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Abstract: This paper reports the findings of a FP7 project (DEMCAMER) that developed materials
(catalysts and membranes) and new processes for four industrially relevant reaction processes. In this
project, active, stable, and selective catalysts were developed for the reaction systems of interest and
their production scaled up to kg scale (TRL5 (TRL: Technology Readiness Level)). Simultaneously, new
membranes for gas separation were developed; in particular, dense supported thin palladium-based
membranes for hydrogen separation from reactive mixtures. These membranes were successfully
scaled up to TRL4 and used in various lab-scale reactors for water gas shift (WGS), using both packed
bed and fluidized bed reactors, and Fischer-Tropsch (FTS) using packed bed reactors and in prototype
reactors for WGS and FTS. Mixed ionic-electronic conducting membranes in capillary form were
also developed for high temperature oxygen separation from air. These membranes can be used for
both Autothermal Reforming (ATR) and Oxidative Coupling of Methane (OCM) reaction systems to
increase the efficiency and the yield of the processes. The production of these membranes was scaled
up to TRL3—4. The project also developed adequate sealing techniques to be able to integrate the
different membranes in lab-scale and prototype reactors.

Keywords: membranes; membrane reactors; FTS; WGS; OCM; ATR

1. Introduction

Global warming and fossil fuels scarcity necessitate the transformation of traditional processes
towards more sustainable and efficient processes for both energy conversion and chemical
transformations. A boost in efficiency for reactive systems can be achieved via the so-called Process
Intensification (PI), which is defined as “any chemical engineering development that leads to a
substantially smaller, cleaner, safer, and more energy efficient technology” [1]. The need for more
efficient processes, including further flexible engineering designs and, at the same time, increasing
the safety and environmental impact of these processes, is pushing the industry to carry out novel
research in this field. The chemistry and related sectors have already recognized the benefits of PI and
estimate a potential for energy saving of about 1000 kilo tonnes of o0il equivalent (ktoe) per year using
these processes.
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Nowadays, the main activities regarding PI are related to the development of novel technologies
with high efficiency as well as accomplishing a reduction in CO, emissions to the atmosphere, thus
achieving a large positive impact as compared to benchmark technologies [2]. Within the chemical
engineering framework, the development of more active catalysts, more efficient contactors, heat
exchangers or gas separation units are of interest as these technologies are involved in most chemical
processes. The technology of membrane reactors has been recently developed and has demonstrated a
high degree of process intensification where the combination of a membrane based separation and
a catalytic chemical reaction take place in one unit [3-9]. Membranes can be used in membrane
reactors for either selective gas separation from the reaction environment or selective gas feeding
into the reaction system [3]. In equilibrium limited reaction systems such as in fuel reforming or
dehydrogenations, the selective separation of a product of the reaction (i.e., Hy), leads to a fuel
conversion beyond the value of the thermodynamic equilibrium, thus achieving higher fuel conversions
and direct product separation (a separation unit downstream is not required). The other possible
configuration is selective gas addition via the membrane. For instance, in autothermal reforming
where oxygen is fed together with the fuel, the dosing of oxygen alongside the membrane instead
of direct co-feeding leads to an enhancement of the selectivity of products. In general, almost every
catalytic industrial process can potentially be enhanced by the introduction of catalytic membranes and
membrane reactors instead of the conventional reactors. According to SusChem (European Technology
Platform for Sustainable Chemistry, Strategic Research Agenda 2005) more than 80% of the processes
in the chemical industry worth approximately €1,500 billion, depend on catalytic technologies, and one
of the shorter-term (5-10 years) objectives of this Platform is to “integrate reactor-catalyst-separation
design: integration and intensification of processes require the development of new catalytic concepts
which break down the current barriers (for example, low flux in catalytic membranes)” [10].

In this work, an overview is presented of the DEMCAMER project, which proposes a solution
for many industrial processes that can benefit from membrane reactors: the increase in production
rate while maintaining the same product quality as well as reducing both production costs and
environmental impact. The objective here is to carry out this action through the implementation of a
novel process intensification approach consisting of the combination of reaction and separation in a
“Catalytic Membrane Reactor” single unit as is depicted in Figure 1.
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Figure 1. DEMCAMER project concept summarized for the Autothermal Reforming (ATR) process.

The aim of the DEMCAMER project was to develop innovative multifunctional Catalytic
Membrane Reactors (CMR) based on new nano-architectured catalysts and selective membrane
materials to improve their performance, cost effectiveness (i.e., reducing the number of steps),
and sustainability (lower environmental impact and use of new raw materials) over four selected
chemical processes ((Autothermal Reforming (ATR), Fischer-Tropsch (FTS), Water Gas Shift (WGS),
and Oxidative Coupling of Methane (OCM)) for pure hydrogen, liquid hydrocarbons, and
ethylene production.
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The DEMCAMER work plan consisted of activities related to the whole product chain:
ie.,, development of materials/components (membranes, supports, seals, catalyst..) through
integration/validation at lab-scale, until development/validation of four semi-industrial pilot scale
CMRs prototypes. Additionally, assessment of environmental, health and safety issues—in relation to
the new intensified chemical processes—were also carried out.

For a maximum impact on the European industry this research, covering the complete value chain
of catalytic membrane reactors, was carried out with a multidisciplinary and complementary team
having the right expertise, including top level European Research Institutes and Universities (8 RES)
working together with representative top industries (4 SME and 6 IND) in different sectors (from raw
materials to petrochemical end-users).

Figure 2 and Table 1 summarize the four chemical processes addressed by DEMCAMER including
the raw materials and products per each targeted reaction. Membranes for the different processes are
also indicated in the flow sheet. Both the flow sheet and the table do not take into account previous
stages of pre-treatment for the raw materials as this has not been addressed in DEMCAMER.
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Figure 2. Flow sheet of the four chemical processes addressed in DEMCAMER.

The raw materials for the ATR process could cover a wide range: natural gas, SNG (Synthetic
Natural Gas produced from coal, biomass, petroleum coke, or solid waste), alcohols (methanol
and ethanol), dimethyl ether (DME), liquid hydrocarbons derived from fossil fuels (gasoline, diesel,
naphtha, etc.), biogas, biofuels (biodiesel, bioethanol, etc.). DEMCAMER only addressed natural gas
(mainly CHy) as raw material. On the other hand, Syngas could be the raw material for the WGS
and the FTS processes. Syngas could be derived from dry, steam, partial oxidation and autothermal
reforming processes using natural gas, coal or biomass. Finally, natural gas, SNG or Biomass could be
the raw materials in the OCM process but natural gas was the raw material considered in DEMCAMER.

In this project the targeted primary products were Hj, liquid hydrocarbons (gasoline/diesel
fractions (C11-C20), and ethylene. The definition and identification of the specific industrial
requirements for the intensification of each targeted reaction was addressed at the beginning of
the project.

The DEMCAMER Project was funded under FP7 Cooperation Specific Programme and
Nanotechnologies, Materials and Processes NMP Theme. The Project started on July 1 2011 and
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it has run for 48 months. In the following, the main results in terms of catalysts, membranes, and
membrane reactors are highlighted.

Table 1. Raw materials and obtained products per each targeted reaction.

Process Raw Materials ! Products 2
Natural Gas (mainly CHy)

SNG (Synthetic Natural Gas produced from coal,
biomass, petroleum coke, or solid waste)

Alcohols (Methanol and Ethanol)
ATR Dimethyl ether (DME) Hy

Liquid Hydrocarbons derived from fossil fuels
(gasoline, diesel, naptha, efc.)

Biogas

Biofuels (biodiesel, bioethanol, etc.)

WGS Syngas Hj

Liquid Hydrocarbons: Olefins, paraffins,
FTS Syngas and oxygenated compounds. Gasoline and
diesel (C11—C19)

Natural Gas
OCM SNG Ethylene

Biogas

! Highlighted text in italic corresponds to raw materials used in DEMCAMER project; 2 Highlighted text in
italic corresponds to products obtained in the DEMCAMER project.

2. Experimental Section

2.1. Catalyst Selection for the Different Processes

Catalysts used in benchmark technologies were developed to maximize the performance of
the process. However, the experimental conditions used in benchmark technologies are often far
from the conditions needed in membrane reactors, mainly the reaction temperature and reaction
mixture/concentrations. In order to maximize the performance of the membrane reactor technologies,
improved catalysts were developed for each process in the DEMCAMER project. In this section, the
selection of the catalyst used in each process is discussed in more detail.

2.1.1. ATR Catalyst

The integration of the membrane reactor in the ATR system requires the use of a catalyst with
extreme thermal stability (structural/morphological resistances) at low oxygen concentrations and
high resistance to carbon formation and deactivation by sulfur. Taking into account that ATR catalyst
poisoning by sulfur and/or carbon is a structure sensitive reaction, the control of the electronic structure
and size of the active metal surfaces was the strategy followed in the development of innovative ATR
catalysts with improved catalytic activity and stability. The ATR catalyst developed was designed
based on conventional supported catalysts. The optimal selection of the ATR catalyst was performed
by carrying out ATR studies varying the composition of the active phase (Ni, Ru, Pt, Pd) [11-13], the
support (LapO3, CeO,-ZrO;, CeO,-Gd,03) and the method of preparation (impregnation, sol-gel, etc.).

The optimization of the selected catalyst was done by catalytic screening in the ATR reaction of
methane in a 14 mm i.d. quartz fixed-bed reactor with a feed composition of CH4:H,0O:0,:He equal to
1:1:0.75:2.5 under atmospheric pressure and temperatures ranging from 650 to 950 °C and inlet gas
flow rate of 200 mLy /min. More information on the tests carried out for the selection of the support
material and the promoters for the reactions can be found in the works of Ismagilov et al. [14,15].
In order to obtain the desired properties of the catalyst support, a deep characterization of fresh and



Processes 2016, 4, 16 5 of 26

used samples of all catalytic series prepared was performed, where the main structural and surface
characteristics of the catalysts that have strong influence on the ATR catalytic activity and stability
were identified. From catalytic screening tests, durability tests, and characterization of ATR catalysts,
the optimal composition and preparation method of catalyst was selected, which is based on Ni-Pd
catalysts deposited on optimized ceria based support. A description of the preparation method for the
final ATR catalyst can be found in [15].

2.1.2. WGS Catalyst

The experimental conditions used in membrane reactors for WGS reaction are very different from
those encountered in conventional shift reactors (temperature limit due to membrane stability, low
partial pressure of steam and high partial pressure of CO,). This implies that extensive research
is needed to develop and improve catalysts with high activity, selectivity, and stability. In the
development of WGS catalysts, innovative formulations based on ceria and titania-based platinum
catalysts have been studied [16,17].

A conventional preparation method based on controlled impregnation was applied in order to
tune both the Pt-support interactions and the type of Pt surface species (small metal clusters, Pt ions
and Pt atoms at a metal cluster edge) present on the catalyst surface. Selection of WGS catalysts was
carried out from catalytic screening in the WGS reaction at lab-scale in a fixed-bed quartz reactor, which
had 9 mm i.d., at atmospheric pressure using 0.1 g of the catalyst (mean particle size of around 225 um).
Experiments were carried out at 400 °C for 20 h with a gas mixture of Hy /CO,/CO/H;0O/CH4/Ny
and spatial volume of 23.230 L-h~!-kg.,t ! in order to simulate biogas syngas. A deep characterization
of fresh and used samples was also carried out in order to understand the behavior of the catalyst at
the reacting conditions. From catalytic WGS screening tests and physico-chemical characterization
data, the optimal composition and preparation method of the WGS catalyst was selected. The final
generation of WGS catalysts was based on Pt-Re catalysts deposited on an optimized cerium-titanium
mixed oxide support. A description of the preparation method used for the catalyst is presented in
Villar et al. [18].

2.1.3. FTS Catalyst

The use of membrane reactors for FTS reactions is an attractive option because this approach
allows the heat of the reaction to be controlled and enhances the selectivity to long-chain hydrocarbons.
Several concepts such as distributed hydrogen feed, water removal, and forced-through flow
membrane were assessed using different reactor configurations [19,20]. FTS membrane reactors
require the integration of novel catalysts with higher catalytic performances than that of state-of-the-art
Co-based catalysts in terms of C°* productivity [21].

To achieve this objective, different FTS catalyst based on Ru-type were prepared, characterized,
and tested as Ru has shown good results for the FTS reaction [22,23]. From catalytic screening FTS tests,
durability tests and characterization of catalysts, the optimal composition and preparation method of
FTS catalyst was selected (B-Ru/TiO;). The B-doped Ru/TiO; catalyst (3 wt% Ru) was prepared by
incipient wetness impregnation on the support. A detailed procedure is described in [24], as well as
the procedure conducted in a fixed bed reactor at temperatures between 250 and 300 °C in order to test
the catalytic activity of the prepared FTS catalyst.

2.1.4. OCM Catalyst

The integration of the OCM reactor with mixed ionic-electronic conducting membranes (MIECM)
requires a good match between the oxygen permeation rate through the membrane and the OCM
reaction rate on the catalyst. Two different types of catalysts have shown promising results for the
OCM reaction (La-Sr/CaO and Mn-Nay WOy, /SiO;) [25-27], and the development of the novel catalyst
for OCM was carried out using these two catalysts as reference and adding dopants (Mn and rare
earths) and promoters (S, P, Cl) to increase the selectivity to ethylene.
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The optimal support type and metal content for Mn-NayWO,/SiO; OCM catalysts were
first investigated and subsequently the modification of Mn-Na-W/SiO, material by different
promoters as structural and electronic modifying agents was performed. From these results, Mn-La-
modified-Mn-Na, WO, /SiO, OCM catalysts were selected as a more perspective composition. The
optimization of preparation techniques (incipient wetness impregnation, mixture slurry method),
conditions of impregnation (temperature of impregnating solution), temperature of catalyst calcination
(800 °C, 850 °C, 900 °C, 1000 °C) and pretreatment conditions of Mn-Na, WO, /SiO; catalyst before
OCM reaction (700 °C O, /He; 800 °C O, /He; 800 °C He) were also optimized. Finally the designed
catalyst for the OCM process was prepared by sequential incipient wetness impregnation using
commercial SiO; as support. A description of the preparation method is defined in the work by
Vamvakeros et al. [28], where the final composition of the catalyst is 2%Mn-1.6%Na-3.1%W /SiO,.

2.2. Membranes Developed within the DEMCAMER Project

As shown in Figure 2, three different types of membranes can be integrated in the different
processes developed within the project: Mixed Ion-Electron Conducting (MIEC) membranes, zeolite
membranes, and metal based membranes for hydrogen production. The development of the materials
for the MIEC membranes, zeolite membranes, metal based membranes (i.e., ceramic supports, metallic
supports, interdiffusion layers (for metallic membranes), and selection of improved materials for
the target application are of interest for a proper development of the integrated processes towards
prototype reactors. A description and discussion of the prepared membranes within the DEMCAMER
project are presented in this section.

2.2.1. MIEC Membranes

These type of membranes, with the characteristic rich defect chemistry, oxygen vacancies and
electronic conductivity, have been used for many years for oxygen separation (although not yet at
industrial scale) [29-32]. These membranes are normally meant for oxygen separation, but they can
also be adjusted to Hj separation [33]. However, due to the low H, permeance through the membranes
compared to other metal-based membranes for H; separation, MIEC membranes are mostly developed
for oxygen separation. In particular, processes demanding oxygen at high temperatures like the ATR
reaction can benefit by the selective feeding of oxygen alongside the MIEC membranes, thus achieving
a better control of the reaction and enhancing selectivity to products. Within the DEMCAMER
project, different objectives concerning MIEC membranes were proposed in the beginning, such as the
screening production of feedstock perovskite powders for the development of hollow fibers for O, and
H, permeation and setting of protocols for large-scale production of the selected perovskite material.

The MIEC hollow fibers developed in the project were prepared by spinning and phase
inversion methods and subsequently tested for characterization under reacting conditions. Perovskite
membranes were prepared at the Flemish Institute for Technological Research (VITO) in the
form of capillaries from Bag55rg5CoggFep203.5 (BSCF) and LagSrp4Cop,FeggOs.s (LSCF) mixed
ionic-electronic conducting powders. A detailed description on the procedure used for the preparation
method is presented in the work by Buysse et al. [34]. The prepared membranes were characterized
using different techniques. A snapshot of the prepared MIEC membranes is depicted in Figure 3.
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Figure 3. Snapshot of perovskite membranes prepared for the DEMCAMER project already sealed
with a gold layer [35].

One of the main barriers of perovskite membranes for industrial application is related to the
sealing mechanism and connection to the reactor. In this project a new sealing method was developed
for the prepared membranes in order to allow the use of MIEC membranes in reacting conditions for
selective O, feeding. This sealing consists of an inert gold layer applied between the membrane and
the glass sealant, which assures gas-tight conditions for more than 600 h. A detailed picture of the
sealing is depicted in Figure 4, where the gold layer over the perovskite membrane can be observed.
The general description of the sealing procedure was reported in the work by di Felice et al. [35].

I 1000 pm

Figure 4. Optical photographs of cross section of Mixed Ion-Electron Conducting (MIEC) membranes
sealed with gold [35]. (1) Al,Os tubes; (2) glass seal; (3) membrane wall; (4) gold coating.

Based on the permeation results after membrane sealing and experimental permeation tests at
high temperature, first the prepared MIEC membranes wereen tested for long term stability. For
ATR and OCM processes more than 80 MIEC membranes in lengths of 10 cm and more than 40 in
lengths of 5 cm were produced and made available. However, once they were sealed, they did not
have sufficient mechanical integrity to withstand mechanical stresses during integration in the reactor
prototype assemblies.
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2.2.2. Metal Based Membranes for H, Production

Many efforts have been put into the development of Pd-based membranes for selective Hj
separation in the literature in order to overcome the barrier of large-scale industrial applications [3].
In general, membrane stability over a long period of time with sufficient perm-selectivity is the key
parameter which would make these membranes interesting for the industrial scale. The selection
of the proper support where Pd-layers are deposited becomes important in order to achieve this
interesting goal. Normally ceramic supports show improved H; diffusion through the support, thus
enhancing permeations through the membranes. However, the mechanical strength of these supports
is much lower compared to porous metallic supports. Therefore thicker ceramic supports are needed.
Overall, the use of ceramic supports implies that less surface area is needed in order to achieve
high H; fluxes. On the other hand, metallic supported membranes have shown very good stabilities
over time with outstanding selectivities [36,37]. However, the permeance values measured are in
general 3—4 times lower than ceramic supported membranes, thus longer membranes should be
prepared in order to achieve the desired targets of Hy permeation with the corresponding economical
penalty for the process. As it can be concluded, there is not yet an ideal membrane for H, separation
and a compromise between durability and functionality should still be achieved. Both metallic and
ceramic supported Pd-membranes have been used in the literature in fixed bed and fluidized bed
configurations showing high resistances to erosion. Therefore the stability under reacting conditions
has been assessed. However, the main limiting issue regarding the ceramic supported membranes is
the sealing between the ceramic tubes and metallic tubes for the coupling in the membrane reactor.
This fact was a main point of interest in the development of improved Pd-based membranes in the
DEMCAMER project.

Based on the enhancement in permeances associated to ceramic supports compared to metallic
based supports, Pd-based ceramic supported membranes were developed for the lab-scale and
prototype reactors using thicker wall supports in order to increase the mechanical properties (a figure
with metallic and ceramic supports is depicted in Figure 5).

Figure 5. (a) Metal porous supports; (b) Cross section of a metal porous support; (c) Ceramic porous
support (50 cm long) and (d) Cross section of the external side of the ceramic porous support showing
the 100 nm pore side Al,O3 top layer).

Pd-Ag membranes supported onto Al,O3 porous ceramic support were developed by
simultaneous electroless plating. Single gas permeation tests showed H); permeances
(>2.6 x 107® mol-m~2.s~1.Pa~!) and selectivities (H,/N, > 10,000) well above the targets of the
project. Deep information and characterization of these membranes can be found in the work of
Fernandez et al. [38,39]. Besides the membranes for the lab-scale tests (Figure 6), 33 membranes of
22-23 cm long (OD 10 mm-ID 7 mm) were delivered for the WGS prototype. In addition, 5 Pd-Ag
membranes of 15 cm long (OD 10 mm-ID 7 mm) with higher Ag content were developed by a two-step
process: simultaneous electroless plating of Pd-Ag and direct Ag deposition by PVD. These membranes
have been delivered for testing the FTS H, distributed feeding concept at small pilot scale.
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Pd-Ag membrane layer

- &

‘Ceramic porous support

Figure 6. (Left) Cross section of a Pd-Ag membrane; (Right) Pd-Ag membranes to be integrated in the
lab-scale reactor.

2.3. Lab Scale Reactors Constructed for the Different Processes

Once the catalysts and membranes were carefully selected and developed showing promising
results, both were combined in modules for lab scale testing under reacting conditions for all processes
investigated in the DEMCAMER project. In this section the setups constructed to achieve this objective
are presented.

2.3.1. Lab Scale ATR Reactor

A new lab-scale membrane reactor was designed and built in order to study the ATR reaction.
The reactor can accommodate 4 MIEC membranes with diameter of up to 4 mm and 10 cm length,
and two porous membranes for steam addition. A schematic view of the new reactor can be seen
in Figure 7.

Figure 7. Parts of the new reactor as designed and built and final reactor assembled.
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2.3.2. Lab Scale WGS Reactor

Two different bed configurations were selected for lab scale demonstration of the WGS reaction in
membrane reactors. The first configuration is the packed bed membrane reactor, which allows for easier
coupling of the membrane in the reactor, but at the same time lacks freedom in the arrangement of the
membrane. The second configuration is the fluidized bed membrane reactor, where the developed
membranes should withstand erosion from the particles.

The WGS packed bed membrane reactor setup was designed and built for hosting Pd-based
membranes produced in the DEMCAMER project as well as commercial ones. In order to obtain
a comparison in the WGS performance, different catalyst-membrane combinations were selected:
(1) Pd-Ag supported membrane with the catalyst developed in the project; (2) Pd-Ag supported
membrane developed in DEMCAMER with a commercial catalyst and (3) Pd-Ag commercial
membrane together with the catalyst developed in the project [40].

The experimental apparatus used for this investigation is shown in Figure 8. The reactor was
placed inside an electric furnace to keep the desired temperature. Three mass flow controllers were
used to feed gas mixture into the module, whereas an HPLC pump fed liquid water directly vaporized
inside the furnace. The outlet stream flow rates were measured with two bubble soap flow-meters. The
feed pressure was regulated by means of a back pressure controller placed on the retentate line, whereas
the permeate was kept at atmospheric pressure. The retentate and permeate streams compositions
were analyzed by means of a gas chromatograph (Agilent 7890N) with two parallel analytical lines,
allowing retentate and permeate streams analyses at the same time. The temperature was measured
by using a thermocouple positioned in the middle of the reactor shell (inside the catalyst bed).

CO, CO;, Hy, H,0 E :] % %

(Retentate)
H2 co
GC :
W - ? 7800N |_J CF??'
= Agilent 2
—COo - N\
co, NIE St l I

| Permeate

Furnace

Figure 8. Scheme of the packed bed membrane reactor set up used for the Water Gas Shift (WGS) lab
scale demonstration.

The WGS fluidized bed membrane reactor was performed in an equipment that can be used for
testing the permeation properties of the membranes using single gases, simulated mixtures of gases
and also in reactive conditions with fluidized catalyst. A shell-and-tube module configuration was
constructed centered in an oven with three zone temperature controllers. The reactor is 10 cm i.d. and
five ceramic supported Pd-based membranes can be immersed in the bed. The feed flow rate was
controlled by digital mass flow controllers and the steam by a Controlled Evaporation and Mixing
(CEM) system (Bronkhorst, Frankfurt, Germany). The pressure in the reactor was controlled with a
back-pressure regulator after steam condensation. The flow rate at the permeate and retentate streams
was monitored by Brooks mass flow meters. To enhance the driving force for hydrogen permeation, the
test rig was equipped with a vacuum pump for hydrogen (ATEX certified). The PID for the Reforming
Test Setup is shown in Figure 9.
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CH,

— — Streamline
== —Traced Streamline

FC~Flow Controller

FE - Flow Indicator

TC - Temperature Controller
TE - Temperature Indicator
PC - Pressure Controller
PT - Pressure Transmitter

Figure 9. PID of the fluidized bed membrane reactor used for the WGS lab scale demonstration [37].

For the two reactor configurations, long-term stability tests at WGS operating conditions were
carried out in order to demonstrate the WGS-MR concept.

2.3.3. Lab Scale FTS Reactor

The evaluation of the FTS process at lab scale was carried out in a packed bed membrane reactor
with Hp-distributed feeding alongside the ceramic supported Pd-Ag membranes developed within the
project. These membranes consist of a Pd and Ag layer (~3.2 um thicknesses) with a total length of
6 cm and deposited onto alumina tubes with OD and ID of 10 and 7 mm. The FTS catalyst used in all
experiments with PBMR was the “final generation” FTS catalyst Ru-1B-Ti. A scheme of the setup used
is depicted in Figure 10.

H,/CO=1
Gasket Ceramic
tube
Feed:
BN, =
Pd/Ag
Membrane
Stainless Catalyst bed
steel Nep
Gasket

===—>Retentate

Products

Figure 10. Schematic drawing of the Fischer-Tropsch Packed-Bed Membrane Reactor (FTS PB-MR)
used for lab-scale demonstration with H, distribution into the bed via Pd-Ag membrane [24].
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Experiments in the lab scale PB-MR were conducted at temperatures ranging from 250 to 280 °C
and 10 bar pressure using a GHVS of 7500 mLeeq/ gcat /h. In the packed bed configuration, the catalyst
was placed inside the alumina membrane and located in the region of the Pd-Ag membrane in order
to allow distributive feeding of H,. The overall syngas ratio H, /CO is obtained by feeding a ratio
H,/CO equal to 1 from the inside of the alumina tube and diluted Hj from the shell part as depicted
in the figure.

2.3.4. Lab Scale OCM Reactor

The OCM process was investigated in a packed bed membrane reactor system. Three different
packing configurations were considered for the lab-scale investigation. In these configurations, the
catalyst developed for the OCM process is packed either inside or outside the membrane. For both
cases, the whole system could be integrated in a quartz tube in order to avoid gas leakages from the
reactor. The final configuration (as depicted in Figure 11) corresponds to a packed bed membrane
reactor where the catalyst is packed inside the MIEC membrane.

o

Catalyst: /
Mn-Na;WO4 / SiO2 I

CH,

Figure 11. Schematic representation of the lab-scale Oxidative Coupling of Methane (OCM) packed
bed membrane reactor constructed in the project using the developed catalyst and Mixed Ion-Electron
Conducting (MIEC) membranes.

The 2%Mn-1.6Na-3.1%W /SiO; catalyst was confined inside a BaCoxFeyZr,03_ 5 (BCFZ) hollow
fiber membrane with an inner diameter of 2.4 mm and wall thickness of 180 um. Glass wool was used
in order to hold the catalyst inside the membrane. In this configuration, diluted methane (in He) was
fed from the inside of the membrane, whereas air was fed from the outside, thus allowing controlled
feeding of oxygen into the catalytic bed. Experiments were carried out at different temperatures
ranging from 675 to 950 °C and outlet composition was measured using mass spectrometry connected
in line with the reactor. In-situ monitoring of the reaction was also carried out by means of an XRD
technique combined with computed tomography (CT), with which it is possible to reconstruct images
of a physical area of 2.6 x 2.6 mm form the top of the reactor. A more detailed description of the setup
used in this work can be found in the work of Vamvakeros et al. [28]. Finally, post-test analysis was
carried out in order to investigate the possible interaction between the catalyst and the membrane.

2.4. Prototype Reactors Constructed for the Different Processes

2.4.1. ATR Prototype

The autothermal reforming membrane reactor (ATR-MR) uses the MIEC membranes prepared
specially for the process to feed oxygen into the catalytic bed for the reforming reaction. Oxygen
is distributed along the reactor bed which reduces the temperature peaks compared to the pre-mix
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feed. The reactor holds up to 80 membranes for oxygen feed. The reactor includes an auxiliary burner
which is used for start-up and can also be used during operation to reach a maximum production
capacity of 5 Nm3/h of hydrogen in syngas. A picture of the prototype technology is depicted in
Figure 12. Compared to conventional ATR, the system in DEMCAMER does not require the supply of
pure oxygen, which for small scale plants becomes economically unfeasible considering the cryogenic
separation of air.

Figure 12. Picture of the prototype reactor for the ATR process where the placement of the Autothermal
Reforming-Membrane reactor (ATR-MR) is highlighted.

2.4.2. WGS Prototype

The pilot prototype is designed for producing 5 Nm?/h (grade 3.0) of pure hydrogen in a water
gas shift membrane reactor. The reactor separates hydrogen in-situ right where it is produced by
means of WGS reaction. The complete setup includes the steam methane reformer which feeds the
membrane reactor with real syngas rather than simulated gas from cylinders. Such a setup allowed
the evaluation of the integration and definition of controls under realistic conditions (Figure 13). The
WGS prototype consisted of a fixed bed membrane reactor with 33 Pd-based membranes of 22-23 cm
long (OD 10 mm-ID 7 mm) prepared by electroless plating.

Figure 13. Picture of the prototype reactor for WGS process where the placement of the WGS-MR
is highlighted.
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2.4.3. FTS Prototype

The pilot scale prototype for Fischer Tropsch in a membrane reactor was built and assembled into
a test setup. In this reactor 5 Pd-based hydrogen permeating membranes were coupled in the reactor
for controlled distribution of hydrogen in order to get the required H;/CO ratio along the reactor.
A picture of the reactor used for the prototype experiments is depicted in Figure 14.

Figure 14. Picture of the prototype reactor for the Fischer-Tropsch (FTS) process.

2.4.4. OCM Prototype

The oxidative coupling of the methane membrane reactor (OCM-MR) employs MIEC membranes,
which avoids the use of expensive cryogenic separation units for production of oxygen. The match
between the temperatures for OCM reaction and permeation of oxygen between 800 and 900 °C is
crucial for this concept. The system holds up to 20 MIEC membranes for oxygen separation. When
debugging the prototype reactor, gas leakages from each bundle equipped with membranes was
observed. Due to failure of the overall installed membranes, it was not possible to test and validate the

OCM-MR prototype. A picture of the reactor constructed for the pilot scale demonstration is shown
in Figure 15.

Figure 15. Picture of the prototype reactor for the Oxidative Coupling of Methane (OCM) process.
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3. Results and Discussion

In this section the main outcome obtained from the DEMCAMER project is presented. All
processes investigated in the DEMCAMER project involved the development and study of different
catalysts for the process, membranes, lab-scale facilities, etc. Due to this fact, this section is divided
into sub-sections containing the main results obtained in each process.

3.1. Autothermal Reforming of Methane

The whole process was designed starting from the development of the catalyst for the process,
which should show good activity under the operating conditions in membrane reactors. In parallel,
MIEC membranes were prepared and the stability and performance assessed. Subsequently, the
catalyst and membranes were combined for the demonstration of the concept at lab scale and, finally
to pilot plant scale.

The developed final generation ATR catalyst achieved the required targets proposed in the
project related to activity, selectivity, and stability. The final composition of this catalyst is
NiPd/10Ceq 521050,/ Al,O3, which shows a good performance as summarized in Table 2, where the
target objective and the developed catalyst for ATR are compared. The interaction of Ni and Pd makes
a structure suitable for the ATR process [15]. The effect of the support and loading were compared in
terms of both catalytic activity under reacting conditions and characterization, giving as results the
developed catalyst abovementioned prepared by sequential impregnation of Ni and Pd, which gives
better results as compared to co-impregnation methods.

Table 2. Compliance of ATR catalyst developed in DEMCAMER with the requirements of activity,
selectivity and durability [14,15].

C;:;p::‘ 1;5011 XcHa SH2 Time on Stream Treaction Space Velocity 0,/C H,0/C Cuos
Tget os. (%) (%) (TOS) (h) [Je) (GHSV) (h™) 2 2 (ppm)
Achievements
Objective 90 60 100 750-900 20,000-80,000 0.2-0.7 3-5 50
DEMCAMER ATR 100 80 100 850 22,500 0.75 1 50
catalyst

The ATR catalyst shows also stable performance (methane conversion >90%, hydrogen yield
>80%) and resistance to deactivation by sulfur and carbon deposition during 100 h of operation under
reaction feed containing 50 ppm of H,S (Figure 16). Characterization of used catalysts showed excellent
resistance to deactivation by carbon formation (no carbonaceous deposits on used catalyst).

100

1 mce of H,S N
80
| W Presence of H,S

60

40+

H, yield (%)

20

T T T T T T T

O T T
0 10 20 30 40 50 60 70 80 90 100
Time on stream (h)

Figure 16. Long term catalyst testing in ATR of CH, (T = 850 °C, CH4:H,0O:0; = 1:2.5:0.75) of ATR
catalyst developed in DEMCAMER project.
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Once the catalysts was designed and tested under reacting conditions, the stability of MIEC
membranes was also investigated for selective feeding of O, in the reactor. The BCFZ membrane
showed high fluxes and good stability for more than 1000 h as reported in Figure 17, where it can be
observed that after a first activation period of around 50 h (due to adjustments in the lattice structure
of the MIEC) the membrane flux remained very stable even after repeated cooling down and heating
up of the system.

m— Permeating O2
—— Temperature

1 1 1 1 T 1 1050

- 1000

- 950

- 900

A%}

Permeating O, (Sml/min)
o
1
Temperature (°C)

2 - - 850

800

1 1 1 1 T 1
0 100 200 300 400 500 600
Time (h)

Figure 17. Permeating O, flow rate in the outlet of the perovskite membrane reactor with 0.5 mm
thickness, permeate side [35]. He flow: 100 mL/min, air flow = 500 mL/min.

The observed Arrhenius plot for different He flowrates in the permeate side as a function of
temperature (Figure 18) shows a constant slope, which implies that the activation energy is not a
function of the sweep gas flow rate, and thus represents the activation energy of the perovskite itself.

m He flow 700 Nml/min
1.8 - e He flow 300 Nml/min
16 - A He flow 50 Nml/min

14 =
12 4 ° a

0.8 -
0.6 -
04 -

0, flux (Smifcm2/min)

0.2 - A A
A A
0-0 T T T T A 1
0.00100 0.00105 0.00110 0.00115 0.00120
1/T (1/°C)

Figure 18. Arrhenius plot for the MIEC membrane (0.5 mm thickness) as a function of He flow rate in
the permeate side with an air flow rate of 2000 mLy;/min in the retentate [35].
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This effect was also observed by other researches using the same type of MIEC membranes [41].
The same membrane was prepared using different thicknesses and non-linearity was observed in terms
of O, permeation with increasing membrane thickness. This suggests that bulk diffusion of O, through
the membrane and surface exchange kinetics have a strong effect on the limitation in O, permeation.

Once the catalyst and membrane were developed and investigated, when both were combined in
the lab-scale reactor described in Section 2.3.1, the membranes were not able to withstand the high
temperature process and they showed leakages from the sealing points. Therefore it was not possible
to test the ATR process at lab scale.

The last step for the ATR process was the demonstration at prototype scale. The facility constructed
at HyGear showed leakage from each bundle equipped with membranes. Due to this fact, it was not
possible to feed the oxygen required for the autothermal operating condition. Under this situation
the prototype reactor was operated and tested as a natural gas steam reformer. During the testing
(ca. one week) the system was stable and allowed the production of up to 3.3 Nm? of H, per Nm?
of natural gas feed. The novel developed catalyst exhibited good activity and stability: test results
showed almost complete conversion (>99%) and hydrogen productivity higher than 90%.

3.2. Water Gas Shift

The procedure followed for the development of the WGS process using the DEMCAMER
technology was similar to the line-time presented for ATR. The WGS catalyst developed showed
very high WGS activity and stability, demonstrating an important improvement with respect to the
state-of-the art FeCr HT WGS commercial catalyst (Figure 19).

70

60 + - Equilibrium
— RePt/CeTi
—— FeCr- common

50

CO conversion (%)

40

20 1 1 I 1 1 1 1
2 4 6 8 10 12 14 16 18
Time onreaction (h)

Figure 19. Comparison of CO conversion over the WGS catalyst developed in DEMCAMER and
state-of-the-art Fe /Cr catalyst (400 °C, SV = 23,230 L. h—1. kgfl) [18].

Characterization of the catalyst demonstrated that the addition of Re to the Pt-based catalysts
implies a modification in the intrinsic WGS activity and also provides high stability over time. The
addition of Re is also considered to be responsible for preventing Pt sintering, which would imply
a strong decrease in the stability over time observed during the catalytic screening tests. All these
characteristics improve the behavior of the catalyst under WGS reacting conditions and, therefore,
it was selected as the catalyst for the process.

The stability and sealing of the ceramic supported Pd-based membranes developed for this
process were first investigated. The new sealing method consisted in using graphite gaskets and
Swagelok connectors. In this way, the difference in thermal expansion of the ceramic tube and the
Swagelok piece is absorbed by the gasket with an intermediate thermal expansion. Thermal cycles for
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the membrane proved the stability of the sealing method as depicted in Figure 20. Furthermore, single
gas permeation tests showed that the Pd-based membrane gave one of the highest permeances ever
reported in the literature. A table with the comparison of different Pd-based membranes investigated
in the literature can be found in Fernandez et al. [38].

700 : T L T 5 T T T
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600 &
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— 6.0E-10
, g
® 400 =
8 °
4 4.0E-10
g 300 8
= E
@ 200 g
20E-10 ="
100 - S
o
2
0 ) T T T . T T T 2 0.0 <
0 10 20 _ 30 40 50
Time [h]
—— Temperature = Average N,Permeance

Figure 20. N, leakages as a function of thermal cycles for the ceramic supported Pd-based membrane
with a pressure difference of 3 bar. Cooling and heating in N, atmosphere [39].

First, lab-scale tests were carried out both in PBMR and FBMR, using the catalyst and membranes
(thickness 3.6 pm) developed in the project. Even though the catalyst exhibited superior performance
in a traditional reactor configuration, in both cases, the combination resulted in a significant drop (98%)
in membrane permeance, probably owing to interactions between membrane and catalysts as depicted
in Figure 21.

Empty bed after catalyst-
membrane interaction

Stable permeance during reaction

Permeance at the beginning of reaction

Empty bed before reaction

T T T T T T T T T T T T J
0.0 1.0x10% 2.0x106

H, Permeance (mol m2s'Pa)

Figure 21. Comparison of H, permeance at different moments in time before and after interaction of
the catalyst with the Pd surface (400 °C) [38].
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To overcome this drawback, a commercial catalyst was used with another membrane developed
in DEMCAMER with the same characteristics of that previously mentioned and no significant drop in
performance was observed. In addition, the combination between a Pd-Ag commercial membrane
(100 pm thickness) from REB Research & Consulting and Goodfellow and the DEMCAMER catalyst
did not show any drop in the membrane permeance. The overall performance of the membrane
reactor resulted in being among the best in the literature in terms of both CO conversion and hydrogen
recovery (96% CO conversion and 84% H; recovery at 400 °C, 4 bar and a gas hourly space velocity of
2500 h~1), when the Pd-Ag membrane developed in DEMCAMER and commercial catalyst were used.

In addition, very extensive validation tests of fluidized bed membrane reactors were achieved.
Both commercial and the developed Pd-based membranes were tested in single tube and multi-tube
configurations and with different catalysts. In fluidization conditions, the performance of the WGS-MR
process was assessed for more than 800 h where the system was able to achieve flux and selectivities
well above the initial targets. Best results show CO levels in the permeate side at levels of 5-7 ppm,
which means that the produced hydrogen (recovered up to 60% in these tests) could be directly used in
fuel cells. Additionally the catalyst did not react with nor stick to the membrane surface. These results
fully demonstrate the WGS reactor concept at lab-scale conditions.

The testing and validation of the WGS-MR prototype was performed afterwards. The upgrading,
by the WGS reaction, of a syngas mixture in a packed bed membrane reactor integrated downstream
of a reformer was proven on a pilot scale. The results at prototype level showed 20% of hydrogen
recovery using only 63% of the design membrane area. In this system the hydrogen purity grade
achieved was 2.5. The system, tested for ca. 1000 h at several operating conditions showed stable
performance. During the testing time, an increasing trend of membrane performance was overall
observed. From the initial value, less than 10%, a maximum Hj recovery of 20% was observed. Overall,
the increase in WGS feed temperature promoted the Hy permeation.

3.3. Fischer Tropsch

While for the WGS process, ceramic supported Pd-Ag membranes were used for selective Hp
separation from the reaction system, similar Pd-Ag membranes were used in the FTS reaction for
controlled feeding of H, into the catalytic bed in order to enhance the selectivity to the products.

The catalyst developed for the DEMCAMER project (B-Ru/TiO;) achieved high values of activity,
selectivity, and stability in compliance with the initial targets (Table 3) proposed. It should be mentioned
that hydrocarbon productivity with the final FTS catalyst formulation was higher than that reported
for the benchmark Co-based and also identified in the industrial requirements for the intensification
of targeted FTS reaction. The stability of the B-Ru/TiO, FTS catalyst achieves a CO conversion
above 60% maintained for up to 80 h on stream, hence the stability under reacting conditions was
also demonstrated.

Table 3. Compliance of FTS catalyst developed in DEMCAMER with the requirements of activity
and selectivity.

Comparison Target os. Xco (%) Csisel (%) Treaction (°C)  Pressure (bar)  Hp/CO

Achievements
Objective >50 >40 <300 20-30 2
DEMCAMER FTS catalyst 60 60 235 20 2

This catalyst was used for the demonstration of the reactor concept at lab-scale. Before this,
the performance of the Pd-Ag membrane used in this process has been evaluated. In this case the
membrane was prepared by standard electroless platting. However, the normal operating conditions
for these types of membranes is always above 300 °C in order to avoid “embrittlement” of the Pd-layer
resulting in a decrease in the ideal selectivity. However, FIS process takes place at lower temperatures
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and this effect might be present in the system. Due to this fact, more Ag is added in the metallic layer,
which increases the resistance to this defect at lower temperatures. In this case the Ag was added into
the membrane by PVD techniques.

Another problem associated with the FTS reaction, and related to the use of selective Pd-Ag
membranes for H, separation (feeding for this process), is the presence of CO in the bed. CO is a
poisoning gas for the membranes since it becomes adsorbed in the matrix of the Pd layer, therefore
reducing the surface area available for permeation. Moreover, the CO poisoning effect is even more
important at lower temperatures, which is actually the case of interest. Figure 22 shows the effect of
the gas fed into the system on the amount of H, permeated through the membrane. As observed,
for the same H partial pressures at both sides of the membrane, the presence of CO clearly effects
H, permeation in the system. Once having studied the effect of CO on the membrane, lab-scale
experiments were carried out in the setup described in Section 2.3.3. In this case, two different
configurations were compared (packed bed reactor with and without membrane).
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340 360 380 400 420 440 460

Pressure difference (Pa%?)

Figure 22. H; flux at 280 °C as a function of pressure difference when feeding He (red) or a gas mixture
CO/Nj from inside the membrane [24].

The best conditions in terms of selectivity for the desired products were obtained when poor
H, syngas (Hp/CO = 1) was fed into the reaction chamber from the inside of the membrane, while
the Hy needed to reach the right FTS stoichiometry (H, /CO = 2) was fed (and properly distributed)
into the reaction chamber through the Pd-based membranes by flowing H,/He at the outer side
of the membrane. Figure 23 compares CO conversion for the different concepts investigated. It
is observed that the PB-MR configuration gets an intermediate CO conversion (37.9%) compared
to the packed bed system with the stoichiometric H, /CO ratio of two (50.7%) and much higher
than the H, /CO ratio of one (14.1%). Positively, product selectivity is remarkably affected by the
“more adequate” Hj-distribution attained in the PB-MR and the selectivity towards the targeted
high-molecular hydrocarbons increases by a factor of four. In addition, a significant decrease of CHy
production (from 60% to 15%) is also observed when compared to PB. Under the studied experimental
conditions, membranes tend to deactivate after a few hours on stream (probably due to the formation
of waxes) but their performance can be recovered by in-situ thermal treatments under inert atmosphere
as explained in the literature [24].
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Figure 23. (left) CO conversion at 280 °C vs. time-on-stream for the following configurations: PB-MR
(Hp/CO =1) inside (black line), PBR Hp /CO = 2 (blue line) and PBR H, /CO =1 (red line) at P = 10 bar,
GHSV = 7500 mLcosH2/geat/h; APy = 9 bar; (right) Product selectivity [24].

3.4. Oxidative Coupling of Methane

The same MIEC membranes prepared and tested for the ATR process were used during the OCM
process. Therefore this section is focused on the catalyst activity, lab scale reaction, and final prototype
reaction, but not on the membranes themselves as they have already been presented and discussed
in Section 3.2.

The developed OCM catalyst for the project achieved a high activity/selectivity (CH4 conversion
= 55%, C; yield = 22%), which is close to the best results reported in the state-of-the-art literature.

Lab scale reaction was carried out by placing the developed catalyst inside the MIEC membrane
and selective feeding of oxygen from the retentate side. Lab scale experiments were performed at
different temperatures and the phase maps of five identified crystalline phases and one amorphous
phase of the catalyst (also the BCFZ reflection) were monitored in the X-Ray diffraction computed
tomography (XRD-CT) equipment (Figure 24). At room temperature, Mn,O3; and Na, WOy are clearly
present as active phases in the catalyst (also the support SiO; (cristobalite and tridymite) can be clearly
identified). However, once the reaction takes place at 675 °C, it is observed that the Na, WO, phase
disappears, which corresponds to the formation of an amorphous phase. Simultaneously, the formation
of a new crystalline phase near the membrane and identified as BaWOQj is observed, which implies a
migration of the active phases in the catalysts to a new reorganization that occurs at high temperatures.
This effect can be better observed after OCM reaction via Scanning Electron Microscopy coupled
with Wavelength Dispersive X-ray Spectrometry (SEM-WDS) characterization in the surroundings of
the BCFZ membrane. In Figure 25, where qualitative elemental analysis is depicted at two different
magnifications, the migration of W from the catalyst to the surface of the membrane to form the BaWOy
is observed, which supports the findings observed in the XRD-CT reaction monitoring.

The outflow gases from the OCM lab-scale reactor were analyzed with mass spectrometry. In this
case, different scenarios are presented in Figure 26 corresponding to different gas mixtures of CHy
diluted in He). It can be observed that the presence of C,+ (pink trend in Figure 26) is only observed
once the reaction starts (i.e., when diluted CHy is fed into the reactor) and it is increased with increasing
fuel concentration at the inlet of the reactor. What becomes more interesting is that, even though there
is migration of W towards the membrane, higher hydrocarbons molecules as compared to CH, are
formed during the reaction (C; and Cj fractions).
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Figure 24. Phase maps obtained from the X-Ray diffraction computed tomography (XRD-CT) data
(integrated intensities) of the BaCoxFeyZr,03. 5 BCFZ membrane phase and the catalyst phases:
cristobalite and tridymite (SiO, polymorphs), Na,WO,4, Mny;O3, Ba,WOy, and an amorphous

phase [28].

Figure 25. Scanning Electron Microscopy coupled with Wavelength Dispersive X-ray Spectrometry

(SEM-WDS) analysis of a cross sectional area of the OCM lab scale reactor used. The red rectangle

represents the area covered for the analysis [28].
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Figure 26. Mass spectroscopy data that correspond to the following masses: 4 (He—cyan),
15 (CH4—Dblue), 28 (N, CO, C;Hy*—green), 32 (O,—red), 44 (CO,—black) and 26 (Cp+—pink) [28].

Moving towards the prototype reactor, the MIEC membranes were not able to withstand the
mechanical strength required for the coupling to the reactor and at this stage the technology for
the OCM reaction failed to deliver results beyond the laboratory scale. In order to demonstrate the
OCM-MR concept, significant improvements are needed on the robustness of the MIEC membranes
before any industrial application under safe conditions could be imagined.

4. Conclusions

The DEMCAMER project aimed at the development of novel membrane reactors to provide
important process intensification for key processes in the chemical engineering field. The industrial
processes studied in this project have some drawbacks (viz. global efficiency, CO, emissions, and
volume of the process) that can be solved or reduced by using more compact systems that integrate
reaction and separation in the same unit. For all the processes studied in this project (ATR, WGS,
FTS and OCM), the streamline followed was similar. First was the development of active catalysts
for the experimental conditions present in membrane reactors, which differ from those in benchmark
technologies. In parallel, improved membranes for H, and O, permeation were investigated.
In general, stability over time and mechanical resistance were the two main characteristics aimed
for in this project. Subsequently, the interaction between the catalyst and the membranes, and the
performance of the reactor concept were proven at lab-scale when combining both at reactive conditions.
Finally, and following Hazard and Operability (HAZOP) procedures, all membrane reactors were
scaled up to prototype scale.

The different catalysts developed for the processes showed catalytic activities well above the
DEMCAMER targets. The Ni-Pd catalyst developed for the ATR reaction has improved activities and
selectivity as compared to state-of-the-art catalysts due to the synergistic interaction Ni-Pd and the
optimized oxygen storage capacity on the cerium support. The catalyst for WGS (Pt-Re over Ce-Ti
mixed oxide) has shown high stability over time with high CO conversions. However, interaction of
the Ti with the membrane was observed, resulting in the underperformance of the membranes used
for the WGS reaction. For the FTS process, a B-Ru/TiO, catalyst was developed, which showed good
stability and resistance to sulfur poisoning and carbon formation. The Mn-Na-W /SiO, catalyst for
OCM also showed high CHy4 conversions with good selectivity to Co+ with results close to state of
the art catalysts. The catalyst shows an optimal active phase exposition through XRD-CT analysis,
whereas the surface phase is modified in the presence of membranes as a consequence of W migration
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from the catalyst to the membrane surface. However, W migration did not affect the conversion of
CHy to higher hydrocarbons.

Two different types of membranes were improved within the project: MIEC membranes for
selective oxygen separation from air and ceramic supported Pd-based membranes for selective
H, separation. Stability of both membranes was confirmed through single gas permeation tests
at operating temperatures over many hours without any decrease in the membrane performance.
Furthermore, new sealing methods were tested and proposed in order to fix the membranes inside the
membrane reactors. Permeances and selectivities obtained with the different membranes prepared
in the project are among the best ever reported in the literature and well above the targets for the
DEMCAMER project. For the different processes investigated, the preferred configuration is the
packed bed membrane reactor due to higher simplicity in the configuration. In addition, stability was
also assessed in the fluidized bed membrane reactor configuration for the WGS reaction.

All the different processes were investigated at lab-scale and only the OCM process failed due to
the lack in mechanical strength of the membranes when connected to the reactor. Possible interactions
between catalysts and membranes were observed for the WGS and OCM processes. This effect
was remarkable for Pd-based membranes, where the permeance of H, dropped significantly and
membrane reactor performance was affected. However, during the OCM reaction using MIEC
membranes the interaction between tungsten (W) and the surface of the membrane did not alter
the selectivities to products. At the final stage, all processes were considered for prototype validation.
However the prepared MIEC membranes were not able to handle the assemblage to the reactor and
the demonstration failed for OCM. The ATR reactor was tested with an external heat source because
damages in the MIEC membranes did not allow the oxygen permeation at prototype scale to be
tested. In the case of FTS prototype demonstration, the reaction system did not progress to the desired
products. The WGS prototype system was fully demonstrated using syngas from a reformer reactor
installed upstream of the WGS reactor. In this case, a pure H; stream (grade 2.5) was obtained and
reaction was maintained for more than 40 days without any drop in the performance. At this stage,
only the WGS concept achieved TLR level 5, whereas the other processes investigated in this project
remained in TLR level 4.

According to the results obtained in the DEMCAMER project, only WGS can be considered
beyond prototype scale for industrial application. However, many efforts should still be carried out to
improve the standard sealing methods and poisoning of the active layer by CO and sulfur.
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