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ABSTRACT

Molecular sieve films and colloidal particles have great potential for utilization in 

novel, technological, sophisticated applications such as structured catalysts, sensors and 

membranes. The work in this thesis mainly concerns the synthesis of molecular sieve 

films and the crystallization of zoned MFI materials. Films are also evaluated in an 

FTIR-ATR application.  

A previously developed preparation method has been adapted for the preparation of 

MFI and FAU type films on various steel types and crystals (Si, ZnS, ZnSe and Ge) for 

ATR spectroscopy. The films were characterized by SEM, XRD and gas sorption. The 

type of substrate did not affect the film morphology, the thickness or the preferred 

orientation of the crystals in the film, whereas the thermal stability was dependent on the 

substrate. Zeolite (MFI) coated ATR crystals were investigated using ATR-FTIR 

spectroscopy to detect low amounts of organic molecules in a gas flow. It was 

demonstrated that these novel materials could be used as a sensor with high sensitivity. 

The sensor offers the possibility to study both the adsorbate and the adsorbent, and can 

be used for in-situ studies of sorption, diffusion and reaction in zeolites. The sensor 

combines the strengths of IR spectroscopy with the high sensitivity of zeolite coated 

ATR elements. 

Zoned (epitaxial) MFI materials in the form of colloidal crystals and films were also 

synthesized in this work. The materials were characterized by SEM, TEM and XRD. A 

two-step crystallization method was developed, in which acid treated precursor colloidal 

particles or films of ZSM-5 were grown in a silicalite-1 synthesis solution. It was shown 

that zoned MFI materials did not form when the ZSM-5 surface had high aluminum 

content. In this case, polycrystalline aggregates or a sandwich film formed due to 

secondary nucleation. After acid treatment of ZSM-5, which reduced the surface 

aluminum content to half, zoned MFI material was obtained by epitaxial growth. 

Keywords: Molecular sieve film; Seeding method; In-situ method; Zoned crystal; Zoned 

film; Epitaxial; Steel substrate; Silicalite-1 film; ZSM-5 film; MFI film; FAU film; ATR 

crystal; Sensor. 
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Molecular Sieve Films and Zoned Materials

1 INTRODUCTION

Rarely in our technological society does the discovery of a new class of inorganic 

materials result in such a wide scientific interest and kaleidoscopic development of 

applications as has happened with the zeolite molecular sieves. 

------ D.W. Breck 

1.1 Molecular Sieves and Zeolites 

Porous materials are classified according to their pore size by the International 

Union of Pure and Applied Chemistry (IUPAC). Pores with widths not exceeding 2 nm

are denoted micropores, those in the range of 2 to 50 nm are mesopores, and those above 

50 nm are macropores. Molecular sieves are a class of microporous solids that can 

separate components of a mixture on the basis of molecular size and shape. Zeolites are 

a subgroup of molecular sieves (Szostak, 1998). The work described in this thesis is 

confined to porous materials in the form of zeolites, e.g. FAU and MFI type zeolites. 

The word “zeolite” was used and applied to the mineral stilbite for the first time by a 

Swedish mineralogist, A. Cronstedt, in 1756. The word “zeolite” has the meaning of 

“boiling stone” as stilbite and other zeolites lose water rapidly on heating and thus seem

to boil. Today, a large variety of zeolites have been synthesized in the laboratory. The 

progress in zeolite synthesis has led to the preparation of new structures and

compositions which do not exist in nature. At present, more than 130 unique zeolite

structures have been approved by the International Zeolite Association (IZA)

(Baerlocher et al., 2001). 

Traditionally, zeolites have been defined as natural or synthetic crystalline

aluminosilicates with a microporous framework, which is constructed by a network of

AlO4 and SiO4 tetrahedron. All oxygen ions are shared between two tetrahedron (Breck, 

1984). In the literature, TO2 (T= Si, Al) is used to represent the framework tetrahedra.

SiO2 tetrahedra do not add a framework charge since silicon is tetravalent, but each

AlO2
¯ tetrahedron adds a negative charge. Aluminosilicates thus have negatively 

charged oxide frameworks, which require charge-balancing by cations. Typical cations 

are the alkaline (Li+, Na+, K+) and the alkaline earth (Mg2+, Ca2+, Ba2+) ions, quaternary 

ammonium ions, protons, and the rare earth and noble metal ions. The cations are quite 
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mobile and may be exchanged by other cations, which results in ion-exchange capacity 

for the zeolites. 

The structural formula of zeolites can be expressed as:

OwHSiOAlOM 222 y)(x)(n
x/n

Mn+ is a cation of valence n, the portion within [] represents the framework

composition. The sum (x + y) is the total number of tetrahedra in the unit cell. The ratio 

x/y must be smaller than or equal to 1, according to the Lowenstein rule (Barrer, 1982).

The number of water molecules per unit cell is w. The water in many zeolites can be

reversibly removed by calcination, leaving an open host structure.

Zeolites are used as selective adsorbents, ion exchangers and selective and active

catalysts. The unique properties of zeolites arise from their uniformity in pore size and 

the chemical composition. The strong acid sites, associated with the Al atoms, results in 

catalytic activity and ion-exchange capacity. 

The pore size of zeolites is determined by the number of T atoms in the ring 

openings, where T is Si4+ or Al3+. Zeolites with pores comprised of 8, 10, and 12 T 

atoms are classified as small (8-membered ring), medium (10-membered ring), and 

large-pore zeolites (12-membered ring), respectively. These pores may extend in one, 

two, or three directions. The pores result in high surface area and molecular sieving.

Shape selectivity of zeolites in catalysis results from the interaction of adsorbed

molecules with zeolite channels or cages. Shape selectivity includes reactant shape

selectivity, product shape selectivity and restricted transition state selectivity. Reactant 

selectivity occurs when only some reactants or one reactant can access the pore system.

Product selectivity is observed when products have different diffusivity in the zeolite 

pores. Restricted transition state selectivity prevents the formation of certain reaction 

transition states and inhibits the corresponding reaction steps, while other reactions can 

occur (Espeel et al., 1999). 

The Si/Al ratio is an important characteristic of zeolites. Zeolites are classified as 

low Si/Al zeolites (1  Si/Al < 2), intermediate Si/Al zeolites (2 < Si/Al  5), high Si/Al 

zeolites (Si/Al > 5) and pure silica molecular sieves. As the Si/Al ratio increases, the

properties of the zeolite are modified. The lower the Si/Al ratio, the more cations will be 

required to balance the framework charge. Large cations will decrease the effective pore

opening. When the Si/Al ratio is increased, the acid strength, thermal stability and 
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hydrophobicity are increased, whereas the catalytic activity and the ion-exchange 

capacity are decreased.

According to the classic definition, a zeolite refers to crystalline aluminosilicate,

built of SiO4 and AlO4 tetrahedra. Molecular sieves with framework T atoms other than

silicon and aluminum are not zeolites according to this definition.

Presently, incorporation of a variety of metals, such as Ti, B, Ga, Fe, Zn, etc., into 

the zeolite framework has been achieved. Furthermore, other families of microporous

materials, such as phosphate-based extra-large pore materials, aluminophosphates and 

metalloaluminophosphates, have been synthesized. “Zeolitic materials” were further 

expanded by the discovery of the MCM-41 family, zeolite-like amorphous solids, which 

have uniform and ordered mesoporous systems (Kresge et al., 1992). 

As a consequence of these achievements, the classical definition of zeolites is no 

longer applied. Instead, the term “zeolitic” or “zeolite type materials” is now commonly

used to cover both conventional and new structures and compositions.

In this thesis, the classic definition of zeolite will be used to denote the specific

aluminosilicate molecular sieves, such as zeolite-Y and ZSM-5 included in this work.

The more general term molecular sieves will be quoted when discussing both zeolite and 

silicate materials.
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1.2 Properties of the zeolites used in this work 

The Structure Commission of the International Zeolite Association (IZA) assigns a 

combination of three capital letters to each unique zeolite framework. The zeolites that 

were synthesized in this work have MFI and FAU topologies.

The framework of all known molecular sieves can be described in terms of

combinations of secondary building units; the primary units are the SiO4 and AlO4

tetrahedra. The MFI (silicalite-1 and ZSM-5) structure is built by 5-1 secondary building 

units, which are linked to chains, see Figure 1 a). In this Figure, a TO4 tetrahedra is 

located at each corner, but the oxygen located near the mid-point of the lines joining 

each pair of T atoms is not shown. The structure contains a channel system, which

consists of sinusoidal 10-ring (5.1  5.6 Å) and intersecting straight 10-ring (5.3  5.6 

Å) channels, see Figure 1 b) (Breck, 1984). The MFI type zeolites include two synthetic 

species with varying chemical composition: silcialite-1 and ZSM-5.

According to the classical definition, silicalite-1 is a molecular sieve, since it is a pure 

silica analogue of ZSM-5. Silicalite-1 is more hydrophobic than ZSM-5 and has no ion-

exchange capacity. It is an efficient absorbent of organic molecules from water. ZSM-5 

has a Si/Al ratio of 10 and upward. The well-defined and narrow pores of ZSM-5 result

in a unique shape selectivity in reactions such as toluene alkylation, alkyl-benzene 

disproportionation, dialkyl-benzene isomerization and Fries rearrangement of aryl esters 

(Yashima et al., 1981; Vogt et al., 1995; Eder-Mirth et al., 1995; Bhat et al., 1995; Fang 

et al., 1999; Arsenova et al., 2000; Chen et al., 2002). 

5-1

a b

Figure 1. Illustration of MFI framework (a) and channel system (b).
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a b

Figure 2. Illustration of the FAU framework (a) and channel system (b).

Faujasite zeolites (Zeolite X and Y) belong to the FAU group. The faujasite 

framework structure, see Figure 2 a), is constructed of truncated octahedra connected 

through six-membered rings to form double-six rings in an arrangement like carbon 

atoms in diamond. The channel system of FAU-type zeolites is shown in Figure 2 b). 

These tubes or channels run parallel to the [110] direction. The channels have the same

size and are intersected in a perpendicular fashion (Breck, 1984). The relatively high 

Si/Al ratio and large pores render zeolite-Y very useful in catalysis applications. 

Virtually all fluid catalytic cracking catalysts contain zeolite-Y (Blauwhoff et al., 1999). 

Zeolites are frequently used as catalysts for oil refining, petrochemisty, and organic 

synthesis in the production of fine and speciality chemicals, particularly when dealing 

with molecules having kinetic diameters below 10 Å (Corma, 1997).

The acid sites located at the internal surface of ZSM-5 are shape selective. However,

the acid sites on the external surface are not selective. The possibility to remove or 

passivate the aluminum at the external surface of zeolites has become a topic of 

increasing interest for enhancing the shape selectivity.

To enhance the shape selectivity of ZSM-5, various dealumination schemes have 

been applied to reduce or deactivate the active sites on the external surface. These

include hydrothermal treatment with steam and TEOS (Datka et al., 1996; Brunner et al., 

1991) acid leaching (Kooyman et al., 1997; Sano et al., 1999; Omegna et al., 2001), and 

chemical vapour deposition (CVD) (Niwa et al., 1990; Weber et al., 1996; Pöger et al., 
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1998; Halgeri et al, 2002) or chemical liquid deposition (Gründling et al., 1996; Zheng

et al., 2002). All these methods could increase the shape selectivity, but may decrease 

the catalytic activity simultaneously.

A more attractive route may be the preparation of zoned materials, i.e. epitaxial

growth of aluminum free silicalite-1 on the precursor ZSM-5 crystals. Such materials

could result in higher selectivity without narrowing the pore opening or affecting

internal pore structure and acidity of the precursor ZSM-5 crystals. Adsorption studies

and catalytic testing of materials that are claimed to be zoned MFI have been reported 

previously (Lee et al., 1993; Rollmann, 1976). It was shown that the selectivity could be 

enhanced with only a slightly lower activity. However, it was not shown that such 

materials have a continuous channel system.

1.3 Zeolite films and their synthesis

A number of methods for preparation of zeolite films have been developed. Generally, 

these methods can be separated in three groups: (i) Direct crystallization of molecular

sieve films on the support, (ii) deposition of an amorphous solid layer containing all the

necessary nutrient sources followed by a thermal treatment in the presence of structure-

directing agents, and (iii) seeding of the support surface with molecular sieve crystals 

followed by a hydrothermal treatment.

The simplest strategy for producing films on a support surface may seem to be the 

direct-crystallization or in situ crystallization (Davis et al., 1990; Jansen et al., 1993; 

Geus et al., 1995; Yamazaki et al., 1995; Yan et al., 1996). In this procedure, the support 

is submerged directly in the zeolite synthesis solution. During the subsequent 

hydrothermal treatment, nucleation, crystallization and growth of the zeolite occur 

simultaneously on the support surface as well as in the bulk of the synthesis mixture.

One advantage of this method is the possibility of producing a highly oriented zeolite 

film. However, a considerable film thickness is often necessary to obtain dense films

because nuclei are not formed densely on the support surface. Another disadvantage is 

that the feasibility of preparing molecular sieve films with this method strongly depends 

on the type of the support used because surface phenomena affect film growth (Valtchev 

et al., 1995; Mintova et al., 1996; Clet et al., 1999; Chau et al., 2000). 

Methods based on pre-formation of an amorphous solid layer use either laser ablation

(Balkus et al., 1998; Muñoz et al., 1999) or vapour-phase transport to effect the
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crystallization (Xu et al., 1990; Kim et al., 1993). The pulsed laser deposition method

generates well-adhered and sometimes highly oriented films with thickness ranging from 

a few hundred nanometers to several microns, but the method requires sophisticated 

equipment, which is not widely accessible. The vapour-phase transport method (VPT) 

has been used for the preparation of a number of zeolite structures in the form of films

(Dong et al., 1992; Matasukata et al., 1997). One disadvantage with this method seems

to be crack formation in the amorphous gel layer (Matasukata et al., 1994; Nishiyama et

al., 1996). 

Perhaps the most versatile technique for the preparation of molecular sieve films is the 

seeding method. In this technique, small seed crystals are first deposited on the substrate 

surface. The seeds are then grown into a continuous film on the substrate surface. An 

advantage with this method is that the seeding increases the density of nuclei/seeds on 

the surface. Furthermore, nucleation/seeding and growth of the zeolite on the surface of 

the support is carried out in separate steps, which renders the method more flexible and 

less surface sensitive than the direct crystallization method. This makes the seeding 

method very attractive for use in fabricating films of various molecular sieves on a 

variety of supports. Hedlund et al. first developed the seeding method for the synthesis 

of continuous ultra thin (  100 nm) and thicker molecular sieve films (Sterte et al., 2001; 

Hedlund et al., 1997). In parallel, Tsapatsis et al developed a similar method (Lovallo et

al., 1996; Nikolakis et al., 2000). Researchers at Exxon also described the preparation of 

molecular sieve membranes using seeds in patents (Deckman et al., 1994; Verduijn et 

al., 1996). The seed size and amount, the hydrothermal treatment conditions (i.e. various 

synthesis mixtures and synthesis periods) can be used to control the film thickness and

preferred orientation of the crystals constituting films (Hedlund, 1998; Hedlund et al., 

1999; Hedlund, 2000; Engström et al., 2000). Several other research groups have also 

reported the preparation of zeolite films using seeding methods (Pittenger et al., 1996;

Valtchev et al., 1999; Okamoto et al., 2001; Lai et al., 2002; Li et al., 2003a). 

1.4 Zeolite films and their applications

Zeolites and other micro- and mesoporous materials are explored further in their 

traditional areas such as catalysis, adsorption and ion exchange. In addition, the use of 

zeolite films in non-traditional applications, such as for insulators with low dielectric

constant (Wang et al., 2001), as membranes (Lai et al., 2003), and for novel chemical
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sensors (Mintova et al., 2001), are also explored. The recent demonstration of

heteroepitaxial zeolite growth could lead to additional new applications (Goossens et al., 

2001; Jeong et al., 2002). Potential uses in these applications rely on the ability to grow 

zeolites as films. In this thesis work, preparation methods for zeolite films have been

developed. Potential applications for the novel materials are, among others, in catalysis 

and as sensors. 

1.4.1 Catalysis

Zeolites mixed with binder material in the form of conventional pellets have been 

used as catalysts in industry since the early sixties and are currently used in various 

forms in a wide variety of commercial processes. It has been recognized that structured 

zeolite catalysts, i.e. thin zeolite films on supports, may have superior properties 

compared to conventional catalysts (Graaf et al., 1998). The field of structured zeolite 

catalysts attracts increasing interest among academic researchers and in industry today.

A zeolite in the form of a thin coating free of binder material on a support material may

have several advantages over a conventional configuration. If the zeolite coating is the 

catalytic phase, the accessibility of the catalyst to the reactant may be improved, thus 

increasing the catalyst activity. Since the catalyst is in the form of a thin film rather than

a pellet, the diffusion path would be reduced as well, which may improve both the 

utilization of the active phase and the selectivity. For instance, if a perfect zeolite film is

grown on the outer surface of a suitable carrier, such as non-porous alumina beads with 

a diameter of 3 mm, this catalyst will not contain any mesopores and macropores, only 

micropores. A conventional extrudated zeolite catalyst will contain mesopores and

macropores. No concentration gradients due to mesopores or macropores can occur in a 

zeolite film catalyst. However, concentration gradients can of course occur in the actual

film, especially in thick zeolite films at high temperatures (Hedlund et al. 2004). An 

interesting application for zeolite films is in catalytic distillation (Oudshoorn et al., 

1999; Li et al., 2002a; Li et al., 2003b) and catalytic membrane reactors (Peureux et al., 

1995; Ciavarella et al., 2001; Uzio et al., 2003). A suitable substrate for this application 

is stainless steel mesh (Shan et al., 1997). 
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1.4.2 Sensors 

A sensor is an apparatus which will give a signal that is dependent of the

concentration of a compound or group of compounds. Sensors can be divided into 

thermal, mass, electrochemical and optical ones (Janata, J. 1989). The utilization of 

zeolite films have been reported in a number of sensor types. Examples are quartz 

crystal micro balances (QCM) (Mintova et al., 2001) and surface acoustic wave (SAW)

devices (Bein et al, 1989); both are mass sensors. Thermal sensors utilizing zeolites in 

the form of pyroelectric devices (Klap et al., 1997) have also been reported. Hedlund et 

al. reported an optical sensor using ellipsometry in combination with a molecular sieve

film (Bjorklund et al., 1998). 

In this thesis work, zeolite films were utilized in another type of optical sensor, 

relying on total internal reflection (TIR) spectroscopy for the first time. TIR 

spectroscopy is therefore described briefly below. 

Total internal reflection (TIR) spectroscopy using optical fibers and ATR (Attenuated 

Total Reflection) elements are increasingly applied as sensors within modern analytical

chemistry (Chittur, 1998; Scheuing, 1991; Workamn, 1999). In this technique, an IR

beam is totally reflected at the surface of a waveguide, and at each reflection an infrared

wave propagates from the surface and interacts with analytes in the vicinity of the 

waveguide, see Figure 3. The intensity of the wave decreases exponentially with the

Figure 3. A coated ATR element.
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distance from the surface of the waveguide. The waveguides are sometimes coated to

enrich the analyte at the surface to increase the sensitivity. Polymer coated TIR elements

have been reported (Krska et al., 1993; Göbel et al., 1994; Göbel et al., 1995). These 

studies suggest that a film with a high surface area and maximum adsorbent/TIR

element contact is vital. However, applications are limited by difficulties to deposit thin, 

uniform, self-supporting films on TIR elements. The possibility to coat TIR elements

with zeolite films was thus investigated in the present work. 

10
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2 SCOPE OF PRESENT WORK

For a number of years, research within the Division of Chemical Technology at Luleå 

University of Technology in Sweden has been focused on the preparation of molecular

sieve films and the utilization of such films in applications. Some applications, such as 

catalytic distillation and sensors, require methods for growth of films on novel substrates 

that have not yet been explored. Stainless steel substrates are suitable for catalytic 

distillation and crystals of Ge, ZnS and Si for ATR sensors. The preparation of MFI and 

FAU type films on various supports were thus systematically investigated in this work. 

Furthermore, the possibility to prepare zoned MFI materials, with great potential for 

improved selectivity in catalysis applications, was explored. 

The work in this thesis is divided in three parts, namely:

1. Preparation of MFI and FAU type films on a range of substrates was systematically

investigated (Paper I-IV). Zeolite films on steel supports may be used in catalytic 

distillation applications, and films on ATR crystals may be used in sensor 

applications.

2. Evaluation of a MFI film/ATR sensor (Paper III, IV and V). 

3. The synthesis of zoned materials was studied and reported in Paper VI, VII and VIII. 

These materials are interesting in catalysis applications.

11
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3 EXPERIMENTAL

3.1 Synthesis of molecular sieve films

3.1.1 Seed film method

The seed film method (Sterte et al., 2001; Hedlund et al., 1997) used for molecular

sieve film preparation in the present study basically consists of three main steps: i) 

Preparation of colloidal seed crystals, ii) deposition of seeds on the substrate surface by 

electrostatic adsorption, and iii) growth of the crystals into a continuous, polycrystalline

film in a synthesis solution under hydrothermal treatment. This method was developed 

further in this thesis work. 

3.1.1.1 Seed preparation

The molar compositions of synthesis mixtures used for synthesis of seed crystals are 

listed in Table 1. Details can be found in the papers. 

Following crystallization, the seed crystals were purified by centrifugation followed

by re-dispersion in a dilute ammonia solution to obtain a sol with a dry content of 1.0% 

and a pH of 10.0. 

Table 1. Synthesis mixtures used for seed preparation.

Seed type Molar composition of synthesis mixture Papers

Silicalite-1 9TPAOH: 25SiO2: 360H2O: 100EtOH 
I

III -VII

Zeolite Y 2.46 (TMA)2O: 0.032 Na2O: Al2O3: 3.40 SiO2: 400 H2O II

3.1.1.2 Substrate modification and seed adsorption

Polished steel discs were used as substrates for film synthesis reported in Paper I and 

II. A wide range of steel types is covered by steel A through D, see Table 2. Circular 

discs with a diameter of 25 mm were cut by laser and polished with abrasive paper 

(P4000 in the final step) using automatic polishing equipment.
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A variety of ATR crystals were employed as substrates for preparation of MFI type

zeolite coated ATR sensors (Paper III - V). The size of most of the crystals was 50 x 20 

x 2 mm3 with a trapezoidal form (45 °), the Si crystals were 1 mm thick. Properties for

the crystals used for preparation of zeolite coated ATR crystals are given in Table 3. The 

cutting edges of the ATR crystals were coated with an epoxy polymer in order to 

prevent zeolite growth. 

The steel discs were cleaned in acetone under ultrasound treatment for ten minutes

and subsequently with distilled water, denoted method 1. A similar cleaning procedure 

was used for ZnS, ZnSe and ZrO2 ATR substrates. Method 2 was used for Si substrates. 

In this case, the substrates were first treated according to method 1. The substrates were 

subsequently boiled for five minutes in a solution having the volume composition

5H2O:1H2O2:1NH3 (30 wt % H2O2 and 25 wt % NH3) and then boiled for five minutes 

in a solution with a volume composition 6H2O:1H2O2:1HCl (30 wt % H2O2 and 37 wt %

HCl). Finally, the Si substrates were washed with distilled water. Method 3 was used to 

clean Ge ATR crystals (Prabhakaran et al., 1995). Following treatment according to 

method 1, the Ge crystals were dipped in a 38 wt% HF solution for 5-10 s and washed

with distilled water. The Ge substrates were then dipped in a 27 wt % H2O2 solution for 

10-15 s and rinsed with distilled water again. These two procedures were repeated four 

times to ensure the removal of several atom layers of Ge. Finally, the surface was 

oxidized by dipping the wafer in the dilute H2O2 solution for 10-15 seconds.

Following cleaning, the substrates were treated for five minutes in a 0.4 wt %

solution of cationic polymer, which was prepared by diluting a commercial polymer

mixture with water. The polymer was Redifloc 4150, Eka Chemicals, repeating unit 

Table 2. Chemical composition of the steel types used.

Chemical composition (weight %) 
Type

ASTM

number C Cr Ni Mo N Cu

A 1020 0.17 - - - <0.009 -

B 304 0.04 18.3 8.7 - 0.06 -

C 316L 0.019 17.4 11.3 2.0 0.048 -

D S 31254 0.017 20.2 18.2 6.0 0.199 0.7

13
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Table 3. Properties of IRE supports

IRE
Material

Refractive index 
at 1000 cm-1(n)

Density
(g/cm3)

Melting
point
(°C)

Spectral range
(cm-1)b

Pretreating
method

ZnSe 2.4 5.27 1520 20000-650 1

ZnS 2.2 4.08 1830 17000-950 1

ZrO2 2.4 5.9 2700 25000-1800 1

Si 3.4 2.33 1420 9500-1500
350-FIR 2

Ge 4.0 5.32 936 5500-870 3

[CH2CHOHCH2N(CH3)2]+
n, with an average molecular weight of 50.000g/mol. The pH

of the mixture was adjusted to 8.0 by addition of a dilute ammonia solution. 

After treatment with the cationic polymer, the negatively charged supports were

charge-reversed to positive in order to attract the seeds (with negative surface charge) by

electrostatic forces. 

The polymer-treated substrates were immersed in the seed sol for five minutes and 

rinsed again in a 0.1M ammonia solution at least 4 times to remove excess seeds.

3.1.1.3 Film synthesis

Following seeding, the seeded substrates were mounted in Teflon holders and placed 

directly in the synthesis mixture for film crystallization. The substrates were oriented 

almost vertically, but with the polished surface tilted 15 º downward, to avoid 

sedimentation of crystals from the synthesis mixture on the polished surface during 

hydrothermal treatment.

The synthesis solutions used for film crystallization are listed in Table 4. Details can

be found in the papers. The molar composition of the clear silicalite-1 synthesis solution

was similar to the synthesis solution used for ZSM-5 films, but free of aluminum and

sodium.

Film crystallization was performed in one (Paper I, III and IV) or several steps (Paper

II) in an oil bath at 100 C under reflux and atmospheric pressure. If several steps of 

crystallization were used, the samples were allowed to cool down slowly to room

14
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Table 4. Synthesis solutions used for film crystallization

Film type Molar composition of synthesis solution Papers

Silicalite-1 3TPAOH: 25SiO2: 1500H2O: 100EtOH I, III, IV, V 

ZSM-5
3TPAOH : 0.25Al2O3 : 25SiO2 : 1600H2O

: 100EtOH :1.0Na2O
IV

Zeolite Y 14 Na2O: Al2O3: 10 SiO2: 798 H2O: 3Na2SO4 II

temperature and moved from the first synthesis solution to a 0.1M ammonia solution and 

rinsed at least 4 times. The rinsed samples were moved to a fresh synthesis solution and 

heated for continued crystallization. After crystallization, the samples were rinsed

thoroughly with a 0.1M ammonia solution and dried at room temperature.

Finally, in order to remove the TPA template molecules (Paper I, III and IV) or 

evaluate the thermal stability of the films (Paper II), all silicalite-1 and zeolite Y films

were calcined at 300 C or 500 C using a heating and cooling rate of 0.8 C/ minute.

3.1.2 In-situ method

Quartz wafers (0001) with a size of 5  10  0.5 mm were used as supports and 

cleaned using method 2. A quartz crystal was mounted in a Teflon holder in the same

way as when the seeding method was used. The holder and quartz wafer were then 

placed in an autoclave with MFI synthesis mixture, see Table 4. The autoclave was

sealed and moved into an oven pre-heated to 150 °C. After being heated at static 

conditions for 5 h, the autoclave was removed from the oven and quenched with tap 

water. All films were kept mounted in the Teflon holders and thoroughly rinsed with 0.1 

M ammonia solution overnight to remove the sediments and uncrystallized synthesis 

mixture from the film surface. The samples were hydrothermally treated in one or 

several steps. 

15
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3.2 Evaluation of MFI film/ATR crystal composites 

The zeolite coated ATR element was mounted in a stainless steel flow cell, see Figure 

4 (a). Gas delivery system was used to control the composition of the feed to the cell.

The system consisted of three mass flow controllers (MFC’s) and two saturators 

connected in series, as illustrated by Figure 4 (b). One of the MFCs controlled the flow 

of carrier gas through the saturators and the other two could be used to dilute the flow 

from the saturators to the desired partial pressure of the hydrocarbon. Helium was used 

as carrier gas (AGA, >99.99990%) and n-hexane (Sigma, >99%) was used as analyte. 

Prior to the measurements, the film was dried at 260°C in the cell using a flow of

helium. A Bruker IFS 113 V spectrometer equipped with a mercury cadmium telluride

(MCT) detector was used to record spectral data. Before the adsorption measurements

started, a background spectrum, using a helium feed, was recorded. The adsorption 

measurements were carried out by flowing gas mixtures through the cell with varying 

partial pressures of n-hexane. 

Gas in 

Gas out 

Thermocouple Heating cartridge 

Heating cartridge 

ATR element

Gas in 

Gas out 

Thermocouple Heating cartridge 

Heating cartridge 
a)

ATR element

Saturators

To cellHe

MFC

MFC

MFCGas cylinder

Gas cylinder

Gas cylinder

Saturators

To cellHe

MFC

MFC

MFCGas cylinder

Gas cylinder

Gas cylinder

Saturators

To cell

b)

He

MFC

MFC

MFCGas cylinder

Gas cylinder

Gas cylinder

Figure 4. Schematic figures of a) heatable cell and b) gas delivery system.

16



Molecular Sieve Films and Zoned Materials

3.3 Synthesis of zoned materials 

A two-step crystallization method for the preparation of zoned materials, i.e. zoned 

MFI discrete crystals and zoned MFI films, was developed. Precursor ZSM-5 colloidal 

particles or films were prepared first and the ZSM-5 materials were then submerged in a 

silicalite-1 synthesis mixture directly or after being acid treated and heated for further

crystallization. The samples were investigated directly after synthesis and drying; no 

calcination was carried out. Molar compositions of the synthesis mixtures used for 

preparation of zoned materials in this thesis are given in Table 5. 

Table 5. Molar compositions of the synthesis mixtures used for preparation of zoned materials

Material Molar composition of synthesis mixture Paper

ZSM-5

Crystal

5TPAOH : 0.25Al2O3 : 25SiO2 : 480 H2O : 100EtOH : 

0.1Na2O
VI

ZSM-5

Film

3TPAOH : 0.25Al2O3 : 25SiO2 : 1600H2O : 100EtOH : 

1Na2O
VII, VIII 

Silicalite-1 3TPAOH : 25SiO2 : 1500 H2O : 100EtOH VI, VII, VIII 

3.3.1 Synthesis of colloidal zoned MFI crystals 

Colloidal ZSM-5 crystals (cores) were prepared from a clear solution as listed in 

Table 5. The synthesis mixture was heated in an oil bath at 100 oC under reflux and 

without stirring for 48 h. After crystallization, the sol was purified by repeating 

centrifugation and redispersion four times.

Some purified ZSM-5 crystals were acid treated in an 0.1 M HCl solution at 50 oC for

12 h with stirring. The dry content of the ZSM-5 seeds in the HCl solution was 1.0 wt 

%. Both acid treated and untreated ZSM-5 crystals were stored in sols with pH = 10

adjusted by addition of ammonia. The dry content was about 25 wt %. 

For the preparation of zoned MFI crystals, both acid treated and untreated ZSM-5 

crystals were used as seeds for further growth in a silicalite-1 synthesis solution, see 

Table 5. The dry content of ZSM-5 seeds in the solution was 2.0 wt %. 
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Final products were extracted after varying periods of crystallization and purified by 

the same treatment used for the ZSM-5 seeds. 

3.3.2 Synthesis of zoned MFI films 

Both the seeding method and the in-situ method were systematically employed for the 

preparation of zoned MFI films in this work. Quartz crystals (0001) with a size of 5  10 

 0.5 mm were used as substrates and were cleaned using method 2 as described earlier. 

3.3.2.1 Seeding method

In the first step, a precursor ZSM-5 film was grown at 100 ºC by treatment of the 

silicalite-1 seeded supports in a clear ZSM-5 synthesis mixture, see Table 5. After 2 

days of crystallization, the samples were rinsed with a 0.1 M ammonia solution and 

distilled water before further treatment. The rinsed ZSM-5 films were then treated in an 

HCl solution (pH=1) at 85 ºC for 48 h. Acid leached ZSM-5 films were treated in a 

TPA-silicalite-1 synthesis solution, see Table 5. After 72 h of crystallization at 100 ºC, 

the samples were rinsed with a 0.1 M ammonia solution to remove sediments and 

synthesis mixture from the film surface. For comparison, some samples were also 

prepared by a similar two-step crystallization procedure without the acid treatment.

3.3.2.2 In-situ method

Precursor ZSM-5 films were grown by the in-situ method, described in section 3.1.2 

in this thesis. After rinsing with 0.1 M ammonia overnight, the precursor films were 

treated one or several times for 5 h at 150 °C in the silicalite-1 synthesis mixture,

denoted as SIL. Finally, all films were dried in an oven at 75 C for two days prior to 

characterization. Note that samples were not calcined. The sample codes reflect the 

preparation procedure. The sample of the precursor ZSM-5 film after synthesis in 

silicalite-1 solution seven times was denoted as Precursor + SIL × 7.
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3.4 Characterization 

The thickness and morphology of films and discrete crystals (Paper I – VIII) were 

investigated using a Philips XL 30 scanning electron microscope (SEM) equipped with a 

LaB6 emission source. Prior to the SEM characterization, the samples were coated with 

a thin layer of gold. Top view images were recorded with a 20  tilt of the specimen.

Kr adsorption was measured at liquid nitrogen temperature using an ASAP 2010 gas

adsorption instrument (Paper I and II). The samples were polished on the backside and 

on the edges prior to analysis in order to remove sediments. Samples were degassed at 

300 C for at least 20 h prior to analysis. The film thickness was calculated using the 

Langmuir equation; the density and the surface area of pure silicalite-1 or zeolite Y were 

used when calculating the zeolite film thickness. 

A Brookhaven BI200 dynamic light scattering system (DLS) was used to determine

crystal size in sols (Paper I, II and VI). 

A Simens D5000 X-ray diffractometer (XRD) using CuK  radiation was used to 

determine the crystalline phase and crystallinity of powder samples and to determine the

preferred orientation and phase of films (Paper I – VIII). 

The silicon and aluminum contents in bulk crystals were determined by inductively 

coupled plasma atomic emission spectroscopy (ICP-AES), paper VI - VII.

X-ray Photoelectron Spectroscopy (XPS) was performed to analyze the Si/Al ratio at

the surface of discrete crystals and films (paper VI – VIII). The XPS signal emanates

from the surface to a depth of 5-6 nm. Zeolite powders for XPS measurements were

pressed in a molybdenum holder with a 5 mm diameter trough of variable volume. All 

XPS spectra were recorded with a KRATOS Axis Ultra electron spectrometer using a

monochromated Al K  source operated at 225 W.  A low energy electron gun was used

to compensate for the surface charging. Wide spectra (pass energy 160 eV) and spectra 

of individual photoelectron lines (pass energy 20 eV) were acquired. The spectra 

processing was accomplished with KRATOS software. The binding energy (BE) scale 

was referenced to the C 1s line of aliphatic carbon set at 285.0 eV. 

The IR-spectrometer was a Bruker IFS113V (~ 1mm Hg) equipped with a MCT-

detector, paper III - V. 

A Philips CM12-T transmission electron microscope (TEM) operated at 120 kV was

used for investigation of ZSM-5 crystals prior to and after acid leaching (paper VI).
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Zoned MFI crystals were studied using a JEOL JEM-3010 TEM operated at 300 kV 

with a KeenView Slow scan CCD-camera (Paper VI). In both cases, samples were

dispersed in ethanol and a drop of the suspension was transferred to a Cu grid with holey

carbon foil and the sample was dried. A Philips CM12-T operated at 120 kV, was also

used for microstructural analysis of zoned films (Paper VII). 

Ultra-thin (<100 nm) cross-sections for TEM were prepared by focused ion beam 

(FIB) sectioning. Before FIB sectioning, the films were coated with Pt for protection 

against the ion beam. The FIB cross-sections were placed on holey carbon support films

for TEM observation. 
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4 RESULTS AND DISCUSSION

4.1 Molecular sieve films 

4.1.1 Film morphology

The adsorption step resulted in a monolayer of seed crystals on all substrates as 

illustrated in Figure 5. The size of the individual silicalite-1 and zeolite Y seed crystals

are 60 nm and 80 nm respectively, as determined by DLS. The crystals are firmly

attached to the surface, since they are not removed by washing with a 0.1 M ammonia

solution.

After crystallization, the seed crystals have increased in size and formed a continuous 

dense film. The film thickness could be controlled by the synthesis duration, details can 

be found in Paper I and II. Figure 6 shows SEM top view images of a silicalite-1 film on 

the steel D (a), and a zeolite Y film on steel C (c). The film thickness is about 200 nm 

and 2.2 m, see Figure 6 (b) and (d), respectively. MFI type zeolite films were also 

prepared on a variety of ATR crystals (paper III – V). It was found that the film

morphology and thickness were independent of the type of ATR crystals. 

Dense and continuous films could be prepared on all types of supports investigated in 

the present work. The appearance of each film is almost identical for the different types 

of substrates and no cracks or other defects can be observed in SEM images recorded 

before calcination. It revealed that the film thickness and morphology is roughly 

independent of substrate type using the seeding method. All these results confirm that 

the seeding method used in this work is flexible and not surface sensitive, in contrast to 

Figure 5. SEM top view image of a) silicalite-1 seeds adsorbed on steel D and b) zeolite Y seeds
adsorbed on steel C.
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the in-situ method as discussed in paper I.

Growth of ZSM-5 films with the in-situ method was also studied in the present work. 

Figures 6 e) and f) show SEM top- and side-view images of the ZSM-5 film obtained 

after 5 h hydrothermal treatment at 150 ºC. The side view image shows that the dense 

film is about 350 nm thick and composed of a mono-layer of crystals. 

These well-defined ZSM-5 films were further used as precursor films for epitaxial 

growth of oriented MFI films, which is discussed later in this thesis. 

Figure 6. SEM micrographs of films. Top- and side-view images of a silicalite-1 film on steel D
after 24 h crystallization (a) and (b), a zeolite Y film prepared by 12 h crystallization on steel C (c) 
and (d), a ZSM-5 film after 5h crystallization at 150 °C (e) and (f).
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4.1.2 Film stability during calcination

Calcination is often used to remove the organic template molecules in order to expose

the zeolite channels. It has been shown (Lassinantti et al., 2000) that the TMA+ content

in zeolite Y films should be very low or close to zero under the condition used for film

synthesis in this work. It is thus not necessary to calcine zeolite Y films in order to 

remove template molecules. However, the thermal stability of the films is still important

for high temperature applications such as catalysis etc. and the thermal properties of the

films were thus investigated. MFI films are most often calcined to remove template

molecules.

No cracks were detected in silicalite-1 films on stainless steel (B, C and D) and only a 

few cracks could be detected on Si, ZnS and ZrO2 crystals after calcination at 500 C,

but cracks formed in the zeolite Y films on stainless steel. The width of the cracks was 

dependent on the support type. All films on steel A and ZnSe peeled off upon rinsing 

after calcination at 500 C, which was shown to be due to formation of an oxide film

during calcination, see paper I and IV. All results imply that the thermal stability of a

specific zeolite film is related to the substrates.

Figure 7. X-ray diffraction patterns of apurified bulk product powder sample (a) and a film after 24 h 
crystallization on steel D (b).
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4.1.3 Preferred orientation

Figure 7 shows X-ray diffraction patterns of (a) a purified bulk product powder 

sample from silicalite-1 film synthesis, (b) a calcined silicalite-1 film on steel D. The 

very large reflections in pattern (b) originate from the steel support. The (501) reflection 

dominates and the (051) reflection is very weak in the pattern for the thin film (b), which 

is explained by dominant growth in the a-direction (Hedlund et al., 1999), resulting in an 

a-oriented film.

The crystals in the precursor ZSM-5 films grown by the in-situ method are mostly b-

oriented, as illustrated by XRD data in Figure 8. Only reflections originating from the b-

planes are observed. Since the substrate was oriented almost vertically but tilted 15 º 

downwards to avoid attachment of crystals to the film by sedimentation, the crystals in 

the b-oriented film most likely grew from a gel layer on the substrate surface as 

suggested by Jansen et al. (Koegler et al., 1997). These films could be completely

overgrown by a-oriented films silicalite-1 films (precursor + SIL × 7), as demonstrated

by the insert in Figure 8. 

The crystals in all zeolite Y films in the present work were randomly oriented, see 

Figure 3 in paper II. This was attributed to secondary nucleation and sedimentation of 

crystals on the growing film (Lassinantti et al., 2000).

Figure 8. XRD pattern of the ZSM-5 film prepared by in situ method. The insert shows the 
development of (10 0 0) and (0 10 0) reflections for selected samples.
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4.1.4 Evaluation of MFI coated ATR crystals as sensors

ATR-FTIR experiments were carried out at room temperature using silicalite-1

coated Si and ZnS ATR elements. Experiments were carried out at room temperature

and the feed was helium with a relative pressure of n-hexane of 6 × 10-5. Figure 9 (a) 

shows a spectrum from an uncoated Si ATR element and (b) shows a spectrum from an

Si ATR element with a silicalite-1 coating on one side. The peak-height at 2967 cm-1 is 

about 0.1 absorbance units (AU). This is a promising result since it should be possible to 

detect at least 85 times less than this and still achieve a good signal to noise ratio. Figure 

9 (c) presents a spectrum from an uncoated ZnS element. For the ZnS element coated 

with silicalite-1 on both sides, distinct absorption bands were detected in the spectra 

region between 2800 cm-1 and 3000 cm-1, see Figure 9 (d). These bands originate from 

C-H stretching modes in n-hexane. The absorbance, measured as peak height at 2967

cm-1, was nearly 180 times stronger than for the uncoated ZnS element. Nearly identical 

spectra are recorded for ZnS and Si supported silicalite-1 films, except that the 

absorbance was twice as strong for the ZnS ATR element, which was coated on two 

sides. Experiments were also carried out with p-xylene as adsorbate, and reported in 

paper IV. 

These results demonstrate that zeolite coated ATR crystals could be used to detect

low amounts of organic molecules in a gas flow. 

c

d

3100 3000 2900 2800
Wavenumber (cm-1)

0.02 AU

Wavenumber (cm-1)
3100 3000 2900 2800 2700

0.01 AU

a
b

Figure 9 Spectra of n-hexane detected by an uncoated (a) and silicalite-1 coated (b) Si ATR
element, as well as by an uncoated ZnS ATR element, (c) and silicalite-1 coated (d).
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4.2 Zoned materials

4.2.1 Zoned discrete MFI crystals 

ZSM-5 cores with an average size of 180 nm are shown in Figure 10 (a). The bulk 

Si/Al ratio of the crystals was 45 (ICP-AES), and while the Si/Al ratio was 11 at the 

surface (XPS) of the crystals, the aluminum was enriched at the surface, see paper VI.

The ZSM-5 cores were hydrothermally treated in a TPA-silicalite-1 solution at 100 
oC. Figure 10 (b) shows an SEM image of the product. The particle size increased, but 

the particles appeared as polycrystalline aggregates rather than as well-defined separate 

crystals.

ZSM-5 cores were treated in a 0.1 M HCl solution under stirring at 50 oC for 12 h, 

resulting in Si/Al ratios on the surface and in the bulk of 22 and 67, respectively. Figure 

10 (c) shows the product obtained after crystallization of ZSM-5 cores for 24 h in a 

silicalite-1 synthesis mixture. The crystals have a size of about 500 nm and are more 

well-defined than the product obtained without acid leaching. Acid-leaching of the 

ZSM-5 seeds thus appears to allow the formation of discrete zoned MFI crystals rather 

than polycrystalline aggregates. Chemical analysis showed that the Si/Al ratio in the 

bulk of the zoned MFI crystals after 24 h of crystallization was about 120, while the Al 

content on the surface of the crystals was beyond the XPS detection limit. It could 

therefore be deduced that the surface of the zoned MFI crystals was aluminum free and 

that the aluminum in the interior of the ZSM-5 core was unaffected by the zoning

procedure, see Paper VI for a discussion. 

The zoned crystals were also investigated with TEM. The crystal indicated by an

arrow in Figure 11 (a) is oriented along the [011] direction, shown by the SAED

(selected area electron diffraction) pattern in (b). No splitting of the diffraction spots is 
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(b), and the product formed after acid leaching of the cores and growth for 24 h in a silicalite-1
synthesis mixture (c).
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observed, indicating that the core and the shell have the same orientation and form a

perfect intergrowth. The HREM image of the area marked in Figure 11 (a) is shown in 

(c). No discontinuity is observed, further indicating that the particle is a single crystal of

zoned ZSM-5 and silicalite-1. 

Figure 11. (a) A TEM image of acid leached ZSM-5 cores grown 24h in a silicalite-1
synthesis mixture. (b) A SAED pattern from the particle pointed by an arrow in (a). The
SAED was taken along the [011] direction. (c) A HREM image of the marked area in (a) 
taken along the [011] direction.
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4.2.2 Zoned MFI films 

4.2.2.1 Seeding method

Precursor ZSM-5 films were grown using seeded substrates as described in section

3.1.1. The Si/Al ratio of the ZSM-5 film surface measured by XPS was 23 - quite a low 

value. Fig. 12 shows SEM images of a silicalite-1 film grown directly on a ZSM-5 film 

without acid leaching. By careful examination of this image, it could be concluded that 

28

Figure 12. SEM images ((a) and (b)) and TEM micrographs ((c) and (d)) of a silicalite-1 film 
grown directly on a ZSM-5 film without acid leaching.
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most of the crystals in this film were not continuous across the ZSM-5/silicalite-1

interface, see paper VII.

TEM analysis supported the conclusions from SEM observations. A bright-field (BF) 

TEM image of the sample is shown in Figure 12 c). The interface between the films is 

marked by a zone of nano-voids, 5-10 nm in size. Several crystals (marked with white

arrows) clearly nucleate at the interface. In other cases the crystals (marked with black

arrows) appear to be continuous across the interface. A high-resolution lattice fringe

image of one of those crystals clearly shows that the lattice fringes are continuous across 

the interface, see Figure 12 (d). This particular crystal is thus continuous across the 

ZSM-5/silicalite-1 interface, while most crystals are not continuous. 

Figure 13 shows SEM (a), (b) and TEM (c) images of a silicalite-1 film grown on an

acid-leached ZSM-5 film. By careful examination of these images, it could be concluded

that most of the crystals in this film were continuous across the ZSM-5/silicalite-1

interface.  Some of these crystals are labelled with white arrows in the TEM image.

Again, a zone of nano-voids is visible (TEM image) at the interface. Since the nanovoids 

are present in both types of zoned films, they are probably related to the regrowth, and 

not to the acid leaching step. 

Figure 13. SEM images ((a) and (b)) and TEM micrographs (c) of silicalte-1 film grown on an
acid leached ZSM-5 film.
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4.2.2.2 In-situ method

Figure 14 (a) and (b) show SEM top- and side-view images of a precursor ZSM-5

film (in-situ method) grown 5 h in a silicalite-1 synthesis solution without acid leaching. 

By comparing with images of the precursor film (Fig. 6 e) and f), it could be concluded 

that the thickness of the b-oriented crystals in the precursor film increased nearly 150

nm during crystallization in the silicalite-1 solution, see paper VIII. No boundary is 

observed in the film. The Si/Al ratio of the surface of the ZSM-5 film was 87 after 

synthesis of the precursor film. It seems as though a zoned film formed even without 

acid leaching, since the Si/Al ratio was quite high. TEM results confirm these 

observations. The interface between ZSM-5 and silicalite-1 appears as a white contrast

line, marked with an arrow in Figure 14 c). The SAED is shown in Figure 14 e). Only 

one set of diffraction spots can be seen, which indicates that the crystal is continuous

and b-oriented. 

The interface is revealed by a zone of nano-voids in the lattice fringe image, see

Figure 14 d). The lattice fringes extend across the ZSM-5/silicalite-1 interface, which

shows that the crystals are continuous across the interface. 

The present work and previous work (Li et al., 2002b) has shown that zoned 

materials, in the form of discrete crystals or films, form if the Si/Al ratio on the surface

of the film is higher than about 45. A possible explanation for this is that a high 

aluminum concentration on the surface of the film leads to an induction time for

continued growth, which allows secondary nucleation to occur, which results in a

sandwich film. If the aluminum concentration is lower, it seems that the induction time

for growth is shorter, which results in a zoned film. 
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Figure 14. SEM and TEM images of a zoned film prepared by the in-situ method.
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5 CONCLUSIONS 

The method for preparation of zeolite films developed at the division has been further

modified and applied for the synthesis of smooth and continuous MFI and FAU films on 

various steel and ATR crystals. The film thickness can be controlled by the synthesis 

duration. Gas adsorption data agree well with the SEM observations, indicating an even 

film throughout the entire sample. The thickness and morphology of the films and 

preferred orientation of the crystals are independent of substrate, whereas the thermal

stability is dependent on the type of substrate. In general, virtually identical results were

obtained independent of support type. 

By detection of organic molecules, it was demonstrated that ATR crystals coated with 

thin zeolite films in combination with FTIR spectroscopy could be used as a sensitive

novel sensor. 

Zoned discrete MFI crystals and films were prepared by a two-step crystallization

method using acid leaching in between the synthesis steps. It was revealed that the Si/Al

ratio should be higher than about 45 for a successful zoning procedure. If the Si/Al ratio

is higher, zoned films and discrete crystals form when ZSM-5 is grown in a silicalite-1

synthesis mixture. If the ratio is lower, zoned materials form when the ratio is increased

above 45 by acid leaching. Epitaxial (zoned) growth of oriented films was also achieved 

by applying the in-situ method. Completely b-oriented precursor ZSM-5 films could be 

overgrown with completely a-oriented silicalite-1 films. In this case, no acid leaching 

was necessary, since the precursor ZSM-5 films had a Si/Al ratio above 45. It seems as 

the aluminum concentration affects the induction time for continued growth, which 

explains the formation of zoned or sandwich materials.
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6 RECOMMENDATIONS FOR FUTURE WORK

The steel supported MFI and FAU films and the zoned materials developed in the 

present work should be evaluated in catalysis applications. It is also interesting to 

evaluate zoned materials in membrane applications. These materials may open up new 

possibilities for a novel class of catalytic membranes.

Furthermore, b-oriented dense MFI films are interesting in membrane applications as

recently demonstrated by Tsapatsis group (Lai et al., 2003). b-Oriented MFI films are 

interesting to evaluate as coatings in FTIR-ATR sensor applications. In addition, if 

polarized IR light is used in this technique, it is possible to determine the orientation of

the adsorbate.
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