Pd-based
Membranes

Overview and Perspectives

Edited by

Thijs Peters and Alessio Caravella
Printed Edition of the Special Issue Published in Membranes

=4
www.mdpi.com/journal/membranes ’T“\D\Py



Pd-based Membranes






Pd-based Membranes

Overview and Perspectives

Special Issue Editors

Thijs Peters
Alessio Caravella

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade



Special Issue Editors

Thijs Peters Alessio Caravella

Sustainable Energy Technology University of Calabria (UNICAL)
SINTEF Industry Ttaly

Norway

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Membranes (ISSN 2077-0375) from 2018 to 2019 (available at: https://www.mdpi.com/journal/

membranes/special_issues/Pd_based _membranes)

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,
Page Range.

ISBN 978-3-03897-702-5 (Pbk)
ISBN 978-3-03897-703-2 (PDF)

© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

About the Special Issue Editors . . . . ... ... ... .. ... . L o L o
Preface to ”Pd-based Membranes” . . . . . . . . . . . ... ...

Thijs Peters and Alessio Caravella
Pd-Based Membranes: Overview and Perspectives
Reprinted from: Membranes 2019, 9, 25, doi:10.3390/membranes9020025 . . . . ... ... .. ..

Alexander Wunsch, Marijan Mohr and Peter Pfeifer

Intensified LOHC-Dehydrogenation Using Multi-Stage Microstructures and

Pd-Based Membranes

Reprinted from: Membranes 2018, 8, 112, d0i:10.3390/membranes8040112 . . . . . .. ... .. ..

Alexander Wunsch, Paul Kant, Marijan Mohr, Katja Haas-Santo, Peter Pfeifer and

Roland Dittmeyer

Recent Developments in Compact Membrane Reactors with Hydrogen Separation

Reprinted from: Membranes 2018, 8, 107, doi:10.3390/ membranes8040107 . . . . . . ... ... ..

Emma Palo, Annarita Salladini, Barbara Morico, Vincenzo Palma, Antonio Ricca and
Gaetano Iaquaniello

Application of Pd-Based Membrane Reactors: An Industrial Perspective

Reprinted from: Membranes 2018, 8, 101, doi:10.3390/membranes8040101 . . . . . .. ... .. ..

Nicla Vicinanza, Ingeborg-Helene Svenum, Thijs Peters, Rune Bredesen and Hilde Venvik
New Insight to the Effects of Heat Treatment in Air on the Permeation Properties of Thin
Pd77%Ag23% Membranes

Reprinted from: Membranes 2018, 8, 92, doi:10.3390/membranes8040092 . . . .. ... ... ...

Ole Martin Loevvik, Dongdong Zhao, Yanjun Li, Rune Bredesen and Thijs Peters

Grain Boundary Segregation in Pd-Cu-Ag Alloys for High Permeability Hydrogen
Separation Membranes

Reprinted from: Membranes 2018, 8, 81, doi:10.3390/membranes8030081 . . . .. ... ... ...

Lei Zheng, Hui Li, Haijun Yu, Guodong Kang, Tianying Xu, Jiafeng Yu, Xinzhong Li and
Hengyong Xu

“Modified” Liquid-Liquid Displacement Porometry and Its Applications in Pd-Based
Composite Membranes

Reprinted from: Membranes 2018, 8, 29, d0i:10.3390/membranes8020029 . . . .. ... ... ...

Stefano Bellini, Yu Sun, Fausto Gallucci and Alessio Caravella
Thermodynamic Aspects in Non-Ideal Metal Membranes for Hydrogen Purification
Reprinted from: Membranes 2018, 8, 82, doi:10.3390/membranes8030082 . . . .. ... ... ...

Adolfo Iulianelli, Kamran Ghasemzadeh and Angelo Basile
Progress in Methanol Steam Reforming Modelling via Membrane Reactors Technology
Reprinted from: Membranes 2018, 8, 65, doi:10.3390/membranes8030065 . . . . ... ... .. ..

David Alique, David Martinez-Diaz, Raul Sanz and Jose A. Calles

Review of Supported Pd-Based Membranes Preparation by Electroless Plating for Ultra-Pure
Hydrogen Production

Reprinted from: Membranes 2018, 8, 5, d0i:10.3390/ membranes8010005 . . . . .. ... ... ...






About the Special Issue Editors

Thijs Peters is a senior research scientist and project manager at the Department of Sustainable
Energy Technology at SINTEF Industry in Oslo. He graduated with a Ph.D. from the Technical
University of Eindhoven in 2005 within the field of process development and started at SINTEF
shortly thereafter. His research interests span from process chemistry, membrane technology,
hydrogen production, CO2 capture, and energy efficiency, to gas separation technologies. He has 54
publications in international peer-reviewed journals (h-index = 21) and has contributed to 10 book

chapters and >150 conferences.

Alessio Caravella is currently Associate Professor chairing the courses of Thermodynamics and
Chemical Reactors Design at the Dept. of Environmental and Chemical Engineering (DIATIC) of
the University of Calabria (Italy), as well as Associate Researcher at the Institute on Membrane
Technology (ITM-CNR, Italy). His main research activities focus on the experimental analysis
and simulation of hierarchical catalytic structures and membrane-assisted reaction and separation
devices, with a particular regard to the application of Pd-based membranes devices to hydrogen
purification. Recently, he is also investigating the adsorption properties of zeolites and coordination

polymer particles for hydrogen separation from light gases.

vii






Preface to "Pd-based Membranes”

This Special Issue of Membranes focuses on several new aspects of Pd-based membranes for
hydrogen separation and their main applications. The papers composing it should be read as
single chapters of a whole story, starting from membrane fabrication up to the main applications,
passing through materials investigations and technology development. The next section provides
an overview of the highlights of each “chapter” reported in a bottom-up order starting with Pd
membrane manufacturing. We hope that readers enjoy this Special Issue and gain inspiration from
it for their own work. In the end, technological changes are the fruit of ideas planted as seeds in
researchers’ minds: the more individual minds are connected to each other, the higher the probability
of creating originality. In this sense, this Special Issue represents a small attempt to increase the

connectivity among interested minds, as we provide our contributions to technological innovation.

Thijs Peters, Alessio Caravella

Special Issue Editors
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Abstract: Palladium (Pd)-based membranes have received a lot of attention from both academia and
industry thanks to their ability to selectively separate hydrogen from gas streams. Integration of
such membranes with appropriate catalysts in membrane reactors allows for hydrogen production
with CO; capture that can be applied in smaller bioenergy or combined heat and power (CHP)
plants, as well as in large-scale power plants. Pd-based membranes are, therefore, regarded as a Key
Enabling Technology (KET) to facilitate the transition towards a knowledge-based, low carbon and
resource-efficient economy. This Special Issue of the journal Membranes on “Pd-based Membranes:
Overview and Perspectives” contains nine peer-reviewed articles. Topics include manufacturing
techniques, understanding of material phenomena, module and reactor design, novel applications,
and demonstration efforts and industrial exploitation.

Keywords: palladium-based membrane; hydrogen; manufacturing; demonstration

1. Introduction

This Special Issue of Membranes focuses on several new aspects of Pd-based membranes for
hydrogen separation and their main applications. The papers comprising the Special Issue should
be read as single chapters of a whole story, starting from membrane fabrication, passing through
materials investigations and technology development, and concluding with the main applications.
The next section provides an overview of highlights from each “chapter” reported in order, starting
with Pd-membrane manufacturing.

2. Highlights of This Special Issue

2.1. Pd-Membrane Manufacturing

Thin state-of-the-art Pd-based membranes in general are being constituted of a thin selective
Pd or Pd-alloy layer applied onto a porous support providing for mechanical strength. Dense metal
membranes display extremely high levels of selectivity, however, a lower thickness limit seemingly
exists for which a dense layer can be obtained [1]. This thickness limit increases with surface roughness
and pore size in the support’s top layer [2]. Clearly, this relationship makes strong demands on the pore
size distribution of the supports [3,4]. It is, therefore, usual to carry out some form of pre-treatment
or surface modification of the support to improve the final quality of the membrane. An overview of
such strategies, and available commercial support materials, is accurately described by Alique et al. in
this Special Issue [4]. Currently, several techniques for the determination of the pore size distribution
of porous supports exist, but there is still a lack of efficient methods for determination of the size of
the pore opening [5], as well as of the defect distribution of dense Pd-based composite membranes.
In this Special issue of Membranes, a novel “modified” liquid-liquid displacement porometry (MLLDP)
to quantify the pore opening size is introduced by Zheng et al. [5]. This method can operate under
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reasonably low pressures for a wide spectrum of pore sizes, due to the relatively lower liquid-liquid
interfacial tensions compared to gas-liquid surface tensions. In addition, the “entraining phenomenon”
can be eliminated in the MLLDP method. As with other techniques, the accuracy of MLLDP, however,
decreases with increasing pore size. In the article, the applicability of the MLLDP method for the
measurement of the defect size distribution for Pd composite membranes is also shown. This may be
an interesting technique to assess pinhole formation during long-term operation.

Several technologies can be used to apply a thin layer of Pd or Pd-based alloys, onto a porous
support. For the most commonly applied technique, electroless plating, a thorough review of
recent developments is presented by Alique et al. [4]. Strategies to improve the deposition itself,
e.g., to increase the film homogeneity and to reduce the carbon deposits, are described in this article.
Moreover, membrane repair and protection strategies are introduced. In addition, Wunsch et al. present
an alternative cost-effective technique for metal-layer deposition by suspension plasma spraying,
using supports composed of porous sinter metallic supports made of Crofer-22 APU deposited with a
YSZ diffusion-barrier layer [6]. Advantages lie in the short time requirements for deposition, substrates
do not have to be activated as in the case of electroless plating, and no metal-loaded liquid waste is
produced. Initial results were not satisfactory, however, since deposited layers had remaining open
porosity, but work is ongoing [6].

2.2. Material Investigations

For metal membranes to be massively integrated into industrial processes to separate hydrogen
from gas mixture, it is crucial to assess their performance and stability under actual operating
conditions. In particular, as these types of membranes are thought to operate at relatively high
temperatures (300-600 °C) and high pressure (2-50 bar and even more), while also in transient
conditions in which they can be subjected to rapid changes, it is essential to understand the behavior
of the materials they are made of under such conditions.

In this Special Issue, three papers regarding novel and non-conventional studies of materials
are offered. In particular, Vicinanza et al. [7] studied the heat treatment of Pd-based membranes,
separating the single contributions of both membrane surfaces (i.e., on the feed and permeate side).
In their work, they consider three different membrane thicknesses, from whose analysis the effects of
adsorption and desorption are disentangled, quantifying the surface phenomena influence, and also in
terms of the apparent Arrhenius parameters for permeation before and after the heat treatment [7].

Complementary to the work of Vicinanza et al. [7], Lovvik et al. [8] carried out an interesting
and specific work on the influence of grain boundary segregation of bulk in Pd-Ag-Cu membranes,
an area to which the literature has generally paid relatively poor attention. Specifically, this study is
based on first-principles electronic structure calculations performed on realistic atomic-scale models of
binary Pd-Cu and ternary Pd-Cu-Ag alloys. In this way, a systematic approach to designing metal
alloys is introduced, which opens up the possibility of more precisely predicting the behaviour of
metal lattices a priori, thus reducing the number of experimental tests required and the costs related to
the development of new membrane alloy materials.

In the third paper in this section, Bellini et al. [9] provide an original review on thermodynamic
aspects related to hydrogen-metal systems in non-ideal conditions (i.e., pressure-dependent diffusivity
and solubility [10-13]). Analysing information drawn from several studies in the open literature they
show a systematic thermodynamic approach based on the chemical potential of the Pd-H system
to deal with modeling of hydrogen solubility in the lattice. In particular, an explicit expression for
the activity of H atoms in the lattice is obtained, allowing membrane behavior to be modeled under
conditions of interest for real industrial applications.

2.3. Module and Reactor Design

This Special Issue of Membranes would not be complete if it did not provide an insight into
novel module and reactor design. Here, micro-membrane reactors that enhance heat management,
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reduce gas phase diffusion limitations, and increase the membrane area to reactor volume ratio
compared to traditional tubular reactors are introduced [14,15]. The papers dealing with this topic
are those of Wunsch et al., which report a number of aspects related to micro-membrane reactors,
ranging from reactor configuration development, feasible and low-cost fabrication techniques of
micro-membranes, and optimal coupling and integration of reactive and separating processes in single
compact modules [6,16]. Specifically, Dittmeyer and colleagues at the Institute for Micro Process
Engineering at the Karlsruhe Institute of Technology (KIT) have developed micro-membrane reactors
composed of stacks of sub-modules including multiple reactive and permeative stages. Even though
the idea of using staged membrane reactors is not new [17], the technological approach at KIT is
to develop compact systems so as to minimize the drawbacks of larger-scale devices, such as heat
removal, concentration polarization and a relatively low membrane surface area per catalyst volume
(ca. 103-10° m~1). The main applications of these micro devices, for now, are reforming of methane
and dehydrogenation of liquid organic hydrogen carriers (LOHCs) [6,16], which we also refer to in
Section 2.4.

2.4. Applications of Pd-based Membranes

The application of Pd-based membrane technology is currently mainly focused on producing
ultrapure hydrogen from fossil sources. As an alternative to hydrogen purification through partial
oxidation (PROX) and pressure swing adsorption (PSA), Pd-based membranes have received much
attention in the last 30 years because they combine the reforming reaction for hydrogen generation and
its separation/purification. The majority of these studies investigate Pd-based membrane reactors in
process schemes involving reforming of methane. For example, a 40 Nm?/h-class membrane reformer
(MREF) system for H, production has been developed by Tokyo Gas, and its long-term durability and
reliability have been demonstrated over 8000 h [18,19]. Along the same lines, Pd-based membrane
integration is investigated in the fuel processor of distributed combined heating and power (CHP)
plants employing fuel cell technology [20], leading to a drastic fuel processing plant simplification.

Many other alternative liquid hydrocarbons and oxygenates may as well be used for the
production of hydrogen at a smaller scale in reforming or gasification processes, e.g., methanol,
ethanol, glycerol or diesel, originating either from biomass or fossil sources. Among the various
renewable fuels, methanol is an interesting hydrogen source because at room temperature it is liquid,
and therefore easy to handle and to store. Furthermore, it shows a relatively high H/C ratio and low
reforming temperature, ranging from 200 to 300 °C. In their contribution, Iulianelli et al., describe
the progress in the last decades with respect to modeling studies on methanol steam reforming in
membrane reactors [21].

Pd-based membrane technology is also considered in gas-to-liquid (GTL) processes and chemical
synthesis, such as alkane dehydrogenation (DH) reactions. These applications, and their technical
feasibility verified at the pilot level, are presented by Palo et al. [22]. The results achieved showed
that membrane reactors can be effectively used in all the mentioned applications. It should be noted,
however, that in most of the proposed solutions, the concept of the membrane reactor is based on
the application of a sequence of reaction-separation-reaction units rather than on the application
of a reactor in which the catalyst and membrane are present in the same process unit, according to
the concept of process intensification. This is driven by particular cases where there is a mismatch
between optimal operating conditions for catalyst and membrane operation, thereby also impacting
on the operation and maintenance of the reaction system. One specific case of this is, for example,
the dehydrogenation of propane, where coke formation on the surface of Pd-based membranes
prevents continuous operation of an integrated membrane DH process at the conventionally applied
temperatures required for the catalysts, i.e., 500-600 °C [23].

Pd-based membranes have also been applied in hydrogen and chemical heat storage systems,
in small and medium scale, from renewable energy. Conventional storage solutions store hydrogen
physically, by compression or liquefaction, to increase the low volumetric energy density compared
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to atmospheric conditions. Liquid organic hydrogen carriers (LOHCs), on the other hand, propagate
the reversible chemical binding of hydrogen to an organic liquid. The LOHC can store 6.2 wt%
hydrogen when fully loaded, which corresponds to a storage density of 17.5 Li opc /kgz. In general
though, dehydrogenation is technically more difficult to implement than hydrogenation. As a
solution, Pd-based membrane reactors have already been applied to facilitate the dehydrogenation
of LOHC methylcyclohexane with promising results. For example, Wunsch presents an intensified
LOHC-dehydrogenation, applying a multi-stage microreactor and Pd-Based membrane process design,
in this Special Issue of Membranes [6,16]. Simulations were carried out, which showed that the
described approach can drastically intensify the whole dehydrogenation process, in addition to the in
situ purification of the hydrogen.

3. Final Remarks

Overall, the editors are convinced that metal membranes, and Pd-based membranes in particular,
have a lot more to contribute than what has already been demonstrated world-wide. We hope
that readers enjoy this Special Issue and gain inspiration from it for their own work. In the end,
technological changes are the fruit of ideas planted as seeds in researchers’ minds: the more that
individual minds are connected to each other, the higher the probability of creating originality. In this
sense, this Special Issue represents a small attempt to increase the connectivity among interested minds,
as we provide our contributions to technological innovation.
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Abstract: Liquid organic hydrogen carriers (LOHC) are able to store hydrogen stably and safely in
liquid form. The carrier can be loaded or unloaded with hydrogen via catalytic reactions. However,
the release reaction brings certain challenges. In addition to an enormous heat requirement, the released
hydrogen is contaminated by traces of evaporated LOHC and by-products. Micro process engineering
offers a promising approach to meet these challenges. In this paper, a micro-structured multi-stage
reactor concept with an intermediate separation of hydrogen is presented for the application of
perhydro-dibenzyltoluene dehydrogenation. Each reactor stage consists of a micro-structured radial
flow reactor designed for multi-phase flow of LOHC and released hydrogen. The hydrogen is
separated from the reactors’ gas phase effluent via PdAg-membranes, which are integrated into
a micro-structured environment. Separate experiments were carried out to describe the kinetics
of the reaction and the separation ability of the membrane. A model was developed, which was
fed with these data to demonstrate the influence of intermediate separation on the efficiency of
LOHC dehydrogenation.

Keywords: LOHC; dehydrogenation; multi-stage; Pd Ag-membrane; micro reactor; hydrogen purification

1. Introduction

In the context of the energy transition, various technologies are investigated to store fluctuating
renewable energy over periods of varying lengths. In contrast to batteries, electrical energy can be
converted into chemical energy in the form of hydrogen by electrolysis. This hydrogen may serve
as a particularly clean and climate-neutral energy source for mobility and stationary applications in
the future. With approximately 33 kWh/kg, hydrogen has the highest mass related energy density of
all fuels. However, storage is difficult because the substance is a gas under atmospheric conditions
and has a low volumetric energy density. Common solutions such as compressed hydrogen at 350
or 700 bar (0.8 or 1.3 kWhy, /Liy2) and liquid hydrogen (2.4 kWhy, /Lii2) only provide partial benefits
due to the high-risk potential and the difficult handling. An alternative technology is the storage
of hydrogen in a so-called Liquid Organic Hydrogen Carrier (LOHC). The LOHC can be loaded
with hydrogen (LOHC+) or unloaded (LOHC-) by reversible hydrogenation. The LOHC serves as
a “deposit bottle” [1-4]. The continuous further development of the hydrogen network calls for a
technology that pursues a decentralized approach. For example, micro-structured dehydrogenators
with palladium membranes can be used in hydrogen filling stations, trains, or tankers to provide
high-quality hydrogen from compact dehydrogenation units.

The perhydro-dibenzyltoluene (18H-DBT, LOHC+)/dibenzyltoluene (OH-DBT, LOHC-) system
proves to be a promising LOHC since the aromatic compound can absorb up to nine molecules
of hydrogen [5]. DBT is commercially used as a heat transfer fluid (e.g., Marlortherm SH from

Membranes 2018, 8, 112; doi:10.3390 / membranes8040112 6 www.mdpi.com/journal/membranes
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Sasol) with a great availability. In addition to a storage density of 57 gp»/Ligh-per (equivalent to
1.9kWhyyp /Ligr-ppr), the isomeric mixture is easy to store under atmospheric conditions due to its
high stability. Furthermore, the material system is flame-resistant, neither explosive nor toxic, and is,
therefore, not considered a hazardous good. This results in attractive opportunities to use the existing
infrastructure via tank trucks for the distribution of the LOHC [6-8].

The loading/unloading of the LOHC can only take place under certain conditions (pressure,
temperature) and in the presence of a catalyst. Thermodynamically favorable conditions for the release
are temperatures between 280-330 °C and pressures below 5 bar. Under these conditions, the LOHC is
dehydrogenated in the liquid state. During the reaction, a multiphase flow forms due to the released
hydrogen. Due to the stoichiometry of 9 moly, /mol;gH-pT, an enormous gas quantity forms even at
low conversion rates in comparison to the liquid amount. As a result, part of the LOHC evaporates due
to its non-negligible vapor pressure and is detectable in traces in the product gas despite subsequent
condensation. Furthermore, low-boiling by-products are also found in the product gas. In order to
supply hydrogen in high purity, e.g., for the operation of fuel cells, a purification step is necessary.
Good heat management is also crucial for high catalyst and reactor related hydrogen productivity.
Approximately 71 k] /molyy, heat is required for the release, which leads to a huge heat demand when
the carrier is completely dehydrogenated (639 k] /mol;gi.ppr) [5].

Micro-process engineering offers two promising approaches—the use of a micro-structured
reactor allows an almost isothermal reaction environment, which prevents “cold spots” by limited
heat input. Furthermore, it has already been shown that Pd-based membranes benefit from a
micro-structured environment to separate hydrogen with high efficiency and purity from a gas
mixture [9-16]. The combination of membrane and reaction in microreactors has been demonstrated
as highly beneficial over conventional systems in these studies. Nevertheless, in the current reaction
system, a fundamental difference exists, which is related to two major obstacles in the combination of
membrane and micro-reactor. This includes the occurrence of liquid, which can prevent reasonable
hydrogen permeation through the membrane, and the difficult phase contact between the liquid
and the catalyst. A combination of the two process steps may be difficult but not inconceivable in
previously proposed micro-reactor arrangements. In our opinion, the easiest approach to reasonable
process intensification may be possible by a multi-stage dehydrogenation process with intermediate
separation of hydrogen by Pd-based membranes (see Figure 1) with also an intelligent microchannel
design fostering phase contacting presented in our current study. Overall, the multistage concept
is attractive in two aspects. The separation removes most of the gas for the consecutive reactor
stage in addition to its original function, which is the purification of hydrogen. Hydrogen removal
minimizes the negative influence of the gas phase on the residence time of the liquid in the reactor
part. Typical solutions to foster the conversion like an increase of the reaction temperature and
higher residence times can cause catalyst deactivation by coke formation on the catalysts’ surface area.
With the multi-stage approach, it may be possible to avoid the deactivation since, with an increasing
number of reactor stages, less LOHC per stage must be converted and dry-out of the catalyst surface is
less pronounced. A temperature stepping of the various reactors may further overcome the kinetic
inhibition by increased formation of unloaded LOHC. However, the separation only works under a
concentration gradient of hydrogen between the retentate and permeate side and, thus, the overall
system pressure must be increased compared to the conventional process. This leads to decreasing
equilibrium conversion.

An integrated system, not explored in this study, represents a virtually infinite number of
separation stages, which, at first sight, is much more advantageous. However, the previously
mentioned obstacle that the LOHC could at least partially wet the membrane surface area may
lead to a drop in the separation efficiency. Furthermore, it is also unknown how strongly gas and
liquid interact with each other in the microreactor and how much the residence times differ. Therefore,
the multi-stage concept is ideally suited for investigating these phenomena in more detail.
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According to our calculations with already applied membrane modules [16], considering the
relatively low concentrations of other components in the gas phase of a separation at low reaction
pressures (4-5 bar (a)) is feasible and the disadvantage of the shifted reaction equilibrium is, therefore,
acceptable. In this work, the micro-structured multi-stage reactor concept with intermediate hydrogen
separation (schematically shown in Figure 1) is modelled based on experimental data of the reactor
and membrane separator.

H: H:
Stage 1 [£:3) Stage 2 ®

Reactor

LOHC

unloaded

Figure 1. Schematic of the multi-stage approach with intermediate separation of hydrogen for the
dehydrogenation of liquid organic hydrogen carriers. Most of the produced hydrogen is removed from
the system after each reactor stage.

2. Materials and Methods

2.1. Radial Flow Reactor

A micro-structured radial flow reactor was developed for the challenging multiphase reaction.
A CAD scheme of the microstructure can be seen in Figure 2a. The reactants enter at the center of the
reaction chamber, flow out radially, and are collected in a ring. The microstructure is divided into
eight equally sized areas. The separating fins possess a curvature to avoid preferred fluid movement.
Within each area, hexagonal arranged pins with a distance of 1.2 mm to each other are arranged for
better heat flux and catalyst bed stabilization. In the cavity of this structure, catalyst particles of a
size 200 to 300 um are distributed compactly to form a catalyst bed. Along the reactor length, in this
case the radius, the flow cross-section is continuously increasing. The reason for this is a reduction in
residence time due to the extreme formation of gas, which can be partly or completely compensated by
this shaping depending on the degree of dehydrogenation (DoDH). Figure 2b shows the reactor with
an integrated microstructure. The loaded LOHC is fed from below and then enters the microstructure.
The radially removed product mixture is collected and transported to one outlet on the side. A steel
plate above the microstructure can be replaced by a window, which makes an optical inspection of
the processes in the catalyst bed possible. The reactor is electrically heated via heating cartridges and
sealed between the individual components by flat graphite gaskets.

@ (b)

Figure 2. CAD schematic of the radial flow reactor: (a) The microstructure in detail including the space
between the pins, which is filled with catalyst particles. The reactants are entering in the center and the
reaction mixture flows from the inside to the outside and is removed in the form of a ring. (b) View of
the reactor. A look inside is possible by using a glass plate pressed onto the structure.
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In the reactor model, it is assumed that the flow is approximately similar to that of a Plug
Flow Reactor (PFR). Thus, a 1-dimensional problem, referred to the radius as coordinate, is assumed.
A Tanks-in-Series model, which represents fluid-connected cylindrical rings as segments of the reactor
along the radius coordinate with at least 50 tanks, is applied for the description of the PFR. A program
flow chart can be seen in Figure 3. After defining the input parameters and setting the start values,
the program calculates the CSTR (Continuous stirred tank reactor) cascade. In each tank (CSTR),
the molar flows of the gas phase N m2 and liquid phase NI as well as the molar fractions X; are
determined. In a mixer, gas and liquid phase are summed up to molar fractions of z; and a flashbox
is applied to calculate a new gas-liquid distribution of all species for the next tank based on an ideal
gas law or with the modified UNIFAC model. Subsequently, it is checked whether the liquid phase is
already saturated with Hydrogen. If not especially at the inlet of the reactor, the generated hydrogen is
assumed to absorb until the saturation is exceeded and the free gas phase is formed. Physisorption of
hydrogen in the LOHC was taken into account by Henry’s law. In addition to the reactor geometry,
necessary substance data were also implemented [17-20]. The modelling was performed with the
software Matlab®and the equations were solved with the solver “fsolve”.

Parameter Input:
-Operating conditions

-Reactor geometry # Variable definition and
-Physical properties memory allocation
-Reaction kinetics data l

CSTR cascade i=1:n | h | Set start values

1ql“i-v-l NGi+1
Xjis1 Yiir1 es
N N H,
: H2 : f B
—CSTR i N Mixer | it Flash solubility
— i+l X i+l Zj,i+1 as. exceeded
yes
NL‘1+1/X1,i+1

Figure 3. Program flow chart of the model for the radial flow reactor. In this Tanks-in-series model,
the phase equilibrium and physical absorption is calculated at every single tank.

The formation of hydrogen takes place under consecutive forming of double bonds at the catalyst
surface. Due to the unfavorable energetic conditions of many possible intermediates, only the
hydrogenation stages with fully hydrogenated/dehydrogenated Cé6-rings can experimentally be
determined as species (12H-DBT, 6H-DBT) [21]. In the DBT reaction network, there are, thus, four
species considered, each with a large number of isomers. Due to the complexity of the reaction kinetics,
adsorption and desorption phenomena were neglected. Since a catalyst in egg-shell configuration is
used, only an external mass transport limitation can exist. Furthermore, due to the limited availability
of isomer data, it was further assumed that the isomers of the respective LOHC species are chemically
and physically identical. This results in three equilibrium reactions shown below.

k

18H — DBT = 12H — DBT + 3H, (1)
kg
ko

12H — DBT = 6H — DBT + 3H, @)
ks



Membranes 2018, 8, 112

ks
6H — DBT = 0H — DBT +3H, 3)

ke
The experiments were carried out under conditions where hydrogenation can be neglected
compared to dehydrogenation, i.e., at low conversion and far away from thermodynamic equilibrium.

k1> ky, ko > ks, k3> kg 4)

For the experiments, an almost complete hydrogenated perhydro-dibenzyltoluene (hydrogenation
degree 96.1%, provided by Hydrogenious Technologies GmbH) was used as starting material.
This means that there is nearly exclusively 18H-DBT in the feedstock, which is why only the first
reaction was considered in the experiments (see Equation (1)). It was also taken care in the experiments
that 6H-DBT and OH-DBT were below the quantification limit. Nevertheless, the determined
reaction constant k; was used as the reaction constant of the other reactions in the model, i.e.,
the further simulation.

ki=ky=ks=k 5)

To keep the conversion low, the catalyst bed was diluted with inert material to 25 wt%.
In summary of the kinetic assumptions including further a reaction order of n = 1, the following
simple rate expression results for all reaction steps.
X . liquid )
ri= k- with ¢ = 2 PLOHC mix ©)
MroHc mix

The reaction constant is described by the modified Arrhenius equation by applying a

reference temperature.
—E 1 1
kkT,ref'eXp< ;,R<T_Tf>> (7)
re

A total number of six reaction temperatures were experimentally investigated with each having
four different residence times, so that a total of 24 measured data points were generated. The degree of
dehydrogenation was determined by NMR spectroscopy [21]. A micro-ring gear pump was used to
adjust the modified mass-related residence time, according to the following equation by applying the
initial LOHC feed.

Mgt

®)

Tnod = —
MLOHC

2.2. Membrane Apparatus

A membrane module with 17 microchannels (width x depth x length: 500 um x 300 um X 4 cm),
which was described in detail in References [9,16], was used as separation device (see Figure 4).
The used PdAg membrane was produced by SINTEF/Oslo via magnetron sputtering and has a
thickness of approximately 10 pm. The membranes are produced by deposition on the perfect surface
of 6 inch silicon wafers from an alloyed Pd77Ag?23 target. Subsequently, the film was removed from
the wafer, which allowed for the integration in a module [22].

In general, PdAg is more suitable for the LOHC application than pure palladium due to
lower operating temperatures (300-350 °C) and higher hydrogen permeation flux, which fit to the
dehydrogenation operating conditions. Microsieves from both sides were used to mechanically
stabilize the membrane. Based on the number of holes in the sieve, an effective membrane area of
1.5 cm? was calculated. Good stability of these membranes has been reported several times in various
studies. However, long-term operation of these membranes under the load with DBT has not been
experimentally verified yet. This part will follow in further studies.

10
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plate with Pd-based membrane plate with 17
pillars microchannels

perforated metal foils as structured support
AR T A e

Figure 4. Picture of the used microstructured membrane separation module [16]. Due to low operating
temperatures (300-350 °C), a PdAg membrane provided by SINTEF/Oslo was selected.

The separation of hydrogen via Pd-based membranes is a multi-step mechanism. If the limiting
step is bulk diffusion in the Pd lattice, the flux can be described by combining Fick’s and Sieverts’ law
with a square root dependence on the hydrogen pressure.

FHz =1I (p?-ig,Ret - p?—ii,Perm) )

Thus, the Flux is dependent on the permeance and the square root of the partial pressure gradient
of hydrogen between the permeate side and the retentate side. The permeance I1 is defined as the
quotient of temperature-dependent and material specific permeability Q and membrane thickness s.
The temperature-dependency follows the Arrhenius expression below.

o Qew(-5)

S S

I1 (10)

The model reported in Reference [9] was used for fitting the experimental data and was used
to determine the activation energy and the pre-exponential factor. Experiments were conducted at
ambient hydrogen pressure on the permeate side (no sweep gas). To determine the permeance of the
PdAg-membrane, a temperature and pressure variation at a constant hydrogen flow of 250 mL/min
was carried out.

2.3. Multi-Stage Reactor Concept with Intermediate Hydrogen Separation

For describing the sequence of devices, both mathematical models were linked according to the
connected fluid streams. Figure 1 shows an example of a three-stage process. The gas and liquid
phases are separated at the reactor outlet. The liquid product flow of stage 7 is fed directly into the
following reactor stage 1 + 1. The gas phase, on the other hand, only enters the membrane separation
module where it is separated from LOHC species in the gas phase. As a consequence, LOHC in the gas
phase condenses on the membrane during the separation and the associated partial pressure reduction
of the hydrogen. The condensed flow is also fed to the next reactor stage. To consider condensation
for volume contraction and partial pressure change, the membrane was divided into # sections and a
flash calculation (as described for the reactor simulation—ideal or by modified UNIFAC model) was
integrated, which is shown schematically in Figure 5.

11
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Membrane
Membrane Flash
. —
section =
mn

Figure 5. Modeling of the separation stage. The device was split into n parts to integrate a flash that
takes into account the condensation of the LOHC.

3. Results and Discussion

In this section, the experimental results are first discussed and then the multi-staged reactor
concept with intermediate separation of hydrogen is evaluated.

3.1. Determination of the Reaction Kinetics

Figure 6 shows the concentration curves as a function of the modified residence time. An almost
linear dependence can be seen for all temperatures. This is in agreement with expectations and shows
that the residence time of the liquid at low conversions is close to the hydrodynamic residence time.
The solid line indicates the degree of dehydrogenation of the feed stream due to incompleteness of
hydrogenation. Dehydrogenation degrees between 1% and 9% were achieved in the experiments,
which are low enough to be analyzed in a differential approach.
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Figure 6. Concentration of 18H-DBT as a function of residence time at six different temperatures
(300-350 °C) and 4 bar(a).

To determine the temperature dependency of the reaction, the logarithmic reaction rate was
plotted as a function of temperature (see Figure 7). The linear fit describes the measuring points with
satisfying quality, considering the complexity of the multiphase reaction system.

The following parameters could be determined from the fit.

Esg = 156.8+28.5 kJ/mol 11)

kT, ef = 2.637 x 107 £0.307 x 10® m?/ (kgcys) 12)

12
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The model parameter can be compared to a study from the researchers at Erlangen [10]. They
operated a batch reactor to determine the kinetics of H18-DBT on the Pt catalyst similar to ours. Their
parameters were obtained from experiments with higher conversions. This allows determining
a reaction order, which was calculated in the range of 2. However, this result is then already
influenced by the back reactions as well as possible transfer-hydrogenations occurring between the
species. Thus, their reported activation energy and the pre-exponential factor consequently differ.
A value of E4 g of roughly 120 k] /mol is calculated. Nevertheless, while higher conversions would
be required to investigate the actual wetting of the catalyst (see Section 3.3), back-reactions and
transfer-hydrogenations are influencing the results. More experiments will follow where a second or
third stage entry concentration will be fed to the reactor to detail the kinetics further.

-10
T, =325°C = In(k)
-1 Fit
~12 4
)
< -13
5
-14 4
y=a+b*x y=a+b-x
-15 In(k)
Intercept 18.68771 +5.74 |
16 Slope —18861.57123 + 3436.2

1.55x107 1.60x107 1.65x107 1.70x107 1.75x10 1.80x107
1T [K]
Figure 7. Arrhenius plot with average reaction constants and linear fit.

3.2. Membrane Characterization

The measured flux in the membrane device is plotted as a function of the difference between the
square roots of the hydrogen partial pressures (see Figure 8). The measuring points at constant
temperature follow the expected linear dependence. The Sieverts’ law can, therefore, describe
permeation. The slope of each trend line represents the permeance.

1.6

® 340 °C, IT = 0.00354 mol/(m?s-Pa’?), R? = 0.99928
144 ® 320°C I1=0.00336 mol/(m*sPa’%), R* = 0.99957
A 300 °C, IT=0.00313 mol/(m*s-Pa’%), R? = 0.99911

1.2
1.0

0.8

[mol/(m?s)]

= 0.64
=
0.4

0.24

0 50 100 150 200 250 300 350 400

(PRetU'S‘PPermO'S) [Pa®?]

Figure 8. Sieverts plot of the permeation experiments. The permeance was determined for three
temperatures by varying retentate pressure at an ambient hydrogen pressure at the permeate side.
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If the logarithmus naturalis of permeance is plotted as a function of the reciprocal temperature,
as seen in Figure 9, the activation energy and the pre-exponential factor can also be determined. The fit
describes the measurement data with satisfying quality.

-5.60
5624 E vt = 8.96 kJ/mol
64 Qy =2.06x107 mol/(m-s-Pa’?)
-5.66 1
5681
E 570
5
-5.72]
-5.74]
-5.76 1 s Y
—5.78  |Intercept ~ -3.88418 + 0.0898
~5.80 Slope -8.95787 £ 0.4427

0.190 0. 195 0. 200 0. 205 0. 210 0. 215 0.220
1000/(RT) [mol/K]]

Figure 9. Fitted Arrhenius-relation of the measured permeance at three different temperatures.

The following experimentally determined values were obtained, which seem to align to our
previous studies [9] including the literature review.

Eam = 8.96 £ 0.44 kJ/mol (13)
Qo = 2.06 x 1077 £ 0.05 x 107 mol/ (m 5 Pa0'5> (14)

3.3. Evaluation of the Multi-Stage Reactor Approach with Intermediate Hydrogen Separation

Based on the experimentally determined correlations, the results of the simulations with the
multi-stage reactor concept with intermediate separation of hydrogen are presented in the following.
To describe the unknown influence of the gas phase on the residence time of the liquid and the
wetting of the catalyst a functional correlation between the effectively wetted catalyst mass and the real
residence time of the liquid phase was introduced via the correction factor «. For this correction factor,
a function was chosen, which correlates « to the void fraction of the liquid phase and the quotient of
liquid and gas residence time as an exponent of the void fraction.

midh — o mey a5)

a=In(1+e-(e~1)) (16)
Tone

b=3% 17

Ty 17)

As conversion increases, the liquid phase volume fraction ¢;, decreases and, finally, the effectively
wetted catalyst mass that can serve the active surface for dehydrogenation of the liquid species
decreases (see Figure 10). The chosen function allows us to describe the limiting cases. If gas and
liquid velocity are identical, the void fraction and « have an almost linear dependence a ~ ¢ since
Tgas & Tjjg 0 b= 1. According to our first observations in the packed bed microreactor system, it seems
that part of the evolving gas phase can escape underneath the glass plate at much higher velocity and
ep can be greater than the expected value, which means that 7g,s — 0 i.e., high superficial velocity of

14
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the gas. This results in a much better case of a = 1. All intermediate conditions where Tgss < Tj;4 can
be controlled by using parameter b, the residence time proportion (IRTP) is shown in the figure below;
calculation according Equation (17).

1.0 -
0.8
0.6

0.4

0.2

correction factor a. [-]

o= In(l+g (e-1))

0.0

T T T T
00 02 04 06 08 1.0

liquid volume fraction ¢; [-]

Figure 10. Constructed relationship between correction factor a and liquid void fraction ¢; and the
residence time proportion b.

Based on these assumptions and the experimentally determined data, simulations were performed
based on the geometry of the investigated lab scale single-foil reactor system. The results can be seen
in Figure 11 for a fixed reaction temperature and feed flow. First, it was investigated how the number
of separation stages affects the overall degree of dehydrogenation (DoDH) with varying distribution
of gas and liquid phases at a constant total catalyst mass in the reactor arrangement (see Figure 11a).
That means that a single reactor is compared to two, three, four, and five reactors with half, third,
fourth, or fifth mass in each reactor, respectively. It can be seen that the DoDH can be increased
slightly by the increasing number of intermediate separations (b = 0.1) if the residence time of the gas
phase is short while good catalyst wetting is the consequence. Under these conditions, the membrane
application is less valuable, i.e., does not provide reasonable advantage with regard to costs and
system size. This could probably be improved by lowering the total catalyst mass i.e., when a lower
total conversion is obtained. Nevertheless, the longer the gas remains or the less catalyst is wetted
due to similar residence time of gas and liquid, the more the process can be intensified (b = 0.5) via
the stepwise hydrogen separation. The DoDH can be practically doubled with a five-stage process.
If the DoDH is monitored over this five-stage process (see Figure 11b), it becomes clear that the DoDH
increases strongly independent of the residence time distribution between the gas and the liquid
phase in both cases. With more efficient dehydrogenation (b = 0.1), however, the DoDH per stage
(DoDH/stage) decreases after the first stage while it remains almost constant at b = 0.5. This can be
explained by the inhibition of the reaction by the resulting completely dehydrated dibenzyltoluene.

One major issue that needs to be resolved in the overall model is the possible reaction of gaseous
LOHC species on the dry region of the catalyst. This must be investigated in the future by separate
gas phase reaction experiments and inclusion in the overall model. Nevertheless, we believe that
the contribution will be small compared due to the low partial pressure of LOHC species in the gas
phase and compared to the surface coverage with liquid species. Thus, process intensification by the
multi-stage system will definitely remain dominant.

We further plan to extend the kinetics with the back reaction in the future. This is relevant when
the overall conversion increases towards thermodynamic equilibrium due to transfer hydrogenation
happening between the different hydrogenated intermediates of dibenzyltoluene. Under those
conditions, the reaction rate can drop quite considerably. Such effect would further argue in the
direction of even higher process intensification by the suggested multi-stage concept, i.e., when
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technical and economical relevant conversion is desired. Therefore, differential conversion with the
first stage, which is a partially dehydrogenated product, are required to build up an even more complex
kinetic model. Lastly, it is planned to perform optimization simulations to larger scale dehydrogenation
systems based on the more detailed modeling.
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Figure 11. Simulation results (ncstr = 100) of the multi-staged approach with intermediate hydrogen
separation carried out at 335 °C and 20 g/h feed: (a) overall DoDH with varying stage numbers at the
same overall catalyst mass for two different parameters b. (b) Overall DoDH and DoDH per stage for a
five-stage reactor concept.

4. Conclusions

In this work, a microstructured multi-stage reactor concept with intermediate separation of
hydrogen for the purpose of dehydrogenation of perhydro-dibenzyltoluene was investigated. First,
the kinetics for the reaction and the separation of the hydrogen were determined. The experimental data
were used to feed a developed model describing the multi-stage approach. Simulations were carried
out, which show that the described approach can drastically intensify the whole dehydrogenation
process in addition to the purification of the hydrogen especially under conditions where gas has
no superficial velocity. PAAg membranes are particularly suitable for use in this context due to
their relatively high permeance at a low operation temperature (300-350 °C). Back reaction and gas
phase reactions will be included in the model in future work to describe the promising effects toward
process intensification of the intermediate hydrogen separation. Moreover, long-term testing of a
lab model will further deliver data on stability, which will then be used to scale a plant for larger

throughput and to perform life cycle analysis (costing and environmental suitability) of the proposed
dehydrogenation system.
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Abstract: Hydrogen production and storage in small and medium scale, and chemical heat storage
from renewable energy, are of great interest nowadays. Micro-membrane reactors for reforming of
methane, as well as for the dehydrogenation of liquid organic hydrogen carriers (LOHCs), have been
developed. The systems consist of stacked plates with integrated palladium (Pd) membranes. As an
alternative to rolled and electroless plated (Pd) membranes, the development of a cost-effective
method for the fabrication of Pd membranes by suspension plasma spraying is presented.

Keywords: membrane reactor; hydrogen; palladium; microstructured; LOHC; suspension
plasma spraying

1. Introduction

Hydrogen is not only a valuable resource for fuel cells and an efficient solution for sustainable
mobility. It is used in large quantities for the production of ammonia, alcohols, and fertilizers, and for
cracking of heavy crude oil factions and hydrodesulphurization of fuels. Smaller quantities of hydrogen
are needed in the electronic and metallurgical industry. Large scale users produce their hydrogen
demand on site, mainly via methane steam reforming and purification via pressure swing absorption.
Small scale users cannot produce their hydrogen demand economically on site, since the pressure
swing absorption does not scale down economically. Therefore, hydrogen is transported to these
consumers by truck.

The transportation of hydrogen by truck, usually in compressed or liquefied state, is expensive
and energy intensive, due to the low density even of liquefied hydrogen (70 kg/m?), and safety aspects
on the road. In addition, the transportation, including compression or liquefaction, adds heavily to the
carbon dioxide (CO,) balance.

A technical innovation must, therefore, be sought in order to supply small consumers of
hydrogen—which, after all, require hydrogen consumption of about 5% of the total and, thus,
almost 3 million tons per year—through decentralized production. This is not only economically
favorable, but also allows the use of bio-gases, instead of natural gas, as a largely CO,-neutral hydrogen
production which is not burdened by complex transport routes. Compact membrane reformers are an
attractive option to produce hydrogen in small to medium size quantities in decentralized locations, on
site, for low pressure applications by steam reforming of methane or natural gas. Using microstructured
devices, very compact units can be realized. These compact reformers are built of thin metal sheets
integrating different functions, such as reforming, separation of hydrogen from the gas by a membrane,
and heat integration by internal combustion. The very large ratio of channel surface area to reactor
volume leads to good heat and mass transfer properties. The main challenges are the palladium
membrane and the integration of the catalyst in the microstructured channels. Advances in the last
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years in the integration of thinner palladium membranes, to achieve higher efficiency, have been made.
Mainly thin supported-metal foils have been employed, also, electroless plating (ELP) is frequently
used for laboratory-scale membrane reactors. However, these preparation techniques are expensive,
and mostly not suitable for higher quantities, as they are cost-intensive, and manufacturing is time
consuming [1].

Besides hydrogen production, the storage of the gas is expensive, due to low volumetric density.
In the context of building up the hydrogen infrastructure, a technology is needed that makes storage
and distribution lucrative. The use of organic liquids with the ability to bind hydrogen reversibly
has great potential in this area. Under certain conditions, and in the presence of a catalyst, the liquid
can be hydrogenated and, if required, dehydrogenated again. In loaded or unloaded state, the liquid
organic hydrogen carriers (LOHCs) can be transported or stored practically without losses. However,
an enormous amount of heat is required for dehydrogenation. In addition, small amounts of unwanted
compounds that contaminate the hydrogen are also formed by reaction. Microstructured devices can
help out—due to the small dimensions, an almost isothermal reaction management is possible. The use
of a Pd-based membrane, enclosed by microstructures, can purify the hydrogen with high efficiency.

In the present article, the concepts for highly integrated compact membrane reformers,
the fabrication of thin Pd membranes by suspension plasma spraying, and the application of a
membrane reactor concept for the dehydrogenation of liquid organic hydrocarbons, are presented.

2. Microstructured Membrane Reactors—pEnhancer 2.0

Several studies and reviews on compact small-scale hydrogen production have been published
in the recent years [2—4]. Most groups used Pd or Pd alloys as unsupported thin films, or deposited
membranes, for in situ hydrogen removal. Rahimpour et al. reviewed applications and preparation
methods of palladium membranes. The main preparation methods for Pd-based membranes mentioned
by Rahimpour et al. include electroless plating, metal organic chemical vapor deposition (MOCVD),
and physical vapor deposition (PVD) plasma sputtering [5], while suspension plasma spraying (SPS),
an also promising technique [6], is not mentioned. Fernandez et al. presented a paper on the research
at Tecnalia, and TU/e using a fluidized bed membrane reactor concept with methane or biogas as
feedstock [7], underlining the feasibility of compact small-scale hydrogen production. In the next
chapter, microstructured reactor concepts will be described.

Designs

All reformer designs developed at the Institute for Micro Process Engineering (IMVT) are modular.
Modules with specific functions and production capacity are stacked in a reactor allowing easy
adjusting of production capacity.

Based on the first designs of a planar microstructured membrane reactor [8,9], two designs for
the second generation of reaction modules were developed at IMVT (uEnhancer 2.0). The first of the
two newly developed designs is made up of two modules, one combustion module and one reformer
module with integrated hydrogen purification. The second design combines combustion, reforming,
and hydrogen purification in one module.

All microstructured modules are built by stacking microstructured stainless steel sheets;
the functionalities as gas distribution, reaction channels with catalyst for combustion and reforming,
and hydrogen separation via Pd membranes, are realized by the design of the plates and stacks.
Laser welding of the stack ensures gas tightness. The hydrogen separation membrane can be
incorporated either by laser welding of thin Pd foils, or by coating of porous metallic composite
supports with Pd or Pd alloys.

The main part of the reactors is the reforming of methane. In the pEnhancer 2.0 designs,
reforming is carried out in two steps: one pre-reforming step, in which a sufficiently high hydrogen
partial pressure for separation is achieved; and one reforming step, in which hydrogen is removed
from the reaction channels, simultaneously to the reaction, to push the reaction to higher conversion
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rates. The heat of reaction for the reforming is supplied via combustion of either additional fuel or
the retentate of the reformer layer/module. A comprehensible scheme of the combination of the
three functionalities (combustion, reforming, and hydrogen separation) in one module is shown in
Figure 1. Detailed schemes of the modules of both newly developed uEnhancer 2.0 designs are shown
in Figure 2.

V7722772277727 2272272
Fuel or Retentate [} = Combustion Exhaust

V2222222222222 )
Methane + Vapour |:>

///////////////////////////////////////////////////////////////3 /

Retentate <:|

|:> Purified Hydrogen

Figure 1. Rough scheme of the combination of the three functionalities (combustion for heat supply,
reforming and hydrogen separation) of a fully integrated methane steam reformer in one module.

Combustion fuel feeding Permeate channel (H2 removal) Combustion fuel feeding and

Distribution in combustion plate Pd membrane with metallic support distribution in combustion plate
Reforming plate Oxidant gas feeding and combustion
Pre-reforming plate Gas distribution

Permeate channel (H2 removal)

Pd membrane with metallic support
Reforming plate

Pre-reforming plate

(a) (b) (©)

Figure 2. Stack designs for combustion, reformer, and integrated module for the reforming of methane
with integrated hydrogen separation: (a) combustion; (b) reforming; (c) integrated.

The hydrogen separation part of the stack, shown in Figure 2, is the integral part of both designs.
The combustion modules in both designs include a distribution layer for the air needed for combustion,
in order to provide uniform heating over the whole area.
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In the first design with separated combustion and reforming modules, the process flexibility is
quite high, as the temperature can be changed by regulation of the combustion feed gases.

In the second design, a layer for combustion fueled by retentate or new fuel is integrated.
This layer is directly adjacent to the reforming, as well as the hydrogen separation by the Pd membrane.
This integrated design saves about 15% material and 25% space (height) in comparison to the first
design. For comparison of number of plates and stack height, see Table 1.

Table 1. Height and number of plates of single and combined modules.

Combustion Reforming Stacked (Comb. + Ref.) Integrated
Plates 5 8 13 11
Height 7.2 mm 9.4 mm 16.6 mm 12.4 mm

The challenges in fabrication techniques are high, and the operational flexibility is reduced, and all
process conditions for the reactions have to be matched. However, the compactness of this system is
very high, and so are the hydrogen yield and productivity for a well-balanced system. An alternative
serial arrangement of the functional modules is also possible: first, a microchannel reformer followed
by a combined water gas shift membrane reactor, and even these functions can be separated into a
microchannel water—gas shift reactor followed by a gas separation unit with a palladium membrane.
This modular approach, enabled by micro process engineering, offers important process flexibility,
according to the needs present in the distinct setting.

The new ultra-compact reactor system for on-site production, in which the described modules are
combined/connected to supply tubes, etc., is shown in Figure 3. These reactor systems can be easily
integrated in decentralized processes with only small hydrogen demand.

Air for combustion

Combustion off gas Reformate

A// Hydrocarbons + water

Combustion gas,
e.g. Retentate ——>

Reformer
modules

Combustion
modules

Hydrogen /

\ Sweepgas (optional)

Figure 3. Schematic representation of the modular membrane reactor system with reformer and
combustion modules, with inlets and outlets for reaction gases.

However, for a larger amount of facilities, it is of economic interest to reduce the production costs
for the palladium membranes. An approach to substitute the commonly via electroless plating or cold
rolling-produced Pd membranes, by ones fabricated by SPS, is presented in the next chapter.
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3. Palladium Based Composite Membranes via Suspension Plasma Spraying

3.1. State of the Art: Membrane Materials

The idea of using palladium as active membrane material for high temperature hydrogen
separation goes back more than 100 years. Already in 1916, Snelling patented an “Apparatus for
Separating Gases”, which is basically an electroplated palladium membrane on a tubular ceramic
support [10]. Meanwhile, a vast number of materials has been proposed as an alternative to the
expensive and sensitive palladium, among which are palladium alloys and cermets, group V metals,
and alloys containing these metals. Extensive overviews on membrane materials can, for instance,
be found in [5,11-13]. Palladium is very sensitive towards poisoning, for example, by sulfur
species or carbon monoxide, and unstable when submitted to temperature cycles in hydrogen
atmospheres crossing the a- to f-phase transition temperature around 293 °C [5,11-15]. However,
some palladium-based alloys overcome at least one of these two major drawbacks of pure
palladium. Palladium-copper alloys show, for instance, significant tolerance towards sulfur impurities,
whereas palladium-silver alloys have lower phase-transition temperatures [11,13,16,17]. In addition,
depending on the exact composition, palladium—copper and palladium-silver alloys have slightly
higher hydrogen permeabilities than pure palladium, and alloying palladium with cheaper metals
makes the membrane material, per mass, less expensive [11,13,14]. Group V metals are also less
expensive than palladium, and have impressive hydrogen permeabilities way higher than that of
palladium [13,18]. However, they suffer from hydrogen embrittlement and poisoning of active sites
for hydrogen dissociation on the surface [12,13,18,19]. Early attempts to overcome surface poisoning
of group V metal membranes were made in 1967, when Makrides, Wright, and Jewett patented
membranes made from group V metals coated with thin layers of palladium on both sides [20].
Publications from the last years, on group V metal-based hydrogen membranes with palladium-based
or transition metal carbide protection layers, show further development but also outline tremendous
challenges, among which, attenuation of hydrogen flux over time in consequence of, for instance,
interdiffusion of membrane and top-layer materials at elevated temperatures [18,19,21,22].

3.2. Membrane Design

Beside the choice of the membrane material, the membrane design is crucial when designing
a reactor with integrated membrane for hydrogen feed or removal. Free standing membranes like,
for instance, fabricated and examined in [18,23], have to be rather thick to be manageable and to
withstand pressure differences between the retentate and permeate side. Since membrane materials
are expensive, and permeance decreases with increasing thickness, thinner membranes supported
on porous substrates are desirable [24,25]. Both ceramic and metallic porous substrates for metallic
hydrogen separation membranes are reported in the literature (see e.g., [16,26]). Ceramic substrates
have smooth surfaces with small pore sizes and narrow pore size distributions, which facilitate the
fabrication of defect-free thin metal layers [24-27]. Unfortunately, ceramic supports are difficult to
integrate into reactors, as joining between metal and ceramic parts is difficult [26]. By contrast, porous
sinter metal membrane supports can easily be integrated into reactors, for example, via welding.
However, they only show poor surface properties such as wide pore size distributions and large pore
sizes [26]. Furthermore, metallic interdiffusion between the metallic support and the active metal
membrane layer can deteriorate the membrane performance [24,27].

A promising approach combining both advantages from porous ceramic and metallic supports is,
therefore, the fabrication of composite membranes on sinter metal supports with ceramic diffusion
barrier layers, like reported, e.g., in [6,28-31]. Choosing suitable materials for the sinter metal support
and the diffusion barrier layer influences the long-term stability of the fabricated composite membrane.
Factors such as corrosion resistance at reaction conditions of the porous metal support, and similar
thermal expansion coefficients of sinter metal, ceramic, and membrane material, are important.
Kot showed that the combination of Crofer-22-APU steel and yttria stabilized zirconia (8 mol %
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yttria—8YSZ) is, for example, a suitable material combination for the fabrication of substrates for
palladium composite membranes [31]. The modules of the pEnhancer 2.0 design are therefore based
on Crofer-22-APU as material. The composite support for palladium foils or the sprayed palladium
layer is made up of Crofer-22-APU and an 8YSZ diffusion barrier layer.

3.3. Standard Membrane Fabrication Methods

There is a variety of techniques reported for the fabrication of metallic hydrogen
separation membranes, among which include rolling [18,23,32,33], physical vapor deposition [30],
electroplating [28], and electroless plating [28,30,34,35]. Extensive overviews of different fabrication
methods are available in the literature (see e.g., [11,36]). Like mentioned above, almost all reported
methods are iterative and time-consuming processes, demanding days to weeks to build up sufficiently
thin (in the case of rolling) or thick (in the case of physical vapor deposition and electroless plating)
metal layers. The most common method to prepare thin (in the range of 10 um) palladium-based
membranes is electroless plating. Using this method, the substrate must be covered with palladium
seeds, for instance, via wet chemical methods or physical or chemical vapor deposition. Subsequently,
the seeded substrate is immersed in a coating solution containing a stabilized palladium salt, which is
then autocatalytically reduced by the palladium seeds under consumption of an added reducing agent.
A detailed description of the electroless plating process is, for example, given in [29]. Depending on
the properties of the substrate surface, in order to reach a dense defect-free metal layer, the coating
procedure must be repeated multiple times [28]. For high surface quality asymmetric ceramic supports,
single-step coating procedures for thin membranes are reported, see, for instance, [37]. For the
fabrication of palladium alloy membranes, different metals are deposited subsequently, and annealed
under elevated temperature (see, e.g., [16,38]). Simultaneous deposition of palladium and silver via
electroless plating is also reported, see, for instance, [37,39]. Another drawback of electroless plating,
besides the time-consuming iterative layer build up, is the production of metal-loaded wastewater.

A novel and promising technique for the cost-effective fabrication of thin metal-based hydrogen
separation composite membranes is under development at IMVT in cooperation with the German
Aerospace Centre (DLR) in Stuttgart, and based on industry-established plasma spray techniques.
Time requirements to fabricate layers with thicknesses in the 10 pm range lie in the range of minutes.
Substrates do not have to be activated like in the case of electroless plating, and no metal-loaded liquid
waste is produced [6,30].

3.4. Plasma Spraying Techniques for Membrane Preparation

3.4.1. General Process Description

Plasma spraying is an industry-established process, which is typically used for the fabrication
of thermal barrier layers on gas turbine blades, as well as corrosion and wear protection layers on
tube walls and bearings. A schematic sketch of a plasma spray facility is shown in Figure 4. Typically,
particles are injected into a plasma of a plasma torch with the help of a carrier gas. The particles injected
into the plasma melt and hit a surface, where they form either dense or porous layers, depending on
the process parameters. Both ceramic and metal particles can be processed. Large areas can be coated
in a short time with impressive deposition rates up to 1 mm/min [40].

If dense layers with thicknesses in the range of only a few microns shall be fabricated, very small
particles with mean particle sizes smaller than 1 um must be injected into the plasma. The injection
of such small particles is impossible with a carrier gas, since the particle’s momentum is too small to
enable the particles to penetrate the plasma. Instead, suspensions containing the particles are injected
into the plasma. The solvent of the injected suspension evaporates when reaching the core of the
plasma. The remaining particles melt, and form a layer on the coated surface [41].
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Figure 4. Schematic sketch of a plasma spray facility to produce metallic membrane layers on porous
substrates. Plasma is lighted in a plasma torch, and carried out by the plasma carrier gas. Metal particles,
or a suspension of metal particles, are injected into the plasma. The molten metal particles hit the
substrate surface with high velocity, and form a dense metal layer. Sketch after [6].
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Plasma spray processes, and especially the suspension plasma spray process, are very complex,
depending on a variety of variables, such as the particle size and agglomeration state of the particles
(in the suspension or powder), the solvent used when suspensions are injected, the injection speed and
rate, the plasma parameters, such as plasma gas composition and flow rate, plasma current, spraying
distance, and spraying atmosphere, and the substrate temperature and surface properties [6,40,41].

3.4.2. Development and State of the Art

Although there are several groups reporting the fabrication of dense membranes via plasma
spraying, for example, the fabrication of oxygen ion transport membranes via suspension plasma
spraying (see [42]), the authors are only aware of the Dittmeyer group fabricating palladium-based
hydrogen separation membranes via plasma spraying. A first attempt was reported 2007, by Dittmeyer
and Huang, using atmospheric plasma spraying with a powder feed. They were using a commercial
palladium powder with particle size <45 pum and, as substrates, porous stainless steel with
plasma-sprayed yttria-stabilized zirconia diffusion barrier layers. The diffusion barrier layers were
maintained with their rough surface after spraying. Regarding future prospects, Dittmeyer and Huang
argued that a rough surface would improve membrane adhesion. Other groups, using plasma-sprayed
ceramic diffusion barrier layers, sand blast the layers to smoothen the surface and facilitate the
application of defect-free thin palladium layers (see, e.g., [34]). Despite the thicknesses of 30 um
and 70 um of the palladium layers deposited by Dittmeyer and Huang, the fabricated composite
membranes had no satisfactory permselectivity, due to remaining open porosity. Dittmeyer and Huang
wrote that smaller particles injected into the plasma could result in thinner and denser metal layers. [30]

A second attempt at fabricating palladium composite membranes via plasma spraying techniques
was reported 2014 by Boeltken et al. Like Dittmeyer and Huang, Boeltken et al. were using porous
stainless steel substrates with sprayed yttria-stabilized zirconia diffusion barrier layers. The surface
of the diffusion barrier layers in the experiments of Boeltken et al. also remained in its rough
initial state. Palladium particles, with a size between 250 nm and 550 nm, were injected into the
plasma dispersed in dethylene glyocol monobutyl ether stabilized with ethyl cellulose. Boeltken et al.
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fabricated much thinner layers of palladium than Dittmeyer and Huang (9.5 um instead of 30 um
and 70 um, respectively) but the permselectivity of the fabricated composite membranes was still not
satisfactory; it only reached a value of 60. For the future, Boeltken et al. proposed to use substrates
with smoother surfaces and smaller pore sizes to reach higher permselectivities at smaller palladium
layer thicknesses [6].

In 2017, a third attempt to fabricating palladium-based composite membranes for hydrogen
separation started in the cooperation network of the Institute for Energy and Climate Research (IEK-1)
at Research Centre Jiilich (FZJ), DLR, in Stuttgart, and IMVT in Karlsruhe. Since the substrate surface
quality was of great importance in the experiments of Boeltken et al., the project focused, at first,
on the fabrication of high-quality composite membrane substrates. Detailed results of the substrate
fabrication and characterization, conducted in 2017, are reported in [43]. Crofer-22-APU sinter metal
plates, provided by IEK-1, were welded into dense metal frames for good integrability into test
reactors, and coated via dip-coating with an yttria-stabilized zirconia layer. The resulting membrane
substrates had a smooth defect-free surface. Figure 5 shows scanning electron microscope (SEM)
images of the surface, and a cross-section of the fabricated substrates. The surface-weighted pore
size distribution was determined from SEM images, and followed an approximately log—normal
distribution, with a geometric mean pore size of 98 nm, and a geometric standard deviation
of 0.617. The nitrogen permeance at room temperature of the substrates was determined to be
7.9 & 1.2 umol/m?/s/Pa. Hydrogen permeance at room temperature was 22 & 3 pmol/m?/s/Pa.
The literature reports substrates with room temperature nitrogen permeances more than twice as high
as the value determined in the current work at IMVT (see e.g., [28]). Further investigations showed
that the main transport resistance in the fabricated substrates did not lie in the ceramic diffusion
barrier layer, but in pores of the sinter metal substrates blocked with coating suspension formed
during dip-coating. This shows a potential for improvement of the permeance of the substrates.
The palladium layer was deposited at DLR in Stuttgart via suspension plasma spraying. One focus of
the coating process development was the fabrication of stable palladium suspensions departing from
commercially available palladium powder with a mean particle size of ca. 100 nm. First, results were
not yet satisfactory, since the suspension stability and deagglomeration state of palladium particles in
suspension were not optimal, and the deposited layers were very thin (1-4 um) and with a remaining
open porosity, but work is ongoing.
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Figure 5. Surface (left) and cross-sectional view (right) of substrates currently fabricated at IEK-1 in
Julich and Institute for Micro Process Engineering (IMVT) in Karlsruhe.

4. Process Intensification in LOHC Dehydrogenation Using Pd-Based Membranes

Liquid organic hydrogen carriers are recently discussed substances that could give an answer
to the question of safe and handy storage and distribution of hydrogen [44,45]. Especially with
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regard to future energy systems fed from renewable sources, the suitability of this technology will be
investigated [46,47]. The hydrogen is produced via electrolysis supplied by regenerative electricity to
provide further applications independent of location and time. The extraction of hydrogen in locations,
where a lot more hydrogen is available than needed, makes this technology feasible. These locations are
mostly sunny and windy regions or places where no customers can be found. Conventional solutions
store hydrogen physically, by compression or liquefaction, to increase the low volumetric energy
density compared to atmospheric conditions. LOHC technology, on the other hand, propagates the
reversible chemical binding of hydrogen to an organic liquid. Due to a high cycle stability, the use of
the carrier substance should resemble a “H; deposit bottle”. A suitable LOHC is also characterized
by high temperature stability, low toxicity, high storage density, good availability and, ultimately,
thermodynamic conditions that enable profitable technical implementation. The decisive advantage
of this technology lies in the secure and long-term stable storage, as well as the use of existing
infrastructure for the distribution of the liquid. A comparison of the mentioned storage technologies
and the potential LOHC material systems is discussed, in detail, by Preuster et al. [48].

Briickner et. al [49] have shown that the isomer mixture of dibenzyltoluene (OH-DBT, Marlotherm
SH® from Sasol), which is commercially available as a heat transfer oil, partially or completely fulfils
all these criteria and is, therefore, suitable as LOHC. The LOHC can store 6.2 wt % hydrogen when
fully loaded, which corresponds to a storage density of 17.5 L; opic /kgr2. A study on environmental
and health impact attributes a high potential of acceptance in the population by the proposed material,
since the handling of organic liquids, such as diesel, is already known [50]. Furthermore, OH-DBT
and the hydrogenated form, perhydro-dibenzyltoluene (18H-DBT), have a considerably lower risk
potential than fuels used today—they are neither flammable nor volatile. In addition, no carcinogenic
effects have been proven [51,52]. The system 18H-DBT/0H-DBT is, therefore, currently the state of
the art in LOHC research. Various applications, considering 18H-DBT/0H-DBT as carrier system,
were evaluated on a thermodynamic and techno-economic basis [53-55]. Riide et al. predict high
reliability and robustness to the LOHC unit with upstream electrolysis and a downstream fuel cell [5,56].
Dynamic operation of a dehydrogenation unit has already been demonstrated [57].

In order to be able to describe the substance system, which has not yet been sufficiently researched
for this purpose, firstly, material properties had to be determined [58-62]. Secondly, suitable analytics
had to be found to determine the degree of (de)hydrogenation. A comparison of different methods
has shown that refractometry is the simplest, and nuclear magnetic resonance (NMR) spectroscopy
the most accurate method to determine the hydrogen load of the carrier [63,64]. Recent developments
show that, despite high boiling points (0H-DBT ~ 390 °C) of the substances, gas chromatography can
also be used [65].

Considering thermodynamics, favorable conditions result for hydrogenation at high pressures
(15-30 bar) and low temperatures (150-250 °C), and for dehydrogenation at low pressures (1-5 bar) and
high temperatures (280-330 °C). Consequently, the superimposed phase and reaction equilibrium can
only be determined with great inaccuracies in these multiphase reactions [66]. Do et al. investigated the
reaction path, and found that the reaction takes place via two stable intermediates (12H-DBT, 6H-DBT)
resulting from consecutive C6-cycle dehydrogenation [67]. In total, the OH-DBT/18H-DBT can
absorb /release nine Hy molecules, whereby 71 k] /molyy heat is released /consumed per molecule [49].
The strong heat tone means that, in case of decentralized applications, a lot of waste heat is needed.
Therefore, Preuster et al. investigated the power generation by linking the dehydrogenation unit with
a solid oxide fuel cell [68].

In general, dehydrogenation is technically more difficult to implement than hydrogenation.
In addition to the thermodynamically unfavorable conditions, the enormous gas production makes the
reaction control more difficult. Assuming that the residence time of the gas and liquid phase is equal,
the reaction chamber is almost exclusively filled by gas. Depending on the reactor concept, the liquid
can be “pressed” through the apparatus by gas bubbles with short contact times at the catalyst.
Including wetting properties between catalyst and LOHC, this flow guidance can lead to enormous
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losses in catalyst-related productivity. The high gas content additionally causes LOHC to evaporate
due to the vapor-liquid equilibrium (VLE), which is detectable despite subsequent condensation of the
product gas. In addition to traces of LOHC, other low-boiling components could also be determined,
which result from side reactions, e.g., from decomposition or transfer hydrogenation [69]. In order
to provide hydrogen in sufficient quality for other applications, such as fuel cells, purification of the
product gas is, therefore, still indispensable.

4.1. State of the Art: LOHC Dehydrogenation

Hydrogenious Technologies GmbH, a young company from Erlangen, Germany, offers commercial
container-based solutions for loading/unloading liquid hydrogen carriers in different performance
classes [52]. As reactor geometry for dehydrogenation, a horizontal pipe, half-filled with catalyst
particles, is used. The liquid flows in from below and covers the catalyst. This allows the resulting
hydrogen to be removed from the top [70]. This approach prevents a multiphase flow, and allows the
liquid to almost follow the hydrodynamic law.

Another concept is the so-called “one reactor”, which makes it possible to switch between
hydrogenation and dehydrogenation reactions in the same container with the same catalyst and similar
temperature level, purely by changing the reaction pressure. A benefit, especially for stationary
applications, is the possibility to recuperate the heat obtained from the hydrogenation reaction.
In addition, investment costs are significantly reduced. The reactor consists of a vessel with vertically
arranged tubes filled with catalyst, which are tempered from the outside by a thermostat. In the
dehydrogenation configuration, the loaded LOHC flows from bottom to top, so that the resulting gas
bubbles leave the pipes at the top outlet [71].

Both concepts presented, however, cannot deliver high-purity hydrogen, due to low-boiling
by-products and traces of evaporated LOHC. A purification can be managed, e.g., by a pressure
swing adsorption plant (PSA) which, however, becomes unprofitable with low hydrogen capacities.
One solution to this problem could be the integration of Pd-based membranes as a purification step.

4.2. Multi-Staged Approach Using Pd Membranes

Pd-based membrane reactors have already been developed for the dehydrogenation of LOHC
methylcyclohexane, and the steam reforming of methane, where promising results could be
achieved [3,8,9,72-75]. For adaptation to the multiphase system 18H-DBT/0H-DBT/H,, a multi-stage
reactor concept with intermediate separation of hydrogen was developed. The use of consecutive
reactors and membrane separators is not new, however, the concept has so far only been applied
for reactions in the gas phase. Due to the unknown interaction between LOHC and the membrane
surface, the integrated form, the membrane reactor, was avoided in this work. In order to shed light
on the influence of the intermediate separation, a reactor and a membrane separator were modeled
and sequentially arranged (see Figure 6). The simulations were carried out under strong simplified
conditions, in order to show the positive influence of the gas separation via Pd-based membranes from
the system. For the reactor, a radial flow reactor was assumed, which behaves like a plug flow reactor
(PFR). This is a 1-dimensional problem which was solved integrally by the CSTR (continuous stirred
tank reactor) cascade using MATLAB software. The resulting product stream from the reactor stage is
fed to the membrane separator, where the hydrogen is completely separated. This also means that
the potential wetting of the membrane surface by LOHC, which leads to a reduction of the effective
membrane area, has not been taken into account. For the calculations, no experimentally determined
kinetics were used for the reaction—rather, the kinetics were adjusted such that a relevant degree of
dehydrogenation could be achieved. A detailed description of the modeling, the reactors used, and the
experimental determined kinetics of the system, can be found in [Wunsch 2018, manuscript will be
submitted for the special issue].
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Figure 6. Schematic of the multi-staged reactor concept with intermediate hydrogen separation.

To characterize the reactor, the ratio of the residence time between the gas phase and the liquid
phase must first be defined. The least efficient case was assumed, which means that the arising gas
phase stays the same time as the liquid phase:

Tlig = Tgas- (€]

In order to describe the influence of the high gas production on the effectively used catalyst mass,

a correction factor, «, will be introduced:
mg;]; = Q- Mg )
The correction factor primarily describes the poorer wetting of the catalyst with LOHC under the

condition that the gas and liquid phases have the same residence time. For a simplified description of
this property, a relationship between correction factor « and liquid phase fraction & was constructed:

azln(l—&—s?(e—l)). (3)

This relationship is not determined experimentally; it is simply a construction that could describe
the unknown efficiency loss by reduced wetting of the catalyst surface area with decreasing liquid
phase fraction in the reactor. As the conversion increases, the liquid phase fraction decreases and,
finally, the effectively used catalyst mass decreases (see Figure 7). This results in the limiting case « =1,
when the evolved gas has no impact on the efficiency, and the limiting case « ~ ¢, when the efficiency
decreases nearly linear with gas production. This relationship can be controlled using parameter b.

1.0 4

0.8

correction factor o [-]

o= In(1+g,(e-1))

- T T T T
00 02 04 06 08 10
liquid volume fraction g; [-]

Figure 7. Constructed relationship between correction factor a and liquid volume factor ..

As mentioned, we assumed that an increased degree of dehydrogenation is present in each reactor
stage, and that the membrane completely separates the hydrogen from the product gas:

VHZ, Retentate — 0. (4)
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Figure 8 shows the degree of dehydrogenation depending on the number of reactors used.
A constant catalyst mass is distributed over a different number of reactors (1-5). A reactor is divided
into N equal pieces, and the hydrogen is removed at these points via a Pd-based membrane. It is
immediately apparent that the degree of dehydrogenation can be almost doubled by the more frequent
intermediate separation alone, irrespective of the residence time distribution between gas and liquid
phase. As expected, the total degree of dehydrogenation increases with decreasing impact of the gas
phase on the effectively used catalyst mass (b = 0.05).
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Figure 8. Degree of dehydrogenation as a function of the number of reactors used with intermediate

separation at constant catalyst mass and varying influence of the gas phase on the effectively used
catalyst mass.

A comparison of the degree of dehydrogenation between five reactor stages, with intermediate
separation and one reactor stage, is shown in Figure 9. The reactor volume/catalyst mass was also
kept constant. It can be seen that already after 40% of the reactor length, and one intermediate

separation stage, the same degree of dehydrogenation is achieved as after the entire reactor length
without separation.
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Figure 9. Dehydration degree over the reactor length with different number of separation stages.
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It can be summarized that the multi-staged reactor concept with intermediate hydrogen separation
can be used to intensify the process of LOHC dehydrogenation of 18H-DBT. In addition to the actual
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goal, namely, hydrogen purification, the intermediate separation increases the efficiency of the process
by reducing the residence time of the liquid.

5. Conclusions

In this article, we described the general concept for ultra-compact microstructured membrane
reactors for hydrogen production. The benefits of the reactor concept are the very large membrane
surface area per catalyst volume (ca. 103-106 m~1) and negligible mass transport resistance towards
membrane, even for high-flux membranes. By the integration of the heating module in the compact
device, efficient heating by hot gas or catalytic combustion of retentate with air is ensured. Altogether,
the design convinces by its high compactness, low weight, and modular plant design.

Furthermore, an alternative method, suspension plasma spraying, for the fabrication of Pd
membranes in relation to the commonly used membranes, either thin metal foils or layers fabricated
by electroless plating, has been shown. As supports, porous sinter metallic supports made of Crofer-22
APU with a YSZ diffusion barrier layer have been used. An important advantage of the Crofer-22 APU
supports is the possibility for gas-tight integration into the compact module by laser welding.

As an example for the application of these compact modules, besides on-site methane reforming
(see [8]), the dehydrogenation of liquid organic hydrogen carriers is described. Here, the advantages,
like the equilibrium shift of the reaction and the integrated purification of the released hydrogen,
are presented in a multi-staged reactor concept. This concept can be realized in a single compact device
by stacking of multiple combined reaction and separation modules.

One important aspect of the application of compact membrane reactors for the catalytic reaction
are suitable preparation methods for the catalyst in the microstructured reactors. These developments
and results of the preparation of catalyst layers by inkjet printing in the thickness of 10-15 pum are not
in the focus of this article, being reported elsewhere [8,76]

Looking ahead, the first commercial applications of membrane reactors may appear in
small-capacity hydrogen production for industrial uses via on-site reforming, where hydrogen is at a
relatively low pressure (<3 bar) and moderate purity (max 99.5%), and for hydrogen generation from
LOHC in the context of hydrogen logistics, rather than in large-scale reforming or water gas shift (WGS).
This modular concept is a flexible concept for a variety of applications producing hydrogen, like in
reforming reactions and LOHC dehydrogenation. Small-capacity hydrogen supply is an excellent
opportunity for the extension of new technologies, such as compact membrane reactors, as they
are more energy-efficient compared to large-scale processes, and require a lower OPEX (operating
expenditure), and by the simplification of the process scheme, a reduced CAPEX (capital expenditure)
is needed. However, for the commercialization of this technology, there is some indispensable research
work that is still ongoing at our institute.
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Abstract: The development of a chemical industry characterized by resource efficiency, in particular
with reference to energy use, is becoming a major issue and driver for the achievement of a sustainable
chemical production. From an industrial point of view, several application areas, where energy saving
and CO, emissions still represent a major concern, can take benefit from the application of membrane
reactors. On this basis, different markets for membrane reactors are analyzed in this paper, and their
technical feasibility is verified by proper experimentation at pilot level relevant to the following
processes: (i) pure hydrogen production; (ii) synthetic fuels production; (iii) chemicals production.
The main outcomes of operations in the selected research lines are reported and discussed, together
with the key obstacles to overcome.

Keywords: Pd-based membrane; hydrogen; closed architecture; open architecture; gas to liquid; propylene

1. Introduction

Membrane reactors are currently increasingly recognized as an effective way to replace
conventional separation, process, and conversion technologies for a wide range of applications.
In particular, by taking benefit from advanced membrane materials development, they are able
to provide enhanced efficiency, are very adaptable, and may have great economic potential.

On the basis of their flexibility, membrane reactors can be employed in a wide range of applications
where energy saving and the enhancement of performance in terms of reactants conversion and
products selectivity can lead to improved economics.

Among the different membrane reactors reported in the scientific literature [1-3], the palladium-
based ones are the most commonly used when hydrogen is the product to be separated [4-9].

Steam reforming is the most widely application for that, since this process is strongly
energy-intensive; however, the whole hydrocarbon processing industry, in principle, could take
benefit from this technology, since, while enabling a substantial energy saving, it can be helpful also
for the production of a highly concentrated CO, stream, ready for valorization [8].

Accordingly, several application areas of Pd-based membrane reactors have been considered
by KT—Kinetics Technology (KT): (i) pure hydrogen production; (ii) gas-to-liquid (GTL) processes;
(iii) propylene production.

Natural gas (NG) steam reforming is the most widely used hydrogen production process.
Currently, around 50% of the worldwide hydrogen yearly production results from this technology.

The main reaction occurring in NG steam reforming is endothermic (CHy + H,O = CO + 3H;) and
limited by chemical equilibrium, thereby significant hydrogen yields are achieved only with operation
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at high temperatures (850-900 °C). As a consequence, a portion of methane feedstock must be burned
in furnaces in order to sustain the reaction heat duty. This can be responsible for a reduction of the
overall process efficiency, an increase of greenhouse gas (GHG) emissions, and a dependence of the
hydrogen production cost on the natural gas cost. Accordingly, the coupling of the reaction unit with
hydrogen-selective membranes can represent a promising way to enhance hydrogen yield at lower
temperatures, since the continuous selective removal of hydrogen from the reaction environment
allows to maintain the gas mixture composition far from equilibrium, so that equilibrium conditions
are not achieved, and the endothermic reactions can be carried out at a lower temperature.

In addition, the lower thermal duty could also allow the operation of the membrane reformer
with a cleaner energy source or with waste heat available from another process, instead of the
high-temperature flue gases used in the furnace. Moreover, the lower operation temperature
makes possible to use cheaper steel alloys for the fabrication of the reforming tube instead of the
expensive materials currently used to withstand the high operating temperatures of conventional
steam reforming plants.

With reference to the GTL processes, the main challenge of monetizing gas resources is logistical.
Natural gas reserves close to markets are usually transported via pipelines. Where this is not feasible,
the gas can be transported in alternative forms, such as compressed natural gas (CNG), liquefied
natural gas (LNG), and GTL products, which all address this challenge by densifying the gas and
reducing the transportation costs. Natural gas-to-liquid technologies have been a matter of study
for many years but are considered economically not convenient, owing to the high costs of natural
gas. Nevertheless, the current prospects in shale gas production as well as an increase in oil price
have determined a significant difference between oil and gas prices, thus improving the economic
benefits from GTL processes application and making this technology the most promising alternative
for the valorization of natural gas assets, in particular in North America [10,11]. The GTL process has
three main steps: (i) feedstock preparation and syngas production; (ii) Fisher—Tropsch (FT) synthesis;
(iii) product upgrading. Syngas production typically involves steam reforming or an autothermal
reforming reaction with pure oxygen from an Air Separation Unit (ASU); product upgrading typically
involves hydrocracking processes of syncrude. The core of the technology is represented by Fischer
Tropsch (FT) synthesis which requires an H, /CO ratio of about 2.0.

The syngas production step is the most expensive of the three processes, accounting for up to
50% of the Capital Expenditure (CAPEX). However, feed consumption is responsible for up to more
than 80% of all operating costs and more than 60% of the cost of production. Therefore, there is a
significant incentive for developing new technologies to decrease the capital and operating cost of
syngas production units. Furthermore, since developing and constructing a large-scale GTL plant
is very capital-intensive and takes years, with significant market timing and hence economic risks
involved, the possibility to think of a modular design of smaller scale GTL plants is opening up
opportunities to reduce risks and, at the same time, for the use of natural gas in both offshore and
remote on-shore locations [12]. The development of innovative process schemes for the production of
synthesis gas at lower temperatures than the traditional ones, without affecting natural gas conversion
and, at the same time, with saving in terms of feed consumption and plant complexity, is crucial to
assess the potentiality of distributed GTL plants. In particular, the use of membrane reactors coupled
with novel routes for syngas production such as Catalytic Partial Oxidation (CPO) can be considered
the basis for the development of a novel process scheme suitable for GTL applications.

With reference to the last area of the studied applications, propylene is one of the most important
derivatives in the petrochemical industry, after ethylene. Worldwide, propylene is mostly produced as
a co-product in steam crackers (>55%) or as by-product in Fluid Catalytic Cracking (FCC) units (around
35%). However, the high reaction temperatures of such processes, as well as the high instability of
hydrocarbons, lead to formation of coke and the occurrence of side reactions that significantly impact
propylene yield [13]. In order to meet the increase in the market demand, being estimated as 5% per
year until 2018, several “on-purpose” technologies have been proposed as propylene sources, such as
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propane dehydrogenation (PDH), methanol-to-propylene (MTP) conversion, and olefin metathesis.
It is widely recognized that, in the longer term, “on-purpose” propylene production technologies
should be able to stabilize the supply-demand balance.

PDH (C3Hg = C3Hg + Hy) is a highly endothermic reaction, accordingly favored at high
temperatures of operation. In these conditions, other side reactions usually can be observed,
responsible for the production of lighter hydrocarbons or coke deposited on the catalyst, thereby forcing
to carry out a periodic catalyst regeneration in order to recover its activity after deactivation. The two
targets of decreased coke formation and increased propylene yield could be in principle achieved by
integrating a low-temperature dehydrogenation reaction step with a Hy-selective membrane [14,15]
able to remove the produced hydrogen from the system and thus promoting a chemical equilibrium
towards the production of propylene [16,17]. Ideally, a membrane reactor would enable the operation
at a lower temperature, avoiding: (i) the search for a trade-off between conversion and selectivity;
(ii) too many frequent regeneration cycles. Pd-based membranes appear as the most promising solution
for the integration with the PDH reaction, owing to their significant selectivity /flux ratio and to the
conventional operating temperature (400-500 °C) that is aligned with the PDH reaction operating
conditions [18].

In this paper, it is reported the experience gained by KT in the design and testing of pilot facilities
where membranes for hydrogen separation play a key role for the overall process performance.
The results reported in the paper, being far from presenting a detailed characterization of the adopted
membrane in terms of flux and permeance, aim to give a sketch of the influence of membrane
integration on the overall process performance, evidencing that the experimentation at pilot level
is necessary to fully understand that the operation of an industrial catalytic membrane reactor is
closely linked not only to the selection of active and selective membranes and catalysts but also to the
individuation of reliable procedures for a correct operation and maintenance.

2. Experimental: Pilot Plants Description

A selective membrane can be integrated with the reaction environment in two different
configurations, with different benefits and drawbacks: (i) the selective membrane is in direct
contact with the reaction environment/catalyst, and the reaction product is continuously removed
simultaneously to its production (Integrated Membrane Reactor (IMR) or closed architecture); (ii) the
selective membrane is not in direct contact with the reaction environment/catalyst but installed outside
the reactor and followed downstream by another reaction unit, where the overcoming of chemical
equilibrium is observed (Staged Membrane Reactor (SMR), or Reactor and Membrane Module (RMM),
or open architecture) [19,20].

The level of integration of catalyst and membrane is actually important to determine the overall
process yield, with the main benefit of an open architecture lying in the possibility to keep the
membrane and reaction environment separate. In this way, the operating temperatures in the reactor
and in the separator can be managed and optimized separately. Accordingly, for each of the studied
applications, the selection between open and closed architecture was carried out on the basis of the
reaction characteristics, in particular the eventual occurrence of more stressful conditions that can be
detrimental for the membrane lifetime.

2.1. Pure Hydrogen Production

For the pure hydrogen production case, both architectures were taken into account.

The open architecture was tested at pilot level and at a capacity of 20 Nm3/h of pure hydrogen
(facility available at Chieti Scalo, Italy, Italian FISR project). The process scheme of the pilot unit is
reported in Figure 1 [21-24].
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Figure 1. Pure hydrogen production membrane reactor in open architecture (a) Process scheme;
(b) Bird-eye view.

The plant is characterized by two-stages reformers and two membrane modules operated in the
temperature range 550-650 °C and 400450 °C, respectively. Natural gas, available at battery limits
at 12 barg, was subjected to desulphurization and then mixed with the process steam. The process
steam was produced separately by a real hot oil boiler, superheated in the plant convection section and
routed to the first reforming reactor. Each reforming module is characterized by two main sections:
(i) a radiant tube, loaded with the catalyst, and (ii) a convection section, where the recovery of heat
from the flue gases, available at a temperature of 650-700 °C, was carried out for: (i) feed preheating,
(ii) steam superheating.

The syngas produced in the first reformer R-01 was cooled down to the temperature suitable for
membrane operation and fed to the first separation module MO1A /B (0.4 and 0.6 m? respectively).
The retentate was recycled to the second reformer R-02, at the outlet of which a mixture with an
increased amount of Hj in consequence of the higher feed conversion was produced. The syngas
from the second reformer stage was cooled down from 650 °C to the temperature suitable for
membrane operation and routed to the second separation module (M-02, 0.13 mz). H, recovered from
both membrane modules was collected and routed to the final cooling and condensate separation.
The retentate from R-02 reformer was sent to the flare.

Both R-01 and R-02 were loaded with a structured foam-shaped catalyst, based on noble metals;
the main reactors and catalyst characteristics are reported in Table 1.

Table 1. Main characteristics of steam reforming reactors and catalyst.

Element R-01/R-02
Type Single tube
Tube Nominal Diameter, in 21/2
Tube Active length, m 3
Reactor Volume, L 9
Catalyst shape Cylinder
Catalyst ID-L, mm-mm 58-150
Catalyst Support material, - SiC
Catalyst Support porosity, % 87
Catalyst Support pore density, ppi 15

Three different membrane modules, Pd- and Pd/Ag -based, able to operate at high temperatures
(480 °C for M-01/A and M-02, 500 °C for M-01/B), were installed in the pilot unit. Their main features
are reported in Table 2.
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Table 2. Main characteristics of the employed membranes.

. . . Permeance,
Membrane  Supplier Support Membr. Thick. Selective Memb. Production

3 2} 4105
Selective Layer Layer, um Area, m? Geometry Method Nm®/(hm Dbar )
@ 400 °C

M-01/A ECN AlLO; Pd 3-6 04 Tubular Electroless 32-35

deposition
M-01/B MRT Ss Pd/Ag 25 0.6 Planar Proprietary 8-11

M-02 Japanese ALO; Pd/Ag 2-3 0.13 Tubular Electroless 2224

Company deposition

Table 3 reports the main operating conditions adopted during the experimental test on
open architecture.

Table 3. Main operating conditions for two-stage reaction and separation configuration.

Description I Separation Stage II Separation Stage
Syngas Flowrate
Overall flowrate, kg/h 25-50 25-50
Syngas Composition
CHj, mol% 7-15% 4-8%
CO, mol% 1-3% 1.5-3.5%
COZ, mol% 6-7% 7-8.5%
Hj, mol% 30-36% 27-36%
H,0, mol% 42-56% 48-56%
Pressure (P)
P feed side, barg 10.2-10.8 10-9.8
P permeate side, barg 0.4-0.6 0.4-0.6
Temperature
Membrane temperature, °C 350-440 380-440

The closed architecture was tested at pilot level and at a capacity of 3 Nm?®/h of pure hydrogen

(facility available at ENEA Casaccia, Italy, EU Comethy project). The process scheme of the pilot unit
is reported in Figure 2 [25-27].
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Figure 2. Pure hydrogen production membrane reactor in closed architecture (a) Process scheme; (b)
Reactor assembly.

The plant architecture is based on a first pre-reformer stage (R-01) followed by an integrated
membrane reactor (R-02). The main characteristics of the reactors are reported in Table 4. Methane is
supplied by cylinders, while process steam and sweep steam are generated by a dedicated electrical
boiler. The reaction heat was supplied through a molten salt mixture fed to R-01 at a maximum inlet
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temperature of 550 °C and further routed to the R-01. Thanks to the partial conversion carried out
in R-01, syngas fed to R-02 contained a certain amount of hydrogen, allowing the membrane to be
active just at the entrance of the reactor. R-01 is organized as a shell-and-tube configuration, where the
molten salts mixture flows in the shell side supplying reaction heat, and the catalyst is installed inside
the tubes. R-02 is also arranged in a shell-and-tube configuration, with the molten salts flowing on the
shell side. Catalyst and membrane are arranged according to a tube-in-tube configuration, with the
catalyst in the annular section around the membranes tube. The latter is equipped with an inner tube
to allow the sweep gas to flow in the permeate side. The permeate stream collected from R-02 was
cooled down in order to easily separate the sweep gas as a condensate.

Table 4. Main characteristics of closed-architecture membrane reactors.

Element R-01 R-02
Type Shell & Tube Shell & Tube

Nominal Tube Diameter, in 1 11/2
Active length, mm 400 800
N. tube 7 10
Total Reactor Volume, L 1.6 10

Catalyst shape Cylinder 2-half hollow cylinder

Support material, - SiC SiC

Catalyst, - Pt-Rh Pt-Ni

The nickel noble metal-based catalysts deposited on silicon carbide foam were shaped in the form
of a cylinder and an annular cylinder for R-01 and R-02, respectively. The catalysts were prepared at
the ProCeed Lab of the University of Salerno. A total of 10 Pd-based membranes on ceramic supports
were arranged in R-02, developing an overall area of about 0.35 m?, whose main characteristics are
reported in Table 5. Each membrane had an outside diameter of 14 mm and a length of 80 cm.

Table 5. Main characteristics of membranes tested under an integrated reactor.

. . . Permeance,
Membrane Supplier  Support Selelgie\rr:l;; or Thlil: z:l:tlve ;\f :;n:lré Geometry Pﬁ‘:;f::lm Nm®/(hm?bar®5)
¥ e ' @ 400450 °C
M (R-02) ECN ALO; Pd 3-6 035 Tubular ~ Flectroless 10-15
Deposition

To improve the separation efficiency, superheated steam was employed as sweep gas in a
countercurrent configuration. R-01, R-02, and piping in contact with the molten salts were electrically
traced in order to assure a temperature above the salts” freezing point during the start-up and
shut-down procedures.

The main operating conditions of the catalytic tests carried out with the integrated membrane
reactor are reported in Table 6.

Table 6. Main operating conditions for the integrated membrane reactor.

Description Value
Flowrate
CHy inlet pre-reforming reactor R-01, kg/h 0.3-1.5
H,O inlet pre-reforming reactor R-01, kg/h 4.5-6.0
H,0 Sweep gas, kg/h 0-2.0
Molten salts, kg/h 1250-1650
Pressure
P feed side, barg 9.8-9.5
P permeate side, barg 0.4
Temperature
T range molten salts, °C 450-550
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2.2. Synthetic Fuel Production

The overall concept was tested in open architecture at pilot level and at a capacity of 20 Nm?/h of
pure hydrogen (facility available at Chieti Scalo, Italy, EU NEXT-GTL project). The process scheme of
the pilot unit is reported in Figure 3 [28-30].
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Figure 3. Syngas/pure hydrogen production membrane reactor for gas-to-liquid (GTL) process
(a) Process scheme; (b) Catalytic partial oxidation (CPO) reactor assembly.

After desulphurization, the natural gas was mixed with the process steam and preheated in the
convective section of the reformer. The preheated steam was further routed to the reforming reactor
operated at an outlet temperature of 550-600 °C. The syngas produced was cooled at a temperature in
the range of 450-480 °C before entering the first Pd-based membrane module M-01, where a permeate
and a retentate stream were produced. The retentate, poor in hydrogen, was routed to the CPO
reactor properly mixed inside the reactor with a stream of pure oxygen from the gas cylinders. The
hot syngas available at the outlet of the CPO reactor was cooled down to 450480 °C in a gas-gas
heat exchanger and routed to the second Pd-based membrane separator M-02 for a further hydrogen
recovery step. The resulted retentate was a syngas, whose composition could be adjusted on the basis of
the membrane hydrogen recovery factor. As reported in Figure 3, the CPO reactor could be operated in
a standalone mode (with an external CHy stream) or fully integrated with the membrane, accordingly
fed with retentate, as described above. Structured catalysts in the forms of honeycomb monolith and
pellets, both based on noble metals, were used in the CPO reactor. The main characteristics of the CPO
reactor are reported in Table 7.

Table 7. Main characteristics of the CPO reactor.

Element Description
Type Reactor
Nominal Diameter, in 4
Active length, mm 500
Total Active Reactor Volume, 1 0.9
Catalyst shape Cylinder/pellets

Support material, - Confidential
Catalyst, - Confidential

The membrane-based GTL process was operated at the operating conditions reported in Table 8.

42



Membranes 2018, 8, 101

Table 8. Main operating conditions of the membrane-based GTL process.

Description Value
Gas Flowrate
CHy inlet reforming reactor R-01, kg/h 6-10
H,O inlet reforming reactor R-01, kg/h 18-30
O; inlet CPO reactor, kg/h 15-7
Pressure
P, barg 10.5-10.2
T inlet CPO reactor, °C 280-300
T outlet CPO reactor, °C 650-750

2.3. Propylene Production

The overall concept was tested in open architecture at pilot level and at a capacity of 0.05 kg/h
of propylene (facility available at the University of Salerno, Italy, EU CARENA project). The process
scheme of the pilot unit is reported in Figure 4 [31-34].
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Figure 4. Propylene production membrane reactor (a) Process scheme; (b) Pilot unit assembly.
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The experimental apparatus is constituted by two tubular catalytic reactors (R-101 and R-102)
and, between them, a selective separation unit (membrane, M-101): such arrangement defines the
“open architecture” of the membrane-based process. The catalytic units consist of a catalytic reactor,
characterized by a tubular shape and made of AISI 310 stainless steel (SS); the reactor was loaded with
a platinum-tin-based catalyst. The catalytic bed loading was also optimized with inters in order to
minimize the undesired side reactions occurring in the homogeneous phase, both before and after the
catalytic bed (on reactants and products streams). The separation unit is constituted by a Pd-based
membrane prepared on an SS porous tube and having an overall permeation surface of 0.01 m2.
The temperature of the three process devices was controlled by means of electrical heaters, driven by a
controller-programmer. The units were then wrapped in a thick layer of insulating mat to minimize
heat losses. The catalytic activity tests were carried out in the following operating conditions: Weight
Hourly Space Velocity (WHSV) (kgcans/h-kgcatalyst) of 8 h~!, steam/propane ratio of 0.25 mol/mol,
Treaction = 500 °C, P = 5 barg, Tnembrane = 370 °C.

3. Results and Discussion

3.1. Pure Hydrogen Production

The behavior of the two-stages reaction and separation based configuration was deeply
investigated. The experimental results in terms of membrane stability and feed conversion confirmed,
from a technical point of view, the feasibility of the proposed architecture. The development of proper
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start-up and shut-down procedures, especially with respect to the heating-up and cooling-down
sequences, assured a stable operation for the three membrane modules.

The results clearly evidenced the effect of membrane separation on shifting the reaction towards
the product, once hydrogen was removed from the syngas stream, and a second reaction stage
was foreseen.

Figure 5a reports the experimental data collected on a two-stage membrane reforming when
the M-01A membrane was in operation. With a hydrogen recovery factor in the order of 30-35%,
the two-stage configuration allowed to overcome the equilibrium conversion by 20-25%. Hydrogen
purity of at least 99.9% mol was detected for all membranes. Because of the modular concept
characterizing the open architecture, the performance for a higher number of reaction and separation
stages could be easily extrapolated, as shown in Figure 5b. With a number of reaction stages up to
six, for example, feed conversion increased up to 70% and 90% at a reformer outlet temperature of
650 °C and 600 °C, respectively. Starting from the experimental results, the behavior of the system
for a higher membrane area per stage as well for different values of sweep gas flow rate and reaction
pressure could be extrapolated.
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Figure 5. (a) Feed conversion for different reforming outlet temperatures (P = 10 barg, Steam/Carbon
ratio S/C = 4.3 mol; Tmem = 410-420 °C, Amem = 0.4 m?2, Molar sweep gas/feed ratio = 0);
(b) Multistage membrane steam reforming performance (P = 10 barg, S/C 4.3, Tmem = 410-420 °C,
Amem = 0.4 m?, Molar Sweep gas/feed ratio = 0).

An experimental campaign on closed-architecture membrane steam reforming was carried out in
order to check the overall system performance. The reforming outlet temperature was regulated by
adjusting the inlet molten salts temperature. The latter was limited to 550 °C because of the thermal
degradation phenomena occurring in the molten salt mixture at a higher temperature.

Despite the low reaction temperature, a very high feed conversion was observed due to the
effectiveness of hydrogen removal from the reaction environment. Hydrogen purity of at least
99.8%mol was detected during the experimental test.

As reported in Figure 6a, the integrated closed configuration allowed to overcome the
thermodynamic equilibrium conversion up to 150% under sweep gas condition. The latter plays
a major role in the integrated configuration, where H, partial pressure on the reaction side is quite
low because of continuous withdrawals. The experimental results showed that, under a molar sweep
gas/feed ratio equal to 1.5, the feed conversion increased up to 135-150% with respect to an operating
condition without sweep gas. It derived that, by properly adjusting the steam to carbon (S/C) ratio
and sweep gas flow rate, a very high feed conversion could be obtained. In a scenario based on the
integration of a Concentrated Solar Power (CSP) plant and steam reforming, the operating temperature
window of the solar salts mixture (550-290 °C) accounts for a large steam production, thus allowing to
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optimize the integrated membrane reforming by increasing both the steam/carbon ratio and the sweep
gas/feed ratio, without reducing the overall plant efficiency as for a conventional steam reforming [35].
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Figure 6. (a) Feed conversion at different reforming outlet temperatures (P = 9 barg, S/C = 3 mol and
(b) Effect of the sweep gas on the integrated membrane reforming plant (P = 9 barg, S/C = 3 mol).

The low reaction temperatures combined with a high feed conversion achievable with the
integrated configuration allows to minimize the CO content in the retentate side, thus avoiding
any post-shift reaction and accounts for a final retentate stream reach in CO, and under pressure.
With respect to a conventional steam reformer where the overall produced CO; is available diluted
and at atmospheric pressure in the flue gas stream, the proposed architecture allows for a less
energy-intensive CO, capture, due to the fact that it is available at s higher partial pressure.

Although more complex from a technologic point view, requiring a new reactor design with
respect to conventional one, being able to house a catalyst, a membrane, and sweep gas, the integrated
membrane configuration benefits from a higher effectiveness in equilibrium shifting. The contextual
hydrogen removal and production allow for a higher hydrogen recovery factor characterizing the
integrated membrane architecture, which definitively means a higher feed conversion.

3.2. Synthetic Fuel Production

The most relevant results in this application are reported in Figure 7a,b.
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Figure 7. Performance of the membrane-based GTL process: (a) Stability, (b) Oxygen consumption.

Figure 7a shows the product composition on a dry basis at steady-state conditions measured at
the outlet of reformer, the membrane separation, and the CPO reactor, respectively. The data were
collected when operating the reformer at an outlet temperature of 590 °C, P = 11 atm, with a hydrogen

45



Membranes 2018, 8, 101

Recovery Factor (HRF) of 45% and with a ratio O,/(CO + CHy) at the inlet of the CPO reactor of 0.16.
The oxygen to carbon ratio was evaluated by taking into account the carbon contribution of CO and
CHy in the retentate stream.

A significant reduction in hydrogen content was observed in the retentate stream due to hydrogen
recovery carried out by the first-stage membrane, whereas the concentration of other components
increased, since the mixture became more concentrated. In addition, the performance of the membrane
system resulted stable for more than 100 h of continuous operation.

Looking at the economics of the novel process for syngas production, it can be observed that the
solution consisting of the CPO reactor integrated with the reformer and the membrane enables for
a reduction in oxygen consumption, since a portion of feed conversion is achieved in the upstream
reformer stage. The removal of hydrogen in the first membrane module has the double role to favor
both reactions of partial oxidation of methane and steam reforming inside the CPO reactor. The second
membrane module installed downstream of the CPO reactor enables for an additional recovery of
hydrogen and might be also used to adjust the final H,/CO ratio. In Figure 7b, the comparison
of oxygen consumption is reported, observed with both standalone and integrated configuration.
The oxygen consumption was referred to the natural gas available at the inlet of the reaction scheme in
order to have a direct comparison.

It is possible to observe that, if a total feed conversion of 40% is taken into account, the integrated
architecture allows to reduce the oxygen consumption over 50%. This can be translated into a lower
operating temperature for the CPO section, accordingly with a difference in the outlet gas composition.
The achieved reduction of oxygen consumption enables for a reduction of about 10% in the variable
operating cost.

3.3. Propylene Production

To proper investigate the membrane-based propylene production process, a dedicated
computational model was developed in Matlab environment, aiming to combine the kinetics
expression relevant to the main reaction as derived from the literature [36], heat and material
balance, and hydrogen permeance law. In Figure 8a, the results of the numerical simulation
of propane dehydrogenation reaction coupled with membrane separation are reported, whereas,
in Figure 8bc, the experimental results at pilot level are reported. With reference to Figure 8a,
the results are reported by indicating, for different values of the membrane permeance, the evolution
of the conversion of propane along the catalytic bed. It can be observed that, with a membrane
permeance of 40 Nm®/(m2hbar%?) at 550 °C, it was possible to increase the propane conversion of 35%.
The improvement of such performance became 48% when the membrane permeance was increased
up to 80 Nm?/(m?hbar??).
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Figure 8. Performance of membrane-based propane dehydrogenation: (a) numerical simulation
of propane conversion at T = 550 °C and different membrane permeances 40-80 Nm3/hm?bar’,
(b) experimental operating temperature at fixed propane conversion (Xc3pg = 10%, 5 barg, S/C3 = 0.25),
(c) coke amount as a function of the operating temperature.
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The results reported in Figure 8b show the temperature at which it was possible to reach a propane
conversion of 10% without and with the membrane. In particular, in the absence of the membrane,
it was necessary to reach 540 °C to achieve such conversion level. This temperature decreased of
about 30 °C when a membrane reactor was used. This achievement could be translated into a lower
deposition of carbon matter on the catalytic bed. Indeed, under the assumption of a deactivating
model for the catalyst, developed on the basis of the experimental results achieved, it was possible to
evaluate that the coke deposited was reduced five times when the membrane was applied (Figure 8c).

The overall results reported up to now, show the effective applicability of Pd-based membrane
reactors in a very large number of chemical processes, even if the actual industrial implementation is
strongly related to the possibility of having a stable membrane performance for a long period (at least
about 10,000 h) and a cheap cost.

Indeed, while in the case of hydrogen production (both pure and for GTL applications) the
application is in a more advance phase, even if it is still necessary to demonstrate the membrane
stability on the long term, for propane dehydrogenation, potential applications might require a further
developmental step. In this latter case, in fact, it is much more desirable to limit the membrane
operation at temperatures not higher than 400 °C, after a decline in hydrogen flux is observed, owing
to the tendency of propylene to form oligomers and ring structures on the membrane that can reduce
the performance [37]. This would mean that an industrial application of this concept should take into
account such requirement.

4. Conclusions

The development of a chemical industry characterized by resource efficiency, in particular with
reference to energy use, is becoming a major issue and driver for the achievement of a sustainable
chemical production. From an industrial point of view, several application areas, where energy
saving and CO, emissions still represent a major concern, can take benefit of the application of
membrane reactors.

Different markets for membrane reactors applications have been analyzed in this paper, and the
technical feasibility verified by proper experimentation at pilot level for: (i) pure hydrogen production;
(ii) synthetic fuels production; (iii) chemicals production. The achieved results showed that membrane
reactors can be effectively used in all mentioned applications.

In most of the proposed solutions, the concept of membrane reactor is based on the application of
a sequence of reaction—separation—reaction units rather than on the application of a reactor in which
catalyst and membrane are installed in a same vessel according to the concept of process intensification.
Indeed, the former solution is still an efficient solution for the overcoming of chemical equilibrium
but is characterized by a lower compactness degree compared to the latter. However, in particular
applications where the optimal operating conditions for catalyst and membrane operation are so
different from each other and the engineering solution to cope with them may become more complex,
thereby impacting also on the operation and maintenance of the reaction system, the former solution
might represent a faster approach to boost industrial acceptance in the first phase of transition to the
novel catalytic membrane reactors technology.

Nevertheless, it is worth to mention that, in order to progress with the industrial implementation
of membrane reactors, a few issues need to be solved, such as the reduction of the fabrication costs,
the improvement of membrane stability under poisoning, the current lack of industry-produced,
commercial-scale units, and the identification of acceptable accelerated ageing tests, without which the
membrane stability could be only assessed by carrying out tests for thousands of hours.

5. Patents

Taquaniello, G., Salladini, A. Method for hydrogen production, EP Patent Application 11150491.6,
10 January 2011.

47



Membranes 2018, 8, 101

Taquaniello, G., Salladini, A., Morico, B. Method and system for the production of hydrogen. US
Patent US9493350B2, 15 November 2016 (priority date 16 March 2012).

Palo, E., Iaquaniello, G. Method for olefins production. US Patent 9,776,935B2, 3 October 2017
(Priority date 29 March 2011)

Author Contributions: All authors contributed to writing and correcting the paper.

Funding: Part of this work was carried out within the framework of the project “Pure hydrogen from natural gas
reforming up to total conversion obtained by integrating chemical reaction and membrane separation”, financially
supported by MIUR (FISR DM 17/12/2002)-Italy. Part of this work received a financial support by the European
Community throughout the Next-GTL project “Innovative Catalytic Technologies & Materials for the next Gas to
Liquid processes” (Contract NMP3-LA-2009-229183). CoOMETHYy project has received funding from the European
Union’s Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and Hydrogen Joint Technology
Initiative under grant agreement n. 279075. The research leading to a portion of these results has received funding
from the European Union Seventh Framework Programme FP7-NMP-2010-Large-4, under Grant Agreement no.
263007 (acronym CARENA).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gallucci, E; Basile, A.; Hai, FI. Introduction—A review of Membrane reactors. In Membranes for Membrane
Reactors: Preparation, Optimization and Selection; Basile, A., Gallucci, F.,, Eds.; Wiley: Hoboken, NJ, USA, 2011;
pp- 1-62. ISBN 9780470746523.

2. Gallucci, F; Medrano, J.A.; Roses, L.; Brunetti, A.; Barbieri, G.; Viviente, ]J.L. Process Intensification via
Membrane Reactors, the DEMCAMER Project. Processes 2016, 4, 16. [CrossRef]

3. Tan, X, Li, K. Inorganic Membrane Reactors: Fundamentals and Applications; Wiley: Hoboken, NJ, USA, 2014;
ISBN 978-1-118-67284-6.

4. van Delft, Y.C.; Overbeek, ].P; Saric, M.; de Groot, A.; Dijkstra, ].W.; Jansen, D. Towards application of
palladium membrane reactors in large scale production of hydrogen. In Proceedings of the 8th World
Congress on Chemical Engineering, Montreal, QC, Canada, 23-27 August 2009.

5.  Basile, A. Hydrogen Production Using Pd-based Membrane Reactors for Fuel Cells. Top. Catal. 2008, 51, 107.
[CrossRef]

6. Fernandez, E.; Helmi, A.; Medrano, J.A.; Coenen, K.; Arratibel, A.; Melendez, J.; de Nooijer, N.C.A,;
Spallina, V.; Viviente, J.L.; Zuniga, J.; et al. Palladium based membranes and membrane reactors for
hydrogen production and purification: An overview of research activities at Tecnalia and TU/e. Int. ].
Hydrogen Energy 2017, 42, 13763-13776. [CrossRef]

7. Salladini, A.; laquaniello, G.; Palo, E. Membrane Reforming Pilot Testing: KT Experiences. In Membrane Reforming
Pilot Testing: Applications for a Greener Process Industry; Wiley: Hoboken, NJ, USA, 2016; ISBN 978-1-118-90680-4.

8. De Falco, M.; Salladini, A.; Palo, E.; laquaniello, G. Pd-Alloy Membrane Reactor for Natural Gas Steam
Reforming: An Innovative Process Design for the Capture of CO2. Ind. Eng. Chem. Res. 2015, 54, 6950-6958.
[CrossRef]

9.  Shu, J.; Grandjean, B.P.A.; Van Neste, A.; Kaliaguine, S. Catalytic palladium-based membrane reactors:
A review. Can. |. Chem. Eng. 1991, 69, 1036-1060. [CrossRef]

10. Salehi, E.; Nel, W.; Save, S. Viability of GTL for the North America Gas Market. Hydrocarbon Process. 2013, 92,
41.

11. Baliban, R.C;; Elia, ]J.A.; Floudas, C.A. A Novel Natural Gas to Liquids Processes: Process Synthesis and
Global Optimization Strategies. AICKE ]. 2013, 59, 505-531. [CrossRef]

12.  Roberts, K. Modular design of smaller-scale GTL plants. Petrol. Technol. Quaterly 2013, 18, 101-103.

13. Ibarra, A.; Veloso, A.; Bilbao, J.; Arandes, ].M.; Castafio, P. Dual coke deactivation pathways during the
catalytic cracking of raw bio-o0il and vacuum gasoil in FCC conditions. Appl. Catal. B 2016, 182, 336-346.
[CrossRef]

14. Shelepova, E.V.; Vedyagin, A.A.; Mishakov, 1.V.; Noskov, A.S. Simulation of hydrogen and propylene
coproduction in catalytic membrane reactor. Int. J. Hydrogen Energy 2015, 40, 3592-3598. [CrossRef]

15.  Quicker, P.; Hollein, V.; Dittmeyer, R. Catalytic dehydrogenation of hydrocarbons in palladium composite
membrane reactors. Catal. Today 2000, 56, 21-34. [CrossRef]

48



Membranes 2018, 8, 101

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Moparthi, A.; Uppaluri, R.; Gill, B.S. Economic feasibility of silica and palladium composite membranes for
industrial dehydrogenation reactions. Chem. Eng. Res. Des. 2010, 88, 1088-1101. [CrossRef]

Gbenedio, E.; Wu, Z.T.; Hatim, I; Kingsbury, B.EK,; Li, K. A multifunctional Pd/alumina hollow fibre
membrane reactor for propane dehydrogenation. Catal. Today 2010, 156, 93-99. [CrossRef]

Ockwig, N.W.; Nenoff, TM. Membranes for Hydrogen Separation. Chem. Rev. 2007, 107, 4078-4110.
[CrossRef] [PubMed]

Taquaniello, G.; De Falco, M.; Salladini, A. Palladium-based Selective Membranes for Hydrogen Production.
In Membrane Engineering for the Treatment of Gases; Drioli, E., Barbieri, G., Eds.; RSC Publishing: Cambridge,
UK, 2011; Volume 2, pp. 110-136. ISBN 978-1-84973-239-0.

De Falco, M.; Iaquaniello, G.; Salladini, A. Steam reforming of natural gas in a reformer and membrane
modules test plant: Plant design criteria and operating experience. In Membrane Reactors for Hydrogen
Production Processes; De Falco, M., Marrelli, L., Iaquaniello, G., Eds.; Springer: New York, NY, USA, 2011;
pp- 201-224. ISBN 978-0-85729-150-9.

laquaniello, G.; Salladini, A. Method for Hydrogen Production. EP Patent Application 11150491.6, 10 January 2011.
De Falco, M.; Iaquaniello, G.; Salladini, A. Experimental tests on steam reforming of natural gas in a reformer
and membrane modules (RMM) plant. J. Membr. Sci. 2011, 368, 264-274. [CrossRef]

De Falco, M.; Salladini, A.; laquaniello, G. Reformer and membrane modules (RMM) for methane conversion:
Experimental assessment and perspectives of said innovative architecture. ChemSusChem 2011, 4, 1157-1165.
[CrossRef] [PubMed]

Iaquaniello, G.; Palo, E.; Salladini, A.; Cucchiella, B. Using palladium membrane reformers for hydrogen
production. In Palladium Membrane Technology for Hydrogen Production, Carbon Capture and Other Applications;
Doukelis, A., Panopoulos, K., Koumanakos, A., Kakara, E., Eds.; Woodhead Publishing: Sawston, UK, 2014;
pp. 287-301. ISBN 9781782422341.

Gentile, A.; Morico, B.; laquaniello, G.; Giaconia, A.; Caputo, G. Development, testing and experimental
results evaluation of a membrane reactor for solar steam reforming using molten salts as heat transfer fluid.
In Proceedings of the ISCRE24, Minneapolis, MN, USA, 12-15 June 2016.

Iaquaniello, G.; Salladini, A.; Morico, B. Method and System for the Production of Hydrogen. US Patent
US9493350B2, 15 November 2016.

Iaquaniello, G.; Palo, E.; Salladini, A. Application of membrane reactors: An industrial perspective.
In Proceedings of the MR4PI2017, Villafrance de Verona, Italy, 9-10 March 2017.

Capoferri, D.; Cucchiella, B.;, Mangiapane, A.; Abate, S.; Centi, G. Catalytic partial oxidation and membrane
separation to optimise the conversion of natural gas to syngas and hydrogen. ChemSusChem 2011, 4,
1787-1795. [CrossRef] [PubMed]

Taquaniello, G.; Salladini, A.; Palo, E.; Centi, G. Catalytic Partial Oxidation Coupled with Membrane
Purification to Improve Resource and Energy Efficiency in Syngas Production. ChemSusChem 2015, 8,
717-725. [CrossRef] [PubMed]

Iaquaniello, G.; Palo, E.; Salladini, A. Membrane assisted syngas production for gas-to-liquid processes.
In Membrane Engineering for the Treatment of Gases: Volume 2: Gas-Separation Issues Combined with Membrane
Reactors; Drioli, E., Barbieri, G., Brunetti, A., Eds.; Royal Society of Chemistry: London, UK, 2017; pp. 247-272.
ISBN 978-1-78262-875-0.

Palo, E.; Iaquaniello, G. Method for Olefins Production. US Patent 9,776,935B2, 3 October 2017.

Ricca, A.; Montella, F,; Iaquaniello, G.; Palo, E.; Salladini, A.; Palma, V. Membrane assisted propane
dehydrogenation: Experimental investigation and mathematical modelling of catalytic reactions. Catal. Today
2018. [CrossRef]

Ricca, A.; Palma, V,; laquaniello, G.; Palo, E.; Salladini, A. Highly selective propylene production in a
membrane assisted catalytic propane dehydrogenation. Chem. Eng. J. 2017, 330, 1119-1127. [CrossRef]
Ricca, A.; Truda, L.; laquaniello, G.; Palo, E.; Palma, V. Pd-membrane Integration in a Propane
Dehydrogenation Process for Highly Selective Propylene Production. Int. |. Membr. Sci. Technol. 2018,
5,1-15. [CrossRef]

Morico, B.; Gentile, A.; laquaniello, G. Molten Salt Solar Steam Reforming: Process Schemes Analysis.
In Membrane Reactor Engineering Applications for a Greener Process Industry; Basile, A., De Falco, M., Centi, G.,
lTaquaniello, G., Eds.; Wiley: Hoboken, NJ, USA, 2016; ISBN 9781118906804.

49



Membranes 2018, 8, 101

36. Lobera, M.P; Tellez, C.; Herguido, J.; Menendez, M. Transient kinetic modelling of propane dehydrogenation
over a Pt-Sn-K/Al,O; catalyst. Appl. Catal. A Gen. 2008, 349, 156-164. [CrossRef]

37. Peters, T.A.; Polfus, ].M.; van Berkel, EP.E; Bredesen, R. Interplay between propylene and H,S co-adsorption
on the Hj flux characteristics of Pd-alloy membranes employed in propane dehydrogenation (PDH) processes.
Chem. Eng. ]. 2016, 304, 134-140. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

50



. membranes ﬁw\b\l’y

Atrticle

New Insight to the Effects of Heat Treatment in Air on
the Permeation Properties of Thin

Pd77%Ag23% Membranes

Nicla Vicinanza !, Ingeborg-Helene Svenum ', Thijs Peters 2, Rune Bredesen 2 and
Hilde Venvik 1*

: Department of Chemical Engineering, Norwegian University of Science and Technology,

7491 Trondheim, Norway; niclavicinanza@gmail.com (N.V.); Ingeborg-Helene.Svenum@sintef.no (I.-H.S.)
2 GINTEF Industry, P.O. Box 124 Blindern, N-0314 Oslo, Norway; Thijs.Peters@sintef.no (T.P.);
Rune.Bredesen@sintef.no (R.B.)
*  Correspondence: Hilde j.Venvik@ntnu.no; Tel.: +47-7359-2831

Received: 22 August 2018; Accepted: 16 September 2018; Published: 10 October 2018

Abstract: Sputtered Pd77%Ag23% membranes of thickness 2.2-8.5 pm were subjected to a three-step
heat treatment in air (HTA) to investigate the relation between thickness and the reported beneficial
effects of HTA on hydrogen transport. The permeability experiments were complimented by
volumetric hydrogen sorption measurements and atomic force microscopy (AFM) imaging in order
to relate the observed effects to changes in hydrogen solubility and/or structure. The results show
that the HTA—essentially an oxidation-reduction cycle—mainly affects the thinner membranes,
with the hydrogen flux increasing stepwise upon HTA of each membrane side. The hydrogen
solubility is found to remain constant upon HTA, and the change must therefore be attributed to
improved transport kinetics. The HTA procedure appears to shift the transition from the surface
to bulk-limited transport to lower thickness, roughly from ~5 to <2.2 pm under the conditions
applied here. Although the surface topography results indicate that HTA influences the surface
roughness and increases the effective membrane surface area, this cannot be the sole explanation
for the observed hydrogen flux increase. This is because considerable surface roughening occurs
during hydrogen permeation (no HTA) as well, but not accompanied by the same hydrogen flux
enhancement. The latter effect is particularly pronounced for thinner membranes, implying that the
structural changes may be dependent on the magnitude of the hydrogen flux.

Keywords: Pd-Ag membranes; hydrogen permeation; surface characterization; solubility;
heat treatment

1. Introduction

Palladium-based membranes have been the focus of many studies due to their high hydrogen
permeability and selectivity, which may find application in efficient separation technologies [1,2].
At temperature below ~300 °C and pressure below ~2 MPa, however, pure palladium undergoes the
a-to-B phase transition that results in irreversible lattice strain. Over time, cycling of the temperature
causes the Pd to become brittle; leading to fractures. In order to prevent hydrogen embrittlement, Pd is
conveniently alloyed with other metals [3,4]. Silver is a widely used alloying element, reducing the
a-to-3 phase transition to below room temperature. Moreover, Pd-Ag alloys exhibit higher hydrogen
permeability than pure palladium [4-6], with a maximum at ~23 wt.% of Ag [6].

Hydrogen flux can be also enhanced by heat treatment in air (HTA) procedures [7-19], which are
essentially oxidation-reduction cycles. For thin membranes, typically in the range of 1-3 um, the total
hydrogen flux through the membrane can be doubled upon air thermal treatment [8-11,16], and HTA
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has also been used to regenerate deactivated membranes [14,20,21]. Moreover, Mejdell et al. reported
a significant reduction of the CO inhibitive effects on hydrogen permeation through a ~3 um Pd-Ag
(23%) membrane after HTA [9]. The phenomena behind these advantageous effects are, however,
still not clear. Different hypotheses have been suggested to explain the influence of heat treatment in
air; including cleaning of the Pd-Ag surface, microstructural rearrangement, and induced segregation
of Pd towards the surface. Oxidation is known to remove certain impurities and poisoning species from
Pd-based surfaces [5,15,16,20]. This can facilitate and improve hydrogen flux, but is not a sufficient
explanation that can fully elucidate the positive effects of HTA [14].

Microstructural changes are commonly observed in Pd-based membranes after air exposure,
while the permeation properties are maintained or enhanced and even the stability /durability seems
upheld. These include increase in surface roughness [10,13,14,17,22,23], as well as defect/void
formation [8,11,14,17,19]. The increased surface roughness leads to an enlarged active surface area
which can promote the hydrogen flux through the membrane given that surface phenomena are
transport limiting. Furthermore, surface roughening is associated with grain growth in the membrane
bulk [10,13,14,17,19]. As there is no clear agreement on whether larger grains inhibit [24-26] or
enhance [27,28] hydrogen flux, it is not possible to irrefutably attribute hydrogen flux enhancement
to formation of larger grains. Recently we established, however, a possible correlation between the
solubility of hydrogen and the average grain boundary density in sputtered membranes, rendering
the diffusivity practically unaffected as long as the hydrogen transport was controlled by bulk
diffusion [29]. On the other hand, Zhang and co-workers [17] reported an increase in the hydrogen
sorption kinetics that was attributed to higher hydrogen diffusivity for a 25 um cold-rolled Pd-Ag
25 wt.% membrane after heat treatment in air at 300 °C for 1 day.

Another hypothesis is related to surface segregation of Pd as a result of the heat treatment in
air, since H, dissociates over and binds to Pd but not to Ag. It is well established that Ag segregates
to the membrane surface of ideal Pd-Ag alloys in absence of adsorbates; i.e., under vacuum or inert
gas conditions, while a reverse segregation of Pd is induced after exposure of Pd-Ag surfaces to
hydrogen and several other chemisorbing species [30-32]. The thermal treatment in air has been found
to yield formation of a ~2 nm thick PdO layer [13] on the Pd-Ag surface and to an enrichment of Pd
that can be involved in the enhancement of hydrogen flux through Pd-Ag membranes [13,15,16,32].
Segregation and rearrangement of the outmost atomic layers could also be linked, in the sense that this
could affect in particular the transfer of hydrogen from the surface to the bulk or vice versa; processes
that are particularly difficult to study experimentally.

In this work, a new approach to the heat treatment in air procedure has been applied in order to
further investigate its effect on hydrogen transport properties in Pd-Ag membranes. The procedure
was performed so that each side of the membranes was consecutively exposed to ambient air in
order to probe the individual surface responses, which to our knowledge have not been previously
addressed in the literature. A final HTA applied to both sides together was also performed in order
to establish if additional effects exist. Different membrane thicknesses have been included to the
investigation, as well as measurements of hydrogen solubility before and after heat treatment, to better
understand the transport mechanisms involved. The membranes were characterized using atomic
force microscopy (AFM) for as-grown membranes, hydrogen-stabilized, and heat-treated in air (with
subsequent hydrogen stabilization), to monitor changes in surface topography.

2. Materials and Methods

2.1. Membrane Preparation

Pd77%Ag23% thin, self-supported membranes were produced by SINTEF using a unique two-step
magneton sputtering technique onto silicon single crystal substrates [33,34]. Pd-Ag films with
thicknesses of 2.2, 4.7, 6.9, 8.5, and 11.2 um were studied. The membrane thickness was determined
using white light interferometry. In this work, the membranes analyzed have been categorized as
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follows: ‘as-grown’ refers to Pd77%Ag23% thin film samples just pulled-off from the silicon substrate;
‘hydrogen-stabilized” refers to membranes exposed to hydrogen permeation measurements only;
‘air-treated” corresponds to membranes that have been heat-treated in air (HTA) and subsequently
stabilized under hydrogen according to the procedures described below. The ‘growth/feed side” of the
membranes is the side growing during the magneton sputtering deposition and was always exposed
to the feed gas during permeation experiments. The ‘substrate/permeate side’ refers to the membrane
side facing the silicon wafer under fabrication, and was always kept to the permeate (low pressure)
side of the membranes during permeation experiments.

2.2. Hydrogen Stabilization/Permeation

The permeation behavior under pure hydrogen (purity 99.999%) through the Pd77%Ag23%
membranes was studied as a function of temperature and pressure with no use of sweep gas.
All membranes were mounted in a microchannel configuration as depicted in Figure 1. The membranes
were placed in between a polished stainless steel feed housing and a polished stainless steel plate.
The feed housing had seven channels for gas flow corresponding to a total active surface area
of 0.91 cm?, in accordance with the permeate side steel plate geometry. On the permeate side,
an open stainless steel housing was sealed to the perforated steel plate by a polished copper gasket.
In conjunction with absence of sweep gas or dilutants, this configuration enables investigation of very
thin membranes in absence of transport limitations from the gas phase (concentration polarization)
or the support [35]. Membrane leakage was checked by using an Agilent 490 Micro-GC (Agilent
Technologies, Santa Clara, CA, USA). No leakage could be detected during any of the permeation
experiments both before and after the three-step heat treatment procedure. Experiments were
performed at selected temperatures of 300, 350, and 400 °C. 300 °C was reached by ramping at
2 °C per minute with nitrogen (purity 99.999%) flushing on the feed side and argon (purity 99.999%)
on the permeate side. After reaching 300 °C, nitrogen and argon were slowly removed from the system
and hydrogen introduced. The permeate side was left at atmospheric pressure while a differential
pressure of maximum 2 bar was applied on the retentate side. The permeate flow was measured by a
bubble flow meter.

Feed I] Retentate
L ———
__Membrane - S~ e —
Perforated plate
Apertures
Sweep Permeate —
gas

Figure 1. Sketch of the microchannel reactor configuration.

2.3. Heat Treatment in Air (HTA)

The three-step heat treatment in air (HTA) procedure was performed between hydrogen
permeation experiments for three selected membrane thicknesses; 2.2, 4.7, and 8.5 um respectively.
The HTA was mainly performed using the following sequence: (i) permeate side, (ii) feed side, (iii) both
sides one more time, with hydrogen permeation experiments between each step. Each HTA step was
carried out at 300 °C for one hour. Before exposing the membranes to ambient air, hydrogen was

53



Membranes 2018, 8, 92

removed from the system by introducing nitrogen on the feed side and argon on the permeate side
for about 15 min. Nitrogen/argon were reintroduced for 15 min at the feed/permeate sides in order
to flush out air. Hydrogen was then introduced again and nitrogen/argon slowly removed. As will
be shown, HTA had the largest effect for the thinnest membranes. Another 2.2 ym membrane was
therefore subjected to an alternative HTA sequence, denoted HTAZ2: (i) feed side, (ii) permeate side,
(iii) both sides one more time, again with hydrogen permeation experiments between each step and
procedures otherwise as described above.

2.4. Hydrogen Solubility

Equilibrium sorption measurements were carried out as described in [29] using an ASAP 2020
chemisorption analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA) for 2.2 ym and
8.5 um as-grown membranes, as well as after heat treatment in air. The heat treatment in air for the
sorption samples was performed in a furnace at 300 °C under ambient air for one hour. Volumetric
sorption was performed with a hydrogen pressure between 0.02 and 90.7 kPa. In every measurement,
a sample mass close to 0.1 grams was used, taking into account also mass loss from degassing of the
sample. The sorption measurements were carried out twice at three different temperatures: 300, 350,
and 400 °C.

2.5. AFM Imaging

The surface topography was investigated by atomic force microscopy (AFM, Bruker, Boston, MA,
USA) using a Multimode AFM instrument with a Veeco Multimode controller. All force spectroscopy
analysis was performed in tapping mode under atmospheric conditions. Surface topography was
investigated for both growth/feed side and substrate/permeate side for all the as-grown membranes,
for hydrogen stabilized membranes and selected membranes after heat treatment in air with subsequent
hydrogen stabilization. At least five surface scans were obtained at different locations for each
sample. The first flattening order, provided by the AFM-instrument software (Nanoscope Software
Version 7.2, by Veeco, Plainview, NY, USA), was performed in order to remove tilt and noise from all
images. Surface roughness was estimated as the root mean square roughness (Rq) from the measured
AFM images.

3. Results and Discussion

3.1. Permeability

Hydrogen permeation through Pd-Ag membranes generally follows the solution-diffusion
mechanism, where Fick’s law of diffusion describes the mass transport

SD
T, = 5 (Pi = p2) = =~ (1 = p2) M

P is the permeability of the membrane, t the thickness, p1 and p; the partial pressure of hydrogen on
the high pressure side and low pressure side of the membrane, respectively, S the solubility, and D the
diffusion coefficient. The n-value is determined by the rate-limiting step of the transport mechanism
as explain further below. The diffusivity can be expressed as

D= Doexp<f%> 2

where D is a pre-exponential factor and E, the activation energy for diffusion.

Hydrogen permeance (P/t, Equation (1)) values, measured at 300 °C for untreated membranes
(not subjected to HTA), are plotted in Figure 2 as a function of inverse thickness. In the calculation
of the permeance, n = 0.5 was applied, which is essentially valid only with bulk diffusion as the
rate-limiting step [36-41]. When the kinetics is bulk-limited, the permeance should be proportional to
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the inverse thickness, leading to a constant value for the permeability (a material property). In thick
Pd-membranes, hydrogen generally forms a dilute solution and the transport is bulk-limited. The full
line (Figure 2) refers to a bulk value of permeability equal to 1.5 x 1078 mol-m-m~2-s~!-Pa=0> that
has been reported for a 100 um thick Pd77%Ag23% membrane at 300 °C [5]. A previous investigation
of pure Pd membranes in the thickness range 10 to 150 um indicated that bulk diffusion was rate
limiting for thicknesses above 20 pm [37]. As the thickness decreases, the transport mechanism may be
controlled by a combination of surface effects and bulk diffusion (0.5 < n < 1) [42,43]. Eventually, surface
phenomena such as adsorption/dissociation and/or association/desorption become completely
rate-limiting, and the pressure exponent approaches unity [36—41]. Figure 2 indicates a bulk limited
transport with permeance values somewhat higher than the bulk literature value for the thicker
membranes (<4.7 um), while the thinnest membranes exhibit permeance values indicative of surface
limitations affecting hydrogen permeation. The thickness at which this transition appears may depend
both on the conditions (T, P, H, feed content) and the material properties as affected by the fabrication
and eventual pre-treatment of the membrane. Several studies report that surface phenomena start to
have an impact from 4-5 um [10,29,40,44].

0.008
®11.2 um
o 08.5um
]
S 0006 1 &6.9um
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Figure 2. Measured hydrogen permeance as function of inverse thickness at 300 °C for membranes not
subjected to HTA. The full line refers to values of permeance reported if bulk is the rate limiting step
(1.5 x 10~8-mol-s~ 1. m~2.Pa—09) [5].

There are some variations in the measured permeance between membranes of the same thickness;
larger for the 2.2 um membrane relative to the 4.7 um and 8.5 um membrane. There could be several
reasons for this variation, including experimental uncertainty. There may be a gradient in membrane
thickness as large as ~10% across the silicon wafer, but we take care to mainly utilize the mid-sections
for permeation experiments to reduce this deviation. Time and contamination during ambient storage
may have an effect, as well as slight stretching of the material under total pressure difference [10].
Such sputtered membranes of similar thickness are, however, not found to exhibit major differences in
microstructure, composition, or surface topography [10,45,46], but a general observation that will be
further discussed below is that this variation between principally equivalent samples is also reduced
by HTA [10].

After stabilization under hydrogen and measurement of the permeance, membranes with
thicknesses of 2.2, 4.7, and 8.5 um were subjected to the three-step HTA procedures as described
above. The results are displayed in Figure 3 and Table 1. Figure 3a shows the hydrogen permeance
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plotted as a function of inverse thickness before HTA as well as after each step in the HTA procedure;
n assumed equal to 0.5 also here. HTA has larger effect as the thickness decreases, with practically
no effect for the 8.5 um thick membrane. Moreover, the permeance increases after each of the first
two HTA steps, i.e., upon oxidation-reduction of each side of the membrane. The first increase
amounts to ~20% (HTA permeate/substrate) while the second (HTA feed/growth) is 60-40% (Table 1),
depending on temperature, for the 2.2 ym membrane. There is no significant change when both
sides are simultaneously exposed one more time to air. Figure 3a also implies that the permeance is
inversely proportional to the membrane thickness after HTA. Hence, the oxidation-reduction cycle
imposed by the HTA procedure apparently shifts the surface transport limitation to lower thickness and
bulk diffusion becomes rate-limiting for the hydrogen transport over the whole thickness range and
experimental conditions investigated. Moreover, the surface limitations appear to impose transport
limitations on both sides initially, which can be lifted stepwise by oxidizing one side at the time.
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Figure 3. Permeance measured at 300 °C for each single step of heat treatment in air; (a) as function of
inverse thickness for the main HTA membrane side sequence with the full line indicating a permeability
of 2.1 x 1078 mol-s~1-m~2-Pa—%3, and (b) as function of the difference in the square root of the
hydrogen partial pressure for the HTA2 membrane side sequence applied to a 2.2 um thick membrane.
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In order to investigate the importance of the order of the heat treatment with respect to
growth/feed or substrate/permeate side of the membrane an experiment in the opposite order (HTA2)
was performed for the 2.2 um thickness as mentioned above. The results are displayed in Figure 3b
and in Table 1. The stepwise increase in permeability is definitely maintained, possibly with some
differences due to the order, i.e., feed or permeate side first. The relative increases are now ~40%
(HTA feed/growth) followed by 70-30% (HTA permeate/substrate) with increasing temperature, to
eventually reach similar permeances values as for the main HTA sequence. Conclusions with respect
to order are, however, complicated by the variation in values obtained for the hydrogen stabilization
as discussed above.

Table 1. Permeability measured at 300 °C after before, between and after each of the three steps in the
main HTA membrane side sequences for the 2.2 pm thick membranes.

Permeability 10% (mol-m-m~2.s~1.Pa—0?)

T(°O Main HTA Sequence HTA2 Sequence
Before Feed Perm Both Before Feed Perm Both
300 1.1 1.3 2.1 2.0 0.9 1.3 22 2.1
350 1.2 1.5 2.3 2.3 1.1 1.6 24 23
400 1.5 1.8 2.5 2.5 1.5 2.1 2.7 2.7

The dissociative adsorption of hydrogen over palladium surface atoms is practically
non-activated [47]. It is thus difficult to ascribe the observed permeation increase on the feed side for either
of the sequences in terms of adsorption properties only. Moreover, the hydrogen-stabilization as well as
the HTA should have promoted Pd termination of the surface over Ag, but (temperature dependent)
coverage effects may complicate the segregation behavior [48]. Nevertheless, the subsurface structure
and elemental distribution may also be affected by the treatment and play a role in the transfer from
the surface to the bulk and may affect both sides.

After exposure to air of both sides of the membranes, the permeability approaches a value
of 21 + 0.1 x 107 8mol-s 1-m2.Pa~0% at 300 °C, as shown by Table 1 as well as the values for
the 4.7 um thickness (not shown). This is comparable to previous values reported in literature for
similar membranes [10], for which the HTA also seems to partially diminish the variations between
samples from different wafers or fabrication batches that is observed during the initial stabilization
under hydrogen. The oxidation-reduction cycle may hence induce a higher degree of structural
and compositional uniformity. The flux increase after HTA of both sides of the thinnest membrane
corresponds to a doubling of the permeability, also in accordance with what has been previously
reported in literature [10,13,14,16], although a comparison of permeabilities based on 1 equal to 0.5
is not valid in the strictest sense. The final permeability value at 300 °C is, however, higher than the
value of 1.5 x 1078-mol-m-m~2-s71-Pa=05 at 300 °C expected for bulk-limited transport reported in
literature [5]. This could be related to differences in grain structure/density [29], grain orientation
(the sputtered PdAg films contain predominantly grains oriented along <111> parallel/normal to the
surface [49]), as well as purity, but requires further investigation.

3.2. Hydrogen Solubility and Diffusivity

In addition to hydrogen permeation experiments before and after the three-step heat treatment
procedure, hydrogen sorption measurements were carried out to investigate possible variation caused
by the HTA. The hydrogen solubility values were obtained before and after heat treatment in air of
both sides simultaneously for 2.2 pm and 8.5 um membranes, and the Sieverts” constants are reported
in Table 2.
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Table 2. Sieverts’ constant measured at different temperature for 2.2 pm and 8.5 um thick membranes
before and after heat treatment in air.

Sieverts’ Constant (umol/g-Pa’®)

Sample Thickness (um)  Temperature (°C)

Before HTA After HTA
300 0.77 0.79
8.5 350 0.53 0.63
400 0.44 0.45
300 0.82 0.81
22 350 0.57 0.60
400 047 0.47

Solubility decreases with increasing temperature, as expected [3,50-54]. Moreover, the solubility
increases as the thickness decreases as we have recently reported [29]. These thickness dependent
changes in solubility were related to differences in the grain structure of the sputtered Pd-Ag films.
After HTA of both sides, the values of Sieverts’ constant remain basically unaffected for 300 and 400 °C.
There is, however, some increase for the values at 350 °C, especially for the 8.5 um. We are unsure
whether this discrepancy can be considered an experimental error, but the data are not sufficient to
conclude on significant HTA-induced changes in solubility. Previous results for a 25 um cold-worked
Pd-Ag25 wt.% indicated no change in hydrogen solubility after heat treatment in air [17,18].

Hydrogen diffusivities calculated based on reaction (1) for the 2.2 um and 8.5 pm thick membranes
before and after HTA are shown in Figure 4 as a function of inverse temperature. Estimated values
for the pre-exponential factor (Dy) and activation energy (E;) using Equation (2) are listed in Table 3.
There are no significant changes found in diffusivity for the 8.5 um membrane as both the permeability
(Table 2) and solubility (Table 3) are constant before and after HTA. The solubility value obtained
after HTA at 350 °C has been omitted from the fit in Figure 4, but the values remain if it is taken
in. The apparent activation energy of 20 k] /mol (before and after HTA) is comparable to results
obtained for Pd-Ag with bulk-limited kinetics. Vo6lkl and Alefeld collected data for the diffusion
coefficient of hydrogen in Pd from 25 authors and estimated a mean value of E; ~22.4 k] /mol and Dy
~2.9 x 1077 m? /s [55]. Moreover, Holleck calculated for a Pd80%Ag20% (0.08-0.20 cm thick) membrane
values of E; of ~22.3 + 0.4 k] /mol and Dy ~(2.33 £ 0.2) x 107 m2/s [56]. This suggests that HTA does
not change the hydrogen transport mechanism for thick sputtered Pd77%Ag23% membranes.
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Figure 4. Arrhenius plot of the diffusivity for 2.2 ym and 8.5 um thick membranes before and after HTA
of both sides for the temperature range 300400 °C. The diffusivity scale is presented in logarithmic
form and the dotted lines are linear fits.
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Table 3. Estimated values of the pre-exponential factor (D) and of the activation energy (E,) for 2.2 pm
and 8.5 um thick membranes before and after the main HTA sequence.

Before HTA After HTA
Sample Thickness (um)
Dy (m?/s) E, (kJ/mol) Dy (m?/s) E, (kJ/mol)
2.2 49 x 1077 29 3.6 x 1077 24
8.5 1.5 x 1077 20 1.7 x 1077 20

In the case of the 2.2 pm thick membrane, the permeability enhancement must be attributed
to an apparent increase in the diffusivity since the solubility seems to remain constant. Both the
pre-exponential factor and the activation energy changes after HTA: E; decreases from 29 k] /mol
before HTA to 24 k] /mol after HTA on both sides, and similar values were obtained for the opposite
order of stepwise air-treatment (HTA2). Since E, exceeds the values reported for thicker membranes in
literature [56], this supports the idea that surface phenomena are rate-limiting before HTA. However,
if the enhanced kinetics of hydrogen transport upon heat treatment in air is associated with a transition
from surface to bulk limited transport, there should be a change in the n-value that essentially
complicates the comparison by fitting. However, comprehensive analysis to extract n-values also
requires a larger pressure range that what could been applied here [11,35]. Nevertheless, the activation
energies associated with (associative) desorption should be generally higher than those for diffusion,
but may depend on the surface composition (Pd/Ag) as well as the coverage as discussed in [29].

3.3. Surface Topography

AFM was used in order analyze how the hydrogen stabilization and HTA procedure affects the
surface topography of the different membranes. Figures 5 and 6 show representative AFM images of
2.2 um and 8.5 um thick as-grown, hydrogen-stabilized, and air-treated membranes. The corresponding
roughness values of all the measured membranes are reported in Table 4. The feed/growth
side of as-grown samples shows an increase in the surface roughness as the thickness increases.
The corresponding permeate/substrate side is very smooth (0.2-0.4 nm) with some variation in surface
roughness between the different samples and thicknesses analyzed. This is in accordance with previous
results for similar, sputtered membranes [10,29], and reflects the nature of the nucleation and growth
phenomena involved during sputtering. A relatively high density of nuclei seem to form on the
substrate, and then growth proceeds by continuing some grains while others are terminated [19].

Table 4. Surface roughness for as-grown membranes, after hydrogen stabilization and HTA with
subsequent hydrogen stabilization obtained from AFM imaging analysis for both the growth/feed
and substrate/permeate side. The analyzed areas are based on (5 x 5) pm? images except for the
substrate/permeate side as-grown membranes where images with an area of (1 x 1) um? are used.

Roughness (nm)

I\T/[l:ix:ll()r:::: As-Grown Hydrogen Stabilization HTA

(um) Growth/ Substrate/ Growth/ Substrate/ Growth/ Substrate/
Feed Permeate Feed Permeate Feed Permeate

2.2 84+03 0.29 + 0.02 13.8+ 0.8 123+ 0.6 203+13 11.6 £ 0.6

4.7 10.7 £ 0.6 0.19 £ 0.01 182 £0.7 50+04 246+ 1.6 9.0+ 0.2

6.9 118+ 1.6 0.38 + 0.04 120+ 0.7 38+06 - -

8.5 102 £ 0.6 0.40 £+ 0.03 240412 1.0 £ 0.07 269 +2.8 143 £0.6

11.2 132423 0.21 £ 0.01 202+15 1.5+03 - -
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Upon hydrogen permeation, the feed side surface roughness is found to increase moderately,
while the effect of Hj stabilization on the permeate side is found to be strongly thickness dependent.
Hydrogen exposure/permeation has already been reported to increase the surface roughness of
1.3 um sputtered Pd-Ag films [10]. For thick membranes (>8.5 um), hydrogen exposure causes only
small changes to the surface structure. The permeate side becomes more roughened as the thickness
decreases and the surface roughness of the 2.2 pm membrane becomes comparable for the two opposite
sides. The reason behind this trend is not known, and it has—to our knowledge—not been reported
before. The thickness dependent surface roughening on the permeate side under hydrogen permeation
may possibly be connected to the fact that thinner membranes experience higher hydrogen flux than
thicker membranes. In general, substantial roughening is associated with grain growth [19,29] and the
higher hydrogen flux should hence facilitate restructuring and grain growth.

Figure 5. AFM images of the 2.2 pm thick membrane for the feed/growth side (left panel) and
permeate/substrate side (right panel) for (a) as-grown; (b) hydrogen stabilized; and (c) HTA-subjected
samples. Image areas: (a) right: 1 x 1 um?; rest: 5 x 5 um?2.
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Figure 6. AFM images of the 8.5 um thick membrane for the feed/growth side (left panel) and
permeated /substrate side (right panel) for (a) as-grown; (b) hydrogen stabilized; and (c) HTA-subjected
samples. Image areas: (a) right and (b) right: 1 x 1 um?2; rest: 5 x 5 um?2.

After the HTA procedure and subsequent hydrogen stabilization the surface topology undergoes
further changes, depending on thickness. For the thickest (8.5 pm) membrane analyzed, the roughness
of the feed side is mainly enhanced upon exposure to hydrogen while the HTA procedure has only
minor effect (Figure 5). The permeate side, on the other hand, is strongly roughened after HTA. The feed
side of the 4.7 pm thick membrane, already roughened during the hydrogen stabilization step, has yet
another increase in roughness once oxidized. A similar behavior is also observed for the permeate side.
Heat treatment in air contributes to a strong additional increase in surface roughness of feed side for
the 2.2 um membrane (Figure 4, Table 2). The permeate side roughness, instead, is enhanced only after
hydrogen exposure to around 12 nm, and no further increase after HTA is observed.

Eventually, upon HTA the roughness values end up in the range of 20-30 nm on the growth/feed
side and 9-15 nm on the substrate /permeate side, irrespective of the thickness dependent differences
existing due to the growth process or developing during H, stabilization only. This is in agreement
with several other investigations [10,13,14,17,22,23], reporting that the heat treatment in air helps the
overall surface roughening process, thus creating new active sites and an increase of surface area.
However, the roughening occurs also during hydrogen permeation—in particular for the thinner
membranes—without observing an associated strong increase in flux. The permeation enhancement
effect of the heat treatment in air can therefore not be fully attributed to an increase in surface
area [14,19,57].
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4. Conclusions

A three-step heat treatment in air has been performed on sputtered Pd77%Ag23% membranes
with thickness ranging from 2.2 um to 8.5 um. The HTA is found to increase hydrogen permeability
after each of the steps and to have a larger effect as the membrane thickness decreases. Air oxidation
has no apparent effect on the hydrogen solubility, implying that enhancement in permeability may be
related to an increase in diffusivity for thinner membranes (<5 um). The data also suggest that bulk
diffusion is the rate-limiting step for transport after HTA for all membranes, while surface phenomena
are rate-limiting for thinner membranes prior thermal air treatment. Moreover, AFM studies reveal that
the HTA increases the surface roughness of the membranes. However, significant surface roughening
is already experienced upon stabilization under hydrogen, in particular for the thinner membranes,
indicating that increase in permeability is not only attributable to increased surface area.
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Abstract: Dense metal membranes that are based on palladium (Pd) are promising for hydrogen
separation and production due to their high selectivity and permeability. Optimization of alloy
composition has normally focused on bulk properties, but there is growing evidence that grain
boundaries (GBs) play a crucial role in the overall performance of membranes. The present study
provides parameters and analyses of GBs in the ternary Pd-Ag-Cu system, based on first-principles
electronic structure calculations. The segregation tendency of Cu, Ag, and vacancies towards
12 different coherent ) GBs in Pd was quantified using three different procedures for relaxation of
supercell lattice constants, representing the outer bounds of infinitely elastic and stiff lattice around
the GBs. This demonstrated a clear linear correlation between the excess volume and the GB energy
when volume relaxation was allowed for. The point defects were attracted by most of the GBs that
were investigated. Realistic atomic-scale models of binary Pd-Cu and ternary Pd-Cu-Ag alloys were
created for the ) 5(210) boundary, in which the strong GB segregation tendency was affirmed. This is
a starting point for more targeted engineering of alloys and grain structure in dense metal membranes
and related systems.

Keywords: membrane; hydrogen; palladium alloy; grain boundary

1. Introduction

Cost-effective production of ultra-pure hydrogen can facilitate the widespread implementation
of fuel cells and is one of the remaining bottlenecks before hydrogen can be introduced as an energy
carrier on a large scale [1]. Dense metal membranes with high hydrogen permeance and selectivity
have been identified as a promising enabling technology for efficiency improvement and cost reduction
of hydrogen production. In particular, Pd-based hydrogen separation membranes are known to have
100% selectivity and high permeability, and thus allow for direct production of high purity hydrogen
for use in fuel cells [2-5]. Combining these membranes with appropriate catalysts in membrane
reactors to produce hydrogen from different sources has been described in numerous studies [1,6-8].

It appears that the potential of binary Pd-based membranes has been exhausted in the literature,
and several groups have recently started working on ternary compounds as the next generation
membrane material [9-20]. This has many possible benefits: the surface can be engineered to enhance
the tolerance to impurity gases [13], the permeability can be optimized beyond what is possible with
binary alloys [14], and the mechanical strength can be increased (e.g., if the self-diffusion is hindered or
the morphology is changed) [2]. There is also potentially a cost reduction that is involved if expensive
elements are replaced with cheaper ones [21]. The challenge with this approach is that ternary
compounds are difficult to engineer when using plating, rolling, etc. as processing techniques [14].
One solution is to use a non-equilibrium process like magnetron sputtering to synthesize the active
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membrane material, which gives higher control of the material composition as well as the possibility
of generating very thin membranes [14,22,23].

First-principles modelling has been demonstrated to be a powerful tool in the development
of membrane materials [24]; as an example, density functional theory (DFT) has been used to
systematically screen for novel binary intermetallic systems for hydrogen separation membranes [25].
A few studies have also investigated ternary alloys for membranes. The H, permeability of the
CuPd;_, M, system was studied by Sholl et al. [26,27] and Gao et al. [21], Pd-Ag-Cu by Ling et al. [17],
while Lovvik et al. investigated sulfur adsorption on alloys in the Pd;_, AgM,, system [28].

Structural defects can play an important role in the kinetics of hydrogen in metals. It is well-known
that hydrogen can segregate towards GBs in pure metals [29,30] and the local composition at GBs
is thus of large interest for hydrogen permeation through dense metal membranes. Several DFT
studies have investigated GB segregation in metals, e.g., in Ni [31], Ti [32], and Fe [33]. Other studies
have focused on studying GB energies in alloys, e.g., in NiTi [34], Ti-Mo and Ti-V alloys [35], and
in the ternary Ni;MnGa [36], and Ni-Al-Co systems [37]. Some studies have also investigated GB
segregation in alloys, e.g., in Cu-Ag [38], various binary V alloys [39], and in the ternary Mg-Zn-Y [40]
and FeCrNi [41] alloys. We are, however, not aware of any previous studies on GB segregation in Pd
alloys that are based on first-principles calculations.

This work has investigated the effect of GBs on the distribution of elements in binary and ternary
Pd alloys. This was done by studying increasingly complicated models, reflected by the structure of
this paper. Initially, the properties of 12 different coherent } GBs of pure fcc Pd will be presented.
The emphasis is on properties that are relevant for segregation of defects, like the excess volume and
bond range. A systematic investigation of the segregation tendency of three different defects in pure Pd
will then be presented: single Ag and Cu solutes, as well as vacancies. This gives a general knowledge
of defect segregation in the dilute limit and is potentially relevant for all alloys in the Pd-Ag-Cu alloy
system. However, real Pd alloys display concentrations of e.g., Ag and Cu far beyond the dilute
limit, so these results are not necessarily valid in realistic alloy systems. In order to corroborate this,
the segregation tendency of Cu in a Pd-Cu alloy with 20-25% Cu is presented next. This Cu level was
selected for the following reasons: Pd-Cu alloys have excellent sulfur tolerance [14], but exhibit rather
low hydrogen permeability, except around the composition Pdg ¢Cug 4, where the crystal structure is
bee [12]. However, the bee area at Pdg ¢Cug 4 is very narrow and difficult to obtain during preparation;
the present study has therefore focused on the composition around PdggCug, which has a good
trade-off between sulfur tolerance and permeability. The last part investigates whether the segregation
trends in the binary alloy systems hold when moving to ternary alloys. It is also focused on the region
around Pd gCug,, with Ag replacing Pd.

2. Methodology

The calculations made use of the Vienna ab initio simulation package (VASP) [42,43], employing
plane-wave basis functions with the projector augmented wave method [44] and the density functional
theory (DFT) at the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) level [45].
The self-consistency requirement was changes in the total electronic energy less than 107> eV.
The force relaxation criterion was 0.01 eV/A, using the RMM-DIIS quasi-Newton method. Choosing
a plane-wave cut-off energy of 500 eV and a k-point density of at least four points per A~! gave a
numerical precision of better than 1 meV for relative total electronic energies. The GB models have
been implemented in the supercell scheme, and the various supercells used are shown in Figure 1.

Three different schemes were employed as volume relaxation techniques (VRT): no relaxation,
full relaxation of all cell parameters (including both cell size and shape), and only the relaxation of
the cell length perpendicular to the GB plane (x). The atomic positions were relaxed in all the cases.
Even if the present models do not physically resemble grains in a real material (the “grains” are sheets
with infinite extension perpendicular to x), we can still learn about real materials by assessing how
the different VRTs correspond to limiting cases of large or small domains in different directions. With
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this approach, the situation when only x is allowed to relax corresponds to the kind of relaxation that
would find place for infinitely large grains, i.e., one single GB. With only one semi-infinite GB, the x
direction will be fully relaxed, while the infinitely large lattice perpendicular to the GB is equivalent
to an infinitely stiff lattice in the other directions. The relaxation along very large grains should thus
be well represented by that found in our models when only x is allowed to relax. This option is not
normally available in VASP but has been facilitated in a local version of the code. The relaxation
procedures when either all or none lattice parameters are allowed to relax do not correspond directly
to any physical distribution of GB in a real material. However, the two methods represent the outer
limits of the kind of relaxation that would take place in a material with very small grains. In this case,
relaxation perpendicular to any GB (corresponding to x in our models) will be countered by nearby
GBs with other orientations. Similarly, relaxation along GBs will be partially allowed due to the finite
size of the GB and the short distance to neighbor grains in all directions. Thus, the relaxation taking
place in a material with very small grains should be in between the relaxation that is found when
keeping the lattice fixed and when it is fully relaxed. We will in the following present results for all
VRTs, hence describing relaxation effects that are likely to be seen in materials with large and small
grain size.

3. Results

3.1. Structure and Stability of Pure Pd GB Models

Initially, the structure and stability of pure Pd GB models are investigated. The 12 different GBs
investigated in this work are listed in Table 1. They are based on the coincidence site lattice model [46]
and constitute all coherent tilt GBs with ) up to 13, thus exhibiting a quite wide range of deviations
from the pure crystal. They have been represented by periodic atomistic models, as shown in Figure 1,
where pure Pd models without point defects are displayed. These models range between 44 and
100 atoms (see Table 1), and their size in the x direction is between 13 A (¥5(310)) and 40 A (¥,13(510)).
Each model has two cancelling GBs: One at the unit cell boundary and one in the middle, identified by
the dotted, red lines. The relatively large variation in size is partially due to symmetry (the models
are often based on the smallest possible supercells with two such cancelling GBs) and the differing
interaction range between various GBs—complex GBs typically display strain fields with larger range
than simple ones.

Some inherent and calculated properties of the GB models are listed in Table 1. The excess volume
per interface area Vy is defined as the difference between the DFT relaxed unit cell volume and the
corresponding volume of Pd atoms in the bulk, divided by the cross-section area A of the GB plane
(perpendicular to x). The unit of Vi is length and it can naively be interpreted as the accumulated
extension of the lattice in the x direction due to the GB (when divided by 2, since there are two GBs per
unit cell). The GB energy is defined as

v = (E(GB) — NggE(bulk)) /2A (1)

where the total energy E of the GB and of the bulk is that calculated by DFT, Ngp is the number of
atoms in the GB model, and the factor 2 is due to the presence of two GBs in each unit cell. The bond
range Ary, is the difference between the longest and shortest relaxed bond within the first coordination
sphere of the atoms in each model. It is centered around the DFT equilibrium Pd-Pd distance of
2.80 A with the shortest recorded relaxed bond distance being 2.43 A and the longest one 3.46 A; this
gives Ar, up to 1.04 A, which is seen for the Y -5(210) model. The distinction between the coordination
spheres gets unclear for some of the models, and we have used a cut-off of 3.5 A on the far side of
this definition, which typically is a minimum between the first and second coordination spheres in
these systems.

We first note that Vy depends strongly on the VRT. This is not surprising, since the calculations
with no volume relaxation are at the mercy of the initial model. When the unit cell is allowed to
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relax partially (only x) or fully, the spread in V is smaller and the values of each model is consistent
between the two procedures allowing for relaxation. Vx is consistently smaller in the case of full
relaxation, since a part of the volume expansion then is obtained within the GB plane. Keeping in
mind that the only x relaxation corresponds to large grains while the relaxation of samples with small
grains should be in between that of full relaxation and no relaxation, it appears that Vyx should be
quite similar in magnitude, regardless of the typical grain size; the only x value is usually between the
two others. The values vary between that of the Y 3(111) model (0.01-0.06 A) and the Y"7(415) model
(0.70-0.90 A). These numbers may not be fully converged due to the limited size of the unit cells but
are clear indicators of the deviation from perfect stacking. The former model can be viewed merely
as a stacking fault, while the latter has quite large deviations from the perfect structure along the GB
(see Figure 1).
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Figure 1. The different periodic grain boundary (GB) models included in this study. The dotted,
red lines distinguish the GB planes. Unit cells are outlined with black lines, and the x direction is
marked by the arrow. xgy, is defined as the horizontal distance from the GB planes. The supercell size
perpendicular to the figure plane (the z direction) is listed in Table 1. The atomic positions plotted in
Figure 3 have been shown as green dots connected by a solid line for the Y 3(112) model.

The same pattern is found when studying the GB energy 1; there is a clear correlation between
Vx and 7 for the volume relaxed models, while the same is not the case when the unit cell was not
relaxed. This correspondence is plotted in Figure 2a, showing that a very clear linear relation between
Vx and 7 is obtained. The fit gives the empirical relation y = 1.55 Vx and v = 1.19 Vx for full and
only x relaxation, correspondingly. The R? value is 0.97 and 0.93 for the two fits. This indicates that the
volume misfit is an excellent predictor for the GB energy in the case of coherent defect-free GBs, which
can potentially be used in experimental studies where Vx may be easier to measure than . A similar
correlation has been found previously for other materials, e.g., Ni [47].
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Table 1. The various grain boundary (GB) models investigated in this study, along with the number
of atoms in their unit cells, the supercell size in the z direction [, (perpendicular to the figure plane
in Figure 1), their excess volume divided by area VY, the calculated GB energy Egg, and the range of
bond distances Ar;, within the first coordination shell. All results are for pure Pd GBs. Three volume
relaxation techniques (VRT) were used: no relaxation of the unit cell, only relaxation of the x lattice
constant (see Figure 1 for a definition of the x direction), and full relaxation of all cell parameters.

GB #of LA Excess Volume/Area (A) GB Energy (J/m?) Bond Range (A)
Model Atoms =(3) NoRelax Onlyx FullRelax NoRelax Onlyx FullRelax NoRelax Onlyx  Full Relax
¥3(111) 48 137 0.00 0.06 0.01 0.05 0.05 0.05 0.01 0.01 0.02
Y.3(112) 44 194 1.61 0.48 0.38 0.99 0.67 0.67 0.69 0.75 0.75
3°5(210) 80 17.7 0.00 0.82 0.60 111 0.93 0.91 1.04 0.48 0.48
Y°5(310) 72 125 125 0.71 0.57 1.01 0.89 0.89 0.72 0.92 0.71
Y.7(123) 78 14.8 1.06 0.81 0.63 0.98 0.96 0.94 0.80 0.78 0.82
¥.7(415) 80 25.6 122 0.90 0.70 1.05 1.03 1.02 0.82 0.77 0.79
¥9(122) 68 23.7 132 0.76 0.55 0.90 0.81 0.81 0.72 0.69 0.71
Y. 9(411) 64 16.8 1.86 0.55 0.46 1.20 0.76 0.76 0.71 0.59 0.59
Y.11(113) 88 26.2 0.00 0.35 0.19 0.32 0.30 0.27 0.26 0.24 0.22
¥ 11(233) 80 18.6 1.69 0.72 0.28 1.07 0.82 0.53 0.64 0.86 042
¥.13(320) 100 28.5 110 0.61 0.45 0.80 0.75 0.74 0.62 0.57 0.57
¥.13(510) 100 40.3 155 0.74 0.60 1.04 1.00 0.96 0.80 0.79 0.79
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Figure 2. Relations between the excess volume per interface area Vx and the GB energy Egg (a) or
the bond range Ary, (b) for the interface models listed in Table 1. The three VRTs are marked by open
diamonds (no relaxation of the unit cell size), striped squares (only relaxation of the x axis), and filled
circles (full relaxation of all degrees of freedom). Linear fits to the two latter techniques are shown as
dashed and solid lines.

The bond range Ar, is also following the excess volume and GB energy quite closely, if not as
clearly as is the case between y and Vy (Figure 2b). Nevertheless, there is a clear correlation between
Vx and Ar,—not surprising, since both parameters are a measure of the deviation from the perfect
bulk crystal structure. It is perhaps more surprising that Ar;, is lower when no volume relaxation

69



Membranes 2018, 8, 81

is allowed than in the relaxed case, as is seen e.g., for the y_3(112) model. This can be explained
from the larger freedom of the volume relaxed models to accommodate strain by changing the local
coordination within some of the models. Despite the spread in bond range and accompanying variation
of coordination number (number of nearest neighbors) in the near vicinity of the GBs, all of the models
display local atomic structures very close to fcc in between the GB regions. This ensures that close to
bulk behavior can be found furthest away from the GBs in the models.

3.2. Segregation of Single Point Defects

The distribution of defects in the vicinity of GBs is determined by their relative energy at different
positions and kinetics. We have only focused on energy in this work, since this is the most relevant
in systems being allowed to equilibrate (which is the case in most membrane systems.) We have
investigated three different defects with particular relevance for Pd membranes: substitutional Ag
(Agpg) and Cu (Cupg), as well as vacancies (Vpg). This was done with the three different VRTs
described above. The energy of each vacancy was calculated at various sites with increasing distance
from the GB; an example of this is shown with the green curve for the ¥ 3(112) model in Figure 1.
All the sites with unique x coordinates, from the GB to the midpoint between neighbor GBs were
included (recall that cancelling GBs are present both at the unit size boundaries and at the red, dashed
line.) The energy at the GB (x = 0) was used as the reference state, and the relative energy Eg, between
that of the impurity located at x = xg, and x = 0 was calculated for all 12 models. This is plotted in
Figure 3 in the case of Cupy defects with relaxation only along the x direction. Since the number of
unique sites in the x direction differs between the various models, this is also the case with the number
of plot points in Figure 3. The same applies to the distance between neighbor GBs, which is why the
extension of the various curves varies in Figure 3. Similar plots to the one shown in Figure 3 have been
generated for the three different VRT using three different defects (Cu impurities, Ag impurities, and
vacancies); in total, nine plots. For simplicity the only relax x with Cu impurities is the only series of
plots shown here.

In order to quantify the tendency to segregate towards or away from the GB the segregation
energy of a specific defect has been defined as follows. The lowest total energy (as calculated by DFT)
of the defect among the three sites nearest the GB is taken as “the” energy at the GB, Egg(def). This
is compared to the average value of the three energies at the farthest distances away from the GB,
defined as the “bulk” value Ep i (def). The segregation energy of the defect is then defined as

Esegr(def) = Egp(def) — Epy(def) 2

An example is shown in Figure 3: the three values with highest xg, (fittec} with a black, dotted
line) are used to calculate Epx (Cupy) for ) 13(510), and the point at Xgp A 1A (defining the lower
black, dotted line) gives EGg(Cupq). The resulting segregation energy of this example (marked with
black arrows in the figure) is Esegr(Cupg) = —0.20 eV.

The model size should ideally be large enough for the energy to converge for large values of
Xgp- This can be seen for some of the models in Figure 3, but not all. Computational cost restricted
the use of larger unit cells to achieve better convergence with respect to unit cell size. Nevertheless,
some of the models exhibit excellent convergence as the xg;, increases. The }713(510) model is one
example, where the energy does not change more than 0.03 eV when xg, increases from 5 to 10 A at
16 different sites, and the difference between the three sites with largest x, is less than 1 meV. Other
models fluctuate more, but most of them exhibit a clear trend when Xgb increases. In some cases, there
is no well-defined “bulk” energy; as an example, the energy of the }_3(112) model varies significantly.
This may be due to problems that are connected with the relatively small unit cells employed, and we
have therefore in the following disregarded models where the average deviation from Ey,y is larger
than 0.03 eV. Larger deviations than this are designating models with severe relaxation effects that are
deemed as unphysical.

70



Membranes 2018, 8, 81

0.3 —=33(111)
0.2 4 —-33(112)

s 0.1 4 ——135(210)
T 00 -0-35(310)

> —
g-0-1 -0-37(123)
§02 ——37(415)
2-03 ---39(122)
§ 041 \\/ SN/ N S e g | zeen)
05 Ecogr | ——X11(113)
-0.6 1 Y -=-311(233)
'07 T i § T T 213(320)

0.0 20 40 6.0 8.0 10.0

£13(510)

Xgg (A)

Figure 3. The relative energy Eg, in eV of a single Cu impurity Cupy as a function of the distance x,
to the plane of the }_ boundary. The volume relaxation scheme was only relaxation of the x direction.
Lines are drawn as guide to the eye. The segregation energy Eseg is taken as the difference between
the average energy of the three sites furthest away from the GB and the lowest energy among the three
nearest sites. The extension of a curve along the xgp axis corresponds to half the size of the unit cell in
the x direction. See the text for details.

The segregation energy was used to characterize the behavior of the three defects Cupg, Vpg,
and Agpy for all three VRTs and all 12 GB models; this has been compiled in Figure 4. A number
of models displayed unphysical relaxations, and their Egegr values have not been included in the
figure. This leaves part of the figure without data, but enough results were generated to draw some
general conclusions. The most striking feature of Figure 4 is that almost all the segregation energies are
negative, which indicates a tendency for all three defects to segregate towards the GB. The only small
exceptions are for models where no volume relaxation was allowed, indicating that such relaxation is
necessary in order to accommodate the defects at these specific GBs. The }_3(111) twin boundary is
special; since the GB is merely a stacking fault, there is nothing to gain from moving a point defect
towards or away from the GB. Eseg, is thus very close to zero for all defects and VRTs for }-3(111).
All other GBs exhibit significant values of Esegr for some or all defects and VRTs. The Cupq defect gives
the smallest absolute values of Esegy for most systems, indicating that the segregation tendency of Cu
towards GBs in Pd is, in general, lower than that of Ag or vacancies.

Based on the computed segregation energies the equilibrium concentration at the GB of a point
defect cqef at a given temperature T can be found from the following equation [48]:

0

Cdef = o “def , ®3)
Caef T (1- cdef) exp (Esegr/kBT)

where cg of 18 the overall (“bulk”) equilibrium defect concentration, and kg is Boltzmann’s number. This
formula assumes negligible interaction between solutes and thermodynamic equilibrium; we shall
see later in this paper that the higher concentration of solutes may actually increase the anticipated
equilibrium concentration in many cases. The resulting concentration has been shown in Figure 5 for
the Vpg, Cupg, and Agpy defects in Pd at T = 600 K, which is a relevant temperature for hydrogen
separation membranes. The behavior is quite similar at higher temperatures (not shown), only with
defect concentrations slightly closer to the bulk one (selected here to be 0.02). The negative segregation
energies are reflected in defect concentrations significantly higher than cgef in most of the cases.
In the example in Figure 3 (}:3(510)), this means that the site at layer 2 (directly next to the GB) has
approximately 50% occupancy by the Cu solutes.
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Figure 5. The defect concentration of point defects at the ) GBs listed in Table 1 and depicted in
Figure 1 at T = 600 K. It is shown for the defects Cupq (red circles), Agpg (blue squares), and Vpq
(black triangles), using three VRTs: full volume relaxation (filled symbols), relaxation along the x
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The variation of the defect concentration with temperature has been depicted for the Y 11(113) GB
in Figure 6. The concentrations approach the equilibrium bulk concentration of 0.02 (black, long-dashed
line) as the temperature increases. The Cu impurity does not show a strong segregation tendency.
In the case of only x relaxation (which corresponds to large grains) there is a weak segregation of Cu
towards the GB. When no relaxation is allowed, however, there is a similarly weak segregation of Cu
away from the GB. Since the situation with small grains corresponds to an interpolation between no
relaxation and full relaxation, we conclude that Cu may be weakly segregated away from the GB in
this case. Ag is, on the other hand, quite strongly segregated towards the GB and there is virtually
no difference between large (only x) and small (between no relaxation and full relaxation) grains.
Vacancies are also strongly attracted to the GB, and the difference between materials with large and
small grain size should be quite small—interpolated values between the curves based on no relaxation
and full relaxation are likely to be very similar to the values of the curve based on only x relaxed. We
can deduce the temperature dependence of the other GBs in Figure 5 from the behavior of the curves

in Figure 6, since the segregation energy is the only parameter that determines the defect concentration
in Equation (3).

1

L, $11(113)

----- Cu no relaxation
- - Cuonlyx

—Cu full relaxation

----- Ag no relaxation

- - Agonly x
0.01 e — g il relaxation
------------------ Vac no relaxation

Defect concentration @ GB

- - Vaconly x

—Vac full relaxation

0.001 T T  § T T
300 400 500 600 700 800 900
Temperature (K)

Figure 6. The defect concentration of point defects at the }~11(113) GB as a function of temperature.
The bulk equilibrium concentration (0.02) is shown as a black, long-dashed line.

3.3. Binary Systems with More Than One Impurity Atom

Even if there is a clear tendency of segregation of impurities towards the GB in many GB models,
it is unclear from the above whether more than one atom can be attracted to the GBs simultaneously.
Repulsive interactions between point defects may lead to lower concentrations than that predicted
in Figure 5. This was therefore investigated in more detail for Cu in Pd within a } '5(210) GB model,
as shown in Figure 7. The ) 5(210) GB was selected as a typical representative of the coherent GBs
investigated in this study; it has a characteristic GB energy (~1 V), range of bond lengths Ar;, ~1 A,
as well as segregation energies of Ag (~—0.3 eV) and Cu (~—0.15 eV). This leads to a clear segregation
behavior of solitary solutes with at least 21% (Cu) or 57% (Ag) equilibrium occupancy near the GB at
600 K when the overall concentration is 2%.
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Figure 7. (a) The formation energy Ef,, of binary Pd;_,Cu, alloys with four levels of the Cu
concentration 7 in a }_ 5(210) GB model. The volume of all models is fully relaxed. The solid green
line designating 25% Cu corresponds to the formation energy of perfectly ordered Pd3Cu as shown
in (b). Lines between atoms are rainbow colored according to the relaxed interatomic distance; violet
is shortest (<2.4 A), dark red is longest (>2.9 A), and orange is similar to that of density functional
theory (DFT) relaxed bulk Pd3;Cu (2.7 A). Models with lower Cu content than 25% are generated by
substituting Cu with Pd at various positions in the model, defined by the numbers in (b,c). The energy

is drawn as a function of these positions. See the text for details about the formation energies plotted
in (a).

Since Cu and Ag segregate towards different sites, one can expect the situation of both solutes
segregating simultaneously towards the same GB. To investigate this possibility a periodic GB model
with stoichiometry Pd;Cu was generated as a starting point; a fully relaxed model is shown in Figure 7b.
The bond lengths of the relaxed model are color coded in this figure. The relatively large variation
of bond lengths with both elongated and contracted bonds explain why both large and small atoms
may be attracted to the GB from a geometric point of view; this creates sites where atoms of various
radii could be fitted geometrically. The bond lengths of this particular model vary from 2.31 to 3.29 A,
corresponding to Ar, = 0.98 A. This is significantly larger than Ar;, of the pure Pd Y 5(210) model,
which only displayed bonds between 2.51 and 2.99 A, thus Ar, = 0.48 A (Table 1). This means that the
addition of Cu not only decreases the smallest bond length (which can be expected when a smaller
atom is added), but it also increases the largest one. This reflects a higher flexibility of the lattice when
atoms with more than one size are present.

Models with the Cu content reduced below the starting point of 25% were created by replacing

Cu by Pd in the model in Figure 7b. The stability of these models was assessed by their formation
energy defined as

Eform(Pdencun) = Etot(Pdencun) - (N - n)Eto’t(Pd) - nEtot(Cu)r 4)

where Ejot is the total electronic energy as calculated by DFT, N is the number of atoms in the GB model
(listed in Table 1), and 7 is the number of Pd atoms being substituted by Cu. The reference energy of Pd
and Cu is that of their standard state, fcc bulk. Due to the difference in standard state energy between
Pd and Cu, increasing the Pd content typically increases the formation energy (it appears less stable).
The Cu content is reduced to 23.75% when one Cu atom is replaced, and the most stable configuration
of this model is with extra Pd placed at position 1 or 11 (Figure 7a, dashed blue curve with diamonds),
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i.e., at the very center of the GB. The models with less Cu also exhibit the most stable configuration
when excess Pd is placed at position 1 or 11. As an example, the most stable configuration of the
22.5% Cu model is with extra Pd placed at position 1 and 11 (dashed red curve with empty squares).
The latter configuration is used as the starting point for the 20% model, which displays the most stable
configuration with an extra Pd placed at position 3 or 9. A number of models with 20% Cu and Pd
placed according to this insight were then constructed. The most stable of those is shown in Figure 7c,
where all of the Cu atoms were moved to positions 2 and 10, corresponding to E¢y.y = 1.9 eV. This is
marked by the arrow at position 3 in (a). In conclusion, there is a very strong thermodynamic driving
force for segregation of Cu towards the coherent ) 5(210) GB. From these results, it can be expected
that all “small” sites (with short interatomic distances to the neighbor sites) close to this boundary are
occupied by Cu. This can be quantified by Ar,, which indirectly indicates the size of the smallest sites.
From Table 1, it is evident that small sites exist in all of the models of this study (except the } 3(111)
twin boundary), and in many cases to a larger degree than in the }"5(210) model. We can thus expect
that the segregation trend of Cu is global, and that these results can be transferred to almost all GBs.

3.4. Segregation in Ternary Pd-Cu-Ag Alloys

The results of the above studies clearly show that there is a strong segregation of various point
defects towards most GBs, and that this is valid even for a large density of solutes. However, it is
not clear how different solutes interact with each other. From the size of defects as compared to the
available sites near the GB (the “size effect”), one could expect that many GBs display a combined
segregation of “small” and “large” defects (smaller and larger than the host atoms, respectively).
We used a selection of Pd-Cu-Ag alloys with the composition Pdyg_sCug2Ag; to investigate this
hypothesis, again using the ) 5(210) GB as a representative model GB. The most stable models from
Figure 7 were used as starting point, substituting Pd with Ag at various sites and concentrations.

The formation energy Ef,m, of a Pd-Cu-Ag alloy is defined as similar to that of Pd-Cu in
Equation (4):

Eform(PdN—n—mcunAgm) = Etot(PdN—n—mcunAgm) - (N —n- m)EtOt(Pd> - (”)Etot(cu) - (m)EtOt(Ag)' (5)

Here, m is the number of Pd atoms that have been substituted by Ag, and the reference energy of
Ag is that of the standard state, fcc bulk. This definition means that a negative Ej,, indicates a stable
compound compared to the pure metals.

The formation energy is plotted for different models with Ag substituted for Pd or Cu as a
function of the site (which corresponds to the distance from the GB) in Figure 8. We recognize the
trend from the binary alloy; Ag is most stable at the GB (represented by the positions 1 and 11) in the
model where Pd has replaced Cu at positions 1 and 3. It is also the most stable in the model where
two Cu atoms in addition have been segregated to site 2 and 10, but to a smaller extent. However, in
the most stable situation when all the Cu atoms are moved towards the GB and only populate sites 2
and 10 (corresponding to Figure 7c), the Ag site with lowest energy is not anymore at the GB (position
1 or 11), but rather at sites 3 and 9, which are just outside the Cu sites. This is due to relatively large
local relaxations around the Cu atoms, which reduce the size of the sites at the GB (position 1 and 11).
These sites are thus not significantly smaller than other sites anymore. Adding to this is the reduced
affinity between Ag and Cu when compared to that between Ag and Pd. Since the latter model is the
most stable one, we can expect to find the enrichment of Cu in position 2 and of Ag in position 3 close
to }_5(210) GBs in Pd-Ag-Cu compounds. This is supported by the plot in Figure 8b, demonstrating
that the formation energy decreases as the local Ag concentration increases.
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Figure 8. (a) The formation energy (defined in Equation (5)) of three fully relaxed }5(210) PdgsCuy¢
models with Ag substituted at the sites defined in Figure 7c. One model was created from the periodic
PdgyCuyp model by substituting Pd for Cu at the positions 1, 3, 9, and 11 (blue line with diamonds),
one had in addition moved two Cu atoms to positions 2 and 10 (red line with squares), and one had all
Cu atoms located at positions 2 and 10 (green line with circles). The latter corresponds to the model
shown in Figure 7c. The two most stable models from (a) were used to plot the formation energy as a
function of local Ag concentration 7 in (b); Ag was then placed at position 1 (red circles) and position 3
(blue circles). The most stable model with # = 10% is shown in Figure 9b.
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Figure 9. (a) The excess volume/area of an 80-atom ) 5(210) model (Figure 1) for pure Pd
(dashed-dotted line), Pd3Cu (dashed), PdgyCuyg (dotted), and Pdgy_,,CupgAg, (solid). The local
Ag concentration x corresponds to the concentration very close to the GB and does not necessarily
reflect the overall concentration (it may have segregated towards the GB). The most stable model with
m =10% is shown in (b), and the interatomic distances d are indicated with rainbow colors, starting
from dark red (d > 2.9 A) to violet (d < 2.5 A). The average bond distance in bulk Pd is approximately
274, represented by yellow (2.6 <d <2.7 A)and orange (2.7 <d <28 A) bonds.

How does the addition and segregation of Ag influence the bond distances at and near the }_5(210)
GB? This may be relevant for hydrogen solubility and diffusivity since both depend strongly on the
interatomic distances. Figure 9 presents how this is quantified by the excess volume divided by GB area
in Figure 9a and by actual bond distances in the most stable model with the composition Pd7oCuypAgio
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in Figure 9b. It is evident that an increasing amount of Ag at the GB leads to significantly increased
excess volumes. Since the volumes are divided by the GB area (that of the relaxed unit cell), this
primarily signifies the elongation of the GB unit cell in the x direction. The Pd-Pd-bonds in the near-GB
region are thus clearly larger than those in the bulk Pd, and significantly more so than in the bulk
Pd-Cu alloys, where the overall lattice constants are reduced due to the smaller size of Cu atoms.

4. Discussion

The 12 GB models depicted in Figure 1 are by no means representing all the possible GBs in fcc
Pd, even when being restricted to coherent ones without compensating dislocations or other defects.
The relevance of the present results is thus restricted to a selection of such interfaces, which may not
govern all important properties of these compounds. Nevertheless, we have seen that the selection
of models gives a broad distribution of important parameters, like the interface energy, mismatch
volume, range of bond lengths, etc. This indicates that the present results should be relevant at least
for all coherent GBs in Pd alloys, even those with lower angles than the present ones.

The GBs in this study are all perfectly coherent, which of course is a simplification of the real
situation. Many of the GBs found in real materials are quite complex, featuring all sorts of defects that
to some extent compensate geometric mismatches that are inherent to the perfect GB. Nevertheless,
many of these additional defects can be relatively far apart (e.g., in the case of dislocations), leaving
near-perfect GBs over large areas, as demonstrated by several microscopy studies [49,50]. We therefore
assume that our coherent models may be also relevant for a number of GBs where the lack of coherence
is not too severe. We expect the correspondence to fail when going to truly amorphous GBs.

The results above suggest significant segregation of a variety of point defects towards virtually all
GBs. However, the absolute numbers in Figure 5, summarizing the segregation tendency, should be
applied with some care due to a number of reasons. The limited size of the models means that the
strain originating from the GBs is not converged to zero at any place in the super cell. This challenge
has been accommodated to some extent by using the three different volume relaxation methods—they
represent the outer limits of how the unit cells should realistically be relaxed in the vicinity of GBs,
and the real segregation tendencies should be somewhere between those limits. So even if there is no
true bulk behavior between the GBs in the various models, the local relaxation effects and the resulting
segregation should be correct within the boundaries that are described by the different VRTs.

Another potential source of error in these calculations is the lack of structurally compensating
defects, most notably dislocations. They can accommodate significant parts of local strain and could
as such counter some of the strongest segregation tendencies that were seen in this study. However,
dislocations can attract point defects themselves, so this does not necessarily hinder segregation of
defects, even if the nature of the segregation might be changed.

Another reason to take the absolute numbers of Figure 4 with some care is the rather large
relaxation effects that were seen for some of the models. In some cases, the entire supercell was
restructured, which led to a total energy being reduced by several eV in some of the cases. This
can be understood as the starting point of a full relaxation to the lowest energy structure, which is
the bulk without any GB. We have disregarded the points with largest restructuring effects, but it
was difficult to distinguish between reasonable relaxations and unphysical effects due to the small
size of the supercells; there was a continuous range from virtually no relaxation to almost complete
reorganization of the GB model. We disregarded models where the average deviation from Ej, is
larger than 0.03 eV, but some unphysical results due to limited unit cell size may still remain.

The calculations of the present study have all been performed without any explicit temperature
being included. Temperature was included implicitly through the Arrhenius equation when obtaining
equilibrium defect concentrations in Figure 5, but no other effect of temperature (thermal expansion,
entropy, zero-point energy, phonon-based thermodynamics, etc.) was included. This has the
potential to change the quantitative results significantly, but we expect that the qualitative trends
remain unchanged.
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Many of the same concerns apply when turning to the ternary compositions. We established that
both larger (Ag) and smaller (Cu) atoms are attracted to a GB simultaneously, but the absolute value of
the numbers and the actual sites of attraction may be different in reality than what is reported in this
study. Furthermore, we did not consider simultaneous segregation of vacancies and solutes. With the
knowledge from above, we expect that this is present in most boundaries, since vacancies and solutes
have the ability to occupy different sites around a given GB.

The various sources of potential errors thus add up to a large and unknown uncertainty of the
numbers presented in this study. The remaining main conclusion is unchanged, however: there is a
clear and consistent tendency of many kinds of point defects (small and large substitutes, vacancies) to
segregate towards GBs, due to the variety of local environments that are found there.

Despite the clear trends, it may be challenging to observe the segregation experimentally.
It happens on the scale of single atomic layers, which makes high-resolution transmission electron
microscopy the only viable way of directly probing such segregation. This relies on the ability to
focus the electron beam along the GB plane, since this is where the change in concentration should be
observed. It may also rely on the synthesis and heat treatment of the film; e.g., since sputtering is a
non-equilibrium synthesis process, annealing (or operation under realistic conditions) may be required
for the segregation to appear. Furthermore, Pd-membranes are typically aimed for hydrogen separation
purposes, and the presence of hydrogen may influence the segregation behavior significantly, as has
been seen in the case of segregation towards outer surfaces of similar systems [51].

Three different VRTs were compared for many of the calculations above, representing the
boundaries of the likely volume relaxation regimes in real materials (from relaxation along x signifying
low density of GBs to no relaxation representing very high density of GBs). However, some of the
results indicate that not performing any relaxation of the volume is unreasonable. This is particularly
clearly illustrated in Figure 2, where the linear trend between Vx and <y can only be seen if the partial
or full relaxation of the model is allowed. The conclusion from this observation is that some relaxation
of the volume is required to move away from unreasonable situations arising from the somewhat
arbitrary construction of the GB models. Most of the results in this study that are based on no volume
relaxation should thus be neglected, apart from serving as a far-end borderline of the values.

Which of the VRTs allowing for volume relaxation to choose is less obvious. Both partial (only x)
and full relaxation of the unit cell give results in reasonable correspondence with each other, indicating
that relaxation of the coordinate perpendicular to the GB plane is most important. There are some
differences between the two, depending on the particulars of the GB; most notably, the y~11(233) GB
exhibits large differences between only x and full relaxation, both for V', 7, and Ar, (Table 1). This
reflects that this particular GB displays significant relaxation of the unit cell parameters parallel to the
GB plane when allowed, in contrast to the other GB models. Such relaxation is most reasonable when
the real GB resembles our simulation cell: infinitely long in the directions parallel to the GB plane but
with a short distance between the GBs in the x direction. Partial relaxation (only x) describes situations
where the average bulk lattice constant is maintained in these parallel directions by an infinitely stiff
lattice, i.e., extending far away from the GB.

5. Conclusions

Atomic-scale calculations based on density functional theory were used to investigate various
properties of low-number coherent ) grain boundaries (GBs) in fcc Pd, Pd-Cu, and Pd-Cu-Ag alloys.
Their excess volumes, grain boundary energies, and ranges of bond lengths were computed while
using three different volume relaxation techniques: no relaxation of volume, full relaxation of all
lattice parameters, and partial relaxation of volume only allowing for one lattice constant to change.
A linear correlation between the excess volume and grain boundary energy was found in pure Pd
when partial or full relaxation of the volume was allowed. The tendency to segregate towards the GBs
was assessed for three different point defects: Cupy, Agpq, and Vpy. Virtually all GBs exhibited strong
segregation tendencies for all defects, quantified by the segregation energy and the corresponding
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equilibrium concentration of the defects at or near the GBs. An amplified segregation tendency was
observed when increasing the local solute concentration, indicating that many of these sites might be
nearly fully occupied by substitutional defects. This also demonstrated that the initial study at the
dilute limit is clearly relevant for alloys with higher concentrations of the alloying element. Ternary
Pd-Cu-Ag compounds were finally investigated, and simultaneous segregation of both Cu and Ag
towards the ) 5(210) GB was observed; i.e., the results also hold for more complex alloy systems.
The most stable model furthermore displayed a pronounced increase in the excess volume, indicating
significantly increased local lattice parameters. In summary, this study demonstrates how insight from
first principles calculations can be used to understand the complex behavior of point defects at and
around grain boundaries of metals and alloys.
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Abstract: For H, separation by Pd-based composite membranes, the pore mouth size distribution
of the porous support immediately affects the quality of the deposited layer, including continuity
and defect/pinhole formation. However, there is a lack of convenient and effective methods for
characterization of pore mouth size of porous supports as well as of defect distribution of dense
Pd-based composite membranes. Here we introduce a novel method by modifying conventional
liquid-liquid displacement porometry. When the pore tunnels are filled with Liquid B and the outer
surface is occupied by Liquid A, the reopening of the pore mouth depends on the pressure of Liquid
B and the interfacial tension at the position of the pore mouth, from which the pore mouth size can be
determined according to the Young-Laplace equation. Our experimental tests using this method with
model samples show promising results, which are well supported by those obtained using FESEM
(fild emission scanning electron microscope), AFM (atomic force microscope), and conventional
liquid-liquid displacement porometry. This novel method can provide useful information for not
only surface coatings on porous substrates but also for modification of dense membrane defects; thus,
broad utilizations of this technique can be expected in future study.

Keywords: MLLDP; porous membrane; pore mouth size distribution; dense Pd membrane;
defect distribution

1. Introduction

Membrane technology has been extensively investigated in energy- and environment-related
issues, such as Hj separation, natural gas purification, water treatment, etc. The functional layers of
either inorganic or organic materials are often supported on a porous substrate such as x-alumina,
zeolites, or stainless steel. Within this asymmetric structure, the porous substrate provides mechanical
support and, thus, the thickness of functional layers can be significantly reduced. Conventional
Pd metal tubes have been applied in the semiconductor and electronics industries, but are at least
100 micrometers. By forming a composite membrane on a porous alumina or stainless steel substrate,
the thickness of the palladium layer can be reduced to several micrometers, which greatly lowers the
cost and improves the hydrogen permeability [1,2]. For porous materials used as a membrane substrate,
the size of the pore mouth is more of a concern than that of the pore throat [3], as it immediately
determines the quality of the deposited layer including continuity and defect/pinhole formation [4-9].
For Pd composite membranes, major defects of the porous substrate lead to increased thickness as
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well as crack/pinhole formations [1,10]. On the other hand, the exfoliation of the Pd layer from the
substrate can easily occur at a pore mouth size below ca. 20 nm due to a weak adhesion effect [11].

Currently, there exist several techniques for the determination of the pore size distribution of
porous materials, as elaborated in Table 1, but there is still lack of efficient methods for pore mouth size
characterization. Direct observation methods including SEM [12], FESEM [13], ESEM (enviromental
scanning electron microscope) [14], and AFM [15] can provide general surface information of porous
materials directly, but they are expensive and time consuming. Moreover, they provide only local
information of a specific area (ca. 100 um?) and require broken pieces of membranes.

Table 1. Comparison of existing pore size characterization methods.

Methods Equation Pore Size Information Ref.
SEM - Pore mouth [12]
. AFM - Pore mouth [15]
Direct ESEM - Pore mouth [14]
FESEM - Pore mouth [13]
GAD Kelvin Average [16]
Permporometry Kelvin Pore throat [17]
Nanopermporometry Kelvin Kelvin diameter [18]
Kelvin Average [13]
Indirect Thermoporometry Gibbs-Thompson Average [19]
BPM Young-Laplace Pore throat [20]
MBPM Young-Laplace Pore mouth [3]
LLDP Young-Laplace Pore throat [21]
Mercury intrusion porometry Young-Laplace Pore throat [16]
MLLDP Young-Laplace Pore mouth This work

Recently Krantz et al. [13] reported a detailed description of indirect methods, which can
be separated into three groups, i.e., GAD (gas adsorption/desorption) [22], permporometry [17],
and EP (evapoporometry) [13] based on the Kelvin equation; thermoporometry [19] based on the
Gibbs-Thompson equation; and mercury intrusion porometry [16], BPM (bubble point method) [20],
MBPM (“modified” bubble point method) [3], and LLDP (liquid-liquid displacement porometry) [21]
based on the Young-Laplace equation. GAD, EP, and thermoporometry appear effective for average
pore size measurement. GAD detects not only continuous pores but also dead-end pores. EP is a simple
approach based on gravimetric measurement which does not require any assumed model for the pore
geometry. Permporometry is based on capillary condensation of vapor and the blocking effect of
permeation of a noncondensable gas, which measures pore throat size distribution. Nanopermorometry
was also reported and is a method based on the Kelvin equation to characterize the Kelvin diameter of
porous membranes [18], where the results denote a bimodal membrane structure described by a dense
matrix and highly permeable regions.

Mercury intrusion porosimetry [16] provides pore throat size information, but it detects not only
the continuous pores but also the dead-end pores. BPM [20] and LLDP [21], due to their convenience,
have been widely applied in pore size measurements. These two methods work via a straightforward
mechanism and the pressure required to reopen the pore depends on the capillary force in the pore.
With the increase of pressure, the pores reopen from big to small ones gradually. Usually, the maximum
capillary force throughout the pore is at the pore throat along the pore tunnel, and, thus, these two
methods measure the pore throat size distribution. Huang et al. [3] reported MBPM to determine
the pore mouth size distribution, a method which is modified from conventional BPM. Liquid is
added to the pore mouth while the pore tunnel is purged with gas under pressure, and the closure of
the pore depends on the capillary force at the pore mouth when gradually decreasing the pressure.
However, this method requires relatively high pressures to measure small pore mouth sizes due
to high gas-liquid surface tensions, e.g., 2.9 MPa for a pore size of 0.1 um when using water as
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the impregnating agent. This increases the sealing difficulty and, in addition, the “entrainment
phenomenon” (bubbling of liquid due to high-pressure gas) during experiments leads to large errors
in pore size analysis, especially in case of high gas fluxes.

In this work, we introduce convenient “modified” liquid-liquid displacement porometry (MLLDP)
to measure the pore mouth size. This method can operate under reasonably low pressures for a wide
spectrum of pore sizes due to the relatively lower liquid-liquid interfacial tensions than gas-liquid
surface tensions. In addition, the “entraining phenomenon” can be eliminated in the MLLDP method.
This novel technique is especially suitable for pore mouth size analysis of multichannel membranes due
to the recyclability of the testing liquid. The defect distribution of supported palladium membranes
can also be characterized by this novel method, assuming straight defect pores in the thin dense layer
(Figure 1).

(a) (b)

Figure 1. (a) Schematic of a pore tunnel. 1, pore mouth; 2, pore throat; (b) Schematic of dense
membrane defects.

Figure 2 shows a comparison between conventional and “modified” liquid-liquid displacement
porometry. In conventional liquid-liquid displacement porometry, the pore tunnels of porous samples
are first filled with Liquid A, and then purged with immiscible Liquid B. With the increase of pressure,
Liquid B is gradually pushed outwards until the liquid-liquid interface reaches the pore throat.
Once the pressure is high enough to overcome the interfacial tension of the liquid at the pore throat,
the pore tunnel would be reopened.

222

Conventional liquid displacement method

AN

Figure 2. Schematic of the conventional and “modified” liquid-liquid displacement methods (Liquid

A in blue, Liquid B in green).
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In “modified” liquid-liquid displacement porometry, however, the pore tunnels are first filled
with Liquid B and then the outer surface is occupied by Liquid A. Therefore, the liquid-liquid interface
appears at the pore mouth instead of the pore throat. Once the pressure of Liquid B is high enough to
overcome the interfacial tension at the pore mouth, the pore would be reopened. It should be noted
that the measurement errors in conventional liquid-liquid displacement porometry (LLDP) due to
resistance in the sublayer [21] do not apply to this “modified” liquid-liquid displacement porometry
(MLLDP). According to the Young-Laplace equation, due to lower liquid-liquid interfacial tensions
used in the MLLDP method, it is possible to measure relatively small pores with reasonably low
pressure which does not damage the porous material. In addition, the low-pressure operation relaxes
the requirements for equipment sealing.

2. Methods, Materials, and Apparatus

2.1. “"Modified” Liquid—Liquid Displacement Porometry (MLLDP)

MLLDP is an indirect method based on the Young-Laplace equation, and the pore diameter can
be calculated as [3]

4ycosO
d=—5 @
where v is the interfacial tension coefficient between the liquid pair, 0 is the contact angle of the
penetrating agent on the pore wall, and P is the critical pressure to reopen the pore mouth. When the
wetting effect is perfect, the contact angle can be assumed as 0. The pore mouths will be reopened
from bigger to smaller ones with increasing pressure of the penetrating agent. A pressure—flux curve
can be obtained by monitoring the pressure and flux of the penetrating agent through the pore
tunnels. The theoretical derivation of the distribution curve from experimental pressure—flux data was
introduced by Grabar et al. [23] and later applied by McGuire et al. [24] and Piatkiewicz et al. [25].
This is based on the assumption of cylindrical and separated pores with various diameters for the
real pore structure of the porous membranes. In addition, a continuous distribution function f(D) is
assumed for the varying sizes of the pores.
Based on the Hagen—Poiseuille equation, the liquid flow through pore tunnels can be described as

_ nmrtAP

8ult @

Then, the pore mouth size distribution can be calculated using the following equation [3,16,20]:

aQ Q) 1
f(r) = <7d(AP) - E) 5C, ®)

where Q is the liquid flux, p is the viscosity of the penetrating agent, r is the pore radius, [ is the
thickness of the porous material, T is the pore curvature, 7 is the number of pores that can be opened,
AP is the operation pressure, and C; is a constant number.

2.2. Materials

A wide range of pore sizes can be determined with different immiscible liquid systems depending
on the interfacial tensions. Table 2 shows that the operation pressures required for MBPM are one
or two orders of magnitude higher than that required for MLLDP, due to higher gas-liquid surface
tensions than liquid-liquid interfacial tensions.

Well-defined membranes with a regular noninterconnected pore structure and narrow pore size
distribution can be considered as standard to check the feasibility of pore size characterization methods.
In this study, 100 nm Anopore™ (Whatman, Maidstone, UK) membranes were adopted for validating
the MLLDP method. These membranes comprise a thin layer of symmetric structure without any
support layer. Therefore, the pressure difference was kept below 1 bar during MLLDP analysis to
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maintain integrity. MLLDP was also extended to characterization of commercially available symmetric
PVDF membranes (polyvinylidene fluoride) fabricated by the non-solvent-induced phase separation
method, single tubular and multichannel tubular ceramic membranes (commercial), as well as the
defect size of supported Pd membranes prepared in-house by the electroless-plating method [26].
The geometrical details of these materials and operational characteristics during MLLDP analysis are
depicted in Table 3.

Table 2. A comparison of operation pressures required for MBPM and MLLDP (20 °C, cos 6 = 1).

Pressure (MPa) Corresponding to

Interfacial . .

Method System Tension (mN/m) Different Pore Diameters (um)
0.2 0.1 0.05 0.025
MBPM water-nitrogen 72.8 1.45 291 5.82 11.64
ethanol-nitrogen 22.39 0.44 0.89 1.79 3.58
n-amyl alcohol ? /water 48 0.096 0.19 0.38 0.76
MLLDP  isobutyl alcohol # /water 1.7 0.034 0.068 0.13 0.27
oil-aqueous phase © /water 0.35 0.007 0.014 0.028 0.056

2 n-amyl alcohol and isobutyl alcohol are saturated with water at a volumetric proportion of 1:1; ® oil-aqueous
phase is prepared using isobutyl alcohol, methanol, and water at a volumetric proportion of 15:7:25.

Table 3. Geometrical details of materials investigated and operational characteristics during

MLLDP analysis.
. Nominal Liquid .
Materials Shape Geometry Pore Size System (B/A) Ap (bar)  Test Rig
Anopore™ 0.d.: 7mm Isobutyl )
membrane i Thickness: 60 pm 100 nm alcohol /water 0.4-1.0 Figure 3
0.d.: 1.2 mm Isobutyl
PVDF membrane Tubular  Ld.: 0.7 mm 80 nm sobuty 04-10  Figure 4
alcohol /water
L:40 cm
. 0O.d.: 13 mm
210y /y-ALOs/ Single Ld.: 11 mm 30 nm Isobutyl 06-30  Figured
-Al,O3 membrane tubular ) alcohol /water
L:5cm
0O.d.: 32 mm
ZrO, /v-Al,O3/«-  Multi-channel Channel i.d.: 4 mm n-amyl .
Al;O3 membrane tubular L: 100 cm 100 nm alcohol /water 0:4-28 Figure 5
Channel no.: 19
Defects of 0O.d.: 13 mm Isobutvl
Pd/ZrO,/Al,O5 Tubular I.d.: 11 mm - 4 0.32-3.0 Figure 4
alcohol /water
membrane L:5cm

2.3. Apparatus

Figure 3 shows the MLLDP apparatus designed for pore mouth size characterization of
Anopore™
single tubular ceramic membranes, and dense Pd membranes (defects). The MLLDP apparatus shown
in Figures 3 and 4 have different testing cells which can be used to fulfill the aim of characterizing

membranes while Figure 4 shows the apparatus for characterization of PVDF membranes,

samples with different shapes. For these membranes, a functional layer is deposited on the outer
surface of porous substrates. For multichannel tubular ceramic membranes, the functional layer is
deposited on the inner surface of tubes, and the pore mouth size distribution of the inner surface is
what we are concerned with. Therefore, a distinct testing cell was designed for the pore mouth size
distribution of multichannel membranes, as shown in Figure 5. Note that the apparatus in Figure 4 is
also applicable for conventional BPM measurements and conventional LLDP measurements for pore
throat characterization due to the similarity in the operations.
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Liquid flow meter

Liquid B

Testing cell

Vacuum
recycler

Liquid A

M

Figure 3. Schematic of apparatus for MLLDP measurements of an Anopore™ membrane. MFC, mass

flow controller. PI, pressure indicator.

Liquid flow meter

Liquid A

| l Vacuum recycler

Figure 4. Schematic of apparatus for MLLDP measurements of a single-channel membrane. MFC,
mass flow controller. PI, pressure indicator.

Liquid flow meter

Liquid A

Testing cell

Sample
Peristaltic

pump

Vacuum recycler

Liquid B

Figure 5. Schematic of apparatus for MLLDP measurements of a multichannel membrane. MFC, mass
flow controller. PI, pressure indicator.
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Take the testing of a single-channel ceramic membrane as an example (test rig in Figure 4);

the operating procedure is as follows:

1.

The dry sample is mounted in the testing cell (drying procedure and pretreatment are important
for porous materials [18,27,28]; thus, samples were carefully dried without changing the
pore structure);

Liquid B (acting as penetrating agent) from the reservoir fills the lumen of the sample by opening
Valve 4 for a short time;

The pressure of Liquid B is increased to 3 bar by increasing the N gas pressure while applying
a negative pressure of —0.8 bar in the shell side by using a vacuum recycler (opening Valve 3) in
order to achieve complete wetting of pore tunnels with Liquid B; this step lasts for at least 30 min;
Liquid A (acting as impregnating agent) from the reservoir is poured into the shell side by
opening Valve 5 until the remaining Liquid B on the outer surface of the sample is completely
replaced with Liquid A, i.e., until there is no Liquid B observed in the outflow (Liquids A and B
can be easily distinguished by color), then Valve 5 is closed; Note that Liquid A is kept under
ambient pressure and at a low flow rate below ca. 10 mL/min in order to avoid penetration of
Liquid A into membrane pores;

The pressure of Liquid B increases step by step and a pressure—flux curve can be obtained by
monitoring the N, gas pressure at a step of 0.05-0.1 bar and flux of Liquid B through the pore
tunnels (measured by bubble flow meter). The flow rate is recorded until a steady-state flux is
achieved. The testing cell is kept at RT during the operation.

For LLDP measurement, the operation procedure is as below:

The dry sample is mounted in the testing cell;

Liquid A (acting as impregnating agent) from the reservoir is poured into the shell side by
opening Valve 5 for a short time;

The sample is impregnated in Liquid A for a period of 30 min to 1 h in order to achieve complete
wetting of pore tunnels with Liquid A;

Liquid B (acting as penetrating agent) from the reservoir fills the lumen of the sample by opening
Valve 4 for a short time;

The pressure of Liquid B increases step by step and a pressure—flux curve can be obtained by
monitoring the N, gas pressure at a step of 0.05-0.1 bar and flux of Liquid B through the pore
tunnels (measured by bubble flow meter). The flow rate is recorded until a steady-state flux is
achieved. The testing cell is kept at RT during the operation.

It can be seen that Liquids A and B act as impregnating and penetrating agent, respectively,

in cases of both MLLDP and LLDP measurement. In the former, Liquid B first fills the pore tunnels
of the sample and then Liquid A occupies the outer surface of sample such that Liquids A and B
contact each other at the position of the pore mouth. Liquid B penetrates through the pore tunnels
when the pressure is high enough to overcome the interfacial tension at the pore mouth according
to the Young-Laplace equation. In the latter, Liquid A first fills the pore tunnels of the sample and
then Liquid B penetrates through the pore tunnels when the pressure is high enough to overcome the
interfacial tension at the position of the pore throat according to the Young-Laplace equation.

2.4. Error Analysis

The error in the pore diameter for techniques based on the Young-Laplace Equation (1) is strongly

dependent on the accuracy in determining pressure values. This also applies to BPM, MBPM, LLDP,
and MLLDP methods.

88



Membranes 2018, 8, 29

According to the Young-Laplace Equation (1), the fractional error in the diameter (Ad/d) that
results from the fractional error in the pressure analysis is given by

Ad AP
T @)

In should be emphasized that the pressure analysis error due to the difference in liquid levels
between the reservoir of Liquid B and flow meter (Figure 4) has to be taken into account. The liquid
level in the bubble flow meter may fluctuate frequently with the flow in and out during the
measurement, and needs to be kept at a similar level to the reservoir of Liquid B in order to minimize
corresponding pressure differentials. In this study, such a level difference is deliberately kept within
420 cm during the operation process, which corresponds to a low pressure differential of ca. 0.02 bar.
The pressure of Liquid B is then set above 0.32 bar in order to ensure a fraction error in the pressure
analysis (AP/P) of less than ca. 6%. The fractional error in the diameter decreases with the increase of
operational pressures, as shown in Figure 6.

As with other techniques, the accuracy of MLLDP decreases with increasing pore sizes.
The analysis of large pores above ca. 100 um requires measurements in a fairly low pressure range and
thus degrades the accuracy.

Error in pore diameter (%)

Error in pore diameter (%)
-
T

0.0 0.5 1.0 1.5 2.0 25 3.0

Pressure (bar)

Figure 6. Percent error in the pore diameter as a function of the operation pressure.

3. Results and Discussions

3.1. Standard Membranes

3.1.1. AnoporeTM Membranes (100 nm)

In order to verify the feasibility of this novel MLLDP method in measuring the pore mouth size
distribution of porous membranes, 100 nm AnoporeTM membranes and 80 nm PVDF membranes
were used as standard membranes and characterized by MLLDP.

Figure 7a depicts the MLLDP analysis results for four replicate samples of the 100 nm Anopore™
membrane, which indicates a good overlapping of the measurements with a fairly sharp pore mouth
size distribution. This agrees well with the narrow pore size distribution of Anopore™ membranes
which exhibit regular columnar pore geometry. It should be mentioned that for the columnar pore
geometry of Anopore™ membranes, the pore mouth size is equal to the pore throat size. MLLDP
analysis provides a number-averaged pore mouth size of 84.09 nm with o = :3.52 nm as listed in
Table 4. The o indicates the breadth of the pore mouth size distribution. The comparison in Table 5
shows a good agreement between MLLDP and other techniques, including evapoporometry [13],
FESEM [13], SEM [29], AFM [30], and LLDP [21]. For example, FESEM [13] and SEM [21] analyses
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provide number-averaged pore mouth sizes of 87 nm and 83 nm, respectively, which are fairly close to
that determined by MLLDP (84.09 nm). This has a strong relationship with the fact that MLLDP also
provides a number-averaged pore mouth size. The pore diameter error with MLLDP analysis is kept
within ca. 4%, which can be mainly ascribed to the proper selection of liquid pairs and minimization
of errors in the pressure analysis. The slightly larger number-averaged pore size of 108 nm provided
by AFM analysis [23] was attributed to a low lateral resolution resulting from the use of a 10 nm tip
on AFM [4]. The mean-flow average pore size of 119 nm derived from LLDP measurement [21] is
relatively larger than the number- or mass-averaged pore sizes determined by other techniques, which
can be ascribed to the fact that the volume flow for cylindrical pores is proportional to d* instead of d?
for pore mass.
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Figure 7. (a) Averaged pore mouth size distribution for Anopore™ membranes derived from four

replicate samples; (b) liquid flux and pressure relationship of AAO-1 membrane.

M

Table 4. Summary of MLLDP results for four replicate samples of nominal 100 nm Anopore™ membrane.

Types Membranes Average o Avg + o

AAO-1 AAO-2 AAO-3 AAO4
Number-averaged pore mouth (nm)  80.95 80.95 89.47  85.00 84.09 3.52 84.09 +3.52

Table 5. Comparison of PSD (pore size distribution) measurements of nominal 100 nm Anopore™

membrane with different methods.

Pore Mouth/Pore Averaged Pore

Methods Average Throat/Mean Pore Size Sizeg (nm) Ref.

EP* Mass-average Mean pore size 94+ 14 [13]

Number-average Mean pore size 69 + 34 [13]

FESEM Number-average Pore mouth 87 + 10 [13]

SEM Number-average Pore mouth 83 £ 26 [29]

LLDP Mean-flow average Pore throat 119 [29]

AFM Number-average Pore mouth 108 + 26 [30]
MLLDP Number-average Pore mouth 84.09 £+ 3.52 This work

* EP: Evapoporometry.

3.1.2. PVDF Membranes (80 nm)

A representative run was carried out with six different sections of the same membrane tube
and the results are reported in Figure 8 and Table 6. The graph shows a good overlapping of these
replicate measurements, obtaining an average pore mouth size of 75.6 nm with o = +3.18 nm. This is
in fair agreement with the nominal pore size of 80 nm provided by the supplier. The representative
FESEM image in Figure 3 corroborated MLLDP analysis results although some large pores approaching
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100 nm can also be identified on the membrane surface. It has been indicated previously that the
high operation pressures required in LLDP measurements may lead to considerable compression
of polymeric membranes and, thus, the shifting of the pore size distribution towards smaller pore
diameters [4]. In this study, the liquid system was selected with discretion, i.e., isobutyl alcohol /water
with a low interfacial tension of 1.7 mN/m, which helps maintain the pressure differential below 1 bar
and thus minimize the compaction of PVDF membranes. This approach can be universal for MLLDP
analysis of polymeric membranes.
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Figure 8. (a) Averaged pore mouth size distribution for PVDF membranes derived from six replicate
samples; (b) liquid flux and pressure relationship of PVDF-1 membrane.

Table 6. Summary of MLLDP results for six replicate samples of nominal 80 nm PVDF membrane.

Tubes
P-1 P2 P3 P4 P-5 P-6
739 708 739 809 77.0 77.0

Types Average o Avg+ o

Number-averaged pore mouth size (nm) 756 318 75.6+3.18

The pore mouth size information of those standard membranes obtained by the MLLDP method
are well in agreement with data from the supplier and literature reports. Therefore, MLLDP as a novel
characterization method is able to provide the pore mouth size information of porous membranes.

3.2. Tubular Ceramic Substrates for Pd Composite Membranes

3.2.1. Single Tubular ZrO, /y-Al,03/ x-Al;O3 Membrane (30 nm)

The pore mouth size distribution of commercially fabricated single tubular
71O, /v-Al,O3/ «-Al,O3 membranes was characterized by MLLDDP, as reported in Figure 9 and Table 7.
Figure 9a shows a good overlapping of the three replicate measurements in a representative run.
The average pore mouth size was determined as 31.98 nm with o = £1.06 nm, which is slightly larger
than the nominal pore throat size of 30.05 nm with o = £7.02 nm measured by conventional LLDP, as
shown in Figure 9b. This agrees well with the fact that pore mouth size is slightly larger than pore
throat size. It should be noted that, due to resistance in the sublayer [21], the measurement error of
conventional liquid-liquid displacement porometry (LLDP) was ¢ = 4-7.02 nm. However, “modified”
liquid-liquid displacement porometry (MLLDP) gave ¢ = 41.06 nm, indicating that the measurement
errors due to resistance in the sublayer do not apply to MLLDP, which is an improvement over LLDP.
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Figure 9. Characterization of single tubular ZrO,/y-Al,O3/x-Al,O3 membranes with 3 replicate
samples: (a) Averaged pore mouth size distribution in comparison with that for Sample 1;
(b) Comparison of averaged pore mouth size distribution and averaged pore throat size distribution.

Table 7. Summary of MLLDP results for three replicate samples of nominal 30 nm single tubular
ZrO, /v-Al, O3/ x-Al;O3 membrane.

Repeat Times
ST-1 ST-2 ST3

Number-averaged pore mouth (nm)  32.38 34 29.56 31.98 1.06  31.98 +1.06
Number-averaged pore throat (nm) 3091 3091 28.33 30.05 7.02  30.05£7.02

Types Average o avg + o

Inspection of the FESEM image in Figure 10c indicates a rather smooth surface with interconnected
irregular-shaped pores. A wide range of pore sizes, particularly some large pores approaching up to
60 nm, can be discriminated on the membrane surface, which coincides well with the broad pore mouth
size distribution determined by MLLDP as shown in Figure 9a. Note that the operation pressures
applied during MLLDP or LLDP measurements will not affect the pore size distribution of ceramic
membranes which exhibit strong mechanical strength.

Figure 10. FESEM images: (a) 100 nm Anopore™ membrane; (b) 80 nm PVDF membrane; (c) 30 nm
single tubular ZrO, /y-Al,O3/ a-Al,O3 membrane (outer surface); (d) 100 nm multichannel tubular
ZrO, /v-Al,O3/ x-Al,O3 membrane (inner surface); (e) defects of dense Pd composite membrane.

92



Membranes 2018, 8, 29

3.2.2. Multichannel Tubular ZrO; /y-Al,03/ x-Al;O3 Membrane (100 nm)

The pore mouth size distribution of multichannel tubular ZrO, /y-Al,O3/ a-Al,O3 membranes
(commercial) was also examined by MLLDP. Figure 11 shows that three repeated measurements of the
same sample exhibit excellent reproducibility with similar patterns of distribution and an obtained
average pore mouth size of 80.09 nm (o = £2.72 nm), the results were summarized in Table 8. This is in
good agreement with the nominal pore size of 100 nm. The representative FESEM image in Figure 10d
indicates a relatively narrow distribution of pore sizes on the membrane surface, which corresponds
well with the MLLDP results in Figure 11. Despite the rough inner surface of the multichannel tubular
membranes as shown in Figure 10d, the pores are assumed to be perpendicular to the local surface,
which is apparently the case in a short range of ca. 80 nm. This assumption seemingly did not affect
the pore mouth size analysis by MLLDP, which shows good agreement with nominal values. It should
be emphasized that MLLDP exhibits a great advantage in terms of recyclability of the testing liquid,
in comparison with MBPM measurement where gas such as air or N, acts as penetrant and, thus,
cannot be easily recycled.
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Figure 11. Averaged pore mouth size distribution for multichannel tubular ZrO, /y-Al;O3 / x-Al,O3
membranes derived from six replicate samples.

Table 8. Summary of MLLDP results for three replicate samples of nominal 100 nm multichannel
tubular ZrO; /y-Al,O3/ x-Al,O3 membrane.

Repeat Times
MCT-1 MCT-2 MCT-3
Number-averaged pore mouth (nm)  76.80 83.48  80.00 80.09 272 80.09 +£2.72

Types

Average [ avg + o

3.3. Defects of a Dense Pd Composite Membrane

Currently, there is lack of methods for defect size characterization of dense Pd composite
membranes. Using the MLLDP analysis presented in this study, the defect size distribution was
successfully obtained, as shown in Figure 12 and Table 9. The six repeated measurements of the same
Pd composite membrane (prepared in-house by the electroless-plating method [26]) indicate excellent
reproducibility with an average defect size around 24.44 nm (o of £0.25 nm). The low o suggests
a relatively narrow distribution of defect sizes. This is in excellent agreement with the analysis of
representative FESEM images in Figure 10e with defect sizes in a narrow range of 2040 nm. Figure 10e
also shows that the defects exhibit irregular-shaped geometries on rough surfaces. It can be claimed
that the surface roughness has an inconsiderable effect on defect size analysis. In order to examine
the defect size in a low range of ca. 20-40 nm, the liquid system of isobutyl alcohol /water with low
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interfacial tension was selected with discretion, which renders the operation in a proper pressure range
(0.32-3.0 bar) and thus helps improve the accuracy of MLLDP measurements.
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Figure 12. Averaged defect size distribution for Pd composite membranes derived from six replicate
runs and four replicate samples.

Table 9. Summary of MLLDP results for six replicate runs of Pd composite membrane.

Repeat Times
Pd-1 Pd-2 Pd-3 Pd-4 Pd-5 Pd-6
Number-averaged defect size (nm)  24.29 24.29 25.11 24.29 24.29 24.29 2444 025 24444025

Types Average o avg + o

3.4. Advantages and Limitations of MLLDP

3.4.1. Advantages of MLLDP

MLLDP exhibits great advantages over direct observation methods including SEM, FESEM,
and AFM, since it can provide a general picture of the whole membrane surface instead of local
information on a small area (ca. 100 um?) which might not be representative. In addition, SEM, FESEM,
and AFM require expensive dedicated equipment and broken pieces of samples for measurement. In
comparison, MLLDP can be carried out with a simple setup at a much lower cost. The main instruments
included are a mass flow controller (MFC) and a pressure gauge. In addition, the membrane sample
can remain intact during the MLLDP measurement. Another important advantage of MLLDP over
direct methods is that it can be used for characterization of irregular pore geometry instead of only
well-defined pore structures.

Most indirect methods provide either the pore throat size distribution or average pore size,
including LLDP, mercury porosimetry, BPM, GAD, permporometry, and EP. The recently developed
MBPM can be used for the characterization of the pore mouth size distribution; however, it requires
high operation pressures due to high surface tensions between gas and liquid. MLLDP presented in
this study renders the possibility of characterizing a wide range of pore sizes at a much lower pressure
as the interfacial tensions between liquid pairs is several orders of magnitude lower than surface
tensions between gas and liquid. Thus, by selecting a liquid system with discretion, it is possible to
reduce the operational pressure for thin and flexible membranes and determine the pore mouth size
distribution at high accuracy, e.g., for polymeric membranes. Moreover, MLLDP can be extended to
pore mouth size characterization of nanofiltration (NF) membranes and defect size analysis of dense
membranes down to the nanometer scale. MLLDP analysis for defect characterization of Pd composite
membranes can be regarded as a breakthrough technology in the relevant field.
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Two other advantages of MLLDP are that it can be applied for characterization of both symmetric
and asymmetric membranes, and it detects only continuous pores but not dead-end pores, thus
providing more relevant information for flow analysis.

3.4.2. Limitations of MLLDP

As with other techniques, the accuracy of MLLDP decreases with increasing pore size. This has
been suggested to be a common issue for other techniques including GAD and permporometry based
on the Kelvin equation as well as LLDP based on the Young-Laplace equation. In MLLDP, the analysis
of large pores above ca. 100 um requires measurements in a fairly low pressure range and thus
degrades the accuracy.

This technique employs a low pressure range; thus, small variations in the pressure can give
higher relative errors in the measurement. The error in the pore diameter is highly sensitive to
pressure analysis errors within Equation (1), which places urgency upon the accuracy of the pressure
measurement. High-precision pressure analysis is thus a prerequisite for MLLDP measurement.
In addition, the difference in liquid levels between the reservoir and liquid flow meter has to be
minimized which may lead to some errors in the pressure analysis. Another limitation of MLLDP
is that it assumes a noninterconnected, separated columnar pore structure, which may cause data
interpretation problems for interconnecting pores on the surface. However, this is common for all
other techniques mentioned above.

4. Conclusions

In the preparation of dense Pd composite membranes, the pore size distribution of the
porous support immediately affects the quality of the membrane layer, including continuity and
defect/pinhole formation. This work presents a novel method (MLLDP) to determine the pore mouth
size distribution of porous supports and defect size distribution of Pd-based composite membranes by
modifying the conventional liquid-liquid displacement method. MLLDP can be used to determine
a wide spectrum of pore mouth sizes (defect sizes) under reasonably low pressures and thus achieve
great accuracy and ease of operation, offering unique superiority compared with currently available
technologies like FESEM, AFM, and the “modified” bubble-point method. Particularly, MLLDP
exhibits great advantages for the characterization of multichannel tubular ceramic membranes in
terms of recyclability of the testing liquid, and MLLDP analysis for defect characterization of dense
membranes can be regarded as a breakthrough technology in the relevant field. It can thus be expected
that this novel method will find wide applications in the surface analysis of porous materials as well
as in defect analysis of dense membranes.
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Abstract: In this paper, an overview on thermodynamic aspects related to hydrogen-metal systems
in non-ideal conditions is provided, aiming at systematically merging and analyzing information
achieved from several different studies present in the open literature. In particular, the relationships
among inner morphology, dissolved hydrogen and internal stresses are discussed in detail, putting in
evidence the conformation complexity and the various types of dislocations induced by the presence
of H-atoms in the lattice. Specifically, it is highlighted that the octahedral sites are preferentially
occupied in the FCC metals (such as palladium), whereas tetrahedral sites are more energetically
favored in BCC-structured ones (such as vanadium). These characteristics are shown to lead to
a different macroscopic behavior of the two classes of metals, especially in terms of solubility and
mechanical failure due to the consequent induced stresses. Furthermore, starting from the expression
of the chemical potential generally presented in the literature, a new convenient expression of the
activity of the H-atoms dissolved into the metal lattice as a function of the H-concentration is achieved.
Such an activity expression is then used in the dissolution equilibrium relationship, which is shown
to be the overall result of two different phenomena: (i) dissociative adsorption of molecular hydrogen
onto the surface; and (ii) atomic hydrogen dissolution from the surface to the metal bulk. In this way,
the obtained expression for equilibrium allows a method to calculate the equilibrium composition in
non-ideal conditions (high pressure), which are of interest for real industrial applications.

Keywords: chemical potential; activity; hydrides; solubility; membranes

1. Introduction

Separation processes based on metal membranes with high hydrogen permeance and selectivity
have been identified as a promising technology for efficiency improvement and cost reduction of
hydrogen production. The virtually infinite selectivity of metal membranes towards hydrogen is
related to the fact that the potential field of the (Pd) metal surface can dissociate only hydrogen among
all the other light and heavier gas species. In particular, membranes composed of palladium and its
alloys can play a fundamental role thanks to their unique affinity towards hydrogen, as they show high
catalytic activity to the hydrogen molecule dissociation combined with the relatively high H-atoms
diffusion [1].

Membranes 2018, 8, 82; doi:10.3390 / membranes8030082 98 www.mdpi.com/journal/membranes
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The substantial difference between palladium and other metals is that the former shows
a relatively small activation barrier (fast sorption kinetics) of the surface dissociation, while in the
latter the activation energy of the surface dissociation is higher [2].

During the past two decades, the research on Pd-alloy membranes has led to a technology maturity
that appears ready for up-scaling for applications at operating temperatures less than about 550 °C
and in conditions where detrimental impurities are preventively eliminated by means of appropriate
treatments (such as H,S removal steps).

Based on the behavior of hydrogen dissolution into the metal lattice, metals can be classified into
materials in which solubility is favored by temperature and materials showing the opposite trend.
The former group, including palladium and vanadium, absorbs hydrogen by means of an exothermic
process generating a metal-hydride phase, whereas the latter (e.g., Pt, Fe, Cu, Ni, Ag) absorbs hydrogen
endothermically forming a covalent hydride phase [3].

In the fabrication of membranes and hydrogen-storage material, it is important to limit the
hydrogen solubility to avoid embrittlement and mechanical failure. For this purpose, the main metal
is alloyed with others such as Cr, Co and Ni [4]. Vanadium in particular has interesting characteristics,
showing the highest diffusivity and lowest solubility compared with other BCC metals [5-7] along
with a relatively low cost. Moreover, the insertion of Ni-atoms into the V-lattice has been demonstrated
to enhance the alloy properties in terms of mechanical resistance to the internal stress induced by the
presence of hydrogen [8].

Current research on metal membranes has been looking for the best combination of materials
and manufacturing approaches. However, such a kind of research risks to turn into a trial-and-error
activity if it is not driven by the knowledge of the phenomena involved in the hydrogen-metal system.
For this purpose, the present paper aims at providing a critical review of thermodynamics related to
metal-H systems, giving general guidelines to improve the performances of metal membranes.

2. Hydrogen Interactions in Transition Metals

2.1. Hydrogen Dissolution in Metal Lattices

Hydrogen absorbed in metals occupies interstitial positions in metal lattices, as demonstrated by
neutron diffraction [9]. The FCC lattice (like that of palladium) features an atom at each corner of the
cubic cell, and one atom at the center of each face. It shows one octahedral (O) and two tetrahedral (T)
interstitial sites per metal atom (14 sites and 14 metal atoms in a single cell).

Differently, the BCC lattice (like that of vanadium, niobium and tantalum) features an atom at
each corner of the cubic cell and one at the center. Such a configuration has three octahedral and
six tetrahedral interstitial sites per metal atom. The structures of these two lattices are depicted in
Figure 1. In particular, the octahedral sites of the FCC lattice have the largest free volume, whereas the
tetrahedral sites are the largest in the BCC lattice [10]. This means that the occupation of tetrahedral
interstices by hydrogen in BCC lattices of the groups IV and V is favored over the octahedral ones,
whereas the opposite behavior is found for hydrogen in palladium [11].

In fact, Cser et al. [12] found by neutron holographic study that the H, molecule dissociates in
H-atom in palladium and these atoms preferentially occupy the octahedral sites of the FCC lattice.

9



Membranes 2018, 8, 82

Octahedral (0) Sites Tetrahedral (T) Sites

Figure 1. Octahedral (O) and Tetrahedral (T) sites in FCC lattice and BCC lattice [13].

As for the dissolution of hydrogen in vanadium, the V-H system presents a phase diagram
consisting of several different phases: (i) the solid solution (a-phase), observed at high temperature,
in which the H-atoms are randomly distributed in the tetrahedral sites of its BCC structure; (ii) the
hydride V,H B;-phase, showing a monoclinic structure where the H-atoms are located in the octahedral
sites; (iii) the hydride Vo,H or VH B,-phase, showing a monoclinic body-centered tetragonal (BCT)
structure; (iv) the VsH; phase with a monoclinic structure; (v) the VH, d-phase, showing a CaF;-like
structure with the H-atoms occupying the tetrahedral sites; (vi) the -phase VHy, observed at high
H-concentration and temperature below 375 K ca. [13-19]. The overall result of such a complex
situation is that neutron diffraction on vanadium-deuterium system at 50% of V-D atomic ratio showed
that about 90% of the dissolved deuterium atoms occupies the tetrahedral BCC sites, with the rest
being placed in the octahedral ones [20]. More recently, using a Density Functional Theory (DFT)
analysis applied to pure vanadium, Lu et al. [21] estimated that the H, solution energy into the T-sites
is —0.332 eV, which is higher than the value calculated into the O-ones (—0.149 eV). Since a more
favorable solution energy has a more negative value, this result demonstrates that hydrogen is
preferentially absorbed into the BCC T-sites with respect to the BCC O-ones.

In general, in a given circumstance, hydrogen prefers one type of interstitial site with respect to all
the other available ones. In case of palladium, the preferred site are the octahedral ones. Understanding
why a certain type of site is preferred over another one would allow getting crucial information on the
diffusion mechanism of hydrogen into metals [13].

The interstitial sites represent a finite population, whose occupancy by the dissolved hydrogen
can be described by means of a thermodynamic approach in terms of Fermi-Dirac statistics. Smirnov
and Pronchenko provided a detailed expression of chemical potential of the Pd-H system, taking
into account three different contributions: (i) conformational, (ii) oscillatory and (iii) electronic.
Then, chemical potential can be obtained as the derivative of the Helmholtz free energy (F) with
respect to the hydrogen molar fraction ¢ in the metal lattice (Equation (1)), which is defined as the
hydrogen/interstices concentration ratio [22].

9Fcons 9F,s¢ JF, (1)
& e Tt
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The conformational chemical potential can be written as described in Equation (2):

g
1-¢

Jieonf = RTIn +us us e )

where Uj; "f and Ulc_fl'_llf are the bond energy of atom H with the metal lattice and the H-H interaction
energy within the interstices. The oscillatory contribution to the Helmholtz free energy is reported in
Equation (3) [23]:
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from which the corresponding expression of chemical potential can be obtained as follows
(Equation (4)):
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The parameter w is the frequency of local oscillations of H-atoms, which depends on
H-concentration. Smirnov et al. suggested the following linear approximation for w (Equation (5)) [22]:

eo(£) = haop — & = limie(§) = hvo 5)

As for the electronic contribution to chemical potential, Smirnov and Pronchenko proposed the
following two-parameter expression valid in the entire H-content range within an approximation of
5% (Equation (6)) [22]:

pa = AZ+BEL0<g<1 (6)

From the previous expressions, the following complete expression of chemical potential is
obtained (Equation (7)):
= RTIn &+ U™ + U ¢ + 3RTIn (2sinh 577 )
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Once chosen an appropriate reference chemical potential /o, the corresponding activity of atomic
hydrogen in the metal lattice is defined (Equation (8)):

¥ = po+ RTIna(g) ®)

In the present paper, to obtain a complete expression of hydrogen activity in the metal bulk,
the chemical potential in the infinite dilution conditions (i.e., hydrogen content tending to zero) is
chosen as the reference chemical potential (Equation (9)):

jo = u(E — 0) = 3RTIn (%mhf}%) )

From Equations (8) and (9), an explicit expression of the H-activity is finally obtained
(Equation (10)):

B wenf o geonf ) 3
a(g) :exp(%) = %exp( B+ & C) X (*2811’11’\%)

b i
X exp(—%gcoth IE‘JR@ + e+ %@4)

(10)

In the limit of infinite dilution system ({ — 0), the activity a coincides with the hydrogen
composition ¢. Based on Equation (7), as ¢ tends to the limit value of 1, the chemical potential y
tends to infinity. From a physical point of view, as the available sites are gradually more occupied,
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it becomes progressively more difficult to fill the remaining sites, which corresponds to a situation of
a gradually higher chemical potential.

From the energetic point of view, the hydrogen atoms progressively occupy the interstitial sites
from the lowest-energy class to the highest-energy one [20].

Indeed, despite a former theory, which expected the occupancy of just one class of sites,
i.e., the octahedral ones in a Pd-H system, McLennan et al. confirmed through diffraction evidence
that, for the palladium-deuterium system, the tetrahedral sites, which are the highest-energy class of
sites, are partially occupied when the deuterides PdDy are formed above the thermodynamic critical
point. Moreover, the same authors found via Rietveld profile analysis that the maximum tetrahedral
occupancy occurs at a D/Pd atomic ratio of around 0.6, at which one third of all D-atoms are placed in
tetrahedral sites [24].

An explanation for these observations can be provided if considering that the interactions between
the H-atoms dissolved in the metal bulk induce an energetic difference between occupied and empty
sites belonging to the same class. In particular, it is proposed that the hydrogen atoms occupies
tetrahedral sites on alternate planes, forming in this way a symmetric, ordered and more energetically
favorable sub-lattice, as occurs in tantalum-hydrogen system [20].

The occupation of the interstitial sites induces a stress state [20,25,26]. In fact, the metal lattice
expands upon Hj absorption. To intuitively understand how the occupation of the interstices occurs,
it is useful to consider the ball-in-hole model in continuum elasticity. In this model, the hydrogen atom
is assumed to be an incompressible ball, while the metal cavity in which the ball fits is thought as
an elastic, spherical hole. When the ball enters the hole, the hole size increases because of the ball-hole
interactions, inducing an additional volume metal matrix. If AV is the volume of the intruding ball,
the AV, volume of the cavity is given by:

3(1—v)

AVy=——=
2 1+v

AVy (11)
where v is the Poisson ratio of the matrix. For a typical value of ny/npq of 0.3, it results that AV; is
greater than AV by 50%. Thus, the volume of the body increases by an extent larger than that required
to accommodate an H-atom: this is the origin of the increase of the lattice parameters caused by the
insertion of dissolved H-atoms [20].

Besides, Fukai [13] found that hydrogen-induced augmented volume is basically incompressible.
The compression curves of pure vanadium and that of 8-V,H hydride, obtained by means of two
different compression ways—i.e., through diamond anvil cell (open symbols) and through shock wave
(closed symbols)—are shown in Figure 2. From this figure, one can notice that both vanadium and
V,H trend keep almost the same atomic volume gap. In particular, pure V and V,H volume decrease
of about 69% and 74% of its original value at 130 GPa, respectively, with the two values being relatively
close to each other.

It must be remarked that, although the same amount of hydrogen could be included into the metal
lattice, the method used to inject hydrogen could affect the lattice distortion and, thus, the internal
thermodynamic state of the metal-solute system. Indeed, inserting hydrogen simply by applying
a pressure difference contrasts the lattice expansion, whereas the expansion effect is not hindered when
metal is subject, for example, to cathodic charging [20].
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Figure 2. Compression curves of f-V,H and pure vanadium. The open symbols refer to static
compression data (diamond anvil cell), while the closed ones refer to dynamic compression data (shock
wave). Adapted from Fukai [13].

2.2. Elastic and Electronic Effects of Alloying

The lattice constants are different for different systems as well as the volumes of the tetrahedrons.
The larger the volume, the wider the free space available for the dissolution of the interstitial atoms,
which thus results facilitated.

When an alloying element is inserted in the metal lattice, the lattice constants could change,
affecting the solubility of hydrogen. Lu et al. [21] simulated the behavior of hydrogen in a V-based
2 x 2 x 2 supercell made by 8 unit cells, in which an alloying M-atom (Al, Ti, Cr, Fe, Ni and Nb)
replaces the central V-atom of such a supercell, thus forming a V-based alloy. This alloy is indicated as
V1i5M, because 15 V-atoms and a single M-atom form the unit cell lattice.

When an alloying element is added to vanadium, its atomic radius does not match the
vanadium original matrix, leading to lattice distortions and change in the volume of tetrahedrons.
These distortions produce an elastic stress field, which affects the H-atoms dissolution, resulting in the
variation of the solution energies. Such variations were found to depend significantly on the lattice
constants of Vi5M, which in their turn depend on the size of alloyed atoms [21].

As the M-atom size increases, the cubic lattice tends to swell to a certain extent, thus causing the
available space for the dissolution of an additional H-atom to increase as well. In this way, the M-atoms
having a size smaller than the V-atom one (like Cr, Ni and Fe) reduce the solubility of hydrogen in
vanadium by making the solution energy values less negative. The opposite occurrence is found for
M-atoms with a bigger size (Al, Ti, Nb) [21]. Results are illustrated in Figure 3.

A remarkable exception to the previously explained general cases is found by observing the
behavior of niobium. In fact, since it is the biggest atom in the analyzed series, it is expected to form
an alloy with a solution energy more negative than that of titanium, which has a smaller atomic size.
However, such an expectation is not confirmed by simulation. Those authors explain this apparently
anomalous behavior by considering that the effective available space in the interstices of the V-based
lattice is reduced by the size of the Nb-atom, which is too large compared with the V-atom one [21].
The addition of an alloying atom into the vanadium lattice affects the interstitial H-diffusion not only
by producing elastic distortion, but also by modifying the original electronic structure around the
interstitial solute. Investigating the local density of states, however, Lu and his co-workers found that
the intensity values of the resonance peaks of the hydrogen in the pure vanadium system are similar to
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those of the hydrogen in V15M system. From this observation, it is withdrawn that the electronic effect
due to the M-atom presence may be not the main influencing factor of hydrogen dissolution [21].
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Figure 3. Solution energy of hydrogen in Vi5M alloys, compared with the lattice constants of each
alloy. Adapted from Lu et al. [21].

2.3. Effects of Dissolved Atoms on Global Electronic Structure

The enthalpy of hydrogen dissolution AH" from the molecular state to the atomic one inside metal
is given by the contribution of two terms. The first is related to the dissociation energy of the molecule
and the second is related to the interaction energy between dissolved atoms as well as between atoms
and metal. In particular, the metal-atoms interaction determines the metals classification into two
classes of occluders: endothermic and exothermic ones. The former has a solubility increasing with
increasing temperature, whereas the latter shows the opposite behavior [20].

Endothermic occluders, such as Mn, Fe, Co and Ni, form a metal-hydrogen solid solution in
which the H-atom is located at random interstices [11]. However, the most interesting transition metals
for hydrogen separation, e.g., Pd, Ta, V, Nb, are exothermic occluders, which show a tendency to form
ordered hydrides at high H-concentrations [27].

The solubility isotherms of some metals and a V-alloy (vanadium, tantalum and VgsNijs alloy at
400 °C, and palladium at 340 °C) are shown in Figure 4. As is possible to notice, vanadium clearly
absorbs much more hydrogen than palladium. Under a hydrogen partial pressure of 7 bar, the H/V
ratio at 400 °C would be around 0.6, i.e., 6 hydrogen atoms per 10 vanadium atoms, while, at the same
pressure, the H/Pd ratio at 340 °C would settle at about 0.02 (ca. 2 < 98). Since exothermic occluders
show a solubility decreasing with increasing temperature, the difference between these two metals
would become even more pronounced with palladium at 400 °C. Therefore, it is possible to state that
the dominant contributor to permeability is solubility for BCC metals, whereas for FCC metals (Pd in
particular), the dominant factor is represented by diffusivity [11].

Consequently, permeability of BCC metals decreases with increasing temperature, because
this behavior is driven by solubility. On the contrary, permeability of FCC metals increases with
increasing temperature, because it mainly driven by diffusivity. It is interesting to underline how
alloying vanadium with a small percentage of nickel drastically reduces hydrogen solubility. At the
same condition of pressure and temperature, the hydrogen/metal ratio would pass from 0.6 to 0.09.
By reducing the hydrogen solubility, the embrittlement tendency reduces as well [11].

104



Membranes 2018, 8, 82

Hydrogen partial pressure, py, [bar]

0 | 1
0 0.2 0.4 0.6
Hydrogen-to-Metal Ratio [-]

Figure 4. Isotherms for selected metals and alloys measured using Sieverts’ technique, in which the
metal sample is equilibrated in a hydrogen atmosphere. The test for Pd are carried out at 340 °C,
whereas for all the others metals a temperature of 400 °C is used. Adapted from Dolan [11].

The H-content in the metal lattice affects also other physical properties, such as electrical
resistance, magnetic susceptibility and thermoelectric power. For their extent, these variations cannot
be simply explained by lattice expansion induced by solute atoms. Differently, it is clear that hydrogen
consistently perturbs the electronic structure of the host metal [20]. Indeed, the 1s electrons of the
hydrogen atoms enters the s- and d- bands of the host metal, causing shifts in the energy bands.
As a result, the Fermi electrons of the host metal start surrounding the positive H" nuclei, leading to
the formation of a sort of screened entity, which could be thought as neutral atoms even if the electrons
are not bound to the nuclei. Accordingly, it is possible to distinguish two kinds of effects. The first
consists in the shift of metal bands, which has a long-range effect, as the induced interactions involve the
entire metal domain. The second is related to the heaping of Fermi electrons placed on the hydrogen
nuclei and is a short-range effect. An attractive interaction is observed between two hydrogens caused
by the d-vacancies of the Pd-atom, which is the common neighbor of both H-atoms. This interaction
could explain the elastic interactions as well as the hydrogen cluster formation in Pd-H systems.
Since hydrogen remarkably affects the global electronic structure and, more importantly, the metal
atoms inter-distance, it is not surprising that the cohesive forces of the host metal are unavoidably
reduced. Such an occurrence is explained through molecular dynamic simulations, which show
that hydrogen fills antibonding states in 4d band, reducing the bond strength between Pd-atoms.
The decrease of the electron density between metal atoms, resulting in the Pd-Pd bonds impairment in
several transition metals, is confirmed through cluster calculation and embedded atom method [20].

2.4. Hydrogen-Lattice Defects Interactions

Hydrogen can also interact with structural defects. Metals usually exhibit defects of various
size, which can be distinguished into three classes, so-called zero-dimensional, one-dimensional,
and fwo-dimensional one.

The zero-dimensional defects, also known as point defects, are local defects, i.e., locations where
an atom is missing (vacancy) or is placed into an interstitial void of the lattice structure (self-interstitial),
as illustrated in Figure 5. The latter occurs only at low concentration because of the strain field induced
in the tightly packed metal structure, whereas the former can be found more often, with a probability
increasing with increasing temperature. In fact, the higher the temperature, the more frequent and
random the position changes of the atom in the lattice. It can also happen that the vacancies population

105



Membranes 2018, 8, 82

is in excess with respect to the equilibrium value, for example after a quenching from high temperature.
Anyway, both defect types can also occur after plastic deformations.

Figure 5. Point defects in a crystal structure: vacancy and self-interstitial /substitutional atom.

Regarding the interaction between these defects and H-atoms, a curious aspect was observed
by Kirchheim [28], who prepared two samples of palladium: the first one, which was structurally
defect-free, and the second one plastically stretched (up to 50%) through cold drawing and subsequent
rolling, in order to enhance the number of defects. Afterwards, Kirchheim measured the partial molar
volume Vj; of hydrogen in both samples (Figure 6).

It can be observed that, for the virtually defect-free Pd-sample, \7H is constant within the whole
range of H/Pd ratio, whereas the plastically deformed one shows a continuously increasing value
tending to the same level as that of the former.

A peculiar aspect to be observed is that, for the defected sample, Vi is even negative below
a certain value of hydrogen concentration (40 ppm). In other words, instead of expanding because of
the hydrogen absorption, the lattice shrinks. Kirchheim explained this weird behavior considering
the phenomena occurring when hydrogen fills an empty site or vacancy. In fact, if hydrogen is close
enough to the nearest palladium atom at low concentration, attractive forces Pd-H come into play and,
thus, the lattice contracts. From around 40 ppm on, the lattice starts growing in the positive values,
as the effect of hydrogen in the substitutional vacancies is overcome by the expansion of the normal
interstitial sites [28].

The one-dimensional defects, also known as linear defects, consist in lattice local dislocations,
produced in the metal by plastic deformations and many other processes. One can basically distinguish
two types of dislocations: the edge dislocation and the screw dislocation, even if most dislocations are
probably a hybrid of these two limits.

The shear stress causes screw defects, which propagates along a direction normal to the shear
stress, as depicted in Figure 7a. As well, the edge dislocations can be visualized as an extra half-planes
inserted in the crystal homogeneous lattice, as sketched in Figure 7b. The interatomic bonds are
significantly distorted but only in the immediate neighborhood. When a shear stress is applied,
dislocations can not only originate but also move. It is important to go deeper into this phenomenon,
to understand the hydrogen dragging induced by dislocation motion. To make an analogy, this type
of movement can be compared to the motion of a caterpillar: first, it moves the rear part creating
a hump, and then moves the front part, similar to how the defect slips one cell per time. In this way,
only a small amount of bonds is broken at a given time, thus requiring a much smaller energy than
that needed to break all the bonds simultaneously. For the same reason, dislocations move easily over
dense planes, because the stress required to move the dislocations increases with increasing spacing
between planes. As FCC and BCC metals have several dense planes, the dislocations move relatively
easily, resulting in materials with a relatively high ductility.
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Figure 6. Partial molar volume of hydrogen measured in crystalline Pd (open triangles) and in plastically
deformed Pd (closed circles) by cold drawing and rolling, as a function of hydrogen concentration in
palladium (number of H-atoms per number of Pd-atoms). Adapted from Kirchheim [28].
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Figure 7. Illustration of linear defects: (a) Screw dislocation and (b) Edge dislocation.

Kirchheim [29] evaluated the interaction energy of hydrogen in palladium edge dislocations.
He found that the closer the core of the edge defect, the larger the interaction energy, which includes
a self H-H attractive interaction energy. Far from the cores, the H-H interactions do not provide
an appreciable contribution and, in general, the attractive interaction energy decreases with the
reciprocal of the distance. Anyway, the additional population of hydrogen can be measured only at
very small quantities of dissolved hydrogen due to the attractive interaction with edge dislocations.
When carbon embeds in a-Fe, it leads to tetrahedral distortions causing attractive interactions towards
screw dislocations. On the contrary, the octahedral positions occupied by the H-atoms in palladium
make it interact with this type of dislocation at negligible or null levels [29].

The two-dimensional or planar defects include several forms of dislocations. Overall, stacking
faults, grain boundaries and internal surfaces of micro-voids and micro-cracks are mentioned.
To explain the stacking fault phenomenon, one can consider the case of the crystalline structure
of two common lattices, the FCC and the HCP structures, for which the former can be oriented in two
different planes, i.e., square or triangular, whereas the latter can be seen in the triangular orientation.
In particular, one can imagine the crystal structure as a sequence of stacks. If A indicates the triangle,
B the hexagon and C the reverse triangle, one can describe the HCP structure as an AB sequence,
whereas the FCC structure as an ABC sequence. With this in mind, a stacking fault occurs, for example,
when an unpredicted C-layer is present in the AB sequence of the HCP structure or when a C-layer is
missing, or ABC default sequence randomly changes in the FCC structure.

In their study, Whiteman and Troiano showed a hydrogen-charging operation in a stainless-steel
sample (25%Cr—20%Ni) conducted through electrolytic way. In those conditions, they found that the
activation energy required to create a stacking fault lowers. Such an energy variation can be associated
with an attractive interaction between hydrogen dissolved in metal and stacking faults [30]. Another
type of planar defect is represented by the grain boundary.
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Generally, a solid consists of several crystallites or grains, whose size varies from nanometers
to millimeters. Each grain has usually a different orientation with respect to neighboring grains.
The border separating one grain from another one is known as grain boundary. A representation of the

grain boundaries present in crystal is sketched in Figure 8.

Grain boundaries have been demonstrated to absorb an excess of H-atoms population in several
metals other than palladium. Miitschele and Kirchheim [31] found that there is a Gaussian distribution
of interaction energies between dissolved hydrogen and grain boundaries in palladium (Figure 9),

denoting a variety of binding sites in grain boundaries.

The energy E; is equal to 9.2 k] /moly; and represents the expected value (i) of the interaction
energies distribution around which site energies for the grain boundaries might vary, whereas E is
equal to 3.9 kJ/moly and represents the interaction energy of the sites within the grains, which has the
same value as that of the single crystals of Pd. The difference between these two energies (equal to
5.3 kJ/molyy) gives the spectrum of the segregation energies, i.e., the energies of molecular partitioning

from metal bulk to defects.

The standard deviation of the distribution (¢) is equal to 15 k] /mol, so that it is possible that some
grain boundary sites show even a negative interaction energy, which means that there can be also
repulsive forces. However, grain boundaries in any metal exhibit in general attractive interactions
towards dissolved hydrogen [31].

Figure 8. Illustration of grains and relative boundaries in a crystal.
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Figure 9. Gaussian distribution of site energies for hydrogen in nano-crystalline palladium. Adapted
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from Miitschele and Kirchheim [31].

In addition to stacking faults and grain boundaries, a third class of defects is represented by
micro-voids, which can occur when a ductile material is pulled during a tensile strain. If the stress
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continues, a coalescence of some voids can occur, leading to the formation of micro-cracks. Hydrogen is
absorbed upon these cracks in the same way as if it would be absorbed upon a generic external surface.
In addition, the volume of the internal cavity (which can be referred to as a three-dimensional defect)
would acquire a concentration of molecular hydrogen consistent with the input pressure of external
environment at equilibrium [20]. It is possible to divide the interactions between dissolved hydrogen and
lattice imperfections into two categories: chemical and elastic one. The former refers to positions where
the atomic displacements are remarkable, e.g., at dislocation cores and internal interfaces, whereas the
latter refers to positions where atomic displacements are small, which means sulfficiently far from the
imperfections. In this case, an approximated linear elasticity model can be applied [20].

3. Phase Diagrams and Phase Transitions

3.1. Thermodynamics of Hydrogen Dissolution in Metal Membranes

When the hydrogen mass transport is limited by the bulk diffusion (i.e., the diffusion in the
metal lattice) as occurs in most cases, permeability is the best way to compare the intrinsic transport
properties of different materials. This parameter can be seen as the overall result of the effect of two
intrinsic properties: diffusivity and solubility, both crucially depending on the gas/solid system.

The temperature dependence of permeability of several transition metals is shown in Figure 10.
We can observe that those metals with the highest permeability are early transition metals (like niobium,
vanadium and tantalum) with a BCC structure. In terms of the sole permeability, those materials could
easily overcome the performances of palladium. However, in practice, the major barrier preventing
from achieving such a high flux is the embrittlement by hydrogen [11], which is the macroscopic
result of all the above-discussed phenomena generating micro-cracks, dislocations and local strains
eventually leading to mechanical failure of the metal lattice. Furthermore, an important phenomenon to
understand is the permeability change with temperature. While permeability increases with increasing
temperature for palladium, the BCC metals show the opposite behavior. This effect can be explained
by considering the solubility influence. As solubility represents the strength of the H-metal interactions
usually evaluated by measuring the amount of dissolved species, it generally decreases with increasing
temperature, mainly because of the stronger lattice vibrations, which favor the release of the solute
from the interstices.

<«— Temperaturel [°C]
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T
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Figure 10. Permeability of selected metals as a function of temperature. Adapted from Buxbaum and
Kinney [32].
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In the hypotheses of the validity of the Langmuir adsorption model—i.e., mono-layer adsorption,
energetically uniform adsorption sites, no lateral interactions among adsorbed atoms and ability of
each adsorption sites to accommodate a single molecule/complex [33]—and in the absence of any
inhibiting and /or poisoning species, the hydrogen surface coverage on feed and permeate side can be
respectively expressed by Equation (12) [34]:

KHz PHz
ygy= ———— (12)
1+ KH2 PH2 Feed

Perm

From the equilibrium condition between surface and bulk Pd-H systems, which is always
assured in the operating conditions of interests for hydrogen purification applications [35,36], we have
Equation (13) [37]:
ay (T)9

F= . MVJPH
a1(T)0y + (1 - GH)

Feed, (13)

Perm

Combining Equations (12) and (13), an explicit relationship expressing the H-concentration in the
metal bulk as a function of the hydrogen partial pressure in the gas phase is obtained (Equation (14)).

a (T) KH2 \/ sz
1 14Ky, \ /P,
(14)

iy (KT
U1Ky, JP, 14Ky, \ /Py, | | Feed,

In the limit of Sieverts” hypotheses, the following approximation can be made (Equation (15)):

¢ = a1(T)Ky, /Py,

Perm

(15)

Feed,
Perm

which leads to the well-known Sieverts” law if the constant Kyy,, which depends on temperature as
well, is the same for both membrane side. This fact underlines that the use of an empirical Sieverts’ law
to get information on the non-ideal behavior of the hydrogen permeation through metal membranes
should be used carefully to correctly interpret the experimental results at relatively high pressure and
in the presence of other external phenomena [38,39].

Substituting Equation (14) into Equation (10), we have an explicit expression of the activity of the
H-atoms dissolved in the lattice (H(sol)) as a function of the hydrogen partial pressure (Equation (16)):

a(&) = a[H(sol)] = ”(PH2> (16)

The expression of the H-activity is needed to solve the equilibrium of the solution process of
hydrogen in the metal lattice (r,y), which is actually the overall result of two different processes,
i.e., the dissociative adsorption of hydrogen onto the surface (r1) and the solubilization (or dissolution)
of the adsorbed H-atoms into the metal bulk (7).

r1: Hy(g) = 2H(ads)
rp: H(ads) = H(sol) 17)
vt Ha(g) = 2H(sol)
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The equilibrium constant of the overall solubilization process can be expressed in terms of
activities as follows (Equation (18)):

AC(:OU(T) a[H(sol))?
Keov = exp (_T> II[[H(Z(X))]]
AG) (T) = AHY. (T) — TASY (T)

Too

(18)

where the Gibbs free energy of the overall reaction as well as its enthalpy and entropy can be actually
written as the appropriate linear combinations of the corresponding thermodynamic state functions of
the reactions r; and r, (Equation (19)):

AG,, (T) = AG, (T) + A%(T)
AH, (T) = AH, (T) +20H ,Z(T) (19)
AS, (T) = ASy. (T) + 245, (T)

In Equation (18), the activity of the dissolved hydrogen can be evaluated using Equation (16),
whereas that of the gaseous hydrogen can be made explicit by using fugacity, which can be expressed
in terms of hydrogen partial pressure and fugacity coefficient evaluated by an appropriate equation of
state (Equation (20))

a[H(sol)]* _ a[H(sol)]?
., _ HEoDP _ alH(sol)] o0

f[Ha(g)] $[H2(8)1P,
f(’:l bar W

In this way, in pure-hydrogen conditions, the right-hand side of Equation (20) can be expressed as
a function of the hydrogen partial pressure only, whose complexity requires the implementation of
an appropriate numerical method to obtain a solution.

3.2. PCT Diagrams

Since one of the major characteristics of the exothermic occluders is the formation of a hydride,
it is possible to represent the equilibrium conditions of this type of metal-hydrogen system by means
of a phase diagram, analogously to what done for the phase diagrams used to represent the metal alloy
systems [27]. In particular, the formation of metal hydrides leads to the existence of different phases in
the palladium-hydrogen system: a-phase and B-phase.

The a-phase is a solution phase and has lattice constants close to those of palladium. At room
temperature, the H: Pd ratio for this phase is 0.03. As more hydrogen dissolves in metal, the lattice
constants are observed to increase linearly with pressure until the f-phase (metal hydride) appears.
However, the situation is actually more complex, since the transition from - to B-phase is not sharp but
passes through the existence of intermediate phases composed of a mix of both. Moreover, hysteresis
is observed in increasing/decreasing cycles of hydrogen concentration [40]. The composition of the
B-phase is approximately 0.6 at room temperature [41], which is considerably higher than the value
of the a-phase. Both - and B-phase show the same FCC lattice structure, with the same octahedrally
coordinated H-atoms [42]. Please note that the same sites are occupied by hydrogen in a-palladium
hydride at a considerably lower H: Pd ratio.

For the a-phase at room temperature (20 °C), the value of the H:Pd ratio is 0.008, while for
the B-phase such a value is 0.607. For this reason, even if the a- and B-phase have the same lattice
symmetry, the specific volumes are different: at room temperature, the values of the lattice constant
a referred to the side of cubic unit cells for both phases are reported in Table 1. As is possible to
notice, volume increases up to 10% in the a-to-p transition, determining a change of molar volume
equal to 1.57 cm?/molyy [43]. Such a transition involves the formation of clusters of H-atoms such that
125 Pd-atoms have nearly 76 H-atoms in the B-phase and just one H-atom in the a-phase [20]. Therefore,
for the performance of membrane-assisted purification processes, monitoring of the formation of the
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B-phase is crucial, as it leads to a larger volume expansion as well as higher internal stresses that need
be relaxed to avoid cracks and fractures [11].

In general, metal-hydrogen systems exhibit phase diagrams of various complexities.
Phase transitions have been object of study since the first part of the 20th century, when Gillespie
and Galstaun [44] first described the Pressure-Composition-Temperature (PCT) diagram for palladium
(Figure 11). Specifically, they found a critical point at 295.3 °C and 19.8 atm, above which only
a single phase exists. Therefore, such a critical point represents the highest temperature at which the
B-phase can form. In the single-phase region, the composition varies smoothly, and the distortion
phenomena are circumvented. Therefore, one method whereby the phase change can be avoided is
to ensure that the palladium membrane is always operating within the single-phase region of the
Pressure-Composition isothermal diagram [45].

Table 1. Lattice constant and corresponding unit cell volume evaluated at 20 °C.

System a, A Veeil, A3 H:Pd Ratio
Palladium 3.890 58.86 -

a-phase 3.894 59.05 0.008

p-phase 4.025 6521 0.607

100

LA |
N
0
[0
>
g}

250°C

Approximate pressure, p [atm]

0 0.2 0.4 0.6 0.8
Hydrogen/Palladium Ratio, x [-]

Figure 11. Approximate Pressure-Composition-Temperature phase diagram for the Pd-H system.
Adapted from Knapton [45].

The bell-shape curve shown in Figure 11 takes the name of coexistence curve, since it borders
a miscibility gap where the #- and B-phase can coexist. Such a PCT diagram for the PdHy system
could be simplified in a PT diagram, as shown in Figure 12. In this graph, the mixed (« + ) area is not
shown, and only the boundary between the two single phases is visible. Similar to palladium, also in
the PCT diagrams of vanadium [46], niobium [47] and tantalum [48] isotherms exhibit the plateau
typical of exothermic occluders. This plateau is due to the re-ordering of a-to-f transition in octahedral
interstices [11]. The critical temperatures for each metal are reported in Table 2 along with the related
H:M ratio.

Table 2. Critical temperatures T, and corresponding H:M ratio for selected metals.

Metal Ref. T, H:M
Vanadium [46] 170 °C 0.45
Niobium [47] 140 °C 0.30
Tantalum [48] 52 °C 0.42
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Figure 12. Pressure-Temperature phase diagram for the Pd-H system. Adapted from Jewell et al. [41].
3.3. Coherent and Incoherent States

The miscibility boundaries of the coexistence curve are influenced by the concentration of
hydrogen in the metal. This effect is related to differences in zero-point energies, in lattice expansion
and in phonon spectrum. Besides, a modification of the coexistence curve can be also related to the
effects of lattice stresses. As is possible to observe in Figure 11, an increase of hydrogen concentration
leads to B-phase that can coexists with the a-phase when operating below 300 °C and 20 atm, passing
through an unalloyed phase (¢ + ), which enhances the gross distortion. In other words, in this
miscibility gap, the Pd-clusters related to -phase expands within the a-phase, generating mechanical
stresses in analogy with the ball-in-hole model described above. To relax these stresses, the lattice
can react by removing Pd-atoms from the surrounding a-phase to the external surface of the metal.
Hence, two equilibrium states leading to corresponding equilibrium diagrams can be identified: the
coherent state and the incoherent one. Specifically, coherent solid interfaces are interfaces across which
the lattice planes are continuous although not straight. Indeed, in most solids, the lattice lines are
elastically strained to keep continuity, and these elastic strains play a crucial role in determining the
material properties.

Differently, incoherent solid interfaces are interfaces across which there is no continuity between
lattice planes. This situation can be found, for example, in grain boundaries and inclusions in alloys.
It must be remarked that a net distinction between both states is actually just ideal, since a distribution
of coherent/incoherent phases, named semi-coherent state, is in practice achieved [20].

In an ideal coherent equilibrium between two a- and B-phases, in the a + f region shown in the
bell-shaped diagram, one phase grows up within the parent phase without any diffusive motion of
metal atoms to the surface and the lattice is only deformed elastically. As said, the lattice planes are
curved but still continuous, and the interface between the phases is characterized by a change both in
compositions and in lattice parameters.

The coherent state corresponds to a higher free energy condition than the incoherent state because
of the elastic potential energy involved. This chemical potential accumulates until a shift-point
from coherency to incoherency is reached. Once this happens, the nucleation of dislocations at the
phase interfaces occurs. Ideally, these vacancies should carry metal atoms from the neighborhood
to the free surface but, in practice, this transport is never complete, as it is stopped at the grain
boundaries. Therefore, the excess free energy of coherent state collapses into plastic deformations
characterizing the incoherent state, even though part of that excess energy is not completely
removed [20]. The coherence-incoherence dualism is the reason for the well-known hysteresis observed
during the definition of coexistence line in the bell-shaped diagram. Coherency stresses as well as their
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reduction caused by dislocation generation occur in charge/release cycles of hydrogen into/from the
lattice whenever more than one phase is generated by the presence of hydrogen [20].

4. Conclusions

In the present paper, several thermodynamic aspects related to the hydrogen-metal systems are
critically described and discussed. First, the influence of hydrogen-metal interactions on mechanical,
structural and electronic properties of several metal alloys is discussed, putting in evidence the
detrimental effects provided by a relatively high hydrogen content dissolved in metal lattices.

Within such an analysis, an explicit expression of activity as a function of the hydrogen content in
the metal lattice is obtained starting from a complex expression of the hydrogen chemical potential
already available in the open literature [22].

The so-obtained activity expression was then used to approach the solution of the solubilization
process equilibrium in non-ideal conditions, showing that to be the overall result of two different
processes: (a) the molecular hydrogen dissociative adsorption and (b) the solubilization process of the
H-atoms adsorbed onto the surface into the metal bulk. For such an analysis, we used a Langmuir-based
expression, giving an explicit relationship between surface coverage and hydrogen partial pressure in
the gas phase. The obtained expression is shown to extend the original Sieverts’ law, which, differently,
is based on Henry’s law. Concerning this aspect, it was highlighted that, in the limit of an infinite
dilution system, the obtained non-ideal expression is coincident with Sieverts’” law, as expected for
low-concentration systems.
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H-activity, -

a Parameter depending on temperature only in Equation (13)
A Parameter in Equation (6), ] mol !

B Parameter in Equation (6), ] mol ™

12 Parameter in Equation (4), mol~! s~!

E Interaction energy, J mol~!

F Helmholtz free energy, | mol~!

f Fugacity, Pa

£0 Reference fugacity, Pa

G Partial molar Gibbs free energy, J mol~!

H Partial molar enthalpy, ] mol~!

h Reduced Planck constant, /27, ] s

Ky, Langmuirian hydrogen dissociation constant, Pa~—0-
K, Equilibrium constant, -

n Number of moles, -

P Pressure, Pa

r, 1 Adsorption and dissolution reactions
Gas constant, J mol ! K1

Partial molar entropy, ] mol~1 K1
Internal Energy, | mol~!

Temperature, K
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Volume, m
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Greek Symbols

¢ Fugacity coefficient, -

u Chemical potential, ] mol~!

Ho Chemical potential in the infinite dilution condition, ] mol~!

v Poisson ratio, -

0 Surface coverage, -

¢ H-concentration in the metal lattice, -

w H-atoms local oscillations frequency, mol ! J=1 52

wo H-atoms local oscillations frequency at zero H-content, mol ' J =1 s72

Subscripts, Superscripts and Abbreviations

ads Adsorbed phase (on the metal surface)

conf Configurational

osc Oscillatory

el Electronic

g gas phase

H Referred to Metal-Hydrogen interactions

HH Referred to Hydrogen—-Hydrogen interactions

ov Opverall

Perm Permeate side

sol Solution state (dissolved in the lattice)

Acronyms

BCC Body-Centered Cubic

BCT Body-Centered Triclinic

FCC Face-Centered Cubic
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Abstract: Hydrogen has attracted growing attention for various uses, and, particularly, for polymer
electrolyte membrane fuel cells (PEMFCs) supply. However, PEMFCs need high grade hydrogen, which
is difficult in storing and transportation. To solve these issues, hydrogen generation from alcohols and
hydrocarbons steam reforming reaction has gained great consideration. Among the various renewable
fuels, methanol is an interesting hydrogen source because at room temperature it is liquid, and then, easy
to handle and to store. Furthermore, it shows a relatively high H/C ratio and low reforming temperature,
ranging from 200 to 300 °C. In the field of hydrogen generation from methanol steam reforming reaction,
a consistent literature is noticeable. Despite various reviews that are more devoted to describe from
an experimental point of view the state of the art about methanol steam reforming reaction carried in
conventional and membrane reactors, this work describes the progress in the last two decades about the
modelling studies on the same reaction in membrane reactors.

Keywords: methanol steam reforming; hydrogen production; modelling; membrane reactors

1. Introduction

In the last two decades, a growing interest towards the environment protection was noticed
and more attention was gained by the research on renewable, alternative, and clean energy sources.
In particular, fuel cells (FCs) were proposed as a viable option to the conventional processes for
power production and to limit the greenhouse gases (GHGs) as well. Among various kinds of FCs,
the polymer electrolyte membrane fuel cells (PEMFCs) are supplied by high grade hydrogen, which is
industrially produced as a hydrogen-rich stream mainly via steam reforming of natural gas in fixed bed
reformers (FBRs) [1]. Consequently, the hydrogen stream that is useful for PEMFCs supplying needs
purification after the reforming process, which is conventionally realized in second stage processes,
such as water gas shift (WGS) reactors (constituted of a high temperature reactor followed by a second
low temperature reactor), partial oxidation (PROX) reactor, and pressure swing adsorption (PSA) [2].
Hence, the conventional process realizes the hydrogen purification with high costs and the need of
various devices. As alternative candidates to the aforementioned conventional systems, inorganic
membrane reactors (MRs) received much attention in the last 30 years because they combine the
reforming reaction for hydrogen generation and its separation/purification in a single device [3,4].
In detail, among several inorganic membrane materials to be used in MR applications, a consistent
literature was devoted on the development and utilization of palladium and/or palladium-alloyed
membranes, which played a relevant role in this specific scientific field since palladium possesses the
singular peculiarity of high hydrogen solubility and perm-selectivity with respect to all of the other
gases [5-11].
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In the meanwhile, according to the scientific literature, the methanol steam reforming (MSR)
reaction has been studied a lot from an experimental point of view as attractive and promising process
for generating hydrogen also in combination with inorganic MRs [12-29].

The whole MSR process can be described by the reactions reported in the following:

CH3OH + HzO = C02 + 3H2 AHOSK: +49.7 (k]/mol) (1)
CO+H,0=CO;, +Hp AHozggK =—41.2 (k]/mol) (2)
CH3OH =CO+ 2H2 AHozggK =+90.7 (k]/mol) (3)

where reaction (1) represents MSR, reaction (2) is the WGS, and reaction (3) is the methanol decomposition.
As stated above, hydrogen production from MSR process has been extensively studied in both FBRs and
MRS, as reflected by the number of publications per year reported in Figure 1.
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Figure 1. Number of scientific publication (modelling and experimental) versus year about methanol
steam reforming (MSR) reaction in both fixed bed reformers (FBRs) and membrane reactors (MRs)
(Scopus database: www.scopus.com).

Regarding the oscillation of the number of works per year for both modelling and experimental
approaches, we believe that an experimental study may offer more opportunities for an original
contribution due to new catalysts utilization and integration in a MR, new membranes tested, and so
on. Otherwise, as also reported in Section 3, most of the simulations about the MSR reaction in MRs
are one-dimensional (1-D) based, assuming full H, perm-selectivity for the palladium membranes.
This—in our opinion—limited the number of original contributions in this field and only recently the
development of simulations using two-dimensional (2-D) and three-dimensional (3-D) models made
an increase of new and original works about modelling of MSR reaction in MRs possible, as confirmed
by a higher number of modelling papers than the experimental ones in 2016.

Among the publications devoted to analyse MSR reaction from a modelling point of view, Figure 2
shows the percentage distribution between the studies involving FBRs and MRs.

This work is aimed to briefly describe the inorganic MRs technology from a modelling point of
view, giving details regarding to the most recent findings in the MR assisted hydrogen generation from
MSR reaction.
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H MRs
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Figure 2. Percentage distribution about the modelling of MSR reaction involving FBRs and MRs
(Scopus database: www.scopus.com).

2. Inorganic Membrane Reactor Technology

Today, MRs represent a mature technology and a relevant progress was done in the last years to
propose them as a valid alternative technology to the conventional systems. This is clearly evident in
the field of hydrogen generation where the application of MRs successfully follows the principles of
Process Intensification Strategy (PIS), being more attractive than the conventional systems concerning
modularity and reduced costs [3,4,30,31].

As an example of PIS pursued by MRs, the production of high grade hydrogen from natural
gas steam reforming reaction (the first source of hydrogen production at industrial scale [30]) is
conventionally realized by means of a multi-stages process, Figure 3A; on the contrary, the utilization
of a MR housing a hydrogen perm-selective membrane makes the combination of the reaction process
for generating hydrogen and its purification in a single device without needing further hydrogen
separation stages possible, Figure 3B.

HZ
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PrOx reactor

Natural gas
+
steam

Conventional H,, CO, CO,, not
reacted CH, and steam

Reformer
T =800-1000°C

(A)

Natural gas
+

steam H2
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Other products
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Figure 3. High grade hydrogen generation performed in: (A) a multi-stages conventional process; and
(B) a MR housing a Hy perm-selective membrane.
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The MRs can be categorized in fluidized and packed bed, while two distinct design solutions
are possible: planar or tubular configuration. Apart from the experimental investigations about MRs,
the mathematical modelling of a MR plays an essential role in process engineering. Indeed, the reactor
modelling is useful to predict the behaviour of the system in dynamic/steady state conditions,
optimizing the operating parameters via a suitable optimizing algorithm. This approach may be
realized prior to running such an experimental test to avoid a longer operating time and efforts in the
experimental campaign.

Important parameters of a hydrogen perm-selective membrane are the permeability and selectivity,
responsible of the performance enhancement of a catalytic reaction. It is worth of noting that,
generally, a membrane may act as an extractor, facilitating the selective removal of one of the products
(i.e., hydrogen) from the reaction side toward the permeate side, shifting the reaction to the chosen
direction, according to the Le Chatelier principle. Furthermore, the MRs adoption allows for the
enhancement of the reaction conversion, reducing the by-product formation and lowering the energy
requirements, driving consequently to a much flexible process [4].

Commonly, a packed bed MR allocates the catalyst in the tube/shell side of the membrane,
whereas part of the hydrogen produced in the reaction side permeates through the membrane and
is recovered in the shell/tube side. In this case, the permeation driving force is represented by the
hydrogen partial pressure difference across the membrane [4,32].

On the contrary, a fluidized bed MR utilization presents different benefits over the packed
bed modality, such as: improved heat and mass transfer and elimination of external mass-transfer
resistances [33]. Nevertheless, the fluidized bed MRs show difficulties in the reactor manufacturing
and catalyst erosion [34].

2.1. Palladium Membranes

Many publications were addressed at the subject of hydrogen perm-selective membranes and
much attention was received by metallic materials, such as Pd, Pd-alloy, Ti, Va, Mb, etc. [35-41].
Among them, palladium played a relevant role in this field and most of the literature is focused on this
metal as a membrane material.

It is well known that the hydrogen permeation through the Pd-based membranes follows the
so-called “solution/diffusion” mechanism, and, in the case of relatively low pressure, its rate-limiting
step is assumed to be the diffusion [41]. The solution-diffusion mechanism may be expressed by six
steps, as reported below:

1. hydrogen molecules adsorption from the membrane;

dissociation of hydrogen molecules on the membrane surface;

reversible dissociative chemisorption of atomic hydrogen;

reversible dissolution of atomic hydrogen in the metal lattice of the membrane;

A

diffusion into the metal of atomic hydrogen proceeds from the higher hydrogen pressure to the
lower hydrogen membrane side;
6.  desorption of re-combined atomic hydrogen into molecular form.

Hence, for a Pd-based membrane the hydrogen permeating flux may be expressed by the
Equation (4):
]Hz = PeHz (anZ,retentate - anZ,permeate)/ Y “)

where Jg, is the hydrogen flux permeating through the membrane, Pepy, the hydrogen permeability,
the membrane thickness, p, e 20 PHs permeate the hydrogen partial pressures in the retentate and
permeate zones, respectively, and n (varying between 0.5-1) is the dependence factor of the hydrogen
flux on the hydrogen partial pressure. In the case of dense Pd-based membranes having thickness
higher than 5 um, Equation (4) becomes Sieverts-Fick’s law (5):

_ 05 05
JH2 Sieverts-Fick, = PeH, * (P Hypetentate — P Hapormeate)/ ®)
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Housing a Pd-based membrane in a MR, the enhancement of the reaction conversion with
respect to the equivalent conventional reactor is promoted by the so-called “shift effect” [41].
Indeed, the hydrogen perm-selectivity characteristics of Pd-based membranes allow for the
enhancement of conversion due to the hydrogen removal from the reaction toward the shell side.

2.2. MRs Modelling

Mathematical modelling of a MR represents an essential approach in membrane process
engineering. Basically, MRs modelling is useful to predict the behaviour of the system in
dynamic/steady state modality and optimize the operating conditions by a suitable optimizing
algorithm. It can be realized prior to running the tests for avoiding longer operating time and efforts
during the experimental campaign. Commonly, the models for realizing simulations on a MR are
subdivided into three groups, which are described in brief.

2.2.1. White Box or Theoretical Models

They are developed by adopting physical and chemical principles that are based on the
conservation laws of mass, energy, and momentum as well as kinetic and transport equations
and taking into account the physical behaviours of the MR. These models are firstly validated by
experimental data, and, then, are applicable within a wide range of operation, giving a full insight
through the system. Meanwhile, they are able to develop and solve models requiring significant time,
needing specific hardware possessing a high-level of computational capacity.

2.2.2. Black Box or Empirical Models

These tools work on the basis of the experimental data fitting and an example of them is
represented by the Artificial Neural Network Models [42]. Among the characteristics of these models
utilization, it is worth of noting that they are easy to derive but not helpful outside the conditions that
are set in the experimental data.

2.2.3. Grey Box or Semi-Empirical Models

These theoretical models adopt some parameters, such as the coefficients for the reaction-kinetics
rate, catalyst adsorption, etc., which are calculated using data fitting [43]. These tools provide a clear
system understanding, combined to a good generalization over a wide range of data, needing lower
computational efforts than other theoretical models.

2.2.4. Further Reactor Modelling Categorization

A further approach in categorizing the MRs modelling is based on the heterogeneous or
pseudo-homogenous assumptions, which are responsible for the complexity and accuracy of the model
itself. In a heterogeneous model, both fluid and the catalyst particles are seen as two different phases
and the balance equations are described for both phases. On the contrary, in a pseudo-homogeneous
model, they are considered as a single pseudo-phase and the balances equations are used for only
one phase.

Generally, in modelling a conventional reactor using a white box, basically one should apply the
mass, energy, and momentum balances, combined to the specific kinetics and transport equations.
As a result, a set of differential equations (ODEs or PDEs) are obtained, and, through a suitable solving
method, such results as the concentration profiles of each component, temperature and pressure in
the reactor are simulated. By using the same approach for a MR, further parameters must be taken
into account such as the hydrogen permeating flux and the heat transport inside and outside the
reactor. Being a MR constituted of a reaction and a permeation zone, a hydrogen generation reaction is
performed in the reaction side, whereas part of the produced hydrogen is removed from the reaction
toward the permeate side for permeation through the membrane. Hence, four different streams may
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be considered: (1) feed: the inlet stream of the reaction side; (2) retentate: the outlet of the reaction
side; (3) sweep: the inlet of the permeation side; and, (4) permeate: the outlet of the permeation
side. Consequently, the balance equations are applied for both the reaction and the permeation sides,
by using an accurate hydrogen permeating flux to correctly evaluate the removal of hydrogen from
the reaction side. Furthermore, based on the type of reaction and the process needs, the catalyst may
be packed in the tube or shell sides. Two configurations are then possible for the MRs, co-current and
counter current. In the co-current mode, the feed in reaction zone and the sweep flow are introduced
in the same direction, whereas in a counter current mode they are flowing in opposite directions.

2.2.5. Tubular MR Modelling

Most of the modelling approaches about MRs belong to the tubular ones, because they represent
the majority of the scientific studies present in the open literature and the most abundant in industrial
applications. The mass balance for each MR side is related to a differential volume of length dX
(Figure 4). Commonly, it is assumed that the compositions, temperature, and pressure vary along
the axial direction without axial diffusion. In these conditions, the plug flow assumption is hence
acceptable. 1-D models are the most common type for simulating a reaction process in MRs.

Permeation zone

N iPermeaticm(x)

NiReactiun(X)

H, permeating flux

Reaction zone

X . X+ dX

Figure 4. Schematic view of a mass transport in a MR.

The simplification made by considering the properties variations in only one dimension allows
for a simple solution of their derivations.

Due to the hydrogen permeation and heat transfer through the membrane, 2-D models also take into
account radial concentrations and temperature gradients as well, including radial profiles and applying a
different differential volume for two-dimensional modelling. Consequently, the radial diffusion is included
in the balances, avoiding considering the term of hydrogen permeation in the balance equations, which is
inserted as a boundary condition for both the permeation and reaction zones.

3-D modelling represent the most complex for simulating a MR, since they include the whole
geometry and take into account the profiles in angular directions as well. Therefore, their applications
are limited unless a non-symmetrical reactor is adopted.

In summary, four different modelling strategies may be applied for simulating a reaction process
to generate H in MRs:

1-D model, plug-flow;
1-D model with axial diffusion;
2-D model with axial and radial diffusion;

L s

3-D model with axial, radial and angular diffusion.
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However, a deeper analysis about the main differences and peculiarities about the various models
proposed in this work may be found in Alavi et al. [5].

Mass Balance

The mass balance is useful for calculating the concentration gradient in a MR. Generally, once a
component balance is applied to a control volume of a dynamic reactor system, the principal terms of
the mass balance equation are (1) the input and output flows of its component through the control
volume, (2) the formation, permeation, and accumulation rates of its component in the control volume.
The time dependent term is zero in steady state conditions and the reaction term only exists in the
reaction zone modelling. The rate of hydrogen permeation depends on the type of membrane and on
its permeation mechanism. It is positive for the permeation side and negative for the reaction side.

Concentration Polarization

The real hydrogen permeation driving force is represented by the Equation (4) and the exponent of
the hydrogen partial pressure (n-value) may differ from 0.5, which is the typical coefficient describing
the Sieverts-Fick law. As an example, during the permeation of hydrogen through a Pd-based
membrane, a layer of non-permeating compounds accumulated on the membrane surface may
involve a mass transfer resistance to the permeation process, representing the so-called concentration
polarization effect, which may be responsible for a detrimental effect on the separation efficiency of
the system. The fluidized bed MRs are able to minimize the concentration polarization effect [44].
Otherwise, the choice of smaller membrane diameter and bigger catalyst particles to avoid the pressure
drop or the utilization of specific catalytic beds (structured catalysts) may facilitate the radial mixing
properties, depressing the concentration polarization [45,46].

Energy Balance

For non-isothermal MRs, the energy balances are necessary to model their thermal performance.
The prediction of the temperature variation inside a MR represents a crucial aspect because of the
embrittlement phenomenon affecting the Pd-based membranes, which—as well known—takes place at
relatively low temperatures (below 300 °C). Furthermore, in the case of composite Pd-based membranes
applications, relatively high temperatures may determine different dilations of the two materials
constituting the composite membrane, and then the membrane failure (especially in the case of ceramic
substrates). Not less important is the control of the maximum operating temperature of the catalyst for
ensuring that its activity cannot be affected.

Momentum Balance

In the case of the hydrogen permeation through the membrane and non-ideal flow pattern (not
plug), the flow rate may be different and in small diameters the bed porosity that are close to the wall
may be responsible for a non-uniform radial velocity profile, so that the momentum balance has to be
included in the equations. Nevertheless, the inclusion of the momentum balance is not so common in
the specialized literature, despite its advantages [5].

3. Modelling of MSR Reaction in MRs

Nowadays, to the best of our knowledge, there is not a consistent literature about numerical
simulations of MSR reaction in MRs, also taking into account that this review analyzed the papers
published after 2000 to illustrate the state of the art about modeling of MSR reaction in MRs in the
last 20 years. Furthermore, most of the modeling papers about MSR in the aforementioned period
were related to conventional reactors (please see Figure 2, in which it is indicated that ~75% of the
papers on modeling of MSR reaction refers to conventional reactors), not in the scope of this review.
Nevertheless, various studies focused on both conventional reactors and MRs [47-62] and most of
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them are based on 1-D model. As an exception, Fu and Wu [55] modeled MSR reaction in MRs while
considering transient conditions and a couple of them used 2-D models to take into account the
concentration polarization effect [47,53]. Most of the above referenced manuscripts refer to isothermal
conditions, which are achieved only with an imposed cooling profile. Only a few of them deal with
the study of non-isothermal conditions during MSR reaction [47,54,55].

Ideal gas behavior and plug flow are often assumed on both retentate and permeate sides,
and heat gradients are neglected. Pressure drops are described by Ergun equation and palladium
membranes are assumed to be defect free, hence showing a full hydrogen perm-selectivity, whereas
mass and heat diffusions along the flow direction are usually neglected. Physical properties, such
as heat capacity, gas density, and heat transfer coefficient are assumed constant with respect to the
temperature variation.

In most of the aforementioned references, the pseudo-homogeneous formulation is adopted,
and consequently, chemical reactions on the palladium surface are ignored. However, hydrogen
removal from the reaction to the shell side is realistically considered by using experimental
permeabilities. The finite difference method is used to solve the governing equations.

The prediction and optimization of the MRs performance during MSR reaction in terms of
hydrogen yield and recovery and methanol conversion, as well constitute the final objective of the
theoretical modelling by varying parameters such as HyO/CH3OH feed ratio, reaction temperature
and pressure, sweep gas flow rate, etc.

Gallucci and Basile [52] compared the performance of a MR with respect to the equivalent
conventional reactor, while adopting a 1-D numerical model. A Runge-Kutta solution method was
developed, including as reaction rate equations those of Peppley et al. [57], meanwhile comparing
two different flow patterns (co-current and counter-current modality). These authors theoretically
demonstrated that such parameters as reaction temperature, pressure, and feed molar ratio strongly
affect positively the hydrogen production, while the adoption of the counter-current configuration is
responsible of higher methanol conversions, Figure 5.
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Figure 5. One-dimensional (1-D) modelling of MSR reaction in a Pd-based MR: methanol conversion
versus feed molar ratio. With permission of reprint of Elsevier from Gallucci and Basile [52].

In detail, the model predicted that, with a H,O/MeOH ratio equal to 1/1 and at 270 °C and
6 bar, 99.5% methanol conversion may be reached in counter-current modality against 95% obtained
with co-current mode adoption. Furthermore, the counter-current configuration acts positively on
the hydrogen recovery, which is almost 100% in the whole range of feed ratio investigated. On the
contrary, the co-current configuration is responsible for the decreasing trend of the hydrogen recovered
in the permeate stream by increasing the feed ratio, Figure 6.

Nair and Harold [53] modeled MSR reaction in a Pd-Ag MR, in which the simulations were
carried out in order to determine the conditions that are useful for maximizing the reactor productivity
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and the corresponding hydrogen utilization. In the simulations, the dusty gas model (DGM) was taken
into account for pellet-scale diffusion and reaction.
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Figure 6. 1-D modelling of MSR reaction in a Pd-based MR: hydrogen recovery versus feed molar ratio.
With permission of reprint of Elsevier from Gallucci and Basile [52].

Furthermore, the size of the catalyst particle was strictly considered for predicting the productivity.
Indeed, Nair and Harold estimated that the maximum achievable productivity might be decreased by
increasing the particle size. Furthermore, these authors identified both membrane thickness and surface
to volume ratio as key design parameters. Consequently, they concluded that, for a given particle size,
an optimum value of membrane surface/volume ratio allows for the maximum productivity to be
reached. This conclusion is supported by the consideration that, at high membrane surface/volume
ratio, insufficient catalyst is available to generate hydrogen and reduce the volumetric productivity.
Otherwise, the effect of particle size on productivity becomes negligible. Concerning the role of
membrane thickness, Nair and Harold stated that this is in strict correlation with the surface/volume
ratio. Adopting thicker membranes a higher surface/volume ratio is achievable and smaller is
the catalyst particles size. For instance, they simulated that a hydrogen productivity higher than
50 mol/m?-s is achievable at 260 °C and 10 bar, while using catalyst particles size smaller than 2 mm,
membranes thickness lower than 10 um, and membrane surface/volume ratio around 500 m2/m?.

Fu and Wu [54,55] modeled the MSR reaction by using a double-jacketed Pd-based MR, while
also considering a non-isothermal numerical model. The schematic diagram of the MR used by Wu
and Wu [54] is shown in Figure 7, which illustrates that, from the external to the internal layer, three
components are placed: the catalytic combustor, the reformer, and the permeator.

Air—» Oxidation zone Outlet, air *

Figure 7. Conceptual scheme of a double-jacketed MR. With permission of reprint of Elsevier from Wu
and Fu [54].
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The feed gas flows into the annular side (reformer) packed with a catalyst and the hydrogen
permeates through the membrane. The unreacted gases flow into the oxidized zone and are
mixed with air. As far as the modelling aspects are concerned, both mass and energy balances
were evaluated simultaneously in annular and oxidation zones, as well as in the permeation side.
The simulations pointed out that an increase of hydrogen volumetric flow rate in the permeation
side produces an enhancement of hydrogen permeation rate across the membrane. Therefore, Fu and
Wau established that an optimum ratio between radial (permeation) and axial (annulus) velocity is
close to 10. Furthermore, for a specific Damkohler number, the higher the temperature the higher
the hydrogen production, whereas methanol conversion and hydrogen recovery yield (defined as the
percentage of pure hydrogen collected from the total hydrogen generation) are decreased. These authors
also compared the performance of the aforementioned double-jacketed MR with an auto-thermal
conventional reactor in terms of methanol conversion, hydrogen recovery, yield, and production rate.
The simulations showed that, at the same operating conditions and for a definite reactor volume as
well, a higher methanol conversion is reached by using the double-jacketed MR, Figure 8.
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Figure 8. Methanol conversion vs Damkohler number: comparison between the double-jacketed MR
and an equivalent autothermal conventional reactor. With permission of reprint of Elsevier from Wu
and Fu [54].

The numerical results evidenced this result for a Damkohler number higher than 1, while for
a Damkohler number equal to 100, 95% methanol conversion is attained in the double jacketed MR
with respect to 55% achievable adopting the auto-thermal conventional reactor. The double-jacketed
MR was theoretically studied by the same authors also developing a transient model [55]. At the
start-up, the temperatures of gases and catalysts as well as the consumption and species production
were investigated in two MR conditions: (1) feed temperature higher than catalyst temperature, and (2)
the reverse of condition (1). The simulations showed that condition (1) allows for obtaining higher
methanol conversion and reactor temperature than condition (2). Moreover, during start-up the
instability of species can be reduced with condition (1). The model analyzed also the MR response
when a temporary extra hydrogen demand occurs under steady-state conditions. The latter could be
satisfied by increasing the MR temperature from additional methanol oxidation or by increasing the
inlet methanol.

MSR reaction was also theoretically studied by Mendes and co-workers [48], who compared the
performance of Pd-based palladium and carbon molecular sieve (CMS) MRs in terms of methanol
conversion and hydrogen recovery. Based on the experimental H, permeabilities of CMS and Pd-based
membranes from the open literature, the model predicted a similar methanol conversion being reached
in both membrane reactors. This theoretical result could indicate that the permeation behaviors of the
two membranes do not have any effect on the methanol consumption. On the contrary, the simulations
evidenced that higher hydrogen recovery is achievable adopting a CMS-MR than a Pd-based MR, even
though the latter may produce a pure hydrogen stream, Figure 9.
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Figure 9. Simulation results of MSR reaction: Hydrogen recovery vs. contact time and Damkohler
number: (A) carbon molecular sieve (CMS) MR, (B) Pd MR. With permission of reprint of Elsevier from

Sa et al. [48].

The hydrogen recovery is enhanced in both the MRs by increasing the Damkohler number.
However, the Sa et al. [48] confirmed that the adoption of a Pd-based MR is more adequate if high
grade hydrogen has to be produced because the simulations demonstrated that the H, /CO reaction
selectivity is increased by using this reactor with respect to the CMS-MR.

As a further investigation, these authors analyzed a hybrid MR configuration consisting of a CMS
membrane being positioned in series with a Pd-based membrane. This new configuration revealed
some benefits, such as higher hydrogen recovery values when compared to MRs equipped with single

membranes, Figure 10.
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Figure 10. Simulation results of MSR reaction: Hydrogen recovery vs contact time and Damkohler
number for a hybrid MR solution. With permission of reprint of Elsevier from Sa et al. [48].

Consequently, this hybrid MR solution allows for a reduced membrane area and higher feed flow
rates than the Pd-MR, without a significant decrease in the performance. In another work, Sa et al. [14]
modeled two different MRs for carrying out MSR reaction with the intent of obtaining high grade

hydrogen for PEMFC supplying.
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The first system was based on a MR setup, whereas the second system was constituted by a
PROX reactor in addition to a MR. In both cases, the governing equations were discretized with a
finite volume method and the simulations showed the advantages due to the adoption of a PROX
reactor. Indeed, the solution of the MR combined to the PROX reformer allowed for converting into
CO; (with a percentage below 20%) most of the CO contained in the MR permeate stream, showing a
final CO content below 2 ppm, Figure 11. The simulations about this hybrid configuration showed that,
at higher Damkohler number and contact time, both methanol conversion and hydrogen recovery are
enhanced, Figure 12A,B, reaching the optimum at contact time values close to 2, where high methanol
conversion (up to 85%) and hydrogen recovery (up to 75%) are >85% and 75%, respectively, meanwhile
lowering the amount of CO; to 10%.
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Figure 11. Simulation results of MSR reaction carried out in a MR and in a MR followed by a PROX
reactor: Permeate CO concentration vs HyO/CH3OH feed molar ratio. With permission of reprint of
Elsevier from Sa et al. [14].
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Figure 12. Simulation results of MSR reaction carried out in a MR followed by a PROX reactor:
Methanol conversion (A) and hydrogen recovery (B) vs. Damkohler number at various contact time;
With permission of reprint of Elsevier from Sa et al. [14].
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Israni and Harold [47] proposed a 2-D and non-isothermal model to simulate MSR reaction
in a MR housing a composite ~4 pm thick Pd-Ag membrane, when comparing the results with
an equivalent conventional reactor. The authors included in the model the Maxwell equations for
considering the molecular diffusion phenomena in the MR. Furthermore, a model of hydrogen flux
inhibition due to the competitive adsorption of the primary MSR species was introduced, revealing a
good agreement between the experimental and predicted concentrations. Figures 13 and 14 show both
experimental and modelling results concerning the influence of space velocity at different reaction
temperature and pressure, on methanol conversion and hydrogen productivity, respectively. In both
figures, the symbols represent the experimental results and the solid lines indicate the numerical
results for the conventional reactor, while the dashed lines the numerical MR results.
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Figure 13. Simulation (lines) and experimental (symbols) results of MSR reaction carried out in a
supported Pd-Ag MR and in a conventional reactor: Methanol conversions vs. gas hourly space
velocity (GHSV) at different reaction temperature and pressure. With permission of reprint of Elsevier
from Israni and Harold [47].
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Figure 14. Simulation (lines) and experimental (symbols) results of MSR reaction carried out in a
supported Pd-Ag MR and in a conventional reactor: H, productivities vs GHSV at different reaction
temperature and pressure. With permission of reprint of Elsevier from Israni and Harold [47].

More recently, Ribeirinha et al. [63] simulated an integrated process in which a MSR catalyst was
packed into the anodic compartment of a high temperature polymer electrolyte fuel cell (HT-PEMFC),
Figure 15. Here, both reforming and electrochemical reactions took place simultaneously.
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Figure 15. Schematic representation of the integrated system (MR + high temperature polymer
electrolyte fuel cell (HT-PEMFC)): two metal endplates frames (1), gold coated reformer (2), Pd-Ag
membrane (3), gasket (4), MEA (5), graphite composite bipolar plate (6) and current collector (7).
With permission of reprint of Elsevier from Ribeirinha et al. [63].

In addition, a Pd-Ag membrane, with a thickness of a few micrometers, was placed between
the reforming catalyst and the membrane electrode assembly in order to avoid the contamination
of the anode electro-catalyst by methanol. Hence, they used a 3-D non-isothermal model that was
developed in Fluent (Ansys™) to simulate a packed bed MR combined to a HT-PEMFC in a single
unit. The permeation characteristics of the membrane were taken by the experimental tests on a
self-supported Pd-Ag membrane having a layer of 4 um, which was produced by the magnetron
sputtering technique and without pin-holes. At 200 °C, the Hp /N, perm-selectivity of the membrane
was around 5800 and the hydrogen permeability around 2.9 x 107¢ mol-m-s~1-m~2-bar~08.

After proper validation of the model starting from the permeation behaviors of the membrane,
the simulations pointed out high performance for the integrated system similar to the one that was
obtained with a HT-PEMFC supplied by hydrogen, allowing for efficient heat integration between
electrochemical and MSR reaction. In the MR simulations, Ribeirinha et al. [63] demonstrated the
enhancement in the methanol conversion as the permeate pressure decreases, Figure 16. In this figure,
methanol conversion is plotted against the space-time ratio in a Pd-Ag MR for different permeate
pressures. To simulate a conventional reactor, the membrane was considered impermeable and—as
shown—methanol conversion was always lower than the MR. In the combined configuration of the MR
integrated with a HT-PEMFC, the hydrogen that was consumed by the electrochemical reaction may
be responsible of the permeate pressure reduction below 1 bar, causing a faster hydrogen permeation
through the membrane, acting as electrochemical hydrogen pumping. The success of the integrated
system was confirmed by other simulations. These authors simulated the polarization curves by using
a HT-PEMFC fed with pure hydrogen and the integrated system constituted of a HT-PEMFC coupled
with the Pd-Ag MR-C at 200 °C, Figure 17.

This figure shows how the results of the integrated system completely match those that were
obtained with the HT-PEMFC supplied by pure hydrogen, indirectly confirming that the high methanol
conversion and a very high hydrogen permeability of the Pd-Ag membrane cover the hydrogen
consumption request for the HT-PEMFC supplying. Saidi [64] developed a comprehensive 2-D
non-isothermal model to simulate the performance of MSR reaction in a supported Pd-Ag MR,
evaluating the influence of different operating parameters, such as temperature, pressure, sweep
ratio, and steam ratio on methanol conversion and hydrogen recovery, Figure 18.

The simulations evidenced that a temperature increase improves the kinetic catalytic properties and
the hydrogen permeance through the supported membrane, resulting in higher methanol conversion and
hydrogen production, Figure 19. This figure also shows that an increase of reaction pressure from 2 to
16 bar enhances methanol conversion more than 30%. This result points out that the role of the Pd-Ag
membrane is crucial, because, by increasing the operating pressure, the hydrogen permeation driving force
is intensified, determining a higher hydrogen removal with a consequent shift effect on MSR reaction
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toward further products formation and methanol conversion improvement. According to several literature
data, it is evident that the permeation effect overcomes the thermodynamic effect, which represents the

detrimental influence that is operated by higher pressures on MSR reaction, which proceeds from reaction
to products with an increase of the moles number.
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Figure 16. Simulated methanol conversion vs space-time in a Pd-Ag MR, at 200 °C, total retentate
pressure of 3.0 bar. With permission of reprint of Elsevier from Ribeirinha et al. [63].
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Figure 17. Simulations about the electric potential difference vs current density for a HT-PEMFC
supplied by pure hydrogen and the integrated system combining a HT-PEMFC with a Pd-Ag MR
operated at 200 °C. With permission of reprint of Elsevier from Ribeirinha et al. [63].

In conclusion, among several theoretical works [65-67], an original modelling study was realized
by Ghasemzadeh et al. [65], who theoretically studied MSR reaction in a silica-based MR. These authors
presented both a qualitative safety and a quantitative operating analysis of a silica-based MR adoption
to perform MSR reaction for hydrogen generation. The safety analysis on the system was realized by
using the HAZOP method (Figure 20). HAZOP (Hazard and Operability) analysis was developed
in the early 1970s from a tentative approach to hazard identification for process plants to an almost
universally accepted approach today, and a central technique of safety engineering. More details about
HAZOP analysis may be found in Taylor [68].

Based on the HAZOP analysis approach, Ghasemzadeh et al. [65] made a comprehensive
investigation about the most important operating parameters affecting the silica-based MR
performance (quantitative analysis), which was realized by developing a 1-D isothermal model.
The simulations evidenced that the reaction pressure and feed molar ratio have dual effects on the
silica-based MR performance. On one hand, methanol conversion is decreased by increasing the
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reaction pressure from 1.5 to 4 bar, while over 4 bar, it is improved. On the other hand, the hydrogen
recovery decreases by increasing the feed molar ratio from 1 to 5, while over 5 bar, it assumes a constant
trend. Afterwards, the HAZOP analysis was carried out by using the analyzed operating variables as
key parameters.

- @
- e & ‘ ot gu e
... '~ Permeate side - Pd -Ag membrane

Catalyst bed

-

Retentate side

® '
- .. .:. & : ._.:.. Permeate side -

Figure 18. Scheme of the supported Pd-Ag MR. With permission of reprint of Elsevier from Saidi [64].
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Figure 19. Simulation of MSR reaction in a supported Pd-Ag MR: methanol conversion vs temperature.
With permission of reprint of Elsevier from Saidi [64].

133



Membranes 2018, 8, 65

Consider the chemical
process unit e.g. membrane
reactor, ...

Choose the key parameter
il e.g. temperature, pressure,
flowrate, ...

Is deviation possible?

NO

Is it hazardous?

Identification of the
deviation causes.

A 4

Determination of
consequences.

A 4

Suggestion of solutions or
recommendations

Were all key parameters
studied?

Report the results
as table form

Figure 20. Scheme of the HAZOP approach. With permission of reprint of Elsevier from Ghasezmadeh et al. [65].
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The safety assessment of MSR reaction performed in a silica-based MR was hence contained in
different tables as check list. As an example, Table 1 reports the input-output table for deviations of
the reaction temperature in the silica-based MR. However, the main goal of this modelling work was
the nature itself of the recommendations resulted by the HAZOP analysis, constituting the solutions to

avoid the economic and safety loss during MSR reaction in a silica-based MR.

Table 1. Safety assessment of MSR reaction performed in a silica-based MR via HAZOP analysis:

input-output table for deviations of the reaction temperature in the MR. With permission of reprint of

Elsevier from Ghasezmadeh et al. [65].

Guide Words ~ Causes Consequences Recommensations
Less 1. Heater controller fails e  Lower reaction rate 1. Check of the heater controller
2. Lower temperature of feed reactants or HPLC pump fails ®  Lower hydrogen permeation 2. Check values and lines or HPLC pump
3. Lower temperature of sweep gas e Lower hydrogen productivity 3. Check the sweep gas cylinder
4. Isolation of MR set up fails e Lower hydrogen selectivity 4. Check of the isolation system
e Lower conversion
e Lower hydrogen recovery
Condensation of vapors
More | Heater controller fails e Thermal stress for the silica membrane o\ oystem of heater
2. Higher temperature of feed reactants or HPLC pump fails o  Catalyst sintering 2. Check values and lines or HPLC pump
3. Isolation of MR set up fails e Sealing of module fails 3. Check of the isolation system
e Formation hot spot in MR
Tolerance 1. Heater controller fails e Defect formation on silica membrane 1. Check control system of heater

4. Conclusions

The modelling approach represents a useful tool for simulating the physical and chemical
phenomena in a MR, acquiring the adequate prior knowledge on the system by a reliable model.
Indeed, the prior knowledge makes hence unnecessary the consumption of time and energy in the
experiments. In this review, different modelling types were described when applied to MSR reaction
carried out in MRs, giving a panoramic view on the recent advancements present in the open literature.
Particular role was reserved to palladium membranes and much attention was dedicated from a
theoretical point of view to the intensified process allowed by housing a Pd-based membrane in a
MR. Most of the modelling studies present in literature involving MSR reaction and MRs include 1 or
2D models due to their easier derivation, even though more recently more complex 3D-modelling
analyses were dedicated to a more accurate understanding toward the systems. Last but not least, this
review also reported a new approach by combining the HAZOP analysis, useful for a safety evaluation
of a silica-based MR used for generating hydrogen from MSR reaction, and a modelling analysis,
useful for evaluating the main variables constituting the principal parameters of HAZOP algorithm.
However, some issues still need to be better developed in the future of modeling approach about
MSR reaction in MRs such as the membrane deactivation or the membrane performance variation in
long-term uses, as main responsible effects on the global MR efficiency.
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List of Symbols and Acronyms

JH,
n

PeH2

Hydrogen flux permeating through the membrane
Dependence factor of the hydrogen flux on the hydrogen partial pressure
Hydrogen permeability

PHipemene  H1ydrogen partial pressures in the permeate zone

PHa et
5

CMS
FBR
FC
GHG
MR
MSR
ODE
PDE

Hydrogen partial pressures in the retentate zone
Membrane thickness
Carbon molecular sieve

entate

Fixed bed reactor

Fuel cell

Greenhouse gas

Membrane reactor

Methanol steam reforming
Ordinary differential equation
Partial differential equation

PEMFC Proton exchange membrane fuel cell

PIS Process intensification strategy

PROX Preferential oxidation

PSA Pressure swing adsorption

WGS Water gas shift
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Abstract: In the last years, hydrogen has been considered as a promising energy vector for the
oncoming modification of the current energy sector, mainly based on fossil fuels. Hydrogen can be
produced from water with no significant pollutant emissions but in the nearest future its production
from different hydrocarbon raw materials by thermochemical processes seems to be more feasible.
In any case, a mixture of gaseous compounds containing hydrogen is produced, so a further
purification step is needed to purify the hydrogen up to required levels accordingly to the final
application, i.e., PEM fuel cells. In this mean, membrane technology is one of the available separation
options, providing an efficient solution at reasonable cost. Particularly, dense palladium-based
membranes have been proposed as an ideal chance in hydrogen purification due to the nearly
complete hydrogen selectivity (ideally 100%), high thermal stability and mechanical resistance.
Moreover, these membranes can be used in a membrane reactor, offering the possibility to combine
both the chemical reaction for hydrogen production and the purification step in a unique device.
There are many papers in the literature regarding the preparation of Pd-based membranes, trying to
improve the properties of these materials in terms of permeability, thermal and mechanical resistance,
poisoning and cost-efficiency. In this review, the most relevant advances in the preparation of
supported Pd-based membranes for hydrogen production in recent years are presented. The work is
mainly focused in the incorporation of the hydrogen selective layer (palladium or palladium-based
alloy) by the electroless plating, since it is one of the most promising alternatives for a real
industrial application of these membranes. The information is organized in different sections
including: (i) a general introduction; (ii) raw commercial and modified membrane supports; (iii) metal
deposition insights by electroless-plating; (iv) trends in preparation of Pd-based alloys, and, finally;
(v) some essential concluding remarks in addition to futures perspectives.

Keywords: review; palladium; membrane; Pd alloy; electroless plating; membrane reactor; hydrogen
separation; hydrogen production

1. Introduction

The continuous population growth and economy intensification imply an increase of global
energy demand. Up to date, this increasing demand has been usually covered by massive use of fossil
fuels, causing global warming due to the large emission of anthropogenic greenhouse gases, as well as
other combustion pollutants [1]. This situation is even more problematic because the fossil resources
worldwide depletion and thus, it represents a clearly unsustainable scenario for the future. In the last
years, it has been suggested a wide set of alternatives for the progressive replacement of fossil fuels as
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primary energy resource [2,3]. In this situation, the implementation of the so-called hydrogen-based
economy is considered as a real choice and it is receiving great attention in the last years [4-8].

Hydrogen is advised as a very promising energy carrier due to its long-term viability, high energy
density (14 J-kg~!-°C~1), environmentally welcoming combustion emissions and high resources to be
produced from. Indeed, hydrogen is the most abundant element in the Earth, although it is usually
found combined with other elements, mainly in water and hydrocarbon molecules. The idea is to
transfer the energy obtained for different primary energy sources, preferentially renewables (i.e., wind,
solar or biomass, among others), to hydrogen, which can be stored, transported and eventually used in
different energy applications. Ideally, hydrogen will be obtained from water by using these renewable
energies, thus minimizing the environmental impact while the energy demand is covered [9,10].
However, the hydrogen generation by thermochemical processes seems to be a more realistic option
in the near future for cost-cutting [11-14]. Hence, hydrogen can be generated from a wide variety of
raw materials containing hydrocarbons for both centralized and distributed production systems by
using relatively mature technologies [14], being the use of biomass and waste materials especially
attractive [15-19]. In these cases, a mixture of gaseous compounds is frequently produced, being
necessary to purify the hydrogen up to required levels accordingly to the final application, i.e., PEM
fuel cells, turbines or combustion engines [20]. Indeed, the hydrogen purification step is a crucial
process in the successful implementation of the hydrogen energy system from both technical and
economical point of view.

Among readily available alternatives for hydrogen purification, the use of membranes for
hydrogen separation/production applications has been proposed and used in practice. This technology
shows relevant advantages such as low energy consumption, environmentally good properties and also
additional potential to be combined with a reaction unit in a multifunctional membrane reactor [21,22].
The combination of simultaneous chemical reaction and hydrogen separation in one unique step results
in additional benefits in terms of conversion increase by shifting the reaction equilibrium as one of
the products, hydrogen, is selectively separated from the reaction media [23,24]. Particularly, dense
metallic based membranes have been proposed for years due to their potential to transport hydrogen in
a dissociative form with a theoretically complete perm-selectivity [25,26]. Thus, the structure of metals
belonged groups III-V, such as Pd, Ni and Pt (in pure form and alloyed), has the ability to allow the
hydrogen diffusion through the metal lattice, while avoiding the permeation of other molecules [27,28].
In this way, the solution-diffusion mechanism, depicted in Figure 1, is used to describe the hydrogen
permeation process in these Hj-selective membranes.
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Figure 1. Solution-diffusion mechanism for hydrogen permeation through the metal lattice of a
dense membrane.
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Up to date, palladium is the most studied metal for preparing these H-selective membranes.
The earliest studies date from the XIX century, when Deville and Troost discovered the capability of
hydrogen to penetrate into bulk palladium [29,30] and Graham determined that this metal was able to
absorb hundred times its own volume in hydrogen [31]. However, the use of palladium membranes
for hydrogen separation/production applications does not appear until the fifties years. From this
decade, as the related research publications evidence, these membranes have been gaining increasing
interest. This trend can be observed in Figure 2, where it is shown the number of scientific documents
published by year and region considering hydrogen, palladium and membrane or membrane reactor
as keywords. It has to be pointed out the increase of related publications during the most recent years,
mainly due to a greater awareness on environmental protection and renewable energies development,
where hydrogen emerges as a very promising clean energy vector that, as mentioned before, requires
to be purified [20,25].
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Figure 2. Citation analysis report by Scopus for keywords: palladium + membrane + hydrogen (a,b)
and palladium + membrane reactor + hydrogen (c,d).

Analysing the number of publications by region, it is evident that this topic is investigated widely
around the word, topping the list the United States of America with very ambitious policies but closely
followed by different countries of Asia (Japan and China) and Europe (mainly Italy, Germany and
The Netherlands).

Currently, main efforts are focused to reduce the cost of these membranes and to increase its
mechanical resistance, lifespan and fabrication reproducibility [32,33]. Palladium is expensive and
scarce and the growing demand for its use in large-scale applications is expected to keep driving up its
price [34]. Two of the most studied strategies to reduce the cost of the membranes are: (a) minimizing
the amount of palladium required to achieve a fully dense layer [35-38] and (b) increasing the use
life-span since these membranes can suffer deactivation by poisoning and cracking by thermal or
mechanical stress [39-43]. Taking into account the typical equation used to describe the hydrogen
permeation flux (Jp,) through a Pd-based membrane (Richardson equation, Equation (1)) as function
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of hydrogen permeability (k), metal thickness (f) and pressure driving force (Pf, ., — P{_’,z’per), it is

obvious that a decrease in the metal thickness provokes an increase of the permeation capability [28,44].

k
]Hz = ?(PI'/l-IZ,ret - sz,per) (1)

In case of the Pd-based membrane is totally free of defects, the hydrogen permeation is determined
by the solution-diffusion in the bulk metal and the exponential factor takes the value n = 0.5, denoting
the equation as Sieverts’ law.

However, the preparation of ultrathin palladium layers entails two main problems: (i) limitation
of membrane mechanical resistance and (ii) difficulty to obtain films free of defects. The use of porous
supports tries to overcome these problems and thus, to maintain adequate mechanical properties
saving palladium [45-49].

On the other hand, many authors focus their efforts in developing new fabrication processes for
ensuring a better reproducibility and reducing the number of rejected membranes [49-51] or modifying
the selective layer (Pd-based alloys) in order to improve some particular properties, such as resistance
to hydrogen embrittlement or deactivation by sulphur compounds [52-56].

Several technologies can be used to incorporate a thin film of the hydrogen selective metal,
preferentially Pd or Pd-based alloy, onto a porous support. Cold-rolling [57-59], physical vapour
deposition [60-63], chemical vapour deposition [64-66], electrochemical plating [67-69] and electroless
plating can be mentioned [33,62,70,71]. The last option (electroless plating, or its acronym ELP)
provides important advantages in terms of adherence and uniformity of deposits on both conducting
and non-conducting surfaces with complex geometries. Additionally, it has manufacturing low cost,
becoming very popular for most of the studies carried out in the literature [72-75].

Considering all these facts, this review expects to provide a general overview of the most recent
and relevant advances for preparation of dense Pd-based membranes for hydrogen production in
membrane reactors, particularly focused on supported membranes obtained by electroless plating
technology onto inorganic porous supports. The manuscript is divided into different sections focused
on: (i) materials, pre-treatments and surface modifications of raw membrane supports, (ii) palladium
deposition by electroless plating and (iii) development of new metal Pd-based alloys. Finally, some
essential concluding remarks and brief comments about trendy futures perspectives have been
also included.

2. Membrane Supports

Dense Pd-based membranes can be classified in two main groups, unsupported and supported
ones, in which a thin selective film is deposited onto a porous substrate. The first type is usually
prepared from relatively thick palladium (or Pd-based alloys) foils that, as Tosti et al. indicate
in case of requiring tubular geometry, are cold-rolled and welded [17,76]. Typical thicknesses are
ranged from 50 to 150 pm. However, as previously mentioned, a thick Pd layer strongly hinders
both hydrogen permeate rate and membrane cost. Thus, development of new ultrathin membranes
without jeopardizing mechanical resistance and presence of defects is the main objective of many
researchers in this field [59,60,77]. This goal is usually achieved by incorporating a thin Pd layer on
the surface of a porous material that provides the required mechanical resistance to the supported
membrane [71,78-80]. This complex task is subject of numerous studies since many factors must be
considered, i.e., the compatibility between support and selective layer, which strongly determines the
mechanical resistance of the membrane due to cracks can be formed at high temperatures because of
different expansion coefficients, as it will be discussed in detail later.

Numerous porous materials, such as Vycor glass [81,82], sintered metals [71,78,83], a wide variety
of ceramics [53,71,84,85] and even polymers [86-88], can be used as supporting materials for the
Hj-selective layer. The most relevant attributes of supports to be selected include porosity properties
(mainly average porosity and pore sizes distribution), surface roughness and mechanical, chemical
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and thermal stabilities [89]. In this context, it is expected great porosity with a narrow distribution
of small pore sizes, high mechanical strength and chemical resistance and similar thermal expansion
coefficient to that of Pd [90]. In regards of textural properties, the support porosity needs to be
open and interconnected enough to ensure a non-limiting gas transport through the support, besides
the critical sizes of pore-mouth and of pore-throat [91]. It is accepted that usually both pore size
and roughness strongly determine morphology and continuity of the selective layer. In this mean,
Mardilovich et al. [92] indicated that the minimum thickness necessary to prepare an electroless plated
Pd film onto a porous support is around three times the average size of the greatest pores. Despite Vycor
glass was one of the first porous supports used to incorporate Pd by electroless plating [81,82], currently
is more frequent the use of sintered porous metals [71,78,93,94] or ceramic materials [53,71,84,95],
making a clean sweep on the majority of scientific publications in this field.

The use of porous polymers as substrates for membranes reactors, which usually operates a high
temperature, is currently scarce due to the low thermal resistance of these materials [96]. For this
particular application, the metallic supports are the preferred ones, such as stainless-steel 316L [71,83],
Hastelloy [97,98], Inconel [94], nickel [99] or, in some particular cases, Ti-based alloys such as Ti-Al [100]
or Ni-Ti [101]. They usually ensure good mechanical properties, hardness and adequate thermal
expansion coefficient, similar to that of palladium, in the range of 10.5-12.5 x 10~ °C~1. Moreover,
these materials are easily sealed and coupled to membrane reactor modules, conventionally made
of stainless-steel [96]. However, these supports present relatively large pores with a wide pore
sizes distribution that makes the generation of a thin and free-defect Pd layer difficult. In fact, it is
usual that manufactures do not provide the concrete value of pore sizes in these supports, giving
an average related value, known as media grade, that represents the particle size that is rejected
in a 95% for a filtration process with this support [62]. Moreover, it is also possible that metal
inter-diffusion between support and Pd-based selective layer takes place after operating the membrane
at high temperatures for long times. This phenomenon causes a marked decrease in the permeation
capacity [89]. To overcome both drawbacks, the original support has to be modified prior to the
incorporation of the H; selective layer, as we detail in following sections [89,93,99].

On the other hand, ceramic supports provide a smoother surface with accurate control on porosity
and narrow pore sizes distributions up to a few nanometres [38]. These properties facilitate the
deposition of defect-free palladium layers with really low thickness and many researchers choose
to use them as support for membranes [41,53,84]. Among some possibilities, the use of alumina,
Al,O3 [102,103], is predominant, usually combining both «-Al,O3 and y-Al,O3 particles in order
to prepare asymmetric supports with big pores in the core to ensure greater permeabilities and
smaller ones on the top layer to facilitate the palladium incorporation [71]. However, this material
presents a thermal expansion coefficient noticeable different to that of palladium, besides a weak
mechanical resistance, jeopardizing the integrity of the supported membrane, which is quite important
on membrane reactors [91]. Other alternative less frequent is the use of yttria-stabilized zirconia
(ZrO,-YSZ), with closer thermal expansion coefficient to that of palladium (10.0 x 1076 °C 1),
to prepare ceramic supports [85,96]. Anyway, different metallic or ceramic supports can be used
to prepare totally dense supported Pd-based membranes, although a prevalent solution is still not
reached. The advantages provided for ceramic ones are problems when using metal supports and vice
versa, so different trends can be observed in literature. Some authors lean towards ceramic supports,
mainly formed by alumina, in order to ensure the incorporation of an ultrathin Pd-based layer without
defects, focusing on the membrane preparation, while other ones prefer to use the metallic supports
thinking on real application of membranes in stainless-steel industrial devices.

Independently of constituent material of supports, the geometry is also important and quite a few
configurations can be found in the literature, distinguishing mainly planar [100,101], tubular [71,78]
and hollow fibre geometries [104,105]. In general, tubular geometries of both ceramics and metallic
materials are prevalent in case of considering the use in a membrane reactor, while porous metals
with planar geometry are most frequent in case of studying the membrane preparation with only
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purification purposes [106-108]. However, this situation has changed in the last years with the
appearing of plate-type geometries and hollow fibres in design of trending reactor systems with
micro-channels [109].

Table 1 summarizes the most frequent inorganic supports present in the literature for Pd-based
membrane preparation, indicating important parameters such as material, geometry, average porosity
and illustrative pore sizes. Several relevant manufacturers around the world have been considered,
such as Mott Metallurgical Corp. (USA), Pall Corp. (USA), GKN Sinter Metal (UK), Inopor GmbH
(Germany), TAMI industries (France) or NGK Insulators Ltd. (Japan). Currently, lower prices can be
achieved for ceramic supports, despite they present smaller pore sizes than metallic ones, although
their reutilization is not easy due to the frequent breaking during operation.

Table 1. Usual inorganic commercial supports for Pd-based membrane preparation.

Company Material Geometry Th:;l]::)e s Porosity (%)  Pore Size (nm)
Mott Stainless steel: 304 L, 316 L, 310, 347, 430 Disc, sheet, cup, tube 1-3 0'1_1,00 x 10°
(media grade)
Hastelloy: C-22, C-276, X, N, B, B2
Inconel: 600, 625, 690
GKN Stainless steel: 304 L, 316 L, 904 L, 310 Disc, tube 15-3 0']72_00 x 10°
(media grade)
Hastelloy: C-22, C-276, X
Inconel: 600, 625
Monel: 400
Bronze
Titanium
Pall Stainless steel: 304 L, 316 L, 310 SC Cup, tube - (@ >0.1 _X 10°@
(media grade)
Hastelloy: X
Inconel: 600
Monel: 400
SiC/Al O3
Mullite
Inopor «-Al,O3 Tube, multichannel tube - 40-55 70-800
TiO, 40-55 100-800
30-55 5-30
30-40 1
ZrO, 40-55 110
30-55 3
v-ALO3 30-55 5-10
SiO, 30-40 1
Tami TiO, /Z1rO, Tube, multichannel tube 2 4.5 x 103 ®)

@ On request, ® Ultrafiltration grade with ZrO, active layer (15 kg/mol).

As previously mentioned, it is not common the direct use of commercial supports to prepare
supported membranes, especially in case of metallic substrates. On the opposite, it is usual to carry
out some pre-treatments and surface modifications of the support to improve the final quality of the
membrane. In addition to conventional initial cleaning procedures, most of these modifications are
focused on the improvement of layers adherence and/or the reduction of average pore sizes and
roughness in the support surface to achieve thinner hydrogen selective layers. These treatments
can be classified in three general categories: (i) chemical treatment, (i) physical treatment and
(iii) incorporation of an intermediate layer. Considering the great importance of these steps on the final
properties of the membrane and its costs, some of the most relevant advances and extended practices
are summarized in the next paragraphs. We have focused on metallic supports since, as mentioned
above, they are the most suitable to use in membrane reactors to hydrogen production, which is the
aim of the review. Moreover, it should be noted that the external surface of ceramic supports is not
usually modified prior to deposit the selective layer due to the good original properties in terms of
average pore diameter and surface roughness.
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2.1. Chemical Treatment

The use of chemicals to modify the surface of supports is known as etching. It is commonly
applied for polymers but it can also be used to modify some original properties of inorganic materials.
These treatments consist of dipping the support in a corrosive solution, traditionally a strong acid and
maintaining it at controlled temperature for a short period of time. The main effect of these treatments is
to dissolve oxides thin films formed on the top of the supports, being also possible to remove part of the
support bulk material. This action is primary determined by support composition, acid concentration,
temperature and time of the treatment. Mardilovich et al. [110] used a solution of hydrochloric acid
to treat a commercial stainless-steel support, achieving a noticeably increase of roughness on the
surface of stainless-steel particles that form the support after only 5 min. of immersion. Moreover,
the new treated surface evidenced better properties for the subsequent palladium incorporation as
a pre-activated surface, increasing the plating rate and improving the adherence. A similar treatment
was reported by Li et al. [111] but mixing the hydrochloric acid with some amount of nitric acid and
Kim et al. [101] for preparing a supported Pd membrane over a porous nickel support. In this way,
the etching pre-treatment of an inorganic support can provide benefits for the pre-activation of support
surface and adherence of the selective layer at a relatively low cost, independently of using any other
additional treatment such as mechanical modification or the incorporation of an additional layer.

2.2. Mechanical Treatment

A different alternative to modify original supports, mainly the metallic ones, can be carried
out by the polishing of the external surface. The plasticity of the metal particles that form the
support is used to reduce both external pore size and roughness through a mechanical treatment
with an abrasive material. One of the first references about the use of this alternative to prepare Pd
supported membranes, published by Jayaraman et al. in the nineties, utilized commercial sandpapers
with different grit numbers to smooth the original surface of the support [112]. Particularly, they used
commercial sandpapers with grades #320, #500 and #800. Later, Mardilovich et al. [110] used a similar
polishing process with commercial sandpapers to modify the surface of porous stainless-steel supports.
They indicated that it was possible to reduce both external average pore size and roughness, although
most porosity was lost, decreasing the permeation capacity of the modified support up to 20% of
the untreated one. Most recently, a similar technique based on the use of an abrasive sandpaper has
been reported in the literature, as evidence the works published by Li et al. [111], Ryi et al. [113] or
Pinacci et al. [114]. This polishing technique has not been only proposed for modifying the surface
properties of supports, being also possible the reparation of defects in palladium thin films of
supported membranes by mechanical treatments [115]. Despite this type of mechanical treatment is
the predominant one, it is also possible to find some work in which high velocity shot peening with
ion particles is used to achieve the plastic deformation of the metal particles of the support. However,
the high cost of this alternative makes the traditional abrasive ones prevalent [116].

However, some researchers have critical opinions about these mechanical treatments due to the
reduction of the permeation capability and adhesion properties of the thin selective layer, which in turn
constrain the performance of the supported membrane. In this context, it is accepted that the adhesion
between a support and a thin selective layer depends on the mechanical binding and anchoring effects.
Consequently, it is necessary a minimal support roughness for ensuring a good adhesion of the top
coatings [117,118]. This is clearly indicated in works published by Collins [119] and Huang [120],
where larger pores and a certain external roughness in supports improve the adhesion of the thin
coating layer. In this manner, it can be stated that it is necessary to achieve a compromise solution
between the original surface modification and maintaining certain anchoring points to guarantee
a suitable adherence of the Pd selective layer.
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2.3. Incorporation of Intermediate Layers

In spite of using chemical and /or mechanical treatments, the incorporation of an intermediate
layer between the commercial support and the top selective layer is the most preferred alternative
to improve the external surface of the support. This option can be used simultaneously for different
objectives such as modification of the original morphology, metal inter-diffusion mitigation, adhesion
improvement of the Pd selective layer, corrosion prevention of support or even incorporation of
first metal nuclei as pre-activated surface. The last one is usually the main reason to incorporate
intermediate layers on ceramic supports due to these materials usually present a very smooth
surface with very narrow pore sizes distribution, up to 3 nm [71,121] without need of additional
modifications. However, metallic supports display a typical rough surface and wide pore sizes [62,71],
being the incorporation of an intermediate layer a critical issue to achieve a really thin palladium
layer. Considering the final target of the intermediate layer, its composition and thickness need to be
adjusted at a reasonable cost and, up to now, a unique solution is not reached.

Anyway, one of the most important factor to be considered is the compatibility between the
different components of the supported membrane. Figure 3 shows the thermal expansion coefficient
for some of the materials most frequently used as intermediate layer, besides common metal support
raw materials (316L stainless-steel or Hastelloy X) and selective layer constituents (mainly palladium,
silver, copper and gold).
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Figure 3. Thermal expansion coefficients for typical constituents of supported membranes for
hydrogen separation.

At large, small differences between the thermal expansion coefficients of the supported membrane
elements are recommended to ensure enough mechanical resistance at operating conditions, usually at
moderate or high temperatures. According to the data shown in Figure 3, cerium oxide appears as
a very attractive alternative, with a thermal expansion coefficient between of palladium and common
metallic supports (i.e., AISI 316L stainless-steel or Hastelloy X). This material was employed by
Tong et al. [122] to modify a macro porous stainless-steel tubular support to prepare a supported Pd
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membrane with a selective layer of around 13 pm thickness. They evidenced a really good stability of
the supported system after long-term experiments, obtaining almost equal hydrogen permeability to
the theoretical value for a pure Pd membrane. A similar intermediate layer of CeO, was prepared by
Qiao et al. [123] to prevent intermetallic diffusion between a PSS support and a PACu alloy selective
layer. This intermediate layer was prepared through a sol-gel method and the modification of the
original support also improved the adherence between the metallic support and the selective layer.

In addition to CeO,, many other materials have been also successfully incorporated as an effective
intermediate layer, even though they present different thermal expansion coefficient to that of the
selective layer or the support. A first relevant group is formed by zirconium oxide and related
materials. Some authors, such as Wang et al. [124] or Gao et al. [125], modify commercial PSS supports
by the incorporation of ZrO, particles to reduce the thickness of the hydrogen selective layer up to
around 10 um. A similar thickness was achieved by Tarditi et al. [93] by the incorporation of the
ZrO, particles through a vacuum-assisted method, while Lee at al. [126] reduced this thickness up to
3.5 um for a better permeability. Other researchers added small amounts of yttria to the based-zirconia
material in order to increase the structure stability of the material, obtaining an yttria-stabilized zirconia
(YSZ) [50,117]. References in literature present the use of YSZ as an effective intermediate layer with
the double aim of reducing the palladium thickness and preventing the intermetallic diffusion between
support and selective layer, indicating sol-gel methods or atmospheric plasma spraying as successful
techniques for the material incorporation [70,78,127].

Considering the relatively good surface properties of alumina as support, the use of this material
as intermediate layer to modify the metallic supports has been also proposed by different authors.
In this way, Yepes et al. [128] and Li et al. [129] decreased the original pore size of the metallic support
by incorporating an alumina top layer that prevents possible inter-diffusion processes between the
original support and the selective layer. Broglia et al. [130] reported the incorporation process of
v-Al, O3 particles by dip-coating onto a PSS support to achieve a totally defect-free Pd layer of around
11 pm. Chi et al. [131] detailed the use of different graded alumina particles for a better modification
of commercial PSS tubes. They used particles with a size close to 10 um to fill the widest pores and
smaller particles (size around 1 um) for a final smooth of the surface. Thus, they eventually achieved
a thin free-defects Pd layer with less than 5 um in thick and good thermal stability. Lee et al. [126]
compared the effect of using Al,O3 and ZrO, technical ceramics with similar thickness as support
modifiers and they indicated that both materials act effectively as diffusion barrier, although the use
alumina yield a lower membrane permeability.

Other conventional material used as intermediate layer is the SiO,, being possible to accomplish
different functions such as surface support modifier, intermetallic diffusion limiter, perm-selectivity
booster or even catalyst for some chemical processes. For instance, Nam et al. [132] modify
a commercial 316L stainless-steel substrate by the incorporation of amorphous silica. In this
way, they reduced the selective layer, constituted by a PdCu alloy, up to 2 um but maintaining
an excellent separation behaviour with hydrogen permeance of 8.37 x 10~ mol-m~2-s~!.Pa~! and
H; /N selectivity of around 70,000 at 450 °C. Calles et al. [62] published the use of three different
siliceous materials as intermediate layer for preparing supported Pd-PSS membranes: amorphous
disordered silica, amorphous ordered silica (HMS) and crystalline silica (silicalite-1). In all cases, both
roughness and pore size of the original supports were reduced and, consequently, the minimum Pd
thickness required to obtain a defect-free selective membrane. The best results were obtained for the
silicalite-1 material, reducing the Pd thickness up to 5 um and yielding a hydrogen permeance of
1.423 x 10~% mol-m~2.s~1.Pa~05 with a complete hydrogen selectivity at 400 °C. Similar modifications
of metallic supports with microporous silica layers can be found for increasing the H, perm-selectivity
of the composite without any other additional layer [133] or even combined with palladium in
a mixed-matrix structures [134]. Recently, these materials have been also applied on the top of finished
supported Pd membranes in order to repair small defects and pinholes, significantly increasing the H,
selectivity with a very low cost [135].
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Materials that combine silica and alumina are the well-known zeolites, crystalline materials
with controlled pore sizes distribution and additional catalytic properties. Among the wide variety
of possible structures, the use of zeolites NaA [136], NaX [137], Z-21 [138], FAU-type [139] and
TS-1[140,141] as effective intermediate or protective layers in membrane preparation can be found in
the literature. On the whole, the higher cost of these materials limits their use to very specific processes,
mainly for membrane reactors in which undesirable products are presented and the zeolite plays the
role of both support modifier and catalyst.

Other method quite simple to modify the support, with high reproducibility and reasonable cost,
is the direct oxidation of 316L PSS supports in air atmosphere at high temperatures. This process
yields a top coating of mixed Fe;O3-Cr,O3, which is able to prevent the inter-diffusion process [78].
Ma et al. [142] patented a controlled in-situ oxidation method to prepare Pd composite membranes
over porous stainless-steel supports and thus, they achieve effective inter-diffusion barriers with
thermal treatments upper than 600 °C. Following this pioneering work, other researchers such as
Guazzone et al. [143] or Mateos-Pedrero et al. [144] modified PSS supports by the incorporation of
metal oxides derived from an oxidation process at temperatures higher than 400 °C. Mostly, only slight
modifications on the support surface can be observed after the thermal treatments due to the very
limited thickness of the new oxide layer and, consequently, the Pd thickness is not reduced as much as
when other alternatives are used. In case of using really high temperatures for the treatment (>700 °C),
more oxides are generated, although in that cases the original porosity of the support drastically drops.

In the last years, some other materials have been investigated to develop more efficient
intermediate layers and achieve better supported membranes. Some of these new materials are
thin TiN thin layers obtained by sputtering [145], a combination of silver as diffusion barrier and
aluminium hydroxide gel for filling in the biggest pores of the support [146], bi-metal multi-layers
formed by staked layers of Pd and Ag [147], nickel [148] or even tungsten powders [47]. However,
despite these promising results, a definitive solution has not yet been found.

One original alternative consists of using a temporary material to make the incorporation of
the selective Pd layer easier. For instance, Tong et al. reported this methodology for the first time,
employing an aluminium hydroxide gel or a polymer to modify the top surface of a PSS support.
Then, they deposited the Pd layer over the modified surface and, finally, the temporary intermediate
layer was removed in order to recover the original pores of the support [149,150]. Figure 4 collects the
main steps carried out during this attractive method. Following this procedure, the authors prepare
membranes with around 5 um of palladium thickness that exhibited a maximum hydrogen permeation
flux of 0.82 mol-m~2-s~! with infinite hydrogen selectivity at 600 °C and AP 200 kPa.

(@) (b) (0) (d) (e)

Figure 4. Use of a temporary intermediate layer for the preparation of a Pd-composite membrane:
(a) original support; (b) polymer + support; (¢) Pd layer + polymer + support; (d) Pd layer + small gap
+ support; and (e) defect-free Pd layer + small gap + support [150], with permission from © Elsevier.

Finally, despite the presence of an intermediate layer in ceramic substrates is less common, some
examples can also be found in the literature. For instance, the work published by Hu et al. [151],
in which a low-cost macroporous Al,O3 support is modified with graphite and clay from a conventional
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2B-pencil. With this method, they achieved a totally defect-free supported membrane with a palladium
thickness of 5 um. In spite of the incorporation of intermediate layers onto the ceramic supports prior to
incorporate the final selective coating is scarce, is possible to found some works that use this alternative
to improve the surface activation, as published by Zhao et al. [152]. They used a Pd(II)-modified
boehmite sol for modifying the original surface and achieved a thickness of the selective layer of only
1 pm. A very particular application of this methodology is the synthesis of pore-filled membranes,
in which YSZ particles are used to modify the original surface of ceramic supports in a double layer.
The aim is to get a good adhesion and uniform coating of the membrane film onto the support, as well
as create a barrier that plays as protection of the Pd-selective layer [50]. More details about this
alternative can be found in the next section, talking about recent developments for improving the
metal deposition processes via Electroless Plating.

The morphology of the external surface of a typical commercial metal support and its modification
after the incorporation of some of the previously described materials as intermediate layer are collected
in Figure 5. As it can be seen, the original PSS surface is practically covered after the incorporation of
the different materials, obtaining a very homogeneous external surface while surface roughness and
original pore sizes are significantly decreased.

The most relevant information about the wide alternatives included in this section to modify
commercial raw supports has been also summarized in Table 2. Support nature and modification
alternatives are collected, as well as other relevant parameters such as composition and thickness of
H, selective layer and permeation properties of the final supported membrane.

—.A« v \a.zuqn -4 «mry_,_.t_.__.: 200 gy
rmmqw - ‘uf’m. AW

X500 18w D39

Figure 5. Cont.
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Figure 5. Porous stainless-steel supports before (a); and after the incorporation of different materials as
intermediate layer: mixed oxides by calcination in air (b); alumina (c); amorphous silica (d); zeolite (e);
zirconia (f); ceria (g); and tungsten (h). Figure adapted from originals published in [47,51,78,99,132,136,153],
with permission from © Elsevier.
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3. Palladium Incorporation by Electroless Plating

3.1. Electroless Plating Standard Method

The term Electroless Plating (ELP) was coined for the first time in the middle forties by Brenner
and Riddell to define the metal deposition in the absence of an external source of electric current [154].
The application of ELP technology to the palladium incorporation on porous supports has been
widely used to prepare hydrogen selective membranes for years. As it is previously mentioned in the
introduction, this technique does not require any expensive equipment and neither high operational
costs due to the absence of electrodes and external electricity sources. Moreover ELP is able to create
homogeneous films on complex geometries and non-conducting materials [111,155-157], being the
option usually preferred over other methods. Here, a general description of the method is presented,
including the most relevant advances carried out during the last years in case of using both metallic
and ceramic supports.

Essentially, the use of ELP for the preparation of H,-selective membranes is based on the palladium
deposition (or related alloying materials, as it is discussed later) onto a support target surface from
an aqueous solution containing the metal precursor. Usually, this precursor is dissolved and stabilized
with some ligand in order to form a complex prior to be reduced through a controlled autocatalytic
chemical reaction [158,159]. In recent years, most published manuscripts use ammonium hydroxide
and ethylenediaminetetraacetic acid to complex the palladium precursor. On the other hand, hydrazine
is preferred as reducing agent due to the generation of nitrogen as unique by-product of the chemical
reaction, avoiding other prohibited deposits in the film, i.e., phosphorous [157,159,160]. Hydrazine is
a powerful reducing agent in both acid and alkaline media. The reduction of higher valent metal ions to
lower metal ones or to the zero valent state is possible depending on the reaction conditions [161-163].
Hereunder, the main chemical reactions involved in the process for palladium deposition are:

2Pd(NH3);" +4e~ — 2Pd + 8NH; E = 0.95 V

2
NoH, +40H™ — N, +4H,0+4e~ E* =1.12V @

being the global reaction of the process as follows:
2Pd(NH3)3" + NyHy +40H™ — 2Pd° + 8NH; + N, +4H,0 B =207 V 3)

In order to achieve a homogeneous Pd deposition, good adherence and reasonable induction
times to spontaneously initiate the chemical reactions, the supports need to be seeded with a first
nano-sized Pd nuclei before the main plating step [164]. Conventionally, this step has been carried out
by repetitive immersions in acidic tin and palladium solutions, also known as sensitization-activation
treatment [165]. However, some studies advise problems in membrane stability at high operating
temperatures caused by tin residues, which lead to the formation of defects and pinholes in the Pd film,
as Paglieri et al. indicated for the first time in the late nineties [166] and other authors endorsed most
recently [167]. A detailed study about the correlation between presence of tin residues and membrane
stability has been lately published by Wei et al. [167]. Considering these negative effects of classical
sensitization-activation treatments, alternative methods avoiding the use of tin solutions have been
proposed. Different approaches have been used, such as, the use of activated particles with Pd nuclei for
intermediate layers preparation [125,127,146,168,169]; catalysed anodic alumina surfaces to facilitate
the Pd electroless plating [170]; the increase of nuclei deposition rate and rupture of conglomerates by
applying ultrasounds [171]; the incorporation, decomposition and reduction of a palladium acetate
solution in chloroform onto the surface [172]; or, directly, the generation of nano-sized Pd particles by
direct reduction of a highly diluted solution with a mixture of ammonia-hydrazine [51,71]. However,
up to date it has not been found a better solution and the classical method remains as the top choice
for many researchers [28,46,161].
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3.2. Recent Developments in Electroless Plating

In last years, great efforts have been carried out to reduce the overall cost of Pd-based membranes
manufacturing, mainly focusing in reducing the palladium layer thickness but ensuring absence
of defects in the coating [35,37,38,173]. As previously commented, one strategy is based on the
preparation of supported membranes, which usually involves the modification of raw supports to
facilitate the incorporation of an ultrathin free-defects palladium layer [21,62]. Other strategies are
focused to improve the metal deposition process, particularly the electroless plating, to achieve better
adherence, homogeneity, greater pores coverage or, in a general way, better stability of the Pd-based
Hj-selective layer with minimum thickness. Along following lines, the most relevant developments in
this context are presented, particularly focusing on the advances published in recent years.

Thereby, Uemiya et al. [174] increased the metal incorporation rate by immersing the porous support
in a solution containing hydrazine prior to each electroless plating step. Other authors tried to improve the
palladium incorporation in deep areas on the surface, where deposited metal particles effectively close the
pore mouths of the support and complete a fully dense and continuous layer by the bridge mechanism [175].
Zhao et al. [152] and Zhang et al. [176] reported the use of vacuum in the inner size of the supports to
achieve uniform microstructure of Pd layer with a lower average thickness to that of conventional electroless
plating. Similar results were obtained by other researchers, such as Yeung [177], Souleimanova [178] or
Li [179] when osmotic effect is generated between the plating solution and an aqueous sucrose solution.

Pacheco Tanaka et al. [50,52,180] went a step further by preparing supported membranes in which
the incorporation of Pd or Pd-based alloys was carried out by vacuum-assisted electroless plating between
two zirconia oxide ceramic layers, one of them activated with a previous Pd seed, deposited onto
a tubular alumina support. This particular kind of membranes in which the selective layer is placed
into a sandwich-type structure was denoted as pore-filled type membranes. The main advantages outlined
by the authors includes the ability to operate the membrane below the critical temperature and to maintain
a fully mechanical stability, unlike other supported membranes based on a conventional external coating,
where fatal damages usually occur. Moreover, the sandwich structure also provides to the selective layer
an additional protection against poisoning. Recently, a clear scheme describing in detail the fundamentals
of this alternative has been reported by Arratibel et al. [90], as shown in Figure 6 (with permission).

/

VALOYYSZ ¢

Pd(OAC),
Hydrazine

&
a-AL,0y
1)

V-ALOYYSZ
Pd seed

Figure 6. Procedure to prepare pore-filled type membranes [90] with permission from © Elsevier.:
(1) Incorporation of a first y-Al,O3 /YSZ layer; (2) Pd seed on smaller ceramic particles; (3) incorporation of
a top additional y-Al,O3/YSZ layer and (4) incorporation of a Pd-based layer by vacuum-assisted ELP.

On the other hand, different studies are focused on modifying the plating baths composition
to improve the final properties of the palladium film. In this context, it has been demonstrated that
conventional electroless plating baths containing ethylenediaminetetraacetic acid (EDTA) present good
stability at different temperatures, although it results in limited purity of the palladium layer due to
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the incorporation of carbon deposits from the EDTA complex within the metal particles [97,181,182].
These carbon deposits could diminish the membrane performance by CO, formation at some operating
conditions. Thus preparation of free-EDTA baths has been also investigated, achieving acceptable
palladium deposition yields with good stability of plating baths in absence of these stabilizer [97,181,182].

Other authors have studied the influence of fluid dynamics between support and plating bath.
Thus, the rotation of the support during the electroless plating has been found to increase the plating
rate and the homogeneity of Pd layer, as reported Chi et al. [183]. Compared with static ELP, the use
of rotation of the support during the process reached more uniform and smoother surfaces of Pd
membranes, which in turns enhances the stability of the supported system. These authors reported
a membrane permeance of 3.0 x 1073 mol-m~2-s~!-Pa~05 with ideal hydrogen separation factor upper
than 400 for only 5 um thick (T =400 °C, P = 4 bar).

Despite the effort in the research to improve both quality and cost-efficiency of Pd membranes,
other many studies are focused on diminishing the rejected membranes due to the presence of defects
or cracking during the fabrication processes. In this mean, novel alternatives to repair possible defects
generated on the Pd surface have been recently reported. Thus, Li et al. [179] use the fundamentals
of previously reported osmotic effect to incorporate Pd particles preferentially in defect areas for
repairing the Pd layer. Following this procedure, they ensure the complete disappearance of defects
and a consequent meaningful increase in the ideal hydrogen separation factor without noticeable
reduction of the permeation flux nor thickness growth. With similar fundamentals, point plating has
been also proposed by Zeng et al. [184] to repair located defects in supported Pd-based membranes.
In this case, the method forces the chemical reaction for palladium reduction around defects by feeding
both metal source and hydrazine baths from opposite sides of the supported membrane.

Based on these repairing procedures, other researchers have recently reported the separated supply
of Pd source and reducing agent bath to prepare Pd-based membranes directly on rough commercial
PSS supports [49,51,71,78-80]. This novel procedure, denoted as Electroless Pore-Plating (ELP-PP), uses
the wall of the support itself to maintain separated both Pd source and hydrazine solutions. At these
conditions, hydrazine preferentially diffuses through the pores of the support and reacts with the
amino-palladium complex near the pore area. Ideally, in case of proper activation of the inner pore
surface, this reduction initiates from the internal porosity of the support in a similar way to the sealing
method previously [49,51,185] asserted that it is possible to save palladium source and to minimize the
number of rejected membranes following this methodology, consequently reducing the overall cost
of membrane preparation. This is possible because the contact between reactants turns progressively
difficult during the Pd incorporation up to the complete block of pores, moment at which the process
stops. The comparison of both conventional ELP and ELP-PP alternatives is shown in Figure 7. This
method hinders the increasing of palladium incorporation after blocking the pores, in contrast to the
behaviour reached by conventional ELP, resulting in a fully dense film with minimum thickness.

In spite of the preferential incorporation of Pd inside the pores of the support, authors revealed
the generation of an external film on both commercial and modified PSS supports caused by the wide
variety of pore diameters in these supports [49,51,185]. The hydrazine cannot pass through the smallest
pores because they become fully closed by palladium particles in a relative short time, while the reducing
agent can diffuse through the widest ones, partially covered, until the outer surface in contact with
the palladium bath, where the external layer is formed. In this manner, it is obvious that several
parameters affect the ELP-PP process: (i) pore characteristics of support (average pore diameter and
porosity), (ii) reducing and metal plating baths formulation and (iii) ratio between membrane length and
volume of solutions. In fact, supports with smaller pores, achieved by direct oxidation of commercial
supports in air, provide membranes with an apparent thickness around 10 pm, a half of the value
reached in case of using unmodified supports (20 um). However, this apparent thickness, determined by
gravimetric analysis, is 2-6 um greater than the real value obtained from SEM characterization due to the
Pd introduction in the pores of the support is not considered for the estimation. All membranes obtained
by this ELP-PP alternative exhibited high stability at different simulated and real operating conditions
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in a WGS membrane reactor with permeances in the range 1-6-10~* mol-m~2-s~1.Pa~%% and complete
H, selectivity [51]. Within the recent past, this novel method has been also reported for preparation of
supported membranes on ceramic supports with noticeable smaller pores respect to typical PSS supports,
confirming the great importance of support characteristics on the plating performance (primarily average
pore diameter and pore size distribution). In this way, thinner membranes were achieved even though
palladium is still present in both internal pores and external surface [71].

Conventional Plating Process
1t step i 2% step
Pd complex reduction over external surface i Dense Pd layer: Reaction never stops
External | External
PSS Support o side PSS Support side
o |
Internal o , {
3 Internal e o i Internal
side side Pore area QA\Y‘“’ L side a
P H 1Y
=2 o caet
°
PSS Support &, PSS Support B
External <4,
side q' ‘
Pore-Plating Process
1t step i 20 step
Pd complex reduction inside the pores i Dense Pd layer: No reaction
Membrane
(PSS support) Internal External  Internal External
side PSS Support side | side PSS Support side
S > .
NH, Porearea  PA(NHy)2 IRV ¢ PA(NH) 2
[} [ ] H S

Figure 7. Pd incorporation around pores in both conventional electroless plating (ELP) and pore-plating
(ELP-PP) alternatives [185], with permission from © Elsevier.

Finally, some researchers propose the improvement of membranes properties, mainly the increase
of permeation rate and thermal stability simultaneously to the presence of defects is decreased, by using
a further thermal treatment step (>640 °C) after the palladium plating [42]. Although this alternative is
not strictly an improvement of the metal deposition process, it can be used to enhance the previously
prepared membrane. In fact, a heat treatment of as-prepared membranes improved the Pd layer
microstructure, achieving a densification of the metal film, as it can be seen in Figure 8.

Figure 8. Microstructural modification on Pd films prepared by ELP after different thermal treatments:
(a) as prepared; (b) 168 h at 550 °C; and (c) 72 h at 700 °C [42], with permission from © Elsevier.

Like previous information about main alternatives for modification of commercial supports, here
we summarize the most relevant advances for Pd incorporation by electroless plating in Table 3. Key
improvements and experimental details are summarized beside information about support material,
support modifications, thickness of selective layer and permeation properties.
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4. Pd-Alloy Membranes

Independently of using conventional or improved electroless plating processes, many researchers
endorse the preparation of alloys in which palladium is combined with some amounts of other metals
in order to improve the permeation behaviour, the thermal and mechanical stability and the poison
tolerance of the membrane [56,186-188]. Thus, in this section we present an overview of most frequent
Pd-based alloys, detailing the preparation procedures and main reported benefits, as well as recent
trends and future perspectives for new formulations with improving properties.

Pure Pd usually suffers the so-called hydrogen embrittlement phenomenon due to the lattice
expansion provoked by the « to § phase transition that occurs when the metal is exposed to hydrogen
atmosphere at temperatures and pressures below 298 °C and 2 MPa, respectively. This phase transition
generates tensile stress, especially in case of tubular geometries, which often leads to cracking the Pd
layer and thus, a subsequent loos of hydrogen selectivity of the membrane. This drawback can be
avoided by working at operating conditions above the mentioned critical point when membrane is
exposed to hydrogen or modifying the Pd phase diagram [189]. The last option can be realized by
alloying pure Pd with other metals, i.e., silver [52,106,190-192], copper [99,102], ruthenium [187,193]
or gold [194,195]. It is demonstrated that Pd-based alloys with specific concentrations of these metals
modify the metal-hydride phase diagram avoiding the mentioned embrittlement phenomena [28].

Other problem that negatively affects to the permeability of dense Pd-based membranes is the
irreversible poisoning by chemical contaminants, such as carbon monoxide or sulphur. These molecules
are chemisorbed over the metallic layer, being also possible a chemical reaction with hydrogen to form
species that block the active sites on the surface and hinder the hydrogen permeation. Some alloys help
to avoid this poisoning effect while maintaining an ideal complete hydrogen separation factor [90],
even in presence of sulphur compounds that traditionally causes irreversibly poisoning in pure Pd
films [28,102,186,196].

4.1. Alloy Preparation

The preparation of efficient Pd-based alloys by electroless plating with an accurate composition is
currently one of the most important milestones for industrial membranes implementation. Physical
vapour deposition provides multiple possibilities for incorporating different metals to the membrane
with a really good control of the alloy composition [61,197-199]. However, this technique has some
difficulty to generate defect-free layers on rough surfaces and high investments costs [60]. Thus, at the
present date, the metal incorporation by electroless plating is widely adopted [182].

In general, the incorporation of metals by electroless plating for preparation of alloys can be
carried out in different ways after a previous activation of the support, as illustrated in Figure 9.
First, a unique plating bath containing all alloy constituents, i.e., materials A and B, can be used
to deposit simultaneously all of them, being denoted as co-deposition (Figure 9a). In this case, the
alloy constituents are randomly distributed in the selective layer with similar composition in both
longitudinal and transversal directions. Thus, the following thermal treatment to form the alloy is
favoured. However, this option is only possible in case of using metals with analogous properties that
can be reduced in similar conditions, i.e., palladium and silver with comparable bath compositions
and identical reducing agents. However, kinetics of the reduction process can be different for each
component and, consequently, it is not easy to define the bath conditions to achieve a desired alloy
composition [28,74,200,201].

Other possibility to prepare Pd-alloy membranes is based on sequential depositions of each
constituent, incorporating all required amount of material B onto a previous layer formed by the
material A (Figure 9b) or vice versa (Figure 9c), denoting both alternatives as consecutive methods.
The alternation of different layers formed by each constituent until achieving the desired composition
and layer thickness is also viable (Figure 9d,e, alternate methods). In these cases, it is possible to
incorporate metals from different plating baths by using the same or different reducing agents on
the condition that galvanic displacement does not occur. The kinetics of deposition processes can be
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easily controlled and the final alloy composition is determined by recurrences of each constituent
plating. The most relevant drawback of sequential depositions is the difficulty to achieve a good alloy
homogeneity through the whole layer thickness [202].

Co-deposition Sequential

Consecutive Alternate

A+B+A+B B+A+B+A

(b)

© Alloy constituent A; ) Alloy constituent B

Figure 9. Different possibilities to prepare binary alloys by electroless plating: (a) co-deposition;
(b,c) sequential deposition; (d,e) alternative deposition.

Anyway, a further thermal treatment is always required to achieve the diffusion of atoms
within the solid material to form the alloy, independently of using sequential or co-deposited
alternatives for the incorporation of metals. This process, also known as annealing, can be carried
out under inert atmosphere (usually by using Ar, He or Ny as inert gas) [99,146,203] or in presence
of hydrogen [52,94,187,200,204]. Traditional annealing processes for Pd-based membranes use inert
environment at ambient pressure and require quite long times [53]. However, recent developments
prefer faster processes in pressurized hydrogen atmosphere. In this case, it is proposed that dissolved
hydrogen forms vacancies in the crystal lattice of palladium favouring the mobility of other alloy
constituents and, consequently, reducing the time required to obtain the alloy [195]. As previously
mentioned, layers prepared by co-deposition need softer thermal treatments (shorter times or lower
temperatures) for annealing as compared with layers generated by sequential deposition (either
consecutive or alternative) [95,202]. Taking into account that preparation of alloys with accurate
control is a decisive challenge for the large-scale application of Pd-based membranes [205], following
sections summarize the most relevant advances in this field, distinguishing the preparation of binary
and ternary alloys.

4.2. Binary Alloys

Among the large number of feasible alloys from different metal pairs, the Pd-based binary alloys
are the most frequently studied and used for hydrogen production. As mentioned before, alloying
palladium with other component can avoid the hydrogen embrittlement as well as improve mechanical
and chemical properties. In some specific cases, the hydrogen permeability may be even increased,
depending on the alloy composition (Figure 10). Some alloys can improve the hydrogen permeability
of the membrane only in a narrow composition window, while others also work in a wide range of
compositions. Deviations from these target compositions or differences in composition inside the bulk
metal may deteriorate noticeably the permeation behaviour respect pure palladium. For instance,
this occurs when exceeding 36 wt % or 21 wt % in case of alloying with silver or gold, respectively.
For palladium-copper alloys, small deviations from a target PdsoCuyg value reach to a drastic decrease
in hydrogen permeability.
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Figure 10. H, permeability at 350 °C for different Pd-based alloys containing Ag, Cu and Au [206],
with permission from © Elsevier.

4.2.1. PdAg Membranes

One of the first alternatives to prepare binary Pd-based alloys is based on the addition of
silver, used since the eighties for separation of hydrogen isotopes [207,208]. It is widely reported
that mechanical strength against hydrogen embrittlement is significantly improved after silver
incorporation on a palladium layer [201], as well as original hydrogen permeability can be also
increased for some particular conditions [209]. As previously shown in Figure 10, the addition of silver
on bulk palladium to prepare a binary PdAg alloy increases the membrane permeability in a wide
range of compositions, from very low Ag percentages up to around 36 wt % [206]. Particularly, it is
proved that using a Pdy5Agys composition the hydrogen permeation reached a maximum and, thus,
many researchers around the world have adopted this composition as main target for membrane
preparation. Concerning the preparation procedure to obtain this alloy by electroless plating, both
co-deposition [95] and sequential deposition [202] alternatives can be widely found in literature.

The research group headed by Yi Hua Ma has reported some studies on the binary PdAg alloy [83,210].
For example, one of the most interesting ones, published by Rajkumar et al. [211], presents the results
obtained for incorporating Ag by both electroless and electro-plating techniques, after a first Pd
incorporation by electroless plating. These PdAg supported membranes were prepared directly onto
a commercial porous Inconel supports of 0.1 um media grade, obtaining H; selective layers under
10 um thick with complete He retention up to a transmembrane pressure difference of 10° Pa. All
membranes were annealed during 24 h at 550 °C in H, atmosphere. They observed that electro-plated
Ag exhibited an optimal penetration in the pores of the support, although a non-uniform growth with
dendritic morphology was achieved. In contrast, the use of electroless plating for silver incorporation
provides a uniform growth without dendritic morphology and a lower penetration into the pores.

The contributions of the research group headed by Laura Cornaglia, based on the use of PdAg
membranes prepared by electroless plating, are also widely reported in the literature [201,209,212-214].
One example is the work published by Bosko et al. [202], in which PdAg supported membranes
were prepared by sequential electroless plating on tubular stainless-steel supports with thickness
ranged from 20 to 26 um. The supports were previously modified with both «-Al,03 and y-Al03
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particles by a vacuum assisted-coating method. All membranes were annealed at 500 °C, exhibiting
a hydrogen permeability of 3.1 x 10~* mol-m~2-s~1.Pa~%% at 450 °C and 100 kPa and a H,/Nj ideal
selectivity of around 954 at same conditions. They observed that annealing the membranes at higher
temperatures created defects which deteriorated the selective layer, obtaining lower selectivity and
higher permeability.

Others works based on electroless-plated PdAg membranes to be highlighted are those of Andreas
Goldbach and co-workers. Recently, Zeng et al. [53] reported the use of sequential electroless plating
to prepare Hj selective PdAAg membranes on Al,O3 tubular porous asymmetric supports. They
incorporated the palladium prior to the required amount of silver to achieve a final composition
of Pdy;Agys, after a thermal treatment at 500 °C in the presence of H, between each deposition.
Additionally, intermediate surface activations with Pd seeds were also carried out. In this way,
membranes with a final thickness in the range 2.3-2.5 um were achieved. Despite the limited
thickness of these membranes, authors indicated the need to extend the annealing treatment up
to 800 h maintaining a temperature of 500 °C under atmospheric H, pressure. The progress of
annealing between palladium and silver was monitored by XRD during the entire process as it
is shown in Figure 11, to assess the formation of a homogeneous PdAg alloy. These membranes
exhibited a Hy/Nj selectivity between 3770 and 5600, with permeance values ranged from 5.77
to 3.86 x 1078 mol-m~!-s71.Pa=05, respectively. Similar to other researchers, they also reported
the frequent membrane failure during the fabrication process due to the fragility of ceramic
supports [89,95].
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Figure 11. (a) 111 XRD reflections from the top (black) and reverse surface (grey) of a PdAg membrane
during alloying at 550 °C and (b) convergence of the corresponding alloy lattice parameters [53], with
permission from © Elsevier.

PdAg membranes prepared by Tecnalia innovation centre are also relevant. For instance, Ekain et al. [95]
have recently reported a procedure to prepare thin PdAg membranes (thickness of around 3.2 um) on
tubular ceramic supports by using Pd and Ag simultaneous electroless plating during 210-240 min.
The final alloy was achieved after annealing at 550 °C for 2 h, using N carrier gas for both heating
and cooling rates but a mixture 10H,-90N, when the annealing temperature has been reached. These
membranes exhibit a Hy permeance of 3.10 x 107 mol-m~2-s~!-Pa and ideal selectivity in the range
8000-10,000, calculated for a H, partial pressure of 1 bar and 400 °C. As other studies, these authors
indicate that the use of ceramic supports generates fragile membranes, despite the good quality of
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the Pd-based selective layer. In this case, authors specifically recommended to avoid exceeding a
maximum torque value when coupling the membranes into the reactor, usually made in stainless-steel

4.2.2. PACu Membranes

The use of copper as alloying element of Pd-based membranes not only improves mechanical
strength against hydrogen embrittlement, also increases slightly the permeation rate as compared
with palladium pure membranes while retaining the permeation capacity in gas mixtures containing
sulphur compounds [205]. Moreover, copper is quite cheaper than palladium and thus, the percentage
reduction of the last one in the selective layer (optimal composition around PdeyCugg) reduces its
cost. The preparation of PdCu membranes by electroless plating is usually carried out by sequential
incorporation of palladium in first place and the copper, followed by an annealing treatment at high
temperature. In this case, stable co-deposition is really difficult due to the different nature of each

metal and the order of incorporation is also determined by the galvanic displacement of copper by
palladium due to the lower reduction potential of the first one [215].
However, the use of PACu alloys with face-centred-cubic metal structure (Figure 12) is restricted

to a range of composition due to the drastic fall in Hy permeate when small variations in the 40%
content of Cu are produced.
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Figure 12. Pd-cu phase diagram [205], with permission from © Elsevier.

Moreover, sulphur inhibition depended strongly on temperature. Zhao et al. [54] developed PdCu
membranes on ceramic supports by using sequential deposition of metals via electroless plating and
performed tests to analyse the influence of HS. They revealed that single gas H, permeation rates were
significantly reduced after tests performed with 35 ppm H,S at 400 °C, although they fully restored
the original operation capacity of the membrane after flowing H, at 500 °C. However, the precedent
flow rate obtained for N, leaks increase noticeably (thus, decreasing «jy /N2 up to 1194), presumably
due to sulphide formation in defect sites at lower temperatures.

The research group headed by Douglas ]. Way maintains a wide activity on the study of PdCu
systems for years [102,181,216,217]. Among all of them, it can be pointed out the preparation of
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PdCu alloys on tubular porous supports of symmetric a-alumina published by Roa et al. [84]. In this
work, the incorporation of the H, selective layer was carried out by sequential electroless plating
of both metals, palladium and copper, followed by an annealing treatment at high temperature in
flowing Hy. Thus, a PdCu membrane with 11 pm thick was obtained, exhibiting a H, permeate flux of
0.8 mol-m~2-s~ ! at T = 450 °C and AP = 345 kPa with a Hy /N, ideal separation factor of 1150.

Similar supported membranes based on electroless deposition of a PdgCuyg alloy layer were
prepared by Qiao et al. [123] but using porous stainless-steel modified by the incorporation of
a CeO, as intermediate layer. In this work, copper was incorporated at room temperature on
a first Pd layer prepared at T = 55 °C and a further annealing treatment at 480 °C under hydrogen
atmosphere. The alloy layer thickness was around 8 pum, that yielded a hydrogen permeability of
5.92 x 1012 mol-m~2-s~! at T = 450 °C (pressure was maintained at 10° Pa). No nitrogen permeate
was detected at AP = 10° Pa and room temperature.

4.2.3. PdAu Membranes

The addition of gold in a palladium layer brings out similar benefits to that of copper in Pd-based
alloys, mainly attending to sulphur tolerance [91], although the cost of the resulting membranes is
higher due to the higher cost of gold respect to that of copper and the need of a higher content in
palladium for these types of alloys, usually upper than 80% [206]. However, the range of compositions
in the PdAu that exhibits FCC structure without phase segregation, which ensures greater permeability
than pure Pd membranes with diverse alloy formulation, is wider [205]. This fact is very beneficial
in the membrane preparation since it is possible to achieve the alloy varying the gold content up
to 21%, while maintaining improved permeation and sulphur tolerance. Among these possibilities,
a composition target of PdggAuj seems to offer the best properties in the resulting membrane [206].

Attending to the preparation of these membranes, the combination of Pd electroless plating with
a consecutive Au incorporation by galvanic displacement is the procedure widely described in most
published works. Thus, Yi Hua Ma and co-workers prepared PdAu membranes that ensure good
resistance to sulphur presence in a mixture 54.8 ppm H,S/H, at temperatures ranged from 350 to
500 °C [94]. These membranes, prepared on a PSS support, have a gold content around 8-11 wt % with
a total thickness below 15 um. PdAu membrane experienced a decline in H, permeance by ~85% after
the H,S exposure. Despite this, a value of ~65% of the original permeance could be recovered in pure
H, at the poisoning temperature of 400 °C.

Similar PdAu alloys were also prepared by Tarditi et al. [93], in a ZrO,-modified porous
stainless-steel support. Both metals, palladium and gold, were incorporated by sequential electroless
deposition: palladium was first deposited at 50 °C in two steps, while a unique step at 60 °C was used
for incorporating the gold. This process was repeated several times up to obtain a N, non-permeable
membrane at room temperature and AP = 10° kPa at, obtaining a total thickness of around 10 pm.
Finally, the membranes were annealed at 500 °C in H, atmosphere to promote the alloy formation.
A H, permeation flux of 0.14 mol-s~!-m~2 was obtained at T = 400 °C and AP = 100 kPa, showing
a Hp /N ideal selectivity upper than 10,000. It was also possible to recover ~65% Hj flux, in a Pdg; Aug
membrane with an initial permeability of 1.1 x 1078 mol-m~1-s~1.Pa~05 at 400 °C after 24 h exposure
of 54.8 ppm H,S in H; [201].

4.2.4. Others Binary Alloys

The previously mentioned binary alloys based on palladium, silver, copper and gold are the most
common alternatives used by researchers for Hj selective separation. However, it is also possible to find
the combination of palladium with other metals to achieve additional advantages in cost-reduction or
permeation behaviour. In this context, the principal limitation to explore new alloys it is the chance to
incorporate the metals by electroless plating, being preferred to use the magnetron sputtering [61,199].
However, as we previously detailed, the use of electroless plating for H, selective membranes
preparation is recommended in terms of cost efficiency [33]. In this context, the use of nickel [148,218]
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or platinum [85,187] to prepare Pd-based alloys by electroless plating has been explored. Pd-Ni
alloy supported membranes show long-term thermal stability at 300 °C under hydrogen permeation.
An example of this alloy can be found in the work published Lu et al. in which Pd and Ni were
consecutively incorporated by ELP on a capillary a-Al,O3 substrate [218]. The PdNi selective layer
thickness is ~7 pm and shows a hydrogen permeance of 2.74 x 1073 mol-s~1-m~2-Pa%5, close to that
obtained for a similar supported membrane of pure palladium. However, the manuscript does not
mention the particular alloy composition achieved. In contrast to PdNi alloy, PdRu and PdPt [187]
alloys showed long-term thermal stability at high temperatures. Membranes based on a PdRu thin
film are prepared by co-deposition with really low contents on ruthenium (<2 wt %) [193], while the
PdPt membranes are formed by alternating layers of Pd and Pt [85] with a final platinum load of
around 25 wt %. El Hawa et al. prepared these types of alloys on modified porous stainless-steel with
yttria-stabilized zirconia [187], reaching an average thickness of 6 um. The H, permeance achieved
at 550 °C for membranes based on PdRu and PdPt alloys were 2.1 x 1073 mol-s~!-m~2.Pa~%% and
1.39 x 1073 mol-s'm2-Pa~05, respectively.

4.3. Ternary Alloys

The formulation of ternary alloys has been also considered to combine simultaneously the
improvements of each constituent [74]. However, published researches about preparation of
multicomponent alloys by electroless plating is still scarce, being initiated only some years ago.
First works suggest that particular compositions seems to reach an additional improvement on the
membrane properties as compared to binary alloys, in terms of increasing hydrogen permeability
and/or chemical resistance [56]. Alloying Pd simultaneously with two or more other metals (i.e., Ag,
Cu, or Au) it is possible to improve not only the membrane permeability but also the mechanical and
chemical resistances to sulphur poisons at the same time [41,201]. Additionally, the use of cheaper
materials (i.e., Ag or Cu) in these formulations reduces the membrane cost [219-222]. On the other
hand, copper and gold present higher melting points than silver, although lightly lower permeability
of their binary alloys with palladium. Hence adding these metals on PdAg alloys to conform a ternary
alloy could increase the thermal stability of the membrane [41,56,223].

Generally, the procedure to prepare these ternary alloys is similar to the previously described
for obtaining binary alloys, including co-deposition or sequential electroless plating following by
an annealing process at high temperature to finally obtain free-defects, homogeneous and continuous
layers [74]. For instance, Tarditi et al. [224] presented the fabrication procedure of a PdAgCu ternary
alloy on stainless-steel supports by consecutive deposition of palladium, silver and copper, in this
order. They evidenced a hydrogen permeation flux of the ternary alloy about 70% higher than in case
of considering a binary PdCu alloyed membrane with similar copper loading and average thickness
of the selective layer. The annealing process for these membranes consists of a thermal treatment at
500 °C for 162 h, to obtain the FCC phase of the ternary alloy by XRD after the treatment. Figure 13
shows the evolution of the alloy during the annealing process.

In this work, no uniform distribution of metals was achieved, increasing silver content as going
towards top surface in radial direction. Authors explain this effect by the lower surface tension of
silver compared with this value in both palladium and copper, obtaining a surface segregation of silver
after the annealing treatment [55].

Other researchers add gold to a previously prepared PdAg membrane to increase the resistance
against H,S poison, in a similar way as using PdCu or PdAu binary alloys but with higher
permeabilities derived from the presence of silver. For instance, Melendez et al. has lately published
the preparation and testing of ternary PdAAgAu alloys by incorporation of gold over a previously
electroless plated PdAg membrane (using co-deposition of metals) on an asymmetric tubular Al,O3
support, with a thickness of 2.71 um and final composition near to Pdg; 7Ags gAus 5 [41]. Prior to gold
incorporation, the Pd-Ag layer was annealed at 550 °C for 4 h and the process was repeated again after
incorporating gold. This membrane exhibited a H, permeance of 4.71 x 1073 mol-s~1.m~2.Pa=95 at
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600 °C. The authors affirm that the Hp /N> ideal separation factor achieved with the ternary PdAgAu
membrane was maintained relatively high after H,S exposure, in comparison with other binary PdAg
membranes taken as reference. In fact, a Pdgs 1Ags 9 membrane suffered a decrease in hydrogen
selectivity from 1308 to 18 after exposure to 9 ppm H;S for 15.25 h. However, the selectivity of
a ternary alloy composition with composition like that of previously described, Pdg; sAgs7Ausg,
experienced a lower decrease in hydrogen selectivity, from 4115 to 800 after 9 ppm of H,S for 12.5 h.
Moreover, ternary alloy membranes recovered original permeation rates in an 85% after sulphur
exposure, whereas the hydrogen flux of PdAg membranes maintained below detectable values.
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Figure 13. Ternary PdAgCu alloy formation: (a) XRD patterns after annealing up to 500 °C in H; at
different times, (b) Microstructure evolution with annealing time and (c) SEM images after annealing
of both top surface and cross-section [224], with permission from © Elsevier.

Membranes formed by the alloy PAAuCu were also prepared by Tarditi et al. onto PSS disks
with sequential electroless deposition of each metal [200]. First, the supports were cleaned and
oxidized before incorporating a ZrO, intermediate layer by using a vacuum-assisted dip-coating
method. Palladium was deposited onto this modified support in two steps of 60 min, following by
the incorporation of gold. Later, the membrane was rinsed and dried at 120 °C for 12 h prior to
be activated again by conventional sensitization-activation process with SnCl,-PdCl, solutions to
allow for copper deposition on the top layer. Finally, in order to achieve an alloy with homogeneous
composition, the membrane was annealed at 500 °C in H, atmospheric pressure. After using this
synthesis procedure, the best membrane was reached with 14 pum in thickness of the alloy composition
PdggAuyyCuyy, obtaining a hydrogen permeance of 8.7 x 10~? mol-s 1-m~1-Pa—0% at 400 °C and
50 kPa. The permeability value taken as reference in clean conditions were reduced around 55% after
exposure to 100 ppm H,S/H, at 400 °C for 24 h. However, authors affirmed that it was possible to
recover around the 80% of the original permeation capacity of the membrane after testing with pure
H, at 400 °C.

Table 4 summarizes the most relevant information about Pd-alloy membranes detailed in this
section, including information about metal incorporation, final thickness, alloy composition and
annealing conditions, as well as used support and main permeation properties.
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5. Concluding Remarks and Future Perspectives

This concluding section offers a perspective on current research in Pd-based membranes for H;
production processes, focused on dense supported membranes prepared by electroless plating, as well
as future challenges need to be addressed for the real implementation of this technology in the industry.
Supported membranes are preferred to reduce the thickness of the hydrogen selective layer and,
consequently, the cost of the process. Moreover, the hydrogen permeation values, as well as thermal
and mechanical resistances of the supported membranes, are increased comparing to unsupported
membranes. Among the wide variety of materials that can be used as support, porous ceramic and 316L
stainless-steel are the prevalent ones in recent researches. Particularly, it is expected that metal supports
will prevail for industrial applications, above all at high temperatures, in which most devices are made
in stainless-steel. Up to now, suitable ceramic-steel fitting for long operation times is not guaranteed.
In this context, considering the wide pore size distribution and the high roughness of the metallic
stainless-steel supports, it is usually required to modify its external surface with the aim to facilitate the
incorporation of a thin selective palladium layer. One of the best alternatives is the incorporation of an
intermediate layer, which simultaneously reduces the average pore size and roughness of the support
top surface and avoids inter-diffusion problems. The main features to be considered to select the
most suitable material used as interlayer are thermal compatibility between each component (support,
barrier and selective layer) and membrane cost. Many of these intermediate layers are formed by metal
oxides (i.e., CeO,, ZrO; or SiO, based materials) incorporated by dip-coating techniques. However,
nowadays it has not been reached any prevalent solution and additional research in this issue is still
required. Future directions are aimed to explore new materials or the combination of some of the
already studied to achieve improved properties for the intermediate layer.

Attending to the selective layer deposition, three main objectives are being followed: (i) reduction
of the selective layer thickness (target: permeability increase and membrane cost reduction while
ensuring complete absence of defects), (ii) reduction in the number of rejected membranes (target:
to control the overall cost of the fabrication process) and (iii) preparation of Pd-based alloys (target:
to improve permeation properties in real operation conditions, i.e., thermal cycles or presence of
sulphur). To reach these objectives and to make easier the metal incorporation around the pores,
several modifications of the conventional electroless plating method have been proposed in the last
years, including the use of osmotic effect, vacuum or feeding both metal source and reducing agent
from opposite sides of the support (ELP-PP). Finally, the use of binary Pd-based alloys to avoid
hydrogen embrittlement of pure palladium or sulphur poisoning is also frequent, mainly adding
specific amounts of silver, copper or gold. In the last years, an increasing number of alloy constituents
is observed, trying to obtain membranes that gather particular benefits of different metals saving
costs, i.e., hydrogen perm-selectivity of bulk palladium, increase of permeation rate provided by
silver or sulphur resistance given by copper and gold. Here, it is very important to indicate the
current limitation of possible metal constituents that can be incorporated by electroless plating and
reproducibility between published results in terms of alloy composition, annealing conditions and
hydrogen permeability. Thus, future trends go towards the combination of the most promising
modifications for electroless plating with additional exploration of new Pd-based alloys with better
properties in real industrial operation conditions (i.e., thermal cycling, presence of sulphur compounds,
low hydrogen concentrations, etc.).
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