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Abstract

Hydrogen was introduced into palladium-silver;f%b,; membrane from a gas phase and self-stresses were created. The diffusion
coefficients of hydrogen were determined forfAd),; membrane with different initial contents of hydrogeriat 3032 K. The non-local
fluxes of interstitial component in the opposite direction than Fick’s fluxes were observed at stress conditions. The diffusion of hydrogen
through the PgAg,3 membrane has been compared with deuterium diffusion. FgAlggs membrane without initial content of hydrogen,
the diffusion coefficients of hydrogen were determined at temperatures: 298.2, 303.2, 308.2, 318.2, 328.2 K.
© 2005 Elsevier B.V. All rights reserved.
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1. Intoduction Input of interstitial component (hydrogen or deuterium)
into palladium-silver membrane with some initial content

Palladium-silver alloys are commercially used mem- of this component changes the volume of membrane, creates
branes for purification and separation of hydrogen, therefore self-stresses and causes the creation of hydrogen or deuterium
diffusion and solubility of hydrogen in palladium—silver al- flux in the opposite direction than Fick’s flux—uphill diffu-
loys were investigated in many pap§ts-9]. The diffusivity sion effect. So far, uphill diffusion effects were investigated
of hydrogen in palladium—silver membranes depends on sil- experimentally in some palladium based membranes during
ver content. At temperature 296 K, the diffusion coefficient diffusion of hydrogerjl7—27]and deuteriuni28,29]and by
of hydrogen remains nearly constant up to about 25 at.% Ag, theoretical method80-32] The measurements of diffusion
and next, it decreases by about three orders of magnitudeof hydrogen in palladium—silver alloys Pd.Ag,: x = 9.9,
with increasing of silver conterji0]. Two types of octahe-  19.9, 23, 30, 39.9 at.9d49,20,23]were done at chosen con-
dral interstitial sites in models of diffusion of hydrogen in ditions, mainly by electrochemical method. [20], the in-
palladium—silver alloys were assumed, differing each other vestigations of uphill effects during diffusion of deuterium
by their environment with dominant amount of palladium or in Pd;7Ag23 membrane were carried out by gas method at
silver atomg10,11] T = 3032K.

The diffusion and solubility of deuterium in palladium— In this paper, the permeation of hydrogen through the wall
silver alloys were investigated [i2—14] In [15,16], it was of Pd;7Ag23 membrane without initial content of hydrogen
evidenced that isotope effect in some phenomena, evident inwas measured by gas method at temperatures: 298.2, 303.2,
Pd-H(D), gradually disappears with increasing percentage 0f308.2, 318.2, 328.2 K and through membrane with chosen ini-

Ag in the Pd—Ag—H(D) system. tial contents of hydrogen &t = 3032 K, at stress conditions.
The measurements for hydrogen were compared with results
" Tel.: +48 343 32 21: fax: +48 632 52 76. for deuterium determined for the same;lAly,3 membrane
E-mail address: dand@ichf.edu.pl (D. Dudek). in [29].
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2. Experimental

The diffusion of hydrogen through the wall of Pé&g»3
membrane, at stress conditions, was investigated by deter-
mined earlier method22,29] The membrane was a tube,
closed at one side and placed in a glass system. The thick-
ness of the wall of tube was 0.5 mm, the length of tube was
70 mm and the internal diameter was 8 mm. Stresses were
created in tube by introduction of hydrogen into membrane
from a gas phase and by accompanied volume changes.

Before measurements, the R8g-3 membrane was an-
nealed for 2 h at about 60C in vacuum. The surface of tube
was covered by palladium black. The measurements were

carried out at chosen constant temperatures from the range:

298.2-328.2 K. In our measurements, the pressure of hydro-
gen at outer side of membrane at time: 0 was changed
from pg to p; and then decreased with time because of large
solubility of hydrogen in membrane. The error of determined
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Fig. 2. The dependencesp(t), measured during diffusion of hydrogen
in Pd;7Ag23 membrane af” = 3032K and at following conditions: (a)
po = 1.63hPap, = 79.3hPa, (b)po = 1.68 hPa,p, = 75.8 hPa, (C)po =
2.28hPap, = 78.7 hPa.

diffusion coefficients, caused by changinggf with time,
was estimated to about 20%.

3. Results and conclusions . -
values ofpg and at similar value op, ~ 80 hPa, irFig. 3, at

different values ofpg and at similar value op, ~ 30 hPa.

On eachp(t) line in Figs. 1-3 we see first a maximum,
later large minimum. The maximum is caused by mechan-
ically induced bending of membrane and by corresponding

decreasing of internal volume — after increasing of hydrogen
pressure at outer side of membrane, and by stresses caused
in bending tube — Gorsky effect (sgi9]).

The non-local fluxes of hydrogen—in the opposite direc-
tion than Fick’s fluxes, seen as minima pft) dependences
in Figs. 1-3 were caused by stresses, created after introduc-
tion of hydrogen into membrane (similar minima in different

In Figs. 1-3 the influence of stresses on the diffusion
of hydrogen through the RP@Ago3 membrane with chosen
initial contents of hydrogen has been evidenced.

Before each measurement, the equilibrium pressure in the
whole system was attained. After hydrogen pressure change
at outer side of membrane fropy to p, (atz = 0) the pres-
sure of hydrogen in inside volume of the system as a func-
tion of time, p(t) was measured. lrigs. 1-3the dependences
Ap (t) = p (t) — po are presented, determined at different ini-
tial and boundary conditions: iRig. 1, at almost the same
value of pg and at different values gfz, in Fig. 2, at different

c 0.2
0.3
b —_—
0.2 5 01 e
—_ =
= = .
o < -l b
E o1 ’ o -
2’ * ‘! a o Vl-- -l- vaw a
0.0¢E0TAE eNE; = B = |
o an «; rara )
‘!FA“ C:&v vvv.-
0.0 -y VWYY Ve
[v viraooooyaviivir N J
-0.1 -0.1 v v v
0 20 40 60 80 0 20 40
t(min) t(min)

Fig. 3. The dependencesp(t), measured during diffusion of hydrogen
in Pd;7Ag23 membrane af” = 3032K and at following conditions: (a)
po = 1.36 hPap; = 30.0 hPa, (b)po = 1.56 hPa,p, = 3L5hPa, (C)po =
0.99hPa,p, = 314 hPa.

Fig. 1. The dependencesp(t), measured during diffusion of hydrogen
in Pd;7Ag23 membrane af” = 3032K and at following conditions: (a)
po = 1.36hPap, = 30.0 hPa, (b)po = 1.33hPap, = 55.5hPa, (C)po =
1.63hPa,p; = 79.3hPa.
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Fig. 4. The dependenceSp(t), measured during diffusion of hydrogen
in Pd;7Ag23 membrane at following conditions: (&) = 2982K, po =
1.08 hPa,p; = 40.0 hPa, (b)I = 3032K, po = 0.99 hPa,p, = 314 hPa.
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Fig. 5. Thep(t) dependences for PgAgo3 membrane without initial con-
tent of hydrogen at following conditions: (&)= 2982K, p; = 53.2hPa,
(b) T = 3032K, p; =56.3hPa, (c)I' = 3082K, p, = 56.3hPa, (d)I =
3182K, p, =57.7hPa, (el = 3282K, p, = 57.9hPa.

palladium-based membranes were observed and explainedable 1

earlier in[17-29). The introduction of hydrogen into mem-

brane causes expansion of lattice and creation of stresse

and the changes in the chemical potential of hydrogen in
the whole membrane (see expression8h31).

InFigs. 1-3we see that the magnitude of minimumy(t)
lines depends on initial content of hydrogen in membrane. In

general, the total flux of hydrogen through the membrane de- 315 »
pends on gradient of concentration of hydrogen, on gradient 328.2
of stresses and on concentration of hydrogen (see expressions

in [30,31).

In Fig. 4, the Ap(t) dependences at similar initial and
boundary conditions, at two different temperatures are com-
pared: at 298.2 and 303.2 K.

On p(t) lines for Pg7Ag23 membrane without initial con-
tent of hydrogen minima were not observed (B&g 5), be-
cause uphill flux of hydrogen is proportional to concentration
of hydrogen in membrane. The measurementg(@f de-
pendences for membrane without initial content of hydrogen
were carried out at following conditions: (&) = 2982K,
pz =532hPa, (b)T =3032K, p; =56.3hPa, (c)T =
3082K, p, = 56.3hPa, (dI' = 3182K, p; = 57.7 hPa, (e)

T = 3282K, p; = 57.9hPa. Hydrogen permeated through
the wall of Pg7Ag23 membrane after breakthrough time. The
values of breakthrough times)(and the values of diffusion
coefficients D) were determined by method described ear-
lierin[24,29,33,34]D = L?/67, whereL is the thickness of
the wall of membrane). The results for24g>3 membrane
without initial content of hydrogen at different temperatures
are presented ifable 1and ones for membrane with cho-
sen initial contents of hydrogen &t= 3032 K are placed in
Table 2

In Table 2 we see that at 303.2 K, the valuescohcrease
with pg increasing up to about 1.36 hPa (endxgfhase and

The values of breakthrough times and diffusion coefficients of hydrogen

getermined at different temperatures forf%h23 membrane without initial

content of hydrogen

T (K) po (hPa) p. (hPa) 7 (min) D (m?/s)
298.2 0 53.2 16 4.34e11
303.2 0 56.3 13 5.34el1
08.2 0 56.3 11 6.3%ell
0 57.7 8 8.68ell
0 57.9 6 11.57€11

beginning of & + B) region). In ¢ + B) two-phase region,
uphill effects andr values decrease withy increasing, and

in the investigated region of concentrations are larger than
for the membrane without initial content of hydrogen at the
same temperature.

Beside stresses, concentration of hydrogen can influence
on values of diffusion coefficients of hydrogen. In literature,
one can find the dependences of diffusion coefficients on con-
centration for hydrogen in palladium-silver membranes, but
the results are often completely different ($§827,35,36).

Table 2

The values of breakthrough times and diffusion coefficients of hydrogen
determined af” = 3032 K for Pd;7Ag23 membrane with different initial
contents of hydrogen

po (hPa) p. (hPa) 7 (min) D (m?/s)

0.99 31.4 33 2.10el11
1.33 55.5 34 2.04e11
1.36 30.0 52 1.34ell
1.56 315 46 1.5%ell
1.63 79.3 30 2.31ell
1.68 75.8 24 2.89¢e11
2.07 57.8 30 2.31ell
2.28 78.7 21 3.3Lell
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In papen29], where the influence of stresses on diffusion

of deuterium in the same membrane was investigated, the

magnitude of minimum orp(t) lines and values of break-
through times increased witlpg increasing up to about
po = 5.5hPa (beginning ofo( 4+ B) region).

Comparing the diffusion coefficients of hydrogen and deu-
terium for the same PgAg>3 membrane without initial con-
tents of interstitial component, we see that the diffusion co-
efficients of hydrogen are larger than diffusion coefficients
of deuterium (from[29]) at all investigated temperatures,
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[7] H. Buchold, G. Sicking, E. Wicke, Ber. Bunsenges. 80 (1976)
446.
[8] Y. Sakamoto, S. Hirata, H. Nishikawa, J. Less-Common Met. 88 (1982)
387.
[9] E. Serra, M. Kemali, A. Perujo, D.K. Ross, Metall. Mater. Trans. 29A
(1998) 1023.
[10] L. Opara, B. Klein, H. Zuechner, J. Alloys Compd. 253-254 (1997)
378.
[11] H. Berlag,
434.
[12] G. Holleck, E. Wicke, Z. Phys. Chem. N. F. 56 (1967) 155.
[13] R.G. Hickman, J. Less-Common Met. 19 (1969) 369.

L. Opara, H. Zuechner, J. Alloys Compd. 330-332 (2002)

what means that at constant temperature hydrogen permef14] R. Laesser, G.L. Powell, J. Less-Common Met. 130 (1987) 387.
ated faster than deuterium through membrane. The fitting of [15] W. Buckel, B. Stricker, Phys. Lett. 43A (1973) 403.

straight line to the dependencelh{l/ T), where experimen-
tal points fromTable 1were taken, allowed for evaluation
of activation energy of diffusion of hydrogen and value of
Doy. The determined activation energy of diffusion of hy-
drogen in Pg7Ag23 membrane equalgy = 26.3 kJ/mol and
Doy = 1.82 x 108 m?/s, what means thakp < En and
Dop < Doy (for deuteriumin PgrAg23 membrane fronf29]

Ep = 16.7kJ/mol and Bp = 2.6 x 10-8 m?/s).

4. Summary
The diffusion coefficients of hydrogen in P@d\g23 mem-

brane without and with some initial contents of hydrogen
were determined. The minima gsft) lines at7 = 3032K,

caused by stresses, were observed. The diffusion of hydro-

gen was compared with diffusion of deuterium for the same
Pd;7Ag23 membrane.
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