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Hydrogen separation membrane of Ni-BaCeg;Zro1Y0203_5 cermet with an asymmetric structure was
simulated by considering several involved processes, such as mass transportation in porous support, bulk
diffusion in dense layer, interfacial exchange on both sides of the membrane, and hydrogen permeation
through nickel phase. The model was compared with experimental results and could match them in
general. Equivalent resistances of each step in asymmetric membrane were introduced to determine
their influence on the performance and recognize the rate-determining step. Advice on further capacity
improvement was given based on the simulation results. This model could be used to analyze and predict
the performance of this kind of asymmetric hydrogen separation membrane.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen separation membranes have received considerable
attention these years for their potential employments in hydrogen
based industry, such as dehydrogenation reactions that require
selective removal of hydrogen, water-gas shift reactions [1], and
methane reforming [2,3] to produce pure hydrogen. A ceramic
hydrogen separation membrane is known for its lower cost than
the Pd alloy membrane and high selectivity, and thus has aroused
great interests.

Various kinds of ceramic proton conductors have been discov-
ered since the pioneer work of Iwahara et al. [4], such as doped
perovskite (BaCeOs, SrCeQs, BaZrOs, etc.), doped La,Zr,0; [5],
BasCa;1gNb1g209_s (BCN18) [6,7], LayCey07 [8], LagWi40s4 [9]
and so on. Doped SrCeOs, a stable proton-electron mixed con-
ductor, has already been applied to hydrogen permeation [10].
Among these materials, proton conductivity of doped BaCeOs is
the highest. Zr-Y doped BaCeOs (BZCY) is a good candidate of
proton conductor because of its balance between conductivity and
stability [11,12]. However, considering its low electronic conduc-
tivity [13] under reducing atmosphere, a metal phase (usually
nickel) is composed to form a cermet composite.

Two configurations, namely symmetric and asymmetric struc-
tures, can be adopted for gas separation membranes. Asymmetric gas
separation membrane has great advantages over symmetric one.
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As the thickness of dense layer becomes thinner, bulk diffusion
resistance will be dropped accordingly. Thus, a higher permeation
rate than that of symmetric membrane is expected. For instance, Tosti
et al. have reported a hydrogen selective membrane with Pd-Ag alloy
thin layer and stainless steel grids substrate, aiming at cost reduction
and performance enhancement [14]. Zhu et al. have already success-
fully fabricated Ni-BZCY asymmetric membrane with high permeation
rate [15]. However, the structure of at least two layers makes the
fabrication of asymmetric membrane more complicated.

As to the simulation of asymmetric structure, several models
have been reported. For example, Beuscher et al. have put forward
their asymmetric model for the selective permeation of trichlor-
oethylene vapor mixed with nitrogen. By considering the effects of
boundary layers at membrane surface, bulk diffusion in dense
membrane and gas transportation within support, an accurate
description of experimental data could be achieved [16,17].
Caravellaa et al. have studied hydrogen permeation in Pd-alloy
based asymmetric membrane [18]. In their improved model, not
only the phenomena mentioned above, but also hydrogen adsorp-
tion and dissociation on the palladium surface were taken into
account. Chang et al. have discussed the modes of oxygen
permeation for asymmetric mixed-conductor membrane [19].
Two ways of oxygen transport within support were distinguished
separately, namely transport through support only by molecule
diffusion in the pores, and through walls within a depth of the
support (see Fig. 3 of that reference).

For the Ni-BZCY composite asymmetric hydrogen permeation
membrane, there are some characteristics which are distinct from
others above. As dual phase is applied, the effective properties of
each phase are quite different from the bulk ones in view of the
percolation theory. Besides, unlike those asymmetric structure of
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single phase, interfacial exchange at three phase boundary (TPB),
where ionic phase, electronic phase and gaseous phase joint
together, is special in Ni-BZCY cermet. In addition, since nickel
can also permeate hydrogen, contribution from Ni path to the total
hydrogen permeation needs to be taken account of.

Unlike symmetric structure without support of the previous work
[20], the support of asymmetric membrane can influence the permea-
tion in two ways. First, porous support would cause a concentration
polarization, leading to a decrease of hydrogen partial pressure at
membrane-support interface (MSI) compared with that outside the
membrane. Second, interfacial exchange could take place both at MSI
and extended into the porous support within several particle layers,
which is unique in the asymmetric membrane. The introduction of
asymmetric structure can reduce the thickness of the dense mem-
brane, and provide enlarged active zone at porous side, both of which
are helpful to the enhancement of the hydrogen permeation.

In this paper, a mathematical model for Ni-BaCeg7Zro1Y0205_s
cermet hydrogen separation membrane with an asymmetric struc-
ture is proposed and then compared with the experiment. In this
model most involved phenomena are included, such as gas trans-
portation in porous support, bulk diffusion in dense layer, surface
exchange at both sides of the membrane, and the permeation from
Ni phase. Interfacial polarization within support and at MSI is
considered separately in an explicit way. Analyses of the contribu-
tions from participated phenomena in hydrogen permeation could
give an insight into the asymmetric membrane, and are helpful to the
prediction and improvement of the membrane performance.

2. Model description

Disk-shaped asymmetric samples are simulated in this model.
Just the same as experimental settings, volume fractions of BZCY
phase in substrate and dense membrane are 0.7 and 0.6 respec-
tively. Porous support is located at hydrogen rich side.

As to the surface exchange, two steps are considered when
protons are incorporated into the BZCY lattice near the TPB

Hy +2%<2H,  (stepl)

H.+05<0Hg +:%x+e”  (stepll)

where H,. and * are sites adsorbed by hydrogen atom and vacant
sites at Ni surface respectively.

The former step is the adsorption or dissociation of hydrogen
molecule on nickel surface at hydrogen rich (HR) or hydrogen lean
(HL) side; and the latter one stands for the incorporation of
adsorbed atom into the lattice oxygen of BZCY at HR side, and its
inverse process at HL side.

According to the previous model for symmetric membrane
[20], step I is quasi-equilibrium under the experimental condi-
tions, and step II is the rate limiting step of surface exchange. The
reaction rate of step II at unit TPB area could be expressed as

ra,mst = k1 Omsi—ka Cusi(1-6ysp) at HR side (1a)

L= kz CL(l —QL)—’ﬁ op at HL side (1b)

where k; and k, are rate constants of the forward and backward
reactions of step II; Cys; and C; are the OH3 OHg concentration of
the surface BZCY particles at MSI and HL side respectively; 0y and
6, are the hydrogen atom coverage at Ni surface of related sides.
For quasi-equilibrium step I, equilibrium constant K is defined as

__ %
Py, (1-01)?

where 6y is hydrogen atom coverage, and py, is hydrogen partial
pressure. The parameters needed to calculate K could be found in
Ref. [21].

@)

In this model, several approximations are made for simplifica-
tion. First, surface kinetics of step I above is not considered as rate
limiting step. Considering that Ni is a good catalyst for hydrogen
adsorption and dissociation, the influence of this process is
relatively smaller than step II that BZCY involved in. Second, all
particles are viewed as spheres with the same radius, since BZCY
and Ni particles are similar in shape and size for the tested
samples in SEM images. Third, concentration boundary layers at
membrane surfaces are ignored for the relatively low permeation
rate. Fourth, the radial distribution of each species in disk-shaped
asymmetric sample is neglected, which is rational because of
much smaller size along the axial direction than the radial one.

2.1. Concentration polarization within the support

So far, several mass transfer models to predict the concentra-
tion polarization in porous substrate are developed, such as the
Stefan—-Maxwell model (SMM), the dusty gas model (DGM), and
Binary Friction Model (BFM) [22]. Ref. [23] compared these models
above in the application of SOFC anode. They have argued that the
prediction of DGM is similar to that of BFM in studied cases, but
the former one is of much less computational cost. While for the
SMM model, since the absence of description to the Knudsen
diffusion phenomenon in substrate with small pores, the results
could be less accurate. Therefore, DGM, which includes interaction
among molecules, Knudsen diffusion and viscous flow of porous
media, is adopted in this model. The equation of DGM is given
by [24]

XiNg=xxN; | Ni — vy X EVp 3)
eff eff < peff
i# xrDy Dikn Dy in#m

where X, is the molar concentration of gaseous species k; xr is the
total molar concentration; N is the net molar flux of species k; Dﬂn
and Di{f are the effective Knudsen diffusion coefficient and binary
diffusion coefficient of related gaseous species; B is the dimensional
permeability constant, and u,, is the dynamic viscosity of gas
mixture. DGM model is simplified to one dimension along axial
direction for the assumption that all species are evenly distributed
along radial direction as mentioned above.

In this situation, gaseous species are H, and N, at HR side.
Under steady state, Ny, is equal to the consumption rate of
hydrogen. Ny, should be zero because nitrogen is inert species
not consumed in interfacial exchange [24]. Geometric parameters
for porous support in this model are kept identical to the tested
samples, with substrate porosity ¢, =0.4, pore radius rg=0.3 ym,
and support thickness L=1.5 mm. Parameters and formulae
needed to calculate szﬁn and D}i{f are taken from Ref. [26]. The
tortuosity of the support (zg), which is used to figure out DZf,f(n and
sz;f , is set to 5 in common [25,27]. Dynamic viscosity u, can be
obtained by Wilke's method from the viscosities of pure compo-
nents [28]. The permeability constant B is determined by Carman-
Kozeny correlation [29]. Since no analytic solution can be derived
from Eq. (3), numerical scheme with iteration is employed, as
depicted in Ref. [23-25].

2.2. Interfacial polarization at HR side

Since interfacial polarization occurs at both MSI and extended
TPB area of HR side, it will be divided into two parts (denoted as
Jusi and J; respectively) and discussed below.

Fig. 1 shows the diagram of reaction area extended into support
and at MSI. Only part of the support within the depth of § actually
participates in the interfacial exchange; while outside this range, it
becomes inactive. Typically, & is in the magnitude of 10 um, which
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Fig. 1. Diagrammatic sketch of asymmetric structure with porous support, MSI and dense membrane.

is the thickness of several particle layers, as reported in ionic
conductor [30]. Accordingly, § is estimated as 10 um in this model.

To determine Jys;, the active area within support is divided into
tiny layers with a thickness of Ax (see Fig. 1). The proton flux
through the nth layer of active zone is

Jo= Dgff % 4)
where C, is the OH$ concentration of the nth layer; and Dﬁff is the
effective diffusion coefficient of OH§ in the support, and could be
estimated from bulk diffusion coefficient (Dy) of BZCY using the
percolation theory [20]. Dy could be derived from experimental
data of symmetric membrane following the procedure in Ref. [20],
and is fitted as Dy=8.4 x 10~7exp(~7820/T) under reducing
atmosphere.
The reaction rate at unit TPB area of nth layer is

n = k10n—kocn(1-6p) 5)

where 6, is the coverage of hydrogen atom at Ni surface in nth
layer. Although 6, is dependent with py,, which is different at each
tiny layer; it should be noticed that extended TPB area is only
limited in the vicinity of MSI (around 10 pm). Thus py, within this
range could be approximated to the hydrogen partial pressure at
MSI (pumsi). Besides, as shown in section 3.3.1, concentration
polarization is not noticeable for Ni-BZCY asymmetric membrane,
resulting in only a small change of py, through the support. Hence,
0, is approximated to 6;5; and independent with the location.
According to the mass conservation of nth layer

Jn1S = raWLSAX+],S )

where w is TPB width, L; is TPB length of the support in unit
volume, and S is the cross section of the membrane.

Substituting J,,_1, J, and r, into Eq. (6) and letting Ax—0, a
differential equation of two order is obtained

=D d;i(zx) = Lsw [k1 01— k2 (1-Ops1)C(X)] (7)
with boundary conditions given as

), s=0 (®a)
and

c(x =0) = Cysy (8b)

The analytic solution of Eq. (7) is

cos h(¢ %
C(X) = Ceq—(Ceq—Cpmis1) ﬁﬂ(é)r (©))
where
_ kibus
1= T(1-0us) O
and

/ D;
TN\ kWL (1=6ms) (9b)

The contribution of proton flux from support is thus given as
Jo= “Ds 9 = 0)‘ =D, can ) (10)
dx T T
Another part, Js, can be expressed as

Iust = [k1Ousi—kacmsi(1=Oms)ILmpg W (11)

where L, is TPB length on the dense membrane surface in unit
area. In Eq. (11), ¢, is multiplied because at MSI only the area
exposed to gaseous phase is active for interfacial exchange.

2.3. Determination of hydrogen permeation rate

Two paths are available for hydrogen permeation, either
through BZCY or Ni. Both of them are considered in this model.
For BZCY phase, the proton flux, Jj, is decided as follows.

Jio =Js +Jus at HR side 12)
Jio =ka2cL(1-61)—k16;)Lmw at HL side (13)
If the effect of concentration boundary layer is neglected
Cmsi—C
Jio=Dm =" (14)

where D,, is the effective diffusion coefficient of dense membrane,
which is also estimated from Dg by the percolation theory; and H
is the thickness of dense membrane.

Combining Egs. (2, 9a, 10-14), the solution of Jj, is

Jo= KVK(/Puisi—v/P) (15)

H 1 1
Dr TP3Q TN
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Where P =2 tan h(%), Q = kow(1-0ys)Lmebg, N = kow(1-01)Lin; Pusi
and p; are hydrogen partial pressure at MSI and lean side,
respectively. Since k;'=kw and k,'=k,w are given in Ref. [20],
the related parameters above are rewritten accordingly. The
representation for asymmetric structure is similar to that of
symmetric one [20], except the terms (P and Q) at HR side. This
reflects the structural difference between symmetric and asym-
metric membranes.

The contribution of Ni is described by Sielverts' law, with a
modification by percolation theory for the tortuosity of path in
Ni-BZCY composite

Ini = B/ Prsi—/PL)(DeiPer) b (16)

where ¢, is the volume fraction of Ni in solid composite; P, is the
percolation probability of Ni phase calculated by the percolation
theory [31]; ux is Braggeman factor [31]; and & =4.65 x
10776440/ (mol m~! s~! Pa=) [32].

The total hydrogen permeation rate is viewed as the sum of
contributions from BZCY and Ni

Ju, =0.5]io +ni a7
It is mentioned that, p; in Eq. (15) is decided by J, as
Ju,S
pL= T, S+FPo (18)

where F is the flux of sweep gas (Ar) at HL side, which is 20 mL/min in
this experiment. Finally, DGM in Section 2.1 and Eq. (17) are combined
together, and iteration is performed until pys and Jy, are consistent
with each other.

2.4. Definitions of equivalent resistances

To analyze the impact of each process to the total performance,
some equivalent resistances are introduced. In this model, the
driven force of hydrogen partial pressure across dense membrane
is defined as ./pys;—+/Pr- Then Eq. (17) would be adapted to

] _ ~ DPwmsi \/_ V \/_ (19)
H, = RsRuisi
Rm+RL+R  Rus Nl

where R, stands for the resistance from bulk diffusion in dense
thin membrane; R,, Ry, and R; are resistances from interfacial
exchange at extended TPB zone within support, MSI and HL side,
respectively; and Ry; is the resistance from Ni path. Their repre-
sentations are

Ryp=—24 20a
m Py (20a)
2
2t
S (20b)
Dstan h(® )ﬁ—;,\/l?
Rmsi = 2 (200
ki’ (1=60ums)Lusipg V'K
2
RR=———"—— 20d
"k (=0l VK 200
Rni = agabars, (20¢)

The resistance of concentration polarization within support is
defined similarly

\/sz /P
e
Based on Eq. (19), an equivalent circuit could be drawn. Fig. 2

illustrates the diagrammatic sketch for this kind of asymmetric
membrane. Ry and Rys; are connected in parallel (Ry//Rys;, denoted

(20f)

Bulk difiusion  Interfacial exchange

0.5,
el i
Ry R

Pz Pus R P
R Jni
—

Ry

Fig. 2. Equivalent circuit of asymmetric structure.

as Ryg), representing the interfacial exchange at HR side. R; + Ry is
the total interfacial polarization for BZCY path (denoted as Rj,;).

3. Results and discussions

The results obtained by this model are compared with experi-
mental measurements first. All experimental data are taken from
our group's work, which is in preparation and will be given
elsewhere [33]. The description of experimental equipment and
method could be found in Ref. [15] in detail. In view of the small
deviation of surface morphology and grain size between tested
samples in practice, an exactly prediction is unlikely. Instead,
upper and lower limits of hydrogen permeation rates are predicted
using this model to give an expected range. Since particle radii of
Ni-BZCY samples are mainly within the scope of 0.4-0.5 pm in
SEM images, the upper, middle and lower ranges of predicted
permeation rates therefore correspond to the model results with
particle radii of 0.4, 0.45 and 0.5 pm respectively.

3.1. Partial pressure dependence

Samples with 27.6 um-thick dense layer were used to reveal the
dependence between py, and Jy,. Hydrogen partial pressure of 0.2,
0.4, 0.6 and 0.8 atm was applied. Parameters for the asymmetric
membrane model were taken the same as the tested conditions.

Both experimental data and model results of hydrogen partial
pressure dependence are shown in Fig. 3. Upper and lower limits
of predictions are given as error bars. The upper limits are the
model results with smaller particle radius (0.4 pm), because longer
TPB length on the membrane surface is available for finner grain
size. The difference between upper and lower limit is around 15%,
indicating a considerable influence of the grain size. Besides, shifts
of measured results from the upper limit (finer grain size) to the
lower limit (coarser grain size) are found. Considering that
experimental data under the same partial pressure was recorded
from higher to lower temperature, this trend of shift as time going
on is probably an indication of grain coarsening for thin dense
membrane during permeation test. In Fig. 3, most experimental
data can fall into the expected ranges, implying the model
validation. In general, the hydrogen partial pressure dependence
could be depicted via this model within the tested temperature
range and various hydrogen partial pressure. Permeation rates
increase as py, grows; and the increment as temperature rises is
more remarkable for higher hydrogen partial pressure than lower
partial pressure.

3.2. Thickness dependence

In this part, hydrogen permeation rates of five samples with
different dense membrane thicknesses were measured under fixed
hydrogen partial pressure of 0.2 atm. All samples were tested
under five different temperatures (i.e. 1173, 1123, 1073, 1023 and
973 K). Fig. 4 compares experimental data and expected limits
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Fig. 3. Model and experimental results of sample with 27.6 pm dense layer under different hydrogen partial pressure. The upper, middle and lower ranges of error bars
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Fig. 4. Comparison of measurements and model results for samples with different thicknesses under hydrogen partial pressure of 0.2 atm. The upper, middle and lower
ranges of error bars represent the model results with grain size of 0.4, 0.45 and 0.5 pm respectively.

given by this model. Again in general, most of the measured points
under different thicknesses and varied temperatures could fall
within the predicted ranges. It also shows that this model could be
validated within a relatively broad range of tested conditions.

It appears that with the decreasing of membrane thickness,
hydrogen permeation rate increases but with a slower increment.
And when the membrane is relatively thin, the increment is not very
obvious. For example, for the thinnest 27.6 pm and 39.6 pm samples,
it is clear that with 30% reduction of dense layer thickness, permea-
tion rate only rises no more than 15% at 1173 K as given by this
model, which is disproportionate to the decreasing amplitude of
membrane thickness. This is attributed to the dominating step of
interfacial exchange rather than bulk diffusion in this situation. It
could be deduced that a noticeable improvement of hydrogen
permeation rate by reducing the membrane thickness can be
achieved only when the dense membrane is relatively thick.

On the basis of the comparison between experiment and model
above, a procedure of performance prediction for the Ni-BZCY
asymmetric membrane via this model could be applied as follows.
The particle radius distribution needs to be determined first. For a

given range of grain size and tested conditions, the expected upper
and lower limits can be obtained using this model. Experimental
measurements are likely to stay within this predicted range. Mention
that as to other similar cermet systems, modifications should be
made when using this model. Some inherent properties for various
cermets, such as conductivity, protonic diffusion coefficient, as well
as the rate constants (k; and k) need to be refined to fit the given
material. Besides, for different dual phase cermets, changes may
occur in the preparation condition and sintering temperature, lead-
ing to various micro-structures and particle radii. Both of these
factors cause particular parameters for different material systems
used in the model. Once the parameters of these inherent properties
are obtained from literature or experiment, the model has the
potential to analyze and predict other similar asymmetric cermet
hydrogen separation membranes.

3.3. Equivalent resistances of related processes

To identify the contribution of each process involved in asym-
metric membrane separately, equivalent resistances defined above
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Fig. 5. Relative equivalent resistances with respect to R, under fixed hydrogen partial pressure of 0.2 atm, with dense layer thickness of 30 um (a), and dense layer thickness

of 120 pm (b), respectively.

will be discussed. In the following section, some geometric
parameters will be kept fixed, such as substrate thickness
L=1.5 mm and substrate porosity ¢,=0.4. While the thickness of
the dense layer, temperature and particle radius are variable to
simulate different tested conditions. To clearly quantify the influ-
ence of each participated process under given conditions, relative
quantities of each resistance with respect to R,, are applied below.

Fig. 5 illustrates the relative resistance to R,, for each process,
with hydrogen partial pressure of 0.2 atm and particle radius of
0.5 pm. Two membrane thicknesses, i.e. 30 pm and 120 pm, are
selected to represent relatively thinner or thicker cases, as shown
in Fig. 5(a) and (b) respectively. Several magnitudes of variation
among these defined resistances could be found in these figures,
indicating different importance of these processes. On this basis,
some useful conclusions and suggestions are made, as given
below.

3.3.1. Effect of concentration polarization

In Fig. 5, resistances from concentration polarization within the
substrate in both cases are the lowest among all resistances, about
2-3 magnitudes lower than those from bulk diffusion. Therefore,
for this kind of cermet asymmetric hydrogen separation

membrane, concentration polarization is less significant and thus
negligible. It can be mainly ascribed to the comparably lower
permeation rate (10~7-10~ mol cm~2 s™!) in hydrogen separation
membrane than that in SOFC (usually up to 10~° mol cm™2s~!
when peak power density is reached). Besides, the lighter mole-
cular weight of H, makes the diffusivity of hydrogen in mixed gas
much more faster and easier, also leading to a low concentration

polarization.

3.3.2. Interfacial exchange at HR and HL side

At HR side, both MSI and extended TPB area can partake in the
surface exchange, but they are quite distinct in proportion. In
Fig. 5, Rys is about several ten times as great as R;. Extended TPB
zone within support exhibits a much lower resistance and hence is
expected to be the major reaction area at HR side. On the contrary,
TPB length at MSI is much less because of fewer effective connec-
tions to the gas phase and little surface area compared with
extended zone, resulting in a higher resistance.

Besides, total resistance at HR side (Ryg, namely Ry//Rysi) is
much lower than that at HL side owing to the advantage of
asymmetric structure. Asymmetric configuration at HR side would
provide an extended TPB area deep into the substrate, and hence
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more extra active reaction zone is available at this side. Because of
no extended TPB zone at HL side, it implies that modification at HL
side is more demanding, and has more potential to reduce the
total interfacial polarization for this kind of asymmetric
membrane.

One practical way to reduce interfacial exchange resistance is
grain refining. Taking samples of 30 pm-thick dense layer, oper-
ated under 973 K and 20% hydrogen partial pressure, with differ-
ent particle radii as example, Fig. 6 shows the calculated R;/R,, at
HL side and Ryg/R,, at HR side. It is evident in this figure that, with
the growth of grain size, interfacial exchange becomes more
significant. This can be explained by the percolation theory that,
the finer the grain size, the longer the effective TPB length at
membrane surface. Therefore low resistances at both sides are
obtained for samples with small particle radius.

3.3.3. Comparison between bulk diffusion and interfacial exchange

In Fig. 5, resistance from bulk diffusion process (R,,) is smaller
than that from interfacial polarization of HL side (R;) for asym-
metric structure with thinner dense layer (30 um). Whereas for
thicker dense layer (120 pm), they are comparable. This implies a
change of dominant step from interfacial process to bulk diffusion
in BZCY path as membrane thickness varies. To characterize the
proportion of resistance from bulk diffusion to the total one in the
BZCY path (R + Rint), Wi, is defined as

Rm

= RyvisiRs
Rn+Ri+ Rusi + R

W 21

Fig. 7 shows the relationship between w,, and dense layer
thickness under 973 and 1173 K, with hydrogen partial pressure of
0.2 atm and particle radius of 0.5 pm. The increase of w,, with
membrane thickness indicates that bulk diffusion process is more
remarkable for thicker membranes. At 973 K for example, for
30 pm sample R, only occupies about 15% of total resistance
through the BZCY path; while for 120 pm one, the ratio increases
to about 45%. It is found via this model that, for the samples with
dense layer thickness of less than 150 pm, interfacial exchange
remains the dominant process under 973 K. Hence, the effort of
enhancing permeation performance only by decreasing membrane
thickness is not favored for thinner membranes, especially when
dense layer is already less than 40 pm thick, because R,, only
occupies a small percentage. Fig. 7 also depicts that wy, is slightly

higher at a lower temperature, which could be explained by the
decrease of ionic conductivity when temperature drops.

From the discussions above, it is advisable that, for thinner
membranes, grain refining to increase the TPB length or surface
modification at HL side is more effective to improve permeation
capacity than thickness reduction, since interfacial exchange is
severe for asymmetric membranes with thin dense layers.

3.3.4. Hydrogen permeation through BZCY and Ni path

Fig. 5 also illustrates that hydrogen permeation through the Ni
phase is less in comparison with that through the BZCY phase
because the resistance from Ni phase (Ry;) is the highest one. To
quantitatively analyze the contribution from these two paths, the
proportion of hydrogen permeation through the BZCY path is
defined as

Ryi

s + R+ R+ Rui

Wip =

(22)

Fig. 8 shows the dependence of w;, on the dense membrane
thickness at 973 and 1173 K, with hydrogen partial pressure of
0.2 atm and particle radius of 0.5 pm. Apparently, hydrogen
permeation is mainly derived from BZCY phase. It appears that
the ratio of Ni path becomes more remarkable for thinner
membranes, but still nearly an order of magnitude less than that
of BZCY path. Taking 973 K case as example, the proportion from
Ni path is about 4% for 120 pm sample; while for 30 pm sample it
increases to about 12%. It could also be found in Fig. 8 that w;, is a
little higher at lower temperature.

4. Conclusions

A mathematical model for the Ni-BZCY cermet hydrogen
separation membrane with an asymmetric structure is developed
by considering the influence of concentration polarization, inter-
facial exchange, bulk diffusion and Ni contribution. Generally
speaking, the modeling results are in agreement with the experi-
mental data. A procedure of performance prediction using this
model is given. Then equivalent circuit and resistances are intro-
duced to probe into the corresponding processes. It turns out that
concentration polarization within support is a secondary factor,
while the resistance from interfacial exchange is severe especially
for thin membranes. Hence, it is suggested that grain refinement

T T T

Relative resistance

0.2 0.3 0.4

0.5 0.6 0.7 0.8
Particle radius (um)

Fig. 6. Model results of R;/R;;, and Ryr/R, for 30 pm-thick membrane with different particle radii, under py, =0.2 atm and 973 K.
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Fig. 7. Thickness dependence of w,, at 973 and 1173 K.
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Fig. 8. Thickness dependence of w;, at 973 and 1173 K.

or surface modification at HL side is necessary to further enhance
the permeation rate, because the reduction of membrane thick-
ness has less effect for membrane already thinner than 40 pm.
Besides, hydrogen permeation from Ni phase is remarkable for
asymmetric membrane with thin dense layer. In summary, this
model could be served as a guide to the fabrication and analysis of
Ni-BZCY cermet asymmetric membrane.
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Nomenclature

B gas permeability constant in porous support (m?)
C OH$ concentration in BZCY phase (mol/m?)

Do bulk diffusion coefficient of OH§ (m?/s)

D m
D;

eff
Dk,Kn

eff
Dy

H
Jh,

.]io
jNi
K

kq

kz

effective diffusion coefficient of OHE for dense
membrane (m?/s)

effective diffusion coefficient of OH§ for porous
support (m?/s)

effective Knudsen diffusion coefficient of gaseous
species k (m?/s)

effective binary diffusion coefficient of gaseous
species k and [ (m?[s)

thickness of dense membrane (m)

total hydrogen permeation rate (mol m=2s~!)

OH flux through BZCY phase (mol m™2s™1)
hydrogen permeation through Ni
(molm~2s71)

equilibrium constant of step I in interfacial process
(Pa™")

forward rate constant of step II in interfacial pro-
cess (mol m=2s71)

backward rate constant of step II in interfacial
process (m/s)

thickness of the porous support (pm)

TPB length at dense membrane surface in unit area
(m/m?)

phase
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'y

TPB length at porous support in unit volume
(m/m?)

hydrogen partial pressure (Pa)

percolation probability

flux of sweep gas (Ar) at HL side (mL/min)
equivalent resistance of related
(m? s Pa®> mol™1)

particle radius (m)

pore radius (m)

effective cross section of the membrane (m?)
temperature (K)

TPB width (m)

Xi molar concentration of gaseous species i within
substrate (mol/m?)

™o

process

s-ﬁmmﬁ‘{

Greek letters

0 hydrogen atom coverage at Ni surface
5 depth of the extended TPB area within support (m)
u Bruggeman factor
Hm dynamic viscosity of gas mixture (Pas)
Tg tortuosity of the support
tq porosity of the support
Pel volume fraction of Ni phase
Subscript
io BZCY phase
el Ni phase
MSI membrane-support interface
L hydrogen lean side
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