion del 44 % por cada cm de
membrana.

Los buenos resultados acanzados durante el escalado de las
membranas permitieron el andlisis de su comportamiento junto al catalizador
de Ni/SBA-15 en forma de pellets en un reactor de membrana real para
producir hidrégeno de alta pureza mediante reformado con vapor de acido
acético. Este particular proceso de obtencién de hidrégeno se selecciond por
su relacion con algunos de |os proyectos de investigacion desarrollados en el
propio departamento, en los que se tratan de valorizar algunos de los
subproductos de la produccion de bioaceites mediante licuefaccion
hidrotérmica de microalgas. Uno de ellos es la fraccidén acuosa generada
durante el propio proceso de licuefaccion de las microagas, cuya
composicién puede simularse mediante el uso de &cido acético como
compuesto modelo. Asi, el desarrollo de este tipo de reacciones en un reactor
de membrana que permita la separacion continua del hidrégeno generado
durante la reaccion quimica permitiria no solo analizar su viabilidad técnica
sino también comprobar la estabilidad mecanicay de comportamiento de las
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membranas preparadas en diferentes casos. La Figura 3.6.1 recoge todos los
resultados alcanzados tras una hora en las diferentes reacciones quimicas
llevadas a cabo a T=450 °C, GHSV=4500 h™* y P=1,0-3,0 bar. Todos estos
resultados obtenidos en el reactor de membrana, denotado como PBMR
(packed bed membrane-reactor) fueron comparados con los resultados
obtenidos en condiciones de operaci 6n equivalente en un sistemade reaccion
tradicional, denotado como PBR (packed bed reactor) en los que no se
producia la separacion in situ del hidrégeno generado en lamisma.

[ 2]
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Figura 3.6.1 Efecto de presion en experimentos de reformado con vapor de acido acético (T
= 450 °C, GHSV = 4500 h 1) en configuraciones PBR (negro, ¢) y PBMR (rojo, e):
conversion de acido acético (a), rendimiento de hidrégeno (b), selectividad de productos en
PBR (c) y PBMR (d). Referencia de equilibrio termodinamico: ---.

Tal y como puede observarse, en términos generales se obtiene un
efecto beneficioso con la incorporacion de la membrana selectiva a
hidrégeno en el medio de reaccién para todas las condiciones analizadas,
tanto en términos de conversion de acido acético como de rendimiento a
hidrogeno, principal producto de interés. En este punto debe destacarse que
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laintegridad mecanica de la membrana se mantuvo durante el transcurso de
latotalidad de los experimentos aqui recogidos, no observandose ningun tipo
de deterioro en la capa de paladio ni un descenso en su selectividad al
hidrégeno.

Analizando con un mayor grado de detalle |os resultados obtenidos en
este estudio, resulta evidente la disminucién obtenida en el avance de la
reaccion de reformado a medida que aumenta la presion cuando se emplea
una configuracién de tipo PBR sin ninglin tipo de separacion simultanea del
hidrégeno generado. Esto se debe al efecto negativo que tiene la presion del
sistema sobre las principales reacciones involucradas en el proceso. De
hecho, las reacciones de reformado con vapor propiamente dichay ala de
descomposicion térmica son las mas af ectadas por un aumento en la presion
debido a mayor aumento del nimero de moles entre productos y reactivos
(An =+ 3). Comparando |os resultados al canzados en esta configuracién con
la implementacién de un sistema de tipo PBMR es evidente el
desplazamiento del equilibrio quimico debido ala permeacion simultanea de
hidrégeno através de la membrana introducida en el sistema, 10 que supuso
un aumento de hasta un 15% en la conversién de &cido acético (Figura
3.6.14). Es sabido que la velocidad de reaccién directa puede favorecerse
eliminando selectivamente uno de los productos del medio de reaccién,
reduciendo consecuentemente la velocidad de lareaccion inversa [299,300].
Estaes unadelas principal es ventajas de trabajar con reactores de membrana
através de las cuales el hidrégeno pueda extraerse de manera simultanea a
la propia reaccién quimica en una Unica operacion [28,301,302]. De este
modo, se podria alcanzar una conversion mas alta manteniendo una
temperatura de funcionamiento constante, tal como ocurre en el presente
caso, 0 mantener un cierto grado de produccion trabajando a unas
condiciones de operacioén menos exigentes (menor temperatura). Esto es lo
que se conoce como intensificacion de procesos. Sin embargo, también se
observa gue este desplazamiento del equilibrio quimico producido por la
permeacion de H, a través de la membrana no pudo compensar las
restricciones termodinamicas derivadas de las condiciones experimentales
utilizadas. De esta manera, el impacto negativo del aumento de presion sobre
la termodindmica del proceso general de reformado con vapor de acido
acético, ya mencionado con anterioridad, prevalece al efecto beneficioso de
incluir una membranaen el sistema pese a que mayores presiones favorecen
una mayor permeacion de hidrégeno, lo que a su vez provocaria un mayor
desplazamiento del equilibrio quimico. En cualquier caso, el efecto
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beneficioso de la incorporacién de una membrana al sistema de reaccion
también se evidencia en la Figura 3.6.1 b, donde se puede observar una
mejora significativa en el rendimiento a hidrégeno a reemplazar la
configuracion PBR convencional por la PBMR, superando incluso los
valores del equilibrio. Este hecho sugiere que se generan diferencias en la
selectividad del producto cuando se combina una extraccion continua de
hidrégeno a través de una membrana altamente selectiva con un catalizador
en un PBMR. Por otro lado, es necesario un andlisis mas detallado para
explicar los resultados alcanzados en la selectividad de los productos en la
corriente de retenido para los sistemas PBR y PBMR en las diferentes
condiciones analizadas (Figura 3.6.1c y 3.6.1d). En este contexto, en todos
los casos se alcanzd una marcada selectividad hacia el hidrégeno, siendo el
valor de esta superior en el caso de utilizar la configuracion PBMR. De
hecho, el hidrégeno fue el principal producto de las reacciones quimicas
involucradas en el proceso catalitico en términos de selectividad, con valores
que oscilaron entre el 35y el 45%, seguido del dioxido de carbono y del
monoxido de carbono, oscilando ambos entre el 20y 30%. Hay que destacar,
que debido al uso de la configuracién PBMR una parte del H. producido
(~9%) se obtienetotalmente separado del resto de productos, con unaelevada
pureza, ya que este se recoge de la corriente de permeado.

En cualquier caso, en lo relativo al objetivo de este trabajo, debe
destacarse que todos estos ensayos del comportamiento de la membrana en
sistemas PBMR se han llevado a cabo en unas condiciones de operacidn no
optimizadas con €l objetivo principal de analizar el comportamiento de las
propias membranas foco de la presente Tesis Doctoral, no tanto el gjuste de
las mismas para maximizar los procesos de generacion de hidrégeno y su
recuperacion. Con tal fin, este tipo de ensayos se consideran suficientes para
demostrar la robustez mecanica de las membranas seleccionadas y la
posibilidad de su integracion satisfactoria en sistemas reales para la
intensificacion de procesos quimicos mediante el uso de reactores de
membrana, pudiendo ser el punto inicial de futuros desarrollos e
investigaciones.
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Conclusiones

Tras analizar todos | os resultados experimentales generados alo largo

de la presente investigacion, se puede concluir que se logré sintetizar nuevas
membranas compuestas de Pd con alta capacidad de permeacion y elevada
selectividad al H» utilizando diversos tipos de capas intermedias entre el
soporte de acero poroso Yy capa selectiva de Pd. Esta conclusién principal se
puede dividir en los siguientes items parciales de acuerdo con |os objetivos
especificos considerados para esta Tesis Doctoral :

El uso de los diferentes tipos de capas intermedias analizadas, basadas
tanto en grafito como 6xido de cerio, permitié reducir el espesor
necesario para lograr una capa de paladio totalmente densa entre un
40-70% en comparacion con el uso directo. de soportes calcinados
para la preparacion de membranas. Esto permitié un aumento de la
permeanza de hidrdgeno en un 250-680% con axznz mayor a 10.000.
En particular, la incorporacion de grafito como capa intermedia
permitio la preparacion de membranas con arededor de 17 um de
espesor de paladio y permeanzas 4,01-10“ mol m2 st Pa®® a 400 °C.
Estos valores representan una mejora significativa de estos
pardmetros, aumentando un 43% y 250%, respectivamente, en
comparacion con el tipo de membranas de referencia (Pd sobre
soportes PSS calcinado).

Este material preliminar fue sustituido por oxido de cerio debido asu
elevada resistencia quimica y mecéanica en las tipicas condiciones de
operacion de una membrana de paladio, ademas de su coeficiente
térmico de expansion, méas cercano al del resto de materiales que
conforman la propia membrana (acero 316L y paladio).
Lasustitucién del grafito de la capaintermedia por particulas de CeO;
densasredujo ligeramente el espesor de Pd hasta 15 pm (reduccion del
50% respecto a las membranas de referencia) y consecuentemente
aumento la permeanza a 400 °C en un 350% hasta5,37-10*mol m? s
1 Pa—O,S_

Lamodificacion del proceso de activacion, realizandose directamente
sobre las propias particulas de la capa interfase antes de su
incorporacion al soporte, generd unamejor distribucién de los niicleos
de paladio. Esto permiti obtener membranas con espesores de la capa
de paladio inferiores a 10 um, lo que supone una reduccion del 70%
con respecto a las membranas de referencia. Este nuevo tipo de
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membranas exhibié permeanzas de hidrégeno a 400 °C en torno alos
6,26-10*mol m2 s* Pa®®, lo que supone un aumento del 400% sobre
los valoresiniciales de referencia.

e Por otro lado, el uso de particulas de CeO, mesoporosas en lugar de
densas presentd importantes mejoras en términos de permeacion. De
este modo se alcanzaron espesores de Pd similares (alrededor de 12
um) pero la permeanza a 400 °C aumento en un 680% (respecto alas
membranas de referencia) alcanzando un valor de 1,03-103mol m? s
1 Pa—O,SI

e En todas las membranas preparadas, a pesar de mantener una alta
selectividad H2/N2 (superior a 10,000), se observaron efectos de
polarizacién por concentracién que disminuyeron los flujos de
permeado en el rango de 10-50%, dependiendo de las condiciones
particul ares de funcionamiento.

e Eneste contexto, serealizé un andlisis tecnoecondmico preliminar de
las estrategias de preparacibn de membranas mencionadas
anteriormente, calculando un nuevo factor M valorar tanto el coste de
fabricacién de la membrana como su capacidad de permeacién. El
resultado se obtuvo con las membranas que contienen particulas de
Ce0;, densas dopadas como capa intermedia, obteniendo un valor de
2,80 €/10* mol m? st Pa®® lo que representa una reduccion del
93,3% respecto alas membranas de referencia (Pd sobre soportes PSS
calcinados).

e Por lo tanto, la estrategia de fabricacion de membranas seleccionada
se aplicd a mayores longitudes de los soportes tubulares, sin detectar
diferencias significativas en la morfologia o la permeabilidad en
comparacion con las membranas més cortas. Estamembranamaslarga
se integré en un reactor de membrana para la produccién de H;
mediante reformado con vapor de &cido acético, manteniendo su
integridad mecénica y aumentando tanto la conversién de &cido
acético como el rendimiento a Hz en un 10% y 9%, respectivamente,
respecto alos valores obtenidos a utilizar un reactor tradicional.
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Recomendaciones para trabajo futuro

A partir de los resultados y conclusiones extraidos de la presente
investigacion, se proponen las siguientes recomendaciones:

e Por Evaluar el efecto de la incorporaciéon de los tipos de capas
intermedias desarrolladas en el presente trabajo sobre soportes de
acero poroso con un grado de porosidad medio mayor al utilizado
actualmente (0,1 um), mucho més econdmicos, con el objetivo de
obtener una mejor relacion entre el coste y la capacidad de
permeacion.

e Desarrollar un proceso de deposicidn en continuo de paladio mediante
ELP-PP, lo que supondria un primer paso en la industrializacion del
proceso.

e Sustituir la actual capa selectiva por una aleacion de base Pd que
permitan tanto elevar la capacidad de permeacion como disminuir los
costes de la propia capa, como es el caso de la aleacion PdAg.

e Madificar el proceso de fabricacion para obtener |a capa selectiva en
la superficie interna de los soportes tubulares. Esto puede reducir los
efectos de polarizacion por concentracion observados en el reactor de
membrana utilizado, debido a su modo de operacion (in-out),
mejorando la capacidad de permeacion durante el proceso de reaccion.

e Adaptar el método de deposicion EL P-PP parala deposicién de capas
selectivas de Pd sobre soportes con geometrias planas, 1o que
permitirialaintegracion de estas en otro tipo de dispositivos.
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Conclusions

In general, after analyzing all the experimental results generated

throughout the present research, it can be concluded that new composite Pd-
membranes with high permeation capacity and almost complete Hy-
selectivity were reached by using diverse intermediate layers between the
porous stainless-steel support and the top Pd-film. This main conclusion can
be divided into the following partial items accordingly to the specific
objectives considered for this Ph.D. Thesis:

Different materials based on graphite or cerium oxide were used as
intermediate layers providing a significant reduction in the range of 40-
70% the required thickness to obtain a fully dense membrane in the
subsequent EL P-PP Pd-film in comparison to the direct use of calcined
supports for the membrane preparation. It was traduced into an increase
of the hydrogen permeance by 250-680% while maintaining ounznz
greater than 10,000 in all cases.

Particularly, the incorporation of a graphite barrier allowed the
preparation of composite-membranes with around 17 um of palladium
thickness and H, permeance of 4.01-10* mol m? s Pa®5 at 400 °C.
These values represent a significant improvement of these parameters,
increasing by 43% and 250%, respectively, in comparison to the
reference membrane (Pd onto calcined PSS supports, taken as
reference).

This preliminary material was replaced by cerium oxide due to its high
chemical and mechanical resistance under the typical operating
conditions for a palladium membrane, in addition to its thermal
expansion coefficient, closer to the other membrane materials (316L
steel and palladium).

The substitution of graphite by dense CeO. particles reduced slightly
the Pd-thickness up to 15 um (overall reduction of 50% respect the
reference membrane) and consequently increased the H» permeance at
400 °C around 350% up to 5.37-10* mol m? st Pa®5,

The activation process with Pd nuclei onto the last membranes
containing dense CeO; particles as intermediate barrier was modified,
directly incorporating the metal sites over the surface of the ceramic
particles before their incorporation onto the support. It generated a
better distribution of these Pd nuclei, making possible to reduce the Pd-
thickness below 10 pm, which represents a reduction of 70% regarding
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the reference membrane. This type of membranes exhibited Ho-
permeances at 400 °C of around 6.26-10* mol m? s* Pa®®, representing
an increase of 400% over the initial reference values.

e  On the other hand, the use of mesoporous CeO. particles instead of
dense ones generated noticeable improvements in terms of permeation
performance. In thisway, similar Pd thicknesses were reached (around
12 pm) but the H, permeance at 400 °C increased in 680% to reach the
value of 1.03-10°* mol m? s* Pa®.

o In all the membranes, despite maintaining a high Ha/N» selectivity
(greater than 10,000) even while testing binary gas mixtures with
diverse concentration formed by H. and N, clear concentration-
polarization effects were observed, decreasing the permeate fluxes in
the range of 10-50% depending on the particular operating conditions.

e In this context, a preliminary techno-economic analysis of the above-
mentioned membrane preparation strategies was performed, calculating
a new M-factor to relate the membrane fabrication cost and its
permeation capacity. The lower value was reached for ELP-PP
membranes containing doped dense CeO. particles as intermediate
layer, obtaining 2.80 €/10* mol m? st Pa®S, which represents a
reduction of 93.3% compared to other ELP-PP membranes directly
prepared onto calcined PSS supports.

o  Therefore, the selected membrane fabrication strategy was scaled-up to
longer lengths of the tubular PSS supports, not detecting an appreciable
difference in either morphology or permeance in comparison to the
previous membranes. This longer membrane was integrated into a
membrane reactor for H, production by acetic acid steam reforming,
maintaining its mechanical integrity while increasing both the
conversion of acetic acid and the H; yield by 10% and 9%, respectively,
concerning the obtained values when using a traditiona packed-bed
reactor.
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Recommendationsfor futureworks

Taking into account the results and conclusionsincluded in the present
Doctoral Thesis, the next recommendations are enounced for future works:

e Incorporating the developed intermediate layers onto porous steel
supports with an average pore size greater than the currently used (0.1
um), cheaper, with the aim of obtaining a better relationship between
cost and capacity permeation.

e The development of a continuous Pd deposition process by EL P-PP,
which would be afirst step in the process industrialization.

e Replace the current selective layer with a Pd-based alloy that allows
to increase the permeation capacity and to reduce the costs of the layer
itself, such asthe PdAg alloy.

¢ Modify the manufacturing process to obtain the selective layer on the
inner surface of the tubular supports. Thisfact can reduce the observed
concentration polarization effects in the used membrane reactor, due
to its operation mode (in-out), improving the permeation capacity
during the reaction process.

e Adapt the ELP-PP deposition method for the Pd deposition onto flat
supports, which would allow their integration in other types of
devices.
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Abstract: Hydrogen promotion as a clean energy vector could provide an efficient strategy for
realizing real decarbonization of the current energy system. Purification steps are usually required
in most Hp-production processes, providing the use of Pd-based membranes, particularly those
supported on porous stainless steel (PSS), important advantages against other alternatives. In this
work, new composite membranes were prepared by modifying PSS supports with graphite, as an
intermediate layer, before incorporating a palladium film by electroless pore-plating. Fully dense
Pd layers were reached, with an estimated thickness of around 17 um. Permeation measurements
were carried out in two different modes: H, permeation from the inner to the outer side of the
membrane (in-out) and in the opposite way (out-in). H, permeances between 3.24 x 107* and
433 x 107* mol m~2 s~! Pa=0% with a2 = 10,000 were reached at 350450 °C when permeating
from the outer to the inner surface. Despite a general linear trend between permeating H, fluxes
and pressures, the predicted intercept in (0,0) by the Sieverts” law was missed due to the partial
Pd infiltration inside the pores. Hj-permeances progressively decreased up to around 33% for
binary H,—-N, mixtures containing 40 vol% N; due to concentration—polarization phenomena. Finally,
the good performance of these membranes was maintained after reversing the direction of the permeate
flux. This fact practically demonstrates an adequate mechanical resistance despite generating tensile
stress on the Pd layer during operation, which is not accomplished in other Pd membranes.

Keywords: hydrogen; composite membrane; palladium; electroless plating; intermediate layer;
graphite

1. Introduction

Human activities and lifestyles with a high industrialization level, excessive consumerism,
and global mobility require large amounts of energy, mainly covered by fossil fuels that cause
significant environmental problems [1,2]. The promotion of hydrogen as a clean energy vector could
provide a very efficient strategy for realizing real decarbonization of the current energy system without
compromising the continuous growth of the economy [3,4]. Moreover, hydrogen can be obtained from
a wide variety of feedstock [5], including hydrocarbon molecules not only from fossil fuels but also
from biomass [6] or waste materials [7], as well as ammonia [8] or water [9], among others. In this
manner, the use of current mature technologies at the first stages may facilitate a progressive transition
to real green hydrogen; meanwhile, other complementary technologies for its transport and storage
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can be developed to an acceptable standard [10,11]. During this period, which probably will take some
decades, pure hydrogen will not be directly produced but will be mixed with other gases such as
carbon monoxide, carbon dioxide, nitrogen, or steam. Therefore, additional separation steps will be
required to adjust its purity for each application. Among diverse technologies, the use of Hy-selective
membranes provides substantial advantages against other options, such as simplicity, low energy
requirements, flexible operation, and moderate cost [12,13]. Moreover, process intensification could be
reached by combining both chemical reaction and separation in a unique device, a membrane reactor,
where the membrane continuously extracts almost-pure hydrogen from the reactive area [14-16].

In this context, fully dense Pd membranes are especially suitable for these applications due to
their ideal complete selectivity toward hydrogen, relatively high permeability, and the possibility
to work at high temperatures as usually required for most of the reactions [17,18]. A key aspect for
these membranes is to reduce as much as possible the thickness of the Pd film to save costs and
increase the permeate flux [19,20]. One of the most frequent strategies is to consider a composite
structure for the membrane, in which the palladium is deposited as a thin layer onto a porous substrate
that provides the required mechanical resistance for the set [12,21]. However, more staked layers
can also be generated to modify the original properties of the porous support [22,23] or protect the
Hj-selective film against certain molecules or particular operating conditions [24,25]. In those cases,
the final mechanical properties of the system should be carefully addressed under operation because
the possibility of a dramatic failure of the membrane noticeably increases with the number of stacked
layers made of different materials.

Moreover, an eventual unacceptable cost for membranes with a certain number of layers or
materials must also be considered for their industrial implementation in multiple processes. In this
context, an extremely facile, low-cost, but effective technique for modifying porous alumina substrates
with a graphite lead pencil was proposed for the first time by Hu et al. [26]. They achieved membranes
with Pd thickness of around 5 um by conventional electroless plating (ELP), permeate of 25 m®m=2h!
(at 1 bar and 450 °C), and ideal Hy/N; separation factor of up to 3700. The same authors followed
this strategy for obtaining bi-functional membranes in which the alumina support is doped with Ni
particles to prevent the presence of residual amounts of carbon monoxide in the permeate stream [27].
Terra et al. [28] used a similar strategy for the generation of a graphite-based intermediate layer but
manually spreading the powder obtained by the milling of a commercial 2B pencil onto the outer
surface of alumina hollow fibers. This interlayer allows 25% thinner Pd films to be made with complete
H,-N selectivity and a permeance of 1 X 107® mol m™2 s™! Pa™! (at 450 °C). Wei et al. also applied a
pencil coating to modify the original surface of macroporous stainless steel supports [29]. They detected
some delamination problems but finally reached a Pd thickness of around 7 pum and H, permeance of
443 m® m=2 h~! kPa=0% (at 450 °C) after applying vacuum during the intermediate layer incorporation.
However, these membranes also evidenced limited ideal Hy/N; separation factors below 150. It should
be noted that all these membranes containing graphite as interlayer were always tested by applying the
higher pressure on the outer surface of the membrane, where the Pd film is placed. Thus, all membranes
work under the most favorable conditions, with only compression stress that eventually protects
any delamination.

Besides the intrinsic material compatibility of stacked layers in any composite membrane,
the technology applied for the deposition of the top Pd film could also noticeably improve the
mechanical resistance of the overall system. In the last years, a modification of the traditional electroless
plating alternative in which the main reactants are separated by the wall of the porous support during
the entire deposition process has exhibited very promising results in terms of Pd-thickness reduction
and mechanical stability [17,22,30]. This alternative, denoted as electroless pore-plating (ELP-PP),
has been satisfactorily applied onto both raw ceramic and metallic porous substrates or modified ones
with different intermediate layers such as mixed iron-chromium oxides [31], ceria [22], or SBA-15 [32].

The present study tries to combine, for the first time, an adequate porous stainless steel (PSS)
substrate modification with graphite lead as an interlayer with the typical mechanical strength of
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the Pd film provided by ELP-PP. In contrast to other materials used as intermediate layer when
preparing previous ELP-PP membranes, graphite has a greater ductility, thermo-electrical conductivity,
and extreme resistance against thermal shocks while presenting a relatively low-cost. Moreover,
previous studies in which this intermediate layer based on graphite was deposited onto tubular PSS
supports evidenced some limitations for reaching ultra-high Hj selectivities, as previously mentioned.
Therefore, we consider that this contribution could provide further insights and possibilities for
this particular type of Hp-selective composite membrane. This manuscript addresses the membrane
fabrication and also evaluates the membrane’s permeation behavior under a wide variety of operating
conditions, including contrary permeation flux directions. This point is especially interesting, since few
studies have carried out permeation experiments at unfavorable conditions in terms of tensile stress
generation, for example collecting the permeate flux from the outer side of tubular membranes where
both intermediate layer and Pd film are placed on the external surface of the porous support.

2. Materials and Methods

2.1. Membrane Preparation

In this work, tubular porous stainless steel (PSS) tubes with 0.1 um media grade and 12” outside
diameter, purchased from Mott Metallurgical Corp. (Farmington, CT, USA), were used as support
for the Pd composite membranes’ preparation. The original tube of around 60 cm in length was cut
into shorter pieces of 30 mm. After that, the general procedure followed for the preparation of the
membranes consisted of five successive steps: (i) preliminary cleaning, (ii) support calcination (12 h
at 600 °C), (iii) incorporation of graphite as an intermediate layer, (iv) seeding with homogeneously
distributed Pd nuclei, and (v) deposition of a palladium film by electroless pore-plating (ELP-PP).
Details about the first two general steps, in which the supports were cleaned and calcined, can be
found in previous works [17,31].

The intermediate layer was generated by using a graphite lead taken from a 2B pencil according
to the original procedure described by Hu et al. [26]. Specifically, the external surface of the PSS
substrates was first directly painted with a commercial 2B pencil up to achieve a homogeneous dark
gray color but with a significant amount of graphite that was weakly sticky. Then, the excess material
was removed by dry brushing with a clean cloth, only leaving the graphite particles just placed inside
the deepest pores of the raw support. Cleaning was complete when the textile did not get significantly
dirty after this process. All supports modified in this way were then calcined at 500 °C for 5 h to ensure
the complete removal of binders and waxes, thus guaranteeing better stability for later stages.

Finally, substrate activation with both Pd nuclei and Pd deposition was carried out based on the
well-established electroless pore-plating alternative [12,17,33]. Accordingly, the solutions containing
the Pd source and the reducing agent were fed from opposite sides of the support with the aim that
they will be present and reactive just in the pores or surrounding areas [30,34,35].

P2t + NoH, VEPH pao 4 N, )

Palladium chloride was always used as the metal source but highly diluted (0.1 g/L) into an acidic
aqueous solution (HCI, 0.1 mL/L) for the activation step or moderately diluted (5.4 g/L) into a basic
one containing ammonium hydroxide (390 mL/L) and ethylenediaminetetraacetic acid (70 g/L) for
the deposition itself. On the contrary, a mixture of hydrazine (0.2 M) and ammonia (2.0 M) always
formed the reducing solution. These solutions were used at room temperature or 50 °C for each case,
i.e., activation or deposition step. However, it should be noted that activation is carried out only once
for 2 h, but several recurrences for the Pd deposition are usually required. These ELP-PP cycles were
performed until the membrane weight gain became negligible, thus suggesting that a fully dense
membrane was reached, and the different solutions could not reach each other because of the blockages
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of the pores with palladium. This fact was confirmed by gas tightness with helium when the membrane
was immersed into ethanol and maintained at room temperature under 3 bar for at least 30 min.

2.2. Characterization

The morphology of all samples included here was characterized entirely with a scanning electron
microscope Philips XL30 ESEM (Eindhoven, The Netherlands). The external membrane surface was
observed before and after incorporating graphite and palladium layers to analyze the uniformity and
eventual presence of defects. Furthermore, gravimetric analyses were also used to determine the
deposited amount of each material in the membrane, graphite and palladium, by an electronic balance
Kern and Sohn ABS-4 (Balingen, Germany) with a precision of 1.0 x 10~* g. Thus, their average layer
thicknesses were estimated from these data by assuming a homogeneous distribution on the external
surface of the supports. The obtained values were compared with the real thickness obtained from the
analysis of cross-sectional SEM images.

Besides the morphology of the membranes, their permeation capacities with pure gases (Hp, Ny)
and their mixtures (N, content in the range 5%-40%) were also measured using a homemade facility,
depicted in Figure 1 and used in previous studies [22,35].
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Figure 1. Basic scheme of the permeation setup (a) and possible configurations for permeation
experiments: mode out-in (b) and mode in—out (c).



Membranes 2020, 10, 410 50f17

In essence, the membrane was placed inside a 316L SS vessel rounded by an electrical furnace
to operate in the range 350450 °C. Two graphite O-rings were used to ensure good sealing of
the membrane, maintaining both permeate and retentate streams completely separated during the
complete set of experiments. The feed stream could be properly adjusted by several Bronkhorst Hi-Tech
mass-flow controllers (Ruurlo, The Netherlands) of maximum capacity 400 NmL min~!
independent H, and N inlet lines. These lines were joined in a unique inlet tube to feed the permeate
cell. At this point, it should be noted that two different four-way valves (V-01 and V-02) were mounted
in the system to direct the feed stream at the lumen or shell side of the membrane, as later will be

mounted in

explained in detail. On the other hand, permeate or retentate flow rates were measured using an
additional Hi-Tech mass-flow meter of maximum capacity 200 NmL min~'. In order to avoid any
uncertainty while measuring very low fluxes for any retentate of the permeate streams, this equipment
was replaced in those cases by a Ritter Mili-GasCounter able to detect volumetric flow-rates from
1.67 X 1072 mL min~!. Finally, the equipment counted on the help of a gas chromatograph (GC),
Varian CP-4900, with a thermal conductivity detector (TCD) and two analytical columns (Molsieve
5 A° and PoraPLOT-Q) to analyze the composition of both permeate and retentate streams when
testing gas mixtures. For the entire set of experiments carried out at pressure driving forces in the
range 0.5-2.0 bar (controlled by a Bronkhorst High-Tech EL-PRESS back-pressure regulator—Ruurlo,
The Netherlands-), the permeate stream was always maintained at atmospheric conditions, and no
sweep gas was used. At this point, it should be noted that two different operation modes were studied
in which the function of the position of the aforementioned four-way valves indicated:

(i) Mode out—in: The gas is fed to the shell side, thus meeting first the Pd film that extracts part of
the gas into the lumen side of the membrane. In this configuration, the adherence of diverse
layers is relatively ensured due to the compression stress caused by the higher feed pressure.

(i) Mode in—out: In this case, the feed is introduced to the inner membrane side, thus first passing
through the porous support before meeting the Pd film and permeating to the shell side. At these
conditions, an inevitable tensile stress is produced between support and the Pd layer, affecting
the overall mechanical resistance and possibly causing a dramatic deterioration of the composite
membrane by delamination.

3. Results and Discussion

3.1. Membrane Morphology

The morphology of the composite membranes prepared in this work was analyzed just after
incorporating each stacked layer onto the raw PSS support. Figure 2 shows the top-view images of the
stainless-steel support, before and after the graphite incorporation. These images were taken by using
both secondary electron (Figure 2a,c) and backscattered electron detectors (Figure 2b,d) to analyze
more clearly not only the external morphology of the samples but also their composition and material
distribution along the surface, respectively.

As can be seen, the calcined supports (Figure 2a,b) present a relatively high roughness with a wide
pore-size distribution, at least in their pore mouths. This morphology is very similar to commercial
substrates despite generating oxide around the stainless-steel particles by the thermal treatment of
calcination [31]. However, this morphology noticeably changes after incorporating the graphite lead
(Figure 2¢,d). Carbon particles remain preferentially inside the external pores, thus partially blocking
the original biggest superficial pores of the substrate and generating a new porous structure with
smaller average pore sizes. The starting hypothesis is that these smaller pores could be more easily
closed by palladium than the original bigger ones, promoting a relatively thin film with high H,
perm-selectivity. Moreover, the initial high roughness of calcined PSS supports was also partially
smoothed after incorporating this new intermediate layer.
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Figure 2. Top-view SEM images of commercial porous stainless steel (PSS) support after modification
by calcination in air at 600 °C for 12 h (a,b) and incorporation of graphite lead particles (c,d).

Then, the morphology of the final composite membranes reached after the Pd incorporation
by ELP-PP was also analyzed by SEM. The characteristic top-view images of this membrane type
are collected in Figure 3. Despite the preferential incorporation of the palladium particles just inside
the pores of the support or their surrounding areas when using the ELP-PP alternative, in this case,
a continuous Pd film that covers the entire surface of the modified supports with graphite can be
observed by both SE (secondary electrons) and BSE (back-scattering electrons) images. This morphology,
with a spherical grain growth of palladium deposits (Figure 3a), is certainly similar to the ones reached
for other ELP-PP membranes in which diverse ceramic intermediate layers were used [32,35]. It can
be explained by the presence of a certain pore size distribution in the porous substrates due to the
irregularity of the SS grains and the graphite particles. In this manner, the solutions containing the
reducing agent (hydrazine) and the metal source (palladium) can probably meet through the smallest
pores but not inside the biggest ones. In fact, the higher diffusion velocity of hydrazine toward the
metal solution means that the reducing agent reaches the external surface in a relatively short time,
where the following autocatalytic reaction initiates:

2Pd(NH3)2" + NoHj + 40H™ — 2P + 8NH; + N, + 4H,0 ?)

Additionally, Figure 3b denotes good compactness of the metal particles and homogeneity along
with the entire top film with a palladium content over 95%, as evidenced by EDX analysis. Based on
these results evidencing a homogeneous deposition of the palladium around the external surface
of modified supports, the palladium thickness can be directly estimated as a uniform outer layer
from gravimetric measurements. This value, denoted in the present work as ¢p;°, was around 17 pm,
which is close to other values obtained when using the ELP-PP procedure to synthesize Pd membranes
with intermediate layers such as CeO, [35] or SBA-15 [32].
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Figure 3. SEM images of the external surface after the palladium incorporation by electroless
pore-plating (ELP-PP): (a) SE and (b) BSE.

More interesting is the analysis of typical cross-sectional views for the new ELP-PP membranes
presented in this study with an intermediate graphite layer (Figure 4). The real Pd thickness (tp4) can
be determined more accurately in these images and the particular distribution of the stacked layers can
be analyzed. First, the good continuity of the external Pd film is evident as previously found when
analyzing the SEM top-views. However, specific insights can be extracted from the analysis of the
image taken at higher magnification. Each material that forms the final composite membrane can be
distinguished. The thicker layer, placed on the bottom area of the SEM image, corresponds to the
bulk stainless steel support; it indicates the porous stainless steel. Close to the external surface of this
support, a very thin dark gray layer with an average thickness below 0.5 um can also be observed.
This layer is made of Fe-Cr oxides generated during the air calcination step at 600 °C for 12 h. It should
be noted that these oxides are present not only on the external surface of the support but also inside
most of the pores between SS grains. However, due to the low thickness of this first intermediate layer,
only the average size of the smallest pores was noticeably reduced. The biggest ones could be modified
after incorporating graphite, which can be observed in the figures as dark gray non-spherical particles
with a large size distribution. These particles were preferentially placed just inside the mouth of the
biggest pores of the calcined support, thus reducing their average size.

Pd top-Ailm

Graphite
particles

Pd infiltratics

Inside pores

Madiliend P38 Support

Figure 4. Cross-section of the Pd composite membrane at various magnifications.
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A deeper discussion is needed for the top Pd film observed as a light gray layer on the cross-sectional
views. This layer presents a true external thickness in the range of around 8-12 um if it is measured
from the crests of the modified support. However, palladium also penetrates some of the pores up to
around 35 pum in depth. This is caused by the intrinsic characteristics of the ELP-PP process used for
its incorporation, where the chemical reaction between palladium ions and hydrazine (Equation (2))
starts just inside most of the pores, especially in the case of their size becoming limited. This particular
distribution of the palladium justifies the differences previously estimated by gravimetric analysis
and SEM.

Moreover, it should be noted that the above-mentioned Pd infiltration into most of the external
pores of the support could help to improve the adherence of this layer. Consequently, the mechanical
resistance of the composite membrane against unfavorable operating conditions, i.e., permeation tests
from the inner to the outer side of the membrane in which tensile stress is generated, can also be
improved. This potential benefit will be furtherly discussed later while analyzing the permeation
behavior of these membranes.

3.2. Permeation Behavior

As mentioned before, while describing the experimental procedure to prepare the membranes,
preliminary gas bubble tests with helium at room temperature were carried out to ensure enough gas
tightness up to 3 bar and to validate the quality of the palladium film. However, it is widely known that
additional experiments at different operating conditions closer to the expected ones in real industrial
independent separators or membrane reactors are also required. In this context, the present section
analyzes in detail the results obtained after performing various permeation tests with pure gases
and binary mixtures for a wide variety of experimental conditions, including pressure, temperature,
and permeate flux direction (operating mode).

3.2.1. Pure Gases: N, and Hp

First of all, pressure and temperature effects on the permeation capacity of these membranes
were evaluated throughout a series of permeation experiments with pure gases, N, and Hy, according
to the out-in operation mode. These results have been collected in Figure 5. The H, permeate flux

is represented against the pressure driving force (P%g’m - P%g/perm) for temperatures in the range
350450 °C (Figure 5a) and calculated H, permeances are correlated with the inverse of the temperature
to determine the activation energy of the membrane (Figure 5b). It should be noted that, in all cases,
a complete gas tightness against nitrogen was observed at these conditions, thus suggesting an almost
ideal complete selectivity to hydrogen according to the available detection limit of the experimental

setup (1.67 x 1072 mL min~1).

@
T T T T T
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Hz,ret Hl,perm

Figure 5. Cont.
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Figure 5. Permeation behavior for out-in operating mode: (a) Overall pressure and temperature effects
on H; permeate fluxes (deviation from origin interception marked as a red vertical band) and (b)
determination of the activation energy.

Moreover, it is also important to address that both reproducibility and thermal stability of
membranes were previously ensured by several permeation tests before considering further experiments.
Particularly, three different membranes were prepared following an analogous experimental procedure,
and they were tested under diverse thermal cycles. Each membrane was first heated up to 400 °C under
inert atmosphere, measuring the permeate flux after feeding independent single gases, N, and Hj,
at pressures ranged from 0.5 to 2.5 bar before cooling down again up to room temperature under inert
conditions. This process was repeated at least five times to ensure adequate membrane resistance and
the reliability of permeate fluxes. Further details about the results reached in these experiments can be
found in Supplementary Figure S1 as supplementary information. In general, only slight deviations
in permeation data were obtained for the entire set of experiments and were assumed as reasonably
acceptable. Deviations below 5% were found between each data point taken at similar experimental
conditions. In this manner, it is possible to state an adequate reproducibility of permeate values
and enough mechanical resistance of the composite membranes against the experimental conditions.
Consequently, the membrane GRAPH#01 was selected as reference to continue the analysis of its
permeation behavior. In this context, while analyzing in detail the general relationship between H,
fluxes and pressure driving forces (shown in Figure 5a), a clear linear trend was observed for the
entire range of temperatures. This fact, together with the absence of nitrogen detected in the permeate
side during previous experiments carried out with this gas at analogous conditions, confirms the
absence of defects in the palladium layer under those conditions. Thus, H, diffusion through the
bulk Pd can be considered as the rate-determining step, as described by Sieverts” law and typically
occurs in most Pd composite membranes [19]. At these conditions, the diffusion rate is proportional
to the concentration of hydrogen atoms on opposite sides of the metal surface and the hydrogen
concentration is proportional to the square root of the hydrogen pressure. On the contrary, the presence
of defects and pinholes usually favors other permeation mechanisms different from solution diffusion
(i.e., Knudsen diffusion or Poiseuille mechanism) and the pressure exponent should be replaced by
other values ranged from 0.5 to 1.0 in order to maintain a good linear fitting. Particularly, n-values
of greater than 0.5 when working with Pd films thicker than 5 um can be attributed to a noticeable
permeation of hydrogen through small pore-like defects or pinholes without the necessity of being
dissociated, dissolved, and diffused through the bulk metal.
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However, it is also relevant to mention that the linear trends do not intercept the origin, as usual
in multiple Pd composite membranes prepared by electroless plating. This particular behavior is
characteristic of most ELP-PP membranes reported up to now, and it has been widely discussed in our
previous manuscripts [17,30,36]. This effect can be explained by the partial infiltration of palladium
into the pores of the support. This particular morphology of the Pd film causes both external and
internal surfaces of the layer become noticeably different. The outer surface (as previously shown in
Figure 3) is certainly smooth and maintains good contact with the gas phase, thus making the pressure
values in the bulk gas phase and the surface of the membrane almost identical. However, the internal
one is much more tortuous, and the assumptions of negligible differences between both sides of the Pd
film and accuracy of the pressure value for that side are not clear. At these conditions, the calculated
pressure driving force from retentate and permeate bulk gas phases can be imprecise, and apparent
additional resistances to the permeation process appear. In previous studies, it was demonstrated that
this deviation is strongly affected by Pd infiltration into the porous substrate [17,36].

On the other hand, the temperature effect on the H, permeate fluxes is also evident for all performed
experiments. Independently of the considered temperature for the range 350-450 °C, the above-
mentioned linear trend without a clear intercept within the origin is maintained, but reaching higher
fluxes as the temperature increases (Figure 5a). In this manner, H, permeance values increase from
3.24 x 107 t0 4.33 x 10~* mol m~2 s7! Pa~%5 when working at the lowest or the highest temperature,
350 or 450 °C, respectively. Figure 5b shows the relationship between all these H, permeance values
and the temperature at which they were calculated. As can be seen, really good linearity is obtained
as predicted by a typical Arrhenius-type dependence. At these conditions, activation energy around
10.6 kJ/mol was obtained within the standard range of other composite Pd-based membranes reported
in the literature [17,37,38].

3.2.2. Np-H; Binary Mixtures

After analyzing the permeation behavior when feeding pure Hy, additional tests with binary Hy-N,
mixtures were also performed to investigate more realistic permeation conditions in which deviation from
the theoretical behavior (i.e., concentration—polarization effects) could appear. All these experiments
were carried out at a constant temperature of 400 °C while maintaining the out-in configuration for
extracting high-purity Hj in the permeate side. In this context, Figure 6 collects the experimental results
obtained when feeding mixtures in which Hj is diluted with different N, concentrations from 0 to
40 vol%. These results are depicted as the relative variation between the permeance values reached
for each particular condition and the reference one, 3.75 X 107 mol m2 s Pa=95, considered when
feeding pure Hj.

First, it should be noted that membrane integrity was maintained during all these experiments
since no N was detected by gas chromatography on the permeate side. However, a clear effect on the
H, permeance values appears when increasing the feed dilution with nitrogen. In fact, Hy permeances
progressively decreased up to around 33% at worst conditions, as the N; content in the feed stream
increased from 0 to 40 vol%. This fact cannot be explained by the inherent dilution of the mixture
and associated reduction of Hj partial pressure. This reduction provokes a consequent decrease of
the real pressure driving force, but it was formally considered for data calculation. Then, a certain
concentration—-polarization effect should be occurring despite the strongly inert character of nitrogen
but not at a constant rate for all the analyzed dilutions. First, a significant H, permeance drop of around
28% was obtained when the N, content increases from 0 to 20 vol% in the feed stream. However,
dilution up to 30 vol% in N, only generates an additional 5% H, permeance drop concerning the
previously given one. This situation appeared to be stabilized for different conditions in which further
dilutions were considered.
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Figure 6. Effect of feed stream dilution with binary H,—N, mixtures (out-in operating mode, 400 °C).
3.2.3. Effect of the Permeate Flux Direction

The effect of the permeate flux direction in Pd composite membranes prepared by ELP-PP onto
modified tubular PSS supports with an intermediate graphite barrier was also analyzed in this work.
In all previous tests, the gas was fed to the shell side of the permeation cell, while collecting the permeate
from the inner side. This operation mode (out—in) generates compressive stress on the palladium layer
and protects the system against possible delamination. Usually, most of the Pd-based membranes
from literature are characterized following similar tests, in which permeate flux goes from the outer to
the inner side of the membrane [39,40]. However, it could be highly interesting to analyze the results
reached in other configurations in which H; permeates in the contrary direction, from the inner to the
outer side of the composite membrane. This operating mode, denoted as in—out in the present study,
generates certain tensile stress on the top palladium film due to the pressure difference between both
system sides. Therefore, these operating conditions could be used as an indirect measurement of the
tensile strength of the membrane and, as a consequence, its mechanical resistance. Moreover, it could
also be interesting to demonstrate an adequate resistance of the membranes against these operating
conditions for their use in membrane reactors, where it would be convenient to place a solid catalyst in
the membrane lumen for certain applications in which direct contact between palladium and diverse
chemicals should be avoided.

In this context, Figure 7 collects the H, permeate fluxes reached at 400 °C in case of working under
both operating modes, out-in and in-out.



Membranes 2020, 10, 410

12 0f17

0.10
ot RO =050
¢ Outin R =0883
o Y
0.08 ;
e
T;\. : o
e~ -
E 006
- s
o]
E 4
~ 0.04
_‘x
0.02 >
0.00 S Y : y v
0 50 100 150 200 250
0.5 05 0.5
-P (Pa )

H, et H  perm

Figure 7. Permeation behavior working at diverse operating modes: out—in (colored symbols) and
in—out (hollow symbols). Deviation from origin interception marked as a red vertical band for each case.

First, it should be mentioned that no nitrogen was detected for the entire range of pressures despite
the new configuration. Thus, an adequate mechanical resistance of the Pd layer and, consequently,
of the whole membrane, can be deduced. Moreover, as can be seen, very similar behavior can be
observed independently of the followed operating mode. A clear linear relationship between the Hj
permeate flux and pressure driving forces appears, although with a certain deviation from the origin
as previously addressed. This deviation slightly increases in the case of permeating from the inner to
the outer side of the membrane (mode in—out). The presence of the porous support on the retentate
side, where the highest pressure is applied, can explain this fact. In this manner, the permeate has to
pass through the intrinsic porosity of the modified graphite—PSS support and its tortuosity. Moreover,
it is possible to find a certain amount of palladium inside the pores, before reaching the fully dense
Pd film that is placed on the contrary side. It provokes a certain resistance to the mass transfer and,
consequently, a deviation between the measured feed/retentate pressure and the exact value just close
to the palladium layer. This particular behavior was widely explained in some previous studies for
other ELP-PP membranes [36,41].

As a consequence of the above-mentioned behavior, H, permeance slightly increases for this operating
mode (in-out) up to 3.75 X 10~* mol m~2 s~ Pa~05 from the value 4.01 x 1074 mol m~2 s~ Pa=03 reached
with contrary permeate flux direction (out-in).

3.2.4. Literature Setting for Permeation Behavior

Finally, Table 1 includes a literature survey about some representative achievements reached
for other composite Pd-based membranes to be compared with the results presented in this study.
The comparison consists of membranes fabricated by electroless plating or related techniques onto
supports made of different materials or various geometries. The wide variety of information about
membrane composition, structure, morphology, and permeation experimental details, among others,
clearly increases the complexity of a rigorous comparison.
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Table 1. Comparison of main characteristics and performance for relevant membranes in literature.
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H,-Selective Layer

Membrane Performance at AP = 1 bar

Support Intermediate Layer : : Ref.
erbmione” Componiion gy e ORAS rag Tt I,

- - Cold-rolling PdAg 50 in-out 573 1.1x 1072 - [42]
pss @ Fe,03-Cr,03 ELP Pure Pd 20 out—in 623 34 500 [43]
pPss @ Fe,03-Cr,03 ELP-PP Pure Pd 11-20 in—out 623-723 1.1-2.2 0o [30]
Pss @ Al,O3 ELP Pure Pd 5 out-in 673 33 500 [44]
pss M CeO, ELP Pure Pd 13 out—in 773-823 10.2-22.2 oo [45]
Pss @ CeO, ELP PdCu 8 - 723 5.9 2369 [46]
pss M) ZrO, ELP PdAu 14-27 out—in 673-773 3.8-7.8 4000 [47]

ALO; M - ELP-duplex Pure Pd 2.8/2.5 out—in 773 17.7 14,429 [40]
pss @ Fe,03-Cr,03/CeO, ELP-PP Pure Pd 15.4 out—in 673 4.6 >10,000 [22]
pss @ Fe,03-Cr,03/CeO, ELP-PP Pure Pd 15.4 in-out 673 48 >10,000 [22]
pss @ Fe,03-Cr,03/Pd-doped CeO, ELP-PP Pure Pd 9.1 out—in 673 5.1 >10,000 [35]
pss M) Fe,03-Cr,03/Pd-doped CeO, ELP-PP Pure Pd 9.1 in—out 673 53 >10,000 [35]

AlL,O3 D Graphite ELP Pure Pd 5 out—in 673 227 3100 [26]

NiO/Al,05 D Graphite ELP Pure Pd 5 out-in 623-723 16-20 500-750 [27]

ALO; M Graphite ELP Pure Pd 5 out-in 623-723 14-18 5500-7500 [27]

ALO; Nontronite-15A ELP Pure Pd 5 out—in 623-723 11.3-16.9 2000-3700 [48]

AlL,O; @ Graphite ELP Pure Pd 1.81 out—in 573-723 0.8-8.9 oo [28]
pss M Graphite ELP Pure Pd 7 out—in 623-723 12-18 60-120 [29]
pss @ Fe,03-CryO3/Graphite ELP-PP Pure Pd 17 out—in 623-723 3.7-4.8 >10,000  This work
pss ) Fep03-Cr,O3/Graphite ELP-PP Pure Pd 17 in-out 673 44 >10,000  This work

Membrane geometry: M tubular, @ disc, and @ hollow fiber.
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In general, the thinnest selective films have the highest hydrogen permeation, although it is also
common to find a limited H, permeation in these cases. In this work, an ideal Hp/N; separation factor
higher than 10,000 was obtained for the entire set of experiments, independently of the operating mode,
out—in or in-out. This fact remarks on the excellent mechanical resistance of the ELP-PP membranes
with an intermediate layer made of graphite presented in this work. Similar demonstrations for other
Pd membranes reported in the literature are certainly scarce. However, the membranes shown here
maintained their integrity against diverse permeation flux directions for the entire set of experiments
carried out under compressive or tensile strengths generated by the pressure difference between
both retentate and permeate sides, thus opening new possibilities for use in a wide variety of reactor
configurations. At these conditions, the permeate fluxes reached at AP = 1 bar were maintained in the
range 3.7-4.8 m® m=2 h~L.

These values are within the typical ones reached for other completely Hj-selective membranes
prepared by ELP-PP but containing various intermediate layers. However, they seem to be slightly
lower than those of other membranes prepared by conventional ELP, mostly onto alumina supports.
The initial high surface quality of these supports, in terms of roughness and average pore sizes,
makes the incorporation of a thin Pd film easier and, in general, they present a lower Pd thickness and
higher permeate fluxes. On the contrary, it should be noted that H; selectivity is usually compromised.

4. Conclusions

Previously calcined porous stainless-steel supports with an initial media grade of 0.1 um were
satisfactorily modified by incorporating graphite particles from a lead pencil as an intermediate layer
to improve the following incorporation of palladium by electroless pore-plating. The carbon particles
remained preferentially inside the external pores of the supports, thus partially blocking the original
biggest superficial pore mouths and generating a new porous structure with smaller average pore
sizes and lower roughness. After this modification, completely dense Pd layers with an estimated
gravimetric thickness of around 17 um were obtained. However, cross-sectional SEM images revealed a
slightly thinner true external thickness in the range 8-12 pm with a certain infiltration of the palladium
inside the pores up to around 35 um in depth. This particular incorporation of the palladium is caused
by the intrinsic characteristics of the ELP-PP process, where the chemical reaction between palladium
ions and hydrazine initiates inside the pores.

These new membranes exhibit H, permeances in the range 3.24 x 10~# t04.33 X 10 mol m~2 s™! Pa~0?
when permeating from the outer to the inner side (mode out-in) at temperatures ranging from 350 to
450 °C, respectively. Moreover, an ideal Hy/N, perm-selectivity >10,000 was maintained for the entire
set of experiments. Going into detail about the permeation behavior of these membranes, a general
linear trend between permeate H fluxes and pressure-driving forces can be found but without a
clear intercept in (0,0) as predicted by the Sieverts” law. The Pd partial infiltration inside the pore
structure of the support during the ELP-PP process explains this deviation, as typically occurs for
other similar membranes in which both external and internal Pd surfaces become noticeably different.
The outer surface is certainly smooth, with the measured pressure values into the bulk gas phase
and the surface of the membrane being almost identical. However, the internal one is much more
tortuous, and the assumptions of negligible differences between both sides are not clear. At these
conditions, the calculated pressure-driving force from retentate and permeate bulk gas phases can be
imprecise, and apparent additional resistances to the permeation process appear. The temperature
effect on the H, permeate fluxes, according to an Arrhenius-type dependence, was also evident for all
performed experiments with activation energy around 10.6 kJ/mol, very close to that of multiple Pd
composite membranes.

In the case of testing binary H,-N, mixtures, increasing the N; content in the feed stream from 0 to
40 vol%, H, permeances progressively decreased up to around 33% in the worst conditions. A certain
contribution of the well-known concentration—-polarization effect, despite the strongly inert character
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of nitrogen, could explain this fact. This effect is not constant for any concentration of the mixture,
being more marked for lower dilutions.

Finally, some additional experiments were also performed after reversing the direction of the
permeate flux. Certainly, similar results were reached in terms of permeate fluxes and H, selectivity.
Therefore, adequate mechanical resistance was practically demonstrated despite operating at the most
unfavorable conditions (mode in—out) in which certain tensile stress is generated on the Pd layer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/12/410/s1,
Figure S1: Validation of permeation measurements by testing three different membranes prepared at analogous
conditions (PSS/GRAPH/Pd) under consecutive thermal cycles.
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This work presents the improvement of hydrogen permeance on electroless pore-plated Pd-composite mem-
branes by the incorporation of ceria as intermediate barrier. This modification, in case of preparing a thick
barrier, reduces both average pore size and external roughness of an oxidized Porous Stainless Steel (PSS) tube
used as support. However, it also provokes a marked reduction of its permeance, turning more difficult the pass

Ic,:;liaa dium of the hydrazine through the modified support and, therefore, the palladium incorporation by electroless pore-
Electroless plating plating. An optimization of this process leads to a Pd/CeO,/PSS composite membrane in which the initial
Hydrogen roughness is halved, achieving a stable and selective Pd layer of around 15um. This composite membrane

exhibits a hydrogen permeance of 5.37-10"*molm~2s~!Pa~%® at 400 °C, an ideal H,/N, perm-selectivity

>10,000 and an activation energy of 8.9 kJ mol ~*. Moreover, the hydrogen flux increases around 400% with
regard to previous results, in which no ceria was used as intermediate layer (measured range:
0.03-0.12molm~2?s~! versus 0.01-0.03molm~2s~1). This increase is derived from a high reduction, of
around 30%, in the resistance to the permeation process when using electroless pore-plated membranes due to a
lower penetration grade of the Pd external film into the support. In addition, it has been confirmed the suc-
cessfully stability of the Pd membrane under thermal cycles and different operating conditions, including the
variation of permeate flux direction from the inner to the outer of the membrane, where the Pd-layer is placed, or

vice versa.

1. Introduction

Future perspectives foreseen an increase of the worldwide energy
demand, mainly as a result of the continuous growth of emerging
countries [1,2]. Maintaining the current energy system, based on the
massive use of fossil fuels, the global warming produced by anthro-
pogenic carbon dioxide emissions will get worse [3] and therefore,
different strategies have being considered to mitigate this problem. A
progressive transition to renewable energies has been initiated, prin-
cipally promoted by Europe and Japan, with very ambitious policies
and important investments to develop new technologies [4,5]. More-
over, improvements in energy efficiency and reductions in energy de-
mand are expected to contribute more than half of the reduction in
global carbon emissions in the next few decades. The use of process
intensification strategies in most of current industrial processes is one of
the most challenge alternatives [6,7]. Moreover, the hydrogen economy
could also play a very important role to realize these transitions [8].

Despite hydrogen can be produced by multiple resources, nowadays
thermal processes based on hydrocarbons represent the most important

* Corresponding author.
E-mail address: david.alique@urjc.es (D. Alique).
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contribution in terms of production and it is certainly the first alter-
native to be considered in order to facilitate the mentioned transition
for a sustainable energy scenario in the future [8]. However, it is im-
portant to point out that hydrogen obtained by thermal processes is
always accompanied by other sub-products, in this manner additional
separation and purification steps are key aspects to obtain hydrogen at
required purity and reasonable cost for each particular application [9].
The use of selective palladium-based dense membranes is as a very
attractive alternative for hydrogen purification. In an ideal case, this
technology allows a complete H, selectivity by a solution-diffusion
permeation mechanism while maintaining adequate integrity and
permeate fluxes at high temperatures, as it is typically required for most
of the industrial processes [10,11]. The permeability of these mem-
branes is mainly influenced by the membrane composition (distin-
guishing pure palladium and multiple palladium-based alloys) [12], the
metal thickness (being inversely proportional to the permeate flux, as
described the Sieverts’ law) [13] and the operating conditions (pressure
difference between retentate and permeate sides, temperature and feed
composition) [14,15]. In this context, most researchers suggest the use

Received 30 July 2018; Received in revised form 23 January 2019; Accepted 28 January 2019

Available online 29 January 2019
1383-5866/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2019.01.076
https://doi.org/10.1016/j.seppur.2019.01.076
mailto:david.alique@urjc.es
https://doi.org/10.1016/j.seppur.2019.01.076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2019.01.076&domain=pdf

D. Martinez-Diaz et al.

of composite membranes, in which a porous substrate provides enough
mechanical resistance to the membrane allowing to reduce the Pd-
based selective film thickness up to a few microns [16,17]. This selec-
tive film is deposited onto an appropriate support controlling and
minimizing the presence of defects in the composite system [16].

Ceramic supports (mainly made of alumina) provides a smooth
surface with proper accuracy for pore size distribution. Thus, they make
possible to achieve high porosity with really narrow pore sizes that
makes the preparation of the palladium film easier [18,19]. However,
the important difference of thermal expansion coefficients between
both materials and difficulties to achieve proper sealing with common
industrial devices (usually made of stainless steel) are the main dis-
advantages of this alternative. On the other side, porous metals (mainly
stainless steel, SS) overcome these problems at the expense of pre-
senting a rough surface with a wide pore side distribution that com-
promises the generation of a thin palladium film [20,21]. Additionally,
in the case of operates at high temperatures for long times, metal inter-
diffusion between support and selective layer might occurs, worsening
dramatically the membrane performance [22]. In order to overcome
this phenomenon and avoid direct contact between these two, metal
support and Hy-selective palladium film, the use of intermediate layers
has been widely proposed [22,23]. Moreover, the incorporation of
other materials as intermediate layer can also improve the external
surface of the support reducing both roughness, pore mouth sizes and,
consequently, the minimum palladium thickness required to prepare a
totally defect-free Hj-selective layer [24]. At this point, the material
selection for this intermediate layer is a key of interest, being possible
to find multiple options in literature, i.e. Fe;03 [25,26], Cr,03 [27],
SiO, [28], Al,03 [22,29], ZrO, [30], YSZ [31,32], TiO, [33] or CeO,
[34], among others [24,35,36]. Recently, it has been published a re-
view including an interesting representation of thermal expansion
coefficients of most common technical ceramics used as intermediate
layers for membrane preparation over porous metal supports, also
covering the values for support, palladium and other alloying metals
[16]. In this review, the authors affirm that the ideal situation to ensure
a proper mechanical performance of the composite membrane implies
the selection of a technical ceramic with a thermal expansion coeffi-
cient in the region between those H-selection layer and metal support
constituents, as occurs in case of considering CeO, [16].

After selecting both support and intermediate layer (in case of being
considered), the incorporation of the palladium layer can be carried out
by several techniques. Among them, electroless plating (ELP) is one of
the preferred ones due to the low energy requirements, the equipment
simplicity and the possibility to cover complex geometries [37].
Usually, both palladium source (typically containing Pd*>*) and redu-
cing agent are fed together from the same side of the support (inner or
outer) to obtain a Pd® layer. The Pd deposition progress increases its
thickness until the reactants are spent or the membrane is removed
from the solution. However, a modification of this bare method, de-
noted as electroless pore-plating (ELP-PP), has been presented as a good
alternative to ensure correct anchoring between both support and
palladium film while the presence of defects during the preparation
process is minimized [15,38,39]. Basically, the method consists of
feeding both solutions (Pd source and reducing agent) from opposite
sides of the support until the pores get completely sealed. The final
membrane contains an external palladium film as well as a certain
grade of palladium infiltration inside the pores in function of the ex-
perimental conditions used for the membrane preparation [38,40].
After optimizing these experimental conditions for raw and oxidized
porous stainless steel (PSS) supports, membranes with good perfor-
mance (high Ha-selectivity and mechanical resistance for both per-
meation and reaction tests) were obtained, although the mentioned
palladium distribution in the support provokes the generation of an
additional resistance to the overall permeation process [40,41].

The present work includes for the first time the preparation of an
electroless pore-plated membrane over a PSS support modified by the

Separation and Purification Technology 216 (2019) 16-24

incorporation of a CeO, intermediate layer. This ceramic material
presents a thermal expansion coefficient of 11.8-13.2 pstrain/°C, which
is fairly close to that of both palladium and AISI 316L SS (10.6-12.6 and
15.0-18.0, respectively). This fact theoretically ensures a good me-
chanical resistance of the composite membrane. Furthermore, the sur-
face modification derived from the incorporation of this intermediate
layer expects to improve the permeation behavior of previously ob-
tained electroless pore-plated membranes.

2. Experimental procedure
2.1. Membrane preparation

Tubular AISI 316L PSS supports purchased from Mott Metallurgical
Corp. with 0.1 um grade and symmetric structure were used for this
work. The original support with %2” OD was cut into shorter pieces of
30 mm. The general procedure for the membrane preparation consists
of five successive steps: (i) initial cleaning, (ii) support calcination, (iii)
CeO, intermediate layer incorporation, (iv) activation and (v) palla-
dium deposition by ELP-PP. Details about the first two general steps in
which the supports were cleaned and calcined can be found in previous
works [26,42].

The main novelty of this work is based on the incorporation of a
CeO, intermediate layer in order to reduce the inter-metallic diffusion
and modify both pore mouth size and external surface roughness prior
to generate the palladium layer. In this context, the calcined supports
were modified with CeO, by means of a vacuum-assisted method. A
suspension of commercial CeO, particles (Alfa-Aesar, 100 nm average
particle size) in water and polyvinyl alcohol (2 wt.%) was prepared for
a CeO, concentration of around 20 wt.% and the material was in-
corporated to the external surface of the support by dip-coating. After
sealing the inner side of the calcined support, it was introduced into the
suspension twice applying vacuum at the last minutes of the second
cycle in order to guarantee the particles deposition into the pores of the
support, leading to a really thick and wet CeO layer on the external
surface. In this work, the possible influence of this layer thickness has
been also considered, evaluating the facility to be permeable for dif-
ferent gases and the reactants of the ELP-PP process. Thus, samples with
different CeO, thicknesses were prepared by removing in different
grade the excess of ceria incorporated onto the external surface of the
support. This process was carried out by successive rinsing steps in
distilled water. After adjusting the optimal thickness for the CeO, in-
termediate layer, all modified supports were calcined at 500 °C for 5h
in order to ensure their stability. Finally, the palladium deposition was
carried out by ELP-PP following the experimental procedure detailed
elsewhere [38-40] with a hydrazine concentration of 0.2 M as reducing
agent. Diverse cycles were performed up to the membrane weight gain
became negligible, indicative to a good sealing of pores with palladium.

2.2. Membrane characterization

The morphology of all samples here included were completely
characterized with a scanning electron microscope (Philips XL30 ESEM)
equipped with an energy dispersive analytical system (EDAS) for mi-
croprobe analysis. The external surface was observed before and after
the incorporation of CeO, intermediate layers and the ELP-PP Pd film to
analyze the uniformity and possible presence of defects. Additionally,
some final composite membranes were also cut in order to observe the
membrane conformation in radial direction. The external roughness of
the samples after each experimental step, defined as the arithmetic
mean height of the external surface from its ideally smooth form, were
also determined with an optical profiler (Zeta-20 Optical Profiler).
Furthermore, gravimetric analyses were also used to measure the ma-
terial incorporation to the membrane (for both CeO, and Pd layers) and
estimate the average layer thickness through the membrane weight gain
after each process.



D. Martinez-Diaz et al.

Separation and Purification Technology 216 (2019) 16-24

-l
&
T

—Dg .

i, L
“’v—_.I_I L @

LEfLA

Fig. 1. Basic scheme of the permeation setup.

2.3. Permeation measurements

First, some preliminary leak tests at room temperature were per-
formed to ensure good properties of the membranes and absence of
defects, mainly in the palladium layer. After that, the permeation be-
havior of membranes at high temperature was analyzed in a previously
reported home-made setup [41], including here a basic scheme (Fig. 1).
Basically, the setup consisted in a stainless steel cell that contains the
Pd-membrane placed between two graphite O-rings to ensure the seal
between retentate and permeate sides. This assembly is placed into an
electrical furnace to achieve the desired temperature for each experi-
ment. Several permeation experiments with pure gases (nitrogen and
hydrogen) and pressure differences between retentate and permeate
sides from 0.5 to 2.0bar have been carried out to determine the
membrane permeability and ideal hydrogen selectivity of the prepared
samples. In these experiments the permeate stream is always main-
tained at atmospheric conditions without help of sweep gas. Taking into
account the use of pure palladium for the preparation of the composite
membranes here included, all experiments were performed at tem-
peratures ranged from 350 to 475 °C to avoid the possible hydrogen
embrittlement of the palladium film. The influence of permeation flux
direction was also studied. In this way, the palladium layer is always
placed onto the external support surface and two different experiments
were performed by introducing the feed stream: a) in the inner side of
the tubular membrane while the permeate stream is collected in the
shell side and b) vice versa, permeating from the outer to the inner side.
In the first set of experiments, the membrane is working at the most
unfavorable conditions for mechanical resistance and tensile stress.

3. Results and discussion

The most relevant results here presented have been organized in
three different sections: the modification of oxidized PSS support by
incorporation of CeO, intermediate layers, the palladium deposition by
ELP-PP over the new modified supports and the permeation properties
of the materials obtained with pure gases. Finally, a comparison of the
reached permeation behavior with the previously published ones in
case of omitting the use of a ceramic intermediate barrier has been
included as well.

3.1. Support modification: preparation of CeO, intermediate layers

Oxidized PSS supports by calcination in air at high temperature
have been previously reported as suitable alternative to prepare com-
posite Pd-membranes by ELP-PP method [15,40]. This treatment gen-
erates mixed Fe-Cr oxides on the external surface for each SS particle of
the supports, obtaining a mass variation per unit length of Am/
L =5.8000 + 0.2500 g/m at 600 °C and 12h. The oxidized PSS sup-
ports maintain a permeability greater than the suggested one by DOE
target values, while the external surface is just slightly modified. In this
section, the modification of original surface properties for these sup-
ports is presented by incorporating an intermediate layer formed by
CeO, particles onto the previously oxidized PSS supports. As it has been
detailed in the experimental section, this intermediate layer was gen-
erated by vacuum-assisted dip-coating with a suspension containing a
20 wt.% in ceria, which yields an initial thick ceramic layer to ensure
good homogeneity and reproducibility. However, this great thickness
could represent an important drawback for the mechanical stability of
the membrane due to the limited adhesion strength of the ceramic
particles with the oxidized PSS support. This problem could be also
especially relevant for permeation experiments, in which tensile
stresses are generated by the permeation direction (from the inner to
the outer side of the tubular composite membranes). In this context, a
small amount of incorporated ceria was later partially removed, ana-
lyzing the most suitable option for the subsequent Pd deposition by
ELP-PP and permeability of the composite membrane. Three different
membranes were prepared by rinsing in distilled water the initial
modified supports, and therefore, obtaining CeO, intermediate layers
with different thicknesses to determine the optimal removal grade for
the excess of ceria. Some differences can be observed after analyzing
the external surface of these samples, detecting that the greater amount
of ceria is removed, the lower original surface modification is obtained.
Fig. 2 collects original and modified oxidized PSS support surfaces
observed with an optical profiler after partially removing a certain
amount of ceria, previously incorporated by dip-coating. As it can be
seen, the calcined support, denoted as OXI, presents a very rough sur-
face (Fig. 2a, R, = 4.579 = 0.3 um) in which the original morphology
of a typical PSS support is maintained, as was reported elsewhere
[26,41]. The first sample containing a ceria intermediate layer, OXI-
Ce0,-01, has been prepared with the lower ceria removal grade after
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Fig. 2. Surface morphology obtained by an optical profiler (x500) for oxidized PSS support before (a) and after incorporating CeO, intermediate layers with diverse

excess removal grades: OXI-CeO,-01 (b), OXI-Ce0,-02 (c) and OXI-CeO,-03 (d).

the dip-coating step reaching a weight increase of 0.0373 g for the
oxidized support (Fig. 2b), which will be consider as reference to
analyze the other removal grades. At these conditions, the remained
ceria covers completely the surface of the oxidized support, hiding all
the original pores. Consequently, the lowest surface roughness was
obtained with a value of R, = 1.137 * 0.2 um. The second alternative,
OXI-Ce0,-02, considers a higher removal grade, maintaining 0.0219 g
of CeO, as intermediate layer (Fig. 2¢). In this case, part of the oxidized
particles of the support arises due to the ceria particles that are mostly
placed inside the pores, increasing the average roughness from the
previous situation up to 2.343 + 0.2pum. The last modification in-
volves a deep removal of ceria from the modified support, OXI-CeO»-03,
mainly remaining the ceramic particles placed inside the pores with
strong adhesion. The total weight of remaining ceria was around
0.0165 g, reaching a high roughness value so close to the oxidized PSS
support, R, = 3.794 = 0.4 um (Fig. 2d).

It is well known that support modifications by the incorporation of
ceramic intermediate layers makes the deposition of free-defect thin Pd
film easier, but it can also affect to the mechanical resistance and
permeation of the original substrate, compromising the future perme-
ability of the composite membrane [22,43]. As explained in the in-
troduction section, the mechanical resistance of composite membranes
prepared with ceria intermediate layers is guaranteed due to the similar
thermal expansion coefficient of this material if it compared with pal-
ladium or PSS support coefficients [16]. Then, the permeation of the
modified supports needs to be analyzed in order to select the most
appropriate strategy to prepare the Hj-selective composite membranes.
Fig. 3 shows the permeation fluxes measured in these experiments. Pure
nitrogen gas and pressure differences in the range 0.5-1.0 bar at room
temperature were measured. The oxidized support, taken as a reference
for this study, presents flux in the range of 0.551-1.233 molm~2s~!
for the analyzed pressure driving forces.

As it can be clearly seen, this permeate flow-rate progressively de-
creases as the ceria amount of the intermediate layer increases. Thus,
the modified support by incorporating the greatest amount of ceria
(sample OXI-CeO,-01) exhibits the lowest flow-rate for both evaluated
pressures, obtaining 0.059 and 0.137 molm~2s~! for 0.5 and 1.0 bar,
respectively. This fact is explained by the partial block of the support
original pores with dense CeO, particles, reducing the original open
porosity. Additionally, the use of vacuum during the membrane pre-
paration together with the high thickness of the intermediate layer
provokes a high compaction grade of the ceramic particles and, con-
sequently, a marked decrease in the permeation of the substrate.
Accordingly, a permeation flux 30% lower than the oxidized support
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Fig. 3. N flux of oxidized and CeO,-modified PSS supports at room tempera-
ture.

(0.341 and 0.769 molm™~2s~! for 0.5 and 1.0 bar, respectively) has
reached in case of considering the highest CeO, removal grade (OXI-
Ce0,-03). This result evidences the limited modification of the oxidized
support surface achieved following this experimental procedure, as
previously discussed in terms of external roughness. Finally, an inter-
mediate situation was also considered (OXI-CeO,-02), partially re-
moving the excess of CeO., particles but maintaining a good coverage of
the most of the pores and ensuring a suitable modification of the sup-
port in order to facilitate the later incorporation of the palladium film.
At these conditions, congruent permeation data were observed between
both samples (0.231 and 0.529 molm~2s~! for 0.5 and 1.0 bar, re-
spectively). It means the lower ceria amount in the intermediate layer,
the higher flux through the modified support. All these values, except
the first ones obtained for the sample OXI-CeO,-01, ensure to avoid any
limitation in the modified supports to reach the DOE target values at
400 °C and similar pressure differences (0.300 and 0.420 molm™2s™?!
for 0.5 and 1.0bar, respectively) suggested for the viable im-
plementation of a Pd-membrane in the industry.

In summary, the incorporation of a CeO, intermediate layer on an
oxidized PSS support significantly affects to the resulting surface mor-
phology and permeation properties (Table 1), being also foreseen a
certain influence on the palladium deposition by ELP-PP. In fact, the
ELP-PP method is based on the reaction of hydrazine and amino-
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Table 1
Summary of support modifications with CeO, intermediate layers.

Intermediate layer ~ mceo2 ()  Ra (um) Jno (mol/m?s)

AP = 0.50bar AP = 1.00 bar
OX1 - 4.579 = 0.3  0.550 1.233
OXI-Ce0,-01 0.0373 1.137 £ 0.2  0.059 0.137
OXI-CeO,-02 0.0219 2.343 = 0.2 0.231 0.529
OXI-Ce0,-03 0.0165 3.794 = 0.4 0.341 0.769

palladium complex preferentially into the pores, after passing through
the support. Thus, any modification of the support can affect to the Pd
deposition method. In order to elucidate this hypothesis, some pre-
liminary experiments were carried out to deposit the Pd film at the
optimal experimental conditions determined in previous works [40].
During these experiments the hydrazine solution (with a concentration
0.2 M) encountered serious resistance to pass through the support OXI-
Ce0,-01, modified with the greater amount of CeO, particles, due to
the collapse of most of the pores with the ceramic particles. This pro-
blem was avoid by increasing the reducing agent concentration up to
the ELP-PP reaction takes place and, as it has been previously reported
elsewhere [40], high concentration levels of hydrazine reach to thicker
Pd-membranes. On the other hand, a modified support with lower
amount of CeO, (OXI-Ce0,-03), in which most of original external pore
sizes of the supports are only slightly reduced, makes very difficult the
generation of a total dense palladium layer with a limited thickness. In
fact, Mardilovich et al. suggested that the thickness of a palladium film
to achieve a complete defect-free composite membrane can be related
to the biggest pore sizes of the support, being this value three times the
limiting pore size [44]. In this context, it is recommendable to use an
intermediate situation that simultaneously makes possible the reduc-
tion of the support surface roughness and the pore-mouth sizes, but
maintains a great number of interconnected pores with enough dia-
meter to facilitate the diffusion of hydrazine through the modified
support from the inner to the outer side. Under these premises, the
sample OXI-CeO,-02 has been selected in this work as the most ade-
quate for the preparation of a composite membrane by ELP-PP. For this
intermediate layer, the original roughness of the oxidized support has
been approximately halved, while enough permeation fluxes have been
maintained. The reproducibility of this process was confirmed by the
preparation of 10 ceria modified supports in analogous experimental
conditions. In all cases, the incorporated amount of ceria was main-
tained around 0.0201 + 0.0020 g.

The external surface obtained for the selected sample (OXI-CeO,-02)
has been additionally analyzed by scanning electron microscopy. Fig. 4
shows the SEM images, including the oxidized support (OXI) for com-
parison. As it can be seen, a very rough surface with wide distribution
of pore mouth diameters can be observed for the calcined support
(Fig. 4a), while many of these big pores are covered by CeO particles
after incorporating the intermediate layer (Fig. 4b). As it can be clearly
drawn in the zoom image, these ceramic particles remain preferentially
inside the external pores after removing the excess of material but
maintaining a porous structure with smaller pore-mouth sizes. These
smaller pores are supposed to be more easily closed by palladium than
the original ones, promoting the generation of a thin selective film with
high H, perm-selectivity. At this point, it should be noted that a com-
plete prevention for the diffusion of some components from the SS
support to the palladium layer cannot be ensured, although the pre-
sence of CeO, particles always will have a beneficial effect. The ceria
particles reduce the contact area between the support and the palla-
dium film, consequently decreasing the possible intermetallic diffusion.
Moreover, the additional generation of mixed Fe-Cr oxides before in-
corporating the ceria intermediate layer could also contribute to reduce
this possible effect.
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Fig. 4. SEM images of the external surface for: (a) oxidized PSS support and (b)
selected modification by incorporation of a CeO, intermediate layer, OXI-CeO,-
02.

3.2. Palladium deposition: electroless pore-plating

In this section, the morphology and main characteristics of the
palladium film achieved by ELP-PP on the selected support OXI-CeO»-
02 are discussed. The average thickness of this selective layer, esti-
mated from gravimetric analyses, was 15um. Fig. 5 shows the SEM
images of the composite membrane obtained after depositing the ex-
ternal palladium layer, including the external surface (Fig. 5a) as well
as the cross-section view (Fig. 5b).

As it can be seen in Fig. 5a, the external surface of the palladium
layer deposited by ELP-PP presents a relative smooth surface with a
cavernous morphology that appears in some punctures. However, these
pores cannot be found in the cross-section view (Fig. 5b), thus, it was
established that these surface pores are not interconnected due to the
palladium incorporation inside the pores. Taking into account the
nature and characteristics of the palladium pore-plating alternative
used in this work, the presence of external pores does not imply a low
quality (in terms of H, perm-selectivity) of the membrane. In fact, the
palladium particles can be ideally deposited only inside the pores of the
supports, achieving a material totally impermeable to nitrogen, helium
or other gases different of hydrogen. In this particular case, a pre-
liminary leak test at room temperature was carried out, not detecting
helium in the permeate side for the entire range of pressure differences
(up to 3 bar). Analyzing in detail the cross-section view (Fig. 5b), both
ceria particles and palladium film can be easily distinguished from the
bulk PSS support. The first ones were incorporated partially covering
the biggest pore mouths of the porous stainless-steel support, while the
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Fig. 5. SEM images after Pd deposition by ELP-PP over the modified OXI-CeO,-
02 support: (a) top view (before permeation experiments) and (b) cross-section
(after permeation experiments).

palladium was deposited simultaneously into the pores and in the ex-
ternal surface due to the hydrazine pass through the larger pores, only
partially covered. This particular morphology, inherent to the ELP-PP
process if the support presents a certain pore size distribution, was
extensively explained in previous works [38-40,45]. In this context, the
deposition of palladium inside the pores expects to provide good an-
choring for the Hy-selective layer and, consequently, increase the me-
chanical resistance of the composite membrane. In this case, it has been
evidenced that the mentioned effect was maintained in case of in-
corporating a CeO, intermediate layer. Finally, attending to the real
thickness for the external palladium layer, it can be concluded that a
very close value (around 15 pm) to the estimated one from gravimetric
analyses was observed in the SEM image.

3.3. Permeation behavior

As it has been detailed in the experimental section, permeation
experiments with pure gases (nitrogen and hydrogen) have been per-
formed to determine the composite membrane properties at high tem-
peratures, ranged from 350 to 475 °C, to avoid the possible hydrogen
embrittlement of the palladium film. In this context, two configurations
for the permeation experiments were considered: (a) introducing the
feed stream from the inner side of the membrane (tensile stress, mode
in-out) or (b) vice versa, permeating from the outer to the inner side
(compressive stress, mode out-in). For the entire set of performed ex-
periments, it should be point out that no nitrogen was detected in the
permeate side, and therefore, the quality of the membrane was de-
monstrated. In this context, an ideal H,/N, selectivity =10,000 can be
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ensured, taking into account the detection limit of the gas flow-meter
used in these experiments (1 N mL/h).

After permeation tests with pure nitrogen, multiple thermal cycles
with pure hydrogen were performed in the out-in operation mode to
analyze the stability of the membrane and permeate measurements
(Fig. 6). For each cycle the membrane cell was heated up to 400 °C in
nitrogen atmosphere and the gas feed was changed to pure hydrogen to
determine the permeation flux after a stabilization period of around 2 h.
Finally, the system was cooled down to return until room temperature.
Following this procedure, five thermal cycles were sequentially per-
formed with an average operation time of around 5 h per cycle. Fig. 6
shows the hydrogen fluxes for these experiments. As it can be seen, a
linear trend was observed as increasing the applied pressure driving
force. This general trend will be further discussed after studying the
effect provoked by the permeation operation mode (out-in or in-out). In
general, it can be emphasized that the fluxes obtained for each thermal
cycle slightly vary with a deviation ranged from 1 to 2% respect to the
average value determined from all the experiments. Thus, the per-
meation behavior of this membrane, formed by an oxidized PSS sup-
port, a ceria intermediate layer and a final Hy-selective palladium film,
can be considered stable.

After these preliminary thermal stability tests, the effect of opera-
tion mode was analyzed varying the direction of the hydrogen flux (out-
in and in-out modes) at temperatures and trans-membrane pressure
differences in the range 350-450 °C and 0.5-2.0 bar, respectively. These
results are shown in Fig. 7, evidencing that all experimental data fit
fairly well for a linear trend in which the hydrogen flux increases as the
pressure driving force or temperature does. As it can be seen, the H,
flux obtained when using the in-out operating mode is slightly higher
than the values reached in case of permeating by using the opposite
mode, permeating from the outer to the inner side (out-in mode). This
variation is maintained in the range 2-5% and this could be due to a
deviation from the real pressure on both sides of the palladium layer
and the measured values from each bulk gas phase. In this manner, it
can be concluded that the permeation operation mode does not affect to
the H, flux in a significant grade. However, it can be pointed out the
high mechanical stability of the prepared membrane, mainly for the in-
out mode in which the pressure driving forces generate tensile stress
making possible the delamination of the palladium layer (in-out mode).
Since this fact is not produced, it demonstrates a good anchoring of the
selective layer to the support due to the partial palladium deposition
inside the pores provided by ELP-PP deposition method.

At this point, as it has been previously anticipated, different ex-
periments were carried out at several temperatures (350-475 °C) and
trans-membrane pressure driving forces (0.5-2.0bar) to analyze in
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Fig. 8. Permeation behavior of OXI-CeO2-02 after Pd deposition by ELP-PP: (a)
fitting to Sieverts’ law through (0,0) and (b) considering the presence of an
additional resistance to the H, permeation process.

detail the effect of each operating conditions. For all these experiments,
the in-out permeation mode was considered to compare the obtained
results with the previously reported for other pore-plated membranes in
which a ceria intermediate layer was not incorporated [26,39-42,45].

22

Separation and Purification Technology 216 (2019) 16-24

All these results are summarized in Fig. 8, where the H, permeation flux
with pressure is shown at different temperatures. Fig. 8a shows the
mathematical adjust of collected data, evidencing a linear trend be-
tween flux and pressure driving force that is maintained independently
of the experimental temperature. Although an increase of pressure
provokes a consequent rise of the flux, as suggested the Sieverts’ law,
the intercept with the origin (that implies no permeation is reached
when no pressure driving force is applied) is not clear. This linear fit
can be significantly improved by considering the presence of an addi-
tional resistance to the permeation process (Fig. 8b), as it was suggested
in previous works, in which composite membranes prepared by elec-
troless pore-plating were analyzed [39,40]. This additional resistance is
explained by the presence of a minimum pressure value below which
the hydrogen permeation through the palladium membrane does not
occur. The contribution of the support to this effect was negligible, as it
was demonstrated elsewhere [39,40]. However, it is necessary to point
out that the additional resistance to the hydrogen permeation de-
termined for the membrane prepared in this work is significantly lower,
around 30%, from the value previously determined for a similar
membrane, also prepared by ELP-PP, but without including the CeO,
intermediate layer [16,39,40]. This new behavior could be derived
from the reduction of larger pores of the PSS support by the in-
corporation of the ceria particles, being also partially reduced the
thickness of the Pd external layer and its penetration into the pores of
the support. Consequently, an increase of the hydrogen flux around four
times was reached, obtaining a permeance in the range of 4.74-10*-
6.3510 *molm~2s"'Pa~%® (respect to the values 1.00-10™*
2.00-10"*molm~2?s~'Pa~%° obtained for a similar ELP-PP mem-
brane without the ceria intermediate barrier [38]), while a complete
ideal hydrogen perm-selectivity was maintained. Moreover, an activa-
tion energy of 8.9 kJmol ™! was calculated, within the range of other
palladium membranes reported in the literature [32]. As final insight, it
also necessary to mention that the membrane exhibited a really good
performance and stability for prolonged times (> 400 h) at high tem-
perature (=350°C) and the most unfavorable permeation mode in
terms of mechanical resistance, in-out permeation mode.

Finally, Table 2 compares the results obtained in this work with
other experimental data reported in the literature. This comparison has
been limited to composite membranes prepared by electroless-plating
onto porous stainless steel supports, but including different materials as
intermediate layer. It has to be pointed out that a rigorous comparison
between permeation properties for all these Pd membranes is not easy
due to the wide variety of parameters involved in the permeation
process. In most of the cases, the permeation properties are intimately
related to both reached metal thickness and composition of the selective
layer, pure Pd or alloys. In general, the thinnest membranes present
higher hydrogen permeances, but their selectivity is far away of the
ideal value. On the contrary, thicker membranes usually present higher
selectivity at the expense of lower hydrogen permeances. In this work, a
complete Hy/N, selectivity (=10,000, detection limit of 1 N mL/h) was
obtained for the entire set of experiments. Moreover, a hydrogen per-
meance in the range 4.74-6.35-10 " *mol m~ 25~ ! Pa~*® was obtained
when feeding pure gases. These permeance values are inside the typical
range of the presented ones by other researchers for pure Pd-mem-
branes, but providing a really high separation factor at ideal conditions.
On the other hand, this value is maintained below other referenced
membranes formed by Pd alloys. Furthermore, here it is important to
point out that a significant increase of the permeance has been obtained
in comparison with similar ELP-PP membranes, but prepared without
incorporating the ceria intermediate layer, as it has been previously
discussed in detail [38].

4. Conclusions

Three ceria intermediate layers were prepared onto oxidized 0.1 um
media grade porous stainless-steel supports to improve the performance
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Table 2
Composite Pd-based membranes on PSS supports.
Membrane type Deposition method tpa (um) Permeation conditions Permeation H,/N, separation factor Ref.
T (°C) AP (kPa)
-/Pd ELP 20.0 350 100 3.11-1074® 500 [44]
NaA zeolite/Pd ELP 19.0-26.0 400-450 20-150 =1.12-107°®@ 20-608 [46]
Si0,/Pd ELP 5.0 500 50 0.14® 300-450 [47]
Al,05/Pd ELP 5.0 400 100 3.05-1073® 500 [48]
Al,03-8i0,/Pd ELP n.a. 350 42 0.60-2.30-105© 30-115 [49]
YSz/pd ELP 27.7 350-450 30-400 4.50-10 4@ o [32]
Ce0,/Pd ELP 13.0 500-550 100-200 0.127-0.275® o [50]
Ce0,/PdCu ELP 8.0 450 100 0.074® 2369 [51]
Zr0,/PdAu ELP 14.0-27.0 400-500 10-100 3.48-7.14-10 %@ 4000 [52]
YSZ/PdAu ELP 15.0 400 50 1.8-10~2@ > 10000 [53]
YSZ/PdAuAg ELP 13.0-15.0 400 50 2.5.102@ > 10000 [53]
YSZ/Pd ELP 4.9 600 82 2.40-1073® 200-2000 [54]
ZrO,/PdAuCu ELP 14.0 400 50 1.36-10 4@ na. [55]
OXx1/Pd ELP 19.0 n.a. n.a. n.a. n.a. [25]
OX1/Pd ELP-PP 11.0-20.0 350-450 100-250 1.00-2.00-10 @ - [38]
OXI-CeO,/Pd ELP-PP 15.4 350-450 100-200 4.74-6.35-101@ > 10,000 This work

Permeation: ® permeance (molm~2s~'Pa~0%), ®

of composite Pd-membranes prepared by electroless pore-plating. The
amount of ceria incorporated on the external surface of the support
determines surface roughness and porosity as well, thus influencing the
permeation properties of the modified substrates. Despite the increase
of the incorporated amount of ceria reduces both, external roughness
and average pore size, the resulting porosity makes difficult the hy-
drazine pass through the modified support. Moreover, the great amount
of ceramic particles provokes a marked reduction of the permeation
properties of the support, compromising its capability to reach ade-
quate permeate fluxes as DOE targets suggest. On the contrary, scarce
amounts of ceria make the generation of a thin free-defects palladium
layer difficult. Thus, it is necessary to use an intermediate situation as
achieved with the sample OXI-CeO,-02, halved the roughness value of
the starting oxidized PSS support but ensuring good permeability. After
this modification, a completely dense Pd layer was reached by
Electroless Pore-Plating with an average thickness of tpg = 15 um. This
composite membrane exhibits a H,-permeance of
5.37-10 *molm~2s"'Pa~%® at 400°C and ideal H,/N, perm-se-
lectivity =10,000. These values represent an increase of around 400%
with respect to that of previously reported without using a ceria in-
termediate layer (1.50-10 *molm™2s~!Pa~%®%) while a high hy-
drogen selectivity was maintained. This fact could be derived from a
high reduction, of around 30%, in the resistance to the permeation
process when using electroless pore-plated membranes due to a lower
penetration grade of the Pd external film into the support. Besides,
experiments varying the direction of the permeate flux were also per-
formed, obtaining similar results and evidencing the mechanical re-
sistance of the prepared membrane despite operating at most un-
favorable conditions (mode in-out with tensile stress for the Pd-layer).
Analyzing in detail the permeation fluxes, a general behavior accord-
ingly to the Sieverts’ law was observed, increasing linearly as pressure
driving force does. An increase of the operating temperature also pro-
moted the H, permeate fluxes following an Arrhenius type dependence
with an activation energy of 8.9kJmol '. However, as previously
discussed for ELP-PP, an additional resistance to the permeation was
also observed due to the driving force for the permeation process was
insufficient to overcome the material resistance at lower pressures.
Nevertheless, the incorporation of the ceria intermediate layer for the
preparation of the Pd composite membrane on oxidized PSS supports
reduces this additional resistance in 30% increasing the permeance of
the membrane to obtain more than 400% of hydrogen flux respect to
other previously ELP-PP reported membranes.

permeation flux (molm~2s™") and © permeance (molm~2s~!'Pa™1).
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This work presents the use of doped CeO, particles with palladium as intermediate barrier
for the preparation of fully dense Pd films by Electroless Pore-Plating. The use of doped
ceria particles instead of non-doped ones clearly helps to reduce the final palladium
thickness required to prepare a fully dense membrane over porous stainless steel supports
from 15 to 9 pm (average values by gravimetric analyses), thus saving around 40% of total
palladium required in the process. Pure hydrogen permeation tests reveal a consequent
increase in the H, flux in the range 15—30%, depending on the operation mode. Thus, a H,
permeance of 6.26-10 * mol m 2
a really high H,/N, ideal separation factor (>10,000) and an activation energy within the
typical range for these type of membranes, E, = 13.1 k] mol . Permeation of binary Hy/N,
gas mixtures and the effect of feeding the mixture from the inner or the outer side of the
membrane have been also studied. A significant concentration-polarization effect was
observed, being higher when the gas is fed from the inner to the outer side of the mem-
brane. This effect becomes more relevant for the membrane prepared with doped CeO,,
instead of raw CeO,, due to its lower Pd thickness and higher relative influence of the
surface processes. However, it should be emphasized that higher H, permeance values
were obtained for the entire set of experiments when using the Pd-membranes containing
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doped ceria. Finally, long-term permeation tests for more than 850 h with pure gases at
T = 400 °C and AP = 1 bar were also carried out, demonstrating a suitable mechanical
stability of membranes at these operating conditions.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The emission of anthropogenic carbon dioxide, mainly
generated by the use of fossil fuels, is the principal responsible
of the global warming and progressive deterioration of the
environment, [1-5]. In this context, the promotion of using
clean renewable energies as well as the adoption of efficient
energy strategies to reduce CO, emissions are critical issues
[6]. The use of hydrogen as a clean energy vector is one of the
most promising alternatives to facilitate a progressive tran-
sition towards this situation [7—9], since it could be produced
by diverse techniques from a wide variety of feedstock [10].
However, in most cases it is not produced with the required
purity, being necessary a separation step from other sub-
products such as nitrogen, steam or carbon oxides, among
others [11,12]. This purification process can be carried out
downstream as an independent separation step with mem-
branes modules [13,14] or coupled to the chemical reactions in
a membrane reactor [15,16].

Membranes can be fabricated by using different types of
materials [12], although pure palladium and Pd-based alloys
offer clear advantages versus others in terms of mechanical
and thermal resistances, H, selectivity and permeance
[17—-19]. However, the high cost of this noble metal, the
reproducibility of the Pd-deposition process and the stability
for long time operation at real conditions are the main bottle
necks to introduce this technology in the industry [17,20].

Great efforts are being carried out during last years to
develop new membrane formulations and fabrication strate-
gies to overcome these limitations. In this context, it seems to
be widely approved the use of a porous support to reduce the
thickness of the selective Pd layer and, hence, save costs at the
same time that the permeation is increased [21,22]. Porous
ceramic materials provide excellent surface properties for this
purpose, i.e. low roughness, adequate porosity, and narrow
pore size distribution with small pore mouths [23,24]. How-
ever, porous metallic supports offer a better fitting in most of
current industrial devices, usually made of Hastelloy or
stainless steel (SS), as well as ensuring a suitable thermal
resistance due to the similar thermal expansion coefficient to
that of palladium [24,25]. In practice, many researchers
combine both alternatives by using porous stainless steel
(PSS) supports modified with diverse ceramic intermediate
layers to improve the quality of the original PSS surface, while
simultaneously preventing any possible metallic inter-
diffusion between SS and Pd layer [26—-28].

A detailed analysis of the selected material to be used as
intermediate layer is of key importance in order to ensure an
adequate behavior of the composite structure [19]. Thus, the
main properties of this material should be suitable adherence

onto the porous support, enough mechanical resistance and
chemical stability for the operating conditions and thermal
expansion coefficient between those Pd layer and metal sup-
port. CeO, has demonstrated to be an excellent candidate for
this purpose, especially in case of using PSS supports [19]. In
this context, Tong et al. [29] modified PSS tubes by the incor-
poration of dispersed ceria hydroxide particles with help of
vacuum. Qiao et al. [30] used a similar strategy with a sol-gel
procedure to incorporate CeO, particles onto PSS 316L disks.
Additionally, ceramic particles or, in general, any intermedi-
ate layer can be also doped with palladium in order to facili-
tate later activations steps for the incorporation of the H,
selective layer. This strategy was considered, for example, by
Gao et al. [31] for ZrO, modified PSS disks and Botino et al. [32]
for incorporating an alumina Pd-modified boehmite sol on PSS
supports. However, detailed characterization for these doped
intermediate layers were not presented, as well as the real
quantification of benefits reached after these strategies in
comparison with raw ceramic materials.

Different alternatives can be also considered to incorporate
the Pd layer onto the support, although the electroless plating
(ELP) is one of the most frequently used because of low energy
requirements, equipment simplicity and possibility to cover
complex geometries with good reproducibility [19,25,33]. ELP
process, based on the chemical reaction between a reducing
agent (typically hydrazine) and a metal solution containing
Pd?* ions, together with complexing and stabilizing agents
(such as ammonia and EDTA), has been deeply investigated,
and thus interesting proposals have been recently developed.
Goldbach et al. published in 2018 a novelty Pd-membrane
configuration in which the Pd is located in two different
layers on each side of the porous support [34]. These mem-
branes, denoted as duplex-membranes, avoid the necessity of
reach a fully dense Pd film but increase in practice the H,
selectivity of the composite material due to the low probability
of other gases to find the correct path between two defects
belonging to each Pd layer. Pacheco-Tanaka et al. proposed
the use of double-skinned and pore-filled membranes to
improve both H, permeance and attrition resistance of the
membrane in fluidized-bed systems [23,27,35,36]. This last
type of configuration, on the contrary to the previously
described, contains the Pd-based film between two different
ceramic layers that protect it against certain pollutants or
catalyst blows in fluidization conditions. Other interesting
membranes are prepared by electroless pore-plating (ELP-PP),
where the incorporation of palladium inside the pores of the
support is aimed by feeding both metal source and reducing
agent from opposite sides of the porous support. In this case,
an external layer is also obtained [24,37] and the Pd incorpo-
ration between this external Pd layer and pores depends on
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the ELP-PP conditions [38]. In fact, it was reported that Pd
location inside the PSS pores could be the responsible of
additional permeation resistances [38,39]. The average Pd
thickness in ELP-PP membranes, as occurs in any Pd com-
posite membrane, can be reduced by the incorporation of
diverse intermediate layers, as previously detailed. In this
context, a significant improvement of the H, permeance on
ELP-PP membranes was achieved after modifying PSS sup-
ports with raw CeO, particles [40], increasing the hydrogen
flux around 400% when comparing to other previous results
for ELP-PP membranes in which no ceria was used as inter-
mediate layer [38]. Following the above-mentioned study, the
present work analyzes the use of CeO, particles doped with Pd
nuclei, instead of pure CeO,, to prepare the intermediate layer
onto a PSS support. The use of ceria homogeneously doped
with Pd nuclei could facilitate the reaction just inside the
pores between Pd source and hydrazine baths during the
plating step, thus affecting positively both final layer thick-
ness and H, permeation through the composite membrane. In
this context, the morphology of the new prepared membranes
and their permeation behavior with pure gases and mixtures
have been properly addressed, including some long-term
permeation tests for around 850 h to verify their stability.
These results undoubtedly provide a significant insight for the
continuous improvement of ELP-PP membranes.

Experimental procedure
Membrane preparation

All composite membranes used in this study were prepared
onto PSS supports provided by Mott Metallurgical with 0.1 um
media grade and symmetric structure. The commercial sup-
ports, with tubular geometry and /4” OD, were cut to achieve a
final dimension of 3 cm in length. The general procedure for
the synthesis of the membranes consists of four successive
steps: (i) initial cleaning of PSS support, (ii) support calcina-
tion, (iii) incorporation of a CeO, intermediate layer doped
with Pd nuclei and (iv) palladium deposition by electroless
pore-plating, ELP-PP. First steps, including initial cleaning and
PSS calcination in air at 600 °C for 12 h, have been widely
described in previous works [37,41].

The main novelty of this study is based on the preparation
of the CeO, intermediate layer, modified with regard to a
previous publication in which the preparation of ELP-PP
membranes over PSS supports including a CeO, barrier is
addressed [40]. Raw commercial CeO, (from Alfa-Aesar), with
an average particle size around 100 nm, was doped with
palladium nuclei before being incorporated onto the support
by vacuum-assisted dip-coating (VA-DC) [40]. For the doping
procedure, raw CeO, particles were vigorously stirred into a
solution containing the metal source (0.1 g/L PdCl;) at room
temperature, adding hydrazine 0.2 M to reduce the palladium
ions into metal nuclei. The composition of these solutions was
taken from previous studies in which they were used for the
activation steps of raw and modified PSS supports [24,28]. In
contrast to other investigations, in which the sensitization-
activation process of the PSS support is carried out with suc-
cessive immersions in solutions containing tin and palladium

precursors, the procedure here proposed do not use any tin
solution. Several ratios between CeO, particles amount and Pd
precursor were considered from 1:6 to 1:36 (vol.). The doping
step was extended for 120 min, and then the CeO, particles
were filtered and dried overnight at 110 °C.

After doping the CeO, particles with palladium nuclei
(denoted as doped CeO, from here on out), a suspension of
20 wt% of these particles in water with a small amount of
polyvinyl alcohol (2 wt%), to ensure good adherence, were
used for the preparation of the intermediate layer by VA-DC
process [40]. Next, the calcined PSS support was introduced
into the doped CeO, suspension for 5 min at room conditions,
sealing by both extremes with Teflon tapes. This process was
repeated twice to ensure good homogeneity and reproduc-
ibility during the intermediate layer incorporation. The final
thickness of the intermediate layer was adjusted by succes-
sive rinsing in distilled water just after the VA-DC process,
thus partially removing some ceria particles, as it was widely
discussed in a previous work [40]. Finally, the modified PSS
supports with doped CeO, were calcined at 500 °C for 5 h to
ensure a complete removal of the organic linker (PVA) and a
good mechanical stability of the intermediate layer. As usual
for preparation of these membranes, diverse ELP-PP cycles
were required up to the weight gain became negligible, thus
suggesting a complete blockage of pores with palladium and,
consequently, a fully dense palladium membrane [37,42].

Materials characterization

First, Pd content incorporated into the doped CeO, particles
was analyzed by using an inductively coupled plasma atomic
emission spectroscope (ICP-AES, Varian 720-ES with
A = 342 nm). Doped CeO, particles were previously dissolved
by acidic digestion with HNO; and H,0,. Gravimetric analyses
were used to determine the weight gain of the PSS support
after the initial calcination, the incorporation of Pd doped
CeO, particles as intermediate layer and the Pd deposition by
ELP-PP. The equipment used was a Kern electronic balance
type ABS 220-4 (accuracy of 0.1 mg). After that, all composite
membranes were completely characterized before and after
the palladium plating with a scanning electron microscope
(Hitachi S-2100N) equipped with an energy dispersive
analytical system (EDAS) for microprobe analysis and an op-
tical profiler (Zeta-20 Optical Profiler). The uniformity of both
doped CeO, and Pd layers as well as the possible presence of
defects were analyzed in both axial and radial directions.
Additionally, the membranes were also cut after permeation
experiments in order to study the membrane conformation in
radial direction and, thus, determine the real thickness of the
Pd top layer.

Permeation measurements

Preliminary He-bubble membrane leak tests in distillated
water were performed to ensure the complete absence of de-
fects in the Pd layer at room temperature. Then, permeation
experiments with pure gases (hydrogen and nitrogen) and
mixtures were carried out at temperatures in the range
350—450 °C and pressure driving forces from 0.5 to 2.0 bar. In
this manner, both permeance and ideal H,/N, separation
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factor are determined for each sample. These permeation data
were collected in the homemade experimental setup previ-
ously reported [40]. It is equipped with a backpressure regu-
lator and several mass-flow controllers from Bronkhorst High-
Tech B.V. Additionally, in case of permeate fluxes below 5
NmL min~?, a bubble-gas flow meter with a detection limit of
1mLh ! was used to refine all these measurements, as well as
to ensure the absence of data for particular experimental
conditions (i.e. 0 NmL min~?). Here, it is important to note that
no sweep gas was used for the entire set of experiments and
the permeate side was always maintained at atmospheric
pressure. Gas chromatography was also used to analyze the
composition of the permeate stream in case of feeding H,-N,
mixtures (Varian CP-4900 equipped with TCD and two
different channels, molecular sieve 5 A and Pora-PLOT Q
columns).

The operation mode of the permeation setup was also
addressed by changing the flux direction throughout the
composite membrane. In this way, considering that the
palladium top layer was always placed onto the external side
of the tubular membrane, two different experiments were
performed. First, gases were fed into the lumen side of the
membrane, where they meet the porous media (PSS support
and intermediate layers) before the Pd layer (mode in-out). In
this manner, the composite structure of the membrane is
working at the most unfavorable conditions in terms of me-
chanical resistance, generating tensile stress between
different layers. Moreover, the opposite configuration was
also analyzed, forcing to pass the permeate from the shell-
side to the inner side of the membrane and thus meeting
the Pd layer before the porous media (mode out-in).

Results and discussion
Modification of raw CeO, particles with Pd nuclei

Ceramic materials, such as CeO,, are commonly used as in-
termediate layers for preparing composite membranes onto
porous metals, in order to avoid the possible inter-metallic
diffusion between the metallic support and the palladium
layer [42,43]. Furthermore, this intermediate layer can also
reduce both average pore size and surface roughness of raw
supports, and consequently turning the preparation of thin
palladium layers easier [44,45]. This fact is especially inter-
esting for membranes prepared by ELP-PP, in which both
palladium source and reducing agent are fed from opposite
sides of the porous support. In this context, as mentioned
before, a recent study highlights the clear benefits of incor-
porating CeO, as intermediate layer in ELP-PP membranes,
obtaining a good membrane performance with adequate
mechanical resistance, complete hydrogen ideal separation
factor and a significant increase of H, permeance [40].
Following this work, the present study includes a modification
of the CeO, particles used for the preparation of the inter-
mediate layer with the aim to improve even more the mem-
brane properties. In this context, raw CeO, particles were
doped with palladium nuclei before being incorporated to the
support. Thus, the typical activation step required to prepare
any Pd-based membrane by ELP or related techniques is

noticeably varied, since it is usually carried out after incor-
porating the intermediate barrier [46,47]. In the experimental
procedure here proposed, the doping step of CeO, particles
with Pd nuclei, before their incorporation by VA-DC in the
calcined PSS support, avoids the necessity of the traditional
activation step. Different doped CeO, particles were prepared
by varying the ratio between the solutions containing the
CeO, particles and Pd precursor from 1:6 to 1:36 (vol.). It has to
be point out that the relation between the reducing agent and
the plating solution volume was kept constant for all experi-
ments. Table 1 collects the Pd load reached on the CeO, par-
ticles after the doping step performed at the different
experimental conditions used as well as the efficiency of the
process (Ndoping), €Xpressed as the ratio between the Pd nuclei
deposited on the CeO, particles and the available metal
amount into the doping solution.

A lower ratio between CeO, particles and the plating so-
lution implies a greater amount of palladium available for the
generation of Pd nuclei during the doping process. In fact,
increasing Pd load on doped CeO, particles is reached when
using a greater volume of Pd plating solution. A similar trend
is achieved when analyzing the efficiency of the doping pro-
cess, leading to a maximum doping yield (Ngoping) around 52%.

Moreover, all samples exhibit a good distribution of Pd
nuclei around the ceria particles, independently of the
reached Pd load, although a progressive darker grey color can
be observed as loaded Pd becomes higher. Thus, the original
yellow color of raw CeO, particles is progressively turned into
a dark grey when a greater amount of palladium is available in
the medium.

Finally, in order to evaluate the efficiency of the doped
CeO, particles for the later palladium deposition by ELP-PP, all
samples summarized in Table 1 were used to prepare Pd-
composite membranes. As a result, doped particles with a
relation equal or lower than 1:18 (vol.) provokes a Pd weight
gain on the membrane after the first ELP-PP cycle similar to
that of the obtained one in case of using an activation process
after incorporating the intermediate layer onto the PSS sup-
port (Ampg = 10.2 + 0.5 mg cm™?). So, under this premise and
considering that the efficiency of the doping process seems to
be slightly higher in case of using a particles/solution ratio of
1:18 (vol.), doped CeO, prepared at these conditions were
selected as the most adequate ones for continuing the study.

Incorporation of doped ceria as intermediate layer
As previously described in detail, raw PSS supports were
initially calcined in air at 600 °C for 12 h and then a layer of

doped CeO, particles with Pd nuclei was incorporated as in-
termediate layer by VA-DC. The raw PSS support maintains

Table 1 — Palladium load reached on CeO, particles after
the doping process.

CeO,/plating solution ratio (vol.) Pd load (ppm) nNdoping (%)

1:6 92.31 26.21
1.9 186.30 34.91
1:18 569.36 52.40
1:36 1077.95 52.00
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the external morphology after the calcination process, pre-
senting a relative rough surface (R, = 4.579 + 0.3 um), very
close to the value obtained for raw PSS supports
(Ra = 5.082 + 0.4 um) [41,48]. This external roughness was
reduced in a half after the incorporation of doped CeO, par-
ticles, reaching an average value of R, = 2.726 + 0.4 um. Fig. 1
shows the external morphology obtained by optical profil-
ometry of calcined supports before (Fig. 1a) and after incor-
porating the doped CeO, particles (Fig. 1b). As it can be seen,
doped CeO, (white colored) were preferentially placed around
the deepest areas so covering the biggest pores of the calcined
PSS support (brown-grey). It should be noted that tone dif-
ferences in calcined PSS grains between Fig. la and b are
caused by profiler lighting adjustment due to the presence of
ceramic particles. Here, it is important to emphasize that this
behavior is almost identical to that obtained when raw CeO,
were used to prepare the intermediate layer [40].

In order to analyze the morphology variation of the
external surface of the support, SEM images before and after
the incorporation of doped CeO, were also acquired (Fig. 2a
and b). SEM image of calcined PSS support reveals a rough
surface with a wide variety of pore mouth diameters up to a
few microns (Fig. 2a). This morphology noticeably changes
after the incorporation of doped CeO, particles (Fig. 2b). As it
can be seen, the doped ceria particles were mostly placed in-
side the biggest pores of the external surface of the calcined
PSS support, as it was previously observed by optical profiler
at lower magnification. Additionally, new pores are generated
between the ceramic particles of the intermediate barrier with
a significantly smaller mouth sizes than original pores of the

bl x50

support. Apparently, this new surface is quite similar to the
obtained one when raw CeO, particles are used as interme-
diate layer. In fact, 0.0184 g of doped CeO, were incorporated
onto the calcined support, thus obtaining a variation below an
8% respect to the average weight gain obtained when using
directly raw CeO, particles [40].

The similar surface modification of supports despite
doping the CeO, particles with Pd nuclei was also evidenced in
permeation tests. Thus, N, fluxes through the modified sup-
ports with doped CeO, of 0.299 and 0.784 mol m? s~* were
obtained at room temperature and pressure driving forces of
0.5 and 1.0 bar, respectively, really close to that of the obtained
ones when using raw CeO, particles. At this point, it is
necessary to point out that around 0.02 g of both doped and
raw CeO, provide an optimal modification of the calcined PSS
support. The average pore size diameter as well as the
external roughness are noticeably reduced while a suitable
permeability is maintained [40]. Moreover, the new porous
media does not hinder the hydrazine pass through the pores
during the ELP-PP deposition process, as described for certain
cases in previous studies [40].

Palladium deposition by electroless pore-plating

To the best of our knowledge, this is the first study in which
the combination of ELP-PP technique with a doped CeO, in-
termediate layer is investigated. In this context, Fig. 3 collects
some micrographs of the external surface obtained after Pd
incorporation by ELP-PP onto modified PSS support containing
an intermediate layer formed by doped CeO, particles. As it

ks
il A |"q.|-"“
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He = 4,57 em

= 2.7 203004 jen

Fig. 1 — Surface morphology obtained by an optical profiler for calcined PSS support before (a) and after (b) the incorporation

of doped CeO, particles as intermediate layer.
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Fig. 2 — SEM images of the external surface of calcined PSS support before (a) and after (b) the incorporation of doped CeO,

particles as intermediate layer.

Fig. 3 — SEM micrographs of top Pd incorporated by ELP-PP onto a modified support with doped CeO, at magnification: (a)

%350 and (b) x1000.

can be clearly seen, an apparent homogeneous and contin-
uous palladium top layer was formed. It provides a noticeably
smoother surface with only some residual cavities, as usual
for most pore-plated membranes. However, the presence of
these cavities on the superficial Pd layer does not imply a low
H, selectivity, as it was suggested in previous works [38,40,49].
This fact was confirmed by He bubble-leak tests at room
temperature, which evidences a good sealing for all the pores
of the support with palladium. However, an important
reduction of the estimated Pd thickness of around 40% is
reached when replacing the use of raw CeO, particles by
doped ones as intermediate layer. In this manner, an average

Pd layer with just 9 um thickness, estimated by gravimetric
analysis, is achieved when using doped CeO, as intermediate
layer, in contrast to the 15 pm thick Pd layer reported when the
intermediate layer is formed by raw CeO, [40].

Fig. 4 shows the cross-sectional view for membranes pre-
pared by using raw (Fig. 4a) and Pd doped CeO, particles
(Fig. 4b). In both cases, most external pores of the modified
supports are filled with palladium, as usual for other ELP-PP
membranes [37—39]. This fact can be explained by taking
into account the nature of the ELP-PP process, in which both
Pd source and reducing agent are fed from opposite sides of
the support. The presence of Pd inside the pores is expected

WY gl W R

Fig. 4 — SEM cross-sectional views of ELP-PP membranes prepared onto modified supports with intermediate layers formed

by: (a) raw or (b) doped CeO,.
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due to reactants meet just inside the pores, while a higher
diffusion velocity of hydrazine from the inner to the outer side
of the substrate can explain the preferential blockage of the
nearest pores to the external surface of the support. Addi-
tionally, the pore distribution of the modified PSS support
makes this process certainly heterogeneous, so hydrazine can
reach the external surface through the biggest pores, thus
making also possible the formation of a top Pd film. However,
significant differences can be appreciated for this external Pd
layer in case of using raw or doped CeO, particles. Pd mem-
branes containing an intermediate barrier formed by raw
CeO, (Fig. 4a) present a real external Pd thickness very close to
the estimated one by gravimetric analysis, in the range
13—17 um. This Pd layer covers almost completely the original
morphology of the calcined PSS support, providing a very flat
external surface. On the contrary, the use of an intermediate
layer formed by Pd doped CeO, particles derives in a
remarkably thinner external Pd film (Fig. 4b) with around
5 um, despite the above-mentioned estimation from gravi-
metric analysis of 9 pym. This external and thin Pd layer rep-
licates in a better way the original surface morphology of the
PSS support.

This reduction in the Pd thickness after using doped CeO,
represents to save around 40% of the noble metal during the
membrane preparation and, consequently, to improve the
overall cost of the process. This goal can be explained by a
different distribution of Pd seeds throughout the porous
modified supports in case of using raw or doped CeO, particles
as intermediate layer, thus affecting the Pd film growth. In
case of doping the CeO, particles before VA-DC step, the Pd
nuclei are randomly distributed on the external surface of
each ceramic particle, therefore providing an elevated number
of active sites for starting the ELP-PP process. Probably, the
new distribution of Pd seeds in doped CeO, particles facilitates
the completion of ELP-PP process inside the pores in a better
way, thus helping to obtain a fully dense membrane with
lower Pd requirements. In fact, a 5 um real external thickness
was obtained by SEM (Fig. 4b), being significantly lower than
the estimated one by gravimetric analyses (te,pqa = 9 pm). This
discrepancy, not observed in case of using raw CeO, particles,
can be due to the greater influence of an homogeneous Pd
infiltration inside the pores of the substrate with respect to the
total amount of Pd incorporated to the membrane. It has to be
note that both membranes, prepared with raw or doped CeO,
particles, were obtained following identical experimental
procedures for the incorporation of both intermediate layer
and Pd film by VA-DC and ELP-PP, respectively. Therefore, it
can be concluded that the new experimental procedure here
proposed seems to be certainly attractive in terms of reducing
the Pd requirements and, consequently, the Pd thickness.
Additionally, it is expected that all membranes prepared by
this method exhibit good mechanical properties due to the Pd
infiltration inside the pores and the consequent good
anchoring of the Pd layer.

Permeation behavior
As it has been detailed in the experimental section, perme-

ation experiments with pure gases (N, and Hy) and mixtures
have been performed at several temperatures. In this context,

two different configurations for the permeation tests were
considered: a) mode in-out, introducing the feed stream to the
lumen of the tubular membrane (tensile stress on the Pd layer)
or b) vice versa, mode out-in, in which the permeate flux is
produced from the outer to the inner side (compressive stress
on the Pd layer). Previously to perform these experiments,
preliminary He leak tests at room temperature were carried
out to ensure the continuity of the Pd layer. Moreover, no N,
was detected in the permeate stream for any higher temper-
ature, taking into account that the minimum detection limit of
the used gas flow-meter is 1 NmL h~. At this point, different
experiments with pure H, were carried out at temperatures
and trans-membrane pressures within the range of
350—450 °C and 0.5—2.0 bar, respectively. Moreover, it should
be noted that 5 sequential thermal cycles were performed
with an average operation time of around 5 h per cycle before
considering stable permeate data. For each thermal cycle, the
membrane was heated up to 400 °C in N, the gas feed was
switched to H, to determinate the permeation flux after a
minimum stabilization period of around 2 h and, finally, the
membrane was cooled down again to room temperature in N,.
Results obtained by using the out-in operation mode are
summarized in Fig. 5, where the H, flux is plotted against
pressure at different temperatures. These results evidencing
that permeate increases as the same time as doing pressure
driving force or temperature. A linear trend between flux and
pressure driving force was obtained, independently of the
operating temperature. However, it is clear that this trend
does not intercept in (0,0), in contrast to the expected behavior
for Pd-based membranes accordingly to the Sieverts’ law
(n = 0.5). This particular behavior has been previously
addressed by considering the presence of an additional
resistance to the permeation process when ELP-PP method is
used. This effect was explained by the Pd penetration inside
the pores of the porous media [38,40,49]. This additional
resistance implies the presence of a minimum pressure value
in the gas bulk phase below of which the H, permeation
through the Pd layer does not occur. The additional resistance
obtained in this work for the membrane prepared by using

A 450°C R’=0.99944
® 400°C R’=0.99947
= 350°C R’=0.99949

50 100 150 200 250
05 05, 05
- (Pa™)
Hz,ret Hl,perm
Fig. 5 — Permeation behavior of doped ceria as
intermediate layer membrane, considering the presence of
an additional resistance to the H, permeation process.
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doped CeO, as intermediate layer is very close to the value
obtained when using raw CeO, particles [40]. Thus, the
calculated resistance is maintained around 35% below the
value previously determined for an ELP-PP membrane without
any ceramic intermediate layer but identical conditions for
the palladium plating [38,49]. Taking into account this
particular behavior, permeances values ranged from 4.50-10~*
t0 6.39:10"* mol m~2 57! Pa~%° were reached at temperatures
between 350 and 450 °C (out-in permeation mode). These
values represent an increase of around 30% respect to using
raw ceria as intermediate layer. In this manner, maintaining
the out-in operation mode for the permeation experiments,
the H, permeance has been increased from 4.46-10* to
5.73-10 * mol m 2 s~ * Pa~°> at 400 °C [40]. This improvement
is mainly caused by saving around 40% of Pd thickness as well
as the new morphology of the H, selective film reached after
doping the CeO,, as previously discussed in Fig. 4. The effect of
temperature on the permeance is determined by considering
an Arrhenius-type dependence, thus obtaining an activation
energy of 13.1 k] mol %, within the typical range of other Pd-
based membranes reported in literature [19,50].

Additionally, experiments with pure H, were completed
with binary H,-N, mixtures in order to investigate the influ-
ence of using non-pure feed streams and possible
concentration-polarization effects. The results obtained for
these experiments, performed at 400 °C in both possible
operation modes (out-in and in-out), are depicted in Fig. 6.

Two different ELP-PP membranes containing CeO, inter-
mediate layers with doped or raw particles have been
analyzed. In general, the presence of N, in the feed stream
always promotes a reduction in the permeance, indepen-
dently of the intermediate layer and the N, concentration,
thus suggesting possible concentration-polarization effects
on the Pd layer. However, relevant differences can be appre-
ciated for each membrane or permeation mode. Thus, per-
meance decrease in case of working according to the out-in
operation method is significantly lower than the effect

X
o
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N, concentration in the feed (% vol.)

Fig. 6 — Effect of feed stream dilution with binary H,-N,
mixtures for ELP-PP membranes containing raw (triangles)
or doped GeO, (circles) intermediate layers at diverse
permeation modes: out-in (filled symbols) and in-out
(empty symbols).

obtained on the contrary operation mode. This effect, main-
tained for both membranes independently of using raw or
doped CeO, particles as intermediate layer, can be explained
by the position of the Pd layer. For in-out permeation experi-
ments, the gas mixture is fed to the lumen of the membrane
and H, needs to pass through the porous media before
reaching the Pd layer. Most of H, in contact with the Pd layer is
dissociated on the surface, diffusing through the bulk metal to
be collected on the contrary side. However, in case of testing
H,-N, mixtures, nitrogen cannot pass through the Pd layer
and it remains inside the pores of the supports some time,
turning difficult the transport of hydrogen towards the Pd film
in this area. This effect, known as concentration-polarization
effect, becomes more relevant as increasing the dilution of the
feed stream, thus explaining the reduction in permeance
observed when testing gas mixtures.

The concentration-polarization effect has been reported by
many researchers, being widely addressed in specialized
literature [51-53]. However, in this work some differences
arise for the analyzed membranes, obtaining a higher drop in
permeance when using doped ceria instead of raw particles. In
case of using the in-out operation mode, a maximum per-
meance drop of 20% and 36% was obtained with raw or doped
CeO, as intermediate layer, respectively. This behavior can be
explained by the final Pd thickness reached for each mem-
brane. The ELP-PP membrane prepared with doped CeO,
presents the thinnest Pd layer (tepa = 9 pm) and, as conse-
quence, provides the highest H, permeance with pure gases
(k=6.26:10"* mol m 2 s7* Pa~** at 400 °C). In this manner, a
similar concentration-polarization effect, derived from the
porosity of the support, will affect in a more important grade
the permeance drop of the membrane with a higher initial
permeation. Here, it is important to point out that a similar
morphology of the intermediate layer was achieved after its
incorporation, independently of using doped or raw CeO,
particles, so the effect of the porous support on the gas
transport should be certainly similar for both cases.

However, in case of using the out-in operation mode for the
permeation tests with mixtures, a lower permeance decrease
has been also obtained despite the feed gases reach now first
the Pd layer, avoiding the above-mentioned effect on the
porous support. Particularly, a permeance decrease of 10 and
19% when increasing the N, content from 0 to 10% was ob-
tained in case of using raw or doped CeO,, respectively. This
effect becomes more important for increasing the N, content
up to 30%, although the permeance seem to be stabilized for
greater dilution grades. Anyway, the observed permeance
drop is always higher in case of testing the ELP-PP membrane
prepared with doped CeO,. Differences on the external surface
morphology of the Pd layer reached in this membrane (Fig. 4b)
and the obtained one with raw CeO, particles (Fig. 4a) could
explain this effect. The new membrane presented in this
work, prepared with doped CeO, particles, contains small
cavities on the external Pd layer surface. Thus, a higher
roughness is obtained in comparison to the top Pd layer
reached in case of using raw CeO, as intermediate layer,
significantly flatter. The presence of these cavities and higher
roughness can provoke a certain concentration-polarization
effect, although less relevant to that of the previously dis-
cussed one in case of working in mode in-out. This makes
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Table 2 — Literature survey about composite Pd-based membranes.

Membrane layers Type tpa (nm) Permeation Permeation Hy/N, Ref.
conditions
T (°C) AP (kPa)

PSs/-/Pd Conventional 20.0 350 100 3.11-10 * 500 [56]
PSS/OXI/Pd ELP-PP 11.0-20.0 350—450 100—-250 1.00—2.00-10 ** © [37]
PSS/Al,04/Pd Conventional 5.0 400 100 3.05-1073° 500 [57]
PSS/CeO,/Pd Conventional 13.0 500-550 100—200 0.127-0.275" © [29]
PSS/CeO,/PdCu Conventional 8.0 450 100 0.074° 2369 [30]
YSZ/PdAu Conventional 5.0 500 60 1.80-1073 4300 [54]
PSS/ZrO,/PdAu Conventional 14.0-27.0 400-500 10-100 3.48-7.14-107% 4000 [55]
Pd/Al,04/Pd Duplex 3.8/2.5 500 100 10.1-10°% 14429 [34]
Al,05/PdAg/YSZ-Al,05 Double-skin 1.0 400 100 4.60-107°° 25938 [23]
Zr0,/Ti02-Pd, ZrO2-Pd/YSZ Pore-filled n.a. 400 100 1.64-1077¢ 850 [36]
PSS/OXI-CeO,/Pd EL.B-PP 15.4 350475 100-200 474-6.35-10"* >10000 [40]
PSS/OXI-doped CeO,/Pd ELP-PP 9.1 350—450 100—-200 4.46—6.39-10 ** >10000 This work

@ Permeance (mol m ?s~* Pa—*?).

® Permeation flux (mol m~2s7?).

¢ Permeance (mol m 2s ! Pa?) and.
4 Permeability (mol m ! s~ Pa—%9).

sense if tortuosity and pore size in the supports are compared
with cavities detected on the top Pd layer. It is clear that oc-
clusion of N, inside the pores of the support is easier than in
external cavities, hence making the H, transport in this area
more difficult.

To sum up the effect of binary H,-N, mixtures on ELP-PP
membranes containing CeO, as intermediate layer, it can be
stated that thinner Pd layers are more affected by the
concentration-polarization produced with diluted feeds,
independently of permeating from the inner to the outer side
or vice versa (in-out or out-in, respectively). This effect is
mainly caused by meeting the support pores before the Pd
layer in the first operating mode, or the presence of cavities on
the Pd top film if the configuration out-in is used. Therefore,
the new membrane presented in this work, with a 9 pm thick
Pd top layer and higher permeance with pure gases than a
similar membrane in which CeO, is not doped with palladium
nuclei, suffers a more relevant concentration-polarization
effect with N,-H, mixtures, despite always reaching higher
absolute permeance values.

After all these experiments at high temperatures, carried
out for more than 120 h, the membrane exhibited a complete
mechanical integrity. This mechanical strength was
confirmed in a long-term stability test with pure H, at 400 °C
and AP = 1 bar, recovering the initial H, flux and maintaininga
stable perm-selectivity despite extending the membrane
operation for additional 720 h. As a result, the composite
membrane was working for more than 30 days (approximately
850 h) without any mechanical problem. Here, it should be
noted that this is especially interesting if considering the
membrane resistance against the in-out operation mode in
which pressure provoke tensile stress on the Pd film, making
possible its delamination. Since this fact is not produced, a
good anchoring of the Pd layer can be guaranteed when using
ELP-PP on a modified support with doped CeO, intermediate
layer at similar operating conditions.

Finally, Table 2 compares the results obtained in this work
with other experimental data reported in literature. It should

be noted that this comparison has been limited to composite
membranes prepared by ELP, but including a wide variety of
materials used as supports, intermediate and selective layers,
and some membrane configurations recently published, such
as pore-filled [36], double-skin [23] or duplex membranes [34].
The large variety of configurations joint to the diverse equip-
ment design for permeation tests and operating conditions
increase the complexity for a rigorous comparison. In general,
as it is well known, the thinnest selective films the biggest
hydrogen fluxes. On the contrary, very high hydrogen fluxes
usually involve limited H, selectivity. In most cases, the
permeation properties are intimately related to both metal
thickness and composition of the selective layer, pure Pd or
Pd-based alloys. As previously detailed, a complete Hy/N,
selectivity (>10,000, detection limit of 1 NmL/h) was obtained
for the membrane collected in this study during the entire set
of experiments. Moreover, a H, permeance in the range
4.46-6.39-10 * mol m > s~* Pa %> was reached at 350—450 °C
when feeding pure H,. As it can be seen in Table 2, these
permeance values are within the typical range to that of the
presented ones by other researchers for pure Pd-membranes,
but achieving a really high H,/N, separation factor at ideal
conditions. On the other hand, it is also observed a lower H,
permeance than the reached one by other membranes pre-
pared by allowing the Pd with other metals, mainly Ag [23], Cu
[30] and Au [54,55].

Conclusions

The use of doped CeO, particles with Pd nuclei to prepare
intermediate layers and, hence, facilitate the consecutive
formation of a fully dense Pd film by ELP-PP is reported in this
study for the first time. The new intermediate layer provokes
an increase of the support weight of 0.02 g, while the surface
roughness is reduced up to 2.726 + 0.4 pm. These values are
quite similar to the obtained ones when using directly raw
CeO, particles to prepare the intermediate layer, so the
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reproducibility of the VA-DC experimental procedure is
demonstrated with the doped particles. Additionally, the new
intermediate layer makes possible to reduce the Pd thickness
around 40% without affecting the complete H, selectivity of
the membrane. Thus, an estimated value from gravimetric
analysis of 9 um was reached. Additionally, cross-sectional
views of the membrane reveal the formation of an external
top Pd layer with just 5 pm thickness, significantly lower than
the previous estimated value. This behavior was not observed
in case of using raw CeO, particles as intermediate layer,
being both values in good agreement around 15 pm. It means
that palladium has been preferentially incorporated around
doped CeO, particles. In this manner, the replacement of raw
CeO, particles by Pd doped ones in the intermediate layer
significantly saves palladium for ELP-PP. In addition, a H, flux
increase of around 15-30% was obtained for the different
operation modes. Thus, a H, permeance of
6.26:10* mol m~? s * Pa % at 400 °C and AP = 1 bar is
reached, without affecting the H,/N, ideal separation factor
(>10000). The effect of feeding binary H,-N, mixtures was also
evaluated, obtaining a significant concentration-polarization
effect. This effect is caused by the presence of cavities in the
external side of the Pd layer (affecting the permeation mode
out-in) and, more important, the tortuosity and pore sizes of
the modified support (strongly affecting the permeation mode
in-out). This effect becomes more relevant for membranes
with thinner Pd layers. However, it should be noted that the
new membrane prepared with doped CeO, always provides
higher absolute H, permeance values at the entire range of
experiments in comparison to a similar membrane with an
intermediate layer formed by raw CeO, particles. Finally, long-
term permeation tests up to 30 days with pure gases at
T =400 °C and AP = 1 bar were carried out to demonstrate the
mechanical stability of the membrane, obtaining an almost
steady H, flux and H,/N, ideal separation factor really close to
the values measured before analyzing the effect of feeding gas
mixtures.
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ARTICLE INFO ABSTRACT
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Ha-selective composite membranes, particularly those based on palladium films deposited onto porous stainless-
steel supports, represent a promising technology to be practically included in both independent devices and
membrane reactors. To reach thin Hy-selective films and hence high permeance values, the use of a wide variety
of intermediate layers is usually adopted in the literature. However, an agreement about the best solution is not
found up to now. In this context, the current study presents the use of Ordered Mesoporous Ceria (OMC) particles

Palladium
Electroless plating as intermediate layer for the improvement of permeation properties of Electroless Pore-Plated (ELP-PP) Pd-
Hydrogen composite membranes. OMC was obtained by nanocasting from SBA-15 as temporary template and cerium ni-

trate (III) hexahydrate as metal precursor. Resultant OMC particles have around 100 nm spherical diameter, an
average pore-size diameter of 10-12 nm, and a total BET surface of around 134 m?/g. This material was next
deposited onto the external surface of tubular Porous Stainless-Steel (PSS) supports by vacuum-assisted dip-
coating (VA-DC) to form an intermediate layer that makes the preparation of a defect-free and thin Pd-film
easier. This procedure allows the preparation of Pd composite membranes (OMC-Pd) with Pd thicknesses
around 10 pm, Hy permeances of 1.03-10 % mol m 2 s~ ! Pa—*> at 400 °C, and high ideal selectivity apga/N2 >
24,000. It should be noted that Hy permeance has been increased up to 6 times in comparison with other ELP-PP
membranes without any intermediate layer and 2 times in contrast to membranes containing dense CeO, par-
ticles instead of the mesoporous ones for the intermediate layer. Moreover, Pd-membranes so prepared (OMC-Pd)
have shown excellent mechanical resistance in a wide variety of operating conditions such as temperature,
pressure, and permeate flux direction, maintaining a high Ha-selectivity without delamination or peeling. These
properties were also maintained in case of feeding different Hy/Ny mixtures, where the concentration-
polarization effect seems to stabilize for lower Hy concentration values in the feed stream, not being notice-
ably influenced by temperature.

1. Introduction hydrogen expects to modify the current situation by decarbonizing the

energy system without compromising future economic development [4].

Nowadays it is widely accepted the direct connection between
climate change and increase of greenhouse gas emissions in the atmo-
sphere, mainly carbon dioxide, due to multiple anthropogenic factors
[1]. Among them, it can be emphasized activities for electricity and heat
generation, industrial manufacturing, production of chemicals, and
transport, with an overall contribution to the worldwide CO2 emissions
of around 80% [2,3]. The promotion of renewable energies and
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Additionally, actions directed to improve the energy efficiency of pro-
cesses in the industry are also receiving great attention as an attractive
alternative to save energy and CO, emissions [5]. In this context, a
recent study conducted by Sholl and Lively demonstrates that around
50% of the current energy demand in industrial processes are caused by
separation and purification operations, thus suggesting the enhance-
ment of these technologies as a great opportunity to achieve most of the
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previously described goals [6]. The use of Hyp-selective membranes offers
high potential in this field for both independent purifiers and the so-
called membrane reactors, in which these membranes are combined
with catalyzed assisted chemical reactions in a unique device [7,8].
Particularly, dense Pd-based membranes exhibit excellent properties in
terms of permeability, Hy selectivity, and thermal resistance to be used
in high-temperature applications [9]. However, some problems related
to the cost of the membranes, their reproducibility and stability at real
conditions, and large scales need to be overcome before being intro-
duced at industrial scale [10]. The stability of a membrane can be
mainly affected by its mechanical resistance against the operating con-
ditions and deactivation/poisoning processes caused by chemical com-
pounds such as steam, carbon monoxide, hydrocarbon molecules, or
sulfur compounds [11]. These critical parameters are noticeably rele-
vant in the case of using membrane reactors due to the complexity of
coupling the experimental conditions for both catalysts and membranes.

Most researchers stand up for preparing composite membranes in
which a thin Pd or Pd-alloy film is stacked onto porous supports [12],
usually formed by agglomeration and sintering of alumina or stainless
steel (SS) particles [13]. The support choice determines the final prop-
erties of the Hy-selective Pd films in terms of morphology, homogeneity,
adherence, and thickness [14]. In general, ceramic supports make the
preparation of ultrathin Pd layers easier due to their lower external
roughness and high-controlled pore distribution with sizes up to a few
nanometers. However, these supports show important concerns related
to their resistance against thermal cycles and to be fitted in a membrane
reactor device [13]. On the contrary, the similar thermal expansion
coefficient between Pd and SS guarantees a suitable membrane perfor-
mance and sealing in most of the typical industrial devices. However,
the high surface roughness of these supports, with noticeably large
pores, turns the preparation of ultra-thin Hy selective films really diffi-
cult [15]. Therefore, many authors propose the modification of raw
porous stainless steel (PSS) supports by the incorporation of porous
ceramic intermediate layers between both support and Pd film [16]. A
wide variety of materials have been used with this purpose, including
Aly03 [17], SiO4 [18], TiO2 [19], ZrO2 [20], Y203 [21] or CeO4 [22,23],
among others. In all cases, it was reduced the final Pd thickness of the
membrane due to the modification of original surface properties of the
PSS supports, at the same time that possible membrane deterioration by
the intermetallic diffusion of SS components into the Pd film at high
temperature was also prevented [24]. However, the use of any of these
metal oxides for the generation of intermediate layers could consider-
ably reduce the permeation of the final composite membranes. There-
fore, it could be interesting the use of porous particles for the
preparation of these intermediate layers, increasing their Hy permeation
due to the presence of both intra- and inter-particle porosity, avoiding
the particle agglomeration and protecting the Pd film. Moreover, addi-
tional functionalities could be subsequently provided for particular ap-
plications, especially in the case they would be placed in a membrane
reactor. This strategy could protect the Pd film against certain com-
pounds by molecular sieving and even provide certain or additional
catalytic activity. Despite these important potential benefits, only a few
studies in which this strategy is applied can be found in the literature,
being most of them based on zeolites and related materials.

In this context, Bosko et al. reported the use of NaA zeolite as an
effective diffusion barrier in composite Pd/PSS membranes, reaching Pd
thickness in the range 19-26 pm [25]. The NaA intermediate layer was
prepared by dip-coating and hydrothermal synthesis, penetrating the
pore system of the PSS support up to 40 pm. This membrane was also
applied in a membrane reactor for dry reforming of methane without
modification of the original crystalline structure nor morphological
features [26]. Calles et al. followed a similar strategy for modifying raw
PSS supports before the Pd incorporation, but in this case comparing the
modification achieved with two different porous materials based on
silica, silicalite-1, and hexagonal mesoporous silica (HMS). They
reached a completely defect-free Pd film of around 5 pm with hydrogen
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permeance of 1.423-107* mol m™2 s7! Pa®® in case of using the

silicalite-1 intermediate barrier [18]. A similar intermediate layer
formed by silicalite-1 particles was also presented by Guo et al. [12,27]
in tubular macro-porous alumina supports, demonstrating certain sta-
bility of the membrane for about 15 days while operating at 400 °C. NaX
nano-zeolites was also applied to modify the pore size of PSS supports
and improve the hydrogen permeability of the membranes with ca. 20
pm Pd thickness [28,29]. Kiadehi and Taghizadeh coated planar PSS
supports with NaY zeolite particles by initial seeding and secondary
growth method, obtaining a Pd thickness of about 7 pm, hydrogen
permeance of 6.2:10~* mol m~?s~! Pa~*° and ideal Hy/N, selectivity of
736 [30]. The same authors also reported the preparation of other
composite membranes with SAPO-34 intermediate layers, slightly
improving the ideal Hy/N> selectivity up to 866. This new intermediate
layer with a pore opening diameter of 0.38 nm is presented as a suitable
candidate for multiple applications such as gas purification, support in
hydrogen generation processes, catalyst for diverse chemical reactions,
and sorption, especially relevant for removal of water from gas mixtures
[31]. In most of these works, the materials’ growth was directly carried
out onto the surface of supports to control the orientation of crystals and,
hence, the pores. However, these synthesis procedures usually involve
multiple steps with a certain complexity, thus increasing both the cost
and the possibilities of an increasing number of rejected membranes in
an expected production scale-up. Problems for a suitable reproducibility
could be also an important issue to take into account. In this framework,
the evaluation of more simple preparation methods, i.e. the well-known
dip-coating, could provide noticeably advantages for industrialization of
the membrane preparation processes. Anyway, despite the above-
mentioned advances when using zeolites as intermediate layer for the
preparation of composite Pd-based membranes, it is evident the scarce
number of studies and lack of information about particular benefits
reached in real membrane reactor conditions. Moreover, the conve-
nience of using other materials with better thermal expansion proper-
ties, i.e. ceria [14,22], needs to be carefully addressed. This ceramic
material presents a thermal expansion coefficient of 11.8-13.2 pstrain/
°C, which is fairly close to that of both palladium and AISI 316L SS
(10.6-12.6 and 15.0-18.0 pstrain/°C, respectively). Experimental pro-
cedures for preparing a wide variety of ordered porous metal oxides are
well known, being possible to report protocols for adjusting the porosity
of these materials by nanocasting [32-34]. These materials provide a
really high surface area with very homogeneous pores and controlled
particle size distribution similar to zeolite structures. However, until our
best knowledge, most of them are only considered for the fabrication of
advanced catalysts instead of the preparation of a new generation of
versatile membranes. Therefore, the present study aims to cover this
gap, presenting for the first time the use of ordered-mesoporous ceria to
modify commercial tubular PSS supports before the incorporation of a
Pd continuous layer for H, permeation. These novel intermediate layers
have been combined with Electroless Pore-Plating (ELP-PP) for the
incorporation of Pd-films, analyzing in detail both morphology and
permeation behavior of the new membranes so obtained.

2. Experimental procedure
2.1. Ordered mesoporous ceria (OMC) preparation

The ordered mesoporous ceria (OMC) used as intermediate layer was
obtained by one of the most widely studied hard-templating methods,
the nanocasting [32,33,35]. In this method, a porous template is filled
with another material, afterward removing the initial template. In this
particular case, cerium nitrate (III) hexahydrate (Aldrich, 99% purity),
used as metal precursor, was impregnated onto the mesoporous silica-
based material SBA-15 used as hard temporary template. SBA-15 was
synthetized accordingly to the procedure described by Zhao et al [36].
First, 4.85 g of Ce(NO3)3-6H,0 was dissolved in 50 mL of ethanol. Then,
6 g of SBA-15 was added stepwise to the alcoholic solution to achieve a
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very homogeneous suspension and to avoid the formation of agglom-
erates in the mixture. The solution was subsequently stirred overnight at
300 rpm and room temperature up to the complete evaporation of the
solvent. After that, SBA-15 particles in which all pores are filled with the
cerium precursor were calcined at 600 °C for 6 h (heating ramp of 1 °C/
min). During the calcination step, the precursor embedded inside the
SBA-15 pores was transformed into the metal oxide, CeO2. Both pro-
cedures were repeated multiple cycles to ensure a complete impregna-
tion of each pore of the SBA-15 material, thus preparing high-quality
nanocasted material. Finally, the complete removal of the SBA-15 used
as hard-template was carried out by washing with an aqueous 2 M NaOH
solution. The liquid-solid mixture was stirred at 300 rpm and 60 °C for 4
h and then it was left overnight at static conditions and room temper-
ature to sediment the OMC particles. These particles were finally sepa-
rated from the liquid phase by filtration. The washing procedure was
repeated twice to ensure complete removal of SBA-15 material. Finally,
OMC particles were successively rinsed with distilled water, ethanol,
and acetone several times and dried overnight at 120 °C.

2.2. Membrane preparation

Tubular porous stainless steel supports provided by Mott Metallur-
gical Corporation were used for the preparation of all composite-
membranes addressed in this work. The commercial supports present
a symmetric structure with a porous media grade of 0.1 pm. This raw
support can reject 95% of particles with size greater than the specified
grade, although real pores in the range 2-5 pm can be typically found on
its surface. The original tubes with % inch OD were cut into shorter
pieces of around 30 mm in length to prepare the composite membranes.
The general preparation procedure consists of five successive steps: (i)
initial cleaning, (ii) raw PSS support calcination (600 °C for 12 h in air
atmosphere), (iii) OMC intermediate layer incorporation, (iv) surface
activation with Pd nuclei and (v) Pd layer formation by ELP-PP.

The initial cleaning consists of consecutive washing steps in NaOH
(0.1 M), HCI (0.1 M), and ethanol (96 vol%) at 60 °C in an ultrasonic
bath. After that, the supports were oxidized in air for 12 h at 600 °C with
heating and cooling rates of 2.0 °C/min, according to the procedure
described elsewhere [37].

The surface quality of the supports (average pore size and roughness)
were tailored in the third step by the incorporation of ordered meso-
porous ceria (OMC) intermediate layer following a vacuum-assisted dip-
coating method (VA-DC). A suspension of OMC particles (10 wt%) in
water with a certain amount of PVA (2 wt%), to improve the adherence
of the layer, was used for the preparation of the intermediate layer. After
that, the PSS support was sealed by both extremes with Teflon tapes and
it was introduced twice into the suspension for 5 min at room conditions
to generate the new layer on the external surface of the porous support.
This step was repeated one more time applying vacuum from the lumen
side of the support, at the last minutes of the second cycle as detailed in a
previous work for other intermediate layers based on dense CeO, par-
ticles [22]. A very homogeneous but relatively thick intermediate layer
is formed at this point, being necessary to remove part of this material by
soft washing in distillate water. Finally, a calcination step of the modi-
fied support in air (500 °C, 6 h) is required to remove the used PVA
during VA-DC.

Once the intermediate layer is incorporated, the modified support is
activated with homogeneously distributed Pd nuclei by direct reduction
of diluted PdCl; (0.1 g/L) with a mixture of NoH, (0.2 M)-NH3 (2.0 M).
Later, the Hj-selective Pd-film is deposited by Electroless Pore-Plating
feeding both Pd source and reducing agent from opposite sides of the
support as detailed elsewhere [38-40]. Diverse recurrences of the ELP-
PP process at 60 °C were performed up to the membrane weight gain
became negligible, thus ensuring a good sealing of the modified support
porosity with palladium [41].
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2.3. Materials characterization

Textural properties of synthesized OMC particles were measured by
N, adsorption/desorption analysis with a Quantachrome Nova 4000
Analyzer, thus obtaining BET surface area, pore volume, and average
pore diameter of these particles. For that, OMC particles were previously
degassed at 480 °C, performing the analyses at 77 K and 10~° Pa vacuum
level. X-ray diffraction measurements (Philips X-Pert MPD/MRD
equipped with an X’Celerator detector) by using CuKa radiation source
and transmission electron microscopy (JEM 2100 microscope working
at 200 kV) were used to check the mesoscopic order in the OMC parti-
cles. OMC metal composition was determined by X-ray fluorescence
(XRF) in a Philips Magix spectrometer. The average size of OMC parti-
cles was also analyzed by using a Mastersizer 200 laser diffraction
analyzer.

The Pd-thickness for composite-membranes (tpge) was estimated
from gravimetric analyses with a Kern electronic balance type ABS 220-
4 (accuracy of +0.001 g), measuring the weight gain of the membrane
during the ELP-PP process and assuming homogeneous incorporation of
the metal around the modified PSS support. Additionally, a scanning
electron microscope Hitachi S-2100N was used to analyze both surface
morphology and the cross-sectional view of the palladium composite-
membranes. Thus, the real Pd-thickness (tpq,) could be determined
and compared with the estimated ones by gravimetric measurements.

2.4. Permeation measurements

Permeation measurements of the membranes here presented were
carried out by using a home-made device designed by our research
group. The apparatus and a basic process diagram of the permeation
equipment are shown in Fig. 1. The permeation cell is basically formed
by a cylindrical 316L stainless steel cell in which the membrane is placed
between two graphite O-rings to ensure proper sealing between both
retentate and the permeate sides. An electric furnace allows achieving
the desired temperature of the cell during the experiments. A Bronkhorst
EL-PRESS back-pressure regulator (PC-01, capacity 0-10 bar) maintains
the requested retentate pressure, and hence the driving force of the
permeation process due to the permeate side is always kept at atmo-
spheric pressure. The feed stream mass flow and composition can be
adjusted by diverse Bronkhorst EL-FLOW mass flow controllers (FIC-01
and FIC-02, max. capacity 400 NmL-min~1), being possible to test the
permeation of individual gases (N3, H) or binary mixtures with variable
composition. Additionally, N, as sweep gas can be also fed into the
system with other Bronkhorst EL-FLOW mass flow controllers (FIC-03,
max. capacity 400 NmL-min~!). Both permeate and retentate streams
can be also analyzed with a Bronkhorst EL-FLOW mass flow meter (FI-
01, max. capacity 200 NmL-min1).

A basic process diagram of the permeation equipment is represented
in Fig. 1a. Permeation experiments can be carried out with two different
operation modes depending on the position of valves V-01 and V-02: i)
mode in-out or ii) mode out-in. Fig. 1b represents the permeation pro-
cess when using the first operation mode, denoted as in-out. In this
configuration, the feed stream is sent to the inner side of the membrane,
thus collecting the permeate flux in the shell side of the permeation cell.
In this way, due to the membrane structure, Hy passes first through the
porous media before meeting the internal surface of the Pd film during
the permeation process. On the contrary, the feed stream is introduced
from the shell side when the permeation test is carried out considering
the out-in operation mode, thus collecting the permeate in the lumen
side of the membrane (Fig. 1¢). Then, Hy coming from the feed stream
meets first the external surface of Pd film and then, after permeating
through this fully dense layer, needs to be transported through the
porous media.

Independently of the considered operation mode, the general pro-
cedure for the permeation experiments consists of the following steps: i)
heat the system up to 400 °C in an inert atmosphere (N5 from feed and
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sweep gas streams), ii) cut off the sweep gas and determine the possible
Ny permeation through the membrane for relative retentate pressures in
the range 0.2-2.0 bar (above the atmospheric value), iii) replace N3 by
Hj and repeat the permeation measurements after waiting for around 2
h up to complete stabilization of the permeate flux, iv) repeat the steps
(ii) and (iii) for other temperatures in the range 350-450 °C and/or
different feed mixtures (Ha/N3), v) flush both retentate and permeate
sides with Ny for at least 1 h and cold down the system up to room
temperature. It should be noted that five sequential thermal cycles were
performed with an average operation time of around 5 h per cycle before
considering stable permeate data. For each thermal cycle, the mem-
branes were heated up to 400 °C in Ny, the gas feed was switched to Hy
to determinate the permeate flux after its stabilization and, finally, the
membranes were cooled down again to room temperature in Nj.
Moreover, before permeation tests at high temperature, preliminary
leak tests with He at room temperature and pP = 2 bar were always
performed. For these tests, membranes are submerged in ethanol while
He is fed into the lumen side at a controlled pressure while the possible
formation of bubbles is observed. The presence of bubbles on the outer
surface of the membrane can be associated with defects in the palladium
layer through which the gas could pass, thus indicating the necessity of
additional ELP-PP cycles to finish the membrane preparation process.
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OUT-IN

Fig. 1. Process diagram for the permeation system (a) and details of the permeation cell for different operation modes: in-out (b) and out-in (c).

Feed, @ Permeate,

3. Results and discussion
3.1. Ordered mesoporous ceria (OMC): Synthesis and characterization

First, the characterization of the synthesized OMC particles was
carried out to ensure adequate morphology and structure of the material
before being incorporated onto the PSS supports. In this context, the
textural properties of the material were determined by Ny adsorption/
desorption analysis, and a BET surface area of 135 m?/. g was obtained, in
consonance with other values typically found in the literature for
different ordered mesoporous metal oxides [42-44]. Fig. 2 shows the Ny
adsorption-desorption isotherm which exhibits H1 hysteresis cycle,
being possible to be classified as an IUPAC isotherm type IV [45]. This
hysteresis is typical of mesoporous materials with different pore sizes.
The figure also includes the pore size distribution for the prepared OMC
material. As can be seen, the average pore size is around 10-12 nm,
although some smaller and greater pores in the range of 2-50 nm can be
also detected. Due to the synthesis procedure of OMC material, these
pores should correspond to the thickness of SBA-15 used as a hard
template during nanocasting, typically ranged from 3.1 to 6.4 nm [46].
However, the obtained values are noticeably higher than these. As
described in other studies [47], this fact can be caused by the inter-
connectivity of the SBA-15 pores.



D. Martinez-Diaz et al.

200

180

160

140

dVidiog Pore Volume (cm/g)

oo,
\.\ -

120

p

~—

. P

100 /
s pA A

0. Pore Width (nm) /
07 /

40 —

Quantity Adsorbed (cm®/g STP)

204°

T T T T T T T T T
0,0 02 0,4 0,6 08 1,0

Relative Pressure (p/p°)

Fig. 2. N, adsorption isotherm and pore size distribution for OMC material.

Additionally, XRD analysis for 20 range from 10 to 80° was also
carried out to identify all crystalline phases present in the OMC material
(Fig. 3). The resulting signals were compared with a standard pattern
included in ICDD files for crystalline ceria (#00-034-0394). As it can be
clearly seen, several diffraction peaks have been obtained at 28.66°,
33.03°, 47.56°, 56.39°, 59.05°, 69.34°, 76.61°, and 79.27°. All these
signals can be assigned to ceria crystalline planes (111), (200), (220),
(311), (222), (400), (331), and (420), respectively. OMC average
crystallite size calculated from the Debye-Scherrer equation (using the
full-width at half maximum at 28.66°) is around 8.5 nm. Additionally,
the characteristic broad signal of amorphous silica around 26 angles of
5° and 25° has not been detected [48,49]. Thus, no silica derived from
the SBA-15 temporary template could be detected by this technique after
the generation of the OMC material. However, these results cannot
ensure its complete removal if considering the detection limit of the
equipment and multiple sites in which rests of silica could remain. In this
manner, TEM analyses were also performed with the aim to study the
morphology of OMC particles and to confirm the complete removal of
SBA-15 template material.

Fig. 4 collects three TEM images of the material taken at different
magnification. The OMC sample clearly shows an ordered porous
structure in which multiple nanorods are formed. Thus, the OMC par-
ticles have an average spherical diameter of around 100 nm, as reflected
by Mastersizer 2000 laser diffraction analyzer. At this point, it is

(111)

Intensity (a.u)

20 40 60 80
20 ()

Fig. 3. XRD analysis for OMC material.
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appropriate to clarify that OMC particles, used for the later generation of
the ceramic intermediate layer onto PSS supports, are formed by the
agglomeration of the above-mentioned nanorod structures. These
nanorods are formed, in turn, by agglomerated smaller CeO2 nano-
particles, which replicate the unidirectional channels of SBA-15 used as
a template during nanocasting synthesis. TEM analysis shows that these
small ceria nanoparticles have an average diameter of around 7-12 nm,
in good agreement with typical SBA-15 pore sizes used as template
material. Here, it should be noted that this result is coherent whit the
previous value calculated for the crystallite size from XRD analysis by
using the Debye-Scherrer equation. It should be noted that each nanorod
is separated from their neighbors by a similar distance, first corre-
sponding to the SBA-15 wall thickness and now to the pores of the new
material. In this context, it is well-known the influence of SBA-15
loading during the synthesis procedure on the formation of the metal
oxide nanorods and interconnectivity between future pores [47]. On the
other hand, it is also possible to observe some certainly non-ordered
regions, especially at the edges of OMC particles. It can be explained
by structural collapse during the template removal, an incomplete filling
of SBA-15 micropores with the ceria precursor during nanocasting, or
ceria crystallization out of the template pores. Moreover, it should be
marked that Si content detected by XRF in OMC particles is maintained
always below 1 wt% (accordingly to the previous results extracted from
XRD analyses). Thus, from all mention above, it can be concluded that
the template was almost completely removed.

3.2. Intermediate layer generation

As previously described in the experimental procedure, Ordered
Mesoporous Ceria (OMC) particles were incorporated as an intermediate
layer onto previously calcined PSS supports by VA-DC, reaching a
weight gain per membrane area of around 51.4 g m~2. To determine the
surface modification of calcined PSS supports with these OMC inter-
mediate layers, SEM images before and after their incorporation were
randomly acquired from diverse points of the external surface of each
membrane. Due to no significant differences were appreciate between
the analyzed points in diverse membranes, Fig. 5 collects some repre-
sentative images of the achieved results in comparison to the original
surface of the support.

As it was addressed in previous studies, the external surface of the
calcined PSS support (Fig. 5a) reveals a wide pore size distribution
despite the average pore size given in the specification by the manu-
facturer (0.1 pm). The presence of big pore mouths on the external
surface of supports provokes the necessity of incorporating an inter-
mediate layer, OMC in this work, to make possible the generation of a
thin and continuous Pd film [17-24]. In this context, Fig. 5b shows a
representative SEM image of the surface reached after the incorporation
of OMC material as intermediate layer for the first time in literature.
Taking into account that a BSE detector was used in this case, color
differences clearly indicate the presence of diverse materials on the new
surface. EDS analysis evidenced that light grey areas contain a notice-
ably amount of cerium and oxygen, in contrast to dark grey areas where
the presence of both elements is negligible. Moreover, the modified
surface presents a flatter surface with lower average pore-sizes in com-
parison to the surface of the calcined PSS used as support due to the
filling of its largest pore mouths with OMC particles. As a consequence, a
lower macro-porosity was reached in the external surface of PSS-OMC
samples, more adequate for Pd deposition by ELP-PP [22]. The smaller
pores, mainly coming from the space left between OMC and SS particles,
should be more easily closed by palladium than the original ones be-
tween only SS particles, then being foreseeable a reduction of the final
Pd thickness [15,24]. However, it is also expected that additional
porosity coming from the internal pores in OMC particles could improve
the properties of the final composite membrane, making possible a
future functionalization/doping for particular applications, especially in
the case of being used in membrane reactors.
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Fig. 4. TEM micrographs for OMC particles at diverse magnification.
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Fig. 5. External surface micrographs of (a) calcined PSS support (OXI) before and (b) after deposition of OMC particles.

The permeability of modified supports is also an important param-
eter to take into account for selecting the best possible intermediate
layer since this value could significantly affect the Pd incorporation by
ELP-PP but also the permeability reached in the final composite mem-
brane and possible mass transfer resistances. The calcined PSS supports,
before the deposition of any mesoporous ceria intermediate layer, pre-
sent Ny permeation values of 1.233 mol m 2 s~ ! at room temperature
and BP = 1.0 bar. After the incorporation of OMC particles onto the
support, this N5 flux decreases around 30%. This effect can be explained
by the partial blockage of original PSS pores with the ceramic particles
that form the intermediate layer, despite they present a certain internal
porosity. In fact, this reduction is noticeably lower than the value ob-
tained after using commercial dense ceria (CDC) particles as interme-
diate layers, when permeation capacity was reduced in a half (52%)
[22]. Various factors could explain the reduction in Ny flux when ceria
particles are employed as intermediate layer. To avoid some of them,
similar experimental conditions during the VA-DC procedure were used,
trying to get similar average diameters of CeO, particles, independently
of being dense or porous. In fact, average diameters around 100 nm were
reached in both cases. Moreover, the thickness of the OMC layer at this
stage was controlled by the membrane weight gain after VA-DC,
reaching a value of around 51.4 g m~2, similar to that obtained when
using dense CeO» particles [22]. However, a relevant increase in the
permeation capacity of modified supports was observed when using the

OMC particles due to a possible different morphology of ceria particles,
not directly related to their average size, affecting their compaction, and
the benefit provoked by the mesoporosity of OMC particles. Conse-
quently, it can be concluded that the initial average porosity of PSS
supports was certainly reduced, although in a minor grade that after
using dense ceramic particles for the preparation of the intermediate
layers even despite considering a very cheap experimental procedure as
VA-DC without any accurate control about the porosity orientation.

3.3. Final composite-membranes morphology

A representative area of the surface morphology of the composite
membranes used in the present study is shown in Fig. 6. The external
surface of the membranes, prepared by ELP-PP after the incorporation of
an OMC intermediate layer onto the calcined tubular PSS supports, as
previously described, exhibits a dendritic growth of the palladium film
(Fig. 6a). Despite the technique used for the deposition of the Hy-se-
lective film, ELP-PP, in which the reduction of Pd*" ion to Pd° is mainly
produced inside the pores of the support, an external layer has been also
formed. This behavior can be explained due to the facility of hydrazine
to meet the external surface of the support [38,40,41]. It is caused by the
higher diffusion velocity of hydrazine towards the Pd solution. In this
manner, the reaction preferentially takes place inside the smaller pores
but hydrazine can pass through the biggest ones, thus meeting the
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Fig. 6. Micrographs of the Pd-composite membrane prepared onto a PSS support with an OMC intermediate layer: a) External surface and b) Cross-sectional view.

palladium ions on the external surface of the support and generating the
external film. However, the external film sometimes seems to be
discontinuous or with a cavernous structure due to the complete
blockage of all the pores before the complete formation of the external
film.

Some cross-sectional views are also collected in Fig. 6b. Each sample
was firstly examined at relatively low magnification (350x) to evaluate
both homogeneity and continuity of the external film. As can be seen,
the external Pd layer presents a good continuity with a real thickness
(tpq,r) in the range 7-12 pm. This value reasonably agrees with the
average one estimated from gravimetric analyses, tpq ~ 9 pm, despite
being possible to observe the presence of palladium inside the neighbor
pores to the external surface of the membrane. As previously addresses
in other studies, this palladium infiltration into the pores of the support
provides a better anchoring of the layer, thus noticeably improving the
mechanical resistance of the composite Pd-membranes so obtained
[38,40,41]. Moreover, the cross-sectional view has been also observed at
higher magnification (1.2kx) to analyze in detail the deep areas, i.e. pore
mouths and throats. An almost continuous dark thin layer can be
observed around the SS grains of the porous supports, coming from its
initial calcination in air. This layer is mainly formed by a mixture of iron
and chrome oxides, ensuring to avoid direct contact between palladium
and SS. OMC particles can be also observed, preferentially deposited
into the biggest pores of the porous support because of the vacuum
applied during dip-coating and subsequent washing step of the external
surface. These particles, with an average spherical diameter of around
100 nm, present pore sizes in the range 10-12 nm that provide a total
BET surface area of 135 m?/g, as previously detailed. These values agree
with the typical ones found in the literature for different ordered mes-
oporous metal oxides generated from SBA-15 as template material
[32-34]. The presence of these OMC particles reduces the external
roughness of the support and modifies the original porosity, generating
smaller pores by the partial blockage of the original ones promoting the
generation of thin selective film. This effect may be beneficial as sug-
gested by Mardilovich et al. [50] when denoting that the required Pd
thickness to obtain a fully dense membrane is around three times the
biggest pore mouth diameter.

3.4. Permeation behavior with pure gases: effect of pressure and
temperature

After describing the morphologic properties of the OMC-Pd mem-
branes, permeation properties have been analyzed at diverse operating
conditions. In this section, tests performed with pure gases (N3, Hp) are
used to obtain both permeance (k) and ideal selectivity (ap2/N2) for
diverse pressure and temperature conditions. These gases were fed to the
shell side, while the permeate was collected from the membrane lumen,
thus working according to the operation mode denoted as out-in.
Moreover, it should be noted that the possible presence of defects on
the membranes was previously evaluated by He bubble leak tests in

ethanol at room temperature. During these experiments, no He flux was
detected at pressures driving forces up to fPA2 bar, thus suggesting good
preliminary quality of the membranes. Additionally, experiments at
higher temperatures (350-450 °C) with pure Ny were performed to
confirm this fact. In this manner, Fig. 7 collects the results reached when
feeding pure Hy to the permeation cell at diverse operating conditions.

As can be seen, it is clear the linear relationship between permeate
and pressure driving force for all considered temperatures (R? > 0.999
in all cases) [51-53]. However, these linear trends do not intercept with
the origin, in contrast to the expected behavior for conventional palla-
dium membranes that follow the Sieverts’ law (n = 0.5). This peculiar
effect has been exhibited by other ELP-PP membranes, being widely
addressed in previous works [38,40,41]. Basically, it can be explained
by considering the particular morphology of ELP-PP membranes, in
which part of the deposited palladium is placed inside the pores of the
support. In this manner, both surfaces of the Pd film (internal and
external) become different, thus not meeting the assumption of identical
surfaces considered in the Sieverts’ law for most of the Pd-based mem-
branes. As a result, additional resistance to the permeation process has
been obtained for these membranes in comparison to other traditional
Electroless Plated membranes with an almost ideal external Pd-film.
This intrinsic characteristic of any ELP-PP membrane has been
expressed as a deviation of the ideal intercept of experimental data into
the origin along the x-axis, reaching a value near to 11.5 Pa®? for this
study. In this context, Hy permeances ranged from 7.81-107* to
9.91:10~* mol m~2 5! Pa~®® were obtained for temperatures between
350 and 450 °C, respectively, implying a really high ideal selectivity
ap2/N2 > 24,000, calculated from the minimum detection limit of the
used gas flow-meter for the permeate stream (1 NmL-h™ 1.
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Fig. 7. Influence of pressure and temperature on H; permeation when feeding
pure gases (out-in mode).
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Finally, a short mention of the activation energy calculated for the
process should be included. Considering an Arrhenius type-dependence
of Hy permeance values with temperature, activation energy of 8.91
kJ-mol ! is obtained, within the typical range published for other Pd
membranes.

3.5. Permeation behavior with pure gases: effect of permeate flux
direction

As previously detailed in the experimental section, the membrane
permeation device can work with two different operation modes,
denoted as out-in or in-out, intending to modify the permeate flux di-
rection during permeation experiments and evaluate the mechanical
resistance of the membranes. Fig. 8 shows the Hj fluxes reached versus
the applied driving force for the permeation process when operating in
both alternative modes at 400 °C.

First, it is important to point out the good integrity of all the com-
posite membranes, independently of the operation mode, due to nitro-
gen was not detected in the permeate side for the entire set of
experiments, independently of the operation mode, thus maintaining an
ideal hydrogen separation factor greater than 24,000. Then, it should be
emphasized that a similar permeation behavior can be observed in any
condition. It means that, in both cases, a linear trend of H; flux against
pressure is obtained, although without a clear interception with the
origin (0,0). However, 17% higher Hy permeance is reached in case of
using the in-out operation mode instead of the out-in previously
addressed, although the initial resistance to the permeation process is
also slightly increased (from 11.5 to 20.9 Pa®®). A hypothesis about this
effect can be supported by the particular incorporation of palladium
onto the porous substrate by ELP-PP, with partial infiltration of the
noble metal into the closer pores to the external surface. This fact pro-
vokes that both internal and external surfaces of the Pd-films become
significantly different and, hence, the processes involved in the global
permeation of hydrogen through the membrane.

To understand this hypothesis in a better way, Fig. 9 represents a
schematic view of a typical cross-section for a pore-plated membrane,
marking in different colors both external and internal Pd film surfaces
(red and blue, respectively). As can be seen, the outer surface of the
palladium is relatively smoother in comparison with the internal one,
which presents a greater tortuosity caused by the above-mentioned
infiltration of palladium inside the pores of the support. In this
manner, the palladium surface available for Hy dissociation is signifi-
cantly higher on the internal side than the external one. Thus, much
more Hj can be adsorbed onto the retentate side of the Pd-film when
working flowing the in-out operation mode and, as a consequence,
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Fig. 8. Effect of permeate flux direction on the membrane performance (T
=400 °C).
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higher permeance is reached.
3.6. Permeation behavior with binary gas mixtures

After the analysis of permeation with pure Hy, tests with binary Ha-
N2 mixtures were also performed to investigate more realistic perme-
ation conditions. Five different Hy concentrations (90, 80, 70, 60, and
50%) were analyzed at temperatures ranged from 350 to 450 °C in steps
of 25 °C. For illustrating these results, as an example, Fig. 10 collects the
Hj permeation fluxes reached at 400 °C when diverse Hy-No mixtures
are fed accordingly to the out-in operation mode. As can be observed, in
general, the higher nitrogen content in the feed stream the lower
hydrogen flux on the permeate stream despite taking into account the
dilution effect by considering hydrogen partial pressures for the calcu-
lation of the permeation driving forces. Thus, any concentration-
polarization effect should be affecting the permeation process. Howev-
er, this drop is not constant, affecting in a major grade at relatively low
N, contents.

Taking into account all the experimental data reached when the feed
stream contains Ny concentrations ranged from 0 to 50 vol%, it is
possible to calculate the corresponding Ho permeances, representing in
Fig. 11 their relative values by using the reached ones for pure Hy as
reference. Thus, the figure collects the effect of permeating binary Ha-N3
mixtures at 400 °C for the above-mentioned two operation modes, out-in
and in-out, where H; permeance values of 8.82-:10 *and 1.03-10~3 mol
m2s7! Pa’o‘s, respectively, were reached at the same conditions (T =
400 °C). At this point, it is important to point out that the integrity of the
membranes was maintained during all these experiments since no Ny
was detected by gas chromatography on the permeate side, finding only
the characteristic signal of hydrogen in the collected permeate stream.

In general, an increase of Ny content in the feed stream always
promotes a reduction in the Hj-permeance, independently of the
permeation mode, and despite taking into account the inherent dilution
effect in the mixture for data calculation, as previously addressed. This
behavior suggests the influence of possible concentration-polarization
effects on the Pd layer as the main responsible for the permeance loss.
However, this effect is clearly more pronounced in the case of working
with the in-out operation mode. Here, it should be remembered that H-
permeance reached in this configuration (in-out) was higher than in the
case of operating on the contrary direction (out-in), being maintained
this trend for the entire set of experiments. However, despite these
greater values, the relative permeance drop was more relevant for this
configuration (in-out), as stated before. This particular result can be
explained by the different pathways that Hy needs to traverse through
the composite membrane in case of using out-in or in-out operation
modes. To elucidate this explanation more clearly, two simple schemes
have been performed for the permeation process when feeding binary
Hj,-N, mixtures and operating in the above-mentioned modes (Fig. 12).
As can be seen, when considering the out-in operation mode (Fig. 12a),
Hy can easily reach the external smooth surface of the Pd film, perme-
ating through this layer by a typical solution-diffusion process while
other different molecules are rejected (in this particular case, Ng).
Although some polarization-concentration effect can be produced due to
the contrary movements of new Hy molecules trying to reach the Pd
layer and the rejected N, molecules returning to the retentate bulk
phase, the high velocity of the feed stream along the axial direction
easily removes these molecules from the relatively smooth Pd surface.
On the contrary, when considering the in-out operation mode, the feed
stream needs to pass first through the porous media, formed by stacked
layers of PSS support and OMC intermediate layer, before reaching the
Pd film (Fig. 12b). Then, rejected N, molecules have some difficulties to
leave the tortuous porous media, staying for some additional time and
hence hindering the transport of new Hy molecules towards the Pd film.
As a result of these different pathways, a 10% higher relative permeance
drop was obtained in case of operating as in-out mode.

Finally, the influence of feeding binary Hy-N2 mixtures has been
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Fig. 9. Schematic drawing of a typical pore-plated membrane, distinguishing both external (marked in red, @) and internal (marked in blue, @) surface of the Pd-film
generated onto the porous support. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Illustration of hydrogen permeation behavior for Hy-Nj binary mix-
tures (T = 400 °C, out-in mode).
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Fig. 11. Variation of Hy-permeance when feeding binary Hy-N, mixtures of
diverse composition at 400 °C and different operation modes: in-out or out-in.

completed by analyzing the effect of operating temperature. These
experimental results have been collected in Fig. 13, also representing the
relative variation of the Hy-permeance reached at each condition and
operation mode.

It should be noted that permeance drops were similar for all tests
performed at different temperatures and Ny concentrations in the range
of 350-450 °C and 0-50 vol%, respectively. Moreover, the influence of
using the in-out or out-in operation modes was also maintained,
obtaining a greater effect for the first configuration. For example, the
relative permeance drop observed in the case of feeding the most diluted

mixture (50 vol% of N3) was around 40% for the out-in operation mode,
while this fall dropped up to 50% with the in-out operation mode.
Analyzing the entire set of experiments altogether, it can be appreciated
that deviation between all experimental results was lower than 5% for
each N concentration in the mixture, independently of the operation
mode, thus being possible to conclude that concentration-polarization
effect was not noticeably affected by temperature in this case.

3.7. Comparison of the permeation behavior with the current state-of-the-
art

First, we compare the results obtained with membranes containing
an OMC intermediate layer with other membranes also prepared by ELP-
PP but containing different intermediate barriers [22,38,54]. In terms of
N, permeation of the modified PSS supports with these intermediate
layers, it can be stated that calcined PSS supports presents a permeation
of around 1.233 mol m 2 s~ at room temperature and pP = 1.0 bar. This
permeation capacity always decreases after the incorporation of any
intermediate layer and, as previously detailed, this effect can be
explained by the partial blockage of original PSS pores. In fact, perme-
ation was decreased in a half (52%) when commercial dense ceria (CDC)
particles are used for the preparation of the intermediate layers [22].
However, in the case of replacing this material with ordered mesoporous
ceria (OMC), lower permeate drops were observed, just 30%, despite the
particle size of both materials (dense and mesoporous one) is quite
similar with an average spherical diameter of around 100 nm and thus
the inter-particular porosity generated throughout the intermediate
layer should be also similar in consequence. In the case of using these
OMC particles, N can pass not only through the porosity generated
between the CeO particles but also through their particle’s internal
mesoporosity. At this point, it should be noted that a random orientation
of OMC particles and, hence, intra-particle porosity was generated along
with the intermediate layers during VA-DC, a very simple and cheap
alternative for that purpose. Despite this fact, a clear improvement in the
permeation capacity (22%) of modified supports has been obtained and
no significant differences were detected in several samples prepared by
this method (reproducibility with deviations always below 10%).

Fig. 14a collects the average Pd thickness estimated by gravimetric
analyses for diverse ELP-PP Pd-composite membranes. All of them were
prepared onto PSS supports modified with CeO, intermediate layers,
dense and mesoporous (CDC-Pd and OMC-Pd, respectively), as well as
directly onto a calcined PSS support without any additional intermedi-
ate layer (denoted as OXI-Pd) [22,38,54]. As can be observed, the
incorporation of any CeO intermediate layer implies a reduction of the
Pd thickness required for reaching fully dense membranes via ELP-PP. In
general, this effect is due to the thinner pore size distribution with
smaller pore mouths generated in the PSS support after the incorpora-
tion of CeO particles as an intermediate layer. However, it should be
noted that some differences were observed between samples prepared
by using different CeO, particles. Thus, it was possible to reduce the
estimated final thickness initially reached without CeO; intermediate
layer membranes from 30 pm (OXI-Pd) [22,38,54] to around 15 pm
(reduction of 50%), in case of dense ceria (CDC-Pd) [22], and 10 pm
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Fig. 12. Schematic representation of the permeation process in pore-plated membranes when feeding binary H,-N, mixtures at different operation modes: a) out-in

or b) in-out.
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Fig. 13. Variation of H,-permeance when feeding binary H,-N, mixtures of
diverse composition at different temperatures and operation modes: in-out (a)
or out-in (b).

(reduction of 66%) in case of using OMC particles (OMC-Pd). This new
insight can be explained again by the morphology of the porous media,
where the intra-particular mesoporosity, characteristic of OMC
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particles, clearly makes possible their complete blockage with a lower
amount of palladium. It could be due because of the better transport of
reactants during the ELP-PP process. Therefore, the use of OMC particles
allows us to reach the theoretical barrier of 10 pm for the Pd film,
suggested in the literature as an adequate reference value to consider the
cost of membranes so prepared potentially applicable to real industrial
processes [55]. This fact could foreseeably prevail against the more
expensive procedure required to achieve the OMC particles.

In terms of Hy permeation capacity measured at the reference value
of 400 °C, the lower H; permeances were observed when calcined PSS
supports are directly used for the membrane preparation without
including any CeO; intermediate layer (OXI-Pd, k = 1.34-10 * mol m~2
s~ Pa—%%). Higher permeances were obtained in case of using CeO
additional intermediate layers, reaching values of 4.46-10~* and
8.82:107% mol m~2 s Pa=*5 for dense (CDC-Pd) and mesoporous
(OMC-Pd) ceria, respectively. This last value represents a great per-
meance increase of 660% in comparison with other ELP-PP membranes
developed without any ceria intermediate layer. In this context, Fig. 14b
depicts the Hp permeance values for each type of membrane on a relative
scale for an easier comparison of the progressive improvements in ELP-
PP membranes. As can be seen, a great enhancement of the permeation
behavior has been reached with the use of ceria intermediate layers due
to the modification of the original pore size distribution in PSS supports,
reaching smaller pores and pore mouths on the external surface. This
fact promotes the preparation of composite membranes with relatively
thin Pd films. However, the noticeably advance of the new OMC-Pd
membranes attracts great attention. This higher permeance could be
justified by the lower estimated Pd thicknesses (tpq,omc-pd = 10 pm) than
OXI-Pd and dense CeO, membranes, with 30 and 15 pm, respectively.
The higher Hy permeation using OMC-Pd membranes should be caused
by changes in the morphology of the Pd deposited not only in the
available intraparticle porosity (as occur with dense CeO3 particles) but
also in the mesopores inside the new OMC particles. We suspect that
lower pore sizes reached in intermediate layers formed by OMC particles
facilitate its blockage by palladium during the ELP-PP process, thus
reducing the final Pd-thickness. On the other hand, as mentioned before,
the presence of mesopores in the particles opens new possibilities for the
future functionalization/doping of the intermediate layer for particular
applications, especially in membrane reactors.

Finally, Table 1 includes a comparison of the results presented in this
study with other experimental data reported in available literature for a
wide variety of composite Pd-membranes, most of them prepared by
Electroless Plating and related techniques. The comparison includes
different materials used as support and/or intermediate layers. The large
information about membrane composition, structure, morphology, and
permeation experimental details, among others, clearly increases the
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Fig. 14. Variation of the estimated Pd thickness (a) and H2 permeance at 400 °C (b) for different ELP-PP membranes: without intermediate layer (OXI-Pd) and with

dense (CDC-Pd) and mesoporous (OMC-Pd) ceria.

Table 1
State-of-the-art in permeation behavior of Pd-based membranes.
Membrane type Operating mode tpq (pm) Permeation conditions Ha-Permeance Ha/Ny Ref.
T (°C) AP (kPa) (mol m 257! pa—*%) (molm 2s'Pa!)
Pd;,Agos In-out 140 400 100-600 2391074 7.51.1077 ) [56]
Pd;sAgas In-out 50 300 100 4.09-10°° 1.29.107 - (571
PSS/Pd Out-in 29 400 100-600 1.27.1074 ) 4.00-1077 - [58]
Al,03/Pd Out-in 6 500 100 7.58.1074 2.38-107° 956 [16]
PSS/Al;03/Pd Out-in 7 320 100-400 4.68-10* ) 1.47-10°° 92 [59]
PSS/Zr0,/Pd Out-in 23 400 110 5.20-10 % 1.63-10°° 320 [60]
PSS/OX1/Pd In-out 11.0-20.0 350-450 100-250 1.00-2.00-10~* 3.14-6.28107 ™ [54]
PSS/Ce0,/Pd Out-in 13.0 500-550 100-200 3.99-8.64-10 4 1.25-2.72.10°° o [61]
PSS/NaY/Pd - 7.0 450 100 6.20-10°* 1.95-107° 736 [30]
PSS/NaA/Pd Out-in 19.0 450 50 251104 7.89-1077 608 [25]
PSS/NaX/Pd - 20.0 450 100 2.20.1074 6.91.1077 685 [29]
PSS/Pd;7Ag23 Out-in 2.2 400 2,630 6.40-102 2.01.10°° 1,400 [62]
Al,03/Pd Out-in 3.8 525 400-600 111103 3.50-10°° 1,800 (631
PSS/OXI-CeO,/Pd Out-in 15.4 400 100-200 4.96-107* 1.56.10°° >10,000 [22]
In-out 15.4 400 100-200 5.37.10* 1.69-10°° >10,000 [22]
PSS/OXI-OMC/Pd Out-in 10.0 400 100-200 8.82.107* 277107 >24,000 This work
In-out 10.0 400 100-200 1031072 32410790 >24,000 This work

(*) Calculated values from original ones.

complexity of a rigorous comparison. To partially mitigate this problem,
the membrane performance has been dually expressed as Hy permeance
in two different units, mol m2s! Pa! and mol m2 s7! Pa%5,
independently of the reached selectivity of the membranes.

In general, the thinnest selective films the biggest hydrogen perme-
ation. On the contrary, higher permeation usually involves a limited Hy
selectivity. In this work, an ideal Hy/Ny separation factor higher than
24,000 (considering the minimum detection limit of the experimental, 1
NmL/h) was obtained for the entire set of experiments. The Hy per-
meance was maintained around 1.03-10~> mol m~2 s~! Pa% for tests
in pure Hy at 400 °C. This value is relatively high compared to the
overall presented ones by other researchers for pure Pd-membranes in
which an almost ideal Ha/N3 selectivity is reached. Finally, it has to
point out that only cold-rolled membranes [56,57] and ELP-PP mem-
branes [22,38,54] report an operation with in-out configuration. This
fact remarks the excellent mechanical resistance of ELP-PP membranes
against diverse permeation flux directions with compressive or tensile
strengths generated by the pressure difference between both retentate
and permeate sides, thus opening new possibilities for being used in a
wide variety of reactor configurations. Additionally, it should be noted
that this advantage, also provided by unsupported thick membranes, is
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added to the intrinsic higher Hy permeance derived from its lower Pd
thickness.

4. Conclusions

The synthesis method for the preparation of Ordered Mesoporous
Ceria (OMC) particles and their use as intermediate layer in Pd-
composite membranes are presented for the first time in this work,
denoting this new type of membranes as OMC-Pd. The OMC interme-
diate layer particles present a BET surface area of 135 m?/g with a
narrow pore size distribution, around 10-12 nm. These mesoporous
particles exhibit an average size of around 100 nm. In this manner, the
deposition method carried out for the incorporation of these types of
intermediate layers based on CeO, particles was not noticeably affected
by the presence of mesoporous in the ceramic particles. The permeation
behavior of Electroless Pore-Plated Pd-membranes prepared by modifi-
cation of tubular PSS supports with ordered mesoporous ceria particles
as intermediate layer has been carefully analyzed in the present study,
reaching Hy permeance of around 1.03-10°3 mol m~2 s! Pa~%% at
400 °C with really high ideal selectivity oz N2 > 24,000 and only 10 pm
in Pd thickness. This permeation capacity is affected by temperature
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accordingly to an Arrhenius-type dependence with an activation energy
of 8.91 kJ-mol !, within the range typically published for other similar
Pd-composite membranes. The mechanical resistance against diverse
operating conditions has been demonstrated by the maintenance of the
Ha-selectivity without any delamination or peeling but diverse perme-
ation flux directions. These operation modes were carried out from the
outer to the inner side of the tubular membrane (out-in mode) or vice
versa (in-out mode), when compressive or tensile strengths are gener-
ated on the pore-plated Pd-film, respectively. Nevertheless, an outlined
variation of permeance values has been obtained for each particular
operation mode. In this manner, 17% higher H, permeances were
reached in case of working with the in-out mode, in which the feed
stream meets first the porous support (modified PSS with OMC particles
as intermediate layer) and then the palladium top layer from its internal
surface. Due to the nature of the ELP-PP, both internal and external
surfaces of the Pd-film present clearly different morphologies. Thus,
greater roughness and tortuosity are generated on the internal one
because of the partial infiltration of Pd inside the pores of the support
during the plating step, hence producing a slightly higher surface area.
As a consequence, a higher deviation from the origin is observed when
trying to fit the experimental data to the Sieverts’ law. It also causes a
different permeation behavior between both operating modes, in-out
and out in, in the case of feeding Hy/N mixtures instead of pure
gases. In that case, it has been found that the concentration-polarization
effect becomes more relevant when the mixture is fed into the lumen of
the membrane (in-out mode). This behavior could be explained by the
presence of both SS grains and OMC particles of the modified porous
support between inlet H, molecules and the Pd film, where the presence
of N3 molecules turn the H; transport more difficult, thus decreasing the
real hydrogen partial pressure reached on the retentate side of the film.
This concentration-polarization effect seems to stabilize for lower Hj
concentration values in the feed stream, not being noticeably influenced
by temperature in the range 350-450 °C since deviations <5% in the
relative Hy permeance drop were experimentally obtained.
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Abstract

The promotion of clean renewable energies, as well as the adoption of efficient energy strategies
to reduce carbon dioxide emissions, are critical issues to mitigate global warming and progressive
deterioration of the environment. Particularly, the use of hydrogen is one of the most promising
alternatives to facilitate a progressive transition towards this situation, especially when
considering its simultaneous production and purification through dense palladium membranes in
membrane reactors. This strategy provides important competitive advantages compared to other
traditional process schemes in which the separation unit is placed downstream after the main
reactor. Despite the recent advances in the fabrication of composite membranes with thinner Pd
films and higher permeation capacities, their commercialization and penetration in the industry
are still scarce. It is caused by omitting economic or environmental aspects during the fabrication
of the membranes. This work tries to cover partially this gap in the case of considering the
fabrication of supported membranes by Electroless Pore-Plating (ELP-PP). Therefore, a LCA
study focused on the membrane preparation, at a laboratory scale, has been performed for the first
time. It has been carried out for two different types of supported ELP-PP Pd-membranes onto
porous stainless steel supports, including or not the presence of a possible additional CeO,
intermediate layer. Thereafter, environmental impacts were quantified through ReCiPe
methodology by using the software Simapro 8.5. The LCA has demonstrated that, in general, the
most impacting manufacturing step is the palladium deposition (Pd), not only due to the metal
consumption, but also to the high-energy consumption required during the different required
deposition cycles. Therefore, the electric production system of each country is key to reducing
the impacts generated during the production of membranes. For this reason, European countries
are the locations where the minor environmental impact would be generated, while China would
rank as one of the most unfavorable from the environmental point of view. On the other hand, the
incorporation of intermediate layers, i.e. CeO,, before palladium deposition (MB#02)

significantly reduces the amount of Pd, therefore being most environmentally friendly process.

Keywords: Membrane, palladium, electroless plating, hydrogen production, LCA, environmental
impacts, sustainability.
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1. Introduction

The current energy system is mainly supported by fossil fuels, responsible for most anthropogenic
CO, and NOx emissions that provoke serious environmental concerns [1,2]. The continuous
population and economic growth have been made this situation progressively worse during the
last decades [3,4]. Only external factors and the natural economic cycles have been slightly
modified the velocity of this general trend. For example, the recent world pandemic caused by
COVID-19 negatively affects industrial and domestic energy demands, resulting in a marked
decrease in atmospheric pollutant levels for many regions worldwide [5—8]. Moreover, the
numerous international mobility restrictions also significantly influence the restrained energy
demand for the transport sector [9]. However, it is foreseen this circumstantial situation changes
in a few months/years, and the above-mentioned growth's footsteps will be recovered with all its
associated environmental implications [9,10].

In this context, strong policies with a clear roadmap towards a new energy system are fundamental
for promoting future sustainability. In fact, diverse regions such as Europe and Japan bet on a
progressive transition to renewable energies with very ambitious policies and important
investments to develop new technologies and increase their efficiency [11,12]. As a clean energy
vector, hydrogen is one of the most promising alternatives to facilitate the above-mentioned
progressive transition towards a net-zero carbon emissions system [13]. In this context, new
ambitious policies try to promote this technology in Europe during next years [14,15], following
the first steps recently taken by Japan [16,17]. Among other multiple reasons, the possibility to
be produced from a wide variety of feedstock by diverse technologies, some of them very mature,
could definitively promote its penetration in the industry with assumable risks [18]. In fact, most
of the current hydrogen is produced by methane steam reforming [19-21], although many other
hydrocarbons can also be considered with similar technologies. The use of biomass-derivate
compounds and wastes to generate hydrogen could be especially attractive for a circular economy
[18,22,23]. However, in all these processes involving traditional thermochemical routes,
hydrogen is not directly obtained in its pure form but accompanied by other sub-products such as
carbon monoxide, carbon dioxide, methane, or steam water, among others [18,24]. Therefore,
down-stream additional purification steps are always required to adjust the hydrogen purity for
each particular final application [25,26]. At this point, it is important to point out that the overall
economy of the production processes is significantly affected by these purification steps, reaching
up to 50% of the total cost in function of the selected technology and operating conditions [27].
Pressure swing adsorption (PSA) is currently the prevalent alternative for hydrogen purification
in most industrial processes, despite its high energy consumption and limited profitability for
small production-scale as suggested by a decentralized energy system [28-30]. Many researchers
have also promoted the use of H,-selective membranes for this purpose during the last years [31].
This alternative provides the possibility to reach an ultra-high purity in a wide variety of operating
conditions, including the combination of both production and separation steps in a unique device
so-called membrane reactor [32,33]. The continuous separation of hydrogen throughout the
membrane from the bulk reaction promotes its generation by an equilibrium displacement towards
the products [34]. This technology simultaneously aims to facilitate the process intensification
and increase their overall efficiency [35,36].

Among the various membranes used in the devices mentioned above, those dense ones made of
pure palladium or its alloys provide clear advantages in terms of H, perm-selectivity and



mechanical resistance at high temperatures [37,38]. Hydrogen permeation through these metal
dense-membranes is typically expressed by the Sieverts' law, defined as follows:

J (Eq. 1)

KI
Hy = a [ PszTOIS_PHZ,PO'S] =k [PHz,TOIS_PHZ,PO'S]

where Jy; is the permeate flux (mol m? s™"), k' the H, permeability (mol m™ s Pa-%9), k the H,
permeance (mol m? s Pa®%), tp, the thickness of the Pd-based layer (m™) and P>, (Pa) the
hydrogen partial pressure in both retentate (subscript i=r) and permeate (subscript i=p) sides.

In this manner, the hydrogen flux through a Pd-based membrane depends on some operating
conditions and intrinsic membrane properties. The pressure difference between both retentate and
permeate side is the first group's most relevant one together with the temperature, which affects
the membrane permeability by an Arrhenius type dependence [39]. On the other side, the
membrane composition and the metal thickness are the second group's most relevant ones [40,41].
They should be considered in any membrane fabrication strategy for their final
commercialization. In this context, great efforts are being carried out during last years to reduce
as much as possible the metal thickness of these membranes, reaching values below 15 um by
incorporating the Pd-film onto porous supports that provide the required mechanical resistance
[42]. Electroless plating (ELP) and its variants have demonstrated a great potential to achieve
these goals onto porous supports of diverse nature and geometry with contained expenses [43—
45]. Particularly, the Electroless Pore-Plating (ELP-PP) alternative offers an excellent adherence
of the Pd-film onto the porous support and, hence, a high mechanical resistance of resulting
composite-membranes even in case of generating tensile stress during their operation [46,47]. It
is reached thanks to a partial palladium infiltration into some pores after placing both Pd-source
and hydrazine solution, the reducing agent, from opposite sides of the support [31,48].

Moreover, an intermediate layer between the porous support and the top Pd-film is frequently
included to reduce both original roughness and average pore sizes and, consequently, make the
generation of thin Pd layers easier [49-51]. A wide variety of materials have been proposed as
interlayers, highlighting technical ceramics such as alumina [52], zirconia [53], yttria-stabilized
zirconia [54-56], or ceria [57-59], among others. These materials have also been used as an
additional fourth layer onto the H-selective Pd-film for protection against the particular operating
conditions of fluidized-bed reactors [60,61]. Most of these fabrication strategies are developed to
improve the final performance of the membrane in terms of permeation capacity and mechanical
stability. However, reports about economic or environmental implications are certainly scarce
even though these implications are critical issues for commercializing the membranes and their
penetration in the industry. In this sense, the use of Life Cycle Assessments (LCA) is extended as
an accurate technique to quantify the environmental impacts generated by processes or products
rigorously [62]. This methodology allows a systematic estimation of the environmental changes
caused during the fabrication of a certain material or a process itself. Basically, it consists of
examining all processes involved in the case under study, quantifying all material and energy
inputs/outputs to determine their effects on both human health and the environment according to
a standardized procedure described in ISO-14040 and ISO-14044 [63]. In this context, LCA has
proved to be a useful tool for assessment of environmental impacts in the energy and fuel sector
[64,65]. However, the studies focused on hydrogen production processes containing Pd-based
membranes are scarce. Di Marcobernardino et al. analyzed the environmental and economic
performances of an innovative micro-CHP system based on a membrane-reactor and a PEM fuel-



cell [66]. The results were compared with an analogous system in which the hydrogen is produced
in a traditional steam reformer for diverse scenarios. They evidenced that the innovative system
based on a membrane-reactor reduces or has similar impacts for the carbon footprint depending
on the assumed scenarios. Simultaneously, water withdrawal and human health were positive or
negative, depending on the case.

However, to the best of our knowledge, no available studies address the environmental
implications of diverse fabrication strategies of Pd-based membranes. This work tries to cover
this gap and includes a systematic environmental analysis throughout LCA to fabricate different
composite-membranes containing dense Pd-based layers incorporated by Electroless Pore-Plating
onto PSS supports. The influence of incorporating CeO, intermediate layers on the overall
environmental impacts is also considered for this study.

2. Experimental section

2.1. Membrane preparation

All composite-membranes considered in this work were prepared onto commercial AISI 316L
porous stainless-steel (PSS) supports with cylindrical geometry purchased from Mott
Metallurgical corp. The original tubes present a symmetric structure with 0.1 pm porous media
grade, an external diameter of 1.27 mm, and 0.20 mm wall thickness. These tubes were cut into
smaller lengths of around 30 mm for preparing each composite-membrane at a laboratory scale.

Two different composite-structures containing various intermediate layers were considered for
the analysis, as illustrated in Figure 1.

Typical composite-membrane
structure

Cross-section details

H,-selective film

MBH#01 R — .

MB#02

Figure 1. Schematic composite-structures of Pd-membranes considered in the present study.

In both cases, the raw PSS supports were first calcined in air to generate an initial thin intermediate
layer made of Fe-Cr oxides according to a previous investigation [67,68]. One of these samples,
denoted as MB#01, was directly used to incorporate the top H»-selective film made of pure
palladium by Electroless Pore-Plating (ELP-PP) following the procedure described elsewhere



[48,69]. On the other hand, an additional intermediate layer formed by dense cerium oxide
particles was incorporated by vacuum-assisted dip-coating in the sample MB#02 before the top
Pd-film [57].

Figure 2 summarizes a detailed scheme of the synthesis procedure followed for each membrane.
Basically, all steps can be divided into two main groups: Support Modification (SM) and
Palladium Deposition (PD). The first one, SM, consists of an initial cleaning of raw PSS supports
to remove eventual dirty or grease from their manipulation (SM-1) and the incorporation of
intermediate layers (Fe-Cr oxides and CeO;) to modify the original surface supports (SM-2 to
SM-4). The second one, PD, includes the activation of the modified surface with homogeneously
distributed fine Pd-nuclei (PD-1), the incorporation of the fully dense Pd-film by ELP-PP (PD-
2), and the required cleaning and drying steps after both steps (PD-3). At this point, it should be
noted that the last steps were repeated several times up to reach complete gas tightness, thus
evidencing a good continuity of the Pd-film and absence of detectable defects at room conditions.
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Figure 2. Detailed scheme of the synthesis procedure followed for: a) MB#01 and b) MB#02.

All these steps require particular inputs in form of materials and/or energy while generating some
eventual output emissions. To a better understanding of these inputs and outputs during the
synthesis process of each membrane included in the present work, some additional key
information is included here. The first step always consists of cleaning the raw PSS supports by
successive immersions in diverse solutions of sodium hydroxide 0.1 M (SM-1.1), hydrochloric
acid 0.1M (SM-1.2), and ethanol 96 vol.% (SM-1.3) at 60 °C under ultrasonic stirring. Then, the
clean supports were oxidized in air at 600 °C (heating and cooling rams of 1.8 °C/min) for 12 h
in a tubular furnace to generate a primary intermediate layer formed by a thin Fe/Cr oxides layer.
In previous studies, it was concluded that this thin film slightly reduces the roughness and average



pore size of the original PSS supports at the external surface, thus moderately promoting the
subsequent incorporation of a Pd-film with reduced thickness by ELP-PP [67,68].

MB#01 has been prepared directly at these conditions, without considering further modifications
of the porous substrate. The palladium deposition by ELP-PP always involves three successive
main steps, repeating some of them several times up to achieve a fully dense membrane. Some
nano-sized Pd-nuclei need to be finely distributed onto the surface of the pores before initiating
the plating. This is to guarantee a homogeneous growth of the film, good adherence, and
reasonable induction times to initiate spontaneously the chemical reactions involved in ELP-PP.
In this step, denoted as activation, the extremes of the support are sealing with Teflon tapes to
maintain separated both external and internal sides from where two different solutions are fed:
0.1 g/l acidic palladium chloride as metal source (PD-1.1) and 0.2 M N,Hs — 2.0 M NHsOH
mixture as reducing agent (PD-1.2), respectively. The immersion of the support in the solutions
is maintained for 2 h at room temperature, preferentially meeting both PD-1.1 and PD-1.2
solutions just into the pores and initiating the generation of the first Pd-nuclei. After this time, the
support is washed in distilled water and dried at 110 °C for at least 8 h before starting the ELP-
PP strictly speaking. The Pd plating is then completing in similar conditions but increasing the
temperature up to 60 °C and replacing both Pd source and reducing solutions with new ones: PD-
2.1 and PD-2.2. The first one, PD-2.1, contains the Pd precursor (PdCl,, 99 w.%) complexed and
stabilized with NH4OH (32 vol.%) and Na,EDTA, while the second one, PD-2.2, includes diluted
N:H in water (0.2 M) as reducing agent. Then, Pd** ions contained in PD-2.1 are reduced to Pd’
in a controlled autocatalytic chemical reaction for various cycles of 2-7 h. Intermediate washing
in distilled water and dried at 110 °C for at least 8 h are performed between each cycle. This
procedure is repeated up to the Pd weight gain of the membrane became negligible due to the
complete blockage of pores and, consequently, the achievement of a fully dense Pd-membrane
[31,46,70].

MB#02 has been prepared following a similar experimental procedure but incorporating an
additional CeQ, intermediate layer as described in a previous study [57]. It involves two new steps
for the support modification: the incorporation of the material onto the support by vacuum-
assisted dip-coating (VA-DC) and its calcination to ensure good stability of the new layer,
respectively denoted as SM-3 and SM-4. In particular, commercial dense CeO; particles (Alfa-
Aesar, 100 nm average particle size) are suspended in water containing 2 wt.% polyvinyl alcohol
(PVA) to reach a CeO; concentration of around 20 wt.% (SM-3.1). After sealing the inner side of
the support with appropriate Teflon tapes, VA-DC is repeated twice by applying vacuum only
during the half-second cycle. The CeO; layer thickness is finally adjusted by rinsing in distilled
water and then the composite-structure is calcined at 500 ‘C (heating and cooling ramp of 1.8
°C/min) for 5 h to ensure the complete removal of the organic linker (PVA) and good mechanical
stability of the intermediate layer [57].

Table 1 summarizes all chemicals and materials used for the preparation of the above-mentioned
SM and PD solutions. Besides all these chemicals and materials, the energy requirements of each
step need to be also considered in the present study. At this point, it is important to emphasize the
laboratory scale of the analyzed membrane synthesis procedures. Thus, the optimization of these
issues should be taken into account for the next scale-up considerations. In this context, a different
number of membranes can be managed at each particular preparation step. Four membranes can
be simultaneously handled in steps SM-1, PD-1, PD-2, and PD-3, while two samples can be
processed in steps SM-2 and SM-4 at the same time. Other steps (SM-3 and PD-1) are performed
individually for each membrane.



Table 1. Summary of chemical and materials requirements for solutions used during the synthesis of the membranes.

SM: Surface Modification

PD: Palladium Deposition

SM-1: Initial cleaning SM-3: CeO; barrier PD-1: Activation PD-2: ELP-PP
SM-1.1 SM-3.1 PD-1.1 PD-2.1
NaOH (g/1) 2 | CeO;(g/l) 100 | PdCl; (g/1) 0.1 | PdCl, (g/1) 5.4
SM-1.2 PVA (g/1) 20 | HCI35% (ml/l) 1 | NH4OH 32% (ml/l) 390
HClI 35% (ml/I) 2 PD-1.2 Na,EDTA (g/1) 70
SM-1.3 NH40H 32% (ml/l) 120 PD-2.2
Ethanol 96% (ml/l) 1000 NaHg (ml/1) 10 | NaHg (ml/1) 10

2.2. LCA methodology

The LCA analysis presented in the present study was performed according to standards ISO-
14040 and ISO-14044 to determine the effects of each material and energy input/output used in
the previously described membranes manufacturing process on both human health and the
environment.

2.2.1 LCA goal and scope

The present study is focused on the evaluation of all main environmental impacts and energy
demand related to the fabrication of two different supported Pd-based membranes by ELP-PP at
a laboratory scale (MB#01 and MB#02). A cradle to gate perspective was considered to perform
the analysis and determine the corresponding inputs and outputs. It implies to contemplate all
issues required from the acquisition of the raw materials to Pd deposition by ELP-PP, as
previously represented in Figure 2. The functional unit selected to compare the environmental
burdens was the synthesis of one Pd-membrane with 3 cm in length.

2.2.2 System boundaries and life cycle inventory

All inputs and outputs required for the fabrication of Pd-membranes, including both materials and
energy, were considered within the system boundaries described in Figure 2. Their values were
taken from the inventory database Ecoinvent 3.4 for each particular fabrication step. It should be
noted that the original conditions available in the database were updated to diverse situations in
the energy mix. In fact, specific conditions of five different countries were considered: Spain,
Germany, China, Japan, and the United States of America. Table 2 collects the contribution of
each primary source to the available energy mix in these countries.

Table 2. Energy mix 2019 available in different countries with a particular interest in the present study.

Contribution to the energy mix (%)
Germany

Source

Spain [71] (72] China[73] Japan[74] USA[75]
Hard coal 4.3 6.4 65.6 32.7 23
Lignite - 13.5 - 8.7 -

Hydro 10 3.4 17.7 7.9 6.6
Natural gas 32.7 16.1 31 39.5 38.8
Nuclear 22.6 113 4.8 31 20.7
Wind 21.5 26.8 55 2.3 7.3
Biomass - 8.0 0.2 2.7 1.4
Solar 2.1 9.7 3.1 3.1 1.8
Others 6.8 4.8 - - 0.4



2.2.3 Life cycle impact assessment (LCIA)

In this work, the software Simapro v8.5 was used to assess all environmental impact by using the
inventory data above detailed. In this case, the recipe methodology [76] was used as a midpoint
methodology, selecting the following environmental impact categories: climate change (CC),
human toxicity (HT), acidification (AC), freshwater ecotoxicity (FWE), metal depletion (MD)
and fossil fuel resources depletion (FD). Moreover, the total energy requirements of the process
were also quantified through cumulative energy demand (CED) [77].

3. Results and discussion

3.1. Fundamental membrane characterization

The primary characterization of any composite-membrane always includes the analysis of the
morphology variation during the synthesis procedure. As previously addressed, the two different
ELP-PP membranes included in the present work were fabricated following a similar strategy
with the unique variation of incorporating an additional intermediate layer formed by dense CeO>
particles [46,57]. Figure 3 collects some relevant micrographs taken for each membrane to discuss
briefly their main characteristics.
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Figure 3. Morphology of MB#01 and MB#02 membranes before (a and b, respectively) and after incorporating the
Pd-film by ELP-PP (c and d, respectively).

As can be seen, a very irregular external surface with a wide variety of pore sizes and high
roughness appears in MB#01 despite being oxidized in air to generate a first intermediate layer
of Fe-Cr oxides (Figure 3a). Only after the incorporation of CeO, particles in MB#02 was possible
to smooth the external surface of supports, significantly reducing the average pore-mouth



diameter before the palladium plating (Figure 3a). The different morphologies reached for each
case provokes an important effect on the Pd-film characteristics. In this manner, an estimated Pd-
thickness from gravimetric analysis around 28 um was required to obtain a gas-tightness
membrane (MB#01), although it was reduced up to 15 um in case of including the CeO,
intermediate layer (MB#02). These values are fairly close to the real Pd-thicknesses directly
measured onto the SEM cross-sectional images, as shown in Figures 3c and 3d for membranes
MB#01 and MB#02, respectively. This relevant improvement can be explained by the generation
of a new media grade with smaller pore sizes that can be more easily close by palladium particles
during ELP-PP as widely discussed in previous works [46,57].

As a consequence of the different membrane properties, mainly the final Pd-thickness reached for
each case, a marked effect on the membrane performance was observed in terms of permeation
capacity. Figure 4 collects the Hs-permeate fluxes reached at 400 °C for pressures ranged from
0.25 to 2.50 bar when operating with MB#01 and MB#02. At this point, it is important to note
that no nitrogen was detected in the permeate during the complete set of experiments (detection
limit 1.67-102 mL min™), and therefore, an ideal Ho/N; separation factor (cumnz) greater than
10,000 can be ensured for both samples.
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Figure 4. Permeation behavior of ELP-PP membranes MB#01 and MB#02 at 400 °C.

Analyzing in detail for each sample the relationship between H» fluxes and pressures raised to the
power of 0.5, a clear linear trend is observed, as predicted by the well-known Sieverts’ law (Eq.1)
[40,78].

This fact together with the undetectable permeate fluxes in the case of feeding nitrogen confirms
the absence of defects in the palladium film previously supposed after the membrane preparation.
Thus, H,-diffusion through the Pd-film can be considered as the rate-determining step, as typically
occurs in most of the Pd-composite membranes [79,80].



However, it is also clear that the above-mentioned linear trends do not intercept the origin as
common in other cases. This peculiar behavior is typical of most ELP-PP membranes reported up
to now, being widely addressed in previous studies [31,46,70]. In essence, this deviation is
justified by the partial infiltration of palladium into some pores of the support during the ELP-PP
cycles due to feeding both metal source and the reducing agent from opposite sides of the porous
substrate. This fact generates noticeably differences between both external and internal surfaces
of the Pd-film that affect to the accurate calculation of the pressure driving force just onto the
surfaces, as considered in the Sieverts’ law [81]. Pressure values into the bulk gas phase and
smooth surfaces are almost identical, thus being possible to precise them with minimal errors. On
the contrary, in the case of presenting relevant tortuosity, as typically occurs for ELP-PP Pd-film
surfaces in contact with porous supports, relevant pressure drops could appear between the
measured pressure value into the bulk gas phase and just onto that palladium side. It can be
quantified as an apparent additional resistance against the permeation process (R;) as detailed in
previous works [31,46,70]. Anyway, the benefits of using an additional CeO intermediate layer
in MB#02 becomes obvious in terms of its performance, reaching H, permeance of 5.37-10* mol
m? s Pa?’ at 400 °C, in contrast to the lower value obtained in MB#01, 1.50-10* mol m? s! Pa"
05 at analogous conditions. Undeniably, this improvement of the permeation capacity in around
350% is caused by the reduction of the Pd-thickness required to achieve a fully dense membrane
in case of using the additional CeO, barrier (from 28 to 15 pum, as previously discussed). Table 3
summarizes all these results for easier comparison.

Table 3. Summary of main properties for membranes included in the present study.

Membrane morphology Permeation behavior

Sample Intermediate Pd- Variation k Variation
thick % Ri (Pa®s H2
layer(s) lckness %) 1 (Pa®?) (mol m2s1 pa05) (%)
(nm)

MB#01 Fe-Cr oxides 28 - 24 1.50-104 -
MB#02 Fe'czzg'des/ 15 -46.4% 33 5.37-10 +358%

2

3.2. Materials inventory for membranes preparation

Up to now, it is clear the benefits provided by the strategy of using an additional ceramic
intermediate layer for the preparation of ELP-PP membranes in terms of palladium savings and
final performance. However, no considerations about the environmental impacts of all associate
experimental steps have been taken into account. This lack of information is very common in
most of the available researches despite it could generate important implications for the
commercialization and spread of this technology. This work tries to fill in the gap in this field,
providing complete and precise information about all materials required for the preparation of the
membranes step by step, particularly those obtained by ELP-PP. At this point, it should be
remembered that two different synthesis strategies have been considered for the preparation of
these composite-membranes in the present study, including or not an intermediate ceramic barrier
formed by CeO, particles. Since all the membranes were prepared onto the same tubular PSS
supports, its contribution to the environmental impact has been omitted to point out exclusively
the considerations of each synthesis procedure.

In this context, Tables 4 and 5 include a complete material inventory for each step carried out for
the surface modification (SM) and palladium deposition (PD), respectively, during the
preparation of two different types of ELP-PP membranes. At this point, it has to point out that 6
different membranes of each type (similar to MB#01 and MB#02) were fabricated to ensure good



reproducibility of the results here collected. The solutions required for modifying the original
surface of raw PSS supports (SM) used to prepare the composite membranes accordingly to the
procedures previously described are summarized in Table 4. Only the initial cleaning of the
supports (SM-1), common for both membranes included in the present study, and the
incorporation of the CeO> intermediate layer (SM-3), carried out just for MB#02, require the use
of chemicals and solutions. However, it should be noted that after each of the above-mentioned
cycles the membrane is always rinsed with distilled water, thus requiring an additional water
consumption of around 40 mL besides the considered one for the preparation of the aqueous
solutions. Moreover, it is important to emphasize that all these consumptions were identical for
the preparation of all the membranes, reaching a very similar modification of the original surface
with an identical number of cycles.

Table 4. Materials inventory for surface modification of PSS supports during membrane preparation (referred to the
selected functional unit).

Solutions required for surface modification (SM)
SM-1 SM-3
Sample SM-1.1 SM-1.2 SM-1.3 sM-2 SM-3.1 sM-4
cycles V(mL) | cycles V(mL) | cycles V(mL) cycles  V(mL)
MB#01 1 50 1 50 1 50 - - - -
MB#02 1 50 1 50 1 50 - 1 12.5 -

A similar analysis has been presented in Table 5, where the solutions consumed for the palladium
deposition (PD) are reported.

Table 5. Materials inventory for palladium deposition during membrane preparation (referred to the selected
functional unit).

Solutions required for palladium deposition (PD)
Sample P PD-2 PD-3
PD-1.1 PD-1.2 PD-2.1 PD-2.2
cycles V (mL) cycles V (mL) cycles V (mL) cycles V (mL)
MB#01 1 50 1 50 2743 200+60 2743 81+9 -
MB#02 1 50 1 50 1242 100+40 12+2 3616 -

The support activation with Pd-nuclei (PD-1) always requires a constant volume of solutions PD-
1.1 and PD-1.2 due to a unique cycle of 2 h generates enough Pd-seeds for the subsequent ELP-
PP step in both membranes. However, a slight variation in the consumption of PD-2.1 and PD-
2.2 solutions was observed during the preparation of the set of membranes, with 6 analogous
samples of each type: MB#01 and MB#02. It could be attributed to the certainly heterogeneous
surface of original supports and the possibility of certain differences between various supports.
In fact, the greater modification of the original PSS substrates achieved after the incorporation of
a ceramic intermediate barrier in MB#02 implies a noticeable reduction of the total number of
ELP-PP recurrences in comparison to MB#01 in which only a surface calcination of the original
supports was carried out. In addition to this variation in the total number of ELP-PP recurrences
due to the different surface properties of the supports, other causes can also provoke an increase
in the spent volume of each solution. In fact, despite reusing the same solution for the entire set
of recurrences in most cases, its degradation was also occasionally observed, thus turning in a
dark orange-red color and being necessary its substitution by a fresh one. For this reason, errors
collected in Table 5 could seem certainly high. This problem can be caused by diverse and
unexpected operating issues, i.e. deviations in the control of temperature during the ELP-PP
recurrences or direct contact between the solution and the metal assembling parts of the deposition



cell, normally covered by Teflon. Anyway, it should be noted that the probability of this
occurrence is relatively low, avoiding taking into account these deviations for the present study.
On the other hand, the final properties of all analogous composite-membranes were almost
constant in terms of Pd-thickness, with an average deviation below 7%. Therefore, it can be
assumed that the above-mentioned deviations do not affect the final quality of the membranes.
Finally, as occurs during the surface modification, some washing and rinsing with distilled water
were performed after both activation and ELP-PP recurrences, thus additionally consuming
around 1,400+120 and 650+80 mL during the fabrication of MB#01 and MB#02, respectively.
These deviations of consumptions are caused by the above-mentioned necessity of additional
ELP-PP recurrences in some cases.

3.3. Environmental performance: LCA results

LCA analysis of MB#01 is summarized in Figure 5 as the relative contribution of each process
stage in several environmental impacts. As can be clearly seen, the environmental impact is
dominated by cleaning and drying step (PD-3), independently of the impact category selected.
This result is directly related to the energy required to carry out the twenty-eight drying cycles
(furnace at 110 °C for at least 8 h, each cycle) necessary to obtain a complete gas tightness using
this procedure. At this point, it is necessary to point out one more time the lab-scale nature of the
membrane synthesis procedure considered for the present study. The use of a more favorable
production scale should minimize this contribution, replacing the electricity requirements of the
electrical furnace by other alternatives well stablished in the industry. The high-energy
consumption is also the reason that the SM-2 stage contributes around 15% to all the impact
categories evaluated. It must be noticed that the electricity used in the studied process is assumed
to be supplied by the Spanish electricity mix, having about 60% contribution of non-renewable
resources. The incorporation of the fully dense Pd-film (PD-2) generates environmental impacts
in all the selected categories due to the consumption of chemical products for the preparation of
the required solutions, as well as their agitation. On the other hand, both the SM-1 and the PD-1
produce minimal environmental impacts, since they do not require the use of equipment with high
electrical consumption, but only chemical reagents are used.
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Figure 5. LCA results for MB#01: percentage contribution of process stages to the evaluated impacts categories (CC:
Climate Change; HT: Human Toxicity; AC: Acidification; FWE: Freshwater Ecotoxicity; MD: Metal Depletion; FD:
fossil fuels depletion)



These results indicate that the environmental impacts associated with the production of MB#01
could be considerably reduced, improving the palladium deposition process, since it accounts for
80% of the total environmental impact. For this reason, the second method of membrane
preparation called MB#02 has also been analyzed, to check whether the generation of an
intermediate layer of CeO; before the deposition of palladium, allows reducing the environmental
impact. The results for MB#02 are shown in Figure 6.
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Figure 6. LCA results for MB#02: percentage contribution of process stages to the evaluated impacts categories (CC:
Climate Change; HT: Human Toxicity; AC: Acidification; FWE: Freshwater Ecotoxicity; MD: Metal Depletion; FD:
fossil fuels depletion).

Again, the stage with the greatest contribution to environmental impacts is PD-3, a stage in which
the membrane is washed and dried before incorporating a new layer of palladium, although its
impact has been reduced by an average of 20% in the selected categories regarding the MB#01
procedure. This is due to the lower number of cycles, thirteen in this procedure compared to
twenty-eight in the MB#01. Therefore, the electrical consumption has been remarkably reduced.
This method MB#02, also favors the reduction of the impacts associated with plating (PD-2),
specifically in the acidification and freshwater ecotoxicity categories because the amount of
chemical reagents necessary to carry out the deposition of palladium is less. The two additional
stages of this method (SM-3 and SM-4) only contribute 15% to the environmental impact
generated. This new impact generated is mainly due to the calcination of the support.

Table 6. Mid-point indicators of ReCiPe methodology of the different evaluated synthesis procedure (referred to the
functional unit: one Pd-membrane with 3 cm in length)

MB#01 MB#02
Climate change (kg COzeq) 7467.8 4962.4
Human toxicity (kg 1,4-DBeq) 630.5 413.9
Terrestrial acidification (kg SOzeq) 26.1 16.3
ReCiPe indicators
Freshwater ecotoxicity (kg 1,4-DBeq) 9.4 6.1
Metal depletion (kg Feeq) 230.6 152.6

Fossil depletion (kg Oileq) 2761.8 1835.4




Comparing the LCA of the analyzed membranes (Table 6), an average reduction in the
environmental impact of around 35% can be observed in the categories evaluated of the MB#02
as compare to MB#01. It can be seen that MB#02, despite being a synthesis procedure with a
greater number of stages, to generate an intermediate layer of CeO, before palladium deposition,
reduces the total environmental impact. Likewise, it should be noted that MB#02 improved its
permeation behavior by around 350% compared to MB#01, generating a synergistic effect from
an environmental point of view.

Proven the great influence generated by electricity consumption on the environmental impact
referred to the functional unit. The specific energy production of each country was taken into
account for a comparative objective, due to their different energy sources (Table 2). Figure 7
shows LCA results for the MB#02 preparation process, at a laboratory scale for each country. In
a general way, countries with a high contribution of renewable energies provide a more friendly
manufacturing process of the functional unit. On the contrary, mix electricity production mainly
based on fossil sources generate a higher environmental impact. Therefore, membrane preparation
in countries with higher renewables sources can achieve a clean energy vector to a greater extent.

[ spain [l Germany [l USA [ Japan [l China I Spain [ Germany Il USA [ Japan [l China

12000

60000

50000

10000

40000 g
=

: g
~
o T
O 90000 :» 6000
N )
20000 X 000
10000 4 20004
o o
cC HT
I Spain [ Germany Il USA [ Japan [l China [ Spain [l Germany [l USA [ Japan [l China
700
200
600
500 8 150
g [aa]
S 400 Q
3 b
~ 100
2 300 o
X X

200
504

" 74.
0 o
AC FWE
I Spain [ Germany [l USA [ Japan [l China [ spain [ Germany Il USA [ Japan [l China

14000

600

12000

10000

8000
g

6000

Kg oil

4000

2000

0

MD FD

Figure 7. LCA results for the preparation process of membrane MB#02 at lab-scale for different countries. Evaluated
environmental impacts: Climate Change (CC), Human Toxicity (HT), Acidification (AC), Freshwater Ecotoxicity
(FEW), Metal Depletion (MD) and Fossil-fuels Depletion (FD).



4. Conclusions

This study focuses on the analysis of the environmental impacts generated during the preparation
of diverse composite Pd-membranes onto porous stainless steel supports by Electroless Pore-
Plating. Two different membrane structures in which the palladium film has been incorporated
directly onto the PSS support or after including an additional CeO; intermediate layer have been
considered. The use of this secondary ceramic barrier allows reducing the required palladium
amount to reach a fully dense membrane by 50%, while 350% higher H> permeances were
obtained. LCA analysis of both manufacturing processes have highlighted the main contributor
to the environmental impacts. Specifically, data have shown that cleaning and drying step (PD-
3), is the most harmful stage. Principally, due to the multiple cleaning and drying stages that are
associated with each of the cycles necessary to achieve a completely dense layer of palladium and
the energy consumption that entails. This drawback can get over by incorporation of CeO,
intermediate layer, with fewer ELP-PP cycles being necessary. The ceria incorporation leads to a
better environmental performance of the membrane, reduction in the environmental impact of
35% in the categories evaluated since energy requirements are considerably lower. These energy
requirements make the location of the membrane production center to be crucial. Since a high
percentage of the environmental impacts generated are associated with the electricity production
system. This LCA study has proved that the CeO, intermediate layer is certainly an interesting
option, not only for their lower environmental impacts but also as it has significantly higher H,

permeance than MB#01, generating a synergistic effect from an environmental point of view.
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ARTICLE INFO ABSTRACT

Electroless Pore-Plated (ELP-PP) membranes were successfully incorporated for the first time into a membrane
reactor to produce hydrogen by acetic acid steam reforming (AASR), exhibiting adequate resistance against
harsh operating conditions. Membranes were prepared onto tubular PSS supports modified with Pd/CeO, par-
ticles and scaled-up around four times in length with high reproducibility respect previous studies. H, per-
meances from 4.49 to 5.67-10 % mol m~2 s~! Pa’®° were found for pure H, at 350-450 °C, decreasing for
mixtures due to concentration-polarization at higher pressures but also certain inhibition caused by CO, at
pressures below 50 Pa®°. The combination of membranes with Ni/SBA-15 catalysts in packed-bed membrane
reactors (PBMR) evidenced the simultaneous improvement of acetic acid conversion and hydrogen yield respect
to analogous experiments in traditional packed-bed reactors (PBR). A very similar product distribution was
obtained for both configurations, PBR and PBMR, when using fresh catalysts, although marked deviations were
found in case of regenerating the catalysts. Then, higher selectivity towards coke reached for PBMR, which lead
to around 30% for the most elevated pressure under investigation. However, even at these harsh conditions, the
mechanical integrity of ELP-PP membranes was maintained. Thus, the benefits of combining catalysts and ELP-
PP membranes in a PBMR for AASR were demonstrated.

Keywords:

Acetic acid

Steam reforming
Membrane
Palladium
Electroless plating
Hydrogen production

1. Introduction

The promotion of hydrogen for energy applications expects to re-
place the massive use of fossil fuels in the near-middle future, thus
reducing the current high levels of anthropogenic carbon dioxide and
other emissions, responsible for global warming and health problems in
humans [1,2]. Among other alternatives, hydrogen could be obtained
from a wide variety of feedstock and technologies, providing a tre-
mendous competitive advantage for a progressive transition from tra-
ditional to renewable energy sources in both concentrated or decen-
tralized centers [3,4]. Particularly, mature thermochemical routes such
as steam reforming, pyrolysis, or gasification are mainly fed by fossil
fuels in industry. However, all of them can be easily adapted for
working with renewable, i.e. bio-ethanol, bio-gas or, in general, bio-
mass [5-7], and residual feedstock, i.e. agricultural, industrial or mu-
nicipal wastes [8,9].

In this context, a combination of thermochemical and biological
processes, i.e. steam reforming of gaseous product streams from algae

* Corresponding author.
E-mail address: david.alique@urjc.es (D. Alique).

https://doi.org/10.1016/j.fuproc.2020.106619

liquefaction, has been proposed as an interesting alternative [10,11]. In
practice, most of these studies optimize both catalyst design and op-
erating conditions for some model compounds that simulate fairly well
the behavior of real complex mixtures containing multiple molecules
[12]. This is the particular case of acetic acid (AA), usually considered
as an excellent model compound to prepare a synthetic aqueous frac-
tion coming from bio-oil production [12-15]. However, even though
steam reforming of light hydrocarbons has been widely investigated
[16-19], particular conditions for using acetic acid or related aqueous
phases containing this compound are still under investigation.

One of the first references appeared in 2004 when Takanabe et al.
published the use of acetic acid as a model oxygenate for steam re-
forming of bio-oil with Pt/ZrO, catalysts [20]. They evidenced an al-
most complete acetic acid conversion and hydrogen yield close to
thermodynamic equilibrium but noted a significant catalyst deactiva-
tion by forming of oligomers, which blocked active sites. Basagiannis
and Verykios adopted a similar strategy with acetic acid as a model
compound of a synthetic bio-oil to study its reaction network under
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steam reforming with a Ni-based catalyst [21]. They found that de-
composition and ketonization became relevant together with the main
steam reforming reactions, especially at intermediate temperatures.
Moreover, despite the presence of Ni, the catalyst promoted steam re-
forming reactions while shifting its activity towards lower temperatures
and retarding the coke deposition rate onto the catalyst surface. How-
ever, significant deactivation was observed at particularly low tem-
peratures. Iwasa et al. compared the catalytic activity for these reac-
tions in mesoporous materials containing various metals as active-
phase, establishing a decreasing AA conversion for the series Pt > Pt/
Ni > Ni, although maintaining comparable H, production levels for all
the catalysts [22]. Thaicharoensutcharittham et al. analyzed in detail
the catalytic activity of diverse Ni-based materials as a function of the
metal loading, concluding a strong relationship between both factors
[23]. An et al. performed a similar study at T = 600 °C, P = 1 atm,
H,O/AA = 4, and WHSV = 5.01 gaa gcamlysfl h™1, evidencing again
the above-mentioned influence of Ni loading on both catalytic activity
and carbon formation [24]. Particularly, the amount of deposited car-
bidic-like carbon decreased, and graphitic-like carbon increased with Ni
loading from 9 to 15 wt%, thus selecting an intermediate content (12 wt
%) as best conditions for the catalyst performance.

Other works also evaluated the hydrogen production by acid acetic
steam reforming (AASR) at mild-temperatures in the presence of a wide
variety of catalysts containing Ni as active metal but over diverse
substrates, especially attending critical aspects such as conversion,
hydrogen yield, and deactivation by coke formation [25-31]. In this
context, Chen et al. aimed to gather together the results reached with
different catalysts and published a critical review on the main catalysts
used for AASR, including fabrication strategies, mechanic under-
standing, and most frequent catalyst deactivation processes [32]. Be-
sides both AASR operating conditions and metal loading in catalysts,
the intrinsic effect of the metal precursors on the final behavior of
catalysts was also suggested [33]. Moreover, the addition of other
metals as co-active phases in Ni-based catalysts shown a clear impact on
both reaction performance and formation of reaction intermediates
[34-37]. The research group headed by Calles has also published di-
verse works addressing the synthesis of multiple Ni-based catalysts
supported over SBA-15 and their application for hydrogen production
via steam reforming from ethanol [38,39], glycerol [40,41], or acetic
acid [11,42,43].

All the above-mentioned studies were carried out in traditional
packed-bed reactors, where a certain amount of catalyst was placed in
the lumen, and produced hydrogen must be later purified in in-
dependent equipment [5,44,45]. The combination of both stages in a
single membrane reactor, until our best knowledge, very scarce up to
now. This fact contrasts other processes in which ultra-pure hydrogen is
generated and separated in-situ in a new reactor configuration by se-
lective permeation through the reactor wall acting as a membrane,
usually made of pure palladium or Pd-based alloys [46,47]. Basile et al.
studied the effect of the catalytic bed pattern in AASR in a membrane
reactor by using two different commercial catalysts based on Ni and Ru
as active metals from Engelhard and Johnson Matthey, respectively,
and an unsupported thick Pd;;Ag,; membrane with around 50 pm,
demonstrating its experimental viability [48]. Iulianelli et al. expanded
this preliminary study focusing on the influence of the different flow
configurations inside the membrane reactor, as well as the sweep factor
and the reaction itself[49]. They recently reported these results and
most of the available literature about previous studies for AASR in
traditional reactors instead of those carried out in membrane reactors
[50].

However, it should be noted that noticeably advances in the de-
velopment of new Pd-supported membranes are produced during the
last years [51,52], mainly aimed to reduce their metal thickness and to
increase both H, permeation and stability, thus being highly re-
commended their test in membrane reactor applications. Among others,
Electroless Pore-Plated (ELP-PP) membranes have evidenced an
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excellent performance for a wide variety of experimental conditions
during permeation tests with metal thicknesses in the range 10-20 um,
also including contrary directions for the permeate flux, which could
cause tensile stress and possible delamination of other traditional pal-
ladium top coatings and intermediate layers [53]. However, their
evaluation should be completed with more complex gas mixtures, ty-
pical of common industrial applications, as well as in real membrane
reactor conditions. In this context, the behavior of ELP-PP membranes
has been recently evaluated in both fixed and fluidized bed membrane
reactors for a relatively simple H, production process via water gas shift
reaction (WGS), in which carbon monoxide reacts with steam water to
be completely oxidized into carbon dioxide while generating additional
hydrogen. This reaction, carried out at mild conditions
(T = 300-450 °C and simple gas mixtures), typically appears after any
reformer to adjust the composition of the syngas for each particular
application. From the above-mentioned experiments, the mechanical
stability of ELP-PP membranes was ensured in real conditions [54].
However, two important issues should be considered at this point. First,
the analyzed membranes in the above-mentioned study lack any
ceramic intermediate layer and, as a consequence, they were thicker
than the most recent ones, all of them prepared onto modified porous
stainless steel (PSS) supports with CeO, intermediate layers but still not
tested into real membrane reactor devices [55,56]. Second, it should
also be taken into account that the most interesting thermochemical
reactions for hydrogen production, i.e. gasification or steam reforming,
usually involve complex reaction schemes in which appear multiple
compounds, not only H,, CO, or CO, as occurring in the WGS. There-
fore, combining these recent ELP-PP membranes with the above-men-
tioned processes could attract great interest for both researchers and
industrial stakeholders.

Under these premises, the present study analyzes for the first time
the combination of a heterogeneous Ni/SBA-15 catalyst with ELP-PP
composite Pd-membranes prepared onto CeO,/PSS supports in a tub-
ular packed-bed membrane reactor for H, production via acetic acid
steam reforming. First, the available characterization of this type of
membranes is completed after scaling-up their length around four
times, including their behavior against CO»-rich gas mixtures. All main
operating conditions for AASR (temperature, pressure, and gas hourly
space velocity) are evaluated in both traditional and membrane reactor
configurations, also considering catalysts deactivation by coke forma-
tion and their regeneration.

2. Experimental procedure
2.1. Membrane preparation

The composite Pd-based membranes applied for this study have
been prepared using modified tubular AISI 316L porous stainless-steel
(PSS) supports, purchased from Mott Metallurgical Corporation with
0.1 um media grade pore size and symmetric structure. The supports
were modified by adding an outer coat of dense CeO, particles as an
intermediate layer and following by incorporating a top palladium film
by Electroless Pore-Plating (ELP-PP). The original PSS supports were
first cut into pieces of 70 mm in length, welding two dense stainless-
steel tubes of 20 mm in length on each extreme (total length of tubes
110 mm) and cleaning the surface by successive immersions in sodium
hydroxide (0.1 M, 5 min), hydrochloric acid (0.1 M, 5 min) and ethanol
(96 vol%, 15 min) at 60 °C under ultrasonic stirring. After completely
drying the supports (110 °C for at least 8 h), the composite membranes
were prepared by following the general procedure described elsewhere
[55,56], adapted to the new length of supports, around four times
larger than previous ones. Briefly, the supports were calcined at 600 °C
for 12 h in air atmosphere to generate a first thin top layer of Fe/Cr
oxides [57] and then further modified with the incorporation of dense
CeO, particles (average particle diameter of around 100 nm, Alfa-
Caesar) by Vacuum-Assisted Dip-Coating (VA-DC) and calcination at
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500 °C for 5 h [55]. These CeO, particles, doped with fine Pd-nuclei
before to be incorporated onto the porous support, expect to reduce
both pore mouth size and average external surface roughness before the
palladium plating while preventing any possible metal interdiffusion
between support and palladium [56]. Finally, the Pd topcoat was de-
posited by ELP-PP following the detailed procedure published else-
where [53,55,56]. The Pd precursor, PdCl, from Sigma-Aldrich (99 w.%
purity, with 60% palladium content), is complexed with NH,OH
(Scharlau, 32 vol%) and a certain amount of Na,EDTA (Scharlau) as
stabilizer, reacting with N,H, (Scharlau, 99 w.% purity diluted up to
0.2 M) in a controlled autocatalytic chemical reaction to reduce Pd**
ions into Pd°. It should be noted that both metal precursor and reducing
solutions were added from opposite sides of the modified porous sub-
strate to prevail the reaction just inside the pores or vicinities.

2.2. Membrane characterization: morphological analysis and permeation
tests

The morphology of composite membranes included in this study
was analyzed by scanning electron microscopy (Hitachi S-2100N,
equipped with an energy dispersive analytical system for microprobe
analysis) and optical profilometry (Zeta-20 Optical Profiler).
Gravimetric analyses from a Kern electronic balance type ABS 220-4
(accuracy of + 0.001 g) were also used to obtain the weight gain of the
membrane after each preparation step. The reproducibility of the pro-
cess and the estimated Pd-thickness by considering homogeneous in-
corporation around the external surface of supports were determined
from these data. For this purpose, good reproducibility was assumed for
similar membrane weight gains after calcination and incorporation of
CeO, particles and Pd-film.

Moreover, a series of permeation tests were also carried out to
evaluate the particular behavior of these membranes. Fig. 1 shows the
experimental setup used for these tests, which was also employed to
perform the reaction tests described later.

The apparatus is formed by a cylindrical 316L stainless steel cell
where a tubular Pd-based membrane can be placed between two gra-
phite O-rings to separate both retentate and permeate zones. This cell is
housed inside an electric furnace with three independent heating re-
sistances that accurately control the working temperature during ex-
periments along the axial direction. The feed stream can be properly
adjusted by several Bronkhorst Hi-Tech mass-flow controllers mounted
in H,, N5, and CO, inlet lines. Permeate or retentate flow-rates were
measured by using a drum-type gas flow-meter Ritter TG 05/5 with an
accuracy of + 0.5% (minimum detection limit of around 17 mL min ~ ).
In case of reaching very low fluxes for any retentate of permeate
streams, this equipment was replaced by a Ritter Mili-GasCounter able
to detecting volumetric flow-rates from 1.67-10 "2 mL min~'. On the
other hand, the operating pressure is controlled by a Bronkhorst Hi-
Tech EL-PRESS back-pressure regulator (0-10 bar), whereas the
permeate stream is always maintained at atmospheric conditions.
Finally, the equipment is also equipped with a gas chromatograph (GC)
Varian CP-4900 with a thermal conductivity detector (TCD) and two
analytical Molsieve 5 A and PoraPLOT-Q columns.

The standard procedure followed in permeation tests includes some
preliminary bubble leak tests to ensure the absence of defects in the
composite membranes before being placed inside the permeation cell.
For that, each membrane is first sealed with appropriate O-rings and
immersed into ethanol, where helium is fed to the lumen side up to
reach at least 3 bar while maintaining the retentate stream completely
closed. In this manner, helium molecules only can pass through even-
tual defects on the palladium film. Only membranes in which no bub-
bles are detected during this preliminary test and the selected pressure
is maintained for at least 30 min are mounted in the previously de-
scribed permeation setup for testing at higher temperatures.

After that, a series of single gas permeation experiments with both
pure nitrogen and hydrogen were carried out at different temperatures
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in the range 350-450 °C and pressure differences between retentate and
permeate sides up to 2.0 bar. From these experimental data, both per-
meance and ideal hydrogen separation factor (ogz/n2) can be de-
termined. Additionally, it should be noted that five thermal cycles were
also performed with the aim to ensure both mechanical and thermal
resistance of the membrane against temperature cyclic variations and
stability of permeate measurements. Moreover, a stabilization period of
at least 2 h for each membrane was considered when hydrogen was fed
for the first time. Later, binary mixtures containing 80 vol% of hy-
drogen balanced with nitrogen or carbon dioxide were also studied at a
constant temperature (400 °C) to evaluate possible concentration-po-
larization or inhibition effects. In this way, the potential contribution of
the concentration-polarization effect was evaluated when working with
binary mixtures containing certainly inert species such as nitrogen,
being possible to determine a general Concentration Polarization
Coefficient (CPC) accordingly to the previous publication of Bellini
et al. [58] and described here as Eq. (1). The combined contribution of
both concentration-polarization and inhibition effects can be evaluated
by permeation tests conducted with any other binary mixture con-
taining species with a certain inhibition contribution. From these tests,
the overall Permeation Reduction Coefficient (PRC) can be calculated
by Eq. (2). Then, it could be possible to evaluate the Inhibition Coef-
ficient (IC) caused by any molecule from its definition based on pre-
vious CPC and PRC coefficients, shown in Eq. (3), as previously also
suggested by Bellini et al. [58]. At this point, it should be mentioned
that the present study has been focused on the specific contribution of
carbon dioxide on the above-mentioned parameters, with a great in-
fluence on the permeation capacity of other previously published ELP-
PP membranes, most of them with a thicker Pd-film and diverse ma-
terials as an intermediate layer.

CPC = 1 — _Lermeancenymivure
Permeanceciean membrane )
PRC = 1 — Fermeanceihived membrane
Permeanceciean membrane @
ooy A=PRO)
(1= cPC) (&)

2.3. Reaction tests

As previously addressed, both membrane permeation and reaction
tests were performed by using the same experimental setup described in
the previous section (Fig. 1). However, it is necessary to add some
additional descriptions in this section to complete the given informa-
tion. Beside the inlet gas-flow settled by the previously indicated
Bronkhorst mass-flow controllers, also a liquid feed can be introduced
into the system by a Gilson 307 HPLC pump. The liquid is pumped to a
simple electrical furnace, where it is evaporated and mixed with other
gases introduced to the setup. Particularly, this system was used to feed
a mixture of reagents for the reaction tests performed in the present
study, steam reforming, consisting of acetic acid (AA, Scharlau,
>99.7%) diluted in distilled water (ny.0/naa = 4) that simulates a
simplified synthetic stream coming from micro-algae liquefaction
[10,11,42,43]. The evaporated liquid was always mixed with small
amounts of nitrogen to facilitate the composition analysis of outlet
streams and to ensure an accurate calculation of the mass-balance.
Moreover, the experimental setup also contains a cold-trap on the outer
retentate stream intending to condensate any possible excess of the
acetic acid solution in water and certain possible liquid sub-products
such as alcohols or acetone. The composition of the condensate fraction
collected in the cold-trap was later analyzed by high-performance li-
quid chromatography (Varian CP-3900 chromatograph equipped with a
CP-WAX 52 CB column and flame ionization detector). For all these
tests, around 1.0 g of a home-made Ni/SBA-15 catalyst containing
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Fig. 1. Experimental setup used for permeation and reaction tests.

13.5 wt% of nickel was introduced into the lumen of the reactor.
Complete details about its general synthesis procedure and performance
in powder for different steam reforming reactions can be found in
previous publications [11,43]. However, its total BET surface and pore
volume of around 521 m? and 0.77 m® g™, respectively, as well as
average pore diameters in the range 8.3-10.6 nm, can be here em-
phasized as main physical properties. In this work, the catalyst was
pelletized into small cylinders of around 2 X 5 mm containing a 70 wt
% of Ni/SBA-15 material and 30 w.% clays, being mixed with quartz
spheres in order to fill in the entire lumen space available into the re-
actor (around 5.5 cm®).

Two types of reaction experiments were performed, distinguishing
those carried out in a conventional packed-bed reactor (PBR) with the
catalyst inside a dense 316 L SS tube from tests in which the SS tube is
replaced by the ELP-PP Pd-based membrane, thus working with a
membrane reactor configuration (PBMR) as illustrating in Fig. 2. For
the second option, in which a PBMR configuration is adopted, it should
be noted that direct contact between palladium film and catalyst pellets
is always avoided due to the presence of both wall of the PSS support
and CeO, intermediate layer. Moreover, a possible contribution of the
Pd-film to the overall catalytic activity of chemical reactions has been
dismissed due to the negligible conversion reached in blank tests car-
ried out in the absence of the catalyst.

Anyway, a similar procedure was adopted in both cases to study the
influence of some important operating conditions such as temperature

ok 1 < H
< V05 -
(T = 400-450 °C), gas hourly space velocity

(GHSV = 2500-4500 h™ 1), or feed pressure (P = 1-4 bar). First,
heating-up and cooling-down steps were always performed in nitrogen
atmosphere to avoid any possible oxidation of the catalyst or the
membrane (in case of working as PBMR). However, it should be noted
that fresh catalyst was always treated by flowing hydrogen (Qu2 = 50
NmL min~') at 450 °C for 2 h before to initiate any set of reactions to
ensure a complete reduction of the nickel particles dispersed on the
bulk SBA-15. Later, each operating condition was properly adjusted
into the desired values, and the reaction test was extended for 60 min
with continuous monitoring of gas composition in outlet streams to
ensure reaching a steady-state. During this period, diverse samples were
taken from both gas and liquid outer streams and analyzed by chro-
matography.

Here, it is important to highlight that not only fresh catalyst was
used for all the above-mentioned experiments, and also its regeneration
was considered. If assuming a possible catalyst deactivation and system
blockage by coke formation, H, decrease in the product stream and a
non-controlled pressure increase in the lumen side should be observed
during experiments. For those cases, 100 NmL min ™~ of compressed air
were flushed for at least 1 h into the reactor at 450 °C to enhance the
coke gasification and the consequent recovery of catalytic activity. This
fact has been noted in the present study by marking the catalyst as
“fresh” or “regenerated”. An identical procedure was followed to work
as PBMR, but using 200 NmL min~" of nitrogen as sweep gas in the
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Fig. 2. Detail of membrane assembly and general layout of elements for PBMR experiments.

permeate stream to improve the overall pressure driving force for Hy
permeation through the membrane.

In both cases, PBR and PBMR, the progress of the acetic acid steam
reforming was monitored by calculation of acetic acid conversion(xa),
hydrogen yield (Yyo) and product selectivity (S;) as follows:

_ Maa,in — Maa,out

Xas =
a Naa,in 4
N,
Yy, =
e Aenan,in 5)
S = HL
Z j=1 n 6)

where naa, i and naa, oue show the acetic acid molar flow-rate fed into
the system or collected in the cold-trap, respectively, and ng, the hy-
drogen produced during the reaction. Subscripts i and j represent each
generic product obtained throughout the experiment taking into ac-
count all species identified by chromatography analyses except reagents
(acetic acid and water).

In the case of analyzing the results obtained in PBMR configuration,
two additional parameters were also considered to determine the hy-
drogen recovered from the total produced in the reactor (Recovery
Factor, RF) and the recovered one from the maximum amount that
theoretically is possible to produce accordingly to the stoichiometry of
chemical reaction (Recovery Yield, RY). Both parameters are defined by
expressions given in Egs. (7) and (8) as follows:

RF = N p _ My p

nH, ror iy + Ny 7)
Ry = e _ My

N liheory  4*Maain (€)]

In addition to all these experimental and calculated data, theoretical
values about the thermodynamic chemical equilibrium were also de-
termined by the minimization of the Gibbs free-energy with the help of
ASPEN-HYSYS software. The property method used for the simulation
was Redlich-Kwong-Soave (SRK), which provide suitable solutions for
most gas mixtures, where the polarity of compounds is not noticeably
strong.

3. Results and discussion
3.1. Membrane morphology

Fig. 3 shows the external morphology of one typical membrane
reached after scaling-up the synthesis procedure published elsewhere
[56], in which the palladium film was coated by ELP-PP onto a larger
tubular PSS support (total length of 110 mm) modified with an inter-
mediate layer formed by CeO, particles previously doped with Pd nu-
clei. The characteristic morphology of other ELP-PP membranes was
reached despite the larger dimension of the supports. In fact, a con-
tinuous Pd top film with a certain cavernous structure can be observed
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Fig. 3. Pd-Membrane morphology for the top surface: a) SEM image and b) topography analysis by optical profiler.

in the SEM image (Fig. 3a), not detecting significant differences in the
axial direction. The average thickness for this Pd-film has been esti-
mated into around 15 pm from gravimetric analyses, slightly thicker
than the reached one for similar membranes prepared onto shorter
supports up to 3 cm in length (8-12 pm) [56]. The average external
roughness obtained from an optical profiler (Fig. 3b) also increased by
around 15% respect to the previously published membrane, reaching a
value of R, = 3.451 * 0.47 pum. Nevertheless, this value is still no-
ticeably smaller than the provided one by the raw PSS support, with a
starting external roughness around R, = 5.082 = 0.40 pum.

3.2. Permeation behavior with pure gases

As previously indicated in the experimental section, preliminary
bubble-leak tests with helium in ethanol at room temperature were
performed to guarantee the absence of defects in the Pd-film of the
membranes collected in this work. After ensuring this fact, a series of
single gas permeation experiments with both pure nitrogen and hy-
drogen was carried out at temperatures in the range 350-450 °C and
pressure driving forces up to 2.0 bar, always avoiding the use of any
sweep gas for collecting the permeate stream. First, it is important to
highlight that the analyzed ELP-PP membrane was completely im-
permeable to nitrogen for the entire set of experiments, since no ni-
trogen flux was detected in the permeate side at any operating condi-
tion of temperature and pressure. Therefore, the initial quality of the Pd
film was maintained at higher temperatures and an eventually complete
ideal separation factor to hydrogen (au»/n2) could be assumed for all
the analyzed conditions.

Particular data reached for the entire set of permeation experiments
carried out with pure H, are collected in Fig. 4, where the permeate flux
(Jp) for each pressure driving force (P,0'5—PP°‘5) is represented at diverse
temperatures in the range 350-450 °C.

As can be seen, a higher permeate flux is reached for increasing
values of pressure and temperature, as usually predicts the available
literature [58-60]. A clear linear trend reasonably fitting into the origin
between permeate fluxes and pressure driving forces for each series of
experimental data was also observed for the entire range of tempera-
tures, as predicted by the well-known Sieverts' law for H, permeation
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Fig. 4. Results for permeation experiments when feeding pure hydrogen.

through Pd-based membranes [61,62]. This fact implies H, permeances
in the range of 4.49-5.67-10~* mol m~2 s™! Pa®® and activation en-
ergy of 8.59 kJ mol !, which agree with typical performances of other
composite Pd-based membranes found in the literature [53,63]. These
values and trends are consistent with the solution-diffusion model of
permeation through a Pd-membrane when the rate-determining step is
the H, diffusion throughout a dense and defect-free metallic film.
However, it should be noted that the particular permeation behavior
previously reported for many other ELP-PP membranes and widely
discussed in previous works [53,56,641, in which the Sieverts' linear fit
does not intercept in the origin, does not appear for this time. Although
some experimental data taken at lower pressures slightly deviate for the
general trend, the linearity maintains a really high correlation factor
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(R = 0.999), so the above-mentioned effect can be considered negli-
gible. This fact could be explained by the larger axial dimension of the
membrane respect to most of the previously reported ones [55-57,64],
which requires a slight modification of the synthesis conditions in terms
of volume ratio between Pd source and reducing agent solutions. This
fact could affect the Pd penetration inside the pores of the supports,
responsible for the above-mentioned deviation in shorter membranes.

All these previous results also suggest a good mechanical stability of
the membrane after being tested at different pressures and tempera-
tures, especially considering the used permeation mode in which the
highest pressure always remains in the lumen and the lowest one on the
shell side. It forces the permeation direction from the inner to the outer
side of the tubular membrane, where the Pd film is placed, thus gen-
erating tensile stresses that could derive into delamination or cracks
generation. However, five additional thermal cycles from room tem-
perature up to 400 °C were also performed in order to reinforce this
term about the stability of both membrane integrity and permeation
measurements. It can be emphasized that only a slight variation below
2% in the permeate fluxes reached for each thermal cycle was obtained,
thus demonstrating the good anchoring between support and palladium
film and no generation of cracks or pinholes.

3.3. Permeation behavior with binary gas mixtures

It is well-known that working with gas mixtures in Pd-based
membranes usually produces a noticeable decay in the hydrogen per-
meation capacity of these systems. Particularly, the presence of several
molecules containing carbon atoms in the gas mixture, such as carbon
monoxide, carbon dioxide, or light hydrocarbons, significantly de-
creases the permeate flux, as it is widely reported in the literature
[58,65,66]. Despite a typical higher inhibition effect of carbon mon-
oxide for most of the studies [67-70], ELP-PP membranes exhibited a
peculiar behavior, mostly affected by carbon dioxide [63,71]. Due to
this fact and the significant improvement on the quality of ELP-PP
membranes during last years, especially taking into account those
prepared onto modified PSS supports with CeO, intermediate layers
[55,56], this section has been focused on the particular behavior of
these membranes in the presence of mixtures containing nitrogen or
carbon dioxide.

First, it should be noted that the quality of the tested membrane in
terms of Hj selectivity was maintained for the entire set of experiments
collected in this section since neither nitrogen nor carbon dioxide was
found in permeate streams through GC analyses. Thus, all permeate
fluxes reached in the present section are composed only by pure hy-
drogen. Moreover, additional experiments with pure gases were also
performed after operating with the gas mixtures, maintaining the good
properties of the membrane addressed in the last section, especially
those related to the almost complete H, selectivity up to the available
detection limit of the equipment.

Fig. 5 collects the results about the permeation behavior of the
membrane with binary mixtures containing 20 vol% of nitrogen or
carbon dioxide balanced in hydrogen. All experiments were carried out
at 400 °C and pressure differences between retentate and permeate
sides in the range 0.4-2.0 bar.

Permeate fluxes reached at each particular condition are shown in
Fig. 5a, obtaining a clear decrease of H, permeate flux in comparison to
previous tests performed with pure H, at similar conditions, as well as a
marked deviation from the linear relationship between permeate and
pressure driving forces. Moreover, a more pronounced decrease was
obtained for the permeate flux in case of feeding a mixture containing
carbon dioxide instead of nitrogen. A certain dilution effect is always
present when working with gas mixtures, thus decreasing the total
pressure driving force for the permeation process with greater intensity
as the hydrogen concentration in the feed stream decrease and, hence,
the permeate flux through the membrane. This unavoidable fact has
been taken into account in the calculation of the pressure driving force
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Fig. 5. H, permeation variation when feeding binary gas mixtures containing
20 vol% N, or CO, (T = 400 °C) (a) and detailed analysis of contributing ef-
fects: CPC, PRC, and IC (b).

by considering hydrogen partial pressures for both retentate and
permeate sides, so the observed permeate flux decay should be caused
by other different reasons. In this context, other authors explain similar
behaviors by competitive adsorption between hydrogen and other
molecules present in the feed mixture to reach the palladium surface
(concentration-polarization effect) or deactivation of the membrane
due to inhibition processes caused by particular compounds [58].

Fig. 5b tries to elucidate the particular contribution of these effects
for experiments carried out in the present study by calculating and
depicting separately CPC, PRC, and IC coefficients, previously described
in the experimental section, at each particular pressure driving force.
First, the concentration-polarization effect (CPC) caused by any totally
inert molecule with no inhibition effect has been evaluated using ex-
periments in which a binary mixture H,-Nj is fed to the membrane. As
can be seen, CPC progressively increases in the range of 0.39-0.65 for
pressure driving forces higher than 65 Pa®®. In fact, the higher the
pressure, the higher the permeating flux and, hence, the lower the
hydrogen concentration in the retentate outlet. Moreover, the diffu-
sivity of molecules in the gas phase decreases for increasing pressure
values. These issues clearly turn the external mass transfer of hydrogen
molecules to the palladium surface more difficult, thus increasing the



G. Adduci, et al.

value of the CPC [72,73]. However, a noticeably lower CPC value of
only around 0.08 was obtained for Pyz,”°- Py»,%° = 21.6 Pa®. This
fact suggests that the above-mentioned increase of the concentration-
polarization effect is greater for relatively low pressure values, while a
progressive stabilization around a certain value seems to reach at
higher pressures.

By replacing nitrogen by carbon dioxide in the feed mixture, it is
possible to determine the overall permeation reduction coefficient,
PRC, which involves both possible concentration-polarization and in-
hibition effects. Even though carbon dioxide is considered as a very
inert molecule, the results evidence a certain inhibition effect because
of PRC values, ranged from 0.52 to 0.73, always exceed the previously
calculated CPC ones. Anyway, a similar global trend is observed for
both CPC and PRC, increasing their values as the pressure does, but
predicting a certain stabilization for the highest pressures. From these
values, it is possible to quantify the inhibition effect of carbon dioxide
for permeation through an ELP-PP membrane, reaching values for IC
from 0.08 to 0.44. It should be noted that the inhibition coefficient
follows a different trend to coefficients previously addressed, CPC and
PRC, thus decreasing its contribution for higher pressures. In this
manner, almost the total decay of H, permeability for the analyzed ELP-
PP membrane at pressure driving forces below PHZ,,O‘s—
Puzp™® = 50 Pa®® is caused by a marked inhibition effect of carbon
dioxide, instead of the typical concentration-polarization effect re-
ported for working with gas mixtures containing inert membranes. This
insight is very useful for designin permeation devices that include ELP-
PP membranes and selecting the best operating conditions to maximize
their performance. At this point, it is necessary to remember the great
influence of this compound for H, permeation through ELP-PP mem-
branes described in our previous study [71]. It is provoked by the
particular distribution of palladium between the external surface of the
membrane and inside the pores of the support, thus generating a certain
tortuosity that affects the mass transfer differently for diverse gas mo-
lecules. On the contrary, a decrease in H, permeation reached at higher
pressures is mainly governed by the concentration-polarization effect.

3.4. Reaction tests: acetic acid steam reforming

An ELP-PP membrane containing an external Pd film with an esti-
mated thickness around 15 pm, previously analyzed in terms of per-
meability, was also used to perform some reaction tests in a packed-bed
membrane reactor to evaluate its resistance and potential benefits for
the steam reforming of acetic acid. The feed used for the reaction
consists of a mixture of acetic acid in water (ngso/naa = 4), thus si-
mulating a simplified synthetic stream coming from micro-algae li-
quefaction [10,11,42,43]. Even though steam reforming of light hy-
drocarbons such as methane or alcohols in both conventional packed-
bed or membrane reactors has been widely investigated by many au-
thors in last years [16-19], literature addressing the use of acetic acid
or the aqueous phase coming from bio-oil production techniques is still
under investigation, as discussed in the introduction section. However,
it is widely accepted in all cases that the overall equilibrium for any
steam reforming (SR) results from combining multiple reactions be-
tween all compounds involved in the process. Therefore, together with
the main SR reaction, many other reactions, such as water gas shift
(WGS), methanation (MTN), or thermal decomposition of compounds
(TD), may also take place. Moreover, especially in case of using sup-
ported catalysts, ketonization reactions to form coke precursors (i.e.
acetone) or directly coke by Bouduard reaction or reverse carbon ga-
sification (RCG) would also be possible.

In this context, Table 1 collects important information about all
these possible chemical reactions involved in the steam reforming of
acetic acid considered for the present study to facilitate the inter-
pretation of the experimental results. This information includes a de-
scription of each chemical reaction, its enthalpy (4H, kJ mol '), and
the variation in moles between products and reactants (4n).
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3.4.1. Influence of temperature

First, the temperature effect on AASR in a conventional PBR
working with a fresh catalyst at P = 1.0 bar and GHSV = 4500 h ™! was
analyzed for the range 400-450 °C. Both experimental and calculated
thermodynamic equilibrium data by ASPEN-HYSYS for the conversion
of acetic acid, hydrogen yield and product selectivity are collected in
Fig. 6.

According to the thermodynamic predictions, AASR is entirely fea-
sible from a thermodynamic point of view, and a complete conversion
for acetic acid can be reached at the entire range of evaluated tem-
peratures (Fig. 6a). However, a limited experimental conversion below
the predicted data was obtained due to kinetic effects. Both conversion
values, experimental and predicted ones, becomes progressively closer
at higher temperatures because of the increasing kinetics constants by
an Arrhenius-type dependence.

Similar behavior can be found in Fig. 6b while analyzing the hy-
drogen yield. Among the wide number of reactions involved into the
process, as previously discussed in Table 1, Steam Reforming and
Thermal Decomposition are probably affected in a greater grade by
temperature due to their endothermic character and higher enthalpy,
thus playing an important role for controlling both acetic acid con-
version and hydrogen yield inside the reactor. Additionally, the se-
lectivity to diverse products was also addressed in the present study,
collecting the reached experimental data in Fig. 6¢. In this context, it
should be mentioned that thermodynamic equilibrium calculations
from ASPEN-HYSYS software only reflect hydrogen, methane, carbon
monoxide and carbon dioxide as products. However, the analysis of
condensates during real experiments evidenced an incomplete conver-
sion of acetic acid, and the formation of various by-products such as
acetone and coke.

Due to the above-mentioned discrepancy and the interest in ana-
lyzing the real behavior inside a reactor containing a heterogeneous
catalyst, thus affected by both thermodynamics and kinetics, only ex-
perimental data are collected in Fig. 6¢. As can be seen, on the contrary
of previous parameters, selectivity towards hydrogen remains almost
constant within the entire range of temperatures under evaluation,
being possible to explain by the synergy between AASR and WGS re-
actions. Higher temperatures increase H, production by AASR but affect
WGS and vice-versa, thus maintaining a certainly stable amount of
hydrogen in the outlet stream. At lower temperatures, carbon monoxide
production is mainly controlled by WGS, as confirmed by the marked
drop in its selectivity. However, CO production could also be favored by
Thermal Decomposition (strongly endothermic) and Dehydration to
form ketene and its further Steam Reforming. Selectivity to acetone
does not appear to be significant even at higher temperatures, where
the ketonization reaction (slightly endothermic) could become relevant.
However, coke formation seems to play a decisive role in the reaction
pathway. In fact, Boudouard and reverse carbon gasification, along
with acetone polymerization, prevailed at lower temperatures, leading
to a vast quantity of coke in terms of selectivity (around 14% at
T = 400 °C). Furthermore, in compliance with exothermic Methanation
reactions, a reasonable selectivity towards methane (nearly 7% at
T = 400 °C) was found at these conditions of relatively low tempera-
tures.

To minimize the formation of methane and particularly coke during
further experiments, thus retarding a possible catalyst deactivation,
membrane fouling, and blockage of the system, the highest temperature
of 450 °C was selected to continue the present study.

3.4.2. Influence of space velocity

Later, similar analyses were performed to evaluate the effect of the
gas hourly space velocity (GHSV) between 2500 and 4500 h™! on the
system, showing the main reached results in Fig. 7. These experiments
were also carried out in a conventional PBR working at fixed
T = 450 °C and P = 1.0 bar but including for the first time in this study
the use of fresh and regenerated catalysts.
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Table 1
Expected chemical reactions for steam reforming of acetic acid.
Reaction AH [kJ/kmol] An
Acetic Acid Steam Reforming (AASR) CH3COOH + 2H,0 <> 4H, + 2CO, 131.4 +3
Water Gas Shift (WGS) CO + 2H,0 <> CO, + Hy —41.1 0
Thermal decomposition (TD) CH3COOH <> 2H, + 2CO 213.7 +3
Decarboxylation CH3COOH <> CH4 + CO, —-335 +1
Methanation (MTN) CO + 3H, < CH; + H,0 —206.1 -2
CO, + 4H, < CH, + 2H,0 ~165.1 -2
Ketonization (KTZ) 2CHCOOH <> (CH3),CO + H,0 + CO, 16.7 +1
Dehydration CH3COOH <> CH,CO + H,O 144.4 +1
Ketene steam reforming CH>CO + H,0 < 2CO + 2H,» AH > 0 +3
Acetone Oligomerization (CH3)>CO — oligomerization — coke AH < 0 An < 0
Boudouard reaction 2CO <= C + CO, —-172.4 -1
Reverse carbon gasification CO + H, <= C + H,0 —131.3 -1
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Fig. 6. Temperature effect in PBR-AASR experiments (P = 1.0 bar, GHSV = 4500 h~') with fresh catalyst: acetic acid conversion (a), hydrogen yield (b), and

product selectivity (c¢). Thermodynamic equilibrium reference: —.

As expected, a slight decrease in both experimental acetic acid
conversion (Fig. 7a) and hydrogen yield (Fig. 7b) were obtained for
increasing values of the gas hourly space velocity due to the shorter
contact time between reactants and catalyst. This behavior is not ob-
tained for simulated data because they only come from calculating the
thermodynamic equilibrium. Attending to the products selectivity
shown in Fig. 7c, the negative effect of increasing GHSV on hydrogen
production is evident, even in a greater grade, being explained by a
lower contribution to the WGS on the overall process, thus obtaining a
considerable increasing amount of CO, also coming from reverse Me-
thanation. In all these cases, better reaction performances were
achieved for all tests carried out using a fresh catalyst instead of a re-
generated one, although with differences below 10% for the entire set
of experiments. In general, lower acetic acid conversion, hydrogen
yield, and hydrogen selectivity can be found using a regenerated cat-
alyst, while coke formation starts being slightly higher. The opposite
trend between hydrogen and carbon monoxide appears to be fairly
noticeable, especially when a new catalyst is employed. At this point, it
is also necessary to note that the overall performance reached by the
regenerated catalyst seems to be closer to the data collected with a fresh
catalyst for increasing values of GHSV. For this reason, a
GHSV = 4500 h™! has been selected to proceed with the study and
evaluate the pressure effect in both PBR and PBMR configurations,
where a continuous replacement of the catalyst by a fresh one for each
new experiments becomes unpractical for any potential industrial ap-
plication.

3.4.3. Influence of pressure
Fig. 8 compares all results for reactions reached at constant oper-
ating conditions of T = 450 °C and GHSV = 4500 h™' by using a

different catalyst status (fresh or regenerated) and pressures in the
range 1.0-3.0 bar for the two different reactor setups: PBR and PBMR
containing the ELP-PP Pd-composite membrane. A quite evident de-
crease in the reaction extent occurs as the reaction pressure increases in
PBR configuration, without any H, separation, since lower acetic acid
conversion and hydrogen yield were found, as depicted in Fig. 8a and b,
respectively. In fact, Steam Reforming and Thermal Decomposition
reactions are the most affected ones by the pressure due to the biggest
increase in moles between products and reactants (An = + 3). Com-
paring the results reached in both PBR and PBMR configurations, it is
clear the equilibrium displacement reached by the in-situ permeation of
hydrogen through the membrane with an increase up to 15% in the
acetic acid conversion (Fig. 8a). In fact, it is well-known that the direct
reaction rate could be promoted by selectively removing a product from
the reaction system, thus reducing, as a consequence, the reaction rate
of the reverse reaction at the same operating conditions [47,74]. This is
one of the main advantages of working with membrane reactors to-
gether with the extraction of hydrogen with an ultra-high purity in a
unique operation [14,46,75]. Thus, a higher conversion might be
reached while maintaining a constant operating temperature, just as
occurring in the present case. However, the permeation effect could not
totally overcome the thermodynamic restrictions in the experimental
conditions used. In this manner, their negative impact over the ther-
modynamic of the overall AASR process, as previously addressed in PBR
experiments, prevails against the membrane effect despite higher
pressures clearly promote increasing hydrogen permeation flow-rates.
The membrane shift effect over the process is also evidenced in
Fig. 8b, where a significant improvement on the hydrogen yield can be
observed replacing the conventional PBR configuration by the PBMR,
even overcoming the predicted values by the equilibrium for some
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particular conditions. This fact suggests that marked differences in
product selectivity are generated when a continuous extraction of hy-
drogen through a highly-selective membrane is combined with a cata-
lyst in a PBMR, as later will be discussed. Once again, it is important to
emphasize that slightly lower performances were always reached when
employing a regenerated catalyst. However, this difference is not so
clear in the case of operating in PBMR.

A more detailed analysis is required to explain the results reached in
product selectivity for both PBR and PBMR systems when operating
with fresh and regenerated catalysts at diverse pressures. These ex-
perimental data are shown from Fig. 8c to f. In this context, a marked
selectivity towards hydrogen was reached for all cases, although ap-
preciable amounts of coke were also detected. In fact, hydrogen was the
main product of chemical reactions involved in catalytic AASR in terms
of selectivity, with values ranged from 35 to 45%, being followed by
carbon dioxide. The impact of reaction pressure over coke formation
becomes clear in good agreement with Bouduard reaction and reverse
carbon gasification. Thus, this effect becomes fairly evident as in-
creasing the pressure on the reaction side. In fact, excluding the pre-
sence of a solid phase due to the coke formation, both chemical

reactions involve a reduction in the total number of moles, and then
higher pressures push the thermodynamic equilibrium forward.
Nevertheless, it should be taken into account that, besides Boudouard
and RCG reactions, coke formation is the result of a complicated net-
work of side-reactions involved in the general AASR scheme. Acetic
acid is particularly favorable towards self- and intra-molecular ketoni-
zation. In general, catalytic supports with marked acidity might be
harmful to the steam reforming reaction, since acidic sites would prone
certain dehydration process, throughout acetone could be formed. This
compound usually acts as a coke precursor via ketonization instead of
being converted into hydrogen via steam reforming, causing additional
catalyst deactivation [32]. However, some recent studies [76] have
demonstrated that materials with marked basicity, just as occurring
with supported catalyst onto SBA-15, could also favor ketonization
processes. In this manner, AA ketonization to form acetone may initiate
a series of transformations that would cause the formation of oligomers
and, eventually, coke. This route can only be minimized by working at
temperatures above 600 °C, where the reforming reactions are domi-
nant, although the use of these operating conditions in a PBMR could
negatively affect the integrity of the Pd-based membrane [51].



G. Adduci, et al.

¥aa I

5[]

T T
PO seemeeseseeseaaeaaas (a) 4
LY o -
X
a0+ . .
Bs f- 2 ]
T
B @ ———e -
Bl Osacce e
0} T A
65»— -
60 A 1
05 15 25 35
AP [bar]
€0 T T T T T
(c)
S0+ -1
1
40 - " "'—--__‘___ -
-
g B——g ]
0 A—py—A
20+ -
w0» _..l“l—
gt -‘_._—-_
0 ~"A=--_|—"_ T HO
s 15 25 55
AP [bar)
60 T T 7 T T
(e)
su»- -
FI S * -
e
g0, W | ] .
O £l
znv— ‘ =
0r ® o
(9] . 7.. wmo
u‘l
R e
as 15 25 35
AP [bar]

S

Fuel Processing Technology 212 (2021) 106619

1 I T ] (b
Q- -
n- -
w- * a -
[ =
oL s -
20 o S0y '---,__..;._.. -
10} >, -
o | 1
0.5 15 2.5 35
AP [bar]
€¢ 7 T T T T
50+~ ( -
40 n o -
gy &
B =
o g’:—_‘-ai.—,f_'——_
204+ E -
10 - e» -1
c,n,ug__—.-——- - -V""'O("A‘“
) % . = - e
a5 15 15 35
AP [bar)
&0 T T T T T (f)
= -
40 - e
H oo o
| -8
% o 3 i _§ N
20 o -
\nﬁeg &
©
10} -4
ch I c.u.oj
0 s 33 -
05 15 25 is5
AP [bar)

Fig. 8. Pressure effect in AASR experiments (T = 450 °C, GHSV = 4500 h™1) with fresh (shadow symbols) and regenerated (hollow symbols) catalyst in both PBR
(black color, @) and PBMR (red color, @) configurations: acetic acid conversion (a), hydrogen yield (b), product selectivity in PBR with fresh (c) or regenerated
catalyst (d), and products selectivity in PBMR with fresh (e) or regenerated catalyst (f). Thermodynamic equilibrium reference: —. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



G. Adduci, et al.

However, despite the above-mentioned trend, experiments carried out
in PBR with regenerated catalysts (Fig. 8d) exhibit strange behavior,
obtaining an unusual presence of acetone for the highest pressure
conditions. The minimum amount of methane reached during these
experiments could be caused by the mitigation of both methanation,
expected up to 600 °C, and decarboxylation processes. On the other
hand, it is well-known that interactions between nickel (employed as
active metal into the catalyst used in the present study) and its support
(in this case, SBA-15) could limit methanation reactions while in-
creasing the selectivity towards hydrogen [76], thus justifying the ob-
served general behavior of the entire set of experiments.

Analyzing in-depth the results reached in a PBMR, a certainly si-
milar behavior to the above-mentioned ones reached for PBR working
with fresh catalysts is observed, as it can be noticed by comparing
Fig. 8c and e. However, in case of considering the use of a regenerated
catalyst (Fig. 8d and f), a higher selectivity towards coke was obtained
for PBMR configuration, which leads to around 30% for the most ele-
vated pressure under investigation. In this context, the presence of
acetone, generated via AA ketonization, and its equilibrium with in-
coming oligomerization and further polymerization, plays an important
role in developing the reaction with a progressively stronger impact at
higher pressures. Thus, the clear decrease in selectivity towards both
hydrogen and carbon dioxide, which can be appreciably seen at high
pressures, might thereby suggest the strong action of competitive ke-
tonization at the expense of acetic acid steam reforming and thermal
decomposition.

Finally, Recovery Factor (RF) and Recovery Yield (RY) for the
membrane used in all the above-mentioned PBMR-AASR experiments
are shown in Fig. 9 as a function of reaction pressure and catalyst status.
A pronounced decrease of RF from 0.25 to 0.09 was reached for in-
creasing pressures in case of using a fresh catalyst (Fig. 9a), while quite
similar results but decreasing in the range 0.06-0.01 were also reached
in case of evaluating RY at identical conditions (Fig. 9b). This trend
seems to be contrary to conventional membrane performances, in
which higher pressures usually provoke an increase of the permeate
flow-rate. However, here it should also be taken into account all the
previous results of this study, where the higher the pressure, the lower
the hydrogen yield and, thus, the available hydrogen amount to be
permeated through the membrane. Therefore, the kinetic effect appears
to be predominant against the thermodynamic equilibrium displace-
ment potentially reached by the membrane shift effect at evaluated
conditions.
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4. Conclusions

New composite Pd-membranes onto PSS, including an intermediate
layer of CeO, particles doped with Pd nuclei, were successfully ob-
tained after scaling-up the total length of tubular supports up to
110 mm. No marked differences along the axial direction were found on
the top Pd film, with an estimated thickness of around 15 um and
average roughness of 3.451 =+ 0.47 um. H, permeances in the range of
4.49-5.67-10"* mol m™2 s~ Pa®® with an activation energy of
8.59 kJ mol ! were reached in permeation experiments with pure H, at
temperatures between 350 and 450 °C. The use of gas binary mixtures
with N, or CO, in these tests revealed a noticeable decrease of permeate
flux, mainly caused by concentration-polarization at higher pressure
driving forces. However, a significant contribution of inhibition caused
by CO, has also been found for pressure driving forces below 50 Pa®>.

These membranes were subsequently combined with pelletized Ni/
SBA-15 catalysts in a membrane reactor to produce hydrogen by acetic
acid steam reforming. This particular feedstock was selected as a model
component of a synthetic aqueous fraction generated in most hydro-
thermal liquefaction of microalgae to produce bio-oil. Temperature and
GHSV were evaluated in a traditional PBR with both fresh and re-
generated catalysts, to select the most appropriate conditions for the
operation with the membrane. Later, a comparison between the theo-
retical equilibrium and the experimental data reached at PBR/MR
configurations was established for multiple tests carried out with both
fresh and regenerated catalysts, but pressures ranged from 1 to 3 bar. In
all cases, both overall conversion of acetic acid and hydrogen yield
were increased in a similar grade due to the shift effect on equilibrium
reactions caused by hydrogen permeation through the membrane
contained in the MR in comparison to the PBR configuration. A very
similar product distribution was obtained for each case when working
with fresh catalysts, but marked deviations were found in case of re-
generating the catalysts. At these conditions, higher selectivity towards
coke was obtained for PBMR configuration, which leads to around 30%
for the most elevated pressure under investigation. Here, it should be
emphasized that the mechanical integrity of the ELP-PP membrane
resisted in a good grade during all the experiments, thus demonstrating
its strength to be used in real MR applications. Finally, additional ex-
periments are suggested to complete the present study and to optimize
the MR operating conditions to reach higher RF and RY.

(b)

RY [-]

AP [bar)

Fig. 9. Membrane Recovery Factor (a) and Recovery Yield (b) behavior with pressure in PBMR experiments with both fresh (shadow symbols) and regenerated

(hollow symbols) catalysts (T = 450 °C, GHSV = 4500 h™Y.
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