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This paper reports the preparation, characterization and stability tests of thin-film PdeAg

supported membranes for high-temperature fluidized bed membrane reactor applications.

Various thin-film supported membranes have been prepared by simultaneous PdeAg

electroless plating and have been initially sealed with a sealing procedure previously

validated for Water gas shift (WGS) application (400 �C). The membranes have been

characterized for single gas and mixed gas permeation, and for methane steam and

autothermal reforming in a fluidized bed membrane reactor at 550e600 �C using a Ru-

based catalyst. In addition, the performance of these membranes was compared to com-

mercial membranes from REB Research & Consulting under the same reaction conditions.

The applied sealing showed nitrogen leaks at 600 �C and different sealing approaches were

tested solving this problem. Finally, also the long-term stability of the thin-film PdeAg

supported membrane at 600 �C has been investigated.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

There is wide consensus on the importance of improving both

the energy and carbon efficiencies to decrease the use of fossil

fuels and to reduce anthropogenic greenhouse gas emissions.

Process intensification strategies have been identified to

achieve these objectives, in particular for energy conversion
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processes. A good example of process intensification is the

development of membrane reactors, devices in which reac-

tion and separation steps are integrated to either selectively

remove a product of an equilibrium limited reaction or

selectively add a reactant in a distributive manner [1], and

achieve a large synergetic effect improving both the separa-

tion/purification and reactant conversion/product selectivity.
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It has been demonstrated that membrane reactors applied

to hydrogen production systems can achieve higher conver-

sions in smaller reactor volumes compared to conventional

reactor systems [2]. On an industrial scale, hydrogen is

currently mainly produced by reforming of natural gas, an

endothermic reaction system that is carried out in high tem-

perature (>850 �C) reactors, followed by lower temperature

wateregaseshift reactors and final hydrogen purification

step(s). This conventional system is quite complex and only

efficient at very large scales, where the heat integration can be

optimized and excess heat can be exported in the form of

steam/power. The system is not easily scaled down and be-

comes rather inefficient at smaller scales. Membrane reactors

for methane steam reforming have been widely studied [3e5]

and it has already been demonstrated that with the integra-

tion of dense Pd-alloy membranes in the steam reformer

indeed much higher conversion degrees can be realized

compared with conventional systems and, even more

importantly, that complete conversion of methane can be

achieved at much lower temperatures [6e8]. For small-scale

hydrogen generation, especially for combined heat and

power applications, the main advantage of membrane

reforming resulting in a boost of efficiency, is the fact that

high conversions can be achieved even at 600 �C [9].

In the last decade, thinner andmore stable, dense Pd-based

membranes have been produced with further and further

improved permeances that can be used in membrane re-

actors. However, with the improved permeance of these

membranes the effect of concentration polarization (or bed-

to-wall mass transfer limitations) become more pronounced.

Different membrane reactor concepts, in particular micro-

channel membrane reactors or fluidized bed membrane re-

actors (FBMRs) [10e13] have been developed, that allow

exploiting the membrane to its maximum potential by anni-

hilating concentration polarization effects and thus

approaching the theoretically maximum possible membrane

permeation. The main advantages of membrane-assisted

fluidized beds over micro-channel membrane reactors are

the increased possibilities for heat integration, increased

flexibility in tuning membrane surface area and catalyst ac-

tivity/volume and reduced problems in membrane sealing (in

particular at higher temperatures) and gas distribution.

In previous papers membrane-assisted fluidized bed re-

actors have been tested either at high temperature but with

low-flux membranes [14,15], or at lower temperatures with

very thin membranes [16]. The aim of this work is to develop

thin-film Pdebased supported membranes for higher tem-

perature applications and test the membranes in membrane-

assisted fluidized bed reactors for steam methane reforming

(SMR) and autothermal reforming of methane (ATR) for ultra-

pure hydrogen production.

It has been reported previously that for applications at

600 �C alumina is not a suitable support for a Pd-based

membrane exhibiting a significant hydrogen permeance

drop over time, whereas Pd on yttria stabilized zirconia (YSZ)

have shown a stable hydrogen permeance at 650 �C [17]. On

the other hand, some studies have found that for Pd-based

membranes the N2 leakage increases during long-term tests

at temperatures above 450 �C due to grain growth and sub-

sequent pinhole formation [18,19]. Recently, Zeng et al. have
reported that leak growth of PdeAg membranes at tempera-

tures of 600 �C and above may be related to Ag sublimation,

but this mechanism has not yet been completely elucidated

[20]. According to Yakabe et al., the formation of pinholes

during long-term operation are related to the impurities

included during membrane preparation [21]. Abu El Hawa

et al. have reported that Pd-alloy membranes containing Pt or

Ru exhibit a lower N2 leak growth over time compared to pure

Pd at 550 �C [22].

The sealing of the ceramic supportedmembrane and dense

metallic parts needed for integration of this type ofmembranes

in reactors is a key issue for operation at high temperatures.

The most promising sealing approach is based on using

graphite [23], but fewworkswere reported testing the sealing at

temperatures around or above 600 �C [20]. Recently, we have

optimized a sealing procedure based on standard Swagelok and

graphite ferrules thatworked successfully in awateregaseshift

membrane reactor under fluidization conditions (400 �C) [16].
In this paper we will present and discuss results on the

preparation of thin-film PdeAg alloy membranes supported

on ceramic tubes prepared by simultaneous electroless

plating and their integration in amembrane-assisted fluidized

bed reactor (550e600 �C) for autothermal and steam reforming

of methane, including a comparison of the performance with

commercial REB membranes (with lower flux). The previously

optimized sealing technique forWGS applications (400 �C) has
been tested at 600 �C showing increased nitrogen leakages,

and in this paper tests of new sealing approaches solving this

problem are discussed. Finally, the long-term stability of

sealed thin-film PdeAg supportedmembranes at 600 �C under

fluidization conditions is investigated and discussed.
Experimental

Membrane preparation

Alumina tubes with an outside zirconia layer with a surface

pore size of 110 nm and 10/7 mm o.d/i.d. (provided by Rau-

schert Kloster Veilsdorf) were used as membrane supports.

After joining the ceramic porous support to two dense ceramic

tubes using a glass sealant, PdeAg thin layers were deposited

on the modified alumina tubes using the simultaneous (Pd

and Ag) electroless plating technique reported in detail else-

where [24]. The membranes were prepared at TECNALIA with

a base plating process (deposition time of 210 min) and a

second plating step (30 min). After each plating step, the

membrane layers were annealed at 650 �C for 4 h, which is

above the maximum operating temperature used in the ATR

fluidized bed membrane reactor (600 �C), by exposing the

membrane to a 10% H2/90% N2 gas mixture with the same

heating rate and gas flow rates reported previously [4]. The

final membranes are approximately 14.5 cm in length (see

Fig. 1 in Supplementary material) and with a thickness of

around 4 mm (Fig. 1).

Membrane sealing

Initially, the Pd-alloymembranesmanufactured by TECNALIA

were sealed using commercial standard Swagelok connectors

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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Fig. 1 e Cross-section SEM image of a ~4 microns thick

PdeAg membrane layer deposited on ZrO2 (110 nm pore

size)-Al2O3 tube.
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(316 SS) together with graphite gaskets for 3/8 OD tubes pro-

vided by CHROMalytic TECH(nology) Pty Ltd. The graphite

gaskets were sized to the outer membrane diameter of

10.1e10.5mmand pretreatedwith amembrane dummy to the

standard Swagelok connector. After this procedure the cut

membrane was fit to the Swagelok connectors and sealed. A

thermal treatment was applied to allow the graphite gasket to

fit the shape of the connector (this is achieved by heating the

membranes to 450 �C before testing them), consequently

improving the sealing and reducing the leakage. This sealing

technique has already been successfully tested for similar

tubular PdeAg membranes supported on Al2O3 but operated

at lower temperatures for WGS applications [4].

Fig. 2 shows a schematic of the sealing (a) and a picture of

the sealed tubular Pd-alloy membrane with graphite gaskets

to a standard Swagelok connector (b). The bottom part of the

connector has been specially designed for membranes that

will be immersed vertically in the fluidized bed to avoid gas
Fig. 2 e Schematic of the graphite based sealing (a), a
holdup below the membrane. In case of integration in packed

bed reactors, simple Swagelok caps could be used.

Membrane testing

The membranes were tested for single gas permeation, mixed

gas permeation and for steam reforming and autothermal

reforming of methane in fluidized bed membrane reactors.

Before testing the Pd-alloy tubular membranes under

reforming conditions, single membranes were characterized

in a membrane permeation test equipment. A shell-and-tube

module configuration was used to test the membranes. The

module is heated in an oven with one zone temperature

controller. The feed gases enter through the shell side and

hydrogen permeates through the tube side. The membranes

are heated under a fixed flow rate of N2 and the permeate flow

rate is measured with a HORIBA film flow meter employing

two different measuring tubes, one small measuring tube

(VPe1U, 0.2e10 ml/min) to determine the relatively low flow

rate of N2 anticipated due to leakages of the membrane/seal-

ing and a second bigger measuring tube (VPe3U, 20e1000 ml/

min) for higher flow rates to determine the hydrogen perme-

ation rate. The pressure in the shell side is controlled by a

back-pressure regulator installed at the retentate side. A

process flow diagram (PFD) of the experimental setup is pro-

vided in the Supplementary material section (in Fig. 2).

Thermal stability test of the standard sealing
To evaluate the standard sealing (316 SS Swagelok fitting with

graphite ferrule), the nitrogen permeance was determined at

different temperatures and after several heat treatment cy-

cles. Thermal cycles were performed between 20 �C and

600 �C. Every cycle was performed within 4 h and the nitrogen

flux was monitored before and after the thermal cycling.

Then, the membrane was exposed to a 5 vol% H2 feed at

600 �C for 100 h. The reactor was kept at 1.6 bar during the day

while the hydrogen permeance was recorded with the film

flow meter. For safety reasons the pressure was reduced to

1 bar at the retentate side during night.

Permeation characterization of membranes
In order to compare the performance of the membrane with

other membranes reported in the literature, membrane
nd a photograph of sealed tubular membrane (b).

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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permeation parameters as the activation energy and pre-

exponential factor have been determined. The pure

hydrogen permeance was measured at five different temper-

atures between 400 and 600 �C and a partial pressure differ-

ence between 0 and 2 bar. Because of some limitations of the

experimental setup higher pressure differences for pure

hydrogen could not be tested with these high-flux

membranes.

Tests under reforming conditions in a fluidized bed reactor
Membrane tests under high temperature reforming condi-

tions were carried out in a fluidized bed membrane test setup

designed at TU/e for steam or autothermal reforming (SMR/

ATR) and Water Gas Shift reactions (WGS). The PFD for the

Reforming Test Setup is given in Fig. 3.

The reactor diameter and height are 0.10 m and 0.62 m

respectively, where the distance between the bottom of the

vertically inserted membranes to the bottom plate distributor

was 0.08 m. This distance is enough to allow the fast methane

(partial) oxidation such that the heat for the reforming is

generated below the membranes and the oxygen is

completely used and no oxidation of the membrane would

occur. The maximum operating temperature is 600 �C. The
feed flow rate is controlled by digitalmass flow controllers and

the steam flow by a CEM (Controlled Evaporator and Mixer)

system (Bronkhorst). The pressure in the reactor was

controlled with a back-pressure regulator after steam

condensation. The flow rate of the permeate and retentate

was monitored by Brooks mass flow meters. Two separate

SICK in line analyzers were used to monitor the gas compo-

sition continuously of both the permeate and retentate

streams. To determine the N2 leakage the same HORIBA film

flow meter was used as in the membrane characterization
Fig. 3 e PFD of reformer setup used for membra
setup. To enhance the driving force for hydrogen permeation

the test setup is equipped with a vacuum pump for hydrogen

(ATEX certified).

A Ru/Ce0.75Zr0.25O2 catalyst (average sieve fraction

125e250 mm with a bulk density of 2100e2300 kg/m3) together

with ZrO2 filler material (average sieved fraction of 260 mm,

bulk density of 2100e2300 kg/mm), both provided by Hybrid

Catalysis b.v., have been used in this study. From separate

attrition tests it was found that the catalyst is not damaged

when used in fluidization conditions: the particle size distri-

bution does not change after 24 h of fluidization (tested at low

and high temperature).

The tests with autothermal reforming and steam reform-

ing of methane have been carried out with different molar

feed ratios of CH4/H2O/O2/N2. The volumetric flow rate was

selected to ensure proper fluidization throughout the reactor

(u/umf > 1.3). To reach the required total gas flow rate, the N2

flow rate has been increased slightly for experiments at higher

pressures. Before the reactive experiments, the minimum

fluidization velocity (umf) of the used particles was determined

in air via the standard pressure drop procedure in a dedicated

setup and found to be 0.0371 m/s at 600 �C. Table 1 gives an

overview of the used feed flow rates for the different experi-

ments performed in the fluidized bed reactor setup. The

experimental results were also compared to the results with

commercial membranes, where the flow rates were changed

to maintain the same fluidization regime around the mem-

branes (as the different membranes occupy a different cross-

section of the reactor).

Tests with commercial Pd membranes (REB). First experiments

were carried out with a membrane assembly with 10 com-

mercial Pd-alloy membranes provided by REB [25] with a total
ne tests for high-temperature applications.

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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Table 1 e Experimental conditions for experiments
performed in the fluidized bed reactor setup.

Experiment

Reaction ATR SMR ATR

Membranes REB TECNALIA TECNALIA

Component feed flow rate (NL/min)

CH4 1.31 0.84 0.84

N2 4.78 7 6.2

Air 2.69 0 1

H2O 2.5 2.5 2.5

Total flow rate 11.29 10.34 10.54

Feed flow ratios

Nitrogen to Carbon Ratio (NCR) 5.30 8.33 8.33

Oxygen to Carbon Ratio (OCR) 0.43 e 0.25

Steam to Carbon Ratio (SCR) 1.92 2.98 2.98

Fig. 4 e Thermal cycles and measured N2 leakage during

the thermal cycling. Heating and cooling steps are

performed in nitrogen. Pressure difference for leak

measurements ¼ 3 bar.

Fig. 5 e Normalized hydrogen permeance through the

membrane over time. The results were obtained at 610 �C
with a 100 vol% H2 stream during the day and a 5 vol% H2

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 3 4 6 3e1 3 4 7 8 13467
surface area of 2.03$10�2 m2 (diameter: 3.2 mm, length:

20.2 cm) to evaluate the stability of the catalyst under fluid-

ization conditions and provide a reference case for the

membrane reactor performance for ATR.

Test with Pd-alloy membranes (TECNALIA) and SEM-EDX
surface characterization of the membranes. One membrane

prepared at TECNALIA (following the procedure previously

detailed in section Membrane preparation) has been imple-

mented in the reactor together with the catalyst and the filler,

and the hydrogen permeance and nitrogen leakage have been

investigated at temperatures up to 600 �C with different gas

mixtures containing CO, CO2 and H2 under fluidization con-

ditions, but without any reaction (i.e. no air and steam). In a

second step, the influence of either steam or air feed on the

sealing of the membranes at elevated temperatures has been

investigated.

Five leak free (N2 leakage < 0.2 ml/min) Pd-alloy mem-

branes have been sealed and assembled in the test reactor.

Themembranes have been testedwithout catalyst at different

temperatures and partial pressures of hydrogen. Leakage of

different gases (CO2, CO) through the seals and the hydrogen

permeance have been monitored. Subsequently, the mem-

brane performance has been monitored under fluidization

conditions during the start-up procedure of the reactor, i.e.

heating of the reactor to 600 �C with a ramp of 2 �C/min under

fluidization conditions (u/umf ~ 1.5). The final test was carried

out for SMR and ATR for in total two weeks continuously to

test the membranes under reactive conditions.

After the reaction tests, surface characterization of the

membranes was performed using a JEOL JSM-5910LV SEM-

EDX to study possible interactions between the catalyst/filler

and the membrane. Additionally, the surface of the graphite

seals that were in contact with the membrane was charac-

terized in order to investigate the possible influence of the

ferrules on the sealed membrane surface. The membrane

surface was scanned to detect the presence of particles on the

membrane surface.

Long-term tests with the membranes and high temperature
Swagelok connectors
During the experiments performing SMR and especially ATR

at high temperatures (600 �C), the concentration of CO in the

permeate reached almost 0.1%. Ceramic supported
membranes with New Swagelok connectors (code: 6 ELT,

material: 316 SS but with controlled carbon content and grain

size), suitable for higher operating temperatures compared to

the standard 316 SS ones (maximum temperature of 650 �C
and 540 �C, respectively), together with the graphite ferrules

were used for long-term stability single gas tests of H2 and N2

at 600 �C (a mixture of 20% H2 and 80% N2 was fed during the

night). After the long-term tests, surface characterization

(morphology and chemical composition) of two membranes,

E263 (tested for 7 days) and E104 (tested for 1 day), was per-

formed by a FEI Quanta 3D FEG SEM-EDX.
Results and discussion

Long-term and thermal stability test of standard sealing

The nitrogen leakage has been monitored to investigate the

behavior of the standard sealing during thermal cycling. The
stream (in N2) overnight.

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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Fig. 6 e (a) H2 flux vs. H2 partial pressure difference at different temperatures for fresh sealed membranes after thermal

cycling tests, (b) linear regression to determine membrane parameters (intercept value is ln(P0) and slope is -Eact in J/mol).
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heating rate has been set to 6 �C/min during the heat up. The

target temperature (after heating up) has been kept for 1 h and

afterward the reactor was cooled down. It had been noticed

that 4 h are sufficient to cool down the membrane to room

temperature. As can be seen in Fig. 4, the nitrogen permeance

was slightly decreasing during the first cycles. The leakage

was smaller for measurements at high temperature, which

confirms the previously reported results [16]. A reason for this

behavior is that the graphite gaskets become softer at higher

temperatures and can better seal the membrane. After heat-

ing up to 600 �C the leakage through the sealing increased

significantly. This is probably related to the thermal stability

of the Swagelok fitting and/or the graphite ferrule. This first

test clearly shows the limitations of this sealing method/

membranes for applications with temperatures above 550 �C,
which will be confirmed with experiments presented later in

this study.

A permeation test at 600 �C was performed for almost

100 h to check the stability of the hydrogen permeance, and
Table 2 e Comparison of different Pd based membranes repor

Active layer
material

Selective layer
thickness (mm)

Geo-metry T

(K) (mol m�

Pd0.75eAg0.25 50 Tubular 473e573 1.16

Pd 1000 Planar 623e1173 1.92

Pd0.75eAg0.25 84 Tubular 473e623 2.95

Pd0.75eAg0.25 150 Tubular 473e623 5.63

Pd0.75eAg0.25 200 Tubular 473e623 2.06

Pd0.77eAg0.23 2.2 Tubular 673 e

Pd0.77eAg0.23 16 Tubular 773 3.47

Pd0.77eAg0.23 16 Tubular 773 7.70

Pd0.77eAg0.23 1.4 Planar 573 e

Pd0.77eAg0.23 2.2 Planar 573 e

Pd 4.5 Tubular 873 e

Pd0.85eAg0.15 4.0 Tubular 673e873 6.93

a Permeance at 873 K.
the results are shown in Fig. 5. It can be concluded that the

membrane shows good stability for hydrogen permeation

during the almost 100 h test. The decline in H2 permeance

during the first period of the test is typical for PdeAg mem-

branes and has been reported in the literature before [17].

Permeation characterization of membranes

In Fig. 6a the hydrogen flux through a sealed membrane at

different hydrogen partial pressures and different tempera-

tures between 380 and 600 �C is shown after the stability tests

were performed. The hydrogen permeation rate is increasing

with increasing transmembrane partial pressure difference

and temperature, as expected. The tested membrane shows

an almost perfect linear behavior for the pressure exponen-

tial factor n ¼ 0.5 (R2 > 0.995), which is typical for Pd-alloy

membranes at low pressures, if bulk-diffusion through the

membrane is the rate limiting step according to Sieverts' law
[5]. Themembrane parameters for the testedmembrane have
ted in the literature.

P0 Eact Permeance n Ref
1 s�1 Pa�n) (kJ mol�1) (molm�2 s�1 Pa�n)

� 10�5 17.41 e 0.5 [6]

� 10�7 13.81 e 0.5 [7]

� 10�8 2.53 2.48 � 10�4 0.5 [8]

� 10�8 5.46 1.77 � 10�4 0.5 [8]

� 10�8 2.59 7.21 � 10�5 0.5 [8]

e 6.40 � 10�3 0.5 [9]

� 10�8 18.60 1.20 � 10�4 0.5 [10]

� 10�8 12.30 7.10 � 10�4 0.5 [10]

e e 0.5 [11]

e e 0.5 [12]

e 6.53 � 10�6 0.8 [13]

� 10�8 9.99 3.96 � 10�3a 0.5 this work

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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Fig. 7 e Retentate compositions and CH4 conversion during steammethane reforming with and without using a commercial

REB membrane with a feed stream: SCR of 1.91, OCR of 0.43 and an NCR of 5.24.

Table 3 e Summary of the FBMR tests performed using
the commercial REB membranes at 600 �C at 1.3 and
1.47 bar.

System pressure 1.32 bar 1.47 bar

Membranes used No Yes No Yes

CH4 eq. Conversion (%) 91 89

u/umf 1.5 1.3

Volumetric flow rate (Nl/min) 11.25 11.25

CH4 conversion (%) 90.4 92.9 89.4 91.9

Exhaust H2/CO ratio (�) 8.3 7.3 8.6 7.5

CO selectivity (�) 0.33 0.29 0.32 0.28

H2 selectivity (�) 2.85 2.77 2.86 2.8

H2 recovery factor (HRF) (�) e 0.2 e 0.21

H2 separation factor (HSF) (�) e 0.24 e 0.26

Hydrogen permeate impurity (ppm CO) e <1.5 e <1.5
Hydrogen permeate flow rate (Nml/min) e 845 e 885
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been determined at 10 kJ mol�1 for the activation energy

(DEact) and 6.93$10�8 mol m�1 Pa�0.5 s�1 for the pre-

exponential factor (P0) using the plot of the logarithm of the

permeance against the reciprocal temperature (shown

in Fig. 6b).
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of 1.3 bar. Feed: SCR of 3 and an NCR of 8.4 with a total flow ra
Table 2 compares the membrane permeation parameters

found in this study to parameters for Pd-membranes reported

in the literature. It can be concluded that the membrane pa-

rameters reported in the literature (but tested at lower tem-

peratures) are comparable and are in the same range as the

membrane parameters found for the tubular membranes

prepared by TECNALIA.

In Table 2 it can be seen that the membranes used in this

work show high hydrogen permeance at elevated tempera-

tures in ideal conditions and this is because the active layer is

very thin. It is important to notice that this membrane will be

used in this study in a fluidized bed. In these harsh conditions

a thin active layer could be damaged by the particles used,

which may result in leaking and thus in a decrease of the

hydrogen permselectivity of the membrane.

Tests under reforming conditions

Benchmark tests with commercial Pd-alloy membranes (REB)
The reforming system with catalyst and commercial REB

membranes has been tested at different pressures in the FBMR

for 14 days ensuring stable operation. The reactor
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lar TECNALIAmembranes at 500 and 550 �C and a pressure

te of 10.3 Nl/min.
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Fig. 9 e Steammethane reforming (SMR) in a FBMRwith five tubular TECNALIAmembranes at 550 and 600 �C. Feed: SCR of 3

and an NCR of 8.4 with a total flow rate of 10.3 Nl/min to ensure fluidization.

Table 4 e Summary of SMR in the FBMR with tubular
PdeAg/ZrO2 membranes prepared at TECNALIA at 1.3 bar
a several temperatures.

Day of membrane tests Day 1 Day 2

System pressure (bar) 1.3 1.3 1.3 1.3

System temperature (�C) 500 550 550 600

CH4 eq. Conversion (%) 55.7 73.0 73.0 88.1

u/umf (�) 1.3 1.3 1.3 1.3

Volumetric flow rate in reactor (l/min) 20.9 22.3 22.3 24

CH4 conversion (%) 55.5 73.1 76.4 89.3

Exhaust H2/CO ratio (�) 22.6 16.1 15.8 11

CO selectivity (�) 0.12 0.16 0.18 0.25

H2 selectivity (�) 3.85 3.79 3.83 3.74

H2 recovery factor (HRF) (�) 0.17 0.22 0.2 0.23

H2 separation factor (HSF) (�) 0.31 0.31 0.28 0.28

Hydrogen permeate impurity (ppm CO) 50 70 120 200

Hydrogen permeate flow (Nml/min) 550 740 700 800
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performance has been compared to standard operating con-

ditions without any membranes. The carbon imbalance has

been checked for these experiments and has been found to be

typically below 1.6%, from which it can be concluded that
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carbon deposition was insignificant during these tests. The

following parameters are defined to quantify the performance

of the reactor:

Methane conversion
fCH4 ;in � fCH4 ;out

fCH4 ;in

(1)

H2=CO ratio
fH2 ;ret

fCO;ret

(2)

CO selectivity
fCO;ret

fCO;ret þ fCO2 ;ret

(3)

H2 selectivity
fH2 ;total�

fCH4 ;reacted � 1
2fO2 ;in

�
,4

(4)

Hydrogen recovery factor ðHRFÞ HRF ¼ fH2 ;perm

f�
CH4�1

2O2

�
;in

,4
(5)

Separation factor ðSFÞ SF ¼ fH2 ;permeated

fH2 ;total

(6)
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Table 5 e Comparison of ATR without membranes, with
REB membranes and with TECNALIA membranes.

Without
membranes

REB
membranes

TECNALIA
membranes

CH4 eq. conversion (%) 93.2 91 93.2

u/umf (�) 1.5 1.5 1.5

CH4 conversion (%) 89.5 92.9 96.7

Exhaust H2/CO ratio (�) 12.3 7.3 10.4

CO selectivity (�) 0.31 0.29 0.22

H2 selectivity (�) 3.59 2.77 3.41

H2 recovery (�) e 0.2 0.35

H2 separation factor (�) e 0.24 0.31

H2 permeate impurities

(ppm)

e <1.5 >500

H2 permeate flow (Nml/

min)

e 845 870

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 3 4 6 3e1 3 4 7 8 13471
Note that the CO and H2 selectivities defined in Equations

(3) and (4) refer to the reaction selectivity and not to the

permselectivity of the membrane.

Fig. 7 shows the obtained results for steam methane

reforming experiments in the test reactor at 600 �C and the

improvement of the reactor performancewhen employing the

commercial REB membranes. The catalyst was tested previ-

ously over 10 days to ensure stable operation and an equilib-

rium limited reaction regime was confirmed (virtually no

kinetic limitations). Table 3 summarizes the results of both

experiments.

It can be seen that the methane conversion in case the

membranes are not used are very close to the calculated

equilibrium conversion, which proves operation in the equi-

librium limited regime. An increase in the pressure leads to a

decrease of the methane conversion as expected. Because the

feed flow rate was kept constant for the two experiments, the

u/umf ratio is decreased in the second experiment. Using the

commercial REB membranes and applying vacuum at the

permeate side of themembranes, the reaction conversionwas

shifted by 2.5% in both cases. Due to the relatively low

hydrogen permeance of the commercial membranes, the ob-

tained conversion is higher for the experiment at lower

pressure. The negative thermodynamic effect on themethane

conversion caused by the increase in the pressure outweighs

the positive effect caused by the increase in the membrane

permeation. The hydrogen stream purity obtained on the

permeate side was monitored by the in-line analyzer and can

be classified as ultrapure hydrogen (hydrogen purity >99.9%).
Fig. 11 e Picture of tested membrane and the different areas ana

membrane in the fluidized bed is represented by (a), the area nea

particles was present by (b), the interphase between the membra

interpretation of the references to colour in this figure legend, t
Applying a higher pressure in the reactor leads to an increase

in both the H2 separation factor and the H2 recovery factor

(comparing the maximum theoretical hydrogen recovery to

the experimental value of the hydrogen recovery), due to

higher hydrogen flux through the membranes. The produc-

tion rate of ultrapure hydrogen improved about 5% by

increasing the pressure about 0.15 bar. It is expected that the

production of ultrapure hydrogen can be increased signifi-

cantly for higher pressures in the reactor. Due to limitations of

the setup that is limited in the feed flow rate, this could not be

tested for the fluidization regime with the used catalyst and

filler particles.

Tests with PdeAg membranes (TECNALIA)
The first test with five tubular membranes prepared by TEC-

NALIA has been performed with conventional SMR. Figs. 8

and 9 show the obtained retentate compositions together

with the achieved methane conversion. It can be seen that

methane conversion increases with increasing temperatures,

where the extracted hydrogen stream includes a noticeable

amount of CO. Nevertheless, the hydrogen purity still remains

above 99.98% for all cases. During the experiments it was

observed that the amount of CO in the permeate stream

increased from the first day of tests to the second day of tests

at the same operation conditions. An increase of the tem-

perature also leads to an increase of the CO impurity in the

permeate stream.

Table 4 gives a summary of the different operating condi-

tions used in the SMR tests. The results clearly show the in-

crease in the hydrogen recovery at higher temperatures due to

the increased hydrogen permeability of the membranes at

higher temperatures. During the first day of tests the equi-

librium conversion was reached as expected, but remarkably

during the second day of experiments, the methane conver-

sion was higher at the same operating conditions and

increased even slightly beyond the equilibrium conversion.

Comparing the equilibrium conversion of methane and the

conversion obtained during the experiments, especially in the

second day, a significant increase has been detected.

Analyzing the surface of the membranes and the sealing after

these tests, it was observed that the sealing was damaged,

which could be the reason for the CO increase in the permeate

gas stream. The membrane surface was free of defects, which

assures that the membranes can survive under reforming

conditions for this test duration.
lyzed by SEM-EDX indicated in red: The central area of the

r the membrane-graphite zone where the stagnant zone of

ne and the graphite by (c), and the graphite zone by (d). (For

he reader is referred to the web version of this article.)
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Fig. 12 e SEM pictures of a membrane having used in high temperature SMR and ATR, showing a large number of particles

on the surface at the central area (a1 and a2), the interphase between membrane and graphite (c), and the graphite zone (d).

Table 6 e EDX analysis results on different areas of the
membrane used in high temperature fluidized bed SMR
and ATR experiments.

Spectrum O Zr Ru Pd Ag Ce Total

Mapping of “a1”

(central area) 200x

7.36 e 74.95 13.36 1.86 2.48 100

Dark particle in “a2”

(central area) 15000x

e 73.35 25.41 1.24 100

Membrane surface

near the dark particle in “a2”

(central area) 15000x

3.87 e 31.14 55.83 7.6 1.56 100

Membrane surface in “d”

(graphite zone) 5 mm far from

the interphase 15000x

7.57 e 76.7 10.45 1.1 4.17 100

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 3 4 6 3e1 3 4 7 813472
In a second test, ATR ofmethane has been performed using

the five tubular membranes prepared by TECNALIA, and the

retentate stream composition and methane conversion are

shown in Fig. 10. The feed conditions have been different to

the test performed with the REB membranes, so the results

obtained in terms of conversion ofmethane cannot be directly

ascribed to the different membranes, while the hydrogen re-

covery and separation can.

Comparing the results obtained for ATR reforming without

and with the TECNALIA membranes, which are shown in

Table 5, the methane conversion has increased by 7.2% from

89.5% to 96.7%. The total amount of produced hydrogen has

been increased by 7.7% resulting in a total flow rate of

hydrogen of 2.71 l/min. The hydrogen recovery and the purity

of the hydrogen stream are still comparable. Moreover, from

Table 5 it can be concluded that the membranes prepared by

TECNALIA showed a higher hydrogen recovery than the REB

membranes. This is in agreement with the results obtained

from the permeation experiments, where the TECNALIA

membranes showed amuch higher hydrogen permeance than

what has been reported for the REB membranes in the past

[14]. However, the small increase is also due to the higher

dilution usedwhen the TECNALIAmembraneswere used. The
impurity of CO in the permeate stream is relatively high (for

the TECNALIA membranes) due to a drastic increase of the

leakage through the standard sealing, rendering this hydrogen

product stream not suitable for ultrapure hydrogen

applications.
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Fig. 13 e H2 and N2 permeance of the E263 membrane at 600 �C during long-term single gas tests performed over 7 days.

Table 7e Ethanolehelium leak test results for E263 sealed
membrane.

E263 membrane
(after long-term test
at 600 �C)

Measured
helium leak
(ml/min)

Bubbles detected?

Not submerged 0.66 e

Lower seal (closed end)

submerged

0.33 1 small bubble detected

Lower seal and

membrane area

submerged

0.02 4 bubbles

Completely submerged

(including upper

seal)

0.02 No bubbles (upper seal is OK)
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SEM-EDX analysis has been performed on one membrane

used in the fluidized bed under reaction conditions to study

possible interactions of the catalyst and filler particles with

the membrane surface. The membrane has been divided in

different sections as presented in Fig. 11.

The first picture (a1) Fig. 12 shows that a few black spots are

present on the membrane surface. Picture a2 shows one of
Fig. 14 e Pictures of the membranes after tests at 600 �C: (a) E104
days under fluidization.
these spots with a higher magnification. The surface of the

membrane is not smooth as expected and particles are pre-

sent on the surface, which are probably small amounts of

catalyst or inert particles, which became attached to the

membrane during fluidization under reactive conditions.

Pictures c and d show the graphite attached to the membrane

surface after the removing the graphite ferrules used for the

sealing.

Table 6 shows a summary of the results of the performed

SEM-EDX experiments to determine the surface composi-

tion of the membrane at different positions. As can be dis-

cerned, a high amount of ruthenium has been found on

nearly all areas of the membrane. Ru and Ce originate from

the catalyst and it seems that they have become attached to

the membrane surface. When scanning the membrane

surface next to the dark spots, the amount of Ru has found

to be significantly lower, so in that zone the membrane is

not totally covered by the catalyst compared to the rest of

the membrane area. After sealing an already used mem-

brane with a fresh graphite ferrule, the nitrogen leakage

was low, similar to the first sealing of the membrane, and

thus it can be concluded that the membrane surface was

not damaged. In the past it had been found that a different
tested for 1 day under fluidization and (b) E263 tested for 7

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
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Fig. 15 e SEM pictures of E104 membrane showing low amount of big particles and defects (a), and showing one of the

defects in more detail (b), (c), (d).

Table 8 e EDX analysis results on different areas of E104
membrane.

Spectrum Pd Ag Zr Al Total (%
wt)

E104 - membrane surface in “b” 1250x 89.99 9.21 e e 100

E104 - big particle in “d” 10000x 88.40 10.58 1.01 e 100

E104 e hole in the big particle in “d”

10000x

94.04 5.96 e e 100

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 3 4 6 3e1 3 4 7 813474
catalyst and filler material (containing TiO2) was interacting

with the membrane surface in a way that the hydrogen

permeance of the membrane was drastically reduced in the

fluidized bed [4]. However, this decrease in hydrogen per-

meance was not observed here with the Ru/Ce0.75Zr0.25O2

catalyst, even though there is a physical interaction be-

tween the catalyst and the membrane.

Long-term tests with membranes and the high-temperature
Swagelok fittings

After the success obtained long-term tests with the new 6

ELT Swagelok fittings with dense metallic tube (see

Supplementary material), the next performed tests consisted

of sealing these new fittings with a ceramic supported PdeAg

membrane. The E263 membrane prepared at TECNALIA

(previously detailed in section Membrane preparation) was
tested with the new fittings (membrane length: 10.5 cm;

same torque applied for the sealing as for the dense metallic

tube: 5 N m).

Fig. 13 shows the H2 and N2 single gas permeation test re-

sults at 600 �C for the E263 membrane carried out over 7 days.

As can be seen, the N2 permeance increased dramatically

http://dx.doi.org/10.1016/j.ijhydene.2015.08.050
http://dx.doi.org/10.1016/j.ijhydene.2015.08.050


Fig. 16 e SEM pictures of E263 membrane: (a), (b) surface at low magnifications showing high amount of big particles with

defects; (c), (d), (e), (g) big particles with hole; and (f), (h) hole in particles “e” and ”g” respectively (also named big particle “1”

and big particle “2” in Table 9).



Table 9 e Result summary of performed EDX analysis on
different areas of the E263 membrane.

Spectrum Pd Ag Zr Al Total (%
wt)

E263 - membrane surface in “e” 750x 90.86 7.53 0.87 0.75 100

E263 - big particle 1 in “e” 750x 90.55 8.46 0.30 0.69 100

E263 e hole in the big particle 1 in “f”

2500x

93.81 5.10 0.74 0.35 100

E263 - big particle 2 in “g” 1250x 90.56 8.65 0.37 0.43 100

E263 e hole in the big particle 2 in “h”

5000x

91.28 7.94 0.48 0.29 100
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from the 6th to the 7th day. Then, the reactorwas cooled down

in order to check the cause of this increased N2 leakage

(sealing and/or membrane failure) by structural post-

characterization.

The E263 membrane was taken out of the reactor and a

simple ethanolehelium leak test was performed to investi-

gate the precise location of the leakages, and was carried out

by immersion of the membrane in a glass tube filled with

ethanol while measuring the required flow rate to maintain

a constant pressure (see Fig. 4 in Supplementary material),

similarly as reported previously [18]. The test was performed

by applying a pressure of 0.66 bar of helium inside of the

membrane and measuring the leakage flow rate by a

Bronkhorst flowmeter (model Fe110C-002; Nominal flow:

0.014e2 Nml/min air). The membrane was then slowly sub-

merged (starting from the seal area near the closed end) in

ethanol, which closes the defects (Laplace equation) and

reduces the leakage.

The E263 membrane shows defects bigger than 1 micron

(bubble) mainly on the membrane as shown in Table 7. The

upper seal didn't show any bubble and the lower seal only

showed one small defect, so we can conclude that the new

sealingworks fine after 7 days of testing at 600 �C. Probably the

sealing could be even further improved, if the applied torque

is increased, because the torque used for this sealing was

relatively low (5 N m).

Finally, the sealings were removed and looked identical to

the original (before the long-term test).

Since the leaks originatemainly from themembrane, these

have been characterized inmore detail. Firstly, the surfaces of

membrane E104 (tested for 1 day at 600 �C) and membrane

E263 (tested for 7 days at 600 �C) were inspected with an op-

ticalmicroscope. As can be seen in Fig. 14, the E263membrane

shows many spots on the surface, whereas the E104 mem-

brane shows far less spots.

In order to investigate this difference in more detail,

the surface of the membranes was analyzed by SEM-EDX.

Fig. 15 shows the SEM surface images of the E104 mem-

brane after the single gas tests at 600 �C for 1 day. It can

be seen that the membrane looks quite uniform, but a few

big particles were found. One of these particles showed a

big hole inside. The EDX analysis results of some parts of

the PdeAg membrane surface showed that the Ag content

inside the hole is lower with respect to the Ag content of

the big particle and the membrane surface. Moreover,

support materials (ZrO2 and Al2O3) were not detected on

the surface (the % of Zr is within the error margin) (see

Table 8).

In Fig. 16 the SEM surface images of the E263 membrane

after single gas tests at 600 �C for seven days are presented.

Contrary to the E104 membrane, on the E263 membrane

many relatively big particles (size up to ~80 mm) were found

and some of them with holes inside (sizes up to ~40 mm) as

shown in picture b. Some deep holes (e.g. picture c) were

found that seem to extend all the way to the support possibly

explaining the increased nitrogen leakages during the

permeation tests of this membrane. Other holes were

analyzed by EDX (results presented in Table 9), where mainly

Pd and Ag were detected, while the amount of support
materials (ZrO2 and Al2O3) were negligibly small (below the

error margin). This indicates that the hole did not extend all

the way to the support, but only to the first plating layer (see

pictures f and h related to the holes shown in e and g). By

comparing the metal composition inside the different holes:

in one case less Ag was found in the hole compared to the big

particle and membrane surface, but in the rest of the cases

the Ag content was similar to the rest of the membrane

surface, so that Ag sublimation cannot be confirmed, as was

reported by Zeng et al. [20]. On the other hand, the grain size

of the particles which comprise the big particles are similar to

the grain size of the particles on the membrane, so that also

grain growth of Pd-based particles, as reported by other re-

searchers [18,19] was not observed in this work. Other causes

for pinhole formation as impurities during membrane prep-

aration [21] or possible sintering of the ceramic support layer

could not be proved and should be further investigated with

more detailed characterization to elucidate the origin of the

pinhole formation.
Conclusions

In this paper thin-film PdeAg ceramic supported membranes

have been prepared, characterized and tested for high-

temperature fluidized bed membrane reactor applications.

New high-temperature Swagelok fittings with graphite fer-

rules were used to seal the thin-film PdeAg (~4 mm thick)

supported membranes, and a leak-tight sealing at 600 �C for

seven days under fluidization conditions was achieved. The

H2 permeance of these thin membranes is at least two times

higher compared to other thicker hydrogen-selective mem-

branes reported in the literature. Both SMR and ATR have

carried out with these thin-film supported membranes in

fluidized bed membrane reactors, showing significant im-

provements in the performance compared to commercial

membranes. However, the prepared PdeAg membranes

showed defects after single gas tests after 7 day at 600 �C. The
cause of the pinhole formation is not clear yet, as it can be

related to the membrane preparation procedure or ceramic

support layer sintering. Other causes reported by other au-

thors, such as Ag sublimation and grain growth were not

observed in thiswork. Amore detailed characterizationwill be

performed to further explore the cause of the observed

pinhole formation.
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Nomenclature

ATR Autothermal reforming of methane

CEM Controlled Evaporator and Mixer

CV Check valve

FBMR Fluidized bed membrane reactor

FC Flow controller

HRF H2 recovery factor

HSF H2 separation factor

OCR Oxygen-to-Carbon ratio

NCR Nitrogen-to-Carbon ratio

PFD Process flow diagram

PI Pressure indicator

PVC Pressure valve controller

SCR Steam-to-Carbon ratio

SMR Steam methane reforming

SV Safety valve

u fluidization velocity

umf minimum fluidization velocity

WGS Water gas shift
Appendix A. Supplementary material

Supplementary material related to this article can be found at
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