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Summary

This thesis focuses on the preparation and characterisation of Fe/ZSM-5, a ZSM-5-type

of zeolite exchanged with iron ions. Fe/ZSM-5 is a highly active heterogeneous catalyst

with potential application in the field of clean-up technologies for the abatement of

nitrogen oxide pollution. Among the zeolite-based systems, this material emerges as an

outstanding catalyst owing to its high hydrothermal stability and resistance towards

poisoning by sulphur compounds in a simulated exhaust stream. A high degree of iron

(Fe(II)) exchange and the absence of Bronsted acidity are regarded as the key factors for

its exceptional catalytic properties.

The preparation of Fe/ZSM-5 is not straightforward due to the high propensity of the

iron ions to aggregate into hydroxide and oxide and the available preparation methods

are often problematic with regard to reproducibility. Consequently, a relationship

between the catalytic properties and the molecular structure of this catalyst still had to

be established. It was the objective of this work to identify the key factors of the various

available preparation methods for giving good catalysts as well as to provide a detailed

picture of the molecular structure of the iron species formed.

The original method of preparing Fe/ZSM-5 is based on the ion exchange of zeolite

H/ZSM-5 with a saturated ferrous oxalate solution under exclusion of air. The

characterisation of the Fe/ZSM-5 obtained with this method led to the conclusion that

the observed irreproducibility is due to the formation of negatively and neutrally

charged iron-oxalate complexes in solution, which precipitate onto the zeolite surface

rather than penetrate the pores. This phenomenon brings about the clogging of the pore

system and impedes the thorough exchange of the counter-ions originally present for the

Fe(II) cations. Iron is mainly present in the form of catalytically inactive oxide clusters,

while protons are the counter-ions of the zeolite (Bronsted sites).

The use of iron solutions containing complexing ligands (i.e. ascorbate and citrate

anions) and reducing agents (i.e. ascorbic acid and hydrazine) is another potential route

to prepare zeolites with high degrees of iron exchange. These compounds maintain

Fe(II) ions in solution at a neutral pH, which is necessary to avoid competition between



iron ions and protons for the ion exchange positions. A systematic investigation of the

iron zeolites prepared with ascorbate, citrate and hydrazine solutions revealed that, in

this case too, the formation of bulky, negatively and/or neutrally charged complexes is

responsible for the low degree of exchange attained. Most of the iron is present as

oxide, whereas Bronsted acid protons occupy the ion-exchange sites. Another important

general conclusion drawn from the study of the aqueous ion exchange methods is that

the generation of Bronsted acidity can hardly be avoided. During the post-exchange

thermal treatments, the removal of water is ubiquitously accompanied by the hydrolysis

of the counter-ions with the ensuing production of free protons, which form the

undesired Bronsted sites. Bransted sites are considered to be responsible for the

hydrothermal breakdown of the zeolite-based catalyst used in the catalytic reduction of

nitrogen oxides.

The chemical vapour deposition (CVD) of FeC^ on the inner surface of a zeolite is

undoubtedly a superior method for preparing Fe/ZSM-5. The water-free conditions

under which the exchange takes place allow full exchange of the ZSM-5 zeolite without

the simultaneous formation of Brensted acid sites. It is shown that iron is present in the

form of binuclear hydroxide clusters located at ion exchange positions, the structure of

which closely resembles that of the biological enzyme methane monooxygenäse. These

binuclear species are most probably the active catalytic centres of Fe/ZSM-5.

The treatments carried out after the CVD exchange strongly affect the state of the iron

species. Direct calcination in oxygen induces the aggregation of the iron ions to form

large oxide particles, while washing of the zeolite before the calcination favours the

formation of the binuclear complexes. The undesired large oxide clusters originate from

the iron species located on the outer surface of the zeolite, and their formation is

facilitated by the presence of extraframework aluminium particles. The washing step

removes the external species and promotes the aggregation of small iron clusters, which

are stabilised at ion exchange positions by their electrostatic interactions with the

zeolite lattice.



Riassunto

Lo studio presentato in questa tesi verte sulla preparazione e caratterizzazione del

catalizzatore Fe/ZSM-5, ovvero una zeolite di tipo ZSM-5 in cui gli originali

controcationi sono stati sostituiti da ioni ferro per mezzo di un processo di scambio

ionico. La zeolite Fe/ZSM-5 possiede una straordinaria attività catalitica nelle reazioni

di riduzione degli ossidi d'azoto. L'elevata resistenza idrotermica e alPavvelenamento

da composti solforati sono le proprietà più rilevanti che distinguono questo materiale

dagli altri catalizzatori zeolitici a base di metalli di transizione. Un alto livello di

scambio degli ioni ferro e l'assenza di siti acidi di Bransted sono le caratteristiche

principali della Fe/ZSM-5 da cui sembrano dipendere le eccezionali proprietà

catalitiche.

La sintesi della Fe/ZSM-5 présenta numerose diffîcoltà legate alle peculiari proprietà

chimiche del ferro ed, in particolare, alia sua elevata propensione a formare specie

idrossido ed ossido molto stabili. Cio ha comportato che i metodi di preparazione

elaborati sinora sono spesso poco efficaci e talvolta irriproducibili. Inoltre, non è stato

ancora possibile stabilire una correlazione précisa tra le proprietà catalitiche e la stuttura

di questo catalizzatore.

Gli obiettivi perseguiti in questo studio sono stati principalmente due. In primo luogo,

l'elucidazione dei fattori che favoriscono l'ottenimento di alti livelli di scambio degli

ioni ferro nei vari metodi di preparazione della Fe/ZSM-5; in secondo luogo, la

caratterizzazione dettagliata della struttura delle specie ferro presenti.

II metodo originariamente proposto per la preparazione della Fe/ZSM-5 si basa sullo

scambio ionico in fase acquosa ed in atmosfera inerte mediante una soluzione satura di

ossalato di Fe(II). Dai risultati della caratterizzazione della Fe/ZSM-5 cosi preparata si

è potuto dedurre che i problemi di riproducibilità di questo metodo sono legati alia

formazione nella soluzione di scambio di complessi ferro-ossalato (neutri o carichi

negativamente), che precipitano sulla superficie della zeolite anziehe penetrare nei pori.

La precipitazione causa l'occlusione dei pori della zeolite, impedendone lo scambio

completo con gli ioni ferro. Il ferro introdotto si trova per lo più in forma di cluster

ossidici, che sono inattivi nelle reazioni di riduzione degli ossidi d'azoto.



Lo scambio ionico con soluzioni di ferro contenenti agenti complessanti (p. es. anioni

ascorbato e citrato) e/o riducenti (p. es. acido ascorbico ed idrazina) è potenzialmente

un altro metodo di preparazione delle zeoliti al ferro con alti livelli di scambio. L'azione

complessante di questi composti permette di mantenere gli ioni ferro disciolti in

soluzione anche a pH neutro. Questa condizione è necessaria al fine di evitare la

competizione tra gli ioni ferro ed i protoni per i siti di scambio ionico della zeolite. Uno

studio sistematico della zeolite Fe/ZSM-5 preparata con soluzioni ferro-ascorbato,

ferro-citrato e ferro-idrazina ha rivelato che i bassi livelli di scambio raggiunti sono

imputabili, anche in questo caso, alia formazione di complessi del ferro neutri o carichi

negativamente che precipitano sulla superficie della zeolite. La maggior parte del ferro

si trova in forma d'ossido mentre le posizioni di scambio cationico sono occupate da

protoni (siti acidi di Bransted). È stato inoltre concluso che la formazione dei siti di

Bransted puö essere difficilmente evitata negli scambi ionici in fase acquosa. Dopo lo

scambio, i trattamenti termici eseguiti per rimouvere l'acqua adsorbita sulla zeolite

provocano I'idrolisi dei controcationi e la conseguente formazione di protoni, che vanno

a formare i siti di Bransted. I siti acidi di Bransted sono considerati la causa principale

del deterioramento dell'attività catalitica dei materiali zeolitici impiegati nelle reazioni

di riduzione degli ossidi d'azoto.

Lo scambio in fase gassosa attraverso la sublimazione di FeCl3 sulla superficie interna

di una zeolite (Chemical Vapour Deposition (CVD)) è indubbiamente il metodo di

scambio ionico più efficace per preparare la Fe/ZSM-5. Le condizioni anidre in cui

viene eseguito il trattamento CVD permettono di ottenere uno scambio completo,

evitando la simultanea formazione dei siti di Bransted. Le specie ferro risultanti sono

cluster binucleari di tipo Fe-idrossido, la cui struttura è molto simile a quella dei centri

attivi dell'enzima metano-monoossigenasi. Queste specie binucleari sono considerate i

centri catalitici della zeolite Fe/ZSM-5.

I trattamenti ai quale viene sottoposta la zeolite dopo lo scambio con il FeCl3

influiscono sulla natura delle specie ferro ottenute. La calcinazione in ossigeno dopo la

sublimazione causa l'aggregazione degli ioni ferro in particelle d'ossido di grosse

dimensioni, mentre il lavaggio della zeolite prima della calcinazione favorisée la



formazione délie specie binucleari. Le particelle d'ossido derivano da specie ferro non

scambiate che sono presenti sulla superficie esterna délia zeolite e la loro formazione è

favorita dalla presenza di specie alluminio extraframework. Il lavaggio délia zeolite,

invece, rimuove queste specie non scambiate e promuove i'aggregazione dei restanti

ioni ferro in cluster di ridotte dimensioni, che sono stabilizzati nelle posizioni di

scambio ionico attraverso le interazioni elettrostatiche con il reticolo délia zeolite.
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Introduction
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1.1 Motivation

Nitrogen oxides (NOx) are known to be major air pollutants that cause photochemical

smog formation and acid rain besides being harmful for respiration (1). NOx is formed

in any combustion process by thermal reaction of N2 and O2 contained in the air as well

as through combustion of nitrogen-containing compounds in fuels and also as vent gas

from a number of chemical processes. The amount of various nitrogen oxides emitted

into our atmosphere is massive and was estimated to over 30 million tons per year

worldwide (1). Removal of NOx from stationary and mobile combustion sources has

become increasingly important throughout the last decades due to increased

environmental awareness and, as a consequence, due to increasingly stringent

legislation limiting allowable emission levels for pollutants. The most advantageous

route for NOx removal is the direct decomposition of NO into its elements. This

reaction, although thermodynamically favoured, is strongly limited by kinetics (2, 3).

As of today, no catalyst system has shown reasonable activity for commercial

application. Besides this, other factors such as the lack of long-term stability in wet

atmosphere have greatly diminished the optimism about Cu-exchanged ZSM-5 zeolite

and analogues that arose with its discovery by the research group of Iwamoto (4) and

the subsequent reports by Held et al. (5). Therefore, recourse has industrially to be

made to catalytic reduction.

Most combustion processes occur in excess oxygen that leads to an overall oxidising

environment. Carrying out the catalytic reduction in such an environment requires

selective catalysts and/or reductants and is one of the most challenging tasks in catalysis

research with tremendous economical and social impact. The best technical solution for

stationary sources is presently the selective catalytic reduction (SCR) of NOx with

ammonia, in which various modification of vanadium oxide or titania-based catalysts

are employed (6). In spite of the high efficiency in the NOx removal, there are some

problems associated with this type of technology, namely ammonia slip, formation of

ammonium sulfate from sulfur oxides (SOx) in the exhaust gas, and the need for

transportation and storage of large quantities of ammonia that is also an environmental

pollutant (7). For mobile sources such as automotive exhausts, the classical three-way

catalyst provides good emission control. However, under lean-burn conditions that are
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desirable for increased fuel economy in the next generation of automotive engines the

catalyst fails (8).

For these reasons, SCR of NOx has been attempted with a variety of other reducing

agents. Among the reductants considered, the most notable are hydrocarbons, due to

their presence in exhaust gases, and in particular methane due to the ubiquitous

availability of large amounts of methane from natural gas.

Despite the vast number of publications that have appeared in the literature concerning

the use of Cu/ZSM-5 and its analogues in SCR with hydrocarbons, a generally accepted

mechanistic description of the reaction has not been reached yet (8). Broad agreement

seems to prevail, however, on the importance of NOy surface species (y > 2) as

intermediates, and increasingly more evidence is put forward regarding the involvement

of organic nitro, nitroso, nitrilo or isocyanate species in the formation of N2 with

possible surface or even gas-phase radical reactions (9-19).

Another important step forward was the discovery of the ability of Co/ZSM-5 to operate

with methane as reducing agent as compared to Cu/ZSM-5, independently reported by

Li and Armor (20) and Japanese researchers (21). Although the long-term stability

under wet conditions of this catalyst is much better, it still falls short in terms of activity

for commercial application, partly caused by the reversible suppression of SCR activity

by water and S02. In this context, noble metal-loaded ZSM-5 (in particular Pt and Pd)

have shown significantly higher activity for NO reduction than their transition metal

counterparts. However, stability at elevated temperatures still remains a concern with

these catalysts (22, 23).

The discovery by Feng and Hall (24, 25) in 1997 that Fe/ZSM-5 zeolite possesses

outstanding properties for SCR of NOx may be regarded as the latest breakthrough in

the research field of the abatement of NOx pollution. These authors demonstrated the

ability of Fe-exchanged ZSM-5 to carry out SCR of NO with z'-butane without loss or

suppression of activity over a period of 2500 hours in the presence of 20 % water and

150 ppm of SO2. The catalyst was also stable during prolonged temperature excursion

up to 800°C, which is known to occur in real automotive exhaust streams. A key factor

for obtaining an active catalyst was the prevention of the formation of Fe3+ species (via

oxidation of Fe ions), which was achieved by working under oxygen-free conditions.

Although Fe/ZSM-5 does not seem to work well with methane, it represents another key
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stone in understanding the molecular aspects of the catalytic process that may ultimately

lead to better catalyst formulations. In particular, an elucidation of the reasons for water

and SO2 resistance may give leads as to what directions are to be followed for

improvements in catalysts active for SCR of NOx using CH4. The encouraging

discovery by Feng and Hall represented the starting point of the study presented in this

thesis.

1.2 Zeolites

The term zeolite was coined in 1756 by the Swedish mineralogist A. F. Cronsted, who

observed that certain minerals exhibited intumescence (reversible release of water upon

heating). Since these minerals seemed to boil he referred to them as "boiling stones"

(Greek: zein = to boil, lithos = stone) (26).

Zeolites are crystalline aluminosilicates whose lattice encloses regular arrays of

channels and cavities. These pores, whose aperture diameters (dp) are in the micropore

range (dp < 2 nm), contain water molecules and the cations necessary to balance the

negative charge of the lattice (or framework). The latter consists of units formed by Al

and Si ions tetrahedrally coordinated with four oxygen atoms, each of which is shared

by two adjoining AIO4 and SiCv tetrahedra. These building units can be arranged in

many different ways giving rise to several different structures. As of today, 96

topologically distinct networks have been identified by X-ray diffraction (27).

The chemical composition of zeolites can be represented by the empirical formula:

Mi/„[A102][Si02],-j;H20

where M represents a cation of valence n, and x > 1 since no Al-O-Al bonds are

permitted according to Löwenstein rule (28). This rule states that the ratio Si/Al must be

equal or greater than one due to local charge restrictions. The SiÛ4 tetrahedra are charge

balanced but each AIO4 tetrahedron bears a formal -1 charge because of the trivalent

oxidation state of the Al atom. Cations M in the vicinity of the Al ions are therefore

required for balancing the negative charge of the lattice. These cations are generally

referred to as extraframework cations, as they are not incorporated into the lattice.
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When the zeolite is in a hydrated state, the extraframework cations are relatively mobile

and can be easily exchanged. This process is termed ion exchange. Typically sodium,

potassium, or organic tetralkyl ammonium is present as monovalent charge

compensating cation in synthetic zeolites.

One of the outstanding properties of zeolites derives from the exchange of the charge-

balancing cations by protons, which can be attained by treatment in diluted mineral

acids or by the exchange of ammonium cations that are subsequently thermally

decomposed to yield ammonia and surface bonded protons. These protons are acidic,

which makes zeolites solid Bronsted acids with an acid strength comparable to that of

70 % sulfuric acid (29). Due to the electron-acceptor properties of the extraframework

cations, zeolites exhibit also Lewis acidity. A particular type of Lewis acid sites is

represented by Al species which are extracted from their framework positions upon

severe thermal treatment (T > 500°C) or acid leaching (30). As a consequence of the

extraction, octahedrally coordinated [(A10)+]nn+ complexes are formed (i.e.

extraframework aluminium species or EFAI), the precise nature of which is not clear

yet, however.

A number of chemical elements other than silicon or aluminium can be incorporated

into the zeolite lattice structure (i.e. isomorphously substituted zeolites) (31, 32).

Among those, most important from an applications point of view, are titanium, cobalt

and iron for oxidation catalysis, boron for acid strength variation, and gallium for

dehydrogenation/aromatisation reactions.

Among the wide variety of synthetic zeolites available, a number of them are employed

as catalysts on an industrial scale for chemical processes of utmost importance. Zeolites

X and Y, for instance, find applications in the petroleum refining industry as

heterogeneous catalysts for the fluid catalytic cracking (FCC) of heavy petroleum

distillates. Another type of zeolite which has industrial relevance is ZSM-5. In its

protonic form, it is used as catalyst for reactions such as the synthesis of ethylbenzene

(the precursor of styrene and polystyrene), the disproportionation of toluene into

benzene and xylenes and the isomerisation of xylene (to produce /^-xylene, the

precursor chemical of terephtalic acid) (33, 34). In processes which work under

hydrogen pressure (e.g. the isomerisation of gasoline), bifunctional catalysts are

required which contain both Bronsted acid sites and a component that activates
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hydrogen, typically a noble metal like palladium or platinum. These noble metals can be

introduced into the zeolites pores by ion exchange with cationic forms of such metals

(e.g. [Pd(NH3)4]2+ or [Pt(NH3)4]2+), followed by thermal removal of the ammonia

ligands.

Besides these important industrial applications, more recently, metal-containing zeolites

have received great attention as potential catalysts for the selective catalytic reduction

of nitrogen oxides (23, 35). Also in this case, ion exchange is almost always applied to

incorporate active metals such as Cu, Co, Pt, Pd and Fe.

Ion exchange

In very rare cases can zeolites be used directly in the form in which they are

synthesised. The simplest and most commonly applied modification method is ion

exchange (36). The vast majority of studies of ion exchange of zeolites deals with

exchanges carried out in aqueous solutions. Conventional aqueous ion exchange is

carried out by suspending the zeolite in a solution of a soluble salt containing the

desired cation, preferentially under conditions which favour mass transfer, i.e. at

elevated temperatures (ca. 90°C) under stirring. Although this procedure is very simple

and versatile, it presents some limitations. Zeolites exhibit different selectivities for ion

exchange depending upon factors such as the Si/Al ratio of the zeolite, the size, charge

and polarisability of the cation, the solvation medium and the size and stability of the

solvation sphere. For example, the selectivity series for exchange of monovalent cations

into NaY is Ag » Tl > Cs > Rb > K > Na > Li, lithium being the smallest cation but

with the largest hydration sphere. The presence of ion exchange positions in small

cages, which are accessible through very narrow apertures (e.g. sodalite cages in

faujasite-type zeolites have a pore diameter of about 2.5 Â), may hinder or exclude the

exchange of cations that are too bulky to penetrate. As a consequence, the maximum

theoretical ion exchange capacity (IEC), which is determined by the number of lattice

aluminium atoms, is not attainable and only partial ion exchange is achieved (e.g. for

Rb and Cs exchange of NaY zeolites). Another undesired effect that is frequently

observed is the simultaneous exchange of protons, particularly in the case of transition

metals which tend to hydrolyse in aqueous solution. Additionally, when di- and trivalent

cations are exchanged they tend to hydrolyse and exchange as lower-valency
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hydroxylated ions. Upon calcination, subsequent migration from the ion exchange

positions and clustering is frequently observed. This recurring problem is particularly

troublesome in the case of Fe exchange owing to the peculiar aqueous chemistry of this

metal. Iron ions in solutions form hydroxylated and polynuclear species even at very

low pH (< 2) (37), their introduction into the zeolite at ion exchange positions therefore

requires that appropriate measures are adopted (see Chapter 4).

Alternative procedures to the conventional aqueous ion exchange to introduce cations in

zeolites have been explored. One of the most promising is solid-state ion exchange

(SSIE) (38). This method, which makes use of fused salts, has been successfully applied

in the preparation of transition metal-exchanged zeolites. From a practical standpoint, it

comprises the preparation of a mechanical mixture of the zeolite and the salt of the

desired metal, followed by thermal treatment at elevated temperature either under

aerobic or anaerobic conditions. Typically, the zeolite is in its protonic form and the salt

is a volatile halide of the in-going metal. This method has been demonstrated to be a

valid alternative to ion exchange in aqueous solution, particularly when the in-going

hydrated cations are to bulky to penetrate the zeolite pores, or the salt with the cation in

the desired valence state is unstable or insoluble in water. Moreover, its simplicity

makes this method an attractive route for large-scale preparation of metal-containing

zeolites.

Finally, ion exchange is also feasible in the vapour phase. This type of exchange, also

called chemical vapour deposition (CVD), uses salts that are readily volatile at elevated

temperatures (e.g. FeCl3 and GaCU). The main advantage offered by the CVD method

is the possibility of obtaining fully exchanged zeolites without formation of Bronsted

acid sites. Although the employment of the CVD method is not as straightforward as the

aqueous ion exchange or the SSIE method, it is a very efficient route to prepare zeolites

exchanged with a transition metal, including Fe/ZSM-5. In Chapter 5, a detailed

description of the procedure used for the preparation of the catalysts investigated in this

study is given.
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1.3 Fe-containing zeolites

Owing to the favourable redox properties of iron, iron-containing zeolites have been

known and investigated for many years. Among the reactions catalysed by this type of

zeolite, the dehydration of isopropanol and the oxidation of carbon monoxide were

among the first investigated (39, 40). The catalysts studied for these reactions were

faujasite zeolites (X and Y), in which iron cations were introduced by conventional

aqueous ion exchange using a FeSC^ solution. In the past two decades a wider variety

of reactions has been explored (41-43). These investigations have revealed that iron-

exchanged zeolites are active catalysts for the carbonylation of methanol to acetic acid,

the oligomerisation of olefins, dehydrogenation of ethylbenzene and shape selective

Fischer—Tropsch synthesis.

For the sake of clarity, the applications of the iron zeolites discussed in the following

sections have been separated in two groups according to the structural characteristics of

the zeolites used, namely (i) isomorphously substituted iron zeolites (iron incorporated

in the framework in the place of aluminium ions) and (ii) ion-exchanged iron zeolites

(iron located at ion exchange positions).

Isomorphously-substituted Fe zeolites

ZSM-5 zeolites containing iron ions isomorphously substituted in the lattice (usually

indicated as [Fe]-ZSM-5) have been shown to be active catalysts for important reactions

such as the aromatisation of ethane and the oxidative dehydrogenation of propane and

«-butane (44-50). The production of phenol from benzene (Monsanto process),

however, is the most important process in which [Fe]-ZSM-5 is currently being tested in

pilot plants for a prospective industrial application. As of today, the industrial

production of phenol from benzene is based on a three-stage process via cumene

intermediate (Hock process). Using [Fe]-ZSM-5 (activated with N2O), phenol can be

obtained through a one-step oxidation of benzene. Notably, the same catalyst exhibits

also high activity for the oxidation of methane to methanol at ambient temperature, thus

representing a worthwhile alternative to the current industrial process, which uses

synthesis gas (CO/H2) as feedstock and harsher reaction conditions (T = 260°C; p = 50-

100 bar).
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In [Fe]-ZSM-5, iron is incorporated in the lattice of ZSM-5 during synthesis (31). The

active form of the catalyst is obtained upon thermal treatment at elevated temperature (>

500 °C) of the as synthesised zeolite, during which the majority of the iron is extracted

from the framework. This catalyst possesses very outstanding properties, its catalytic

performance closely resembling that of the methane monooxygenase (MMO) enzyme

(51). Like [Fe]-ZSM-5, this enzyme catalyses the one-step partial oxidation of methane

to methanol at ambient temperature. Mechanistic investigations of the above reactions

together with characterisation studies of the catalyst have shown that the iron species of

[Fe]-ZSM-5 possess the capability of activating N2O (but not O2) at a relatively low

temperature (300°C). During the activation, the oxygen atoms of N2O are coordinated

on the iron species forming a particularly type of active oxygen («-oxygen) (48, 52).

The or-oxygen reacts with benzene and methane at ambient temperature yielding phenol

and methanol, respectively, the rate determining step of both reactions being the

cleavage of a C—H bond. Although the precise nature of the iron species involved in

these reactions is still unclear, the striking similarities between the chemical and

catalytic behaviour of [Fe]-ZSM-5 and its biological counterpart suggest that the

structure of the active species may be the same type of binuclear diiron complex

observed in MMO (47, 53).

Another interesting application of [Fe]-ZSM-5 that is receiving growing attention is the

wet oxidation of phenol by H2O2 (54). This reaction is emerging in the context of the

clean-up technologies as an attractive alternative to currently used wet air oxidation and

ozonation reactions for the removal of phenol and other organic material from

wastewater streams of the chemical industry. The search for the optimal reaction

conditions is still a challenging task in this research field, as a strong dependence of the

catalyst efficiency on the pH of the wastewater has been observed. In a too basic

environment [Fe]-ZSM-5 is not sufficiently active, whereas at a too low pH degradation

of the catalyst due to the leaching of iron from the zeolite framework occurs. Notably,

more recently this reaction has successfully been attempted using Fe-exchanged ZSM-5

zeolite prepared using the CVD method (55).
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Fe-exchanged zeolites

Owing to the complexity and relatively high costs of the synthesis of isomorphously-

substituted metal-zeolites, intensive efforts are devoted to the development of catalysts

based on metal-exchanged zeolites. Particularly in the field of environmental catalysis,

ZSM-5 exchanged with Fe ions has recently attracted great attention owing to its

promising properties in the catalytic reduction of nitrogen oxides. Both the catalytic

decomposition of N20 and the selective catalytic reduction (SCR) of NO and N2O with

hydrocarbons or ammonia have been addressed.

The reduction ofnitrous oxide (N2O)

As in the case of [Fe]-ZSM-5 described in the previous section, Fe-exchanged ZSM-5

catalyses the direct decomposition of nitrous oxide (56-58). Yamada et al. showed

remarkable conversions of N2O to N2 in the presence of H2O and O2 over Fe/ZSM-5 but

even higher over Cu/ZSM-5 (56). However, when propene was added to the feed (SCR

of N2O) a marked increase of the activity was observed for Fe/ZSM-5, whereas

Cu/ZSM-5 was strongly deactivated. The activity of their catalyst, which was prepared

by aqueous ion exchange using a FeSÛ4 solution, was dependent on the iron content

and the calcination temperature. The authors suggested that the reaction occurs mainly

on Lewis acid sites (e.g. iron ions), as the Bransted acid sites were completely depleted

during calcination.

The direct N2O decomposition as well as the simultaneous SCR of N2O and NO over

Fe/ZSM-5 prepared by SSIE in the presence of air was investigated by Turek and co¬

workers (57, 59). A variety of hydrocarbons were tested as reducing agents and propane

was concluded to be the most efficient one. The effect of the iron concentration was

also addressed. Samples containing different amounts of iron were tested for this

reaction and characterised by X-ray diffractometry. It was observed that for ratios of

Fe/Al > 0.5 iron aggregated into relatively large hematite clusters (a-Fe203), which

were demonstrated to be inactive for the SCR reaction.

Recently, Sachtler and co-workers employed Fe/ZSM-5 prepared by CVD of FeCl3 for

the catalytic decomposition of N20 (58). The zeolite was shown to activate N2O under

mild conditions (320°C, 5 mbar), whereas the activation of O2 was much more difficult

even at elevated temperature and high pressure (500°C, 1 atm). The characterisation of
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the catalyst carried out using FTIR, ESR and CO/H2 TPR techniques revealed that

different types of iron species were present, depending on the iron concentration. The

authors proposed binuclear [HO—Fe—0—Fe—OH]2+ complexes as the active species

for this reaction, at least in the most concentrated zeolite. As regards the mechanism,

the hypothesis was advanced that upon adsorption on the catalyst N2O abstracts the

bridging oxygen atom of the binuclear moiety to form [HO—Fe—NO]+ species. After

desorption, the NO molecules react with another bridging oxygen atom and form NO2.

The bridging oxygen is subsequently restored by the gas-phase decomposition of N2O

to N2 and O, occurring at a sufficiently high temperature. Other species such as

[Fe(OH)2]+, [FeO]+ and Fe203 clusters were identified, the relative concentrations of

which were dependent on the Fe/Al ratio. For the lowest concentrations (Fe/Al < 0.55)

only isolated [Fe(OH)2]+ complexes located at ion exchange positions were found.

Centi and Vazzana used Fe/ZSM-5 for the SCR of N2O with propane in the presence of

O2, H2O and SO2 (60). The activity of their catalyst prepared by CVD of FeCl3 was

compared to that of a second Fe/ZSM-5 prepared by aqueous ion exchange. The latter

catalyst showed poor performance, which was attributed to prevailing formation of

large iron oxide clusters. These species were absent on the catalyst prepared by CVD.

Kameoka et al. showed for the same reaction that an Fe/ZSM-5 catalyst, also prepared

by aqueous ion exchange with FeSÛ4, was remarkably active (61).

Mauvezin et al. investigated the SCR of N2O using ammonia as reducing agent over

different types of iron zeolites (62). Although in all zeolites, which were prepared by

aqueous ion exchange with FeS04, low levels of iron exchange were achieved these

catalysts showed high activity also in the presence of O2 in the feed. Fe-BEA yielded

the most active zeolite. Subsequent characterisation studies of the latter catalysts

(Mössbauer spectroscopy, TPR, TPO and TPD experiments) provided evidence that the

reaction involves a Fe(III)/Fe(II) redox cycle, in which the active Fe(III) species are

iron oxo-cations of low nuclearity (63, 64).

The reduction ofnitric oxide (NO)

The SCR of nitric oxide with hydrocarbons over Fe/ZSM-5 can be considered the latest

breakthrough in the field of environmental catalysis. In 1997 Feng and Hall (25)

reported that ZSM-5 zeolite with a high degree of iron exchange possess exceptional
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properties in the reduction of NO with /-butane. Besides having higher activity

compared to all the other metal-containing zeolites previously investigated, it is its

resistance towards the presence of H20 and SO2 in a simulated exhaust stream that

makes this catalyst stand out among all the other zeolite-based catalyst systems. The

absence of Brensted acid sites and the presence of a high concentration of iron ions in a

divalent state were regarded as the key factors of such extraordinary catalytic

properties. Based on the characterisation results from NMR, BET and microbalance

measurements these authors suggested that the active species were [Fe(OH)] ions

located at the charge-balancing sites ofthe zeolite (25).

The discovery of the outstanding SCR properties of this catalyst was delayed mainly

because of the already discussed difficulties to obtain high degrees of iron exchange in

aqueous solution. To achieve this goal, Feng and Hall prepared Fe/ZSM-5 using a

saturated aqueous solution of ferrous oxalate under exclusion of air. The use of a special

device allowed carrying out the exchange avoiding the precipitation of solid particles

from the solution onto the zeolite surface. In this way, the blocking of the pores was

prevented and an almost fully exchanged Fe/ZSM-5 was obtained (also referred to as

overexchanged1 Fe/ZSM-5). This novel ion exchange procedure, however, was not fully

reproducible (65-67). Because of the promising catalytic properties reported for this

zeolite, part of the study presented in this thesis is devoted to the factors affecting the

reproducibility of the ferrous oxalate preparation (Chapter 3) and the development of

alternative aqueous ion exchange procedures (Chapter 4).

The CVD of FeCl3 proposed by Chen and Sachtler turned out to be a valuable

alternative to the ferrous oxalate method to prepare overexchanged Fe/ZSM-5 (66).

Although their catalyst exhibited a somewhat lower activity for the SCR of NOx with

z'-butane than the original catalyst of Feng and Hall, it was still highly active also in the

The term overexchanged zeolite refers to a zeolite in which the concentration of extraframework cations

is higher than its theoretical ion exchange capacity (IEC). The concentration of these cations is dictated

by the total negative charge of the zeolite lattice and therefore corresponds to the number of Al atoms in

framework positions. For zeolites loaded with mono-, di- and trivalent metal ions the maximum

concentrations allowed are therefore mVaI = 1, Mn/Al = 0.5 and Mm/Al = 0.3, respectively. However, if

multivalent ions are introduced as cationic complexes (e.g. [MIU(OH)]2+or [Min(OH)2]+), M/Al exchange

ratios higher than the theoretical ones will be achieved (overexchange).
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presence of water vapour in the feed. The same research group reported that the

measured activity was dependent on the nature of the hydrocarbon (e.g. C3H8, /-C4H10

and H-C4H10) used as reducing agent. In all cases, however, it was suggested that the

reaction mechanism is based on the interaction of the hydrocarbon with adsorbed

nitrito- and/or nitro-species with the ensuing formation of N-containing deposits, which

are able to react with NO2 species to yield N2 (68).

The application of the CVD procedure was extended to other types of zeolites. In all

cases complete exchange of the protons originally present by iron ions was observed

(19). Bronsted acidity, however, was partially recovered during the subsequent

treatment of the preparation (i.e. washing of the zeolite and calcination) but the catalyst

still exhibited high activity in the SCR reaction in the presence of water vapour.

Interestingly, the same authors reported that the neutralisation of the Bronsted acid sites

by Ce3+ and La3+ ions resulted in the promotion of the catalytic activity of Fe/ZSM-5 for

this reaction (69). The neutralisation of the residual Bransted sites was also attempted

by Lee and Rhee through a second sublimation of FeCl3 (70). Although this treatment

resulted in a slight decrease of the SCR activity, an improvement of the thermal stability

of the catalyst was observed.

As already mentioned above for the N2O decomposition, a variety of iron species were

proposed to exist on Fe/ZSM-5 prepared by CVD. Binuclear [HO—Fe—O—Fe—

OH]2+ complexes, isolated [Fe(OH)2]+ and [FeO]+, and Fe2Û3 clusters were identified

(58, 71), the concentrations of which were related to the total iron content of the zeolite.

The dependence of the state of iron on the Fe/Al ratio is in agreement with the findings

of other research groups (67, 72, 73). Kucherov and Shelef detected only isolated iron

species for ratios Fe/Al < 0.6, while above this level the excess iron was in an

aggregated ESR-invisible form and bulk a-Fe203 (73). In a previous report, Kucherov

et al. had shown that Fe/ZSM-5 prepared by CVD was also active for the catalytic

oxidation of ethane under excess oxygen (67) and, based on ESR results, they suggested

tetrahedrally coordinated Fe3+ ions as the active species. Moreover, these ions were

shown not to coordinate water molecules above 200°C, in agreement with the absence

of activity loss when water is present in a simulated exhaust feed (25). It was also

observed that a reductive treatment led to the irreversible formation of agglomerated

ferromagnetic clusters, in contrast with the results of El-Malki et al. (71).
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The dependence of the state of iron on the ion exchange level was also investigated by

Lobree et al. (72). Iron was found as Fe3+ (e.g. [Fe(OH)]+2) for ratios of Fe/Al < 0.19,

whereas above this level it was converted into Fe2+ (e.g. [Fe(OH)]+) ions via

autoreduction of the [Fe(OH)]+2 species. The presence of small iron oxide particles was

also claimed.

A detailed characterisation of Fe/ZSM-5 zeolites prepared by different ion exchange

methods (i.e. conventional aqueous ion exchange, solid-state ion exchange, and ion

exchange in methanolic solution) was carried out using EXAFS spectroscopy by Joyner

and Stockenhuber (74). They showed that different Fe species are formed depending on

the type of exchange and pre-treatment of the catalysts. It was concluded that Fe was

stabilised in the zeolite pores in different forms spanning from isolated metal ions to

large oxide clusters and oxygen-containing nanoclusters. These latter species, which

were particularly stable under reductive conditions (H2, 800°C), were concluded to have

an average composition of Fe4Û4 and a structure similar to those of ferredoxin (Fe3S4)

or high-potential iron protein (HIPIP).

Finally, it is worth mentioning that Fe/ZSM-5 was recently investigated for the SCR of

NO by ammonia (75-77) as well as for the selective catalytic oxidation of ammonia to

nitrogen (78). In the work by Ma and Griinert (75), the iron zeolite was prepared using

the CVD of FeCl3 in vacuo followed by calcination in air without any intermediate

hydrolysis step. The presence of water in the feed promoted the activity of the catalyst,

while SO2 was a weak poison at low and a promoter at high temperatures. Although this

catalyst exhibited 100 % conversion ofNH3 to N2, its activity for the SCR with /-butane

was much lower than that reported in the original work by Feng and Hall (25), thus

suggesting that different sites might be active for the two reactions. Also Long and

Yang (77) studied the SCR of NO with NH3, comparing activities of different iron

zeolite systems. Fe/ZSM-5 with a low degree of iron exchange (Fe/Al = 0.2) was the

most active catalyst, being five-to-seven times more active than commercial vanadia

catalyst in the temperature range 400°C—450°C. In a subsequent characterisation

study, the same authors claimed that the active species were isolated Fe3+ ions in

tetrahedral coordination, which were capable of oxidising NO to NO2 (79). They also

suggested that an important role in this reaction was played by ammonium NH4+ ions

formed upon interaction of NH3 with the surface Bronsted hydroxyls. The highest
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activities were observed for iron concentrations in the range 0.19 < Fe/Al < 0.43,

whereas higher exchange levels resulted in the suppression of Bronsted acidity which is

necessary to activate the ammonia molecules.

Scope of the thesis

From this concise review of the most relevant studies present in the literature about iron

zeolites and in particular Fe/ZSM-5, it is apparent that a detailed picture of the structure

of the iron species is still to come. It is clear, however, that a number of factors strongly

influences the nature of the iron species. The type of ion exchange method, the Si/Al

ratio of the zeolite and the type of post-exchange treatments they undergo are

undoubtedly the most important ones. To shed light on this issue, a systematic

investigation of the iron-exchanged zeolites is therefore necessary.

The goal of this thesis is a comprehensive characterisation of the physico-chemical

properties of Fe/ZSM-5 catalyst. Particular attention is focussed on the identification of

the molecular structure of the iron species. A detailed knowledge of the structure of this

catalyst is expected to provide valuable information that may help elucidate the

structure-reactivity relationship of SCR of nitrogen oxides over Fe/ZSM-5. Owing to

the relative complexity of the various preparation methods available, close attention is

also paid to the key parameters of the synthesis procedures. This task is pursued by

monitoring the introduction of the iron species on the parent zeolites and the subsequent

chemical transformation they undergo during each step of the preparation. Hopefully,

the insight gained from this approach will open new routes for improved catalyst

formulations.
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2

Experimental methods

ABSTRACT

The catalytic properties of a heterogeneous catalyst are determined by its composition

and structure on the atomic scale. In order to develop improved formulations of

catalysts, it is imperative to understand the relationships existing between the catalytic

properties and the structure of the active species. In this study, several experimental

techniques were employed to investigate in a comprehensive way the Fe-exchanged

zeolite-based catalysts at issue. In this chapter, a brief description of the techniques used

and their basic principles is presented.
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2.1 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy is based on the capability of an atom to absorb very

specific wavelengths of light (1). If the light has a suitable energy, the atom will absorb

it, a valence electron will be promoted, and the electronic configuration of the atom will

be excited. The amount of light that is absorbed is proportional to the number of atoms

in the light path. Thus, by measuring the amount of light absorbed, a quantitative

determination of the amount of analyte element present can be made. The element in

question must be in the atomic form, which means in the gas phase. This is

accomplished by supplying enough thermal energy to the sample to dissociate the

chemical compounds into free atoms. For this purpose, a solution of the sample is

aspirated into a flame aligned in the light beam. Under proper flame conditions, most of

the atoms will remain in the ground state and absorb the light emitted by a source lamp

at a specific wavelength.

Generally, two flame types are used: the air-acetylene and the nitrous oxide-acetylene

flames. The former allows to reach temperatures as high as 2250°C and is sufficient to

obtain atomization of most elements. The latter provides higher temperatures (2700°C)

and is used for the determination of those elements which are usually present in very

stable forms (e.g. Si and Al oxides).

The amount of light absorbed is determined by comparing the intensity of the incident

beam (/#) with that of the transmitted one (7). The transmittance (J) is defined as the

ratio T = 11 Iq. The quantity termed absorbance (A) is the most convenient term for

characterising light absorption in absorption spectrophotometry, as it follows a linear

relationship with concentration (Beer's law):

A = \og(III0) = el-c (2.1)

where s is the absorption coefficient, which is characteristic of the absorbing species; /

is the length of the light path and c is the concentration of the absorbing species. Beer's

law, however, is not observed for any given concentration of the analyte. As the

concentration and absorbance increase, non-ideal behaviour in the absorption process
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can cause a deviation from linearity. The concentration range in which Beer's law is

valid is termed range oflinearity.

Preparation of the samples

The zeolite (ca. 350 mg) was dissolved in 40 % hydrofluoric acid (2.5 ml). 25 %

sulphuric acid (12.5 ml) was then added to complete the dissolution and to prevent the

precipitation of hydroxide species. In order to avoid interferences due to fluorine, the

excess of hydrofluoric acid was neutralised using 2.5 % boric acid solution (20 ml),

which reacts with the fluoride anions to the tetrafluoroborate [BF4]~ complex. For the

analysis of elements such as Al and Na, 2000 ppm of potassium (KCl solution), which

acts as an ionisation suppressant, was also added. Finally, distilled water was added to a

final volume of 50 ml. For the quantitative determination of Al, the method of standard

addition was used. This was necessary to account for the matrix interference due to the

presence of Si species, which form a refractory complex with the Al atoms (2).

As in some cases the amount of sample available for the elemental analysis was small,

an alternative preparation of the samples was used. This preparation, however, is

equivalent to that described above. Typically, ca. 20 mg of zeolite were dissolved using

0.15 g of hydrofluoric acid (40 %) followed by the addition of 1.4 g of sulphuric acid

(25 %). 1.1 g of boric acid was then added to neutralise the excess of hydrofluoric acid.

Where necessary, 2000 ppm of the ionisation suppressant was also used. Finally, the

sample was diluted with distilled water up to the final weight of 20 g.

The AAS technique was used to determine the composition of all the zeolites

investigated in this study. In particular, the quantitative determination of Fe, Na, Si and

Al was of interest. All the analyses were performed on a Varian SpectrAA-10

instrument. The experimental conditions used for the quantitative determination of each

element are compiled in Table 2.1.
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Table 2.1 - Experimental conditions for AAS measurements

Element Concentration Ionisation Flame Wavelength Calibration

range1 (ppm) suppressant (ppm) (nm) mode

Fe 0.1-10 - Air-acetylene 248.3 External std.

Na 0.2-1.0 2000 Air-acetylene 589.0 External std.

AI 5-15 2000 N20-acetylene 309.3 Std. addition

Si 100-200 - N20-acetylene 251.6 External std.

1

Range of concentration where Beer's law is respected

2.2 Infrared (IR) spectroscopy

Infrared spectroscopy is one of the most widely used techniques for the characterisation

of solid materials (3, 4). The most common application of IR spectroscopy in catalysis

is to identify adsorbed species and to study the way in which these species are

chemisorbed on the surface of a catalyst.

Vibrations in molecules or in solid lattices are excited by the absorption of photons. In

order to absorb infrared radiation, a molecule must undergo a net change in dipole

moment as a consequence of its vibrational or rotational motion. Under these

circumstances, the alternating electrical field of the radiation interacts with the molecule

and causes changes in the amplitude of one of its motions. The absorption corresponds

to the transition between two vibrational energy levels and gives rise to the observed IR

spectra.

In the study of zeolitic materials, IR spectroscopy is particularly useful for the

identification of surface acidic groups such as Bransted and silanol hydroxyls (5).

However, surface sites which do not absorb the infrared radiation in the typical range of

frequencies explored (middle-IR: 4000-200 cm"1), can be also investigated through the

use of probe molecules such as CO, NO and NH3. In the gas phase, namely in the

absence of inter-molecular interactions, these molecules exhibit characteristic IR

absorptions. The changes, in both the frequencies and intensities, which these probes

undergo upon interacting with the surface of the zeolite give information on the number

and nature of the adsorption sites. For example, through the adsorption of probe

molecules at different temperatures, it is possible to investigate the nature and the

location of the extraframework species in zeolite pores (6).
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In the present study, IR spectroscopy was mainly used to assess the effectiveness of the

various ion-exchange methods investigated. When Bronsted hydroxyls (i.e. protons

located at the ion-exchange positions of the zeolite) are present, the IR spectrum of the

ZSM-5 zeolite exhibits a characteristic absorption band at 3610 cm"1 (6). The intensity

of this band is proportional to the concentration of Bronsted hydroxyls. Upon

exchanging the protons for other cationic species (e.g. Fe ions), the intensity of the 3610

cm"1 band decreases and, in the case of fully exchanged zeolites, the band completely

disappears. Therefore, the intensity of the 3610 cm"1 band can be considered an indirect

measure of the degree of ion exchange achieved. Besides the Bronsted hydroxyls, there

are other types of hydroxyl groups that are usually observed on zeolitic materials.

Typically, these are the terminal silanols (3745 cm"1), the OH groups at lattice defects

(3730 cm"1) and those associated with the extraframework aluminium species (3660

cm"1) (6).

Preparation of the sample

Samples for the IR analysis were prepared by pressing the zeolite powder in the form of

a self-supported wafer of ca. 5-10 mg/cm2. The wafers were introduced into an IR cell

equipped with KBr windows. The design of the cell allowed to carry out thermal

treatment under vacuum, at temperatures as high as 500°C. In order to guarantee an

efficient heat transfer, the wafers were placed in a gold support in contact with the

heating elements of the cell. Spectra were recorded at ambient temperature on a Mattson

Galaxy 6020 spectrometer equipped with deuterium triglycine sulphate (DTGS) and

mercury cadmium telluride (MCT) detectors, at a resolution of 2 cm"
.

2.3 UV-Vis spectroscopy

Absorption spectra recorded in the visible and near-UV regions are routinely used to

obtain information on the electronic structure of homogeneous or heterogeneous

catalysts (7).

In general, the absorption of ultraviolet or visible radiation results from the transitions

between the electronic states of the atoms, ions, complexes, or molecules (organic and

inorganic). The electrons involved in these transitions are the valence electrons. The
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electrons of the inner shells, instead, are more strongly bonded and therefore require

higher energies to modify their configuration.

Transmission and diffuse reflectance spectroscopy

The spectra of homogeneous solutions are recorded by detecting the transmitted light at

each radiation frequency (transmission spectroscopy). In the case of solid catalysts or

turbid solutions, most of the light is reflected and not transmitted. For the investigation

of such materials the so-called diffuse reflectance spectroscopy is therefore used. In this

technique, the light reflected by the sample is collected by an integrating sphere, coated

with a highly reflecting layer on the inside (e.g. MgO or BaSC^), and then conveyed to

the detector.

The reflectance or reflecting power is given by R = I/Iq, where / and Iq are the

intensities of the incident and reflected light, respectively. For a non-transparent thick

layer, R is called i?œ. As the reflectance of a specimen is usually compared with that of a

reference compound, the relative quantity R 'œ = i?00(sample)//î00(reference) is defined.

The quantity log(l/i?'oo) is termed apparent absorbance. Unlike the case of transmitted

light, the apparent absorbance is not strictly proportional to the concentration of the

absorbing species. However, a relationship between the reflectance and the absorption

of the sample, which takes into account various parameters such as absorption

coefficients, wavelength, particle size and depth of penetration of light in the sample, has

been established.

The measurable reflectance R '«, is used to calculate the Kubelka-Munk F(R 'œ) function

defined as the ratio of the absorption (K) and reflection (S) coefficients (8):

Nature of the transitions

The electronic transitions observed in organic and inorganic compounds are classified

into several groups, according to the type of orbitals involved in the electron transitions.
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Three different types of transitions are generally distinguished: d-d transitions, charge-

transfer transitions, n-n* and n-n* transitions (1).

The d-d transitions are observed in transition-metal complexes containing metal ions

with occupied 3d, Ad or 5d orbitals. In the free metal ion the five d orbitals are

degenerate, they have the same energy. In a complex, the electrostatic field associated

with the ligands relieves this degeneracy and the five d orbitals have different energies

according to the symmetry of the complex and the nature of the ligands. The incident

radiation causes the transition of an electron from a d orbital to another d orbital, as

long as the d level is not fully occupied. The energy ofthis transition is a function ofthe

symmetry of the complex, the valency of the metal ion, the nature of the ligand

(strength of the electrostatic field created by the ligand, electron accepting or donating

properties). These transitions are mostly found in the visible range of frequencies and

sometimes also in the UV range.

In a charge-transfer transition, an electron is transferred from an occupied orbital

localized on a donor to an unoccupied orbital localised on an acceptor. Therefore, it

depends on the acceptor and donor properties of the ligands. Two types of charge-

transfer transitions are observed: transfer of an electron from an orbital mainly localised

on the metal ion to an orbital mainly localised on the ligand (metal-to-ligand, i.e.

M—>-L); transfer in the opposite direction, namely from the ligand to the metal (i.e.

L—»M). For inorganic complexes, such transitions usually occur at higher energies than

the d-d transitions, mainly in the UV region.

The n-n* and n-n* transitions involve jumps of n- or «-electrons between molecular

orbitals of organic molecules. The former is the transition of an electron from a bonding

;r orbital to an antibonding n* orbital; the latter is the transition of an electron from a

non-bonding n orbital to an antibonding n* orbital. These transitions generally occur in

the UV range. Other transitions, such as n-a* and o-o* transitions, are observed in the

far UV. For carbocations or unsaturated radicals the particular distribution of the

^electrons gives strong absorptions in the near UV and visible ranges.

In this study, UV-Vis spectroscopy was used to investigate the coordination and the

oxidation states of the Fe ions exchanged in Fe/ZSM-5 zeolite. Spectra of the samples

were measured at ambient temperature on a Perkin-Elmer Lambda 16 spectrometer

equipped with a 76-mm integration sphere. BaSC>4 was used as a reference.
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2.4 X-ray techniques: X-ray diffractometry and EXAFS

spectroscopy

X-ray diffraction is one of the oldest and most frequently applied techniques in catalyst

characterisation (9). It is used to identify crystalline phases inside catalysts by means of

lattice structural parameters, and to obtain an indication of the particle size. As this

technique depends on the constructive interference of radiation that is scattered by

relatively large parts of the sample, it is necessary that the structure of the materials

investigated exhibits a long-range order.

Extended X-ray absorption fine structure (EXAFS) is due to the interference of electron

waves between atoms. It gives local structure information that is limited to a few

interatomic distances. This information concerns the distance and the number of nearest

and next neighbour atoms in the catalyst (3).

X-ray diffractometry

X-rays have wavelengths in the Angstrom range. They are sufficiently energetic to

penetrate solids and are suitable to probe their internal structure.

The elastic scattering of X-ray photons by atoms in a periodic lattice is the physical

phenomenon on which X-ray diffractometry is based. The scattered monochromatic X-

rays that are in phase give constructive interference. From the measured diffraction

patterns it is possible to derive the lattice spacings by using the Bragg relation:

nA = 2d sin© ; n=l,2,... (2.3)

where A, is the wavelength of the X-rays, d is the distance between two lattice planes, 0

is the angle between the incoming X-rays and the reflecting lattice plane and n is the

integer called order of the reflection. If one measures the angles 20 under which

constructively interfering X-rays leave the crystal, the Bragg relation gives the

corresponding lattice spacings, which are characteristic for a certain compound (Fig.

2.1).

the XRD patterns of the Fe-loaded zeolites with those of pure iron oxides, it was

possible to check the presence of iron species in form of an oxidic phase. Since the
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Figure 2.1 - Diffraction of X-rays by a crystal

X-ray diffraction phenomenon requires a long-range order of the structure of the

substance investigated, the clear detection of a phase is a function of its particle size.

Taking into consideration additional technical parameters (e.g. X-ray source, range of

measured 20 angles), it can be estimated that only phases with particle size larger than

5 nm can be unambigously identified.

The diffraction patterns of the zeolites investigated in this study were measured in the

range 5° < 20 < 60° on a Siemens D5000 diffractometer using Cu Ka radiation at a step

size of 0.02°.

EXAFS spectroscopy

The EXAFS technique is based on the absorption of X-rays and the creation of

photoelectrons which are scattered by nearby atoms in a lattice (3). Interference effects are

visible in the X-ray absorption spectrum and give detailed information on the distance,

number and type ofneighbours of the absorbing atom.

When the energy E^ of a X-ray photon is larger than the threshold energy Eo of the

electron, the electron (photoelectrori) is ejected from the absorbing atom with a kinetic

energy E^ = hv-Eo, where h is Planck's constant and v the X-ray frequency. For a free

atom, the X-ray absorption spectrum (linear absorption coefficient (//) vs. photon

energy (h v)) shows an edge corresponding to the binding energy of the electron present

in the atom, but contains no further structure (Fig. 2.2).



30 Chapter 2

If the atom is surrounded by neighbouring atoms, afine structure anses in the spectrum

Because of its wave character, the outgoing and backscattered electron waves interfere

Depending on the wavelength of the electron, the distance between emitting and

scattering atom as well as the shift in phase caused by the scattering event, the two

waves enhance or destroy each other.

As a result, an oscillation m the absorption coefficient is observed in the X-ray

absorption spectrum, which extends to several hundred eV above the absorption edge Eq

(Fig 2 3) The amplitude of the oscillations, or EXAFS function x, can De extracted

from the experimental spectrum Usually, the EXAFS function x(k) is expressed as a

hv

Figure 2.2 - Absorption of X-rays by a free atom no fine structure is observed in the

absorption spectrum

hv
O^

hv

Figure 2.3 - Absorption of X-rays by atoms in a lattice a fine structure is observed in the

absorption spectrum due to the interference of the outgoing and backscattered electrons
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function of wavenumber k rather than of energy, where k is related to the kinetic energy

of the photoelectron by the equation:

k = ^pmeEk =?ffim.(hv-E0) (2.4)
n n

in which h is Planck's constant, me is the mass of an electron, E^ is the kinetic energy of

the photoelectron, v is the X-ray frequency and Eq is the binding energy of the

photoemitted electron.

In a monoatomic solid, the EXAFS function is the sum of the scattering contributions of

all atoms in neighbouring coordination shells:

Z(k) = JJAJ (*) sin(2*r, + O, (*)) (2.5)

in whichj is the label of the coordination shell around the electron-emitting atom, Aj(k)
th

is the scattering intensity (amplitude) due to they coordination shell, rj is the distance

between the central atom and atoms in the j shell and &(k) is the sum of the phase

shifts of the absorbing atom and of the backscattering atom. The amplitude Aj(k) of each

scattering contribution contains the number of neighbours in a coordination shell:

-2r;//l(t)

4(*) = NJ L.—-S0\k)F](ky^a'1 (2.6)
krj

th
where Nj is the coordination number of atoms in the j shell, So is the correction for

th
relaxation effects in the emitting atom, Fj is the backscattering factor of atoms in they

shell, Â is the inelastic mean free path of the electron and a is the mean-squared

displacement of atoms in the sample. Equations (2.5) and (2.6) show that the local

structure around the absorbing atom is described by two parameters: the interatomic

distance ry and the coordination number Nj. By Fourier transforming %(k), these

structural parameters can be extracted in form of a radial distribution function:

°"(r) =i lk"z(k)e2érdk (2 ?)
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A straightforward Fourier transform of the EXAFS function, however, does not yield

the true radial distribution function. First, the phase shift causes each coordination shell

to peak at the incorrect distance; second, due to the element specific backscattering

amplitude, the intensity may not be correct. Appropriate corrections can be made when

phase shift and amplitude functions are derived from reference samples or from

theoretical calculations.

The EXAFS spectra of the Fe-exchanged zeolites that are reported in this thesis, were

measured at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France)

on the Swiss-Norwegian Beam Line (SNBL). The electron energy and ring current were

6 GeV and 130-200 mA, respectively. At SNBL the incident X rays are monochromated

by a Si (111) channel-cut monochromator and harmonics are rejected by a gold-coated

mirror. Fe Â"-edge spectra were recorded in transmission mode at liquid nitrogen

temperature.

2.5 Nuclear magnetic resonance (NMR) spectroscopy

In heterogeneous catalysis, NMR spectroscopy is mainly used for the characterisation of

the chemical and structural environment of atoms in a catalyst or in species adsorbed on

a catalyst surface (10).

The principle ofNMR spectroscopy is that the transition between magnetic spin energy

levels of certain atomic nuclei can be induced in a magnetic field. In general, the most

relevant information obtained from a NMR spectrum concerns the coordination of the

nuclei investigated and the number of neighbouring equivalent nuclei.

Fundamentals of NMR spectroscopy

Atomic nuclei which contain an odd number of protons and/or neutrons possess a

nuclear spin 1^0 and consequently a magnetic moment ju
=

yhi, where y, the

gyromagnetic ratio, is a specific constant for each type of nucleus. When placed in an

external magnetic field Bo, the Zeeman interaction relieves the degeneracy of the energy

levels, thus resulting in quantized orientations of the nuclear magnetic moments. The

nucleus can adopt 2/+1 different magnetic orientations with energies E(m) = -myhBo,

where m = I, 7-1,...,-/. Transitions between neighbouring energy states (Am = ± 1) can
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be induced by electromagnetic radiation of energy E
= hv, i.e. of frequencies given by

the Larmor equation vo
= yBo/2n. The Larmor frequencies are in the radiofrequency

region (1-600 MHz).

In condensed matter each nucleus is exposed to specific interactions with other nuclei

and the electric fields of the surrounding electrons. The total local magnetic field Bioc

experienced by the nucleus is the sum of the external field Bo and internal components

Bint. The latter term contains the chemical and structure information, which can be

derived by measuring the resonance frequency v given by v= yBioc/27t.

There are several sophisticated methods to determine the energy separation between

nuclear spin states. The most applied one uses a radiofrequency pulse to excite

simultaneously all nuclei of one species in the sample (pulsedNMR spectroscopy). With

this method, instead of irradiating a sample with a radiation at a fixed frequency, a

radiofrequency generator which is switched on for a short time rp {pulse width, 1-10

//s), is used. In this way, a pulse, which contains not just the frequency v but a

continuous band of frequencies symmetrical about the central frequency v, is produced.

The choice of the generator frequency v is determined by Bo and the nuclei to be

observed. With this method an interferogram or free induction decay curve (FID) in the

time domain is obtained. Fourier transformation of the FID yields the NMR spectrum in

the frequency domain, consisting of signals for the various resonance frequencies of the

inequivalent nuclei in the sample.

Magic angle spinning NMR (MAS-NMR)

The application ofNMR to solids is affected by some difficulties. In particular, the low

resolution of the spectra obtained for solid samples makes the interpretation of the

results very difficult.

In solids, the random motion characteristic of liquids is strongly constrained. Therefore,

in a solid the nuclear spin interactions are anisotropic (they depend on the orientation of

the crystal) and not averaged, thus causing a large line broadening. One of the

techniques available to reduce the linewidth in the spectra of solid samples is known as

magic angle spinning (MAS). This technique makes use of the fact that the two

principal contributions to the line broadening in solids, i.e. dipole-dipole interaction and
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chemical shift anisotropy, both depend on the term 3cos2# -1, where 0 is the angle

between Bq and the inter-nuclear vector connecting the two interacting nuclei. This term

is zero when 9 = 54°74' (magic angle). Thus, if a sample is spun at high speed and the

angle between the sample holder (rotor) and the external magnetic field corresponds to

the magic angle, the dipole-dipole interactions and the chemical shift anysotropy

average to zero.

In the characterisation of zeolitic materials 27A1 MAS NMR is customarily used to

investigate the coordination of the Al atoms. Depending on the coordination number of

the Al nuclei and the nature of the surrounding atoms, different types of Al species can

be identified on the basis of the observed chemical shifts. In the 27A1 MAS NMR

spectrum of zeolites, two main signals at about 55 and 0 ppm are generally detected.

The former corresponds to Al atoms in the Al(OSi)4 tetrahedral units of the zeolite

lattice, whereas the latter originates from the aluminum in octahedral A1Û6 groups (10).

A broad signal in the range 30-50 ppm is also often observed, the assignment of which

however is still under debate: some authors attributed this resonance line to penta-

coordinated Al atoms (11, 12), whereas others assigned it to tetrahedral extraframework

aluminium species (13).

The presence of paramagnetic species such as iron ions represents an additional

difficulty in the interpretation of the NMR spectra. As will be discussed in detail in

Chapter 5, paramagnetic impurities can affect the nuclear relaxation times of the

resonant nuclei (i.e. 27A1). This results in an apparent loss of intensity of the NMR

peaks due to line broadening. Such a limitation, however, can be exploited to gain

indirect information on the localisation of the paramagnetic species. In the case of

Fe/ZSM-5, for instance, the iron ions located at ion-exchange sites of the zeolite are in

close vicinity to lattice Al atoms. This causes a strong decrease of intensity of the

resonance line at 54 ppm (framework aluminum), the extent of which is dependent on

the number of iron ions present at the ion-exchange positions. By comparing the

integrated intensities of the 54 ppm signal observed on samples that were treated in

different ways, it was possible to study the effects of the various treatments on the

location of the iron ions in the zeolite pores.
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2.6 Thermal methods: thermogravimetry (TG), differential

thermal analysis (DTA) and differential scanning calorimetry

(DSC)

Thermal methods include all the techniques in which a physical property of a substance

and/or its reaction products is measured as a function of temperature while the

substance is subjected to a controlled temperature program (1). Of all thermal methods,

thermogravimetry, differential thermal analysis and differential scanning calorimetry

were employed in this work for the investigation of the Fe-exchanged zeolites.

Thermogravimetry

Thermogravimetry is a technique widely employed for the study of gas-solid systems.

In the chemistry of solids its principle application concerns the characterisation of phase

transformations (14).

Most physical, chemical and physico-chemical phenomena occurring on solids are

associated with variation of the mass of the substance investigated. Thus, in a

thermogravimetric analysis the mass of a sample in a controlled atmosphere is recorded

continuously as a function of temperature or time as the temperature of the sample is

increased (usually linearly with time). A plot of mass or mass percent as a function of

time is called a thermogram or thermal decomposition curve.

As will be shown in Chapter 3, TG analysis was used to ascertain the nature of the iron

species formed on Fe/ZSM-5 prepared by aqueous ion-exchange using a ferrous oxalate

solution. The weight losses recorded in the thermograms of the Fe-zeolites together

with the results of the elemental analysis, permitted the determination of the reactions

occurring upon heating the sample and the identification of the species produced.

Differential thermal analysis and differential scanning calorimetry

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

between a substance and a reference material is measured as a function of temperature

while the substance and the reference material are subjected to a controlled temperature

program. Usually, the temperature program involves heating the sample and the

reference material in such a way that the temperature of the sample Ts increases linearly
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with time. The difference in temperature AT between the sample temperature and the

reference temperature Tr (AT = Tr - Ts) is monitored and then plotted against sample

temperature (differential thermogram).

Positive and/or negative peaks observed in a differential thermogram of a given

substance are related to the occurrence of exothermic or endothermic processes,

respectively. When an exothermic process occurs, heat is evolved from the sample thus

causing its temperature to rise. In the case of an endothermic process, the reverse occurs

and a negative peak appears in the thermogram.

Physical processes typically encountered in the analysis of solids that are exothermic

are adsorption and crystallisation. Fusion, vaporisation, sublimation and desorption are

generally endothermic. Chemical reactions may also be endothermic or exothermic.

Endothermic reactions include dehydration, reduction in a gaseous atmosphere and

decomposition. Exothermic reactions include oxidation in air or oxygen and

polymerisation reactions.

Differential scanning calorimetry is a thermal technique in which differences in heat

flow into a substance and a reference are measured as a function of the temperature

while the substance and the reference undergo a controlled temperature program. Any

chemical or physical change in the sample at a particular temperature will manifest

itself as a change in the heat flow rate, leading to a peak in the DSC curve. From the

practical standpoint the distinction between DTA and DSC lies in the instrument signal:

in DTA differences in temperature between the sample and the reference are recorded;

in DSC the output signal is proportional to the differential heat, that is the thermal

power supplied to the sample and the reference in order to maintain the same

temperature. The DSC technique enables one to measure not only enthalpy changes, but

also the rates of reactions, thus providing information about kinetic parameters and

reaction mechanism.

DTA and DSC techniques turned out particularly useful for the identification of the Fe

species present on Fe/ZSM-5 prepared using the ferrous oxalate exchange method

(Chapter 3). From the comparison of the DTA/DSC pattern of the zeolite with those of

reference compounds (e.g. ferrous oxalate, iron oxides), it was possible to determine the

nature of the iron species present after the ion exchange and the subsequent thermal

treatments ofthe zeolite.
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2.7 Magnetic measurements: Superconducting QUantum

Interference Device (SQUID)

Among the metal elements of the periodic system that are relevant in catalysis, some

exhibit magnetic properties (i.e. Fe, Co, Ni, Ir,...) (3). Many catalysts that are used in

industrial processes are prepared using these elements (e.g. iron catalysts for Fischer-

Tropsch and ammonia synthesis, cobalt-molybdenum catalyst for hydrodesulfurisation).

The characterisation of the magnetic properties of such catalysts is therefore important

as it provides useful information on the structure of their active centres.

In this section, a review of the theory of magnetism is reported. The mechanisms of

magnetic coupling involved in molecular magnetism are also briefly described, as they

are relevant to the interpretation of the experimental results reported in Chapter 5.

Paramagnetism and diamagnetism

The magnetic properties of substances in bulk are determined by the electrical

properties of the subatomic particles, electrons and nucléons (15). The magnetic effects

originated by nucléons and nuclei are, however, negligible with respect to those due to

the electrons. Thus, the magnetic properties of substances can be regarded to originate

only from the properties of the electrons.

There are several forms of magnetism. A substance that is attracted into a magnetic field

with a force proportional to the field strength times the field gradient is called

paramagnetic. Paramagnetism is generally caused by the presence in the substance of

ions, atoms or molecules having unpaired electrons. Each of these unpaired electrons

has a definite paramagnetic moment that exists in the absence of any external magnetic

field. The paramagnetism that originates strictly from the uncoupled spins of electrons,

and from orbital angular momentum that may be associated with them, is temperature

dependent. In many systems, however, weak paramagnetism that is independent of

temperature can arise by coupling of the ground state of the systems with excited states

under the influence of the magnetic field {temperature-independentparamagnetism).

A substance that is repelled by a magnetic field is called diamagnetic. Diamagnetic

behaviour is due to small magnetic moments that are induced by the magnetic field but

do not exist in the absence of the field. Moments so induced are in opposition to the
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inducing field, thus causing repulsion. Since diamagnetism is usually several orders of

magnitude weaker than paramagnetism, substances with unpaired electrons almost

always have a net paramagnetism. An important feature of diamagnetism is that its

magnitude does not vary with temperature. This is because the moment induced

depends only on the sizes and shapes of the orbitals in the closed shells, and these are

not temperature-dependent.

Magnetic susceptibility

Chemically useful information is obtained by proper interpretation of measured values

of the magnetic moments. However, magnetic moments are not measured directly. It is

possible to calculate the magnetic moment of the paramagnetic ion or atom in a material

from the measured values of its magnetic susceptibility.

Magnetic susceptibility is defined as follows: if a substance is placed in a magnetic field

of magnitude H, the magnetic flux B within the substance is given by:

B = H+4xI (2.8)

where / is the intensity of magnetisation. The ratio B/H, termed the magnetic

permeability of the material, is given by:

B
, A (^

H \Hj
= \ + 4xK (2.9)

where K is the magnetic volume susceptibility. The permeability B/H is the ratio of the

density of lines of force within the substance to the density of such lines in the same

region in the absence of the specimen. Thus the susceptibility of a vacuum is by

definition zero, since in a vacuum B/H must be 1. The susceptibility of a diamagnetic

substance is negative because lines of force from induced dipoles cancel out some lines

of force due to the applied field. For a paramagnetic substance the flux is greater within

the substance than it would be in a vacuum; thus paramagnetic substances have positive

susceptibilities. However, as it is more convenient to discuss magnetic susceptibility on

a weight basis than on a volume basis, the molar susceptibility xM is defined
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considering the density and the molecular weight of the substance. The pioneering

studies of Pierre Curie showed that paramagnetic susceptibility depends inversely on

temperature according to the equation (2.10), known as Curie's law:

Xu=- (2.10)

where T represents the absolute temperature and C is a constant that is characteristic of

a substance {Curie constant).

The magnetic field in which the sample is placed tends to align the moments of the

paramagnetic atoms or ions; at the same time, thermal agitation tends to randomise the

orientation of these individual moments. Applying a straightforward statistical

treatment, one obtains the following equation showing how the molar susceptibility of a

substance containing independent atoms, ions or molecules, each of magnetic moment//

(expressed in Bohr magnetons), will vary with temperature:

z.-^r P.")

where N is Avogadro's number and k is the Boltzmann constant. Combining this

equation with that of the Curie's law and rearranging, the following formula is obtained:

M = 2.S4jz~f (2.12)

Thus, the magnetic moment of the ion, atom or molecule responsible for the

paramagnetism can be calculated from the measured molar susceptibility (the

experimental value has to be corrected for the diamagnetic and temperature-independent

paramagnetic contributions).

When a substance obeys Curie's law, a plot of %M as a function of \IT gives a straight

line of slope C that intersects the origin at 0 K. Curie's law is based on the assumption

that the magnetic dipoles in the various ions, atoms or molecules of a solid are

completely independent {magnetically diluted). This approximation, however, does not

hold for many substances. In materials containing interacting magnetic dipoles

{magnetically non-diluted), a plot ofZiuas a function of 1/7 gives a straight line of
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T(K)

Figure 2.4 - Example of deviations from the Curie law that may be fitted using the Curie-Weiss law

slope C, which intersects the T axis at a temperature either below or above 0 K (Fig. 2.4

lines a and b). A modified Curie equation can account for the observed deviations:

Xk
c

r-e
(2.13)

where #is the temperature at which the line cuts the Taxis.

Ferromagnetism and antiferromagnetism

In addition to paramagnetism, where the Curie or Curie-Weiss law is followed and the

susceptibility shows no dependence on field strength, there are other forms of

magnetism in which the dependence on both temperature and field strength is more

complicated.

The two most important forms are ferromagnetism and antiferromagnetism. The salient

phenomenological features of these two types of magnetism are illustrated in Fig. 2.5,

where the qualitative temperature-dependence of the susceptibility for simple

paramagnetism, ferromagnetism and antiferromagnetism are compared. In Fig. 2.5a, a

graph of the Curie's law is shown. In Fig. 2.5b, the susceptibility curve exhibits a

discontinuity at some temperature Tq, called the Curie temperature. Above Tc, the

substance follows the Curie or Curie-Weiss law, that is, it is simply paramagnetic.

Below Tc, however, it varies in a different way with temperature and is also field-

strength dependent. For antiferromagnetism (Fig. 2.5c) there is again a characteristic
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X

T— T—* T—*

Figure 2.5 - Diagrams indicating the qualitative temperature dependence of magnetic

susceptibility for (a) paramagnetism, (b) ferromagnetism and (c) antiferromagnetism

temperature, 7V, called the Néel temperature. Above TV the substance exhibits

paramagnetic behaviour, but below TV the susceptibility decreases with decreasing

temperature. These peculiarities in the behaviour of ferromagnetic and

antiferromagnetic substances below their Curie or Néel points are due to inter-ionic

interactions, which have magnitudes comparable to the thermal energies at the Curie or

Néel temperature and thus becoming progressively greater than thermal energies as the

temperature is further lowered. In the case of antiferromagnetism, the momenta of the

ions in the lattice tend to align themselves so as to cancel one another out. Above the

Neél temperature thermal agitation prevents very effective alignment, and the

interactions are manifested only in the form of a Weiss constant. Below the Néel

temperature, however, this antiparallel aligning becomes effective and the susceptibility

is diminished. In ferromagnetic substances the momenta of the separate ions tend to

align themselves parallel, thus to reinforce one another. Above the Curie temperature

thermal energies are more or less able to randomise the orientations; below Tq the

tendency to alignment dominates, and the susceptibility increases much more rapidly

with decreasing temperature than it would if the ion momenta behaved independently of

one another.

Molecular magnetism

Although the different types of magnetism described above originate from the

properties of the electrons, such magnetic properties manifest themselves on a
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macroscopic scale as bulk properties of a substance. However, on a smaller scale, the

magnetic properties of single molecules are also important. In particular, the so-called

molecular antiferromagnetism has gained considerable attention, as it potentially leads

to the possibility of information storage at the molecular level (15).

Molecular antiferromagnetism occurs when two transition metal ions have unpaired

electrons and are bonded together, usually by bridging ligands. In such a case, the

magnetic properties of the complex are not simply the sum of those of the two

individual metal ions, as there is a magnetic interaction between them. In the diagram of

Fig. 2.6a, the case is schematically described in which bonding occurs between the d

metal orbitals containing the unpaired electrons and a pure ligand p orbital. Such

bonding can be regarded as a pairing between the unpaired electron of the metal atom

Mi and that of opposite spin in the p orbital. This leaves an electron in the p orbital

which is of the same spin as that in the Mi metal d orbital. Pairing between this electron

and the metal d electron of M2 requires that this latter d electron has its spin in the

opposite direction with respect to that of the d electron in the orbital of Mi. Thus, the

two metal ions Mi and M2 are antiferromagnetically linked by the ligand. The same

holds true if the two metal atoms are not the same (e.g. M and N in Fig. 2.6b) and have

the unpaired electrons on d orbitals of different symmetry. For the bond between the d

orbital of atom M and the p orbital of the ligand, the same mechanism as described

above can be envisioned. In this case, however, the d orbital of the atom N is orthogonal

to the ligand p orbital, i.e. the overlap integral for the two orbitals is zero. Since

unpaired electrons in orthogonal orbitals tend to align themselves with parallel spins,

the electron in the atom N d orbital is of the same spin as that in atom M. This means

that the two metal ions are ferromagnetically linked. The occurrence of ferromagnetic

coupling requires, therefore, the orthogonality of two orbitals. The orthogonality,

however, does not necessarily need to be between metal and ligands. In Fig. 2.6c an

interaction pathway is shown which includes two p orbitals, mutually orthogonal, on the

same atom. Also in this case a ferromagnetic coupling results.

The double-headed arrow indicates the point at which exchange stabilisation leads to

parallel spins. Irrespective of whether the outcome is ferromagnetic or antiferromagnetic

coupling, the above mechanism involving ligand orbitals to mediate coupling between

metal electrons is referred to as superexchange. In order to gain chemically important
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Figure 2.6 - (a) Ligand a-orbital-mediated antiferromagnetic coupling; (b) and (c) show two

ways in which orbital orthogonality can lead to ferromagnetic coupling

information, a mathematical approach to the magnetic properties of this type of

complexes is necessary. In the case of the two paramagnetic ions Mi and M2 of Fig.

2.6a, the unpaired electrons have spins denoted Sm, and Sm2- An interaction between

these two spins implies that the orientation of each one influences the orientation of the

other. The energy of the system is thereby affected. The corresponding Hamiltonian

operator must then include a term to take account of this interaction. The effect of the

coupling on the energy of the system can usually be described to a good approximation

by adding the so-called exchange Hamiltonian (Hex) term:

H = —2.J • S., S,,
ex M, M-,

(2
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where J is the coupling constant and SMrand Sm2 are the spin operators for the atoms

Mi and M2, respectively. The value of J is directly related to the strength of the

coupling interaction: by convention, negative values of J imply antiferromagnetic

interactions; positive values of/correspond to interactions of the ferromagnetic type.

Superconducting QUantum Interference Device (SQUID)

The magnetic susceptibility measurements reported in this study have been carried out

using a high sensitivity inductance measuring technique. This technique, termed

superconducting quantum interference device (SQUID), exploits two fundamental

effects of superconductivity: the Josephson effect (16) and quantisation of magnetic

flux in a superconducting ring (17).

The simplest SQUID consists of a superconducting ring (diameter normally < 1 mm),

which has a switching point (so-called Josephson junction or weak link) built in. At low

temperatures, an electrical current flows through the ring sustaining no loss because its

electrical resistance is zero. It is essential that the maximum current, which flows

through the weak link, is dependent on the magnetic flux in the ring. According to the

quantum theory, only an integer number of magnetic-flux quantums can be found in the

ring. In the starting position, the field outside of the ring is in equilibrium with the field

inside the ring. The narrow passage in the ring is selected in such a way as to limit the

electricity in the ring to the equivalent of a flux quantum in the SQUID hole. If the outer

field increases, the flux quantum can penetrate the SQUID hole, thus providing equilibrium

once again in both fields. Through the alteration of electricity in the ring, the unbalanced

conditions between the outer and the inner field can be measured directly. A more detailed

description of SQUID instruments can be found in the literature (18).
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3

The preparation of Fe/ZSM-5 using the ferrous

oxalate exchange method

ABSTRACT

Over-exchanged Fe/ZSM-5, a zeolite with a Fe/Al molar ratio of 1, is a very promising

catalyst for the selective catalytic reduction of NO with hydrocarbons, as it exhibits

stable activity even in the presence of H2O and SO2 in a simulated exhaust stream. The

preparation of this catalyst through aqueous ion exchange using a ferrous oxalate

solution under exclusion of air, however, turned out to be irreproducible. In this chapter,

a plausible explanation of why the ferrous oxalate method is unsuitable for the

preparation of over-exchanged Fe/ZSM-5 is proposed on the basis of the TG-DSC,

FTIR and 27A1 MAS NMR results. Iron is precipitated onto the zeolite mainly as a

FeC2Û4 complex, which blocks the pores and impedes a complete exchange of the Na+

cations. Most of the precipitate is removed by extensively washing the zeolite, whereas

most of the remaining iron species is transformed into iron oxide during the subsequent

thermal treatment. A small number of iron species may also occupy ion-exchange

positions. IR spectroscopy revealed the formation of Bransted acid sites, both during the

exchange and upon drying of the zeolite. These results suggest that over-exchanged iron

zeolites cannot be prepared easily by conventional ion-exchange in aqueous solution.
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3.1 Introduction

Over-exchanged Fe/ZSM-5, i.e. a zeolite with a Fe/Al molar ratio of ca. 1, has recently

been shown to be a promising catalyst for the selective catalytic reduction (SCR) of

nitrogen oxides with hydrocarbons under lean burn conditions (1, 2). Besides higher

activities than Cu/ZSM-5 catalysts and a remarkable durability under hydrothermal

conditions, the activity of Fe/ZSM-5 was not impaired by up to 150 ppm of SO2 and 20

% H2O in a simulated vehicular exhaust stream (1).

The ion exchange procedure applied by Feng and Hall for the preparation of this

catalyst comprised the use of a ferrous oxalate solution under exclusion of air. The

authors reported that the sodium cations of the parent material were almost completely

exchanged for iron species, the nature of which, however, was unclear. This procedure

was furthermore claimed to prevent the formation of Brensted acid sites, which are

considered responsible for the hydrothermal breakdown of the zeolite-based catalysts

used in the SCR reaction (3).

Subsequent reports by other research groups questioned the reproducibility of this

preparation method (2, 4). Also Hall and co-workers accounted for the same

reproducibility problems (5), showing that the performance of Fe/ZSM-5 prepared by

the ferrous oxalate method was markedly dependent on the synthesis history of the

starting material (2).

In order to overcome these drawbacks, alternative preparation methods have been

proposed. Chen and Sachtler reported the preparation of active Fe/ZSM-5 by chemical

vapour deposition (CVD) of FeCb onto the proton form of a ZSM-5 zeolite (2). The

catalyst obtained with this method exhibited somewhat lower activity for the SCR of

NO with /-butane than the catalyst originally prepared by Feng and Hall, but the

preparation seemed to be less sensitive to the origin of the zeolite.

Ma and Griinert synthesised a Fe/ZSM-5 catalyst using a modified CVD procedure (6).

Their catalyst exhibited lower activity in the SCR with /'-butane compared to that

reported by Feng and Hall, but it showed very high activity in the SCR of NO with

ammonia.

An alternative ion-exchange method for the preparation of Fe/ZSM-5 was employed by

Turek and co-workers. By applying the solid-state ion-exchange in the presence of air



The ferrous oxalate method 49

(7, 8), they obtained a catalyst with a remarkably high activity for the simultaneous

SCR ofNO and N2O. Nonetheless, over-exchange levels (i.e. Fe(II)/Al > 0.5) could not

be achieved. Above iron contents of Fe(II)/Al = 0.5, the iron ions aggregated into a

hematite phase, which was concluded to be detrimental in the reduction of nitrogen

oxides.

As of today the actual nature of the active species of these catalysts has not been

completely elucidated and different models have been proposed. Feng and Hall

calculated the distribution of species in a ferrous oxalate solution as a function of pH.

They claimed that Fe(OH)+ ions were the predominant species at the pH value of the

solution used for the exchange. These species were then concluded to replace the Na+

cations at the ion-exchange positions of the zeolite (1).

Chen and Sachtler, on the basis of ESR and CO/H2 TPR results, suggested an oxo-

bridged binuclear [HO-Fe-0-Fe-OH]2+ complex as a plausible model for the active

species (2, 9).

A third model was proposed by Joyner and Stockenhuber, who prepared Fe/ZSM-5

using the conventional aqueous exchange procedure. From EXAFS analyses they

concluded that the active species were present on the zeolite as clusters of iron and

oxygen atoms with a structure similar to that of Fe3S4 (10).

The present study of the ferrous oxalate method is aimed at understanding the

peculiarity of the preparation of iron-exchanged zeolites in aqueous solution. Focussing

mainly on the aqueous chemistry of the iron ions, it was possible to come up with a

plausible explanation for the irreproducibility of this particular method. Relevant

information concerning the feasibility of the preparation of over-exchanged iron-

zeolites in aqueous solution was also obtained.

3.2 Experimental methods

Na/ZSM-5 samples were provided by CU Chemie Uetikon (Zeocat PZ-2/40 - Si/Al =

18) and Süd-Chemie AG (Na-MFI-46 P - Si/Al = 20). The zeolites were calcined at

550°C overnight in static air under shallow bed conditions prior to use. The sodium

form of both zeolites was prepared by aqueous ion-exchange using a 1 M aqueous

solution of Na2SC"4 (2 h under reflux conditions). The iron exchange was carried out
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following exactly the description given by Feng and Hall (1). The apparatus used for the

exchange consisted of two flasks (250 ml each) containing the zeolite and ferrous

oxalate, respectively, connected through a fritted disk that allowed ions to freely pass

from one flask to another but impeded the passage of solids. Both chambers were

flushed with inert gas to exclude traces of O2, in order to prevent the oxidation of Fe(II)

into Fe(III) and the ensuing formation of iron hydroxide species. Fe(III) ions, in fact,

promptly react with water forming hydrolysed species (even at very low pH) that

aggregate into iron hydroxide clusters and precipitate onto the zeolite surface. This

would cause the blockage of the zeolite pores and prevent a thorough exchange of the

Na+ counter-ions for the iron ions.

2 g of zeolite was exchanged with a saturated solution of ferrous oxalate (1 g of FeC2Û4

per gram of zeolite) that had been previously purged with nitrogen. After a 24-hour

exchange at ambient temperature the sample (with a yellowish colour) was repeatedly

washed with hot (50°C) deionised water (36 times, 500 ml each). After each washing,

the solutions were qualitatively tested for the presence of iron cations using the

following reactions (11):

Fe2+ + o-phenantroline —» Fe(Ci2H8N2)3 red coloration (colourless with Fe3+)

Fe3+ + 3SOT -* Fe(SCN)3 red coloration (colourless with Fe2+)

Fractions of the sample were collected separately after 4, 9, 17 and 36 washings, and

will be hereafter referred to as Fe(CU)-4, Fe(CU)-9, Fe(CU)-17 and Fe(CU)-36,

respectively. After the washing, the zeolites were allowed to dry in air at ambient

temperature overnight.

The above procedure was repeated using as starting material the Na/ZSM-5 received

from Süd Chemie AG. After the exchange the zeolite was washed with hot deionised

water until no iron cations were detected in the washing solution (16 washings, 500 ml

each). Fractions of the sample were collected separately after 4 and 16 washings, and

will be hereafter referred to as Fe(SC)-4 and Fe(SC)-16, respectively.

Since it has been suggested that the treatment in inert rather than in air at elevated

temperature prior to reaction would result in an active catalyst (5), a part of the
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preparation (still wet) was separated after four washings, dried and heated in He at

500°C for 2h (Fe(SC)-4-He).

The chemical composition of all zeolites was determined by atomic absorption

spectroscopy on a Varian SpectrAA-10 after dissolution in hydrofluoric acid. The

thermogravimetric analyses combined with differential scanning calorimetry (TGA-

DSC) of the samples Fe(CU) were performed on a Polymer Laboratories STA 1500H

instrument under air flow in the temperature range 25-800°C (heating ramp: 10°C/min).

For the samples Fe(SC) the thermogravimetric analyses combined with single

differential thermal analyses (TGA-SDTA) were performed on a TGA/SDTA 85le

Mettler Toledo instrument under identical conditions.

Solid-state MAS NMR measurements were carried out using a Bruker AMX400

spectrometer at a magnetic field of 9.4 T. 27A1 MAS NMR spectra were recorded on

fully hydrated samples at a resonance frequency of 104.26 MHz. The Al chemical

shifts were referenced to A1(H20)63+ in a 1 M aqueous solution of A1(N03)3- For each

spectrum, 2160 scans were acquired with a recycling time of 10 s. Rotors were spun at 5

kHz with pulse lengths of 1 us, corresponding to a flip angle < 7i/12. These parameters

ascertained quantitative determination of Al species.

Infrared spectra of self-supporting zeolite wafers were recorded at ambient temperature

on a Mattson Galaxy 6020 IR spectrometer equipped with a MCT detector at a

resolution of 4 cm"1. Prior to IR measurements, samples were outgassed in situ at a

pressure below 10"6 mbar either at 150°C (1 h) in order to avoid decomposition of the

oxalate species or at 500 °C (overnight).

For the calculation of the distribution of Fe species in aqueous solution the software

MFNEQL+ from Environmental Research Software was used. The thermodynamic data

were either provided directly by the software or taken from the literature (compare

Table 3.2).

3.3 RESULTS

Elemental analysis

The results of the elemental analyses of the samples studied are summarised in Table

3.1. As for the Fe(CU) zeolites, the most evident result is the decrease of the iron content
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Table 3.1 - Chemical composition of the zeolites investigated

Fe/Al Na/AI Fe (wt.%)' Calculated

Fe (wt.%)2

Na-ZSM5 (CU) — 0.9

Na-ZSM5 (SC) - 0.9

Fe(CU)-4 0.9 0.4

Fe(CU)-9 0.7 0.2

Fe(CU)-17 0.5 0.1

Fe(CU)-36 0.4 <0.05

Fe(SC)-4 0.3 0.4

Fe(SC)-16 0.2 0.3

Fe(SC)-4-He 0.3 0.4

Determined by AAS analysis.
2
Calculated from TG patterns assuming the weight loss to be completely
related to the decomposition of FeC204.

with the amount of water used for washing the zeolites. During the first 17 washings the

amount of Fe present on the zeolite strongly decreased from 3.8 to 2.3 wt.% whereas the

subsequent washing diminished the iron content less markedly (2.0 wt.% for Fe(CU)-

36). Leaching of iron from the zeolite in the form of Fe(II) ions was confirmed by the

qualitative test reactions carried out after each washing. No Fe(III) ions were detected

in the washing solutions according to the thiocyanate test, thus confirming the

effectiveness of the apparatus used for the exchange at preventing the oxidation of the

Fe(II) ions in solution. As indicated by the residual sodium content of Fe(CU)-4, the

exchange procedure did not completely replace the original counter-cations of the

parent zeolite. However, replacement of Na cations proceeded during the subsequent

washing of the zeolite and was complete on the sample Fe(CU)-36 (Na/Al < 0.05).

The AAS results for the Fe(SC) samples showed basically the same trend observed for

the Fe(CU) samples, the only difference being the lower amount of iron introduced into

the zeolite (Fe(SC)-4, Fe/Al = 0.3). After the exchange the iron content was 1.1 wt.%

and it decreased upon further washing to 0.8 wt.% (Fe(SC)-16).
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Thermal analysis

In Fig. 3.1 the results of the DSC analyses on the Fe(CU) samples are shown. The curve

of pure ferrous oxalate used for the exchange is given as reference. The similar thermal

patterns observed for Fe(CU)-4 and Fe(CU)-36 suggest substantial amounts of iron

oxalate to be present on the zeolite Fe(CU)-4 and to a smaller extent on the zeolite

Fe(CU)-36. This result indicates that the iron hosted in the zeolite pores formed a

complex with oxalate anions. In order to quantify the amount of Fe-oxalate present on

the various samples the thermograms, as determined by TGA, were evaluated (Fig. 3.2).

For all the samples three main temperature domains could be distinguished: ambient

temperature-150°C, 150-240°C and 240-350°C. The weight loss observed up to 150°C

was due to the removal of the water adsorbed on the zeolite. Between 150°C and 240°C,

the removal of crystallisation water took place. Above 240°C release of CO and CO2

occurred upon combustion of the oxalate anions (incidentally, the absence of weight

loss in the range 150-240°C on Fe(CU)-9 (Fig. 3.2-c) is due to an evacuation treatment

carried out at 150°C before the measurement, which removed the crystal water without

decomposing the oxalate species). Beyond 350°C no further weight loss was detected.

0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3.1 - DSC patterns for the samples Fe(CU)-4 and Fe(CU)-36 compared with that of

ferrous oxalate
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Figure 3.2 - TGA profiles of the samples: (a) FeC204-2H20 (b) Fe(CU)-4 (c) Fe(CU)-9 (d)

Fe(CU)-17 and (e) Fe(CU)-36

1.0-, 1

Figure 3.3 - Effect of washing upon composition of Fe(CU) zeolites: ( ) Na content ( • ) total

Fe content (A) Fe as FeC204 and (A) other Fe species
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From a comparison of the weight loss of the samples with that of pure ferrous oxalate in

the temperature range 150-350°C, an estimation of the amount of iron present in the

zeolite as ferrous oxalate was made (compare Table 3.1). The effect of washing upon

the concentration of different iron species in the Fe-exchanged ZSM-5 is depicted in

Figure 3.3. The ferrous oxalate content calculated for Fe(CU)-4 (Fe = 4.6 wt.%) was

found larger than that determined by AAS analysis (Fe = 3.8 wt. %). This means that all

the iron present on the zeolite at this stage of the preparation was in the form of ferrous

oxalate. This result was accounted for in Fig. 3.3 (full circles coinciding with open

triangles). The excess weight loss could originate from other oxalate species (see

Section 3.4). The more extensively washed samples showed a decrease of both the total

iron content and the amount of FeC2Û4 complex. However, in the samples Fe(CU)-9,

Fe(CU)-17 and Fe(CU)-36, FeC204 still accounted for more than 50% of all the iron

present. The remainder of the iron, namely the difference between the total iron content

and the amount of Fe-oxalate complex (closed triangles) could be any type of Fe

species. Nevertheless, even when assuming that all the iron that was not present as Fe-

oxalate was located at ion-exchange positions, over-exchange was not achieved and a

maximum exchange ratio of only Fe/Al = 0.2 can be envisioned. The negligible sodium

content of Fe(CU)-36 indicated that complete exchange of Na was reached. From the

maximum possible amount of iron present at exchange positions on Fe(CU)-36

(Fe(II)/Al = 0.2 ca.) it was inferred that the remainder of the cationic sites had to be

occupied by protons. Similar calculations carried out for the Fe(SC) samples revealed

that a low degree of exchange was also achieved on this zeolite (Fe(II)/Al = 0.15). In

contrast to Fe(CU)-4, not all the iron could be accounted for as oxalate complex,

suggesting that some Fe ions may have already been located at the ion exchange sites

during the exchange. The ferrous oxalate that precipitated on the zeolite was also

leached upon extended washing. The sodium content decreased with washing as well,

but replacement of the sodium cations did not reach completion even after extended

washing (Fe(SC)-16, Na/Al = 0.3). Since the maximum total cation content (Na + Fe)

accounted only for ca. 50% of all the available ion exchange sites, formation of

Bransted acid sites during the exchange was concluded to take place also on this zeolite.
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FTIR spectroscopy

In Fig. 3.4 the spectra of the Fe-exchanged zeolites in the range 1250-2100 cm"1 are

shown. Spectra were recorded at ambient temperature after outgassing the samples in

vacuo at 150°C (1 h) in order to avoid decomposition of the oxalate species. Besides the

weak bands at 1880 and 2000 cm"1 observed on all samples, which are the overtones

bands of the vibration modes of the lattice T-O-T units, four bands were clearly

distinguished on Fe(CU)-4 at 1314, 1359, 1467 and 1630 cm"1. The broad absorption at

1630 cm"1, which is due to the bending mode of the O-H bonds of the water molecules

adsorbed on the zeolite, exhibited a shoulder at about 1600 cm"1. The bands at 1314, 1359

and 1600 cm"1 were already visible upon evacuation at ambient temperature whereas the

band at 1467 cm"1 appeared only during the thermal treatment. We attribute the bands at

1314, 1359 and 1600 cm"1 to the stretching vibration modes of oxalate species (v(C-C)

= 1314 cm"1, vsym(-C02) = 1359 cm"1 and vaSym(-C02) = 1600 cm"1). The band at 1467

cm"1 is assigned to the doubly degenerate vasym(COz) stretching mode of carbonate

species (the symmetric stretching modes of the carbonates species are either IR inactive

or show up around 1100-1300 cm"1 (12), which is beyond the frequency range of our

instrument). Formation of carbonate species upon heating in vacuo at 150°C of a

mechanical mixture NH4-Y/FeC204 has been also reported in the literature (13).

Figure 3.4 - FTIR spectra at RT after evacuation at 150°C (1 h) of: (a) Fe(CU)-4, (b) Fe(CU)-9,

(c) Fe(CU)-17, (d) Fe(CU)-36 and (e) Na/ZSM-5 (CU).



The ferrous oxalate method 57

Samples Fe(CU)-9, Fe(CU)-17 and Fe(CU)-36 exhibited similar spectra, the only

difference being the intensities of the oxalate bands. The signals at 1614, 1359 and 1314

cm"1 decreased in intensities with the extent of washing, becoming barely visible on the

sample Fe(CU)-36 (Fig. 3.4). The fact that the more the zeolite is washed the more

these species are leached out suggests that the oxalate species are loosely bound to the

lattice, if at all. In all Fe(CU) samples a band at 3612 cm"1 was detected as well. The

presence ofthis band indicates the formation ofBronsted acid sites and, therefore, is clear

evidence

for protons replacing sodium cations at ion exchange positions. The concentration of the

Brensted sites increased slightly going from Fe(CU)-4 to Fe(CU)-36 (Fig. 3.5, spectra

b, c, d and e). On Fe(CU)-36 the integrated intensity of the band of the Bronsted

hydroxyls was roughly comparable with the corresponding band in H/ZSM-5 (spectrum f).

The Fe(SC) zeolites exhibited the same spectral features as the Fe(CU) zeolites, although

all the bands were somewhat shifted in frequency and much less intense (Fig. 3.6). The

bands at 1357 and the shoulder at 1620 cm"1 were assigned to oxalate species, although the

v(C-C) =1314 cm"1 was not detected probably due to the lower concentration of oxalate

3800 3600 3400 3200

Wavenumber (cm"1)

3000

Figure 3.5 - FTIR spectra at RT after evacuation at 500°C of: (a) Na/ZSM-5 (CU), (b) Fe(CU)-4,

(c) Fe(CU)-9, (d) Fe(CU)-17, (e) Fe(CU)-36 and (f) H/ZSM-5 (CU)



58 Chapter 3

2000 1800 1600

Wavenumber (cm1)

1400

Figure 3.6 - FTIR spectra at RT after evacuation at 150°C (1 h) of: (a) Fe(SC)-4, (b) Fe(SC)-16

and (c) Na/ZSM-5 (SC)

3800 3600 3400

Wavenumber (cm1)

3200 3000

Figure 3.7 - FTIR spectra at RT after evacuation at 500°C of: (a) Na/ZSM-5 (SC), (b) Fe(SC)-4,

(b') Fe(SC)-4-He, (c) Fe(SC)-16 and (d) H/ZSM-5 (SC)
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anions on this zeolite. The band at 1461 cm"1, as well as the two additional bands at 1380

and 1510 cm"1, indicated the presence of carbonate species. The former band (doubly

degenerate) is due to carbonate species in which the symmetry around CO3 ions is retained

(12). The latter bands are due to carbonate species in which the symmetry is not retained

and the degeneration is therefore resolved (12). Upon washing, the intensities of these

signals decreased. The band at 3612 cm"1 again showed the formation of Bransted acid sites

whose concentration increased with the extent ofwashing (Fig. 3.7).

27AI MAS NMR

In Figure 3.8 the 27A1 MAS NMR spectra of the parent Na/ZSM-5 (SC) zeolite and

Fe(SC)-4 are depicted. A distinct signal at about 54 ppm was detected on both Na/ZSM-

5 (SC) and Fe(SC)-4 and attributed to tetrahedrally coordinated Al atoms in lattice

positions. Due to the quadrupolar interactions of 27A1 nuclei two additional spinning

side bands at 5 and 105 ppm, respectively, were detected on the Na/ZSM-5 (SC) zeolite.

For Fe(SC)-4 the anisotropy of the spectrum was more pronounced and spinning side

bands were visible over a wider spectral range. This enhanced anisotropy, which is a

200 150 100 50 0 -50 -100

(ppm)

Figure 3.8 - "AI MAS NMR spectra of: (a) parent zeolite Na/ZSM-5 (SC) and (b) Fe(SC)-4.

Asterisks indicate spinning side bands
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direct consequence of the paramagnetic nature of the iron nuclei present in the zeolite,

has already been observed in natural aluminosilicate (14) and in MnAlP05 systems

(15). The integrated intensities of the peaks between 160 ppm and -60 ppm were

essentially the same on both samples.

3.4 DISCUSSION

The attempts at preparing over-exchanged Fe/ZSM-5 following the ferrous oxalate

method described in the literature (1) were not successful. Low degrees of exchange

were obtained irrespective of the parent zeolite used. However, based on the results of

this study a plausible explanation for the inadequacy of this method at locating iron at

ion exchange positions can be put forward.

As revealed by AAS analysis, a substantial amount of iron was loaded onto the zeolite

using a saturated ferrous oxalate solution under anaerobic conditions. A large fraction

of the iron, however, was leached out by simply washing the preparation. This means

that, right after the exchange, iron species were not bound to the zeolite lattice at ion

exchange sites. The DSC patterns of the Fe(CU) samples, being very similar to that of

pure ferrous oxalate (Fig. 3.1), show that iron was precipitated as FeC2Û4 on the zeolite.

The reason for such a precipitation is related to the formation of dissolved iron-oxalate

complexes in the solution used for the exchange (see below). The quantitative analysis

of the thermograms revealed that, in the case of Fe(CU)-4, 100% of the iron was present

as FeC2Û4 after the exchange (ca. 60% on the sample Fe(SC)-4). These findings,

together with the fact that a substantial amount of the original sodium ions was replaced

only during the washing, strongly suggest that iron did not substitute Na+ counter-ions

at all. Most likely the precipitate blocked the zeolite pores favouring the exchange of

protons rather than iron. Indeed, high concentrations of Bronsted acid sites were

detected using IR spectroscopy on all the zeolites investigated. The presence of iron

species at ion exchange positions, nonetheless, cannot be ruled out a priori. As a

consequence of the leaching of FeC2Û4 during the washing, the zeolite pores became

accessible again and further exchange of the sodium occurred. The fraction of iron that

is not in the oxalate form (Fig. 3.3 closed triangles) may then have reached the ion

exchange positions and replaced sodium cations. In this respect, it is worthwhile noting
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that even assuming that all the iron species were located at the ion exchange sites, over-

exchange would not have been achieved. The maximum degrees of exchange that would

have been obtained were approximately Fe(II)/Al = 0.2 and 0.15 on Fe(CU)-ZSM-5 and

Fe(SC)-ZSM-5, respectively.

27A1 MAS NMR provided indirect confirmation of the low degree of exchange attained

with this method. As reported in Chapter 4, the signal at 54 ppm in the 27A1 MAS NMR

spectrum of a fully exchanged Fe/ZSM-5 prepared by CVD of FeCi3 was almost totally

suppressed probably as a consequence of Fermi contact interaction and/or dipolar

pseudo-contact interactions between Al atoms and the paramagnetic iron nuclei. The

same type of modification of the spectrum was observed in the case of sodalite zeolites

containing paramagnetic species in close vicinity to the framework Al atoms, namely at

ion exchange positions (16). The small differences observed in the 27A1 MAS NMR

spectra of the Fe/ZSM-5 zeolites prepared using the ferrous oxalate method and the

parent Na/ZSM-5 (Fig. 3.8) therefore indicate that only few iron species were

exchanged.

Thermal treatment of the zeolites impregnated with FeC2C>4 carried out under different

conditions can lead to iron species of different nature. Most of the iron that is hosted in

the zeolite, however, is bound to be transformed into oxide species. By analogy with the

chemical transformation of pure ferrous oxalate, formation of Fe2Û3 is expected during

calcination in air already at relatively low temperatures (T < 400°C). On the other hand,

if the thermal treatment is done under inert atmosphere (above 630°C), Fe3Û4, FeO and

metallic iron are the products obtained (17). In any case the formation of such oxide

species can not lead to any further solid-state ion exchange. Their very low solubility

and high lattice enthalpies markedly limit the mobility of iron ions within the zeolite

cavities (4, 18). Nevertheless, secondary solid-state ion exchange may be promoted to a

certain extent by carrying out the thermal treatment under inert atmosphere or in vacuo.

As reported by Lâzâr et al. (13), iron is first transformed into FeC03 during the

treatment in vacuo between 150°C and 550°C and then, above 550°C, into Fe3Û4 and

metallic iron. At T > 450°C ion exchange of Fe(II) species also occurred but only to a

limited extent (15% of the total amount of iron loaded) (13). Thus, mild conditions,

such as low heating ramps and long dwelling times at low temperatures, may facilitate

the migration of FeCC>3 towards ion exchange sites by stripping its coordinatively
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bonded water without decomposition taking place. The solubility of ferrous carbonate in

water, which is low but still higher than that of the iron oxides, may contribute to the

exchange too. In this regard, the claims in the literature of enhanced SCR activities of

Fe/ZSM-5 catalysts pre-treated under inert atmosphere seem to be in line with this

hypothesis (5, 19).

To shed light on the reasons for the precipitation of FeC204 on to the zeolite, the

distribution of species in a saturated solution of ferrous oxalate was calculated using the

equilibrium reactions reported in Table 3.2. Equilibria involving Fe(III) species were

not included since the device used for the exchange assured a low concentration of

oxygen. The results of the calculation are reported in Fig. 3.9.

From the plot it appears that the Fe(II) aquo-ion is the predominant species in solution

in the range 4 < pH < 7. In the same pH range, however, a significant fraction of iron

forms complexes with the oxalate ions. Particularly, at pH = 6 the uncharged species

[Fe(C204)(H20)4] accounts for ca. 30% of the total amount of iron in solution and the

negatively charged complex [Fe^C^CFbO^]2" for ca. 1.0%. The formation of

substantial amounts of dissolved Fe-oxalate complexes is most likely the reason for the

Table 3.2. Equilibrium reactions used for the calculation of the distribution of species for

a saturated ferrous oxalate aqueous solution

Eq. [1] [Fe(H20)6]2+ + C2042" ^ FeC204-2H20(s) + 4H20 Log«:= 6.68 (21)

Eq. [2] [Fe(H20)6]2+ + C2042- ^ [Fe(C204)(H20)4](aq) + 2H20 LogK == 3.05 (22)

Eq. [3] [Fe(H20)6]2+ + 2C2042" ^ [Fe(C204)2(H20)2]2- + 4H20 LogK:= 5.15 (22)

Eq. [4] [Fe(H20)6]2+ + H20 <* [Fe(OH)(H20)5f + H30+ LogK = -9.5 (23)

Eq. [5] [Fe(H20)6]2+ + 2H20 ^ [Fe(OH)2(H20)4](aq) + 2H20+ LogK = -20.6 (23)

Eq. [6] [Fe(H20)6]2+ + 3H20 ^ [Fe(OH)3(H20)3]- + 3H30+ LogK = -31.0 (23)

Eq. [7] Fe(OH)2(s) + 2H30+ + 4H20 ^ [Fe(H20)6]2+ LogK ==12.85 (23)

Eq. [8] C2042" + Na+ ^ [Na(C204)r LogK = 0.49 (22)

Eq. [9] C2042" + H30+ <* HC204~ + H20 LogK == 4.19 (21)

Eq. [10] C2042~ + 2H30+ r» H2C204 + 2H20 LogK = 5.42 (21)

Eq. [11] 2H20 ^ H30+ LogK = -14.0 (22

Note. The number in the last column indicates
theliteraturesourceofthethermodynamic

constant
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Figure 3.9 - Distribution of Fe species as a function of pH in a saturated solution of FeC204 at 25°C,

calculated from the data of Table 2: (a) [Fe(H20)6]2+, (b) [Fe(C204)(H20)4](aq), (c) [Fe(C204)2(H20)2]2, (d)

[Fe(OH)(H20)5f and (e) Fe(OH)2(s)

massive precipitation of FeC204. During the exchange these iron complexes come in

contact with the zeolite crystals, which may act as a crystallisation seed and cause the

precipitation of the iron species.

According to the calculation, the relative fraction of [Fe(OH)(H20)5]+ species, which

was reported to be predominant above pH = 4 (1), was found to be negligible at neutral

pH and around 11% at pH = 9. This result is in remarkable contrast with the distribution

of species reported in (1), the reason being the different series of equilibrium reactions

considered for calculation. In contrast with (1), the possibility of formation of dissolved

Fe-oxalate complexes was also taken in consideration, being substantiated by the rather

high value of the formation constants found in the literature (see references in Table

3.2). Second, the Log K value for Eq. [4] used in our calculation, differs by several

orders of magnitude from that reported in (l)1.

The source of the thermodynamic constants for the equilibrium reactions (Skoog, D. A. and West, D. M.,

"Fundamentals of Analytical Chemistry", 2nd ed., Holt, Rinehart, Winston, New York, 1969) reported in (1) was not

available to us. Since also the subsequent editions of the book do not report them, the values of the constants used for

the calculation were obtained from (20-22).
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The presence of Bransted acid sites seems to be in contradiction with the distribution of

species shown in Fig. 3.9. Fe2+ species are largely available in solution and their

absolute concentration exceeds that of H+ in the range 4 < pH < 7 by about two orders

of magnitude (FeC204 solubility in water: ca. 10"3 M). Therefore, other factors rather

than the concentration of H+ species must favour the formation of the Bransted acid

sites with respect to the exchange for iron species. Possible factors that can be

envisioned are the small dimension of protons and their particular mechanism of

diffusion in solution (Grotthus or chain mechanism) (23). The former would facilitate

the formation of Bransted sites in the presence of FeC2C>4, the precipitation of which

blocks the pores of the zeolite and impedes the access of the bulkier iron species to the

ion exchange sites. The latter increases noticeably the diffusion rate of protons through

the solution compared to other aquo-ions, as it does not involve the actual migration of

H+ species (the charge of the proton is transferred form one point of the solution to

another just by re-orientation of the surrounding water molecules). Besides kinetic

reasons, formation of Bronsted acid sites may be possibly related to the mechanism of

compensation of the negative charge of the zeolite lattice. A double positively charged

ion, which in principle can replace two Na+ ions during the exchange, requires the

presence of a sufficient number of water molecules in order to délocalise the positive

charge of the counter-ion (e.g. [Men(H20)62+]) (24). Thermal treatments remove the

hydration sphere of the in-going species, which as a consequence become more

localised. The associated electrostatic field of the bare ions, therefore, may induce

dissociation of the remaining coordinated water molecules producing hydrolysed

species and protons (e.g. Men(H20)62+ —»• Me"(OH)+ + H+ + 5H20). Such a mechanism

of formation of Bronsted acid sites is well documented on faujasite zeolites (24) and can

be of crucial importance in the preparation of over-exchanged zeolites. Whenever

exchange is carried out in aqueous media, hydrolysis and the ensuing formations of

protons takes place, thus making over-exchange very difficult to achieve. Recent

investigations by Turek and co-workers of Fe/ZSM-5 zeolites prepared through solid-

state ion exchange support this conclusion (7, 8), since they also only reached a

maximum degree of exchange of Fe(II)/Al = 0.5. Furthermore, the occurrence of water

dissociation upon drying of the catalyst suggests that the existence of stable monovalent

metal complexes in solution is a fundamental prerequisite to prepare metal over-
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exchanged zeolites in aqueous media. Alternatively, dissolved positively charged

polynuclear species may be considered good candidates to achieve over-exchange as

they may satisfy simultaneously more than one lattice charge providing one Fe atom for

each Al site. In Fe(II) aqueous solutions, however, the presence of such polynuclear

moieties can be neglected (22).

3.5 CONCLUSIONS

A plausible explanation for the failure of the preparation of over-exchanged Fe/ZSM-5

using the ferrous oxalate ion-exchanged method has been proposed. FeC2Û4 was

precipitated from the solution onto the zeolite, thus blocking the pores and preventing

thorough exchange of the original Na+ counter-cations. A large part of the Fe-oxalate

complex was removed by washing the zeolite with water, whereas the remainder was

transformed into iron oxide during the subsequent thermal treatment.

Precipitation was found to be related to the formation of dissolved neutral

[Fe(C204)(H20)4] oxalate species, as shown by the calculation of the distribution of

species for a ferrous oxalate solution. It could not be excluded that a small amount of

iron may also occupy the ion exchange positions. Bransted acid sites were detected by

IR spectroscopy. These hydroxyl groups are formed both during the exchange and upon

drying the zeolite because of the bivalent charge of the Fe species (24).

These results suggest that over-exchanged iron zeolites can hardly be prepared by

conventional ion exchange in aqueous solution.
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4

The preparation of Fe/ZSM-5 in aqueous medium

using complexing ligands and reducing agents

ABSTRACT

In this chapter a comparison of different aqueous ion-exchange methods for the

preparation of Fe/ZSM-5 with a high degree of ion exchange is presented. In order to

avoid the competition between Fe species and protons for the ion exchange positions,

the ion exchange was carried out at neutral pH. Chelating ligands (e.g. ascorbate and

citrate anions) were added to increase the concentration of the Fe(II) ions in solution at

the working pH. Reducing agents (e.g. ascorbic acid and hydrazine hydrate) were used

to prevent the oxidation of Fe(II) to Fe(III) and the ensuing precipitation in form of the

hydroxide. The results obtained indicate that most of the iron species introduced with

these procedures were not located at the ion exchange sites, which were occupied by

protons (Bransted acid sites). The unsuitability of these methods to prepare fully

exchanged Fe-zeolites is related to the formation of bulky complexes between the iron

ions and the complexing ligands and/or reducing agents, which impede a thorough ion

exchange. Conversely, fully exchanged zeolites were obtained by chemical vapour

deposition (CVD) of FeC^. The possible reasons for the superior efficiency of the CVD

method are discussed.
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4.1 Introduction

Transition metal-exchanged zeolites are widely used to catalyse a variety of reactions,

including the selective catalytic reduction of nitrogen oxides with hydrocarbons (SCR-

DeNOx) (1). For this reaction, MFI-type zeolites exchanged with different metals (i.e.

Cu, Co, Pt and Pd) proved to be highly active. However, the lack of long-term thermal

stability under wet conditions and in the presence of pollutants such as SO2 is one of the

factors which has prevented their application on an industrial scale as of today.

Recently, over-exchanged Fe/ZSM-5 (Fe/Al =1) has been shown to possess exceptional

properties for the SCR with /-butane (2). Besides exhibiting a higher activity than

Cu/ZSM-5, the performance of the Fe-exchanged zeolite was totally unaffected by the

presence of H20 and S02 as well as 24 h excursions up to 800°C. The high extent of

exchange and the absence of Bransted acid sites were regarded as key factors for the

remarkable performance of this catalyst. The former factor implies a high concentration

of active sites on the catalyst; the latter accounts for its high thermal stability in the

presence of water vapour, as it has been recognised that H20 attacks preferentially the

Brensted hydroxyIs causing the structural decay of the catalyst (3).

Although Fe-containing zeolites have been investigated for decades due to their

interesting catalytic properties, the discovery of such extraordinary properties was

delayed due to the difficulty in introducing iron ions into zeolites using customary

aqueous ion exchange methods. In aqueous solution, iron ions promptly hydrolyse and

aggregate in polynuclear species even at low pH. These bulky species can hardly

penetrate the zeolite pores and exchange for the original counter-ions (4).

In order to prepare Fe/ZSM-5 with a high degree of ion exchange, Feng and Hall used a

saturated ferrous oxalate solution under exclusion of air. This procedure turned out to

be not fully reproducible, however, and alternative methods of preparation have been

suggested subsequently. Chen and Sachtler reported the preparation of an active, fully

exchanged Fe/ZSM-5 (Fe/Al = 1) catalyst by subliming FeCl3 onto H/ZSM-5 under

exclusion of air (5). Turek and co-workers attempted the preparation of an over-

exchanged Fe/ZSM-5 using the solid-state ion-exchange method in the presence of air

(6). The catalyst they obtained, which was active for simultaneous reduction of NO and

N20 with hydrocarbons exhibited a maximum degree ofexchange ofFe/Al = 0.5, however.
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The goal of this study was to explore the effectiveness of different ion exchange

methods that were claimed to yield over-exchanged Fe/ZSM-5 zeolites. In particular,

the focus was placed on the aqueous ion-exchange procedures, as they represent a

simple and easy method to scale up for industrial application. To this purpose, different

types of iron solutions were devised taking into account the necessity of preventing both

the formation of Bronsted acid sites and the precipitation of iron hydroxides. A pH of 7

was chosen to avoid the competition between iron ions and protons for the ion exchange

sites. Likewise, Na/ZSM-5 was preferred to H/ZSM-5 as starting material. Since even at

acidic pH both Fe(II) and Fe(III) form sparingly soluble hydroxides, complexing

ligands were used in order to keep the iron ions in solution. Finally, reducing agents

were employed to avoid the oxidation of Fe(II) to Fe(III) that occurs by means of the

oxygen dissolved in the solution. The use of reducing agents such as ascorbic acid,

hydrazine hydrate and hydroquinone was reported to yield fully Fe(II)-exchanged ZSM-

5, mordenite, USY and Y zeolites (7).

4.2 Experimental

Na/ZSM-5 (Chemie Uetikon Zeocat, Si/Al =15) was used as starting material for all

ion exchange preparations. Na-exchange was carried out by stirring the parent zeolite in

a Na2SÛ4 solution (0.1 M) under reflux. H/ZSM-5 was obtained by calcination at 550°C

of the NFLrform of the zeolite that was obtained after a three-fold ammonium exchange

(0.1 M) of the parent material.

Fe/ZSM5 zeolites were prepared using different ion exchange methods. Sample

Fe(Asc)-l was prepared by slurrying the Na/ZSM-5 with a diluted solution (0.02 M) of

ferrous ascorbate (Ci2Hi4FeOi2 - Fluka) for 24 h under reflux. The exchange was

repeated three times under pH-controlled conditions (pH = 7.0). During the second

exchange the pH was corrected to neutrality with NaOH. In the third exchange (sample

Fe(Asc)-3), tetrapropylammonium hydroxide (TPA) was used as a base since its bulky

cation cannot enter the zeolite pores and thus compete with Fe(II) ions for the

ion exchange sites. After each exchange, the zeolite was washed with deionised water

until no ascorbate anions were detected with the 2,6-dichloroindophenol (DCIP) test

(Fig. 4.1). Prior to the addition of DCIP, the washing solutions were acidified with oxalic
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Figure 4.1 - 2,6-dichloroindophenol (DCIP) test reaction for the determination of ascorbic acid

in aqueous solution

acid in order to transform ascorbate anions into ascorbic acid. Samples were then filtered

and dried at 110°C overnight.

Sample Fe(N2H4) was obtained after exchange (24 h - reflux) of the Na/ZSM-5 with a

solution of FeSC>4 (0.1 M) and citric acid (0.1 M). The pH of the solution was adjusted

to neutrality by adding hydrazine hydrate (N2H4-H20 - Fluka). After the exchange, the

zeolite was washed, filtered and dried in air at ambient temperature. The procedure was

repeated three times. Sample Fe(CVD) was prepared by chemical vapour deposition

(CVD) of FeCl3 (Fluka) onto H/ZSM-5. Two dishes containing the H/ZSM-5 and FeCl3,

respectively, were put in a glass autoclave under water-free conditions using a glove-

bag. The autoclave was kept at 200°C for 2 h. The preparation was then washed with

deionised water and dried in air at ambient temperature.

The chemical composition of all zeolites was determined by atomic absorption

spectroscopy on a Varian SpectrAA-10 after dissolution in hydrofluoric acid. Infrared

spectra of self-supporting zeolite wafers were recorded at ambient temperature on a

Mattson Galaxy 6020 IR spectrometer equipped with a MCT detector, at a resolution of

4 cm"1. Prior to IR measurements, samples were outgassed in situ at a pressure below
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10" mbar at different temperatures. Solid-state MAS NMR measurements were carried

out using a Bruker AMX400 spectrometer at a magnetic field of 9.4 T. 27A1 MAS NMR

spectra were recorded on fully hydrated samples at a resonance frequency of 104.26

MHz. The 27A1 chemical shifts were referenced to A1(H20)ô3+ in a 1 M aqueous solution

of A1(NC>3)3. For each spectrum 2160 scans were acquired with a recycling time of 10 s.

Rotors were spun at 5 kHz with pulse lengths of 1 us, corresponding to a flip angle

< 7i/12. These parameters ascertained quantitative determination of Al species.

4.3 Results and discussion

The results of the elemental analyses of the zeolites as obtained by AAS are

summarised in Table 4.1. The increase of the Na/Al ratio (from 0.3 to 0.5), which was

observed upon exchanging the as received Na/ZSM5 with a Na2SÛ4 solution, indicated

that the original zeolite was not fully Na-exchanged. The Na/Al ratio, however, did not

reach unity even after repeated Na-exchange and this indicated that not all the Al atoms

were incorporated in the framework of the zeolite.

In Fig. 4.2 the 27A1 MAS NMR spectrum of the parent zeolite used for the exchange is

depicted. Three bands with maxima at about 0, 30, and 54 ppm can be distinguished.

Following the assignment of the literature, the bands at 0 and 30 ppm were attributed to

extra-framework Al species, that is aluminium atoms not incorporated in the zeolite

Table 4.1 - Elemental composition of the zeolites investigated

Si/AI == 15* Si/AI==262

Fe/AI Na/Al Fe/AI Na/Al

Na/ZSM-5

As received - 0.3 - 0.5

Na-exchanged - 0.5 - 0.8

Fe/ZSM-5

Fe(Asc)-1 0.4 <0.05 0.7 <0.05

Fe(Asc)-3 0.2 <0.05 0.3 0.05

Fe(N2H4) <0.05 <0.05 <0.05 <0.05

Fe(CVD) 0.5 <0.05 0.8 <0.05

1
Ratios based on the total Al content

2
Ratios based on the Al content of the lattice
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I

160 120 80 40 0 -40 -80

(ppm)

Figure 4.2 - 27AI MAS NMR spectrum of the parent Na/ZSM-5 zeolite

lattice. More precisely, the signal at 0 ppm is related to Al atoms in octahedral

coordination, whereas the signal at 30 ppm corresponds to penta-coordinated Al species

(8, 9). The resonance line at 54 ppm was assigned to aluminium species in tetrahedral

coordination, corresponding to framework Al atoms. Upon quantification of the

integrated intensity of the peak at 54 ppm, the amount of framework Al atoms was

estimated as ca. 60% of the total Al content. Based on this result, the actual framework

Si/Al ratio was determined to be 26, assuming all the tetrahedral Ai to be in framework

positions. Accordingly, all the Me/Al ratios (Me = Fe or Na) for the zeolites

investigated were calculated on the basis of this lattice Si/Al ratio. The Na/Al ratio of

0.8, that was found for the fully Na-exchanged zeolite, suggests that some of the Al

atoms are either not accessible or not incorporated in the zeolite framework (e.g. in a

silica-alumina phase) (10).

Aqueous ion exchange using ferrous ascorbate

Ferrous ascorbate and ascorbic acid have already been used for the preparation of Fe-

exchanged zeolites due to their favourable redox properties (7, 11). The oxygen

dissolved in the water would react preferentially with the ascorbic species rather than

with the ferrous ions, thus preventing the oxidation of Fe2+ and the subsequent

precipitation of ferric hydroxides. At the same time, ascorbate anions act as complexing
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ligand and maintain iron in solution regardless of the low solubility of Fe(II)

hydroxides. Although the exchange with the ferrous ascorbate solution yielded a zeolite

containing a large amount of iron (Fe/Al = 0.7), the FTIR spectrum revealed that a true

ion exchange was not accomplished (Fig. 4.3). The band at 3610 cm"1 unambiguously

indicated the presence of Bronsted hydroxyls, namely protons located at the ion

exchange sites. Other moderately intense bands were detected at 2956, 2931 and 2863

cm"1. Their intensities decreased upon increasing the degassing temperature of the

sample from ambient temperature to 500°C. These bands were attributed to the C-H

groups of ascorbate anions. The pH of the ferrous ascorbate solution (pH = 5) and the

high mobility of protons can be regarded as possible explanations for the failure of this

procedure to introduce iron at the ion exchange sites. Although at pH = 5 the

concentration of protons (10"5 M) is three orders of magnitude lower than that of Fe2+, a

higher mobility of the protons would favour the formation of Bronsted sites over the

exchange with Fe2+ ions. An attempt to exchange the Bronsted hydroxyls present on the

zeolite Fe(Asc)-l with iron species was carried out using two fresh ferrous ascorbate

solutions, at pH = 7. However, from the marked decrease of the iron content of Fe(Asc)-

3 (Fe/Al = 0.3) it was inferred that the exchange with iron was not attained. Moreover,

t 1 1 1 1 r

3800 3600 3400 3200 3000 2800

Wavenumber (cm"1)

Figure 4.3 - FTIR spectra recorded at ambient temperature of Fe(Asc)-1 after outgassing in

vacuo at a) ambient temperature; b) 180°C; c) 350°C and d) 500°C
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the fact that the second and third exchanges resulted in the removal of the iron

introduced in the first exchange strongly suggested that those iron species were hardly

located at ion exchange positions. By analogy with the case of the ferrous oxalate

exchange (Chapter 3), a possible explanation for these results can be the formation of

Fe-ascorbate complexes, which precipitated onto the zeolite crystallites. Hence, despite

the fact that it was reported in the literature that a degree of exchange as high as 200%

(namely Fe/Al =1) was obtained under conditions very similar to those applied in this

study (7), experimental evidence suggests that these Fe species are not located at ion

exchange positions.

Aqueous ion exchange using citric acid and hydrazine hydrate

A second aqueous ion exchange, which was devised to prepare an over-exchanged

Fe/ZSM-5, consisted of a solution of FeS04 (0.1 M) dissolved in citric acid. Hydrazine

hydrate was added as a reducing agent to prevent Fe(II) oxidation and, at the same time,

as a base to adjust the pH to neutrality. The AAS analyses revealed that the iron loading

reached with this procedure was very low (Fe/Al < 0.05) in spite of the three-fold

exchange (Table 4.1). The detection of a band at 3610 cm"1 in the FTIR spectra of the

Fe(N2H4) zeolite (Fig. 4.4c) suggested that this exchange resulted in the replacement of

the originally present Na cations with protons. Two band envelopes were also visible in

the IR spectra of this sample in the frequency range of 3400-3200 cm"1 and 3100-2800

cm"1. These bands became better resolved upon removal of the water adsorbed on the

zeolite (Fig. 4.4b). At higher temperature (500°C) these bands disappeared almost

completely, while a band at 3610 cm"1 became clearly distinguishable (Fig. 4.4c). By

comparison of these spectra with those reported in the literature for pure citric acid

and hydrazine (12), the bands at 3372, 3276 and 3235 cm"1 were assigned to the N-H

stretching modes of hydrazine hydrate and those at 2958, 2931 and 2859 cm"1 to the

C-H stretching modes of citric acid. The reason for the low degree of exchange attained

using this Fe solution may be related to the stoichiometry of the system Fe(II)-citrate in

water. The distribution of species for this system as obtained by alkalimetric titration (13)

shows that the negatively charged complex [Fe(II)-citr]~ is the predominating species in

the range 5 < pH < 8 (Fig. 4.5). In addition, the formation of a neutral complex such as

[Fe(N2H4)2(S04)]H20 has been reported to occur upon mixing of iron and hydrazine
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Figure 4.4 - FTIR spectra recorded at ambient temperature of Fe(N2H4) after outgassing in

vacuo at: a) ambient temperature; b) 350°C and c) 500°C

7.0 oH

Figure 4.5 - Distribution of species of the Fe(ll)—citrate system expressed as ccFe vs. pH (CFe =

Cat = 4.00 mM): 1) Fe2+; 2) [FeCit]-; 3) FeCitH; 4) [FeCitH]" and 5) [Fe2Cit2H2f (from Ref. (13))
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solutions (14). It can be envisioned that such non-positively charged complexes could

hardly substitute the Na+ cations of the parent zeolite. According to the electroneutrality

principle only species which bear an overall positive charge can counter-balance the

negative charges on the lattice. As for the presence of the acid sites, their formation is

most likely related to the hydrolysis reaction of hydrazine, which provides N2Hs+

species. These small hydrazinium ions penetrate into the zeolite pores and exchange

with the sodium cations. Upon calcination, the Bronsted hydroxyls are formed by

desorption of hydrazine (N2H4).

Ion exchange by chemical vapour deposition of FeCI3

As reported by Chen and Sachtler (5), this method turned out to be an effective route to

prepare over-exchanged Fe/ZSM-5 zeolite. The first indication that a fully Fe-

exchanged zeolite was obtained came from the elemental analysis, which showed for

Fe(CVD) a ratio Fe/Al = 0.8 (Table 1). For the reasons outlined above, this is the ratio

expected for this zeolite when exchanged to the maximum extent.

FTIR spectroscopy provided an unambiguous proof that the iron ions on Fe(CVD) were

located at ion exchange sites. Upon sublimation of FeCl3 species, the Bransted acid

sites originally present on the parent H/ZSM-5 were completely depleted as indicated

by the disappearance of the 3610 cm"1 band (Fig. 4.6).

27AI MAS NMR of Fe-exchanged ZSM-5 zeolites

The 27A1 MAS NMR spectra of Fe(Asc)-l and Fe(CVD) zeolites are depicted in Fig.

4.7. The spectra of Fe(Asc)-l showed a main intense peak around 54 ppm and a very

broad band centred around 0 ppm. Two additional spinning side bands were visible at

-45 and 150 ppm. The spectrum of Fe(CVD) differed completely from that of Fe(Asc)-

1, a very broad line centred around 50 ppm being the only signal detected. The sharp

line at 54 ppm in the spectrum of Fe(Asc)-l corresponds to the resonance of the Al nuclei

incorporated into the zeolite framework, whereas the band at 0 ppm is related to the

presence of extraframework Al species. The spinning side bands present in the spectrum

of Fe(Asc)-l, as well as the large line broadening observed on Fe(CVD) are typical

effects due to the presence ofparamagnetic nuclei (15, 16). Such effects were reported
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Figure 4.6 - FTIR spectra recorded at ambient temperature of: a) Fe(CVD) and b) H/ZSM-5.

Samples were outgassed at 500°C prior to measurements

Figure 4.7 - ^'Al MAS NMR spectra of: a) Fe(Asc)-1 and b) Fe(CVD).
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to be dependent on the number of paramagnetic centres (17, 18). It is worth noticing

that the two zeolites exhibited strikingly different NMR spectra although they contained

comparable amounts of Fe species (compare Table 4.1). As the strongest perturbation of

the spectrum is observed for the sample Fe(CVD), where all the Fe species are located

at ion exchange positions (Fig. 4.6a), it is concluded that paramagnetic line broadening

become apparent provided that the Fe nuclei are in close vicinity to the Al atoms. This

observation suggests that, in the 27A1 MAS NMR spectra of zeolites containing

paramagnetic ions, the disappearance of the 54 ppm signal associated with the

framework aluminium atoms can be considered an indication of the location of the

paramagnetic species at ion exchange positions. This issue is further discussed in

Chapter 5.

4.4 Conclusions

The results presented in this chapter underline the difficulties that are encountered in the

preparation of over-exchanged Fe-zeolites in aqueous medium. Owing to the peculiar

chemistry of iron in solution, high degrees of ion exchange are very difficult to attain.

The use of reducing agents and complexing ligands suggested in the literature to

overcome this problem was not successful. Although reducing agents and complexing

ligands prevented the precipitation of iron hydroxides, they formed neutral or negatively

charged Fe complexes that could not act as counter-ions of the zeolite. Because of their

charges, these complexes either remained in solution (anions or cations) or precipitated

on the zeolite surface blocking its pores (neutral complexes). In all cases, these ion

exchange procedures resulted mainly in the exchange of protons, forming Bronsted acid

sites. As outlined in Chapter 3
,
it can be envisioned that the formation of the Bronsted

hydroxyl groups is favoured by both the smaller size of the protons (with respect to

metal ions) and their high mobility in solution. Furthermore, Bronsted hydroxyl groups

can also originate from the hydrolysis of the water molecules present in the hydration

sphere ofthe metal ions upon thermal treatment ofthe zeolite (19).

The high degree of ion exchange obtained using a "dry" technique such as the CVD

method supports the above speculations on the role played by the solvent in aqueous ion

exchange. Owing to the water-free conditions under which the CVD is carried out, the
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in-going gaseous species can reach unmodified the ion exchange sites, as hydrolysis

does not take place. There, the complete exchange of the original counter-ions (protons)

for the iron species occurs, accompanied by the evolution of HCl (5). In this respect, it

is worthwhile noticing that the actual in-going iron species are dimeric Fe2Clô

molecules, which are formed upon sublimation of FeCl3 (20). The size of these species

is comparable to (even somewhat larger than) the average pore diameter of ZSM-5, and

therefore these molecules are expected not to diffuse in the zeolite channels (see Note at

the end of this section). This fact, which is in contrast with the experimental results that

showed that all the ion exchange sites were accessible by the iron species, suggests that

the mechanism of the gas-phase ion exchange is actually rather complex. A possible

explanation for this apparent contrast may be found in the thermal motion of the lattice

atoms, which is particularly extensive at 200°C (sublimation temperature). This motion

makes the zeolite framework flexible, so that the pore openings may become large

enough to admit bulky Fe2Cl6 species and allow the exchange reaction. Alternatively, it

can be envisioned that upon interaction with the zeolite surface, the Fe2Cl6 dimer is split

into smaller FeCl3 monomers that can easily diffuse in the pores. In this case, the

cleavage of the Fe-Cl bonds of the dimer would be favoured by the high tendency of

FeCl3 to hydrolyse and to react with the acidic hydroxyls groups of the zeolite. In

addition, the formation of HCl during the exchange reaction would result in a further

reduction of the size of the iron species (dimer or monomer), thus facilitating their

diffusion in the pores. These hypotheses can explain why the chemical vapour

deposition of FeCl? was the most effective method among those investigated to prepare

fully exchanged Fe-zeolites.

Note. The dimension of the pore openings of MFI-type zeolite are 5.3 Â x 5.6 Â for the

straight channels and 5.1 Â x 5.5 Â for the sinusoidal ones (21). The dimension of Fe2Cl6

molecules can be estimated from the data available in the literature for analogue

compounds (same spatial geometry). The dimension determined for AI2CI6 on the basis of

electron scattering data is 6.45 Â x 7.15 Â (22). Since the ionic radius of the Fe ion (0.64

Â) is larger than that of the Al ion (0.51 Â), Fe2Cl6 is even bulkier than A12C16 and

therefore cannot penetrate the zeolite pores.
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Fe/ZSM-5 prepared by chemical vapour

deposition: the structure of the Fe species

ABSTRACT

The state of the iron in two different Fe/ZSM-5 samples prepared by chemical vapour

deposition of FeCl3, was investigated by EXAFS, IR, 27A1 MAS NMR, XRD, SEM,

SQUID and nitrogen adsorption measurements. In one Fe/ZSM-5 sample, EXAFS

revealed the presence of diferric (hydr)oxo-bridged binuclear clusters, whose structure

resembles that of the methane monooxygenase enzyme. These complexes were located

at the ion exchange positions of the zeolite, compensating one or two lattice charges

(IR). The remaining charge-compensating sites were Bronsted hydroxyls, although part

of them might be also occupied by isolated iron ions (SQUID). In a second Fe/ZSM-5

sample, iron was present predominantly in the form of large hematite particles.

The formation of different species seemed related to different hydrolysis processes

occurring on the two zeolites upon washing the preparation after the sublimation of

FeCl3. It is also suggested that the final state of the iron depends on the presence of

extraframework Al species as well as the crystallite size of the zeolite used.
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5.1 Introduction

Owing to their redox properties, iron-exchanged zeolites have been known and

investigated for many years (1-3). Recently these catalysts have attracted renewed

attention as it has been shown that Fe/ZSM-5 with a high degree of ion exchange (Fe/Al

= 1) possesses remarkable properties for the selective catalytic reduction (SCR) of

nitrogen oxides (NOx) by hydrocarbons (4). Besides a higher activity than Cu/ZSM-5,

especially the insensitivity towards the presence of H20 and SO2 as well as its

exceptional hydrothermal stability make Fe/ZSM-5 stand out among the zeolite-based

catalyst systems. As the original preparation method published by Feng and Hall (4)

lacked reproducibility, alternative ion exchange procedures have been investigated.

These include chemical vapour deposition (CVD) of FeCl3 (5), solid-state ion exchange

(6), and aqueous ion exchange using different types of Fe-salt solutions (7, 8). As it has

been discussed in Chapter 4, of all the ion exchange methods the CVD exchange has

proved to be the most effective to introduce Fe ions at the charge-compensating sites of

the zeolite. High degrees of ion exchange can be easily obtained, though accompanied

by the formation of iron oxide, which has been demonstrated to be inactive in the SCR

ofNOx (6).

The actual nature of the iron species in Fe/ZSM-5 has not been clarified yet. Joyner and

Stockenhuber have shown that the nature of the Fe species varies markedly depending

on the ion exchange method used (i.e. conventional aqueous ion exchange, solid-state

ion exchange, and ion exchange in methanolic solution) and the type of pre-treatment of

the catalysts (7). On the basis of EXAFS results, they concluded that Fe was stabilised

inside the zeolite pores in different forms spanning from isolated metal ions to large

oxide clusters and oxygen-containing nanoclusters. These latter species were concluded

to have an average composition of Fe^ and a structure similar to those of ferredoxin

(Fe3S4) or high-potential iron protein (HIPIP). As regards Fe/ZSM-5 prepared by CVD,

the results reported in the literature indicate that the final form of the iron depends at

least on the type of activation treatments of the zeolite, its Si/Al ratio and iron loading.

A plausible model for the active species of this catalyst has been proposed by Sachtler

and co-workers on the basis of FTIR, TPR, and ESR data (5, 9, 10). These authors

suggested that the catalyst in its active form contains oxo-bridged binuclear ([(HO)-Fe-
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O-Fe-(OH)] ) complexes located at ion exchange positions and compensating two

negative charges of the zeolite lattice (10). These complexes, which can undergo

reversible reduction in hydrogen at 500°C, accounted for about 85 % of the total Fe

content. The remainder of the iron was in form of Fe2C>3. Kucherov et al. (11) reported

ESR results for Fe/ZSM-5 (Si/Al =15) prepared by CVD that were very similar to those

shown in (10). However, in their case a reductive treatment under hydrogen at 400°C

led to the irreversible formation of an agglomerated ferromagnetic species. Ma and

Griinert, using a somewhat modified CVD preparation consisting of the sublimation of

FeCl3 under vacuum followed by calcination in air without any intermediate hydrolysis

step, obtained a Fe/ZSM-5 (Si/Al =14) catalyst that was highly active in the SCR of

NOx with ammonia (12). Their catalyst, however, exhibited much lower activity in the

SCR with z-butane compared to the one reported in the original work by Feng and Hall

(4). This suggested that different sites might be active for the two reactions. Finally,

Lobree et al. have shown that the oxidation state of the iron ions depends also on the

iron content of the zeolite (13). Iron was found as Fe(III) for ratios of Fe/Al < 0.56,

whereas above this level the formation of iron oxide as well as Fe(II) (formed via

autoreduction of the Fe3+(OH~)2 species accompanied by the release of molecular

oxygen and water) occurred. In this investigation, Fe/ZSM-5 was prepared by solid-

state ion exchange with FeCl3 under vacuum followed by washing of the zeolite.

In this chapter the results of the characterisation of two Fe/ZSM-5 zeolites prepared

using the CVD method are reported. Although the parent H/ZSM-5 zeolites had a

similar composition, the ion exchange resulted in two Fe/ZSM-5 samples with different

structural properties. For one of the two samples investigated, EXAFS analysis revealed

the presence of binuclear oxo-bridged complexes. In the second sample, iron was found

mainly in the form of hematite. FTIR results indicated that the formation of different

iron species on the two zeolites may be related to different hydrolysis processes, which

took place upon washing the zeolites after the sublimation. The presence of

extraframework Al species on the parent zeolites used for the exchange may also

influence the structure of the iron species formed.
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5.2 Experimental

Ion exchange methods

ZSM-5 samples were provided by Süd-Chemie AG (Na-MFI-46 P, Si/Al = 20) and

Zeolyst (CBV 3024G, NF^-form, Si/Al = 15). The zeolites were calcined at 600°C

overnight in static air under shallow bed conditions prior to use. The proton form of

both samples was obtained after ion exchange with a 1 M aqueous solution of NH4NO3

under reflux, followed by calcination in air at 600°C. The ammonium exchange was

repeated two times. The Süd-Chemie and Zeolyst zeolites will hereafter be referred to

as H/ZSM-5(20) and H/ZSM-5(15), respectively, where the number in parenthesis

indicates the Si/Al ratio. The iron-exchange was carried out by CVD of FeCl3 under

exclusion of air as described in (5). For the exchange, a U-shaped tubular quartz reactor

containing the proton form of the zeolite and the iron source (FeCy was used (Fig.

5.1). First, the zeolite was loaded in the reactor and calcined in air at 500°C to remove

the residual water adsorbed on the surface. The reactor was then sealed and transferred

in a glove box to load anhydrous FeC^. Typically, the amount of Fe used for the

exchange was twice the Al content of the zeolite (e.g. molar ratio FeC^/Alzeoi = 2). The

reactor was subsequently heated in a furnace at 320°C (3°C/min) under He flow for 2 h.

The preparation was then allowed to cool down to ambient temperature under gas flow.

After the exchange the samples were washed with deionised water, dried in air and

subsequently calcined at 600°C under O2 flow for 2 h. The iron-exchanged Süd-Chemie

and Zeolyst zeolites will hereafter be referred to as Fe/ZSM-5(20) and Fe/ZSM-5(15),

respectively.

Characterisation techniques

The chemical composition of the zeolites was determined by atomic absorption

spectroscopy (AAS) on a Varian SpectrAA-10 after dissolution in hydrofluoric acid. X-

ray powder diffraction patterns of the modified zeolites were recorded from 5° to 60°

2@ on a Siemens D5000 diffractometer using Cu Ka radiation at a step size of 0.02°.
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Figure 5.1 - Schematics of the apparatus used for the preparation of Fe/ZSM-5 by CVD of FeCI3

Nitrogen adsorption at -196°C was carried out on a Micromeritics ASAP 2000M

volumetric analyser. The zeolites were outgassed prior to analysis under vacuum at

400°C for at least 5 h. The specific surface area was evaluated using the BET method,

while the micropore surface area was determined according to the t-plot method.

SEM images of the sample coated with a 5 nm thick platinum layer were taken on a

Hitachi S-900 microscope using 30 KeV.

EXAFS measurements were carried out at the European Synchrotron Radiation Facility

(ESRF) in Grenoble (France), on the Swiss-Norwegian Beam Line (SNBL). The

electron energy and ring current were 6 GeV and 130-200 mA, respectively. At SNBL

the incident X-rays are monochromated by a Si (111) channel-cut monochromator and

harmonics are rejected by a gold-coated mirror. Prior to the measurements, samples

were treated at 400°C (3°C/min) under He flow for at least 1 h to remove the water

adsorbed on the zeolite. Fe K-edge spectra were recorded in transmission mode at liquid

nitrogen temperature in order to decrease the Debye-Waller factors. Data were analysed

by standard procedures using the XAFS data analysis program XDAP Version 2.2.2

(14, 15). The Fourier transformation (FT) of the ^-weighted EXAFS function was

carried out in the range 3.4-13.8 Â"1 and the Fourier filtered data were fitted in i?-space

in the range 1-4 Â. The multiple-shell fitting procedure was used to calculate
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interatomic distances (R), coordination numbers (C.N.), Debye-Waller factors (Act2)

and edge energy shifts (AEo). The validity of a fit was checked by the fitting of A:1-, k2-

and ^-weighted spectra in i?-space as well as in &-space. The quality of a fit was

estimated from the values of the variances of the imaginary (V\m) and absolute (FAbs)

parts of the FT and from the value of the goodness of the fit (sv2) (14, 15). The variance

represents the residual between the observed and calculated spectrum in the fitted range.

The sv2 takes the number of free parameters into account and is used to determine

whether the addition of new parameters makes sense. Reference spectra were generated

with the FEFF7 program (16) using XRD data for Fe203 (17) and Fe2Si04 (18) as input

parameters in order to obtain nonstructural parameters such as scattering amplitudes and

phase shifts for individual back-scattering pairs of atoms. An advantage of the FEFF7

program is that it can accurately model multiple scattering as well as single scattering

contributions to XAFS. The program ATOMS (19) was employed to calculate

coordination numbers and interatomic distances from reported XRD data of reference

compounds.

Infrared spectra of self-supporting zeolite wafers were recorded at ambient temperature

on a Mattson Galaxy 6020 IR spectrometer equipped with a MCT detector at a

resolution of 4 cm"1. Prior to IR measurements samples were outgassed in situ at 500°C

overnight at a pressure below 10"6 mbar. For the comparison of spectra taken on

different wafers, spectra were normalised using the intensities of the overtone bands of

the T-O-T lattice vibrations at 1878 and 2000 cm"1.

Solid-state MAS NMR measurements were carried out using a Bruker AMX400

spectrometer at a magnetic field of 9.4 T. 27A1 MAS NMR spectra were recorded on

fully hydrated samples at a resonance frequency of 104.26 MHz. The 27A1 chemical

shifts were referenced to Al(HiO)63+ in a 1 M aqueous solution of A1(NC>3)3. For each

spectrum 2160 scans were acquired with a recycling time of 10 s. Rotors were spun at 5

kHz with pulse lengths of 1 us, corresponding to a flip angle < 7i/12. These parameters

ascertained quantitative determination of Al species.

Variable-temperature magnetic susceptibility measurements were carried out in the

temperature range -269-20°C using a SQUID magnetometer (MPMS 5S, Quantum

Design) in a field of 0.5 T. Experimental values were corrected with respect to

diamagnetic contribution of the sample holder.
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5.3 Results

Elemental analysis (AAS) and X-ray diffraction (XRD)

The results of the elemental analyses of the iron-containing zeolites revealed that after

sublimation of FeCl3 the Fe loadings were Fe/Al = 1 (3.6 wt. % Fe) for Fe/ZSM-5(20)

and Fe/Al = 0.8 (4.5 wt. % Fe) for Fe/ZSM-5(15). The concentrations of sodium and

chlorine were below the detection limits. The XRD powder patterns of the Fe zeolites

showed that in both cases the crystallinity was retained after the iron loading. After the

treatment in oxygen at 600°C, low intensity diffraction lines at 33.15 20 and 35.65 20

were detected on Fe/ZSM-5(15), which indicated the presence of traces of hematite

(Fe2Û3) (Fig 5.2). No evidence of any other phase besides ZSM-5 was found on

FeZSM-5(20). The colours of the samples after the calcination in oxygen were orange

and light brown for Fe/ZSM-5(15) and Fe/ZSM-5(20), respectively.

^^UM^^Mi^^^'^w^y/^^V^^'T»^^»)^^^^^»»'

frV.^H^.n^^i.u.,id^^WU^^W^W n*H <.» ^ V S>—P* W—/ W-i.ifH-J>rv.*-wr«>^t.<»/ .„„..il—oJu-

10 20 30 40 50 60
20

Figure 5.2 - X-ray diffraction patterns of: (a) H/ZSM-5(15), (b) Fe/ZSM-5(15) and (c) Fe203
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Nitrogen adsorption and scanning electron microscopy (SEM)

The two ZSM-5 zeolites used in this study exhibited remarkable differences in their

textural properties as shown by the nitrogen adsorption measurements (Table 5.1). The

total N2 uptake of H/ZSM-5(20) was much higher than that of H/ZSM-5(15) and the

total pore volumes estimated were 0.72 and 0.29 cm3/g, respectively. The micropore

volumes were almost the same in both cases, while the external surface area calculated

for H/ZSM-5(20) (75 m2/g) was higher than for H/ZSM-5(15) (23 m2/g). These data,

which suggest that H/ZSM-5(20) possesses rather small crystals compared to H/ZSM-

5(15), were confirmed by SEM analysis of the two zeolites. From the SEM images

reported in Figure 5.3, it was estimated that the crystal size of H/ZSM-5(20) and

H/ZSM-5(15) were between 0.04-0.1 urn and 0.5-1 um, respectively.

After the Fe exchange, the nitrogen adsorption results for the two Fe/ZSM-5 showed

slight differences compared to the respective parent zeolites. The negligible decreases

in the micropore volumes suggest that no occlusion of the pores due to the formation of

an additional phase occurred on both zeolites.

Table 5.1 - Nitrogen adsorption measurements

Total pore Micropore volume External surface

volume (cm Ig) (cm3/g) area (m2/g)

H/ZSM-5(20) 0.72 0.17 75

H/ZSM-5(15) 0.29 0.16 23

Fe/ZSM-5(20)' 0.67 0.15 70

Fe/ZSM-5(15)' 0.26 0.14 20

After sublimation of FeClß followed by hydrolysis and treatment in O2 at 600°C
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Figure 5.3 - SEM pictures of H/ZSM(5)(20) and H/ZSM-5(15)
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FTIR spectroscopy

In Fig. 5.4 the IR spectra in the O-H stretching region (3000-3900 cm"1) of Fe/ZSM-

5(20) after each step of the preparation are shown. For comparison also the spectrum of

the parent zeolite H/ZSM-5(20) is given. On H/ZSM-5(20) two bands were observed at

3743 and 3610 cm"1, which are assigned to external silanol groups and to bridged

Si(OH)Al hydroxyls (Bronsted acid sites) (20, 21). A very weak band was also detected

at 3660 cm"1 and assigned to hydroxyls groups associated with extraframework Al

species (20). The sublimation of FeCU caused the complete disappearance of the

Bronsted hydroxyls band (3610 cm"1), while the silanol band (3743 cm"1) became less

intense (Fig. 5.4 - spectrum a). After washing the zeolite the intensity of the silanol

band was completely restored, whereas the band associated with the Bronsted hydroxyls

reappeared but with a much lower intensity (Fig. 5.4 - spectrum b). In addition, a

shoulder appeared at 3725 cm"1. After the subsequent calcination in oxygen this shoulder

disappeared, while the band at 3610 cm"1 increased to about 50% of its original intensity

as estimated by comparison of the integrated intensity with that of H/ZSM-5(20) (Fig.

5.4 - spectrum c). The same type of evolution was observed for the band at 3610 cm"

onFe/ZSM-5(15)(Fig. 5.5).

.

A 0.1 Abs.

\ -J\^—
"j \ ^ C

J|\ ^— b

J ———.—_. a

1 I ' 1 ' 1 '

3800 3600 3400 3200

Wavenumber (cm"1)

3000

Figure 5.4 - IR spectra (RT) after outgassing at 500°C of: (a) Fe/ZSM-5(20) after sublimation,

(b) after sublimation and hydrolysis, (c) after sublimation, hydrolysis and calcination and (d)

H/ZSM-5(20)
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Figure 5.5 - IR spectra (RT) after outgassing at 500°C of: (a) Fe/ZSM-5(15) after sublimation,

(b) after sublimation, hydrolysis and calcination and (c) H/ZSM-5(15)

In this case, however, after the calcination the intensity of the band reached only 30% of

that observed for the parent H/ZSM-5(15) (Fig. 5.5 - spectrum b). The recovered

intensity of the 3610 cm"1 band, which is in agreement with previous reports in the

literature (5, 10, 22), indicates that variable amounts of the Fe species at ion exchange

positions are displaced by protons during the treatments following the sublimation.

Following the assignments of the literature, the shoulder at 3725 cm"1 on Fe/ZSM-5(20)

(Fig. 5.4 - spectrum b) can be either due to (i) internal terminal silanols (or silanol

defects) which are formed upon displacement of Al atoms from the framework (23), or (ii)

OH groups associated with hydrolysed Fe species formed upon washing the zeolite, as

observed on some iron oxides such as hematite, akaganéite and maghemite (24).

The spectra of Fe/ZSM-5(20) together with that of the parent H/ZSM-5(20) in the

frequency range 1200-2200 cm"1 are depicted in Fig. 5.6. On H/ZSM-5(20) four bands

were detected at 2000, 1878, 1642 and 1470 cm"1, which were assigned to overtones and

combination framework modes (20) (Fig. 5.6 - spectrum d). After the sublimation of

FeCl3 and the in situ outgassing at 500°C, Fe/ZSM-5(20) showed a spectrum very
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2200 2000 1800 1600 1400 1200
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Figure 5.6 - IR spectra (RT) after outgassing at 500°C of (a) Fe/ZSM-5(20) after sublimation,

(b) after sublimation and hydrolysis, (c) after sublimation, hydrolysis and calcination, (d) H/ZSM-

5(20) and (e) Fe/ZSM-5(15) after sublimation and hydrolysis (inset)

similar to that of the parent zeolite, the only difference being two very weak bands at

1536 and 1461 cm"1 (Fig. 5.6 - spectrum a). More remarkable changes in the spectrum

were induced by the subsequent hydrolysis step. New bands, which evolved upon

increasing the evacuation temperature from ambient temperature to 500°C, were

detected in the frequency range 1700-1300 cm"1. The spectrum obtained after

outgassing overnight at 500°C exhibited bands at 1554, 1456 and 1421 cm"1

accompanied by weak shoulders at 1666, 1569 and 1353 cm"1 (Fig. 5.6 - spectrum b).

These bands disappeared upon treatment of the sample in O2 at 600°C (Fig. 5.6 -

spectrum c). By comparison of these spectra with those reported in the literature for iron

oxides (24) and FeCi3 (25), it can be excluded that these bands correspond to the

deformation modes of hydroxylated Fe species or to Fe—Cl modes. In both cases, the

IR radiation is absorbed in rather different frequency ranges. Nevertheless, although

these bands cannot be precisely assigned, it is important to notice that the spectroscopic

features in the range 1700-1300 cm'1 were peculiar for Fe/ZSM-5(20) and were not
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observed on Fe/ZSM-5(15) (inset Fig. 5.6). This finding suggests that hydrolysis may

give rise to different type of species on different parent zeolites.

27AI MAS NMR spectroscopy

27A1 MAS NMR spectroscopy was carried out on Fe/ZSM-5(20) and Fe/ZSM-5(15)

after each step of the preparation. The spectra are reported in Figs. 5.7 and 5.8 together

with those of the corresponding parent H/ZSM-5 zeolites. For both H/ZSM-5 zeolites a

resonance was detected at about 54 ppm, which is assigned to tetrahedrally coordinated

Al atoms in lattice positions. The two weak signals on Fe/ZSM-5(20) at 5 and 105 ppm

(Fe/ZSM-5(15), -40 and 155 ppm) are spinning side bands due to the quadrupolar

interactions of 27A1 nuclei. On H/ZSM-5(15) an additional resonance was detected at 0

ppm, which is assigned to Al in octahedral coordination, namely extraframework Al

species (Fig. 5.8 - spectrum d). After the sublimation of FeCl3, the intensity ofthe 54 ppm

line was dramatically reduced and only a very weak signal was detected on both Fe/ZSM-5

samples (Figs. 5.7 and 5.8 - spectra a). This marked suppression is a direct consequence of

the paramagnetism of the Fe ions, whose unpaired electrons generate a local magnetic

field that strongly perturbs the resonance of the 27A1 nuclei (26, 27).

200 150 100 50 0 -50 -100

(ppm)

Figure 5.7 - 27AI MAS NMR spectra of (a) Fe/ZSM-5(20) after sublimation, (b) after sublimation

and hydrolysis (c) after sublimation, hydrolysis and calcination and (d) H/ZSM-5(20)
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Figure 5.8 - 27AI MAS NMR spectra of (a) Fe/ZSM-5(15) after sublimation, (b) after sublimation

and hydrolysis, (c) after sublimation, hydrolysis and calcination and (d) parent H/ZSM-5(15)

Paramagnetic effects were also observed on the peak at 0 ppm in the spectrum of

Fe/ZSM-5(15) (Fig. 5.8 - spectrum a). After the hydrolysis and calcination, the intensity

of this peak was fully restored (Fig. 5.8, spectra b and c). On both Fe/ZSM-5 samples,

the hydrolysis and calcination treatment caused the intensity of the signal at 54 ppm to

increase. This recovery of the signal intensity paralleled that observed for the Bronsted

acid sites band (3610 cm"1) in the IR spectra and therefore confirmed the displacement

of the Fe species from ion exchange positions.

EXAFS spectroscopy

Experimental and Fourier filtered ^-weighted EXAFS % functions of the samples after

calcination are shown in Fig. 5.9. By comparing the % functions, it is evident that the

spectra of the Fe2C>3 and Fe/ZSM-5(15) samples are similar, while that of Fe/ZSM-

5(20) is significantly different. The structural parameters derived from the fitting of the

Fe2Û3 spectrum were compared with coordination numbers and interatomic distances

calculated using reported XRD data (17).
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Figure 5.9 - Experimental, Fourier-filtered and fitted EXAFS % functions of (a) Fe203, (b)

Fe/ZSM-5(15) (five-shell fit) and (c) Fe/ZSM-5(20) (model D) zeolites
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As expected, a good agreement was observed (Table 5.2). The fitted Fe2Û3 spectrum in

reciprocal space is shown in Fig. 5.9a and the Fourier transformations of the Fourier

filtered experimental data and of the fitted spectrum are presented in Fig. 5.10. In view

of the similarity between the % functions, the EXAFS results for Fe2Û3 were used as

input parameters for fitting the spectrum of the Fe/ZSM-5(15) sample. The fitted

spectrum in reciprocal space is presented in Fig. 5.9b and FTs of the filtered and fitted

spectra are shown in Fig. 5.10. It can be seen that the five-shell model used to fit the

spectrum of Fe2Û3 is sufficiently good also for the Fe/ZSM-5(15) sample (Fig. 5.11).

Consequently, the presence of Fe2Û3 clusters was concluded, in agreement with the

XRD results. A close examination of the fit of Fe/ZSM-5(15) (Fig. 5.11) shows that the

five-shell fit is not as good as that obtained for Fe2Û3 in the range 1-2.4 Â (phase-

uncorrected FT), the range characteristic of Fe-0 shells. The results suggest slight

differences in the coordination numbers compared to those obtained for Fe2Û3 (Table

5.2). Since coordination numbers represent averaged values, this points to the possible

co-existence of another type of Fe species in addition to the Fe2Û3 clusters.

The x function of the Fe/ZSM-5(20) sample is qualitatively different from the %

functions of the Fe/ZSM-5(15) and Fe203 samples (Fig. 5.9). This difference is

reflected in the FTs where two overlapping bands in the range 1-2 Â (uncorrected FT),

corresponding to oxygen back-scatterers, are dominant in the case of Fe/ZSM-5(20)

(Fig. 5.12). This is in contrast to the spectra of Fe/ZSM-5(15) (Fig. 5.11) and Fe203

(Fig. 5.10) where the two dominant bands are in the range 2.0-3.8 Â that is

characteristic of contributions from Fe-Fe shells. Various shell models consisting of

different possible back-scattering pairs were tried to fit the Fe/ZSM-5(20) spectrum

(Table 5.3). The first two bands in the FT were easily assigned to Fe-O(l) and Fe-0(2)

shells, and therefore these two oxygen shells were included in all the models tried. The

assignment of third and fourth shells was more difficult and this process is described in

the discussion. The best results were obtained with model D, when the goodness of the

fit in R- as well as in &-space was considered. Also, reasonable values of Debye-Waller

factors and edge energy shifts, and fitting using kl-, k2-, as well as &3-weighted spectra,

were of help in the choice of the most probable model.
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Table 5.2 - EXAFS results

Shell R(Â) C.N Act(10~3Ä2) AE0 (eV)

Fe203

1 Fe-0 1-94 1.95a 3.0 3.0a 0.1 -1.8*

2 Fe-O 2.06 2.11a 3.0 3.0
a

2.1 9.2"

3 Fe-Fe 2.95 2.97a 3.0 3.0
a

0.8 -0.6*

4 Fe-Fe 3.39 3.36a 2.2 3.0
a

3.6 -6.9
*

5 Fe-O 3.73 3.79a 3.1

2c

Ev

v,mda
VAbs

3.0
a

0.14

0.54

0.21

8.2 -12.2*

Fe/ZSM-5(15)

1 Fe-O 1.96 3.6 1.7 1.7"

2 Fe-O 2.11 2.4 0.0 5.7*

3 Fe-Fe 2.95 3.5 1.1 3.5"

4 Fe-Fe 3.40 3.0 0.9 -6.5*

5 Fe-O 3.74

2

Ev

Vim

VAbs

3.9

0.42

0.34

0.21

5.9 -12.3*

Fe/ZSM-5(20) - Model C

1 Fe-O 1.82 0.5 4.8 -6.9

2 Fe-O 1.94 3.6 3.0 8.7

3 Fe-Fe 2.53 0.6 8.5 3.2

4 Fe-Fe 3.06

2

Ev

V|m

VAbs

0.7

0.12

0.32

0.15

2.1 -2.5

Fe/ZSM-5(20) - Model D

1 Fe-O 1.83 1.2 2.4 -7.1

2 Fe-O 1.94 4.7 2.5 11.6

3 Fe-O 2.48 1.0 0.7 8.2

4 Fe-Fe 3.05 0.9 4.0 -1.3

ev2 = 0.05

Vlm = 0.10

VAbs = 0.07

a

XRD data; fixed parameters;
° ev2 the goodness of the fit;

d
V|m and VAbs are

the variances of the imaginary and absolute parts of the FT, respectively. The

errors in the fitted parameters are estimated to be C.N. ± 10 %, R ± 0.02 A,
Act2 ±10%, AE0±10%.
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Figure 5.10 - FT of Fourier-filtered experimental data and fitted data of Fe203.
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Figure 5.11 - FT of Fourier-filtered experimental data and fitted data of Fe/ZSM-5(15) (five-

shell fit)
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Figure 5.12 - FT of Fourier-filtered experimental data and fitted data of Fe/ZSM-5(20) using

model D

Table 5.3 - EXAFS shell models used for fitting

1+2

Fe Shells

Fe species

Model A O Si or AI

O Si or AI Si or AI

O O Si or AI

Model B O Fe Si or AI

Fe incorporated into framework, Fe ions

(monoatomic) at ion exchange positions

Clusters like Fe4Û4 (7)

Model C O Fe Fe Fe binuclear species or clusters like Fe404

O Si or AI Fe

Model D Fe Fe binuclear species
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The best fit of the Fe/ZSM-5(20) spectrum using model D is shown in reciprocal space

in Fig. 5.9c and the FT is presented in Fig. 5.12. The results of the fitting (Table 5.2)

point to the presence of some small iron oxide clusters consisting of two iron atoms.

The presence of large Fe2Û3 clusters can be excluded, in agreement with the XRD

results.

Magnetic susceptibility measurements

The experimental temperature dependence of the molar magnetic suscptibility {%u) of

Fe/ZSM-5(20) as determined through SQUID measurement is depicted in Fig. 5.13. The

molar susceptibility of this zeolite was measured in the interval from 20°C to -269°C.

For the fitting procedure, however, only the data points collected above T = -263 °C

were considered. The zeolite was maintained at T < -263°C for a too short time to allow

reaching of the thermal equilibrium, thus making the susceptibility values not reliable.

With decreasing temperature, the effective magnetic moment /j^u decreased from 5.3

(20°C) to 3.2 (-263°C). This remarkable decrease of fen with temperature suggests that

the electron spins of the iron ions are in reciprocal interaction, the interaction being of

the antiferromagnetic type.
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Fig. 5.13 - Experimental (o) and theoretical (—) temperature dependence of the molar

magnetic susceptibility of Fe/ZSM-5(20).



Binuclear species in Fe/ZSM-5 103

Since EXAFS spectroscopy revealed the presence of dimeric iron species, the fit of the

experimental susceptibility data was tried using the dipolar coupling approach of Van

Vleck (spin-spin interaction model), which is based on the exchange Hamiltonian Hex =

-2J(Sa'Sb), where J is the coupling constant and Sa-Sb = 5/2. Following this approach,

the observed magnetic susceptibility can be expressed as:

where the terms ^ and tf represent the contributions to the observed magnetic

susceptibility by a dimeric ferric species and a possible magnetically dilute ferric

impurity, respectively. The impurity was assumed to be a monomeric Fe3+ species with

a magnetic susceptibility obeying the Curie-Weiss law %' = 35Nß2g2/l2kT. The

parameters p and (\-p) gauges the contributions of the two terms. The complete

expression of ^m used for the fit was:

Nß2g2
XM{periron) = \

^

55 + 30exp(10x) + 14 exp(l 8x) + 5 exp(24x) + exp(28x)

11 + 9 exp(l Ox) + 7 exp(l 8x) + 5 exp(24x) + 3 exp(28x) + exp(30x)
v ' I 12/tr

where N is Avogadro's number, ß is Bohr magneton and x = -J/kT. For the fitting

procedure, an isotropic g value of 2.0 was assumed. The contribution of temperature-

independent paramagnetism to the magnetic susceptibility was neglected.

The spin-spin interaction model allowed simulate the experimental susceptibility data

very well (Chi-squared minimization < 10"6). This result can be considered, therefore, anadditionalevidenceforthepresenceofbinuclearspeciesonFe/ZSM-5(20).Theestimatedmagnitudeforthecouplingconstant,whichgivesameasureoftheintensityofthespin-spininteractionbetweentheionsofthedimer,wasJ=12cm"1.Thisvalueiscomparabletothosereportedintheliteratureforbinucleardiferriccomplexescontainingoneortwo//-(OH)bridges(28).Itisimportanttonotethatthepresenceofoneormoreoxo-bridgesinanaloguediferriccomplexesgenerallyresultsinJvaluesthatarehigheratleastbyoneorderofmagnitude(J>100cm"1).Thus,thecalculatedvalueofJgivesusefulinformationonthepossiblestructureoftheirondimer.Asfortheparamagneticimpurity,thevalueestimatedfortheparameterpwas0.29.This
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means that about 30 % of the iron ions present on this zeolite are not

antiferromagnetically coupled and behave as paramagnetic species. It can be therefore

concluded that a minor fraction of the iron also exists in form of isolated Fe3+ ions.

5.4 DISCUSSION

The results obtained in this study confirm that Fe/ZSM-5 with a high degree of ion

exchange can easily be prepared by CVD of FeC^. The nature of the iron species hosted

in the zeolite, however, depends on the characteristics of the ZSM-5 used. As shown by

the EXAFS results, Fe species with different structures were detected on the two

Fe/ZSM-5 zeolites prepared following the same procedure. In this section, the different

structures observed will be described in detail and the possible reasons for their

differences will be discussed.

On both H/ZSM-5 zeolites, the sublimation of FeCl3 resulted in the complete

replacement of the protons at ion exchange positions by Fe species, as indicated by the

disappearance of the 3610 cm"1 band in the IR spectra (Figs 5.4 and 5.5) and the iron

concentration in the zeolites (Fe/Al =1). The fact that the elemental analysis indicated a

ratio of Fe/Al = 0.8 for Fe/ZSM-5(15) can be explained by the presence of

extraframework Al species, which do not have Bransted acid sites associated that can be

exchanged.

The paramagnetic effects observed on the 27A1 MAS NMR spectra of the iron zeolites

(Figs. 5.7 and 5.8) confirm the effective location of Fe species at ion exchange positions

concluded on the basis of the IR results. The presence of paramagnetic ions as charge-

compensating species causes a shortening of the nuclear relaxation time of the

framework Al atoms, which results in an apparent loss of intensity of the peak at 54

ppm owing to line broadening. The paramagnetism of the Fe ions also brought about a

more intense and extended side band pattern of the NMR spectra. This perturbation of

the spectrum arises from the anisotropic dipolar interaction between the electron spin of

the Fe ions and the nuclear spin of the Al ions (pseudo-contact interactions). On

Fe/ZSM-5(15), after the sublimation, some Fe cations interact with the Al-OH groups

of the extraframework Al particles causing the distortion of the peak at 0 ppm (Fig. 5.8

- spectrum a). This peak, however, became visible again after the hydrolysis and



Binuclear species in Fe/ZSM-5 105

calcination (Fig. 5.8 - spectra b and c). The unchanged intensity of the 0 ppm peak after

the hydrolysis and calcination indicates that no paramagnetic interactions occur

between the Fe ions and extraframework Al atoms, reflecting therefore a rearrangement

of the Fe species inside the zeolite after these treatments. The increase in intensity of

the peak at 54 ppm (framework Al atoms) and the absence of any peak at 0 ppm

(extraframework Al species) on Fe/ZSM-5(20) after hydrolysis and oxidation rules out

that the suppression of the 54 ppm signal is caused by the dislodgement of Al atoms

from the lattice by Fe ions. In addition, from the weak intensity of the spinning side

bands observed on the Fe-exchanged zeolites it is excluded that such suppression is due

to the incorporation of the Fe ions into the lattice. As reported in the literature, the 27A1

MAS NMR spectra of zeolites containing paramagnetic transition metal ions

incorporated in the framework exhibit much more intense spinning side bands, which

also extend to higher/lower frequencies (29, 30). These findings confirm that the Fe

species introduced into the zeolite using the CVD method are located in extraframework

positions within the zeolite pores, as previously reported by Sachtler and co-workers

(10). These authors also claimed that the introduction of some Fe ions into the

framework is also possible, if H/ZSM-5 with high silica content (Si/Al > 30) is used as

parent material (10). The detection of Fe3+ ions in tetrahedral coordination (EPR) and

the reduced intensity after the sublimation of the 3743 cm"1 band associated with the

terminal silanol groups (FTIR) were regarded as evidences for the occurrence of such

incorporation. Since the Al content of H/ZSM-5(20) was much higher than that of the

zeolite investigated in (10) and the washing of the sample resulted in recovery of the

intensity of the 3743 cm"1 band, such a possibility seems rather unlikely. On the other

hand, the formation of internal silanol defects seems to occur during the washing of the

zeolite, as indicated by the appearance of a band at 3725 cm"1 (Fig. 5.4 - spectrum b).

This phenomenon might be related to the reaction of FeCl3 molecules with the acidic

protons of the zeolite which is accompanied by the evolution of HCl. If part of the HCl

formed remains on the zeolite, upon washing it could induce a partial extraction of

aluminium atoms and the ensuing formation of lattice defects (=Si-OH - 3725 cm"1).

The subsequent calcination can heal these defects through the dehydroxylation of these

silanol groups (31), thus resulting in the observed disappearance of the 3725 cm"1 band

from the spectrum (Fig. 5.4 - spectrum c). However, as mentioned in the Results
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section, the 3725 cm" band could also be associated to hydroxylated Fe species formed

during the washing of the zeolite.

The hydrolysis and calcination treatments following the sublimation of FeCl3 have been

suggested to be the key steps in the formation of the active species in Fe/ZSM-5 zeolites

(10) (this issue is addressed in more detail in Chapter 6). The results presented here,

besides substantiating this hypothesis, also indicate that the final state of Fe may differ

according to the characteristics of the zeolite used. IR spectroscopy showed that, upon

hydrolysis, on both ZSM-5 samples part of the Fe present at the ion exchange sites was

back-exchanged by protons forming Brensted hydroxyls, whose concentration further

increased after the calcination in oxygen. In this respect, it is worthwhile noticing that a

parallel increase of the intensity of the framework Al peak (54 ppm) in the 27A1 MAS

NMR spectra also occurred after hydrolysis and calcination. Taken together, these

results indicate that the removal of the Fe species from the ion exchange positions

resulted in a decrease of the paramagnetic effects sensed by the Al atoms of the lattice.

Since the pseudo-contact effects are delocalised anistropic interactions (through space

electron-nucleus dipolar interactions), the rearrangement of the iron species does not

seem to completely account for the increase of the Al signal. The concentration of the

iron ions in the zeolite did not change appreciably upon hydrolysis and calcination and

therefore a lower diminution of the paramagnetic perturbation would be expected for

the zeolites after these treatments. It cannot be excluded that the recovery of the Al

signal might be due also to more localised paramagnetic interactions between the Fe

and the Al ions, such as Fermi-contact interactions, which are isotropic and act through

chemical bonds. This type of interaction has already been reported in the case of

aluminosilicate sodalites containing paramagnetic Na4 clusters (32, 33).

In spite of the similar IR and NMR data, EXAFS spectroscopy showed rather different

results for the two zeolites. Analysis of the EXAFS spectra demonstrated the presence

of Fe2Û3 clusters in the Fe/ZSM-5(15) sample. Moreover, EXAFS detected other Fe

species, whose exact structure was difficult to determine due to the predominant signal

from the hematite phase. These species might possess a structure similar to that of the

diferric binuclear clusters determined in Fe/ZSM-5(20) (see below). The presence of

hematite as the predominant form of iron in Fe/ZSM-5(15) seems in contrast with the

IR results. The detection of the oxide phase by XRD and the negligible decrease of the
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micropore volume after calcination indicate that the Fe oxide is mainly located on the

outer surface of the zeolite crystals. Therefore, most of the ion exchange positions are

expected to be occupied by protons, whereas IR showed that only 30 % of them were

Bransted acid sites. A possible explanation for this discrepancy could be the presence of

positively charged oxide particles that act as charge-balancing ions, as already proposed

for extraframework Al species (34). In addition, the negative charge of the zeolite

lattice is also compensated by the above mentioned binuclear species.

The EXAFS results for Fe/ZSM-5(20) were remarkably different from those obtained

for Fe/ZSM-5(15) and the evaluation of the EXAFS spectrum is more complicated.

EXAFS studies of Fe silicalites successfully confirmed the substitution of Si by Fe ions

in the framework of the ZSM-5 structure (35-40). Therefore, an EXAFS model (model

A) consisting of only Fe-0 and Fe-Si(Al) shells was chosen to check the possibility of

Fe incorporation into the zeolite framework (see Table 5.3). The same model can also

describe the presence of mononuclear Fe ions exchanged into cationic exchange

positions, because also in this case, only Fe-0 and Fe-Si(Al) shells are expected. As

using model A a satisfactory fit of the experimental Fe/ZSM-5(20) spectrum was not

obtained, the substitution of Si by Fe ions can be excluded, in agreement with the NMR

results. On the basis of this result, the existence of separated mononuclear Fe ions in

cation exchange positions should also be excluded. However, the presence of isolated

Fe3+ ions cannot be completely ruled out as suggested by the magnetic measurements.

The EXAFS study of Fe/ZSM-5 zeolites prepared using different ion exchange methods

(7) showed the formation of different Fe species, depending on the type of preparation

and pre-treatment of the catalysts. In particular, on Fe/ZSM-5 prepared by aqueous ion

exchange followed by heat treatment in an inert atmosphere, EXAFS analysis revealed

the presence of small oxygen-containing nanoclusters assigned to Fe4Û3 or Fe4Û4

clusters with a structure similar either to iron-sulphur compounds like ferredoxins (41)

or the cubanes of high-potential iron protein (HIPIP) (42).

The authors observed the shortening of the Fe-Fe distance from a typical value of 3.00

Â to a very unusual 2.53 Â after activation. They compared this value to the distance of

2.67 Â observed in reduced ferredoxins (41). Based on these results, the fit of the

experimental spectrum of Fe/ZSM-5(20) was attempted using a second model (model

B), in which the third and fourth shells are attributed to Fe and Si(Al) backscatterers,
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Figure 5.14 - FT Fourier-filtered experimental data and fitted data of Fe/ZSM-5(20) using model C

respectively. Model B did not yield a good fit either, however. If Fe4C>4 clusters were

present, additional Fe-Fe distances besides the short one at about 2.75 Â should appear,

as was observed for various cubane-type Fe4S4 clusters (43, 44). A third model (model

C) was therefore tried, in which it was assumed that the third shell consisted of Fe or

Si(Al) atoms and the fourth shell of Fe atoms. In contrast to the results of Joyner and

Stockenhuber, a fourth shell appeared at a distance of 3.06 A, typical for Fe-Fe, in

addition to a short Fe-Fe distance of 2.53 Â. While this fit looks reasonably good (Fig.

5.14), the coordination numbers of the Fe-Fe shells are too low to belong to a Fe404

cluster (Table 5.2). This makes it difficult to believe that such clusters are formed.

Furthermore, iron-oxygen cubane-type clusters with interatomic distances in the range

2.53-2.75 A are not known. Although model C cannot describe the results, it does point

to the presence of an Fe-Fe shell around 3.06 A. The low coordination number suggests

that probably only two Fe atoms per cluster are present. For this reason, binuclear Fe

clusters were considered as possible models to explain the EXAFS data. The existence

ofbinuclear complexes was predicted on the basis of TPR, FTIR, and ESR measurements,
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which gave evidence for separate octahedral binuclear Fe -O-Fe ions in cationic

exchange positions (5, 9, 10, 45).

In a series of studies on the oxidation of methane and benzene on Fe/ZSM-5, Panov and

co-workers compared the structure of the active iron sites in ZSM-5 to binuclear

activecentres in methane monooxygenase (46, 47). The enzyme methane monooxygenase

(MMO), found in methanotropic bacteria, catalyses the hydroxylation of methane to

methanol. One of its three protein components, the hydroxylase (MMOH), contains

binuclear iron clusters as active centres (48). The first EXAFS study on MMOH showed

an average Fe-ligand distance of 1.92 Â and an Fe-Fe distance of 3.05 Â (49). A

detailed XAFS analysis of MMOH from Methylosinus trichosporium OB3b (50)

suggested the presence of two Fe-Fe distances of about 3.0 Â and 3.4 Â reflecting the

population of MMOH molecules with two and one //-hydroxo bridges in a diiron(III)

core structure, respectively (Fig. 5.15a). This shortening of the Fe-Fe distance from 3.4

to 3.1 Â due to the presence of two hydroxy- bridging ligands instead of only one

hydroxo-bridge was observed for the first time in MMO hydroxylase from

Methyllococcus capsulatus (Bath). The authors concluded that the active centre adopts a

Fe2Û2 "diamond core" structure (51). A series of synthetic model complexes containing

a mixed-valence Fe202 core was synthesised (52-57). The crystallographically

characterised complexes, which have spectroscopic and catalytic properties relevant to

those of MMOH, served as models to explain the roles of active centres in MMOH

adopting the Fe202-type core structure (51).

The observed similarity between the £3-weighted % spectrum of the Fe/ZSM-5(20)

sample and MMOH (50), together with the very similar results obtained from fitting the

spectra using model D (Table 5.2) and the EXAFS data reported for MMOH (43-44)

(Table 5.4), enabled us to compare our Fe clusters to MMOH active centres. The best fit

represented by model D gave a Fe-Fe distance of 3.05 Â, which is in excellent

agreement with the Fe-Fe distance obtained for the FeIII2(/o-OH)2 core (3.08-3.16) (55-

57) as well as for MMOH (3.02 Â) (50). Shu et al. (50) argued that the presence of an

additional carboxylate bridge besides two hydroxyl bridges in MMOH results in a slight

shortening of the Fe-Fe distance from 3.1 to 3.02 Â. They noticed that a distance of

about 2.4-2.5 Â, usually assigned to carboxylate or water semibridges (51, 58), was

absent, but they admitted that the contribution to the EXAFS signal due to the system
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Table 5.4 - Summary of core structures of octahedral diiron complexes

and MMOH

Diamond Core Fe-Fe Fe-(n-O) Fe-(n-OH) Ref.

(A) (A) (A)

Fe'"2 (n-0)2 2.71

2.714

1.88

1.841, 1.917

(52)

Fe'"2 (ji-0)(n-OH) 2.83 1.85 1.98 (53)

2.91 1.82 1.99 (54)

FeIH2 (n-OH)2 3.08-3.16 1.96-2.02 (55-57)

Fe" Fe1" (n-OH)3 2.51 1.94 (54)

MMOH (OB3b) 3.02 1.96 (50)

MMOH (Bath) 3.04 1.78,1.94 (51)

disorder is not necessarily significant. The results obtained in this study, show the

presence of such a long Fe-0 distance of 2.48 Â as well, which in the present case

could be due to an interaction with the zeolite framework. The co-existence of Feni2(/i-

0)(//-OH) core structures can not be excluded because the observed Fe-Fe distance of

2.91 Â for model complexes is quite close to the observed distance of 3.02 Â (it can be

an average distance of two closely overlapping shells in the distance range 2.9 - 3.1 Â).

In addition, the observed short Fe-0 distance of 1.83 Â is typical for the above-

mentioned oxo-bridges. The presence of a core with two oxo-bridges (52-54) can be

excluded because of the observed very short Fe-Fe distance of 2.71 Â (52) in

comparison with the results reported here. Thus, the presence of two types of diamond

cores such as Fem2(ju-OH)2 and Feni2(//-0)(/^-OH) is highly probable. Some of the

oxygen atoms detected at a distance of 1.94 Â and 1.83 Â, which are typical for

hydroxo- and oxo-bridges, respectively, can also be assigned to Fe-O(zeolite).

However, the sum of the Fe-O coordination numbers clearly points to an octahedral

structure, in agreement with published ESR results (10, 11, 22). Assuming the presence
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of clusters with two types of core structures, (i) two hydroxo-bridges and (ii) one

hydroxo-bridge and one oxo-bridge, both accompanied by a third and longer

-0-Si(Al)-0- bridge, the observed coordination number between four and five for the

second oxygen shell seems to make sense. Therefore, a mixture of these types of

octahedral Fe binuclear clusters is proposed to exist on Fe/ZSM-5(20) (Fig. 5.15 -

structures b and c). In this respect, the results of the magnetic susceptibility

measurements suggest that the binuclear cluster with two hydroxo-bridges is the most

probable one. The value of the coupling constant (J) was estimated to be 12 cm"1, that is

of the same order of magnitude of those reported for several model complexes of the

MMO enzyme containing one or more hydroxo-bridges (28). As shown in this review

article, the experimental J values determined for analogue diferric complexes with one

or more oxo-bridges are always around 100 cm"1 or higher. Hence, binuclear complexes

containing oxo-bridges seem less probable. Discussing the nature of the binuclear iron

species, it is important to note that the SQUID analysis of Fe/ZSM-5(20) was carried

out without any thermal pre-treatment of the sample. On the contrary, the EXAFS

spectrum of Fe/ZSM-5(20) was recorded after a thermal treatment in He at 400°C. It

cannot be excluded, therefore, that during this treatment a partial dehydroxylation of the

iron complexes occurred.

Model D was evidently the best model with regards to the goodness of the fit. On the

other hand, the fit using model C was reasonably good although the fit for the third shell

in the range of 1.9-2.3 Â of the uncorrected FT (real distance 2.4-2.55 Â) was not

optimal in comparison with model D. In model C, the third shell (2.53 Â) was assigned

to the Fe-Fe distance and this distance can, according to model complexes, correspond

to the FenFeni(/^-OH)3 core structure with a reported distance of 2.51 Â. This result

does not seem to be completely impossible because some autoreduction due to the

influence of the X-rays during the EXAFS experiment can result in such a mixed-

valence species. On the other hand, this fraction would be expected to be minor

regarding the treatment at high temperature in oxygen. A very similar Fe-Fe distance

has been recently observed in the diiron (//-1,2-peroxodiferric) intermediate that forms

in the early steps of ferritin biomineralization (60). Although also in this case the

formation of a peroxo-bridge between the two Fe atoms cannot be completely ruled out,

the instability of this compound makes this possibility unlikely.



Binuclear species in Fe/ZSM-5 113

Although it is not possible to discriminate among the different types of structures

proposed, the binuclear nature of the Fe species in Fe/ZSM-5(20) has been established.

IR results, supported by 27A1 MAS NMR, allow to conclude that the Fe complexes are

located at the ion exchange positions of the zeolite, bearing an overall monopositive

charge. In this form they act as extraframework counterions and compensate half of the

negative charges of the lattice. The monopositive charge is most likely determined by

the presence of coordinated OH groups, which are formed during the hydrolysis and

calcination. This type of binuclear complex, although somewhat different from that

suggested in the literature (5, 9, 10), reasonably accounts for all the experimental

findings. In particular, it explains why the removal of Fe species from the ion exchange

positions upon calcination is not followed by the formation of an oxidic phase. If iron

oxide was formed it would involve 50% of the Fe present and, therefore, the EXAFS

spectrum of Fe/ZSM-5(20) should appear as a combination of the spectra of the Fe

oxide and the binuclear species. A recent density functional study of oxygen-bridged Cu

species in Cu/ZSM-5 catalyst strongly supports the above interpretation of the EXAFS

data. According to these calculations, species like Cull2(ju-0) and Cun(//-0)2 are

predicted to have high stability and can be easily accommodated in the zeolite pores

(61). The binuclear iron clusters, however, are not the only type of species present in

Fe/ZSM-5(20). As indicated by the magnetic susceptibility measurements, isolated

paramagnetic Fe3+ ions are also present on this zeolite. From the fit of the experimental

SQUID data, their concentration was estimated to be about 30 % of the total iron

content. Since the EXAFS results indicated that isolated iron ions were not present, this

conclusion seems rather in contrast to the spectroscopic data. However, if the

uncertainty of the determination of the EXAFS structural parameters is taken into

account, such a hypothesis appears reasonable1. This finding is in agreement with

previously published results about the active species of Fe/ZSM-5 prepared by CVD.

The presence of isolated Fe3+ ions was reported by Kucherov et al, who suggested that

these species were active in the catalytic oxidation of ethane (11). As a precise

relationship between the structure of Fe/ZSM-5 and its activity in the SCR of NO with

1
The fit of the EXAFS data (Model D) gave a value for the coordination number of the Fe-Fe shell at

3.06 Â of 0.9 ± 10 % (Table 5.2). This means that the actual coordination number lies in the interval

0.99-0.81, thus making conceivable the existence of 20 % mononuclear Fe3+ ions.
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hydrocarbons has not been conclusively established, it cannot be excluded that such

species can be active also for this reaction.

As for the reasons for the formation of different Fe species on the two ZSM-5 samples

investigated, the IR results suggest that it might be related to different hydrolysis

processes occurring during the washing of the zeolites. The IR spectrum of Fe/ZSM-

5(20) after the sublimation and the hydrolysis was substantially different from that of

Fe/ZSM-5(15) (Fig. 5.5, inset). The spectrum of the former zeolite exhibited bands in

the range 1300-1700 cm"1 that were not detected in the latter. The reasons for the

occurrence of a different hydrolysis process are, however, not clear. Since the two

parent ZSM-5 zeolites differed mainly in the textural properties (Table 5.1), crystallites

size (Fig. 5.3), and the presence of extraframework Al species (Figs. 5.7 and 5.8), a

relationship between their physico-chemical properties and the nature of the Fe species

is expected. Particularly, the presence of extraframework Al species, usually ascribed to

(hydr)oxo-moieties, might favour the formation of the iron oxide. Since Fe and Al oxide

compounds have similar structural properties, it can be envisaged that the presence of

extraframework Al species might induce the epitaxial growth of the Fe oxides, thus

hindering the rearrangement of the Fe ions into binuclear species.

5.5 CONCLUSIONS

EXAFS spectroscopy has proved to be a powerful technique to investigate the local

structure of the Fe ions in Fe/ZSM-5 zeolites prepared by CVD of FeCl3. This technique

provided evidences for the existence of binuclear iron species, which were postulated in

the literature on the basis of indirect experimental evidences. On a second Fe/ZSM-5

sample, the iron ions were predominantly found in form of relatively large Fe2Û3

clusters. Unlike previous characterisation studies, EXAFS spectroscopy yielded

structural parameters that allowed to propose a detailed model for the iron species of

this catalyst. According to this model, iron forms diferric binuclear clusters similar to

those present in the monooxygenase enzyme. As indicated by the IR and NMR results,

these clusters are located at ion exchange positions compensating either one or two

negative charges of the lattice. The use of other analytical techniques enabled a detailed

characterisation of the two zeolites investigated that provided useful information to
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account for the different nature of the iron species observed. It is concluded that a

number of factors can influence the final form of the iron species in Fe/ZSM-5 zeolites.

The differences observed in the state of the iron are related to different hydrolysis

processes occurring on the two zeolites. Also, the presence of extraframework Al

species inside the zeolite pores might play a role in the formation of the iron oxide, as it

can favour its epitaxial growth on the Al species.
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Fe/ZSM-5 prepared by chemical vapour deposition:

the formation of the binuclear iron species

ABSTRACT

The formation of the iron species on Fe/ZSM-5 was monitored through the

characterisation of the zeolite after each step of its preparation (i.e. sublimation,

washing and calcination). EXAFS spectroscopy in combination with other techniques

allowed to determine the pathway of formation of the binuclear species. The washing of

the zeolite was concluded to be the key step of the preparation. When the washing is

omitted, the calcination in oxygen leads to the formation of large iron oxide clusters. It

was also observed that FeCl3 species on the outer surface of the zeolite might also lead

to the formation of these undesired species, unless the Fe/ZSM-5 sample is washed

rapidly after the sublimation of FeCl3 onto the zeolite.
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6.1 Introduction

In Chapter 5 a detailed picture of the molecular structure of the iron species in Fe/ZSM-

5 prepared by CVD was presented. The binuclear nature of the iron species, previously

postulated in the literature on the basis of indirect experimental evidences, was

conclusively established on the basis of the structural parameters obtained from EXAFS

analysis. Moreover, magnetic susceptibility measurements showed that isolated iron

species were present.

Reports in the literature, as well as the results shown in the previous chapter, indicate

that iron can also be present on this catalyst as oxide clusters, which are inactive for the

SCR of NO (1-6). El Malki et al. reported that iron that is introduced in the zeolite

pores by CVD is present as isolated ions in tetrahedral coordination (ESR) (2). The

subsequent steps of the preparation (i.e. washing and calcination in oxygen) converted

these ions into binuclear hydroxo-species and large oxide clusters. In agreement with

these authors, Kucherov et al. (3) and Lobree et al. (5) also reported the presence of

isolated iron ions in zeolites with low degree of iron exchange. For higher loading,

different types of species were observed ranging from Fe(II) ions (formed by

autoreduction of the Fe(III) ions originally present) to Fe2Û3 and Fe304 clusters. Ma and

Griinert showed that the catalytic properties of Fe/ZSM-5 crucially depend on the type

of treatment that the zeolite undergoes after the sublimation (7). Their catalyst, which

was prepared by CVD of FeC^ followed by calcination in air, was highly active for the

SCR of NO with ammonia but showed low activity when z'-butane was used as reducing

agent.

Understanding the mechanism of formation of the active species of a catalyst is of

fundamental importance to improve its formulation. The focus of the study presented in

this chapter was put on the determination of the pathway of formation of the iron

species in Fe/ZSM-5. Particular attention was devoted to the formation of the binuclear

iron species, as they are considered to be the active centres in the SCR of NO over

Fe/ZSM-5 (1). This goal was pursued by characterising the catalyst after each stage of

its preparation using EXAFS, UV-Vis and AAS spectroscopy. Based on the results

collected, a plausible pathway of formation of the active binuclear centres is proposed.

It is established that the washing step is essential in order to obtain small iron clusters.
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6.2 Experimental

Preparation of the samples

ZSM-5 zeolite was provided by Süd-Chemie AG (Na-MFI-46 P, Si/Al = 20). The

zeolite was calcined at 600°C overnight in static air under shallow bed conditions prior

to use. The proton form (H/ZSM-5) was obtained after a two-fold ion exchange with a 1

M aqueous solution of NH4N03 under reflux, followed by calcination in air at 600°C.

The iron exchange was carried out by CVD of FeCl3 on H/ZSM-5 under exclusion of

air, as described in the experimental section of Chapter 5. After the CVD treatment, the

sample was transferred into a glove-box without exposure to air and stored under He

atmosphere. This sample will hereafter be referred to as Fe/ZSM-5(S). A fraction of

Fe/ZSM-5(S) was exposed to air overnight (Fe/ZSM-5(S-Air)) before being washed

with deionised water until no CI ions were detected using the AgNÛ3 test (Fe/ZSM-

5(W-Air)). A second fraction of Fe/ZSM-5(S) was stored in a desiccator in an

atmosphere saturated with water vapour in order to reach full hydration of the zeolite.

Samples Fe/ZSM-5(S-10d) and Fe/ZSM-5(S-30d) were collected from the desiccator

and analysed after being exposed to this wet atmosphere for 10 and 30 days,

respectively. The samples were then washed following the same procedure described

above, giving the samples Fe/ZSM-5(W-10d) and Fe/ZSM-5(W-30d). Sample Fe/ZSM-

5(S/C) was prepared by direct calcination of Fe/ZSM-5(S) at 600°C under 02 flow (2

h), without being exposed to air. Like in Chapter 5, the iron zeolite containing the

binuclear iron complexes will hereafter be referred to as Fe/ZSM-5(20), since all the

results presented were obtained on the same batch of sample. Fe/ZSM-5(20) was

obtained upon washing of Fe/ZSM-5(S-Air), followed by calcination at 600°C under O2

flow. A list of all the zeolites and the assigned codes is reported in Table 6.1.

Characterisation techniques

The characterisation of the Fe zeolites was carried out using atomic absorption

spectroscopy (AAS), EXAFS spectroscopy and magnetic susceptibility measurements

(SQUID). A detailed description of the instruments and the measurement conditions used

can be found in Chapter 5. Prior to the EXAFS measurements, sample Fe/ZSM-5(S/C)
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Table 6.1 - Codes of the zeolites investigated

Code Type of preparation

Fe/ZSM-5(S) Subi. / no exposure to air

Fe/ZSM-5(S-Air) Subi. / exposure to air

Fe/ZSM-5(W-Air) Subi. / exposure to air / washing

Fe/ZSM-5(S-10d) Subi. / storage under wet atmosphere7 (10 days)

Fe/ZSM-5(S-30d) Subi. / storage under wet atmosphere7 (30 days)

Fe/ZSM-5(W-10d) Subi. / storage under wet atmosphere7 (10 days) / washing

Fe/ZSM-5(W-30d) Subi. / storage under wet atmosphere7 (30 days) / washing

Fe/ZSM-5(S/C) Subi. / no exposure to air / calcination in 02

Fe/ZSM-5(20) Subi. / exposure to air / washing / calcination in O2

The zeolites were stored in a desiccator in an atmosphere saturated with water

vapour.

was treated in situ at 400°C under He flow. Sample Fe/ZSM-5(S) was transferred from

the glove-box to the EXAFS cell and measured without being exposed to air. In order to

analyse the actual iron species of Fe/ZSM-5(S) and Fe/ZSM-5(W-Air), EXAFS

measurements of these zeolites were carried out without any thermal pre-treatment of

the samples. The zeolites were also investigated by diffuse reflectance UV-Vis

spectroscopy. Spectra were collected at ambient temperature on a Perkin-Elmer Lambda

16 spectrometer equipped with a 76-mm integration sphere and BaSC>4 was used as

reference.

6.3 RESULTS

Elemental analysis

The composition of the zeolites as obtained from AAS is reported in Table 6.2. The

amount of iron present on Fe/ZSM-5(S-Air) exceeded the ion exchange capacity of this

zeolite, as indicated by the measured ratio Fe/Al = 1.2. This result suggests that this

zeolite, besides having all the ion exchange positions occupied by iron species, contains

an additional fraction of iron ions that do not act as charge-balancing species. After

washing (Fe/ZSM-5(W-Air)), the Fe/Al ratio decreased to 1.0 indicating that part of the
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Table 6.2 - Composition of zeolites

Sample Fe/AI Cl/Fe

Fe/ZSM-5(S-Air) 1.2 2.0

Fe/ZSM-5(W-Air)' 1.0 -

Fe/ZSM-5(S/C) 1.1 0.1

The concentration of CI was below the detection limit.

iron was leached out. The quantitative determination of the chlorine content of Fe/ZSM-

5(S-Air) revealed a ratio of Cl/Fe = 2.0. After washing the zeolite (Fe/ZSM-5(W-Air)),

the CI concentration was below the detection limit, thus confirming that the hydrolysis

process was complete.

The elemental analysis of Fe/ZSM-5(S/C) gave ratios of Fe/AI = 1.1 and Cl/Fe = 0.1.

The latter value indicates that: (i) the calcination treatment after the sublimation

resulted in the removal of part of the iron introduced by sublimation, and (ii) the

removal of the chlorine atoms was not as complete as in the case of Fe/ZSM-5(W-Air).

UV-Vis spectroscopy

The coordination of the iron ions in the zeolites was investigated by UV-Vis

spectroscopy. The UV-spectra of Fe/ZSM-5(S), Fe/ZSM-5(W-Air) and Fe/ZSM-5(20)

are presented in the wavelength range 200-800 nm in Fig. 6.1. For comparison, the

absorption spectrum of a solution containing [FeCU]- ions in tetrahedral coordination is

also reported. This solution was prepared by dissolving FeCl3 in water in the presence

of an excess of HCl (8). The spectrum of Fe/ZSM-5(S) exhibited two absorption bands

centered at about 220 and 340 nm (Fig. 6.1 - spectrum a). A third absorption was

detected at about 270 nm. The positions and the ratio of the intensities of the bands at

220 and 340 nm were very similar to those of the ligand-to-metal (Cl->Fe) charge-

transfer transitions observed for [FeCU]" anions in aqueous solution (inset Fig. 6.1).

This indicates that the Fe ions right after the sublimation are coordinated by CI ligands.

A precise assignment of the band at 270 nm was not possible. However, since it was

observed that upon increasing degree ofhydration ofthe zeolite this band shifted to higher
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Figure 6.1 - UV-Vis spectra of: (a) Fe/ZSM-5(S), (b) Fe/ZSM-5(W-Air) and (c) Fe/ZSM-5(20).

Inset: absorbance spectrum of an aqueous solutions containing [FeCI4]~ ions in tetrahedral

coordination

wavelengths and overlapped the 340 nm band, it is tentatively assigned to iron species

in distorted tetrahedral coordination. In the spectrum of Fe/ZSM-5(W-Air) two peaks at

224 and 278 nm are visible, accompanied by a shoulder at about 335 nm (Fig. 6.1 -

spectrum b). Since the elemental analysis revealed that the concentration of chlorine in

this sample was negligible, the absorptions at 224 and 335 nm were attributed to ligand-

to-metal (O—>Fe) charge-transfer transitions due to the oxygen ligands surrounding the

Fe ions. The absorption at 278 nm was identified with the typical band observed for

Fe3+ ions in octahedral complexes (9, 10).

A broad band centered at about 500 nm was also detected in the visible region of the

spectrum. This band was attributed to Fe3+ ions in an aggregated form (e.g iron

hydroxide clusters), as its position coincides with that observed in the spectrum of

Fe2Û3 (inset Fig. 6.2). The subsequent calcination of the sample did not cause any

change of the UV-Vis spectrum (Fig. 6.1 - spectrum c), which suggests that the

calcination step did not significantly affect the coordination of the iron ions. In order to

assess the role played by the washing procedure in the formation of the iron species, sample

Fe/ZSM-5(S/C) was prepared by direct calcination in oxygen ofthe zeolite after sublimation.

3
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Figure 6.2 - UV-Vis spectrum of Fe/ZSM-5(S/C) - Inset: spectrum of Fe203

Exposure to air of the sample between sublimation and calcination was carefully

avoided. In the spectrum of Fe/ZSM-5(S/C) three major absorption bands with maxima

at about 220, 340 and 500 nm were visible (Fig. 6.2). Comparison of this spectrum with

those of Fe/ZSM-5(W-Air) and Fe/ZSM-5(20) (Fig. 6.1) shows that the relative

intensity of the band at 500 nm is substantially higher. This is clear evidence that a

significant amount of iron aggregated into oxide clusters during the calcination.

Since it was noticed that the colour of Fe/ZSM-5(S) changed upon exposure to air as a

consequence of the hydration, the zeolite was stored in a desiccator under an

atmosphere saturated with water vapour. This measure was taken in order to have a

fully hydrated zeolite and reproducible hydration conditions. The exposure to such a

wet atmosphere for 30 days caused the colour of Fe/ZSM-5(S) to progressively change

from light yellowish to dark reddish. In Fig. 6.3 the spectra of the zeolite after 10-day

and 30-day exposures are compared with that of Fe/ZSM-5(S) (not exposed). The most

relevant difference between the spectrum of the sample not exposed to air and the

spectra of the samples stored in the desiccator was the presence of an absorption at 500

nm on Fe/ZSM-5(S-10d) and Fe/ZSM-5(S-30d). The relative intensity of this band was

proportional to the duration of the storage in the desiccator. This shows that a prolonged

exposure of the zeolite to moisture induces the formation of iron hydroxide clusters.

Fig. 6.4 depicts the spectra ofthe same zeolites of Fig. 6.3, after an additional washing step.
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Figure 6.3 - UV-Vis spectra of: (a) Fe/ZSM-5(S), (b) Fe/ZSM-5(S-10d) and (c) Fe/ZSM-5(S-30d)
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Figure 6.4 - UV-Vis spectra of: (a) Fe/ZSM-5(S) washed after few seconds exposure to air,

(b) Fe/ZSM-5(W-10d) and (c) Fe/ZSM-5(W-30d)
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Spectrum a corresponds to Fe/ZSM-5(S) washed after the shortest exposure to air

possible (the sample was extracted from the glove-box and immediately washed). This

spectrum is very similar to that of Fe/ZSM-5(W-Air) (exposed overnight) reported in

Fig. 6.1, indicating a similar coordination of the iron ions. The absorption band at 500

nm present in the spectra of Fe/ZSM-5(W-10d) and Fe/ZSM-5(W-30d) was not affected

by the washing procedure. The intensity ofthis band remained unchanged in both cases,

which means that the iron hydroxide clusters formed during the storage in the desiccator

were not washed out. On the other hand, when the zeolite was exposed to air for a short

time after sublimation before washing, the band at 500 nm was barely visible (Fig. 6.4 -

spectrum a).

Magnetic susceptibility measurements

The experimental temperature dependence of the molar magnetic suscptibility (xM) of

Fe/ZSM-5(S-Air) as determined through SQUID measurements is presented in Fig. 6.5.

The susceptibility %u was found to increase following the Curie-Weiss law upon

decreasing the temperature from 20°C to -269°C. A very good fit of the experimental

data (chi-squared minimisation < 10"6) was obtained using the equation xM = CIÇT-6) +

Xq, where xM ^s me molar magnetic susceptibility, C the Curie constant, T the absolute

temperature, 9 the Weiss constant and Xo a parameter that accounts for the diamagnetic

contribution of the zeolite. The values of the Weiss constant and diamagnetic

contribution estimated from the fit were 6 - -0.99 K and Xo
= 00022 CGS,

respectively. With decreasing temperature, the calculated effective magnetic moment

(/4ff) decreased from 5.3 (20°C) to 5.0 (-269°C). The slight decrease of jUen together

with the small value of the Weiss constant indicates the occurrence of weak interactions

between the electronic spins of the Fe3+ ions. Consequently, it is inferred that the

majority of the iron ions is present as isolated species. This finding is in good agreement

with previous ESR studies of Fe/ZSM-5 prepared by CVD (2, 3).
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Figure 6.5 - Experimental () and theoretical (-) temperature dependence of the molar

magnetic susceptibility of Fe/ZSM-5(S-Air)

EXAFS spectroscopy

In order to monitor the process of formation of the iron species, EXAFS spectra of the

Fe/ZSM-5 zeolites were measured after each step of its preparation. In Fig. 6.6, the

experimental and Fourier-filtered k -weighted EXAFS % functions of the sample after

the sublimation (Fe/ZSM-5(S)) and the subsequent washing of the zeolite (Fe/ZSM-

5(W-Air)) are shown. The different spectral patterns observed in the two cases point to

the presence of different types of species on the two zeolites. In the Fourier-transformed

experimental spectrum of Fe/ZSM-5(S) only one major peak in the interval 1-2.2 Â was

detected (Fig. 6.7). This spectrum was fitted using one Fe-Cl shell and the fit is shown

in Fig. 6.7A. The structural parameters obtained from the data analysis of this zeolite

are compiled in Table 6.3 together with those of the other zeolites investigated. The fit

of Fe/ZSM-5(S) looked sufficiently good and indicated the presence of a Fe-Cl shell

at a distance of 2.16 Â with a coordination number (C.N.) 2.3. A better fit was

obtained using two Fe-0 shells with fixed coordination numbers (C.N. = 1), in addition

to the Fe-Cl shell (Fig. 6.7B). From this three-shell fit, two distances were calculated for

the Fe-O shells (1.87 Â and 2.04 Â), whereas for the Fe-Cl shell a distance of 2.20 Â was

found. It is important to notice that also in this improved fit no Fe-Fe shells were detected.
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Figure 6.6 - Experimental and Fourier-filtered /^-weighted EXAFS % functions of (A) Fe/ZSM-

5(S) and (B) Fe/ZSM-5(W-Air)

This means that most of the iron species are present as isolated ions in good agreement

with the SQUID results.

Upon washing the sample, new peaks appeared in the Fourier-transformed spectrum of

Fe/ZSM-5(W-Air) in the interval 2-3.6 Â (Fig. 6.8). The fit of the experimental data

revealed the existence of an Fe-Fe shell at a distance of 3.07 Â and two Fe-O shells at

1.97 Â and 2.58 Â, respectively. Since coordination numbers represent averaged values,
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The formation of the binuclear iron species in Fe/ZSM-5 131

Table 6.3 - EXAFS results

Shell R(Â)a C.N.a Act2(10"3À2) AE0(eV)i

Fe/ZSM-5(S) - (1 -shell fit)

1 Fe-CI 2.16 2.3 0.8 7.3

1 Fe-O 1.87

Fe/ZSM-5(S) - (3-shell fit)

1.0b -2.3 21.1

2 Fe-0 2.04 1.0b -5.4 3.5

3 Fe-CI 2.20 2.0 4.7 -3.7

1 Fe-O 1.97

Fe/ZSM-5(W-Air)

5.8 8.5 9.3

2 Fe-O 2.58 0.4 -8.5 -4.3

3 Fe-Fe 3.07 0.5 -3.0 -0.2

1 Fe-O 1.83

Fe/ZSM-5(20)C
1.2 2.4 -7.1

2 Fe-O 1.94 4.7 2.5 11.6

3 Fe-O 2.53 1.0 0.7 8.2

4 Fe-Fe 3.06 0.9 4.0 -1.3

1 Fe-O 1.92

Fe/ZSM-5(S/C)

4.1 5.8 12.9

2 Fe-O 2.53 2.2 2.4 1.1

3 Fe-Fe 3.03 3.9 3.9 -8.2

4 Fe-Fe 3.68 3.1 -0.3 2.7

a
Estimated uncertainty of the fitted parameters: C.N. ± 10%, R + 0.02 Â,

Acj2+10%andAE0±10%.
b
Fixed parameters.

c
The experimental and fitted spectra of this sample are shown in

Chapter 5.

a value of C.N. = 0.5 found for the Fe-Fe shell at 3.07 Â indicates the presence of small

iron clusters consisting of two atoms co-existing with isolated iron species. The

coordination number of the Fe-O shell at 1.97 Â was very close to 6 (C.N. = 5.8),

which indicates Fe ions octahedrally coordinated by oxygen ligands.

The spectrum of Fe/ZSM-5(S/C) was substantially different from that of Fe/ZSM-5(W-

Air) (Fig. 6.9). In line with the UV-Vis results, the presence of iron in form of oxide

clusters was detected, as indicated by the appearance of a new Fe-Fe shell in the interval
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Figure 6.9 - Fourier transformed experimental and fitted spectra of the Fe/ZSM-5(S/C) sample.

3^t Â of the spectrum. The distance calculated for this shell was 3.68 Â, which is a

value typical of Fe-Fe distances in iron oxides.

6.3 Discussion

The formation of the iron species in Fe/ZSM-5 prepared by CVD was monitored using

EXAFS spectroscopy in combination with UV-Vis and AAS spectroscopy, and

magnetic susceptibility measurements.

The first step of the preparation, the sublimation, resulted in the complete exchange of

the Bronsted acid sites of the zeolite for the iron ions, as shown in Chapter 5. EXAFS

analysis of Fe/ZSM-5(S) showed that iron is present on the zeolite right after the

sublimation in form of isolated species, as no Fe-Fe shells were detected. The fit of the

experimental spectrum revealed that only O and CI atoms are present in the

coordination sphere of the iron ions. This finding, together with the value of the

coordination number of the Fe-Cl shell calculated using the three-shell model (C.N. =

2), allows to conclude that the majority of iron is present in form of [FeCy* species in
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tetrahedral or distorted tetrahedral coordination. This conclusion is supported by the

results of AAS analysis, UV-Vis spectroscopy and magnetic susceptibility

measurements. The Cl/Fe ratio found for Fe/ZSM-5(S) was 2.0, in full agreement with

the stoichiometry of the proposed species. The UV-Vis spectrum exhibited LMCT

bands (Fig. 6.1) that are typical for tetrahedrally coordinated iron ions surrounded by CI

ligands. The SQUID measurements confirmed that most of the iron ions are isolated, as

the temperature dependence of the magnetic susceptibility and the effective magnetic

moment were very close to those expected for magnetically diluted species with

paramagnetic behaviour. From the fit of the SQUID results, however, a slight deviation

from the ideal paramagnetic behaviour was also inferred. The small value of the Weiss

constant 9 = -0.99 implies that the electronic spins of the iron ions weakly interact with

one another. This interaction is probably due to the excess of iron loaded on the zeolite

during the sublimation (Fe/Al = 1.2). These species are presumably deposited on the

zeolite surface, loosely bound to the external silanol groups, as suggested by the

diminution of the iron concentration after washing (Fe/Al = 1). The occurrence of

excess loading of iron species upon sublimation was also reported by El Malki et al. (2).

The second step of the preparation, the washing of the zeolite, turned out to be the

decisive step in the formation of the binuclear oxo-iron species. The EXAFS results

obtained on Fe/ZSM-5(W-Air) showed that the isolated [FeCl2]+ species upon

hydrolysis are converted into binuclear iron clusters with an average Fe-Fe distance of

3.07 Â. This distance is typically observed in a-FeOOH oxide, which contains Fe atoms

connected through two hydroxyl bridges (11, 12). However, the EXAFS results suggest

also the probable co-existence of other types of iron species, namely isolated iron ions

that during the washing did not aggregate into clusters. Besides the Fe-Fe shell at 3.07

Â, two Fe-0 shells were detected on this sample. The main one is associated with

oxygen ligands at a distance of 1.97 Â and with C.N. = 5.8. This value of the

coordination number reflects a transition from the tetrahedral to the octahedral

coordination of the iron ions which occurred during the washing.

The final step ofthe preparation, the calcination in oxygen, resulted in minor changes of

the EXAFS spectrum of the zeolite. In the EXAFS spectrum of Fe/ZSM-5(20), a new

Fe-O shell appeared at 1.83 Â, in addition to that at 1.94 Â (Table 6.3). Since the sum

of the coordination numbers of these two shells (5.9) is very close to the coordination
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number of the first Fe-0 shell in Fe/ZSM-5(W-Air), it is concluded that the calcination

treatment caused only a slight distortion of the coordination of the iron ions owing to

the removal of the water molecules present. An increase of the coordination number

from 0.5 to 0.9 was observed for the Fe-Fe shell at 3.06 Â. This value is very close to 1,

which is the value expected if iron would be present exclusively in form of binuclear

species. The observed increase, therefore, suggests that the conversion of the isolated

iron ions into binuclear complexes proceeded during the calcination. A similar increase

of the coordination number (from 0.4 to 1.0) was detected for the Fe-0 shell at 2.53 Â.

This shell is assigned to the oxygen atoms of the zeolite lattice, which surround the Fe

ions at ion exchange positions (Chapter 5). The increase of the coordination number

together with the slight decrease of the Fe-0 distance (from 2.58 to 2.53 Â) suggests

that the binuclear iron complexes are closer to the zeolite lattice, in line with the

removal of the coordination water concluded above.

The process of formation of the binuclear iron species can therefore be summarised as

follows. During the sublimation of FeCi3, iron ions in form of gaseous Fe2Cl6 molecules

penetrate the zeolite pores where they react with the Bronsted protons. This reaction is

stoichiometric and results in the evolution of one HCl molecule for each Fe ion

introduced. Isolated [FeCl2]+ species anchored at the ion exchange positions are the

charge-balancing ions of the zeolite at this stage of the preparation1. During the

subsequent washing, the chlorine ions of the [FeCy* species are replaced by OFT

ligands through a hydrolysis process. At the same time, part of the iron ions is displaced

from the ion exchange positions and aggregate into binuclear hydroxo-species. In the

following step, the calcination in oxygen, the hydrolysis process is brought to

completion and the water molecules coordinatively bound to the complexes are

removed. As shown in Chapter 5, the binuclear species obtained after calcination can

compensate one or two negative charges of the zeolite lattice depending on the number

of OH groups coordinating the iron ions. A schematic representation of this

hypothetical pathway of formation of the binuclear species is reported in Fig. 6.10.

'A possible explanation of the fact that gaseous dimeric Fe2Cl6 molecules result in the exchange of

isolated iron ions could be related to the mechanism of diffusion of the iron species in the zeolite pores,

as discussed in Chapter 4.
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From the results presented above, it is evident that the washing of the zeolite is

absolutely necessary to form binuclear iron species. This finding implies that the

mechanism of the hydrolysis process of the iron ions is a crucial factor. It can be

envisioned that during the washing the iron-chlorine precursors are converted into

hydroxylated [Fe(OH)2]+ species, which are stabilised at ion exchange positions by the

electrostatic interaction with the zeolite lattice. If these positions are located within a

suitable distance from each other, the isolated Fe ions can be linked together through

hydroxo-bridges forming even more stable species. The wealth of studies about

hydroxo-bridged diiron complexes shows that there is broad agreement about the high

stability of such units in various biological systems and in many model compounds (see

(13) and references therein).

The results of the characterisation of Fe/ZSM-5(S/C) provide further support to the

conclusions drawn on the crucial importance of the washing step in the preparation of

Fe/ZSM-5 with the CVD method. The direct calcination of the sample after sublimation

indeed yielded a zeolite containing most of the iron as oxide. The absorption band at

500 nm in the UV spectrum clearly indicated the massive formation of iron oxide

clusters. EXAFS spectroscopy confirmed this conclusion through the detection of an

Fe-Fe shell typically observed in the EXAFS spectra of the iron oxides.

The overwhelming formation of iron oxide on Fe/ZSM-5(S/C) is also relevant in view

of the reports in the literature about the catalytic properties of this zeolite. Ma and

Grünert reported that an Fe/ZSM-5 catalyst prepared in a similar way (e.g. sublimation

of FeCl3 followed by calcination in air) was highly active in the SCR of NO with

ammonia but much less active with r'-butane as reducing agent (7). On the basis of the

evidences collected in this study, it can therefore be speculated that the oxide clusters,

although inactive for the SCR with z'-butane (14), might play an active role in the SCR

reaction with ammonia. In Chapter 5 it was argued that the presence of extraframework

Al particles on the zeolite might favour the formation of the iron oxide species owing to

an epitaxial growth phenomenon. Additional information on this issue was obtained

from the UV-Vis analyses of the zeolites stored in an atmosphere saturated with water

vapour. From the electronic spectra, it was inferred that the exposure to humidity of the

sublimed sample affects the state of the iron species, leading to the formation of

hydroxide clusters. Upon prolonged exposure to moisture, these clusters could not be
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removed by the subsequent washing owing to their low solubility in water. On the other

hand, washing the zeolite after a short exposure to air yielded a substantially lower

amount of hydroxidic species. Taken together, these results suggest that the excess of

iron species located on the outer surface of the zeolite is most likely responsible for the

formation of the hydroxide clusters. When the zeolite is washed immediately after the

sublimation, iron is still present in form of Fe-Cl complexes, which are soluble and

easy to leach out. As the hydrolysis process proceeds, these complexes are transformed

into insoluble hydroxidic species, which are not removed by washing and upon

calcination are converted into iron oxide clusters.

Conclusions

A detailed characterisation of the structure of Fe/ZSM-5 prepared by CVD allowed to

understand the pathway of formation of the binuclear iron species present on this

zeolite. The isolated [FeCl2]+ species introduced at ion exchange positions during the

sublimation are converted into binuclear complexes upon subsequent washing of the

zeolite, whereas the following calcination in oxygen removes the water coordinatively

bound to these species. The necessity of the hydrolysis process to form small, highly

dispersed iron clusters was further evidenced by the results obtained on the sample

prepared skipping the washing step. The direct calcination of the zeolite after the

sublimation resulted in the aggregation of the iron in large oxide clusters. The oxide

clusters, however, seem to originate also from residual FeCl3 species that remain

deposited on the outer surface of the zeolite during the sublimation. Since the

interaction of these species with the zeolite lattice is much weaker than that occurring

for the charge-balancing ions, these species are rather mobile and a prolonged exposure

to moisture is sufficient to induce their aggregation into hydroxide clusters. These

clusters cannot be removed by washing. However, a rapid washing of the zeolite before

the occurrence of the hydrolysis helps partially circumvent this drawback.
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