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A few projects decided to join the forces to
disseminate results in a common newsletter.
In this first issue we will report results and info
of 5 projects and a book of abstracts of the
latest

European

workshop

membrane

this

newsletter

reactors.
Other News
In this issue
Abstracts of the 3rd
European Workshop on
Membrane Reactors

hope

you

will

find

interesting. If you want to include news related
to your own research project on membrane
reactors do not hesitate to send us the info you
want to disseminate.

MEMERE

New workshop on
membrane reactors

We

BIONICO

on

FLUIDCELL

PROJECTS

FERRET

Welcome to the first newsletter of the projects

ROMEO
Other

and MEMERE and ROMEO from the H2020SPIRE area organized the third European
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FERRET, BIONICO and FLUIDCELL from FCH,
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3rd European workshop on
Membrane Reactors

workshop on membrane reactors. The workshop

FLUIDCELL

Organizing PROJECTS
FERRET
FLUIDCELL
BIONICO
MEMERE
ROMEO

BIONICO

Interesting info

During these two days, there were presentations

MEMERE

We are already looking for
the 4th European workshop
on Membrane reactors. If
you are interested in
organizing it and or you
have projects interested in
joining the organization
please contact the previous
organizing committee for
info.

FERRET

was held on March 9-10 in Verona.

on fundamental membrane-related science,
applications. There was also a poster session and
a company visit.

ROMEO

process design and applications, industrial

A large participation of both academia and
registered to the workshop from all around Europe
and from Russia, Pakistan and Philippines.

Interestingly, large part of the participants were
not part of the 5 organizing projects.
At the end of the newsletter you will find the book
of abstracts of this workshop

Other

industry has been achieved almost 90 participants
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The FERRET Project

developing an high efficient micro-CHP system flexible
towards the variability of natural gas compositions in

NEWS

The FERRET project, started in April 2014, aims at

Europe. The main idea is to develop a novel more
pure hydrogen production in order to intensify the
process of hydrogen production through the integration

FERRET - A flexible natural
gas membrane reformer for
m-CHP applications

of reforming and purification in one single unit. FERRET
consortium consists of 6 European organisations from 4
countries: 3 Research Institutes and Universities and 3
industrial partners from different sectors: the consortium
developing a fully functional reactor for use in a current
plant components and the revise the controls allow the
sudden change of natural gas specification that can be
expected in field operation in the coming years. The NG
compositions variation affects the design of the system,
its performance and/or its lifetime. The resulting BoP
component (membrane ATR reactor for CHP-systems)
has to lead to a fuel processor for fuel cell CHP system
being flexible throughout Europe or even beyond Europe.

ATR-MR
(600 °C)

Flue gas

Eindhoven University of
Technology (Dept. Chemical
Engineering and Chemistry,
Chemical Process
Intensification)

H2Osweep

HX-8
(Recov)

Cooling circuit

H2 + H2Osweep
HX-9

P-3

P-4

ROMEO

Project Coordinator:
Dr. Fausto Gallucci
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controls and diagnostics
systems

m-CHP unit. The design of the reactor, the balance of

BIONICO

Collaborative project:
Research and Innovation
Action

FLUIDCELL

PROJECT Info
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efficient and cheaper multi-fuel membrane reformer for
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to an end. Excellent results of the project on membranes, catalysts, lab-scale tests and
overall CHP system was achieved in the first two years while the third year is mainly

NEWS

After almost three years of intense collaboration between the partners, FERRET is coming

devoted to the assembly and test of the prototype system as well as new concept
been presented by the FERRET consortium. Moreover from the academic point of view,
two PhD students from POLIMI and TUe contributed to the FERRET achievements on
membrane

development,

lab-scale

tests

and

micro-CHP

system

definition

FERRET

membrane developing. More than 15 publications and/or conference participations have

and

will also have the possibility to see the FERRET membrane reactor prototype in operation.
The research activity on catalyst was accomplished by JM finding out a PGM catalyst
formula that ensures high and stable methane conversion at 550-600 °C as well

FLUIDCELL

optimization. Besides, participants of the 3rd European Workshop on Membrane Reactors

mechanical stability under fluidization regime. On the other hand, TECNALIA developed a
separation. They prepared 32 Pd-Ag membranes of 1 cm diameter and 23 cm long by
simultaneous electroless plating deposition and delivered for the manufacturing of the

BIONICO

thin (2-4 μm) Pd-based supported membranes with high selectivity for hydrogen

pilot scale reformer.

MEMERE
ROMEO

Catalyst and membrane developed within the FERRET project

The impact of NG composition on system design and performances was evaluated both
entire European situation were selected for assessing the flexibility of the system
covering Wobbe index from 44 to 57 MJ/Nm3 and hydrogen potential from 3.4 to 4.6
molH2/molNG. Both the sweep gas and vacuum pump are explored as options to reduce

the membrane surface area outlining the efficiency advantages of the former and the
simplicity of the latter. Results showed that, for the sweep gas case, net electric
efficiency is above the project targets (40%).

Other

at rated and partial load conditions. Four different compositions representative of the

Wobbe index, the NG volumetric flowrate at the inlet of the system vary of ±20%
between the four cases. Results showed the significant efficiency drop at minimum load
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This value is almost constant (± 0.5%) for all the NG qualities; due to the different
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The FERRET Project

of the vacuum pump case (-4% points) with respect to the sweep gas case (-2% points).
always positive outlining the environmental benefit of FERRET system application respect
to the reference separated production while the target cost considering its application to

FERRET

An yearly energy and economic analysis revealed that the primary energy savings is

two dwellings is around 2000 €/kW.

FLUIDCELL
BIONICO
MEMERE

FERRET System assembled and shipped to Italy

The pilot scale ATR membrane reactor was tested at HyGear for 2 months. The ATR
parameters as pressure, temperature, steam to carbon, feed load, and sweep flow.
Furthermore the ATR unit was tested using a variety of natural gas compositions,

ROMEO

tests were carried out for different operating conditions, assessing sensitivity to

simulating the diversity in feedstock quality found across Europe. After the first test
Verona, Italy for further testing and validation.

More information on FERRET (including public reports, dissemination activities and
presentations) are available at the project website: http://www.ferret-h2.eu

Acknowledgement
The research leading to these results 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° 621181.
Disclosure: The present document reflects only the author’s views, and neither the FCH-JU nor the
European Union is liable for any use that may be made of the information contained therein.
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campaign was completed at the facilities of HyGear, the system was shipped to ICI in
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and Power (m-CHP) systems, has been proven to over-
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Distributed power generation via Micro Combined Heat
come disadvantages of centralized generation since it can
give savings in terms of Primary Energy consumption and
The

FluidCELL

project

(www.fluidcell.eu)

aims

at

providing the Proof of Concept of an advanced high

PROJECT Info

bio-ethanol

m-CHP

cogeneration Fuel Cell system for decentralized off-grid
applications by end of 2017. The main idea of FluidCELL
is to develop a new bio-ethanol membrane reformer for
pure

hydrogen

production

(3.2

Nm3/h)

based

on

Membrane Reactors in order to intensify the process of
hydrogen production through the integration of reforming
and purification in one single unit.
The novel reactor will be more efficient than the state-ofthe-art technology due to an optimal design aimed at
circumventing
Moreover,

mass

the

and

design

heat
and

transfer

resistances.

optimization

of

the

subcomponents for the BoP will be also addressed.
Particular attention will be devoted to the optimized

Tecnalia (Materials for
Energy and Environment)

of the system at >90% and reducing the cost due to low

thermal integration that will improve the overall efficiency
temperature reforming. The main results obtained until

ROMEO

Project Coordinator:
Dr. Jose Luis Viviente

MEMERE

SP1-JTI-FCH.2013.3.4 :
Proof of concept and
validation of whole fuel cell
systems for stationary power
and CHP applications at a
representative scale

effective

BIONICO

Collaborative project:
Research and Innovation
Action

cost

FLUIDCELL

FluidCELL: Advanced m-CHP
fuel CELL system based on a
novel bio-ethanol Fluidized
bed membrane reformer

performance,

FERRET

energy costs.

now in terms of performance of the catalysts, membranes
and the membrane reactors are summarize hereafter.

the

whole

product

chain:

i.e.

development

of

materials/components (catalysts, membranes, supports,

sealings,...) through integration/validation at lab-scale,
until development/validation of pilot scale ATR-MR and
the proof of concept / validation of the new PEM fuel cell
m-CHP system.

Other

The FluidCELL work plan consisted on activities related to

intensified chemical processes and m-CHP was also carried out thanks to a screening life
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Additionally, assessment of environmental, health & safety issues -in relation to the new
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The FLUIDCELL project

cycle analysis considering all components and steps involved to build the system.

four reactors with one single reactor, namely the Membrane Reactors. The hydrogen
produced which can be directly sent to the PEM fuel cell. The optimal lay-out for the
micro-CHP system, rated 5 kWel, based on membrane reactor and PEM fuel cells has
been defined simulating the performances of two different configurations: sweep gas case
and vacuum pump case. Parametric analysis is performed for both cases evaluating the

membrane reactor (temperature and feed/permeate pressures) on performances and
design parameters. Optimal conditions are defined as a trade-off between efficiency and
Pd-membranes area. The Pd-membrane area is the parameter which shows the largest

BIONICO

impact of feed composition (water-to-ethanol ratio) and operative conditions of the

FLUIDCELL

conversion and separation is carried out in this reactor and a pure hydrogen stream is

FERRET

The FluidCELL concept allows a simplification of the conventional lay-out by replacing the

variation and significantly affects the reactor size and costs. The sweep gas layout has
membrane reactor, with consequence impurities in the permeated hydrogen, methanator
will be included as guard bed between the reformer and the PEM fuel cell.

hydrogen yield. Two different series of catalysts were prepared by wet impregnation
according to procedures previously reported: Pt-Ni/CeO2 and Pt-Ni/CeO2/SiO2. Pt-

ROMEO

Catalysts play a crucial role in terms of complete ethanol conversion and maximizing the

MEMERE

been selected for the final prototype. In case of damage of the membranes in the

Ni/CeO2/SiO2 catalysts with different CeO2/SiO2 ratios (25, 30 and 40 wt%) were
The

best

performing

catalyst

in

terms

of

catalytic

activity

(under

oxidative/autothermal (ATR) and non-oxidative (ESR) conditions) and stability (ethanol
conversion, lower coke formation rate, standing the fluidization regime) is the PtNi30Ce
catalyst. In addition to the kinetic test, a model has been developed for describing the
ethanol autothermal reforming. The model shows an excellent match with the
experimental data. Both the catalyst and inner material for the prototype has been
manufactured. Ultra-thin (<2 µm) film and thin film (~ 4-5 µm) Pd-Ag membranes
developed by direct simultaneous Pd and Ag electroless plating have been studied in the
frame of the project.

Other

developed.

condition of the reactor under fluidization conditions has shown that the membrane
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Long term stability test under gas H2/N2 gas mixtures as well as simulating the reactive
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The FLUIDCELL project

reactor concept is working fine and could be implemented in the prototype. The thin film
onto Al2O3 tubular porous supports (40 cm long)).
In parallel, a membrane reactor was designed for an output of 3.2 Nm3/h with a
membranes of 40 cm length. The compact design aims to meet the targets for efficient
hydrogen production either as a stand-alone reactor or integrated within the micro-CHP
system.

through the membranes is enhanced by the use of steam as sweep gas on the permeate
side of the membranes. The reactor is designed to operate at partial feed load down to
40% of its nominal value. Nominal feed conditions consider water to ethanol ratio (molar)

BIONICO

Operating conditions of the reactor are 12 bar(a) at 500 °C. Hydrogen permeation

FLUIDCELL

Hydrogen Recovery Factor (HRF) of 76.8 %. The reactor design employs 37 tubular

FERRET

Pd-Ag membrane has been selected an manufactured for the prototype (42 membranes

of 3.6 and oxygen to ethanol ratio of 0.43. The prototype has been already built and
of May 2017.

MEMERE

membranes will be integrated along March 2017 and the pilot reformer validated by end

On the other side, work conducted on the fuel cell allowed to complete the information
about the fuel cell components and fuel cell stack performance in the ranges of operating
will be delivered in April 2017. BoP components have been investigated, in order to get
the integration of the fuel processor with the stack ready as soon as having them. The

ROMEO

conditions of interest for the system development. The fuel cell stack for the prototype

model for the m-CHP system has been developed and the layout has been already
consequent impurities in the permeated hydrogen, have been investigated.
In particular, the predictions of system performances in a wide range of condition have
been analysed matching experimental results and simulation. Safety issues such as the
identification and evaluation of key safety parameters and providing recommendation for
the safe operation of the novel technology are part of the present development.

Other

defined. System off-design operations, in case of damages of the membrane reactor with

electric efficiency, net power output and thermal efficiency will be measured under

NEWS

Once assembled, the PEMFC m-CHP system will be validated. Performance in terms of
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The FLUIDCELL project

different conditions. Additional intermediate process measurements (temperatures and

It is expected to have the m-CHP system working at least 2000 h along this test. This
testing campaign will end in November 2017. Finally, a Life Cycle Assessment is also
novel technology compared to the reference technology based on the LCA methodology.
More information on Fluidcell (including public reports, dissemination activities and
presentations) are available at the project website: www.fluidcell.eu

BIONICO

.

FLUIDCELL

carried out in order to measure and understand the environmental performances of the

FERRET

chemical compositions in selected critical points) will be also defined and analysed.

MEMERE
ROMEO
Other
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remarkable growth in the next decades, increasing the

NEWS

Biogas production in Europe is expected to have a
production up to 40 Mtoe in 2020. Roughly 10,000 biogas
are in operation in Europe, but the European potential for
biogas is still enormous. Biogas is obtained by anaerobic
digestion of residual biomass or other waste material and
can be used for heat and electricity generation or can be

BIONICO - Biogas membrane
reformer for decentralized
hydrogen production

upgraded

to

biomethane.

Another

option

is

the

production of hydrogen directly from Biogas. Hydrogen
can

replace

fossil

fuels

in

power

generation

and

FLUIDCELL

PROJECT Info

FERRET

plants in agriculture, industry and waste water treatment

transportation, drastically reducing local pollution, and
CO2 emission: hydrogen production from biomass is
therefore sustainable and green. The BIONICO project,
started in September 2015, will develop, build and
demonstrate a novel reactor concept integrating H2
production and separation in a single vessel in a biogas
production plant. The hydrogen production capacity will

be of 100 kg/day with target purity of 99,99%. By using

Project Coordinator:
Dr. Marco Binotti

the novel intensified reactor, direct conversion of biogas

Politecnico di Milano (Dept.
Of Energy)

results in a strong decrease of volumes and auxiliary heat

MEMERE

FCH-02.2-2014
Decentralized hydrogen
production from clean CO2containing biogas

BIONICO

Collaborative project:
Research and Innovation
Action

to pure hydrogen is achieved in a single step, which

efficiency (h > 70%) with respect to conventional

ROMEO

management units and in an increase of the overall
systems (h = 59%).

Other
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Compared to any other MR projects, BIONICO will demonstrate the membrane reactor at
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a much larger scale, so that about 100 membranes will be implemented in a fluidized bed
MR, making BIONICO’s concept a real demonstration unit, paving the way towards
designed and integrated in a real biogas production site in Portugal.
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In order to achieve maximum impacts on the European industry, the BIONICO consortium
Institutes, Universities (3 RES) and representative top industries (1 SME and 3 IND) in
different sectors. The supports, the membranes, and the catalyst for the reactor will be

ROMEO

gathers 8 organisations from 7 countries including top level European Research

developed and produced by Rauschert, Tecnalia, and Johnson Matthey. The technical
university of Eindhoven will test the components in its experimental reactor, Politecnico di
pilot scale reactor. The system will be finally installed and operated at an ENC Energy
plant and Quantis will perform the environmental life cycle assessment of the system.
Thanks to the strong interconnection of BIONICO with previous projects, in the first 6
months it has already been possible to test catalysts, membranes and supports in the lab
scale reactor available at TUe. New catalysts, membranes and supports are also under
investigation to make these components tailor-made for the use with raw Biogas at the

temperatures required by BIONICO (up to 550-600°C). In the first year, membrane and
catalyst for operating with biogas have been tested at TUe labs achieving promising
results.

Other

Milano will take care of the system design and optimization, while ICI caldaie will built the

NEWS

A membrane assisted fluidized bed reactor for biogas reforming will be designed and
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The BIONICO project

tested. Novel high flux Pd-based ceramic tubular supported membranes and novel PGM
doped alumina catalysts will be assembled in the reactor: particular attention will be
improve the bubble breakage and thus reduce fuel slip through the bubble phase. The
control of the reformer will be developed as integral part of the reactor, to achieve full

FERRET

devoted to the design in order to avoid problems due to membrane vibration and to

flexibility of the system. The experimental work carried out on the reactor will also
membrane reactor will be installed and tested in a landfill plant in Portugal.

FLUIDCELL

validate the models to be used for the scale-up of the system. The final prototype of

BIONICO

presentations) are available at the project website: http://www.bionicoproject.eu

The BIONICO project has received funding from the Fuel Cells and Hydrogen 2 Joint
Undertaking under grant agreement No 671459. This Joint Undertaking receives support from
the European Union’s Horizon 2020 research and innovation programme, Hydrogen Europe
and N.ERGHY
Disclosure: The present document reflects only the author’s views, and neither the FCH-JU
nor the European Union is liable for any use that may be made of the information contained
therein.

Other

Acknowledgement

ROMEO

More information on BIONICO (including public reports, dissemination activities and

MEMERE

2nd generation thin film Pd-alloy 50 cm long finger-like supported BIONICO membranes

WELCOME

The MEMERE project

scale-up and validation of a novel membrane reactor for

NEWS

The key objective of the MEMERE project is the design,
the direct conversion of methane into ethylene with
integrated air separation. The focus of the project will be
integrated within a reactor operated at high temperature

for OCM. This will allow integration of different process

MEMERE: MEthane
activation via integrated
MEmbrane Reactors

single

multifunctional

unit.

The

project

process limits which makes the production of ethylene
from methane currently not economical, thus opening
new horizons for the production of C2 at higher yields
(from current limit of 25% to potential 35-40%) and
much lower costs (-20-30% CAPEX and -20% OPEX), at
same

time

reducing

energy

intensity

(-50%),

emissions (- 60%) and increased flexibility compared to
the current state of the art technologies. This will allow
for a radical leap forward in the competitiveness of the
EU process industry at global level, with particular focus
on the strategic petrochemical sector, rejuvenating its

MEMERE

Project Coordinator:
Dr. Fausto Gallucci

a

promises to solve for the first time the technical and

the

SPIRE-05-2015:New
adaptable catalytic reactor
methodologies for Process
Intensification

in

BIONICO

Collaborative project:
Research and Innovation
Action

steps

FLUIDCELL

PROJECT Info

FERRET

on the air separation through novel MIEC membranes

role and re-establishing its leadership at global level, in
line with the SPIRE objectives.

ROMEO

Eindhoven University of
Technology (Dept. Chemical
Engineering and Chemistry,
Chemical Process
Intensification)

Other

set-up and validation of a pilot prototype.
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Moreover MEMERE will bring a robust proof-of-concept of this novel membrane reactor by
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The MEMERE project

The project gathers 11 partners from 8 European countries with high level of expertise in
their respective scientific and technological fields spread all over Europe: 2 universities, 2

Objectives

MEMERE will develop new O2 selective (supported) membranes for high temperature air
separation and integrate these membranes in a novel membrane reactor for direct

BIONICO

TUE, Eindhoven University of Technology, The Netherlands
TECNALIA, Fundación Tecnalia Research and Innovation, Spain
VITO, Flemish Institute for Technological Research, Belgium
TUBerlin, Technical University of Berlin, Germany
MARION, Marion Technologies, France
HYGEAR, HyGear BV, The Netherlands
QUANTIS, Quantis Sàrl, Switzerland
FINDEN, Finden., UK
JM, Johnson Matthey, UK
RHP, Rauschert Heinersdorf-Pressig GmbH, Germany
PNO, Ciaotech s.r.l. (100% PNO Group B.V.), Italy

FLUIDCELL

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

FERRET

European RTD institutions, 5 SMEs and 2 industrial partner:

conversion of methane to C2. This high temperature membrane reactor module will have
oxygen feeding and improved temperature control of the reactor, combined with
improved overall plant efficiency and costs, because a costly cryogenic air separation unit

MEMERE

an immediate result on the significantly increased C2 yields because of the distributive

required in competing technologies is avoided, while downstream separation units will be
advantages of both high temperature membranes and membrane reactors resulting in a
breakthrough technology in the field of methane activation to ethylene.

ROMEO

simplified/reduced in volume or operating costs. This new concept will thus combine the

The great advantages of the novel membrane reactor are also accompanied by
experimentation and testing to generate feedback to the materials producers. In
particular, the development and testing of novel oxygen transport membranes for
application under reactive (reducing) OCM conditions. We will also study how to improve
the sealing of the membranes for operation at high temperatures and reducing
environments. Additionally, the low oxygen partial pressure that will be very beneficial for
OCM, could influence the catalyst stability and thus the operational window of existing
catalysts will be mapped and if needed novel catalysts will be developed in the project.

Other

challenges that the MEMERE consortium will tackle via a combination of detailed

WELCOME

The MEMERE project

methane autothermal reforming as the challenges of the process and advantages of the

NEWS

The MEMERE process can also be extended to other partial oxidation processes such as
novel approach are similar. As such, MEMERE will also investigate (via modelling) the
applicability of the new reactor concept to other process technologies thus increasing the
Summarizing, MEMERE will address the following issues:

available

at

the

project

website:

ROMEO

are

MEMERE

presentations)

BIONICO

More information on MEMERE (including public reports, dissemination activities and

FLUIDCELL

 Development of novel stable membranes for high temperature applications under
reductive atmospheres.
 Development of novel catalysts active and stable at the low oxygen partial pressure
typical of membrane reactors.
 Development of new and more stable sealing methods for the membranes at high
temperatures and reductive atmospheres.
 The study of interactions of catalysts, membranes and supports under reactive
conditions at high temperature.
 The study of the effect of impurities in the methane (such as H2S) on stability of
catalysts and membranes.
 The integration of the new membranes in novel membrane reactors to achieve the
integration of separation and reaction in a single unit.
 Technical validation of the novel membrane reactor modules at lab scale.
 The complete energy analysis of the new MEMERE technology applied to different
scenarios.
 The validation of the novel membrane at prototype scale (TLR 5)
 The environmental LCA of the complete chain.
 The dissemination to stakeholders: the scientific community to share knowledge.
Industrial community to support the exploitation of the project results towards market
use.
 The exploitation of the results including the definition of a targeted and quantified
development roadmap to bring the technology to the market.

FERRET

impact of the results. The following figure shows the approach of the MEMERE project:

https://www.spire2030.eu/memere

Other
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What’s next

FERRET

Workshop On Membrane Reactors organized by PROMECA on
November 16th 2017. Chieti (Italy)
International Conference on Chemical Reaction Engineering
http://www.aidic.it/iscre25/

EDITORIAL TEAM
International Conference on Inorganic Membranes, ICIM,
Dresden (Germany), 2018-06-18 - 2018-06-22

Euromembrane 2018, -, Valencia (Spain), 2018-07-09 2018-07-13 http://www.euromembrane2018.org/

Dr. Gioele DiMarcoberardino
Politecnico di Milano
Gioele.Dimarcoberardino@po
limi.it

BIONICO

http://www.icim2018.com

Dr. Fausto Gallucci
Eindhoven University of
Technology
F.Gallucci@TUE.nl

FLUIDCELL

Firenze Fiera, Florence, Italy 20-23 May 2018

MEMERE

14th International Conference on Catalisys in Membrane
Reactor (ICCMR14), Eindhoven (The Netherlands) – July 8th 11th 2019

Other

If you have news, events
and other info on Membrane
Reactors, contact Gioele
and Fausto. Two pages
news are welcome for this
newsletter

ROMEO

CONTACTS

Third European Workshop on Membrane reactors:
Membrane Reactors for Process Intensification –
MR4PI2017

Final Agenda
Thursday 9th March, 2017

8:30-9:00 Registration/Coffee
9:00 – 9:15 Introduction –Welcome (Fausto Gallucci, Carlo Tregambe)
9:15 – Session 1 – Fundamentals
9:15 – 9:40 - Arend de Groot – ECN “The CARENA project: Towards application of Membrane Reactor
Processes”
9:40 – 10:05 – Marit Stange- SINTEF “Scale-up and demonstration of inorganic membranes for gas
separation and membrane reactors”
10:05 – 10: 30 -Alfredo Pacheco Tanaka – Tecnalia “Thin supported Pd alloy membranes for
hydrogen separation”
10:30 – 10:50 Coffee Break - posters
10:50 – 11:15 - Vladimir Volkov – A.V. Topchiev Institute “Catalytic membrane reactors in Topchiev
institute”
11:15 - 11:40 M. Logemann – Aachen – “Membrane reactors : state of the art and new concepts
from ROMEO”
11:40 – 12:05 Martin van Sint Annaland – TUE – “Concentration polarization in fluidized bed
membrane reactors for H2 production: A CFD modelling study”
12:05 – 12:30 Christiane Gunther – Rauschert – “Membrane support manufacturing”

12:30 – 13:00 – Round table discussion (Chair Jon Zuniga, Giampaolo Manzolini)
13:30 – 14:30 Lunch – posters

14:30 – Session 2 - Process design and applications
14:30 – 14:55 Jennifer Hasselberg – Evonik – “ROMEO - A major step toward more sustainable
processes”
14:55 – 15:20 Vincenzo Spallina – TUE – “Preliminary techno-economic assessment of membrane
assisted OCM reactor integrated for olefins production”
15:20 – 15:45 Leonardo Roses –Hygear – “On-site gas supply and m-CHP with ATR membrane
reactor”
15:45 – 16:20 Coffee Break – posters
16:20 – 16:45 Stefano Foresti - CEA – “Off-design operation of a PEMFC stack into a m-CHP system
with membrane reactor”

17:05 – 17:40 Round table discussion (Chair Vincenzo Spallina, Gioele Di Marcoberardino)
17:40 - 18:40 Poster and drink
19:30 – social event (city tour) + Dinner (RISTORANTE MAFFEI – Piazza Erbe, 38 – VERONA)

Friday 10th March, 2017
9:15 – Session 3 – Industrial applications
9:15 – 9:40 Emma Palo – KT – “Application of membrane reactors: An industrial perspective”
9:40 – 10:05 Violaine Magaud – Quantis – “Can membrane reactors contribute to mitigate climate
change? The answer through life cycle assessment”
10:05 – 10:30 Johnny Marcher - LiqTech - “SiC membranes, an emerging technology”
10:30 – 11:00 Coffee Break - posters
11:00 - 11:25 Gioele Di Marcoberardino – Polimi – “Application and system evaluation of membrane
reactors with different fuels”
11:25 – 11:50 Carlo Tregambe - ICI - Hydrogen 4.0 – possible applications
11:50 – 12:15 Hamid Godini -TU Berlin - “Integrated Membrane Reactors for Efficient Ethylene and
Methanol Production”

12:15 – 13-00 – Round table discussion (Chair Carlo Tregambe, Fausto Gallucci)
13:00 – 14:00 Lunch – posters
14:00 – Visit to the company (ICI)
16:30 – End of the meeting and transfer to the airport
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Introduction
Most of the commercial Pd alloy membranes are thick (<30 μm) with the consequent
high cost and low hydrogen permeation; therefore, great effort has been devoted to develop
thin (2-5μm) and ultra-thin (<2μm) Pd based membranes with very high permeation and
selectivity stable for long time at working conditions. Self –supported thin Pd based
membranes are not stable at high pressure, therefore supported membranes are required. In
order to obtain thin membranes with good permeation properties, the quality of the surface on
which Pd is deposited is very important; the surface must be smooth, with small pore size
(with low resistance to passage of H2) and narrow pore size distribution. Ceramic supports
have these characteristic, however, they are not mechanically strong and the incorporation
into metallic reactors is problematic. On the other side, porous metallic support can be easily
assembled to reactors, but, their surface properties are not adequate.
Recently, novel reactor concepts for efficient (high purity) hydrogen production are
being developed. Among them, palladium membrane reactor (Pd-MR) is an interesting
alternative to conventional multi-stage processes. In this reactor, chemical reaction and
hydrogen separation take place in the same unit, thus achieving an important process
integration which results in a reduction in the required number of process units cost
performance [1].
In this presentation, the preparation and characterization of Pd alloy membranes
developed by Tecnalia and TU/e for DEMCAMER, RE4CELL, FERRET, FluidCELL and
BIONICO projects are reported.
Experimental
Asymmetric tubular alumina supports (10.0-10.5/7 mm o.d/i.d., 100 mm long) with
an outside pore size of 100 nm were provided by Rauschert Kloster Veilsdorf . Hastelloy
porous tube (3/800 o.d.;0.2 mm media grade) were from Mott Corporation. The surface
quality of the metallic support was improved by deposition of various layers of Al 2O3-YSZ.
PdAg layers were deposited on the support by using the simultaneous (Pd and Ag) electroless
plating technique[2]. PdAgAu membranes were prepared by deposition of Au on a PdAg
membrane [3], for comparison purposes half of the PdAg membrane was covered with Teflon
tape so only the uncovered part was plated with Au[4]. Permeation and reactions tests were
carried out in set-ups available at TU/e [2,5].
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Results and discussion
Pd-Ag membranes were deposited by Electroless plating on ceramic and metallic
porous support and the thickness was controlled with the time of plating (Fig 1). A 1.3μm
thick Pd-Ag membrane showed a stable H2 permeance of 9.2·10-6 mol.m-2s-1Pa-1 and H2/N2
perm-selectivity of 1900 after 1000 hours test at 400 °C [6]. The H2 permeance of 4-5 μm
thick PdAg on porous metallic support was comparatively low (0.9x10-6 mol m-2 s-1 Pa-1),
however, the perm- selectivity was very high (>150000) for 1250 h. The addition of Au to a
Pd-Ag membrane decreases the H2 permeation at temperatures lower 500 °C, however, it
increases at higher temperatures; this is reflected in the activation energy 16.0 and 9.5 kJ.mol1
for Pd94.9Ag5.1 and Pd91.7Ag4.8Au3.5 respectively. The addition of Au also increases the
resistance to sulphur poisoning [Fig 2]. The performance of the membranes under water gas
shift (WGS) and steam reforming (SR) membrane reactors will be discussed.

Fig. 1. Pd-Ag thickness as function of the
plating time [6]

Fig. 2. Change in the H2 flux in the presence
of H2S and after recovery in PdAg and
PdAgAu membranes

Conclusions
The selection of the support is very important for the H2 permeation performance of
thin supported Pd based membranes. Removal of H2 by the membranes increases the
productivity in WGS and SR obtaining simultaneously pure H2.
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Introduction
Rauschert is an independent company with more than 110 years of experience in the
manufacture of both technical ceramic and plastic components for industrial customers. We
operate 12 factories worldwide, with ca. 1,200 employees. We are one of the top ten
manufacturers in the technical ceramics industry worldwide, focussing on innovative products
in niche markets. With a unique set of technical capabilities we are able to offer tailor made
solutions for the problems of our customers. Rauschert is specialised in the fabrication of
technical ceramics. Some of the major products are ceramic membranes, including (or
excluding) housings, which are sold by inopor GmbH under the brand name inopor®.
Inopor® membranes are successfully used in a broad range of applications for
example in the water and wastewater treatment, beer, wine and fruit juice clarification,
filtration of fermentation broths or for other different issues in the chemical and
biotechnology industry [1,2,3].
Rauschert is well experienced in the extrusion of ceramics as the basic technology to
produce tubular ceramic substrates. We are producing ceramic membranes for micro-, ultraand nanofiltration with a total amount of many thousand m2 p.a. and started the development
of multi-channel-tube-structures as a substrate for filtration membranes using the knowledge
of production of honeycombs as catalytic carriers. Rauschert was involved in the development
and prototyping of supports and intermediate membrane layers in the project DEMCAMER.
The development is further improving during the current project BIONICO [4].
Experimental
For a coating process on the outside of the tubes, only single channel tubes make
sense. The standard geometry for these are 10 mm outer diameter and 7 mm inner diameter,
for membranes produced at Rauschert. But to get a higher mechanical stability, the wall
thickness was increase. The result was a tube with an outer diameter of 10 mm and an inner
diameter of 4 mm. The bursting pressure and maximum torque increased, but since the
opening of the channel is much smaller, the fluxes are smaller. Therefore, the new geometry
of 14 mm outer diameter and 7 mm inner diameter was invented (see Fig. 1). This type should
be stable under higher pressure and allow also higher fluxes.
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Fig. 1. Tubes of different geometries
(outer/inner diameter = 10/7, 10/4 and
14/7)

Fig. 2. Tubes with porous caps

In the project BIONICO, Rauschert is developing new finger-like porous asymmetric
ceramic supports in which one of the ends of the tube is a closed porous part (see Fig. 2). This
way, only one seal based on Swagelok-graphite will be needed compared to the two seals
needed for conventional both open-end tubular supported Pd-based membranes for their
integration in the reactor. Thus, the probability for leaks through seals will be reduced as well
as the cost of one Swagelok will be saved. Thin Pd-Ag layers have been deposited at
TECNALIA onto the first 50 cm long finger-like supports.
Conclusions
New geometries of single-channel tubes have been successfully prepared and coated
on the outside. Additionally, new finger-like porous asymmetric ceramic supports were
developed, in which one of the ends of the tube is a closed porous part.
Acknowledgment
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Introduction
The development of a resource-efficient chemical industry, especially with respect to
energy use, is becoming a major issue and driver for sustainability in chemical production.
Membrane reactors, commonly applied for pure hydrogen production, can give a significant
contribution in a series of application areas where energy and cost saving still represent a
major concern.
KT experience with membrane reactors started in 2005 in hydrogen production from
steam reforming in the framework of an Italian R&D FISR Project, concluded with a pilot
unit successfully operated for more than 1000 hours [1]. Moving from these first significant
steps in pure hydrogen production, KT looked at alternative markets for membrane reactors
application, gaining also experience in synthetic fuels [2] and chemicals production. An
overview of KT design and experimental activity in membrane reactor area is given in this
work.
Experimental
Different application areas of Pd based membrane reactors were considered from
KT: (i) pure hydrogen production, (ii) GasTo-Liquid, (iii) propylene production.
For all these applications a pilot
unit was designed from KT, built and
operated in order to assess the industrial
viability of the proposed solution (Figure 1).
For pure hydrogen production, two different
levels of integration membrane-reactor were
considered: open (a, reactor-membranereactor, site: Chieti, Italy) and closed (b,
membrane inside the reaction environment,
site: ENEA, Italy, Comethy EU Project, via
KT controlled Company Processi Innovativi)
architecture.
For Gas-To-Liquid the open
architecture scheme has foreseen a low
temperature reforming stage followed by a
membrane module and a CPO conversion Fig.1. Pure H2 (a,b)-GTL (c)-PDH (d)
stage (c, site: Chieti, Italy, NEXT-GTL EU
Project).
For propylene production (PDH) an open architecture with two stages of propane
dehydrogenation has been considered (d, site: University of Salerno, CARENA EU Project).
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Results and discussion
For each reported application, the most representative results are reported (Figure 2).
It can be observed that the presence of membrane enable to reach a methane or propane
conversion higher than expected from thermodynamic evaluation (a,b,d). Of course, the
higher is the level of reactor-membrane integration, more pronounced is the overcoming of
equilibrium conversion (b), and accordingly the potential energy saving for highly
endothermic reactions.
(b)

(a)

CPO with membrane

(c)

550°C-5barg-S/C3:0.25

(d)

CPO without
membrane

Fig.2. Experimental results for pure H2 (a,b)-GTL (c)-PDH (d)

In case of GTL application, the experimental test showed that for a total feed conversion of
40% for example, the presence of a membrane allows to reduce oxygen consumption over
50% with a consequent reduction in process economics.
Conclusions
Process intensification via membrane reactors can be pursued in different applications of
industrial interest. The very good results obtained up to now confirm that membrane reactors
can positively impact the energy and cost saving of industrial processes.
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Introduction
Membrane reactors usually are utilized either for dosing one of the reactant-species along the
catalytic bed (Type-I) or for integrating the reaction and separation in one single unit (TypeII). The Type-II membrane reactors usually enable the separation of one of the productspecies which leads to a higher conversion by overcoming the limitation of the
thermodynamic equilibrium. In Type-I membrane reactors, however, the main target is
securing a selective conversion. This concept fully matches the characteristics of the reaction
system in the OCM process (Oxidative Coupling of Methane) where methane preferably
reacts with low concentration of oxygen to produce ethane and ethylene as desired products
[1]. With higher oxygen concentration the parallel reaction for undesired carbon dioxide
production will be intensified. Ceramic membranes can tolerate such high reaction
temperatures (around 800 °C) and can provide a distributed oxygen flux along the catalytic
bed. This enables the construction of a membrane reactor to improve the performance of the
OCM reaction.
In this manner, the perspective of using OCM as an alternative technology for
ethylene production becomes more promising. Hence, membranes and membrane reactors
have been investigated at the Department of Process Dynamics and Operation (dbta), both
experimentally and model-based, for the last decade [1] as part of UNICAT1 reasearch
activities. For that purpose, a miniplant has been constructed, where two porous membrane
reactor setups have been implemented, which can be operated as a network. 600 mm long and
7/10 mm ID/OD thick commercial porous α-alumina membranes were used. The permeation
of these membranes was modified to tailor a proper oxygen permeation using a combination
of coating and impregnation in silica solution. With the modified membranes very promising
results of 25.5% C2-yield (C2 represents ethane and ethylene) and 20.3% ethylene-yield with
66% C2-selectivity were achieved for the benchmark catalyst.
Further improving the conversion via an efficient network of membrane reactors was
targeted by investigating the network of reactors in the miniplant. The idea is to perform the
1

Cluster of Excellence: Unifying Concepts in Catalysis (https://www.unicat.tu-berlin.de)
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main part of the methane conversion in the first membrane reactor at a relatively high level of
oxygen permeation (using either porous membrane or high permeable dense membrane). This
ensures up to 35% conversion of methane with more than 60% C2-selectivity.The rest of the
methane conversion is established by using a dense membrane and thereby keeping the
selectivity as high as possible Developing such a dense membrane is the main target of the
MEMERE2 project.The first dense membrane products have been already synthesized and
tested in this project and are currently being implemented in the miniplant reactors.
Special focus in MEMERE project is on integrated membrane reactor systems to
improve the performance and economical aspects of the OCM reaction system for instance by
use of an effcient dual-membrane reactor concept, as seen in Figure 1. Such a reactor type has
been suggested and modeled [2] and is currently developed to test it experimentally in the
miniplant. This reactor concept not only enables significant heat integration between the
exothermic OCM reaction section and the endothermic dry methane reforming (DRM)
section. It can also damp the thermal and concentration disturbances due to the mass
integration between the chambers. In the OCM section, a dense or porous membrane can be
used and in the dry reforming section a metal-molten carbonate composite membrane is used
to secure the transfer of CO2 from the OCM section to the reforming section

Figure 1: Conceptual representation of integrated dual-membrane reactor.

In another current project (CODY)3 the concept of employing a membrane reactor to
simultaneously separate methanol and water while they are generated in the reaction chamber
(Type-I) is investigated. In this reactor, carbon dioxide and hydrogen react to methanol. It is
known that the performance of this system in a concventional fixed-bed reactor is limited by
the thermodynamic equilibrium. The first step in this context is to study and analyze the
permeation of water and methanol vapor through a membrane. In order to perform some
preliminary investigations on the selection of membranes for this task, a test setup has been
designed and is currently under construction. The main idea is to separate the influence of the
reaction from the mass transfer through the membrane in order to formulate a dynamic
process model of this membrane reactor. The design of this setup will be demonstrated and
possible modifications for the membranes and research methodology will be discussed.
The MEMERE project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 679933.
UNICAT support funded by the German Research Foundation is also acknowledged.
The CODY project has received funding from the Bundesministerium für Wirtschaft und Energie of the
federal government of Germany.

2

MEthane activation via integrated MEmbrane REactors (https://www.spire2030.eu/memere)
The CODY project is carried out in a consortium of five institutes in TU Bergakademie Freiberg, including the
Institute of Thermal, Environmental, and Natural Products Process Engineering (ITUN, formerly chaired by
Prof. Repke, now TU Berlin).
3
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Introduction
Since 1999, LiqTech has developed products from the ceramic material “Silicon
Carbide”.
The synthesis of SiC has been a commercialized technology since the end of the
1890’s. The material has been produced in hundreds of qualities and crystalline forms. The
most commonly used process has been, and still is, the Acheson process. Initially SiC was
mostly used for abrasive purposes due to the hardness and abrasiveness, but during the last 15
years SiC has found its way into more subtle products.
In the early years, LiqTech emphasised on the development of a process that allowed
the manipulation of the material into porous products. Mastering this technique, and
understanding the material properties, has brought LiqTech’s Silicon Carbide into products
from very simple particulate filters, over Kiln Furniture for high temperature applications and
liquid filtration membranes into solar power applications and support structure for membrane
reactors.
Experimental
Manipulating this material that does not have a natural liquid phase, into porous
products, without sintering additives, has entailed the development of vapor phase sintering.
Numerous basic recipes based on specific particle sizes, has been mixed, and the
corresponding sintering process (time, temperature and pressure), has led to a variety of
products with different pore sizes. The general pore size has been derived from the particle
size of the starting SiC powder, but sintering temperature and sintering time can influence the
pore size greatly.
Results and discussion
It has been found that products can be produced even below the sublimation point of
the SiC powder. Products has been sintered at 2400C, exhibiting mechanical strength of more
than 100MPa, and other products has been sintered at 1700C, showing very narrow pore size.
A relation between the grain size of the SiC powder and the sintering process has been
empirically determined.
Bimodal porous structures can be obtained by repeating the manufacturing process
and stepping down in particle size and sintering temperature at each iteration.
In this way, a layer of SiC with relatively small pore size, can be sintered onto a SiC
substrate with considerably larger pore size.
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Fig. 1. Principle Sintering graph for Re-αSiC

Fig. 2. Bimodal product from α-SiC

Conclusions
The R&D work in the field of manipulation α-SiC into porous products of a variety
of pore sizes, has enabled LiqTech to push the material into numerous applications of very
diverse character.
Finally, the material has potentially found its way into membrane reactors.
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Introduction
Hydrogen production via Steam Methane Reforming (SMR) in fluidized bed
membrane reactors (FBMRs) has several advantages over traditional and alternative reactor
concepts, among which: (i) extracting hydrogen from the reaction mixture via membranes will
shift the thermodynamic equilibrium of the reactions towards the products, which enables
much higher conversions at lower temperatures. Moreover, (ii) ultra-pure hydrogen is directly
obtained via immersed perm-selective membranes integrating product purification and (iii)
the produced CO2 in the exhaust can be easily separated from steam downstream of the
reactor in case of pre-combustion capture [1]. A major concern of using modern, high-flux,
thin-film, supported, Pd-based membranes is concentration polarization, i.e. mass transfer
limitations from the bulk of the emulsion phase towards the membrane surface, which may
result in a much reduced membrane permeation rates and thereby seriously deteriorating the
efficiency of the membranes and thus the reactor performance [2]. Design of membrane
modules able to reduce or even prevent concentration polarization are therefore of high
importance for a successful application of high-flux membranes in fluidized bed reactors.
Simulation tools can provide us with the necessary insights to investigate the prevailing
phenomena in detail, identify the key variables and their influences and develop improved
reactor designs.
In the present work, a Computational Fluid Dynamics (CFD) study using on a TwoFluid Model (TFM) is performed to study the hydrodynamics, mass transfer and chemical
reactions in fluidized beds with horizontally and vertically immersed membrane tube banks in
various configurations. Design and operation recommendations for FBMRs are given based
on the simulation results to advance the development and demonstration of this novel reactor
concept.
Modelling strategy
A TFM considers the gas and solids phase as interpenetrating continua. The
OpenFOAM framework ‘twoPhaseEulerFoam’ was used as a basis, which was extended with
chemical species balances and source terms accounting for the perm-selective separation by
the membranes with reaction kinetics and permeabilities taken from literature. The model was
thoroughly verified and validated, yielding excellent agreement with experimental results.
Results and discussion
The TFM allows performing detailed investigations on the effect of the membrane
location and orientation inside the reactor on the hydrogen permeation rate. Fig. 1 shows that
horizontally immersed membranes close to the reactor walls exhibit a reduced hydrogen flux,
especially on top of the membranes, which is caused by the downward solids flow creating
densified zones on top of the membranes. Gas pockets formed underneath the membranes [4]
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do not affect the mass transfer rate towards the membranes, but may play an important role in
catalytic systems, because gas pockets have a low solids content decreasing the local reaction
rate. Vertically immersed membranes clearly show the development of a mass transfer
boundary layer along the entire length of the membrane, causing significantly reduced
hydrogen fluxes. It is investigated how and to what extent induced bubbles by using pulsation
or non-uniform gas inlet conditions can be exploited to disturb the mass transfer boundary
layer and thereby reduce the concentration polarization.
Results from simulations of a fluidized bed membrane reactor for hydrogen
production with membranes integrated in the confining vertical side walls or with a
horizontally immersed membrane show that the chemical reaction rates are increased because
of the hydrogen extraction and that the reaction is further from its thermodynamic equilibrium
near the membrane, demonstrating the positive influence of the membrane extraction on the
hydrogen production rates.

Fig. 1. Left: Membrane flux for fluidized beds with horizontally immersed membranes at the walls (WM),
without membranes near the walls (NWM) and with inactive tubes near the walls (T) for a full-inline (FI)
membrane tube bank configuration. Right: The average flux through the horizontally immersed membranes as a
function of the azimuthal coordinate along the membrane’s circumference, showing that the average flux at the
bottom is more than 5 times larger than at the top of the membrane.

Acknowledgment
Authors are grateful to NWO/STW for the financial support through the VIDI project ClingCO2 – project
number 12365.

References
[1] F. Gallucci. M. Van Sint Annaland, J.A.M. Kuipers, Autothermal reforming of methane with integrated
CO2 capture in a novel fluidized bed membrane reactor part 1: experimental demonstration, Top. Catal. 51
(2008) 133-145.
[2] E. Fernandez, A. Helmi, K. Coenen, J. Melendez, J.L. Viviente, D.A. Pacheco Tanaka, M. van Sint
Annaland, F. Gallucci, Development of thin Pd-Ag supported membranes for fluidized bed membrane
reactors including WGS related gases, Int. J. Hydrogen Energy 40 (2015) 3506-3519.
[3] J.A. Medrano, R.J.W. Voncken, I. Roghair, F. Gallucci, M. van Sint Annaland, On the effect of gas pockets
surrounding membranes in fluidized bed membrane reactors: An experimental and numerical study, Chem.
Eng. J. 282 (2015) 45-57.

20

MR4PI2017 - Villafranca di Verona, Italy, March 9-10, 2017
MEMBRANE REACTORS: STATE OF THE ART AND NEW CONCEPTS FROM
ROMEO

M. LOGEMANN1, A. LIMPER1, L. KELLER2, M. WESSLING1,2
1

RWTH Aachen University, Chemical Process Engineering, Forckenbeckstraße 51, 52074 Aachen,
Germany
2

DWI-Leibniz Institute for Interactive Materials e.V., Forckenbeckstraße 50, 52074 Aachen, Germany

Keywords: Carbon Nanotubes, Membrane Reactor, Catalytic Gas-Phase-Reaction
Introduction
Membrane reactors combine the traditional two-step process, reaction and separation,
in one single unit. This enables large energy and emission savings, due to volume reduction of
the system, as well as improved product yields. In recent years the research interest in
membrane reactors has grown significantly. This trend is reflected in exponentially increasing
numbers of scientific publications [1].
Membrane reactors are used for gas-gas, gas-liquid and liquid-liquid systems. In principle,
two kinds of membrane reactors can be differentiated: contactors and separators [2].
Contactors are often found in biotechnological processes, in which the membrane acts as a
porous barrier to keep the catalyst, enzymes or cells separated from the reaction medium.
Separators are more commonly employed in chemical processes. In this case membrane
reactors are used to increase the reaction efficiency by either preventing undesired side
reactions or shifting the equilibrium towards the desired product by systematically extracting
product from the reaction room [3].
Membrane reactor in ROMEO
The project ROMEO ("Reactor Optimisation by Membrane Enhanced Operation")
was initiated to combine a homogeneous catalytic gas phase reaction with a separation.
Selective removal of gases in membrane reactors is a promising technique to drastically
reduce energy consumption in chemical industry. Within the membrane reactor, the reactions
take place at a catalytic surface inside of a porous support. Afterwards the desired product is
separated from the system through a permeable and selective dense membrane, which is
applied on the support. Next to finding suitable membrane materials which are stable at
elevated temperatures and still selective for the desired separation, new supports are in focus
of the project. One example are carbon nanotubes (CNTs) formed into stable hollow fiber
microtubes, see Fig. 1 [4]. These CNT microtubes have large surface areas and are tunable in
size, e.g. wall thickness, diameter and length. Furthermore, the structure can be modified with
particles distributed within the tube walls, which makes the fibers adaptable for different
catalyst carriers.
Outlook
ROMEO aims to significantly reduce energy consumption and emissions in
industrial catalytic gas-phase reactions. To achieve these goals, the combination of novel
support structures with suitable catalytic systems and stable as well as highly selective
membranes is required.
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Fig. 1. Freestanding microtube made from carbon nanotubes [4]

Acknowledgment
This project has received funding from the European Union´s Horizon 2020 research and innovation program.

References
[1] E.E. McLeary, J.C. Jansen, F. Kapteijn, Zeolite based films, membranes and membrane reactors: Progress
and prospects, Microp. and Mes. Mat., 90 (2006) 198–220
[2] R. W. Baker, Membrane Technology and Applications, 3rd edition, Chichetser, UK: Wiley (2012)
[3] T. Melin, R. Rauthenbach,, Membranverfahren, 3 rd edition, Springer (2007)
[4] Y. Gendel, O. David, M. Wessling, Microtubes made of carbon nanotubes, Carbon, 68 (2014) 818-820

22

MR4PI2017 - Villafranca di Verona, Italy, March 9-10, 2017
PRELIMINARY TECHNO-ECONOMIC ASSESSMENT OF MEMBRANE
ASSISTED OCM REACTOR INTEGRATED FOR OLEFINS PRODUCTION

VINCENZO SPALLINA, JOSÉ ANTONIO MEDRANO JIMENEZ, MARTIN VAN SINT ANNALAND,
FAUSTO GALLUCCI
Chemical Process Intensification, Eindhoven University of Technology, Groene Loper 5 – 5612 AE
Eindhoven, The Netherlands

Keywords: ethylene production, membrane reactor, energy analysis
Introduction
The oxidative coupling of methane (OCM) represents a viable solution to produce
C2H4 starting from CH4 by reacting with O2 according to the following main reactions
(although up to 14 side reactions also occur in the system)[1]:
0
2CH 4  O2  C2 H 4  2H 2O
H 298
 141kJ / molCH4
(1)

CH 4  2O2  2H 2O  CO2

0
H 298
 803kJ / molCH4

(2)

Heat management is a relevant issue for the development and exploitation of this
technology because the overall reactionsystem is highly exothermic. Additionally, the OCM
system represents a typical conversion/selectivity problem (yield is generally limited to 25%)
increasing the operating costs of the plant. By operating a membrane reactor based on oxygen
selective membranes, low oxygen partial pressure can be maintained along the reactor,
resulting in effective cooling and higher ethylene yields (as side reactions are suppressed).

Fig. 1.: Different reactor layouts for the OCM system integrated: a) conventional, b) with porous memebrane
and c) membrane reactor

The aim of this work is to carry out a techno-economic assessment and comparison
of different processes for the C2H4 production:
 NSC: Conventional technology based on naphtha steam cracking
 Conv-OCM (Fig.1a): OCM integrated with an Air Separation Unit (ASU)
 PM-OCM (Fig.1b): OCM integrated with ASU and distributed feeding of O2 along the
OCM rector using a porous membrane.
 OCM-MR (Fig.1c): OCM with in-situ oxygen production using mixed ionic electronic
conductive (MIEC) ceramic-based membranes.
All the plant configurations have been designed and costs calculated using the same
set of assumptions reproducing the state-of-the-art technology for the commercial unit (e.g.
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NSC plant, ASU, power plant, etc.). The OCM kinetics as well the permeation law for the
MIEC membranes have been taken from literature [2,3].
Results and Discussion
According to the benchmarking technology based of naphtha steam cracking the
energy efficiency is 74.5% in which the amount of fuel-to-olefins (FTO) conversion is 49%
(in terms of LHV of the inlet feedstock) with a cost of C2H4 of 1000 €/tonn.
While integrating C2H4 production using natural gas as feedstock, different scenarios
are obtained. In case of Conv-OCM, low energy efficiency is obtained very close to 35% with
only 18% of FTO conversion and the rest is electricity generated by the large amount of CH4
which has not been converted in the OCM reactor. The main cost (in term of CAPEX) of the
system is represented by the OCM reactor unit, and the ASU as well as the CO2 scrubbing
unit. The C2H4 specific cost is around 1500 €/tonn (too high for the actual market). In case of
PM-OCM, the distributed feeding of O2 increase the selectivity of C2H4 and the optimized
case shows an increase in the C2H4 yield higher than 30%. Despite the cost of the plant is
slightly affected because the main components are still needed for the O2 production, better
OPEX are expected. The increase in the FTO conv reduces the C2H4 cost of about 20% while
less electricity is produced in the system (due to the higher CH4 conversion).
By using the MIEC membrane reactor for the OCM (OCM-MR) different advantages
are obtained since i) the ASU unit is not needed; ii) the cooling of the reactor is also carried
out using the N2 and excess air at the membrane; iii) the presence of high temperature/high
pressure air make the OCM-MR suitable for the integration with combined cycle.
Conclusions
The current work has presented the potential improvement on C2H4 production and
costs when the OCM reactor is integrated with membranes. The use of membrane reactor results in improved performance compared to the benchmark technology and conventional
OCM system.
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Introduction
Global warming refers to an increase in average global temperatures, and one of the
consequences of this effect is the change of the planet’s climate. There are several factors
contributing to global warming, the main one being the increases of emissions of greenhouse
gases such as carbon dioxide (CO2).
In this context, several initiatives are set up to reduce the greenhouse gas emissions
related to human activities. The European Union set three climate change and energy
sustainability targets to achieve by 2020: reducing by 20% the greenhouse gas emissions
compared to 1990, reducing by 20% the use of primary energy by increasing energy
efficiency, and reach a share of 20% of renewables resources in the energy production.
In this sense, the use of biofuels, produced from plant-derived material or from
agricultural waste allow increasing the part of renewable energy, and can contribute to
decrease CO2 emissions compared to the use of fossil fuels. In addition, combined heat and
power (CHP) systems, which consists of simultaneous production and utilization of heat and
power, allow increasing energy efficiency with consequent primary energy savings compared
to usual technologies. Micro-CHP systems can be even more efficient by avoiding extra
losses related to distribution.
In this context, the three years FluidCELL FCH JU/FP7 project was launched in
2014, with the objective of developing a novel bio-ethanol catalytic membrane reformer based
micro-CHP system for decentralized off-grid applications. With the aim of improving the
performances and the efficiency of the system, could the FluidCELL reduce the CO2
emissions related to energy production and thus help mitigating impact on climate change?
Experimental
To answer to this question, the carbon footprint of the novel technology was evaluated using
the life cycle assessment (LCA), a method standardized by the International Organization for
Standardization (ISO) 14040-44 standards (ISO 14040:2006, ISO 14044:2006). LCA is an
internationally recognized approach, which evaluates the potential environmental and human
health impact associated with products and services throughout their life cycle, from raw
materials extraction and including transportation, production, use, and end-of-life treatment.
In the frame of the project, the aim of the LCA is i) to evaluate the carbon footprint, and more
generally the environmental profile of the FluidCELL system, ii) to compare it with reference
alternatives, and iii) to optimize the system from an environmental point of view.
The functional unit quantifies the performance of a product system and is serves as a
reference unit for expressing the results and having a common basis for comparisons. In the
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frame of the project, the functional unit is defined as “Provide useful heat and electricity
during one year to x dwellings in Germany/Italy/Switzerland”.
Three types of systems are compared with the FluidCELL system and serve as a reference: FC
micro-CHP reference systems, CHP systems other than FC systems, and non-CHP systems.
The LCA performed for this project covers the entire life cycle of the considered systems
from the extraction and processing of all raw materials through the end-of-life of all product
components (i.e., from “cradle to grave”). The key data to perform the LCA were identified
and collected from the partners involved in the project.
Results and discussion
According to the LCA performed for the FluidCELL system, the main contributor to the
carbon footprint is the production of the bioethanol used in the FluidCELL system and the
auxiliary boiler. The impacts of bioethanol production are mainly related to the crop
production, and in a lesser extent to the transformation of the biomass into bioethanol.
With this in mind, due to its higher efficiency, the FluidCELL system allows reducing the
amount of bio-ethanol used compared to other reference micro-CHP systems, and represents
thus lower carbon footprint.
It is also interesting to note that other environmental indicators are analysed and can show
conclusions than the ones of carbon footprint. For example, if the infrastructures production
and end-of-life are a minor contributor to the carbon footprint, it can represent almost 20% of
the impact on human health
Conclusions
In addition to the comparison with reference systems, the main objective of the LCA is to
identify the key parameters that influence the carbon footprint of the FluidCELL system, in
order to work on the improvement of the system from an environmental point of view. For
example, the carbon footprint of the FluidCELL system could be reduced using 2nd generation
bioethanol (i.e. bio-ethanol produced from waste). Other ways of reducing the impacts are
currently investigating in collaboration with the project partners, in particular by trying to
increase the efficiency at the maximum and thus decrease the amount of bio-ethanol used as
an input.
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Introduction
Gryaznov and his co-workers pioneered the use of palladium membranes in catalytic
membrane reactors (CMR), including also many applications of palladium alloy membrane
catalysts in liquid phase hydrogenation. catalytic nanoparticles have been immobilized on the
surface of porous inorganic or polymeric membranes providing a new type of catalytic
membrane reactor, called catalytic diffuser and/or CMR interfacial contactor and/or catalytic
contactor. Nowadays hydrogen and synthesis gas are attractive alternatives to carbon-based
fuels and the most demanded chemicals for metallurgy and petrochemical industry. They can
be produced from renewable (biomass) and fossil (coal, natural gas, oil) resources. We report
here our results on synthesis of the catalytic palladium nanoclusters on the surface of
polypropylene hollow fiber membranes and testing the developed three-phase catalytic
membrane contactor/reactor for removal of dissolved oxygen (DO) [1] and trichloroethylene
(TCE) [2], as an example of chlorinated hydrocarbons, from water. We also presents the
results of research on syngas and hydrogen production by reforming of methane and ethanol
using porous ceramic Ni(Al)-Co-containing membranes [3].
Experimental
The base porous membranes used were commercial porous polypropylene hollow
fiber membranes. Metallic palladium was deposited onto an outer surface of polymeric
membranes by the reduction of palladium salts by aliphatic alcohols. XRD, XAFS, SEM, OM
were used for membrane characterization. The proposed approach for the purification of water
from DO or TCE can be described as follows: water contaminated with DO (or TCE) sweeps
the Pd-loaded membrane and hydrogen is supplied into the hollow fiber membrane lumen
side and penetrates through membrane pores towards the Pd-loaded surface.
Porous ceramic Ni-Co catalytic membranes were produced by self-propagating hightemperature synthesis (SHS). Precursors included a Ni powder containing 5% mass. of
aluminum and a cobalt oxide (Co3O4) powder. The membranes were porous gas-permeable
tubes. The granular catalyst experiments were performed using 2-3 mm size grains obtained
by crushing the catalytic membrane. Dry and steam reforming of methane or ethanol was
carried out in a flow type reactor with a mounted catalytic membrane (or loaded grains).
Results and discussion
Catalytic Pd nanoparticles was successfully deposited onto the surface of
hydrophobic porous polypropylene hollow fiber membranes by the method of chemical
reduction of palladium acetate. Palladium was deposited either onto individual hollow fiber
membranes or onto the surface of membranes inside a commercial membrane module
(without its disassembly). Both lab-scale and pilot catalytic membrane reactors belong to the
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family of three-phase membrane contactors, and they were successfully applied for the
removal of DO and TCE from water. In this case, the performance of catalytic membrane is
controlled only by the amount of the deposited catalyst. The kinetics of DO removal is limited
by oxygen delivery to the surface of catalytic particles. The concentration of DO in water was
easily reduced from 8 ppm to the sub-ppb level, which satisfy completely the requirements of
content of DO in ultra-pure water, and concentration of TCE in water was decreased from 240
down to 1 mg/l. The main product of TCE conversion was ethane but some traces of ethylene
are also detected.
Surface layers of the Ni-Co membrane were formed by large clusters Al2O3 with a
size up to 100 nm, coated by spherical particles of Ni-Co alloy with a size of 1-50 nm. These
results indicate that the synthesis process in the membrane material was taking place by redox
reactions between cobalt oxide (II, III) and metallic aluminum, which was presented in the
nickel powder precursor in an amount of 5%. Evaluated activation parameters indicate that in
the confined pore space of the catalytic membrane the mass exchange is significantly
intensified that leads to increasing of synthesis gas specific productivity in the processes of
dry and steam reforming of methane or ethanol in comparison with packed-bed flow reactor.
Membrane composition with the ratio Ni/Co3O4~1 is probably optimum for forming nano size
active components as clusters of Ni-Co alloy on a surface of alumina oxide particles into inner
membrane channels.
Conclusions
Two types of catalytic membranes and CMRs were developed and successfully
applied (i) for the removal of dissolved oxygen and chlorinated hydrocarbons from water
(CMR based on Pd-loaded porous polypropylene hollow fiber membrane) and (ii) for dry and
steam reforming of methane or ethanol as well as model mixture of fermentation products
containing propanol, isobutyl alcohol and isopentyl alcohol (CMR based on tubular porous
ceramic Ni-Co catalytic membranes).
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Introduction
The oxidative coupling of methane (OCM) is a promising process to directly obtain
high-valued hydrocarbons from natural gas. The industrial exploitation of this reaction system
is, however, hampered by low yields due to parallel oxidation reactions. Novel membrane
reactors, which integrate oxygen separation into the system, can improve the C 2H4 yield,
because a low O2 concentration along the reactor can be maintained, thus favoring the OCM
reaction over the total combustion reactions. The purpose of this work is to perform a
quantitative study on the performance of the most common reactor configurations used for
this process. The configurations that have been analyzed can be divided in two categories:
packed bed (including a conventional packed bed reactor with external cooling, a packed bed
membrane reactor and an adiabatic packed bed reactor with post cracking) and fluidized bed
reactors (viz. a bubbling fluidized bed reactor, a circulating fluidized bed reactor and a
fluidized bed membrane reactor). The main challenges of these configurations, mainly the
heat management for packed bed reactor concepts and the low C2+ yield obtained in fluidized
bed reactor configurations, are evaluated and quantified in this work.
Modelling approach
1D phenomenological models has been used to simulate the behavior of the different
reactor concepts and configurations. A La2O3/CaO catalyst has been chosen as the OCM
catalyst for all the cases and its kinetics derived from literature [1]. All the simulations were
performed with an inlet temperature of 800 C and with a total pressure of 2 bar, using a
CH4/O2 ratio of 4. In some cases, the catalyst was diluted with inert to distribute the reaction
heat along the axial reactor length and to have an easier management of the heat released
because of the exothermicity of the OCM reaction system.
Results and discussion
Packed bed reactors with co-feeding of CH4 and O2 have shown a better performance
than both the bubbling and the circulating fluidized bed reactor concepts simulated in this
work. Figure 1 clearly shows that the application of packed bed technologies is hindered by
the heat released during the reactions, which is in agreement with other works [2]. The
calculations have demonstrated that the control of hotspots (to limit the temperature increase
in the reactor to 50 C) leads to a considerable decrease in the C2+ yield of the process,
decreasing from 13% to 5% in the particular case of conventional packed beds.
The introduction of membranes, which distributes the reaction along the axial reactor
length and keeps the oxygen partial pressure low, helps to have an easier heat management.
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Moreover, as shown in Figure 2, the low O2 partial pressure level along the reactor favours
the maximization of the desired reactions, thus enabling to reach C2+ yields above 60%.
In fluidized bed reactors the heat transfer inside the bed is enhanced, thus enabling
easier control of hotspots. However, the distribution of reactants between the bubble and
emulsion phases and the mass transfer between these phases results in a relatively poor
reactor performance in comparison with packed bed reactor configurations.
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Figure 1. Quantitative comparison of
temperature profiles in the catalytic bed
in controlled and runaway regime (Tinlet =
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Figure 2. CH4 conversion, C2+ selectivity
and C2+ yield in the permeate side of a
packed bed membrane reactor.

Conclusions
The modelling results have shown that with conventional configurations it is not
possible to achieve high C2+ yields, which are needed to make the process economically
viable. Moreover, the heat management is a critical aspect for the process, especially for
packed bed configurations, and needs to be carefully controlled. Nevertheless, the results have
also indicated that the obtained C2+ yield can be significantly improved by introducing the
oxygen in a distributed way along all the reactor, minimizing at the same time the problem of
the heat management. When using a dense oxygen-permselective membrane, also the air
separation can be integrated inside the reactor with the associated additional reduction in
costs.
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Introduction
Hydrogen is one of the high potential energy carriers, as it can be produced from
renewable energy sources and does not produce CO2 emissions at the end user. However, the
most used conventional hydrogen production process is still based on steam reforming of
natural gas producing significant amounts of greenhouse gas emissions. Steam reforming of
methane is an endothermic reaction, which is carried out in temperature range of 800-950 °C,
which is subsequently followed by water-gas-shift reactors and final hydrogen purification.
The use of membrane reactors (MR) has been demonstrated as an interesting
alternative to the convectional process to increase the process efficiency and thus decrease the
greenhouse gas emissions. By integration of hydrogen selective membranes in the reforming
reactor, hydrogen is separated from the reaction zone by which the equilibrium of the reaction
is shifted toward products, increasing the conversion of the feedstock. Furthermore, the
reactor volume is reduced, downstream operations are no longer required and the operating
temperature is decreased [1].
Experimental
Five ceramic-supported PdAgAu (~6% Au) membranes (10.3-10.5/4 mm o.d./i.d.)
have been integrated in a shell-tube reactor configuration (Figure 4). The average length of
the membranes was 16 cm resulting in a total membrane area of 260 cm2. The system allows
for single and multi-component gas tests, as well as reactive conditions with a catalyst
fluidized bed. The membranes have been sealed, activated in air and stabilized under gas-only
conditions at 500 °C. A catalyst bed of Rh supported on a promoted alumina particles was
introduced to study the steam methane reforming. After the reaction tests the membranes were
post-characterized using XRD and SEM.
Results and discussion
A stable hydrogen permeance of 2.6·10-6 mol m-2 s-1 Pa-1 at 500 °C for all five
membranes was obtained after ~100 h, with an average H2/N2 ideal perm-selectivity of ~2300.
The average activation energy was found to be 11.45 kJ mol-1 with a pre-exponential factor of
0.021 mol m-2 s-1 Pa-0.585. The system was evaluated for steam methane reforming conditions
using methane conversions, hydrogen recovery factor and hydrogen purity. The membranes
showed excellent hydrogen permeation properties.
The methane equilibrium conversion is shifted when hydrogen is selectively
extracted (Figure 3). In the case of a single membrane, the methane conversion decreases as
the pressure difference increases. However, when multiple membranes are used, and thus with
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increased hydrogen separation, the conversion increases with pressure (up to ~83% at 5 bar).
The hydrogen recovered at 500 °C with five membranes was ~40% at 1 bar and ~80% at 5
bars of pressure difference.
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Figure 3. Hydrogen recovery factor (top) and methane
conversion (bottom) as a function of pressure at 500 °C, with a
steam-to-carbon ratio of 3 for 1 and 5 membranes. The
thermodynamic equilibrium is also plotted for both cases.

Conclusions
A fluidized bed membrane reactor unit for lab-scale has been investigated to provide a proofof-concept. First, the permeation properties of five supported PdAgAu membranes in absence
of catalyst were determined. After the catalyst was integrated, the membrane reactor
performance was studied at different operating conditions for SMR and ATR reactions.
Reactions were carried out for both conventional reactor (FBR) and membrane reactor
configurations (FBMR). The thermodynamic equilibrium was not reached for a FBR.
Nevertheless, as hydrogen was removed from the reactor through the membranes (FBMR) the
thermodynamic equilibrium was shifted. Up to 80% of produced hydrogen was recovered for
SCR of 3 at 500 °C and 5 bar of pressure difference. A decrease in the selectivity was
observed during the experiments due to the creation of small pinholes at the surface of
membranes and deterioration of the sealing.
Acknowledgment
The presented work is funded within FERRET project as part of European Union's
Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and Hydrogen
Joint Technology Initiative under grant agreement n 621181.
References
[1]
F. Gallucci, L. Paturzo, and A. Basile, “A simulation study of the steam reforming of methane in a dense
tubular membrane reactor,” Int. J. Hydrogen Energy, vol. 29, no. 6, pp. 611–617, 2004.

32

MR4PI2017 - Villafranca di Verona, Italy, March 9-10, 2017
MEMBRANE PROCESSES FOR CLEAN ENERGY: OVERVIEW OF THE
ACTIVITIES AT THE ENEA FRASCATI RESEARCH CENTER

ALESSIA SANTUCCI*, GIACOMO BRUNI**, MARCO INCELLI**, FABRIZIO MARINI*, MIRKO
SANSOVINI*, SILVANO TOSTI*
*

ENEA FSN-FUSTEC-TEN, C.R. Frascati, via E. Fermi 45, 00044 Frascati (Roma), Italy
DEIM, University of Tuscia, Via del Paradiso 47, 01100 Viterbo, Italy

**

Keywords: Pd-Ag membrane, hydrogen separation, membrane reactor
Introduction
The increasing energy crisis and the growing environmental concerns are strongly
encouraging the substitution of fossil fuels with renewable and nuclear energy. In this contest,
membrane processes can play an important role due to their transversal applications,
continuous operation, modularity and reduced cost. Particularly, Pd-based membranes are
largely used for hydrogen separation and purification. A very promising application of
membrane technology is the membrane reactor, a device in which a catalysed reaction and a
selective removal of products are simultaneously carried out. A membrane reactor represents
an optimized system for two reasons: it allows to reach reaction conversion beyond the
thermodynamic equilibrium thanks to the so called “shift effect” and it combines the reaction
and separation step in one device.
This work provides an overview of the activities carried out in the Membrane
Laboratory of ENEA Frascati related to some practical applications of Pd-based membrane
reactor for ultrapure hydrogen production. Particularly, results of hydrogen production from
bio-ethanol [1] and from reforming of olive mill wastewater [2] are presented, a description of
a hydrogen membrane recovery system from syngas is provided and a description of the Pdbased membrane applications inside the fuel cycle of fusion machine is illustrated [3].
Experimental
The membrane laboratory of ENEA Frascati is equipped with several experimental
set-up able to perform both permeation and reaction tests through a membrane reactor. Since
the need of our research is to produce ultra-pure hydrogen, the membrane reactor we have are
made of a Pd-Ag dense metal membrane (which guarantees elevated hydrogen permselectivity) filled with the specific catalyst required by the particular reaction of interest. The
length of the Pd-Ag tubes can vary between 250 and 500 mm, the diameter is about 10 mm
and the wall-thickness of the tubes is usually between 50 and 200 µm depending on the lumen
pressure required by the specific application. A typical experiment is performed by feeding
the lumen of the membrane reactor with the desired gas stream at a certain temperature and
pressure and the produced hydrogen is recovered in the shell side or by using a carrier gas or
by vacuum pumping. The gas flow rates entering the lumen side and the hydrogen recovered
in the shell are regulated and measured by using mass flow controllers, the heating system of
the reactor is obtained by direct ohmic heating while the lumen pressure is adjusted
downstream by the means of a needle valve. A gas-chromatographer is used to analyse the
composition of the gas stream leaving the retentate. The operating conditions investigated
during the experiments usually foreseen a temperature range between 200 and 450 °C and a
lumen pressure between 1 and 10 bar.
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Results and discussion
A practical way to present the results of the reaction tests is by using the so-called
Hydrogen Yield (HY) defined as the hydrogen moles recovered in the shell side of the reactor
divided by the hydrogen moles fed into the lumen. Figure 1 illustrates the results in terms of
HY obtained by performing the ethanol steam reforming (Eq. 1) followed by water gas shift
(Eq.2) reactions inside the membrane reactor at different lumen pressure and ethanol feed
flow rates during the tests at 450 °C.

C2 H5OH  H 2O  2CO  4H 2

(1)

C2 H5OH  H 2O  2CO  4H 2

(2)

Similar tests have been performed by feeding the membrane reactor with olive mill waste
water that is a water solution of organic compounds (oils, alcohols, sugars) that can be treated
in a MR to produce hydrogen via steam reforming.

Figure 1. Hydrogen Yield obtained in the membrane reactor at different operation conditions
for the ethanol steam reforming reaction.

Conclusions
The work illustrates some of the activities carried out in recent years at the
membrane laboratory of ENEA Frascati with the Pd-based membrane reactor. The plurality of
the applications demonstrates that such a device is of great interest for pure hydrogen
production.
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Introduction
In the context of renewable energies, hydrogen is considered the key source of
energy in the future. The storage of hydrogen is challenging and can be managed by the
LOHC-technology (liquid organic hydrogen carrier). For the combined dehydrogenation of
the hydrated carrier and separation of the evolved hydrogen a microstructured membrane
reactor module was applied. Experimental studies with methyl-cyclohexane (MCH) have
shown a successful proof-of-concept. Within the Kopernikus-Project Power-to-X further
dibenzyl-toluene (DBT) is used as a promising LOHC. First results of the dehydrogenation of
perhydro-dibenzyl-toluene without membrane integration are presented.
Experimental
The microstructured packed bed reactor is assembled with two different
microstructured plates in analogy to previous studies [1]. The bottom plate contains a
structure with pillars, which is filled in the voids
with the catalyst powder (Fig. 1). To remove the
hydrogen from the membrane surface the top
plate possesses microchannels. In addition, the
membrane is stabilizied with additional plates
with 70 µm diameter holes to reduce the
mechnical stress and allow a higher pressure on
the reaction side.
Fig. 1: CAD image of the micro structured
packed bed

To analyse the dehydrogenation of the
hydrated DBT, a similar packed bed reactor
concept without membrane integration was used.

Results and discussion
As expected in the membrane reactor system, the hydrogen recovery factor (HRF)
increases with increasing reaction pressure (see Fig. 2). Due to the operation at atmospheric
pressure on the permeate side, a part of the produced hydrogen can’t be separated. The
applied hydrogen recovery factor excludes this amount of hydrogen so that HRF equals 1, if
the maximum of hydrogen is permeated under operating conditions (see also [1]):
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−1

ṅ H2,permeate
𝑝𝑝 (1 − 𝑥𝐻2,𝑖𝑛 )
HRF =
(𝑥𝐻2,𝑖𝑛 −
)
ṅ total
𝑝𝐹 (1 − 𝑝𝑃 )
𝑝𝐹
From the results it can be seen that the conversion of MCH decreases only slightly
until the maximum of the produced hydrogen is separated at around 25 bar.

Conversion / Hydrogen recovery factor / -

The dehydrogenation of hydrated DBT without membrane integration, as shown in
Fig. 3, has been carried out successfully with different kinds of Pt catalyst. As the DBT
remains liquid, while the hydrogen evolves as gas, the conversion has been found to be low in
the applied system due to small residence time. More detailed studies will be carried out in the
future to optimize the contacting of liquid DBT and the catalyst, while the influence on the
membrane on the gas/liquid process will be evaluated.
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Fig. 2: Proof-of-concept experiment with MCH as
LOHC with integrated membrane separation at 350°C,
tmod = 125 kg s m-3 and 1 wt.-% Pt – Al2O3 catalyst.

Fig. 3: Dehydrogenation of hydrated DBT without
membrane integration and different catalyst loading at
tmod = 250 kg s m-3 and ambient pressure.

Conclusions and outlook
The microstructured reactor module allows high conversion of MCH and a high
hydrogen recovery. For the use of hydrated DBT mass transfer and kinetic studies of the
dehydrogenation are necessary. Shifting the thermodynamic equilibrium to reach higher
conversion rates by membrane integration is intended with DBT at elevated pressure.
Furthermore, gas/liquid phase operation will be compared to the gas phase system regarding
the efficiency of the membrane on the process.
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Introduction
The demand for the processes of natural, associated, refinery gases and their
components (ethane, propane, butane) transformation into olefins grows very quickly.
Dehydrogenation of light alkanes presents a significant problem associated with their low
reactivity, the high temperature of the processes, and low selectivity. Oxidative
dehydrogenation allows one to decrease the temperature of this process significantly. The
increasing of temperature results in low selectivity and catalyst coking. However, the
conversion is not complete at low temperatures. Therefore, the second, but not less important
problem is the separation of a mixture of saturated and unsaturated hydrocarbons, which
represents a rather complicated task. The aim of this work was to obtain ethylene in the
membrane reactor and its separation from ethane.
Experimental
Four-component oxide on the V and Mo base was supported on one side of the
ceramic asymmetric alumina membrane tube, and the membrane was sealed in a quartz
reactor and was tested in ethane oxidative dehydrogenation (EOD) at 300 - 450oC using
different gas ratios of C2H6 : O2 without inert diluent. The gases were fed to the quartz reactor
under 1 atm. pressure and a space velocity of 900–18000 h-1, so that oxygen flow was
supplied to the internal surface of the membrane tube, whereas ethane was fed to the external
surface of the membrane. The catalytic testing was carried out at the temperatures 360-450o C.
The outgoing gas flow passed through the glass trap (20oC) for removal of the water excess.
C2H4, H2O and CO2 were the main reaction products in all tests, and only traces of CO and
acetic acid were detected in the water condensate accumulated in the trap.
Separation of ethylene-ethane mixtures was carried out by ion-exchange membranes
of facilitated transport, based on polyethylene (PE), grafted with sulfonated polystyrene (PS).
These membranes were prepared by the post-radiation graft polymerization of styrene on lowdensity PE film of a 20 μm thickness and the subsequent sulfonation of the grafted PS.
Water molecules, localized within the membrane pores, plays an important role in
the transport process in these membranes. So, the permeability of individual gases and
separation factor of the mixture were investigated depending on the gas mixture humidity.
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Results and discussion
In “ideal” conditions gases are supplied from two different sides of the ceramic tube,
so that the reaction takes place inside a very thin layer of the catalytically active washcoat,
and the reaction components do not mix. But the porous membrane is permeable for both
components, and some mixing takes place in real reaction conditions. The catalytic
experiments of EOD were carried out upon variation of C2H6/O2 ratios, gas flow rates and
flow directions. They demonstrated that realization of process in the membrane mode, with
separated gas flows, allows the practical use of ethane/O2 ratios, which are absolutely
prohibited in the gas mixtures, being explosive. The one-pass conversion of ethane reaches
~70% for the combined process mode, at the selectivity remaining on the level 95 %.
The difficulty of separation of ethylene and ethane on conventional membranes,
being the result of the closeness of structure and molecular sizes of ethylene and ethane, is
overcome in the membranes of "facilitated" transport due to selective formation of complexes
with ethylene carrier. Membranes from PE– graft– sulfonated PS were chosen because of the
possibility to change the content of ethylene carriers and water uptake by varying the PS
grafting degree [1]. The use of Ag+ form of these membranes showed their effectiveness, the
separation factor of ethylene and ethane being about 120. But these membranes lost gradually
the selectivity owing to Ag+ ions reduction.
Same membranes in H+ form were more stable. The best results were obtained for
samples with PS content of 43%. It was shown that non-selective transport of ethylene and
ethane through PE phase dominates at low PS content, resulting in low separation factor.
Selective transport of olefin occurs as result of the formation of ethylene complexes with
protons, localized in Debye thin layer near the negatively charged pore walls. The
permeability of ethane decreases with increasing of the membrane humidity and PS grafting
degree. At the same time ethylene permeability increases with moisture increasing. In this
case the maximum values of the separation factor, about 97, were obtained at the humidity of
80% and the PS content of 43%. The ethylene transport is suppressed at higher PS grafting
degrees, evidently, due to high concentration of pure water in the center of the pores, owing to
the poor solubility of ethane and ethylene in pure water.
Conclusions
The process of oxidative dehydrogenation of ethane was carried out in the catalytic membrane
reactor. The selectivity toward ethylene 95-98% was achieved. Effect of "facilitated" ethylene
transfer through the ion exchange membranes in the hydrogen form described at the first time,
it will permit to optimize the process for separating a mixture of ethane and ethylene. The
selective extraction was carried out with the use of ion exchange membrane in the hydrogen
form at relative humidity of mixture equal to 80% the ethylene separation factor was 97.
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Introduction
Hydrogen separation is a key factor for the economy of industrial hydrogen
production processes. In this context, membrane technology appears as an attractive
alternative for independent separation unit or combined with the production one in a
membrane reactor. In the last configuration it is possible to reduce both capital and operating
costs, improve the global efficiency of the process and environmental performance [1]. The
selective hydrogen permeation through the membrane in this system can also increase the
hydrogen production rate in equilibrium chemical reactions accordingly to the Le Châtelier
principle. Particularly, the combination of Pd-composite membranes and efficient catalyst
systems represents an attractive alternative for high-temperature processes, i.e. steam
reforming or water gas shift reaction [2]. However, the current cost for membrane fabrication
and the stability of the system at real operation conditions are the most important barriers for
scaling-up this technology to the industry [2]. Thus, in this contribution we present the use of
a new Pd-composite membrane prepared by ELP “pore-plating” (ELP-PP) [3] in a WGS
tubular membrane reactor, evidenced the benefits of this configuration and the resistance of
the membrane.
Experimental
Pd deposition over commercial PSS supports (Mott Metallurgical tubes with 0.1 m
grade) has been performed following the ELP-PP method developed in the Chemical and
Environmental Engineering Group of the University Rey Juan Carlos [3]. After an initial
cleaning of the original support, an intermediate layer of Fe-Cr oxides was incorporated by
direct calcination in air at 600˚C for 12 h. Later, some Pd nuclei were incorporated by direct
reduction as initial activation while bulk Pd for the selective layer conformation was
incorporated feeding metal source and hydrazine baths from opposite sides of support. The
membrane obtained following this procedure presents an estimated thickness of around 10.2
m.
The membrane has been tested through independent permeation tests and WGS
reactions by using a membrane reactor configuration in a home-made equipment. The system
consisted of a 316L stainless steel cell that contains the membrane with or without a
commercial Fe/Cr catalyst in the lumen side for membrane reaction experiments or only
permeation measurements, respectively. Permeation tests with pure H2 and mixtures (H2/N2,
H2/CO, H2/CO2, H2/CO/CO2) were carried out at T=350-450ºC and P=0.5-2.5 bar without
any carrier gas in the permeate side. Reaction tests were carried out for a synthesis gas
(12%CO-18%CO2-70%H2) from a steam reforming process considering H2O/CO=2 and
GHSV=2469 h-1.
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Results and discussion
In Fig. 1, the permeation capacity of the ELP-PP membrane at T=350ºC has been
analysed. The membrane was completely impermeable to N2, CO and CO2 but the permeate
flux were noticeable affected by the components of the feed stream. However, in contrast to
previous works in which CO provoke a great decrease on the permeation capability of the
membrane due to its competitive adsorption with H2 on Pd surface, in this study the presence
of CO2 has a more relevant detrimental effect than CO.
This membrane was also employed in a membrane reactor, improving the CO
conversion of a conventional packed-bed configuration for all studied operational conditions
(Fig. 2). As it can be seen, an increase in both retentate pressure and temperature leads to a
greater CO conversion, especially in case of using a membrane reactor configuration.
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Conclusions
We demonstrate the efficiency of the electroless pore-plating method for preparing
thin composite Pd-PSS membranes with completely H2 separation factor. The membrane was
tested with pure gases and mixtures, obtaining a detrimental effect on permeation capacity
mainly caused by CO and CO2 presence. The membrane maintain a good integrity for both
permeation test and WGS membrane reactor experiments, in which the system was able to
achieve up to the 50% CO conversion while only 30%, as a maximum, was reached with a
traditional packed-bed reactor at similar operating conditions.
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Introduction
The ENEA Frascati Nuclear Technology Laboratory is working on hydrogen
separation from several years inside the activities related to fusion energy technologies. Inside
such activities, investigation on hydrogen production from methane, ethanol and liquid
biomasses steam reforming have been carried out in membrane reactors, both on simple
single-tube membrane reactors [1] and on multi-membrane plants [2]. Recent progresses
where made in the development of a multitube membrane reactor capable of separating
several litres of hydrogen each minute. Some tests on such plant have been performed to
investigate energy efficiency in hydrogen production from methane and ethanol steam
reforming. Moreover, the capability to obtain hydrogen from de-hydrogenation reactions of
olive mill waste-waters (OMW) is investigated, by means of steam reforming reactions of
OMW and methane.
Experimental
The process is divided into two phases: in the first phase the steam reforming
reactions are performed in a classic fixed bed membrane reactor, while in the second phase
the syngas produced is treated in a multi-membrane reactor where water-gas shift reaction and
hydrogen separation occur. In the plant, dense Pd-Ag membranes are used. The studied
processes are steam reforming of methane, a combination of methane and ethanol, and a
combination of methane and olive mill waste-waters. Variation of pressure in the range
between 1-5 bar, of reforming temperature from 550 – 650 °C, of membrane temperature
between 300 and 400 °C and of space velocity between 0,03 and 0,12 is explored in terms of
hydrogen yield. An energy analysis is also performed to highlight the energy performance of
the overall process. Successive activities consisted in the project and construction of advanced
multi-tube modules for an improvement of the plant.
Results and discussion
Results show that the methane steam reforming always performs better than ethanol
plus methane steam reforming and better than OMW plus methane steam reforming.
Space velocity has great influence on the process, as hydrogen yield varies between
5% and 35%, which suggest that a proper sizing of the reactor is compulsory in order to
achieve high process efficiencies. The influence of the reforming temperature is also high,
giving the possibility to double the hydrogen yield in the considered experimental conditions.
The energy efficiency of the process is influenced accordingly, strongly depending
on the hydrogen production. The overall process energy efficiency ranges between 10% and
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25%; in case of a partial recovery of the waste heat, energy efficiency increases up to 37% for
the best case (methane steam reforming).

Fig. 1A. Scheme of the two-step process plant for methane and ethanol steam reforming. Fig 1b. Energy
efficiency vs. space velocity in case of simple process (red) and of heat recovery (blue).

Conclusions
An experimental campaign on a two-step plant for hydrogen production from methane and
ethanol steam reforming was performed. Steam reforming reactions were performed with
methane, a mix of methane and ethanol and a mix of methane and olive mill waste-water.
The experimental campaign showed that methane steam reforming is always mos efficacious
in terms of hydrogen production. Moreover, the effects in terms of hydrogen yield and energy
efficiency of several parameters, above all the space velocity and the reforming temperature,
is showed Based on the achieved results, a new plant was designed, constructed and
characterized during the following months.
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Introduction
The current challanges of energy saving and reduction of CO2 emissions must deal
with the significant growth of energy demand. Hydrogen is a promising energy carrier that
can replace fossil fuels in power generation and transportation, drastically reducing local
pollution and CO2 emission. In order to have a sustainable hydrogen economy, conventional
production processes based on natural gas steam reforming have to be replaced with
alternative production systems relying on renewable energy sources. The BIONICO project
uses biogas, obtained by anaerobic digestion of residual biomass or other waste material, as a
renewable source for green hydrogen production. Direct conversion of biogas to pure
hydrogen can be achieved in a single step, thanks to the introduction of a membrane reactor,
resulting in a strong decrease of volumes and auxiliary heat management units and in an
increase of the overall efficiency with respect to conventional systems (17% higher). This
novel and flexible technology will favour hydrogen penetration into the market.
Methodology
This work investigates the performance of an innovative system for green hydrogen
production from biogas (Fig. 2) based on autothermal fluidized bed catalytic membrane
reactor (CMR), able to produce 100 kg/day of pure hydrogen at the same delivery pressure.
The novel system is compared with two conventional technologies for biogas (BG) processing
in the context of hydrogen production: steam reforming (SR, Fig. 1) or autothermal reforming
(ATR) [1]. The former represents the most diffused system, while the second is closer to the
technology developed within the BIONICO project. In both cases, the reforming reactor is
followed by two temperature-staged water gas shift reactors and a pressure swing adsorption
system (PSA).
The three different fuel processors and their relative balance of plant are modelled in
Aspen Plus®, where mass and energy balances are solved; all the modelled reactors (SMR,
ATR, ATR-MR, HT-WGS, LT-WGS), considering the relatively high catalyst load, were
assumed to achieve chemical equilibrium determined through Gibbs free energy
minimization. The size of the reference cases is consistent with the target of BIONICO pilot
plant which corresponds to a hydrogen production of 100 kg/day with a purity of at least 4.0.
The three different systems are compared in terms of overall efficiency, defined as the ratio of
H2 energy output to biogas and auxiliaries energy inputs:
𝜂=

ṁ𝐻2 𝐿𝐻𝑉𝐻2
(ṁ𝐵𝐺𝑓 + ṁ𝐵𝐺𝑎𝑢𝑥 ) 𝐿𝐻𝑉𝐵𝐺 +

𝑊𝑎𝑢𝑥
⁄𝜂𝑒𝑙,𝑟𝑖𝑓

(1)

where LHVH2 is the lower heating value of hydrogen equal to 120 MJ/kg, Waux is the sum of
the electric consumptions of the system auxiliaries (i.e. compressors, pumps, control system)
and ηel,rif is set equal to 45%, as the average electric efficiency of the power generating park.
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Since BG from landfill contains sulphur compounds, a sulphur removal unit (e.g.
active carbons) upstream the reforming system is required to avoid catalyst the membranes
poisoning. This step, prior to the inlet to the system, is not shown in the layouts, being neutral
to the purpose of this model and common for all the configurations.
The effect on the overall efficiency of the main operating parameters (p, T, S/C) was
also investigated within feasible ranges.
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Results and conclusions
The main simulations results are summarized in Table 1, showing that the BIONICO
system efficiency (69.2%) is about 25% and 17% higher with respect to ATR and SMR cases
respectively. This record efficiency is reached at a much lower temperature with respect to
SMR and ATR thanks to the use of the CMR that allows for hydrogen production and
separation in a single step, moving the equilibrium of the reactions towards the products.
Table 1. Comparison of the BIONICO system with the conventional technologies
Results
Max Reactor Temperature
Biogas feed
Total Biogas Input
Auxiliaries Consumptions
Overall efficiency @13.3 bar

units
°C
Nm3/h
kW
kW
%LHV

SMR
800
35.7+14.6
221
6.2
59.2

ATR
800
47.0
207
19.7
55.4

BIONICO
550
36.8
162
16.6
69.2
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Introduction
Three main process intensification concepts, namely Sorption Enhanced Reforming
(SER), Calcium-Copper chemical looping (Ca-Cu), and Chemical Looping Combustion –
Chemical Looping with Oxygen Uncopling (CLC-CLOU) are currently under development at
Institute for Energy Technology (IFE), with focus on innovative (composite) particle
materials. Involved research activities span from micropowders synthesis to particles
production via agglomeration (high shear mixer), multicycling TGA/fluidized bed tests and
materials characterization (SEM, XRD and mechanical strength analysis).
Experimental
SER activities: IFE has developed a synthetic high temperature CaO-based sorbent
produced by hydrothermal synthesis using low-cost calcium and aluminium hydroxides as
precursors [1]. The sorbent support obtained from this synthesis is mayenite (Ca12Al14O33)
with a micro-porous structure, where CaO (30 wt%) is finely dispersed, preventing sintering
and allowing high stable sorption capacity. In addition, extensive work is dedicated to the
integration of a reforming catalyst within the structure of the sorbent (Combined SorbentCatalyst Material, CSCM), with the aim of improving mass transfer and reaction kinetics,
avoiding particle segregation, facilitating material reprocessing, decreasing material
production cost and therefore improving the overall techno-economic performance of SER.
Ca-Cu activities: IFE has developed an hydrothermal method, using Ca(OH)2,
AlOOH and CuO as precursors, to synthesize integrated materials that combine the functions
of Cu and CaO over the same support (Ca12Al14O33), in opposition to separate pellets for each
material and function [2]. This approach has the potential to improve heat transfer efficiency
and diminish the total amount of inert fraction in the reactor beds. This translates into an
increase of energy efficiency and lower investment and operation costs.
CLC-CLOU activities: IFE has prepared, via a micropowder agglomeration step
followed by calcination, integrated materials combining CLC active (iron) and CLOU active
(copper) metal oxides [3]. Industrial mine tailings and process streams (ilmenite concentrate
and magnetite) are used as CLC active supports for copper, leading to a potential decrease in
manufacturing costs as compared to more expensive synthetic support options.
Results and discussion
SER activities: typical results of TGA long term multi-cycling stability tests (100
cycles) are shown in Figure 1 for SER and carbonation/calcination cycles using the CSCM
material. The main decrease in sorption capacity observed is due to a decline of the free CaO
activity in the CSCM. Nevertheless, the sorption capacity of the CSCM stabilizes around 10
g-CO2/100g CSCM after 100 cycles.
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Ca-Cu activities: Among different composition of mayenite supported Ca-Cu
particles, the material containing 53 wt% CuO, 22 wt% CaO and 25 wt% of Ca12Al14O33 has
shown the best stability performance over 50 TGA cycles (~15 g-CO2/100g and ~7 g-O2/100g
of composite material) – Figure 2. However, migration and agglomeration of Cu/CuO on the
particles surface is observed. Furthermore, a Changing Grain Size Model (CGSM) has been
developed for this material with focus on the symultaneous CuO reduction and CaCO3
decomposition step.
CLC-CLOU activities: The synthesized 60 wt% CuO/Ilmenite and 60 wt%
CuO/Magnetite showed high stability over multicycle TGA tests, reaching a stable total
(CLC+CLOU) oxygen carrying capacity of 14g O2/100g OC during 90 cycles, where the
CLOU effect accounts for 8 g O2/100g OC.

Fig. 1. SER test. Evolution of CO2 sorption capacity with
increasing number of cycles for the granulated CSCM. SER
and carbonation-calcination multi-cycles with regeneration in
CO2

Fig. 2. Ca-Cu looping test. a) CO2 capture capacity and b)
O2 carrying capacity in TGA multicycle test. Carbonation
@ 923K; Calcination/ Oxidation/ Reduction @ 1143K

Conclusions
An overview of particle materials under development at IFE, for power and/or H2
production with inherent CO2 capture, has been briefly discussed. Key activities include
synthesis, characterization and tests of single- or multifunctional particles, as basis for scaleup of optimized materials production methods at affordable costs.
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Introduction
Nuclear fusion is one of the most challenging and promising alternatives for the future energy
production. An experimental machine (tokamak) is currently under construction (e.g. ITER in
Cadarache) while a demonstrating fusion power reactor (DEMO) is under design. The future
power plants will perform the deuterium(D)-tritium(T) fusion reaction [1]. Tritium is not
available on earth; therefore, it has to be produced inside the tokamak by means of a breeding
blanket and opportunely recovered in a closed-loop fuel cycle. Depending on the blanket
configurations (solid, liquid) which are now under investigation and testing, different
processes and technologies must be preferred to others. Focusing on a Helium Cooled Pebble
Bed (HCPB) blanket, tritium is generated by neutrons interaction with the Lithium-based
pebble bed. A helium sweep gas containing a small amount of hydrogen (0.1%mol) allows the
tritium removal [2] in the pebble bed. In order to recover the hydrogen isotopes, the stream
must be treated afterwards in a dedicated facility: the Tritium Extraction System (TES).
Pd-alloy membranes are able to selectively separate hydrogen and hydrogen isotopes from
other gases. Therefore, such a technology has been evaluated in recovering tritium from the
HCPB breeding blanket. The investigation concerns the feasibility study of such a technology
and, successively, the preliminary design (geometry, operational condition) and optimization
of a Pd-Ag (25 wt. %) multi-tube module in a finger-like configuration.
Experimental
In order to design the membrane separator, it is necessary to calculate the required area by
assessing the feed flow rate and its composition. Therefore, two models have been used.
i) A simplified model which performs the mass balance in each block of TES; it allows,
known the BB specification, to calculate the stream flow rate and the composition in
each part of the system [3]. In this way, the required area and the geometry of the
tubes (diameter, length, and thickness) can be evaluated.
ii) A model based on the mass transfer mechanisms of solubilization, diffusion, and
permeation of the hydrogen into Pd-alloy metal lattice (Sieverts and Fick’s laws).
Known the geometry, the membrane device is divided in finite elements; in each
element, the mass balances are performed taking into account the permeation and the
reaction kinetics. The model considers also the surface effect, the diffusion through
the metal bulk and the effect of the pressure depletion due to hydrogen permeation[3].
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Results and discussion
One of the main interesting results is the unfeasibility of the membrane separator to treat the
stream coming out from the breeding blanket due to the very low hydrogen isotopes
concentration. The stream, downwards the BB, is composed of 99.80 mol% He and 0.198
mol% H2, while the HT concentration is 0.0012 mol%[4]. This means that the hydrogens
partial pressure is very low, therefore, a very large permeation area is required and maybe it
will be not sufficient to separate the tritium. For this reason, a pre-concentration stage (PCS)
is necessary. In this way, the He content could be significantly decreased. A sensitivity
analysis shows that, by degreasing the He content of a hundred times (He*/He = 0.01), a PdAg membrane module could work with a good efficiency. Considering such He reduction, the
best performances are reached working at 1 MPa and 623 K with a membrane area less of 3
m2 .
Then, by considering a tubular design, an optimization of the geometric parameters have been
investigated. In order to minimize the material consumption, the permeation area and the
mechanical strength, a good compromise is reached by considering a diameter of 10 mm and
a thickness of 0.1 mm. Practical experience of the manufacturing suggests to adopt a
maximum length of 500 mm.
This means that182 Pd-Ag tubes of 500 mm length, 10 mm diameter, and 100 μm wall
thickness (total area 2.85 m2) are required for this case study.
Conclusions
By adopting a Pd-Ag membrane separator in the HCPB blanket for a reactor like DEMO, a
PCS is required because of the very low tritium concentration in the He purge gas. By
reducing the helium content by two orders of magnitude (He*/He = 0.01) through a PCS, a
membrane area of 2.85 m2 has been assessed for a DEMO-like reactor operating at 1 MPa and
623 K. In order to guarantee the permeation area, 182 Pd-Ag tubes of 10 mm diameter, 100
μm thickness and 500 mm length are required.
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Introduction
Hydrogen is a gas widely used in a number of industrial applications and in some of them, its
purity is very critical. In the electronic industry it is utilized to manufacturer highly advanced
devices like microprocessors, light-emitting diodes[1] and solar cells. Hydrogen usage will be
expanding as it is the main fuel for fuel cell technology and could be used to store the excess
of energy generated by renewable sources such as solar and wind. In these applications the
degree of purity of hydrogen is crucial[2] and advanced purification systems are typically used
to guarantee the purity. This article will compare the characteristics of supported Pd
membranes with the most commonly used purification technologies: adsorbers, cryogenic,
self-standing Pd membranes assuming the H2 purity available is 99.9% or better.
Other technologies also widely used in gas purification, like pressure swing
adsorption (PSA), electrochemical purification and membrane separation, that are more
suitable to handle a lower degree of hydrogen purity, will not be discussed.
Purifier Technologies
Adsorbers: the purifiers based on this technology consist of a cylindrical column filled with
high surface materials suitable for the chemisorption and physisorption of the impurities.
They are run at room temperature and remove reactive impurities such as O2, H2O, CO, CO2,
NMHC, NH3, NOx and sulphur compounds down to ppbv or sub-ppbv levels. N2, CH4 and
inert gases are not adsorbed, therefore these gases cannot be removed by this technique. If
these gases are considered to be critical impurities in hydrogen, other purification
technologies should be considered.
Once saturated with impurities, the purifiers can be regenerated to fully recover the
initial capacity and efficiency to sorb impurities. If the hydrogen purity is about 4 nines, or
the flow rate higher than 50-100 standard m3/h, it could be more convenient to use the same
purification technology with two columns mounted in parallel for continuous operation.
Cryogenic Purifiers: in the cryogenic purification, the H2 stream is cooled down to cryogenic
temperatures through a column filled with a high-surface media. In this manner all impurities
with the exception of helium are trapped onto the cryogenic column.
The cryogenic purifiers work with two columns in parallel so that one is in operation
while the other is under regeneration, similarly to the adsorber purifier but at different
operating temperatures.
Self-standing Pd Membranes: This technology is specific for hydrogen purification because
hydrogen is the only atom capable of diffusing across a hot palladium membrane. This
technology allows the removal of all impurities from hydrogen even included the rare gases
such as helium and argon. Hydrogen diffusion is driven by the difference in pressure at both
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sides of the membrane and by the palladium membrane operating temperature, 350-400°C,
with no need of cycling or switching valves during operation. The Pd purifiers have unlimited
lifetime as long as the Pd membrane integrity is maintained. In terms of footprint, these
purifiers are also significantly more compact compared to the other purifier technologies.
Supported Pd Membranes: This technology is still under development and purifiers are not
available in the marketplace yet.
It is similar to the self-standing Pd purifiers but it uses thinner layers of Pd. In fact the typical
thickness of a Pd membrane of a self-standing Pd purifier is in the range of 60-100 micron to
have enough mechanical strength to work at pressures in the range of 10-20 bar or even
higher. This thickness has two main drawbacks:
- the need of a large quantity of a very expensive precious metal
- low H2 permeance across the membrane
The use of porous supports uniformly and continuously covered by a thin layer of dense Pd
can overcome both limitations. Layers of a few micron of Pd, in the 1-5 micron range, have
been successfully deposited on porous ceramic or metal supports.
Results and discussion
Figures 1 and 2 show respectively the concentration of the impurities at the outlet of
a self-standing Pd membrane purifier and of a Pd supported membrane purifier.

Fig. 1. Impurities at the outlet of a self-standing
Pd membrane purifier: all readings are close to
the detection limit of a few tens of ppts

Fig. 2. CO and its selectivity at the outlet of a
supported Pd membrane purifier at 400 and
450°C

Conclusions
The purification technologies that are suitable to purify Hydrogen and reduce the impurities
concentration down to the ppb range have been briefly discussed and compared. Each one has
its own peculiarities and it is up to the customer to decide on the most appropriate purifier
technology for their application based on the inlet hydrogen purity, the desired specifications
and the target purity levels.
The reason to install a gas purifier is not only to get a very low concentration of the
impurities of concern but to maintain it over time even when the incoming purity of hydrogen
is not consistent.
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Introduction
A new hybrid system for hydrogen recovery from natural gas grids has been developed and is
composed of a membrane separation module and an electrochemical compressor (EHP). The
system has been developed for low hydrogen content (<10%) because the traditional
separation system such as pressure swing adsorption and cryogenic systems are not
economically feasible for small scale plant at these hydrogen concentrations. Palladium
membranes received increasing interest due to their extremely high selectivity and
permeability and for the possibility to integrate in membrane reactors for hydrogen
purification and production [1]. On the other hand electrochemical compressors became
interesting because they have no moving parts while they have low cell degradation drivers
such as catalyst oxidation and contamination, and maintenance costs are relatively low. The
H2 extraction is electrically driven and the hydrogen flow can be controlled very accurately by
controlling the Faradaic electric current. The EHP can also compress the H2 up to pressures of
200 bar. The aim of this work consists on comparing membrane module and EHP behavior at
low hydrogen content.
Experimental
A 1D PBMR model that takes into account the external mass transfer limitations
(concentration polarization) has been used for modelling the membrane module. The model
has been validated with experimental results obtained at lab scale at different operative
conditions. The membranes have been tested using both vacuum pump and sweep gas in the
permeate side in a co-current system at different pressures. The bed-to-wall mass transfer
limitations are accounted for to assess the potential concentration polarization at the retentate
side so the pressure of H2 at the membrane wall can be estimated. The electrochemical
compressor has been simulated using a model developed from HyET that quantifies the effect
of mass and energy transport phenomena inside the cells. A single EHP cell type HCS48 (48
cm2 Active Area) has been tested at different operating conditions. The H2 content is changed
from 5-50% in order to study the behaviour of the system in terms of efficiency and electric
consumption at different feed compositions, mainly CH4/H2, and also N2 and CO2 to account
for the real composition. The experimental results were compared and used for model
validation.
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Results and discussion
The membrane module needs to use sweep gas or vacuum in the permeate side in order to
decrease the partial pressure and increase the hydrogen permeation. As it is possible to see in
figure 1, increasing the hydrogen content in the gas mixture, affects the hydrogen recovery
(HRF) of the system. Moreover when the sweep gas is not used, the maximum hydrogen
recovery factor for a gas mixture with a hydrogen content lower than 50% is equal to 14%.
According to figure 2, the HRF increases with the sweep gas. The results were obtained
considering in the gas mixture a hydrogen content of 10%, an absolute pressure of 5 bar and a
sweep gas from 650 to 750 ml/min. The higher purity was found for an absolute pressure of 2
bar and was equal to 96.28%. The results show the electrochemical compressor can reach
higher purity even if the hydrogen content in the gas mixture is less than 2%. The EHP has
been tested using 2% of hydrogen in the gas mixtures at 6 bar and a hydrogen recovery factor
up to 50% has been found with a purity of 99.99%. The results show that for a hydrogen
content of 2% in the inlet stream, the electric consumption in order to separate the hydrogen
and compress it until 1 bar is about 3.8 kWh/kgH2 while to compress it until 200 bar, the
request consumption increases up to 5.8 kWh/kgH2.
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Fig 1. HRF trend for different hydrogen
content in the gas mixture

Fig 2. HRF trend with the sweep gas

Conclusions
The H2 permeance and selectivity of Pd membranes can assure high hydrogen flux and few
impurities. Moreover lower is the hydrogen content, more difficult become the separation. It
is necessary to increase the amount of sweep gas used in order to reach higher hydrogen
recovery factor. On the other hand the electrochemical compressor seems to be promising for
hydrogen separation at low hydrogen content.
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Introduction
An extensive modeling campaign has been carried out on membrane reactors.
Hydrogen production through methane steam reforming has been taken as a case study but the
results may be extended to other systems. The configuration studied is typical of membrane
reactors, in which a catalyst is placed in the annular volume between two concentric tubes and
the a membrane, permeable to hydrogen only, is placed on the outer wall of the innermost
tube. Different transport regimes have been identified as the result of the interplay between
the nonlinearities associated with hydrogen permeation across the membrane, reaction
kinetics, equilibrium conditions, and density variations with pressure and gas composition.
The problem has been studied in its dimensionless formulation and the reactor has been
described through two models: a fully coupled model and a pure-transport model. The former
allows the study of local and global variables for any set of operating conditions; the latter is
useful to evaluate global quantities, such as the overall hydrogen permeate flow rate, in the
limit-case condition of an infinitely fast reaction.
Results and discussion
The results obtained have been published in previous works by the same authors and
the main findings are summarized here
1. When working at a constant inlet velocity, the permeate flow rate as a function of
pressure exhibits a change in behavior, indicating the transition between two different
regimes. At low pressures permeation is limited by transport across the packed bed,
whereas at high pressures it is limited by the membrane itself. The pressure value in
correspondence of which this switch takes place has been identified as “critical” in
that an increase in pressure above this threshold leads to only a small increase in the
overall permeate flow rate [1-3].
2. In the transport-controlled regime radial hydrogen concentration gradients are
pronounced, particularly in proximity of the membrane and the hydrogen
concentration in correspondence of the membrane wall goes to zero. When the
characteristic time of the reaction is low compared to that of transport, methane
concentration must also go to zero to restore equilibrium conditions [2].
3. In the membrane-controlled regimes radial concentration gradients are low and the
behavior of the system approaches that of a plug-flow reactor [2].
4. When pressure is varied and all other dimensionless parameters are maintained
constant, the hydrogen yield, defined as the ratio between the permeate flow rate of
hydrogen and the inlet flow rate of hydrogen, presents a clear maximum in
correspondence of the critical pressure [3].
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5. If the curves of the hydrogen yield vs. dimensionless pressure are rescaled with
respect to the critical pressure and the maximum yield, they all collapse on a single
master curve [4].
6. The master curve of point (5) is independent of the ratio between the outer and inner
diameter [4].
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Introduction
In many membrane reactors where hydrogen is removed through a Pd membrane, the
resulting atmosphere increases the rate of catalyst deactivation by coke. A reaction where
catalyst deactivation by coke formation has been reported is the reforming of methane with
CO2 (dry reforming of methane-DRM) to produce synthesis gas.
In order to counteract the negative effect of hydrogen removal on catalyst
deactivation, a two zone fluidized bed reactor (TZFBR) was used to perform the DRM
process and in addition the “in situ” regeneration of the catalyst. The TZFBR has two
injection points. A synthetic biogas formed by CH4 and CO2 (1:1) was introduced upside
down at an intermediate height of the fluidized bed by a rod which fed point ending in Tshape. Meanwhile, regenerating agent (O2 or CO2) is introduced from the bottom of the
reactor. In this way two zones are created inside the fluidized bed: the lower zone had an
atmosphere suitable to remove the coke that was formed by the reaction in the upper zone.
Pd/Ag membranes in the upper zone remove pure hydrogen, increasing the achieved
conversion.
Experimental
The catalyst was Ni-Ce/Al2O3 catalyst (particle diameter 100–160µm). Al2O3
(provided by Sasol) was the support. Nickel (5 wt%) was chosen because it presents a good
catalytic activity to DRM process and the addition of cerium (10 wt%) improves oxygen
exchange and minimizes coke formation1. The active phase was impregnated using incipient
wetness method from nitrate precursors. First, the support was impregnated with cerium from
Ce(NO3)3, dried at 120 ºC and calcined to 950 ºC with β=1 ºC/min. Then a second
impregnation was done with nickel from Ni(NO3)3 and dried and calcined applying same
procedure as used with the Ce. The catalyst was characterized using BET, XRD, and XRF.
In order to achieve full covering of membranes length (15.2 cm) by the solids bed in fluidized
conditions, the catalyst is diluted with the same alumina used as support (catalyst/alumina =
1/3). This assured that all the hydrogen removed with membranes was coming from reaction
zone, increasing biogas conversion by Le Chatelier principle.
The system to remove hydrogen was composed by two metallic membranes of Pd/Ag (REB
Research®), inserted into the reactor. They have a total permeable surface of 30.5 cm 2 and
the thickness of Pd/Ag layer was 76 µm. These membranes were tested and show a hydrogen
selectivity of 100% at temperatures up to 600 ºC. The exhausted and permeate gases were
analyzed by gas chromatography (Varian CP3800).
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Results and discussion
Figure 1 shows the comparison between hydrogen yields for conventional fluidized
bed reactor (FBR) and TZFBR+MB (i.e. with membranes). These experiments were carried
out at 550 ºC, starting as a FBR and changing the configuration to TZFBR+MB after the first
two hours. This modification produces a huge rise in hydrogen yield, for example from
around 26 to 55% when O2 was used as regenerating agent (pO2 = 0.075 bar). Nevertheless,
regarding the stability of the process, after 400 minutes of reaction a slow decrease of
hydrogen yield was observed, working with a height of the regeneration zone of the bed hR =
2.0 cm (solid lines in Fig.1). This effect was more noticeable for lower concentrations of
regenerating agent (pO2= 0.05-0.075 bar or pCO2= 0.3 bar). The increase of hR from 2.0 to
4.5 cm produces an improvement in coke oxidation resulting in a global process more stable
over the time (dotted lines in Fig1). Moreover, it was found that CO2 was able to regenerate
the catalyst.
Figure 2 shows the results in long-lasting experiments with different regenerating
gases (O2 or CO2). It may be seen than an excess of O2 results in a catalyst deactivation by
catalyst overoxidation. In addition, the use of a suitable amount of CO2 results in a similar
stability than using oxygen, although it could be preferable from the safety point of view.

Fig. 1. Hydrogen yield at 500 ºC (FBR and
TZFBR+MB configurations) modifying regeneration
height and regenerating agent.

Fig. 2. (TZFBR+MB configuration) in long-lasting
experiments with different regenerating agents.

Conclusions
Process integration was obtained with TZFBR+MB, where a catalytic DRM reaction,
a hydrogen separation and a catalyst regeneration process were done at the same time in the
same vessel. Stable operation with high hydrogen yield was obtained in 24 hours-long
experiments. Regeneration parameters, such as the height of the regeneration zone, and the
partial pressure and nature of regenerative agent were analyzed and optimized: lack of
regenerating gas produces deactivation by coke but its excess causes the oxidation of the
active phase.
Acknowledgment
Financial support from the Spanish Ministerio de Economía e Innovación (MINECO) through the project
ENE2013-44350R is gratefully acknowledged.
References
[1] P. Ugarte, P. Durán, J. Lasobras, J. Soler, M. Menéndez, J. Herguido. Dry reforming of biogas in fluidized
bed: Process intensification. Int. J. Hydrogen Energy, 2017 (in press). doi: 10.1016/j.ijhydene.2016.12.124

57

MR4PI2017 - Villafranca di Verona, Italy, March 9-10, 2017
ROLE OF ZEOLITE MEMBRANE MICROREACTOR DESIGN ON THE
CARBONYLATION OF GLYCEROL WITH UREA

S. M. KWA*1, K. L. YEUNG*,**, V. CALVINO-CASILDA***, F. RUBIO-MARCO****4,
J. F. FERNANDEZ****, M. A. BAÑARES***
* Department of Chemical and Biomolecular Engineering and

** Division of Environment, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, PR China,

*** Catalytic Spectroscopy Laboratory, ICP, CSIC, Madrid, Spain;

**** ICV- CSIC, Madrid, Spain

Keywords: membrane micro-reactor, pervaporation, glycerol, urea, carbonate
Introduction
Many fine chemical reactions of interest are constrained by unfavorable thermodynamics that
could benefit from the membrane reactor operation [1]; selective product removal improves
the product purity and achieve supra-equilibrium conversions. Glycerol carbonate attracts
increasing interest as a clean and renewable chemical feedstock [2]. We already reported a
novel hierarchical Co3O4/ZnO catalyst prepared by dry nanodispersion for this reaction [3].
Here, we report the performance of a membrane-catalyst microreactor that utilizes a zeolite
ZSM-5 membrane and Co3O4/ZnO catalyst for the carbonylation of glycerol with urea.
Experimental
A stainless steel microchannel plate was selected for the membrane reactor. A zeolite
membrane (template-free ZSM-5) was prepared on the backside of the stainless steel
microchannel plate, which was selectively seeded. The template-free ZSM-5 membrane was
grown on the seeded surface by hydrothermal regrowth. 10 wt. % of Co 3O4 nanoparticles on
ZnO (ZnCo10) catalyst was prepared as indicated elsewhere [3] and loaded into the stainless
steel microchannels. The carbonylation of glycerol with urea was conducted in the preheated
microreactor. An equimolar mixture of glycerol and urea were fed to the microreactor. The
reaction in the microreactor was carried out with the permeate vacuum off and the products
were collected from the reactor outlet at fixed time intervals until a steady state condition was
reached. The reaction in the membrane microreactor was performed at a vacuum pressure of
16.7 kPa. Samples from both retentate and permeate outlets were collected for analysis. For
the sake of comparison, we also run the batch carbonylation of glycerol with urea.
Results and discussion
Fig. 1 displays the microreactor/membrane microreactor unit with the stainless steel
microchannel plate inserted in place. Table 1 presents the catalytic performance of ZnCo10
catalyst in the batch reaction. It displays both high conversion and selectivity for the
carbonylation of glycerol. Microreactor deliver much higher activity than batch configuration.
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Fig. 1.

Membrane-catalyst microreactor unit

Table 1. Catalytic performance

Catalyst
Blank
Pure ZnO
Pure Co3O4
ZnCo10

Conversion %
25
25
30
69

Selectivity %
53
70
92
95

Conclusions
A multichannel membrane microreactor was designed and fabricated for carbonylation of
glycerol with urea. The ZSM-5 membrane was prepared by template-free synthesis method,
while the Co3O4/ZnO catalyst was prepared by the dry nanodispersion method. Batch reaction
shows that the catalyst has excellent selectivity for glycerol carbonate. The use of
microreactor and membrane microreactor resulted in further improvement in conversion.
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Introduction
The increasing energy demand over the last decades associated with the request for reduction
of greenhouse gas (GHG) emissions has given rise to the development of more efficient
conversion technologies and alternative energy carriers. Hydrogen is one of the high potential
energy carriers, as it can be produced from renewable energy sources and does not produce
CO2 emissions at the end user. The most often applied conventional production process for
hydrogen is based on steam reforming of natural gas producing significant GHG emissions.
The increasing demand for hydrogen and its potential use in the new energy systems puts the
emphasis on the development of a sustainable process for the production of pure hydrogen.
Biogas is one of the renewable sources that could be used as alternative for natural gas in the
production of hydrogen. The process faces equilibrium limitations due to the high CO 2
content in the biogas. The application of hydrogen permselective membranes shows the
potential for a high degree of process intensification for this process. The shift in equilibrium
attained by the in-situ extraction of hydrogen results in: low temperature operation regime,
higher energy efficiency and production of pure hydrogen without the requirement of
downstream separation and reduction of the process units [1].
Experimental
Experiments have been performed in a Fluidized Bed (Membrane) Reactor (FB(M)R)
between 450 °C and 550 °C and up to 5 bar. Different CO2/CH4 ratios have been studied,
corresponding to the wide variety in biogas compositions. Palladium-based membranes have
been integrated in the fluidized bed that consisted of Rh supported on promoted alumina
catalyst particles. The PdAg membranes were selected for its excellent hydrogen separation
properties and the Rh based catalyst for its high activity and very low sensitivity towards coke
formation [1][2].
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Results and discussion
The results presented in Figure 1 show the measured methane conversions of the
steam reforming of methane and biogas at different conditions along with results from
equilibrium calculations. The equilibrium conversion in the FBR (open symbols) for the
biogas is lower than for methane due to the equilibrium limitation as a result of the increased
CO2 content. The FBMR (closed symbols) conditions hydrogen is selectivity extracted
resulting in a shift to higher methane conversions. The hydrogen recovery of the membrane is
shown together with the purity in Figure 2. Operation at higher temperatures up to 535 °C,
resulting in an increase in the membrane flux of hydrogen, shows to be beneficial for the
hydrogen purity. The system was found to be stable during the tested period, however, the
ideal H2/N2 perm-selectivity of the membranes decreased from 18000 to 6750. The effect of
temperature, pressure and biogas composition has been studied. The experimental results have
been compared to calculations with a one-dimensional fluidized bed membrane model.

Fig. 1. Experimental and thermodynamic equilibrium
conversion of methane for steam reforming of
methane (CO2/CH4 = 0) and biogas (CO2/CH4 = 0.7)
with and without membrane

Fig. 2. Hydrogen recovery factor and permeate
hydrogen purity of Biogas (CO2/CH4 = 0.7) steam
reforming

Conclusions
The experimental results have demonstrated the potential of the steam reforming of biogas in
a fluidized bed membrane reactor for pure hydrogen production. The CO2 in the feed gas
induces thermodynamic limitations, however, it has been shown that the selective removal of
hydrogen can overcome these limitations. Moreover, it is found that operation at temperatures
above 500 °C and up to 5 bar improve the hydrogen recovery and increase the hydrogen
purity. From a comparison between the experimental and modelling results it was found that
the description of the hydrogen flux through the membrane can be significantly improved by
accounting for the bulk-to-membrane mass transfer resistances (concentration polarization).
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Abstract
This research aims to reduce free fatty acids from crude palm oil using the hollow fiber
membrane of polyvinylidene fluoride (PVDF) modified by crosslinked chitosan with
glutaraldehyde. The amount of chitosan was varied at 0.1; 0.2; 0.3; 0.4; and 0.5 grams.
Interaction between chitosan and glutaraldehyde was shown from FTIR analysis result at
1640 and 1655 cm-1 for N=C group. Results of SEM and AFM showed that chitosan
crosslinked with glutaraldehyde was well coated on the surface of PVDF hollow fiber
membranes. The modified membrane showed an improvement in rejection, which is 15.94%
at chitosan 0.5 g compared to 0% of membrane without modification. Life time of membrane
was 1.5 longer. This means the fouling occurred at longer time. Contact angle of the PVDF
membrane was 90.24˚ indicated hydrophobic properties, while the modified of the membrane
at various amount of chitosan showed hydrophilic properties. Porosity and flux of the
membrane with modification at chitosan 0.1 gram were 81.97% and 1.12 liter/m2.hour,
respectively, while membrane without modification, the porosity and flux of membrane were
55.45% and 0.84 liter/m2.hour. Mechanical strength of the membrane from tensile strength
results showed an increase of stress from 1.9 MPa for membrane without modification to
become 3.0 MPa for membrane with modification at chitosan 0.3 gram, and strain from
88.40% to become 111.17%. Thermal stability as a result of TGA analysis increased from
420o-900oC for membrane without modification to become 500o-900oC for membrane with
3.0 gram chitosan modification.
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Introduction
Ceramic gas separation membranes have attracted high interest in energy
applications due to its inherently high efficiency. Either oxygen or hydrogen permeable mixed
ionic electronic conductors are feasible membranes for distributing or extracting oxygen or
hydrogen to chemical reactions, respectively [1][2][3]. Another potential advantage is the
provision of electrochemical active (ionic) species at the membranes surface. Besides the
performance in terms of ionic flux the long term stability in operating conditions plays an
important role for membrane reactor development. However, a typical trade-off between
performance and stability exists. Hence, different material classes are investigated, which are
the basis for material selection and tailoring for membranes dedicated to specific applications
and its process conditions, i.e. temperatures and atmospheres.
Experimental
Materials synthesis is done by using different powder processing methods. Smaller
quantities, i.e. 30-40 g batches, are prepared using the Sol-Gel based modified Pechini
method. For larger quantities 0.5 – 10 kg solid state reaction or spray pyrolysis can be applied
depending on targeted powder specifications.
The synthesized powders are characterized with regard to chemical composition and
phase purity as well as processing related properties such as BET-surface, TEC, TGA etc..
Disc shaped small bulk samples are pressed and sintered in order to investigate performance
in standard inert conditions as well as membrane reactor conditions.
Promising materials are processed into asymmetric membranes, i.e. thin (~20-50 µm)
dense membrane layers on porous supports [4], [5], [6] using preferably tape casting. Also
larger components, e.g. exhibiting gas flow channels, can be prepared by lamination and
subsequent sintering [7].
Results and discussion
Single phase mixed oxygen ionic electronic conductors with perovskite structure
show highest permeability [8] but suffers from limited stability both in acidic as well as
reducing atmospheres. Therefore, its applicability is highly constrained. Nevertheless
perovskite particularly titanate-based membranes have potential in certain application
conditions. Another very promising alternative are dual phase composites combining a pure
ion conductor with another electronic conducting ceramic phase, e.g. spinels or perovskites
[9]. Also for hydrogen permeable membranes in addition to single phase materials such as
La5.4WO12- or doped Ba-zirconates the dual phase concept is feasible [10].
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Fig. 1. Dual phase composite concept (exemplarily
oxygen permeable) providing simultaneously high
performance and high stability [8]

Fig. 2. Microstructure of asymmetric membranes
composed of hydrogen permeable La5.4WO12- (left)
and oxygen permeable Ba0.5Sr0.5Co0.8Fe0.2O3 (right)

Conclusions
Ceramic oxygen and hydrogen permeable membranes investigated at
Forschungszentrum Jülich show high potential in membrane reactor conditions at several
temperature levels ranging from 400 – 1000 °C.
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Introduction
In view of a sustainable hydrogen economy, among different technologies for
separation and purification of hydrogen, membrane technologies are considered as good
candidates for substituting conventional energy-consuming systems. Currently palladium and
palladium alloy-based membranes are the most diffused technologies for hydrogen separation
from gas mixtures, thanks to their high hydrogen permeability and selectivity.
Considering the limits imposed by European Community about critical elements, in
addition to the cost target indicated by the US Department of Energy for membranes (1000
$/m2), this would entail the substitution of palladium or its use in films thinner than 3 μm.
With this view, High Power Impulse Magnetron Sputtering (Hi-PIMS) was employed to
produce dense and thin palladium-silver (PdAg) alloy membranes onto porous alumina. The
peculiar characteristics of Hi-PIMS allow achieving films having high density and adhesion.
In particular, this technique is fundamental to obtain dense films on porous insulating
substrates.
Experimental
PdAg alloy membranes were achieved after a fine tuning of Hi-PIMS deposition
parameters (pressure, temperature, power, bias). Porous alumina supports were prepared by
mixing raw alpha alumina with different pore former in various volume ratios (starch,
graphite, poly methyl methacrylate), by means of a planetary milling. Final supports have
been obtained after uniaxial pressing and sintering.
In order to evaluate hydrogen selectivity and permeation, a custom-built system was
used. The gas flows are controlled by an interfaced Labview software. The temperature is
regulated by a furnace, in the temperature range from RT to 450 °C, and a gas overpressure
was tested up to 3 bar over atmospheric pressure. Pre- and post-permeability characterizations
were carried out by means of Field Emission-Scanning Electron Microscopy, Energy
Dispersive X-Ray Spectroscopy and X-Ray Diffraction technique.
Results and discussion
Dense films of 2-3 m have been deposited by Hi-PIMS on allumina, as shown in
fig. 1. EDS analyses confirmed the stoichiometry (Pd 77±2%; Ag 23±2%) while, XRD
patterns (fig. 2) highlighted the alloy phase formation only after annealing or after 20 – 24 h
in working conditions.
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Fig. 1. SEM micrograph of PdAg membrane surface. Inset: cross section view.

Fig. 2. XRD patterns for a PdAg membrane as deposited, annealed and tested.

From tests performed in pure hydrogen, high permeances have been recorded for
these membranes (>1x10-6 mol m-2 s-1 Pa-1 @ 350°C).
Conclusions
Dense and thin PdAg membranes were deposited onto porous and insulating alumina
supports, by means of Hi-PIMS technique and good permeances were detected, indicating this
deposition technique suitable to achieve dense membrane on porous substrates.
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Introduction
Oxygen transport membranes made of mixed oxygen ionic and electronic conducting
(MIEC) oxides have gained great interest because of their superior energy efficiency and low
cost when producing oxygen from air. With the assistance of MIEC membrane technology,
high purity oxygen can be obtained at evaluated temperature (700-900℃) with the driving
force of oxygen partial pressure difference between two sides of the membranes[1,2].
Favourable MIEC membranes are expected to provide both high oxygen permeation
flux and good stability. However it is generally accepted that material with good oxygen
permeability usually provides correspondingly low chemical stability. This is because weak
chemical bonding of metal and oxygen could be favourable for the fast oxygen mobility in
membranes but it also increases the chances for metals to react with components in the
surrounding atmosphere[3]. Ba0.5Sr0.5Fe0.2Co0.8O3-δ (BSCF) is one of the most popular
perovskite material that has excellent oxygen conductive property, but it also shows poor
phase stability in CO2 containing atmosphere[4].
In order to increase the chemical stability of the BSCF membranes, a multilayer
structured membrane composed of a BSCF functional layer and two protective layers on both
sides of the BSCF tube is fabricated in this research. Ce0.9Gd0.1O2 (CGO) is chosen as the
protective layer material because of its high stability in the concentrated CO2. The processing
conditions to form dense protective layers onto the BSCF tube is optimised and the weight
change of the two samples (BSCF membranes with and without the protective layers) heated
in the CO2 containing atmosphere is compared.
Experimental
Protective layers were coated onto the BSCF tube with the dip-coating method.
Slurry for the dip-coating process was made by mixing CGO powders (10wt%), Polyvinyl
pyrrolidone (PVP, 1.5 wt%), Polyvinyl butyral (PVB, 0.75wt%) and ethanol (solvent) in the
planetary mixer for 1hr.
A BSCF tube with the thickness of 0.5mm was dipped into the slurry. The dipcoating was repeated twice. This step was to form a thin dense CGO layer on the surface of
the BSCF tube which would help to minimise the cracks of the protective layer. The thin layer
was sintered at 1060℃ for 6hr. Then the dip-coating was repeated after the first thin layer was
sintered. This time the dip-coating was carried out in a much faster speed and the slurry was
dried by rotating in the air to get a thicker layer. The thicker layer was also sintered at 1060℃
for 6hr.
Microstructure of the protective layers were detected by Scanning Electron
Microscope (SEM). Thermogravimetric analysis (TGA) was used to detect the weight
increase of the coated tube and the BSCF tube in the CO2 containing atmosphere at high
temperature. The sample was heated in the reactor from room temperature to 800℃ in the
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atmosphere of N2, when the weight reached stable the gas was switched to 20% CO2 mixed
with 80% N2 and the sample was kept in this atmosphere for 24h. The samples before and
after TGA test was detected by the X-ray Diffraction(XRD) to see if there is any phase
change during the heating processes.
Results and discussion
Thickness of the outside layer is about 3µm and the inside protective layer is much
thicker which is about 8µm. Besides, there are some gaps between the inside protective layer
and the BSCF layer.
The TGA test result is shown in Fig. 1 and Fig. 2. It can be seen that when switching
to the CO2 containing feed gas, weight change of the BSCF tube without coating is much
faster than the one coated with the protective layer.
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Fig. 1. TGA results of the BSCF tube without coating
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Fig. 2. TGA results of the BSCF tube with coating

Conclusions
It can be concluded by comparing microstructures of the protective layers that
thinner coating layer tends to form less cracks during the sintering process than the thick ones.
Besides according to the TGA test results, weight of the tube with protective layers on both
sides tends to increase much slower than the BSCF tube without coating, which means less
CO2 was absorbed by the coated membrane. So we can conclude that the effect of CO2 on the
coated membrane is much smaller than that on the single layer BSCF membrane.
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Introduction
Small-scale heat and power co-generation (m-CHP), based on Proton Exchange
Membrane fuel cell-based systems, is potentially characterized by high electric efficiency and
low emissions. Membrane reactors, combining production and separation of pure hydrogen in
one vessel, achieve better performance than conventional fuel processors [1]. Moreover,
membrane reactors with fluidized beds (FBMR) allow circumventing some limitations
affecting conventional packed bed (PB) configurations, like intraparticle and bed-to-wall mass
and heat transfer limitations, pressure drop, and significant temperature gradients. The main
disadvantage of fluidized beds is that the inlet gas flow rate must be kept above a minimum
required to obtain catalyst suspension along the reactor (the minimum fluidization velocity
should be reached) thus partial load is limited in these systems. In comparison with packed
beds, the fluidization regime presents lower diffusion limitations within the emulsion phase
itself, but the presence of bubbles induces bubble-to-emulsion mass transfer limitations and
gas back mixing. As a matter of fact, several projects have been investigating this technology
in order to overcome all the barriers that limit their industrial exploitation.
Fluidized bed membrane reactor models
Fig. 1 gives a schematic view of the innovative membrane reactor: there is a bottom
region for reactions only and a top region where hydrogen permeation also occurs. The
reactions take place over a bed of fine catalyst particles (100-200 µm particle size) in a
bubbling or turbulent fluidization regime. In the fluidized bed reactor, the mixing of the solid
particles induced by the rising bubbles, enhances the heat transfer within the reactor, leading
to a virtually uniform temperature in the bed and also lowering bed-to-wall mass transfer
limitations. The stream at the inlet of the reactor is a mixture of light hydrocarbons (e.g.
natural gas, bio-ethanol), steam and air. The heat required by the endothermic reforming
reactions is balanced by the partial oxidation of the fuel with air. The air regulation allows
controlling the FBMR operating temperature. The permeation can be enhanced by using either
a vacuum pump or by a sweep gas (e.g. steam) at the permeate side.
This work deals with the development of a detailed fluidised bed membrane reactor
using the software Aspen Custom Modeler® (ACM), since Aspen Plus® is a common tool for
the simulation of the chemical systems, as a PEMFC-based m-CHP system [2,3]. The model
is firstly compared and validated with a well-known 1D two-phase phenomenological model
[4] at steady-state an then extended to dynamic regimes where mass accumulation phenomena
and thermal inertia effects are taken into account.
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Fig.1. Schematic of a fluidized bed membrane reactor

Both the models are able to investigate the extent of bubble-to-emulsion phase mass
transfer and/or reaction kinetics limitations for defined reactor geometry and operating
conditions. The model simplifies the emulsion phase to be perfectly mixed in upward plug
flow. Local average values of bubble size and rise velocity change along the reactor height.
The reactions take place only in the emulsion phase, assuming that the bubble phase is free of
catalytic particles, but for the wake region. The hydrogen permeation through the Pd-based
membranes is modelled considering a thin selective layer on a porous ceramic support, which
properties could add a resistance in the permeation process.
Results and conclusions
Results of the detailed fluidized bed membrane reactor model developed in Aspen
Plus Custom Modeler® and the 1D phenomenological model are in agreement in a wide range
of operating conditions. The new fuel processor model can be integrated in the overall
micro-CHP system model for simultaion at steady-state and dynamic regime. Owing to these
results, the integrated CHP system model in Aspen Plus® is able to reflect the “non-ideal”
performance of the fuel processor as one of the critical components of the system.
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Introduction
One of the main problems for the implementation of the hydrogen based economy is
the transportation from production centres to the end user both industries and population. To
solve this problem, besides the in-situ production of hydrogen, the use of the existing Natural
Gas network has been proposed for storing and distributing hydrogen. However, cost effective
separation technologies for direct separation of hydrogen from the natural network should be
developed for separating and purifying the hydrogen to match the end user requirements.
The HyGrid project (www.hygrid-h2.eu) proposes an integral solution for developing
of an advanced high performance, cost effective separation technology for direct separation of
hydrogen from natural gas networks. By using a novel membrane based hybrid technology
combining three technologies integrated in a way that enhances the strengths of each of them
(Figure 1): membrane separation technology is employed for removing H 2 from the “low H2
content” (e.g. 2-10 %) followed by electrochemical hydrogen separation (EHP) optimal for
the “very low H2 content” (e.g. <2 %) and finally temperature swing adsorption (TSA)
technology to purify from humidity produced in both systems upstream, pure hydrogen
production (ISO 14687) will be obtained. The project targets a pure hydrogen separation
system with power and cost of < 5 kWh/kgH2 and < 1.5 €/kgH2. The pilot will be designed for
the separation and purification of >25 kg/day of hydrogen (ISO 14687).

Figure 1. HyGrid concept
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The new separation & purification system will increase the value of hydrogen
blended into the natural gas grid, improving the economics of central hydrogen production
from excess renewable energy couples with natural gas grid injection. In addition, it will
reduce cost, and therefore increase the use of hydrogen from very dilute hydrogen streams in
energy and transport applications. On the other side, further applications could be found in
separating hydrogen from mixtures produced in chemical or biological processes, where it
otherwise would be used to generate heat or even be vented.
The main objectives of the HyGrid project are:
 Design, develop, demonstrate and optimise an advanced hydrogen separation
system for the production of at least 25 kg/day of hydrogen as per ISO 14687
from low (2-10%) and very low (<2%) H2 blends in natural gas grids
 Development of stable, high performance and long durability membranes for
hydrogen recovery from low (2-10%) hydrogen content streams.
 Development of more stable sealing methods for the membranes at moderate
temperatures and reductive atmospheres.
 The further development of EHP for hydrogen recovery from very low (<2%)
concentration streams.
 The further development of TSA for water removal from hydrogen/water streams.
 The integration of the new membranes, TSA and EHP in novel hybrid system to
achieve high recoveries with low energy penalties.
 Energy analysis of the new HyGrid technology on different scenarios:
₋ recovery of H2 from low concentration streams (2% -10%) up to 99.99% H2
purity (ISO14687) in the whole range of pressures of the NG grid.
₋ Different configurations/combinations of the three separation technologies
 The validation of the novel hybrid system at prototype scale (TLR 5)
 The environmental analysis through a Life Cycle Assessment of the complete
chain.
 Dissemination and exploitation of the results.
The HyGrid project structure is broken down in ten work packages following the
focus on the development of novel (longer and more stable) membranes for H2 separation,
electrochemical separation and TSA for hydrogen separation from natural gas grids.
Furthermore, the project will give a robust proof of concept, validation and assessment of the
novel hybrid separation technology.
The HyGrid consortium consists of 7 European organizations from 4 countries
(Netherlands, Spain, Italy and Switzerland). HyGrid gathers the complete chain of expertise
reaching the critical mass necessary to achieve the objectives of the project. The consortium
brings together multidisciplinary expertise of material development (electrochemical
separation, sorption and membranes), chemical and process engineering, modelling (from
thermodynamics to unit operation modelling to system integration), membranes modules and
reactors development, LCA and industrial study, innovation management and exploitation.
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Introduction
The recent increase of electricity and heat demand has led to an intensification of the
fossil fuels utilization. As a consequence, the CO2 concentration rises in the atmosphere and
this is considered one of the driver of the greenhouse effect and the observed climate change.
One way for reducing anthropogenic CO2 emissions; in the long term, is hydrogen that can
replace fossil fuels in power generation and transportation. Hydrogen production could be
based on natural gas or biofuels such as biogas or bioethanol, and used, in the residential
sector, for micro-combined heat and power (micro-CHP) generation system based on PEM
fuel cells: the simultaneous production and utilization of heat and power increases the fuel
exploitation (i.e. reducing CO2 emissions) compared to separated heat and electricity
production. Therefore, the development of efficient and cost effective hydrogen fuel
processors is required. Membrane reactors (MR) for hydrogen production are foreseen as a
promising technology for process intensification. The advantage of membrane reactors is the
possibility to carry out hydrogen production and separation in a single reactor with
thermodynamic and economic benefits.
Application of membrane reactors for hydrogen production within European projects
Recent studies show that membrane reactors overcome the performance of
conventional fuel processors operated in the same regime [1]. The innovative and
conventional schemes are shown in Fig. 1. Membrane reactors for hydrogen production result
in higher the hydrogen production efficiency at small scale and, if combined with PEM fuel
cells, also increase the electric efficiency in micro-CHP systems. Three EU projects
(FERRET, FluidCELL, BIONICO) are investigating the application of the membrane reactor
concept to hydrogen production and micro-CHP systems using both natural gas and biofuels
(biogas and bioethanol). The membranes, used to separate hydrogen from the other reactions
products, are thin layers of Pd alloy (<5 µm) to achieve high fluxes supported on a ceramic
porous material to increase the mechanical stability. In FERRET, the flexibility of the
membrane reactor under diverse natural gas quality is validated [2]. The reactor integrated in
micro-CHP system leads to a net electric efficiency up to 42% (8% points higher than the
reference case). In FluidCELL, the use of bioethanol as feedstock for micro-CHP PEM based
system is investigated in off-grid applications [3]. The net electric efficiency is around 40%
(6% higher than the reference case). Finally, BIONICO process investigates the hydrogen
production from biogas resulting in a strong decrease of volumes and auxiliary heat
management units and in an increase of the overall efficiency with respect to conventional
systems (17% higher). Therefore this innovative and flexible technology will favour hydrogen
penetration into the market.
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Fig. 1. Schematic diagram of innovative configuration and reference configuration for hydrogen production

Conclusions
This work summarized the activities and achievements carried out in three European
projects: FERRET, FluidCELL and BIONICO. The three projects developed a fluidized
membrane reactor to enhance the hydrogen production and micro-CHP system efficiencies.
The simulations and laboratory experiments confirmed the potentiality of the technology for
the considered applications: the hydrogen production can be improved from 60% to more than
70% and the micro-CHP system net electric efficiency fed with natural gas and ethanol can be
as high as 42% and 40% respectively, which is around 10% higher than competitive systems
based on the same concept. In addition, the hydrogen production in one single reactor can lead
to capital saving with further advantages of this technology over the competitive ones.
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Introduction
Heterocyclic polymers - polybenzimidazoles (PBI) can be considered as the main
class of organic polymer electrolytes suitable for medium temperature fuel cell applications
[1]. Such fuel cells can solve the problem of catalyst poisoning using a hydrogen containing
CO impurities [2]. Films obtained from solutions of aromatic heterocyclic polymers,
polyheteroarylenes, containing sulfonic acid groups in the main chain are promising
membrane materials [3].
The aim of this work was to study the transport properties of membrane materials
based on heterocyclic sulfonated polymers (polynaphthoyleneimides and polytriazoles).
Experimental
Copolymer of polynaphthoyleneimide and 2,2-disulfo-4,4-diaminodiphenyl ether
(PNI) was obtained by copolymerization of 2,2-disulfo-4,4-diaminodiphenyl ether and
1,4,5,8-naphthoylenetetracarboxylic acid dianhydride solutions in phenol or DMSO as a
solvent using benzoic acid as a catalyst. A 5% polymer solution in DMSO was used for
membrane casting followed by conversion to the hydrogen form. A PNI-SiO2 hybrid sample
was obtained under the same conditions using 10 wt % aerosil, preheated at 400°C under
vacuum.
Polytriazole network polymers (PTA) were prepared by copolymerization of 4,4'diazidostilbene-2,2'-disulfonic acid disodium salt and 1,3,5-triethynylbenzene in DMSO in the
presence of CuI. The resulting films of 70-80 m thickness were converted to the hydrogen
form, and saturated with 50% H3PO4 for 7 days at room temperature.
The obtained materials were studied by 1H NMR, FTIR spectroscopy, elemental
analysis, thermal analysis, and impedance spectroscopy.
Results and discussion
Mechanical strength and thermal stability of the obtained membranes is high enough.
The PNI membrane shows the highest proton conductivity among air-dry samples
(0.02 -1cm-1 at 120°C). The PNI-phenol membrane conductivity is significantly lower, and
after a maximum of 0.005 -1cm-1at 90°C it decreases due to dehydration. A hybrid PNI-SiO2
membrane shows the higher conductivity (0.065 -1cm-1 at 100°C).
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Conductivity of PTA membranes, undoped and doped with phosphoric acid, are quite
similar up to 70°C (0.08 -1cm-1). At the same time, at higher temperatures the conductivity
of PTA membrane decreases, but the PTA-H3PO4 membrane conductivity increases up to
0.11-1cm-1 at 120°C with further temperature increase. Phosphoric acid fills the membrane
pores and channels and maintains membrane conductivity in a wide temperature range. The
similarity of conductivity of these materials up to 70°C shows that the carrier concentration is
primarily determined by the dissociation of sulfonic acid groups.
The high conductivity (0.16 -1cm-1) of the PNI-DMSO membrane in contact with
water is accompanied by a gradual degradation of the material, thus, the sample dissolves in
water already at 60°С. The PNI-phenol sample is characterized by greater stability, but a
lower conductivity (0.045 -1cm-1 at 95°C). Silica introduction results in ion conductivity
increase (0.08 -1cm-1 at 95°C) and its activation energy decrease (11.2 ± 0.2 kJ/mol for
PNI-SiO2 vs. 24.32 ± 0.3 kJ/mol for PNI-phenol). The conductivity of polytriazole-based
membranes is slightly lower, but considerably higher than that for the PNI-phenol (0.052
-1cm-1 at 95°C). At the same time, the PNI-DMSO sample shows the higher conductivity at
low humidity (0.005 -1cm-1 at RH = 40%, 25°C). The conductivity of the PTA-H3PO4
membrane depends slightly on the humidity.
Transfer numbers for obtained membrane in a wet state were estimated by comparing
the interdiffusion coefficient (Na+/H+) and diffusion permeability (H+/Cl-). At room
temperature, the anion transfer numbers do not exceed 0.5% for most membranes, indicating
their high selectivity. The only exception is the PNI-DMSO membrane.
Conclusions
Transport properties of the new polytriazole and polynaphthoyleneimide membrane materials
have been studied. According to impedance data, the sulfonated polynaphthoyleneimide
membranes obtained in DMSO show the highest ionic conductivity. Modification of
membrane materials with silica leads to transport properties improvement.
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