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Abstract

Zeolite membranes can potentially be used for separation of many types of
mixtures. The membranes can be tailored by a number of methods to suit
a specific separation application. In this work both traditional and new
innovative methods were used to tailor the properties of membranes in
order to enhance the selectivity for a given separation. Traditional meth-
ods to tailor zeolite membranes include; appropriate selection of zeolite
framework, adjustment of Si/Al ratio and choice of counterion. For zeo-
lite catalysts, the properties are often also tailored by incorporating metal
or metal oxide clusters in the zeolite pores by impregnation.

In this work the traditional methods for membrane tailoring by adjusting
the Si/Al-ratio and exchanging the counterions have been used. In ad-
dition, a new method where the impregnation concept often used in the
catalysis field is adapted to tailor the properties of zeolite membranes for
the first time.

The polarity of a zeolite can be tailored by changing the Si/Al ratio, and
to facilitate the separation of polar and non polar molecure e.g. H2O and
H2, the Si/Al ratio should be relatively low. In the present work, separa-
tion of mixtures of H2O, H2 and n-hexane was investigated for membranes
with two different Si/Al ratios (silicalite-1 and ZSM-5), in the tempera-
ture range 25 to 350 ◦C. The highest separation factors α-H2O/H2 were
observed at 25 ◦C and were 14.3 and 19.7 for silicalite-1 and ZSM-5, respec-
tively. The membranes were selective also at 100 ◦C and the separation
factors were about 3.2 and 6 for silicalite-1 and ZSM-5, respectively. These
results confirm that the selectivity for this separation can be controlled by
tailoring the polarity the zeolite.

The aim of the new and innovative modification procedure was to prepare
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CO2 selective membranes with high flux. The pores of a silicalite-1 mem-
brane were impregnated with calcium compounds to aid the chemisorption
of CO2, which is essential to achieve a membrane which is CO2 selective
even at high temperatures. The result of the impregnation was evaluated
by separation of CO2 and H2. Calcined membranes were impregnated with
a solution of Ca(NO3)2 in methanol and heated to 600◦C to thermally de-
compose the Ca(NO3)2. The result of the impregnation was evaluated by
SEM, XRD, DRIFT spectroscopy and by single component and mixture
separation experiments. Calcium compounds were evenly distributed in
the pores of the silicalite-1 film and there were also some relatively large
CaCO3 crystals on the surface.
The separation experiments with of mixtures of CO2 and H2 showed that
the separation factor αCO2/H2

at 25 ◦C was drastically changed from 0.7
(H2 selective) to 3.7 (CO2 selective) by this modification. At 100 ◦C, the
separation factor αCO2/H2

was 1.5 which is about three times higher than
for a silicalite-1 membrane without impregnation. These results show that
the initially H2 selective silicalite-1 membrane could be modified by im-
pregnation, resulting in a CO2 selective membrane.
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1. Introduction

1.1 Zeolite

1.1.1 General

Zeolites are microporous crystalline solids with a framework of connected
SiO4

4− and AlO4
5− tetrahedra [1]. The tetrahedra are linked by sharing

all oxygen atoms.

The AlO4
5− tetrahedrons in the framework result in a net negative charge

which is balanced by cations. The cations are mobile and can be exchanged
for other cations. The uniform channels of zeolites have diameters ranging
from about 0.3 to 1.3 nm depending on the zeolite structure and cations [2].
Silicalite-1 has MFI-type structure and the framework consists of silicon
and oxygen atoms only and has no net negative charge. A representative
formula of a general zeolite structure may be written:

Mx/n[(AlO2)x(SiO2)y] · wH2O (1.1)

M represents the cation of the valence n, w is the number of water
molecules, y/x is the silicon/aluminum (Si/Al) ratio for the zeolite. The
MFI framework has two types of pores; straight pores running in the b-
direction with pore openings of 0.53 x 0.56 nm, see figure 1.1, and zig-zag
pores running in the a-direction with pore openings of 0.51 x 0.55 nm.

The small and well-defined pore size gives the zeolite molecular sieving
properties as well as a very high specific surface area, often several hun-
dred square meters per gram. A molecular sieve is a material capable
of separating components in a mixture on the basis of molecular size or
shape. The charge balancing cation can be substituted for a proton to
obtain the acid form of the zeolite. The acid form of zeolites is often used
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Oxygen

Silicon or aluminum

0.56 nm

0.53 nm

Figure 1.1: MFI framework shown from b-direction (straight pores).

as acid catalyst in chemical processes, where the shape/size selectivity in
combination with acidic properties is very advantageous.

1.1.2 Controlling properties of zeolites

The properties of zeolites depend on several parameters such as structure,
Si/Al ratio and counterions. The most fundamental parameter controlling
the properties of zeolites is the structure; over 130 different zeolite frame-
works are known today and the pore sizes vary significantly as mentioned
above.
The Si/Al ratio of a zeolite is determined by the composition of the syn-
thesis solution used for the zeolite synthesis. By changing the Si/Al-ratio
the polarity of a zeolite can be adjusted. A lower Si/Al ratio gives a more
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hydrophilic zeolite, which adsorbs polar molecules stronger.
Charged zeolite frameworks have counter ions present in the zeolite pores,
which may affect both the adsorption properties and the effective pore
size of the zeolite [3]. A large counterion results in a smaller effective pore
size [4] and the counterions can be replaced by ion exchange to tailor this
property.

Metal or metal oxide clusters are often incorporated in zeolite by impreg-
nation in order to change the catalytic properties of the zeolite [5–8]. In
many cases the metal or metal oxide is the catalytically active compo-
nent and the pore system of the zeolite is utilized to achieve a size/shape
selective catalyst.

1.1.3 Industrial applications

Zeolites have been used as catalyst for several decades because of the high
activity and unusual selectivity they provide, mostly in a variety of acid-
catalyzed reactions. The most important application for zeolite catalysts
is in hydrocarbon cracking. The zeolite cracking catalysts, usually based
on a type of faujasite denoted ultrastable Y (USY), accounts for over 90
% of the total consumption of zeolite catalysts [6]. The adsorption prop-
erties of zeolite are also utilized i.e. in gas drying applications and in the
separation of gases or liquids by selective adsorption [9].

The ion-exchange properties of zeolites, usually zeolite A, are utilized in
washing powders to soften the water and thus replace phosphates. A new
and upcoming application of zeolite is in chemical sensors, where it is used
to improve the selectivity and sensitivity [10].

1.2 Zeolite membranes

Thin films of zeolite can be used as separation membranes due to their
uniform pore size and membranes with several different zeolite structures
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have been prepared including silicalite-1 [11–14], ZSM-5 [13–16], zeolite
A [17] and zeolite Y [18, 19]. Zeolite A membranes have been applied in
large-scale pervaporation plants for solvent dehydration [20].
Inorganic membranes such as zeolite membranes have many advantages
over other types of membranes, such as high stability under high temper-
atures and harsh chemical environments which other membranes cannot
withstand [21].

For all types of membranes it is important to minimize the mass transport
resistance. For the case supported zeolite membranes, the zeolite film
thickness must be minimized since most of the mass transfer resistance
usually occurs over the film.

High flux MFI membranes have been prepared by Hedlund et.al [22].
These membrane can separate mixtures of hydrocarbon isomers (xylenes,
hexanes and butanes) effectively and reach commercial flux targets. How-
ever, due to the pore size and adsorption properties of the membranes,
they are not suited for separations of small polar molecules from small
non-polar molecules at high temperatures.

1.2.1 Separation by zeolite membranes

Separation by zeolite membranes can be achieved by several mechanisms
such as molecular sieving and/or preferential adsorption and/or diffusion
effects [23]. The zeolite properties; structure, Si/Al ratio and counteri-
ons described in section 1.1.2 control the separation properties of a zeolite
membrane. There are also specific membrane properties such as crystal
orientation, grain boundaries, film thickness and support type which may
also have a great influence on the separation properties.

The pore size and thickness of the support can sometimes have a signif-
icant effect on the permeation properties of a membranes, due to mass
transfer resistance in the support [24].
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The diffusion of helium and hydrocarbons has been studied theoretically
by modelling the different interactions in the membrane [25]. Also, the
contributions of different transport modes has been studied [26]. Due to
the complexity of the system, it may be difficult to theoretically predict
the separation properties of a zeolite membranes for a multi-component
mixture.

1.3 Membrane reactors

Membrane reactors is an evolving technology for processes potentially
more compact, less capital intensive, offer improved conversion for equi-
librium limited reactions, allow controlled operation and give substantial
savings in energy and product separation cost [27]. Although the con-
cept of membrane reactors was introduced already in the 1950s, the new
inorganic membranes developed more recently have caused considerable
growth in the research and development of membrane reactor technology.
A membrane reactor, where reaction and separation is integrated in one
unit operation, is able to shift the overall conversion beyond thermody-
namic equilibrium by selective product removal [27]. Reactions in industry
generally take place at elevated temperatures and pressures, and zeolite
membranes are thus suitable for membrane reactor applications due to
their high thermal and chemical stability [27].

Hydrogen production for fuel cells is a field where membrane reactors have
great potential. Synthesis gas treatment include several steps such as CO2

removal, water gas shift (WGS), methanation and CO/H2 separation. A
problem with the water gas shift reaction is the equilibrium limitations.
It would be very beneficial to carry out the water gas shift reaction in
a CO2 selective membrane reactor and thus break the equilibrium. This
would allow for the reaction to be carried out at higher temperature. If
the conversion in the WGS reaction was improved by CO2 removal, the
CO concentration in the product would also be lowered.
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Fischer-Tropsch (FT) synthesis [6]: generates hydrocarbons and water
from H2 and CO. It has been reported that water may deactivate the FT
catalyst [28, 29]. Selective removal of water in a membrane reactor may
thus improve the FT synthesis. This membrane, however, would need to
be water selective in the presence of large linear hydrocarbons.

1.4 Scope of the present work

This project is part of the cluster ”Innovative Fuel-Cell Reformer for
Heavy-Duty Truck APU”. The participants in the cluster are: Lule̊a Uni-
versity of Technology (Jonas Lindmark and Professor Jonas Hedlund),
Royal Institute of Technology (Marita Nilsson and Associate Professor
Lars Pettersson), Volvo Technology Corporation (Dr Martin Petersson
and Helena Berg), and Chalmers University of Technology (Sang Kom-
piang Wirawan and Associate Professor Derek Creaser). The goal of the
cluster is to drastically decrease the fuel consumption and emissions at
idle operation in heavy-duty trucks. This goal is to be achieved by the
development of an innovative system for hydrogen production in an aux-
iliary power unit (APU).

The hydrogen production involves steam reforming and water-gas shift
(WGS) processes. The goal of this subproject is to develop a CO2 selec-
tive membrane for a WGS membrane reactor.

The scope of the present work was:

• To develop a novel impregnation procedure for tailoring of silicalite-1
membranes in order to approach the targets for the subproject.

• To study the effect of Si/Al ratio and counter ions in MFI membranes
on separation performance of relevant gas mixtures.



2. Experimental

2.1 Membrane preparation

Zeolite membranes with a 500 nm thick zeolite layer were prepared as
described earlier [22]. The supports were discs of porous α-alumina with
a diameter of 25 mm. The supports were seeded with colloidal silicalite-
1 crystals (50nm). A film was grown by hydrothermal synthesis on the
seeded surface of the support. The membranes were calcined at 500◦ C
after the synthesis.
Two types of membranes were synthesised using two different synthesis so-
lutions. The molar composition of the synthesis solution was 3 TPAOH: 25
SiO2: 1450 H2O: 100 EtOH for the silicalite-1 membranes and 3 TPAOH:
0.25 Al2O3: Na2O: 25 SiO2: 1600 H2O: 100 EtOH for the ZSM-5 mem-
branes. The Si/Al ratios for silicalite-1 and ZSM-5 synthesis solutions
were hence infinite and 50, respectively.

In total, four types of membranes were prepared:

• Silicalite-1 membranes

• Silicalite-1 membranes impregnated with Ca(NO3)2·4H2O

• ZSM-5 membranes in the Na form (NaZSM-5)

• ZSM-5 membranes in the Ba form (BaZSM-5)

7
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2.2 Membrane modification

2.2.1 Impregnation of silicalite-1 membranes

The silicalite-1 membranes prepared as described in section 2.1 are of
high quality [22] and hence present a good starting point for developing
silicalite-1 membranes with different properties. One strategy for changing
the properties of the membrane is to impregnate it with a solution of a
metal salt (in this case a methanol solution of Ca(NO3)2·4H2O). The mem-
branes were impregnated according to a new procedure that was developed
within this work (Paper I). Dr. Olov Öhrman did some preliminary work
with impregnation before the present work started.

The membranes were stored in a desiccator between the synthesis and
modification. An impregnation solution was prepared by dissolving 5 wt%
of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) in methanol. A thin
layer of the impregnation solution was applied on the membrane surface
by spin-coating; enough impregnation solution was spread on the film to
cover the film surface and the spin-coater was run at 1200 rpm to remove
the excess solution. The membranes were allowed to dry in the spin-coater
at 1200 rpm for 10 minutes. To convert the calcium nitrate to calcium
oxide, the membranes were heated in air for 8 hours at 600◦ C with a
heating and cooling rate of 1◦ C/min.

2.2.2 Ion exchange of ZSM-5 membranes

The ZSM-5 membranes were in the sodium form after synthesis and in
order to exchange the counterions from Na+ to Ba2+, the membranes were
placed in a Ba(NO3)2 solution at 100◦ C for 1 hour and then rinsed in
distilled water.
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2.3 Characterization

2.3.1 General characterization

Scanning Electron Microscopy (SEM) images were recorded using a Philips
XL30 microscope equipped with a LaB6 source. The samples were gold
coated prior to the investigation. Elemental analysis of the membranes
was performed using an energy dispersive X-ray spectrometer (EDX, Link
Isis) attached to the SEM instrument.

The Ca(NO3)2·4H2O powder used to prepare the impregnation solution
was studied with Thermogravimetric Analysis (TGA) and Differential
Thermal Analysis (DTA) using a Netzch STA 09 instrument. The heating
rate was 10◦C/min and the atmosphere was argon.

2.3.2 XRD measurements

A Siemens D5000 powder X-ray diffractometer (XRD) was used to collect
the XRD data. XRD was used to study crystalline phases present in the
membranes. The measurements were performed using gracing incidence
angle (1◦) and radial divergence limiting slits (long soller slits) were used.
Detector scans were carried out in the range 5-50 ◦2Θ.
A quartz standard sample was used as a reference for peak broadening
measurements.

2.3.3 In-situ DRIFT spectroscopy

In-situ DRIFT spectroscopy measurements were performed with a rapid
scan method using a Bio Rad FTS6000 spectrometer and a Harrick Praying
Mantis DRIFT cell. The measurements were performed to study the effect
of impregnation with Ca(NO3)2 on CO2 adsorption in the silicalite-1 films
(Paper I). Two circular samples with a diameter of 6 mm were cut from
silicalite-1 samples with and without impregnation. Before CO2 adsorption
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the samples were dried by heating to 500◦C at a rate of 15◦C/min in
a stream of argon and kept at 500◦C for 15 minutes before cooling to
the adsorption temperature and equilibration in argon. A background
spectrum, which was used for all measurements, was recorded at 50 ◦C
before CO2 adsorption.
IR spectra were recorded in the range 4000-1000 cm−1 with a resolution
of 4 cm−1. CO2 was adsorbed by exposing the sample to a stream of
5% CO2 in argon at 50◦C at a total pressure of 1 atm until equilibrium
was established. The outlet CO2 concentration was monitored by Mass
Spectrometry (MS) using a Gaslab 300 instrument. When the CO2 signal
was constant, the sample was considered to be equilibrated. Desorption
was conducted by flushing the zeolite sample with pure argon until CO2

in the outlet gas was undetectable by MS. First, spectra were recorded
during flushing at 50◦C. When no CO2 could be detected in the outlet
the temperature was increased, first to 200◦C and then to 450◦C. Spectra
were recorded at both temperatures. All spectra were compared to a
background spectrum collected at 50◦C before CO2 adsorption.

2.4 Permeation measurements

Both single gas permeation and mixture separation was used to investigate
the permeation properties of the different membrane types and to study
the effect of the modification procedures.

2.4.1 Single gas measurements

Single gas permeation experiments were usually carried out directly af-
ter calcination. The samples were removed from the furnace at 110◦C
and quickly mounted in a stainless steel cell under a flow of dry nitro-
gen. Rubber gaskets (inner diameter 20.3 mm) were used during single
gas experiments. The pressure at the feed side was kept at 1.9 bar and
the permeate was kept at atmospheric pressure. The permeate flow was
measured with an electronic flow meter (ADM 1000 J&W Scientific, max
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flowrate 1000 ml/min at NTP).

2.4.2 n-Hexane porosimetry

The zeolite membranes were characterized by n-hexane porosimetry [22,
30]. The membranes were dried at 300◦C overnight in a flow of dry helium
in a stainless steel cell equipped with graphite gaskets (inner diameter
19 mm, Eriks Belgium), and then cooled to room temperature. The he-
lium permeance at room temperature was recorded during successively
increased relative partial pressures of n-hexane. The permeance of he-
lium was measured at a pressure difference of 1 bar and the permeate side
was kept at atmospheric pressure. The relative pressure of n-hexane was
then successively increased to approximately 0.01, 0.025, 0.25, 0.85 and
1.0 during measurements of helium permeance.
The n-hexane partial pressure was maintained by mixing a pure stream of
helium with a flow of helium saturated with n-hexane. At each relative
pressure the system was allowed to equilibrate. The permeance was mea-
sured using a flowmeter connected after a condenser which removed the
n-hexane. At the first activity (P/P0≈0.01) zeolite pores are blocked by
n-hexane due to capillary condensation and a very low permeance signifies
a high quality membrane.

2.4.3 Mixture separation measurements

Two different gas mixtures were studied in mixture separation experi-
ments:

• Carbon dioxide/Hydrogen (Paper I)

• Water/Hydrogen/Hexane (Paper II)

Both mixtures are of interest when investigating the possbility to use a
membrane reactor for Water-Gas Shift or Fisher-Tropsch synthesis [28, 29,
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31].

The separation experiments were performed using a Wicke-Kallenbach ap-
paratus. The membranes were mounted in a stainless steel cell and sealed
with graphite gaskets. In the beginning of the experiments, the mem-
branes were always equilibrated with the feed at room temperature.

For the system Carbon dioxide/Hydrogen, separation measurements were
performed in the same experimental setup. The feed, consisting of 65 kPa
CO2 and 65 kPa H2, was fed by two mass flow controllers with a total
volumetric flowrate of 800 ml/min (STP). The pressure on the permeate
side was atmospheric and no sweep gas was used. A thermocouple (type
K) was connected to the membrane cell in order to record the temperature
at the membrane. A Varian 3800 GC equipped with a capillary column
and two packed columns (molecular sieve and chromosorb) was connected
online. Thermal conductivity and flame ionisation detectors connected in
series were used for quantitative analysis of the gas compositions. Helium
was used as the carrier gas.

For the system Water/Hydrogen/Hexane, hydrogen and helium were fed
by three mass flow controllers to saturators kept at 20◦C by a thermostat
bath. 500 ml/min of helium were fed to a water saturator, 50 ml/min of
helium were fed to a n-C6 saturator and 400 ml/min of hydrogen were
fed to a water saturator. The feed composition for the separation mea-
surements was thus 42 kPa hydrogen, 2.1 kPa water, 0.71 kPa n-C6 and
helium balance to a total of 101.3 kPa at a flowrate of 977 ml/min (STP).
Helium 200 ml/min (STP) was used as sweep gas with a pressure of 101.3
kPa.
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The separation factor is a common measure of the ability of a membrane
to separate two components in a mixture. The separation factor for all
the separation measurements was calculated as follows:

αi,j =
(xi/xj)permeate

(xi/xj)feed
(2.1)





3. Results

3.1 General characterization

3.1.1 SEM and EDS (Paper I-III)

Figure 3.1 shows SEM surface images of typical silicalite-1 and ZSM-5
membranes prepared in this work. Both membrane types appear smooth
and dense. The zeolite crystals are clearly visible. Figure 3.1 shows side
view images of a silicalite-1 and a ZSM-5 membrane. The film thickness
was about 550 nm for both membrane types.

Figure 3.3a shows a SEM image in low magnification of a typical impreg-
nated membrane after calcination. Most of the membrane surface appears
featureless at this low magnification, such an area is indicated with ”c”
in this figure and figure 3.3c shows a high magnification image of that
area. The silicalite-1 crystals appears clearly, similar to figure 3.1a. It
thus seems that any calcium compounds present on top of the film at this

1 μm1 μm

a b

Figure 3.1: SEM surface images of a) a silicalite-1 membrane and b) a
ZSM-5 membrane.

15
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2 μm2 μm

a b

Figure 3.2: SEM side view images of a) a silicalite-1 membrane and b) a
ZSM-5 membrane.

particular location must form a very thin layer, transparent to the SEM
instrument, or calcium compounds are simply not present on the surface
at this location. However, calcium compounds may in any case still be
present inside the film, in grain boundaries and zeolite pores. A small
fraction of the membrane is covered with features which may be relatively
large crystals of a calcium compound. Such an area is indicated with ”b”
in figure a. Figure b shows an image at higher magnification of these pre-
sumable crystals. The diameter of these ”crystals” seems to range from
about 100 nm to a few hundred nm. An image at higher magnification
of the featureless area ”d” is shown in figure d. It appears as though the
zeolite crystals in this area are coated with a thin and featureless layer of
calcium compounds.

Figure 3.4 shows EDS spectra recorded at the points b and c in figure
3.3. The data clearly shows that calcium compounds are present at both
points. This strengthens the assumption that the ”crystals” on top of
the film are calcium compounds. Although the Ca-signal is stronger from
from point b (from ”crystals”), it is still quite strong from point ”c” (from
zeolite film), which indicates that calcium compounds should be present
inside the film, in pores and grain boundaries are mentioned above. EDS
analysis of the cross section of a membrane showed that the impregnation
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1 μm100 μm

a b

1 μm1 μm

c d

b

d

c

Figure 3.3: SEM surface images of an impregnated silicalite-1 membrane.
a) shows an overview of a membrane. b), c) and d shows closeups of the
points indicated in a.)

solution had not penetrated very far into the substrate, as expected (Paper
I). The EDS analysis supports the SEM observations.

3.1.2 XRD (Paper I and II)

Figure 3.5 shows X-ray diffractograms of a silicalite-1 and a ZSM-5 mem-
brane in the two-theta interval 5-50 degrees. The peaks at about 25.6,
35.1, 37.8, 41.7, 43.4 and 46.2◦ 2Θ emanate from the alumina support.
The remaining peaks are typical for weakly a-oriented MFI films grown
by this procedure and similar results have been reported before [22].

Figure 3.6 shows X-ray diffractograms of a silicalite-1 membrane before
impregnation, after impregnation and after impregnation and calcina-
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Figure 3.4: EDS spectra in the points b and c indicated in figure 3.3. The
spectra are offset for clarity.

Figure 3.5: X-ray diffration patterns of silicalite-1 and ZSM-5 membranes.
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tion. The top diffractogram shows that the only crystalline phases in
the silicalite-1 membrane were silicalite-1 and α-Al2O3. The Al2O3 reflec-
tion emanates from the support and the silicalite-1 reflections from the
film. The second diffractogram was collected after impregnation of the
film. Two new reflections originating from Ca(NO3)2 were observed. The
peaks are narrow, which shows that the crystals are relatively large. The
bottom diffractogram was collected after calcination (600 ◦C, 8h) of the
impregnated membrane. In this case two reflections from CaCO3 were
observed and the Ca(NO3)2 reflections are absent. Again, the reflections
are narrow and the crystals are large. These results show that some of the
calcium nitrate formed large Ca(NO3)2 crystals on top of the zeolite film
during the impregnation process.

To confirm that the XRD signal came from large crystals, the X-ray diffrac-
togram of a quartz standard sample was measured. The Full Width at
Half Maximum (FWHM) was determined for the reflection at 26.6 ◦2Θ
and compared to the FWHM of the calcium compound reflections. For
the quartz standard sample reflection at 26.6 ◦2Θ the FWHM was 0.09
◦2Θ. The Ca(NO3)2 at 26.2 ◦2Θ and the CaCO3 reflection at 29.4 ◦2Θ
had the same FWHM, indicating that the Ca(NO3)2 and CaCO3 reflec-
tions orignated from large crystals such as the ones observed in SEM.

In addition to the large crystals, it is likely that some calcium nitrate was
also deposited in the zeolite pores. However, the pores are too small for
the formation of crystals large enough to be detected by XRD. The same is
true for grain boundaries in the film, but Ca(NO3)2 may still be present in
both pores and grain boundaries in the form of XRD-amorphous material.

During heating at 600◦C, the nitrate compounds were most likely decom-
posed to CaO. During cooling to room temperature in air, large crystals of
CaCO3 formed on top of the membrane and carbonates probably formed
in the zeolite pores as well.
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3.1.3 In-situ DRIFT spectroscopy measurements

(Paper I)

In-situ DRIFT spectroscopy experiments were carried out in order to study
the adsorption of CO2 in more detail and to appreciate the adsorption
strength. The sample was exposed to a stream of 5% CO2 in argon at
50◦C and then flushed with argon for 45 minutes. Several spectra were
recorded during flushing and successive heating to 450 ◦C.
Physisorbed CO2 should produce bands around 2340-2360 cm−1 [32] and
carbonate species are indicated by bands in the range 1200-1800 cm−1

[32, 33]. Figure 3.7a and b shows the FTIR spectra of silicalite-1 mem-
branes with and without impregnation after CO2 adsorption and five min-
utes of flushing with argon, in the wavenumber ranges of interest.
The band around 2350cm−1 in figure 3.7a can be assigned to physisorbed
CO2 [32]. For the impregnated silicalite-1 film this band is significantly
stronger than it was before the impregnation, indicating increased ph-
ysisorption of CO2.

Figure 3.7b shows the FTIR spectra in the range 1200-1800 cm−1. Several
carbonate species can be formed depending on the interaction between
the CO2 molecule and the surface [33, 34]. On the impregnated silicalite-1
film three broad absorption bands were observed. The broad band in the
range 1600-1700 cm−1 might correspond to bicarbonate species [35]. The
band at 1495 cm−1 can be attributed to calcium carbonate, resulting from
chemisorption of of CO2. The broad band around 1400 cm−1 is attributable
to polydentate carbonate species [33, 34]. The measurements at higher
temperatures revealed that the species in the range 1200-1800 cm−1 were
more thermally stable compared to those in the range 2200-2500 cm−1,
confirming that the species between 1200-1800 cm−1 are chemisorbed.

Based on the FTIR results, CO2 appears to both physisorb and chemisorb
on impregnated silicalite-1, the latter resulting in carbonate species. On
the silicalite-1 film without impregnation smaller amounts on physisorbed
CO2 and virtually no carbonate species were observed, indicating that the
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without impregnation.

impregnation increased the amount of both physisorbed and chemisorbed
CO2.

3.2 Permeation measurements

The permeation measurements revealed that all the different modifications
all had a significant effect on the permeances and separation properties of
the membranes.

3.2.1 n-hexane porosimetry (Paper I and II)

Figure 3.8 shows the n-hexane porosimetry data of typical silicalite-1 and
ZSM-5 membranes. It also shows the data for an impregnated silicalite-1
membrane For a high quality membrane a large drop in permeance was
expected between P/P0=0 and P/P0=0.025. For the silicalite-1 and ZSM-5
membranes the initial helium permeance drop was about 99.5%, indicating
very high quality. The corresponding value for the impregnated membrane
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Figure 3.8: n-Hexane porosimetry data for silicalite-1, ZSM-5 and impreg-
nated silicalite-1 membranes.

was 97.6%. This data indicates that defects formed in this particular
membrane due to the impregnation procedure. However, we have reasons
to believe that the membrane tested in the permeation experiments had
higher quality.

3.2.2 Single gas measurements (Paper I-III)

Typical steady state single gas permeances for He, N2, SF6, H2, and CO2

for the different membrane types are given in Table 3.1.

The silicalite-1 membranes had the highest permeances of both CO2 and
H2 of all the membrane types, but the CO2/H2 permeance ratio was the
lowest.

The NaZSM-5 membranes showed a significantly lower H2 permeance than
silicalite-1, which may be explained by narrower effective pores in the ZSM-
5 due to the sodium counter ions. The CO2 permeance in NaZSM-5 was
similar to the CO2 permeance in silicalite-1, despite the narrower effective
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pores. This can probably be explained by enhanced adsorption of the po-
larizable molecule CO2 in NaZSM-5. H2 is not very polarizable and was
probably not adsorbed more strongly in NaZSM-5 compared to silicalite-1.

The reduction of H2 permeance due to reduced effective pore size was more
pronounced in the BaZSM-5 membranes than in NaZSM-5; probably be-
cause the Ba2+ ion is larger (1.4 Å effective ionic radius compared to 1.2 Å
for Na+). The CO2 permeance in BaZSM-5 membranes was also compa-
rable to that in silicalite-1, despite the even narrower pores in BaZSM-5.
This indicates even stronger adsorption of CO2 than in NaZSM-5.

The impregnated membranes had a much lower permeance of both CO2

and H2 than the other types, indicating that mass transport resistance is
limited more by the calcium compounds than by Na+ and Ba2+. How-
ever, the permeance of CO2 was not decreased nearly as much as the
H2 permeance, which leads to a higher CO2/H2 permeance ratio than the
other membrane types. This indicates that the calcium compounds present
in the pores of the impregnated silicalite-1 enhanced the adsorption and
thereby the transport of CO2, which may be related to the formation of
calcium carbonate species.

When the CO2 permeance was measured on impregnated silicalite-1 mem-
branes, it did not stabilize quickly. To study this behavior more closely,
transient measurements were carried out with CO2 followed by H2, see
figure 3.9. Figure figure 3.9a shows that the CO2 permeance for the im-
pregnated membrane was close to zero initially and increased after about
2 minutes and stabilized after 5 to 10 minutes. These measurements in-
dicated that calcium carbonates formed in the zeolite pores after adsorp-
tion/reaction with CO2. When the feed changed to H2 (shown in figure
3.9b, the H2 permeance was at first very low but increased and stabi-
lized after 2-5 minutes. The increased hydrogen permeance may be due to
desorption of CO2 and desorption/decomposition of carbonate species.
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3.2.3 Mixture separation measurements (Paper

I-III)

Impregnated silicalite-1 membranes were tested for separation of CO2 and
H2. Figure 3.10 shows how the separation factor αCO2/H2

varies with tem-
perature for two impregnated silicalite-1 membranes and one silicalite-1
membrane without impregnation. The average separation factor for the
impregnated membranes at 25 ◦C was 3.7, which is more that five times
higher that the separation factor for a silicalite-1 membrane without im-
pregnation. For the silicalite-1 membranes, αCO2/H2

was 0.7 at 25 ◦C,
meaning that the membrane was actually slightly selective towards H2.
Probably, the reason why the selectivity is higher in the impregnated mem-
branes is that CO2 adsorbs stronger in the pores of the impregnated mem-
branes than in silicalite-1 and is thus transported more efficiently through
the film. This is supported by the DRIFT results in section 3.1.3. The
decrease in αCO2/H2

with temperature is probably due to the decreased
adsorption of CO2 in the zeolite film at higher temperature.

A BaZSM-5 membrane tested in paper III for CO2/H2 also displayed a
significantly higher separation factor than a silicalite-1 membrane (about
2.6 times higher). This can probably also be attributed to increased ad-
sorption of CO2 in BaZSM-5 compared to silicalite-1.

Silicalite-1 and NaZSM-5 membranes were tested in H2O/H2/nC6 separa-
tion experiments (Paper II). The nC6 in the feed was added to make the
feed composition more similar to the reaction mixture in e.g. FT-synthesis.
Figure 3.11 shows separation factors for two membranes of each type. The
data is very similar for each membrane type, indicating excellent repro-
ducibility in membrane preparation and testing. Figure 3.11a shows the
H2O/H2 and H2O/nC6 separation factors for the silicalite-1 membranes
S5 and S6 as a function of temperature. At 25 ◦C, the average separation
factor α-H2O/H2 was 14.3. The membranes were selective also at 100 ◦C
and the average separation factor was 3.2. This high separation factor is
attributed to adsorption of water on polar sites, especially at low temper-
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ature. The separation factor α-H2O/nC6 increases from 1.5 to 3 within
the investigated temperature range.

Figure 3.11b shows the H2O/H2 and H2O/nC6 separation factors for the
ZSM-5 membranes Z4 and Z5 as a function of temperature. A similar
trend for the H2O/H2 separation factor is observed for these membranes,
but the separation factors are higher (2 times at 100 ◦C) at temperatures
below 180 ◦C, which is attributed to stronger polarity in ZSM-5. The
higher α-H2O/H2 separation factor in ZSM-5 is almost only due to the
lower H2 permeance in the ZSM-5 membranes (pores more blocked by
water) compared to that for the silicalite-1 membranes.
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Table 3.1: Single gas permeances [10−7molm−2Pa−1s−1]

Membrane He N2 SF6 H2 CO2 CO2/H2

Silicalite-1 83 128 18 216 134 0.6
NaZSM-5 58 106 8 157 126 0.8
BaZSM-5 - - - 77 132 1.7

Impregnated Sil-1 - - - 12 30 2.5
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4. Conclusions

Four types of MFI films of high and similar quality with a thickness of
approximately 550 nm were prepared on α-alumina substrates.

It was shown that NaZSM-5 membranes had a higher CO2/H2 single gas
permeance ratio than silicalite-1. This was explained by a combination of
two effects: reduced H2 permeance due to the Na+ counter ions present in
the pores, and maintained CO2 permeance despite narrower pores due to
increased adsorption and thus increased transport of CO2. These two ef-
fects were even more pronounced in BaZSM-5, leading to a higher CO2/H2

single gas permeance ratio than NaZSM-5. The impregnated silicalite-1
membranes had much lower permeances than the other membranes types.
However, the permeance of CO2 decreased much less than the H2 perme-
ance, leading a higher CO2/H2 permeance ratio than the other membrane
types. Mixture separation experiments showed that the CO2/H2 selectiv-
ity of silicalite-1 membranes can be significantly enhanced by impregna-
tion with calcium nitrate. The separation factor αCO2/H2

at 25 ◦C was
increased from 0.7 to 3.7 by the modification. It is likely that the calcium
compounds present in the pores of the impregnated silicalite-1 enhanced
the adsorption and thereby the transport of CO2, which may be related to
the formation of calcium carbonate species. This could explain both the
increased single gas ratio and increased mixture separation factor.

It was also shown that polarity of a zeolite could be tailored by changing
the Si/Al ratio. Separation of mixtures of H2O, H2 and n-hexane was
performed in the temperature range 25 to 350 ◦C. The highest separa-
tion factors α-H2O/H2 were observed at 25 ◦C and were 14.3 and 19.7 for
silicalite-1 and ZSM-5, respectively.

The main conclusion of this work was that it was possible to enhance the
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separation properties of the MFI membranes by tailoring, using both the
traditional methods and the newly developed impregnation method.



5. Future work

This work has increased the understanding of what effects the modification
procedures have on the properties of MFI membranes. However, there are
still many challenges left. To approach the goal of this project further it
is necessary to:

• Prepare membranes which are selective at higher temperatures than
the membranes prepared so far. This could perhaps be achieved
by testing other strategies to enhance the CO2 selectivity of the
membranes, such as impregnation with other compounds e.g. amines

• Perform separation experiments with mixtures even more similar
to the reaction mixtures in Water Gas Shift (and perhaps Fisher-
Tropsch synthesis) at realistic temperatures.

• Prepare membranes of other structure types with smaller pores, for
instance DDR membranes.
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Abstract

A new method to enhance the selectivity of silicalite-1 membranes for al-

ternative separation tasks has been developed. Calcined membranes were

impregnated with a solution of Ca(NO3)2 in methanol and heated to 600◦ to

thermally decompose the Ca(NO3)2. SEM and EDS data indicated that cal-

cium compounds were evenly distributed over the entire silicalite-1 film and

in addition, crystals of a calcium compound were observed on top of the film

in some locations. n-Hexane porosimetry showed that the high quality of the

membranes remained after modification. In accordance, XRD data showed
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that calcium compounds on top of the film were relatively large CaCO3 crys-

tals with no significant peak broadening. However, calcium compounds in

the pores could not be studied by XRD since these would probably generate

a very weak signal of amorphous material. FTIR data indicated that im-

pregnation increased the amount of both physisorbed CO2 and chemisorbed

CO2 resulting in carbonate species in the film. Single and dual component

permeance experiments with CO2 and H2 probe molecules also indicated

enhanced adsorption and thus transport of CO2. The single component per-

meance ratio CO2/H2 increased from 0.7 to 1.5 after modification and the

dual component separation factor αCO2/H2
increased drastically from 0.7 (H2

selective) to 3.7 (CO2 selective) after modification.

1 Introduction

Zeolites are microporous crystalline solids with a framework of connected

SiO4
4− and AlO4

5− tetrahedra [1]. Zeolites have uniform channels with di-

ameters ranging from about 0.3 to 1.3 nm depending on the zeolite type.

The AlO4
5− tetrahedrons in the framework result in a net negative charge

which is balanced by cations. The cations are mobile and can be exchanged

for other cations. Silicalite-1 has MFI-type structure and the framework

consists of silicon and oxygen atoms only and the framework has no net

negative charge.

The small and well-defined pore size makes the zeolites a very efficient
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and often selective adsorbents. Separation of gases or liquids by selective

adsorption in zeolite adsorbents in industry is common [2]. The charge bal-

ancing cation can be substituted for a proton to obtain the acid form of the

zeolite. The acid form of zeolites comprise an advantageous combination of

material properties, i.e. shape/size selectivity and acidity; which is often

used as acid catalyst in industrial chemical processes [3].

Thin films of zeolite can be used as selective separation membranes be-

cause of their uniform pore size and adsorption properties and are of interest

for a large number of applications [4]. Zeolite membranes have many advan-

tages over other types of membranes, such as potential stability at high

temperatures and harsh chemical environments which other types of mem-

branes cannot withstand. These properties make zeolite membranes suitable

for membrane reactor applications [5].

There are a number of factors which control the separation properties of

a zeolite membrane. Both pore size and Si/Al-ratio is very important for

the properties of the membrane. If counterions are present in the zeolite,

these may affect both the adsorption properties and the effective pore size

of the zeolite. The counterions can be replaced by ion exchange. Generally,

a large counterion gives a smaller effective pore size [6].

Silicalite-1 membranes have been prepared by Bakker et al [7] with a

CO2/H2 separation factor of 12 at 22 ◦C. However, the selectivity is signifi-
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cantly lower at higher temperatures (about 1.5 at 100 ◦C). These membranes

have a film thickness of 50-60 μm and thus a high mass transfer resistance.

High quality silicalite-1 membranes comprised of a 500 nm thick film on

graded alumina supports have been prepared by Hedlund et.al [8]. These

membranes can separate isomers of xylenes, hexanes and butanes effectively,

in the first two cases due to molecular sieving at hight temperature (400 ◦C)

and in the latter case due to adsorption effects at lower temperatures. How-

ever, due to weak adsorption of CO2 in the silicalite-1 film and high relative

pressure drop in the support for small molecules [9], the membranes can not

be used directly for effective separation of molecules such as CO2 and H2.

Impregnation methods are often used to modify the catalytic properties of

zeolites.Examples are impregnation of zeolite Y with cobalt or nickel nitrate

[10] and impregnation of ZSM-5 with zinc acetate and platinum chloride.

To the best of our knowledge, such impregnation procedures have not

yet been used to tailor tailor the selectivity of a zeolite membranes. In

the present work, an impregnation procedure was developed to enhance the

adsorption of CO2 in thin silicalite-1 membranes. The ultimate goal is to

prepare thin silicalite-1 membranes which can separate CO2 from H2 also at

high temperatures.
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2 Experimental methods

2.1 Preparation of membranes

MFI membranes with a 500 nm thick zeolite film were prepared as described

earlier [8]. Graded porous α-alumina discs with a diameter of 25 mm were

used as supports. The top layer with a pore size of 100 nm was 30 μm thick.

The supports were masked and seeded with colloidal silicalite-1 crystals with

a diameter of 50 nm and a film was grown by hydrothermal synthesis. After

synthesis, the membranes were rinsed and calcined at 500◦ C with a heating

and cooling rate of 0.2◦C/min. The calcined membranes were stored in a

desiccator.

2.2 Impregnation of membranes

An impregnation solution was prepared by dissolving 5 wt% of calcium ni-

trate tetrahydrate (Ca(NO3)2·4H2O) in methanol. The membranes were

stored in a desiccator between the synthesis and modification. A very thin

layer of the impregnation solution was applied on the membrane surface by

spin-coating; impregnation solution was first spread on the film to cover the

film surface and the spin-coater was started and the sample was spun at

1200 rpm to remove the excess solution. The membranes were allowed to

dry in the spin-coater running at 1200 rpm for 10 minutes.

Finally, the membranes were heated in air for 8 hours at 600◦C with a heating

and cooling rate of 1◦C/min.
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2.3 Characterisation

SEM images were recorded using a Philips XL30 microscope equipped with

a LaB6 filament. The samples were gold coated prior to the SEM investiga-

tion. Elemental analysis of the membranes was performed using an energy

dispersive X-ray spectrometer (EDX, Link Isis) attached to the SEM.

The Ca(NO3)2·4H2O powder used to prepare the impregnation solution was

studied with Thermogravimetric Analysis (TGA) and Differential Thermal

Analysis (DTA) employing a Netzch STA 409 instrument using a heating

rate of 10◦C/min, argon atmosphere and an alumina crucible.

A Siemens D5000 powder X-ray diffractometer (XRD) was used to collect

XRD data. The incidence angle was kept at 1◦ and the detector was scanned

between 22◦ and 33◦. Long soller slits were used to collimate the diffracted

beam. A quartz standard sample was used in particle size estimations.

To study the effect of impregnation with Ca(NO3)2 on CO2 adsorption

in the silicalite-1 films (Paper I), in-situ DRIFT spectroscopy measurements

were performed with a rapid scan method using a Bio Rad FTS6000 spec-

trometer and a Harrick Praying Mantis DRIFT cell. Two circular samples

with a diameter of 6 mm were cut from silicalite-1 samples with and without

impregnation. Before CO2 adsorption the samples were dried by heating to

500◦C at a rate of 15◦C/min in a stream of argon and kept at 500◦C for

15 minutes before cooling to the adsorption temperature and equilibration

in Ar. A background DRIFT spectrum was recorded at 50 ◦C before CO2
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adsorption. This background was used for all DRIFT measurements.

DRIFT spectra were recorded in the range 4000-1000 cm−1 with a resolution

of 4 cm−1. CO2 was adsorbed by exposing the sample to a stream of 5% CO2

in Ar at 50◦C at a total pressure of 1 atm until equilibrium was established.

The outlet CO2 concentration was monitored by Mass Spectrometry (MS)

using a Gaslab 300 instrument. When the CO2 signal was constant, the sam-

ple was considered to be equilibrated. Desorption was conducted by flushing

the zeolite sample with pure Ar until CO2 in the outlet gas was not detected

by MS. First, DRIFT spectra were recorded during flushing at 50◦C; spectra

were recorded after 5 minutes and 30 minutes of flushing. When no CO2

could be detected in the outlet (after 45 minutes) the temperature was in-

creased, first to 200◦C and then to 450◦C and DRIFT spectra were recorded

at both temperatures. All spectra were compared to a background spectrum

collected at 50◦C before CO2 adsorption.

The zeolite membranes were characterized by n-hexane porosimetry [8,

11]. The membranes were dried at 300◦C overnight in a flow of dry helium in

a stainless steel cell equipped with graphite gaskets (inner diameter 19 mm,

Eriks Belgium), and then cooled to room temperature. The permeance of

helium was measured at a pressure difference of 1 bar and the permeate side

was kept at atmospheric pressure. The relative pressure of n-hexane was

then successively increased to approximately 0.01, 0.025, 0.25, 0.85 and 1.0

during measurements of helium permeance. The n-hexane partial pressure

was maintained by mixing a pure stream of helium with a flow of helium sat-
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urated with n-hexane. At each relative pressure the system was allowed to

equilibrate. The permeance was measured using a flowmeter connected after

a condenser which removed the n-hexane. At the first activity (P/P0 ≈0.01)

zeolite pores are blocked by n-hexane due to capillary condensation and a

very low helium permeance signifies a high quality membrane.

Single gas permeation experiments were carried out directly after calci-

nation. The samples were removed from the furnace at 110◦C and mounted

in a stainless steel cell under a flow of dry nitrogen. Rubber gaskets (inner

diameter 20.3 mm) were used during single gas experiments. The pressure

at the feed side was 1.9 bar and the permeate was at atmospheric pressure.

The permeate flow was measured with an electronic flow meter (ADM 1000

J&W Scientific).

Separation measurements were carried out on silicalite-1 membranes with

and without impregnation. The membrane was dried and impregnated as

described above. The separation experiments were performed in a similar

cell as used for porosimetry. Separation of CO2 and H2 mixtures were car-

ried out by first equilibrating the membrane at room temperature by a feed

with a total volumetric flowrate of 800 ml/min (STP), consisting of 65 kPa

CO2 and 65 kPa H2. The pressure on the permeate side was atmospheric

and the total pressure drop across the membrane was thus maintained at 30

kPa. A thermocouple (type K) was connected to the membrane cell in order

to record the temperature at the membrane. A Varian 3800 GC equipped
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with a capillary column and two packed columns (molecular sieve and chro-

mosorb) was connected online. A thermal conductivity detector was used

for quantitative analysis of the gas compositions. Helium was used as the

carrier gas.

3 Results and discussion

3.1 Thermal analysis

Figure 1 shows that the mass has decreased 76.2 % at 600◦C, which corre-

sponds very well to the expected weight loss (76.2 %) for decomposition of

Ca(NO3)2·4H2O to CaO. Based on these results, the membranes were heated

at 600◦C after the impregnation, to decompose the Ca(NO3)2 and form CaO.

3.2 SEM and EDS

Figure 2a shows a SEM surface image of a typical silicalite-1 membrane pre-

pared in this work, before impregnation. Theses membranes appears smooth

and dense, and the zeolite crystals are clearly visible. Figure 2b shows a side

view images of the same silicalite-1 membrane, which illustrates that the

film thickness is about 550 nm.
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Figure 2c shows a typical impregnated membrane after calcination in low

magnification. Most of the membrane appears featureless at this low mag-

nification, such an area is indicated with ”e” in this figure and figure 2e

shows a high magnification image of that area.The silicalite-1 crystals ap-

pears clearly, similar to as in figure 2a. It thus seems that any calcium

compounds present on top of the film at this particular location must form a

very thin layer, transparent to the SEM instrument, or calcium compounds

are simply not present on the surface at this location. However, calcium

compounds may in any case still be present inside the film, in grain bound-

aries and zeolite pores. A small fraction of the membrane is covered with

features, which perhaps are relatively large crystals of a calcium compound.

Such an area is indicated with ”d” in figure c. Figure d shows an image

at higher magnification of these presumable crystals. The diameter of these

”crystals” seems to range from about 100 nm to a few hundred nm. An

image at higher magnification of the featureless area ”d” is shown in figure

d. It appears as the zeolite crystals in this area are coated with a thin and

featureless layer of calcium compounds.

Figure 3 shows EDS spectra recorded at the points d and e in figure 2.

The data clearly shows that calcium compounds are present at both points.

This strengthens the assumption that the ”crystals” on top of the film are

calcium compounds. Although the Ca-signal is stronger from from point b

(from ”crystals”), it is still quite strong from point ”c” (from zeolite film),

which indicates that calcium compounds should be present inside the film,
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in pores and grain boundaries as discussed above.

Figure 4 shows the EDS analysis of the cross section of an impregnated

membrane.The concentration of calcium is relatively high at point A, near

the surface. At point B, approximately 10 μm from the surface, no calcium

can be detected. This indicates that the impregnation solution has not pen-

etrated very far into the substrate, as expected. The EDS analysis supports

the SEM observations.

3.3 XRD

Figure 5 shows the XRD data. Diffractogram ”a”, from a silicalite-1 mem-

brane, shows that the only crystalline phases in the membrane are silicalite-1

and α-Al2O3. Diffractogram ”b” was collected after impregnation of the film.

Two new reflections originating from Ca(NO3)2 crystals are observed. The

peaks are narrow, which shows that the crystals are relatively large. The

bottom diffractogram was collected after calcination (600 ◦C, 8h) of the im-

pregnated membrane. In this case two reflections from CaCO3 are observed

and the Ca(NO3)2 reflections are absent. Again, the reflections are narrow

and the crystals are large. These results show that some of the calcium

nitrate formed large Ca(NO3)2 crystals on top of the zeolite film during the

impregnation process.

To confirm that the XRD signal came from large crystals, the X-ray
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diffractogram of a quartz standard sample was measured. The Full Width

at Half Maximum (FWHM) was determined for the reflection at 26.6 ◦2Θ

and compared to the FWHM of the calcium compound reflections. For the

quartz standard sample reflection at 26.6 ◦2Θ the FWHM was 0.09 ◦2Θ. The

Ca(NO3)2 at 26.2 ◦2Θ and the CaCO3 reflection at 29.4 ◦2Θ had the same

FWHM, indicating that the Ca(NO3)2 and CaCO3 reflections orignated from

large crystals such as the ones observed in SEM.

It is likely that some calcium nitrate was also deposited in the zeolite

pores when the solution of Ca(NO3)2·4H2O in methanol was added. During

calcination at 600◦C, the nitrate compounds were likely decomposed to CaO

as indicated by TGA data. During cooling to room temperature in air, large

crystals of CaCO3 formed on top of the membrane and carbonates probably

formed in the zeolite pores as well.

3.4 In-situ DRIFT spectroscopy measurements

In-situ DRIFT spectroscopy experiments were carried out to study the the

adsorption of CO2 in more detail and to appreciate the adsorption strength

of CO2 on the film.

There are a number of IR bands which are expected to be observed in

this system. Physisorbed CO2 should result in a band around 2340-2360

cm−1 [12]. Depending on the interaction between the CO2 molecule and the
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surface, several carbonate species can potentiallt form after chemisorption

[13, 14]. Bands around 1400 cm−1 are possibly attributable to polydentate

carbonate species [13, 14]. Bands at 1495 cm−1 can be attributed to calcium

carbonate. Bands around 1650 cm−1 could be attributed to bicarbonate

species and bands around 1710 cm−1 may be attributed to bicoordinated

CO2 (coordinated to a framework oxygen and a cation) [13, 15].

Figures 6a and c show FTIR spectra in the range 2200-2500 cm−1 for

silicalite-1 membranes with and without impregnation, after CO2 adsorp-

tion. In the spectrum from the silicalite-1 film (figure a) a band at about

2340-2360 cm−1 was observed and attributed to physisorbed CO2. For the

impregnated silicalite-1 film (figure b) this band was significantly stronger.

This increased intensity could thus be attributed to increased CO2 physisorp-

tion due to the calcium compounds present in the impregnated membrane.

The bands in the range 2340-2360 cm−1 decreased in intensity during flush-

ing and after 30 minutes of flushing almost no signal remained in that range,

confirming that those bands corresponded to weakly adsorbed (physisorbed)

CO2. The spectra collected in the range 2200-2500 cm−1 after heating of

the samples are not shown because no IR absorption bands remained in this

range after the flushing with argon.

Figures 6b and d show FTIR spectra in the range 1200-1800 cm−1. In

the spectrum corresponding to the silicalite-1 film (figure b) a weak band

at about 1710 cm−1 was observed, possibly attributable to bicoordinated
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chemisorbed CO2 [13]. On the impregnated silicalite-1 film (figure 6d) three

broad absorption bands were observed after 5 minutes of flushing with argon.

These bands probably correspond to polydentate carbonate species (1400

cm−1), calcium carbonate (1495 cm−1) and bicarbonate species (1650−1).

None of these bands decreased after additional flushing. When the sample

was heated 200◦C the broad band around 1650 cm−1 could no longer be

observed in the corresponding spectrum. However, the weak band at 1710

cm−1, also observed in the silicalite-1 spectrum (figure b), was observed.

When the sample was heated to 450◦C only a very weak band at 1580 cm−1

was detectable, indicating that most of the carbonate species are stable at

200◦C but only a very small portion is still stable at 450◦C. The high ther-

mal stability of the species resulting in bands in the range 1200-1800 cm−1

indicated that they were chemisorbed.

Based on the FTIR results, CO2 appears to form two types of species

with different thermal stability; i.e. physisorbed CO2, which can be removed

by flushing with argon, and carbonate species, which are stable up to at

least 200◦C. The impregnation increased the amount of physisorbed CO2

and several new chemisorbed species formed.

3.5 n-Hexane porosimetry

Figure 7 shows the n-hexane porosimetry data of a silicalite-1 membrane and

an impregnated silicalite-1 membrane. For a high quality membrane a large
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drop in permeance was expected between P/P0=0 and P/P0=0.025. For the

silicalite-1 membrane the initial helium permeance drop was 99.8% and for

the impregnated membrane the corresponding value was 97.6%. This data

indicates that defects formed in this particular membrane due to the impreg-

nation procedure. However, we have reasons to believe that the membrane

tested in the permeation experiments had higher quality.

3.6 Single gas permeation measurements

Steady state single gas permeances for He, N2, H2, and CO2 for 4 silicalite-1

membranes and 4 modified silicalite-1 membranes are given in Table 1.

The impregnated membranes had a much lower permeance of both CO2

and H2 than the silicalite-1 membranes, indicating that the mass transport

was significantly reduced by the calcium compounds. However, the perme-

ance of CO2 was not decreased nearly as much as the H2 permeance, which

leads to a higher CO2/H2 permeance ratio (1.46±0.6) than the silicalite-1

membranes (0.69±0.03). This indicates that the calcium compounds present

in the pores of the impregnated silicalite-1 enhanced the adsorption and

thereby the transport of CO2, which may be related to the formation of cal-

cium carbonate species in accordance with the DRIFT observations.

Figure 8 shows transient single gas measurements. The permeance of

CO2 after calcination was measured as a function of time. After 20 minutes
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the feed was changed to H2. The measurement was carried out both with a

silicalite-1 membrane (M4) and with two impregnated silicalite-1 membranes

(M7 and M8).

For the silicalite-1 membrane, the CO2 permeance was constant with time.

When the feed was changed to H2, the permeance changed instantly and was

then constant with time.

For the impregnated silicalite-1 membranes the permeance changed signif-

icantly with time. The CO2 permeance was close to zero initially and in-

creased after about 2 minutes and stabilized after 5 to 10 minutes. Appar-

ently, the CO2 feed affected the membrane which resulted in increased CO2

permeance. It is likely that calcium compounds in the zeolite pores were

affected by physi- or chemisorption of CO2. When the feed changed to H2,

the H2 permeance was at first very low but increased and stabilized after 2-5

minutes. The increased hydrogen permeance may be due to desorption of

CO2 and desorption/decomposition of carbonate species.

3.7 Separation measurements

Impregnated silicalite-1 membranes were tested for separation of CO2 and

H2. Figure 9 shows the mixture separation factor αCO2/H2
as a function of

temperature for two impregnated silicalite-1 membranes and one silicalite-1

membrane without impregnation. The average separation factor for the im-

pregnated membranes at 25 ◦C was 3.7, which is more than five times higher

that the separation factor for a silicalite-1 membrane without impregnation.
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For the silicalite-1 membrane, αCO2/H2
was 0.7 at 25 ◦C, i.e. H2 selective.

The higher selectivity for the impregnated membranes is probably due to

additional adsorption sites for CO2 in accordance with the DRIFT observa-

tions. The decreased separation factors at higher temperatures are probably

due to the decreased adsorption of CO2 in the zeolite film. For instance at

a temperature of 200 ◦C, none of the physisorbed and only a fraction of the

chemisorbed CO2 species observed by DRIFT at lower temperatures remains

in the membrane, which explains the reduced separation factor observed by

permeation experiments.

4 Conclusions

In the present work, it has been shown that the selectivity of silicalite-1 mem-

branes can be significantly enhanced by impregnation with calcium nitrate.

SEM and EDS showed that the membranes could be impregnated evenly,

without a large excess of calcium compounds on the membrane surface.

The FTIR investigation showed that the amount as well as the adsorption

strength of the CO2 adsorbed on the silicalite-1 films could be increased by

impregnation. The impregnated silicalite-1 membranes had much lower sin-

gle gas permeances than the other membranes types, but the permeance of

CO2 decreased much less than the H2 permeance, resulting in higher single

gas CO2/H2 permeance ratios. Mixture separation experiments showed that

the CO2/H2 selectivity of silicalite-1 membranes was significantly enhanced
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by impregnation with calcium nitrate. The separation factor αCO2/H2
at 25

◦C was increased from 0.7 to 3.7 by the modification. The increased single gas

ratio and increased mixture separation factor could probably be explained

by the calcium compounds present in the pores of the impregnated silicalite-

1, which introduced new adsorption sites and enhanced the transport of CO2.

The authors acknowledge the Swedish Energy Agency (STEM) for finan-

cially supporting this work.
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Figure 1: a)Result from thermogravimetric analysis of Ca(NO3)2·4H2O. b)
Differential thermal analysis from the same experiment.
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Figure 2: SEM images of a silicalite-1 membrane before (a,b) and after
(c-f) impregnation. a) shows the surface of a silicalite-1 membrane before
impregnation and b) the cross-section of the same membrane. c) shows an
surface overview of an impregnated membrane. d), e) and f) shows closeups
of the points indicated in c.
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Figure 4: a) SEM side view image of an impregnated silicalite-1 membrane.
b) EDS spectra in the points A and B indicated in a. The spectra are offset
for clarity.
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Table 1: Single gas permeances [10−7molm−2Pa−1s−1], 95 % confidence in-
tervals calculated for the averages. The permeance of CO2 for M5-M8 is
measured at steady state.

Impregnation He N2 H2 CO2 CO2/H2

M1 No 71.1 100.2 182.6 125.4 0.69
M2 No 72.5 95.4 181.4 129.4 0.71
M3 No 74.5 96.4 189.0 119.9 0.63
M4 No - - 184.4 132.1 0.72

Avg. before impreg. 72.7±1.6 97.3±2.3 184.4±2.8 126.7±4.5 0.69±0.03
M5 Yes 14.4 29.7 40.4 43.6 1.08
M6 Yes 10.5 20.9 27.9 28.9 1.04
M7 Yes - - 34.6 39.2 1.13
M8 Yes - - 11.7 30.4 2.60

Avg after impreg. 12.5±2.7 25.3±6.1 28.7±10.5 35.5±6.0 1.46±0.6
Ratio before/after 6 4 6 3.5 0.5
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Abstract

MFI films with a thickness of 550 nm were prepared on -alumina 

substrates. The surface Si/Al ratios (XPS) were 157 and 62 for silicalite-1 

and ZSM-5 films, respectively, and in accordance, XRD data indicated 

lower ratios for ZSM-5 films. Higher ratios were observed by ICP-AES 

for crystals grown in the bulk of the synthesis mixtures. Six membranes 

of each type were prepared.  Porosimetry measurements showed that all 

membranes were of high and similar quality. Single gas permeances for 

H2, N2, He, CO2 and SF6 at 25 C were very similar within each type of 

membranes. However, the average hydrogen permeance was 27% lower 

and the average H2/SF6 single gas permeance ratio was 67% higher for 



ZSM-5 membranes. These differences are attributed to a narrower 

effective pore diameter for the ZSM-5 membranes due to the sodium 

counter ions. Separation of mixtures of H2O, H2 and n-hexane (helium 

balance) was investigated in the temperature range 25 to 350°C. The 

highest separation factors -H2O/H2 were observed at 25°C and were 

14.3 and 19.7 for silicalite-1 and ZSM-5, respectively. The membranes 

were selective also at 100°C and the separation factors were about 3.2 

and 6 for silicalite-1 and ZSM-5, respectively. However, the selectivity 

decreased at elevated temperatures and the separation factor approached 1 

at temperatures above 180°C for both membrane types. The observed 

water selectivity was attributed to weak adsorption of water on polar 

sites. A low (1.5-3) -H2O/nC6 separation factor was observed for both 

membrane types for the entire investigated temperature range.   

Key words: MFI zeolite membranes, water, hydrogen, selectivity, 

multicomponent permeance 
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Introduction
Molecular sieve films with well-defined pores may be used for a variety 

of purposes such as for membrane applications [1, 2], optical sensors [3-

5] and electronic functions [6]. Zeolite membranes are particularly 

interesting for separation as they can withstand the harsh thermal and 

chemical conditions of many industrial processes [7] where other 

(organic) membranes are often found shortcoming due to their limited 

temperature stability. The microstructure of zeolites allows for separation 

of mixtures with small and similar molecular diameters. Synthesis, 

characterization and separation performance of various zeolite 

membranes have been studied including silicalite-1 [8-11], ZSM-5 [12-

15], zeolite A [16] and zeolite Y [17, 18]. MFI type membranes have 

gained particular interest in separation due to similar pore diameter of 

these zeolites to the critical diameter of many industrially important 

molecules.  

Separation by zeolite membranes is due to molecular sieving and/or 

preferential adsorption and/or diffusion effects [19]. The transport in the 

membranes may be governed by the dominance of either of the 

mechanisms or a combination. The separation selectivity in zeolite 
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membranes varies significantly with the structure, crystal orientation, film 

thickness, Si/Al ratio, adsorption effects, composition and kinetic 

diameter of the permeating species [19]. By changing the Si/Al ratio in 

the zeolite the polarity of a membrane can be adjusted. A more 

hydrophilic membrane would adsorb polar molecules more strongly and 

block the pores for transport of other species as a result of the stronger 

adsorption.

Zeolite A membranes have been applied in large-scale pervaporation 

plants for solvent dehydration [2]. However these zeolite films are often 

as thick as 30 m hence show a high mass transfer resistance.

Besides dehydration processes, many currently relevant reaction take 

place in the presence of water, e.g. the Fischer-Tropsch (FT) synthesis: 

yielding hydrocarbons and water from H2 and CO, or steam reforming of 

hydrocarbons for H2 production. It has been reported that water may 

deactivate the FT catalyst [20, 21], hence selective removal of water may 

benefit the FT synthesis, whereas selective removal of H2 would improve 

equilibrium for steam reforming. Furthermore, if a thin zeolite membrane 

is prepared, the permeance of gases through the membrane will be high 

[22] reducing the required membrane area to process a certain stream.  
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In the present work, 550 nm MFI membranes with different Si/Al ratio 

were explored for separation of water/hydrogen mixtures in the presence 

of hydrocarbons. All parameters such as film thickness, preferred 

orientation and conditions during testing were kept constant in order to 

evaluate the effect of the Si/Al ratio in the film on the separation.  

Experimental

Membrane fabrication 
Commercial asymmetric -alumina microfiltration filters (Inocermic 

GmbH) were used as supports. The average pore size was 100 nm in the 

30 μm thick top-layer and 3 μm in the 3 mm thick bottom layer. The 

supports were masked and seeded as described previously [22]. TPA-

silicalite-1 seeds with an average crystal size of 60 nm were used for 

seeding of the masked supports. These seeds were prepared from a 

synthesis solution with the molar composition 9 TPAOH: 25 SiO2: 360 

H2O: 100 EtOH. After seeding, the supports where immediately 

immersed in a synthesis solution with a molar composition of 3 TPAOH: 

25 SiO2: 1450 H2O: 100 EtOH for silicalite-1 films and 3 TPAOH: 0.25 

Al2O3:  Na2O: 25 SiO2: 1600 H2O: 100 EtOH for ZSM-5 films. Hence the 

Si/Al ratios for silicalite-1 and ZSM-5 synthesis solutions were infinite 

and 50, respectively. The Na/Al ratio is 4 in the ZSM-5 synthesis 
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mixture. Hydrothermal treatment was conducted in an oil bath at 100° C 

at atmospheric pressure. The silicalite-1 membranes were grown by 

hydrothermal treatment for 36 hours and the ZSM-5 membranes for 27 

hours in order to obtain similar film thicknesses. Six replicates of each 

membrane type were fabricated and labelled Sx or Zx, where S and Z 

denote silicalite-1 and ZSM-5, respectively. The letter “x” in the label is 

the sample number from 1 to 6. After hydrothermal treatment the 

membranes were cooled in the synthesis solution and rinsed with a 0.1 M 

NH3 solution for 24 hours. The membranes were calcined at 500°C for 6 

hours with a heating rate of 0.2°C/min and a cooling rate of 0.3°C/min. 

Physical characterisation 
A Philips XL30 scanning electron microscope equipped with a LaB6

emission source running at 30 kV was used to study film thickness and 

morphology of the membranes. The samples were coated with a thin gold 

film by sputtering prior to investigation. X-ray diffraction (XRD) data 

was recorded using a Siemens D5000 diffractometer. Samples were 

investigated in the two-theta range 5-50  in Bragg-Brentano geometry. 

Two-theta scans in the range 44.6-46.1  were also performed with 

grazing incidence angle (1.0 ) and thin film accessories, i.e. a long Soller 

slit and a LiF monochromator was used in this case. The latter data was 

used to determine the positions of the two MFI peaks at approximately 
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45.0 and 45.5 2  in an attempt to estimate the Si/Al ratio of the MFI film 

as described by Bibby et al. [23] for MFI powder. Elemental analysis of 

the film surface was carried out by X-ray Photoelectron Spectroscopy 

(XPS) using a KRATOS Axis Ultra electron spectrometer. ICP-AES 

measurements of the elemental composition of the zeolite crystals that 

formed in the bulk of the synthesis mixture during film growth were 

performed. 

Permeation measurements 
n-Hexane (n-C6) porosimetry was used to estimate the quality of the 

prepared membranes. The porosimetry experiment is described in detail 

elsewhere [22, 24]. Single gas permeation measurements of H2, N2, He, 

SF6 and CO2 were carried out directly after the calcination procedure. The 

membranes were mounted in a stainless steel cell using rubber gaskets for 

sealing. An absolute pressure difference of 1 bar was applied, and the 

flow through the membrane was measured using a flowmeter (ADM 

1000, J & W Scientific). No sweep gas was used during single gas 

measurements.

Separation experiments were performed using a Wicke-Kallenbach 

apparatus. The membranes were mounted in a stainless steel cell and 

sealed with graphite gaskets. Hydrogen and helium were fed by three 
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mass flow controllers to saturators kept at 20°C by a thermostat bath. 500 

ml/min of helium were fed to a water saturator, 50 ml/min of helium were 

fed to a n-C6 saturator and 400 ml/min of hydrogen were fed to a water 

saturator. The feed composition for the separation measurements was thus 

42 kPa hydrogen, 2.1 kPa water, 0.71 kPa n- C6 and helium balance to a 

total of 101.3 kPa at a flowrate of 977 ml/min (STP). Helium 200 ml/min 

(STP) was used as sweep gas with a pressure of 101.3 kPa. A 

thermocouple (type K) was connected to the membrane cell in order to 

record the temperature at the membrane. A Varian 3800 GC equipped 

with a capillary column and two packed columns (molecular sieve and 

chromosorb) was connected online. Thermal conductivity and flame 

ionisation detectors connected in series where used for quantitative 

analysis of the gas compositions. Helium was used as the carrier gas. The 

separation factor was calculated as follows: 

feedj
i

permeatej
i

j,i

x
x

x
x

        (1) 

With ix = mole fraction of species i. 

It should be noted that the fraction of any component in the feed crossing 

the membrane remained below 11% even at the highest temperatures in 

this work. This is important, since the composition on the feed side of the 
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membrane then can be approximated with the feed composition when 

calculating the permeance and separation factors (equation 1). 

Results and discussion 

Physical characterization 
Figure 1 (a) and (b) show side view images and Figure (c) and (d) show 

surface images of silicalite-1 and ZSM-5 films, respectively. The film 

thickness was about 550 nm for both the silicalite-1 and ZSM-5 films and 

both films appeared dense. 

Figure 2 shows XRD diffractograms of a silicalite-1 and a ZSM-5 

membrane in the two-theta interval 5-50 degrees. The very strong peaks 

at about 25.6, 35.1, 37.8 and 43.4  2  emanate from the alumina support. 

The remaining peaks are typical for weakly a-oriented MFI films grown 

by this procedure and similar results have been reported before [22]. 

Table 1 shows the integrated intensity of the MFI peak at 22.9 2 . The 

intensity of the MFI peak has been normalized using the very strong 

alumina peak at 25.6 2  as internal standard. The integrated intensity of 

the MFI peak is constant, indicating a constant zeolite amount for all 

samples in accordance with SEM observations.  
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Figure 1: Side view images, (a) and (b), and surface images, (c) and (d), of 

silicalite-1 and ZSM-5 films, respectively. 

Table 1:  Integrated intensities of the MFI peak at 22.9 2  for three silicalite-1 

and three ZSM-5 membranes. The intensity of the MFI peak has been 

normalized using the alumina peak at 25.6 2  as internal standard. 

Membrane 

Integrated intensity 

(counts·°)

S4 7.5 

S5 7.8 

S6 7.4 

Z3 7.6 

Z4 7.1 

Z6 7.7 
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Figure 2: XRD diffractograms of a silicalite-1 and a ZSM-5 membrane in the 

two-theta range 5-50 degrees. 

The exact position of the two MFI peaks at approximately 45.0 and 45.5 

2  were determined in an attempt to estimate the Si/Al ratio of the MFI 

film as described by Bibby et al. [23] for MFI powder. They showed that 

the difference in angle, ( 2 ), between the two peaks is inversely 

proportional to the aluminum content in MFI powder. For the MFI films 

prepared in the present work, (2 ) was 0.446  0.01  (average and 95% 

confidence interval for four samples) and 0.344  0.01  for silicalite-1 

and ZSM-5 , respectively. It is possible that a calibration curve for zeolite 
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powder is not applicable for determination of the aluminum content in 

zeolite films, due to strain in films amongst other factors. However, since 

a larger (2 ) was observed for silicalite-1, this indicates a higher Si/Al 

ratio for this sample.  

In order to appreciate the composition of the zeolite better, in particular 

the Si/Al ratio, additional characterization of the membrane surface with 

XPS and of the crystals formed in the bulk of the synthesis mixture with 

ICP-AES was carried out. In accordance with the XRD observations, 

XPS showed that the Si/Al ratio on the membrane surface was 157 for 

silicalite-1 and 62.4 for ZSM-5. These ratios should be compared with the 

ratios in the synthesis mixtures, which were infinite and 50, for silicalite-

1 and ZSM-5, respectively. It is likely that some aluminum leached from 

the support and was incorporated in the zeolite during film growth, which 

may explain the low Si/Al ratio observed by XPS for the silicalite-1 

membrane surface. Furthermore, some of the aluminum detected on the 

surface by XPS may be non-framework aluminum, not affecting the 

crystal structure for silicalite-1 and ZSM-5.  A higher aluminum 

concentration in the ZSM-5 system was also supported by the ICP-AES 

results for the zeolite crystals that formed in the bulk of the synthesis 

mixture during growth of the zeolite membranes. The observed Si/Al 
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ratios were >1441 (Al below the detection limit) for silicalite-1 bulk 

crystals and 383 for ZSM-5 bulk crystals. The Si/Na ratios in these 

crystals were >625 (Na below the detection limit) and 59 for silicalite-1 

and ZSM-5, respectively. The ZSM-5 crystals were thus in the sodium 

form (NaZSM-5), as expected from a synthesis mixture with a Na/Al 

ratio of 4. It should be noted that the bulk composition of the zeolite 

crystals that formed in the bulk of the synthesis mixture may differ 

significantly from the bulk composition of the film in the zeolite 

membrane due to at least two reasons: As stated above, aluminum may be 

incorporated in the growing zeolite film due to leaching of the support 

and the film is grown from seeds, while the crystals that form in the bulk 

of the synthesis solution grow from nuclei. However, all analyses of the 

elemental composition of the samples show more aluminum in the ZSM-

5 system. 

Permeation measurements 

All membranes were first evaluated by single gas experiments (cf. Table 

2). It should be noted that single gas permeance ratios are a function of 

membrane quality, film thickness, morphology, test conditions [25] and 

chemical composition, i.e. Si/Al ratio. However, in the present work, 

membrane quality, film thickness, morphology and test conditions were 

kept constant.
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Almost constant permeances were obtained within each group of 

membranes, which indicate that the quality of these membranes is similar.  

The silicalite-1 membranes show on average 43% higher He permeance 

and 37% higher H2 permeance, which may be attributed to steric 

constraints of the counter ions and hence reduced effective pore diameter 

in ZSM-5. Since the permeance of these molecules appear to be 

influenced by pore size and the observed average H2/He permeance ratio 

is 2.6-2.7 for both membrane types, which is significantly above the 

Knudsen ratio of 1.4, these results indicate that the transport of these 

molecules may involve both Knudsen like diffusion and surface 

(configurational) diffusion. This hypothesis is supported by work 

reported by  Xiao and Wei [27]. In their hypothesis, H2 and He are 

probably transported by Knudsen diffusion in ZSM-5, but the system is a 

borderline case to configurational diffusion. 

 The average permeance ratio of H2/He for the two membrane types differ 

by as little as about 3%, indicating that these molecules are not influenced 

by polarisation and/or adsorption effects due to different chemical 

composition of the membrane types.  In contrast, the average H2/N2 and 

H2/CO2 permeance ratios differ more for the two membrane types and are 

15-30% lower for the ZSM-5 membranes. The lower H2/N2 and H2/CO2

permeance ratios observed for ZSM-5 is caused by enhanced transport of 
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the polarizable or polar molecules N2 and CO2, respectively, probably by 

enhanced surface diffusion in addition to Knudsen like diffusion.  

The average H2/SF6 permeance ratio is 67% higher for the ZSM-5 

membranes, as a result of a much larger reduction of SF6 permeance 

compared to H2 for ZSM-5. The size of the SF6 molecule is closer to the 

critical diameter of the NaZSM-5 pores compared to the H2 molecule, 

which maybe explains why the SF6 permeance is reduced more than the 

H2 permeance in NaZSM-5. 
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Table 2: Hydrogen permeance /(1  10-7 mol/m2sPa) and single gas perm-

selectivity experiments at room temperature (25  2°C) for 6 silicalite-1 (S1-S6) 

and 6 ZSM-5 membranes (Z1-Z6), with a P of 1 bar. Averages are given with 

standard deviations. CO2 permeance was not measured on all membranes. 

Membrane H2 He H2/ N2 H2/ He H2/ SF6 H2/ CO2

S1 210 81 1.70 2.59 12.6 1.77 

S2 212 77 1.70 2.75 12.9 1.71 

S3 202 74 1.67 2.74 11.1 1.35 

S4 216 86 1.66 2.51 11.0 - 

S5 226 90 1.72 2.50 11.9 - 

S6 227 91 1.68 2.5 12.3 - 

Average 215.5±8.8 83.2±6.4 1.69±0.02 2.60±0.11 12.0±0.72 1.61±0.19 

Z1 161 56 1.53 2.85 20.6 1.28 

Z2 158 58 1.46 2.73 20.9 1.22 

Z3 126 51 1.53 2.49 16.7 - 

Z4 167 61 1.46 2.76 18.7 - 

Z5 157 60 1.41 2.61 21.8 - 

Z6 172 63 1.46 2.71 21.1 - 

Average 156.8±14.7 58.2±3.8 1.48±0.04 2.69±0.11 20.0±1.74 1.25±0.03 

Figure 3 illustrates n-C6 porosimetry data for three silicalite-1 (a) and 

three ZSM-5 (b) membranes. As was also indicated by single gas data, all 

these membranes have high and similar quality since the He permeance 

drops about 99% when the relative partial pressure of n-C6 is increased 

from 0 to ~0.01. A relative pressure of ~0.01 of n-C6 blocks the zeolite 
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pores and the remaining flow permeates via pores (defects) larger than 

the zeolite pores [22, 24]. In accordance with the single gas experiments, 

a difference in helium permeance at relative pressure of 0 is observed for 

the two membrane types. The helium permeance for silicalite-1 is 

67.7·10-7  9.1·10-7 mols-1m2Pa-1 whereas the permeance for ZSM-5 is 

51.9·10-7  6.3·10-7 mols-1m2Pa-1 (average and standard deviation for three 

samples). These helium permeances are slightly smaller than what was 

observed in the single gas experiments, which may be caused by some 

coke deposition during the separation measurements. The porosimetry 

measurements were carried out after separation measurements. 
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    (a) 

               (b) 

Figure 3: Helium permeance as a function of partial pressure of n-hexane measured at 25 

°C for silicalite-1 (a) and ZSM-5 membranes (b).
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Separation experiments 
Figure 4 shows separation factors and permeances for two membranes of 

each type. The data is similar for each membrane type, indicating 

excellent reproducibility in membrane preparation and testing. Figure (a) 

shows the H2O/H2 and H2O/nC6 separation factors for membranes S5 and 

S6 as a function of temperature. At 25 C, the average separation factor -

H2O/H2 was 14.3. The membranes were selective also at 100°C and the 

average separation factor was 3.2. This high separation factor is attributed 

to adsorption of water on polar sites, especially at low temperature. The 

separation factor approach 0.75 at temperatures above 150 C. The 

separation factor -H2O/nC6 increases from 1.5 to 3 within the 

investigated temperature range.  

Figure (b) shows the H2O/H2 and H2O/nC6 separation factors for 

membranes Z4 and Z5 as a function of temperature. A similar trend for 

the H2O/H2 separation factor is observed for these membranes, but the 

separation factors are higher (2 times at 100 C) at temperatures below 

180 C, which is attributed to stronger polarity in ZSM-5. Similarly, the 

-H2O/nC6 separation factor is increasing with temperature from 1.5 to 

2.2 between 25  and 400 C.
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Figure 4 (c) and (d) shows the permeances as a function of temperature. 

The hydrogen permeance increases two orders of magnitude with 

increasing temperature. At low temperatures, the pores are probably 

blocked by water and/or n-C6 as in the porosimetry experiment. These 

molecules are desorbed at least partially at higher temperatures, allowing 

hydrogen to permeate. The hydrogen permeance at 350 C is 

approximately 60·10-7 mols-1m2Pa-1 for silicalite-1 and 50·10-7 mols-

1m2Pa-1 for ZSM-5. This is about a factor 3.4 lower than observed in the 

single gas measurements at 25 C, which may be caused by reduced 

adsorption (and surface diffusion) due to higher temperature, competitive 

adsorption (of water, helium or n-C6) or back diffusion of helium from 

sweep to feed side. The permeances of water and n-C6 are less dependent 

on temperature, the permeance of water increased by less than a factor of 

3, while that of n-C6 increased by less than 50 % over the same 

temperature range, possibly due to counteracting adsorption and diffusion 

effects.

The rapid decrease for the -H2O/H2 separation factor for both membrane 

types is as a result of rapid increase of H2 permeance with increasing 

temperature. Also the higher -H2O/H2 separation factor in ZSM-5 is due 

to the lower H2 permeance in the ZSM-5 membranes (pores more blocked 
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by water) compared to that for the silicalite-1 membranes. The variation 

of the water and n-C6 permeance with membrane type has a minor impact 

on the -H2O/H2 separation factor. 

The presence of cations in ZSM-5 is expected to favor the adsorption and 

permeance of water [26]. However, the results show that the water 

permeance and the H2O/n-C6 separation factor are lower in ZSM-5 at 

high temperatures while at low temperatures no difference is observed 

between the two membrane types. This illustrates the complexity of the 

interactions during multicomponent separations and without knowledge 

of multicomponent adsorption isotherms it is difficult to explain this 

behavior.
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    (a) 

               (b) 
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    (c) 

               (d) 

Figure 4: Ternary H2O/H2/nC6 permeance (a), (b) and selectivity (c) and (d) for silicalite-1 

and ZSM-5 membrane. Feed water vapor partial pressure is 2.1 KPa, n-hexane vapor partial 

pressure 0.71 KPa, and H2 partial pressure is 42 KPa, with He balance to a total of 101.3 
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KPa. Sweep gas; He at 200 ml/min and 101.3 KPa. 

.

Conclusions
Twelve MFI membranes with different Si/Al ratios where successfully 

grown on asymmetric -alumina micro-filtration filters. The film 

thickness was about 550 nm for all membranes according to SEM and 

XRD data indicated a constant zeolite amount on all membranes. 

Porosimetry results showed that the quality of all membranes was high. 

The single gas permeance data was consistent with the porosimetry data. 

The chemical composition of the membranes has a significant effect on 

single gas permeances and permeance ratios as well as separation factors 

and permeances in multi component separation experiments for the 

water/hydrogen/n-hexane system. The addition of aluminum results in 

increased selectivity at low temperatures, however, above 180 C this 

effect is no longer observed. 
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1. SUMMARY 

MFI membranes with equal film thickness were grown on graded alumina 
supports and modified by ion exchange or impregnation. The single gas 
permeances of CO2 and H2 were measured for all membranes. Both 
impregnation and ion exchange had a significant effect on the permeation 
properties of the membranes. The single gas CO2/H2 permeance ratio was 0.57, 
0.82, 1.7 and 2.5 for silicalite-1, NaZSM-5, BaZSM-5 and silicalite-1 
impregnated with Ca(NO3)2 , respectively. A BaZSM-5 membrane was tested for 
separation of a mixture of CO2 and H2 in the temperature range 25-400 °C. The 
separation factor was 2.0 at 25 °C and decreased with increasing temperature. 

2. INTRODUCTION 

Zeolite membranes are of great interest in a large number of applications due to 

their uniform pore size and stability at high temperatures and in harsh 

environments. Zeolite membranes have the potential to separate molecules very 

efficiently. There are several parameters which have been used for controlling 

the separation properties of zeolite membranes, i.e. structure and corresponding 

pore size, Si/Al-ratio and counterions [1, 2]. Additional modification routes, 

such as impregnation procedures [3] have been developed for zeolite catalysts 

by researchers in the catalysis field . The separation of CO2 and H2 with zeolite 

membranes is an interesting application due to its significance for a large 

number of applications e.g steam reforming. The goal of this work is to study 
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the effect of Si/Al-ratio, counter ions and impregnation procedures on the single 

and dual component permeation of CO2 and H2 in MFI membranes.    

3. EXPERIMENTAL 

3.1 Membrane preparation 

Zeolite membranes with an approximately 500 nm thick film were prepared on 

graded -alumina supports as described earlier [4]. The supports were masked 

and seeded with colloidal silicalite-1 crystals and a film was grown by 

hydrothermal synthesis. The composition of the synthesis solution was 3 

TPAOH: 25 SiO2: 1450 H2O: 100 EtOH for silicalite-1 films and 3 TPAOH: 

0.25 Al2O3:  Na2O: 25 SiO2: 1600 H2O: 100 EtOH for ZSM-5 films. The 

synthesis was followed by rinsing in 0.1 M NH3 and calcination at 500 °C. Four 

types of membranes were prepared: Silicalite-1 membranes, silicalite-1 

membranes impregnated with Ca(NO3)2 · 4H2O, NaZSM-5 membranes and 

BaZSM-5 membranes.  

The impregnated silicalite-1 membranes were prepared by applying a thin layer 

of the impregnation solution (5 wt% Ca(NO3)2 · 4H2O in methanol) to the 

membrane surface by spin-coating. The membrane was heated to 600 °C after 

the impregnation procedure. The purpose of the heating was to thermally 

decompose the Ca(NO3)2 to form CaO. The ZSM-5 membranes were in the 

sodium form after synthesis and in order to exchange the counterions from Na+

to Ba2+, the membranes were placed in a Ba(NO3)2 solution at 100 °C for 1 hour 

and then rinsed in distilled water for 6 hours. 
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3.2 Permeation measurements 

The permeation measurements were carried out in a stainless steel cell. The 

membranes were dried at 300 °C before testing. In the single gas permeation 

experiments, the pressure at the feed side was 1.9 bar and the permeate was kept 

at atmospheric pressure. 

One of the membrane types, i.e.  BaZSM-5 membranes, was also tested for 

mixture separation of CO2 and H2.  In these mixure separation experiments, a 

mixture of 65 kPa CO2 and 65 kPa H2 was fed to the cell at a total flowrate of 

800 ml/min. The permeate was kept at atmospheric pressure ( p=0.3 bar) and 

both the retentate and permeate was analyzed using an online Varian 3800 Gas 

Chromatograph. All flowrates in the permeation experiments were measured 

with an electronic flowmeter (ADM 1000, J & W Scientific).

4. RESULTS AND DISCUSSION 

Figure 1 shows SEM images of the cross-section, a) and the surface, b) of a 

NaZSM-5 membrane. The film thickness is approximately 500 nm and the 

surface appears relatively smooth. The BaZSM-5 and silicalite-1 membranes in 

the present study have similar appearance as the NaZSM-5 membranes. The 

impregnated silicalite-1 membranes appear somewhat different; some crystals of 

calcium carbonates (identified by XRD) are present on the silicalite-1 surface. 

SEM images confirmed that all membranes had equal zeolite film thickness. 
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Figure 1. SEM images of a) the side view and b) the surface morphology of a NaZSM-
5 membrane 

4.1 Single gas permeances 

Table 1 shows the average (of two, one for impregnated silicalite-1) H2 and CO2

single gas permeances for the membrane types. It has been reported previously 

that the effective size of the zeolite pores is reduced by the presence of counter 

ions [2]. Both types of ZSM-5 membranes show a significantly lower H2

permeance than silicalite-1, which may be explained by narrower effective pores 

in the ZSM-5. It is well known that counter ions affect the effective pore radius 

in zeolites [5]. The larger Ba2+ ion (1.4 Å effective ionic radius, [6]) results in 

narrower pores than the smaller Na+ ion (1.2 Å effective ionic radius, [6]) and 

thus a lower H2 permeance. H2 is not very polarizable and is probably not 

adsorbed more strongly in ZSM-5 compared to silicalite-1.  

 The larger CO2 permeance in NaZSM-5 and BaZSM-5 membranes compared to 

silicalite-1 despite the narrower pores is probably caused by enhanced 

adsorption of the polarizable molecule CO2 in ZSM-5. It has been previously 

shown that BaZSM-5 adsorbs more CO2 than NaZSM-5 [7], and this may 

explain why the CO2 permeance was not smaller in BaZSM-5 than in NaZSM-5 

despite the smaller effective pore size. 
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The transport of small molecules like CO2 and H2 may involve contributions of 

various transport modes such as Knudsen like diffusion and surface diffusion 

(configurational diffusion) [8, 9].  If the effective pore size of the membrane 

approaches the size of the permeating molecules the influence of surface 

diffusion becomes even more pronounced [8], making the adsorption properties 

of the zeolite increasingly important. The kinetic diameter of the CO2 molecule 

is significantly larger than the H2 molecule (about 38 %) and the transport of 

CO2 in the zeolite pores thus probably involves more surface diffusion. 

Nishiyama et al [9] has shown that a non adsorbing component such as He is 

transported almost purely by activated gaseous diffusion, retaining its gaseous 

character also in the micropores of the zeolite, whereas a strongly adsorbing 

component such as ethane is transported only by surface diffusion, in a silicalite-

1 membrane at 30 °C. The transport of CO2 and H2 in BaZSM-5 may occur with 

transport mechanisms influenced by both activated gaseous diffusion, Knudsen 

diffusion and surface diffusion. The adsorption properties as well as the 

effective pore size of BaZSM-5 may be very different to those of silicalite-1 and 

this must be taken into account when comparing results on different zeolites. 

All single gas CO2/H2-ratios were significantly higher than the Knudsen ratio of 

0.21 indicating that surface diffusion clearly affects the permeance ratios in all 

the membranes. The silicalite-1 membrane had the lowest CO2/H2 permeance 

ratio. This is expected and is a result of the low selectivity of the zeolite as well 

as mass transfer resistance in the support [10]. As a consequence of lower H2

permeance, the BaZSM-5 membranes have a higher CO2/H2 permeance ratio 

than the NaZSM-5 membranes.  

The impregnated membranes have much lower permeances of both CO2 and H2

than the other types, indicating that mass transport is limited more by the 
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calcium compounds than by Na+ and Ba2+. However, the permeance of CO2 is 

not decreased as much as the H2 permeance, which leads to a higher CO2/H2

permeance ratio than the other membrane types. This indicates that the calcium 

compounds present in the pores of the impregnated silicalite-1 enhance the 

adsorption of CO2, which may be related to the formation of calcium carbonate 

species and at the same time reduce the diffusivity of both CO2 and H2.

Table 1. Permeances and permeance ratios for the four membrane types at 25 °C. The 

permeances were measured with a P of 0.9 bar. Averages of two membranes (one for 

impregnated sil-1) and standard deviations are given. 

Table 1 Permeances /[10-7 molm-2s-1Pa-1]
Permeance

ratios
 CO2 H2 CO2/H2
Silicalite-1 120 ± 2.7 210 ± 4.0 0.57 ± 0.02
NaZSM-5 130 ± 2.8 158 ± 3.1 0.82 ± 0.01
BaZSM-5 132 ± 3.0 77 ± 5.5 1.72 ± 0.05
Silicalite-1 impregnated with 
Ca(NO3)2

30 12 2.5 

4.2 Separation measurements 

One of the membrane types, BaZSM-5, was tested for the actual separation of a 

mixture of CO2 and H2 in the temperature range 25-400 °C to study the actual 

mixture separation performance of one of the membranes and also investigate 

the effect of temperature on the separation.  

Figure 3 shows the CO2/H2 separation factor as a function of temperature in the 

range 25-400 °C. The highest CO2/H2 separation factor, 2.0, is observed at 25 °C 

and decreases with increasing temperature. At 100 °C the separation factor is 1.2 

and it decreases to 0.7 at 400 °C. The higher separation factor at low 
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temperature is probably explained by physisorption of CO2. The decreased 

separation factor at high temperature is probably due to the decreased CO2

adsorption.

Figure 3. Separation factor,  (CO2/H2), as a function of temperature for a BaZSM-5 
membrane 

5. CONCLUSIONS 

Four types of membranes were successfully prepared and tested. It was shown 
that it is possible to increase the CO2/H2 permeance ratio for MFI membranes by 
lowering of the Si/Al ratio, ion exchange with barium, or impregnation with 
calcium nitrate. It was also shown that the mixture separation factor CO2/H2 for 
a BaZSM-5 membrane was 2.0 at 25 °C and that it decreased with increasing 
temperature.   
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