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ABSTRACT
A method originally developed at the division of Chemical Technology, Luleå University of 
Technology was tailored for the preparation of well-defined ZSM-5 films and zoned MFI films 
on supports suitable for catalysis and adsorption applications. Films were grown on monoliths, 
ceramic foams, alumina beads, soda glass beads and quartz glass. The supports were seeded with 
silicalite-1 crystals and hydrothermally treated in a single or several steps. The materials were 
evaluated by scanning electron microscopy, X-ray diffraction, N2 and NO2 sorption, X-ray 
photoelectron spectroscopy, ICP-AES, p-xylene isomerization and cracking of 1,3,5-tri-
isopropylbenzene.

The thickness of the continuous films could be controlled from 110 nm to 9 μm. Zoned MFI 
films were prepared from precursor ZSM-5 films by overgrowth with silicalite-1. 

A multi-step synthesis protocol was used to prevent excessive bulk crystallization. Ultrasound 
treatment was beneficial for removal of loosely attached crystals on top of the zeolite films.  

Defects such as cracks and open grain boundaries were observed by SEM and in concert, 
mesopores were observed by N2 sorption. Model parameters were fitted to experimental data 
from catalytic test reactions and these parameters indicated that thicker films contained more 
defects, probably in the form of open grain boundaries and cracks (mesopores) as observed by 
SEM and N2 sorption. 

Films supported on quartz were more catalytically active than films on alumina and soda glass. 
This was attributed to partial poisoning of the acid sites in the films on the latter two substrates, 
probably due to solid-state ion-exchange of impurities such as alkali metals from the alumina and 
soda glass support to the film. As expected, thicker films possessed higher diffusion resistance 
than thin films. 

Surprisingly, a higher external activity was observed after zoning. This was attributed to 
formation of mesopores, migration of aluminum from the precursor ZSM-5 film to the external 
surface, and increased surface roughness upon zoning. 

ZSM-5 films supported on monoliths were successfully tested for NO2 sorption. As expected, the 
adsorption capacity per g zeolite was independent of film thickness. Formation of NO was 
observed as a result of NO2 adsorption on strong sites. Thicker films resulted in higher diffusion 
resistance as expected. 

The present work has resulted in substantial and valuable new fundamental understanding of the 
performance of thin molecular sieve film catalysts and adsorbents. These findings may facilitate 
development of novel materials for industrial applications. 

Keywords: Structured catalyst, MFI film, Defect, Zeolite, ZSM-5, Silicalite-1. 
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1 INTRODUCTION 
”En myckenhet af ren art, om hos o s icke ännu är til fångs, kulle gifva lägenhet til för ök at 
nyttja honom i någon handa lögd. At förekomma vidlyftiga epitheta, om medföra 
hvarjehanda olägenheter, och namn, om innebära någon egen kap, gemen am med flera 
arter, tager man ig driftighet, at kalla denna utan af igt, Zeolites.” 

Axel Fredric Cronstedt, 1756 

1.1 Background 
Commercial zeolite catalysts generally consist of small crystals mixed with binder material 
and shaped into agglomerates. Significant concentration and temperature gradients may exist 
in these materials. The binder material reduces the catalytic activity and inter- and 
intracrystalline diffusion resistance may occur in these types of catalysts. Smaller crystals can 
be used in order to reduce diffusion limitations of a reaction. However, this may increase the 
external surface area, which reduces the shape selectivity of the zeolite catalyst. Zeolites are 
further often used as adsorbents in the form of agglomerates. Such materials also possess 
significant mass transfer resistance, which decreases the performance. 

Novel structured materials based on molecular sieve films and coatings are interesting 
materials that could be used in order to circumvent the disadvantages of the conventional 
materials discussed above. In this work, a zeolite film is defined as a polycrystalline, dense 
zeolite layer with even thickness deposited on the entire outer surface of a support. As 
opposed to zeolite films, zeolite coatings are defined as non-uniform deposition of zeolite 
crystals on a support. By applying a very thin binderless catalytic film on a carrier material, 
such as a monolith, a structured film catalyst/adsorbent which is expected to operate at low 
pressure drop with low diffusion resistance would be obtained. In addition, this type of film 
could have fewer non-shape selective external sites compared to an agglomeration of small 
crystals. 

A structured film catalyst/adsorbent is here defined as a well-defined film deposited on a 
support. The support may be a monolith, a sphere, or some other carrier material. A number 
of applications for zeolite coatings and films have been suggested: structured catalytic 
packing materials for use in catalytic distillation, low pressure drop reactors, adsorption units 
and catalytic membrane reactors (Jansen et al., 1998). In catalytic distillation, reaction and 
separation is carried out simultaneously. In catalytic membrane reactors it is possible to 
separate one or more of the products or to control the addition of reactants via a membrane 
(van de Graaf et al., 1998). The membrane may be catalytic active or inactive. Equilibirum 
limited reactions in particular have been targeted for membrane reactors (Cybulski and 
Moulijn, 1998, Casanave et al., 1995). Ordinary catalysts covered by a thin zeolite film are 
also interesting materials that could operate with improved performance (Cybulski and 
Moulijn, 1998). This can, for example, be achieved by coating a zeolite catalyst such as ZSM-
5 with a catalytically inert material of identical structure, i.e. silicalite-1. In the present work, 
this is defined as a zoned material if the channel structure continues over the interface of 
ZSM-5/silicalite-1.

The development of an improved catalytic/adsorbent system requires fundamental knowledge 
of synthesis and properties of the structured material. By studying adsorption and transport 
properties of zeolite films at elevated temperatures, information can be gained which can be 
advantageous for understanding a zeolite film’s suitability or characteristics for various 
catalytic and adsorption applications. 



2

1.2 Scope of present work 
The scope of the present work was to prepare and characterize zeolite ZSM-5 films and zoned 
MFI films on various supports. Characterization with general techniques such as electron 
microscopy and surface area measurements were carried out. Catalytic testing and adsorption 
measurements of the manufactured materials were also performed. 
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2 ZEOLITES 

2.1 General description 
The history of zeolites began in the middle of the 1750s when the Swedish mineralogist Axel 
Fredric Cronstedt received two rocks, one from Iceland and one from Svappavara copper 
mine in the northern part of Sweden (Cronstedt, 1756). He denoted the unknown mineral “a 
zeolite”, which is derived from the two Greek words, “zeo” and “lithos” meaning “to boil” 
and “a stone”. Zeolites are crystalline, hydrated aluminosilicates of natural or synthetic origin 
with a three-dimensional microporous framework of [SiO4]4- and [AlO4]5- tetrahedra. The 
oxygen atoms are shared between adjoining tetrahedra. There are about 160 known different 
zeolite crystal structures according to the International Zeolite Association. Zeolites may be 
represented by the general empirical formula: 

OzHAlOSiOA 2y2x2
m
y/m

where A is a cation with the charge m, (x+y) is the number of tetrahedra per crystallographic 
unit cell and x/y is the framework silicon to aluminum (Si/Al) ratio (Weitkamp, 2000).

The physical and chemical properties are dependent on the aluminum content in the zeolite. 
Zeolites are classified into low silica (1<Si/Al<5), medium (5<Si/Al<10) and high silica 
zeolites (Si/Al>10) (Weitkamp and Puppe, 1999). A higher content of silicon increases the 
hydrophobicity of the zeolite. Isomorphous substitution of Al3+ for Si4+ cause a negative 
charge of the zeolite framework which is compensated by counterions. These can be 
exchanged and hence the properties of the zeolite may be altered. 

Zeolites have a well-defined crystal structure with micro-pores with diameters between 3 and 
15 Å (Cundy and Cox, 2003). The channels may be circular or elliptical, tubular or containing 
periodic cavities, and straight or zig-zag. Apertures consisting of a ring of oxygen atoms of 
connected tetrahedra limit access to the channels. These well-defined pores and apertures with 
diameters close to the size of molecules result in a molecular sieve function. The zeolite used 
in this work is a high silica zeolite called ZSM-5, which is a member of the MFI structure 
type. An aluminum free molecular sieve, which also has the MFI structure and is denoted 
silicalite-1, was also used in this work. In the MFI structure there are two pore systems as 
illustrated in Figure 1, straight channels of elliptical shape (5.3 Å x 5.6 Å) in the b-direction 
and sinusoidal channels of almost circular cross-section with the dimension of 5.1 Å x 5.5 Å 
in the a-direction (Szostak, 1998, Dyer, 1988). A coffin shaped MFI crystal is shown in Figure 
1 (a). Coffin shaped crystals are a result of a fast growth in the c-direction but tablet habit is 
also common. Plate-like leaf shaped MFI crystals can be obtained by using special structure 
directing agents (Diaz et al., 2004).
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(a) (b)
Figure 1. (a) Illustration of the MFI channel system and a coffin shaped MFI crystal. (b) MFI 
framework viewed along the b-direction. 

Synthetic zeolites are prepared using a well-defined synthesis mixture and a certain synthesis 
temperature, pressure and time. Zeolite crystals are formed via nucleation followed by crystal 
growth (Schoeman, 1998). Cundy and Cox have reported a historical review of zeolite 
synthesis (Cundy and Cox, 2003). There is a debate whether zeolite crystal growth occurs by 
addition of secondary building units, nanoslabs, subcolloidal particles, gel particles or 
monomers to the growing crystals (Schüth 2001). Analysis of the external surface by high 
resolution transmission electron microscopy (HRTEM) or atomic force microscopy (AFM) 
may be used to identify the mechanism behind zeolite crystal growth (Terasaki and Ohsuna, 
1995, Diaz et al., 2004). For instance, it was reported that growth of MFI crystals occur in a 
stepwise manner (Anderson et al., 2001).

Synthesis mixtures often contain structure directing agents also known as templates. These 
were originally described as cationic species that were added to the synthesis mixture in order 
to guide the organization of anionic blocks that formed the zeolite framework (Wilson, 2001). 
Examples of template molecules are quaternary ammonium cations. These are later removed 
from the zeolite cages and/or channels after synthesis, usually by calcination at high 
temperature in order to open up the pore system of the zeolite. Treatment at elevated 
temperature in the presence of water may lead to dealumination of the zeolite or partial 
destruction of the crystal structure (Chen et al., 1994, Fernandez et al., 1986, Geus and van 
Bekkum, 1995, Weitkamp and Puppe, 1999). Alternatives to calcination are low temperature 
treatment such as ultra-violet irradiation (Parikh et al., 2004) or ozone treatment (Heng et al., 
2004). Ion exchange can also be used to remove the template in some zeolite/template 
combinations.  

2.2 Catalysts 
A catalyst is a substance that increases the rate of reaction without being appreciably 
consumed in the process. After introduction of synthetic zeolites in fluid catalytic cracking of 
heavy petroleum distillates in 1962, zeolites have become very important catalysts. Zeolites 
with H+ as counterion (protonated zeolites) are solid Brönsted acids. The acid strength 
depends on the Al content and the number of Al atoms in the next nearest neighbouring 
position of the Al atom that supports the acid site (Corma, 2003). Isolated Al tetrahedrons 
result in the strongest Brönsted sites. At high temperatures water is released and Lewis acid 
sites are formed (Dyer, 1988). The acid strength can be tailored to control the reaction 
selectivity of certain reactions (Corma, 2003, Guisnet et al., 2000).

The unique combination of catalytic activity and molecular sieve properties has contributed to 
utilization of zeolites as shape selective catalysts (Weitkamp and Puppe, 1999). The pore size 
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and structure of zeolites may affect the selectivity of a reaction (Hagen, 1999) in three ways 
(i-iii):

(i) Reactant selectivity occurs when the pore aperture hinders certain reactants from 
reaching the internal sites of the zeolite as illustrated in Figure 2 (a). Note that 
reactions may still occur on the non-shape selective external sites of the zeolite. 

(ii) Product selectivity occurs when products larger than the pore aperture cannot 
diffuse out from the zeolite. These larger molecules will therefore be converted to 
smaller molecules as shown in Figure 2 (b), or to carbonaceous deposits within the 
pore with deactivation of the catalysts as a result. Bulky intermediates may still 
form in large zeolite cavities. 

(iii) The third form of shape selectivity is called restricted transition state selectivity. 
Reactions that proceed via large intermediates will not occur if the pore and 
cavities are too small to fit these intermediates. 

(a) (b)(a) (b)
Figure 2. (a) Reactant shape selectivity; n-hexane can enter the pore while tri-isopropylbenzene is too 
large. (b) Product shape selectivity; o-xylene is converted to p-xylene. 

2.2.1 Xylene isomerization over ZSM-5 catalysts 
Xylene isomerization is a well-known and useful test reaction for ZSM-5 catalysts. There are 
a number of publications regarding xylene isomerization over ZSM-5 catalysts in the 
literature and a few are given in the reference list (Young et al., 1982, Mirth et al., 1993, 
Olson and Haag, 1984, Kunieda et al., 1999, Liang et al., 1995, Beschmann and Riekert, 
1993, Wei, 1982, Dewing, 1984, Vinek and Lercher, 1991). The reactions are considered as 
first order reactions. The size of the xylene molecules is similar to the size of the ZSM-5 
pores. The kinetic diameter of p-xylene is 5.85 Å and the kinetic diameter for the meta and 
ortho isomers is 6.8 Å (Szostak, 1992). Olson and Haag proposed that xylene isomerization 
occurs via an intramolecular mechanism in ZSM-5 according to Figure 3. The intramolecular 
mechanism occurs via 1,2-methyl shifts in protonated xylenes. A direct reaction from p-
xylene to o-xylene will not occur in the intramolecular mechanism.   
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Figure 3. Reaction scheme for p-xylene isomerization to o-xylene (Olson and Haag, 1984).

Riekert (Beschmann and Riekert, 1993) and Li (Li and Jun, 1996), on the other hand, 
assumed that the xylene isomerization could be represented by a triangular network of 
reactions, which allows a direct p-xylene to o-xylene reaction. According to Wei and Young 
et al. (Wei, 1962 and Young et al. 1982) consecutive reactions (A  B  C) may appear to 
be parallel reactions (A  B, A  C) under severe diffusion limitation. 

p-Xylene is the most used xylene isomer in industry. It is used to synthesize terephtalic acid, 
vitamins, pharmaceuticals and insecticides. The equilibrium composition of p-xylene:m-
xylene:o-xylene is approximately 25:50:25. Much work has therefore been focused on 
enhanced yield of p-xylene by applying zeolite catalysts. However, these are only shape 
selective at low conversion since at high conversion the xylene composition approaches 
equilibrium. Mirth et al. (Mirth et al., 1993) determined the diffusion coefficients of p-
xylene:m-xylene:o-xylene in ZSM-5 to 1000:1:10. The diffusion of the para isomer is favored 
due to the smaller kinetic diameter of p-xylene and para selectivity is observed for larger 
crystals where diffusion effects are more important. The p-xylene selectivity can also be 
increased by modification of the ZSM-5 crystals, for example by depositing coke (Bauer et 
al., 2001) or by chemical vapor deposition (CVD) (Niwa and Murakami, 1989, Manstein et 
al., 2002, Weber et al., 1996, Röger et al., 1998). 

High isomerization/disproportionation ratios over ZSM-5 catalysts are observed due to 
sterically hindered disproportionation reactions caused by restricted transition-state selectivity 
(Olson and Haag, 1984, Guisnet et al., 2000, Venuto, 1994).

2.2.2 Tri-isopropylbenzene cracking using ZSM-5 catalysts 
Cracking of 1,3,5-tri-isopropylbenzene can be used to study the external activity (non-shape 
selective sites) of ZSM-5 (Namba et al., 1986). Since the TiPB molecule is about 0.85 nm it 
should thus not enter the ten-membered ring windows of ZSM-5 as illustrated by Figure 4. 
Any reaction of this molecule should therefore occur only on the external surface of the 
zeolite.

Trimethylbenzene can also be used as a probe molecule (Gilson and Derouane, 1984, Röger 
et al., 1997). Other techniques to examine the external activity are adsorption (Inomata et al., 
1986, Sato et al., 1989, Sayari et al., 1991, Weber et al., 1996, Melson and Schüth, 1997) and 
ion-exchange (Noack and Spindler, 1990, Handreck and Smith, 1989).
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Figure 4. The 1,3,5-tri-isopropylbenzene molecule is too big to enter the ZSM-5 pores. The scale is 
approximate. 

2.3 Adsorbents 
Zeolites are also used in adsorption applications, for example as drying agents and in the 
separation and purification of process streams (Dyer, 1988). The well-defined zeolite structure 
enables the zeolites to function as selective sorbents by size exclusion. By choosing an 
appropriate zeolite framework structure, Si/Al ratio and counterions, it may be possible to 
tailor the adsorption/catalytic properties. Separation processes based on adsorption can be 
cyclic or continuous (Ruthven, 1984). In the former process the adsorbent is saturated and 
regenerated in a cyclic manner. Pressure swing and thermal swing processes are examples of 
cyclic adsorption processes, whereas the Sorbex process is an example of a continuous one 
(Ruthven, 1984). Pressure swing adsorption (PSA) was originally developed for drying of air 
(Skarstrom, 1960). The Sorbex process involves a moving bed of adsorbent with a continuous 
countercurrent liquid flow over the adsorbent bed. This process was developed by UOP (Des 
Plaines, USA) and several processes such as Parex, Ebex, MX Sorbex, Molex, Olex, Cresex, 
Cymex and Sarex are based on the Sorbex technology (http://www.uop.com). The Parex 
process is used industrially to extract p-xylene from mixed C8 aromatics (Broughton et al., 
1970) using FAU type zeolite adsorbents. 

2.4 Control of NOx emissions using catalysts and adsorbents 
Studies regarding NOx emission control from stationary sources and for exhaust gas after 
treatments are frequently reported in the literature. NOx in the exhaust gas can be reduced by 
selective catalytic reduction (SCR) (Heck, 1999) or by using a NOx storage reduction (NSR) 
catalyst (Matsumoto, 1996). NH3 is normally used as a reductant in the SCR process with 
V2O5/TiO2, zeolite or Pt-based SCR catalysts (Heck, 1999). Ammonia has some drawbacks 
such as cost and slip of unreacted NH3 compared to other reductants such as CH4, C3H8 and 
CO (Shelef, 1995). Three way catalysts (TWC) cannot reduce NOx sufficiently at lean burn 
conditions due to excess oxygen in the exhaust. Therefore, reduction of NOx during lean burn 
conditions is currently investigated (Burch et al., 2002). Copper exchanged ZSM-5 zeolites 
seem to be a promising deNOx catalyst (Yahiro and Iwamoto, 2001, Basaldella et al., 2001, 
Despres et al., 2003, Gervasini, 1997). It is also reported that NOx adsorbs on various sites 
such as Brönsted protons (Szanyi and Paffet, 1996) and Na+ ions (Sedlmair et al., 2003) in 
ZSM-5.

An alternative to the existing methods is a novel technique involving a zeolite membrane 
which could be used to reduce the NOx emissions. In this technique, NOx should be 
selectively removed from the exhaust via a NOx selective zeolite membrane utilizing a zeolite 
film. However, studies of NOx adsorption in zeolite films are scarce. A zeolite film deposited 

http://www.uop.com
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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, and the many small channels and the rough surface of 
the cordierite 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, well-defined transient experiments with temperature, concentration or pressure 
ramps can be carried out.  

2.5 Films 
For mechanical stability, a thin film must be supported on a suitable material. So far, zeolite 
films have mainly been studied in membrane applications (Bein, 1996, Jansen and 
Maschmeyer, 1999, Tavolaro and Drioli, 1999, Caro et al., 2000) but they can also be used as 
sensors (Moos et al., 2002, Mintova and Bein, 2001, Björklund et al, 1998). Recently, 
monolithic and other structured supports have been coated with zeolite coatings free from 
binder material for utilization in catalysis applications (Louis et al., 2001, van der Puil et al., 
1999, Madhusoodana et al., 2001, Seijger et al., 2001, Oudshoorn et al., 1999, Aiello et al., 
1999, Rebrov et al., 2001, Seijger et al., 2002, Antia et al., 1995, Shan et al., 2000).   

The choice of support material is crucial. The supports have to be attrition resistant and 
chemically stable under the synthesis, reaction and operating conditions. In order to obtain 
catalytic zeolite films, zeolite synthesis methods reviewed by Caro and co-authors (Caro et 
al., 2000) and by Nair and Tsapatsis (Nair and Tsapatsis, 2003) may be used. Zeolite films 
are often prepared using one of the methods below: 

(i) Dry gel conversion (or vapor phase transport), in which a gel containing the 
aluminosilicate precursor is contacted with the support. Subsequent crystallization 
of the dry aluminosilicate gel takes place in a vapor atmosphere. 

(ii) In-situ crystallization, also denoted direct synthesis. The support is immersed and 
hydrothermally treated in a clear synthesis solution or gel. 

(iii) Seeding methods can be used in order to facilitate the growth of a thin and 
continuous film. The film is formed from growth of a seed layer deposited on the 
outer surface of a support. The groups of Tsapatsis (Tsapatsis et al., 1994, 
Gouzinis et al., 1998, Lovallo and Tsapatsis, 1996) and Sterte and Hedlund 
(Hedlund, 1998, Sterte et al., 2001) developed seeding methods in parallel. Seeded 
growth has been shown to be successful for the preparation of very thin continuous 
films due to a closely packed seed layer, which is beneficial for film formation. 

2.5.1 Preferred orientation of crystals in MFI films 
Figure 1 (a) shows an example of a coffin shaped MFI crystal and Figure 5 (a) shows a coffin 
shaped twin crystal. The twins are located on the (010) face of the larger crystal as shown in 
Figure 5 (a). When a seeded support is hydrothermally treated to form a film, the seed crystals 
grow in all directions until a dense film has formed (Hedlund et al., 1999). Further growth 
will only occur away from the support. Crystals oriented in a direction with the fastest growth 
rate perpendicular to the substrate surface will win and dominate in the film as the thickness 
increase due to competitive growth (Bonilla et al., 2001, Bons and Bons, 2003). When the 
seed film method is used, the seeds and very thin films are b-oriented and a’-orientation is 
observed for thicker (  1000 nm) MFI films (Hedlund et al., 1999).
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Figure 5 (b) illustrates how film evolution may occur for twin seed crystals, all oriented with 
the b-axis perpendicular to the support surface. The twin crystals expand (black area) and 
bury the growing mother crystals (grey area) due to a faster growth rate of the twins in the a’ 
direction.

b

c
a

(101)
(100)

(010)

(100)’

(010)’

c’

a’

b’ b

c
a

(101)
(100)

(010)

(100)’

(010)’

c’

a’

b’

(a) (b)
Figure 5. (a) Coffin shaped twin MFI zeolite crystal. (b) Film evolution. The black area indicates a’-
orientation and the grey area indicates b-orientation. 

The situation will be slightly different for randomly oriented seeds. Films prepared by growth 
of randomly oriented seeds will adapt an (101) orientation (Bonilla et al., 2001), which can be 
denoted oblique preferred orientation (Bons and Bons, 2003). In very thick films a c-oriented 
film is obtained (Bons and Bons, 2003). This change in preferred orientation with film 
thickness may affect the effective diffusivity. For MFI films, a higher diffusivity is expected 
for films with the b-axis perpendicular to the support surface. This can be achieved by 
growing b-oriented seed crystals free from twins into a film using proper synthesis conditions 
or by the in-situ method (Lai et al., 2004). It has also been shown by computer simulations 
that very thick films, i.e. 30 μm, grown from randomly oriented seeds, promote surface 
roughness due to growth of crystal grains of different orientation (Bonilla et al., 2001). 

2.5.2 Defects in MFI films 
In this work defects are defined as cracks, open grain boundaries and pinholes in the film with 
a width greater than the diameter of the zeolite channels. Defects probably form because 
ZSM-5 crystals shrink due to template removal during calcination after synthesis (Geus and 
van Bekkum, 1995). The cell volume of calcined MFI expands up to 130 °C but decrease at 
higher temperatures (Park et al., 1997). If the expansion coefficients of the support and 
zeolite differ, stress in the film will arise due to differences in the expansion/contraction of the 
support and film upon temperature change. The stress is released by formation of defects 
(Dong et al., 2000). Expansion and contraction differences in different directions in the 
zeolite crystal may also result in defects (den Exter et al., 1997). Defects and their formation 
and influence of the material properties are currently under investigation in the zeolite 
membrane science community. The Knudsen diffusion coefficient in a straight cylindrical 
defect can be calculated using equation (1) (Kärger and Ruthven, 1992):

M
Tr9700Dk           (1) 

where Dk is Knudsen diffusion coefficient (cm2 s-1), r is the radius (cm), T is the temperature 
(K) and M is the molecular weight (g mol-1).
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Equation (1) shows that the diffusion coefficient will be larger for larger defects and hence 
defects in zeolite films will increase the diffusivity. Defects will also generate extra external 
surface area of the zeolite, which would not be accessible for bulky molecules in a defect-free 
film. This will reduce the shape-selectivity if the zeolite film is used as a catalyst and reduce 
the separation performance if it was used as a membrane. 

Porosimetry measurements and electron microscope analysis can be used to characterize the 
size and amount of defects. An advantage with porosimetry is that 1 nm defects and larger can 
be detected (Jareman et al., 2004), while the size of defects must be larger than about 2-10 
nm to be detected by scanning electron microscopes depending on the resolution of the 
instrument. Hedlund et al. (Hedlund et al., 2003) concluded that thicker MFI films prepared 
by the seed film method were more defective than thinner films.  

2.5.3 Influence of film thickness on the performance of catalytic zeolite films 
The Thiele Modulus ( ) indicates whether a reaction is controlled by internal diffusion or by 
reaction (Fogler, 1999). The square of the Thiele Modulus is a measure of the ratio of a 
surface reaction rate to a rate of diffusion. Large values of the Thiele Modulus indicate that 
internal diffusion limits the reaction or that the surface reaction is rapid.  As a result, the 
reactants are consumed very close to the surface and very little penetrates to the interior of the 
catalyst. A low effectiveness factor ( ) is expected in this case. Small values of the Thiele 
Modulus indicate that the surface reaction rate controls and that the reactants penetrate easily 
to the interior of the catalyst. This results in high effectiveness factors. The Thiele Modulus 
(for 1st order reactions) for a spherical catalyst particle and films can be written as (Aris,
1965):

D
k

3
r

Sphere  , 
D
khFilm ,

where r = sphere radius, k = rate constant, De = effective diffusivity and h = film thickness.  

The diffusion resistance of an ideal film will increase as the zeolite film thickness increase, 
which is also reflected by larger Thiele Modulus. It can also be deduced that a film with 
thickness h has the same Thiele Modulus as a sphere with a radius of 3h under identical 
conditions. This is related to the geometries of a film and a sphere. Consequently, very thin 
films may have to be used in order to obtain similar effectiveness factors as for small crystals. 
This is important when comparing the performance of commercial catalysts and film 
catalysts. The performance of zeolite films in membrane applications is well documented. On 
the other hand, reports on zeolite films as catalysts are limited, yet it is important for 
fundamental understanding to prepare and test such materials with respect to activity, shape 
selectivity and transport properties.  

2.6 Post synthesis chemical modifications of zeolites 
The amount of shape selective to non-shape selective sites depends on the synthesis and post 
synthesis modifications. It has previously been reported that the chemical composition during 
synthesis influences the incorporation of aluminum in the zeolite framework (Jacobs and 
Martens, 1987). Higher aluminum content at the surface than in the bulk of ZSM-5 crystal has 
been reported by several groups (von Ballmoos and Meier, 1981, Nagy et al., 1988, Li et al., 
2005). To increase the selectivity, the external sites can be removed or deactivated by post 
synthesis modifications such as coking (Bauer et al., 2001), CVD (Niwa and Murakami, 
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1989, Manstein et al., 2002, Weber et al., 1996, Röger et al., 1998), dealumination or 
epitaxial overgrowth by silicalite-1. 

Dealumination of ZSM-5 can be carried out by acid treatment (Apelian, et al., 1993, 
Kooyman, et al., 1997, Omegna et al., 2001) or by treatment with SiCl4 (Beyer and 
Belenykaja, 1980, Namba et al., 1986). Dealumination of ZSM-5 also occurs during thermal 
treatment, especially in the presence of water already at 300-350 °C (Öhlmann et al., 1988).
Dealumination results in a lower concentration of tetrahedrally coordinated aluminum while 
octahedrally coordinated aluminum is formed (Debras et al., 1986). This extra framework Al 
migrates to the outer surface of the crystal, which results in a higher concentration there in 
comparison to the bulk concentration of the crystal (Weitkamp and Puppe, 1999).

Upon dealumination mesopore formation has also been observed (Patzelova and Jaeger, 
1987, Fernandez et al., 1986). These mesopores may facilitate the Al migration and 
diffusivities of reaction species. The external surface area of the zeolite will increase while the 
total surface area will likely decrease (Chen et al., 1994) as a result of mesopore formation. 
Various treatments, such as steaming and acid leaching etc., affect the formation of 
mesopores and impact catalytic activity and selectivity (van Donk et al., 2003). In contrast, 
aluminum incorporation into the ZSM-5 framework can be achieved by treatment with AlCl3
(Dessau and Kerr, 1984).

Zoned MFI crystals, i.e. ZSM-5 crystals with epitaxial silicalite-1 overgrowths, may be 
prepared in order to reduce external activity (Weber et al., 1996, Lee et al., 1993, Rollman, 
1978). Silicalite-1 is an aluminum free analogue of ZSM-5 and should thus be catalytically 
inactive in its pure form. It has been reported that zoned MFI crystals and films can be 
obtained when Si/Al > 45 at the precursor ZSM-5 crystal or film surface but not when the 
ratio is lower than 23 (Li et al., 2001, 2002, 2005, Wang, 2004). A discontinuity at the ZSM-5 
/silicalite-1 interface was observed when the ratio was low. However, hydrochloric acid 
treatment increased the Si/Al ratio and zoned crystals could also be obtained for an initial Al 
rich precursor ZSM-5 surface. 
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3 EXPERIMENTAL 

3.1 Support materials 
A structured support may be defined as a substrate with a regular structure, optimized for a 
certain application. Different substrates with varying morphologies and compositions were 
chosen as support materials for MFI films. Ceramic foams, quartz glass and the alumina beads 
are suitable as packing materials, and films deposited on these materials may be used in 
catalytic processes. Monolith supported films may be used in pressure swing adsorption units 
and other applications where pressure drop is undesired. Soda glass beads were chosen for 
comparison and as a reference material. 

Table 1. Different types of support used. 
Support Paper Size Shape 

Ceramic foam I 2.5  2  1 Foam 
Alumina bead I ¼ ” Sphere 
Alumina bead III-VI  ” Sphere 

Monolith II, VII 400 cpsi Square channels 
Soda glass III 3 mm Sphere 

Quartz glass IV-VI 2.5-4 mm Crushed glass 

The supports are shown in the photographic images in Figure 6. One ceramic foam and one 
small monolith piece, which was cut from the original monolith, is shown in (a). The foam is 
evidently highly macro-porous while the monolith consists of 400 square channels per square 
inch (400 cpsi). The crushed quartz glass, soda glass beads and the alumina beads are shown 
in (b). The alumina beads consist of irregular stacked alumina grains, resulting in a rough 
surface in comparison to the smoother soda glass and quartz glass. The quartz support was 
free from alkali metals and other impurities, which were present in all other supports. 

Figure 6. (a) Ceramic foam and monolith. (b) A - quartz glass, B - soda glass beads, C- ¼” alumina 
beads and D - “ alumina beads. 

3.2 The seed film method 
In the present work, the seeding method developed and patented by Hedlund and Sterte 
(Hedlund, 1998, Sterte et al., 2001) was used to prepare thin ZSM-5 films. This method, also 
known as the seed film method, involves pretreatment of the support with cationic polymers 
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onto which seeds are subsequently electrostaticly adsorbed. The seeded sample is 
subsequently immersed in a synthesis solution and the zeolite seed crystals grow on the 
support to form a thin continuous film.  

3.3 Factors to consider for uniform film deposition on structured supports 
During hydrothermal treatment, bulk crystallization may result in deposition of aggregates 
and crystals onto the film surface. Bubbles may hinder nutrients from reaching the seeds and 
hence the film may not grow in the presence of bubbles. Bubbles due to boiling may also 
cause attrition. Sedimentation and bubbles are illustrated in Figure 7. Detachment of seeds 
and film peeling caused by attrition is a likely event and hence it is important that the supports 
are fixed in the container during film preparation. These factors were considered in the 
present work in order to prepare films on the structured supports. 

The negative effect of bulk crystallization was avoided by interrupting the hydrothermal 
treatment before sedimentation commences. In order to prepare thicker films several steps 
were used. Film peeling may occur during sudden temperature changes. Thus the cooling after 
a hydrothermal treatment was carried out slowly. The sample container was also handled with 
care during film preparation in order to minimize attrition. Bubbles were avoided by using a 
crystallization temperature below the boiling temperature of the synthesis solution and by first 
evacuating the container immediately after a liquid exchange, and then carry out the synthesis 
at atmospheric pressure. 

Sedimentation

Bubbles

Sedimentation

Bubbles

Figure 7. Part of the support surface is exposed to sedimentation and bubbles may prevent 
the synthesis mixture to reach all parts of the supports. 

A specially designed quartz glass container with a volume of 200 cm3 was used. Quartz glass 
is a stable and inert material and hence leaching from the synthesis container to the synthesis 
solution was avoided. A screw-lid was attached to the bottom of the container in order to 
facilitate exchange of liquid without movement of the supports, which could cause attrition. In 
addition, a polypropylene tube was used for monoliths and foams since only one piece of 
these supports was treated at the same time. 

3.4 Seeding 
TPA-silicalite-1 twin seed crystals with an average size of 60 nm were prepared as described 
in paper I. A synthesis mixture of molar composition 9 TPAOH: 25 SiO2: 360 H2O: 100 
EtOH was treated at 60 °C for two weeks. The sol obtained was purified by repeated 
centrifugation and redispersion and diluted to 0.9 wt%. The supports were placed in the 
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appropriate container and rinsed in acetone. In between different treatments, the samples were 
always rinsed thoroughly in a 0.1 M NH3 solution. Next, the samples were treated in a 
cationic polymer solution (0.4 wt% Redifloc 4150, Eka Chemicals) yielding a positively 
charged surface. The seeds were then added to the container whereupon the negatively 
charged seeds were adsorbed onto the modified support surface by electrostatic forces. 

3.5 Film and crystal growth 
Clear synthesis solutions were prepared according to methods described in detail in the 
papers. The composition of the synthesis solutions are given in Table 2. 

Table 2. Molar composition of the MFI synthesis solutions. 
Synthesis solution Paper TPAOH SiO2 Al2O3 Na2O H2O EtOH 

ZSM-5 (1) I, II 3 25 0.25 0 1450 100 
ZSM-5 (2) II-VII 3 25 0.25 1.0 1600 100 
Silicalite-1 I, IV, VI 3 25 0 0 1450 100 

A synthesis solution was added to the seeded and rinsed samples and film growth was carried 
out in several steps at 75 °C (paper I-VII) in an oil bath under reflux and atmospheric pressure 
or at 150 °C in autoclaves (paper II). Recently prepared synthesis solutions were added to the 
container in multi-step synthesis experiments. After each hydrothermal treatment, the samples 
were cooled slowly to room temperature before further treatment. After the final hydrothermal 
treatment, the samples were rinsed for 4 days in a 0.1 M ammonia solution. Ultrasound 
treatment was employed during rinsing of films grown on monoliths (paper II) and foams 
(paper I). 

In this work, zoned MFI films were prepared by a similar protocol as reported by Li (Li,
2002) and Wang (Wang, 2004). Rinsed precursor ZSM-5 films were treated with a 0.01 M 
HCl solution for 12 h at 25 °C. The samples were subsequently treated in a silicalite-1 
synthesis solution for 120 h in one or two steps in order to prepare zoned MFI films (paper 
IV, VI). 

Removal of the templating agent in films was facilitated by calcination either at 400 °C (paper 
III-VI), or at 550 °C (paper I, II and VII) for 24 h and 6 h, respectively. 

Discrete crystals of ZSM-5 were prepared by growing seeds in ZSM-5 solution 2 at 75 °C for 
48 h (paper VI, VII). 0.01 wt% seeds were added to the synthesis mixture. Larger ZSM-5 
crystals were prepared in both ZSM-5 synthesis solutions by hydrothermal treatment at 75 °C 
(paper II) and at 100 °C (Paper V). No seeds were added in this case. The fabricated crystals 
were purified by repeated centrifugation and dispersion and calcined at 550 °C. 

3.6 General characterization 
Scanning electron microscopy (SEM, Philips XL 30) was used to record images and to 
measure zeolite film thickness. The samples were mounted in resin (LR White, London Resin 
Company Ltd.) and polished in order to obtain cross-sectional images. Before analysis, the 
samples were re-calcined at 500 °C to remove the resin by combustion. Monoliths were easily 
cleaved with a knife along the channel direction, and polishing was thus unnecessary on these 
samples. SEM images were obtained on samples covered with a thin layer of gold deposited 
by sputtering (BAL-TEC MED 020). An Oxford Instruments ISIS Ge energy dispersive X-ray 
(EDX) detector attached to the SEM was used for elemental analysis of carbon coated 
samples (paper II, V). 
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Krypton and nitrogen adsorption on supports, zeolite powder and films at liquid nitrogen 
temperature were measured with a Micromeretics 2010 ASAP instrument. Prior to 
measurements, the samples were outgassed at 300 °C for 12 hours. The ends of the coated 
monoliths were polished using a rotary polishing machine in order to avoid contribution of 
sediments. The specific surface area was calculated from the adsorption isotherm using the 
Brunauer-Emmet-Teller (BET) equation. By gas adsorption measurements on supports 
without zeolite, it was shown that essentially all the surface area of the film samples emanates 
from the zeolite. Zeolite loading (mass zeolite/mass sample, g/g) was thus determined from 
gas adsorption data, applying the BET equation and using the surface area of ZSM-5 zeolite 
powder (415 m2 g-1) as a reference. Pore size distributions were calculated using the Barret-
Joyner-Halenda (BJH) method. 

The silicon, aluminum and sodium content of zeolite powder were determined (paper I, II, VI, 
VII) by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) by Analytica 
AB, Sweden. X-ray photoelectron spectroscopy was carried out on films (paper IV-VI) and on 
powder (paper VI, VII) using a KRATOS Axis Ultra electron spectrometer using a 
monochromated AlKa source operated at 180W by Umeå University, Sweden. The XPS 
signal emanates from the surface of the film from a depth of about 6 nm. X-ray diffraction 
data were recorded with a Siemens D5000 powder diffractometer. 

3.7 Catalytic tests of MFI films 
Prior to catalytic experiments, the zeolite was ion-exchanged to HZSM-5 (paper II-VI). The 
supported films were treated three times in a 10 wt% NH4NO3 solution at 100 °C for 1 h, 
rinsed and calcined. The reactivity of the MFI films were tested in paper II-VI by p-xylene 
isomerization and 1,3,5-tri-isopropylbenzene (TiPB) cracking at 450 °C. Soda glass beads, 
alumina beads, quartz glass and monoliths were used as support materials in the catalytic 
experiments. The samples were loaded in a tubular reactor with internal diameter of 17 mm 
and a total length of 250 mm. Soda glass beads were placed on the top and bottom of the film 
samples. A thermocouple was positioned in the center of the reactor in order to monitor the 
temperature. Figure 8 shows a scheme of the test rig. The reactor was heated to reaction 
temperature in 4 h under a flow of synthetic air. Before and in between tests, in-situ 
calcination was carried out for at least 3 h in a flow of synthetic air. The feed (Ar) was 
saturated with TiPB or p-xylene in a saturator at 60 °C. The inlet flowrate was varied using a 
mass flow controller (MFC). An on-line HP 5890 Gas Chromatograph (GC) equipped with a 
polar column (BP-xylenes, SGE) analyzed the reaction products with hydrogen as carrier gas. 
For a more detailed description of the experimental set-up see paper III. 
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Ar
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Heated zone
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V5 V4

V3 V2
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2
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Reactor

Heated zone
Figure 8. Reactor used for p-xylene isomerization and cracking of TiPB (paper II, III, IV, V, VI). 
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3.8 Adsorption tests of MFI films 
NO2 sorption was studied and reported in paper VII. Two films of different thickness 
deposited on cordierite monoliths, 75 mm long and 2 cm in diameter were used in the sorption 
experiment. The monolith supported films were mounted in a quartz tube reactor with a length 
of 880 mm and a diameter of 22 mm. The samples were sealed in the reactor with glass wool. 
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 9. Prior to 
tests the sample was dried at 500 °C for 15 minutes in a feed of 8 % O2 in Ar with a flow rate 
of 3000 cm3 min-1 (STP). The sample was then cooled to 30 °C or 200 °C for NO2 adsorption. 
The feed was 600 ppm NO2 in Ar with a flow rate of 2600 cm3 min-1 (STP). After the 
adsorption, the reactor was flushed with pure Ar for 4 minutes. Temperature programmed 
desorption was carried out after NO2 adsorption using a heating rate of 20 °C min-1 up to 550 
°C. The concentration of NO and NO2 in the reactor effluent was measured by a 
chemiluminescence detector (Ecophysic CLD 700 EL ht). 
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Figure 9. Scheme of reactor used for NO2 sorption experiments (paper VII).
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4 MODELING OF PROBE REACTIONS 

4.1 Adsorption 

4.1.1 p-Xylene adsorption 
The fractional coverage  of a surface is a function of the pressure and can be described with 
the Langmuir equation: 

Pb1
Pb

C
C

q
q

sat

S

sat

        (2) 

where b is the adsorption equilibrium constant, q is the loading, qsat is the saturation loading = 
1.358 mmol g-1  for p-xylene in MFI (Talu et al., 1989), CS is the surface concentration, Csat is 
the saturation concentration and P is the pressure in the gas phase. The adsorption equilibrium 
constant is dependent on temperature according to equation (3) (Ruthven, 1984):
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Figure 10 shows adsorption isotherms for p-xylene in silicalite-1 (Brandani et al., 2000).

Figure 10. p-xylene adsorption loading as a function of pressure in silicalite-1. Redrawn from 
(Brandani et al., 2000).

The partial pressure of p-xylene in the reactor during catalytic tests was 6.82 kPa and the 
temperature was 450 °C. From Figure 10, b in equation (2) was determined at 150 and at 200 
°C at q = 0.1 mmol g-1 and extrapolated to 1.2  10-7 Pa-1 at 450 °C. Consequently, at the 
reaction conditions for p-xylene isomerization, b · P = 8  10-4 and equation (2) simplify to 
Henry’s law, i.e. linear depence between  and P: 

CS = Csat · b · P = K · P.        (4) 
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4.1.2 TiPB adsorption 
No adsorption data was found for TiPB on MFI in the literature. However, since a very low 
partial pressure of TiPB was used (93 Pa), it was assumed that TiPB adsorption could be 
described with Henry’s law. 

4.1.3 Reaction rate 
By using the ideal gas law (P = C·R·T) the surface concentration (4) can be written as: 

CS = K · C · R · T         (5) 

where C is the gas phase concentration. 

The surface reaction rate for a 1st order reaction can be written as: 

-r = ki  · CS           (6) 

where ki is the specific reaction rate constant, which is depending on the temperature as 
follows: 
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where kref is the rate constant at the reference temperature Tref. The reaction rate can then be 
written as: 
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At isothermal conditions, all constants in equation (8) can be lumped into another constant kj:
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The reaction rate can thus be expressed as a function of kj and the gas phase concentration C. 
This was used for both xylene isomerization and TiPB cracking. 

4.2 Xylene isomerization 
The following equations were used in the work reported in papers III, V and VI to model 
xylene isomerization over the ZSM-5 films. Xylene isomerization was modeled as a series of 
reversible 1st order reactions (p-xylene (A)  m-xylene (B)  o-xylene (C)) according to 
Olson and Haag (Olson and Haag, 1984) and Figure 11 below. 
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Figure 11. Reaction scheme for p-xylene isomerization. A = p-xylene, B = m-xylene and C = 
o-xylene. k1…k4 are rate constants. 

The rate of generation of the different components can be written as: 
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where:
ri = rate of generation of component i (mol kg-1 s-1),
k1…k4 are rate constants (s-1),
Ci is the concentration of specie i (mol/m3),

z is the zeolite density (1760 kg/m3).
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The values of the equilibrium constants KC1 and KC2 at 450 °C were obtained from 
thermodynamic data assuming ideal gas behavior (Möller et al., 2004):
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A mole balance over a film segment with thickness x was written, see Figure 12. 

Figure 12. Part of a film with segment x.

The mole balance of specie i can be written as: 
0xArAWAW zixxixi       (18) 

where:
Wi is molar flux of specie i (mol s-1 m-2),
A is the area (m2).

Dividing the equation above with A x and taking the limit as x 0 gives equation (19). 
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Fick’s first law gives the molar flux assuming equal molar counter diffusion as: 
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where Di is the effective diffusivity of species i (m2 s-1). Combining equations (19, 20) gives a 
second order differential equation for the concentration in the film: 
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Dimensionless parameters were used in order to simplify equation (21): 
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where h is the film thickness (m) and Cis is the concentration at the external surface of species 
i (mol m-3).
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Substrate

Diffusion through the surface of the film
(in absence of defects), with area A.
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Diffusion through the surface of the film
(in absence of defects), with area A.
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Inserting equations (22, 23) in (21) gives: 
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The following boundary conditions were used: 
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The molar flow rates in the reactor were calculated by assuming plug flow through the 
reactor:

i
i r

dW
dF           (27) 

where W is mass of zeolite (kg) and Fi is molar flowrate of component i (mol s-1). The 

reaction rates ir are the average reaction rates over the film at a certain position in the reactor 
and is calculated from the local rates ri by (28) 

h

0
ii dxr

h
1r           (28)

The ratios of the diffusivities of the xylene isomers were taken from literature, p-xylene:m-
xylene:o-xylene = 1000:1:10 (Mirth et al., 1993) and k1 and k3 were assumed equal and is 
hereafter denoted kiso. The rate constants were fitted to a broad interval of diffusivities by 
minimizing a sum of squares, S, defined as the difference by measured and calculated 
concentration at the outlet of the reactor for i (i=A, B, C) species and for n experimental data 
points:
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i

Simulated
i
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S        (29) 

With such a definition, the average relative error  in simulated concentration will be: 

3n
S           (30)

For each sample, the combination of diffusivity and rate constant (kiso) that resulted in a 
minimum of S were chosen.

The effectiveness factors for xylene isomerization were defined as:

h

0 is

i
i dx

r
r

h
1          (31) 

where ris is the rate of formation of xylene isomer i at the surface.
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4.3 Tri-isopropylbenzene cracking 
TiPB cracking is a decomposition reaction and was thus modeled as a 1st order irreversible 
reaction in a plug flow reactor. The reaction products are smaller than the TiPB molecule and 
may react within the pore system, but this does not affect the conversion of TiPB since this is 
an irreversible reaction. The following equations were used to model TiPB cracking on the 
external surface of the films. 

IiPB
TiPB r

dV
dF           (32) 

where:
TiPBTiPBTiPB Cakr         (33) 

and:
V is the reactor volume (m3),
rTiPB = rate of generation of TiPB (mol m-3 s-1),
k is rate constant (m s-1),
CTiPB is the concentration of TiPB (mol m-3),
a is defined as the theoretical external surface area of zeolite per volume of reactor. 

By using the zeolite loading obtained from N2 gas adsorption data, the zeolite density (1760 
kg m-3) and the film thickness obtained from SEM analysis, the theoretical external surface 
area was calculated. This area corresponds to A in Figure 12. The rate constant (kTiPB) was 
fitted to experimental data.  
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5 RESULTS AND DISCUSSION 

5.1 Properties of the supports 
The shape and surface area of the support are important for the evaluation of the supported 
films. A summary of the properties of the substrates used is given in Table 3. The non-porous 
quartz glass and soda glass beads have a very low surface area in comparison with the 
alumina beads and monoliths that are porous. The outer surface of the porous alumina beads 
(Figure 13 (a)) is very rough compared to the smooth surface of the non-porous quartz (Figure 
13 (b)). The surface area of the foam was about 7 times higher than that of the soda glass 
beads, which is due to large pores in the foam, see Figure 6 (a). The specific surface area of 
the foam is still low compared to the monoliths and alumina beads. The surface of monolith 
walls was rougher than the surface of the soda glass beads and the quartz glass, but not as 
rough as the surface of the alumina beads. 

Table 3. Support types used and their properties. 
Support Size Shape Surface 

morphology
BET area [m2 g-1]

Alumina bead ¼“ Sphere Rough 0.46 
Ceramic foam 2.5· 2· 1 cm Foam Smooth 0.017 

Monolith 400 cpsi Square channels Rough 0.14 
Soda glass 

beads
3 mm Sphere Smooth 0.0024 

Alumina bead “ Sphere Rough 0.125 
Quartz glass 2.5-4 mm Crushed glass Smooth 0.0036 

Figure 13. The outer surface of an alumina bead (a) and quartz (b). Notice the unevenness in (a) 
compared to (b). 

5.2 Film morphology 
Figure 14 shows 60 nm silicalite-1 seed crystals adsorbed on a monolith (paper II). A 
monolayer of seed crystals was formed on the external surface on all supports. 
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Figure 14. Seeds adsorbed on a monolith. 

Films could be grown on all substrates with the same seeding procedure. The seed crystals 
grew during hydrothermal treatments and formed dense ZSM-5 films on the entire outer 
surface of all supports. Figure 15 (a) and (b) show top view images of 800 nm ZSM-5 films 
on alumina ( ”) and quartz, respectively. The film on alumina is rougher than the film on 
quartz. This is because the alumina support has a rough external surface in comparison to the 
smooth quartz support, as shown in Figure 13. Figures 15 (c) and (d) show cross-sectional 
images on corresponding samples. Arrow 1 indicates the zeolite film and arrow 2 indicates the 
position of an alumina grain, which has been removed during the polishing procedure prior to 
SEM analysis. The arrow in Figure 15 (d) indicates the boundary between the zeolite film and 
the smooth quartz support. 

Figure 15. Support influence of film morphology: (a, c) film on alumina, (b, d) film on quartz. 



27

The roughness decreased during film growth and pores in the film were filled, see paper III. 
The thickest films prepared at 75 °C were 2.3 μm thick. The decreased roughness was 
attributed to the uneven support. This does not contradict the findings by Bonilla et al. 
(Bonilla et al., 2001), who observed an increase in surface roughness for much thicker films 
(30 μm) for a synthesis procedure which results in crystals with well developed coffin shape. 
However, dome like crystals were observed at the surface of thicker films, especially the films 
prepared at 150 °C, see Figure 16. These may arise from growth of aggregated seeds and/or 
secondary nucleation and growth on top of the films. Dome-like crystals may also form in the 
absence of a close packed seed layer (Xomeritakis et al., 1999) and possibly when non-flat 
supports are used.

Figure 16. A 3 μm film prepared on a monolith at 150 °C. 

5.2.1 Film thickness  
The film thickness could be controlled by the crystallization time and number of hydrothermal 
treatments as first reported in paper II. The film thickness increases with crystallization time 
and an additional number of hydrothermal treatments as reported in the papers, see also Table 
4. When ZSM-5 solution 1 (composition given in Table 2) was used, the thickness increases 
up to a synthesis time of 96 h where the concentration of nutrients likely reached the 
equilibrium level, see Table 4. 

The data in Table 4 also shows that the film thickness is the same for monoliths, soda glass 
beads, alumina beads and quartz glass using multiple hydrothermal treatments with ZSM-5 
synthesis solution 2. It can also be deduced from Table 4 that the ZSM-5 film growth rates 
were between 2 and 3 nm h-1 at 75 °C. Higher film growth rates, 250 nm h-1 were observed at 
150 °C, see paper II. Hydrothermal treatment of ZSM-5 solution 2 seeded with 0.01 wt% 
seeds resulted in discrete crystals with a size of 300 nm after 48 h at 75 °C. The film thickness 
after one treatment of 48 h was 150 nm, see Table 4. These results indicate that the crystal 
radius and the thickness of thin films prepared at 75 °C have the same growth rate, which was 
expected.
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Table 4. Film thickness increase with number of treatments at 75 °C. M denotes monolith, G 
soda glass beads, Q quartz and A alumina beads. 

Crystallization 
time (h) 

ZSM-5 solution Film thickness 
(nm) 

Support Paper 

48 1 110 M II 
72 1 170 M II 
96 1 270 M II 
120 1 280 M II 
170 1 270 M II 

2  72 1 500 ¼” A I 
1  48 2 150 G, Q, ” A III 
2  48 2 350 G, Q, ” A III 
6  48 2 800 M, G, Q, ” A III, V, VII 
18  48 2 2300 G, Q, ” A III, V 

The silicalite-1 films grew slower than the ZSM-5 films, see paper IV and VI. This is in 
accordance with literature data for silicalite-1 and ZSM-5 crystal growth rates (Cundy and 
Cox, 2003).

5.2.2 XRD 
Films and crystals prepared using the synthesis solutions described in Table 2 have been 
identified as pure MFI material by XRD previously (Li et al., 2005, Li et al., 2002, Wang 
2004). Discrete crystals (300 nm) prepared from ZSM-5 solution 2 and larger crystals formed 
in the bulk of ZSM-5 synthesis solution 1 were identified as MFI crystals by XRD (paper I, 
VI), see Figure 17. The literature data and the data in Figure 17 for discrete crystals indicate 
that the films in the present work also have MFI structure. 
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Figure 17. XRD patterns for discrete crystals prepared from ZSM-5 synthesis solution 1 and 2.
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5.2.3 Crystals and aggregates on top of films 
During hydrothermal treatment nucleation and crystal growth in the bulk of the synthesis 
solution occurred parallel with film growth (paper I, II). This resulted in some deposition of 
crystals and aggregates on the film surface. Figure 18 (a) shows a 0.8 μm thick ZSM-5 film 
on the monolith support (paper VII). Some crystals, probably originating from the solution, 
are present on top of the 0.8 μm film. It was observed that the amount of crystals and 
aggregated sediments on top of films was reduced by treatment with ultrasound for films on 
monoliths (paper II). One sample with a 370 nm thick film had a specific surface area of 41 
m2 g-1 and another sample with a film of identical thickness, treated with ultrasound had a 
specific surface area of 17.4 m2 g-1. This is due to a large amount of crystals on top of the film 
on the former sample. In order to minimize the amount of sedimented crystals on the films 
prepared on other supports, multiple hydrothermal treatment steps of 48 h at 75 °C were used. 
48 h was found to be long enough for substantial film growth as shown in Table 4, but short 
enough to avoid a significant amount of crystals and aggregates on top of the films. 

Figure 18. ZSM-5 films on monoliths (paper VII). Magnification in insert is 3.5 times higher. 

5.2.4 Columnar growth 
Figure 18 (b) shows a cross-sectional image of an 1.9 μm thick film on the monolith support 
(paper VII). Film was grown on the entire irregular shaped external surface as discussed 
above. Note that this film was prepared using 13 hydrothermal treatments. Continuous, 
columnar crystals, extending from the support to the surface of the film are observed, see 
insert, in accordance with previous observations for films prepared in many steps (Li et al., 
2002). This is also illustrated in Figure 20 (d) and in paper II, IV, VI and VII. The multi-step 
synthesis procedure thus resulted in continuous growth of the crystals in the films rather than 
nucleation and formation of layered structures. 

5.2.5 Zeolite loading 
Since the films were formed throughout the entire external surface according to SEM 
analysis, the zeolite loading should be affected by the roughness of the support. A higher 
zeolite loading, calculated from gas adsorption data, was observed using alumina beads in 
comparison with the quartz supports due to larger external surface of the alumina support. The 
mass growth rate of zeolite (g zeolite/(g catalyst·h)) on the alumina support is initially high 
but levels out and approaches the mass growth rate for the quartz support, see Figure 19. This 
is explained by the fact that the film on alumina becomes smoother as the film becomes 
thicker as observed by SEM analysis. The area available for zeolite growth is thus reduced but 
the film growth rate (nm h-1) is not affected, only the mass growth rate is reduced as expected. 
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In contrast to the alumina beads, the mass growth rate is constant on the smooth quartz 
support. As a result, more zeolite could be deposited on a rough support than on a smooth 
support, although the film thickness was the same. The fact that the mass of zeolite deposited 
on a support is dependent on the support morphology for a given film thickness is valuable 
information when designing industrial equipments. For instance, the size of reactors packed 
with supported zeolite films will depend on the carrier material. A support which results in 
higher zeolite loading will be advantageous, since smaller reactors can be used. 

Figure 19. Zeolite loading as a function of number of synthesis steps for ZSM-5 films supported on 
alumina and quartz (paper V). 

5.3 Zoned films 

5.3.1 Morphology 
Figure 20 (a) shows a top view image of an 800 nm precursor ZSM-5 film on alumina, with 
cracks indicated by arrows. Figure 20 (b) shows a 2300 nm precursor ZSM-5 film on alumina 
treated once in the silicalite-1 solution. The surface is very rough, possibly due to hillocks, 
twins or ramps (Hay et al., 1990, Koegler et al., 1997), in comparison to the precursor film 
shown in (a). In other areas the hillocks, ramps, etc. cover the precursor film completely after 
one treatment in the silicalite-1 synthesis solution, see Figure 20 (c). Observation of a rough 
surface of zoned MFI crystals compared to precursor ZSM-5 crystals has previously been 
reported (Li et al., 2005) in accordance with the present work. After two treatments in the 
silicalite-1 synthesis mixture, the precursor ZSM-5 films are covered with dense silicalite-1 
films, as exemplified by the SEM image in Figure 20 (d). The silicalite-1 surface is still 
rougher than the precursor ZSM-5 surface shown in Figure 20 (a). It can be observed from 
Figure 20 (d) that the ZSM-5 film consists of columnar crystals as described before. The 
silicalite-1 and ZSM-5 parts of the zoned film are indicated by the text in Figure 20 (d). 
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Figure 20. Zoned MFI films (paper VI). Arrows indicate cracks. (a) An 800 nm precursor ZSM-5 film 
on alumina. (b) A 2300 nm ZSM-5 film on alumina treated once in the silicalite-1 solution. (c) A 800 
nm ZSM-5 film on alumina treated once in the silicalite-1 solution. (d) Side view image of a 2300 nm 
ZSM-5 film on alumina treated twice in the silicalite-1 solution. 

5.3.2 ZSM-5/Silicalite-1 interface 
It was previously reported (Li et al., 2001, Li et al., 2002, Li et al., 2005, Wang, 2004) that 
according to XRD, TEM and XPS analyses, zoned films with interconnecting channels of 
ZSM-5 and silicalite-1 were obtained when the Si/Al ratio at the precursor film surface is 
higher than 45 but not when the ratio is lower than 23. The Si/Al ratio at the surface of the 
discrete crystals prepared for 48 h at 75 °C in this work (paper VI) was 96. The Si/Al ratio at 
the surface of an 800 nm film grown on quartz was 76 (paper IV and VI). Note that these 
samples not were acid leached prior to analysis. The precursor ZSM-5 films were acid 
leached, which should result in even higher ratio. This indicates that the zoned samples 
consist of continuous MFI crystals extending from the support to the top surface. 

5.4 Ion-exchange of films and powders 
EDX analysis was carried out on a 2300 nm thick film on quartz before and after ion-
exchange (paper V). The spectra are shown in Figure 21. The NaKa peak at 1.0 keV is absent 
after ion-exchange. This indicates that the ion-exchange procedure was successful for the 
zeolite films deposited on quartz. However, the Na content in the films prepared on other 
supports could not be determined by EDX, since the X-ray signal also emanates from the 
support, which contained small amounts of Na except in the case of quartz. 
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Figure 21. EDX analysis before and after ion-exchange of a 2300 nm film on quartz. 

ICP-AES analysis was also used in order to study the ion-exchange procedure (paper II). 
Zeolite crystals, grown and ion-exchanged under the same conditions used for film growth, 
were analyzed. After synthesis and calcination, but before ion exchange, the Si/Na ratio was 
66 in the powder. Already after one ion exchange, the Na concentration was below the 
detection limit at which the Si/Na ratio was 3700. The ZSM-5 powder was thus completely 
ion exchanged after one ion exchange. The ion-exchange procedure can thus be considered 
successful based on the EDX results presented from films and the ICP-AES data for the 
crystalline powder.  

5.5 Modeling of test reactions 
Figure 22 (a) shows experimental and simulated data for p-xylene isomerization on films 
grown on alumina and quartz, in the Figure represented by A and Q, respectively. Figure 22 
(b) shows experimental and simulated data for TiPB cracking for an 800 nm thick precursor 
ZSM-5 film grown on alumina and two zoned films obtained after one and two treatments in 
the silicalite-1 synthesis mixture. The Figures show the p-xylene (a) and the TiPB (b) 
conversion on the y-axes and the space times on the x-axes. The space time p-xylene is defined 
as zeolite mass divided by the molar flowrate of p-xylene entering the reactor. The space time 
for TiPB, TiPB, is defined as the theoretical external surface area divided by the molar 
flowrate of TiPB entering the reactor. The Figures show that experimental data and 
simulations of experimental data using fitted rate constants and diffusivities are consistent, see 
paper III, V and VI. 

(a) (b)
Figure 22. Experimental (points) and simulated (lines) data for p-xylene isomerization (a) and TiPB 
cracking (b). Numbers indicate film thickness in nm. 
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5.6 Defects in the MFI films 

5.6.1 SEM observations 
Cracks and open grain boundaries with a width between about 100 nm to about 10 nm 
(resolution of the microscope) were observed by SEM and reported in paper II, III, V, VI and 
VII. Figures 16, 18 and 20 illustrate examples of cracks in the films. Some cracks seemed to 
propagate throughout the entire film thickness, see Figure 20 (d) and paper VI and VII. The 
arrow in Figure 20 (d) indicates a defect, which seem to propagate from the support to the 
outer film surface. The crack seems to follow the grain boundaries. Cracks may arise during 
synthesis, rinsing, ultrasound treatment, calcinations or during sample preparation for SEM 
analysis. 

5.6.2 Adsorption data 
In accordance with the SEM investigation, mesopores were observed by N2 sorption. The 
mesopore volumes were in the order of 0.1 cm3 per g zeolite (paper V, VI, VII) for films. A 
similar mesopore volume was measured for a powder of 1 μm crystals prepared at 100 °C 
using ZSM-5 solution 2 (paper V). A high mesopore volume was measured for the silicalite-1 
seeds, 0.5 cm3 g-1, see paper V. The amount of defects, or mesopores, in the films was thus 
much lower than for small crystals (seeds) and comparable to relatively large crystals (1 μm). 

Thicker films had always more mesopore volumes per g sample, see Figure 23 (a, c). This is 
expected since thicker films have a higher zeolite loading. Note that the mass sample includes 
the mass of the support and the mass of the zeolite. 

The mesopore volume per g zeolite increased with film thickness for the films grown on 
monoliths, which is shown in Figure (b) and reported in paper VII. This is in agreement with 
previous data for MFI films as discussed earlier, i.e. the amount of defects increase with 
increasing film thickness (Hedlund et al., 2003). In contrast, the mesopore volume per g 
zeolite decreased with film thickness for alumina supported films, see Figure (c) and paper V. 
This indicate that the amount of defects decrease with film thickness, which contradicts 
previous findings (Hedlund et al., 2003) and the results from the reaction experiments carried 
out in this work, see below. 

The mesopore volume was higher for zoned films than precursor films as shown in Figure 23 
(d). This is probably due to mesopore formation during acid treatment and calcinations. 
Fluorescence confocal optical microscopy (Snyder et al., 2004) could be used in future work 
to investigate defects for complementary data. 

There is a step increase in pore volume at approximately 40 Å (Figure 23 (a, b, d)) in the 
desorption branch which is absent for the adsorption branch. This is probably due to the so-
called tensile strength effect, which is absent in the adsorption branch (Groen et al., 2002) and 
not to a step in the pore size distribution. 



34

(a) (b)

(c) (d)
Figure 23. (a, b) BJH cumulative pore volumes for a thin (0.8 μm) and thick (1.9 μm) film on a 
monolith and a powder of 1 μm crystals. The adsorption branch is denoted (ads.) and (des.) denotes the 
desorption branch. (c) Mesopore volumes for films on alumina. (d) BJH desorption cumulative pore 
volume for a 2300 nm thick precursor ZSM-5 film on alumina and the corresponding zoned film 
obtained after 2 treatments in the silicalite-1 solution. 

5.6.3 Reaction data 
The fitted p-xylene diffusivities increased with film thickness, see Table 5, paper III and V. 
This indicates that thicker films have more defects. The p-xylene diffusivity was also higher 
for zoned films in comparison with the corresponding precursor ZSM-5 film, see Table 6 and 
paper VI. This indicates more defects in the zoned films as observed by N2 sorption. 

Table 5. TiPB rate constants and p-xylene diffusivities for films grown on alumina (A) and 
quartz (Q) supports. Numbers in sample names indicate film thickness in nm. 

Sample kTiPB (10-6 m s-1) Dp-xylene (10–10 m2 s-1) kiso (s-1)
A150 0.44 0.07 0.04 
A350 1.0 1.4 0.36 
A800 1.4 4.1 0.37 
A2300 11 86 1.0 
Q350 17 23 2.2 
Q800 7.5 105 7.8 
Q2300 50 1100 5.6 

More defects in thicker films and zoned films will create external surface area which will be 
available for the TiPB molecule. In concert, a higher TiPB cracking activity was observed for 
thicker films on alumina and zoned films, see rate constants in Table 5 and 6. No clear trend 
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was observed for the quartz supported precursor films (Table 5), but the thickest film (Q2300) 
had the largest TiPB rate constant in agreement with the discussion above. 

A higher TiPB cracking activity would also occur for thicker films if they had a rougher 
surface or a higher aluminum concentration at the surface than thinner films. However, the 
SEM investigation showed that the film surface was smoother for thicker films. In addition, 
the aluminum concentration was not higher at the film surface for thicker films according to 
XPS data. Hence, the observed increase in TiPB cracking activity and p-xylene diffusivity is 
likely due to more defects.  

Table 6. TiPB rate constants and p-xylene diffusivities before and after zoning of an 800 nm 
precursor ZSM-5 film grown on alumina. 

Type of film kTiPB (10-6 m s-1) Dp-xylene (10–10 m2 s-1)
Precursor ZSM-5 film 1.4 4 

Zoned 1 step 8.1 14 
Zoned 2 steps 6.4 14 

Changes in the orientation with film thickness may also affect the diffusivity as discussed 
earlier in the thesis. Also the assumption that the ratio of diffusivity for p-xylene:m-xylene:o-
xylene is 1000:1:10, will not hold in mesopores where the ratio is 1:1:1. The observed 
increase in p-xylene diffusivity with film thickness (see Table 5, 6) may thus be affected by a 
change in the ratios of the diffusivities due to defects, which was not accounted for in the 
model used in the present work. 

5.6.4 Effect of defects 
It is likely that defects observed by SEM, N2 sorption, xylene isomerization and TiPB 
cracking stem from open grain boundaries and cracks. Most of the surface area is probably 
originating from open grain boundaries and only a smaller part is probably due to cracks. The 
films in the present work are polycrystalline and grain boundaries are an inherent feature in 
these materials. It is therefore not entirely appropriate to consider open grain boundaries as 
defects. Nevertheless, open grain boundaries in polycrystalline films are generally considered 
as defects in the literature.   

Depending on the application, defects can be detrimental or advantageous. For example, 
introduction of mesopores enhance the cracking of large molecules, such as TiPB, over zeolite 
Y cracking catalysts (van Donk et al., 2003), which is advantageous. These results are in 
agreement with the data reported here for MFI film catalysts. Since the diffusivity is higher in 
the presence of defects, mesopores are also favorable in processes where high diffusion rates 
are beneficial for the performance. 

However, mesopores may reduce the shape selectivity of the zeolite catalyst or the separation 
factor of a zeolite membrane, which could be undesired in many applications. To reduce the 
amounts of defects in zeolite film catalysts and adsorbents it may be important to calcine the 
films in a water free environment or remove the template by low temperature treatments. A 
support with a similar expansion coefficient as the film should also be beneficial in order to 
reduce the amount of defects according to literature reports discussed earlier. One or several 
of the post synthesis treatments may introduce defects. This is currently under investigation at 
the division. The films could also be treated with a suitable medium that can block or seal the 
defects (Yan, et al., 1997, Xomeritakis et al., 2001).
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5.7 Mass transfer resistance of the films 

5.7.1 p-Xylene isomerization 
Figure 24 shows the concentration ratio of m-xylene and o-xylene as a function of p-xylene 
conversion of films on quartz (indicated by Q) and on alumina (indicated by A), see paper III 
and V. Lines in the Figure are simulated data and the points are the experimental data. 
Thinner films, A150 and Q350 have higher ratios than the thicker films A2300, Q800 and 
Q2300. This indicates stronger mass transfer resistance of thicker films in accordance with the 
theory discussed earlier. The 2300 nm film on quartz (Q2300, thickest film) have higher ratios 
than the 800 nm thick film (Q800). In addition, this sample has a high TiPB rate constant and 
a high p-xylene diffusivity according to Table 5. These data indicate that the thickest film on 
quartz (Q2300) is especially defective. 

Figure 24. Concentration ratio of m-xylene / o-xylene versus p-xylene conversion in the reactor 
effluent during isomerization of p-xylene. Points represent experimental data and lines are the 
simulated data. A indicates alumina support and Q indicates quartz support. Numbers indicate film 
thickness in nm. 

Table 7 shows effectiveness factors for xylene isomerization for films grown on alumina and 
quartz. Effectiveness factors for p-xylene are decreasing with film thickness for films on both 
types of supports. This indicates stronger mass transfer resistance in thicker films, which is in 
agreement with the data in Figure 24. Only Q2300 deviates from this trend, which is again 
probably caused by an especially defective film. Effectiveness factors for m-xylene show 
similar trends as the effectiveness factors for p-xylene, as expected. The high diffusivity of p-
xylene leads to a constant p-xylene concentration in the film, which results in a high rate of 
formation of m-xylene. Since the diffusivity of m-xylene is low, the m-xylene concentration 
in the film will be higher than in the gas. The outcome is a high rate of formation of o-xylene, 
which explains why the effectiveness factors for o-xylene are >1. 

Table 7. Effectiveness factors for xylene isomerization at 10 % p-xylene conversion for ZSM-
5 films. A indicates alumina support and Q indicates quartz support. The numbers indicate 
film thickness in nm. 

Sample p-xylene m-xylene o-xylene

A150 0.99 0.96 1.3 
A350 0.96 0.88 2.1 
A800 0.93 0.80 3.5 
A2300 0.94 0.79 3.6 
Q350 0.98 0.95 1.4 
Q800 0.95 0.83 2.9 
Q2300 0.97 0.89 1.9 
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5.7.2 NO2 adsorption 
The NO2 concentration in the reactor effluent during NO2 adsorption for a 0.8 μm and a 1.9 
μm thick ZSM-5 film grown on a monolith support (paper VII) are shown in Figure 25. The 
NO2 breakthrough occurred at 180 s and 250 s for the thin and thick film, respectively. The 
thinner film is in equilibrium with the feed after approximately 500 s and the thicker film after 
about 1000 s. The lag time between NO2 breakthrough until the zeolite is in equilibrium with 
the feed is thus about 320 and 750 seconds for the thin and thick film, respectively. The 
greater lag time between NO2 breakthrough until the zeolite is in equilibrium with the feed for 
the thicker film is due to stronger mass transfer resistance for the adsorption process in the 
thicker film. 

Figure 25. NO2 concentrations during NO2 adsorption at 30 °C for two ZSM-5 films with different 
thickness.

In summary, thicker films showed higher mass transfer resistance according to m-xylene / o-
xylene ratios, effectiveness factors and NO2 sorption experiments, as expected from the 
theory discussed previously. Without defects, the thicker films would show even more mass 
transfer resistance. 

5.8 Poisoning due to impurities in the support 
Films on soda glass beads were essentially inert for p-xylene isomerization and TiPB cracking 
(paper III). The soda glass beads contained 13 % Na2O. The films on alumina were relatively 
active for both reactions (paper III) and the rate constants are given in Table 5. The Na2O
concentration in the alumina beads without zeolite films was 0.38 % before and after ion-
exchange. According to XPS, the Si/Na ratio of the film surface fluctuates at an average value 
of about 27 for all ion-exchanged and calcined films on alumina. A Si/Na ratio of 112 was 
measured after ion exchange to the ammonium form, but before calcination to the acid form. 
These results indicate that sodium migrates from the alumina support to the surface of the 
zeolite film, and possibly to the interior of the alumina supported films, during the final 
calcination to the acid form after ion exchange. As a consequence of Na migration, thinner 
films on alumina are more poisoned than thicker films. This is illustrated in Table 5 and 
Figure 22 (a), which show that the activity is higher for thicker films on alumina. In 
agreement, Botes and Böhringer (Botes and Böhringer, 2004) reported alkali migration from a 
Fischer-Tropsch catalyst to HZSM-5 leading to deactivation of the zeolite catalyst.  

The films on quartz show highest activity for p-xylene isomerization and TiPB cracking, see 
Table 5, Figure 22 (a) and paper V. This is explained by a much purer support, free from 
alkali metals. 

In summary, ZSM-5 films grown on supports that contain Na and other impurities are 
probably deactivated by solid-state ion-exchange. It can thus be concluded that films intended 
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to be used with Na as counterions could probably be prepared on the alumina support, or 
some other support with a relatively low amount of impurities, without a reduced 
performance. However, if H+ is the targeted counterion, films should be prepared on very pure 
supports, free from alkali metals etc., for optimal performance. 

5.9 Activity of zoned MFI films 
The ZSM-5 films on alumina and quartz supports were active in p-xylene isomerization and 
cracking of TiPB as discussed above. For comparison, silicalite-1 films with a thickness of 
500 nm were grown directly on alumina and quartz supports and tested by p-xylene 
isomerization and TiPB cracking (paper IV and VI). These samples were inert as expected. 

Zoned films showed similar activity for p-xylene isomerization as the precursor films, as 
expected, since most p-xylene molecules react on the internal sites of the film and should thus 
not be affected by the addition of a thin silicalite-1 film. In contrast, the zoned films had 
higher activity for TiPB cracking than the corresponding precursor ZSM-5 films. This 
unexpected finding is reported in paper IV and VI and shown in Figure 22 (b) and Table 6. 

XPS analyses were carried out on an 800 nm precursor ZSM-5 film grown on quartz and the 
zoned film obtained after two treatments in the silicalite-1 solution. The precursor film had a 
Si/Al ratio of 76 after calcination. The ratio for the zoned film was 149 prior to calcination 
and 38 after calcination. These data indicate that aluminum migrates from the ZSM-5 film to 
the zoned film surface during calcination. As discussed earlier, aluminum migration may be 
promoted by the presence of the mesopores. More mesopores in zoned samples, see Figure 23 
(d), generate more external surface area available for TiPB cracking. As shown by SEM 
analysis, the zoned film surface is rougher which also gives a larger external surface area of 
the zoned sample. It is likely a combination of aluminum migration to the silicalite-1 film, 
mesopores due to open grain boundaries or cracks and the roughness of the zoned films that 
explains the higher external activity of zoned films. 

The activity of zoned films compared to precursor films increased when both quartz and 
alumina supports were used. Hence, aluminum leaching from the alumina support during 
synthesis of the zoned films was not the cause of the external activity of zoned films but 
likely aluminium migration from the precursor film. 

5.10 NO2 adsorption and TPD studies 
NO2 adsorption and temperature programmed desorption (TPD) were carried out on ZSM-5 
films grown on monoliths and reported in paper VII. The film thickness of the two samples 
was 0.8 μm and a 1.9 μm, respectively. The corresponding zeolite loadings of the tested 
samples were 0.065 and 0.10 g zeolite per g sample. Note that the films were not ion-
exchanged after calcination. Figure 25 shows the NO2 concentrations of the reactor effluent 
during NO2 adsorption at 30 °C. The longer time for NO2 breakthrough for the thicker film is 
due to a larger adsorption capacity per g sample caused by the higher zeolite loading in the 
sample with the thicker film. Adsorption capacity was evaluated by integration of the 
adsorption data and is given in Table 8. The adsorption capacity of NO2 per g zeolite is 
independent of film thickness as expected. About four times more NO2 is adsorbed at 30 °C 
than at 200 °C. 



39

Table 8. Sorption data for films grown on monoliths. 
Film 

thickness 
NO2 ads. (μmole/g zeo.) NO formed (μmole/g zeo.) 

 30°C 200°C 30°C 200°C 

0.8 μm 394 101 16 24 
1.9 μm 416 103 16 21 

During NO2 adsorption, NO appears almost immediately in the effluent for both films, see 
Figure 26 (a). Occurrence of NO in the effluent is probably due to formation of surface nitrate 
species upon NO2 adsorption, leading to NO formation as discussed in paper VII. Immediate 
release of a large amount of NO and only small released amounts of NO later during NO2
adsorption indicates that NO formation mostly occurs when NO2 adsorbs on a strong site. The 
amount of NO formed per g zeolite is the same for the thin and thick film, see Table 8. This 
indicates that NO is formed on sites distributed within the entire zeolite film and not only on 
the external surface. The release of NO is observed over a longer time for the thick film due to 
a higher mass transfer resistance in the thicker film. 

(a) (b)
Figure 26. NO2 sorption on ZSM-5 films grown on monoliths (paper VII). (a) NO concentrations during 
NO2 adsorption at 200 °C. NO2 and NO concentrations during TPD starting at 30 °C (b). 

During TPD, using the 0.8 μm thick film and starting at 30 °C most of the NO2 is desorbed 
below 250 °C, see Figure 26 (b). This is probably the result of desorption from a number of 
adsorption sites with varying strengths. Desorption of a smaller amount of more strongly 
adsorbed NO2 is observed at higher temperatures. Formation of NO is observed at 350 °C, 
probably due to surface nitrate decomposition at a strong site, in accordance with literature 
(Sedlmair et al., 2003).
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6 CONCLUSIONS 
Continuous and dense MFI films were synthesized by seeded growth on various types of 
substrates, such as monoliths, foams, alumina beads and crushed quartz glass. Films of ZSM-
5, silicalite-1 and zoned MFI were grown with thicknesses between 110 nm and 9 μm. The 
thickness could be controlled by the synthesis duration. A relatively long hydrothermal 
treatment results in deposition of crystals formed in the synthesis solution onto the film 
surface. These could be removed by treatment with ultrasound and this deposition could be 
inhibited by using multi-step synthesis with a short hydrothermal treatment in each step. By 
using a support with a high external surface area, a high zeolite loading is obtained. The 
zeolite loading increases with film thickness, as expected. 

The ZSM-5 films were successfully tested as catalysts and adsorbents. Mathematical models 
could account for all catalytic experimental observations. Films on soda glass beads were 
inert while films grown on quartz were more active per g zeolite than films on alumina beads. 
This is due to partial or total poisoning of the alumina and soda glass supported catalysts. 

Thicker films showed stronger mass transfer resistance than thinner films as expected for 
well-defined zeolite films. Thicker films are more defective due to cracks and open grain 
boundaries. The external activity of zoned films is higher than the precursor ZSM-5 films due 
to defects, aluminum migration and a rougher surface. 

ZSM-5 films grown on monoliths were evaluated as NO2 adsorbents. Various adsorption sites 
with varying strengths were observed. The adsorption capacity per g zeolite was independent 
of film thickness as expected. Formation of NO occurred during NO2 adsorption on strong 
adsorption sites. 

The present work has shown that well-defined MFI films can be used as catalysts and 
adsorbents. The film properties can be tailored for certain applications by using proper 
counterions and controlling the film thickness. Thin films should be used in processes where 
diffusion limitation should be low, while thicker films could be used where higher mass 
transfer resistance is desired. Films should be grown on a pure support material with a large 
external surface area in order to obtain a high activity and high zeolite loading. 
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7 RECOMMENDATIONS FOR FUTURE WORK 
Only very pure supports should be used in future work. A continuous synthesis process 
should be developed in order to prepare even more well-defined films free from loosely 
attached crystals and sediments on the film surface. The use of autoclaves and high 
temperatures should be investigated in more detail for film preparation. 

It is important to study defects and aluminum migration in these films further and investigate 
if they can be reduced. Following parameters may be important for an investigation: 
calcination in absence of water, acid treatment, rinsing and support material. 

A modified reaction-diffusion model, which takes defects into account, should be developed. 
The external activity observed by TiPB cracking should be compared with adsorption or ion-
exchange measurements. Thin zeolite films should be further tested in other applications, for 
instance catalytic distillation and pressure swing adsorption. 
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Structured zeolite ZSM-5 coatings on ceramic packing materials

O. Öhrman, U. Nordgren, J. Hedlund, D. Creaser and J. Sterte

Division of Chemical Technology, Luleå University of Technology, 971 87 LULEÅ, Sweden

Homogeneous coatings of ZSM-5 were prepared on porous ceramic foams and on alumina
spheres using a seeding technique. The zeolite was predominately present in the form of a
film on the support surface rather than as aggregated crystals on the surface. The entire
surface of the foams was successfully covered with a 450 nm film. A 500 nm film was formed
on the external surface and also in pores close to the external surface of the spheres.
Aluminum leaching from the foams was observed but did not seem to have any detrimental
effects on the substrates.

1. INTRODUCTION

Ceramic packing materials coated with binderless zeolite coatings are of interest as
catalysts for packed bed reactors but also for catalytic distillation [1]. Zeolite coatings are of
great interest as catalysts since they are thermally stable and shape selective with high surface
area and since properties can be altered by ion exchange [2]. Difficulties in providing
adequate contact between catalyst surface and liquid phase leads to mass transport problems
in many catalytic distillation reactions [3]. In catalytic distillation, a significant improvement
could be achieved if the catalyst material was organized as a thin and continuous film on a
conventional distillation column packing material. Depending on the kinetics of the reactions
and on the form of the catalyst, the catalytic material in packed bed reactors may have
considerable internal temperature and concentration gradients, which affect the apparent
reaction rate and the selectivity of the reaction. Homogeneous and thin zeolite films grown on
ceramic packing materials would result in reduced mass and heat transport limitations in
certain catalyzed reactions but the zeolite loadings would be low. However, it is anticipated
that the low catalyst loading with zeolite coatings could be compensated for by the potential
increase in shape selectivity, due to fewer unselective external sites and the higher
effectiveness factor. An equal or higher catalyst activity was observed for the catalytic
distillation of ETBE over structured packing materials coated with zeolite β  films [4], even
though the catalyst density was about three times lower than for the commercial packing with
Amberlyst-15 ion-exchange resin.

A number of techniques to prepare zeolite films and membranes have been reported in the
literature [5-9]. In most of these methods nucleation, crystallization and growth occurs on a
substrate surface leading to zeolite film formation. Caro et al. [10] presents a thorough review
of the development of zeolite membranes. One challenge with the preparation of zeolite films
for use in catalysis is to obtain an even coating with a controlled morphology that covers the
entire support surface since the catalyst support materials often are porous with an irregular
surface structure. Also, it is known that the synthesis of zeolite films is sensitive to the



chemical and structural properties of the substrate [5, 6, 11]. In the present study zeolite ZSM-
5 films were synthesized on ceramic packing materials by modification of the seed film
method [8].

2. EXPERIMENTAL SECTION

Alumina spheres (Duranit 99, ¼ inch) and ceramic foams (Kerapor 1000, ca: 2.5×2×1 cm)
obtained from Vereinigte Füllkörper-Fabriken, Germany were used as substrates. The spheres
contained small amounts of SiO 2, TiO2, MgO, CaO, Na2O, K2O and Fe2O3 in addition to
alumina (greater than 99 %) according to the manufacturer. The high porosity (85 %
according to the manufacturer) of the macroporous foams made them conformable for coating
the entire surface with a zeolite film. Such a structured packing would for example be suitable
for catalytic distillation.

The spheres were rinsed several times in acetone for 5 minutes in order to remove
contaminants that could affect zeolite crystallization. The spheres were rinsed and kept in a
cationic polymer solution for 10 minutes in order to coat the surface with the polymer. The
polymer was 0.4 % Redifloc 4150 (Eka Chemicals, Sweden) as an aqueous solution at pH 8.0.
Rinsing with 0.1 M NH3 removed excess polymer.

TPA-silicalite-1 seeds with an average size of 60 nm were prepared according to Persson
et al. [12]. A synthesis solution, of molar composition: 9 TPAOH: 25 SiO 2: 360 H2O: 100
EtOH, was prepared by mixing tetraethoxysilane (Sigma Chemical), tetrapropyl ammonium
hydroxide (Merck-Schuchardt) and distilled water. The mixture was hydrolyzed at room
temperature under continuous agitation on a shaker for 120 hours. Subsequent crystallization
of the silicalite-1 seed sol was carried out at 60 OC for 2 weeks. The sol was purified by
repeated centrifugation and redispersion in a 0.1 M NH3 solution. The prepared seed sol was
diluted to 0.9 weight-% by adding distilled water and adjusted to pH 10 by adding small
amounts of 0.1 M NH3 solution. The polymer-coated spheres were placed in the seed sol for
10 minutes in order to adsorb seed crystals. For the ceramic foams, the rinsing and coating
procedures were prolonged (minimum 24 h in each step) and carried out under periodically
reduced pressure in order to ensure complete penetration of the liquid into the internal pores.

The seeded substrates were hydrothermally treated at 75 OC under reflux in a ZSM-5
synthesis solution. Aluminum isopropoxide (Merck-Schuchardt) was mixed with the
chemicals that were used in the preparation of the seed sol. The molar composition of the
mixture was 3 TPAOH: 25 SiO 2: 0.25 Al2O3: 1450 H2O: 100 EtOH. The mixture was
hydrolyzed at room temperature on a shaker for 24 hours before use. Several (10-15) seeded
alumina spheres were treated in the same container while the ceramic foams were treated
piece by piece. The seeded substrates were hydrothermally treated twice. The first
hydrothermal step was interrupted before sedimentation commenced whereupon the
hydrothermal treatment continued in a fresh synthesis solution. When the synthesis solutions
were exchanged, precautions were made to prevent alteration of the spheres’ orientation,
which might cause film peeling due to abrasion. After the final synthesis step, sedimented and
aggregated crystals were removed from the substrates by rinsing in a 0.1 M NH3 solution for
4-5 days during which ultrasound treatment was used for 1 h each day.

In addition, seeded substrates were hydrothermally treated (75 OC) in a silicalite-1 (i.e.
aluminum free) synthesis solution (prepared as above) of molar composition: 3 TPAOH: 25
SiO2: 1450 H2O: 100 EtOH. Repeated centrifugation and dispersion in a 0.1 M NH3 solution
purified the zeolite crystals formed in solution. In order to determine if aluminum leaching



from the support materials occurred, the purified zeolite was analyzed by inductively coupled
plasma atomic emission spectrometry for silicon and aluminum content.

Crystal size analysis of crystals formed in the bulk solution was carried out with dynamic
light scattering (DLS). The instrument used was a Brookhaven Instruments ZetaPlus.
Nitrogen adsorption at liquid nitrogen temperature was measured with a Micromeritics ASAP
2010 instrument. Prior to analysis, the samples were steadily heated (in a furnace) from room
temperature up to 550 OC in 5 hours. The furnace was held constant at 550 OC for 6 h to
complete the calcination. After the calcination the samples were cooled to room temperature
in 5 hours. The samples were also outgassed at 10 μm Hg and 300 OC for 12 hours before
analysis. The specific zeolite surface area was measured on bulk-zeolite formed after
hydrothermal treatment (82 OC) in the ZSM-5 synthesis solution (3 TPAOH: 25 SiO 2: 0.25
Al2O3: 1450 H2O: 100 EtOH) and in the absence of substrate material. The bulk-zeolite was
purified in the same manner as the seed sol before calcination and surface area measurement.
X-ray diffraction data of the bulk-zeolite and of the coated foams and spheres were recorded
with a Siemens D 5000 powder diffractometer equipped with a Cu target. The foams were
ground before analysis while whole spheres were analyzed.

A Philips XL 30 scanning electron microscope (SEM) equipped with a LaB6 emission
source was used for studies of surface morphology and to measure zeolite film thickness. The
samples were mounted in resin (LR White, London Resin Company Ltd.) and polished in
order to obtain cross-section images of the film. Before analysis, the samples were re-calcined
to remove the resin by combustion.

3. RESULTS AND DISCUSSION

3.1. Characterization of the ceramic packing materials
The spheres had a mass of 0.72 g sphere-1 and a surface area (before synthesis) of 0.46 m2

g-1 according to gas adsorption measurements. The gas adsorption data were based on an
average of 10 spheres. In contrast to the foams, the intention was to coat only the external
surface of the spheres with a zeolite film. The mean pore size of the spheres was as small as 4
nm and thus the 60 nm silicalite-1 seed crystals would be inhibited from reaching the internal
surface of the spheres. A single piece of ceramic foam weighed 4 ± 0.5 g and possessed a
specific surface area of 0.017 m2 g-1 according to gas adsorption measurements.

3.2. SEM, gas adsorption and DLS
Figure 1 shows SEM images of the ceramic foams (a) and a sphere (b) after seeding. A

monolayer of seeds formed on both substrates. However, unseeded parts of the spheres were
observed (see Figure 1 (b)). The unseeded parts were of varying size. No bare spots were
observed for the foams. Also, the seeds were more densely packed on the foams than on the
spheres. The average size of the seed crystals was approximately 60 nm according to SEM
images. The seed sol contained some aggregated crystals, as is evident in Figure 1.



Fig. 1. Seeds adsorbed onto the surface of a ceramic foam (a) and of an alumina sphere (b).

SEM analysis of the hydrothermally treated spheres showed that the seed crystals had
grown to form continuous, homogeneous and well-distributed films after two hydrothermal
steps (72 + 72 h). Figure 2 (a) shows a representative image of a film grown on a sphere. The
Figure shows that the film surface was free from clusters of sediment. It can also be seen that
there were some surface-attached crystals on top of the film. Figure 2 (b) shows that zeolite
film had been formed in the external surface pores. The arrow in Figure 2 (b) indicates the
position of the film. The zeolite film thickness was approximately 500 nm. It was found that
the film covered almost the entire external surface. The minor fraction not covered was
probably caused by loss of seed crystals (see Figure 1 (b)) and film peeling, due to the
abrasion between spheres during the rinsing procedure. The uncoated parts in Figure 2 (b)
were probably caused by loss of alumina grains when the samples (embedded in resin) were
polished in order to obtain side view images of the films.

Fig. 2. Top view (a) and side view (b) of film on sphere.



Fig. 3. Top view (a) and side view (b) of a film on a piece of ceramic foam.

SEM analysis of the hydrothermally treated foams showed that zeolite film had been
formed on the walls of the macropores throughout the foams. Thus, the extended sample
preparation procedure was apparently adequate to achieve seeding of the internal surface of
the foams. Figure 3 shows a top view (a) and a side view (b) of a film obtained after two
hydrothermal steps (72 hours in each step). As for the spheres some surface-attached crystals
were found (see Figure 3 (a)) on top of the film. These surface-attached crystals were
probably nucleated in the bulk of the synthesis solution and sedimented onto the film surface.
The surface-attached crystals were probably relatively strongly attached (and perhaps even
intergrown with the film) since they could not be removed by the rinsing procedure including
ultrasound treatment. Some of the larger crystals on top of the film can also be explained by
insufficient intergrowth of seed crystals. Xomeritakis et al. showed that the absence of a
close-packed seed layer resulted in larger grains constituting a hemispherical shape [13]. The
arrows in figure 3 (b) indicate the position of the film on the foam support. The film thickness
was approximately 450 nm. The consistency in film thickness for the spheres (500 nm) and
foams (450 nm) must be considered as good.

Table 1
Film thickness and average crystal size in the synthesis mixtures

Crystallization time [h] Film thickness (SEM) [nm] Crystal size* (DLS) [nm]
Step 1 Step 2 Step 1 Step2

Spheres 72 72 500 518 602
Foams 72 72 450 418 273
* The size of crystals formed in the bulk phase

The final film thickness and DLS analysis of average crystal size in the synthesis solutions
are shown in Table 1. The smaller crystal size in the second synthesis step than in the first
step for the ceramic foams was unexpected. An explanation for this phenomenon could be that
larger crystals had formed aggregates that were not exposed to the laser light during DLS
analysis due to sedimentation. The sum of the bulk-crystal sizes in step 1 and step 2 was
larger than the corresponding final film thickness. The discrepancy could depend on a higher
aluminum concentration in the films than in the bulk-zeolite since it is known that zeolite



ZSM-5 crystals have a slower growth rate in the presence of a higher aluminum concentration
[14, 15]. Results obtained from elemental analysis of calcined bulk-zeolite formed in a
silicalite-1 synthesis solution (seeded substrates were present) are shown in Table 2.

Table 2
Elemental analysis of calcined bulk-zeolite
Support Alumina spheres Ceramic foams
Si [mol kg-1] 13.78 13.85
Al [mol kg-1] <0.004* 0.026

* Detection limit

Aluminum was indeed found in the bulk-zeolite formed after 144 h in the presence of a
seeded foam despite the fact that the synthesis solution was aluminum free. This suggests that
a partial dissolution of the ceramic foams occurred. However, even with the spherical
substrates aluminum may have leached only to a zone close to the support surface where it
was consumed by the growing zeolite film. There were not any signs of degradation of the
substrates according to SEM analysis.

The measured surface area of the calcined zeolite powder (crystallized in absence of
substrate) based on BET adsorption was 415 m2 g-1. After synthesis and calcination the
surface area of the spheres had increased from initially 0.46 m2 g-1 to 0.70 m2 g-1. The
increase corresponds to a zeolite loading of 0.6 mg zeolite (g sphere-1)). The measured weight
uptake (0.35 mg (g sphere)-1) after synthesis was in reasonable agreement with the gas
adsorption data. The coverage of a zeolite film of equal thickness can be calculated if the
specific zeolite surface area, zeolite loading and density are known. If it is assumed that the
film was 500 nm irrespective of position on the sphere only 0.14 % of the entire surface of the
spheres would be covered with zeolite (the zeolite density assumed to 1760 kg m-3). In
addition, if it is assumed that the geometrical external surface area of the spheres equaled the
true external surface area of the spheres 28 % of the 500 nm zeolite film was formed on the
external surface whereas about 72 % was formed in external pores. As expected, neither gas
adsorption nor SEM analysis indicated the presence of zeolite in the interior of the spheres.

After the two hydrothermal synthesis steps (and calcination) the surface area had increased
to 7.7 m2 (g foam)-1, which is equivalent to a zeolite loading of 0.018 g zeolite (g foam)-1. The
zeolite loading based on the weight uptake was 0.019 g zeolite (g foam)-1, which is in
agreement with the loading from gas adsorption. For the foams, the mean film thickness based
on gas adsorption measurements and weight uptake was 602 and 606 nm respectively (100 %
coverage assumed). The similarity in film thickness according to SEM analysis (450 nm)
indicated that the zeolite was present as a well distributed film of equal thickness. For a
poorer zeolite coverage or if large amount of sediments were present on top of the film the
difference in film thickness would be evident. If a higher catalyst loading is required the
number of synthesis steps can be extended with a resulting increased film thickness. An
increased crystallization temperature e.g. use of autoclaves would also be beneficial to obtain
thicker films.

3.3. X-ray diffraction
X-ray diffraction analysis of the calcined zeolite powder (crystallized for 96 h in the

absence of a support) was carried out and the data is shown in Figure 4.



Fig. 4. XRD-pattern for calcined zeolite powder.

The XRD-pattern was in agreement with that for zeolite ZSM-5. However, the formation of
ZSM-5 in the bulk was not definitive proof that the film consisted of ZSM-5 but it strongly
indicated ZSM-5 film formation. Zeolite-coated spheres were ground and analyzed as well but
due to the low zeolite loading only peaks from the alumina spheres were found. However,
when whole spheres were analyzed the most intense peaks shown in Figure 4 could be
detected for the sphere samples as well. The peaks were somewhat shifted and wide due to
differences in height of the sphere surface. Since the films were thin, the ZSM-5 peaks were
of low intensity compared to the peaks from the alumina spheres. The characteristic ZSM-5
peaks were found for zeolite-coated foams although they were of low intensity due to the low
zeolite loading. The location of the high intensity peaks better matched those for ZSM-5 for
the foams than for the spheres since the x-rays illuminated the grounded foam without height
error.

4. CONCLUSIONS

By the seed film method, ceramic packing materials were successfully coated with 0.5 μm
homogenous films of ZSM-5. SEM analysis and gas adsorption showed that the entire surface
area of the ceramic foams was coated with a zeolite film. For the alumina spheres, zeolite film
was mainly formed on the external surface and in external surface pores. Minor uncoated
spots on the external surface of the spheres probably resulted from the loss of seed crystals
and film peeling due to abrasion. Aluminum leaching from the ceramic foams occurred but
any detrimental effects of the substrate were not observed. X-ray diffraction verified that the
coatings consisted of ZSM-5 zeolite. The structured materials have a potential for application
as highly selective and active catalysts for use in packed beds, for instance for catalytic
distillation.
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Abstract

Well-defined ZSM-5 films were prepared on cordierite monoliths using the seed film method. The monoliths were seeded with silicalite-1
seeds and hydrothermally treated either at 75 or at 150 ◦C in a single or several steps. By adding sodium hydroxide to the solution, the aluminum
concentration in the zeolite increased. Consequently, films with different Si/Al ratios were prepared. The film thickness could be controlled
from 110 nm to 9 �m. Multi-step synthesis was used to prevent bulk crystallization and ultrasound treatment was found to be beneficial (in
order) to remove sedimented crystals on the top of the coatings. The zeolite-coated monoliths were active for p-xylene isomerization, and the
test results indicated that the films became less deactivated than the films prepared on alumina beads.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Structured catalyst; ZSM-5; Monolith; Coating; Synthesis

1. Introduction

The monolith reactor may be described as a single block
of material containing a large number of parallel channels.
The channels are available in various sizes (50–400 chan-
nels per square inch, cpsi) and shapes (square, triangular,
hexagonal, etc.). Low pressure drop, uniform flow distribu-
tion, selectivity in complex reactions, avoidance of hot spots
and easy scale-up are some of the advantages of the mono-
lithic reactor configuration [1]. The walls may be dip-coated
(sol–gel technique) with a washcoat of high surface area, e.g.
�-alumina, in which the active catalyst is incorporated sub-
sequently [2]. Another method is to washcoat the walls with
a mixture of the catalyst and a binder material. Due to sur-
face tension effects during the preparation of washcoats more
material tends to settle in the corners of the monolith chan-
nels. This maldistribution contributes to mass transport lim-
itations [3]. An additional disadvantage of the use of binder
material is that the effective surface area is reduced, i.e. the
binder material hinders access to the catalytic active sites.

Due to the well-defined pore structure of zeolites they are
used as catalysts in reactions where shape selectivity is im-
portant. Consequently, a binderless zeolite-coated monolith

∗ Corresponding author. Tel.: +46 920 492105; fax: +46 920 491199.
E-mail address: Jonas.Hedlund@ltu.se (J. Hedlund).

is an interesting material in applications where the advan-
tages of the monolith and zeolite apply. Recently, monolithic
and other structured support materials have been coated with
binderless zeolite coatings [4–14] and some of them have
also been evaluated in catalytic experiments [15–18]. In or-
der to obtain such a coating zeolite synthesis methods re-
viewed by Caro et al. [19] may be used. The present work
illustrates how continuous ZSM-5 films can be prepared on
cordierite monolith supports by using the seed film method
[20]. It also demonstrates how multi-step synthesis, low tem-
perature and ultrasound treatment can be used in order to
reduce the amount of sediments deposited on the top of the
zeolite film surface. The zeolite-coated monolith was tested
for xylene isomerization.

2. Experimental

2.1. Sample preparation

Cordierite monoliths manufactured by Corning Inc. were
used as support material. The monolith cell (square) density
was 400 cpsi. Smaller samples with a diameter of approxi-
mately 2 cm and variable length of 5–10 cm were cut with
a knife from the original samples provided by Degussa.

The cordierite samples were seeded with silicalite-1
seed crystals as described elsewhere [13]. Two ZSM-5

0926-860X/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2004.05.004
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Table 1
Molar composition of the two synthesis solutions

Synthesis solution TPAOH SiO2 Al2O3 Na2O H2O EtOH

A 3 25 0.25 0 1450 100
B 3 25 0.25 1.0 1600 100

synthesis solutions were used in the experiments, which
from now on will be denoted A and B. Aluminum iso-
propoxide (Sigma–Aldrich), TPAOH (Applichem), distilled
H2O and in the B-synthesis solution NaOH (Riedel-de
Haën) were mixed and stirred in a glass beaker until a
clear solution was formed. The mixture was added to
TEOS (Merck–Schuchardt) in a polypropylene bottle and
hydrolyzed on a shaker at room temperature for 24 h yield-
ing clear homogeneous solutions of molar compositions
according to Table 1.

The seeded monolith pieces were hydrothermally treated
in one or several steps with their channels oriented vertically
either at atmospheric pressure (1) or at autogeneous pressure
(2) as described below.

1. The seeded sample and synthesis solution were placed
in a polypropylene test tube, which was immersed in
an oil-bath held at 75 ◦C. The tube was connected to a
water-cooled condenser.

2. The seeded samples were hydrothermally treated in the
upper part of a 30 ml teflon-lined autoclave at autoge-
neous pressure. The autoclaves were placed in an oven
at 150 ◦C for 12 h. After the hydrothermal treatment the
autoclaves were cooled to room temperature with cold
water.

Several synthesis steps were used in order to prepare
thicker films. After each hydrothermal treatment the sam-
ples were cooled slowly to room temperature after which
they were rinsed in a 0.1 M NH3 solution and treated with
ultrasound for 10 min. Then a fresh synthesis solution was
added and the film growth was let to proceed. After the fi-
nal synthesis step the samples were rinsed for 4 days and

Table 2
Film thickness and surface area for samples treated at 75 ◦C

Sample ID Time in each step (h) Number of steps Synthesis solution Film thickness (nm) BET area (m2 g−1)

1A1-48 48 1 A 110 6.0
1A1-72 72 1 A 170 8.1
1A1-96 96 1 A 270 10.5
1A1-120 120 1 A 280 11.2
1A1-170a 170a 1 A 270 35.7
1A2-96a 96a 2 A 370 41.0
1A2-120 120 2 A 370 17.4
1A3-96 96 3 A 480 27.6
1B3-48 48 3 B 380 9.1
1B4-48 48 4 B 450 13.3
1B5-48 48 5 B 520 14.4
1B6-48 48 6 B 700 16.6

a No ultrasound treatment carried out.

treated with ultrasound for 1 h each day. The top and bot-
tom of the zeolite-coated monoliths were polished using a
rotary polishing machine whereupon the samples were cal-
cined at 550 ◦C for 6 h with a heating and cooling rate of
1.75 ◦C min−1. Prior to the catalytic experiments the zeolite
was ion-exchanged to H-ZSM-5 according to method de-
scribed before [18]. The experimental procedures are sum-
marized in Tables 2 and 3. Samples are designated with the
notation A, B, C, D where

A = 1 for crystallization at 75 ◦C and 2 for 150 ◦C,
B = synthesis solution used (A or B),
C = number of hydrothermal treatments,
D = time of each hydrothermal treatment [h],
a = no ultrasound treatment carried out.

Powders of ZSM-5 crystals were prepared from both syn-
thesis solutions by hydrothermal treatment for 168 h at 75 ◦C
without support and silicalite-1 seeds present. The fabri-
cated crystals were purified by repeated centrifugation and
re-dispersion, three times in total, and calcined. Elemental
analysis of the powders was carried out by ICP-AES (Ana-
lytica, Sweden).

2.2. Characterization

Nitrogen gas adsorption of zeolite powders and supported
coatings at liquid nitrogen temperature was measured with a
Micromeritics ASAP 2010 instrument. Prior to surface area
analysis the samples were outgassed at 10 �m Hg for 12 h
at 300 ◦C.

X-ray diffraction data (XRD) were recorded with a
Siemens D 5000 powder diffractometer equipped with a
Cu-target. The zeolite-coated monolith pieces were ground
in a mortar before analysis. A Philips XL 30 scanning elec-
tron microscope (SEM) equipped with a LaB6 emission
source was used for studies of surface morphology and to
measure zeolite film thickness. The monoliths were cut in
the channel direction in order to characterize the films. SEM
images were recorded on samples covered with a thin layer
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Table 3
Film thickness and surface area for samples treated at 150 ◦C (autoclave)

Sample ID Time in each step Number of steps Synthesis solution Film thickness (�m) BET area (m2 g−1)

2A1-12 12 1 A 3 48
2B1-12 12 1 B 0.3 32
2A2-12 12 2 A 6 82
2B2-12 12 2 B 0.8 64
2A3-12 12 3 A 9 78
2B3-12 12 3 B 1.3 73

(20 nm) of gold deposited by sputtering. An Oxford In-
struments ISIS Ge energy dispersive X-ray (EDX) detector
equipped with an ultra thin window was used for elemental
analysis. EDX analysis was carried out on carbon-coated
samples.

p-Xylene isomerization at 450 ◦C was carried out as de-
scribed elsewhere [18]. A tubular reactor was loaded with
two zeolite-coated monolith pieces (sample 1B6-48) of sim-
ilar size, each approximately 10 cm in length. Inert glass
beads were placed on top and bottom of the monoliths. A
hole had been drilled throughout the center of the monoliths
before seeding and hydrothermal treatment in order to fit a
thermocouple.

3. Results and discussion

3.1. General characterization

A seeded cordierite support is shown in Fig. 1 at two
magnifications. The cordierite support was built from grains
with a size of approximately 1–5 �m with some large pores
in-between according to SEM analysis. The small spots on
top of the cordierite grains are the seed crystals, which are
more clearly seen at higher magnification in Fig. 1(b). As
illustrated by Figs. 1(a) and (b), the seed crystals were well
distributed over the entire support surface.

Fig. 1. Monolith surface morphology (a) and seed crystals (b).

Fig. 2 shows the difference between a seeded and a
non-seeded monolith after hydrothermal treatment. After
170 h of hydrothermal treatment in solution A, the seed
crystals had grown to form a continuous and homoge-
neous zeolite film covering the monolith surface as shown
in Fig. 2(a). In contrast, by using the “in-situ” or “direct
synthesis” method (where no seeds are used), a very low
zeolite coverage was obtained even after 295 h in this syn-
thesis solution as illustrated by Fig. 2(b). Consequently, the
seeds facilitated growth of the zeolite film.

The film thickness as well as the surface area increased
with an increased crystallization time and number of hy-
drothermal treatments at 75 ◦C as shown in Table 2. The
concentration of nutrients likely reached their equilibrium
level after approximately 96 h since the film thickness did
not increase when the crystallization time was extended be-
yond 96 h. During hydrothermal treatment not only the seeds
grow into a film but also nucleation and crystal growth in
the bulk of the synthesis solution occur. The bulk crystal
size was approximately 500 nm after 72 h of hydrothermal
treatment for solution A, as reported earlier [13]. This re-
sulted in deposition of aggregated crystals (in the form of
sediments) on top of the zeolite film. Therefore, short (48 h)
and multiple treatments were used for samples prepared in
mixture B in order to reduce the bulk crystallization and thus
the amount of sediments on top of the films. Gas adsorp-
tion data indicated that treatment by ultrasound was able to
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Fig. 2. Seeded monolith (a) and non-seeded monolith (b) after hydrothermal treatment, 170 h (1A1-170) and 295 h (1A1-295), respectively.

remove sedimented crystals. This may be illustrated by two
equally thick films (1A2-96a and 1A2-120) that possessed
very different surface areas, 41 and 17.4 m2 g−1, respec-
tively. The latter sample was treated with ultrasound and the
former sample was only rinsed in ammonia after the syn-
thesis. Thus, gas adsorption indicated that about 60% of the
mass of the former film was due to sedimented crystals. Ac-
cording to SEM analysis, homogeneous films were formed
throughout the walls of the monolith and the film did not
peel off during post-synthesis treatments.

The thickest films of up to 9 �m, were prepared by using
mixture A at 150 ◦C. The surface area of the samples treated
at 150 ◦C is also much higher than that of the samples pre-
pared at 75 ◦C (see Tables 2 and 3). As expected, the higher
temperature resulted in a larger film (crystal) growth rate.
Sediments could be found on top of these films by SEM
analysis and an example of how this sediment looks like is
shown in Fig. 3. The samples treated in mixture A were rel-
atively free from these sediments. However, samples treated
at 150 ◦C with mixture B had a high proportion of sedi-
ments on top of the film and these could not be removed by

Fig. 3. Sediments on top of sample 2A3-12 prepared for three steps at
150 ◦C in solution A.

treatment with ultrasound as is the case for films prepared
at 75 ◦C. Consequently, if thicker films are desired from so-
lution B a low temperature and multi-step synthesis should
be utilized. Thicker films are easily obtained by increasing
the number of synthesis steps. For example, after 18 steps
of 48 h, a 2.3 �m film free from sediments was formed on
alumina beads in solution B [18].

The morphology of various zeolite films prepared in the
present work is illustrated by Fig. 4. Thinner films were very
smooth (see Fig. 4(a) and (c)). Dome-like crystals were ob-
served on films prepared in both solutions at both 75 and
150 ◦C. However, the shape was more pronounced for the
very thick films which were prepared at the higher tempera-
ture and an example is shown in Fig. 4(b). These may arise
from growth of aggregated seeds and/or secondary nucle-
ation and growth on top of the film surface. Zeolite film
growth on a non-flat support may also result in an uneven
film surface. Insufficient seeding gives a similar shape [21]
but since dense and very thin (110 nm) films could be pre-
pared, this was not likely the cause in the present work.

Cracks as in Fig. 4(b) were observed for both uncalcined
and calcined samples and may arise during synthesis, ultra-
sound treatment, rinsing, calcination or even during prepa-
ration for SEM analysis. The volume expansion coefficient
of cordierite is positive, based on the coefficients of thermal
expansion [22] and the lattice parameters [23]. On the other
hand, MFI crystals contract during removal of TPA [24].
In addition, the volume expansion coefficient for calcined
MFI is changing from positive to negative at approximately
420 K [25]. Therefore, upon temperature change, stress in
the ZSM-5 film will arise due to the differences in thermal
expansion/contraction of cordierite and MFI. The stress is
released by formation of defects, such as cracks. Whether
these defects are detrimental or favorable depends on the
application. Defects may facilitate access to the zeolite but
they may also yield a higher external surface area, which
may be undesired in some applications. It should also be
mentioned that a continued crystal growth was observed in
fresh solutions (multi-step synthesis) rather than nucleation
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Fig. 4. (a) 1A1-72 (170 nm) (b) 2A1-12 (3 �m) (c) 1B3-48 (380 nm) and (d) 2A3-12 (9 �m).

and formation of layered structures. It is clearly seen in
Fig. 4(d) that at least some crystals extend from the support
to the top layer. In other parts of the film it is more difficult
to distinguish how the film grew.

For the thickest films (6 and 9 �m), which were synthe-
sized in solution A, the Si/Al ratio was approximately 160
according to the EDX analysis. For the purified bulk crys-
tals, which were crystallized in the same solution and in ab-
sence of support, the Si/Al ratio was roughly the same, 140,
according to ICP-AES measurements. Results from EDX
analysis carried out on films thinner than 2 �m indicated sig-
nals from the cordierite support due to the large interaction
volume of the electron beam. Hence, the Si/Al ratio of the
thinner films prepared with synthesis solution B could not
be determined by EDX. The crystals formed in synthesis so-
lution B containing sodium ions had a lower Si/Al ratio, 38,
according to ICP-AES. The sodium content was measured
by ICP-AES before and after ion-exchange with ammonium
ions of the powder formed in solution B. The Si/Na ratio
before ion-exchange was 66 and after ion-exchange the Na
content was below the detection limit, which gives a mini-
mum ratio of 3700. This is taken as an indication that the
films also have been successfully ion-exchanged.

Due to thin films the XRD-pattern from the zeolite was of
low intensity compared to the signal from the cordierite sup-
port. However, the MFI-peaks between 7–10◦ and 22–25◦
2θ were observed. The bulk products from both synthesis

solutions were identified as MFI crystals without amorphous
material.

3.2. Characterization using p-xylene isomerization

The zeolite coatings reported in the present work are thin-
ner and possess a lower surface area than what has previously
been reported for zeolite-coated monoliths [4,5,9,11,12,14].
However, a certain amount of zeolite is required for achiev-
ing catalytic activity. It is therefore interesting to test how
reactive these thin coatings are and thereby conclude if the
materials have potential as a commercial catalyst. Samples
treated in synthesis solution B were chosen for the catalytic
experiments due to the higher aluminum content in the zeo-
lite product. Fig. 5(A) shows the conversion of p-xylene as
a function of space-time (τ) based on kg zeolite. The mass
of zeolite was calculated from gas adsorption data. The re-
sults from p-xylene isomerization on ZSM-5-coated alumina
beads [18] and quartz glass [26] are also included in Fig. 5
for comparison. Similar synthesis and post-synthesis condi-
tions were used for the beads and the quartz glass except
that no ultrasound treatment was carried out for the other
samples. The film thickness on the monoliths was 700 nm,
and for both the alumina beads and the quartz glass the film
thickness was 800 nm.

In a previous work [18,26] it was suggested that the
ZSM-5 films on the alumina beads were poisoned from
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Fig. 5. Results from p-xylene isomerization over H-ZSM-5 coated (a) monoliths (b) alumina beads and (c) quartz glass.

impurities of the support (i.e., alkaline earth metals) and
thereby the alumina samples were less active than the quartz
samples, which resulted in a lower conversion when the same
amount of zeolite was loaded in the reactor. From the cat-
alytic tests it may be concluded that the ZSM-5 films on the
cordierite monoliths are slightly less active than the films
on quartz but much more active than the zeolite-coated alu-
mina beads. This suggests that the film on the monolith may
be only slightly poisoned by the alkaline earth metals origi-
nating from the cordierite support. The ratio of m-xylene to
o-xylene in the reaction product as a function of p-xylene
conversion for the three samples is shown in Fig. 5(B). From
the ratios it may be concluded that the films on a cordierite
monolith support are least diffusion controlling, although
the differences between the three samples are small. During
isomerization p-xylene forms the m-isomer, which in turn
forms the o- and p- isomer. Higher o-xylene yields indicate
a higher mass transfer resistance since the diffusivities of
the isomers are approximately 1000:1:10 (para:meta:ortho)
[26,27]. Once ortho is formed it diffuses out from the film
faster than m-xylene. The equilibrium of the reaction will
then cause the isomerization to produce more ortho, and
thereby a lower ratio should be obtained for thick films where
the differences in diffusivity have a greater effect. Higher ra-
tios indicate that the m-isomer escapes from the film before
being converted further to ortho. This may happen for very
thin films and also if there are defects present, which reduce
the diffusion path. Hence, the higher ratio for the monolith
sample may be due to a slightly thinner and more defective
film.

4. Conclusions

Continuous and dense ZSM-5 films were synthesized by
seeded growth on cordierite monoliths. Dense films as thin
as 110 nm could be obtained. Thicker films, up to 9 �m,
were obtained by using a higher temperature or multi-step
synthesis. Due to the simplicity of obtaining well-defined
ZSM-5 films of a desired film thickness these zeolite-coated

monoliths have potential as a structured catalyst. The film
thickness was constant throughout the walls of the monolith
channels but some crystals originating from the bulk of the
synthesis solution were found on top of the films. By using
a low temperature, multi-step synthesis and treatment with
ultrasound the amount of these crystals could be reduced.
Addition of sodium hydroxide to the synthesis solution in-
creased the aluminum content in the zeolite crystals. The
zeolite-coated monoliths were active for p-xylene isomer-
ization.
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Abstract

The synthesis and catalytic testing of thin ZSM-5 �lms on glass and alumina beads is described. The thickness of the ZSM-5 �lms
was controlled to 150, 350, 800 and 2300 nm. The samples were characterised by SEM, gas adsorption and p-xylene isomerisation
and 1,3,5-tri-isopropyl benzene cracking test reactions. A reaction–di�usion model adequately described the p-xylene isomerisation data.
Estimates of model parameters were obtained by �tting the model to the experimental data. In both cases, the reaction rate constant
increased with increasing �lm thickness. The xylene reaction data showed that secondary reaction products increased as expected with
increasing di�usion limitations, but the increase was less than that predicted by the variation of thickness only. The trends in the reaction
data could be explained by more defects in the thicker �lms and/or partial poisoning of the zeolite by mobile support cations in thinner
�lms and/or orientation e�ects.
? 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Well-de�ned, thin-zeolite �lms supported on non-porous
packing materials may result in improved catalyst perfor-
mance compared to traditionally shaped zeolite catalysts
(Guido and Specchia, 1998). Traditional zeolite catalysts in
industrial applications are meso-porous extrudates of binder
material and small zeolite crystals. The mesopores may en-
force mass transport resistance that dictates the behaviour
of the catalyst, especially at high temperatures. Since no
meso-pores may be present in the case of �lms, ideal be-
haviour is expected, even at high temperatures. An increase
in shape selectivity, due to fewer non-selective external sites
per mass of catalyst, similar to that obtained with very large
discrete crystals is expected for some reactions. Mass and
heat transfer may also be improved in the case of supported
�lms, compared to extrudates containing small zeolite crys-
tals.
It has been shown that the preferred orientation of

the crystals constituting the �lms is a function of �lm

∗ Corresponding author. Tel.: +46-920-492-105;
fax: +46-920-491-199.
E-mail address: jonas.hedlund@ltu.se (J. Hedlund).

thickness (Hedlund et al., 1999). This was explained as a
result of preferred orientation of the seed crystals and com-
petitive growth. In very thin �lms (¡ 200 nm), the crystals
are preferentially oriented with the a-axis (sinusoidal chan-
nels) or the b-axis (straight channels) perpendicular to
the substrate surface (Hedlund et al., 1999). As the �lm
thickens (≈ 1000 nm), a larger fraction of the crystalline
material (grown twins) becomes oriented with a-axis per-
pendicular to the substrate surface (Hedlund et al., 1999).
However, in very thick �lms (¿ 2000 nm), most of the crys-
talline material has adapted an orientation (Li et al., 2001)
with both the a- and b-axis pointing away from (but not
perpendicular to) the support surface. This change in pre-
ferred orientation with �lm thickness will a�ect the e�ective
di�usivity, since both the tortuosity and pore diameter are
di�erent for the sinusoidal and straight channels in ZSM-5
(Szostak, 1992). Defects are cracks, open grain boundaries
and/or meso pores in the �lm with a width greater than the
diameter of the zeolite channels. Defects will thus increase
the e�ective di�usivity in the �lm, since bulk and Knudsen
di�usivities are greater than the di�usivities in the narrow
zeolite pores. For membranes, i.e. silicalite-1 �lms grown on
porous alumina supports, it has been shown that the amount
of defects increase with increasing �lm thickness (Hedlund

0009-2509/$ - see front matter ? 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2004.03.012
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Table 1
Helium permeance via defects, based on porosimetry measurements for silicalite-1 membranes prepared with or without support masking and with varying
�lm thickness (Hedlund et al., 2003)

Membrane type No support masking Masked support

Film thickness (nm) 300–400 900 1800 500 1100
Number of tested membranes 10 2 2 10 7
Relative He permeance via defects (%) 6± 3:2 14± 2:3 24± 0:46 0:8± 0:34 8± 2:4

et al., 2003). However, thin �lms (≈500 nm) could be
prepared essentially defect-free (Hedlund et al., 2002).
Table 1 shows the helium permeance via defects for two
membrane types on masked and non-masked supports. The
helium permeance via defects, and thus the amount of de-
fects, is increasing with increasing �lm thickness, for both
masked and non-masked samples. The width of these de-
fects could be quanti�ed by SEM. The ZSM-5 catalysts on
alumina prepared in the present work are very similar to the
silicalite-1 membranes described in Table 1. In both cases,
an alumina support was used, the zeolite structure type is
the same, the elemental composition di�ers only slightly
and the �lm thickness range is similar. It is thus likely, that
especially the thicker ZSM-5 �lm catalysts described in the
present work are defective.
The p-xylene isomerisation reaction is well known and

useful as a test reaction for shape selective zeolite catal-
ysis (Olson and Haag, 1984). The reaction is acid catal-
ysed and may occur via 1,2-methyl shifts in protonated
xylenes. In that case, a direct reaction from o-xylene to
p-xylene, or vice versa according to a triangular reaction
scheme, cannot occur. The reaction can thus be regarded
as a series of reversible reactions, p-xylene ⇔ m-xylene
⇔ o-xylene, i.e. a sequential reaction scheme. However,
under strong mass transfer control, the system follows an
apparent triangular reaction scheme. Wei (1982) with ref-
erences therein as early as 1962, has adequately described
the isomerisation of xylenes mathematically, using a di�u-
sion–reaction model with a sequential reaction scheme. A
reaction–di�usion model with a sequential reaction scheme
following Wei is thus used to model the experimental
data in the present work. Xylene disproportionation reac-
tions can also occur (Olson and Haag, 1984), whereupon
toluene and tri-methyl-benzenes will form. A large interme-
diate molecule (diphenylmethane-type), which is regarded
as sterically inhibited in ZSM-5 (Olson and Haag, 1984),
must form in this case and transition state selectivity thus
controls the disproportionation reaction, which results in
small amounts of disproportionation products from this
zeolite.
The Thiele modulus, for a �rst-order irreversible reaction,

can be written as (Aris, 1965)

�Slab = T=2

√
k
Di

; �Film = T

√
k
Di

;

�Sphere =
R
3

√
k
Di

: (1)

Since the e�ectiveness factor is a function of the Thiele mod-
ulus, for equal e�ectiveness factor the �lm thickness T must
equal R=3, i.e. thin �lms may be necessary for high e�ec-
tiveness factors, for the same catalyst and reaction. On the
other hand, to utilise the di�erences in Di for various prod-
ucts or reactants, in order to shift the product distribution, a
thick �lm may be preferred.
The preparation and catalytic testing of a number of

zeolite-coated supports has been reported in the literature
and some examples are Jansen et al. (1994), Antia and
Govind (1995), Jansen et al. (1998), Aiello et al. (1999),
Oudshoorn et al. (1999), van der Puil et al. (1999), Shan
et al. (2000) and Seijger et al. (2000). All these reports have
one thing in common; they consider relatively thick coat-
ings, with a �lm thickness of at least several micrometers.
Thin �lms would result in low zeolite loading which may

lead to large reactors, which is not desired for most indus-
trial applications. However, such materials are useful for
fundamental studies, catalyst modi�cations and may reach
high selectivity. Applications may be membrane reactors.
The present paper describes the preparation, characterisation
and catalytic testing of relatively thin (150–2300 nm) sup-
ported zeolite �lms for the �rst time. Supports were glass
beads and a conventional �-alumina catalyst carrier. A seed-
ing method was used for �lm growth.

2. Experimental

Films were grown on two types of supports, glass beads
(�= 3 mm, Merck) and alumina beads (� ≈ 3 mm, Vere-
inigte F�ullk�orper-Fabriken, Germany). The glass was ordi-
nary soda glass and thus contained about 13% Na2O. Ac-
cording to the Vendor, the alumina beads composition was
¿ 99% Al2O3 + TiO2; ¡ 0:15% SiO2; ¡ 0:12% Fe2O3;
¡ 0:2% MgO+CaO, 0.4–0.5% Na2O + K2O. These two
supports were chosen for comparison due to the di�erence
in surface roughness. The surface of the glass beads is rel-
atively smooth, which simpli�es characterisation by e.g.
SEM, while the alumina beads have a very rough surface,
providing a large area that can accommodate more of the
zeolite �lm, which is bene�cial for the reaction work.
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A method employing seeding ( �Ohrman et al., 2001;
Valtchev et al., 1996; Hedlund et al., 1997a,b, 1999,
2002; Hedlund, 2000; Lassinantti et al., 2000; Li et al.,
2001; Sterte et al., 2001) was used for �lm preparation.
In the present work, tetra-propyl-ammonium-hydroxide
(TPAOH, AppliChem, GmbH, Germany) was used as tem-
plate molecule and the silica source was tetra-ethoxy-silane
(TEOS, Sigma-Aldrich) for zeolite growth. Colloidal
silicalite-1 seed crystals (60 nm) were prepared from a
synthesis solution with the molar composition 9TPAOH:
25SiO2: 360H2O: 100EtOH by hydrothermal treatment at
60◦C for 2 weeks (Persson et al., 1994). The sol was pu-
ri�ed by repeated centrifugation followed by re-dispersion
in distilled water. The solids content of the �nal seed sol
was 0:9 wt% and the pH was 10.0. The supports were
placed in a quartz glass container with a bottom outlet. This
container allows accomplishment of the complete synthe-
sis without any movement or wear of the supports, which
otherwise may deteriorate the �lms. Directly after an ex-
change of liquid the container was evacuated in order to
eliminate bubbles in the container. First, the supports were
rinsed thoroughly with acetone and with a 0:1 M aqueous
ammonia solution. Next, the substrates were treated with
a cationic polymer solution prepared as in previous work
(Lassinantti et al., 2000). The substrates were then rinsed
six times with ammonia solution in order to remove excess
polymer molecules. Then the seed sol was added to the con-
tainer and seeds were adsorbed onto the supports through
electrostatic forces. Following seed adsorption, the samples
were rinsed six times with ammonia solution in order to
remove excess seed crystals. Next, a �lm was grown by hy-
drothermal synthesis on the seeded surface of the support.
The synthesis solution used had a molar composition of 3
TPAOH: 25 SiO2: 0.25 Al2O3: 1 Na2O: 1600 H2O: 100
EtOH. It was prepared by mixing aluminium isopropox-
ide (Sigma-Aldrich), TPAOH, H2O and NaOH solution
(Riedel-de Ha�en) in an agitated glass beaker to hydrolyse
the aluminium isopropoxide until a clear solution formed.
The mixture was added to TEOS in a polypropylene bottle.
The TEOS was hydrolysed on a shaker at room temperature
for 24 h before use. The synthesis solution was added to
the quartz glass container, which in turn was submerged in
a heated oil bath at 75◦C under re�ux. The seeded supports
were hydrothermally treated in fresh synthesis solutions in
multiple steps (1, 2, 6 or 18 times) of 48 h each. After each
step, the container with contents was cooled to room tem-
perature. Before a fresh synthesis solution was added and
the supports were rinsed six times with ammonia solution.
The samples will be denoted A#, B#, C# or D# for 1, 2, 6
or 18 hydrothermal treatments, respectively. Samples with
glass supports will be denoted #G and samples with alu-
mina supports will be denoted #A. When the synthesis was
�nished the samples were rinsed in 0:1 M ammonia solution
for 4 days before the zeolite-coated materials were removed
from the quartz glass container. Calcination was carried out
at 400◦C for 24 h with a heating rate of 0:2◦Cmin−1 and

a cooling rate of 0:3◦Cmin−1. The zeolite-coated supports
were treated three times in a 10%NH4NO3 solution at 100◦C
for 1 h. Finally, the samples were calcined again as described
above.
A Phillips XL 30 SEM equipped with a LaB6 emission

source was used to record images of the samples and to de-
termine �lm thickness. The samples were mounted in resin
(LR WhiteJ, London Resin Company Ltd.) and polished
in order to obtain cross-sectional images of the �lm. Be-
fore analysis, the samples were re-calcined to remove the
resin by combustion and gold coated by sputtering. A Mi-
cromeritics ASAP 2010 was used to collect nitrogen or
krypton (for surface area of glass beads) adsorption data.
The amount of zeolite, or zeolite loading, was determined
from the nitrogen adsorption data. It is important to note
that nitrogen adsorption data are collected slowly and that
nitrogen is a small molecule, i.e. all zeolite on the sample
will be detected by this method. The silicon and sodium
contents in bulk crystals were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
X-ray photoelectron spectroscopy (XPS) was performed to
analyse the Si/Na ratio at the surface of the particles. The
XPS signal emanates from the surface to a depth of 5–6 nm.
All XPS spectra were recorded with a KRATOS Axis ultra
electron spectrometer using a monochromated Al Ka source
operated at 225 W.
A tubular reactor (internal diameter 17 mm, length

250 mm) was used for the catalytic experiments. A 1
8
′′
tube

in the centre of the reactor served as a thermo-well and
contained a thermo-couple, which was used for temperature
measurements during the tests. The reactor was loaded with
about 36 g zeolite-coated alumina beads (21:5 ml), corre-
sponding to a length of 12 cm in the reactor. The beginning
and end 6:5 cm of the reactor was �lled with glass beads
without zeolite (� = 2 mm). When testing zeolite-coated
glass beads, a similar protocol was used, but the reactor was
loaded with about 30 g of catalyst in this case. The reactor
was heated from room temperature to 450◦C with a rate of
1:8◦C=min under a �ow of synthetic air. The sample was
calcined in the reactor for at least 3 h prior to and in-between
tests. The feed was argon saturated with p-xylene (¿ 99%,
Saarchem) or 1,3,5-tri-isopropyl benzene (TIPB, ¿ 97%,
Aldrich) at 60◦C. The p-xylene contained 0.1% m-xylene
and 0.035% o-xylene. The saturated gas was fed to the
reactor operating at 450◦C. The product from the reactor
was analysed by an on-line HP 5890 Gas Chromatograph
(GC) equipped with a polar column (BP-xylenes, SGE).
Hydrogen was used as carrier gas. Under the used test
conditions, the hydrocarbon concentration in the reactor is
1:13 molp-xylene=m3 and 1:55× 10−2 mol TIPB=m3, cor-
responding to partial pressures of 6:82 kPa p-xylene and
93 Pa TIPB. The partial pressure of p-xylene was deter-
mined using the Antoine equation, while the partial pressure
of TIPB was measured indirectly, by comparing the GC
peak areas for TIPB and p-xylene, assuming proportionality
between area and number of carbon atoms.
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3. Modelling

3.1. TIPB cracking

TIPB cracking was modelled as a �rst-order irreversible
reaction in a plug �ow reactor. The reaction may be repre-
sented by formula (A).

TIPB → Propylene + Benzene + Cumene + DIPB; (A)

rTIPB =−kTIPBaCTIPB; (2)

dFTIPB
dV

= rTIPB: (3)

The rate constant kTIPB (m/s) is based on the number of
available surface sites. The parameter ‘a’ represents the the-
oretical external surface area of zeolite per volume of re-
actor for a smooth and homogeneous �at �lm of uniform
thickness T . In calculating ‘a’ from zeolite loading (gas ad-
sorption data, BET equation) and �lm thickness T (SEM) it
has been assumed that the �lm has no cracks or open grain
boundaries. If cracks and grain boundaries exist in the sam-
ple or if the surface is not smooth, this will be re�ected by
a higher rate constant. Estimates of the external mass trans-
fer coe�cient (Sh = 2) showed that external mass transfer
resistance could be neglected. Thus, by assuming linear ad-
sorption at these very low concentrations (93 Pa) and high
temperatures, CTIPB represents the gas-phase concentration,
when the adsorption constant is included in kTIPB. For more
details on linear adsorption, see xylene isomerisation below.
The residence time, �TIPB, is based on external area of ze-
olite. The TIPB cracking reaction is only occurring on the
external surface of the zeolite �lm, and it is thus natural to
de�ne �TIPB on the basis of the theoretical external surface
area of the �lm assuming a homogeneous distribution of
acid sites.

3.2. Xylene isomerisation

Xylene isomerisation was modelled as a series of
�rst-order reversible reactions (formula B):

p-Xylene (A) ⇔ m-Xylene (B) ⇔ o-Xylene (C): (B)

The rates of formation ri were written as �rst-order reactions
(Li et al., 1992; Wei, 1982)

rA =− k1
�z

(
CA − CB

KC1

)
;

rB =
k1
�z

(
CA − CB

KC1

)
− k2

�z

(
CB − CC

KC2

)
;

rC =
k2
�z

(
CB − CC

KC2

)
: (4)

The equilibrium constants at 450◦C are KC1 = 2:247 and
KC2 = 0:4749, as calculated from thermodynamic data as-
suming ideal vapour phase.
Since there is no bulk �ow in a homogeneous zeolite

�lm without defects and Fick’s law is valid in the Henry
regime (Ruthven, 1984), the di�usion will obey Fick’s law,
a steady-state mass balance over the �lm, with x (m) as the
position in the �lm (x = 0 at support), can be written as

@2(Ci)
@x2

+
ri�z

Di
= 0;

x = 0:
@(Ci)
@x

= 0;

x = T : Cis = Cbulki : (5)

Also in this case, estimates of the external mass transfer re-
sistance showed that it is safe to approximate the surface
concentration with the gas-phase concentration. By extrap-
olating data from Fig. 1 in Brandani et al. (2000), it can be
shown that the adsorption isotherm at 450◦C forp-xylene on
silicalite-1 (MFI) will be linear below p-xylene pressures of
about 100 kPa. The p-xylene pressure in the present work
is below 7 kPa. The adsorption coe�cient will be included
in the rate constant (Wei, 1982). Although it is, in principle,
possible to estimate all di�usivities and rate constants from
experimental data, these data were not extensive enough to
allow an unambiguous estimation. Methyl shift around the
aromatic ring occurs with the same rate at each position,
and neglecting the contribution of the two ortho positions
and other minor ring stability issues, it may, within a fac-
tor of two, be assumed that k1 = k2. A careful estimation
of the di�usivities is beyond the scope of the present work.
In the literature (Chen et al., 1994; Mirth et al., 1993; Wei,
1982; Young et al., 1982) two sets of ratios of di�usion co-
e�cients are often found. These are DA=1000DB=100DC

and DA = 1000DB = 1000DC . Both these sets of di�usivi-
ties were used in the simulations. The di�usivities were also
assumed independent of concentration, which is true in the
Henry regime (Ruthven, 1984). The e�ective di�usivity is
calculated assuming a uniform and homogeneous �lm, thus
e�ects of preferred orientation of the crystals in the �lm and
defects such as cracks or open grain boundaries in the �lm
are included in the di�usivity.
Changing to dimensionless form:

 i =
Ci

Cis
; �=

x
T
; (6)

@2( i)
@�2

+
riT 2�z

DiCis
= 0: (7)

Boundary conditions:

�= 0 :
@ i

@�
= 0;

�= 1 :  i = 1: (8)
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Fig. 1. Top view images of (a) glass and (b) alumina supports. Top (c) and side (d) view images of a �lm grown for 6∗48 h on a glass support, sample CG.

The second-order di�erential equation (7) was converted to
a system of linear equations using second-order �nite di�er-
ences as outlined in the method of lines (Schiesser, 1991).
The concentration was calculated at 30 points in the �lm,
using variable grid spacings, with points concentrated near
the surface, so that steep concentration gradients are well
represented. The equation system was solved by Gaussian
elimination for each surface concentration in the reactor,
which was obtained from the plug �ow mole balance (9)

dFi

dW
= �ri: (9)

The reactor used for the experiments may deviate slightly
from ideal plug �ow behaviour. In order to verify that this
will not a�ect the results from the simulations signi�cantly,
an extreme case with a CSTR model was also investigated.
Eq. (9′) was used in this case

W =
Fi0 − Fi

�ri
: (9′)

The reaction rates �ri are the average rates over the �lm at a
certain position in the reactor, calculated from local rates ri

at the 30 points in the �lm by (10)

�ri =
1
T

∫ T

0
ri dx: (10)

Di�usivities and rate constants were �tted to the experimen-
tal data by minimising a sum of relative squares S, de�ned
by Eq. (11) for i (i = A; B; C) species and for n data points
(n= 1; : : : ; 5)

S =
5∑

n=1

∑
i=A;B;C

(
CSimulatedi − CMeasuredi

CMeasuredi

)2
: (11)

With such a de�nition, the average relative error � in sim-
ulated xylenes concentration for �ve sets of concentrations
can be calculated from Eq. (12)

�=

√
S
15

: (12)

In contrast to TIPB cracking, xylene isomerisation is occur-
ring inside the zeolite pores and the residence time, �xylene,
is thus based on mass of zeolite. The e�ectiveness factors
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for xylene isomerisation were de�ned as

�i =
1
T

∫ T

0

ri
ris
dx: (13)

Since the e�ectiveness factors will be concentration depen-
dent and vary throughout the reactor, the factors were cal-
culated both at the reactor entrance (feed composition) and
at 10% conversion. Since the product distribution at 10%
conversion will depend on �lm thickness, the product dis-
tribution at 10% conversion for each sample were used.

4. Results and discussion

4.1. General characterisation

Figs. 1(a) and (b) show top view images of the glass
and alumina supports, respectively. The glass support has
a smooth surface in comparison with the very rough sur-
face of the alumina support. The surface area of perfectly
smooth, spherical 3 mm glass beads is 0:0008 m2=g, assum-
ing a density of 2600 kg=m3. The surface area (BET) of the
glass beads measured by N2 adsorption was approximately
0:002 m2=g, con�rming that the glass beads were smooth
and non-porous. Nitrogen adsorption data show that the to-
tal area of the alumina beads (BET-equation) is 0:125 m2=g,
approximately two orders of magnitude larger than that of
the glass beads, a consequence of the surface roughness ob-
served by the SEM.
Figs. 1(c) and (d) show top and side view images on a

�lm grown for 6 ∗ 48 h on a glass support. The �lm is very
smooth and the �lm thickness is 800 nm. Fig. 2 shows that
the �lm thickness on both glass and alumina beads increases
linearly with synthesis time as shown in earlier work using
�at supports (Hedlund et al., 1997b, 1999). The �lm thick-
ness increases 0:12 �m with each additional 48 h hydrother-
mal treatment. The zeolite loading L (mass zeolite/mass of
catalyst) for spherical non-porous supports with radius R
coated with a thin-zeolite �lm with thickness T can be cal-
culated with the formula

L=
3T�z

R�glass
: (14)

Fig. 2 shows that the zeolite loading for the glass beads is
proportional to the �lm thickness. However, zeolite loading
calculated using Eq. (14) was about 15% higher than that
measured by nitrogen adsorption (BET) signifying incom-
plete coverage, a consequence of the beads touching each
other during synthesis. Fig. 3 shows SEM images of samples
on alumina supports. Figs. 3(a), (c) and (e) show top view
images. Cracks are indicated with arrows. The surface of the
�lm is very rough, due to the rough surface of the support.
Fig. 2 shows that the zeolite loading is an order of magni-
tude higher on the alumina beads than on glass beads. This
is due to the increased surface area of the alumina beads,
which allows more zeolite to be loaded per unit mass. Fur-
thermore, zeolite loading does not increase linearly with �lm

Fig. 2. Zeolite loading and �lm thickness as a function of number of
hydrothermal treatment steps. The �lm thickness is identical for glass and
alumina beads.

thickness for the alumina beads. As the loading of the zeo-
lite increases, the surface of the �lm becomes smoother and
pores in the support are �lled as the �lm becomes thicker
reducing the available surface area for zeolite growth. The
zeolite growth rate (the slope of the line in Fig. 2) for alu-
mina beads is thus initially high, but approach’s that of the
glass beads as the �lm thickness increase and the surface
becomes smoother. The alumina and glass beads are both of
the same size of the and hence for a smooth external surface
they will have the same growth rate since the bulk density
is similar for both supports. Table 2, which summarises the
characteristics of the �lms on alumina, shows that the ze-
olite loading does not exceed 2% by mass. Extensive gas
adsorption measurements and t-plot and BJH analysis were
not able to provide more insight of the texture of the �lms. It
was found that the distribution of mesopores in zeolite �lms
is similar to the distribution of mesopores in zeolite crys-
tals in powder form. It is thus di�cult to use gas adsorption
data for characterisation of defects or open grain boundaries
in the �lm. The estimation of �lm thickness from SEM and
zeolite loading from BET were taken as adequate represen-
tation for the calculation of the external surface area of the
�lm, in accordance with previous work by Hedlund et al.
(1997b).
ICP-AES measurements showed that it was not possible

to ion-exchange the Na within the support, the Na2O content
was 0.38%, before and after ion-exchange. These results are
expected, since the alumina beads have been manufactured
by a high-temperature sintering process. The Si/Na ratio
on the surface, measured by XPS, of the ammonium ion
exchanged zeolite on alumina decreases from 112 to 24 after
calcination. This indicates that Na migrated into the zeolite,
which may cause deactivation of the catalyst.

4.2. Characterisation using test reactions

Blank reaction tests showed that both supports were in-
ert at the reaction conditions used in the present work.
Zeolite-coated glass beads were essentially inert. At similar
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Fig. 3. SEM images of the samples BA (a–b), CA (c–d) and DA (e–f). Cracks are indicated with arrows.

zeolite loadings and space velocities the conversions of both
TIPB and pX over the glass bead-supported zeolites were
approximately two-orders of magnitude lower than for zeo-
lite supported on alumina. This is due to poisoning by the
mobile Na ions in the glass, which undergo solid-state di�u-
sion out of the glass into the zeolite at elevated temperatures
(Karge et al., 1988).

Fig. 4 shows the experimental results as well as simula-
tions of TIPB cracking for �lms on alumina supports. The
product composition was measured at two �ow rates for
each sample. All typical products from this reaction were
detected, i.e. propylene, benzene, cumene and di-isopropyl
benzene. Due to deactivation, all TIPB cracking data was
recorded between 1 and 2 h after start up or a �ow rate
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Table 2
Summary of characterisation of zeolite-coated alumina beads

Sample T (nm) L (10−3 g/g) a (103 m−1) kTIPB (10−6 m/s)

AA 150 2.5 16 0.44
BA 350 6.9 19 1.0
CA 800 14 16 1.4
DA 2300 20 8.0 11
DA* 2300 20 8.0 10

About 36 g of each sample was loaded in the reactor, except for sample DA*, where the reactor was loaded with about 6 g sample.

Fig. 4. Conversion in TIPB cracking as function of residence time �TIPB
of sample AA, BA, CA, DA and DA*. Points show experimental data,
curves show the �rst-order reaction model.

change, at which point pseudo steady state could be as-
sumed. The rate constants calculated by linear regression
are given in Table 2. If all the �lms had the same sur-
face roughness and were free of defects, all samples would
have the same rate constant. However, higher rate constants
are expected for thin �lms, since they have a rougher and
thus larger external surface due to smaller crystals, compare
Fig. 3(a), (c) and (e), as discussed above. The opposite
trend was observed in that the rate constant increased with
increasing �lm thickness. A probable explanation for this is
that thicker �lms are more defective than thinner �lms, i.e.
the TIPB cracking is not only occurring on the outer sur-
face of the �lms, it may also occur on the surface created
by defects, such as cracks and open grain boundaries. An-
other explanation is that especially thin �lms are partially
poisoned by the support, which contains small amounts of
alkali metals. This partial poisoning would be more severe
for the thin �lms as there are less acid sites to neutralise and
the di�usion path for the alkali ions is much shorter. It is
likely that both these e�ects are present. It was not possible
to account for these e�ects using nitrogen adsorption data,
and the reasons for this trend remain unresolved.
Figs. 5 and 6 show the experimental results and simulated

data for p-xylene isomerisation. Main products were m- and
o-xylene, but small amounts of disproportionation products,
i.e. toluene and tri-methyl-benzenes, were also observed.
The amount of disproportionation products were ¡ 4% of
the amount of isomerisation product, in accordance with Ol-
son (Olson and Haag, 1984), except for sample AA. The

Fig. 5. Conversion in p-xylene isomerisation as a function of residence
time �xylene for sample AA, BA, CA, DA and DA*. Points represent
experimental data and lines represent simulated data.

Fig. 6. Molar ratio of m-xylene/o-xylene as a function of conversion
of p-xylene for sample AA, BA, CA, DA and DA*. Points represent
experimental data and lines represent simulated data.

larger observed amount of disproportionation products from
sample AA is due to errors resulting in measuring low con-
versions. Rate constants and di�usivities were �tted to the
experimental data, neglecting the formation of dispropor-
tionation products. Figs. 5 and 6 show that the reaction–dif-
fusion model represents that experimental data adequately.
The model parameters and least-square errors are given in
Table 3. As expected, the choice of the di�usivity ratios
had no impact on the model prediction of the data, and the
variation in the model parameters can be considered within
experimental error. The CSTR results indicate that the re-
actor �ow pattern has only a minor in�uence on the esti-
mated parameters. This is expected for �rst-order reactions
at low conversion as the large deviations between CSTR
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Table 3
Results from p-xylene isomerisation simulations

Sample PFR PFR CSTR

DA = 1000DB = 100DC DA = 1000DB = 1000DC DA = 1000DB = 100DC

k1 = k2 (s−1) DA (10−10 m2=s) � k1 = k2 (s−1) DA (10−10 m2=s) � k1 = k2 (s−1) DA (10−10 m2=s) �

AA 0.040 0.098 0.03 0.040 0.060 0.03 0.047 0.073 0.09
BA 0.36 1.4 0.05 0.36 0.98 0.04 0.41 1.7 0.10
CA 0.37 4.1 0.05 0.39 2.2 0.04 0.43 5.3 0.10
DA 1.0 86 0.09 1.1 40 0.08 1.3 190 0.18
DA* 0.84 60 0.05 0.93 28 0.05 1.0 74 0.10

About 36 g of each sample was loaded in the reactor, except for sample DA*, where the reactor was loaded with about 6 g sample.

Table 4
E�ectiveness factors for xylene isomerisation

Sample Reactor entrance 10% conversion

�A �B �C �A �B �C

AA 0.99 0.95 117 0.99 0.96 1.3
BA 0.96 0.87 350 0.96 0.88 2.1
CA 0.94 0.80 559 0.93 0.80 3.5
DA 0.93 0.79 585 0.94 0.79 3.6
DA* 0.92 0.76 664 0.93 0.76 4.5

and PFR are only expected at high conversions (�90% ap-
proach to equilibrium). The rate constant for xylene isomeri-
sation increases with increasing �lm thickness. An increased
rate constant with increasing �lm thickness supports the as-
sumption that especially thinner �lms may be poisoned by
the support. Furthermore, the e�ective di�usivity also in-
creases, with increasing �lm thickness. That supports the
previous assumption that especially thicker �lms have more
open grain boundaries and/or cracks, which would increase
the e�ective di�usivity. However, the internal mass transfer
resistance is increasing with increasing �lm thickness, mak-
ing thicker �lms more selective towards o-xylene, which is
shown by Fig. 6 and by e�ectiveness factors in Table 4. The
concentration of p-xylene in the �lm is close to the surface
concentration, due to the high di�usivity of p-xylene. How-
ever, the concentration of m-xylene in the �lm is higher than
the surface concentration, due to slow di�usion. Because
the reaction is reversible, the reaction rate depends on the
concentration of m-xylene, which reduce the e�ectiveness
factor for p-xylene below 1. Within a �rst approximation,
this result is consistent with the analytical solution given by
Aris (1975). The e�ectiveness factor for p-xylene is thus
dominated by the m-xylene concentration pro�le. When the
reversibility of the reaction is ignored the e�ectiveness fac-
tor for p-xylene is indeed 1. This shows that even though
the concentration pro�le of p-xylene is uniform, the e�ec-
tiveness factor can be signi�cantly less than 1. The e�ective-
ness factor for m-xylene is reduced in thicker �lms because
the slow di�usion rate of m-xylene results in a m-xylene

concentration in the �lm that is signi�cantly higher than the
surface concentration. The rate of formation of m-xylene is
thus reduced by the consumption of m-xylene and hence
the e�ectiveness factor is reduced. The e�ectiveness factor
for o-xylene is very large, particularly at low conversion.
This is due to the high m-xylene concentration in the �lm,
which promotes the conversion of m-xylene to o-xylene.
The m-xylene concentration is even higher in thicker �lms,
resulting in an increased e�ectiveness factor. The e�ective-
ness factors of p-xylene and m-xylene are independent of
conversion, while that of o-xylene is dependent on the con-
version. In essence, the reaction selectivity is dominated by
the concentration of m-xylene, or more directly the slow
di�usivity of m-xylene.
The data cannot show if the thinner �lms are free from

defects, only that thicker �lms may have more defects. The
varying di�usivity and rate constants could also be related
to the amount of poisoning, if H+ is exchanged by larger
cations, the e�ective di�usivity may decrease (K�arger and
Ruthven, 1992). Variations of preferred orientation may also
have an impact on the results. It is also possible that a gra-
dient of activities are created by the cation exchange, which
would impact on the selectivity of the reaction.

5. Conclusions

Thin-zeolite �lms have been grown on glass and alu-
mina beads with an average diameter of 3 mm. The
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number of hydrothermal treatment steps could control the
�lm thickness. The �lm thickness was independent of the
support type, but since the alumina supports had a very
rough surface and was slightly porous, the zeolite loading
was about 10 times greater on these supports. The �lms on
alumina supports were successfully tested as catalysts for the
reactions p-xylene isomerisation and tri-isopropyl-benzene
cracking. Models could account for all experimental obser-
vations. The �tted rate constants and di�usivities increased
with increasing �lm thickness, which indicates that thinner
�lms are poisoned by the support. Sodium migration from
the support to the �lm was veri�ed by XPS. Varying di�u-
sivities may also be caused by defects such as open grain
boundaries and cracks and orientation e�ects. These mate-
rials are useful for further fundamental studies and catalyst
modi�cations, perhaps employing a more inert support.

Notation

a m2 external zeolite area/m3 volume reactor, m−1

Ci concentration of species i (xylene isomerisation),
mol=m3

Cis surface concentration of species i (xylene isomeri-
sation), mol=m3

Cbulki gas-phase concentration of species i (xylene iso-
merisation), mol=m3

CTIPB surface concentration of TIPB, mol=m3

Di e�ective di�usivity for species i (xylene isomeri-
sation), m2=s

FTIPB molar �ow rate of TIPB, mol=s
Fi0 molar �ow rate of species i (xylene isomerisation)

in feed, mol=s
Fi molar �ow rate of species i (xylene isomerisation),

mol=s
k1 rate constant (xylene isomerisation), s−1

k2 rate constant (xylene isomerisation), s−1

kTIPB rate constant for TIPB cracking, m/s
KC1 equilibrium constant (xylene isomerisation),

dimensionless
KC2 equilibrium constant (xylene isomerisation),

dimensionless
L zeolite loading (mass of zeolite/mass of catalyst),

dimensionless
n number of experimental data points for xylene iso-

merisation
ri local rate of formation of xylene isomer i per kg of

zeolite, mol=(kg s)
�ri average rate of formation of xylene isomer i per kg

of zeolite, mol=(kg s)
riS rate of formation of xylene isomer i per kg of zeolite

at surface, mol=(kg s)
rTIPB rate of formation of TIPB, mol=(m3s)
R radius of sphere, m
S relative error in concentration, dimensionless
T �lm thickness (or thickness of slab), m

V reactor volume, m3

W mass of zeolite (xylene isomerisation), kg
x position in the zeolite �lm, m

Greek letters

� relative error in concentration, dimensionless
� dimensionless position in the zeolite �lm, dimen-

sionless
�glass density of glass, kg=m3

�z zeolite density, kg=m3

�TIPB residence time, external area of zeolite/FTIPB0
(TIPB cracking), m2 s=mol

�xylene residence time, mass of zeolite/FA0 (xylene iso-
merisation), kg s=mol

 i dimensionless concentration of species i (xylene
isomerisation), dimensionless

� Thiele modulus, dimensionless
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ABSTRACT 

Alumina beads were coated with ZSM-5 films ranging from 150 nm to 2300 nm in thickness. The ZSM-5 
coated alumina beads were subsequently hydrothermally treated in a silicalite-1 synthesis solution in two 
steps whereupon a dense silicalite-1 film was formed on top of the ZSM-5 film. The materials were tested 
with two probe reactions and the reactivity was compared before and after coating with silicalite-1. As 
expected, the para-xylene (pX) isomerization reactivity showed no change for samples with and without the 
top layer of silicalite-1 for equal amounts of zeolite. Surprisingly, the triisopropylbenzene (TIPB) conversion 
did not decrease after the silicalite-1 film was introduced. As measured by XPS, the aluminum concentration 
at the surface of the uncalcined silicalite-1 film surface was lower compared to that at the surface of the 
calcined ZSM-5 film. However, after calcination the concentration of aluminum was higher at the silicalite-1 
film surface than at the ZSM-5 film surface. These results suggest that aluminum migrates from the ZSM-5 
film into the silicalite-1 film during calcination and testing which results in an active top layer. 

Keywords: Synthesis, Film, ZSM-5, Catalyst, Silicalite-1. 

INTRODUCTION

Zeolite ZSM-5 has been used in a vast number of applications as a shape selective catalyst for many 
years. Most of the active catalytic sites are located on the interior surface of the zeolite. However, acid sites 
located on the external surface reduce the shape selectivity since they are accessible to bulky molecules. This 
easy access results in undesired product compositions. Therefore, deactivation of the external acid sites of 
ZSM-5 crystals has been studied and several methods, such as chemical vapor deposition (CVD) [1-3] and 
acid leaching [4, 5], have been used. The former approach involves blocking of the external sites while the 
latter involves removal of the framework aluminum atoms at the external surface.  

Alternatively, ZSM-5 crystals may be covered with a silicalite-1 shell [6] in order to reduce external 
activity. Silicalite-1 is essentially an aluminum free ZSM-5 molecular sieve. Recently a zoned MFI film was 
prepared by Li et al [7, 8]. This work showed that it is possible to grow the crystals further in a ZSM-5 film 
in a silicalite-1 synthesis mixture. Previously, we have prepared thin ZSM-5 films (150-2300 nm) on alumina 
beads, and the material was also evaluated by catalytic reactions [9]. In the present work, the performance of 
those ZSM-5 film catalysts is compared before and after coating with silicalite-1. 

The catalysts were tested for pX isomerization and TIPB cracking. The mechanism of xylene 
isomerization has been thoroughly described by, for example, Olson and Haag in 1984 [10] and by Wei in 
1982 [11]. Xylene isomerization is an acid catalyzed reaction and occurs via 1,2 methyl shifts in protonated 
xylenes. This is a consecutive reaction scheme, thus a direct reaction from para-xylene (pX) to ortho-xylene 
(oX) will not occur. Toluene and trimethylbenzenes are formed in disproportionation side reactions. These 
reactions are sterically hindered in ZSM-5 due to transition state selectivity and occur less frequently than in 
FAU zeolites. Consequently, only small amounts of toluene and other disproportionation products formed at 
the non-shape selective sites at the external surface are expected in this case. The three xylene isomers 
possess different diffusivities which make the isomerization reaction suitable for studies of mass transfer 
resistance in a zeolite catalyst. Xylene isomerization may thus be used in order to examine the activity, shape 
selectivity and mass transfer resistance for a zeolite catalyst. In 1986 Namba et al [12] suggested that the 
conversion of 1,3,5-triisopropylbenzene could be used as a test reaction in order to examine external activity. 
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The pore openings of ZSM-5 are approximately 0.51-0.56 nm [13] and since the triisopropylbenzene 
molecule is about 0.85 nm it cannot enter the ten-membered ring windows of ZSM-5. Any reaction of this 
molecule must therefore occur only on the external surface of the zeolite. There are also other test reactions 
commonly used nowadays, such as the transformation of 1,2,4-trimethylbenzene [14]. 

EXPERIMENTAL SECTION 

Alumina beads (1/8”, Duranit 99, Vereinigte Füllkörper-Fabriken, Germany) were coated with thin ZSM-
5 films by the seed film method [15] by hydrothermal treatment for various number of steps (1, 6 or 18) as 
described previously [9]. The ZSM-5 film thicknesses obtained were 150, 800 and 2300 nm respectively. 
These samples are hereafter denoted as ZSM-5 film catalysts or parent samples. In the present work, the as-
synthesized parent samples were placed in a HCl solution (pH=2) for 12 hours at room temperature. Then, 
after thorough rinsing with distilled water, the ZSM-5 coated supports were placed in a silicalite-1 synthesis 
solution (of molar composition 3 TPAOH: 25 SiO2: 1450 H2O: 100 EtOH) and hydrothermally treated in two 
steps of 120 h at 75 °C. The same chemicals and equipment were used for the preparation of the silicalite-1 
coatings as in the previous work [9], where the parent samples were prepared and fresh solutions were used 
in each hydrothermal treatment. A silicalite-1 film was similarly prepared on the alumina support by seeded 
growth. ZSM-5 coated quartz glass was coated with silicalite-1 in the same way as the ZSM-5 coated 
alumina beads. A summary of the samples is listed in Table 1. Removal of the templating agent at 400 °C 
and ion-exchange to the H+ form were carried out identically as the ZSM-5 film catalysts prepared in the 
previous work. A Philips XL30 scanning electron microscope (SEM) was used to record images on gold-
coated samples. Nitrogen adsorption at liquid nitrogen temperature was measured with a Micromeretics 2010 
ASAP instrument. Prior to surface area measurements the samples were outgassed at an elevated temperature 
(300 °C) for 12 hours. The specific surface area was calculated from the adsorption isotherm using the 
Brunauer-Emmet-Teller (BET) equation. The zeolite-coated quartz supports were analyzed with X-ray 
Photoelectron Spectroscopy (XPS). All XPS experiments were carried out using a KRATOS Axis Ultra 
electron spectrometer. 

The zeolite-coated samples were loaded in a tubular reactor with an internal diameter of 17 mm and a 
total length of 250 mm. Para-xylene isomerization and TIPB cracking were carried out at 450 °C. The reactor 
set-up and reactions conditions have been described before [9] and will not be mentioned here. 

RESULTS AND DISCUSSION 

General characterization 
 An image of the alumina bead support is shown in Figure 1 (a). The unevenness of the outer surface of 
the alumina beads is caused by the irregular stacking of alumina grains, each with an approximate size of 5 

m. An alumina bead covered with an 800 nm thick ZSM-5 film, which was prepared in previous work [9], 
is shown in Figure 1 (b). It can be seen that the film surface is very rough, which is a result of the unevenness 
of the support material. After two steps in the silicalite-1 solution a dense layer was formed on top of the 
ZSM-5 film, as illustrated in Figure 2. This side-view image shows a 2300 nm ZSM-5 film grown on an 
alumina support and a 350 nm silicalite-1 film on top of the ZSM-5 film. From SEM analysis it may be 
concluded that the film surface became rougher after treatment in the silicalite-1 solution by comparing 
Figure 1 (b) and Figure 2. The film growth rate was reduced when the silicalite-1 solution was used. The 
silicalite-1 thickness after two steps was 350 nm, irrespective of ZSM-5 film thickness. The growth rate for 
films in the ZSM-5 solution was approximately 2.7 nm/h. The corresponding growth rate for the silicalite-1 
film on top of the ZSM-5 films was approximately 1.7 nm/h. After 6 hydrothermal treatments in the 
silicalite-1 solution of the seeded alumina beads the film thickness was 500 nm, which corresponds to a 
growth rate of 1.7 nm/h. Hence, the silicalite-1 film had the same growth rate when it grew from seeds and 
from the ZSM-5 film. 



Figure 1: Alumina bead support (a) and alumina bead coated with an 800 nm film (b), sample CA.

Figure 2: A ZSM-5 film treated in a silicalite-1 solution for two steps (DALZ2). 

Zeolite loading defined as the mass of zeolite per mass sample was calculated from gas adsorption data
according to equation 1. This equation is valid under the assumption that the surface area of the support is
assumed negligible compared to the area of zeolite. 
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The specific surface area of the zeolite was 415 m2 g-1 [16].

The zeolite loading was often, but not always, increased after treatment in the silicalite-1 solution as can 
be seen in Table 1. Ideally, the loading should increase after the silicalite-1 deposition due to a larger amount
of zeolite. However, sample DALZ2 has a lower zeolite loading than the parent sample DA. It is believed 
that the complex structure of the support may influence the measurements. Zeolite not only forms on the 
outside of the alumina support, it also forms inside the internal pores. If, for some reason, a specific bead
contains fewer internal pores than average the surface area available for zeolite deposition will be reduced, 
and this may explain the lower surface area for sample DALZ2. The silicalite-1 film (CAS) prepared for 6
steps has a lower zeolite loading in comparison to the ZSM-5 film (CA) prepared for 6 steps. This is the
result of the lower growth rate of the silicalite-1 film compared to the ZSM-5 film growth rate as discussed 



above. The lower zeolite loadings for the films prepared on quartz is due to a lower surface area of the quartz 
support in comparison with the alumina support [17].

Table 1: Zeolite loading and film thickness. The first letter of the sample names (A, C or D) indicates the total number
of hydrothermal treatments (1, 6 or 18) in the ZSM-5 solution. The second letter indicates alumina (A) or quartz support
(Q). L denotes treatment with acid (leaching) and Z2 means treatment in the silicalite-1 solution for two steps. CAS is
the pure silicalite-1 film grown on the alumina support.
Sample ID Support type # of steps (ZSM-

5 + Silicalite-1) 
ZSM-5 film

thickness [nm]
Silicalite-1

thickness [nm]
Zeolite loading 

[mgzeolite g-1
sample]

AA Al2O3 1+0 150 - 2.5
AALZ2 Al2O3 1+2 150 350 7.5
CA Al2O3 6+0 800 - 13.6
CALZ2 Al2O3 6+2 800 350 18.0
DA Al2O3 18+0 2300 - 19.6
DALZ2 Al2O3 18+2 2300 350 17.7
CAS Al2O3 0+6 - 500 9.0
CQ SiO2 6+0 800 - 1.6
CQLZ2 SiO2 6+2 800 350 2.8

Catalytic evaluation
The pX conversion is plotted as a function of pX in Figure 3. pX is calculated as the mass of zeolite (kg) 

in the reactor divided with the molar flowrate (FpX0, mol s-1) of pX entering the reactor according to equation
2 below: 
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Sample CAS showed very low conversion levels and silicalite-1 may thus, as expected, be considered as 
inactive for pX isomerization and TIPB cracking. The pX conversion was essentially the same before and
after coating with silicalite-1 for the thickest ZSM-5 film, i.e. samples DA and DALZ2. This is as expected 
since no new active sites were introduced. The conversion was low both before and after coating with
silicalite-1 for the thinnest ZSM-5 film (AA and AALZ2) compared to the other samples. For the 
intermediate thick ZSM-5 film (CA) the conversion increased after it was coated with silicalite-1 (CALZ2).
Some deviation was thus observed, but the conversion levels were in the same magnitude and the results may
be considered reasonable. The activity for pX isomerization is thus approximately the same before and after 
the hydrothermal treatment in the silicalite-1 solution and this indicates that the ZSM-5 film is still accessible 
for pX after coating with silicalite-1.



Figure 3: pX conversion before and after coating with silicalite-1.

The Thiele Modulus is proportional to the film thickness [9] and the mass transfer resistance should thus
increase with film thickness at a given conversion. Lower mX/oX ratio indicates a higher mass transfer 
resistance since the diffusivity of the isomers may be assumed 1000:1:10 (para-xylene (pX):metaxylene
(mX):ortho-xylene (oX)) [18]. The concentration of mX will be significantly higher in the film, especially
for thicker films, resulting in production of oX and thus a lower ratio. This was indeed observed
experimentally, see Figure 4, hence the experimental results were consistent with the theory. The mX/oX
ratio of the feed was 2.86. Sample AALZ2 has lower ratios compared with the corresponding parent sample 
AA. This indicates that a small diffusion barrier was introduced while it was not detected for the other 
thicker ZSM-5 film samples. The thicker films have almost identical ratios before and after coating with
silicalite-1 since the silicalite-1 layer was thin compared to the thickness of the parent ZSM-5 film. The top
layer of silicalite-1 thus does not hinder access to the underlying ZSM-5 film.

The measured TIPB conversion is plotted as a function of TIPB in Figure 5. TIPB is defined as the
theoretical external surface area of the film divided with the molar flowrate of TIPB (FTIPB) entering the 
reactor and calculated according to equation 3 under the assumption that the film is smooth and defect-free:



Figure 4: mX / oX as a function of pX conversion.
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where the zeolite density is 1760 kg m-3.

Samples AA and CA showed a higher TIPB conversion after coating with silicalite-1 while sample DA
show similar conversion before and after the silicalite-1 deposition. A higher TIPB conversion is expected 
for films with a high fraction of defects since some of the sites located within the film are exposed in the
presence of defects. According to SEM analysis, defects were observed for both the parent and the present 
samples but quantification was not carried out. The modification of the parent samples might have increased 
the amount of defects. In previous works [9, 17] it was proposed that thicker films became defective due to a 
higher fraction of cracks and open grain boundaries in thicker zeolite films. Gas adsorption data showed that 
all the parent and all the present samples contained a significant fraction of meso pores. However, these data 
are not fully evaluated and more measurements, including discrete crystals for comparison, are necessary.

A higher TIPB conversion would also occur if the second layer is active since it may have a higher 
external surface area in comparison with the parent samples due to a higher roughness of the top layer as is
shown in Figure 2. Figure 5 shows that the pure silicalite-1 film (CAS) was essentially inactive and hence the 
higher conversion is not due to the silicalite-1 film itself. However, if aluminum originating from the parent 
ZSM-5 film was incorporated in the silicalite-1 film of the present samples, the top layer would be active.
This would not influence the pX isomerization though, since most of the zeolite coating is composed of the
ZSM-5 film and only a minor fraction build up the top layer. It has been reported that the chemical
composition during synthesis strongly influences the incorporation of the aluminum in the zeolite framework 
[19]. Ballmoos and Meier reported in 1981 that large synthetic zeolite ZSM-5 crystals possessed a higher 



aluminum concentration at the rim than in the core [20]. Nagy et al. found that synthetic ZSM-5 crystals had
a higher aluminum content at the surface, as determined by XPS, in comparison with results obtained from
EDX measurements which are based on a larger depth of the ZSM-5 crystal [21]. Nagy et al. further noted
that the aluminum atoms were tetrahedrally coordinated according to NMR spectra, which suggests that all 
aluminum was located in the zeolite framework.

Figure 5: TIPB cracking before and after coating with silicalite-1.

It can thus be concluded that it may be possible that the aluminum atoms were preferably incorporated at 
the film surface, which could explain the TIPB cracking results. This will be studied further but some 
preliminary results will be reported here. Samples were thus prepared for XPS analysis in order to analyze
the aluminum concentration at the film surface. A quartz support was used in order to avoid introduction of
aluminum from the alumina support since leaching of the support may occur during synthesis of silicalite-1, 
which may lead to an aluminum containing synthesis mixture. Sample CQ was prepared for 6 steps in the 
ZSM-5 solution, after it was calcined and the film thickness obtained was 800 nm. CQLZ2 was prepared as 
CALZ2, i.e. 6 steps in the ZSM-5 solution followed by acid treatment and hydrothermal treatment for two 
steps in the silicalite-1 solution. CQLZ2 was analyzed before and after calcination and the results are given
in Table 2. It can be seen that the parent sample, CQ, has a Si/Al ratio of 76. After two hydrothermal
treatments in the silicalite-1 solution (CQLZ2) the ratio has increased to 149, thus the aluminum
concentration at the surface has decreased as expected. However, after calcination of the same sample the
Si/Al ratio decreased to 38. This clearly shows that the aluminum concentration increases at the surface after
calcination. It is thus most likely that the silicalite-1 layer contains aluminum during the catalytic testing and 
this may result in a higher TIPB cracking. The aluminum did most likely migrate from the ZSM-5 film since 
a pure quartz support was used. However, for the samples tested by catalytic reactions aluminum originating 
from the -alumina support may also have been introduced.



Table 2: XPS results for films prepared on quartz glass. 
Sample ID Sample modification Si/Al ratio 
CQ After calcination 76
CQLZ2 Before calcination 149
CQLZ2 After calcination 38

CONCLUSIONS 

ZSM-5 films were successfully coated with silicalite-1 by hydrothermal treatment in a silicalite-1 
synthesis solution. As expected, pX isomerization was not affected after introduction of the silicalite-1 film 
on top of the ZSM-5 film. Unexpectedly, external activity was not reduced with a silicalite-1 coating. This 
may be explained by aluminum migration from the ZSM-5 film to the silicalite-1 film during calcination and 
testing, i.e. at elevated temperature. These results are important for further studies of thin film catalysis and 
show the importance of catalytic testing in addition to general characterization methods. 
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Abstract

Alumina beads, quartz and soda glass were coated with ZSM-5 films using a seeding method. Films with a thickness of 150, 350,

800 and 2300nm were prepared. The catalysts were tested by para-xylene (pX) isomerization and triisopropylbenzene (TiPB) crack-

ing. Model parameters, i.e. rate constants and diffusivities, were fitted to experimental results. The films on quartz glass were much

more active for pX isomerization and for cracking of TiPB, which was also reflected by the model parameters. Low and zero rate

constants for alumina and soda glass supported catalysts, respectively, were attributed to poisoning of the ZSM-5 film due to impu-

rities in these supports. Larger diffusivity in quartz supported catalysts and thick films was attributed to more defects in the film.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Zeolite film; ZSM-5; Catalysis; Xylene; Triisopropylbenzene

1. Introduction

During the last years, the number of scientific reports

on the preparation of supported zeolite coatings has in-

creased [1–7]. For example, Buciuman and Kraushaar-

Czarnetzki [2] partially coated ceramic foams with nano

particles of MFI zeolites (100–650nm) by a dipping

technique and Madhusoodana et al. prepared ZSM-5

films on a cordierite honeycomb support [3] by a solid

state in situ crystallization method. However, these
ZSM-5 coatings consist of aggregated ZSM-5 crystals

deposited on the support rather than a dense film. A

zeolite film may be described as a poly crystalline, dense

zeolite slab with an even film thickness and uniform dis-

tribution throughout the outer surface of the support,

while zeolite coatings may be considered as non-uniform

deposition of separate zeolite crystals. In a previous

study, thin (500nm) ZSM-5 films were prepared on alu-
mina beads and on ceramic foams [7] by using the seed

film method [8]. It was found that the zeolite was pre-

dominantly present in the form of a film on the alumina
and on the foam, as opposed to a coating on the catalyst

carrier material as reported before [1–6].

Reports on the catalytic performance of zeolite coat-

ings and films are few. Louis et al. [9] concluded that

ZSM-5 coated stainless steel grids were active and selec-

tive for phenol formation via partial oxidation of

benzene by N2O. Rebrov et al. [10] prepared active sam-

ples for selective catalytic reduction of NO with ammo-
nia and van der Puil et al. [11] prepared and tested

zeolite coatings on alumina supports. These materials

[9–11] were obtained by coating the catalyst carrier

material with zeolite crystals. Antia et al. [12] found that

configurational diffusion limits n-hexane cracking for

50lm thick zeolite coatings on monoliths. In order to

avoid mass and heat transfer limitations it is important

that the coating layer is thin, as opposed to the commer-
cial catalysts that are used in industrial applications

today. These catalysts often consist of small zeolite

crystals, i.e. 100nm, mixed with binder material and

shaped into pellets. For selectivity reasons, a minimum

of catalytic sites at the external surface of the zeolite is

1387-1811/$ - see front matter � 2004 Elsevier Inc. All rights reserved.
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desired. Zeolite coatings in the form of aggregated crys-

tals and small zeolite crystals should possess a relatively

high external surface area in comparison with a dense

poly crystalline film. It is anticipated that thick dense

polycrystalline slabs or films possess a greater Thiele

Modulus and higher diffusion resistance than thin films
analogous to the effect of the diameter of discrete spher-

ical crystals. We have thus prepared and tested 150–

2300nm thick ZSM-5 films on alumina and soda glass

supports [13,14] and 700nm thick ZSM-5 films on cor-

dierite supports [15]. However, we found that thinner

films in particular on alumina and all films on soda glass

may be poisoned by the support, which contained alka-

line earth cations. In order to investigate this further, we
prepared and tested thin ZSM-5 films on quartz glass,

which was free from alkaline earth elements and other

impurities, and compared the reactivity with corre-

sponding films on alumina in the present study.

2. Experimental

Thin zeolite ZSM-5 films were prepared on crushed

quartz glass (sieved to 2.5–4mm Patinal, Merck) using

identical experimental procedures as described in detail

elsewhere [13]. The supports were placed in a quartz

glass container with a bottom outlet, which facilitated

the exchange of liquid without movement of supports.

Directly after an exchange of liquid the container was

evacuated in order to eliminate air bubbles in the con-
tainer. The supports were first rinsed thoroughly with

acetone and 6 times with a 0.1M aqueous ammonia

solution. The support surface was modified with cationic

polymer molecules, followed by rinsing with ammonia

6 times and electrostatic adsorption of 60nm silicalite-

1 seed crystals as similarly described elsewhere [7,8,

13,15]. Following seeding, the samples were hydrother-

mally treated at atmospheric pressure for 48h for a cer-
tain number of steps at 75 �C in a ZSM-5 synthesis

solution (3TPAOH:25SiO2:0.25Al2O3:1Na2O:1600H2O:

100EtOH) in order to grow the seed crystals and form

a thin zeolite film. The number of hydrothermal treat-

ments for each sample is given in Table 1. A two-letter

code is used for each sample. The first letter, A–D, indi-

cates the number of hydrothermal treatment steps, 1–18,

respectively, while the second letter, A or Q, indicates
the support, alumina or quartz, respectively. After each

synthesis step, the container with contents was cooled to

room temperature. Before a fresh synthesis solution was

added, the supports were rinsed with ammonia solution

6 times. After the final synthesis step the samples were

rinsed in 0.1M ammonia solution for 4 days before

the samples were removed from the quartz glass con-

tainer. The ammonia solution was exchanged several

times each day. Calcination was carried out at 400 �C
for 24h with a heating rate of 0.2�Cmin�1 and a cooling

rate of 0.3 �Cmin�1. The zeolite films and supports were

treated three times in a 10% NH4NO3 solution at 100 �C
for 1h. Finally, the samples were calcined again as

described above.

By using a multi-step synthesis procedure the amount

of extra crystals (originated from bulk crystallization)

on top of the zeolite film could be significantly reduced
in comparison with a longer hydrothermal treatment in

a single step [15].

For comparison, a ZSM-5 powder was also prepared

using an identical synthesis solution as used for film

preparation. The clear solution was hydrothermally

treated at 100 �C at atmospheric pressure for 72h. The

crystals were purified by repeated centrifugation

(14,000g for 1h) and redispersion, 5 times in total. A
freeze-dried powder sample consisting of silicalite-1 seed

crystals was also prepared from the seed sol used for film

preparation. The powders were calcined in air at 550 �C
for 6h.

The samples were characterized with scanning elec-

tron microscopy (SEM, Philips XL 30) and with kryp-

ton and nitrogen sorption (Micromeritics ASAP 2010).

By gas sorption measurements on supports without zeo-
lite, it was shown that essentially all the surface area of

the catalysts emanates from the zeolite. Zeolite loading

(mass zeolite/mass catalyst, g/g) was thus determined

from gas adsorption data, applying the BET equation

and using the surface area of ZSM-5 zeolite powder

(415m2/g) as a reference [7]. Mass of catalyst is defined

as the total mass including support and zeolite. How-

ever, the mass of zeolite is very small compared to the
mass of the support due to low zeolite loadings. Pore

volumes were calculated from the BJH equation applied

on desorption data and the pore volume per g zeolite is

obtained by dividing the pore volume per g catalyst by

the zeolite loading.

SEM images were recorded on gold-coated samples

and energy dispersive X-ray analysis (EDX) was carried

out on carbon-coated samples.
X-ray photoelectron spectroscopy was carried out

using a KRATOS Axis Ultra electron spectrometer

using a monochromated AlKa source operated at

180W. The XPS signal emanates from the surface of

the film from a depth of about 6nm.

The reactivity of the zeolite films was tested using two

probe reactions, pX isomerization and TiPB cracking,

both at 450 �C. TiPB cracking was modeled as a 1st or-
der, irreversible reaction taking place on the external

surface of the zeolite film in a plug flow reactor

Table 1

Number of hydrothermal treatment steps for each sample

Number of hydrothermal steps 1 2 6 18

Alumina beads AA BA CA DA

Quartz glass AQ BQ CQ DQ
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[13,14]. pX isomerization occurring on the internal

surface of the zeolite was modeled as a series of revers-

ible 1st order reactions (p-xylene (pX) () m-xylene

(mX) () o-xylene (oX)) in a plug flow reactor as de-

scribed elsewhere [13,14]. Diffusivity and rate constant

were fitted to the experimental data. The relation be-
tween individual xylene diffusivity was assumed to

DpX = 1000 DmX = 100 DoX [16] and the rate constants

for the two forward reactions were assumed equal

[13,17].

3. Results and discussion

3.1. General characterization

Fig. 1(a) shows the very rough surface of the alumina

support. The much smoother surface of the quartz sup-

port is shown in (b). The quartz supports are non-por-

ous and the specific external area of this support was

determined to 3.6 · 10�3m2g�1 from krypton adsorp-

tion data, using the BET equation. The alumina support
is slightly porous; the external area was determined

from nitrogen adsorption data, using a t-plot, to 90 ·
10�3m2g�1, i.e. about 25 times higher than the surface

area of the quartz support, as indicated by SEM.

During hydrothermal treatment the seed crystals

grew and formed a dense ZSM-5 film. The film thick-

ness was 150nm after one hydrothermal treatment

according to SEM analysis. With an additional num-

ber of treatments, the film continued to grow and in-

creased in thickness as given in Table 2. As reported
many times before [7,13,15,17–19], the film thickness

and growth rate was independent of support type. Li

et al. [20] have shown that the crystals in similar

MFI films as in the present work continued to grow

in fresh synthesis mixtures. The difference in support

surface area should not affect the film growth rate

(nm/h) and film thickness unless the nutrients are de-

pleted during the hydrothermal treatment. For those
occasions the film may be thicker for the samples of

lower support surface area, but that was not observed

here.

The zeolite loading (mass zeolite/mass catalyst, g/g)

determined by N2 adsorption on the two supports is

given in Table 2. A higher zeolite loading was obtained

for the alumina beads due to larger external surface of

the alumina support. The mass growth rate of zeolite
(g zeolite/(g catalysth)) on the alumina support is ini-

tially high but levels out and approaches the mass

growth rate for the quartz support, see Fig. 2. This is ex-

plained by the fact that the film on alumina becomes

Fig. 1. Alumina bead surface (a) and quartz glass surface (b). Notice the roughness in (a) compared to (b).

Table 2

Summary of experimental and simulated results

Sample ID Thickness (nm) Zeolite loading (10�3g/g) kTiPB (10�6ms�1) kiso (s�1) DpX(10
�10m2s�1) e (–)

AQ 150 0.3 – – – –

BQ 350 0.6 17 2.19 23 0.11

CQ 800 1.6 7.5 7.81 105 0.11

DQ 2300 5.9 50 5.61 1100 0.10

AA 150 2.5 0.44 0.04 0.07 0.03

BA 350 6.9 1.0 0.36 1.4 0.05

CA 800 14 1.4 0.37 4.1 0.05

DA 2300 20 11 1.0 86 0.09

Data for alumina samples are from [13].

kTipB = specific rate constant for TiPB cracking, kiso = specific rate constant for the two isomerization reactions, DpX = diffusivity of pX, e = average

relative error in simulations.
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smoother as the film becomes thicker. The area available

for zeolite growth is thus reduced but the film growth

rate (nm/h) is not affected. Only the mass growth rate

is reduced, as reported earlier [13]. In contrast to the alu-

mina beads, the mass growth rate is constant on the

smooth quartz support. Fig. 3(a) and (b) recorded at

identical magnification showing top view images of sam-
ple CA and CQ, both 800nm ZSM-5 films on alumina

and quartz, respectively. Fig. 3(c) and (d) show cross-

sectional images on corresponding samples. Arrow 1

indicates the zeolite film and 2 indicates an alumina

grain. The arrow in Fig. 3(d) indicates the boundary be-

tween the zeolite film and the quartz support. The

roughness of the film on sample CA is due to the rough

alumina bead while the film on sample CQ is smoother

due to the smooth quartz support. Consequently, more

zeolite could be deposited on a rough support than on

a smooth support although the film thickness was the

same.
To verify an effective ion-exchange, EDX analysis

was carried out on sample DQ before (DQ*) and after

ion-exchange (DQ**). The spectra are shown in Fig. 4.

It can be seen that the NaKa peak at 1.0keV is absent

after ion-exchange (DQ**). This indicates that the ion-

exchange procedure was successful for the zeolite

films deposited on quartz. However, the Na content

in the films prepared on alumina could not be deter-
mined by EDX, since the X-ray signal also emanates

from the support, which contained small amounts of

Na.

ICP-AES analysis was also used in order to study the

ion-exchange procedure. Zeolite powder, synthesized

and ion-exchanged under the same conditions used for

film samples, was used for this study. After synthesis

and calcination, but before ion-exchange, the Si/Na
ratio was 66 and the Si/Al ratio was 38 in the powder.

After the first ion exchange to the ammonium form,

the Si/Na ratio was above 3700 and the sodium content

was below the detection limit [15]. The powder was thus

completely ion-exchanged after one ion-exchange. Note

that the ion exchange was repeated three times for the

film samples.

Fig. 2. Zeolite loading as a function of number of synthesis steps

for ZSM-5 coated alumina and quartz.

Fig. 3. Support structure influence of film morphology: (a, c) CA, (b, d) CQ.
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As a complement to EDX and ICP-AES measure-

ments, XPS measurements were also carried out on film

samples, see Table 3. Note that the XPS technique only

measures the surface content, to a depth of about 6nm.
The results are thus only representative for the surface

of the films; the bulk composition of the film may devi-

ate significantly. According to XPS, the Si/Al ratio on

the surface of the film is increasing with film thickness.

ZSM-5 does not crystallize readily with Si/Al lower than

10 [21]. The very low ratios that were measured on the

thinnest films are thus probably caused by extra frame-

work aluminum.
The Si/Na ratio of the film surface fluctuates at an

average value of about 27 for all ion-exchanged and

calcined films on alumina. However, a much higher

Si/Na ratio was measured on the alumina supported

ZSM-5 film in sample CA after ion-exchange to the

ammonium form, but before calcination to the acid

form (CA* in Table 3). These results indicate that so-

dium migrates from the alumina support to the surface
of the zeolite film, and possibly to the interior of the

alumina supported films, during the final calcination

to the acid form after ion-exchange. These results are

supported by a recent report by Botes and Böhringer

[22]. In a mixture of an alkali-promoted iron-based

Fischer–Tropsch (FT) catalyst and an H-ZSM-5 cata-

lyst, severe alkali migration from the FT catalyst to

the zeolite was observed. The sodium present in the
alumina supported catalysts will act as a poison and

may reduce rate constants, see below. The Na2O con-

tent in the alumina beads was 0.38% both before and

after ion-exchange (without zeolite present) as reported

earlier [13]. Hence, Na was not removed from the alu-

mina support during ion-exchange and can be solid

state ion-exchanged at elevated temperatures. How-

ever, as discussed above, essentially all Na was re-
moved during the ion-exchange procedure of quartz

supported ZSM-5 and non-supported ZSM-5 powder,

since no Na was detected by EDX or ICP-AES,

respectively.

Also note that the Si/N ratio of sample CA after ion-

exchange to the ammonium form, but before calcination

to the acid form (CA*), agrees well with the Si/Al ratio

of this sample. This is expected since NHþ
4 ions balance

the negative charge caused by the Al atoms before they

decompose to H+ during calcination.

Fig. 5(a) shows the nitrogen adsorption isotherm for

the alumina samples. It shows that the micropore vol-

ume increases with film thickness and that the isotherm

for thicker films features a hysteresis loop.

Fig. 5(b) shows the cumulative pore volume per g

zeolite from 1000Å to 17Å for selected alumina sup-
ported films and the two powder samples. The size

of the seed crystals was 60nm and the ZSM-5 powder

consisted of 1lm rounded twin crystals (typical MFI

crystal shape) according to SEM analysis. The silica-

lite-1 seed crystals have a larger pore volume than

the ZSM-5 crystals, see Fig. 5(b) and Table 4. The

smaller crystals have a large amount of mesopores in

between the crystals, which is not the case for the lar-
ger ZSM-5 crystals. As expected, the thinnest film

(AA) with the smallest crystals has the largest pore

volume, and the pore volume is decreasing with film

thickness.

The mesopore volume per g zeolite and per g catalyst

is shown in Fig. 5(c) for the alumina samples. The mes-

opore volume per g catalyst is increasing with film thick-

ness due to higher zeolite loading for thicker films. This
is in accordance with the data shown in Fig. 5(a). In

contrast, the mesopore volume per g zeolite is decreasing

with film thickness. This is in accordance with the data

given in Fig. 5(b) and Table 4. Consequently, the meso-

pore volume per g zeolite is reduced as the size and

thickness of the crystals and films, respectively, are

increased.

Most zeolite MFI films prepared by seeded growth
may be regarded as a polycrystalline slab with columnar

structure. These films contain numerous grain bound-

aries, and open grain boundaries may result in mesopor-

ous samples as observed here.

Some mesopore volume may also arise from unre-

moved synthesis residues due to incomplete rinsing in

between hydrothermal treatments and after the last

hydrothermal treatment. Fig. 6 shows a top view image
of sample DQ where the ZSM-5 film is partially covered

by a synthesis residue layer. However, this dirt covered

Table 3

Surface composition measured by XPS in films on alumina after ion-

exchange and calcination

AA BA CA CA* DA

Si/Al 8 13 18 19 27

Si/Na 18 30 24 112 35

Si/N 1 1 1 22 1
CA* was not calcined after the ion-exchange procedure.

Fig. 4. EDX analysis before (DQ*) and after ion-exchange (DQ**).
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only a minor fraction of the film surface according to

SEM analysis.

3.2. Xylene isomerization

Alumina and quartz supports were tested and found

inert at the reaction conditions used. Fig. 7 shows the

measured and simulated results from the pX isomeriza-
tion using the quartz supported catalysts. The thinnest

and thickest films on alumina are also included in the

Figure for comparison. The conversion for sample AQ

was very low due to a very low zeolite loading for this

sample. It was not possible to load more catalyst in

the reactor or to increase space time. The space time

spX is defined as the mass of zeolite in the reactor divided

by the molar flowrate of pX entering the reactor. Rate

constant (kiso) and pX diffusivity (DpX) for each sample

was fitted to the experimental results, see Table 2. The

model could adequately describe the experimental re-

sults as illustrated by Fig. 7 and the low relative error

in concentration �, see Table 2. The rate constants (kiso)
are lower for the alumina supported catalysts, which
should be due to the presence of sodium in these

Fig. 5. (a) N2 adsorption-desorption isotherm for sample AA, BA, CA and DA. (b) BJH desorption cumulative pore volume for films grown on

alumina and for the ZSM-5 crystals and silicalite-1 seed crystals. (c) Mesopore volume per g catalyst and mesopore volume per g zeolite/100.

Table 4

Surface area and pore volume characteristics of ZSM-5 crystals and for

silicalite-1 seeds

Sample SABET

(m2g�1)

SAext.
a

(m2g�1)

Micropore

volumea

(cm3g�1)

Mesopore

volumeb

(cm3g�1)

Crystal

size

(nm)

Silicalite-1

seeds

468 201 0.123 0.500 60

ZSM-5

crystals

403 66 0.157 0.057 1000

a From t-plot analysis.
b From BJH desorption analysis.

Fig. 6. A ZSM-5 film (DQ) partially covered by unremoved synthesis

residues. Arrow a indicates the ZSM-5 film and arrow b indicates the

residue.
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samples. Further, the rate constants on quartz sup-

ported catalysts do not follow a certain trend but varies

randomly, as expected for a non-poisoned catalyst. The

steady increase of rate constant for alumina supported

catalysts, as indicated by the arrows in Table 2, was re-
ported in previous work [13] and a hypothesis of sodium

poisoning was brought forward. The XPS results and

catalysis data from quartz supported samples in the

present work supports this hypothesis. The lower rate

constants for films on alumina should thus be due to so-

lid-state migration of alkaline earth cations such as Na+

from the alumina bead into the zeolite film at high tem-

peratures, which results in poisoning of the acid sites.
This phenomenon would also explain why all films on

soda glass, which contained 13% Na2O, were inert in

previous work [13].

The diffusivity for both catalyst types follows a clear

trend. The diffusivity is increasing with film thickness

and is higher on quartz supported catalysts at compara-

ble film thickness, the latter probably due to non-poi-

soned films. In previous work [13], it was speculated
that this increasing diffusivity with film thickness on alu-

mina supported samples was due to more defects in

thicker films or related to poisoning or orientation ef-

fects. In comparison, MFI membranes prepared by a

similar technique on porous alumina supports showed

an increase in defects with film thickness [23]. Since

increasing diffusivity with film thickness was also ob-

served on quartz supported films free from poisons, we
thus conclude that this trend, namely higher diffusivity

in thicker films, is most likely due to more defects (open

grain boundaries) in thick films or orientation effects.

Upon careful inspection of Fig. 8, numerous open grain

boundaries can be found; the arrows in the Figures indi-

cate a few examples. There are most likely also narrower

open grain boundaries and defects, which cannot be ob-

served by SEM. However, higher diffusivity for quartz
supported films compared to alumina supported films

with the same film thickness may be due to poisoning

from alumina or more defects in quartz supported films.

The expected increase of mesopore volume per g zeolite

for thicker films due to more defects (open grain bound-

aries) was not observed by gas adsorption as described

above. In contrast, the opposite trend was observed.

On the other hand, gas adsorption and desorption data
were recorded at liquid nitrogen temperature (�196 �C),
while the catalysis experiments were carried out at

450 �C, which calls for a careful use of the nitrogen

Fig. 7. pX conversion for ZSM-5 coated alumina and ZSM-5 coated quartz samples. (a) Lines are simulated results. (b) Ratio m-xylene/o-xylene

versus conversion.

Fig. 8. SEM images of sample (a) CA and (b) CQ. The arrows indicate open grain boundaries.
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desorption data. It is possible that the mesopore (open

grain boundaries) distribution is quite different at reac-

tion temperature than at liquid nitrogen temperature.

If open grain boundaries are detected at liquid nitrogen

temperature, even more mesopores should be present in

the films at high temperature, since the volume expan-

sion coefficient of a-alumina and quartz is positive,

while the volume expansion coefficient of calcined
ZSM-5 is positive below 130 �C, but negative at higher

temperatures [24]. It is also a well-known fact that

ZSM-5 crystals shrink due to template removal during

calcination after synthesis [25]. This shrinkage and dif-

ferences in expansion coefficient between zeolite and

support will lead to stress in a supported ZSM-5 film

upon temperature change. The stress is released by the

formation of defects (mesopores).
The Knudsen diffusion coefficient in a straight cy-

lindrical pore can be calculated using the following

formula [26]:

DK ¼ 9700 � r �
ffiffiffiffiffi

T
M

r

where DK is Knudsen diffusion coefficient [cm2s�1], r is

the radius in a straight cylindrical pore [cm], T is the
temperature [K], M is the molecular weight [gmol�1].

The Knudsen diffusivity for para-xylene at 450 �C in a

5nm defect is 1.3 · 10�6m2s�1 while the measured diffu-

sivity for sample CA is 4.1 · 10�10m2s�1. Thus, the

Knudsen diffusivity is about 3000 times greater in a

5nm defect than the fitted diffusivity for sample CA.

Hence, the average diffusivity will be enhanced in the

presence of defects. Consequently, the results indicate
that especially thicker films are more defective than thin-

ner films, on both supports, since they possess a higher

diffusivity.

Effectiveness factors were also calculated as described

earlier [13]. Since these are concentration dependent,

they were determined at 0 and 10% conversion, see

Table 5. The effectiveness factors are >1 for oX. This

is caused by the high diffusivity of pX, leading to the
high and constant pX concentration in the film. This will

result in a high rate of formation of mX, but since the

diffusivity of mX is very low, the concentration of mX

will build up and be significantly higher in the film than

in the gas. The outcome will be a high rate of formation

of oX, which explains the high effectiveness factor for

oX. The trends in effectiveness factors are indicated by

arrows in the Table. The effectiveness factors are a func-

tion of film thickness and defects. Steady trends were

observed for the ZSM-5 supported on alumina but not

for the films on quartz. This is presumably due to an

especially defective DQ sample.

3.3. TiPB cracking

As for xylene isomerization, TiPB cracking tests

showed that the alumina and quartz supports were inert

at the reaction conditions used. Fig. 9 shows the TiPB

conversion versus sTiPB for the quartz supported films

and also for sample AA and DA. The TiPB molecule
is too large to enter the zeolite pores and can only react

on the external surface of zeolite crystals. It is thus nat-

ural to define the space time for TiPB (sTiPB) on the

external area of the zeolite film. For a zeolite film with-

out defects, such as open grain boundaries, the external

surface of the zeolite film can be approximated as

follows:

external zeolite surface ¼ zeolite loading �mass of catalyst

zeolite density � film thickness

Table 5

Effectiveness factors for xylene isomerization at the reactor entrance and at 10% para-xylene conversion

Sample ID gpX
(X = 0%)

gmX

(X = 0%)

goX
(X = 0%)

gpX
(X = 10%)

gmX

(X = 10%)

goX
(X = 10%)

BQ 0.98 0.95 149 0.98 0.95 1.4

CQ 0.94 0.82 485 0.95 0.83 2.9

DQ 0.97 0.89 308 0.97 0.89 1.9

AA 0.99 0.95 117 0.99 0.96 1.3

BA 0.96 0.87 350 0.96 0.88 2.1

CA 0.94 0.80 559 0.93 0.80 3.5

DA 0.93 0.79 585 0.94 0.79 3.6

Fig. 9. TiPB cracking: TiPD conversion versus sTiPB for the quartz

supported films and also for sample AA and DA. Lines are simulated

results.
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As described above, the zeolite loading was determined

from nitrogen sorption data and the film thickness from

SEM. sTiPB was calculated from the total external sur-

face as defined above. With this definition, additional

external surface, due to open grain boundaries, etc.,

will be reflected by a higher rate constant for TiPB
cracking. From the discussion above it is expected that

larger rate constants should be observed for thicker

films. This was the case for alumina supported cata-

lysts, see kTiPB in Table 2. No clear trend was observed

for the quartz supported films, but the rate constants

on quartz are always higher at corresponding film

thickness on alumina, which may be related to more

cracks on quartz, or due to poisoning of alumina sup-
ported films.

The defects, which have been indicated by xylene

isomerization, TiPB cracking, SEM images and nitrogen

sorption data may be a result of the shrinkage of the

ZSM-5 crystals upon template removal and expansion

of the support in combination with contraction of the

zeolite during testing at high temperature.

4. Conclusions

ZSM-5 films grown on quartz glass using a seeding

method were much more active per g zeolite than films

on alumina beads. This is due to partial poisoning of

the alumina supported catalysts, which reduced the

rate constants for pX isomerization and TiPB cracking
for these samples. However, the high external surface

area of the alumina support resulted in a high zeolite

loading. Films on alumina and quartz showed an in-

creased amount of defects as the thickness increased,

which resulted in higher diffusivity in pX isomerization.

These ZSM-5 film catalysts may be useful in several

applications. The film thickness controls the selectivity

analogy with the diameter of discrete crystals in mass
transfer limited reactions. It is thus possible to target

the film thickness in order to obtain a desired product

composition. The film catalysts may be used in exo-

thermic reactions and replace conventional materials

in the form of extrudates, pellets, etc., in which tem-

perature gradients may occur. Film catalysts can also

be prepared on structured supports such as monoliths

and used in applications where low pressure drop is
important. Another possible application is catalytic

distillation.
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[7] O. Öhrman, U. Nordgren, D. Creaser, J. Hedlund, J. Sterte, in:

A. Galarneau, F. Di Renzo, F. Fajula, J. Vedrine (Eds.), Zeolites

and Mesoporous Materials at the Dawn of the 21st Century,

Studies in Surface Science and Catalysis, vol. 135, Elsevier,

Amsterdam, 2001, p. 20-P-09.

[8] J. Sterte, J. Hedlund, B.J. Schoeman, US Patent 6 177 373, 2001,

to Exxon Chemical.

[9] B. Louis, P. Reuse, L. Kiwi-Minsker, A. Renken, Appl. Catal. A:

Gen. 210 (2001) 103.

[10] E.V. Rebrov, G.B.F. Seijger, H.P.A. Calis, M.H.J.M. de Croon,

C.M. van den Bleek, J.C. Schouten, Appl. Catal. A: Gen. 206

(2001) 125.

[11] N. van der Puil, F.M. Dautzenberg, H. van Bekkum, J.C. Jansen,

Micropor. Mesopor. Mater. 27 (1999) 95.

[12] J.E. Antia, K. Israni, R. Govind, Appl. Catal. A: Gen. 159 (1997)

89.
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Abstract

Alumina and quartz supports were coated with well-defined precursor ZSM-5 films ranging from 

350 nm to 2300 nm in thickness. The precursor samples were subsequently treated with 

hydrochloric acid and hydrothermally treated in a silicalite-1 synthesis solution in order to obtain 

zoned MFI films. A dense, but rougher, silicalite-1 film was formed on top of the smooth precursor 

ZSM-5 film after two hydrothermal treatments. Defects such as open grain boundaries and cracks 

were observed by SEM and in concert, mesopores were detected by gas adsorption in the precursor 

and zoned films. The mesopore volume per g film increased after acid treatment and zoning, 

probably due to that a small fraction of the zeolite film dissolved in this process. As expected, the 

aluminum concentration at the surface of the uncalcined zoned film was lower compared to that at 

the surface of the calcined precursor ZSM-5 film. However, after calcination of the zoned film, the 

concentration of aluminum at the surface increased, probably due to aluminum migration from the 

precursor film to the surface of the zoned film during calcination. The aluminum concentration at 

the surface of the calcined zoned film was even higher than at the surface of the calcined precursor 

ZSM-5 film. Consequently, the triisopropylbenzene cracking rate constant did not decrease as 

expected after zoning, probably due to the increased amount of defects and/or aluminum migration. 

The para-xylene diffusivity increased after zoning, probably due to the formation of defects, 

whereas the xylene isomerisation rate constants were unaffected, as expected. 

Keywords: Synthesis, Zoned MFI film, Catalyst, Defect, Mesopore. 
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1. Introduction 

Zeolite ZSM-5 is used as a catalyst in selective synthesis of chemicals [1], for instance for 

alkylation of benzene and toluene and xylene isomerization [2] among other reactions. The interior 

catalytic sites are shape selective and sites on the external surface reduce the shape selectivity. The 

ratio of shape selective to non-shape selective sites depends on the synthesis conditions and post 

synthesis modifications. The chemical composition of the synthesis mixture influences the 

concentration of aluminum in the zeolite framework [3]. A higher aluminum concentration at the 

ZSM-5 crystal surface than in the bulk of the crystal has been observed and reported [4, 5, 6] by 

several groups. To increase the selectivity a number of strategies can be pursued; (i) Chemical 

vapor deposition (CVD) of alkoxysilanes [7, 8, 9] or coking can be used to improve the shape 

selectivity. CVD relies on deposition of silica on the external surface of ZSM-5 crystals. This was 

shown to result in a reduced pore size opening, while the intracrystalline pore space remained 

unmodified [9]. (ii) Selective dealumination of the external surface of TPA-ZSM-5 can be carried 

out by acid treatment [10]. The surface of template free ZSM-5 can be dealuminated selectively by 

SiCl4 treatment at high temperature [11]. In contrast, non-selective dealumination of template free 

zeolites may occur during thermal treatment or by acid treatment [12, 13, 14]. However, upon 

dealumination at elevated temperatures mesopores are generated [15, 16]. In a review paper, van 

Donk et al. discuss how various treatments, such as steaming and acid leaching etc. generates 

mesopores and the impact of mesopores on catalytic activity and selectivity [17]. The mesopores 

increase the effective diffusivity and shorten the micropore path length and enhance the probability 

for molecules to access the micropores. A zeolite catalyst with mesopores may be advantageous for 

cracking of heavy oil fractions, cumene production and alkane hydroisomerization [17]. At the 

same time, the mesopores reduce the shape selectivity of the catalyst by increasing the external 

surface area. After dealumination, extra framework Al migrates to the outer surface of the crystal, 

which results in higher concentration at the surface than in the bulk [18, 19]. (iii) Alternatively, 

zoned MFI crystals; i.e. ZSM-5 crystals with epitaxial silicalite-1 overgrowths may be prepared [8, 
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20, 21]. Silicalite-1 is an aluminum free analogue of ZSM-5 and should thus be catalytically 

inactive in its pure form. Our group has shown that zoned MFI crystals and films can be obtained 

when the Si/Al ratio is > 45 at the precursor ZSM-5 surface (measured by XPS) but not when the 

ratio is < 23 [4, 22, 23, 24]. A discontinuity at the ZSM-5 /silicalite-1 interface was observed when 

the ratio was low. However, upon acid treatment of TPA-ZSM-5 crystals and films with low ratio, 

the ratio increased and zoned materials could be prepared. 

  Previously, we have reported the preparation of thin ZSM-5 films on various supports, such as 

monoliths and alumina beads, ceramic foams and quartz glass and the materials have also been 

evaluated by catalytic reactions [25, 26, 27, 28]. It was shown that the film thickness affected the 

diffusion resistance as expected and that thicker films were more defective than thinner films. In the 

present work, zoned MFI films are prepared and characterized by probe reactions for the first time 

in order to explore the possibility for increased shape selectivity. 

2. Experimental 

In this work, zoned MFI material was prepared by a similar protocol as reported by Li [4, 22, 23] 

and Wang [24]. Li and Wang carried out the synthesis at atmospheric pressure and reflux boiling. 

The synthesis mixture was heated in an oil bath holding a temperature of 100 °C and the 

temperature in the synthesis mixture was about 95 °C. Li and Wang studied the growth of zoned 

discrete crystals and zoned films on flat, large supports. An important difference with the materials 

prepared in the present work is the type of support, i.e. beads and crushed quartz glass, which calls 

for a modified synthesis procedure. The weight ratio (support) / (synthesis mixture) is also much 

higher than in the works reported by Li and Wang. A lower synthesis temperature was employed in 

the present work since boiling and formation of gas bubbles will hinder synthesis solution from 

reaching all parts of the supports. Bubbles may also lead to movement of the supports and possibly 

film attrition. The same chemicals and equipment were used in the present work as for the 

preparation of the precursor ZSM-5 films [26, 27].  
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Alumina beads (diameter ”, Duranit 99, Vereinigte Füllkörper-Fabriken, Germany) and 

crushed quartz glass (sieved to 2.5 - 4 mm, Patinal, Merck) were used as support materials. 

Chemical composition of the suppports according to Vendors are given in Table 1. The alumina 

support contain some impurities while the quartz support may be regared as a pure support. The 

supports were coated with thin ZSM-5 films by the seed film method [29] by hydrothermal 

treatment at 75 °C for 2, 6 or 18 steps of 48 h in a clear synthesis solution of molar composition 3 

TPAOH: 25 SiO2: 0.25 Al2O3: 1 Na2O: 1600 H2O: 100 EtOH as described previously [26, 27]. A 

multi-step protocol was used in order to control the film thickness and minimize the deposition of 

crystals from the bulk of the synthesis mixture as reported elsewhere [28]. The precursor samples 

are denoted by a two-letter code. The first letter (B-D) indicates number of hydrothermal treatments 

(2-18), respectively. The second letter indicates support type, A for alumina or Q for quartz, 

respectively. The film thicknesses of the obtained precursor ZSM-5 films were 350, 800 and 2300 

nm as reported elsewhere [26, 27]. All the as-synthesized precursor samples were unloaded from 

the synthesis container and placed in a 0.01 M hydrochloric solution for 12 hours at room 

temperature in a similar way as reported before [24]. The acid treatment used in this work is milder 

than reported previously in order to minimize formation of mesopores in the zeolite film, as 

discussed in the introduction. After thorough rinsing with distilled water, the acid leached precursor 

samples were hydrothermally treated in a clear silicalite-1 synthesis solution with molar 

composition 3 TPAOH: 25 SiO2: 1450 H2O: 100 EtOH, in one or in two steps of 120 h at 75 °C and 

at atmospheric pressure. These zoned samples are denoted by the precursor name followed by S1 or 

S2 indicating one or two treatments in the silicalite-1 solution, respectively. Rinsing with a 0.1 M 

NH3 solution was carried out after each hydrothermal treatment in the same manner as for the 

preparation of the precursor ZSM-5 film catalysts [26, 27]. Silicalite-1 films were also prepared 

directly after seeding on the alumina and quartz supports, i.e. without the precursor ZSM-5 film 

present. The silicalite-1 films were grown in multiple steps of 48 h, the synthesis conditions and 

equipments were the same as in the preparation of the other films. The silicalite-1 film samples are 
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denoted AS6 or QS6 indicating support type followed by number of treatments in the silicalite-1 

solution. General information about sample preparation is given in Table 2. Removal of the 

template molecule by calcinations at 400 °C and ion-exchange to the H+ form were carried out in 

the same way as reported earlier [26, 27]. 

Discrete ZSM-5 crystals were also prepared at 75 °C for 48 h by adding 0.01 wt% seeds to the 

ZSM-5 synthesis solution used for the precursor film preparation. The crystals were purified by 

repeated centrifugation (14 000 g, 1 h) and redispersion. The crystals were calcined at 550 °C for 6 

h with a heating and cooling rate of 1.75 °C min-1.

A Philips XL30 scanning electron microscope (SEM) was used to record images on gold-coated 

samples. Nitrogen sorption at liquid nitrogen temperature was measured with a Micromeretics 2010 

ASAP instrument after evacuation at 300 °C for 12 h. The specific surface area was calculated from 

the adsorption isotherm using the Brunauer-Emmet-Teller (BET) equation. MFI loading (mass of 

MFI / mass catalyst, g/g) was calculated from gas adsorption data as reported previously [26, 27]. 

Mass of catalyst is the total mass of the sample and includes the mass of MFI and support. The pore 

size distribution was calculated using the Barret-Joyner-Halenda (BJH) method. Elemental analysis 

of the film surface and of the discrete crystals was carried out using X-ray photoelectron

spectroscopy (XPS, KRATOS Axis Ultra electron spectrometer). X-ray diffraction (XRD) data of 

discrete crystals were recorded with a Siemens D5000 powder diffractometer. 

The catalysts were tested for para-xylene isomerization and triisopropylbenzene (TiPB) cracking 

at 450 °C. A model was fitted to experimental data as described elsewhere [26]; rate constants were 

fitted to the TiPB reaction data, diffusivities and rate constants were fitted to the isomerization data. 

The rate constant for the forward reactions p-xylene to m-xylene and m-xylene to o-xylene were 

assumed equal as described before [26]. The diffusivity of the xylene isomers were assumed to be 

related to each other as 1000:1:10 (Dp-xylene : Dm-xylene : Do-xylene) [30]. Space time for TiPB cracking, 

TiPB, was defined as the theoretical external surface area of a smooth film with uniform distribution 

and thickness divided with the molar flowrate of TiPB entering the reactor. By using the zeolite 
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loading obtained from N2 gas adsorption data, the zeolite density (1760 kg m-3) and the film 

thickness obtained from SEM analysis, the theoretical external surface area of a smooth film was 

calculated. Surface roughness, open grain boundaries, cracks, or a higher aluminum concentration at 

the external surface of the film will result in observation of a higher rate constant for TiPB cracking. 

The calculations for p-xylene isomerization were based on total mass of MFI in the reactor since the 

xylene isomers enters the pore structure of MFI. 

3. Results and discussion 

3.1. Characterization by SEM, N2 sorption and elemental analysis 

Figure 1 shows SEM images of the alumina (a) and the quartz (b) support. The outer surface of 

the alumina support is very rough due to its composition of partially sintered alumina grains, while 

the quartz support is smoother. Figures 1 (c) and (d) show a 2300 nm thick precursor ZSM-5 film 

on alumina (sample DA) and quartz (sample DQ), respectively. The film on the alumina support is 

rougher than the film on the quartz support, due to the rougher alumina support. The physical 

properties and the reactivity of the precursor films have been evaluated and reported in detail 

previously [26, 27]. Films and discrete crystals prepared with nearly identical and identical 

synthesis solutions as used in the present work have been identified as pure MFI material by XRD 

previously [4, 22, 23, 24]. Figure 2 shows the XRD pattern of the discrete crystals grown by 

seeding of the synthesis mixture in the present work. The pattern is typical for randomly oriented 

MFI crystals. The film thickness after hydrothermal treatment for 48 h in one step at 75 °C was 150 

nm [26]. The size of the discrete crystals grown by seeding the synthesis mixture was 

approximately 300 nm, i.e. twice the film thickness as expected. 

 Table 3 shows the surface composition of selected films and the discrete crystals prepared in this 

work as measured by XPS. The discrete crystals had a Si/Al ratio of 96 at the surface. The Si/Al 

ratio for the precursor films grown on alumina is lower than for the powder, especially for thin 

films, see Table 3. Furthermore, the surface Si/Al ratio of the films grown on alumina has not 
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changed after the acid treatment. The surface Si/Al ratio for sample CQ, i.e. an 800 nm precursor 

film grown on quartz is 76, which is closer to the surface Si/Al ratio for the powder, which was 96. 

This indicates that the films on alumina have extra aluminum possibly due to leaching from the 

support. We have also reported before [25] that aluminum leaching from a ceramic foam occurred 

into a silicalite-1 synthesis solution. Quartz supported films were therefore selected for XPS 

analysis of zoned films. The quartz support is essentially free from aluminum and other impurities 

as shown in Table 1. The precursor sample CQ has a surface Si/Al ratio of 76 after calcination. The 

corresponding zoned sample CQS2 has a Si/Al ratio at the surface of 149 prior to calcination, thus 

the ratio increased upon zoning as expected. However, the ratio decreased to 38 after calcination, 

i.e. the Al concentration was higher than before zoning. This indicates that aluminum migrates from 

the ZSM-5 film to the zoned film surface during calcinations, which may affect the catalytic 

properties of the material. 

 Figure 3 (a) shows a top view image of sample DAS1 i.e. a precursor ZSM-5 film (DA) that has 

been hydrothermally treated once in the silicalite-1 synthesis solution. The surface is uneven 

possibly due to hillocks, ramps or twins [31, 32]. In other areas the hillocks etc. covered the 

samples completely, see Figure 3 (b). Our group has reported the preparation of zoned discrete 

crystals previously. A rough surface was observed also in this case, see Figure 5 (b) in reference [4]. 

Prolonged treatment in the silicalite-1 synthesis solution resulted in a smoother zoned crystal, see 

Figure 5 (f) in reference [4]. After two treatments in the silicalite-1 synthesis mixture, the precursor 

ZSM-5 films are covered with dense silicalite-1 films, as exemplified by an image of sample DAS2 

in Figure 3 (c). The arrow to the left of the Figure indicates the ZSM-5/silicalite-1 interface. The 

silicalite-1 surface is rougher than the precursor ZSM-5 surface. The Figure also shows that 

although this precursor film was grown in 18 steps, continuous columnar crystals propagate through 

the entire precursor ZSM-5 film in accordance with other reports [23, 28, 33]. Li et al [23] reported 

the preparation of zoned MFI films with continuous crystals extending from the substrate surface to 

the film surface by a similar multi step synthesis procedure as that used in the present work. A 
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bright field TEM image of the cross section of a zoned film with continuous crystals is shown in 

Figure 9 in reference [23]. Our group has previously reported [4, 22, 23, 24] that continuous zoned 

films were obtained when the Si/Al ratio at the surface is >45 but not when the ratio is <23. The 

Si/Al ratio at the surface of sample CQ and the discrete crystals was 76 and 96, respectively, see 

Table 3. This indicates that all zoned samples in the present work consist of continuous crystals 

extending from the support to the top surface. Films on alumina are probably contaminated as 

discussed above. 

Defects were observed by SEM in all samples. A few defects (cracks) are indicated by arrows in 

Figure 3. Defects such as cracks and open grain boundaries with a width within the mesopore range 

have been observed and reported several times before [26, 27, 28, 33]. The arrow in Figure 3 (c) 

indicates a defect, which propagates from the support to the outer ZSM-5 film surface. The crack 

follows the grain boundaries between buried and surviving crystals.

Growth rates were estimated from the observed film thickness after each synthesis step. The 

growth rate for films during treatment in the ZSM-5 synthesis solution was approximately 2.7 nm h-

1. The growth rate for the silicalite-1 film on top of the ZSM-5 films was 1.3 nm h-1 in the first step 

and 1.7 nm h-1 in the second step. The silicalite-1 films grown on quartz and alumina reached a 

thickness of 500 nm after 6  48 h, which corresponds to a growth rate of 1.7 nm h-1. The lower 

observed growth rate during the first treatment of precursor ZSM-5 films in the silicalite-1 synthesis 

mixture may be caused by an induction time. However, during the second treatment of the precursor 

film in the silicalite-1 synthesis mixture, the growth rate was the same as that observed for pure 

silicalite-1 films. This indicates that the silicalite-1 film on top of the precursor ZSM-5 film 

continues to grow directly during the second treatment in the silicalite-1 synthesis mixture without 

an induction time. 

The MFI loading should increase moderately upon deposition of silicalite-1, which was observed 

for films grown on quartz, see Table 2. For films grown on alumina, less clear trends are observed, 

which may be related to loss of MFI during removal from the synthesis containers or from 
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sedimentation [28] of crystals from the bulk of the synthesis mixture onto the film surface. 

Especially sample BAS2 and CAS2 seem to have obtained a substantial amount of sediments. 

Figure 4 (a, c) shows nitrogen sorption isotherms for two representative samples before and after 

zoning, DA and DAS2 and a ZSM-5 powder with large crystals from ref. [27]. The crystals in the 

powder have a size of about 1 m. Figure (a) shows the volume adsorbed per g catalyst and (c) the 

volume adsorbed per g MFI. Note that the curves of DAS2 are shifted, the curves would overlap 

otherwise. The micropores of the crystals in the powder are saturated at very low pressures and the 

isotherm is quite flat at higher pressures as expected for a sample with only a small amount of 

mesopores. After saturation of the micropores in the precursor sample DA at very low relative 

pressure, more nitrogen is adsorbed at higher relative pressure indicating the presence also of 

mesopores in the film. The isotherm also shows a small hysteresis loop in the range 0.45< P/P0

<1.0.

The shape of the isotherm of the zoned sample DAS2 differs from the shape of the 

corresponding precursor film DA. The zoned sample seems to have even more mesopores than the 

precursor sample. There is also a hysteresis loop in the range 0.1< P/P0 <0.25 and the hysteresis 

loop in the range 0.45< P/P0 <1.0 is more pronounced for the zoned sample. It should be noted that 

this change in shape was also observed already after acid treatment. Voogd et al. [34] reported a 

hysteresis loop in the range 0.1< P/P0 <0.2 for dealuminated H-ZSM-5 samples and assigned that to 

a liquid-like to solid-like phase transition of adsorbed nitrogen. The closure of the hysteresis loop at 

P/P0 at 0.45 is probably due to the so-called tensile strength effect (TSE) [17, 35]. Further, the 

isotherm of the zoned sample resembles the isotherm of dealuminated ZSM-5 reported by 

Triantafillidis et al. [36]. The mesopore formation may be a result of dealumination during 

calcination in the presence of H2O in the samples, and by the acid treatment, resulting in mesopore 

formation as discussed in the introduction [15, 16, 17]. 

The cumulative pore volume, determined using the BJH method applied on the desorption 

branch, is shown for the two films and the reference powder [27] in Figure 4 (b, d). The meso pore 
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volumes are larger for the zoned sample compared to the precursor film. The small step in the 

curves for sample DAS2 at a pore diameter of about 40 Å is probably caused by the TSE. The 

mesopore volume per g MFI was 0.075 cm3 for sample DA and 0.14 cm3 for sample DAS2 and 

0.057 cm3 g-1 for the powder [27]. The mesopore volume of the powder is similar to the mesopore 

volume for the precursor film, while the zoned sample has the highest mesopore volume. A 

significant increase in mesopore volume per g catalyst and per g MFI after acid treatment and 

zoning was observed for all samples. The mesopores likely stem from defects and open grain 

boundaries and some of the larger defects that were also observed by SEM. As discussed in the 

introduction, the mesopores may facilitate aluminum migration from the ZSM-5 film to the 

silicalite-1 film, which was indicated by XPS analysis. 

3.2. Catalytic evaluation 

3.2.1. TiPB cracking 

The pore openings of ZSM-5 are approximately 0.51-0.56 nm [37] and since the 

triisopropylbenzene molecule is about 0.85 nm, it should thus not enter the pores. Any reaction of 

this molecule should therefore occur on the external surface of the zeolite. 

Figure 5 shows measured and simulated TiPB conversion (X) as a function of space time ( TiPB)

for films on alumina supports. The zoned samples results in higher conversion of TiPB than the 

precursor ZSM-5 films. This was also observed for films grown on quartz and all fitted rate 

constants are given in Table 4. Samples AS6 and QS6 were inert at the reaction conditions and the 

rate constant is thus zero for these samples. In most cases, the fitted rate constants (kTiPB) increase 

after zoning, which may be explained by three factors. (i) The higher aluminum concentration at the 

surface of zoned samples. (ii) The rougher surface of zoned films. (iii) More mesopores and thus 

more surface available for TiPB cracking in zoned films. 
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3.2.2. Para-xylene isomerization 

All zoned samples were modeled as homogeneous ZSM-5 films since the XPS results showed 

that aluminum was present on the surface of all films. Calculations are accordingly based on kg 

MFI. Fitted rate constants, para-xylene diffusivities and the average error in the simulations are 

given in Table 4. The xylene isomerization rate constants (kiso) are similar before and after zoning 

for all samples with one exception, BQS2. This sample was probably deactivated before p-xylene 

isomerization tests. Thus, no drastic changes in isomerization activity was observed after zoning, as 

expected.

Higher fitted diffusivities compared to other samples within the same series indicates more 

defects. Interestingly, samples within same series show similar Dp-xylene / kTiPB ratios indicating that 

the xylene diffusivity follows the same trend as the TiPB rate constants. This is expected, since 

defects will lead to observation of higher diffusivity during xylene isomerization (mesopores) and 

higher rate constant in TiPB cracking (surface area). Rate constants and diffusivities are higher for 

the films grown on quartz due to partial poisoning from alkali metals, predominantly Na, and 

alkaline earth metals in the films grown on alumina as discussed elsewhere [27]. 

4. Conclusions 

Zoned MFI films were prepared by mild acid treatment of precursor ZSM-5 films on alumina An 

uneven surface was observed after treatment in the silicalite-1 synthesis solution. After two 

treatments with the silicalite-1 solution dense silicalite-1 films were obtained on precursor ZSM-5 

films. XPS data indicated that the films should be zoned with columnar crystals extending from the 

support to the top surface. Columnar crystals, cracks and open grain boundaries were observed by 

SEM. Mesopores were introduced after zoning as indicated by nitrogen sorption measurements and 

higher p-xylene diffusivities. Migration of aluminum from the ZSM-5 film to the silicalite-1 film 

occurred during calcination. A higher TiPB cracking reactivity was thus observed for the zoned 

films compared to the precursor ZSM-5 films. These results are important for further studies of thin 
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film catalysis and show the importance of catalytic testing in addition to general characterization 

methods. 
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Table 1: Composition of the support materials according to Vendors. 

 Alumina beads Quartz glass 

Al2O3 + TiO2 > 99% N.A. 

SiO2 < 0.15 % N.A. 

Fe2O3 < 0.12 % N.A. 

MgO + CaO < 0.2 N.A. 

Na2O + K2O 0.4-0.5 % N.A. 

Co N.A.  0.0005 % 

Cr N.A.  0.002 % 

Cu N.A.  0.0005 % 

Fe N.A.  0.005 % 

V N.A.  0.0005 % 

N.A. denotes not available. 
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Table 2: MFI loading and film thickness. The precursor samples are denoted by a two-letter code. 

The first letter (B-D) indicate number of hydrothermal treatments (2-18) and the second letter 

indicate support type, alumina (A) and quartz (Q), respectively. S1 and S2 means treatment in the 

silicalite-1 solution for one or two  steps, respectively. AS6 and QS6 are the pure silicalite-1 films 

grown in six steps on the alumina and quartz supports respectively. 

Sample ID Support type # of steps 

(ZSM-5 / 

Silicalite-1) 

ZSM-5 film 

thickness (nm)

Total film 

thickness after 

zoning (nm) 

MFI loading 

(mgMFI / gcat)

BA Al2O3 2 / 0 350 - 5.3 

BAS1 Al2O3 2 / 1 350 500 5.4 

BAS2 Al2O3 2 / 2 350 700 10.7 

CA Al2O3 6 / 0 800 - 13.6 

CAS1 Al2O3 6 / 1 800 950 13.3 

CAS2 Al2O3 6 / 2 800 1150 18.0 

DA Al2O3 18 / 0 2300 - 19.6 

DAS1 Al2O3 18 / 1 2300 2450 20.2 

DAS2 Al2O3 18 / 2 2300 2650 17.7 

AS6 Al2O3 0 / 6 - 500 9.0 

QS6 SiO2 0 / 6 - 500 1.2 

BQ SiO2 2 / 0 350 - 0.6 

BQS1 SiO2 2 / 1 350 500 0.9 

BQS2 SiO2 2 / 2 350 700 1.4 

CQ SiO2 6 / 0 800 - 1.6 

CQS1 SiO2 6 / 1 800 950 2.3 

CQS2 SiO2 6 / 2 800 1150 2.8 
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DQ SiO2 18 / 0 2300 - 5.9 

DQS1 SiO2 18 / 1 2300 2450 5.7 

DQS2 SiO2 18 / 2 2300 2650 6.1 
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 Table 3: XPS results for discrete crystals and films. 

Sample Si/Al 

Discrete crystals grown by seeding 

of the synthesis mixture 

96

AA [27] 8 

BA [27] 13 

CA [27] 18 

CAL 17 

DA [27] 27 

CQ 76 

CQS2* 149 

CQS2** 38 

CAL = Sample CA after acid treatment. 

* Before calcination 

** After calcination 
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Table 4: Fitted rate constants and diffusivities for TiPB cracking and p-xylene isomerization.  = 

average relative error in simulations of xylene concentrations.

Sample ID kTiPB (10-6 m s-1) kiso (s-1) Dp-xylene (10-10 m2 s-1)

BA 1.0 0.36 1.4 0.05 

BAS1 1.2 0.09 0.95 0.04 

BAS2 7.1 0.23 5 0.02 

CA 1.4 0.37 4.1 0.05 

CAS1 8.1 1.0 14 0.05 

CAS2 6.4 0.6 14 0.07 

DA 10 1.0 86 0.09 

DAS1 8.7 1.2 110 0.08 

DAS2 15 1.2 150 0.08 

AS6 0 0 - - 

QS6 0 0 - - 

BQ 17 2.2 23 0.11 

BQS1 6.3 5.6 52 0.09 

BQS2 107 0.5 7.3 0.06 

CQ 7.5 7.8 105 0.11 

CQS1 40 7.4 200 0.11 

CQS2 24 5.0 225 0.12 

DQ 50 5.6 1100 0.10 

DQS1 31 5.9 1100 0.11 

DQS2 37 5.6 1100 0.09 
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Figure Captions. 

Fig. 1: Alumina (a) and quartz (b) supports. Films on alumina (c) and quartz (d) with equal film 

thickness (2300 nm), DA and DQ respectively. 

Fig. 2: XRD pattern for 300 nm crystals prepared for 48 h at 75 °C.  

Fig. 3: Leached precursor ZSM-5 films after one hydrothermal treatment with a silicalite-1 solution, 

DAS1 (a) and CAS1 (b), respectively. Side view (c) image of DAS2 showing continuous ZSM-5 

crystals and a dense silicalite-1 film on top. 

Fig. 4. Nitrogen sorption isotherm before (DA) and after coating with silicalite-1 (DAS2), (a, c). 

Cumulative pore volume per g catalyst (b) and per g MFI (d) before (DA) and after coating with 

silicalite-1 (DAS2). Data for powder from ref. [27].

Fig. 5. TiPB cracking conversion as a function of TiPB on alumina samples. (a) shows the TiPB data 

for precursor sample BA before and after zoning. (b) shows the corresponding data for CA and (c) 

shows the data for DA correspondingly. Lines are simulated results. 
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Fig. 1. 
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Fig. 3. 



Öhrman and Hedlund 

24

(a) (b)

(c) (d)

Fig. 4.



Öhrman and Hedlund 

25

(a) (b)

(c)
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Abstract

ZSM-5 films with controlled thicknesses of 0.8 and 1.9 m were grown on seeded 

cordierite monoliths. The materials were analyzed by scanning electron microscopy and N2

and NO2 sorption experiments. 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) at liquid nitrogen temperature and the specific NO2 adsorption 

capacity (mol per g zeolite) at 30 °C and 200 °C were independent of film thickness. The 

specific molar NO2 adsorption capacity was significantly lower than the specific molar N2

adsorption capacity. A number of NO2 adsorption sites with varying strengths were observed 

by TPD experiments in agreement with previously reported data for zeolite powder. Upon 

NO2 adsorption on the strongest sites, formation of NO was observed, in accordance to a 

previous report. As expected, the thicker film showed higher mass transfer resistance during 

NO2 adsorption.

Keywords: Monolith, ZSM-5 film, Catalyst, Mesopore, 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 a uniform micro pore structure, which results in size selective 

catalytic and adsorption properties.

Zeolite coatings or films have previously been tested in membrane applications [6-9] 

but they can also be used as sensors [10-12] and as catalysts [13-23]. 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 [13, 14] 

for xylene isomerization in ZSM-5 films supported on alumina and quartz supports. The 

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

properties.

NOx abatement is an important research topic for automotive and stationary engines [1-

4]. NOx in the exhaust gas can be reduced by selective catalytic reduction (SCR) [1] or by 

using a NOx storage reduction (NSR) catalyst [5]. NH3 is normally used as a reductant in the 

SCR process with V2O5/TiO2, zeolite or Pt-based SCR catalysts [1]. Ammonia has some 

drawbacks such as cost and slip of unreacted NH3 compared to other reductants such as CH4,

C3H8 and CO [3]. 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 



Öhrman et al. 

3

burn conditions is currently investigated [4]. Alternatively to existing methods, a novel 

technique could be used where NOx is selectively removed from the exhaust via a NOx

selective zeolite membrane. A first approach to develop this type of material is to investigate 

the NOx adsorption properties of such a membrane. 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 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.  

In this work, cordierite monoliths coated with thin Na/HZSM-5 films are characterized 

by SEM and N2 sorption and evaluated by NO2 adsorption and temperature programmed 

desorption.

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. ZSM-5 films were grown on the supports as described in detail 

earlier [15] and 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) [16, 24]. The seeded monoliths were 

hydrothermally treated in several steps for 48 h at 75 °C and atmospheric pressure in a ZSM-5 

synthesis solution with a molar composition of 3 TPAOH: 25 SiO2: 0.25 Al2O3: 1 Na2O: 1600 

H2O: 100 EtOH. The film thickness was controlled by the number of hydrothermal treatments 

[15]. Films were grown in several steps in order to reduce sedimentation during synthesis as 

discussed elsewhere [15]. The samples were rinsed with 0.1 M aqueous ammonia solution and 
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treated with ultrasound for 10 minutes in between each hydrothermal treatment. After the 

final hydrothermal treatment, the samples were rinsed in a 0.1 M aqueous ammonia solution 

for 4 days and ultrasound treatment was carried out for 1 h each day during this period. In 

order to remove precipitated zeolite from the ends of the monoliths, they were polished on 

each side to a length of 75 mm. ZSM-5 crystals were also grown at 75 °C for 48 h by adding 

0.01 wt % seeds (dry content) to the synthesis solution employed for film preparation. The 

crystals were purified by repeated centrifugation (14 000 g, 1 h) and redispersion. The films 

and crystals were finally calcined at 550 °C for 6 h with a heating and cooling rate of 1.75 °C 

min-1.

2.2. Characterization 

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

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

sputtering. The surface composition of the crystals grown by seeding the synthesis solution 

was measured by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra electron 

spectrometer. 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 [14, 16] the mass of zeolite on the sample (g) and zeolite loading (mass 

zeolite / mass sample, g/g) were calculated from the measured surface area of the samples 

[14]. The surface area of the support was very small compared to the surface area of the 

zeolite film. The pore size distribution was calculated using the Barret-Joyner-Halenda (BJH) 

method. X-ray diffraction (XRD) measurement was carried out for the crystals using a 

Siemens D5000 diffractometer. 
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NO2 sorption was measured by mounting the zeolite coated 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 dried 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. The feed was 600 ppm NO2 in Ar with a flow rate of 

2600 cm3 min-1 (STP). After the adsorption, the reactor was flushed with pure Ar for 4 

minutes.  

Temperature programmed desorption was carried out after NO2 adsorption using a 

heating rate of 20 C min-1 up to 550 C. The concentration of NO and NO2 in the reactor 

effluent was measured by a chemiluminescence detector (Ecophysic CLD 700 EL ht). 

3. Results and discussion 

3.1. Characterization by SEM and N2 sorption 

As reported before [13-15], the film thickness, increased with the number of 

hydrothermal treatments and was 0.8 m and 1.9 m for the two samples prepared in the 

present work, see Table 1. The zeolite loading was 0.065 g zeolite/g sample and 0.10 g 

zeolite/g sample for the thin and thick film, respectively. Consequently, both the zeolite 

loading and film thickness increase with an additional number of hydrothermal treatments, as 

expected.

Figure 2 shows side view images of the thin (a) and thick (b) film. Continuous, 

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

accordance with previous results [15, 25], see insert in Figure 2 (b). Cracks are also observed 

and indicated by arrows. 
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Figure 3 shows top view SEM images of the two films. The films are smooth and dense 

and cover the entire outer surface of the monoliths. Cracks and open grain boundaries with a 

width between about 100 nm to about 10 nm (resolution of the microscope) are observed. The 

cracks are within the meso- and macropore range. At least some of the cracks seems to 

propagate throughout the entire film thickness as shown in Figure 2 (a). Figure 3 (a) shows 

some crystals on top of the film, probably originating from the bulk of the synthesis mixture 

due to sedimentation as reported before [15]. 

The N2 adsorption-desorption isotherms for the two samples are shown in Figure 4 (a). 

Larger adsorbed volume in the sample with the thick film is a result of a higher zeolite 

loading. The volume adsorbed per g zeolite is shown in Figure 4 (c) for the two film samples 

and a reference ZSM-5 powder [14]. The size of the crystals in the reference powder was 1 

μm [14]. The volume adsorbed increase rapidly up to about 100 cm3 per g zeolite (Figure 4 

(c)) in accordance with literature data for ZSM-5 crystals [26] using N2 as adsorbate at liquid 

nitrogen temperature. At higher pressures only a small increase in adsorbed volume is 

observed for the powder, which is expected for a microporous sample. There are two 

hysteresis loops starting at about P/P0 = 0.1 and 0.45 for the film samples. Voogd et al. [26] 

reported of a hysteresis loop located at at 0.1  P/P0 0.2 for dealuminated H-ZSM-5. The 

authors assigned the hysteresis loop to a liquid-like to solid-like phase transition of adsorbed 

nitrogen in the channels of the dealuminated ZSM-5. As expected, the micropore volume, 

estimated from Figure 4 (c), is about 0.1 cm3 per g zeolite in accordance with literature [27] 

and independent of film thickness. In accordance with the SEM investigation, adsorption in 

mesopores is observed on both samples. The thicker film has more meso- and macropores per 

g zeolite, see Figure 4 (d), which is in accordance with our previous results, i.e. thick films are 

often more defective than thin films [13, 14, 28]. The cumulative pore volume for the 

reference powder sample of 1 μm ZSM-5 crystals [14] is also show in Figure 4 (d) for 
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comparison. The mesopore volumes were 0.13, 0.09 and 0.057 cm3 g-1 for the thick film, thin 

film and the powder [14], respectively. The mesopore volume per g zeolite reported here is in 

the same range as the mesopore volume (0.075-0.16 cm3 g-1) in ZSM-5 films grown on 

alumina spheres [14].  

There is a step increase in pore volume at approximately 40 Å using the desorption data, 

which is absent for the adsorption data as illustrated in Figures 4 (b, d). This may due to the 

so-called tensile strength effect (TSE), which is absent in the adsorption branch [29]. This 

also explains the closure of the hysteresis loop at P/P0= 0.45 in Figure 4 (a, c) [29]. The films 

seem to have more pores between 20 and 30 Å in comparison to the powder sample, see 

Figure 4 (d). This may be related to open grain boundaries in the films. 

3.2. Elemental analysis and XRD 

ZSM-5 crystals grown by seeding the synthesis mixture had a Si/Al ratio of 96 and a 

Na/Al ratio of 2.5 measured by XPS. Energy dispersive X-ray spectroscopy during SEM 

analysis could not be used to determine the bulk composition of the films without interference 

from the support. Films and crystals prepared with nearly identical and identical synthesis 

solutions as used in this work have been identified as MFI material by XRD [16, 30]. Figure 5 

show the XRD pattern for the 300 nm ZSM-5 crystals grown by seeding the synthesis 

mixture. The pattern is typical for randomly oriented MFI zeolite crystals. 

3.3. NO2 adsorption 

During NO2 adsorption, NO2 may interact with Brönsted protons [31] and Na+ ions [32] 

but also with terminal Si-OH groups and these interactions may vary in strength. Figure 6 (a) 

shows the NO2 concentrations of the reactor effluent for the thick and thin film at 30 °C. The 

NO2 breakthrough occurred after 180 s for the thinner film and after 250 s for the thicker film. 

The difference is due to the higher zeolite loading and hence a larger adsorption capacity for 

the thick film. The thinner film is in equilibrium with the feed after approximately 500 s and 



Öhrman et al. 

8

the thicker film after about 1000 s. The lag time between NO2 breakthrough until the zeolite is 

in equilibrium with the feed is thus about 320 and 750 seconds for the thin and thick film, 

respectively. The greater lag time for the thicker film is due to stronger mass transfer 

resistance for the adsorption process. The stronger mass transfer resistance of the thicker film 

is in agreement with our previous results [13, 14]. The adsorption capacity of NO2 was 

calculated by integrating the adsorption data and the result is given in Table 2. As expected, 

the adsorption capacity per g zeolite is independent of film thickness. 

Formation of NO was observed during NO2 adsorption in accordance to a previous 

report [33]. Figure 6 (b) shows the NO concentration during NO2 adsorption at 30 °C for the 

films, please note the logarithmic time scale. NO appears almost immediately (after 14 s) and 

a peak in NO concentration is observed early for both films. Low concentrations of NO were 

measured during the whole NO2 adsorption process. Occurrence of NO in the effluent is 

probably due to formation of surface nitrate species upon NO2 adsorption, leading to NO 

formation [32]. NO is weakly adsorbed compared to NO2 in metal exchanged zeolites and 

probably released after formation [33, 34]. Immediate release of a large amount of NO in the 

beginning of NO2 adsorption and only small released amounts of NO indicates that NO 

formation mostly occurs when NO2 adsorbs on a strong site. The amount of NO formed per g 

zeolite (see Table 2) is the same for the thin and thick film, indicating that the concentration 

of strong adsorption sites is independent of film thickness. The release of NO is observed over 

a longer time for the thick film, which indicates that the strong sites resulting in NO formation 

are distributed within the entire zeolite film and not only on the external surface, resulting in a 

slower NO release from the thicker film with higher mass transfer resistance. A 

comprehensive investigation, including IR measurements, of NO2 adsorption on these 

samples will be reported elsewhere [35]. 
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Figure 6 (c) shows the NO2 breakthrough curves at 200 °C. Similar trends as at 30 °C 

are observed with the difference that the adsorption capacity is lower (see Table 2) and that 

the diffusion is faster, resulting in a shorter time for break through and a shorter lag time. 

About four times more NO2 is adsorbed at 30 °C than at 200 °C, independent of film 

thickness, as expected. 

Formation of a similar amount of NO was observed when the sample was exposed to 

NO2 at 200 °C. This indicates again that NO formation is associated with strong NO2

adsorption sites. Release of NO is observed over a longer time, probably due to lower NO2

loadings at 200 °C, see Figure 6 (d). It is beyond the scope of the present work to elucidate 

the reaction mechanism for NO formation. A proposed reaction mechanism, supported by 

adsorption and IR data, will be reported elsewhere [35]. 

The molar amount of N2 required for monolayer formation is given in Table 2. This 

amount is ten and 40 times higher than the molar amount of NO2 adsorbed in the zeolite at 30 

°C and 200 °C, respectively. This shows that a monolayer of NO2 is not formed on the zeolite 

even at 30 °C, indicating that NO2 adsorbs on various sites such as Brönsted protons [31] and 

Na+ ions [32] but also with terminal Si-OH groups and these are separated some distance. The 

various NO2 adsorption sites in these particular films are discussed elsewhere [35].  

3.4. TPD 

During TPD, starting at 30 °C on the thin film two broad desoprtion peaks were 

detected, the first starting at 100 °C and the second located at 350 °C, see Figure 7 (a). These 

peaks are probably the result of desorption from a number of adsorption sites with varying 

strengths. Most of the NO2 is desorbed below 250 °C, followed by desorption of a smaller 

amount of more strongly adsorbed NO2 at higher temperatures. Formation of NO is observed 

at 350 °C, probably due to surface nitrate decomposition at a strong site, in accordance with 
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the discussion above. It is reported that a slow decomposition of nitrate species occurs 

between 150°C and 450 °C on Na-Y zeolites in accordance with the present data [32]. During 

TPD starting at 200 °C on the thin film, two NO2 broad desorption peaks at 300 °C and 450 

°C are observed, due to desorption of strongly adsorbed NO2, see Figure 7 (b). No desorption 

of NO is detected probably because its concentration is below the detection limit (5 ppm). 

4. Conclusions 

Cordierite monoliths were coated with well defined ZSM-5 films of controlled 

thickness. The zeolite was homogeneously distributed over the support and the sample with 

the thicker film had a higher zeolite loading as expected. The zeolite films contained 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 mesopore volume per 

g sample and per g zeolite was higher for the thicker film and this indicates that the thicker 

film was more defective in accordance to previous reports. 

At -196 °C the monolayer N2 adsorption capacity per g zeolite was independent of film 

thickness and ten times greater than the NO2 adsorption capacity at 30 °C and 40 times greater 

than the NO2 adsorption capacity at 200 °C. Formation of NO occurred during NO2

adsorption on strong adsorption sites. The thicker ZSM-5 film showed stronger mass transfer 

resistance than the thinner ZSM-5 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.  The technique used in the present 

work, i.e. deposition of well defined films on monoliths and investigation by measurements of 

breakthrough curves, is a powerful tool for studying adsorption and transport properties of 

zeolite films.  
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Table 1: Sample characteristics 

# hydrothermal 

treatments 

Film thickness 

( m) 

Zeolite loading 

(g/g)

Mesopor. vol. 

(cm3 / g zeo.) a

6 0.8 0.065 0.09 

13 1.9 0.10 0.13 

a from BJH desorption analysis. 
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Table 2: Sorption data. 

Film 

thickness 

N2 ads. 

(mmole/g zeo.) a

Weight of zeolite 

in reactor (g) 

NO2 ads. 

(μmole/g zeo.) 

NO formed 

(μmole/g zeo.) 

   30°C 200°C 30°C 200°C

 0.8 m 4.3 0.74 394 101 16 24 

1.9 m 4.4 1.27 416 103 16 21 

a N2 adsorbed in a monolayer, from BET analysis. 
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Figure Captions. 

Figure 1. Scheme of reactor.

Figure 2. Side view images of (a) thin and (b) thick film. Magnification of insert is 3.5 times. 

Figure 3. Top view images showing cracks in both films. 

Figure 4. (a, c) N2 adsorption – desorption isotherm of both films. (b, d) BJH Desorption and 

adsorption cumulative pore volume for the thin and thick film and a reference powder [14]. 

Figure 5. XRD data for the 300 nm crystals grown by seeding the synthesis solution. 

Figure 6. NO2 (a, c) and NO (b, d) concentrations during NO2 adsorption at 30 C (a, b) and at 

200 °C (c, d). 

Figure 7. TPD of the thin film at 30 C (a) and at 200 C (b). 
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Figure 2.
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Figure 3.
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(a) (b)

(c) (d)

Figure 4. 
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Figure 5. 
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(a) (b)

(c) (d)

Figure 6.
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(a) (b)

Figure 7.




