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On the basis of a multistage approach to the description of the absorption of hydrogen in metals, some ques-
tions concerning the radiation-induced mass transfer of hydrogen, as well as its trapping in metallic mem-
branes and aerosol particles, are considered.

At the present time, the attention of researchers is being turned increasingly to questions connected with dif-
ferent aspects of the processes of transfer and absorption of hydrogen. First of all, this is connected with efforts to im-
plement the ideas of hydrogen energetics [1]. One of the problems of highest current interest in this field is storage of
hydrogen. In turn, this question is connected with an investigation of the processes of hydrogen transfer in various sys-
tems. The present work deals with the influence of heterogeneous processes on initiation of mass transfer of hydrogen
in metallic membranes with the aid of excitation of hydrogen molecules (for example, on exposure to laser radiation)
as well as on trapping (absorption) of hydrogen by metallic membranes (films) and aerosol particles.

It is known that dissolution of hydrogen in metals is usually an activated process through overcoming several
potential barriers [2–4]. On collision of a hydrogen molecule with the metal surface, both reflection of the molecule
back to a gas phase and dissociative chemisorption (formation of hydrogen atoms with their subsequent chemisorption)
may occur, the realization of which necessitates overcoming a certain potential barrier. The next stage turns out to be
the passage of chemisorbed atoms into the metal lattice, which is also related to overcoming a potential barrier. The
exit of hydrogen from the metal is due to overcoming potential barriers in the passage of a dissolved (absorbed) hy-
drogen atom onto the metal surface and subsequent recombination of atoms and desorption of the resultant hydrogen
molecules. The scheme of penetration of hydrogen into the metal and its emergence from it is presented in Fig. 1.

Coating of the metal surface by a thin layer of a particular substance can essentially change the course of the
processes occurring on the surface, which, in turn, leads to the appearance of new effects, in particular, to an appre-
ciable rise in the permeability of the metallic membrane to high-energy particles [5, 6]. Such coatings can consist of
nonmetallic films, for example, films of oxygen, carbon, and sulfur deposited specially onto the metal surface or pro-
duced naturally [6]. In [7], it is shown that deposition of a thin layer of Al2O3 on the surface of an MgAl film can
raise the content of hydrogen in the film. The effects mentioned are related to the fact that hydrogen atoms having
sufficiently high energy penetrate through the layer of the substance deposited on the membrane into the crystal lattice
of the metal where they are "cooled" coming to equilibrium with the lattice [6]. However, egress of hydrogen from
the metal is hindered by a sufficiently high potential barrier (which can be made higher as a result of the coating of
the surface by a specific substance) for the processes of passage of hydrogen atoms onto the surface of the system and
their recombination with the formation of molecules. Alternation of the probability of dissociation of a hydrogen mole-
cule incident on the surface (which can be connected with excitation of the molecule) also influences the mass transfer
of hydrogen in the membrane.

Below, we consider some questions connected with the initiation of mass transfer in metallic membranes on
excitation of hydrogen molecules in a gas phase; this leads to a decrease in the potential barrier for dissociative chemi-
sorption of excited (for example, by laser radiation [8] or electron shock [9]) hydrogen molecules, as well as problems
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of the capacity of metallic membranes and spherical particles relative to hydrogen. We note that some of the problems
of the radiation-induced drift of gas molecules in capillaries and membranes are treated in [10–12].

Hereafter, in investigating transfer processes in the hydrogen–metal system assumed to be isothermal, we con-
sider that dissociative chemisorption is realized on direct collision of a hydrogen molecule with a surface [13], whereas
the possibility of the hydrogen molecule being in the state of physical adsorption is not considered, just as in [3] (the
model taking account of physical adsorption of hydrogen molecules on the surface was discussed in [14]). We also ig-
nore the processes of direct transition of hydrogen atoms formed in the process of dissociation of its molecules in the
gas phase into the surface layer of the membrane (without intermediate residence in the state of chemisorption) and
the inverse process of direct passage of atoms from the surface layer into the gas phase (with recombination into
molecules) without residence in the state of chemisorption. Moreover, we do not take into consideration the emergence
of hydrogen in the form of atoms from the membrane into the gas phase. The concentrations of hydrogen atoms both
in the adsorbed layer and in the bulk phase are considered to be sufficiently low, so that the phenomena of blocking
atomic transitions from one position to another by the hydrogen atoms present in the given phase can be neglected.

Taking into consideration the above assumptions for the flux densities of the molecules dissociating on the
surface of the membrane (I1) and of those formed on recombination of the hydrogen atoms present on the surface
(I2), as well as for the flux densities of the hydrogen atoms that pass from the state of chemical adsorption into the
surface layer of the membrane (I3) and from the latter into the state of chemical adsorption (I4), and following [3] we
can write the expressions

I1 = k1J ,   I2 = k2n
2
 ,   I3 = k3n ,   I4 = k4c . (1)

Here ki (i = 1–4) are the rate constants of respective processes which are exponentially dependent on the activation
energies of these processes and temperature:

ki = ki′ exp 



− 

Qi

kT




 , (2)

where ki′ are preexponential factors assumed to be constant values; Qi are the effective activation energies of respective
processes [3]. It should be noted that k1 is the sticking coefficient for the process of chemisorption of a hydrogen
molecule [4]. The value of the flux density of the hydrogen molecules incident on the membrane surface, under the
assumption of the Maxwellian velocity distribution function of molecules, takes the form

J = 
P

(2πmkT)1
 ⁄ 2

 . (3)

Fig. 1. Geometric scheme of the hydrogen–metal interaction.
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If there are hydrogen atoms in the gas phase, their direct chemisorption on the membrane surface can occur,
as well as implantation of atoms directly into the membrane volume [6]. Here, the following relation can be written:

ϕ = 1 – β – γ , (4)

where ϕ and β are respectively the coefficient (probability) of elastic reflection of an atom from the membrane surface
and the coefficient of sticking of an atom to it; γ is the coefficient of implantation of hydrogen atoms, which charac-
terizes the probability that the atom impinging on the membrane would enter directly into its volume.

For the concentration of hydrogen atoms in the membrane the following equation can generally be written
(next we assume that only hydrogen atoms can be implanted into the membrane):

∂c

∂t
 = 

∂
∂X

 



D 
∂c

∂X



 + Ja0F0 (X) + JaLFL (X) + q

+
 − q

−
 , (5)

where q+ is the volume source of hydrogen atoms appearing in the membrane, in particular, when they emerge from
the cavities (bubbles) that can be present in it [7], and pass into the crystal lattice; q− is the sink of hydrogen atoms
(for example, into the cavities mentioned) in a unit volume in unit time; the difference in the functions F0(X) and FL(X)
for the opposite sides of the membrane can be due to different properties of the surface layers at X = 0 and X = L.
Here gaseous hydrogen is present in the cavities as molecules [7] and its transfer from the cavities into the crystal lat-
tice and back should be described by expressions of type of (1).

The initial and boundary conditions for Eq. (5) can be represented as

ct=0 = 0 , (6)

− D 
∂c

∂X



X=0

 = k30n0 − k40c (0) , (7)

− D 
∂c

∂X



X=L

 = k4Lc (L) − k3LnL . (8)

Here n0 and nL are determined by the expressions

dn0
dt

 = 2k10J0 − 2k20n0
2
 + k40c (0) − k30n0 + βJa0 , (9)

dnL
dt

 = 2k1LJL − 2k2LnL
2
 + k4Lc (L) − k3LnL + βJaL , (10)

n0t=0 = 0 , (11)

nLt=0 = 0 , (12)

where J0, k10, k20, k30, k40, n0 and JL, k1L, k2L, k3L, k4L, nL are the values of corresponding quantities at X = 0 and
X = L.

We consider the induced mass transfer of hydrogen in a metallic membrane on excitation of its molecules (for
example, by laser radiation [8]) near one of the sides of the membrane (for the sake of definiteness, we assume that
the molecules are excited at X = 0). In this case we reason, for simplicity, that only molecular hydrogen is present in
the gas phase, and the terms in (5), (9), and (10) involving the flux density of atomic hydrogen can be neglected. We
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also assume that the sources and sinks of hydrogen are absent in the membrane (q+ = q− = 0) and the pressure of
molecular hydrogen is the same on both sides of the membrane (P0 = PL = P).

Further, to simplify the analysis, we apply the approach used in [15]. We introduce the effective rate con-
stants of direct and inverse processes of the entry of molecules into the membrane (k0

+, kL
+) and their exit from it (k0

−,
kL
−) at X = 0 and X = L, respectively. In this case, the boundary conditions for the diffusion equation are written as

− D 
∂c

∂X



X=0

 = k0
+
P − k0

−
c (0) , (13)

− D 
∂c

∂X



X=L

 = kL
−
c (L) − kL

+
P , (14)

where the quantities k0
+, k0

−, kL
+, and kL

−, based on [3, 15], can be presented as

k0
+
 = 

2α0k30

k30 + 2k20n0
 ,   kL

+
 = 

2αLk3L

k3L + 2k2LnL
 ,   k0

−
 = 

2k40k20n0

k30 + 2k20n0
 ,   kL

−
 = 

2k4Lk2LnL

k3L + 2k2LnL
 . (15)

Here, α0 = 
k10

(2πmkT)1
 ⁄ 2

, αL = 
k1L

(2πmkT)1
 ⁄ 2

, and the factor in (15), which is equal to 2, appears due to the conversion

of the flux density of hydrogen molecules into the flux density of atoms.
We note that in [5] boundary conditions of the type of Eqs. (13) and (14) are used with the effective coeffi-

cients which, respectively, are determined as the probability of adsorption of a gas particle after one impact on the sur-
face and the probability of the exit of the particle present in the membrane into the gas phase, when it arrives once
at the inner surface of the membrane. Further, just as in [15], we shall consider for simplicity that the values of k0

+, k0
−,

kL
+, and kL

− are independent of the concentration of adsorbed molecules n. In so doing, in a first approximation we as-
sume that n0 = nL = n

_
 = neq, where neq is the concentration of chemisorbed hydrogen atoms on the surface of the

membrane at equilibrium, when the resulting flux of hydrogen through the membrane is equal  to zero.
We consider the situation in which the laser radiation that excites hydrogen molecules is directed parallel to

the surface of the membrane (at X = 0) and acts only on the molecules present in the gas phase. At the same time,
the influence of radiation on the membrane surface and the hydrogen atoms adsorbed on it will be neglected. For sim-
plicity, a two-level model of excitation of molecules is used. Here, we do not consider the possibility of dissociation
of an excited molecule into atoms in the gas phase. The question of the presence of hydrogen atoms in the gas and
their implantation into the solid phase will be considered below. In the case of excitation of hydrogen molecules, the
dissociation energy of an excited molecule decreases, which accordingly results in a change in the values of k10, α0,
and k0

+. In what follows, we assume that k20 = k2L = k2, k30 = k3L = k3, and k40 = k4L = k4. Satisfaction of these
conditions leads to the equality k0

− = kL
− = k−.

In view of the above assumptions, the value of α0
∗ corresponding to the case where a part of hydrogen mole-

cules is in an excited state is determined by the expression

α0

∗
 = 

k10

∗
ν

(2πmkT)
1 ⁄ 2

 + 
k10 (1 − ν)

(2πmkT)
1 ⁄ 2

 . (16)

Here the parameter ν represents the fraction of hydrogen molecules in the excited state and it is found from the ki-
netic equations for transition of molecules from the ground state to the excited one and back; k10

∗  is the rate constant
of dissociative chemisorption for an excited molecule, which can be represented as

k10
∗

 = k1′ exp 



− 

2Ec − ∆Qν
kT




 , (17)
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where Ec is the activation energy of chemisorption [3, 4] and ∆Qν characterizes the change in the activation energy of
dissociative chemisorption in the case of excitation of a hydrogen molecule.

The solution of the steady-state diffusion equation for hydrogen atoms in the membrane taking into account
the foregoing and the assumption that the quantities Ja0, JaL, q+, and q− are equal to zero leads to the following rela-
tion for the density N of the net flux of hydrogen molecules passing through the membrane:

N = 
ν (k10

∗
 − k10) P

(2πmkT)1
 ⁄ 2

 
k3

k3 + 2k2n
_ 






2 + 

k
−
L

D








−1

 . (18)

As follows from (18), on satisfaction of the inequality

k
−
L

D
 << 1 (19)

the quantity N is independent of the diffusion coefficient and parameters of the membrane but is determined only by
the surface processes (condition (19) corresponds to multiple reflections of a hydrogen atom from the inner surfaces of
the membrane until its exit from the latter [5], as a result of which a uniform distribution of hydrogen concentration
is established in the membrane).

When the pressures of hydrogen on either side of the membrane are equal and excited hydrogen molecules
are absent, ν = 0 and the net flux of hydrogen through the membrane is equal to zero. Excitation of hydrogen mole-
cules involves an increase in α0 and, correspondingly, a rise in k0

+, which leads to the appearance of the net flux of
hydrogen in the membrane. This flux leads, in turn, to an uncompensated impulse on desorption of molecules from the
opposite sides of the membrane and accordingly to the resultant force acting on it. It should be noted that in the case
of nonequilibrium desorption when there is recombination of atoms on the surface and desorption of the molecules
formed takes place, the scattering of molecules, which does not correspond to the cosine law (i.e., the angular distri-
bution of the desorbing molecules is not proportional to cos θ), is of frequent occurrence. The outflowing molecules
have a scattering pattern extended along the normal to the surface when the angular distribution of desorbing mole-
cules is proportional to cosµ θ, where µ > 1 [16]. Here, in view of [17], the recoil pressure P′ of the hydrogen mole-
cules desorbing from the surface can be estimated as

P ′ = 
µ + 1

µ + 2
 mνµ Jµ , (20)

where Jµ and vµ are respectively the flux density and the mean velocity of hydrogen molecules desorbing on condition
that µ > 1. When the net flux of hydrogen through the membrane differs from zero, the values of Jµ and correspond-
ingly of P′ for the opposite sides of the membrane are different.

As follows from (18) and (20), excitation of hydrogen molecules near one of the surfaces of the metallic
membrane can lead both to the appearance of the net flux of hydrogen passing through the membrane and to the ap-
pearance of a difference in the recoil pressures of the molecules desorbing from the opposite sides of the membrane
and, correspondingly, to the initiation of the net force acting on it. Here, on satisfaction of condition (19), it is the
processes on the interface that turn out to be limiting ones [5, 6, 7, 18]. If excitation of hydrogen molecules occurs in
a gas phase near both sides of the membrane, the concentration of hydrogen atoms in it will increase due to the afore-
said. The same applies to a metallic aerosol particle.

The phenomena considered above can be more intense when on exposure of hydrogen molecules to external
influences, along with excitation of molecules, their dissociation into atoms in a gas phase occurs, and both excited
molecules and hydrogen atoms fall on the membrane surface. These phenomena can also take place when the surface
of the membrane is covered by a coating which hampers the exit of hydrogen from the surface. The phenomena men-
tioned are responsible for the superpermeability of metallic membranes [5, 6], and they lead to an increase in the
amount of hydrogen in such a membrane (film) [7]. The noted trends in the transfer and trapping of hydrogen in
membranes can be used in the processes of its extraction from gas mixtures.
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We shall analyze the question concerning the absorptivity of a metallic membrane relative to hydrogen in the
presence of a stream of hydrogen atoms being implanted into it. The possibility of such an implantation is connected
with the sufficiently high energy of hydrogen atoms [6, 19]. We consider a stationary state of the gas–membrane sys-
tem with symmetrical conditions on each side of the membrane (J0 = JL = J, Ja0 = JaL = J, n0 = nL, c(0) = c(L) =
c) at q+ = q− = 0. Based on [3, 4], we can write the following balance relations for determining the concentrations of
hydrogen atoms both in the membrane (c) and chemisorbed on its surfaces (n):

k3n − k4c + γJa = 0 , (21)

2k1J − 2k2n
2
 + k4c − k3n + βJa = 0 . (22)

From (21) and (22) we have

n = 




2k1J + χJa

2k2





1 ⁄ 2

 , (23)

c = 
k3

k4
 




2k1J + χJa

2k2





1 ⁄ 2

 + 
γ
k4

 Ja , 
(24)

where χ = γ + β.
At Ja = 0 expression (24) subject to (3) is put in a form of the equation of Sieverts [2, 3]. It is seen from

(23) and (24) that at Ja > 0 the value of c can be substantially higher than in the absence of hydrogen atoms in the
gas phase.

Hydrogen can also be trapped by metallic aerosol particles. It should be noted that trapping of molecules and
atoms by particles attracts the attention of researchers who deal with both the physicochemical phenomena in the at-
mosphere (in particular, from the point of view of cleaning it of molecules and atoms of toxic substances) and the
processes occurring in contemporary technology, for example, in producing nanoparticles of high purity or of specific
composition (alloyed by a specific component). Some questions concerning trapping of admixture component in the
course of condensation growth of aerosol particles, as well as during chemical deposition, are considered in [20, 21].
It is shown that in the condensation of an easily condensable substance (for example, of steam), the molecules of the
noncondensable component will be trapped by the growing particle. This phenomenon is analogous to cryotrapping,
which is widely used in cryogenic technology for pumping almost noncondensable gases.

The regularities connected with the above-considered mass transfer of hydrogen in a plane-parallel metallic
membrane are exhibited also in the trapping (absorption) of hydrogen by metallic particles (in particular, with a passi-
vated surface that raises the potential barrier for the process of exit of hydrogen atoms on the surface and their recom-
bination on it). Excitation of hydrogen molecules in a gas phase, which reduces the activation energy for the
chemisorption process, leads to an increase in the hydrogen concentration in the particle. As noted above, when high-
energy hydrogen atoms are present in a gas phase, their implantation directly into a bulk phase on collision with the
particle is possible, which also raises the concentration of hydrogen in the latter. Moreover, similarly to the above-con-
sidered case of the membrane, the exit of hydrogen from the particle can be hampered due to sufficiently high poten-
tial barriers for the exit of atoms onto the particle surface and their recombination (with subsequent escape of
molecules into a gas phase). The regularities mentioned and the fairly large total area of the surface of the particles
make it possible to use metallic particles (including nanosized ones) for storage of hydrogen.

For the concentration of hydrogen atoms in a spherical aerosol particle at q+ = q− = 0 we have the equation

∂c

∂t
 = 

D

r
2
 
∂

∂r
 



r
2
 
∂c

∂r




 + JaF (r) . (25)
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The initial and boundary conditions for the process of particle filling by hydrogen (the stage of "charging") can be
written as

ct=0 = 0 ,
(26)

D 
∂c

∂r



r=R

 = k3n − k4c (R) , (27)

∂c

∂r



r=0

 = 0 , (28)

where c(R) is the density of hydrogen atoms in the surface layer of the particle (at r = R) and n is determined from
the equation

dn
dt

 = 2k1J − 2k2n
2
 + k4c (R) − k3n + βJa (29)

under the initial condition

nt=0 = 0 . (30)

The quantity of hydrogen atoms in the bulk phase of the particle (G1) and on its surface (G2) is found as

G1 (t) = 
4
3

 π ∫ 
0

R

r
3
c (t, r) dr , (31)

G2 (t) = 4πR
2
n (t) . (32)

In the steady state, when multiple reflections of hydrogen atoms from the inner surface of the particle occur
(until they leave it), which result in a uniform distribution of these atoms inside the particle, for the total amount of
hydrogen (G = G1 + G2) both inside the particle and on its surface in the chemisorbed state, taking account of (23),
(24), (31), and (32), we have

G = 
4

3
 πR

3
 














k3

k4

 




2k1J + χJa
2k2





 1 ⁄ 2
 + 

γ
k4

 Ja



 + 

3

R
 




2k1J + χJa

2k2





 1 ⁄ 2








 . (33)

It is seen from (33) that the contribution of chemisorbed hydrogen atoms to the total amount of hydrogen in the par-
ticle increases with decreasing radius of the latter.

The use of metallic particles of small size for trapping hydrogen leads to an increase in the area of the hy-
drogen–metal contact surface, which accelerates the process of trapping (absorption) of hydrogen. For example, at a
specified mass of material M, the total area of the surface of spherical particles of the same size Sp will increase with
decreasing radius of the particles: Sp = 3M /(ρR). However, it should be noted that for nanosized particles the rate con-
stants ki depend, in principle, on the particle size, which is analogous to the dimensional dependence of the sticking
(condensation) coefficient in the processes of physical deposition of gas molecules on small aerosol particles [22]. This
leads also to the dependence of the amount of hydrogen in the particles on their size. For example, in [23] data are
presented on the capacity of palladium nanoparticles relative to hydrogen, and it is shown that the capacity diminishes
with decreasing size of the particle in the range of particle diameters from 4.2 to 0.52 nm. Thus, in this case two fac-
tors acting in opposite directions should be allowed for. The smaller the diameter of particles, the larger the area of
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their total surface at the specified total mass of material, but the lower the capacity of an individual particle relative
to hydrogen.

If a particle containing hydrogen is placed into an atmosphere, where hydrogen is absent, the exit of hydrogen
from the particle into the outside atmosphere begins (the stage of "charging"). This phenomenon is of interest in con-
nection with the problem of hydrogen storage. Under the stipulated assumptions in the case, where hydrogen distribu-
tion inside the particle can be considered as uniform, in a quasi-stationary approximation the change in the
concentration of hydrogen atoms in the particle is written as

R
3

 
dc
dt

 = − 2Krc
2
 , (34)

where Kr is the effective recombination coefficient, which is usually used for calculating the flux density of the hydro-
gen molecules outgoing into a gas phase and which is expressed in terms of the volume concentration of hydrogen
atoms in the metal. This coefficient can be defined through the constants of elementary processes ki [3]. The initial
condition for Eq. (34), subject to (24), can be written as

c (0) = c ′ = 
k3

k4
 




2k1J + χJa
2k2





1 ⁄ 2

 + 
γ
k4

 Ja , 
(35)

where c′ is the concentration of hydrogen atoms in a particle in the steady state in an atmosphere that contains hydro-
gen molecules and atoms. The solution of Eq. (34) under the initial condition (35) has the form

c (t) = 
c ′

t
τ
 + 1

 , (36)

where τ = 
R

6c′Kr
.

The recombination coefficient of hydrogen atoms Kr on the surfaces of various metals can be calculated
analogously to [3]. For example, in accordance with the computations presented in [3], for niobium at Ec = 0.2 eV in
the temperature range 500–330 K the value of Kr changes from 10−27 to 10−32 cm4⋅sec−1, respectively (i.e., by five
orders). As follows from (36), the concentration of hydrogen atoms in a particle is halved in a time t′ = τ. At Kr =

Fig. 2. Time dependence of the relative concentration of hydrogen atoms in a
particle c

_
 at Kr = 10−27 cm4⋅sec−1, c′ = 1017 cm−3 and different values of the

particle radius: 1) R = 10−4; 2) 10−5; 3) 10−6 cm. t, sec.
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10−27 cm4⋅sec−1, R = 10−6 cm, and c′ = 1017 cm−3 the value of t′ is equal approximately to 1.6⋅103 sec (0.44 h). The
value of t′ diminishes with decreasing radius of the particle and increasing Kr and c′. Figure 2 shows the time depend-
ence of the relative concentration of hydrogen atoms in a particle c

_
 = c ⁄ c′ for particles of different sizes. We note that

the same dependences c
_
(t) (which are characterized by curves 1–3 in Fig. 2) depict the case of R = 10−6 cm and c′

= 1017 cm−3 at values of Kr equal to 10−29, 10−28, and 10−27 cm4⋅sec−1, respectively. Thus, a decrease in the recom-
bination constant Kr (which can be connected, in particular, with the coating of the surface of the particles by different
substances or with a decrease in their temperature) leads to a deceleration of the process of hydrogen exit from a par-
ticle. For example, for niobium at the above-mentioned parameters a decrease in the temperature from 500 to 330 K
results in an increase in t′ by approximately five orders. Thus, the stage of hydrogen storage in metallic particles
should be realized at sufficiently low temperatures, and, when release of hydrogen from the particles is needed, their
temperature must be raised.

In recent years the use of nanosized metallic particles for storing hydrogen has attracted the growing attention
of researchers [23, 24]. By now, a number of methods of obtaining both single-component nanoparticles and particles
of compound composition (including nanoparticles covered with layers of different substances) have been developed
[25]. In the general case, where the exit of hydrogen from a particle is controlled by both the surface processes and
diffusion of hydrogen atoms in the particle, and approximation of the uniformity of the concentration of hydrogen in
the particle does not hold, for calculating the decrease in its concentration with time (the stage of "discharging") it is
necessary to solve the nonstationary diffusion equation (25). Moreover, corresponding initial and boundary conditions
should be used, and the interrelation between the concentrations of hydrogen atoms in the surface layer and chemisor-
bed atoms on the particle surface should be taken into account.

Thus, in this work, on the basis of the concept of the multistage character of the process of hydrogen pene-
tration into metallic membranes and aerosol particles and its exit from these systems, such phenomena as initiation of
mass transfer of hydrogen in a membrane on excitation of its molecules in a gas phase, as well as trapping of hydro-
gen in metallic membranes and aerosol particles have been analyzed. We have discussed the influence of the above-
mentioned processes on the size effect when the latter is connected both with an increase in the total area of the
surface of particles on decrease in their radius (for the same total mass of the substance) and with a reduction in the
capacity of the particles to hydrogen as their size decreases.

This work was partially supported by GACR, projects Nos. 101/05/2214, 101/05/2524, and 104/07/1093.

NOTATION

c, concentration of hydrogen atoms in a membrane; D, diffusion coefficient of hydrogen atoms in a mem-
brane; F(X) and F(r), functions characterizing distribution of implanted hydrogen atoms over the depth of their pene-
tration into a membrane or a particle; J and Ja, flux densities of hydrogen molecules and atoms incident on the surface
of a membrane; Kr, effective recombination coefficient; k, Boltzmann constant; L, thickness of a membrane; m, mass
of a hydrogen molecule; n, concentration of chemisorbed hydrogen atoms; P, pressure of molecular hydrogen; R, par-
ticle radius; r, radial coordinate reckoned from the particle center; T, temperature; t, time; X, coordinate along the axis
directed normally to the membrane surface; θ, angle between the trajectory of the molecule escaping from the surface
and a normal to the latter. Subscripts: a, adsorption; eq, equilibrium; r, recombination; 0 and L, values of parameters
at X = 0 and X = L. Superscripts: + and −, hydrogen source and sink; *, excited particles.
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