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The permeation of deuterium through the palladium-silver Pd77Ag23 membrane was investi-
gated. The diffusion coefficients of deuterium were determined at four temperatures between
303 and 328 K. The influence of self-stresses, created after introduction of deuterium into
membrane with some initial deuterium contents, on the diffusion of deuterium was investi-
gated at temperature 303.2 K. The solubility of deuterium in Pd77Ag23 membrane at four
temperatures in the range 303–328 K was measured.
Keywords: Diffusion; Deuterium; Palladium; Silver; Alloys; Stresses; Permeation; Membranes;
Solubility.

The interest in diffusion of hydrogen and deuterium in palladium-silver al-
loys has been large for many years because of its importance for separation
and purification of gaseous hydrogen and deuterium and for hydrogen and
deuterium storage in metal hydrides and deuterides. The isotherms, diffu-
sion and solubility of hydrogen1–14 and deuterium15–17 in palladium-silver
alloys were investigated experimentally by electrochemical and by gas
methods, or in NMR studies. Kinetics of hydrogen absorption was mea-
sured18 and different calculations and theoretical simulations of the absorp-
tion and diffusion processes were made19–21 for palladium-silver alloys.

The chemical potential (µi) of interstitial component (hydrogen or deute-
rium) in membrane under stress conditions equals22

µi = µ0 + RT ln fici – Viσ , (1)

where µ0 denotes a standard value of chemical potential, fi is activity coeffi-
cient, ci concentration, Vi partial molar volume of interstitial component,
σ hydrostatic part of the stress tensor, and T temperature.

Introduction of hydrogen or deuterium into membrane with some initial
content of hydrogen or deuterium creates stresses and changes the chemi-
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cal potential of interstitial component in the whole membrane due to elas-
tic coupling in lattice. It has been evidenced in some membranes with se-
lected initial contents of hydrogen, that under stress conditions, besides
Fick’s fluxes, hydrogen fluxes in the opposite direction to the concentra-
tion gradient have been created22,23. The total flow (Ji) of the interstitial
component (i) (hydrogen or deuterium) through the membrane with con-
centration gradient and under stress conditions can be expressed by22:

Ji = –Di{[1 + (∂ln fi/∂ln ci)]grad ci – (Vici/RT)grad σ} , (2)

where Di is diffusion coefficient. When in ideal solution grad σ equals zero,
we have in expression (2) only the Fickian term and

Ji = –Di grad ci . (3)

Under stress conditions and when ci ≠ 0, both Fickian and non-Fickian
terms should be taken into account. The source of strain gradient and ori-
gin of uphill diffusion can be input of hydrogen or deuterium into mem-
brane. So far, many investigations of influence of stresses on diffusion of
hydrogen in palladium alloys have been carried out but only few studies
were done for diffusion of deuterium at stress conditions. The uphill diffu-
sion effects were observed during diffusion of hydrogen in Pd 24–26, in
Pd81Pt19

27–36, in Pd100–xAgx: x = 9.9, 19.9, 23, 30, 39.9 at.% 24,37,38 and dur-
ing diffusion of deuterium in Pd81Pt19

39. Theoretical problems of diffusion
of hydrogen in palladium alloys under stress conditions were stud-
ied22,23,40–46.

In this paper the influence of stresses on the diffusion of deuterium in
the Pd77Ag23 membrane was investigated. For membrane without initial
content of deuterium the diffusion coefficients were determined at temper-
atures: 303.2, 308.2, 318.2 and 328.2 K. For membrane with selected initial
contents of deuterium up to n ≈ 0.2 (atomic ratio n = D/M is the number of
gram-atoms of deuterium divided by the number of gram-atoms of metal –
Pd77Ag23), the permeation of deuterium through the wall of Pd77Ag23 mem-
brane was investigated at T = 303.2 K. The solubility of deuterium in
Pd77Ag23 membrane at temperatures 303.2, 308.2, 318.2 and 328.2 K was
measured.

EXPERIMENTAL

The diffusion of deuterium through the palladium-silver Pd77Ag23 membrane was investi-
gated. The membrane was in the form of a cylindrical tube, closed at one side. The dimen-
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sions of the tube were: length 70 mm, internal diameter 8 mm, wall thickness 0.5 mm. The
Pd77Ag23 membrane was annealed for 2 h in high vacuum at 600 °C. All surfaces of the tube
were covered with palladium black.

The Pd77Ag23 membrane was placed in a glass system33 and deuterium was introduced
into the membrane from gas phase. The gas pressure was measured with a capacitance ma-
nometer and tensometric gauges with accuracies ±0.15 and ±0.3%, respectively. The experi-
ments were performed at selected constant temperatures in the range 303–328 K. The con-
stant temperature was controlled with accuracy better than ±0.1 K.

RESULTS AND DISCUSSION

Starting from deuterium-free Pd77Ag23 membrane (at time t = 0 the pressure
in the whole system was zero), the pressure of deuterium at the outer side
of membrane (pz) was changed from zero to about 60 hPa. The pressure of
deuterium, which permeated through the membrane wall into the inner
volume of the system was measured as a function of time. The measure-
ments were carried out at four constant temperatures 303.2, 308.2, 318.2
and 328.2 K. The determined p(t) lines are presented in Fig. 1.

The breakthrough times (τ) were determined as the intersections of
straight lines in the stationary part of p(t) lines with the time axis (see an
example – line 3 in Fig. 1). The values of τ are presented in Table I. The
breakthrough times decrease with increasing temperature.

The diffusion coefficients (D) were calculated from the expression47,48:

D = L2/6τ , (4)
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FIG. 1
The pressure (p) of deuterium, which permeated through Pd77Ag23 membrane as a function of
time, measured at: 1 T = 303.2 K, p0 = 0, pz = 64.0 hPa; 2 T = 308.2 K, p0 = 0, pz = 53.8 hPa; 3 T =
318.2 K, p0 = 0, pz = 58.4 hPa; 4 T = 328.2 K, p0 = 0, pz = 58.5 hPa
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where L is membrane thickness. The values of D are given in Table I. In or-
der to evaluate activation energy (E) the expression D = D0 exp (–E/RT) was
used. The logarithms of diffusion coefficients of deuterium as a function of
inverse temperature are presented in Fig. 2. The determined activation en-
ergy (E) of diffusion of deuterium in Pd77Ag23 membrane and D0 are E =
16.7 kJ/mol and D0 = 2.6 × 10–8 m2/s.

The values of diffusion coefficients determined for a Pd77Ag23 membrane
without any initial content of deuterium are close to the values of diffusion
coefficients determined in15 for palladium-silver membrane with 25 mole %
of Ag. The differences may be caused by accuracy of measurements, by dif-
ference in silver contents (2 mole % of Ag), or by other factors such as de-
fects, surface effects or differences in deuterium purity.
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TABLE I
The breakthrough times (τ) and the diffusion coefficients (D) of deuterium for Pd77Ag23
membrane without initial deuterium content (p0 = 0) at different temperatures

T, K pz, hPa τ, min D, m2/s

303.2 64.0 20 3.47e–11

308.2 53.8 18 3.86e–11

318.2 58.4 15 4.63e–11

328.2 58.5 12 5.79e–11

FIG. 2
The logarithm of diffusion coefficients of deuterium as a function of inverse temperature for
Pd77Ag23 membrane with no initial content of deuterium
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Starting at constant temperature 303.2 K from a content of deuterium in
Pd77Ag23 membrane (the tube was kept at chosen deuterium pressure as
long as equilibrium was attained), the pressure of deuterium at the outer
side of membrane changed from p0 to pz = p0 + ∆pz. The pressure of deute-
rium in the inner volume of the system was measured as a function of time,
p(t). The determined ∆p(t) = p(t) – p0 dependences at selected initial and
boundary conditions are presented in Figs 3–5.

Figure 3 shows the change in deuterium pressure in the inner volume of
the system at different values of p0 and at almost the same pz ≈ 40 hPa. In
Fig. 4 the p(t) dependences for membrane with and without an initial con-
tent of deuterium are compared. When the initial condition was p0 = 0, the
change in the deuterium pressure p in the inner volume of the system oc-
curred after a breakthrough time, but when the initial condition was p0 ≠ 0
(measurements were made for p0 up to about 5.5 hPa), pressure p changed
immediately after boundary conditions changed.

In two experiments, the results of which are presented in Fig. 5, p0 was al-
most the same (about 5 hPa) and pz was 39.7 and 60.4 hPa, respectively.

In Figs 3–5 we see on p(t) dependences first a small maximum, immedi-
ately after increasing deuterium pressure at the outer side of membrane,
and later a large minimum. A small maximum can be explained by mecha-
nically induced bending of the tube and contraction of the internal volume
and mainly by stresses (see the experiments with hydrogen and argon37).
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FIG. 3
The changes in pressure of deuterium in the inner volume of the system as a function of time:
∆p(t) = p(t) – p0, measured at T = 303.2 K and at: 1 p0 = 5.54 hPa, pz = 39.7 hPa; 2 p0 = 4.37 hPa,
pz = 40.8 hPa; 3 p0 = 2.45 hPa, pz = 40.2 hPa
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On p(t) dependences in Figs 3–5, measured at p0 ≠ 0, large minima are ob-
served. Stresses are responsible for these minima. Input of deuterium into
membrane creates stresses and changes chemical potential of deuterium in
the whole membrane – see Eq. (1). The flux of deuterium in the opposite di-
rection than Fick’s flux occurred. At constant temperature, in ideal solu-
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FIG. 5
The changes in pressure of deuterium in the inner volume of the system as a function of time:
∆p(t) = p(t) – p0, measured at T = 303.2 K and at: 1 p0 = 5.54 hPa, pz = 39.7 hPa; 2 p0 = 5.21 hPa,
pz = 60.4 hPa

FIG. 4
The changes in pressure of deuterium in inside volume of the system as a function of time:
∆p(t) = p(t) – p0, measured at T = 303.2 K and at: 1 p0 = 5.21 hPa, pz = 60.4 hPa; 2 p0 = 3.21 hPa,
pz = 57.4 hPa; 3 p0 = 0, pz = 64.0 hPa
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tion, the total flux of deuterium through the membrane depends on deute-
rium concentration, on concentration gradient and on gradient of stresses.
In Figs 3–5 we see that magnitude of uphill diffusion depends on initial
concentration and on boundary conditions. Figures 3 and 4 illustrate that
the minima on p(t) dependences increase with increasing p0 in the investi-
gated pressure region.

The breakthrough time for diffusion of deuterium in Pd77Ag23 membrane
with an initial content of deuterium was determined by intersection of the
straight line fitted to the stationary part of p(t) line with the line p(t) = p0.
The diffusion coefficients were calculated from Eq. (4). The results are pre-
sented in Table II and in Fig. 6.
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TABLE II
The breakthrough times (τ) and the diffusion coefficients (D) of deuterium for Pd77Ag23
membrane, at T = 303.2 K, under different initial and boundary conditions

p0, hPa pz, hPa τ, min D, m2/s

2.45 40.2 23 3.02e–11

3.21 57.4 27 2.57e–11

4.37 40.8 34 2.04e–11

5.21 60.4 37 1.88e–11

5.54 39.7 40 1.74e–11

FIG. 6
The dependence of diffusion coefficient (D) of deuterium for the Pd77Ag23 membrane on the
initial pressure p0, at T = 303.2 K (the solid line is an eye guide)
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Equation (4) precisely determines values of D at constant initial and
boundary conditions47,48. Unfortunately, in our measurements the values
of pz and corresponding boundary concentrations changed with time dur-
ing each measurement because of high solubility of deuterium in mem-
brane. The values of pz given in Tables I and II are the starting values in
each measurement. The error in diffusion coefficients, caused by changing
pz with time, was 20%.

From Tables I and II we see that, in the investigated pressure region, the
breakthrough times for membranes with some deuterium contents are al-
ways larger (even by 100%) than those for membrane with no initial con-
tent of deuterium. The diffusion coefficients in Fig. 6 decrease with increas-
ing p0. The differences between D values in Table I and those in Table II are
caused by stresses and by dependence of diffusion coefficient on deuterium
concentration.

The solubility of deuterium in Pd77Ag23 membrane was measured by volu-
metric method at temperatures 303.2, 308.2, 318.2 and 328.2 K. The results
are presented in Fig. 7. The solubility of deuterium decreases with increas-
ing temperature.

The measurements of p(t) presented in Figs 3–5 were carried out for initial
pressures of deuterium up to about 5.5 hPa, which corresponds to n ≈ 0.2.
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FIG. 7
The deuterium content n = D/M (see the text) in Pd77Ag23 membrane as a function of p1/2 at
different temperatures T (in K): � 303.2, � 308.2, � 318.2, � 328.2 (the solid lines are eye
guides)
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CONCLUSIONS

The diffusion of deuterium through the Pd77Ag23 membrane was investi-
gated at temperatures 303.2, 308.2, 318.2 and 328.2 K. The influence of
stresses was studied at temperature 303.2 K. The uphill diffusion effects
were evidenced under different initial and boundary conditions. The break-
through times and diffusion coefficients were determined for the Pd77Ag23
membrane without or with initial contents of deuterium up to about to n ≈
0.2. The solubility of deuterium at the above temperatures was measured by
a volumetric method.
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