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Abstract 

Fluidised cracking catalysts, which contain a form of zeolite-Y as the main catalytically 

active component, are widply used commercially for the conversion of crude oil into more 

profitable product streams. During the cracking reaction, these catalysts are contaminated 

with vanadium which has a marked effqct on the crystallinity of the zeolite-Y component 

and, as a consequence, activity and selectivity for hydrocarbon processing is degraded. The 

purpose of this work has been to carry out a detailed investigation, on the laboratory scale, 

of the effect of vanadium contaminatioil on both commercial and model rare earth 

ion-exchanged zeolite-Y catalysts. Vanadium contamination was achieved using a 

standard (Mitchell) method and catalysts were subject to treatment conditions similar to 

those found in the regenerator part of a fluidised catalytic cracking unit using a specially 

constructed furnace. Investigations of the solid state chemical reactions between vanadium 

and rare earth compounds, both in the presence and absence of silica and alumina support 

materials typical of those found in commercial catalysts, extend the study. Extensive use is 

made of magic-angle-spinning nuclear magnetic resonance spectroscopy (5 IV and 27AI), 

X-ray powder diffraction and surface area measurements for sample characterisation. 

The apparatus for surface area measurements was constructed during the course of the 

work. 

It is suggested that the reduction in crystallinity of rare earth ion-exchanged zeolite-Y in 

the presence of vanadium is associated with the removal of rare earth ions from the cage 

structure of the zeolite. The extent of this process depends upon the details of the 

treatment conditions and important factors are identified. The observation of the formation 

of LaV04 in a range of hydrothermally treated lanthanum ion-exchanged zeolite-Y samples 

supports the proposed model. 
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1 Introduction 

The chemistry of zeolite-Y in the presence of vanadium has been investigated under a 

number of different reaction conditions. Zeolite-Y is used by the petroleum industry for 

the conversion of oil fractions into more profitable product streams and it is the main 

catalytic component of the composite catalyst (fluid cracking catalyst). It is during the 

main cracking reaction that the various components of the fluid cracking catalyst have 

vanadium, and other contaminants, deposited upon their surfaces. The main aim of this 

thesis is to investigate in detail the effeot of the presence of vanadium on the zeolite-Y 

component of the catalyst. It is known that this metal causes a reduction in the level of 

zeolite-Y crystallinity and, on an industrial scale, if vanadium contamination was allowed 

to continue unchecked then complete loss of crystallinity would be the end result. As the 

petroleum industry is increasingly forced to convert poor quality crudes and heavier 

distilled fractions, where vanadium levels are greater, then the need for a more vanadium 

tolerant catalyst becomes essential. If an effective vanadium tolerant catalyst is to be 

designed then a better understanding of the mechanism by which vanadium interacts with 

zeolite-Y is required. 

A variety of samples have been investigated in the present work. These include two types 

of zeolite-Y based sample: a commercial fluid cracking catalyst and zeolite-Y by itself as a 

model system. Rare earth vanadium chemistry has also been investigated in a series of 

solid state reactions as well as on the surfaces of different support materials (cr -alumina 

and silica). A mechanism for the interaction of vanadium with rare earth (RE) stabilised 

zeolite-Y is proposed and supporting evidence is provided. It is suggested that the zlý 

formation of lanthanurn vanadium (V) oxide is intrinsically involved in the destruction of 

the lanthanurn stabilised zeolite-Y. 

The thesis is divided into a number of chapters. Chapter 2 provides a general overview, 

based on the current literature, of the vanadium/fluid cracking catalyst system. Details of 

the different components of the fluid cracking catalyst and the role they play within the 

composite catalyst are given. Particular attention is given to the zeolite-Y component of 
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the catalyst, together with the different forms of zeolite-Y that can be incorporated into the 

final fluid cracking catalyst. Current understanding of the interaction of vanadium with 

fluid cracking catalysts is reviewed, including details of how vanadium is deposited upon 

the catalyst, its location throughout the catalyst, suggested mechanisms of vanadium attack, 

and the efforts made to overcome the loss of zeolite-Y crystallinity in the presence of 

vanadium. 

Three major techniques have been used for the characterisation of samples throughout the 

work. Magic-angle-spinning nuclear magnetic resonance spectroscopy (27AI and 5IV) and 

X-ray diffraction have been extensively 'used, on all classes of sample, to monitor and 

identify new phases formed as a function of reaction conditions. Surface area 

measurements have been limited to samples which contain zeolite-Y and have been used to 

quantify the loss of zeolite-Y crystallinity. X-ray diffraction was used to investigate 

changes to the unit cell constant of the zeolite-Y based samples. Magic-angle-spinning 

nuclear magnetic resonance proved to be particularly useful since the identity of both 

amorphous compounds as well as crystalline compounds could be probed. A theoretical 

outline for all three techniques, together with details of the apparatus used, and 

experimental methods employed, is given in Chapter 3. 

Chapter 4 gives details of the methods used for the preparation of all classes of sample 

studied throughout the course of the work. This includes the ion-exchange procedure for 

the model zeolite-Y based samples and the vanadium contamination procedure. A detailed 

account of the methods used to treat the samples is given including descriptions of the 

vertical tube furnace for the treatment of support based samples and the horizontal tube 

furnace arrangement for carrying out solid state reactions. 

The results from the various classes of sample are extensively discussed in Chapter 5. 

Sections 5.1 to 5.3 describe the results from zeolite-Y based samples. A particularly 
important result is the observation that the amount of destruction caused to the zeolite-Y 
lattice, in the presence of vanadium, is dependent upon the rare earth ion-exchange level 

present within the sample. This observation, together with the detection of the presence of 
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lanthanurn vanadium (V) oxide, is important in suggesting a mechanism for 

vanadium/zeolite-Y interaction (Section 5.2). Sections 5.4 and 5.5 discuss the results from 

experiments where the chemistry of vanadium with rare earths was investigated. A key 

feature of all these experiments was the observation of lanthanurn vanadium (V) oxide for 

all different combinations of reactants under conditions which favoured the oxidation of 

vanadium. 

The results presented in Chapter 5 are collated and discussed in terms of the overall aims of 

the project in Chapter 6. 



Chapter 2 
Literature Survey 
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2 Literature Survey 

The introduction, by the petroleum industry, of zeolite-based cracking catalysts in the early 

1960s for the conversion of crude oil into gasoline and light olefin products heralded a new 

era. Zeolite catalysts offered the petroleum industry better yields and selectivities for these 

products with no increase in coke yield. ' Miale and co-workers2 reported that modified 

zeolites are about 10 000 times more active for the conversion of n-hexane than amorphous 

silica-alumina. The scientific interest in these catalysts has continued to grow with the 

design and improvement of the next generation of fluidised cracking catalyst (FCC), both 

by refiners and catalysts manufactures, still of considerable commercial importance. The 

volume of published literature in the field is large. As a consequence the content of the 

present literature survey has been restricted to two specific areas. Firstly, to give a brief 

introduction to the commercial processes and the demands that these put on the zeolite 

catalyst, together with some of the improvements made by the industry to meet these 

demands. Secondly to give a more detailed account of the available open literature specific 

to the effect of vanadium on zeolite FCC operations. It is the zeolite-vanadium interaction 

that is the main focus of the present work, with a particular interest in the mechanism by 

which the vanadium reacts destructively with the zeolitc causing collapse of the zeolite 

structure. 

2.1 Introduction to Fluid Cracking Catalysis 

This section provides an introduction to the form of the FCC, together with a description of 
its various components and the role they play within the catalyst as a whole. Emphasis is 

given to the main component of the FCC which is the zeolite. Details of the necessary 

physical properties of the FCC particle that make it an effective catalyst are also given. 

Crude oil, and other distilled fractions, are converted into more useful products by FCCs 

within a fluidised catalytic cracking unit (FCCU). Figure 2.1 gives a simplified schematic 
diagram of a typical Esso-designed riser cracker. 3 
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Fluc 

Figure 2.1 Schematic diagram of an Esso-designed riser cracker. 

Most modem FCCUs are composed of two major components, a riser cracker and a 

regenerator. Within the riser cracker, the catalyst and oil fractions are mixed and it is here 

that the cracking chemistry occurs. Within the regenerator, the catalyst is hydrothermally 

treated to remove the coke deposited on the surface of the catalyst during the cracking 

reaction. Riser cracker conditions are reducing and generally maintained in the 

temperature range 500-600'C; regenerator conditions are oxidising and temperatures are 

typically in the range 700-8000C. Details of an FCCU cycle will be discussed later in this 

section. 
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Fluidised cracking catalysts 

An FCC is used by the petroleum industry for the conversion of crude oil into a more 

useful and profitable product stream. A wide variety of commercial FCCs are available 

and so general statements regarding their properties must be treated with caution. Any one 

commercial FCC can differ from another in a number of ways (for example, amount and 

type of zeolite present within the catalyst, type of matrix present and type of binder). 

However, it is fair to say that a 'typical' FCC is composed of two major components, a 

matrix and zeolite. These components are held together with a silicate and/or aluminate 

binder. A typical FCC would contain 10-20% zeolite, by mass, and the particle size of the 

composite catalyst would be approximately 60gm. 

There are two major classes of FCC based on the porosity of the matrix within which the 

zeolite component is embedded. 1,3 The types of matrix are of (i) high porosity, such as 

amorphous silica/alumina and related gelled materials including semisynthetic clay, and 

(ii) low porosity, such as the naturally-occurring clays. The zeolite component is almost 

exclusively a synthetic zeolite-Y with the faujasite structure. The final form of zeolite-Y 

that is incorporated into a FCC can be of various types. The nature of these types is 

discussed in more detail in Section 2.1.1. 

The most catalytically active component within an FCC is the zeolite-Y component. The 

zeolite-Y is so active that it is necessary to dilute its activity with other material so that as 

already indicated the zeolite concentration within FCCs is typically 10-20%, by mass. 3 The 

zeolite component ultimately determines the flow of products from the FCCU, but the 

matrix component of the FCC can also be catalytically active as will be described shortly. 

Zeolite/matrix combinations are specifically chosen to give the desired product stream. 

The zeolite chemistry is related to the complex pore structure and the nature, distribution 

and concentration of the active sites within the zeolite. 4,5 The mechanism of catalytic 

cracking is dominated by carbocation chemistry; these ions are formed on the acid sites of 

the cracking catalysts. Important carbocation reactions are cracking, hydrogen transfer and 

isomerisation. The final composition of the cracking products depends on the relative rates 

of the various competing reactions. 
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The matrix component of the FCC is generally catalytically active providing active sites for 

molecules that are too large to enter the pore structure of the zeolite. Once fragmented, 

these hydrocarbons can then gain access to the internal zeolite structure where selective 

hydrocarbon processing occurs. The choice of matrix depends greatly on the feed oil 

quality. For example, a feed which contains quantities of large hydrocarbons, such as the 

heavier distilled fractions, would need a matrix of large pore structure, as well as high 

surface area, for effective conversion to occur. 

Figure 2.2 shows a simplified flow charl of a typical FCC preparation involving a 

silica/alumina, gel-based matrix. 3 Full details of the individual steps can be found in 

reference 3, although it can be noted that the acid neutralising conditions control the bulk 

pore structure in the finished catalyst. Alumina addition results in both the silicon and 

aluminiurn having tetrahedral co-ordination. This step is important since it determines the 

activity and stability of the amorphous silica/alumina catalyst. The spray dryer atomises an 

aqueous dispersion of the solid into a heated chamber (520-6000C), where the solids are 

converted, in seconds, into particles of -60ýirn diameter. After spray drying, the particles 

are washed with hot ammonium salts to remove cations that are harmful to the catalyst, for 

example, Ne. The final drying (280-360*C) stage serves two purposes: both the removal 

of water from the catalyst and the breakdown of ammonium ions liberating NH3, The 

finished catalyst has -12% volatile content which is mostly adsorbed water not liberated 

during the drying process. 3 

Catalyst particles within the FCCU experience a variety of physically and chemically 
hostile environments and all components of the FCC must be able to withstand these 

extremes. For example FCC particles are (i) continually held at elevated temperatures 
(typically 500-800*C) and so the different components must have high thermal stability; 
(ii) exposed to steam in the regenerator part of the FCCU so the particles must have high 

hydrothermal stability; and (iii) subject to many collisions with other catalysts particles, as 

well as with the reactor walls, so the particles require considerable mechanical strength 
(erosion of the particles to < 30ýLm can result in the loss of particles to the atmosPhere3). 
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Sodium silicate -1 _I 
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I 

Figure 2.2 Simplified flow chart showing the preparation of a typical FCC involving a 

silica/alumina, gel-based matrix. 

As already indicated (Figure 2.1) there are two major components to an FCCU: a riser 

cracker and regenerator. Within the riser cracker, where the atmosphere is reducing, the 

FCC particle is sprayed with hot crude oil at elevated temperatures (typically 500-600*C). 

This has the effect of forcing the particle upwards where it is continually colliding with 

other catalyst particles and the walls of the riser cracker. It is during the breakdown of the 

crude oil that the particle has vanadium and other contaminants deposited onto its surface 

(Section 2.2). During the cracking reaction the FCC becomes coated with coke, and other 

debris, and this limits its catalytic activity since these products effectively block fresh 

reactants from the surface of the FCC. To overcome this fouling catalyst particles are 

transferred to the regenerator where the coke is steam stripped hydrothermally at elevated 

temperatures (typically 700-800'C). When regenerated the catalyst particles are returned to 

the riser cracker for the start of another cycle. It is in the regenerator where the zeolite is 

placed under most risk of destruction due to the presence of metal contaminants, together 

with the oxidising steam/air atmosphere at elevated temperatures. 

Before an FCC is used in an FCCU it is subject to an array of measurements and tests, 

relating to its physical and chemical properties. These include surface area, pore volume, 
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pore size distribution, density, attrition resistance, particle size distribution, thermal 

stability and hydrothermal stability. It is essential that, as far as possible, the performance 

of an FCC batch is known before it reaches the FCCU. Laboratory tests have been 

developed t6 meet this need. 

When a catalyst is introduced into the FCCU it is known that certain physical properties 

will change, for example, a loss of surface area is observed. Catalysts that are working in 

an FCCU are referred to as 'equilibrium catalysts', since they are continually being used and 

regenerated. In order, therefore, to simulate the behaviour of an FCC within an FCCU it is 

necessary to deactivate fresh catalysts to the more realistic behaviour of equilibrium 

catalysts. This can be achieved by hydrothermally treating the samples at temperatures 

usually greater than that found normally in the FCCU. 6Mitchell6found that deactivation 

treatments at higher temperatures than normally found in an FCCU gave catalysts with 

similar physical characteristics (unit cell constant, surface area etc. ) to those that were 

obtained from working FCCUs. (Experimental details of the methods used in this work for 

the deactivation of samples are given in Chapter 4). Once deactivated, the catalyst activity 

and selectivity can be determined using a microactivity Unit. 7,8 The microactivity test 

(MAT) gives a rapid and efficient method for the screening of catalysts and is widely used 
in industrial testing laboratories. 1 

2.1.1 Zeolite-Y and Modifications 

The structure of zeolite-Y is described in this section and details are given of the various 

modifications that are used in FCCs. In particular an account of some of the advances and 
important structural and chemical considerations that have lead to the development of a 

modified form of zeolite-Y, for use in recent forms of FCC, will be given. 
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Structure andpreparation ofzeolite-Y 

Zeolite-Y is a synthetic crystalline aluminosilicate with the faujasite structure. 9 As with all 

zeolites it cOnsists of rings of tetrahedral units built up into a three-dimensional structure 

via oxygen bridges between the tetrahedral centres (Al or Si). More specifically the 

structure is based upon a secondary building unit, composed of linked 4- and 6-rings 

forming a truncated octahedron or sodalite unit (Figure 2.3(a)). These sodalite units, linked 

via oxygen bridges, through four of the eight 6-rings in a tetrahedral array, yield the 

framework structure of faujasite (Figure 2.3(b)). The sodalite unit building blocks can be 

said to be linked via hexagonal prisms. This can correspond to zeolite X or Y depending 

on the ratio of silicon to aluminiurn (Si/Al); zeolite-Y is silicon rich and so has a high Si/Al 

ratio typically greater than 2.5. 

a 

Figure 2.3 Schematic structures for (a) the sodalite unit building block and (b) the 

faujasite structure. 

The faujasite framework is very open and encloses a system of large cages (known as 

supercages, with diameters of 1180 pm) linked by four windows of 12-rings to adjacent 

pores. Looking out from a supercage there are eighteen 4-rings, four 6-rings and four 

12-rings, as indicated in Figure 2.3(b). Within the structure both silicon and aluminium. are 

tetrahedrally co-ordinated to oxygens (Figure 2.4). Each aluminiurn substituted into an all 

silicon structure introduces a negative charge and so, therefore, the total negative charge on 
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the whole zeolite-Y lattice is dependent on the Si/Al ratio. The charge can be balanced by 

any number of cations, but commercially H+, or rare earth (Ce4+, La3+) cations, are 

generally used. 

The faujasite structure has a cubic unit cell which encloses 8 supercages, there are 192 T 

(Si or Al) atoms per unit cell and faujasite has the general formula 

M` [(AI02)x(S'02)192-x)] 
-IH20 X/Y 

Values of x range from 74 to 96 for zeolite-X and from 48 to 74 for zeolite-Y. 4 The size of 

the unit cell constant is dependent upon the framework Si/Al ratio and reflects the different 

lengths of the Si-O and Al-0 bonds. The Si-O bond length, which is 0.18 mn, is slightly 

smaller than the Al-0 bond length, which is 0.19 mn. As a consequence as the Si/Al ratio 

increases (decreasing framework aluminium) the size of the unit cell constant decreases. 

This is shown graphically in Figure 2.5. 

Figure 2.4 Diagram illustrating how silicon (0), aluminiurn (0) and oxygen (0) are 

arranged within a sodalite unit building block (illustrated by dotted lines). 

This sodalite unit will have associated with it a total negative charge of -6; 
this is due to the presence of six aluminium units. 
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Figure 2.5 Graph illustrating the decrease in the unit cell constant as the framework 

Si/Al ratio increases, (data taken from reference 10). 

Zeolite-Y is prepared by heating a mixture of silicate and aluminate solution near the 

boiling point of the mixture for several hours until crystallisation occurs. '. ' I Maherand 

co-workers12 have shown that crystallisation time and product purity can be improved by 

seeding the mixture with zeolite precursors. Figure 2.6 shows a simplified flow chart for 

the production of zeolite-Y. 

0 50 100 150 200 
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Flow chart showing the production of sodium exchanged zeolite-Y. 13 

Crystallisation times vary from 12-30 hours depending upon the synthesis mixture and the 

kind of hydrogel prepared. Reaction temperatures are in the range of 90-1000C. 13 This 

synthesis utilises the mother liquor, which is a weak solution of sodium silicate. Addition 

of aluminium sulphate solution forms a silica-alumina hydrogel, this is used as a starting 

material for the next synthesis. 

The zeolite is usually prepared with sodium counter-ions balancing the net charge on the 

zeolite lattice; hence the common label Na-Y. 

Ion-exchange: modifications, properties and structures 

Na-Y is not thermally stable at typical FCCU conditions. Shiralkar and KulkaMi14 

reported Na-Y to be thermally stable up to 81 OT; similar values have been reported by 

other workers. 15,16 The thermal stability can be greatly enhanced by ion-exchange with 

different counter-ions. This observation has led to a whole area of investigation into the 
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ion-exchange properties of Na-Y and the effect that different counter-ions have on the 

chemical properties, as well as the thermal and hydrothermal stabilities of the exchanged 

zeolite. 14-36 Some of these results, particularly those concerned with thermal and 

hydrothermAl behaviour, and relevant to the present work, are outlined below. 

Bremer and co-workerS20 reported threeý different and distinct types of thermal behaviour 

depending on cation with respect to Na-Y. These were (i) minimal stability at 20-40% 

exchange, (ii) continually increasing stability with increasing degree of exchange, and 

(iii) continually decreasing stability with increasing degree of exchange. An explanation of 

these results was put forward in terms of the relative distortions caused in the zeolite lattice 

by accommodating different counter-ions in non-lattice positions. For example, for case 

(i), of which Mg2+, Ca2+, C02+, Ni2+ and Zn2+ are examples, the decrease in thermal 

stability at exchanges less than 40% was attributed to the ions occupying sites in and near 

the hexagonal prisms; this results in significant lattice distortions to the hexagonal prisms. 

As the exchange level increases these distortions are compensated for by the counter-ions 

occupying sites within the sodalite units. 

Interestingly for a cerium-exchanged zeolite, it has been suggested2O that additional thermal 

stability could be due to the formation of a cerium complex. Other workers have also 

reported such complexes being formed with other rare earths, in particular lanthanum. 24,37 

Thus, for example, Maugd and co-workerS24 gave evidence, based on X-ray crystal 

structure studies, for a dimeric species in a lanthanum-exchanged system involving extra 

framework bridging hydroxyls and framework oxygens. Figure 2.7 shows a proposed 

lanthanum linkage formed across sodalite cages. 

T-0 OH O-T 

T -0 La La7-0-T 

T-0 OH O-T 

Figure 2.7 Diagram showing the system of lanthanum linkages across sodalite cages 

proposed by Mauge and co-workers. 24 T refers to framework silicon or 

aluminium. 
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Ion-exchange has lead to two of the three major classes of zeolite used commercially today; 

that is zeolite-Y in a protonated form, denoted H-Y, and zeolite-Y in a rare earth 

exchanged form, denoted RE-Y (RE refers to rare earth). The third fonn is a highly 

dealuminated form of H-Y type zeolite, referred to as an ultrastable zeolite: this is 

described later. Both H-Y and RE-Y zeolites exhibit superior thermal and hydrothermal 

stabilities over their Na-Y parent zeolites. Table 2.1 illustrates the thermal stabilities of 
'two modified forms of the parent Na-Y zeolite. 16 The values quoted are taken as the first 

exothermic peak in the differential thermal analysis (DTA) curve. This is taken to reflect 

the collapse of the zeolite-Y structure. 

Zeolite-Y type Thermal stability PC 

Na-Y 830 

RE-Y 960 

H-Y 1000 

Table 2.1 The thermal stabilities of two modified forms of Na-Y. All three entries 

have a Si/Al ratio - 10. The RE ion-exchange level was 12.98 mass%, 

expressed in terms of RE203- 

Na-Y is converted to its protonated form (H-Y) by exhaustive ion exchange with NH4+ 

salts. Zeolite-Y is not directly exchanged with H+ ions as zeolite-Y is not stable under 

strong acidic conditions. 4 The NH4. '. counter-ion is thermally broken down, evolving NH3, 

leaving the zeolite in the H-Y form. The extent of ion-exchange can be improved by an 
intermediate calcination step (200-600"C) which allows rearrangement of ions within the 

zeolite lattice, this makes more of the Nal- ions accessible to exchange with NH4+ . 38 

Similarly RE-Y forms are prepared by exhaustive ion exchange with the appropriate rare 

earth salt in solution. An intermediate calcination step (-540"C) has been shown to 
increase the degree of ion exchange. 39 RE-Y zeolites are sometimes further stabilised by a 

calcination step (-SSO'C) after ion exchange and washing; these zeolites are referred to as 
CREY (calcined rare earth Y-type zeolites). 3 Commercially RE-Y zeolites are typically 



18 

found in a mixed rare earth form, with the actual composition of rare earth dependent upon 

the source. If oxides are used as starting materials then the variation can be as shown in 

Table 2.2.3 In general cerium, lanthanum and neodymiurn are usually present in the 
I 

greatest quahtities. The similarity of rare earth distribution in a typical zeolite-Y after 

exchange compared with the rare earth ion distribution in solution has been taken to 

indicated that no preferential exchange of one ion over the other takes place. ' 

Mopazite /mass% Bastnaesite /mass% 

Cerium 46 50 

Lanthanum 24 24 

Neodymium 17 10 

Praseodymium 6 4 

Samarium 3 1 

Gadolinium 2 0.5 

Others 2 0.5 

Table 2.2 The breakdown of rare earth oxides from two different sources. 

The extent of ion-exchange has been shown to be very important in determining the 

thermal and hydrothermal. stability of an exchanged zeolite, particularly with reference to 

residual sodium levels. Various authorS24,28-30 have. carried out investigations in this area. 
Thus Maugd and co-workerS24 mixed sodium (in the form of sodium chloride) at 
10 mass% with a lanthanum-exchanged zeolite-Y and gradually heated to I 0001C. The 

structure was observed to breakdown some 250*C lower than the lanthanum-exchanged 

zeolite-Y itself, heated under the same conditions. Analysis of the sample after salt 

occlusion, that is the point at which diffraction peaks due to sodium chloride disappear, but 

before complete breakdown of the zeolite-Y lattice, showed that no lanthanum complex of 

the type shown in Figure 2.7 was present. These authors concluded that the removal of this 

type of complex due to the presence of sodium was probably the cause of the increased 

instability. 
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Ultrastable zeolites 

Investigation into the stabi. lity of zeolite-Y has shown that this is related to the framework 

Si/Al ratio. 1*6,28,29 There is general agreement that the thermal stability of zeolite-Y is 

increased as the Si/Al ratio increases, that is decreasing framework aluminium. Figure 2.8 

illustrates the dependence of thermal stability on the Si/Al ratio for Na-Y zeolites. 38 
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Figure 2.8 Variation of Na-Y collapse temperature with the SUAI ratio. 

The level of framework aluminium forms the basis for establishing the third of the three 

major classes of conunercial zeolite-Y; as already indicated this is a highly dealuminated 

form of H-Y type zeolite. Many authors4O-5O have investigated this type of zeolite-Y with 

an emphasis on relating the effect of dealumination to changes in physical and chemical 

properties. As a class, dealuminated zeolites are known as ultrastable zeolites and are 
denoted US-Y. US-Y zeolites can be prepared by a number of routes, either chemical or 
hydrothermal, and all involve the removal of aluminiurn from framework positions. 

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
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Kerr42,43 described a chemical method for the production of ultrastable zeolites. His 

method involved the acid leaching of the tetrahedral framework aluminium using 

ethylenediaminetetraacetic, acid. The acid is added slowly (at least 18 hours) to a refluxing 

aqueous zeolite slurry and the modified zeolite is then filtered and calcined in air or 

nitrogen. The resultant crystalline aluminium-deficient zeolite was shown to have a 

superior thermal stability over its parent zeolite. A reduction in unit cell constant was also 

observed for the ultrastable zeolite. Kerr42,43 suggested that this was due to the fon-nation 

of new Si-O-Si linkages where Si-O-Al-O-Si sites existed in the parent zeolite. 

Beyer and co-workerss I described an alternative chemical method of preparation involving 

silicon tetrachloride (S'C14). A saturated SiC14/nitrogen mixture is passed through a bed of 

zeolite, at elevated temperatures (250-450*C). The degree of dealumination was found to 

be dependent upon the reaction temperature and the contact time. This mechanism of 

dealumination involves the direct substitution of the extracted aluminiurn with the external 

silicon source. 

McDaniel and Maher38 discussed two other methods for the formation of US-Y, Figure 2.9. 

These two methods are very similar with the second method differing from the first only by 

an intermediate calcination step during the ion-exchange process: this increases the ease 

with which sodium levels can be decreased. A characteristic reduction in the unit cell 

constant, similar to that observed by Kerr, 42,43 was observed. 
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Calcination in the 
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Figure 2.9 

Washed 
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Flow chart showing two methods of forming US-Y from Na-Y. 38 x, y and 

z show the relative amounts of Ne in the zeolites at each stage, where 

x>y>z. If x represents 100% sodium ions, values of y can be reduced to 

10- 15 % depending on the extent of ion-exchange, values of z can be 

extremely low (<I%) again the final value depends upon the extent of 

ion-exchange. 

The additional stability of US-Y zeolites has been attributed to a number of different 

factors. Jacobs and Uytterhoven52 suggested that the additional stability was due to the 

extra-framework aluminium present as a result of the dealumination process. Kerr42-43 

proposed that the additional stability was due to the formation of new Si-O-Si bonds. 

Gallezot and co-workers53 demonstrated that silicon can migrate to fill the voids resulting 

from aluminium extraction. Calculation of the occupancy factor for T (Si or Al) atoms in a 

dealuminated sample was not found to deviate significantly from unity. If vacancies 

remained where aluminium ions had been removed, then an occupancy factor of 0.84 

would have been expected. It was concluded that dealumination was followed by local 

recrystallisation in the framework. The process involved the formation of new'S'04 

tetrahedra! in the framework positions damaged by aluminium removal. 
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2.2 Vanadium-Zeolite Chemistry 

Modified zeolite-Y catalyýts can be prepared that are thermally and hydrothermally capable 

of withstancting the rigours of a modem FCCU. However, catalysts still suffer from the 

detrimental effects of vanadium and other metals which reduce their performance. This 

section provides a general review of the literature concerned with vanadium-zeolite 

chemistry. Particular emphasis is given to mechanistic proposals which may account for 

the destruction of the catalyst by vanadium; but the deposition, distribution, mobility and 

the efforts to prevent the harmful effects of this metal will also be discussed. Reference is 

also made to work on related systems which may give insight into possible vanadium 

species responsible for zeolite lattice destruction. In some places, where appropriate, 

reference is made to work to be reported later in this thesis. Finally a point concerning 

nomenclature is useful at this stage: the general term 'zeolite' will be used in those places 

where a detailed description of the form of a particular modified zeolite-Y would be 

cumbersome. 

The area of vanadium-zeolite chemistry has attracted considerable interest: the petroleum 

industry would benefit greatly from a more metal-tolerant catalyst and there is basic 

interest in understanding the chemistry of the interaction between vanadium and the zeolite 

lattice. Overall the need for an improved FCC is emphasised by the increasing need for 

refiners to convert heavier distilled fractions which contain higher levels of vanadium. 

Vanadium together with other metal contaminants (in particular nickel, copper and iron) 

are present as organometallic compounds such as porphyrins and naphthenates within 

crude oil. 54-57 Figure 2.10 gives a few of the structures of metal-containing species that 

have been positively identified (via nuclear magnetic resonance spectroscopy) within crude 

oil. 57 These organometallic compounds come into contact with the FCC during the 

cracking reactions. The organo-skeletal framework is broken down by the FCC and the 

metal remains on the FCC surface. Metals are continually being deposited in this way and, 

with time, build to levels that seriously affect the activity and selectivity of the catalyst. 
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Figure 2.10 Metal containing species that have been positively identified in oil. 

M refers to metal, Me = -CH3 and Et = -CH2CH3- 

The effect that these metal contaminants have on the product stream from the FCCU are 

well known, 58-62 but what is less certain is the mechanism by which these metals react with 

the zeolite to bring about these changes. 

Vanadium together with nickel are found in the greatest concentration within crude oil. 63 

Nickel, and to a lesser extent vanadium, promote the increased production of hydrogen and 

coke at the expense of the more useful and profitable gasoline products. Table 2.3 

illustrates the effect that increasing metal levels has upon product yield distributions. 59 
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Metals Metal levels /ppm 

Nickel 180 570 2500 
_ 
Vanadium 100 1930 3600 

Iron 3700, 3400 8100 

Product Relati e product yield distributions 

Dry Gas /mass% 5.8 6.6 7.1 

Coke /mass% 2.4 3.1 7.3 

Gasoline /vol% 61.0 59.0 54.0 

Table 2.3 The effect of increasing metal levels upon the relative product yield 

distributions. 

Vanadium in addition, however, also reacts with the zeolite in such a way that it destroys 

the crystalline structure. Rather than affecting product selectivities, this reaction lowers the 

activity of the catalyst. Wormsbecher and co-workerS61 showed that the surface area of a 

laboratory-prepared FCC decreased on treatment with vanadium; for example a 

steam-treated FCC with no vanadium present had a surface area of 191 M2g-I while a 

similarly prepared sample, but with 0.5 mass% vanadium present, had a much smaller 

surface area of 51 M2g-1. Surface area is a direct probe of the amount of crystalline 

zeolite-Y present in an FCC sample. If deposition of vanadium is allowed to continue 

unchecked complete loss of activity is the final result. 

At present to control the metal levels to which FCC particles are exposed at an economical 

level, and to maintain product yields and selectivities out of the FCCU, the refiner daily 

removes a quantity of spent catalyst and makes up the difference with fresh catalyst. The 

extent of the make-up rate dictates the average metal loading on a catalyst. Make up rates 

of between 1-3% (by mass) of the total catalyst inventory are typical and depend both on 

the specific fonnulation of the FCC and the technical details of the FCCU. Make-up levels 

much greater than 3% would render the FCCU uneconomical. 

Clearly for an effective metal-tolerant catalyst to be designed it is necessary to have a much 

greater understanding of the chemical and physical nature of metal-FCC interactions. It is 
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also reasonable to suggest that investigations of simpler systems, such as the zeolite 

catalyst itself, are of direct relevance to this complex problem. 

2.2.1 Dep6sition of Vanadium 

It is important to have an overview of what is currently known concerning the deposition of 

vanadium on to catalyst samples (both commercially and in the laboratory) and this will be 

the focus of this section. Details of the chemical state and distribution through the FCC 

particle will also be discussed. 

As was stated earlier vanadium is found in crude oil as organometallic compounds such as 

porphyrins and naphthenateS, 54-57 (Figure 2.10). Saraceno and co-workers, 64 using electron 

paramagnetic resonance (EPR), have shown that vanadium is present in the +4 oxidation 

state, in the form of V02+ organometallic compounds, for several distillates, residues and 

crudes. Vanadium, in a commercial FCCU, is deposited on to the catalyst during the 

cracking reaction in the riser cracker and at this stage will still probably be present as 

V02+. Anderson and co-workers, 65 via EPR studies, have confirmed that for 

laboratory-prepared samples of europium-exchanged zeolite-Y (Eu-Y) that vanadyl cations 

introduced from vanadyl naphthenate are stabilised as octahedral V02+. The V02+ cations 

were found to be stable even after calcination at 5400C. 65 

Vanadyl naphthenate is widely used by several workers as a model compound for the 

artificial impregnation of vanadium on to catalyst samples. MitcheIJ6 has suggested that 

this material dissolved in benzene provides a realistic method for impregnation of catalyst 

samples. A particularly important result was that the hydrothermal treatment of 
labomtory-prepared samples was found to give results comparable with catalysts 
deactivated in a commercial FCCU. 

It is generally thought that the hydrothermal oxidising atmosphere of the regenerator part of 

the FCCU causes the oxidation of vanadium to V(V) specieS. 66 For example Anderson and 

co-workers, 65 found that V02+ cations stabilised. on Eu-Y were almost completely 

converted to V(V) species upon hydrothermal. treatment; this has also been observed by 
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other workers. 67-69 It is believed that it is in the regenerator part of the FCCU where the 

destructive vanadium chemistry occurs. Clearly the nature of the V(V) species present is 

important and is possibly týe key to the mechanism by which the vanadium destroys the 

zeolite lattice. This is discussed in more detail in Section 2.2.2. 

The initial 'contamination! of FCC particles with vanadium (and other metals) has been 

studied by several groups. Wormsbecher and co-workerS61 working with a 

laboratory-prepared FCC containing 10%, by mass, zeolite demonstrated, using a 

vanadium electron microprobe profile, that vanadium is initially deposited onto the surface 

of an FCC particle. This still remained the case even after calcination at 760'C. Steaming 

the sample, however, produced an even distribution of vanadium throughout the FCC 

particle. This result is significant in that it indicates the importance of steam in the 

redistribution of vanadium. 

Metal profiles across FCC particles which have been hydrothermally treated have also been 

studied by Nishimura and co-workerS70 by means of electron probe X-ray microanalysis 

(EPMA). Vanadium profiles were determined on two types of FCC: firstly an RE-Y FCC 

and secondly an H-Y FCC. The results showed two distinct types of behaviour depending 

upon the zeolite present in the FCC particle. The vanadium profile of the H-Y FCC 

mirrored that found by Wormsbecher and co-workers, 61 that is, an even distribution of 

vanadium throughout the FCC particle after hydrothermal treatment. The results for the 

RE-Y FCC were quite different, with the vanadium distribution mirroring the lanthanum 

distribution profile throughout the FCC particle. This was found to be the case even in the 

presence of differing amounts of residual sodium. This result can be interpreted in terms of 

an affinity of vanadium for lanthanum (and other rare earths) and, subsequently, has 

formed the basis for mechanistic explanations of the vanadium-induced destruction of the 

zeolite structure (Section 2.2.2). Vanadium distributions have been studied by other 

workers and similar results have been reported. 55,71-73 

Maselli and PeterS72 have reported interesting differences in the vanadium profiles of FCC 

particles containing identical zeolite components, but differing matrix components. Two 

FCC samples were prepared, one with an RE-Y zeolite together with an inert matrix of clay 
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and silica binder, and the other with identical RE-Y zeolite but with a high surface area 

catalytically active silica/alumina matrix binder. The vanadium profile of the FCC 

particles containing the inert matrix mirrored that of the lanthanum distribution profile and 

is similar tothat reported by Nishimura and co-workers. 70 The distribution of vanadium in 

the FCC particle with the catalytically active matrix was uniform and similar to that 

observed for RE free zeolites. It seems that the high surface area matrix results in the even 

distribution of vanadium throughout the FCC particle even in the presence of RE-Y type 

zeolites. No explanation for this behaviour was presented by Maselli and PeterS72 but 

vanadium tolerance benefits have been reported by Speronello and Reagon74 as a result of 

increasing the surface area of the matrix. 

The vanadium profiles for FCC particles reported above55,70-72 refer to laboratory-prepared 

FCCs which have been artificially impregnated with vanadium according to the MitcheJ16 

method. Similar studies have also been reported for commercial samples. Kugler and 

Leta, 73 using secondary ion mass spectrometry (SIMS), determined vanadium distributions 

on samples removed from FCCUs. This also provided an opportunity for vanadium 

distributions to be observed as a function of time in the FCCU. Since the samples 

originated from working FCCUs then, due to the daily make-up rates, there was a 

distribution of particle ages. Some particles would have been in the FCCU for only a day, 

whereas others may have been present for durations as long as six months. The age of the 

particle was determined according to its nickel loading; this is an adequate guide to the age 

of particle due to the low mobility of nickel once deposited. Results on samples that 

contained only RE-Y, clay and binder were in good agreement with those for similar 

laboratory-prepared samples; that is the vanadium distribution mirrored that of the rare 

earths. However, on FCCs which contained an alumina matrix the picture was quite 

different; the vanadium distribution was found to be in good agreement with the 

distribution of the alumina particles in the FCC. This clearly suggested a preference of 

vanadium for alumina. It was noted, however, that for the older particles in the samples 

studied, the vanadium was also found on the zeolitic component of the FCC. Occelli and 

Stencel7s have reported the vanadium passivation effects of boehmite, a naturally hydrated 



28 

form of aluminiurn oxide with the general formula y-AlO(OH). This is discussed in more 

detail in Section 2.2.3. 

To return to the work of Kugler and Leta, 73 they also found that there was very little 

correlation between the nickel and vanadium loadings in all of the samples they examined. 

They observed similar vanadium loadings on FCC particles that had been in the FCCU for 

at least fifteen months, compared with those that had been there for considerably less time. 

This provides strong evidence that inter-particle movement of vanadium must be occurring 

at FCCU operating conditions. 

Vanadium migration under hydrothermal conditions has been investigated by Occelli. 76 A 

mixture of sepiolite (a hydrated magnesium silicate with the general formula 

M92SiA. M20) and FCC were hydrothermally treated. Prior to mixing only one of the 

components was loaded with vanadium. The results clearly indicated that particle to 

particle transport of vanadium was possible under hydrothermal conditions. Interestingly, 

high mobility of vanadium under FCCU conditions lends further weight to the active 

vanadium species being in the +5 oxidation state. The melting temperature of lower 

oxidation state vanadium compounds are in considerable excess of the temperatures to be 

found in a typical FCCU, as the examples in Table 2.4 confirm. 

Oxide Vanadium oxidation state Melting temperature PC 

V70; +5 658 

V07 +4 1640 

V, ýOj +3 1970 

Table 2.4 The melting temperatures and oxidation state of some common vanadium 

oxides. 63 

2.2.2 Proposed Mechanisms of Vanadium Attack 

An overview of the mechanisms, including current proposals, that have been put forward to 

account for the vanadium-induced destruction of the zeolite component is given below. 
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When vanadium supported on solids is exposed to water various complex 

hydrolysis-condensation-polymerisation reactions occur. 66,77 The nature of the poly-ions 

formed and their degree oýprotonation, is dependent on a number of factors including 

vanadium concentration, surface composition and liquid pH. Figure 2.11 summarises the 

various vanadate species that can be formed as a function of pH and total vanadium 

concentration. 
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Figure 2.11 Phase diagram showing the approximate conditions of pH and total 

vanadium concentration under which. a given species would be the major 

solute component of a vanadate solution at 25T. Demarcations about 

which there is considerable doubt are represented by broken lines. 

It is believed that similar chemistry will affect the nature of vanadium compounds formed 

when a support loaded with vanadium is exposed to steam. Indeed Occelli66 observed an 

array of vanadium ions when calcined, vanadium-loaded catalysts were exposed to water. 

In general, it is known that the destruction of a zeolite due to vanadium increases with 

amount of vanadium and rising temperature; it is also greatly accelerated when the zeolite 
is heated in the presence of steam. 66 Vanadium level, temperature and steaming conditions 
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are, therefore, three important factors that can be investigated to obtain a better 

understanding of vanadium-zeolite interactions under FCCU conditions. 

Work presented by Meisenheimer58 demonstrated the importance of the chemical state of a 

tu ism metal contaminant towards the deactivation of an FCC. He pos lated that the mechan 

of attack was due to the combination of-metal contaminants with the zeolite to form silicate 

or aluminosilicate compounds, although no evidence for such compounds was given. The 

mechanism proposed by Meisenheimer was not widely accepted by other workers, but his 

evidence for the importance of the chemical state of the metal contaminants is widely 

recognised, with V(V) species believed to be the active vanadium species. 

Pompe and co-workerS78 suggested that RE-Y zeolites were destabilised by vanadium due 

to the formation of a eutectic compound. A systematic study of VO, /RE-Y mixtures was 

undertaken using differential thermal analysis (DTA) and X-ray diffraction (XRD). It was 

found that melting occurred well below the melting temperature of V205, indicating that a 

reaction could occur between zeolite and V205, before V205 itself melts. Characterisation 

of the mixtures by XRD showed that, in addition to V 205 and zeolite-Y, new diffraction 

peaks due to an REV04 phase were present. The conclusion was reached that V205 attacks 

the rare earth component of the zeolite-Y forming a low melting RE-vanadate phase. It 

was also suggested that the incorporation of sodium would further lower the melting 

temperature of the eutectic. Vanadate formation requires more oxygen per RE than can be 

supplied by V205 alone, and so the following reaction scheme was suggested: 

"2 Z(0)1.5M" + V205 -0" 2 PEV04 (2.1) 

In this scheme the 'extra! oxygen needed for reaction comes from the zeolite lattice 

(represented by Z); thus vanadate formation leads to the destruction of the zeolite 

framework. The importance of RE203-V205 eutectics has also been proposed by other 

workers. 79,80 Upson and co-workerS79, via DTA, showed that V20S reacts with RE-Y to 

form a eutectic compound with a melting temperature of 6300C. They concluded that at 

regenerator conditions vanadium would migrate to the zeolite to form a eutectic which on 

melting would destroy the zeolite crystalline structure. 
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The formation of PE-, 03_V205 eutectic compounds during the regeneration process, 

however, has been placed in some doubt by Wormsbecher and co-workers-11 If an 

RE203-V20, eutectic lowýrs the melting temperature of the zeolite, resulting in destruction 

of the crystalline lattice on melting, then this process would be expected to occur during 

dry air calcination. A series of experiments on identical catalysts, with and without 

vanadium present, were carried out in which calcination took place in dry air and in the 

presence of steam. It was shown that only samples that were hydrothermally treated 

showed any loss of catalytic activity. It was thus concluded, in contradiction to other 

workers, that eutectic formation was not important in the mechanism by which vanadium 

destroyed the zeolite crystal structure. Clearly in this work the presence of steam was a 

significant feature. Indeed it has been shown that vanadium levels of 5 massOI/O are needed 

before destruction of a zeolite is observed in dry air66 and this is far in excess of that found 

in a typical FCC particle. It has also been reported8l-85 that solid state ion-exchange has 

been successful with zeoliteN., 05 mixtures with no loss of crystallinity following 

calcination in dry air. 

As well as demonstrating the importance of stearn in the overall mechanism Of zeOlite 

destruction, Wormsbecher and co-workerS6 I also demonstrated that the vanadium species 

present were volatile. Evidence for this came from a series of experiments in which V, 05 

was held in a crucible below a zeolite sample: Figure 21.12 illustrates the experimental 

arrangement. 
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.4 Frit 
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Figure 2.12 Schematic diagram showing the experimental arrangement of'flowing tube 

reactor' used for exposure experiments to demonstrate the volatility of 

vanadium species. 
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Hydrothermal treatment showed enhanced destruction of the zeolite crystalline structure in 

these circumstances. This enhanced destruction could only result from one, or several, 

volatile vanadium species ýeing carried from the crucible by the steam/nitrogen carrier gas 

to the zeolite. Two possible (volatile) vanadium compounds were suggested to be present 

as a result of the V20A120 reaction as i. ndicated in the following reactions: 
V205 + H20 

(9) 2 V02(OH) 
(g) (2.2) 

V205 
(, ) +3 H20 

(g) 2 VO(OH)3 (9) (2.3) 

Reaction 2.3 was considered more probable because of the higher, and more favourable, 

co-ordination of vanadium. Thermochernical evidence has also been reported by 

YannopoUJOS86 for the presence of VO(OH)3 due to the reaction between V205 and H. 0 at 

elevated temperatures. Figure 2.13 shows the reported structure of the gaseous vanadium 

oxide trihydroxide. 

0 
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Figure 2.13 The structure of VO(OH)3, 

It was concluded that VO(OH)3 would be a strong acid, by analogy with phosphoric acid, 

and so VO(OH)3 was referred to as vanadic acid with the formula H3VO4. H3VO4 would 
destroy the zeolite crystal structure by high temperature acid-catalysed hydrolysis. 

However, acidic treatment of zeolites can lead to the selective removal of aluminium from 

the zeolite lattice87 and it has been shown that acid-treated zeolites can show enhanced 

stability over their parent zeolites. 4144 Furthermore, in all cases the acidic treatment was 

carried out under conditions that favour the production of stable structures. Presumably 

acidic attack due to H3VO4,61 under FCCU conditions, would not be so favourable and it 

would be hydrolysis of the Al-O-Si bond that would lead to instability and destruction. In 

this case a vanadium-aluminate phase would be expected to be present. The formation of 

AIV04 has been reported by Gallezot and co-workers88 in US-Y zeolites; but only under 

mild hydrothermal conditions. At temperatures lower than 650"C they concluded that 
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V205 would react with extra-framework aluminium, to form AIV04. Above 650'C 

evidence for AIV04 could not be found. This is consistent with the work of Occelli and 

StenceJ75 who showed that unsupported AlV04 started to decompose at 650'C, and 

decomposition to V205 and A1203 was complete at 780'C. It has been subsequently 

suggested that AIV04 is not important i! i the mechanism of zeolite destruction because of 

its instability at temperatures greater than 6500C. 75 

Assuming that the mechanism proposed by Wormsbecher and co-workerS61 for the 

destruction of zeolite crystal structure is correct, that is destruction due to the hydrolysis of 

AI-O-Si bonds, then this would go some way to explaining the additional stability seen for 

dealuminated zeolites. Zeolites with low Si/Al ratios (high aluminiurn content) when 

attacked by vanadium (H3VO4)would have many lattice defects (vacancies in the lattice 

were aluminium. has been removed) and often in close proximity to one another. The 

presence of so many defects would lead to a rapid collapse of the zeolite lattice. For 

zeolites with high Si/Al ratios (low aluminium. content) then the number of such defects 

would be lower and statistically not so close together. This could make self-annealing of 

the zeolite more efficient (replacement of removed Al with Si) and the result would be 

greater stability. 

Pine89 working with a variety of zeolites with differing SVAI ratios and silicalite (an 

aluminium-free zeolite), questioned whether Al-O tetrahedra were the place of vanadium 

attack. He found that the rates of destruction of two zeolites with differing SUAI ratios, 

were essentially the same. This is contrary to what might be expected from the simple 

argument that if the aluminium site is the place of attack, then the more sites present, the 

greater the rate of destruction. Pine also showed that hydrothermal treatment of silicalite in 

the presence of vanadium also lead to destruction of the crystal structure, suggesting that 

attack on Si-O-Si bonds can also occur. Overall he concluded that the site of attack is more 

probably Si-OH terminal bonds. PineS9 also gave evidence that the presence of rare earths 

in a zeolite lattice does not influence vanadium tolerance, but just changes the base 

tolerance of the zeolite to steam attack. This last statement seems to suggest that RE-Y and 

H-Y zeolites would have similar tolerances to vanadium. However this is contradicted by 

a simple experiment by Gallezot and co-workers. 88 A physical mixture of La-Y and US-Y 
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were simultaneously loaded with vanadium and hydrothermally treated. The results 

showed that the La-Y zeolite was markedly less stable than US-Y under identical 

conditions. Evidence will plso, be presented later in this thesis (Chapter 5) which shows 

that as RE levels increase then the tolerance to vanadium decreases. Gallezot and 

co-workers88 also suggested that RE-coiýtaining zeolites and RE-free zeolites are probably 

destroyed by different mechanisms. This is probably true, at least initially, in view of the 

affiliation of vanadium to rare earths as described in Section 2.2.1. 

Gallezot and co-workers" carried out a series of experiments on an RE-free US-Y zeolite. 

Half of this zeolite was extracted with acid to remove all the extra-framework aluminium 

and under hydrothermal treatment in the presence of vanadium this portion was shown to 

be the least stable. Reaction schemes (Figure 2.14(a) and (b)) were put forward to account 

for the observed behaviour of the two zeolitic forms. 

It was concluded that additional stability could be achieved due to the presence of 

extra-framework aluminium. Vanadium is stabilised as AIV04at temperatures below 

6501C but is released at temperatures - 650*C to continue the destruction of the zeolite. 
Both reaction schemes are essentially the same, although in the absence of aluminium, 

mullite cannot be formed.. Gravette and co-workers90 have shown thatV205 is Capable of 

dissolving silica, and cristobalite can precipitate from the melt. Interestingly vanadium 

was found in the crystallites of mullite. In this context other workerS66,91,92have shown 

that vanadium is capable of being incorporated into the mullite crystal structure, and indeed 

vanadium is known to act as a mineralising agent lowering the temperature of mullite 

formation by more than 400'C. However, there is general agreement that vanadium levels 

incorporated into the mullite structure are low and so the majority of vanadium is free to 

continue the destruction of the zeolite. 
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Figure 2.14(a) The proposed reaction scheme for the destruction of US-Y by vanadium. 
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Figure 2.14(b) The proposed reaction scheme for the destruction of acid leached US-Y by 

vanadium. 

Maug6 and co-workers,, 93 working with highly exchanged lanthanurn zeolites (La-Y), 

observed the formation of LaV04 on hydrothermal treated samples in the presence of 

vanadium. The formation of LaV04 was also observed on samples that were calcined in 

dry air under relatively mild (600'C) conditions. The observation of vanadate formation is 

consistent with the work of Pompe and co-workers. 78 It can be recalled that these workers 

suggested that the extra oxygen needed for vanadate formation would originate in the 

zeolite lattice, which in turn would lead to the destruction of the zeolite. Maugd and 

co-workerS93, however, dismissed this mechanism in favour of the destruction being due to 

removal of the stabilising La-O(H)-La linkages across sodalite cages; in this case extra 

oxygen would come from the extra-framework oxygen present in these linkages. Rare 

XV205'YSi02 
(liq) 
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earth complexes are thought to give RE-exchanged-zeolites added thermal stability. 20,24,37 

Removal of these stabilising linkages would lead to thermal instability and increased 

. ystalline structure. destruction of the zeolite, cr 

Other authors (including work in this thesis) have observed REV04species. 66,69,82 

Anderson and co-workerS69reported the formation of EuVo4when working with 

europium-exchanged zeolites. Occelli66reported CeV04 formation on RE-Y zeolites and 

proposed the reaction scheme given below (Equation 2.4) which mirrors proposals put 

forward by Maugd and co-workers. 93 . 
0 4+ 1 

Ce <o> Ce 
1 

2 V&"* +4 H20 -0-- 2 CeVO4 +8 H+ 

Occellj66 also suggested that destabilisation could be further enhanced by the removal of 

other counter-ions , for example Nat, due to vanadate formation. 

In summary, a number of suggestions have been put forward to account for the mechanism 

of destruction of the zeolite component of an FCC due to the presence of vanadium. The 

problem is undoubtedly complex and it seems fair to state that there is no final agreement 

on a mechanism in the open literature. However, it may well be necessary to develop two 

distinct mechanisms, one for RE-Y zeolites and one for RE-free zeolites. A mechanism for 

RE-Y zeolites will most likely involve the formation of REV04, but it must be commented 

that it has been suggested6l that REV04 formation is only a by-product of another 

mechanism and is only produced after the zeolite laftice has been destroyed. A mechanism 

for the destruction of RE-free zeolites must account for the relatively facile formation of 

mullite. 

2.2.3 Passivation of Metal Contaminants 

As an understanding of metal-contaminant/zeolite interactions has developed, then so have 

more informed efforts been directed at preventing these interactions occurring. A number 

of methods have been put forward for the passivation of metal contaminants, although only 
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a few have been widely used by the petroleum industry to date. This section provides a 

brief review of some of the main approaches in this commercially sensitive area. 

The effects of nickel, like vanadium, on an FCC have been widely investigated. It has been 
1% 

found that increased production of hydrogen and coke as a result of nickel/zeolite 

interactions can be successfully lowered by the introduction of antimony into the FCCU. 94 

Passivation of vanadium compounds has not been so successful. Pragmatically 

vanadiurn/zeolite interactions can be controlled and maintained at acceptable levels by 

increasing the make-up rates and prudefit FCC and FCCU design, but it is inevitable that a 

more metal-tolerant FCC is required. 

Research into the production of more metal-tolerant catalysts has not been restricted to the 

zeolite component of the FCC. As indicated earlier in the review, Speronello and ReagOn74 

have reported that increasing the surface area of the matrix has a marked effect on the FCC 

tolerance to vanadium. 

Wormsbecher and co-workerS61 suggested that basic oxides such as alkaline earths 

(for example MgO) should be added to the FCC. This was based on their proposed 

mechanism of attack involving acidic H3VO4. Results of tests involving a 20% by mass 

MgO mix with catalyst clearly showed increased activity and selectivity in the presence of 

vanadium. 

In general, the addition of compounds to an FCC results in a dual-function cracking 

catalyst (DFCC). The role of the additive in the DFCC is to inhibit vanadium/zeolite 

interactions by selectively sorbing vanadium and passivating its destructive effect. The 

relative ease with which vanadium can migrate at FCCU conditions is well known 

(Section 2.2.1), so any additive must react with vanadium in such a way as to prevent its 

migration back to the zeolite component of the FCC (Figure 2.15). Overall the 

'DFCC approach' seems to be accepted as having the best potential for vanadium 

passivation. 
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Figure 2.15 Diagram illustrating the necessary properties of an effective metal scavenger 

WS). 

Upon the addition of a metal trap an immediate loss of activity is observed due to the 

dilution of catalyst inventory. With time, and as metal levels build in the FCCU, the 

activity of the DFCC exceeds that of the FCC alone. The cross-over point (the point at 

which the DFCC becomes more active than the FCC alone) is dependent on the gas/oil 

composition, feed metal levels, zeolite concentration and type in the host FCC, and on the 

properties of the metal trap. 66,76 In addition to the necessary vanadium passivation 

properties, any metal trap must also have similar physical properties to the FCC particle; 

that is it must have similar density so effective mixing of the two can be maintained in the 

FCCU. Furthermore the metal scavenger must be stable enough to withstand the variety of 

harsh conditions in the FCCU and it must be strong enough to withstand the many impacts 

with the FCCU walls and other FCC particleS. 61 

Occelli and Stence175 investigated the addition of boehmite (y-AIO(OH)) to FCCs. 

Vanadium transport experiments confirmed that vanadium readily migrated from the 

surface of the FCC to the boehmite additive, but migration from boehmite to the FCC was 

negligible. Catalyst activity and selectivity tests on the DFCC confirmed the effectiveness 

of boehmite as a metal scavenger. It was noted, however, that at high metal loadings 
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(5 mass% V) the surface area of the boehmite reduced significantly and the 

vanadium/boehmite support collapsed to give V205 and y-alumina. The loss of surface 

area was accompanied by 4 decrease in metal scavenging properties. These results are 

consistent with those of Speronello and Reagon. 74 

Many other additives have also been suggested, and patented, as being effective vanadium 

scavengers. These include calcium titanates, 95 strontium titanate, 96 strontium carbonate, 97 

sacrificial zeoliteS, 98 sepiolite, 76,99 anionic clays'00 and mixtures of rare earths. 101 

Vanadium passivators can also be introduced into the FCCU deposited on FCC particles 

rather than as a dilutant additive as in a DFCC. For example, Anderson and co-workerS65 

demonstrated that tin compounds deposited on the surface of a europium-exchanged 

zeolite-Y mediate the effect of vanadium. Tin was introduced to the surface of the zeolite 

as tetraphenyltin dissolved in toluene, in a manner similar to the Mitchell method. 6 It was 

found that the tin and vanadium complexed and so it was concluded that this reduced 

vanadium-zeolite interactions. The order of deposition (tin followed by vanadium, or 

vanadium followed by tin) was not important, but it was noted that excess tin was to be 

avoided since this promoted the formation of EuV04. with a consequent loss of zeolite 

crystallinity. In the work reported in this thesis we have observed the retention of zeolite 

crystallinity on FCC samples loaded with RE-containing compounds prior to vanadium 
loading and hydrothermal treatment (Chapter 5). 

An alternative approach to extending the life of an FCC has been reported. 102 Rather than 

the addition of metal passivators, the contaminant metals themselves are removed from the 

surface of equilibrium FCCs. Elvin' 02 reported results which showed that catalytic activity 

can be partially restored after the removal of vanadium and other contaminant metals. It 

was concluded that there were two types -of vanadium present. The first resulted in the 

permanent destruction of the zeolite, while the second caused blocking of the zeolite pores. 

This blocking of pores prevents access of the hydrocarbons to the active sites which in turn 

lowers the activity of the zeolite. Removal of these blockages restores access and activity 

to the zeolite. 
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46 

3 Characterisation of Samples 

Three major techniques have been used for sample characterisation in this work; these are 

powder X-ray diffraction (XRD), surface area determination and magic-angle-spinning 

nuclear magnetic resonance (MAS NMR) spectroscopy. It should be noted that surface 

area measurements were carried out only for those samples for which significant changes 

were expected; that is for those containing zeolite-Y. 

This chapter provides an outline description of each of the three techniques including a 

technical summary of the apparatus used. Details of particular experimental procedures are 

given and, where relevant, these are illustrated with specific examples taken from results 

which are to be discussed in more detail in later chapters. 

3.1 X-ray Diffraction 

Powder XRD is a very well established technique for the characterisation of solid samples 

and, as such, it has been used extensively in the present work. In general it has been used 

to monitor the behaviour of known crystalline phases including an assessment of the extent 

of crystallinity and, in addition and where appropriate, to identify the emergence of new 

phases as a ftinction of sample treatment. An important further application has been in the 

investigation of changes of the unit cell constant for zeolite-Y as a function of the 

treatment of samples containing this zeolite. 

3.1.1 Background 

X-ray diffraction can be used to study the properties and structure of crystalline solids, and 

a number of detailed accounts of the technique are available (see, for example, references 
1-6). This section provides a brief description of the technique, together with an account of 

some of the important properties of X-rays and crystalline solids that permit the diffraction 

phenomenon to be observed. 
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In 1912 Laue first demonstrated the ability of crystalline solids to diffract X-rays. His 

experiment confirmed that X-rays had the same properties as electromagnetic radiation and 

that crystals had an ordered array of atoms. 

Properties off-rays 

X-rays were first discovered in 1895 by R6entgen and were so called as their properties 

were unknown at that time. Today it is known that X-rays are electromagnetic radiation of 

the same nature as light, but of very much smaller wavelength. X-rays are found between 

gamma rays and ultraviolet light in the electromagnetic spectrum and have wavelengths in 

the range 0.00 1 -1 nin. X-rays that are used for diffraction purposes have wavelengths 

between, approximately, 0.05-0.25 mn. X-rays, like all electromagnetic radiation, have an 

electric field vector (E) and magnetic field vector (H) normal to the direction of 

propagation, as well as being normal to one another. 

It is the electric field vector that interacts with the electrons of the atom (ion) in a crystal 

such that X-rays are scattered in all directions, and it will be only this component of the 

wave that will be considered further (the scattering of X-rays by atoms in a crystal will be 

discussed later in this section). The electric field vector has an oscillating behaviour as it 

travels out in the z direction with velocity c. This can be described by the expression 

E=Eosin21rv t-z 
C) 

(3.1) 

where EO is the amplitude and v the frequency. This expression describes the behaviour 

with time (t) at a fixed value of z or, alternatively, the behaviour with position (z) at a fixed 

value of time. 

The wave picture of X-ray radiation allows a relatively simple description of the manner in 

which different waves can interact. Any two waves with identical wavelengths (A) which 

are in phase (their electric field vectors have the same magnitude and direction at the same 

instant in time at any point z measured along the direction of propagation of the wave), or 

differ in phase by a whole number of wavelengths, will reinforce one another. This type of 
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interference is called constructive interference. If waves are out of phase then destructive 

interference occurs. Any two waves (with identical wavelengths) that differ in phase by 

A/2 completely annul one another. It is constructive and destructive interference which are 
I 

intrinsic to the diffraction process. 

In general constructive and destructive interference is observed for all types of 

electromagnetic radiation. For example, if visible light (with fixed A and v) is passed 

through a diffraction grating (consisting of equally spaced lines) then equally spaced spots 

can be observed, but only if the spacing. between the lines etched on the diffraction grating 

is of the same order of magnitude as the wavelength of the incident light (Figure 3.1). The 

dark spots result from destructive interference. 

Scre 
Diffraction grating 

Incident Ii 

Figure 3.1 Schematic view of constructive and destructive interference. 

Diffraction of X-rays by crystalline solids is essentially similar in nature. However the 

crystal acts as a three-dimensional diffraction grating and irradiation is now with X-rays. 

X-rays are used because their wavelengths are of the same order of magnitude as 

interatomic distances in crystalline solids. 

X-rays are produced when any electrically-charged particle of sufficient kinetic energy is 

rapidly decelerated. High energy electrons are typically used for this purpose. Today, 

X-rays are usually produced in an X-ray tube, this contains a source of electrons and two 

metal electrodes. The high voltage maintained across the electrodes (tens of thousands of 

volts) rapidly draws electrons to the anode, or target, which they strike with very high 

velocity. X-rays are produced at the point of impact and radiate in all directions. X-rays of 

a range of wavelengths are produced (continuous radiation or Bremstrahlung) and the 

variation of intensity with wavelength is dependent on the accelerating voltage. However, 

above a certain accelerating voltage a characteristic spectrum is produced, superimposed on 



49 

the continuous radiation. This spectrum depends on the nature of the target metal, as 

shown in Figure 3.2, and does not change with an increase in accelerating voltage. 

11 

1-4 

10 

Wavelength, I 

Figure 3.2 Graph illustrating the variation of intensity, I, with wavelength, A, for the 

continuous, as well as characteristic, radiation formed when the accelerating 

voltage is increased. The accelerating voltages are X, Y and Z where 

X<Y<Z. K,, and K, 6 represent the characteristic radiation. 

A continuous band of radiation is produced because the incident electrons are not all 

decelerated in the same way. Some electrons will be stopped with one impact and so will 

give up there energy at once. Others are only deviated by the atoms of the target, and 

successively lose fractions of there total energy. The characteristic radiation is produced 

due to the interaction of the incident high-energy electrons with electrons in the core shells 

of the target metal. If in a collision an electron is ejected from the K shell of a target metal 

atom then this atom is left in an excited state. Electrons from higher shells (L, M,... ) will 

fall into this vacancy in the K shell, releasing excess energy in the process, and the atom is 
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once again in its normal energy state. The excess energy is emitted in the form of radiation 

of a definite wavelength and is, in fact, the characteristic K,, 
, 

K, 8 radiation. The overall 

process is sho-v,, -n schematically in Figure 3.33. 

NI Shell 

Shell 

K Shell 

Nucleus 

Figure 33.3 The mechanism by which K,, and K, 6 radiation is formed. 

Table 3.1 gives the characteristic wavelengths (in both A and nm) for copper, a metal target Cý L- 

used frequently in X-ray tubes. 

Radiation type Transition Wavelenuth /nm Wavelength /A 

Kct I 2p Is 0.15405 1.54050 

K 
-a 2 2p Is 0.1544-334 1.544-34 

Kfl 
-)P 

Is 0.1 ' )9217 
_ 

1.39217 

Table 3A The characteristic wavelengths, K, and K, #, for copper metal. 

It can be seen from Table ' ). I that Kct is in fact a doublet. This is due to two different total 

angular momentum states of the 2p electron. Diffraction due to Cu K, , and K, -, 

irradiation can be seen in an XRD pattern, becoming more resolved as the diffraction angle 

increases. 

If a K. X-ray source is required then X-ray filters are used. Nickel is used as a filter for 

copper Kfl, and most of the continuous radiation, because it absorbs X-rays. It is not 100% 

efficient, but essentially Cu Ka X-ray radiation is produced. 
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The basic dijftaction condition 

As was stated earlier it is the interaction of the X-ray electric field vector with electrons of 

atoms that is responsible for the scattering of X-rays. In general an electric field exerts a 

force on any charged particle, such as an electron. Thus, the oscillating field of an X-ray 

beam will set any electron it encounters into oscillatory motion about its mean position. 

This electron will be continuously accelerating and decelerating during its motion and, 

therefore, will emit an electromagnetic wave (the X-ray gun is an example of this. rapidly 

decelerating electrons producing X-rays). In this sense, an electron is said to scatter 

X-rays and the scattered beam is simply the beam radiated by the electron under the action 

of the incident beam. The scattered beam has the same frequency and phase as the incident 

beam and is said to be coherent with it. 

As atoms scatter incident X-rays in all directions, then in some directions the scattered 

beams will be completely in phase and so reinforce each other to form a diffracted beam. 

A diffracted beam may be defined as a beam composed of a large number of scattered raýs 

mutually reinforcing one another. 

The Bragg law of X-ray diffraction describes the condition necessary for a set of crystall' 4=1 ine 

planes to diffract an incident X-ray beam. It can be derived from Figure 3.4. 

Incident X-ray 
A, hearn 

Diffracted X-ray 
beam 

V, 

00 
-e- ww00 

Aý 0o 

0 

Y 
(I 

0T00000 0- 

FIgUrc 3.4 Schematic rcpresentation of the diffraction ot'an X-rav beam (I 

incident at an angle 0 to parallel planes of spacing d. 
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It can be seen that the path difference between incident beams 1 and 2 is xy + yz. However, 

xy andyz are both, individually, equal to dsinO. It follows that the path difference between 

the two beams is given by Equation 3.2. 

xy + yz = 2dsin 0 (3.2) 

Since the condition for diffraction requires the diffracted beams to be in phase, or differ in 

phase by an integral number of wavelengths, then for diffraction to be observed 

Equation 3.3 must be satisfied 

xy +yz = nA (3.3) 

where A is the wavelength of the X-rays and n is an integer. Combining Equations 3.2 and 

3.3 gives the diffraction condition. 

nA = 2dsinO (3.4) 

This is the Bragg law where n is the order of diffraction and 0 is known as the Bragg 

angle. 

The simple model in Figure 3.4 can be extended to single crystals as well as 

polycrystalline, or powder, systems; here only the latter will be considered. A powder is 

defined as a collection of randomly oriented small crystallites. Within a powder sample, 

all possible orientations of all planes with respect to the incident beam will be present. In 

this sense a powder sample is equivalent to a single crystal rotated about all possible axes. 

It will be the case that a proportion of crystallites wi. 11 always be oriented such that a given 

set of lattice planes will make the correct Bragg angle for diffraction. Figure 3.5(a) shows 

one plane in this set satisfying the Bragg condition. If this plane is now rotated about the 

incident beam in such a way that 0 remains constant, then the diffracted beam will travel 

over the surface of a cone, as depicted in Figure 3.5(b). The axis of the cone coincides 

with the transmitted beam. 
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ýDiffracted 
X-ray beam 

20 

Incident 
Sample X-rýy beam 

ab 

Figure 3.5 Diagram showing (a) the Bragg condition for one set of lattice planes, and 

(b) the formation of a diffraction cone due to the same plane from a number 

of randomly oriented crystallites. 

It follows that a separate diffraction cone will be formed for each set of differently-spaced 

lattice planes. Diffracted X-rays from sets of planes of spacing d, generate a cone of 

semi-apex 20 1, planes of spacing d2generate a cone of angle 202and so on, as displayed 

in Figure 3.6. The pattern of concentric rings resulting from the diffracted cones can be 

recorded, for example, by placing a photographic film in a circle about the sample: in this 

way angles of 0* < 20 < 180" can be measured. More modem methods of recording 

powder XRD patterns will be described in due course. 

Figure 3.6 Diagram showing the formation of diffraction cones for a powder sample. 

Cones of diffracted radiation 
,4 
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Crystals and crystal structure 

Crystals are constructed from repeating blocks which build up in three dimensional space. 

The smallest unique building block is called the unit cell. There are seven possible 

different-shaped unit cells which can pack to fill three-dimensional space; these give the 

seven possible different crystal systems, each with different symmetry elements as 

summarised in Table 3.2. In the table the dimensions of the unit cells are denoted by a, b 

and c, and the corresponding angles by a, 8 and y. Collectively a, b, c, a, 8 and y are 

known as the lattice constants for a unit cell. 

If the sites of atoms (ions) in a crystal structure are represented by points, then the array of 

points forms a three-dimensional lattice. The unit cell is the smallest (unique) regular 

figure by which continuous replication generates the entire lattice. Unit cells can contain 

lattice points in different arrangements. A unit cell with lattice points only at the comers is 

primitive (P), a cell which has a lattice point in the centre is body-centred (1), one which 

has lattice points in the centres of all the faces is face-centred (F), and one which has lattice 

points in the centre of two opposite faces is face-centred (A, B or Q. Combining the 

possible crystal systems with the possible types of lattice gives the Bravais lattice of the 

structure; there are only 14 possible Bravais lattices. Table 3.2 summarises the Bravais 

lattices associated with the seven different crystal systems and, as an example, the Bravais 

lattices for the orthorhombic crystal system are illustrated in Figure 3.7. It should be noted 

that zeolite-Y has a cubic unit cell. 7 
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Crystal Shape of Axial lengths and Bravais Lattice 

system crystal system angles lattice symbol 

Cubic z =r a=b=c Simple P 

c 
MI. 91 b L=Wa a=, 6= r= 90" Body-centred I 

a Face-centred F 

Tetragonal. a=b*c Simple P 

a =, 8 r= 90' Body-centred I 

Orthorhombic a; & bc Simple P 

a =, 8= r= 900 Body-centred I 

Base-centred C 

Face-centred F 

Rhombohedral a=b=c Simple P 

or Trigonal. a =, 8 r* 90" 

Hexagonal a=bc Simple P 

a= P 9011, 

= 12011 

Monoclinic a* b* c Simple P 

a= r= 901, Base-centred C 

Triclinic a#b#c Simple P 

Y 
9 

a #, 6 # r; -- 90* 

'6 a 

Table 3.2 The seven possible crystal systems and the fourteen Bravais lattices 

associated with these crystal systems. 
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c 11 

Body-centered 

Figure 3.7 Diagram illustrating the four Bravais lattices associated with the 

orthorhombic crystal system (a #b#c, a=6=y= 900). 

Crystalline planes and dififtaction 

A English crystallographer Miller devised a system for identifying and labelling planes of 

atoms in a crystal. The Miller index, as it is known, describes a plane of atoms within a 

crystal and this plane will be, in principle, responsible for a particular diffracted X-ray 

beam. Miller indices are defined as the reciprocals of the fractional intercepts which a 

given plane makes with the crystallographic axes within a unit cell. Miller indices of a 

general plane are denoted (hko, and this plane makes fractional intercepts I 1h, Ilk, 1/1 with 

the crystallographic axes. In terms of the lattice constants a, b, c then the actual intercepts 

are a1h, blk, c1l. Figure 3.8 illustrates two different Miller indices for a cubic unit cell. 

Simple (F) 

Face-centered (F) Base-centered (C) 
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C 

a 

C 

a 
Miller index (4-3 ) 1) Miller index (030) 

a b 

Figure 3.8 Diagram illustrating the labelling of two different planes in a cubic unit cell. 

Miller indices are used in XRD to relate particular sets of crystalline planes to diffraction 

peaks. Each Bragg angle 0, for a given diffraction peak with Miller index (likl), can be 

used to calculate an interplanar spacing, d. The spacing of different planes dýkj, depends 

only on the crystal system and the lattice dimensions. As a consequence, two crystals 

having the same type, and dimension, of unit cell will give the sarne XRD pattern. Im 

In more detail. the interplanar spacing dhki, measured at right angles to a given set of 

planes, is a function of (hko and the lattice constants (a, b, c, a , 
8, )1); the exact relation 

depends on the crystal system involved. For a cubic system, the relationship is relatively 

straightforward, 

2 2 +12 +k 
(3). 5) 

Examples of the calculation of the unit cell constant for the cubic system of zeollte-Y will 

be given in Section 
-33.1. -33. 

Expressions for dhkj for other systems are more complex but are 

tabulated in the literature. 5 

A key step in the analysis of an XRD pattern is indexing, that is the designation of specific g 
diffraction peaks to (hko planes. This can be achieved manually, or via computer software, 

but often the process is not trivial: a full description is given in the literature. 2 Once a 

pattern is indexed it is possible to calculate interplanar spacings and, in turn, use these to 

refine the lattice constants. 
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It has already been stated that it is the size and shape of the unit cell that determines the 

positions (with respect to 0) of peaks within an XRD pattern. However, the intensities of 

the peaks within this pattern depend critically upon the content of the unit cell. As 

electrons are the only component of an atom that significantly scatter X-rays, and as 

electrons are spread throughout the volume of an atom, it is the case that they cannot be 

expected to scatter X-rays in phase. These differences lead to partial interference and, as a 

consequence, a decrease in the scattering amplitude for an atom. The scattering efficiency 

of an atom for X-rays is described by the atomic scattering factor (J), also known as the 

form factor. The atomic scattering factor is largely dependent upon the number of 

electrons in an atom; that is it is roughly proportional to the atomic number. For a unit cell 

containing several atoms the intensity of the diffraction peak for a given plane (hký 

depends upon both the positions within the unit cell, and the scattering factors, of these 

atoms. Overall this is reflected in the structure factor Fhklfor the unit cell. Other factors 

that also affect the intensities of diffraction peaks are (i) the multiplicity factor, which 

accounts for different planes within the crystal system having the same interplanar spacing; 

(ii) the Lorentz-polarisation factor, which account for polarisation effects in the X-ray 

scattering process; (iii) the absorption factor, which accounts for the absorption of X-rays 

by the sample; and (iv) the temperature factor which accounts for the thermal vibrations of 

atoms within the unit cell. 

In qualitative terms an XRD pattern is a fingerprint of a crystal and can be used to identify 

its chemical nature. This can be achieved by reference to published XRD charts8 or, more 

efficiently, by searching appropriate computer data bases. XRD charts are generally 

organised so that the three most intense peaks are listed first, followed by other peaks in the 

pattern (typically 6). The charts are searched by matching the three most intense XRD 

peaks for the recorded XRD pattern with the published data. Computer searches using data 

bases are similar, but the relative intensities of various peaks can also be matched. This 

results in a more accurate match of sample with standard. A CD-ROM data base 

(Joint Committee on Powder Diffraction Standards, JCPDS, version 2.11 a, PDF-2, 

database sets 1-40,1990) has been used extensively in the work in this thesis. 
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Powder diffraction methods 

One method of recording an XRD powder pattern is to use a Debye-Scherrer camera. A 
I 

typical arrangement is shown schematically in Figure 3.9 

Incident 
X-ray beam 

Entry 
slit 

Fluorescent 
screen 

Lead 
glass stop 

Figure 3.9 Schematic representation of a Debye-Scherrer camera arrangement for 

recording XRD powder patterns. 

The Debye-Scherrer camera consists of a light-tight cylindrical chamber into which the 

X-ray beam is admitted via a collimator arrangement. The powder specimen is prepared in 

the form of a narrow cylinder, either by coating it on a gummed glass fibre, or enclosing it 

in a capillary tube. The sample is rotated about the axis of the cylinder in order to 

compensate for any preferred orientations of the crystallites and so effectively ensure that 

the crystallites are distributed at random with respect to the incoming beam. The pattern is 

recorded using photographic film held on the interior of the cylindrical chamber. The 

diffracted X-ray cones are recorded as arcs on the film, as shown in Figure 3.10. 

Sample 

Camera body 

Exit slit 
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Figure 3.10 Diagram showing the recording of X-ray cones by the Debye-Scherrer 

method. 

The diffraction angle (20) for each of the diffracted cones can be calculated from the 

diameter of the cone, that is, 

20= 
AB (3.6) 

where 20 is the cone angle (in radians), AB is the diameter of the cone of the diffracted 

X-rays, and R is the radius of the film. 

Today most XRD patterns are recorded on a computer-controlled diffractometer. 

Figure 3.11 shows a schematic representation of a typical modem diffractometer. 

14 4 
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Figure 3.11 Schematic representation of a modem powder X-ray diffractometer. 

Again the sample, usually formed on a flat plate, is rotated at a constant rate (in a plane 

non-nal to the paper). The sample is also rotated (in the plane of the paper) through 0 

(the Bragg angle) and the detector is rotated simultaneously through 2 0. In this way only 

diffracted cones with the correct Bragg angle are recorded. 

The detector converts the X-rays into electric pulses, and the number of pulses per unit 

time is proportional to the intensity of the diffractedX-ray beam. In this way an XRD 

pattem is recorded in the form of intensity versus 20. Modem diffractometers are 

interfaced directly to computers and the XRD pattern is stored digitally. 

3.1.2 Instrumentation 

All X-ray diffraction patterns presented in this thesis were recorded on a Siemens D5000 

diffractorneter. The diffractometer is linked directly to a Dell 386 personal computer 

equipped with DIFFRACAT (version 3.1) software for storing and displaying recorded 

data. As already indicated a CD-ROM data base was available. 
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The diffractometer produces X-rays via a copper metal target using an X-ray tube 

incorporating a tungsten filament with a current of 30 milliamps; the electron acceleration 

voltage was 30 kilovolts. X-rays leave the X-ray tube via a beryllium window, and are 

collimated using a slit of 2 mm. A nickel filter removes the KO, and most of the 

continuous X-ray radiation, to produce an almost pure K', X-ray beam. 

A scintillation detector is used to record the diffracted X-ray beam; this was equipped with 

three collimating slits of 2 mm, 0.2 mm, and 6 mm, in that order. 

3.1.3 Experimental Procedure 

All samples were prepared for X-ray diffraction in the same way, however, different 

programs for running the X-ray diffractometer were used depending upon sample type. 

Sample preparation 

Samples were carefully loaded into standard sample holders and a glass slide was used to 

ensure that the surface of the sample was as flat as possible. Samples that contained 

zeolite-Y, (that is zeolite-Y powder or FCC samples), were first spiked with a silicon 

standard (National Bureau of Standards, 640b) before loading; approximately 4% by mass 

was used. Samples which were spiked were shaken vigorously, using a flask shaker, to 

ensure good mixing. The silicon spike was used so ihat accurate measurements of unit cell 

constants could be made, as described in more detail later. 

The same sample holder was used for every sample studied throughout the course of this 

work, therefore, within any class of sample (model zeolite-Y, FCC samples etc. ) it is 

reasonable to expect that approximately the same mass of samples was used. 

Dififtactometer settings 

In the main only two different types of diffractometer setting were used and these were 
determined by the type of sample to be investigated. Diffractometer settings relate to how 
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the sample and detector are moved during the collection of data, that is the step angle and 

the speed. 

For FCCs, which were -60 ýtrn particles, effective packing of the sample holder was 

difficult, and hence the diffractometer was set into continuous scan mode at a rate of 0.02* 

per second between angles of 5-70* in 2 0. Continuous scan was used, as opposed to step 

scan, to preventjarring and hence stop the movement of the sample within the sample 

holder. All other samples, which were fine powders, the diffractometer was set to step 

scan at 0.02" per second between anglq of 5 -70' in 2 0. 

All scans were approximately one hour in length. 

Unit cell constant determination 

Two different methods were used for the determination of the unit cell constants for 

zeolite-Y containing samples. For neat zeolite-Y powder samples, the unit cell constants 

were determined as averages of three peaks, in the diffraction patterns. The (440), (533) 

and (642) peaks at approximately 20*, 23.5* and 27.511, respectively, in 20 were used. 
These peaks were chosen as they remain relatively strong, and well resolved, even after 
deactivation treatments. For FCC samples the unit cell constant was determined from a 

single peak in the XRD pattern. The (533) peak at approximately 23.5* in 20 was used. 
Only one peak was used because the XRD pattern of clay particles present in the FCC 

samples had a masking effect on the (440) and (642) peaks of zeolite-Y even for relatively 

mild deactivation treatments. 

To determine a unit cell constant for a zeolite-Y containing sample, the following 

procedure was used. For the silicon standard (unit cell constant 5.430940±0.000035 A) the 
(111), (220) and (311) diffraction peaks were chosen as calibration peaks. For a given 

spiked diffraction pattern the recorded positions in 20 of these peaks were fed into a 

calibration program. This program determines a quadratic equation (as a function of 20) 

which has parameters which best translate the observed 20 positions of the silicon 

calibration peaks to those of their calculated positions. This equation is then used to 
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correct all other peaks of interest in the XRD pattern. In this way corrected 20 positions 

for zeolite-Y peaks can then be used to compute a reliable unit cell constant. An example 

of this procedure is described below using the diffraction pattern shown in Figure 3.12. 

(I, 

Bragg angle (20) 

Figure 3.12 X-ray diffraction pattern recorded for a powder sample of untreated 

ammonium exchanged zeolite-Y (NH4-Y), spiked with a silicon standard. 

The observed positions of the silicon calibration peaks when fed into the calibration 

program, generated the following quadratic equation: 

Correction =-0.0957 + (0.0113 x 29) - (0.0001 x (20)2) (3.7) 

Table 3.3 gives the positions (in 20) of the observed silicon calibration peaks, compared 

with their calculated values. 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 
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Peak Observed position in 20 Calculated position in 20 

(111) 28.335 28.443 

(220) 47.188 47.304 

(311) 56.039 56.122 

Table 3.3 The observed and calculated positions in 20 for silicon calibration peaks. 

Equation 3.7 is then used to correct the selected zeolite-Y peaks, with the results shown in 

Table 3.4. 

Peak Observed position in 20 Corrected position in 20 

(440) 20.245 20.337 

(533) 23.529 23.644 

(642) 26.931 27.067 

Table 3.4 The observed and corrected positions in 20 for selected zeolite-Y peaks. 

It is the corrected peaks that are used in determining the unit cell constant. For example, 
for the (440) peak at 20.337* in 20, 

1.5406 = 2d (440) sin 
20.337) 

(3.8) 
2 

so that 

d(440) -, 2 4.363 

Table 3.5 gives the computed unit cell constants (using Equations 3.4 and 3.5) determined 

from the corrected 20 positions for the (440), (533) and (642) peaks. 
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corrected zeolite-Y peaks. 

The unit cell constant is taken as the average value of the three determinations, it is 

24.657 ±0.02 A. 

The method used for FCC samples was the same except that only the (533) peak was used 

in the determination of the unit cell constant. 

Errors and reproducibility 

The reproducibility in the determination of the unit cell constant from a diffraction pattern 

was investigated in order to gain information on any systematic errors, together with any 

errors which may result from sample packing procedures. In one set of experiments a 

zeolite-Y/silicon spike sample was prepared and the unit cell constant determined in each 

of ten consecutive runs. The same sample was used for each run, but the sample was 

reloaded into the sample holder on each occasion. The standard deviation for the 

measurements was then determined and found to be ±0.035 A. A similar experimental 

procedure was used for an FCC type sample and the standard deviation was found to be 

slightly larger at ± 0.04 A. This may be due to the fact that the FCC sample contains less 

zeolite-Y. 

The standard deviations quoted for the experiments above are larger than the errors 

determined from single runs and the differences may be taken to reflect'errors in 

reproducibility'. In this thesis, therefore, the errors quoted in the determination of unit cell 

constants will be typically the order of ± 0.035 A for zeolite-Y powder samples and 

± 0.04 A for FCC type samples. 

Table 3.5 The unit cell constants computed using Equations 3.4 and 3.5 for the 
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Presentation ofX-ray diffraction patterns 

Throughout the course of this work it has been of direct relevance to compare XRD 

patterns fordifferently treated samples. This allows differences to be easily observed, for 

example changes in amounts of phases present (different peak intensities) as well as the 

loss, or emergence, of new phases. Clearly in order to do this the patterns must have 

common intensity scales. In this thesis patterns which are to be compared are found on the 

same figure, and they all have the same intensity scale. In general, patterns have been 

offset to make comparisons easy. For example, Figure 5.1 in Section 5 of this thesis shows 

four XRD patterns related to studies of commercial FCC catalysts. Each of the four 

patterns, offset for convenience, are on the same intensity scale so it is possible to compare 

peak heights (strictly area under the peaks) as a guide to the relative amounts of the various 

components present. It must be noted, however, that although these four XRD patterns can 

be compared amongst themselves, they cannot be directly compared with any other XRD 

patterns in subsequent figures since the intensity scales may differ. Where it has been 

necessary to compare patterns from two different figures, a new figure has been 

constructed or the figures have been produced with the same intensity scale. Where two, or 

more, figures have the same intensity scale, allowing comparison across figures, this will 

always be indicated in the text (notably Section 5.3). 

3.2 Surface Area Determination 

Surface area measurements have proved a useful tool in the quantitative characterisation of 

zeolite samples of all types. Zeolite samples have a very large surface area due to their 

complex pore structure; for example, the surface area of a fresh zeolite-Y powder sample 

can be as high as 800 m2g-1. Severe treatment of zeolite samples under hydrothermal 

conditions can reduce the surface area to -20-40 m2g-I and this indicates complete loss of 

zeolitic material. In general, therefore, monitoring the extent of loss of surface area can be 

directly used as a measure of how stable a zeolite sample is to a given set of sample 

conditions. 
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This section provides a brief introduction to the principles underlying surface area 

measurement, together with an outline of the experimental procedures and instrumentation 

necessary for obtaining the surface area of a sample of interest. 

3.2.1 Background 

There are two distinct ways in which a gas (adsorbate) can interact with a solid (adsorbent). 

The nature of these interactions depends upon both the adsorbate gas and the surface of the 

adsorbent solid, and can be described as either chemical adsorption or physical adsorption. 

Chemical adsorption involves the formation of chemical bonds between the adsorbate and 

the surface atoms of the adsorbent solid. Chemical adsorption is thus a very specific 
interaction and is therefore limited to monolayer coverage. Physical adsorption relates to 

the physical adsorption of an adsorbate gas on the surface of the adsorbent by weak 

attractive van der Waals forces. This type of adsorption is not specific and can be used for 

the determination of the total surface area of a solid. 

The total surface area of any sample can be determined by monitoring the physical 

adsorption of an inert gas onto the surface of that sample. In this context the total surface 

area refers to not only contributions from the external surface but also any internal pores; 
for instance the surface area of fresh zeolites is high due to contributions to the total 

surface area from the complex internal pore structure. If the condition where a complete 

layer of adsorbed gas, averaging one molecule thick, can be achieved, and the area per 

molecule for the adsorbed gas is known, then the quantity of adsorbed gas can be used to 

directly calculate the surface area. 

The most widely used method for the determination of total surface area was developed by 

Brunauer, Emmett and Teller, 9 the so called BET method. The theory is based on a kinetic 

model of the adsorption/desorption processes that occur during physical adsorption, as 

presented by Langmuir. 10 The BET model extends the adsorption of a gas to multilayer 
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adsorption, where less strongly adsorbed layers tend to develop on top of the initially 

adsorbed monolayer. The most convenient form of the BET equation is given by 

P/Pý, I+ (C-1) p 
n(I - plT,, ) 

=n.. 
c n,,, c p, 

(3.9) 

where n is the quantity of gas (mol) adsorbed by the sample at an equilibrium pressure p, 

p,, is the vapour pressure of the adsorbate gas in the condensed state at the adsorption 

temperature, n, is the quantity of gas (mol) adsorbed at the monolayer capacity of the solid 

and c is a constant related to the net heqt of adsorption of the adsorbate. The derivation of 

the BET equation, and the assumptions made in the model, will not be presented here but 

can be found in the literature. II 

The BET equation is generally valid and linear forp/p,, values in the range 0.05-0.35,12 

although for zeolite systems this range is reduced to 0.01-0.25.13 A plot of 

(p1p)1(n(l-p1p,, )) against p/p,, in the latter range gives a straight line with slope (s) and 

intercept (i), where: 

(c - 1) 1=I nmc n,,, c 

Solution of these two simultaneous equations gives the value of nm 

n, n =1 (3.10) 
S+i 

The monolayer capacity of a solid (n. ) is defined as the amount of adsorbate which can be 

accommodated within a completely filled single monolayer on the surface of the solid. II 

Therefore the total surface area, A, of a given mass of solid is given by 

A= nnaL (3.11) 

where a.. is the average area (measured in M2) occupied by a molecule of adsorbate in the 

monolayer and L is the Avogadro constant. For practical purposes, the specific surface 

area of a sample is often quoted and this is given by 

A= nmamL (3.12) 
m 

where m is the mass of sample. Specific surface area is typically measured in m2g-1. 
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The most commonly used adsorbate is dinitrogen (ND gas at 77K; the average area 

occupied by a molecule of dinitrogen in the monolayer, a,,,, is 16.2x 10-20 M2.12,13 

Dinitrogen adsorption was used in the present work for the determination of the specific 

surface areas of samples. 

3.2.2 Instrumentation 

Surface area measurements were made on equipment which was constructed, partly for the 

purpose of the work in this thesis, from commercially available components. Figure 3.13 

shows a schematic diagram of the apparatus. 

Key: -Glass Tubing 
woomMetal Tubing 

N2 

He 

Figure 3.13 Schematic diagram showing the apparatus used for surface area 
measurements of zeolite samples. The main components, all of which are 
Edwards, are as follows: (A) is an air-cooled diffusion pump 
(model E050-60), (B) is a two-stage rotary pump (model E2M2), (C) is an 
active pirani gauge: range 100- 10-3 mBar (model APG-M-NW 1 6AL), (D) is 
an inverted magnetron gauge: range 10-3-10-8 mBar (model AIM-S-NW25), 
(E) is a barocel capacitance barometer: range 0-1000 mBar (model 600AB), 
(F) is a barocel capacitance barometer: range 0- 10 mBar (model 600AB) 
and (G) is an active gauge controller (model RS232CM VER). The taps 1-5 
are Youngs PTFE 10mm screw valves and 6-8 are Edwards speedivalves. 
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The vacuum line was made of Pyrex glass and metal tubing. The sample is contained in a 

Pyrex sample holder and is clipped to the system using a ball and socket joint with a 

silicone "0" ring. A sinter is placed above the sample holder to prevent sample loss during 
x 

evacuation. -The system is evacuated by an air-cooled diffusion pump backed up with a 

two stage rotary pump, together these allowed pressures of 10-5 torr to be easily reached. 

Two special features of the equipment are as follows. First, each gas inlet is fitted with a 

mini regulator (not shown in Figure 3.13) which prevents pressures of greater than one 

atmosphere being admitted into the app? Lratus. This is to prevent excessive pressure build 

up in the system and the risk of explosion. Second, the air-cooled diffusion pump is fitted 

with a trip switch which cuts off the power in the event of fan failure. This prevents the 

diffusion pump from over heating. 

Apparatus Calibration 

As the vacuum line was newly constructed, determination of the dosing volume was 

necessary. The dosing volume is defined as the volume (measured in CM3) entrapped by 

the valves 3,4, and 5 and is denoted as Vd. This is shown more clearly in Figure 3.14, 

which also defines other volumes that are important in the determination of the dosing 

volume. It is important that the dosing volume is known accurately since this value is used 

in the determination of surface area. 

Figure 3.14 Schematic diagram showing the dosing volume for the surface area 

apparatus. Vd is the dosing volume. V, is the volume between valve 5 and 

the sample holder connector. V112 is the volume of sample holders I and 2, 

respectively, where VI#V2. 

E Vd F 
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Given the ideal gas law, for this system, it can be shown that: 

Pd(i)vd Pe(i)(Vd+V(i)+Vl) 
(3.13) 

Td(i) T. w 

The individual parameters in this equation, with their typical units, are defined as follows, 

pd is the initial pressure in the dosing volume (torr), p,, is the final pressure when gas is 

admitted into sample holder 1/2 (torr), Td is the temperature of gas in the dosing volume 

(K), T, is the temperature of the gas when admitted into sample holder 1/2 (K), Vd is the 

dosing volume (cm3), V is the volume of sample holder 1/2 (CM3), V, is the volume between 

valve 5 and the sample holder connector (CM3) and i denotes the particular sample 

holder (1/2). 

Assuming Tdl = Td2 = Tel = Te2 = T, and rearranging the two equations generated from 

Equation 3.13 for sample holders I and 2, it can be shown that: 

PelPe2 
PdlPe2 - Pd2Pel 

(3.14) 

The values of pd and p, as defined above, can easily be obtained experimentally. The 

volumes of the sample holders (VI and V2) are found by determining the mass of deionised 

water required to completely fill them. For the present work V, and V2 were determined to 

be 60.9847±0.0419 CM3 and 13.1263±0.0226 CM3, respectively. 

Vd was subsequently determined to be 57.70±0.26 CM3 by admitting a known pressure of 

nitrogen into the dosing volume (recorded as pd(j)) and monitoring the pressure decrease 

when the gas was admitted into sample holder (i) (recorded asp, (, )). This process was 

repeated several times for each sample holder with increasing values ofpd. 

3.2.3 Experimental Procedure 

The American standard test method D 4365,13 which is designed specifically for the 

determination of the surface area of the zeolite component of a fluid cracking catalyst, was 
followed. A brief summary of the procedure is as follows. The sample to be studied 
(approximately 0.05 grams) was loaded into a sample holder and connected to the surface 
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area apparatus which was then slowly evacuated. Under reduced pressure, the sample was 

degassed (removal of adsorbed material from the surface of the sample) by heating the 

sample gradually to 300T at a rate of 1.7"C min-1: degassing was considered complete 

when a pressure of 6.5xlO-5 torr could be maintained at 3001C. Following this operation 

the furnace was removed and the sample was allowed to cool to room temperature. The 

dead-space was then determined using helium gas at 77K. The dead-space is defined as the 

quantity of gas within the sample tube, including the gas below valve 5 (Figure 3.13), when 

the tube is immersed in liquid nitrogen to the proper depth (any depth which ensures 

complete immersion of sample in liquid nitrogen, this level is then used for the remainder 

of the experiment). Determining the volume below valve 5 under experimental conditions 

in this way takes into account the volume occupied by the sample. Dead-space 

determination was routinely recorded three times, between pressures of 500-600 torr, and 

an average of these values was used in the surface area calculations. Dead-spaces values of 

approximately 0.035 cm3 Torr-I were typical. 

After the dead-space determination the system was re-evacuated. When this operation was 

complete the sample tube was again immersed in liquid nitrogen to the appropriate level. 

A known amount of nitrogen was admitted into the dosing volume and the pressure was 

recorded. The nitrogen was then admitted to the sample and the reduced pressure was 

recorded when equilibrium was reached; this was taken as the point when the pressure did 

not fall for a period of five minutes. This process was repeated with increasing amounts of 

nitrogen gas. 

For each surface area determination a total of 6-8 experimental data points were typically 

recorded. Any given experiment was repeated if at least four of these data points did not 

lie in the linear region of the BET plot. The use of four data points in the linear region was 

considered to be a good balance between single point and full multi-point analysis. Curve 

fitting was achieved by the least squares fitting method, and linear regions with R values 

less than 0.9999 were discarded and the experiment repeated. 
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The BET method employed here leads to a measurement of the total surface area of the 

sample under study. In addition, careful manipulation of the experimental data can lead to 

the so-called t-area. 13 The t-area is specific to components of the sample that are 

non-zeolitic,, this in turn leads to the specific surface area of the zeolite component of a 

fluid cracking catalyst. This can be very useful for samples that typically are only 

composed of 20% zeolite. Most of the surface area data in the present work relates to just 

the zeolite component of the fluid cracking catalyst and as a consequence only the BET 

area is relevant. However, it is worth noting that as some of the zeolite is degraded in these 

samples a'non-zeolite' component will be present. In principal this can lead to an error in 

the determination of the total surface area of the zeolite sample via the BET method. 

Complete destruction of various zeolite samples led to materials with specific surface areas 

of less than 25m2g-1. Systematic errors in the determination of specific surface areas for 

processed zeolite samples can thus be taken to be relatively small. 

For commercial fluid cracking catalyst where the zeolite content is the order of 20% by 

mass, the BET area and t-area were determined elsewhere (B. P. Oil International, 

Sunbury). When the samples were subject to different treatments, it was assumed that the 

t-area would remain constant, this again will lead to only a minimal increase in 

experimental error. 

Experimental Error and Reproducibility 

In general, the error involved in the measurement of the total surface area of any given 

sample has been estimated at ±10%. " This value takes into account both the errors due to 

assumptions inherent in the BET model, and the errors arising due to experimental 

procedure. The latter were determined as a result of a project in the United Kingdom, 14 

involving thirteen laboratories all well experienced in the field. The project was designed 

to establish a bank of substances that would serve as surface area standards. The 

differences between the various laboratories were traced to a number of experimental 
factors including: imperfect control of the conditions of degassing (time, temperature, and 
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final pressure); variation in temperature of the sample during the experiment; inadequate 

monitoring of the saturation vapour pressure; purity of nitrogen; and leaks in the apparatus. 

In order to check the reproducibility of the surface area apparatus used in the present work 

a standard sample was studied. This was a graphitized carbon black (National Physics 

Laboratory, No. MI 1-02) which was one of the surface area standards recommended by the 

project mentioned above. 14 The specific surface area, determined by nitrogen adsorption, 

was quoted to be 71.3±2.7 m2g-1. 

The surface area of this standard was determined a total of ten times using a fresh sample 

for each experiment. A value of 69.8±0.4 m2g-1 was found. It can be seen that this value is 

very similar to that quoted, and well within the limits of experimental error. 

As a further test of the surface area apparatus used in the present work, the surface area of a 

commercial zeolite-Y sample was obtained. The surface area of this sample also was 

determined elsewhere (B. P. Oil International, Sunbury) and found to be 203M2g-1. 

Figure 3.15 gives the BET plot for this sample. 
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Figure 3.15 Graph showing BET plot for untreated commercial zeolite-Y sample. 

BET(i) =-- (X(i)1V,, (i))(I1(I-X(i)), where Vji) is the amount of gas 

adsorbed by the sample and X(i) is the relative pressure. 
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Given that s=0.020622 and i=1.479e-6 (Section 3.2.1) it can be calculated that the total 

surface area of this sample is 21 Im2g-1. This value again compares very well with that 

determined elsewhere, and a difference of only 4% is well within the limits of experimental 

error. 

The errors quoted for a specific surface -area measurement in the present work will be 

±10%. However, the error determined from the variation of the linear region of the BET 

plot can be as low as ±lm2g-1. 

3.3 Magic-Angle-Spinning Nuclear Magnetic Resonance Spectroscopy 

Many of the samples studied in this work have been investigated by magic-angle-spinning 

(MAS) nuclear magnetic resonance (NMR) spectroscopy. In the main 27AI and 5 IV MAS 

NMR studies have been the most fruitful. 27AI MAS NMR has proved important in the 

determination of aluminium environments after severe treatment of model zeolite-Y 

samples; the reaction products are amorphous and as a result XRD is of little help. 

51V MAS NMR has been used for the characterisation of vanadium compounds and has 

been particularly useful with samples that contain low (<I mass%) levels of this element 

since these levels could not be detected using XRD. 

This section gives a theoretical description of the MAS NMR technique, the experimental 

methods used, and a description of the spectrometer, including software, used for the 

collection of data. 

3.3.1 Background 

The major applications of NMR spectroscopy are to the liquid and solution state for which 

well defined, high-resolution, spectra can be obtained. These spectra provide a wealth of 

chemical information. In contrast, the NMR spectra of solids are generally broad, and 

poorly resolved, so that only limited information can be abstracted. However, MAS NMR 

spectroscopy provides a means of obtaining high-resolution spectra for solids and, as a 

consequence, has established itself as a major technique in solid state studies of a wide 
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range of materials. This section provides a background to the technique starting from the 

basic principles of NMR spectroscopy. Detailed descriptions of the NMR technique 

(including MAS NMR) can be found in the literature. ' 5-19 

Basic NMR concepts 

The total angular momentum, P, of any isolated particle cannot take an arbitrary magnitude 

but has discrete values; angular momentum is said to be quantised. In general, the 

magnitude of P can be specified in terms of a quantum number, R, by means of 

Equation 3.15 

P= h[R(R+1)1ý'- 

where h is h/27c and h is Plancles constant. R is either integral or half-integral. 

The angular momentum associated with NMR is that of nuclear spin, it is the transition 

between nuclear spin energy levels that gives rise to the NMR phenomenon. 

The property of spin was first suggested by Pauli in 1924 as a means of explaining 

splittings in atomic spectra. These splittings demonstrated that elements, and isotopes of 

elements, possess different spin angular momentum. These differences, though difficult to 

explain, result from the specific composition and structure of the nucleus. The proton and 

neutron have a nuclear spin quantum number of I= 1/2. With nuclei other than the proton, 

the spin angular momenta couple within the nucleus. to give an observed total. In general, 

nuclear spin quantum numbers can take on values of zero, half-integral or integral. 

Equation 3.15 now takes the form 

ll(i+ IA 1/2 (3.16) 

Nuclei with I=0 are NMR inactive and those with I> 1/2possess an electric quadrupole 

moment. The nuclear spin quantum numbers of various nuclei, including those involved in 

this work, are given in Table 3.6.15 
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Nuclei Natural I Resonance r /107 radT-Is-I 

abundance /% ya /MHz 

IH 99.985 2 399.985 1 26.7520 

13C 1.108 2 100.533 6.7282 
5 

170 0.037 2 54.210 -3.6279 
I 

19F 100 2 376.142 25.181 

27AI 100 
2 104.169 6.9760 

29Si 4.70 2 79.426 -5.3188 
1 

31P 100 
2 161.858 10.841 
7 

Siv 99.76 2 105.075 7.0453 
7 

139La 99.911 2 56.473 3.801 

The resonance frequency is calculated for a magnetic field of 9.3 95T. 15 

Table 3.6 The spin properties of some NMR active nuclei where r is the 

magnetogyric ratio of the given nucleus, this constant is discussed in further 

detail later in this section. 

In terms of classical electromagnetism it is known that a circulating charge in a magnetic 

field has an associated magnetic moment. In the particular case of nuclei that possess spin 

angular momentum, this magnetic moment can be e: ý. pressed by 

g=rp (3.17) 

where ýL is the magnetic moment. The quantity y is the magnetogyric ratio of the nucleus 

(Table 3.6); it is defined as the ratio of the magnetic moment to the angular momentum. It 

follows that (c. f. Equation 3.16) the magnitude of the nuclear magnetic moment is, 

p= rhfl('+')]", (3.18) 

In a magnetic field, the energy of an isolated nucleus is no longer independent of its 

orientation. If the field, B, is applied along the z direction, then the magnetic 
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moment will have an interaction energy given classically by 

E= -ýt. B = -, uB (3.19) 

where p, is the component of ýL in the z direction. This component can be expressed by, 

p, = yhm, (3.20) 

where m, is the magnetic quantum number and it follows that, 

E= -rhmB (3.21) 

The magnetic quantum number can take on (21+l) values and this corresponds to (21+l) 

non-degenerate energy levels. Figure 3.16 illustrates the nuclear spin energy level diagram 

for an I= 3/2 nucleus and adj acent energy levels are separated by Iy hBI. 

........... 
I ............. 

, Z:::: 1 11, 

12 

Figure 3.16 Nuclear spin energy level diagrain for an isolated spin I= 3/2 nucleus with a 

positive value for the magnetogyric ratio, plotted as a function of the 

magnitude of the applied magnetic field in the z direction. The transitions 

obeying the selection rule Am, = ±1 for a given value of B are indicated. 

Transitions between adjacent magnetic energy levels can be induced by the use of 

appropriate electromagnetic radiation and the energy difference, AE, between these levels 

can be expressed as h v, where v is the frequency of the electromagnetic radiation. 
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Thus for NMR transitions for an isolated nucleus 

Y BAm, (3.22) 
2; r) 

I 

Since transitions are governed by the selection rule Am, = ±1 then this equation simplifies 

to 
rB (3.23) 

21r 

and this is the basic NMR resonance condition. 

It is worth noting that an alternative approach to the description of the behaviour of an 

isolated magnetic moment in an applied magnetic field is often found to be useful. This is 

usually referred to as the'classical picture'. In this model, the isolated magnetic moment 

precesses about the applied magnetic field. This is known as Larmor precession and is 

shown in Figure 3.17. The Larmor precession frequency can be shown to be exactly the 

same as that for the basic NMR resonance condition, Equation 3.23. 

A 

Figure 3.17 Precession of a magnetic moment, p, about an applied magnetic field B. 

So far the discussion has focussed on the behaviour of isolated nuclear spins. In practice, 

however, nuclei are far from isolated and this has distinct consequences for NMR spectra. 

In particular nuclei are surrounded by electrons and this has two major effects: (1) a 

shielding (or screening) of a nucleus by the surrounding electrons from the full influence of 
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the applied magnetic field and (2) a coupling between nuclei 'transmitted' via the electrons 

of intervening chemical bonds: this is referred to as 'spin-spin coupling!. 

The shielding of a nucleus. from the applied magnetic field, now labelled BO, by electrons is 

taken into account by introducing an effective field, B, which represents the field 

experienced by the nucleus. It can be expressed as 

B= BO(I -a) (3.24) 

where a is the shielding constant: it is dimensionless and usually quoted in ppm. The 

more general form of the resonance condition now becomes 

Vi =I ý1-11-rl Bý (1 
- aj 

) (3.25) 

where Vj and aj refer to the Larmor frequency and shielding constant, respectively, for a 

given nucleusj. 

It is the dependence of the resonance frequency on the shielding constant that is one of the 

most powerful features of NMR spectroscopy. In many cases, particularly for organic 

molecules, this allows the position of a resonance line in an NMR spectrum to be directly 

related to the chemical environment of the nucleus of interest. In this sense the NMR 

technique is of great importance in the determination of chemical structure. 

NMR spectroscopy in solids 

NMR spectra of solids often have linewidths of the order of kHz, whereas high-resolution 

spectra of liquid, or solution, samples can be recorded with linewidths significantly less 

than I Hz. As an example, Figure 3.18 compares the solution and solid-state 13C NMR 

spectra of adamantane. 
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Figure 3.18 (a) The solution 13C-{'H} NMR spectrum of adamantane dissolved in 

CDC13, pulse delay = 2. ý s, pulse width =5 ps, number of scans 40. 

(b) The 13C NMR spectrum (with no proton decoupling) of solid 

adamantane, pulse delay = 10 s, pulse width =4 ps, number of scans 100. 

The structure of adamantane (CIOH16) has two chemically inequivalent carbon sites, which 

are clearly evident in the solution spectrum (Figure 3.18(a)). The solid spectrum 

(Figure 3.18(b)) is markedly different consisting of a single unresolved broad line with a 

half-width of the order of 2 kHz. 

This broadening of the solid-state spectrum is due' to both magnetic dipole-dipole 

interactions and chemical shielding anisotropy. In the solution state these interactions are 

averaged to zero by the rapid tumbling of the adamantane molecules and, therefore, do not 

contribute to the observed NMR frequency spectrum. 

3.3.2 Magnetic dipole-dipole interactions 

The NMR resonance frequency of a nucleus present in a solid sample depends upon the 

magnetic field at its particular position. Besides the external magnetic field applied along 

the laboratory z direction, there are also local internal fields due to the presence of 

neighbouring nuclei in the sample. The exact resonance frequency depends upon the 

contribution of these local fields. At a given nucleus the local field, BI., measured in the 

z direction, due to the presence of a neighbouring nucleus with spin I#0 and magnetic 

. 
ýi I 

60 40 20 0 
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moment, u can be expressed as, 

-ýý 
(3 

cos2 0- 1) (3.26) 
r3 

where r is the distance betýveen neighbouring nuclei and 0 is the angle between r and the z 

direction. This is illustrated in Figure 3.19 for two nuclei labelled A and B. 

z 
A jBo 

: 0.. 

Figure 3.19 The local magnetic field experienced by A as a result of nucleus B with 

magnetic moment p. 

It can be readily envisaged that for any pair of nuclei in a polycrystalline solid sample all 

possible values of 0 will simultaneously exist. Furthermore, a given nucleus will 

experience many different pairwise interactions. Overall this will result in broadening of 

the resonance line. As the local fields generated by nearest neighbours can be of the order 

of 10-4 T, linewidths can be of the order of kHz. As already indicated the linewidth at 

half-height for the solid adamantane spectrum shown in Figure 3.18(b) is of the order of 

2 kHz. The line broadening is referred to as being due to magnetic dipole-dipole 

interactions. 

Magnetic dipolar interactions in liquid or solution systems are affected by the rapid 

tumbling motion of the molecules. On the time scale of this tumbling motion, the value of 

0 for a given pair of nuclei sweeps through all values and as a result the (3 COS2 0- 1) term 

in Equation 3.26 averages to zero; in this case the contribution of the magnetic 

dipole-dipole interaction to the linewidth of the NMR spectrum effectively vanishes. 

Overall this results in linewidths for solution spectra having linewidths of the order of Hz, 

or less. 
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An effective means of removing the line broadening due to anisotropic magnetic 

dipole-dipole interactions is by a double resonance experiment. - This involves the 

decoupling of neighbouring nuclei: the magnetic dipole-dipole interactions are reduced via 

a reduction bf the effective magnetic moment,, u. Taking adamantane as an example, the 

line broadening due to magnetic dipole-dipole interactions observed for the 13C NMR 

spectra (Figure 3.18(b)) can be reduced by decoupling the protons. This is achieved by 

applying a decoupling radio-frequency field of appropriate strength at the IH NMR 

resonance frequency. 

z 
I 
I Bo 

Figure 3.20 Schematic view of the effect of high-power decoupling on the magnetic 

moment of nucleus B. 

If carbon is represented by nucleus A and hydrogen by nucleus B, the high-power 

decoupling forces the IH magnetic moment to undergo spin flips (Figure 3.20). This can 

effectively average the magnetic moment to zero and the magnetic dipole-dipole 

interactions are removed. Experimentally the approach is similar to decoupling in 

solution-state NMR, but higher decoupling power is required in solids to overcome the 

relatively large magnetic dipole-dipole interactions. 
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The effect of high-power decoupling can be seen in Figure 3.21. The 13C high-power IH 

decoupled NMR spectra for adamantane gives rise to two single resonances each with 

linewidths of the order 0.2 kHz. However, comparison of this spectrum with that obtained 

for the solution (Figure 3.18(a)) shows that the individual lines are still relatively broad. 

The remaining line broadening is predominantly due to chemical shielding anisotropy. 

01 
Ia 11,11, 

. lI 

' 
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Figure 3.21 Effect of high-power proton decoupling on a solid sample of adamantane 

observed at 100.533 MHz, using a broad IH decoupling channel 
(-8 kHz, 1.9x 104 T). Spectrum refqenced. to TMS, pulse delay = 10 s, 

pulse width = 4ps, and number of scans = 30. 

3.3.3 Chemical shielding anisotropy 

The magnitude of the chemical shielding constant a (Equation 3.24) for a particular 

nucleus in a solid sample will depend upon the orientation of the nuclear environment with 

respect to the applied magnetic field. For polycrystalline, or amorphous, samples all 

possible orientations will be possible and this will lead to a spread of chemical shift values 
j for magnetically equivalent nuclei, and hence broad resonance lines. In a similar manner to 
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magnetic dipole-dipole interactions, the chemical shield anisotropy contribution to the 

NMR linewidth in solution is averaged to zero by the rapid tumbling motions of the 

molecules. 

The broaden"Ing effects of chemical shielding anisotropy can be overcome by magic-angle- 

spinning NMR (MAS NMR). This technique involves the rapid (several kHz) spinning of 

the solid sample at an angle of 54.7* relative to the applied magnetic field (z direction). 

Under these conditions the chemical shielding anisotropic effects are reduced or, 

depending upon the spinning speed, completely removed. Magnetic dipolar contributions 

are also similarly affected. Figure 3.22 shows the geometric relationships important in 

MAS NMR. 

A 
BO Rotation axis 

of the sample 

Figure 3.22 Geometric relationships important in the MAS NMR technique. Further 

details are given in the text. 

In general for an interaction depending on (3COS20.1), the time average of this quantity 

over the conical path taken by the vector r is given by 

<3cos29.1> = '/2(3cos2fl-1)(3cos2Z-1) (3.27) 
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The angle v will take on all possible values in a polycrystalline, or amorphous, sample. 

However, in the special case that fl is 54.7" the time average in Equation 3.27 reduces to 

zero and anisotropic interactions are effectively removed from the observed spectrum. The 

angle P is 54.7* and is referred to as the magic-angle. An important condition for this 

method of line-narrowing to be applicable is that the frequency of sample spinning must be 

significantly greater than the frequency spread due to the anisotropic interactions. 

Currently spinning frequencies of up to 20 kHz are available with conunercial 

state-of-the-art MAS NMR probes. 

The effect of a MAS NMR experiment (no IH decoupling) can be seen by comparing 

Figure 3.23 with Figure 3.18(b), the spectra presented have been recorded under the same 

conditions (that is the same pulse delay and pulse width) but the former sample was spun at 

7 kHz at an angle of 54.7' to the applied magnetic field. 

ip 
i 
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j5(13C) 

Figure 3.23 MAS NMR spectra of solid adamantane, with no IH decoupling, recorded at 

100.533 MHz, sample spun at a frequency of -7 kHz at an angle of 54.7* to 

the applied magnetic field. Spectrum referenced to TMS, pulse 

delay = 10 s, pulse width = 4ps, and number of scans =30. 
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It can be seen again that the spectrum has resolved into two lines, as would be expected for 

the two inequivalent carbons present in adamantane. However, the linewidths are still 

significantly broader than those observed for the solution spectrum of adamantane 
I 

(Figure 3.18(a)). The broadening is due to the effects of incomplete averaging of magnetic 

dipole-dipole interactions. 

The spectra shown in Figures 3.21 and 3.23 can be significantly improved by coupling the 

MAS NMR experiment with IH high-power decoupling (Figure 3.24). The results are 

dramatic, it can be seen that the linewidths at half peak height are the order of 5 Hz, which 

becomes comparable with those observed for solution NMR. 

44 42 40 38 36 34 32 30 28 26 24 

(5(13C) 

Figure 3.24 A solid adamantane sample recorded at 100.533 MHz, using a broad-band 

IH decoupling channel (- 8 kHz, 1.9x 10-4 T). Spectrum referenced to TMS, 

pulse delay = 10 s, pulse width =4 ps, spinning frequency -7 kHz, and 

number of scans = 30. 

A fixther refinement is to introduce cross-polorisation (CP/MAS), but this technique is not 

relevant for the samples considered in this thesis. 

"1 
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3.3.4 Instrumentation 

All MAS NMR spectra were recorded on a JEOL JNM-EX400 FT NMR instrument 

equipped with a JEOL EX Solid NMR facility coupled with a Doty Scientific Inc. MAS 

NMR probe (5 mm, high speed (14 kHz), double-tuned, multinuclear, CP/MAS). The 

probe had a IH decoupling field strength of a maximum of 60 kHz (1.4xIO-3 T) at 

-400 MHz. The 5 mm rotors were made of silicon nitride and were fitted with vespal caps. 

A compressed air system was used for the sample spinning. The probe had two air inlets, 

one for bearing gas which prevents the rotor colliding with the side of the stator and the 

other as a drive to spin the rotor. Rotor speeds of 14 kHz were attainable with this system 

although typically samples were spun in the range of 7 to 10 kHz. 

NMR signal data was transferred to a PC (Dell, P133c) for processing using the Bruker 

WIN-NMR software (version 950901.1). 

3.3.5 Experimental Procedure 

All samples were prepared for MAS NMR experiments using the same procedure. The 

acquisition parameters used for the collection of data varied depending upon sample type. 

Sample preparation 

Before any sample was loaded into an NMR rotor it was ground into a fine powder. It was 

found that fine powders, carefully packed, ensured even spinning of the rotor, particularly 

at high frequencies. Sample packing was achieved using accurately machined plastic tools. 

A small amount of any given sample was carefully placed in the rotor and compacted using 

a plastic ram. This procedure was continued until the rotor was full. When full, using 

another plastic tool, a portion of the sample was removed to the depth of the vespal cap and 

the second cap was then fitted. 
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Manipulation of data 

In general all MAS NMR spectra were processed in a similar manner. Typically, a given 

free induction decay (FID) was suitably apodized, in the main using exponential filters, 

before Fourier transforming (FT) and subsequent phasing. For samples with only 

minimal amounts of the resonant nucleus present, and hence poor signal-to-noise ratios, 

significant broadening was caused by exponential filtering. However, since the aim was to 

observe a signal, rather than quantify the lineshape, this was taken as acceptable. An 

example in a particularly demanding case is shown in Figure 3.25. The extent of artificial 

broadening of signals will be noted where relevant in subsequent discussions. 

I, II, I-I-i, I-I-1,;, 0.004 0.008 0.012 0.016 0.626 
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Figure 3.25 51V MAS NMR spectra observed at 105.075 MHz for a sample of 

a -alumina support material loaded with I mass% vanadium and 
11.0 mass% lanthanum. External reference liquid VOC13, pulse delay =1s, 

pulse width = 2, us, spinning frequency -7 kHz, and number of 

scans = 62 000. (a) FID as collected, (b) FT of FID presented in (a), 

(c) FID after exponential filtering, and (d) FT of FID presented in (c). 
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51 V AMS NMR methods 

5 IV is a quadrupolar nucleus with nuclear spin I= 7/2 and natural abundance of 99.76%. 

Potentially it is a good nucleus for NMR study since its sensitivity, relative to that for 13C, 

is2.15XIO3. Typically in work in this thesis SIV MAS NMR spectra were found to have 

central linewidths of the order I kHz, or less. All 5 IV MAS NMR spectra were recorded at 

105.075 MHz with reference to an external sample of liquid VOC13; 45(51V) ̀ý__ 0±2 PPM- 

MAS NMR acquisition parameters were chosen so as to make full use of the available 

spectrometer time. A short pulse delay (I s) was used to increase the total number of scans 

recorded for each spectrum in a given time period. This was particularly important with 

samples that contained I mass% vanadium, or less. With these samples, at least 15 hours 

spectrometer time was required to obtain spectra with acceptable signal to noise ratios. 

Figures 3.26(a) and (b) show the 5 IV MAS NMR spectra recorded for polycrystalline 

lanthanum. vanadium oxide (LaV04) at two different pulse delays: Is and 5s respectively. 

In both experiments a ,r /2 pulse (3.25 us) was used and the number of scans was fixed at 

200. Both spectra are very similar and lineshape analysis (via WIN-FIT) of the central 

peak gave essentially identical results in both cases. It is reasonable to conclude that there 

are no significant saturation effects using short pulse delays of I s. On the basis of this 

result it was generally assumed that 5 IV spin-lattice relaxation time (TI) would be 

reasonably short for the material considered in this thesis. (Experimental studies on 

various different samples indicated that this was the -case. ) 

0 '460 
-8 00 1206 

45(siv) 

Figure 3.26 

b 

0 4bO' . 800 -1200 

, 6(5'V) 

5 IV MAS NMR spectra for polycrystalline LaV04 recorded at 
105.075 MHz. (a) pulse delay =Is, 8(SIV) = 611 ±5 ppm and (b) pulse 
delay =5s, S( 51V) = 611 ±5 ppm. For both spectra the external reference 
was liquid VOC13, pulse width = 3.25 us, number of scans = 200, and 
spinning frequency - 7.5 kHz. 
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51V MAS NMR spectra were recorded with pulse widths of 2 ps. It is well known, 

however, that lineshapes in MAS NMR spectra for half-integer quadrupolar nuclei can be 

influenced by pulse duration. 20 Figures 3.27 (a)-(d) show the effect of pulse duration on 

the 51V MAS NMR spectra of polycrystalline LaV04: the 7r12 duration was found to be 

3.25 us. 

ab 
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45(51v) C5 (5 IV) 

Figure 3.27 5 IV MAS NMR spectra of polycrystalline LaV04 at 105.075 MHz as a 

function of pulse duration. (a) pulse width = 3.25 ps, number of 

scans = 200, J( 5IV) = 611 ±5 ppm, (b) pulse width = 2, us, number of 

scans = 1000,8 (5 IV) = 611 ±5 ppm, (c) pulse width = 0.8 1 us, number of 

scans = 1000,5 (5 IV) = 611 ±5 ppm, and (d) pulse width = 0.54 Ps, 

number of scans =3 000, J( 5 IV) = 611 5 ppm. In all cases the external 

reference was liquid VOC13, pulse delay 1 s, and spinning 

frequency - 7.5 kHz. 

The decrease in signal-to-noise as the pulse width is shortened can be clearly seen by 

comparing spectra (a) and (d) (Figure 3.27). In particular, spectrum (d), recorded with a 

pulse width of 0.54 us, has a significantly poorer signal-to-noise ratio over that of 

spectrum (a), recorded at 3.25 ps, despite having some 2 800 more scans. 
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Line shape analysis of spectra (a), (b) and (c) indicated that as the pulse width was 

increased then quadrupolar broadening effects also increased. Ideally, a short pulse 

duration should be employed to minimise these effects. However, with the majority of the 

samples studied in this work this was detrimental to gaining a reasonable signal-to-noise 

ratio. A pulse width of 2 ps was selected as a compromise, balancing the effects of 

increasing spectral linewidth with increasing pulse width, with the signal-to-noise 

reduction observed with collecting data at shorter pulse widths. 

27AL AMS NMR methods 

27AI is a quadrupolar nucleus with a nuclear spin I= 5/2 and a natural abundance of 100%. 

It has a high sensitivity (I. I 7x 102) relative to that for 13C and has been studied widely 

using MAS NMR techniques. 21 

In the present work all spectra were recorded at 104.169 MHz using a pulse delay of Is 

and a pulse width of 2 ps. The number of scans varied with sample and available 

spectrometer time. An external reference of an aqueous solution of aluminium nitrate 

(0.1 mol dm-3) was used. As previously discusied for 5 IV MAS NMR the spectral 

acquisition parameters were selected to give acceptable signal-to-noise ratio without 

causing significant distortion. 

139La AMS NMR methods 

139La has a sensitivity relative to 13C of 3.4x 102, and has a natural abundance of 99.911 %. 

It is a quadrupolar nucleus with nuclear spin I= 7/2. The 139La NMR spectrum measured 

in the MAS NMR probe, for an aqueous solution of LaC13 (0,1 mol dM-3) is shown in 

Figure 3.28. As expected, there is a sharp single resonance. 139La MAS NMR spectra for 

the various lanthanum containing materials prepared in this thesis, as well as a sample of 

lanthanum. oxide, La203, could not be observed. This was despite an intensive 

investigation in which spectral acquisition parameters were changed in a systematic 

manner. 22 A zeolite-Y sample, containing 8.6 mass% ion-exchanged lanthanum, was also 
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sent to the EPSRC Solid State NMR Service at Durham University: again no spectrum was 

observed. It is unclear why the central 
1/2 ++ 

-Y2quadrupole transition cannot be recorded: 

this is an area for further work. 

8(139La) 

Figure 3.28 139La NMR spectrum observed at. 56.473 MHz in the MAS NMR probe for 

an aqueous solution of LaCl3, pulse delay = 10 s, pulse width =4 ps, and 

number of scans = 100. 

Errors and reproducibility 

The errors associated with any resonance line in the MAS NMR spectra in this thesis are 

quoted as half the width of the resonance line at half height. For spectra which have a poor 

signal to noise, for example those in Figure 3.26, no error is quoted. In this case the 

presence of a resonance is taken to be the most critical feature. Similarly no error will be 

quoted where the half width at half height could not be determined due to significant 

overlap of neighbouring peaks. 

1000 400 -200 -800 -1400 
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4 Sample Preparation and Treatment 

This section gives a detailed description of the procedures used for the preparation of the 

samples in this woýk. An account is also given of the methods and apparatus used to treat 

these samples under a variety of conditions that compare with those in a commercial 

FCCU. 

4.1 Introduction 

Two distinct types of zeolite-Y based sample have been investigated in this work. One 

series of samples was based on commercial FCCs (donated by B. P. Oil International, 

Sunbury) and was used as provided. These samples were artificially contaminated with 

vanadium and were subjected to various controlled steam treating regimes. The other 

series of samples were based upon well characterised zeolite-Y itself. These samples can 

be treated as a model series since, in particular, they allow rare earth (RE)-vanadium- 

zeolite-Y chemistry to be investigated in the absence of the various amorphous materials 

present in commercial FCCs. This model series was subjected to the same type of steam 

treatment as the commercial series of catalysts. It should be noted, however, that a wider 

range of RE ion-exchange levels was investigated for the model zeolite-Y samples than 

that typical of the commercial materials. 

For completeness in the work support materials typically found in commercial FCCs were 

also investigated. Attention was focussed on RE-vanadium interactions in the presence of 

these materials. This work was also complemented by more general studies of the 

chemistry between RE and vanadium-containing compounds. 

In general all samples were subject to a variety of controlled reaction conditions. These 

conditions were selected in order to gain information relevant to the destruction of the 

zeolite-Y lattice by vanadium under commercial conditions. Experimental conditions were 

used which allowed the evaluation of: increasing temperature, increasing RE ion-exchange 

levels within the zeolite lattice, increasing vanadium levels, the effect of differing partial 

pressures of steam and the effect of steaming atmosphere. Nitrogen was substituted for air 
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so the effect of external oxygen sources could also be evaluated. The apparatus used for 

these experiments was designed to simulate commercial regenerator conditions on a 

laboratory scale and was similar to that described by other workers in the field. 1,2 

An important conclusion reached from the various studies was that the presence of 'free 

lanthanum' (or other RE) on the surface. of a zeolite-Y based catalyst should provide 

protection against destruction by vanadium contamination. Preparative methods were thus 

developed to introduce lanthanum. and cerium on to the surface of zeolite-Y based catalyst 

particles. 

4.2 Commercial and Model Zeolite-Y Based Samples 

The commercial FCC samples, which had increasing RE ion-exchange levels, were 

received in their final form. The compositional details of the catalysts (denoted as 

alpha-52, alpha-54 and alpha-56) are given in Table 4.1. It should be noted that all three 

catalyst samples contained the same type of amorphous clay particle and aluminosilicate 
binder. All three forms of the catalyst contained approximately 20-25 mass% zeolite. 

Sample RE, 01 /mass% 

Alpha-52 0.61 

Alpha-54 1.12 

Alpha-56 2.73 

Table 4.1 RE loadings for the commercial FCC forms of zeolite-Y based samples. 
The data was supplied by B. P. Oil International, Sunbury. The data is 

expressed in terms of RE203 due to the mixed nature of RE ions found 

within commercial samples. 

Zeolite-Y powder was obtained3 in an ammonium exchanged form, NH4-y. This zeolite 
had residual sodium levels of 0.024 mass%, measured in terms of Na2O, and a 

silicon/aluminium ratio (S'02/A'203) of 3.01. 
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Ion-exchange procedure to prepare model zeolite- Y samples with differing RE Oanthanum) 

loadings 

For the model RE-ýxchanged zeolite-Y samples, lanthanurn was selected as the RE. Single 

element RE ion-exchange was used in order to keep the model system as simple as 

possible. It can be recalled (Section 2.1.1) that RE ion-exchange within commercial 

samples is achieved with a mixed RE source. The use of lanthanum for single element 

ion-exchange has been adopted by many workers in this field2,4 and has similar effects on 

the stability of the zeolite-Y lattice as does ion-exchange with multiple REs. The use of 

single element ion-exchange also helps significantly with the detection of new RE phases 

during analysis. The levels employed here are near the limits of detection of both X-ray 

diffraction (XRD) and magic-angle-spinning nuclear magnetic resonance (MAS NMR), 

decreasing the concentration of RE-based phases by the use of multiple REs would further 

hamper the detection of new phases. 

The ion-exchange procedure is surnmarised in Figure 4.1 (over the page) and is based upon 

that used by other workers. 4.5 Overall the procedure involves the partial exchange of NH4+ 

counter-ions present in the ammonium-exchanged zeolite-Y with La3+ counter-ions. 
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Ion-exchange with LaCl3 solution 
of specific concentration: 10 minutes, 70'C 

Wash with deionised water: 
, 4x2OO cm3,701C 

120"Clor I hour in air 

Calcination: 4501C for 5 hours in air 

Figure 4.1 Schematic diagram surnmarising the ion-exchange procedure for zeolite-Y. 

A lanthanum trichloride heptahydrate (LaC'3.7H20, Aldrich, 99.999%) solution was 

prepared in 200 cm3 of deionised water. The concentration of this solution was calculated 

on the basis that complete exchange of lanthanum. cations into the zeolite would take place 

during the ion-exchange procedure. This assumption was verified by subsequent analysis 

(see later). The LaC13 solution was heated to a constant temperature of 70*C. To the hot 

solution was added the NH4-Y Zeo"te (typically 20 g) and the slurry was stirred for a 

further 10 minutes. After this period the slurry was filtered and washed with hot (70"C) 

deionised water (200 CM3). The washing step was to ensure complete removal of NH41 and 

Cl- ions from the zeolite surface. The wash water was tested for Cl- ions with silver nitrate 

solution. Washing was repeated with deionised water (200 CM3,70"C) until no Cl- could 

be detected: typically 4 washes were found to be sufficient to remove all traces of Cl-. The 

zeolite was then dried at 120*C for I hour in air before being calcined at 4500C for 5 hours 

in air. This final calcination step promotes the breakdown of any remaining NH4+1 leaving 

H+ and evolving ammonia gas. The zeolite is now in the LaH-Y form. 
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Samples that required no lanthanum, ion-exchange were simply treated in accordance with 

the last two steps in Figure 4.1 to leave the zeolite in the H-Y form. 

It should be noted that thefiollowing notation will be used for describing zeolite-Y based 
11 

samples throughout the remainder of this thesis. H-Y will represent zeolite-Y samples that 

have had no partial ion-exchange of lanthanum into their lattice. X. XLaH-Y will represent 

samples with a partial lanthanum. exchange level of XX mass%. 

The target values for lanthanum-exchanged zeolite-Y samples were 1.5,2.5,5.0 and 

8.0 mass%. Lanthanum elemental analysis (Medac LTD) of the target 2.5 mass% sample 

was carried out in some detail. Two separate samples were analysed by X-ray fluorescence 

methods (XRF, 8-10 g of sample per analysis) and a third by inductively-coupled plasma 

emission spectroscopy single element analysis (ICP, 0.5-1 g of sample per analysis). These 

techniques gave an average value close to 2.6 mass% lanthanum, confirming that complete 
ion-exchange of lanthanum. had been achieved in the preparative procedure. The 

8.0 mass% target sample was analysed by ICP alone and again gave a value (8.6 mass%) 

close to that expected for complete lanthanum, exchange. On the basis of these analyses the 
1.5% and 5.0 mass% target samples (for which only limited amounts were available) were 

not analysed directly. However strong indirect evidence was obtained that these samples 
incorporated the target amount of lanthanum. For example, Figure 4.2 shows the surface 
area variation as a function of lanthanurn ion-exchange level for a zcolite-Y sample steam 

treated at 8000C, without any vanadium contamination. The plot shows a smooth increase 

in surface area as a function of increasing ion-excha nge level. This behaviour is exactly 

that to be expected since it is known that the incorporation of lanthanum. into zeolite-Y 

results in increased thermal and hydrothermal stability of the zeolite. 4,5 
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Figure 4.2 Variation in surface area as a function of increasing lanthanum 

ion-exchange level for a zeolite-Y sample steam treated at NOT, without 

any vanadium contamination. 

Vanadium deposition 

Commercial and model zeolite-Y based samples wereartificially contaminated with 

vanadium using vanadyl naphthenate 3% (that is 3%, by mass, vanadium). The general 

procedure was based upon the Mitchell methodl which is recognised as an effective 

method for the deposition of vanadium contaminants onto the surfaces of zeolite-Y based 

catalysts. Other methods are available but are not considered in the present work. 

Vanadyl naphthenate 3% is a dark green/black viscous liquid which is formed from a range 

of naphthenic acids and has a boiling temperature range of 300-4501C. The general 

formula of naphthenic acids is R(CH2)nCOOHI where R represents one, or several, rings. 1,6 

Figure 4.3 gives the structure of the simplest naphthenic acid with n=1 (cyclopentane acetic 

acid). 

0 1.5 2.6 5.0 8.6 
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Figure 4.3 Structure of the naphthenic acid, cyclopentane acetic acid. 

A typical procedure for the vanadium contamination of a zeolite-Y based sample was as 

follows. A known amount (typically 10 g) of sample was weighed into a round-bottomed 

flask (250 CM3). To it was added an accurately weighed amount (dependent upon the 

desired final vanadium loading) of vanadium naphthenate 3% (supplied by B. P. Oil 

International, Sunbury) dissolved in toluene (Aldrich, 99.8+%). The mixture was then 

attached to a rotary evaporator (no vacuum) and allowed to mix for 10 minutes. After this 

period the vacuum was applied and the solvent consequently removed. It was assumed that 

all of the vanadium was deposited: in view of the boiling range of the vanadyl 

naphthenate 3% used it is unlikely that any vanadium would escape during the rotary 

evaporation procedure. When thoroughly dry the sample was calcined at 3001C for 3 hours 

in air to remove any traces of remaining solvent (samples, with no vanadium loading, 

which were to be used in comparative experiments, were always calcined under the same 

conditions). 

The vanadium contamination levels used for the commercial FCC catalysts were in the 

range 0 to 4000 ppm. This range is consistent with that expected in a commercial FCCU. 

It should be recognised, however, that the zeolite-Y component of a commercial catalyst 

comprises only 20-25% of its total mass. Thus, if all of the vanadium is assumed to be 

associated with this component, then the vanadium contamination level at the zeolite is 

effectively increased by a factor of between 4 and 5. There is strong evidence that this is 

the case. Wormsbecher and co-workerS2 have shown that the vanadium distribution in a 

composite catalyst following hydrothermal treatment closely resembles that of the 

zeolite-Y distribution. Furthermore, similar observations have been made by other 

workers, 7-9 in particular for samples derived from working FCCUs. 10 On this basis the 

upper range for vanadium contamination for the model zeolite-Y based samples was 

extended to 20 000 ppm. 
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For the commercial samples, vanadium contamination at a level of 4000 pprn was such that 

any vanadium compounds formed were all well below the detection limits of powder XRD 

and close to the detection limits of the 51V MAS NMR experiment. Table 4.2 provides a 

summary of all the samples that were prepared. 

Zeolite-Y based sample Vanadium loading /ppm 

H-Y 0,5000 

1.5LaH-Y 0,1000,3000,5000 

2.6LaH-Y 0,1000,3000,5000,10 000,20 000 

5. OLaH-Y 
I 

0,5000,10 000 

8.6LaH-Y 0,5000,10 000,15 000 

Alpha-52 10,2000,4000 

Alpha-54 0,2000,4000 

Alpha-56 0,2000,4000 

Table 4.2 The vanadium levels used for all forms of zeolite-Y based samples. 

Steam treatment 

Details of the various steam treatments that were applied to the samples summarised in 

Table 4.2 are given in Table 4.3. Full details of the apparatus, and the methods used, for 

stearn treatment are given later in Section 4.5. 

Surface deposition of rare earths 

The procedure for introducing 'free rare earths' onto the surfaces of catalyst particles was 

developed only for the commercial FCCs. Just two REs were used, that is lanthanum and 

cerium. The overall procedure was designed to minimise any ion-exchange of deposited 

RE into the zeolite lattice. A fixed vanadium loading of 10 000 ppm was selected for these 

samples. This magnitude of loading would cause severe damage to commercial FCCs and 

thus provides a critical test of any zeolite-Y protection strategy. 
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A known amount (typically 10 g) of FCC sample was added to a round-bottomed flask 

(250 CM3). A RE solution in deionised water (2-4 cm3) was accurately prepared and added 

to this flask. Solutions were prepared which had either a ten-fold (LaCl3, La(N03)3 and 

CeCl3) or twenty-fold molar excess (LaCl3) of free RE to vanadium. That is for every 

vanadium present in the FCC either 10 or 20 REs were introduced to the surface. The 

mixture was quickly attached to a rotary evaporator and the solution was allowed to mix 

for several seconds. After this period the vacuum was applied and the water was rapidly 

removed. The total contact time of RE solution and FCC did not exceed 1 minute. 

A summary of the samples prepared, based on alpha-56, and their subsequent treatment is 

given in Table 4.4. 

RE loading 
/100 000 ppm, 

and source 

Vanadium loading 
/Ppm 

Steaming 
temperature PC 

Steaming 
atmosphere 

0, LaCl, 0,10000 750,800 Air 

1.0, LaCl, 0,10000 750,800 Air, Nitrogen 

2.0, LaC13 10000 750,800 Air 

1.0, La(NO, )3 10000 750,800 Air 

1.0, CeCl, 10000 750,800 Air 

Table 4.4 Summary of steaming experiments performed on RE surface-loaded 

alpha-56. 

4.3) Rare Earth-Vanadium Samples Based upon Support Materials 

A series of RE-vanadium reactions were carried out in the presence of support materials; 

silica and a -alumina were selected as being typical. Lanthanum was deposited on both of 

the materials before subsequent vanadium deposition followed by steam treatment. The 

level of vanadium deposition was considerably higher than that used for the catalyst 

samples to aid the detection of new phases by both MAS NMR and XRD. 
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Wormsbecher and co-workerS2 have suggested that RE-vanadium interactions only occur 

after the collapse of the zeolite-Y lattice, rather than these interactions being important in 

the mechanism of zeolite-Y lattice collapse as suggested by others-' 1,12 A series of samples 

was thus prepared from a commercial FCC (alpha-54) which had been completely 

destroyed by extreme thermal treatment. 

Silica and alumina support materials 

Before deposition of vanadium, the support samples were first loaded with lanthanum. The 

same lanthanum deposition procedure for both the silica (quartz, Aldrich, 99.8%) and the 

a -alumina (corundum, Aldrich, 99.8%) was used. A given amount of support material 

(40 g) was dried at I 10"C for 24 hours in air, and then placed into a 400 cm3 beaker. To it 

was added a known amount of lanthanum. trichloride heptahydrate (LaC13.7H20, Aldrich, 

99.999%) dissolved in deionised water (100 CM3) The mixture was stirred, using a 

mechanical stirrer, for 24 hours at room temperature. After this period the water was 

removed by calcination at II OC for 24 hours in air, the resulting pellet was reground. 

XRF analysis confirmed 11.0 mass% deposited upon the a -alumina support material and 

9.5 mass% deposited upon the surface of the silica support material. 

Samples that required no lanthanum, deposition were dried under the same conditions. 

Vanadium deposition (1.0 mass%) was carried out using vanadyl naphthenate 3% as 

already described. Table 4.5 provides further details. 

Lanthanum. Vanadium Steaming Water Steam/gas Steaming 
loading loading temperature vaporised /CM3 ratio atmosphere 
/mass% /mass% /Oc /% steam 

0 O'l. 0 1 800 1 0,60 80 1 Air, Nitrogen 

-10.0 O'l. 0 
1 

750,800 
1 

0,60 80 
1 

Air, NijLoEen 

Table 4.5 Summary of the lanthanurn and vanadium loadings used for the both the 

silica and a -alumina support samples, together with a summary of the 

steaming conditions used in the steam treatment of these samples. 
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A 'completely degraded'FCC sample 

The collapse of the FCC sample (alpha-54) was achieved by severe heat treatment for a 

prolonged period, that is calcining in air at 1400'C for 48 hours. Vanadium deposition was 

carried out in the same manner as described previously. Table 4.6 provides further details. 

Vanadium 
loading /mass% 

Steaming 
temperature PC 

Water vaporised 
/CM3 

Steam/gas ratio Steaming 
/% steam atmosphere 

0 800 0,60 80 Air, Nitrogen 
1 

750,800 0,60 80 1 Air, Nitrogen 

Table 4.6 Summary of the vanadium loading and steaming conditions performed on 

'completely degraded! alpha-54. 

4.4 General RE-vanadium Chemistry 

The reactions between a number of RE (lanthanum and cerium) and vanadium compounds 

were investigated. These are summarised in Table 4.7. Vanadium (V) oxide (V205, 

Aldrich, 99.99%) was selected because the vanadium is present in the +5 oxidation state 

and may be one of the active vanadium compounds responsible for the destruction of the 

zeolite lattice. 13-15 Vanadyl, phthalocyanine (VONSC321116, Eastman Organic Chemicals) 

was chosen because the vanadium is co-ordinated in a manner that may be typical of its 

situation in crude oil (Figure 4.4). In this case it is interesting to compare the results with 

those obtained from vanadyl naphthenate 3%. 

/' 

N 
V=O N 

N- 
I. 

N 

figure 4.4 The structure of vanadyl phthalocyanine. 



The apparatus used for reactions between vanadium and RE containing compounds is 

shown schematically in Figure 4.5. There are two major components: a high temperature Zn 

(1400'C) horizontal tube furnace (Heraeus, work tube length 32 cm, work tube diameter 

40 mm) and a quartz work tube (length 750 mm, external diameter 34 mm, internal 

diameter 3 )1 mm). 

Tube 
furnace 

Reservoir Heated 
Wool 

Sa le Im 
holTe' r 

Quartz wool 
Air/nitrogen 

L 
Water 

Iple Stainless steel Quartz work tube 
Ice bath tube 

Figure 4.5 Schematic diagram showing the apparatus used for the reaction of RE, and 

vanadium containing compounds. 

Both the vanadium and RE compounds were accurately weighed into the sample holder 

(porcelain boat, lOx IxI cm). Each experiment was designed so that the mass of vanadium 

compound used contained 0.05 g vanadium: the corresponding mass of RE in the 

compound was arranged to be in tenfold excess. 

Table 4.7 Summary of the reactioa mixtures. 
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The temperature was controlled using a thermostat, equipped with only a set temperature 

function, this allowed the temperature to be controlled to ±41C. All experiments were 

carried out at 8001C. A significant temperature drop (8-121C) was observed between the 

furnace elements and the centre of the quartz work tube so an external thermocouple 

(type K, nickel/chromium), positioned above the sample, was used to adjust the final target 

temperature. Experimental conditions, as far as possible, were kept identical to those for a 

typical steaming experiment using the vertical tube furnace (Section 4.5). As the 

thermostat had no ramp-rate; temperature control was achieved manually, an approximate 

ramp rate of 200'C/hour was used with the temperature being increased I OO'C every 

ýShour. When the system had reached the target temperature, the temperature at the centre 

of the quartz work tube was monitored and carefully increased to the target temperature. 

The system was then left to equilibrate for a further hour. 

For experiments that required steam passing over the sample, the heated wool (Figure 4.5) 

was maintained at 11 O'C for the length of the experiment. This was to prevent the 

condensation of steam on the cooler parts of the quartz work tube outside the furnace. The 

steam was condensed in a reservoir immersed in iced water. 

While the system was being brought to reaction temperature (800*C) the sample always 

had a flow of gas passing over it. For all experiments the gas flow rate was 60 CM3/minute, 

this was used during the temperature ramp and the full length of the experiment. Carrier 

gases were either air or nitrogen, each combination of vanadium[RE compound was 

allowed to react under both carrier gasses. 

Deionised water was introduced via a peristaltic pump at a flow rate of 0.2 CM3/minute 

(60 CM3 over five hours). The length of the experiments was 5 hours and the introduction 

of steam marked the start of the experiment. After the 5 hour period the water pump and 

the furnace were switched off and the system was allowed to cool naturally. Each 

combination of vanadium/RE compound (Table 4.7) was reacted with both 0 and 60 CM3 Of 

water under both carrier gases, (24 experiments in all). 
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Preparation of lanthanum vanadium M oxide 

Throughout the course of this work the formation of lanthanum vanadium (V) oxide 

(LaV04) has been observed for many classes of sample after treatment under varying 

conditions. Production of phase pure vanadate, therefore, was important so that thorough 

characterisation, by both XRD and 51V MAS NMR, could be achieved. Inaddition 

samples of this vanadate could be exposed to the same conditions of steam and temperature 

as used for the zeolite-Y based samples. 

The method of vanadate formation was loosely based on methods found in the 

literature: 16-20 

La203 + V205 -l" 2 LaV04 (4.1) 

The following experimental procedure was used. Equivalent molar quantities (0.002 mol) 

of the lanthanum oxide and vanadium oxide were accurately weighed and intimately 

mixed. The mixture was carefully transferred to a quartz ampoule, the ampoule was 

evacuated and sealed under vacuum. The ampoule was then placed in a tempered steel 

container which would contain the reactants in the event of ampoule failure. The steel 

container was placed in a conventional oven and heated to 14000C at 20OC/minute. The 

mixture was heated at 1400*C for 48 hours, after this time the mixture was allowed to cool 

naturally to room temperature. 

4.5 Steam Treatment 

Steam treatment is very important for the samples investigated in this thesis, that is all 

modified forms of zeolite-Y, FCC samples, (including samples loaded with La3+ ions and 

those destroyed by high temperature reaction), and those based on silica and a -alumina 
support materials. In all cases the steam treatment was designed to be similar to industrial 

practice, in particular commercial regenerator conditions (c. f. Section 2.1). 



113 

A vertical tube furnace with controllable air and water flow rates was designed to mimic 

the conditions that an FCC would experience in the regenerator part of an FCCU. A 

schematic diagram of the furnace is shown in Figure 4.6. It consists of two major 
I 

components-, a quartz work tube (length 750 mm, external diameter 34 mm, internal 

diameter 31 mm) and a high temperature (1400'C) vertical tube furnace (Carbolite, work 

tube length 600 mm, work tube diameter 68 mm). 

The temperature was controlled using a Eurotherm. thermostat (model 808) which was 

equipped with ramp and dwell facilities. which allowed temperature control to ±1 *C. A 

ramp rate of 3.35"C/minute (200*C/hour) was used for all samples. Final temperatures 

were either 750 or NOT at the sample. Due to the temperature drop that exists from the 

furnace elements to the centre of the furnace work tube an external thermocouple (type K, 

nickel/chromium) was positioned at the centre of the sample. The Eurotherm was adjusted 

so the temperature of the sample was constant at the target temperature: a temperature drop 

of 6-121C was typical. When the target temperature had been reached the system was 

allowed to stand at this temperature for 1 hour; this was to ensure that the system had 

reached equilibrium. After this period the sample was kept at the target temperature for a 

finiher 5 hours, this was the time duration of all stearn treatment experiments. After 

5 hours the temperature was allowed to cool naturally. 



'ilter paper 

ines trap 

rhermocouple 

ýuartz work tube 

Tube furnace 

Sample 
Quartz frit 

Quartz wool 

Stainless steel tube 

Air/nitrogen 

Water 

Figure 4.6 Schematic diagram showing the vertical tube furnace desit, 
--,, n for the stearn 

deactivation of samples. 

in a typical experiment 2g of sample was poured into the quartz work tube; the tube was 

gently tapped to ensure that all of the sample reached the quartz frit. This mass of sample 

gave an average sample depth of 0.5 cm. The thermocouple was inserted into the work 

tube to a depth of roughly 0.25 cm from the surface of the quartz frit and the Fines trap was 

placed over the top of the tube. The purpose of this trap was to collect any small particles 

that escaped by convection. The quartz work tube was then placed carefully within the 

tube furnace and positioned so that the sample was at the centre point; this was to ensure an 

even and constant heat supply to the sample. Whilst the sample was being raised to the 

target temperature (750'C or 800'C) it was fluidised with a flow of gas 
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(60 CM3/Minute): this rate of flow was not varied in any of the experiments that were 

undertaken. Fluidisation of the sample was necessary to prevent the formation of a solid 

pellet during the length of the experiment. A gas flow rate of 60 CM3/minute was found to 

be sufficient to prevent the formation of sample pellets. Air was used as the fluidising gas 

in 'standard' steaming experiments, however, nitrogen gas was used in selected experiments 

to investigate the effect of a restricted oxygen supply. 

After the target temperature had been reached, and following I hour of equilibration, steam 

was introduced into the system. This was achieved using a peristaltic pump (Watson 

Marlow, Model 10 1 U) fed with deionised water. The rate was set at 0.2 CM3/minute 

(60 cm3 over a period of 5 hours) and this was kept the same in all experiments. The 

peristaltic pump was checked every month by allowing the water to be pumped into a 

measuring cylinder. Water flow was found to be constant over a 36 month period. 

As indicated in the schematic diagram (Figure 4.6) water is introduced via a stainless steel 

tube embedded in quartz wool at the end near the frit. This quartz wool acted as both a 

vaporiser and a gas diffuser, ensuring an even steam to gas ratio flowing through the 

sample. Variation of the carrier gas flow rate allowed differing steam to gas ratios to be 

used; typically values between 40 and 100% were used in the present work. Steam to 

carrier gas ratios below 40% were not achievable with this experimental arrangement, since 

the relatively high carrier gas flow rates needed for these ratios would carry the sample out 

of the furnace system and hence cause significant loss of sample. After five hours the flow 

of water was stopped and this marked the end of the experiment. As already indicated the 

furnace was then allowed to cool naturally. When at room temperature, the sample was 

removed from the quartz tube by suction. 

A carrier gas flow of 60 CM3/minute and a water flow of 0.2 CM3/minute gave a steam to 

gas ratio of 80%, that is for every 100 litres of gas that passed the quartz frit 80 litres would 

be steam. This was the standard steaming experiment ratio. During experiments which 

required a different ratio this was achieved by changing the carrier gas flow rate while the 

water flow rate remained constant at 0.2 CM3/minute. For example if a 40% steam to gas 

ratio was required a carrier gas flow rate of 400 CM3/minute was used. For experiments 
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that required a 0% steam to gas ratio (simple calcination) then the water pump was 

disconnected from the apparatus, the carrier gas flow rate was, in these circumstances, 

maintained at 60 CM3/Minute for the length of the experiment. When a 100% steam 

atmosphere was required the carrier gas was stopped upon the introduction of water, 

however during the temperature ramp and the I hour equilibrium period the carrier gas 

flow rate was maintained at 60 CM3/minute. The fluidised bed was maintained by the 

passage of steam through the sample. This was confirmed by the samples remaining in a 

powdered form. 

4.6 Reproducibility of Treatment Experiments 

As already stated four samples have been prepared, and treated, which contain differing 

levels of lanthanum ion-exchanged into the zeolite-Y lattice (1.5LaH-Y, 2.6LaH-Y, 

5. OLaH-Y, and 8.6LaH-Y). With the exception of the 2.6LaH-Y samples, the zeolites were 

prepared in a single batch, and this batch was used throughout for subsequent treatment 

experiments. As will be made clear later in this thesis a lanthanum loading in the region of 

2 to 3 mass% is of particular interest and so several batches of 2.6LaH-Y were prepared. A 

specific investigation was undertaken to test the reproducibility of a given set of reaction 

conditions for these batches. 

Two batches of 2.6LaH-Y were prepared and treated. Samples from both batches were 

contaminated with 0,3000 and 5000 pprn vanadium*and steam treated at 8001C for 

5 hours, with an 80% steam to air ratio. Table 4.8 gives the specific unit cell constant and 

surface area measurements obtained for these samples. Other batches of 2.6LaH-Y gave 

results which showed similar trends and values of surface area, and unit cell constant, 

within the same range. The results in the table thus represent the full experimental range 

for the various batches of 2.6LaH-Y. 
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Batch I Batch 2 

Steaming 

conditions 

N 

Vanadium 

loading 

/Ppm 

Unit cell 

constant /A 

(±0.035A) 

Surface area Unit cell Surface area 

/M2g-I constant /A /M2g-I 

10 0/0) (+-0.035A) (±10%) 

800/5/80/AIR 0 24.227 398 24.187 329 

3000 24.231 346 24.238 288 

1 5000 24.252 245 24.243 195 

Table 4.8 Unit cell constant and surface area data obtained for different batches of 

2.6LaH-Y steam treated as indicated. 

The surface area measurements do show differences, but it is interesting to note that the 

changes in surface area as the vanadium loading is increased are very similar between the 

two batches. In this sense the trend in changes of surface area of the samples prepared 

from the two batches are within the overall error associated with surface area 

measurements. The samples are subject to a fairly complex treatment procedure and it 

could be that particle size is one factor, coupled with some non-uniformity in the heating 

and steaming procedures, that gives rise to the observed differences between the two 

batches. It is worth noting that investigations into how steam to carrier gas ratios affect the 

overall system (Section 5.2.2) have shown that a steam to carrier gas ratio of 80 % steam, 

for a 2.6LaH-Y sample loaded with 5000 pprn vanadium, is a particularly sensitive region 

and relatively large decreases in surface area are observed as the steam to carrier gas ratio 

is increased from 70 to 80 % steam (Figure 4.7, reproduced from Figure 5.1 8(a) Section 

5.2.2). It would therefore only require a small deviation in steam to carrier gas ratio for a 

relatively large change in surface area to be observed. The comparison in Table 4.8 

therefore relates to sensitive experimental conditions. 
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Steam to carrier gas ratio /% steam 

Figure 4.7 Variation in surface area as the steam to carrier gas ratio is increased for a 

sample of 2.6LaH-Y treated at 800*C in the presence of 5000 ppm 

vanadium. Graph reproduced from Section 5.2.2, Figure 5.18(a). 

Finally, it can be seen from Table 4.8 that the unit cell constant data for the two batches of 

sample, within the limits of experimental error, are identical and both show a trend of small 

increases as the vanadium loading is increased. 
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5 Results and Discussion 

This section describes the results of X-ray diffraction (XRD), surface area measurement 

and magic-angle-spinning nuclear magnetic resonance (MAS NMR) investigations into the 

various classes of sample studied in this work. At this stage the discussion of the results 

will be mainly confined to a given class of sample although, where appropriate, specific 

points will be emphasised that are common to all classes of sample. A more general 

discussion, framed in the context of the overall aims of the work and based upon all of the 

results, will form the main focus of the next chapter (Chapter 6). 

The arrangement of this chapter is as follows. Sections 5.1 and 5.2 describe the results of 

general investigations of the behaviour of FCC and model zeolite-Y based samples, 

respectively, under a range of pretreatment and reaction conditions. These studies are 

extended for both types of sample in Section 5.3. Section 5.4 considers the behaviour of 

lanthanurn-and/or vanadium-doped silica and a -alumina support materials. To 

compliment these studies results are also reported for the matrix/clay component of a 

typical FCC as well as for a'completely degraded! FCC sample. The final section reports 

on a series of experiments which were designed to investigate rare earth/vanadium, 

chemistry under conditions similar to those used for the treatment of FCC and model 

zeolite-Y samples. 

It is useful to note that for the remainder of this thesis experimental conditions will be 

given in the following shorthand format. A steam treatment reaction that was performed at 

NOT for 5 hours using air as a carrier gas will be denoted 800/5/80/AIR, where 800 

specifies reaction temperature in degrees Celsius, 5 specifies the duration of the experiment 

in hours, 80 denotes that an 80% steam to air ratio was used over the duration of the 

experiment and AIR signifies that the experiment was performed using air as a carrier gas. 

Similarly, 750/5/0/N2. indicates that the reaction was calcined at 750'C for 

5 hours under a nitrogen atmosphere. In this work the standard duration of an experiment 

is 5 hours and standard steam treatment relates to an 80% steam to air ratio. 
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5.1 Commcrcial Fluid Cracking Catalysts 

As was discussed in Section 4.2, a series of FCC samples were prepared and subjected to 

various reaction conditions using laboratory facilities at B. P. Oil International Laboratories 

(Sunbury). Three different FCC samples were investigated which contained differing 

levels of ion-exchanged rare earth (RE). The samples were artificially contaminated with 

vanadium and steam treated at 788'C and 816"C using air as a carrier gas. This series of 

experiments allowed three important parameters to be investigated, the effect of increasing 

RE ion-exchange, the effect of increasing vanadium contamination, and the effect of 

increasing temperature. 

5.1.1 Fluid Cracking Catalyst without Steam Treatment 

Figure 5.1 shows the XRD patterns recorded for the three untreated FCC samples, 

(alpha-52, alpha-54 and alpha-56). The pattern recorded for the matrix/clay component of 

the FCC samples is also shown in the figure for comparison. For the FCC samples 

(Figure 5.1 (b), (c), and (d)) the zeolite-Y diffraction peaks can clearly be seen 

superimposed on the XRD pattern of the matrix/clay component. 

The computed unit cell constants for the three FCC samples are given in Table S. 1. The 

table also includes the RE ion-exchange levels and the results of surface area 

measurements. 

Sample RE203 /mass% Unit cell constant /A 

(: E 0.04 A) 

Surface area /m2g-I 

(±10%) 

Alpha-52 0.61 24.55 201 

Alpha-54 1.12 24.58 200 

ILAalha-56 2.73 24.64 203 

Table 5.1 Computed unit cell constants, RE ion-exchange levels and surface area data 

for untreated FCC samples. 
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The increase in unit cell constant as the RE ion-exchange level is increased is to be 

expected as the lattice has to expand to incorporate the RE ions. This effect has been 

reported by other workers, for example Roelofsen and co-workers' observed an increase in 

unit cell coilstant from 24.69±0.02 A to 24.74±0.02 A upon ion-exchange with a mixture 

of RE ions. The surface area measurements (determined by B. P. Oil International, 

Sunbury) for the three FCC samples are similar and reflect the fact that all three samples 

have comparable zeolite-Y crystallinity. This observation is consistent with the form of the 

XRD patterns recorded for the samples (Figure 5.1). 

The XRD patterns for the three FCC samples contaminated with 0,2000, and 4000 pprn 

vanadium were found to be similar to those recorded for the uncontaminated samples. In 

view of the relatively low vanadium levels this result was not surprising (the detection 

limits for powder XRD are of the order of 4 mass%). 

5.1.2 Steam Treatment of Fluid Cracking Catalysts 

FCC samples were separately steam treated at 788'C and 816"C using air as a carrier gas. 

The surface area measurements and the unit cell constants, determined from the XRD 

patterns, following the steam treatment experiments are given in Table 5.2. The surface 

area and unit cell constant data for the untreated FCC samples are also included in the table 

for comparison. In some cases unit cell constant data could not be determined because 

there was insufficient crystalline material remaining, after steam treatment, for accurate 

determination. 

The steam treatment results are also shown graphically in Figures 5.2 and 5.3. Figure 5.2 

shows the experimental data plotted as a function of RE ion-exchange level, in terms of 

both surface area ((a), (c) and (e)) and unit cell constant ((b), (d) and (ý). Figure 5.3 shows 

the experimental data plotted as a function of vanadium contamination, in terms of surface 

area ((a), (c) and (e)) and unit cell constant ((b), (d) and (f)). 51V MAS NMR spectra could 

not be recorded for any of the samples because the vanadium concentrations were below 

the detection limits of the NMR experiment. 27AI MAS NMR spectra were not recorded 

, 
due to the complex nature of the composite catalyst. The matrix/clay component, which 
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makes up approximately 80 mass% of the composite catalyst, contains alurninium. and 

resonances from this component mask those due to the zeolite-Y component of the catalyst. 

Sample Reaction 

conditions 

Vanadium 

loading /ppm 

Unit cell constant 

/A (± 0.04 A) 

Surface area 

/M2g-I (A: 10%) 

Alpha-52 Untreated Untreated 24.55 201 

788/5/80/AIR 0 24.28 151 

2000 24.26 126 

4000 - 79 

816/5/80/AIR 0 24.25 125 

2000 24.24 92 

4000 - 35 

Alpha-54 Untreated Untreated 24.58 200 

788/5/80/AIR 0 24.32 163 

2000 24.27 118 

4000 24.28 77 

816/5/80/AIR 0 24.28 134 

2000 24.28 68 

4000 - 38 

Alpha-56 Untreated Untreated 24.64 203 

788/5/80/AIR 0 24.37 170 

2000 24.34 134 

4000 24.32 89 

816/5/80/AIR 0 24.31 143 

2000 24.30 87 

4000 - 41 

Table 5.2 Unit cell constants and surface area measurements for three commercial 
FCC samples following steam treatment. Vacancies appear in the unit cell 
constant columns due to insufficient crystalline material remaining, after 
steam treatment, for accurate determination. 
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It can be seen from the information presented in Table 5.2 that steam treatment of the FCC 

samples results in a decrease in surface area and unit cell constant. The degree of the 

changes observed, as illustrated in the figures, depend upon vanadium concentration, 

together with temperature and the RE ion-exchange levels. Overall the results illustrate the 

significant effect that steam treatment has on the FCC samples, even in the absence of 

vanadium contaminants. This general behaviour is consistent with that reported by other 

workers. 2,3 For example, Maugd and co-workerS2 found that steam treatment of a highly 

lanthanurn ion-exchanged sample (17.4 mass% lanthanum) resulted in a change in unit cell 

constant from 24.73A to 24.59A, and this was accompanied with a 78% reduction in 

zeolite-Y crystallinity. A fuller understanding of the effect of steam treatment in the 

absence of vanadium contaminants is necessary if the combined effect of vanadium 

contamination and steam treatment is to be fully investigated. 

Effect of increasing rare earth ion-exchange levels 
I- 

Figure 5.4 shows the XRD patterns recorded for the three FCC samples ((a) alpha-52, 

(b) alpha-54, and (c) alpha-56) free from vanadium contamination and steam treated at 

816"C for 5 hours using air as a carrier gas. It can be seen that as the RE ion-exchange 

level increases then the loss of zeolite-Y crystallinity decreases. This can be illustrated, for 

example, by considering the diffraction peak at 20 = 240 which has the index (533). The 

relative intensity of this peak tends to show small increases with increasing RE 

concentration. In qualitative terms this indicates that there is increasing retention of 

zeolite-Y crystallinity. This indicates that the amount of RE present determines the 

resistance of zeolite-Y to loss of crystallinity via hydrothermal treatment. This conclusion 
is also borne out by the surface area measurements (Figure 5.2(a)) for which small 
increases in surface area are observed, at both 788T and 816'C, as the RE concentration 

increases. 
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Steam treatment in the presence of vanadium reveals the same general trends (Figure 5.2 

(c) and (e)). However, there are exceptions observed when alpha-54 is steam treated since 

decreases in surface area are observed over equivalent steam-treated alpha-52 samples. 

The generattrend is re-established when the results for alpha-56 are considered, with the 

observed surface areas being greater than those for alpha-54 and alpha-52. Clearly the 

relationship between RE ion-exchange level, vanadium contamination and temperature can 

be variable in FCCs and this probably depends on the details of the batch and preparation 

of these industrial materials. Blockage of pore structure could influence the effect of 

vanadium and also effect surface area measurement. 

With regard to unit cell constant changes, as the RE ion-exchange levels are increased, the 

picture is more uniform. It can be seen from Figure 5.2 ((b), (d) and (0) that, in all cases, 

as the RE ion-exchange levels are increased then the observed unit cell constant tends to 

increase. However, the observed increases do vary across vanadium loadings and 

temperatures. It must be noted that the observed changes are relatively small and in most 

cases within the limits of experimental reproducibility for this type of sample. 

Effect of increasing vanadium contamination 

The three XRD patterns for alpha-56 steam treated at 816'C for 5 hours, using air as a 

carrier gas, with increasing vanadium loadings are given in Figure 5.5: that is, alpha-56 
free from vanadium contamination (a), contaminated with 2000 ppm vanadium (b) and 

contaminated with 4000 ppm vanadium (c). It can be seen that as the vanadium loading is 

increased there is a general reduction in the intensity of the diffraction peaks due to the 

zeolite-Y component. This indicates that as the vanadium loading is increased then there is 

a concomitant loss of zeolite-Y crystallinity. 

The increased destruction to the zeolite-Y lattice as the vanadium loading is increased is 

also reflected in the surface area data obtained. It can be seen from Figure 5.3 ((a), (c) and 
(e)) that as the vanadium contamination is increased then the measured surface area 
decreases. 



, 44! SUDIUI 

131 

e Mw 
M. 

10 
u. 

ua 

vi 

. -re 

ýt Z ý5 = 

V-b =, 
Z 

2 �b 

-p ý3 
CU 

> 

cl 

u 
cn 

r9 
CD 

ce 
2 1--ý 

- 191 

rq cu 

tn 

ei) 
; 14 



132 

There is also a general trend that as the vanadium loading is increased, then the observed 

unit cell constant falls (Figure 5.3 ((b), (d) and (ý). This is true in all cases except for 

alpha-54 steam treated at 788"C. However, the observed reductions are small and within 

the limits of experimental error. 

Effect of increasing temperature 

Figure 5.6 shows the XRD patterns for two samples of alpha-56, contaminated with 

4000 ppm vanadium, steam treated for 5 hours, using air as a carrier gas, at both 788T (a) 

and 816T (b). It can be seen that as the temperature is increased there is a general 

reduction in the intensity of the diffraction peaks due to the zeolite-Y component. This is a 

clear indication that as the treatment temperature is increased then the loss of zeolite-Y 

crystallinity also increases. 

This observation is also mirrored in the surface area results. It can be seen from 

Figures 5.2 and 5.3 ((a), (c) and (e)) that as the reaction temperature is increased from 

788T to 816T, in all cases, there is an additional decrease in the surface area. This is true 

regardless of the RE ion-exchange level (Figure 5.2 (a), (c) and (e)) and vanadium 

contamination (Figure 5.3 (a), (c) and (e)). 

It is also noticeable from Figures 5.2 and 5.3 ((b), (d) and (f)) that, as the temperature is 

increased from 788*C to 816"C, there is an additional decrease in the unit cell constant (this 

is true for all samples with the exception of alpha-54 contaminated with 2000 ppm 

vanadium (Figure 5.2 and 5.3 (d))). The observed changes, however, are relatively small. 

5.1.3 Summary 

The results for the three commercial FCCs indicate that increasing the vanadium 

contamination results in increased loss of zeolite-Y crystallinity at temperatures of 788'C 

and 816'C. The loss of crystallinity is also accompanied by a trend to smaller unit cell 

constants; although the changes between individual samples are within the limits of 

,, 
Fxperimental reproducibility. 
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It has also been demonstrated that increasing the reaction temperature results in increased 

destruction to the zeolite-Y lattice. This is true regardless of the RE ion-exchange levels or 

the vanadium loading. A trend to a smaller unit cell constant was also observed as the 

reaction ten1perature was increased. In general, increasing the RE ion-exchange level 

increases the resistance of the zeolite-Y component of the catalyst to loss of crystallinity. 

Overall the results obtained for the three commercial FCC catalysts are consistent with the 

types of behaviour that have been reported by other workers and, in particular, illustrate 

factors that are important in influencing the loss of zeolite-Y crystallinity. The commercial 

materials, however, are complex mixtures and to gain a better understanding of these 

factors it is appropriate to investigate the individual components in more detail. 

5.2 Model Zeolite-Y Samples 

The investigations carried out for the model series of samples based on zeolite-Y can be 

divided, for convenience, into two strands. To begin with, the effects of increasing 

lanthanum (RE) and vanadium concentrations, as well as temperature, are considered. The 

results are compared directly with those from the study of the commercial FCC series of 

samples, although the range of lanthanum ion-exchange level in the model series is greater. 

The second strand focusses on the variation of experimental conditions. In particular, 

experiments were performed under a nitrogen, rather than air, atmosphere and with 

steaming ratios other than the standard value of 80 The key aim of all these 

experiments was to gain insight into the factors that cause the loss of zeolite-Y crystallinity 

in the presence of vanadium. 

MAS NMR spectroscopy offers particular advantages in characterising the model series of 

samples compared to commercial FCCs. For example, 27AI MAS NMR spectra are not 

complicated due to the presence of additional signals due to non-zeolitic materials. 
51V MAS NMR is also sensitive enough to probe zeolite-Y/vanadiurn chemistry directly. It 

should be recalled (Section 4.2) that relatively low vanadium levels are required to 

simulate FCCU conditions. However, given that the zeolite-Y component of a typical FCC 

pakes up only 20% by mass of the catalyst, and that all the vanadium present is associated 
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with the zeolite-Y, then it is realistic to investigate much higher vanadium loadings for the 

model series of samples. Furthermore with the model systems used in this work RE 

ion-exchange has been achieved using a specific RE ion (lanthanum). In contrast 

commerciaPFCCs use a mixture of REs for ion-exchange and so detection of 51V MAS 

NMR signals would be complicated due to the possibility of several related vanadium 

compounds being formed with different RE ions. These different compounds will have 

different chemical shifts and probably different distributions of MAS sideband intensities. 

5.2.1 The Effect of Lanthanum. and Vanadium 

Five zeolite-Y samples were investigated which had increasing levels of lanthanum. 

ion-exchange (Section 4.2 and Table 4.2). These samples were subsequently contaminated 

with vanadium, calcined and steam treated (details of the apparatus and methods used for 

the treatment of samples can be found in Section 4.5). 

5.2.1.1 Samples without Steam Treatment 

Figure 5.7 shows the XRD patterns recorded for the five model samples. It can be seen 

that each of the five XRD patterns are similar, with only a small movement of peaks 

indicating changes in unit cell constant. The computed unit cell constants and surface area 

measurements are presented in Table 5.3. These values are similar to those found in the 

literature although direct comparison depends critically on the exact nature of the zeolite: 

for example, the extent of ion-exchange, the ion-exchange procedure employed and, most 

importantly, the silicon/aluminium ratio. As found with the commercial FCC samples 

(Section 5.1.1), increasing lanthanurn (RE) ion-exchange results in a trend towards a larger 

unit cell constant. The diffraction patterns indicate that all five samples are highly 

crystalline and this is consistent with the high surface areas recorded in Table 5.3. 
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Sample Unit cell constant /A 

(±0.035A) 

Surface area /m2g-I 

(±10%) 

H-Y 24.591 787 

1.5LaH-Y 24.603 805 

2.6LaH-Y 24.6336 783 

5. OLaH-Y 24.637 787 

8.6LaH-Y 24.654 784 

Table 5.3 Unit cell constant and stirface area data obtained for zeolite-Y samples 

containing differing levels of lanthanum. 

Figure 5.8 shows the 27AI MAS NMR spectra recorded for (a) untreated NH4-Y and 

(b) untreated 8.6LaH-Y. In qualitative terms the spectra are similar to one another. 

The well-resolved resonance at (5 (27AI) = 60 ±4 ppm in the spectrum for NH4-Y can be 

assigned to tetrahedral framework alurninium. The two lower frequency resonances, that is 

the broad unresolved resonance in the region of 8 (27AI) =30 ppm and a low-intensity 

resonance at, 6(27AI) =0 pprn are due to non-framework aluminium. 4-15 The presence of 

non-framework aluminium is typical of an NH4-Y zeolite that has undergone extensive 

ion-exchange to reduce the sodium level. 4 (The residual sodium level in the present 

sample is 0.024 mass%, expressed in terms of Na2O). The detailed preparative history of 

the sample used in the present work was not available but it is likely that multiple 

ion-exchange with fresh NH4+ solutions will have been used at elevated temperatures 

(70-100T). It is also kno"n that an intermediate calcination step (200-600*C) is useful 

since it promotes rearrangement of ions within the zeolite-Y lattice and so makes more of 

the Ne ions accessible to exchange with NH44" 16 Such a calcination step would also give 

rise to non-framework aluminiurn as, for example, demonstrated in the work of Klein and 

co-workers. 4 

There is general agreement in the literature that the resonance centred at g (27AI) =0 ppm is 

due to a octahedrally co-ordinated non-framework species. Klinowski and co-workers'5 

suggested that the main species is present as [AI(H20)6 ]3+ in cationic positions and this 
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suggestion has been accepted by other workers. 4-14 Two possible explanations have been 

put forward for the nature of the non-framework aluminium, which gives rise to a broad 

resonance in the region of S(27AI) = 30 ppm. Gilson and co-workers8 proposed that this 

aluminium. ýpecies was due to the presence of penta, co-ordinate aluminiurn on the basis of 

a comparison with similarly co-ordinated aluminium in the mineral andalusite. By contrast 

Samoson and co-workersIO suggested that this resonance was due to a highly distorted 

tetrahedral species. This is an area which remains to be resolved. 

The 27AI MAS NMR spectrum of untreated 8.6LaH-Y (Figure 5.8(b)), as already indicated, 

shows similar features to that of the parent untreated NH4_Y Sample. The general form of 

the spectrum is also similar to that reported by Klein and co-workers4 for a partially 

exchanged lanthanum/sodium zeolite-Y (LaNa-Y) which was calcined at 350"C for 

24 hours. A more detailed comparison of the 27AI MAS NMR spectrum with that for 

untreated NH4_Y shows that there is a relative increase in the amount of non-framework 

aluminium. 

b 

j5 (27AI) 

Figure 5.8 27AI MAS NMR spectra obse 

400 200 0 -200 -400 

(5(27AI) 

rved at 104-169 MHz for (a) an untreated 

sample of NH4-Y, number of scans = 10 000 and (5 (27AI) = 60±4 ppm, and 

(b) untreated 8.6LaH-Y, number of scans = 15 000 and 

(5 (27AI) = 60±5 ppm. For both spectra the external reference was a 

0.1 mol dM-3 aqueous solution of [AI(H20)6 ]3+, pulse delay =Is, pulse 

width =2 ps, and spinning frequency -8 kHz. 

No 27AI MAS NMR spectra were recorded for the other lanthanum-loaded samples. This 

was due to limited access to the NMR spectrometer. However, it is reasonable to assume 
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that ion-exchange with lower levels of lanthanum, would have a similar effect on the 

zeolite-Y lattice, that is small increases in non-framework aluminium at the expense of 

framework aluminium. This assumption is supported by the XRD data 

(Figure 5.7, -Table 5.3) which shows that all samples have comparable crystallinity. 

Relatively large reductions in unit cell constant would be expected12 if extensive extraction 

of aluminium. from the zeolite-Y lattice had occurred. 

XRD patterns recorded for samples contaminated with vanadium did not show any 

deviation, in terms of crystallinity, from the patterns recorded for the untreated lanthanum 

ion-exchanged samples (Figure 5.7). Table 5.4 gives the computed unit cell constants for 

these samples; within experimental error no distinct trends are observed except in the case 

of the H-Y and 1.5LaH-Y samples which are discussed in more detail shortly. Surface area 

measurements were not carried out on these samples since, being unsteamed, there was the 

possibility of introducing vanadium contamination into the surface area apparatus. 

Sample Vanadium loading /ppm Unit cell constant /A (±0.035A) 
H-Y 0 24.591 

5000 24.531 
1.5LaH-Y 0 24.603 

1000 24.556 
3000 24.573 
5000 24.588 

2.6LaH-Y 0 24.636 
1000 24.627 
3000 24.605 
5000 24.663 

5. OLaH-Y 0 24.637 
5000 24.661 
10000 24.653 

8.6LaH-Y 0 24.654 
5000 24.669 
10000 24.683 
15000 24.710 

Table 5.4 Computed unit cell constants for vanadium-contaminated zeolite-Y 
with differing levels of lanthanum. ion-exchange. 
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The 27AI MAS NMR spectra recorded for the 8.6LaH-Y sample contaminated with 

(a) 0 pprn vanadium, (b) 5000 pprn vanadium, (c) 10 000 ppm vanadium, and 

(d) IS 000 ppm vanadium are given in Figure 5.9. 
1 

400 200 0 -200 400 

IT--M77- 

400 200 -200 -400 

b 

400 200 0 -200 -400 

d 

400 200 0 -200 -400 
15(27AI) 15 (27AI) 

Figure 5.9 27AI MAS NMR spectra observed at 104.169 MHz for 8.6LaH-Y 

contaminated with (a) 0 ppm vanadium, number of scans = 15 000, and 
8 (27AI) = 60±5 ppm, (b) 5 000 ppm vanadium, number of scans = 15 000 

and j5(27AI) = 58±8 ppm, (c) 10 000 ppm vanadium, number of 
scans = 14 000 and, 5(27AI) = 58±10 ppm and (d) 15 000 pprn vanadium, 
number of scans = 6000 and 8(27AI) = 57±10 ppm. For all spectra the 

external reference was a 0.1 mol. dm-3 aqueous solution of [AI(H20)6 13+, 

pulse delay =1s, pulse width =2 ps, and spinning frequency -8 kHz. 

The spectra show that contamination with vanadium results in an increase in the resonance 

centred at j5(27AI) =0 ppm. This resonance, as already indicated, can be attributed to 

non-framework octahedral aluminium. sites. 4-15 One possibility, therefore, is that 

vanadium, even under the relatively mild preparation conditions (Section 4.2), promotes 

increased production of non-framework aluminium. sites. It can also be noted that there is 

also an increase in the halfwidth of the framework aluminium resonance centred at 

, 5(27AI) - 60 ppm which is consistent, as for exarnple reported by Klinowski and 

co-workers, 12 with a change from framework to non-framework aluminium. 
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A decrease in framework aluminium. sites would be expected to be accompanied by a 

decrease in the unit cell constant. Klinowski and co-workers12 demonstrated in studies of 

the dealumination of zeolite-Y by both hydrothermal treatment and treatment with silicon 

tetrachloride (Section 2.1.1) that a decrease in unit cell constant occurred as a result of the 

removal of framework aluminium. The results presented in Table 5.4 for the H-Y and 

1.5LaH-Y samples show a similar, but small, trend, however this is not the case as the 

lanthanurn loading increases further. There is thus not definitive evidence that 

contamination with vanadium in the absence of steam treatment, can lead to dealumination. 

It could also be possible that vanadium interacts with non-framework aluminium species 

that are already present and in some way promotes the formation of octahedral aluminiurn 

species. This is an area for further work. 

5.2.1.2 Samples with Steam Treatment 

Steam treatment was carried out at 7500C and 8000C for five hours using air as a carrier 

gas. Table 5.5 gives the computed unit cell constants and surface area measurements 

obtained from this series of experiments. In general, and as observed for the commercial 

FCC samples, steam treatment results in a loss of zeolite-Y crystallinity. The extent of this 

loss depends upon the lanthanum. ion-exchange level, the vanadium contamination and the 

temperature of treatment. 

Effect of increasing lanthanum ion-exchange levels 
11 

Figure 5.10 shows the XRD patterns recorded for five zeolite-Y samples ion-exchanged 

with differing levels of lanthanum. The samples were contaminated with 5000 ppm 

vanadium and steam treated at NOT for 5 hours using air as a carrier gas. The XRD 

patterns show that as the lanthanum, ion-exchange level is increased, then the amount of 

crystalline material remaining in these samples also increases. This is consistent with the 

expectation that increasing the lanthanum, ion-exchange level increases the resistance of the 

zeolite-Y lattice to destruction. 
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Sample Reaction 
conditions 

Vanadium 
loading /pprn 

Unit cell constant Surface area 
/A (:: F- 0.035 A) /M2g-l_ (110%) 

H-Y Untreated Untreated 24.591 787 
750/5/80/AIR 0 - 27 

x 5000 81 
800/5/80/AIR 0 18 

5000 22 
1.5LaH-Y Untreated Untreated 24.603 805 

750/5/80/AIR 0 24.215 436 
1000 24.226 405 
3000 24.242 370 
5000 24.264 357 

800/5/80/AIR 0 - 263 
1000 - 103 

1000 - 108 
5000 - 109 

2.6LaH-Y Untreated Untreated 24.636 783 
750/5/80/AIR 0 24.291 504 

1000 24.307 540 

. 3000 24.267 510 
5000 24.274 473 

800/5/80/AIR 0 24.208 389 
1000 24.217 401 
3000 24.200 346 
5000 24.267 245 

5. OLaH-Y Untreated Untreated 24.637 787 
750/5/80/AIR 0 24.378 610 

5000 24.369 520 
10000 24.308 386 

800/5/80/AIR 0 24.269 523 
5000 24.249 330 

10000 - 96 
8.6LaH-Y Untreated Untreated 24.654 784 

750/5/80/AIR 0 24.431 646 
5000 24.375 535 

10000 24.366 420 
15000 24.287 207 

800/5/80/AIR 0 24.382 574 
5000 24.276 373 

10000 - 112 
15000 20 

Table 5.5 Computed unit cell constants and surface area measurements for steam 

treated model zeolite-Y samples. Omissions appear in the unit cell constant 

data due to insufficient crystalline material remaining, after treatment, for 

accurate determination. 
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Figure 5.11 shows, in graphical form, the results of the steam treatment of samples with 

differing lanthanurn ion-exchange levels at vanadium loadings of zero ((a) and (b)) and 

5000 pprn ((c) and (d)) vanadium, in terms of the behaviour of both surface area ((a) and 

(c)) and unit cell constant ((b) and (d)). From graphs (a) and (c) it can be seen that as the 

lanthanum, ion-exchange level increases then so does the amount of crystalline material 

remaining within these samples (increasing surface area); this is consistent with the XRD 

results (Figure 5.10). From the shape of the curves it can be seen that, at both reaction 

temperatures and with vanadium present or not, there is a sharper increase in the zeolite-Y 

resistance to destruction as the lanthanurn ion-exchange level is increased from 0 to 

ca. 3.0 mass% lanthanum, than there is as the lanthanurn ion-exchange level is further 

increased. This suggests, for any given set of reaction conditions (steaming temperature, 

vanadium loading), that there is an optimum lanthanurn ion-exchange level, above which 

there is relatively little further benefit to be gained in promoting stability of the zeolite-Y 

lattice. 

The same general trend for the surface area to increase as the lanthanurn ion-exchange level 

increases is also observed for the other vanadium loadings as can be confirmed in 

Table 5.5. For example, for samples that have been contaminated with 1000 ppm 

vanadium and steam treated at 750*C it can be seen that the surface area increases from 

405 m2g-1, for the I. SLaH-Y sample, to 540 m2g-I for the 2.6LaH-Y sample. 

From the unit cell constant data presented in Figure 5.11 (b) it can be seen that as the 

lanthanum. ion-exchange level increases then so does the observed unit cell constant. This 

general behaviour is less pronounced in the presence of 5000 ppm vanadium 

(Figure 5.11 (d)) and for steam treatment at 800*C there is, within experimental error, no 

increase in unit cell constant. For samples contaminated with 10 000 ppm vanadium and 

steam treated at 750'C it can be seen, from Table 5.5, that the unit cell constants: 

24.308 ± 0.035 A for the 5. OLaH-Y sample and 24.366 ± 0.035 A for the 8.6LaH-Y sample 

are similar, within experimental error. 
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The 27AI MAS NMR spectra recorded for zeolite-Y samples contaminated with 0 and 

5000 ppm vanadium, and steam treated at 750'C for 5 hours using air as a carrier gas, are 

given in Figure 5.12. All of the spectra were subject to filtering through an exponential 

window pn-br to Fourier transformation, in order to improve the signal to noise ratio 

(Section 3.3.3). Spectra (a), (c), (e), (g) and (i) (first column) are for samples which are 

vanadium free, spectra (b), (d), (f), (h) and 0) (second column) are for samples 

contaminated with 5000 ppm vanadium. Spectra (a) and (b) are for H-Y samples, (c) and 

(d) for 1.5LaH-Y samples, (e) and (f) for 2.6LaH-Y samples, (g) and (h) for 5. OLaH-Y 

samples, and (i) and 0) for 8.6LaH-Y samples; that is, moving down a column of spectra 

shows the effect of increasing lanthanum. ion-exchange level and moving across shows the 

effect of introducing 5000 pprn vanadium. 

One immediate feature of all these spectra is the change in the relative intensities of the 

framework and non-framework aluminium. This is particularly evident with lanthanum 

ion-exchange levels below 2.6 mass% lanthanum where non-framework alurninium, species 

are dominant. Similar observations have been made by other workers following steam 

treatment of zeolite-Y based samples. 5,6,8-10,12,15 It is generally found, as in the present 

work, that the extent of the framework to non-framework ratio depends upon the steaming 

conditions (reaction temperature, duration of experiment and steam to carrier gas ratio), the 

specific characteristics of the zeolite-Y used (Si/Al ratio, residual sodium level, type and 

concentration of balancing ions) and the vanadium loading. In addition to the resonances 

discussed previously (j5 (27AI) - 60,3 0,0 ppm) it can be seen that there is also a very broad 

resonance which spans some 400-500 ppm; this resonance is most evident in the spectra of 

the lower lanthanum ion-exchanged samples. Klinowski and co-workers12 assigned this 

broad signal to the presence of a polymeric aluminium, species. For such species it can be 

anticipated that the aluminium, will be in low symmetry environments and consequently 

there will be a wide range of electric field gradients leading to a distribution of quadrupole 

interactions for the aluminium, nucleus. It is worth noting at this stage that in addition to 

the four resonances observed here other workerS6,9 have found evidence for additional 

resonances in the 27AI MAS NMR spectrum after hydrothermal treatment. Notably a 
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Figure 5.12 27AI MAS NMR spectra observed at 104.169 MHz; all spectra were filtered 
through an exponential window prior to Fourier transformation. For all 
spectra the external reference was a 0.1 mol dM-3 aqueous solution of 
[AI(H20)6 ]3+, pulse delay =1s, pulse width =2 ps, spinning 
frequency -8 kHz, number of scans = 10 000, except for (a) = 15 000 scans 
and (i) and 0) = 6000 scans. Samples steam treated at 750*C for 5 hours 
using air as a carrier gas with (a), (c), (e), (g) and (i) vanadium free and (b), 
(d), (f), (h) and 0) contaminated with 5000 ppm vanadium. (a) and (b) 
represent spectra for H-Y samples, (c) and (d) 1.5LaH-Y, (e) and (f) 
2.6LaH-Y, (g) and (h) 5. OLaH-Y, and (i) and 0) 8.6LaH-Y. 
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resonance centred at J(27AI) - 50 pprn and resonances in the range j5(27AI) - 0-4 ppm. 

Grobet and co-workerS6 found that the resonance centred at (5(27AI) - 50 ppm was formed 

under relatively mild hydrothermal. conditions for which extraction of aluminium. from the 

zeolite-Y laltice was not favoured. Under hydrothermal conditions that favoured removal 

of aluminium. from the zeolite-Y lattice the resonance was not present but instead a 

resonance at, 5(27AI) - 30 pprn was observed. The resonance was assigned to tetrahedral 

aluminiurn similar to that observed in amorphous silica-alumina. Freude and co-workers9 

also assigned the resonance to tetrahedral aluminium, but in a different environment, 

namely AlOOH associated with two framework oxygens. Grobet and co-workerS6 assigned 

the resonances in the range j5 (27AI) - 0-4 ppm to six co-ordinate aluminium, in some 

polymeric form. 

Returning to Figure 5.12, it can be seen, moving down either of the columns of spectra, 

that as the lanthanum ion-exchange level increases then so does the relative amount of 

framework aluminium present within each sample; that is an increase in the relative 

intensity of the resonance centred at J(27AI) - 60 ppm. This is consistent with the XRD 

and surface area measurements which confirm that increasing the lanthanurn ion-exchange 

level increases the amount of crystalline material present within each sample. It can also 

be noted that the observed increase in unit cell constant with increasing lanthanum. 

ion-exchange level is also indicative of an increase in the relative amount of framework 

aluminium. 

Effect of increasing vanadium contamination 

The effect of increased vanadium loading is most clearly observed for high lanthanum 

ion-exchanged samples where greater amounts of vanadium can be added. Figure 5.13 

gives the XRD patterns for the series of 8.6LaH-Y samples steam treated at 800'C for 

5 hours using air as a carrier gas and contaminated with 0,5000,10 000 and 15 000 ppm 

vanadium. It can be seen that as the vanadium concentration is increased then the arnount 

of crystalline material falls. This happens to such an extent that at 15 000 pprn vanadium 

no crystalline zeolitic material remains. The low intensity diffraction peaks that can be 
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seen in this XRD pattern (Figure 5.13 (d)) at 26,3 5,41 and 60.5", in 20 (peaks labelled (3) 

are due to the formation of mullite. Mullite is an aluminosilicate which can have a range of 

compositions from A16S'2013 to A14S'2010* It can be regarded as a disordered phase of 

aluminiurn tilicate intermediate between the ordered phases of sillimanate (Al2SiO5) and 

andalusite (Al2S'05). 17 The formation of mullite from severely treated zeolite-Y has been 

reported by Gallezot and co-workers. 18 Other workers6,19-20 have shown that vanadium can 

be incorporated into the mullite lattice and it is known to act as a mineralising agent 

lowering the formation temperature of mullite by more than 400*C. 

The change in zeolite-Y crystallinity as the vanadium concentration is increased can also 

be followed via surface area measurements. Figure 5.14 shows the surface area 

measurements for the lanthanurn ion-exchanged samples plotted as a function of vanadium 

loading. Figure 5.14 (a), for the H-Y sample, illustrates how unstable the zeolite-Y lattice 

is without the presence of lanthanum. ions. Treatment of this sample, at both reaction 

temperatures, with and without vanadium, results in the complete loss of all zeolitic 

material. The small increase in surface area when the sample is steam treated in the 

presence of vanadium, is most likely due to recrystallisation of amorphous material. The 

1.5LaH-Y (b) and 5. OLaH-Y (d) samples show similar trends to those already discussed for 

the 8.6LaH-Y (e) sample; that is, increasing the vanadium loading increases the loss of 

zeolite-Y crystallinity. For the 2.6LaH-Y (c) sample the same is true for steam treatment at 

800'C, however, at 750'C there is a small increase in surface area at 1000 and 3000 ppm 

vanadium compared to the vanadium free sample. The reason for this behaviour is not 

clear although it is interesting to note that at this lanthanum ion-exchange level, the 

measurements of surface area is particularly sensitive to experimental conditions 

(Chapter 4). It can also be noted that even at 5000 ppm vanadium the reduction in surface 

area, compared to the vanadium free sample, is only small. 

The changes in unit cell constant for the steam-treated samples can be compared using 

Figure 5.15. Unit cell constants could not be obtained from the essentially amorphous 

XRD patterns for the H-Y samples. Contrasting results are observed, depending upon the 

lanthanum, ion-exchange level. For the 1.5LaH-Y (a) sample it can be seen that as the 

yqnadiurn loading is increased there is a trend for the unit cell constant to also increase. 
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For the 5. OLaH-Y (c) and 8.6LaH-Y (d) samples the unit cell constant tends to fall as the 

vanadium loading is increased. The unit cell constant results for the 2.6LaH-Y (c) sample 

do not show any consistent trends with increasing vanadium loading, although most of the 

observed changes in unit cell constant are within the limits of experimental error. 

The 27AI MAS NMR spectra recorded for the 8.6LaH-Y samples at both reaction 

temperatures and at all vanadium loadings are given in Figure 5.16. The first column of 

spectra ((a), (c), (e) and (g)) have been steam treated at 750"C and the second column of 

spectra ((b), (d), (D and (h)) have been steam treated at 800*C. Moving down a column of 

spectra shows the effect of increasing vanadium loading and moving across shows the 

effect of increasing temperature. 

It can be seen that as the vanadium loading is increased then the framework alurninium 

resonance, centred at 3(27AI) - 60 ppm, becomes relatively less intense and less well 

resolved. This indicates that increased destruction to the zeolite-Y lattice has occurred and 

this is consistent with the surface area measurements (Figure 5.14 (e)). The same is true at 

both reaction temperatures. The decrease in the framework aluminium is accompanied by 

an increase in non-framework aluminiurn species with an increase in the resonances 

centred at (5(27AI) - 30 ppm, 15(27AI) -0 ppm. There is also a noticeable increase in the 

very broad resonance which spans some 400-500 ppm as the vanadium loading increases. 
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Figure 5.16 27AI MAS NMR spectra observed for 8-6LaH-Y samples at 104.169 MHz, 

all spectra were filtered through an exponential window prior to Fourier 

transformation. For all spectra the external reference was a 0.1 mol dm-3 

aqueous solution of [AI(H20)6 13+, pulse delay =Is, pulse width =2 ps, 

spinning frequency -8 kHz, number of scans = 6000, except for 
(h) = 54 000 scans, (g) = 12 358 scans, and (d) and (f) = 8000 scans. 
Samples (a), (c), (e) and (g) steam treated at 750'C for 5 hours using air as a 

carrier gas. Samples (b), (d), (f) and (h) steam treated at SOOT for 5 hours 

using air as a carrier gas. (a) and (b) free from vanadium contamination, (c) 

and (d) contaminated with 5 000 ppm. vanadium, (e) and (f) with 10 000 ppm, 

vanadium, and (g) and (h) 15 000 ppm. vanadium. 
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Effect of increasing temperature 

Figure 5.17 shows the XRD patterns for a sample of 8.6LaH-Y contaminated with 

5000 ppm vanadium and steam treated at 750*C (a) and 8001C (b) for 5 hours using air as a 

carrier gas. The increase in temperature results in an observed decrease in the amount of 

crystalline material. The same is true for other lanthanurn ion-exchanged samples at all 

vanadium loadings, as can be confirmed from Figure 5.14. It can also be seen from 

Figure 5.15, where data is available, that an increase in temperature results in an additional 

decrease in the unit cell constant. The 27AI MAS NMR spectra reflect these changes ahd it 

can be seen from Figure 5.16 that increasing the temperature results in a decrease in the 

framework aluminiurn resonance and a corresponding increase in the non-framework 

resonances. 

5.2.2 Zeolite-Y Samples and Different Treatment Conditions 

Specific investigations relating to different treatment conditions, for example changing the 

steam to air ratio, were carried out for the 2.6LaH-Y sample. The reproducibility of the 

results obtained from different batches of this sample have already been discussed in 

Chapter 4. Table 5.6 summaries the results of the investigations: the carrier gas was air. 
No experiments were performed at steam to carrier gas ratios of 10,20, and 30 % steam 
because the carrier gas flow rates needed to achieve these ratios would have been too high 

and the sample would have been blown out of the furnace system. 
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Reaction 

conditions 

Steam/gas ratio 

/% steam 

Vanadium 

loading /ppm 

Unit cell 

constant /A 

(±0.035A) 

Surface area 

/M2g-I (±10%) 

800/5/AIR 0 5000 24.261 649 

50 24.281 495 

60 24.299 1 440 

70 24.253 399 

80 151 

100 - 146 

800/5/AIR 0 10000 24.269 666 

40 24.275 206 

so 24.258 128 

60 24.263 122 

Table 5.6 Reaction conditions, surface area and unit cell constant data for 2.6LaH-Y 

samples steam treated at differing steam to carrier gas ratios, and two 

different vanadium loadings. Omissions appear in the unit cell constant 

data due to insufficient crystalline material remaining, after treatment, for 

accurate determination. 

Figure 5.18 shows plots of both the surface area and unit cell constant data presented in 

Table 5.6 as a function of steam to carrier gas ratio. It can be seen that as the steam to 

carrier gas ratio is increased then there is a decrease in zeolite-Y crystallinity (decreasing 

surface area), at both vanadium loadings. The XRD patterns obtained for these 

steam-treated samples also reflect this change in zeolite-Y crystallinity. The decrease in 

surface area is not linear and the behaviour of the sample contaminated with 5000 ppm 

vanadium shows a steady decrease in surface area from 0-70 % steam and then a sharp 

decrease as the steam to carrier gas ratio is increased to 80 % steam. Above 80 % steam 

the change in surface area is relatively small. It can be noted that measurement of surface 

area in the region of 70 % to 80 % steam will be particularly sensitive to the steam to 
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carrier gas ratio. This will be an additional factor determining the reproducibility of results 

in this region. For the sample contaminated with 10 000 ppm vanadium it appears that 

changes in surface area become relatively small at the lower steam to carrier gas ratio of 

ca. 40% (asindicated earlier experiments could not be carried out at steam to carrier gas 

ratios of less than 40%). Overall the results suggest that the range of steam to gas ratios 

over which significant changes in zeolite-Y crystallinity occur depend on vanadium 

-loading: the higher the loading the narrower the range measured from zero steam. 

The unit cell constant data indicates that calcination of the samples results in a sharp 

decrease in the unit cell constant. This decrease is maintained, within the limits of 

experimental error, for the steam-treated samples. The 27AI MAS NMR spectra recorded 

for the samples, contaminated with 5000 pprn vanadium, and steam treated at 800'C for 

5 hours are given in Figure 5.19. The spectra reflect the changes that were deduced from 

the XRD and surface area measurements. There is a decrease in the framework aluminiurn 

sites, centred at 8(27AI) - 60 ppm and an increase in the non-framework aluminium sites, 

centred at j5(27AI) - 30 and -0 ppm, together with the broad signal between 

8(27AI) - -250 - 250 ppm. It can be noted that a distinct difference between the calcined 

and steam-treated spectra is observed. It can be seen that the form of the 27AI NMR spectra 

for the calcined sample in the chemical shift region of 30 pprn is better resolved when 

compared to similar regions in the steam treated samples. The reason for this behaviour is 

not clear. 
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Figure S. 19 27AI MAS NMR spectra for 2.6LaH-Y samples observed at 104.169 MHz, 

all spectra were filtered through a exponential window prior to Fourier 

,3 transformation. For all spectra the external reference was a 0.1 mol d'11- 

aqueous solution of [AI(H20)6 ]3+, pulse delay =Is, pulse width =2 ps, 

spinning frequency -8 kHz, number of scans = 10 000, except for 

(c) = 7315 scans. The samples were steam treated at 800'C for 5 hours 

using air as a carrier gas with a steam to carrier gas ratio of (a) 0% steam, 

(b) 50 % steam, (c) 60 % steam, (d) 70 % steam, (e) 80 % steam, and 

(f) 100 % steam. 

Effect ofnitrogen as a carrier gas 

A series of experiments were carried out for the 5. OLaH-Y and 8.6La]H-Y samples in which 

nitrogen gas, rather than air, was used as the carrier gas. The samples were steam treated at 

- 750*C and NOT for 5 hours at the standard steam to carrier gas ratio (80 % steam). 
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Table 5.7 gives the surface area and unit cell constant data for the steam-treated samples, 

also included are the results for samples steam-treated using air as a carrier gas (Table 5.5) 

for ease of comparison. All of this information is presented in graphical form in 

Figure 5.20ý 

The samples steam treated under a nitrogen atmosphere (solid data points) show the same 

general trends as for those treated under air (open data points): that is there is a loss of 

surface area (zeolite-Y crystallinity) as both the vanadium loading and temperature are 

increased. These observations are valid for both the 5. OLaH-Y and 8.6LaH-Y samples. In 

more detail, however, there is an important difference between the samples treated at 

7501C and 800'C. At the lower of these two temperatures it is clear that the presence of the 

nitrogen atmosphere lessens the destructive effect of the presence of vanadium. In contrast 

at 800'C the measured surface areas are essentially the same irrespective of whether the 

steaming is carried out in an air or nitrogen atmosphere. 



162 

Sample Reaction Vanadium Unit cell Surface area lu 

conditions loading /ppm, /A /M2g-I (±10%) constant /A 
A (±0.035A 

5. OLaH-Y 750/5/$O/AIR 0- 1 24.378 610 

5000 24.369 520 

10000 24.308 386 

750/5/80/N2 0 24.412 617 

5000 24.350 560 

10000 24.328 497 

800/5/80/AIR 0 24.269 523 

5000 24.249 330 

10000 - 96_ 

800/5/80/N2 0 
. 
24.309 526 

5000 24.224 317 

10000 - ill 

8.6LaH Y 750/5/80/AIR 0 24.431 646 

5000 24.375 535 

10000 24.366 420 

750/5/80/N2 0 24.441 658 

5000 24.430 628 

10000 24.400 564 

800/5/80/AIR 0 24.382 574 

5000 24.276 373 

10000 - 112 

800/5/80/N2 0 1 24.349 560 
5000 24.304 344 

10000 - 121 

Table 5.7 Unit cell constant and surface area data for the 5. OLaH-Y and 8.6LaH-Y 

samples steam treated under either an air or nitrogen atmosphere. 

Omissions appear in the unit cell constant data due to insufficient crystalline 

material remaining, after treatment, for accurate determination. 

.1 
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A change from an air to a nitrogen atmosphere removes a source of oxygen from the 

treatment system. On the basis of the results described above it is thus possible to 

speculate that the presence of gaseous oxygen, at least at 7500C, has an influence on the 
I 

mechanism by which vanadium interacts with lanthanum. stabilised zeolite-Y: that is 

stability is favoured in a more reducing atmosphere. At 8000C the presence of oxygen gas 

is not as critical. This could suggest, at this higher temperature, that sufficient oxygen is 

derived from the steam or the lattice of the zeolite-Y. 

Despite a literature search, no reports cquld be found in the open literature which describe 

comparative experiments between air and nitrogen as carrier gases: reported work simply 

focussed upon air, nitrogen or an inert atmosphere. For example, Wormsbecher and 

co-workerS21 worked with nitrogen as a carrier gas using a similar experimental 

arrangement to ourselves (Section 4.5), Maug6 and co-workerS2 worked with air as a 

carrier gas, again in a fluidised arrangement, and Breck and SkeelS22 steam-treated under a 

static atmosphere using a conventional oven (the steam was passed directly over shallow 
beds of zeolite sample). 

Pompe and co-workerS23 working with an experimental arrangement which involved a 

complex cycle of reducing (CH4) and oxidising (air) atmospheres, to simulate both the 

riser-cracker and regenerator part of the FCCU, suggested the role of'extra oxygen', and its 

origin, was important in the mechanism of vanadium-induced destruction of the zeolite-Y 
lattice. Working with mixtures of V205 and RE-Y type zeolites, they proposed that V205 

attacks the RE component of the zeolite-Y forming a low melting RE-vanadate. The 

formation of vanadate requires more oxygen than the V205 can supply and so it was 

proposed that the extra oxygen needed for this reaction could derive from the zeolite-Y 
lattice; in other words vanadate formation leads to the loss of zeolite-Y crystallinity. It 

should be noted that lanthanum vanadate formation has been observed in the present work 

and this important observation will be discussed further in Section 5.2.3. As already stated 

our results show that steam treatment at 750/5/80/N2 has benefits in terms of retention of 

zeolite-Y crystallinity over treatments at 750/5/80/AIR. It is feasible that the difficulty of 

forming LaV04 in the nitrogen atmosphere is related to this observed retention of 

Z, eolite-Y crystallinity. 
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5.2.3 Further Results and Discussion 

Overall the results for the model series of samples based on zeolite-Y are similar to those 

observed for the co . mmercial FCC samples (Section 5.1). This strongly supports the view 

that zeolite-Y by itself is a useful model for investigating the behaviour of the more 

complex commercial catalyst. For both types of catalyst it has been observed that, 

(1) increasing vanadium loading results in a loss of zeolite-Y crystallinity, (2) increasing 

temperature also results in a loss of zeolite-Y crystallinity and (3) an increase in RE 

(lanthanurn for the model zeolite-Y samples) ion-exchange level increases the resistance of 

the zeolite-Y to destruction in the presence of steam. 

The relationship that exists between RE ion-exchange level and vanadium loading is 

relatively complex and this is further complicated by the fact that each of the differently RE 

ion-exchanged samples have different stabilities with respect to one another; that is, steam 

treatment, in the absence of vanadium, results in samples which contain differing amounts 

of crystalline material. This can be confirmed, for example, by the zeolite-Y results in 

Figure 5.11 (a). The plot of surface area versus lanthanurn ion-exchange level clearly 

shows that increased lanthanurn ion-exchange level results in increased surface area, or 

increased amounts of crystalline zeolite-Y. To summarise, each of the lanthanum 

ion-exchanged samples has a different base stability towards steam, and this stability 

increases with increasing lanthanurn ion-exchange level. This behaviour needs to be taken 

into account when considering the results for samples steam treated in the presence of 

vanadium. 

In general it has been demonstrated that an increase in vanadium level results in loss of 

zeolite-Y crystallinity (Figure 5.14). This loss of crystallinity will depend upon both the 

effects of steam treatment and the influence of vanadium. It is of direct interest to explore 

the consequences of assuming that these two factors are largely independent of one 

another: in other words to assume that any loss of zeolite-Y crystallinity due to steam 

treatment will be the same irrespective of whether vanadium is present or not. Surface area 

measurements can be used for this purpose. In particular the difference between the 

ýu. rface area of a steam-treated sample with no vanadium present and that for a sample 
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contaminated with a given amount of vanadium, will provide an operational measure of the 

effect of the presence of vanadium alone. 

It is convenient to consider samples with a 5000 ppm. vanadium loading. Figure 5.21 

shows a plot of the difference in surface area between samples with no vanadium loading 

and those loaded with 5000 pprn vanadium as a function of lanthanum ion-exchange level. 

Results for samples steam treated at 7500C, as well as NOT, are included in the diagram. 
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Lanthanum ion-exchange level (La3+) /mass% 

Figure 5.21 A plot of the difference in surface area obtained between samples with no 

vanadium loading and those loaded with 5000 ppm vanadium as a function 

of lanthanum ion-exchange level. 13 represent steam treatment at 7500C, 

steam treatment at 8000C. 

The general behaviour at both reaction temperatures is similar and, as expected, there is 

greater loss of zeolite-Y crystallinity at the higher temperature. The negative values 

obtained for the H-Y samples arise because of the increase in surface area that was 

observed upon the introduction of vanadium (Figure 5.14 (a)). As was stated earlier this is 

., iI 
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probably due to the recrystallisation of the amorphous material rather than any stabilising 

effect of the vanadium. 

In more detail as the lanthpurn ion-exchange level increases at either temperature then so 

does the amount of destruction caused to the zeolite-Y lattice by the presence of vanadium. 

However, it is important to note that at both treatment temperatures, but particularly at the 

lower temperature, the amount of destruction caused to the zeolite-Y lattice for the 

2.6LaH-Y sample is distinctly less than might be anticipated from the general trend. This 

observation is contrary to expectation since REs generally improve the zeolite-Y stability 

towards thermal and hydrothermal treatment. This behaviour will be discussed in more 

detail shortly in terms of the more general mechanism to be discussed below. 

A possible mechanism for the effect of vanadium on the stability of lanthanum-exchanged 

zeolite-Y is as follows. Vanadium deposited upon the surface of the zeolite-Y migrates to 

the lanthanurn ions present within the zeolite-Y lattice, a reaction takes place, and the 

lanthanum is removed from the zeolite-Y in the form of a lanthanurn/vanadium. compound. 

This has the effect of removing the stabilising effect that the lanthanurn ions provide, so 

that the zeolite-Y becomes thermally unstable, and lattice collapse proceeds through a 

thermal/hydrothermal mechanism. In essence this mechanism has features similar to those 

suggested by Pompe and co-workers. 23 Given that in outline this mechanism is correct 

then the presence of lanthanurn/vanadium. compounds would be expected to be observed. 
With this in mind, 5 IV MAS NMR spectra were recorded for the 8.6LaH-Y samples 

contaminated with IS 000 pprn vanadium and steam treated at both 75 OT and 800'C 

(Figure 5.22). 
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Figure 5.22 5 IV MAS NMR spectrum observed at 105.075 MHz. An exponential filter 

was used prior to Fourier transformation. The spectra were recorded with 

pulse delay =Is, pulse width =2 ps, spinning frequency -7 kHz and 

external reference liquidVOC13. The spectra are for samples of 8.6LaH-Y 

contaminated with 15 000 ppm. vanadium and steam treated for 5 hours 

using air as a carrier gas (a) 750'C, number of scans = 230 000 

and, 6(5'V) = -600 ppm, and (b) 800'C, number of scans = 227 000 and 

5(5'V) = -607 ppm. 

Both spectra have poor signal to noise, even after exponential filtering. This is due to the 

low amount of vanadium present in these samples. (Increasing the signal to noise by 

increasing the number of scans was not feasible: a twofold increase would require over 

10 days of signal averaging). Spectrum (b), for the 8.6LaH-Y sample steam treated at 

8001C, shows the emergence of a single resonance centred at, 5(5'V) = -607 ppm. This is 

in good agreement with the chemical shift for lanthanurn vanadium oxide (LaV04) 

reported to be 5(5'V) = -610±10 ppm. by Lapina and co-workers. 24 A similar resonance 

also appears at 8(51V) = -600 pprn for the sample steam treated at 750T. 

In an effort to obtain a'better resolved' signal the 5 IV MAS NMR spectrum for a sample of 

2.6LaH-Y loaded with 20 000 ppm vanadium and steam treated at 8000C for 5 hours using 

air as a carrier gas was measured (Figure 5.23). The XRD pattern showed that no zeolitic 

crystalline material remained after steam treatment, this was also reflected in the surface 

area result which was found to be 17 m2g-1. 
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Figure 5.23 51V MAS NMR spectrum observed at 105.075 MHz. An exponential filter 

was used prior to Fourier transformation. The spectrum is for a sample of 

2.6LaH-Y contaminated with 20 000 ppm vanadium and steam treated at 

NOT for 5 hours using air as a carrier gas, and recorded with a pulse 

delay =Is, pulse width = 2, us, number of scans = 244 000, spinning 

frequency -7 kHz and external reference liquid VOC13. 

8(5'V) = -607±8 ppm. 

It can be seen that there is a single sharp resonance centred at 5(5'V) = -607±8 ppm. The 

spectrum has improved to such an extent that sidebands are visible, equally spaced either 

side of the central transition. The position of the main resonance is in good agreement with 

that reported for LaV04 24 and with the less well resolved resonances in Figure 5.22. 

As already described in Section 5.2.2, Pompe and co-workerS23 working with mixtures of 

V205 and RE-Y type zeolites observed the formation of LaV04 and concluded that 

vanadium migrates to the RE component of the zeolite-Y forming a low melting 

RE-vanadate. It was suggested that the extra oxygen needed for LaV04 formation came 

from the zeolite-Y lattice and this was responsible for the reduction in zeolite-Y 

.1 
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crystallinity. It is interesting that RE-vanadates have also been observed by other 

workers5,25,26 and have provided the basis for other mechanistic proposals. Maug6 and 

co-workerS25 working with highly-exchanged lanthanurn zeolite-Y observed the formation 

of LaV04 upon hydrothermal treatment in the presence of vanadium. They also recognised 

the need for additional oxygen for LaV04 formation, but in contrast to the proposals put 

forward by Pompe and co-workerS23, suggested that the extra oxygen would come from the 

stabilising La-O(H)-La links across zeolite cages (Section 2.2.1). RE complexes are 

thought to give RE exchanged zeolites added thermal stability27,28 and removal of these 

linkages would lead to thermal instability and, hence, increased destruction of the zeolite. 

Anderson and co-workerS26 observed the formation of EuV04 for vanadium contaminated 

europium-exchanged zeolite-Y and Occelli, s working with a commercial CREY type 

catalyst (mixed RE source), reported the formation of CeV04. In both cases mechanisms 

were put forward which mirrored the proposals put forward by Maugd and co-workers. 25 

If the formation of LaV04 'Simportant in the mechanism by which vanadium interacts with 

RE stabilised zeolite-Y then it could be argued that the accessibility of vanadium to 

lanthanum (or vice versa) will be a critical factor. In a very simplified picture, if it is 

assumed that there is an even distribution of lanthanum throughout the zeolite-Y lattice, 

then the probability of any given vanadium species contacting and reacting with a 

lanthanum ion will increase as the lanthanum ion-exchange level for the zeolite increases. 

This increase would not be expected to be linear since there would come a point when 

lanthanum was in such excess that all vanadium would react. This picture is consistent 

with the general trend depicted in Figure 5.21 with a'plateate region emerging at high 

lanthanurn ion exchange levels. The position of this plateau will depend upon the 

vanadium concentration, with an increase in vanadium concentration causing the plateau to 

move to higher lanthanum ion-exchange levels. 

The simple picture developed above, however does not explain the behaviour in the region 

up to 2.6 mass% ion-exchange level for lanthanum. In this case it is interesting to consider 

the number of lanthanurn ions per unit cell. Table 5.8 gives the calculated number of La3' 

ions per unit cell for zeolite-Y for each of the differently lanthanurn ion-exchanged 
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samples. These values are subject to uncertainty since a fully dehydrated zeolite-Y was 

assumed for the purposes of the calculation. 

Sample Approximate number of La3+ ions 

per unit cell (±I) 

1.5LaH-Y I 

2.6LaH-Y 2 

5. OLaH-Y 5 

8.6LaH-Y 8 

Table 5.8 The approximate number of La3+ ions per zeolite-Y unit cell for each of the 

differently lanthanum ion-exchanged samples. 

It can be seen for the 1.5LaH-Y sample that, statistically, there is only one lanthanum ion 

per unit cell. Maug6 and co-workerS2 gave evidence for a dimeric lanthanum complex 

which bridges across sodalite cages involving bridging hydroxyls and framework oxygens 

(Figure 2.7). The presence of such a species was proposed to account for the fact that 

RE-exchanged samples showed superior thermal stability over other ion-exchanged forms 

of zeolite-Y. Clearly for the 1. SLaH-Y samples the presence of such complexes would be 

limited due to the probability of there only being one lanthanum. ion per unit cell. 

Interestingly, for the 2.6LaH-Y sample it can be seen that on a statistical basis, there are 

approximately two lanthanum. ions per unit cell, so the possibility of at least one of these 

complexes per unit cell is increased. The behaviour observed in Figure 5.21, may reflect, 

therefore, the fact that below approximately 2.6 mass% lanthanum ion-exchange level the 

vanadium has a relatively greater effect on the zeolite-Y lattice. Above this value the 

presence of two or more lanthanum ions per unit cell mitigates the effect of the vanadium. 

In other words as the lanthanurn ion-exchange level becomes greater than 2.6 mass% 

stability is favoured by the formation of a dimeric species of lanthanum. This type of 

observation has not been made previously in the literature, although it must be remembered 

that it rests on the assumption that the effect of steam treatment and vanadium 

contamination are largely independent of one another. 
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Figure 5.24 presents the surface area difference for the commercial FCC samples in the 

same manner as that for the model zeolite-Y surface area data. The graph contains data for 

vanadium loadings of 2000 pprn (13) and 4000 ppm (0) vanadium at 788'C. The values in 

parentheses-give the RE concentration in terms of RE3+, for comparison with the La3+ 

concentrations used in the zeolite-Y model system. These values must be regarded as 

approximate since, in the absence of any further information, the relative molecular mass 

of an RE3+ ion was assumed to be 139. 
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Rare earth ion-exchange level (RE203) /mass% 

Figure 5.24 A plot of the difference in surface area obtained by taking away the surface 

area of the steam treated commercial FCC samples contaminated with 

2000 ppm vanadium (0) and 4000 ppm vanadium (0) from the surface area 

of the steam-treated vanadium free samples. 13 and N represent steam 

treatment at 788'C. The values in parentheses give the approximate RE 

concentration in terms of RE3+, for comparison with La3+ concentrations 

used in the zeolite-Y model systems. 

1.12(0.96) 2.73(2.33) 
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The rare earth concentrations incorporated into these FCC samples are typical of the lower 

La3+ concentrations incorporated in the model zeolite-Y samples. The shape of the curves 

generated from the simple model are similar, in terms of trends, to those presented for the 

model zeolite-Y samples. The results show an increase in the amount of destruction 

caused to the zeolite-Y lattice as the RE loading is increased, then a decrease as the number 

of RE3+ ions per unit cell approaches two. 

In conclusion, a mechanism has been suggested to explain the loss of zeolite-Y crystallinity 

due to the presence of vanadium. The rpechanism involves the removal of the RE ions, 

and hence the stabilising effect of these ions, by vanadium. It is supported by the 

observation of LaV04 within samples after hydrothermal treatment in the presence of 

vanadium. Further discussion of this mechanism is given in Chapter 6. It should also be 

noted that investigations, centred around changing the experimental conditions, rather than 

catalyst composition, have provided information regarding vanadium species responsible 

for the loss of zeolite-Y crystallinity. Results have shown that decreasing the temperature, 

decreasing the steam to carrier gas ratio and working under a nitrogen atmosphere all have 

benefits with regard to the retention of zeolite-Y crystallinity. 

5.3 Retention of Zeolite-Y Crystallinity 

In view of the results, and observations, drawn from the studies of the commercial FCC 

and model zeolite-Y systems, a series of experiments were designed to investigate whether 

the loss of zeolite-Y crystallinity in the presence of vanadium could be controlled. A key 

component of the investigation was to deposit RE ions onto the surface of the catalyst prior 

to contamination with vanadium and steam treatment. In this way it could be investigated 

whether an'extra! source of RE could react directly with vanadium and so prevent 

vanadium/zeolite-Y interaction. Two different RE ions (lanthanurn and cerium) were used 

in the experiments which were based on the commercial FCC catalyst alpha-56. Full 

details of the procedures used for the preparation and steam treatment of the samples can 

be found in Chapter 4. 
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5.3.1 Alpha-56 Prior to Steam Treatment 

The level of vanadium contamination was chosen to be high (10 000 ppm) such that 

without anyprotection the zeolite-Y crystallinity would be substantially destroyed. The 

results of the vanadium experiments are summarised, in Table 5.9. This table gives the 

mass percentage and source of the RE ions deposited onto the FCC catalyst, as well as the 

computed unit cell constant determined for a given sample prior to steam treatment. To 

avoid any confusion in future discussion the REs deposited upon the surface of a catalyst 

sample will be referred to as 'free' in order to distinguish them from the RE ions which are 
ion-exchanged into the zeolite-Y. 

Vanadium loading 

/Ppm 

Free rare earth 

loading /mass% 

Rare earth source Unit cell constant 

/A (±0.04A) 

0 0 24.67 

10000 24.67 

0 1.0 LaCl3 24.65 

10000 24.67 

10000 2.0 LaCl. 24.66 

1.0 La(NOI), 24.67 

1.0- CeCl, 
___ 

24.68 

Table 5.9 Details of the experiments carried out for the commercial alpha-56 catalyst, 

including the computed values of unit cell constants prior to steam 

treatment. 

A selection of XRD patterns for the samples contaminated with 10 000 pprn vanadium, and 

prior to steam treatment are given in Figure 5.25 (the XRD patterns for samples with no 

vanadium did not significantly differ from these). All of the XRD patterns in the figure are 

similar although there is some evidence that the samples which had free REs deposited 

upon their surfaces do show small reductions in levels of the zeolite-Y component ((b), (c), 
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(d) and (e)). However, the surface areas of the untreated samples were not determined in 

order to prevent contamination of the surface area equipment, therefore, this reduction 

could not be quantified. It can be noted that there is also the appearance of a diffraction 

peak at 14.59, in 29, for the sample loaded with 2.0 mass% lanthanum, (c). This is not 

related to the zeolite-Y phase and the phase responsible for this new diffraction peak could 

not be identified using the JCPDS data base; although it is reasonable to suggest that it 

contains lanthanum. 

Since the RE ions were deposited upon. the surface of the catalyst from an aqueous solution 

it is possible that ion-exchange into the zeolite-Y lattice could occur. This would change 

the characteristics of the catalyst samples as well as lowering the surface concentration of 

free RE. However, if large-scale ion-exchange had occurred then this would be expected 

to cause increases in the unit cell constant. It can be seen from Table 5.9 that the changes, 

if any, in the unit cell constant are small and certainly within the limits of experimental 

error. It is reasonable to suggest that the majority of the deposited REs are present upon 

the surface of the catalyst and any ion-exchange is relatively minor. 

5.3.2 Alpha-56 following Steam Treatment 

The main experimental work involved steam treatment of the samples under standard 

conditions, (that is, steam treatment at 750'C and 800'C for 5 hours using air as a carrier 

gas), although a limited parallel investigation was undertaken where the atmosphere was 

changed from air to nitrogen. A series of control experiments were also performed in order 

to evaluate any changes to the FCC samples due to the deposition of REs. The surface area 

and unit cell constant data obtained for the steam-treated samples of the control 

experiments together with a series of free RE-loaded samples are given in Table 5.10. 

These results will be referred to in the discussion that follows. 
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Reaction 

conditions 

V4nadium 

loading 

/Ppm 

Surface rare 

earth loading 

/mass% 

Rare earth Unit cell Surface area 

source constant /A /M2g-I 

(±0.04A)- (±10%) 

Untreated" 0 0 24.67 228 

750/5/80/AIR 24.43 184 

800/5/80/AIR 24.37 165 

Untreated 10000 24.67 

750/5/80/AIR 24.33 52 

800/5/80/AIR -a 13 

Untreated 0 1.0 LaC13 24.67 

750/5/80/AIR - 173 

800/5/80/AIR - 146 

Untreated 10000 24.65 - 

750/5/80/AIR - 147 
1800/5/80/AIR 95 

a Insufficient crystalline material remained for a unit cell constant determination for the 

alpha-56 sample contaminated with 10 000 ppm vanadium and steam treated at 800"C. 

Table 5.10 Surface area and unit cell constant data for steam-treated alpha-56 samples. 

As a first step it is important to consider how the alpha-56 catalyst responds to a vanadium 

loading as high as 10 000 ppm. Figure 5.26 gives the XRD patterns recorded for four of 

the samples in Table 5.10: these are, samples with and without vanadium contamination, 

and steam-treated at both 7501C and 800"C for 5 hours using air as a carrier gas. These 

patterns are plotted with the same intensity scale (this approach is also used for all of the 

other figures involving XRD patterns in this section: Figures 5.26 to 5.30). It can be 

recalled from Section 3.1.3 that this allows direct comparison of peak intensities 

(area under the peaks) for the differently treated samples and gives an approximate'by eye' 

method for assessing the amount of crystalline zeolite-Y material remaining in each 

sample. It can be seen that the steam-treated alpha-56 sample behaved as would be 
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predicted (c. f. the results in Section 5.1). Reductions in zeolite-Y crystallinity are observed 

with an increase in temperature, and upon the introduction of vanadium. Furthermore it is 

apparent that 10 000 pprn vanadium causes considerable damage to the zeolite-Y lattice. 

This destruction is also very clearly seen in the surface area data (Table 5.10). The unit cell 

constant data follows the expected trends: steam treatment resulting in a general decrease 

in the unit cell constant, with additional decreases observed as the reaction temperature is 

increased and upon the introduction of vanadium. 

The steam treatment of alpha-56 in the presence of 1.0 mass% free lanthanurn, but with no 

vanadium contamination, can now be considered. The XRD patterns recorded for the 

samples steam treated at 7500C and 8000C for 5 hours using air as a carrier gas are given in 

Figure 5.27. Steam treatment in the presence of free lanthanum. clearly results in the 

formation of new crystalline phases. It can also be noted that in both patterns the relative 

intensity of the diffraction peak at 23.7' in 20, which is due to the zeolite-Y component, is 

much larger than would be expected given the intensities of the other zeolite-Y diffraction 

peaks. (In this context it is useful to compare with the XRD patterns recorded for samples 

without any surface lanthanurn, that is Figure 5.26 (a) and (b)). It seems likely that one of 

the additional phases present has a significant diffraction peak in the region of 23.7, in 20, 

and that this is augmenting the zeolite-Y diffraction peak. As will be discussed later there 

is evidence that suggests this phase is more likely to be due to a form of crystalline 

aluminosilicate rather than a lanthanurn-containing phase. 

Overall the XRD patterns appear to indicate that in the presence of free lanthanum, there is 

a significant reduction in zeolite-Y crystallinity. However, the surface areas measured for 

the two samples were found to be similar and directly comparable in magnitude to that 
determined for the alpha-56 sample with no free lanthanurn. This apparent discrepancy 

between the two types of measurement is surprising. One possibility is that the surface 

area measurements are influenced by other crystalline components that are formed on 

stearn treatment. 

At least four new phases can be observed for the alpha-56 samples treated with free 

lanthanum; the diffraction peaks for these phases are labelled in the XRD patterns in 
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Figure 5.27. The phase with a diffraction peak at 23.711 in 20 could not be positively 

identified, although, it is worth noting that an aluminosilicate, JCPDS reference 

No. 39-1380, corresponding to AIS'0.502.5 has a strong diffraction peak at this Bragg angle 

and, given the relative intensity of the other diffraction peaks in the XRD pattern of this 

material, only the diffraction peak found at 23.7' would be visible. Results presented later 

in this section indicate that this unknown phase is unlikely to contain RE elements. A 

further phase (diffraction peak labelled 0 27.50 in 20) could also not be positively 

identified. This phase was found to be absent for samples treated in the presence of free 

cerium as described later. 

The phase present in the steam treated samples with diffraction peaks labelled 0 is possibly 

due to a cubic silica phase (JCPDS reference No. 27-0605). The formation of such a phase 

is interesting, since it is also one of the major products, together with mullite, observed 

when a sample of alpha-54 is completely degraded by severe heat treatment (1400/48/AIR) 

as described later in Section 5.4.1 (Figure 5.35). Similarly the same silica and mullite 

phases were also observed when the clay component of the catalyst was treated at 

1400/48/AIR. The formation of this cubic silica phase has also been observed for silica 

(quartz) support materials loaded with 9.5 mass% lanthanum and calcined under a nitrogen 

atmosphere; it was not observed for steam-treatment under a nitrogen atmosphere, nor was 

it observed for treatment under air. Similarly it was not observed when both surface 

lanthanum. and vanadium were both present. 

Overall it seems that the presence of free lanthanum may be promoting the formation of 

cubic silica; although it is not clear where the material needed for the formation of this 

phase originates. An additional investigation, using just the clay component of the catalyst, 

was undertaken to see if the material needed for the formation of the phase originated from 

the non-zeolitic components of the catalyst, rather than from the zeolite-Y component. 

Two experiments were performed, steam treatment of the clay component at 800*C for 

5 hours using air as a carrier gas both with, and without, the presence of 1.0 mass% free 

lanthanum. The two XRD patterns obtained were identical and the formation of the cubic 

silica phase was not observed indicating that the non-zeolitic components are not 

important. It is possible that the formation of the cubic silica phase may result from 
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'degraded! zeolite-Y: for example, if the surface lanthanum reacts with zeolite-Y to form an 

aluminosilicate, as suggested earlier, then free 'silica! may recrystallise to form a cubic 

phase. 

The formation of lanthanum oxide, La203, (peaks labelled 0, Figure 5.27) provides good 

evidence that a large portion of the lanthanum deposited upon the surface of the FCC 

catalyst remains on the surface and ion-exchange remains at a minimum. If large scale 

ion-exchange had resulted from the experimental procedure then levels of free lanthanum, 

on the surface of the catalyst, would be expected to be below the detection limits of the 

XRD diffractometer. This phase has also been observed on silica support materials loaded 

with 9.5 mass% lanthanurn and steam treated under identical conditions (Section 5.4.3). 

It finally remains to consider the effect of vanadium in the presence of free lanthanum. 

XRD patterns recorded for the alpha-56 sample loaded with 1.0 mass% free lanthanum and 

10 000 ppm vanadium and steam treated at 750"C ((a) and (c)) and 8001C ((b) and (d)) for 

5 hours under both an air ((a) and (b)) and a nitrogen ((c) and (d)) atmosphere are given in 

Figure 5.28. Considering the samples steam treated under an air atmosphere ((a) and (b)), 

it can be seen that an additional diffraction peak, at 26*, in 20, (labelled A) is observed 

compared with the free lanthanum-loaded samples steam treated in the absence of 

vanadium (Figure 5.27). This diffraction peak can been assigned to the formation of 

mullite. This is not an unexpected result since it is known that vanadium acts as a 

mineralising agent for the formation of mullite, 5 and mullite formation has been observed 

for zeolite-Y samples when steam treated in the pres ence of vanadium in this work 

(Figure 5.1-3) (d)). Diffraction peaks due to zeolite-Y are still present, and as anticipated, a 

reduction in their relative intensity is observed as the temperature is increased. The 

presence of diffraction peaks due to zeolite-Y indicates that the presence of free lanthanum 

does control to some extent the destructive effect of vanadium towards zeolite-Y. The 

zeolite-Y diffraction peaks are less well-defined than those for the corresponding alpha-56 

sample steam treated in the absence of vanadium (Figure 5.27), indicating that the free 

lanthanurn species are not 100% efficient at preventing the vanadium-induced destruction 

of the zeolite-Y lattice. However, the diffraction peaks for the sample steam treated at 
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800"C (Figure 5.28 (b)) are significantly larger in area than for the sample steam treated 

without free lanthanum. species but in the presence of vanadium (Figure 5.26 (d)). This is 

clear evidence that the presence of free lanthanurn species does offer the zeolite-Y lattice 
I 

some protection from vanadium. It can also be seen that there is a reduction in the La203 

(diffraction peaks labelled 0) phase for the sample steam treated in the presence of 

vanadium (Figure 5.28) compared to the samples that were free from vanadium 

(Figure 5.27), this could be due to the combination of lanthanum with vanadium. 

Steam treatment under a nitrogen atmosphere (Figure 5.28 (c) and (d)), does not result in 

the formation of either mullite or La203, but it is noticeable that the zeolite-Y diffraction 

peaks are significantly more intense than the corresponding alpha-56 sample steam treated 

under an air atmosphere (Figure 5.28 (a) and (b)), at both reaction temperatures. For the 

model zeolite-Y, 5. OLaH-Y and 8.6LaH-Y (Figure 5.20), it was found that relative 

increases in zeolite-Y crystallinity were observed at 750"C for steam treatment under a 

nitrogen atmosphere; by contrast at 800'C similar crystallinity was observed. This may be 

a function of the lower ion-exchange level (- 2.33 mass% RE3+) for the commercial 

sample. 

Figure 5.29 gives the two XRD patterns recorded for the alpha-56 sample contaminated 

with 10 000 pprn vanadium and loaded with 2.0 mass% free lanthanurn. The patterns are 

very similar to those recorded for the equivalent steam-treated samples loaded with 

1.0 mass% free lanthanurn, although the zeolite-Y concentration is markedly lower. This 

was anticipated in view of the effect that depositing 1.0 mass% free lanthanum had on the 

zeolite-Y crystalline lattice. 

Changing the source of the lanthanum ions from LaCl3 to La(N03)3 had little overall effect 

upon the steam-treated samples. The XRD patterns obtained were very similar to those 

obtained for the sample loaded with 1.0 mass% free lanthanum. from LaCl3 (Figure 5.28(a) 

and (b)), both in terms of which phases were present and their relative amounts. Interesting 

differences were obtained, however, when the RE ion was changed from lanthanum to 

cerium. Figure 5.30 gives the XRD patterns obtained when a sample of alpha-56 

contaminated with 10 000 ppm vanadium and loaded with 1.0 mass% free cerium and 
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steam treated for 5 hours under an air atmosphere. It can be seen that, for both samples, 

very little crystalline zeolite-Y material remains. This suggests that the presence of free 

cerium is more detrimental to the zeolite-Y lattice than free lanthanum. Relatively large 

diffraction peaks due to the formation of cerium oxide (Ce02) are observed (labelled 6) 

and correspond to JCPDS reference file No. 04-0593. There is also the formation of a 

second phase, which could not be identified, with a diffraction peak (labplled V) at 23.5*, 

in 20; this phase was only observed for the sample steam treated at 7501C and was not 

observed with any of the free lanthanum loaded samples. The relatively strong diffraction 

peak at 23.71, in 2 0, still remains with t he free cerium-loaded samples which suggest that 

this phase is more likely an alurninosilicate rather than a RE containing phase. In addition 

the absence of the diffraction peak (2 0= 27.5*) for the unknown, labelled 0, observed for 

the lanthanurn loaded samples confirms that this peak is due to a separate phase rather than 

being one of several peaks characterising a particular phase. 

Summary 
. 33 

Overall the results demonstrate that significant damage to zeolite-Y crystallinity in a 

commercial FCC sample is caused by steam treatment in the presence of free REs. 

Furthermore, steam treatment in the presence of free cerium causes greater loss of 

crystallinity than similar treatment in the presence of free lanthanum. The loss of zeolite-Y 

crystallinity, after steam treatment, in the presence of free REs is not fully understood, 

however, the formation of acids, from reaction of the RE balancing ions with steam, may 

be responsible for the adverse effects. Zeolite-Y is known to be unstable in strong acidic 

conditions. 29 The formation of strong acids does not, however, explain why greater loss of 

zeolite-Y crystallinity is observed in the presence of free cerium. For both the free ceriurn- 

and free lanthanum-loaded samples an equivalent number of Cl- ions are present. 

The presence of free lanthanum does, however, have a positive effect (relatively speaking) 

on the retention of zeolite-Y crystallinity with steam treatment in the presence of 

vanadium. It is also the case that changing the steaming atmosphere from air to nitrogen 

further reduces the destructive effect of vanadium. This result does have encouraging 
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implications for developing a more vanadium tolerant catalyst and is an area which could 

benefit from further research. It would be useful to determine the role of the RE counter 

ions (here only chloride (Cl-) and nitrate (N03') ions have been used) and it could be that 

the introduction of REs from an alternative source may produce interesting results. 

Similarly, investigations into alternative cations and methods of introducing the cations 

onto the surface of an FCC catalyst would be relevant. 

The use of RE containing compounds as effective metal passivators has been reported in 

patent form by Kurnar. 30 His method inyolved the dispersion of RE oxides or 

oxychlorides, ideally lanthanum, throughout a clay/alumina matrix. This RE containing 

particle could then be incorporated in the catalyst particle or added to the FCCU as an 

additive and work as a dual function cracking catalyst DFCC (Section 2.2.3). It is 

interesting that this method of dispersing the RE avoids, at least initially, direct contact 

with the zeolite-Y component of the catalyst. As the present results indicate this would be 

advantageous to maintaining the crystallinity (surface area) of the zeolite-Y. 

Steam treatment in the presence of free REs resulted in the formation of a variety of new 

crystalline phases: Table 5.11 summarises the phases which were identified after reaction 

under differing conditions. It can be seen that, for all free lanthanum-loaded samples, 

treatment at differing reaction temperatures produces similar product distributions and the 

phases observed are similar for differently prepared samples. Excess lanthanum is 

stabilised in the form of La203 and mullite formation is observed in the presence of 

vanadium. No mullite formation was observed for the sample loaded "vith free lanthanum 

from La(N03)3, however, the XRD patterns were rather noisy and its observation may have 

been hindered. Treatment of the free lanthanum-loaded samples under a nitrogen 

atmosphere only results in the formation of cubic silica. A further phase, which could not 

be identified, was found to be common to all of the lanthanum-loaded samples. 

Significant differences were observed when free cerium was deposited upon the surface. 

Different product distributions were observed after treatment at 7500C and 8000C. The 

cerium was stabilised in the form of Ce02. There was also an additional phase which 

could not be positively identified. 
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5.4 Silica and Alumina Support Materials 

This section describes results obtained from the steam treatment of both the silica and 

a -alumina-suppori materials. Samples were prepared with an emphasis on characterising 

the vanadium/lanthanurn chemistry which occurs in the presence of these samples. The 

results are compared with those from similar experiments for a completely degraded FCC CP 

sample. 

5.4.1 Samples without Stearn Treatment 

For both the silica and a -alumina support materials, four different combinations of 

vanadium/lanthanurn were deposited upon the surface of each support material. These 

combinations were chosen so that particular features of vanadium/lanthanum chemistry 

could be observed, both with the support material and between the individual vanadium 

and lanthanum. components. Full details of the preparation methods, as for other samples 

in this section, can be found in Section 4.3. 

Alitmina support material 

Figure 5.31 shows the XRD patterns recorded for four parent samples based upon the 

a -alumina support material. These samples were then used for subsequent treatment 

experiments. 

Pattern (a) is for a -alumina (corundum) which has been dried at II OT and is in good 

agreement with the JCPDS reference pattern No. 10-0 173. The same a -alumina phase is 

present as the major phase in all XRD patterns presented in Figure 5.33 1. 

Pattern (b) is for a -alumina which has had I mass% vanadium deposited upon its surface. 

It can be seen that this pattern is identical to that for a -alumina (Figure 5.31 (a)). This 

may have been anticipated since vanadium levels of I mass% are significantly lower than 

the 4 mass% detection limits of the X-ray diffractometer. A 51V MAS NMR spectrum 
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could not be observed for this sample. This is probably due to the vanadium being in the 

+4 oxidation state at this stage. It has been shown by Anderson and co-workerS31 that 

vanadyl naphthenate 3% is stabilised as octahedral V02+ species on the surface of a 

europium-exchangýd zeolite-Y, and that the V02+ species was found to be stable even after 

calcination at 540T. It seems likely that vanadyl naphthenate 3%, deposited in a similar 

manner, would also be stabilised as a vanadium (IV) species on the a -alumina. 

Vanadium (IV) species are paramagnetic and this will cause severe distortion to the 

51V MAS NMR spectrum and, particularly at low concentrations, make such a spectrum 

unobservable. 

For the a -alumina sample with 11.0 mass% lanthanurn deposited upon its surface 

(Figure 5.31 (c)) two observations can be made: first, the emergence of additional 

diffraction peaks within the XRD pattern and second, a significant reduction in the 

intensity from the diffraction peaks due to the ct -alumina phase. The loss of intensity from 

the a -alumina phase is an indication of some form of interaction between the deposited 

lanthanum. and the a -alumina, forming new phases. None of the new phases present could 

be positively identified even after a thorough cross-reference with the JCPDS data base 

with all combinations of the available elements (La, Cl, Al, 0, H). This suggests that no 

single phase is present but rather an array of phases, all contributing to the new diffraction 

peaks observed in the XRD pattern (Figure 5.31 (c)). 

When both 11.0 mass% lanthanurn and I mass% vanadium are deposited upon the surface 

of the a -alumina (Figure 5.31 (d)), the diffraction peaks which were present due to the 

deposition of lanthanum on the surface (Figure 5.31 (c)) disappear and only the diffraction 

peaks due to a -alumina remain. The loss of these diffraction peaks suggests that 

vanadium/lanthanum interactions are occurring even under the relatively mild preparation 

conditions (Section 4.3). The vanadium/lanthanurn compounds are not visible in the XRD 

pattern because either their levels are below the detection limits of the X-ray diffractometer 

or they maybe amorphous and, as a result, invisible to the XRD technique. Thes'VMAS 

NMR spectrum of this sample (Figure 5.32) shows a single broad resonance centred at 

5(51V)=-615ppm. The signal is very weak (the signal to noise is approximately -2: 1) but 

nonetheless is indicative of the presence of a vanadium compound. No vanadium signal 
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was observed for the sample which had only vanadium deposited upon the a -alumina. It 

is thus reasonable to infer that the NMR signal observed in Figure 5.32 is associated with 

the presence of a'lanthanum/vanadium compound'. In fact the observed 51V chemical shift 

is in good agreement with that for LaV04 reported as 8 (5 1 V) = -61 0±1 0 pprn by Lapina 

and co-workers. 24 Despite the poor quality of the spectrum, it is reasonable to conclude 

that LaVo4is present. 

41 
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Figure 5.32 51V MAS NMR spectrum observed at 105.075 MHz for a sample of 

a -alumina loaded with 11.0 mass% lanthanum followed by I mass% 

vanadium. The FID was filtered through an exponential window prior to 

Fourier transformation in order to increase sensitivity. External reference 

liquid VOC13, pulse delay =Is, pulse width =2 us, number of 

scans = 62 000, spinning frequency -7 kHz, and (5(5 IV) = -615 ppm. 
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Silica support materials 

The results obtained for these materials compare directly with those obtained in the 

a -aluminastudies. ' Figure 5.33 gives the XRD patterns recorded for the four parent 

samples. The very intense diffraction peak centred at 26.511 in 20 has in all of the patterns 

been truncated level with the intensity of the diffraction peak centred at 20.5 " in 2 0: in this 

way less intense diffraction peaks are more easily seen. 

Pattern (a) is for silica (quartz) dried at II OIC and is in good agreement with the JCPDS 

reference pattern No. 3' 3- 1161 for quartz. Pattern (b) is for silica which has had I mass% 

vanadium deposited upon its surface and is, as expected, identical to that in (a). For the 

sample with 9.5 mass% lanthanum deposited upon its surface (Figure 5.33 (c)) additional 

low-intensity diffraction peaks appear in the XRD pattern: similar behaviour was noted for 

the corresponding a -alumina sample. However, as previously, these additional diffraction 

peaks could not be positively related to known phases using the JCPDS data base. In the 

presence of vanadium these extra diffraction peaks disappear (Figure 5.33(d)) and this 

again suggests an interaction between vanadium and lanthanum. even under the relatively 

mild preparation conditions. The 5 IV MAS NMR spectrum (Figure 5.34) is very similar to 

that observed for the equivalent a -alumina sample (Figure 5.32), that is a single broad 

signal centred at J(5 IV) = -606 ppm which is typical of the presence of LaV04. 
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Figure 5.34 51V MAS NMR spectrum observed at 105.075 MHz for a sample of silica 

loaded with 9.5 mass% lanthanum followed by I mass% vanadium. The 

FID was filtered through an exponential window prior to Fourier 

transformation in order to increase sensitivity. External reference liquid 

VOC13, pulse delay =Is, pulse width =2 ýLs, number of scans = 57 000, 

spinning frequency -7 kHz, and J(5IV) = -606 ppm. 

Completely Degraded FCC samples 

Complete destruction of the catalyst (alpha-54) was achieved by severe heat treatment, 

1400/48/AIR, (Section 4.4). This treatment caused the various components of the catalyst 

to recrystallise into silica and mullite (Figure 5.35). The XRD pattern recorded from this 

degraded sample loaded with 1.0 mass% vanadium remained unchanged from that shown 

in Figure 5.35. A 51V MAS NMR spectrum could not be observed for the sample although, 

given the relatively low vanadium concentration and the mixed nature of the RE ions, this 

was not unexpected. 

. 'i . 
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5.4.2 Calcination and steam treatment: alumina support material 

Samples in the absence of vanadium and lanthanum 

The samples in this series essentially act as a control and were either calcined or steam 

treated at 800'C for five hours under both air and nitrogen atmospheres. The experimental 

treatments are surnmarised in Table 5.12. 

Sample Treatment 

ALU#l 800/5/0/AIR 

ALU#2 800/5/80/AIR 

ALU #3 800/5/0/N, ) 
ALU44 800/5/80N, 

Table 5.12 The experimental conditions used for the treatment of a -alumina support 

materials with no vanadium or lanthanum, present. 

In all cases the recorded XRD patterns did not deviate from that presented in 

Figure 5.31 (a) for a -alumina dried at 11 O"C, the treatment precursor. This result is 

consistent with the fact that corundum is a stable ct -alumina phase at temperatures in 

excess of 800"C. 32 

Samples with I mass% vanadium only 

The samples were subject to the same experimental treatments, as listed in Table 5.12 for 

the dried a -alumina samples. The XRD patterns recorded for these samples were similar 
to those reported for the dried a -alumina in that the only phase detectable was that of 

a -alumina, and all patterns were similar to that recorded for the treatment precursor in 

Figure 5.31 (b). It is likely that vanadium compounds could not be detected because the 

concentrations were below the detection limits of the X-ray diffractometer. 
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Figure 5.36 shows the 51V MAS NMR spectrum for the sample steam treated at NOT 

under a nitrogen atmosphere. It can be seen that there are no visible resonances. This is 

probably due to vanadium being stabilised as a series of compounds. If a single phase was 

present the vanadium concentration should be sufficient for a signal to be observed given 

the number of scans collected. No attempt was made to record ftirther spectra in this series 

of samples. 

0 -200 -400 -600 -800 -1000 -1200 -1400 

j5(5IV) 

Figure 5_36 51V MAS NMR observed at 105.075 MHz for a sample of a -alumina 

support material loaded with I mass% vanadium only and steam treated at 

NOT under a nitrogen atmosphere. External reference liquid VOCIP pulse 

width =2 ps, pulse delay =Is, number of scans = 54 000, and spinning 

frequency -7 kHz. 

Samples loaded with 11.0 mass% lanthanum only 

Lanthanum-loaded samples were subject to a full array of experimental conditioning 

(Table 5.13) included calcination and steam treatment at 7500C and 800"C under both an 

air and nitrogen atmosphere. 
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Sample Treatment 

ALU49 750/5/0/AIR 

ALU#10 750/5/80/AIR 

ALU# II 800/5/0/AIR 

ALU#12 800/5/80/AIR 

ALU#13 750/5/0/N., 

ALU#14 750/5/80/N. ) 

ALU# 15 800/5/0/N7 

JL- ALU916 800/5/80/N, 

Table 5.13 The experimental conditions used for the treatment of a -alumina support 

material loaded with 11.0 mass% lanthanum only. (It can be noted that this 

table also applies to the silica support material: Section 5.4.3. ) 

Considering first the samples that were treated using air as a carrier gas, the four XRD 

patterns for these samples are given in Figure 5.337, the patterns are presented from a Bragg 

angle of IS' in 20 to aid with the resolution of the patterns. These samples show the 

formation of new well-resolved crystalline phases. Calcination of the samples 

(Figure 5.37 (a) and (b)) at both 750T and 800'C results in the formation of lanthanum 

oxychloride (LaOCI) indicated in the XRD patterns as 0, and is consistent with the JCPDS 

reference pattern No. 08-0477 for this material. LaOCI has a tetragonal unit cell and the 

structure consists of a sheet of coplanar oxygen atoms with a sheet of chlorine atoms on 

each side with the lanthanum atoms between the CI-O-Cl sheets. 33 Comparing XRD 

patterns (a) and (b) (Figure 5.37) it can be seen that levels of the new LaOCI phase remain 

approximately constant and its formation appears independent of temperature, possibly 

indicating that all of the deposited lanthanum is present in the new LaOCI phase at this 

stage. 

The introduction of steam into the system results again in the formation of LaOCI together 

with two additional new phases, namely lanthanum. alurniniurn oxide (LaAI03). indicated 

a 
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in the XRD patterns as ID, and an unknown, but relatively small, component indicated as A. 

The LaA103 phase is consistent with the JCPDS reference pattern No. 31-0022 for LaA'03, 

LaA103 has a rhombohedral unit cell and is an example of the rhombohedral tilt system, 

with a small tilt angle (a =, 6 =y = 90.1 1), making it slightly distorted from the ideal 

perovskite structure. 34 The unknown phase could not be identified after a thorough 

cross-reference with the JCPDS data base; although, as stated earlier, identification of a 

crystalline phase from a single diffraction peak is difficult and often unreliable. The 

formation of LaA'03 when steam is introduced is also accompanied by a reduction in the 

relative intensity of the LaOCI diffraction peaks, when these diffraction peaks are 

compared with those for the calcination experiments. It can also be seen that increasing the 

temperature from 750'C to 800*C results in the increased formation of the LaA'03 phase, 

and a further reduction in that for LaOCI, with at 800*C only the strongest diffraction peaks 

due to the LaOCI phase being observable. Thus under hydrothermal conditions, and in 

particular at the higher temperature of 800'C, the formation of LaA103, rather then LaOCI 

is favoured. 

Similar observations were made for samples that were treated under a nitrogen atmosphere. 

The XRD patterns for the four samples treated under this atmosphere are shown in 

Figure 5.38. Calcination of the samples again results in the formation of LaOCI 

(indicated as 0 within the XRD patterns) as the only detectable lanthanum phase 
(Figure 5.38 (a) and (b)). The amount formed again seems independent of temperature 

with similar levels present at both 7500C and 800'C. The introduction of steam results in 

the formation of LaAI03 (indicated as 0 within the XRD patterns) and the same 

unidentified phase (indicated as A within the XRD patterns) together with LaOCI 

(Figure 5.3 8 (c) and (d)). As seen with the samples that were treated using air as a carrier 

gas, increasing the temperature from 750*C to 800'C results in increased amounts of 

LaAI03 at the expense of the LaOCI phase. 

It is interesting to compare the relative amounts of LaOCI and LaA103 for samples that 

have been hydrothermally treated under a nitrogen atmosphere with those similarly treated 

but using air as a carrier gas (compare Figure 5.37 (c) with Figure 5.38 (c) and Figure 5.37 

(d) with Figure 5.38 (d)). It can be seen that the relative amount of LaOCI, at both 7500C 
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and 800*C, is greater when the samples are steam treated under a nitrogen atmosphere with 

the corresponding levels of LaAI03 being reduced. This suggests that the role of external 

oxygen may be important in the formation of LaA103. When the external oxygen source is 

removed the formation of LaAI03 is reduced and the remaining lanthanurn is stabilised in 

the form of LaOCL 

Samples loaded with I mass% vanadium and 11.0 mass% lanthanum 

These samples were also subjected to a full array of treatment conditions (Table 5.13). 

Figure 5.39 shows the XRD patterns recorded for four experiments that were performed 

using air as a carrier gas. It can be seen that additional diffraction peaks appear and these 

can be assigned to four distinct crystalline phases depending on conditions. 

Calcination of the samples (Figure 5.339 (a) and (b)) results in the formation of LaOCI 

(indicated as M in the XRD patterns) and two forms of lanthanurn vanadium oxide, namely 

LaV04 (indicated in the XRD patterns as 1: 1) and LaV03 (indicated as 0 in the XRD 

patterns). 

LaV04 is a vanadium (V) species and best corresponds to JCPDS reference pattern 

No. 23-0324, and has a monoclinic unit cell with the monazite (CeP04) structure. 35 LaV03 

is a vanadium (111) species corresponding to JCPDS reference pattern No. 11-0024, and has 

a cubic unit cell with the perovskite structure. 36 

The formation of LaV03 under the given experimental conditions was not anticipated since 

these were predominantly oxidising. As was stated earlier, it would be expected that 

vanadium should be present as a vanadium (IV) species. Reduction (or a form of 

disproportionation) of vanadium from +4 to +3 must therefore have occurred during 

calcination rather than within the preparative procedure. It can be noted that the formation 

of LaV03 is dependent upon the reaction temperature and its formation increases as the 

reaction temperature is increased from 750*C to 8000C. 
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The formation of LaV04is consistent with the vanadium being oxidised from the +4 to +5 

oxidation state. Its formation is probably dependent on the amount of vanadium present, 

and therefore independent of the reaction temperature. 

The remaining lanthanurn upon the surface of the support material is present as LaOCI 

under calcination conditions. This is consistent with the observations made for the 

a -alumina support materials loaded with 11.0 mass% lanthanum only, cf 

Figure 5.37 (a) and (b). 

The 5 IV MAS NMR spectra for the two calcined samples are given in 

Figure 5.40 (a) and (b). In both spectra it can be seen that there is a central line surrounded 

by weak rotational sidebands: for the sample treated at 750'C (Figure 5.40 (a)) 

(5 (5 IV) = -613±6 pprn and for the sample treated at 800'C (Figure 5.40 (b)) 

15(51V) = -612±6 ppm. Both resonances are in good agreement with that reported for 

LaVOý4 (the improvement in signal to noise for spectrum (b) over spectrum (a) is due to 

more extensive signal averaging in the latter case). There is no evidence for the presence 

of LaV03 in these spectra. This is not unexpected since vanadium (III) compounds, which 

have two unpaired 3d electrons, are paramagnetic. 

Steam treatment of the samples results in the formation of LaOCI, LaAI03 (indicated in the 

XRD patterns as 0) together with LaV04 and LaV03 (Figure 5.3 39 (c) and (d)). As seen 

with the calcined samples the formation of LaV03 is temperature dependent with increased 

levels found at 800T. The levels of LaV04 again appear to remain constant with 

temperature. 

The excess lanthanum (lanthanum not combined with vanadium) is present mainly as 

LaAI03 with only trace amounts of LaOCI present. This is consistent with the observations 

made for the a -alumina support materials loaded with 11.0 mass% lanthanum. However, 

when both lanthanum and vanadium are present the amounts of both LaA'03 and LaOCI 

also appear to remain constant with increasing temperature. This is in contrast to the 

behaviour observed with samples that only had lanthanurn deposited upon their surfaces; in 

this case levels of LaAI03 increased at the expense of LaOCI as the temperature increased 

from 750T to 8000C (Figure 5.37 (c) and (d)). 
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Figure 5.40 51V MAS NMR spectra observed at 105.075 MHz for a -alumina loaded 

with I mass% vanadium and 11.0 mass% lanthanurn treated as follows 

(a) 750/5/0/AIR, number of scans = 47 000,, 5(51V) = -613±6 ppm, 

(b) 800/5/0/AIR, number of scans = 159 239,8 (5 IV) = -612±6 ppm, 

(c) 750/5/80/AIR, number of scans 58 000,5(51V) = -613±6 ppm, and 

(d) 800/5/80/AIR, number of scans 62 000,05(51V) = -611±6 ppm. 

External reference liquid VOC13, pulse delay =Is, pulse width = 2, us and 

the spinning frequency -7 kHz. 

The 5 IV MAS NMR spectra for the steam treated samples (Figure 5.40 (c) and (d)) are very 

similar to those recorded for the calcined samples (Figure 5.40 (a) and (b)). Both show a 

single resonance: 8(5'V) = -613±6 ppm for the sample steam treated at 750T and 

8(5'V) = -611±6 ppm for the sample steam treated at NOT, and this confirms the 

presence of LaV04 in both cases. The spectra also confirm that similar levels of LaV04 

are present for both the calcined and steam treated samples. 

Figure 5.41 shows the XRD patterns recorded for four samples that have been treated under 

a nitrogen atmosphere. Calcination of the samples again results in the formation of LaOCI, 

LaVo4and LaV03, although when these patterns (Figure 5.41 (a) and (b)) are compared 

with the calcined samples using air as a carrier gas (Figure 5.39 (a) and (b)) it can be seen 

-i I- 
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that there are changes in the relative amounts of these compounds. For the samples 

calcined under nitrogen there is a significant reduction in the observed levels of LaV04 and 

LaV03 and a large increase in the levels of LaOCL The reduction in LaV04 may be 

expected since its formation requires the oxidation of vanadium (IV) to vanadium (V) and 

the conditions are less favourable for oxidation than for the samples calcined in air. 

Increased production of LaOCI is consistent with reduced levels of both LaV04 and 

LaV03. 

The 5 IV MAS NMR spectra for the calcined samples (Figure 5.42 (a) and (b)) also reflect 

the decrease in levels of LaV04. Both spectra are beginning to show the emergence of a 

resonance, centred at (5(51V)= -608 ppm for the sample calcined at 750T and centred at 

8(5'V) = -607 ppm for the sample calcined at 800T. The significant reduction in signal to 

noise over the samples that were calcined in air (Figure 5.40 (a) and (b)) after a similar 

number of scans, provides clear evidence for reduced levels of LaV04, Significantly no 

evidence for additional vanadium species could be found; this may be due to the vanadium 

being in the +4 oxidation state, or the presence of many vanadium species present in small 

amounts and indistinguishable from the background noise. 

Hydrothermal treatment of the samples under a nitrogen atmosphere (Figure 5.41 (c) and 

(d)) results in the fon-nation of just three crystalline phases: LaOCI, LaAI03 and LaV04. 

rather than the four that were observed for the samples steam treated using air as a carrier 

gas (Figure 5.39 (c) and (d)). There was no evidence for the presence of LaV03 in any 

significant amounts. 

The amount of the LaAI03 phase remains relatively constant with increasing temperature; 

this is consistent with the behaviour when similar samples were steam treated in air. 
Overall the general amount of this phase increases compared to samples that were steam 

treated in air (compare, Figure 5.39 (c) with Figure 5.41 (c) and Figure 5.39 (d) with 
Figure 5.41 (d)). This is expected since under a nitrogen atmosphere a decrease in the 

LaV04 phase is observed and so greater amounts of free lanthanum are available to form 

LaAl03, 
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Figure 5.42 5 IV MAS NMR spectra observed at 105.075 MHz for the a -alumina loaded 

with I mass% vanadium and 11.0 mass% lanthanum treated as follows 

(a) 750/5/OIN2, number of scans = 55 000,, 5(5'V) = -608 ppm, 

(b) 800/5/0/N2, number of scans = 57 841, S(5'V) = -607 ppm, 

(c) 750/5/80/N2, number of scans = 65 000,, 6(5'V) = -612±6 ppm, and 

(d) 800/5/80IN2, number of scans = 58 000,, 6(5'V) = -612±6 ppm. External 

reference liquid VOC13, pulse delay =Is, pulse width =2 jis and spinning 

frequency -7 kHz. 

Interestingly there is a significant increase in the concentration of LaV04 for the samples 

that have been steam treated compared to samples that were calcined, this is an indication 

of the increased oxidising conditions under a hydrothermal environment. However, there 

is still significantly less LaV04 formed compared to samples that were treated in air. This 

indicates a decrease in oxidative conditions as the atmosphere changes to nitrogen. These 

results are also reflected in the 5 IV MAS NMR spectra for the two samples that have been 

steam treated under a nitrogen atmosphere (Figure 5.42 (c) and (d)). There is a single 

resonance at, 5(5'V) = -612±5 ppm. for the sample steam treated at 750'C (Figure 5.42 (c)) 

and a single resonance at S (5 IV) = -612±6 ppm, for the sample steam treated at NOT 
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(Figure 5.42 (d)) both confirming the presence of LaV04. Comparing these spectra with 

those for the calcined samples (Figure 5.42 (a) and (b)) it can be seen that there is a large 

increase in signal to noise, for similar scan times, indicating the presence of increased 

amounts of LaV04- Comparing the spectra with those for the steam-treated samples using 

air as a carrier gas (Figure 5.40 (c) and (d)) it can be seen that there is a general decrease in 

signal to noise, after similar scan times, indicating reduced levels of LaV04 when the ZIP 

samples are treated under a nitrogen atmosphere. A reduction in the amount of LaV04 

indicates that vanadium may be present in other forms: but the are not detectable either by 

XRD or MAS NMR. 

Summary andfurther discussion 

A summary of the crystalline phases identified for the a -alumina samples loaded with 

11.0 mass% lanthanum, with and without vanadium, after treatment under differing 

conditions is given in Table 5.14. It can be seen that after calcination the excess lanthanum 

is stabilised as LaOCI, this is true regardless of vanadium contamination. However, after 

steam treatment the formation of LaA103 is favoured. Treatment, in the presence of 

vanadium always results in the formation of LaV04. A second vanadium phase, LaV03, is 

also observed, except when the samples are steam treated under nitrogen. 

For the LaA103 phase that is observed after steam treatment, it is the case that the 

diffraction peaks move to lower Bragg angles in the-presence of vanadium. Table 5.15 

details the changes in 20 for the strongest diffraction peak which occurs at - . 
3' 3.33'. 

It can be seen that the position of this diffraction peak for the samples treated without 

vanadium is relatively constant at - 33.3', but it decreases to - 33.1' after steam treatment 

in air and - 32.90 after steam treatment in nitrogen for the vanadium loaded samples. 

(The diffraction peaks due to the a -alumina and other phases present within the samples 

remain in their expected positions, ruling out the possibility of any systematic errors). 

LaA103 can exist with an alternative crystal structure to that reported, the structure is still 

based on the rhombohedral tilt system but the tilt angle is much greater at 60.1'; however, 

the XRD pattern for this system is greatly different from that observed, thus ruling out a 
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Treatment Conditions Vanadium loading /mass% Observed 20 position 

750/5/80/AIR 0 33.30 

800/5/80/AIR 33.30 

750ý5/80/N7 33.37 

800/5/80/N, 33.31 

750/5/80/AIR 1.0 33.09 

800/5/80/AIR 
_3 

3.13) 

750/5/80/Ný 32.80 

800/5/80/N, 32.92 

Table 5.15 The changes in the observed 20 position for LaAI03 phases observed after 

steam treatment of a -alumina samples loaded with 11.0 mass% lanthanum, 

with and without vanadium. 

simple phase change. The movement of the diffraction peaks is probably related to the 

incorporation of vanadium into the LaAI03 lattice; although direct evidence for this 

suggestion is not available. It is interesting to note that the largest change in the position of 

the diffraction peak is found under nitrogen; it can be recalled that steam treatment under 

nitrogen results in decreased amounts of LaV04, and no LaV03, when compared to 

treatment in air, thus making more vanadium available for incorporation into the LaAI03 

lattice. 

Since lanthanum aluminiurn oxide (LaA103) is formed only in the presence of steam it can 

be suggested that the following reaction takes place 

2 LaOCI + A1203 + H20 - --- 2 LaA'03 +2 HCI (5.1) 

The observation that an increase in reaction temperature from 750'C to NOT results in an 

increase of LaAI03 at the expense of LaOCI indicates that the progress of the reaction 

depends on temperature. Interestingly Ropp, and Carrol37 in a study of the direct reaction 
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between La203 and alumina found that the formation of LaAI03 started at 400*C and was 

complete at NOT, 

La2o3+ A1203 
- --- -- 2 LaAI03 (5.2) 

It is worth commenting that lanthanum-stabilised aluminas have been the focus of 

considerable study due to their potential use in three-way catalytic converters. 38-44 For this 

purpose y -alumina has been the phase of interest due to its relatively large surface area. 

Doping with lanthanum has been shown to hinder the change to a -alumina that is 

normally observed after prolonged exposure to elevated temperatures (800'C to 1000'C). 

For example, Shkrabina and co-workerS39found that lanthanurn doped Y -alumina 

contained greater amounts of v -alumina after heat treatment over a range of temperatures 

than a similar sample that was lanthanum free. Typically lanthanum nitrate solutions have 

been the favoured source of lanthanum. for doping purposes. This is possibly due to the 

difficulty in removing surface chloride ions if lanthanum trichloride solution is used as an 

alternative. y -A'203 treated with lanthanum nitrate solution yields lanthanum oxide 

(La203) directly on heat treatment and then at higher temperatures, and in accord with 

equation 5.2, LaA103 is also formed. 

5.4.3 Calcination and steam treatment: silica support 

A similar series of investigations to those carried out for the a -alumina support were 

carried out for the silica support material. The results are outlined below and more detail is 

given in areas for which distinct differences in behaviour were found. 

The results from both the treatment of the silica support materials free from surface 

lanthanum and vanadium, and the silica support materials loaded with 1.0 mass% 

vanadium, are similar in nature to those reported for the corresponding a -alumina support 

materials. The XRD patterns obtained did not differ from those reported for the 

steam-treatment precursors (Figure 5.33 (a) and (b)). This was an anticipated since it is 

known that the quartz phase is stable at temperatures in excess of those employed here, 32 

and vanadium concentrations are below the detection limits of the X-ray diffractometer. 
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The 51V MAS NMR spectrum recorded for the sample steam treated at 8000C using air as a 

carrier gas did not show the presence of any vanadium signals. 

Samples loaded with 9.5 mass% lanthanum only 

The samples in this series were subject to a full array of experiments (listed in Table 5.13 

where the label ALU can simply be replaced by SIL). The XRD patterns recorded for the 

four samples treated using air as a carrier gas are given in Figure 5.43. The patterns are 

displayed from 15*, in 2 0, to aid with the resolution of the patterns. As was the case with 

the treatment precursors the very intense diffraction peak at 26.5", in 2 0, has been 

truncated level with the diffraction peak at 20.5, in 2 0, to aid with the observation of new 

crystalline phases. Presentation of patterns in this format will be maintained for the 

remainder of this section. 

For the samples that have been calcined (Figure 5.43 (a) and (b)) it can be seen that two 

new additional phases result from the treatment of the samples. The formation of LaOCI 

(indicated as M in the XRD patterns) and an unidentified phase (indicated as V in the XRD 

patterns) are observed. The presence of LaOCI is consistent with the behaviour observed 

for the a -alumina support material treated under identical conditions (Figure 5.38 (a) and 

(b)): the XRD pattern is consistent with JCPDS reference pattern 08-0477. However, with 

the a -alumina support material the only detectable phase after calcination was LaOCI, 

here the LaOCI phase is accompanied by a second phase although this could not be 

identified. Increasing the temperature from 7501C to 800'C results in a decrease in the 

amount of the LaOCI phase, this is accompanied with an increase in the unknown phase. 

The decrease in the LaOCI phase suggests that the unidentified phase may contain 

lanthanum. 

Steam treatment of the samples in air (Figure 5.43 (c) and (d)) again results in the 

formation of LaOCI and the same unidentified phase that was present in the calcined 

samples, together with a third phase (indicated in the XRD patterns as A). This phase can 

be assigned to lanthanurn oxide (L%03) (corresponding to JCPDS reference pattern 
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No. 08-0477) but it should be noted that only a single diffraction peak is visible in the 

XRD patterns. Identification of a phase from a single diffraction peak is unreliable, but it 

can be noted that for La203 all other diffraction peaks would be relatively weak and 
I 

probably not observable. Increasing the temperature from 750*C to 800*C results in a 

decrease in the concentration of LaOCI with little or none of this phase present at 800T. 

The four XRD patterns recorded for the samples treated under a nitrogen atmosphere are 

given in Figure 5.44. Calcination of the samples (Figure 5.44 (a) and (b)) results in the 

formation of LaOCI (indicated as 9 in the XRD patterns) and an unidentified phase 

(indicated as V in the XRD patterns) the same as that observed when the samples were 

calcined in air (Figure 5-43) (a) and (b)). There are also two other additional phases. One 

of these, which is formed at both reaction temperatures, is an alternative phase of silica 

(indicated as 0) and corresponds to JCPDS reference pattern No. 27-0605. This 

assignment is based on the presence of only one diffraction peak but, given the amount of 

material present, no other diffraction peaks from this phase would be expected to be 

observed. Treatment at 800'C results in the formation of a second unidentified phase 

(indicated as *). 

It can be seen that the levels of LaOCI are relatively low when compared to the samples 

that were calcined using air as a carrier gas, and increasing the temperature has little effect 

on these levels. The amount of the unidentified phase, indicated as V, increases with 

increasing temperature; similar behaviour was observed for treatment in air. The amount 

of the alternative silica phase shows a large decrease as the temperature is increased. 

Hydrothermal treatment of the samples under a nitrogen atmosphere (Figure 5.44 (c) and 

(d)) results in the formation of three crystalline phases: La203, indicated as 6, and two 

unidentified phases, indicated as V and *, with only one of these phases (indicated as 

being identifiable at 800'C. The concentration of La203 remains constant with increasing 

temperature. 

It is clear from all of the results described above that the chemistry of lanthanum. on silica 

support materials is more complex than on a -alumina support materials. The XRD 
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patterns indicate the formation of more phases (a portion of which could not be identified) 

and the background suggests that other amorphous phases may also be present. 

Samples loaded with I mass% vanadium and 9.5 mass% lanthanum 

These samples were subject to calcination and steam treatment at both 750'C and 800*C in 

both air and nitrogen atmospheres (listed in Table 5.1-3)). 

Figure 5.45 shows four XRD patterns re. corded for the samples treated using air as a carrier 

gas. Calcination of the samples (Figure 5.45 (a) and (b)) results in the formation of two 

crystalline phases. LaOCI (indicated as M) and LaV04 (indicated as 13). The LaV04 phase 

observed is the same as that observed for the a -alumina support material. Its formation is 

independent of reaction temperature; similar observations were made for the a -alumina 

support materials under similar conditions (Figure 5.39 (a) and (b)). The amount of LaOCI 

formed remains relatively constant as the reaction temperature is increased. For the silica 

support materials loaded with 9.5 mass% lanthanum. only, and treated under identical 

conditions, the lanthanurn was present in the form of LaOCI and a second phase which 

could not be identified (Figure 5.43) (a) and (b)), no evidence for this unidentified phase 

could be found for the samples in the presence of vanadium. 

The 51V MAS NMR spectra for the calcined samples are given in Figure 5.46 (a) and (b). 

It can be seen that both exhibit a single resonance centred at 5 (5 IV) = -6 1 10 ppm for the 

sample calcined at 750'C, and centred at (5 (5 IV) = -61 3±9 ppm for the sample calcined at 

8001C, both confirming the presence of LaV04. Comparing, the two spectra it can be seen 

that similar amounts are present at both reaction temperatures in agreement with the XRD 

results. 
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Figure 5.46 5 IV MAS NMR spectra observed at 105.075 MHz for the silica support 

materials loaded with I mass% vanadium and 9.5 mass% lanthanum treated 

as follows (a) 750/5/0/AIR, number of scans = 54 000, 

J(51V) = -613±10 ppm, (b) 800/5/0/AIR, number of scans = 47 000, 

, 5(5'V) = -613±9 ppm, (c) 750/5/80/AIR, number of scans = 54 000, 

5(5'V) = -612±8 ppm, and (d) 800/5/80/AIR, number of scans = 54 000, 

S(SIV) = -612±9 ppm. External reference liquidVOC13, pulse delay =Is, 

pulse width =2 ps and spinning frequency -7 kHz. 

Steam treatment of the samples (Figure 5.45 (c) and. (d)) again results in two crystalline 

phases. However, under hydrothermal conditions the lanthanum is present as La-103 

(indicated as A) rather than LaOCI as observed when the samples where calcined. The 

amount of the LaV04 phase remains constant with temperature; furthermore, comparison 

with the samples that were calcined shows similar levels of LaV04 under all reaction 

conditions (Figure 5.45). Similar levels of the La203 phase are present under both reaction 

conditions. 
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The S IV MAS NMR spectra for the steam-treated samples are given in Figure 5.46 (c) and 

(d). As observed with the calcined samples, both spectra show a single resonance, centred 

at, 6(5'V) = -612±8 ppm for the sample calcined at 750'C and centred at 
I 

(5(5'V) = -612±9 ppm for the sample calcined at 800"C, again confirming the presence of 

LaV04. Comparison of the spectra with the calcined samples confirms that similar 

amounts of LaV04 are observed under all reaction conditions. This is also consistent with 

the results obtained for the a -alumina support materials (Figure 5.40); although in the 

present case no evidence is found for the formation of LaV03. 

The XRD results for the samples treated under a nitrogen atmosphere are given in 

Figure 5.47. Calcination of the samples (Figure 5.47 (a) and (b)) results in the formation of 

four detectable crystalline phases. For the sample that was calcined at 750'C diffraction 

peaks due to LaOCI (indicated as M) and LaV04(indicated as 13) are visible, increasing the 

temperature to 800'C results in the loss of these two phases and the appearance of 

diffraction peaks assigned to two unidentified phases (indicated as V and *) first observed 

for the silica support materials loaded with 9.5 mass% lanthanurn only (it can be noted that 

the phase labelled * only became apparent at the higher temperature of 800'C). 

The 5 IV MAS NMR spectra for the calcined samples reflect the reduction in concentration 

of LaV04 (Figure 5.48 (a) and (b)) as the temperature is increased. It can be seen that both 

show a single resonance, centred at, 5(5'V) = -610±9 ppm for the sample calcined at 750'C 

and centred at 5(5'V) = -612 ppm for the sample calcined at 800*C, confirming the 

presence of LaV04. There is a large reduction in signal to noise as the temperature is 

increased, indicating reduced amounts of LaV04- This is not accompanied by the 

emergence of any further detectable resonances which suggests that a portion of the 

vanadium, at both reaction temperatures, is invisible to both MAS NMR and XRD- 
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Figure 5.48 5 IV MAS NMR spectra observed at 105.075 MHz for the silica support 

materials loaded with 1 mass% vanadium and 9.5 mass% lanthanum treated 

as follows at (a) 750/510/N2, number of scans = 57 000, 

J(51V) -610±9 ppm, (b) 800/5/0/N2, number of scans = 58 000, 

8(5'V) -612 ppm, (c) 750/5/80/N2. number of scans = 50 000, 

8(5'V) -612±8 ppm, and (d) 800/5/80/N2, number of scans = 54 000, 

8(5'V) -612 ppm. External reference liquid VOC13, pulse delay =Is, 

pulse width =2 ps and spinning frequency -7 kHz. 

Reduced levels of LaV04under a nitrogen atmosphere are consistent with the observations 

for the a -alumina support materials, and was attributed to the conditions being less 

favourable for the oxidation of vanadium from vanadium (IV) to vanadium (V). However, 

a further reduction as the temperature was increased from 750T to NOT was not 

observed for the a -alumina support materials. This decrease probably indicates that 

vanadium favours stability in some other form (not detectable by XRD or MAS NMR). 

Steam treatment of the samples results in the formation of four different crystalline phases. 

LaV04 is formed at 750"C, increasing the temperature to 800'C results in a loss of this 

phase. This is consistent with the observations for the calcined samples. At 750'C the 

0 -400 -800 -1ý00 
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formation of La203 is favoured over LaOCI, as for the calcined samples (Figure 5.47). At 

800"C steam treatment results in the formation of the two unidentified phases, indicated as 

T and *. 

The 5 IV MAS NMR spectra for the two steam treated samples are given in Figure 5.48. 

Both contain a single resonance centred. at 6 (51V) = -612±8 ppm for the sample calcined at 

750"C and centred at i5(5'V) = -612 ppm for the sample calcined at 800'C, confirming the 

presence of LaV04. The reduction in levels of LaVo4can be seen by the reduction in 

signal to noise as the temperature is incTeased from 750'C to 800*C. It can also be seen 

that increased levels of LaVo4are present for the steam-treated samples compared to those 

that were calcined. This is consistent with the observations for the ct -alumina support 

materials (Figure 5.42), and is attributed to hydrothertnal conditions being more oxidising. 

Table 5.16 summarises the crystalline compounds observed after differing treatments of the 

silica support material loaded with 9.5 mass% lanthanum, both with and without 

vanadium. 

5.4.4 Treatment of the Completely Degraded FCC Sample 

Samples that were free from vanadium contamination were treated at 8001C under both air 

and nitrogen atmospheres (Table 5.12). These samples were essentially control 

experiments. The XRD patterns recorded did not significantly differ from that of the 

untreated sample presented in Figure 5.35. 

Samples that were contaminated with I mass% vanadium were subject to a full array of 

treatment experiments (Table 5.13). Similarly, the XRD patterns recorded did not differ 

from the untreated sample (Figure 5.35). Figure 5.49 shows the 51V MAS NMR spectrum 

recorded for the sample steam treated at 8000C using air as a carrier gas. No further NMR 

spectra were recorded in this series due to limited spectrometer time (Figure 5.49 was 

achieved by signal averaging for -4 days). 
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Figure 5.49 51V MAS NMR spectrum observed at 105.075 MHz for a sample of 

completely degraded alpha-54 contaminated with I mass% vanadium. The 

FID was filtered through an exponential window prior to Fourier 

transformation in order to increase sensitivity. External reference 

liquid VOC13, pulse delay =1s, pulse width =2 ps, number of 

scans = 334 000, spinning frequency -9 kHz. * labels signals separated 

by -9 kHz. 

It can be seen that the spectrum is relatively complidated and may contain contributions 

from several differently co-ordinated vanadium species. Two resonance signals can be 

identified within the spectrum. The resonance peaks, labelled *, are all present due to a 

single vanadium compound, this follows since all the peaks are separated by -9 kHz, the 

spinning frequency. The overall form of the rotational sideband pattern is very similar to 

that for V205. The 51V MAS NMR spectrum for this compound (although at a slower 

spinning frequency) is shown in Figure 5.50 and 8 (5 IV) = -61 0±1 Oppm. It is reasonable to 

suggest, therefore, that one of the resonance signals in Figure 5.49 is due to the presence of 

V205' 
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Figure 5.50 5 IV MAS NMR spectrum observed at 105.075 MHz for a sample of 

V205. External reference liquid VOC13, pulse delay =1s, pulse 

width =2 us, number of scans = 1000, spinning frequency -7 kHz. 

The second signal which can be identified in Figure 5.49 has no sideband manifold and 

8(5'V) - -625 ppm. The resonance is thus more shielded than would be expected for 

LaV04. A strong possibility is that the resonance could be associated with vanadium in the 

mullite lattice. It is known that vanadium can be incorporated into the mullite lattices. 19-20 

although the levels are generally thought to be relatiVely small. 

Based on the 51V MAS NMR results presented in Sections 5.2 and 5.4, and those to be 

presented in Section 5.5, it might have been expected that resonance signals due to the 

presence of CeV04 (8 (5 IV) = -43 5 ppm) and LaV04 (8 (5 IV) = -610 ppm) would have 

been observed. From the spectrum it is not clear whether these compounds are present 

because resonance signals from these compounds would be masked by the spinning 

sideband manifold Of V205. However it may be the case that the RE present in the 

zeolite-Y lattice, when forced to redistribute upon severe heat treatment, may have formed 

very stable compounds (possibly oxides) which do not react with the vanadium dopant. 

_1 
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5.4.5 Summary 

Of the series of samples for each support material those containing lanthanum, only and 

lanthanurn combined with vanadium produced the most interesting results. The other 

series of samples essentially acted as controls. 

For the samples with only vanadium present both XRD and MAS NMR did not identify the 

presence of any specific vanadium species. For samples that were loaded with both 

lanthanum and vanadium the presence Qf LaV04 was observed, to some extent, for all 

samples. The amount present was found to be a function of the treatment atmosphere, with 

the greatest levels being found when air was used as a carrier gas. Hydrothermal 

conditions were also found to aid the formation of LaV04 under a nitrogen atmosphere. 

Both observations indicate that the formation of LaV04 is related to the oxidising 

capability of the atmosphere. 

Two distinct differences were observed which relate to vanadium/lanthanum chemistry on 

the two support materials. Firstly for the a -alumina support materials the formation of 

LaV03 was observed, except with samples that were hydrothermally treated under a 

nitrogen atmosphere: no evidence could be found for the formation of LaV03 on the silica 

support materials. Secondly with the silica support material it was observed, under a 

nitrogen atmosphere, that the formation of LaV04 was decreased when the temperature 

was increased from 750*C to 800'C (Figures 5.47 and 5.48), for the a -alumina support 

materials similar amounts were observed at both rea ction temperatures (Figures 5.41 and 

5.42). Both of these observations were not anticipated in view of the reaction conditions 

employed. The formation of LaV03 requires reduction of vanadium from vanadium (IV) 

to vanadium (III) and the reaction conditions, particularly under an air atmosphere, are 

predominantly oxidising; the mechanism by which reduction of vanadium occurs is 

unclear. For the effect of temperature on the formation of LaV04 it would be expected that 

at the higher reaction temperature the oxidising atmosphere would be relatively unaltered 

and similar levels of LaV04 would be formed. This suggests that on silica support 

materials, at 800T, vanadium is present in a form other than LaV04. Interestingly, a 

nitrogen atmosphere and a temperature of NOT were the only conditions that an unknown 
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phase (indicated by *) was observed. This phase cannot contain vanadium since it was 

also observed for the silica support materials loaded with 9.5 mass% lanthanum 

(Figure 5.44). It may be that this phase represents a stable lanthanum-containing 

compound and the vanadium is unable to compete successfully for the lanthanum. The 

same may be true for other phases that are present on the surface of the silica support 

materials. On the a -alumina support materials the vanadium may be able to compete with 

greater success and LaV04 formation is facile. It is certainly true that with the a -alumina 

support materials that as the amounts of lanthanurn/vanadiurn containing compounds 

increases, then the levels of the lanthanum-containing compounds reduces, as would be 

predicted. 

For the completely degraded samples the 5 IV MAS NMR spectrum suggest the presence of 

V20,. The fate of the RE ions, redistributed after thermal treatments, is not clear. 

5.5 General Rare Earth Chemistry 

In order to gain more information about the RE/vanadium chemistry that has been observed 

for the zeolite-Y and support material (silica and a -alumina) samples, a series of solid 

state reactions were performed using differing combinations of RE and vanadium 

containing compounds (Table 4.7). Significantly larger molar quantities of vanadium were 

used for these reactions, and this facilitated the detection of new crystalline phases by both 

XRD and 51V MAS NMR. The reactions were carried out using a horizontal tube furnace 

arrangement (Section 4.4), with similar reaction conditions to those used for the zeolite-Y 

and support material samples; that is, calcination and steam treatment at NOT for 

five hours using both air and nitrogen atmospheres. 

5.5.1 Preparation of LaV04 

Preparation of this material was of direct interest for characterisation purposes. It was also 

of interest to expose this compound to hydrothermal treatments, similar to those used for 

the catalytic samples. The method of preparation has been described in Section 4.4. 
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It should be noted that the reaction is highly exothermic and thus an arc melting method of 

preparation45-49 would have been preferable to carrying out the reaction in a sealed quartz 

container. (Arc melting was not available to us). 

A lime green powder was obtained from the reaction of V205 with La203 and this was 

confirmed to be almost phase pure LaV04 by XRD (Figure 5.51). The two small 

diffraction peaks, labelled *, are not due to the LaV04 phase, nor to V205 or La203; these 

peaks are probably due to contamination from the quartz container. The 5 IV MAS NMR 

spectrum obtained for LaV04 is given in Figure 5.52. It can be seen that the spectrum 

consists of a single sharp resonance, centred at 8(51V) = -611±6 ppm, with equally spaced 

spinning-sidebands either side of the central line. The chemical shift is in good agreement 

with that reported by Lapina and co-workerS24 for LaV04. 

II 

6 -800 -1000 -1100 -14oo 
8(51v) 

Figure 5.52 5 IV MAS NMR spectrum observed at 105.075 MHz for a sample of LaV04. 

Spectrum recorded using a pulse delay =1s, pulse width =2 ps, number of 

scans = 2000, spinning frequency - 7.5 kHz, external reference liquid 

VOC13 and, 5(5iV) = -611±6 ppm. 
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The second-order nature of the central line has been analysed in detail and quadrupolar 

parameters extracted are in good agreement with broad line studies. 50 These parameters 

have also been calculated with reasonable success via ab initio methods based on the 

known structure of LaV04.51 

Steam treatment of the LaV04 phase, by itself, had little effect upon the LaV04 phase: the 

XRD pattern and 51V MAS NMR spectrum obtained were similar to those presented in 

Figures 5.51 and 5.52. 

5.5.2 Reactions Involving Vanadyl. Naphthenate 3% 

Four different RE containing compounds were reacted with vanadyl, naphthenate 3% 

(Table 4.7). Only the results from the reactions involving LaCl3 and CeC13 will be 

discussed in detail here. The reactions carried out with La(N03)3 and La203 were found to 

be considerably more complex: a short summary of these reactions are given later in this 

section. 

Reaction of vanadyl naphthenate 3% with lanthanum trichloride 

Calcination of a mixture of vanadyl naphthenate 3% with lanthanum. trichloride at 800'C 

for 5 hours using air as a carrier gas resulted in the formation of two crystalline phases 

(Figure 5.53(a)), LaOCI (peaks labelled M) and LaV04 (peaks labelled *). Steam 

treatment at 8000C for 5 hours using air as a carrier gas (Figure 5.53(b)) again resulted in 

the formation of LaOCI (peaks labelled M) and LaV04 (peaks labelled *) together with a 

third unidentified phase (peaks labelled A). The LaOCI phase, corresponding to JCPDS 

reference file No. 08-0477, is the same as that observed on the surface of the a -alumina 

support materials (Section 5.4) when treated under similar reaction conditions. The 51V 

MAS NMR spectra obtained for the two treated samples are given in Figure 5.54(a) and 

(b). Figure 5.54(a), for the calcined sample, is similar to that reported for LaV04 in 

Section 5.5.1 (Figure 5.52) with a single sharp resonance centred at 8 (5 IV) = -610±6 ppm, 

confirming the XRD result that vanadium is present as LaV04. The introduction of steam 
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into the system results in an additional small resonance in the 5 IV MAS NMR spectrum 

(Figure 5.54(b)) centred at g(SIV) = -571±11 ppm. This 51V MAS NMR result points to 

the unidentified phase found in the corresponding XRD pattern to be a 

vanadium-containing compound. In this context it is interesting that on a qualitative basis 

there seems to be relatively less LaV04 in the XRD pattern for the steam-treated material 

(Figure 5.53(b)). Lapina and co-workers'24 have observed a 51V NMR resonance signal: 

8(51V) = -570 ppm for experiments involving V205 supported on MgO or A1203. They 

concluded that this signal was probably due to surface clusters in which the vanadium was 

in a distorted tetrahedral environment. It is not clear whether surface clusters are important 

in the present work, nonetheless it seems that the unidentified crystalline compound may 

have vanadium in a similar distorted geometry. Table 5.17 summarises the XRD and 

5 IV MAS NMR data for this compound. 

X-ray diffraction data 51V MAS NMR data 

Diffraction peaks observed at: 

22,28.5,43 and 57.5", in 20 

Single resonance observed at: 

5(SIV) = -571±11 ppm 

Table 5.17 XRD and 5 IV MAS NMR data obtained for the unidentified phase observed 

after steam treatment of LaCl3 with vanadyl naphthenate 3%. 
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Figure 5.54 

b 

Inn, 0 400 -800 -1200 

d 

0 

-400 -800 -1200 

45(siv) 
51V MAS NMR spectra observed at 105.075 MHz for a mixture of vanadyl 

naphthenate 3% and lanthanurn trichloride treated under differing 

conditions. Spectra recorded using a pulse delay =Is, pulse width =2 us, 

spinning frequency - 7.5 kHz and external reference liquid VOC13, With 

the mixture treated at (a) 800/5/0/AIP, number of scans = 7407 and 

(5(5 IV) = -610±6 ppm, (b) 800/5/80/AIR, number of scans = 10 000, 

8(5'V) = -611±5 pprn and c5(5'V) = -571±11 ppm, (c) 800/5/0/N2, number 

of scans = 10 000, and (d) 800/5/80/N2, number of scans = 61000, 

8 (5 IV) = -610±6 ppm and 8 (5 IV) = -571 ppm. 

Calcination of the vanadyl naphthenate 3% and lanthanum trichloride mixture at 800'C for 

5 hours under a nitrogen atmosphere had a marked effect on the product distribution 

(Figure 5.55(a)) with effectively only LaOCI being formed. Positive evidence for 

vanadium containing species could not be found, this is reflected in the 5 IV MAS NMR 

spectrum (Figure 5.54(c)) where no vanadium signals could be detected. It is probable that 

the vanadium could be present in a single, or series, of paramagnetic compounds. 

Steam treatment under a nitrogen atmosphere (Figure 5.55(b)) produced a similar product 

distribution to that observed for the sample steam treated using air as a carrier gas. That is, 

0 -4bO -800 -1ý00 
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the formation of LaOCI (peaks labelled 0), LaV04 (peaks labelled *) together with an 

unidentified compound, as already discussed (peaks labelled A). This similarity in product 

distribution is also observed in the 51V MAS NMR spectrum (Figure 5.54(d)), where a 
I 

similar MAS spectrum is observed to that obtained for the sample steam treated under air. 

The results from the reaction of vanadyl naphthenate. 3% and lanthanum trichloride show 

that under conditions that favour the oxidation of the vanadium from an oxidation state of 

+4 to +5, then LaV04 is the major vanadium containing reaction product. Under 

conditions were oxidation of the vanadium is not favoured (800/5/0/N2) then vanadium 

remains in a lower oxidation state. This behaviour is similar to that observed on the 

surface of the support materials where the concentration of LaV04 was dependent upon the 

severity of the oxidative conditions (Section 5.4). Interestingly, steam treatment also 

results in the formation of a second vanadium-containing species (but not positively 

identified); this was not found with the silica and a -alumina support materials. The 

formation of LaOCI was common to all experiments. 

Reaction ofvanadyl naphthenate 3% with cerium trichloride 

Treatment of vanadyl naphthenate 3% with cerium trichloride using air as a carrier gas 

gave well defined results. Both calcination and steam treatment (Figure 5.56) resulted in 

the formation of Ce02 (peaks labelled El, corresponding to JCPDS data base file 

No. 04-0593) and CeV04 (peaks labelled 0 corresponding to JCPDS data base file 

No. 12-0757). An interesting point is the oxidation state of the excess cerium, here the 

cerium is oxidised from cerium (III) to cerium (IV); furthermore there is no evidence for 

the formation of an oxychloride. CeV04 is a paramagnetic compound since cerium (111) 

has a single unpaired electron in the 4f shell. 

The 5 IV MAS NMR spectra, for the samples treated in air, are comparable and in both 

cases consist of a single resonance centred at 6(S IV) = -437±7 ppm. (calcined sample 

Figure 5.57(a)) and J(51V) = -435±7 ppm. (steam treated sample Figure 5.57(b)) with 

equally spaced spinning-sidebands either side of the central transition. There is no report 

of J (5 IV) for CeV04 in the literature: clearly from the present work 5 (5 IV) = 436±7 ppm. 
.i* 
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The enhancement of the spinning sideband manifold is typical of that expected for the 

MAS NMR spectrum of a paramagnetic solid. 52 

a 

0 -400 -860 -1200 

b 

/I ___________ 

-400 -800 -1200 

d 

0 400 -800 -1200 0 -400 -800 -1200 

5(51v) 15(51V) 

Figure 5.57 S IV MAS NMR spectra observed at 105.075 MHz for a mixture of vanadyl 

naphthenate 3% and cerium trichloride treated under differing conditions. 

Spectra recorded using a pulse delay =Is, pulse width =2 Ps, spinning 

frequency - 7.5 kHz and external reference liquid VOC13, With the mixture 

treated at (a) 800/5/0/AIR, number of scans = 9000 and 

8(SIV) -437±7 ppm, (b) 800/5/80/AIR, number of scans = 9500, 

, 5(5'V) -435±7 ppm, (c) 800/5/0/N 2, number of scans = 61000, and 

(d) 800/5/80IN2, number of scans = 9000,, 6(51V) = -435±6 ppm. 

Steam treatment under a nitrogen atmosphere produces a similar product distribution to 

treatment under an air atmosphere (Figure 5-58(b)) with CeO2 (peaks labelled 13) and 

CeV04 (peaks labelled 0) observed. The S IV MAS NMR spectrum observed 

(Figure 5.57(d)), however, is markedly different from that for the samples treated under air. 

In general the spinning sideband manifold in a paramagnetic solid is influenced by the 

distribution of paramagnetic ions within the solid. 52 It is thus difficult to see why the 

'; 
observed MAS NMR spectra should change so markedly if it is due solely to CeV04: it 
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suggests that additional paramagnetic centres are present. In this context the less oxidising 

atmosphere may be relevant; this is an area for further investigation. 

Calcination under a nitrogen atmosphere (Figure 5.58(a)) results in the formation of CeOCI 

(peaks labelled V), a cerium (III) compound, together with CeV03 (peaks labelled A, 

corresponding to JCPDS data base reference No. 31-0343), a vanadium (III) compound. 

The presence of CeV03 is significant in that the reduction of vanadium within the vanadyl 

naphthenate 3% system is identified. Reduction of vanadyl naphthenate 3% from 

vanadium (IV) to vanadium (III) was alpo observed on the surface of the silica and 

a -alumina support materials after treatment under these reaction conditions. The XRD 

pattern also shows evidence for a third crystalline phase (peaks labelled 0), however, this 

phase could not be positively identified. The 51V MAS NMR spectrum obtained for the 

calcined sample (Figure 5.57(c)) does not show the presence of any vanadium signals. 

This suggests that the vanadium is present in a series of compounds some of which may be 

paramagnetic. 

Reaction ofvanadyl naphthenate 3% with lanthanum nitrate and lanthanum oxide 

These reactions were complex producing at least five crystalline compounds (a portion of 

which could not be identified) depending on conditions. In both cases lanthanum oxide 

(La203) was a predominant phase in the XRD patterns and LaV04 was formed in 

conditions which favoured the oxidation of vanadium (IV) to vanadium (V) (treatment 

under air and steam treatment under nitrogen). The 51V MAS NMR spectra were complex 

and could not be interpreted in a straightforward manner. It can be noted that for 

comparable treatments the product distributions were similar, this was reflected in both the 

XRD and 51V MAS NMR spectra. These reactions will not be discussed further here. 

Summary andfurther discussion 

Table 5.18 summarises the compounds identified when LaC13 and CeC13 are reacted with 

vanadyl naphthenate 3% under differing experimental conditions. 
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RE containing Treatment conditions 

reactants 800/5/0/AIR 800/5/80/AIR 800/5/0/Ni 800/5/80/N, ) 

LaCl3 LaOCI LaOCI LaOCI LaOCI 

LaV04 LaV04 LaV04 
--- 

CeC13 Ce02 Ce02 CeOCI Ce02 

CeVO4 CeV04 CeVO, CeV04 

Table S. 18 A summary of the compounds identified, after differing treatments, when 

LaCl3 and CeCl3 are reacted with vanadyl naphthenate 3%. 

One immediate feature of the results is the formation of REV04compounds for reaction 

conditions that favour the oxidation of vanadium (IV) to vanadium (V) (800/5/0/AIR, 

800/5/80/AIR, and 800/5/80/N2). For the reactions which involved calcination under a 

nitrogen atmosphere, no vanadium-containing compounds could be identified for the LaCl3 

reaction and, CeV03 was confirmed to be present for the reaction of CeC'3. In addition to 

these identified phases it can also be recalled that, for the reactions involving LaC13, steam 

treatment also resulted in a second vanadium-containing compound (Table 5.17) and a 

number of unassigned diffraction peaks remained in the pattern recorded for the samples 

calcined under nitrogen (Figure 5.55(a)). For the reaction involving CeCl3 steam treatment 

resulted in the formation of CeV04 alone, however, calcination under a nitrogen 

atmosphere did result in one compound which could not be identified (Figure 5.58(a)). 

The similarity in the product distributions observed after reaction at 800/5/0/AIR, 

800/5/80/AIR, and 800/5/80/N2 strongly suggests that the oxygen associated with the 

steaming regime plays a significant role in determining the product distribution. Indeed, 

for the LaCl3 and CeCl3 reactions, under a nitrogen atmosphere, the only source of extra 

oxygen is that from steam. For reactions where no external oxygen is available 

(800/5/0/N2) no vanadium species could be identified for the vanadyl naphthenate 3% and 

LaCl3 reaction, and vanadium was found in the form of CeV03 for the reaction of vanadyl 

naphthenate 3% and CeC13, In the latter case vanadium has been reduced from a +4 

oxidation state to +3 oxidation state. 
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5.5.3 Reaction of Vanadyl Phthalocyanine with Lanthanum Trichloride 

Treatment of vanadyl phthalocyanine with lanthanum trichloride using air as a carrier gas 

resulted ina similar product distribution as for the corresponding experiment with vanadyl 

naphthenate 3%. That is, calcination (Figure 5.59(a)) resulted in the formation of LaV04 

(peaks labelled *) and LaOCI (peaks labelled 0). Steam treatment resulted in the 

formation of LaV04 and LaOCI, together with an unidentified phase (peaks labelled A), 

which was the same as that observed from the steam treatment of LaC13 and vanadyl 

naphthenate 3% (Table 5.17). The 51V MAS NMR spectra (Figure 5.60(a) and (b)) 

indicate the formation of LaV04, but a further resonance in the region of 

J (5 IV) = -570 pprn was not observed. 

Figure 5.61 (a), (b), and (c) shows the XRD patterns recorded for the samples treated under 

a nitrogen atmosphere: (a) is for the sample treated at 800/5/0/N2 and (b) and (c) are both 

for treatment at 800/5/80/N2. For the latter conditions two differently coloured phases 

were present within the sample holder (a black phase (b) and an off white phase (c)); these 

were easily separated. 

Calcination under a nitrogen atmosphere (Figure 5.61 (a)) resulted in the formation of 

LaOCI (peaks labelled M). No other phases could be positively identified. The 51V MAS 

NMR spectrum (Figure 5.60(c)) shows the presence of at least two vanadium signals. A 

relatively well resolved signal is observed at 6(5'V) -365±17 ppm, together with 

spinning sidebands, and a much broader signal centred between 

, 6(51V) = -100 to -200 ppm. In both cases these signals are to high frequency of the 

chemical shift ranges expected for vanadates. 24 Further "vork is required to assign these 

resonances. 
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Figure 5.60 5 IV MAS NMR spectra observed at 105.075 MHz for a mixture of vanadyl 

phthalocyanine and lanthanum trichloride treated under differing conditions. 

Spectra recorded using a pulse delay 1 s, pulse width =2 us, spinning 

frequency - 7.5 kHz and external reference liquid VOC13, Spectra (c), (d), 

and (e) were filtered through an exponential window prior to Fourier 

transformation. With the mixture treated at (a) 800/5/0/AIR, number of 

scans = 4241 and o3(51V) = -611±4 ppm, (b) 800/5/80/AIR, number of 

scans = 9000, (5(SIV) = -611±4 ppm, (c) 800/5/0/N,, number of 

scans 12 122, J(s IV) -365±17 ppm, (d) 800/5/80/N2, number of 

scans 68 500,8(51V) -570+10 ppm, i5(SIV) = -611±6 ppm, and 

(e) 800/5/80/N2, number of scans = 10 000,5(51V) = -571±20 ppm, 

8(5'V) = -611±9 ppm. 
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As already indicated steam treatment under a nitrogen atmosphere gave rise to two easily 

separated phases. Considering first the black phase (Figure 5.61(b)), it can be seen that the 

diffraction peaks due to LaOCI (peaks labelled 0), LaV04 (peaks labelled *), and the same 

unidentifiect compound found in the corresponding vanadyl naphthenate 3% investigation 

(Table S. 17) (peaks labelled A) are observed. In addition there are several unlabelled peaks 

which could not be identified. It can be seen that the concentration of LaV04 with respect 

to the unidentified compound is relatively low; this is also reflected in the 5 IV MAS NMR 

spectrum (Figure 5.60(d)) where the signal, centred at 8(5'V) = -570±20 ppm, has a greater 

intensity with respect to the signal for LaV04, centred at S(5IV) = -611±6 ppm. 

Considering the off-white phase (Figure 5.61 (c)), it can be seen that the majority of this 

phase is found as LaOCI (peaks labelled M). The 51V MAS NMR spectrum recorded for 

this phase (Figure 5.60(e)) shows the presence of the same two vanadium signals 

(, 5(5'V) = -571±20 ppm) and ((5(5'V) = -611±9 pprn) observed for the black phase. 

However the intensity distribution is markedly changed with considerably less LaV04 

present: indeed the XRD pattern is unable to detect the presence of this compound. 

It might be expected that reaction of LaCl3 with vanadyl phthalocyanine should give a 

similar product distribution to that from the reaction with LaCl3 and vanadyl naphthenate 

3%, particularly since the vanadium is found in a similar environment. This was found to 

be the case with the samples that were treated using air as a carrier gas (Table S. 18), the 

same holds for the sample calcined under a nitrogen atmosphere. Close inspection of the 

two XRD patterns (Figure 5.60(a) and Figure 5.55) shows that the two patterns are very 

similar, with the major phase being LaOCI (peaks labelled N), and furthermore most of the 

unlabelled peaks found in these two patterns correspond well. As already discussed the 

major difference between the two reactions is found after treatment at 800/5/80/N2. 

5.5.4 Reaction of Vanadium (V) Oxide with Lanthanurn Trichloride 

The main feature of this reaction was the formation of LaV04 under all reaction conditions. 

In this case the oxidation of vanadium is not a barrier to the formation of LaV04, even after 

calcination under a nitrogen atmosphere. Apart from this main feature this reaction proved 



249 

to be complex with the production of a number of phases, depending upon conditions, 

which were difficult to identify. 

5.5.5 Summary 

Overall the reactions between various RE- and vanadium-containing compounds have 

produced an array of differing reaction products. It has been seen that in conditions which 

favour the oxidation of vanadium (IV) to vanadium (V) then REV04 is the major 

vanadium species present, this was the case with all six different combination of reactants. 

The formation of other vanadium-containing phases was particularly favoured for the 

reactions involving La(N03)3, La203, and V205. The unidentified vanadium phase in 

Table 5.17 (observed after reaction of LaCl3 with vanadyl naphthenate 3% and vanadyl 

phthalocyanine) may be vanadium in a distorted tetrahedral environment. 
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Chapter 6 

Conclusions 
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Summary and Overall Conclusions 

The overall aim of the work has been to gain a better understanding of the chemistry of 
I 

zeolite-Y in'the presence of vanadium and, in particular, to investigate the loss of zeolite-Y 

crystallinity in the presence of this metal. 

Initial studies focussed on a series of three commercial FCC type catalysts (Section 5.1) 

that only differed in the levels of REs ion-exchanged into the zeolite-Y (Table 5.1). The 

investigations clearly showed that steam treatment, with and without the presence of 

vanadium, resulted in changes to the levels of crystalline zeolite-Y present; changes to the 

unit cell constant for the zeolite-Y were also observed. The observed changes in surface 

area and unit cell constant for the steam-treated and untreated catalysts are given in 

Table 5.2. The magnitudes of the observed changes are closely linked to a number of 

factors, namely the specific RE ion-exchange level within the zeolite-Y lattice, the level of 

vanadium contamination and the reaction temperature. 

With regard to the levels of crystalline zeolite-Y remaining after given treatment 

conditions, investigations into the behaviour of commercial FCC type catalysts 

(Section 5.1), under simulated conditions, showed in general that (i) increasing the RE 

ion-exchange level within the zeolite-Y lattice increases the resistance of the zeolite-Y to 

destruction by hydrothermal treatment (Figures 5.2(a), (c) and (e) and 5.4), (ii) increasing 

the vanadium loading on the catalyst results in increased loss of zeolite-Y crystallinity 

(Figures 5.3(a), (c) and (e) and 5.5), and (iii) increas ing the temperature results in increased 

destruction to the zeolite-Y lattice (Figures 5.2(a), (c) and (e), 5.3(a), (c) and (e), and 5.6). 

In terms of the observed changes to the unit cell constant after treatment, it was found that 

(i) increasing the RE ion-exchange level increases the observed unit cell constant 

(Figure 5.2(b), (d), and (f)), (ii) increasing the vanadium loading results in a decrease in the 

unit cell constant (Figure 5.3(b), (d), and (f)), and (iii) increasing the reaction temperature 

has the effect of further reducing the unit cell constant (Figure 5.2(b), (d), and (f) and 

5.3(b), (d), and (0). 
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Against the background of the studies of the commercial catalysts detailed investigations 

were then carried out for zeolite-Y by itself as a model system. This had important 

advantages. In particular, it was possible to greatly increase the levels of vanadium to 

which the zýolite-Y could be exposed whilst still maintaining the loading at realistic levels 

in commercial terms. In turn, this allowed the use of 5 IV MAS NMR as a powerful 

characterisation technique. Similarly 27Al MAS NMR became more informative since only 

contributions from the aluminiurn associated with the zeolite-Y were observed; with 

commercial FCC catalysts other forms of non zeolitic aluminiurn (matrix/clay, particle 

binder) are present all of which would contribute to, and hence complicate, the 27AI MAS 

NMR spectrum. 

A series of five zeolite-Y samples were prepared with a range of lanthanum ion-exchange 

levels from 0 to 8.6 mass% lanthanum. Initially, the same general investigations as those 

performed on the commercial FCC samples were carried out. The surface area 

measurements and unit cell constant data for these steam-treated samples are given in 

Table 5.5. The changes in surface area (zeolite-Y crystallinity) and unit cell constant 

mirror the behaviour observed for the commercial FCC catalysts. This can be confirmed 
from Figures 5.10 to S. 17. This result is important in its own right since it confirms the 

validity of using zeolite-Y by itself as an effective model for the study of vanadium/FCC 

chemistry. It can be noted that the general type of behaviour observed for both the 

commercial FCC and the model zeolite-Y samples was found to be typical of that reported 
by other workers in the field. '-10 Detailed comparisons were not always possible, however, 

because of variations in composition of the samples used. 

A relatively large range of lanthanum ion-exchange levels was investigated for the model 

zeolite-Y system and, as a consequence, it was possible to observe that the increase in 

zeolite-Y stability conferred by increasing the RE ion-exchange level was not linear in this 

region (Figure 5.11 (a) and (c)). It was found that there was a large increase in relative 

stability as the lanthanum ion-exchange level was increased from 0 to c. a. 3 mass% 
lanthanum whilst at higher levels the effect was markedly less pronounced. This behaviour 

was observed for samples steam treated at both reaction temperatures, and both with and 

without the presence of vanadium. 
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A range of experiments was carried out for the model zeolite-Y samples which involved 

changing treatment conditions other than just that of temperature (Section 5.2.2). The 

results from experiments where the carrier gas was changed from air to nitrogen are of 

particular interest and are given in Table 5.8. It is important to note that the zeolite-Y 

samples treated under nitrogen and with respect to (i) increasing RE ion-exchange, 

(ii) increasing vanadium loading, and (iii) increasing reaction temperature, behave in a 

similar manner to comparable samples steam treated with air as a carrier gas. In more 

detail there is, increasing zeolite-Y stability with increases in RE ion-exchange level, and 

decreasing zeolite-Y stability with increases in the vanadium loading and reaction 

temperature. Returning to specific results when the carrier gas was nitrogen it was found 

that, at the higher reaction temperature (800"C), similar levels of crystalline zeolite-Y 

remained after steam treatment under both air and nitrogen atmospheres. However, at the 

lower reaction temperature (750*C), and in the presence of vanadium, it was found that 

significantly larger amounts of crystalline zeolite-Y remained after steam treatment under a 

nitrogen atmosphere than under an air atmosphere. In the absence of vanadium similar 
levels of crystalline zeolite-Y remained after treatments under both atmospheres 
(Figure 5.20). Changing from an air to a nitrogen atmosphere removes a source of oxygen 
from the system. Clearly at the lower reaction temperature, and in the presence of 

vanadium, external oxygen plays an important role in the interaction of vanadium with the 

zeolite-Y lattice. At the higher reaction temperature, the role of external oxygen appears to 
be less critical. 

The model zeolite-Y samples (2.6LaH-Y) were also subjected to a series of experiments 

where the steam to carrier gas ratio was changed from the standard value of 80 % steam 

(Section 5.2.2). The carrier gas was air and separate experiments were carried out with 

vanadium loadings of 5000 and 10 000 pprn vanadium at a reaction temperature of 800"C 

(Table 5.6 and Figures 5.18 and 5.19). At the lower of the vanadium loadings it was found 

that increasing the steaming ratio resulted in a steady decrease in surface area (zeolite-Y 

crystallinity) until a value of 80 % steam was reached. In the region of this steam to carrier 

gas ratio a relatively large decrease in surface area was observed. For the samples treated 
in the presence of 10 000 ppm vanadium it was found that a marked change in surface area 
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occurred at a much lower steam to carrier gas ratio, that is below 40 % steam. These 

results indicate that for any given vanadium loading there is a steam to gas ratio above 

which enhanced damage to the zeolite-Y lattice occurs. 

The experimental results outlined above provide new information on the behaviour of 

zeolite-Y under an array of different treatment conditions. These include the level of RE 

ion-exchanged into the zeolite-Y lattice, the vanadium loading to which the catalyst is 

exposed, the treatment temperature, the percentage steam used during treatments, and the 

atmosphere that the treatments are carrif. -d out under. At one level the results can be used 

to suggest optimum conditions for enhancing the useful life time of the zeolite-Y 

component of a commercial FCC catalyst: (i) the RE ion-exchange level should be 

sufficiently high to provide the zeolite-Y with protection form thermal and hydrothermal 

treatments, the results indicate that this should be at least c. a. 3 mass% RE, (ii) the 

vanadium loading must be maintained at minimal levels, (iii) the treatment temperature 

should be as low as is acceptable, (iv) the steam to carrier gas ratio should be as low as 

possible, and (v) the treatment atmosphere should be as oxygen free as possible. Although 

these suggestions would go some way to prolonging the life time of the zeolite-Y they do 

not take into account the harsh realities of a modem working FCCU. For example, it must 

not be forgotten that during the cracking reaction the catalyst particles become coated with 

carbonaceous material (coke). These deposits prevent contact between the catalyst particle 

and fresh reactants. To overcome this problem the catalyst particles are transferred to the 

regenerator part of the FCCU for removal of 'carbon! surface deposits and this is achieved 

by hydrothermal treatments at elevated temperatures and under an oxidising atmosphere. 

Clearly the percentage steam, the treatment temperature, and percentage oxygen in the 

atmosphere are all critical factors during the removal of coke, and reductions in these 

factors lessens the ability of the regenerator to remove coke form the surface of the 

catalyst. A catalyst particle which cannot contact fresh reactants is equally as ineffective as 

a catalyst particle with reduced levels of crystalline zeolite-Y. Similarly with regard to 

reducing vanadium loadings to which the catalyst particles are exposed, this can be 

achieved with prudent selection of crude oil sources, however, high quality crudes are the 

most expensive, and their price will inevitably increase with time. Vanadium loadings are 
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controlled by the removal of spent catalyst and replacement with fresh catalyst. Again this 

is an expensive procedure and cost limits the amount of spent catalyst which can be 

removed, and hence the average vanadium loading on the catalyst particles. Ideally what is 

required isdcatalyst particle which can withstand both the harsh conditions of an FCCU 

and the presence of vanadium. In order to achieve this a full understanding of the 

mechanism by which vanadium reacts destructively with the zeolite-Y catalyst is required. 

A key step in the more detailed analysis of the model zeolite-Y result was to make the 

basic assumption that the amount of deýtruction caused to the zeolite-Y lattice by 

hydrothermal treatment and that caused by the presence of vanadium, were essentially 

independent of one another. Surface area measurements provided a quantitative means of 

exploring the consequences of this assumption. Specifically, if the difference in surface 

area between a sample loaded with vanadium and the same sample with no vanadium 

present is taken, then this provides a measure of the change in surface area due to the 

presence of vanadium alone. For example, Figure 5.21 provides results for steam-treated 

model zeolite-Y samples with 5000 ppm. vanadium contamination. One immediate result 

of this approach is that it is observed that a given vanadium level causes a greater decrease 

in surface area at the higher reaction temperature. This may reflect the increased physical 

mobility of vanadium at higher temperatures, but an enhanced chemical reactivity of 

vanadium cannot be ruled out. Another interesting result of the analysis is that there is an 

overall trend to increased destruction to the zeolite-Y lattice as the RE ion-exchange level 

is increased. This was interpreted to indicate that a RE-vanadium compound, or at least the 

formation of such a compound, may be responsible for the destruction caused to the 

zeolite-Y lattice. In simple terms if RE ions are removed from the zeolite-Y lattice then 

the influence that these RE ions have on the stability of the zeolite-Y lattice is also 

removed. It can be recalled that lanthanurn bridging complexes are thought to give 
lanthanum ion-exchanged zeolite-Y samples added thermal stability' I (Section 2.1.1, 

Figure 2.7). 

To summarise a possible mechanism for vanadium-induced destruction to the zeolite-Y 
lattice involves the migration of vanadium from the surface of the catalyst to the RE ions 

. present within the zeolite-Y lattice, a reaction takes place and the RE ions are removed 
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from the zeolite-Y lattice in the form of a RE-vanadium compound. As a consequence the 

zeolite-Y becomes thermally and hydrothermally less stable and more susceptible to 

thermal collapse. This mechanism has features in common with suggestions put forward 

by other w&kers. 1,9 12,13 

The presence of a RE-vanadium compound has been confirmed on three differently steam 

treated samples. Figures 5.22 and 5.23 show 5 IV MAS NMR spectra for the three samples 

and all spectra confirm the presence of LaV04. If the formation of LaV04 (in more general 

terms REV04) is intrinsically involved in the mechanism of the collapse of the zeolite-Y 

lattice then the conditions that result in relatively large effects must also be those 

favourable to the formation of LaV04, 

It has been shown that zeolite-Y crystallinity reduces with increasing temperature, reduces 

with increasing steam to carrier gas ratio, and at 750'C a nitrogen atmosphere has 

beneficial effects towards the retention of zeolite-Y crystallinity. In the absence of detailed 

infon-nation (in the open literature) regarding the chemistry and properties of LaV04 a 

series of experiments were designed to explore how RE and vanadium compounds would 

react under similar treatment conditions. Experiments were performed in the presence of 

a -alumina (Section 5.4.2), in the presence of silica (Section 5.4.3), and a series of solid 

state reactions were considered between a variety of different RE and vanadium containing 

compounds (Section 5.5). 

Considering the reactions that were performed in the presence of a -alumina, it can be 

recalled that the a -alumina support material was loaded with different combinations of 

lanthanum. (11.0 mass% lanthanum, from lanthanum trichloride) and vanadium (I mass% 

vanadium, from vanadyl naphthenate 3%) prior to reaction (Section 4.3). Treatment in the 

presence of lanthanum. and vanadium resulted, in all cases, in the formation of LaV04. 

However, it must be noted that the formation of LaV04 did not account for 100% of the 

deposited vanadium. The formation of LaV03 was also observed, and there was evidence 

which suggested that some vanadium may be present in a form invisible to both XRD and 

51V MAS NMR. Details of the phases identified are given in Table 5.14. Both calcination 

and steam treatment under an air atmosphere, at both reaction temperatures (7500C and 
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8000C), resulted in similar levels of LaV04being formed (Figures 5.39 and 5.40). 

Interesting differences were observed when the samples were calcined and steam treated 

under a nitrogen atmosphere. Under a nitrogen atmosphere the levels of LaV04were 

reduced whýn compared to those for treatment under air. However, it was evident that 

steam treatment under nitrogen resulted in greater quantities of LaV04than calcination 

(Figures 5.41 and 5.42). As with the samples treated under air, an increase in temperature 

had no major effects on the levels of LaVo4present. It can be noted that when the 

a -alumina, loaded with vanadium only, was treated no vanadium compounds could be 

identified. 

For the silica support materials, loaded with both lanthanurn (9.5 mass% lanthanum, from 

lanthanurn trichloride) and vanadium (1 mass% vanadium, from vanadyl naphthenate 3%), 

treatment under an air atmosphere resulted in similar levels of LaVo4being present after 

calcination and steam treatment, and at both reaction temperatures (Figures 5.45 and 5.46). 

This behaviour was also observed for the a -alumina support materials but it can be noted 

that smaller quantities of LaVo4were found on the silica support materials. Similarly 

there was evidence that not all of the vanadium was present as LaV04. Treatment under a 

nitrogen atmosphere again resulted in the formation of LaV04, although, an increase in 

temperature resulted in reduced amounts of LaVO4being formed. Again no vanadium 

compounds could be identified after treatment in the presence of only vanadium. 

Details of the combinations of reactants used for the unsupported lanthanum/vanadium 

reactions can be found in Table 4.7, the reactions included calcination and steam treatment 

under both air and nitrogen atmospheres at 800*C only. In conditions which favoured the 

oxidation of vanadium from the +4 to +5 oxidation state (800/5/0/AIR, 800/5/80/AIR, and 

800/5/80/N2) then the presence of LaV04 was observed; reduced levels of LaV04 were 
found after treatment under nitrogen. As with the support material samples there was 

evidence that LaV04 did not account for 100% of the vanadium present. For reactions 

carried out at 800/5/0/N2 the formation of LaV04 was not noted except for the reaction of 

vanadium (V) oxide with lanthanum. trichloride, for this reaction vanadium is found in a +5 

oxidation state prior to reaction. Reactions were the RE ion was changed to cerium 

resulted in the formation of CeV04. 
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The experiments summarised above provide a good deal of information about the 

chemistry of RE and vanadium under reaction conditions. One overriding feature of all of 

the results was the formation of REV04, except under specific conditions for reactions not 

involving s4port materials. The formation of REV04 requires the oxidation of vanadium 

from the +4 to +5 oxidation state, and since vanadium is deposited as V02+ then the 

formation of REV04 also requires three additional oxygen atoms per molecule of REV04. 

It seems clear that one source of this oxygen must derive from the support materials: this is 

particularly apparent for the conditions: 750/5/0/N2 and 800/5/o/N2. Furthermore, since 

greater quantities of REV04 were observed on the a -alumina support material than on the 

silica support material, this suggests that the oxygen associated with the former is more 

accessible. 

Another source of oxygen derives from steam under hydrothermal conditions. For 

example, in the absence of support material REV04 is formed after the treatment 

800/5/80/N2* It should be re-emphasised that the oxygen associated with steam is also 

important in the formation of REV04 in the presence of support materials, for example it 

was found for either support material that under a nitrogen atmosphere, steam treatment 

resulted in relative greater quantities of REV04 being formed. 

Returning to the zeolite-Y system, it is important to discuss in more detail the proposal that 

the formation of REV04 is responsible for reducing zeolite-Y crystallinity. There are three 

important factors which must be considered for treatments in the presence of vanadium: 

(i) an increase in the steam to carrier gas ratio causes increased destruction to the zeolite-Y 

lattice, (ii) an increase in temperature has the same effect, and (iii) moving to a nitrogen 

atmosphere results in retention of crystalline zeolite-Y (at least at 750"C). 

Considering points (i) and (ii), it might be expected that an increase in temperature or the 

steam to carrier gas ratio would result in larger amounts of REV04 being formed. This 

was not found to be the case, either for treatment in air with both the supported series of 

reactions, or for the general solid state RE/vanadium investigations. However, the 

observed reductions in crystalline zeolite-Y with increasing temperature and steam to 

carrier gas ratio may be related to the formation of greater quantities of REV04 as a 
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response to the increased mobility of vanadium. An important factor to remember with the 

zeolite-Y samples is the fact that the RE component is found, in the main, within the lattice 

of the zeolite-Y and not on the surface as was with the samples based on support materials. 

For the zeolite-Y based samples for RE and vanadium to combine they must first contact 

one another and so diffusion factors may play an important role. Clearly an increase in 

temperature would increase vanadium mobility, but what of an increase in the steam to 

carrier gas ratio? Wormsbecher and co-workerS7 have demonstrated the importance of 

steam with regard to the transport of vanadium through a commercial FCC type catalyst. 

They showed that vanadium is initially found on the surface of an FCC particle and this 

remained the case even after calcination at 760*C. However, steam treatment of an 

equivalent sample resulted in an even distribution of vanadium throughout the FCC 

particle, thus demonstrating the importance of steam to the mobility of vanadium which is 

initially deposited upon the surface of the catalyst. It seems reasonable, therefore, to 

assume that increasing the steam to carrier gas ratio would also increase the mobility of the 

vanadium. Increasing the ease with which vanadium can contact RE within the zeolite-Y 

lattice would also increase the removal of RE from the lattice and hence increased 

destruction to the zeolite-Y lattice would be the end result. 

To summarise, with the support-based materials an increase in the reaction temperature of 
50'C has little effect upon the levels of REV04 observed and may reflect that in the 

temperature range 750-800'C maximum levels of REV04 are reached, similarly with 

changes to greater steam to carrier gas ratios. With the zeolite-Y system, where diffusion 

factors play a more critical role, an increase in the reaction temperature and steam to carrier 

gas ratio may have a more significant effect due to an increase in the ease with which 

vanadium can contact the RE component, thus, in this case increased levels of REV04 

would be anticipated. To some extent this is verified by S IV MAS NMR spectroscopy 

cf. Figure 5.22, but this is an area which requires further investigation. 

With regard to the fact that under a nitrogen atmosphere, and at 750*C, greater quantities of 

crystalline zeolite-Y remain than after similar treatments under air then the results from the 

RE/vanadium investigations are consistent with the assumption that this is due to reduced 
levels of REV04being formed. For each of the three different sets of samples reduced 
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levels of REV04were recorded under a nitrogen atmosphere when the results were 

compared to those performed under air. 

To summarise a mechanism has been put forward to account for the fact that increased 

destruction of the zeolite-Y lattice is observed after treatment in the presence of vanadium. 

That is, the vanadium, initially deposited upon the surface of the catalyst, migrates to the 

RE component of the catalyst and reacts to form REV04. The removal of RE (RE bridging 

complexes) from the zeolite-Y lattice renders that portion of the zeolite-Y thermally and 

hydrothermally unstable. The observatipn of LaV04upon three differently treated model 

zeolite-Y samples and the results from investigations into the chemistry of RE with 

vanadium support this proposed mechanism. 

As was stated earlier, the formation of REV04 compounds have formed the basis for 

mechanisms put forward by other workers, 1,9,12,13 However, it is also the case that this type 

of mechanism for the vanadium-induced destruction of zeolite-Y has been questioned by 

other workers. Wormsbecher and co-workerS7 suggested that the formation of REV04 

compounds was only a by-product of a different reaction and their formation was not 

critical to the mechanism of attack. As a simple test for this proposal a commercial FCC 

sample was completely destroyed by then-nal treatments (Section 5.4.4). XRD analysis of 

the destroyed FCC sample confirmed that no crystalline zeolite-Y remained and the 

amorphous material had recrystallised into silica and mullite (Figure 5.35). This sample 

was contaminated with vanadium (I mass% vanadium, from vanadyl naphthenate 3%) and 

steam treated under differing conditions. The SIV NIAS NMR spectrum (Figure 5.49), 

recorded for the sample steam treated at 800/5/80/AIR, showed the presence of several 

vanadium environments. The majority of the vanadium was found in a V205 phase, the 

remaining vanadium environments could not be positively identified. No evidence for the 

formation of LaV04 or CeV04 was found. This result by itself does not provide definitive 

proof that the formation of REV04 compounds is critical in the mechanism by which 

vanadium causes loss of zeolite-Y crystallinity, however, it does show that REs are present 
in a form (or forms) which are inaccessible to vanadium in a thermally destroyed catalyst. 
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Having observed that destruction to the zeolite-Y lattice, in the presece of vanadium, is 

related to the RE ion-exchange level a series of experiments were designed to prevent 

reaction of vanadium with the zeolite-Y lattice by the use of a secondary source of REs 

(Section 5.3). A commercial catalyst, alpha-56, was selected for the experiments. The 

catalyst had RE ions deposited upon the surface of the catalyst prior to vanadium loading 

and steam treatment. An unexpected feature of the experiments was the loss of zeolite-Y 

crystallinity caused by the steam treatment of the sample in the presence of REs alone. It 

was noted that cerium ions caused greater damage to the zeolite-Y lattice than lanthanum 

ions. However, it was found that the reaction of vanadium with the zeolite-Y lattice could 

be controlled in the presence of surface REs, furthermore, treatment under a nitrogen 

atmosphere provided additional protection to the zeolite-Y lattice, at both reaction 

temperatures. Clearly if REs are to be used commercially as a method of controlling the 

vanadium/zeolite-Y reaction then the loss of zeolite-Y crystallinity due to the presence of 

surface REs must be overcome. This may be a function of the methods used for the 

introduction of REs to the surface of the catalyst or the sources of RE ions used, this is an 

area which would benefit from further investigation. 

Finally, to summarise a range of different experiments have been carried out with a view to 

gaining a greater understanding of the vanadium/zeolite-Y system. The results indicate 

that the levels of REs ion-exchanged into the zeolite-Y lattice are related to the amount of 

destruction caused to the zeolite-Y by the presence of vanadium. It is proposed that 

vanadium migrates to the RE component of the zeolite-Y lattice, where the REs 

(RE bridging complexes) are removed by the formation of REV04. Removal of RE 

bridging complexes from the zeolite-Y lattice causes a reduction in thermal and 

hydrothermal stability of that portion of the zeolite-Y and this results in loss of 

crystallinity. 
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