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Abstract

Experiments on permeation of deuterium through a palladium membrane, which was accompanied by co-perme-
ation of hydrogen, were performed in the pressure range below 1 Pa. Permeation of deuterium exhibited features of
surface limited regime (SLR) both with and without hydrogen co-existence. Release of D,, HD, and H, molecules from
the downstream side of the membrane was observed in presence of hydrogen. No visible blocking of deuterium per-
meation by hydrogen appeared. The net permeation rate of deuterons in D, and HD forms in the co-permeation ex-
periments with hydrogen was found to be approximately the same as in the experiments without hydrogen, if the
effective deuterium pressure p(D,) + p(HD)/2 remained the same irrespective of the partial pressure of hydrogen p(H,).
The experimental data were described by a steady-state permeation model, which took into account D,, HD, and H,
absorption and desorption. © 2001 Published by Elsevier Science B.V.

1. Introduction

Hydrogen permeation through solids is being widely
investigated for various nuclear materials applications,
and the isotopic effect is a hot topic of these researches.
Isotopic effects have been discussed for interactions of
mono-isotopes with solids. The case of co-existence of
two or more isotopes in materials has not been under-
stood well yet.

Several investigations were devoted both to experi-
mental observation and numerical modeling of co- and
counter-permeation of two isotopes [1-9]. Those re-
searches were stimulated by ideas of using hydrogen
permeation in hydrogen isotope separation columns,
hydrogen vacuum pumps, helium-hydrogen separation
windows, and in systems for tritium recovery from tri-
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tiated water. Besides, this effect is important for some
other applications, for example, for estimation of tritium
leakage from tritium breeding blanket and nuclear waste
storage beds. It has been found that presence of one
isotope influences the behavior of another.

Various approaches for modeling of the impact of
one isotope on the another have been proposed and
analyzed [2-6]. The purpose was to find an appropriate
solution for D, and H, permeation rates in case they are
mixed in the membrane. Though the modeling often
gives a good agreement with the experiment, under-
standing of the physical nature of the effects observed
has not been achieved yet. One may suggest that the
effect of H-D recombination could be a reason for some
experimental observations.

Formation of heterogeneous HD and HT molecules
on the surface was observed in various experiments. For
example, HD desorption was found in [10] in measure-
ments of deuterium re-emission during ion bombard-
ment and thermal desorption after implantation.
Formation of HD molecules was also observed during
heating of the sample in the mixture of H, and D, gases
[11]. Thermal desorption spectroscopy (TDS) after co-
adsorption from molecular beam also demonstrated
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desorption of HD molecules [12]. Many researches were
devoted to abstraction of preliminary adsorbed atoms in
HD form by hot gaseous atoms of another isotope [13—
15]. Isotopic substitution and exchange on the surface
with HD formation was observed also in low-tempera-
ture adsorption experiments [16]. Heterogeneous re-
combination also occurs on surfaces of liquid metals, for
example, HT desorption during neutron irradiation of
liquid Lil17Pb83 alloy is accelerated by hydrogen added
to the purge gas [17]. This effect was also important for
ceramic breeder materials [18]. Permeation through solid
metals in contact with liquid LiPb alloy is also accom-
panied by HT formation [19,20]. Heterogeneous HD
desorption was discussed also in H and D co-permeation
measurements through Pd as reported in the previous
publications [2,3]. A similar effect of heterogeneous re-
combination between hydrogen and oxygen was also
found in hydrogen permeation experiments in [21,22].
Admission of oxygen on the downstream side of Pd led
to appearance of water, so at high counter-pressure of
hydrogen, the net hydrogen permeation rate increased.
Having these observations in mind, one may conclude
that H-D recombination on the surface could really be
an important factor in permeation, when two isotopes
co-exist in the metal. For heterogeneous H-D, H-T and
D-T molecular recombinations, the different interac-
tions between different atoms could result in depression
of the recombination of heavier mass molecules, known
as a blocking effect, which is also the subject of the
present work.

In this paper we first give a model description of the
features connected with H-D recombination, which can
be expected in co-permeation of hydrogen and deuteri-
um; then we describe the experimental details, and
compare the experimental observations with the model
calculations.

2. Model

The main mechanism for thermal release of diatomic
molecules from solids is the recombinative desorption
from the chemisorption sites on the surface. To simplify
modeling of the recombinative desorption, it is often
supposed that a local equilibrium between on-the-
surface chemisorption states and under-the-surface bulk
absorption states establishes rather fast, and this was
demonstrated in [23]. In this case, the rate of desorption
is proportional to the square of the bulk concentration
with a so-called recombination coefficient K as the
proportionality parameter.

If two isotopes, protium H and deuterium D, co-exist
in a metal, they may desorb from the metal as H,, D,,
and HD molecules. If Cy and Cp are the numbers of H
and D atoms per cm? in the near-surface layer, the total
numbers of H-H and D-D pairs, which can be formed

from these atoms are Cy(Cy — 1)/2 and Cp(Cp — 1)/2,
respectively, while the number of HD pairs is CyCp.
Therefore, the probabilities of formation of H,, D,, and
HD molecules during desorption are proportional to
these products. Since Cy > 1 and Cp > 1, the respec-
tive desorption rates expressed in molecules/cm?/s are

J(H,) = KunChi/2, (1h)
J(Ds) = KDDC]ZJ/zv (1d)
J(HD) = KnpCuCp, (1hd)

where Kyp, Kpp, and Kyp are the coefficients of H-H,
D-D, and H-D recombinations expressed in cm*/s. One
can easily see that

J(HD)* = 4J(H,)J(D,)[K2p/KuuKop)- (2a)

If the efficiencies of H-H and D-D recombination are
different, one may expect that the efficiency of H-D
recombination has an intermediate value and therefore
the ratio Kf{D /KunKpp is approximately equal to 1. So,
one can expect that

J(HD)* = 4J(H,)J (D,). (2b)

In writing particle balance equations, it is easy to op-
erate with fluxes expressed in units of H and D atoms
leaving the surface. The rates of release of H atoms in H,
molecules and HD molecules, as well as the net release
rate of protium atoms, all in units of atoms/cm?/s are

Jjn(Hy) = 2J(H,) = KyuC3,
Jju(HD) = J(HD) = KupCnCp,
Ju = ju(Hz) + ju(HD).

For deuterium, the respective rates are written similarly:

Jjp(D2) = 2J(D,) = KppC,
Jjo(HD) = J(HD) = KupCuCh,
Jo = jo(D2) + jp(HD).

Due to HD desorption from the metal, HD molecules
appear in the volume around the sample. Therefore, one
can expect that not only H, and D, molecules, but also
HD molecules in the gas contribute to adsorption of
H and D atoms in the metal. The rates of absorption of
H and D atoms due to dissociation of H,, D,, and HD
molecules are

iH(Hz) = 20‘HHp(H2)7
iD(Dz) = ZOCDDp(Dl)a
i(HD) = ip(HD) = ayypp(HD).

Here p(H;), p(D.), and p(HD) are the partial pressures
of H,, D,, and HD molecules in gas, and oyy, opp, and
oup, are the respective coefficients of dissociative
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absorption. It is taken into account that dissociation of
H, or D, molecule gives two H or D atoms respectively,
while dissociation of HD molecule produces one H and
one D atom.

The fluxes of molecules that dissociate with subse-
quent absorption are respectively

I(Hz) = lH(Hz)/z = O(HHP(H2)a
1(Dy) = ip(D2)/2 = appp(Ds),

Having these definitions for the absorption and release
fluxes, one can construct various schemes of interaction
in the steady-state regime when the concentration of
atoms in the metal does not change in time. Let us
consider a membrane, which separates two volumes with
gas either admitted in or evacuated out of them. In the
case that the gas is admitted on two sides of the mem-
brane, we meet a situation that can be described as the
solubility experiment with the concentration of atoms
being uniform along the depth. In the case of gas ad-
mitted on one side and evacuated from another, we meet
the situation that can be described as the permeation
experiment with a gradient of concentration along the
membrane depth.

In previous researches [2,3] it was found that the
permeation rate through Pd at low hydrogen gas
pressure approximately linearly increases with the gas
pressure. This pressure dependence is typical for the so-
called surface limited regime (SLR) of permeation.
Diffusion of hydrogen in the membrane is very fast in
this regime, and the concentration gradient is very small.
For simplicity of consideration, we assume the concen-
tration profile to be absolutely flat, so the concentrations
on the inlet and outlet sides coincide. Deviation from the
pure SLR can be taken into account later when com-
paring the calculations with the experimental data. Let
us consider the following modes of interaction.

2.1. Solubility of a mono-isotope gas.

In this case either H, or D, gas is admitted in both
volumes, so the membrane is saturated from two sides
and the gas release goes also from two sides. The balance
of atomic fluxes for this case is

2iy(Hz) = 2ju(Ha),
2ip(Ds) = 2jp(Dy),

and the concentrations can be found to be

Ch = (Cus)’ = (o /Kun)p(Hy) = Shp(Hs), (3h)

Ch = (Cps)’ = (2upp/Kpp)p(D2) = Spp(Ds). (3d)

Index ‘S’ in Cy s and Cp g means ‘solubility’ or ‘Sieverts’
concentrations, which are proportional to the square

root of the gas pressure, according to the classical Sie-
verts relationship C = Sp'/> with S known as the solu-
bility or Sieverts constant. In our denotations

Sy = (zaHH/KHH)I/zy
SD = (ZOCDD/KDD)I/z.

2.2. Permeation from a mono-isotope gas

The difference of this case from the previous one is
that the gas pressure is applied only from one side giving
the incoming flux twice less than in the saturation mode,
while the release goes from two sides of the membrane as
it was in the saturation mode. The balance of atoms is
written as

in(Hz) = 2ju(Hy),
in(D2) = 2jp(Dy),

and the concentrations are /2 times less than those
reached in the saturation experiment:

Ch = (omn/Kun)p(Hz) = (Cus)’/2, (4h)

C = (app/Kpp)p(D2) = (Cps)’/2. (4d)

The molecular permeation rates can be expressed in one
of the forms, convenient in different cases:

J(Hz) = KHHC]%[/Z = ocHHp(Hz)/Z = KHHCIZ-LS/4

J(D,) = KppCh/2 = appp(D1) /2 = KppCh g /4
= KopSpp(D») /4 = 1(D,) /2. (5d)

It is of much interest to note that one-half of the flux,
which absorbs from the inlet side, /(H,) or /(D;), per-
meates through the membrane and desorbs from the
outlet side. The permeation rates linearly rise with the
pressures, as it should be in SLR. These are features of
SLR.

2.3. Solubility for a mixture of two isotopes

This case corresponds to equilibrium between H,,
D,, and HD in gas on two sides of the membrane with H
and D atoms in the membrane. The balances of atomic
fluxes include now the influx from dissociation of HD
molecules on the two sides:

2[iu(H) + iu(HD)] = 2[ju(H,) + ju(HD)],
2[ip(D5) + ip(HD)] = 2[jp(D,) + jp(HD)].

The sum of the two equations divided by the factor of 2
gives
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20pup(Hy) + 20pp(HD) 4 20ppp(Ds)
= KunC}; + 2KupCuCp + Kpp C3.

From this equation one can see that if the equilibrium
establishes in the system of three gases H,, HD, and D,
the balance of incoming and outgoing fluxes takes place
for every type of the molecules. Every molecule (H,,
HD, and D,), which dissociates from gas with absorp-
tion of its atoms by the metal, is substituted by another
molecule of the same type, which comes to the gas due to
recombinative release of atoms from the membrane.
This is the case of true thermodynamic equilibrium. The
partial balances in this equilibrium are

2oqup(Hy) = KHHC%{,
20ppp(D1) = KppCh,
ZOCHDp(HD) = ZKHDCH CD.

The first and the second equations are identical to those
written for H and D balance in Section 2.1. Therefore,
one can say that the equilibrium concentrations of H
and D atoms, which are established in metals in contact
with an equilibrium mixture of two isotopes, are the
same as in the case of mono-isotope solubility if
the partial pressures of H, and D, molecules remain the
same: the respective concentrations Cy = Cps and
Cp = Cpg are given by (3h,3d). Let us mention that at a
given D, partial pressure, an additional absorption flux
from dissociation of HD molecules does not lead to
increase of H and D concentrations in metal. This is
because this absorption flux is compensated by re-
desorption of HD molecules. The third equation from
the set above gives the equilibrium pressure of HD that
establishes in the mixture in thermodynamic equilibrium
with solid:

[P(HD)” = 4(K{poumonn) (4pKnnKop) ' p(H)p(Dy).
(6)

For practical purposes, one can simplify (6) suggesting
that the coefficients for HD have some intermediate
value between H, and D,, so the square of the coeffi-
cients for HD approximately equals to the product of
those for H, and D,. In this case, (6) is reduced to the
simple form

p(HD)? = 4p(H,)p(Dy). (7)

It is often convenient to operate not with the true partial
pressures of molecules, p(H,), p(HD), and p(D,), but
with the ‘effective’ hydrogen and deuterium pressures,
which correspond to the total number of atoms of the
respective isotope in the gas mixture:

Pu = p(Hz) + p(HD)/2, (8h)

Pp = p(D,) + p(HD)/2. (8d)

If a true equilibrium establishes in the system, one can
find the partial pressures from (7,8h,8d)

p(Ha) = P /(P + Pp), (9h)

p(D2) = B3/ (Pu + Po). (9d)

Let us mention that the concentrations and the de-
sorption fluxes are expressed in different ways as func-
tions of partial and effective pressures.

2.4. Permeation from an equilibrium isotope mixture

Using the term equilibrium isotope mixture, we mean
that all the three types of molecules in gas on the up-
stream side, H,, HD, and D,, are in equilibrium with
solid. In this case, the partial fluxes entering the metal
bulk and leaving the metal on the upstream gas—solid
interface are equal. The difference of this case from the
previous one is that the outlet side of the membrane is
evacuated, so only one side of the membrane is open for
the incoming fluxes while desorption occurs from both
sides. The balances of fluxes in this case are

in(Hy) + iu(HD) = 2[ju(H,) + ju(HD)],
ip(D3) + ip(HD) = 2[jp(D,) + jp(HD)].

Following the procedure of the previous case, one can
easily find that the concentrations of protium and deu-
terium are just the same as in the case 2.2 of permeation
of mono-isotopes if the partial pressures of H, and D,
molecules are the same in these two cases. Formulae
(4h,4d) for H and D concentrations can be used in both
cases. If so, the fluxes of H, and D, molecular desorp-
tion from the outlet side can be calculated from (5h,5d)
as in the mono-isotope permeation mode. Desorption of
HD follows Egs. (2a,2b). It is important to note that the
release rate of D, molecules from the downstream side
does not depend on the H, partial pressure in co-per-
meation experiments if the D, partial pressure is kept
constant. At the same time, desorption of HD with the
rate given by (2a,2b) and (5h,5d) appears, and the net
permeation of deuterons in D, and HD molecules in-
creases. The net, or effective, permeation rates of pro-
tons and deuterons in units of molecules/cm?/s are

Ju = J(H,) +J(HD)/2,
Jp = J(Dy) +J(HD)/2.

The equilibrium partial pressure of HD molecules in gas
on the upstream side, which establishes due to molecular
exchange on the interface in the permeation mode, is the
same as in the solubility mode, case 2.3, and is given by
(6) and (7).

For our experimental purposes, one can write also
the dependencies on the effective pressures (8h,8d):
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J(Hy) = [KunSAPu/4)[1 + Po/Py) ™", (10h)
J(D,) = [KppS3Pp/4)[1 + Pu/Po) ', (10d)

J(HD) = [KuuSKopS3/4]*[PuPo/(Pu + Po)].  (10hd)

The net permeation rates of hydrogen and deuterium in
co-permeation experiments can be expressed from
(10h,10d,10hd) as

Jb = qp[KppSpPo /4], (11d)

where gy and ¢p are the correction factors, which are
close to 1.

i = [Pu + Po(KopSh/KuuSh) "’/ (Po + Pu),
dp = [PD + PH(KHHS]%{/KDDS]ZD)I/Z]/(PD + PH)

For the solubilities ratio of 1.23, which we discuss later,
the upper limit is gp = 1.23 at Pp < Py. The effective
deuterium permeation rate as a function of the effective
deuterium pressure is expected to be almost independent
of the partial pressure of hydrogen as (11h) and (11d)
say. This is because HD pressure has already been in-
cluded in Pp.

From (11h) and (11d), one can find the isotope sep-
aration factor. Since the separation factor is defined as
the ratio of the net fluxes of protons to deuterons from
the downstream side divided by the ratio of pressures of
hydrogen to deuterium on the upstream side, i.e.
SHD = [JH/JD]/[PH/PD], one can find SHD = (KHHSI%I/
KDDSI?))I/ % This value is rather small. One can also de-
termine the separation factor using the ratio of partial
fluxes J(H,)/J(D,) and partial pressures p(H)/p(D,).
In this case SHD = KHHSIZ_I/KDDSé

2.5. Permeation from a non-equilibrium mixture

A very low HD pressure on the inlet side character-
izes this case. Therefore, the balances of fluxes do not
contain the respective inlet fluxes iy(HD) and ip(HD)
and are written as
in(Hz) = 2[ju(H,) + ju(HD)],
in(D2) = 2[jp(Ds) + jpo(HD)].

Writing the expressions for all the fluxes and using

Egs. (3h,3d) to substitute the pressures in the left parts,
we obtain

KHH(CH‘S)Z = 2KHHC]%{ + 2KupCuCp,
KDD(CD.S)Z = 2KDDC12) + 2KHDCHCD

These two equations are reduced to the following
equations for the concentrations Cy and Cp:

4aCl + 2buCi + (Cus)’ =0, (12h)
4aCl +2bpC3 + (Cps) =0, (12d)
where

a=1-— (KHD)Z/KHHKDDa
by = (CpsKup)’ /KuuKop — 2(Cps)’ — (KapCis/Kop) s

bp = (CH‘SKHD)Z/KHHKDD - Z(CH,S)2 - (KHDCD,S/KHH)Z-

Though the system of flux balances is simpler than in the
previous case, its solution does not look so attractive. It
can be well simplified suggesting all the recombination
coefficients to be the same Kyp = Kyy = Kpp = K:

Ch = [(Cus)*/2[1 + (Cps/Cus)’] (13h)

€3 = [(Cps)*/2][1 + (Cus/Cps)’] (13d)

One can see that the concentrations in the non-equilib-
rium case, given by (13h,13d), are less than those ob-
tained for an equilibrium mixture, given by (4h,4d), at
the same D, partial pressure. This is because the HD
partial pressure is negligible in the no-equilibrium mix-
ture. Therefore, HD does not give contribution to ab-
sorption, and HD recombination channel depletes
deuterium concentration. Having these concentrations,
one can easily calculate the rates of desorption of Hy,
HD, and D, molecules on the downstream side from
(1h,1d,1hd):

J(Hy) = [KunSjpu /411 + (Sppo)/ (Stpw)] ™ (14h)
J(D2) = [KooSppo /41[1 + (Sipu)/ (Sppo)] (14d)
J(HD) = [4J(H,)J(D,)]'. (14hd)
The net permeation rate of deuterons

Jp = g(KDDSIZJ_& po/4), (15)

where g is a correction factor for the case of non-equi-
librium on the upstream side, which is also close to 1.

8= [Cé,s + (KHH/KDD)I/ZCﬁs](Cés + Cﬁ,s)71~

It is interesting to compare the case of permeation from
the non-equilibrium mixture (14h,14d,14hd,15), with a
single isotope permeation (5h,5d). In both cases, the
partial D, pressure equals the effective pressure of deu-
terium. One can find that the rate of D, permeation
decreases in the mixture (14d,5h,5d), while the net per-
meation rate of deuterons (15,5h,5d) remains approxi-
mately the same.
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3. Experimental

Permeation measurements were performed using the
apparatus shown in Fig. 1. A sample palladium mem-
brane separated two vacuum chambers. Two rotary
pumps (RP) and two turbo-molecular pumps (TMP)
evacuated both chambers. The base pressure of the
system was maintained below 1x 107® Pa and was
measured by an ionization vacuum gauge (IG). The
deuterium and hydrogen gas pressures supplied into the
chambers were monitored by a capacitance manometer
(CM), IG and a quadrupole mass spectrometer (QMS).
The relative sensitivity factor of the ionization vacuum
gauge for hydrogen was calibrated to be 0.4. Recent
analysis [24] of sensitivities of various industrial ioniza-
tion gauges to H, and D, gases has demonstrated that
the ratio of sensitivities of H, to D, is in the range of
1.001-1.04. Therefore, for the purposes of our mea-
surements we consider the isotopic effect of IG negligi-
ble. The pumping speed of the system was 1.0 x 107!
m?/s both for H, and Ds.

The membranes were made of Pd with the purity of
99.95%, which was supplied by Nilaco, Japan. Two
membranes with thicknesses of 0.025 and 0.05 mm and
surface area of 1.8 x 10~* m? were used. The membrane
was fixed on a stainless steel sample holders using Cu
gaskets and the permeation cell was vacuum-leak tested.
The membrane could be heated up to 1000 K by a
molybdenum heater placed in the up-stream chamber.
The temperature was measured by a K-type thermo-
couple. Measurements of permeation were performed at
the temperatures of 820-870 K. The driving effective
deuterium pressure Pp ranged from 7 x 107 to 3 Pa on
the upstream side. The effective hydrogen pressure Py

was fixed at either 1.4 x 107" or 6.3 x 1072 Pa on the
same side. The values of the effective pressures of deu-
terium and hydrogen Pp and Py are given by (8h,8d).

The experiments were performed in the dynamic re-
gime with pumping the permeating gas out of the
chamber. The effective flux of deuterium permeation
through the membrane was determined from measure-
ments of the increase in the effective deuterium pressure
APy (1) at the downstream side Jp(¢) = APp()Serr /RTA.
Here S is the effective pumping speed of the system, R,
T, and A are the gas constant, the gas temperature, and
the surface area of the membrane, respectively. The
steady-state permeation was investigated.

The procedure of the co-permeation experiments was
as follows. After introducing H, gas into the upstream
chamber at a fixed pressure, a steady-state permeation of
hydrogen to the downstream side was achieved. Then,
without changing the H, leak flow rate (that is keeping
the effective H, pressure constant), D, gas at low pres-
sure was introduced into the same (upstream) chamber.
This lead to a change of H,, HD, and D, signals in the
downstream chamber, which were measured by QMS
until their steady-state levels had been achieved. With
the H, leak rate kept constant in the upstream chamber
(H, effective pressure constant), the D, leak into this
chamber was raised stepwise, and the resulting partial
pressures were monitored on the back side. In those
experiments, we supposed that HD signal variation on
the outlet side was mainly due to recombinative de-
sorption of HD molecules from the membrane surface.

Admission of two isotopes in the inlet chamber also
lead to isotope mixing, which produced three molecular
species H,, HD, and D, in the gas in the upstream
chamber with the partial pressures p(H,), p(HD), and

QMms

Thermocouple TMP

=

Orifice

Fig. 1. Schematic diagram of the apparatus for co- and counter-permeation measurements.
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p(Dy), respectively. The total pressure P is the sum of
the partial pressures

P = p(Hy) + p(HD) + p(D2) = Pu + Po.

This pressure was measured by a calibrated ionization
gauge. The sensitivity of the IG was supposed to be
equal for all the three species.

If only hydrogen is admitted to the upstream volume,
the total pressure equals the effective pressure of hy-
drogen Py. Admission of deuterium changes the partial
pressures of H, and HD but does not change the effec-
tive Py value, which remains constant during the series
of experiments with different deuterium pressures.
Therefore, the effective deuterium pressure Pp in co-
permeation experiments can be easily calculated as the
difference of the total pressures measured with and
without deuterium in the upstream chamber.

It should be noted that the effective pressures of hy-
drogen and deuterium are taken from direct observa-
tions, and their values do not depend on the equilibrium
conditions in the system. For getting their values, there
is no need to make any suggestion about whether the
equilibrium in the system is complete or not. The true
partial pressures of the three molecules are unknown
from measurements, and they can be calculated from the
effective pressures only if additional knowledge about
the system is available.

If there is no equilibrium at all, for example, the gas
is purged fast through the upstream chamber, the true
partial pressures and the effective pressures are just the
same, and this is the case of part 2.5. If a true equilib-
rium establishes in the system, the case of part 2.4, the
partial pressures can be calculated according to
(7,9h,9d). In any intermediate cases, additional infor-
mation is necessary for estimation of the true partial
pressures. Therefore, in the present experiments, for
simplicity, we did not use the true partial pressures and
operated with the effective hydrogen and deuterium
pressures (8h,8d). The effective pressures were also used
in the previous publications [2,3] on counter-perme-
ation.

4. Results and discussion
4.1. Mono-isotope permeation measurements

Regime of hydrogen permeation through metals de-
pends on the surface conditions and the gas pressure
applied as was analyzed in [25]. In general, permeation is
diffusion-limited at high pressures and surface-limited at
low pressures. But for Pd, the square root dependence
typical for DLR was usually observed even at as low
pressures as 1073 Pa, for example [26-28]. These exper-
iments were performed with the purpose of the diffusion

coefficient determination, and the surface was prepared
to be clean. Linear dependence, which is typical for
SLR, was found in [29] below 1 Pa.

Fig. 2 demonstrates our measurements of the per-
meation rate of deuterium as a function of the driving
D, pressure on the upstream side. The experimental data
for two membranes of different thicknesses (0.025 and
0.05 mm) and two temperatures (825 and 865 K) are
shown. The lines represent p' and p'/? pressure depen-
dencies.

One can see that at the lowest pressures, the experi-
mental data are well proportional to the driving deute-
rium pressure, and this is the evidence that the
permeation is in the pure SLR. At higher pressures,
some deviations from the pure SLR dependencies are
observed. The tendency of the curve is that it is going to
approach to the square root pressure dependence at
higher pressures. Nevertheless, the inclination of the
curves in our pressure range is still far from that in
DLR, and this is why one can say that mainly surface
processes limit permeation in our pressure range. In this
case, the depth profile may be approximated as a flat
one, as we accepted for our modeling. The difference
between 825 and 865 K is not large.

A rather unexpected observation comes from com-
parison of the permeation rates through the membranes
of different thicknesses. Indeed, in SLR the permeation
rate must be independent of the membrane thickness.
Appearance of this dependence points to the diffusion-
limited regime of permeation. But in these particular
experiments, at least at the lowest pressures, we are very
far from DLR conditions; therefore one must explain
this observation by some surface effects. For example, it
can be explained by difference in surface quality of the
two samples. Also, a possible explanation is that the
properties of the inlet and outlet surfaces are different
for at least one of the two membranes. It is well known
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Fig. 2. Deuterium permeation flux as a function of the up-
stream deuterium pressure measured for two Pd samples of
different thicknesses at two temperatures.
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that the surface recombination rate efficiency is very
sensitive to the surface conditions [30-35], and therefore
one may expect that K values are different in contact
with different environments on the two sides of the
membranes. We performed several measurements one
after another at the same pressure and temperature and
found that the steady-state level of permeation increased
gradually from experiment to experiment until some
value, which did not change in further measurements,
was reached. The effect of the quasi-steady state (per-
meation changes very slowly) was often observed in
experiments. Often it is related either with surface oxy-
gen removal or removal by long-term hydrogen expo-
sure. In recent researches [21,22] on hydrogen
permeation through a Pd membrane loaded with dif-
ferent H, pressures on both sides, oxygen was added
either to the upstream or downstream chamber. In both
cases, formation of water was observed in the respective
volumes. If the oxygen was on the upstream side, water
formation decreased the concentration of hydrogen on
this side, and permeation decreased. If oxygen was on
the outlet side, water formation promoted desorption of
hydrogen, and the permeation of hydrogen increased.
Even at a relatively high oxygen pressures and high
coverage of Pd surface by oxygen on the downstream
side, oxygen did not block hydrogen permeation. A gas,
which blocks hydrogen permeation through Pd, is CO
when it is admitted on one or both sides, and this has
been directly demonstrated in [21,23,24]. Carbon mon-
oxide was shown to block both dissociation of gas
molecules and association of atoms on the surface. This
gas is a well-known poison for catalysts. Influence of CO
is very strong at low temperatures. Increase of the
temperature above 523 K significantly reduces this effect
even at 10-50% of oxygen in hydrogen, as found in [36].

Comparison of permeations of one-component hy-
drogen and deuterium is given in Fig. 3 for the mem-
brane thickness of 0.025 mm and the temperature of

10":1‘...] T T T T T T
f Pd, 0.025mm, 870K P
o
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Fig. 3. Comparison of the permeation rates of protium and
deuterium in the mono-isotope permeation experiments.

870 K. Permeation flux of hydrogen (open circle) was
about 1.5 times larger than that of deuterium (closed
circle). The permeation rate in SLR, according to
(5h,5d), is proportional to the product of the recombi-
nation efficiency and the squared solubility, and this
product is about 1.5 from Fig. 3. The solubility ratio for
hydrogen and deuterium in Pd was derived in [27]. At
870 K, Su/Sp is about 1.23. Therefore, from Egs. (5h,5d),
the phenomenological recombination rate constant of
deuterium nearly equals to that of hydrogen. These ratios
for the solubilities and recombination efficiencies we will
use below in our analyses of co-permeation.

4.2. Co-permeation

The main feature of the experiments with the mixture
of isotopes is formation of HD molecules on the sur-
faces. In the counter-permeation experiments [2,3], it
was very difficult to follow HD signal. Co-permeation
experiments gave this opportunity, and Fig. 4 shows the
results obtained. The square of the HD permeation rate
as a function of the product of desorption rates of H,
and D, molecules perfectly follows the straight line
predicted by the formulae (2a,2b). Increase either in H
concentration or in D concentration gives rise to in-
crease of H-D recombination on the surfaces of the
membrane.

Fig. 5 shows comparison of the effective deuterium
permeation rate as the function of the effective deuteri-
um pressure for two cases: mono-isotope deuterium
permeation experiment without hydrogen and co-
permeation experiment with hydrogen. One can see that
the difference between the two experiments is very small.
This follows from the model consideration of part 2,
where it was shown that the effective deuterium perme-
ation rate as a function of the effective deuterium pres-
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10°F ¢ 0 -mmm- J(HD) =4 J(H,)x](D,) §
£~ 1 1 1
10™ 10" 10™° 10° 10°
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Fig. 4. The relation between the fluxes of HD, H,, and D,
molecules in co-permeation experiments.
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Fig. 5. The effective permeation rate of deuterium
Jp =J(D,) +J(HD)/2 as a function of the effective deuterium
pressure Pp = P(D,) + P(HD)/2 with and without H, co-per-
meation.

sure is a weak function of the pressure of hydrogen. It is
important to mention that both permeation modes (with
equilibrium and without equilibrium on the upstream
side) lead to this result, as follows from (11h,11d,15).
The fact that hydrogen gas on the upstream side does
not influence the net permeation rate of deuterons can
be interpreted as an evidence that hydrogen does not
block adsorption of deuterium on the upstream side.
Moreover, in the conditions of the present experiments,
the concentration profiles of hydrogen and deuterium
are very flat. Therefore, the concentrations of hydrogen
and deuterium in the bulk of the membrane and on the
downstream side are about the same as on the upstream
side. This may be considered as a demonstration that
there is no hydrogen-related blocking of deuterium dif-
fusion in the bulk and no blocking of deuterium re-
combination on the downstream side.

Fig. 6 demonstrates the contribution of three re-
combination channels H,, HD, and D, on the down-
stream side of the membrane as functions of the
effective deuterium pressure. The net fluxes of deuteri-
um and hydrogen are also shown. One can see that the
rates of D-D and H-D recombination on the down-
stream side both increase with the effective deuterium
pressure, while that of H-H recombination decreases.
The net permeation of deuterons increases approxi-
mately linearly as it was without hydrogen, while the
net permeation of protons remains approximately in-
dependent of the deuterium pressure. That is, the net
fluxes of protons and deuterons seem to be separated
being mutually independent as functions of the effective
pressure.

Comparing Figs. 5 and 6 in more detail, one can
mention the following tendency. The net permeation
rate of deuterons slightly increased due to co-permeation
of hydrogen in Fig. 5, and the net permeation rate of
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Fig. 6. Contribution of HD, H,, and D, molecules in the net
permeation flux of protons and deuterons Jy =J(Hy)+
J(HD)/2 and Jp =J(D,)+J(HD)/2 in co-permeation mea-
surements as a function of the effective deuterium pressure
Py = P(D,) + P(HD)/2 and at a fixed value of the effective H,
pressure Py = P(H,) + P(HD)/2 = 0.063 Pa. Lines are a guide
to the eye.

protons slightly increased due to co-permeation of
deuterons in Fig. 6. Though the effect is within the ex-
perimental uncertainty, it was repeatedly observed.

Fig. 7 demonstrates comparison of experimental
measurements and the model calculations of con-
tributions of three recombination channels on the
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Fig. 7. Contribution of HD, H,, and D, molecules in the net
permeation flux in co-permeation measurements as a function
of the effective deuterium pressure P, = P(D,) + P(HD)/2 and
at a fixed value of the effective H, pressure Py = P(H,)+
P(HD)/2 = 0.063 Pa. Lines give the results of model calcula-
tions. Solid lines are for equilibrium mixture of H,, HD, and D,
in gas on the upstream side (Eqgs. (11h,11d) and (12h,12d)).
Dashed lines are for non-equilibrium mixture of H, and D,
(Egs. (14h,14d,15) and (15)). Pure SLR of permeation is sug-
gested.
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downstream side. Both equilibrium and non-equilibrium
situation on the upstream side is considered. It is
important that the relationship of the respective rates
strongly depends on the effective deuterium partial
pressure on the inlet side. One can see that the model
calculations agree with the experimental data rather
well. The solubility ratio was taken as 1.23, and the only
adjusting parameter was the product KppS3/4=
2 x 107 for equilibrium and 1.5 x 10~ for non-equi-
librium calculations. It follows from Fig. 7 that the
condition of establishing equilibrium between the three
types of gas species is not so important for explanations
of the experimental observation. Both considerations
gave equally good results.

The most serious disagreement is observed at high
pressures. One of the suggestions was that this effect
could be possible due to deviations of permeation from
the pure SLR as the slope of the permeation curves as
the function of pressure decreases. We recalculated the
rates of H,, HD, and D, desorption with correction to
possible deviation from pure SLR. For this purpose we
suggested that the ratio of real concentrations to the
concentrations given by the SLR is the same as the
square root of the ratio of the experimental permeation
fluxes to those predicted by the straight line of the SLR
in Fig. 2. The results are given in Fig. 8. One can see that
the agreement has not become much better. The ad-
justing parameter KppS3/4 =3 x 107 in those calcu-
lations.

In the co-permeation experiments, hydrogen perme-
ates through the membrane along with deuterium. Fig. 9
demonstrates the ratio of how much deuterium perme-
ates with respect to the sum of hydrogen and deuterium
permeation:

Jr = (D2) +J(HD)/2]/[J(D,) + J(HD) +J (H)].
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Fig. 8. The same as Fig. 7, for equilibrium case, but the cal-
culations are corrected to take into account not exactly pure
SLR of permeation.
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Fig. 9. The relative deuterium permeation rate J, =
Jp/(Jp +Ju) in co-permeation experiments as a function of the
effective deuterium pressure P, = P(D,) + P(HD)/2 measured
at two effective hydrogen pressures. Pure SLR. Solid lines —
equilibrium calculations, dashed lines — non-equilibrium case.

One can see that contribution of deuterium in the net
permeation rate of two isotopes increases with increase
of the effective deuterium pressure. The formulae for the
relative contribution of deuterium to the total perme-
ation can be written in the form which is valid both for
the equilibrium and non-equilibrium in gas on the up-
stream side. If the recombination efficiencies of isotopes
differ not too much, one can obtain

jo = Cp/(Cp + Cn).

Taking the values of concentrations for the two
cases, one can find that the pressure dependencies are
different:

Jr =1+ (Su/So) (p(Ha) /p(D2)) ]!

= [1 + (SuPu/SpPo)] " for equilibrium,

Jr = [1+ (Su/So)*(p(H2) /p(D2))'] ™"

= (1 + (S Pu/S3Po)] ! for non-equilibrium.

Let us mention that for the non-equilibrium case
Pp = p(D»). The j,. plots for these two cases are shown
in Fig. 9. The agreement between the experiment and
model is seen to be rather good for both suggestions
about equilibrium.

Modeling shown in Figs. 7 and 9 can be considered as
evidence that the features of the co-permeation do not
depend on the question whether the equilibrium on the
upstream side is established or not.

There is a repetitive disagreement between modeling
and experiment at the highest pressures. Experimental
measurements demonstrated a sudden increase at the
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end of the pressure range, which was observed regularly
both in experiments on co- and counter-permeation.
It cannot be explained easily. Possibly, the surface
conditions or bulk processes were in some ways different
at higher pressures.

5. Conclusion

Permeation of deuterium through Pd in conditions of
hydrogen co-permeation was investigated at H, and D,
gas pressures below 3 Pa. It was observed that H,, HD,
and D, molecules desorb from the downstream side of
the membrane. The total permeation rate of deuterons
Jp =J(D,) +J(HD)/2 in HD and D, molecules had
distinct features of the SLR of permeation, though some
deviations from the pure SLR were visible. SLR was
also observed for the single-isotope permeation of hy-
drogen and deuterium.

It was found that the rate of the net deuterium
permeation Jp approximately linearly rose with the
effective pressure of deuterium Pp = p(Ds) + p(HD)/2.
In presence of hydrogen, the net permeation rate of
deuterons Jp was approximately the same as without
hydrogen if the effective pressure P, was kept con-
stant. It was observed that the permeation rate of
deuterons was even slightly enhanced by co-perme-
ation of hydrogen, and the same effect was observed
for hydrogen permeation with co-permeation of deu-
terium, but both effects were within the experimental
uncertainty.

It was concluded that there are no visible effects of
hydrogen-related blocking of deuterium adsorption on
the upstream side, deuterium diffusion in the bulk, and
deuterium desorption on the downstream side in
conditions of these experiments. On the contrary, a
small enhancement of the net permeation rate of
deuterons Jp and protons Jy at a fixed effective
pressure of an isotope was observed by adding an-
other one.

The relationship between the desorption fluxes of the
three molecules also depended on Pp. Increase in the
ratio of D/H in the upstream gas promoted H-D re-
combination, retarded increase of D-D recombination,
and diminished the H-H recombination.

The experimental data were well explained by a
model, which takes into account both hydrogen and
deuterium absorption and recombination. An analysis
was performed for two different suggestions about the
state of gas on the upstream side: either an equilibrium
mixture of H,, HD, and D, molecules or a non-equi-
librium mixture of H, and D, molecules. The model
calculations gave equally good quantitative agreement
with the experiment in both cases. So, independent of
whether the equilibrium in gas on the upstream side is

achieved or not, the features of the co-permeation effects
are similar.
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