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Abstract

Zeolites are microporous crystalline aluminosilicates with unique properties, and there-
fore used in adsorption processes, for membrane separation, in catalysis, and in sensor
technologies. Pressure swing adsorption (PSA) is a commonly used technology for pu-
rifying gases and is based on the ability of materials like zeolites, to selectively adsorb
and desorb particular gas molecules as the gas pressure is increased and reduced, re-
spectively. Adsorbents in form of beads and extrudates are traditionally used in PSA
processes. When using materials in this form, there is a trade-off between pressure drop
and heat- and mass-transfer limitations. Novel structured adsorbents with low pressure
drop and reduced heat- and mass-transfer limitations may represent a competitive alter-
native to traditionally used adsorbents. Thin zeolite films grown on monolith substrates
may be particularly suitable for the purpose. In this work, thin NaX and MFI zeolite
films were grown on ceramic cordierite monoliths and the adsorption of CO2 and NOx
was measured.

NaX zeolite films with controllable thickness were grown on cordierite monoliths with
different cell density. In this study, suitable synthesis conditions for the growth of sup-
ported NaX films were identified. The CO2 adsorption capacity and the pressure drop
for the supported films were compared to those of a packed NaX bed. Although the
adsorption capacity was 25 times lower, the pressure drop of the structured adsorbent
was 100 times lower than the NaX packed bed, indicating the potential advantage of
structured adsorbents in PSA processes.

NOx adsorption on supported MFI films with varying Si/Al and Na/Al ratio was
also studied. An increase of Al and Na content in the films results in a higher amount of
physisorbed NO2 at low temperature, due to an increase in the number of weak adsorption
sites. At higher temperature, the amount of NO2 adsorbed was nearly independent of
aluminum and sodium concentration for all MFI film samples.

The results from this work indicate that novel structured adsorbents based on sup-
ported thin NaX and MFI zeolite films represent a competitive alternative to traditional
adsorbents and can be used as selective adsorbents for CO2 and NOx adsorption.
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During the time I have been here in Lule̊a I met many interesting people and I have
found very good friends. Thank you, Charlotte, Jennie and Christian, for all encourage-
ment, good laughter and long conversations we have had.

Sto mettendo anima e cuore in questa bellissima avventura, perció voglio dedicare
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Chapter 1

Introduction

1.1 Zeolite

1.1.1 General

Zeolites represent a broad range of microporous crystalline aluminosilicates of natural
or synthetic origins with a three-dimensional microporous framework of [SiO4]

4− and
[AlO4]

5− tetrahedra [1]. Isomorphous substitution of Al+3 for Si+4 causes a negative
charge of the zeolite framework, which is compensated by charge balancing cations. Ze-
olites have uniform micropores, with size selective adsorption and catalytic properties.
The first zeolite minerals were described in 1756 by the Swedish mineralogist A.F. Cron-
stdedt. The name zeolite stem from the Greek words zein, to boil, and lithos, stone, as
the minerals were found to rapidly release water upon heating. The zeolite structure may
be represented by the formula

Mx/n[(AlO2)x(SiO2)y]·wH2O (1.1)

where M is a cation of valence n needed to y/x is the silicon/aluminum ratio (Si/Al), and
w is the number of water molecules. All known zeolite frameworks have been assigned a
three-letter code and today there are over 170 known framework structures. For a given
framework, by varying the Si/Al ratio and the counterion, it is possible to tailor the
properties of the zeolite for a desired application. Two commonly used zeolites and some
of their commercial applications are listed in Table 1.1.

1.1.2 Industrial applications
Zeolites are good adsorbing materials due to the differential selectivity with respect to
specific components of a gas mixture. The most important applications for zeolite adsor-
bents are oxygen enrichment from air and carbon dioxide removal from flue-gas [3, 4, 5, 6]
in pressure swing adsorption (PSA) processes. Pressure swing adsorption is a widely used
separation technology, whereas the separation is performed via cyclic pressure changes in
the system; adsorption of species from the feed onto an appropriate adsorbing material,
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2 Introduction

Table 1.1: Examples of zeolites and their application [1, 2].

Framework Zeolite
type

Si/Al
ratio

Applications

code

Zeolite X 1-1.5 Industrial gas drying, O2 enrichment from air,

FAU CO2 recovery from flue gas

Zeolite Y 1.5-5.6 Acid catalyst used for

fluid catalytic cracking

LTA Zeolite A 1-1.7 Softener in detergents,

industrial gas drying

MFI ZSM-5 > 10 Acid catalyst used for

fluid catalytic cracking, DeNOx processes

and desorption or regeneration, during which these species are removed from the adsor-
bent and the adsorbent is ready to be used in the next step. Zeolite X is the most widely
used in carbon dioxide capture from flue gas or oxygen enrichment from air by PSA.

Zeolites are the most versatile solid-acid catalysts known due to the high activity
and selectivity they provide. The most important application for zeolite catalysts is
hydrocarbon cracking. Zeolite ultra-stable Y (USY) and zeolite ZSM-5 are the most
widely used catalyst in acid-catalyzed reactions [1, 7].

1.2 Pressure swing adsorption (PSA)

PSA is a commonly used technology for purifying gases [8]. The technology was intro-
duced commercially in the 1960s by Skarstrom and today PSA is used extensively in the
production and purification of oxygen, nitrogen, and hydrogen for industrial uses and
carbon dioxide removal from flue gas. PSA is based on the capacity of certain materials,
such as zeolites or activated carbons, to adsorb and desorb particular gases as the gas
pressure is raised and lowered. A typical PSA system involves a cyclic process where a
number of connected columns containing adsorbent material undergo successive pressur-
ization and depressurization steps in order to produce a continuous stream of purified
product gas.
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Conventional PSA systems used today in industry typically operate at low cycle
speeds of 0.05-0.5 cycles/minute since faster cycle speeds would cause the adsorbent
beads to fluidize in the vessel, causing the beads to wear. The process capacity is the
difference between the feed and the regeneration pressures. Based on the total cycle time,
it is possible to distinguish among PSA (about hundreds of s/cycle), rapid pressure swing
adsorption (RPSA, total cycle time less than 20 sec.) and ultra rapid pressure swing
adsorption (URPSA, total cycle time less than 10 sec.). In vacuum swing adsorption
(VSA), low pressure (ca. 0.35 bar) is used to desorb the strongly adsorbed species, when,
e.g., a high recovery of the preferentially adsorbed species is needed. Successful PSA
operations require a careful choice of the materials and process conditions in order to
obtain high selectivity and capacity with no breakthrough of the more strongly adsorbed
species in the bed. The overall performance of a PSA process depends both on equilibrium
and kinetic factors. The PSA column should achieve the following:

• Low capital cost,

• Mechanical resistance and durability,

• Efficient heat exchange with the environment,

• Easy temperature control,

• Flexible design for the use of different adsorbing materials.

The adsorbing material should assure the following:

• High adsorption selectivity toward one of the component of the gas mixture,

• Low pressure drop,

• Low mass and heat transfer resistance,

• Straightforward regeneration.

No existing PSA column meets all the requirements. For instance, a packed bed with
traditional pellets or extrudates zeolite adsorbents, meets most of the requirements except
for the low pressure drop and the low mass- and heat-transfer resistance. A solution to
the problem might be given by the use of monolithic structures coated with thin layers
of adsorbing materials, which would give lower pressure drops in the column and reduced
heat- and mass-transfer limitations. The main disadvantage associated to this kind of
structured adsorbents may be the larger columns needed for sufficient adsorption capacity
and thereby increased capital costs.
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1.3 Traditional and structured zeolite adsorbents

Traditionally used zeolite adsorbents in separation processes via adsorption are in form
of beads or extrudates. The diffusion coefficient is about 10−4 cm2/s and the rate of
mass-transfer is determined by the diffusion path in the crystals. However, in PSA pro-
cesses there is a trade-off between heat- and mass-transfer limitations. Larger adsorbent
particles result in lower pressure drop, but increased mass- and heat-transfer limitations.

Recently, a few reports about the use of monolith structures in adsorption processes
have been published [9, 10]. Monoliths are widely used in catalytic converters since the
1960s [11, 12] rather than in separation via adsorption. Monoliths are structured sup-
ports with parallel channels, available with various cell densities and cell shapes. Low
pressure drop, uniform flow distribution, thermal stability and easy scale-up are some of
the advantages with these materials. The mineral cordierite, (Fe, Mg)2Al4Si5O18 is often
used for monoliths, since it has a low coefficient of thermal expansion and a tailorable
macrostructure. Cordierite monoliths with tailored macrostructure, high porosity and
low thermal expansion are used as automotive catalytic converters and as diesel par-
ticulate filters (DPF). The monolith substrates may be also wash-coated, dip-coated ,
slip-coated, slurry-coated or extruded directly into catalytic bodies using appropriate
batch materials [10, 13]. A binder material is needed when washcoating zeolite on mono-
liths. The binder material may increase the mass transfer resistance in the washcoat.
Furthermore, surface tension results in more material deposited at the corners of the
monolith channels [13], further increasing the resistance to mass transfer. Öhrman et
al. [14] grew thin ZSM-5 zeolite films without binder material on 400 cpsi cordierite
monoliths by first depositing zeolite seed crystals on the monoliths and then growing
the crystals to a thin film.As opposed to washcoated monolits, these films had an even
thickness. The catalytic activity of the coated monoliths was evaluated by p-xylene iso-
merisation. In another study, the CO2 adsorption and diffusion on a carbon monolith
adsorbent were studied using the Zero Length Column (ZLC) method [15]. The ZLC
curves show that at low flow rates the adsorption mechanism is equilibrium-controlled,
and at high flow rate kinetic-controlled. Further, the dispersion in the monolith was
controlled by mass transfer resistance rather than axial mixing.

5A zeolite monolith containing Na-bentonite as a binder were prepared by Li et al.
[10]. The monoliths had square lattice channels with square cross section and a wall
thickness of 0.98 mm . The adsorption performance of the zeolite monolith was compared
with that of 5A zeolite extrudates (1.46 mm in diameter and 3.60 mm long)used for
the production of oxygen enriched air. The main outcome of the work was that the
pressure drop through the monolith was 3-5 times lower than the one in the packed bed,
indicating a 3-5 times faster pressurization time of the monolith loaded PSA unit than
the packed column with 5A extrudates. The authors assign the poorer oxygen separation
performance of the 5A monolith to the reduced ability to transfer the molecules from the
gas phase to the adsorbent surface, as a result of the increased diffusion path in the
thick walls of the zeolite monolith. Reduced diffusion paths are particularly desired in
PSA applications where high flow rates and rapid cycles are used, such as RPSA or
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URPSA. To par up the internal mass transfer resistance of zeolite monolith with that of
a commercially used zeolite pellet with a radius of 0.72 mm, the monolith should have
a wall thickness of 0.36 mm. Possible ways of improving the separation performance of
the adsorbent monoliths would be thus to reduce the wall thickness, increase the cell
density or use zeolite monoliths with different cell geometries, as stated by Patton et al.
[16]. However, these solutions imply an increase in pressure drop occurring in a zeolite
monolith with a higher cell density.

An alternative may be thus represented by the use of thin coating of adsorbent mate-
rials on the walls of ceramic cordierite supports, whereas the thin layer would reduce the
diffusion path of the adsorbing species and the ceramic substrate assure a low pressure
drop.

1.4 Scope of the present work

To the best of our knowledge, thin zeolite films supported on monoliths have never been
designed for adsorption applications. The scope of the present work was to study the
effects of different synthesis conditions on some fundamental properties of NaX and MFI
films grown on 400 cpsi cordierite monoliths. The zeolite coated monoliths were char-
acterized by a number of different techniques (scanning electron microscopy (SEM), X-
ray-diffraction, nitrogen sorption, X-ray photoelectron spectroscopy (XPS), mercury in-
trusion porosimetry (MIP)). In addition, nitrogen and carbon dioxide sorption isotherms
were determined. Sorption of NOx at several temperatures recording breakthrough data
and by temperature programmed desorption (TPD).
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Chapter 2

Experimental

2.1 Preparation of structured adsorbents, Papers A-

D

Two types of films (NaX and MFI) with variable thickness were prepared similarly as
described by Öhrman et al. in a previous work [17]. The supports were ceramic cordierite
monoliths with 100 (Rauschert Inc.) or 400 (Corning) cells per square inch (cpsi), see
Figure 2.1. The 100 cpsi monoliths are generally used as elements in heat-exchangers,
while the 400 cpsi monoliths are used as supports in catalytic converters. Table 2.1
illustrates the properties of the structured substrates. The main differences are the wall
thickness, density, and porosity, whereas the 100 cpsi cordierite monolith is more dense,
has a higher wall thickness and a much lower porosity.

(a) (b)

Figure 2.1: 100 cpsi (a) and 400 cpsi (b) ceramic cordierite monoliths.

Thin zeolite NaX and MFI films were grown by hydrothermal treatment in clear solu-
tions or in gels. The zeolite films were grown for different synthesis times in an autoclave
(non-stirred) or in an oil bath under reflux and atmospheric pressure. The molar composi-

7
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Table 2.1: Properties of supports used.

Support type Density Channel Wall Porosity, BET surface
g/cm3 width, μm thickness, μm % area, m2/g

100 cpsi 2.42 1400 700 0.41 0.011
400 cpsi 0.279 1100 100 30-402 0.024

1From supplier,
2From mercury intrusion porosimetry.

tion of the gel or clear solution used to grow NaX films was 14Na2O:1Al2O3:10SiO2:797H2O
or 80Na2O:1Al2O3:9SiO2:5000H2O, respectively. When growing MFI film samples, a
template-free gel of molar composition 103SiO2:1Al2O3:30 Na2O:3996H2O or a clear solu-
tion (with template molecule) of molar composition 3TPAOH:25SiO2:0.25Al2O3:1Na2O:
1600H2O:100EtOH were used. Discrete NaX and MFI crystals (without support) were
grown by seeding the synthesis mixtures and used as a reference for zeolite loading de-
termination.

NaX beads (Qingdao JIT Corporation, Qingdao, China) with a diameter of 0.7 mm
were used for comparison with the structured NaX. Figure 2.2 shows a low magnification
SEM image (a) and a cross-sectional image (b) of the NaX beads. The NaX crystals
exhibit typical octahedral habit.

(a) (b)

Figure 2.2: Low magnification image (a) and cross-section (b) of NaX beads used for comparison
with NaX film samples for CO2 adsorption and pressure drop measurements.

Codes and synthesis duration of the zeolite film samples prepared in this work are
summarized in Table 2.2. The NaX film samples are labeled as G or C when the zeolite
films were grown in the gel or in the clear solution on the 400 cpsi cordierite support,
respectively. When using the dense 100 cpsi cordierite monolith, the letter D is used.
The duration of the hydrothermal treatment follows the letter G or C, and is 4 (4h),
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6h40min, 9 (9h) or 5*1h20min.

The sample codes of the MFI film samples start with the letter C followed by the
synthesis duration (48 or 96 hours) and the number of hydrothermal treatments. When
using the gel, two samples were prepared. one sample was rinsed with an aqueous NH3

solution. Since the sample was template-free, it was also ion-exchanged to NH4
+ form

during this process. Another of the samples grown in the template free gel was rinsed in
distilled water instead of a 0.1 M NH3 solution in order to keep it in Na+ form. When
using the template-free gel and a 0.1 M NH3 solution, the sample code is G. When
distilled water was used to rinse the other sample, the letter G is followed by DW.

Table 2.2: NaX and MFI film samples prepared in this work.

Zeolite Samples Support Synthesis Synthesis

solution duration

NaX DC4 100cpsi clear solution 4 h

DC6-40 100cpsi clear solution 6 h 40 min

DG9 100cpsi gel 9 h

C4 400cpsi clear solution 4 h

C6h40min 400cpsi clear solution 6 h 40 min

C5∗1h20min 400cpsi clear solution 5 x 1 h 20 min

G9 400cpsi gel 9 h

MFI C48−63 400cpsi clear solution 6 x 48 h

C48−133 400cpsi clear solution 6 x 48 h

C96−9 400cpsi clear solution 9 x 96 h

G4 400cpsi gel 12 h

GDW5 400cpsi gel 12 h

3Prepared by Öhrman O.,
4Rinsed with a 0.1 M NH3 solution,
5Rinsed with distilled water.

2.2 General characterization, Papers A-D

For the NaX structured adsorbents studied in this work, the weight gain (gzeolite/gsample)
was determined as the weight increase of the support before and after synthesis. The
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zeolite loading (gzeolite/gsample) was determined for all samples by nitrogen adsorption.
Top- and side-view images of the zeolite films studied in this work were recorded using
a Philips XL30 scanning electron microscope (SEM) equipped with a LaB6 filament. All
the samples were coated with a thin layer of gold (few nm) deposited by sputtering prior
to analysis. A Siemens D5000 powder X-ray diffractometer (XRD) was used to collect
the XRD data. θ-2θ scans were measured in the range 5-35◦ 2θ in the Bragg-Brentano
geometry.

2.3 N2 sorption measurements, Papers A-D

Nitrogen sorption at liquid N2 temperature was performed on all structured zeolite ad-
sorbents (NaX and MFI film sample) by using a Micromeritrics ASAP-2010 instrument.
The samples were outgassed at 300◦C for 12 h or 24 h prior to analysis. The surface area
was calculated from the adsorption isotherm using the Brunauer-Emmet-Teller (BET)
equation and used to calculate the zeolite loading as the ratio between the surface area of
the zeolite film sample and the surface area of the reference zeolite crystals. The surface
area of the monolith was 0.24 m2/g, which was negligible compared to the surface area of
the zeolite film samples. The observed surface area of the zeolite coated monoliths thus
stem almost entirely from the deposited zeolite. The surface area of the monolith was
thus neglected when estimating the zeolite loading of the zeolite film samples. The pore
size distribution was determined by the Barrett-Joyner-Halenda (BJH) method applied
to the desorption branch.

2.4 Mercury intrusion porosimetry, Paper C

Mercury Intrusion Porosimetry (MIP) was performed on the NaX film samples by using
a Micromeritics Autopore 9220 V1.04 mercury porosimeter, operated between 0.1 and
3500 bar, in order to determine the macroporosity of the NaX film samples.

2.5 CO2 sorption measurement, Paper B

Carbon dioxide adsorption isotherms were measured on the NaX structured adsorbents
and the results compared with those on NaX beads. A Micromeritrics ASAP 2010 in-
strument was used to determine the CO2 isotherms at 0◦ for the NaX film samples grown
on the 400 cpsi cordierite monoliths and NaX beads. A water bath was used to control
the temperature. The values of CO2 adsorption capacity of the structured adsorbents
and NaX beads were therefore used to determine the adsorption capacity of the beads or
three cordierite monoliths (2 cm in diameter and 10 cm long) loaded in the single PSA
column shown in the scheme in Figure 2.3.
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2.6 Pressure drop measurements, Paper B

The pressure drop of a packed bed with NaX zeolite beads and with three NaX coated
monoliths was measured at different air volumetric flow rates (1-7 L/min) in the single
PSA column shown in the scheme in Figure 2.3.

Figure 2.3: PSA apparatus used for the pressure drop measurements [Firas report].

2.7 Si/Al and Na/Al ratio measurements, Paper D

The surface Si/Al and the Na/Al ratios in the MFI zeolite films and discrete crystals
were determined by X-ray photoelectron spectrometry (XPS) by using a KRATOS Axis
ultra electron spectrometer. The Si/Al and Na/Al ratio in the reference crystals was
determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES, An-
alytica AB, Sweden) by using an ARL-3560 spectrometer.

2.8 NOx adsorption measurements, Paper D

To evaluate the potential use of structured MFI adsorbents for NOx desorption, NO2

sorption was measured by mounting the MFI film samples in a quartz tube reactor with
a length of 880 mm. The reactor was equipped with an electrical heater on the outside
and a temperature regulator connected to a thermocouple in the inlet gas. The reactor
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set up is shown in Figure 2.4. Prior to tests, the sample was activated at 500◦C for 15
minutes in a feed of 8% O2 in Ar with a flow rate of 3000 cm3/min (STP). The sample
was then cooled to 30 or 200◦C for NO2 adsorption. At the beginning of the adsorption
experiment (time = 0), the feed was changed to 600 ppm NO2 in Ar with a flow rate
of 2600 cm3 min−1 (STP). The concentration of NO and NO2 in the reactor effluent
was measured continuously by a chemiluminescence detector (Ecophysic CLD 700 EL
ht). After adsorption, the reactor was flushed with pure Ar for 4 minutes. Temperature
programmed desorption was then carried out using a heating rate of 20◦C min−1 up to
550◦C.

Figure 2.4: Scheme of the reactor used for NOx adsorption experiments [paper C].



Chapter 3

Results

3.1 Preparation of structured adsorbents, Papers A-

D

Figure 3.1 (a) shows a high magnification image of the surface of the 400 cpsi cordierite
monolith. Cordierite grains form an uneven surface and some macropores are also ob-
served between the grains. Figure 3.1 (b) shows a top-view image of a 400 cpsi cordierite
monolith coated with a monolayer of FAU seeds. The seeds cover the entire surface of
the cordierite monolith. Few aggregates between 200 and 400 nm are also observed.

(a) (b)

Figure 3.1: High magnification SEM images of an uncoated 400 cpsi cordierite monolith (a)
and a monolayer of FAU seeds on 400 cpsi cordierite monolith (b).

13
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3.2 Structured NaX adsorbents, Papers A-C

3.2.1 Characterization by scanning electron microscopy (SEM)

Figure 3.2 shows top-view and cross-sectional images of the NaX films grown on the 100
cpsi cordierite monolith. The film grown in the clear solution in one long hydrothermal
treatment of 4 h (see Figure 3.2 (a)) is well intergrown. However, few hydroxysodalite
(HS) crystals with a typical ball-of-yarn habit were embedded in the film. Presence of
hydroxysodalite may be the result of the decreased hydrothermal stability of the zeolite
crystals during a longer hydrothermal treatment [18]. Phase changes are common in the
systems used for crystallization of FAU zeolites [18]. HS is a more stable zeolite than
FAU zeolite and FAU zeolite ma be thus converted to HS zeolite. The film grown in
the gel is well intergrown and no HS crystals are observed, although the duration of the
hydrothermal treatment was 9 h, see Figure 3.2 (c). Few sediments adjacent to the film
grown on the gel, probably raising from zeolite sedimentation from the bulk solution,
were observed (not shown). These results show that synthesis mixtures having different
compositions influence the morphology and the phases present in the zeolite films. The
thickness of the NaX films grown on the dense cordierite support and weight gain increase
with synthesis duration will be discussed in section 3.2.3. The average thickness of the
films is 1.7 μm and 2.2 μm for the film samples DC4 and DG9, as shown in Figures 3.2
(b, d), respectively.

NaX films were also grown on 400 cpsi cordierite monoliths. Figure 3.3 shows the
top-view SEM images of the film samples G9 (a), C4 (c) and C5∗1h20min (e). The film
grown in the gel appears to be well intergrown and typical FAU crystals with octahedral
habit are observed, see Figure 3.3 (a). The film grown in the clear solution in one
long hydrothermal treatment of 4 h appears to be less intergrown. A higher number of
sodalite crystals than observed for sample DC4 was detected by SEM, see Figure 3.3 (c)
and Figure 3.2 (a).

These results indicate that, in addition to the different composition of the synthesis
mixture used for zeolite film growth, the support is another parameter affecting the
zeolite film growth. When using the clear solution and a long hydrothermal treatment,
aluminium may in fact leach from the substrate with a higher cell density and cause
change in the composition of the synthesis mixture, leading to the formation of sodalite
crystals. The 400 cpsi cordierite monoliths are more porous than the 100 cpsi, see Table
2.1, which may explain why more Al may leach from these supports. Further investigation
is needed to prove this hypothesis.

To avoid formation of HS zeolite, a multiple step synthesis procedure was developed
and the synthesis solution was replaced every 1 h 20 min in order to limit the formation
of HS zeolite. A NaX film was grown in 5 steps of 1 h 20 min, see Figure 3.3 (e). The film
appears well intergrown. The number and size of HS crystals embedded in the zeolite
film lowered compared to the one grown in one long hydrothermal treatment. Large
aggregates with a size of several μm are observed on top of the film sample grown in the
gel but not on the film grown with the multiple step synthesis procedure, see Figures
3.4 (a, b). These aggregates were probably deposited by sedimentation from the bulk
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synthesis mixture. Sediments may represent a disadvantage for PSA applications due to
the increased diffusion path of the adsorbing species. The average thickness of the NaX
film sample grown in the gel (sample G9) is about 1 μm, as shown in Figure 3.3 (b).
Figure 3.3 (d) shows a cross-sectional image of the film sample C4. As already observed
by top-view images, the film appears less intergrown and consists of small crystals. The
NaX coating of this sample has an average thickness of about 0.4 μm. Figure 3.3 (f)
shows the side-view image of a NaX film grown in the clear solution in 5 steps of 1 h and
20 min. The film has an average thickness of about 1.5 μm and again appears to be well
intergrown.

Contrary to what observed for the NaX film samples grown on the dense 100 cpsi
cordierite monolith, there is no proportionality between the duration of the hydrothermal
treatment and thickness of the zeolite films, which is expected in the absence of sediments
and zeolite growth inside the pores of the support.

(a) (b)

(c) (d)

Figure 3.2: SEM top-view and cross-sectional images of NaX films samples DC4 (a, b) and
DG9 (c, d).
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(a) (b)

(c) (d)

(e) (f)

Figure 3.3: SEM top-view and cross-sectional images of NaX films samples G9 (a, b), C4 (c,
d), and C5∗1h20min (e, f).

3.2.2 X-Ray diffraction (XRD) data

Figure 3.5 shows the XRD patterns for all NaX film samples prepared in this work. The
data show that the samples are composed of randomly oriented FAU and cordierite crys-
tals. The intensity of the zeolite peaks increases in the order C4<C6h40min<C5*1h20min<
G9, i.e. with increasing synthesis duration. No hydroxysodalite reflections were observed
by XRD for samples C4, C5*1h20min and G9 although a weak XRD signal from HS
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(a) (b)

Figure 3.4: Low magnification SEM images of the NaX film samples G9 (a) and C5∗1h20min
(b).

crystals were observed by SEM for sample C6h40min (see Figure legend for details). At
2θ angles of 16.5o and 33.5o, unidentified reflections were detected for the sample C4.

3.2.3 Weight gain, zeolite loading and N2 sorption

The weight gain of the NaX film grown on the 100 cpsi cordierite monolith (samples
DC4 and DG9) was equal to 0.005 and 0.010 gzeolite/gsample, respectively. Both zeolite
loading and film thickness (see Figure 3.2) increase thus with increasing synthesis times
when using the 100 cpsi cordierite monoliths. Due to the low surface area per unit mass
available for zeolite growth, a very little amount of zeolite was deposited on the walls of
the supports. In case of low zeolite loadings, large volumes of adsorbents may be needed
for PSA adsorption processes, which may increase the capital costs for the adsorption unit
and thus represent a disadvantage for PSA application. It may be possible to increase
the zeolite loading by increasing the film thickness or the cell density of the support.
However, when increasing the film thickness, there is a maximum value at which the
diffusion path of the adsorbing species is no more negligible. It is therefore of interest to
grow zeolite films on cordierite substrates with a higher cell density.

In Table 3.1 are reported the weight gain and zeolite loading of the NaX film samples
grown on the 400 cpsi cordierite monoliths. The zeolite loading estimated for all zeolite
film samples by liquid nitrogen adsorption is, as expected, in good accordance with the
measured weight gain.

There is an increase in weight gain in the order C4<C5∗1h20min<G9. However, the
film thickness of the samples G9 and C5∗1h 20 min does not follow the same trend of
the zeolite loading, see Table 3.1, as a result of the different synthesis procedures. The
zeolite loading of the film sample grown in the gel (0.064 gzeolite/gsample) is about 2 times
higher than the one grown in multiple steps in the clear solution (0.036 gzeolite/gsample),
although the film thickness is similar. This suggests the presence of sediments on sample
G9, as observed by SEM, see Figure 3.4 (a).
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Figure 3.5: XRD patterns for the NaX film samples C4, C6h40min, C5∗1h20min, and G9. The
symbols ∗, ◦, � indicate the NaX, cordierite and HS reflections, respectively. The symbol �
indicates the reflections from the unidentified substance.

Table 3.1: NaX film samples characteristics.
Sample Film Weight gain, Zeolite loading, Mesopore

thickness, gzeolite/gsample gzeolite/gsample volume,
μm cm3/gzeolite

G9 1.2 0.060 0.064 0.020
C4 0.4 0.015 0.016 0.080
C5∗1h20min 1.5 0.034 0.036 0.035

The N2 adsorption-desorption isotherms with the unit mmol/gsample for an uncoated
400 cpsi cordierite monolith and the NaX film samples (cordierite and zeolite) are shown
in Figure 3.6 (a). The amount of nitrogen adsorbed by the uncoated cordierite monolith is
very low compared to the zeolite film samples. This shows that the contribution from the
cordierite support to nitrogen adsorption is negligible compared to the zeolite in the film
samples. The amount of nitrogen adsorbed by the NaX film samples reflects the zeolite
loading of the sample rather than film thickness and follows the XRD data. A hysteresis
loop which closes at a relative pressure of about 0.45 is observed for the film samples
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C4 and C5∗1h20min (Figures 3.6 (a, b)), indicating presence of mesopores. A smaller
hysteresis loop is observed for the sample G9, indicating that the sample contains a lower
amount of mesopores than C4 and C5*1h20min, at least at liquid nitrogen temperature.
However, although the thickness of the film grown in the clear solution with the multiple
step synthesis procedure (sample C5*1h20min) is higher than the gel (sample G9), the
amount of nitrogen adsorbed by the latter is higher, due to the high zeolite loading caused
by presence of sediments on this sample, as discussed earlier.

Figure 3.6 (b) shows the volume adsorbed per gram zeolite of the films and the
reference powder. Please note that y-scales for the films are shifted, since data would
overlap otherwise. For all samples, the volume adsorbed increased rapidly up to about 6
mmol/gzeolite due to adsorption in zeolite pores.

The mesopore volume per g zeolite of the film samples C4, C5*1h20min, and G9 is
equal to 0.080, 0.035 and 0.020 cm3/gzeolite, respectively, as reported in Table 3.1. In
concert with SEM observations, the low mesopore volume of the sample G9 indicates
that the amount of cracks and open grain boundaries is very small in this sample, at
least at liquid nitrogen temperature, although the sample has the highest zeolite loading
and a large amount of sediments on top of the film. The highest amount of mesopores
of the sample C4 may be thus the result of not well intergrown crystals, as observed by
SEM in Figures 3.3 (c, d). The mesopore volumes curves in the unit mmol/gzeolite are
shown in Figure 3.7. The zeolite film sample C4 has the largest amount of mesopores
compared to the film samples G9 and C5*1h20min, as a result of not well intergrown
crystals. The mesopore volume curve of the sample C5*1h20min, which consist of better
intergrown zeolite crystals, has a lower amount of mesopores. The sample G9 shows
the lowest amount of mesopores, although the zeolite loading and the large amount of
sediments. This indicates that both the crystals in the film and in the sediments are well
intergrown, as observed by SEM.

3.2.4 Mercury intrusion porosimetry

Figure 3.8 shows the mercury intrusion porosimetry curves of an uncoated cordierite
monolith and the NaX film samples G9, C4, and C5∗1h20min, see Figure legend for
details. It is possible to identify three regions, corresponding to pore sizes below 2 μm,
between 2 and 40 μm, and above 40 μm. The Hg intrusion volume curve of the cordierite
monolith shows that the cumulative pore volume increases up to macropores of 150 μm,
due to Hg filling the channels and entering the larger macropores in the walls of the
support. Upon a pressure increase, the cumulative mesopore volume increases because
Hg is filling up macropores up to 2 μm in the monolith walls. A constant Hg intrusion
volume is observed for pore sizes below 2 μm, indicating that there are no pores smaller
than 2 μm in the uncoated support.

In the pore range from 150 to about 130 μm, the Hg cumulative pore volume of the
zeolite film samples increases more than the uncoated cordierite support, as a result of
sediments adjacent to the films, which increase the roughness of the surface of the coated
monolith walls and create passageways where the mercury intrudes. The cumulative
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(a)

(b)

Figure 3.6: Ads-des isotherms of the NaX film samples and reference NaX crystals per gram
samples (a) and gram zeolite (b).

pore volume of the film samples in this pre range follows the same trend of the zeolite
loading, see Table 3.1 and is highest for the sample G9, which has also the highest
amount of sediments, as observed by SEM. In the pore size region between 40 and 2
μm, the cumulative pore volume of the samples C4 and G9 is lower than the cordierite
support, but features the same increase in pore volume. This indicates that Hg intrudes
in the pores in the walls of the cordierite support. The sample C5*1h20min exhibits a
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(a)

Figure 3.7: BJH mesopore volume plots for the NaX film samples and reference NaX crystals
per gram zeolite.

less steep increase in mesopore volume between 40 and 2 μm, indicating that pores in
this size range are being filled. However, further investigation is needed to understand
how the synthesis procedure used for preparing this sample affects the porosity. Below 2
μm, all zeolite film samples feature a similar cumulative pore volume, indicating cracks
and open grain boundaries in the films, as observed by SEM.

3.2.5 CO2 equilibrium isotherms for the structured adsorbents
and NaX beads

The zeolite loading of the beads was 0.83 gzeolite/gsample, and was 23 times higher than the
weight gain of the structured sample C5*1h20min (0.036 gzeolite/gsample). These results
show that the adsorption capacity of the structured sample should be about 25 times
lower than the beads for any adsorption measurement, due to the lower amount of zeolite
per gram sample of the former one. Figure 3.9 shows the carbon dioxide isotherms at 0◦

C for the beads and structured sample. As expected, the CO2 adsorption capacity per
gram sample of the structured adsorbent (0.19 mmol/gsample) is about 25 times lower
than the one measured for the NaX beads (4.71 mmol/gsample). The CO2 adsorption
capacity measured in the single PSA column, see Figure 2.3, filled with three structured
adsorbents (30.93 g) or NaX beads (83.9 g) was equal to 5.87 mmol CO2 or 395.17
mmol CO2, respectively. The adsorption capacity of the packed column is thus 67 times
higher than the column loaded with three monoliths. It is thus needed to increase the
adsorption capacity of the structured adsorbents, by increasing the zeolite film thickness
or cell density of the support. However, mass- and heat-transport phenomena should be
investigated in order to estimate the maximum film thickness at which internal diffusion
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Figure 3.8: Mercury intrusion pore volume distributions for the uncoated 400 cpsi cordierite
monolith and the NaX film samples G9, C4 and C5∗1h20min.

starts to be the limiting factor and the most suitable cell density at which external
diffusion is optimized.

3.2.6 Pressure drop measurements

The pressure drop was measured at different air volumetric flow rates in a single PSA
column filled with the structured adsorbents (sample C5*1h20min) or the beads, and
the results are shown in Figure 3.10. The pressure drop measured in the packed bed
is 100 times higher than for the NaX structured adsorbent, although the volume of the
packed bed and the monolith is the same. This suggests that there is considerable scope
to increase the monolith cell density and therefore increase the zeolite loading while still
maintaining a lower pressure drop than that of a packed bed.

3.3 MFI structured adsorbents, Paper D

3.3.1 SEM

Figure 3.12 shows the side-view images of the MFI films grown in the clear solution (a
- c) and in the gel (d). The thickness of the films grown in the clear synthesis mixture
increased with the number of hydrothermal treatments and was 0.8 μm for the sample
C48-6 (Figure 3.12 (a)), and 1.9 μm for the MFI film samples C48-13 and C96-9, see
Table 2 and Figures 3.12 (b - d). When using the gel, the synthesis duration was adjusted
to 12 h to obtain a film with a thickness of 1.9 μm. Continuous (epitaxial), columnar
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(a)

(b)

Figure 3.9: CO2 equilibrium isotherm measured at 0◦C on the NaX beads and the structured
adsorbent.

crystals, extending from the support to the surface of the film are observed for C48-6
and C48-13 samples grown in the clear solution, in accordance with previous results [14],
see inset in Figure 3 (b). We have recently reported [19], that epitaxial growth occurs
in this system when the surface Si/Al ratio is sufficiently high (above 23 according to
XPS), which is the case for these films, see XPS Si/Al results in Table 3.4. Cracks are
also observed and indicated by arrows. These cracks may have formed or increased in
depth along the film thickness during sample preparation or calcination. For sample
C96-9, shown in Figure 3 (c), continuous crystals grow from the support surface up to a
film thickness of about 1 μm (corresponding to 5 steps of 96 h), after which new crystals
nucleate on top of the film after each new step creating four sandwich layers on top of
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(a)

(b)

Figure 3.10: Pressure drop measured on the NaX beads and structured adsorbents.

the film with a thickness of about 0.9 m (total film thickness 1 + 0.9 = 1.9 μm). It thus
seems that the surface Si/Al ratio after step 5 becomes too high [19], preventing epitaxial
growth, which results in nucleation and growth of sandwich films in the last four steps.
In concert with previous work [20], the film thickness of the film grown in the gel was
about 1.9 μm, as shown in Figure 3.12 (d) and in Table 3.2. The crystals in this film are
more irregular and the growth mode is difficult to evaluate.

Figures 3.11 (a - c) show top-view SEM images of the films grown in the clear solution.
The films are quite similar; all are smooth and dense and cover the entire outer surface of
the monoliths. Cracks and perhaps open grain boundaries with a width between about
100 nm to about 10 nm (resolution of the microscope on these samples) are observed.
The cracks and open grain boundaries are thus within the mesopore range. Figure 3.11
(a) shows some crystals on top of the film, probably originating from the bulk of the
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synthesis mixture due to sedimentation as reported before [14]. A top-view image of the
MFI film grown in the gel is shown in Figure 3.11 (d). The film covers the entire monolith
surface and appears to be defect-free, as will be discussed below. The morphology of the
crystals is completely different to the films grown in the clear solution. Well facetted
crystals are observed in the film top-layer as reported before [20]. Although most of the
film is smooth and free of sediments as illustrated in Figure 3.11 (d), large agglomerates
of crystals formed in the bulk of the synthesis solution have deposited by sedimentation
in some areas not shown.

(a) (b)

(c) (d)

Figure 3.11: SEM top-view images of MFI films samples C486 (a), C48-13 (c), C96-9 (c), and
G (d).

3.3.2 Weight gain, zeolite loading and N2 sorption

The zeolite loading was equal to 0.06, 0.10 and 0.14 gzeolite/gsample for the samples C48-6,
C48-13 and C96-9 respectively, see Table 3.2. Consequently, both the zeolite loading
and film thickness increase with an additional number of hydrothermal treatments, as
expected. However, higher zeolite loading should correspond to higher film thickness,
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(a) (b)

(c) (d)

Figure 3.12: SEM top-view images of MFI films samples C486 (a), C48-13 (c), C96-9 (c), and
G (d).

as discussed above. Although the film thickness is the same, the zeolite loading of the
sample C96-9 is 40 % higher than C48-13, probably due to the presence of more sediments
on top of the former film. As zeolite crystals in the bulk solution grow larger during
hydrothermal treatment for 96 h, these crystals will sediment faster and more sediments
should be deposited on top of the film as indicated by weight gain. When using the gel,
the zeolite loading was as much as 0.16 gzeolite/gsample (Table 3.2), which indicates the
presence of sediments on top of the zeolite film, as observed by SEM.

The N2 adsorption-desorption isotherms for the film samples are shown in Figure
3.13 (a). Larger adsorbed volume per gram sample in the samples is a result of a higher
zeolite loading. For all film samples, an upper hysteresis loop that closes at a relative
pressure p/p0 of 0.45 (the loop is almost closing for sample C96-9) is observed. This loop
is caused by capillary condensation, likely in the intercrystalline mesopores in the form
of grain boundaries and cracks in the zeolite films, in concert with SEM observations.
In addition, a lower hysteresis loop closing at p/p0 of about 0.1 is observed only for the
film samples C48-6 and C48-13, which have the lowest Al concentration. Voogd et al.
[21] measured the nitrogen sorption isotherms on ZSM-5 powder samples with varying
Al content and observed a hysteresis loop in the relative partial pressure region between
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Table 3.2: Characteristics of MFI film samples.
Sample Film Zeolite loading Mesopore

thickness, gzeolite/gsample volume,
μm cm3/gzeolite

C48-6 0.8 0.060 0.09
C48-13 1.9 0.010 0.10
C96-9 1.9 0.014 0.11
G 1.9 0.016 0.063
GDW 1.9 0.014 n.a.

p/p0 of 0.1 and 0.2 of the isotherms of the samples containing a very small amount of
Al (Si/Al = 49 and 54). The author assigned this loop to a liquid-to-solid like transition
of nitrogen. The isotherm for sample C96-9 has a greater slope than the other samples
in the p/p0 region below 0.4. This indicates presence of a higher amount of smaller
mesopores in the sample C96-9, as will be discussed below. Figure 3.13 (b) shows the
volume adsorbed per g zeolite of the films grown in the clear solution and the reference
powder DC72 (please not the y-scales for the films are shifted, since data would overlap
otherwise, see Figure legend for details). For all samples, the volume adsorbed increased
rapidly up to about 100 cm3 per g zeolite in accordance with literature data for ZSM-5
crystals [21]. The isotherm of the reference powder crystals is typical for a microporous
material. Figure 3.14 shows the cumulative pore volume distribution per g zeolite of all
MFI film samples and the reference powder DC72. The total mesopore volume for the
reference powder is 0.06 cm3/gzeolite. The total mesopore volumes per gram zeolite of
the film samples were equal to 0.09, 0.10, 0.11 cm3/gzeolite, for samples C48-6, C48-13,
and C96-9 respectively, as reported in Table 3.2. The mesopore volume per g zeolite
of the samples grown in the clear solution is in the same range as the mesopore volume
(0.075 - 0.16 cm3 g−1) in ZSM-5 films grown on alumina spheres [22]. The total mesopore
volume for films grown in the clear solution is thus higher than for the reference DC72.
This difference is assigned to mesopores in the form of grain boundaries and cracks in
the films formed during template removal by calcination at 550◦ C. It is well known
that template removal results in contraction of MFI crystals [23] and may lead to crack
formation [24, 25]. The total mesopore volume per gram zeolite of the film grown in the
gel (sample G) is the same as the reference powder crystals DC72. In concert with the
SEM observations, the low mesopore volume of the film sample G indicates that it is
free from or contains a very little amount of open grain boundaries and cracks, at least
at liquid nitrogen temperature. This film was grown in a gel in the absence of organic
template molecules, and the crystals in the film should not contract during calcination
at 550◦ C, which may explain the absence of additional mesopores compared to sample
DC72. The mesopore volume distribution is shifted towards larger mesopores for sample
C48-13 compared to sample C48-6, which has a thinner film. This is in agreement with
our previous reports that thicker films are more defective than thinner films [22]. The
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mesopore volume distribution of sample C96-9 is shifted towards smaller mesopores,
although the film on this sample it is as thick as on sample C48-13. This difference is
assigned to that the upper part of this film is of sandwich type rather than epitaxially
grown as discussed earlier. The average crystal size in films of sandwich type will be
much smaller than in equally thick, epitaxially grown films as we have reported before
[19]. This reduction in crystals size is resulting in the formation of small grain boundaries
(small mesopores) in-between the crystals rather than cracks (larger mesopores) during
calcination.

3.3.3 Si/Al and Na/Al ratio measurements

The Si/Al and Na/Al ratios of the discrete crystals were measured by ICP-AES and the
results are given in Table 3.3. As the size of the crystals grown in the clear synthesis
solution increases, the Si/Al ratio decreases. These crystals are thus zoned, with increased
Al concentration in the outer parts of the crystals, as expected for MFI crystals grown
using TPA [1, 19, 26, 27] as template molecule. The Al content in the crystals grown
in the template - free gel is more than one order of magnitude higher than for the MFI
crystals grown in the clear solution, indicating that MFI films with Si/Al of about 14 can
be grown using the template-free gel, as described in a previous work [20]. Low Si/Al
ratio may be an advantage for NOx adsorption, due to the increased number of acid sites
and accompanying cations in the zeolite. The Na/Al ratio of the discrete crystals DC48
and DC96 grown in the clear solution is 5.7 and 3.2, respectively, indicating that these
samples are in sodium form, i.e. Na-ZSM-5, as expected. In addition, there is an excess
of Na in both samples, probably due to contamination with a sodium rich compound
such as sodium silicate on the surface of the crystals. However, the quantity of any
contamination is small, since the aluminium concentration is low. The Na/Al ratio of
the crystals grown in the template-free gel (sample DCG) is very close to 1, indicating
that these discrete crystals also are in Na form, i.e. Na-ZSM-5, as expected.

Surface elemental analysis of the film is based on XPS measurements. Energy disper-
sive X-ray spectroscopy (EDS) during SEM analysis could not be used to determine the
bulk composition of the films without interference from the support. Table 3.4 shows the
Si/Al XPS-depth profile for the MFI film samples C48-6, C96-9, and G. The XPS Si/Al
ratio of the sample C48-13 is increasing from 61 at the surface to 202 at a depth of about
30 nm, i.e. there is a concentration gradient of Al in the film, and the sample is zoned.
Furthermore, the bulk Si/Al ratio of the sample DC48 was 367 according to ICP-AES,
which also supports that the samples grown in the clear solution are zoned. The XPS
Si/Al ratio of sample C96-9 is fluctuating around an average Si/Al ratio of about 160 for
the top 30 nm and no clear concentration gradient is observed. Furthermore the Si/Al
ratio of sample DC96 was 178 according to ICP-AES, i.e. very similar to the XPS results
for sample C96-9. Both XPS and ICP-AES results therefore suggest that sample C96-9
is not zoned. Similarly, both XPS and ICP-AES data suggest that the Si/Al ratio is
constant throughout the film thickness of samples grown in the gel. The Si/Al ratio ac-
cording to XPS is constantly 14 throughout the top 30 nm of the film and the Si/Al ratio
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(a)

(b)

Figure 3.13: Ads-des isotherms of the MFI film samples and reference MFI crystals per gram
samples (a) and gram zeolite (b).
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(a)

Figure 3.14: Cumulative BJH mesopore volume plots for the MFI film samples and reference
MFI crystals per gram zeolite.

of sample DCG is also 14. The Na/Al ratio for the MFI film samples is shown in Table
4. The Na/Al ratio at the surface of the samples grown in the clear solution is higher
than 1, indicating presence of a sodium rich contamination at the surface. However, at a
depth of 15 or 30 nm, the Na/Al ratio fluctuates at about 1.0, indicating that these films
are in sodium form (Na-ZSM-5) as expected. This data cannot rule out the existence
of some Brönsted protons in the zeolite film. The XPS Na/Al ratio of the film sample
G is close to zero, indicating that the MFI film is in H+ form, as a result from rinsing
in a 0.1 M NH3 solution followed by calcination at 400◦ C. The Na/Al ratio of the MFI
film sample rinsed in distilled water (GDW) is 0.5, which shows that the surface of the
film has been partially ion-exchanged from Na form. However, the Na/Al ratio of bulk
crystals measured by ICP-AES was 0.95, indicating that most of the film should be in
sodium form.

3.3.4 NOx adsorption measurements

NO2 may interact with Brönsted protons [28] and Na+ ions [29] but also with terminal
Si-OH groups and these interactions vary in strength. Figure 3.15 (a) shows the NO2

breakthrough curves at 30◦ C. The NO2 breakthrough at 30◦ C of the MFI film samples
grown in the clear solution C48-6, C48-13, and C96-9 occurred after approximately 100,
200, and 250 s. As expected, the time to breakthrough is linked to the adsorption
capacity, which in turn is linked to the zeolite loading, which was 0.06, 0.10 and 0.14 g/g
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Table 3.3: Composition of MFI crystals determined by ICP-AES.
Sample Hydrothermal Size Si/Al Na/Al

treatment nm
DC48 Clear sol, 0.001wt% silicalite seeds 240 367 5.7

48 hours, 75◦C
DC96 Clear sol, 0.001wt% silicalite seeds 450 178 3.2

96 hours,75◦C
DG Gel, 0.001wt% silicalite seeds n.a. 13.9 0.95

14 hours, 75◦C

Table 3.4: Si/Al ratio of MFI film samples determined by XPS.

Total Ar Approximate C48-6 C96-9 G

etching time (min) depth (nm)

0 0 61 156 14.2

30 15 170 179 14.2

60 30 202 150 14.1

Table 3.5: Na/Al ratio of MFI film samples determined by XPS.

Total Ar Approximate C48-6 C96-9 G GDW

etching time (min) depth (nm)

0 0 2.4 1.8 0.08 0.52

30 15 0.9 1.4 0.04 0.53

60 30 1.0 0.8 0.03 0.50

for these samples, and also to Si/Al ratio, which will be discussed below. The shape of the
breakthrough curves for the films grown in the clear solution is similar and characterized
by a steep increase in the NO2 concentration. The time to reach equilibrium with the feed
was approximately 500, 1000, and 1300 s for these samples. The lag time between NO2

breakthrough until the zeolite was in equilibrium with the feed was thus about 400, 800,
and 1050 seconds for these films, respectively. This trend in lag time is most likely due
to a combination of two parameters, diffusion path and effective diffusivity. The sample
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C48-6 has the thinnest film and thus the shortest diffusion path and consequently the
shortest lag time. The other films are thicker, and sample C96-9 has the greatest lag
time, probably caused by a reduced effective diffusivity due to the higher Al content and
thus a higher concentration of sodium ions in the channels for this sample. Stronger mass
transfer resistance in the thicker films C48-13 and C96-9 compared to C48-6 is expected
and in agreement with our previous results [22, 30]. The NO2 breakthrough occurred after
700 s or 300 s for the film samples G and GDW, respectively. The time for breakthrough
is longer for these samples grown in the gel compared to the one grown in the clear
solution, probably due to larger adsorption capacity due to the higher Al content in the
former. The lag time was about 1800 or 2200 s for the samples G and GDW, respectively.
The shorter lag time of the sample G compared to GDW is probably due to the presence
of H+ instead of Na+ in the former film resulting in lower mass transfer resistance. The
greater lag time in these films is due to a reduced effective diffusivity and an increased
mass transport resistance compared to the films grown in the clear solution. As discussed
above, the concentration of aluminium atoms, and consequently of sodium ions, is much
higher in these films compared to the films grown in the clear solution, which should
reduce the effective diffusivity and increase the adsorption capacity, which will result in
longer lag times as observed. In addition, the sediments on samples grown in the gel may
result in axial dispersion in the monolith channels which also would lead to a greater lag
time [31].

The adsorption capacity of NO2 was calculated by integrating the adsorption data
and the result is given in Table 5. The adsorption capacity at 30◦ C of the film samples
is varying between 400 to 1400 μmole/gzeolite 3.6. To the best of our knowledge, no
literature data of NO2 adsorption capacity in ZSM-5 at these temperatures have been
reported previously. As discussed earlier, regarding lag time, the NO2 adsorption capacity
per g zeolite at 30◦ C increases with increasing Al content for films in sodium form (C48-
6. C48-13, C96-9 and GDW). The sample G, which is in H+ form adsorbs less NO2 than
the sample DGW, which is in the Na+ form. This is in agreement with previous results
[32].

The NO2 breakthrough curves at 200◦ C for all MFI films are shown in Figure 3.15
(c). At 200◦ C, NO2 is adsorbed on strong adsorption sites. The curves show similar
trends as at 30◦ C, with the difference that the times for breakthrough and lag time are
shorter, due to faster diffusion. The NO2 adsorption capacity is lower than at 30◦ C
and, is nearly independent on the Al and Na content. Low concentrations of NO were
observed during the whole NO2 adsorption process. It is known from literature that at
30◦ C, NO is probably released after formation and is weakly adsorbed compared to NO2

in metal exchanged zeolites [33].

Occurrence of NO in the effluent is probably due to formation of surface nitrate
species, as described by Perdana et al. [34]. NO2 is believed to react with the residual
water in the zeolite film to form nitric acid and NO. The nitric acid can subsequently
adsorb on Na+ cations to form stable nitrate species [32]. Figures 3.15 (b) and 3.15
(d) show the concentrations of NO released upon NO2 adsorption at 30 and 200◦ C,
respectively. NO is detected almost directly in the adsorption experiment between about
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10 and 20 seconds for all MFI film samples, independently of film thickness, indicating
the existence of a distribution of adsorption sites within the entire film thickness. A
comprehensive investigation, including IR data of NO2 adsorption on MFI film samples
grown in the clear solution, is reported elsewhere [32]. At 30◦ C, the amount of NO
formed is directly proportional to the amount of NO2 adsorbed, see Table 3.6. However,
no such trend is observed at 200◦ C. This indicates that formation of NO may be related
to both weakly adsorbed species, and in addition, to strongly adsorbed species as NO
formation was observed also at 200◦ C.

The molar amount of N2 required for monolayer formation is given in Table 5. As
expected, the N2 monolayer adsorption capacities in the MFI film samples (about 4.4
mmol/g) is equal to the N2 monolayer adsorption capacity reported for ZSM-5 in litera-
ture (99 cm3 STP g−1= 4.4 mmol/g) [35]. The NO2 adsorption capacity is much lower
than the monolayer N2 adsorption capacity, indicating that a monolayer of NO2 is not
formed even at low temperature and that NO2 is adsorbed on specific sites rather than
in a monolayer.

Table 3.6: Sorption data for MFI film samples.

NO2 adsorbed NO formed
Sample Si/Al1 Na/Al2

μmole/gzeolite μmole/gzeolite

30◦ C 200◦ C 30◦ C 200◦ C
C48-6 367 2.40 394 101 16 24
C48-13 367 n.a. 416 103 16 21
C96-9 178 1.80 516 161 22 33
G 14 0.08 913 161 27 19
GDW 17 0.50 1401 162 56 36

1From ICP-AES,
2From XPS.

3.3.5 Temperature programmed desorption (TPD) measurements

Figure 3.16 (a) shows the TPD curves for the MFI film sample C48-13. The peaks are
the result of desorption from a number of adsorption sites with varying strengths. During
TPD starting at 30◦ C, one broad peak is observed at about 150◦ C, due to desorption of
weakly adsorbed NO2. Most of the NO2 is desorbed below 250◦ C, followed by desorption
of a smaller amount of more strongly adsorbed NO2 at higher temperatures, as reported
in a previous work [34]. During TPD starting at 200◦ C, two broad desorption peaks
at 300◦ C and 450◦ C are observed, due to desorption of NO2 from medium and strong
adsorption sites. Release of NO is observed during TPD experiments, probably due
to decomposition of surface nitrate species at weak and stronger adsorption sites, as
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(a) (b)

(c) (d)

Figure 3.15: NO2 and NO concentration profiles during NO2 adsorption at 30◦ C (a, b) and at
200◦ C (c, d) for the 1.9μm MFI film samples grown in the clear solution and in the gel.

discussed before. A more detailed discussion on the strength of the adsorption sites in
MFI films is given elsewhere [32, 34, 36].

TPD curves are similar for the MFI film sample C96-9, see Figure 3.16 (b). Most
of the NO2 is desorbed below 250◦ C. However, a broad peak centred at about 350◦

C shows that NO2 desorbs also from stronger adsorption sites, thus contributing to the
higher NO2 molar adsorption capacity of the MFI film sample C96-9 (see Table 3.6). This
is probably the result of the increased Al content in the film as discussed earlier. During
desorption starting at 30◦ C, formation of NO is observed at about 350◦ C, probably due
to decomposition of surface nitrate species at strong adsorption sites.

TPD curves of the sample G are shown in Figure 3.16 (c). During TPD at 30◦ C, two
desorption peaks at about 150◦ C and 400◦ C are observed, as a result from desorption
from weak and strong adsorption sites, respectively. As for the MFI film sample grown
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in the clear solution, two desorption peaks at about 170◦ C and 350◦ C are detected for
NO release.

TPD curves of the sample GDW are shown in Figure 3.16 (d). During TPD starting
at 30◦ C, most of NO2 is desorbed below 250◦ C. However, two overlapping peaks at
about 300◦ C and 420◦ C indicate the existence of NO2 adsorption sites with varying
strength, which may be related to the sodium cations in this sample.

(a) (b)

(c) (d)

Figure 3.16: TPD starting at 30◦ C and at 200◦ C for the 1.9 μm MFI film samples C48-13,
C96-9, G, and GDW.
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Chapter 4

Conclusions

4.1 Conclusions

NaX and MFI zeolite films were grown on ceramic cordierite monoliths using different
synthesis procedures and some fundamental properties were studied.

It was shown that cordierite monoliths with different physical and geometrical prop-
erties influence growth of NaX films on the walls of the substrates. It was also shown that
different synthesis procedures (synthesis mixtures and duration of hydrothermal treat-
ment) influence the morphology, porosity, and adsorption properties of the NaX film
samples. When using the gel, the NaX zeolite films were well intergrown. However, a
large amount of sediments adjacent to the film, which may be a disadvantage for PSA
applications in terms of increased diffusion path of the adsorbing species, were observed.
When using a clear synthesis mixture and long hydrothermal treatments, less intergrown
zeolite films with an increasing number of sodalite crystals and sediments on top of the
films were observed. A multiple step synthesis procedure was thus developed and a well
intergrown zeolite film with a very small amount of sodalite crystals and free from sedi-
ment was grown in five shorter steps. The adsorption capacity of the latter film sample
was compared with the one of NaX beads and was 25 times lower than for traditionally
used pellet adsorbents, due to low zeolite loading of the structured sample. However,
the pressure drop is 100 times lower for the structured adsorbents than the packed bed.
These results indicate that, by increasing the thickness of the zeolite films, or by using
substrates with a higher cell density, it may be possible to increase the adsorption ca-
pacity of the structured adsorbents and still maintain a lower pressure drop than in the
packed bed, which is an advantage for PSA applications.

For MFI films, it was shown that an increase in Al or Na content in the films cause
an increase in NO2 adsorption capacity at low temperature (30◦ C), due to an increased
number of adsorption sites resulting in physisorption. At higher temperature, the specific
amount of NO2 was nearly independent on the Si/Al ratio of the MFI films, indicating
that an increase in Al and Na concentration in the films increases only the number of
weak adsorption sites. Formation of NO occurred during NO2 adsorption and the results
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indicated that NO formation was associated with both weak and strong NO2 adsorption
sites. The thicker films showed stronger mass transfer resistance than the thinner MFI
film, as expected for well defined zeolite films.

The results obtained in the present thesis work will be useful for the development of
structured adsorbents optimized for particular applications, such as CO2 separation by
PSA or NO2 separation.



Chapter 5

Future work

5.1 Future work

This work has increased the understanding of adsorption properties of supported monolith
NaX and MFI films. However, there are still many aspects that need to be investigated.
To approach the goal of this project it is thus necessary to:

• Measure and model breakthrough data on the NaX film samples prepared in this
work.

• Prepare NaX film samples on substrates with a higher cell density and measure
and model breakthrough data.

• Run PSA separation of CO2 from N2 and O2 from air by using the structured
adsorbents.
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SUMMARY
Thin faujasite films were grown on porous and dense cordierite monoliths by hydrothermal 
treatment using a gel or a clear solution. A well defined FAU film with a thickness of about 
1 m  could be grown on both supports using the gel. However, a relatively high weight gain 
after synthesis was recorded for the porous monoliths due to zeolite crystallization in the 
pores, which may be undesirable for PSA applications. The films grown in the clear solution 
consisted of both FAU and sodalite crystals and the thickness of the FAU film was about 
0.5 m . A 5 times lower weight gain was observed and much less zeolite grew in the pores of 
the support, which may be an advantage for PSA applications.  The adsorption properties of 
the samples are currently under investigation. 

INTRODUCTION
Structured adsorbents in the form of supported thin zeolite films may have superior properties 

compared to traditionally used zeolite adsorbents in the form of beads [1, 2], which may have 

mass transfer limitations in PSA applications. Structured adsorbents may result in improved 

performance in PSA applications due to reduced mass transfer resistance. FAU zeolite is a 

suitable adsorbent for CO separation from flue gas or O  enrichment from air by PSA. 2 2

EXPERIMENTAL
Porous (400 cpsi, Corning) and dense (100 cpsi, Rauschert) cordierite monoliths were used as 

structured supports. The supports were seeded with 60 nm faujasite crystals, as described 

elsewhere [3]. A gel with molar composition of : or a clear 

synthesis solution with molar composition of 

322 1:14 OAlONa OHSiO 22 797:10

:80 2ONa OHSiOOAl 2232 5000:9:1

was used for film growth. Hydrothermal treatment was performed in an oil bath under reflux 

at 100 C. The samples were characterized by SEM, XRD and weight gain after synthesis was 

recorded. 

RESULTS AND DISCUSSION 
Figures 1-(a, d) show SEM images of a faujasite film grown for 6 hours and 40 minutes on a 

porous cordierite monolith using the clear solution. The FAU film is uneven and relatively 

large sodalite crystals are embedded. The FAU film thickness is about 700 nm and the 

sodalite crystals vary from 1 to about 2 m  in size. A faujasite film grown using the clear 

solution on a dense cordierite support is more even and with a film thickness of about 1.5 m
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and smaller sodalite crystals are observed, as shown in Figs. 1-(b, e). These results show that 

the support affects the film growth. Figures 1–(c, f) show images of a FAU film grown on a 

porous substrate using the gel. The film is more uniform with a thickness of about 1 m   and 

no sodalite crystals are observed. However, because of crystallization in the monolith pores, a 

5 times higher weight gain is observed for films grown in the gel, which may be a 

disadvantage for PSA applications. XRD data contains the presence of FAU crystals in all 

samples.

(a)                             (b)                                           (c)

(d)         (e)             (f) 
Figure 1: SEM images of faujasite films grown in the clear solution on porous (a, d) and on 
dense (b, e) cordierite supports and of a FAU film grown on porous support when using the 
gel (c, f).

CONCLUSIONS

Thin faujasite films could be grown on porous and on dense cordierite supports from two 

different synthesis mixtures. An uneven FAU film with embedded sodalite crystals could be 

grown on both supports in the clear solution. The weight gain after synthesis was very low 

and only a low amount zeolite was deposited in the pores of the support, which is an 

advantage for PSA applications. An even FAU film without sodalite crystals could be grown 

on both supports using the synthesis gel, but more zeolite was deposited in the pores of the 

support.
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Abstract

Structured adsorbents in the form of supported thin zeolite films may represent a 

competitive alternative to traditional zeolite adsorbents used in PSA processes, due to the 

reduction of mass - and heat - transfer limitations typical of packed beds. Thin NaX films were 

grown by hydrothermal treatment using a clear solution on cordierite monoliths. Films grown by 

a multiple synthesis procedure were dense and uniform with a very small amount of sediments 

adjacent to the film, which may be an advantage in PSA applications. The CO2 adsorption 

capacity and the pressure drop for the supported films were compared to those of a packed NaX 

bed. Although the adsorption capacity was 25 times lower, the pressure drop of the structured 

adsorbent was 100 times lower, indicating the potential advantage of structured adsorbents in 

PSA processes. Further investigations are needed in order to prove this hypothesis. 

1. Introduction 

Zeolites represent a broad class of crystalline aluminosilicate materials used in adsorption 

processes, catalysis, membrane, and sensor technology. Gas separation via adsorption can occur 

in the porous framework because of the interactions between the dipole moments of the gas 

molecules with the electrical field inside the pores of the adsorbent (equilibrium separation), size 
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or steric exclusion of certain components (molecular sieving), or because of the ability of some 

components to enter the pores faster than others (kinetic selectivity). The vast majority of 

industrial gas separation processes by zeolite occurs via equilibrium. NaX zeolite is a widely 

used adsorbent for CO2 recovery due to its high working capacity, equilibrium selectivity and 

low purge requirement (Chue et al., 1995; Chou and Chen, 2004). High purity carbon dioxide can 

be obtained on zeolite X, where it adsorbs for equilibrium affinity between the quadrupole 

moment of the carbon dioxide molecules and the electrical field generated by the cations inside 

the zeolite pores.

Pressure swing adsorption is a widely used technique for carbon dioxide capture from flue 

gas (Gomes and Yee, 2002; Chou and Chen, 2004; Reynolds et al., 2006) or oxygen enrichment 

from air (Li et al., 1998a; Li et al., 1998b). Adsorption columns with randomly packed zeolite 

beads, pellets and extrudates are generally used in PSA processes for oxygen production and 

carbon dioxide separation because of the high productivity and low cost of the adsorbent 

material. However, PSA processes which use adsorbing materials in this form have high pressure 

drop and heat – and mass - transfer limitations as main drawbacks. 

A high pressure drop in the packed bed might generate high capital and operating costs 

for the pressurization/depressurization steps in a PSA process (Jain et al., 2001; Li et al., 1998b). 

The long diffusion paths through meso - and macropores in the traditional adsorbents may induce 

heat – and mass – transfer limitations due to temperature and concentration gradients, thus 

decreasing the overall performance of the PSA process (Li et al., 1998b). 

Recently, parallel flow monolith structures have received considerable attention for their 

use in adsorption processes. These materials have parallel channels with controllable shape and 

wall thickness (Cybulski and Moulijn, 1998; Williams, 2001). Monoliths are widely used in 

catalytic converters since the 1960s (Cybulski and Moulijn, 1998; Williams, 2001) rather than in 

PSA processes. Ceramic cordierite monoliths are mainly used as catalysts substrates in the 
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automotive industry for oxidation of CO and CHx, reduction of NOx, and as diesel particulate 

filters (DPF) [8]. The main advantage offered by the monoliths compared to packed beds is the 

low pressure drop. Low pressure drop is very important in PSA processes (Todd, 2003) in terms 

of reduced power consumption, high product recovery, purity and productivity. An example is 

the study of carbon dioxide separation on carbon monoliths by Brandani et al. (2004). The main 

outcome of the work was that the dispersion in the monolith is controlled by mass transfer 

resistance rather than axial mixing. The adsorption performance of 5A zeolite monoliths (all 

zeolite monoliths, not zeolite coated monoliths) with square lattice channels and a wall thickness 

of 0.98 mm was compared to that of 5A zeolite pellets in the separation of oxygen from air (Li et 

al., 1998a, Li et al., 1998b). The adsorption capacity and pressure drop in the zeolite monolith 

were slightly lower than in the pellets. The authors assign the poorer oxygen separation 

performance of the 5A monolith to the reduced ability to transfer the molecules from the gas 

phase to the adsorbent surface, as a result of the increased diffusion path in the thick walls of the 

zeolite monolith.  However, the use of monoliths in adsorption processes may represent a 

competitive alternative to traditional adsorbents, leading to a more effective and lower cost 

processes by reducing the power demand and cycle time. Possible ways of improving the 

separation performance of the zeolite monoliths might be reduction of wall thickness and 

increased cell density (Patton et al., 2004).

Due to the high mass transport resistance in traditional zeolite adsorbents (beads, powder 

and extrudates) or in thick walls of whole zeolite monoliths, structured adsorbents in the form of 

monoliths coated with NaX films having a controllable thickness were developed in this work. 

CO2 adsorption capacity and pressure drop were evaluated for the structured adsorbent and 

compared with NaX zeolite beads.  
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2. Experimental section 

Porous cordierite monoliths (400 cpsi, Corning) were used as structured substrates for the 

zeolite film growth. The substrates were first rinsed in toluene, acetone and several times in a 0.1 

M NH  solution. Prior to hydrothermal treatment, the monoliths were dried in a ventilated 

furnace at 110

3

o C, cooled thereafter in a desiccator and then the weight gain was recorded. 

Growth of adsorbed 80 nm FAU seeds on the walls of the substrates was performed in a 

clear solution with molar composition of 80Na2O:1Al2O3:9SiO2:500H2O, as described by 

Öhrman et al. (2004a) about the growth of thin ZSM-5 film on cordierite monoliths. To prepare 

the clear solution, sodium metasilicate (Na2SiO3 x 9 H2O, Sigma-Aldrich) was mixed with 

pelletized sodium hydroxide (99,9 % NaOH, Merck) and distilled water. An aqueous solution of 

aluminium sulphate (Al2(SO4)3 x 18 H2O, Riedel-de-Häen) was added under vigorous stirring. 

The synthesis of the NaX film was performed in 1 step of 6 h and 40 min or in 5 steps of 1 h and 

20 min in the clear solution, which was heated in an oil bath at 100o C and atmospheric pressure 

under reflux. NaX crystals were also prepared in the clear synthesis solution for 1 h and 20 min, 

and used as a reference for the determination of the zeolite loading. Prior to characterization the 

samples were dried at room temperature and in a ventilated furnace at 100o C over night, and 

cooled thereafter in a desiccator. The zeolite loading (gzeolite/gsample) of the structured adsorbents 

was determined by the weight gain, as the weight increase of the cordierite supports after 

hydrothermal treatment. 

NaX (13X) molecular sieve zeolite beads (Qingdao JIT Corporation, Qingdao, China) 

with a diameter of 0.7 mm were used for comparison with the NaX film coated cordierite 

monoliths. The zeolite loading of the beads was determined by liquid N2 adsorption on a 

Micromeritrics ASAP 2010 instrument, as the ratio between the BET surface area of the beads 

and the reference NaX crystals, as described by Öhrman et al. (2004b) for thin ZSM-5 film 

coated alumina beads. A Philips XL 30 scanning electron microscope (SEM) equipped with a 
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LaB6 emission source was used for studies of surface morphology and to measure film thickness. 

The monoliths were cut in the channel direction in order to characterize the films. The NaX 

beads were mounted in a phenolic resin (Phenolic Resin Black, Buehler LTD) and polished in 

order to obtain cross - sectional images. SEM images were recorded on samples covered with a 

thin layer of gold (few nm) previously deposited by sputtering. X-ray diffraction data (XRD) 

were recorded with a Siemens D 5000 powder diffractometer equipped with a Cu - target in the 

Bragg – Brentano geometry. The carbon dioxide adsorption capacity of the structured adsorbents 

and NaX beads was measured at 0o C by using a Micromeritrics ASAP 2010 instrument. The 

pressure drop was measured as a function of air flow rates for the zeolite beads and the structured 

adsorbents in a single PSA column. 

3. Results and discussion 

3.1 Characterization by SEM, weight gain and XRD

Figure 1 shows low magnification SEM images (a) of the NaX beads and (b) of the cross 

– section of a 400 cpsi porous cordierite monolith. The beads are quasi - spherical with a 

diameter of about 700 m (Figure 1 (a)). The thickness of the cordierite monolith wall is about 

100 m and the channel width is about 1.2 mm (Figure 1 (b)). Macropores with a size up to 

several m are observed inside the walls of the ceramic cordierite support.  

Figure 2 shows the cross – sectional image of the NaX beads. It is possible to identify the 

typical octahedral shape of the zeolite X crystals. 

A zeolite film was grown in a longer hydrothermal treatment of 6 h and 40 min (not 

shown). The film was not continuous, and the presence of pin - holes and etched crystals may be 

due to the decreased hydrothermal stability of the zeolite crystals. Large sediments on top of the 

film and hydroxysodalite (HS) crystals were also detected by SEM. Hydroxysodalite probably 

formed because of the combined effect of the Al - leaching from the support and the 
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thermodynamics of the system (HS is a more stable zeolite than NaX). As observed in a previous 

work by Lassinantti et al. (2000) on the growth of zeolite Y films on  - Al2O3 wafers, the film 

thickness as a function of time had a maximum and decreased upon long hydrothermal 

treatments, due to dissolution of the crystals in the film and formation of zeolite P. Sediments 

and zeolite crystals other than NaX may be a disadvantage in PSA applications in terms of 

reduced separation performance.  

In order to minimize the detrimental effects of Al – leaching and sedimentation, a 

multiple step synthesis procedure was performed. The synthesis duration of 6 h and 40 min was 

divided in 5 steps of 1 h and 20 min. Top - view and cross – section images of the NaX film 

grown in the clear solution on the 400 cpsi cordierite supports in 5 steps of 1 h and 20 min (from 

now denoted as “structured sample”) are shown in Figure 3 (a, b). The film is dense and uniform 

and has a thickness of 1.5 m. The amount of sediments on top of the NaX films, as well as the 

number and size of the HS crystals embedded in the zeolite coatings, lowered compared to the 

one grown in one longer hydrothermal treatment.  

The weight gain for the NaX films grown in the clear solution on the porous support in 

one long hydrothermal treatment and in five steps is 0.030 and 0.036 gzeolite / gsample, respectively. 

The NaX film thickness recorded for the samples grown in one step is lower (0.7 m) than the 

one of the structured adsorbent grown in 5 steps (1.5 m), although the weight gain of the two 

samples is of the same order of magnitude. This indicates that more sediments are deposited on 

the monolith after 6 h and 40 min, according to SEM observations. 

It could be inferred from these results therefore that suitable conditions for growth of 

structured adsorbents in the form of supported thin and dense zeolite films with limited amount 

of sediments for PSA applications is represented by the use of a multiple step synthesis.      

Figure 4 shows the XRD patterns for the NaX beads and structured sample. The XRD 

patterns are typical for randomly oriented NaX crystals, and no hydroxysodalite crystals are 

58



       PAPER B

detected. The patterns are similar except for the presence of amorphous background, zeolite A 

and other unspecified reflections (probably due to the binder) in the beads, and cordierite 

reflections in the structured sample. 

3.3 Comparison with traditional NaX zeolite beads

The zeolite loading of the beads was 0.83 gzeolite / gsample, and was 23 times higher than the 

weight gain of the structured sample (0.036 gzeolite / gsample).  This shows that the adsorption 

capacity of the structured sample should be about 23 times lower than the beads for any 

adsorption measurement, due to the lower amount of zeolite per g sample of the former one. 

The carbon dioxide isotherms at 0o C of the structured adsorbent and of the beads are 

shown in Figures 5 (a, b). As expected, the CO  adsorption capacity of the structured adsorbent 

is 25 times lower than the one measured for the NaX beads. High cell density monoliths will lead 

to increased zeolite loading. 

2

The pressure drop was measured at different air volumetric flow rates in a single PSA 

column for the structured adsorbent and the beads, and the results are shown in Figure 6 (a, b). 

The pressure drop measured in the packed bed (Figure 6 (a)) is 100 times higher than for the 

structured adsorbent (Figure 6 (b)), although the volume of the packed bed and the monolith is 

the same. This suggests that there is considerable scope to increase the monolith cell density and 

therefore increase the zeolite loading while still maintaining a lower pressure drop than that of a 

packed bed. 

4. Conclusions

Dense, uniform structured adsorbents with limited amount of sediments were grown on 

porous ceramic cordierite supports. The CO adsorption capacity and the pressure drop of the 

NaX film grown with the multiple - step synthesis on the porous support were compared with the 

2
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ones of NaX beads. Due to the low zeolite loading, the adsorption capacity of the thin NaX film 

was 25 times lower than the NaX beads. However, the pressure drop in the column loaded with 

the structured adsorbent was 100 times lower than for the NaX packed bed, thus representing an 

advantage for PSA applications.  

These results suggest the potential of structured adsorbents as competitive alternative to 

traditionally used packed beds in PSA processes. The adsorption capacity of the structured 

adsorbents may be increased by growing thicker NaX films on the cordierite monoliths or by 

using substrates with a higher cell density. In addition, heat – and mass – transport phenomena in 

the films should be investigated and PSA cycles evaluated to explore the possibilities of these 

novel adsorbents. 

Acknowledgements 

Qingdao JIT Corporation (Qingdao, China) is kindly acknowledged for providing the 13X 

molecular sieve zeolite beads. 

60



       PAPER B

References

Brandani F., et al., “Adsorption Kinetics and Dynamic Behaviour of a Carbon Monolith”, 

Adsorption, 10, 99 – 109 (2004) 

Chou, C. T. and C. Y. Chen, “Carbon Dioxide Recovery by Vacuum Swing Adsorption”,

Separation and purification technology, 39, 51 - 65 (2004) 

Chue, K.T., et al., “Comparison of Activated Carbon and Zeolite 13X for CO2 Recovery from 

Flue Gas by Pressure Swing Adsorption”, Ind. Eng. Chem. Res., 34, 591 - 598 (1995) 

Cybulski, A. and J.A. Moulijn in: A. Cybulski and J.A. Moulijn (Eds.), Structured Catalysts and 

Reactors, Chapter 2, Marcel Dekker Inc., New York, 1998 

Gomes, V. G. and K.W.K. Yee, “Pressure Swing Adsorption for Carbon Dioxide Sequestration 

from Exhaust Gases”, Separation and purification technology, 28, 161-171 (2002) 

Jain, R., et al., “Air separation using monolith adsorbent bed”, US Patent 6,231,644 (2001) 

Lassinantti M., et al., “Faujasite – Type Films Synthesized by Seeding”, Microporous

Mesoporous Mater., 38, 25 – 34 (2000) 

Lee, J. S., et al., “Adsorption Equilibria of CO  on Zeolite 13X and Zeolite X / Activated 

Carbon Composite”, J. Chem. Eng. Data, 47, 1237 - 1242 (2002)

2

Li, Y.Y., et al., “Zeolite Monoliths for Air Separation. Part I: Manufacture and Characterization”, 

Trans IChemE, Part A, 76, 921 - 930 (1998a) 

Li, Y.Y., et al., “Zeolite Monoliths for Air separation. Part II: Oxygen Enrichment, Pressure 

Drop and Pressurization”, Trans IChemE, Part A, 76, 931 - 941 (1998b) 

Öhrman, O., et al., “Synthesis and Evaluation of ZSM-5 Films on Cordierite Monoliths”, Applied

catalysis A: General, 270, 193 – 199 (2004a) 

Öhrman, O., et al., “ZSM – 5 Structured Catalysts Coated with Silicalite - 1”, Proceedings of the 

14th International Zeolite Conference, Cape Town, 2004b 

61



       PAPER B

Patton, A., et al., “Use of the Linear Driving Force Approximation to Guide the Design of 

Monolithic Adsorbents”, Chemical Engineering Research and Design, A8, 82, 999 - 1009 (2004)

Reynolds, S. P., et al., “Stripping PSA Cycles for CO2 Recovery from Flue Gas at High 

Temperature Using a Hydrotalcite-Like Adsorbent”, Ind. Eng. Chem. Res., 12, 4278 – 4294 

(2006)

Todd, R. S., A Theorethical and Experimental Study of a Rapid Pressure Swing Adsorption 

System for Air Separation, PhD thesis, Monash University, Australia, 2003 

Williams, J. L., “Monolith Structures, Materials, Properties and Uses”, Catalysis Today, 69, 3 - 9 

(2001)

62



       PAPER B

Figure 1. Low magnification SEM images of (a) of the 13X beads and (b) of the cross – section 

of a 400 cpsi cordierite monolith. 

Figure 2. SEM top – view image of the NaX molecular sieve zeolite beads. 

Figure 3. Top - view (a) and cross - section (b) images of the NaX film sample grown in the clear 

solution in 5 steps of 1 h and 20 min on the 400 cpsi ceramic substrate. 
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Figure 4. XRD diffractograms of the NaX beads and structured adsorbent. ‘x’, ‘a’, ‘u’, and ‘c’ 

indicating NaX, zeolite A, unspecified reflection, and cordierite peaks, respectively. 
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Figure 5. CO2 equilibrium isotherm measured at 0o C on the NaX beads and structured adsorbent. 

Figure 6. Pressure drop measurements on the NaX beads and the structured adsorbent. 
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Abstract

Novel structured adsorbents in form of thin zeolite films grown on substrates designed for low 

pressure drop have great potential to improve pressure swing adsorption (PSA) processes. 

Uniform coatings of NaX zeolite were grown on the walls of 400 cpsi ceramic cordierite 

supports using a seeding technique. A gel and a clear synthesis solution were used for film 

growth. The materials were analyzed by scanning electron microscopy, X-ray diffraction, N2

sorption experiments and Hg-porosimetry. A well intergrown film with a thickness of about 1 

m was grown on the support using a gel. However, a large amount of sediments were 

deposited on top of the film and zeolite crystals grew in the pores of the support, which may 

represent a disadvantage for PSA applications due to the increased diffusion path of the 

adsorbing species compared to a well defined film free of sediments. The zeolite films grown 

in one longer hydrothermal treatment in the clear solution were less intergrown and consisted 

of both NaX and hydroxysodalite crystals. By using a multiple-step synthesis procedure and a 

clear solution, well intergrown NaX films free from sediments and with only a very small 

fraction of hydroxysodalite crystals could be grown in the clear solution. This work shows 

that a multi-step procedure using a clear synthesis solution is suitable for growth of well 

defined structured PSA adsorbents in form of supported thin zeolite films. The adsorption 

properties of the materials are currently under investigation.
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1. Introduction 

Pressure swing adsorption (PSA) is a commonly used technology for gas separation and is 

based on the ability of certain materials, such as zeolites, to selectively adsorb one of the 

components in the gas at elevated pressure. A typical PSA system involves a number of 

connected columns containing adsorbent material that undergo successive pressurization and 

depressurization steps in order to produce a continuous stream of purified product gas. 

Zeolites are porous crystalline aluminosilicates of SiO4 and AlO4 tethraedra connected by 

oxygen bridges [1]. Zeolite X is particularly suitable for carbon dioxide capture from flue gas 

or oxygen enrichment from air by PSA [2-6]. CO and N  are adsorbed in the zeolite pores 

due to the strong interaction between their quadrupole moments and the electrical field 

generated by the charge balancing cation in the micropores of the zeolite. The possibility to 

exchange the cations represents a valuable mean for tuning the volume available for 

adsorption and the adsorption capacity. Consequently, the adsorption capacity of CO

2 2

2 in 

zeolite X increases with decreasing ion size and increasing charge density, in the order of Cs+,

Rb+, K+, Na+, Li+ [7]. The adsorption capacity may be controlled also by tuning the Si/Al 

ratio. Low silica zeolite X in the Li+ form (Li-LSX) adsorbs more nitrogen than zeolite NaX, 

due to the higher polarizing power of the small Li+ cation and is the most widely used zeolite 

adsorbent for air separation processes [6].

In PSA processes, there is a trade-off between pressure drop and mass- and heat-transfer 

limitations. The adsorbents in industrial PSA processes are in form of beads, powders and 

extrudates. Larger adsorbent particles results in lower pressure drop, but increased mass- and 

heat-transfer limitation.  Recently, a few reports about the use of monolith structures in 

adsorption processes have been published [8-10]. Monoliths are widely used in catalytic 

converters since the 1960s [8, 10] rather than in separation via adsorption. Monoliths are 
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structured supports with parallel channels, available with various cell densities and cell 

shapes. Low pressure drop, uniform flow distribution, thermal stability and easy scale-up are 

some of the advantages [8, 10] with these materials. The mineral cordierite, 2MgO x 2Al2O3 x 

5SiO2 is often used for monoliths.  Cordierite monoliths with tailored macrostructure, high 

porosity and low thermal expansion are used as automotive catalytic converters and as diesel 

particulate filters (DPF).  The monolith substrates may be wash-coated, dip-coated , slip-

coated, slurry-coated or extruded directly into catalytic bodies using appropriate batch 

materials [11, 12]. Due to the difficulty in washcoating the zeolite, a binder material is 

needed, which causes reduction of accessible surface area for the zeolite growth and increases 

the diffusion resistance of the adsorbing species due to surface tension effects of the 

washcoat, with the results that more material is deposited at the corners of the monolith 

channels [11]. Öhrman et al. [13] grew thin ZSM-5 zeolite films without binder material on 

400 cpsi cordierite monoliths by first depositing zeolite seed crystals on the monoliths and 

then growing the crystals to a thin film and evaluated the catalytic activity by p-xylene 

isomerisation.. As opposed to washcoated monolits, these films had an even thickness and 

were evenly distributed. In another work, the CO2 adsorption and diffusion on a carbon 

monolith adsorbent were studied with the Zero Length Column (ZLC) method by Brandani et 

al. [14]. The ZLC data showed that at low purge rates, the adsorption was equilibrium-

controlled, and at high flow rate kinetic-controlled. Further, the dispersion in the monolith 

was controlled by mass transfer resistance rather than axial mixing. Monoliths comprised of 

5A zeolite and Na-bentonite with square lattice channels and a wall thickness of 0.98 mm 

were prepared by Li et al. [9, 12, 15]. The adsorption performance of the zeolite monolith was 

compared with that of 5A zeolite pellets (1.46 mm in diameter and 3.60 mm long) used for 

the production of oxygen enriched air. The main outcome of the work was that the pressure 

drop through the zeolite monolith was 3-5 times lower than the one in the packed bed, 

indicating a 3-5 times faster pressurization time of the monolith loaded PSA unit than the 
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packed column with 5A pellets. Possible ways of improving the separation performance of the 

adsorbent monoliths would be thus to reduce the mass- and heat-transfer resistance by 

reducing the wall thickness and increasing the cell density of the monolith [16]. With the 

assumption that the zeolite monolith and the adsorbents have the same intrinsic properties 

(porosity, density, etc.), a zeolite monolith with a wall thickness of 0.36 mm would be 

equivalent to a pellet with radius 0.72 mm [9] (same as used by Li et al.). A monolith with a 

wall thickness lower than 0.36 mm would thus exhibit an improved external mass transfer 

resistance of the pellets. However, nowadays, no technology is available for the development 

of zeolite monolith with thinner walls than 0.98 mm (same used by Li et al. [9]). To the best 

of our knowledge, properties of supported thin zeolite films have never been studied for 

development of novel structured adsorbents. In this work NaX films of different thickness 

were grown on 400 cpsi cordierite monoliths. The zeolite-coated monoliths were 

characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), mercury 

intrusion porosimetry (MIP), and were tested for N2 sorption at liquid nitrogen temperature. 

Breakthrough and pressure drop data will be collected and added to this manuscript before 

submission to a journal. 

2. Experimental section 

2.1 Synthesis 

Cordierite monoliths (cell density 400 cpsi, Corning) were used as supports. FAU films 

were grown on these supports in a similar way as described by Öhrman et al. [13] for the 

growth of ZSM-5 films on cordierite monoliths.  In order to remove contaminants that could 

affect zeolite crystallization, the substrates were rinsed in toluene, acetone and several times 

in a 0.1 M NH 3  solution. The supports were dried at room temperature, then in a ventilated 

oven at 110o C and thereafter cooled in a dessiccator.  
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The seeding method used for film preparation mainly consisted of three steps. (i) 

Preparation of 80 nm colloidal faujasite seeds. First, aluminum isopropoxide (> 98%, Sigma), 

tetrametylammoniumhydroxide (TMAOH  5 H2O, Sigma) and water were mixed and stirred 

until a clear solution formed. Tetraetoxysilane (TEOS, > 98%, Merck) was then added under 

vigorous stirring for 2 h until all TEOS had hydrolyzed completely. Finally, an appropriate 

amount of a 1 M NaOH solution was added drop wise under vigorous stirring resulting in a 

clear solution with molar composition of 

2.46(TMA)2O:0.021Na2O:Al2O3:3.4SiO2:200H2O:13.62EtOH. The synthesis mixture was 

then treated for 10 days in an oil bath at 100o C under reflux for growth of seed crystals. Since 

Na+ is the limiting nutrient, a 1.0 M NaOH solution was added dropwise using a syringe 

pump to the synthesis mixture under vigorous stirring once a day for 7 days to re-establish the 

original sodium concentration. The final composition of the synthesis mixture was thus 

2.46(TMA)2O:0.168Na2O:Al2O3:3.4SiO2:200H2O:13.62EtOH. The system was allowed to 

crystallize one more day after the last addition of 1.0 M NaOH solution. After cooling the sol 

to room temperature, the crystals were purified and at the same time ion-exchanged by 

centrifugation and redispersion in a 1 M NH3  solution (4 times), 0.1 M NH3  solution (3 

times), and distilled water (3 times). The seed sol was then adjusted to a dry content of 1.0 

wt% and a pH of 10.0 using 1 M ammonia solution. (ii) Deposition of seeds onto the surface 

of substrates by electrostatic adsorption. An aqueous solution of 0.4 wt% cationic polymer 

was prepared by diluting a commercial polymer mixture (Redifloc 4150, EKA Chemicals) in 

distilled water. The pH was adjusted to 8.0 by addition of a dilute ammonia solution. The 

surface charge of the substrates was reversed by treatment in the cationic polymer solution for 

10 minutes. After charge reversal, the substrates were rinsed with a 0.1 M NH3 solution six 

times to remove excess polymer and were then immersed in the seed sol for 10 minutes to 

adsorb the 80 nm faujasite seeds. (iii) Growth of the colloidal seed crystals into a continuous 

and polycrystalline film. A gel with molar composition of 14Na2O:1Al2O3:10SiO2:797H2O or 
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a clear synthesis solution with molar composition of 80Na2O:1Al2O3:9SiO2:5000H2O was 

used for film growth. To prepare the solutions, sodium metasilicate (Na2SiO3 x 9 H2O, 

Sigma-Aldrich) was mixed with pelletized sodium hydroxide (99,9 % NaOH, Merck) and 

distilled water. An aqueous solution of aluminum sulfate (Al2(SO4)3 x 18 H2O, Riedel-de-

Häen) was added. Thereafter the mixture was vigorously stirred for 2 minutes or 2 hours for 

the clear solution or the gel, respectively. 

Hydrothermal treatment was performed in an oil bath under reflux at 100o C at 

atmospheric pressure. During synthesis, the channels of the support were oriented vertically, 

to reduce zeolite sedimentation from the bulk synthesis mixture onto the walls of the 

substrate. Films were grown for 9 hours in the gel. When using the clear solution, the zeolite 

films were grown in a single hydrothermal treatment of 4 hours, 6h and 40 minutes or in 5 

steps of 1 hour and 20 minutes. The sample codes starts with the letter C or G for clear 

solution or gel, respectively, followed by a number indicating the duration of the 

hydrothermal treatment in hours, see Table 1. After hydrothermal treatment, the samples were 

carefully rinsed several times in a 0.1M NH3 solution and then dried at room temperature and 

after 5-6 hours at 100o C in a ventilated oven. The samples were thereafter cooled in a 

desiccator prior to sample characterization. Discrete NaX crystals were prepared by adding 

0.1wt% 80 nm FAU seeds to the clear synthesis mixture followed by hydrothermal treatment 

for 1 hour and 20 minutes at 100o C. The crystals were purified by repeated centrifugation and 

re-dispersion in water, three times in total. These crystals were used as a reference for 

determination of the zeolite loading by nitrogen adsorption.

2.2 Characterization 

The weight gain (gzeolite/gsample) was calculated by measuring the weight increase of the 

support before and after hydrothermal treatment.  
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A Philips XL 30 scanning electron microscope (SEM) equipped with a LaB6 emission 

source was used for studies of surface morphology and to measure film thickness. The 

monoliths were cut in the channel direction prior to SEM investigation. Images were recorded 

on samples covered with a thin layer of gold (about 10 nm) deposited by sputtering.

X-ray diffraction data (XRD) in the two-theta range 5 – 35o were recorded with a 

Siemens D 5000 powder diffractometer equipped with a Cu-target and running in the Bragg-

Brentano geometry. 

Nitrogen sorption at liquid N2 temperature was measured for all samples with a 

Micromeritrics ASAP 2010 instrument after outgassing for 12 hours at 300o C. The BET 

equation was used to calculate the zeolite loading (gzeolite/gsample) of the samples from N2

adsorption data.  The surface area of the monolith was 0.24 m2/g, which was about 35, 80 and 

140 times lower than for the zeolite film samples C4, C5*1h20min and G9, respectively. The 

observed surface area of the zeolite coated monoliths thus stem almost entirely from the 

deposited zeolite. The surface area of the monolith was thus neglected when estimating the 

zeolite loading of the zeolite coated monoliths from nitrogen sorption data. The pore size 

distribution was determined by the Barrett-Joyner-Halenda (BJH) method applied to the 

desorption branch. 

Mercury Intrusion Porosimetry (MIP) was performed using a Micromeritics Autopore 

9220 V1.04 mercury porosimeter, operated between 0.1 and 3500 bar.  

3. Results and discussion 

3.1 Characterization by SEM, weight gain, and zeolite loading 

Figure 1 (a) shows a SEM image of the wall surface of an uncoated 400 cpsi cordierite 

monolith. Cordierite grains form an uneven surface and some macropores are also observed 

between the grains. Figure 1 (b) shows a monolayer of 80 nm FAU seeds crystals adsorbed 
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onto the surface of the support. The seeds cover the entire surface of the cordierite monolith. 

Few aggregates of a size between about 200 nm and 400 nm are also observed.  

Figure 2 (a) shows a top-view SEM image of sample G9. The film appears to be well 

intergrown and typical FAU crystals with octahedral habit and with a size ranging between 

about 600 and 2000 nm are observed. An image of sample C4 grown in the clear solution by a 

single hydrothermal treatment is shown in Figure 2 (b). The film appears to be less intergrown 

and comprised of FAU crystals with a size ranging between about 500 and 1000 nm and in 

addition, sodalite crystals with a typical ball-of-yarn habit and a diameter of about 2000 nm 

are observed. Presence of hydroxysodalite may be the result of the decreased hydrothermal 

stability of the zeolite crystals during a longer hydrothermal treatment [17]. Phase changes are 

common in the crystallization system of zeolite X upon longer synthesis durations [17].  A 

multiple step synthesis procedure was developed and fresh synthesis solution was replaced 

every 1 h 20 min in order to limit the formation of HS. A NaX film was thus grown in 5 steps 

of 1 h 20 min, see Figure 2 (c). The film appears well intergrown, and the number and size of 

HS crystals embedded in the zeolite film lowered compared to the one grown in one longer 

hydrothermal treatment.  

Figure 3 shows top-view images at low magnification of the NaX films grown with the 

multiple synthesis procedure in the clear solution (a) and in the gel (b), respectively. Large 

aggregates of well intergrown zeolite crystals with a size of several m are observed on top of 

the film sample grown in the gel. These aggregates were probably deposited by sedimentation 

from the bulk synthesis mixture. Sediments may represent a disadvantage for PSA 

applications due to the increased diffusion path of the adsorbing species. 

The average thickness of the NaX film sample grown in the gel (sample G9) is about 1 

m, as shown in Figure 4 (a) and reported in Table 1. Figure 4 (b) shows a cross-sectional 

image of the NaX film grown in the clear solution in a single hydrothermal treatment (sample 

C4). As already observed by top-view images, the film appears less intergrown and consists 
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of small crystals. The NaX coating has an average thickness of about 0.4 m. Figure 4 (c) 

shows the side-view image of a NaX film grown in the clear solution in 5 steps of 1 h and 20 

min. The film has an average thickness of about 1.5 m and again appears to be well 

intergrown. 

The weight gain of the samples is shown in Table 1. The weight gain increases in the 

order C4<C5*1h20min<G9 and is highest for the zeolite film sample grown in the gel. In 

agreement with the SEM top-view images of Figure 2 (b), the results from weight gain 

indicate that NaX film samples grown in the gel contain a large amount of zeolite sediments. 

The zeolite loading estimated for all zeolite film samples by liquid nitrogen adsorption is, as 

expected, in good accordance with the measured weight gain, see Table 1. In the absence of 

sediments and zeolite growth inside the pores of the support, a linear relationship between 

weight gain and the thickness of the zeolite films should be observed. The zeolite loading of 

the film sample grown in the gel (sample G), equal to 0.064 gzeolite/gsample, is about 2 times 

higher than the one grown with multiple steps (0.036 gzeolite/gsample), although the film 

thickness is similar. This suggests the presence of sediments adjacent to the film and zeolite 

crystallization in the pores of the film sample grown in the gel, as observed by SEM. The 

zeolite loading of the film sample grown in the clear solution in 4 h is about half of the 

sample grown by the multi-step synthesis procedure (sample C5*1h20min), although the 

thickness of the latter film is three times higher. This indicates that the zeolite coating grown 

by the multi step procedure (C5*1h20min) has less sediments and fewer HS crystals than 

sample C4, in concert with SEM observations. In summary, all the results discussed in this 

section indicate that films grown by the multiple step synthesis procedure are more well 

intergrown and with less sediments and HS crystals than films grown using the other 

procedures.
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3.2 Characterization by XRD 

Figure 4 shows the XRD patterns for all samples. The data show that the samples are 

composed of randomly oriented FAU and cordierite crystals. The intensity of the zeolite 

peaks increases in the order C4<C5*1h20min<G9, i.e. with increasing zeolite loading. No 

hydroxysodalite reflections were observed by XRD for the NaX film samples although few 

HS crystals were observed by SEM for sample C4 and very few for sample C5*1h20min.  

The fraction of sodalite crystals should thus be very small and should not affect the adsorption 

performance of the adsorbents. At 2  angles of about 16.5o and 27.8o, unidentified reflections, 

were observed for the NaX film samples C5*1h20min and G9. 

3.3 Nitrogen sorption isotherms and pore size distribution

The N2 adsorption-desorption isotherms with the unit mmol/gsample for an uncoated 

cordierite monolith and the film samples (cordierite and zeolite) are shown in Figure 6 (a). 

The amount of nitrogen adsorbed by the uncoated cordierite monolith is very low compared to 

the zeolite film samples. This shows that the contribution from the cordierite support to 

nitrogen adsorption is negligible compared to the zeolite layer in the film samples. The 

adsorbed amount by the NaX film samples reflects the zeolite loading of the sample rather 

than film thickness and follows the XRD data. Although the thickness of the film grown in 

the clear solution with the multiple step synthesis procedure (sample C5*1h20min) is higher 

than the gel (sample G9), the amount of nitrogen adsorbed by the latter is higher, due to the 

high zeolite loading caused by presence of sediments on this sample, as discussed earlier. 

Figure 6 (b) shows the volume adsorbed per gram zeolite of the films and the reference 

powder. Please note that y-scales for the films are shifted, since data would overlap otherwise. 

For all samples, the volume adsorbed increased rapidly up to about 6 mmol/gzeolite due to 

adsorption in zeolite pores. In the relative pressure region below 0.85 there is an increase in 

the nitrogen uptake, indicating a large amount of intercrystalline voids, i.e. mesopores, in the 
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reference crystals, as reported by Gregg et al. [18]. At higher pressure a steep increase in the 

amount adsorbed and a hysteresis loop are observed for the reference powder, due to the 

significant amount of intercrystalline voids between the crystals. A hysteresis loop which 

closes at a relative pressure of about 0.45 is observed for the film samples C4 and 

C5*1h20min (Figures 6 (a, b)). This hysteresis loop is caused by capillary condensation in the 

intercrystalline mesopores  in the form of grain boundaries in the films and it may be due to 

the tensile strength effect (TSE), as discussed in detail by Groen [19]. A very small hysteresis 

loop was observed for the sample G9, indicating that the film contains a very little amount of 

open grain boundaries or cracks, at least at liquid nitrogen temperature. 

The mesopore volume per g zeolite of the film samples C4, C5*1h20min, and G9 is 

equal to 0.08 0.03 and 0.02cm3/gzeolite, respectively, as reported in Table 1. The mesopore 

volume per gram zeolite of the reference crystals is 0.2 cm3/gzeolite, and is about two times 

higher than the film samples. In concert with SEM observations, the low mesopore volume of 

the sample G9 indicates that the film has a very little amount of mesopores, at least at liquid 

nitrogen temperature. The higher mesopore volume of the sample C4 is an indication of a not 

well intergrown film with a large amount of small and large mesopores, as a results of grain 

boundaries.

      Figure 7 (b) shows the cumulative mesopore volume per g zeolite of the film 

samples and the reference crystals. The mesopore volume curves of the film samples are 

lower than the reference zeolite powder, due to the high amount of mesopores in the crystals, 

as discussed above. The mesopore volumes follow the SEM observations. The zeolite film 

sample C4 has the largest amount of mesopores compared to the samples G9 and 

C5*1h20min, as a result of not well intergrown crystals. The cumulative pore volume curve 

of the sample C5*1h20min, which consists of better intergrown zeolite crystals, has a lower 

amount of mesopores. The sample G9 shows the lowest amount of mesopores, in agreement 

with SEM observations. The results from this section indicate that the adsorption capacity of 
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the film samples reflects the zeolite loading and the mesopore volume of the NaX film 

samples reflects the SEM observations on the morphology of the zeolite coatings.

3.4 Characterization by MIP 

Figure 8 shows the mercury intrusion porosimetry curves of an uncoated cordierite monolith 

and the NaX film samples G9, C4, and C5*1h20min, see Figure legend for details. It is 

possible to identify three regions, corresponding to pore sizes below 2 m, between 2 and 40 

m, and above 40 m. The Hg intrusion volume curve of the cordierite monolith shows that 

the cumulative pore volume increases up to macropores of 150 m, due to Hg filling the 

channels and entering the larger macropores in the walls. Upon a pressure increase, the 

cumulative mesopore volume increases because Hg is filling up macropores up to 2 m in the 

monolith walls. A constant Hg intrusion volume is observed for pore sizes below 2 m, 

indicating that there are no pores smaller than 2 m in the uncoated support. In the pore range 

from 150 to about 130 m, the Hg cumulative pore volume of the zeolite film samples 

increases more than the uncoated cordierite support, as a result of sediments adjacent to the 

films, which increase the roughness of the surface of the coated monolith walls and generate 

passageways where the mercury intrudes. Furthermore, the cumulative pore volume of the 

film samples follows the same trend of the zeolite loading, see Table 1 and is highest for the 

sample G9. In the pore size region between 40 and 2 m, the cumulative pore volume of the 

samples C4 and G9 is lower than the cordierite, but features the same increase in pore 

volume. This indicates that Hg intrudes in the pores in the walls of the cordierite support. The 

sample C5*1h20min exhibits a less steep increase in pore volume between 40 and 2 m, 

indicating that pores in this size range are being filled. However, further investigation is 

needed to understand how the synthesis procedure used for preparing this sample affects the 
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porosity. Below 2 m, all zeolite film samples features a similar cumulative pore volume, 

indicating cracks and open grain boundaries in the films, as observed by SEM. 

Conclusions

 In this work, the optimization of synthesis conditions and the study of properties (film 

morphology, zeolite loading and porous structure) which may be important for the 

development of structured pressure swing adsorbents in form of supported thin zeolite films 

were studied. Well intergrown zeolite films with a limited amount of sediments and HS 

crystals were grown on 400 cpsi cordierite monoliths by using a clear solution and a multiple 

step synthesis. Films grown in the clear solution in one longer hydrothermal treatment the 

clear solution appeared not well intergrown and large HS crystals were observed. Films 

grown in the gel were well intergrown but a large amount of sediments adjacent to the film 

was observed. This may represent a disadvantage for PSA applications due to the increased 

diffusion path of the adsorbing species. The intrusion volume curves from Hg-porosimetry 

reflect the zeolite loading and morphology of the films. Carbon dioxide breakthrough curves 

and pressure drops measurement of structured adsorbents prepared with a clear solution and a 

multiple step method on 400 cpsi and on 900 cpsi cordierite monolith supports will be 

discussed in a future study.
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Table 1. Sample characteristics. 

Sample

code

Synthesis conditions Film

thickness,

m

Weight

gain,

gzeolite/gsample

Zeolite 

loading a

gzeolite/gsample

Mesopore

volume b,

cm3/gzeolite

G9 Gel, 100o C, 9 h 1.2 0.060 0.064 0.02

C4 Clear solution, 100o C, 4 h 0.4 0.015 0.016 0.08

C5*1h20min Clear solution, 100o C, 5 

steps of 1 h 20 min 

1.5 0.034 0.036 0.03

a from BET
 bfrom BJH method. 
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List of figures. 

Figure1. Top-view images of an uncoated (a) and of a seeded (b) 400 cpsi cordierite monolith 

support.

Figure 2. Cross-sectional images of the NaX film samples G9 (a), C4 (b), and C5*1h20min 

(c).

Figure 3. Top-view images of the NaX film samples G9 (a), C4 (b), and C5*1h20min (c). 

Figure 4. Low magnification images of the NaX films samples C5*1h20min (a) and G9 (b). 

Figure 5. XRD patterns for the NaX film samples G9, C4, and C5*1h20min. The cordierite 

and the NaX peaks are labeled by the symbols “o” and “*” respectively. The symbol 

 indicates the unidentified reflections. 

Figure 6. Ads-des isotherms of the NaX film samples and reference NaX crystals per g 

sample (a) and per gram zeolite (b). 

Figure 7. BJH mesopore volume plots for the NaX film samples and reference NaX crystals 

per g sample (a) and per gram zeolite (b). 

Figure 8. Mercury intrusion pore volume distributions for the uncoated 400 cpsi cordierite 

monolith and the NaX film samples G9, C4, and C5*1h20min. 
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Figure 2. 
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Figure 3. 
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Abstract

MFI films with controlled thicknesses and different Si/Al ratios were grown on seeded 

cordierite monoliths by using a clear synthesis mixture with template or a template-free gel. 

Discrete crystals were grown by seed addition to the synthesis mixture as well. The materials were 

analyzed by scanning electron microscopy, X-ray diffraction, inductively coupled plasma-atomic 

emission spectrometry, X-ray photoelectron spectroscopy, and sorption experiments using N2 or 

NO2 adsorbates. The films were uniformly distributed over the monolith support surface. Cracks 

and open grain boundaries with a width of 10 nm and larger were observed by SEM. Nitrogen 

desorption data showed that the films contained mesopores in accordance with the SEM 

observations. As expected, the specific monolayer N2 adsorption capacity (mol per g zeolite) was 

constant and independent of film thickness. The specific molar NO2 adsorption capacity was 

significantly lower than the specific molar monolayer N2 adsorption capacity, which indicates that 

NO2 is adsorbed at specific sites rather than evenly distributed in a monolayer. A number of NO2
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adsorption sites with varying strengths were observed by TPD experiments in agreement with 

previously reported data for zeolite powder. At 30° C, the amount of adsorbed NO2 in the Na-MFI 

films increased with increasing Al (and Na) content. At 200° C, the adsorbed amount was lower 

than at 30o C and nearly independent on Al concentration in the Na-MFI films. The adsorption 

capacity of NO2 at 30o C was significantly reduced when the Na-ZSM-5 film was ion-exchanged to 

H+ form. However, the adsorption capacity at 200o C was not affected by the ion-exchange. These 

results indicate that different sites are involved in NO2 adsorption; cations, protons, or extra-

framework Al sites at low temperature, and framework Al at high temperature. Upon NO2

adsorption on strong and weak sites, formation of NO was observed. As expected, the thicker films 

showed higher mass transfer resistance during NO2 adsorption and in addition, the concentration of 

framework Al and cations (H+ or Na+) influenced the mass transfer resistance. This work has shown 

that these materials can potentially be used as NO2 selective membranes or adsorbents.   

Keywords: Monolith, MFI film, Adsorbent, NO2 adsorption, TPD. 
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1. Introduction 

Zeolites are crystalline aluminosilicates of natural or synthetic origin with a three-

dimensional microporous framework of [SiO4]4- and [AlO4]5- tetrahedra. Isomorphous substitution 

of Al3+ for Si4+ cause a negative charge of the zeolite framework which is compensated by 

exchangeable counterions. Zeolites are classified into low silica (1< Si/Al <5), medium 

(5<Si/Al<10) and high silica zeolites (Si/Al>10). ZSM-5 is an example of a high silica zeolite. 

Zeolites have uniform micropores, with size selective catalytic and adsorption properties. . The 

counterions in the zeolite can easily be exchanged in order to target the adsorption or catalytic 

properties.

Zeolite coatings or films have previously been tested in membrane applications [1-4] but they 

can also be used as sensors [5-7] and as catalysts [8-18]. The performance of a zeolite coating is 

dependent on the morphology of the coating. A perfect smooth film without intercrystalline pores 

will have other transport properties than a coating comprised of a multilayer of crystals with 

intercrystalline porosity. The mass transfer resistance in a film is proportional to the film thickness. 

For well-defined zeolite films, the mass transfer resistance can thus be controlled by varying the 

film thickness. This was demonstrated recently [8, 9] for xylene isomerization in ZSM-5 films 

supported on alumina and quartz. 

NOx abatement is an important research topic for automotive and stationary engines [19-22]. 

NOx in the exhaust gas can be reduced by selective catalytic reduction (SCR) [19] or by using a 

NOx storage and reduction (NSR) catalyst [23]. NH3 is normally used as a reductant in the SCR 

process with V2O5/TiO2, zeolite or Pt - based SCR catalysts [19]. Three way catalysts (TWC) 

cannot reduce NOx sufficiently during lean burn conditions due to excess oxygen in the exhaust. 

Therefore, reduction of NOx during lean burn conditions is currently of great interest [22]. 

Alternatively to existing methods, NOx could be removed from the exhaust via a NOx selective 

zeolite membrane. As a first step, the NOx adsorption properties of a zeolite film should be 
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investigated before preparation of selective membranes. A thin zeolite film supported on a 

cordierite monolith is a suitable material for these studies. With this material, rapid temperature and 

pressure changes in the reactor are possible. The monolith structure enables a high flowrate without 

pressure drop while the many small channels and the rough surface of the cordierite support allows 

for a sufficiently high zeolite loading so that the adsorption capacity and thermal stability of 

adsorbed species can be investigated even for very thin films. Furthermore, such composites may 

be useful as selective adsorbents, especially in pressure swing processes (PSA) or may be used as a 

component in NSR systems.  

In the present work, discrete MFI crystals and cordierite monoliths coated with thin MFI 

films are characterized by SEM, ICP - AES, XPS, N2 sorption and evaluated by NO2 adsorption 

and temperature programmed desorption.  Different synthesis methods were used to produce films 

with varying Si/Al and Na/Al ratios and the influence of the Si/Al and Na/Al ratios of the film on 

the NO2 adsorption properties is determined. 

2. Experimental 

2.1. Synthesis of the materials 

Cordierite monoliths (400 cpsi, Corning Inc.) with a diameter of 2 cm and a length of 10 cm 

were used as supports. MFI films were grown on the supports as described in detail earlier [10], 

only a brief description of the preparation procedure is given below. The support was treated with a 

solution containing cationic polymer molecules followed by electrostatic adsorption of silicalite-1 

seed crystals (60 nm) [11, 24]. The seeded monoliths were hydrothermally treated in a gel or in a 

clear synthesis mixture.  MFI films were grown in six or 13 steps for 48 h  or nine steps for 96 h 

and atmospheric pressure in a clear synthesis solution with a molar composition of 

3TPAOH:25SiO2:0.25Al2O3:1Na2O:1600H2O:100 EtOH. The samples were rinsed with 0.1 M 

aqueous ammonia solution and treated with ultrasound for 10 minutes in between each 
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hydrothermal treatment. After the final hydrothermal treatment, the samples were rinsed in a 0.1 M 

aqueous ammonia solution for 4 days and ultrasound and treated with ultrasound for 1 h each day 

during this period and MFI film samples. The film thickness was controlled by the number of 

hydrothermal treatments [10]. Films were grown in several steps in order to reduce sedimentation 

during synthesis as discussed elsewhere [10]. We have shown previously [10, 25] that the crystals 

in the films are continuous although the films are grown in a step-wise manner. Two MFI films 

were also grown on a monolith using a template-free gel of molar composition 103SiO2:1Al2O3:30

Na2O:3996H2O. The synthesis was performed in one step in a Teflon-lined autoclave for 12 hours 

and 180oC.  After synthesis, the sample was treated with ultrasound for 2 minutes. One of the 

samples grown in the template free gel was rinsed in a 0.1 M NH3 for 6 times without the use of 

ultrasound. Since this sample was template-free, it was also ion-exchanged to  NH4+ form during 

this process. Another of the samples grown in the template free gel was rinsed 6 times in distilled 

water (without ultrasound) instead of 0.1 M NH3 in order to keep it in Na+ form. The ends of all 

monoliths samples were polished until the total length of each monolith was 75 mm, to remove 

precipitated zeolite. The samples were finally calcined at 550° C for 6 h with a heating and cooling 

rate of 1.75° C min-1. The sample codes for the samples grown in the clear solution starts with the 

letter C followed by the synthesis duration (48 or 96 hours) and the number of hydrothermal 

treatments. When using the gel and a 0.1M ammonia solution, the sample code is G. When distilled 

water was used for the rinsing procedure, the letter G was followed by DW in the sample code. 

Codes and preparation procedures for monolith samples are summarized in Table 1.   

MFI films were also grown on polished quartz single crystals in the clear solution (6 steps 

of 48 h or 9 steps of 96 h) and in the gel (12 h), similar to the films grown on the monoliths. The 

quartz supports were cleaned as described previously before synthesis [26]. The same rinsing 

procedure used for the MFI film samples grown on cordierite was performed after synthesis on the 

quartz substrates, but no ultrasonication was used. The films were calcined at 400° C as before [8, 
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9]. These samples were used for XPS depth profiling, which requires a smooth sample on a non-

contaminating substrate, such as quartz single crystals. 

 A reference MFI powder of discrete crystals [9] was prepared by hydrothermal treatment at 

100° C for 72 h in the clear synthesis sol with identical composition as the one used for film 

preparation (sample denoted DC72). No support was present. The size of the crystals in this 

reference powder was about 1 µm [9]. Since these crystals are relatively large, the mesopore 

volume/gram sample should be small and this sample was thus used as a reference for the N2

sorption measurements. 

For comparison with films, discrete MFI crystals were also grown at 75° C for 48 h and 96 

hours in one step by adding 10 ppm seeds to the clear synthesis solution (without support) 

employed for film preparation. Discrete MFI crystals were also grown for 14 hours and 180°C by 

adding 10 ppm silicalite-1 seeds to the template-free gel. The crystals were purified by repeated 

centrifugation (14 000 g, 1 h) and redispersion. These crystals were used for ICP analysis in order 

to indicate the composition of the film. The samples are labeled as DCG, DC48 and DC96. The first 

two letters are abbreviation for discrete crystals. These letters are followed by G (for gel), C (for 

clear solution), and 48 or 96 (synthesis time, hours). Sample codes and preparation procedures for 

discrete crystals are given in Table 1. 

2.2. Characterization 

The morphology of the films and film thickness were determined using a Philips XL30 

scanning electron microscope (SEM) after deposition of a thin layer of gold on the samples by 

sputtering. The monoliths were cut with a knife in the channel direction to smaller pieces in order to 

obtain cross-sections and to be able to view the films inside the channels. 

The composition of the crystals grown by seeding the two synthesis mixtures was measured 

by inductively coupled plasma–atomic emission spectrometry (ICP-AES, Analytica, Sweden) by 
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using an ARL-3560 spectrometer. The depth profiles (Si/Al and Na/Al) of the films grown on the 

quartz crystals were measured by X-ray photoelectron spectroscopy (XPS) using a KRATOS Axis 

ultra electron spectrometer. After analysis of the film surface, about 15 nm of the film was removed 

by Ar sputtering for 30 minutes and the sample was analyzed again. This procedure was repeated in 

order to measure the depth profile in the film. 

Nitrogen adsorption and desorption at liquid nitrogen temperature was measured using a 

Micromeritics ASAP 2010 instrument after evacuation at 300° C for 12 h. The specific surface 

area, m2 per g sample, was calculated from the adsorption isotherm using the Brunauer – Emmet - 

Teller (BET) equation. By using the specific surface area (415 m2 g-1) for ZSM-5 powder [9, 11] 

the mass of zeolite on the sample (g) and zeolite loading (mass zeolite / mass sample, g/g) were 

estimated from the measured surface area of the samples [9]. The surface area of the support was 

very small compared to the surface area of the zeolite film and was therefore neglected. The pore 

size distribution was calculated using the Barrett – Joyner – Halenda (BJH) method.  

X-ray diffraction (XRD) data using CuK  radiation was collected using a Siemens D5000 

diffractometer running in Bragg-Brentano geometry. 

NO2 sorption was measured by mounting the zeolite film coated cordierite monoliths in a 

quartz tube reactor with a length of 880 mm. The reactor was equipped with an electrical heater on 

the outside and a temperature regulator connected to a thermocouple in the inlet gas. The reactor set 

up is shown in Figure 1. Prior to tests, the sample was activated at 500° C for 15 minutes in a feed 

of 8 % O  in Ar with a flow rate of 3000 cm3 min-1 (STP). The sample was then cooled to 30 or 

200° C for NO2 adsorption. At the beginning of the adsorption experiment (time = 0), the feed was 

changed to 600 ppm NO2 in Ar with a flow rate of 2600 cm3 min-1 (STP). The concentration of NO 

and NO2 in the reactor effluent was measured continuously by a chemiluminescence detector 

(Ecophysic CLD 700 EL ht). After adsorption, the reactor was flushed with pure Ar for 4 minutes. 
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Temperature programmed desorption was then carried out using a heating rate of 20  C min-1 up to 

550  C.

3. Results and discussion 

3.1. Characterization of MFI crystals by SEM and ICP - AES 

Figure 2 shows SEM images of the MFI crystals grown by seed addition to the clear synthesis 

mixture and the gel. The diameter of the seed crystals grown in the clear solution is about 240 nm 

after 48 hours (a) and about 450 nm after 96 hours (b). This shows that the diameter of the seed 

crystals (60 nm) increases linearly and that the growth rate is about 5 nm/h at least up to a synthesis 

time of 96 h. The crystals are 90o rotational intergrowths, which is typical when TPA+ is used as 

template molecule. Aggregated crystals with a coffin shape form in the gel (Figure 2 (c)). The Si/Al 

and Na/Al ratios of the discrete crystals were measured by ICP-AES and the results are given in 

Table 2. As the size of the crystals grown in the clear synthesis solution increases, the Si/Al ratio 

decreases. These crystals are thus zoned, with increased Al concentration in the outer parts of the 

crystals, as expected for MFI crystals grown using TPA [27, 28-32] as template molecule. The Al 

content and the size of the MFI crystals grown in the clear solution for 96 h, see Table 2, are about 

2 times higher than for the crystals grown for 48 h. These results indicate that an MFI film with a 

very low Al concentration (Si/Al = 367) can be grown to any thickness by repeated hydrothermal 

treatment for 48 hours. It should also be possible to grow an MFI film with about twice as high Al 

content (Si/Al = 178) in the same way but with 96 h long steps. The Al content in the crystals 

grown in the template - free gel is more than one order of magnitude higher than for the MFI 

crystals grown in the clear solution, indicating that MFI films with Si/Al of about 14 can be grown 

using the template-free gel, as described in a previous work [33]. Low Si/Al ratio may be an 

advantage for NOx adsorption, due to the increased number of acid sites and accompanying cations 

in the zeolite.
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The Na/Al ratio of the discrete crystals DC48 and DC96 grown in the clear solution is 5.7 and 

3.2, respectively, indicating that these samples are in sodium form, i.e. Na-ZSM-5, as expected. In 

addition, there is an excess of Na in both samples, probably due to contamination with a sodium 

rich compound such as sodium silicate on the surface of the crystals. However, the quantity of any 

contamination is small, since the aluminium concentration is low.  The Na/Al ratio of the crystals 

grown in the template-free gel (sample DCG) is very close to 1, indicating that these discrete 

crystals also are in Na form, i.e. Na-ZSM-5, as expected. 

3.2. Characterization of MFI film samples by SEM and liquid N2 sorption 

Figure 3 shows side-view images of the MFI films grown in the clear solution (a - c) and in 

the gel (d). As reported before [8-10], the thickness of the films grown in the clear synthesis 

mixture increased with the number of hydrothermal treatments and was 0.8 m for the sample C48–

6 and 1.9 m for the samples C48–13, C96–9 and G, see Figures 3 (b - d).  Continuous (epitaxial), 

columnar crystals, extending from the support to the surface of the film are observed for the 

samples C48-6 and C48-13, see inset in Figure 3 (b), in accordance with previous results [10, 25]. 

We have recently reported [34], that epitaxial growth occurs in this system when the surface Si/Al 

ratio is sufficiently high (above 23 according to XPS), which is the case for these films, which will 

be discussed below. Cracks are also observed and indicated by arrows. At least some of the cracks 

seem to propagate throughout the entire film thickness as shown in Figure 3 (a). However, these 

cracks may have formed or increased in depth during sample preparation or calcination. For sample 

C96-9, shown in Figure 3 (c), continuous crystals grow from the support surface up to a film 

thickness of about 1 m (corresponding to 5 steps of 96 h), after which new crystals nucleate on top 

of the film after each new step creating four sandwich layers on top of the film with a thickness of 

about 0.9 m (total film thickness 1 + 0.9 = 1.9 m). It thus seems that the surface Si/Al ratio after 

step 5 becomes too high [34], preventing epitaxial growth, which results in nucleation and growth 
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of sandwich films in the last four steps. In concert with previous work [33] the film thickness of the 

film grown in the gel was about 1.9 m, as shown in Figure 3 (d).  The crystals in this film are 

more irregular and the growth mode is difficult to evaluate. 

Figures 4 (a-c) show top-view SEM images of the films grown in the clear solution. The films 

are quite similar; all are smooth and dense and cover the entire outer surface of the monoliths. 

Cracks and perhaps open grain boundaries with a width between about 100 nm to about 10 nm 

(resolution of the microscope on these samples) are observed. The cracks and open grain 

boundaries are thus mostly within the mesopore range. Figure 4 (a) shows some crystals on top of 

the film, probably originating from the bulk of the synthesis mixture due to sedimentation as 

reported before [10]. However, such crystals can only be observed at certain locations on the 

sample. This image was intentionally recorded at one such location. 

Top view images of the MFI film grown in the gel are shown in Figures 5 (a, b). The film 

covers the entire monolith surface. The morphology of the crystals is completely different to the 

films grown in the clear solution and no cracks are observed. Well facetted crystals are observed in 

the film top-layer as reported before [33]. Although most of the film is smooth and free of 

sediments as illustrated in Figure 5 (a), large agglomerates of crystals formed in the bulk of the 

synthesis solution have deposited by sedimentation in some areas, as shown in Figure 5 (b). 

 The zeolite loading was equal to 0.06, 0.10 and 0.14 gzeolite/ gsample for the samples grown in 

the clear solution, respectively, see Table 1. Consequently, both the zeolite loading and film 

thickness increase with an additional number of hydrothermal treatments, as expected. However, 

higher zeolite loading should correspond to higher film thickness. Although the film thickness is 

the same, the zeolite loading of the sample C96-9 is 40 % higher than C48-13, probably due to the 

presence of more sediments on top of the former film.  As zeolite crystals in the bulk solution grow 

larger during hydrothermal treatment for 96 h, these crystals will sediment faster and more 

sediments should be deposited on top of the film. When using the gel, the zeolite loading was as 
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much as 0.16 g/g (Table 1), which indicates the presence of sediments on top of the zeolite film, as 

observed by SEM (Figure 5 (b)), whereas the average film thickness is equal to 1.9 m (Figure 3 

(d)) as for samples C48-13 and C96-9. 

The N2 adsorption-desorption isotherms for the film samples are shown in Figure 6 (a). 

Larger adsorbed volume per gram sample is a result of a higher zeolite loading.  For all film 

samples, an upper hysteresis loop that closes at a relative pressure p/p0 of 0.45 (the loop is almost 

closing for sample C96-9) is observed. This loop is caused by capillary condensation, likely in the 

intercrystallline mesopores in the form of grain boundaries and cracks in the zeolite films in concert 

with SEM observations. In addition, a lower hysteresis loop closing at p/p0 of about 0.1 is observed 

only for the film samples C48–6 and C48-13, which have the lowest Al concentration. Voogd et al. 

[36] measured the nitrogen sorption isotherms on ZSM-5 powder samples with varying Al content 

and observed a hysteresis loop in the relative partial pressure region between  p/p0 of 0.1 and 0.2 of 

the isotherms of the samples containing a very small amount of Al (Si/Al=49 ). The author assigned 

this loop to a liquid-to-solid like transition of nitrogen. The isotherm for sample C96-9 has a greater 

slope than the other samples in the p/p0 region below 0.4. This indicates presence of a higher 

amount of smaller mesopores in the sample C96-9, as will be discussed below.  Figure 6 (b) shows 

the volume adsorbed per g zeolite of the films grown in the clear solution and the reference powder 

DC72 (please not the y-scales for the films are shifted, since data would overlap otherwise, see 

Figure legend for details.) For all samples, the volume adsorbed increased rapidly up to about 100 

cm3 per g zeolite as expected for ZSM-5 crystals [36]. The isotherm of the reference powder 

crystals DC72 is typical for microporous materials and at higher pressures, only a very small 

increase in adsorbed volume is observed, which is expected for a microporous sample of large 

crystals without much mesopores between the crystals. 

Figure 7 shows the cumulative pore volume distribution per g zeolite of all MFI film samples 

and the reference powder DC72. The total mesopore volume for the reference powder DC72 is 0.06 

103



PAPER D                         

cm3/gzeolite. The total mesopore volumes per gram zeolite of the film samples are 0.09, 0.10, and 

0.11 cm3/gzeolite, for samples C48-6, C48-13, and C96-9, respectively, as reported in Table 1. The 

mesopore volume per g zeolite of the samples grown in the clear solution is in the same range as 

the mesopore volume (0.075 - 0.16 cm3 g-1) in ZSM-5 films grown on alumina spheres [9]. The 

total mesopore volume for films grown in the clear solution is thus higher than for the reference 

DC72.  This difference is assigned to mesopores in the form of grain boundaries and cracks in the 

films formed during template removal by calcination at 550 C. It is well known that template 

removal results in contraction of MFI crystals [49] and may lead to crack formation [50, 51]. The 

total mesopore volume per gram zeolite of the film grown in the gel (sample G) is the same as the 

reference powder crystals DC72 (0.06 cm3/gzeolite). In concert with the SEM observations, the low 

mesopore volume of the film sample G indicates that it is free from open grain boundaries and 

cracks, at least at liquid nitrogen temperature. This film was grown in a gel in the absence of 

organic template molecules, and the crystals in the film should not contract during calcination at 

550 C, which may explain the absence of additional mesopores compared to sample DC72. 

The mesopore volume distribution is shifted towards larger mesopores for sample C48-13 

compared to sample C48-6, which has a thinner film. This is in agreement with our previous reports 

that thicker films are more defective than thinner films [8, 9]. The mesopore volume distribution of 

sample C96-9 is shifted towards smaller mesopores, although the film on this sample it is as thick 

as on sample C48-13. This difference is assigned to that the upper part of this film is of sandwich 

type rather than epitaxially grown as discussed earlier. The average crystal size in films of 

sandwich type will be much smaller than in equally thick, epitaxially grown films as we have 

reported before [27-28, 34]. This reduction in crystals size is resulting in the formation of small 

grain boundaries (small mesopores) in-between the crystals rather than cracks (larger mesopores) 

during calcination.
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3.2. Characterization by XRD 

Films and crystals prepared with nearly identical synthesis solutions as used in the present 

work have been identified as a pure MFI phase by XRD in earlier works [11, 27, 33]. Figure 8 

shows the XRD pattern for the discrete MFI crystals grown in 48 h (sample DC48) by seeding the 

clear synthesis mixture. The pattern is typical for randomly oriented MFI zeolite crystals [38]. 

3.3. Characterization by XPS 

Surface elemental analysis of the film is based on XPS measurements. Energy dispersive X-

ray spectroscopy (EDS) during SEM analysis could not be used to determine the bulk composition 

of the films without interference from the support.

Table 3 shows the Si/Al XPS-depth profile for the MFI film samples C48-6, C96-9, and G.  The 

XPS Si/Al ratio of the sample C48-13 is increasing from 61 at the surface to 202 at a depth of about 

30 nm, i.e. there is a concentration gradient of Al in the film, and the sample is zoned. Furthermore, 

the Si/Al ratio of the sample DC48 was 367 according to ICP-AES, which also supports that the 

samples grown in the clear solution are zoned. The XPS Si/Al ratio of sample C96-9 is fluctuating 

around an average Si/Al ratio of about 160 for the top 30 nm and no clear concentration gradient is 

observed. Furthermore the Si/Al ratio of sample DC96 was 178 according to ICP-AES, i.e. very 

similar to the XPS results for sampl C96-9. Both XPS and ICP-AES results therefore suggest that 

sample C96-9 is not zoned. Both XPS and ICP-AES data suggest that the Si/Al ratio is constant 

throughout the film thickness of samples grown in the gel. The Si/Al ratio according to XPS is 

constantly 14 throughout the top 30 nm of the film and the Si/Al ratio of sample DCG is also 14. 

The Na/Al ratio for the MFI film samples is shown in Table 4. The Na/Al ratio at the surface of the 

samples grown in the clear solution is higher than 1, indicating presence of a sodium rich 

contamination at the surface. However, at a depth of 15 or 30 nm, the Na/Al ratio fluctuates at 

about 1.0, indicating that these films are in sodium form (Na-ZSM-5) as expected.  However, this 
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data cannot rule out the existence of some Brönsted protons in the zeolite film. The XPS Na/Al 

ratio of the film sample G is close to zero, indicating that the MFI film is in H+ form, as a result 

from rinsing in a 0.1 M NH3 followed by calcination at 400o C. The Na/Al ratio of the MFI film 

sample rinsed in distilled water (GDW) is 0.5, which shows that the surface of the film has been 

partially ion-exchanged from Na form. However, the Na/Al ratio of bulk crystals measured by ICP-

AES was 0.95, indicating that most of the film should be in sodium form. 

3.4.Characterization by  NO2 adsorption 

NO2 may interact with Brönsted protons [39] and Na+ ions [40] but also with terminal Si-OH 

groups and these interactions vary in strength. Figure 9 (a) shows the NO2 breakthrough curves at 

30° C. The NO2 breakthrough at 30° C of the MFI film samples grown in the clear solution C48-6, 

C48-13, and C96-9 occurred after approximately 100, 200, and 250 s. As expected, the time to 

breakthrough is linked to the adsorption capacity, which in turn is linked to the zeolite loading, 

which was 0.06, 0.10 and 0.14 g/g for these samples, and also to Si/Al ratio, which will be 

discussed below. The shape of the breakthrough curves for the films grown in the clear solution is 

similar and characterized by a steep increase in the NO2 concentration. The time to reach 

equilibrium with the feed was approximately 500, 1000, and 1300 s for these samples. The lag time 

between NO2 breakthrough until the zeolite was in equilibrium with the feed was thus about 400, 

800, and 1050 seconds for these films, respectively. This trend in lag time is most likely due to a 

combination of two parameters, diffusion path and effective diffusivity. The sample C48-6 has the 

thinnest film and thus the shortest diffusion path and consequently the shortest lag time. The other 

films are thicker, and sample C96-9 has the greatest lag time, probably caused by a reduced 

effective diffusivity due to the higher Al content and thus a higher concentration of sodium ions in 

the channels for this sample. Stronger mass transfer resistance in the thicker films C48-13 and C96-

9 compared to C48-6 is expected and in agreement with our previous results [8, 9]. The NO2
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breakthrough occurred after 700 s or 300 s for the film samples G and GDW, respectively. The time 

for breakthrough is longer for these samples grown in the gel compared to the one grown in the 

clear solution, probably due to larger adsorption capacity due to the higher Al content in the former. 

The lag time was about 1800 or 2200 s for the samples G and GDW, respectively. The shorter lag 

time of the sample G compared to GDW is probably due to the presence of H+ instead of Na+ in the 

former film resulting in lower mass transfer resistance. However, the greater lag time in these films 

is due to a reduced effective diffusivity and an increased mass transport resistance compared to the 

films grown in the clear solution. As discussed above, the concentration of aluminium atoms, and 

consequently of sodium ions, is much higher in these films compared to the films grown in the clear 

solution, which should reduce the effective diffusivity and increase the adsorption capacity, which 

will result in longer lag times as observed.. In addition, the sediments on samples grown in the gel 

may result in axial dispersion in the monolith channels which also would lead to a greater lag time. 

[12].

The adsorption capacity of NO2 was calculated by integrating the adsorption data and the 

result is given in Table 5. The adsorption capacity at 30o C of the film samples is varying between 

400 to 1400 mole/gzeolite (Table 5). The capacity at 30° C is of the same magnitude of the NO2

chemisorption adsorption capacity in H-type Mordenite (1530 mol/g) at 30 °C [41]. At 200o C, the 

adsorption capacity varies between 100-160 mol/g for the MFI film samples in the present work. 

For further comparison, at 250 °C, the N2O3 (which may desorb as NO and NO2) adsorption 

capacity in Na-Y zeolite is 77 µmole/g [42]. The NO2 adsorption capacity is thus in the same 

magnitude as reported in literature for other zeolites and to the best of our knowledge, no literature 

data of NO2 adsorption capacity in ZSM-5 at these temperatures have been reported previously. As 

discussed earlier, regarding lag time, the NO2 adsorption capacity per g zeolite at 30o C increases 

with increasing Al content for films in sodium form (C48-6. C48-13, C96-9 and GDW).  The 
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sample G, which is in H+ form adsorbs less NO2 than the sample GDW, which is in the Na+ form. 

This is in agreement with previous results [43], 

The NO2 breakthrough curves at 200° C for all MFI films are shown in Figure 9 (c). At 200o

C, NO2 is adsorbed on strong adsorption sites. The curves show similar trends as at 30° C, with the 

difference that the times for breakthrough and lag time are shorter, due to faster diffusion .The NO2

adsorption capacity is lower than at 30o C and, is nearly independent on the Al and Na content . 

Low concentrations of NO were observed during the whole NO2 adsorption process. It is 

known from literature that at 30o C, NO is probably released after formation and is weakly 

adsorbed compared to NO2 in metal exchanged zeolites [44, 45]. Occurrence of NO in the effluent 

is probably due to formation of surface nitrate species, as described by Perdana et al. [46]. NO2 is 

believed to react with the residual water in the zeolite film to form nitric acid and NO. The nitric 

acid can subsequently adsorb on Na+ cations to form stable nitrate species [43]. Figures 9 (b) and 9 

(d) show the concentrations of NO released upon NO2 adsorption at 30o C and 200o C, respectively. 

NO is detected between about 10 and 20 seconds for all MFI film samples, independently of film 

thickness, indicating the existence of a distribution of adsorption sites within the entire film 

thickness. A comprehensive investigation, including IR data of NO2 adsorption on MFI film 

samples grown in the clear solution, is reported elsewhere [46].

 At 30o C, the amount of NO formed is directly proportional to the amount of NO2 adsorbed, 

see Table 5. However, no such trend is observed at 200o C. This indicates that formation of NO 

may be related to both weakly adsorbed species and in addition to strongly adsorbed species as NO 

formation was observed also at 200o C. 

The molar amount of N2 required for monolayer formation is given in Table 5. As expected, 

he N2 monolayer adsorption capacities in the MFI film samples (about 4.4 mmol/g) is equal to the 

N2 monolayer adsorption capacity reported for ZSM-5 in literature (99 cm3 STP g-1= 4.4 mmol/g) 

[47]. The NO2 adsorption capacity is much lower than the N2 adsorption capacity, indicating that a 
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monolayer of NO2 is not formed even at low temperature and that NO2 is adsorbed on specific sites 

rather than in a monolayer. 

3.5. Characterization by TPD 

Figure 10 (a) shows the TPD curves for the MFI film sample C48-13. The peaks are the result of 

desorption from a number of adsorption sites with varying strengths. During TPD starting at 30° C, 

one broad peak is observed at about 150o C, due to desorption of weakly adsorbed NO2. Most of the 

NO2 is desorbed below 250° C, followed by desorption of a smaller amount of more strongly 

adsorbed NO2 at higher temperatures, as reported in a previous work [46].  During TPD starting at 

200o C, two broad desorption peaks at 300° C and 450° C are observed, due to desorption of NO2

from medium and strong adsorption sites. Release of NO is observed during TPD experiments, 

probably due to decomposition of surface nitrate species at weak and stronger adsorption sites, as 

discussed before. A more detailed discussion on the strength of the adsorption sites in MFI films is 

given elsewhere [48]. TPD curves are similar for the MFI film sample C96-9, see Figure 10 (b). 

Most of the NO2 is desorbed below 250o C. However, a broad peak centred at about 350o C shows 

that NO2 desorbs also from stronger adsorption sites, thus contributing to the higher NO2 molar 

adsorption capacity of the MFI film sample C96-9 (Table 5). This is probably the result of the 

increased Al content in the film as discussed earlier. During desorption starting at 30o C, formation 

of NO is observed at about 350° C, probably due to decomposition of surface nitrate species at 

strong adsorption sites. TPD curves of the sample G are shown in Figure 10 (c). During TPD 

starting  at 30o C, two desorption peaks at about 150° C and 400° C are observed, as a result from 

desorption from weak and strong adsorption sites, respectively. As for the MFI film sample grown 

in the clear solution, two desorption peaks at about 170o C and 350o C are detected for NO release.  

TPD curves of the sample GDW are shown in Figure 10 (d). During TPD starting at 30o C, most of 

NO2 is desorbed below 250o C. However, two overlapping peaks at about 300o C and 420o C 
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indicate the existence of NO2 adsorption sites with varying strength, which may be related to the 

sodium cations in this sample. 

4. Conclusions 

Cordierite monoliths were coated with well defined MFI films of controlled thickness and 

varying Si/Al ratio. The zeolite was homogeneously distributed over the support and the samples 

with thicker film had a higher zeolite loading as expected. The aluminium concentration varied 

throughout the film thickness for the films grown in steps of 48 hthe clear solution, and it was 

constant in the MFI film samples grown in the clear solution in steps of 96 h and in the gel. The 

zeolite films contained sediments and defects, such as open grain boundaries and cracks resulting in 

mesopores. Mesopore volumes were comparable to similar ZSM-5 films grown on other support 

types.

The NO2 adsorption capacity at low temperature (30o C) per g zeolite increased with the Al or 

Na content in the films, due to an increased number of adsorption sites resulting in physisorption. 

At 200 °C, the specific amount of NO2 was nearly independent on the Si/Al ratio of the MFI films, 

indicating that an increase in Al and Na concentration in the zeolite films increases only the number 

of weak adsorption sites. Formation of NO occurred during NO2 adsorption. The amount of NO 

released during desorption at low temperature reflected the NO2 adsorption on the MFI films and, at 

high temperature, the NO released was nearly independent on aluminium and sodium concentration 

in the zeolite films which indicated that NO formation was associated with both weak and strong 

adsorption sites. The thicker MFI films showed stronger mass transfer resistance than the thinner 

MFI film as expected for well defined zeolite films. The experimental evidence in the present work 

will be important for the development of for instance NO2 selective membranes, adsorbents or 

sensors.
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Table 1. Sample characteristics. 

Sample 

code

Hydrothermal treatment Film thickness 

( m) 

Zeolite loading (g/g) Mesopor. vol. 

(cm3 / g zeo.) a

C48-6 48 hours x 6, 75 oC 0.8 0.06 0.09

C48-13 48 hours x 13, 75 oC 1.9 0.10 0.10

C96-9 96 hours x 9, 75oC 1.9 0.14 0.11

G 12 hours, 180 oC 1.9 0.16 0.06

GDW 12 hours, 180 oC 1.9 0.14 n.a.

a from BJH desorption analysis. 

Table 2. Size and composition of the MFI crystals by ICP-AES. 

Sample 

code

Hydrothermal treatment Size, nm Si/Al Na/Al

DC48 Clear sol, 0.001wt% silicalite 

seeds, 48 hours, 75 oC

240 367 5.7

DC96 Clear sol, 0.001wt% silicalite 

seeds, 96 hours, 75 oC

450 178 3.2

DC72 Clear sol, 72 hours 100 oC 1000 n.a. n.a.

DCG Gel, 0.01wt% silicalite 

seeds,14 hours, 180 oC

autoclave

n.a. 14 0.95
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Table 3. XPS Si/Al data for film grown on quartz crystal for 9 steps of 96 hours (C96 - 9) in the 

clear sol and in the gel (G). 

Approximate 

depth (nm) 

Si/AlTotal Ar etching 

time (min) 

C48-6 C96-9 G

0 0 61 156 14.2

30 15 170 179 14.2

60 30 202 150 14.1

Table 4.  XPS Na/Al data for film grown on quartz crystal for 96 hours (C96 - 9) in the clear sol 

and in the gel (G and GDW). 

Approximate 

depth (nm) 

Na/AlTotal Ar etching 

time (min) 

C48-6 C96-9 G GDW

0 0 2.4 1.8 0.08 0.52

30 15 0.9 1.4 0.04 0.53

60 30 1.0 0.8 0.03 0.50
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Table 5. Sorption data. 

Sample Si/Ala Na/Alb N2

monolayer

ads.

(mmol/g

zeo.)b

Weight of 

zeolite in 

reactor (g) 

NO2 ads. 

(µmole/g zeo.) 

NO formed  

(µmole/g zeo.) 

30°C 200°C 30°C 200°C

C48-6 367 2.4 4.3 0.74 394 101 16 24

C48-13 367 n.a. 4.4 1.27 416 103 16 21

C96-9 178 1.8 4.4 1.10 516 161 22 33

G 14 0.08 4.3 1.17 913 161 27 19

GDW   17 b 0.52 4.4 1.03 1401 162 56 36

a From ICP-AES, 

b from XPS, 

c N2 adsorbed in a monolayer, from BET analysis. 
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Figure Captions. 

Figure 1. Scheme of reactor used for NOx adsorption measurements. 

Figure 2. SEM images of MFI crystals grown (a) for 48 hours and (b) 96 hours by adding 10 ppm 

silicalite seeds to the clear synthesis mixture. (c) MFI crystals grown for 14 hours by adding 

0.1wt% silicalite seeds to the gel. 

Figure 3. Side view images of the MFI film samples grown in the clear solution (a) in 6 steps of 48 

h, (b) in 13 steps of 48 h, (c) in 9 steps of 96 h and in the gel (d). Magnification of inset in (b) is 3.5 

times. 

Figure 4. Top view images showing cracks in the MFI film samples C48-6 (a), C48-13 (b), and 

C96-9 (c).

Figure 5. Top view images showing (a) the MFI film grown in the gel and (b) the sediments on top 

of the zeolite coating. Magnification of inset in (b) is 20 times. 

Figure 6. N2 adsorption–desorption isotherm per gram sample of MFI film samples per gram 

sample (a) and per gram zeolite (b).  

Figure 7. BJH mesopore (2-50 nm) volume distribution per g zeolite of MFI film samples C48-6, 

C48-13, C96-9, G, and reference crystals DC72. 

Figure 8. XRD data for the 300 nm crystals grown by seeding the clear synthesis solution (sample 

DC72).

Figure 9. NO2 and NO concentration profiles during NO2 adsorption at 30 C (a, b) and at 200 °C (c, 

d) for the MFI film samples grown in the clear solution and in the gel. 

Figure 10. TPD starting at 30 C and at 200 C for the 1.9 m MFI film samples C48-13 (a), C96-9 

(b), G (c) and GDW (d). 
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1. Monolith supported 
ZSM-5 film 

2. Electrical heater 
element 

3. Thermocouple 
4. Power supply 
5. Temperature controller 
6. Glass wool 
7. Glass wool insulation 
8. Gas mixer (Environics 

2000)
9. Chemiluminesence 

NOx detector 

Figure 1.

Figure 2.
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Figure 3.
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Figure 4. 

Figure 5. 
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        (a) 

                                                                                   (b) 
          Figure 6. 
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      Figure 7.

                   Figure 8. 
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                                             (a)                                             (b) 

      (c)           (d) 
Figure 9.
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