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In this paper, the role of the flux direction in composite supported metal membranes for hydrogen purification is
elucidated from both mathematical and physical point of view under pure-hydrogen and mixture conditions
considering a double-layer supported Pd-based membrane. A definitive mathematical proof is given to demon-
strate that, in pure-hydrogen conditions, if the metal layer obeys Sieverts’ law and the diffusion in the support is
controlled by the Knudsen mechanism, the permeating flux measured by feeding hydrogen from the support to
the metal layer is always higher than the flux measured in the opposite direction at the same operating conditions
and for whatever values of layer permeances, extending the state-of-the-art findings of the specialized literature.
As a further surprising result, it is found that the maximum benefit in switching the flux direction is equal to the
mathematical number called golden ratio, this representing a notable general finding. Moreover, a partial
generalization of these results is extended to other particular driving forces, which leads us to propose the non-
demonstrated-yet general conjecture that the highest flux be the flux established from the layer with the highest
driving force pressure exponent to the layer with the lowest one. Furthermore, observing that, in mixture con-
ditions, the permeating flux from the support side is lower than the opposite one for a sufficiently high mixture
composition of non-permeating species — especially in the presence of inhibiting species like CO — the novel
concept of swap point is introduced, which represents the mixture composition at which the fluxes measured in
the two directions are equal. The value of the swap point depends on membrane geometrical characteristics,
temperature and non-permeating species. It is highlighted that the findings of the present work hold also for
other types of composite ones (polymeric, ceramic, etc.) as well as for every physical system that whose
behaviour can be modelled by a sequence of non-linear resistances.

1. Introduction

Social and economic undeniable consequences derived from the
climate change are increasing the environmental concerns and pro-
moting a restructuration of industrial, transport and energy sectors to
ensure its sustainability for the future [1]. In this context, hydrogen
appears as an attractive solution to overcome most problems derived
from the current energy sources based on fossils fuels and to facilitate
the transition to an effective and massive use of renewable sources,

* Corresponding author.
** Corresponding author.

being used as a clean energy vector [2]. Hydrogen can be obtained from
a wide variety of feedstock, including carbon, petroleum, natural gas,
biomass, water, or wastes, among others [3]. The mature thermo-
chemical routes provide a solid base to generate hydrogen from most of
them, thus leveraging the current available facilities in most industries,
although further purification steps downstream the reactors are required
[4]. These additional steps could represent up to 55% of the total energy
consumption in an industrial context and, thus, it is necessary to care-
fully analyse the best separation strategy for each particular case [5].
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Dense metal membranes have been widely studied for multiple
hydrogen purification processes in both small-distribution or large scale,
especially Pd-alloys membranes [6-8]. In general, membrane technol-
ogy provides noticeable advantages in comparison with other alterna-
tives (i.e., cryogenic distillation or pressure swing adsorption) such a
simplicity, versatility, minor energy demand, and potential process
intensification by combining both chemical reaction and separation
steps in the well-known membrane reactors [9-12].

Focusing on the Pd-based membranes, the selection of most adequate
fabrication strategy is still under research to combine an adequate per-
formance, economy and sustainability for facilitating their transfer to
the productive sector [13].

Typically, different aspects, like the influence of operating condi-
tions during permeation (mainly temperature and pressure), feed
composition or particular membrane conformation appear in several
published studies [14-19].

In most cases, composite structures in which a relatively thin Hy-
selective film (Pd or Pd-alloy) is deposited onto a porous substrate to
ensure simultaneously a high permeation and a sufficient mechanical
strength against the working conditions are selected for membrane
fabrication [20-22]. The influence of support properties is crucial to
reach fully-dense Hj-selective metal films as thin as possible that be
mechanically stable, which entails a strong interaction between both
stacked layers [23-26].

Porous supports are usually divided into two main groups, ceramics
and metals, which provide different benefits in terms of roughness,
average pore size, pore size distribution, or robustness affecting the final
properties of the composite membrane. The advantages provided for
each alternative can be joined by modifying porous rough metal sup-
ports with relatively large pores with a top ceramic layer that simulta-
neously smooth the surface and reduce the average pore size, thus
facilitating the subsequent incorporation of a Ha-selective Pd film [27,
28]. Moreover, the technique followed to generate the Hjy-selective
Pd-film also plays an important role both in membrane cost and in
performance.

In this context, the electroless plating and related alternatives have
demonstrated their convenience to cover a wide variety of support ge-
ometries with good homogeneity and relatively low cost, independently
of the conductivity of the substrates [21,29-32].

Among all the multiple variations of this technique, the so called as
Electroless Pore-Plating (ELP-PP) has revealed an excellent mechanical
stability of the composite membrane with a reasonable low Pd-thickness
in a wide variety of permeating conditions, also covering opposite di-
rections of the permeate flux that could generate tensile stresses and
delamination of the stacked layers [32].

Very similar results have been reached by using different particles as
intermediate layer between the PSS support and the ELP-PP Pd-film, i.e.,
graphite [23], SBA-15 [33], TiOy [28] or CeOz [34]. Those including
ceria particles are specially interesting due to the proximity of the
thermal expansion coefficient of the ceramic material in comparison
with the exhibited by both stainless steel (support) and palladium
(Hy-selective film), thus increasing the expected lifespan of the com-
posite membranes so prepared [35-37].

In addition, this fabrication strategy can be applied with very similar
results to the preparation of composite membranes in which the inter-
mediate and palladium layers are incorporated onto the external surface
of tubular supports, as prevail in the literature, or the internal one
without significantly increasing the mass transfer resistance owing to
the porous support [38].

Besides the useful results obtained in the above-mentioned works, a
further investigation on the hydrogen permeation through composite
membranes could help elucidating the most convenient membrane
configuration providing the best performance. Thus, a detailed analysis
of the transmembrane flux direction as key operating parameter is
certainly of interest.

The influence of this parameter (flux direction or, dually, the

Journal of Membrane Science 683 (2023) 121842

influence of the feed side position) in supported metal membranes was
previously investigated by several researchers, although all of them refer
to particular geometries and support configurations in which palladium
is not partially infiltrated into the pores of the support as typically occurs
in most ELP-PP membranes [39-43].

In particular, Goto et al. [42] provided a first mathematical
description of the effect of flux direction on hydrogen permeation,
explicitly solving the algebraic second-order system from which fluxes
in both directions can be calculated. As main insight of this study, the
authors suggested a flux value dependent on the serial resistance dis-
tribution when resistances of different nature are considered [15]. Even
though some numerical calculations were included, the study did not
provide a complete mathematical demonstration of these findings.
Furthermore, the question on whether the permeance value take effect
on the flux direction (or not) still remains unanswered.

In this context, the present work tries to provide an irrefutable
demonstration filling such a scientific gap based on several general but
still hidden concepts on the behaviour of supported metal membranes,
covering the permeation in both pure-hydrogen and mixture conditions.

Specifically, the present study introduces for the first time the
concept of “swap point”, which regards any asymmetrical composite
membrane with stacked resistances of different nature and refers to a
particular value of mixture composition at which it would be convenient
to switch the positions of feed and permeate sides with respect to the
membrane layers for reaching higher permeate fluxes.

In practical hydrogen separations, which involve hydrogen concen-
tration ranging from high to relatively low value, the swap point is
crossed in most cases. In these conditions, it would be convenient to feed
the hydrogen on the side of the selective metal (Pd-based layer in this
case). Differently, conditions below the swap point - i.e., hydrogen
content close to the unity — are typical in hydrogen-supply systems,
where the hydrogen stream supplied through the membrane is supposed
to have a few impurities. In this case, it would be convenient to feed
hydrogen on the porous support side.

The swap point arises from mutual interactions of several different
mass transport phenomena acting within asymmetric membranes, being
not possible to find a definitive explanation in the available literature to
the best of our knowledge.

The study is organized in different sections, which connect some
mathematical demonstrations based on general theoretical concepts
with experimental results obtained by testing ELP-PP membranes in
both pure-hydrogen and mixture conditions.

2. Mathematical proofs: effect of flux direction through stacked
layers in pure-H; conditions

The hydrogen permeation through the layers of a composite metal
membranes (and also of other types of membranes) in pure-gas condi-
tions can be described in a number of cases by the following semi-
empirical law [44,45] (Eq. (1)):

iy =74 (Prosi = Penn) eb)

Given that different mechanisms govern the hydrogen transport
through the porous and dense films of a stacked composite metal
membrane, as previously described in the Introduction section, the
relative position of mass transfer resistances of different nature in the
stack lead to different contributions depending on the proximity of each
layer to feed (at a higher pressure) or permeate (at a lower pressure)
sides.

This work focuses on double-layer metal (Pd-alloy) membranes
having the metal selective layer deposited on a porous support (Fig. 1),
for which some mathematical demonstrations related to the flux value in
both permeation directions are provided (see next section). These as-
pects have been just partially dealt with in the open literature.
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Fig. 1. Scheme of the hydrogen permeation configurations when feeding pure gases in a) Pd-S and S-Pd modes.

2.1. Case I: sieverts’ law in metal layer and knudsen diffusion in porous
support

This section reports a general mathematical demonstration of the
fact that, at the same pressure and temperature conditions on feed and
permeate side, the hydrogen flux passing from the layer characterized by
a linear driving force exponent (nz = 1, Knudsen diffusion) towards the
layer with Sieverts’ driving force (n; = 0.5) is always higher than the
flux flowing towards the opposite direction (Eq. (2)).

This demonstration is functional to explain the existence of the here-
called swap point in mixture conditions (see Section 3.3).

Hypothesis : {n; =0.5,n, =1} @
Thesis : {J, > J,}

We remark that, when flux is described by the empirical driving force
reported in Eq. (1), the pressure exponent n generally depends on a
number of geometrical and operating parameters. The main hypothesis
of the incoming demonstration is that the exponents n; and ny can be
considered constant in the conditions range of interest.

For this purpose, let us write the system of equations describing the
hydrogen permeating flux in either directions, adopting the notation
reported in Fig. 2 for both configurations (Eq. (3)).

{n1 = 0.5 (Sieverts),n, = 1 (Knudsen)}

Py > P,

Pd—S:J, =y (Py° — P)Y) = #is(Pra — Py)
—

Transport through

Transport through (3)
the metal layer

the porous support
S—Pd:J,=may(P); — P}°) = ns(Py — Piy)
—_—

Transport through
the porous support

Transport through
the metal layer

where 7 and 75 represent the characteristic permeances of the metal
layer and the porous support, respectively. For convenience of the
readers, we remind that, for a generic i-th species, the Knudsen per-
meance takes into account the structure morphology of the porous
support by several geometrical parameters as follows (Eq. (4)):

a) Pd-S Configuration
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i (Shem (Tube)
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r |
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dpore 1 8
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—_—
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where ¢ is the porosity, 7 the tortuosity, dyor the mean pore diameter, 55
the support thickness and M; the molecular weight of the species.

It is pointed out that, being the geometrical parameters fixed, the
Knudsen permeance depends just on temperature and does not depend
on the partial pressure of the species. Therefore, the linear driving force
is the real characteristic driving force for Knudsen transport inside
support.

By making a variable change, the following expressions are obtained
(Egs. (5) and (6)):

Ya=P;
o =Py
¥ )

i (P0° —va) = 75 (y; — Pr)
v (yo — PY°) = m5(Po — ;)

75y + wyya — (msPL + auPy’) =0
—_—

=a

(6)
ﬂgyi + Ty — (J'L'SPO + ﬂMP(L)'S) =0
N————

=b

By solving the system reported in Eq. (6), the same expressions as
those obtained by Goto et al. (2000) are achieved (Eq. (7)) [42].

- —y + nf,, + 4(71MP3'5 + JTSPL)ﬂS _pos

a 275 la
7

-y + ﬂi, + 4(7[5P0 + ﬂMPgS)ﬂS s

Yo = =Py

27[5

The next step of the demonstration is to use an appropriate function f
whose form allows us to demonstrate that the flux J is higher than J,. In

b) S-Pd Configuration |
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Fig. 2. Reference scheme for demonstration of the highest flux in pure-hydrogen conditions in both configurations. The variables Py, P;,, P1, and Py, are the hydrogen
pressures at each boundary of the layers.
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this case, the difference between the two fluxes is chosen as target
function, given that many other different choices (like their ratio,
instead) can be adopted. By doing that, the expression reported in Eq. (8)
is obtained, where it has to be checked whether the function f be positive
or not.

o = (P~ P19)
= (P~ P1Y)
2 (8
F == (P ) — (P PLY)
S ; 0

As permeance 7y is positive, the function f can be divided by it,
creating in this way a subsidiary function g (Eq. (9)):

f

]

0=>g 0

AV
il
AV

f
Y 9

o= (P P2) - (-7 2 0

Substituting the solutions found in Eq. (7) into Eq. (9), the following
expression is obtained (Eq. (10)), which is formally function of per-
meances and pressures.

g(ﬂM+\/ﬂ,€,+4bns P‘”) (P“ ﬂM+\/ﬂ12W+4aﬂg> ~o
=\ - 0o - A =

2mg 27 <

(10

Developing Eq. (10) as reported in Appendix A.1.1, Egs. (11) and
(12) are finally obtained:

lﬁﬂMﬂg (P;‘-S + P(1)15) Zlﬁﬁ'Mﬂg (P(I{‘SP(, 4 PLP8'5)
<
PP + Py* 2P Po + PPy’ an
<

P}° + Py — P2°Py — PLP)° >0
<

(P PPy~ %) > 05,5, a2
R

>0 >0

The independence of Eq. (12) of permeances allows us to state that
the S-Pd flux is always higher than the Pd-S one independently of the
permeance values. An important consequence is that the membrane
thickness does not play any role in enhancing/decreasing the hydrogen
permeating flux with respect to the order in the sequence of layers,
which is a noticeable insight.

To better analyse the relationship between the two fluxes J, and Jp,
we write their ratio (J/Jy) as a function of two here-defined dimen-
sionless parameters, namely pressure ratio (x;) and permeance number
(x2), defined in Eq. (13) (Eq. (14), see Appendix A.1.2).

P
X| = — = Pressure Ratio

P
0 13
bg
X, = <7M05> = Permeance Number
7sPy”
s (et VBTl - 2) a4

Ja (2+xz— X3+ 4(xy +X2))

The former parameter is comprised between zero and the unity by
definition. The latter has a physical meaning, representing the ratio of
the maximum flux in the metal layer and the maximum flux in the
support at the feed pressure Py (Eq. (15)).

o T _Tw (P5° —0) _ Maximum Flux in the Metal Layer (1s)
2 TP ms(Py —0)

Maximum Flux in the Support P
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Fig. 3 shows the behaviour of the flux ratio as a function of the
permeance number for different values of the pressure ratio. We can
observe that the curve corresponding to the null pressure ratio is the
lowest curve among those depicted in the plots, which show similar
results to those depicted in Fig. 4 (dashed curves) of the paper of Goto
et al. [42], who considered different dimensionless groups in their
analysis.

Furthermore, from the expression of the derivative, it is possible to
calculate analytically the values of the dimensionless numbers at which
we find the maximum flux ratio, which represents the highest theoret-
ical benefit that can be achieved in pure hydrogen by adopting the
support-to-metal configuration (flux Jp) instead of the metal-to-support
one (flux Jy).

The most notable and surprising result of this analysis is that the
value of this maximum, which is found at x; =0 (i.e., PL=0)and x; =1
(Eq. (16), see Appendix A.1.3 for details), is equal to the so-called golden
ratio (¢ = (1 + v/5)/2) — also indicated in the literature with other
different names, the most common of which are: divine proportion, golden
mean, golden section, golden cut and golden number —, which was discov-
ered by Euclid for its role in the construction of the pentagram [46].

if()fl =0,x) Jb

=0=>{x; =0,x, =1}, ., >+ =
on xn=1 {XI ” }max Ja max ’
! 16
5+1
¢ = Golden Ratio = f2+ >~ 1.618

Although the golden ratio has been encountered in a number of
knowledge fields, including, among others, mathematics, physics,
biology, architecture, astronomy and economy [46], to the best of our
knowledge this is the first time that it arises in the analysis on membrane
systems, which represents an astonishing general discovery.

Without wanting to report the various meanings and implications of
the golden ratio, which is out of the topics of the present study, the fact
that this “magic” number is almost always associated to an optimal
proportion of entities is coherent with our finding that it is the maximum
benefit in terms of flux ratio.

Related to this aspect, it is worth noting that the maximum of the flux
ratio is found at a permeance number equal to the unity. Now, consid-
ering the meaning of permeance number reported in Eq. (15), this
occurrence corresponds to a situation in which the maximum flux in the
metal layer and the maximum flux in the support (P, = 0) are equal to
each other. Since in steady state the two fluxes must me the same, this

Pressure Ratio P, /Pg

— @® — I6° 0.1 — 03 — 05 — 07 —O09 — 1

(e ————————— . ‘

a) b)

Maximum Flux Ratio = Golden Ratio Maximum Flux Ratio = Golden Ratio

Flux Ratio Jp/Jq, -

oo vool vood vood oo oo oo oo oo 1o 1 1 1

-5

10° 0 5 10 15 20
Permeance Number T, /(Tts pg»5), -

10° 10° 10" 100 10
Permeance Number T,,/(Tls pg»5), -

Fig. 3. Flux ratio as a function of the permeance number x, for different values
of the pressureratio x;. The curves are reported in both logarithmic (a) and linear
scale (b) for a matter of clarity.
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Fig. 4. Influence of pressure and temperature on H, permeation when feeding pure hydrogen in both flux configurations.

implies that there is no limitation to the flux owing to either layer (Eq.
(17b)) and, thus, a maximum flux gain is observed.

Another interesting aspect is that the flux ratio profiles at very high
values of permeance number coincide with the profiles at very low values
of it (tending to the unity in both cases), even though the curves are not

[ Maximum Flux in | [ Maximum Flux | Metal layer

<l1=> < = (a)
| the Metal Layer | | in the Support |  limitation
[ Maximum Flux in | [ Maximum Flux ] No layer

Permeance Number { = 1= = => 17)

| the Metal Layer | | in the Support |  limitation
[Maximum Fluxin] [ Maximum Flux | ~ Support layer

> 1= > = (©)
| the Metal Layer | | in the Support |  limitation

Differently, if a membrane worked at a permeance number lower
than the unity, the permeation would be limited by the transport in the
metal layer (Eq. (17a)), whereas it would be limited by the transport in
the support in the opposite case (Eq. (17¢)). Surprisingly, we found that
this result can be generalised to whatever value of pressure ratio (x;), i.
e., for every value of feed and permeate pressure.

To demonstrate it, we obtained the analytical solution for the
optimal permeance number as a function of the pressure ratio, whose
expression leads to a situation in which the maximum flux ratio is found
when the maximum flux in the metal layer and the maximum flux in the
support are the same (Eq. (18), see Egs. (39)—(42) in Appendix A.1.4 for
details).

ﬂ'M(\/FE v PL)
- 7V VR s
Rlop = 1+ VA== =5 on
(18)
R Maximum Flux in Metal -1 V{P P }
Maximum Flux in Support opt B ot

symmetric. Besides the mathematical reason, let us analyse the physical
reason for that.

Fixing the feed pressure, a permeance number tending to infinity
means that the permeance of the metal layer is much higher than the
support one, which corresponds to the limit case where the support
controls completely the permeation process and, thus, there is a null
concentration drop in the metal layer: it is as if the membrane were
composed of the support only. In this case, the flux ratio tends to the
unity because the flux direction is not influential due to the fact that
there is just a single layer playing a role in permeation.

For permeance number tending to zero, the metal layer controls
completely the permeation process and, again, there is just a single layer
playing a role. Therefore, for the same aforementioned reason, the flux
direction does not affect the permeation rate.

As for the effect of feed pressure Py, keeping the permeance values
and the permeate pressure constant, an increase of Py leads to a decrease
of both the permeance number and the pressure ratio up to reach a
maximum value of flux ratio, as demonstrated above.
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On the one hand, a high P, favours the driving force with a higher
pressure exponent (Knudsen’s) over that with a lower one (Sieverts’),
this favouring Jj, over J,. On the other hand, the intermediate pressures
between the two layers (P;, and Pjp) also increase with increasing P,
but in a different way: P14 depends on P3-?%, whereas P1;, depends on P>
(Eq. (7)). This means that, as Py increases, Pj, tends to increase less than
P;p, which causes the difference of flux J, to be higher than the differ-
ence of flux Jp. Thus, the overall effect is to keep the flux ratio at a finite
value for Py tending to infinity.

However, it should be taken into account that, at typical operating
conditions, such as a temperature of 400 °C, feed pressure of 5 bar,
permeate pressure of 1 bar, a support permeance of 10°° mol s™! m™2
Pa~! and a metal layer permeance of 4.57.10 3 mol s ' m2pa—0° [38]
the values of pressure ratio and permeance number are around 0.2 and
6.46, respectively, well far from the limit values.

2.2. Case II: generalization to a pressure exponent doubling the other one

As described in the previous sub-section, there are more cases in
which the stacked permeation layers exhibit diverse pressure exponents.
Actually, the demonstration developed in the previous sub-section holds
also for general composite membranes for which ny = 2n;.

In fact, starting from the system reporting the explicit expression of
the fluxes (Eq. (19)), we obtain the same form of the mathematical
system reported in Eq. (5) (Eq. (20)) and, thus, the conclusion of this
case is equivalent to that of the previous one.

{ny >0,n, =2n,}
Py > P,

19
Pd—S8:J, = mu(Py' — Py,) =ns(Py, — P) 4
S—Pd:J, =ny(Pl,— P;') = ns(Py — P}3)
Yo EP?)”'JL EPZ”'
Ya = PTJHyb = Pr]lll»
U (20)

iy (}’8‘5 - ya) =Ts (yzz, - YL)

i (yo = 37°) = 75 (yo = ¥;)

The analysis of any other case in which one pressure exponent
doubles the other one is of interest. An example of real occurrence of this
type is a double-layer porous membranes having a layer where the mass
transport is dominated by the Knudsen diffusion (n; = 1) and the other
layer controlled by viscous flow (nz = 2).

Another, and perhaps more interesting, occurrence can be found in
supported Pd-alloy membranes in the presence both of non-ideal diffu-
sion in the metal layer (n; > 0.5) and of Knudsen diffusion with a slight
influence of viscous flow (ng > 1) in the support layer. In fact, there are
cases in which the exponent ny can be considered approximately double
than n; in several conditions [47].

A similar case can occur in self-supported metal membranes in the
presence of severe external mass transfer resistance, where the empirical
pressure exponent of the driving force of the external mass transfer in
the film adjacent to the metal layer (np > 1) can again double the
exponent of the non-ideal diffusion (n; > 0.5) in the metal layer [48].

2.3. Case III: generalization to equal pressure exponents

Finally, as a last and relatively simple case, it is shown that, if the
pressure exponents of the permeation driving force are equal to each
other (n; = ny), the flux direction does not influence the flux value. The
demonstration is reported as follows (Egs. (21)-(23)):
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{}’l] :n2}7P0>PL

21
Pd—S:J, = my(Py — P}) = n5(P}, — P}') @D

S—Pd:J, = my(Pl — PI") = zg(Pl — P)

Yo =P,y =P
Ya = P'll:nyb = P’]I[II
" (22)
{”M(YO =Ya) = 7s(Ya = y1)
7 (v — yi) = @s(yo — ¥»)

RyTs T

Jo=Jy=J= —y) = P pn
b T+ 7S (Yo = y1) 7TM+7TS( 0 )
T 23
PPy = (——)J
e - = (5 5)

The simplest and very well-known case of this type is represented by
stacked linear driving forces (n; = nz = 1), which are found in a number
of physical systems and do not need to be discussed further.

2.4. General conjecture

Generally speaking, the partial generalization provided in Section
2.2 could represent a mathematical non-confirmed-yet clue of the
following general conjecture.

Conjecture: if ny > ny, then Jp > J,.

In other words, the flux passing from the layer with the driving force
having the highest pressure exponent to the layer with the driving force
having the lowest pressure exponent is higher than the flux flowing in
the opposite direction.

However, a possible rigorous mathematical demonstration of it in-
volves dealing with high non-linearities and has not been achieved yet in
the present paper as well as in the open literature at the moment.

We sincerely hope that the presented conjecture could push world-
wide scholars to try to demonstrate or confute it, as its consequences
could be applied not only to multilayer membranes of whatever type
(metallic, ceramic, polymeric, hybrid) but also to every system that can
be described by a series of non-linear resistances.

3. Results and discussion

The details of the experimental setup and the morphological mem-
brane characterization are reported in the Supplementary Material
accompanying this paper. In this section, the results of the permeation
tests are reported in pure-hydrogen and in mixture conditions with and
without the presence of an inhibiting species (CO in this specific work).

Before each permeation tests, a leakage test is made by feeding he-
lium in the feed measuring possible leaks from membrane module and
through membrane to check membrane selectivity and sealing. In all
cases, no other species but hydrogen are detected in the permeate
stream.

Table 1
Maximum percent difference of the S-Pd flux with respect to the Pd-S one
at different temperature values.

Temperature, °C % A = (Js.pq - Jpa-s)/Jpda.s X 100

450 12.62
425 9.68
400 9.80
375 9.63

350 9.83
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In line with the mathematical proof given in Section 2, the S-Pd
configuration leads to an experimental permeating flux always higher
than that in the Pd-S one (see Table 1 for quantitative values), even
when flux starts being non-linear with Sieverts’ driving force at rela-
tively high pressure due to the non-ideality in the hydrogen permeation
caused by the relatively high concentration of hydrogen atoms in the
metal lattice [44,46-48].

This experimental observation could be an additional clue of the
conjecture stated in Section 2.4, by which the highest flux should be found
when permeation goes from the layer with the highest driving force exponent
towards the layer with the lowest one.

Fig. 5 shows the Arrhenius-type plot for permeance in both config-
urations, whose corresponding parameters are reported in Table 2. It can
be observed that the apparent activation energies are very similar,
whereas the pre-exponential factor is higher for the S-Pd configuration
according to the findings reported above.

Furthermore, the fact that the two straight lines are almost parallel
and that the coefficient R? is satisfactorily high in both configurations
indicate that the approximation made using Sieverts’ law within the
temperature range considered is acceptable. The values reported in
Table 2 are compared with data collected from the literature (Table 3)
for similar tubular composite membranes prepared by electroless plating
and related techniques.

It is remarked here that a rigorous comparison among them is not
easy due to the differences of membrane configuration, morphology of
the diverse stacked layers and operating conditions in the permeation
tests.

The data reported in Table 3 reveal that the highest permeation is
typically reached for the thinnest Hy-selective films, sometimes at the
expense of the ideal Hy/Ny separation factor most likely owing to the
higher probability of defects arising from the deposition techniques of
ultra-thin membranes. In general, a wide variety of ideal separation
factors can be found in the literature, depending on pinholes or small
defects on membrane surface as well as on the presence of leaks in the
permeation device.

Another source of variability in permeation data arises from the
different Pd-based alloys (silver, copper or gold) used to increase the

H,-N, Mixture

Pd-S Configuration
® 0%N, -@ 20%N, -@ 40%N;
- 10%N, -@ 30%N,

50%N,
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permeance by modifying the crystalline structure of the metal layer and
favouring diffusivity. These aspects affect also the influence of temper-
ature on membrane performance, this leading to a wide variety of
activation energy (5-16 kJ mol’l).

The effect of flux direction, which is the focus of the current research,
deserves to be discussed in depth. First, it should be noted that, in the
literature, the incorporation of both intermediate layers and Pd films
onto tubular porous substrates is typically carried out on the external
side, in contrast to what done in the present study. Due to this fact, the
permeating flux is usually directed from the Pd film to the porous sub-
strate (operation mode here denoted as Pd-S) to prevent the delami-
nation of the stacked layers.

Only a few literature works address the effect of feeding the system
from opposite sides, always describing higher values of permeance for
the configuration S-Pd, although in those works the quantification of
this effect was not made clear yet, probably due to the combined in-
fluence of membrane properties (i.e., membrane size, thickness and
composition of the Hy-selective film, etc). In particular, Goto et al. [42]
observed an increase of around 20% when hydrogen permeates first
through the ceramic support and then through the palladium film (S-Pd)
in comparison with the opposite operation mode (Pd-S).

However, Liang and Hughes [43] presented only slight differences
between both configurations (around 3%, see Table 3). This particular
behaviour was also found in some of our previous studies about com-
posite membranes prepared by ELP-PP. This fabrication technique pro-
vides an excellent mechanical resistance of resulting membranes, thus
guaranteeing their integrity under operation, independently of adopting
Pd-S or S-Pd configurations.

For all these cases, in which the Pd film is deposited on the external
side of tubular supports, an increase of hydrogen pre-exponential factor
of permeance (po) is found in the range of around 3-22% (Table 3) when
working under the S-Pd configuration, regardless of the type of material
used to prepare the intermediate layer (different types of ceria) and Pd-
thickness. This advantage holds also when deposing the Hj-selective
film onto the internal surface of the porous substrate, as the current
work evidences.

Moreover, the improvement of the permeance is maintained around

H,-N, Mixture

S-Pd Configuration
® 0%N, -@ 20%N, -@ 40%N,
-® 10%N, -@ 30%N, 50%N,,
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Fig. 6. Hydrogen permeating flux for H,-N; binary mixtures at 400 °C and different mixture compositions of feed in both Pd-S and S-Pd configurations.



A. Caravella et al.

20% with a Pd-thickness within the typical range obtained for other ELP-
PP membranes. In this occasion, a slight variation of around 4% for the
activation energy has been also observed. Therefore, we can state that
the operating mode selected for permeation tests, Pd-S or S-Pd, allows
us to select the most conservative operating mode by ensuring an
adequate mechanical resistance of membrane.

3.2. Permeation in binary mixtures

In addition to pure-hydrogen permeation tests, the permeation per-
formance is also analysed in binary-mixture conditions with hydrogen
and different non-permeating gases (N3, He, CO2 and CO) at different
temperatures (350 °C, 400 °C, 450 °C) and composition values of non-
permeating species (0, 10, 20, 30, 40 and 50%) in order to investigate
the influence of permeation reduction due to external mass transfer
resistance, transport in the support and inhibition.

The principal aim of this set of experiments is to investigate in depth
the potential influence of external mass transfer resistances, transport
through the porous support and/or inhibition on the reached permeate
fluxes under each experimental condition.

To minimise the effect of axial depletion due to the permeating flux,
the permeance driving force is evaluated as the average between
beginning and end of our laboratory-scale membrane module. The
highest recovery factor, evaluated for the maximum flux at 450 °C, is
around 22%, whereas the lowest one is 0.65% for the minimum flux at
the same conditions.

It is pointed out that the existence of the swap point is not related to
the particular value of flux but just to the asymmetric structure of a
membrane, whereas, in general, its value changes along a full-scale
membrane module following the hydrogen partial pressure profile.

3.2.1. Hy-N, mixture

Fig. 6 shows the permeating flux as a function of square root of the
feed hydrogen partial pressure at a constant temperature of 400 °C and
different N, feed compositions in the range 10-50%. It should be noted
that the data relative the pure-hydrogen conditions are also reported for
a clearer comparison.

The first thing to observe is that, for both configurations, the flux
decreases with increasing Ny composition in both configurations, which
is expected because of the higher mass transfer resistance (concentration
polarization effect). Besides that, there are two noticeable and inter-
esting facts to observe.

First, the flux in mixture for the S-Pd configuration is found to be
lower than the flux in the Pd-S one in the considered operating condi-
tions, differently from what observed for the pure-hydrogen flux. Sec-
ond, the difference among profiles is more pronounced in the S-Pd
configuration.

To explain the former fact, similarly to what done for the pure-
hydrogen case, the scheme (see Fig. 7) describing the main mecha-
nisms involved in the mass transfer from the feed to the permeate side
are depicted in the presence of a generic non-permeating (and non-
inhibiting) species, denoted as “X”. In the Pd-S configuration, the X
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species causes a mass transfer resistance just in the film adjacent to the
feed-side surface of the metal layer (infinitely-selective membrane).

Differently, working in the S-Pd configuration, the X species induces
mass transfer resistance in both the film on the feed side and inside the
pores of the support. More precisely, the presence of a non-permeating
species on the support side creates a stagnant film inside the pores,
which represents an additional resistance to the hydrogen mass transfer
that sums to that induced by the Knudsen mass transport mechanism.
Such an additional resistance is the reason why the S-Pd flux in mixture
is observed to be lower than the Pd-S one, at least for the composition
values considered in Fig. 6.

The presence of the stagnant film inside the support pores also ex-
plains the higher difference in the S-Pd flux profiles. In fact, the flux
change is more sensitive to the change in compositions of the non-
permeating species in the zone of membrane offering the highest resis-
tance, i.e., in the porous support.

3.2.1.1. Experimental proof of the existence of a swap point. Since it has
been already demonstrated that the S-Pd flux is always higher than the
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Fig. 8. Hydrogen permeance as a function of the N, feed composition in H>-N,
binary mixture at 400 °C. The lines connecting the experimental points are
cubic splines drawn just to allow an easier identification of the swap point.
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Pd-S one at 0% of non-permeating species composition (xx) in the feed
(i.e., in pure-hydrogen conditions) and since it is found that for a xx
value higher than 20% the S-Pd flux is lower than the Pd-S one, there
must exist a certain value of xx at which the fluxes in both configurations
are equal to each other. Such a point is here referred to as “swap point”.

The above-mentioned situation is depicted in Fig. 8 in terms of
hydrogen permeance vs. Ny feed composition, where it can be clearly
observed the cross between the two curves, although an exact estimation
of the swap point, strictly depends on the operating conditions consid-
ered in the permeation tests (temperature, non-permeating species) as
well as on the precision of the experimental campaign.

Journal of Membrane Science 683 (2023) 121842

From a physical point of view, the presence of the swap point in-
dicates that there is a particular composition at which the different types
of mass transfer resistance are equivalent to each other, this implying an
equivalence in swapping them for permeation.

As well, before the swap point (i.e., at lower composition of non-
permeating species), the resistance in the stagnant film of the support
is negligible with respect to the Knudsen one, whereas, after the swap
point, both resistances play a significant role, with a gradually higher
influence of the transport in the stagnant film with increasing compo-
sition of non-permeating species.
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Fig. 9. Hydrogen permeance as a function of He feed composition at different values of temperature in both flux configurations.
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3.2.2. Hy-He and Ho—CO, mixtures

The same type of experimental campaign and analysis is made by
using He and CO, as non-permeating species. In this case, different
values of temperatures are considered.

The results related to these mixtures are shown in Fig. 9 in terms of
permeance as a function of feed composition at different temperatures
for both feed configurations. The corresponding swap points are indi-
cated for all conditions.

Specifically, in the Pd-S configuration, the permeance drop is
approximately similar for both species, this stating that, the external
mass transfer resistance in the feed film does not depend significantly on
the particular non-permeating species in mixture. This also means that
the small inhibition effects due to CO5 and He are comparable.

Differently, in the S-Pd configuration, the permeance drop of CO3 is
appreciably larger than the He one. This can be explained by considering
that the major effect of the transport resistance in the support causes a
higher sensitivity of permeation to the overall diffusion coefficient in the
pores, which is progressively higher in the following order:He > Ny >
COs. Therefore, the lower Knudsen and Maxwell-Stefan binary diffusion
coefficients of the CO, induces a higher resistance in the support, which
causes a larger permeance drop of the S-Pd configuration.

3.2.3. Effect of flux direction with inhibition by CO

The last parameter whose effect is investigated is the presence of CO
in both configurations. Fig. 10 shows the time profile of the hydrogen
permeating flux at a fixed hydrogen driving force and different mixture
conditions performed in the same experiments, where the mixture
conditions have been switched starting from a pure hydrogen feed each
60 min. In particular, after the first switch from pure hydrogen to a
nitrogen mixture, the cross in the permeating fluxes due to the phe-
nomena already explained above is observed. After feeding back just
hydrogen, the flux comes back to the original value. Differently, feeding
an H,—CO mixture, it is found that, in both configurations, the original
flux is not completely recovered. Specifically, the drop is much more

11
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significant in the S—Pd configuration.

This can be understood if taking into account that the presence of CO
on the support side not only gives rise to an additional mass transfer
resistance inside the support pores, but also to an inhibition on metal
surface, which is anyway present also on the feed side.

However, the difference is that it is more difficult for the system to
remove the CO in the pores of the support than the CO adjacent to the
surface on the metal side due to the different fluid dynamic conditions in
the support (stagnant film) and in the film (stream flowing in laminar or
turbulent regime). For the same reason, the Pd-S flux tends to recover
faster that the S-Pd one, which has a higher recovery inertia.

Fig. 11 shows the same type of experiments shown in Fig. 10 at
different mixture compositions. Qualitatively, the membrane behaves in
the same way for all compositions.

However, by looking at the Pd-S flux profiles in the presence of CO, it
can be observed that, as expected, the higher the CO composition, the
lower the permeating flux, even though the difference among values is
almost negligible.

On the contrary, if looking at the S-Pd flux, the situation is quite
different, as there is a significant gap among flux profiles. Again, this is
explained by the major presence of more persistent CO in the support
pores that cause both a steric effect and a competitive adsorption that
make it more difficult hydrogen to reach the metal surface and adsorb.

4. Conclusions

This work provided mathematical and physical evidences of the role
of the hydrogen flux direction through double-layer supported metal
membranes in both pure-gas and mixture conditions.

In particular, first it was developed a mathematical proof of the su-
periority of the flux passing from the support side to the metal layer one
(S-Pd configuration) with respect to the opposite flux (Pd-S configura-
tion) when Sieverts’ law holds in the metal layer and the Knudsen
diffusion control the mass transport in the porous support,
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Fig. 11. Time profile of hydrogen permeating flux for Pd-S and S-Pd configurations at different values of temperature and feed composition for a Py
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demonstrating also that such finding does not depend on the value of
layer permeance.

As a notable result, it is demonstrated that the highest benefit in
switching the flux direction from metal-to-support to support-to-metal is
equal to the golden ratio, which represents novel general information
providing a physical limit for permeation under the aforementioned
hypotheses.

Then, a partial generalization to other types of driving force is pro-
vided, this allowing us to make a non-demonstrated-yet conjecture that
the highest flux passes from the layer with the highest pressure exponent
to that with the lowest exponent.

The experimental campaign in pure-hydrogen conditions confirmed
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our mathematical findings also in the case where the permeating flux is
not linear with Sieverts’ driving force, this reinforcing the strength of
our general guessed conjecture.

As well, the experimental data taken in mixture with Ny, He and CO,
told us that, for sufficiently high composition of non-permeating species
in the feed, the flux going from the support to the metal layer is lower
that the reverse one, which is the opposite behaviour with respect to the
pure-hydrogen case.

After giving the physical explanation for this occurrence — caused by
an additional resistance in the support pores owing to a stagnant film of
non-permeating species in case of the S-Pd configuration -, it was
determined the here-defined swap point, which refers to the particular
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feed composition at which the fluxes in both directions are equal for
each temperature and non-permeating species. The term swap justly
indicates the benefit to switch the flux direction to increase its value.
Finally, the same type of analysis is carried out in the presence of an
inhibiting species (CO), which gave us the indication that the S-Pd
configuration is much less convenient than the Pd-S one because it is
much more difficult for the system to remove CO from the stagnant film
in the support pores.

As expected, such a detrimental effect is progressively more pro-
nounced as the inhibiting species content increases in the feed stream.
Moreover, the original permeation capacity of membrane is not recov-
ered unless feeding again pure hydrogen without any regeneration
treatment.

The results of the present work can be applied also to other com-
posite membranes of different types (polymeric, ceramic, etc.) provided
that the form of the permeation driving force in each layer can be
expressed as a difference of partial pressures raised to a real exponent.
Furthermore, our findings are applicable also to all those physical pro-
cesses that can be modelled by a sequence of non-linear resistances that
be characterized by corresponding driving forces of the same types as
those considered in the present work.
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Appendix

A.1. Appendix

A.1.1. Algebraic steps of the mathematical proof reported in Section 2

The expression reported in Eq. (10) is developed with the following algebra:
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The final result of Eq. (31) is reported in Eq. (12).

A.1.2. Flux ratio written in terms of pressure ratio and permeance number

(28)

(29)

(30)

(3D

This appendix reports the algebraic steps (Eqgs. (32)-(34)) by which the flux ratio is written as a function of pressure ratio and permeance number.
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A.1.3. Golden ratio as the maximun flux ratio

(32)

(33)

(34

This appendix reports the algebraic steps (Eqgs. (35)-(37)) demonstrating that the maximum flux ratio is equal to the golden ratio. For this purpose,

let us demonstrate that the derivative of the flux ratio for x; = 0 is null for x, = 1.
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) (- v5) () + (%) 6-v5)
—f(.Xf] = 0,){2) = 2 =0 (37)
0x, =1 (3 - \/5 )
Calculating the value of the flux ratio at x; = 0 and x, = 1, representing the maximum point, we obtain the notable and surprising results reported
in Eq. (38).
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A.1.4. Optimal permeance number
This appendix reports the algebraic steps leading to the analytical evaluation of the optimal permeance number as a function of the pressure ratio
(Egs. (39)-(41)).
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The trivial solutions x; = 1 is excluded as it corresponds to equal feed and permeate pressures (i.e., no permeation). The remaining non-trivial
solution states that the optimal conditions at certain feed and permeate pressures are found where the maximum theoretical fluxes in the metal
layer and in the support are the same (Eq. (42)).
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The maximum flux ratio corresponding to the optimal permeance number is calculated in Eqgs. (43) and (44), which represents a generalization of the
result obtained in recognising the golden ratio as the maximum flux ratio.
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List of Symbols

(S

gkw"hm,\_‘&p
=}
N

[S)

R MR Sxmu3 3

Grouping variables in Eq. 10

Mean pore diameter of the support, m
Permeance activation energy, J mol?
Function of flux difference, mol s~* m
Function of flux, Pa™"

Hydrogen permeating flux, mol s~} m
Molecular weight of the species, kg mol ™!

General pressure exponent of permeation driving force,

-2

-2

Pressure exponents of permeation driving force in the generic layer,

Pressure, Pa

Mean roughness, pm
Temperature, K
Composition,
Non-permeating species
Dummy variable

Greek Symbols

5 Support thickness, m

e Porosity,

@ Golden ratio,

T Tortuosity,

b2 Number Pi in Eq. 3

o Pre-exponential factor of hydrogen permeance, mol s~ m~2 Pa™"
™ Hydrogen Permeance of metal layer, mol s~' m~2 Pa™"
g Hydrogen Permeance of support, mol s ™! m™2 Pa™"
Subscripts/Superscripts

‘“ Pd-S direction

b’ S-Pd direction

‘M’ Metal (permeance)

‘s’ Support (permeance)

0> Feed (pressure)

L Permeate (pressure)

‘opt’ Optimal

Acronyms

Pd-S Palladium-to-Support (referred to the flux direction)
S-Pd Support-to-Palladium (referred to the flux direction)
References

[1] O. Lah, Factors of Change: the influence of policy environment factors on climate
change mitigation strategies in the transport sector, Transport. Res. Procedia 25
(2017) 3499-3514, https://doi.org/10.1016/j.trpro.2017.05.265.

[2] Z. Abdin, A. Zafaranloo, A. Rafiee, W. Mérida, W. Lipiniski, K.R. Khalilpour,
Hydrogen as an Energy Vector, Renewable and Sustainable Energy Reviews, 2020,
https://doi.org/10.1016/j.rser.2019.109620.

[3] S.Z. Baykara, Hydrogen: a brief overview on its sources, production and
environmental impact, Int. J. Hydrogen Energy 43 (2018) 10605-10614, https://
doi.org/10.1016/j.ijhydene.2018.02.022.

[4] W. Wang, G. Olguin, D. Hotza, M.A. Seelro, W. Fu, Y. Gao, G. Ji, Inorganic
membranes for in-situ separation of hydrogen and enhancement of hydrogen
production from thermochemical reactions, Renew. Sustain. Energy Rev. 160
(2022), 112124, https://doi.org/10.1016/J.RSER.2022.112124.

[5] R.P.,D.S. Sholl, Lively, Seven chemical separation to change the world, Nature 532
(2016) 435-437.

[6] N.A. Al-Mufachi, N.v Rees, R. Steinberger-Wilkens, Hydrogen selective
membranes: a review of palladium-based dense metal membranes, Renew. Sustain.
Energy Rev. 47 (2015) 540-551, https://doi.org/10.1016/j.rser.2015.03.026.

[7] Y. Huang, X. Li, Y. Fan, N. Xu, Palladium-based composite membranes: principle,
preparation and characterization, Prog. Chem. 18 (2006) 230-238.

[8] K. Atsonios, K.D. Panopoulos, A. Doukelis, A.K. Koumanakos, E. Kakaras, T.

A. Peters, Y.C. van Delft, Introduction to Palladium Membrane Technology,
Woodhead Publishing Limited, 2014, https://doi.org/10.1533/9781782422419.1.
[9] H.Wu, Q. Li, M. Sheng, Z. Wang, S. Zhao, J. Wang, S. Mao, D. Wang, B. Guo, N. Ye,

G. Kang, M. Li, Y. Cao, Membrane technology for CO, capture: from pilot-scale

16

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Journal of Membrane Science 683 (2023) 121842

investigation of two-stage plant to actual system design, J. Membr. Sci. 624 (2021),
https://doi.org/10.1016/j.memsci.2021.119137.

S. Karagoz, T.T. Tsotsis, V.I. Manousiouthakis, Multi-scale model based design of
membrane reactor/separator processes for intensified hydrogen production
through the water gas shift reaction, Int. J. Hydrogen Energy (2020), https://doi.
0rg/10.1016/j.ijhydene.2019.05.118.

A. Brunetti, A. Caravella, E. Drioli, G. Barbieri, Chapter 1, Membrane Reactors for
Hydrogen Production 2 (2017) 1-29, https://doi.org/10.1039/9781788010443-
00001.

G. Di Marcoberardino, M. Binotti, G. Manzolini, J.L. Viviente, A. Arratibel,

L. Roses, F. Gallucci, Achievements of European projects on membrane reactor for
hydrogen production, J. Clean. Prod. 161 (2017) 1442-1450, https://doi.org/
10.1016/j.jclepro.2017.05.122.

D. Martinez-Diaz, P. Leo, R. Sanz, A. Carrero, J.A. Calles, D. Alique, Life cycle
assessment of Hy-selective Pd membranes fabricated by electroless pore-plating,
J. Clean. Prod. 316 (2021), 128229, https://doi.org/10.1016/].
jclepro.2021.128229.

M.L. Bosko, A. Dalla Fontana, A. Tarditi, L. Cornaglia, Advances in hydrogen
selective membranes based on palladium ternary alloys, Int. J. Hydrogen Energy
46 (2021) 15572-15594, https://doi.org/10.1016/j.ijhydene.2021.02.082.

1. Orakwe, H. Shehu, E. Gobina, Preparation and characterization of palladium
ceramic alumina membrane for hydrogen permeation, Int. J. Hydrogen Energy 44
(2019) 9914-9921, https://doi.org/10.1016/].ijhydene.2019.01.033.

M. Marono, G. D’Alessandro, A. Morales, D. Martinez-Diaz, D. Alique, J.

M. Sanchez, Influence of Si and Fe/Cr oxides as intermediate layers in the
fabrication of supported Pd membranes, Separ. Purif. Technol. (2020) 234, https://
doi.org/10.1016/j.seppur.2019.116091.

E. Tosto, D. Martinez-Diaz, R. Sanz, G. Azzato, J.A. Calles, J.A. Medrano,

E. Fernandez, D.A. Pacheco Tanaka, F. Gallucci, D. Alique, A. Caravella, Systematic


https://doi.org/10.1016/j.trpro.2017.05.265
https://doi.org/10.1016/j.rser.2019.109620
https://doi.org/10.1016/j.ijhydene.2018.02.022
https://doi.org/10.1016/j.ijhydene.2018.02.022
https://doi.org/10.1016/J.RSER.2022.112124
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref5
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref5
https://doi.org/10.1016/j.rser.2015.03.026
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref7
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref7
https://doi.org/10.1533/9781782422419.1
https://doi.org/10.1016/j.memsci.2021.119137
https://doi.org/10.1016/j.ijhydene.2019.05.118
https://doi.org/10.1016/j.ijhydene.2019.05.118
https://doi.org/10.1039/9781788010443-00001
https://doi.org/10.1039/9781788010443-00001
https://doi.org/10.1016/j.jclepro.2017.05.122
https://doi.org/10.1016/j.jclepro.2017.05.122
https://doi.org/10.1016/j.jclepro.2021.128229
https://doi.org/10.1016/j.jclepro.2021.128229
https://doi.org/10.1016/j.ijhydene.2021.02.082
https://doi.org/10.1016/j.ijhydene.2019.01.033
https://doi.org/10.1016/j.seppur.2019.116091
https://doi.org/10.1016/j.seppur.2019.116091

A. Caravella et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

experimental assessment of concentration polarization and inhibition in Pd-based
membranes for hydrogen purification, Fuel Process. Technol. 213 (2021), https://
doi.org/10.1016/j.fuproc.2020.106661.

C. Zhao, A. Caravella, H. Xu, A. Brunetti, G. Barbieri, A. Goldbach, Support mass
transfer resistance of Pd/ceramic composite membranes in the presence of sweep
gas, J. Membr. Sci. 550 (2018) 365-376, https://doi.org/10.1016/j.
memsci.2017.12.082.

Y.H. Lee, Y. Jang, D.H. Han, S.M. Lee, S.S. Kim, Palladium-copper membrane
prepared by electroless plating for hydrogen separation at low temperature,

J. Environ. Chem. Eng. 9 (2021), https://doi.org/10.1016/j.jece.2021.106509.
J.A. Medrano, E. Fernandez, J. Melendez, M. Parco, D.A.P. Tanaka, M. van Sint
Annaland, F. Gallucci, Pd-based metallic supported membranes: high-temperature
stability and fluidized bed reactor testing, Int. J. Hydrogen Energy 41 (2016)
8706-8718, https://doi.org/10.1016/j.ijhydene.2015.10.094.

D.A. Pacheco Tanaka, J. Okazaki, M.A. Llosa Tanco, T.M. Suzuki, 5 - fabrication of
supported palladium alloy membranes using electroless plating techniques BT -
palladium membrane technology for hydrogen production, carbon capture and
other applications, in: Woodhead Publishing Series in Energy, Woodhead
Publishing, 2015, pp. 83-99, https://doi.org/10.1533/9781782422419.1.83.

S. Tosti, Supported and laminated Pd-based metallic membranes, Int. J. Hydrogen
Energy 28 (2003) 1445-1454, https://doi.org/10.1016/50360-3199(03)00028-4.
D. Martinez-Diaz, R. Sanz, A. Carrero, J.A. Calles, D. Alique, Effective Hy
separation through electroless pore-plated Pd membranes containing graphite lead
barriers, Membranes 10 (2020) 1-17, https://doi.org/10.3390/
membranes10120410.

D. Martinez-Diaz, D. Martinez del Monte, E. Garcia-Rojas, D. Alique, J.A. Calles,
R. Sanz, Comprehensive permeation analysis and mechanical resistance of
electroless pore-plated Pd-membranes with ordered mesoporous ceria as
intermediate layer, Separ. Purif. Technol. (2021) 258, https://doi.org/10.1016/j.
seppur.2020.118066.

G. Adduci, D. Martinez-Diaz, D. Sanz-Villanueva, A. Caravella, J.A. Calles, R. Sanz,
D. Alique, Stability of electroless pore-plated Pd-membranes in acetic acid steam
membrane-reformers for ultra-pure hydrogen production, Fuel Process. Technol.
(2021) 212, https://doi.org/10.1016/j.fuproc.2020.106619.

S. Agnolin, J. Melendez, L. di Felice, F. Gallucci, Surface roughness improvement of
Hastelloy X tubular filters for H; selective supported Pd-Ag alloy membranes
preparation, Int. J. Hydrogen Energy (2022), https://doi.org/10.1016/j.
ijhydene.2022.06.164.

K. Zhang, H. Gao, Z. Rui, P. Liu, Y. Li, Y.S. Lin, High-temperature stability of
palladium membranes on porous metal supports with different intermediate layers,
Ind. Eng. Chem. Res. 48 (2009) 1880-1886, https://doi.org/10.1021/ie801417w.
D. Sanz-Villanueva, D. Alique, A.J. Vizcaino, J.A. Calles, R. Sanz, On the long-term
stability of Pd-membranes with TiO2 intermediate layers for Hy purification, Int. J.
Hydrogen Energy 47 (2022) 11402-11416, https://doi.org/10.1016/].
ijhydene.2021.12.005.

G.O. Mallory, J.B. Hajdu, W. Andrew, Electroless Plating: Fundamentals and
Applications, American Electroplaters and Surface Finishers Society, 1990.

B. Zhang, History — from the discovery of electroless plating to the present, in:

B. Zhang (Ed.), Amorphous and Nano Alloys Electroless Depositions, Elsevier,
Oxford, 2016, pp. 3-48, https://doi.org/10.1016/B978-0-12-802685-4.00001-7.
M.J. den Exter, The use of electroless plating as a deposition technology in the
fabrication of palladium-based membranes, in: A. Doukelis, K. Panopoulos,

A. Koumanakos, E. Kakaras (Eds.), Palladium Membrane Technology for Hydrogen
Production, Carbon Capture and Other Applications, Woodhead Publishing, 2015,
pp. 43-67, https://doi.org/10.1533/9781782422419.1.43.

A. Fernandez, C. Casado, D. Alique, J.A. Calles, J. Marugan, Modeling of Hy
permeation through electroless pore-plated composite Pd membranes using
computational fluid dynamics, Membranes 11 (2021) 123, https://doi.org/
10.3390/membranes11020123.

D. Sanz-Villanueva, D. Alique, A.J. Vizcaino, R. Sanz, J.A. Calles, Pre-activation of
SBA-15 intermediate barriers with Pd nuclei to increase thermal and mechanical
resistances of pore-plated Pd-membranes, Int. J. Hydrogen Energy 46 (2021)
20198-20212, https://doi.org/10.1016/j.ijhydene.2020.07.028.

17

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Journal of Membrane Science 683 (2023) 121842

D. Martinez-Diaz, D. Alique, J.A.A. Calles, R. Sanz, Pd-thickness reduction in
electroless pore-plated membranes by using doped-ceria as interlayer, Int. J.
Hydrogen Energy 45 (2020) 7278-7289, https://doi.org/10.1016/j.
ijhydene.2019.10.140.

D. Alique, D. Martinez-Diaz, R. Sanz, J.A. Calles, Review of supported Pd-based
membranes preparation by electroless plating for ultra-pure hydrogen production,
Membranes 8 (2018) 5, https://doi.org/10.3390/membranes8010005.

J.A. Calles, R. Sanz, D. Alique, L. Furones, P. Marin, S. Ordonez, Influence of the
selective layer morphology on the permeation properties for Pd-PSS composite
membranes prepared by electroless pore-plating: experimental and modeling
study, Sep. Purif. Technol. 194 (2018) 10-18, https://doi.org/10.1016/j.
seppur.2017.11.014.

D. Alique, R. Sanz, J.A. Calles, Pd membranes by electroless pore-plating: synthesis
and permeation behavior, Current Trends and Future Developments on (Bio-)
Membranes (2020) 31-62, https://doi.org/10.1016/B978-0-12-818332-8.00002-
8.

D. Martinez-Diaz, V. Michienzi, J.A. Calles, R. Sanz, A. Caravella, D. Alique,
Versatile and resistant electroless pore-plated Pd-membranes for Hp-separation:
morphology and performance of internal layers in PSS tubes, Membranes 12
(2022) 530, https://doi.org/10.3390/membranes12050530.

J. Tong, H. Suda, K. Haraya, Y. Matsumura, A novel method for the preparation of
thin dense Pd membrane on macroporous stainless steel tube filter, J. Membr. Sci.
260 (2005) 10-18, https://doi.org/10.1016/j.memsci.2005.03.016.

S.K. Ryi, J.S. Park, S.H. Kim, S.H. Cho, D.W. Kim, The effect of support resistance
on the hydrogen permeation behavior in Pd-Cu-Ni ternary alloy membrane
deposited on a porous nickel support, J. Membr. Sci. 280 (2006) 883-888, https://
doi.org/10.1016/j.memsci.2006.03.007.

S.K. Ryi, J.S. Park, S.H. Kim, S.H. Cho, D.W. Kim, K.Y. Um, Characterization of Pd-
Cu-Ni ternary alloy membrane prepared by magnetron sputtering and Cu-reflow on
porous nickel support for hydrogen separation, Separ. Purif. Technol. 50 (2006)
82-91, https://doi.org/10.1016/j.seppur.2005.11.024.

S. Goto, S. Assabumrungrat, T. Tagawa, P. Praserthdam, The effect of direction of
hydrogen permeation on the rate through a composite palladium membrane,

J. Membr. Sci. 175 (2000) 19-24.

W. Liang, R. Hughes, The effect of diffusion direction on the permeation rate of
hydrogen in palladium composite membranes, Chem. Eng. J. 112 (2005) 81-86,
https://doi.org/10.1016/j.cej.2005.06.010.

A. Caravella, F. Scura, G. Barbieri, E. Drioli, Sieverts law empirical exponent for
Pd-based membranes: critical analysis in pure Hy Permeation, J. Phys. Chem. B 114
(2010) 6033-6047, https://doi.org/10.1021/jp1006582, 2010.

A. Caravella, N. Hara, H. Negishi, S. Hara, Quantitative contribution of non-ideal
permeability under diffusion-controlled hydrogen permeation through Pd-
membranes, Int. J. Hydrogen Energy 39 (2014) 4676-4682.

M. Livio, The Golden Ratio: the Story of PHI, the World’s Most Astonishing
Number, Broadway Books, New York (US), 2002. ISBN: 0-7679-0816-3.

A. Caravella, S. Hara, Y. Sun, E. Drioli, G. Barbieri, Coupled influence of non-ideal
diffusion and multilayer asymmetric porous supports on Sieverts law pressure
exponent for hydrogen permeation in composite Pd-based membranes, Int. J.
Hydrogen Energy 39 (2014) 2201-2214.

A. Caravella, S. Hara, E. Drioli, G. Barbieri, Sieverts law pressure exponent for
hydrogen permeation through Pd-based membranes: coupled influence of non-
ideal diffusion and multicomponent external mass transfer, Int. J. Hydrogen
Energy 38 (2013) 16229-16244.

J. Liu, S. Bellini, N.C.A. de Nooijer, Y. Sun, D.A. Pacheco Tanaka, C. Tang, H. Li,
F. Gallucci, A. Caravella, Hydrogen permeation and stability in ultra-thin Pd-Ru
supported membranes, Int. J. Hydrogen Energy 45 (2020) 7455-7467, https://doi.
0rg/10.1016/j.ijhydene.2019.03.212.

D. Martinez-Diaz, R. Sanz, J.A. Calles, D. Alique, H, permeation increase of
electroless pore-plated Pd/PSS membranes with CeO2 intermediate barriers, Sep.
Purif. Technol. 216 (2019) 16-24, https://doi.org/10.1016/J.
SEPPUR.2019.01.076.


https://doi.org/10.1016/j.fuproc.2020.106661
https://doi.org/10.1016/j.fuproc.2020.106661
https://doi.org/10.1016/j.memsci.2017.12.082
https://doi.org/10.1016/j.memsci.2017.12.082
https://doi.org/10.1016/j.jece.2021.106509
https://doi.org/10.1016/j.ijhydene.2015.10.094
https://doi.org/10.1533/9781782422419.1.83
https://doi.org/10.1016/S0360-3199(03)00028-4
https://doi.org/10.3390/membranes10120410
https://doi.org/10.3390/membranes10120410
https://doi.org/10.1016/j.seppur.2020.118066
https://doi.org/10.1016/j.seppur.2020.118066
https://doi.org/10.1016/j.fuproc.2020.106619
https://doi.org/10.1016/j.ijhydene.2022.06.164
https://doi.org/10.1016/j.ijhydene.2022.06.164
https://doi.org/10.1021/ie801417w
https://doi.org/10.1016/j.ijhydene.2021.12.005
https://doi.org/10.1016/j.ijhydene.2021.12.005
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref29
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref29
https://doi.org/10.1016/B978-0-12-802685-4.00001-7
https://doi.org/10.1533/9781782422419.1.43
https://doi.org/10.3390/membranes11020123
https://doi.org/10.3390/membranes11020123
https://doi.org/10.1016/j.ijhydene.2020.07.028
https://doi.org/10.1016/j.ijhydene.2019.10.140
https://doi.org/10.1016/j.ijhydene.2019.10.140
https://doi.org/10.3390/membranes8010005
https://doi.org/10.1016/j.seppur.2017.11.014
https://doi.org/10.1016/j.seppur.2017.11.014
https://doi.org/10.1016/B978-0-12-818332-8.00002-8
https://doi.org/10.1016/B978-0-12-818332-8.00002-8
https://doi.org/10.3390/membranes12050530
https://doi.org/10.1016/j.memsci.2005.03.016
https://doi.org/10.1016/j.memsci.2006.03.007
https://doi.org/10.1016/j.memsci.2006.03.007
https://doi.org/10.1016/j.seppur.2005.11.024
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref40
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref40
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref40
https://doi.org/10.1016/j.cej.2005.06.010
https://doi.org/10.1021/jp1006582
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref49
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref49
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref49
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref43
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref43
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref44
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref44
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref44
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref44
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref45
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref45
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref45
http://refhub.elsevier.com/S0376-7388(23)00498-2/sref45
https://doi.org/10.1016/j.ijhydene.2019.03.212
https://doi.org/10.1016/j.ijhydene.2019.03.212
https://doi.org/10.1016/J.SEPPUR.2019.01.076
https://doi.org/10.1016/J.SEPPUR.2019.01.076

	Effect of flux direction through supported metal membranes: Golden ratio as maximum benefit in pure hydrogen and concept of ...
	1 Introduction
	2 Mathematical proofs: effect of flux direction through stacked layers in pure-H2 conditions
	2.1 Case I: sieverts’ law in metal layer and knudsen diffusion in porous support
	2.2 Case II: generalization to a pressure exponent doubling the other one
	2.3 Case III: generalization to equal pressure exponents
	2.4 General conjecture

	3 Results and discussion
	3.1 Permeation tests in pure-hydrogen conditions
	3.2 Permeation in binary mixtures
	3.2.1 H2–N2 mixture
	3.2.1.1 Experimental proof of the existence of a swap point

	3.2.2 H2–He and H2–CO2 mixtures
	3.2.3 Effect of flux direction with inhibition by CO


	4 Conclusions
	Authors contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	Appendix
	A.1 Appendix
	A.1.1 Algebraic steps of the mathematical proof reported in Section 2
	A.1.2 Flux ratio written in terms of pressure ratio and permeance number
	A.1.3 Golden ratio as the maximun flux ratio
	A.1.4 Optimal permeance number


	List of Symbols
	References


