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The effect of diffusion direction on the permeation rate of
hydrogen in palladium composite membranes
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Abstract

The experimentally measured hydrogen permeability of a composite Pd/porous stainless steel membrane was found to be influenced by
the direction of permeation. For pure hydrogen, the direction from the stainless steel support to the metal film gave the higher hydrogen
permeance. However, for a hydrogen/nitrogen mixture the opposite effect was obtained. Simulation results showed that while permeation
from the support to the metal gave the expected Sieverts’ law value of the pressure exponent of 0.5, that from the metal to the support gave a
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igher value for this exponent of approximately 0.66.
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. Introduction

The increased demand for hydrogen in recent years in
oth the petroleum refining and petrochemical industries

1], together with semi-conductor processing and fuel cell
pplications has led to a revival of interest in methods for
eparation and purification of hydrogen from gas mixtures.
ue to their unique permselectivity to hydrogen palladium
nd palladium membranes have received increasing atten-

ion for this purpose. Originally used in the form of relatively
hick dense metal membranes[2], current developments tend
o the employment of composite membranes in which the
alladium or palladium alloy is deposited as a thin film onto
porous ceramic or metal substrate[3–7]. A further area

f application of increasing importance is the use of com-
osite membranes in catalytic membrane reactors, where
alladium membranes have been shown to have considerable
enefits when employed for hydrogenation/dehydrogenation
eactions[2] and steam reforming processes[4,5]. Such com-
osite membranes have reduced material costs, but their main
ttribute is in providing a structure possessing both higher

hydrogen fluxes and better mechanical properties tha
thicker dense metal membranes. The influence of the
ous resistances in composite membranes has been an
recently[8].

For these composite membranes, there are two po
permeation directions for hydrogen permeation, i.e. from
support to the metal film or from the metal film to the supp
The direction of diffusion may affect the permeation r
In previous publications[9,10], it has been shown that t
performance of porous asymmetric membranes is affect
the direction of permeation. However, little work appear
have been done for composite dense membranes. Goto
[11] investigated the direction effect on hydrogen permea
through a palladium composite membrane. In their st
there were three layers of different pore size, i.e. 5.0, 1.0
0.5�m, from the inner side to the outer side of the alum
support tube. The palladium film, 0.02 mm in thickness,
plated on the top of the layer with the smallest pore s
They found from experiment and modelling that the direc
from large pores to fine pores would have a higher hydro
permeation rate, provided that Knudsen diffusion and vis
bulk flow controlled the permeation rate. They concluded
∗ Corresponding author. Tel.: +44 161 295 5081; fax: +44 161 295 5111.
E-mail address:r.hughes@salford.ac.uk (R. Hughes).

when the resistance through the palladium film was much
greater than that through the support, the effect of hydrogen
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Nomenclature

F permeability
J flux
K permeability constant
L membrane thickness
M molecular weight
P pressure
r pore radius
R universal gas constant
T temperature

Greek letters
ε porosity
η viscosity
µ shape factor
ν defined by Eq.(3)

Subscripts
av average
f feed
k Knudsen flow
ms metal to support direction
p permeate
sm support to metal direction
v viscous flow

transfer direction would become unimportant. It is unusual,
however (but it appeared to be the case in their research) that
the hydrogen permeation resistance through the support was
larger than that through the palladium film.

In general, the use of the support in palladium composite
membranes is to provide a strong, yet open structure under-
lying the Pd layer. Therefore, the permeation resistance of
supports should be much smaller than that through the effec-
tive metal film and it is of interest to study the effect of
hydrogen transfer direction on this type of composite mem-
brane.

2. Experimental

The membrane used in the present research was a compos
ite palladium/silver alloy of about 10�m thickness deposited
by sequential electroless plating of Pd and Ag[12] onto the
outside of a symmetrical porous stainless steel support tube
provided by Mott Metallurgical. These initial deposits were
sintered at 500◦C in a hydrogen atmosphere for 10 h to pro-
mote alloying. The support tube had an outside diameter of
12.7 mm and a wall thickness of 2 mm. The average pore size
of the support tube is about 1.2�m, determined experimen-
tally from the permeation behaviour of the gases N2, H2, He
and CO [13].

ydro-
g and

tube to shell directions using a conventional stainless steel
permeator in which the Pd/Ag composite membrane was
sealed into the stainless steel shell using graphite rings. Per-
meation measurements were made with pure hydrogen and
with a H2/N2 mixture containing 50% H2. Hydrogen per-
meation measurements were conducted after steady state
(approximately 3 h) had been achieved at the measurement
temperature, when hydrogen was present on both sides of the
membrane and permeation could be measured directly. How-
ever, a sweep gas was used for the mixed gas experiments.

3. Mass transfer relations

3.1. Pure hydrogen permeation through the support

When pure gases permeate through a porous media, if
there exists no surface diffusion, capillary condensation or
molecular sieving, the permeation rate is usually calculated
by considering the combination of viscous flow (Poiseuille
flow) and Knudsen diffusion. According to Keizer et al.[14]
and Burggraaf[15], for homogeneous media and pure non-
sorbable gases the total permeabilityF (mol/(m2 sec Pa)) can
be expressed asF = Fk + F ′

vPav, whereFk is the permeabil-
ity due to Knudsen diffusion andF ′

vPav is the contribution
due to laminar flow, which is linearly dependent on the mean
p
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Permeation measurements for pure hydrogen and a h

en/nitrogen mixture were made for both shell to tube
-

ressure and each can be defined as:

k = 2εµkrν

3RTL
(1)

′
v = εµvr

2

8ηRTL
(2)

ith the symbols as defined in the Notation andPav the mean
f the upstream and downstream pressures.

From molecular kinetics,

=
(

8RT

πM

)1/2

(3)

hereM is the molecular mass of the gas molecules.
Substituting Eq.(3) for ν in Eq.(1), this becomes

k = 2εµkrν

3RTL
=
(

4
√

2εµkr

3L
√

πRM

)
1√
T

(4)

nd Eq.(2) can be written as

′
v =

(
εµvr

2

8RL

)
1

ηT
(5)

Both of the first factors of Eqs.(4) and (5) should no
hange for a given gas and support, and both second fa
re only functions of temperature.

Fig. 1 is the experimentally determined relation betw
andPav for the stainless steel support whenT= 18◦C. The

orrelation expression is,

= (304, 157+ 2.93Pav) × 10−10 (6)
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Fig. 1. Hydrogen diffusion flux vs. mean pressure for the stainless steel
support at 18◦C.

Comparing Eq.(6) with F = Fk + F ′
vPav, it can be seen

that(
4
√

2εµkr

3L
√

πRM

)
1√
T

= 3.042× 10−5 (7)

(
εµvr

2

8RL

)
1

ηT
= 2.930× 10−10 (8)

When T= 18◦C, the viscosity of H2 is 8.61543×
10−6 Pa s[16] and substitutingηT andT, respectively, into
Eqs.(7) and(8), we have, for H2 and this stainless steel sup-
port,

4
√

2εµkr

3L
√

πRM
= 5.190× 10−4 (9)

and

εµvr
2

8RL
= 7.525× 10−13 (10)

Therefore,

F = 5.190× 10−4 1√
T

+ 7.525× 10−13 1

ηT
Pav (11a)

2 f
P t is
7 ux
J ce of
�

J

w
a pres
s

following equation is obtained:

J = 5.190× 10−4 1√
T

(Pf − Pp) + 7.525

× 10−13P2
f − P2

p

2ηT
(11c)

3.2. Pure hydrogen permeation through the top metal
film

According to Sieverts’ law[17], when H2 permeates
through palladium or palladium and silver alloy, we have

J = Q

δ
(P0.5

f − P0.5
p ) (12a)

whereJ is the hydrogen permeation flux (mol/(m2 s)),Q the
permeability constant of hydrogen through the membrane
(mol m/(m2 s Pa0.5)) andδ is the thickness of the metal film
(m). Here,Q depends only on temperature for a given metal
film. Therefore, for a given metal film, Eq.(12a)can be writ-
ten as

J = K(P0.5
f − P0.5

p ) (12b)

whereK depends on temperature only.
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Here, the unit ofF is mol/(m s Pa), and the unit o
av is Pa. The permeation area in this experimen
1.7804× 10−4 m2. Therefore, the hydrogen permeation fl
(mol/(m2 s)) can be expressed, for a pressure differen
P as

= 5.190× 10−4 1√
T

�P + 7.525× 10−13Pav

ηT
�P

(11b)

here�P= Pf − Pp andPav = 1
2(Pf + Pp), andPf andPp

re the hydrogen pressures at the high pressure and low
ure sides, respectively. Replacing these in Eq.(11b), the
-

.3. Pure hydrogen permeation through the combinatio
f the two layers

For a composite membrane, H2 permeates either throu
he porous stainless steel support first followed by
etal film (Support–Metal direction) or through the me

lm first followed by the porous stainless steel sup
Metal–Support direction). At steady state, the hydrogen
eation fluxJ should be the same for both layers, i.e.

= Jsupport= Jmetal film (13)

ow letPf ,Pp andPm represent, respectively, H2 partial pres
ure at the high pressure (feed) side, low pressure (perm
ide and the interface between the support and metal fi

For permeation directions from support to metal film, r
esented by subscript sm,

sm = Ksm(P0.5
m − P0.5

p ) = 5.190× 10−5 1√
T

(Pf − Pm)

+ 7.525× 10−13P2
f − P2

m

2ηT
(14a)

or permeation directions from metal film to support, re
ented by subscript ms,

ms = Kms(P
0.5
f − P0.5

m ) = 5.190× 10−5 1√
T

(Pm − Pp)

+ 7.525× 10−13P2
m − P2

p

2ηT
(14b)
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Fig. 2. Hydrogen permeation flux vs. pressure square root difference across
top metal film.

The unknownPm may be estimated from Eq.(14a)for a
given temperature if experimental values ofJsmare available,
sincePf and the viscosity are known.

In Fig. 2, experimental permeation data forJms at temper-
atures of 360, 400, 440, 480 and 520◦C are plotted against
the difference of the square roots ofPf andPm. The permeate
side hydrogen pressure is 1.013× 105 Pa, i.e. no sweep gas
was used. From these data ofJms, by using Eq.(14b), Kms
for any corresponding temperature may be easily calculated.
From Eq.(14b), Kms is the slope of the linear plot ofJms
and (P0.5

f − P0.5
m ). Furthermore, because of the symmetric

nature of the metal film,Ksm should be equal toKms; there-
fore, it is represented byK in the following section.K’s for
the temperatures, 360, 400, 440, 480 and 520◦C, are shown
in Table 1.

4. Results and discussion

4.1. The pure hydrogen feed situation

Fig. 3 shows experimental results for both permeation
directions atT= 520◦C and with pressure differences within
the range from 50,000 up to 300,000 Pa. It can be observed
that Jsm is always bigger thanJms at the same operational
conditions within this experimental region. This result is con-
s n
h em-
b was

T
V

T

3
4
4
4
5

Fig. 3. Experimental permeation fluxesJsm andJms vs. pressure difference
atT= 520◦C.

higher in the direction from the support to the separation layer
than that from the opposite direction. They claimed that the
greater resistance difference of the two layers led to a greater
influence of the permeation direction on the permeation rate.

Judging from Eqs.(14a) and (14b), it is known that
changes inK will not change this trend. Therefore, this trend
is maintained for other temperatures.

The most interesting finding is (seeFig. 4) that whenJsm
for both experimental and calculated data is correlated with
(P0.5

f − P0.5
p ), a straight line through the origin is apparent.

The appropriate linear equation for theJsm fluxes is shown
in Fig. 4 and the least square analysis quoted shows that
excellent agreement between the experimental and calculated
values ofJsm are obtained. However, forJms the calculated
values do not agree with either the experimental or calculated
values forJsm and it is obvious that the exponent is not 0.5,
but has some value higher than this. A corresponding plot for
an exponent of 0.66 (Fig. 5) shows thatJms is now linear and
a good linear correlation is obtained as shown in the equation
in this figure. In other words,Jms is approximately linear to
(P0.66

f − P0.66
p ), and also goes through the origin. Attempts

F
J

istent with that of Thomas et al.[10], who noted that whe
ydrogen permeated a two-layer asymmetric porous m
rane, it was found that the hydrogen permeation rate

able 1
alues ofK for Eq.(14b)at various temperatures

emperature (◦C) K for Eq.(14b)(mol/(m2 s Pa0.5))

60 5.066E−04
00 6.021E−04
40 7.003E−04
80 7.843E−04
20 8.862E−04
ig. 4. Experimental and calculated hydrogen permeation fluxesJsm and

ms vs. square root pressure difference.
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Fig. 5. Experimental and calculated hydrogen permeation fluxesJsm and
Jms vs. pressure to the 0.66 power difference.

to obtain linear equations forJms in Fig. 4andJsm in Fig. 5,
proved to be unrealistic due to scatter of data and curvature
of the plots, respectively. The experimental results ofJsmand
Jms which are inserted in their corresponding figures demon-
strate that they are consistent with the calculated results and
the above reasoning.

Many researchers have found that their membranes’
behaviour does not follow Sieverts’ law and usually they
attribute this deviation to some kinds of surface process. How-
ever, from the calculation done here and the results shown in
Figs. 4 and 5, it is clear that the deviation from Sieverts’ law
of Jms may have nothing to do with any kind of surface pro-
cess, because in the calculation it is assumed that hydrogen
permeating through the top metal film strictly follows 0.5
exponent rule. It is the combined effect of the top metal film
and the porous support that makesJms linearly dependent
on (P0.66

f − P0.66
p ). Therefore, if a membrane is a composite

one and the permeation direction is from the metal film to the
support, the deviation of the exponent from 0.5 may well be
due to the combined effect of the metal film and the porous
support, rather than to any surface process.

4.2. The hydrogen mixture feed situation

If the feed stream contains another component, the hydro-
g the
a with
t

up-
p ogen
p etal
fi dro-
g ay as
w ogen
p ever,
f etal
fi dded

Fig. 6. Effect of transfer direction on hydrogen permeation rate for a hydro-
gen mixture feed at 360◦C.

component will permeate into the pores of the support and
then hydrogen alone permeates through the metal film. After
reaching the steady state, only hydrogen transfers from the
support side (tube side) to the metal film side (shell side), but
hydrogen has to diffuse through the added gas by molecular
diffusion as well as Knudsen diffusion. Compared with pure
hydrogen feed, the resistance of hydrogen transfer through
the support becomes larger and hence the hydrogen partial
pressure at the high pressure side of the metal film becomes
lower than that in the bulk feed stream. Therefore, the hydro-
gen permeation flow rate will become less at the same cross
membrane pressure difference.

Figs. 6 and 7are the experimental hydrogen permeation
results for a hydrogen mixture feed at temperatures of 360
and 440◦C, respectively. It can be seen that at the same oper-
ational conditions, the permeation rate for the sm case is
always significantly lower than that for the ms case. This
result is completely opposite to that obtained from pure
hydrogen feed. Further studies are necessary to ascertain how
the molecular fraction of the added component affects the
hydrogen permeation rate.

F for a
h

en permeation will be affected. To simplify, assume
dded component does not have any surface mechanism

he film and the support.
For the permeation direction from the metal film to the s

ort, i.e. ms, the added component only affects the hydr
ermeation in the way of dilution provided that the top m
lm is completely dense. Therefore, for this ms case, hy
en will permeate through the membrane in the same w
hen pure hydrogen feed is used except that the hydr
artial pressure is not equal to the feed pressure. How

or the permeation direction from the support to the m
lm, i.e. in the sm case, at first both hydrogen and the a
ig. 7. Effect of transfer direction on the hydrogen permeation rate
ydrogen mixture feed at 440◦C.
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5. Conclusions

The transfer direction has an effect on the hydrogen trans-
fer rate. For pure hydrogen feed, without exception, hydrogen
transfer rates obtained from the direction of support to metal
film are all higher than those obtained from the other trans-
fer direction. For a composite palladium membrane, if the
hydrogen transfer through the top metal film follows Siev-
erts’ law and that through the support by Knudsen diffusion
and viscous flow, then when the transfer direction is from
the support to the metal film, the hydrogen transfer rate will
have a linear relation with (P0.5

f − P0.5
p ). However, when the

transfer direction is from the metal film to the support, the
hydrogen transfer rate will have a higher pressure exponent,
approximately linear with (P0.66

f − P0.66
p ). In this case, the

pressure exponent deviation from 0.5 is not a result of any
kind of surface process.

However, for a feed consisting of hydrogen and another
component or components, the hydrogen transfer rates for the
sm direction are significantly lower than the opposite transfer
direction under the same operational conditions.
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