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ABSTRACT
Ceramic monoliths with binderless zeolite coatings have great potential as

catalysts for structured catalytic reactors. Advantages over packed beds are a

low pressure drop, high selectivity and less mass and heat transport limitations.

A novel synthesis method, called the seed film method, was used to coat

cordierite monoliths with thin films of ZSM-5. Basically, the monoliths were

coated in a three-step procedure. In the first step the monolith surface was coated

with a polymer to be able to adsorb seed crystals in the second step. Finally, the

seeded supports were hydrothermally treated in a synthesis solution to induce

growth of seed crystals into a dense and continuous film. The films were

characterized with scanning electron microscopy, X-ray diffraction, gas

adsorption and thermal analysis. Films with thickness ranging from 270 to 800

nm were obtained. Several hydrothermal treatment steps and/or an elevated

synthesis temperature were used to obtain the thicker films. Zeolite loading and

film morphology could be varied with ultrasonic treatment. The use of

ultrasound treatment improved the removal of surface-attached crystals in

addition to rinsing with aqueous NH3. Thermal analysis indicated that the

coatings contained acid sites and X-ray diffraction verified that the coatings

consisted of ZSM-5.
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1 INTRODUCTION
Chemical reactors such as tubular packed beds, tanks and monoliths are used in

the chemical industry. The monolith reactor, often manufactured by extrusion,

may be envisaged as a bundle of small, parallel square tubes where catalyst is

attached to the interior walls. Normally these walls are coated with a washcoat

of the catalyst mixed with a binder material. However, during the preparation

more material tends to settle in the corners of the monolith channels. This

maldistribution of the washcoat contributes to mass transport limitation [1]. An

additional disadvantage of washcoats with binder material is that the effective

surface area is reduced i.e. the binder material hinders access to the catalytic

active sites. Advantages of the monolithic reactor configuration compared to a

packed bed include low pressure drops, easy catalyst regeneration, uniform flow

distributions, avoidance of hot spots and easy scale-up. Pellet attrition in packed

beds causes loss of catalyst and the need for subsequent separation of fines from

the product.

To improve the contact between catalyst and reactants a coating without

binder material would be advantageous. Also, a thin structured binderless zeolite

coating would increase the selectivity in suitable chemical reactions. Recently a

technique, called the Seed Film Method [2], was developed to grow thin zeolite

films (100 nm - 3,5 µm) on various supports at the division of Chemical

Technology at the Luleå University of Technology. With the seed film method it

is anticipated that evenly distributed zeolite coatings with an easily controllable

thickness can be synthesized on various supports. An advantage with these thin

zeolite coatings compared to thicker coatings of for example 10 µm [3] is that

the diffusion path is shortened and also the catalyst would be free from binder

material. Depending on the intrinsic kinetics of the reaction, catalyst pellets of 1

mm may already have significant concentration and temperature gradients,

which affect the efficiency of the catalytic material and the selectivity of the

reaction. However, if a thin film of zeolite crystals is used the pore diffusion
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limitations may be circumvented. Diffusion between crystals, i.e. intercrystalline

Knudsen diffusion, occurs in coatings that consist of more than one crystal.

However, with the seed film method, upon sufficient growth of the film to the

point where good inter-growth of the seed crystals are achieved, the

polycrystalline zeolite coating can be considered to essentially consist of a single

zeolite crystal. Growths of thin coatings of 500 nm as well as thicker coatings of

3,5 µm are easily controlled with the seed film method. A designed microporous

ZSM-5 coating on a structured support such as a monolith would increase the

ability for reactants to reach the active sites. If e.g. a thin layer of silicalite-1

subsequently were grown on top of the ZSM-5, the silicalite-1 would work as a

membrane. The noncatalytic silicalite-1 shell would also deactivate the nonshape

selective external acid sites of ZSM-5 with lower catalyst activity as a result. On

the other hand increased para-selectivity in toluene alkylations [4] (see also

Figure 1) would also result over ZSM-5 covered with a silicalite-1 shell. A

zeolite coating that is free from binder material would also reduce temperature

gradients and hence exothermic reactions could be better controlled. In series

reactions such as alkylations where several unwanted isomers are produced the

reduced diffusion path with a zeolite coating could improve the selectivity for

the desired product. Figure 1 illustrates alkylation of toluene with ethylene. P-

ethyltoluene is the desired product while m-ethyltoluene and o-ethyltoluene are

undesired products. ZSM-5 is used as a catalyst in p-ethyltoluene production

commercialized by Mobil [5].
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Figure 1. Toluene alkylation.

A suitable zeolite can be used as a catalyst in xylene isomerization and other

reactions where shape selectivity is important since the zeolite pore size is in the

magnitude of molecules. Thus with the seed film method it would be possible

for synthesis of structured catalysts that perform with reactant selectivity,

product selectivity and improved mass and heat transfer.

Zeolite coatings may also have another interesting property. One

approach to reduce automobile cold start emission is to temporarily adsorb

hydrocarbons at low temperatures (e.g. during start-up) until the catalyst light off

temperature is reached. Zeolites can offer a wide range of adsorption properties

and selectivities depending on for instance the zeolite hydrophobicity.
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2 LITERATURE SURVEY

2.1 Zeolites
The history of zeolites began in 1756 when the Swedish mineralogist Cronstedt

discovered the first zeolite mineral, stilbite [6]. He called the mineral a zeolite

derived from the two Greek words, “zeo” and “lithos” meaning “to boil” and “a

stone”. Zeolites are highly crystalline, porous, hydrated aluminosilicates of

natural or synthetic origin with a three-dimensional framework of SiO4 and AlO4

tetrahedra, each of which contains a silicon or aluminum atom in the center. The

oxygen atoms are shared between adjoining tetrahedra. Zeolites may be

represented by the formula:

OyHxSiOAlOM n
n 2221 ⋅⋅⋅ −+

where M = counterion

n = counterion valency

x = silicon / aluminum ratio

y = content of hydrate water

The Löwenstein rule allows only the formation of zeolites having Si/Al 1≥ . The

counterion is often a metal cation. The counterions neutralize the negative

charge of the framework, see Figure 2-1.

Si

OO

OO
Si

OO

O
Al-

OO

O
Si

OO

OOMn+

Figure 2-1. Part of a zeolite structure.
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Zeolites have a uniform pore structure determined by the crystal structure with

known pore diameters (channels) between 3 and 10 Å. The channels may be

circular or elliptical, tubular or containing periodic cavities and straight or

zigzag. If the counterions are located within the channels they can be exchanged

and hence the catalytic capacity of the zeolite may be enhanced. Apertures

consisting of a ring of oxygen atoms of connected tetrahedra limit access to the

channels. There may be 4, 5, 6, 8, 10 or 12 oxygen atoms in the ring. This

regular structure of the pores and with their aperture in the atomic scale enables

the zeolite to work as a molecular sieve and hence zeolites can have high

selectivities as catalysts for certain reactions. The pore size and structure of

zeolites may affect the selectivity of a reaction in one or more of three ways [7]:

1. Reactant selectivity. The pore size can hinder certain reactants from

reaching the interior of the zeolite. This occurs when the aperture size is

smaller than the molecule i.e. only sufficiently small molecules can reach

the active sites. Hence the term “molecular sieve” is justified. An example

where reactant selectivity is important is in reforming processes of high-

octane gasoline [8].

2. Product selectivity. Products larger than the aperture size cannot diffuse out

from the zeolite. Therefore these larger molecules will not be formed or they

will be converted to smaller molecules or to carbonaceous deposits within

the pore. Unfortunately this may deactivate the zeolite due to pore blockage.

An example of a reaction where product selectivity is important is the

alkylation of toluene over H-ZSM-5 [4].

3. Restricted transition state selectivity. This third form of shape selectivity

causes less undesirable side reactions or hinders larger intermediates that

would be formed in other environments, to escape from the pore. Only those

intermediates that can fit in the pore can be formed. However, in practice it

is difficult to distinguish restricted transition state selectivity from product
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selectivity. An example of a reaction where restricted transition state

selectivity is important is the methanol to gasoline process (MTG) which

uses an H-ZSM-5 catalyst.

Another advantage over conventional catalysts is the ability to alter zeolite

properties by ion exchange. Catalytically active metal ions can be uniformly

applied to the zeolite and controllable incorporation of acid centers in the

intracrystalline surface is possible. Zeolites are thermally stable and can easily

be regenerated by combustion of carbon deposits. Other areas besides catalysis

where zeolites are important are as detergent additives for water softening,

adsorbents and ion exchangers. Depending on the aluminum content the zeolite

will have different chemical and physical properties. A higher content of silicon

increases the hydrophobicity.

The zeolites used in this work are silicalite-1 and ZSM-5 (Zeolite

Socony Mobile-5). Both zeolites are members of the MFI structure type. The

MFI structure consists of five-member ring building units that are linked

together to form channels. The interconnection of these chains leads to the

formation of the structure of the MFI type. The combination of these building

units results in a framework containing two intersecting channel systems, one

sinusoidal and the other one straight (see Figure 2-2).

Figure 2-2. Schematic structure of the MFI channel system.
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The pore openings are elliptical and consist of 10-member rings. The difference

between silicalite-1 and ZSM-5 is the aluminum content. Silicalite-1 is nearly

pure silica whereas ZSM-5 typically has a SiO2/Al2O3 ratio of 15 [9] but the

ratio can be as high as 100 [10]. Depending on the initial ratio of silica to

alumina in the synthesis mixture the ratio can be even higher and lower.

Silicalite-1 is really not a zeolite since zeolites by definition are aluminosilicates.

2.1.1 Conventional zeolite synthesis
Zeolites can be synthesized in an autoclave that is placed in a heated oven at

temperatures typically up to 200 OC. A teflon inserted autoclave is often used.

The autoclave contains a synthesis mixture that will crystallize under

hydrothermal conditions and autogeneous vapor pressure. Zeolites can also be

synthesized at atmospheric pressure in a polypropylene test tube, containing the

synthesis mixture, which is immersed in a heated oil-bath. The test tube is

connected to a water-cooled condenser to provide reflux of vaporized synthesis

solution. An advantage with an oil-bath is that samples can be taken during

synthesis while it is more difficult with an autoclave. A disadvantage with the

oil-bath is the temperature limitations. Since higher temperatures are possible

with an autoclave the crystal growth rate is limited if a heated oil-bath is used.

Since zeolites are aluminosilicates there must be alumina and silica sources

present e.g. aluminum isopropoxide and tetraethoxysilane (TEOS). In the

mixture a non-homogeneous gel is produced which gradually crystallizes, in

some cases more than one zeolite may be formed in succession. However, it is

also possible to synthesize zeolites from a clear solution [3, 11]. Since impurities

may strongly influence the synthesis kinetics and catalyst activity it is important

to have pure reactants. The final product is dependent on many variables e.g. pH,

aging, temperature, template species, and the initial ratio between silica and

alumina. A template is a molecule or an ion that influences the final specific

zeolite structure. An example of a template is the tetrapropyl ammonium ion
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(TPA+). This template can be added as TPAOH to the solution, where the

hydroxide ion provides the necessary alkalinity. Later ion exchange and/or

calcination at for example 550 OC are used to remove the template that has been

encapsulated into the zeolite structure during the growth.

2.1.2 Zeolite coatings
There are several methods for the preparation of zeolite coatings.

1. Slurry coating or wash coating where the zeolite is brought onto the support

from a wash coat solution. The wash coat solution contains zeolite crystals

and precursors of binders based on alumina and silica. The coatings are later

calcined to obtain bonding of the crystallites to the support surface. The

disadvantage of this method is low continuity of the crystal layers due to the

binder material.

2. Dry gel conversion, in which a gel containing the aluminosilicate precursor,

water and template is contacted with the support. Thereafter drying and

subsequent crystallization of the dry aluminosilicate gel under a vapor

atmosphere takes place. Compact coatings have been obtained with this

method [12].

3. In situ coatings, in which the crystals are directly grown close to, or on the

support. The support is immersed in a clear solution and in some cases a

synthesis gel. Under the right conditions the zeolite crystals grow

preferentially on the support rather than in the synthesis gel or solution.

With limited nucleation and crystal growth in the synthesis phase the

process is selective for the synthesis of a zeolite coating i.e. a large ratio

between mass of zeolite coating and total mass of zeolite formed. This can

be accomplished by for example using a low nutrient concentration. The

selectivity can also be increased by decreasing the ratio between the volume

of synthesis solution to monolith area and by agitating the synthesis solution
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[13]. The in situ technique can be used to grow dense and homogeneous

coatings.

The support materials have to be chosen carefully. They have to be attrition

resistant and chemically stable under the reaction conditions. For the in situ

method they must be stable under zeolite synthesis conditions as well.

2.1.3 Synthesis by seeding
In order to facilitate the growth of a thin film on various supports a layer of

crystals can be seeded to the surface i.e. adsorbed. The seeded sample is later

immersed in a synthesis solution and the zeolite seed crystals grow on the

support to form a thin continuous film. However, nucleation and subsequent

growth of new crystals in the liquid phase also occurs. The crystal growth rate of

the nucleated crystals would probably be the same as the film growth rate unless

there is a difference in the aluminum concentration, for example caused by

aluminum leaching from the support, which influence the growth rate.

Differences in the crystal orientation in the film can also influence the film

growth rate. The crystal growth in the bulk synthesis solution is undesired since

sediment in the bottom of the synthesis tube eventually will be formed and hence

the nutrients are not effectively used, although these crystals might be used for

other purposes. The proposed suggestions above for decreasing the nucleation

rate in the liquid phase for the in situ technique are also valid for synthesis by

seeding. The main advantage with seed crystals is that they are easily

intergrown. It has until now been shown to be difficult to obtain homogeneous

films thinner than about 10 µm with the in situ method. After nucleation the

crystals grow and bond to the support with less coverage than seed crystals and

hence growth must proceed further before inter-growth of bonded crystals occur.
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2.2 Earlier work

2.2.1 Zeolite films with the seed film method
The seed film method was mainly developed for synthesis of continuous ultra

thin (<100 nm) films of microporous materials. These thin films have great

potential in membrane separation, catalytic membrane reactors as well as

coatings on catalyst support materials. The seed film method involves three

separate steps. In the first step the surface of the support is modified to facilitate

the adsorption of colloidal seed crystals. In the second step these seed crystals

are adsorbed and in the final step the seed crystals are induced to grow into a

continuous film of intergrown crystals. Seed crystals grow during hydrothermal

treatment in a synthesis solution. When the nutrient concentration decreases to

its equilibrium level the crystal growth will stop. By exchanging the synthesis

solution for a new fresh mixture thicker films can be obtained.

Hedlund [2] could easily control the final film thickness up to 3.5 µm by

varying the crystallization time and size of seed crystals in the growth of

silicalite-1, ZSM-5 and zeolite NA films on silicon, quartz, alumina, carbon and

gold substrates. It was also possible to control the preferred orientation of the

crystalline material constituting the films as the orientation was found to be

dependent on the amount and size of seed crystals and film thickness. Silicalite-1

films were evaluated as optical gas sensors. ZSM-5 membranes were

synthesized without the use of organic templates on α-alumina supports; i.e. the

TPA-silicalite-1 seed crystals had been calcined after the adsorption step and the

synthesis solution was free from organic template molecules. By using this

procedure the membranes did not need to be calcined prior to evaluation and

thus the risk for crack formation, which deteriorates the membrane selectivity,

was less. However, a zeolite film as a catalytic coating does not need to be free

from defects such as cracks.
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2.2.2 Zeolite coatings on monoliths
Calis et al. [13] used in situ crystallization to obtain binderless ZSM-5 coatings

on metallic monoliths. A homogeneous coating with a loading of 25 gZSM-5 /

m2
packing surface could be obtained in a single synthesis run. The loading increased

proportionally with the number of synthesis runs. Both small (31 ml) and large

(785 ml) monoliths were used with different synthesis parameters in order to

examine how the zeolite coating selectivity could be increased. The coating

selectivity was defined as the mass of the zeolite coating divided by total mass

of zeolite formed which includes the sedimented zeolite crystals. In experiments

with the small monoliths the selectivity of the bonded crystals were typically

between 50 and 60 %. However, they suggest that in an industrial application a

selectivity of at least 95 % must be achieved.

In another study by the same group [14] the performance of an in situ

grown Cu-ZSM-5 coated metallic monolith was compared with a traditional

deNOx reactor filled with randomly packed vanadia/titania catalyst particles.

The activity of the zeolite expressed per unit reactor volume was equal to the

packed bed. However, a monolith reactor suffers less from pressure drop

problems and the coating thickness can be increased to give higher activity.

Aiello et al. [3] prepared an in situ crystallized MFI type coating on a

cordierite support. The MFI-type crystals formed a continuous 10 µm film over

the cordierite surface. In accordance with Schoeman [11] and Gavalas [15] they

reported that crystallization is faster with lower initial alumina content. Also, a

partial dissolution of the ceramic support takes place with the result that the

zeolite crystals formed from a synthesis solution without alumina actually

contain some alumina, which increases the potential catalytic activity of the

coating.

Antia and Govind [16, 17] studied the cracking of n-hexane and the

MTG process over binderless in situ ZSM-5 coated cordierite monoliths. The

average zeolite coating thickness was 50 µm. Their results indicated that
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configurational diffusion i.e. intracrystalline diffusion, hinders mass transfer in

binderless zeolite coated monoliths and hence bulk gas diffusion is assumed to

be negligible. However, it is not unexpected that diffusion within the zeolite

pores becomes mass transport limiting with films as thick as 50 µm.

Farrauto et al. [18] prepared a slurry coating on ceramic honeycomb

monoliths. Zeolite had been incorporated into the catalyst coating. They

concluded that the zeolite could chemisorb and store gas phase hydrocarbons

until catalyst light off occurred and hence reduce the automobile cold start

problem.
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3 EXPERIMENTAL
Cordierite monoliths manufactured by Corning Inc. were used as support

material. The monolith cell density was 400 per square inch. Smaller samples

with a diameter of approximately 2 cm and a length of 1 cm were cut with a

knife from the original samples obtained from the manufacturer, see Figure 3-1.

The seed film method described below was used to coat the monolith pieces with

a zeolite film.

Figure 3-1. Monoliths obtained from the manufacturer.

3.1 Sample preparation

3.1.1 The seed film method, step 1; Pretreatment of substrate
• The substrates were rinsed several times in acetone for 5 minutes in order to

remove contaminants that could affect zeolite crystallization.

• The substrates were rinsed and kept in a cationic polymer solution for 10

minutes in order to coat the surface with the polymer. The polymer used was

0.4 weight-% Redifloc 4150 (Eka Chemicals, Bohus) as an aqueous solution

at pH 8.0.
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• The substrates were rinsed several times in 0.1 M NH3 to remove excess

polymer.

3.1.2 The seed film method, step 2; Adsorption of seed crystals,
• A seed sol was prepared as by Hedlund [2, 19]. A synthesis solution, of

molar composition 9 TPAOH: 25 SiO2: 360 H2O: 100 EtOH [19], was

hydrolyzed under continuous agitation on a shaker for 120 hours.

Subsequent crystallization of the silicalite-1 seed sol took place in a drying

oven at 60 OC for 2 weeks. Repeated centrifugation and redispersion in 0.1

M NH3 purified the sol. The prepared seed sol was diluted to 0.9 weight-%

and a pH of approximately 10. The silica source was tetraethoxysilane

(Sigma Chemical). Distilled water was used since normal tap water contains

ions that can influence zeolite crystal growth. Tetrapropyl ammonium

hydroxide, the templating agent was obtained from Merck Schuchardt. The

polymer coated monolith supports were placed in the silicalite-1 seed sol for

10 minutes in order to attach the seed crystals to the surface by electrostatic

forces.

• The seeded supports were rinsed in 0.1 M NH3 several times to remove

excess seeds.

3.1.3 The seed film method, step 3; Growth of seed crystals
The seeded supports were then treated in a ZSM-5 synthesis solution at 75 OC,

which is below the boiling temperature (82 OC), for a certain time. The monolith

pieces were placed in a test tube with the channels oriented vertically. A

polypropylene test tube, connected to a water-cooled condenser, containing the

sample and synthesis solution was immersed in a heated oil-bath as described

above in the conventional synthesis part. Thicker films were obtained by

changing to a new synthesis solution with rinsing in NH3 in-between and in

some cases ultrasound treatments were also performed. After synthesis the

samples were cooled slowly to room temperature before rinsing with NH3
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solution in order to limit the risk for film peeling which had been observed in the

case of zeolite A films on alumina wafers [2]. The molar composition of the

ZSM-5 synthesis mixture was 3 TPAOH: 25 SiO2: 0.25 Al2O3: 1450 H2O: 100

EtOH. The chemical sources were the same as for the seed sol with the addition

of aluminum isopropoxide obtained from Merck Schuchardt. In all experiments

the ratio between mass of synthesis solution to mass of monolith was 15.

3.1.4 Variations of the sample preparation procedure
A two-step film growth was performed where the first synthesis step was

performed at 75 OC as outlined above. After rinsing and ultrasound treatment the

sample was treated in a fresh ZSM-5 synthesis solution with an oil-bath

temperature of 105 OC in order to obtain a thicker film with a shorter

crystallization time.

A seeded monolith piece was also synthesized in a synthesis solution

without alumina i.e. a silicalite-1 synthesis solution. In order to determine

whether aluminum leaching from a seeded support to the liquid bulk occurred,

sedimented crystals that were nucleated during the film growth were purified 3

times by centrifugation and redispersion in 0.1 M NH3. Later the purified

sediment was dried and analysis of the silicon and aluminum content was

performed by ICP-AES (SGAB Analytica).

Zeolite ZSM-5 powder was needed for additional experiments. The

surface area of calcined ZSM-5 powder was required in calculations of film

thicknesses. Thermal analysis experiments were performed on ion exchanged

powder. A ZSM-5 synthesis solution as used in the experiments (3 TPAOH: 25

SiO2: 0.25 Al2O3: 1450 H2O: 100 EtOH) was therefore allowed to crystallize in

the absence of the seeded support. The crystallized ZSM-5 was purified as above

before the calcination procedure.
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After synthesis the samples were rinsed for 4-5 days in 0.1 M NH3 and

in some cases treatment in an ultrasonic water-bath was used to remove

sediment and surface-attached crystals.

After the ammonia treatment the samples were calcined in a furnace to

remove the templating agent (TPA+). The furnace was steadily heated from room

temperature up to 550 OC in 5 hours. The furnace temperature was held constant

at 550 OC for 6 h to complete the calcination. The furnace was cooled to room

temperature in 5 hours. During the calcination procedure the TPA-molecules

combust and the zeolite pore structure is exposed.

3.2 Characterization

3.2.1 Crystal size analysis
Crystal size analyses of the synthesis mixtures were performed with dynamic

light scattering (DLS) since nucleation and crystal growth in the bulk synthesis

solution occurred. A Brookhaven Instruments ZetaPlus was used to measure the

crystal size in the synthesis solutions and in the seed sol. The crystals in solution

are illuminated by laser light. A detector measures the fluctuations in intensity of

the scattered light, caused by random motion of the crystals. From the variations

in scattered light intensity the hydrodynamic particle distribution can be

calculated using the Stokes-Einstein equation.

3.2.2 Surface area measurements by gas adsorption
A Micromeretics Accelerated Surface Area and Porosimetry (ASAP 2010)

instrument was used to determine the surface area of the samples before seeding

(i.e. the monolith surface area) and after calcination. As a complement to SEM-

images the film thickness was also calculated from these surface area

measurements. The film thickness was calculated from adsorption data

according to the following procedure:
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In addition, the zeolite loading was calculated. The zeolite loading was

calculated as the ratio between mass of zeolite and mass of support. Since gas

adsorption is an accurate method to determine the area of a sample the total

amount of zeolite on the support, which includes sedimented crystals could be

determined.

Since only a few samples were analyzed before synthesis an average

surface area was used for the other samples. Gas adsorption at liquid nitrogen

temperature was used to determine the surface area of the monolith support and

zeolite films. For the monolith support krypton gas was used due to its superior

sensitivity in the analysis of very low surface area samples (< 5 m2/g). In the

adsorption measurements the partial pressures (P/P0) were in the range 0.05-

0.30. For samples with low surface area the amount of gas adsorbed is small

relative the total amount in the apparatus and the accuracy of the measurement

may be poor. By using krypton as the adsorbate, which has a higher boiling

point, at the liquid nitrogen temperature the amount of krypton in the free space

of the analysis instrument is much less than that of nitrogen although there is
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about the same amount adsorbed at the same relative pressures. As a result, the

surface area measurement is more accurate with krypton.

 After synthesis and calcination the samples were analyzed with nitrogen

adsorption. The BET- and Langmuir-equations were used to calculate the

volume of gas adsorbed and if the molecular cross-sectional area of the gas

adsorbed is known the specific surface area of the sample can be calculated. The

Langmuir equation is only valid for monolayer adsorption and hence is

considered to better account for the adsorption of nitrogen in the microporous

zeolite. The BET equation allows for multilayer adsorption and hence is

considered to better account for the adsorption of krypton on the monolith

support.

The samples were degassed at 300 OC under vacuum (10 µm Hg) for 12

hours before analysis since the adsorption of the adsorbate would be less if there

already were molecules adsorbed.

3.2.3 Scanning electron microscopy
Information about the film thickness and morphology was obtained from

scanning electron microscopy (SEM) images. A SEM consists principally of an

electron gun, electron lenses, scan coils and detectors. In the electron gun a

beam of electrons are generated. The cathode or filament from which the

electrons are emitted is made of LaB6 or tungsten (W). After the escape from the

filament an elevated voltage accelerates the electrons. In the electron lenses the

final size of the beam is controlled. In the object chamber the electron beam

strikes the sample. Samples that are not conductive have to be coated with a thin

gold layer (20 nm) by for example a technique called sputtering, which was used

in this work. The scan coils make the beam scan over the sample. Back scattered

and secondary electrons that escape from the sample are detected. An image can

then be obtained. If there is no detection the image will be black. Energy

dispersive X-ray analysis (EDX) yields information about which elements the
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sample contains. However with thin films the X-rays that leave the sample will

also originate from the support. Due to this EDX could not be applied in this

work.

A Philips XL 30 LaB6 scanning electron microscope was used to

characterize the film thickness and morphology. In order to examine the film

inside the monolith channels the samples were cut in the axial (channel)

direction. Monoliths were easily cleaved with a knife, as one would chop a piece

of wood. After mounting the sample on a stub images were recorded. The film

thickness could be measured from images taken along where the sample had

been cleaved.

3.2.4 Thermal analysis
The coatings of the samples were ion-exchanged to NH4-ZSM-5 by treatment in

1 M NH4NO3 for 24 hours. Thereafter the samples were rinsed in distilled water

and dried for 24 hours at 50 OC. The ion-exchange procedure was repeated two

times. Upon heating, e.g. re-calcination, NH3 is desorbed and H-ZSM-5 is

obtained as Figure 3-2 illustrates.
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Figure 3-2. TG and DTA experiments.

The coated monoliths were subjected to thermal analysis. However, since the

accuracy of the measurement was poor due to low zeolite loading of the sample,

ion-exchanged ZSM-5 powder was examined as well. Thermal analysis is
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generally defined as a group of techniques in which a physical property of a

substance and/or its reaction products are measured as a function of temperature

when the substance is subjected to a controlled temperature variation [20].

Thermogravimetry (TG) and differential thermal analysis (DTA) was performed

with a Netzsch STA 409 C instrument in an argon atmosphere, with a heating

rate of 15 K per minute. In thermogravimetry the mass of a sample in a

controlled atmosphere is recorded as a function of temperature. Differential

thermal analysis is a technique in which the difference in temperature between a

substance and reference material is measured as a function of temperature [20].

Differential thermal analysis peaks result from physical changes as well as

chemical reactions. Endothermic peaks may result from vaporization,

desorption, decomposition and dehydration. Adsorption, crystallization and

oxidation can cause exothermic peaks.

3.2.5 X-ray diffraction
The ion-exchanged samples were ground in a mortar and examined with X-ray

diffraction (XRD). X-ray diffraction can be used to obtain information about the

structure and composition of crystalline materials. XRD-patterns can be

compared with reference patterns and hence yield information about the

crystalline structure of a sample. During analysis the sample is illuminated by an

X-ray beam and the intensity of the emerging X-rays is recorded as a function of

the deflection angle (2θ). A 2θ interval between 5O and 60O was used with a step

size of 0.02O and a step time of 1 second. The distance between the crystal

layers, which is specific for each element, can be obtained with Bragg’s law:
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( )θλ sin2 ⋅⋅=⋅ dn

where: n is an integer,

λ is the wavelength of an X-ray,

θ is half of the deflection angle,

d is the crystal lattice spacing.

XRD-data were recorded with a Siemens D 5000 powder diffractometer

equipped with a copper anode, commonly called a Cu target. An electron beam

is accelerated from a filament to the metal target. When the electrons hit the

target they collide with electrons in inner atomic shells. These inner shell

electrons are replaced with electrons from outer shells and the excess energy is

emitted as X-ray photons. A monochromator removes X-rays of unwanted

wavelengths so that only Cu Kα can be detected which simplifies the evaluation.
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4 RESULTS AND DISCUSSION

4.1 SEM, gas adsorption and DLS characterization results
A seeded cordierite support is shown in the SEM images in Figure 4-1. The seed

crystals formed a monolayer. Due to the fact that the size of the seed crystals

was only 60 nm, individual crystals can not be seen at the level of magnification

in Figure 4-1 (A). However, it is evident that the monolith support had a

considerable surface curvature with large pores. The small spots in Figure 4-1

(B) are the seed crystals. According to Corning Inc. the surface properties of the

monoliths are controlled during the manufacturing process with a target mean

surface pore size of 3.5 µm and porosities of 33 %.

Figure 4-1. SEM image of seeded support at different levels of magnification.

The specific surface area of zeolite powder was found to be 553 m2/g (Langmuir

surface area) with nitrogen gas adsorption. The zeolite density used in zeolite

loading and in film thickness calculations was 1760 kg/m3 [2].

The result of varying the crystallization time and the number of

synthesis steps and the use of ultrasound treatment on the zeolite loading is

shown in Table 4-1. The measured surface area of the support before seeding

and the coated sample after calcination are also shown in Table 4-1. In all cases

except where noted, the crystallization temperature was 75 OC. As anticipated, a
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higher zeolite loading was obtained with a longer crystallization time and by

increasing the number of synthesis steps. The weight uptake was also measured

with a balance and agreed very well with the zeolite loading obtained from gas

adsorption and are therefore not tabulated. When two shorter synthesis steps of

96 h were used instead of a single step of 170 h, the zeolite loading increased

from 0.069 g (g support)-1 to 0.109 g (g support)-1. Since the total synthesis time

is nearly the same but the zeolite loading is larger for the two-step synthesis the

crystallization is probably completed before or after about 96 hours. Also, with

ultrasound treatment three syntheses steps of 96 h yielded a higher zeolite

loading than two synthesis steps of 120 hours.

Table 4-1. Effect of crystallization procedure on zeolite loading.

Surface area Zeolite loading

Synthesis

procedure

Crystallization time

[h]

[m2 / g support] [m2 / g calcined

sample]

[g zeolite / g

support]

Single step 170 0.144 35.66 0.069

Two-step 96 + 96 0.144 54.41 0.109

Two-step* 120 + 120 0.106 23.19 0.044

Three-step* 96 + 96 + 96 0.144 31.36 0.060

Two-step*# 96 + 62 0.144 37.97 0.074

* Ultrasonic treatment after each synthesis step.

# Second crystallization at 105 OC (oil-bath temperature).

Ultrasonic treatment after each synthesis step decreased the zeolite loading. It

was probably surface-attached crystals and not the zeolite film that was removed

with the ultrasound treatment. Despite the fact that the crystallization time for a

two-step synthesis was increased from 96 h to 120 h the zeolite loading

decreased from 0.109 g (g support)-1 to 0.044 g (g support)-1. Also, a three-step

synthesis with crystallization times of 96 h and ultrasonic treatment yielded a

lower zeolite loading than a two-step synthesis without ultrasound treatment.



24

The effect of the duration of ultrasound treatments on the density of surface-

attached crystals is shown in Figure 4-2.

Figure 4-2. SEM image of film surface after varying durations of ultrasound treatment

A; 1 h, B; 3 h.

There were fewer crystals on top of the film when the ultrasound treatment was

extended from 1 h to 3 hours, although the difference in amount of surface-

attached crystals does not seem to be large according to the SEM images in

Figure 4-2. Since the zeolite films are relatively thin the effect on zeolite loading

due to surface-attached crystals will be particularly pronounced even though the

amount of surface-attached crystals appears to be low in SEM images. The

difference in zeolite loading with and without ultrasound treatment would also

be higher the thinner the film is since the relative zeolite contribution of the film

to the total zeolite loading is higher for thicker films.

The surface-attached crystals were probably nucleated in the bulk phase

and sedimented onto the surface of the film. Crystals that could not be removed

from the surface were considered intergrown with the film after some time of

contact. The monoliths were placed with the channels oriented vertically in the

test tube and thus sedimented crystals would be evenly distributed over the film

as also could be observed in SEM analysis. It should be mentioned that it was
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found that rinsing in ammonia for a longer time could also remove surface-

attached crystals but shorter ultrasound treatments were more effective.

A large amount of sediment in the synthesis tube was formed within 24

hours in a two-step synthesis where the second step was performed at a higher

oil-bath temperature (105 OC). Smaller quantities of sediment were also formed

in the test tubes at the lower temperature (75 OC) after 96 hours. Table 4-1 shows

that a two-step synthesis with the second synthesis step at 105 OC yielded a

higher zeolite loading than a three-step synthesis at 75 OC, both with ultrasound

treatment. Selectivity measurements were not performed but the cumulative

sediment quantity for several synthesis steps at the lower temperature was

comparable to the quantity of sediment for a single synthesis step at the higher

temperature. Thus, since a high zeolite loading was obtained at the elevated

crystallization temperature, the selectivity (mass of zeolite coating to total mass

of zeolite formed) was not necessarily lower at the higher temperature.

The average monolith surface area was found to be 0.144 m2/g (BET

surface area) with krypton gas adsorption at liquid nitrogen temperature. Table

4-2 shows the film thickness, determined by both SEM and gas adsorption

analysis, resulting from the various synthesis procedures used. Film thickness

calculated from gas adsorption data agreed fairly well with that obtained by

SEM analysis for relatively thin films (< 400 nm), however for thicker films

observed by SEM analysis the film thickness determined by gas adsorption was

considerably lower. The gas adsorption film thickness is calculated from the

ratio of the zeolite volume and the support surface area. However, with

sufficient film growth the pores become filled with zeolite. In the case where

zeolite pore filling occurs, the gas adsorption film thickness would be lower

since the total amount of zeolite on a support with filled pores is less than the

amount of zeolite in an equally thick film on a flat support of equal surface area.

Thus, when the gas adsorption film is thinner than that from SEM analysis, the

discrepancy indicates that the pores have become filled with zeolite on the
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condition that there is an absence of sedimented crystals on top of the surface.

From gas adsorption the total amount of zeolite was obtained and with a large

quantity of surface-attached crystals present the calculated film thickness would

be overestimated. This tendency is illustrated by the data in Table 4-2 for

samples without the ultrasound treatment. The relative contribution of surface-

attached crystals to the zeolite loading is illustrated by the effect ultrasonic

treatment had on zeolite loading for two films produced by a two-step synthesis,

one with ultrasonic treatment and the other one without ultrasonic treatment.

Both of these films had a film thickness of 370 nm according to SEM analysis

(see Table 4-2), yet their zeolite loadings indicated that about 60 % of the mass

of the film untreated ultrasonically was due to surface-attached crystals. This

large difference could not be observed by SEM analysis; thus gas adsorption was

more useful to demonstrate the reduction in the amount of surface-attached

crystals resulting ultrasound treatment and ammonia rinsing.

Table 4-2. Effect of crystallization procedure on film thickness and bulk crystal size.

Film thickness Crystal size Zeolite loading

Synthesis

procedure

Crystallization

time [h]

SEM

[nm]

Gas ads.

[nm]

DLS

[nm]

[g zeolite / g

support]

Single step 170 270 290 325 0.069

Two-step 96 + 96 370 430 280 / 450 0.109

Two-step* 120 + 120 370 240 300 / 290 0.044

Three-step* 96 + 96 + 96 480 280 300 / 310 / 290 0.060

Two-step*# 96 + 62 800 290 270 / 420 0.074

*Ultrasonic treatment after each synthesis step.

# Second crystallization at 105 OC (oil-bath temperature).

Some correlation was expected between the size of crystals nucleated

and grown in the bulk synthesis solution and the film thickness. The results in

Table 4-2 indicate that the size of crystals in the bulk solutions were generally



27

larger than the film thickness. In the cases where multi-step syntheses were

performed the film thickness was considerably lower than the sum of the crystal

sizes. A higher aluminum concentration has been reported to decrease the

growth of ZSM-5 crystals and films [11, 15] and hence the slower film growth

rate could depend on a higher aluminum concentration only in a zone close to

the support surface due to some dissolution of the cordierite support. Higher

aluminum concentrations in coatings than in the initial synthesis solution have

also been reported due to aluminum leaching of the support material [15]. A film

was also synthesized with a synthesis solution free from alumina. Results from

ICP-AES analysis of sediment obtained from that synthesis solution are shown

in Table 4-3.

Table 4-3. ICP-AES analysis of sediment from an alumina free synthesis solution.

Concentration [mg / kg Dry substance]

Aluminum < 85.8

Silicon 367000 ± 262

The molar ratio between silica and alumina was calculated from the

concentrations in Table 4-3 and became over 8000. Thus it is evident that

aluminum did not leach to the liquid synthesis solution. Unfortunately, it was

impossible to determine the ratio between silica and alumina in the coating.

Energy dispersive X-ray analysis could not be performed without contribution

from the aluminum containing support. Thus it could not be proved whether

aluminum leaching occurred or not. However, a slower film growth rate

compared to the bulk crystal growth rate may not only have been caused by

differences in localized aluminum concentration. The seed crystals eventually

grew to form a continuous film of intergrown crystals. Single crystal growth in

all directions, as in the bulk solution could be faster than the growth of
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intergrown crystals constituting the film at the same aluminum content. Crystals

in the bulk could also have aggregated to form larger crystals and this could also

explain the larger crystal sizes in the bulk solutions. However, with the seed film

method [2], no distinct difference could be observed between the film growth

rate on aluminum free substrates and crystal growth rate in the synthesis

solution. Thus it is probable that it is aluminum leaching to the film that causes

the slower film growth rate.

The larger crystal size found in the bulk solutions was also confirmed

with SEM analysis. The size of crystals on top of the coatings was in good

agreement with DLS analysis, which indicates that the surface-attached crystals

did originate from the bulk solution. Figures 4-3 to 4-6 show SEM images of the

cross-section and surface of the films of selected samples. A 270 nm thick film

was obtained in a single synthesis step for 170 hours. The seed crystals were

intergrown and had formed a continuous and dense film.

Figure 4-3. Film from a single step (170 h) synthesis. A; side view, B; surface.

The film thickness (370 nm) from SEM analysis did not differ between two-step

syntheses with crystallization times of 96 h and 120 h (see Table 4-2) and hence

the concentration of nutrients likely reached their equilibrium level before or

after about 96 hours. The completion of film growth after about 96 h was in
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agreement with the time when film growth stopped according to gas adsorption

(zeolite loading).

The SEM image in Figure 4-4 (A) shows a film with a thickness of 370

nm that has almost filled a pore to the right in the image. However, the

unevenness of the surface of this same film, which can be seen in Figure 4-4 (B)

indicates that not all of the pores were filled at this film thickness. The film

thickness calculated from gas adsorption data in Table 4-2 (240 nm) was lower

than that obtained from SEM analysis and this variance was probably caused by

zeolite pore filling. The film had also been ultrasound treated and had a

considerably lower zeolite loading according to gas adsorption (less surface-

attached crystals) than an equally thick film would have. SEM and gas

adsorption could therefore be used together to elucidate the film characteristics.

Figure 4-4. Film from a two-step synthesis (120 h + 120 h) with ultrasonic treatment. A;

side view, B; surface.

A thicker film was obtained in a three-step synthesis as shown in Figure 4-5.

With this thicker film no other differences in the film morphology were evident

except larger intergrown crystals on top of the film compared to films produced

with fewer synthesis steps. During calcination and SEM sample preparation

defects such as cracks developed. A crack in the zeolite film surface as seen in

Figure 4-5 (B) is very undesirable for membranes but for coatings that are
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intended for example as catalyst, cracks should have only a minor effect on the

catalytic performance. Cracks of 150 nm width as shown in Figure 4-5 (B) were

however not common.

Figure 4-5. Film from a three-step synthesis (96 h + 96 h + 96 h) with ultrasonic

treatment. A; side view, B; surface.

The thickest film obtained in this work was from a two step synthesis where the

second step was at a higher temperature and is shown in Figure 4-6. The surface

of this film consisted of highly intergrown crystals as seen from the surface view

Figure 4-6 (B). Also, at this level of film thickness it can be seen that the film

surface was more even than with thinner films indicating that if there were

surface pores under the film shown in Figure 4-6 (B) they had been almost

completely filled by this point. However, not all pores on the support surface

were filled with zeolite at this film thickness and it should be noted that a thicker

film on a flat surface also becomes smooth. The film obtained with the elevated

crystallization temperature in the second step differs most in thickness between

SEM and gas adsorption. Perhaps large parts of the cordierite support were

covered with a thin film due to bubble formation. However, SEM analysis was

performed on a large part of the sample and a homogeneous film thickness was

observed. Therefore it is most likely pore filling that caused the different film

thicknesses.



31

Figure 4-6. Film from a two-step synthesis (96 h + 62 h) with an elevated second step

temperature. A; side view, B; surface.

Scanning electron microscopy images in Figures 4-2 to 4-6 show that the seed

crystals have been intergrown and formed continuous and dense films.

According to SEM images the film thickness was almost constant throughout the

support thus there was no maldistribution of zeolite in the corners of the

monolith channels. Table 4-2 indicates that the film thickness is independent of

zeolite loading, due to surface-attached crystals and hence film thickness

according to SEM analysis should therefore be considered to be more accurate

than film thickness calculated from gas adsorption data. However, the variation

in surface morphology was more evident with gas adsorption for two films with

the same film thickness since the relative contribution of surface-attached

crystals could be more easily determined with gas adsorption than with SEM

analysis. Also, when the film thicknesses were not the same, gas adsorption

indicated that the pores could have been filled with zeolite.

4.2 Thermal analysis
Thermogravimetry with accurate results could not be obtained for zeolite

powder and coated monoliths because the weight loss was very low and hence

the amount of desorbed ammonia, which is used to calculate the ratio of silica to



32

alumina, could not be determined. A ZSM-5 synthesis solution as used for

seeded monoliths was hydrothermally treated at 75 OC in the absence of a

monolith. The sediment formed in the synthesis tube was purified, calcined, ion

exchanged and dried in room temperature prior to analysis. Differential thermal

analysis of the ion exchanged zeolite powder was performed and the result is

shown in Figure 4-7 below. DTA results for a coated monolith and a calcined

monolith without coating are also shown in Figure 4-7. During heating one or

several endothermic processes occurred for the ion exchanged zeolite powder.

The endothermic contribution is assumed to result from desorption of water and

ammonia. However, it is difficult to distinguish between desorption of ammonia

and water and perhaps even other gases unless a mass spectrometer is used to

analyze the exit stream of gas. Two stages of desorption occurred. The second

peak at c.a. 500 OC is in accordance with desorption of ammonia from strong

Brönsted acidic sites [21] using temperature programmed desorption (TPD).

Endothermic DTA peaks for synthesized ZSM-5 between 400 and 500 OC are

also reported in Szostak [10]. The first peak was probably due to desorption of

ammonia from less strongly acidic sites and/or water desorption. Especially at

lower temperature i.e. below 100 OC water desorption probably contributed

strongly to the endothermic curve. The presence of an endotherm at greater than

300 OC verified that ammonia desorption occurred and indicated that the ion

exchange was successful and hence there were acid sites present in the zeolite.

These results indicate that the zeolite powder contained aluminum but

information about silica to alumina ratio could not be obtained.
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Figure 4-7. DTA curves for zeolite powder, coated monolith (single step synthesis) and

uncoated monolith.

The film growth rate was slower than the crystal growth rate in the bulk solution.

If the film had a higher content of aluminum this could explain the slower

growth rate and hence coated monoliths should have therefore shown a similar

DTA result but with stronger endotherms. However, differential thermal analysis

on coated monoliths gave different results, as also can be seen in Figure 4-7. For

coated monoliths an exothermic process took place as the temperature increased.

Crystallization, oxidation and adsorption are all exothermic processes but since

the experiments were performed in an argon atmosphere oxidation is not likely.

The samples were thoroughly rinsed to remove any remaining crystal growth

nutrient material and calcined before ion exchange and thus any further

crystallization during DTA was very unlikely. Most of the sample was monolith

support and only a few weight-percent was zeolite (see Table 4-2). Therefore it

is probable that below 230 OC some physical and/or chemical changes in the

monolith support and perhaps even involving the coating occurred that are more

exothermic than endothermic ammonia desorption. The DTA curve for a

calcined uncoated monolith is also shown in Figure 4-7 and the exothermic
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process was more pronounced than for the coated monolith, which did confirm

that some exothermic process occurred for the monolith support. Thus it is

reasonable to believe that the less exothermic behavior of the coated monolith

was due to ammonia desorption. Also, between 230 and 500 OC the contribution

of the exothermic processes decreased for the coated monolith and from 230 to

320 OC an endotherm, probably due to ammonia desorption was evident. The

curvature changes after 550 OC in the DTA analysis could depend on physical

and/or chemical changes due to the fact that 550 OC was the highest temperature

used in the calcination procedure.

4.3 X-ray diffraction
X-ray diffraction was used to identify the material in the coating and in the

monolith support. A representative X-ray diffraction pattern of a coated

monolith is shown in Figure 4-8 below.
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Figure 4-8. XRD-pattern from coated monolith (single step synthesis). H-ZSM-5 peaks

marked with arrows.
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The pattern was identified as cordierite of composition 18542 OSiAlMg . The

smaller peaks, between 7 and 10 O and between 22 and 25 O, which are marked

with arrows were H-ZSM-5 peaks and were of low intensity compared to the

cordierite peaks due to the low zeolite loading of the sample.
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5 CONCLUSIONS
The seed film method could be used to coat cordierite monoliths with compact

and continuous ZSM-5 films without any maldistribution in the monolith

channels. Upon calcination some crack formation in the film surface occurred.

Continuous films as thin as 270 nm could be obtained. Perhaps even thinner

films can be prepared as well but this possibility was not explored. Thicker films

could be synthesized by increasing the number of synthesis steps and/or the

synthesis temperature. The film surface morphology and zeolite loading could be

varied by treatment in an ultrasonic water-bath. Ultrasound treatment could be

used to reduce the quantity of extra surface attached/agglomerated crystals to

obtain a dense and continuous film with a low amount of surface-attached

crystals. The relative contribution of surface-attached crystals to the total zeolite

loading could be considerable for thin films according to gas adsorption. Zeolite

pore filling and the extra zeolite loading of surface-attached crystals probably

caused difference in film thickness between SEM analysis and gas adsorption.

For a 370 nm thick film that was not ultrasound treated as much as 60 % of the

total zeolite loading was due to surface-attached crystals when it was compared

with the zeolite loading for another 370 nm thick and ultrasound treated film.

Aluminum leaching of the support to the synthesis solution could not be

observed, yet it is possible that leaching reduced the growth rate of the film.

Because the coatings were very thin it was impossible to examine the element

distribution and silica to alumina ratio of the coating by EDX without

contribution from the support. However, ion exchanged coatings contained acid

sites according to thermal analysis experiments and X-ray diffraction verified

that the coatings consisted of H-ZSM-5.
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6 FUTURE WORK
NH3-TPD measurements should be performed to determine the aluminum

concentration in the coating since it could help to resolve whether some leaching

of aluminum from the support influenced the film growth rate. Also, the ratio of

silica to alumina in bulk sediment is of interest and will be determined. The

silica to alumina ratio of the coating is an important measure of the suitability of

the material for catalytic applications. The planned procurement of a mass-

spectrometer at the Department of Chemical and Metallurgical Engineering can

also be useful in DTA/TG measurements. Optimization of the synthesis

parameters such as nutrient concentration, temperature, ratio of synthesis

solution to sample and number of synthesis steps in order to obtain a fast growth

rate and to avoid crystal nucleation in the synthesis solution will also be done.

Later, catalytic testing should be done to evaluate the catalytic potential

of these zeolite-coated monoliths. A structured catalyst consisting of thin

binderless and shape selective ZSM-5 coatings would most probably improve

mass and heat transport. Unfortunately, these thin coatings may not yield high

conversions; thus parameters of interest are coating thickness and zeolite

loading. Reactions of interest are alkylations of toluene or benzene with ethylene

over H-ZSM-5 or other reactions where shape selectivity is important. It is also

of interest to vary the silica to alumina ratio and vary the counterions in the

zeolite and perform subsequent testing of these zeolites in suitable reactions.

Unselective side reactions can be avoided even more if a thin layer of

noncatalytic silicalite-1 were to be grown on top of the catalytic coating and

thereby deactivate external acid sites.

Future development of catalytic test equipment at the division of

Chemical Technology will make it possible to perform tests in Luleå.

Cooperative tests with other prominent catalytic research groups will hopefully

be developed in the nearest future.
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