
E L S E V I E R  Desalination 147 (2002) 417-423 

DESALINATION 

www.elsevier.com/locate/desal 

High-flux palladium-silver alloy membranes fabricated by 
microsystem technology 

F.C. Gielens a*, H. D. Tong b, C.J.M. van Rijn c, M.A.G. Vorstman a, J.T.F. Keurentjes a 

"Department of Chemical Engineering and Chemistry, Process Development Group, Eindhoven University of 
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

Tel. +31 (40) 2474956; Fax +31 (40) 2446104; email: fc.gielens@tue.nl 
1'MESA+ Research Institute, University of Twente, P O. Box 217, 7500 AE, Enschede, The Netherlands 

'Aquamarijn Micro Filtration B. V., Beatrixln. 2, 7255 DB, Hengelo, The Netherlands 

Received 7 February 2002; accepted 4 April 2002 

Abstract 

In this study, hydrogen selective membranes have been fabricated using microsystem technology. A 750 nm 
dense layer of Pd (77 wt%) and Ag (23 wt%) is deposited on a non-porous 1 mm thick silicon nitride layer by co- 
sputtering of a Pd and a Ag target. After sputtering, openings of 5 gm are made in the silicon nitride layer to create 
a clear passage to the Pd/Ag surface. As a result of the production method, these membranes are pinhole free and 
have a low resistance to mass transfer in the gas phase, as virtually no support layer is present. The membranes have 
been tested in a gas permeation system to determine the hydrogen permeability as a function of temperature, gas 
flow rate, and feed composition. In addition, the hydrogen selectivity over helium has been determined, which 
appears to be above 1500. At 0.2 bar partial hydrogen pressure in the feed, the hydrogen permeability of the membranes 
has been found to range from 0.02 to 0.95 mol.R/m2xs at 350 and 450°C, respectively. It is expected that by 
improving the hydrodynamics and increasing the operation temperature, substantially higher fluxes will be attainable. 
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1. I n t r o d u c t i o n  

The yield of  the dehydrogenation of  alkanes 
to alkenes can significantly be increased by using 
a Pd or Pd/Ag membrane reactor for the selective 
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removal of  the hydrogen formed [1-4].  For  this 
purpose, the membrane can either be applied in a 
direct combination with the reaction in a membrane 
reactor or as membrane modules placed between 
a series of  reactors. To operate both units econo-  
mically, it is necessary to have a highly permeable 
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hydrogen selective membrane with a high mem- 
brane area per volume [5]. In the last decade, a 
substantial research effort has been focused on 
achieving higher fluxes by depositing thin Pd or 
Pd/Ag membranes on porous support materials 
and to increase the membrane area per volume 
[6]. However, at these large fluxes the support 
layer becomes limiting, both in the case a sweep 
gas is used or when a vacuum is applied at the 
permeate side [7]. In addition, the permselectivity 
is often poor, as during the deposition of the 
Pd(Ag) layer the pores of the support are not well 
covered by the Pd(Ag) layer [8]. This is probably 
due to the fact that the Pd(Ag) has a tendency to 
deposit on top of the support material or on top 
of the previously deposited layer, and not to enter 
the pores. As a result, pin-holes are formed. 

To overcome these problems (a limiting support 
layer and the formation of pin-holes), in this study 
a membrane is made with an ultra-thin support 
layer using microsystem technology. The advantage 
of the applied fabrication method is that first the 
Pd/Ag film is deposited on a silicon wafer which 
is non-porous, thus resulting in a pin-hole free 

Pd/Ag film. In addition, the micro-scale of the 
membrane  package insures a low gas phase 
resistance compared to a porous support. 

2. Experimental 

2.1. Membrane fabrication with microsieve and 
packaging 

Pd/Ag membranes were prepared as follows. 
A double-side polished silicon substrate (110), 
3 inch in diameter and 350 gm thick, was coated 
with 0.3 gm of wet-thermally oxidized SiO 2 
(Fig. 1). The SiO 2 coating serves as a protective 
layer during subsequent etching steps. On top of 
the SiO 2 coating a strong SixNy (low stress silicon- 
rich silicon nitride) layer was deposi ted by 
LPCVD. The Si N layer is serving as a thin 

x 

support layer for the Pd/Ag that will be deposited 
in a later stadium. Parallelogram-shaped structures 
of 350 by 2100 p.m were imprinted on one side of 
the Si N layer by standard photo-lithography, 

x y 

followed by etching the Si N and SiO 2. Then the 
wafer was immersed in a ~K6H solution to etch 
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1. Membrane fabrication process. 
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was removed by etching the microsieve side with 
BHF to reveal the membrane surface. A more 
detailed description is given by Tong et al. [10]. 
The effective membrane area per unit volume is 
approximately 200 m2/m 3. 

The silicon wafer was bonded between two 
thick glass wafers by a four-electrode anodic 
bonding (bottom of Fig. 1 ). Prior to the bonding 
procedure, flow channels of 200 Jim depth were 
created by powder blasting in each of the two 
5 mm thick glass wafers. The flow channels start 
and end at previously drilled holes through the 
glass wafers. 

Fig. 2. Microsieve side of the membrane before bonding. 

slits in the silicon to a depth of 300 Ixm (50 tzm 
of silicon is left). At the other side of the wafer 
circular openings of 5 ~tm were imprinted on the 
SiNy layer, followed by dry etching of the SixNy 
layer, thus creating the microsieve (Fig. 2). 
Subsequently, the wafer was etched again with a 
KOH solution to remove the remaining 50 p,m Si 
in the parallelogram-shaped slits. After the SiO 2 
layer was reached, an alloy layer of Pd/Ag (77/ 
23 wt.%) with a thickness ranging from 0.5 to 
1 ~tm was deposited by co-sputtering [9] through 
a shadow mask inside the parallelogram-shaped 
slits, using titanium (Ti) as an adhesion layer. 
Next, the SiO 2 in the 5 I.tm openings in the SixNy 

2.2. Membrane  characterization 

The morphology of the Pd/Ag surface was 
studied by scanning electron microscope (Jeol 
JSM-5600) before and after applying hydrogen. 
It was not possible to use one single membrane 
for both, as it was necessary to destroy the glass 
plates to be able to inspect the membrane surface. 
The thickness of the membranes was determined 
by using a Dektak surface profiler and SEM. 

The permeabi l i ty  of  the membrane  was 
determined for H 2 and He with the experimental 
setup shown in Fig. 3. Nitrogen was used as a 
sweep gas at the permeate side. All feed flow rates 
were measured and controlled with mass flow 
controllers (Bronkhorst High-Tec, EL-FLOW). 
The permeate pressure was measured and controlled 

MFC H 2 

MFC: Mass Flow Controller 
Pc: Pressure Controller 
GC: Gas Chromatograph 
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Jig. 3. Schematic view of experimental 
;et-up. 
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with an absolute pressure controller (Bronkhorst 
High-Tec, EL-PRESS).  The trans-membrane 
pressure, the pressure drop over the permeate 
side, and the pressure drop over the retentate side 
were also measured (Hottinger Baldwin Mess- 
technik, PD1). A temperature-controlled oven was 
used to ensure isothermal operation. The H 2 and 
He concentrations in the permeate were measured 
by a GC equipped with a TCD detector and a 
molsieve 5 ]k column. Argon was used as the 
cartier gas, which gives the TCD a high sensitivity 
to H a and He, and a poor sensitivity to N 2. The 
purity of all gases used was 5.0. 

The membrane package was placed in a 
stainless steel holder, in which graphite rings were 
used to seal the gas connections between the glass 
plates and holder. The membrane holder was placed 
in the oven for isothermal operation and both the 
H2/He feed and the sweep gas were preheated in 
spirals placed in the same oven. The permeation 
experiments were carried out at 350, 400 and 
450°C, respectively. The feed flow was varied 
between 300 and 1000 ml/min and the H 2 molar 
fraction was varied from 0.1 to 0.3 mol/mol. The 
sweep gas flow was kept constant at 300 ml/min. 

The experimental set-up was controlled by a 
PLC. A PC with Labview handled the data- 
acquisition at 100 Hz. The set-up was running 
fully automatic 24 h/d, and could handle 100 

recipes without user intervention. For each recipe, 
4 samples per hour were taken of the permeate 
that were analyzed by GC. 

Before a permeation experiment was started, 
the membrane was activated for four hours at a 
temperature of 450°C. During activation a flow 
of 20 mol% H 2 in He was fed to the retentate and 
permeate side of the membrane. After activation 
pure He was fed to the retentate side and pure N z 
to the permeate side. A trans-membrane pressure 
of 50 mbar was applied and 4 samples were taken 
to detect any He leak through the membrane. 
Subsequently, the H 2 permeation experiment 
could be started. 

3. Results and discussion 

In Fig. 4, SEM pictures of the Pd/Ag surface 
in the slit are given. Measurements of the membrane 
thickness by the surface profiler gave a value of 
750 nm, which is confirmed by SEM pictures of 
a cross section of the membrane. 

The picture on the left is a pristine membrane, 
and on the right a membrane that has been used 
for permeation experiments is shown. After the 
permeation experiments, the morphology of the 
Pd/Ag layer is changed at well-defined circular 
areas. The position and shape of the areas in 
which the Pd/Ag is changed to a more coarse grain 

Fig. 4. Pd/Ag surface in the slit: left picture is taken from a pristine membrane, right picture is taken after experiments. 
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structure reveals that these areas are exactly above 
the openings in the microsieve. Remarkable is that 
the diameter of the areas with the structure change 
is significantly larger than the diameter of the 
microsieve opening. At the microsieve side, how- 
ever, there are no visible changes in the Pd/Ag 
layer after the permeation experiments. 

In Fig. 5, the hydrogen permeability is given 
as a function of temperature and time. The feed 
and sweep gas flow rates have been kept constant 
at 300 ml/min. Three series of measurements have 
been carried out with one single membrane of 
750 nm thickness. Within each series the following 
temperature order was used: 450, 350, 400°C. 
Series one was measured directly after activation, 
series two was measured 80 h after the end of 
series one, and series three 55 h after the end of 
series 2. At 350°C, the H 2 permeability is one decade 
higher for the first series compared to the other 
two, while at 400 and 450°C the H 2 permeabilities 
are in the same order of magnitude. Initially, it seems 
that the permeation is limited by atomic diffusion 
(series 1), whereas the transport is limited by 
surface processes later (series 2 and 3) [I1]. An 
explanation might be that at the start of the 
permeation experiment the Ag content in Pd/Ag 
layer is homogeneous (measured with XPS [10]), 

but due to the presence of H 2 and elevated temp- 
eratures the Ag migrates from the membrane bulk 
to the membrane surface.For a Pd/Ag sample 
placed in vacuum and at 400°C Kuijers and Ponec 
[12] found a Pd surface composition of 8 times 
lower than the bulk composition. Shu et al. [13] 
also found surface segregation for a Pd/Ag mem- 
brane but not to that degree, we expect that 
equilibrium between surface and bulk composition 
was not yet reached in their experiments. The 
increase of Ag at the surface would cause a decrease 
in the number of active sites necessary for the H 2 
dissociation and association reactions. 

At 400°C, an experiment has been performed 
with a variation in the hydrogen fraction in the 
feed from 0.1 to 0.3 mol/mol, at a feed flow rate 
of 1000 ml/min (Fig. 6). The hydrogen flux 
depends linearly on the driving force (PH2 retentate-- 
Pm permeate ). S i n c e  this is not according to Sieverts 
law, the flux is not limited by atomic diffusion. 
The linear dependency on hydrogen concentration 
is in agreement with the explanation given above 
for the change in permeation limitation. 

To determine the influence of the mass transfer 
resistance in the gas phase on the overall H 2 perme- 
ability, the feed flow rate has been varied between 
300 and 1000 ml/min, while the other variables are 
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Fig. 5. Hydrogen permeability as function of temperature 
and time. 
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4 2 2  F.C. Gielens et al. / Desalination 147 (2002) 417-423 

kept constant: 20% H 2 in He, 400°C, 300 ml/min 
flow rate of sweep gas. The average H 2 permeability 
increases by a factor of 2 upon an increase in the 
flow of a factor of 3.3 (Fig. 7). From computational 
fluid dynamics calculations it is expected that the 
mass transfer resistance would reduce the perme- 
ability by 30% only. Therefore, it is expected that 
more processes than only mass transfer in the gas 
phase are involved in the variation of H 2 perme- 
ability with feed flow rate. The migration of Ag 
might have an amplifying effect on the permeability, 
as a small change in H 2 permeability causes a 
change in the Pd/Ag equilibrium, which sub- 
sequently has an effect on the hydrogen permeability. 
In addition, impurities at the membrane surface 
might be removed by the larger feed flow. 

In Fig. 8, the measured fluxes are compared 
to fluxes found in the literature. The comparison 
is given in two different flux definitions; in the 
left graph the flux per driving force is defined as 
mol Hz/m2.s-bar, while in the right graph it is 
expressed per bar os. In the temperature range 
measured here, the fluxes per driving force are 
high as compared to the values found in the 
literature. Extrapolation of our results to higher 
temperatures yields identical fluxes as found by 
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Fig. 7. Hydrogen permeability as function of  the feed f low 
rate. 

Franz and Jensen [14], also using micro-system 
technology to fabricate the membranes. 

From each sample taken, it is possible to detect 
a leak during the permeation experiment from the 
He concentration. However, no Helium was found 
during the experiments. Therefore, in order to 
calculate a minimum selectivity of  H 2 over 
Helium, the detection limit of the GC for He is 
used as the maximum He concentration. At a H 2 
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tool  f rac t ion  o f  0 .2 in the feed,  the ca lcu la ted  

m i n i m u m  select ivi t ies  are 30 and 1500 at 350°C  
and 450°C,  respect ively .  These  ca lcula ted  values  

cou ld  have  been  m u c h  h igher  when a G C  with 

l ower  He de tec t ion  limit was  used.  Therefore ,  it 
is imposs ib le  to g ive  a quant i ta t ive  d i scuss ion  
about  the p resence  o f  pinholes .  
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