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Abstract

Permeation experiments using pure hydrogen aneralemixtures of hydrogen, nitrogen,
and methane were performed on a Pd-based membmegmesittd on a ceramic support. In
particular, the permeance of pure hydrogen as agebinary and ternary mixtures containing also
nitrogen and methane was measured using diffeesd flow-rates and Hconcentrations, in a
custom-built, tube-in-shell apparatus. The memisarseipplied by NGK Insulator Ltd Japan,
consisted of a 2.5 um Pd-Ag layer deposited orbal&m ceramic support. They showed extremely
high hydrogen permeance and practically infiniteectévity toward hydrogen. Permeability and
permeance were calculated from the linear regressigpure hydrogen data, according to Sieverts'
law; permeability at 673 K is 3.08 xfonol s* m™ bar®>.

Surprisingly, experiments showed that hydrogenmeability is much lower for gas
mixtures experiments than for the pure hydrogem,casd also that the hydrogen flux for mixture
experiments deviates significantly from Sieverdsi.| The above features reveal the presence of a
significant mass transfer resistance in the extegaa phase; that is also clearly confirmed by the
increase in hydrogen permeability obtained withreasing the feed flow-rate of the gas mixtures.

The data collected were then used to calculateattegage mass transfer coefficient in
different experimental conditions. The gas phasessmimansfer coefficient follows closely a
correlation of boundary-layer type, proportionalthe square root of the Reynolds number and to
the cubic root of the Schmidt number.

I ntroduction

The idea of a hydrogen economy related to the $eingas as a clean energy carrier has
gained much attention in the last years giving ingerest to researches aimed at improvements of
the production of pure hydrogen. Thus palladium @atladium based membranes, which are
theoretically able to completely purify hydrogeorfr other gases, have been widely studied in the
last years with the focus on the fabrication obland long lasting membranes, with high flux and
selectivity.

Nowadays, even if not yet at an industrial levedlgdium based membranes can be
produced, providing a high permeate flux and uybwee hydrogen[l1,2]. The attention is then
progressively moving from the production and chemazation to the study of the membrane
behavior inside the separation modules or membr@aetors in order to have valuable information
for the development of pilot scale processes amdife system scale up. Indeed the peculiar
characteristics of these membranes, with high rateshydrogen permeation, can lead to
accumulation of non permeable gases and depletibgdvogen on the boundary layer close to the
membrane[3,4,5]; concentration polarization phenwamleave, therefore, to be taken into account
for a proper description of the module behavior.

In this study the analysis of such phenomena isidened testing hydrogen permeation
behavior of highly permeable and highly selectivayoRg.0 membranes in different operative
conditions; different mixture compositions as wasl different feed flow-rates were considered in
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order to reveal the presence, if any, of concaotrgtolarization in the module and to understand
their influence on the membrane efficiency as afion of the different operating conditions.

Materials and equipment

The membranes used in the present work were prd\wig NGK Insulators Ltd. and consist
of a dense, 2.pum thick, Pd-Ag layer, with silver content of abd% by weight, deposited via
electroless plating on the external surface obalar asymmetrict-alumina support[1].

The membranes used have an external diameteroot 4bcm, a total length of 9 cm, and
are sealed, on one end, with a stainless steelgridgendowed, on the other end, with a VCR fitting
for coupling with the permeation module. The lati&s a custom-built stainless-steel shell-in-tube
module connected to the gas reservoirs througkréifit pressure and flow controllers which allow
to feed the module with mixtures of desired comipass and flow-rates.

The different streams leaving the module were atsdowed with pressure controllers and
mass flowmeters on both permeate and retentats giderder to maintain the desired pressure
difference across the membrane and to measure dhmepting flow. A gas chromatograph
connected to all the different streams in the systgave a direct measurement of their
compositions.

The module was located inside a tubular furnaceaanddditional heating element, as well
as a thermocouple, were inserted close the memloanbtain an accurate temperature control,
during the experiments[1].

Different permeation experiments were performestinig the membranes at 4002 and
using different pressures (total differential ptess ranging between 0.2 and 6 bar), and different
feed flow-rates (1, 2, and 3 NL mip Tests were performed with pure hydrogen as asll
mixtures with nitrogen and methane; in particulafNd mixtures (50 and 88 % of H,), Ho/CH,
mixtures (50%y, of H,) and the ternary mixtures f,/CH, (50/25/25 %,) were used for the
experiments. All gases used in the experiments weaseromatrographic grade with purity of
99,99% and were available at 11 bar.

During permeation experiments the pressure irsttedl side was increased by subsequent
steps, measuring the permeate flux and the coratemtrof the different streams leaving the
module until constant steady state was reached,tladoermeate, retentate and feed streams
remained unchanged for at least one hour.

Theoretical Background

Hydrogen transport through Pd-based membranesnsnonly represented by Sieverts’
law, which results from the coupling of two proaessi) the hydrogen adsorption and dissociation
onto Pd surface (H— 2H ) and ii) the subsequent atomic hydrogen difiusn the metallic lattice
[7, 8]; when the reaction is fast enough for théudion to be the controlling step of the proceks,
hydrogen flux,N, , can be written as:
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where Dy is the average diffusivity of atomic hydrogen hetPd-Ag alloy, p,, is the partial

pressure of hydrogen at the retentagt) (or permeatepgr) side,dis the membrane thickness and
Ksis the Sieverts’ constant which represents thdibgum constant of the adsorption/dissociation
reaction considered above.

Consistently with the solution diffusion model toansport in dense membrane an hydrogen
permeability, P, , [mol m™*s* bar®® or NL m* s* bar®*] and permeance,, , [mol m*s™ bar*®

or NL m?s* bar®® through the Pd based membrane can be defined as
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which can be used to characterize the transpopepties of the membranes under consideration.
Eq (2) hold for hydrogen which is
undergoing dissociation at the Pd surface, buffarobther gases that follow the solution diffusion
mechanism and thus, in view of their negligibleubdity and diffusivity values in the metallic
lattice, cannot practically permeate in the deraddlagium layer, giving to this kind of membranes a
virtually infinite selectivity.

Due to the presence of other resistances to nmasspbrt, as those related to the porous
support or to concentration profile in the gas ghasxperimental data often deviate from Sieverts’
law and are usually described by modifying thetre@teship as follows:
Br e = P )
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wheren is now an empirical exponent which usually takalsigs between 0.5 and 1 depending on
the dominant resistance in the system.

Such an approach indeed does not give any physisght to the system behavior and
better results are easily achievable consideriegdifferent process in series; such a problem was
originally treated and solved by Ward and Dao[9]chireferred to the works done by Holleck[8]
and by King and Wells[10] for the modeling of hydem transport in Pd membranes. In particular
these authors considered the transport as thd #ghke following processes:

* Hydrogen transport in the gas phase from the balkhe membrane surface in the high
concentration (and vice versa in the permeate;side)

* Adsorprtion (desorption) and dissociation (formaji@f atomic (molecular) hydrogen at the
high (low) Pd surface;

» Atomic hydrogen diffusion in the metallic layer.

The transport in the porous support was not ireduch the list because only unsupported

membranes were considered in the study but it sdyeanderstood that in the case of supported
membranes also the support resistance has to Bedeogd in principle[11].
In the present work the interest was focused on pbssible presence of external transport
resistances which are responsible of the differencehydrogen permeability observed between
pure hydrogen and mixture experiments. Such registindeed are usually neglected for metallic
membranes, but different authors have already ediotut that for highly permeable and selective
membranes they can have not negligible effects han deparation performances[3,4,5]. The
resistance of the gas phase can be easily accolamntddough the introduction of an external mass
transport coefficientss; the hydrogen flux can therefore be described as:

NH2 - XHz,intNtot = kG (XHZ,ret - XHz,int) (4)
whereN,, is the total permeate flux and, is the average hydrogen molar fraction at thentate

side (subscriptet) and at the interface between the gas phase anddiAg membrane (subscript
int).

NH2 :EHZ (

When the Sieverts’ law can be used to describe tthesport in the membrane the
combination of Eqgs. (1) and (4) allows to calculdte interfacial hydrogen concentration and to
determine the importance of the mass transporsteesie in the gas phase. The relevance of such
term depends obviously on the valuekgf which depends on both the material properties and
system fluid dynamics, and is related to Schifid} &nd ReynoldsRe) numbers through a general
relationship of the following form[12]:
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where & represents the Sherwood numbeés a characteristic length of the systeaamandb are

constants that depend on the system geometry and dlynamics andc and D represent

respectively the molar concentration and the diffiagoefficient of hydrogen in the gas phase.

Results

The membrane behavior was studied extensively deneg three different feed flow-rates

(1, 2 and 3 NL mit}) at 400 °C, both for the pure hydrogen tests dsasefor hydrogen mixtures
of different compositions.
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Figure 1 Experiments performed at 400°C at three diffeflent-rates. Shaded symbols represent
pure hydrogen tests, semi-shadedHN mixtures: black symbols 50% H,-50%,0 N2, red 88%,
H2-120/Q/0| Nz)

The results, reported in compact form in figuresiow that for pure hydrogen permeation
tests permeability follows the Sieverts’ law, comfing that the diffusion in the Pd alloy is still
controlling the hydrogen transport in the membraesen if the membranes are very thin. The
permeate flux is independent of the feed flow-raermeability and permeance values are
calculated through a linear regression of expertaledata, according to Eq. (2), in particular
hydrogen permeability at 400 °C is 3.08 1Mol s' m™ baf®> and is consistent with the many
experimental data reported in previous works[13-b8]the other hand, due to the small thickness
of the metallic layer, the permeance is 1.23 moh# bar® at 400 °C and is among the highest
values found in the literature for similar membrsas it can be observed in table 1.

The hydrogen flux permeating from different gasemigures is also reported in figure 1; it
is apparent that hydrogen permeance in pure gaiexgnts is definitely higher than that measured
in the case of mixtures at the same hydrogen p@rggsure. In mixture experiments the hydrogen
flux across the membrane shows a rather differepeddence on the driving force, since it depends



on both hydrogen concentration in the feed andeed flow-rate; it decreases drastically when the
feed concentration decreases and increases whéeethéow-rate is increased.

Table 1. Permeante values at several temperatures, nomi#@dly450, and 500 °C and comparison
with selected literature data

Authors Ref.  Pd T Ky,

4m °C mol s* m? bar®®
This study ~2.5 400 1.232
Pizzi et Al. (2008). [6] ~2.5 400 0.853
A. Basile at al. (2001) [14] 70 400 0.054
S. Uemiya et al (1991) [15] 5.8 400 0.659
N. Itoh et al.(1993) [16] 20 400 0.204
L. Yang (2006) [17] 20 400 0.264
E. Gobina et al(1994)  [18] 6 400 0.017
Y. Guo et al(2003) [19] 8.6 400 0.864

In addition clear deviations from Sieverts’ lawe anisible since the permeate flux is not
linear with the difference of the square root ofllogen partial pressure at the two sides of the
membrane but shows a well defined downward congakitany event, the G.C. analysis showed
that no nitrogen, or methane, was present in tihen@ate stream, in all the tests performed, so that
the selectivity of the membrane can be assessdtk ttarger than 10000 (estimated from the
accuracy of the gascromatograph) confirming thaterce of a continuous, dense and defect free
Pd-Ag layer on the external surface of the testeanbranes. Thus the behavior observed for
mixtures cannot be attributed to the presence f&fctieon the membrane surface.
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Figure 2. Effect of different non permeable gas in the logén permeation. Tests were carried out
with 50%,, H, feed content for three different mixtures at 1 andL min® feed flow rate.



The same behavior observed fog/lp mixtures is shown also when hydrogen-methane
mixture as well as ternary mixture of the threeegaare considered; the data, reported in figure 2,
show indeed the general qualitative behavior ofatirer mixtures with just a slight decrease in the
permeate flux when nitrogen was substituted by arethas the non-permeable gas, in the feed. In
mixture permeation tests the clear difference wat$pect to the pure hydrogen experiments is not
directly related to the type of non penetrating gEsent in the mixture.

Discussion

The results show that the membranes considerecerastewed with an extremely high
selectivity towards hydrogen suggesting the presef@ defect free Pd-Ag layer deposited on the
porous substrate.

Permeate flux from pure hydrogen feeds follows &its/ law, while when mixtures are used in the
feed the hydrogen flux shows a different trend armteases when the feed flow-rate increases.
Such deviations, observed for gas mixture, canxptamed considering the existence of additional
resistance to mass transport in the gas phaser @tssible explanations, such as competitive
absorption or surface poisoning, which has beearteg in some cases[20,21,22], also for inert gas
like nitrogen, do not appear applicable to the gnégase, since two different non permeable gases
(methane and nitrogen) lead to very similar behaviatespite of their different chemical nature.
Furthermore, surface effects cannot explain thenpate flux dependence on the feed flow-rate
shown for gas mixtures.

In order to confirm the role of concentration p@ation in the gas phase, the behavior of
the system can be described by using Egs. (2) &ndhius obtaining the value &§ as well as of
the average interfacial pressure of hydrogen onnteenbrane surface, for all the experimental
conditions inspected. The gas transport coeffidiastbeen considered as the only fitting parameter
of the procedure and was used to minimize the tdewidetween the model predictions and the
experimental data. The curves, calculated througih sapproach are reported, as solid lines in
figures 1 and 2, from which the rather good agreemeh experimental values is self-evident.

In order to further support the interpretationeoffd for the behavior of hydrogen flux from
gas mixtures, it is important to show that Kaevalues obtained have a clear physical meaning and
thatks is not a mere fitting parameter. To that aim Ej.has been used as a guideline to derive a
relationship among the Sherwood number, calculétenligh the fittedks values, and Reynolds
and Schmidt numbers corresponding to the diffeopetating conditions examined.

The relationship obtained is reported in figurevljch clearly indicates that there is a nice
linearity between the calculated Sherwood numbed #re product RSP showing a
dependence very similar to that derived by the Walbwn boundary layer theory over a flat
surface; the proportionality constant is differant is about 1.89, nonetheless the existence bf suc
a typical relationship strongly confirms the phgsiconsistence of the interpretation offered. Thus
we can conclude that the presence of concentrgibberization phenomena cannot be neglected
and must be considered in order to simulate andni@soperly the separation modules.

Conclusions

Permeation experiments have been performed on RdiAg membranes for hydrogen
purification at different feed flow-rates and femdture compositions.

The membranes resulted to be extremely selectivartis hydrogen and to posses very high
permeance values, among the highest found in tha bigrature for similar membranes. The pure
hydrogen data showed excellent agreement with inee8s’ law while significant deviations from
Sieverts’ law were found in mixtures experiment$ieve the permeate flux is lower than for the
pure hydrogen case, at a given value of hydrogeimppressure in the feed side. For gas mixtures,
in addition, the hydrogen permeate flux increassh kvith increasing feed hydrogen concentration
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and feed flow-rate, indicating the presence of gnificant concentration polarization in the
separation module.
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Figure 4. Calculated Sherwood number versus a boundary tggercorrelation.

The data collected in the different experimentaldibons were modeled accounting for the
existence of this additional resistance to massspart in the gas phase and using the average mass
transfer coefficient as a fitting parameter.

The model results are in very good agreement withetxperimental data and the Sherwood
numbers obtained are related to Reynolds and Sc¢himathbers through a boundary layer type
correlation, showing the physical consistence efititerpretation offered.
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