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Abstract

The application of thin hydrogen-selective membranes suffers from the occurrence of pinholes and a significant resistance to mass transfer
in the porous support. To overcome these problems, Pd, Pd/Ag and Pd—Ta—Pd membranes with a thickness between |0n laank1.2
been deposited on a dense and smooth surface of a silicon wafer. After membrane deposition, the underground has been etched to release tt
membrane surface fortpermeation. Membranes have been prepared withm thick microsieve as the support or without support. The
prepared membranes have been characterized bytladHHe flux as a function of temperature (623-723 K) and feed composition (0 <
pH2 < 0.83 bar). The highestHlux, 3.6 mol H/(m?s), has been found with a microsieve-supportgahithick Pd/Ag membrane at 723 K
and 0.83 bar hydrogen partial pressure. The fluxes measured here are approximately one order of magnitude higher than the fluxes reportec
in the literature for Pd or Pd alloy membranes deposited on porous supports. Moreover, helium could not be detected in the permeate, thus
indicating the absence of pinholes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction maintaining a high selectivity will reduce the required mem-
brane area and therefore the membrane investment costs.
Palladium (Pd) membranes are selective for hydrogenand During the past decades, the flux has already been in-
have been used to produce ultra pusdH. In processes like  creased significantly by decreasing the membrane thickness
dehydrogenations, steam reforming of methane, or the waterfrom about 1 mm to micrometers and even sub-micrometers
gas shift reaction, the application ofldelective membranes  [8]. However, the increase in flux by reducing the membrane
has also been studi§?} 3]. Inthese processes, the membranes thickness has its limits, as sub-micron membranes do have
are used4] to improve the single pass conversion by remov- a high flux but poor mechanical strength. Additionally, mass
ing Hy from the reaction zonfs]. Alternatively, the process  transfer resistancesin the gas phase atthe retentate side and in
conditions can be set milder without a loss in conversion, the porous support can become limiting factors. Although the
thus reducing the formation of by-products. The membrane specific resistance in the supportis relatively low as compared
can also be used in hydrogenation reactions as inter-stagdo that of the membrane layer, the filux can significantly be
H» feed to improve the yiel{5]. However, application of Pd  limited due to the thickness of the support. Moreover, resis-
membranes on a large scale is still expensive, thus requiringtances can occur at the interface between the Pd surface and
a significant cost reductidiT]. Increasing the biflux while the bulk where H atoms are entering or leaving the bulk Pd,
or at the interface of the gas phase and the membrane surface
* Corresponding author. Tel.: +31 40 2474956; fax: +31 40 2446104,  Where b dissociates at the feed side and H atoms have to
E-mail addressf.c.gielens@tue.nl (F.C. Gielens). associate at the permeate sjelg
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The reduction of the membrane thickness is not only lim- <110> Si wafer double-side polished
ited by the mechanical strength, but also by the formation
of pinholes during fabrication. To prevent pinhole formation,
it has been advised to prepare membranes with a thickness Si <110> covered with 1 um SiO,
equal to at least three times the diameter of the pores in the
top layer of the suppoitL0]. Moreover, as it is well known Si<110>
that ceramic porous supports are seldom defect free, this will U After <111> direction finding, narrow slits are patterned
also decrease the selectivity of the supported membranes. on front side, followed by SiO, etching in BHF

P ———

In this paper, microsystem technology has been used to in-
crease the hydrogen flux through Pd-based membranes and
to prevent the formation of pinholes during membrane fabri- , : o
catFi)on. The fabrication and Eharacterizati(?n of three different KOH etching until 50 um silicon left
membrane materials will be presented: pure Pd, Pd/Ag alloy,
and Ta coated by Pd, respectively. Each of these membranes Dssiositioner1 1 Pa/AG (vough stade mask)
has specific advantages and disadvantages. Pd is a simpleg P £ 9 9
system to study, but undergoes @3 phase transition be-
tween room temperature and 573K.]. Pd/Ag has a higher T

H> permeability than pure Pd; the highest permeability for ~ Wet etching through Si wafer until SiO; film is exposed
Pd/Ag at 673K can be obtained with an alloy composition ( Pd/Ag side is protected by special chuck )

of 77/23 wt.% Pd/A12]. A disadvantage of Pd/Ag mem- ﬁ ﬁ ﬁ

branes, however, is the decreased Pd content at the surface,

which can limit the H flux because of the poorer ability of Release of Pd/Ag membrane by BHF ( remove SiO, and Ti )
Ag to dissociate/associateoldompared to Pd. A Pd coated

membrane consists of a material that is more permeable for

H>than Pd (andis preferably cheaper). This material is coated

atboth sides with athin Pdlayer. Inthis study, we use Taas theFig. 1. Schematic view of the followed steps to manufacture a free-hanging

more permeable materidl3]. The Pd coating is necessaryto  membrane.

allow for the dissociation and association of & the mem-

brane surface and to prevent oxidation of the Ta surface. Thethe imprints with BHF dry etching. When the Si@rotec-

Pd coated Ta membrane is expected to have a better permetion layer was removed, apertures could be etched with KOH

ance than a Pd/Ag or Pd membrane with the same thicknessinside the wafer. The wet etching was stopped after the aper-

but only in a certain temperature range. At low temperatures tures reached a depth of 30fn. A Si layer of 5Qum re-

the surface reaction limits the permeation rate, so that theremained to give sufficient mechanical strength for the next

will be no advantage of the high permeability. At too high step. Subsequently, the actual membrane, Pd or Pd/Ag alloy,

temperatures, however, Ta will have a lowerpérmeability ~ was deposited by (co)-sputtering through a shadow mask on

compared to Pd or Pd/Ag due to the negative temperaturethe other side of the wafer, using titanium (Ti) as an adhesion

dependency of the Hpermeability of Ta. layer. It has to be noted that at this point in the procedure the

Membranes have been prepared with jani thick mi- underground is still closed, which is a large advantage to pre-

crosieve as a suppdit4] or without such a support (‘free-  ventthe formation of pinholes compared to depositing metal

hanging’). The microsieve as a membrane support has alsdayers on top of a porous material as discusse8ention

been applied by Franz et 15]. 1. After deposition, the remaining S0m silicon is removed
with KOH etching, followed by releasing the membrane layer
by etching the Si@and Ti layer with BHF. IrFig. 2a, the top

2. Experimental view of the aperture side is given; the white part in the middle
of the aperture is the Pd (alloy) membranefig. 2b, a SEM
2.1. Manufacturing of free-hanging membranes micrograph is given of the cross section of the apertures.

For all membranes described in this paper a double-side2.2. Manufacturing of microsieve-supported membranes
polished silicon substrate with crystallographic ¢utl 0
served as the basis. These substrates, called wafers, were The manufacturing of the microsieve-supported mem-
350m thick and 3in. in diameter. A lm protective layer branes deviated in some steps from that of the unsupported
of wet-thermally oxidized Si@was deposited on both sides membraneFKig. 3). First, a 0.3um protective layer of SiQ
of the wafer Fig. 1). After precise alignment to thil 1 1) was deposited on both sides of the wafer, followed by
crystal direction, parallelogram-shaped structures qi25 a 0.7um SiN, layer. Parallelogram-shaped structures of
x 1250pm were imprinted on one of the SiQayers by 350pum x 2100um were imprinted on the JN, layer on
standard photolithography. The Si@ayer was removed at  one side by standard photolithography. The long side of the
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tion inside the waferKig. 4a). The wet etching was stopped
after the apertures reached a depth of 360 again to give
a '\;g;‘m‘]”e enough mechanical strength in the subsequent step. In the
Aperture - | 2 remainder of this paper, this side of the wafer will be referred
” 1250 pm, | G to as ‘aperture side’, whereas the other side of the wafer will
— be referred to as ‘microsieve side’.
At the other side of the wafer, the microsieve side, a pat-
tern of circular openings of dm in diameter was imprinted
on the SN, layer (Fig. 4b), followed by dry etching of the
SixN, layer. The SiQlayer was leftintactto preserve a closed
layer, in order to avoid the formation of pinholes during sput-
tering of a Pd/Ag layer inside the aperture at the Sigyer
of the microsieve in a later step. From the results of van Rijn
b:Cross-section A-A  Aperture et al. [16] and the aperture width, it can be expected that
the microsieve can withstand a pressure of at least 4 bars. In
the next step, the remaining p®n Si in the parallelogram-
shaped apertures was removed by KOH etching, followed
by sputtering of the membrane material onto a surface area

sh
e of 18 mm x 18 mm at the aperture sid€i. 4a). Besides
the bottom of the aperturé-ig. 4b), which later forms the
actual membrane, also the sidewall of the aperture and the
Mt wafer area around the aperture were covered by the mem-

brane material during sputtering. Tong efall] showed that

a 0.5umthick Pd/Ag membrane supported by microsieve can
Fig. 2. Two photographs of the free-hanging membrane: (a) top view of withstand a pressure of 4 bars at room temperature, which is
the aperture side; (b) SEM picture of the cross section perpendicular to the g fficient for industrial applications like the dehydrogenation
apertures. processes of alkanes and ethylbenzene. Prior to the sputter-

parallelogram was aligned to thi¢ 1 1) direction of the Si-  ing of membrane material a Ti layer was sputtered to obtain
wafer. The SiN, was removed at the imprints by dry etching @ good adhesion between the gi@hd the membrane layer.

(reactive ion etching, RIE). After the Si(protection layer  In the final step, the SiPand the Ti in the circular openings
was removed, apertures could be etched with a KOH solu- at the microsieve side were removed with BHF to release the

<110> Si wafer double-side polished

Deposition of 0.3 um SiO, and 0.7 um SiN

—

Selective removal of SiO, and SiN with dry etching

;] ——

KOH etching to create apertures

Open windows on back-side, Dry eth —TSEN

Remove Si completely by KOH, etch stop at SiO,

g Co-sputtering of Pd/Ag membrane layer

Iy I Iy W—

Fig. 3. Schematic view of the followed steps to manufacture a microsieve-supported membrane.
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Fig. 4. Two photographs of the microsieve-supported membrane: (a) top view of the aperture side; (b) SEM picture of the membrane layer depasfited on top
the microsieve (the membrane layer was partly removed to show the microsieve).

membrane area at the microsieve side. A detailed descriptionthick borosilicate plates by a four-electrode anodic bonding
of the production of both the free-hanging and microsieve- (Fig.5). Prior to bonding, two holes were drilled in each glass

supported membranes is given by Tong ef8—-20] plate to serve asthe inletand outlet of the gas flow at both sides
. - of the membrane. Additionally, transport ducts were powder
2.3. Metal film deposition blasted in the borosilicate plate to transport the gas from the

inlet over the membrane towards the outlet, for which two dif-

Pd, Ag and Ta targets were used to fabricate the threeferent designs have been used. In the first design, each glass
membrane types that are describecsection 1 The purity  wafer has one large duct (width 18 mm, length 30 mm, depth
ofthe targets was 99.99 wt.%. The firsttype of membrane was0.2 mm) in which the gas flows over the waféid. 5). As
fabricated by single cannon sputtering of ajlrtd Pd layer  a consequence, the gas at the aperture side of the membrane
ontop of the SiQ layer. The Pd/Ag alloy membrane was fab-  has to diffuse through a stagnant layer in the apertures. The
ricated using two ion cannons. The use of two separate ioneffectiveness of K transport can be improved by changing
cannons enables to sputter Pd and Ag simultaneously withthe duct pattern design of the glass plate at the aperture side as
a homogeneous Pd/Ag composition as a result. By changingin the second design, consisting of four parallel rectangular
the operating conditions of the two sputter cannons, all pos- ducts that are connected to the inlet and five parallel rectan-
sible alloy compositions can be obtained. The Pd/Ag ratio of gular ducts connected to the outl€id. 6). The two groups
the membrane was adjusted by using a previously obtainedof ducts are connected in the module via the apertures in the
relation between sputtering parameters and final Pd and Agwafer. This reduces the mass transfer resistance in the gas
concentrations. Membranes with alloy compositions close to phase, although at the cost of some additional pressure loss.
the optimum of 77/23 wt.% Pd/Ag were made. The thickness At the wafer side without apertures the glass plate is identical
of the Pd/Ag membranes was varied from 0.5 toyin2 to the first design. The modules with forced flow trough the

The Pd-Ta—Pd membrane was obtained by sequentialsiits are referred to as ‘Pd-ff’.
sputtering from a Pd and a Ta target. First, ajn2 layer
of Pd was sputtered on top of the Si®@llowed by a 0.6.m
layer of Ta, and finally a 0.2m Pd layer was sputtered on
top of the Ta layer.

2.5. Characterization of membranes

The Pd/Ag ratio of the membrane was confirmed by mea-
2.4. Module fabrication suring a sample by X-ray photoelectron spectroscopy (XPS,
Quantum 2000 Scanning ESCA Microprobe). The sample

A membrane module was developed for laboratory appli- was prepared by sputtering a Pd/Ag layer on a Si wafer at
cation by bonding the processed Si-wafer between two 5 mmconditions identical to those of the membrane fabrication.
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The module:
Si wafer between
two glass plates

Apertures in
Si wafer

N, A-A cross-section

Luu-ml-mu-ou — Microsieve side

= — Aperture side

Fig. 5. Photograph and schematic drawing of the membrane module design without a forced gas flow through the slits. The gasses flow over the wafer and H
transport to the membrane is mainly based on diffusion.

The Pd/Ag ratio at various depths was also determined with He and N was 99.999%. The absolute pressure of the re-

XPS measurements. tentate side was controlled by a pressure controller and was
The thickness of the membrane was measured using aset slightly above atmospheric pressure. The trans-membrane

Dektak surface profiler and scanning electron microscope pressure was kept below 20 mbar. The permeance and selec-

(SEM, Jeol JSM-5600). The Dektak surface profiler could tivity were determined by measuring the ldnd He con-

only measure the thickness of the Pd/Ag layer at the surfacecentration in the N stream by a GC, equipped with a ther-

of the wafer at the aperture side. However, after breaking the mal conductivity detector (TCD). More detailed information

wafer, it was possible to determine the Pd/Ag layer thickness about the experimental set-up has been given in a previous

inside the aperture on the microsieve by SEM. paperq21].
The permeance and selectivity of the membranes were To investigate the influence of the activation step, three
determined using the experimental set-up showRim 7. membranes were not activated, while the other membranes

The retentate and permeate side were continuously flushedwere activated for atleast 3 h atatemperature of 673 or 723 K,
the retentate side with a known mixture of lnd He, and respectively, depending on the operating temperature of the
the permeate side withNAIl gas flows were regulated by first experiment. During activation, a mixture of 20/80 vol.%
mass flow controllers. The retentate and permeate flow ratesH,/He was fed to both the retentate and permeate side of
were varied between 100 and 1000 ml/min. The puritygf H  the membrane. The activation state of the membranes used

A Duct in

Si wafer

Wf?/"/“////// Z 2
AV AL

¥/ / Layer 1, borosilicate plate % Gas flow perpendicular under paper
I Layer 1, ducts in borosilicate plate @ Gas flow perpendicular above paper
[ ] Layer 2, Siwafer

[ Layer 3, Pd membrane

Fig. 6. Photograph and schematic drawing of the membrane module design with a forced gas flow through the slits (ff). The gasses are forced through the
apertures in the wafer, which results in a lower mass transfer resistance than in the design $tigwi in
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Fig. 7. Schematic drawing of the permeation setup.

and the properties of the membrane modules are summarizedy the Dektak surface profiler and by SEM for two mem-
in Table 1 After activation (or directly at the start of the branes. The results of the three methods are in agreement
measurement if no activation was carried out) pure He was fedwith each other. The composition and homogeneity of the
to the retentate side and pure té the permeate side in order prepared Pd/Ag alloy samples measured by XPS equal the
to detect any He leak through the membrane. During the leakintended concentration of Pd and Ag.
test a trans-membrane pressure of 50 mbar was applied and A microsieve-supported membrane without glass packag-
four samples were taken. Hydrogen permeation experimentsing has also been examined by SEM. Three different magni-
were carried out at 623, 673, and 723 K, respectively, and thefications of the microsieve side are showrHig. 8 As can
H» partial pressure in the feed was varied from 0 to 0.83 bar. be seen in the SEM pictures, microsystem technology is a
For each condition, at least four samples were taken at a ratehighly precise technology, able to produce very uniform per-
of 4 sample/h. forations. The total perforated area is 20% of the area that
covers the apertures. The free membrane surface is approx-
imately 10% larger as a result of under-etching in the;SiO
layer (Fig. 8C), which has been included in the flux calcula-
3.1. Membrane layer characteristics tion. The free membrane area can be chosen larger but this
would have induced large variations in the #tiving force

The membrane thickness as givenTiable 1lis derived along the length of the membrane due to the increase of the

from the sputtering conditions, but has also been measuredHz concentration at the permeate side. This would complicate

3. Results and discussion

Table 1
Properties of the various types of fabricated membranes and modules characterized in the permeation setup
Membrane identification Activated Forced flow Thicknegs| Microsieve Composition (wt.%)

Pd Ag
PdAg-ms1 Yes No 0.7 Yes 78 22
PdAg-ms2 Yes No 0.5 Yes 77 23
PdAg.1 No No 1.2 No 78 22
PdAg2 Yes No 0.7 No 78 22
Pd-ms No No 1.0 Yes 100 0
Pd-ff_1 Yes Yes 1.0 No 100 0
Pd-ff_2 Yes Yes 1.0 No 100 0

PdTaPd No No 1.0 No Pd(0am)-Ta(0.6am)—Pd(0.3.m)
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Fig. 8. Three SEM photos of the microsieve with magnifications: (A)<50
(B) 10,000«, and (C) 25,00€. The extra membrane area created by under-
etching is clearly visible at photo (C).

the interpretation of the permeation results. In the following,

the flux is defined as the molecular hydrogen flow through
the membrane divided by the free membrane area.

3.2. Permeation characteristics

In Fig. 9, the measured HHflux in time is given for PdAg-
ms1, PdAg2, Pd-ff1, Pd-ff2 and PdTaPd at 0.2 baroH

partial pressure in the feed. The fluxes of all membranes ap-

1.2 T T T T T T T T
A PdAg-ms_1 723K
v PdAg-2 723 K
1.0 Y Pd-ff_1 723 K A
O Pd-ff_2 673K |
<& PdTaPd 673 K
0.8 ]
A, AR

Flux (mol H,/ m® - s)

0.0 . T

T T T T T T
0 50 100 150 200
Time (h)

Fig. 9. Hydrogen flux as function of time for different types of membranes
and modules. The feed consists of 0.2 baradd 0.8 bar He.

for which the flux decreases after a slight increase at the start.
It seems that the PdAB, Pd-ff 1 and Pd-ff2 still have not
reached a steady state after more than 50 h at one process
condition. In addition, the K fluxes are rather low with re-
spect to the membrane thickness. Most likely the surface of
the membrane was not well activated prior to the shown mea-
surements. A continued activation by Huring the measure-
ments reduces the amount of contaminants at the Pd surface,
resulting in a flux increase. A further analysis will be made in
the next paragraphs. Helium could not be detected in the per-
meate for the pure Pd and Pd/Ag alloy membratig.(10, so

that the selectivity of membrane Pdiffand PdAg-msl are

in excess of 1500 or 2000, respectively. This indicates that
these membranes are pinhole free or close to pinhole free.
For the Pd—-Ta—Pd membrane, some He could be detected in
the permeate almost from the start of the experiment. The He
leak increased by a factor of 10 in four steps. We have no
explanation yet for the strange combination of decreasing H

0.015 T T T T T T
PdAg-ms <He DL
PdAg_2 <HeDL
Pd-ff_1 <He DL
Pd-ff_2 <He DL
» <& PdTaPd >
- 0.0104
e &
~
[0}
T
g
0.005 R
x §
=
(TR
i ““Detection Limit (-D'L)-fo.r He ~~ T "7
0.000 + T T T T T T T T
0 50 100 150 200

Time (h)

pear to increase in time, except for the Pd—Ta—Pd membrane Fig. 10. Helium flux during the same experiments as showfigno.
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flux and increasing He flux of the Pd—Ta—Pd membrane, but 1.2 N —
the measurement inaccuracy can be excluded as a cause. | Temperature 673K ]

Ward and Dad9] have presented a permeation model 1.04 4
. . . . .. A PdAg-ms_1 .
including the various transport steps describe8éation 1 v PdAg_1 A
Based on this model, a flux of 2.5 mobKim? s) would have ? o8l © Pdms
been expected for a 1dn Pd membrane at the conditions
used in the experiments, whereas for the Pd/Ag membranes
even highervalues are predicted. Moreover, from this analysis
it would follow that the transport step that limits the Hux
is diffusion through the actual membrane layer.

The measured #flux through the membrane can be de-
scribed by

)

0.6- rd §

0.4 - o |

Flux (mol H, / m*
D>
0

0.2+

7 n 0.0 —pb":ff": """ % ——
Jhp = P(T)(Pliret — Plipperm) 1) 0.0 0.1 0.2 0.3
P

H, feed I:>H2 permeate (bar)

in which Jy2 is the K flux, P(T) the permeance, angh,ret (a)
and P prem are the H partial pressure at the retentate inlet 4
and permeate outlet, respectively. The value of the exponeni | Temperature 723K
n depends on the transport step that limits the hydrogen flux. ] o
Based on calculations the mass transfer resistance in the ga 1 v PdAg_1 1
phase is excluded as a limiting step. If diffusion through the 3'_ 8 Eﬂﬁi’;z o |
membrane limits the fluxy will be equal to 0.5 (Sievert's

law). If surface reactions at the retentate side limit the flux,
n will be unity, whereas when both transport steps are re-
sponsible for flux limitationsn will vary between 0.5 and
1.0.

The results of the experiments with varying ébncentra-
tion in the feed are given iRig. 11a and b at 673 and 723K,
respectively. The measured flux is plotted against the differ-
ence in b partial pressure of the feed inlet and the permeate
outlet. FromFig. 11, it can be observed that some spread oc-
curs between the series of ascending and descendifegeé 0) P e P
concentrations.

To determine which step limits the;Hransport rate, the  Fig 11, Hydrogen flux as function of the hydrogen partial pressure in the
measurements with varyingieed concentrations have been  feed: (a) measurements at 673K; (b) measurements at 723K (the lines are
fitted to Eq. (1)to obtain the corresponding value wfand to guide the eye).
the confidence intervals (s@able J. As expected from the ) .
flux behavior presented ifig. 9and from the values of the ~ UPon the H partial pressure can be larger than proportional
exponennin Table 2 the permeation through the membrane (n>1). o )
is mainly limited by h surface reactions. In the case of the ~ When the rate determining step remains the same over
Pd membrane, the Hpermeation is partly limited by the the_ temperature range mves_trgated ar"td the number of free
diffusion through the membrane at 723Ki¢ smaller than  active sites for surface reactions remains constant, the tem-
1), whereas at 673K the relative influence of diffusion is Perature o!ependence of th'e permeance can be described by
hardly noticeabler(is close to 1). an Arrhenius-type of equation:

In the case of Pd/Ag alloy membranes, evalue Ia_rger than P(T) = Cexp E/RT )

1 has been found far. A possible explanation for this phe-

nomenon could be surface segregation. The occurrence ofin whichP is the permeanceé; the pre-exponential constant,
surface segregation has been found for Pd alloys like Pd/Ni R the gas constant, the operating temperature akds the

and Pd/Rh[22,23] Additionally, the adsorption of gasses activation energy of the rate determining stéq. (2)implies

at the metal surface can influence the degree of segregatiorithat a plot of the logarithmic flux values against the reciprocal
[24]. Shu et al[25] found that the presence of hydrogen in temperature should result in straight lines. Deviation from a
the gas phase will repress the preference of Ag for a locationstraight line indicates that the activation energy for hydrogen
in the surface. Because more Pd will be present at the surfacdransport changes, i.e. the limiting transport step changes. In
at increasing H partial pressure, more active sites will be Fig. 12 the measured fluxes at 623, 673, and 723K are plot-
available for the necessary surface reactions to adsorb anded against the reciprocal temperature for four membranes.
desorb H from Pd. As a result, the dependency of the flux For the pure Pd membrane, the relationship between loga-

T T T T T

)

2

Flux (mol H,/ m

I 0.4 0.6 S 0.8
(bar)

H, permeate
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Table 2

Permeances and exponentsdalculated by non-linear regression of the measured data obtained from permeation experiments with yaayitigl Hressures
in the feed andeq. (1)

Membrane Temperature Stable flux Permeance (mol S.D. (mol n S.D.
identification (K) Ha/(m? s bat)) Ha/(m? s bat'))
PdAg-ms1 673 No 4.15 0.54 1.19 0.11
PdAg1 673 Yes 0.75 0.09 121 0.08
PdAg 1 723 Yes 2.09 0.14 1.23 0.05
PdAg2 723 No 4.79 0.07 1.20 0.05
Pd-ms 673 Yes 1.74 0.14 0.96 0.06
Pd-ms 723 Yes 1.80 0.14 0.80 0.07
T (K) Cleaning the surface with steam or oxygen can provide
725 700 675 650 625 ways to revert the rate limiting mechanism from slrface
T T 1 ' ' ; reactions to diffusiofi27].
Feed: 20% H,
10°4 80% He
] 3.3. Comparison to literature
0
o In Fig. 13 the permeances of the membranes fabricated
f with microsystem technology are compared to Pd and Pd/Ag
- 107 | alloy membranes deposited on porous substrates. All per-
° ] —=—PdAg-ms_1 series 1 ] meances are calculated basedrnon 1. The microsystem-
E ] z ” ::::Z:g ) ] fabricated membranes give the highest permeances, even up
3 ] —a— PdAg-ms_2 series 1 SO\, ] to afactor 2.5 higher than for membranes deposited on porous
b | —v—PdAg_1 series 1 \I ] substrates if a membrane area of 25% of the wafer area is
o Pams seres taken into account. The permeance increases faster with in-
107 . 1.4” e e creasing temperature for the membranes presented in this

paper compared to the membranes from the literature. The
1000/T (1/K) difference in trend may be caused by the difference in lim-
iting transport step of the Hpermeance. In our case, the
Fig. 12. Hydrogen flux as function of the reciprocal temperature at a feed transport is limited by K surface reactionf28], which re-
partial hydrogen pressure of 0.2 bar for different membrane, types and mea-¢ its in a higher activation energy than if the transport is
surement series consecutive in time (the lines are to guide the eye). L . . )
limited by diffusion through the membrairj29]. Large in-
crements in permeance are still possible for these membranes
if the limitation in Hy permeation can be changed from sur-

rithmic flux and reciprocal temperature is almost linear for
both series, unlike most of the measured Pd/Ag membranes
thus indicating that the limiting transport step of the Pd mem-

brane does not change with temperature. The slope variations T(K)
of the Pd/Ag membranes indicate that the limiting transport 800 750 700 650 600 550 500
step changes with temperature for these membranes. Com- _ 10 —5—PdAg-ms_1  series1 ]
bining these results with the exponeras determined above, o ] ) \ —v—PdAg_1 series 1
. . . - ] >\L —O— Pd-ms series 1
it is plausible to ascribe the effect of temperature on Pg/Ag . ; le 4
membranes to a reduced number of free active sites causec_ 10 ' T ©
by surface segregation or by surface contamination. More- E Jaoo ., -~ \

. . . 4 B .. T A 3
over, this effect is so strong that it almost completely over- ~ e e T

H H H. H H H — 10"+ "—’—'—'o'::;;-.___
rules the expected diffusion limitation as it is predicted by g ] --e
Ward and Dao model. The effect of segregation can be ex- = 3
. . [0] J

cluded as cause for the differences between flux valuesinthe 2 | ]
consecutive series of PdAg-nis because the equilibrium 3 10 ';--o--pd/Ag, Az=5.5 um [25] - -
concentration of Pd and Ag is established in minutes. This £ 1% Pdaz=aium [26]
. ) 1 Pd, Az=10.3 um [27]
is due to the fact that only a few atom layers at the surface o 10° --@-- Pd/Ag, Az=177 nm [28]
are involved in the segregation procg26]. The observed 195 150 175 200

drop in the flux inFig. 12between consecutive series is most
likely attributed to increased surface contamination. Another
indication for surface limitation is that at 723K the flux Fig. 13. Comparison of membrane permeances presented in this work

for the 0.7um thick PdAg-msl is higher than of the 0.pm with other hydrogen selective membranes deposited on a porous substrate
thick PdAg-ms2 membrane. [31-34]

1000/T (1/K)
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