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SUMMARY 
In this study, well defined ZSM-5 films were prepared on monoliths, ceramic 
foams, alumina beads, glass beads and crushed quartz glass by further refinement 
of a method originally developed at the division of Chemical Technology, Luleå 
University of Technology. The supports were seeded with silicalite-1 seeds and 
hydrothermally treated, either at 75 °C or at 150 °C in a single or several steps. 
By adding sodium to the solution the aluminum concentration increased in the 
zeolite, which is beneficial for catalytic activity. Consequently, films with 
different Si/Al ratios could be prepared. The film thickness could be controlled 
from 110 nm to 9 µm. Short hydrothermal treatments and use of multi-step 
synthesis was utilized to prevent excessive bulk crystallization and ultrasound 
treatment was beneficial in order to remove sedimented crystals on top of the 
zeolite films. 
 
The choice of support material and its influence on the performance of thin 
ZSM-5 film catalysts was examined by testing the reactivity of the zeolite-coated 
materials in two reactions; para-xylene isomerization and triisopropylbenzene 
cracking. ZSM-5 films with a thickness of 150, 350, 800 and 2300 nm, 
respectively, were prepared on alumina beads and quartz glass. Based upon the 
zeolite content, the films on quartz glass were much more active for para-xylene 
isomerization and for cracking of triisopropylbenzene, which is attributed to 
poisoning of the films on alumina due to impurities in the support. 
 
Model parameters were fitted to experimental results. The simulations indicated 
that thicker films contained a higher fraction of defects, which may be caused by 
open grain boundaries and cracks. These defects explain higher xylene 
diffusivities and higher triisopropylbenzene cracking activity for thicker films. As 
expected, thicker films possessed higher diffusion resistance than thin films despite 
the higher fraction of defects. 
 
The present work has given substantial and valuable fundamental understanding 
of the performance of thin molecular sieve film catalysts. These findings will be 
beneficial for development of materials that may be used in novel industrial 
applications. 
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INTRODUCTION 

ZEOLITES 
The history of zeolites began in the middle of the 1750s when the Swedish 
mineralogist Axel Fredric Cronstedt discovered the first zeolite mineral, stilbite 
[1]. He called the mineral a zeolite, which is derived from the two Greek words, 
“zeo” and “lithos” meaning “to boil” and “a stone”. Zeolites are highly 
crystalline, porous, hydrated aluminosilicates of natural or synthetic origin with a 
three-dimensional framework of SiO4 and AlO4 tetrahedra. The oxygen atoms 
are shared between adjoining tetrahedra. Zeolites may be represented by the 
formula: 
 

OyHxSiOAlOM 222
n

n1 ⋅⋅⋅ −+  

 
where M = counterion 
 n = counterion valency 
 x = silicon / aluminum ratio (Si/Al) 
 y = content of hydrate water 
 
The Löwenstein rule allows only the formation of zeolites having Si/Al 1≥ . The 
physical and chemical properties are dependent of the aluminum content in the 
zeolite. A higher content of silicon (lower Al content) increases the 
hydrophobicity of the zeolite. Acid centers such as Brönsted sites, which function 
as proton donors or Lewis sites (electron acceptors), are present in zeolites. 
Zeolites may thus be used as catalysts for acid-catalyzed reactions. The 
counterions neutralize the negative charge of the framework and can be 
exchanged for various metal ions, hence the catalytic properties of the zeolite 
may be altered. Zeolites are thermally stable and can easily be regenerated from 
coke by combustion of the carbon deposits. They are also used as detergent 
additives for water softening, adsorbents and ion exchangers. 
 
Zeolites have a uniform micro pore structure determined by the crystal structure 
with known pore diameters (channels) between 3 and 10 Å, which results in a 
high surface area of zeolites, e.g. 400-500 m2 g-1 for zeolite ZSM-5. The channels 
may be circular or elliptical, tubular or containing periodic cavities and straight or 
zigzag. Apertures consisting of a ring of oxygen atoms (4, 5, 6, 8, 10 or 12) of 
connected tetrahedra limit access to the channels. This regular structure of the 
pores and with their aperture in the atomic scale enables the zeolite to function as 
a molecular sieve and they are therefore also used as membranes. The zeolite used 
in this work is ZSM-5 (Zeolite Socony Mobile-5), which is a member of the 
MFI structure type, see Figure 1. The MFI structure consists of five-member ring 
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building units that are linked together to form channels. The interconnection of 
these chains leads to the formation of the structure of the MFI type. The 
combination of these building units results in a framework containing two 
intersecting channel systems, one sinusoidal and the other one straight. 
 

 
Figure 1. Schematic structure of the MFI channel system. 
 
The ordered structure of zeolites makes them suitable as catalysts in reactions 
where shape selectivity is important. The pore size and structure of zeolites may 
affect the selectivity of a reaction in one or more of three ways  [2]: 
 

1. Reactant selectivity.  
The pore size hinders certain reactants from reaching the internal sites of the 
zeolite. This occurs when the aperture size is smaller than the reactants i.e. 
only sufficiently small molecules can reach the interior of the zeolite. Hence 
the term “molecular sieve” is justified. Reaction may still occur on the 
external surface of the zeolite, but on the other hand, the external surface 
area is relatively low compared to the internal surface for zeolite crystals. An 
example where reactant selectivity is important is in reforming processes for 
production of high-octane gasoline. 
 
2. Product selectivity. 
Products larger than the aperture size cannot diffuse out from the zeolite. 
Therefore, these larger molecules will be converted to smaller molecules or 
to carbonaceous deposits within the pore with deactivation as a result. An 
example of a reaction where product selectivity is important is the alkylation 
of toluene over H-ZSM-5 [3]. 
 
3. Restricted transition state selectivity. 
Production of bulky intermediates will be suppressed from restricted 
transition state selectivity.  Only those intermediates that can fit in the pore 
can form. However, in practice it is difficult to distinguish restricted 
transition state selectivity from product selectivity. An example of a reaction 
where restricted transition state selectivity is important is the methanol to 
gasoline process (MTG) with H-ZSM-5 as a catalyst. 
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Synthesis of zeolites 
When preparing synthetic zeolites it is important to choose appropriate 
chemicals. Nucleation of undesired species and/or precipitation of insoluble 
silicate species may occur if impure chemicals are used [4]. It is also important to 
use a synthesis vessel of inert material, e.g. polypropylene or teflon, since material 
from the container may otherwise leach during synthesis and may contaminate 
the product. Aluminum sulfate, sodium aluminate and aluminum phosphate are 
commonly used as an aluminum source while waterglass, colloidal silica, fumed 
silica or tetraethylorthosilicate (TEOS) are used as silica sources. Nucleation 
followed by growth of the nuclei generally occurs during hydrothermal treatment 
of a zeolite synthesis solution. Nutrients in the synthesis mixture are consumed as 
the crystals grow. Addition of seed crystals can affect or control the crystallization 
of a certain zeolite structure. Other important parameters for zeolite 
crystallization are pH, temperature, time and template molecule. Templates were 
originally described as cationic species which were added to the synthesis mixture 
in order to guide the organization of anionic blocks that formed the zeolite 
framework [5]. Examples of templating agents are alkali cations and quaternary 
ammonium cations. 
 
Zeolites are often synthesized in an autoclave that is placed in a heated oven at 
temperatures typically up to 200 °C. The autoclave contains a synthesis mixture 
that crystallizes under hydrothermal conditions and autogeneous vapor pressure. 
Zeolites can also be synthesized at atmospheric pressure in a test tube (containing 
the synthesis mixture), which is immersed in for example a heated oil-bath. The 
test tube is connected to a water-cooled condenser to provide reflux of vaporized 
synthesis solution. An advantage of the latter approach is that sampling during 
synthesis is straightforward while a sophisticated autoclave is necessary for taking 
samples during synthesis in the former approach. An advantage with autoclaves 
over test tubes in oil-baths is that a higher crystal growth rate is possible since 
higher temperatures can be used. 

Synthesis of zeolite coatings 
When preparing synthetic zeolite coatings it is important to choose the support 
material carefully. The supports have to be attrition resistant and chemically stable 
under the reaction and synthesis conditions. There are several methods for the 
preparation of zeolite coatings on supports: 
 

1. Slurry coating or wash coating where the zeolite is brought onto the 
support from a wash coat solution. The wash coat solution contains 
zeolite crystals and precursors of binders based on alumina and silica. The 
coatings are later calcined to obtain bonding of the crystals to the support 
surface. A disadvantage with this method is low continuity of the crystal 
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layers due to the binder material. The binder may also reduce the pore 
openings in the zeolite, thus adding mass transfer resistance. 

2. 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. 

3. In situ coatings (also called direct synthesis), in which the crystals are 
grown on the support. The support is immersed in a clear synthesis 
solution or gel. Under the right conditions the zeolite crystals grow on 
the support. The in situ technique can be used to grow dense and 
homogeneous coatings but it has been difficult to obtain homogeneous 
and dense films thinner than about 10 µm with this method. This is 
because crystals do not nucleate close enough on the support surface 
when the in situ method is employed. 

4. Seeding methods can be used in order to facilitate the growth of a thin 
and continuous film by adsorbing small seed crystals on the surface. The 
seeded sample is later immersed in a synthesis solution and the zeolite 
seed crystals grow on the support to form a thin continuous film. The 
main advantage with seed crystals is that very thin continuous films can 
be grown if the seeds are small and closely packed. 

 

Zeolite coatings (films) for use in catalysis 
Various numbers of catalyst carrier materials have been coated with zeolite using 
different methods [6-11]. The number of scientific reports regarding the catalytic 
performance of these materials is limited but a few attempts to measure the 
reactivity have been done. Louis et al. [12] concluded that ZSM-5 coated 
stainless steel grids were active and selective for phenol formation via partial 
oxidation of benzene by N2O. Rebrov et al. [13] prepared active samples for 
selective catalytic reduction of NO with ammonia and van der Puil et al. [14] 
prepared and tested zeolite coatings on alumina supports. Shan et al. [9] used in 
situ crystallization to obtain binderless ZSM-5 coatings on metallic monoliths. In 
another study by the same group [15] the performance of an in situ grown Cu-
ZSM-5 coated metallic monolith was compared with a traditional deNOx reactor 
filled with randomly packed vanadia/titania catalyst particles. The activity of the 
zeolite expressed per unit reactor volume was equal to the packed bed. However, 
a monolith reactor suffers less from pressure drop problems and the coating 
thickness can be increased to give higher activity. 
 
Antia and Govind [16, 17] studied the cracking of n-hexane and the MTG 
process over binderless in situ ZSM-5 coated cordierite monoliths. The average 
zeolite coating thickness was 50 µm. Their results indicated that configurational 
diffusion i.e. intracrystalline diffusion, hinders mass transfer in binderless zeolite 
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coated monoliths and hence bulk gas diffusion is assumed to be negligible. Thus, 
even thinner coatings may be necessary for low mass transfer resistance of the 
zeolite coating. The value of the Thiele Modulus indicates if a reaction is 
controlled by internal diffusion. High values shows that internal diffusion limits 
the reaction and small values generally indicate that the surface reaction rate or 
external mass transport resistance controls the reaction. Fogler [18] gives the 
Thiele Modulus (for 1st order reactions) for a spherical catalyst particle and films 
as: 

e

aC
Sphere D

kS
3
r ρφ =  , 

e

aC
Film D

kST ρφ = . 

Hence, the mass transfer resistance is greater for thicker films since the Thiele 
Modulus is proportional to the film thickness. Chemical engineers may benefit 
from this fact when designing zeolite catalysts that will be used in reactions where 
the reaction species possess different diffusivities. The transport of species 
(reactants and products) with highest diffusivity will be favored when thick films 
are used. This will result in a product with high concentration of the fast diffusing 
species. Industrially, xylenes are produced by alkylation of benzene and toluene 
or by toluene disproportionation [19]. It is anticipated that thick films would be 
suitable for para-selectivity since the higher diffusion resistance of thicker films 
would favor the faster diffusion para isomer. On the other hand, if very thin films 
are used the favoring of the faster diffusing species will be less pronounced due to 
the short diffusion path. In this case, the product would contain more of the 
slower diffusing species than in the former case, which may be desired in some 
applications. It should thus be possible to obtain a different product composition 
by changing the film thickness.  
 
 
The formulas above also show that the Thiele Modules is 3 times higher for a 
film with thickness r compared to a sphere with radius r. This also means that a 
500 nm thin film has the same Thiele Modulus as a sphere with a radius of 1500 
nm (at identical conditions) i.e. a spherical particle with 3 µm diameter. This 
indicates that 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. There are several types of 
commercial catalysts used nowadays e.g. small crystals that are joined together 
into different structures such as pellets or extrudates. However, depending on the 
kinetics and enthalpy change of the reaction these materials may have significant 
concentration and temperature gradients, especially for strongly endothermic or 
exothermic reactions. Smaller pellets can be used in order to reduce this problem 
but with an increase in pressure drop through the packed bed reactor as a result. 
A simple way to circumvent this problem may be to use a thin film covering a 
monolith support but this has not yet been tested in practice. Monolithic reactors 
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operate with low pressure drop and it is anticipated that thin films have low 
temperature gradients in the film direction. Fundamental studies of how the mass 
transport is affected by a change in film thickness are also important. Commercial 
catalysts contain a lot of voids between the actual catalytic material and some are 
also deposited on porous carrier materials together with a binder material which 
introduces intercrystalline diffusion resistance. These problems should not be 
encountered for thin film catalyst. So far, thin molecular sieve films (<10 µm) 
have not been prepared and tested as catalysts, but it is important to prepare and 
test such materials with respect to reactant selectivity, product selectivity and mass 
and heat transport properties. 

SCOPE OF PRESENT WORK 
The scope of the present work was to prepare and characterize zeolite ZSM-5 
films on various supports. Characterization with general techniques such as 
electron microscopy and surface area measurements and also by catalytic reactions 
was carried out. The thesis is based on 4 papers, which are summarized below. 
 
Paper 1 – Describes a basic routine to prepare ZSM-5 films on alumina beads and 
ceramic foams. 
Paper 2 – Describes the preparation and characterization of ZSM-5 films on 
monoliths, including some catalytic evaluation. 
Paper 3 – Describes both synthesis, characterization and catalytic testing of ZSM-
5 films on alumina beads and glass beads. 
Paper 4 – Describes and compares the properties of ZSM-5 films on alumina 
beads and quartz glass. 
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EXPERIMENTAL SECTION 

SUPPORT MATERIALS 
A structured support may be defined as a substrate with a regular structure, 
optimized for a certain application. This structure can be either primitive or 
complex. An example of a complex support is a monolith while crushed glass 
may be considered as a primitive support. In this thesis work, both primitive and 
complex support materials were used. The complex structured supports were 
cordierite monoliths (Corning Inc.), alumina beads (Duranit 99, Vereinigte 
Füllkörper-Fabriken) and ceramic foams (Kerapor 1000, Vereinigte Füllkörper-
Fabriken). The alumina beads contained small amounts of SiO2, TiO2, MgO, 
CaO, Na2O, K2O and Fe2O3 in addition to Al2O3 according to the manufacturer. 
Cordierite has the following formula: Mg2Al4Si5O18. No elemental analysis for the 
ceramic foam was obtained from the manufacturer. These complex structured 
support materials were coated with ZSM-5 films by modifications of the seed 
film method [20]. Films were prepared using a similar procedure on primitive 
structured supports. These were ordinary glass beads (Merck) and crushed quartz 
glass (Patinal, Merck). The glass beads and the quartz glass have a relatively 
smooth external surface. In addition, the quartz support is free from alkaline earth 
metals and other elements (present in the other supports), which may influence 
the properties of the films. In contrast, the complex structured supports have a 
rough external surface, which should enable a higher zeolite loading. The 
supports are shown in the photographic images in Figure 2. One ceramic foam 
and one small monolith piece, which was cut from the original (larger) 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, glass beads and the alumina beads are shown in (b). In may not be obvious 
from the Figure but both the ¼” and the 1/8” beads have a small size distribution 
while the glass beads are quite equal in size. 
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Figure 2. (a) Ceramic foam and monolith. (b) A - quartz glass, B - glass beads, C- 
¼” alumina beads and D - 1/8 “ alumina beads. 
 

SAMPLE PREPARATION 
In mid 1990s the seed film method was developed at the division of Chemical 
Technology, Luleå University of Technology [20, 21]. The seed film method 
relies on surface charges and seed crystals are adsorbed on the support surface. 
The seeded sample is hydrothermally treated in an appropriate synthesis solution. 
During synthesis the seed crystals grow and form a thin and dense film. This 
method has been used with great success for a number of support/zeolite 
combinations, for instance for the preparation of thin zeolite films on flat α-
Al2O3 asymmetric micro filtration membranes [22, 23]. During hydrothermal 
treatment, the supports have always been positioned in such a way so that the 
seeded surface is facing downwards in the synthesis container as illustrated by 
Figure 3 (a). A holder (not shown in the Figure) keeps the support fixed. This 
arrangement protects the growing film on one side from deposition by 
sedimentation of crystals formed in the bulk phase. However, for the supports 
used in this work a major part of the seeded surface is exposed to sedimentation 
due to the structure of the support materials as shown by Figure 3 (b). Since 
detachment of seeds and film peeling caused by wear between moving supports is 
a likely outcome it is important that the supports in (b) are fixed in the container 
during film preparation. The sample container should thus be handled with care 
during sample preparation for this reason. It is also important that the 
hydrothermal treatment is carried out below the boiling temperature since 
bubbles caused by boiling would cause the supports to move. Bubbles may also 
form between the supports during rinsing procedures. These bubbles hinder 
nutrients from reaching the seeds, hence the film will not grow in presence of 
bubbles. Bubbles are not a problem for the set-up in Figure 3 (a) since they are 
not entrapped as in Figure 3 (b). 
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Figure 3. The seeded membrane surface is protected from sedimentation (a) while 
the supports used in this work (b) are exposed to sedimentation. 
 
For these reasons, the sample preparation procedure had to be modified in 
comparison with previous work. A specially designed quartz glass container (200 
ml) was used. Quartz glass is a stable and inert material and hence leaching from 
the synthesis container to the synthesis solution was inhibited. 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 deteriorate the film preparation. 
In addition, a polypropylene tube was used for monoliths and foams since only 
one piece at the time was treated, thus the quartz container was superfluous. 
During sample preparation several steps of liquid exchange occur and 
immediately after a liquid-exchange the container was evacuated in order to 
eliminate bubbles of air in the container. Short hydrothermal treatments were 
used in order to reduce the bulk sedimentation, which commence after a certain 
crystallization time. However, when short hydrothermal treatments were used 
several crystallization steps were necessary in order to obtain thicker films. 
 
TPA-silicalite-1 seed crystals with an average size of 60 nm were prepared 
according to Persson et al. [24]. A synthesis solution, of molar composition: 9 
TPAOH: 25 SiO2: 360 H2O: 100 EtOH, was prepared by mixing 
tetraethoxysilane (TEOS, Merck-Schuchardt), tetrapropyl ammonium hydroxide 
(TPAOH, Applichem) and distilled water (H2O). The mixture was hydrolyzed at 
room temperature on a shaker for 120 hours. Subsequent crystallization of the 
silicalite-1 seed sol was carried out at 60 °C 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. At this pH the seed crystals 
are negatively charged. 
 
The supports were placed in the appropriate container. In-between different 
treatments the samples were always rinsed thoroughly in a 0.1 M NH3 solution. 
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First the samples were rinsed in acetone. Next, the samples were treated in a 
cationic polymer solution (0.4 weight-% Redifloc 4150, Eka Chemicals) yielding 
a positively charged surface. Then, the seed sol was added to the container 
whereupon the negatively charged seeds were adsorbed onto the modified 
support surface by electrostatic forces. 
 
Clear synthesis solutions (given in Table 1) were prepared by mixing aluminum 
isopropoxide (C9H21AlO3, Sigma-Aldrich), TPAOH, H2O and sodium hydroxide 
(NaOH, Riedel-de Haën). TEOS was added as soon as a clear solution was 
formed after which the mixture was put on a shaker at room temperature for 24 
h before use. 
 
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 
 
The seeded samples were hydrothermally treated at 75 °C (which is below the 
boiling point) under reflux in one of the two synthesis solutions. A few monolith 
samples were also treated at 150 °C for 12 h in the upper part of a 30 ml teflon-
lined autoclave. Hydrothermal treatment was carried out in one or (in) several 
steps (multi-step synthesis) for a certain time. It should be noted that only fresh 
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 and after the final hydrothermal 
treatment the samples were rinsed for 4 days in the ammonia solution. 
Ultrasound treatment was carried out for monoliths and foams for a few minutes 
in-between different synthesis steps and also for 1 h each day during the post 
synthesis ammonia rinsing. 
 
The top and bottom of the zeolite-coated monoliths were polished using a rotary 
polishing machine in order to avoid contribution of sediments in succeeding 
analyses. Removal of the templating agent took place by calcination either at 400 
°C or 500 °C for 24 h and 6 h, respectively. The heating and cooling rate in the 
former case was 0.2 °C min-1 and 0.3 °C min-1, respectively. In the latter case, 
both the heating and cooling rate was 1.75 °C min-1. The samples were ion-
exchanged by treatment in a 10 weight-% aqueous NH4NO3 solution at 100 °C 
for 1 hour 3 times followed by a second calcination. Powders of ZSM-5 crystals 
were prepared from both synthesis solutions by hydrothermal treatment for 168 h 
at 75 °C. The fabricated crystals were purified as the seed crystals above and 
calcined at 500 °C. 
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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 thus polishing was unnecessary on these samples 
for imaging purposes. SEM images were obtained on samples covered with a thin 
layer of gold deposited by sputtering (BAL-TEC MED020). An Oxford 
Instruments ISIS Ge energy dispersive X-ray (EDX) detector attached to the 
SEM was used for elemental analysis of carbon coated samples. 
 
Krypton and nitrogen adsorption on zeolite powder and supported coatings at 
liquid nitrogen temperature were measured with a Micromeretics 2010 ASAP 
instrument. Prior to surface area measurements the samples were outgassed at 
elevated temperature (300 °C) for 12 hours. The specific surface area was 
calculated from the adsorption isotherm using the Brunauer-Emmet-Teller (BET) 
equation. Zeolite loading was later calculated from gas adsorption data. 
 
X-ray diffraction data were recorded with a Siemens D 5000 powder 
diffractometer. 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.  

PROBE REACTIONS 
The reactivity of the ZSM-5-coated supports were tested by two probe reactions, 
para-xylene (pX) isomerization and 1,3,5-triisopropylbenzene (TIPB) cracking, 
both at 450 °C. The zeolite-coated samples were loaded in a tubular reactor with 
an internal diameter of 17 mm and a total length of 250 mm. A thermocouple 
was positioned through the center of the reactor in order to monitor the 
temperature. The weight of the loaded sample varied from 20 g to 36 g, 
depending on support type used. Inert glass beads were placed on top and bottom 
of the samples. The reactor was heated to the reaction temperature in 3.5 h and 
calcination in synthetic air for 3 h was carried out before starting the 
measurements. 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. The set-up of the test equipment is shown in Figure 4. 
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Figure 4. Flowsheet of the reactor set-up. 

Xylene isomerization 
The meachanism of xylene isomerization has been thoroughly described by for 
example Olson and Haag in 1984 [25] and by Wei in 1982 [26]. Xylene 
isomerization is an acid catalyzed reaction and occurs via 1,2 methyl shifts in 
protonated xylenes according to Figure 5 below. 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. Disproportionation 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 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. 
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Figure 5. Reaction scheme over pX isomerization to oX. 
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Triisopropylbenzene cracking 
In 1986 Namba et al. [27] suggested that the conversion of 1,3,5-triisopropyl-
benzene could be used as a test reaction in order to examine external activity. 
The pore openings of ZSM-5 are approximately 0.51-0.56 nm [28] and since the 
triisopropylbenzene molecule is about 0.85 nm it can not enter the ten-
membered ring windows of ZSM-5 as illustrated by Figure 6. 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 [29]. This reaction has also the 
advantage that both internal and external activity may be measured, i.e. only one 
reaction is needed for analysis of both internal and external activity. Adsorption 
and ion-exchange techniques can also be used to estimate the external activity of 
zeolites. 
 

 
Figure 6. The 1,3,5-triisopropylbenzene (TIPB) molecule is too big to enter the 
ZSM-5 pores. 
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MODELING 

Xylene isomerization 
Xylene isomerization was modeled as a series of reversible 1st order reactions 
(para-xylene (A) ⇔ meta-xylene (B) ⇔ ortho-xylene (C)) according to Figure 7 
below. 
 

k1

k2

k3

k4

(A) (B) (C)

 
Figure 7. Reaction scheme for para-xylene isomerization. A = para-xylene, B = 
meta-xylene and C = ortho-xylene. 
 
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], 
k is specific rate constants [s-1], 
Ci is the concentration of specie i [mol/m3], 

ρz is the zeolite density (1760 kg/m3). 
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The value of the equilibrium constants KC1 and KC2 are obtained from 
thermodynamics assuming ideal gas behavior: 
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A mole balance of specie i in a film segment with thickness ∆x can be written as 
following (see also Figure 8): 
 

x+∆x
x

Substrate

Diffusion through the surface of the film
(in absence of defects), with area A.

 
Figure 8. Part of a film with segment ∆x. 
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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, the 
following expression is obtained: 

( )
sm

mol     0ρr
dx
Wd

3zi
i =−  

 



 18

Fick’s first law gives the molar flux as: 
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Combining the two equations above gives a second order differential equation 
for the concentration in the film: 
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Change to dimensionless form according to: 
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where: 
T is the film thickness [m], 
Cis is the concentration at the external surface [mol m-3]. 
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Boundary conditions: 

1ψ  :  1λ
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A Matlab program was written based on the model above by Hedlund (co-author 
of paper 1-4) and was used in paper 3 and 4 in order to simulate the experimental 
data obtained from catalytic measurements. The molar flow rates in the reactor 
and the outlet concentrations were calculated by assuming plug flow through the 
reactor: 
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i
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dW
dF =  

 
The ratios of the diffusivities of the isomers were assumed to 1000:1:10 
(pX:mX:oX) and k1 and k3 was assumed equal. 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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With such a definition, the average relative error ε in simulated concentration 
will be: 
 

3n
Sε
⋅

=  

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

Triisopropylbenzene cracking 
TIPB cracking was modeled as a 1st order, irreversible reaction in a plug flow 
reactor: 
 

TIPB
TIPB r

dV
dF =  

 
where: 

TIPBTIPBTIPB Cakr ⋅⋅−=  
 
and: 
rTIPB = rate of generation of TIPB [mol m-3 s-1], 
k is specific 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. The theoretical surface area is calculated as the volume of zeolite (based 
on gas adsorption data) divided by the film thickness (obtained from SEM 
analysis). This area corresponds to A in Figure 8. 
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RESULTS AND DISCUSSION 

GENERAL CHARACTERIZATION 

Characterization of support materials 
The shape and surface area of the support are important for the evaluation of the 
zeolite-coated materials. A summary of the different properties of the substrates 
used in each paper is given in Table 2. The quartz glass and the glass beads possess 
a very low surface area in comparison with the other supports and may be 
considered as non-porous supports. According to Corning Inc. the surface 
properties of the monoliths are controlled during the manufacturing process with 
a target mean surface pore size of 3.5 µm and a porosity of 33 %. The total pore 
area (BJH desorption) was approximately 0.09 m2 g-1 and the total pore volume 
was 2.4 ⋅ 10-4 cm3 g-1 for the 1/8” alumina beads (paper 3). The external area of 
the alumina beads is thus roughly 0.035 m2 g-1, i.e. about 15 times higher than 
the surface area of the glass beads and about 10 times higher than the quartz 
support, see Table 2. This is expected, since the outer surface of the glass (Figure 
9 (a)) and the quartz support is very smooth compared to the rough surface of the 
alumina beads (Figure 9 (b)). 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 µm. The surface area of the foams were about 7 times 
higher than that of the glass beads, which is mainly due to the macro-porous 
shape (see Figure 2 (a)) of the support and not to micro- or meso-pores. The 
specific surface area of the foam is still low compared to the monoliths and 
alumina beads. 
 
 
Table 2. Support types used in different papers and their properties. 
Paper Support Size Shape BET area [m2 g-1] 
1 Alumina bead ¼“ Sphere 0.46 
1 Ceramic foam 2.5*2*1 cm Foam 0.017 
2 Monolith 400 cpsi Square channels 0.14 
3 Glass beads 3 mm Sphere 0.0024 
3 Alumina bead 1/8“ Sphere 0.125 
4 Quartz glass 2.5-4 mm Crushed glass 0.0036 
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Figure 9. The outer surface of glass beads (a) and alumina beads (b). Notice the 
unevenness in (b) compared to (a). 

Characterization of zeolite-coated supports 
The seeding procedure was successful for all substrates. Typically, a monolayer of 
seed crystals was formed on the external surface on the supports and a close-
packed seeding layer is beneficial in order to prepare a dense and thin zeolite film. 
The seed sol contained some aggregated crystals as is evident in Figure 10 which 
shows 60 nm silicalite-1 seed crystals adsorbed on an alumina bead. Blank spots in 
the seeding layer were observed with SEM analysis but only in rare occasions. 
The particular blank spot in Figure 10 is relatively small but also larger unseeded 
spots were observed and they were most probably caused by wear or contact with 
another support and this may lead to open islands in the zeolite film after the 
hydrothermal treatment. However, it should be noted that a minor fraction of 
open islands is not detrimental in the present application. 
 

 
Figure 10. Seeds adsorbed on an alumina bead. 
 
During hydrothermal treatment the seed crystals crystallize and form a thin film 
and by extending the crystallization time the film continues to grow, which 
results in a thicker film [30, 31]. However, after a certain time the concentrations 
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of nutrients reach equilibrium levels and the film will cease to grow [32]. By 
adding a fresh synthesis solution at this occasion, the film will (ideally) continue 
to grow and thus increase in thickness [32]. 
 
Preliminary studies (paper 1) showed that a two-step synthesis could be used to 
obtain 500 nm ZSM-5 films on ¼” alumina beads and ceramic foams. However, 
in paper 2, the effect of multi-step synthesis and a varied crystallization time were 
thoroughly studied for ZSM-5 film preparation on monoliths. After one step of 
48 h in mixture A at 75 °C, a 110 nm thin ZSM-5 film was obtained. Prolonging 
the synthesis time resulted in thicker films but after 96 h the film ceased to grow 
after reaching a thickness of about 270 nm. The size of the bulk crystals formed 
after 72 h in solution A was approximately 500 nm according to DLS analysis 
(paper 1). These crystals formed sediments in the bottom of the synthesis 
container, as was expected. Sediments may thus be deposited on top of the 
zeolite film during hydrothermal treatment, especially for relatively long 
treatments as was illustrated in Figure 3 (b). Therefore, a short crystallization time 
(48 h) was used as a standard synthesis time for film preparation in succeeding 
work (paper 3 and 4) in order to minimize sedimentation effects. The extent of 
sedimentation onto the film surface was pointed out by comparing two monolith 
samples with equally thick films (370 nm). One of the two samples was treated 
with ultrasound, whereas the other sample was not. The untreated sample 
possessed a specific surface area of 41 m2 g-1, while the sample treated with 
ultrasound only had a specific surface area of 17.4 m2 g-1. The difference is 
attributed to removal of loosely attached sediments. Film peeling would also 
decrease the surface area but this was not observed with SEM analysis after the 
ultrasound treatment. Consequently, a high proportion of the sediments can be 
removed by using ultrasound as reported in paper 2. 
 
Table 3. Effect of number of hydrothermal treatments at 75 °C for monoliths. 

Crystallization time 
for each step [h] 

Number of steps Film thickness 
[nm] 

BET area 
[m2 g-1] 

48 3 380 9.1 
48 4 450 13.3 
48 5 520 14.4 
48 6 700 16.6 

 
As expected, the film thickness as well as the surface area increased with an 
additional number of hydrothermal treatments as can be seen in Table 3. 
However, if very thick films are desired a faster growth rate may be necessary in 
order to save time. Sample preparation by synthesis at higher temperature was 
thus studied and reported in paper 2. Thicker films (and thereby also a higher 
surface area) were obtained in a shorter time by treatment at 150 °C. Seeded 
samples were treated in multiples of 12 h in mixture A and the thicknessess 
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obtained were 3, 6 and 9 µm, respectively. Consequently, ZSM-5 films from 110 
nm to 9 µm could be prepared on cordierite monoliths by varying the 
crystallization time, number of steps and temperature. 
 
The morphology of the films is illustrated in Figure 11. A cross-sectional image 
of a 500 nm ZSM-5 film on an alumina bead after polishing (paper 1) is shown in 
(a). The arrow indicates the position of the film on the outer part of an alumina 
grain. It can be concluded that by using the modified seed film method, 
homogeneous films can be prepared on irregular supports often used as catalyst 
carrier materials. No distinct border in the films originating from exchange of 
synthesis solution were observed with SEM. Hence it is believed that the crystals 
continued to grow in the fresh synthesis solution rather than by nucleation and 
growth of new crystals at the zeolite film surface. This is supported by Figure 11 
(b), which shows an image of the thickest film (9 µm) prepared in this thesis 
work. It is clearly seen that some crystals extend from the support to the top 
layer. A more thorough analysis such as a TEM analysis (transmission electron 
microscopy) may be used to determine any presence of borders originating from 
exchange of solution. Dome-like crystals were observed especially for thicker 
films on monoliths. The top of such a dome-like structure can be seen in Figure 
11 (b). A rough support may result in an uneven film surface. These structures 
may also arise from growth of aggregated seeds and/or secondary nucleation and 
growth on top of the film surface. Insufficient seeding gives similar shapes [33] 
but since dense and very thin (110 nm) films could be prepared this was likely 
not the case. 
 

 
Figure 11. (a) A 500 nm ZSM-5 film on alumina bead and (b) a 9 µm film on a 
monolith. 
 
Synthesis mixture residues were more frequently observed by SEM analysis for 
thicker than thin films (paper 4) prepared by multi-step synthesis. A better rinsing 
procedure could perhaps be beneficial in order to remove these residues. 
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The silicon to aluminum ratio (Si/Al) was 140 for the ZSM-5 powder formed in 
solution A and for the powder formed in mixture B the ratio was 38, both 
according to inductively coupled plasma atomic emission spectrometry (ICP-
AES) analysis. The thickest films prepared using mixture A on monoliths 
possessed a Si/Al ratio of 160 according to EDX analysis, which is in reasonable 
agreement with the results obtained from the elemental analysis of the powder. 
Thinner films (0-3 µm) could not be analyzed by EDX without interference 
from the support due to the interaction volume of the electron beam. The 
thickest film prepared in mixture B was 2300 nm thus EDX could not be used to 
determine the Si/Al ratio of films prepared with this mixture. Instead, X-ray 
photoelectron spectroscopy (XPS) was used to analyze the Si/Al ratio for a 2300 
nm film on quartz, which was prepared using mixture B. However, only the 
outermost 6 nm of the external surface is analyzed by XPS in contrast to EDX 
and ICP-AES. The ratio was 76, which should be compared with 38, which was 
obtained from ICP-AES analysis for powder. The lower Al concentration at the 
surface, as indicated by XPS, may arise from a gradient of Al in the zeolite film 
and this will be examined further in future work. 
 
Each Al in the zeolite framework must be balanced by a cation e.g. Na+. The 
number of cations present in the synthesis solution may thus limit the 
incorporation of Al into the zeolite framework. Hence, the higher Al content in 
crystals formed in mixture B may be due to the higher Na content in that 
synthesis solution. From these findings and from the results above, synthesis 
solution B and hydrothermal treatments consisting of multiples of 48 h at 75 °C 
were chosen for samples intended to be tested in catalytic reactions. In paper 3 
and 4, samples were prepared by hydrothermal treatment for 1 (A), 2 (B), 6 (C) 
and 18 (D) steps. The samples were denoted #*, where # is A, B, C or D and * 
is support type used: A for an alumina bead and Q for a quartz glass. A summary 
is given in Table 4. 
 
Table 4. Samples used in catalysis experiments. 

# hydrothermal 
treatments 

Film thickness 
[nm] 

Alumina 
support 

Quartz support 

1 150 AA AQ 
2 350 BA BQ 
6 800 CA CQ 
18 2300 DA DQ 

 
The film thickness determined by SEM was essentially the same for all support 
types at identical synthesis conditions. This is expected since the film growth rate 
is controlled by temperature and nutrient concentration and not by the support. 
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The zeolite loadings for the samples tested by probe reactions are plotted in 
Figure 12. The zeolite loading is defined as the mass (g) of zeolite per mass (g) 
sample and it is calculated as the measured BET surface area (m2 g-1) divided with 
the specific BET surface area of the zeolite powder, which was measured to be 
415 m2 g-1. Hence it is assumed that the support surface area is zero m2 g-1 in the 
calculation of the zeolite loading. The highest zeolite loading was obtained for 
the alumina beads due to the higher external surface area of the alumina support 
as described above. The amount of zeolite (zeolite loading) on the alumina 
support is increasing fast initially and then it levels out and reach the same rate as 
for the other supports as may be seen by comparing the slope of the curves in 
Figure 12. This is explained by the fact that the film becomes smoother and the 
pores are filled as the film thickens. The area available for zeolite growth is thus 
reduced but the zeolite (film) growth rate is not affected by this phenomenon, it 
is only the increase rate of zeolite loading that is reduced. This tendency was also 
observed with SEM analysis. Figure 13 shows top and cross-sectional SEM 
images of sample BA (a, b), CA (c, d) and DA (e, f), respectively. The thinnest 
film (a,b) has a very rough surface while the thickest film is much smoother (e, f). 
This smooth surface can accommodate less zeolite hence a smaller increase of the 
zeolite loading is expected for thicker films, also on initially rough supports.  
 
In contrast to the alumina beads, the increase of the zeolite loading is constant on 
the quartz and glass support as expected for a non-porous and smooth material. 
The external surface of the alumina beads was about 10 times higher than the 
surface area of the quartz glass. In comparison, the zeolite loading is also 
approximately 10 times higher for the thinnest films on alumina compared with 
corresponding films on quartz and this supports the suggestion that a rougher 
support material enables a higher zeolite loading. Consequently, more zeolite 
could be deposited on a rough support than on a smooth although the film 
thickness was the same. 
 
 

 

Figure 12. Zeolite loading on quartz glass, glass beads and alumina beads. 
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Figure 13. SEM images of ZSM-5 films on BA (a,b), CA (c,d) and DA (e,f). 
 
In order to verify that the ion-exchange procedure was successful, a 2300 nm 
film deposited on quartz (sample DQ) was analyzed with EDX before and after 
ion-exchange. The result is shown in Figure 14. It can be seen that the Na peak 
is virtually absent after ion-exchange, especially in the enlarged spectrum shown 
in Figure 14 (b). ZSM-5 powder (solution B) was also analyzed before and after 
ion-exchange by ICP-AES. The Na content after ion-exchange was below the 
detection limit (Si/Na>3700) while it was easily detected before ion-exchange 
(Si/Na=66). It may thus be concluded that the ion-exchange procedure was 
successful. 
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(a) 

 
(b) 

Figure 14. EDX analysis on sample DQ before and after ion-exchange. 
 
X-ray diffraction analysis of the zeolite powders formed in solutions A and B 
showed that they consisted of 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 supports were thus 
ground and analyzed as well. Characteristic ZSM-5 peaks were detected, 
although the intensity was low, due to that the zeolite was very dilute. 
  

CATALYTIC EVALUATION OF ZEOLITE-COATED ALUMINA BEADS 
Uncoated (blank) supports were tested and found to be inert at the reaction 
conditions used. A short testing of zeolite-coated monoliths was reported in paper 
2, mainly in order to verify that the zeolite was catalytically active. However, 
extensive tests were carried out and described in paper 3, where ZSM-5 films on 
alumina and glass beads were tested by pX isomerization and TIPB cracking 
reactions.  

Xylene isomerization 
The ZSM-5-coated alumina beads were active for pX isomerization. The pX 
conversion is plotted as a function of τpX in Figure 15 (a) where τpX is defined as 
the mass of zeolite in the reactor divided with the molar flowrate of pX at the 
entrance of the reactor. The mass of zeolite in the reactor is calculated as the 
zeolite loading times the weight of sample loaded to the reactor. Rate constants 
and diffusivities were fitted to the experimental data neglecting any formation of 
disproportionation products. The results and errors are given in Table 5 and the 
curves in Figure 15 shows the results. The model represents the data very well for 
all samples, as illustrated by ε in the Table and the Figure. Both the pX 
conversion (see Figure 15 (a)) and the isomerization rate constants (see Table 5) 
are increasing as the film thickens. This is not an ideal behaviour, but it may be 
explained by solid state migration of alkaline earth cations from the alumina bead 
into the zeolite film. Alkali metals are quite mobile at high temperatures [34] and 
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may diffuse into the zeolite and poison both internal and external acid sites 
during calcination and testing.  
 
The poisoning effect should decrease with film thickness due to a longer 
migration path and this would result in greater rate constants and higher 
conversion for thicker films (at a certain τpX), which was observed. For instance, 
the sample with thinnest film (sample AA, 150 nm) has a very low rate constant 
and it has also a low pX conversion compared to the other samples. Hence, 
sample AA is probably more poisoned than the other samples, which resulted in a 
low activity. However, the mX/oX ratio for sample AA is higher than for the 
other samples (as expected), which can be seen in Figure 15 (b). The Thiele 
Modulus is proportional to the film thickness and thereby the mass transfer 
resistance should increase with film thickness as was stated in the modelling 
section. Lower mX/oX ratios indicate a higher mass transfer resistance since the 
diffusivity of the isomers are assumed to be 1000:1:10 (pX:mX:oX) [35]. The 
transport of the ortho isomer is favored over that of the meta isomer and thereby 
it diffuses out from the film faster, which results in a lower mX/oX ratio for 
thicker films. This was indeed observed experimentally, see Figure 15 (b), hence 
the experimental results are consistent with the theory. 
 

 
(a) (b) 

Figure 15. pX isomerization on ZSM-5 coated alumina beads. Lines are 
simulated results and the points are experimental data. 
 
 
Table 5. Summary of simulations for zeolite-coated alumina beads. 
Sample k1=k3 (s

-1) DpX 

(10-10 m2 s-1)
kTIPB 

(10-6 m s-1) 
ε 

(-) 
AA 0.04 0.07 0.44 0.03 
BA 0.36 1.4 1.0 0.05 
CA 0.37 4.1 1.4 0.05 
DA 1.0 86 11 0.09 
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In addition to mX and oX, disproportionation products such as toluene and 
trimethylbenzene were observed. However, the amount of disproportionation 
products were < 4% of the amount of isomerization product, except for the 
sample coated with the thinnest film (AA). The larger observed amount of 
disproportionation products from this sample is probably due to feed impurities in 
combination with low conversion. 
 
The effective xylene diffusivity (DpX) increased with increasing film thickness, see 
Table 5. For a defect-free film the diffusivity should be constant and independent 
of film thickness but in the presence of defects the effective diffusivity will 
increase. Defects may be open grain boundaries and small cracks in the film, with 
a width greater than the pore size. Knudsen diffusion in a crack or in an open 
grain boundary can be calculated by using following formula [36]: 

M
Tr9700DK ⋅⋅=  

where: 
DK is Knudsen diffusion coefficient [cm2 s-1], 
r is the radius in a straight cylindrical pore [cm], 
T is the temperature [K], 
M is the molecular weight [g mol-1]. 
 
By using the formula above the Knudsen diffusivity for para-xylene at 450 °C in 
a 5 nm defect is 1.3 ⋅ 10-6 m2 s-1 while the measured diffusivity for sample CA is 
4.1 ⋅ 10-10 m2 s-1. Thus, the diffusivity is about 3000 times greater in a 5 nm defect 
than the measured diffusivity for sample CA. Hence, the average diffusivity will 
be enhanced in the presence of defects since Knudsen diffusion between crystals 
and bulk diffusion is greater than the diffusivity inside the zeolite pores. 
 
Consequently, the simulated results (from pX isomerization) indicate that 
especially thicker films are more defective than thinner films since they possess a 
higher diffusivity. However, despite occurrence of defects the mass transfer 
resistance does increase for thicker films as expected, which was shown by lower 
mX/oX ratios. 
 

Triisopropylbenzene cracking 
The product composition during TIPB cracking was measured at two flow rates 
for each sample. All typical products from this reaction were detected, i.e. 
propylene, benzene, cumene and di-isopropyl benzene. During testing the 
catalyst was continuously deactivated. Therefore, the TIPB cracking data was 
recorded at a quasi steady state within 1 to 2 hours after start up or after a flow 
rate change. According to SEM analysis the film became smoother as it thickened 
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(see Figure 13). This implies that the external surface area should decrease as the 
film thickens and thereby the TIPB cracking should also decrease as the film 
thickens. However, in contrast to the expected result, the TIPB cracking 
increased for thicker films as shown in Figure 16 where the TIPB conversion is 
plotted as a function of τTIPB. τTIPB is defined as the theoretical external surface 
area (A in Figure 8) divided with the molar flowrate of TIPB at the entrance of 
the reactor. τTIPB is based on external surface instead of amount of zeolite since 
only the external sites are available for the TIPB molecule in contrast to the 
xylene molecules who also access the internal surface of the zeolite. 
 

 

Figure 16. TIPB cracking on zeolite-coated alumina beads. Lines are simulated 
results and the points are experimental data. 
 
The pX isomerization results suggested that thicker films became more defective. 
The external activity measured by TIPB cracking may thus also increase with film 
thickness, due to an increase of external sites caused by defects and this could 
explain the observed results. Another explanation is that especially thin films were 
partially poisoned from the support, as discussed above. 

CATALYTIC EVALUTATION OF ZEOLITE-COATED QUARTZ GLASS 
ZSM-5 films were prepared on quartz glass mainly in order to examine any 
influence of poisoning from the support since the quartz supports are free from 
contaminants. The catalytic testing was carried out in similar procedure as for the 
alumina beads and is reported in paper 4. 

Xylene isomerization 
A much higher conversion was observed (see Figure 17 (a)) for films on quartz at 
a certain τpX (based on mass of zeolite) in comparison with corresponding alumina 
samples of same film thickness. In addition, from the simulated results it can be 
seen that the rate constants for the quartz samples are essentially the same but the 
rate constants for the alumina samples were lower and increasing with film 
thickness, see Table 6. Without any poison effects, the activity should be equal 
and independent of support type and film thickness. 
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(a) (b) 

Figure 17. pX isomerization on zeolite-coated quartz. Lines are simulated results 
and the points are experimental data. 
 
These results support the assumption that the films on alumina became poisoned 
while the films on quartz may be non-poisoned. The lower rate constant for films 
on alumina should be due to solid state migration of alkaline earth cations from 
the alumina bead into the zeolite film at high temperatures as discussed above. 
Cations can also be incorporated (ion-exchanged) into the film during synthesis, 
but these ions should be removed again by the ion-exchange procedure. The 
poisoning should thus occur after ion-exchange, i.e. during the final calcination 
or even during testing. The effect of poisoning should thus be lower for thicker 
films, which was observed for the alumina beads. When comparing the quartz 
samples it can be seen that the activity (conversion and rate constants) for sample 
BQ (350 nm) is somewhat lower than for sample CQ (800 nm) and DQ (2300 
nm). This may be related to the fact that a greater fraction of the film in sample 
BQ compared to sample CQ and DQ is inactive silicalite-1 seed crystals (60 nm). 
The activity for CQ and DQ is essentially the same which is expected for non-
poisoned films. 
 
Table 6. Summary of simulations for zeolite-coated quartz glass and alumina 
beads. 
Sample k1=k3 (s

-1) DpX 

(10-10 m2 s-1)
kTIPB 

(10-6 m s-1) 
ε 

(-) 
AQ - - - - 
BQ 2.19 22.5 17 0.11 
CQ 7.81 105 7.5 0.11 
DQ 5.61 1100 50 0.10 
AA 0.04 0.07 0.44 0.03 
BA 0.36 1.4 1.0 0.05 
CA 0.37 4.1 1.4 0.05 
DA 1.0 86 11 0.09 
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The simulated diffusivities for films both on quartz and alumina are increasing 
with increasing film thickness, see Table 6. However, the diffusivities are always 
higher in the case of quartz. This may also be related to poisoning of the films on 
alumina or that the films on quartz in general contain more open grain 
boundaries or cracks. An example of what appears to be defects is shown in 
Figure 18, which shows the top surface of sample CQ (800 nm). The film surface 
contains a lot of open boundaries between the ZSM-5 grains, as pointed out by 
the arrow in the Figure. There are most likely also smaller defects present that 
were not detected by SEM analysis, hence it was not possible to quantify the 
amount of defects. 
 

 
Figure 18. Defects in ZSM-5 films. Top-view image of sample CQ. 
 
The mX/oX ratios for films on quartz are slightly higher compared to those 
obtained for the corresponding films on alumina, which indicate a higher mass 
transfer resistance for the latter as reflected by the diffusivity. Very high mX/oX 
ratios were observed for sample BQ (350 nm) while the ratios are lower for the 
thicker films on quartz (CQ and DQ). However, the thickest film (DQ, 2300 
nm) possessed a higher ratio than the 800 nm film sample (CQ). This is 
unexpected and the result deviates from previous findings (zeolite-coated alumina 
beads) that thicker films always have lower mX/oX ratios. However, if sample 
DQ contains a lot of defects compared to sample CQ this may happen since the 
mass transfer resistance is reduced in presence of defects. 
  

Triisopropylbenzene cracking 

Figure 19 shows the measured and simulated TIPB conversion versus τTIPB (based 
on external surface area of the zeolite) for the quartz supported films and also for 
two alumina samples. The experimental data points for sample AA were 
measured at higher τTIPB and are thus not visible in the Figure. 
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Figure 19. TIPB cracking on zeolite-coated quartz. AA sim is simulated points 
for sample AA. Lines are simulated results and the points are experimental data. 
 
The films on quartz were more active than films on alumina also for TIPB 
cracking. The lower activity of the alumina samples is thus probably due to 
poisoning or to open grain boundaries and cracks in the films prepared on quartz. 
A slightly more defective film on quartz is also consistent with the higher 
mX/oX ratios which was observed for the quartz samples. 
 
The thinnest film (350 nm, BQ) has a higher conversion (at a certain τTIPB) and 
rate constant than the intermediate film (800 nm, CQ) but the activity is on the 
other hand lower in comparison with the thickest film (2300 nm, DQ). This is in 
contrast to the alumina samples where the activity always increased with film 
thickness. The top surface is very rough initially when the seed crystals grow and 
form the film. However, as the film thickens the top surface is smoothening out 
as was shown in Figure 13. This may result in a high TIPB cracking initially for 
very thin films due to the rough film surface. As the film becomes smoother, the 
TIPB cracking should be reduced due to the smoothening effect, which was 
observed for sample CQ. However, as the film increases in thickness, defects are 
probably introduced, which results in a higher TIPB cracking for sample DQ. 

CATALYTIC EVALUATION OF ZEOLITE-COATED GLASS BEADS AND 
MONOLITHS 
The zeolite-coated glass beads were essentially inert, very low conversion was 
observed, both for TIPB cracking and pX isomerization. This is most likely due 
to severe poisoning from the support, which contains large quantities of sodium. 
The activity for pX isomerization of the zeolite-coated monoliths were higher 
than the zeolite-coated alumina beads but slightly lower than the quartz materials. 
For that reason it is assumed that the films on the cordierite monoliths became 
poisoned, but not as heavily as the films on the alumina. The cordierite support 
may thus be used for future studies. 
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CONCLUSIONS 
Continuous and dense ZSM-5 films were synthesized by seeded growth on 
cordierite monoliths, ceramic foams, alumina beads, glass beads and quartz glass. 
The film thickness could be controlled from 110 nm to 9 µm. A relatively long 
hydrothermal treatment results in deposition of bulk product onto the film 
surface. This bulk product can be removed by treatment with ultrasound and can 
also 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 results showed the importance of using an inert support material 
when preparing thin zeolite film catalysts. The choice of an impure alumina 
support resulted in a partly poisoned ZSM-5 film and this resulted in a lower 
activity per g zeolite than in the case of quartz. 
 
The isomerization rate constants and the conversion at a specific τpX were higher 
for the films prepared on quartz when compared with corresponding films on 
alumina. Also, the films on quartz showed similar isomerization activity while the 
films on alumina increased in activity as the film thickened. This is believed to be 
due to poisoning of the films deposited on alumina from the alumina support, 
which contained alkaline earth metals. 
 
The very thin films were highly selective towards mX for both films on alumina 
and quartz as expected due to the short diffusion path. Generally, thicker films 
showed a lower mX/oX ratio than thinner films, which indicates that the mass 
transfer resistance increased with film thickness. 
 
Generally, triisopropylbenzene cracking and the xylene diffusivity increased with 
film thickness for both films on alumina and quartz supports. This indicates that 
thicker films contained more defects than the thinner films. 
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RECOMMENDATIONS FOR FUTURE WORK 
Work will continue with analysis of the aluminum distribution in the zeolite 
films. Work is also going on to prepare zoned films in where a silicalite-1 film is 
grown on top of the ZSM-5 film. This may reduce the number of external sites 
and thereby give a more shape selective catalyst. Another way to reduce external 
activity is to deposit a thin layer of silica by chemical vapor deposition (CVD). 
Some of this work has already been carried out and will be presented at the 14th 
international zeolite conference in Cape Town (2004). 
 
ZSM-5 films will also be deposited on other type of supports, for example on 
sand particles. It is important though to choose an inert support in this case. 
These will be tested and compared with the samples in this work. 
 
There is also an interest in incorporating other type of cations in the ZSM-5 
films, noble metals and barium are two examples. Those films could be used in an 
automobile application. After a successful incorporation of other cations the films 
should be tested in appropriate reactions. 
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