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Abstract

In this work, a systematic approach is used to quantify the single-step influence in composite Pd-based membranes
on hydrogen permeation in the presence of concentration polarisation. To perform this study, an already developed
permeation model is applied to a membrane supported on a five-layered asymmetric porous support. The results are
presented in terms of both single-layer influence (calculated using an expression involving the permeation limiting
fluxes) and the here introduced Support Resistance Coefficient, SRC, which is a coefficient measuring quantitatively
the extent of the driving force in the entire support, analogously to what done for the definition of the Concentration
Polarisation Coefficient, CPC. Analysing the membrane behaviour in different conditions of temperature, total feed
pressure and Pd-layer thickness, it is eventually shows that, the presence of polarization determine a decreasing
effect of the porous support in the considered configuration, i.e., with the selective layer placed on the high-pressure
side and the support placed on the permeation one. This conclusion indicates that, for sufficiently thin metal layers,
the hydrogen permeation is mostly influenced by concentration polarisation and, thus, the fluid dynamic conditions

in the upstream side become a crucial parameter to optimise.

Keywords: Porous layers; Concentration polarisation; Palladium;
Membranes; Hydrogen

Introduction

The permeation properties of composite membranes and thin
films deposited on appropriate substrates and supports nowadays
induce such materials to be used for a number of different industrial
applications. Furthermore, multilayered structures are useful to
prevent inter-diffusion between selective layers and support [1-4]. Such
an interest has been boosting the development of enhanced fabrication
and characterisation techniques (see, for example, refs [5-15]) adopted
to optimise the membrane structure maximising the permeating flux
and, dually, minimising the overall mass transfer resistance.

Zhang et al. [7] prepared a 5 micron-thick membrane with a
selectivity higher than 3000, obtaining slightly lower performance than
Itoh et al. [6], who deposited a thin PdAg layer of 2-4 mm with a good
measured H,/N, selectivity exceeding 5000, and Dittmar et al. [12],
who prepared a 10-13 micron-thick membrane with variable selectivity
(700-10000). Tong et al. [3] deposited a metal layer of 5 micron with
virtually infinite selectivity, similarly to what done by Li et al. [5] and
the research groups in SINTEF, who developed a method to sputter 2-3
mm-thick Pd-based layers on porous substrates [8,9].

Examples of ultra-thin membranes were provided by Lim et al.
[10], with a 0.16 micron-thick membrane with a selectivity of around
710, and Yun et al. [11], with a membrane as thick as 1 micron within
a selectivity range of 3000-9000. Furthermore, a research group
of TECNALIA has recently developed a systematic methodology
to prepare stable and 4-5 mm-thick selective supported Pd-based
membranes [15,16]. A more exhaustive state-of-the-art on preparation
and characterization of thin Pd-based membranes can be found in the
recent review of Gallucci et al. [17].

Because of the high flux allowed by such thin membranes, the
evaluation of the influence in the single permeation steps has been
becoming progressively more important. These steps commonly

include both kinetic phenomena and mass transfer, which are in general
paired to each other eventually determining the overall membrane
performance [18-22].

Therefore, for design purposes, a deep knowledge of the transport
mechanisms involved in membranes and thin layers is required; this
implying an appropriate mathematical model of the mass transfer
involved in the single permeation steps.

In the particular case of hydrogen purification using membranes
composed of Pd-alloy thin layers deposited on ceramic supports —
which can be both symmetric and asymmetric multilayered ones - the
effect of the meso-porous structure of the intermediate and top-layers
can be significant, as intermediate layers and top-layer usually have a
meso-structure characterised by a relatively low mean pore diameter
(within [5-50] nm ca.23-29].

Furthermore, an additional permeation resistance affecting the
actual membrane separation systems - and in particular the Pd-
based membrane devices - is the external mass transfer resistance
in the upstream mixture side, commonly named as concentration
polarisation.

In the past, this phenomenon was considered not to be important
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in gas separation systems, as the diffusion coefficients of gases are
around four orders of magnitude higher than those of liquids [30-
32]. However, this hypothesis is strictly valid just for sufficiently thick
selective layers providing relatively low permeating flux and, thus,
with the above mentioned improvements in membrane fabrication,
the state-of-the-art selective layers are sufficiently thin to provide a
relatively high flux, causing the mass transport in the selective layer
not to be the only permeation-determining step. Hence, a certain
effect of concentration polarisation is expected in these conditions.
For this reason, more complex approaches are needed to identify the
permeation limiting steps, as the analysis of the support influence on
permeation cannot leave aside the effect of the external mass transfer
resistance, which has a direct influence on the extent of the support
effect as well.

Pioneers in dividing the hydrogen permeation into several
elementary steps were Ward and Dao in their modelling work [18],
which involves external mass transfer, adsorption/desorption,
absorption/de-absorption and internal diftusion. Later, several authors
started from the Ward and Dao approach to develop more complex
permeation models involving additional steps, like transport in the
porous supports [20,22], concentration polarization [33-38] and
external mass transfer based on a multicomponent film theory [20,21],
and inhibition effects [39-42]. However, there is a lack in the existing
modelling approaches to systematically relate to each other the number
of mass transport phenomena playing a role in a metal membrane.

In this context, the aim of this paper is to provide a systematic way
to evaluate the effect of each elementary step on permeation, showing
also the mutual relationship between concentration polarisation,
transport in the support and diffusion through the selective metal layer.

Description of the System

The asymmetric multilayered Pd-based membrane considered
in this study (Figure 1) is similar to that considered in Caravella et
al. [22]. Beside the geometrical properties of the support (Table 1),
the main difference from that work is that in this paper the effect of
concentration polarisation is also taken into account. For this purpose,
the mixture side, which is supposed to be placed on the Pd-based layer
side, is considered to be composed of four species, i.e., H,, N,, Ar and
H, 0, whereas the pure-hydrogen side is on the support side.

With these hypotheses, the hydrogen permeation is composed of
three steps: mass transport in the feed film, diffusion through the Pd-
based layer and transport through the layers of the porous supports.

In the present investigation, the hydrogen content is varied
independently keeping the composition ratio among the other species

Figure 1: Sketch of the membrane considered in the present investigation.

Page 2 of 8
Layer Thickness, Mean Pore Porosity, - Tortuosity, -
mm Diameter, nm
1 (Top-Layer, Silica) 10 5 0.25 5
2 (g-alumina) 40 50 0.35 5
3 (a-alumina) 20 250 0.35 5
4 (a-alumina) 700 500 0.50 3
5 (a-alumina) 720 500 0.50 3

Table 1: Geometrical characteristics of the considered alumina porous support.

Side Composition, % Total Pressure Toet
H, Co, HO co kPa °C
Feed 485 49 | 369 9.7  [400, 600, 800] [300:20:400]
Sweep 100 - - - [10, 20, 50] Same as feed

IDShel = 1.2 cm, ODMem = 1 cm, dShe! = 1 mm, dMe™ = 5 mm

Table 2: Operating conditions considered for simulation.

constant and equal to the unity. The other operating conditions are
reported in Table 2.

The multicomponent-based permeation model already introduced
elsewhere is used for calculation, using the permeation properties
(permeability and solubility) of a membrane characterised in a previous
work accounting for the non-ideal internal hydrogen diffusion in the
Pd-based layer [21,22].

Mathematical Approach

The objective of the present investigation is to provide a systematic
way to evaluate the influence of the mass transfer in the porous support
on the permeation process. For this purpose, two different ways of
measuring the support layer effect on permeation are used.

First, the influence of the generic j* permeation step (a,) is evaluated
by using the concept of limiting fluxes [22,43] (Section 4.1), reminding
that the limiting flux of a particular permeation step is calculated at
certain operating conditions by considering that step as the only rate
determining one and all the others as they were at the equilibrium. The
calculation of a; is based on the following expression (Equation 1):

D W M

Where m is the number of permeation steps considered, which in
this work is equal to 3 (i.e., related to external mass transfer in the feed,
transport in the Pd-based layer and transport in the porous support).
Equation 1 practically states that the influence of each step is given by
the ratio of the limiting flux inverse of the j* step divided by the sum of
all the limiting flux inverses. It is remarked here that, in the particular
case where all driving forces were of the same type, a would coincide
with the more conventional resistance evaluation.

Such an approach is necessary because, in general, each permeation
step is characterised by a different type of driving force (Sieverts’ one,
linear, quadratic and so on) and, thus, the single step resistance cannot
be simply evaluated by dividing the single driving forces by flux (=
inverse of permeance), as the resulting resistances would have different
units and, thus, would not be comparable to each other.

In parallel to the step influence, and analogously to what done
in defining an appropriate Concentration Polarisation Coefficient,
CPC [35], a convenient Support Resistance Coefficient, SRC, is here
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introduced to evaluate the extent of the mass transfer resistance in
the support with respect to the total resistance offered by the whole
supported membrane (Section 4.2). The general definition of this
coefficient for each i species is provided as follows (Equation 2):

DrivingForce,

Support (2)

Total

SRC,

i

DrivingForce,

Where the subscripts “Support” and “Total” indicate the driving
force within the support and within the whole supported membrane,
respectively. In the case of Pd-based membranes, only hydrogen can
basically pass through and, thus, just a single SRC is needed (Equation 3):

DrivingForce,

= ©)
DrivingForce‘,lw
The form of the characteristic driving force can be conveniently
chosen based on the operating conditions, even though in most cases
it is convenient to choose the Sieverts one [35], as done in the present
investigation. Therefore, with reference to the notation indicated in
Figure 1, Equation 3 is made explicit as reported in Equation 4:

SRC = ———— 4

However, as also remarked elsewhere [38], it could be convenient
sometimes to choose a different driving force, such as, for example,
the pressure difference or another difference of pressure functionality
taking into account the non-ideality of internal diffusion in the metal
lattice in terms of a pressure exponent different from 0.5 [22, 44-46].

Regarding its definition, SRC is defined in such a way that it is close
to zero for negligible influence of the support, whereas it is close to the
unity for support-controlled permeation. The analogy of this coefficient
to CPC is clear, although there is a mathematical difference between
them arising from physical reasons. In fact, in case of pure hydrogen,
there is no external mass transfer resistance in the film side and, thus,
there is no concentration polarisation, i.e., CPC = 0.

Differently, in the porous support there is a concentration drop
owing to the effect of at least Knudsen and viscous flow, which are
effective in decreasing the permeation flux even under pure hydrogen
conditions. As a result, the SRC value cannot be completely zero. In this
particular case, where pure hydrogen is considered in the permeation
side, just Knudsen and viscous flow take place.

Before going through results and discussion of the present paper,
it is useful to remark the difference between the pieces of information
coming from the values of the support influence and SRC. In fact, the
former provides the actual contribution of permeation steps to the
overall permeation process, regardless of the particular governing
driving force.

On the contrary, the latter provides the driving force loss owing to
the support, which implies a choice of a characteristic driving force,
as already pointed out above. In doing that, it must be considered that
the farther the chosen characteristic driving force is from the actual
governing one, the more sensitive SRC is to such a choice.

Results and Discussion

The subsequent sub-sections report the analysis concerning the
influence of permeation steps and the support resistance coefficient
under different working conditions. Although the reported quantitative

results are specific for the considered conditions, the qualitative trends
are general and can be studied to eventually maximise the permeating
flux, which is the final objective of a membrane designer.

Permeation step influence

Figure 2 shows the calculated hydrogen profiles through
membrane for different values of hydrogen mole fraction in the feed
considering a total feed pressure of 1000 kPa and a temperature of
300°C. Two different cases are investigated, i.e., (a) in absence and (b)
in the presence of external mass transfer resistance on the feed side
(concentration polarisation).

In the former case, two permeation steps are active, i.e., Pd-alloy
layer and porous support, whereas in the latter one, the external mass
transfer on the feed side is additionally considered.

Considering the case without polarisation (Figure 2a), it can be
observed that the majority of partial pressure drop is in the Pd-based
layer, although there is a non-negligible drop in the porous support,
mostly concentrated in the first two porous layers. This means that,
under the considered conditions, the internal diffusion in the metal
selective layer is not the only rate-determining step of the overall
permeation.

Furthermore, the hydrogen profile through the metal layer is
generally more than linear due to the “non-ideality” of the diffusion
coefficient in the Pd-based layer, as diffusivity is an increasing function
of hydrogen concentration in the conditions of interest of the present
paper [44-48]. In light of such functionality, the profile non-linearity
is progressively more pronounced as the hydrogen concentration
increases.

This trend is shown by the dashed lines reported in Figure 2, each
of which have the slope equal to that of the true profile calculated at the
permeation side (low hydrogen pressure).

As for the values of the hydrogen mole fraction shown in Figure 2,

X

Figure 2: Hydrogen partial pressure profiles across Pd-based membranes
for different values of hydrogen mole fraction in the feed a) without
polarisation and b) with polarisation. Profiles in the metal layer are reported
in terms of equivalent partial pressure. The dashed lines are reported to
show the profile non-linearity PF?= 1000 kPa, T = 300°C, dYem= 5 mm.
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the profile non-linearity is more evident at a hydrogen mole fraction
of 0.5, whilst the profiles corresponding to 0.4 and 0.3 show trends
that are progressively more linear. This is due to the fact that a higher
hydrogen concentration in the lattice is shown to experimentally
favour the hydrogen internal diffusion, at least within a concentration
range where the lattice-hydrogen interactions are dominant on the
hydrogen-hydrogen ones [47].

As for the profiles in the support layer, in pure hydrogen conditions
at a fixed permeate pressure, a second order functionality of the profiles
with the hydrogen partial pressure is theoretically found because of the
presence of both Knudsen diffusion (linear along the support) and
viscous flow (quadratic trend). However, since the contribution of the
viscous flow is really small in the considered conditions, the profiles in
the support layers can be considered practically linear.

The situation depicted in Figure 2b is slightly different. In fact, the
presence of external mass transfer resistance on the feed side causes
a hydrogen partial pressure drop. As a consequence, the hydrogen
concentration in the metal lattice is lower with respect to the case in
absence of mass transfer resistance, this implying more linear profiles
in the Pd-based selective layer. Therefore, the mass transfer resistance
acts in decreasing the permeating flux in two ways: the first one, which
is more direct, acts by offering an additional resistance to permeation.
The second one acts to decrease the hydrogen concentration in the
metal layer, causing the non-ideality effect to be weaker and, thus, a
consequent lower flux.

Concerning the effect of the support, it offers a non-negligible
pressure drop. However, it must be remarked that the characteristic
driving forces of each permeation steps are different, i.e., approximately
linear with DP,, for the external mass transfer in the feed and in the
support layers, and approximately linear with APS‘; (Sieverts’ law) in
the Pd-based layer.

Therefore, the single-step influence should not be evaluated by
considering the pressure drop only, as this quantity is not representative
of the permeation in each step. This is the reason why the quantitative
influence based on the permeating limiting flux is required [43]. To this
regard, Figure 3 shows the step influence as a function of temperature
at certain operating conditions, calculated in the way mentioned in the
previous section.

Considering the temperature of 300°C, it is possible to notice that
the influence of external mass transfer, Pd-based layer and support is
around 40%, 35% and 25%, respectively. Therefore, it is not possible
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Figure 3: Step influence as a function of temperature for the three
permeation steps considered in this work. P™*=1000 kPa, x,,"*=0.5,
dvem=5 mm.
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Figure 4: Step influence as a function of the hydrogen mole fraction in the
feed for the three permeation steps considered in this work. PF*¢=1000
kPa, T=400°C, d“e=5 mm.

to recognise a single permeation-determining step. As temperature
increases, the ratios of the steps rate changes, causing the relative
influence to change as well.

This behaviour is related to the fact that temperature favours the
activated processes, which, thus, becomes progressively faster with
increasing temperature. Among the three permeation steps considered
in the present work, the only activated one is the transport through
the Pd-based layer, whereas external mass transfer and transport in
the porous support have a weaker dependency on temperature. More
specifically, the external mass transfer has a functionality that is slightly
lower than the linear one [43], whilst the transport in the support is
even slower with increasing temperature owing to the presence of both
Knudsen and viscous diffusion mechanism.

The overall results of these considerations is that a higher
temperature causes the external mass transfer and the transport in
the support to be relatively slower than the hydrogen transport in the
metal layer, whose contribution, therefore, becomes gradually smaller
and less important. The rate by which its contribution decreases with
increasing temperature is quite high because the other two mechanisms
increase their respective contributions at the same time.

Figure 4 shows the functionality of the step influence with another
key-working condition: the hydrogen composition in mixture. It can
be observed that the influence of the Pd-layer increases with increasing
hydrogen feed pressure, whereas that of the external mass transfer
decreases. As for the support, a non-monotone trend is found, a
minimum being present at a hydrogen composition of around 0.3.

As for the external mass transfer, we can consider that the hydrogen
permeating flux increases approximately linearly with hydrogen feed
pressure [21]. As for the transport in the Pd-layer, we can consider
that the hydrogen flux is approximately proportional to the square
root of the hydrogen feed pressure. Such a functionality becomes
stronger as the hydrogen feed pressure increases due to the effect of
the non-ideal contribution of hydrogen diffusion in the metal lattice,
which is favoured by the hydrogen pressure in a wide range of pressure
conditions [21,22,44-47,49]. Therefore, as the hydrogen feed pressure
increases, the external mass transfer becomes gradually faster than
the transport in the Pd-layer and in the support, this resulting in the
behaviour shown in Figure 4.

As for the support influence, the presence of the minimum can
be understood by taking into account that, as external mass transfer
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influence progressively decreases with increasing hydrogen content in
the feed, the residual influence is redistributed between the Pd-layer
and the support. In this redistribution, most of this residual influence
gets assigned to the Pd-layer at lower hydrogen feed concentration, as
the profiles in the support are less sensitive to the hydrogen content
(Figure 2). Therefore, the Pd-based layer influence increases and that
of the support slightly decrease.

Towards higher values of hydrogen feed content, the transport
in the Pd-based layer becomes faster and, thus, the influence of the
support increases, this resulting in a non-monotone trend.

Concerning the optimal membrane design, it is necessary to remark
the obvious/non-obvious fact that the optimal operating conditions for
membranes are those maximising the permeating flux, independently
of the limiting steps controlling the permeation. From this point of
view, the best case would be working under adsorption-controlled
permeation [43], for which the permeating flux is just function of
temperature and hydrogen partial pressure and not a function of
membrane thickness.

However, working under these conditions is very difficult, if not
impossible, with the actual technology, as the external mass transfer,
internal diffusion and transport in the porous support are actually
much slower that the hydrogen adsorption rate [43], with the second
one mostly being the slowest step.

Therefore, the key-target of membrane designers is to find
conditions minimising the influence of the steps external to the
selective layer, whose influence is then maximised. In this particular
case, the influence of the selective layer is higher towards higher
hydrogen content, which actually reflects the real physical behaviour.

Figure 5 shows the trend of the step influence with membrane
thickness. In this case, the effect of increasing membrane thickness
is to increase the resistance of the Pd-layer, as the permeating flux
under diffusion-controlled permeation is inversely proportional to
membrane thickness.

As a result, the trend related to the Pd-layer increases, whereas
those of the other two decrease. In this case, therefore, the minimisation
of the external steps does not correspond to the flux maximisation, as
membrane thickness is not kept constant in this analysis.

Furthermore, it can be observed that, going towards gradually
lower values of membrane thickness, the influence of internal diffusion
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Figure 5: Step influence as a function of membrane thickness for the

three permeation steps considered in this work. PFe¢=1000 kPa, T=400°C,
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(concentration polarisation). P***=1000 kPa, x,,7**=0.5.

tends to zero, whereas those of external mass transfer and transport in
the support tend to respective constant values.

In a context where the general efforts of membrane researchers is
to continuously decrease the selective layer to increase the permeating
flux, this represents a useful indication to identify the lowest limit of
the membrane thickness in dependence on the external operating
conditions.

To analyse in a more detail the effect of the support, Figure 6 shows
the influence of the different single porous layers along with that of
the overall support as a function of temperature in the presence and
absence of concentration polarisation for a total feed pressure of 1000
kPa and a hydrogen mole fraction of 0.5.

This type of analysis is useful to understand the bottleneck porous
layers providing the largest mass transfer resistance in the support,
allowing a more systematic membrane design.

From this figure, it can be observed that, in both the presence
and absence of polarisation, the majority of influence is offered by
the layer 1 of the support (L,), which actually is in contact with the
Pd-based selective layer. Differently, it can be considered with a good
approximation that the other layers do not provide any appreciable
contribution, their sum being around 4% and 8% with and without
polarisation, respectively.

Moreover, by comparing Figure 6a and 6b, it is shown that
polarisation reduces the influence of the support on permeation.
Although the details of the physical explanation of this important fact
are reported in the next section, it is here anticipated that the relative
position of the mixture with respect to the support based on the flux
direction plays an important role in creating an additional transport
resistance causing the pressure drop in the support to be reduced.

Support resistance coefficient (SRC)

As already mentioned, it is also useful to have a single parameter
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indicating the driving force loss owing to the porous support (SRC,
Equations 3,4), in analogy to what done with the introduction of
concentration polarisation coefficient (CPC35], which is a measure of
the driving force loss in the external film on the mixture side. Let us
remind that the Sieverts driving force is chosen as the characteristic
one.

Figure 7 represents a map depicting the behaviour of SRC with
the hydrogen mole fraction for different values of temperature and
membrane thickness at a total feed pressure of 1000 kPa.

Considering a temperature of 300°C and a membrane thickness
of 10 mm, starting from pure hydrogen conditions (i.e., hydrogen
mole fraction equal to the unity) and going towards a gradually less
hydrogen content, a decreasing SRC is observed, which means that
the loss of driving force in the support is progressively smaller. Such
trend can be understood by considering that, as the hydrogen feed
content decreases, the influence of the external mass transfer on the
feed side (i.e., concentration polarisation) increases more than that of
the support, as the former is a resistance acting at first based on the flux
direction. This eventually causes a driving force re-distribution in the
three permeation steps considered such that there is more and more
pressure drop in the external feed film rather than in the support and
in a sufficiently thin Pd-based layer.

For increasing temperature, the influence of the Pd-based layer
decreases, as the internal diffusion becomes faster and, at the same time,
the external mass transfer on the feed side is just slightly influenced by
temperature, as the gas diffusivity is not an activated process.

As well, for progressively thinner Pd-based layers, the transport
through the metal lattice becomes faster and, thus, the most of pressure
drop is found in the gas phase on the film side and in the support, this
holding for 1 mm with a quite good approximation. This is the reason
why SRC decreases faster with decreasing hydrogen content.

Concerning the information provided by the maps depicted in
Figure 7, it can be observed that, although such maps provide a direct
measure of the pressure drop lost in the support, the effect of external
mass transfer is hidden in SRC trend. Therefore, in order to provide
also such information, SRC is plotted versus CPC (Figure 8).

Considering a Pd-layer thickness of 10 mm and 300°C, SRC
is observed to decrease with increasing CPC. This means that, for
increasing driving force in the feed film that in the support decreases.
The physical meaning of such a trend is that the effect of concentration
polarisation is to decrease the effect of the porous support. This can be
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Figure 7: Support Resistance Coefficient (SRC) as a function of the
hydrogen mole fraction in the feed for different values of temperature and
membrane thickness. PFe?=1000 kPa.
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Figure 8: Support Resistance Coefficient (SRC) as a function of the
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Figure 9: Support Resistance Coefficient (SRC) as a function of the
Concentration Polarisation Coefficient (CPC) for different values of
membrane thickness and total feed pressure. T=400°C, x,,,7*¢=0.5.

well understood by looking back at the hydrogen profiles depicted in
Figure 2, where it is clear that polarisation causes a certain pressure
drop before membrane, this in turn inducing a smaller pressure drop
in the support, considering that the total pressure drop is determined
and fixed by the users.

As a higher value of temperature is considered, SRC becomes
higher at a fixed value of CPC. This is because the transport in the Pd-
layer is faster whereas, at the same time, the mass transfer on the feed
side is weakly influenced by temperature. Therefore, the remaining
driving force is redistributed almost completely in the porous support
and the sensitivity of SRC to temperature is appreciable.

On the contrary, for Pd-layers as thin as 1 mm, such sensitivity
is relatively small. This occurs because, with respect to the other two
permeation steps, the transport in the selective layer is fast enough
that the hydrogen concentration profile can be considered almost flat,
even at 300°C. In these conditions, an increasing polarisation basically
causes a driving force re-distribution from the support to the feed film,
this determining SRC to vary weakly with temperature than in the
case at 10 mm, as the transport in the feed film does not depend on
temperature (see Equation 26 reported in Caravella et al., [21]) and that
in the support is a non-activated processes whose permeance actually
decreases with increasing temperature.

As for the effect of the total feed pressure on SRC at a certain
fixed value of hydrogen mole fraction (=0.5), Figure 9 shows that
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SRC decreases with increasing total feed pressure, even though such a
dependence is found to be weak for all the Pd-layer values considered.
This can be understood by considering that the limiting flux related
to the external mass transfer in the gas film depends weakly on the
total pressure, being approximately proportional to P'* (see Equation
26 reported in Caravella et al,, [21]). Therefore, a higher feed pressure
causes the external mass transfer in the feed to be slightly faster,
whereas it does not directly affect that in the support, which, thus,
becomes relatively slower for increasing feed pressure.

As a general conclusion of the presented analysis, it is withdrawn
that, when membrane is used as purifier - i.e., the Pd-based layer is on
the high-pressure side and the support on the permeation one - the
influence of the porous support strongly depends on the concentration
polarisation level.

Therefore, even if the porous support structure were optimised to
minimise the mass transfer resistance, the permeation flux through thin
selective layer (<10 mm ca.) would be strongly affected by concentration
polarisation. Hence, a particular attention should be paid both to a
correct evaluation of the overall concentration polarisation level in
membrane modules [38] and to the fluid dynamics optimisation in
them - like done in several design solutions studied in the literature
[36,50-54] - to reduce the effect of the external mass transfer resistance
in the feed side, which is found to provide the most serious pressure
drop in permeation under mixture conditions.

Conclusions

In this paper, the distribution of the hydrogen permeation driving
force across supported Pd-based membranes was systematically
evaluated as a function of temperature, total feed pressure and selective
layer thickness. For this purpose, first the influence of external mass
transfer, internal diffusion and mass transport through an asymmetric
five-layered porous support was calculated by using the respective
permeation-limiting fluxes. This was required because of the non-
linearity of the involved mass transfer resistances.

Then, the Sieverts driving force distribution across membrane was
analysed by introducing a novel coefficient, here named as Support
Resistance Coefficient (SRC) to quantify both the extent of the driving
force lost in the support and the behaviour of its re-distribution over
the other permeation steps as function of various operating conditions.

Based on the trend of such a coefficient, which was defined in
analogy to the Concentration Polarisation Coefficient (CPC), it
was mainly found that the concentration polarisation decreases
the influence of the support on permeation. The reason for that was
explained by considering that the presence of the external mass transfer
resistance represents an additional barrier to permeating flux causing a
first hydrogen concentration drop on the feed side that decreases that
in the support.

Therefore, it is concluded that the minimisation of the support
influence on permeation should be accompanied by the minimisation
of the concentration polarisation as well; otherwise the expected flux
increase arising from support optimisation could be relatively small in
real applications.
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Notation

m Number of permeation steps

)

Number of species in mixture
Permeating flux, mol s' m2

Pressure, Pa

4 T <

Temperature, K

Mole fraction

x

Subscripts/Superscripts:

i Generic species in mixture

j Generic permeation step

Lim  Limiting (flux)

Mem Membrane

Acronyms:

CPC Concentration Polarisation Coefficient

SRC Support Resistance Coefficient

Greek letters:

a Influence of a single permeation step, %
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