
Durham E-Theses

Model ling and characterization of supported catalytic

centres

Bell, Gi llian

How t o cite:

Bell, Gillian (1994). Model ling and characteriz at ion of supported catalytic centres , Durham e-Theses.
http://etheses.dur.ac.uk/5815 /

Use p olicy

The full-text may b e used and/or repro duced, and given to third parties in any format or medium, without prior p ermission or
charge, for p ersonal research or study, ed ucational, or not-for -pro�t purp os es provided that:

� a full bibliographic reference is made to the original source

� a link is made to the metadat a record in Durham E-Theses

� the full-text is not changed in any way

The full-text must not b e sold in any for mat or medium without the formal p ermission of the copyright holders.

Please consult the full Durham E-Theses p olicy for further details.

Academic Supp ort O�ce, T he Palatine Centre, Durham University, S to ckt on Road , Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6 107

http://eth es es.d ur.ac.uk

https://www.durham.ac.uk
http://etheses.dur.ac.uk/5815/
 http://etheses.dur.ac.uk/5815/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


MODELLING AND CHARACTERIZATION OF SUPPORTED 
CATALYTIC CENTRES 

by 

G i l l i a n B e l l B.Sc. (Nottingham), M.Sc. (Dunelm) 

A t h e s i s submitted t o the U n i v e r s i t y of Durham 
f o r the degree of Doctor of Philosophy 

J u l y 1994 

The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 

t 8 SEP 1995 

1 



D e c l a r a t i o n 
The work i n t h i s t h e s i s was c a r r i e d out i n the U n i v e r i t y of 
Durham between October 1988 and November 1992. I t has not 
been submitted, e i t h e r w holly or i n p a r t , f o r a degree i n 
t h i s or any other U n i v e r s i t y and i s the o r i g i n a l work of the 
author except where acknowledged by reference. 

2 



Acknowledgements 

I wish t o express my a p p r e c i a t i o n t o my supervisor Dr. M. 
K i l n e r f o r a l l h i s help, advice and encouragement during 
t h i s p e r i o d of study and durin g the w r i t i n g of t h i s t h e s i s . 
I am also g r a t e f u l t o Dr. J.P.S. Badyal f o r h i s help and 
advice w i t h the XPS and mass s p e c t r a l experiments, and t o 
the members of the departmental t e c h n i c a l s t a f f and l a b . 115 
f o r t h e i r assistance throughout t h i s p e r i o d of study. I 
would also l i k e t o thank Mr. A. Coulthard f o r h i s help w i t h 
the production of t h i s t h e s i s . 

G. B e l l 
J u l y 1994 



Modelling? and C h a r a c t e r i z a t i o n of Supported C a t a l y t i c 
Centres 
Abstract 

A s e r i e s of aluminia and t i t a n i a promoted, s i l i c a -
supported chromium ( I I I ) acetate c a t a l y s t s were 
cha r a c t e r i z e d using X-ray photoelectron spectroscopy (XPS) 
p r i o r t o , and a f t e r , a c t i v a t i o n i n oxygen a t 780°C. The 
r e s u l t s i n d i c a t e d t h a t Cr (VI) was formed i n each case as a 
r e s u l t of the a c t i v a t i o n process. Increased promoter metal 
b i n d i n g energies i m p l i e d an i n t e r a c t i o n between the promoter 
and s i l i c a support. I t i s proposed t h a t there i s i n s e r t i o n 
of aluminium and t i t a n i u m atoms i n t o the s i l i c a network, 
which leads t o formation of surface s i l i c a t e s . A q u a l i t a t i v e 
measure of the metal dispersions has been made using the XPS 
r e s u l t s . I n general, the chromium d i s p e r s i o n f e l l on 
a c t i v a t i o n , but the g r e a t e s t decline was seen w i t h the 
lowest chromium loa d i n g (0.5% Cr), Promoter metal d i s p e r s i o n 
was unchanged on a c t i v a t i o n , except i n the case of the 
highest t i t a n i u m l o a d i n g (4.35% T i ) , where small t i t a n i a 
c l u s t e r s are formed. 

Mass s p e c t r a l a n a l y s i s of the gases evolved d u r i n g 
thermal decomposition i n argon l e d t o a mechanism being 
proposed f o r the decomposition of the acetate precursor. The 
f i r s t step i s dehydration of the s i l i c a support, which i s 
f o l l o w e d by decompositon of acetate ligands t o form an 
intermediate, which was thought t o be a carbonate, and the 
f i n a l stage i s the decomposition of t h i s intermediate t o 
chromium ( I I I ) oxide f o r the unpromoted c a t a l y s t s . Where a 
promoter i s present a s t r u c t u r a l and e l e c t r o n i c i n t e r a c t i o n 
between the chromium complex and the promoter i s proposed, 
which leads t o formation of mixed surface oxides of 
p e r o v s k i t e ( M ^ T i ^ O g ) or s p i n e l (MP^Al,, 1 1 1 1^) s t r u c t u r e , 
where M = Cr. 

For a c t i v a t i o n under oxygen the p a t t e r n of decomposition 
was much simpler. Studies of the promoted c a t a l y s t s showed 
the o x i d a t i o n t o o c c u r - i n two stages. I t was n o t c l e a r which 
chromium species were present a f t e r the f i r s t step, but the 
second step l e d t o the formation of chromium (VI) oxide f o r 
a l l c a t a l y s t s . 

Modelling of the adsorption s i t e s on metal surfaces has 
also been undertaken w i t h a s e r i e s of triosmium carbonyl 
complexes c o n t a i n i n g ligands derived from a n i l i n e , phenol, 
p y r r o l e , f u r a n , thiophene and benzene. These complexes have 
been char a c t e r i z e d using Fourier Transform I n f r a Red 
spectroscopy and t h e i r v i b r a t i o n a l spectra assigned i n f u l l . 
The usefulness of these complexes as models, and i n the 
assignment of v i b r a t i o n a l spectra of adsorbates on metal 
surfaces, i s discussed. 
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PREFACE 
The work i n t h i s t h e s i s i s d i v i d e d i n t o two p a r t s , the 

f i r s t being devoted t o the c h a r a c t e r i z a t i o n of supported 
c a t a l y t i c centres (Chapters 1, 2, 3) and the second t o the 
modelling of adsorption s i t e s on metal surfaces using w e l l -
c h aracterized organometallic c l u s t e r complexes (Chapter 4 ) . 

Chromium (VI) oxide supported on s i l i c a i s the P h i l l i p s 
c a t a l y s t which i s important i n d u s t r i a l l y f o r the 
poly m e r i z a t i o n of ethylene. The c a t a l y t i c a c t i v i t y i s 
promoted by a d d i t i o n of T i 4 - or A l 3 - , g e n e r a l l y as the 
oxides. W h i l s t the po l y m e r i z a t i o n r e a c t i o n i s w e l l s t udied 
there are fewer i n v e s t i g a t i o n s of the c a t a l y s t i t s e l f . I t i s 
these promoted systems which are the focus of t h i s study. 

A review of the surface chemistry of s i l i c a and s i l i c a -
supported t i t a n i a and chromium oxides i s contained i n 
Chapter 1. Chapter 2 contains the r e s u l t s of X-ray 
photoelectron spectroscopic i n v e s t i g a t i o n s of a se r i e s of 
s i l i c a - s u p p o r t e d chromium c a t a l y s t s , promoted by t i t a n i a and 
alumina, which have been p r e v i o u s l y a c t i v a t e d by heating i n 
oxygen a t 780°C. This technique presents a p i c t u r e of the 
changes i n surface chemistry which have occurred as a r e s u l t 
of a c t i v a t i o n , i n p a r t i c u l a r changes i n metal o x i d a t i o n 
s t a t e and d i s p e r s i o n . 

The thermal decomposition which occurs when the c a t a l y s t s 
are heated i n i n e r t gas (argon) and when a c t i v a t e d i n oxygen 
has been studied using evolved gas analysis w i t h mass 
spectrometry. A mechanism of decomposition was proposed and 
the r e s u l t s are contained i n Chapter 3. 

Chapter 4 presents the c h a r a c t e r i z a t i o n of a set of 
triosmium carbonyl complexes c o n t a i n i n g ligands derived from 
p y r r o l e , thiophene, f u r a n , a n i l i n e , phenol and benzene. 
Fourier Transform I n f r a Red spectra of the complexes have 
been obtained and the v i b r a t i o n a l modes assigned. The 
chemistry of the same ligands as adsorbates on metal 
surfaces i s considered, together w i t h the s u i t a b i l i t y of the 
organometallic complexes as models f o r the adsorbate-surface 
bonding and t h e i r r o l e i n a s s i s t i n g the assignment of 
v i b r a t i o n a l spectra of the surface species. 
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CHAPTER 1 

T r a n s i t i o n Metal Oxides Supported on S i l i c a ; 
A Review of S i l i c a - s u p p o r t e d Titanium and Chromium Oxides 
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1 I n t r o d u c t i o n 
Metal oxides are important c a t a l y s t s i n organic synthesis 

and i n the chemical i n d u s t r y . C a t a l y t i c cracking, 
i s o m e r i z a t i o n of hydrocarbons, a l k y l a t i o n s of alkanes and 
aromatics w i t h o l e f i n s , p o l y m e r i z a t i o n of o l e f i n s and 
p a r t i a l o x i d a t i o n of hydrocarbons are among the r e a c t i o n s 
c a r r i e d out over metal oxide c a t a l y s t s [ 1 , 2 ] . 

There are a number of reasons f o r using supported 
oxides, i n c l u d i n g the increased surface area and the f a c t 
t h a t the support can reduce s i n t e r i n g . Sometimes the support 
i s used as a heat conduction medium, which may be important 
i n o x i d a t i o n r e a c t i o n s which have lar g e heats of r e a c t i o n . 
I n a number of systems the support provides a template f o r 
the oxide t o form i n a c e r t a i n desired morphology, such as 
the exposure of one predominant plane eg., V 2 0 5 on T i 0 2 . 

A supported c a t a l y s t consists of an a c t i v e component 
dispersed on a support w i t h a h i g h l y s p e c i f i c surface [ 6 ] . 
The a c t i v e component can be i n one of f o u r forms: ( i ) i t 
r e t a i n s i t s chemical i d e n t i t y as a separate c r y s t a l l i n e or 
amorphous phase, ( i i ) i t forms a new s t o i c h i o m e t r i c compound 
w i t h the support, ( i i i ) i t disperses i n the support t o form 
a s o l i d s o l u t i o n , or ( i v ) i t can form a monolayer. A 
monolayer d i s p e r s i o n i s common - many oxides and s a l t s 
disperse spontaneously onto the support surface t o give a 
monolayer or submonolayer, as t h i s i s the thermodynamically 
stable form. 

S i l i c a i s used as a support because i t i s r e l a t i v e l y 
i n e r t : i n t e r a c t i o n w i t h the immobilized species i s g e n e r a l l y 
weak [ 4 , 7 ] . I n t h i s sense, s i l i c a acts mainly as a 
dispersant, w i t h o u t a l t e r i n g the a c t i v i t y of the deposited 
m a t e r i a l . This p r o p e r t y may be d e s i r a b l e i n c e r t a i n cases, 
but i s connected w i t h a f a i r l y weak bonding between s i l i c a 
and the dispersed species. As a consequence, a high tendency 
f o r thermal aggregation of the immobilized compound i s 
f r e q u e n t l y observed. However, i t i s important t o recognise 
t h a t s i l i c a can form a s i l i c a t e w i t h many oxides, e s p e c i a l l y 
those of the f i r s t t r a n s i t i o n s e r i e s . Their formation i s 
o f t e n thermodynamically favourable but k i n e t i c a l l y l i m i t e d , 
and thus high temperature c a l c i n a t i o n leads t o t h e i r 
production. 

I n order t o t a i l o r and improve c a t a l y s t s f o r new 
processes (such as p r o d u c t i o n of s p e c i a l i t y chemicals) i t i s 
necessary t o c o n t r o l , and hence t o understand, the surface 
p r o p e r t i e s of metal oxides [ 1 1 ] . W h i l s t much has been 
learned concerning the chemical nature of surface oxides 
(types of bonding), both w i t h i n the surface oxides and t o 
substrates, and of the valence of surface species, 
comparatively l i t t l e work has been done on the p h y s i c a l 
s t r u c t u r e of the surface phase and the r o l e of the 
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underlying support on the surface s t r u c t u r e [ 8 ] . The e f f e c t s 
of changing v a r i a b l e s such as support phase and composition, 
pr e p a r a t i o n temperature and environment, and surface oxide 
loading, on the c a t a l y t i c p r o p e r t i e s of the systems need t o 
be studied. The s t r u c t u r e of the support may i n f l u e n c e the 
s t r u c t u r e of the oxide on the surface and there i s v a r y i n g 
extent of oxide i n t e r a c t i o n w i t h the support. A b e t t e r 
understanding of t h i s i n f l u e n c e i s needed, e s p e c i a l l y where 
the support may i t s e l f be a c a t a l y s t f o r some r e a c t i o n s . 

One of the reasons f o r the slower progress towards 
understanding c a t a l y s i s on supported oxides compared t o 
supported metals a r i s e s from the d i f f i c u l t y of preparing 
well-dispersed oxides and from the l a c k of a r e l i a b l e 
method of measuring the d i s p e r s i o n , s i m i l a r t o hydrogen 
chemisorption f o r metals [ 9 ] . The support plays an important 
r o l e i n the d i s p e r s i o n of the metal oxide [ 1 0 ] , which leads 
t o ambiguity i n the separate r o l e of the c a r r i e r from the 
e f f e c t of the a c t i v e phase p a r t i c l e s i z e [ 2 ] . As a r e s u l t 
there i s i n t e r e s t i n studying the use of supported oxides on 
high surface area c a r r i e r s . To f u l l y understand the e f f e c t 
of a supported oxide c a r r i e r on an a c t i v e phase, the 
chemical s t a t e and the d i s p e r s i o n must be known. 

The i n c i p i e n t wetness impregnation technique o f t e n leads 
t o weak a c t i v e phase-support i n t e r a c t i o n s and hence t o poor 
oxide p a r t i c l e d i s persions, although more complex 
i n t e r a c t i o n s between the ions and the c a r r i e r may occur 
simultaneously [ 1 2 ] . The i o n exchange method f r e q u e n t l y 
leads t o high and homogenous dispersions but also t o low 
m e t a l l i c contents. D e p o s i t i o n - p r e c i p i t a t i o n of metal 
precursors on supports when accompanied by adsorption i s 
recognised t o give high and homogeneous d i s p e r s i o n even a t 
high m e t a l l i c contents [ 1 3 ] . 

C h a r a c t e r i z a t i o n of the molecular s t r u c t u r e of supported 
metal oxides i s complicated since the supported oxide phase 
can simultaneously possess several d i f f e r e n t molecular 
s t r u c t u r e s , as w e l l as chemical s t a t e s . Techniques which can 
provide d e t a i l e d i n f o r m a t i o n about the molecular s t r u c t u r e 
must be capable of d i s c r i m i n a t i n g between these d i f f e r e n t 
s t a t e s . EXAFS, XANES, FTIR, Raman and s o l i d s t a t e nmr can 
provide such d e t a i l e d molecular i n f o r m a t i o n [ 3 , 5 ] . However, 
many in situ Raman studies take place under ambienrt 
c o n d i t i o n s , i . e . moisture i s present on the surface. The 
i n f l u e n c e of hydration/dehydration remains a source of 
confusion. D r a s t i c changes i n spectra and s t r u c t u r a l changes 
occur on dehydration, which are not j u s t l o ss of water from 
the surface [ 3 ] . 

Despite the problems of c h a r a c t e r i z a t i o n , a l a r g e body of 
work e x i s t s i n the l i t e r a t u r e . Below i s a review of the work 
c a r r i e d out on s i l i c a supported chromium and t i t a n i a oxides, 
which i s important w i t h regard t o the experimental work 
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which f o l l o w s on the P h i l l i p s c a t a l y s t (chromium/silica) and 
i t s promotion w i t h t i t a n i a . 
2 S i l i c a 

There are a number of amorphous forms of s i l i c a which 
have no c r y s t a l l i n e s t r u c t u r e : 
V i t r e ous - s i l i c a glass 
C o l l o i d a l ( s o l s ) - the d i s p e r s i o n of s i l i c a p a r t i c l e s i n 
water 
S i l i c a g e l - a 3D network of aggregated S i 0 2 p a r t i c l e s 
of c o l l o i d a l dimensions (3-100nm). The pores are f i l l e d w i t h 
the medium i n which the g e l i s prepared ( u s u a l l y w a t e r ) . 
Removal of t h i s medium leads t o aerogels. 
P r e c i p i t a t e d - a powder obtained by coagulation of S i 0 2 

p a r t i c l e s from an aqueous medium under the i n f l u e n c e of high 
s a l t concentrations. 
Fumed ( a e r o s i l s ) - produced by a vapour phase process, the 
flame h y d r o l y s i s of s i l i c o n t e t r a h a l i d e s [ 1 4 ] . Cab-o-sil, a 
commonly used c a t a l y s t support i s a fumed s i l i c a . 

The bulk of the s i l i c a s t r u c t u r e i s composed of siloxane 
Si-O-Si bonds, whereas a t the surface s i l a n o l bonds Si-OH 
are formed, together w i t h physisorbed water [ 1 5 ] . 
Figure 1.1 Silica siloxane and silanol bonds 1 

A 
— Si — Si 
Siloxane 

The surface chemistry and r e a c t i v i t y of s i l i c a are mainly 
determined by i t s surface OH groups. These groups are most 
important f o r the attachment of t r a n s i t i o n metal oxides, the 
siloxane bridges being much l e s s r e a c t i v e [ 1 6 ] . The surface 
s i l a n o l groups are found t o have a pKa value of between 4 
and 7, depending on the method of measurement [ 1 7 ] , 
i n d i c a t i n g t h a t s i l a n o l groups show weak a c i d i c or n e a r l y 
n e u t r a l behaviour [ 1 8 ] . 

Kiselev discovered the surface OH groups on s i l i c a i n 
1936 [19] and since then there have been many studies on the 
q u a n t i f i c a t i o n of the s i l a n o l number ( a O H , the number of OH 
groups per nm2) and on the assignment of d i f f e r e n t OH 

OH OH OH I I I — S i — S i S i — 
S i l a n o l 
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groups. A t h e o r e t i c a l model of the (111) surface of ^= 
c r y s t o b a l i t e obtained a value of 4.55 f o r a O H [ 2 0 ] . 
Zhuravlev obtained a f i g u r e of 4.9 OH/nm2 a f t e r evacuation 
a t 200°C f o r over 100 d i f f e r e n t types of amorphous s i l i c a 
[21,22], and found t h a t a O H i s a physicochemical constant 
f o r a f u l l y hydroxylated surface. 

I t was c a l c u l a t e d using 1H decoupled/MAS NMR t h a t the 
number of OH/nm2 v a r i e s from 7.7-17.0 [ 2 3 ] . This i s g r e a t e r 
than the t h e o r e t i c a l value, implying t h a t the i n t e r n a l 
surface i s accessible t o water molecules only. Higher 
values were obtained i n t h i s study because nmr takes i n t o 
account a l l the OH groups present i n the sample, i . e . both 
surface OH and i n t e r n a l OH groups which are s t r u c t u r a l water 
or OH groups i n s i d e s i l i c a p a r t i c l e s and are inaccessible t o 
small molecules such as MeOH or D2. 
2.3 The E f f e c t of Thermal Treatment on S i l i c a Surface 

Chemistry 
Thermal treatment of s i l i c a a t 473K removes physisorbed 

water but h a r d l y a f f e c t s the surface s i l a n o l groups [ 2 4 ] . At 
elevated temperatures the progressive e l i m i n a t i o n of water 
between neighbouring s i l a n o l groups takes place and the OH 
concentration f a l l s t o 1 OH/nm2 by dehydroxylation a t 
1073K, when only i s o l a t e d , f r e e Si-OH groups are observed 
[ 2 5 ] . Some OH groups are r e t a i n e d even a f t e r heating a t 
1273K: a O H has been determined as 0.65 (1173K) and 0.4 
(1273K) OH/nm2 [ 2 6 ] . Complete dehydroxylation r e q u i r e s even 
higher temperatures. The de n s i t y as a f u n c t i o n of 
temperature i s shown i n Table 1.1, and i t does not depend 
s i g n i f i c a n t l y on the type of s i l i c a . 

Table 1.1 The total number of hydroxy 1 groups (aori) on the 
silica gel surface 

Temperature /K aOII/OH nitr 2 

373 5.0 
473 4.7 
573 3.4 
673 2.2 
773 1.8 
873 1.6 
973 1.1 

1073 1.0 

The i n i t i a l number of surface OH groups may vary w i t h 
o r i g i n or the nature of the s i l i c a being studied but an 
est i m a t i o n of t h e i r p o p ulation can be obtained from studies 
of the thermal desorption of water and from surface 
r e a c t i o n s i n v o l v i n g D2, D20, Grignard reagents, halogen-
c o n t a i n i n g compounds, e.g. A1C1 3 and S i C l 4 , and B 2H 6 [27,28-
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46]. Such experiments also i n d i c a t e t h a t s i l i c a surfaces 
dehydroxylated below 773K have OH groups s u f f i c i e n t l y close 
together t o i n t e r a c t b i m o l e c u l a r l y w i t h the reagents used, 
even i n cases where adjacent OH groups are known not t o 
hydrogen bond because t h e i r separation i s greater than 
0.31nm [ 4 7 ] . This tendency diminishes w i t h A e r o s i l or Cab-O-
S i l . Price and Hensley [48] found f o r s t o i c h i o m e t r i c 
r e a c t i o n of A1C1 3 and S i C l 4 t h a t 90% OH groups are p a i r e d 
(geminal or v i c i n a l p a i r s ) below 870K on s i l i c a g e ls. With 
A e r o s i l or Cab-O-Sil p r e t r e a t e d a t 623K t h i s value f a l l s t o 
61%. 55% was i n d i c a t e d f o r A e r o s i l s d r i e d a t 573-775K 
r e a c t i n g w i t h chloromethylsilanes [ 4 9 ] . Hydrogen exchange 
r e a c t i o n s w i t h D 20 i n d i c a t e d a higher r e a c t i v i t y f o r geminal 
p a i r s than s i n g l e s i l a n o l s , but the most r e a c t i v e groups 
were hydrogen bonded v i c i n a l p a i r s [ 5 0 ] . The d i f f e r e n t 
arrangements of surface OH groups on the s i l i c a surface are 
shown i n Figure 1.2. 
Figure 1.2 The types of OH groups on the silica surface 

H H I I 0 0—H—-0 0—H \ / \ / 
Si Si 

/ \ / \ 
I s o l a t e d Geminal Hydrogen-bonded Hydrogen-bonded 

v i c i n a l geminal 

H 
I 
0 

H H 

Si 
/|\ 

I 1 0 0 
\ / 

Si 
/\ 

H H 
/ \ / 

0 0 1 I Si Si 
/|\ / l \ 

Line narrowing studies of -̂H nmr s i g n a l s demonstrate t h a t 
the protons associated w i t h the s i l a n o l s migrate from oxygen 
atom t o oxygen atom [ 5 1 ] . This proton hopping increases w i t h 
temperature, the average hopping frequency being estimated 
a t 10 4 s - 1 a t 773K. The use of m u l t i p l e pulse experiments 
[52] e s t a b l i s h e d a H-H distance of >0.4nm on a s i l i c a g e l 
c a l c i n e d a t 773K, -the r e s u l t not excluding the presence of 
geminal p a i r s . 
2.4 I n f r a r e d Spectroscopic Studies of S i l i c a 

Because of the i n s u l a t i n g nature of s i l i c a UHV techniques 
have had l i m i t e d use i n p r o v i d i n g understanding of the OH 
group chemistry [53] and IR spectroscopy has been most 
widely used t o study the types of OH groups present on the 
surface. S i l i c a surfaces c o n t a i n a v a r i e t y of t e r m i n a l 
s i l a n o l groups, some of which are i s o l a t e d s i n g l e or 
geminal, whereas others of e i t h e r of the above types are 
i n v o l v e d i n hydrogen bonding or are perturbed due t o 
i n t e r p a r t i c l e contact [54-56]. Differences between Cabosil 
(fumed s i l i c a ) and p r e c i p i t a t e d s i l i c a can be observed f o r 
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example, by IR spectroscopy [ 5 3 ] . For example, s t r u c t u r e i s 
seen i n the 0-H s t r e t c h i n g r e g i o n f o r the i n i t i a l Cabosil 
sample (3747, 3660 and 3520 c m - 1 ) , whereas a broad 
absorption between 3800 and 3000cm - 1 was observed f o r 
p r e c i p i t a t e d s i l i c a . 
Figure 1.3 The IR spectra of fumed and precipitated silica 

PRECIPITATED SILICA FUMED SILICA 

r r 3400 ..-V 
degassed 2hr 

3520 at 27°C 3660 
before 

/ before \ degassing CO degassing V 
\ 3747 it) UJ 

CQ 
• I I • ' • t • I • l I i I 

UJ degassed 8hr at 940°C > degassed 8hrs at 940°C 

d S ^ N 
\ r UJ 

degassed V2 hr 
degassed V2 hr at 500°C at 500°C \ 

\ 
3748 3750 

3740. \ 
3748 

! I I ! I I I M I I I I I 

<0 00 O 00 oo o CM CO CM co CO CO CM CO •<* co CO co co co CM CO CO 
1 ( c m 

a) before degassing 
b) a f t e r degassing f o r 3h a t 30°C 
c) d i f f e r e n c e between a) and b) 
d) degassed 30min a t 500°C in vacuo 
e) degassed 8.5hr a t 940°C in vacuo 

Evacuation a t room temperature leads t o loss of 
absorption i n the re g i o n 3500cm - 1 f o r both samples, and the 
band a t 1625 cm - 1 (a bending mode) i s i d e n t i f i e d as due t o 
weakly physisorbed molecular water. As the temperature i s 
r a i s e d the band a t 3520 cm - 1 i s f i r s t removed and t h i s 
i s f o l l o w e d by a gradual r e d u c t i o n i n i n t e n s i t y a t 3660 
cm - 1 u n t i l i t appears only as a t a i l on the 3747 cm - 1 

band. Only a f t e r heating t o over 900°C do the two 
surfaces give i n d e n t i c a l IR spectra. 

Gravimetric r e s u l t s on the adsorption and desorption of 
water are shown i n Figure 1.4 [53] 
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Figure 1.4 Dehydration-rehydration of silica 

V) 

a) 
DEHYDRATION 

u. 

\ REHYDRATION 

1 

0 200 400 600 800 
TEMPERATURE (°C> 

a) loss of surface s i l a n o l groups on heating 
b) OH groups which can be reformed a f t e r preheating t o the 

temperature i n d i c a t e d 

A f t e r molecular water i s removed from the surface 
(<160°C) there i s a slow loss of weight which corresponds t o 
the removal of the 3660 c n r 1 IR band [ 5 3 ] . This band can be 
a t t r i b u t e d t o OH groups which are hydrogen bonded and 
removed as water d u r i n g thermal dehydroxylation. At 900°C 
approximately 1 0H/nm2 remains which corresponds t o the 
extremely sharp 3747 cm"1 band, and i s a t t r i b u t e d t o a 
" f r e e l y v i b r a t i n g " OH group completely unperturbed by i t s 
environment. I t s i n t e n s i t y changes very l i t t l e d u r i n g the 
removal of physisorbed water and i t can be concluded t h a t 
the physisorbed water does not s i t on t h i s group a t low 
coverage. 

Upto 450°C, the dehydration of the surface OH groups i s 
completely r e v e r s i b l e . Above t h i s temperature the 
dehydration becomes p r o g r e s s i v e l y more i r r e v e r s i b l e . Above 
800°C the dehydration i s i r r e v e r s i b l e . 
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Scheme 1 The effects of temperature on the Rehydration-
rehydration of the silica surface 
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H H 
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Si Si + H 201 

Van Rosmalen and Mol [50] reported f o u r bands present i n 
the OH s t r e t c h i n g r e g i o n f o r dry s i l i c a gels heated a t 873K;. 
The d i f f e r e n t types of OH grouping are shown i n Figure 1.2 
above. 
v a ( i s o l a t e d , s i n g l e OH) 3749 
v t o (very weakly coupled symmetric/ 

antisymmetric geminal p a i r s ) 3742 
v o (H-bonded v i c i n a l p a i r ) 3600 
v a ( s i l a n o l of a v i c i n a l p a i r ) 3720 cm - 1 

There i s considerable dispute over the assignment of IR 
frequencies. Hair and H e r t l [57] suggest t h a t the band a t 
3747 cm - 1 i s due t o s i n g l e OH groups ( v a ) while bands a t 
3751 and 3743 cm - 1 are due t o geminal OH groups ( v b ) . 
G h i o t t i e t a l [58] observed a sharp band a t 3748 cm - 1 f o r 
h i g h l y dehydroxylated A e r o s i l s i l i c a (1.5 OH/nm2), assigned 
t o v a and bands a t 3540 and 3720 cm"1 f o r f u l l y hydroxylated 
A e r o s i l s i l c a corresponding t o v o and v d r e s p e c t i v e l y . I n 
a d d i t i o n , bands a t 3680 and 3450 cm - 1 were observed. Band 
s p l i t t i n g a t 3750 cm - 1 has been contested [59-62] w i t h 
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authors f i n d i n g no s p l i t t i n g or no d i s t i n c t shoulder. On 
s i l i c a surfaces p r e t r e a t e d above 473K i s o l a t e d , geminal and 
v i c i n a l groups are obviously present . The two modes v a and 
v t o are observed between 3742 and 3751 cm"1, w i t h the band 
from the hydrogen bonded v i c i n a l p a i r ( v o ) absorbing a t 3540 
• 3600 c m 1 [49,50,58,63,64]. The band between 3640 and 3660 
cm - 1 i s ascribed t o inaccessible i n t e r n a l hydroxyl groups, 
since t h i s broad band e x h i b i t s no isotope s h i f t on H-D 
exchange w i t h D20. 

Morrow and McFarlan [65] have used FTIR spectroscopy t o 
study the v i b r a t i o n a l modes associated w i t h f r e e ( i s o l a t e d ) 
s i l a n o l groups on an a e r o s i l and a p r e c i p i t a t e d s i l i c a , 
a c t i v a t e d i n vacuum i n the temperature range 450-800°C. 
A c t i v a t i o n a t 450°C removes v i r t u a l l y a l l the hydrogen-
bonded s i l a n o l s [54-56,66-69]. Spectra were obtained a t 22 
and -191°C and are shown i n Figures 1.5 - 1.8. 

Ficrure 1.5 Infrared spectra of aerosil and precipitated 
silicas activated at 800°C 
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Figure 1.6 IR spectra of aerosil and precipitated silica at 
191°C after activation at 450, 800 or 1000°C 
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Figrure 1.7 Ji? spectra o f aerosil and precipitated silica at 
22°C after activation at 450, 600 or 800°C 
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Figrure 1.8 IR spectra of the same samples after cooling to 
-191 °C 
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( i ) 5000-4000cm-1 s p e c t r a l r e g i o n 
A broad peak centred near 4550cm-1 i s observed f o r both 

a e r o s i l and p r e c i p i t a t e d s i l i c a s a t 22°C (Figure 1.5). On 
co o l i n g t o -191°C a w e l l resolved doublet having maxima a t 
4580 and 4510cm'1 was observed. Figure 1.6 shows the spectra 
o f — b o t h s i l i c a s a t -191°C a f t e r vacuum a c t i v a t i o n a t 450", 
800 or 1000°C and i t i s apparent t h a t the i n t e n s i t y of the 
4510cm - 1 peak decreases much f a s t e r than as the a c t i v a t i o n 
temperature i s r a i s e d , w i t h the change being much more 
pronounced f o r p r e c i p i t a t e d s i l i c a . A f t e r 1000°C a c t i v a t i o n 
the spectra f o r both s i l i c a s are s i m i l a r . 
( i i ) 4000-3000cm-1 s p e c t r a l r e g i o n 

I n the 4000- 3000cm-1 r e g i o n the bands were assigned as 
f o l l o w s a t 22°C: 
3720 H-bonded p a i r s or chains of s i l a n o l s 
3520 
3650 cm - 1 S i l a n o l s perturbed by i n t e r p a r t i c l e contact 
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A f t e r a c t i v a t i o n a t 450°C these bands have l a r g e l y 
disappeared l e a v i n g a r e l a t i v e l y sharp but asymmetric peak 
near 3745cm-1 (Figure 1.7). This band has been a t t r i b u t e d t o 
i s o l a t e d , n o n - i n t e r a c t i n g s i l a n o l groups. On co o l i n g t o -
191°C a d i s t i n c t shoulder emerges near 3738cm - 1 (Figure 1.8) 
f o r both s i l i c a s a c t i v a t e d a t 450°C. This disappears i n the 
spectra of the 800°c a c t i v a t e d samples but i s s t i l l evident 
i n the spectrum of the p r e c i p i t a t e d s i l i c a a c t i v a t e d a t 
600°C. 

On c o o l i n g , the 3745cm - 1 peak mimics t h a t of the 4550cm - 1 

peak i n the combination band r e g i o n , demonstrating t h a t they 
are probably c l o s e l y r e l a t e d . The i n t e n s i t y of the 3738cm - 1 

shoulder c l o s e l y f o l l o w s t h a t of the 4580cm - 1 band. 
A peak observed a t 980cm - 1 i s known t o be due t o the 

silicon-oxygen s t r e t c h i n g mode of i s o l a t e d s i l a n o l groups 
[56,70-74]. I n t e r e s t i n g l y , the use of CO as a probe molecule 
w i t h samples a c t i v a t e d a t 450C>C leads t o the observation of 
loss of v i b r a t i o n a l modes a t 840 and 760cm - 1 and growth of a 
new f e a t u r e a t 870cm - 1. H/D exchange a t 22°C of the 
a c t i v a t e d samples l e d t o an observed replacement of the Si-
OH 840/760cm - 1 p a i r by a s i n g l e band a t 610cm-1 (Figures 
1.10, 1.11). 

Ficrure 1.9 IR spectra of aerosil silica following addition 
of carbon monoxide 
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A A c t i v a t e d a t 450°C, 0.84 Torr helium a t -191°C 
B A f t e r evacuation of A fo l l o w e d by a d d i t i o n of 2.03 Torr CO 
a t -191°C 
C Di f f e r e n c e spectrum B - A 
D and E D i f f e r e n c e spectra where the e q u i l i b r i u m pressure of 
CO was 0.52 and 0.1 Torr r e s p e c t i v e l y 
Figure 1.10 IB. spectra of precipitated silica following 

addition of carbon monoxide 

&9 

B 

900 800 700 600 

A A c t i v a t e d a t 450°C, 0.50 Torr helium a t -191°C 
B A f t e r evacuation of A fo l l o w e d by a d d i t i o n of 0.53 Torr CO 
at -191°C 
C Diff e r e n c e spectrum B - A 
D and E Di f f e r e n c e spectra where the e q u i l i b r i u m pressure of 
CO was 0.07 and 0.02 Torr r e s p e c t i v e l y 

The 840 and 760 cm - 1 bands cannot be assigned t o SiOH 
angle deformation modes of a s i n g l e surface species because 
t h e i r r e l a t i v e i n t e n s i t y changes w i t h a c t i v a t i o n temperature 
and s i m i l a r changes are observed f o r absorptions a t 
3740/3750 and 4580/4510 cm'1 f o r both s i l i c a s . Considering 
these changes i n r e l a t i v e i n t e n s i t y as a f u n c t i o n of the 
a c t i v a t i o n temperature the bands a t 4510, 3750 and 760 cm"1 

can be a t t r i b u t e d t o a unique surface s i l a n o l species ( I ) 
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whereas 4580, 3740 and 840 cm*1 are due t o a second 
d i f f e r e n t s i l a n o l species ( I I ) [ 6 5 ] , 

The OH s t r e t c h i n g band becomes p r o g r e s s i v e l y more 
symmetric a t higher temperatures of a c t i v a t i o n and a t 1000°C 
the s i l a n o l band i s e n t i r e l y due t o species I , a t t r i b u t e d t o 
i s o l a t e d s i n g l e s i l a n o l s as these are the l a s t t o be 
el i m i n a t e d [16,54-56,66-69,75]. Species I I i s a m i n o r i t y 
species which i s p r e f e r e n t i a l l y e l i m i n a t e d as the 
temperature of a c t i v a t i o n i s r a i s e d . Species I I was 
i n i t i a l l y thought t o be geminal s i l a n o l s Si(OH) 2 as 
t h e o r e t i c a l c a l c u l a t i o n s have shown t h a t the v i b r a t i o n a l 
modes of t h i s species are expected t o be very close t o 
i s o l a t e d s i n g l e s i l a n o l s [ 7 6 ] . Also of relevance, the v(0H) 
frequencies of Me3SiOH and Me 2Si(OH) 2 d i f f e r from each other 
by only 2 cm"1 [77,78]. A summary of the s p e c t r a l 
assignments i s given i n Table 1.3. 

Table 1.2 Observed frequencies and assignments for isolated 
surface silanol species at -191°C 

observed, cm - 1 assignment 
610 S(Si-O-D) of I / I I 
760 <5(Si-0-H) of I 
840 <5(Si-0-H) of I I 
960 v(Si-OD) of I / I I 
980 v(Si-OH) of I / I I 

2756 v(SiO-D) of I I 
2763 v(SiO-H) of I 
2850 t(SiOD) + v(SiO-D) of I / I I 
3370 d(Si-O-D) + v(SiO-D) of I / I I 
3740 v(SiO-H) of I I 
3750 v(SiO-H) of I 
3870 T(SiOH) + v(SiO-H) of I / I I 
4510 d(Si-O-H) + v(SiO-H) of I 
4580 d(Si-O-H) + v(SiO-H) of I I 

The f a r i n f r a red studies of Hoffmann and Knozinge*: 
[75] showed two broad bands centred around 148 and 127 c i r r i 
(Figure 1.11). The i s o t o p i c r a t i o s of the band p o s i t i o n s on 
de u t e r a t i o n prove t h a t the modes have t o be described as 
t o r s i o n a l motions of OH groups w i t h respect t o the Si-0 
bond. I t i s l i k e l y t h a t they are r e l a t e d t o geminal and 
s i n g l e f r e e OH groups r e s p e c t i v e l y . Very weak absorption 
s i g n a l s below 150 cm - 1 could only be manifested by s p e c t r a l 
s u b t r a c t i o n . 
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Figure 1.11 Far IR spectra of undeuterated and deuterated 
silica activated at 600, 900 and 1100°C 
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a Spectrum obtained a t 600°C - spectrum obtained a t 900°C 
b Spectrum obtained a t 900°C - spectrum obtained a t 1100°C 
2.5 NMR studies of s i l i c a 

Several 2 9 S i NMR studies have i n d i c a t e d t h a t the r a t i o of 
geminal t o s i n g l e i s o l a t e d s i l a n o l s does not vary 
s i g n i f i c a n t l y according t o the type of s i l i c a or w i t h t hs 
temperature of a c t i v a t i o n under vacuum [79-83]. For a l l 
types of s i l i c a a c t i v a t e d upto 800°C a 2 9 S i NMR s i g n a l , due 
t o geminal [ S i ( O H ) 2 ] , was detected a t a l l temperatures [ 8 4 ] . 
Maciel and Sindorf [81] used 2 9 S i CP/MAS NMR t o study 
s i l i c a g e l a t various stages of dehydration upto 1100°C. 
Spectra are shown i n Figures 1.12 - 1.16. 
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Figure 1.12 CP/MAS zsSi MMR spectrum of silica gel saturated 
with liquid water 

-50 -100 -150 PPM 

-89ppm assigned t o geminal hydroxyl s i l a n o l s i t e s 
-lOOppm assigned t o s i n g l e hydroxyl s i l a n o l s i t e s 
-109ppm assigned t o surface s i l i c o n s of the type: (SiO)^Si 

Figure 1.13 29Si CP/MAS NMR spectra of silica gel dehydrated 
at 209-567°C 
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Ficrure 1.14 zs,Si CP/MAS NMR spectra of silica gel dehydrated 
at 650-800°C 
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Ficrure 1.15 Plot of fractional population of geminal sites 
measured for dehydrated and rehydrated samples 

vs. dehydration temperature 
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Figure 1.16 Estimated fractions of original slngle-hydroxyl 
and geminal-hydroxy1 sites remaining vs. 

dehydration temperature 
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At 20°C, f the f r a c t i o n of geminal s i t e s , i s 15.5%, the 
m a j o r i t y of tf i e surface s i l a n o l s being s i n g l e i s o l a t e d Si-OH 
species, and the f r a c t i o n decreases t o 12% a t 350-400°C 
(Figure 1.15). Above 400°c there i s a sharp increase i n the 
r e l a t i v e p o p u l a t i o n of geminal s i t e s which reaches a maximum 
of 24% a t 650°C before decreasing again a t higher 
temperatures. Figure 1.16 shows t h a t from 200-500°C 
condensation occurs p r e f e r e n t i a l l y f o r geminal hydroxyl 
s i t e s , w h i l s t from 500-700°C the geminal po p u l a t i o n remains 
e s s e n t i a l l y constant. This has been confirmed by DTG [ 8 5 ] . 

The behaviour of the s i n g l e and geminal OH s i t e s f o l l o w s 
t h a t f o r the o v e r a l l OH pop u l a t i o n and t h e r e f o r e a chemical 
e q u i l i b r i u m which i s independent of the t o t a l number of OH 
groups a t the s i l i c a surface i s est a b l i s h e d . ...... 

L e o n a r d e l l i et al [23] found the f r a c t i o n of geminal 
s i t e s remains constant f o r a l l samples studied. This was 
generalized t o a l l amorphous s i l i c a exposed t o water 
whatever treatment they have undergone. I t seems possible 
t h a t a p r o p o r t i o n a l i t y could e x i s t between the number of 
si n g l e and geminal OH s i t e s i n these samples and IR 
i n d i c a t e s t h a t there i s no d i f f e r e n c e between s i n g l e and 
geminal OH s i t e s i n t h e i r behaviour when water molecules are 
adsorbed [ 7 6 ] . I t was c a l c u l a t e d t h a t 30% of the OH groups 
i n amorphous s i l i c a are present as geminal groups; the 
remaining 70% could be s i n g l e or v i c i n a l OH groups. This 
population of geminal groups has already been found on a 
deactivated s i l i c a g e l a t 25°C [ 8 1 ] . 
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2.6 E f f e c t s of p o r o s i t y on the r e a c t i v i t y and d i s t r i b u t i o n 
of surface hydroxyl groups 

Van der Voort et al [85,86] have studied the e f f e c t of 
p o r o s i t y on the d i s t r i b u t i o n and r e a c t i v i t y of OH groups on 
the surface of s i l i c a g e l . Three types of s i l i c a g e l w i t h 
d i f f e r e n t pore d i s t r i b u t i o n s were used and the q u a n t i t a t i v e 
d i s t r i b u t i o n of the i s o l a t e d and hydrogen-bonded OH groups 
on the surface were c a l c u l a t e d . Their r e a c t i v i t y was s t u d i e d 
by chemical m o d i f i c a t i o n w i t h t r i c h l o r o s i l a n e (TCS), probed 
by t i t r i m e t r i c determination and FTIR w i t h photoacoustic 
d e t e c t i o n . 

A d e c l i n e i n the number of hydrogen-bridged OH groups 
w i t h an increase of i s o l a t e d ones was observed as a f u n c t i o n 
of i n c r e a s i n g temperature. The increase i n i s o l a t e d OH 
groups i s caused by the random condensation of hydrogens-
bonded OH groups. This i s c o n s i s t e n t w i t h the condensation 
r e a c t i o n : 
— S i — 0 

\ / > 

— S i — 6 

/ s 

/ 

+ H20 t ( I ) 

A recent study noticed a c o n t r i b u t i o n from the 
condensation of geminal OH groups [ 8 6 ] : 
OH OH OH OH HO 0 OH 

\ / • \ / \ / \ / + H 2 0 t 

Si Si * Si Si 

( I D 
I t was found t h a t fewer hydrogen-bonded OH groups remain 

a f t e r high temperature degassing of s i l i c a s - with. smaller 
pore r a d i i . Reaction I proceeds a t lower temperatures f o r 
s i l i c a s w i t h smaller pore volumes, which was explained by 
the p e r t u r b a t i o n degree: the greater the pore r a d i u s , the 
greater the i n t e r s i l a n o l distance and the more " i s o l a t e d 
character" the hydrogen-bonded s i l a n o l s have. I s o l a t e d 
s i l a n o l s only condense w i t h d i f f i c u l t y . 

TCS does not r e a c t e x c l u s i v e l y w i t h f r e e hydroxyl groupfe 
[63] but r e a c t i v i t y of bridged OH groups was found t o be 
low. There i s t o t a l conversion of f r e e OH groups a f t e r 17 
hours f o r a l l samples, which i n d i c a t e s t h a t p o r o s i t y has no 
s t r a i g h t f o r w a r d e f f e c t on the r e a c t i v i t y of f r e e OH. This i s 
understandable since i s o l a t e d OH groups are not a f f e c t e d by 
t h e i r environment. Bridged OH groups are a f f e c t e d by the 
pore rad i u s of the m a t e r i a l used. Small pore r a d i i leads t o 
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less r e a c t i v i t y towards TCS and only the g e l of lowest pore 
size was able t o i n f l u e n c e r e a c t i v i t y . 

Reaction w i t h hydrogen-bonded hydroxyl groups occurs only 
i n the low pretreatment temperature region (there are no 
hydrogen-bonded OH groups a t high temperature). The 
pretreatment temperature had a great impact on r e a c t i v i t y 
towards i s o l a t e d and hydrogen-bonded OH. (At low 
temperatures TCS reacts predominantly w i t h hydrogen-bonded 
OH; e x c l u s i v e l y w i t h i s o l a t e d OH a t high temperatures). 
2.7 X-ray Photoelectron Studies of s i l i c a surfaces 

Legrand et al [83] have reviewed studies of s i l i c a 
using XPS. Figures 1.17 - 1.19 show t h e i r r e s u l t s f o r 
a e r o s i l (A) and s i l i c a gels (P and G). 
Figure 1.17 C Is spectra for aerosil and silica gel samples 
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Figure 1.18 Si 2p spectra for aerosil and silica gel samples 

A 
® 

.JC3.G33U 1C3.E33» 

<J.8B m 

ags.esss 



Figure 1.19 0 Is spectra for aerosil and silica gel samples 
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Analysis of the 0 X m and S i 2 E ) spectra reveals the presence 
of three components: 
( i ) Si-O-Si binding energies of 0 X o 532.3eV, S i 2 103eV 
( i i ) Binding energies of 0 l s 534ev7 S i 2 p 104.7ev^ a t t r i b u t e d 
t o s i l a n o l s 
( i i i ) Binding energies of 0 l s 530.5eV, S i 2 p 101.7eV assigned 
t o oxygen and s i l i c o n atoms r e s p e c t i v e l y having an increased 
e l e c t r o n density. This may r e s u l t from the presence of 
s i l a n o l a t e f u n c t i o n s or the formation of Si-0* r a d i c a l s 
from i o n bombardment . I n the case of s i l i c a s i t can be 
equally understood t h a t an unsymmetric bond s t r e t c h i n g 
of a siloxane bridge (Si-0-Si) w i l l b r i n g about the same 
e f f e c t . Also, where s i l i c a s are non-stoichiometric (oxygen 

24 



d e f i c i e n t ) the peaks w i l l be d r i v e n t o lower binding energy. 
Table 1.4 Percentage contributions of the Si-0 components to 

the 0 Is and Si 2p peaks 

Si-0--Si Si-O-Si Si-OH 
or 

S i — S i 
Si 2p 0 I s Si 2p 0 I s Si 2p 0 I s ; 

A 6.6 2.9 90.2 93.0 3.2 4.1 
P 4.5 2.8 92.4 91.4 3.1 5.8 
G 4.8 2.8 90.4 91.2 5.0 6.0 

The r e s u l t s i n Table 1.4 show t h a t the surface l a y e r s 
are e s s e n t i a l l y composed of s i l a n o l groups but also oxygen 
d e f i c i e n t ( n o n - s t o i c h i o m e t r i c ) s i t e s and s t r a i n e d siloxane 
bridges. 

3 S i l i c a supported t i t a n i a 

3.1 I n t r o d u c t i o n 
T i t a n i a supported on s i l i c a i s of considerable i n t e r e s t 

both as a c a t a l y s t and as a support. Titanium i n T i 0 2 / S i 0 2 

can catalyse o x i d a t i o n r e a c t i o n s such as t h a t of CO and 
photooxidation of methane [88,89]. I t also o x i d i s e s 
carbonaceous compounds deposited on i t s surface d u r i n g the 
decomposition of c h l o r i n a t e d organics and maintains i t s 
c a t a l y t i c a c t i v i t y [ 9 0 ] . The mixed oxides are very promising 
model systems as a support f o r metal c a t a l y s t preparations 
and i n v e s t i g a t i o n of Strong Metal- Support I n t e r a c t i o n (SMSI) 
phenomena because a t low T i 0 2 concentration T i ions may be 
considered-as isolated-and immobilized -in t h e - s i l i c a m a t r i x 
[ 9 1 ] . I t s SMSI c h a r a c t e r i s t i c s [92] give i t a higher 
c a t a l y t i c a c t i v i t y than unmodified s i l i c a supported 
t r a n s i t i o n metal ions [93] and i t has been shown t h a t 
t i t a n i a - s i l i c a e x h i b i t s SMSI behaviour f o r supported i r i d i u m 
and n i c k e l [94-96]. Titanium ions on the s i l i c a surface 
increase the d i s p e r s i o n of c o b a l t and give increased 
r e l a t i v e y i e l d s of hydrocarbons and ethanol during CO 
hydrogenation [ 3 ] . 

3.2 Preparation 
The t i t a n i a - s i l i c a systems can be prepared using l i q u i d 

impregnation, vapour phase d e p o s i t i o n , which deposits 
t i t a n i a on the s i l i c a surface, or by c o p r e c i p i t a t i o n of two 
precursors [98-102]. This l a t t e r method appears t o give 
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c a t a l y s t s with the mechanical p r o p e r t i e s of s i l i c a and the 
chemical p r o p e r t i e s of the a c t i v e support t i t a n i a . A 
complication i s t h a t mixed oxides i . e . those samples 
prepared by c o p r e c i p i t a t i o n , often develop a c i d i c 
p r o p e r t i e s , becoming more a c i d i c than s i l i c a - a l u m i n a s [103], 
and the a c i d i c support can a l s o i n t e r a c t with the metal 
[104,105], which can be undesirable i n c e r t a i n c a s e s . The 
c a t a l y t i c a c t i v i t y has been c o r r e l a t e d with the s u r f a c e 
a c i d i t y [106]. 

3.3 SiCL/TiO^ Cocrels 

Cogels have been prepared by c o p r e c i p i t a t i o n using ( i ) 
T i C l 4 and S i C l 4 mixtures i n methanol s o l u t i o n and a d d i t i o n 
of NH4OH [96], ( i i ) from N a 2 S i 0 3 and T i C l 4 [107], ( i i i ) from 
ti t a n i u m (IV) isopropoxide and e t h y l s i l i c a t e i n ethanol 
s o l u t i o n [108] and ( i v ) from T i ( N 0 3 ) 4 and S i ( 0 E t ) 4 , 
p r e c i p i t a t e d from a c i d s o l u t i o n by a d d i t i o n of aqueous 
ammonia [ 9 1 ] . 

A study by Ko et al [96] used samples with compositions 
from 0-100% T i 0 2 . Pure t i t a n i a c r y s t a l l i z e d as anatase, the 
r e s t of the samples being amorphous a f t e r c a l c i n a t i o n , 
according to XRD s t u d i e s . Imamura et al [108] found anatase-
l i k e d i f f r a c t i o n peaks f o r 75:25 T i 0 2 : S i 0 2 samples, with no 
d i f f r a c t i o n peaks a t lower t i t a n i a contents. TEM showed t h a t 
50:50 T i 0 2 : S i 0 2 samples had mainly anatase s t r u c t u r e , 
although a weak pa t t e r n due to r u t i l e was a l s o observed. A 
mean p a r t i c l e s i z e of 90A f o r T i 0 2 was obtained from TEM,, 
No c r y s t a l l i z e d T i 0 2 was v i s i b l e i n a 30% T i 0 2 sample. SEM 
suggested t h a t the two oxides were d i s t r i b u t e d homogeneously 
i n mixed oxides. 

3.3.1 The a c i d strength and a c i d i t y of SiO^/TiO^ cocrels 

The a c i d strength has been determined with s i x Hammett 
i n d i c a t o r s and the a c i d i t y measured by n-butyl amine 
t i t r a t i o n . I t was found t h a t the mixed oxides have g r e a t e r 
s u r f a c e a c i d i t y and g r e a t e r a c i d ^strength than e i t h e r - o f the 
pure components [107]. T h i s i s c o n s i s t e n t with the 
hypothesis of Tanabe [109], t h a t a c i d i t y i s produced by a 
charge imbalance r e s u l t i n g from the d i f f e r e n c e i n the 
coordination s t a t e s of T i 4 * and S i 4 * . The generation of a c i d 
s i t e s on T i 0 2 / S i 0 2 prepared from e t h y l o r t h o s i l i c a t e and 
T i C l 4 was reported by I t o h et al [111]. R e s u l t s a l s o suggest 
t h a t the r e l a t i v e concentrations of Bronsted and Lewis s i t e s 
vary with the composition of these mixed oxides. Stronger 
s i t e s are present on powders having T i : S i r a t i o s of 25:75, 
i n agreement with Odenbrand et a l [107]. 

I n Odenbrand's study of mixed oxide systems the a c i d i t y 
was c h a r a c t e r i s e d by TPD of adsorbed ammonia and by IR 
s t u d i e s of v a r i o u s probe molecules such as p i v a l o n i t r i l e 
(PN), p y r i d i n e , ammonia and n-butylamine [107]. The s p e c t r a 
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of PN adsorbed on samples with 25-99% T i 0 2 c o n t a i n both the 
f e a t u r e s of PN adsorbed on the s i l a n o l groups (absorption 
band a t 2245cm - 1), e a s i l y desorbed by evacuation a t room 
temperature, and on T i 4 ~ groups of t i t a n i a (absorption band 
a t 2 2 8 5 c m - , r e s i s t a n t to evacuation a t room temperature 
(Fi g u r e 1.20). 

Ficrure 1.20 FTIR spectra of pivalonitrile adsorbed on SiOz 

(A), 50% Ti02/Si02 (F) and Ti02 (K) (vCN region) 

a 
a 

A 
2500 2400 2300 2200 2500 2400 2300 2200 2500 2400 2300 2200 2100 

wavenumber cm" 1 

A a) 0.1 Torr PN vapour, b) evacuation a t room temperature 5 
mins., c) 15mins, d) 30mins 
F and K a) 0.1 Torr PN vapour, b) under evacuation a t room 
temperature f o r 30mins, c) evacuation a t 167°C f o r 30 mins 

These f e a t u r e s have d i f f e r e n t r e l a t i v e i n t e n s i t i e s 
dependent on the S i 0 2 / T i 0 2 r a t i o . At very low coverages on 
10% T i 0 2 a f u r t h e r component i s observed a t 2308cm - 1, more 
s t a b l e to evacuation. On the b a s i s of both the very strong 
s h i f t of the v(CN) band and i t s strong s t a b i l i t y to 
evacuation, t h i s s p e c i e s must be coordinated to very strong 
Lewis s i t e s . Though few i n number these s i t e s are extremely 
strong and c h a r a c t e r i s e t h i s sample as one of the most 
a c i d i c s o l i d s as f a r as the s t r e n g t h of a c i d s i t e s i s 
concerned. This r e s u l t accords with those a r i s i n g from CO 
adsorption [ 9 8 ] . 

PN adsorption can a l s o be used to check the Bronsted 
a c i d i t y of s o l i d s through the measure of the s h i f t of the 
v(OH) band of a c i d i c OH groups. These bands are centred near 
3350cm - 1 on s i l i c a , near 3300cm - 1 on the sample with 10mol% 
t i t a n i a , while on samples c o n t a i n i n g more t i t a n i a they s h i f t 
to higher frequencies, a t ca. 3340cm - 1. T h i s i n d i c a t e s t h a t 
the s u r f a c e Bronsted s i t e s are stronger i n the 10mol% 
t i t a n i a sample than i n s i l i c a alone, and are d e f i n i t e l y 
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weaker i n samples with high t i t a n i a contents. 

The r e s u l t s concerning p y r i d i n e adsorption confirm the 
above data and show: ( i ) Lewis s i t e s are a s s o c i a t e d with 
T i 4 " - c a t i o n s present on the s u r f a c e of t i t a n i a and a l l 
t i t a n i a - c o n t a i n i n g m a t e r i a l s ; ( i i ) very weakly a c i d i c 
s i l a n o l groups predominate on the s u r f a c e of s i l i c a together 
with a few stronger Bronsted s i t e s ; ( i i i ) r e l a t i v e l y 
stronger Bronsted a c i d i c s i l a n o l groups are present on the 
samples containing both s i l i c a and t i t a n i a (these s i t e s 
hydrogen bond p y r i d i n e s t r o n g l y but are not able to 
protonate i t ) , and ( i v ) these stronger s i t e s are present i n 
r e l a t i v e l y l a r g e amounts on the sample co n t a i n i n g 10% T i 0 2 , 
where s i l i c a - c o n t a i n i n g T i 4 * ions are more predominant than 
on samples with 50-99.5% T i 0 2 contents, where s i l i c a covers 
bulk t i t a n i a . T h i s i m p l i e s t h a t these more a c i d i c s i l a n o l s 
are a s s o c i a t e d with the phase c o n s i s t i n g of a s a t u r a t e d 
s o l i d s o l u t i o n of t i t a n i a i n s i l i c a . Thus a t lower t i t a n i a 
contents a s u b s t i t u t i o n a l s o l i d s o l u t i o n of t i t a n i a i n 
s i l i c a i s the predominant phase. With g r e a t e r t i t a n i a 
content s i l i c a covers the anatase phase producing s i l i c a 
supported on t i t a n i a . Analogous r e s u l t s were obtained using 
ammonia as the b a s i c probe molecule. Figure 1.21 shows the 
d i s t r i b u t i o n of a c i d s t r e n g t h f o r the T i 0 2 / S i 0 2 samples. 

Ficrure 1.21 The distribution of acid strength for mixed 
TiO2/SiO2 catalysts derived from TPD curves in 

the region 150-400°C 
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At lower t i t a n i a contents there are two types of Lewis 
a c i d s i t e . The very strong s i t e s are T i 4 ~ ions i n an 
incomplete t e t r a h e d r a l c oordination exposed a t the s u r f a c e . 
PTIR [98] has detected s u b s t i t u t e d T i 4 - i n the s i l i c a 
phase. The number of such s i t e s i s probably very s m a l l due 
to the small s o l u b i l i t y of T i 4 - ^ i n the s i l i c a framework. The 
amount i s expected to decrease along the with the decrease 
i n the amount of s i l i c a . These s i t e s are not seen on anatase 
or r u t i l e because t i t a n i u m i s i n an octahedral coordination 
here. 

Imamura et a l [18] found no c l e a r evidence f o r Lewis a c i d 
s i t e s i n an IR study of p y r i d i n e adsorption where bands a t 
1447, 1490 and 1540cm - 1 were seen f o r samples c o n t a i n i n g 75, 
50 and 25% T i 0 2 . The absorption band a t 1447cm - 1 a r i s e s from 
p y r i d i n e coordinated to a Lewis a c i d s i t e or p h y s i c a l l y 
adsorbed through hydrogen bonding. P y r i d i n e coordinated to 
Lewis s i t e s and pyridinium coordinated to Bronsted s i t e s 
gave r i s e to 1490cm - 1, and the 1540cm - 1 absorption i s due to 
a r i n g v i b r a t i o n of the pyridinium ion on Bronsted 
s i t e s . T h e number of a c i d s i t e s was found to reach a maximum 
a t a T i 0 2 content of 60% (Figure 1.22). I n t e r a c t i o n between 
s i l i c a and t i t a n i a i s necessary f o r the production of a c i d 
s i t e s and t h e i r strength depends on the t i t a n i u m content and 
the g r a i n s i z e , i n agreement with Nishikawa e t al [112] who 
reported t h a t decreasing the p a r t i c l e s i z e of t i t a n i a 
r e s u l t e d i n charge imbalance produced a c i d s i t e s are 
produced even i n the absence of s i l i c a . 

Figure 1.22 The number of acid sites per unit surface Ti 
atom. 
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The a c i d s i t e s were s o r t e d according to t h e i r a c i d s t r e n g t h : 
a) 1.5 < H Q < 3.3, b) -3.0 < H Q < 1.5, c) -5.6 < H Q < -3.0 
d) -8.2 < H D < -5.6 
---- H c < 3.3 

For both Lewis and Bronsted s i t e s the a b i l i t y of the 
s i t e s to accommodate e l e c t r o n s i s important i n determining 
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the a c i d s t r e n g t h . With high T i 0 2 contents and l a r g e g r a i n 
s i z e s e l e c t r o n s donated by bases or protons can be e a s i l y 
accommodated s i n c e the band gap between the valence and 
conduction bands i s r e l a t i v e l y small ( f o r a p a r t i c l e s i z e of 
200A) and hence strong a c i d i t y i s e x h i b i t e d (Figure 
1.23). For low T i 0 2 contents there are mainly weak a c i d 
s i t e s due to the low e l e c t r o n accepting (withdrawing) 
a b i l i t y of the small g r a i n s . The maximum number of s t r o n g e s t 
a c i d s i t e s was found a t 50mol% T i 0 2 where there i s a 
balance between the number of a c i d s i t e s produced and the 
e f f e c t of T i 0 2 g r a i n s i z e . 

Figure 1.23 Energy level diagram showing the dependence of 
band gap on particle size 
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A l l s i l i c a - t i t a n i a s remain weak Bronsted a c i d s o l i d s , 
being unable to protonate a r e l a t i v e l y weak base such as 
p y r i d i n e and stronger bases such as ammonia. High a c i d i t y 
reported by previous authors [96,103,106,113] can t h e r e f o r e 
be a t t r i b u t e d mostly to Lewis a c i d s t r e n g t h . These are 
s i m i l a r to the f i n d i n g s of Kataoka and Dumesic 
[96,98,111,114]. 

3.3.2 S t r u c t u r a l s t u d i e s 

Odenbrand et al [98] s t u d i e d the s t r u c t u r a l p r o p e r t i e s of 
a s e r i e s of c o p r e c i p i t a t e d c a t a l y s t s containing 0-100% T i 0 2 . 
These samples were found to_be__micr„o, meso and macroporous. 
A l l " these t e x t u r a l q u a n t i t i e s decrese with the a d d i t i o n of 
t i t a n i a to s i l i c a . The macroporosity reaches i t s maximum 
value a t 50mol% T i 0 2 . 

The i n c r e a s i n g binding energy of T i 2 p 3 / 2 when s i l i c a i s 
incorporated and the decreasing S i 2p binding energy i n the 
XPS s p e c t r a i n d i c a t e c l e a r l y t h a t there i s an e l e c t r o n i c ' 
i n t e r a c t i o n between t i t a n i a and s i l i c a (Table 1.5) [108], 
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Table 1.5 XPS analysis of titania/silica 

Ti (mol%) Si (radial Ti 2 p 3 / 2 Si 2 p 1 / 2 O ls, ( 

0 100 104.4 534.0 
5 95 459.5 104.5 533.5 

10 90 459.7 103.6 533.2 
20 80 459.5 103.4 533.1 
30 70 459.5 103.3 531.8" 533.0 
40 60 459.5 103.0 531.4" 532.9 
50 50 459.3 102.7 5313° 532.5 
60 40 459.3 10Z7 529.9 532.2 
75 25 459.1 102.6 529.8 532^° 

100 0 458.7 — 529.9 

° Shoulder peak. 

At low t i t a n i u m concentrations (<10wt% T i 0 2 ) the t i t a n i u m 
sur f a c e atomic concentration i s the same as i n the bulk; a t 
higher loadings i t i s lower than expected- a s u r f a c e 
enrichment with s i l i c o n i s observed [ 9 1 ] . I t was concluded 
t h a t s i l i c a concentrates on the s u r f a c e of t i t a n i a 
p a r t i c l e s . The measured S i 2p/Ti 2 p 3 / 2 i n t e n s i t y r a t i o i s 
equal to the c a l c u l a t e d one, i n d i c a t i n g monolayer 
d i s t r i b u t i o n . 

At low (<10wt%) T i 0 2 concentrations q u a l i t a t i v e a n a l y s i s 
shows a homogeneous d i s t r i b u t i o n of T i 4 * i n the oxide matrix 

a s o l i d s o l u t i o n of T i i n s i l i c a . High T i 2 p 3 / 2 binding 
energies probably i n d i c a t e the i n s e r t i o n of T i 4 * ions i n t o 
t e t r a h e d r a l s i t e s of the s i l i c a framework as i n s i l i c a -
t i t a n i a g l a s s e s [115] and t i t a n i u m s i l i c a t e [116]. 0 I s and 
S i 2p l i n e s g r a d u a l l y s h i f t to lower binding energy 
r e f l e c t i n g s u b s t i t u t i o n of s i l i c o n atoms by l e s s 
e l e c t r o n e g a t i v e and more p o l a r i z a b l e t i t a n i u m atoms i n the 
s i l i c a l a t t i c e . The dramatic changes i n the 0 I s , 0 KLL and 
T i 2 p 3 / 2 s p e c t r a r e f l e c t the formation of a two phase 
system, containing both t i t a n i a - r i c h and s i l i c a - r i c h - t i t a n i a 
s o l i d s o l u t i o n s . . - - — 

The S i 2p binding energy i s r a t h e r low and the value of 
<x'-Si (Auger parameter) i s high f o r these samples which are 
t i t a n i a r i c h . Odenbrand showed t h a t s i l i c o n tends to 
s u b s t i t u t e t i t a n i u m c a t i o n s i n the n e a r - s u r f a c e region of 
t i t a n i a [ 9 8 ] . I n t h i s case the low S i 2p binding energy 
observed i n high t i t a n i a content samples might be explained 
by the formation of a new s i l i c a - t i t a n i a compound. The 
sur f a c e of the t i t a n i a p a r t i c l e s i s coated by a monolayer of 
a new t i t a n i u m s i l i c a t e compound. 

The observed changes i n the XPS s p e c t r a can be a t t r i b u t e d 
to a decrease i n the e f f e c t i v e p o s i t i v e charge on the s i l i c a 
atoms due to the formation of Ti-O-Si bonds. The s i g n i f i c a n t 
s h i f t i n the S i Auger parameter i m p l i e s dramatic changes i n 
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the c o o rdination of s i l i c o n atoms; such as octah e d r a l 
coordination of s i l i c o n i n the t i t a n i a matrix. 

3.4 Impregnated TiCLVSiO^ C a t a l y s t s 

3.4.1 S t r u c t u r a l s t u d i e s 

A 7wt% T i 0 2 - S i 0 2 c a t a l y s t was prepared using the 
impregnation method, by the r e a c t i o n of a T i ( I V ) a lkoxide 
with the su r f a c e hydroxyl groups of s i l i c a [117]. A p h y s i c a l 
mixture of 7wt% T i 0 2 and 93wt% S i 0 2 was made for comparison. 
XRD r e v e a l e d anatase and r u t i l e peaks i n the mixture but no 
c r y s t a l l i n e t i t a n i a i n the impregnated sample. E l e c t r o n 
microscopy showed the presence of s p h e r i c a l and porous 
p a r t i c l e s i n the impregnated sample and EDAX implied a 
homogeneous d i s t r i b u t i o n of t i t a n i a a t the s p a t i a l 
r e s o l u t i o n of the a n a l y s i s (O.lum). Reichmann and B e l l [118] 
reported the formation of anatase with c r y s t a l l i t e s i z e s of 
7-8um f o r s i m i l a r l y prepared m a t e r i a l containing 25wt% T i 0 2 . 
XRD of a 19.9wt% T i 0 2 c a t a l y s t corresponding to one 
monolayer of su r f a c e phase oxide showed no bulk t i t a n i a 
peaks, and ATEM confirmed a homogeneous d i s t r i b u t i o n of 
tita n i u m concentrated over the s i l i c a s u b s t r a t e [ 9 5 ] . I t i s 
be l i e v e d t h a t the deposited t i t a n i a i s w e l l d i s p e r s e d as a 
su r f a c e phase oxide. UV-VIS r e f l e c t a n c e spectroscopy 
supports the high d i s p e r s i o n of t i t a n i a on s i l i c a ; the 
absorption edge of T i 0 2 / S i 0 2 i s s h i f t e d towards lower 
wavelengths and becomes spread over a wider energy range 
compared to the mixture and t i t a n i a alone (Figure 1.24). 

F i g u r e 1.24 Diffuse reflectance spectra of (a) TiOz/Si02, 
(b) Ti02 + Si02 and (c) pure Ti02 
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XPS s t u d i e s a l s o gave information on the d i s p e r s i o n of 
t i t a n i a on s i l i c a and i t was found t h a t the amount of 
t i t a n i u m detectable i n the p h y s i c a l mixture was 
s i g n i f i c a n t l y l e s s than f o r the impregnated sample though 
the wt% was the same. Th i s i m p l i e s a high d i s p e r s i o n of 
t i t a n i a on s i l i c a . I t was estimated t h a t the T i / S i r a t i o i s 
1/76 i n the p h y s i c a l mixture but the experimental value f o r 
the impregnated sample i s 1/2 [117]. 

Table 1.6 XPS data for the TiO 2/SiO z catalyst and the 
physical mixture 

0 ( I s ) T i f2pl S i (2p) T i / S i 

T i 0 2 / S i O _ 
TiO„ + SiO. 

69, 
65 

1.3 
0.5 

28. 
34. 

1/22 
1/67 

Tanabe and co-workers a l s o undertook EXAFS/XANES s t u d i e s 
of impregnated t i t a n i a / s i l i c a c a t a l y s t s prepared as above, 
and c o n t a i n i n g 7.4, 10.5 and 13.6wt% T i 0 2 [119]. T h e i r 
r e s u l t s are shown i n Figure 1.25. 

Figure 1.25 Near-edge structure of titanium-containing 
samples on the Ti K-edge 
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a) Anatase b) R u t i l e c) T i 0 2 prepared from c a l c i n i n g 
T i ( O P r ) 4 d) 7.4% T i 0 2 / S i 0 2 e) 10.5% T i 0 2 / S i 0 2 f ) 13.6% 
T i 0 2 / S i 0 2 

The i n t e n s i t y of the I s - 3 d t r a n s i t i o n was chosen as a 
good measure to evaluate the coordination environment of the 
t i t a n i u m atoms. As the i n t e n s i t y of t h i s peak i s not 
c o n s i d e r a b l e , a T i t e t r a h e d r a l s t r u c t u r e was thought 
u n l i k e l y . The A 2 peak was i n t e n s e i n the lower weight 
samples but weaker i n the 13.6wt% sample, i n d i c a t i n g t h a t 
the great d i s t o r t i o n from octa h e d r a l coordination may occur 
a t the e a r l i e r d e p o s i t i o n stage. At the higher weight % such 
d i s t o r t i o n vanishes and points to an octahedral s t r u c t u r e . 
T h i s i m p l i e s t h a t the TiO^ s p e c i e s on s i l i c a tends to be a 
T i 0 6 octahedron. The main absorption peaks C x, C 2 and C 3 are 
assigned to ls-np dipole t r a n s i t i o n s and resemble those of 
anatase. I t was t h e r e f o r e t e n t a t i v e l y proposed t h a t an 
a n a t a s e - l i k e l o c a l s t r u c t u r e of TiO^ i s formed s e l e c t i v e l y 
on s i l i c a . From the peaks appearing i n the range 2-3 and 3-
4A, two types of c o n f i g u r a t i o n of T i - T i were proposed, as 
shown i n Figure 1.26. 

Ficfure 1.26 Possible adjacent Ti-Ti configurations in TiOz 
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T i T i T i T i 

f 

0 = oxygen atoms 

One c o n f i g u r a t i o n i s located, i n the adjacent edge-shared 
octahedrons ( s h o r t e r d i s t a n c e ) and the other i s i n the 
corner-shared octahedrons ( a t longer d i s t a n c e s ) . These 
r e s u l t s suggest t h a t the s u r f a c e s p e c i e s have the anatase-
l i k e s t r u c t u r e i n the s h o r t range order and t h a t the 
c r y s t a l l i n e growth i s not complete. T h i s deduction i s a l s o 
supported by the r e s u l t s of XRD; the d i f f r a c t i o n p a t t e r n s 
are d e t e c t a b l e only f o r the 13.6wt% sample. The formation of 
the precursor amorphous s t a t e d i r e c t i n g toward anatase phase 
s t a r t s a t a small amount of titanium. 

S r i n i v a s a n et al [12 0] found t h a t c r y s t a l l i n e t i t a n i a was 
formed a f t e r c a l c i n a t i o n of impregnated c a t a l y s t s i n dry 
a i r . L a s e r Raman spectroscopy i d e n t i f i e s the c r y s t a l l i n e 
phase as T i 0 2 ( b r o o k i t e ) a t low T i loadings (<10wt%) and 
T i 0 2 ( a n a t a s e ) a t higher weight loadings. The formation of 
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c r y s t a l l i n e t i t a n i a a t loadings very much l e s s than the 
monolayer c a p a c i t y expected from BET s u r f a c e area 
measurements (a monolayer would be 29wt% i n t h i s study) 
i m p l i e s t h a t the s i l i c a s u r f a c e i s unable to s t a b i l i z e the 
di s p e r s e d metal oxide, behaviour i n c o n t r a s t to other 
supports such as alumina, where monolayer d i s p e r s i o n s are 
reported [121,122]. I n other work [123,124] near-monolayer 
d i s p e r s i o n s of t i t a n i a are reported. D i f f e r e n c e s i n the 
a b i l i t y of s i l i c a to s t a b i l i z e monolayer d i s p e r s i o n s of 
t i t a n i a i n these s t u d i e s may be due to the s p e c i f i c 
p r e c u r s o r s used i n the work and the p o s s i b l e i n f l u e n c e of 
a l k a l i n e m a t e r i a l s i n modifying the s i l i c a s u r f a c e and 
s t a b i l i z i n g the deposited t i t a n i a . I t should a l s o be noted 
t h a t i t i s d i f f i c u l t to de t e c t c r y s t a l l i n e t i t a n i a with XRD 
s i n c e a t low loadings the sma l l s i z e of the oxide c r y s t a l s 
causes s i g n i f i c a n t l i n e broadening. The absence of l i n e s 
from the c r y s t a l l i n e phase does not r u l e out the presence of 
small p a r t i c l e s of c r y s t a l l i n e oxide. 

T i t a n i a was d i s p e r s e d v i a an alkoxide on C a b o s i l i n a 
study by S r i n i v a s a n et a l [120] and a l s o on nonporous s i l i c a 
spheres by the method of Stober and Fink [125]. TEM s t u d i e s , 
analysed by EDS, showed t h a t the nonporous s i l i c a was coated 
uniformly with t i t a n i a and had a wt% of 0.6 where the 
t h e o r e t i c a l monolayer c a p a c i t y i s 1.7%. The 2.8wt% C a b o s i l 
sample a l s o showed a uniform coating of t i t a n i a but the 
images were obtained a t lower m a g n i f i c a t i o n due to the 
ex c e s s i v e charging of fumed s i l i c a . On C a b o s i l c r y s t a l l i n e 
t i t a n i a (anatase) appears a t higher loadings of t i t a n i a 
(>3wt%) which i m p l i e s t h a t the monolayer c a p a c i t y has been 
exceeded. A monolayer has been e s t a b l i s h e d as 2.8wt%, only 
7% of the t h e o r e t i c a l monolayer c a p a c i t y based on BET 
sur f a c e area measurements. 

Raman spectroscopy was used to determine the nature of 
the d i s p e r s e d t i t a n i u m s p e c i e s . The samples had to be heated 
to 973K i n dry a i r to reduce f l u o r e s c e n c e . On the spheres 
there was no evidence f o r a di s p e r s e d t i t a n i a phase, 
probably due to the low loading.. The absence of bands due to 
c r y s t a l l i n e t i t a n i a agrees with TEM. The Raman s p e c t r a are 
shown i n Fig u r e s 1.27 and 1.28. 
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Ficrure 1.27 Raman spectrum of titania-coated, silica spheres 
after heating in dry air at 973K. 
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Ficrure 1.28 Raman spectra of Cabosil silica having 0-3wth 
Ti02 having been heated in dry air at 973K 

T i 0 2 / S i 0 2 ( C a b - O - S i l )-973 K Treatment 

144 
T i 0 2 ( a n a t a s e . ) crysta ls 

399 / 
520 

s u r f a c e t itanta s p e c i e s 

3 % T i 0 2 / t * ^ / 3 % T i 0 2 

2 % T i Q 2 

1 % T i 0 2 

0 % TiO? 

200 400 1 000 600 800 1200 

R a m a n shift ( c m - ' ) 

36 



Biaglow et al [12 6] supported t i t a n i a (anatase) on 
C a b o s i l and nonporous s p h e r i c a l s i l i c a p a r t i c l e s (prepared 
by the method of Stober and Fink [125]) by impregnation with 
a THF s o l u t i o n of T i ( I V ) t-butoxide and subsequent 
c a l c i n i n g . T i t a n i a was found to cover the s i l i c a uniformly 
with no bulk forms observed using e i t h e r Raman spectroscopy 
or TEM. There i s a g r e a t e r f r a c t i o n a l coverage of the 
spheres than on C a b o s i l ( l w t % T i 0 2 vs 4wt% f o r a t h e o r e t i c a l 
monolayer on the nonporous spheres compared with 3wt% and 
29wt% f o r C a b o s i l ) . 

TPD and TGA s t u d i e s of the desorption of the probe 
molecule 2-propanol from the c a t a l y s t s showed t h a t upon 
evacuation a s i g n i f i c a n t amount remained on the surface', 
w ith a f r a c t i o n of t h i s r e a c t i n g to form propene and water. 
The 2-propanol a s s o c i a t e d with t i t a n i a can be d i s t i n g u i s h e d 
from t h a t on s i l i c a , where there i s only a very weak 
i n t e r a c t i o n . The coverage of 2-propanol was found to be 
approximately p r o p o r t i o n a l to the t i t a n i a s u r f a c e a r e a . For 
t i t a n i a on the model spheres the t o t a l amount of 2-propanol 
adsorbed was 3.9 x 1 0 1 S molecules/m 2, w h i l s t f o r C a b o s i l the 
value was 6.1 x 1 0 1 8 . The higher coverage on the C a b o s i l 
sample was probably due to the higher t i t a n i a s u r f a c e 
d e n s i t y on the model spheres. 

4 S i l i c a - s u p p o r t e d chromium oxidss 

4.1 I n t r o d u c t i o n 

Supported chromium oxide c a t a l y s t s are known to possess 
e x c e l l e n t a c t i v i t y f o r the hydrogenation and dehydrogenation 
r e a c t i o n s of hydrocarbons, the d e h y d r o c y c l i z a t i o n of alkanes 
and the polymerization of o l e f i n s [127]. The c a t a l y t i c 
p r o p e r t i e s of these systems are due to s u r f a c e chromium 
oxide s p e c i e s and not bulk oxides such as c r y s t a l l i n e CrO 
[128]. 

Chromium oxide supported__on s i l i c a . - i s t h e — P h i l l i p s 
ethylene p o l y m e r i s a t i o n c a t a l y s t and i s prepared by 
impregnating a chromium compound, most commonly C r 0 3 , onto 
wide pore s i l i c a and then c a l c i n i n g i n oxygen to a c t i v a t e 
the c a t a l y s t . The chromium content, nature of the support 
and pretreatment c o n d i t i o n s s t r o n g l y a f f e c t the s t r u c t u r e 
and the p r o p e r t i e s of the c a t a l y s t [129]. 

4.2 S i l i c a - s u p p o r t e d chromium (VI) oxide 

Bulk chromium VI oxide begins to decompose above 2 00°C i n 
a i r to give oxygen and chromium I I I oxide, but a c e r t a i n 
amount i s s t a b i l i z e d on s i l i c a even upto 900°C [130]. T h i s 
i s due to the formation of a s u r f a c e chromate or perhaps 
dichromate e s t e r i n which each chromium atom i s d i r e c t l y 
l i n k e d to the support [131]. The s t r u c t u r e s are shown i n 
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Figure 1.29 

Figure 1.29 The structure of chromate and dichromate species 
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Evidence has been put forward, from s t u d i e s using Raman 
spectroscopy [132,137-139], f o r t r i m e r i c and t e t r a r a e r i c 
chromate s t r u c t u r e s a l s o being present on the s i l i c a 
s u r f a c e . There i s s t i l l c o n s i d e r a b l e debate over the exact 
nature of the chromium s p e c i e s obtained. 

Zecchina et al [129] c a l c u l a t e d , by e x t r a p o l a t i o n from a 
s e r i e s of s i l i c a - s u p p o r t e d chromium c a t a l y s t s prepared by 
the impregnation method, t h a t the t o t a l coverage of the 
s i l i c a s u r f a c e of t h e i r samples would be reached by a 
chromium loading of 10wt%, i . e . by a chromium s u r f a c e 
d e n s i t y of 4.5 atoms/100A 2. T h i s i s near to the value 
normally accepted f o r the s u r f a c e d e n s i t y of s i l i c o n atoms 
i n s i l i c a [150]. The r a t i o C r : s u r f a c e S i i s approximately 
one. T h i s value can be accounted f o r by dichromate formation 
(f o r chromates the value would be 0.5). The authors 
t h e r e f o r e concluded t h a t chromium VI oxide binds to the 
s i l i c a s u r f a c e mainly as dichromate i n the 0-5wt% range, 
chromates r e p r e s e n t i n g a minor component. For higher 
chromium loadings binding stops and C r 2 0 3 c r y s t a l l i t e s are 
formed. The preference f o r dichromate was accounted f o r by 
s t r u c t u r a l reasons - there i s l e s s s t r a i n i n dichromate and 
good geometrical f i t between dichromate and s i l i c a moieties 
[150-155] . . 

The 'reverse' experiments have been c a r r i e d out which 
s t r i p the chromium s p e c i e s from the s u r f a c e and l e a v e behind 
one OH group fo r each point of attachment to the s u r f a c e . 
Determining the number of these groups should r e v e a l the 
type of chromium s p e c i e s present. McDaniel [160] prepared 
C r 0 3 / S i 0 2 c a t a l y s t s , c a l c i n e d between 400 and 900°C, and 
then t r e a t e d with HC1 gas, which s t r i p s o f f the C r ( V I ) as 
C r 0 2 C l 2 vapour. 

I n order to determine the nature of the chromium s p e c i e s 
i t needs to be known whether chromium s e l e c t i v e l y occupies 
c e r t a i n s u r f a c e s i t e s , those which would otherwise be 
hydroxylated, or condensed or 'paired', or whether the 
occupation of s i t e s i s random. There are three models f o r 
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the occupation of s i t e s , as shown below. 

1 S e l e c t i v e occupation of hydroxylated s i t e s 

OH OH CrO, 0X ,0 
— \ \ // 

HC1 OH OH 

AOH/Cr 

2 S e l e c t i v e occupation of e a s i l y condensable s i t e s 

.0 CrO. 0 O V HC1 OH OH 

3 Random occupation of s i t e s 

0 OH CrO, 
A 

0 0 V HCl OH OH 2(1-F) 

OH = hydroxyl population 
Cr = chromium loading 
F = f u n c t i o n of number of s i t e s hydroxylated on s i l i c a 

I n a l l cases the slope of the p l o t of the number of OH 
groups/nm 2 versus the amount of C r ( V I ) s t r i p p e d o f f i s 
c l o s e r to t h a t expected f o r -chromate than dichrornate. There 
i s the p o s s i b i l i t y of a small c o n t r i b u t i o n from dichromate. 

4.2.1 Raman spe c t r o s c o p i c s t u d i e s of CrO^/SiO^ 

The behaviour of C r 0 3 i n aqueous s o l u t i o n has been widely 
s t u d i e d [133-136] and i t was found t h a t the s p e c i e s vary as 
a f u n c t i o n of pH and concentration of C r ( V I ) . At low 
concentrations and i n b a s i c c o n d i t i o n s C r 0 4

2 " dominates^ 
while a t high concentrations and mild a c i d i c c o n d i t i o n s 
C r 2 0 7

2 " dominates [133]. I n h i g h l y concentrated s o l u t i o n s 
and a c i d conditions Cr 0 2" and Cr 0 2" are a l s o found 
[136]. 

Aqueous impregnation processes hydroxylate the s i l i c a 
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s u r f a c e by hydrolyzing S i - O - S i bonds. These OH groups are 
able to s o l v a t e the protons a s s o c i a t e d with the a n i o n i c 
s p e c i e s and the r e f o r e Wachs and Hardcastle [137] argue t h a t 
the s t r u c t u r e s of the chromium oxide s p e c i e s on the 
hydroxylated s i l i c a s u r f a c e should not be very d i f f e r e n t 
from the s p e c i e s present i n s o l u t i o n . Raman spectroscopy has 
re v e a l e d monomers, dimers, t r i m e r s and tetramers are 
present on the s i l i c a s u r f a c e under hydrated c o n d i t i o n s . 

F i v e bands due to a s u r f a c e chromium s p e c i e s were 
observed i n a l a s e r Raman spectrum of a 4wt% C r 0 3 / S i 0 2 

c a t a l y s t and assigned as f o l l o w s : 

963 v ter m i n a l CrO„ 
a e y m 4 

902 v ter m i n a l CrO„ 
s y m 4 

844 v nonterminal CrO„ 
e » y m 4 

370 bending mode term i n a l C r 0 4 

217cm* 1 bending mode Cr-O-Cr T h i s i s c o n s i s t e n t with the presence of s u r f a c e 
tetrachromate [ C r

4 ° 1 3 ] a < a e J
 a n d C r

2 ° 3 c r y s t a l l i t e s (band a t 
543cm- 1). A band a t 989cm - 1 i s due to p a r t i a l dehydration of 
the s u r f a c e chromium oxide s p e c i e s by the l a s e r beam. 

Wachs et al [132,138,139] have a l s o used in situ Raman 
spectroscopy to study these c a t a l y s t s under dehydrated 
conditions (Figure 1.30). C a t a l y s t s were prepared using an 
i n c i p i e n t wetness impregnation with an aqueous s o l u t i o n of 
Cr(N0 3) 3.9H 20, with subsequent c a l c i n a t i o n a t 773K. 

Ficrure 1.30 In situ Raman spectra of Cr03/Si02 catalysts as 
a function of chromium oxide content 

966 

1 986 

4.0% 

54 6 
600 

3.0% 
35C 

J S C 350 1 I 300 \ 1 J 

I 8 
1.0% 

0.5% 

<9 0.2% 

608 603 495 35 400 00 
! 

1 I I 1200 1000 800 600 400 200 1 2 0 0 SOO 4 0 0 6 0 0 0 0 
Raman Shift / cm 

Raman Shift 

40 



The 986cm- 1 band i s assigned to the symmetric Cr=0 
s t r e t c h of a h i g h l y d i s t o r t e d , t e t r a h e d r a l l y coordinated 
monomeric s u r f a c e chromium oxide, i . e . the chromate. I t i s 
the only band due to dehydrated chromium oxide which i s 
present i r r e s p e c t i v e of the C r 0 3 content. 

The absence of c h a r a c t e r i s t i c Raman f e a t u r e s due to the 
bending mode of the Cr-O-Cr linkage a t 210-230cnr 1 i n d i c a t e s 
t h a t the surf a c e chromium oxide s p e c i e s appears to be 
i s o l a t e d on s i l i c a . 

The asymmetric s t r e t c h i n g mode of the chromate should 
occur a t higher wavenumbers than the symmetric mode but i s 
not observed because of i t s weaker i n t e n s i t y and the strong 
background ( f l u o r e s c e n c e ) of the c a t a l y s t . The absence of 
bands due to polymeric chromium oxide s p e c i e s i n d i c a t e s t h a t 
they are not s t a b l e on s i l i c a under dehydrated conditions 
and they convert to a h i g h l y d i s t o r t e d monochromate s p e c i e s . 
Scheme 2 shows a model f o r the hydrated and dehydrated 
s t a t e s on the s i l i c a s u r f a c e . 

Scheme 2 2-D model of surface chromium oxide species on the 
silica surface 

Hydrated s t a t e s (n = 1,2) 

'A \ / 
Cr / \ 0 0 n 

S i l i c a support 

Dehydrated stajtes 

0 ,0 Q D 0 0 0 0 

Cr Cr Cr Cr /\ /\ /\ /\ 
1 I 1 I I I 1 1 

S i l i c a support 

Dehydration removes water molecules from the s i l i c a 
s u r f a c e and chromium s p e c i e s become bound to the s u r f a c e 
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through an oxygen bridge (Cr-O-Si). Exposing the dehydrated 
samples t o water r e s u l t s i n reappearance of the polymeric 
species. 

When the Cr0 3 l o a d i n g i s a t l e a s t 2% c r y s t a l l i n e C r 2 0 3 

was observed (band a t 545cm"1) [132]. I t s i n t e n s i t y was seen 
t o increase w i t h i n c r e a s i n g chromium content where bands a t 
600, 350 and 300cm"1 were also a t t r i b u t e d t o C r 2 0 3 . 

4.2.2 D i f f u s e r e f l e c t a n c e and UV-Visible r e f l e c t a n c e 
spectroscopic studies of CrO^/SiO^ 

UV-vis r e f l e c t a n c e spectroscopy of a 0.5wt% c a t a l y s t 
prepared by aqueous impregnation w i t h Cr0 3 showed bands a t 
21,700, 28,500 and 39,000cm-1, a shoulder a t 26,000cm"1 and 
a small band a t 14,000cm-1 [174]. The 21,000cm"1 band i s 
t y p i c a l of dichromate (by comparison w i t h reference 
compounds) and the r e l a t i v e i n t e n s i t y agrees w i t h a 
dichromate only surface phase. The bands a t 28,500, 39,000 
and 26,000cm-1 can be assigned t o chromates and dichromates". 
The 14,000cm"1 band must be due t o chromium i n a lower 
o x i d a t i o n s t a t e than 6+, probably 5+. 

Reflectance spectra have shown evidence f o r both chromate 
and dichromate species [129,142-144]. DR spectra of 0.5 
mole% c a t a l y s t s show bands a t 290, 360, 465 and 600nm. As 
loading increased the band a t 290nm s h i f t s t o 310nm. At 
10mole% loading the absorptions below 500nm are t y p i c a l 
of chromate (Cr 6~-0) species, whereas Cr 3*-0 species such 
as C r 2 0 3 are known t o give absorptions above 600nm [145]. 

C r 0 4
2 " i s c h a r a c t e r i s e d by f o u r charge t r a n s f e r 

t r a n s i t i o n s [146]: 
1 T 1 429-459nm 
X T 2 ( 1 t 1 — > 2e) 360-375nm 
XT2 ( 1 t 1 -=» 7 t 2 ) 270-330nm 
X T 2 ( 6 t 2 — > 2e) 257-263nm 

I t was concluded t h a t 0.5mole% loading lead t o the 
formation of surface chromates. The weak absorption a t 
600nm impli e s the coexistence of Cr 3--0 species. The 
chromates seem t o be anchored onto weakly ( S i 0 2 ) and 
s t r o n g l y (Cr 3~-0) p o l a r i z i n g surfaces. 

At higher loadings the 290nm band s h i f t s t o 310nm and the 
360, 465nm, and the C r 2 0 3 absorptions above 600nm, develop 
considerably. The low energy s h i f t of t r a n s i t i o n I I I 
suggests the remaining chromates are dominantly anchored 
onto the h i g h l y p o l a r i z i n g surfaces of Cr 3--0 which can be 
c o r r e l a t e d w i t h the formation of bulk Cr 0 i n d i c a t e d by 
XRD. 

I 
I I 
I I I 
IV 
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Weckhuysen et al [144] recorded the DRS spectra of 0.1-
0.8wt% C r 0 3 / S i 0 2 c a t a l y s t s prepared by the i n c i p i e n t wetness 
method w i t h Cr0 3. Deconvolution of the spectrum obtained f o r 
the 0.2wt% Cr sample i s shown i n Figure 1.31. 
Figure 1.31 Deconvolution of the DRS spectrum of 0.2wt% 

Cr/SiOz 

S 

500 

8 o 

® 

2CCCC -CCCG 

Pour 0 2 " = ^ C r 6 * charge t r a n s f e r bands a t 15,500, 22,000, 
30,500 and 40,500cm"1 and a shoulder a t 27,000cm-1 are 
v i s i b l e . A f t e r deconvolution eleven bands were resolved. 
Three weak bands a t 15,500, 21,500 and 33,900cm-1 w i t h equal 
width and i n t e n s i t y are ascribed t o octahedral Cr 3* i n 
accordance w i t h the l i t e r a t u r e [147]. The remaining e i g h t 
bands were assigned t o chromate (21,000, 27,000, 34,000 and 
37,300cm-1) and dichromate (22,000, 31,000, 35,500 and 
40,700cm- 1). The blue s h i f t of the dichromate w i t h respect 
t o the chromate bands i s i n accordance w i t h s o l u t i o n spectra 
and l i t e r a t u r e data [148,149], 

4.2.3 Luminescence spectroscopic studies of CrO /SiO^ 
Luminescence was observed a t 4.2K on samples prepared by 

impregnating s i l i c a w i t h an aqueous s o l u t i o n of NH 4Cr a0 7, 
g i v i n g a loa d i n g of 5wt% of a monolayer [156]. The samples 
were ca l c i n e d i n a i r and kept away from a i r when c o o l i n g t b 
prevent water adsorption. The luminescence spectra are shown 
i n Figure 1.32. 
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Figure 1.32 Emission (EM) and excitation (EX) spectra of the 
luminescence of Cr/Si02 at 4.2K 

EM 

300 400 500 600 700 BOO 
W a v e l e n g t h (nm) 

The luminescence was ascribed t o charge - t r a n s f e r 
t r a n s i t i o n s i n v o l v i n g one k i n d of oxo-Cr(VI) species i n 
which the metal i s f o u r coordinate. There are only a l i m i t e d 
number of chromium compounds which are known t o be 
luminescent [157]. The f i r s t absorbance band a t 500nm i s a t 
a longer wavelength than only s l i g h t l y d i s t o r t e d C r 0 4

2 * 
which i s t e t r a h e d r a l i n CaCr0 4 (450nm). There i s b e t t e r 
agreement w i t h oxo chromium compounds w i t h l ess cubic 
symmetry l i k e K 2 C r 2 0 7 which i m p l i e s t h a t the luminescent 
species has a d i s t o r t e d t e t r a h e d r a l symmetry. The 
v i b r a t i o n a l s t r u c t u r e i n the emission spectrum and the 
anomalously long decay time suggest t h a t the e x c i t e d s t a t e 
i s l o c a l i z e d i n a short Cr-0 bond, shorter than those i n the 
t e t r a h e d r a l C r 0 4

2 " i o n [158]. I t was t h e r e f o r e proposed t h a t 
the luminescent species i s a monomeric f o u r coordinate oxo-
Cr(VI) species w i t h two short Cr-0 bonds. I t s existance oh 
s i l i c a has been suggested before [159,160], Following a 
general tr e n d f o r dehydrated s i l i c a supported oxo c a t a l y s t s 
a t low loadings only monomeric species are expected 
[161,162]. 

The most t h a t can be concluded from such experiments i s 
t h a t Cr0 3 attaches i n i t i a l l y t o the hydrated surface as 
chromate. There i s a basic u n c e r t a i n t y i n a l l these 
experiments because c o r r e c t i n t e r p r e t a t i o n depends on 
knowing what s i t e s are occupied and how t h i s a f f e c t s l a t e r 
dehydration of the s i l i c a . 

4.2.4 TPR. EPR and SIMS studies of CrO^/SiO^ 
E l l i s o n et aJL [163] studied a s e r i e s of 0.6-2.55% 

C r 0 3 / S i 0 2 c a t a l y s t s using TPR. The resolved peaks could be 
c l a s s i f i e d i n f o u r categories: 
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Table 1.7 Components of the Cr03/Si02 catalysts Identified 
by TPR 

peak type Tm range /aC 

Cr B Cr c 

Cr D 

For comparison: 
sample 
Cr0 3 

Na 2Cr0 4 

Na 2Cr 20 7 

355 
395 
450 
505 

365 
405 
480 
515 

peak maximum/^C 
400 - 420 
540 - 560 
640 - 660 

Cr o (450-480°C) was the most abundant surface species and 
i n most cases a low temperature component was also detected 

C r A or Cr B. C r A tended t o be present only a f t e r low 
temperature a c t i v a t i o n , w h i l s t C r B p e r s i s t e d a t higher 
temperatures. Cr D, a high temperature species, was detected 
f o r a l l . Stepwise r e d u c t i o n of a s i n g l e species i s r e j e c t e d 
because the number of d i f f e r e n t species formed depends on 
the Cr loading. Upto 1% Cr and w i t h an a c t i v a t i o n 
temperature <700°C C r c and C r D o n l y are present. When the 
a c t i v a t i o n temperature i s 700°C a small amount of the more 
e a s i l y reduced C r B was produced, p o s s i b l y representing Cr0 3 

aggregates or polychromates on the surface. Cr o and C r D may 
be chromate- or dichromate-like surface species. Thus a t Cr 
loadings less than or equal t o 1% the most abundant species 
i s chromate, w i t h 5% dichromate, w i t h aggregates a t higher 
a c t i v a t i o n temperatures.Increasing the chromium loading l e d 
t o an increase i n the surface dichromate and an increase i n 
the degree of aggregation ( C r B = aggregates of C r 0 3 ) . An 
increase i n the a c t i v a t i o n temperature also causes an 
increase i n the aggregation. Commercial 1% c a t a l y s t s - were 
found t o have a higher p r o p o r t i o n of aggregated chromium 
species. 

EPR detects a phase resonance, i n d i c a t i n g the presence 
of an o x i d a t i o n s t a t e lower than 6+. The double s i g n a l means 
the species e x i s t s i n two d i f f e r e n t environments, p o s s i b l y 
i n d i f f e r e n t s t a t e s of d i s p e r s i o n . The s i g n a l has been 
a t t r i b u t e d t o mixed-valence Cr 6-/Cr 3~ species [164]. Figure 
1.33 depicts a t y p i c a l EPR spectrum f o r the c a t a l y s t s . 
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Figure 1.33 A typical EPR spectrum of a Cr/SiO catalyst 
sample 

9 

A f t e r a l l a c t i v a t i o n steps g was observed but gx was 
detected only when the a c t i v a t i o n temperature was greater 
than 500°C. As i t increases the i n t e r a c t i o n between the 
support and the chromium species increases [130] and g 
could i n d i c a t e the presence of extensive Cr-SiO~ 
i n t e r a c t i o n , i . e . a surface species. At higher a c t i v a t i o n 
temperatures the s i l i c a surface i s dehydroxylated l e a d i n g t p 
a more dispersed chromium species [165]. The two resonances 
could a r i s e from mixed valence s t a t e s i n d i f f e r e n t s t a t e s of 
d i s p e r s i o n , p o s s i b l y surface species and aggregates. 

At concentrations asJLqwas 0. 5jwt%_considerable clumping 
or i c l u s t e f i n g ^ o f the supported chromium oxide predominate 
[143]. No adsorption takes place on s i l i c a and chromium 
simply matts or clogs the surface d u r i n g d u r i n g sample 
p r e p a r a t i o n t o form spread-out and r e l a t i v e l y t h i n c l u s t e r s , 
a process aided by the r e d i s t r i b u t i o n of chromium o c c u r r i n g 
f o r the higher chromium loadings on c a l c i n a t i o n . The less 
exposed the s i l i c a surface the more extensive but 'thinner ' 
the chromium c l u s t e r s . This i s shown i n Figure 1.34. 
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Figure 1.34 A schematic representation of chromium clusters 
on the silica surface 

i » 

SIMS spectra of a se r i e s of l-18wt% Cr c a t a l y s t s show 
t h a t the sizes of Cr and Cr-Si c l u s t e r s released from the 
c a t a l y s t surfaces are c o n s i s t e n t l y l a r g e r f o r chromium/ 
s i l i c a samples than chromium/alumina [164]. Data may 
i n d i c a t e t h a t the chromium oxide c l u s t e r surface i s more 
extensive on s i l i c a or t h a t the long-range i n t e r a c t i o n of 
the support w i t h the chromium surface i s l a r g e r i n the case 
of alumina. Fragment r a t i o data show t h a t i n general f o r Cr-
S i 0 2 the r a t i o s are c o n s i s t e n t regardless of chromium 
loading as though the surface t e x t u r e of each Cr-Si0 2 i s 
s i m i l a r . ESR spectra support SIMS data t h a t c l u s t e r i n g of 
chromium species occurs even a t l w t % lo a d i n g : $32 esr appears 
at a lower temperature f o r Cr-Si0 2 and decomposes a t a lower 
temperature t o give the normal ]p 3 resonance c h a r a c t e r i s t i c 
of C r ( I I I ) c l u s t e r s . The resonance behaviour above 400°C 
i s very s i m i l a r f o r a l l chromium loadings i m p l y i n g the close 
s i m i l a r i t y of c l u s t e r types. 

DTA shows t h a t on c a l c i n a t i o n i n a i r more chromium oxide 
sublimes from s i l i c a than alumina. The chromium oxide i s 
spread out on the surface so t h a t the t e x t u r e , environment 
and t h e r e f o r e the p r o p e r t i e s of the chromium oxides are 
s i m i l a r . 

A m o d i f i c a t i o n of t e x t u r a l parameters can be expected as 
the formation of c r y s t a l l i n e Cr0 3, when o c c u r r i n g i n s i d e the 
pore system, can cause pore blockage [166]. The t e x t u r e of 
the c a t a l y s t s was chara c t e r i z e d as a f u n c t i o n of the 
chromium loa d i n g a t a chromium l o a d i n g of 10wt% pores w i t h 
r a d i i less than 22nm are plugged. Approximately 25% of the 
o v e r a l l pore volume i s represented by pores w i t h a radius of 
22nm. The r s u l t of t h i s plugging i s t o lead t o an increase 
i n the mean pore r a d i u s . 

As expected the BET surface area and the i n t e g r a l pore 
volume decrease w i t h increased chromium l o a d i n g but there i s 
a small increase i n the p o r o s i t y w i t h l o a d i n g ( s l i g h t 
maximum a t 5-6wt%), i m p l y i n g t h a t the t e x t u r e of the s i l i c a 
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i s a t l e a s t p a r t l y replaced by the t e x t u r e of the 
c r y s t a l l i n e Cr0 3. 

4.3 S i l i c a - s u p p o r t e d Cr_0 3 

The appearance of C r 2 0 3 p a r t i c l e s i n C r 0 3 / S i 0 2 c a t a l y s t 
samples, where the chromium load i n g i s >2wt%, i s due t o the 
low surface concentration of r e a c t i v e OH groups on s i l i c a 
and t h e i r surface chemistry [137,140,141], This has been 
studied by Knozinger and co-workers [142] who prepared 
c a t a l y s t s by impregnating s i l i c a w i t h Cr(N0 3) 3.9H 20 and 
Cr0 3, and coating w i t h a Cr 20 3.5H 20 g e l , f o l l o w e d by 
c a l c i n a t i o n a t 600°C. The ca l c i n e d c a t a l y s t s were examined 
by XRD ( f o r bulk phases) and DRS ( f o r Cr-0 species). The 
r e s u l t s are s i m i l a r i r r e s p e c t i v e of the parent compound. The 
dif f r a c t o g r a m s and spectra obtained are shown i n Figures 
1.35 and 1.36. 
Figure 1.35 XRD powder diffractograms for variously loaded 

Cr(VI)/Si02 catalysts 

in 
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Figure 1.36 DR spectra of variously loaded Cr(VI)/Si02 
catalysts 
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For 5 and 10 mol% C r 0 3 / S i 0 2 c a t a l y s t s C r 2 0 3 was the 
sole detectable bulk phase and the i n t e r a c t i o n between the 
parent compound and the s i l i c a surface weakens markedly f o r 
loadings greater than 0.5mole%, i r r e s p e c t i v e of the parent 
compound. As the loading increased the Cr-0 species produced 
tend t o polymerise leading f i n a l l y t o bulk C r 2 0 3 . 

Knozinger et al [167] have also c h a r a c t e r i z e d c a t a l y s t s 
w i t h 0.5, 5 and 10mol% loadings of C r 2 0 3 on s i l i c a using 
n i t r o g e n adsorption a t 77K. The c a t a l y s t s were prepared by 
impregnation of A e r o s i l s i l i c a w i t h Cr0 3 and Cr(N0 3) 3.9H 20 
and also by coating the s i l i c a w i t h the n i t r a t e precursor. 
C a l c i n a t i o n a t 873K followed. The n i t r o g e n adsorption 
isotherms were analysed using the BET and a s methods and the 
r e s u l t s showed the C r 2 0 3 surface area was s i g n i f i c a n t l y l e ss 
than t h a t f o r s i l i c a alone, i n d i c a t i n g a poor d i s p e r s i o n on 
the s i l i c a and leading t o surfaces dominated by the 
chemistry of the support. The t o t a l pore volume was found t o _ 
decrease _ sharply as the chromia l o a d i n g was increased - a t 
10mole% i t drops t o 43% of the i n i t i a l value f o r pure s i l i c a 
a t 873K. This may i n f e r an e f f e c t i v e pore b l o c k i n g caused by 
3-D chromia. These r e s u l t s are independent of p r e p a r a t i o n 
method. XRD [145], TEM [168] and e l e c t r o n i c spectra [142] -
bands a t 296, 370, 465 and 600nm - are c o n f i r m a t i o n of the 
presence of chromia p a r t i c l e s . 

The poor d i s p e r s i o n i r r e s p e c t i v e of the d i f f e r e n t 
precursors and the preparation method i s s u r p r i s i n g . The 
i s o e l e c t r i c p o i n t of s i l i c a i s pH 2 [169]. Thus s i l i c a 
should p r e f e r e n t i a l l y adsorb c a t i o n i c species such as 
[ C r ( H 2 0 ) 5 ( 0 H ) ] 2 * from the n i t r a t e s o l u t i o n [ 1 3 3 ] , w h i l e 
C r 2 0 7

2 _ should not i n t e r a c t w i t h the surface. The c a t i o n 
exchange capacity of s i l i c a i s t y p i c a l l y very low unless the 
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s o l u t i o n pH i s greater than 8-9 [170] so one can assume i n 
the present case t h a t adsorption i s very l i m i t e d due t o the 
low c a t i o n exchange capacity, or n e g l i g i b l e due t o the 
surface p o l a r i z a t o n . Thus only a small percentage of the 
t o t a l precursors can be s t a b i l i z e d i n high dispersions, the 
m a j o r i t y being decomposed during c a l c i n a t i o n t o give C r 2 0 3 

c r y s t a l l i t e s . The surface and i n t e r f a c e f r e e energies and 
the high Tammann temperature of chromia obviously do not 
a l l o w surface spreading of C r 2 0 3 across the s i l i c a surface. 

4.4 Cr/SiO^ c a t a l y s t s prepared from a l l v l and oxychloride 
precursors 

Iwasawa et al [171] have prepared f i x e d 'paired' chromium 
c a t a l y s t s by r e a c t i o n of C r 2 ( n 3 C 3 H 5 ) 4 w i t h the hydroxyls of 
s i l i c a a t 273K, g i v i n g a chromium load i n g of 0.52wt%. This 
route i s shown i n Scheme 3. 
Scheme 3 Preparation route from the allyl precursor 

SiO, 273K 
+ 
C r 2 U 3 C 3 H s ) 4 

C r 2 - — 0 Cr 2* 
I I 
0 0 
1 I 

Cr 2* 
0 

Cr 2* 
I 
0 J L 

i n 

860K, H, 
773K, 0. 

Cr 2* Cr 2* 
I I 0 0 

823K , 0, 
i 

0 0 
I ! I ! 
= Cr-o—Cr = o 1 A 

Surface s t r u c t u r e s were characterized s p e c t r o s c o p i c a l l y 
(IR, UV d i f f u s e r e f l e c t a n c e , esr and photoluminescence), 
v o l u m e t r i c a l l y and by temperature programmed hydrogenolysis 
(TPH). The l a t t e r technique a p p l i e d t o s t r u c t u r e 1 showed a 
sharp desorption peak due t o propene a t 69OK, implying t h a t 
the surface species on s i l i c a were u n i f o r m l y d i s t r i b u t e d . A 
peak a t 553nm i n the UV d i f f u s e r e f l e c t a n c e spectrum was 
assigned t o a A 2 u <=-— A t r a n s i t i o n , from which a Cr 2* = 
Cr 2* bond l e n g t h of 222pm could be estimated. 

Nishimura and Thomas g r a f t e d Cr (VI) onto the OH groups 
of s i l i c a using C r 0 2 C l 2 vapour [130,160,172,173], producing 
b e t t e r d e f i n e d chromium s i t e s on a 0.63wt% Cr c a t a l y s t . FTIR 
spectra showed t h a t C r 0 2 C l 2 i s chemisorbed onto i s o l a t e d OH 
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groups, s e l e c t i v e l y r e a c t i n g w i t h v i c i n a l groups a t room 
temperature t o bind t o the s i l i c a surface (bands a t 3720 and 
3600cm - 1 disappear). The more uniform environment of the 
chromium atoms improved four f o l d the a c t i v i t y of the sample 
f o r ethylene p o l y m e r i z a t i o n . 
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CHAPTER 2 

The C h a r a c t e r i z a t i o n of Promoted P h i l l i p s C a t a l y s t s 

using X-rav Photoelectron Spectroscopy 
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1 I n t r o d u c t i o n 

X-ray photoelectron spectroscopy (XPS) has proved to be a 
u s e f u l t o o l i n c a t a l y t i c r e s e a r c h s i n c e : 
( i ) i t observes chemical changes i n the f i r s t few 
monolayers; 
( i i ) the binding energy v a l u e s i d e n t i f y the elements on the 
s u r f a c e ; 
( i i i ) binding energy s h i f t s are informative of the chemical 
environment of the atom; 
( i v ) i t has a high s u r f a c e s e n s i t i v i t y (upto 10"* 
monolayer), and 
(v) the technique can be q u a n t i t a t i v e [ 3 5 ] . 

XPS was used i n t h i s study of a s e r i e s of C r / S i 0 2 

( P h i l l i p s ) c a t a l y s t s i n order to obtain information on the 
chemical and e l e c t r o n i c nature of the s u r f a c e s p e c i e s before 
and a f t e r a c t i v a t i o n i n oxygen. By a l s o studying c a t a l y s t s 
which contain promoters, here t i t a n i a and alumina, which are 
used i n d u s t r i a l l y , some i n s i g h t i n t o the r o l e of these 
promoters i n the s u r f a c e chemistry of the system could be 
obtained. The d i s p e r s i o n of both chromium and promoter 
s p e c i e s could be measured, and were compared before and 
a f t e r a c t i v a t i o n i n oxygen. Changes i n d i s p e r s i o n i n d i c a t e 
whether the metal s p e c i e s are mobile on the s u r f a c e and i f 
there i s agglomeration or movement away from the s u r f a c e 
i n t o the bulk. 

2 XPS;Theory 

XPS i s concerned with the measurement of core e l e c t r o n 
binding e n e r g i e s . The sample i s bombarded with high energy 
X-rays (under UHV co n d i t i o n s ) which cause emission of core 
e l e c t r o n s from the sample atoms. T h i s i s i l l u s t r a t e d i n 
f i g u r e 2.1. 

Figure 2.1 Schematic representation of the principle of XPS 

photoelectron 

hv 
core l e v e l e m e • 

A l l photoelectrons whose binding energies are l e s s than 
the energy of the e x c i t i n g X-rays are e j e c t e d and t h e i r 
k i n e t i c energies E K are then measured with an energy 
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a n a l y s e r . The binding energies are then obtained from the 
r e l a t i o n s h i p ; 

E t o = hv - E k - 9 

where 8 = spectrometer work function, a constant f o r a 
given a n a l y s e r 

hv = energy of the e x c i t i n g X-rays ( f o r Mg hv = 
1253.6eV) 

Binding energies unambiguously define a s p e c i f i c atom: 
the energy of an e j e c t e d photoelectron i s c h a r a c t e r i s t i c of 
the atom involved and i t s chemical environment [ 1 ] . The 
binding energy i n the n e u t r a l f r e e atom i s taken as the 
standard from which s h i f t s are measured. A l l core e l e c t r o n s 
t h a t l i e w e l l w i t h i n the valence o r b i t a l w i l l e x h i b i t the 
same s h i f t because the p o t e n t i a l due to a s h e l l of charge i s 
constant i n s i d e the s h e l l . Such f r e e atom core e l e c t r o n 
s h i f t s t y p i c a l l y have v a l u e s of 1 Rydberg = 13.6eV [ 4 ] . 

2.1 Sampling Depth 

A f t e r p h o t o i o n i z a t i o n a photoelectron of energy E K must 
t r a v e l through the s o l i d and escape i n t o the vacuum without 
energy l o s s before i t can be energy analysed and detected. 
However, the stopping power of s o l i d s f o r e l e c t r o n s i s 
s e v e r a l orders of magnitude g r e a t e r than f o r X-rays, with 
the r e s u l t t h a t e l e c t r o n s i n the energy range 50-1000eV w i l l 
t y p i c a l l y t r a v e l only 2-10 atomic l a y e r s before they l o s e 
energy through i n e l a s t i c s c a t t e r i n g events with other 
e l e c t r o n s and hence cannot c o n t r i b u t e to the photoelectron 
peak a t energy E^. These i n e l a s t i c a l l y s c a t t e r e d e l e c t r o n s 
give r i s e to a background spectrum [ 4 ] . Thus, the secondary 
e l e c t r o n must o r i g i n a t e a t , or very c l o s e to, the s u r f a c e i f 
i t i s to escape i n t o the vacuum and be detected. The 
p r o b a b i l i t y of an i n e l a s t i c s c a t t e r i n g event o c c u r r i n g i s 
determined by both the e l e c t r o n energy and the m a t e r i a l 
through which i t i s t r a v e l l i n g [ 5 ] . I t i s described by; 

I ( x ) = I o e x p ( - x / A ( E k , Z ) . c o s Q ) 

o r i g i n a l photoelectron i n t e n s i t y 
i n t e n s i t y a f t e r t r a v e l l i n g through m a t e r i a l of 
t h i c k n e s s x 
angle of emission with r e s p e c t to the 
s u r f a c e normal 
i n e l a s t i c mean f r e e path ( i t r e p r e s e n t s the 
depth a t which photoelectrons have a 
p r o b a b i l i t y of 1/e of escaping without energy 
l o s s ) 

Due to the exponential decay behaviour p r e d i c t e d by the 
above equation i t i s not p o s s i b l e to a r r i v e a t a unique 
value f o r the sampling depth d. Approximately 63% of the 

where: I 
I ? x ) 

9 

M E k , Z ) 
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photoelectrons c o n t r i b u t i n g to a p a r t i c u l a r peak must 
o r i g i n a t e w i t h i n a d i s t a n c e A,cos0 of the s u r f a c e and t h i s 
expression i s used to give a p r a c t i c a l measure of d. Since d 
v a r i e s with cos8 hence sampling depth may be c o n t r o l l e d by 
var y i n g the angle of emission from 0° (d=A) to 80° (d=0.17X) 
[ 5 ] , as shown i n Figure 2.2. 

Figure 2.2 A diagram showing the relationship between the 
electron take-off angle and the sampling depth. 

Detector 

Detector 

Surface 

Note t h a t the take of f angle @( i s measured r e l a t i v e to the 
sur f a c e , the angle of emission 6 r e l a t i v e to the s u r f a c e 
normal, + 0 = 90°. 

I f the take - o f f angle <=* i s made small the sampling depth 
d i s s i m i l a r l y reduced, which enhances the s u r f a c e 
s e n s i t i v i t y , and the XPS information i s more c h a r a c t e r i s t i c 
of the s u r f a c e . I t should be noted t h a t angular e f f e c t s are 
observed with r e l a t i v e l y f l a t _ s u r f a c e s _ _ r a _ t h e r than- with 
powders, -where the s u r f a c e i s ^ very" rough [5,8] . 

The number of photoelectrons produced from any given 
core l e v e l of an element i s determined by the 
photoionization c r o s s s e c t i o n (o-) of t h a t l e v e l f o r the 
photon energy (hv) concerned: i s defined as the t r a n s i t i o n 
p r o b a b i l i t y per u n i t time f o r e x c i t a t i o n of a singl.2 
photoelectron from the core l e v e l of i n t e r e s t under an 
i n c i d e n t photon f l u x of l c m ^ s " 1 . I n p a r t i c u l a r i s found to 
depend on hv, binding energy, atomic number (Z) and the 
r e l a t i v e d i r e c t i o n s of photon incidence and photoelectron 
emission (0) [ 5 ] . 
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2.2 Chemical S h i f t 

Often only a r e l a t i v e binding energy (chemical s h i f t ) i s 
r e q u i r e d . The binding energies of core e l e c t r o n s are 
a f f e c t e d by the valence e l e c t r o n s and thus by the cheraica,l 
environment of the atom. When t h i s i s changed i t a l t e r s the 
l o c a l charge environment and t h i s , i n turn, i s r e f l e c t e d as 
a v a r i a t i o n i n the binding energies of a l l the e l e c t r o n s of 
t h a t atom. T h i s s h i f t i s inherent to the s p e c i e s involved 
and thus provides a means of chemical a n a l y s i s . Chemical 
s h i f t s can range from 0.1 to lOeV or more i n magnitude [ 5 ] . 
From a p u r e l y Coulombic point of view the chemical s h i f t 
a r i s e s i n the i n i t i a l s t a t e from the displacement of 
e l e c t r o n i c charge from the atom towards the l i g a n d s reducing 
the e l e c t r o s t a t i c p o t e n t i a l a t the atom. I n a d d i t i o n there 
i s a f i n a l s t a t e s h i f t due to the p o l a r i z a t i o n of the 
l i g a n d s by the core hole on the c e n t r a l atom. Since the net 
e f f e c t depends on the combined e f f e c t s of e l e c t r o n e g a t i v i t y 
and p o l a r i z a b i l i t y of the l i g a n d s a c e r t a i n u n i v e r s a l i t y can 
be expected [ 4 ] , I n s o l i d s chemical s h i f t s are l e s s 
p r e d i c t a b l e because the f i n a l s t a t e s c r e e n i n g and the 
Madelung p o t e n t i a l can vary from substance to substance. I n 
general any parameter t h a t a f f e c t s the e l e c t r o n d e n s i t y 
about the atom (eg. o x i d a t i o n s t a t e , l i g a n d 
e l e c t r o n e g a t i v i t y or coordination) i s expected to r e s u l t i n 
a chemical s h i f t i n e l e c t r o n binding energy: as the 
o x i d a t i o n s t a t e becomes more p o s i t i v e an i n c r e a s e i s seen i n 
binding energy [ 1 ] . 

I n longer experiments, sample damage i s p o s s i b l e i n cases 
where chemical changes caused by the e l e c t r o n s are 
i r r e v e r s i b l e or long l i v e d . Chemical a l t e r a t i o n of the 
sample due to the high x-ray f l u x can a l s o occur and has 
been observed i n p h o t o s e n s i t i v e samples. I n e i t h e r of these 
cases i t i s often p o s s i b l e to d e t e c t r a d i a t i o n damage by the 
time dependence of the spectrum and/or by comparing the 
p h y s i c a l appearance of the sample before and a f t e r an 
experiment [ 1 1 ] . 

3 Instrumentation 

A l l XPS spectrometers incorporate each of the f o l l o w i n g : 
( i ) a UHV environment 
( i i ) a c o n t r o l l e d source of x-rays 
( i i i ) a specimen manipulation system 
( i v ) an e l e c t r o n energy a n a l y s e r 
(v) a data recording, p r o c e s s i n g and output system [ 5 ] . 

A r e p r e s e n t a t i o n of a XPS spectrometer i s shown i n Figure 
2.3. 
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Ficrure 2.3 Schematic representation of a XPS spectrometer 
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X-ray source 
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Sample 
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3.1 The X-rav Source 

An i d e a l source must be s u f f i c i e n t l y e n e r g e t i c to a c c e s s 
core l e v e l s , i n t e n s e enough to produce a d e t e c t a b l e e l e c t r o n 
f l u x , have a narrow l i n e width ( s i n c e t h i s i s the major 
c o n t r i b u t i o n to the f u l l width a t h a l f maximum, PWHM, of an 
XPS peak) and be simple to use and maintain. Magnesium and 
aluminium sources are the most widely used s i n c e they have 
s u f f i c i e n t l y e n e r g e t i c and narrow l i n e s and are a l s o s t a b l e . 
Dual Mg/Al anodes are standard. The operating c o n d i t i o n s are 
t y p i c a l l y 15kV a c c e l e r a t i n g voltage and_20mA_ t a r g e t c u r r e n t . 
To e l i m i n a t e the s e r i e s of source x-ray l i n e s and the 
Bremsstrahlung continuum the r a d i a t i o n can be monochromated 
using a d i f f r a c t i o n g r a t i n g but the i n t e n s i t y i s g r e a t l y 
reduced due to d i s p e r s i o n . 

3.2 Analysers 

Once produced the photoelectrons must be separated 
according to t h e i r energy and subsequently converted i n t o a 
spectrum. The most common a n a l y s e r s are the C y l i n d r i c a l 
Mirror (CMA) and the Concentric Hemisphere (CHA), shown i n 
Figure 2.4. 
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Figure 2.4 A Cross Sectional View of the Concentric 
Hemisphere Analyser 

o 

LJ ! 
Cylinder Sens Detector 

Concentric + spin h eres em 

S pecsmen 

Cylinder lens I 

I = entrance aperture 0 = output aperture 

The CHA has two hemispherical s u r f a c e s of inner r a d i u s R x 

and outer r a d i u s R 2 p o s i t i o n e d c o n c e n t r i c a l l y , with a 
p o t e n t i a l V a p p l i e d such t h a t the outer sphere i s negative 
and the inner p o s i t i v e (with r e s p e c t to V ) . 

Figure 2.5 A Schematic Diagram of the Concentric 
Hemisphere Analyser 

/ \ / \ R / 

R 1 
R 

Af. 

a-1 

a i s the angle a t which the e l e c t r o n enters the a n a l y s e r 
A f e and <Afg are the widths of the entrance and e x i t s l i t s 
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There w i l l be a median e q u i p o t e n t i a l s u r f a c e of r a d i u s R Q 

between the hemispheres and i d e a l l y R Q - (Rx + R 2 ) / 2 . The 
entrance and e x i t s l i t s are centred on R Q. For the i d e a l 
s i t u a t i o n where an e l e c t r o n with k i n e t i c energy E K i s 
t r a v e l l i n g on the c i r c u l a r o r b i t of r a d i u s R D, the 
r e l a t i o n s h i p between the d e f l e c t i n g p o t e n t i a l eV and i s : 

eV = E K ( R 2 / R 1 - RJRZ) 

where the entrance and e x i t s l i t s are separated by an angle 
of 180°. Th i s r e s u l t s i n foc u s i n g a t a point [6,132]. I t i s 
d e s i r a b l e to work with as l a r g e an entrance angle <x as 
p o s s i b l e w h i l s t r e t a i n i n g adequate energy r e s o l u t i o n , and 
the compromise reached i s to choose so t h a t with a s l i t 
width w 

o<2 = w/2RQ 

For adequate r e s o l u t i o n i t i s customary to p r e - r e t a r d 
e l e c t r o n s as they enter the a n a l y s e r , e i t h e r to a chosen 
f i x e d a n a l y s e r energy (the pass energy) or by a f i x e d r a t i o . 
R e t a r d a t i o n i s u s u a l l y accomplished by p l a c i n g p l a n a r g r i d s 
a c r o s s the entrance s l i t , but can a l s o be achieved by a l e n s 
system [132]. 

When an XPS spectrum i s run the spectrometer ramps down 
from the s t a r t i n g energy and photoelectrons of a c e r t a i n 
energy E w i l l pass through the e x i t s l i t s of the a n a l y s e r 
only when E-R = HV, where R = ramp voltage a t any p a r t i c u l a r 
time, H = an a l y s e r constant and V = voltage between the 
hemispheres. The quantity HV i s defined as the a n a l y s e r 
"pass energy". E l e c t r o n s which do not s a t i s f y t h i s c o n d i t i o n 
w i l l not reach the e x i t s l i t of the hemispheres (Fi g u r e 
2.6). 

Ficrure 2.6 Schematic representation of the requirements for 
photoelectron detection 

E-R > HV 

E-R >> HV 

E-R << HV 
E-R = HV 

E-R < HV 
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The CHA i s normally operated i n constant a n a l y s e r energy 
mode f o r XPS thereby y i e l d i n g a constant energy r e s o l u t i o n 
throughout the spectrum. For survey (wide scan) s p e c t r a the 
an a l y s e r would normally be operated with a r e s o l u t i o n of 
leV to give f a i r l y high t r a n s m i s s i o n . For (narrow scan) high 
r e s o l u t i o n s p e c t r a the r e s o l u t i o n would be changed to 0.2 or 
0.4eV to r e s o l v e f i n e s t r u c t u r e and lineshape d e t a i l [ 5 ] . 

The r e l a t i v e r e s o l u t i o n of the a n a l y s e r i s given by 

E / E Q = w/2RQ + **/4 

where w i s the s l i t width. Since <*2 = w/2R Q / the r e l a t i v e 
r e s o l u t i o n reduces to 

E / E D = 0.63w/Ro 

I f the dimensions of the a n a l y s e r , i . e . R D, are fixed', 
then there i s an i n v e r s e r e l a t i o n s h i p between the pass 
energy E Q (HV) and the s l i t width w i n the CAE mode. Thus 
CAE g i v e s good r e s o l u t i o n a t low k i n e t i c energy, but with 
poorer s i g n a l - t o - n o i s e (or s e n s i t i v i t y ) than i n CRR 
(constant r e t a r d i n g r a t i o ) mode. 

The c u r r e n t a c t u a l l y r e a c h i n g the a n a l y s e r e x i t s l i t 
f o l l o w i n g p h o t o i o n i s a t i o n i s t y p i c a l l y i n the region of 
10" 1 6-10" 1 4A, which i s w e l l below conventional c u r r e n t 
measuring techniques. Thus an e l e c t r o n m u l t i p l i e r i s used as 
the detector. The m u l t i p l i e r output i s taken through a 
p r e a m p l i f i e r , an a m p l i f i e r , a d i s c r i m i n a t o r and a rate-meter 
system, with a computer i n t e r f a c e s i t u a t e d between the 
d i s c r i m i n a t o r and r a t e meter. The s p e c t r a are subsequently 
d i g i t i z e d and stored f o r f u t u r e r e f e r e n c e [ 6 ] . 

4 S p e c t r a l Information 

An x-ray photoelectron spectrum i s generated by p l o t t i n g 
the measured photoelectron i n t e n s i t y as a fu n c t i o n of 
binding e n e r g y — T h e s e can be wide scan, covering the whole 
range of binding energies (Figure 2.7, [6]) or narrow scan, 
focusing on a narrow binding energy region which allows f i n e 
s t r u c t u r e and lineshape to be r e s o l v e d (Figure 2.8). 
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Ficrure 2.7 XP Spectrum of Hga 6Cd0 Jle grown via 
Metal Organic Chemical'Vapour Deposition 
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Ficrure 2.8 M9 K* XP Spectrum of the Cu 2p region of a 
silica supported copper (II) acetate catalyst 
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4.1 Spin-Orbit Coupling 

Spectra may show d e t a i l due to s p i n - o r b i t coupling w i t h i n 
the i o n i z e d core s u b - s h e l l , and i n the case of open s h e l l 
systems, d e t a i l a s s o c i a t e d with p u r e l y e l e c t r o s t a t i c 
coupling of the core hole with the p a r t l y f i l l e d outer sub-
s h e l l [ 4 9 ] . 

I n i t i a l s t a t e s t r u c t u r e ( e l e c t r o n energy d i s t r i b u t i o n i n 
the ground s t a t e ) i s dominated by the phenomenon of spin-
o r b i t coupling. The s p i n o r b i t s p l i t t i n g of s u b - s h e l l s with 
non-zero o r b i t a l angular momentum i s r e s o l v e d and can be 
used to confirm chemical i d e n t i f i c a t i o n [ 4 ] . I f an e l e c t r o n 
i s i n a degenerate o r b i t a l ( i . e . p, d, f, ....) the s p i n 
angular momentum, S, and the o r b i t a l angular momentum, L, 
can combine i n d i f f e r e n t ways and produce new s t a t e s t h a t 
are c h a r a c t e r i z e d by the t o t a l e l e c t r o n i c angular momentum 
J . 
J = |L±S| where: L= 0,1,2,..., S = 1/2, J = 1/2. 3/2, 5/2,... 
The energies of these new s t a t e s are thus d i f f e r e n t because 
the magnetic moments due to the e l e c t r o n s p i n and o r b i t a l 
motion may oppose or r e i n f o r c e each other. The degeneracies 
of these s t a t e s i s 2J+1 and the r e l a t i v e i n t e n s i t i e s of 
these s p l i t peaks i s given by the r a t i o of these 
degeneracies: 
eg. Cr 2p L = 1 

J = ll±l/2l = 3/2, 1/2 =4 Cr 2 p 3 / 2 and 2 p 1 / 2 

The r e l a t i v e i n t e n s i t i e s are (2x3/2 + 1 ) : (2x1/2 + 1) = 2:1 
[ 6 ] . 

Within each core s h e l l the l i f e t i m e width decreases, and 
the c r o s s s e c t i o n i n c r e a s e s , with i n c r e a s i n g o r b i t a l angular 
momentum. As a r e s u l t the core e l e c t r o n with the l a r g e s t J 
value of a given s h e l l g e n e r a l l y g i v e s the s i g n a l with the 
l a r g e s t peak height and i s most u s e f u l i n chemical a n a l y s i s 
[ 4 ] . 

I f the system has e l e c t r o n s i n a valence s u b - s h e l l then a 
core photoelectron s i g n a l may a l s o show s t r u c t u r e due to 
e l e c t r o s t a t i c coupling i n the f i n a l s t a t e . The unpaired 
valence e l e c t r o n s w i l l i n general be d e l o c a l i z e d over two or 
more atomic c e n t r e s and so a s i g n i f i c a n t , r e s o l v a b l e 
exchange s p l i t t i n g can be expected only i n the case of a 
core photoelectron s i g n a l from an atom having appreciable 
share of the unpaired s p i n d e n s i t y [ 4 9 ] . 

4.2 Peak S t r u c t u r e 

Some of the peak s t r u c t u r e may a r i s e through complex 
i o n i z a t i o n processes i n which e j e c t i o n of a core e l e c t r o n i s 
coupled simultaneously with e x c i t a t i o n of one or more of the 
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other e l e c t r o n s ( u s u a l l y a valence s h e l l e l e c t r o n ) . A 
coupled e x c i t a t i o n i n v o l v i n g an energy l o s s on the p a r t of 
the outgoing photoelectron i s termed a shake-up process and 
the a d d i t i o n a l s i g n a l a t lower k i n e t i c energy i s termed a 
shake-up s a t e l l i t e of the main core photoelectron s i g n a l . I f 
the a d d i t i o n a l e x c i t a t i o n i s a second stage of i o n i z a t i o n 
(so t h a t two photoelectrons emerge) the term shake-off i s 
used. Normally shake-off processes do not l e a d to any 
d i s c r e t e s t r u c t u r e i n photoelectron s p e c t r a . 

Shake-up s a t e l l i t e s are g e n e r a l l y weak but i n t e r p r e t a t i o n 
can be d i f f i c u l t i n the case of open-shell compounds where 
i t may be confused with e l e c t r o s t a t i c coupling i n the f i n a l 
s t a t e [ 4 9 ] . 

The measurables i n a core e l e c t r o n spectrum are the 
p o s i t i o n s , widths and shapes of the l i n e s / p e a k s [ 4 ] . 

4.3 L i n e shape and peak f i t t i n g 

Shape can often be ignored, but with unresolved 
overlapping l i n e s numerical data a n a l y s i s i s necessary. The 
best approach i s to f i t a t h e o r e t i c a l f u n c t i o n to the data 
by l e a s t squares optimization. 

Two processes are r o u t i n e l y c a r r i e d out, namely 
deconvolution and curve f i t t i n g . Deconvolution i s the 
process i n which the broadening of a s i g n a l caused by 
instrumental e f f e c t s i s e x t r a c t e d from the true s i g n a l . 
B a s e l i n e r e s o l u t i o n i s not always obtained because the 
unbroadened s i g n a l s may n a t u r a l l y overlap. Curve f i t t i n g i s 
a r e c o n s t r u c t i o n of the n a t u r a l l i n e s from the base l i n e to 
f i t the convolved envelope of s i g n a l s . 

I n both cases no unique s o l u t i o n e x i s t s f o r an envelope. 
The main key to performing both processes i s to have a 
thorough knowledge about the chemistry of the system and the 
photoelectron spectrum of the pure s p e c i e s of the convolved 
system. Therefore r e a l i s t i c parameters can be s e l e c t e d so 
t h a t the number of s o l u t i o n s are s i g n i f i c a n t l y reduced 
[8,67,68]. 

A s e r i e s of standard peaks, where the v a r i a b l e s are the 
number, p o s i t i o n , i n t e n s i t y , width, shape and type, are 
added together u n t i l the experimental spectrum i s matched as 
c l o s e l y as p o s s i b l e . The standard peaks are u s u a l l y of 
Gaussian or L o r e n t z i a n form, or a form containing a mixture 
of the two forms, as these mathematical f u n c t i o n s best 
maintain p h y s i c a l r e a l i t y . The s p e c t r a i n t h i s t h e s i s were 
f i t t e d with pure Gaussian f u n c t i o n s which have the form: 

f ( x ) = h / ( [ l / b 2 } e x p [ ( l n 2 ) ( x - x Q ) 2 / b 2 ] ) 

where h = peak height 

70 



x Q = p o s i t i o n of peak maximum 
b = parameter p r o p o r t i o n a l to the peak FWHM, the 

a c t u a l value being found i t e r a t i v e l y 

To begin curve f i t t i n g the b a s e l i n e i s s e t by drawing a 
s t r a i g h t l i n e between two points on e i t h e r s i d e of the 
p e a k ( s ) . Though t h i s does not give absolute accuracy, good 
r e l a t i v e accuracy i s obtained when used i n a c o n s i s t e n t 
manner throughout a s e r i e s of s p e c t r a from the same m a t e r i a l 
and i t i s easy and quick [ 8 ] . 

F i t t i n g to the experimental spectrum i s i t e r a t i v e and to 
s t a r t the i t e r a t i o n an i n i t i a l approximation i s input and 
v i s u a l l y compared to the spectrum i n order to approximate 
the number of peaks and t h e i r r e s p e c t i v e parameters. A 
knowledge of the expected s p e c i e s and the nature of XPS 
s p e c t r a are used to s e t up an i n i t i a l approximation. These 
data are a l s o used to set" up any l i n k s between parameters 
which are expected to vary together. The allowed range may 
be defined to keep i t p h y s i c a l l y meaningful. Once a s u i t a b l e 
s t a r t i n g point has been input, the i t e r a t i v e peak f i t t i n g 
r o u t i n e i s used. A f t e r the r o u t i n e has converged to a 
s o l u t i o n the goodness-of-fit may be v i s u a l l y v e r i f i e d and 
the p e a k - f i t parameters checked to see i f they are i n accord 
with p h y s i c a l c o n s t r a i n t s . Figure 2.9 shows the r e s u l t s of 
peak f i t t i n g f o r overlapping Mo 3d and S 2s peaks [134]. 

Figrure 2.9 Curve-fitting- of Mo 3d and S 2s peaks: a) 
initial parameters; b) final parameters 
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4.4 L i n e Width 

The i r r e d u c i b l e width of an XPS l i n e i s due to the 
l i f e t i m e of the core hole s t a t e c r e a t e d i n the photoemission 
process. The r e s u l t i n g l i n e shape i s approximated by a 
Gaussian shape. A core hole has a number of decay channels 
whose c o n t r i b u t i o n s to the width are a d d i t i v e . D e - e x c i t a t i o n 
can occur by a two e l e c t r o n process i n which one e l e c t r o n i s 
emitted from an atom while the other makes a t r a n s i t i o n to 
the i n i t i a l s t a t e core-hole. S i n g l y i o n i z e d l i f e t i m e s are 
g e n e r a l l y 1 0 " 1 4 to 1 0 " 1 5 seconds, g i v i n g r i s e to l i f e t i m e 
broadening c o n t r i b u t i o n s of between 0.1 and 5eV [ 5 ] . 

Measurement of the l i f e t i m e width of a core hole s t a t e i s 
complicated by the e x i s t e n c e of other c o n t r i b u t i o n s to the 
width of the experimental l i n e from _ _ ( i ) instrument 
r e s o l u t i o n , ( i i ) phonon broadening and ( i i i ) inhomogeneous 
broadening. 
( i ) Where the x-rays are monochromatic the r e s o l u t i o n 
f u n c t i o n i s s i g n i f i c a n t l y narrower and tends towards a 
Gaussian p r o f i l e 
( i i ) Phonon broadening a r i s e s from v i b r a t i o n a l modes of the 
c r y s t a l l a t t i c e , e x c i t e d i n i o n i s a t i o n . Most l a t t i c e modes 
are of very low energy so they cannot be r e s o l v e d . I n a 
s o l i d , where the e l e c t r o n i c energy l e v e l s form more-or-less 
broad bands, the widths of the peaks r e f l e c t t h i s band 
width. 
( i i i ) Inhomogeneous broadening a r i s e s from a s u p e r p o s i t i o n 
of l i n e s with d i f f e r e n t chemical s h i f t s and should be 
important mainly i n disordered systems eg. amorphous 
m a t e r i a l s [ 4 ] . 
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4.5 L i n e P o s i t i o n (Binding Energy and Chemical S h i f t ) 

Binding energies are n e c e s s a r i l y expressed r e l a t i v e to a 
ref e r e n c e l e v e l : the Fermi l e v e l i s used f o r s o l i d s . For 
conducting samples the Fermi l e v e l s of the sample and the 
spectrometer c o i n c i d e and can be determined by d i r e c t 
observation of the Fermi c u t - o f f i n a m e t a l l i c sample. The 
work fu n c t i o n does not enter i n t o the c a l c u l a t i o n of the 
binding energy because the contact p o t e n t i a l between the 
sample and the spectrometer changes the k i n e t i c energy of 
the photoelectron a p p r o p r i a t e l y as i t en t e r s the 
spectrometer [ 4 ] . Figure 2.10 shows the energy l e v e l s f o r 
photoemission. 

F i g u r e 2.10 Energy level diagram for photoemission 

E: kin 

Conduction 
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V///////' 
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Metal Spectrometer 

The sample i s i r r a d i a t e d with X-rays of energy hv and 
e l e c t r o n s of binding energy E^ are e j e c t e d . The e l e c t r o n s 
have k i n e t i c energy E k l n which can be measured i n the 
spectrometer. (J) i s the work f u n c t i o n of the sample and 0 e 

t h a t of the spectrometer. E^. i s the energy of the Fermi 
l e v e l , E t h a t of the vacuum l e v e l . 

Problems a r i s e with i n s u l a t i n g samples as the Fermi l e v e l 
could be anywhere w i t h i n the band gap. Photoemission can 
a l s o r e s u l t i n a build-up of p o s i t i v e charge near the 
surf a c e r e s u l t i n g i n a dipole l a y e r . T h i s a r i s e s because of 
the i n a b i l i t y of i n s u l a t i n g m a t e r i a l s to r e p l a c e the 
photoemitted e l e c t r o n s . Binding energies measured r e l a t i v e 
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t o the Fermi l e v e l of the spectrometer are thus not v a l i d . 
Lines from i n s u l a t i n g samples are g e n e r a l l y broad and appear 
a t higher b i n d i n g energies than expected due t o charging: 
these s h i f t s can be as l a r g e as, or even l a r g e r than, 
chemical s h i f t s and can be confused w i t h s h i f t s due t o 
changes i n chemistry. Where spectrometers do not use 
monochromatic r a d i a t i o n the e f f e c t s of charging are less 
severe and complications i n s p e c t r a l i n t e r p r e t a t i o n 
diminished [10] . 

I n an attempt t o compensate f o r t h i s sample charging the 
surface can be flooded w i t h low-energy e l e c t r o n s , but t h i s 
i s only a p a r t i a l , and u n r e l i a b l e , s o l u t i o n . A l t e r n a t i v e l y 
an e x t e r n a l reference can be used: a substance l i k e gold can 
be deposited on the surface and one of i t s core l e v e l s used 
t o define the energy scale [ 4 ] , f o r supported c a t a l y s t s a 
photoemission l i n e of the support can be used or, most 
commonly, a d v e n t i t i o u s carbon, C I s . This in situ carbon 
contamination can a r i s e from the vacuum system of the 
spectrometer (the r o t a r y and d i f f u s i o n pumps) or can be 
found i n the adhesive tape used f o r sample mounting [8,12]. 
When choosing a reference i t must be i n e l e c t r i c a l contact 
w i t h the sample and be chemically r e l i a b l e and s t a b l e 
throughout the e n t i r e experiment, otherwise the 
determination of chemical states can become d i f f i c u l t and 
meaningless [ 8 ] . Since the C I s l i n e s are of substances of 
unknown, and perhaps v a r y i n g , composition i t has not been 
demonstrated t h a t e l e c t r i c a l e q u i l i b r i u m e x s i s t s . Also, w i t h 
the gold decoration method there may not be a uniform l a y e r 
but i s l a n d s of gold on the sample surface. A b e t t e r method 
i s t o c a l i b r a t e the b i n d i n g energies of i n s u l a t o r s by 
reference t o t h e i r vacuum l e v e l s , which doesnot r e l y on 
assumptions about the coincidence of Fermi l e v e l s , 
e l e c t r i c a l e q u i l i b r i u m or changes i n band l e v e l s [ 8 , 6 3 ] . 

I n some cases the chemical s h i f t occurs i n a systematic 
fashion as the o x i d a t i o n s t a t e changes, e.g. Al° —? A l 3 ~ 
show s h i f t s from lower t o higher b i n d i n g energy as expected, 
since the e j e c t e d e l e c t r o n s from A l 3 * are__subj_ect t o leas, 
s h i e l d i n g from the valence e l e c t r o n s and a greater net 
p o s i t i v e charge from the atom than Al°. Un f o r t u n a t e l y 
b i n d i n g energy chemical s h i f t s also depend on other f a c t o r s 
such as e l e c t r o n r e l a x a t i o n and extra- and i n t r a a t o m i c 
forces. For example, the b i n d i n g energies of Co 2p e l e c t r o n s 
increase from Co° t o Co2*, which i s as p r e d i c t e d . However, 
Co 30 4 has a lower Co 2p b i n d i n g energy than CoO and a higher 
bin d i n g energy than the metal [ 7 2 ] . Therefore t o evaluate 
the chemical nature of species on c a t a l y s t surfaces 
reference compounds must be examined using XPS i n order t o 
determine t h e i r chemical s h i f t s . Then by comparing the 
chemical s h i f t s of the c a t a l y s t and standard compounds a 
reasonable c h a r a c t e r i z a t i o n of the chemical s t a t e s of an 
element can be determined. This method can be complicated by 
the f a c t t h a t many of the possible compounds on a c a t a l y s t 
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surface can have e i t h e r the same, or very s i m i l a r , b i n d i n g 
energies [ 8 ] . 

5 XPS; Us® i n C a t a l y s i s and Q u a n t i t a t i v e Analysis 
Q u a l i t a t i v e i d e n t i f i c a t i o n of the metal species on the 

surface of supported metal c a t a l y s t s i s an important f i r s t 
step i n c a t a l y s t c h a r a c t e r i s a t i o n . Q u a n t i t a t i o n of the 
various surface species provides a b e t t e r assessment of the 
e f f e c t of c a t a l y s t p r e p a r a t i o n c o n d i t i o n s , and the e f f e c t s 
of a d d i t i v e s and promoters on c a t a l y s t a c t i v i t y . U l t i m a t e l y , 
the use of a n a l y t i c a l techniques t o determine q u a n t i t a t i v e l y 
the d i s t r i b u t i o n of supported metal species may a i d i n the 
p r e d i c t i o n of c a t a l y s t a c t i v i t y and i n the t a i l o r i n g of 
c a t a l y s t s f o r s p e c i f i c chemical r e a c t i o n s [ 1 3 ] . 

The kinds of i n f o r m a t i o n which can be obtained from XPS 
measurements and which are of d i r e c t importance t o c a t a l y s i s 
studies i n v o l v e promoter d i s t r i b u t i o n , d i s p e r s i o n s t u d i e s , 
and surface c o n d u c t i v i t y as detected by charging e f f e c t s . 

One of the many f a c t o r s c o n t r i b u t i n g t o c a t a l y s t 
performance i s r e l a t e d t o the d i s t r i b u t i o n of promoter(s) on 
the support m a t e r i a l . Surface chemical a n a l y s i s by XPS can 
provide a measure of the d i s t r i b u t i o n by mon i t o r i n g the 
r e l a t i v e i n t e n s i t i e s (areas) of promoter and support 
e l e c t r o n l i n e s . 

I t has been shown t h a t the i n t e n s i t y r a t i o of supported 
phase and c a r r i e r XPS peaks i s r e l a t e d t o the d i s p e r s i o n of 
the supported phase [9,81-83]. Q u a n t i t a t i v e data i s obtained 
by determining the peak areas and applying p r e v i o u s l y 
determined s e n s i t i v i t y f a c t o r s . 

For a homogeneous sample the number of photoelectrons per 
second i n a given peak, assuming constant photon f l u x and 
f i x e d geometry i s : 

I = kNo-XAT 
where: K = constant ,; 

N = number of atoms of the element per cm 3 

o" = p h o t o i o n i z a t i o n cross s e c t i o n f o r the element 
x = i n e l a s t i c mean f r e e path f o r the photoelectrons 
A = area of sample from which the photoelectrons 

eminate 
T = analyser transmission f u n c t i o n 

I f the s e n s i t i v i t y f a c t o r i s defined as S = K<rXAT, then 
1= NS or N=I/S 

This gives s e m i - q u a n t i t a t i v e r e s u l t s f o r most s i t u a t i o n s 
except where heterogeneous samples are i n v o l v e d or where 
serious contamination l a y e r s obscure the un d e r l y i n g elements 
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[ 6 ] . Analysis of XPS i n t e n s i t y data i s complicated by the 
porous nature of c a t a l y s t supports, since XPS cannot probe 
the i n t e r n a l surfaces [14,29,84], 

5.1 Dispersion Models f o r Supported Cata l y s t s 
Kerkhof and M o u l i j n (KM) proposed a q u a n t i t a t i v e model 

t h a t would allow XPS i n t e n s i t i e s t o be used t o q u a n t i t a t e 
the surface species on supported c a t a l y s t s [ 9 ] . The model i s 
applied t o high surface area supports w i t h monolayer 
coverage. The XPS i n t e n s i t y r a t i o of the promoter/support 
can be p r e d i c t e d by knowing the bulk r a t i o and t h e i r 
r e s p e c t i v e photoelectron cross sections. The model describes 
a c a t a l y s t as sheets of support of thickness t and a 
promoter of cubic c r y s t a l l i t e s w i t h w a l l dimension c (Figure 
2.11). Electrons are assumed t o leave the support and the 
sample only i n a d i r e c t i o n perpendicular t o the surface. 

Picture 2.11 The Kerkhof Moulijn Model of Supported Catalysts 

1 

< > 

e l e c t r o n s l e a v i n g the support 
e l e c t r o n s l e a v i n g the sample 
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The i n t e n s i t y r a t i o of the promoter t o the support i s 
described by the f o l l o w i n g equation; 

D£ = d e t e c t i o n e f f i c i e n c y ( = k i n e t i c energy of an 
el e c t r o n ) 

au = photoelectron cross s e c t i o n of x 
j3i = t/>sss(t= sheet thickness, X w=escape depth of the 

support) 
cx, = c/Xfp (c= c r y s t a l l i n e s i z e , escape depth of the 

promoter) 
j33 = t/X.Sp ( = escape depth of a support e l e c t r o n 

through the promoter) 
With monolayer coverage or less of the promoter the 

equation reduces t o : 

I f the photoelectron l i n e s have s i m i l a r k i n e t i c energies the 
equation reduces t o : 

The KM model has been shown t o agree w i t h XPS i n t e n s i t i e s 
i n the l i t e r a t u r e . The model also allows the p r e d i c t i o n of 
c r y s t a l l i t e s i z e of the supported m a t e r i a l and the escape 
depths and cross sections t o be evaluated [ 9 ] . 

There are some problems w i t h the model: ( i ) an accurate 
escape depth f o r the component of a supported c a t a l y s t i s 
d i f f i c u l t t o o b t a i n . However, i t has been observed t h a t the 
model i s not s e n s i t i v e t o e r r o r s i n the escape depth; ( i i ) 
nonuniform c r y s t a l l i t e sizes w i l l c o n t r i b u t e t o d e v i a t i o n s 
from the model because one of the basic c r i t e r i a of the 
model i s uniform c r y s t a l l i t e s i z e , and ( i i i ) inhpmogeneous 
samples " w i l l deviate s i g n i f i c a n t l y from the model. 
Inhomogeneous coverage of supports w i l l cause v a r i a t i o n s i n 
the r e l a t i v e i n t e n s i t i e s of the support and the promoter 

On lower surface area supports the KM model should not be 
ap p l i c a b l e i n p r i n c i p l e . For t h a t case, a model considering 
formation of blocks of the supported phase as a f u n c t i o n of 
i t s amount appears promising [ 8 0 ] . I n the case of 
intermediate surface area supports ( 50 t o 100m 2g- 1) and of 
supports f o r which the l a y e r modelling does not apply ( i . e . 
microspheres of s i l i c a ) t e s t i n g new models w i t h experimental 
data may be a d i r e c t i o n of f u t u r e research. 

Se»o-,/?, (i-«,~*)fl + e-*) 

where: (%) = bulk atomic % of the promoter and support 

Oft 

ft 3>CP <rP ft (J »«--*) 
LAX. 

i) t*tk o-s 2(l-<L-p) P ' P. - A 

[ 8 ] . 
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5.2 E f f e c t s of p a r t i c l e s i z e on q u a n t i f i c a t i o n 
V a r i a t i o n i n p a r t i c l e s i z e of the supported species can 

a f f e c t the q u a n t i f i c a t i o n of the surface by XPS [ 7 0 ] . Chin 
and Hercules [71] studied c o b a l t oxide c a t a l y s t s on alumina: 
by p l o t t i n g the Co/Al i n t e n s i t y r a t i o s as a f u n c t i o n of 
p a r t i c l e size i t was observed t h a t the l a r g e r the p a r t i c l e 
size the smaller the i n t e n s i t y r a t i o f o r the same c a t a l y s t 
loading. The r e s u l t s were i n agreement w i t h e a r l i e r 
experimental [70] and t h e o r e t i c a l work [ 6 9 ] . The change i n 
i n t e n s i t y r a t i o s i s caused by the l i m i t e d escape depth of 
the ejected photoelectrons. As the c o b a l t p a r t i c l e size 
increases, e l e c t r o n s e j e c t e d from the c e n t r a l p a r t of the 
p a r t i c l e do not have the a b i l i t y t o escape and be detected. 
Therefore v a r i a t i o n s i n p a r t i c l e size must be considered 
when q u a n t i t a t i v e comparisons are made between c a t a l y s t s of 
d i f f e r e n t loadings and c a l c i n a t i o n temperature [ 8 ] . 

6 The P h i l l i p s Catalyst 
The P h i l l i p s c a t a l y s t (Cr(VI) on s i l i c a gel) f o r ethene 

pol y m e r i z a t i o n i s very important i n the chemical i n d u s t r y 
since 40% of high-density polyethene i s produced using t h i s 
c a t a l y s t [ 3 6 ] . I t s commercial importance has prompted a 
la r g e body of reasearch, much of which has been devoted t o 
c h a r a c t e r i z a t i o n of the a c t i v e s i t e [ 3 7 ] . The c a t a l y s t has 
been prepared by impregnating wide pore s i l i c a w i t h a 
chromium s a l t of almost any o x i d a t i o n s t a t e and c a l c i n i n g i n 
oxygen t o a c t i v a t e : Cr v : r i s the precursor of the a c t i v e 
s i t e , which i s generated by re d u c t i o n , e i t h e r on contact 
w i t h ethene ( i n d u s t r i a l l y ) or w i t h CO (most l a b o r a t o r y 
methods) p r i o r t o the onset of a c t i v i t y [21,40,45]. Evidence 
has been put forward t h a t the a c t i v e s i t e i s C r v [105-107], 
C r x v [108], C r " 1 [111,114,117], C r " [109-113] and a 
combination of C r 1 1 1 and C r " [115,116]. Confusion has been 
compounded by the simultaneous presence of several o x i d a t i o n 
s t a t e s , t h a t the a c t i v e sj-tes are only a small p r o p o r t i o n of 
the surface chromium species [93,135,136] and by the f a c t 
t h a t many researchers use preparations and co n d i t i o n s 
bearing l i t t l e resemblance t o the h i g h l y a c t i v e commercial 
system [ 2 1 ] . Not only the o x i d a t i o n s t a t e of the 
c a t a l y t i c a l l y a c t i v e metal, but i t s exact mode of attachment 
t o the s i l i c a surface and the s t r u c t u r e of the a c t i v e s i t e 
have yet t o be unambiguously est a b l i s h e d [ 3 9 ] . 

McDaniel [26] has comprehensively reviewed work on the 
P h i l l i p s system and the unpromoted c a t a l y s t s w i l l not be 
discussed i n d e t a i l here. This study has focussed on systems 
co n t a i n i n g aluminium- and t i t a n i u m promoters and used 
commercial c a t a l y s t s i n order t o avoid the problems 
associated w i t h l a b o r a t o r y preparations mentioned above. 
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6.1 Promoted P h i l l i p s Catalysts 
There i s a la r g e body of patent l i t e r a t u r e c o n t a i n i n g 

studies of P h i l l i p s systems which are modified w i t h many 
d i f f e r e n t promoters. There i s considerably less published 
academic work examining these systems, perhaps not s u r p r i ­
sing i n view of the lack of understanding of the parent 
system. Research has mainly been aimed a t understanding the 
polym e r i z a t i o n mechanism and k i n e t i c s , and promoter e f f e c t 
on t h i s , w i t h l e s s d e t a i l e d i n v e s t i g a t i o n of surface 
i n t e r a c t i o n s between chromium and the promoter species. 
Studies of s i l i c a supported chromium c a t a l y s t s promoted by 
t i t a n i a and alumina p r i o r t o po l y m e r i z a t i o n r e a c t i o n are 
reviewed below. 

6.2 T i t a n i a Promoters 
T i t a n i a i s not a c t i v e i t s e l f but does a c t as a promoter 

f o r chromium, improving i t s a c t i v i t y and a f f e c t i n g some of 
the polymer c h a r a c t e r i s t i c s [ 4 0 ] , such as the molecular 
weight (MW - a lower MW polyethene i s obtained and the MW 
d i s t r i b u t i o n i s broadened) [27,31,32], and the t e r m i n a t i o n 
r a t e [28,32,43,98]. There i s no, or a much sh o r t e r , 
i n d u c t i o n p e r i o d before p o l y m e r i z a t i o n occurs a f t e r t i t a n i u m 
a d d i t i o n and the maximum r a t e of po l y m e r i z a t i o n i s 70% 
greater than f o r the unpromoted c a t a l y s t s [26,43]. The 
e f f e c t of t i t a n i a i s thought t o occur through a change i n 
the e l e c t r o n i c environment of chromium t o which i t i s l i n k e d 
during c a l c i n a t i o n [26,30,31,40,43]. 

The i n c o r p o r a t i o n of t i t a n i a i n the support as a cogel, 
where i t i s h i g h l y dispersed i n the bulk, produces a polymer 
of a higher MW and narrower MW d i s t r i b u t i o n i n comparison t o 
the polymer produced over a c a t a l y s t w i t h a l a y e r of t i t a n i a 
on the surface of the support [ 3 1 ] . The shortened i n d u c t i o n 
time suggests t h a t t i t a n i a a d d i t i o n makes Cr(VI) more e a s i l y 
r e d u c i b l e because the lower v a l e n t a c t i v e s i t e s come t o l i f e 
more q u i c k l y . This i s also suggested by the increased 
p o l y m e r i z a t i o n r a t e s , and the higher maximum r a t e s Ihay 
i n d i c a t e an increase i n the a c t i v e s i t e p o p u l a t i o n , though 
t h i s i s not c e r t a i n [ 2 6 ] . Lack of an i n d u c t i o n p e r i o d may 
also be due t o f a c i l i t a t i o n of o x i d a t i o n product removal 
[ 4 3 ] . » 

McDaniel et al [32] found t h a t the t e r m i n a t i o n r a t e 
increases w i t h i n c r e a s i n g t i t a n i a concentrations upto 1.5 
Ti/nm 2 i n cogel c a t a l y s t s . C a t a l y s t s c o n t a i n i n g 0.3Cr/nm2 

w i t h subsequent a d d i t i o n of a surface l a y e r of t i t a n i a by 
impregnation were found t o have enhanced a c t i v i t y and RMIP 
( r e l a t i v e melt index of the polymer) a t 760°C. The more 
t i t a n i a added the higher the RMIP. McDaniel et al found t h a t 
on cogel c a t a l y s t s the RMIP and the a c t i v i t y dropped sharply 
a t 870°C due t o onset of s i n t e r i n g , which i s also promoted 

79 



by t i t a n i a [ 3 2 ] . 
The higher RMIP, higher shear response and broader MW 

d i s t r i b u t i o n [121] imply t h a t the increased e l e c t r o n d e n s i t y 
on chromium d e s t a b i l i z e s the Cr-Cr bond, f a c i l i t a t i n g 
t e r m i n a t i o n [ 4 3 ] . The chromium atom i s p o s i t i v e r e l a t i v e t o 
the growing polymer chain [122] and the increase i n e l e c t r o n 
d e n s i t y a t chromium might weaken the bond t o the growing 
polymer a l l o w i n g a higher r a t e of po l y m e r i z a t i o n . 

There are two methods of i n c o r p o r a t i n g t i t a n i a onto 
Cr/Si0 2 c a t a l y s t s . The simplest involves a l l o w i n g a t i t a n i u m 
alKoxide t o re a c t w i t h the s i l i c a surface hydroxyls: 

OH 

/|\ 
r 

4 \ 
Ti(OR) 4 

RO^ ^OR 

T i 
/ X 

0 0 

/K A\ 

Unreacted OR groups are l o s t d u r i n g c a l c i n a t i o n i n dry 
a i r or n i t r o g e n a t 700°C [30-32,40,94,95]. Using t h i s method 
s i l i c a s can be t r e a t e d w i t h upto 5-6% T i , a t which p o i n t 
s a t u r a t i o n i s u s u a l l y reached [118]. 

The second method consists of c o p r e c i p i t a t i n g hydrous 
t i t a n i a w i t h s i l i c a g e l using a water soluble t i t a n i u m s a l t 
[ 2 7 ] . This method gives a higher degree of d i s p e r s i o n 
throughout the bulk [ 2 6 ] . 
Table 2.1 A comparison of Ti/Si XPS Intensity ratios for 

three silica-titania catalysts prepared by 
impregnation and coprecipitation 

T i / S i bv XPS 
Ov e r a l l T i / S i r a t i o Coppt. Impregnation 

0.006 0.0056 0.0136 
0.022 0.0167 0.0338 
0.050 0.0340 0.0510 

600°C a c t i v a t i o n [32] 
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From Table 2.1 i t can be seen t h a t c o p r e c i p i t a t e d samples 
y i e l d a considerably lower c o n t r i b u t i o n t o the t i t a n i u m 
i n t e n s i t y . Since XPS i s a surface technique t h i s i n d i c a t e s a 
lower surface concentration of t i t a n i u m as expected [ 3 2 ] . 

Figure 2.12 shows the XPS derived T i / S i atomic r a t i o f o r 
c a t a l y s t s prepared by impregnation of s i l i c a g e l w i t h 
t i t a n i a [ 2 7 ] . 
Ficrure 2.12 The surface concentration of titanium measured 

as the atom ratio Ti/Si by XPS as a function of 
the titanium content 

T h e o r e t i c a l value i n the case of 
formation of a homogeneous 

bulk compound CO 

0-10 
J3 

<3 
CO 

x 

1 1.5 
mmol Ti/gSi0 2 

At low t i t a n i a concentrations the T i / S i i n t e n s i t y r a t i o 
i n d i c a t e s a high surface d i s p e r s i o n i n the T i 0 2 / S i 0 2 g e l . At 
loadings of 2mmolTig- 1Si0 2 s u b s t a n t i a l agglomeration i s 
i n d i c a t e d [ 2 7 ] . This e f f e c t i s stronger than w i t h aluminium 
modified s i l i c a g e l _[_27, 3_4]_. The i n t e g r a t e d absorbance—of 
the CO band obtained i n a low temperature (-145°C, CO 
adsorption i s r e l a t i v e l y weak a t room temperature) FTIR 
study (Figure 2.13) increases l i n e a r l y w i t h the t i t a n i u m 
content f o r 0.2, 0.4 and lmmolTi/gSi0 2, w i t h d e v i a t i o n f o r 
the highest loading, which was taken as f u r t h e r evidence f o r 
the agglomeration of t i t a n i a . The d e v i a t i o n i n d i c a t e s t h a t 
only some 70% of the t i t a n i u m i s present as c o o r d i n a t i v e l y 
unsaturated surface ions, which agrees w i t h XPS r e s u l t s . A 
band a t 2188cm"1 increases i n i n t e n s i t y w i t h i n c r e a s i n g 
t i t a n i u m content and s h i f t s t o lower wavenumbers (2183cm- 1). 
A shoulder appears f o r 1 and 2mmolTi/gSi0 2 samples, which 
may be from CO adsorbed on the small amount of c r y s t a l l i n e 
anatase t h a t was detected by XRD and XPS. The 2184/2180cnr 1 

band has been described p r e v i o u s l y [123] and was assigned t o 
CO adsorbed on a c o o r d i n a t i v e l y unsaturated T i 3 ~ surface 
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i o n . I t has also been assigned t o o c t a h e d r a l l y coordinated 
T i 4 - ions w i t h one l i g a n d removed [119,124,125]. 
Figure 2.13 The FTIR spectra of CO adsorbed at low 

temperature (-145°C, 1 Torr CO) on Ti02/Si02 

gel samples obtained by impregnation 

222% 2200 2175 2150 
wavsnumbef/em - 1 

2125 

A 0.2, B 0.4, C 1, D 2mmolTi/g SiO, 
Table 2.2 contains the bi n d i n g energies f o r 

samples. 
these 

TaJbie 2.2 Binding energies of Ti 2p 
3/2' Si 2p and 0 Is for 

TiO^/SiO^, gel catalysts prepared by impregnation 

Binding energy (eV) 
Sample T i 2p 
S i 0 2 

0.2ramolTi/g 459 
0.4mmolTi/g 459 
l.OmmolTi/g 459 
2.0mmolTi/g 459, 
TiC- 459, 

-3/2 

7(3.1) 
7(3.0) 
1(3.0) 
0(2.8) 
0(1.3) 

Si 2p 
103.7(2.5) 
103.8(2.5) 
103.8(2.5) 
103.7(2.5) 
103.7(2.4) 

0 I s 
533.2(2.4) 
533.2(2.5) 
533.2(2.4) 
533.1(2.4) 
533.1(2.4) 
530.2(1.5) 

800°C a c t i v a t i o n , f i g u r e s i n parentheses are FWHM (eV) [27] 
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The T i 2p 3 b i n d i n g energy decreases by 0.6-0.7eV from 
0.2 t o 2.0 mmolTi/gSi0 2 and the value of 459.OeV f o r the 
l a t t e r coincides w i t h t h a t of bulk t i t a n i a . The higher 
b i n d i n g energy obtained a t lower t i t a n i u m concentrations 
i n d i c a t e s some s t r u c t u r a l d i f f e r e n c e s and could be explained 
by the formation of very small t i t a n i a c l u s t e r s [96] or by 
formation of surface t i t a n i u m compounds [ 2 7 ] . 

Unlike mixed T i 0 2 / S i 0 2 glasses [119], the s i l i c o n and 
oxygen core l i n e s were constant, which was i n t e r p r e t e d as 
showing t h a t a l l t i t a n i u m i s e x t e r n a l t o the s i l i c a and t h a t 
there i s no mixed phase formed. The 0 I s spectra confirm 
t h i s : there i s an increase i n i n t e n s i t y on the low energy 
side of the 0 I s peak, but the binding energy i s not 
constant f o r d i f f e r e n t loadings. The low bi n d i n g energy of 
530.6eV a t the highest t i t a n i u m loadings suggests i t i s 
mainly due t o Ti-O-Ti oxygen, whereas the higher b i n d i n g 
energy (531.8eV) from the lower loadings suggests 
considerable i n t e r a c t i o n w i t h s i l i c a , probably Si-O-Ti 
species. 

Table 2.3 shows the e f f e c t of pr e p a r a t i o n and c a l c i n a t i o n 
temperature on the T i / S i i n t e n s i t y r a t i o s derived from XPS, 
where the c a t a l y s t s contain the same t i t a n i a concentration. 
Table 2.3 Ti/Si XPS intensity ratios for coprecipitated and 

impregnated TiO2/SiO2 catalysts containing the 
same concentration of titania 

The T i / S i i n t e n s i t y r a t i o increases as the c a l c i n a t i o n 
temperature increases f o r c o p r e c i p i t a t e d samples, i n d i c a t i n g 
more" t i t a n i a near the surface and suggesting a m i g r a t i o n 
from the i n t e r i o r . When t i t a n i a i s a p p l i e d as a surface 
l a y e r (using an ester, as above) i t does not migrate, 
according t o the XPS i n t e n s i t y r a t i o s , which are 
approximately twice the value of - c o p r e c i p i t a t e d samples 
c o n t a i n i n g the same o v e r a l l t i t a n i a content. This f u r t h e r 
confirms t h a t c o g e l l a t i o n s leaves a good p r o p o r t i o n of 
t i t a n i a i n the bulk, which i n t u r n may change the geometry 
a t the surface [ 2 6 ] . 

S i n t e r i n g was observed t o occur a t 870°C [ 2 6 ] , a t a lower 
temperature than Cr/Si0 2, hence t i t a n i a also promotes the 
s i n t e r i n g process, as i m p u r i t i e s o f t e n lower the m e l t i n g 
p o i n t of s o l i d s . The more t i t a n i a added the lower the 
temperature needed t o cause s i n t e r i n g . S i n t e r i n g i s 

T i / S i 
C o p r e c i p i t a t e d Impregnation 
0.0338 (600°C) 
0.0389 (800°C) 
0.0411 (870°C) 

0.0461 (450°C) 
0.0437 (750°C) 
0.0465 (900°C) 
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associated w i t h a tendency towards phase separation between 
s i l i c a and t i t a n i a i n cogel samples: where t i t a n i a i s 
applied as a surface l a y e r s i n t e r i n g behaviour i s not 
a f f e c t e d [ 2 6 ] . No development of c r y s t a l l i n i t y was detected 
by XRD upto 950°C w i t h e i t h e r sample [ 3 2 ] . 

How chromium becomes attached t o t i t a n i u m i s unclear: 
XPS, o p t i c a l spectroscopy and p o l y m e r i z a t i o n k i n e t i c s have 
been used [28,43,98] t o conclude t h a t C r V I i s attached 
d i r e c t l y as: 

Cr / \ 
0 

T i T i 

P u l l u k a t and Shida [43] t r e a t e d Cr/Si0 2 w i t h a t i t a n i u m 
ester p r i o r t o thermal a c t i v a t i o n . A t r i v a l e n t chromium 
t i t a n a t e species Cr(OTi(OR) 3) 3 was formed. A f t e r a c t i v a t i o n 
chromium i s predominantly hexavalent but i n a t i t a n i u m 
chromate s t r u c t u r e such as: 

S i — - 0 — T i 
V o 

0 = C r = 0 

N _ < •Si-
0 

/ 
-Ti 

A maximum promotional e f f e c t was noted a t a Ti/Cr 
st o i c h i o m e t r y of 3.0, though McDaniel et al [32] found no 
optimum s t o i c h i o m e t r y w i t h t h e i r c a t a l y s t s , which were 
prepared by impregnating chromium onto s i l i c a . I n other 
procedures where Cr v : r s a l t s were not used or t i t a n i u m was 
not introduced as an ester, a d i f f e r e n t method of attachment 
must be assumed. Evidence of decreases i n b i n d i n g energies 
of Cr v : E were used t o support the change i n the chromium 
e l e c t r o n i c environment. This i s seen i n Table 2.4. 
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Table 2.4 Comparison of the Cr 2p3/,2, Ti 2p3/2, Si 2p and 0 
Is binding energies in Cr03/Si03 and 

CrO3/TiO2/SiO2 catalysts 

Cr 2 p 3 / ? T i 2 p 3 , 2 Si 2p 0 I s 
S i 0 2 / C r 0 3 (air,700°C) 579.6 104.7 534.3 
S i 0 2 / T i 0 2 / C r 0 3 578.0 460.0 103.8 533.3 
(air,700°C) 
2% Cr, 3.5% T i 

The decrease i n chromium 2 p 3 / 2 b i n d i n g energy can be 
explained by the increase i n e l e c t r o n d e n s i t y a t the 
chromium atoms due t o the presence of less e l e c t r o n e g a t i v e 
t i t a n i u m [ 4 3 ] , as i s i l l u s t r a t e d below. 

i u i , 0 
I. I I U lis- I 

— T i — 0 — C r — 0 < — T i — — T i — 0— Cr — 0 — T i — 1 

Many experiments suggest t h a t the promotional e f f e c t of 
t i t a n i a i s due t o formation of Ti-O-Cr bonds and t h a t t h i s 
i s very dependent on s u b t l e v a r i a t i o n s i n the p r e p a r a t i o n of 
the c a t a l y s t - f o r example, impregnating most t i t a n i u m s a l t s 
onto Cr/Si0 2 as an aqueous s o l u t i o n does not r e s u l t i n 
promotion, whereas anhydrous t i t a n i u m esters r e a c t i n g w i t h 
s i l a n o l s are h i g h l y e f f e c t i v e . I n the former case the 
chromium remains attached t o s i l i c a and doesnot l i n k t o the 
t i t a n i a , whereas i n the l a t t e r case much of the chromium i s 
deposited onto the t i t a n i a . Simultaneous impregnation of 
chromium and t i t a n i u m leads t o an intermediate promotional 
e f f e c t which thus seems t o p a r a l l e l the p r o b a b i l i t y of 
forming Ti-O-Cr bonds [ 2 6 ] . A l a r g e promotional e f f e c t has 
been shown t o occur o n l y when t i t a n i u m i s added t o s i l i c a 
f i r s t . This e f f e c t always decreased as the temperature 
increased, which could be i n t e r p r e t e d as a m i g r a t i o n of 
chromium away from t i t a n i a [ 3 2 ] . 

The presence of t i t a n i a d uring g e l l a t i o n tended t o 
increase the i n i t i a l surface area and t o decrease the 
i n i t i a l pore volume s l i g h t l y [ 3 1 ] . The thermal s t a b i l i t y of 
both i s decreased by t i t a n i a . The p r o b a b i l i t y of chromium 
agglomeration increases as the surface area decreases, as 
chromium m o b i l i t y also decreases w i t h decreasing pore volume 
[ 4 7 ] . 
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Confirmation t h a t t i t a n i a acts as a promoter through 
d i r e c t l i n k s t o chromium was obtained by exposing s i l i c a t o 
T i C l 4 vapour a t 150-300°C, completely dehydroxylating the 
surface and s a t u r a t i n g i t w i t h t i t a n i u m . Residual c h l o r i d e 
groups were hydrolysed a t 200°C and C r 0 2 C l 2 vapour added. 
This c a t a l y s t polymerized ethene w i t h o u t any high 
temperature a c t i v a t i o n . Extensive rearrangement i s u n l i k e l y 
a t 200°C so i t i s reasonable t o assume t h a t chromium 
a c t u a l l y attaches t o t i t a n i a : 

OH OH 
Si Si 

i) T i C l , 

Z) H20 

OH 
I 
T i . 

XT 

OH 
i C r 0 2 C l 2 

0. 0 \ / 
Cr 

T i -Tis 

AK s i 

/ I \ / I \ 

6.3 Aluminium Promoters 
Even a minor amount of an aluminium a l k y l has been found 

t o have important e f f e c t s on c a t a l y s t behaviour, g r e a t l y 
changing the k i n e t i c p r o f i l e : the i n d u c t i o n p e r i o d i s 
el i m i n a t e d and the poly m e r i z a t i o n reaches i t s maximum value 
very r a p i d l y [46,100-102]. The a l k y l i s added t o the r e a c t o r 
c o n t a i n i n g the c a t a l y s t and can a c t as e i t h e r a strong 
reducing agent w i t h o u t forming i n h i b i t i n g by-products or a 
scavenger of i m p u r i t i e s such as aldehydes and ketones 
produced dur i n g r e d u c t i o n by ejthene p r i o r _ t o t h e . b e g i n n i n g . 
of p olymerization [33,46,55]. For a l w t % Cr c a t a l y s t Woo and 
Woo [33] found a concentration of A l ( i B u ) 3 of > 0.765 mmol/1 
was r e q u i r e d before p o l y m e r i z a t i o n occured. 

Cr 6~ can be reduced t o a lower o x i d a t i o n s t a t e and 
a l k y l a t e d by the aluminium promoter, as occurs on Z i e g l e r 
p o l y m e r i z a t i o n c a t a l y s t s : 

\ / A1R3 \ / 
Cr > Cr + RA1(0R) 2 ( I ) 

6 0 reduc t i o n / \ 
_l L J L_ 
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The lack of an i n d u c t i o n p e r i o d i s due t o instantaneous 
formation of a c t i v e p o l y m e r i z a t i o n centres through r e a c t i o n s 
I and I I . The more aluminium a l k y l added the more r a p i d l y 
the r e a c t i o n reaches the maximum r a t e of polym e r i z a t i o n . 

Above 1.07 mmol/1 of A l ( i B u ) 3 a decrease i n the r a t e of 
polym e r i z a t i o n occurs. Aluminium a l k y l could p l a y a r o l e as 
a d e a c t i v a t o r or/and t e r m i n a t o r and d e a c t i v a t i o n could be 
due t o over r e d u c t i o n of Cr 2~ t o Cr 1* or Cr°. 

Rebenstorf and Andersson [34] t r e a t e d s i l i c a w i t h 
aluminium ( I I I ) acetylacetonate i n 99% ethanol t o give 0.2, 
0.4, 1 and 2 mmolAlg- 1. A f t e r c a l c i n a t i o n a t 800°C the 
samples were impregnated w i t h aqueous Cr0 3 t o give 0.074% 
Cr. Water was removed a t 120°C i n a i r . 

A f t e r a d d i t i o n of a small amount of aluminium there i s an 
i n i t i a l increase and then a steady decrease i n surface area. 
Picture 2.14 The Surface area of A1203/SiO2 gel samples as a 

function of the aluminium content 

i 
® 400 
M 
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*§ 3001 
OS 

200' 1 ' 1 !=J 
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Measurements were made w i t h micrometrics a f t e r degassing a t 
200°C f o r l h (x) and g r a v i m e t r i c BET a f t e r degassing a t 
350°C f o r 16h (o) 
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At low aluminium concentrations the A l / S i i n t e n s i t y r a t i o 
i s l a r g e r than the t h e o r e t i c a l value, implying t h a t 
aluminium i s i n the surface l a y e r (Figure 2.15). The surface 
d i s p e r s i o n of the aluminium phase i s very high f o r a l l 
samples. At the highest l o a d i n g there i s a s u b s t a n t i a l 
agglomeration of aluminium species. This agrees w i t h the CO 
IR data; a band a t 2229cm - 1 due t o CO adsorbed on h i g h l y 
c o o r d i n a t i v e l y unsaturated A l ( I I I ) surface c a t i o n s w i t h 
c o o r d i n a t i o n number three [126] and two bands a t 2191 
( s h i f t e d t o 2220cm"1 f o r 1 and 2mmolAl/gSi0 2) and 2170cm-1, 
due t o CO adsorbed on A l ( I I I ) w i t h c o o r d i n a t i o n numbers 
four and f i v e . The i n t e g r a t e d absorbance of the CO IR bands 
have a l i n e a r r e l a t i o n s h i p w i t h the aluminium concentration 
f o r the two lower concentration samples, w h i l s t a t high 
aluminium concentrations less aluminium i s present on the 
surface. 

Ficrure 2.15 Surface concentration of aluminium measured as 
the atom ratio Al/Si by XPS as a function of 

the aluminium content 

T h e o r e t i c a l value i n the case of 
formation of a homogeneous 

bulk compound 
n 

0.10 

S 0.05 

1.5 2 1 0.5 

The binding energies of these c a t a l y s t samples are shown 
i n more d e t a i l i n Table 2.5. 
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Table 2.5 Binding energies of 0 Is, Si 2p and Al 2p for 
a series of Alz03/SiO2 catalysts 

Binding energy (eV) 
Sample Al 2P 0 I s Si 2P 

0.2mmolAl/g 
0.4mmolAl/g 
1.OmmolAl/g 
2.OmmolAl/g 
A1 20 3 

S i 0 2 

75.0 (2.3) 
75.0 (2.5) 
74.6 (2.6) 

75. 0 
75.1 

533.2 (2.4) 
533.1 (2.5) 
533.0 (2.3) 
532.6 (2.4) 
532.6 (2.4) 
531.7 (3.2) 

103.7 (2.5) 
103.6 (2.6) 
103.5 (2.5) 
103.2 (2.4) 
103.2 (2.4) 

Figures i n parentheses are FWHM (eV) 
The A l 2p bind i n g energy i s 75.0-75.1eV f o r a l l samples 

and the h a l f w i d t h i s 2.3-2.5eV. The bi n d i n g energy i s 
s l i g h t l y higher than t h a t measured f o r A1 20 3 (74.6eV), 
i n d i c a t i n g a s l i g h t l y d i f f e r e n t i n t e r a c t i o n . This s h i f t may 
be due t o the formation of Al-O-Si bonds s i m i l a r t o those i n 
a l u m i n o s i l i c a t e s , i n agreement w i t h the s h i f t observed 
between A l 2p i n A1 20 3 and various a l u m i n o s i l i c a t e s 
[54,103,104]. 

The 0 I s , Si 2s and Si 2p l i n e s a l l s h i f t w i t h i n c r e a s i n g 
aluminium loading. The peak shapes do not change and only a 
uniform decrease i n bind i n g energy i s observed. Charging 
e f f e c t s were r u l e d out since both C I s and A l 2p l i n e s were 
constant. The s h i f t s do i n d i c a t e the formation of aluminate 
since these b i n d i n g energy values are u s u a l l y lower f o r 
s i l i c a t e s than s i l i c a [54,103,104]. The s h i f t s also agree 
w i t h those observed f o r mixed T i 0 2 - S i 0 2 gels [119] and do 
not increase f u r t h e r a t the highest loading. This i n d i c a t e s 
t h a t aluminium i n excess of lmmolg" 1 does not give much more 
aluminium dissolved i n the s i l i c a g e l under present 
c o n d i t i o n s , but p o s s i b l y r e s u l t s i n formation of an e x t r a 
phase. 

Comparison of the 0 I s spectra of s i l i c a g e l and 2mmol 
A l g ' 1 S i 0 2 A l 2 0 3 / S i 0 2 sample i n d i c a t e d the presence of some 
amount of A1 20 3 a t t h i s l o a ding. 
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Ficrure 2.16 The apparatus used to activate the catalyst 
samples prior to XPS 
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E30?E RIME WTMj 
1 M a t e r i a l s 
The c a t a l y s t s i n t h i s study were obtained from C r o s f i e l d 
Chemicals and used as supplied. D e t a i l s of the m a t e r i a l s are 
given i n Table 2.6. 
Table 2.6 Details of the Catalysts used in the XPS 

experiments 

Ref D e s c r i p t i o n wt% 
EP10 amorphous s i l i c a , 300m 2g _ 1 

EP20 EP10 + chromium (VI) oxide Cr 0. 98 
EP30X EP10 + chromium ( I I I ) acetate Cr 1. 00 
EP284 EP10 + T i 0 2 + chromium ( I I I ) acetate Cr 0. 96 

T i 4. 35 
CS2066 EP10 + T i 0 2 + chromium ( I I I ) acetate Cr 1. 00 

T i 2. 50 
EP200 EP10 + A1 20 3 + chromium ( I I I ) acetate Cr 0. 52 

A l 0. 87 
EP210 EP10 + aluminium a l k y l + chromium ( I I I ) Cr 1. 00 

acetylacetonate A l 1. 00 
EP55 EP10 + T i 0 2 cogel T i 2. 50 
EP355 EP55 + chromium ( I I I ) acetate Cr 1. 05 

T i 2. 53 
Note: + i n d i c a t e s a d d i t i o n by impregnation, except f o r EP55 
which i s obtained by c o p r e c i p i t a t i o n . 

Nitrogen and argon (oxygen f r e e , 99%) and oxygen (99%') 
were obtained from BOC and were a l l d r i e d by passing through 
concentrated s u l p h u r i c a c i d , f o l l o w e d by columns of 
phosphorous pentoxide (May and Baker) and 4A molecular 
sieves (Lancaster). The l a t t e r was f r e q u e n t l y regenerated by 
heating t o 150°C in vacuo u n t i l no f u r t h e r water could be 
condensed i n t o the c o l d t r a p . The gas handling system was 
designed t o allow t h i s o p eration t o be c a r r i e d out in situ. 

2 Catalyst A c t i v a t i o n 
The a c t i v a t i o n was c a r r i e d out i n the microreactor shown 

i n Figure 2.16. 
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The c a t a l y s t sample i s placed i n the quartz tube 
c o n t a i n i n g a glass wool plug and the apparatus assembled as 
shown. A f t e r f l u s h i n g w i t h dry oxygen f o r approximately ten 
minutes the gas f l o w i s adjusted t o 1.51/h. The sample i s 
then heated a t a r a t e of l°C/min u n t i l a temperature of 
780°C i s reached, which i s maintained f o r f i v e hours. 
Following c o o l i n g t o room temperature a t l°C/min, the sample 
was flushed w i t h dry n i t r o g e n or argon ( t o prevent 
adsorption of oxygen) f o r a p e r i o d of approximately ten 
minutes [ 3 3 ] . With the upper h a l f of the furnace removed 
taps A, B, C and D were closed and the microreactor detached 
from the gas handling system. The a c t i v a t e d c a t a l y s t can 
then be t i p p e d i n t o the c o l l e c t i o n vessel and sealed under 
n i t r o g e n or argon, before t r a n s f e r i n g t o the glove box 
attached t o the X-ray photoelectron spectrometer. 

3 XPS measurements 
The XPS measurements were c a r r i e d out on an AEI ES200 

spectrometer having a base pressure of 1x10" 9 Torr. Mg K a x-
ray r a d i a t i o n of k i n e t i c energy 1253.6eV was used as the 
e x c i t a t i o n source. The binding energy scale of the 
spectrometer was c a l i b r a t e d by s e t t i n g the Au 4 f 7 / 2 peak of 
gold f o i l t o 83.8eV, the Ag 3 d 5 / 2 peak of s i l v e r f o i l t o 
367.9eV and the Cu 2 p 3 / 2 peak of copper f o i l t o 932.4eV. 
Data was aquired i n the FAT mode ( f i x e d analyser 
transmission energy, using a CHA pass energy of 65eV) and 
samples were analysed using an e l e c t r o n t a k e - o f f angle of 
30° from the surface normal. Data c o l l e c t i o n was c o n t r o l l e d 
by an Opus PC. Samples were mounted on double sided 
adhesive tape on s t a i n l e s s s t e e l probe t i p s : u nactivated 
c a t a l y s t samples were introduced i n t o the spectrometer from 
ambient c o n d i t i o n s ; the a c t i v a t e d samples were introduced 
from a n i t r o g e n atmosphere glovebox (approx. lOppm water and 
approx. 1.5ppm oxygen). A l l XPS b i n d i n g energies were 
referenced t o the Si 2p binding energy i n s i l i c a , which i s 
taken t o be 103.4eV i n order t o compensate f o r sample 
charging. A l l spectra were f i t t e d using a Gaussian curve 
f u n c t i o n which included a l i n e a r background s u b t r a c t i o n 
r o u t i n e [ 6 2 ] . Peaks were f i t t e d t o the T i 2p and Cr 2p 
regions i n the t h e o r e t i c a l r a t i o of 2:1. D e t a i l s of the peak 
f i t t i n g procedure are discussed i n s e c t i o n 4.3 above. 

RESULTS and DISCUSSION 
The r e s u l t s are t a b u l a t e d i n Tables 2.8 - 2.17. For 

comparison Tables 2.18 and 2.19 contain b i n d i n g energy and 
peak FWHM values f o r bulk and s i l i c a - s u p p o r t e d chromium 
oxides, t i t a n i a and alumina as r e p o r t e d i n the l i t e r a t u r e . 
Spectra f o r a l l experiments are contained i n a separate box 
f i l e , but a s e l e c t i o n are shown i n Figures 2.19 - 2.40. 
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Experimental b i n d i n g energies were obtained w i t h i n an 
e r r o r of iO.leV. Tables 2.16 and 2.17 contai n sets of 
average values obtained f o r each c a t a l y s t and a s t a t i s t i c a l 
a nalysis of the e r r o r s involved was c a r r i e d out using 
standard d e v i a t i o n methods [133]. The an a l y s i s shows t h a t 
there i s l i t t l e d e v i a t i o n from the average value and the 
binding energies and c a l c u l a t e d metal dispersions are t r u e 
representations of the c a t a l y s t s behaviour, both unactivated 
and a c t i v a t e d . 

I t was found t h a t a f t e r a c t i v a t i o n a l l the c a t a l y s t s were 
a b r i g h t orange colour, except f o r the cogel EP55 (2.5% T i ) , 
which remained white. The orange colour was taken as 
i n d i c a t i v e of C r V I formation [ 2 1 ] . Exposure t o moisture, v i a 
incompletely d r i e d n i t r o g e n , argon or oxygen, or prolonged 
exposure t o l i g h t l e d t o colour changes: the former t o 
green, i n d i c a t i n g C r 1 1 1 formation, C r 2 0 3 being formed as a 
r e s u l t of Cr-O-Si bond h y d r o l y s i s ; the l a t t e r l e d t o a d u l l 
orange or yellow colour, though l i g h t a f f e c t s j u s t the 
exposed surface of the sample r a t h e r than the bulk. Due t o 
the c a t a l y s t s p h o t o s e n s i t i v i t y sample tubes were kept 
covered i n the glovebox p r i o r t o running XPS spectra. 

Samples of CS2066 (2.5% T i , 1% Cr) were used, f o l l o w i n g 
a c t i v a t i o n , t o show the e f f e c t s of l i g h t and exposure t o 
ambient c o n d i t i o n s (Table 2.7). 
Table 2.7 The effect of conditions on the Cr and Ti 2p3 

binding energies and Cr/Si and Ti/Si XPS 
intensity ratios for catalyst CS2066 

Sample Colour Cr/Si T i / S i 
051 yellow/orange 578. 0 0.26 459.4 0.19 
052 dark yellow 578.1 0.17 459. 6 0.23 
053 b r i g h t yellow 579.4 0.23 459.4 0.22 
000 b r i g h t orange 579. 6 0.26 459.6 0.24' 

051 sample l e f t i n glovebox 20hrs on adhesive tape 
052 sample exposed t o a i r 20hrs, mounted and run 
053 sample exposed t o a i r 24hrs but covered t o exclude 

l i g h t 
000 the average values f o r a c t i v a t e d CS2066 from Tables 2.16 

and 2.17 

L i g h t appears t o have the gre a t e s t e f f e c t on Cr 2p 3 

binding energy, since exclusion of l i g h t l i t t l e changes tne 
value from t h a t of a f r e s h l y a c t i v a t e d c a t a l y s t . The yellow 
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colour could i n d i c a t e a change i n the chromium b i n d i n g 
mode: t h a t chromate predominates over dichromate, where the 
orange colour i s associated w i t h dichromate. Exposure t o 
l i g h t i s seen t o dull/change the sample colour and reduce 
the chromium binding energies by over leV, i n d i c a t i n g t h a t 
l i g h t may catalyse the recombination of chromate/dichromate 
u n i t s t o form the Cr-O-Cr linkages of bulk Cr0 3 which i s 
polymeric [ 5 6 ] : 

0 
Cr Cr 

0 n 0 0 

The T i 2 p 3 / 2 binding energies are l i t t l e changed i n these 
experiments and hence the t i t a n i u m species are unaffected by 
the exposure t o l i g h t . 

When c o l l e c t i n g spectra the chromium region was always 
run f i r s t and obtained w i t h i n 2 0 minutes i n order t o 
minimize photoreduction, as f o u r scans were r e q u i r e d t o 
ob t a i n a s u f f i c i e n t l y intense spectrum and t o increase the 
si g n a l - t o - n o i s e r a t i o . McDaniel et al [ 2 1 ] , Halada and 
Clayton [41] and Cimino et a l [57] have a l l observed 
photoreduction of C r V I w i t h prolonged exposure t o x-rays, 
Halada and Clayton c l a i m i n g s i g n i f i c a n t r e d u c t i o n of Cr0 3 

powder a f t e r j u s t f i v e minutes, w i t h evidence of CrOOH, 
C r 2 0 3 and Cr0 2 formation. McDaniel et al [21] obtained t h e i r 
spectra i n 30 minutes and found t h i s allowed s p e c t r a l 
c o l l e c t i o n w i t h o u t v i s i b l e photoreduction. 

1 XPS studies of s i l i c a and t i t a n i a 
The Si 2p bindi n g energy was used as the i n t e r n a l 

reference and set a t 103.4eV. This peak i s a t t r i b u t e d t o the 
s i l i c o n atoms i n s i l a n o l groups, Si-OH,; the much smaller 
peak a t 101.5eV i s a t t r i b u t e d t o s i l i c o n atoms i n the 
siloxane bridges, Si-O-Si. The 0 I s spectrum revealed two 
peaks a t 530.7 and 532.8eV, the l a t t e r being the most 
intense. The peak a t 532.8eV i s a t t r i b u t e d t o the oxygen i n 
Si-OH bonds, the less intense peak t o the oxygen i n siloxane 
bridges [ 4 8 ] . This i s as expected, since f o r s i l i c a a t 
ambient c o n d i t i o n s the surface i s hydrated (hydroxylated) 
and most of the siloxane bridges are buried too deeply t o be 
detected using XPS, which i s a surface technique. 
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Si 2p 0 I s 
028 101.5, 103.4 530.7, 532.8 eV 

4.1 95.9 % 
The values f o r t i t a n i a were referenced t o a d v e n t i t i o u s 

carbon, set at 284.6eV f o r C I s . 
T i 2 p 3 / 2 0_ls 

014 457.9 528.6, 530.6 eV 
88.4 11.6 % 

The 0 I s peaks are a t t r i b u t e d t o Ti-O-Ti bonds (528.6eV) 
and Ti-OH bonds (530.6eV), the former being the more intense 
peak. This can be accounted f o r by considering the 
dis p e r s i o n of OH groups on the t i t a n i a surface a t ambient 
co n d i t i o n s : 

H 
•0 

OH 

-Ti-
H 
• 0 

OH 

-Ti-

OH 
H 
-0-

H 
-0-

2 XPS studies of chromium/silica c a t a l y s t s 
Binding energy values f o r chromium VI o x i d e / S i 0 2 (EP20) 

and chromium I I I a c e t a t e / S i 0 2 (EP30X) are shown i n Table 2.8 
An average Cr 2p 3 b i n d i n g energy of 579.2eV was obtained 
f o r unactivated EP20. The corresponding value f o r EP30X i s 
577.9eV, which increases t o 579.4eV on a c t i v a t i o n . From 
Table 2.18 i t can be seen t h a t Cr 2 p 3 / 2 values i n the region 
579-580eV have been rep o r t e d i n the l i t e r a t u r e f o r 
hexavalent chromium, both i n bulk and supported oxides. The 
value of 577.9eV f o r C r 1 " i s i n agreement w i t h the r e s u l t s 
of M e r r y f i e l d et al [ 2 1 ] . 

A measure of the d i s p e r s i o n of the chromium species on 
the s i l i c a surface i s given by the Cr/Si i n t e n s i t y r a t i o 
(note: these values have not been corrected f o r s e n s i t i v i t y 
f a c t o r s since only the r e l a t i v e composition of the samples 
i s considered). For unactivated EP20 an average value of 
0.25 was obtained, compared w i t h 0.43 f o r unactivated EP30X. 
On a c t i v a t i o n and subsequent conversion t o Cr^1 the value 
f o r EP30X f a l l s t o 0.29 (Tables 2.9, 2.17) 

The higher d i s p e r s i o n of EP30X when unactivated i s most 
l i k e l y l i n k e d t o the f a c t t h a t chromium I I I acetate has been 
shown t o r e t a i n i t s t r i n u c l e a r [ C r 3 0 ( C H 3 C 0 2 ) 6 ( H 2 0 ) 3 ] * 
s t r u c t u r e on adsorption by s i l i c a [ 3 9 ] . On a c t i v a t i o n there 
i s conversion t o C r V I oxide, most probably attached as a 
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chromate- type s t r u c t u r e (assigning a dichromate s t r u c t u r e 
would account f o r the b r i g h t orange colour) and the 
di s p e r s i o n f a l l s t o a value s l i g h t l y higher than unactivated 
EP20. A decrease i n d i s p e r s i o n can be associated w i t h an 
increase i n p a r t i c l e s i z e , where c r y s t a l l i t e s are present, 
or formation of l a r g e r aggregates, since a lower f r a c t i o n of 
atoms w i l l c o n t r i b u t e t o the XPS s i g n a l and ele c t r o n s are 
trapped i n the p a r t i c l e s due t o the larg e escape depths of 
large c r y s t a l l i t e s . At higher temperatures the d i s p e r s i o n 
can decrease due t o segregation a t the surface or due t o 
s i n t e r i n g : however, t h i s can be r u l e d out f o r EP30X as 
s i n t e r i n g does not occur a t temperatures below 900°C [ 2 6 ] . 
Encapsulation by s i l i c a has also been put forward as a 
reason f o r a decrease i n the d i s p e r s i o n , as seen i n 
F e 3 0 4 / S i 0 2 systems by Lund and Dumesic [127,128] and 
supported by the f a c t t h a t a s o l i d becomes mobile when a t or 
above the Tamman temperature, 0.52Tm (T m= m e l t i n g p o i n t i n 
K), which i s 765°C f o r s i l i c a . However, Lund and Dumesic 
found the s i l i c a encapsulation process was promoted by the 
presence of water vapour and a reducing atmosphere. 

There i s evidence t h a t agglomeration of chromium oxide 
occurs a t higher temperatures. Cr0 3 m o b i l i t y increases 
during the a c t i v a t i o n process, as the average pore r a d i u s 
increases and i t becomes less t h e r m a l l y stable above 823K. 
This r e s u l t s i n i t s thermal decomposition and a decrease i n 
the surface area of the support. As the surface area 
decreases the p r o b a b i l i t y of agglomeration increases and d i -
or polychromates can e a s i l y be formed [ 4 7 ] . 

Also, E l l i s o n [38] has reported t h a t a t concentrations as 
low as 0.5% Cr considerable clumping or c l u s t e r i n g of the 
supported chromium occurs, so t h a t 2- or 3-D aggregates of 
chromium oxide predominate [129]. SIMS r e s u l t s revealed t h a t 
on heating the chromium oxide i s f u r t h e r 'spread out' on the 
surface so t h a t the t e x t u r e , environment and t h e r e f o r e the 
p r o p e r t i e s of the chromium oxide c l u s t e r s are s i m i l a r 
(Figure 2.17). 
Ficrure 2.17 Schematic picture of chromium clusters on silica 
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E l l i s o n et al [25] found a small amount of Cr0 3 

aggregates or polychromates on a c t i v a t i o n a t 700°C, and 
higher temperatures lead t o greater aggregation. EP20 and 
EP30X were found t o have a greater p r o p o r t i o n of aggregated 
species than l a b o r a t o r y preparations. 

I t should be noted t h a t the Cr 2p 3 peaks have 
considerably l a r g e r FWHM values t h a t those r e p o r t e d 
p r e v i o u s l y , by upto 4eV i n some cases f o r the unactivated 
c a t a l y s t s . I t i s also seen t h a t the peaks are broadened 
f u r t h e r on a c t i v a t i o n f o r EP30X. There are a number of 
possible causes of t h i s peak broadening: 
( i ) spectrometer s e n s i t i v i t y 
( i i ) photoreduction 
( i i i ) sample charging 
( i v ) the presence of chromium i n more than one o x i d a t i o n 

state/chromium species i n d i f f e r e n t chemical environ­
ments 

( i ) The spectrometer s l i t w i d t h was increased i n order t o 
increase the s e n s i t i v i t y as the chromium 2p s i g n a l was found 
t o be q u i t e weak. However, i n c r e a s i n g the s l i t w i d t h also 
decreases the r e s o l u t i o n and t h i s can a f f e c t the measured 
peak h a l f w i d t h [ 4 9 ] . This i s supported by the f a c t t h a t 
other peaks (Si 2p, 0 I s , T i 2p) are also broadened 
somewhat. 
( i i ) The e f f e c t s of photoreduction are discussed above. This 
i s not thought t o be a problem since the Cr 2p re g i o n was 
always scanned f i r s t and obtained w i t h i n 20 minutes, w i t h i n 
the time l i m i t r e ported by M e r r y f i e l d et al [21] who found 
no v i s i b l e evidence f o r photoreduction. The e f f e c t s of 
photoreduction can be t e s t e d by observing the time 
dependence of the chromium 2p region: peaks w i l l be s h i f t e d 
i f photoreduction occurs. 

( i i i ) The use of Si 2p as an i n t e r n a l reference compensates 
f o r the e f f e c t of charging on the chromium samples as long 
as t h i s charging i s uniform. However, the most prominent 
problem of charging i s d i f f e r e n t i a l charging, which occurs 
when d i f f e r e n t areas or species of a sample charge by 
d i f f e r e n t amounts. This r e s u l t s i n d i f f e r e n t k i n e t i c 
energies of the el e c t r o n s from atoms of the same element i n 
d i f f e r e n t p a r t i c l e s . D i f f e r e n t i a l charging of a few tenths 
of an e l e c t r o n v o l t causes peak broadening, a t a few 
e l e c t r o n v o l t s m u l t i p l e peaks r e s u l t [ 1 0 ] , The peak 
broadening caused by d i f f e r e n t i a l charging leads t o problems 
i n e v a l u a t i n g overlapping s i g n a l s when curve f i t t i n g . A 
number of studies have observed the e f f e c t s of d i f f e r e n t i a l 
charging: r a t h e r broad s i l i c o n , oxygen and tungsten (W 4 f 7 / 2 

FWHM 4.8eV, referenced t o Si 2p) XPS peaks were found i n a 
study of W0 3/Si0 2 c a t a l y s t s [53] and the peak w i d t h 
a t t r i b u t e d t o d i f f e r e n t i a l charging of s i l i c a p a r t i c l e s . 
Zingg et al [79] observed t h a t sample charging l e d t o 

97 



broadening of Mo 3d peaks and a s h i f t t o higher b i n d i n g 
energy. The broadening was observed t o increase w i t h 
decreasing molybdenum loading. Note t h a t charging r e s u l t s i n 
s h i f t i n g and broadening of a l l l i n e s ; d i f f e r e n t i a l charging 
a f f e c t s only some of the l i n e s . 

Using monochromatic X-rays f o r e x c i t a t i o n tends t o 
exaggerate charging because the Bremstrahlung r a d i a t i o n i s 
prevented from impinging on the sample surface. Without 
monochromatic X-rays charging i s much less severe and 
s p e c t r a l i n t e r p r e t a t i o n much easier [ 1 0 ] . 

Kerkhof et al [53] found a s o l u t i o n t o the problem f o r 
t h e i r c a t a l y s t s i n making sure the samples were w e l l 
powdered and s l i g h t l y wetted w i t h demineralsied water t o 
form a paste. This was d r i e d a t 120°C and a coherent 
s t r u c t u r e obtained. 

That sample charging i s o c c u r r i n g can be demonstrated by 
applying a slow-electron f l o o d gun: i f the XPS peaks move t o 
lower apparent binding energy charging e f f e c t s are present. 
( i v ) C r 1 1 1 species s u f f e r more from peak broadening since 
they are a f f e c t e d by m u l t i p l e t s p l i t t i n g due t o unpaired 
el e c t r o n s ( C r 1 1 1 3d 3 cf C r V I 3d°). The shape and separation 
of the 2p doublet are modified by the unpaired o r b i t a l s p i n 
density. Experimentally each of the s p i n - o r b i t l e v e l s w i l l 
be broadened by upto 2eV f o r complexes w i t h unpaired d 
ele c t r o n s . 

The presence of more than one chromium o x i d a t i o n s t a t e 
would lead t o peak broadening, since C r 1 1 1 and C r 3 ^ s i g n a l s 
would overlap t o some extent w i t h those of Cr v a L [ 4 1 ] . Even 
i n f r e s h l y prepared Cr/Si0 2 c a t a l y s t s not a l l chromium i s 
present as C r V I ions: i n p a r t i c u l a r , a t low chromium 
contents p a r t i a l r e d u c t i o n i s evident. During the a c t i v a t i o n 
process some degradation of Cr v : r a t the surface t o lower 
valence states has been reported [ 4 7 ] . At an a c t i v a t i o n 
temperature of 1023K the average o x i d a t i o n s t a t e of chromium 
was c a l c u l a t e d t o be 5.1 i n 1% C r v : E / S i 0 2 c a t a l y s t s , derived 
from chromium I I I acetate, using temperature programmed 
o x i d a t i o n / r e d u c t i o n . This lowered valence was a t t r i b u t e d t o 
formation of C r 1 1 1 as C r V I decomposes. E l l i s o n e t al [25] 
found t h a t a c t i v a t e d samples of EP20 and EP30 always c o n t a i n 
traces of C r 1 1 1 : C r V I and C r 1 1 1 were found t o co e x i s t on the 
surface. 

Thus, samples are expected t o contain a small amount of 
C r 1 1 1 , even a f t e r a c t i v a t i o n , and t h i s can e x p l a i n i n p a r t 
the broadening of the Cr 2p peaks. However, i t i s 
i n s u f f i c i e n t t o e x p l a i n i n e n t i r e t y the broadening observed 
here, since i t i s not only chromium peaks t h a t are a f f e c t e d . 
I t i s thought t h a t the spectrometer s e n s i t i v i t y i s a major 
c o n t r i b u t i n g f a c t o r t o peak broadening, r a t h e r than any 
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charging e f f e c t s . The f a c t t h a t monochromatic X-ray 
r a d i a t i o n was not used r e s u l t s i n charging being much less 
of a problem, although the absence of d i f f e r e n t i a l charging 
was not checked by use of a f l o o d gun. Also, the Si 2p 
reference peaks were found t o be very s i m i l a r f o r a l l the 
c a t a l y s t samples i n both FWHM and i n being f i t t e d by only 
one peak - a d d i t i o n a l peaks were not observed. 

3 T i t a n i a promoted c a t a l y s t s 
(i) S i l i c a / t i t a n i a cocrels 

The b i n d i n g energy values f o r the T i 0 2 / S i 0 2 cogel (EP55) 
and the cogel impregnated w i t h C r 1 1 1 (EP355) are given i n 
Table 2.10. The unactivated cogel has an average T i 2 p 3 / 2 

binding energy of 459.OeV, which r i s e s t o 459.3eV on 
a c t i v a t i o n (Table 2.16). The a c t i v a t e d value i s comparable 
t o those reported by Ingo et al [44] f o r t i t a n i a i n a cogel. 
The values obtained suggest t h a t there i s no i n s e r t i o n of 
t i t a n i u m ions i n t o the s i l i c a l a t t i c e t o form a s i l i c a l i t e 
s t r u c t u r e , and the T i 4 * ions are i n t h e i r p r e f e r r e d 
octahedral c o o r d i n a t i o n , s i m i l a r t o the bulk [ 5 8 ] . 

The T i / S i i n t e n s i t y r a t i o i s unchanged from 0.08 on 
a c t i v a t i o n (Tables 2.11, 2.17), i n d i c a t i n g no m i g r a t i o n of 
t i t a n i u m t o the surface w i t h i n c r e a s i n g temperature, as has 
been r e p o r t e d [ 2 7 ] . The very low r a t i o i n d i c a t e s much of the 
t i t a n i a i s i n the bulk, as expected. 

For EP355 the T i 2 p 3 / 2 b i n d i n g energy increases from 
459.2 t o 459.4eV on a c t i v a t i o n (Tables 2.10, 2.17), 
comparable w i t h EP55, w h i l s t the Cr 2 p 3 / 2 b i n d i n g energy 
r i s e s from 577.6 t o 579.2eV, comparable w i t h EP30X. 577.6eV 
i s taken as i n d i c a t i v e of C r i : r x , 579.2eV of Cr v a :. The peak 
widths decreased s l i g h t l y (3.9 -> 3.7eV on average) on 
a c t i v a t i o n . Narrower peaks are expected f o r C r V I compared t o 
C r 1 1 1 , since the 3d° systems do not lead t o m u l t i p l e t 
s p l i t t i n g due t o e l e c t r o s t a t i c and exchange r e a c t i o n s from 
unpaired 3d el e c t r o n s . 

Many experiments suggest t h a t the promotional e f f e c t of 
these c a t a l y s t s i s due t o formation of Ti-O-Cr bonds and a 
decrease i n C r V I binding energy has been used t o support 
t h i s hypothesis. I t has already been shown t h a t no decrease 
i n the C r V I binding energy i s observed and the T i / S i 
i n t e n s i t y r a t i o s of 0.12, f o r both unactivated and a c t i v a t e d 
c a t a l y s t s , i n d i c a t e t h a t most of the t i t a n i a i s i n the bulk 
(Tables 2.11, 2.17). Therefore the p r o b a b i l i t y of forming 
Ti-O-Cr bonds i s low. Indeed the behaviour of the t i t a n i a 
and chromium species p a r a l l e l t h a t of EP55 and EP30X 
r e s p e c t i v e l y . However, the C r 1 1 1 d i s p e r s i o n i s much lower 
i n EP355 (0.27) compared t o EP30X (0.43) f o r the unactivated 
c a t a l y s t s . The a c t i v a t e d value of 0.2 5 i s comparable w i t h 
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a c t i v a t e d EP30X (0.29). Note t h a t the chromium loading i s 
the same i n both c a t a l y s t s . A d d i t i o n of t i t a n i a d uring 
g e l l a t i o n reduces the pore volume and the surface area of 
the support, which leads t o the lower i n i t i a l d i s p e r s i o n of 
chromium I I I acetate and l i m i t s the m o b i l i t y of the chromium 
VI oxide formed on a c t i v a t i o n . 

( i i ) S i l i c a impregnated w i t h t i t a n i a and C r " 1 

XPS data f o r the two c a t a l y s t s are contained i n Tables 
2.12, 2.13, 2.16 and 2.17. Both CS2066 and EP284 are f i r s t 
impregnated w i t h t i t a n i a (2.50 and 4.35% T i r e s p e c t i v e l y ) , 
and then w i t h chromium I I I acetate ( 1 % C r ) . 

The t i t a n i a i s now ap p l i e d as a surface l a y e r and t h i s 
can be seen i n the higher T i / S i i n t e n s i t y r a t i o s as compared 
w i t h the cogel c a t a l y s t s (Tables 2.13, 2.17). For CS2066 
there i s l i t t l e d i f f e r e n c e between unactivated and a c t i v a t e d 
values (0.25 vs 0.24), suggesting s i n t e r i n g or agglomeration 
of t i t a n i a i s not o c c u r r i n g . The bindi n g energy increases 
from 459.1 t o 459.6eV, the highest t i t a n i u m b i n d i n g energy 
observed f o r any sample i n t h i s study. High T i 2p binding 
energies have been associated w i t h e i t h e r very small t i t a n i a 
c l u s t e r s [96] or formation of surface t i t a n i u m compounds 
[2 7 ] . Stakheev et al [60] associated the high b i n d i n g energy 
w i t h i n s e r t i o n of T i 4 * i n t o t e t r a h e d r a l s i t e s of the s i l i c a 
framework as i n S i 0 2 - T i 0 2 glasses [130] and t i t a n i u m 
s i l i c a l i t e s [59,131]. 

A b i g d i f f e r e n c e i s seen between the unactivated and 
a c t i v a t e d T i / S i r a t i o s , 0.61 vs 0.49, i n EP284. I n the 
unactivated samples t i t a n i a i s very w e l l dispersed and 
though t h i s f a l l s on a c t i v a t i o n , the d i s p e r s i o n i s s t i l l 
t wice t h a t of CS2066, which also c o r r e l a t e s d i r e c t l y w i t h 
the t i t a n i u m loadings. The bi n d i n g energy r i s e s from 459.0 
to 459.4eV on a c t i v a t i o n . I n t i t a n i u m s i l i c a l i t e s t h i s l e v e l 
of t i t a n i u m l o a d i n g i s associated w i t h d i s t o r t e d square 
pyramidal t i t a n i u m s i t e s being dominant [ 5 9 ] . 

I n CS2066 the Cr 2 p 3 / 2 average binding energy i s 577.9eV 
when unactivated, the same as t h a t f o r unactivated EP30X, 
c l e a r l y i n d i c a t i n g the presence of C r 1 1 1 . I n EP284 the 
corresponding value i s 578.OeV. On a c t i v a t i o n values 
associated w i t h Cr v : r are obtained, 579.6eV f o r CS2066 and 
579.2eV f o r EP284. The d i s p e r s i o n on CS2066 i s lower than 
found f o r EP30X when unactivated (0.28 vs 0.43) but i t i s 
l i t t l e changed on a c t i v a t i o n (0.26). Compare t h i s t o EP284 
where there i s higher i n i t i a l d i s p e r s i o n of the chromium I I I 
acetate precursor (0.37) which subsequently f a l l s on 
a c t i v a t i o n (0.32). 

I t would be expected t h a t i n c o r p o r a t i n g t i t a n i a as a 
surface l a y e r would lead t o greater Ti-O-Cr bond formation ;. 
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P u l l u k a t and Shida proposed a chromium I I I t i t a n a t e 
s t r u c t u r e f o r the unactivated c a t a l y s t , w i t h a t i t a n i u m 
chromate s t r u c t u r e being formed on a c t i v a t i o n , c o n t a i n i n g 
C r V I [ 4 3 ] . However, t h i s would lead t o a decrease i n C r V I 

binding energy, t y p i c a l l y values of 578.OeV were obtained 
and c l e a r l y t h i s study f i n d s no such decrease. Since 
P u l l u k a t and Shida were using t i t a n i u m esters and C r V I s a l t s 
as precursors, a d i f f e r e n t method of attachment must occur 
i n the samples used i n t h i s study. I t has been observed t h a t 
the promotional e f f e c t of t i t a n i a occurs only when added t o 
s i l i c a p r i o r t o the chromium s a l t and t h a t t h i s e f f e c t 
decreases w i t h temperature, which was i n t e r p r e t e d as 
m i g r a t i o n of chromium away from t i t a n i a [ 3 2 ] . This i s a 
p l a u s i b l e explanation f o r the behaviour of EP284 on 
a c t i v a t i o n . I t appears t h a t increased temperature causes the 
t i t a n i a t o agglomerate and form c l u s t e r s and also causes 
m i g r a t i o n of the chromium and s i m i l a r agglomeration. 
A d d i t i o n of t i t a n i a i s known t o lower the surface area and 
pore volume, which i n t u r n increases chromium agglomeration. 
I t has been rep o r t e d t h a t at high p o l y m e r i z a t i o n 
temperatures t i t a n i u m loadings above 4% reduce the a c t i v i t y 
of low temperature and p l a u s i b l e explanations, besides the 
formation of Ti-O-Cr bonds, have been o f f e r e d , i . e . a change 
i n surface geometry or the generation of Lewis a c i d s i t e s by 
t i t a n i a , which may a f f e c t the p h y s i c a l and/or chemical 
p r o p e r t i e s of the a c t i v e chromium [ 3 0 ] . The increase i n 
chromium agglomeration i s demonstrated i n EP284, but CS2066 
behaves i n a s i m i l a r manner t o EP355: the chromium and 
t i t a n i u m dispersions are almost unchanged by a c t i v a t i o n . 
Thus the agglomeration and m i g r a t i o n of chromium appears t o 
be c o n t r o l l e d by the t i t a n i a l oading and thus by changes i n 
the surface geometry. 

4 Alumina-containing c a t a l y s t s 
XPS data f o r EP200 and EP210 i s shown i n Tables 2.14, 

2.15, 2.16 and 2.17. Values f o r bulk alumina and A l 2 0 3 / S i 0 2 

are shown i n Table 2.19. EP200 contains only 0.52% Cr 
compared t o 1% f o r a l l other c a t a l y s t s , and 0.87% A l 
compared t o 1% f o r EP210. For EP210 the aluminium i s added 
as an a l k y l which i s converted t o A l 2 0 3 on a c t i v a t i o n , and 
chromium I I I acetylacetonate i s the chromium precursor. 

Average A l 2p binding energies of 75.1eV are obtained f o r 
both unactivated c a t a l y s t s , which i s i n agreement w i t h the 
l i t e r a t u r e values, Table 2.16, [ 3 4 ] . On a c t i v a t i o n the 
bi n d i n g energy increases t o 75.5eV f o r EP200 and 75.3eV f o r 
EP210. The b i n d i n g energy i s higher than f o r bulk alumina 
suggesting formation of Al-O-Si bonds s i m i l a r t o those i n 
a l u m i n o s i l i c a t e s [54,103,104]. Rebenstorf and Andersson [34] 
showed t h a t bulk alumina was only observed when high 
loadings of alumina were used; a t low loadings there i s high 
d i s p e r s i o n and aluminium i s i n the surface l a y e r . There i s 
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surface area observed by Rebenstorf and Andersson [34] on 
a d d i t i o n of small amounts of alumina t o s i l i c a . On 
a c t i v a t i o n i t seems t o lead t o increased chromium m o b i l i t y 
and ease of agglomeration, as w i t h E l l i s o n ' s model above. 

I n EP210 there i s a higher chromium loading and the 
acetylacetonate has dispersed t o a s i m i l a r extent as the 
acetate i n EP30X. The e f f e c t of aluminium on the chromium 
agglomeration i s less marked due t o the higher l o a d i n g but 
c l u s t e r i n g i s again observed on a c t i v a t i o n . A model s i m i l a r 
t o t h a t proposed f o r the impregnated t i t a n i a - c o n t a i n i n g 
c a t a l y s t s can be envisaged. 

COMCLUSIOMS 
( i ) For a l l c a t a l y s t s i t i s c l e a r from the Cr 2p bindi n g 
energies t h a t there i s conversion of C r 1 1 1 t o C r v x on 
a c t i v a t i o n . 
( i i ) Increased promoter metal b i n d i n g energies i n d i c a t e an 
i n t e r a c t i o n w i t h the s i l i c a support: f o r cogels t h i s 
obviously occurs during g e l l a t i o n , f o r alumina v i a formation 
of a l u m i n o s i l i c a t e a t the surface and w i t h impregnated 
t i t a n i u m there i s i n s e r t i o n of T i 4 * ions i n t o the s i l i c a 
network. 
( i i i ) Dispersion i s dependent on chromium and promoter metal 
loadings. I n general, chromium d i s p e r s i o n f a l l s on 
a c t i v a t i o n , but most d r a m a t i c a l l y f o r EP200, which contains 
0.5% Cr. Thus a d d i t i o n of a promoter species encourages the 
c l u s t e r i n g of Cr v : r species. Promoter dispersions themselves 
are u n a l t e r e d on a c t i v a t i o n except f o r EP284, which contains 
4.35% T i , a l e v e l a t which the formation of small t i t a n i a 
c l u s t e r s occurs. The promoter appears t o exert a s t r u c t u r a l 
e f f e c t i n the a c t i v a t i o n stages. 

Further work needs t o be undertaken i n order t o understand 
more f u l l y the promoter's r o l e : 
( i ) the e f f e c t s of varyi n g the loadings of both chromium and 
promoter; 
( i i ) BET studies i n order t o study changes i n surface area 
and pore volume, which a f f e c t the chromium m o b i l i t y and 
hence i t s a b i l i t y t o agglomerate; 
( i i i ) Raman studies t o i n f e r s t r u c t u r a l changes and the 
p o s s i b i l i t y of the formation of very small c r y s t a l l i t e s , 
together w i t h SEM t o determine the nature of the surface 
species; 
( i v ) i t would be very i n f o r m a t i v e t o study the 
changes i n polymerization a c t i v i t y of these c a t a l y s t s and t o 
l i n k t h i s w i t h the surface c h a r a c t e r i z a t i o n . Labelled probe 
molecules could h o p e f u l l y allow the i d e n t i f i c a t i o n of the 
i n t e r a c t i o n s i t e s ; 
(v) because of the charging e f f e c t s i n the XPS spectra i t 
would be u s e f u l t o look a t the Auger parameter, as t h i s i s 
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i n s e n s i t i v e t o charging, and 
( v i ) the promotional e f f e c t has been suggested t o be due t o 
the c r e a t i o n of more e a s i l y r e d u c i b l e chromium - TPR studies 
would help t o t e s t t h i s theory. 
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Ficrure 2.19 The Si 2p XPS spectrum of catalyst EP30X 
(unactivated) 
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Ficrure 2.20 The Cr 2p XPS spectrum of catalyst EP30X 
(unactivated) 
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Ficrure 2.21 The Si 2p XPS spectrum of catalyst EP30X 
(activated) 
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Figure—2.22 The Cr 2p XPS spectrum of catalyst EP30X 
(activated) 
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Figure 2.23 The Si 2p XPS spectrum of catalyst CS2066 
(unactivated) 

Picture 2.24 The Ti 2p XPS spectrum of catalyst 
(unactivated) 
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Ficrure 2.25 The Cr 2p XPS spectrum of catalyst 
(unactivated) 
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Figure 2.26 The Si 2p XPS spectrum of catalyst CS2066 
(activated) 
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Figure 2.27 The Ti 2p XPS spectrum of catalyst CS2066 
(activated) 
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Ficrure 2.28 The Cr 2p XPS spectrum of catalyst CS2066 
(activated) 
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Figure 2.29 The Si 2p XPS spectrum of catalyst EP355 
(unactivated) 
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Ficrure 2.30 The Ti 2p XPS spectrum of catalyst EP355 
(unactivated) 
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Figure 2.31 The Cr 2p XPS spectrum of catalyst EP355 
(unactivated) 
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Ficrure 2.32 The Si 2p XPS spectrum of catalyst EP355 
(activated) 
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Ficrure 2.33 The Ti 2p XPS spectrum of catalyst EP355 
(activated) 
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Ficrure 2.34 The Cr 2p XPS spectrum of catalyst EP355 
(activated) 
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Figure 2.35 The Si 2p XPS spectrum of catalyst EP200 
(unactivated) 

Ficrure 2.36 The Al 2p XPS spectrum of catalyst EP200 
(unactivated) 
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Figure 2.38 The Si 2p XPS spectrum of catalyst EP200 
(activated) 
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Table 2.8 Cr 2 p 3 / 2 binding energies and peak widths f o r 
s i l i c a - s u p p o r t e d CrO^ and Cr-3-^ (EP20 and EP30X^ 

Catalyst Composition Expt. No. Cr 2p Cr FWHM feV) 
B.E. (eV) 

EP20 C r 0 3 / S i 0 2 069 579.2 5.64 
Cr 0.98% 103 579.3 7.01 

104 579.2 6.74 
122 579.2 6.19 

EP30X C r 3 V S i 0 2 072 578.0 5.58 
Cr 1.00% 073 578.0 5.12 

107 577.8 5.44 
108 577.8 5.00 

Ac t i v a t e d 062 579.5 7.29 
074 579.2 6.60 
132 579.5 10.04 
138 578.8 8.27 

Table 2.9 Cr/Si XPS i n t e n s i t y r a t i o s f o r s i l i c a - s u p p o r t e d 
CrO^ and C r ^ (EP20 and EP30X1 

Cata l y s t Composition Expt. No. Cr/Si 

EP20 C r 0 3 / S i 0 2 069 0.21 
Cr 0.98% 103 0.22 

104 0.28 
122 0.27 

EP30X C r 3 ~ / S i 0 2 072 0.42 
Cr 1.00% 073 0.38 

107 0.47 
108 0.44 

Ac t i v a t e d 062 0.30 
074 0.25 
132 0.32 
138 0.23 
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Table 2.10 Cr and T i 2p binding- energies f o r SiO^/TiO^ 
cocrel and the cocrel impregnated w i t h Cr-3-*-

(EP55 and EP3551 
Cata l y s t Composition Expt. Cr 2p 3 /, 2 Cr FWHM T i 2p 

No. B.E. ( e f t (eV) B.E. (' 

EP55 S i 0 2 / T i 0 2 092 459.1 
cogel 093 459.1 
T i 2.50% 121 459.0 

129 459.0 
Ac t i v a t e d 098 459.4 

099 459.2 
136 459.2 
137 459.5 

EP355 S i 0 2 / T i 0 2 054 577.6 9.73 459.3 
cogel,Cr 3* 090 577.6 8.23 459.0 
T i 2.53% 091 577.8 8.55 459.2 
Cr 1.05% 117 577.4 9.40 459.2 

Ac t i v a t e d 094 579.0 7.32 459.5 
126 579.6 9.64 459.4 
140 579.1 9.01 459.4 
141 579.4 11.96 459.4 

Table 2.11 Cr/Si and T i / S i XPS i n t e n s i t y r a t i o s f o r 
SiCv./TiCv^ cocrel and coael imprecrnated w i t h 

C r ^ (EP55 and EP3551 
Catalyst Composition Expt. No. Cr/Si T i / S i 
EP55 S i 0 2 / T i 0 2 092 0.08 

cogel 093 0.09 
T i 2.50% 121 0.07 

129 0.07 
Ac t i v a t e d 098 0.07 

099 0.07 
136 0.09 
137 0.07 

EP355 S i 0 2 / T i 0 2 054 0.24 0.12 
cogel, Cr 3* 090 0.26 0.12 
T i 2.53% 091 0.27 0.13 
Cr 1.05% 117 0.30 0.12 

Ac t i v a t e d 094 0.23 0.11 
126 0.22 0.11 
140 0.28 0.13 
141 0.27 0.11 

114 



Table 2.12 Cr and T i 2p 
SiO./TiO./Cr^ 3/a 

b i n d i n g enercries f o r 
c a t a l y s t s prepared by 

impregnation (EP284 and CS2066) 

CS2066 S i 0 2 / T i 0 2 / 
Cr 3-
T i 2.50% 
Cr 1.00% 

A c t i v a t e d 

EP284 S i 0 2 / T i 0 2 / 
Cr 3* 
T i 4.35% 
Cr 0.96% 

A c t i v a t e d 

Expt. 
No. 

Cr_2p. 
B.E.feVt 

Cr FWHM 
(eV) B.E.feV) 

080 577.8 6.12 459.1 
109 578.0 7.45 459.0 
110 577.9 7.39 459.1 
128 577.7 6.96 459.2 
064 578.7 5. 68 459.6 
065 579.1 7.02 459.5 
066 579.9 6.87 459.6 
067 579.8 7. 32 459.5 
032 578.0 5.09 459.0 
077 578.1 5.94 459.0 
113 578.0 5.88 459.0 
114 577.9 5. 88 459.1 
070 579.2 6.58 459.4 
071 579. 5 7.10 459.3 
082 579. 0 6.16 459.4 
083 578. 6 5.72 459.3 

Table 2.13 Cr/Si and T i / S i XPS i n t e n s i t y r a t i o s f o r 
SiCL/TiCL/Cr-3-^ c a t a l y s t s prepared bv 

impregnation (EP284 and CS2066) 
Cat a l y s t Composition Expt. No. Cr/Si T i / S i 
CS2066 S i 0 2 / T i 0 2 / 080 0.30 0.24 

Cr 3* 081 0.23 0.25 
T i 2.50% 109 0.29 0.25 
Cr 1.00% 110 0.30 0.25 

Ac t i v a t e d 064 0.30 0.24 
065 0.29 0.22 
066 0.27 0.23 
067 0.23 0.26 

EP284 S i 0 2 / T i 0 2 / 032 0.36 0.62 
Cr 3* 077 0.34 0.64 
T i 4.35% 113 0.36 0.57 
Cr 0.96% 114 0.40 0. 62 

Ac t i v a t e d 070 0.28 0.49 
071 0.30 0.48 
082 0.33 0.48 
083 0.36 0.49 
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Table 2.14 Cr and T i 2 p 3 / 2 b i n d i n g energies f o r 
SiO^/Al-^/Cr^- c a t a l y s t s (EP200 and EP2101 

Catalyst Composition Expt. 
No. B.E.feVV 

Cr FWHM 
feV) 

A l 2p 
B.E.(eV) 

EP200 S i 0 2 / A l 3 - / 
Cr 3* 
A l 0.87% 
Cr 0.52% 

084 
085 
125 
135 

578.2 
578.1 
578.1 
578.1 

5.54 
5.59 
5. 86 
5.10 

75.0 
75.1 
75.1 
75.2 

Ac t i v a t e d 078 579 8 8 64 75 5 
079 578 3 6 96 75 4 
088 579 5 11 06 75 5 
089 579 5 10 40 75 5 

EP210 SiO / A l 3 - / 086 577 9 5 82 75 3 
Cr 3 * 087 578 0 5 45 75 0 
A l 1. 00% 096 577 9 5 83 75 1 
Cr 1. 00% 100 578 0 5 88 75. 0 

Ac t i v a t e d 105 578.9 
106 579.5 
111 579.5 
112 579.4 

7.72 75.1 
7.93 75.4 
7.45 75.2 
9.44 75.3 

Table 2.15 Cr/Si and A l / S i XPS i n t e n s i t y r a t i o s f o r 
S i C L / A l ^ / C r ^ c a t a l y s t s (EP200 and EP210) 

Catalyst Composition ExDt. No. Cr/Si A l / S i 
EP200 S i 0 2 / A l 3 V 084 0.58 0.07 

Cr 3- 085 0.59 0.07 
A l 0.87% 125 0.60 0.07 
Cr 0.52% 135 0.56 0.07 

Ac t i v a t e d 078 0.15 0.06 
079 0.13 0.08 
088 0.19 0.06 
089 0.16 0.06 

EP210 S i 0 2 / A l 3 - / 086 0.43 0. 04 
Cr 3- 087 0.39 0.04 
A l 1.00% 096 0.44 0.03 
Cr 1.00% 100 0.39 0.04 

Ac t i v a t e d 105 0. 31 0.03 
106 0.27 0.03 
111 0.27 0.03 
112 0.28 0.04 
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Table 2.16 Averaged bind i n g energy values f o r Cr 2T33,a. 
T i 2p^„ and A l 2p 

Cat a l y s t Composition Cr (eV) T i or A l (eV) 

EP20 SiC- /Cr0 3 U 579.20 ± 0.03 

EP30X S i 0 2 / C r 3 * U 577.89 + 0.05 
A 579.37 ± 0.11 

CS2066 S i 0 2 / T i 0 2 / U 577.87 ± 0.06 459.09 ± 0.03 
Cr 3* A 579.58 ± 0.25 459.55 + 0.03 

EP284 S i 0 2 / T i 0 2 / U 578.01 + 0.04 459.02 ± 0.02 
Cr 3* A 579.21 ± 0.11 459.36 + 0.02 

EP200 S i 0 2 / A l 3 * / U 578.14 ± 0.01 75.08 + 0.04 
Cr 3* A' 579.59 ± 0.12 75.50 ± 0.01 

EP210 S i 0 2 / A l 3 * / U 577.95 ± 0.02 75.07 ± 0.07 
Cr 3* A 579.46 ± 0.04 75.32 + 0.05 

EP55 S i 0 2 / T i 0 2 U 459.04 + 0.03 
cogel A 459.31 ± 0.07 

EP355 S i 0 2 / T i 0 2 U 577.61 ± 0.09 459.17 + 0.06 
cogel/Cr 3* A 579.22 ± 0.22 459.43 ± 0.02 

U = unactivated 
A = a c t i v a t e d 
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Table 2.17 The averaged Cr/Sl, T i / S i and A l / S i XPS 
i n t e n s i t y r a t i o s 

C a t a l y st Composition Cr/Si T i / S i or A l / S i 

EP20 SiOa/CrO, U 0.25 ± 0.02 

EP30X S i 0 2 / C r 3 * U 0.43 ± 0.02 
A 0.29 ± 0.02 

CS2066 S i 0 2 / T i 0 2 / U 
Cr 3* A 

0.28 ± 0.02 
0.26 ± 0.02 

0.25 ± 0.01 
0.24 ± 0.01 

EP284 S i 0 2 / T i 0 2 / 
Cr 3* 

U 0.37 ± 0.01 
A 0.32 ± 0.02 

0.61 ± 0.02 
0.49 ± 0.01 

EP200 S i 0 2 / A l 3 * / U 
Cr 3* A 

0.58 ± 0.01 
0.17 ± 0.01 

0.07 + 0.01 
0.06 ± 0.01 

EP210 S i 0 2 / A l 3 * / U 
Cr 3* A 

0.41 ± 0.01 
0.27 ± 0.01 

0.04 + 0.01 
0.03 + 0.01 

EP55 S i 0 2 / T i 0 2 

cogel 
U 
A 

0.08 + 0.01 
0.08 + 0.01 

EP355 S i 0 2 / T i 0 2 U 
cogel/ Cr 3* A 

0.27 ± 0.01 
0.25 ± 0.01 

0.12 + 0.01 
0.12 ± 0.01 

U = unactivated 
A = a c t i v a t e d 
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Table 2.18 Binding energy values f o r bulk and supported 
chromium oxides 

Bulk chromium compounds 

Compound Cr 2p, 3 / 2 BE 
(eV) 

FWHM 
(eV) 

S p i n - o r b i t 
coupling (eV) 

Spectral 
r e f . 

Cr0 3 579.1 
580.3 
577.1 
578. 3 
579. 9 

2.9 
2.8 
2.3 
1.4 
1.6 

9.1 
9.1 
8.7 
9.2 
9.0 

Si 2p 
C I s 
C I s 
C I s 

Na 2Cr0 4 

K 2Cr0 4 

579. 8 
579. 6 

2.0 
1.8 

9.3 
9.3 

Au 4 f 7 / 2 

Au 4 f 7 / 2 

Na 2Cr 20 7 

K 2 C r 2 0 7 

579.4 
579.4 

2.0 
2.3 

9.1 
9.4 

Au 4 f 7 / 2 Au 4 f 7 / 2 

Cr,C-
2 3 

579.2 
576. 6 
576. 8 
576. 8 
576.3 

3.5 
3.6 
3.0 
3.0 
2.4 

9.8 
9.8 
9.6 
9.7 
9.7 

Si 2p 
C I s 
C I s 
A » 4 f v / a 
C I s 

C r ( a c a c ) 3 577. 7 3.3 9.7 

Supported chromium 

Sample Cr 2P 3 

BEfeV) 3FWHM(eV) 
Spectral 

Ref. 

C r v : E / S i 0 2 581. 
(l.l;Oa;600°C)* 

6 3. 7 Si 2p 

C r 0 3 / S i 0 2 

(2;air;700 
579. 

°C) 
6 C I s 

C r 0 3 / S i 0 2 

( l ; u n c a l c i n e d ) 

(air;300°C) 

(air;400°C) 

580.4 

579.9 
577.5 
579.9 
577.4 

3.7 

3.7 

4.3 

Si 2p 

Si 2p 

Si 2p 

Ref. 

21 
120 
20 
41 
57 
19 
19 
19 
19 
21 

120 
57 
20 
41 
19 

21 

43 

42 

42 

42 
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(air;500°C) 577.1 3.1 Si 2p 42 
(air;550°C) 577.1 3.1 Si 2p 42 
(air;600°C) 577.1 2.9 Si 2p 42 
C r 3 * / S i 0 2 

(1.1;wet N 2; 577.6 4.9 Si 2p 21 
300°C) 
C r 0 3 / T i 0 2 / 578.0 C I s 43 
S i 0 2 ( T i 2p 3 460.0) 
(2,3.5;air;700°C) 

* (wt% Cr, T i ; a c t i v a t i o n medium; temperature of a c t i v a t i o n ) 
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Table 2.19 Binding energy values f o r bulk and supported 
t i t a n i a and alumina 

Sample T i 2P 3 B.E. feV) FWHM feV) Ref, 
T i 0 2 458.7 60 

458.5 22 
459.0 24a 
459.3 44 

Degussa P25 459.0 3.1 27 
T i 0 2 458.8 1.8 t h i s 

work 
S i 0 2 / T i 0 2 

(impregnated) 
0.2mmolTig- 1 459.7 1.3 27 
O^mmolTig- 1 459.7 3.0 27 
l.OmmolTig- 1 459.1 3.0 27 
2.0mmolTig- 1 459.0 2.8 27 

S i 0 2 / T i 0 2 459.2 44 
(cogel) 
Cogel;air;1000°C 459.3 44 

Sample A l 2P B.E. (eV) FWHM feV) Ref, 
A1 20 3 76.6 34 

73.52 54 
74.1 8 

a A1 20 3 73.65 54 
powder 
A1 20 3 73.90 54 
sapphire 
Sapphire 74.12 54 
(in vacuo;700°C) 
S i 0 2 / A l 2 0 3 

(impregnated) 
0.2mmolAlg-1 75.0 34 
0.4mmolAlg-1 75.1 34 
l.OmmolAlg- 1 75.0 2.3 34 
2.0mmolAlg- 1 75.0 2.5 34 

Spectral reference i s C I s i n a l l cases 
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CHAPTER 3 

C h a r a c t e r i z a t i o n of the P h i l l i p s C a t a l y s t using Thermal 
Decomposition and Mass Spectroscopy 
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1 I n t r o d u c t i o n 
The XPS experiments of Chapter 2 l e d t o i n f o r m a t i o n 

being obtained regarding the chemical s t a t e and d i s p e r s i o n 
of the surface species of the c a t a l y s t s a f t e r a c t i v a t i o n . 
I n order t o o b t a i n i n f o r m a t i o n on the r e a c t i o n s and changes 
i n surface chemistry during the e n t i r e a c t i v a t i o n process 
the evolved gases were analyzed using a quadrupole mass 
spectrometer. Finding the temperature a t which the peak 
i n t e n s i t i e s are a t t h e i r maximum value allows a p i c t u r e t o 
be obtained of the chemical changes o c c u r r i n g d u r i n g the 
a c t i v a t i o n , and a mechanism t o be proposed f o r these 
changes. 

2 Mass Spectrometry 
The mass spectrometer produces charged p a r t i c l e s t h a t 

c o n s i s t of the parent i o n and i o n i c fragments of the 
o r i g i n a l molecule and i t s o r t s them according t o t h e i r 
mass/charge r a t i o [ 1 ] . The mass spectrum i s a record of the 
r e l a t i v e numbers of d i f f e r e n t kinds of ions and i s 
c h a r a c t e r i s t i c of every compound. MS has increased 
s e n s i t i v i t y over most other a n a l y t i c a l techniques due t o 
the a c t i o n of the analyser as a m/z f i l t e r t o reduce 
background i n t e r f e r e n c e and from the s e n s i t i v e e l e c t r o n 
m u l t i p l i e r s used f o r d e t e c t i o n . The e x c e l l e n t s p e c i f i c i t y 
r e s u l t s from the c h a r a c t e r i s t i c fragmentation p a t t e r n s 
which can give i n f o r m a t i o n about molecular weight and 
molecular s t r u c t u r e . 

A l l mass spectrometers perform three basic tasks 
( i ) c r e a t i n g gaseous i o n fragments from the sample 
( i i ) s o r t i n g these ions according t o m/z r a t i o and 
( i i i ) measuring the r e l a t i v e abundance of i o n fragments of 
each mass. 

A mass spectrometer c o n s i s t s of the f o l l o w i n g basic 
u n i t s : 
( i ) an i o n source where ions are formed from the sample; 
( i i ) an analyser which separates the ions according t o 
t h e i r m/z values; 
( i i i ) a detector which gives the i n t e n s i t y of the i o n 
cur r e n t f o r each species; the detector output can be 
displayed or stored, t o y i e l d the mass spectrum; 
( i v ) e l e c t r o n i c s of power supply and c o n t r o l t o the three 
u n i t s above; 
(v) various pumping systems [ 7 ] . 
A block diagram of these components i s shown i n Figure 3.1 
[ 1 ] . 
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Figure 3.1 Schematic diagram of the components of a mass 
spectrometer 
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The operation of the mass spectrometer r e q u i r e s a 
c o l l i s i o n - f r e e path f o r the ions and t o achieve t h i s the 
pressure i n the spectrometer needs t o be less than 10" 6 

Torr. Gaseous samples are introduced through a leak valve 
i n t o the i o n i s a t i o n chamber from the i n l e t system [ 1 ] . I n 
t h i s study gases evolved from the heated c a t a l y s t s are 
passed, v i a the c a r r i e r gas (oxygen or argon), through a 
s t a i n l e s s s t e e l c a p i l l a r y and leak valve i n t o the vacuum 
system of the mass spectrometer. 

2„1 I o n i z a t i o n Methods 
Ion sources have the dual f u n c t i o n of producing ions 

w i t h o u t mass d i s c r i m i n a t o n from the sample and a c c e l e r a t i n g 
them i n t o the mass analyzer w i t h a small spread of k i n e t i c 
energies p r i o r t o a c c e l e r a t i o n . I n a l l source designs there 
must be an i o n withdrawl and focusing system, i n which the 
ions are removed e l e c t r o s t a t i c a l l y from the chamber and 
accelerated towards the mass analyser. Several p a i r s of 
focusing elements and s l i t s then c o n t r o l the d i r e c t i o n , 
shape and w i d t h of the ion beam [ 1 ] , Figure 3.2 shows the 
design of an e l e c t r o n impact i o n source. 
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Figure 3.2 Electron impact ion source and ion-accelerating 
system 
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2.2 Mass Analyzers 
The f u n c t i o n of the mass analyzer i s t o separate the 

ions produced i n the i o n source according t o t h e i r 
d i f f e r e n t mass/charge r a t i o s [ 1 ] . 

2o3 Quadrupole Mass Analyzer 
Special c h a r a c t e r i s t i c s of the quadrupole instrument are 

the f o l l o w i n g : 
(a) small size and weight 
(b) r e l a t i v e l y low cost 
(c) r a p i d scanning of the mass spectrum 
(d) l i n e a r operation t o r e l a t i v e l y high pressure ( 1 0 " 4 

Torr) 
(e) low source energy (<10eV) and 
( f ) e l e c t r i c a l v a r i a t i o n of the r e s o l v i n g power (by v a r y i n g 
the d c / r f voltage r a t i o ) 
(g) a high mass range (>1000 amu) 
(h) c o m p a t i b i l i t y w i t h other surface a n a l y t i c a l techniques 
( i ) freedom from magnetic f i e l d s [ 5 , 6 , 8 ] . 

However, i t i s not capable of the high mass r e s o l u t i o n 
of a magnetic sector instrument [ 3 , 5 ] . 

A diagram of the quadrupole mass spectrometer i s 1 

contained i n Figure 3.3. 
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F i g u r e 3.3 Diagram of the quadrupole mass analyzer 
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A quadrupole f i l t e r c o n s i s t s of f o u r p a r a l l e l electrodes 
w i t h h y p e r b o l i c , e l l i p t i c a l , or c i r c u l a r cross-section.The 
d i a g o n a l l y opposite electrodes (arranged symmetrically w i t h 
the minimum-radius curve innermost) are a t the same 
p o t e n t i a l and are separated by a distance equal t o twice 
the minimum rad i u s of curvature ( i . e . 2 r o ) [ 7 ] . 

One d i a g o n a l l y opposite p a i r of rods i s held a t +U a o 

v o l t s and the other p a i r a t -U<ao v o l t s . A r a d i o frequency 
o s c i l l a t o r supplies a s i g n a l t o the f i r s t p a i r of rods t h a t 
i s +Vcos%?t and a r f s i g n a l retarded by 180° (-Vcoswt) t o 
the second p a i r . The e q u i p o t e n t i a l surfaces i n the re g i o n 
between the f o u r rods appear as o s c i l l a t i n g h y perbolic 
p o t e n t i a l s . Ions from the i o n source are i n j e c t e d i n t o the 
quadrupole arr a y through a c i r c u l a r aperture, and as they 
proceed down the l o n g i t u d i n a l z axis they undergo 
transverse motion i n the x and y planes. The dc e l e c t r i c 
f i e l d s tend t o focus p o s i t i v e ions i n the p o s i t i v e plane 
and defocus them i n the negative plane. As the superimposed 
r f f i e l d becomes negative d u r i n g p a r t of the negative h a l f 
cycle of the a l t e r n a t i n g f i e l d , p o s i t i v e ions are 
accelerated toward the electrodes and achieve a s u b s t a n t i a l 
v e l o c i t y . The f o l l o w i n g p o s i t i v e h a l f cycle has an even 
greater i n f l u e n c e on the motion of the i o n , causing i t t o 
reverse i t s d i r e c t i o n and accelerate even more. The ions 
e x h i b i t o s c i l l a t i o n s w i t h i n c r e a s i n g amplitudes u n t i l they 
f i n a l l y c o l l i d e w i t h the electrodes and become n e u t r a l 
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p a r t i c l e s . The l i g h t e r the i o n i n mass, the smaller the 
number of cycles before i t i s c o l l e c t e d by the elect r o d e . 
By c o n t r o l l i n g V d o/V r f the f i e l d can be established t o pass 
ions of only one m/z r a t i o down the e n t i r e l e n g t h of the 
quadrupole array. By simultaneously sweeping the dc and r f 
amplitudes ions of various m/z r a t i o s are allowed t o pass 
through the mass f i l t e r t o the detector and an e n t i r e 
spectrum can be produced [1,3,4,8]. 

The quadrupole analyzer i s not r e s t r i c t e d t o the 
de t e c t i o n of monoenergetic sources - ions are accepted 
w i t h i n a 60° cone around the a x i s . Therefore, i t does not 
r e q u i r e focusing s l i t s , which r e s u l t s i n higher s e n s i t i v i t y 
[ 1 ] . The s e n s i t i v i t y i s roughly i n v e r s e l y p r o p o r t i o n a l t o 
the mass r e s o l u t i o n : the b e t t e r the r e s o l u t i o n selected, 
the lower the s e n s i t i v i t y a t t h a t charge-to-mass r a t i o , and 
vi c e versa [2].The r e s o l u t i o n i s a f u n c t i o n of the number 
of cycles the i o n spends i n the f i e l d . I ncreasing the rod 
len g t h ( u s u a l l y 5-20cm) increases the r e s o l u t i o n and the 
c a p a b i l i t y t o handle ions of higher energies. I f the r f 
frequency i s increased, the l e n g t h of the analyzer can be 
reduced. Rod diameters are also a f a c t o r : i n c r e a s i n g the 
diameter increases the s e n s i t i v i t y by a larg e f a c t o r , 
whereas a decrease increases the mass range [ 1 ] . T y p i c a l 
mass r e s o l u t i o n s achievable w i t h QMS are i n the range M/ ̂ M 
50 up t o 1000, where M i s the mass of the peak and AM i s 
the w i d t h of the peak a t 10% of the peak height [ 5 ] . The 
r e l a t i v e i n t e n s i t i e s of detected ions depend r a t h e r 
c r i t i c a l l y on the o p e r a t i o n a l parameters of the quadrupole,, 
This i s because the transmission and mass r e s o l u t i o n of 
the analyser are very s e n s i t i v e t o the a x i a l and transverse 
v e l o c i t i e s of the incoming ions (when comparing r e s u l t s 
from d i f f e r e n t analysers c a l i b r a n t s must be compared f i r s t ) 
[ 3 ] . The energy of the t r a n s m i t t e d ions needs t o be as low 
as possible f o r good mass r e s o l u t i o n . However, the 
transmission of the quadrupole decreases w i t h decreasing 
energy. 

Resolved i o n beams, a f t e r passage through a mass 
analyser, s e q u e n t i a l l y s t r i k e a det e c t o r . The e l e c t r o n 
m u l t i p l i e r i s most commonly used. For i o n cur r e n t s less 
than 10- 1 5A an e l e c t r o n m u l t i p l i e r i s used. E i t h e r p o s i t i v e 
or negative ions are accelerated by the constant high 
voltage of a conversion dynode where they are converted 
i n t o e l e c t r o n s and/or p o s i t i v e charged ions when they 
s t r i k e the p l a t e . The c u r r e n t s created are then f u r t h e r 
m u l t i p l i e d by the e l e c t r o n m u l t i p l i e r w i t h gains of 10 s-
10"7. The l i m i t i n g f a c t o r i s e i t h e r the system noise l e v e l 
or the system background [ 1 ] . 
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3 Types of ions, peaks and mass spectra 
3„1 Ion species 

The mass spectrum can contai n s i g n a l s from several 
species of ions, i n c l u d i n g the f o l l o w i n g : 
s i n g l y charged monatomic ions X* 
s i n g l y charged polyatomic ions XY...Z* 
m u l t i p l y charged ions Xn~, XY...Zn~ 
molecular ions XY-- (formed from the XY molecule - parent 
molecular ions) 
fragment ions X*, Y~ (formed from the XY molecule) 
rearrangement ions XRY~ (formed from XYR or RXY) 
metastable ions - g e n e r a l l y formed by decomposition 
o c c u r r i n g between the i o n source and the analyser 
secondary ions formed by r e a c t i o n s between ions and 
molecules 
negative ions ions ( n e g a t i v e l y charged) corresponding t o 
those above [ 7 ] . 

E l e c t r o n impact r e s u l t s i n the formation of a molecular 
ion M-• by removal of an e l e c t r o n , t o leave the charged 
r a d i c a l : 

M + e" M~- + 2e-
During the i o n i z a t i o n , a c e r t a i n amount of i n t e r n a l 

energy i s t r a n s m i t t e d t o the molecule. This amount of 
energy i s v a r i a b l e , and i t s magnitude determines whether 
one or more fragmentation r e a c t i o n s can occur. The 
rea c t i o n s most l i k e l y t o take place are those which have 
low a c t i v a t i o n energy and lead t o r e l a t i v e l y s table i o n i c 
or n e u t r a l species: 

M* • «=—> i o n i c fragment + n e u t r a l fragment 
(BC~) (radical,atom, 

molecule) 

v 

i o n i c fragment + n e u t r a l fragment 

etc. 
The successive fragmentation r e a c t i o n s lead, i n general, 

t o ions and r a d i c a l s c o n s i s t i n g of a s i n g l e atom or group 
of atoms. I t should be noted t h a t i n fragmentation the 
charge i s located on the fragment w i t h the lowest 
i o n i z a t i o n p o t e n t i a l . Thus i n the fragmentation of BC~-
i n t o B~ and C- or i n t o B- and C*. i f the i o n i z a t i o n 
p o t e n t i a l of B i s lower than C, then the major 
fragmentation path w i l l be i n t o B- and C-; s i m i l a r l y , f o r 
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fragmentation of an i o n BC~, under the same co n d i t i o n s the 
most probable fragmentation would be i n t o B~ and C, not 
i n t o B and C*. 

Stable fragments can also be formed by a change i n the 
r e l a t i v e p o s i t i o n s of the atoms i n a molecule, f o l l o w e d by 
decomposition of the i o n . These changes are c a l l e d 
rearrangement r e a c t i o n s [ 7 ] . 

Since many elements have several isotopes, f o r any given 
atomic composition the mass spectrum contains peaks 
corresponding t o the d i f f e r e n t isotope combinations. Thus 
f o r methane the isotope peaks f o r 1 2CH 4- (m/z=16), 1 3CH 4* 
(m/z=17) and 1 2CH 3D- (m/z=17) w i l l appear. As the abundance 
of 1 3C i s 1.08% and t h a t of deuterium 0.016% the peak a t 
m/z=17 w i l l mainly be due t o 1 3CH 4*. 

Ele c t r o n impact i o n i s a t i o n of molecules c o n t a i n i n g 
p o l y i s o t o p i c elements such as C, H, N, 0 r e s u l t s i n peaks 
a t m/z values t h a t are 1,2,3 et c . u n i t s higher than the 
peak f o r the i o n c o n t a i n i n g the most abundant isotope of 
each element [ 7 ] . 

A species of mass number M can give r i s e t o peaks a t 
m/z = M and m/z = M/2, f o r i t s s i n g l y and doubly charged 
ions r e s p e c t i v e l y [ 7 ) . 

3,, 2 Ion fragmentation mechanisms 
The p a t t e r n of fragmentation of a molecular i o n depends 

mainly on the chemical s t r u c t u r e of the compound, and a 
number of e m p i r i c a l r u l e s f o r p r e d i c t i n g i t have been 
est a b l i s h e d . B a s i c a l l y the cleavages are of three main 
types: simple sigma bond cleavage, cleavage induced by the 
presence of a r a d i c a l s i t e , and cleavage induced by charge 
displacement. The p a t t e r n w i l l also depend on the 
p a r t i c u l a r groups and bonds which can be the s i t e s of these 
events. 
( i ) Sigma bond cleavage 
(A-B-C-D) -1^1* (A-B~- C-D)-^>AB~ + -CD 

The s i t e of i o n i s a t i o n i s the molecular o r b i t a l bonding 
atoms B and C, The loss of one of the ele c t r o n s leads t o 
cleavage of the B-C bond. 
( i i ) Fragmentation induced by a r a d i c a l s i t e ('r' type) 

A r a d i c a l s i t e i s generated dur i n g i o n i s a t i o n by the 
loss of an e l e c t r o n from a double bond or a hetero-atom. 
The r e s u l t a n t unpaired e l e c t r o n i n the bond forms a new 
bond w i t h an adjacent (a) atom, and the fragmentation 
occurs between the a and b atoms. 
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X-X'-Y-Z-Z' > X- + X' = Y-Z-Z' 
( i i i ) Fragmentation by charge displacement i n d u c t i v e 
cleavage ( ' i ' type) 
X-X'-Y-Z-' — X - X ' - Y + Z-Z' 

Here the i o n i s a t i o n p o t e n t i a l of the Z'-Z* fragment i s 
lower than t h a t of the separated n e u t r a l X-X'-Y. The 
i o n i s a t i o n p o t e n t i a l (IP) of the Z'Z~ i o n fragment i s lower 
than t h a t of the n e u t r a l fragment! IP(Z'Z~) < IP(XX'Y) [ 7 ] . 

4 Thermal Analysis 
The p r i n c i p l e thermal a n a l y s i s techniques, 

thermogravimetry (TG) and d i f f e r e n t i a l scanning 
c a l o r i m e t r y / d i f f e r e n t i a l thermal a n a l y s i s (DSC/DTA), 
provide p h y s i c a l measurements but give no d i r e c t chemical 
i n f o r m a t i o n on the processes being studied [ 1 3 ] . The s o l i d 
m a t e r i a l remaining a t various stages i n the thermal 
a n a l y s i s experiment can be studied. However, although t h i s 
approach can be very u s e f u l , there are c e r t a i n 
disadvantages: f r e q u e n t l y the samples are r a t h e r too small 
f o r accurate chemical a n a l y s i s and so various i n s t r u m e n t a l 
methods are o f t e n used, such as XRD, which can have 
d i f f i c u l t i e s such as r e v e r s i b l e high temperature phase 
changes not being detected on c o o l i n g t o room temperature 
and decomposition reducing the c r y s t a l l i t e size t o a p o i n t 
where products appear amorphous t o X-rays. 

The s o l i d s produced by thermal decomposition o f t e n 
possess a large surface area and hence a high degree of 
r e a c t i v i t y , making them susceptible t o a t t a c k by oxygen, 
carbon dioxide or water i n the atmosphere. Unless r i g o r o u s 
precautions are taken t o exclude even traces of these 
gases, the products observed on subsequent a n a l y s i s may 
w e l l be d i f f e r e n t from those produced i n the o r i g i n a l 
r e a c t i o n [13,14]. 

I n a d d i t i o n t o these d i f f i c u l t i e s there are always 
problems a r i s i n g from non-simultaneous techniques, i . e . 
those associated w i t h the unambiguous a s s o c i a t i o n of two 
measurements made a t d i f f e r e n t times and under p o s s i b l y 
very d i f f e r e n t c o n d i t i o n s . There w i l l always be some 
u n c e r t a i n t y regarding any processes which may occur w h i l e 
the sample i s being cooled t o room temperature, p r i o r t o 
analy s i s [ 1 4 ] . Also, a n a l y s i s a t various stages of an 
experiment i s very time consuming. Some of these o b j e c t i o n s 
can be overcome by using a n c i l l a r y techniques 
simultaneously. However, t h i s approach i s r a t h e r 
s p e c i a l i z e d , expensive and not r e a d i l y a v a i l a b l e . Fewer 
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problems are found i n analyzing the gases which are evolved 
d u r i n g thermal a n a l y s i s . 

5 Evolved Gas Analysis and Mass Spectrometry 
I n i t i a l l y the concept of EGA was t e s t e d w i t h a number of 

known chemical r e a c t i o n s r e l e a s i n g simple gaseous molecules 
[41]. Examples are shown i n Figures 3.4 and 3.5 [ 1 2 ] . 
Picture 3.4 The release of volatiles from a germanium 

chelate 
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Ficrure 3.5 The release of volatiles from a chelating agent 
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The need t o i d e n t i f y evolved gases l e d t o the f i r s t 
attempts t o combine t h e r m o a n a l y t i c a l methods w i t h mass 
spectrometry i n the 1960's [ 1 2 ] . Langer and Gohlke [38] and 
Friedman [39] have reviewed e a r l y work ( p r i o r t o 1970) i n 
the c o upling of EGA t o MS. The former authors e s t a b l i s h e d 
the two main techniques, the f i r s t of which, mass 
spectrometric thermal a n a l y s i s , involves p l a c i n g the sample 
i n a s p e c i a l l y designed mass spectrometer source [40,41]. 
This has a number of advantages over other methods, as very 
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small amounts of gas can be detected and, because the 
experiment i s performed i n the high vacuum of the 
spectrometer, there i s no p o s s i b i l i t y of any gas phases 
re a c t i o n s before the evolved m a t e r i a l s are detected. A 
s i m i l a r technique was developed by Pr i c e et al [42] who 
used a temperature-programmed s o l i d i n s e r t i o n probe i n a 
t i m e - o f - f l i g h t mass spectrometer t o study the thermal 
decomposition of cadmium oxalate. 

However, the very low pressure p r e v a i l i n g i n the source 
of the mass spectrometer i s also responsible f o r a number 
of serious l i m i t a t i o n s as i t can g r e a t l y a f f e c t the 
processes which are pressure dependent, causing problems 
w i t h the c o n t r o l and measurement of the sample temperature*; 
Further, not only are the peak temperatures reduced 
markedly, but the r e s o l u t i o n and general shape of the curve 
i s changed. This makes c o r r e l a t i o n w i t h TA experiments 
c a r r i e d out a t atmospheric pressure very d i f f i c u l t . 
Nevertheless, i n some instances the r e s u l t s of MTA, when 
the MS i s set t o read the i o n cu r r e n t a t f i x e d m/e r a t i o , 
r a t h e r than scan a range of masses, appear s i m i l a r t o those 
of DTA, so t h a t the processes g i v i n g r i s e t o the DTA peaks 
can be i d e n t i f i e d . 

To avoid these problems an a l t e r n a t i v e approach was 
developed, i n which the sample i s heated i n an e x t e r n a l 
furnace, or DTA et c . , a t normal pressures and the evolved 
gases l e d i n t o the MS where they are analysed a t the low 
pressure p r e v a i l i n g i n the source [ 1 4 ] . Adaption of the MS 
to measure species evolved a t ambient or intermediate 
pressures can be accomplished using a simple pressure-
reducing device c o n s i s t i n g of a 12 in c h long uncoated 
c a p i l l a r y s i l i c a GC column of 70pm diameter. This device 
works p a r t i c u l a r l y w e l l f o r organic vapours [9,12,13]. E r t l 
et al [20] have q u a l i t a t i v e l y analyzed the evolved gases 
from an attached r e a c t o r using a d i f f e r e n t i a l l y pumped 
heated c a p i l l a r y i n l e t . 

Most workers have used t h i s approach r a t h e r than MTA, as 
i t i s very much easier t o c o r r e l a t e the r e s u l t s of DTA etc. 
and MS. A f u r t h e r advantage i s t h a t a standard mass 
spectrometer can be used w i t h the minimum of 
r e c o n f i g u r a t i o n [ 1 4 ] . 

5.1 Experimental C o n f i g u r a t i o n 
EGA i s u s u a l l y a coupled simultaneous method, i n t h a t 

the sample i s heated i n a separate apparatus and the 
vapour-phase products c a r r i e d i n t o the gas analyser, o f t e n 
using an i n e r t purge gas, v i a a s u i t a b l e connecting l i n e . 
I t i s important t h a t the high concentration of c a r r i e r gas 
does not swamp the smaller responses of the evolved gases 
and thus helium, w i t h i t s low mass number i s u s e f u l as a 
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c a r r i e r [ 9 ] . Argon can be used when i t i s necessary to 
detect D2 at mass 4. Nitrogen i s not useful when using MS 
detection because CO at mass 28 cannot be observed. The 
i n e r t c a r r i e r gas must be p u r i f i e d as water can react with 
CO by the water gas s h i f t reaction to form C0Z [24]. Problems of i d e n t i f y i n g the evolved gas analysis results 
unambiguously with those of the thermoanalytic technique 
remain. However, the experimental design can be such that 
the time difference between the evolution of the gases and 
t h e i r detection i s so small that i t can be neglected. I t i s 
possible to reduce t h i s time delay, f o r example, to less 
than one second, which i s e f f e c t i v e l y instantaneous on the 
time scale of thermal analysis [13]. 

I t i s necessary to ensure that gases are evolved only 
from the sample and not from other surfaces. Also, the 
heating rate must be fa s t enough that the proportion of 
desorbed species accepted by the MS i s char a c t e r i s t i c of 
the desorption mechanism, i.e. there must not be time for 
s i g n i f i c a n t adsorption and re-emission from the other 
surrounding surfaces to i n t e r f e r e with the signal. The 
heating rate must also not be so fa s t that readsorption 
occurs [2,15]. This i s p a r t i c u l a r l y important with products 
which are r e a d i l y oxidised or changed c a t a l y t i c a l l y . 
Frequently the materials used i n thermal analysis equipment 
possess excellent c a t a l y t i c properties. For example, 
platinum and i t s alloys are widely found i n both 
thermocouples and i n furnace windings. I t i s necessary, 
therefore, to design the system so that contact between the 
evolved gases and the equipment i s minimised or eliminated 
[14]. 

Using EGA equipment under conditions of controlled 
transformation rate thermal analysis (CRTA) [45] solves 
these problems as the rate of production of the gaseous 
phase i s permanently controlled, usually at a low value, so 
that the whole gas flow may be sent to the quadrupole 
analyser (with no r i s k of overpressure, no need of gas flow 
separator and no gas discrimination) and the temperature 
and pressure gradients through the s o l i d sample may be 
lowered at w i l l , which may avoid the overlap of successive 
steps of the reaction [15]. 

Once the evolved gases have been extracted safely, they 
must be transferred i n t a c t to the gas analysis equipment. 
Less v o l a t i l e materials w i l l tend to condense and steps 
must be taken to prevent t h i s , not only to avoid the gas 
line s becoming blocked. This requires some form of heating 
f o r the l i n e s carrying the gas-phase products from the 
point of t h e i r generation to the gas detector. 
During the t r a n s i t time the v o l a t i l e s must be protected 
from degradation and t h i s i s often accomplished by using an 
i n e r t covering on the i n t e r i o r of the gas l i n e . A short 
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t r a n s i t time further reduces the p o s s i b i l i t y of reaction 
with the walls of the l i n e and also minimises the r i s k of 
any gas phase chemical processes [9,13,14]. 

Mass spectral data can be obtained i n two ways: 
( i ) Linear histogram scanning (HIS) i n which only the peak 
maximum i s recorded, displayed and stored, and ( i i ) 
multiple ion monitoring (MIM) mode i n which upto 16 
specific ions can be selected, counted with a predetermined 
degree of precision, displayed as a time dependent p l o t and 
stored. 

The method of analysis i s to run i n the LGH mode to 
obtain f u l l spectral scans as a function of time (or 
temperature) owing to much greater mass fragmentation, and 
then to convert to time dependence a l l ions whose i n t e n s i t y 
changes s i g n i f i c a n t l y . Once a system's thermal behaviour i s 
known, the evolution of specific species can then be 
followed more accurately using MIM mode [9,13]. 

These evolved gas p r o f i l e s give specific information on 
the chemical reactions taking place and can be used f o r 
both q u a l i t a t i v e and quantitative analysis. They are also 
p a r t i c u l a r l y useful i n studying the ki n e t i c s of thermal 
decomposition reactions as they enable the rates of 
evolution of in d i v i d u a l components, i n what may be a 
complex mixture, to be followed. 

However, the complexity of the material being analysed, 
or of the gas phase components, often re s u l t s i n mass 
spectra which are d i f f i c u l t to i n t e r p r e t [14]. 

Wherever possible unambiguous peaks i n the mass spectrum 
are selected on the basis of p r i o r knowledge of the 
catalyst preparation. For example, peaks associated with 
nitrogen oxides (m/z = 30 and 46), carbon dioxide (m/z = 
44) and water (m/z = 18 and 17) are scanned, i f a calcined 
catalyst has been prepared by p r e c i p i t a t i o n of carbonate 
from a n i t r a t e solution. For commercial catalysts, or those 
of unknown or i g i n s , i t i s worthwhile examining the complete 
spectrum at several temperatures before selecting peaks and 
carrying out EGA on a fresh sample [19]. 
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5=2 Applications 
( i ) Decomposition of calcium oxalate monohydrate 
Ficrure 3.6 Mechanism for the decomposition of calcium 

oxalate monohydrate 

CaC204.H20 — » CaC204 + H20 
CaC204 CaC03 + CO 
CaC03 CaO + C02 

TG and DTG were recorded at a heating rate of 20°C/min 
under flowing argon. The MS was set up to scan the 0-50 amu 
range i n the HIS mode. Figure 3.7 indicates the evolution 
of water, carbon monoxide with some carbon dioxide, and 
carbon dioxide respectively. No argon c a r r i e r gas i s 
observed since a background subtraction f a c i l i t y was used 
before data storage. The presence of some carbon dioxide i n 
the second decomposition stage may be a t t r i b u t e d to two 
sources: disproportionation of the primary product, CO, 
in t o carbon dioxide and carbon, and/or p a r t i a l oxidation of 
the CO by traces of oxygen i n the purge gas. When higher 
levels of oxygen are present i n the gas stream, i t s 
absorption may be monitored by the MS during the oxidation 
process. 
Ficrure 3.7 Mass spectra obtained at the time of maximum 

rate of weight loss for the three 
decomposition stages in calcium oxalate 
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Carbon Monoxide 
(m/e 28) and Carbon 
Dioxide (m/e 44) 
detected at 480'C 

Carbon Dioxide 
(m/e 44) detected 
at 770°C 

Simultaneous techniques such as TG-MS are p a r t i c u l a r l y 
valuable i n systems where r e p r o d u c i b i l i t y i s d i f f i c u l t to 
achieve, since a l l the information i s generated from the 
same sample under the same conditions [13]. 
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( i i ) Catalysis 
Traditional forms of thermal analysis, such as 

thermogravimetry and d i f f e r e n t i a l thermal analysis, are 
p a r t i c u l a r l y e f f e c t i v e f o r detecting phase changes i n 
catalyst precursors during drying and calcination [46]. 

When combined with methods of s t r u c t u r a l analysis, these 
techniques can be used to determine the stages i n a complex 
series of transformations [47], but the information relates 
essentially to the bulk and so may only lead to some 
general predictions about the nature of the catalyst 
surface. Although there are other methods, e.g. 
microgravimetry, thermoelectrometry and microcalorimetry, 
which are sensitive enough to allow surface changes to be 
monitored, the r e s u l t s can be d i f f i c u l t to i n t e r p r e t . 
However, by detecting and i d e n t i f y i n g gaseous species 
desorbing from the surface of a s o l i d sample, i t i s 
possible to achieve surface-specific thermal analysis [19]. 
TPD has been found to be useful f o r heterogeneous catalysis 
studies i n a number of ways [24]: 
- c a t a l y t i c mechanism studies 
- surface area measurements 
- catalyst characterisation of f i n g e r p r i n t spectra 
- studying differences i n catalysts due to preparation 
procedure, composition, or dispersion of the metal 
- determining binding energies and binding states of 
adsorbed molecules 
- nature of the products of reaction between a catalysisng 
surface and one or more adsorbing molecules [2] 
- an important area of application i s the study of the 
k i n e t i c s of reactions which produce gaseous products. Of 
p a r t i c u l a r i n t e r e s t are thermal decomposition reactions 
where the evolved materials are complex and the reaction 
therefore cannot be studied successfully by conventional 
weight loss or pressure increase methods [14]. 

A big advantage of TPD techniques i s that they are very 
sensitive probes of the surfaces of supported catalysts. 
Thus, they may be one of the best and quickest methods to 
f i n g e r p r i n t a supported metal catalyst. Studies can be 
carried out at atmospheric pressure on supported catalysts, 
oxides and commercial catalysts. Catalysts which have been 
used under reaction conditions and whose properties have 
been changed can also be studied by these techniques [24]. 

One t r a d i t i o n a l method of preparing catalysts i s to 
thermally degrade a compound containing the elements of the 
catalyst, i n such a way as to create the chemical 
structure, and p a r t i c l e shape, size and dispersion 
necessary f o r optimum performance. Short and his co-workers 
[43], i n t h e i r studies of noble metal catalysts supported 
on pyrographite-coated carbon f i b r e paper, used MS to study 
the products of decomposition of platinum-ammonia 
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complexes, i n conjunction with both DTA and TG, to 
investigate the s t r u c t u r a l and chemical properties and 
t h e i r dependence on preparative technique. Ciembroniewicz 
et a l [44] used a quadrupole mass spectrometer to analyse 
the gases evolved i n the decomposition i n vacuo, i n a i r and 
i n an atmosphere of i n e r t gas, of ammonium paramolybdate, 
i n t h e i r study of the mechanisms of formation of molybdenum 
oxide catalysts [14], 

I n the studies of Baker et al [19] a sequence of related 
experiments have been carried out using a single apparatus 
i n which the products of adsorption/desorption or 
heterogeneous reaction are analysed by QMS [48] during 
programmed heating of a sample of a copper-based catalyst. 
The res u l t s provide information about the contaminants on 
the surface of calcined Cu-metal oxides, the d i f f e r e n t 
stages during the subsequent reduction, the active sites on 
the resultant supported metal catalysts and the mechanism 
of the heterogeneous c a t a l y t i c reaction. 
Example: Cu-Zn-0 
Figure 3.8 EGA of Cu-Zn-0 
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a) Sample calcined i n a muffle furnace at 625K 
b) Sample calcined under flowing oxygen at 675K 

Figure 3.8 shows the EGA traces f o r two Cu-Zn-0 
catalysts, which had been prepared by p r e c i p i t a t i n g the 
mixed metal carbonate from an aqueous solution of the 
n i t r a t e s . I n both cases, the precursor had been dried and 
calcined, but d i f f e r e n t conditions had been used during 
calcination. Sample A had been heated (625K;3h) i n a muffle 
furnace [49]; the other (B) had been heated (675K; lOh) 
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under a flowing atmosphere of oxygen. 
During EGA both samples yielded H20, C02 and NO (Figure 3.8), as wel l as trace amounts of N02. From the r e l a t i v e 

sizes of the peaks i t i s clear that the surface of sample B 
was much less contaminated with NO. I t i s also s i g n i f i c a n t 
that, f o r sample A, a peak maximum f o r NO coincides with a 
maximum f o r C02. Coincident desorption generally indicates 
common surface species [50], but t h e i r nature i s not 
immediately obvious i n t h i s case, and further investigation 
(e.g. by FTIR) w i l l be necessary. The simultaneous 
desorption of C02 and H20 (375-495K), from both samples, i s easier to explain, because the proportions ( a f t e r deducting 
the contribution from desorbing molecules of H20) suggest 
the dissociation of hydrogencarbonates 
2HC03" (surf) —P H20 (g) + 2C02 (g) + O2" (surf) (1) 

Sample B yielded H20 and C02 above i t s calcination 
temperature. The former i s a t t r i b u t e d to the desorption of 
surface hydroxyl species [51], whereas the C02 peak i s very sim i l a r , i n shape and position, to one observed 
a f t e r adsorbing CO/C02/H2 on "reduced Cu-Zn-O. This i s 
believed to be due to the dissociation of carbonate 
species, which are re a d i l y formed on the surface of ZnO 
[52]. 

An important function of EGA i s as means of determining 
when chemical s t a b i l i t y of a catalyst surface i s achieved. 
I t i s p a r t i c u l a r l y e f f e c t i v e f o r continuously monitoring 
the removal of the nitrogenous species, which can form 
i n e r t n i t r i d e s during the reduction of a Cu-based catalysts 
and prevent the adsorption of CO [19]. 

it' 

EXPERIMENTAL 

1 Materials 
For the mass spectroscopic experiments Crosfield 

Chemicals catalysts EP30X, CS2066, EP55, EP355 and EP210 
were used as supplied. Details are given i n Table 3.1. 
However, due to i n d u s t r i a l s e n s i t i v i t y not a l l the 
information on preparative conditions was available. 
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Table 3.1 Metal loading and preparative details of the 
Crosfield catalysts 

Ref Description wt% 
EP10 Amorphous s i l i c a , 300m2g-1 

EP30X EP10 + chromium ( I I I ) acetate Cr 1.00 
CS2066 EP10 + T i 0 2 + chromium ( I I I ) acetate Cr 1.00 

Ti 2.50 
EP55 EP10 + T i 0 2 cogel Ti 2.50 
EP355 EP55 + chromium ( I I I ) acetate Cr 1.05 

Ti 2.53 
EP210 EP10 + aluminium a l k y l + chromium ( I I I ) Cr 1.00 

acetylacetonate Al 1.00 
Note: + indicates addition by impregnation except f o r EP55, 
which i s obtained by coprecipitation. 

Nitrogen and argon (oxygen free, 99%) and oxygen (99%) 
were obtained from BOC and were a l l dried by passing 
through concentrated sulphuric acid, followed by columns of 
phosphorus pentoxide (May and Baker) and 4A molecular sieve 
(Lancaster). The l a t t e r was frequently regenerated by 
heating to 150°C in vacuo u n t i l no fur t h e r water was 
condensed i n t o the cold trap. The gas handling system was 
designed to allow t h i s operation to be carried out in situ. 

Figure 3.9 shows the apparatus used to carry out the 
work reported i n t h i s chapter. A l l the equipment was 
contained on a single moveable t r o l l e y and the uhv system 
was kept continually running, with a base pressure of 
3x10"9 Torr. The gas drying system and the reactor were the 
same as those described i n Chapter 2 f o r the XPS 
experiments. 

The catalyst was heated i n a flow of the appropriate gas'; 
which was then passed through the heated stainless steel 
c a p i l l a r y , along with evolved gases from the catalyst 
decomposition, and in t o the uhv system f o r analysis by the 
quadrupole mass spectrometer. The c a p i l l a r y was kept as 
short as possible i n order t o reduce the time lapse between 
evolution and detection and to prevent reaction and 
condensation p r i o r to detection. To f a c i l i t a t e t h i s the 
c a p i l l a r y was heated using an e l e c t r i c a l l y heated tape and 
the temperature kept above 100°C at a l l times. The 
c a p i l l a r y i t s e l f i s 4/1000 t h inches i n diameter and t h i s 
was further reduced by c o n s t r i c t i o n with p l i e r s to ensure 
that the gas flow did not increase the pressure i n the uhv 
system beyond 5x10" 6 Torr, which would damage the QMS. 
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Fiqure—3_J> A diagram of the apparatus used to study the 
Phillips catalysts by Evolved Gas Analysis and 

Quadrupole Mass Spectrometry 
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For each catalyst the experimental procedure was as 
follows. The reactor was assembled as described i n Chapter 
2 and dry gas allowed to f l u s h the system by opening taps 
A, B, C and D i n sequence (see Figure 3.9). A high flow 
rate was used i n i t i a l l y to ensure the a i r i s flushed from 
the system, and the o u t l e t checked to ensure free flow of 
gas. 

With the ion gauge turned o f f the valve E was slowly 
opened to allow gas to reach the mass spectrometer. When 
the ion gauge had set t l e d a reading of the operating 
pressure of the system was obtained - usually i n the region 
of 2x10" 6 Torr. 

The mass spectrometer and filament were then switched 
on; i t was important to allow s u f f i c i e n t time f o r the 
filament to outgas and ensure the removal of the gases 
before use. The mass spectrometer was controlled by an IBM 
personal computer using the program QMSDEV [35]. This 
allowed spectra to be obtained over a range of masses and 
displayed i n histogram form, and also allowed upto 50 
selected masses to be studied i n one experiment with the 
results displayed i n graphical form. 

Continual background spectra were run u n t i l peaks at m/e 
=18, 28 and 44 ([H 2CT], [N a~] and [C0 2~]) were at t h e i r 
minimum i n t e n s i t y . When argon was the ca r r i e r gas the 
oxygen peak i n t e n s i t y was also monitored (m/z = 16, [0*] 
and m/z = 32 [ 0 2 * ] ) . The c a l i b r a t i o n of the mass 
spectrometer was checked using a tune f a c i l i t y i n the 
QMSDEV program p r i o r to each experiment. The gas flow was 
then reduced to 1.51h_:L and the background spectra 
monitored u n t i l the peaks at m/z =18, 28 and 44 were 
stable and at a minimum (they do not disappear completely) 
and m/z = 32 has almost completely disappeared (with argon 
as c a r r i e r ) . The f i n a l i n t e n s i t i e s of these peaks were 
always noted p r i o r to s t a r t i n g the catalyst studies. 

Two types of experiment were carried out: ( i ) the 
decomposition studies using argon involved heating the 
catalyst at l°C/min to 780°C, remaining at t h i s temperature 
fo r 5 hours before cooling to room temperature at l°C/min; 
( i i ) the reactions occurring during a c t i v a t i o n i n oxygen, 
using the same heating parameters, followed by heating 
under an argon flow. Note that the same catalyst i s used, 
without exposure to a i r . With both types of experiment i t 
was f i r s t necessary to c o l l e c t the spectra over the mass 
range 0 - 80amu at time i n t e r v a l s of 5 minutes f o r the 
duration of the experiment. From the histogram display i t 
i s then possible to pick out the m/z values which have 
changes i n in t e n s i t y . The experiment i s repeated using 
fresh catalyst, t h i s time following the masses of i n t e r e s t 
during the whole experimental period. The computer program 
allows the individ u a l masses to be run on d i f f e r e n t 
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amplifier gains i n order to obtain the best s e n s i t i v i t y . 
Data analysis was then carried out on an Apple Macintosh 
computer. 

On completion of the experiment valve E i s closed (see 
Figure 3.9), followed by taps D and C. The gas supply was 
then disconnected. I f required the catalyst can be tipped 
i n t o a sample tube and sealed under argon by closing tap F. 
XPS can be carried out as described i n Chapter 2, which 
provides information on the active catalyst surface. 

RESULTS 
1 Data handling 

The mass spectral responses at the chosen mass numbers 
(m/z) were displayed graphically as a p l o t of i n t e n s i t y 
against time. 155 consecutive scans were taken, one every 
f i v e minutes (corresponding to a 5°C r i s e i n temperature) 
and p l o t s of the consecutive responses w i t h i n these 
scanning cycles allowed the desorption patterns f o r each 
mass number of in t e r e s t to be followed during the course of 
the experiment. 

The raw data was transferred to an Apple Macintosh 
computer f o r manipulation. For each mass of i n t e r e s t the 
background was subtracted, a correction made f o r the 
spectrometer gain, i f d i f f e r e n t from that used f o r the 
c a r r i e r gas, and f i n a l l y a r a t i o obtained of the i n t e n s i t y 
of t h i s mass /the i n t e n s i t y of the mass of the c a r r i e r gas. 
This r a t i o was then plotted against temperature to obtain a 
desorption p r o f i l e . ,; 

The background was taken as that at m/z = 21, chosen 
because no change i n i n t e n s i t y was found experimentally f o r 
t h i s p a r t i c u l a r value. The background was always obtained 
f o r each of the instrument gains used. I t should be noted 
that actual i n t e n s i t y values as quoted i n Tables 3.2 and 
3.4 to 3.12 are obtained from the o r i g i n a l mass spectral 
data, not a f t e r manipulation. These values are corrected 
f o r differences i n the gains used. The values quoted are 
the i n t e n s i t i e s of the peak maxima, i n a r b i t r a r y u n i t s . 
These values can be used semi-quantitatively, since the 
quadrupole mass spectrometer has an inverse relationship 
between s e n s i t i v i t y and mass resolution [ 2 ] , By choosing 
good mass resolution the s e n s i t i v i t y for each charge-to-
mass r a t i o i s lower. 

An i n i t i a l experiment was carried out using the 
apparatus without any catalyst, the quartz reactor tube 
containing j u s t a glass wool plug, i n order to establish 
that there i s no desorption of gases from the apparatus on 
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heating and that subsequent re s u l t s are due to "re a l " 
effects. The resul t s of heating under argon are shown i n 
Figure 3.10. These show that above 100°C there i s no 
change i n i n t e n s i t y f o r any m/z values. Below 100°C there 
are increases i n i n t e n s i t y f o r m/z = 28 ([CO*] or [N 2*]) and m/z = 32 ( [ O A ~ ] ) . There may be some desorption from the 
reactor and a r i s e and s w i f t f a l l i n the m/e = 32 trace i s 
seen i n other experiments. I t can therefore be safely 
assumed that a l l changes i n i n t e n s i t y observed above 100°C 
are due to decomposition and desorption from the catalysts. 

2 Studies of the heating of s i l i c a (BP1Q) under argon 
Figure 3.11 shows the changes i n i n t e n s i t y of the m/z = 

18 ( [ H 2 0 * ] ) trace. This i l l u s t r a t e s the t y p i c a l pattern of 
dehydration and dehydroxylation of the s i l i c a surface as 
the temperature i s raised: 

H / H 

0. 
• \ / N 

H 
I 
0 

H 

ySi Si 

H H 
t 1 0 0 

i i Si 
/ | \ / | \ 

H2O t 

< 400°C reversible 
> 800°C i r r e v e r s i b l e 

H Of 

The m/z = 18 trace shows maxima at ca. 150 and ca. 
475°C, the l a t t e r being a broad peak. The former peak 
corresponds mainly to the loss of physisorbed water, the 
l a t t e r to dehydroxylation, where neighbouring s i l a n o l 
groups are condensing to form additional oxo-bridges, which 
occurs over a much wider temperature range than the removal 
of adsorbed water. 

149 



I n t e n s i t y Ratio 

!_ 

3 
N 

II 

Ul 

s-» 
Co t -
O 

trim-
(D Bi a <3 o 
Pi- H> 

a o-
r * \ (6 
tr to a 
(8 Co 

II (B «• 

C t * ft 

6J 
03 £3 
* to 

H (b Qi 
o 
O 

C £3 _ Qi *a 

I-) 0) 
rf-

tSs> C 
h 
(t> 

0) 

O 
£3 

<B O 

I n t e n s i t y Ratio 

to h» U1 

CD 

a* o 
a 
(6 

\ Co 

rf a M *< 

re i-> ID 

0) (0 s ^ *>a 8 T 3 
Q h W 

r f 
(0 

to 3 
I - (0 

5 ^ <=f=w 

a* cs re 0) 
re o 

150 



3 Studies of the heating of alumina (Degusga C) under argon 
I n general the alumina surface i s dehydroxylated between 

250 and 530°C [28] as indicated i n Figure 3.12 which shows 
the changes i n i n t e n s i t y of the water trace with increasing 
temperature. The loss of physisorbed water reaches a 
maximum at 150°C, with dehydroxylation occuring steadily 
upto 500°C. 

Studies of the heating of t i t a n i a (Degussa 
argon F25) under 

Surface dehydroxylation of t i t a n i a i s known to begin at 
150°C and studies show that the greatest proportion of OH 
groups are removed from the surface at 300°C, with only a 
few isolated hydroxyls remaining at higher temperatures 
[28]: 

OH OH OH OH 

•Ti-
H 
•0-

H 
0- -Ti- •0- -Ti-

This i s reflected i n Figure 3.13, which shows the change i n 
i n t e n s i t y of the water trace with increasing temperature. 
Maxima fo r water loss occur at ca. 200°C, 300°C and 550°C, 
and even at 750°C loss of water continues, a l b e i t at a 
lower rate. 
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5 Studies of catalyst EP30X heated under argon 
Si0 2/Cr ( I I I ) acetate Cr 1.00% 

The data f o r t h i s experiment i s contained i n Table 3.2. 
The mass spectra are shown i n Figures 3.15 to 3.28. 
Table 3.2 The temperatures at which ion m/z values reach a 

maximum intensity for catalyst EP30X heated 
under argon 

M/z (i n t e n s i t y ) Temperature/°C ,; 

18(139) 189 
41(14) 335 
29(13) 345 
41(14) 42(7) 350 
26(9) 360 
42(8) 370 
27(12) 29(13) 375 
43(19) 380 
13(27) 28(61) 29(13) 390 
13(28) 14(37) 15(109) 16(93) 26(10) 400 
28(60) 41(11) 
12(37) 27(12) 44(76) 406 
13(11) 466 
18(85) 582 

Chromium ( I I I ) acetate i s found as the neutral complex 
with three acetate groups bound to one central chromium 
atom, and also as a basic oxo-centred t r i n u c l e a r complex. 
The structure of one such t r i n u c l e a r complex i s shown i n 
Figure 4.12. I t has been shown by IR that when basic 
chromium ( I I I ) acetate binds to s i l i c a i t has the t r i m e r i c 
structure [30,32]. 
Ficrure 3.14 Structure of [Cr30(02CH 3) e(H 20) J* 

CH CH / H.O 
O CH CH n / Cr 

Cr 
H.O 

\ 
CH, CH 
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Grotowska et al [29] have studied the thermal 
decomposition of chromium ( I I I ) acetate salts under argon 
and a i r using simultaneous TG/DTG/DTA and a mechanism was 
proposed f o r the decomposition. 
For Cr(CH3COO)3.2H20 under argon three steps were assigned: 
1 353-480K Cr(CH3C00)3.2H20 — » Cr(CH3COO)3 + 2H20 2 598-781K Cr(CH3COO)3 —==5> Cr 20 3.xC0 2 + C + CO + H20 3 781-883K Cr 20 3.xC0 2 —=̂ > Cr 20 3 + C02 

Evidence to substantiate the claim f o r Cr 20 3.xC0 2 i s 
presented by Meloche and Kalbus [53], although the known 
coordination of C02 requires the metal to be an electron 
r i c h centre. A l t e r n a t i v e l y carbonate groups may be formed 
on the decomposition, as found f o r other carboxylates [12, 
37] . 

For [Cr 30(CH 3C00) 6(H 20) 3]C1.2H 20 two stages were as 
follows: 
1 318-568K 
[Cr 30(CH 3C00) 6(H 20) 3]C1.2H 20 b Cr(CH3COO)3 + Cr 20 3 + 

H20 + HC1 2 568-791K 
Cr(CH 3C00) 3 » Cr 20 3 + H20 + CO + H2 

The fragments obtained i n the mass spectrum were 
assigned having due consideration of the chromium ( I I I ) 
acetate structure and are shown i n Table 3.3. 
fable 3.3 Assignments of fragments found in the mass 

spectra of EP30X during heating under argon 

m/z Proposed Assignment 
44 [C0 2~]; [C 2H 40~] ([H 3C-C-0*]) H 
43 [C 2H 30~] ([H3C-OO-]) 42 [C 2H 20~] ([H2C=C=0*]) 41 [C2HO~] ([HC=C=0*]) 29 [CHO~] ([HC=0*]) or [C 2H S~] 28 [CO*]; [C 2H 4*] 27 [C 2H 3*] 26 [C 2H 2*] 18 [H 20*] 16 [ 0 * ] , [CH4*] 15 [CH3*] 14 [CH2*] 13 [CH*] 
12 [C~] 

The data of Table 3.2 show that the f i r s t step on 
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heating i s l o s s of water ( i n t e n s e peak centred a t 189°C), 
which i s physisorbed on the c a t a l y s t s u r f a c e . 

Decomposition of the a c e t a t e l i g a n d s begins a t around 
330°C, though the major decomposition occurs between 390 
and 410°C, where the most inte n s e fragment peaks are found. 
Above 410°C conversion to the oxide appears to be complete, 
the colour change from grey to green suggesting C r 2 0 3 i s 
the f i n a l product, the most s t a b l e of the chromium oxides 
[3 1 ] . 

There are low i n t e n s i t y peaks of m/z = 41, 29 and 42 
between 330 and 390°C, which correspond to the l o s s of a 
[CH 3C=0-] grouping and i t s subsquent fragmentation, l e a v i n g 
p o s s i b l y Cr 0 3 and a l s o C r ( 0 2 C C H 3 ) 3 . At 390°C there i s a 
r e l a t i v e l y i n t e n s e peak having m/z = 28 which i s assigned 
to [CO-] or [C 2H 4*] a r i s i n g from a c e t a t e decomposition. A 
very in t e n s e peak, m/z = 15, i s observed a t 400°C, together 
with other low m/z value peaks a r i s i n g from [CH n*] (n = 0-
3) fragments. The i n t e n s e peak, m/z = 44, a t 406°C could be 
assigned to [ C 0 2 * ] or [H 3CCH=0~], but i t would seem more 
l i k e l y to be [C0 2-] s i n c e the [H3CCH=0-] group would 
fragment f u r t h e r and such fragments a t lower m/z value are 
not observed. Grotowska et al [29] put forward C r 2 0 3 . x C 0 2 

as an intermediate i n the decomposition of C r ( 0 2 C H 3 ) 3 , but 
not i n t h a t of [ C r 3 0 ( C H 3 C 0 0 ) 6 ] s p e c i e s . I t i s p o s s i b l e t h a t 
t h i s kind of complex could be formed having cleaved the C r 3 

s t r u c t u r e and formed some C r 2 0 3 . Subsequent decomposition 
would, of course, r e l e a s e C0 2. However, such a complex i s 
u n l i k e l y due to the low thermal s t a b i l i t y of carbon dioxide 
complexes ( e s p e c i a l l y t r u e a t these temperatures) and the 
f a c t t h a t they do not form with metals i n t h i s o x i d a t i o n 
s t a t e . Thus i t i s more l i k e l y to be a carbonate t h a t i s 
obtained, which w i l l a l s o r e l e a s e carbon dioxide on 
decomposition. Thus by t h i s temperature i t appears t h a t the 
a c e t a t e p recursor has decomposed completely to y i e l d the 
oxide. 

F i n a l l y , a second peak maximum f o r water i s observed, a 
q u i t e broad peak centred a t 582°C, which corresponds to the 
dehydroxylation of the s i l i c a s u r f a c e ( c f . s i l i c a a lonej 
maximum i n t e n s i t y found a t ca. 450°C). 

A simple decomposition route i s o u t l i n e d below: 

(1) S i 0 2 / C r 3 0 ( C H 3 C 0 0 ) 6 x H 2 0 — ¥ S i 0 2 / C r 3 0 ( C H 3 C O O ) 6 + xH 2Ot 

(2) S i 0 2 / C r 3 0 ( C H 3 C 0 0 ) 6 — * S i 0 2 / C r ( C H 3 C 0 0 ) 3 + S i 0 2 / C r 2 ( C 0 3 ) 3 

+ [CH 3C=Cr ]t 
(3) S i 0 2 / C r (CH 3COO) 3 — * S i 0 2 / C r 2 0 3 

S i 0 2 / C r 2 ( C 0 3 ) 3 S i 0 2 / C r 2 0 3 + COj 
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Figure 3,̂,5 A plot of Intensity against temperature for 
Ions having m/z = 12 from heating catalyst 

EP30X under argon 
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Figure 3.16 A plot of Intensity against temperature for 
Ions having m/z = 13 from heating catalyst 
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Figure 3,17 A plot o f i n t e n s i t y against t e m p e r a t u r e for 
ions having m/z = 14 £rom heating catalyst 
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F i g u r e 3.1? A plot of Intensity against temperature for 
ions having m/z = 16 from heating catalyst 

EP30X under argon 
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F i g u r e 3.20 A plot of intensity against temperature for 
ions having m/z = 18 from heating catalyst 

EP30X under argon 
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F i g u r e 3.21 A plot of intensity against temperature for 
ions having m/z = 26 from heating catalyst 

BP30X under argon 

1. ill 

o 
I 

9 

J 

I 

I 

0 400 600 800 200 

Figure 3.-22 A plot of intensity against temperature for 
ions having m/z = 27 from heating catalyst 

BP30X under argon 
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RAlure 3,%3 A plot of intensity against temperature for 
Ions having m/z = 28 from heating catalyst 

EP30X under argon 
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Figure 3.24 A plot of intensity against temperature for 
ions having m/z = 29 from heating catalyst 

EP30X under argon 
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Picture 3.25 A plot of intensity against temperature for 
ions having m/z = 41 from heating catalyst 

EP30X under argon 
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Ficure 3.26 A plot of Intensity against temperature for 
ions having m/z = 42 from heating catalyst 

EP30X under argon 
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F i g u r e 3.27 A plot of Intensity against temperature for 
ions having m/z = 43 from heating catalyst 

BP30X under argon 

10 

fi S9 

I 41 . 1 " 
. n i l * ft /tiAn'-if 

*1 * 1 

0 
800 600 400 200 0 

F i g u r e 3•28 A plot of intensity against temperature for 
44 from heating catalyst ions havxng m/z 
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6 Studies of c a t a l y s t CS2066 heated under argon 

S i 0 2 / T i 0 2 / C r ( I I I ) a c e t a t e T i 2.50% Cr 1.00% 

The data f o r t h i s experiment i s contained i n Table 3.4. 

Table 3.4 The temperatures at which ion m/z values reach 
a maximum intensity for catalyst CS2066 

heated under argon 

M/z ( i n t e n s i t y ) Temperature/°C 

26(7) 29(12) 110 
27(9) 42(5) 43(12) 115 
18(88) 125 
42(31) 216 
29(22) 220 
15(44) 29(21) 286 
13(21) 14(23) 43(109) 57(73) 291 
26(20) 296 
12(24) 301 
27(34) 306 
27(32) 41(51) 316 
18(70) 371 
44(60) 376 
12(29) 386 
27(40) 401 
28(84) 406 
14(16) 412 
13(19) 427 
15(34) 16(45) 432 
42(17) 452 
26(19) 472 
26(17) 512 
18(75) 623 

I t i s immediately apparent t h a t the decomposition i s 
more complicated than f o r EP30X, and i s spread over a wider 
temperature range. The peak assignments are made as f o r 
EP30X above. 

There i s a s m a l l amount of decomposition between 110-
115°C g i v i n g peaks of low i n t e n s i t y . The values of m/z 
26,29,27,42 and 43 suggests a hydrocarbon/C=0 fragment such 
as a ketone or aldehyde [ 7 ] , and l o s s a t such a low 
temperature suggest t h a t the peaks a r i s e from a s o l v e n t 
used i n c a t a l y s t preparation, r a t h e r than any premature 
a c e t a t e group decomposition. H i l l and Ohlmann [22] reported 
adsorption of organics on C r 0 3 / S i 0 2 c a t a l y s t s during 
storage, which i s a l s o a p o s s i b l e source of these 
fragments. 

The l o s s of water occurs i n three stages, a t 125, 371 
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and 623°C. At 125°C the l o s s i s physisorbed water from the 
c a t a l y s t s u r f a c e , whereas a t 623°C i t i s due to 
dehydroxylation of the support, the maximum i n t e n s i t y of 
the dehydroxylation occuring some 40°C higher than f o r 
EP30X. At 371°C the broad peak i s a t t r i b u t e d to l o s s of 
water from the a c e t a t e fragments as w e l l as to 
dehydroxylation of t i t a n i a . 

The main decomposition of a c e t a t e occurs i n the region 
286-316°C, with a second region spread over a wider 
temperature range, 376-512°C. T h i s may be compared with 
the compact region f o r EP30X, a t 390-410°C. The a d d i t i o n of 
t i t a n i a t h e r e f o r e promotes a c e t a t e decomposition and a l s o 
provides a d i f f e r e n t route to the oxide. The colour change 
from dark green to black i s suggestive of the formation of 
C r 0 2 , an oxide which i s normally an intermediate i n the 
decomposition of C r 0 3 to C r 2 0 3 . I t i s u n l i k e l y t h a t C r 0 3 i s 
formed f i r s t here s i n c e t h i s would r e q u i r e an o x i d i z i n g 
environment which does not occur under such co n d i t i o n s , and 
f o r s i m i l a r reasons Cr (IV) a l s o seems u n l i k e l y . The e f f e c t 
of the t i t a n i a promoter could be s t r u c t u r a l , but an 
e l e c t r o n i c e f f e c t seems more l i k e l y , e s p e c i a l l y i n the 
l i g h t of XPS experiments which show i n c r e a s e s i n the 
binding energies of both promoter metal and chromium on 
a c t i v a t i o n . 

I n the 286-316°C region the very int e n s e peak, m/z = 43, 
can be a t t r i b u t e d to [H 3C-C=0~] derived from the a c e t a t e 
l i g a n d . S i m i l a r l y , [HC=C=0*] can be assigned to m/z - 41 
and [HC=0~] to m/z .= 29, but the remaining peaks (m/z = 
27,26,15,14,13,12) i n d i c a t e mainly hydrocarbon fragments. 
The peak having m/z = 57 i s very i n t e n s e , but t h i s again i s 
t y p i c a l of a hydrocarbon fragment [C 4H g*] [ 3 3 ] , though i t s 
o r i g i n i s unclear. I f t h i s temperature region i n v o l v e s 
mainly l o s s of hydrocarbon fragments then what remains i s a 

Cr-0 grouping from which C0 2 (m/z = 44) can be l o s t . 
> 

cr-cr 
A l t e r n a t i v e l y the m/z = 44 peak could a l s o r e p r e s e n t 

the l o s s of the a c e t a t e - d e r i v e d s p e c i e s [H 3CCH=0*], which 
may then give r i s e to fragments of m/z =28, 27, 26, 16, 
15, 14, 13 and 12. The mechanism of decomposition may then 
be s i m i l a r to t h a t of EP30X, with the l o s s of hydrocarbon 
fragments l e a d i n g to a chromium oxide, which i s s t a b i l i z e d 
by the t i t a n i a promoter, and some ac e t a t e groups remaining 
i n the complex C r ( 0 2 C C H 3 ) 3 . These a c e t a t e groups then 
decompose a t a higher temperature to give the chromium 
oxide alone. 
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7 Studies of c a t a l y s t EP55 heated under argon 

S i 0 2 / T i 0 2 cogel T i 2.50% 

The data f o r t h i s experiment i s contained i n Table 3.5 

Table 3.5 The temperatures at which ion m/z values reach a 
maximum intensity for catalyst EP55 heated 

under argon 

M/z ( i n t e n s i t y ) Temperature/°C 

44(27) 126 
14(26) 18(234) 131 
16(45) 28(198) 136 
14(24) 144 
44(22) 151 
28(137) 327 
18(84) 558 

The most inte n s e peak detected i s t h a t of water. With 
the cogel p r e p a r a t i o n l e a d i n g to much of the t i t a n i a being 
d i s p e r s e d i n the bulk of the s i l i c a and only a small 
d i s p e r s i o n a t the su r f a c e , i t i s expected t h a t l o s s of 
water i s mainly from the bulk s i l i c a support. Observed 
changes are c o n s i s t e n t with these expectations. There are 
two d i s t i n c t peaks i n the p l o t with maxima a t 131°C 
(physisorbed water) and 558°C (dehydroxylation). I t i s 
noted t h a t dehydroxylation i s suppressed compared with 
s i l i c a alone, and the peak maximum i s s h i f t e d to higher 
temperature. 

The p l o t f o r carbon monoxide (m/z = 28) c o n s i s t s of a 
sharp peak with a maximum a t 136°C and a broader peak 
centred a t 327°C. Th i s fragment was assigned to [CO""] 
r a t h e r than [C 2H 4~] s i n c e the l a t t e r normally a l s o has 
fragments with m/z = 27 and 26, which were not observed. 
M/z = 44 was assigned to [ C 0 2 ~ ] , m/z = 16 to [0*] (fragment 
of CO and H 20) and m/z =14 to [ C H 2 * ] . These fragments may 
a r i s e from s u r f a c e contaminants (eg. r e s i d u a l s o l v e n t s from 
i n d u s t r i a l p r e p a r a t i o n ) . 

There i s no colour change a f t e r heating. 

8 Studies of c a t a l y s t EP355 heated under argon 

S i 0 2 / T i 0 2 cogel/ chromium ( I I I ) a c e t a t e T i 2.53% Cr 1.05% 

The data f o r t h i s experiment i s contained i n Table 3.6. 

if 
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Table 3.6 The temperatures at which ion m/z values reach 
a maximum intensity for catalyst EP355 heated 

under argon 

M/z ( i n t e n s i t y ! Temperature/°C 

15( 27) 18(132) 26(16) 27(28) 138 
2 8 ( 84) 29(43) 43(85) 57(8) 
14 ( 29) 

29(43) 43(85) 57(8) 
143 

13| 20) 42(26) 148 
14 ( 39) 28(92) 203 
12{ 29) 208 
42 { 32) 218 
12< 28) 13(28) 14(39) 28(95) 44(29) 223 
15| [42) 228 
29 [20) 238 
43| r87) 248 
13| 25) 27(21) 259 
12 [28) 57(60) 269 
41 [66) 274 
12 [29) 15(43) 27(23) 42(25) 43(83) 279 
14 [29) 284 
26 [19) 27(23) 43(82) 294 
57 [59) 299 
29 [14) 349 
27 [33) 364 
26 [10) 374 
27 [34) 42(16) 379 
12 [49) 28(92) 399 
44 98) 404 
13 (33) 41(30) 410 
12 (46) 14(26) 15(73) 16(91) 420 
26 (9) 535 
18 [94) 601 

The decomposition of the a c e t a t e p recursor to the oxide 
i s more complex than that seen f o r EP30X or CS2066, though 
s i m i l a r i t i e s w i th CS2066 are d i s c e r n i b l e , notably the wide 
temperature range of decomposition and the three separate 
regions between 130 and 150°C, 200 and 300°C and 350 and 
420°C. Peak assignments are as f o r EP30X. 

Loss of physisorbed water occurs a t a maximum a t 138°C 
and water l o s s due to dehydroxylation of the s i l i c a s u r f a c e 
i s g r e a t e s t a t 601°C. The peak p r o f i l e i s very s i m i l a r to 
t h a t of s i l i c a alone and to t h a t found f o r CS2066. I t i s 
notable a l s o t h a t no "intermediate" peak was observed, as 
i s found f o r CS2066, where t h i s peak (371°C) was, i n p a r t , 
a t t r i b u t e d to dehydroxylation of t i t a n i a . EP355 i s prepared 
by impregnating the cogel EP55 with the chromium ( I I I ) s a l t 
and XPS has r e v e a l e d that c o p r e c i p i t a t i o n l e a d s to a much 
lower s u r f a c e d i s p e r s i o n of t i t a n i a : the value f o r the 
t i t a n i a d i s p e r s i o n was found to be 0.12 compared to 0.25 
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f o r CS2066. Thus i t i s u n l i k e l y t h a t the dehydration of 
sur f a c e t i t a n i a w i l l be s i g n i f i c a n t compared to t h a t of 
s i l i c a . 

There are intense peaks of m/z = 43 and 28 a l s o having 
maximum i n t e n s i t y a t 138°C. Because of t h e i r i n t e n s i t y they 
are thought to be due to decomposition of ac e t a t e 
groupings, m/z = 43 corresponding to the fragment [H 3C-
C=0~] and m/z = 28 to [CO-] or [ C 2 H 4 - ] . The l e s s i n t e n s e 
peaks of m/z = 42, 29, 27, 26, 15, 14 and 13 can a l s o be 
l i n k e d to decomposition and fragmentation of the ac e t a t e 
l i g a n d , r e p r e s e n t i n g both oxygenated (m/z = 4 2 , 29) and 
hydrocarbon fragments. There i s a l s o a peak of small 
i n t e n s i t y (m/z = 57) which has been l i n k e d to a hydrocarbon 
fragment from s o l v e n t contamination and i f t h i s i s c o r r e c t , 
lower mass hydrocarbon peaks w i l l a l s o be detected from the 
solv e n t fragmentation. T h i s temperature region (138-148°C) 
corresponds to the break up of the t r i m e r i c a c e t a t e 
s t r u c t u r e (as put forward i n the mechanism of decomposition 
f o r EP30X) which l e a d s to formation of oxide. As with 
CS2066, the colour changes from grey to black a f t e r 
heating. Again, the a d d i t i o n of a t i t a n i a promoter seems to 
s t a b i l i z e t h i s product. A lower d i s p e r s i o n leads to ac e t a t e 
decomposition a t a lower temperature. The i n i t i a l r e g i o n of 
decomposition f a l l s w i t h i n the temperature range observed 
by Grotowska e t al [29] f o r the same process using an 
unsupported chromium ( I I I ) a c e t a t e s a l t . 

The same authors r e p o r t a second temperature region,, 
running from 295 to 518°C, where the remaining a c e t a t e 
groups are decomposed to leav e the oxide. For EP355 f u r t h e r 
a c e t a t e decomposition begins below 200°C. There i s an 
intens e peak with m/z = 28 a t 203°C and a t 223°C which are 
assigned to [CO-] or [ C 2 H 4 - ] . The low m/z peaks (15-12) are 
a t t r i b u t e d to [CH n-] (n = 0-3) fragments. The l a c k of 
fragments with m/z = 27 and 26 suggests t h a t m/z = 28 i s 
due to CO. A fragment having m/z = 42 ([H 2C=C=0-]) i s found 
a t 218°C, together with f u r t h e r [CH^-] fragments. Acetate 
groups appear then to be l o s t i n three stages with peaks 
having m/z = 43 ([H 3C-C=0-]) a t 248, 279 and 294°C and 
f u r t h e r fragmentation accounts f o r the presence of peaks 
having m/z = 42, 41, 29, 28 and 15-12. However, two 
r e l a t i v e l y i n t e n s e peak maxima are seen f o r m/z = 57. T h i s 
has p r e v i o u s l y been assigned to a hydrocarbon fragment 
[7,33] though i t s o r i g i n i s unclear. However, f u r t h e r 
fragmentation w i l l l e a d to peaks with m/z =28, 27, 26 and 
16-12. 

The f i n a l region of decomposition i s s i m i l a r to t h a t of 
EP30X and CS2066 i n terms of the ions detected and the 
temperatures a t which they reach t h e i r maximum formation. 
By comparing the two c a t a l y s t s m/z = 44 i s assigned to 
[ C 0 2 - ] , p o s s i b l y by l o s s from the Cr-CL u n i t Cr 

/ Cr-0 
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which remains a f t e r the l o s s of hydrocarbon fragments from 
a c e t a t e l i g a n d s (m/z = 27, 26) a t s l i g h t l y lower 
temperatures, or by l o s s from Cr-O-^R = ^ Cr-R. 

0 

The presence of some r e s i d u a l a c e t a t e l i g a n d s i s supported 
by the r a t h e r i n t e n s e peaks a t 410°C f o r m/z = 41, 
which corresponds to an [HC=C=0-] fragment. 

9 Studies of c a t a l y s t EP210 heated under argon 

Si0 2/aluminium alkyl/chromium ( I I I ) a c e t y l a c e t o n a t e 
A l 1.00% Cr 1.00% 

The data f o r t h i s experiment i s contained i n Table 3.7. 

Table 3.7 The temperatures at which ion m/z values reach a 
maximum intensity for the catalyst EP210 heated 

under argon 

M/z ( i n t e n s i t y ) 

30(16) 
32(68) 
56(4) 
18(181) 
15(48) 
56(5) 
43(83) 
14(62) 
42(65) 
56(6) 
76(4) 
50(7) 
55(37) 
44(114) 
15(110) 16(142) 
12(52) 14(96) 
28(88) 
18(106) 

22(13) 

Temperature/°C 

128 
133 
188 
223 
313 
329 
334 
344 
364 
374 
379 
389 
405 
425 
425 
430 
445 
661 

simpler than 
f a c t t h a t 

f o r 
two 

The p a t t e r n of decomposition i s much 
the other c a t a l y s t s , d e s p i t e the 
decompositions are involved, t h a t of the aluminium a l k y l 
and t h a t of the chromium s a l t . Note t h a t i t i s chromium 
( I I I ) a c e t y l a c e t o n a t e which i s the precursor s a l t i n t h i s 
case. 

Aluminium a l k y l s are very s e n s i t i v e to moisture and 
t h e r e f o r e the p r e p a r a t i v e steps are presumed, i n the 
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absence of information from C r o s f i e l d s , to have been 
c a r r i e d out i n a dry organic s o l v e n t . The peak maximum 
i n t e n s i t i e s a t 128°C (m/z = 30) and 133°C (m/z = 32) appear 
to be l i n k e d to fragmentation of r e s i d u a l s o l v e n t molecules 
s i n c e m/z = 30 corresponds to [CH 20*], from an a l c o h o l , 
aldehyde or ketone [7,33]. 

The maximum i n t e n s i t i e s f o r the water peak a t 223 and 
661°C correspond to l o s s of physisorbed water from the 
c a t a l y s t s u r f a c e and dehydroxylation r e s p e c t i v e l y . The 
l a t t e r i s suppressed somewhat compared to s i l i c a alone and 
the maximum i n t e n s i t i e s f o r EP210 occur a t higher 
temperatures than f o r the other c a t a l y s t s s t u d i e d . 

The ions a t m/z = 76, 56, 55 and 50 having low i n t e n s i t y 
peaks are assigned to hydrocarbon fragments of the 
aluminium a l k y l . The m/z = 76 peak i s thought to a r i s e from 
a phenyl group but the other m/z v a l u e s are l i n k e d with 
a l i p h a t i c fragments [ 3 3 ] . I t i s not thought t h a t they a r i s e 
from the a c e t y l a c e t o n a t e l i g a n d because decomposition i s 
l i k e l y to proceed v i a cleavage of the weaker s i n g l e bonds, 
i n t h i s case C-0 and C-C, r a t h e r than the m u l t i p l e bonds of 
the a c e t y l a c e t o n a t e group. The peaks having m/z = 4 3 , 42, 
15 and 14 are a s s o c i a t e d with the fragments [H 3C-C=0-], 
[H 2C=C=0~], [CH 3-] and [CH 2~] r e s p e c t i v e l y . There i s a 
grouping of peaks between 420 and 445°C which r e s u l t 
d i r e c t l y from a c e t y l a c e t o n a t e decomposition, f o r example, 
ra/z = 44 [ C 0 2 - ] , m/z = 12-15 [CH n~] (n = 0-3), m/z = 16 
([CH 4-] or [ 0 - ] ) and m/z = 28 ( [ C O * ] ) . The colour change on 
heating from green to black i n d i c a t e s t h a t the same form of 
chromium oxide i s obtained as with c a t a l y s t s EP30X and 
CS2066. Thus the promoters aluminium and t i t a n i u m s t a b i l i z e 
t h i s oxide as opposed to EP30X, where C r 2 0 3 i s the f i n a l 
product. I t thus appears t h a t a d d i t i o n of t i t a n i u m and 
aluminium promoters have an e l e c t r o n i c e f f e c t which 
modifies the chromium valence s t a t e i n the f i n a l 
decomposition product. 

10 Studies of c a t a l y s t EP30X heated under oxygen 

S i 0 2 / C r ( I I I ) a c e t a t e Cr 1.00% 

The data f o r t h i s experiment i s contained i n Table 3.8. 
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Table 3.8 The temperatures at which ion m/z values reach a 
maximum intensity for the catalyst EP30X heated 

under oxygen 

M/z ( i n t e n s i t y ) Temperature/°C 

29(33) 30(19) 
28(543) 45(12) 46(9) 
12(51) 22(21) 44(592) 
17(81) 18(358) 

18(381) 17(87) 
27(16) 

178 
269 
289 
294 
299 
334 

The o x i d a t i o n of the a c e t a t e l i g a n d s l e a d s to a much 
simpler p a t t e r n than the decomposition under argon, and the 
main o x i d a t i o n r e a c t i o n s occur a t lower temperatures, 
indeed below 300°C. The colour change i s from grey to 
b r i g h t orange, due to formation of chromium ( V I ) , probably 
as a di/chromate s t r u c t u r e (by comparison with the XPS 
r e s u l t s ) . The t r a c e obtained f o r water production i s q u i t e 
d i f f e r e n t from those seen p r e v i o u s l y (Figure 3.29). Two 
sharp peaks are obtained with maximum i n t e n s i t y a t 178 and 
334°C. The i n t e n s i t y of the l a t t e r peak then f a l l s 
g r a d u a l l y over a f u r t h e r 200°C temperature span. T h i s 
second peak a r i s e s due to ox i d a t i o n of the a c e t a t e l i g a n d 
producing water, together with dehydroxylation of the 
s i l i c a s u r f a c e . These f i n d i n g s compare with the r e s u l t s of 
Kim and Woo [21] who found water peaks a t 187, 377 and 
447°C i n a temperature -programmed ox i d a t i o n study of 
chromium I I I a c e t a t e / s i l i c a c a t a l y s t s . 

The most in t e n s e peaks correspond to m/z = 28 ([CO*]) 
and m/z = 44 ( [ C 0 2 ~ ] ) a t 294 and 299°C respectively'^ 
products of the ox i d a t i o n of the ace t a t e l i g a n d s . Kim and 
Woo [21] used the production of C0 2 as confirmation t h a t 
the water peak a t 377°C was indeed due to o x i d a t i o n of the 
a c e t a t e group and the f a c t t h a t C0 2 was observed f i r s t was 
explained by the i n t e r a c t i o n of the water produced with the 
c a t a l y s t . Ions a t m/z =12, 27 and 29 can be assigned to 
[ C - ] , [H2C=CH-] and [HC=0-], as noted above, and m/z = 30 
to [CH 20-], fragments of the a c e t a t e l i g a n d . The o r i g i n of 
the ions having m/z = 45, 46 and 22 are not c l e a r , though 
the ions a t m/z = 45 and 46 have been assigned p r e v i o u s l y 
to an ether or a l c o h o l [ 3 3 ] . An ether would appear to be 
the more l i k e l y , s i n c e fragments with m/z = 19 and 33 are 
a l s o l i n k e d to a l c o h o l s [ 7 ] . 

Kim and Woo [21] a l s o r e p o r t the consumption of oxygen 
at 187°C without production of C0 2. The mechanism of t h i s 
oxygen uptake i s not f u l l y understood, but i t may be due to 
the p a r t i a l o x i d a t i o n of chromium ( I I I ) a c e t a t e . Cornet and 
Burwell have reported t h a t a s p e c i e s of Cr (VI) i s obtained 
by heating chromium ( I I I ) a c e t a t e i n a i r a t 140°C [ 5 6 ] . 
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Therefore the authors suggest t h a t one species of Cr (VI) 
was formed around 187°C and the other a t 277-447°C. The 
colour changed from l i g h t green t o yellow or orange a f t e r 
o x i d a t i o n w i t h a i r above 277°C. The amount of Cr (VI) 
reached a maximum a t 550°C and decreased above t h i s 
temperature. The decrease was mainly a t t r i b u t e d t o the 
thermal decomposition of chromium (VI) oxide and p a r t l y t o 
the decrease i n the support surface area. 

Evidence from t h i s study suggests the complete o x i d a t i o n 
of chromium ( I I I ) acetate i s o c c u r r i n g i n a s i n g l e stage 
over the temperature range 269-299°C. 

A f t e r completion of t h i s experiment the same c a t a l y s t 
sample was heated under argon using the same experimental 
c o n d i t i o n s . There are no changes i n the i n t e n s i t y of any of 
the m/z values, which i n d i c a t e s t h a t there are no leaks i n 
the system and no adsorption has occurred. There i s a 
colour change, however, the b r i g h t orange colour of C r V I 

oxide becoming green, implying the formation of C r 2 0 3 . 

11 Studies of c a t a l y s t CS2066 heated under oxygen 
Si0 2/Ti0 2/chromium ( I I I ) acetate T i 2.50% Cr 1.00% 
The data f o r t h i s experiment i s contained i n Table 3.9. 
Table 3.9 The temperatures at which ion m/z values reach 

a maximum intensity for the catalyst CS2066 
heated under oxygen 

M/z ( i n t e n s i t y ) Temperature/°C 
43(14) 97 
15(9) 29(25) 103 
17(62) 27(8) 42(8) 108 
18(265) 26(14) 45(25) 113 
31(17) 118 
46(13) 57(15) 223 
14(34) 27(29) 30(60) 43(159) 228 
45(66) 58(8) 
12(72) 15(70) 18(418) 26(51) 233 
28(637) 29(102) 31(30) 41(34) 
42(58) 44(633) 
30(60) 238 
41(17) 304 
12(105) 28(705) 44(1042) 45(52) 324 
46(17) 
17(80) 18(352) 399 

The p a t t e r n of i n t e n s i t i e s i s again s i m p l y f i e d compared 
t o heating under argon, but there are two main temperature 
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regions where r e a c t i o n i s o c c u r r i n g ! 223-238°C and 304-
324°C. The colour change i s from dark green t o b r i g h t 
orange, implying formation of chromium (VI) i n the 
di/chromate s t r u c t u r e . 

The t r a c e obtained f o r water i s again q u i t e d i f f e r e n t 
from t h a t obtained f o r s i l i c a alone or f o r the same 
c a t a l y s t under argon (see Figure 3.30). The sharp peak 
having a maximum a t 113°C corresponds t o loss of 
physisorbed water, but there f o l l o w s broad peaks w i t h 
maxima a t 233°C and 399°C, w i t h a gradual d e c l i n e i n 
i n t e n s i t y from 400-780°C. This second peak corresponds, i n 
p a r t , t o dehydroxylation of s i l i c a but also t o for m a t i o n of 
water i n the o x i d a t i o n of the acetate l i g a n d s . 

The peaks of m/z = 43, 42, 29 and 15 have been 
associated w i t h the acetate l i g a n d i n previous experiments, 
the i o n a t m/z = 43 corresponding t o the fragment [H3C-
C=0-]. Ions a t m/z = 27 and 26 are associated w i t h the 
hydrocarbon fragments [H2C=CH*] and [HC=CH-] . The o r i g i n 
of the i o n having m/z = 45 i s not c l e a r , although i t has 
been seen i n the spectra from c a t a l y s t EP30X. I t has been 
a t t r i b u t e d t o an ether and the presence of a peak w i t h m/z 
= 31 assigned t o [HCHOH*] has p r e v i o u s l y been used t o 
confirm t h i s [7,33]. However, the i n t e n s i t y of the peaks 
grouped i n t h i s temperature range (97-118°C) i s low 
r e l a t i v e t o those thought t o a r i s e from the main o x i d a t i o n 
process. 

There i s a major concentration of peaks i n the 
temperature range 223-238°C. The most intense are those due 
t o [CO*] and [C0 2~] (m/z = 28, 44). The less intense peaks 
are associated w i t h oxygenate groups: m/z = 43, 42, 41, 30, 
29 are associated w i t h acetate fragmentation, m/z = 58, 27, 
26, 15, 14, 12 w i t h hydrocarbon fragmentation, and m/z = 45 
and 31 w i t h a l c o h o l or ether fragmentation. 

At 324°C there i s a second c l u s t e r of peaks, very 
intense [CO*] and [C0 2-] peaks, together w i t h a small 
amount of carbon (m/z = 12) and ether or al c o h o l (m/z = 45, 
46) . 

I t thus appears t h a t the two stage decomposition of 
acetate seen when the c a t a l y s t i s heated under argon i s 
also found under o x i d a t i o n c o n d i t i o n s , but the temperature 
ranges are much smaller. There may be p a r t i a l o x i d a t i o n of 
acetate i n i t i a l l y , w i t h some chromium (VI) being formed, 
w i t h complete o x i d a t i o n a t the higher temperature. Kim and 
Woo [21] suggest two species of chromium (VI) are formed 
i n the o x i d a t i o n process. 

A f t e r completion of t h i s experiment the same c a t a l y s t 
sample was heated i n argon. The r e s u l t s were as f o r EP30X: 
conversion t o C r 2 0 3 was suspected as a l i g h t green colour 
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was observed f o l l o w i n g heating. 

12 Studies of c a t a l y s t EP55 heated under oxygen 
S i 0 2 / T i 0 2 cogel T i 2.50% 
The data f o r t h i s experiment i s contained i n Table 3.10. 
Taible 3.10 The temperatures at which ion m/z values reach 

a maximum intensity for the catalyst EP55 
heated under oxygen 

M/z ( i n t e n s i t y ) Temperature/°C 
18(37) 28(44) 119 
18(33) 134 

Only two ions, m/z =18 and 28, showed changes i n 
i n t e n s i t y w i t h temperature. For water there are sharp peaks 
w i t h maxima a t 119 and 134°C, corresponding t o lo s s of 
physisorbed water on the s i l i c a surface, and a much less 
intense peak centred a t 621°C (d e h y d r o x y l a t i o n ) . The l a t t e r 
peak i s much less intense than t h a t seen f o r the studies of 
heating under argon, and the peak i s s h i f t e d t o higher 
temperature than under argon. M/z = 28 i s again assigned t o 
[CO*], a r i s i n g from the o x i d a t i o n of surface 
contamination, although i t i s not c l e a r why m/z = 44 [C0 2~] 
i s not also seen. 

There i s no colour change f o l l o w i n g heating. 
A f t e r completion of t h i s experiment the same c a t a l y s t 

sample was heated i n argon. No changes were observed and 
there was no colour change f o l l o w i n g heating. 

13 Studies of c a t a l y s t EP355 heated i n oxygen 
S i 0 2 / T i 0 2 cogel/chromium ( I I I ) acetate T i 2.53% Cr 1.05% 
The data f o r t h i s experiment i s contained i n Table 3.11. 

28(44) 
18(13) 

139 
621 
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Table 3.11 The temperatures at which ion m/z values reach 
a maximum intensity for the catalyst EP355 

heated under oxygen 

M/z ( i n t e n s i t y ) Temperature/°C 
14(30) 28(385) 
31(20) 
14(55) 15(50) 44(284) 
26(46) 27(54) 28(434) 29(204) 
30(33) 42(14) 43(54) 45(49) 
46(8) 
17(85) 18(390) 
12(38) 
45(52) 
12(85) 26(38) 27(46) 28(715) 
44(769) 
14(77) 15(93) 17(91) 18(418) 
22(24) 29(264) 30(52) 31(23) 
42(23) 43(71) 46(14) 
26(16) 27(25) 
12(133) 28(928) 29(101) 44(1312) 
45(69) 46(23) 
14(50) 22(41) 30(34) 

54 
135 
140 
145 

150 
155 
230 
235 
240 

306 
316 
321 

Again the p a t t e r n of i n t e n s i t i e s i s s i m p l i f i e d compared 
t o the experiment under argon. There are three very c l e a r l y 
defined regions of r e a c t i o n , 135-155°C, 230-240°C and 306-
321°C, s i m i l a r t o the r e s u l t s f o r c a t a l y s t CS2066. The 
colour change on heating i s from grey t o b r i g h t orange, 
imp l y i n g t h a t chromium (VI) i s formed. 

The peak maxima a t 54°C are assigned t o [CO*] (m/z = 28) 
and the carbon i o n (m/z = 12), which probably a r i s e from 
decomposition and o x i d a t i o n of surface contaminants. 

The o x i d a t i o n of c a t a l y s t EP355 f o l l o w s the same p a t t e r n 
as f o r c a t a l y s t CS2066. I n the temperature r e g i o n 135-155°C 
there i s i n d i c a t i o n of a breakup of the acetate l i g a n d w i t h 
l oss of fragments having m/z = 43, 42, 30, 29 and 15. The 
ions m/z =27,26, 15, 14 are associated w i t h hydrocarbon 
fragments, again o r i g i n a t i n g from the acetate group, and 
m/z = 46, 45, 31 are l i n k e d t o an ether or a l c o h o l . Ions a t 
m/z = 28 and 44 are assigned t o [CO-] and [C0 2*] a r i s i n g 
from o x i d a t i o n of the acetate fragments. Between 230 and 
240°C there i s a s i m i l a r decomposition and loss of acetate 
li g a n d s . 

The f i n a l temperature r e g i o n occurs between 306 and 
321°C where the [CO*] and [C0 2*] peaks are very intense. 
The less intense peaks are associated w i t h oxygen-
c o n t a i n i n g fragments [CHO*], [CH 20*] (m/z = 29, 30), ether 
or a l c o h o l (m/z = 46,45) and t h e i r associated hydrocarbon 
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fragments (m/z = 14,12). 
The changes i n the water t r a c e are shown i n Figure 

3.31. Again, there i s an i n i t i a l sharp peak having a 
maximum a t 150°C, w i t h a second peak maximum found a t 240°C 
l i n k e d t o production of water by o x i d a t i o n of the acetate 
groups. The dehydroxylation of the s i l i c a surface f o l l o w s 
a t higher temperatures. 

Thus t i t a n i a as a promoter leads t o s i m i l a r o x i d a t i o n 
pathways a t s i m i l a r temperatures and t o the same f i n a l 
product, whether added as a cogel or by impregnation. Hence 
d i s p e r s i o n doesnot seem t o be the c o n t r o l l i n g f a c t o r i n 
the decomposition of the chromium ( I I I ) acetate, and 
e l e c t r o n i c r a t h e r than s t r u c t u r a l e f f e c t s appear t o be 
operati n g . 

A f t e r completion of t h i s experiment the same c a t a l y s t 
sample was heated i n argon. No changes were observed i n the 
i n t e n s i t i e s of the ions observed. However, the c a t a l y s t i s 
a dark orange colour a f t e r heating, which suggests t h a t the 
di/chromate s t r u c t u r e of the a c t i v a t e d c a t a l y s t i s 
converted t o the polymeric chains of Cr0 3 [ 3 6 ] . 

14 Studies of c a t a l y s t EP210 heated under oxygen 
The data f o r t h i s experiment i s contained i n Table 3.12. 
Table 3.12 The temperatures at which ion m/z values reach 

a maximum intensity for the catalyst EP210 
heated under oxygen 

M/z ( i n t e n s i t y ) Temperature/°C 
14(21) 44 
14(21) 83 
15(19) 114 
30(24) 31(20) 119 
17(114) 18(297) 22(16) 25(6) 229 
26(15) 27(14) 30(42) 31(34) 
43(81) 46(10) 
14(36) 15(86) 28(417) 42(16) 234 
44(567) 45(22) 
12(90) 239 
14(22) 15(38) 28(504) 46(12) 335 
12(118) 22(22) 44(781) 45(30) 340 
17(105) 18(275) 446 

There are two d i s t i n c t regions of o x i d a t i o n f a l l i n g 
between 229 and 239°C and 335 and 340°C. The formation of 
chromium (VI) i s i n d i c a t e d by the colour change from green 
t o b r i g h t orange. 
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Below 130°C there are several low i n t e n s i t y peaks which 
are a t t r i b u t e d t o hydrocarbon fragments (m/z = 30,15,14) 
and t o an ether or a l c o h o l fragment, m/z = 31. I t i s 
thought t h a t these peaks a r i s e from decomposition and 
o x i d a t i o n of surface contaminants. 

The two regions of o x i d a t i o n are r e l a t e d c l o s e l y i n both 
temperature and fragmentation loss t o those found f o r 
c a t a l y s t s CS2066 and EP355, even though f o r c a t a l y s t EP210 
the precursor i s the acetylacetonate and the promoter i s an 
aluminium a l k y l . 

I n the lower temperature r e g i o n , 229-239°C, the most 
intense peaks are those of [CO*] and [ C 0 2 * ] . Peaks having 
m/z = 43, 42, 39, 27, 26, 25, 15 and 14 are l i n k e d t o 
hydrocarbon fragments which can a r i s e from the promoter 
a l k y l groups or the acetylacetonate group. Ions having m/z 
= 45, 31 are i n d i c a t i v e of oxygen-containing species 
a r i s i n g from an a l c o h o l or ether, and m/z =43, 42, 15, 14 
may be l i n k e d , as f o r the argon case, t o [H 3C-C=0*], 
[H 2C=C=0*], [CH 3*] and [CH 2*] r e s p e c t i v e l y . The o r i g i n of 
the peak having m/z = 22 i s thought t o be [ C 0 2

2 * ] 
I n the region 335-340°C the most intense peaks are again 

those f o r [CO*] and [ C 0 2 * ] . The l e s s intense peaks are 
l i m i t e d t o low mass hydrocarbon fragments (m/z = 15,14,12) 
and some ether fragments (m/z = 46,45). 

The water tra c e i s shown i n Figure 3.32. The peak i s 
very broad, w i t h l o c a l maxima a t 229 and 446°C. These are 
assigned t o loss of physisorbed water on the c a t a l y s t 
surface and the product of o x i d a t i o n of the 
a c e t y l a c e t o n a t e / a l k y l ligands r e s p e c t i v e l y . Towards higher 
temperature there i s dehydroxylation of the s i l i c a surface. 
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DISCUSSION 
1 Chromium c o n t a i n i n g c a t a l y s t s heated under argon 

I n general, heating the c a t a l y s t s under an argon 
atmosphere leads t o a complex decomposition process, w i t h 
many mass s p e c t r a l peaks being observed over a wide 
temperature range. 

Chudek et al [30] have reported t h a t the t r i m e r i c 
s t r u c t u r e i s r e t a i n e d when basic chromium ( I I I ) acetate i s 
supported on s i l i c a , and i n the l i g h t of the complexity of 
the decomposition p a t t e r n observed experimentally, together 
w i t h the l a c k of data on p r e p a r a t i o n method from the 
c a t a l y s t s u p p l i e r , i t i s assumed t h a t t h i s i s also the case 
w i t h the c a t a l y s t s under study. The range of fragments 
observed would be u n l i k e l y were the acetate simply bound as 
a monomer. 

Three steps were proposed by Grotowska et al [29] f o r 
the decomposition of the simple acetate: the f i r s t i n v o l v e s 
dehydration (80-207°C), the second loss of the acetate 
l i g a n d t o y i e l d a complex Cr 20 3.xC0 2 (325-508°C), and 
f i n a l l y l o ss of C0 2 from t h i s complex t o y i e l d the chromium 
( I I I ) oxide (508-610°C). For the t r i m e r i c s a l t s t h i s 
reduces t o a two stage mechanism. The f i r s t step involves 
dehydration and l o s s of counter ions (45-295°C), the second 
loss of the acetate ligands t o y i e l d the chromium ( I I I ) 
oxide (295-518°C). 

The r e s u l t s show t h a t f o r c a t a l y s t EP30X (Cr 1.00%) 
dehydration, mainly of the s i l i c a support, i s the f i r s t 
step, w i t h some decomposition of the acetate o c c u r r i n g 
between 330 and 390°C, where l a r g e fragments are detected: 
m/z = 43 [CH 3-C=0*], m/z = 42 [CH2=C=CT] and m/z = 41 
[CH=C=0*]. Between 390 and 410°C there i s a d e f i n i t e r e g i o n 
of decomposition l i n k e d t o smaller fragments, i n p a r t i c u l a r 
CO and C0 2. Grotowska et al [29] proposed Cr 20 3.xC0 2 as an 
intermediate t o oxide formation but t h i s i s not l i k e l y due 
t o the nature of the bonding between t r a n s i t i o n metals and 
C0 2. Such complexes r e q u i r e e l e c t r o n - r i c h metal centres t o 
bond t o the Lewis a c i d i c carbon atom of C0 2 / and are not 
t h e r m a l l y s t a b l e t o temperatures i n t h i s range [ 5 4 ] . What 
i s more l i k e l y i s t h a t the i n i t i a l decomposition of acetate 
groups leads t o formation of a carbonate, which corresponds 
w i t h the known chemistry of oxalate complexes under thermal 
decomposition [12,37]. Oxide may be present also a t t h i s 
stage, t o be f o l l o w e d by decomposition of the carbonate 
which releases C0 2 and leaves the metal oxide alone. 

The three stages are thus envisaged i n the decomposition 
of chromium ( I I I ) acetate on s i l i c a : 
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