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Abstract

The preparation of molecular sieve based catalysts in appropriate macroforms

suitable for practical utilization is of great technological importance. This thesis is

dedicated to the preparation of metal containing molecular sieve macrostructures

(modified macrostructures).

Modified molecular sieve macrostructures were prepared by the resin

templating method. Firstly, molecular sieves were synthesized within the pore

structure of macroporous anion exchange resin beads. After this step, a certain degree

of ion exchange capacity is retained by the resin facilitating the secondary insertion of

metal anions. Metal anionic species were ion exchanged into the resin-molecular sieve

composites obtained in a following step. Finally, the resin was removed by calcination

leaving behind self-bonded metal containing molecular sieve spheres with a shape and

size similar to the original resin beads.

V, W, Cr and Pd containing macrostructures were prepared by the method.

Resin-silica composites, in which the structure of the silica was changed from

amorphous to crystalline silicalite-1 were used for the preparation of the V and W

spheres. The Cr and Pd containing spheres were prepared from resin-zeolite beta

composites.

The properties of the product spheres (metal content, crystallinity,

morphology, nature of the metal species, etc.) were extensively characterized by

atomic adsorption spectrometry, X-ray diffraction, scanning electron microscopy,

energy dispersive, Raman and UV-vis spectroscopy, nitrogen adsorption and

chemisorption measurements.

The materials prepared are of interest for application mainly in the area of

catalysis.

Keywords: Macrotemplate; Spheres, Ion exchange; Silicalite-1; Zeolite beta;

Vanadium; Tungsten; Chromium; Palladium
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1. Introduction

1. 1. Molecular sieves, synthesis, application and post-synthesis modification

The term molecular sieves describes porous solid materials that exhibit the

property of acting as sieves on a molecular scale [1]. Molecular sieve materials include:

(i) mesoporous solids from the MS41 family; (ii) microporous crystalline

aluminosilicates (zeolites), silica molecular sieves, aluminophosphates and related

materials; (iii) pillared clays, and (iv) non-crystalline solids such as charcoals and metal

oxides [2]. In this work the term molecular sieves will be used to describe zeolites and

silica materials.

Zeolites are microporous crystalline hydrated aluminosilicates, which can

structurally be considered as inorganic polymers built from an infinitely extending

three-dimensional network of tetrahedral TO4 units, where T is Si4+ or Al3+ [3]. Each

aluminum ion that is present in the zeolite framework yields a net negative charge,

which is balanced by an extra framework cation, usually from the group IA or IIA. The

zeolite framework structure contains channels or interconnected voids of discrete size

(in the range 3-20 Å) occupied by the charge balancing ions and water molecules. The

water can be reversibly removed leaving an open host structure. The charge balancing

ions can be exchanged by other cations, which determine the ion exchange properties of

the zeolites. When the charge balancing ions are ion exchanged for protons, Brønsted

acid sites are created and the zeolites act as acid catalysts [3]. When noble metals are

also introduced into the zeolites, bifunctional catalysts are obtained having Brønsted

acidity and a hydrogenation-dehydrogenation function. The n-alkane conversion on

such bifunctional catalyst involves: (i) dehydrogenation to corresponding alkenes over

the metal phase, (ii) alkene protonation at the Brønsted acid sides to alkylcarbenium

ions and (iii) hydrogenation at the metal phase yielding branched saturated reaction

products.

Based on the pore size (the number of T atoms in the ring openings) zeolites are

referred to as small (8-member ring), medium (10-member ring) and large (12-member

ring) pore zeolites. Based on the framework Si/Al composition zeolites are categorized

as: low Si/Al zeolites (Si/Al of less then 2), intermediate Si/Al zeolites (Si/Al=2-5),

high Si/Al zeolites (Si/Al∼10 to 100) and pure silica molecular sieves. The Si/Al ratio is
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an important characteristic of zeolites. Generally, by increasing the Si/Al ratio, the

thermal stability, acid strength and hydrophobicity are increasing, whereas the ion

exchange capacity decreases. The pure silica molecular sieves have a neutral

framework, are highly hydrophobic and have no ion exchange capacity or catalytic

activity.

The topology of the zeolite framework is defined by a unique three-letter code,

which is not related to the composition of the material. The zeolites that were

synthesized in this work have MFI or *BEA (the asterisks in front of the code denotes a

disordered framework) topologies. Silicalite-1 is a molecular sieve with MFI topology,

which is characterized by a three-dimensional pore system consisting of sinusoidal 10

ring (5.1 x 5.5 Å) and intersecting straight 10 ring (5.3 x 5.6 Å) channels (Fig. 1) [4].

Silicalite-1 is the pure silica analogue of ZSM-5 and it should rather be regarded as a

molecular sieve than as a zeolite. Zeolite β is a large pore (12-membered ring openings)

high silica zeolite with *BEA topology, which has a three-dimensional channel system

(5.5 x 5.5 and 6.4 x 7.6 Å) (Fig. 2).

Fig. 1. The MFI structure Fig. 2. The *BEA structure

Zeolite synthesis involves the hydrothermal treatment of alkaline synthesis gels

or solutions, which contain silica, alumina and alkali hydroxides or/and organic bases.

The synthesis is performed in a closed system at elevated temperatures, usually in the

range 100-200°C. The temperature, alkalinity (pH), the composition of the reaction

mixture, nature of the reactants and pretreatments can all affect the crystallization

kinetics and the type of zeolite which forms. Some molecular sieves (e.g. silicalite-1)
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cannot be synthesized without the addition of organic bases (tetrapropylammonium

cations). After the synthesis, the organic additives (structure directing templates) remain

trapped into the channels of the materials and can only be removed by calcination.

Zeolites are widely used as detergents, drying agents, in gas purification

processes, in separation processes such as n-paraffins from branched paraffins, p-xylene

from its isomers etc., as catalysts and catalyst supports in petroleum refining processes

and production of fine chemicals [5,6]. Often, zeolites are subject of various post-

synthesis modifications with the purpose of conforming to the requirements of the

application processes. Post-synthesis modifications are used to vary the Si/Al ratio (by

steam treatment, acid leaching, ammonium fluorosilicate, EDTA and SiCl4 treatment),

to further control the size of the pore openings (e.g. by the addition of large

organometalic species, which cannot diffuse into the pore system), to change the nature

of the acid sites within the pores by adsorption of other materials, etc.

The synthetic zeolites are normally produced as powders, which are difficult to

handle and additional processing into suitable macroforms is required prior to their

practical utilization. Usually, zeolite macroparticles of various shapes are produced by

the addition of amorphous binders followed by spray drying, granulation, extrusion, etc.

[7]. The binders, provide the material with a high mechanical strength but also dilute the

adsorption properties of the zeolite and may slow the rate of mass transfer to and from

the zeolite pores.

1. 2. Molecular sieve supported catalysts

Supported catalysts are composed of one or several catalytically active

component(s) dispersed on a support. The catalytic behavior of the supported catalysts

has a complex character influenced by the nature of the metal species, e.g. oxidation

state, coordination condition, dispersion and stability. On the other hand, the support is

also of importance, for instance when shape selectivity is concerned, or when chemical

and structural features of the support influence the metal dispersion and the ability to

stabilize the species hosted.

Zeolites are often used as catalyst supports. The advantages, which make

zeolites attractive as supports are:
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� Controlled crystal sizes and morphologies allowing diffusion control of the

catalytic reactions;

� High surface areas and high thermal stability;

� Well defined zeolite pores, resulting in three types of shape selectivity, towards

the reactants, towards the transition (excited) states and towards the products;

� Further control of the zeolite inner architectures by various post-synthesis

modifications;

� The extra framework ions can be ion exchanged by other cations thus altering

e.g. acid/base characteristics;

� The active surface sites can be modified (selective “poisoning”) thus giving

priority to reactions taking place only within the well defined zeolite

architectures;

� Due to the so called “cage effect” reactions taking place in the presence of

zeolites are alternative to those performed at elevated pressures.

The introduction of catalytically active components into molecular sieves can be

realized during or after the zeolite synthesis. The metal species may be present in

framework positions, grafted to the support by various interactions, or as entrapped

complexes and small metal oxide crystallites. Thus, V, W and Cr have been

incorporated into zeolite framework positions by the hydrothermal treatment of

synthesis mixtures containing corresponding metal salts [8-16]. Low metal loadings

have been achieved using this approach. The incorporation of vanadium ions into the

framework of zeolite beta by a post-synthesis incorporation into the lattice defects

generated by Al extraction has also been reported [17].

A number of methods have been developed for the post-synthesis introduction of

catalytically active phases into zeolites. The most common method to introduce metal

species into molecular sieves is by liquid cation exchange with the charge compensating

extra framework cations [18-22]. Since this method is based on electrostatic interactions

between the support and the metal species, materials with high metal dispersions

containing stoichiometric metal amounts are obtained. Solid state ion exchange has also

been employed [19, 23]. In this method the metal precursor is physically mixed with the

zeolite and under heating the metal migrates into the zeolite channels.
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The incipient wetness impregnation is another widely used technique for the

metal modification of molecular sieves. Here, the metal precursor is dissolved in

aqueous [24-28] or non-aqueous [29-31] media using volumes equal to the pore volume

of the support and contacted with the carrier. The impregnation method is used when

the amount of metal required is greater than the ion exchange capacity of the zeolite.

Metal modifications have also been achieved by other methods, such as the

adsorption of neutral volatile metal complexes such as carbonyls and halides by means

of chemical vapor deposition (CVD) [32-34]. According to the “ship-in-bottle”

approach metal ions and metal ligands are introduced into the zeolite cavities and

allowed to react [35,36]. As a result, metal complexes entrapped into the zeolite cages

are obtained. Such materials have shown enantioselectivity for certain catalytic

reactions.

1. 5. Scope of this work

The scope of this work was to prepare molecular sieve macrostructures

containing different catalytically active metal components by the resin templating

method. The term modified molecular sieves is used in the work to describe metal

containing molecular sieve materials. By macrostructures are meant macroscopic

objects with sizes greater than 0.1 mm.

The resin templating method was previously developed to produce self-bonded

zeolite macrostructures. It is based on the use of anion exchange resins as

macrotemplates and consists of the following steps: (i) insertion of zeolite nutrients into

resin beads by ion exchange, (ii) zeolite crystallization within the pore system of the

resin and (iii) removal of the resin by calcination [37,38]. The product particles have the

size and the shape of the original resin beads. In a recent development of the method, it

was established that a certain degree of the ion exchange capacity is retained by the

resin after the nutrient insertion allowing a secondary ion exchange of other anionic

species [39].

One objective of the present work was to prepare resin-molecular sieve

composites of different composition and to determine the residual ion exchange

capacity of the resin. Another objective was to introduce various metals (e.g. V, W, Cr,

Pd) into those composites by a secondary ion exchange.
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A further objective was to extensively characterize the materials prepared by

various techniques such as AAS, XRD, SEM, EDS, nitrogen adsorption measurements,

chemisorption, Raman and UV-vis DRS spectroscopy.
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2. Experimental

2. 1. Synthesis of V or W containing silica spheres (I)

An Amberlite IRA-900 (chloride form, wet mesh size 16-50) strongly basic

macroporous anion exchange resin (Sigma) was used as a shape directing

macrotemplate. Clear homogeneous solutions with the molar composition 9TPAOH:

25SiO2: 480H2O: 100EtOH (EtOH = ethanol from the TEOS hydrolysis) were obtained

by mixing tetraethoxysilane (TEOS, Merck, >98%), tetrapropylammonium hydroxide

(TPAOH, AppliChem, 40 wt% aqueous solution) and distilled water. Resin beads were

added to the synthesis solutions in PTFE-lined stainless steel autoclaves in a weight

ratio 1:10 and hydrothermally treated at 170ºC for 3, 8 and 15 h. After the synthesis, the

resin-silica composites obtained were separated from the mother liquor and the

silicalite-1 crystallized in the bulk, rinsed repeatedly with distilled water, treated in an

ultrasonic bath for 5 min with a 0.1M ammonia solution, rinsed again and dried at room

temperature.

Vanadium and tungsten were introduced into the resin-silica composites from

0.010M and 0.10M aqueous solutions of ammonium metavanadate (NH4VO3, Sigma,

99.8%) and sodium tungstate (Na2WO4•2H2O, Merck, 99%), respectively. For the

vanadium system a series of experiments was performed by the addition of two buffer

solutions with a pH of 5 and 10. For the tungsten system, the experiments were limited

to the use of tungsten solutions containing the pH 5 buffer. Vanadium and tungsten

solutions were mixed with the resin-silica composites in beakers in a weight ratio 50:1

and placed on a gyrotary shaker for 48 h. The weight ratio between the metal solutions,

composites and buffers was 50:1:10, respectively when buffered solutions were added.

After the ion exchange, the composites were rinsed repeatedly with distilled water, dried

and calcined at 600ºC for 6 h, after heating to this temperature at a rate of 1ºC min-1.

2. 1. Synthesis of Cr and Pd containing zeolite beta spheres (II, III)

A batch of resin-zeolite beta composites was prepared according to the

procedure-described in the ref. [38] using a macroporous strongly basic resin (Dowex

MSA-1, chloride form, bead size distribution 0.3-1.2 mm). Two series of experiments

were performed utilizing as-synthesized composites (assuming that the resin in these
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composites is in the OH- form) and composites, in which the resin was converted into a

Cl- form by passing a 10 wt.% NaCl (Riedel-de Haën, >99.8%) solution through an ion-

exchange column loaded with the composites. A 0.010M Na2Cr2O7•2H2O (Merck,

99%) solution was used to introduce anionic chromium species into the composite

particles. The dichromate solution was added to a resin-zeolite beta composite (dried at

room temperature) in a beaker at three different solution to composite weight ratios,

namely 10, 30 and 50. The beakers were placed on a shaker for 48 h. For the Pd system,

spheres containing ca. 0.5, 1.0 and 2.0 wt% Pd were prepared. Calculated amounts of

ammonium hexachloropalladate ((NH4)2PdCl6, Aldrich, 99%) were dissolved in 150 ml

0.10M HCl, mixed with 4 g resin-zeolite beta composites in a beaker and placed on a

gyrotary shaker for 24 h.

After the ion exchange, the Cr or Pd containing composites were separated,

rinsed with distilled water, dried at room temperature and calcined at 600°C for 6 h after

heating to this temperature at a rate of 1ºC min-1.

2. 3. Characterization

The ion exchange capacity of the resin-silicate composites was determined by the

procedure described in ref. [40] (I). The metal contents of the samples were estimated

using flame atomic absorption spectrometry (AAS, Perkin-Elmer 3100). Calcined

vanadium and chromium samples were fused with LiBO2 at 1000ºC [41], whereas the

tungsten samples were dissolved in 2 wt% KOH prior to analysis (I, II). The palladium

content of the zeolite beta spheres was determined from the difference in concentration

of the Pd solutions before and after the ion exchange (III).

X-ray diffraction (XRD) patterns were collected with a Siemens D5000 powder

diffractometer using Cu Kα radiation. Raman spectra (I) were collected with a Perkin-

Elmer PE 1700X NIR FT-Raman spectrometer equipped with a Nd YAG laser

operating at 1064 nm. The spectra were measured at room temperature with a spectral

resolution of 4 cm-1 using 500 scans and a power of the incident light in the range 200

mW to 1W depending on the samples. UV-vis diffusive reflectence spectra (UV-vis

DRS) were obtained with a Perkin-Elmer Lambda 2 UV-vis spectrometer equipped with

a Labsphere RSA-PE 20 Reflectance Spectroscopy Accessory and operating in a single

beam mode. A white SRS-99 standard reference material was used for a background
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correction. Calcined spheres were ground into a powder prior to the XRD, Raman and

UV-vis DRS analysis. The morphology of the samples was studied with a Philips XL 30

scanning electron microscope (SEM) equipped with a LaB6 emission source. A Link

ISIS Ge energy dispersive X-ray detector attached to the SEM was used for evaluation

of the chromium and palladium distributions over the spheres (II, III). The metal

containing zeolite beta spheres were embedded in an epoxy resin (Epofix, Struers) and

polished to obtain flat cross sections of the spheres prior to the energy dispersive

spectroscopy (EDS) line scan analysis. Nitrogen adsorption measurements were

performed with a Micromeritics ASAP 2010 instrument. Samples were outgassed at

300°C overnight prior to analysis. Specific surface areas were calculated with the BET

equation and pore size distributions were determined by the BJH method using the

desorption branch of the isotherms. The total pore volume was obtained by converting

the amount adsorbed at a relative pressure of 0.995 to the volume of liquid adsorbate.

Chemisorption measurements on Pd containing samples were performed with a

Micromeritics ASAP 2010C instrument using carbon monoxide as a chemisorbent (III).

The sample was firstly reduced with H2 for 2 h at 400ºC followed by evacuation at the

same temperature. A CO adsorption isotherm up to 400 mmHg at 35ºC was obtained.

The sample was then evacuated at 35ºC for 30 min and the CO isotherm was repeated.

The difference between the two straight lines extrapolated to zero pressure was taken as

the amount of CO chemisorbed. Palladium dispersions were calculated on Pd:CO=1:1

basis. Three consecutive measurements were performed on each sample.
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3. Results and discussion

3. 1. Description of the method

The different steps of the procedure for preparing modified molecular sieve

macrostructures are schematically illustrated in Fig. 3.

Figure 3. Schematic representation of the procedure for preparing metal containing
spheres using anion exchange resins as macrotemplates.

Firstly, macroporous anion exchange resin beads (1) are hydrothermally treated

with zeolite (silicalite-1, beta) synthesis solutions. In this step, the zeolite nutrients are

introduced into the resin by ion exchange and in situ crystallized within the resin pore

structure. As a result, resin-molecular sieve composite beads (2) are obtained consisting

of two three dimensional interconnected networks, an organic one originating from the

resin polymer chains and an inorganic one from the zeolite formed. The resin-molecular

sieve composites retain a certain degree of the resin ion exchange capacity (denoted

here as residual ion exchange capacity) facilitating the introduction of negatively

charged ions in a second step. Metal salt solutions containing metal anionic species (e.g.

V, W, Cr, Pd) are ion exchanged in (2) and metal containing resin-molecular sieve

composites (3) are obtained. Finally, the resin is removed by calcination leaving behind

self-bonded modified molecular sieve macrostructures (4).

3. 2. Pure molecular sieve spheres

Different molecular sieve macrostructures were used for the preparation of the

modified spheres. Silicalite-1 of varying crystallinity was used for the synthesis of

vanadium and tungsten containing macrostructures (I). Zeolite beta was employed

Synthesis
solution

Hydrothermal
treatment

Calcination1 2 3 4

Metal precursor
solution

Ion
exchange
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Figure 4. XRD patterns of the calcined pure molecular sieve macrostructures used in
this work.

for the preparation of chromium and palladium materials (II, III). Two series of

experiments were performed in the latter case, in which the form of the resin in the

resin-zeolite beta composites was either OH- or Cl- (samples designated as B(OH) and

B(Cl)). XRD patterns of the calcined pure molecular sieve macrostructures used are

shown in Fig. 4. Amorphous, semi-crystalline silicalite-1 (S-1) and highly crystalline

silicalite-1 macrostructures prepared for different treatment times were the starting

materials for preparing V and W spheres (Fig. 4a). The Cr and Pd containing spheres

were synthesized from highly crystalline zeolite beta samples, though a certain loss of

crystallinity (reflection peaks of lower intensity) was detected for B(Cl) compared to

B(OH) (Fig. 4b).

Table. 1. Properties of the calcined pure molucular sieve spheres and ion exchange
capacities determined for the non-calcined composites.

Molecular
sieve

BET surface
area, SBET

(m2g-1)

Total pore
volume, Vp

(cm3g-1)

Residual ion
exchange capacity
(meq g-1)

Amorphous 880 0.61 0.7
Semi-crystalline S-1 990 0.60 0.9
Silicalite-1 640 0.53 1.1
Zeolite beta (OH) 624 0.64 0.3
Zeolite beta (Cl) 666 0.73 0.3

10 20 30 40 50

Zeolite beta
macrostructures

B(Cl)

B(OH)

b
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.
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Figure 5. SEM images of the calcined pure molecular sieve macrostructures used (a-d)
and the corresponding sphere surfaces (a’-d’).

The BET surface areas and total pore volumes of the pure molecular sieve

macrostructures are listed in Table 1. These values were compared with the ones

obtained for the modified macrostructures to determine various metal-support
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relationships. The residual ion exchange capacity of the resin-zeolite composites is also

given in Table 1. Higher values were obtained for the silicalite-1 macrostructures in

comparison to the zeolite beta ones.

Fig. 5 shows SEM images of the calcined pure molecular sieve spheres used in

this work (a-d) and the corresponding SEM images taken from the sphere surfaces. The

spheres were solid and intact, except the highly crystalline silicalite-1 particles, which

were cracked and broken (Fig. 5c). The interior of all the spheres was built up by fine

particles with a size of about 100 nm, which is comparable to the pore size of

macroporous resins (not shown). Larger crystals were observed on the sphere surfaces

where there were no steric limitation effects for crystal growth due to the resin polymer

chains (Fig. 5b’-d’).

3. 3. Metal containing macrostructures: general characterization

Visually, the modified macrostructures were colored with colors depending on

the metals present (orangish, yellowish, yellowish to greenish or brownish for the V, W,

Cr and Pd, respectively, spheres).

SEM analysis showed that the modified macrostructures were similar in

appearance to the pure molecular sieve spheres shown in Fig. 5. No changes due to the

metal presence were observed inside the spheres or on the sphere surfaces. Exceptions

were the Pd spheres, for which areas of varying appearance were observed on the sphere

surfaces (III). The Pd spheres were also of inferior stability compared to the pure beta

spheres and many of the particles were cracked and broken.

Table 2 lists compositions of the metal precursor solutions and properties of the

calcined V, W and Cr containing spheres. Data about the Pd containing spheres are

given in Table 3. High metal loadings (up to 17 wt%) were achieved for the vanadium

and tungsten samples. Lower values were obtained for the Cr samples (up to 4,3 wt%),

probably due to the lower residual ion exchange capacity of the resin-zeolite beta

composites. Pd macrostructures containing controllable amounts of Pd (complete ion

exchange) were prepared in paper III (Table 3).

Generally, a higher concentration of the solution used for ion exchange or a

higher metal solution to composite ratio resulted in higher metal loadings (Table 2). The

metal content was also dependent on the structure of the solid phase within the
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Table 2. Metal precursor solutions and properties of the calcined metal containing
spheres.

Molecular
sieve type

Metal
solution

Solution/
composite
ratio

Metal
content
(wt%)

BET surface
area, SBET

(m2g-1)

Total pore
volume, Vp

(cm3g-1)
Amorphous A1 50 5,0 657 0,40

A2 50 5,6 591 0,43
Semi-crystalline S-1 A1 50 6,2 524 0,39

A2 50 17,0 41 0,05
Silicalite-1 A1 50 7,9 375 0,27

A2 50 14,4 275 0,22
Amorphous B1 50 7,9 498 0,40

B2 50 8,0 410 0,32
Semi-crystalline S-1 B1 50 13,1 569 0,43

B2 50 15,7 436 0,38
Silicalite-1 B1 50 13,8 465 0,43

B2 50 16,6 375 0,37
Zeolite beta (OH) C 10 0,7 624 0,79

C 30 2,4 588 0,75
C 50 3,5 582 0,79

Zeolite beta (Cl) C 10 1,2 651 0,79
C 30 2,9 607 0,74
C 50 4,3 614 0,76

A1=0.010M NH4VO3+buffer pH5; A2=0.10M NH4VO3+buffer pH5
B1=0.010M Na2WO4.2H2O+buffer pH5; B2=0.10M Na2WO4.2H2O+buffer pH5
C=0.010M Na2Cr2O7.2H2O

Table 3. Pd loading and some properties of the calcined Pd modified zeolite beta
macrostructures.

Pd-zeolite
beta spheres

Palladium
loading (wt%)

BET surface
area, SBET

(m2g-1)

Total pore
volume, Vp

(cm3g-1)

Palladium
dispersion (%)

B(Cl) Pd0.5 0,50 677 0,82 32,3
B(Cl) Pd1 1,06 616 0,77 9,5
B(Cl) Pd2 2,29 606 0,71 8,4

composites (I) and to a less extent on the resin counter ion of the composites (II). The

pH of the solution used for ion exchange was also of importance due to its influence on

the nature of the metal species that are present in the solutions. Thus, at high pH values

V, W and Cr are present as monomeric oxoanion species, whereas by decreasing the
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pH, anions with a higher negative charge are formed [42,43]. This explains the highest

values for the V content when a buffer of pH 5 was added to the precursor solution and

the slightly higher Cr contents for the spheres prepared from resin-B(Cl) composites.

Generally, the metal containing macrostructures were characterized by lower

BET surface areas with the decrease being proportional to the metal content (V, W) or

by similar BET surface areas (Cr, Pd) in comparison with the pure molecular sieve

macrostructures (Tables 1, 2 and 3). The pore volumes of the vanadium and tungsten

containing spheres were decreased, whereas the chromium- and palladium-containing

spheres had higher pore volumes compared to the pure molecular sieve macrostructures.

The nitrogen adsorption/desorption isotherms recorded for the modified

molecular sieve macrostructures were all of type IV typical of mesoporous materials

with a substantial

microporosity. The micropores

are due to the amorphous

silica/molecular sieve material.

The mesopores originate from

the resin removal. Changes in

the pore size distributions,

mainly in the mesopore range,

depending on the metal content

and the type of the initial resin-

molecular sieve composites

were obtained for the modified

macrostructures.

Figure 6 shows XRD

patterns of calcined V, W Cr

and Pd containing

macrostructures. Depending on

the metal loading, peaks corresponding to V2O5, WO3, Cr2O3 and PdO, respectively

were detected together with the molecular sieve reflection peaks. A certain decrease of

the intensity of the zeolite peaks was also observed in the XRD patterns of the modified

macrostructures.
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Figure 6. XRD patterns of V, W, Cr and Pd
modified molecular sieve macrostructures (*-peaks
corresponding to V2O5, WO3, Cr2O3 and PdO,
respectively).
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EDS line scan analysis was

used to evaluate the chromium and

palladium distribution over the

macrostructures prepared (II, III).

Fig. 7 shows a SEM micrograph of a

cross-sectioned Cr-beta sphere (a)

and the EDS line scan analysis of

chromium over it (b). Chromium

was very evenly distributed across

the sphere. Similar results were

obtained for all the chromium and

palladium spheres. Chemisorption

measurements, however, showed

poor palladium dispersions, which

were decreasing with an increase in

the Pd content (Table 3) (III).

3.4. Nature of the metal species in the modified macrostructures

The calcined metal containing macrostructures were characterized by Raman (I)

and UV-vis DRS (I-III) spectroscopy in order to determine the nature of the different

metal species present in the final spheres.

The Raman study of the vanadium and tungsten containing spheres showed that

the nature of the metal species was dependent on the structure of the molecular sieve.

Fig. 8 shows Raman spectra of vanadium and tungsten containing spheres prepared

from resin-silica composites, in which the structure of the silica was changed from

amorphous to crystalline silicalite-1. Isolated and highly dispersed species of the type

MO4 (bands at about 1035 cm-1 for V and at 966 cm-1 for W) were present in the Raman

spectra of the materials prepared from resin-amorphous silica composites (Fig. 8 a, b,

spectrum 1). Isolated VO4 tetrahedra, V2O5 crystallites (bands at about 284, 700 and

994 cm-1) or both depending on the composition of the solution used for ion exchange,

b

6004002000
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Figure 7. Typical SEM image of a cross-
sectioned Cr-Beta sphere (a) and typical
EDS line scan analysis of chromium over it
(b).
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were present in the spheres prepared from resin-semi-crystalline S-1 composites (Fig.

8a, spectrum 2), whereas the tungsten was present as WO3 crystallites (bands at about

266, 325, 713 and 808 cm-1) (Fig. 8b, spectrum 2). The metals were present as V2O5 or

WO3 in the macrostructures obtained from resin-silicalite-1 composites (Fig. 8a,

spectrum 3 and Fig. 8b, spectrum 2).

Figure 8. Raman spectra of V and W modified molecular sieve macrostructures: (a)
Raman spectra representative for V in amorphous (spectrum 1), semi-crystalline
(spectrum 2) and silicalite-1 (spectrum 3) spheres; (b) W in amorphous (spectrum 1)
and on semi-crystalline and silicalite-1 (spectrum 2) spheres.

UV-vis DRS spectra of the calcined metal containing spheres are dominated by

charge transfer transitions of the type O2- �Mn+, where M denotes V5+, W6+, Cr6+ and

Pd2+ (Fig. 9). The vanadium and tungsten on the amorphous silica support and the

chromium- zeolite beta spheres of low metal content were present as grafted isolated

species of the type MO4 (bands at about 260, 380 nm for V and at 220, 260 nm for W)

and as chromates (275, 375 nm) or dichromates (275, 322 and 445 nm), respectively

(Fig. 9a). In the spectra of spheres of high metal contents, additional bands indicative

for the presence of the corresponding metal oxides were detected (Fig. 8b). For the Pd

modified macrostructures, a complex band indicating the presence of PdO was observed

in the UV-vis DRS spectra of all samples.
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Figure 9. UV-vis DRS spectra of V, W, Cr and Pd modified molecular sieve
macrostructures: (a) spectra corresponding to samples of low V, W and Cr loading and
(b) of high V, W and Cr loading and the 0.5 wt% Pd containing sample. The arrows
denote the WO3, Cr2O3 and V2O5, respectively bands.
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4. Conclusions

V, W, Cr and Pd modified macrostructures were prepared in a multi-step

procedure using macroporous anion exchange resins as shape-directing macrotemplates.

Firstly, resin-molecular sieve composites were obtained by crystallizing molecular

sieves into the resin pore system. The metals were then introduced into these

composites as anions using the residual ion exchange capacity of the resin. Finally, the

resin was removed by calcination leaving behind self-bonded metal containing

molecular sieve spheres.

Different molecular sieves were employed. The V and W containing spheres

were prepared from resin-silica composites, in which the structure of the silica was

changed from amorphous to crystalline silicalite-1. The Cr and Pd spheres were

prepared from resin-zeolite beta composites, in which the resin ionic form was either Cl-

or OH-.

The metal content and the nature of the species in the product spheres were

dependent on the structure of the molecular sieve used as support as well as on the

metal precursor solution used for the ion exchange (concentration, pH, etc.).

Macrostructures of controllable metal content were prepared by the method.

The crystallinity of the modified macrostructures was inferior compared to pure

molecular sieve structures with the loss of crystallinity dependent on the metal loading.

The BET surface areas and the pore volumes of the V and W macrostructures were

decreased in comparison with the pure molecular sieves, whereas similar BET surface

areas and larger pore volumes were obtained for the Cr and Pd spheres.

The pore structure of the modified macrostructures consisted of both micropores

(from the molecular sieve) and meso/macropores (from the resin removal). Variations in

the meso/macropore size distribution were obtained, related to the metal insertion.

The metals were very homogeneously distributed within the spheres. However,

chemisorption measurements showed poor Pd dispersions.
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5. Recommendations for the future work

� Preparation of molecular sieve macrostructures containing two or more metals by a

consequent metal ion exchange into resin-molecular sieve composites.

� Synthesis of other molecular sieve type macrostructures and corresponding modified

macrostructures.

� Synthesis of other than spherical modified molecular sieve macrostructures.

� A further characterization of the metals within the molecular sieves by e.g. TEM,

ESR, NMR etc.

� A catalytic testing of the macrostructures obtained in order to evaluate their

performance in comparison with similar materials prepared by conventional

methods.
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