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Sandwiched liquid metal membrane (SLiMM) for
hydrogen purification

Pei-Shan Yen, Nicholas D. Deveau and Ravindra Datta’
Significance
Palladium-based membranes are currently the most advanced membranes for hydrogen
separation and are on the verge of practical application. However, the search for alternative
membranes continues in an effort to lower their cost and susceptibility to poisons. Here for the
first time we report a novel sandwiched liquid metal membrane (SLiMM) for hydrogen

separation. Permeation experiments indicate that the Ga/SiC SLiMM has a permeability of

2.75%107 mol/ms-Pa’’ at 500 °C, which is 35 time higher than Pd under similar conditions.

Hydrogen has been touted as an energy carrier in the so-called “hydrogen economy,”' which
envisions its widespread generation, distribution, and storage. Hydrogen is industrially produced
from natural gas via steam reforming at 25 atm. and 800 — 950 °C followed by water gas shift
reaction to. produce a reformate gas (H, + CO,),”> from which H, is separated and purified
typically via the energy-intensive pressure swing adsorption process. Thin (~ 20 #m) but dense
palladium membranes, coated on porous metal or ceramic supports, are being developed as an
alternate and more efficient process to produce high purity H,,>> along with concentrated CO,
suitable for sequestration. However, Pd is too expensive, sensitive to poisons, and has limited
stability at the temperatures employed (500 °C or higher).*” Consequently, cheaper and more

abundant 'metals have also been investigated as H, membranes (Figure 1). In fact, many
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amorphous metals have attractive hydrogen permeability, as shown in Figure 1, but they tend to
become crystallized at the higher operating temperatures leading to permeability decay, and
further often require a Pd surface coating to facilitate dissociative surface H, adsorption, the first
steprin-hydrogen permeation.®” The advantage of using liquid metal membrane can overcome
many of the issues with solid metal membrane such as sintering, hydrogen embrittlement, and

thermal mismatch between the membrane and the support.

Only dense solid metals have so far been considered as H, membranes. Here, for the first
time we demonstrate the feasibility of a sandwiched liquid metal membrane (SLiMM) for H,
purification, using gallium as an example. Although there are numerous other possible liquid
metal/alloy candidates, gallium was picked for these initial studies because of its low melting
point (29.8 °C), low cost, relative abundance, low toxicity, and very low vapor pressure making

significant.evaporation losses unlikely even over extended time at 500 °C.

Measured hydrogen permeability of liquid Ga at 500 °C (Figure 1) is roughly 35 times higher
than/that of Pd,° while its price is an order of magnitude lower.'” Development of such high

performing and inexpensive membranes could bring the H, economy a step closer to reality.

The proposed SLiIMM comprises a thin (~ 200 gm) film of a liquid metal or alloy, sandwiched
between two inert porous ceramic supports (Figure 2). This is an order of magnitude thicker than
state-of-the-art Pd membranes, but provides good flux due to its higher permeability while
ensuring robustness and denseness.

The mechanism of hydrogen permeation through a solid metal, especially Pd membrane, is well
investigated.® A similar mechanism is known to be operative in a liquid metal. Thus, the solution
and diffusion of H, and its isotopes in some liquid metals and alloys has been investigated in

connection with their use as liquid breeder and coolant materials in nuclear fusion reactor.'’ As
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depicted in Figure 2, hydrogen permeation in SLIMM involves the following sequential steps:'*

(D the H, molecules on the feed side dissociatively adsorb on the metal surface as H atoms, @
which next infiltrate the bulk lattice as interstitial H atoms, ®) then diffuse across the membrane,
and @ upon reaching the permeate side egress from the bulk metal to its surface, and finally 5

the adsorbed H atoms on permeate-side metal surface recombine and desorb as H, molecules.
The 'solubility of hydrogen in liquid metals in the limit of dilute solutions is known to be

described by Sieverts’ law,13 much as it is in solid metals, i.e.,

- AS® AR
XM sz’\[sz /p" 5 K :eXp( RS _R—TSJ (1)

where x,,, is the H/M mole fraction of interstitial H in the metal, K is the so-called Sieverts’

equilibrium constant, given in terms of AS¢ and AH¢, the standard entropy and enthalpy change
of hydrogen solution in the metal, respectively. Further, R is the gas constant, T is the
temperature, p,, is the hydrogen partial pressure, and p° is the standard pressure (1 atm.). For
hydrogen solution in Pd, for instance, AH® = —12.1 kJ/mol, and AS? = —63 J/mol K."?

At lower temperatures (350 °C or less), H, permeation flux N, is typically limited by surface
adsorption/desorption rates, namely, steps (D and ®.12 At higher temperatures that are more

typical of practical application, however, the diffusion of the interstitial H atoms within the bulk
metal is the rate-determining step (RDS). Then, combining Fick’s law for interstitial H atom

diffusion with Sieverts’ law for H solution provides the H, flux through the metal membrane

NHz ~ PHz (pi'/lif _p}‘/é»,ﬂ) (2)

where the hydrogen permeance of the membrane
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Here Dy is the interstitial diffusion coefficient of H atoms, V), is the molar volume of metal M
(e.g., V,, =8.85 cm’ per g atom Pd), and ¢ is the dense metal membrane thickness. The factor 2
in the denominator accounts for interstitial diffusion of two H atoms per H, molecule. An
alternate transport characteristic commonly used is membrane permeability, i.e.,
O, =Py,0 4

which has the virtue of involving only material properties, not membrane thickness.

These two related permeation parameters, P, and Oy , have an Arrhenius temperature
dependence'” with an effective activation energy E, just as does the atomic H diffusion

coefficient with an effective activation energy Ep

E
Dy = Dy, exp(— R_;j )

where Dy, is the pre-exponential factor. The effective activation energy for PH2 and Qy , thus,

E =iE, + AH{. For Pd, for instance, E, =27 kJ/mol, so that E = 27 + (—-12.1) = 14.9 kJ/mol.'?

Thin' Pd membranes (6 ~ 20 um) are now used to increase H, permeance and reduce costs. A
further reduction in thickness is needed, however, to make Pd membranes cost-effective, which
makes them less rugged. Thicker membranes, on the other hand, while being more robust and
resistant to cracking or pin-hole formation, have a lower permeance (Eq. 3), and thus require a

larger.membrane area Ay, for a given hydrogen production rate, 1, = N, A4,,. As an example,
if membrane thickness J'is doubled, so must the area A4,;, thus quadrupling the amount (0 x 4,,)

and the cost of Pd that is needed. On the other hand, if we could double the permeability Oy, , the

thickness could be doubled to provide a more robust membrane without increasing its area, as

accomplished here with SLIMM.
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In fact, we can expect substantially higher hydrogen permeance in liquid metals than in solid
metals, exclusively investigated so far as H, membranes, as the available evidence suggests that
hydrogen solubility as well as diffusivity in liquid metals is higher. Thus, as shown in Figure 3
for-some-common metals,'>'*"” hydrogen solubility in their liquid state is higher than in their
solid state. |In fact, a step increase in solubility is typically observed at the melting point, as
shown in Figure 3 for the examples of Mg, Al, Cu, and Ni. This is evidently a result of the
increased interstitial space in the bulk metal upon melting.

Since there are no reports so far of H, solubility in liquid gallium, we used the Sieverts’

16,18,19
apparatus,

to experimentally investigate hydrogen uptake in liquid Ga by employing
hydrogen at various pressures and temperatures (350 — 500 °C) over a pool of Ga contained in a
graphite crucible. The chamber was first evacuated thoroughly and then 1 atm. of hydrogen was
introduced. The subsequent pressure change over time because of absorption was recorded via a
data acquisition system, and used to calculate the amount of hydrogen absorbed by the liquid

gallium.

The measured solubility for hydrogen in liquid gallium versus inverse temperature is shown in

Figures 3. The calculated heat of solution from the data in Figures 3 provides AHy =+15.76

kJ/mol while the entropy change is —5.45 J/mol K. Thus, hydrogen solubility in liquid Ga in
Figure 3 is seen to be higher than that of Pd in the temperature range of interest (350 — 500 °C).

Furthermore, even though the diffusion coefficient of H atoms in solid metals is much higher
than that of the other atomic impurities such as C or O, which accounts for the extraordinarily
high selectivity of Pd membranes for hydrogen permeation, it is typically higher by an order of
magnitude in liquid metals. Thus, Figure 4 provides examples of H diffusion coefficient in some

metals in their liquid and solid states as a function of inverse absolute temperature.

AIChE\SlournaI
This article is protected by copyright. All rights reserved.



AIChE Journal

It further shows a step increase in H diffusivity of a metal upon melting, also presumably due to

the increased interstitial space. The H diffusion coefficient in liquid Ga is reported in the

literature,”” namely, Dy, =0.003 cm’/s and E, =9.61kJ/mol, and is seen (Figure 4) to be an

order of magnitude higher than that in Pd in the temperature range of interest.*’

It is, thus; clear from Figures 3 and 4 that both the solubility x,,, and the interstitial H atom
diffusion coefficient D, can be substantially higher, so that we may expect a substantially higher
permeance, in a liquid metal as compared to a solid metal. This is the central hypothesis behind
our proposal for using sandwiched dense liquid metal films as hydrogen membranes.

To confirm this thesis, we also measured the permeability of a supported liquid gallium
membrane at various temperatures. To experimentally determine the hydrogen permeance of a
liquid Ga membrane at various temperatures and pressures, a liquid Ga film was deposited on top
of a porous substrate. Electroless and electro-plating are the most common techniques used for
depositing thin Pd films typically on a porous metal substrate with an interfacial diffusion barrier
layer-to"prevent inter-diffusion of Pd and the support metal at higher temperatures.” Unlike for
Pd,** however, porous metal substrates were found to be unsuitable for supporting liquid metal
films,-as.the liquid metals readily react with most metallic substrates at the elevated temperatures
(~ 500 °C) forming intermetallic compounds. Even many ceramic supports were found to be
unsuitable as they reacted with the liquid metals at the higher temperatures, while others are
overly inert and not adequately wetted by the liquid metal to form a thin liquid film. Just the
right affinity (Gibbs free energy change) is needed between the liquid metal and the porous
support to strike a balance between wettability and reactivity to form a free-standing and thin

liquid metal film on top of an inert support.
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To screen porous ceramic supports systematically for their suitability, thus, a thermodynamic
analysis was performed for any potential reaction between liquid gallium and support ceramic
(oxides, carbides, and nitrides) components at 500 °C. Thus, we found that many of the oxide
ceramics supports such as SiO, and NiO were overly reactive, while others such as Al,O3; and
ZrO; were found to be stable, as were many carbides. Experiments were then performed to
confirmed these theoretical predictions, and in this manner we were able to select suitable porous
ceramic supports for SLIMM that are both stable and adequately wettable, including the SiC and
graphite supports used for the results reported here. Carbon based materials are very inert to
liquid gallium, as they are unlikely to form GaC,,** making such membranes stable over time at

high temperature.

To make the sandwich liquid membrane structure, the first step was to attach the porous SiC
support-disc at one end of a nonporous SiC tube. Thus, the 0.1 gm grade porous SiC disc
(supplied by LigTech) and the dense SiC tube (supplied by Saint Gobain) were cleansed via [PA
prior-sealing. Glass paste was applied to the interface between the tube and the disc multiple
times in order to build a lip to contain liquid gallium pool and also to make sure that any gaps
between the tube and the disc were completely sealed. After air drying for 30 minutes, the tube
was then subjected to heat treatment. Glass paste 613 from Aremco, Inc., was selected on the
basis of a compatible coefficient of thermal expansion, curing temperature, and material
compeosition. The hence attached and sealed porous SiC disc and the nonporous SiC tube are
shown in:Figure 5 (a). Next, a weighed amount of gallium was placed on the porous substrate
SiC and melted by heating lamp. When fully melted, a vacuum was applied on the SiC tube side

to help spread and deposit the liquid gallium film as shown in Figure 5 (b). The deposited liquid
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gallium was then put in a freezer to solidify the formed membrane. In its solid state, the gallium

membrane is easier to transport and mount in the permeation cell assembly.

The other concern, however, that needed to be addressed for membrane stability is that the liquid
metal surface tension and wettability is a function of temperature, pressure, as well as the gas
composition.” Thus, it was found that when switching from hydrogen to helium during extended
experiments to check for any leaks that might have developed, the membrane wetting could
reduce due to an increase in the surface tension. A solution found to this issue was to select a
sandwich configuration for SLiMM, with the liquid metal film supported between two porous
substrates as shown schematically in Figure 1, thus obviating a free liquid metal surface exposed
to the gas. For this, a sheet of graphene with a diameter slightly larger than that of the gallium
was used to cover it. Glass paste was then applied to the interface between the graphene sheet
and the glass sealant carefully. Upon heating to the permeation temperature, this graphene layer
became affixed thus sandwiching the gallium layer as indicated in Figure 5 (c). This step was
taken to avoid any free liquid gallium surface morphology change brought by surface tension and
wettability change under a helium atmosphere. It may be mentioned that while the sandwiched
configuration employed in these experiments was rigid, a compressible assembly will further
allow fabrication of stable membranes.

The sandwiched liquid Ga membranes (274 gm thick) thus fabricated was next tested for
permeance and stability. The relatively large thickness of the membrane employed in this study
was to ensure that the liquid film was dense and the hydrogen selectivity remained high in order
to accurately characterize the membrane permeability. Membranes below 200 gm were
sometimes found to be leaky due to substrate wettability issue that needs to be resolved further.

With proper substrate material and sandwich fabrication, the thickness of the membrane could be
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reduced further. In fact, if some compression could be applied in the sandwiched configuration,
wettability would be less of an issue and thinner dense membranes could be developed.

In this experiment, the liquid Ga membrane was tested at various temperatures between 480 —
550 °C, under 3 — 5 psig hydrogen atmosphere, continually over a period of two weeks to
determine both the permeability at different temperatures and to confirm membrane stability.
The scheme of hydrogen permeation cell setup is shown in Figure 5 (d).

The membrane was found to be dense and the hydrogen permeation typically remained stable for
roughly seven days. Thus, no helium was detected throughout this period during periodic
switching from hydrogen to helium. The measured hydrogen permeability of dense membrane at
500 °C was found to be about 35 times higher than that of a Pd foil.® The temperature was varied
between to obtain an activation energy of permeability, £ = 49.5 kJ/mol.

A sudden increase in permeance if observed would indicate development of a small leak, either
as a pinhole in the glass seal or in the liquid membrane, and confirmed via detection of small
amounts of He in the permeate, but often still with high hydrogen/helium selectivity,

& = Ny / Nyein the range of 100 or above. The test would be terminated when Ha/He selectivity

dropped to o = 25. Even this value is still substantially higher than that for Knudsen diffusion,
i.e., '@ = 1.44,%° which would be obtained if the flux were entirely through pinholes, clearly
indicating substantial flux through the metal despite the leak. The completely dense membrane
typically for the first week, however, afforded an essentially infinite selectivity.

The hydrogen flux through Ga SLiMM was further compared with that calculated via Eq. (2)
based on Sieverts’ law with independently determined solubility and diffusivity, and the results
are shown in Figure 6. The Sieverts’ law constant used in Eq. (3) was measured from Sieverts’

experiment as described above, while the diffusivity was taken as reported in the literature'.
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Measured hydrogen flux is about 20 % lower than that calculated via Sievert’s law from hence
determined solubility and diffusivity. A possible reason for the deviation is that the hydrogen
flux in a sandwiched structure may also be partly reduced by the resistance of the porous layers
above and below the liquid layer. Another possible reason is that the independently measured
hydrogen flux, solubility, and diffusivity all contain experimental error. Thus, if we assume a 10
% standard error in the independent hydrogen flux measurements, in solubility experiments, as
well'as in the reported diffusivity, the predicted results in Figure 6 seem to fall within the range

of experimental error.

Based on the results presented here, thus, we can conclude that our hypothesis that liquid
metal membranes should have high H, permeability because of high solubility and high diffusion
coefficient at elevated temperatures has been shown to be correct. Both hydrogen diffusivity as
well as solubility in liquid gallium was found to be higher than in Pd. This portends the
development of non-Pd hydrogen membranes, which has long been elusive.” Measured
permeability at 500 °C 2.75x10” mol/ms-Pa’’ is only lower than Nb and higher than all the
amorphous alloys described in several articles®” as summarized in Figure 1. This provides clear
evidence.that supported liquid gallium has a strong potential as a hydrogen separation
membrane, although, considerable further study is needed before application, including with

realist gas mixtures.

There are numerous other liquid metals and alloys that might be suitable for SLIMM and
need to be tested. Further, any reaction with sulfur contamination present in syngas with liquid
gallium membrane would need more investigation, though, there is no evidence of GaS
formation below ~2 at% S (0.9 wt%) at 500 °C from Ga-S phase diagram,”’ thus offering the

potential of good sulfur tolerance, which is the Achilles heel for Pd. Other, technological issues
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such as suitable supports, sealing, and good membrane stability also remain to be fully resolved.

Nonetheless, the scientific premise appears sound, and the potential practical application of

SLiMM shows promise.
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sequential steps of: o1 surface dissociative adsorption, o2 subsurface penetration, o3 bulk metal diffusion,
o4 egression to surface, and o5 reassociation of H atoms on the surface to form molecular H2.
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Figure 3. Solubility of hydrogen in various liquid and solid metals versus inverse absolute temperature for
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Figure 4. Hydrogen diffusion coefficient in some metals in their liquid and solid states as a function of

inverse absolute temperature.?°
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Figure 5. (a) SiC porous disc attached to nonporous SiC tube with glass paste seal,
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(b) with deposited gallium film,
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(c) sandwiched liquid metal membrane and
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(d) scheme of hydrogen permeation setup.

86x99mm (300 x 300 DPI)

AIChE Journal
This article is protected by copyright. All rights reserved.



AIChE Journal

40 T T T T

H, flux cal. from Eq. (2)

e H,fluxexp.

Ny (m’/m’h)
e

O 1 | I 1
460 480 500 520 540 560

Temperature (°C)

Figure 6. Measured versus calculated hydrogen flux based on independently measured solubility and
diffusivity in liquid gallium membrane.
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