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The E�e
t of CO on Hydrogen Permeationthrough Pd and Internally Oxidized andUn-oxidized Pd Alloy Membranes.Ted B.Flanagan�, D. Wang� and Kirk Shanahan�;�,�Material S
ien
e Program and Department of Chemistry,University of Vermont,Burlington VT 05405 USA,�;� Savannah River National Laboratory, Aiken, S.C. 29808Abstra
tThe H permeation of internally oxidized Pd alloy membranes su
has Pd{Al and Pd{Fe, but not Pd{Y alloys, is shown to be more resistantto inhibition by CO(g) as 
ompared to Pd or un-oxidized Pd alloy mem-branes. The in
reased resistan
e to CO is found to be greater at 423 Kthan at 473 K or 523 K. In these experiments CO was pre-adsorbed ontothe membranes and then CO-free H2 was introdu
ed to initiate the Hpermeation.Introdu
tionIt has been found [1℄ for H permeation through Pd-based membranes thatpartially internally oxidized (IOed) Pd{Al alloys have a greater resistan
e toCO inhibition than Pd or un-oxidized Pd{Al alloys. It was also found earlier bythe present workers [1℄ that the degree of CO inhibition in
reases as the 
uxin
reases and therefore a 
omparison of the CO inhibition of an IOed alloywith Pd or an un-oxidized alloy should be 
arried out between membraneswhi
h have similar 
uxes in the absen
e of CO. It has also been noted byNguyen et al [2℄ that CO inhibition of a Pd0:75Ag0:23 alloy membrane in
reasesas the thi
kness of the membrane de
reases whi
h is the same as the �ndingthat the inhibiition in
reases with in
rease of 
ux. The earlier experiments1
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[1℄ were 
arried out employing mainly (H2+C O) mixtures. Another methodto 
ompare the CO inhibition is to �rst expose the membranes to CO andthen add the H2 to initiate the permeation. With this pre-adsorbed approa
h,the e�e
t of surfa
e "blanketing" by CO during permeation is a smaller % as
ompared to its role with the employment of gaseous mixtures be
ause theoverall fra
tion of CO in the gas phase was mu
h smaller in the pre-adsorbedapproa
h. Be
ause of its potential importan
e with regard to H2 puri�
ationfor use in fuel 
ells, a further investigation seems to be warranted not just withPd{Al alloys but with other Pd alloys whi
h 
an be IOed, e.g., Pd{Fe.Internal oxidation, IO, o

urs when an alloy, e.g., Pd0:97Al0:03, 
ontaining aminority metal, Al, whi
h is more readily oxidizable than the majority metal,Pd, is heated in the atmosphere or in oxygen to temperatures greater thanabout 900 K. During internal oxidation the oxidation front penetrates fromthe outer surfa
es inwardly [3℄ leading to the formation of nano-sized oxidepre
ipitates within an essentially pure metal matrix within the oxidized layer.It has been shown that dissolved H is strongly trapped at the Pd/oxide internalinterfa
es and 
an be removed only by rather high temperature eva
uation[4, 5℄, however, after these interfa
e traps are �lled by H, they play no furtherrole in H di�usion within the IOed alloys [4℄.In this work some H-permeation measurements will be 
arried out on IOedPd{Al and IOed (Pd0:77Ag0:23)1�xAlx alloy membranes with and without pre-adsorbed CO. For the 
omparison of the e�e
ts of CO, measurements of thee�e
t of pre-adsorbed CO will also be 
arried out on Pd and Pd{Ag alloysmembranes whi
h, of 
ourse, 
annot be IOed. In addition, similar H permeationmeasurements will be 
arried out with IOed and un-oxidized Pd{Fe and Pd{Yalloy membranes.ExperimentalAlloys were prepared by ar
{melting the pure elements together under argon.The resulting buttons were 
ipped and re-melted several times. They werethen annealed in va
uo for 3 days at 1133 K and then rolled into foils ofthe appropriate thi
kness, i.e., �100 to 300 �m, for the di�usion membranes.The alloys form solid solutions over the range to be investigated. The area ofthe alloy membranes a
tive for di�usion when mounted within the di�usionapparatus is 1.77 
m2. The 
uxes are determined from the small de
reasesof pup with time as measured by an MKS ele
troni
 gauge where pup is theupstream pH2 and was usually 
hosen as the initial value of 50.7 kPa while2
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pdown=0 as des
ribed in earlier work [6, 7℄ on H permeation through Pd andPd{Ag alloy membranes.Fi
k's �rst law for di�usion in one dimension is given byJ = �DH�d
Hdx � (1)whi
h, in the steady state for the above boundary 
onditions, redu
es toJ = DH
up=d (2)where d is the membrane thi
kness and DH is a 
omposite di�usion 
onstantre
e
ting the di�erent degrees of 
on
entration dependen
e of the di�usion
onstant within the membrane. DH will be referred to as Fi
k's di�usion 
on-stant, 
up is the upstream H 
on
entration and, in the steady state, dx in eq.(1) be
omes d in eq. (2). The negative sign in eqn. (1) 
an be eliminated in eq(2) by de�ning dx!d as positive. The % de
rease in 
ux due to CO will be
al
ulated from � ((J� JCO)=J)� 100% where J and JCO are the 
uxes in theabsen
e and presen
e of CO.The alloys were IOed at elevated temperatures in the atmosphere. The %IO was determined from the weight gain. Upon IO, Pd{Al alloys form Al2O3pre
ipitates [4℄, Pd{Fe alloys form Fe2O3 pre
ipitates [8℄ and Pd{Y alloys formY2O3 pre
ipitates [9℄. For the IOed Pd{Al alloys nano-sized pre
ipitates areseen with TEM but not many dislo
ations [10℄ whereas for IOed Pd{Fe alloyslarge dislo
ation densities were found [11℄. TEM showed that the Y2O3 oxidepre
ipitates formed after IO at 1100 K were from 10-30 nm in length and therewas a low dislo
ation density [9℄.For the inhibition studies, CO was introdu
ed to the upstream side of themembranes allowing CO to be pre-adsorbed onto the upstream surfa
e of themembrane at the temperature to be employed for the inhibition studies. Avalve adja
ent to the membrane en
losing a small volume, 3.0 
m3, was thenshut the remaining CO was eva
uated and pure H2 was introdu
ed into themu
h greater volume, � 600 or 1000 
m3, at the desired pH2. The permeationwas initiated by opening the valve separating the small and large volumes 
on-taining CO and the pure H2, respe
tively. Under these 
onditions the fra
tionof CO in the gas phase during permeation was quite small, e.g., 0.006% forpup=50.7 kPa when the volume 
ontaining the H2 was 600 
m3. The 600 and1000 
m3 volumes were employed for membranes whi
h had relatively slow andfast permeation rates, respe
tively. 3
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Results and Dis
ussionPd and Pd{Al AlloysDependen
e of 
uxes on (1/d)If a plot of H 
ux versus (1/d) at a 
onstant temperature and pup is linear, thenit follows from eq. (2) that the slow step is bulk di�usion through the mem-brane. For the apparatus to be employed in this resear
h it has been previouslyshown that su
h a linear relationship obtains over a wide range of (1/d) valuesfor pure Pd membranes [7℄. Similar measurements are repeated here, however,in order to 
ompare the results with measurements of the (1/d) dependen
e ofthe 
ux in the presen
e of pre-adsorbed CO. A linear relationship between Jand (1/d) for Pd membranes in the absen
e of CO is shown in Figure 1 for thepresent results whi
h again demonstrate that the slow step is bulk di�usionwhere 
up is determined by rapid equilibrium with pup.In the presen
e of pre-adsorbed CO there is no longer a linear relation be-tween J and (1/d) (Fig. 1). The degree of CO inhibition is seen to depend onthe 
ux in the absen
e of CO be
ause the greater this 
ux, the greater thedegree of inhibition, e.g., a

ording to Figure 1 for J=18�10�7(mol H=s)=
m2the per
ent de
rease of 
ux due to CO is {61% and for J=6� 10�7 it is {25%.In the absen
e of CO, 
H;up is the 
onstant, equilibrium value determinedby pup=50.7 kPa and therefore the only variable determining the 
ux is (1/d)(eq. (2)). In the presen
e of pre-adsorbed CO, however, both (1/d) and 
H;upare variables and the latter is smaller than its equilibrium value (Fig. 1). Theinitial 
H;up values in the presen
e of pre-adsorbed CO 
an be estimated (Fig.1) using eq. (2) 
H;up = JCO d=DH: (3)where JCO is the initial, steady state 
ux in the presen
e of pre-adsorbed COas determined by extrapolation of the 
ux to t=0. Some 
al
ulated 
H;up valuesare shown in Table 1 for Pd membranes at 423 K and 473 K. It is seen that inthe presen
e of pre-adsorbed CO, 
H;up de
reases, as d de
reases. For data atsmaller 1/d values at these temperatures, the de
rease of J is approximatelylinear and then it tends to level o� at higher values of 1/d.H 
uxes are shown for the Pd0:77Ag0:23 alloy membrane in Figure 2 for both423 and 523 K in the presen
e and absen
e of pre-adsorbed CO. In the absen
eof CO the 
ux is slightly greater at the lower temperature be
ause of thegreater H2 solubility [6℄. The dependen
e of JCO on (1/d) at 423 K is espe
iallynoteworthy be
ause JCO is independent of (1/d) over the range of (1/d) values4
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Table 1: Cal
ulated initial values of 
H;up for Pd membranes in the absen
eand presen
e of pre-adsorbed CO (0.67 kPa) with pup=50.6 kPa at 423 K.423 K(1/d)/
m�1 
H;up=mol H=
m3 at pCO=0 
H;up=mol H=
m3 at pCO=0.67 kPa20.8 0.00288 0.0023933.3 0.00288 0.0021640.0 0.00288 0.0019148.5 0.00288 0.007462.5 0.00288 0.0015778.7 0.00288 0.00145105.3 0.00288 0.00120473 K(1/d)/
m�1 pCO=0 pCO=0.67 kPa21.1 0.00175 0.0017126.3 0.00175 0.0016331.3 0.00175 0.0015640.0 0.00175 0.0015257.5 0.00175 0.0014671.4 0.00175 0.00137109.9 0.00175 0.00108investigated. In the region of 
onstant JCO, 
H;up must be dire
tly proportionalto d a

ording to eq. (3). At 423 K, JCO must in
rease at smaller 1/d valuesthan those measured in Figure 2 be
ause when pCO=0, the 
ux is signi�
antlylarger than the 
onstant value.At 423 K in the region for the Pd0:77Ag0:23 alloy membrane where JCO isnearly 
onstant with (1/d) (Fig. 2), examination of the time dependen
e ofthe JCO at given 1/d values reveals that JCO is nearly 
onstant with time and,
onsequently, 
H;up, must be nearly 
onstant with time or�d
H;updt � =A = 0 = 
1 � JCO = 
1 � 
H;upDHd (4)where A is the area of the membrane and 
1 is the rate of H transfer from thegas phase to the up-stream side of the membrane. Under these 
onditions,
1 = JCO and 
H;up = d 
1=DH: (5)5
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In the region where JCO is nearly 
onstant with (1/d) (Fig. 2), the CO 
overagemust be signi�
antly greater than its initial value at t=0 and therefore 
1 mustalso be smaller than its initial value (eq (5)).For membranes at temperatures where JCO is not 
onstant with 1/d,(d
H;up=dt) <0 and therefore it follows from eq. (4) that 
H;up will be largerthan the value predi
ted by eqn (5).The e�e
t of pre-adsorbed CO on H permeation through Pd0:77Ag0:23 alloymembranes is similar to the e�e
t of CO on Pd membranes as shown in Table2 where two membranes are 
ompared whi
h have 
losely similar 
uxes in theabsen
e of CO. Although there appears to be a slightly greater e�e
t of CO onthe Pd0:77Ag0:23 alloy membrane, the di�eren
es are nearly within experimentalerror whi
h demonstrates the reprodu
ibility of these inhibitory e�e
ts of CO.Fluxes in the presen
e and absen
e of pre-adsorbed CO.The CO inhibition of H 
ux through IOed Pd0:96Al0:04 alloy membranes willbe 
ompared to the CO inhibition through Pd membranes rather than to un-oxidized Pd0:96Al0:04 alloy membranes be
ause it proved to be more diÆ
ult toprepare un-oxidized alloys of di�erent thi
knesses with 
omparable 
uxes asthe IOed alloy membranes. It was found earlier that there is little di�eren
ebetween the CO inhibition of the un-oxidized Pd{Al alloy membranes and Pdmembranes whi
h have similar 
uxes in the absen
e of CO [1℄ and it is seenin Table 2 that the inhibition by CO of H-
ux through Pd and Pd0:77Ag0:23alloys membranes is quite similar. The pH2 boundary 
onditions of pup=50.7kPa and pdown=0 will be employed for the 
ux measurements in both thepresen
e and absen
e of CO where the latter is pre-adsorbed in the absen
e ofH2 by exposure to pCO=0.67 kPa at same the temperature as employed forthe 
ux measurements.Before presenting inhibition results using only pre-adsorbed CO, the in-hibitory e�e
ts of pre-adsorbed CO and (H2 + CO) mixtures will be 
ompared.For inhibition by (H2 + CO) mixtures, CO(0.67 kPa) and H2(50.7 kPa) aremixed in the large volumes, 600 or 1000 
m2, and then allowed to enter themembrane 
hamber to initiate the permeation studies. The total amount ofCO in the gaseous volume exposed to the membrane is mu
h larger for the (H2+ CO) mixtures than for the pre-adsorbed CO.Mu
h of the work to be des
ribed here will be 
arried out with Pd0:96Al0:04alloy membranes. Several di�erent Pd{Al alloy 
ompositions were employedearlier [1℄ but not spe
i�
ally the Pd0:96Al0:04 alloy whi
h has been 
hosen6
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be
ause the Al 
on
entration is great enough to show the e�e
ts of IO butsmall enough to pre
lude any surfa
e oxidation.Figure 3 shows 
omparisons at 423 K of CO inhibition of a Pd (180 �m)membrane and an IOed Pd0:96Al0:04 alloy membrane (128 �m) IOed at 953 K.It 
an be seen that their 
uxes are quite similar before exposure to CO. The
uxes for the IOed Pd0:96Al0:04 and Pd membranes in Figure 3 have beenadjusted to the 
uxes at t=0 using: J(adjusted)/J(measured)=pp(t = 0)=p(t)where the p refers to pH2 . It is seen for both the Pd and the IOed Pd0:96Al0:04alloy membranes that the 
uxes are more 
onstant with time for the pre-adsorbed CO than for the mixture, indi
ating a larger role of "blanketing" ofthe surfa
e by CO for the latter. The CO inhibition for the Pd membrane is seento be greater for pre-adsorbed CO than for the gaseous mixture. The greaterresistan
e towards CO inhibition of H permeation by the IOed Pd0:96Al0:04 alloymembrane as 
ompared to the Pd membrane 
an be 
learly seen in Figure 3for both pre-adsorbed CO and for (H2 + CO) mixtures.In the following Figures and Tables, the 
uxes have not been adjusted tore
e
t the small de
reases of pup with time of permeation as was done for theresults in Figure 3 be
ause the purpose of the resear
h is the 
omparison ofthe relative e�e
ts of CO on IOed and un-oxidized membranes and this willnot be signi�
antly a�e
ted by small 
orre
tions to the 
uxes due to de
reasesof pup with time of permeation.Following identi
al exposures to pre-adsorbed CO, it is shown in Figure 4that the H 
ux (423 K) through the Pd membrane de
reases by a fa
tor ofalmost two 
ompared to the 
ux through the IOed (10%) Pd0:96Al0:04 alloymembrane. Although both 
uxes de
rease with time (Fig. 4) the di�eren
esbetween the 
uxes of the IOed and un-oxidized membranes are seen to benearly 
onstant with time. At 473 K (Fig 5) the degree of prote
tion againstCO inhibition by IO is not as great as at 423 K (Figs. 4) and it is also not asgreat at 523 K (Fig. 6), however, at both of these higher temperatures thereare still greater de
reases of 
ux due to CO for the Pd than for the IOedPd0:96Al0:04 alloy membranes whi
h have similar 
uxes as Pd in the absen
e ofCO.Another series of 
omparison experiments were 
arried out with a 200 �mPd0:96Al0:04 alloy membrane whi
h was IOed to 57.8%; the Pd membrane usedfor 
omparison was 360 �m in thi
kness. The results at 423 K are shown inFigure 7 where it 
an be seen that the same 
on
lusions hold for this alloymembrane whi
h was IOed to a larger extent than the one shown in Figures4-6 whi
h was IOed 10%. The de
reases of J due to CO are greater for boththe Pd and IOed membranes shown in Figure 7 be
ause of their faster rates,7
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however, the ratio of the de
reases due to pre-adsorbed CO are similar to thatin Figure 4, i.e., there is a fa
tor of approximately 2� greater inhibition for Pdthan for the IOed alloy membrane. Therefore a greater degree of IO does notsigni�
antly 
hange the ratio of the de
reases of J due to CO, i.e., the ratio(�J (Pd)/�J (IOed alloy)) is un
hanged where �J refers to the % de
reaseof J due to pre-adsorbed CO.Table 3 shows results for a Pd0:96Al0:04 alloy membrane whi
h was IOed to6.8% as 
ompared to a Pd membrane having a 
omparable 
ux in the absen
eof CO where it 
an be seen that the ratio (�J (Pd)/�J (IOed alloy)) is slightlylarger than for the 10% IOed alloy.Table 4 shows a tabulation of results for Pd0:96Al0:04 alloy membranes whi
hhave been IOed at di�erent temperatures and also shown are results for amembrane whose thi
kness was redu
ed after IO. There is perhaps a slightin
rease in the inhibition due to CO as the % IO de
reases but the e�e
t issmall as seen in Figures 4 and 7. The 
uxes are somewhat faster after greaterdegrees of IO (953 K) be
ause both DH and the solubility are greater in theIOed portion, Pd, than in the un-oxidized portion and this may a

ount for thesmall in
reases of CO inhibition with the extent of IO. It is 
lear that alloyswhi
h have been IOed at T>953 K, have a lesser resistan
e to CO than thoseIOed at a lower temperature and this is due to the larger oxide pre
ipitateswhi
h form at elevated temperatures [3℄. These larger pre
ipitates are not ase�e
tive as the smaller ones resulting from the lower temperature IO [3℄ inprote
tion against CO inhibition. The alloy whi
h was IOed at 1093 K alsohas a large degree of inhibition and, after removal of some outer surfa
e bytreatment with abrasive paper, the inhibition did not 
hange signi�
antly.Some results for a Pd0:94Al0:06 alloy IOed to 8.8% are shown in Table 5
ompared with a Pd membrane with a similar CO-free 
ux. It 
an be seenthat the ratio: (�J (Pd)/�J (IOed alloy)) at 423 K is about two whi
h issimilar to that found for an IOed Pd0:96Al0:04 alloy at the same 
onditions ofpup and pCO indi
ating that the spe
i�
 % Al in this range of Al 
ontents is notimportant. Al 
ontents greater than about 10% have been avoided, however,be
ause they will undergo not only IO but also external oxidization [3℄.(Pd0:77Ag0:23)0:96Al0:04 AlloysThe Pd0:77Ag0:23 alloy is the most frequently employed membrane for H2 pu-ri�
ation be
ause of its large H permeability and be
ause it does not form ahydride phase at �300 K. If this binary alloy is alloyed with small amounts8
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of Al, the resulting alloy 
an be IOed whi
h should give it a greater resis-tan
e to CO and possibly to other gaseous poisons. Results are shown in Ta-bles 6-8 where it 
an be seen that the 
uxes are greater for these than forthe Pd0:96Al0:04 alloy membrane be
ause of the greater permeability of thePd0:77Ag0:23 alloy. The inhibition by CO of the IOed (Pd0:77Ag0:23)0:96Al0:04 al-loy is 
ompared to the Pd0:77Ag0:23 alloy rather than to pure Pd be
ause it wasnot possible in some 
ases, to obtain the appropriately large 
uxes with Pd.Although the CO inhibition of the IOed (Pd0:77Ag0:23)0:96Al0:04 alloy is seen tobe signi�
ant (Tables 7, 8), it is still smaller than that for the Pd0:77Ag0:23 alloyat the temperatures measured, This indi
ates that it may be useful to employIOed (Pd0:77Ag0:23)1�xAlx alloy membranes for pra
ti
al H2 puri�
ation under
onditions where CO 
an be a fa
tor, e.g., in reformation gas mixtures.

9
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Table 2: J in arbitrary units for Pd0:77Ag0:23 Alloy and Pd Membranes atpH2=50.7 kPa with pre-adsorbed pCO=0.67.J as a fun
tion of perm. time, 523 KPd0:77Ag0:23 Alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 1.84 1.80 1.76 1.72 1.68 1.64pre-ads. CO 1.48 1.30 1.12 1.00 0.88 0.80% red. {19.6% {27.8% {37.1% {49.5% {56.7% {62.4%J as a fun
tion of perm. time, 523 Kpure Pd 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 1.92 1.90 1.88 1.84 1.80 1.78pre-ads. CO 1.56 1.40 1.20 1.06 0.96 0.88% red. {18.8% {26.3% {36.2% {42.4% {46.7% {50.6 %J as a fun
tion of perm. time, 473 KPd0:77Ag0:23 Alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 3.08 3.00 2.92 2.80 2.72 2.64pre-ads. CO 1.40 1.16 0.96 0.84 0.76 0.68% red. {48.7% {59.3% {65.1% {68.6% {72.1% {74.2 %J as a fun
tion of perm. time, 473 Kpure Pd 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 3.08 3.00 2.94 2.86 2.80 2.72pre-ads. CO 1.60 1.24 1.04 0.88 0.80 0.72% red. {48.1% {58.7% {64.6% {69.2% {71.4% {73.5%J as a fun
tion of perm. time, 423 KPd0:77Ag0:23 Alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 2.00 1.88 1.84 1.80 1.76 1.72pre-ads. CO 0.52 0.52 0.52 0.52 0.48 0.48% red. {74.0% {72.3% {71.7% {71.1% {72.7% {72.1 %J as a fun
tion of perm. time, 423 Kpure Pd 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 2.08 2.04 2.00 2.00 1.96 1.92pre-ads. CO 0.56 0.54 0.54 0.52 0.52 0.48% red. {73.1% {73.5% {73.0 % {74.0% {73.5% {75.0%
10
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Table 3: J/ 10�6mol H=
m2-s at 423 K for a Pd0:96Al0:04 Alloy (100 �m) IOedat 953 K to 6.8% and Pd (160 �m), pH2=50.7 kPa and pCO=0.67 kPa.J as a fun
tion of perm. timealloy (IOed) 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 0.94 0.92 0.89 0.88 0.88 0.86pre-ads. CO 0.78 0.76 0.72 0.69 0.68 0.66% red. {17.0% {17.4% {19.1% {21.6% {22.7% {23.2%J as a fun
tion of perm. timepure Pd 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mpure H2 0.92 0.89 0.88 0.88 0.86 0.84pre-ads. CO 0.55 0.53 0.52 0.51 0.50 0.48% red. {40.2% {40.4% {40.9 % {41.8% {41.8% {42.8 %
Table 4: Initial Fluxes at 423 K through Pd0:96Al0:04 Alloy Membranes IOedat various temperatures, pH2(up)=50.7 kPa and their Sus
eptibility to Pre-adsorbed CO (0.67 kPa CO) as 
ompared to Pd membranes with 
omparableCO-free 
uxes.IO Temp. %IO J/10�6mol H =
m2-s CO-free J de
rease %953 K 6.8 1.02 {17.1953 K 9.2 1.05 {21.5953 K 33.7 1.15 {23.2953 K 57.8 1.32 {22.51093 K 57.3 1.27 {60.81093 K * 1.34 {60.81273 K 57.0 1.14 -62.2*remove some surfa
e of the 57.3% IOed alloy with emory paper.

11
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Table 5: Fluxes at 423 K using pup=50.7 kPa through a Pd and a Pd0:94Al0:06Alloy membrane IOed (8.8%) with and without pre-adsorbed CO (0.67 kPa)J/10�6mol H =
m2-sPd(160�m) IOed alloy(80�m), IOed 8.8%t/m pCO=0 pCO=0.66 kPa % red. pCO=0 pCO=0.66 kPa % red.0-5 0.92 0.55 {40.5 0.91 0.72 {19.45-10 0.89 0.53 {40.3 0.89 0.68 {21.410-15 0.88 0.52 {40.9 0.88 0.66 { 23.215-20 0.88 0.51 {42.3 0.87 0.65 { 24.620-25 0.86 0.50 {42.0 0.86 0.62 { 27.525-30 0.84 0.48 {42.6 0.84 0.60 { 29.4
Table 6: Fluxes in arbitrary units (423 K) using pup=50.7 kPa through aPd0:77Ag0:23 (356�m) membrane and a (Pd0:77Ag0:23)0:96Al0:04 (102�m) mem-brane IOed at 953 K to 12.6%, J (arb. units) as a fun
tion of timeIOed ternary alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 1.86 1.82 1.78 1.76 1.74 1.70H2+pre-ads CO 0.90 0.80 0.72 0.66 0.60 0.54% red. {51.6% {56.0% {59.6% {62.5% {65.5% {68.2%J (arb. units) as a fun
tion of timebinary alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 2.00 1.88 1.84 1.80 1.76 1.72H2+pre-ads CO 0.44 0.44 0.40 0.40 0.40 0.38% red. {78.0% {76.6% {78.3 % {77.8% {77.3% {77.9 %
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Table 7: Fluxes in arbitrary units 473 K using pup=50.7 kPa through aPd0:77Ag0:23(300�m) and a (Pd0:77Ag0:23)0:96Al0:04(102�m) alloy membraneIOed at 953 K to 12.6%, pH2=50.7 kPaJ (arb. units)as a fun
tion of timeIOed ternary alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 2.18 2.14 2.10 2.06 2.02 1.97H2+pre-ads CO 1.60 1.36 1.14 1.00 0.90 0.80% red. {26.6% {36.4% {45.1% {51.5% {54.5% {59.4%J (arb. units) as a fun
tion of timeunox. binary alloy 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 2.28 2.22 2.18 2.12 2.08 2.04H2+pre-ads CO 1.20 1.00 0.84 0.74 0.66 0.60% red. {47.4% {55.0% {61.5 % {65.1% {68.3% {70.6 %
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Table 8: Fluxes/mol H=
m2-s (523 K) using pup=50.7 kPa through aPd0:77Ag0:23(265�m) and a (Pd0:77Ag0:23)0:96Al0:04 (102�m) alloy membraneIOed at 953 K to 12.6% J (arb. units) as a fun
tion of tIOed ternary 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 2.56 2.50 2.44 2.38 2.32 2.26H2+pre-ads CO 1.88 1.50 1.24 1.06 0.90 0.80% red. {26.6% {40.0% {49.2% {55.5% {61.2% {64.6%J (arb. units) as a fun
tion of tunox. binary 0{5m 5{10m 10{15m 15{20m 20{25m 25-30mH2 2.56 2.52 2.46 2.40 2.36 2.28H2 + pre-ads CO 1.72 1.40 1.20 1.04 0.88 0.76% red. {32.8% {44.4% {51.2 % {56.7% {62.7% {66.7 %
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E�e
t of CO on (Pd1�xFex) Alloy MembranesIt was of interest to determine whether or not Pd1�xFex alloy membranes alsoexhibit in
reased resistan
e to CO after IO be
ause it has been found that these
an be IOed to high % IO without as mu
h 
ra
king as the Pd{Al alloys at sim-ilar % IO [14℄. This has the advantage that Pd -Fe or (Pd0:77Ag0:23)1�xFex alloymembranes 
an be 
ompletely IOed leading to Pd or Pd0:77Ag0:23 membraneswith mu
h larger permeabilities than the un-oxidized membranes. Figure 8shows a plot of J versus (1/d) for Pd0:963Fe0:037 alloy membranes with di�erentthi
knesses (423 K) with and without pre-adsorbed CO. A quite linear relationis seen between J and (1/d) for the IOed alloy in the absen
e of CO indi
atingbulk di�usion as the slow step but, in the presen
e of CO, the relationship isnon-linear indi
ating that a surfa
e step has be
ome a 
ontributor, i.e., thebehavior is very similar to Pd (Fig. 1) and to Pd0:77Ag0:23 alloy membranes(Fig. 2).A Pd0:963Fe0:037 alloy was IOed to about 5% and typi
al results before andafter exposure to pre-adsorbed CO are shown in Figure 9 at 423 K where it 
anbe seen that there is a signi�
antly greater e�e
t of CO on the Pd membranethan on the IOed alloy membrane. Similar results are found at 473 and 523 K,and, as for the IOed Pd{Al alloy membranes, the e�e
t of IO is not as great atthe higher temperatures. The ratio: (�J (Pd)/�J (IOed alloy)) is �2 at 423 Kwhi
h is the about same as for the IOed Pd0:96Al0:04 membrane at this tem-perature (Fig. 3). Thus 
ompletely IOed Pd{Fe alloy or (Pd0:77Ag0:23)1�xFexmembranes may be promising as H2 puri�
ation membranes sin
e their per-meabilities will be high espe
ially for the latter.Table 9 shows results at 423 K for IOed Pd0:927Fe0:073 alloy membranesas 
ompared to pure Pd. The results are similar to those found for thePd0:963Fe0:037 alloy membrane, i.e., there is a markedly greater resistan
e toCO for the IOed alloy as 
ompared to pure Pd.

15
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Table 9: J(arb. units) at 423 K for Pd and a series of IOed Pd0:927Fe0:073 alloymembranes IOed (10-15%), pup=50.7 kPa and CO=0.67 kPa in the mixtureand in the small volume for pre-adsorbed CO. The 2nd, 3rd and 5th and 6th
olumns are the % de
rease in J.IOed Pd0:927Fe0:073 PdJ(H2 ) (H2 +CO) pre-ads. CO J (H2) (H2 +CO) pre-ads. CO0.84 0 {4.8 0.84 {3.9 {14.30.98 {2.0 {8.3 0.98 {6.2 {24.51.16 {3.5 { 12.1 1.06 {7.6 {28.91.56 {5.1 {15.4 1.48 {12.2 {40.52.28 {5.1 {15.4 1.94 {15.5 {45.4
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E�e
t of CO on (Pd1�xYx) Alloy MembranesPd{Y alloy membranes have been proposed for H2 puri�
ation be
ause of theirlarge H permeabilities [18℄. For this reason it was of interest to learn whetheror not partially IOed (Pd1�xYx) alloy membranes have a greater resistan
e toCO than do un-oxidized alloys whi
h have similar permeabilities in the absen
eof CO. Sin
e these alloys have large permeabilities, it was de
ided to 
omparetheir permeabilities after IO to Pd{Ag alloy membranes whi
h also have largepermeabilities.Some typi
al results are seen in Figure 10 where the CO-free 
uxes aresimilar for the two alloys but it 
an be seen that the IO does not prote
t anIOed (5%) Pd0:956Y0:044 alloy membrane signi�
antly. It is not known why thisis the 
ase be
ause the alloy was also IOed at 953 K, i.e., the same temperatureemployed for Pd{Al and Pd {Fe alloy membranes, whi
h leads leads to smalloxide pre
ipitates in all of these alloys. There was no obvious di�eren
e in themi
ro-stru
tures observable from TEM between the IOed alloys whi
h wouldlead to a di�eren
e in their behavior towards CO. This la
k of resistan
e toCO was also found for other Pd{Y alloy membranes.Origin of the In
reased Resistan
e to CO after IO.Generally after IO, SEM mi
rographs reveal Pd nodules on the surfa
e alongwith some oxide pre
ipitates [12℄. A typi
al SEM photomi
rograph after IO ofa Pd0:926Fe0:074 alloy (1073 K) shows thermal grooves and Pd nodules. In someSEM photos, oxide pre
ipitates are also seen. The surfa
es are quite roughafter IO 
ompared to the un-oxidized alloys. There are no obvious 
lues fromSEM or TEM 
on
erning the greater resistan
e to CO inhibition of the IOedPd{Fe and {Al alloys as 
ompared to IOed Pd{Y alloy membranes.Con
lusionsIt is shown that IOed Pd -Al and Pd -Fe alloy H permeation membranes have agreater resistan
e to pre-adsorbed CO than do un-oxidized alloys with similarH 
uxes in the absen
e of CO. Partial IO is a very simple pro
edure whi
h 
anbe readily employed and may prove to be useful for H puri�
ation membranesunder 
onditions where CO may be an impurity, e.g., in gaseous mixturesresulting from reformation of hydro
arbons. It is shown that the inhibitione�e
t of CO is greatest at lower temperatures, e.g., 423 K, and prote
tion17
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against CO by IO is also greatest at lower temperatures. It should also bepointed out that permeation of H through Pd0:77Ag0:23 alloy membranes issimilar at 423 to 523 K for pup=50.6 kPa be
ause, although DH de
reases withde
rease of temperature, the solubility in
reases signi�
antly [6℄. There maybe advantages in employing lower temperature H puri�
ation, e.g., poisoningby H2S may be less signi�
ant be
ause its disso
iation may not o

ur at lowertemperatures. Long term exposures to CO have not been 
arried out and thismay be needed before the a
tual employment of IOed Pd-based membranes.A
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