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The diffusion of hydrogen and deuterium through
self-stressed Pd77Ag23 membrane
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Abstract

Hydrogen was introduced into palladium–silver Pd77Ag23 membrane from a gas phase and self-stresses were created. The diffusion
coefficients of hydrogen were determined for Pd77Ag23 membrane with different initial contents of hydrogen atT = 303.2 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 Pd77Ag23 membrane has been compared with deuterium diffusion. For Pd77Ag23 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.
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. Intoduction

Palladium–silver alloys are commercially used mem-
ranes for purification and separation of hydrogen, therefore
iffusion and solubility of hydrogen in palladium–silver al-

oys were investigated in many papers[1–9]. The diffusivity
f hydrogen in palladium–silver membranes depends on sil-
er content. At temperature 296 K, the diffusion coefficient
f hydrogen remains nearly constant up to about 25 at.% Ag,
nd next, it decreases by about three orders of magnitude
ith increasing of silver content[10]. Two types of octahe-
ral interstitial sites in models of diffusion of hydrogen in
alladium–silver alloys were assumed, differing each other
y their environment with dominant amount of palladium or
ilver atoms[10,11].

The diffusion and solubility of deuterium in palladium–
ilver alloys were investigated in[12–14]. In [15,16], it was
videnced that isotope effect in some phenomena, evident in
d–H(D), gradually disappears with increasing percentage of
g in the Pd–Ag–H(D) system.

∗ Tel.: +48 343 32 21; fax: +48 632 52 76.
E-mail address: dand@ichf.edu.pl (D. Dudek).

Input of interstitial component (hydrogen or deuteriu
into palladium–silver membrane with some initial cont
of this component changes the volume of membrane, cr
self-stresses and causes the creation of hydrogen or deu
flux in the opposite direction than Fick’s flux – uphill diff
sion effect. So far, uphill diffusion effects were investiga
experimentally in some palladium based membranes d
diffusion of hydrogen[17–27]and deuterium[28,29]and by
theoretical methods[30–32]. The measurements of diffusi
of hydrogen in palladium–silver alloys Pd1−xAgx: x = 9.9,
19.9, 23, 30, 39.9 at.%[19,20,23]were done at chosen co
ditions, mainly by electrochemical method. In[29], the in-
vestigations of uphill effects during diffusion of deuteri
in Pd77Ag23 membrane were carried out by gas metho
T = 303.2 K.

In this paper, the permeation of hydrogen through the
of Pd77Ag23 membrane without initial content of hydrog
was measured by gas method at temperatures: 298.2,
308.2, 318.2, 328.2 K and through membrane with chose
tial contents of hydrogen atT = 303.2 K, at stress condition
The measurements for hydrogen were compared with re
for deuterium determined for the same Pd77Ag23 membrane
in [29].
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Experimental

The diffusion of hydrogen through the wall of Pd77Ag23
membrane, at stress conditions, was investigated by deter-
mined earlier method[22,29]. 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 Pd77Ag23 membrane was an-
nealed for 2 h at about 600◦C 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 timet = 0 was changed
from p0 to pz and then decreased with time because of large
solubility of hydrogen in membrane. The error of determined
diffusion coefficients, caused by changing ofpz with time,
was estimated to about 20%.

3. Results and conclusions

In Figs. 1–3, the influence of stresses on the diffusion
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Fig. 2. The dependences�p(t), measured during diffusion of hydrogen
in Pd77Ag23 membrane atT = 303.2 K and at following conditions: (a)
p0 = 1.63 hPa,pz = 79.3 hPa, (b)p0 = 1.68 hPa,pz = 75.8 hPa, (c)p0 =
2.28 hPa,pz = 78.7 hPa.

values ofp0 and at similar value ofpz ≈ 80 hPa, inFig. 3, at
different values ofp0 and at similar value ofpz ≈ 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 (see[19]).

The non-local fluxes of hydrogen – in the opposite direc-
tion than Fick’s fluxes, seen as minima onp(t) dependences
in Figs. 1–3, were caused by stresses, created after introduc-
tion of hydrogen into membrane (similar minima in different

F en
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p
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f hydrogen through the Pd77Ag23 membrane with chose
nitial contents of hydrogen has been evidenced.

Before each measurement, the equilibrium pressure
hole system was attained. After hydrogen pressure ch
t outer side of membrane fromp0 to pz (at t = 0) the pres
ure of hydrogen in inside volume of the system as a f
ion of time,p(t) was measured. InFigs. 1–3, the dependenc
p (t) = p (t) − p0 are presented, determined at different

ial and boundary conditions: inFig. 1, at almost the sam
alue ofp0 and at different values ofpz, in Fig. 2, at differen

ig. 1. The dependences�p(t), measured during diffusion of hydrog
n Pd77Ag23 membrane atT = 303.2 K and at following conditions: (a

0 = 1.36 hPa,pz = 30.0 hPa, (b)p0 = 1.33 hPa,pz = 55.5 hPa, (c)p0 =
.63 hPa,pz = 79.3 hPa.
ig. 3. The dependences�p(t), measured during diffusion of hydrog
n Pd77Ag23 membrane atT = 303.2 K and at following conditions: (a

0 = 1.36 hPa,pz = 30.0 hPa, (b)p0 = 1.56 hPa,pz = 31.5 hPa, (c)p0 =
.99 hPa,pz = 31.4 hPa.
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Fig. 4. The dependences�p(t), measured during diffusion of hydrogen
in Pd77Ag23 membrane at following conditions: (a)T = 298.2 K, p0 =
1.08 hPa,pz = 40.0 hPa, (b)T = 303.2 K, p0 = 0.99 hPa,pz = 31.4 hPa.

palladium-based membranes were observed and explained
earlier in[17–29]). The introduction of hydrogen into mem-
brane causes expansion of lattice and creation of stresses
and the changes in the chemical potential of hydrogen in
the whole membrane (see expressions in[30,31]).

In Figs. 1–3, we see that the magnitude of minimum onp(t)
lines depends on initial content of hydrogen in membrane. In
general, the total flux of hydrogen through the membrane de-
pends on gradient of concentration of hydrogen, on gradient
of stresses and on concentration of hydrogen (see expressions
in [30,31]).

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

Onp(t) lines for Pd77Ag23 membrane without initial con-
tent of hydrogen minima were not observed (seeFig. 5), be-
cause uphill flux of hydrogen is proportional to concentration
of hydrogen in membrane. The measurements ofp(t) de-
pendences for membrane without initial content of hydrogen
were carried out at following conditions: (a)T = 298.2 K,
pz = 53.2 hPa, (b)T = 303.2 K, pz = 56.3 hPa, (c)T =
308.2 K,pz = 56.3 hPa, (d)T = 318.2 K,pz = 57.7 hPa, (e)
T = 328.2 K, pz = 57.9 hPa. Hydrogen permeated through
the wall of Pd77Ag23 membrane after breakthrough time. The
values of breakthrough times (τ) and the values of diffusion
coefficients (D) were determined by method described ear-
l f
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Fig. 5. Thep(t) dependences for Pd77Ag23 membrane without initial con-
tent of hydrogen at following conditions: (a)T = 298.2 K, pz = 53.2 hPa,
(b) T = 303.2 K, pz = 56.3 hPa, (c)T = 308.2 K, pz = 56.3 hPa, (d)T =
318.2 K, pz = 57.7 hPa, (e)T = 328.2 K, pz = 57.9 hPa.

Table 1
The values of breakthrough times and diffusion coefficients of hydrogen
determined at different temperatures for Pd77Ag23 membrane without initial
content of hydrogen

T (K) p0 (hPa) pz (hPa) τ (min) D (m2/s)

298.2 0 53.2 16 4.34e−11
303.2 0 56.3 13 5.34e−11
308.2 0 56.3 11 6.31e−11
318.2 0 57.7 8 8.68e−11
328.2 0 57.9 6 11.57e−11

beginning of (α + β) region). In (α + β) two-phase region,
uphill effects andτ values decrease withp0 increasing, and
in the investigated region of concentrations are larger thanτ

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 (see[3,27,35,36]).

Table 2
The values of breakthrough times and diffusion coefficients of hydrogen
determined atT = 303.2 K for Pd77Ag23 membrane with different initial
contents of hydrogen

p0 (hPa) pz (hPa) τ (min) D (m2/s)

0.99 31.4 33 2.10e−11
1.33 55.5 34 2.04e−11
1.36 30.0 52 1.34e−11
1.56 31.5 46 1.51e−11
1.63 79.3 30 2.31e−11
1.68 75.8 24 2.89e−11
2.07 57.8 30 2.31e−11
2.28 78.7 21 3.31e−11
ier in [24,29,33,34](D = L2/6τ, whereL is the thickness o
he wall of membrane). The results for Pd77Ag23 membrane
ithout initial content of hydrogen at different temperatu
re presented inTable 1and ones for membrane with ch
en initial contents of hydrogen atT = 303.2 K are placed in
able 2.

In Table 2, we see that at 303.2 K, the values ofτ increase
ith p0 increasing up to about 1.36 hPa (end ofα phase an
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In paper[29], where the influence of stresses on diffusion
of deuterium in the same membrane was investigated, the
magnitude of minimum onp(t) lines and values of break-
through times increased withp0 increasing up to about
p0 = 5.5 hPa (beginning of (α + β) region).

Comparing the diffusion coefficients of hydrogen and deu-
terium for the same Pd77Ag23 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,
what means that at constant temperature hydrogen perme-
ated faster than deuterium through membrane. The fitting of
straight line to the dependence lnD(1/T ), where experimen-
tal points fromTable 1were taken, allowed for evaluation
of activation energy of diffusion of hydrogen and value of
D0H. The determined activation energy of diffusion of hy-
drogen in Pd77Ag23 membrane equalsEH = 26.3 kJ/mol and
D0H = 1.82× 10−6 m2/s, what means thatED < EH and
D0D <D0H (for deuterium in Pd77Ag23 membrane from[29]
ED = 16.7 kJ/mol and D0D = 2.6 × 10−8 m2/s).

4. Summary

The diffusion coefficients of hydrogen in Pd77Ag23 mem-
brane without and with some initial contents of hydrogen
w
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