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Abstract

Composite Pd—Ag membranes supported on modified porous stainless steel substrates were prepared by sequential electroless plating. To impr
the stability of the Pd—Ag alloy, two different intermediate layersxeffe,0; andy-Al,05; oxides were employed as diffusion barriers. A new
activation method was also investigated which consisted in the impregnation of a layer of Pd supdi©d to generate palladium seeds. The
membranes were studied by XRD, Auger depth profiling, SEM and EPMA. They were tested in a gas permeation system to determine the hydroge
permeability and selectivity. The Pd—Ag/PSS membranes had a good thermal resistance. The membranes prepared with alumina diffusion barrie
exhibited lower ideal selectivity than the Pd—Agfe,0s/PSS. However, the former membranes had two times higher hydrogen permeability. The
Auger depth profiles did not show the presence of Fe in the Pd—Ag film, indicating thatAhg; layer effectively blocked the intermetallic
diffusion.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction responsible for the membrane not being completely pinhole-
free. The thermal expansion coefficient of stainless steel is close
The demand for hydrogen has increased in recent years sint@that of palladium. However, the atomic inter-diffusion of met-
it is essential for the production of clean fuel. Palladium-basedls between the palladium-based film and the substrate materials
membranes are very important for hydrogen production becausecurring at high temperature can deteriorate the performance
of their potential use in hydrogen purification or in membraneof the palladium alloy membrane. The application of a diffu-
reactorg1-4]. The hydrogen embrittlement of pure palladium sion barrier could inhibit the interface reactions between the
membraneg5] can be overcome by alloying palladium with neighboring layers. Nam and L§g] introduced an intermedi-
silver. In this way, thex—8 Pd—H transition temperature signifi- ate layer of silica as a diffusion barrier between the palladium
cantly decreases thus improving the membrane thermal stabilitglloy layer and the stainless steel substrate. They observed that
In addition, the presence of silver also enhances hydrogen pahe barrier modified the surface properties of the substrate,
meation flux with no detrimental effects on its selectiigy. such as pore size and roughness. Micro-structural rearrange-
The optimum silver concentration is in the region of 23 wt.% ments took place, which resulted in a decrease in the size or
silver[7]. number of pinholes and/or a decrease of the inter-crystalline
The structure of the support employed has a significant effe@pacing that forms diffusion pathways for nitrogen gas. The
on the permeance of the composite membranes. Nam[&f al. improved membranes were structurally stable and much more
found that the top layer features of the substrate strongly affecteefficient for hydrogen permeances than those without diffusion
the quality of the Ag/Pd deposit. Roughness, large pore sizéharriers. Wang et al[9] in a palladium membrane supported
and defects present in the substrate before deposition are largelyp porous stainless steel modified with zirconium oxide par-
ticles, found that the hydrogen flux was lower than that of a
palladium membrane prepared on a porous glass. The internal
* Corresponding author. Tel.: +54 342 4536861; fax: +54 342 4571162, Pores of zirconium oxide particles offer resistance to hydrogen
E-mail address: nfisico@fiqus.unl.edu.ar (L.M. Cornaglia). diffusion.
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Mardilovich and coworker$10] developed a controlled in  Tablel _ _ _ N
situ oxidation of the porous stainless steel prior to plating in ordefomposition of plating solutions and electroless plating conditions

to produce an oxide layer acting as a diffusion barrier betweeRrecursors and conditions Pd solution Ag solution

Pd and PSS. They claimed that,Og is the most desirable concentration concentration

oxide phase due to its high chemical stability under hydrogepgcy, (g/1) 36 _

atmosphere. However, a thick oxide layer was formed on thegnos (g/L) - 4.9

support oxidized at 800C. It was made of an iron-rich layer HCI (37 wt.%) (mL/L) 5.0 -

sitting on top of a mixed Cr and Fe oxide phase. NaEDTA (gL) 67 336
Among the methods developed to deposit Pd or Pd-alloﬂ;j‘lo('i 3)8 (V\r‘r/‘lt.LfL))(mL/ L) 61%0 6550

films, electroless plating gives uniform deposition on compleXremperature-(c) 50-55 45

shapes, produces hardness on the deposited film, and requikges ~11.0 ~11.0

very simple equipmeritL1]. Electroless plating has been used

to produce Pd and Pd alloy membranes on porous glass, alu-

mina[11] and porous stainless st¢&P]. Prior to the electroless substrate was dried at 11G and calcined at 50CC followed

plating of palladium and silver, the surface of substrates must biey a reduction in hydrogen flow during 2 h.

activated by seeding the metal nud&j. Conventional seeding The modified substrates [(i) and (ii)] were activated by the

involves immersions in acid tin and palladium solutions. Previ-conventional Pd—Sn activation proced(ig¢. The PSS mem-

ously, Lietal[13] developed a preparation technique to pre-seedranes were plated using a sequential deposition of Pd and Ag

palladium nuclei on ceramic substrates, by which the sensitiby electroless plating. First, two depositions of Pd were applied,

zation and activation processes could be omitted-Al,03  followed by one deposition of silver and then another Pd layer

layer was deposited on the surface of the alumina support by theas plated. This complete process was repeated twice to obtain

sol-gel technique employing a sol modified with a palladiuma sufficiently high coverage of the Pd—Ag film. The composi-

chloride solution. The authors found that the Pd nuclei tightlytions of the electroless plating baths are showTahle 1 After

adsorbed on the-Al O3 top layer were evenly distributed, well deposition, the as-deposited membrane was rinsed with deion-

dispersed and exhibited high catalytic activity. Consequently, thized water and then dried in an oven for 10h at 1400 The

rate of palladium deposition was greater over the Pd modifiethembranes were heated in a helium flow at 85@luring 72

v-Al>03 top layer. or 120 h. Before the first measurement of hydrogen permeabil-
In the present work, we investigated the improvement of théty, the membranes were activated in a hydrogen flow for 8 h at

structural stability of the Pd—Ag composite membranes by intro400°C.

ducing three different diffusion barriers, i.e. thin layers of either

a-F&0s, y-Al203 or Pd activatedy-alumina. The membranes » > ¢pas und EPMA characterization

were characterized by XRD, SEM, Auger electron spectroscopy

(AES) and permeation measurements.

The morphology and microstructure of the Pd—Ag film was
imaged using a scanning electron microscope JEOL, model
JSM-35 C, equipped with an energy dispersive analytical system
(EDAX) for microprobe analysis.

2. Experimental

2.1. Membrane synthesis
Employing the electroless plating method, palladium and sil 2> Auger depth profile
ver were deposited on the outer surface of the porous stainless

steel (PSS) support tube provided by Mott Metallurgidl]. Measurements were performed in a commercial ultra high

The stainless steel tube was 40 mm in length with an outsiggacuum (UHV) surface analysis system with a base pressure

diameter of 10 mm and a wall thickness of 1.6 mm. The averagm'i.1 th? 101(_)1-0” range. D|ffere_nt|a_ted A_uger spectra were
pore size was 0.2m. Prior to deposition, the PSS was welded toagquwed usinga smgle-gass cylindrical mirror analyzgr (CMA)
a non-porous stainless steel tube and then the support was s jth a resc_)lutlon of 0.6% and.x’p_p modulatlon_ amplitude.
icated with acetone to remove organic contaminants and dirt. c exper!ment was accomplished by sputtering the sample
Afterwards, the support was modified employing different pro_s_urfa_ce using a 5 ke_\_/ Arbeam. The Auger peak areas of the
cedures: (i) The cleaned support was oxidized with air aP&0 Kinetic energy transitions 318.0-341, 342-366.0, 680731 and
for 12 h. The rate of heating and cooling during the oxidation550_500 eV were integraied and normalized o represent the

treatment was 1C/min. (i) The washcoat withy-Al,O3 was relat?ve qqantities of Pd, Ag, Fe and O, respegtively. A linear
performed using a suspension made up of 15 wt.%-8f,03 relatlon_shlp between the Auger electron intensity and the con-
(BUEHLER, 0.05.m) in acid deionized water (pH 4.5). Three centration was assumed.

successive dippings of the support were performed and after

each immersion, air was blown to eliminate the excess. After2.4. Optical microscopy

wards, the substrate was calcined in air at 80for 6 h. (i) The

washcoat of (de.A|2O3 was performed emp|oying a 15wt.% The membranes were observed using a NIKON OPTIPHOT
v-Al,03 suspension in acidic Pdg$olution (pH 4.5). Then, the  Zoom microscope connected to an FX-35DX NIKON camera.
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were used as permeation gases, including pure hydrogen, nitro-
T Feed inlet gen and argon and mi_xed fe_eds of Bhd Nb. All gases were
- =~ S fedto the permeator using calibrated mass-flow controllers. Feed
_J gases flowed along the outside of the membrane and the perme-
ated gases were measured in the inner side of the membrane. An
Ar sweep gas stream was introduced in the permeated side only
during the annealing process. A six-way valve connected with a
sample loop allowed for injection of either the permeate or the
retentate stream in the gas chromatograph unit SR1 8610C. The
composition analysis was performed with the aid of a molecular
sieve column and a TCD detector. Pressure differences across
the membranes were obtained using a back-pressure regulator to
vary the pressure on the upstream side and keeping the pressure
Membrane —————— constant downstream at 1 bar. The gas permeation rates were
measured using two bubble flow meters at room temperature
and pressure.

[+]

3. Results and discussion

3.1. Diffusion barrier formation

Three different diffusion barriers were used to condition the
surface properties of the porous stainless steel tube. These bar-
riers were applied to block the intermetallic diffusion of the PSS
components to the Pd—Ag film.

' Retentate

3.1.1. Oxides as diffusion barriers

The first barrier investigated was the formation of several
oxides by oxidation of the elements that make up the PSS sup-
port. The oxidation process was followed by XRD, SEM, Auger
electron depth profiling and optical microscopy.

Fig. 2a shows the X-ray diffraction pattern of the PSS sub-
strate. The reflection peaks a1243.6’, 50.8 and 74.7 are
assigned to thg-Fe (fcc) structure; the reflection peak at 44.7
could correspond to the-Fe phase. The substrate oxidation pro-

_" Permeate out

ﬁ cess at 800C leads to the formation of metal oxides. The XRD
Sweep gas in
Fig. 1. Membrane module scheme. ' ﬁ ¢
|
W‘WM | WORRPOTIN V0 VN | O o

2.5. X-ray diffraction

The XRD patterns of the films were obtained with an XD-
D1 Shimadzu instrument, using CuxKadiation at 30 kV and
40 mA. The scan rate was/min in the range 2=10-80.

2.6. Gas permeation measurements

Ll
Thermal treatments and gas permeation measurements were L ] J‘\
conducted in a shell-and-tube membrane module shown in . ' et T e e
Fig. 1L The open end of the membrane was sealed to the per- 40 50 60 70
. . 0
meator wall with Teflon ferrules. The permeator was placed in 26(°)
an electrical furnace and heated to the desired temperatures'l’ibg. 2. X-ray diffraction patterns of the porous stainless steel substrates: (a)

thermocouple within the membrane tube monitored and congyiginal substrate, (b) after oxidation in air at 8aD for 12h and (c) after
trolled the temperature during the experiments. Various gasegashcoating withy-Al,03. Symbols: @) a-Fe, @) y-Fe and (*)a-F&Os.
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pattern after this treatment is shownhig. 2b. The a-F&03 immersions in acid tin and palladium solutions. This pro-
phase is identified by comparison with the diffraction patterncess can introduce some impurities of tin onto the surface of
reported by Marchetti et aJ14]. Other minor reflection peaks the substrate. Kaliaguine and co-work§t$§] suggested that
are observed, even though they are difficult to be assigned. Thegtravalent Pd(IVV) oxides can coexist with tin on the acti-
could be related to oxides of the other elements of the stainlessated substrates. Note that Pd(1V) is inactive towards hydrazine
steel (Ni, Cr, etc.). oxidation.

To check the existence of a Cr-rich oxide layer, Mardilovich  In view of this observation, a new activation method was
and coworker$10] performed an EDS analysis on similar sam- assayed in this work. The palladium seeding was produced
ples. They found that the Fe/Cr atomic ratio remained constargimultaneously with the washcoating of the PSS substrate with
for the samples oxidized at 60C, whereas it increased dra- avy-Al2Os suspension and no tin salts were used. The PSS now
matically for the support oxidized at 80C, symptomatic of covered with the Pd supported on thé\l,O3 was calcined in
the presence of a Fe-rich oxide on the outermost layer. For thigir and reduced in flowing hydrogen leading to the formation of
high oxidation temperature, the thick oxide layer consisted of ahe activated diffusion barrier.

Fe-rich layer sitting on top of a mixed Cr and Fe oxide phase.  Optical microscopy was employed to compare this new bar-

Optical microscopy was employed to analyze the topologi+tier with they-AloO3/PSS support activated through the con-
cal differences between un-oxidized and oxidized PSS supportgentional method. The surface of theAl,Os/PSS after Pd
The surface of the original support was quite irregular, with sevactivation had a reddish brown color (pictures not shown) char-
eralvalleys and hills (not shown). The surface becomes smoothexteristic of the procedurd7]. The support change of color
when the substrate is heated at 80Q0in flowing air (oxidized confirms the activation process. The optical micrograph of the
support). support with the activated diffusion barrier shows a more impor-

The second investigated barrier was a washcoated thin layésint change of color, probably due to a higher dispersion of the
of y-Al203. Fig. 2c shows the diffraction pattern of the PSS sub-Pd nuclei on the-Al 03 layer.
strate after washcoating with a suspension-éi .03 (15 wt.%),
followed by calcination in air at 500C for 6 h. The XRD pat- 3 » Effect of annealing time over the formation of the
tern only shows the peaks due to th¢=e phase observed in p,_ _Ag alloy
the unoxidized substrate. NeAl ,Os reflections were detected,
probably due to the thinness of the deposited layer. Besides, at After the introduction of the oxide layers, Pd and Ag
this low-calcination temperature, a small proportion of Fe, Niwere sequentially deposited by the electroless plating tech-
and Cr oxides was observed. The thermal treatment led toamorgque. Three different kinds of membranes were prepared:
intensey-Fe peak suggesting an increase in the crystallinity ofPd—Agk-Fe,0s/PSS, Pd—Ag/-Al,03/PSS and Pd—-Ag/(Psh
this phase. Al;03/PSS.

To investigate the influence of the diffusion barriers on the |t is known that the formation of the Pd—Ag alloy proceeds
porous size of the substrate, permeation measurements were pgirough the atomic interdiffusion of silver and palladium after a
formed. The nitrogen permeabilitie$\(,) are summarized in  |ong-term annealing. The effect of annealing time over surface
Table 2 The modified supports show a significant decrease irlloy formation was studied over the PdaAgFe,03/PSS mem-
the permeability values compared to the original PS8a¢al.  brane. This membrane was cut in three fragments; two of them
[15] reported a He permeability of 58.2 émm~2min~tbar'  were annealed at 65C for 72 and 120 h, respectively. This
for the PSS substrate, and 11.3%m 2 min~tbar! for the  process was followed through XRD, SEM, EPMA and Auger
sintered support employing a similar oxidation treatment. Nangpectroscopy.
and Lee[5] in a stainless steel disk treated with Ni pow-
der and silica sol, found nitrogen permeances as high as
450 cnt cm—2 min~ 1 bar1, but their untreated substrate had an

average pore size of Ogam. The permeance of their substrate ‘
decreased around two orders of magnitude with the treatment. }
3.1.2. Activated diffusion barrier

The seeding of metal nuclei is important for the depo-
sition of a uniform film. The conventional seeding involves

Table 2 A . g %
Nitrogen permeabilitiesAy,) for the original and conditioned PSS substrate [U * |"n ' X

| I
Substrate Fn, (cm®cm 2min~1bar?) A ] IL,, oL
Original PSS 198.9 40 50 80 70
Oxidized PS8 87.4 20(°)
v-Al,03/PSS 40.6

Fig. 3. XRD patterns of the Pd—A@{Fe,03/PSS membrane before (a) and after
@ With air at 800°C for 12 h. (b) annealing at 650C for 120 h. Symbols:@) Pd, (*) Ag and @) Pd—Ag alloy.
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Fig. 4. Scanning electron micrographs of: (a) Pd-eAg&,03/PSS, (b)Pd—Ag/-Al,03/PSS and (c) Pd—-Ag/(PghAI ,O3/PSS.

Fig. 3shows the X-ray diffraction patterns of the Pd—Ag com-  Fig. 5shows the Auger depth profiles of the film constituents
posite membrane prepared on the oxidized support before andth time of sputtering. The elements were monitored simulta-
after annealing at 650 for 120 h. The 2 angle values corre- neously. The rate of erosion was estimated Airin. For the
sponding to the major reflection peaks for pure palladium [Pdample annealed during 72[i¢. 5a), the major component on
(111)]) and silver [Ag(111)] are@=40.7 and 38.2, respec- the external surface was Pd; neither Ag nor Fe were present.
tively (Fig. 3a). They are coincident with the peaks observedThis result indicates that no intermetallic diffusion of Ag and Fe
in the membrane previous to the thermal treatment. For theccurred after the short treatment, and that no alloy was formed.
annealed Pd/Ag film, the reflection peakdg. 3b) lie between For the sample annealed for 120 h, the contents changed as
those of pure metals, confirming that this layer is made up of dollows (Fig. 5b): during the first minutes of sputtering only
Pd—Ag alloy (fcc phase). O and Fe were detected; after that the Pd and Ag content

The alloy reflections exhibit a higher intensity and are betteincreased continuosly, keeping a Pd/Ag atomic ratio equal to
defined than those from Pd and Ag after deposition. The peaks. At approximately 500 min, the silver content remained con-
assigned to Pd are more intense than the Ag reflections dugtant with sputtering time, while the Pd signal kept increasing.
to the greater proportion of palladium in the film. Because ofThe Pd/Ag ratio reached a value of 3 corresponding to 25% Ag
this, the alloy peaks are displaced towards those of pure Pdt ca. 200G0. A long-term treatment of 120 h was needed to
Besides, the reflections correspondingatd-e0O3 phase are produce the Pd—Ag alloy formation at 6830. Fe and O were
observed. detected in all the depth analysed. The Fe/O ratio was constant

Fig. 4a shows SEM pictures of the surface after electrolessuggesting the presence of Fe oxide in the Pd—Ag film and the
plating and annealing for 120h. The surface morphology isnterdiffusion of the PSS components.
uniform and smooth. In the micrograph, two phases can be dis- Kaliaguine and coworkerfgl9] annealed the system under
tinguished, one darker than the other. Both phases present smhalldrogen flow to prevent membrane oxidation. However, the
pores. Hbllein and coworker$18] found a similar microstruc- interaction between hydrogen and Pd favours the segregation of
ture of the Pd film after permeation measurements at 800 Pdfromthe Ag/Pd layertoward the membrane surfa2g They

10 . 1.0 . 10 —— —
a
(a) (b) p—— (c) = Pd
—n O A
ogl T 4 08t o—Agl | o8t DE
[ = A 0
] .‘; A S *— Fe S
5 w o Ag = =
S 06w a0 {1 Zost 1 2 oef L
a | a ’/,I a .<,l
IS ] £ . IS k;
S S /./' S /
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E 04l 1 204t ot 1 o 04} -
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Fig. 5. Auger depth profiles for Pd—AgHFe,O3/PSS: (a) 72 h, (b) 120 h and Pd—AgAl,O3/PSS (c)120 h.
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Fig. 6. EDS curve for Pd—AgtFe,O3/PSS annealed at 65C during 120 h. Fig. 7. EDS curve for Pd—-AgtAl,03/PSS annealed at 65C during 120 h.

employed an ultrathin intermediate layer of titanium nitride . L

between Pd—Ag and the SS substrate. The Auger depth profilin s obtained by. OX|dat|_o n of the SS substract, obgerved a flux

indicated that those membranes were stable at temperatures crease following test!ng at 450.' Even t.h ough the|.r ch.ara(;—

high as 700C. terization results were inconclusive, the intermetallic diffusion
The EPMA results of the Pd—-Ag/Fe,O3/PSS external sur- was not ruled out.

face are shown ifFig. 6. The atomic composition was 46%

Pd, 33% Ag, 14% Fe, 6% Cr and 1% Ni. These results are id-4. Membrane performance

agreement with the XRD patterriSi¢. 30) and the Auger depth o _ _ _

profiles Fig. 5) supporting the intermetallic diffusion of the PSS~ Preliminary testing for defects due to pinholes were carried

constituents into the Pd—Ag layer. out at room temperature before annealing using nitrogen at pres-
sure differences up to 5 bar. Under these conditions, negligible

3.3. Effect of the oxide layers on the intermetallic diffusion values of permeance were obtained for nitrogen in all the mem-

of stainless steel components through the Pd-Ag alloy branes. This implied that the composite membranes were dense.

After the thermal treatment of the membranes the gas-

Fig. 5compares the thermal behavior of the membranes witightness ) was checked with plat temperatures up to 773K
intermediate oxide layers: Pd—AgAl,03/PSS and Pd—Agt and transmembrane pressures of 5 bar. Factea function of
Fe,03/PSS. Both membranes were annealed at€50r 120 h. substrate properties (surface roughness and average pore size)
The Auger depth profiling of the Pd—Agi/Al ,05/PSS shows a and preparation method and conditig@]. High p values are
homogeneous composition of Pd and Ag after 10 min of Sputte,usually necessary to secure high separation factors for composite
ing (Fig. 5¢). The Pd/Ag ratio was equal to 3, which correspondglembranes. The gas-tightness was found to be higher tian 10
to 25% of Ag atoms. This ratio near the surface was lower probfor Pd—Ag/FeOs/PSS, higher than £or Pd-Aghy-Al ,03/PSS
ably due to the difference in surface tension between the metal@nd Pd—Ag/(Pd)-Al203/PSS. According to Jun and L¢22],

No Fe was detected during the Auger depth profiling, indicating? 92s tightness of 2 10* unambiguously indicates that the gas
that the intermetallic diffusion was stopped with the depositionPermeation flux would come mainly from dissolved hydrogen
of the alumina barrier. in the palladium lattice.

This resultwas confirmed through EPMA analysis performed  After thermal treatment, the nitrogen permeation (not shown)
on the external surface of the Pd—AgAl ,03/PSS membrane increased with decreasing temperature and increasing differen-
(Fig. 7). The atomic composition was 63 and 37% of Pd and Ag,tial pressures in allthe composite membranes. Thisindicates that
respectively. The SEM micrograpkig. 4b) of the Pd—Agy- nitrogen permeation through the membranes is via a Knudsen
Al,03/PSS membrane shows a smoother and more homogélfoSion mechanism.
neous surface than Pd-Ad/eO3/PSS. Thus, the Auger and
EPMA results from Pd/Ag membranes annealed at €0 3.4.1. H, permeance
showed the alumina layer to be an effective intermetallic barrier. Fig. 8a shows the dependence of the hydrogen flux with the
Nam and Led5] also found that an intermediate layer of silica trans-membrane presssure differences at various temperatures
introduced as a diffusion barrier between the palladium—coppdor the Pd—Ag/FgO3/PSS composite membrane. The hydro-
alloy layer and the SS substrate improved the Pd—Cu compositgen flux increased with increasing temperature and differential
membrane permeabilities. pressure, as previously reported in the literature for Pd alloy

However, in the case of the-Fe,Os layer, the diffusion of composite membranes supported in a porous stainles§Sieel
Fe was observed. It is possible that the oxide layer was insuffifhe same trend was observed for the Pd-A&,03/PSS and
cient to avoid the intermetallic diffusion through the alloy film. Pd—Ag/(Pdy-Al,03/PSS membranes-ig. 8 and c). This is
Rothenberger et a[20], in membranes with diffusion barri- consistent with the solution-diffusion mechanism of hydrogen
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- v 500°C exponent will be higher than 0.5. An exponent value of 0.5 is
E 15| 1+ 990°C indicative of the hydrogen atoms forming an ideal solution in
"'g « >~D< palladium, thus leading to a diffusion-limited transport mecha-
E 10l . g X O a nism, while a partial pressure exponent value approaching unity
-;J +7 % O ., a 4 indicates that either a surface adsorption/dissociation or gaseous
s i ? ast diffusion process is limiting24]. Partial pressure exponent val-
= % ﬁé% Al ues in the range between 0.5 and 1.0 may be attributable to a
mixed transport mechanism involving both surface effects enter-
0 A T Z i I A ing and exiting the membrane as well as the hydrogen diffusion
AP (bar) process occurring with comparable rates. Results quoted in the
literature indicate that when very thin films are obtained, the
25 value of the pressure dependence is ufify]. However, for
(c) 20um or thicker, the pressure exponent does attain that for
= 204 « ¥ hydrogen atom diffusion of 0.86]. The present values af
E &% Vooox a obtained with a Pd—Ag thickness of 1626 are in agreement
T 45l f Vex O A A with the above conclusions for their intermediate thickness.
L 6? v x o * A 35000 The hydrogen flux values obtained for the Pd-AgM®BgPSS
E, 0 %ﬁ X g s O 400°G (Fig. 8a) are lower than those previously published. Yeung et
5 ] g X 8 X 450°C al. [27] obtained a hydrogen flux value of 19 8am—2min—1
o e* o= z’ S00°C at 723K using their Pd/stainless steel membrane. Dittmeyer
= 35 e%gﬂ o 2382 et al. [28], on the other hand, measured a hydrogen flux
‘g@ of 12.5cnfcm2min~! at 673K for a 5.m thickness pal-
0'0 T 7 ladium film deposited on a stainless steel subtract with a
AP (bar) pressure drop of 1bar. However, our results for Pd+Ag/
ar

Al,03/PSS and Pd-Ag/(P§hAl,O3/PSS membranes at the

Fig. 8. Permeation measurements at different temperatures for: (a) Rd—Ag/ Same temperature and pressure drop provide values of 6.5
Fe03/PSS, (b)Pd—Agy-Al,03/PSS and (c) Pd—Ag/(PghAl ,03/PSS.

and 9.4 crAcm~2min~1, respectively. Allowing for the 16m
thickness and the diffusion barrier of these membranes, they

through palladium membrang¢®3]. Under this condition, the are in reasonable agreement with the previously quoted results.
hydrogen flux should display a linear dependence on the diffetvalues as high as 20.5 éram~2 min—1 could be obtained in the
ence of the square roots of inside and outside pressures. THEl-Ag/(Pdy-Al,03/PSS membrane at temperatures of 523K
is confirmed inFig. 9for the Pd—Ag§-Al,03/PSS system. The and 2.2 bar of trans-membrane pressure.

same trend was observed for the other two membranes.

In agreement with the literatuif®,9], the lower hydrogen

Permeance results for the prepared membranes at differefitix of Pd—Ag/FeOs/PSS could be attributed to metallic inter-

temperatures are summarizediable 3 Flux values were plot-

diffusion between the Pd—Ag film and the stainless steel support.
The intermediate layer of-Al,03 would explain the increased

ted against Ry}, ot — PH, pe: €XPONeNk was allowed to float
to a “best fit” value. The values afare listed inTable 3 Xomer-  flux of H in the Pd—Ag#-Al,03/PSS. The Pd-alumina barrier
itakis and Lin[21] suggested that as thickness decreases, the Hmproved the surface properties of the substrate leading to an
permeation rate will reach a limiting value while the pressureeven higher hydrogen flux in Pd—Ag/(RdAI203/PSS.
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Table 3
Hydrogen flux (cri cm2 min—1 bar-1) andn values of the composite membranes
Membrane Temperaturé@)
350 400 450 500 550 600
Pd-Agh-Fe03/PSS h flow 2.69 3.86 5.40 6.70 - -
nd 0.55 0.52 0.52 0.46 - -
Pd—Agh-Al,03/PSS H flow 6.81 7.09 7.95 6.50 4.84 -
n? 0.51 0.59 0.59 0.59 0.69 -
Pd—Ag/(Pdy-Al,03/PSS H flow 19.50 14.71 26.58 21.92 39.12 25.95
n@ 0.52 0.71 0.51 0.70 0.46 0.66
& Wheren is the exponent in the Sievert's law expressign, = Fu,(P{ — Pp).
Another working parameter, load-to-surface ratio, was found . )
to have significant effect on the value of hydrogen flls is . iggg
defined as the ratio of flow rate of inlet gas mixture to the surface
. \ . 5000 N VIV o ¥ 450°C
area of the Pd membrane tube. Increasing this value would raise Tk xmy %y v g )
. 2 * v v 500°C
the produced hydrogen fliR9]. TheL/S ratio of our membranes S 40004 . x v
varies between 1.1and 1.2 m?. These areevenlowerthan ~ § . S
the lowest value reported by Lin and §&B]. They found for % s000 AT
anL/S=2.1mh 1m=2, aflux aslow as 0.33 chtm 2 min—1. g . Te o, L
. . . r'y
Thus, by increasing the'S ratio the hydrogen flux of our mem- = 2000 Moaaaiaa, s
. o A
branes could be improved. ps e
T 1000
3.4.2. Hj selectivity
Fig. 10shows the hydrogen ideal selectivity, defined as the 0 : ) ; T A A

ratio of the permeance of hydrogen to that of nitrogen under
the same trans-membrane pressure difference and temperature

in the Pd—-Agh-Fe03/PSS membrane. This ratio increasedFig. 10. Ideal hydrogen selectivities for the
with temperature and decreased with trans-membrane pres-

sure difference. This is consistent with nitrogen permeation by
Knudsen diffusion and hydrogen by solution-diffusion in the

LT ideal Selectivity

AP (bar)

4000 — 9
_ Bl Sclectivity in mixtures (a) AP = 1.5 bar
3000 = (b) T =400°C A
Ti (c) AP = 0.5 bar
(d) T = 600°C |
400 — a e
& ]
w 1 9¢:\| 1
= <
~ 300 = -
Z g
T S 2|
()] E &
200 - g @ 5 Ou 7]
g & * |
i S £
< T _
100 - %’ “__.: ;:3’
< =3 :
1135 < ® |
o hel —
~ o
0 + + + t t
Hollein et. al
a,b (a,b) (a, b) (a,d)
(a, b) (b, c)

Fig. 11. Ideal and mixture hydrogen selectivities for Pd-Ag membranes.

125

100

75

(HZINZ) Mixture

50

25

Pd-Ag/e,0O3/PSS membrane.



100 D. Yepes et al. / Journal of Membrane Science 274 (2006) 92—101

palladium film[23]. On the other hand, Pd—AgAl,O3/PSS  fer a less important decrease in the selectivity for binary

and Pd-Ag/(Pd)-Al,0O3/PSS showed lower ideal selectivity mixture.

than Pd-Agi-FeO3/PSS but they are comparable to that

reported by Hllein et al.[18] (Fig. 11). The present values of 3.4.3. X-ray diffraction of the membranes after permeation

selectivities are in the range of 500-5000 for temperatures ovey , . c.........c us high temperature

623K, reported by Nam et aJg] for the Pd alloy composite  after the permeation measurements, the three membranes

membranes coated onto stainless steel supports. were characterized by X-ray diffraction to study the sta-
A comparison between the ideal selectivity values and thOSBiIity of the Pd—Ag layer. The diffraction pattern for the

_for binary !—|2/N2 mixture are preser_1ted ffig. 11 Adrastic drop Pd—Agh-F&03/PSS Fig. 12a) exhibits the presence af-

in selectivity was observed, especially for Pd-&g7e,O3/PSS, Fe,O3 and the Pd—Ag alloy. However, the Pd—Aghl ,03/PSS

the selectivity decreased from 3248 to 106. A decrease in hydrog, g Pd—Ag/(Pd)-Al,05/PSS membranes only showed the

gen flux when mixed gases were used was also observed b¥fiections of the Pd—Ag alloyF{g. 12 and c). These results,

Li et al. [23]. Lee et al.[30] also found different permeation ygether with the values of permeance and selectivity, confirm

behavior for binary mixtures and simple gases. They concludeg, o key role of an adequate diffusion barrier in composite mem-
that, in the presence of hydrogen at high temperature, the oxidg ;nes synthesized on PSS.

layers of the surface of the ;tainless steel su.bstrate pould be The intermetallic diffusion would explain the lower hydro-
rgduced.Accordlneg, composite membranes with diffusion bar-gen flux and drastic mixture selectivity drop in Pd—Ag/

rier (Pd-Agh-Al20s/PSS and Pd-Ag/(P§hAI203/PSS) suf-  Fe,0,/pSS. The intermediate layer ofAl,O3 effectively
blocks this process, being responsible for the high values of
permeance and the less important decrease in the selectivity for
binary mixtures.

c The composite membrane with activated diffusion bar-
rier (Pd—Ag/(Pdy-Al,03/PSS) presented high hydrogen flux
(20.5cnt cm~2min~1), acceptable values of ideal selectivity
and high stability at temperatures up to 60

4. Conclusions

The synthesized Pd—Ag/PSS membranes showed a good
thermal stability. The membranes with alumina diffusion bar-
J L riers exhibited an ideal selectivity lower than the Pd-e&g/
FeO3/PSS one. However, thesHbermeability of the former
was two times higher. The Auger depth profile did not show the
b presence of Fe in the Pd—Ag film, indicating that #1é&I[,03
layer effectively blocked the intermetallic diffusion. The com-
posite membrane with activated diffusion barrier (Pd—Ag/i{fd)
Al,03/PSS) appears as the most suitable one for high tempera-
ture hydrogen separation and for use in membrane reactors.
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