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Abstract: The concept of liquid metal membranes for hydrogen separation, based on gallium or
indium, was recently introduced as an alternative to conventional palladium-based membranes.
The potential of this class of gas separation materials was mainly attributed to the promise of
higher hydrogen diffusivity. The postulated improvements are only beneficial to the flux if diffusion
through the membrane is the rate-determining step in the permeation sequence. Whilst this is a
valid assumption for hydrogen transport through palladium-based membranes, the relatively low
adsorption energy of hydrogen on both liquid metals suggests that other phenomena may be relevant.
In the current study, a microkinetic modeling approach is used to enable simulations based on a five-
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step permeation mechanism. The calculation results show that for the liquid metal membranes, the
flux is limited by the dissociative adsorption over a large temperature range, and that the membrane
flux is expected to be orders of magnitude lower compared to the membrane flux through pure
palladium membranes. Even when accounting for the lower cost of the liquid metals compared to
palladium, the latter still outperforms both gallium and indium in all realistic scenarios, in part due
to the practical difficulties associated with making liquid metal thin films.
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Hydrogen selective membranes have the potential to enable efficient and low-cost
hydrogen separation and purification. Dense membranes, often based on palladium, have
specifically attracted a lot of attention in this area, as they feature a relatively high flux
alongside a high selectivity towards hydrogen. The relatively small size of the interstitial
sites through which the permeating species should diffuse, along with favourable activity
for the dissociation of hydrogen compared to other molecules enables this high selectivity
for hydrogen [1,2]. Many alternative metals have been proposed, but palladium continues
to be the metal of choice in this regard, as its catalytic activity and observed hydrogen
flux have not been matched by other metals [3,4]. The alloying of palladium with metals
such as gold, silver and copper has been studied in detail as this allows for an increase in
permeability (in case of silver at specific concentrations), stability and chemical resistance
of the membrane (in case of copper and gold), increasing the potential for the application
of membrane separators in cost-effective production of ultra-pure hydrogen [5-7].

Recently, the concept of liquid metal membranes was introduced, adding to the grow-
ing collection of non-palladium-based hydrogen selective membranes [8]. It is hypothesized
Attribution (CC BY) license (https://  that an increase of the membrane flux is possible, provided that the membrane operates in
creativecommons.org/ licenses /by / the diffusion-limited regime. In this regime, the diffusivity and solubility govern the flux
40/). and the former parameter is inherently higher in the metallic liquid phase as compared

Received: 30 November 2021
Accepted: 2 January 2022
Published: 7 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Membranes 2022, 12, 75. https:/ /doi.org/10.3390/membranes12010075 https:/ /www.mdpi.com/journal/membranes


https://doi.org/10.3390/membranes12010075
https://doi.org/10.3390/membranes12010075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0002-5691-1677
https://orcid.org/0000-0003-1403-8379
https://orcid.org/0000-0002-2903-7443
https://doi.org/10.3390/membranes12010075
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes12010075?type=check_update&version=1

Membranes 2022, 12,75

20f19

to a solid membrane of the same metal [8]. Additionally, a broader operating window is
expected as a liquid metal should not suffer from embrittlement or other common forms of
solid membrane deterioration [9-11]. On the basis of their low melting points and large
liquid temperature ranges, gallium and indium were identified as candidate liquid metals
by Datta et al. [12]. In their study, it was measured that the permeability of a gallium-based
membrane is 35 times higher than that of a palladium membrane. However, it was also
reported that the high surface tension of the liquid metals and complex wetting behavior
introduces practical complications in the production of thin films and in the selection of
an appropriate support material. These complications were addressed by the use of a
sandwiched configuration with SiC porous supports and rather thick films (in the order
of several hundred pm) [8]. Hence, whilst the permeability is much higher compared
to palladium, the flux in actual application is expected to be lower as palladium-based
membranes with a thickness of several pm can be prepared.

Despite this, the initial performance of the liquid metal membrane concept justifies
further investigations to elucidate the fundamental advantages of the concept and provide
a basis for optimization of these novel separators. In the current paper, the transport of
hydrogen through gallium- and indium-based liquid metal membranes will be modeled
and compared to palladium-based solid membranes in an effort to assess which of the
liquid metals is most suited for hydrogen separation and to investigate the possibilities for
increased performance by means of a rate-determining step analysis.

To gain the required fundamental understanding of the processes and phenomena
involved, a quantitative description of the membrane flux is essential. It is generally
accepted that transport of hydrogen through a dense membrane occurs through the solution-
diffusion mechanism, which features five steps (excluding transport through the support
material and bulk transport in the gas phase on either side of the membrane), as shown
schematically in Figure 1 [13]. Initial studies based on this mechanism were already
undertaken by Deveau et al. and Yen et al. (from the same research group) and the
solubility and diffusivity of hydrogen in gallium and indium were estimated both through
experiments and modeling efforts [14,15]. The modeling study relies on the simplicity of
Sieverts’ law for predictions regarding the flux [13]. This rather simple description of the
permeation behavior, as shown in Equation (1), was rationalized by assuming that diffusion
through the membrane is the rate-determining step. For palladium-based membranes, this
assumption is valid in situations with rather thick membranes, high temperatures and low
hydrogen pressures, which is basically the case in all current applications [13,16-18]. For
the proposed liquid metal membranes however, it cannot a priori be assumed that this
approximation holds. Due the relatively low binding energy of hydrogen on gallium and
indium, compared to palladium, it can be expected that a significant energetic barrier is
present for the dissociation of hydrogen [15,19]. This energetic barrier lowers the rate of
dissociation, which may be so slow that the overall permeation rate is no longer governed
by the rate of diffusion.

DyK

Jn, = % (P(I)-Ig,r - P%Ii,p) (1)
In absence of a sound justification that Sieverts’” law can be directly applied, a more
fundamental approach is required wherein all elementary reaction steps describing the
kinetic and diffusion events are treated and wherein no approximation on a possible rate-
determining step is invoked a priori. A microkinetic model built on these grounds enables
the optimization of existing membranes by means of a sensitivity analysis. Such models
have been published in previous works, and will be appended for use in the current study
to allow for thorough analysis of the performance of gallium- and indium-based liquid

metal membranes.
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Figure 1. Schematic representation of the five-step permeation mechanism.

This paper is organized as follows. First, the model is introduced and the main
assumptions are outlined. Next, the model is validated based on experimental findings for
solid palladium membranes. Thereafter, predictions regarding liquid metal membranes are
presented, along with a validation of the calculated diffusion coefficient. The most salient
finding of this study is the fact that, contrary to what was assumed in earlier works, the
dissociative adsorption of hydrogen is the slowest step in the permeation mechanism in
most cases. Due to this, the high diffusion coefficient of hydrogen in the liquid phase cannot
be exploited and the performance of liquid metal membranes based on gallium or indium
will not exceed that of the conventional palladium membrane in any realistic scenario.

2. Model Formulation

The microkinetic model employed in this study builds upon the work of Yen et al.,
which in turn is based on the work by Ward and Dao [13,15,20]. The most salient fea-
ture of the model proposed by Yen et al. is that it requires minimal need for empirical
parameters [21]. In the current paper, the microkinetic model is set up in a general fashion,
so that it allows for the description of the permeation behavior of both liquid and solid
dense membranes. This attribute will later be used for model validation, as there is an abun-
dance of experimental data for palladium-based membranes with which the predictions of
this model may be compared.

As mentioned in the introduction, it is generally accepted that hydrogen is transported
through a dense membrane in the following sequential steps (also see Figure 1) [13,15,22].

1.  Gas-phase diffusion of molecular hydrogen from the retentate bulk to the membrane
surface.

2. Dissociative adsorption of molecular hydrogen on the membrane surface at the
retentate side.

3. Subsurface penetration of atomic hydrogen.

4. Diffusion of atomic hydrogen from the retentate side to the permeate side of the
membrane.

5. Subsurface egression of atomic hydrogen.

6.  Associative desorption of molecular hydrogen on the membrane surface at the per-
meate side.

7. Gas-phase diffusion of molecular hydrogen from the membrane surface to the perme-
ate bulk.

The objective of this study is to look into the differences between palladium-based
membranes and liquid metal membranes and to be able to provide a basis for optimization
of the latter. This means that optimization of the separation module, to minimize external
mass transfer resistances, is out of scope of the current paper. With this in mind, the first
and the last step will be left out of consideration (as well as transport through the porous
support), yielding the elementary reaction steps shown in Table 1.
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Table 1. Elementary reaction steps of the five-step permeation process [15]. S represents a surface
site and X represents a bulk site, while subscripts r and p represent the retentate and permeate side,

respectively.
Step Reaction
1 Hy;+25, ==2H"-5;
2 H-S;+Xy = H-X;+5;
3 H- X +Xp = H-Xp +X;
4 H-Xp+Sp = H-5,+Xp
5 2H-SP:H2,p+25p
Overall Hyr = Hyp

It can be seen that steps 4 and 5 are the permeate-side counterparts of steps 2 and
1, respectively. This means that usually, these steps do not need to be treated sepa-
rately; their kinetic description may be integrated in the description of their retentate-
side counterparts [13]. In the current model, however, rate constants for surface processes
depend on surface coverage, which differs for both surfaces and thus requires separate
consideration.

Following the analogy of Deveau et al., the activity coefficients were set to unity by
which the rates of the different elementary reaction steps can be expressed as a function
of surface coverage and concentration, as shown in Equations (2)-(6) [20,23]. It should be
mentioned that herein the effect of (macroscopic) surface roughness is neglected as data on
the surface roughness is often undocumented in membrane-related publications.

1 = Cs (k;r p;é’r (1—6,)%— k1_9r2> )
r2 = cscoxuM, (k3 0r (1 — xr) —ky (1 — 6;)xr) 3)
rs = DHBNIML (0 (1) (1 ) @
ra = cscoxrm, (ky (1= 0p)xp —ky 0p(1 — xp)) ®)
5 = Cs (k;@f; — ki'rp;ltz)’p(l — 9p)2) (6)

Equations (2)—(6) require the rate constants and the diffusion coefficient to enable a
quantitative description of the permeation behavior. The microkinetic approach adopted
here allows for the expression of these parameters as Arrhenius equations, as shown in
Equations (7)—(9) [23]. Through transition state theory, the corresponding pre-exponential
factors can be described via Equations (10) and (11) [24].

It should be noted that the diffusion coefficient of a solute in a liquid is commonly
calculated through the Stokes-Einstein equation, being a less complicated approach. The
diffusion coefficient was calculated in this way for liquid gallium and liquid indium, but
the obtained values differed three orders of magnitude from experimental data and hence
this approach was abandoned and Equation (9) was adopted instead [14,25]. A reason
for the observed non-validity may be that the viscosity and density of liquid metals are
unusually high and that the Stokes-Einstein equation generally holds for larger molecules
rather than small atoms as solute [25]. The fact that the Stokes—Einstein equation largely
underestimates the diffusion coefficient of hydrogen in liquid metals was also observed by
Jaske and Pasturel before [26].

E"
kP = Af exp <_RIT> @)

E-
ki = A; exp <_RIT> ®)
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_ Ep
Dy = Ap exp(—RT> )
kT ASHH
+ _ "B i
A= eXP< R ) (10)
_ kT (st
A = o exp( R (11)

The information available does not allow for every pre-exponential factor to be cal-
culated directly via Equations (10) and (11). Hence, Equation (12) is applied for the disso-
ciative adsorption and Hess’ law is employed to enable the use of relative entropies, the
resulting expressions being Equations (13)—(18) [20,27]. The pre-exponential factor for dif-
fusion constitutes parameters related to the diffusive jump distance and unit cell geometry
(a and p), these are added to relate the rate of diffusion to the jumping frequency [28].
Alternative descriptions for Equation (18) exist which contain a correction factor for the
correlation of subsequent jump directions. The literature only provides values for the case
of self-diffusion [15]. These cannot be applied since the concentration of diffusing species is
far lower in interstitial hydrogen diffusion than in self-diffusion. In addition, the primary
diffusion mechanism for hydrogen is not via vacancies. Hence, it would suffice to use a
value of one for this parameter and thus omit it [29]. The current modeling framework
implies that a diffusive jump has the same probability of occurring in any direction. This
results in a diffusion path that is a random walk rather than a straight line from retentate
to permeate side, as shown schematically in Figure 2. For subsurface penetration and
subsurface egression, it is assumed that the pre-exponential factor is related to diffusion by
a factor %, as only one-third of all diffusive jumps close to the surface lead to the desired
transition (being the jump perpendicular to the surface, and assuming that the species is
free to jump in three directions) [15].

+ PO 1
AT ="— | ———— 12
1™ o\ 22Mp, RT (12)

A = A;r exp(ARSl) (13)
AF = AT exp(—ARSS> (14)
A, = %kBTT exp <A1553> (15)
A =A; \/gexp<ARss> (16)
Ay = A, 2; exp(ARSS) (17)
Ap = 'yDaZkBTT exp (A;%) (18)

The given equations constitute the framework of the current model. After all chemoki-
netic parameters have been established, Equations (2)-(6) may be solved for the surface
coverages, concentrations and flux, taking into account that the first and fifth equations
consider the flux of molecular hydrogen whilst the other equations consider the flux of
atomic hydrogen. The set of equations is solved using the Levenberg-Marquardt algorithm,
as readily available in Matlab, under the constraint that the time derivative of either the
surface coverage or concentration of atomic hydrogen in any portion of the membrane
equates to zero, corresponding to the steady-state solution. Although this method has been
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shown to provide accurate results in the recent literature [30], it is prone to converge to
local minima in the phase space, which does not correspond to realistic situations (e.g.,
negative concentrations). This is due to the sensitivity of the solution method to the initial
values. To find the most optimal solution within the Levenberg-Marquardt methodology,
i.e., to more thoroughly explore the phase space, N parallel trial systems with sufficiently
different (randomly generated) initial values were constructed and executed. Any trial
systems that converged to values containing negative surface coverages, concentrations
or fluxes were obviously discarded. Moreover, cases where all values were positive but
Xp > xr or 6, > 6 were discarded as well, since these also represent unrealistic solutions
(in the case where py,, > pn, ,, that is). Of the remaining solutions, the solution with
the lowest residual value was chosen. If the residual value was larger than the tolerance
settings of the optimization procedure, the complete procedure was reinitialized using a
smaller parameter interval and a higher value of N.

Figure 2. Schematic representation of the equal jumping probability towards all directions, and the
resulting random path that the interstitial will travel.

For validation of the computational method, the obtained solution was compared
to the solution of a more robust method: time-integration. The system of equations was
rewritten to differential form and was also time-integrated until the steady-state solution
was reached. Herein, the system was initialized with surface coverages and concentrations
of zero. The ode15s algorithm of Matlab was used, which is a variable step, variable order
method based on backward difference formulas for stiff problems [31]. For each of the three
metals under investigation, five operating conditions were sampled and tested using this
procedure. In all cases, the same result was obtained using both the Levenberg-Marquardt
methodology and the direct time-integration of the ordinary differential equations. Hence,
the proposed solving strategy based on the Levenberg—-Marquardt algorithm with N parallel
trial systems is validated. It should be emphasized that it could be considered to use time-
integration for all calculations in this study. However, while this method is considered to
be more robust, solving using the proposed methodology is computationally faster and
has the additional advantage that it can trivially be parallellized by the construction of N
parallel trial systems.

3. Parameter Determination

The parameters required for the implementation of the microkinetic model are de-
termined based on the following assumptions. Where applicable, justification of these
assumptions is provided in this section.

e  Liquids are assumed to be quasi-crystalline, meaning that a crystal structure can be
employed in describing the liquid.

*  There is no expansion or contraction of the lattice due to hydrogen dissolution.

*  There is no interaction between adsorbed and dissolved species amongst themselves.
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¢ The host metal contains no defects, grain boundaries, internal friction or other crystal
non-idealities.

*  The membrane is modeled as a single phase and phase transitions, such as liquid-solid,
«-B in palladium or BCT-FCC in indium, are not taken into account.

¢  FCCinterstitials always occupy octahedral sites whilst BCC interstitials always occupy
tetrahedral sites. Only octahedral-octahedral jumps or tetrahedral-tetrahedral jumps
are allowed. Only jumps to nearest-interstitial sites are allowed.

¢ The unit cell is assumed to expand proportionally to the temperature-dependent
density.

*  Only pure metals can be modeled, as relevant parameters are hard to obtain for alloys.

¢  Theideal gas law is valid.

The energies required for the modeling of the liquid metals are determined via the Paul-
ing Bond Valence-Modified Morse Potential (PBV-MMP) methodology by Yen et al. [21].
Their broader framework for the determination of activation energies and enthalpies, based
on Hess’ law and the works of Shustorovich, is also adopted [15]. One difference in im-
plementation is chosen, namely the expression for the binding energy of a homonuclear
diatomic molecule, and the adopted expression is shown in Equation (19). This expression
is proposed as its counterpart in the work of Yen et al. seems to have been subject to an
error in derivation and the validity of this expression cannot be confirmed through the
original UBI-QEP method of Shustorovich and Sellers [32].

2
QH, M, = o =Y
2Mo = o+ 16Dy

(19)

To determine the relevant energies within this framework, the metal-hydrogen binding
energy and the coordination numbers of the different binding states are required. The
former is taken from the literature and tabulated in Table 2, alongside other relevant param-
eters. It can be seen that the binding energy of atomic hydrogen is significantly lower on
the liquid metals compared to palladium. Using the binding energy of molecular hydrogen
(435.7kJ mol 1), a fundamental difference is observed as the dissociative adsorption is
exothermic for palladium, but endothermic for the liquid metals. The adsorption enthalpy
influences the rate of dissociative adsorption and it can thus be expected that this rate is
lower for the liquid metals compared to palladium.

For the relevant coordination numbers, geometric considerations are required, which
are also largely based on the work of Yen et al. [15]. In this study, it is assumed that the
crystal structure of the solid state can be used to describe a metal in its liquid state (the quasi-
crystalline approach). Various works describe the coordination number of the metals as
relatively constant when going through the solid-liquid phase transition, which makes this
a valid assumption [15,33,34]. Further proof is provided by previous work considering the
diffusion of hydrogen in nickel and copper. In these studies, the pre-exponential factor for
diffusion is nearly the same for both liquid and solid phases [3,35,36]. The crystal structures
to be used are BCO for gallium and BCT for indium [37,38]. The phase diagrams of these
metals are rich in different crystal structures, but the structures at standard temperature
and pressure will be used here [39]. The former is modeled as BCC where transport through
the top and bottom faces of the unit cell is hindered and the latter can be modeled as a
distorted FCC structure [39]. The surface adsorption site is in both cases modeled as FCC
(111) hollow [15]. These assumptions lead to the coordination numbers shown in Table 2.
The influence of crystal geometry on diffusion can be expressed through the parameter yp.
Values of % and ﬁ, are selected for gallium and indium, respectively, [28,40]. As for the
diffusive jump distance, this parameter is related to the lattice constant, which is in turn
calculated from the temperature-dependent density. The jump distance is adjusted and
averaged, accounting for the non-cubic shape of the gallium and indium unit cells [37,38].

This leaves two final structural parameters. Firstly, the saturation solubility of hydro-
gen, XH.M,, is obtained by dividing the number of interstitial sites by the number of metal
atoms. Secondly, the concentrations of bulk and surface sites can be determined by the
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temperature-dependent density and the molar mass and diameter of the metal atom, as in
Equations (20) and (21), respectively.

_ M
% = Vi (20)
cs = dmcp (21)

Using the geometric considerations for the different metals, the liquid free volume
can be estimated, again taking into account the non-cubic liquid metal unit cells. With this
parameter, the entropy change of dissolution can be approximated. This is again done via
the framework of Yen et al. [15]. The free volume theory used, originally proposed by Frank
and Evans, was found to fail in the current model for certain cases where lattice expansion
due to dissolution was not taken into account [41-43]. The volume available for a hydrogen
atom was calculated to be negative here and this resulted in anomalous entropies. In these
cases, total loss of gas-phase entropy (as calculated by the Shomate equation for molecular
hydrogen) was assumed upon dissolution. The framework of Yen et al. was adopted as
well for the entropy change associated with diffusion, presenting a new complication for
the situation where the model calculates a negative volume for the interstitial site [15]. In
this case, being the case where there is zero entropy in the dissolved state, the entropy of
diffusion is assumed to be zero, as the absolute entropy cannot be negative.

In considerations regarding the entropy of adsorbed species, a different approach was
adopted, assuming constrained two-dimensional motion of adsorbates on the membrane
surface. In this approach, the overall adsorption entropy takes the form of Equation (22).
The entropy of an adsorbed species is subsequently calculated by subtracting one trans-
lational degree of freedom from the gas-phase atomic configurational entropy [44]. As
mentioned, there is no complete two-dimensional translational freedom, and it was found
by Campbell and Sellers that a factor of 0.68 suffices in describing the correlation be-
tween the adsorbed entropy and the gas-phase entropy, as shown in Equation (23) [45]. The
required gas-phase atomic configurational entropy can be determined from the Sackur—
Tetrode equation, as shown in Equation (24) [44]. The Sackur-Tetrode equation requires
the molecular volume in the gas phase (which is determined via the ideal gas law) and the
thermal wavelength, as shown in Equations (25) and (26), respectively. For the determina-
tion of the entropy contribution of one translational degree of freedom, argon is used as a
reference, as shown in Equation (27). The molar mass of this noble gas is 39.95 g mol~1 and
its reference entropy has a value of 154.6 Jmol 1 K1 [45,46]. It should be noted that this
approach is only valid when assuming that the influence of the vibrational and rotational
degrees of freedom on the overall entropy is negligible. This assumption is generally
accepted in cases with small molecules and atoms [44].

AS; = 25y .4 — SH, (22)
SH,ad = 0.68(Sy — SH,1D) (23)
65/20
Sy = RIn = g (24)
t
kgT
vy = BT (25)

hv/Nav
\/ZﬂMHkBT

1 My 3/ T 32
S =—(S8% +RIl —
HiD 3( Ar T “(MAr 298 27)

It was found that the postulated approach provided a high entropy in the adsorbed
state (e.g., a lot of freedom for adsorbed species to translate), which is close to the molecular
gas-phase entropy (meaning that AS; is close to zero). This can be explained by the fact
that, although the adsorbed species are more constrained in their translational freedom,

At = (26)
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two species can move independently, rather than one species in the gas phase. This may
be an acceptable situation in some cases, but likely not in palladium membranes, where
surfaces are often full [47]. For refinement of entropy values, Equation (22) was modified by
introducing a factor that decreases the entropy as a function of surface coverage, as shown in
Equation (28) [45]. This factor only comes into play at coverages higher than 0.5 and lower
than unity. These constraints are added as the former condition will provide increased
entropy, being counter-effective, and the latter condition ensures that the logarithm of zero
is never reached [48].
1-6;
0
Whilst including a coverage-dependent term in the determination of parameters does
complicate the process to obtain a numerical solution, implementation of Equation (28)
results in a more acceptable desorption-limited operating region for palladium. When
assuming total loss of entropy upon adsorption, it was predicted that a membrane as thin
as 1 um at a temperature of 373 K would already operate in the diffusion-limited regime,
which is unlikely [13,20,49,50]. It should still be stressed that it is very difficult to validate
whether or not this approach is justified, as there is virtually no experimental data on
the desorption-limited regime available. Nevertheless, it is expected that the use of this
coverage-dependent term will aid in discerning the relevant phenomena in liquid metal
membranes compared to palladium membranes. This is the case as the surfaces of liquid
metal membranes are expected to be relatively empty, leading to the omission of the third
term on the right-hand side of Equation (28) and a more favourable entropy of adsorption,
compared to palladium membranes, as a result.

ASi = ZSH,ad - SH2 + RIn

(28)

Table 2. Overview of the relevant parameters in the modeling of membranes based on palladium,
gallium and indium [13,15,19,37,38,51].

Parameter Palladium Gallium Indium
Crystal structure FCC BCO BCT
D 259k mol ! 166 k] mol 192kJmol !
dm 278 pm 244 pm 284 pm
ng 3 3 3
nt 2 2 2
np 6 10 6
ny 4 4 3
XH-M 1 0.5 1
c/a 1 1.69 1.53
D 1/12 4/6 1/12

4. Results and Discussion
4.1. Model Validation

Validation of the current model is complicated by the scarcity of experimental liq-
uid metal membrane data. To overcome this complication, this study uses the broad
applicability of the proposed model and taps into the abundance of data available for
palladium membranes. For the initial validation, permeability data of experimental cases
for self-supporting palladium membranes is used, as shown in Figure 3. Note that the
different studies, whilst representing pure palladium membranes, are not exactly in agree-
ment. Discrepancies between the studies may arise due to differences in the fabrication
method, crystal defects, surface roughness, pinholes, polycrystallinity and measurement
errors [11,42,52,53]. It should be kept in mind that these experimental discrepancies can
also influence the validation, as the model does not include numerical analogues to account
for these effects.
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In order to validate the current model, the permeability of a pure palladium membrane
was calculated over a broad range of temperatures. Conventionally, these calculations are
done by means of the Sieverts’ constant. Since this parameter is not explicitly defined in the
current model, the permeability was calculated via Equation (29). Note that this approach
(in the current framework) requires the concentration of hydrogen to be calculated first,
after which Equation (29) can be solved. In calculating the concentration of hydrogen,
a membrane with a thickness of 10m was considered, as this ensures that diffusion is
truly rate-limiting. Since the PBV-MMP methodology is devised for liquid metals, these
validating simulations are conducted with the energies of the hydrogen-palladium system
as proposed by Ward and Dao, tabulated in Table 3 [13]. The resulting permeability
values are plotted in Figure 3, along with the aforementioned experimental values. The
full range of temperatures that is modeled can currently not be achieved experimentally,
but it serves to show the applicability of the current model and what can be expected of
future membranes, which may be able to operate out of the current operating window
of temperature.

_ Duepxmm Xr

Py, = —M—M——— 29
H, N (29)

Table 3. Energetic parameters used for the modeling of palladium membranes, as proposed by Ward
and Dao [13].

Parameter Value Unit
AHg —8.368 kJ mol 1
Ef 0 kJmol—1
Ef 83.00 kJ mol !
ES 55.65 k] mol !
E; 22.18 kJ mol !
Ep 22.18 kJmol !

The calculated values are in good agreement with data from the literature. This
shows that the current model is able to adequately describe the hydrogen permeability of
palladium membranes as a function of temperature. The calculated activation energy for
permeation is fitted with a value of 17.9 k] mol~! (with a coefficient of determination of
0.992). The fact that the modeled permeability is slightly higher compared to experimental
values can be expected, as non-idealities usually lower the permeability [17,54].

1077

[J
10-8 }./‘/

10—9 /
= Calculated - this work
® Morreale et al. [55]

m  Howard et al. [56]

/:/ " "

Permeability [mol m~1 s71 pa=0]

400 600 800 1000 1200
Temperature [K]

Figure 3. Comparison between calculated and experimentally obtained permeabilities for pure palla-
dium. Different markers represent different studies and the line represents calculations. Experimental
data from Morreale et al. and Howard et al. [55,56].
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To continue the model validation, the calculated liquid metal diffusion coefficient is
compared to experimental data. For gallium, two correlations describing the diffusion
coefficient of hydrogen as a function of temperature are available in the literature. The
correlations differ quite significantly; the activation energy has a value of 9.6 k] mol ! in
one case and a value of 20 k] mol~! in the other [14,57]. The activation energy as calculated
by the current model is 14.94k] mol~!, which is in between the values from the literature.
The comparison between diffusion coefficients is displayed in the top graph of Figure 4.
Herein, an adequate coherence is found. Again, the calculated curve does not match either
of the two experimental curves, but this is found to be acceptable in the adopted ‘order of
magnitude’ approach since the experimental data is not in agreement.

For indium, there is only one source of experimental data available. Calculations
for this liquid metal yield an activation energy of 19.2kJ mol~!, a value comparable to
the empirical value of 25.7k] mol~! [14]. In the lower graph of Figure 4, it is seen that
calculated and experimental data are in agreement. This validates the assumption that
indium can be modeled using a distorted FCC crystal structure.

Gallium n - !
— 1078 . . = Calculated - this work
I P ® Deveauetal. [14]
& — = Mazayev and Prokofiev [57]
— 10-10 t T
e 400 600 800 1000 1200
o Temperature [K]
o
= N
S Indium ‘ i
g 107 —E
s ?’—’."_’ = Calculated - this work
] / ® Deveauetal. [14]
S ‘ ;
10-10 + t
% 400 600 800 1000 1200

Temperature [K]

Figure 4. Calculated and experimentally obtained diffusion coefficients for gallium (top) and indium
(bottom). The X-axis is shared. Dots represent experiments and lines represent calculations. Data
from Mazayev and Prokofiev and Deveau et al. [14,57].

For both metals, the hydrogen diffusion coefficient is approximately an order of
magnitude higher than the self-diffusion coefficient [58,59]. This is convincing evidence for
the use of the quasi-crystalline approach. However, it should be noted that the observed
diffusion of hydrogen may, in part, be attributed to self-diffusion of the liquid metal (i.e.,
due to movement of the unit cell). Nevertheless, despite that the observable value is
possibly lumped, the current model is able to replicate empirical values.

For a graphic comparison of the diffusion coefficients in the liquid metals relative
to the diffusion coefficient in palladium, the calculated values for the three metals are
plotted in Figure 5. It is seen that the diffusion coefficient of hydrogen is higher in gallium
compared to palladium, whilst the values are lower for indium. This may hint at a higher
permeability in gallium, but it should be noted that the saturation solubility, i.e., the relative
amount of interstitial sites for hydrogen, is lower in gallium compared to the other two
metals [14].

4.2. Rate-Determining Step Analysis

It is anticipated that the influence of surface phenomena is greater in liquid metal
membranes, as there is a significant energetic barrier present for the dissociative adsorption
of hydrogen in the two liquid metals under study. In the spirit of the pioneering studies
by Ward and Dao, the relative influence of the different steps in the permeation process
can be made quantitative through a rate-determining step analysis [13]. In Figures 6-8, the
flux of atomic hydrogen is plotted for palladium, gallium and indium, in the hypothetical
situation where one of the five forward permeation steps is rate-limiting. The calculations
were performed with a retentate pressure of 1 atm and a permeate pressure of 0 atm, using
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a thickness of 1 um for palladium and thicknesses of 100 pm for gallium and indium. These
values were chosen as they represent state-of-the-art thicknesses that are practically feasible
for the different metals (for the liquid metals, the high surface tension and difficulty in
preparing leak-free films necessitates a relatively high thickness) [12,60]. The implications
of this choice in thickness, in the form of a flux analysis, are discussed later. Note that the
coverage-dependent entropy factor Equation (28) was determined with a coverage of 0.9999
for palladium and a value of 0.5 for the liquid metals as these values are representative and
using values of either zero or one will lead to mathematical complications as the natural
logarithm will approach either infinity or negative infinity.
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Figure 5. Calculated diffusion coefficients for palladium, gallium and indium.
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Figure 6. Representation of the hydrogen flux through a palladium membrane for different rate-
determining elementary reaction steps. A membrane with a thickness of 1 pm was modeled.

400 600 800 1000 12|00
Temperature [K]

-
‘V]
~ 1012
) —
E 8
S 10
IS
— 4
=< 10
=
[y
1001~
g = Adsorption
£ 10— e Penetration
£ / —— Diffusion
% 1078 - Egression -
° / Desorption
3 1012 i
T
o

Figure 7. Representation of the hydrogen flux through a gallium membrane for different rate-
determining elementary reaction steps. A membrane with a thickness of 100 pm was modeled.
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Figure 8. Representation of the hydrogen flux through an indium membrane for different rate-
determining elementary reaction steps. A membrane with a thickness of 100 pm was modeled.

An initial point of interest in the rate-limiting step analysis is the difference in range
of the Y-axis. It is seen that for the specified thickness and over the temperature range
investigated, the rate-limited flux of a gallium membrane spans 12 orders of magnitude
whilst the flux of a palladium membrane spans only 9 orders of magnitude. Moreover, it
can be seen that for palladium, the relevant steps are desorption and diffusion (which is in
agreement with the literature), whilst for gallium and indium, adsorption and diffusion
are critical steps [13,50]. Over the temperature range investigated, both liquid metals
operate in the adsorption-limited regime and the higher diffusion coefficient of gallium
relative to indium does not provide an advantage. As previously mentioned, the low
rates of dissociative adsorption of the liquid metals compared to palladium are largely
due to the low binding energy of hydrogen on the liquid metal surface. Comparing the
adsorption-limited flux at 773 K, values of 5.64 x 10°molm 251,143 x 10 " molm 257!
and 1.19 x 10> molm~2s~! are obtained for palladium, gallium and indium, respectively.
These values follow the differences in binding energy in Table 2 and the higher flux of
indium compared to gallium is explained by the lower energetic barrier for dissociative
adsorption of this metal. Furthermore, it was already shortly introduced that whilst the
diffusion coefficient of hydrogen in gallium is higher than the diffusion coefficient of
hydrogen in palladium, the saturation solubility is lower by a factor two in the former. This
manifests itself in a higher diffusion-limited flux for palladium.

In this assessment, the diffusion-limited flux was determined in the situation where
xr = 1 and xp = 0. This is a hypothetical situation which does not occur in reality and
hence, the factor x;(1 — xp) will therefore be significantly lower than unity. This means
that the influence of diffusion is noticed beyond the strictly diffusion-limited regimes in
Figures 6-8 and the transition to this regime likely occurs at a lower temperature.

To further investigate whether the diffusion-limited regime may indeed be broader,
evaluation of the membrane flux as a function of thickness and temperature is done by full
model calculations, shown in Figure 9 for the three metals under study. It was hypothesized
through the rate-determining step analysis that gallium and indium operate mostly in
the adsorption-limited regime. Hence, the thickness should not significantly influence
the membrane flux. For gallium, all lines follow the same adsorption-limited path over
nearly the entire temperature range, with the curve for a membrane thickness of 1 cm as
the exception, where it starts to deviate slightly at very high temperatures. This confirms
the hypothesis that for gallium decreasing the membrane thickness does not increase
the flux. For an indium membrane of 1cm, the flux is governed mostly by adsorption
until a temperature of about 873 K. After that, diffusion starts to play a role. For smaller
thicknesses (being 100 um and thinner), however, it is seen that an indium membrane may
operate in the adsorption-limited regime over the whole temperature range, in agreement
with the hypothesis.
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It can be observed that at very high temperatures, indium foils could outperform
palladium foils of 100 pm thick. This comparison, however, is unlikely to be relevant, since
state-of-the-art palladium-based membranes are only 10 pm or thinner.

‘U]
b
IS
IS}
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=) .
o 1071 ® Palladium
® Gallium
-13
10 Indium
400 600 800 1000 12|00

Temperature [K]

Figure 9. Representation of the hydrogen flux through gallium, indium and palladium membranes
of different thicknesses. Calculations were done with a retentate pressure of 1 atm and a permeate
pressure of 0 atm. All curves were interpolated with a coefficient of determination higher than 0.99.

4.3. Assessment of the Potential of Liquid Metal Membranes

The presented results from the microkinetic modeling study show that palladium
will outperform the liquid metals under study in virtually all realistic cases. One of the
few remaining advantages of gallium and indium compared to palladium would be the
lower price per kilogram. The price of palladium is assumed to be EUR 64,735 per kg
(from Johnson Matthey as of October 2021), whereas the price of gallium is EUR 599 per kg
and the price of indium is also EUR 599 per kg (both from Rotometals as of October 2021).
This means that both metals are 108 times as cheap as palladium. Through Figure 9, it can
already be concluded that over the temperature range investigated, a palladium membrane
of 1 pm will outperform gallium and indium membranes of 108 pm thick. The remaining
strategy would then be to increase membrane area rather than membrane thickness. Using
this approach, under the assumption that stable liquid metal membranes of every thickness
may be produced, the flow rate through a palladium membrane with a surface area of 1 m?
may be compared to the flow rates through gallium and indium membranes with surface
areas of 108 m?. This is done in Table 4 for different thicknesses.

Table 4. Calculated flow rates through palladium, gallium and indium membranes of the same metal
cost as a function of membrane thickness. All values calculated at 773K, 1 atm retentate pressure and
0 atm permeate pressure.

Thickness Ppy,1 m? PGa 108 m? P1n,108 m?
1um 5.28 mols™! 1.30 x 103 mols~! 1.21 x 10~ T mols~!
10 pm 6.27 x 10~ T mols—1! 1.30 x 103 mols~! 1.21 x 10~ mols™1

100 um 6.48 x 102 mols~! 1.30 x 103 mols™! 1.21 x 10~ mols~!
1mm 6.52 x 103 mols~! 1.30 x 103 mols~! 1.14 x 10" ' mols~!
Tcm 6.53 x 10~*mols~! 1.30 x 103 mols ™! 6.82 x 1072 mols~!

The data in Table 4 shows that indium outperforms gallium for all cases, confirming
that indium is indeed the superior liquid metal. Moreover, it is seen that situations exist
where an indium membrane permeates more hydrogen than a palladium membrane of
the same cost. This occurs only at thicknesses of about 100 pm and larger, which is not a
fair representation of the state-of-the-art of supported palladium membranes. In addition,
the comparison in Table 4 does not include the costs of support material and membrane
production, which account for a sizeable portion of the overall membrane cost, typically 50



Membranes 2022, 12,75

15 0f 19

to 75% [61]. Finally, the reactor may even have to be oversized to accommodate the large
membrane surface areas. These combined factors further decrease the feasibility of the
liquid metal membrane concept as the lower cost per kilogram does not necessarily scale to
a cheaper membrane process.

This analysis shows that the current concept has a lot in common with the group
V metals, more established non-palladium membrane materials. These metals were also
praised for their high diffusion coefficient, but their catalytic activity towards the dissocia-
tive adsorption of hydrogen is lacking [3,62]. For these materials specifically, this hurdle is
overcome through the sandwiching of the metal between thin layers of palladium. Thus,
combining the high surface activity of palladium with the high permeability of the group V
metal [63,64]. In applying this strategy to liquid metals, intermetallic diffusion and alloying
are likely to be detrimental to the concept, given the extremely high reactivity of gallium
and indium towards other metals [65,66]. A sandwiched configuration will therefore likely
not be stable.

5. Conclusions

Based on the results from this microkinetic modeling study, it can be concluded that
liquid metal membranes for hydrogen separation based on gallium or indium will likely
operate in the adsorption-limited regime. Hence, optimization of these membranes cannot
be achieved through a reduction of membrane thickness. This allows for thicker, more
stable, membranes, but it was shown that these liquid metal membranes will underper-
form supported thin-film palladium-based membranes in all realistic cases, even when
accounting for the much lower cost of the liquid metals. The application of the concept of
liquid metal membranes is therefore seriously hampered, similarly to membranes based on
group V metals, which also lack sufficient catalytic activity for the dissociation of hydrogen.
Especially when taking into account the experimental complications that were experienced
in producing thin liquid metal membranes that are stable under relevant gas atmospheres,
it is to be questioned whether the proposed liquid metal membranes are ever a feasible
alternative for conventional palladium-based membranes.
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The following abbreviations are used in this manuscript:

BCC Body-Centered Cubic

BCO Body-Centered Orthorhombic
BCT Body-Centered Tetragonal
FCC Face-Centered Cubic

PBV-MMP  Pauling Bond Valence-Modified Morse Potential
UBI-QEP Unity Bond Index-Quadratic Exponential Potential
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Nomenclature

Symbol Representation

a Lattice constant

c Unit cell height

b Concentration of bulk sites

Cs Concentration of surface sites
Dy Diffusion coefficient of hydrogen
Dp.n Binding energy of molecular hydrogen
Dy.m Hydrogen-metal binding energy
d Diameter

E Activation energy

H Enthalpy

h Planck constant

] Flux

K Solubility

k Reaction rate constant

kg Boltzmann constant

M Molar mass

N Solver sample size

Nav Avogadro constant

n Coordination number

P Membrane permeability

p Pressure

Qn,M, Binding energy of molecularly adsorbed hydrogen
R Gas constant

r Reaction rate

S Entropy

T Temperature

Ug Atomic volume

X Bulk concentration

D Structural factor for diffusion

1) Membrane thickness

0 Surface coverage

A Arrhenius pre-exponential factor
At Thermal wavelength

1Y Density

) Molar flow rate

XH-M, Saturation solubility

Subscripts and Superscripts

Subscript
1D
ad

2

+ow wrRT TTYC

++

Representation
One-dimensional
Adsorbed

bulk

Diffusion

Atomic hydrogen
Molecular hydrogen
Permeate
Retentate
Solution

Surface

Reference
Forward
Backward
Transition state



Membranes 2022, 12,75 17 of 19

References

1.  Adams, B.D.; Chen, A. The role of palladium in a hydrogen economy. Mater. Today 2011, 14, 282-289. [CrossRef]

2. Al-Mufachi, N.A_; Rees, N.V,; Steinberger-Wilkens, R. Hydrogen selective membranes: A review of palladium-based dense metal
membranes. Renew. Sustain. Energ. Rev. 2015, 47, 540-551. [CrossRef]

3. Santucci, A.; Tosti, S.; Basile, A. Alternatives to palladium in membranes for hydrogen separation: Nickel, niobium and vanadium
alloys, ceramic supports for metal alloys and porous glass membranes. In Handbook of Membrane Reactors; Basile, A., Ed.;
Woodhead Publishing: Cambridge, UK, 2013; pp. 183-217.

4. Habib, M.A.; Harale, A.; Paglieri, S.; Alrashed, ES.; Al-Sayoud, A.; Rao, M.V; Nemitallah, M.A.; Hossain, S.; Hussien, M.; Alj,
A.; et al. Palladium-Alloy Membrane Reactors for Fuel Reforming and Hydrogen Production: A Review. Energy Fuels 2021,
35, 5558-5593. [CrossRef]

5. Hatlevik, &.; Gade, S.K.; Keeling, M.K.; Thoen, PM.; Davidson, A.; Way, J.D. Palladium and palladium alloy membranes for
hydrogen separation and production: History, fabrication strategies, and current performance. Sep. Purif. Technol. 2010, 73, 59-64.
[CrossRef]

6. Bosko, M.L.; Fontana, A.D.; Tarditi, A.; Cornaglia, L. Advances in hydrogen selective membranes based on palladium ternary
alloys. Int. J. Hydrogen Energy 2021, 46, 15572-15594. [CrossRef]

7. Han, Z,; Xu, K;; Liao, N.; Xue, W. Theoretical investigations of permeability and selectivity of Pd-Cu and Pd-Ni membranes for
hydrogen separation. Int. ]. Hydrogen Energy 2021, 46, 23715-23722. [CrossRef]

8.  Yen, PS,; Deveau, N.D,; Datta, R. Sandwiched liquid metal membrane (SLiMM) for hydrogen purification. AICKE ]. 2017,
63, 1483-1488. [CrossRef]

9.  Downs, A],; Pulham, C.R. The hydrides of aluminium, gallium, indium, and thallium: A re-evaluation. Chem. Soc. Rev. 1994,
23,175-184. [CrossRef]

10. Jimenez, G.; Dillon, E.; Dahlmeyer, J.; Garrison, T.; Garrison, T.; Darkey, S.; Wald, K.; Kubik, J.; Paciulli, D.; Talukder, M.; et al.
A Comparative Assessment of Hydrogen Embrittlement: Palladium and Palladium-Silver (25 Weight% Silver) Subjected to
Hydrogen Absorption/Desorption Cycling. Adv. Chem. Eng. Sci. 2016, 6, 246-261. [CrossRef]

11. Okazaki, J.; Ikeda, T.; Pacheco Tanaka, D.A.; Llosa Tanco, M.A.; Wakui, Y.; Sato, K.; Mizukami, F; Suzuki, TM. Importance of the
support material in thin palladium composite membranes for steady hydrogen permeation at elevated temperatures. Phys. Chem.
Chem. Phys. 2009, 11, 8632-8638. [CrossRef]

12. Datta, R;; Ma, Y.H,; Yen, P.S; Deveau, N.D.; Fishtik, I.; Mardilovich, I. Supported Molten Metal Membranes for Hydrogen Separation;
Technical Report; Worcester Polytechnic Institute: Worcester, MA, USA, 2014.

13. Ward, T.L.; Dao, T. Model of hydrogen permeation behavior in palladium membranes. J. Membr. Sci. 1999, 153, 211-231.
[CrossRef]

14. Deveau, N.D.; Yen, PS; Datta, R. Evaluation of hydrogen sorption and permeation parameters in liquid metal membranes via
Sieverts’ apparatus. Int. ]. Hydrogen Energy 2018, 43, 19075-19090. [CrossRef]

15.  Yen, PS.; Deveau, N.D.; Datta, R. Dissociative Adsorption, Dissolution, and Diffusion of Hydrogen in Liquid Metal Membranes.
A Phenomenological Model. Ind. Eng. Chem. Res. 2018, 57, 1607-1620. [CrossRef]

16. Helmi, A. Sieverts’ Law. In Encyclopedia of Membranes; Drioli, E., Giorno, L., Eds.; Springer: Berlin/Heidelberg, Germany, 2016;
pp. 1770-1771.

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

18.  Alraeesi, A.; Gardner, T. Assessment of Sieverts Law Assumptions and 'n’ Values in Palladium Membranes: Experimental and
Theoretical Analyses. Membranes 2021, 11, 778. [CrossRef] [PubMed]

19. Nazmutdinov, R.R.; Zinkicheva, T.T. Dissociative Adsorption of Water Molecules on Uncharged Surfaces of Indium(111) and
Gallium. Russ. |. Electrochem. 2004, 40, 379-386. [CrossRef]

20. Deveau, N.D.; Ma, YH.; Datta, R. Beyond Sieverts’ law: A comprehensive microkinetic model of hydrogen permeation in dense
metal membranes. |. Membr. Sci. 2013, 437, 298-311. [CrossRef]

21.  Yen, PS.; Datta, R. Combined Pauling Bond Valence-Modified Morse Potential (PBV-MMP) model for metals: Thermophysical
properties of liquid metals. Phys. Chem. Lig. 2018, 56, 209-230. [CrossRef]

22. Boon, J.; Pieterse, ].A.Z.; Dijkstra, ].W.; van Sint Annaland, M. modeling and systematic experimental investigation of mass
transfer in supported palladium-based membrane separators. Int. J. Greenh. Gas Control 2012, 11, S122-5129. [CrossRef]

23. Filot, LA.W. Introduction to Microkinetic Modeling; Technische Universiteit Eindhoven: Eindhoven, The Netherlands, 2018.

24. Laidler, K.J.; King, M.C. Development of transition-state theory. |. Phys. Chem. 1983, 87, 2657-2664. [CrossRef]

25. Edward, ].T. Molecular volumes and the Stokes-Einstein equation. J. Chem. Educ. 1970, 47, 261-270. [CrossRef]

26. Jakse, N.; Pasturel, A. Ab initio based understanding of diffusion mechanisms of hydrogen in liquid aluminum. Appl. Phys. Lett.
2014, 104, 154101. [CrossRef]

27. Pitt, .G.; Gilbert, R.G.; Ryan, K.R. The application of transition state theory to gas—surface reactions in Langmuir systems. .
Chem. Phys. 1995, 102, 3461-3473. [CrossRef]

28. Zener, C. Theory of DO for Atomic Diffusion in Metals. J. Appl. Phys. 1951, 22, 372-375. [CrossRef]


http://doi.org/10.1016/S1369-7021(11)70143-2
http://dx.doi.org/10.1016/j.rser.2015.03.026
http://dx.doi.org/10.1021/acs.energyfuels.0c04352
http://dx.doi.org/10.1016/j.seppur.2009.10.020
http://dx.doi.org/10.1016/j.ijhydene.2021.02.082
http://dx.doi.org/10.1016/j.ijhydene.2021.04.145
http://dx.doi.org/10.1002/aic.15658
http://dx.doi.org/10.1039/cs9942300175
http://dx.doi.org/10.4236/aces.2016.63025
http://dx.doi.org/10.1039/b909401f
http://dx.doi.org/10.1016/S0376-7388(98)00256-7
http://dx.doi.org/10.1016/j.ijhydene.2018.08.101
http://dx.doi.org/10.1021/acs.iecr.7b03933
http://dx.doi.org/10.1016/j.ijhydene.2013.09.102
http://dx.doi.org/10.3390/membranes11100778
http://www.ncbi.nlm.nih.gov/pubmed/34677544
http://dx.doi.org/10.1023/B:RUEL.0000023927.60780.d1
http://dx.doi.org/10.1016/j.memsci.2013.02.047
http://dx.doi.org/10.1080/00319104.2017.1321644
http://dx.doi.org/10.1016/j.ijggc.2012.09.014
http://dx.doi.org/10.1021/j100238a002
http://dx.doi.org/10.1021/ed047p261
http://dx.doi.org/10.1063/1.4871469
http://dx.doi.org/10.1063/1.468583
http://dx.doi.org/10.1063/1.1699967

Membranes 2022, 12,75 18 of 19

29.

30.

31.

32.

33.
34.

35.
36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

Mehrer, H. Correlation in Solid-State Diffusion. In Diffusion in Solids: Fundamentals, Methods, Materials, Diffusion-Controlled
Processes; Springer: Berlin/Heidelberg, Germany, 2007; pp. 105-125.

Thybaut, ] W.; Sun, J.; Olivier, L.; van Veen, A.C.; Mirodatos, C.; Marin, G.B. Catalyst design based on microkinetic models:
Oxidative coupling of methane. Catal. Today 2011, 159, 29-36. [CrossRef]

Celaya, E.A.; Aguirrezabala, ].J.A.; Chatzipantelidis, P. Implementation of an Adaptive BDF2 Formula and Comparison with the
MATLAB Odel5s. Procedia Comput. Sci. 2014, 29, 1014-1026. [CrossRef]

Shustorovich, E.; Sellers, H. The UBI-QEP method: A practical theoretical approach to understanding chemistry on transition
metal surfaces. Surf. Sci. Rep. 1998, 31, 1-119. [CrossRef]

Vahvaselkd, K.S. Temperature Dependence of the Liquid Structure of Ga. Phys. Scr. 1980, 22, 647—652. [CrossRef]

Cheng, S.J.; Bian, X.E; Zhang, ] X.; Qin, X.B.; Wang, Z.H. Correlation of viscosity and structural changes of indium melt. Mater.
Lett. 2003, 57, 4191-4195. [CrossRef]

Sacris, E.M.; Parlee, N.A.D. The diffusion of hydrogen in liquid Ni, Cu, Ag, and Sn. Metall. Trans. 1980, 1, 3377-3382. [CrossRef]
Magnusson, H.; Frisk, K. Diffusion, Permeation and Solubility of Hydrogen in Copper. J. Phase Equilib. Diffus. 2017, 38, 65-69.
[CrossRef]

Sharma, B.D.; Donohue, J. A refinement of the crystal structure of gallium. Z. Kristallogr. Cryst. Mater. 1962, 117, 293-300.
[CrossRef]

Takemura, K.; Fujihisa, H. High-pressure structural phase transition in indium. Phys. Rev. B 1993, 47, 8465-8470. [CrossRef]
Kotmool, K.; Li, B.; Chakraborty, S.; Bovornratanaraks, T.; Luo, W.; Mao, H.K.; Ahuja, R. High pressure-induced distortion in
face-centered cubic phase of thallium. Proc. Natl. Acad. Sci. USA 2016, 113, 11143-11147. [CrossRef]

Wert, C.; Zener, C. Interstitial Atomic Diffusion Coefficients. Phys. Rev. 1949, 76, 1169-1175. [CrossRef]

Frank, H.S. Free Volume and Entropy in Condensed Systems II. Entropy of Vaporization in Liquids and the Pictorial Theory of
the Liquid State. J. Chem. Phys. 1945, 13, 493-507. [CrossRef]

Khanuja, M.; Mehta, B.R.; Agar, P,; Kulriya, PK.; Avasthi, D.K. Hydrogen induced lattice expansion and crystallinity degradation
in palladium nanoparticles: Effect of hydrogen concentration, pressure, and temperature. J. Appl. Phys. 2009, 106, 093515.
[CrossRef]

Pfeiffer, H.; Peisl, H. Lattice expansion of niobium and tantalum due to dissolved hydrogen and deuterium. Phys. Lett. A 1977,
60, 363-364. [CrossRef]

Kennedy, I.R.; Geering, H.; Rose, M.T.; Crossan, A.N. A simple method to estimate entropy of atmospheric gases from their
action. Entropy 2019, 21, 454. [CrossRef]

Campbell, C.T.; Sellers, ].R.V. The Entropies of Adsorbed Molecules. ]. Am. Chem. Soc. 2012, 134, 18109-18115. [CrossRef]
[PubMed]

Campbell, C.T.; Sprowl, L.H.; Arnadottir, L. Equilibrium Constants and Rate Constants for Adsorbates: Two-Dimensional (2D)
Ideal Gas, 2D Ideal Lattice Gas, and Ideal Hindered Translator Models. |. Phys. Chem. C 2016, 120, 10283-10297. [CrossRef]
Garcia-Diéguez, M.; Hibbitts, D.D.; Iglesia, E. Hydrogen Chemisorption Isotherms on Platinum Particles at Catalytic Temperatures:
Langmuir and Two-Dimensional Gas Models Revisited. J. Phys. Chem. C 2019, 123, 8447-8462. [CrossRef]

Savara, A. Standard States for Adsorption on Solid Surfaces: 2D Gases, Surface Liquids, and Langmuir Adsorbates. |. Phys. Chem.
C 2013, 117,15710-15715. [CrossRef]

Lim, H.; Oyama, S.T. Hydrogen selective thin palladium-copper composite membranes on alumina supports. J. Membr. Sci. 2011,
378, 179-185. [CrossRef]

Vicinanza, N.; Svenum, LH.; Naess, L.N.; Peters, T.A.; Bredesen, R.; Borg, A.; Venvik, H.J. Thickness dependent effects of solubility
and surface phenomena on the hydrogen transport properties of sputtered Pd77%Ag23% thin film membranes. |. Membr. Sci.
2015, 476, 602—608. [CrossRef]

Cordero, B.; Gémez, V.; Platero-Prats, A.E.; Revés, M.; Echeverria, J.; Cremades, E.; Barragan, F; Alvarez, S. Covalent radii
revisited. Dalton Trans. 2008, 21, 2832-2838. [CrossRef] [PubMed]

Gade, S.K,; Coulter, K.E.; Way, ].D. Effects of fabrication technique upon material properties and permeation characteristics of
palladium-gold alloy membranes for hydrogen separations. Gold Bull. 2010, 43, 287-297. [CrossRef]

Guazzone, F; Engwall, E.E.; Ma, Y.H. Effects of surface activity, defects and mass transfer on hydrogen permeance and n-value in
composite palladium-porous stainless steel membranes. Catal. Today 2006, 118, 24-31. [CrossRef]

Bellini, S.; Sun, Y.; Gallucci, E; Caravella, A. Thermodynamic Aspects in Non-Ideal Metal Membranes for Hydrogen Purification.
Membranes 2018, 8, 82. [CrossRef]

Morreale, B.D.; Ciocco, M.V.; Enick, R.M.; Morsi, B.I,; Howard, B.H.; Cugini, A.V.; Rothenberger, K.S. The permeability of
hydrogen in bulk palladium at elevated temperatures and pressures. J. Membr. Sci. 2003, 212, 87-97. [CrossRef]

Howard, B.H,; Killmeyer, R.P.; Rothenberger, K.S.; Cugini, A.V.; Morreale, B.D.; Enick, R.M.; Bustamante, F. Hydrogen permeance
of palladium—copper alloy membranes over a wide range of temperatures and pressures. J. Membr. Sci. 2004, 241, 207-218.
[CrossRef]

Mazayev, S.N.; Prokofiev, Y.G. Hydrogen inventory in gallium. J. Nucl. Mater. 1994, 212-215, 1497-1498. [CrossRef]

Petit, J.; Nachtrieb, N.H. Self-Diffusion in Liquid Gallium. J. Chem. Phys. 1956, 24, 1027-1028. [CrossRef]

Fefelov, A.S.; Furman, L.E.; Nikitina, E.V,; Ivanov, R.A.; Evdokimova, I.V. Self-diffusion coefficients of cadmium and indium in
liquid. Russ Metall. 2017, 2017, 680-681. [CrossRef]


http://dx.doi.org/10.1016/j.cattod.2010.09.002
http://dx.doi.org/10.1016/j.procs.2014.05.091
http://dx.doi.org/10.1016/S0167-5729(97)00016-2
http://dx.doi.org/10.1088/0031-8949/22/6/017
http://dx.doi.org/10.1016/S0167-577X(03)00288-X
http://dx.doi.org/10.1007/bf03037867
http://dx.doi.org/10.1007/s11669-017-0518-y
http://dx.doi.org/10.1524/zkri.1962.117.4.293
http://dx.doi.org/10.1103/PhysRevB.47.8465
http://dx.doi.org/10.1073/pnas.1612468113
http://dx.doi.org/10.1103/PhysRev.76.1169
http://dx.doi.org/10.1063/1.1723984
http://dx.doi.org/10.1063/1.3253733
http://dx.doi.org/10.1016/0375-9601(77)90129-3
http://dx.doi.org/10.3390/e21050454
http://dx.doi.org/10.1021/ja3080117
http://www.ncbi.nlm.nih.gov/pubmed/23033909
http://dx.doi.org/10.1021/acs.jpcc.6b00975
http://dx.doi.org/10.1021/acs.jpcc.8b10877
http://dx.doi.org/10.1021/jp404398z
http://dx.doi.org/10.1016/j.memsci.2011.04.054
http://dx.doi.org/10.1016/j.memsci.2014.11.031
http://dx.doi.org/10.1039/b801115j
http://www.ncbi.nlm.nih.gov/pubmed/18478144
http://dx.doi.org/10.1007/bf03214998
http://dx.doi.org/10.1016/j.cattod.2005.12.010
http://dx.doi.org/10.3390/membranes8030082
http://dx.doi.org/10.1016/S0376-7388(02)00456-8
http://dx.doi.org/10.1016/j.memsci.2004.04.031
http://dx.doi.org/10.1016/0022-3115(94)91077-4
http://dx.doi.org/10.1063/1.1742671
http://dx.doi.org/10.1134/S0036029517080055

Membranes 2022, 12,75 19 of 19

60.

61.

62.

63.

64.

65.

66.

Gallucci, F; Fernandez, E.; Corengia, P.; van Sint Annaland, M. Recent advances on membranes and membrane reactors for
hydrogen production. Chem. Eng. Sci. 2013, 92, 40-66. [CrossRef]

Fernandez, E. Public Report on Production Costs and Scale up of the Membrane Production; Technical Report; Tecnalia, Donostia-San
Sebastidn, Spain, 2017.

Phair, ].W.; Donelson, R. Developments and Design of Novel (Non-Palladium-Based) Metal Membranes for Hydrogen Separation.
Ind. Eng. Chem. Res. 2006, 45, 5657-5674. [CrossRef]

Buxbaum, R.E.; Marker, T.L. Hydrogen transport through non-porous membranes of palladium-coated niobium, tantalum and
vanadium. J. Membr. Sci. 1993, 85, 29-38. [CrossRef]

Buxbaum, R.E.; Kinney, A.B. Hydrogen Transport through Tubular Membranes of Palladium-Coated Tantalum and Niobium.
Ind. Eng. Chem. Res. 1996, 35, 530-537. [CrossRef]

Deng, Y.G,; Liu, J. Corrosion development between liquid gallium and four typical metal substrates used in chip cooling device.
Appl. Phys. A 2009, 95, 907-915. [CrossRef]

Kim, D.G.; Yoon, ].W.,; Lee, C.Y.; Jung, S.B. Reaction diffusion and formation of Cul1In9 and In27Nil0 phases in the couple of
indium-substrates. Mater. Trans. 2003, 44, 72-77. [CrossRef]


http://dx.doi.org/10.1016/j.ces.2013.01.008
http://dx.doi.org/10.1021/ie051333d
http://dx.doi.org/10.1016/0376-7388(93)85004-G
http://dx.doi.org/10.1021/ie950105o
http://dx.doi.org/10.1007/s00339-009-5098-1
http://dx.doi.org/10.2320/matertrans.44.72

	Introduction
	Model Formulation
	Parameter Determination
	Results and Discussion
	Model Validation
	Rate-Determining Step Analysis
	Assessment of the Potential of Liquid Metal Membranes

	Conclusions
	References

