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ABSTRACT 

Molecular sieve films and colloidal particles may have great potential for further 

utilization in novel, technological sophisticated applications such as structured 

catalysts, sensors and membranes. The work presented in this thesis concerns the 

synthesis molecular sieve films and the crystallization of zoned MFI materials for 

novel catalyst and sensor applications. 

The seeding method developed at the division has been modified for the 

preparation of MFI and FAU type films on a variety of steel substrates ranging from 

ordinary carbon steel to highly corrosion resistant stainless steel. The films were 

characterized by SEM, XRD and gas adsorption techniques. The results revealed that 

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

orientation of the crystals, whereas the thermal stability was dependent on the steel. 

Films on various stainless steel supports were stable during calcination, whereas films 

on carbon steel supports peeled off upon rinsing after calcination because a relatively 

thick magnetite/hematite film formed. Pre-calination of carbon steel improved the 

zeolite film stability upon calcination. 

Zoned MFI materials (colloidal zoned MFI crystals and zoned films) were 

synthesized in this work in order to improve the catalytic performance of MFI. A two-

step crystallization method was developed to prepare zoned MFI materials, in which 

precursor ZSM-5 colloidal particles or films were grown in a silicalite-1 synthesis 

solution directly or after acid treatment. 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 reducing the aluminum content to half by acid treatment of ZSM-5, secondary 

nucleation of new silicalite-1 crystals was inhibited and zoned MFI material was 

obtained. 

 

Keywords: Molecular sieve film; Seeding method; Zoned crystal; Zoned film; Steel 

substrates; Silicalite-1 film; ZSM-5 film; MFI film; FAU film. 
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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 have attracted the special attention of chemists and materials 

scientists due to their commercial application in chemical separations and heterogeneous 

catalysis as well as scientific interest in their synthesis, processing, and characterization. 

Based on the definition by the International Union of Pure and Applied Chemistry 

(IUPAC), porous materials are classified according to their pore size: pores with widths 

in the range not exceeding about 2 nm are called micropores, those in the range of 2 nm 

to 50 nm are called mesopores, and those above 50 nm are macropores. Molecular sieves 

are a class of porous solids that could separate components of a mixture on the basis of 

molecular size and shape. This term “materials” encompasses the microporous 

crystalline (zeolite, silica analogs, metal silicates, aluminophosphates and related 

materials), non-crystalline (carbon, metal oxide, etc.) and mesopores peri-crystalline 

M41S family materials (MCM-41, MCM-48, etc.) as well as the pillared clays [1]. In 

this thesis the term is confined to zeolites, e.g. FAU and MFI type zeolites. 

“Zeolite” was coined by a Swedish mineralogist, A. Cronstedt, and in 1756 applied 

to the mineral stilbite, with the meaning of boiling stone as this material loses water 

rapidly on heating and thus seemed to boil. Thereafter, a large variety of naturally 

occurring zeolites were identified and characterized. Many of these natural zeolites were 

further synthesized in the laboratory, whereas new structures and compositions were 

discovered that did not have counterparts in nature.  

Traditionally, zeolites have been defined as (natural or synthetic) crystalline 

aluminosilicates with a three dimensional microporous framework, which is constructed 

by an infinitely extending, four-connected network of AlO4 and SiO4 tetrahedron linked 

by shared oxygen ions [2]. In the literature, TO2 (T= Si, Al) is generally used to 

represent the framework tetrahedra. Pure SiO2 tetrahedra do not contain framework 

charge since silicon is tetravalent. Each AlO2
¯ tetrahedron bears a net negative charge. 
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So, aluminosilicates have negatively charged oxide frameworks (one charge per 

framework Al3
+) which require charge-balancing by cations. Typical cations include the 

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

ammonium ions, protons (in the acid form of zeolites), and the rare earth and noble 

metal ions. The cations are quite mobile and may be exchanged by other cations, which 

determine the ion-exchange properties of the zeolites. 

The structural formula of zeolites is best expressed for the crystallographic unit cell 

as  

Mx/n[(AlO2
¯ )x (SiO2)y] · wH2O 

Where M is the cation of valence n, the portion with [] 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, since AlO2
¯ tetrahedra can only join to SiO2 

tetrahedra according to the Lowenstein rule [3]. w is the number of water molecules per 

unit cell. The water in many zeolites can be reversibly removed by calcination, leaving 

an open host structure.  

Zeolites were traditionally used as highly selective adsorbents, ion exchangers and 

catalysts with high activity and selectivity in a wide range of reactions. The unique 

properties of zeolites arise from their uniformity in pore size and the chemical 

composition. 

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

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

atoms have historically classified as small (8-member ring), medium (10-member ring), 

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

dimensional tunnels, two-dimensional intersecting cages and, finally, three-dimensional 

connected channels system of nanometer scale networks. This microporous pore system 

renders zeolites high surface area and allows zeolites to recognize, discriminate, and 

organize molecules with precisions that can be less than 1 Å. The molecular shape 

selectivity of zeolites results from the interaction of adsorbed molecules with zeolite 

channels or cages of atomic size. Shape selectivity, includes reactant shape selectivity, 

product shape selectivity and restricted transition state selectivity. Reactant selectivity 

occurs only when some reactants can access zeolites intracrystalline volume. Product 

selectivity is observed when reaction products have distinct diffusional behaviour in the 
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zeolite pores. Restricted transition state selectivity prevents the formation of certain 

reaction transition states and inhibits the corresponding reaction steps [4]. 

The Si/Al ratio is an important characteristic of zeolites. According to the framework 

Si/Al ratio, zeolites are categorized 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 significantly altered. 

The lower the Si/Al ratio, the more cations will be required to balance the framework 

charge. In some cases, replacement with a large cation for the one that is present in the 

zeolite pores will decrease the effective pore opening. Furthermore, the presence of 

strong acid sites, associated with the Al atoms, provides zeolites with unique activity 

properties for their use in heterogeneous catalysis, adsorption and ion exchange 

operations. Generally, by increasing the Si/Al ratio, the acid strength, thermal stability 

and hydrophobicity are increased, whereas the catalytic activity and the ion-exchange 

capacity are decreased.  

Strictly speaking, a zeolite is an aluminosilicate. Molecular sieves with framework T 

atoms other than silicon and aluminum are not zeolites. The progress in zeolite synthesis 

has led to the preparation of new structures. At present, more than 130 distinct zeolite 

structures have been approved by the International Zeolite Association (IZA) [5]. 

Currently, a variety of metals, such as Ti, B, Ga, Fe, Cr, V, Mn, Zr, Zn, etc. have 

been successfully incorporated into zeolite frameworks, usually replacing the aluminum 

atoms. On the other hand, other families of microporous materials such as 

aluminophosphates and metalloaluminophosphates have been synthesized. These exhibit 

properties and structures closely related to those of zeolites. The properties of “zeolitic 

materials” were further widened by the discovery in 1992 of the MCM-41 family of 

zeolite-like amorphous solids, characterized by having uniform and ordered pore 

systems within the mesopore range [6]. 

As a consequence of these achievements, the above quoted 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 conventional name 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 category of molecular sieves will be quoted when discussing both 

zeolite and silicate materials. 
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Zeolites and other micro- and mesoporous materials are certain to continue to find 

new uses in their traditional areas such as catalysis, separation and ion exchange. In 

addition, non-traditional applications are exploiting exciting developments, such as 

fabricating lower dielectric constant insulators [7], serving as host materials for 

producing porous carbon and metal rods [8], for producing highly selective separation 

membranes, and for novel chemical sensors [9]. The recent demonstration of 

heteroepitaxial zeolite growth could lead to new device applications [10-11]. 

1.2 Properties of the zeolites used in this work 
 

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

unique three-letter code to the topology of the zeolite framework. The zeolites that were 

synthesized in this work have MFI and FAU topologies.  

The topology of all known molecular sieve framework types can be described in terms 

of a finite number of specific combinations of tetrahedral called Secondary building 

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

building units (the primary units are the SiO4 and AlO4 tetrahedra) which are linked 

together to form chains, see Figure 1 a), where 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 interconnection of these chains produces a three-dimensional 

channel system, which consists of sinusoidal 10-ring (5.1 × 5.6 Å) and intersecting 

straight 10-ring (5.3 × 5.6 Å) channels (Figure 1 b)) [2]. The MFI type zeolites include 

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

According to the classical definition, the silicalite-1 should rather be regarded as a 

molecular sieve than as a zeolite. Silicalite-1 is a pure silica analogue of ZSM-5 with 

virtually neutral framework. Thus, the silicalite-1 is hydrophobic and has no ion-

exchange capacity. It is generally used as an efficient absorbent for organic molecules 

from water.  

ZSM-5 has a Si/Al ratio of 5 and upward to any finite number. ZSM-5 is an active 

catalyst with unique para-selectivity (shape selectivity causes high para-selectivity) to p-

isomers in toluene alkylation reactions, alkyl-benzene disproportionation, dialkyl-

benzene isomerization and Fries rearrangement of aryl esters [12-18]. In general, the 

acidic and catalytic properties of zeolites are known to be effectively related to the 

number of framework aluminum atoms. It is well recognized that the acid sites located 
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in the channel system (internal surface) of ZSM-5 plays the major role in shape 

selectivity. However, the easily accessible strong acid sites on the external surface 

degrade this high shape selectivity. To enhance the shape selectivity of ZSM-5, various 

dealumination protocols have been applied to reduce or deactivate the active sites on the 

external surface. These include hydrothermal treatment with steam and TEOS [19-20], 

acid leaching [21-23], and chemical vapour deposition (CVD) [24-27] or chemical liquid 

deposition [28-29]. All these methods could increase the shape selectivity, but with a 

decrease in the catalytic activity of ZSM-5 simultaneously. A promising approach to 

eliminate the external acid sites without decreasing the ZSM-5 catalyst activity is to 

prepare a zoned zeolite catalyst, i.e. to prepare MFI crystals with an Al-rich core and an 

Al-free shell with a continuously propagating channel system throughout the crystal. 

 

a b 

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

a b 

5-1

 

Figure 2. Illustration of the FAU framework (a) and channel system (b). 
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Faujasite zeolites (Zeolite X and Y) belong to the FAU group. The faujasite 

framework structure (see Figure 2 a)) is constructed of truncated octahedra (β-cages or 

sodalite cages) connected through six-membered rings (6R) to form double-six rings 

(D6R) in a tetrahedral arrangement like carbon atoms in diamond. The β-cages surround 

an even larger cage, the supercage (cavity with diameter about 13 Å), which forms a 

three-dimensional network with each supercage connected tetrahedrally to four other 

supercages through the 12-membered ring opening with a crystallographic aperture of 

7.4 Å and an effective diameter of about 9 Å. The aperture of the 6R of the β-cages is 

2.2 Å, and the effective diameter is 2.5-2.5 Å. The channel system of faujasite-type 

zeolites may be described in terms of a stacking of close-packed intersecting tubes as 

shown in Fig. 2 b). These tubes or channels run parallel to the [110] direction. The 

channels are equidimensional and intersected perpendicular to each other. The relatively 

high Si/Al ratio and large-pore three-dimensional channel system render zeolite-Y very 

useful in catalysis applications, virtually all Fluid Catalytic Cracking catalysts are at 

present zeolite-Y based [30]. 

1.3 Zeolite films and their synthesis 

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 [31]. 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. 

Zeolite synthesis is highly dependent on the physical and chemical nature of the 

reactants used in preparing the reaction mixture, its overall chemical composition, the 

type of cations or organic template, and the conditions of the hydrothermal treatment, 

such as temperature, pressure and duration. Zeolites are usually crystallized under 

hydrothermal conditions, at basic environment and at temperatures in the range from 60 
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˚C to about 200 ˚C, from gels containing the silica and alumina sources, basic agents and 

alkali metal cations. The alumina source may be aluminium salts, aluminium oxides, and 

aluminium hydroxide or metal aluminates, etc. The silica source could be monomeric 

silica such as tetra ethoxy silane (TEOS), segregated gels from primary particles (fumed 

silica and aerosil), or gel bodies (colloidal silica or Ludox). Zeolite synthesis also 

requires the presence of organic compounds (quaternary ammonium salts, amines, 

alcohols, etc.). Over and above supplying the alkalinity required in the synthesis, these 

compounds might also play the role of pore filling agents or act as templates that direct 

the crystallization towards the formation of a specific structure. The structure-directing 

agent can be removed by calcination to expose the zeolite channels. 

Although great accomplishments have been achieved in the synthesis and applications 

of zeolites, the mechanism of crystallization is still not well understood. A general 

mechanism that could explain all zeolite crystallizations may not exist. However, one of 

the most widely accepted ideas is that nucleation and crystal growth proceed through 

heterogeneous transformations involving amorphous and/or pseudocrystalline particles. 

[32] 

A number of methods for preparation of continuous films on different types of 

supports have been developed. Generally, these methods can be separated into three 

main 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 [33-34]. 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. Even more, the feasibility 

of preparing molecular sieve films with in such a way strongly depends on the type of 

the support used because surface phenomena affect film growth.  
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Methods based on pre-formation of an amorphous solid layer use either laser ablation 

[35-36] or vapour-phase transport to effect the crystallization [37-38]. 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. On the contrary, the 

vapour-phase transport method (VPT) cannot be applied to the preparation of the 

majority of molecular sieves as their synthesis requires the use of nonvolatile structure-

directing agents. 

Perhaps, the most versatile and flexible approach for the preparation of molecular 

sieve films is the seeding method in which the substrate is first surface modified in order 

to optimize its charge for the adsorption of a monolayer of molecular sieve seeds. The 

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

method of seeding of surfaces with colloidal crystals is based on the fact that the seeding 

increases the density of nuclei/seeds on the surface. In this method, 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 [39]. Hedlund et 

al. first developed the seeding method for the synthesis of continuous ultra thin 

molecular sieve films (< 100 nm) [40]. After that, various zeolite films and membranes 

on a number of substrates have been synthesized by seeding, such as thin zeolite NA 

films on alumina wafers, MFI films on gold surface, as well as on ceramic foams, thin 

MFI and faujasite-type membranes on porous α-alumina support, etc. It has also been 

found that adding seed crystals to a synthesis mixture may not only bypass the 

nucleation stage but may also increase the rate of crystallization. The presence of seed 

crystals can also prohibit or limit the population of newly formed crystals from the 

solution (secondary nucleation). The seed size and amount, the hydrothermal treatment 

conditions (i.e. various synthesis mixtures and synthesis periods) can be used to control 

the concentration of defects and preferred orientation of the crystals constituting films 

[41-44].  
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2 Scope of the present work 

The scope of the work described in this thesis can be divided in two parts: preparation 

of molecular sieve films on a range of steel substrates and synthesis of zoned MFI 

materials, i.e. zoned crystals and zoned films with varying aluminum content. 

For a number of years, research within our division has been focused on the 

preparation of molecular sieve films and the utilization of such films in various 

applications. Some of these applications, such as catalytic distillation, require methods 

for growth of films on metal surfaces. The first part of the present work is preparation of 

silicalite-1 and FAU type films on various steel substrates using a seeding method 

(Paper I and II). The films were characterized by SEM, XRD and gas adsorption 

techniques to evaluate the influence of the metal support on the zeolite films’ properties, 

such as film thickness, orientation of the crystals constituting the film and film stability 

during the calcination.  

An attractive route to enhance the shape selectivity, without decreasing the catalytic 

activity simultaneously, is the synthesis of zoned MFI materials (Paper III and IV). 

Zoned materials were defined as consisting of continuous crystals with varying 

aluminum content. The influence of aluminum content on the external surface for the 

growth of zoned materials was investigated by using SEM, XPS and XRD. 
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3 Experimental 

3.1 Synthesis of molecular sieve films  
 

The seed film method [39, 41] 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 onto the substrate surface by electrostatic adsorption, and 

iii) growth of the crystals into a continuous, polycrystalline film in a synthesis solution 

under hydrothermal treatment. 

3.1.1 Seed preparation 

The molar composition of synthesis mixtures used for synthesis of seed crystals is 

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, IV 

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

 

3.1.2 Substrate modification and seed adsorption 

 
Polished steel discs were used as substrates for film synthesis 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 an automatic polishing equipment. 

The steel discs were cleaned in acetone under ultrasound treatment and subsequently 

with distilled water. 
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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 

 

Following rinsing, 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 

[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 so as 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.  

 

3.1.3 Film synthesis 

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

directly in the upper part of the synthesis mixture for film crystallization. The discs were 

oriented almost vertically but with the polished surface tilted slightly downward to avoid 

sedimentation of crystals, formed in the bulk, onto the polished surface during 

hydrothermal treatment. 

The synthesis solutions used for film crystallization are listed in the Table 3. Details 

can be found in the papers. 

Table 3. Synthesis solutions used for film crystallization 

Film type Molar composition of synthesis solution Papers 

Silicalite-1 3TPAOH: 25SiO2: 1500H2O: 100EtOH I 

Zeolite Y 14 Na2O: Al2O3: 10 SiO2: 798 H2O: 3Na2SO4 II 
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Film crystallization was performed in one (Paper I) or several steps (Paper II) in an oil 

bath at 100°C under reflux and atmospheric pressure. The duration of each step and the 

number of crystallization steps could be found in the reference papers. If several steps of 

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

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) 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.  

3.2 Synthesis of zoned materials 

A two-step crystallization method was developed for the preparation of zoned 

materials, i.e. zoned MFI discrete crystals and zoned MFI films. In the first step, 

precursor ZSM-5 colloidal particles or films were prepared. In the next step, the ZSM-5 

materials were submerged into a silicalite-1 synthesis mixture directly or after being acid 

treated and heated for further crystallization. 

3.2.1 Synthesis of colloidal zoned discrete MFI crystals 

 
Colloidal ZSM-5 crystals (cores) were prepared from a clear solution with a molar 

composition of 5TPAOH : 0.25Al2O3 : 25SiO2 : 480 H2O : 100EtOH : 0.1Na2O. The 

synthesis mixture was heated in an oil bath at 100oC under reflux and without stirring 

for 48 h. After crystallization, the sol was purified by repeating centrifugation at 12500 g 

for 30 min and redispersion four times.  

Half of the purified ZSM-5 crystals were acid treated in an HCl solution (pH = 1) 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 25wt %.  

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

crystals were used as seeds for further growth in a TPA-silicalite-1 solution with a molar 

composition of 3TPAOH : 25SiO2 : 1500 H2O : 100EtOH. 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. After 24 h of crystallization, the samples 

were centrifuged at 4500 g for 5 min. The supernatant was discarded and the pellet was 

recovered in order to separate the larger zoned crystals from the small TPA-silicalite-1 

crystals that nucleated and grew in the silicalite-1 solution. 

3.2.2 Synthesis of zoned MFI films 

Quartz plates were used as substrates for zoned MFI films synthesis (Paper IV). The 

plates were cleaned in a similar way as used for cleaning steel discs (Paper I and II). 

The precursor ZSM-5 films were grown using the seeding method with 60 nm 

silicalite-1 seeds at 100 ºC and a clear synthesis mixture with the composition of 

3TPAOH : 0.25Al2O3 : 25SiO2 : 1600H2O : 100EtOH : 1Na2O. After 2 days of 

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

water before further hydrothermal treatment.  

In a second step, rinsed ZSM-5 films were treated with the following two different 

approaches. Some of them were directly submerged in a TPA-silicalite-1 synthesis 

solution for further growth of silicalite-1 films on the precursor ZSM-5 films. In the 

other approach, the precursor ZSM-5 film was treated in a HCl solution (pH=1) at 85 ºC 

for 48 h. The sample was then submerged in a TPA-silicalite-1 synthesis solution. After 

72 h of crystallization at 100 ºC, the samples (prepared using both approaches) were 

moved from the oil bath and cooled to room temperature and finally rinsed with 0.1 M 

ammonia solution to remove sediments and unreacted materials adsorbed on the film 

surface. 

Molar compositions of the synthesis mixtures used for preparation of zoned materials 

in this thesis are summarized in Table 4. 

 
Table 4. Molar compositions of the synthesis mixtures used for preparation of zoned materials. 

Material Molar composition of synthesis mixture Paper 

ZSM-5 Core 5TPAOH : 0.25Al2O3 : 25SiO2 : 480 H2O : 100EtOH : 0.1Na2O III 

ZSM-5 Film 3TPAOH : 0.25Al2O3 : 25SiO2 : 1600H2O : 100EtOH : 1Na2O IV 

Silicalite-1 3TPAOH : 25SiO2 : 1500 H2O : 100EtOH III, IV
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3.3 Characterization 

The thickness and morphology of films and discrete crystals 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. 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 

the crystal size in sols.  

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

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

preferred orientation and phase of films.  

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

coupled plasma atomic emission spectroscopy (ICP-AES).  

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

the surface of discrete crystals and films. 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 Kα source 

operated at 225 W. To compensate for the surface charging, a low energy electron gun 

was used. Wide spectra (pass energy 160 eV) and spectra of individual photoelectron 

lines (pass energy 20 eV) were acquired. The spectra processing was accomplished with 

the KRATOS software. The binding energy (BE) scale was referenced to the C 1s line of 

aliphatic carbon set at 285.0 eV. 

 

 

 

 



15Molecular Sieve Films and Zoned Materials  

 

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 steel surfaces as 

illustrated in Figure 3. 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. Figure 4 

shows SEM top view images of (a) silicalite-1 film on the D substrate after 24 h 

crystallization and (b) zeolite Y film grown for 12 h in the synthesis solution using steel 

C as substrate. The film’s thickness is nearly 200 nm and 2.2 µm respectively, according 

to SEM. 

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

investigated in the present work. The appearance of each film is identical for the 

different steel types and no cracks or other defects can be seen in SEM images recorded 

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

steel type using the seeding method, in contrast to the in-situ method as discussed in 

paper I. Further, these results agree well with previous results using silicon wafers [42,

Figure 3. SEM top view image of a) silicalite-1 seeds adsorbed on steel D substrate and b) 
zeolite Y seeds adsorbed on steel C substrate. 
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 45] as supports. This contrasts to what has been reported when applying direct 

crystallization for the preparation of thin silicalite-1 films on steel supports. 

In the present work, the film thickness determined from Kr gas adsorption agrees 

reasonably well with the SEM results. Experimental data can be found in Table 2 in 

paper I and II. It should be pointed out that the film thickness determined from gas 

adsorption data is a mean for the entire sample, whereas the film thickness determined 

by SEM represents a selected microscopic area. The agreement between SEM and gas 

adsorption results thus indicates that the film thickness is relatively constant over the 

whole support. 

4.1.2 Film stability during calcination 

Generally, calcination is used to remove the organic template molecules in order to 

expose the zeolite channels. It has been shown [45] 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.  

No cracks were detected for silicalite-1 films on stainless steel (B, C and D) after 

calcinations at 500 °C, but cracks formed in the zeolite Y films. The width of the cracks 

was dependent on the support types. All films on steel A peeled off upon rinsing after 

calcinations at 500 °C. 

 

 
Figure 4. SEM top view images of (a) silicalite-1 film on steel D substrate after 24 h 
crystallization and (b) zeolite Y film prepared by 12 crystallization on steel C. 
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The results imply that the thermal stability is related to the steel type. XRD shows that 

after calcination of the samples magnetite and hematite formed on steel A, but not on 

steel B, C and D. The stainless steel supports seem to be unaffected according to XRD 

and SEM by the calcination procedure. Figure 5 (a) shows the oxide film on steel A 

(after 72 h zeolite film synthesis and calcination). The thickness of the oxide film is 

about 7 µm. The disappearance of the films on steel A is thus most likely due to oxide 

growth during the calcination 

procedure. To confirm this, a steel 

A support was calcined at 700 °C 

prior to zeolite film synthesis. A 22 

µm thick hematite film formed as 

concluded from XRD data and 

SEM images. A silicalite-1 film 

was grown by seeding and 72 h 

hydrothermal treatment of the pre-

calcined support and the sample 

was calcined again at 500 °C. This 

time, most of the silicalite-1 film 

remained on the support, as shown 

in Figure 5 (b). The film on top of 

the oxide layer is as thick as 

expected, about 800 nm (estimated 

at higher magnification), and the 

oxide layer is still about 22 µm. Pre-calcination of steel A can thus improve the thermal 

stability of the zeolite film. 

4.1.3 Preferred orientation  

 XRD is an excellent tool to evaluate the preferred orientation of the crystals in the 

films. Figure 6 shows X-ray diffraction patterns of (a) a purified bulk product powder 

sample from silicalite-1 film synthesis, (b) a calcined film after 24 h of crystallization on 

steel D and (c) a calcined film after 72 h of crystallization on steel D. Very similar XRD 

results were obtained for the other steel types as well. The very large reflections in 

 Figure 5. SEM side view images after (a) 72 h 

crystallization and calcination of steel A and (b) 

pre-calcined steel A after 72 h crystallization and 

calcination.
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pattern (b) and (c) 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 in 

agreement with previous findings when using silicon wafers as supports [42] and 

explained by dominant growth in the a-direction. However, in the pattern for the thick 

film (c), the (101) and (303) reflections dominate while the (051) reflection is almost 

absent, which is in accordance with recent findings for very thick (more than 2 µm) 

films on quartz wafers [46]. This phenomenon has not yet been investigated in detail, 

but a speculation is that it could be related to the concentration of seeds on the support. 

The preferred orientation for thicker films is determined by competitive growth [42].  

Comparing with preferred orientation in silicalite-1 films, the crystals in all zeolite Y 

film in present work were randomly oriented. It can be seen clearly in Figure 3 in paper 

II.  

 

 

 

 

Figure 6. X-ray diffraction patterns of (a) purified bulk product powder sample, a film after (a) 
24 h and (c) 72 h crystallization on steel D. The intensity scale is linear but not the same for all 
patterns. The intensity scale for pattern (a) was compressed 10 times and the scale for pattern (c) 
was compressed 3 times, while the scale for pattern (b) was conserved in order to simplify 
comparison. 
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4.2 Zoned materials  

4.2.1 Zoned MFI discrete crystals 

ZSM-5 cores with an average size of 180 nm, synthesized from a clear solution at 

100oC and purified, are shown in Figure 7 (a). The crystal size distribution (CSD) was 

narrow and the crystals were twinned. The bulk Si/Al ratio of the crystals was 45, 

determined by ICP-AES. According to XPS, the Si/Al ratio was 11 at the surface of the 

crystals. Therefore, the aluminum in the ZSM-5 cores was enriched at the surface. 

Similar results have been reported in the literature especially when TPA+ was used as 

the structure-directing agent [47-48]. 

Purified ZSM-5 cores were hydrothermally treated in a TPA-silicalite-1 solution at 

100oC. Prior to 12 h of crystallization, no growth of the cores or new crystals was 

observed. However, beyond 12 h of crystallization, some changes occurred. Figure 7 (b) 

shows an SEM image of the final purified products after crystallization in the TPA-

silicalite-1 solution for 24 h without acid leaching. Compared to the original ZSM-5 

seeds, the particle size did increase. The particles were aggregates rather than separate 

crystals. The polycrystalline aggregates in the final product were possibly due to the 

aggregation of colloidal silicalite-1 crystals that nucleated from the solution during the 

hydrothermal treatment of silicalite-1 solution. 

Aluminum can be removed from the zeolite lattice with acid [49-51]. In the present 

work, purified ZSM-5 cores were treated in a HCl solution with pH=1 at 50oC for 12 h. 

XPS measurement and chemical analysis indicated that the Si/Al ratios on the surface 

and in the bulk were 22 and 67, respectively. A series of syntheses were performed by 

Figure 7. SEM micrographs of (a) ZSM-5 cores, the product grown for 24 h without acid leaching (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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the addition of surface dealuminated ZSM-5 cores to a silicalite-1 synthesis solution. It 

was found that the morphology and size of crystals even started to change early in the 

crystallization. The growth of the dealuminated seed crystals was completely different 

compared to the untreated seeds. Figure 7 (c) shows the final product obtained by adding 

acid treated ZSM-5 cores to a silicalite-1 solution. After crystallization for 24 h, a pure 

product of crystals with a size of 500 nm was obtained by decanting the supernatant 

after centrifugation at 4500 g for 5 min. Acid-leaching of the ZSM-5 seeds thus appear 

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 after 24 h of crystallization was Al free or 

contained a minor amount of Al. 

Unfortunately, the SEM images cannot show whether the final products contained a 

silicalite-1 shell or if they simply formed due to the aggregation of seeds in the silicalite-

1 solution. 

In order to investigate whether these crystals consist of a continuous channel system 

throughout the core and shell, XRD measurements were carried out. Figure 8 (a) shows 

Figure 8. XRD patterns of ZSM-5 cores (a), the product after 24 h treatment of cores (not acid leached) in 
a silicalite-1 synthesis mixture (b) and the product after 24 h treatment of acid leached cores in a silicalite-
1 synthesis mixture (c). 
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the XRD pattern from non-calcined ZSM-5 cores in the region about 23-25° 2θ, where 

the strongest MFI reflections are located. The reflections are broad due to the small 

crystallite size. The full width at half maximum (FWHM) for the 133 reflection is 0.10 °. 

The reflections from the sample prepared by treating ZSM-5 cores directly (without acid 

leaching) in a silicalite-1 synthesis mixture for 24 h is shown in (b). The FWHM of the 

133 reflection is 0.12 °, which shows that the average crystallite size has decreased 

according to the Scherrer equation. It can be seen that not only the FWHM of the 133 

reflection is changing, the FWHM of all reflections follow the same trend. On the other 

hand, the FWHM of the 133 reflection in the pattern (c) of acid leached ZSM-5 cores 

grown for 24 h in a silicalite-1 synthesis mixture is 0.09, which shows that the average 

crystallite size has increased. An increased average crystallite size is strong evidence of 

at least partially successful zoning. It is possible though, that some crystals remain un-

zoned. The XRD data also supports the hypothesis that acid leaching is favourable for 

zoning. 

 

4.2.2 Zoned MFI films 

It has been demonstrated earlier that truly zoned MFI films could be obtained only 

when the precursor ZSM-5 film had low aluminum content [52]. In the present work, the 

possibility to prepare zoned MFI with higher aluminum content in the precursor ZSM-5 

film is described. 

Figure 9 a) and b) show SEM images of a silicalite-1 film after 72 h of hydrothermal 

synthesis. The film is smooth with a constant thickness of about 500 nm. Figure 9 c) and 

d) shows a ZSM-5 film grown by 48 h hydrothermal treatment at 100 ºC. The film is 

continuous with a constant thickness of about 350 nm. It can be seen that both films are 

composed of crystals extending throughout the entire film. Furthermore, large embedded 

crystals are present in the ZSM-5 film, but not in the silicalite-1 film. This may be due to 

more secondary nucleation in the ZSM-5 case. By comparing the inserts of Figures a) 

and c), it can be seen that the surface of ZSM-5 is more granular. Similar observations 

have been reported earlier [23]. The Si/Al ratio of the ZSM-5 film surface measured by 

XPS was 23, i.e. the aluminum content is quite high. 

Fig. 9 e) shows a top-view image of the silicalite-1 film grown directly on the ZSM-5 

film. Many embedded large crystals are visible. In between these large crystals the film 

is smoother, and the crystal size in these regions is similar to corresponding regions in 
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Figure 9. SEM micrographs of the films. Top-and side-view images of the silicalite-1 film (a) and (b), 
ZSM-5 film (c) and (d), silicalite-1 film grown directly on the ZSM-5 film without acid leaching (e) and 
(f), and silicalite-1 film grown from acid-treated ZSM-5 film (g) and (h). 
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the sample consisting of a silicalite-1 film only, see inserting images. This indicates that 

the crystals in the first film have not continued to grow and formed the second film, 

because the observed crystals at the surface would be larger in that case. The side view 

image of the sample, shown in Figure 9 f), supports this hypothesis. A discontinuity is 

visible at the interface of the two layers. The film thickness is about 900 nm, close to the 

sum of the thickness of the two individual ZSM-5 and silicalite-1 films. It thus seems 

that new silicalite-1 crystals nucleated on top of the ZSM-5 film, the latter only acting as 

a substrate, not as a seed layer. These observations agree with what we have reported 

earlier and described as a sandwiched film. 

In order test if lower aluminum content on the surface of the film may be beneficial 

for the formation of a zoned film, the precursor ZSM-5 film was acid leached. The Si/Al 

ratio on the surface increased to 47, i.e. about half of the aluminum was removed. Since 

the acid leaching was carried out on a sample containing template molecules, only the 

surface of the crystals should be affected by the leaching process. 

Figure 9 g) shows the top view image of a silicalite-1 film grown on an acid leached 

ZSM-5 film. In between the large embedded crystals, the film is built by crystals that are 

larger than in corresponding regions in the sample consisting of a silicalite-1 film only, 

see the corresponding insert images. No discontinuity is visible in the side view image 

of this sample, see Figure 9 h). These observations indicate that the ZSM-5 crystals have 

continued to grow when treated in the silicalite-1 synthesis mixture, resulting in a zoned 

film with crystals extending from the substrate to the film top surface. In agreement with 

previous observations, the ZSM-5 part has a rougher appearance than the silicalite-1 

part. It thus seems that the crystals in the acid treated ZSM-5 film continued to grow in 

the silicalite-1 synthesis solution, without the formation of new nuclei on top of the 

ZSM-5 film. This result may be explained if there is no appreciable induction time for 

growth, omitting nucleation, when the acid leached ZSM-5 film is treated in the 

silicalite-1 synthesis mixture. This film is also thicker, about 1 µm, than the sample 

prepared by omitting the acid-leaching. Since the thickness exceeds the sum of the two 

individual films, this observation is somewhat surprising. Our experience is that the film 

growth rate is constant in these systems [42, 53]. However, a thicker film may also 

indicate that the induction time is null or short. It is possible that the sample shown in 

Figure 9 g) and h) has a continuous channel system across the ZSM-5/silicalite-1 

interface. We intend to investigate this by TEM.  
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5 Conclusions 

The seeding method developed at the division has been applied for the synthesis of 

smooth and continuous silicalite-1 and FAU films on a variety of steel types. 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 substrates 

surface. The thickness and morphology of the films and preferred orientation of the 

crystals seem to be independent of steel type (and thus chemical properties), whereas the 

thermal stability is dependent on the steel. All films on stainless steel remained attached 

to the support after calcination, whereas films on carbon steel peeled off during washing 

after calcination, because a thick hematite and magnetite layer formed. Pre-calcination 

of carbon steel improved the zeolite film stability upon calcination of the zeolite film. In 

general, virtually identical results were obtained independent of support type.  

A two-step crystallization method using acid leaching in between has been developed 

for the preparation of zoned materials, i.e. zoned discrete crystals and films. 

ZSM-5 crystals were used as seeds to synthesize zoned MFI crystals in a silicalite-1 

synthesis solution. Without dealumination of the ZSM-5 cores by acid treatment, 

polycrystalline silicalite-1 crystals aggregated on the surface of the ZSM-5 crystals. 

After acid treatment, the ZSM-5 crystals grew incessantly in the silicalite-1 solution, as 

indicated by XRD and SEM, resulting in zoned crystals.  

Zoned MFI films can be prepared by using acid leaching in between the synthesis of 

the MFI layers. A zoned film did not form when a precursor ZSM-5 film with a surface 

Si/Al of 23 was treated in a silicalite-1 synthesis mixture. Instead, a sandwich film 

resulted, which probably grows from new nuclei on the surface. When the precursor 

ZSM-5 film was acid leached so that the surface Si/Al was 47, a zoned film formed 

upon treatment in a silicalite-1 synthesis mixture. By controlling the synthesis time, 

zoned MFI materials with varying silicalite-1 thickness could be synthesized. 
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6 Recommendations for future work 

Molecular sieves are certain to continue to find new applications in their traditional 

areas in catalysis and separation applications. A great potential exists for further 

utilization in novel, technologically sophisticated applications such as sensors and 

membranes. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is 

an increasingly used technique for scientists wishing to investigate interfacial 

phenomena in situ. Coating the ATR internal reflection element (IRE) with a thin 

molecular film might be of great interest in the development of a novel class of sensor 

materials. 

Acid leaching of a ZSM-5 film with high Al content resulted in a zoned MFI film. 

However, it is still not clear how the channel system of silicalite-1 phase matches the 

ZSM-5 part. Further studies with high-resolution transmission electron microscopy 

(HRTEM) to resolve the atomic configuration at the interface between the MFI films 

should be carried out. Further catalysis and adsorption tests should be performed to 

investigate the shape selectivity and catalytic activity of zoned films.  

Furthermore, zoned films can be applied in membrane applications, which may open 

up new possibilities. The preparation of oriented zeolite membrane is another interesting 

option which is worthwhile pursuing. 

In addition, zeolites may be used as a host enabling the preparation of nano-sized 

metal. Such a project is proceeding in our laboratories. 
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