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Understanding the effects of water vapor on gas permeation and separation proper-
ties of MFI zeolite membranes, especially at high temperatures, is important to the
applications of these zeolite membranes for chemical reactions and separation involv-
ing water vapor. The effects of water vapor on H2 and CO2 permeation and separation
properties of ZSM-5 (Si/Al � 80) zeolite and aluminum-free silicalite membranes were
studied by comparing permeation properties of H2 and CO2 with the feed of equimolar
H2/CO2 binary and H2/CO2/H2O ternary mixtures in 300–550�C. For both membranes,
the presence of water vapor lowers H2 and CO2 permeance to the same extent, result-
ing in negligible effect on the H2/CO2 separation factor. The suppression effect of
water vapor on H2 and CO2 permeation is larger for the less hydrophobic ZSM-5 zeo-
lite membrane than for the hydrophobic silicalite membrane, and, for both membranes,
is stronger at lower temperatures and higher water vapor partial pressures. VVC 2011
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Introduction

MFI-type zeolites are crystalline aluminosilicates with mo-
lecular-scale pores constructed by the 10-membered oxygen
rings. Because of the small pore openings and uniform pore
size distribution in the crystal structure, MFI zeolite mem-
branes can be used to separate small gas mixtures and
organic isomers by gas/vapor permeation1–3 and azeotropic,
close-boiling, and heat sensitive organic mixtures through
pervaporation.4–6 Gas or liquid mixtures whose components
have different adsorption affinities with zeolitic pores can
also be separated by MFI zeolite membranes, as the compo-
nent with strong adsorption on zeolitic pores blocks the

zeolitic pore channels for the permeation of the weakly
adsorbing component through the membrane, resulting in a
high selectivity for the strongly adsorbing component over
the weakly adsorbing component.7

The suppression effect of a strongly adsorbing component
on the permeation of a weakly adsorbing component through
MFI zeolite membranes was observed in many binary gas
systems. The permeation of H2 was strongly suppressed by
the adsorbing components, such as n-C4H10 and CO2, at low
temperatures.8 As temperature increases, the permeance of n-
C4H10 decreases, whereas the H2 permeance increases due to
the weakening of the adsorption between n-C4H10 and MFI
zeolitic pores. Because of the suppression effect of CO2 on
H2 permeation through the MFI zeolite membranes at low
temperatures, the quality of MFI zeolite membranes can be
evaluated by measuring the H2/CO2 separation factor of the
membranes at room temperature.9 High quality membranes
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with few defects show high CO2/H2 separation factor at
room temperature due to the adsorption of CO2 molecules
into zeolitic pores and suppression of H2 permeation through
the membrane by blocking the zeolitic pores. Similarly,
CO2/N2 separation factor of 13.7 on a Na-ZSM zeolite mem-
brane was reported because the preferential adsorption of
CO2 molecules into zeolitic pores hindered the permeation
of N2 through the membrane.10

MFI zeolite membranes also offer applications in separa-
tion of organics/water mixtures by pervaporation because
organics and water have different adsorption affinities with
zeolitic pores.11 High silica hydrophobic MFI zeolite (silica-
lite) membranes are used for removal of organics from
water, whereas the hydrophilic MFI zeolite (ZSM-5) mem-
branes are used to remove water from organics (dehydra-
tion),12 because the hydrophobic and hydrophilic zeolite
membranes adsorb preferentially organics and water respec-
tively. The hydrophobicity/hydrophilicity of MFI zeolite
membranes is affected significantly by the aluminum content
in the zeolite framework. As the aluminum content in the ze-
olite framework increases, the saturation loading of water in
the zeolites increases.13 Despite of the hydrophobic nature of
pure silicalite, water vapor adsorption with a low saturation
loading in zeolitic pores of silicalites was also observed.13,14

Noack et al.15 measured the water vapor permeation fluxes
through MFI zeolite membranes with different Si/Al ratios at
low temperatures (105�C). It was found that H2O/H2 permse-
lectivity for the ZSM-5 membrane was much higher than
that for the silicalite membrane due to the strong adsorption
capability of the ZSM-5 membrane for water vapor. Zhu
et al.16 studied water vapor permeation by a zeolite-4A
membrane from 30�C to 100�C. Although the water vapor
partial pressures in the H2O/CO, H2O/H2, and H2O/CH4

binary systems were very low (2.24 kPa for water vapor
compared with the 101.3 kPa for the total pressure), water
vapor had a strong suppression effect on the permeation of
the other component in these binary systems. The water
vapor permeance was two orders of magnitude higher than
that of the other component in these binary systems. The
suppression effect was ascribed to the strong adsorption
affinity of H2O inside the zeolite-4 Å pores, which blocked
the permeation of the second gas component through the
membrane.

Gas permeation through MFI zeolite membranes in the
presence of water vapor at high temperatures (above 300�C)
is technically important to the applications of MFI zeolite
membranes for chemical reactions and separation involving
water vapor, such as water gas shift reaction for hydrogen
production.17 The water gas shift reaction was operated in
the modified MFI zeolite membrane reactor with improved
H2/CO2 separation performance in 400–550�C with H2O/CO
ratios between 1.0 and 3.5.17 A study on the permeation of
H2 and CO2 through MFI zeolite membranes at high temper-
atures in the presence of water vapor is needed to understand
the effects of water vapor on the permeation of H2, CO2

through the MFI membrane reactor. Although MFI mem-
branes without post-synthetic modification for separation per-
formance improvement were used in this study, the results
are still very helpful to elucidate the effects of water vapor
on the permeation of H2 and CO2 through the modified MFI
zeolite membrane reactor used for water gas shift reaction.

The objective of this work is to study the effects of water
vapor on H2/CO2 permeation and separation properties of
MFI zeolite membranes with different degree of hydropho-
bicity at high temperatures. A silicalite (MFI zeolite with Si/
Al ¼ 1) and a ZSM-5 (MFI zeolite with Si/Al � 80) mem-
brane was, respectively, prepared on alumina support coated
with yttria stabilized zirconia (YSZ) as the barrier layer to
prevent transport of aluminum from the support to the zeo-
lite layer, and used to study the effects of water vapor on
gas permeation and separation properties of the membranes.

Experimental

Support preparation and zeolite membrane synthesis

Macroporous a-alumina supports with a porosity of around
45% and an average pore size of around 0.2 lm were pre-
pared by pressing the a-alumina powder (Alcoa, A-16) and
sintering at high temperatures. The sintered a-alumina po-
rous supports were polished with SiC polishing papers until
the surface was shiny. It is known that it was difficult to pre-
pare pure silica silicalite membrane on alumina support due
to transfer of aluminum from the support via directly solid
state diffusion and indirectly dissolution into the synthesis
solution.18 To prevent transport of aluminum from the sup-
port via solid state diffusion, an yttria stabilized zirconia
(YSZ) layer was dip-coated onto the surface of the polished
a-alumina porous supports as a barrier layer.

The YSZ suspension for the dip-coating was prepared
according to the procedure reported by our group in the pre-
vious publication.18 The YSZ suspension coated a-alumina
porous supports were dried in an oven at 40�C for 2 days,
followed by sintering at 1000�C in air for 3 h. The heating
and cooling rates of the sintering process were 100�C/h. The
dip-coating and sintering of the YSZ suspension coated alu-
mina supports were repeated thrice to obtain a suitable thick-
ness of the YSZ barrier layer and ensure the adequate cover-
age of the supports with YSZ suspension.

Aluminum-free silicalite and ZSM-5 membranes with
YSZ barrier layer were prepared by the secondary growth
method. The macroporous a-alumina porous supports with
YSZ barrier layer were coated with silicalite seed layer using
silicalite suspension described in the previous publica-
tions.19,20 Briefly, a solution was first prepared by dissolving
fumed silica (Sigma-Aldrich, particle size: 0.007 lm, surface
area: 390 � 40 m2/g) and sodium hydroxide (NaOH, EMD
Chemicals) into the tetrapropylammonium hydroxide
(TPAOH, 1 M in water, Sigma-Aldrich) solution at 80�C
under magnetic stirring. The final molar composition of the
solution was 10 SiO2: 2.4 TPAOH: 1 NaOH: 110 H2O. The
solution was hydrothermally treated at 125�C for 8 h to
obtain the MFI zeolite suspension. The YSZ coated a-alu-
mina porous supports were then dip-coated with 2 wt % sili-
calite suspension, followed by drying and calcination at
550�C in air for 8 h. The dip-coating of silicalite suspension
and calcination of the seeded supports were repeated thrice.

The solution for the secondary growth of MFI zeolite
membranes was prepared according to the procedure
reported by Xomeritakis et al.21 The solution was prepared
by dissolving KOH pellets (Sigma-Aldrich), tetrapropylam-
monium bromide (TPABr, Sigma-Aldrich) into deionized
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water under magnetic stirring. The solution was heated to
80�C, and then tetraethylorthosilicate (TEOS, 98% Sigma-
Aldrich) was added dropwise into the above solution for hy-
drolysis. The mixture solution was stirred at 80�C until a
clear solution was obtained. For the synthesis of ZSM-5
membrane, some aluminum sulfate (Al2(SO4)3�18H2O,
Sigma-Aldrich) was added into the above solution as the alu-
minum source. The molar composition of the final solution
was 1 KOH: 1 TPABr: 4.5 SiO2: 18 C2H5OH: 1000 H2O for
preparing the silicalite membranes, and 1.5 KOH: 1 TPABr:
4.5 SiO2: 18 C2H5OH: 1000 H2O: 0.028 Al2(SO4)3�18H2O
for preparing the ZSM-5 membranes. More KOH was added
into the solution for synthesis of ZSM-5 membranes than sili-
calite membranes in order to allow incorporation of the alu-
minum source from solution into the zeolite framework.

The synthesis solution was cooled down to room tempera-
ture and aged for about 4 h. After that, the clear solution
was filtered and transferred into a Teflon-lined stainless steel
autoclave in which several MFI zeolite seeded porous sup-
ports were put vertically at the bottom. Hydrothermal syn-
thesis of zeolite membranes was conducted at 175�C for 8 h.
The synthesized membranes were washed with deionized
water for several times, then dried, and calcined at 550�C
for 8 h in air to remove the template. Synthesis conditions
and major characteristics of the silicalite and ZSM-5 mem-
branes prepared in this work are summarized in Table 1.

Membrane characterization and gas permeation/
separation experiments

After the template was removed, the crystal structure of the
synthesized MFI zeolite membranes was characterized by X-
ray diffraction (XRD) (Bruker AXS-D8, Cu Ka radiation) with
2y from 5� to 45� at a step size of 0.015�. The morphology and
thickness of the MFI zeolite membranes were characterized
using a scanning electron microscopy (SEM, Philips, XL 30).
The composition of the MFI zeolite membranes synthesized
from solutions with different aluminum contents were ana-
lyzed by energy dispersive X-ray spectroscopy (EDS).

Figure 1 shows a schematic illustration of the setup for
H2/CO2 binary and H2/CO2/H2O ternary gas permeation/sep-
aration experiments. Before water vapor was introduced into
the permeation cell, the H2, CO2 permeance and H2/CO2

separation factor for the H2/CO2 binary gas permeation
through the MFI zeolite membrane were measured from
300�C to 550�C. During the binary gas permeation experi-
ments, an equimolar H2/CO2 mixture gas was fed into the
feed side of the permeation cell. The gas composition on the
permeate side was continuously analyzed by a gas chromato-
graph (GC, Agilent, 6890N) equipped with a thermal con-
ductivity detector (TCD) and a HayesepVR DB packed col-
umn (Alltech).

After that, water was introduced by a precisely calibrated
liquid pump (LC-20AD, Shimadzu Corporation) and was

Table 1. Major Characteristics of Silicalite and ZSM-5 Membranes Prepared in This Work

Membrane Silicalite ZSM-5

Secondary growth solution 1 KOH: 1 TPABr: 4.5 SiO2:
18 C2H5OH: 1000 H2O

1.5 KOH: 1 TPABr: 4.5 SiO2:
18 C2H5OH: 1000 H2O:
0.028 Al2(SO4)3�18H2O

Si/Al ratio in secondary growth solution 1 80
KOH concentration in secondary growth solution 0.056 mol/L 0.084 mol/L
Si/Al ratio in final membrane 1 79
Membrane thickness 21 lm 12.5 lm
The Helium permeance before template removal at room temperature 1.18 � 10�9 mol m�2 s�1 Pa�1 1.49 � 10�9 mol m�2 s�1 Pa�1

Figure 1. A schematic illustration of the set up for the gas permeation experiments in the presence of water vapor.
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carried into the permeation cell using an equimolar H2/CO2

mixture gas (PH2
¼ PCO2

¼ 76 kPa in the permeation cell).
The flow rate of water was precisely controlled so that the
H2/CO2/H2O ternary gas mixture in the permeation cell was
equimolar (PH2

¼ PCO2
¼ PH2O

¼ 76 kPa in the permeation
cell) and the total pressure for the equimolar H2, CO2 and
H2O mixture gas in feed side of the permeation cell was 228
kPa. The water vapor permeance was measured from 300�C
to 550�C by a weighing method reported by Tsuru et al.22

Water vapor on rententate and permeate sides was condensed
with cold traps (in ice-water mixture), and its permeance was
calculated based on the weight of water collected on permeate
side in a period of time and the transmembrane partial pres-
sure of water vapor. The flow rates and compositions of the
noncondensable gases, such as H2 and CO2 in H2/CO2/H2O
ternary system, were measured by bubble flow meters and GC
to calculate H2 and CO2 permeances, and H2/CO2 separation
factor. The H2 and CO2 permeances as well as the H2/CO2

separation factor for the H2/CO2/H2O ternary gas mixture
were compared with those for the H2/CO2 binary gas mixture
to study the effect of water vapor on the permeation of H2 and
CO2 through MFI zeolite membranes.

The effect of water vapor partial pressure on the permea-
tion of H2 and CO2 through the MFI zeolite membranes was
studied by measuring the component permeance as a func-
tion of water vapor partial pressure in H2/CO2/H2O ternary
system at different temperatures. In these experiments, the
partial pressures of H2 and CO2 were kept constant and equi-
molar (PH2

¼ PCO2
¼ 76 kPa), whereas the partial pressure

of water vapor in H2/CO2/H2O ternary system increased to
236 kPa by increasing the water flow rate. The total gas
pressure in the feed side of the permeation cell increased
from 152 to 388 kPa as more and more water vapor was fed
into the permeation cell. H2/CO2/H2O ternary gas permeation
through both silicalite and ZSM-5 zeolite membranes was
conducted, and the results were compared as MFI zeolite
membranes with different Al contents in the framework have
different water vapor adsorption capacities that in turn have
different suppression effect on H2 and CO2 permeation
through the zeolite membranes.

Results and Discussion

Characteristics of silicalite and ZSM-5 membranes

The characteristics of the two MFI zeolite membranes with
different Si/Al ratio by SEM, XRD, and EDS are given in Fig-
ures 2–5. Figure 2 shows the SEM image of the membrane
surface and the XRD spectrum of the silicalite membrane syn-
thesized at 175�C for 8 h. As can be seen from this figure, a
crack-free continuous zeolite membrane with good inter-
growth between zeolite crystals was obtained. XRD spectrum
shows that some sort of orientation in zeolite crystals was
developed for this membrane. It was reported that MFI zeolite
membranes with different orientations could be obtained by
only varying the synthesis time and hydrothermal synthesis
temperature.23 The orientation developed in the silicalite
membranes is due to the competitive growth of zeolite crys-
tals during the secondary growth process. Randomly oriented
MFI zeolite membrane was obtained from an aluminum-free
synthesis solution after being synthesized for 4 h by the sec-

ondary growth method, as the synthesis time was not long
enough for zeolite crystals to orient themselves.23 However,
as the synthesis time increased to 8 h, orientation in zeolite
crystals started to occur as observed in this study.

Figure 3 shows cross-sectional view of the silicalite mem-
branes and results of EDS analysis on silicalite layer. As
shown, the thickness of the silicalite layer is about 21 lm.
The EDS result shows that the silicaltie membrane contains
no aluminum. It is known that aluminum might transport
from the a-alumina porous supports into zeolite layer during
the hydrothermal synthesis process and high temperature cal-
cination for the template removal.19,20 In this work, alumi-
num transport from a-alumina porous supports into zeolite
membranes during the calcination process and the dissolution
of a-alumina porous supports during the hydrothermal syn-
thesis process were effectively avoided by the following two
approaches. First, an YSZ barrier layer was coated onto the
surface of the a-alumina porous support in this study. This
YSZ layer served as the barrier layer that prevented solid
state transport of aluminum from the support to the silicalite
layer during calcination. The second approach was to reduce
the dissolution of aluminum from the support into the syn-
thesis solution by lowering the pH of the synthesis solution
used in the secondary growth step (pH � 14).24 In this
work, pH of the synthesis was maintained at about 11.5 as
measured by pH papers to minimize dissolution of aluminum
into the synthesis solution.

Figure 2. (a) SEM micrograph of the silicalite mem-
brane surface and (b) XRD spectrum of the
silicalite membrane grown on an YSZ coated
a-alumina porous support.
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SEM micrograph and XRD pattern of the ZSM-5 mem-
brane synthesized from a solution with Si/Al ¼ 80 are
shown in Figure 4. Similar to the silicalite membrane, zeolite
crystals of the ZSM-5 membrane are intergrown with each.
The membrane was randomly oriented as verified by the
XRD and has a thickness of only 12.5 lm. These are differ-
ent from the silicalite membrane, indicating that aluminum
source in the synthesis solution affected the competitive
growth and orientation development of zeolite membranes.
Uguina et al.25 studied the effect of SiO2/Al2O3 molar ratio
on the crystallization kinetics of ZSM-5 membranes and
found that high aluminum content in the gel led to the longer
induction time and inhibited the formation of ZSM-5 zeolite
crystals at the beginning of the crystallization. The thinner
ZSM-5 membrane compared to the silicalite membrane is
probably due to the retardation effect of aluminum in the syn-
thesis solution on the crystal growth. Figure 5 shows the Si/Al
ratio along the cross section of the ZSM-5 membrane. The
EDS measurement results showed that Si/Al ratio in the zeo-
lite membrane is similar to that in the synthesis solution, con-
firming that almost no aluminum was dissolved from the sup-
port and subsequently incorporated into the zeolite membrane
during the hydrothermal synthesis process. Although more
KOH was added into the solution for ZSM-5 membrane syn-

thesis, the pH of the solution was not high enough to cause
leaching of aluminum from the macroporous a-alumina sup-
port during the hydrothermal synthesis of the membrane.

H2 and CO2 permeation/separation properties of
silicalite and ZSM-5 zeolite membranes

Figures 6 and 7 show the gas/vapor permeation with equi-
molar H2/CO2 binary and H2/CO2/H2O ternary mixture feed
through the silicalite and ZSM-5 membrane as a function of
temperature in 300–550�C. H2 and CO2 permeances in H2/
CO2 binary mixture are similar for both membranes, and
decrease as temperature increases. The H2 and CO2 perme-
ances are approximately proportional to T�1/2. In this tem-
perature range, the temperature dependence of H2 and CO2

permeances in H2/CO2 binary system is similar to their sin-
gle gas permeation properties at high temperatures due to
the negligible adsorption of H2 and CO2 on MFI zeolites at
high temperatures. The results are consistent with earlier
results that gas permeance of H2, CO and CO2 with single
component feed is similar to that with the H2/CO2/CO ter-
nary feed at temperatures above 300�C reported by Kaneza-
shi and Lin.26

H2, CO2, and H2O permeances with equimolar H2/CO2/
H2O ternary mixture feed for the silicalite and ZSM-5 mem-
branes as a function of temperature are also shown in

Figure 3. (a) EDS elemental analysis on the cross sec-
tion of the silicalite membrane grown on an
YSZ coated a-alumina porous support and (b)
EDS spectrum of the analysis on the cross
section of the silicalite membrane.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4. (a) SEM micrograph of the ZSM-5 zeolite
membrane surface and (b) XRD spectrum of
the ZSM-5 zeolite membrane grown on an
YSZ coated a-alumina porous support.
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Figures 6 and 7. Both H2 and CO2 permeances with H2/CO2/
H2O ternary mixture feed are lower than those in H2/CO2 bi-
nary system, indicating that water vapor has a suppression
effect on H2 and CO2 permeation through the silicalite and
ZSM-5 zeolite membranes. There is more reduction in H2

and CO2 permeances caused by water vapor for ZSM-5 zeo-
lite membrane than the silicalite membrane. At 550�C, the
water vapor permeance is 103 and 12 times lower than
hydrogen permeance for the silicalite and ZSM-5 mem-
branes. Clearly, water vapor has higher permeance and more
effects on reducing H2 and CO2 permeance for ZMS-5 zeo-
lite membrane than silicalite membrane because the former
containing some Al in the zeolite framework is more hydro-
philic than the latter. However, the observation of water
vapor permeation through the silicalite membrane indicates
that the synthesized silicalite membrane is not entirely
hydrophobic as was expected from the absence of Al in the
zeolite framework.

Several studies also showed suppression effect of water
vapor on gas permeation in MFI zeoltie membranes at low
temperatures (\300�C).15,27 The suppression effect of an
adsorbing component on the permeation of a nonadsorbing
component is well known for zeolite membranes.28,29 How-

ever, the results obtained in this study show for the first time
appreciable adsorption of water vapor on silicaltie and ZMS-
5 zeolites at high temperatures in 300–500�C, and the sup-
pression effect of water vapor on the gas permeation through
silicalite and ZSM-5 zeolite membranes in this temperature
range. It is found that water vapor exhibits negligible effects
on gas permeance through silicalite membranes at even
higher temperature ([550�C).

The hydrophilicity of MFI zeolites depends on the number
of Lewis cus framework Al(III) acidic sites, Brønsted
Si(OH)þAl� acidic sites and SiAOH groups.30,31 The Lewis
cus framework Al(III) acidic sites and Brønsted Si(OH)þAl�

Figure 5. (a) EDS elemental analysis on the cross sec-
tion of the ZSM-5 zeolite membrane grown
on an YSZ coated a-alumina porous support
and (b) EDS spectrum of the analysis on the
cross section of the ZSM-5 zeolite mem-
brane.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 6. Gas permeation through the silicalite mem-
brane with equimolar H2/CO2 binary mixture
(open symbols, PH2

5 PCO2
5 76 kPa) and equi-

molar H2/CO2/H2O ternary mixture (closed
symbols, PH2

5 PCO2
5 PH2O 5 76 kPa) as feed.

Figure 7. Gas permeation through the ZSM-5 mem-
brane with equimolar H2/CO2 binary mixture
(open symbols, PH2

5 PCO2
5 76 kPa) and equi-

molar H2/CO2/H2O ternary mixture (closed
symbols, PH2

5 PCO2
5 PH2O 5 76 kPa) as feed.

158 DOI 10.1002/aic Published on behalf of the AIChE January 2012 Vol. 58, No. 1 AIChE Journal



acidic sites are formed due to the incorporation of aluminum
source into the zeolite framework, whereas the SiAOH
groups, a kind of typical point defects in MFI zeolites are
formed to compensate Si vacancies in MFI zeolite frame-
work. It was reported that the SiAOH groups in silicalite ze-
olite framework can be very high32 and the presence of
SiAOH groups and SiAOH groups boned to adsorbed water,
SiAOHA(H2O)n in silicalite membranes was confirmed by
proton MAS NMR spectra of silicalite.31 Membrane synthe-
sis method has strong effect on the number of SiAOH
groups in silicalites. Generally, more SiAOH groups are
formed in the silicalite samples synthesized from an alkaline
solution, whereas almost no SiAOH groups are formed in
silicalites synthesized in a fluoride medium.31 Because of the
presence of SiAOH groups in the defective silicalites,
adsorption of water vapor on silicalite was observed.30 The
population of SiAOH groups in the zeolite framework has
significant effect on the water adsorption capacity of silica-
lite zeolites. Although the number of SiAOH groups in MFI
zeolite decreases as the heat treatment temperature
increases,13 SiAOH groups may exist in MFI zeolites heat-
treated at temperatures up to 600–800�C.13,33

The temperature dependence of the H2/CO2 separation
factor with H2/CO2 binary mixture and H2/CO2/H2O ternary
mixture feed is shown in Figure 8. The H2/CO2 separation
factor for the mixture with and without water vapor is essen-
tially the same for both membranes. This indicates that the
presence of water vapor suppresses gas permeation for H2

and CO2 to the same extent. The results suggest that at high
temperatures water vapor has same effects on lowering the
permeation rate of other gas, regardless of gas type and zeo-
lite surface-gas molecule interactions. Coudert et al.34 stud-
ied the water-water and water-zeolite interactions for water
molecules confined in zeolite nanopores using the Monte-
Carlo and first-principles Car-Parrinello molecular dynamics
simulations. The results showed that water confined in the
hydrophobic zeolites behaves as a nanodroplet with hydro-
gen bonds closed to itself and some short-lived dangling OH
groups, whereas water confined in the hydrophilic zeolites
opens up to form weak hydrogen bonds with oxygen atoms
of the zeolite framework. Although this simulation is done
on LTA zeolites, the findings may also explain our experi-
mental results. The formation of water nanodroplets in
hydrophobic zeolites and hydrogen bonds between water
molecules and oxygen atoms of the zeolite framework in
hydrophilic zeolites indicates that as long as water molecules
are adsorbed into MFI zeolitic pores with pore size of
around 0.56 nm, both H2 and CO2 molecules are not able to
surpass water molecules confined in the MFI zeolitic pores.
As a result, water vapor has same suppression effect on H2

and CO2 permeation through the MFI zeolite membranes
regardless whether they are hydrophobic or hydrophilic.
Because of the lower diffusivity of water confined in MFI
zeolitic pores than H2 and CO2, water vapor shows suppres-
sion effect on H2 and CO2 permeation through the MFI zeo-
lite membranes.

Figures 9a–c show the effect of water vapor partial pres-
sure on H2 and CO2 permeation through the silicalite mem-
brane at different temperatures. At a fixed temperature, both
H2 and CO2 permeances decrease as water vapor partial
pressure in H2/CO2/H2O ternary system increases. As water

vapor permeation flux through the silicalite membrane
increases with its partial pressure in the ternary system,
more H2O adsorbs into zeolitic pores at a higher water vapor
partial pressure. Hence, more zeolitic pores are blocked by
water vapor molecules at a higher water vapor partial pres-
sure, resulting in the decrease of H2 and CO2 permeances.
As shown in this figure, the suppression effect of water
vapor on H2 and CO2 permeation is stronger at a lower tem-
perature, indicating that the preferential adsorption of water
vapor into the zeolitic pores is stronger at low temperatures.
Figure 9 also shows that the H2/CO2 separation factor for
the permeation of the H2/CO2/H2O ternary gas through the
silicalite membrane is independent of the water vapor partial
pressure at a fixed temperature and is similar to the H2/CO2

separation factor for the permeation of the H2/CO2 binary
gas in the absence of water vapor. As discussed above, water
confined in MFI zeolitic pores has same suppression effect
on the permeation of H2 and CO2 due to the formation of ei-
ther nonadroplets or hydrogen bonds between water mole-
cules and oxygen atoms of zeolite framework, resulting in
the same H2/CO2 separation factor for the permeation of
H2/CO2 binary and H2/CO2/H2O ternary mixture gas.

Figure 10 shows the effect of water vapor partial pressure
on H2 and CO2 permeation through the ZSM-5 zeolite mem-
brane at different temperatures. The water vapor has a

Figure 8. H2/CO2 separation factor with equimolar H2/
CO2 binary mixture (square) and H2/CO2/H2O
ternary mixture (circle) as feed for silicalite
(a) and ZSM-5 zeolite (b) membranes.
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stronger suppression effect on H2 and CO2 permeation
through the ZSM-5 membrane at a lower temperature and a
higher water vapor partial pressure in the H2/CO2/H2O ter-
nary system, which is similar to the results observed on the
silicalite membrane. Because of the stronger adsorption
between water vapor and ZSM-5 zeolitic pores, the suppres-
sion effect of water vapor on H2 and CO2 permeation
through the ZSM-5 membrane is much stronger than that
through the silicalite membrane. For example, at 550�C,
when the water vapor partial pressure in H2/CO2/H2O ter-
nary system is 37.5 kPa, the H2 and CO2 permeances

through the ZSM-5 membrane are 5.52 � 10�7 mol m�2 s�1

Pa�1 and 1.42 � 10�7 mol m�2 s�1 Pa�1, respectively. As
the water vapor partial pressure in the ternary system
increases to 237.6 kPa, the H2 and CO2 permeances
decreases to 3.49 � 10�7 mol m�2 s�1 Pa�1 and 0.94 �
10�7 mol m�2 s�1 Pa�1, respectively (Figure 10a). However,
for the silicalite membrane, as the water vapor partial pres-
sure increases from 38.9 to 236 kPa at 550�C, the H2 perme-
ance decreases from 5.78 � 10�7 mol m�2 s�1 Pa�1 to 5.16
� 10�7 mol m�2 s�1 Pa�1, whereas the CO2 permeance
decreased from 1.47 � 10�7 mol m�2 s�1 Pa�1 to 1.25 �

Figure 9. Effect of water vapor partial pressure on H2

and CO2 permeation through the silicalite
membrane at different temperatures: (a) at
550�C, (b) at 450�C, and (c) at 350�C, (PH2

5
PCO2

5 76 kPa).

Figure 10. Effect of water vapor partial pressure on H2

and CO2 permeation through the ZSM-5 ze-
olite membrane at different temperatures:
(a) at 550�C, (b) at 450�C, and (c) at 350�C,
(PH2

5 PCO2
5 76 kPa).
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10�7 mol m�2 s�1 Pa�1 (Figure 9a). As the temperature
decreases from 550�C to 350�C, the suppression of water
vapor on the H2 and CO2 permeation through the ZSM-5
membrane becomes more significant due to the stronger
adsorption affinity between water vapor and zeolitic pores at
lower temperatures.

As also shown in Figure 10, the H2/CO2 separation factor
for the H2/CO2/H2O ternary gas permeation through the
ZSM-5 zeolite membrane is independent of the water vapor
partial pressure, similar to the observation on the silicalite
membrane shown in Figure 9. These results further confirm
that the water confined in MFI zeolitic pores has same sup-
pression effect on the permeation of H2 and CO2 through the
MFI zeolite membrane as observed on silicalite membrane.

Conclusions

MFI zeolite membranes with controlled Si/Al ratio (alumi-
num-free silicalite and ZSM-5 zeolite with Si/Al ratio of
about 80) can be prepared on alumina support coated with
yttria stabilized zirconia barrier layer using synthesis solu-
tion of low pH and controlled aluminum content. The effects
of water vapor on the permeation of H2 and CO2 through
the two MFI zeolite membranes of the different Si/Al ratio
was studied by measuring the permeance of H2 and CO2

with the feed of equimolar H2/CO2 binary and H2/CO2/H2O
ternary mixture at different temperatures. The suppression
effects of water vapor on H2 and CO2 permeation through
MFI zeolite membranes increase as temperature decreases
and water vapor partial pressure increases, and are larger for
the MFI zeolite membrane with Si/Al ratio of 80 (ZSM-5 ze-
olite membrane) than for the aluminum-free MFI zeolite (sil-
icalite) membrane. However, the presence of water vapor
does not affect the H2/CO2 separation factor for both mem-
branes. The results show that both ZSM-5 and silicalite
membranes adsorb water vapor even at temperatures in the
range of 300–550�C, reducing the permeability of H2 and
CO2 in the zeolitic pores of these membranes.
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