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Hydrogen separation on microporous methyltriethoxysilane-templating silica com-
posite/a-alumina membranes (below MTES membrane) was studied using three binary
gas mixtures: H2/N2, H2/CO2, and H2/CH4. The characteristics of unsteady and steady-
state permeation/separation on the MTES membrane were compared to each other.
Although permeation flux in the H2/N2 mixture was comparatively low, H2 selectivity
was high (H2/N2 SF � 30–60). On the contrary, the H2/CO2 mixture showed high per-
meation flux but low H2 selectivity (H2/CO2 SF � 1.5–6.5). The H2/CH4 mixture
showed a large difference between permselectivity (28–48) and separation factor (10–
22). Results from this study revealed that it was difficult to predict the separation fac-
tor using the one-component permeation ratio (permselectivity) over the experimental
range tested. These separation characteristics could be primarily ascribed to the mo-
lecular size and structure of each gas, which likely contributed to steric hindrance or
molecular sieving within the membrane pore. In addition, the adsorption affinity of
each molecule on the membrane surface acted as a key factor in separation perform-
ance because it significantly influenced surface diffusion. The generalized Maxwell-
Stefan model incorporating the dust gas model, and the Langmuir model could suc-
cessfully predict the transient and steady-state permeation/separation. � 2007 American
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Introduction

The steady depletion of fossil fuel reserves makes hydro-
gen-based energy sources increasingly attractive. Therefore,
hydrogen production and separation technologies have
received enormous attention in the industrial and academic
fields.1,2 The competitiveness of membrane systems for gas
separation is predicted to be relatively equivalent to other
methods for small and intermediate scale applications. Mem-
brane systems are also likely to offer increased flexibility of
operation, thus membranes are likely to eventually challenge

the present commercial status of cryogenics and pressure
swing adsorption.3 Furthermore, microporous inorganic mem-
branes offer excellent thermal and chemical stability, good
erosion resistance, and high-pressure stability relative to con-
ventional polymeric membranes. Microporous ceramic mem-
branes with surface diffusion and molecular sieve properties
have both relatively high gas permeance and good selectivity
at higher temperatures. In addition, they are likely to be used
in membrane reactors for conversion enhancement in dehy-
drogenation and methane reforming reactions during hydro-
gen production.4,5

In the synthesis of hydrogen-permselective amorphous
silica-based membranes, sol–gel processing has received the
most attention due to its excellent processibility and its poten-
tial to precisely control pore size and structure.6–8 In addition,
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organic template-derived amorphous/nanoporous silica com-
posite membranes with uniform pore sizes comparable to those
in silica or zeolite membranes have been getting attention.
These membranes offer a high separation factor and high per-
meances stemming from molecular sieving.9–11

Recently, it was reported that zeolite or CMS membranes
showed excellent separation factor for H2/CH4 mixture com-
pared with other H2/CO2 and H2/N2 mixtures.12–15 Generally,
the gas-separation mechanisms for zeolite and CMS are equi-
librium and kinetic control, respectively. On the other hand, it
was reported that an METS-templating silica membrane
showed the characteristics of both equilibrium and kinetic con-
trol for these molecules because of the relatively mild adsorp-
tion affinity and pore size of thin-templating silica layer.10–11

Because H2 mixture from off-gas or reforming gas consists of
multicomponent, the separation mechanism of various binary
H2 mixtures should be elucidated at first. Furthermore, under-
standing equilibrium and kinetic separations in inorganic mem-
branes is important to develop an efficient membrane system.
In the case of adsorptive and molecular-sieving materials, such
as zeolite or CMS (carbon molecular sieve) membranes, many
researchers have already studied permeation/separation mecha-
nisms in extensive detail.16–26 However, in contrast to these
membranes, modeling and simulation studies using organic-
templating silica membranes have been very limited.11

In this study, the separation of three binary H2 mixtures in
an MTES-templating silica membrane was investigated as a
function of pressure and temperature. H2/N2, H2/CO2, and
H2/CH4 were investigated to elucidate the role of molecular
size, adsorption affinity, and molecular structure in mem-
brane separation. To depict the theoretical permeation and
separation mechanisms, this study adopted the GMS (gener-
alized Maxwell-Stefan) model that incorporated the DGM
(dust gas model) and the Langmuir model adapted to mate-
rial balance. The permeation flux and selectivity were eval-
uated using steady-state permeation of binary mixtures. The
transport behavior of each mixture was also analyzed using
unsteady-state permeation and separation experiments.

Theory

Transport of gases through inorganic membranes is influ-
enced by various mechanisms, including Knudsen diffusion,
viscous diffusion, and surface diffusion. Moreover, the sur-
face diffusion through a membrane is related to other factor
such as the adsorption equilibrium of strongly adsorbed com-
ponents.3

A quantitative description of mass transfer in porous media
must ensure the local conservation of mass for each partici-
pating species. In this study, a dynamic model incorporating
mass and energy balances was adopted to analyze the perme-
ation mechanism.

Transient permeation

The mass balance of a component, i, in an infinitesimal
volume can be presented as follows10,19:
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where Pi is the partial pressure, qi is the adsorbed phase concen-
tration, e is the porosity, and Ntot

i is the overall molar flux.

Equation 1 states that the local partial pressure and
concentration of the adsorbed species change with time,
depending on the transport rate of the components. The total
permeation flux is composed of pore diffusion and surface
diffusion:
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i ¼ e

s
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where NP
i is the flux by pore diffusion, NS

i is the flux by sur-
face diffusion, and s is the tortuosity factor.

Pore diffusion (DGM)

At the experimental pressure range, it was assumed that
the collisions between a molecule and the pore wall occur
more frequently than intermolecular collisions and there is a
difference in total pressure between the ends of a capillary.
Therefore, the molecular diffusion was neglected in the sepa-
ration mechanism. The macro- or mesopore diffusion can be
expressed as follows:

NP
i ¼ NKn

i þ NVis
i (3)

where NKn
i is the Knudsen diffusion and NVis

i is the viscous
diffusion.

The multicomponent pore diffusion consisting of Knudsen
diffusion and Poiseuille diffusion can be expressed by the
DGM (Dusty gas model).3,10,19
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For a homogeneous porous structure, the pore diffusion
contains the two parameters, DKn

i (Knudsen diffusivity: Eq.
5) and B0

i (viscous diffusion parameter: Eq. 6). These can be
determined by the following equations27:

DKn
i ¼ 2rP

3

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
(5)

B0
i ¼

r2P
8

(6)

where rP is the pore radius, R is the ideal gas constant, T is
temperature, M is molecular weight, gi is the viscosity of
each gas, s is the tortuosity of the membrane layer, DKn

i is
Knudsen diffusivity, B0

i is viscous diffusion constant, and gi
is viscosity of component i.20,21

Surface diffusion (GMS)

There was significant adsorption on the pore wall, espe-
cially in the MTES-templating silica layer.11 The diffusion
through the adsorbed phase (surface diffusion) was consid-
ered in the model.

The molar flux by the surface diffusion can be calculated
by the GMS model combined with the surface coverage. The
GMS model is based on the assumption that the movement
of species is caused by a driving force balanced by the fric-
tion of the moving species.16 The diffusion of adsorbed spe-
cies is derived by taking the gradient of the thermodynamic
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potential as the driving force and treating vacancies as partic-
ipating species:
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The first term on the right-hand side represents the friction
due to the counter exchange of adsorbed molecules, while
the second term represents surface friction.

In this study, the Maxwell-Stefan diffusivity, �DS
i , and the

surface coverage, hi, in Eq. 7 were calculated by the follow-
ing Langmuir isotherm model (Eq. 8):

hi ¼ qi
qsati

¼ biPi

1þPn
j¼1 bjPj

(8)

where qsati is the saturated amount of adsorption and bi is
Langmuir parameter of component i.

The chemical potential gradient can be related to the gra-
dient in the surface coverage by a matrix of thermodynamic
factor.20–23
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The thermodynamic potential gradient, !li, can be
expressed in terms of the gradients of the surface occupan-
cies by the matrix of thermodynamic factors given by:

Cij ¼ hi
@ lnPi

@hj
for one component; i ¼ jð Þ (10)

The surface fluxes through a membrane in a single (Eq.
11) and a binary (Eq. 12) system are derived by the combi-
nation of Eqs. 8–10:
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In some special cases, the friction between molecules is
much less important than the friction within the wall. In
these cases, �DS

ij (51) is much larger than �DS
i , and Eq. 12

can be reduced to
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If molecule–molecule interactions cannot be ignored,
Eq. 12 can be used. �DS

ij from the single-component diffusiv-

ities (Eq. 14) can be determined by using the empirical rela-
tion20,24:
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The cross-term diffusivities satisfy the Onsager reciprocity
relation20,23

�DS
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Heat effect

The overall energy balance can be expressed as fol-
lows25,26:
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where DHads is the heat of adsorption on the membrane, A is
the effective membrane area, Cp is the heat capacity, V is the
volume of the layer, hi is the convective heat transfer coeffi-
cient of the feed gas, and Tout is the feed temperature.

The change of temperature leads to variation of surface
diffusivity and adsorption equilibrium. The temperature
dependency of surface diffusivity can be expressed by the
following Arrhenius-type relationship27:

�Di ¼ �D0;i exp
�ED

RT

� �
(17)

where ED is the diffusional activation energy and �D0;i is the
diffusivity at infinite temperature. The temperature depend-
ency of adsorption parameters, qsati and bi, can be calculated
with the LRC (loading ratio correlation) using the Langmuir
isotherm,28 and bi is related to heat of adsorption using the
van’t Hoff equation22:

qsati ¼ k1=T
k2 (18)

bi ¼ bi;0 exp
DHads

RT

� �
(19)

where k1 and k2 are the fitting parameters and bi,0 is the
Langmuir parameter at zero loading.

Models

This study applied the following four models to the experi-
mental results to evaluate the importance of equations men-
tioned earlier:

Model 1: Permeation flux predicted from single gas data
and permselectivity calculated from partial feed pressures.

Model 2: Prediction of multicomponent permeation from
single gas diffusion model using Darken-type diffusivity
(Eq. 11).

Model 3: Prediction of multicomponent permeation from
GMS model without intermolecular diffusion (�Dij 5 1,
Eq. 12).

Model 4: Prediction of multicomponent permeation from
GMS model with intermolecular diffusion (�Dij = 1,
Eq. 13).
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Experimental

Membrane preparation

A MTES sol as the structure-directing agent was used for
the templating material in the fabrication of a nanoporous
silica/a-alumina composite membrane. The SiO2/a-Al2O3

composite support (1.6-nm mean pore diameter) was pre-
pared using a pressurized coating of colloidal silica sol inside
tubular a-Al2O3 supports (7.8-mm outside diameter, 6.2-mm
inside diameter, 0.8-mm thickness, 100-mm length, and 0.1-
lm mean pore diameter). In this study, a MTES sol was
used as the templating material in the fabrication of a nano-
porous silica/a-alumina composite membrane. This organic
material could serve as a suitable template in the formation
of a ‘‘zeolitelike’’ armophous silica membrane with a uni-
form pore radius of ;3 Å.8,9 The organic-templating silica
sol was prepared from the mixture of silica sol and organic
template MTES (99% purity, Aldrich, USA), and the
organic-templating silica composite membrane was fabricated
by dip coating the SiO2/a-Al2O3 composite supports in the
templating silica sols. The whole process of dip coating, dry-
ing, and calcining was repeated 12 times to repair any
defects in the silica layer. The pore size of the silica compos-
ite membrane was controlled using TEOS-EtOH solution.
The details of the membrane synthesis and characteristics
have been previously described.8,9

Permeation experiments

In the study, the permeation experiments in the inorganic
membrane were performed at temperatures between 323 and
473 K and at a pressure between 100 and 700 kPa. All gas-
ses used for permeation and separation experiments had
greater than 99.99% purity. The three binary mixtures
selected for this study were H2/N2, H2/CO2, and H2/CH4

(50:50 v/v). The permeation experiment for each condition
was performed up to three times, and the results shown were
within less than 63% deviation at each condition.

The permeation of pure gases was measured in dead-end
mode without the retentate stream, while permeation/separa-
tion of binary mixtures was measured in stage-cut mode con-
trolling feed and retentate flow rates. The permeation flux
and separated composition were measured using a mass flow
meter and online quadrupole mass spectrometer (QMG 422,
Balzers, Germany). Experiments investigating the depressuri-
zation (DP, feed pressure ? atmospheric pressure) step and
the pressurization (PR, atmospheric pressure ? feed pres-
sure) step were performed to elucidate the permeation/separa-
tion mechanism.

Experiments were performed using a tubular-type mem-
brane with an ID of 6.2 mm and an effective length of 8.6
cm. The effective permeation area of the membrane was
16.89 cm2. The membrane was placed in a stainless steel tu-
bular module. The cell consisted of a sweeping gas inlet line
and a three-way permeated outlet line to prevent the stagna-
tion of permeated gases. The inlet gas line, inner cell, and
outer cell were equipped with thermocouples (RTD type, Pt
100 X) to measure the system temperature. A thermocouple
was placed in the center of the cell to measure the inner cell
temperature. Pressure was measured by two pressure trans-
ducers located at the inlet and the permeate of the cell. Feed

gas was controlled by an MFC (mass flow controller) and a
gas cylinder pressure regulator. Retentate gas was controlled
by another MFC and a BPR (back-pressure regulator). The
flow rate of the permeated gas was measured by an MFM
(mass flow meter), a soap bubble flow meter, or a wet gas
meter. Before the experiments, the membrane cell was acti-
vated at 2508C and placed under vacuum conditions to
remove the residual adsorbed gas species. Detailed descrip-
tions of the experimental system and the permeation mea-
surement procedure can be found in a previous study.10,11

Numerical simulation

In this study, the gPROMS modeling tool (Process Sys-
tems Enterprise) was used to obtain the solution of dynamic
simulation from the mathematical model mentioned above. A
centered finite difference method of the second order was
applied to the spatial partial derivatives. The differential-
algebraic equations for the temporal domain were sub-
sequently integrated by employing an integrator, called
DASOLV, included in the gPROMS library. The results of
numerical simulation were stable for the range of conditions
used in this study.

Results and Discussion

Single gas permeation

In the previous study,11 single gas permeation fluxes of
H2, CH4, N2, and CO2 were measured under dead end condi-
tion. In this study, the separation mechanisms of the mem-
brane are assumed to be determined solely by the silica layer
because of its large adsorption capacity and small pores in
comparison with the a-alumina support. As shown in Figure
1, the validity of the assumption was confirmed since the
simulated results using the combined DGM (Eq. 4) and GMS
models (Eq. 11) agreed well with the experimental data.10,11

Figure 1a reveals that H2 showed an almost linear permea-
tion flux that was proportional to feed pressure at a fixed
temperature of 373 K. In contrast, the permeation fluxes of
CO2, N2, and CH4 were nonlinearly proportional to feed
pressure. Moreover, CO2 permeation exhibited particularly
strong favorable curvature and comparatively high flux,
which were ascribed to its high adsorption affinity and struc-
ture.7 The steady-state permeation fluxes of N2 and CH4

were much lower than those of H2 and CO2.
It is noteworthy that the temperature dependency of CO2

at the feed pressure of 500 kPa is different from the others,
as shown in Figure 1b. The permeate fluxes of H2, CH4, and
N2, increased with temperature. On the other hand, the per-
meate flux of CO2 was highest at low temperature (323 K),
but decreased with increasing temperature. Because the levels
of adsorption and affinity generally increase in a manner
inversely proportional to temperature, the low temperature
will contribute to the surface diffusion of CO2 in the mem-
brane. However, the permeation fluxes of H2, CH4, and N2

molecules increased with temperature due to increased mo-
bility of the molecules in the MTES membrane pores.2,10,11

Moreover, the effect of temperature on the permeate flux of
H2 was significant due to its molecular size and low adsorp-
tion affinity relative to the other molecules.
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As shown in Figure 1c, H2 reached steady state within
approximately 30 s, significantly earlier than the other mole-
cules. CO2 reached steady state at about 200 s, while N2 and
CH4 took longer than 1000 s to reach steady state. The per-
meation flux and rate of CO2, with its linear structure and
relatively small kinetic diameter (3.30 Å), were much higher
and faster than those of CH4 or N2. This was due to the

strong adsorption affinity and capacity. H2 had the smallest
kinetic diameter (2.92 Å) and the weakest adsorption affinity.
This molecule showed the highest and fastest permeation
flux. On the contrary, the permeation rate of CH4 was the
slowest of all the molecules studied despite its high adsorp-
tion affinity. This was due to steric hindrance or molecular
sieving attributed to its tetrahedral structure and relatively
large kinetic diameter (3.82 Å). Even though N2 has a linear
structure, the permeation rate was low due to its large kinetic
diameter (3.64 Å).11

In general, the ideal permselectivity of gas-separation
membranes is used as an indicator of quality. In this study,
the ideal permselectivities of the H2 binary systems were cal-
culated from the single gas permeability using the following
equation, and the results are presented in Table 1.

apermAB ¼ Ntot
A =Ntot

B ðat the same operating conditionÞ (20)

As seen in Table 1, higher selectivity can be obtained at
higher temperatures from the perspective of permselectivity.
In addition, the H2/CH4 system shows the highest selectivity
compared to the other H2 mixtures.

In the binary system, the separation factor, aAB, can be
calculated by following equation instead of Eq. 20:

aAB ¼ yA=yB
xA=xB

¼ yA= 1� yAð Þ
xA= 1� xAð Þ (21)

where x and y are the feed and permeation composition,
respectively, and component A is the more permeable mole-
cule.

The actual selectivities (Eq. 21, separation factor) of bi-
nary mixtures differed from the actual selectivities calculated
from single gas permeation results presented in Figure 1b.
This result implies that it is difficult to predict the selectivity
of gas mixture accurately using measurements from single
gas experiments. The details will be discussed in the next
section with experimental and simulated results of binary
mixtures.

Binary mixture permeation

Permeation fluxes of the binary mixtures, H2/N2, H2/CO2,
and H2/CH4 (50:50 v/v), were measured as functions of pres-
sure and temperature while other conditions, such as feed
flow rate, stage cut, and sweeping gas flow rate, were held
constant. Figures 2, 4, and 6 show steady-state permeation
fluxes and separation factors of H2/N2, H2/CO2, and H2/CH4

Figure 1. Experimental and simulated permeation
fluxes of H2, CO2, CH4, and N2 on MTES-
templating silica/a-alumina composite
membrane under dead end (stage cut 5 1)
condition.10,11

(a) Pressure effect at 373 K, (b) temperature effect, and
(c) single gas transient permeation.

Table 1. The Permselectivity of H2/N2, H2/CO2 and H2/CH4

by Using Single Gas Permeation Fluxes at 500-kPa Feed
Pressure (400 kPa Pressure Drop) and 323–473 K

Temperature Range

Permselectiviy (2)

H2/N2 H2/CO2 H2/CH4

323 K 19.30 0.88 23.01
373 K 28.09 1.99 35.76
423 K 32.89 3.12 42.25
473 K 33.85 4.45 42.85
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binary mixtures on the MTES membrane, respectively. Fig-
ures 3, 5, and 7 present transient permeation curves at the
corresponding H2 mixture.

The permeability of the three H2 binary systems at 323–
473 K is presented in Table 2. The average permeability was
calculated through the steady-state flux of binary gas mix-
ture. The permeability of the H2 binary mixture in the mem-
brane was 1.30–2.82 3 1029 mol m22 s21 Pa21, and the
sequence of the average permeability was H2/CO2 [ H2/N2

[ H2/CH4.
In this study, the Maxwell-Stefan diffusivities obtained

from single gas permeation were re-estimated by fitting the
experimental results of binary gas permeation. The parame-
ters obtained from the experimental data at the pressurization
(PR) step were applied to the results of the depressurization
(DP) step. In addition, the parameters estimated at specific
temperature, and pressure conditions (such as Figure 2) were
applied to predict the steady-state permeation and separation
factors measured under different experimental conditions
(such as Figure 3). For comparison, the diffusivities obtained
from single (Model 1) and binary gas permeation (Models 2–
4) are presented in Table 3.

H2/N2 mixture

Figure 2 shows the transient permeation curves, (a) PR
and (b) DP, of the H2/N2 mixture at 373 K and 600 kPa (500
kPa pressure drop). The permeation flux of H2 reached pla-
teau at about 250 s during the PR step. H2 molecules with
small kinetic diameters (2.92 Å) then began to permeate
within 10 s. In contrast, the permeation of N2, which has a
comparatively large kinetic diameter (3.64 Å), was observed
at 90 s and reached plateau within 500 s. This result was sig-
nificantly different from the results of single gas permeation
presented in Figure 1c. This is because H2 single gas reached
plateau within about 30 s, and N2 single gas took over 1000
s to reach steady state. In the H2/N2 binary mixture, the per-
meation rate of N2 increased and that of H2 decreased com-
pared to single gas permeation. This implies that N2 permea-
tion is enhanced by H2 permeation, while H2 permeation rate
is inhibited by the slow permeation rate of N2.

Figure 2b demonstrates that the transient permeation of H2

showed some different behaviors at the DP and PR steps. In
contrast, the transient curve of N2 at the DP step agreed with
the transient behavior at the PR step. The permeation flux of
H2 during 100 s of the DP step decreased drastically, which
corresponded to the steep increase of permeation flux during

Figure 2. Transient permeation flux of H2/N2 binary
mixture (50/50 v/v) on MTES membrane at
323.15 K and 600 kPa.

(a) PR (pressurization) step and (b) DP (depressurization)
step. Other operating conditions, such as sweeping gas
flow rate (550 sccm) and stage cut (50.60), were held
constant. Symbols are experimental data and lines are sim-
ulation results.

Figure 3. Steady-state permeation of H2/N2 binary mix-
ture (50/50 v/v) on MTES membrane at
323.15–473.15 K.

(a) Permeation flux and (b) H2/N2 separation factor. Other
operating conditions, such as sweeping gas flow rate (550
sccm) and stage cut (50.60), were held constant. Symbols
are experimental data and lines are simulation results.

Table 2. The Average Permeablitiy of H2/N2, H2/CO2, and
H2/CH4 Binary Mixtures Calculated from the Experimental

Results at 100–600 kPa and 323–473 K

Permeability (mol m22 s21 Pa21)

H2/N2 (31029) H2/CO2 (31029) H2/CH4 (31029)

323 K 1.40 1.84 1.30
373 K 1.66 2.54 1.68
423 K 2.11 2.78 1.96
473 K 2.43 2.85 2.36
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the same period in the PR step, as presented in Figure 2a.
However, a tailing phenomenon was observed during the DP
step after 100 s, and the permeation flux did not reach steady
state until 450 s. This implies that small H2 molecules with
low adsorption affinity remain in the pore near atmospheric
pressure condition.

Figure 2 compares the experimental data and simulated
results calculated from the various aforementioned models.
Model 1, which uses the results of single gas permeation,
shows large deviation from the experimental data. As can be
seen in Figure 2a, the transient and steady-state permeation
fluxes predicted by Model 1 were much faster and higher
than those of the experimental data. As a result, the permea-
tion flux at the DP step was higher and the tailing could not
be predicted. On the contrary, the simulated permeation rate
of N2 was slower at the early period, but the crossover was
observed after passing a certain period of time in Figure 2a.
Because the permeation flux at steady state became larger
than the experimental data at the PR step, the simulated
result at the DP step naturally showed a large deviation. This
implies that diffusion parameters obtained from single gas
permeation do not accurately predict multicomponent perme-
ation.

The roll-up phenomenon is caused by the displacement of
a weaker adsorbate by a stronger one in the adsorption pro-
cess.2,29 The permeation flux of weak adsorbate with a small
molecular size steeply increased with time. On the other
hand, the permeation flux of the strong adsorbate with a large
molecular size is small due to the adsorption in the pores for
a certain period of time. However, if the adsorption of the
strong adsorbate reaches its saturated amount, the permeation
flux of the weak adsorbate decreases owing to the increased
permeation flux of the strong adsorbate. The roll-up phenom-
enon can also be observed in the case when the strong ad-
sorbate has faster permeation flux because of the hindrance
effect of the weak adsorbate in the pore.30

In Model 2 (Eq. 11), the single gas diffusion model using
the Darken-type diffusivity was extended to binary gas per-
meation. The extended Langmuir model (Eq. 5) that incorpo-
rates competitive adsorption was used as the isotherm model.
Model 2 was also developed based on single gas permeation;
therefore, the roll-up phenomenon2,29 cannot be described,
but Model 3 (Eq. 13, �Dij 5 1, ignoring intermolecular dif-
fusion) and 4 (Eq. 12, �Dij = 1, considering intermolecular
diffusion) can describe it. As shown in Figure 2a, the roll-up
phenomenon was not observed in this study because of the

thin membrane layer and a weak adsorption of H2. In the
permeation flux of H2 at the PR step, the prediction by
Model 2 was more accurate than that by the other models in
Figure 2a. In addition, Model 3 could predict the permeation
flux reasonably, but the deviation was larger than that of
Model 2 due to the roll up of the permeation flux prediction.
In the case of the permeation flux of H2 at the DP step,
Model 3 was slightly better than Model 2 in Figure 2b, but
the other models showed a large deviation. However, the per-
meation flux of N2 could be predicted accurately by Models
2–4 at both PR and DP steps. Therefore, in this study, Mod-
els 2 and 3 were applied to the prediction of the other binary
systems including the steady state and unsteady-state permea-
tion fluxes.

Figure 3 shows the steady-state permeation curve and sep-
aration factor of the H2/N2 mixture at 323–473 K tempera-
ture range. The average H2/N2 binary mixture permeability
was 1.40–2.43 3 1029 mol m22 s21 Pa21, and the H2/N2

separation factor was 28.85–51.05. Because of increased mo-
bility of the molecules in the MTES membrane pores, the
permeation fluxes of H2/N2 binary mixture increased with an
increase in temperature in Figure 3a. The separation factor of
H2/N2 binary mixture increased with temperature at a fixed
pressure, but it decreased with an increase in pressure at
fixed temperature in Figure 3b. The permeability of the
MTES membrane was much lower than that of CMS mem-
brane (1.5 3 1026 mol m22 s21 Pa21 at 298 K), but the sep-
aration factor was slight better than CMS membrane (30–40
at 298–423 K).14 And, its permeability was comparable to
that of zeolite membrane (8.3 3 1029 mol m22 s21 Pa21 at
523 K).12 On the other hand, its permeability was higher
than that of polymeric membrane (1.8 3 10210 mol m22 s21

Pa21 at 308 K),31 while the separation factor was lower (50–
70 at 298–323 K).32

Because both H2 and N2 molecules have weak adsorption
affinity on the membrane, the permeation mechanism of the
H2/N2 binary mixture is dominated by molecular sieving or
pore diffusion rather than by surface diffusion caused by
adsorption. Because N2 molecules are not strongly adsorbed
on the pore walls, the permeation of H2 molecules is not dis-
turbed by the improved mobility of N2 molecules. In addi-
tion, it was reported that the permeation flux of pure H2 gas
was more affected by a change of temperature than that of
pure N2 gas.11 However, because increased pressure contrib-
utes to overcoming the steric hindrance of N2 molecules, H2/
N2 separation factor decreased with increasing pressure at a

Table 3. Darken-Type Diffusivity from Previous Study
11

(Model 1) and Maxwell-Stefan Diffusivity [Model 2 (Eq. 11),
3 (Eq. 13), and 4 (Eq. 14)]

�Di (m
2/s)

H2 (310211) N2 (310212) CO2 (310211) CH4 (310212)

Model 1 Single gas *8.50 *2.55 *1.69 *1.27
Model 2 H2/N2 1.70 4.10 – –

H2/CO2 2.20 – 1.38 –
H2/CH4 1.90 – – 3.50

Model 3 and 4 H2/N2 1.70 4.10 – –
H2/CO2 2.20 – 1.38 –
H2/CH4 1.90 – – 3.50

*Referred from Moon et al.11
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fixed temperature. In the H2/N2 binary mixture consisting of
two weakly adsorbing gases, the separation factors
approached the permselectivity while the permeation flux
became smaller than the results of single gas permeation.

H2/CO2 mixture

Figure 4 shows the transient permeation curves [(a) PR
and (b) DP] for the H2/CO2 mixture at 373 K and 600 kPa
(500 kPa pressure drop). The simulated results of H2 tran-
sient permeation in H2/CO2 binary mixtures predicted by
Model 2 was more accurate at the PR step, while Model 3
was more accurate at the DP step. However, in the case of
CO2 permeation, both Models 2 and 3 were well fitted to the
experimental data and showed similar values.

Both H2 and CO2 molecules began to permeate within 10
s during the PR step. The permeation flux of H2 was close to
reaching its plateau (steady state) by ;150 s and subse-
quently underwent a steady increase until 300 s. On the other
hand, the permeation flux of CO2 reached its steady state
within 250 s. In the case of this mixture, combined differen-
ces in diffusivity and adsorption affinity might be a driving

force of permeation. Because the competitive adsorption and
pore filling of components occur in the silica layer of the
membrane, little permeation is observed at the beginning of
the PR step. After a certain period of time, weakly adsorbed
H2 begins to permeate through the membrane pore. However,
as the adsorption proceeds, the vacant sites in the pore
become occupied by CO2, and the surface concentration of
CO2 is intensified. This leads to the hindrance of the H2 per-
meation due to the pore blockage by CO2. In addition,
because of their weak adsorption affinity and small/linear
structure, H2 molecules permeated more easily and rapidly
than CO2. Similar to the above H2/N2 binary mixture, com-
pared to the single gas permeation in Figure 1c, the permea-
tion rate of CO2 became faster but that of H2 became slower
in H2/CO2 binary mixture. CO2 permeation is assumed to be
enhanced by H2 permeation; however, the H2 permeation
rate is disturbed by CO2 in the pore.

Unlike for the DP step in H2/N2 transient permeation in
Figure 2b, the permeation flux of H2 at the DP step in Figure
4b was considerably delayed (longer tailing). H2 permeation
was also expected to be hindered by the strongly adsorbed
CO2 molecules. Because H2 permeation is affected by pore
diffusion rather than surface diffusion, diminished pressure
drop during the DP step cannot play an important role as
driving force.11 On the contrary, in the case of CO2 permea-
tion, the deviance between the times to reach the steady state
in the PR and DP steps is relatively small. As reported in
our previous studies,10,11 surface diffusion is the dominant
transport mechanism of CO2 on the MTES membrane.
Because concentration of strongly adsorbed CO2 is main-
tained for a certain period on MTES membrane, it can be a
driving force for CO2 flux during the DP step.

As shown in Figures 5a, b, the steady-state permeation
flux and the separation factor in the H2/CO2 system increased
with the increase in the feed pressure. The average perme-
ability was 1.84–2.85 3 1029 mol m22 s21 Pa21, and the
separation factor was 1.68–6.45. The separation factor of the
MTES membrane was lower than that of the other types of
membrane (3.9–6.8 at 373–474 K for zeolite membrane,13

10.7 at 523 K for CMS membrane,15 8–8.5 at 293–303 K for
polymeric membrane33). However, its permeability was
higher than that of CMS membrane (3.2 3 10210 mol m22

s21 Pa21 at 523 K)15 and polymeric membrane (8.2 3 10217

mol m22 s21 Pa21 at 593 K)34 except for that of zeolite
membrane (5 3 1027 mol m22 s21 Pa21 at 473 K).13

The permeation flux of the H2/CO2 mixture was higher
than the other binary systems, such as H2/N2 and H2/CH4.
This was due to the strong surface diffusion effect and com-
paratively small kinetic diameter (3.30 Å) of CO2. However,
H2 selectivity was lower with H2/CO2 than with other binary
gas mixtures. In the case of the H2/CO2 mixture, surface dif-
fusion and molecular sieving occurred simultaneously; thus,
the flux of H2 was significantly hindered by the CO2 occupy-
ing the pores. Therefore, the increase in selectivity resulting
from the increase in pressure shown in Figure 5b was almost
negligible compared to the results of the H2/CO2 system
shown in Figure 3b. However, as temperature increased, the
permeation fluxes of H2 increased steeply while those of
CO2 decreased. Namely, pore occupation of CO2 by adsorp-
tion force was diminished drastically by increasing tempera-
ture, but the molecular mobility of H2 was increased. There-

Figure 4. Transient permeation flux of H2/CO2 binary
mixture (50/50 v/v) on MTES membrane at
323.15 K and 600 kPa.

(a) PR (pressurization) step and (b) DP (depressurization)
step. Other operating conditions, such as sweeping gas flow
rate (550 sccm) and stage cut (50.60), were held constant.
Symbols are experimental data and lines are simulation
results.
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fore, the higher separation factor was observed at the higher
temperature.

H2/CH4 mixture

Figure 6a shows the transient permeation curves of the H2/
CH4 mixture at 373 K and 600 kPa during the PR step. The
permeation flux of H2 reached plateau at about 200 s; how-
ever, but the permeation flux for CH4 took over 1100 s to
reach steady state. In the case of the single gas permeation
experiments in MTES membrane (Figure 1c), the permeation
rate of CH4 was much slower than that of H2. In addition,
the permeation rate of CH4 in the H2/CH4 system became
faster than that of the single gas permeation. On the contrary,
the permeation rate of H2 was decreased considerably com-
pared to the results using single gases. Figure 6b shows the
transient permeation of H2/CH4 mixture during the DP step.
Similar to the behavior of the H2/N2 system, the H2 permea-
tion flux at the beginning of the DP step decreased drasti-
cally and a tailing phenomenon was observed after 100 s.
CH4 has a strong adsorption affinity, comparatively large ki-
netic diameter, and tetrahedral structure. Therefore, this mol-
ecule blocked the pore channels and somewhat disturbed H2

permeation. In addition, the permeation rate of CH4 during
the PR and DP steps was still much slower than that of N2

and CO2 due to the steric hindrance.
The simulated results for CH4 in the H2/CH4 system pre-

dicted by Models 2 and 3 fit the experimental data well. In
the case of H2, Model 2 using Darken-type diffusivity
showed better agreement than Model 3 using Maxwell-Stefan
diffusivity. The simulated result obtained from Model 3
showed a weak roll-up phenomenon for H2, owing to com-
petitive adsorption with CH4. However, roll-up phenomena

were not observed in the experiment because of low adsorp-
tion within the thin membrane layer.

As shown in Figure 7, the average permeability for the
H2/CH4 system was 1.30–2.36 3 1029 mol m22 s21 Pa21,
and the separation factor was 10.49–20.74. The separation
factor of the MTES membrane was high, but it was still
much lower than that of zeolite membrane (533–321 at 373–
474 K)13 and CMS membrane (\200 at 523 K).15 In addi-
tion, the permeability of zeolite membrane was also much
higher than that of the MTES membrane (2 3 1026 mol
m22 s21 Pa21 at 473 K).13

The prediction by Model 2 fit the experimental data better
than the prediction by Model 3. The permeated flux and the
separation factor in the H2/CH4 system increased simultane-
ously with an increase in feed pressure or temperature. This
was also observed with the H2/CO4 system. However, the
separation factor of the H2/CH4 system at 373–473 K was
affected by the feed pressure more than the separation factor
of the H2/CO4 system. This result implies that the improve-
ment of H2 permeation flux by increasing pressure is higher
than that of CH4 due to the steric hindrance and decreased

Figure 6. Transient permeation flux of H2/CH4 binary
mixture (50/50 v/v) on MTES membrane at
323.15 K and 600 kPa.

(a) PR (pressurization) step and (b) DP (depressurization)
step. Other operating conditions, such as sweeping gas flow
rate (550 sccm) and stage cut (50.60), were held constant.
Symbols are experimental data and lines are simulation
results.

Figure 5. Steady-state permeation of H2/CO2 binary
mixture (50/50 v/v) on MTES membrane at
323.15–473.15 K.

(a) Permeation flux and (b) H2/CO2 separation factor.
Other operating conditions, such as sweeping gas flow rate
(550 sccm) and stage cut (50.60), were held constant.
Symbols are experimental data and lines are simulation
results.
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adsorption amount of CH4. At low temperature, the increased
adsorption amount of CH4 with pressure might prevent H2

molecules from permeation.

Hydrogen separation

Table 4 shows the separation factor of the H2/N2, H2/CO2,
and H2/CH4 systems at 500 kPa (400 kPa pressure drop) and
323–473 K temperature range. The sequence of the separa-
tion factor is H2/N2 [ H2/CH4 [ H2/CO2 under the same
conditions.

Figure 8 shows comparison between permselectivity and
separation factor of H2 binary mixtures at 373 K and 500
kPa (400 kPa pressure drop). As shown in Figure 8, the sep-
aration factors for the H2/N2 and the H2/CO2 systems
showed higher values than the permselectivities obtained
from single gas permeation experiments (Table 1). On the
other hand, the separation factor of the H2/CH4 system was
lower than permselectivity. This is because H2 permeation is
prevented by the structural hindrance and strong adsorption
affinity of CH4.

It is also noteworthy that the separation factor of the H2/
CH4 system is smaller than that of the H2/N2 system, even

though the permselectivity of the H2/CH4 system is slightly
higher than that of the H2/N2 system. However, the differ-
ence between permselectivity and separation factor was small
in the H2/CO2 system.

As a result, when the permeation mechanism is dominated
by adsorption equilibrium, the permselectivity is similar to
the separation factor. On the other hand, when the permea-
tion mechanism is controlled by adsorption equilibrium as
well as kinetics, the permselectivity is different from the sep-
aration factor because the permeation flux in the MTES
membrane is affected by the surface diffusion originated by
adsorption property as well as molecular sieving. In this
case, the kinetic parameters should be obtained from the
mixture for accurate prediction.

Conclusions

The permeation/separation characteristics for H2 binary
mixtures, H2/N2, H2/CO2, and H2/CH4 (50:50 v/v), were
studied using MTES silica/alumina membranes. In the case
of the H2/N2 and the H2/CH4 mixtures, although the per-
meation fluxes of the MTES membrane are comparatively
low (permeabilities of H2/N2 � 1.40–2.43 3 1029 mol
m22 s21 Pa21, H2/CH4 � 1.30–2.36 3 1029 mol m22 s21

Pa21), results demonstrated high H2 selectivities (H2/N2 SF
� 30–60; H2/CH4 SF � 10–22). In contrast, the separation
factor for the H2/CO2 mixture was low (H2/CO2 SF � 1.5–
6.5) and had high permeability (1.84–2.85 3 1029 mol
m22 s21 Pa21).

For mixtures of H2 and comparatively large molecules,
such as N2 and CH4, the permselectivity of H2/CH4 was
slightly higher than that of the H2/N2 system. However, the
separation factor of the H2/CH4 system was smaller than that
of the H2/N2 system. For mixtures of H2 and molecules with
strong adsorption affinity, such as CO2 and CH4, the separa-
tion factor of the H2/CO2 system was far smaller than that of
the H2/CH4 system. However, the difference in separation
factor between these two systems was much smaller than the
difference in permselectivity. In addition, the H2/CH4 system
reached steady state much slower than the H2/N2 system due
to the structural hindrance and molecular sieving effect of

Table 4. The Separation Factor of H2/N2, H2/CO2, and
H2/CH4 Systems at 500 kPa with 400 kPa Pressure Drop
and 323–473 K Temperature Range kPa Feed Pressure

Separation Factor (2)

H2/N2 H2/CO2 H2/CH4

323 K 28.85 1.68 10.49
373 K 33.81 3.00 16.17
423 K 42.68 4.36 18.64
473 K 51.05 6.45 20.74

Figure 8. Comparison between permselectivities and
separation factors of H2 binary mixtures at
373 K and 500 kPa (400 kPa pressure drop).

Figure 7. Steady-state permeation of H2/CH4 binary
mixture (50/50 v/v) on MTES membrane at
323.15–473.15 K.

(a) Permeation flux and (b) H2/CH4 separation factor.
Other operating conditions, such as sweeping gas flow rate
(550 sccm) and stage cut (50.60), were held constant.
Symbols are experimental data and lines are simulation
results.
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CH4. The separation factor was increased with temperature
in all the systems, while the effect of pressure on the separa-
tion factor differed. The separation factor of the H2/CH4

system was increased with pressure while that of the H2/N2

system was decreased. In addition, the change of separation
factor by pressure was negligible in the H2/CO2 system.

When the adsorption equilibrium is a dominant permeation

mechanism, such as in the H2/CO2 system, the permselectiv-

ity is similar to the separation factor. On the other hand,

when the permeation mechanism is dominated by adsorption

equilibrium and kinetics, the permselectivity is different from

the separation factor (such as the H2/N2 and H2/CH4 sys-

tems). The permeation flux in the MTES membrane is pre-

sumed to be affected by the surface diffusion as well as

molecular sieving. Therefore, the kinetic parameters, such as

diffusivities, should be estimated from the mixture behaviors

for more accurate prediction. In this study, the experimental

results of unsteady-state permeation agreed well with the

mathematical model using surface diffusion (Darken type

equation and generalized Maxwell-Stefan model) and micro-

pore diffusion (dusty gas model).
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Notation

bi5parameter in the Langmuir isotherm model (Pa21)
b0,i5 parameter of species i in the Langmuir isotherm model at zero

loading (Pa21)
B0
i 5Poiseuille structural parameters of species i (m2)

DKn
i 5Knudsen diffusivity of species i (m2 s21)

�D0;i 5Maxwell-Stefan surface diffusivity at infinite temperature
(m2 s21)

�DS
i 5Maxwell-Stefan surface diffusivity (m2 s21)

Ea5 activation energy (J mol21)
DHads5heat of adsorption (J mol21)

k15 temperature dependant parameter for saturated adsorption
capacity (mol/g)

k25 temperature dependant parameter for saturated adsorption
capacity (2)

Mi5molecular weight of species i (mol g21)
Ni5molar flux of species i (mol m22 s21)

NKn
i 5molar flux of Knudsen diffusion of species i (mol m22 s21)
NP
i 5molar flux of pore diffusion of species i (mol m22 s21)

NS
i 5molar flux of surface diffusion of species i (mol m22 s21)

Ntot
i 5 total molar flux of species of i (mol m22 s21)

NVis
i 5molar flux of viscous diffusion of species i (mol m22 s21)
Pi5partial pressure of species i (Pa)
qi5 adsorbed species concentration within layer pores (mol g21)

qsati 5 saturated capacity of adsorbed species i (mol g21)
R5gas constant, 8.314 (J mol21 K21)
rP5pore radius (m)
T5 absolute temperature (K)
t5 time (s)
xi5 feed composition of component i
yi5permeation composition of component i

Greek letters

Gij5 thermodynamic factor of species i,j
e5porosity of membrane
gi5viscosity of species i (Pa s)
hi5 fractional surface occupancy of species i

li5 chemical potential of species i (J mol21)
q5membrane density (g m23)
s5 tortuosity factor

Subscripts/superscripts

i,j,1,25 component i,j,1,2
vis5viscous flow
Kn5Knudsen flow
tot5 total flow
sat5 saturated
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