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Foreword 
The A C S SYMPOS IUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN CHEM ISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

FÎUIDIZED CRACKING OF PETROLEUM FRACTIONS is still the main 
process for large-scale gasoline production even 40 years after its 
introduction. Worldwide cracking-catalyst sales in 1987 amounted to 
about $457 million and represented 48% of the total catalyst sales to the 
petroleum industry. 

In response to recent federal and local environmental concerns (e.g., 
industrial emission controls and lead phase-out) and to the growing 
interest of refiners in cracking residual fuels, researchers have generated 
new families of cracking catalysts. There is now a need to review the 
merits of these newly developed materials. This volume contains 
contributions from researchers involved in the preparation and 
characterization of cracking catalysts. Other important aspects of fluid 
catalytic cracking, such as feedstocks and process hardware effects in 
refining, have been intentionally omitted because of time limitations and 
should be treated separately in future volumes. 

This volume focuses on the use of novel materials (zeolite beta, 
pillared clays, or S scavengers) and novel compositions (e.g., those 
containing lanthanide-free faujasite crystals, shape-selective zeolite, or 
metal scavengers) in meeting the challenges of lead-free gasoline 
production, the increasingly stringent S-emission regulations, and the 
cracking of residual and metal-contaminated oils. Modern spectroscopic 
techniques, such as nuclear magnetic resonance spectroscopy, X-ray 
absorption and X-ray photoelectron spectroscopy, laser Raman 
spectroscopy, and electron microprobe measurements, have been used to 
characterize extraframework Al in zeolites and to elucidate 
metal-surface interactions in cracking catalysts. The applied aspects of 
cracking are discussed in chapters dealing with heavy oils, hydrotreated 
feedstocks, catalyst demetalation, and catalyst development for resid 
upgrading. 

In concluding, I would like to acknowledge the help received from 
D. L. Hilfman in chairing the symposium from which this volume was 
developed and to express my gratitude to colleagues at Unocal 
Corporation and elsewhere for acting as technical referees. I am also 
particularly grateful to Unocal for permission to participate in and 

xi 
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complete this project and to G. Smith for her invaluable secretarial 
help. The views and conclusions expressed herein are those of the 
authors, whom I sincerely thank for their time and effort in presenting 
their research at the symposium and in preparing the camera-ready 
manuscripts for this book. 

MARIO L. OCCELLI 
Unocal Science & Technology Division 
P.O. Box 76 
Brea, CA 92621 

March 9, 1988 

xii 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

pr
00

1

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 1 

Recent Trends in Fluid Catalytic 
Cracking Technology 

Mario L. Occelli 

Unocal Science & Technology Division, Unocal Corporation, 
P.O. Box 76, Brea, CA 92621 

In the United States, approximately one-third of all 
processed crude oil, amounting to about 5 X 106 

bbl/day, i s c a t a l y t i c a l l y converted over f lu id ized 
catalysts . Over 500 tons of catalyst are required 
da i ly , y ie ld ing sales that in 1987 were estimated at 
~250 mi l l i on dol lars (1). Thus, in terms of catalyst 
usage and product value, ca ta ly t ic cracking is still 
the most important unit operation of the petroleum
-refining industry. This year, the worldwide sales of 
catalysts to the petroleum, petrochemical, and 
chemical industry are expected to exceed 2.4 b i l l i o n 
do l la r s , and catalyst producers are preparing 
themselves for the turn of the century when catalysts 
are projected to become a 5 b i l l i o n dol lars per year 
global business (2). 

In the U n i t e d S t a t e s , the c a t a l y t i c c r a c k i n g o f pe t ro leum f r a c t i o n s 
i s b e l i e v e d t o have begun i n 1936 w i t h the Houdry f i x e d - b e d p rocess 
employing a s o l i d r egene rab l e c a t a l y s t . E . Houdry observed t h a t 
the performance o f r a c i n g c a r s c o u l d be improved by u s i n g 
h i g h - o c t a n e g a s o l i n e o b t a i n e d from c r a c k i n g heavy pe t ro leum 
f r a c t i o n s over a c i d - t r e a t e d m o n t m o r i l l o n i t e s o r h a l l o y s i t e s ( 3 ) . 
Today, c a t a l y t i c c r a c k i n g i s s t i l l the major p rocess f o r g a s o l i n e 
manufac ture . 

P r i o r t o 1938, g a s o l i n e was o b t a i n e d from t h e r m a l - c r a c k i n g 
p l a n t s ; then the Houdry f i x e d - b e d c a t a l y t i c c r a c k i n g p rocess l e d t o 
the development o f a f l u i d i z e d - b e d p rocess by Standard O i l f o r the 
c a t a l y t i c p r o d u c t i o n o f motor f u e l s ( 4 - 8 ) . A c i d - t r e a t e d c l a y s o f 
the m o n t m o r i l l o n i t e type were the f i r s t f l u i d - c r a c k i n g c a t a l y s t s 
w i d e l y employed by the i n d u s t r y . However, the ever g r e a t e r demand 
f o r a v i a t i o n f u e l s d u r i n g the 1939-1945 p e r i o d prompted the search 
f o r more a c t i v e and s e l e c t i v e c a t a l y s t s . Research on novel c a t a l y s t 

0097-6156/88/0375-0001$06.00/0 
© 1988 American Chemical Society 
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2 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

f o r m u l a t i o n s thus began, and by the end o f World War I I , c l a y s were 
abandoned i n f a v o r o f s y n t h e t i c s i l i c a - a l u m i n a , s i l i c a - m a g n e s i a , 
alumina, o r even phosphate c a t a l y s t s ( 9 ) . The beginnings and e a r l y 
developments o f the (FCC) process have been reviewed i n d e t a i l by 
Ma r s h a l l ( 9 ) . 

Amorphous a l u m i n o s i l i c a t e s were used as c r a c k i n g c a t a l y s t s f o r 
over twenty y e a r s ; then, i n the e a r l y s i x t i e s , the c a t a l y t i c 
p r o p e r t i e s o f s y n t h e t i c f a u j a s i t e were d i s c o v e r e d , and z e o l i t e s 
r a p i d l y came t o dominate the p e t r o l e u m - r e f i n i n g i n d u s t r y (10,11). 
The i n t r o d u c t i o n o f r a r e earth-exchanged z e o l i t e s X or Y i n c r a c k i n g 
c a t a l y s t p r e p a r a t i o n s was a most important breakthrough because 
z e o l i t i c c a t a l y s t s a f f o r d e d a l a r g e i n c r e a s e i n c r a c k i n g a c t i v i t y 
and g a s o l i n e make w h i l e m i n i m i z i n g l i g h t gases and coke g e n e r a t i o n . 
As a r e s u l t , these new types o f c a t a l y s t s were q u i c k l y accepted by 
r e f i n e r s . 

In 1976, the f i r s t A f r i c a n f l u i d c r a c k i n g u n i t became 
o p e r a t i o n a l i n N i g e r i a , and s i n c e then, a l l o f the c a t a l y t i c 
c r a c k i n g u n i t s i n North America and the USSR employed z e o l i t e s . In 
the y e a r s t h a t f o l l o w e d , c a t a l y s t manufacturers d e d i c a t e d a l a r g e 
p a r t o f t h e i r r e s e a r c h e f f o r t s t o pr o v i d e r e f i n e r s w i t h c r a c k i n g 
c a t a l y s t s f o r p r o c e s s i n g sweet U.S. and Mi d d l e - E a s t e r n crudes. 
A l u m i n o s i l i c a t e m a t r i c e s , c l a y m i n e r a l s ( k a o l i n ) , and z e o l i t e s ( w i t h 
the f a u j a s i t e s t r u c t u r e ) were manipulated t o y i e l d c r a c k i n g 
c a t a l y s t s capable o f s a t i s f y i n g the r e f i n e r ' s s p e c i a l needs (12,13). 
Research work was then d i r e c t e d mainly toward the g e n e r a t i o n o f FCC 
w i t h improved p h y s i c a l p r o p e r t i e s (such as a t t r i t i o n r e s i s t a n c e , 
d e n s i t y , thermal and hydrothermal s t a b i l i t y ) and g a s o l i n e 
s e l e c t i v i t y . 

In 1973, the Arab o i l embargo and the sudden e s c a l a t i o n i n 
crude o i l p r i c e s ( F i g u r e s 1,2) and a v a i l a b i l i t y p l a c e d r e f i n e r s 
under g r e a t economic pressures t o process more abundant, l e s s 
expensive, metals-contaminated crude o i l s and residuum f e e d s t o c k s . 
The need f o r m e t a l s - r e s i s t a n t FCC became apparent, and work on 
understanding m e t a l - c a t a l y s t i n t e r a c t i o n s became an area o f i n t e n s e 
r e s e a r c h i n i n d u s t r i a l l a b o r a t o r i e s and i n the academic community. 

When i n 1984 the Environmental P r o t e c t i o n Agency (EPA) proposed 
the l e a d phaseout from g a s o l i n e , the emphasis on FCC re s e a r c h 
s h i f t e d toward the ge n e r a t i o n o f o c t a n e - s e l e c t i v e c a t a l y s t s . 
Environmental concerns have a l s o proposed l i m i t s on s u l f u r emissions 
from FCC u n i t s , thus i n i t i a t i n g r e s e a r c h on on c a t a l y s t s capable o f 
s o r b i n g S - i m p u r i t i e s i n the r e g e n e r a t o r and r e l e a s i n g them as r^S i n 
the r e a c t o r s i d e from where they can be e a s i l y adsorbed. 

P o l i t i c a l events, o i l supply and c o s t s , t e c h n o l o g i c a l 
breakthroughs, and environmental concerns have i n f l u e n c e d , and w i l l 
p r obably continue t o i n f l u e n c e , the petroleum and, t h e r e f o r e , the 
c a t a l y s t manufacturing i n d u s t r y . Thus e f f o r t s t o understand 
p o s s i b l e t r e n d s i n f u t u r e c a t a l y s t a c t i v i t i e s and re s e a r c h 
d i r e c t i o n s must proceed w i t h the understanding o f the aforementioned 
f a c t o r s . 
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1. OCCELLI Fluid Catalytic Cracking: Recent Trends 3 

40 
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C A L E N D A R Y E A R 

F i g u r e 1 Annual average p r i c e ( i n terms o f c u r r e n t d o l l a r s ) of 
U.S. o i l . On March 3, 1988, West Texas crudes t r a d e d 
f o r $15.60/bbl. 
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4 

O i l Supply, Demand, 

FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

and U t i l i z a t i o n 
In response t o o i l p r i c e i n c r e a s e s and t o s t r u c t u r a l changes i n the 
economy caused by c o n s e r v a t i o n e f f o r t s and by the r a p i d development 
of c o a l , n u c l e a r , and h y d r o e l e c t r i c power, o i l demand and 
consumption i n i n d u s t r i a l i z e d and d e v e l o p i n g c o u n t r i e s have changed 
c o n s i d e r a b l y . Between 1981 and 1985, r e f i n e r y c a p a c i t y i n the 
United S t a t e s shrunk by almost 3.5 m i l l i o n b b l / d owing t o the 
c l o s i n g o f over 100 r e f i n e r i e s (14) and i t i s expected t o remain 
f a i r l y c o nstant and near the present l e v e l i n the f u t u r e . Even i n 
the event o f a new o i l embargo, excess c a p a c i t y i s a v a i l a b l e t o 
c a r r y out a l l e s s e n t i a l r e f i n i n g o p e r a t i o n s p r o v i d e d an adequate 
crude o i l i n v e n t o r y i s maintained (14). S i m u l t a n e o u s l y w i t h an 
o v e r a l l c a p a c i t y r e d u c t i o n , an in c r e a s e i n c o n v e r s i o n c a p a c i t y (as 
measured by c o n s i d e r i n g f l u i d c a t a l y t i c c r a c k i n g , h y d r o c r a c k i n g , 
r e s i d u a l HDS, and coking c a p a c i t y ) has oc c u r r e d , F i g u r e 3. The 
remaining U.S. r e f i n e r i e s are the most modern u n i t s w i t h the h i g h e s t 
c o n v e r s i o n c a p a b i l i t i e s i n the world and are expected t o 
s u c c e s s f u l l y compete i n the world market w e l l i n t o the 1990's (15). 

Use o f o i l products as t r a n s p o r t a t i o n f l u i d s w i l l respond o n l y 
s l i g h t l y t o lower crude p r i c e s , and some o f the uses f o r o i l may 
have been i r r e v e r s i b l y l o s t (16). P r o j e c t i o n s o f expected l i q u i d 
f u e l s consumption i n the Unite d S t a t e s i s shown i n Fig u r e 4. 
Demands f o r m i d b a r r e l ( d i e s e l and j e t f u e l s ) and r e s i d u a l f u e l s 
products w i l l probably remain s t r o n g . As a r e s u l t o f more 
g a s o l i n e - e f f i c i e n t v e h i c l e s , demand f o r g a s o l i n e i s expected t o 
remain near the present l e v e l . However, lower crude p r i c e s c o u l d 
encourage d r i v i n g ; i n one r e p o r t , demand f o r g a s o l i n e has been 
p r o j e c t e d t o grow at an average r a t e o f about 0.5% per year (17). 
G a s o l i n e consumption w i l l probably c o n t i n u e t o depend on crudes' 
a v a i l a b i l i t y . 

Even before the 1986 p r i c e c o l l a p s e , U.S. o i l imports were 
expected t o r i s e d u r i n g the 1980-1990 p e r i o d . The present d e c l i n e 
i n o i l p r i c e , t o g e t h e r w i t h w i n d f a l l p r o f i t t a x e s , w i l l l i k e l y 
d i s c o u r a g e e x p l o r a t i o n i n the c o n t i n e n t a l U n i t e d S t a t e s r e s u l t i n g i n 
even f a s t e r and l a r g e r growth i n o i l imports i n the near f u t u r e ; i n 
1986, o i l imports climbed by almost one m i l l i o n b b l / d above 1985 
(15). F l u c t u a t i o n s i n o i l p r i c e s are expected and U.S. Department 
of Energy (DOE) workers have made p r o j e c t i o n s about U.S. o i l imports 
based on "low" and "high" o i l p r i c e values (15); see F i g u r e 5. The 
lower o i l p r i c e case i s based on $15/bbl u n t i l 1990, a f t e r which the 
o i l p r i c e w i l l g r a d u a l l y i n c r e a s e t o about $22/bbl by 1995. The 
high e r o i l p r i c e case i s based on a $23/bbl o i l p r i c e u n t i l 1990 and 
on $25/bbl i n 1995 (15). These p r i c e f l u c t u a t i o n s w i l l cause o i l 
imports t o f l u c t u a t e between 10 and 8 m i l l i o n b a r r e l s o f o i l i n 
1995; see Figu r e 5. Because almost 100% o f the world's c u r r e n t 
excess o i l p r o d u c t i o n c a p a c i t y (as w e l l as about 75% o f the known 
o i l r e s e r v e s ) i s i n OPEC, i t i s l i k e l y t h a t f u t u r e U.S. o i l imports 
w i l l c o n t i n u e t o depend s t r o n g l y on the a v a i l a b i l i t y o f crudes from 
P e r s i a n G u l f s t a t e s (15). 
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1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 

C A L E N D A R Y E A R 

F i g u r e 2 Annual average p r i c e o f U.S. o i l f o r the 1886-1986 
p e r i o d c o r r e c t e d f o r i n f l a t i o n (18). 

R E F I N E R Y C A P A C I T Y 

1980 

C A L E N D A R Y E A R 

1985 

F i g u r e 3 U.S. o i l r e f i n i n g c a p a c i t y and output (15). 
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20 

1975 1980 1985 1990 1995 2000 

CALENDAR YEAR 

F i g u r e 4 P r o j e c t e d trends i n U.S. l i q u i d f u e l s demands. 
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1. OCCELLI Fluid Catalytic Cracking: Recent Trends 7 

A p e r s p e c t i v e on the h i s t o r i c a l p r i c i n g o f crudes i s shown i n 
F i g u r e 1 (18). I f the same annual average p r i c e o f U.S. crudes i s 
c o r r e c t e d f o r i n f l a t i o n ( i . e . , expressed i n terms o f 1967 constant 
U.S. d o l l a r s ) , i t can be seen t h a t the r e a l p r i c e o f crudes rose 
almost f o u r f o l d d u r i n g the 1972-1980 p e r i o d ; see F i g u r e 2 (18). The 
data i n F i g u r e s 1-2 p r o j e c t t h a t ( i n a f r e e market system) o i l 
p r i c e s i n the f u t u r e should s t a b i l i z e near 11.50-16.50 c u r r e n t 
d o l l a r s / b b l . Middle-East p o l i t i c s make r e t u r n t o h i s t o r i c a l o i l 
p r i c e ranges u n l i k e l y and h i g h e r o i l p r i c e s are expected. With 
about 10 m i l l i o n b b l / d o f excess o i l c a p a c i t y and somewhat f l a t o i l 
demand, world o i l p r i c e s w i l l more than l i k e l y s t a b i l i z e i n the 
15-25 U.S. d o l l a r s / b b l range. 
Octane C a t a l y s t s 
In l i t t l e more than a decade, unleaded g a s o l i n e ( t h a t i s g a s o l i n e 
c o n t a i n i n g l e s s than 0.05 g r Pb/gal) usage has i n c r e a s e d from zero 
t o r e p r e s e n t ( i n 1986) more than 68% o f a l l the g a s o l i n e s o l d i n the 
U n i t e d S t a t e s (19). Since most o f the v e h i c l e s u s i n g leaded 
g a s o l i n e are pre-1975 c a r and t r u c k models, unleaded g a s o l i n e 
consumption i s expected t o i n c r e a s e w i t h the replacement o f o l d 
v e h i c l e s w i t h newer models. The Uni t e d S t a t e s r e p l a c e s 
approximately 10% o f i t s automotive s t o c k each ye a r (20). R e f i n e r s 
have two main o p t i o n s t o i n c r e a s e the octane number from FCC u n i t s . 
They can change o p e r a t i n g v a r i a b l e s and/or use octane-enhancing 
c r a c k i n g c a t a l y s t s . 

G a s o l i n e octane from FCC u n i t s i s very s e n s i t i v e t o o p e r a t i n g 
c o n d i t i o n s . Increases i n r i s e r temperature, t o g e t h e r w i t h 
r e d u c t i o n s i n c a t a l y s t / o i l c o n t a c t t i m e s , w i l l decrease hydrogen 
t r a n s f e r r e a c t i o n s (and minimize secondary c r a c k i n g ) , thus 
g e n e r a t i n g o l e f i n - r i c h g a s o l i n e s w i t h improved octane numbers. The 
c h o i c e o f f e e d s t o c k s r i c h i n naphthenes and aromatics w i l l a l s o help 
i n producing g a s o l i n e high i n octane (21). However, gas o i l 
a r o m a t i c i t y can reduce the c a t a l y s t octane enhancing p r o p e r t i e s and 
i n c r e a s e coke g e n e r a t i o n . Octane c r a c k i n g c a t a l y s t s minimize 
Η-transfer r e a c t i o n s and f a v o r the secondary c r a c k i n g o f 
hydrocarbons i n the g a s o l i n e b o i l i n g range w i t h f o r m a t i o n o f butanes 
and o t h e r low m o l e c u l a r weight gases, at the expense o f g a s o l i n e 
y i e l d s . S i n c e these r e a c t i o n s are endothermic, the use of 
o c t a n e - b o o s t i n g c a t a l y s t s i n c r e a s e s the heat o f r e a c t i o n i n 
commercial FCC u n i t s (22). Higher c a t a l y s t c i r c u l a t i o n w i l l 
i n c r e a s e the coke burned i n the r e g e n e r a t o r and b r i n g the u n i t back 
i n t o heat balance (22). Thus, the j u d i c i o u s c h o i c e o f o p e r a t i n g 
v a r i a b l e s can help minimize octane l o s s e s owing t o t e t r a e t h y l l e a d 
phaseout and problems a s s o c i a t e d w i t h octane c a t a l y s t usage. 

In the e a r l y 70's, FCC f o r m u l a t i o n s c o n t a i n i n g 10-40% CREY 
( c a l c i n e d r a r e - e a r t h exchanged Y z e o l i t e s ) were w i d e l y employed 
because these c a t a l y s t s o f f e r e d improved chemical as w e l l as thermal 
and hydrothermal s t a b i l i t y over FCC compositions c o n t a i n i n g 
e q u i v a l e n t amounts of (low sodium) HY c r y s t a l s (23-25). The 
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8 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

presence o f l a n t h a n i d e ions i n the z e o l i t e i n c r e a s e d hydrogen 
t r a n s f e r r e a c t i o n s l i k e those i n which e a s i l y cracked o l e f i n s and 
naphthenes are transformed i n t o more r e f r a c t o r y products ( o l e f i n s + 
naphthenes = aromatics + p a r a f f i n s ) , thus i n c r e a s i n g g a s o l i n e y i e l d s 
(26). However, s i n c e octane l o s s e s from o l e f i n s s a t u r a t i o n are 
gr e a t e r than octane g a i n s from aromatics g e n e r a t i o n , hydrogen 
t r a n s f e r r e a c t i o n s w i l l have t o be minimized now t h a t 
o c t a n e - b o o s t i n g l e a d compounds can no lo n g e r be used. As a r e s u l t , 
CREY has been r e p l a c e d by s i l i c e o u s HY ( u l t r a s t a b l e HY,USY) c r y s t a l s 
i n most octane FCC. Since the Environmental P r o t e c t i o n Agency (EPA) 
f i r s t proposed l e a d phaseout from g a s o l i n e i n l a t e 1984, p r o d u c t i o n 
of USY more than doubled; an e s t i m a t e o f c a t a l y s t usage i n c a t a l y t i c 
c r a c k i n g (and i n other r e f i n i n g processes) i s g i v e n i n Table 1. To 
compensate i n p a r t f o r hydrothermal s t a b i l i t y l o s s e s due t o 
r a r e - e a r t h ions removal, FCC c o n t a i n i n g REHY or both CREY and HY 
c r y s t a l s have now become a v a i l a b l e , thus r e s t o r i n g t o the r e f i n e r 
the f l e x i b i l i t y needed to c o n f r o n t the c o m p l e x i t y o f a p a r t i c u l a r 
o p e r a t i o n . 

The use o f a s h a p e - s e l e c t i v e z e o l i t e , such as Mo b i l ' s ZSM-5, 
has a t t r a c t e d the r e f i n e r ' s i n t e r e s t because t h i s z e o l i t e 
s e l e c t i v e l y c r a c k s low-octane η-paraffins (and o l e f i n s ) i n t o h i g h e r 
octane components (27). G a s o l i n e octane i s thus i n c r e a s e d by a few 
p o i n t s , and the l i g h t o l e f i n s produced can be a l k y l a t e d t o high 
octane l i q u i d s t h a t compensate f o r g a s o l i n e l o s s e s . In 1986, Mobil 
r e p o r t e d the e v a l u a t i o n o f ZSM-5 c o n t a i n i n g FCC i n 20 commercial 
c r a c k i n g u n i t s (28). N e v e r t h e l e s s , t o date, r e f i n e r s ' response t o 
ZSM-5 c o n t a i n i n g FCC has been somewhat guarded, probably due t o 
r o y a l t y c o s t s and/or a l k y l a t i o n l i m i t a t i o n s . 

G a s o l i n e octane a l s o s t r o n g l y depends on the g a s o l i n e b o i l i n g 
range used d u r i n g a c e r t a i n p e r i o d . More v o l a t i l i t y i s needed i n 
w i n t e r g a s o l i n e s f o r e a s i e r cold-engine s t a r t i n g , and l e s s 
v o l a t i l i t y i s d e s i r a b l e f o r summer g a s o l i n e s t o reduce vapor l o c k 
problems. For these reasons, r e f i n e r s may reduce the g a s o l i n e f i n a l 
b o i l i n g p o i n t i n w i n t e r and r a i s e the i n i t i a l b o i l i n g p o i n t i n 
summer, thus a f f e c t i n g octane. The ch a l l e n g e t o re s e a r c h e r s and 
c a t a l y s t manufacturers i s t o prov i d e the r e f i n e r s w i t h v e r s a t i l e , 
s t a b l e , c r a c k i n g c a t a l y s t s capable o f enhancing the octane number 
( p o s s i b l y at constant o p e r a t i n g c o n d i t i o n s ) w h i l e producing g a s o l i n e 
w i t h the d e s i r e d vapor pressure l i m i t s . 
Metals R e s i s t a n t C r a c k i n g C a t a l y s t s 
The d i f f i c u l t y o f c o n v e r t i n g more abundant, l e s s expensive, but 
metals-contaminated, residuum f e e d s t o c k s (and crude o i l s ) i n t o 
l i q u i d products by d i r e c t c a t a l y t i c c r a c k i n g i s re c o g n i z e d ; 
n e v e r t h e l e s s , t h e r e i s s t i l l an economic i n c e n t i v e j u s t i f y i n g 
e f f o r t s t o convert these o i l s i n t o u s e f u l products. As a r e s u l t , 
metal l e v e l s i n e q u i l i b r i u m FCC have been s t e a d i l y i n c r e a s i n g 
r e g a r d l e s s o f crude p r i c e s ; see F i g u r e 6. During the l a s t 20 y e a r s , 
V/Ni r a t i o s have not changed a p p r e c i a b l y and have remained i n the 
1.4 t o 1.7 range, i n d i c a t i n g a f a i r l y s t a b l e supply o f crudes and 
crudes s e l e c t i o n (28). 
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U.S. OIL CONSUMPTION 

® # # N E T . U . S . OIL IMPORTS£ 

1970 1975 1980 1985 1990 1995 

C A L E N D A R Y E A R 

F i g u r e 5 P r o j e c t i o n s of U.S. o i l imports based on low and high 
crude p r i c e values (15). 

—' « a 1 1 1 1 1 ι ι ι ι I 
62 64 66 68 70 72 74 76 78 80 82 84 86 

C A L E N D A R Y E A R 

F i g u r e 6 Trends on Metal L e v e l s on E q u i l i b r i u m F l u i d C r a c k i n g 
C a t a l y s t s (28). 
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10 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

TABLE 1 ESTIMATED REFINING CATALYSTS/USAGE IN 1987 

C A T A L Y S T M A R K E T 

T Y P I C A L U.S. A V E R A G E S ( M I L L I O N S O F U.S. $) 

REFINING CAPACITY CATALYST USAGE, UNIT 
PROCESSES MILLIONS CONSUMP.. MILLIONS PRICE. w . 

OF BPCD LB/BBL OF LB $ LB U.S. EUROPE OTHERS WORLD 
CAT. CRACKING 4.9 0.2 380 0.70 250 76 131 457 

HYDROTREATING 8.4 0.009 28 3.00 84 42 63 189 

ALKYLATION. H 2 S0 4 0.50 18 3,300 0.03 99 1 6 106 

HYOROCRACKING 1.0 0.013 4.7 10.00 47 9 42 98 

CAT. REFORMING 3.5 0.0033 4.5 6.50 27 15 21 63 

ALKYLATION. HF 0.40 0.15 22 0.70 15 3 5 23 

ISOMERIZATION 0.25 0.015 1.4 6.00 8 4 2 14 

OLIGOMERIZATION 0.05 - - - - - - -

T O T A L 5 3 0 1 5 0 2 7 0 9 5 0 

SOURCE: Reproduced with permission from reference 1. Copyright 
1988 Gulf Publishing Company. 
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1. OCCELLI Fluid Catalytic Cracking: Recent Trends 11 

P r o c e s s i n g o f metals-contaminated f e e d s t o c k s has been p r a c t i c e d 
s i n c e 1961 by P h i l l i p s at Borger, Texas. By 1981, 24 o t h e r u n i t s 
were usi n g heavy o i l s i n t h e i r FCC o p e r a t i o n s (29-30). At the 
p r e s e n t , i t i s b e l i e v e d t h a t by 1989, 15-20 r e s i d u n i t s w i l l be 
o p e r a t i o n a l and t h a t by 1995, 25-30% o f the world's FCC u n i t s w i l l 
be p a r t i a l l y o p e r a t i n g as r e s i d c r a c k e r s ( 2 ) . R e f i n e r s w i t h o u t the 
c a p a b i l i t y o f c o n v e r t i n g r e s i d s and l e s s c o s t l y o i l s i n t o 
t r a n s p o r t a t i o n l i q u i d s w i l l probably s u f f e r i n a most c o m p e t i t i v e 
energy market. 

Crude o i l c o n s i s t s mainly o f a mixture o f p a r a f f i n i c , 
naphthenic, and aromatic hydrocarbons w i t h small amounts of 
m e t a l s - c o n t a i n i n g h e t e r o c y c l i c compounds. The most abundant metals 
found i n o i l s are those contained i n p o r p h y r i n or p o r p h y r i n - 1 i k e 
complexes ( n i c k e l , copper, i r o n , and vanadium). These 
o r g a n o - m e t a l l i c compounds can be v o l a t i z e d w i t h r e l a t i v e ease, thus 
contaminating c a t a l y s t s used to upgrade the v a r i o u s d i s t i l l a t e 
f r a c t i o n s . 

The d e a c t i v a t i o n o f FCC c a t a l y s t s by feed metals i s b e l i e v e d to 
be caused by a p a r t i a l or t o t a l blockage o f the c a t a l y s t pore 
s t r u c t u r e , by the i r r e v e r s i b l e d e s t r u c t i o n o f the z e o l i t e 
c r y s t a l l i n i t y (by V and, t o a l e s s e r e x t e n t , by Cu) and by the g r e a t 
a c t i v i t y t h a t metals l i k e Ni (and F e ) , when a c t i v a t e d , show toward 
coke and hydrogen f o r m a t i o n . Conventional methods of crude o i l 
d e m e t a l l i z a t i o n (such as Hp p r e t r e a t i n g ) are not economical. I t i s 
a l s o p o s s i b l e t o c o n t a c t a contaminated s u r f a c e w i t h a gaseous 
HC1-CI 2 mixture and remove metal i m p u r i t i e s i n the form o f v o l a t i l e 
c h l o r i n e s (31-33). Since t h i s procedure c o u l d o f f e r c o r r o s i o n 
problems and a f f e c t the c a t a l y s t s t a b i l i t y , i t i s not w i d e l y 
p r a c t i c e d i n the i n d u s t r y even though e f f e c t i v e . 

R e s i s t a n c e t o metals ( l i k e N i , V, Cu, and Fe) contaminants on a 
c r a c k i n g c a t a l y s t s u r f a c e can be achieved by m o d i f y i n g the 
composition and the microporous s t r u c t u r e o f the c a t a l y s t or by 
adding metals l i k e Sb, Bi (34), or Sn, (35) or Sb-Sn combinations 
(36) capable o f forming i n e r t r e s i d u e s on the c a t a l y s t s u r f a c e . 
Antimony o r g a n i c s have been shown t o reduce by 50% gas f o r m a t i o n due 
t o metal contaminants, e s p e c i a l l y n i c k e l (37,38). Vanadium 
p a s s i v a t i o n has not been as s u c c e s s f u l , although t i n has been 
r e p o r t e d capable of reducing the d e l e t e r i o u s e f f e c t s of 
V-contaminants (39). So f a r , best r e s u l t s i n the l a b o r a t o r y have 
been obtained w i t h d u a l - f u n c t i o n c r a c k i n g c a t a l y s t (DFCC) systems 
c o n t a i n i n g metal scavengers capable o f r e t a i n i n g an FCC u s e f u l 
c r a c k i n g a c t i v i t y even when metal-loaded w i t h as much as 1.0-1.5% 
vanadium (40,41). The DFCC systems c o n t a i n i n g n a t u r a l l a y e r e d 
magnesium s i l i c a t e s as a separate d i s t i n c t p a r t i c l e (40,41) or i n 
c o r p o r a t e d i n t o a s y n t h e t i c mixed oxide m a t r i x (42) c o u l d become of 
p a r t i c u l a r i n t e r e s t i n the p r e p a r a t i o n o f FCC f o r m u l a t i o n s f o r r e s i d 
c r a c k e r u n i t s . 
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12 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

S u l f u r and N i t r o g e n R e s i s t a n t C a t a l y s t s 
Gas o i l s c o n t a i n s u l f u r t y p i c a l l y i n the 0.3-3.0% range, w i t h 
r e s i d u a l f u e l s having as much as 4.0% S (and 1.0% N). Most o f t h i s 
S l e a v e s a c r a c k i n g u n i t as hLS w i t h the cracked products from which 
i t i s e a s i l y removed w i t h amine s o l u t i o n s . The r e s t (10-20% S) i s 
c a r r i e d i n the r e g e n e r a t o r b u r i e d i n the spent c a t a l y s t coke. 
F o l l o w i n g the o x i d a t i v e decomposition o f carbonaceous d e p o s i t and 
c a t a l y s t r e g e n e r a t i o n , s u l f u r (mostly as S0~) l e a v e the r e g e n e r a t o r 
w i t h f l u e gases, thus c o n t r i b u t i n g t o atmospheric p o l l u t i o n . 
Present S-emission standards c o u l d probably be met by f l u e gas 
d e s u l f u r i z a t i o n or by feed d e s u l f u r i z a t i o n v i a h y d r o t r e a t i n g . These 
methods, although e f f e c t i v e , r e q u i r e s u b s t a n t i a l and c o s t l y c a p i t a l 
investments. The use o f a d d i t i v e s ( t o FCC) capable o f s o r b i n g S i n 
the r e g e n e r a t o r as heat s t a b l e s u l f a t e s and r e l e a s i n g i t as H 2S i n 
the r e a c t o r s i d e i s probably the most c o s t e f f e c t i v e approach t o 
minimize S-emissions from FCC u n i t s (43,44). Although s a l e s i n 1985 
amounted o n l y t o ~$15 m i l l i o n / y e a r , i t has been p r e d i c t e d t h a t 
a d d i t i v e s s a l e s w i l l double every year f o r the next 4 to 5 years 
(45). 

Alumina, a l k a l i n e - e a r t h o x i d e s , mixed oxid e s ( s p i n e l s ) , 
r a r e - e a r t h o x i d e s , and l a n t h a n i d e ores are known a d d i t i v e s capable 
o f s o r b i n g S - i m p u r i t i e s . The p r o p e r t i e s o f these m a t e r i a l s can be 
manipulated t o produce c a t a l y s t s capable o f redu c i n g up t o -80% 
S-emissions and meet the r e f i n e r needs. I t i s , however, u n l i k e l y 
t h a t these systems w i l l be capable o f s a t i s f y i n g the more s t r i n g e n t 
environmental S-emission standards expected i n the f u t u r e . D e t a i l s 
o f the r e a c t i o n mechanism by which a d d i t i v e s and promoters c a t a l y z e 
the o x i d a t i v e s o r p t i o n o f S - i m p u r i t i e s and d e t a i l s o f c a t a l y s t 
d e a c t i v a t i o n have not y e t been proposed. T h i s work c o u l d p r o v i d e 
u s e f u l i n f o r m a t i o n t o help design more e f f i c i e n t S - t r a n s f e r 
c a t a l y s t s . The c a t a l y t i c c o n t r o l o f S-emissions from FCC u n i t s has 
been d e s c r i b e d i n d e t a i l i n two papers appearing i n t h i s volume 
(46,47) and i n the r e f e r e n c e s g i v e n (59). 

N i t r o g e n contaminants i n the feed, i n a d d i t i o n t o i n c r e a s i n g 
NOx-emissions from the r e g e n e r a t o r , reduce c a t a l y s t a c t i v i t y and 
g a s o l i n e s e l e c t i v i t y (48). B a s i c N-compounds n e u t r a l i z e the 
c a t a l y s t a c i d s i t e s , thus d e c r e a s i n g c r a c k i n g a c t i v i t y w h i l e 
i n c r e a s i n g carbon make (49). An a l t e r n a t i v e t o c o s t l y feed 
pretreatments (such as h y d r o t r e a t i n g , s o l v e n t e x t r a c t i o n , o r 
abs o r p t i o n o f N-compounds) i s c a t a l y s t m o d i f i c a t i o n t o in c r e a s e 
N - r e s i s t a n c e (50). M a t r i x composition and p o r o s i t y , r a r e - e a r t h 
l e v e l s , and S i / A l r a t i o i n the z e o l i t e are parameters t h a t deserve 
s t u d y i n g . R e c e n t l y , i t has been r e p o r t e d t h a t p o l y c a r b o x y l i c a c i d s 
and c e r t a i n amorphous a l u m i n o s i l i c a t e s can f u n c t i o n as N-scavengers 
and reduce the d e l e t e r i o u s e f f e c t s o f N-contaminants on FCC 
p r o p e r t i e s (51,52). More such m a t e r i a l s are expected t o appear i n 
the patent l i t e r a t u r e i n the f u t u r e . 
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The Future 
O i l shortages have, at the p r e s e n t , disappeared, but r e f i n e r s are 
nonetheless under economic pressure t o process metals-contaminated 
r e s i d u a l o i l s ( f r a c t i o n s b o i l i n g above 340°, such as ATB, HGO, VGO) 
t o produce nothing l e s s v a l u a b l e than the feed t o the c r a c k i n g u n i t 
( 2 9 ) ; see F i g u r e 6. Our dependence on o i l from OPEC c o u n t r i e s w i l l 
i n c r e a s e ( F i g u r e 5 ) ; t h e r e f o r e , i n s t a b i l i t i e s i n M i d d l e - E a s t 
p o l i t i c s c o u l d p r e c i p i t a t e another o i l embargo, f o r c i n g r e f i n e r s t o 
c o n s i d e r p r o c e s s i n g r e a d i l y a v a i l a b l e , but metals-contaminated, 
crudes from the Americas. Metals on c a t a l y s t s w i l l probably 
i n c r e a s e s i g n i f i c a n t l y above the l e v e l s shown i n F i g u r e 6 and dual 
f u n c t i o n c r a c k i n g c a t a l y s t s (DFCC) c o n t a i n i n g metal scavengers 
capable of w i t h s t a n d i n g as much as 1.5 wt% V c o u l d p l a y an important 
r o l e i n the r e f i n i n g technology o f the 1990s. Research on novel 
( n a t u r a l and s y n t h e t i c ) metal scavengers w i l l probably c o n t i n u e i n 
an e f f o r t t o f i n d a more u n i v e r s a l c a t a l y s t ( l i k e a 
m u l t i p l e - p a r t i c l e system, MFCC) capable o f p a s s i v a t i n g 
s i m u l t a n e o u s l y the v a r i o u s i m p u r i t i e s (metals, S, N) a s s o c i a t e d w i t h 
c e r t a i n abundant crudes (from Venezuela and Mexico) and r e s i d u a l 
f u e l s . 

R e f i n i n g problems r e s u l t i n g from Federal and S t a t e 
environmental r e g u l a t i o n s w i l l c ontinue t o r e p r e s e n t g r e a t business 
o p p o r t u n i t i e s f o r c a t a l y s t manufacturers. N a t i o n a l and 
i n t e r n a t i o n a l concern about a i r p o l l u t i o n from i n d u s t r i a l sources 
should f o s t e r the demand f o r more s t r i n g e n t emissions c o n t r o l 
standards. Thus, n o v e l , more e f f i c i e n t S and Ν scavengers, 
e s p e c i a l l y f o r West Coast r e f i n e r i e s , w i l l be r e q u i r e d . Research on 
octane-boosting c a t a l y s t s w i l l c o n t inue w e l l i n t o the 1990s, s i n c e 
more l e a d can be removed from g a s o l i n e , and l e a d phasedown i s now 
beginning a l s o i n Europe. As a r e s u l t o f expected f e d e r a l concerns, 
i n the f u t u r e g a s o l i n e w i l l have lower vapor p r e s s u r e l i m i t s . 
T h e r e f o r e , new octane-boosting c r a c k i n g c a t a l y s t s t h a t minimize 
butanes f o r m a t i o n w i l l be r e q u i r e d . The unique s t r u c t u r a l 
c h a r a c t e r i s t i c s o f newly s y n t h e s i z e d z e o l i t e s and m o l e c u l a r s i e v e s 
l i k e the aluminophosphates and s i l i c o a l u m i n o p h o s p h a t e s r e p o r t e d by 
Union Carbide workers (53) c o u l d p r o v i d e new a d d i t i v e s and 
components f o r FCC f o r m u l a t i o n s . New l a r g e - p o r e , shape s e l e c t i v e 
m a t e r i a l s ( l i k e p i l l a r e d c l a y s , delaminated c l a y s , and 18-membered 
r i n g m o l e c u l a r s i e v e s o f the VPI-5 type) (54,55) c o u l d be used t o 
s e l e c t i v e l y c r a c k and t r a n s f o r m branched naphthenes and p o l y a l k y l 
aromatics i n the LCGO f r a c t i o n s t o BTX (benzene, t o l u e n e , and 
x y l e n e s ) components i n the g a s o l i n e b o i l i n g range. 

Although g a s o l i n e demand i s not expected t o change g r e a t l y , 
consumption o f LCGO, l i g h t c y c l e gas o i l , (221°-343eC) has been 
p r o j e c t e d t o i n c r e a s e i n the f u t u r e ; see F i g u r e 4. T h i s d i s t i l l a t e , 
a major component of No. 2 f u e l o i l and d i e s e l f u e l s , i s almost as 
v a l u a b l e as g a s o l i n e and i s h i g h l y regarded i n Europe and i n Japan. 
P i l l a r e d and delaminated c l a y s are the o n l y c r a c k i n g c a t a l y s t s t h a t 
have e x h i b i t e d LC£0-selectivity, probably because t h e i r l a r g e pore 
openings (-8 χ 15A) a f f o r d the c r a c k i n g o f high m o l e c u l a r weight 
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14 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

hydrocarbons i n the SO, s l u r r y o i l , range (>343 eC) ( 56). 
Large-pore m o l e c u l a r s i e v e s ( l i k e VPI-5) ( 5 4 ) , amorphous 
a l u m i n o s i l i c a t e p a r t i c l e s w i t h v a r i a b l e S i O ^ / A l 2 0 3 r a t i o and 
pseudo-bohemite c o n t a i n i n g m a t e r i a l s are otne r c a n d i d a t e s o f 
p o t e n t i a l i n t e r e s t i n the p r e p a r a t i o n o f LCGO-selective FCC. 

Fast d e a c t i v a t i o n r a t e s due t o coki n g and the l i m i t e d 
hydrothermal s t a b i l i t y o f p i l l a r e d c l a y s have probably r e t a r d e d the 
commercial development o f these new type o f c a t a l y s t s and prevented 
(t o date) t h e i r acceptance by chemical producers and r e f i n e r s . 
However, t h e r e i s a l a r g e economic i n c e n t i v e j u s t i f y i n g e f f o r t s t o 
convert i n e x p e n s i v e ( i . e . $40-100/ton) s m e c t i t e s i n t o commercially 
v i a b l e ( p i l l a r e d c l a y ) c a t a l y s t s (56). T h e r e f o r e , i t i s b e l i e v e d 
t h a t work on the chemical m o d i f i c a t i o n o f n a t u r a l (and s y n t h e t i c ) 
c l a y s , and work on the p r e p a r a t i o n and c h a r a c t e r i z a t i o n o f new 
p i l l a r e d c l a y s w i t h improved hydrothermal s t a b i l i t y a r e , and w i l l 
remain, areas o f i n t e r e s t t o the academic community, as w e l l as t o 
res e a r c h e r s i n i n d u s t r i a l l a b o r a t o r i e s (56). 

A c c o r d i n g t o a recent survey ( 5 8 ) , c a t a l y s t manufacturers 
o f f e r e d 45 new c a t a l y s t s i n 1987, b r i n g i n g t o more than 170 the 
commercially a v a i l a b l e FCC. Close i n s p e c t i o n o f these m a t e r i a l s 
i n d i c a t e s t h a t t h e r e i s , at the p r e s e n t , a t r e n d toward forming 
customized s p e c i a l t y FCC and s e v e r a l o f the new f o r m u l a t i o n s appear 
to be incremental m o d i f i c a t i o n s o f e x i s t i n g FCC compositions (58). 
Bold (high r i s k ) r e s e a r c h programs aimed at d e v e l o p i n g new m a t e r i a l s 
are needed to improve the understanding o f the t e c h n o l o g i e s used i n 
making novel FCC f o r m u l a t i o n s . Industry sources have r e p o r t e d t h a t 
FCC worldwide c a p a c i t y i s 1.5 times g r e a t e r than a c t u a l demand ( 2 ) . 
C a t a l y s t producers i n v o l v e d i n long-range r e s e a r c h w i l l probably be 
able t o develop new and o u t s t a n d i n g products capable o f g e n e r a t i n g 
the t e c h n o l o g i c a l advantage necessary t o s u r v i v e and prosper i n a 
most c o m p e t i t i v e f u t u r e energy market. 

F i n a l l y , the i n c r e a s i n g a v a i l a b i l i t y and a p p l i c a t i o n o f modern 
c h a r a c t e r i z a t i o n techniques such as l a s e r Raman spectroscopy, s o l i d 
s t a t e NMR (MASNMR), x-ray p h o t o e l e c t r o n spectroscopy (XPS), and 
extended X-ray a n a l y s i s o f f i n e s t r u c t u r e s (EXAFS), t o g e t h e r w i t h 
t r a n s m i s s i o n and scanning e l e c t r o n microscopy (TEM and SEM), w i l l 
s t i m u l a t e b a s i c r e s e a r c h and encourage fundamental s t u d i e s o f the 
chemical nature o f c a t a l y t i c s u r f a c e s and p r o v i d e guidance i n t o the 
mostly e m p i r i c a l approach t o c a t a l y s t d e s i g n . Commitment t o 
i n t e g r a t e b a s i c r e s e a r c h r e s u l t s and newly s y n t h e s i z e d compositions 
and s t r u c t u r e s (molecular s i e v e s and supports) w i t h process r e s e a r c h 
w i l l be e s s e n t i a l t o the s u c c e s s f u l t r a n s l a t i o n o f t e c h n o l o g i c a l 
advances i n t o novel c a t a l y s t f o r m u l a t i o n s capable o f meeting the 
c h a l l e n g e s t h a t await modern r e f i n e r i e s . 
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Chapter 2 

Tetrahedral and Octahedral Extraframework 
Aluminum in Ultrastable Y Zeolites 

Implications in the Cracking of Gas Oil 

A. Corma1, V. Fornés2, A. Martińez1, and J. Sanz2 

1Institute de Cataliśis y Petroleoquimica, CSIC, Serrano, 119, 
28006-Madrid, Spain 

2Instituto de Ciencia de Materiales, CSIC, Serrano, 115 bis, 
28008-Madrid, Spain 

I t i s shown by 27Al MAS-NMR t h a t , besides t e t r a h e d r a l 
framework A l (~60 ppm), extraframework pentacoordinated 
or t e t r a h e d r a l l y distorted A l (~30-40 ppm), and 
oc tahedra l extraframework aluminum (~0 ppm), t e t r a h e d r a l 
A l i n amorphous silica-alumina is formed dur ing the 
dealumination o f Y zeolite, e i t h e r by steam or by SiCl4 
treatment. Th i s silica-alumina show characteristic 
hydroxyl groups at 3600-3610 cm-1, wi th a c i d s trength 
higher than that o f zeolite framework h y d r o x y l s . By m i l d 
acid or bas i c treatments it i s p o s s i b l e to change the 
p r o p o r t i o n o f the different types o f aluminum that 
a f f e c t the c r a c k i n g o f gas-oil. I t has been found that 
in h i g h l y steam-dealuminated HY zeolites a radical, 
c r a c k i n g mechanism increases the formation o f C1 and 
C 2 on HY zeolites with l e s s than 5 A l per u n i t cell. 

Despite the f a c t that many z e o l i t e s have been synthes ized i n the l a s t 
20 years , z e o l i t e Y remains the a c t i v e z e o l i t i c component i n most 
commercial c r a c k i n g c a t a l y s t s . 

D i f f e r e n t procedures can be used i n p r a c t i c e to a c t i v a t e the 
z e o l i t e , and the choice o f a p a r t i c u l a r method w i l l depend on the 
c a t a l y t i c c h a r a c t e r i s t i c s d e s i r e d . I f the main o b j e c t i v e i s to 
prepare a very a c t i v e c r a c k i n g c a t a l y s t , then a cons iderab le 
percentage o f the sodium i s exchanged by r a r e earth c a t i o n s . On the 
other hand, i f the main purpose i s to ob ta in gaso l ine with a h igh 
RON, u l t r a s t a b l e Y z e o l i t e s (USY) with very low Na content are 
prepared . Then a smal l amount o f r a r e earth ca t ions i s exchanged, 
but a c o n t r o l l e d steam d e a c t i v a t i o n step has to be in troduced i n the 
a c t i v a t i o n procedure to o b t a i n a c o n t r o l l e d dealumination o f the 
z e o l i t e . This procedure achieves a h igh thermal and hydrothermal 
s t a b i l i t y of the z e o l i t e , prov ided that s i l i c o n i s i n s e r t e d i n the 
vacancies l e f t by e x t r a c t i o n o f A l from the framework {1) . The 
commercial c a t a l y s t s so obta ined have framework S i / A l r a t i o s i n the 

0097-6156/88/0375-0017$06.00/0 
β 1988 American Chemical Society 
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18 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

range of 5 to 9. When the " f r e s h " c a t a l y s t i s introduced i n a 
cracking u n i t , f u r t h e r dealumination takes place during regeneration 
of the c a t a l y s t . Therefore, the z e o l i t e i n the e q u i l i b r i u m c a t a l y s t 
can have an average framework S i / A l r a t i o as high as 80. I t i s 
po s s i b l e to e xtract part of the extraframework aluminum (EFAL) 
generated during the a c t i v a t i o n procedure by a chemical treatment, 
or even to dealuminate the z e o l i t e , l e a v i n g p r a c t i c a l l y no EFAL on 
i t (2). However, the EFAL generated during c a t a l y s t regeneration 
accumulates i n the z e o l i t e outer surface (3,4). This extraframework 
aluminum can e i t h e r play a p o s i t i v e r o l e such as converting bottoms, 
or can act negatively, c a t a l y z i n g undesired r e a c t i o n s . Therefore 
the formation of EFAL should be performed i n such a way that i t s 
p o s i t i v e e f f e c t s could be preserved, while the negative ones are 
avoided or minimized. I t should be p o s s i b l e by using d i f f e r e n t 
dealumination methods to produce d i f f e r e n t EFAL l e v e l s as w e l l as 
c o n t r o l the nature of the EFAL generated. 

We have characterized HY z e o l i t e s dealuminated by d i f f e r e n t 
procedures and at d i f f e r e n t l e v e l s and have shown that the 
proportion of the d i f f e r e n t types of EFAL can be c o n t r o l l e d . 
Furthermore, a l l the z e o l i t e modifications c l e a r l y i n fluence the 
product d i s t r i b u t i o n during g a s - o i l cracking. 

Experimental 
Materials 

The s t a r t i n g NaY z e o l i t e was an SK-40 from Union Carbide with a 
framework S i / A l r a t i o of 2.4. U l t r a s t a b l e HY z e o l i t e s (HYUS) were 
prepared by steam-calcination of p a r t i a l l y ammonium exchanged 
z e o l i t e s at atmospheric pressure and 550-750 °C during 3-20 hours. 
A f t e r dealumination they were exchanged twice with an NH^ s o l u t i o n 
at 80 °C f o r one hour and then c a l c i n e d at 550 °C f o r 3 hours. In 
t h i s way dealuminated samples containing l e s s than 2% of the 
o r i g i n a l Na were obtained. One of these (HYUS-8) was subjected to 
d i f f e r e n t treatments: (1) washed with a s o l u t i o n of c i t r i c a c i d or 
HC1 (pH=3) at 25 °C f o r one hour (samples HYUSAC and HYUS1, 
r e s p e c t i v e l y ) ; (2) washed with a s o l u t i o n 0.1 M of NaOH at 40 °C 
f o r one hour (HYUSN), and (3) washed with a 38% v/v s o l u t i o n of 
acetylacetone i n ethanol at 20 °C f o r 2 hours (HYUSA). 

The F Si(NH ) dealuminated sample (HYF) was obtained f o l l o w i n g 
the procedure described i n the patent l i t e r a t u r e (2). Samples 

dealuminated with S i C l ^ were prepared f o l l o w i n g Ref. 5, working 
at temperatures of 400, 450 and 500 °C (HYD-T). The c h a r a c t e r i s t i c s 
of the z e o l i t e samples are given i n Table I. The g a s - o i l was a 

vacuum g a s - o i l whose physicochemical properties are described 
elsewhere (6). 

The u n i t c e l l constant of the z e o l i t e s were determined by X-ray 
d i f f r a c t i o n using CuKoc r a d i a t i o n and f o l l o w i n g ASTM procedure 
D-3942-80. The estimated standard d e v i a t i o n was t 0.01 A. The 
c r y s t a l l i n i t y of the samples were c a l c u l a t e d by comparing the peak 

height of the (5,3,3) peak, and considering the reference NaY SK-40 
as representing 100% c r y s t a l l i n i t y . 

The A l Magic Angle Spinning (MAS)-NMR spectra were obtained 
i n a Bruker MSL-400 spectrometer (\?A1=104.25 MHz). A 2 s pulse 
(30° degree) was used with a r e p e t i t i o n time of 2 s between pulses 
i n order to avoid s a t u r a t i o n e f f e c t s . Zircona c y l i n d r i c a l sample 
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CORMA ET AL. Extraframework Al in Y Zeolites 19 

TABLE I 

STRUCTURAL AND CHEMICAL CHARACTERISTICS OF DEALUMINATED HY ZEOLITES 

Zeolite S i / A l a u.c S i / A l b Al/u.c. Cryst S i / A l a 

(Â) % 

HYUS-6 2.9 24. 48 5.9 28.0 85 
HYUS-8 2.8 24. 42 8.1 21.1 90 
HYUS-14 2.8 24. 34 14.2 12.6 90 
HYUS-141 2.3 24. 24 141.0 1.4 70 
HYD-400 4.0 24. 31 21.2 8.6 90 
HYD-450 10.4 24. 22 — ~0 90 
HYD-500 10.2 24. 20 -- <v/0 30 
HYUSAC 4.2 24. 40 9.2 18.8 100 
HYUS1 3.2 24. ,42 8.1 21.1 100 
HYUSN 2.3 24 39 9.9 17.6 95 
HYUSA 2.9 24. ,37 11.0 16.0 95 
HYF 5.2 24. , Δ 3 7.7 22.1 100 

a From chemical analysis 
b Calculated from Fichtner-Schmittler equation 
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20 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

spinners with 5 mm inner diameter were used and the spinning 
frequency was i n the range 4-4.5 KHz. Cross p o l a r i z a t i o n and proton 
decoupling were not used. The number of accumulations was 400. A l ^ 
measurements were c a r r i e d out at room temperature with A1(H 0 ) ^ 
as standard reference; the me^i e r r o r i n the measured i s o t r o p i c 
chemical s h i f t was 0.5 ppm. A l spectra were obtained using a 
s p e c t r a l width of 50 KHz and data acquired i n 2K points of memory. 
The background s i g n a l from the probe was négligeable, s p e c i a l 
a t t e n t i o n was paid to remove from the Free Induction Decay (FID) 
the points associated with the r a d i o frequency pulse that are the 
o r i g i n of f i c t i c i o u s broad components i n the spectra. In order to 
prevent the q u a n t i t a t i v e r e l a t i o n between peak i n t e n s i t i e s , no 
mathematical procedures f o r data treatment (such as m u l t i p l i c a t i o n 

of the FID by an exponential function) were used. Spectra 
deconvolution was c a r r i e d out assuming a gaussian p r o f i l e f o r each 
component; the i n t e n s i t y of each component was obtained by 
i n t e g r a t i o n over the corresponding curve and normalization to a 

hundred f o r the i n t e n s i t y of the spectra. 
Infrared spectroscopic measurements were c a r r i e d ou"^ i n a 

conventional greaseless IR c e l l . Wafers ^ o f 10 mg.cm"" were 
pretreated overnight at 400 °C and J.33 χ 10~ Pa of dynamic vacuum. 
The spectra i n the 4000-3300 cm" region were recorded at room 
temperature i n a Perkin Elmer 580 Β spectrophotometer equipped wit£ 
Data S t a t i o n . For the p y r i d i n e adsorption experiments, 6.66 χ 10 
Pa of p y r i d i n e was introduced i n t o the c e l l at room temperature. 
A f t e r e q u i l i b r i u m the samples were outgassed at temperatures i n the 
range of 250-400 °C under vacuum, and the spectra were recorded at 
room temperature. 

Gas - o i l cracking was c a r r i e d out i n a f i x e d bed tubular r e a c t o r 
at atmospheric pressure and 482 ° C Average y i e l d s of the d i f f e r e n t 
products - d i e s e l , gasoline, gases (methane, ethane, ethylene, C , 
C^), and coke- were measured at d i f f e r e n t l e v e l s of conversion by 
varying the c a t a l y s t to o i l r a t i o i n the range 0.025-0.40 g.g~" , 
but always at 60 sec on-stream. The operational procedure has been 
d e t a i l e d elsewhere (6). 

Results and Discussion 
27 

Al NMR C h a r a c t e r i z a t i o n 
27 

The A l NMR spectra of three steam-dealuminated HY z e o l i t e s are 
shown i n Figure 1. They Sjt̂ pw one intense l i n e centered at ^60 ppm 
(tetrahedral aluminum, A l ) ^nd two more l i n e s at ~> 30 ppm and ^ 0 
ppm (octahedral aluminum, A l ). A l i n e at ^ 3 0 ppm, observed i n 
hydrothermally treated amorphous s i l i c a - a l u m i n a (7) and HY z e o l i t e s 
(7,8), has been assigned to a pentacoordinated (7) or to strongly 
d i s t o r t e d t e t r a h e d r a l ] y coordinated nonframework aluminum n u c l e i 
(8). Figure 1 c l e a r l y shows that the percentage of aluminum r e l a t e d 
to the *J 30 ppm l i n e increases as the s e v e r i t y of the treatment 
increases. On the other hand, spectrum l c i s very s i m i l a r to that 
reported f o r steamed amorphous s i l i c a - a l u m i n a (7). Moreover, i f we 
take i n t o account the i n t e n s i t y of the framework A l (34%), i t 
becomes d i f f i c u l t to understand a value of 140 f o r the z e o l i t e 
framework S i / A l r a t i o obtained from the u n i t c e l l s i z e value 
(24.24 A). This e f f e c t a l s o appears i n the spectra of the two 
samples dealuminated by S i C l , HYD-450, and HYD-500 ( F i g . 2). These 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

2

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



CORMA ET AL. Extraframework Al in Y Tkolites 

120 80 40 0 - 40 - 80 

PPM 

27 
Figure 1. A l MAS-NMR spectra of steamed samples. 

a. HYUS-8 sample 
b. HYUS-14 " 
c. HYUS-141 " 
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22 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Figure 2. Al MAS-NMR spectra of S i C l treated samples. 
a. HYD-450 
b. HYD-500 
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2. CORMA ET AL. Extraframework Al in Y Zeolites 23 

two samples show a quite intense A l NMR l i n e ^at ^60 ppm, while 
the u n i t c e l l s i z e values are 24.22 and 24.20 ^ The spectrum of 
sample HYD-450 ( F i g . 2a) shows two types of A l , one at 60 ppm 
and another at 54 ppm. Howeve^, i n the spectrum of sample HYD-500 
(F i g . 2b), only one type of A l remains at 54.3 ppm. 

These r e s u l t s show that i t i s d i f f i c u l t i n any o f ^ h e h i g h l y 
dealuminated samples studied here to prove that the A l observed 
corresponds only to framework aluminum of the z e o l i t e , since tŵ o, 
very d i f f e r e n t types of A l are observed. On the other hand, A l 
i s observed at " 56 ppm i n amorphous s i l i c a - a l u m i n a (7,9). Thus one 
could s a f e l y conclude^ that during dealumination by steam and by 
S i C l ^ , besides the A3. ("60 ppm), A l ("0 ppm), and t e t r a h e d r a l l y 
d i s t o r t e d or pentacoordinated EFAL ("30 ppm) i n the z e o l i t e 
framework, there e x i s t s aluminum that i s t e t r a h e d r a l l y coordinated 
i n an amorphous s i l i c a - a l u m i n a . This amorphous s i l i c a - a l u m i n a has 
probably been formed i n the case of steam HY z e o l i t e s by r e a c t i o n 
of some of the s i l i c a coming up from destroyed z e o l i t e and part of 
the EFAL. In the S i C l ^ deal urinated sample, the s i l i c a needed to 
form the amorphous s i l i c a - a l u m i n a should proceed from both the S i C l ^ 
and the destroyed z e o l i t e . 

The HYF z e o l i t e dealuminated with (NH^) F^Si only shows l i n e s 
at 0 ppm and 60 ppm, even a f t e r deep bed c a l c i n a t i o n ; the l i n e s at 
*v30 ppm and ~54 ppm are not v i s i b l e . 

IR C h a r a c t e r i z a t i o n 

The IR spectra i n the OH region of the sample HYF deep bed c a l c i n e d 
at 450 and 550 °C ( F i g . 3) and HYUS-8 ( F i g . 4) are d i f f e r e n t . Indeed 
the HYF sample c a l c i r ed a t 450 °C ( F i g . 3a) shows only two bands 
at 3557 (LF) and 3636 cm" (HF). The band at 3750 cm" , r e l a t e d 
with s i l a n o l groups and consequently with s t r u c t u r a l breaking, i s 
very small. This shows that a very good s u b s t i t u t i o n of aluminum 
by s i l i c o n has been achieved by t h i s procedure without damage to 
the s t r u c t u r e . Moreover, when p y r i d i n e was adsorbed ..and desorbed 
at 250 °C ( F i g . JJb), a l l the OH appearing at 3636 cm" and most of 
those at 3557 cm i n t e r a c t e d with p y r i d i n e . The p y r i d i n e adsorption 
bands ( F i g . 3c) i n d i c a t e that a v e r y ^ s m a l l amount of p y r i d i n e 
coordinated to Lewis sixtes (1450 cm" ), while the amount of 
pyridinium ions (1550 cm"") i s high. This observation suggests that 
prc-bably only very small amount of Lewis a c i d s i t e s , i . e . , A10H 
type species (or even amorphous or c r y s t a l l i n e alumina) are present 
and that p r a c t i c a l l y a c i d i t y i s mainly of the Bronsted type. 
However, a f t e r the HYF sample was c a l c i n e d at 550 °C ( F i g . 3d) i t s 
IR spectrum changed. The two OH bands described above are not 
c l e a r l y resolved and other OH bands appear, while the i n t e n s i t y of 
the band corresponding to the s i l a n o l groups increases. The 3636 
and 3557 cm hydroxyl groups can ^interact with p y r i d i n e but bands 
appearing at "3615 and ^ 3690 cm" do not ( F i g . 3e). However, t h | 
d i f f e r e n c e spectrum i n d i c a t e s that sorre hydroxyls at 3600-3610 cm 
a l s o r e t a i n p y r i d i n e strongly ( F i g . 3f ). The hydroxyl groups at 
~3615 and *3690 cm do not i n t e r a c t at a l l with p y r i d i n e , even 
without degassing. This i n d i c a t e s that these hydroxyls are not 
a c c e s i b l e to p y r i d i r e , or they are non-acidic i n nature. The 
spectrum of adsorbed p y r i d i n e shows that a quite high Lewis a c i d i t y 
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24 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Figure 3. IR spectra of HYF sample treated at d i f f e r e n t temp.: 
Hydroxyl and p y r i d i n e region. 

a. Hydroxyls of HYF deep bed c a l c i n e d at 450°C 
b. "a" a f t e r adsorption of p y r i d i n e and desorption at 

250 °C and vacuum 
c. IR bands of p y r i d i n e adsorbed on HYF "b" 
d. Hydroxyls of HYF a f t e r deep bed c a l c i n a t i o n at 

500 °C 
e. "d M a f t e r adsorption of p y r i d i n e and desorption at 

250 °C and vacuum 
f. Difference spectrum " d u minus "e" 
g. IR bands of p y r i d i n e adsorbed on HYF "d" 
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3635 
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w Q v e n u m b e r , c m ' 1 

Figure 4. IR spectra of HYUS-8 sample before and a f t e r p y r i d i n e 
adsorption. 

a. Hydroxyls of HYUS-8 
b. "a" a f t e r p y r i d i n e adsorption and desorption at 

250 °C and vacuum 
c. Difference spectrum "a" minus "b" 
d. IR bands of p y r i d i n e adsorbed on HYUS-8, and 

desorbed at 400 °C and vacuum 
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has developed ( F i g . 3g) . Together with the f a c t that the u n i t c e l l 
s i z e o f the z e o l i t e sample has decreased by 0.07 À a f t e r c a l c i n a t i o n 
at 550 °C, t h i s shows that some dealumination has occurred during 
c a l c i n a t i o n and that the hydroxyl groups i d e n t i f i e d with the 3615 
and 3690 cm"" bands and at l e a s t a part of a c i d i t y observed i n the 
ca l c i n e d sample, i s a t t r i b u t e d to the generation of EFAL. 

The above i n t e r p r e t a t i o n can also explain the IR spectra of 
the HYUS samples. Indeed, the HYUS-8 sample shows two bands at 3555 
and 3635 cm , a considerable amounj of s i l a n o l groups, and hydroxyl 
v i b r a t i n g at ~ 3675 and-3695 cm" (Fijg. 4a). A f t e r p y r i d i n e i s 
adsorbed the bands at 3555 and 3635 cm" disappear, while the other 
two bands remain and a new band at 3615 cm" i s now c l e a r l y v i s i b l e 
( F i g . 4b^. I f the d i f f e r e n c e spectrum i s obtained a band at 3600-
3610 cm ( F i g . 4c) again i n d i c a t e s the presence of strongly a c i d 
hydroxyl groups. ^ 

The a c i d i c hydroxyl groups appearing at 3600-3610 cm are 
c l e a r l y v i s i b l e i n SiCl^-dealuminated HY z e o l i t e s . For instance, 
Figure 5a (the d i f f e r e n c e spectrum a f t e r p y ridine desorption at 
250 °C i n vacuum f o r a HYD z e o l i t e with an un i t c e l l s i z e of 24.31 
Â) c l e a r l y shows the presence of these a c i d i c hydroxyls together 
with the HF̂  and LF ones. A f t e r desorption of pyri d i n e at 400 °C and 
1.33 χ 10" Pa, only the hydroxyls at ~3610 cm" r e t a i n p y r i d i n e . 
Therefore these hydroxyls are more a c i d i c than tljie framework HF and 
LF hydroxyl groups. A hydroxyl group at ~3610 cm" has been observed 
i n amorphous s i l i c a - a l u m i n a , with an a c i d strength higher than that 
of other hydroxyl groups present i n amorphous s i l i c a - a l u m i n a (10) . 
Thus, the observed a c i d i c hydroxyl groups at ~ 3610 cm can be 
associated wilh the amorphous s i l i c a - a l u m i n a formed during the 
dealumination p r o c e s s ^ 11) . 

In conclusion, A l MAS-NMR and IR r e s u l t s show the formation 
of amorphous s i l i c a - a l u m i n a during dealur.iination. I t shows stronger 
a c i d i t y than the hydroxyls attached to z e o l i t e framework aluminums. 
This s i l i c a - a l u m i n a can account f o r the sup e r a c i d i t y observed by 
some authors i n steamed z e o l i t e samples (12,13). 

In order to study ^the Lewis a c i d i t y of the samples, the 
i n t e n s i t y of the 1450 cm p y r i d i n e band was also measured. Sample 
HYUS-8 shows a high amount of Lewis centers ( F i g . 4d), r e l a t i v e 
the HYD-400 sample^ ( F i g . 5c). This agrees with the absence of A l 
as observed by A l MAS-NMR f o r HYD samples. However, chemical 
a n a l y s i s (Table I) i n d i c a t e s that there i s more aluminum i n t h i s 
sample than i n that from the u n i t c e l l constant measurements. These 
di f f e r e n c e s could be explained considering that A l MAS-NMR does 
not detect octahedral EFAL because of the low symmetry of i t s 
environment (14). I f t h i s i s so, i t i s remarkable that t h i s EFAL 
does not show Lewis a c i d i t y as measured by pyridine adsorption. On 
the other hand, i f indeed theçe^ i s a small amount of A l , then the 
EFAL should be present as A l outside the z e o l i t e framework. In 
t h i s case i t should be present as amorphous s i l i c a - a l u m i n a . 

The HYU^-8 sample treated with d i f f e r e n t chemicals has been 
studied by A l NMR and the r e s u l t s are given i n Figure 6. The 
c i t r i c a c i d treatment éliminées the s i g n a l appearing at ~ 30 ppm 
and strongly decreases the A l (~0 ppm) but the A l s i g n a l remains 
unaffected ( F i g . 6a and Table I ) . The HC1 treatment eliminates some 
of the aluminum at ̂  30 ppm but the l i n e at ̂ 0 ppm becomes sharper, 
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3610 

3700 3400 1800 1400 
w a v e n u m b e r , c m " 

Figure 5. Difference spectra of hydroxyl groups of HYD-400, 
between the spectra before and a f t e r p y r i d i n e adsorption and 
desorption at: 

a. 250 °C 
b. 400 °C 
c. IR bands of p y r i d i n e adsorbed on HYD-400 and 

desorbed at 400 °C and vacuum 
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» I 1 I 1 I I 1 I I I • . ι ι • » 1 I I 
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Figure 6. 2 7 A 1 MAS-NMR spectra of HYUS-8 treated with d i f f e r e n t 
chemicals : 

a. HYUSAC, c i t r i c a c i d 
b. HYUS1, hydrochloric a c i d 
c. HYUSN, sodium hydroxyde 
d. HYUSA, acetylacetone 
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2. CORMA ET AL. Extraframework Al in Y Zeolites 29 

probably i n d i c a t i n g that l e s s polymerized species of A l are formed 
( F i g . 6b). The acetylacetone treatment does not change the r e l a t i v e 
i n t e n s i t y of the component i n the A l NMR spectrum ( F i g . 6c). In 
contrast, the NaOH treatment ( F i g . 6d) eliminates the ^30 ppm 
s i g n a l , i n agreement with previous work (7), and also strongly 
increases and sharpens the l i n e at ~ 0 ppm. These r e s u l t s c l e a r l y 
show that i t i s p o s s i b l e , by simple treatments, to modify the 
proportion of the d i f f e r e n t types of aluminum present on a steam 
treated z e o l i t e . 

Cracking Behaviour of Steam-Dealuminated HY Z e o l i t e s 

In Figure 7 the s e l e c t i v i t y to methane, ethane, ethylene, gases, 
gasoline (210°C), d i e s e l (310°C), and coke at 65% l e v e l of 
conversion have been p l o t t e d f o r HYUS z e o l i t e s with 28, 21, 12, and 
2 A l per u n i t c e l l f o r cracking g a s - o i l . I t i s apparent from the 
fi g u r e s that the s e l e c t i v i t y to and C products decreases with 
a decreasing number of aluminum, up to 10-èo A l per u n i t c e l l . With 
f u r t h e r dealumination the s e l e c t i v i t y to and products 
increases again. 

The formation of methane and ethane can be explained by the 
p r o t o l y t i c cracking of an alkane (15) ( s p e c i a l l y branched alkanes) 
on very strong Bronsted s i t e s . However, i t would be d i f f i c u l t to 
explain by a c i d c a t a l y s i s the formation of ethylene, because t h i s 
would involve the formation of primary carbenium ions. On the other 
hand, a f t e r ^30 A l per u n i t c e l l have been removed from the 
framework, one should not expect large changes i n the a c i d strength 
of the s i t e s by f u r t h e r dealumination. Therefore changes i n 
s e l e c t i v i t y due to d i f f e r e n c e s i n a c i d strength should not be 
expected. Thus i t i s d i f f i c u l t from the point of view of a c i d 
c a t a l y s i s to explain the large increase i n the s e l e c t i v i t y f o r 
and C 2 observed with s t r o n g l y dealuminated z e o l i t e s . Therefore we 
propose that the observed increase i n the and f r a c t i o n , 
together with Çfaê decrease i n the i-C^/n-C^ r a t i o , can be explained 
by considering that on hi g h l y steam dealuminated HY z e o l i t e s r a d i c a l 
cracking (cracking v i a r a d i c a l intermediates) becomes very 
important. A cracking of t h i s type w i l l give more and and l e s s 
branched products than i o n i c cracking. This i s exactly what i s 
experimentally observed. 

In conclusion, we be l i e v e that cracking of g a s - o i l i s taking 
place on z e o l i t e s v i a carbonium, carbenium ions and r a d i c a l s . In 
the case of steam dealuminated samples, when more than 5 A l per u n i t 
c e l l (Si/Al<30) are present i n the framework of the z e o l i t e , the 
i o n i c mechanism i s much more important than the r a d i c a l one. When 
the framework aluminum decreases and the number of defects 
increases, the r a d i c a l mechanism becomes operative and eventually 
dominant wh«n p r a c t i c a l l y no aluminum i s present i n _^he z e o l i t e 
framework and superacid Bronsted s i t e s (at ~ 3610 cm" ) are not 
present. 

In heavily steam-dealuminated z e o l i t e s , most of the a c t i v i t y 
should come from the EFAL that i s concentrated on the external 
surface (3,4). We bel i e v e that Lev/is a c i d i t y , which can s t a b i l i z e 
r a d i c a l s , can play an important r o l e i n the r a d i c a l cracking 
observed with strongly steam-dealuminated HY z e o l i t e s . Furthermore, 
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Figure 7. S e l e c t i v i t i e s to d i f f e r e n t products of g a s - o i l 
cracking on HYUS c a t a l y s t s , as a func t i o n of the number of A l 
per u n i t c e l l . 
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T o t a l Conversion,% 
Figure 8. Y i e l d s to d i f f e r e n t products of g a s - o i l cracking f o r 
d i f f e r e n t samples, as a func t i o n of l e v e l of conversion, 

continuous l i n e HYUS-8 
Ο HYUSAC 
φ HYUSN 
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coke formation fo l lows the same trends as and make when 
changing the A l per u n i t c e l l i n the z e o l i t e . Th i s i n turn br ings 
up the hypothesis that c r a c k i n g cou ld occure v i a a r a d i c a l 
mechanism. 

F i n a l l y , the v a r i a t i o n o f the y i e l d s o f gaso l ine and d i e s e l 
versus A l per u n i t c e l l a l low us to conclude that h i g h l y steam-
dealuminated HY z e o l i t e s behave, from the po in t o f view of g a s - o i l 
c r a c k i n g , l i k e a w e l l - d i s p e r s e d a c t i v e a lumina. 

C a t a l y t i c Behaviour o f "leached' 1 Steam-Dealuminated Z e o l i t e s 

When the steamed H Y^ zeo l i t e s are t r e a t e d with c i t r i c a c i d or NaOH, 
the EFAL g i v i n g a ^ A l NMR l i n e at ~30 ppm d i sappears . However, the 
s i g n a l o f the A l at ^0 ppm increases and becomes very sharp. On 
the other hand, a f t e r these treatments gases and d i e s e l y i e l d s 
increase and the s e l e c t i v i t i e s to gaso l ine and coke decrease 
s l i g h t l y ( F i g . 8 ) . 

Conclusions 

We can conclude that amorphous s i l i c a - a l u m i n a i s formed i n steamed 
and S iCl^-dea luminated z e o l i t e s . I f the treatment i s not t o o ^ e v e r e , 
the amorphous s i l i c a - a l u m i n a has hydroxyl groups at 3610 cm which 
are s t r o n g l y a c i d i c and a c t i v e i n c a t a l y t i c c r a c k i n g ( superac id 
Bronsted c e n t e r s ) . In the case o f h i g h l y steam-dealuminated (~ 5 A l 
per u n i t c e l l ) HY z e o l i t e s , a r a d i c a l c r a c k i n g mechanism becomes 
important . Then, as wi th a c t i v e a lumina, gas and coke are produced 
i n h igher amounts. F i n a l l y , i t i s p o s s i b l e by m i l d a c i d or b a s i c 
treatment, to modify the p o p u l a t i o n o f the d i f f e r e n t EFAL s p e c i e s , 
thus changing product s e l e c t i v i t y f o r g a s - o i l c r a c k i n g . 
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Chapter 3 

Hydrocarbon Cracking Selectivities 
with Dual-Function Zeolite Catalysts 

K. Rajagopalan and G. W. Young 

Davison Chemical Division, W. R. Grace & Company, 7379 Route 32, 
Columbia, MD 21044 

High yield of C6 to C8 aromatics was obtained with 
thermally treated ZSM-5 (with a SiO2 to Al2O3 
ratio of 47) during n-hexadecane cracking in a fixed bed 
reactor. After steam treatment, yield of C5 to C7 
olefins increased at the expense of aromatics. The 
effect of the addition of a small concentration (1 Wt.%) 
of ZSM-5 to a rare earth Y fluid cracking catalyst 
during cracking of a commercial gas oil was investigated 
by measurement of yields of gasoline range hydrocarbons. 
The addition of either thermally treated or steam 
treated ZSM-5 to the catalyst reduced the concentration 
of normal and monomethyl paraffins in the product 
gasoline, thus enriching olefins and aromatics. No 
evidence of preferential reduction of straight chain 
paraffins compared to monomethyl paraffins was 
observed. Experiments using a catalytically cracked 
gasoline as feedstock suggest that ZSM-5 cracks paraffin 
precursors (carbonium ion or olefin intermediates) and 
prevents formation of gasoline range paraffins. These 
changes in gasoline composition due to ZSM-5 in the dual 
zeolite catalyst are probably responsible for increased 
gasoline octane number observed with that catalyst. 

Synthe t i c Y f a u j a s i t e z e o l i t e s have been used commercial ly as 
c r a c k i n g c a t a l y s t s over the past two decades (1) and more r e c e n t l y 
dua l z e o l i t e f l u i d c r a c k i n g c a t a l y s t s c o n t a i n i n g f a u j a s i t e and 
ZSM-5 were d i scovered to increase the octane number of the product 
g a s o l i n e dur ing c a t a l y t i c c r a c k i n g of gas o i l (2) . T h i s concept , 
where ZSM-5 c o n s t i t u t e s on ly a smal l f r a c t i o n (about 1 weight 
percent) of the c r a c k i n g c a t a l y s t , has been tes ted commercial ly i n 
Europe (3) and i n the Un i t ed States (4) . Crack ing o f p a r a f f i n i e 
and o l e f i n i c hydrocarbons by ZSM-5 c a t a l y s t s have been s tud ied by 
s e v e r a l i n v e s t i g a t o r s (5-11) over a range of temperatures (350 to 
5 4 0 ° C ) . These i n v e s t i g a t o r s used e i t h e r n e a r l y pure ZSM-5 or a 
c a t a l y s t c o n t a i n i n g 50 Wt.% ZSM-5 i n a s i l i c a m a t r i x . The 

0097-6156/88/0375-0034$06.00/0 
• 1988 American Chemical Society 
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3. RAJAGOPALAN AND YOUNG Hydrocarbon Cracking Selectivities 35 

mechanism of octane enhancement with the dual z e o l i t e c a t a l y s t was 
in v e s t i g a t e d by examining the e f f e c t of a d d i t i o n of 1 Wt.% ZSM-5 to 
the cracking c a t a l y s t composition on product s e l e c t i v i t y during 
c a t a l y t i c cracking of a commercial gas o i l at 500°C. Changes 
i n composition of product gasoline ( p a r a f f i n s , o l e f i n s , naphthenes 
and aromatics) caused by ZSM-5 were measured. A model p a r a f f i n 
compound and a gasoline obtained by c a t a l y t i c cracking were used as 
feedstocks i n c e r t a i n experiments. Since commercial cracking 
c a t a l y s t s undergo continuous high temperature regeneration i n the 
presence of steam (1), the e f f e c t of hydrothermal treatment of 
ZSM-5 was al s o i n v e s t i g a t e d . 

Experimental Methods 

Ca t a l y s t s and Pretreatment. ZSM-5 was prepared i n our laboratory 
and was determined to be c r y s t a l l o g r a p h i c a l l y pure by X-ray d i f 
f r a c t i o n . Η-form of the z e o l i t e was obtained by i o n exchanging 
with N H 4 N O 3 s o l u t i o n followed by c a l c i n a t i o n to reduce the sodium 
content below 500 ppm. The designation ZSM-5 w i l l be used i n t h i s 
manuscript to denote the Η-form of the z e o l i t e . The S 1 O 2 to A I 2 O 3 
r a t i o of the z e o l i t e was analyzed as 47 and average p a r t i c l e s i z e 
was about .2 vim. C a t a l y s t s were prepared by a thorough mixing of 
z e o l i t e with a s i l i c a - a l u m i n a s o l binder and k a o l i n c l a y d i l u e n t 
followed by drying. The binder and c l a y component of the c a t a l y s t 
w i l l be r e f e r r e d to as the "matrix". Two c a t a l y s t s containing 1 Wt.% 
and 25 Wt.% ZSM-5 i n the matrix were prepared. A "pure" matrix cata
l y s t that d i d not contain any z e o l i t e was also prepared so that the 
e f f e c t of the matrix i n the ZSM-5 c a t a l y s t s could be taken i n t o 
account. Commercially a v a i l a b l e Super-D, which contains rare earth 
exchanged Y z e o l i t e (REY) i n the matrix and i s manufactured by the 
Davison Chemical D i v i s i o n of W. R. Grace & Co., was used as the REY 
c a t a l y s t . 

Steam pre-treatment of f l u i d cracking c a t a l y s t s has been con
v e n t i o n a l l y employed to represent the d e a c t i v a t i o n o c c u r r i n g i n a 
commercial FCC u n i t . Appropriate steam pre-treatment methods have 
been developed so that the a c t i v i t y and s e l e c t i v i t y of the steam 
pre-treated c a t a l y s t i s equivalent to a commercially deactivated 
c a t a l y s t (12). However, a unique steaming method may not be s u i t a b l e 
f o r c a t a l y s t s of varying compositions (12). Two steaming methods 
designed to simulate d e a c t i v a t i o n i n a commercial u n i t of the two 
types of c a t a l y s t s used i n t h i s work were employed. Super-D was 
trea t e d f o r 8 hours at 732°C with a steam pressure of 2 
atmospheres. The c a t a l y s t s containing ZSM-5 were tre a t e d f o r 12 
hours at 827°C with a steam p a r t i a l pressure of 0.2 atmosphere. 
In a d d i t i o n to the above pre-treatments, the ZSM-5 containing 
c a t a l y s t s were a l s o thermally treated f o r 3 hours at 704°C i n 
s t a t i c a i r to represent the e f f e c t of f r e s h l y added ZSM-5 i n a 
commercial FCC u n i t . 

Dual z e o l i t e c a t a l y s t s were prepared by p h y s i c a l l y blending 
Super-D with the c a t a l y s t containing 25 Wt.% ZSM-5 so as to achieve 
1 Wt.% ZSM-5 i n the p h y s i c a l blend. Two blends, one containing steam 
tr e a t e d Super-D and thermally treated ZSM-5 c a t a l y s t and the other 
containing steam treated Super-D and steam treated ZSM-5 c a t a l y s t 
were prepared. Each of the blends was then i n t i m a t e l y mixed. 
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Feedstocks and Reactor. Feedstock f o r the experiments was chosen 
from among a gas o i l with p r o p e r t i e s described i n Table I, a 
gasoline obtained by c a t a l y t i c cracking with the composition 
described i n Table VI and 99% pure n-hexadecane from A l d r i c h 
(Milwaukee, WI). A f i x e d bed r e a c t o r described i n ASTM D3907 was 
employed f o r c a t a l y t i c t e s t i n g . Experiments were c a r r i e d out at a 
re a c t o r temperature of 500°C, Weight Hourly Space V e l o c i t y of 
16 and c a t a l y s t residence time (13) of 75 seconds. M a t e r i a l 
balance f o r the r e a c t o r runs ranged from 95 to 102 weight percent. 

Table I. P r o p e r t i e s of a Commercial Gas O i l 

Mass S p e c t r a l A n a l y s i s 
P a r a f f i n s , V o l . % : 14.5 
C y c l o p a r a f f i n s (1, 2, and 3 r i n g ) , V o l . % : 33.1 
Aromatics, V o l . % : 52.4 

Boil i n f t Point D i s t r i b u t i o n (ASTM: D-1160) 
I n i t i a l : 187°C 
10 V o l . % : 339°C 
50 V o l . % : 437°C 
90 V o l . % : 544°C 

S p e c i f i c G r a v i t y at 16°C : .912 
UOP M K M Factor : 11.78 
S u l f u r , Wt.% : .39 

Nitrogen, Wt.% : .11 

Product Analyses. L i q u i d product from the r e a c t o r was separated 
int o i t s components and analyzed with the a i d of a Hewlett-Packard 
(HP) 5880A gas chromatograph using a 50m Dimethyl S i l i c o n e F l u i d 
c a p i l l a r y column and a flame i o n i z a t i o n detector. A column 
temperature program ranging from 15°C to 280°C was used to 
enable adequate r e s o l u t i o n . The components were i d e n t i f i e d using a 
HP 5990A GC/MS System. L i g h t hydrocarbons ( C i to C s ) were 
c o l l e c t e d i n a gas bag and analyzed on a HP 5710 gas chromatograph 
with a 20% Dibutylmaleate packed column maintained at 22°C and a 
flame i o n i z a t i o n detector. Hydrogen i n the gas bag was analyzed by 
a Gow-Mac thermal c o n d u c t i v i t y detector connected to a 13X molecular 
sieve packed column. Coke on spent c a t a l y s t was measured by Carbon 
Determinator WR-12 (Leco Corporation, St. Joseph, MI). 

Results and Discussion 

E f f e c t of Steam Treatment. X-ray d i f f r a c t i o n analyses i n d i c a t e d 
that ZSM-5 ret a i n e d i n excess of 90% of i t s c r y s t a l l i n i t y a f t e r the 
steam treatment described i n the methods s e c t i o n . U n i t c e l l 
constant of the REY z e o l i t e i n Super-D decl i n e d from 24.65& to 
24.38a due to the steam treatment. Independent measurements 
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3. RAJAGOPALAN AND YOUNG Hydrocarbon Cracking Selectivities 37 

i n d i c a t e d that RE ion exchange r e s u l t s i n a l a t t i c e expansion of 
0.04A. Thus, the u n i t c e l l shrinkage due to steaming cannot be 
f u l l y explained by p o s t u l a t i n g rare earth migration outside the 
z e o l i t e . I t i s reasonable to i n f e r that dealumination of the 
f a u j a s i t e framework occurred during the steam pretreatment. U n i t 
c e l l shrinkage of f a u j a s i t e has a l s o been observed during use i n a 
commercial u n i t (14). 

The e f f e c t of steam treatment of ZSM-5 on i t s cracking a c t i v i t y 
and s e l e c t i v i t y was measured with experiments using n-hexadecane 
feed. With the thermally treated ZSM-5 c a t a l y s t , concentration of 
the unconverted n-hexadecane i n the product was not measurable while 
50% of the feed was unconverted with the steam treated ZSM-5 
c a t a l y s t (Table I I ) . The lower l i m i t of conversion with the 
thermally t r e a t e d c a t a l y s t corresponding to d e t e c t i o n l i m i t of 
n-hexadecane i s 99.99%. This lower l i m i t suggests at l e a s t an order 
of magnitude reduction i n apparent f i r s t order r a t e constant of the 
ZSM-5 c a t a l y s t upon steam treatment. The small reduction i n 
c r y s t a l l i n i t y upon steaming cannot f u l l y e x p l a i n the dramatic 
a c t i v i t y l o s s . Loss of a c t i v e s i t e s due to dealumination of ZSM-5 
can be postulated to e x p l a i n the reduction i n a c t i v i t y . 

TABLE I I . E f f e c t of Steam Treatment of ZSM-5 C a t a l y s t 1 on 
Product S e l e c t i v i t y During n-hexadecane Cracking 

Steaming f o r 12 Hours 
Pretreatment: 3 Hours at 704°C at 827°C with Steam 

i n S t a t i c A i r p a r t i a l pressure = .2 atm. 

Y i e l d -r F r a c t i o n a l Conversion, Wt.% Feed 

P a r a f f i n s Plus O l e f i n s 
C i 
C 2 

Cs 
C4 
C5 
Ce 
C7 

Ce-Ce Aromatics 

O l e f i n / P a r a f f i n Ratio 
Cs 
C4 
Cs 
Ce 
C? 

Conversion, Wt.% 
H 2 , Wt.% Feed 
Coke, Wt.% Feed 

: 0.17 
: 5.1 

26.7 
: 26.9 
: 14.2 
: 2.7 
: 1.3 

: 11.5 

0.4 
0.3 
0.3 
0.2 
0.3 

100 
0.12 
1.10 

0.10 
1.4 

19.8 
29.4 
22.0 
10.0 
3.2 

0.6 

3.0 
1.8 
1.8 
1.5 
0.7 

50 
0.01 
0.10 

1 25 Wt.% ZSM-5, 75 Wt.% matrix 
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Observations regarding a c t i v i t y and s e l e c t i v i t y of steam treated 
ZSM-5 i n t h i s work could thus apply to dealuminated ZSM-5. 

For the sake of b r e v i t y , the y i e l d data f o r a l l the i n d i v i d u a l 
components are not reported i n Table I I and subsequent t a b l e s . The 
y i e l d of unreported components ( u s u a l l y Ce+ o l e f i n s and 
naphthenes) can be c a l c u l a t e d as 100 minus percentage y i e l d of the 
reported components. Results shown i n Table I I i n d i c a t e that 
thermally t r e a t e d ZSM-5 produced a high y i e l d of Ce to Ce 
aromatics, C3 and C4 hydrocarbons. Steam treatment of ZSM-5 
reduced cracking a c t i v i t y and increased the s e l e c t i v i t y f o r Cs to 
Ci a l i p h a t i c s at the expense of aromatics. The o l e f i n to 
p a r a f f i n r a t i o i n the product a l s o increased upon steaming. 
O l e f i n s have been suggested to be intermediates during formation of 
aromatics with ZSM-5 (6). Hence, as the a c t i v i t y of ZSM-5 was 
reduced through steam treatment, consumption of o l e f i n s to form 
aromatics d i d not take place. These r e s u l t s are thus c o n s i s t e n t 
with observations of Anderson et a l . (6). 

Gas O i l Cracking by the Dual Z e o l i t e C a t a l y s t . A f t e r the steam 
pre-treatment, the gas o i l cracking a c t i v i t y of REY was about 100 
times greater than the a c t i v i t y of the "pure" matrix c a t a l y s t . 
Thus, the dominant c o n t r i b u t o r of cracking s e l e c t i v i t y of Super D 
i s expected to be the REY z e o l i t e present i n the c a t a l y s t . Y i e l d s 
of Cs to C7 p a r a f f i n isomers measured during the cracking of 
the gas o i l at 500°C by the steam treated REY c a t a l y s t are 
shown i n Table I I I . The y i e l d of branched p a r a f f i n s was g e n e r a l l y 
f i v e to ten times higher than the y i e l d of normal p a r a f f i n s and the 
major (>50%) p o r t i o n of the branched p a r a f f i n y i e l d c onsisted of 
monomethyl p a r a f f i n s . 

Table I I I . Y i e l d of P a r a f f i n Isomers During Cracking of 
the Gas O i l by the REY C a t a l y s t 

C a t a l y s t Pretreatment 

Wt.% Conversion 
Product Y i e l d s (Wt.% Feed) 

n-Pentane 

Isopentane 
n-Hexane 
2- Methylpentane 
3- Methylpentane 
2,3-Dimethylbutane 
n-Heptane 
2- Methylhexane 
3- Methylhexane 

Steam treated f o r 8 hrs at 732°C 
Steam pressure = 2 atmospheres. 

55.8 

.20 
1.2 

.32 
1.7 
1.1 

.33 

.23 
1.5 
1.1 
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Table IV. Cracking of the Gas O i l by Dual Z e o l i t e C a t a l y s t s 

C a t a l y s t D e s c r i p t i o n : REY C a t a l y s t REY C a t a l y s t 
+ 1% Thermally + 1% Steam 

REY C a t a l y s t 1 T r e a t e d 2 ZSM-5 T r e a t e d 3 

ZSM-5 

Conversion, Wt.% : 55.8 54.4 50.3 

Product Y i e l d s . Wt.% Feed 

H 2 : .04 .04 .04 
Methane : .33 .32 .33 
Ethane + Ethylene : 1.1 1.5 .67 
Propylene : 2.2 6.1 2.4 
Propane : .9 2.2 .9 
C4 O l e f i n s : 2.6 4.1 2.7 
C4 P a r a f f i n s : 3.6 6.0 3.7 
C s + Gasoline : 43.2 31.9 37.4 
C 5 - C 1 2 P a r a f f i n s : 18.8 11.5 15.6 
Coke : 2.1 2.4 2.2 

Gasoline Composition, Wt.% 

n-hexane : .92 .97 .83 
Methylpentanes : 7.9 5.9 7.3 
2,3 Dimethyl Butane : .94 .73 .86 

n-heptane : .65 .64 .63 
Methylhexanes : 7.3 4.1 6.8 

n - C e - C i 2 : 2.7 2.9 2.5 
T o t a l P a r a f f i n s : 43.4 36.0 41.6 
Cs-C? O l e f i n s : 7.2 8.4 8.0 
Ce-Ce Aromatics : 11.9 16.2 12.2 
C 9 - C 1 1 Aromatics : 20.9 21.8 20.8 

1 Steam tre a t e d f o r 8 hours at 732°C. 
Steam pressure = 2 atmospheres. 

2 Heat treated f o r 3 hours at 704°C i n s t a t i c a i r . 

3 Steam treated f o r 12 hours at 827°C. 
Steam p a r t i a l pressure = .2 atmosphere. 
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The e f f e c t of adding 1% ZSM-5 to the REY cracking c a t a l y s t on 
product y i e l d s i s described by the data i n Table IV. Two cases 
where ZSM-5 was e i t h e r thermally treated or steam treated were 
considered. Consistent with e a r l i e r f i n d i n g s (2, 3), a d d i t i o n of 
1% ZSM-5 to the cracking c a t a l y s t increased the y i e l d of C3 and 
C4 hydrocarbons at the expense of Cs+ gasoline. Analysis of 
the gasoline composition i n d i c a t e d that the a d d i t i o n of ZSM-5 to 
the c a t a l y s t enriched o l e f i n s and aromatics ( e s p e c i a l l y Ce to 
Cs aromatics) i n the gasoline at the expense of p a r a f f i n s . With 
1% thermally t r e a t e d ZSM-5, about 20% reduction i n the 
concentration of p a r a f f i n s was observed i n the product gasoline. 
The reduction i n the y i e l d of gasoline range p a r a f f i n s (as a per 
cent of feed) due to 1% thermally t r e a t e d ZSM-5 was about 40%. 
P a r a f f i n y i e l d reduction to a l e s s e r extent was observed with the 
steam treated ZSM-5. Thus, enrichment of o l e f i n s and aromatics i n 
the gasoline occurred with the a d d i t i o n of e i t h e r thermally t r e a t e d 
or steam treated ZSM-5. 

The data i n Table IV and Figure 1 i n d i c a t e that most of the 
p a r a f f i n concentration reduction took place i n the Ce to C* 
range and involved monomethyl p a r a f f i n s . The blending octane 
numbers f o r 2-methyl and 3-methyl hexanes are reported as 40 to 56 
by ASTM (15) and are lower than the blending numbers f o r l i g h t 
(Cs to C 7 ) o l e f i n s and Ce to C u aromatics. Thus, 
reduction i n concentration of these branched p a r a f f i n s i s expected 
to improve the research octane number of the gasoli n e . 

Table V. Cracking of the Gas O i l by 1% ZSM-5 C a t a l y s t 

C a t a l y s t D e s c r i p t i o n : 1% ZSM-5 100% Matrix 

99% Matrix 

C a t a l y s t Pretreatment : 3 hours at 704°C i n S t a t i c A i r 

Conversion, Wt.% : 34.5 24.1 
Product Y i e l d s . Wt.% Feed 

Ci-C4 : 11.5 7.5 
n-hexane : .39 .10 
Methylpentanes : .16 0 
2,3 Dimethylbutane : .06 0 
n-heptane : .40 .16 
Methylhexanes : 0 0 
n - C e - C i 2 : .72 .80 
T o t a l P a r a f f i n s : 2.3 1.5 
Cs O l e f i n s : 2.2 .25 
Ce O l e f i n s : 1.5 .54 
C? O l e f i n s : .47 .45 
Ce-Ce Aromatics : 5.7 1.8 
Ce-Cn Aromatics : 10.0 6.4 
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u l 

Carbon Number 

Figure 1. P a r a f f i n y i e l d as a f u n c t i o n of carbon number f o r 
three c a t a l y s t s during gas o i l cracking. 

REY C a t a l y s t 
REY C a t a l y s t + 1 Wt.% thermally 
t r e a t e d ZSM-5 
REY C a t a l y s t + 1 Wt.% steam treated ZSM-5  P
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To c l a r i f y the mechanism by which gasoline composition i s 
changed (reduction i n concentration of the p a r a f f i n s and an 
increase i n concentration of o l e f i n s and aromatics) by ZSM-5 i n the 
dual z e o l i t e c a t a l y s t , experiments were c a r r i e d out on c a t a l y s t s 
containing only ZSM-5 dispersed i n the matrix. The c a t a l y s t 
containing 1 Wt.% ZSM-5 was used i n order to d u p l i c a t e the 
concentration of ZSM-5 i n the dual z e o l i t e c a t a l y s t studied 
e a r l i e r . Experiments with the "pure" matrix c a t a l y s t were used to 
define the c o n t r i b u t i o n of ZSM-5. 

Gas O i l and Gasoline Conversion by ZSM-5. Results obtained during 
cracking of the gas o i l i n d i c a t e d that 1 Wt.% thermally treated 
ZSM-5 e x h i b i t e d a higher a c t i v i t y f o r conversion of heavy p a r a f f i n s 
( C 2 0 " 1 " ) than 10 Wt.% REY (Figure 2). The p a r a f f i n s were 
converted mainly to Ce to C u gasoline range aromatics and 
l i g h t hydrocarbons (Table V). Smaller concentration of n - p a r a f f i n s 
and l i g h t o l e f i n s (Cs and Ce) were a l s o produced. Y i e l d s of 
monomethyl branched p a r a f f i n s were lower than that of the 
corresponding η-paraffin u n l i k e r e s u l t s obtained (Table I I I ) during 
cracking with the REY c a t a l y s t . 

Table VI. Conversion of Components i n Gasoline by 1% ZSM-5 at 500°C 

D e s c r i p t i o n Feed Product 
C a t a l y t i c a l l y with 
Cracked 
Gasoline 

Feed or Product Composition. Wt.% Feed 
Methane 

Ethane + Ethylene 
Ca O l e f i n 
Cs P a r a f f i n 
C4 O l e f i n 
C4 P a r a f f i n s 
C 5 - C 7 O l e f i n s 

C s - C i 2 P a r a f f i n s 

C5-C7 Naphthenes 
Ce-Ce Aromatics 
C 9 - C 1 1 Aromatics 

Coke, Wt.% F 

0 
0 
0 
0 

.60 

.32 
12.3 
33.5 
6.2 

12.5 
17.5 

Matrix 
C a t a l y s t 

.09 

.33 

.92 

.03 

.68 

.24 
8.8 

30.5 
6.0 

13.5 
19.3 

.5 

Product 
with 
1% ZSM-5 i n 
Matrix C a t a l y s t 

.09 
1.8 
4.2 

.43 
1.4 
.27 

2.4 
27.9 
5.4 

15.2 
19.1 

.4 

Matrix c a t a l y s t as w e l l as the c a t a l y s t containing 1% ZSM-5 were 
pretreated f o r 3 hours at 704°C i n s t a t i c a i r . 
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* * w 

II 
Figure 2. Gas chromatographs of products from gas o i l cracking 

with three c a t a l y s t s : 100% matrix c a t a l y s t (above), 
1 Wt.% ZSM-5 i n the matrix (middle) and 10 Wt.% REY 
i n the matrix (below). Peaks marked with * i n d i c a t e 
heavy ( C 2 o + ) p a r a f f i n s . 
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The composition of the gasoline obtained by c a t a l y t i c cracking 
and used as a feedstock f o r the ZSM-5 c a t a l y s t i s given i n 
Table VI. Product analyses, a l s o given i n Table VI, show that 80% 
of the o l e f i n s and l e s s than 10% of the p a r a f f i n s are converted by 
the ZSM-5 c a t a l y s t with about 30% of the o l e f i n conversion 
a t t r i b u t a b l e to the matrix present i n the c a t a l y s t . This i s not 
s u r p r i s i n g due to the well-known higher r e a c t i v i t y of o l e f i n s . 
L i g h t hydrocarbons (Ci to C O and aromatics (mainly Ce to 
Ce) were produced by ZSM-5 due to the the conversion of o l e f i n s 
and p a r a f f i n s . Thus,these r e s u l t s provide evidence f o r cracking of 
o l e f i n s , p a r a f f i n s and c y c l i z a t i o n of o l e f i n s by ZSM-5 at 
500°C. The steam deactivated ZSM-5 c a t a l y s t e x h i b i t e d reduced 
o l e f i n conversion and n e g l i g i b l e p a r a f f i n conversion a c t i v i t y . 

Isomerization of l i n e a r o l e f i n s to branched o l e f i n s by ZSM-5 
has been observed under c e r t a i n conditions (3). An a n a l y s i s of the 
d i s t r i b u t i o n of Cs and Ce o l e f i n isomers i n the feed gasoline 
as w e l l as the product from steam deactivated ZSM-5 show no strong 
evidence f o r deactivated ZSM-5 to produce branched o l e f i n s from the 
α-olefins (Table V I I ) . The d i s t r i b u t i o n of isomers obtained with 
the c a t a l y s t containing 1% steam deactivated ZSM-5 i n a matrix was 
equivalent to that obtained with the "pure** matrix c a t a l y s t . 

D iscussion. Fixed bed cracking reactors as we l l as commercial 
moving bed reactors operate under steady s t a t e or pseudo-steady 
s t a t e conditions (13). Observed s e l e c t i v i t y (eg., r a t i o of y i e l d 
of branched to η-paraffin) i n a steady s t a t e c a t a l y t i c r e a c t o r i s 
independent of space v e l o c i t y (16, 17). The s e l e c t i v i t y depends on 
i n t r i n s i c r a t e constants and d i f f u s i v i t i e s of the r e a c t i n g species 
which depend on temperature. Thus, the s e l e c t i v i t y observations 
reported here are a p p l i c a b l e to commercial FCC u n i t s operating at 
space v e l o c i t i e s d i f f e r e n t from that employed i n t h i s study. 

A comparison of the y i e l d of gasoline range ( C 3 - C 1 2 ) 

p a r a f f i n s obtained during gas o i l cracking using the dual z e o l i t e 
c a t a l y s t with that obtained during gasoline conversion with the 
s i n g l e z e o l i t e (ZSM-5) c a t a l y s t can be c a r r i e d out f o r both f r e s h 
(thermally treated) and aged (steam treated) ZSM-5. When gas o i l 
was cracked with the dual z e o l i t e c a t a l y s t containing thermally 
t r e a t e d ZSM-5, approximately 40% reduction i n the y i e l d of gasoline 
range p a r a f f i n s compared to the f a u j a s i t e c a t a l y s t was observed 
(Table IV). However, when the gasoline obtained by c a t a l y t i c 
cracking was fed to a c a t a l y s t containing thermally t r e a t e d ZSM-5 
(no REY) under the same co n d i t i o n s , only 10% reduction i n the y i e l d 
of p a r a f f i n s was observed (Table VI). Steam treated 1% ZSM-5 
c a t a l y s t d i d not produce any measurable reduction i n the y i e l d of 
p a r a f f i n s during gasoline cracking. However, a s i g n i f i c a n t 
r eduction i n the y i e l d of p a r a f f i n s due to 1% steamed ZSM-5 was 
observed during gas o i l cracking with the dual z e o l i t e c a t a l y s t . 
Thus, p a r a f f i n y i e l d reduction observed with the dual z e o l i t e 
c a t a l y s t cannot be f u l l y explained by r e a c t i v i t y of ZSM-5 to 
gasoline range p a r a f f i n s . 

A mechanism that postulates prevention of p a r a f f i n formation 
during gas o i l cracking with the dual z e o l i t e c a t a l y s t can e x p l a i n 
the above data. Such a prevention could take place by more than 
one route. ZSM-5 present i n the c a t a l y s t could prevent c e r t a i n 
secondary r e a c t i o n s that lead to the formation of gasoline range 
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Table VII. Y i e l d s of O l e f i n Isomers During Gasoline Conversion 
by 1% ZSM-5 at 500°C 

D e s c r i p t i o n Feed 
C a t a l y t i c a l l y 
Cracked 
Gasoline 

Feed or Product Composition. Wt.% Feed 

Pentene Isomers 
1- Pentene : .27 
2- Pentenes : 1.8 
Methylbutenes : 2.1 
Cyclopentene : .20 

Hexene Isomers 
1-Hexene 
2 & 3- Hexenes 

Methylpentenes 

2,3-Dimethyl 
2-butene 

.57 

1.6 

2.3 

.62 

Product 
with 
Matrix 
C a t a l y s t 

.21 
1.0 
2.5 

.17 

.55 

.85 

2.4 

.69 

Product 
with 1% ZSM-5 
i n Matrix 
C a t a l y s t 

.29 
1.2 
2.6 
.19 

.63 

1.0 

2.4 

.75 

Matrix c a t a l y s t as w e l l as the c a t a l y s t containing ZSM-5 were 
steamed f o r 12 hours at 827°C with steam p a r t i a l pressure = .2 
atmosphere. 

p a r a f f i n s . These secondary reactions include the chain t r a n s f e r 
r e a c t i o n i n v o l v i n g a carbonium ion suggested by Gates, et a l . (18) 
and the hydrogen t r a n s f e r r e a c t i o n i n v o l v i n g an o l e f i n , suggested 
by Thomas and Barmby (19). Both chain t r a n s f e r and hydrogen 
t r a n s f e r have been suggested to occur r e a d i l y over f a u j a s i t e 
leading to the formation of gasoline range p a r a f f i n s . ZSM-5 could 
prevent these bimolecular hydrogen and chain t r a n s f e r r e a c t i o n s by 
p r e f e r e n t i a l l y c a t a l y z i n g the monomolecular cracking of the 
carbonium ion or o l e f i n intermediate to produce l i g h t ( C 2 to 
C 4 ) hydrocarbons. These intermediates are more r e a c t i v e than the 
p a r a f f i n s and can al s o be cracked by steam deactivated ZSM-5. 
Thus, t h i s mechanism can e x p l a i n the reduction i n p a r a f f i n y i e l d 
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(Table IV) a t t r i b u t a b l e to 1% steam deactivated ZSM-5 - a c a t a l y s t 
that had n e g l i g i b l e a c t i v i t y f o r cracking gasoline range p a r a f f i n s 
at 500°C. This mechanism can al s o e x p l a i n the increased y i e l d 
of l i g h t hydrocarbons ( C 2 to C O when the dual z e o l i t e c a t a l y s t 
containing e i t h e r thermally treated or steam deactivated ZSM-5 i s 
employed. 

The concentrations of both normal and monomethyl p a r a f f i n s i n 
the product gasoline were reduced by the a d d i t i o n of ZSM-5 to the 
REY c a t a l y s t , but p r e f e r e n t i a l reduction of η-paraffins was not 
observed. This r e s u l t can be explained by the concept of 
c o n s t r a i n t index (5), which i s the r a t i o of rate constant f o r 
conversion of a s t r a i g h t chain p a r a f f i n to that f o r conversion of a 
branched p a r a f f i n of the same carbon number. The c o n s t r a i n t index 
of ZSM-5 was found to be independent of c r y s t a l s i z e over a range 
spanning two orders of magnitude (9). I t i s thus considered to be 
a measure of shape s e l e c t i v i t y which describes the apparent pore 
opening of the z e o l i t e (9). The c o n s t r a i n t index of ZSM-5 dec l i n e d 
with temperature (5) from n e a r l y 10 at 365°C to n e a r l y u n i t y at 
500°C. High c o n s t r a i n t index i s expected to r e s u l t i n 
p r e f e r e n t i a l conversion of s t r a i g h t chain molecules (carbonium 
ions, o l e f i n s ) and pr e s e r v a t i o n of branched molecules. When the 
co n s t r a i n t index i s near u n i t y , both types of molecules have 
equivalent r e a c t i v i t y and conversion w i l l be determined by 
concentration (or a v a i l a b i l i t y ) of molecules. Monomethyl p a r a f f i n s 
are produced at an order of magnitude higher concentration than 
η-paraffins by the REY c a t a l y s t (Table I I I ) . Thus, a d d i t i o n of 
ZSM-5 to the c a t a l y s t r e s u l t e d i n a s i g n i f i c a n t reduction of 
monomethyl p a r a f f i n s i n the product gasoline. 

The r e s u l t s on o l e f i n isomers (Table VII) can al s o be 
explained by the observation that the c o n s t r a i n t index of ZSM-5 i s 
approximately u n i t y under the conditions of t h i s study. Shape 
s e l e c t i v i t y or p r e f e r e n t i a l conversion of s t r a i g h t chain o l e f i n s by 
ZSM-5 cannot be expected at 500°C. Thus, under the conditions 
of t h i s study, o l e f i n isomer d i s t r i b u t i o n was not s i g n i f i c a n t l y 
a f f e c t e d by deactivated ZSM-5. At temperatures lower than that 
employed i n the present study, i t i s conceivable that d i s t r i b u t i o n 
of o l e f i n isomers could be a l t e r e d by steam deactivated ZSM-5. 

Conclusions 

Cs to C 7 o l e f i n s are intermediates during conversion of C i e + 

η-paraffins to aromatics by ZSM-5. A d d i t i o n of 1 Wt.% (thermally 
treated or steam treated) ZSM-5 to a REY f l u i d cracking c a t a l y s t 
r e s u l t s i n an increase i n the y i e l d of C3 and C4 hydrocarbons at 
the expense of Cs to C 1 2 hydrocarbons ( g a s o l i n e ) . The gasoline 
produced from the dual z e o l i t e c a t a l y s t has a lower concentration 
of normal, monomethyl p a r a f f i n s and a higher concentration of 
o l e f i n s and aromatics compared to the gasoline produced from the 
REY c a t a l y s t . Preference of the dual z e o l i t e c a t a l y s t to 
monomolecular cracking of p a r a f f i n precursors (carbonium ions and 
o l e f i n s ) at the expense of bimolecular reactions l i k e hydrogen 
t r a n s f e r and chain t r a n s f e r contributes to the p a r a f f i n reduction. 
ZSM-5 e x h i b i t s n e a r l y equivalent r e a c t i v i t y f o r s t r a i g h t chain and 
monomethyl branched p a r a f f i n precursors at 500°C. Observed 
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enhancement of g a s o l i n e octane number (2, 3) w i th the use of a 
smal l c o n c e n t r a t i o n of ZSM-5 ( e i t h e r f r e s h or steam deact iva ted) i s 
probably due to the r e d u c t i o n i n c o n c e n t r a t i o n of p a r a f f i n s 
(normal , monomethyl) and r e s u l t a n t enrichment of o l e f i n s and 
aromatics i n the g a s o l i n e . The same mechanism can be used to 
e x p l a i n the changes i n g a s o l i n e composi t ion wi th e i t h e r f r e s h or 
steam deac t iva ted ZSM-5. 
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Chapter 4 

Zeolite Beta: Structure, Activity, 
and Selectivity for Catalytic Cracking 

A. Corma1, V. Fornés2, F. Melo1, and J. Pérez-Pariente1 

1Instituto de Catálisis y Petroleoqui'mica, CSIC, Serrano, 119, 
28006-Madrid, Spain 

2Instituto de Ciencia de Materiales, CSIC, Serrano 115 bis, 
28008-Madrid, Spain 

A series of Beta zeolites have been synthesized in the 
presence of tetraethylammonium hydroxide (TEA). Samples 
with Si/Al ratio in the 7-100 range have been characterized 
by X-ray powder diffraction, I.R. spectroscopy, and pyridine 
adsorption. The fraction of TEA which is compensating the 
charge of the framework aluminum is removed at temperatures 
higher than those required to remove "occluded" TEA. Three 
hydroxyl bands are observed at 3740 cm-1 (silanol groups), 
3680 cm-1 (extraframework Al) and 3615 cm-1 (acid hydroxyl 
groups interacting with pyridine). 
Comparison of the catalytic properties of Η-Beta and H-Y 
zeolites for cracking n-heptane and gasoil shows that 
zeolite Beta should have more than one type of channel with 
different dimensions. For gas-oil cracking, zeolite Beta is 
less active and produces more coke and less gasoline than 
zeolite HY. 

The b e n e f i c i a l e f f e c t o f adding smal l amounts o f medium-pore z e o l i t e s 
to c r a c k i n g c a t a l y s t s has r e c e n t l y been shown (1) . However, the main 
z e o l i t i c component o f these c a t a l y s t s remains the Y z e o l i t e . To crack 
l arge molecules such as those present i n vacuum g a s - o i l r e s i d u e s , 
the l a r g e r pore opening of the z e o l i t e i s needed to increase the 
a c c e s i b l e a c t i v e s u r f a c e . On the o ther hand, i n the case o f Y z e o l i t e 
a h i g h framework S i / A l r a t i o increases i t s thermal and hydrothermal 
s t a b i l i t y . U n f o r t u n a t e l y , NaY z e o l i t e as s y n t h e t i z e d has a framework 
S i / A l r a t i o up to 2 .8 . Consequently , i t must be dealuminated dur ing 
the a c t i v a t i o n s tep , wi th a corresponding los s o f c r y s t a l l i n i t y . 
T h e r e f o r e , i t would be d e s i r a b l e to synthes ize l a r g e - p o r e z e o l i t e s 
w i t h i n a wide range o f framework S i / A l r a t i o . Beta z e o l i t e can be 
synthes ized with s i l i c o n to aluminum r a t i o s i n the range o f 5 to 100 
(2 ,3 ) . Moreover, t h i s z e o l i t e has l arge pores o f 12-member r i n g s (4) 
a c c e s i b l e to l arge molecules . 

In t h i s paper we present some s t r u c t u r a l and a c i d p r o p e r t i e s of 

0097-6156/88/0375-0049$06.00/0 
c 1988 American Chemical Society 
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Beta z e o l i t e with d i f f e r e n t framework S i / A l r a t i o s and t h e i r i n f l u e n 
ce on a c t i v i t y and s e l e c t i v i t y f o r cracking of n-heptane and vacuum 
g a s - o i l . 

Experimental 

The tetraethylammonium-Beta (TEA-3) z e o l i t e s used i n t h i s work have 
been synthesized f o l l o w i n g the procedure described i n the l i t e r a t u r e 
(5). Samples with S i / A l r a t i o s between 7 and 106 (as measured by 
chemical analysis) and c r y s t a l l i t e s i z e s i n the range of 0.2-0.9 ym 
(as measured by scanning microscopy) were obtained. The Η-form of 
these z e o l i t e s was prepared i n the f o l l o w i n g way: the TEA-3 samples 
were heated a t 550°C f o r 3 hours by slowly i n c r e a s i n g the c a l c i n a t i o n 
temperature (5°C min~ 1), with one-hour intermediate steps a t 350 and 
450°C. A f t e r t h i s treatment a l l TEA molecules had been removed from 
the z e o l i t e (as monitored by IR spectroscopy). In a second step, the 
z e o l i t e was exchanged with 1 M ammonium acetate s o l u t i o n and then 
heated a t 550°C f o r 3 hours as described. 

X-ray powder d i f f r a c t i o n patterns of samples heated at tempera
tures between 20 and 500°C were recorded i n s i t u by using a P h i l i p s 
instrument equipped with vacuum camera (5x10""3 Pa) . Heating rates 
of 5°C m i n - 1 and CuK a r a d i a t i o n were used. I n f r a r e d spectra were 
obtained using a conventional greaseless IR c e l l ; the procedure and 
sample preparation have been described elsewhere (6). ^ 7A1 MAS-NMR 
spectra were recorded using a 400 MHz Brîîker instrument. 

C a t a l y t i c experiments were performed i n a f i x e d bed glass tubu
l a r r e a c t o r at atmospheric pressure and a t r e a c t i o n temperature of 
450 and 482°C f o r n-heptane and g a s - o i l , r e s p e c t i v e l y . D e t a i l s on 
the experimental procedure have already been published (7). 

Results and Discussion 
IR spectroscopy. The IR spectra of an as-synthesized TEA-3 ( S i / A l = 
10) i n the 4000-1300 cm - 1 range i s shown i n Figure 1a. Broad bands 
centered a t 3400 and 1640 cm"1, corresponding to adsorbed water are 
c l e a r l y v i s i b l e , together with bands appearing at ^3000 cm - 1 and 
1500-1350 cm"1 corresponding to organic m a t e r i a l . In the low wavenum-
ber region bending v i b r a t i o n s a t 1485 cm 1395 cm"1 i n d i c a t e the pre
sence of C H 2 and CH 3 groups, r e s p e c t i v e l y , corresponding to the 
e t h y l groups of the TEA c a t i o n incorporated i n t o the z e o l i t e during 
synthesis. When the sample i s outgassed a t 1.33x10" 2 Pa (Figure 1b) 
the band a t 1640 cm - 1 dissapears, i n d i c a t i n g the removal of the 
water adsorbed i n the z e o l i t e , and a broad band centered at 3450 cm"1 

appears. The i n t e n s i t y of t h i s band can be s l i g h t l y decreased by 
heating a t 100°C, and a new band centered a t 3700 cm"1 develops. 
When the outgassing temperature i s increased to 200°C, a s h i f t of 
the 3450 cm"1 band to 3500 cm"1 i s observed, and a small band appears 
at 3745 cm"1 that has been assigned to s i l a n o l groups i n z e o l i t e s 
(8). On the other hand, the i n t e n s i t y of the bands corresponding to 
the organic groups decreased s l i g h t l y . The heating of the sample a t 
300°C d r a m a t i c a l l y decreases the amount of organic material (Figure 
1c) , and i n the sample heated a t 350°C bands corresponding to NH+ 
c a t i o n a t 3200 and 3075 cm"1 are observed. This behavior c l e a r l y 
i n d i c a t e s the progressive decomposition of the TEA c a t i o n to v o l a t i l e 
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CORMA ET AL. Zeolite Beta 

wcvenumber, cm"1 

Figure 1. IR spectra of Beta z e o l i t e s (Si/Al=10). (a) TEA-3; 
(b) Sample a. outgassed at 1.33 χ 1CT 2 Pa; (c) Sample b heated 
at 300°C and 1.33 χ 10~ 2 Pa; (d) Sample £ heated at 400°C and 
1.33 χ 10 ~ 2 Pa; (e) Spectrum of sample c_ i n the OH region; 
(f) Spectrum of β-zeolite (Si/Al=7.5), outgassed at 1.33 χ 10" 
Pa and 400°C. 
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compounds (ethylene and amines which are released by the z e o l i t e ) 
and ammonium c a t i o n . This process has been studied i n the case of 
TEAcontaining ZSM-5 (9) . 

Despite the p a r t i a l decomposition of the organic c a t i o n , no 
a c i d i c hydroxyl groups appear i n the ^3600 cm"1 region, but the i n 
t e n s i t y of the 3745 cm - 1 band increases. When the treatment tempe
rature i s r a i s e d to 400°C, the organic m a t e r i a l i s f u l l y removed from 
the z e o l i t e . Only a sharp band centered a t 3745 cm"1 and two bands 
at 3680 cm"1 (very low i n t e n s i t y ) and 3615 cm"1, both corresponding 
to hydroxyl groups, are v i s i b l e (Figure 1d). The band at 3680 cm"1 

i s v i s i b l e i n f i g u r e 1e corresponding to f i g u r e 1d expanded i n the 
region of 4000-3200 cm"1. However, the i n t e n s i t y of t h i s band i s 
maxima f o r a Beta z e o l i t e with a S i / A l r a t i o of 7.5, heated i n the 
same conditions (Figure 1 f ) . 

The observed changes i n the IR spectra of the sample as a func
t i o n of the outgassing temperature i n d i c a t e that i n the TEA-3 z e o l i t e 
there are two types of organic species: The occluded TEA, which i s 
removed below 300°C, and the TEA remaining at t h i s temperature, which 
compensates p a r t of the negative charge due to the presence of a l u 
minium i n the framework. The removal of the l a t t e r TEA species gene
rates the appearance of framework hydroxyl groups a t 3615 cm"1. 

The exact nature of the occluded organic c a t i o n i s more d i f f i 
c u l t to determine. The increased i n t e n s i t y of the s i l a n o l band as 
t h i s type of TEA i s removed st r o n g l y supports the presence of the 
SiO~-TEA + species, which has been claimed to be present i n as-syn
t h e s i z e d ZSM-5 (10). On the other hand, the presence of the broad 
band centered around 3450 cm"1 (see f i g u r e 1a) could correspond to 
OH ~ a c t i n g as counterions of TEA ca t i o n s . The removal of t h i s o r 

ganic m a t e r i a l would take place through a Hoffman e l i m i n a t i o n (9): 

OH" ( N ( C 2 H 5 ) 4 ) + AT ^ H 2 Q + N ( C 2 H 5 ) 3 + C 2H 4 

The presence of water and amines a t high temperatures may pro
duce a process equivalent to a shallow bed c a l c i n a t i o n , and t h i s 
could e x p l a i n the formation of s i l a n o l groups by p a r t i a l breaking 
of the Si-O-Al bonds i n the z e o l i t e framework. Probably, both types 
of occluded TEA e x i s t i n the z e o l i t e . 

When the IR spectra of Beta samples with the S i / A l r a t i o i n 
creasing from 10 to 35 are compared, se v e r a l trends can be observed 
(Figure 2b). Before outgassing, the i n t e n s i t y of the bands assigned 
to organic groups increases with i n c r e a s i n g S i / A l r a t i o of the zeo
l i t e . In contrast, the i n t e n s i t y of bands corresponding to adsorbed 
water decreases (Figure 2a), i n d i c a t i n g that the z e o l i t e becomes 
more hydrophobic as the A l content decreases. Moreover, the amount 
of TEA remaining i n the samples a f t e r heating i n vacuum at 300°C 
decreases, while the i n t e n s i t y of the s i l a n o l band increases (Figure 
2b). A f t e r heating i n vacuum a t 400°C a l l the organic m a t e r i a l i s 
l o s t , and the i n t e n s i t y o f the s i l a n o l band increases s i g n i f i c a n t l y . 
Band i n t e n s i t y of framework hydroxyls (3615 cm"1) decreases with the 
c r y s t a l aluminum content (see Figure 2c). These r e s u l t s suggests 
that occluded TEA increases and that charge compensating TEA ions 
decrease as the z e o l i t e becomes poorer i n aluminum. This conclusion 
i s i n good agreement with the r e s u l t s o f thermal a n a l y s i s (5). 

The presence of a small band at ̂ 950 cm" assigned to the s t r e t -
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C O R M A E T A L . Zeolite Beta 

Figure 2. IR spectra of Beta z e o l i t e s of Si/Al=10 (continuous 
l i n e s ) and Si/Al=35 (dashed l i n e s ) ; (a) before outgassing; (b) 
and (c) a f t e r outgassing a t 300°C and 400°C, r e s p e c t i v e l y . 
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54 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

ching v i b r a t i o n of Si-0 group (11) f u r t h e r supports the presence of 
these groups i n the as-synthesized z e o l i t e . This band i s c l e a r l y v i 
s i b l e f o r samples with Si/Al>13, and i t s i n t e n s i t y increases by i n 
creasing the S i / A l r a t i o of the z e o l i t e . 

X-ray Powder D i f f r a c t i o n . The v a r i a t i o n of the area under the main 
peak (20=22.4) i n the X-ray patterns (taked as a measure of the c r y s 
t a l l i n i t y of the sample) of a Beta sample with Si/Al=10 has been 
p l o t t e d i n Figure 3 as a f u n c t i o n of the outgassing temperature. Two 
mains steps of c r y s t a l l i n i t y l o s s are observed: the f i r s t one takes 
place between 200 and 300°C, and the second one from 300 to 400°C, 
the l o s s of c r y s t a l l i n i t y i n the l a t t e r step being more important 
than i n the former. These two steps correspond c l o s e l y to the tempe
rature ranges where the decomposition of the organic m a t e r i a l takes 
place, as determined by IR spectroscopy. This c o r r e l a t i o n s t r o n g l y 
suggests that the l o s s of c r y s t a l l i n i t y i s induced by the process 
involved i n the e l i m i n a t i o n of the TEA cations from the z e o l i t e po
res. This process p a r t i a l l y breaks the z e o l i t e s t r u c t u r e and could 
contribute to the increase of s i l a n o l groups. Furthermore, the de
crease i n the area of the main peak a f t e r heating at 500°C i s more 
pronounced f o r z e o l i t e s with low aluminum content. 

The aluminum content of the as-synthesized z e o l i t e s also i n f l u 
ences t h e i r X-ray powder d i f f r a c t i o n p a t t e r n . The height o f the main 
peak i n the patterns decreases with decreasing S i / A l r a t i o i n the 
z e o l i t e , but t h e i r width increases simultaneously so that the area 
remains p r a c t i c a l l y constant f o r a l l samples. On the other hand, the 
d h k l distance corresponding to the d i f f r a c t i o n peak a t 43° of 2θ co
r r e l a t e d l i n e a r l y with the aluminum content of the z e o l i t e (Figure 
4). However, the lack of knowledge of the c r y s t a l s t r u c t u r e of Beta 
z e o l i t e makes i t impossible to c o r r e l a t e the A l content and u n i t 
c e l l parameters. 

A c i d i t y . P y r i d i n e adsorption on samples of Beta z e o l i t e with S i / A l 
r a t i o between 7 and 40 allow us to determine the a c i d i c nature of 
the hydroxyl groups and t h e i r e v o l u t i o n as a f u n c t i o n of i t s aluminum 
content. 

For samples with S i / A l r a t i o lower than M0, three hydroxyl 
s t r e t c h i n g bands appear a f t e r heating i n vacuum a t 400°C: 3745 cm , 
3680 cm - 1, and 3615 cm"1, f i g u r e 1f. The band at 3745 cm"1 c o r r e s 
ponds to s i l a n o l groups and i t s i n t e n s i t y increases when the S i / A l 
r a t i o increases. Adsorption p y r i d i n e and f u r t h e r desorption a t 150°C 
only s l i g h t l y decreases the i n t e n s i t y of t h i s band, i n d i c a t i n g i t s 
very weak a c i d i c character. 

The OH s t r e t c h i n g band appearing a t 3680 cm""1 has a very low i n 
t e n s i t y , making i t d i f f i c u l t to follow i t s e v o l u t i o n with the S i / A l 
r a t i o or with the p y r i d i n e adsorption. However, the i n t e n s i t y of 
t h i s band decreases f o r decreasing A l content, and becomes i n v i s i 
b l e f o r S i / A l r a t i o s higher than ^10. A s i m i l a r band has been ob
served i n ZSM5 (12,13) and assigned to nonacidic OH groups (13). In 
contrast, Jacobs e t a l . (14) d i d not detected t h i s band i n w e l l -
c r y s t a l l i z e d ZSM-5 samples. The i n t e n s i t y of t h i s band does not 
change by adsorption of p y r i d i n e , i n d i c a t i n g that i t corresponds to 
nonacidic hydroxyl groups. The v a r i a t i o n of the band i n t e n s i t y with 
the A l content suggests that i t could be r e l a t e d to OH groups asso
c i a t e d with nonframework aluminum produced by dealumination. These 
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C O R M A E T A L . Zeolite Beta 

200 400 
Τ, °C 

Figure 3. Area of the X-ray d i f f r a c t i o n peak at 22.4 o f 2Θ vs. 
the outgassing temperature. 

0.04 0.06 
Al/(AUSi) 

Figure 4. Influence of the aluminum content on the d j ^ i value 
corresponding to the d i f f r a c t i o n peak appearing a t 43.5-43.9 
of 2θ. 
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groups are p a r t i a l l y removed when the sample i s heated to tempera
tures higher than 300°C and disappear completely a t 700°C. 

The band centered at 3615 cm"1 disappears by adsorption of p y r i 
dine and f u r t h e r outgassing a t 150°C, thus confirming i t s assignment 
to s t r e t c h i n g v i b r a t i o n of a c i d i c OH groups. For samples with a d i f 
f e r e n t S i / A l r a t i o , a d i r e c t c o r r e l a t i o n i s observed between the i n 
t e n s i t y of t h i s band and that of protonated p y r i d i n e at 1540 cm"1 

(Table I ) . 
However, the p l o t of the i n t e n s i t y of the hydroxyl bands as a 

fu n c t i o n of the A l f r a c t i o n (Figure 5) shows a maximum f o r samples 
with S i / A l r a t i o M0, i n d i c a t i n g that extensive dealumination has 
taken place during a c t i v a t i o n of aluminum-rich c r y s t a l s . 

Table I. Influence of the aluminum content on the i n t e n s i t y 
of the hydroxyl and adsorbed p y r i d i n e bands. 

•Pyridine r e t a i n e d at 350°C 

Al/(A1+Si) I3750 I3625 
I B 

1540 I L 

1450 

.114 .52 .06 .08 .25 

.104 .40 .09 .10 • 19 

.088 .45 .14 .12 .25 

.053 .55 .08 .08 .20 

.032 .65 .07 .07 .12 

* The 1540 and 1450 cm"1 bands correspond to p y r i d i n e adsorbed on 
Bronsted and Lewis s i t e s , r e s p e c t i v e l y . 

^ Ά ΐ MAS-NMR spectra of as-shynthesized samples of S i / A l 10 and 
30 show a peak at 54-56 ppm corresponding to t e t r a h e d r a l aluminum 
(15). A f t e r c a l c i n a t i o n i n a i r , a peak centered a t ^ O ppm correspond
ing to octahedral aluminum (15) appears i n the spectrum of the sam
p l e with the lowest S i / A l r a t i o . When the samples are exchanged two 
times with NH| ions and c a l c i n e d again, the octahedral aluminum 
s i g n a l a l s o appears i n the spectrum of the z e o l i t e with Si/Al=30. 
This treatment enhances the i n t e n s i t y of the octahedral aluminum 
s i g n a l f o r the low S i / A l r a t i o . Table II shows the percentage of A l 
corresponding to t e t r a h e d r a l and octahedral coordination i n each 
case. 

These r e s u l t s i n d i c a t e that dealumination by thermal treatment 
seems e a s i e r f o r z e o l i t e s with a low S i / A l r a t i o , i n good agreement 
with the behavior of the a c i d i c hydroxyl groups shown i n Figure 5. 

I t i s g e n e r a l l y accepted that Lewis a c i d i t y i n z e o l i t e s i s due 
mainly to extraframework aluminum (16,17,18). Consequently, Lewis 
a c i d s i t e s measured by p y r i d i n e adsorption must c o r r e l a t e with e x t r a 
framework aluminum. In Table I, the amount of p y r i d i n e coordinated 
to Lewis s i t e s decreases f o r samples with the lowest S i / A l r a t i o , 
showing that, a f t e r thermal treatment, the amount of extraframework 
aluminum decreases with S i / A l r a t i o of the Beta z e o l i t e . 
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4. C O R M A E T A L . Zeolite Beta 57 

Table I I . Percentages of A l i n t e t r a h e d r a l and octahedral 
s i t e s . 

Al/(A1+Si) 

Sample 

0.088 0.032 

Sample t e t r a h e d r a l octahedral t e t r a h e d r a l octahedral 

as-synthesized 100 _ 100 
c a l c i n e d 91 9 100 
c a l c i n e d and 85 15 85 15 
exchanged 

C a t a l y t i c A c t i v i t y , i n Figure 6 the a c t i v i t y , f o r n-heptane cracking, 
of a s e r i e s o f Beta z e o l i t e s with d i f f e r e n t S i / A l r a t i o s i s given 
and compared with the a c t i v i t y of S i C l 4 dealuminated HY z e o l i t e s . I t 
appears that Beta z e o l i t e i s more a c t i v e than z e o l i t e s HY f o r n-hep
tane cracking. However, f o r g a s - o i l cracking, Figures 7a-c, the ac
t i v i t y i s higher f o r HY z e o l i t e s than f o r the Beta samples. Our r e 
s u l t s from n-heptane and g a s - o i l cracking seem to i n d i c a t e that the 
Beta z e o l i t e i s not unidimensional and that channels o f d i f f e r e n t 
dimensions are probably present. One type of channel would allow the 
large molecules of g a s - o i l to penetrate and react, while the other 
does not. On the other hand, n-heptane can r e a c t i n both type of 
channels. 

A very shallow maximum i n a c t i v i t y f o r both n-heptane and gas-
o i l cracking i s observed f o r Beta z e o l i t e s (with nominal framework 
S i / A l r a t i o of 20-40) , while f o r Y z e o l i t e a c l e a r maximum i s l o c a t e d 
a t values between 10 and 20. In any case, a p a r t i a l dealumination 
takes place when the TEA-3 z e o l i t e s are NH^-exchanged and ca l c i n e d , 
Consequently, the a c t i v i t y curve f o r Beta z e o l i t e s should be s h i f t e d 
to higher framework S i / A l with respect to those p l o t t e d i n Figures 
6 and 7a. 

Product s e l e c t i v i t y curves f o r g a s - o i l cracking on a Beta z e o l i 
te with a nominal S i / A l r a t i o of 10 and 27 are compared i n Figures 
8 and 9 with those f o r HY z e o l i t e s with framework S i / A l r a t i o s of 
7.7 and 35, r e s p e c t i v e l y . 

At lower S i / A l r a t i o z e o l i t e Beta produces more coke, probably 
s l i g h t l y more gases, l e s s gasoline, and about the same d i e s e l as the 
Y z e o l i t e . At high S i / A l r a t i o , z e o l i t e Beta produces more coke and 
probably s l i g h t l y more d i e s e l , the same gasoline, and l e s s gases than 
the corresponding HY sample. 

Table I I I l i s t s the i-butane/n-butane r a t i o f o r cracking of n-
heptane on Y and Beta z e o l i t e s with d i f f e r e n t aluminum content. The 
lower r a t i o obtained on the l a t t e r z e o l i t e i n d i c a t e s that the d i a 
meter of the 12-membered r i n g channels of Beta z e o l i t e must be sma
l l e r than that of Y z e o l i t e . 
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F L U I D C A T A L Y T I C C R A C K I N G : R O L E IN M O D E R N R E F I N I N G 

Figure 5. I n t e n s i t y of the 3615 cm"1 band as a function of 
the aluminum content of Η-Beta z e o l i t e s . 

Figure 6. Comparison between Η-Beta z e o l i t e s (open c i r c l e s and 
dashed l i n e s ) and HY z e o l i t e s (continuous l i n e s ) f o r n-heptane 
cracking a t d i f f e r e n t S i / A l r a t i o s . 
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4. C O R M A E T A L . Zeolite Beta 

Figure 7. Comparison between Η-Beta z e o l i t e s (open c i r c l e s and 
dashed lin e s ) and HY z e o l i t e s (continuous l i n e s ) f o r g a s - o i l 
cracking; (a) F i r s t - o r d e r a c t i v i t y constant by s p e c i f i c surface 
area vs. S i / A l r a t i o ; (b) and (c) Average t o t a l conversion vs. 
g a s - o i l r a t i o f o r a Η-Beta with Si/Al=27 and a HY Si/Al=35, 
and f o r a Η-Beta with Si/Al=10 and a Hy with Si/Al=7.7 r e s p e c t i 
v e l y . S o l i d c i r c l e s correspond to the Η-Beta steamed at 750°C 
and 1 atmosphere of water pressure. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

4

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



F L U I D C A T A L Y T I C C R A C K I N G : R O L E IN M O D E R N R E F I N I N G 

Figure 8. Comparison of s e l e c t i v i t y curves f o r g a s - o i l cracking 
on an Η-Beta with Si/Al=10 (open c i r c l e s ) and a HY with Si/Al= 
7.7 (continuous l i n e ) . 
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C O R M A E T A L . Zeolite Beta 

0 20 40 60 0 20 40 60 

0 20__ 40 60 
X,total conversion, % 

Figure 9. Comparison of s e l e c t i v i t y curves f o r g a s - o i l cracking 
on an Η-Beta with Si/Al=27 (open c i r c l e s ) and HY with Si/Al=35 
(continuous l i n e ) . The s o l i d c i r c l e corresponds to the H-Beta 
steamed at 750°C and 1 atmosphere of water pressure. 
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Table I I I . Isobutane/n-butane f o r Y and Beta z e o l i t e s wi th 
d i f f e r e n t aluminum content . 

Y z e o l i t e s Beta z e o l i t e s 

Al / (A1+Si) i -butane(n-butane) Al / (A1+Si) i -butane /n-butane 

0. 125 2.93 0.154 2.00 
0.091 2.84 0.091 1 .86 
0.069 2.62 0.036 1 .83 
0.040 2.27 0.010 1.58 

Conc lus ions 

In Beta z e o l i t e s synthes ized us ing TEA, on ly a p a r t o f the TEA i s 
compensating the charge o f the framework aluminum, whi le the o ther 
i s "occluded" i n the s t r u c t u r e . The p r o p o r t i o n o f the occ luded TEA 
increases when i n c r e a s i n g the S i / A l r a t i o o f the z e o l i t e , and can 
be removed at lower temperature than the TEA a s s o c i a t e d wi th frame
work A l . 

C a l c i n a t i o n o f the samples a t 5 0 0 ° C causes the formation o f 
s t r u c t u r a l de f f ec t s and s i l a n o l groups. The number of s i l a n o l s 
formed dur ing c a l c i n a t i o n increases when i n c r e a s i n g the S i / A l r a t i o 
o f the z e o l i t e . 

Hydroxyl bands a t 3615 and 3680 c m - 1 have been observed by I . R . 
spectroscopy. The 3680 cm" 1 OH band has been ass igned to extraframe
work A l , whi le the 3615 cm" 1 band corresponds to framework A l and 
i s a c i d enough to i n t e r a c t s t r o n g l y wi th p y r i d i n e . 

Beta z e o l i t e i s p a r t i a l l y dealuminated by deep bed c a l c i n a t i o n , 
and o c t a h e d r a l aluminum i s then detected by 2 7 A 1 MAS NMR. Dealumi
n a t i o n i s h igher when lower the i n i t i a l framework S i / A l r a t i o . 

Η - B e t a are more a c t i v e f o r n-heptane c r a c k i n g than H Y - z e o l i t e s 
wi th the same S i / A l r a t i o , whi le f o r g a s - o i l c r a c k i n g the oppos i te 
o c c u r s . Neverthe less we have not looked here to mesoporosity o f the 
z e o l i t e s which may be c r i t i c a l f o r e x p l a i n i n g the a c t i v i t y i n gas-
o i l c r a c k i n g . Steaming causes a smal ler decreases i n a c t i v i t y o f 
Η - B e t a than on HY z e o l i t e . Η - B e t a g ives a lower 1 - C 4 / C 4 r a t i o than 
HY i n the c r a c k i n g o f n-heptane, whi le g ives more coke and gas, and 
l e s s gaso l ine than H-Y f o r g a s - o i l c r a c k i n g . 
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Chapter 5 

Zeolite ZSM-5 in Fluid Catalytic Cracking: 
Performance, Benefits, and Applications 

P. H. Schipper, F. G. Dwyer, P. T. Sparrell, S. Mizrahi, and J. A. Herbst 

Paulsboro Research Laboratory, Mobil Research and Development 
Corporation, Paulsboro, NJ 08066 

The demonstrated performance of ZSM-5 in over 35 
cracking units is reviewed. The main features of 
ZSM-5 are its high activity and stability, 
favorable selectivity, metals tolerance and 
flexibility, particularly when used as an additive 
catalyst. ZSM-5 cracks and isomerizes low octane 
components in the naphtha produced by the faujasite 
cracking catalyst. As a result C3 and C4 olefins 
are produced and gasoline compositional changes 
occur which explain its increased research and 
motor octanes. A model was developed which 
predicts ZSM-5 performance in an FCC unit. 
Discussed is how this model calculates ZSM-5 
activity, gasoline research and motor octane 
increases and catalyst management policies. Also 
discussed are ways to utilize ZSM-5 and how its use 
permits reoptimization of not only the FCC unit but 
the entire refinery. 

There have been many advances in catalyt ic cracking catalysts 
over the past 25 years starting with the introduction of rare 
earth exchanged X and Y zeolites (REX, REY) into Thermofor 
Catalytic Cracking (TCC) and F lu id Catalytic Cracking (FCC) 
catalysts (1-3). Another significant cracking catalyst 
improvement was the introduction of CO oxidation promoters (4-6). 
More recent c a t a l y s t improvements have inc luded use of the 
hydrogen form of Y , u l t r a s t a b l e Y (USY) (jO , chemica l ly 
dealuminated Y and s i l i c o n enr iched Y z e o l i t e s ( 8 ) . The l a t e s t 
advance i n c r a c k i n g c a t a l y s t s has been the i n t r o d u c t i o n of ZSM-5 
which i s the f i r s t gener ic z e o l i t e change i n c a t a l y t i c c r a c k i n g . 

ZSM-5 i s a Mobil-proprietary, shape-selective zeolite which 
is used commercially in synthetic fuels (methanol-to-gasoline), 
petrochemicals (xylene isomerization, toluene disproportionation, 
benzene alkylation) and in petroleum refining (lube and 

0097-6156/88/0375-0064$06.75/0 
β 1988 American Chemical Society 
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5. S C H I P P E R E T A L . Shape-Selective Zeolite 65 

d i s t i l l a t e dewaxing) (9). It has also been used in catalytic 
cracking to increase gasoline Research and Motor clear Octane 
numbers (RON and MON) and gasoline plus alkylate yield. 

The f i r s t full-scale refinery test demonstration of ZSM-5 
in catalytic cracking was made in the TCC unit of the Neste Oy 
refinery in Naantali, Finland (10). The catalyst used in this 
application was a composite catalyst containing both REY and 
ZSM-5. This commercial demonstration was a success with RON 
increasing up to 4 numbers. Since this i n i t i a l demonstration, 
ZSM-5 has been used in over thirty-five units (both TCC and FCC) 
ranging in size from 6,000 to 90,000 barrels per day (BPD). 
Table I l i s t s some of the available results from twenty of these 
commercial applications. In a l l cases, ZSM-5 increased both 
Research and Motor Octane. The ZSM-5 content in the unit 
inventory for these applications ranged from 0.2 to 3 wt %. The 
variations in the octane response from a given concentration of 
ZSM-5 are due to variations in the base octane (octane without 
ZSM-5), gasoline cut point, catalyst makeup rate and regenerator 
temperature. 

In FCC applications, ZSM-5 has been used primarily in the 
form of a high concentration, separate particle additive, since 
this method affords maximum f l e x i b i l i t y . However, i t has also 
been successfully employed as a composite catalyst containing 
both ZSM-5 and the faujasitic cracking component in the same 
particle (11). 

Detailed results of demonstrations in FCC units belonging 
to Oklahoma Refining in C y r i l , Oklahoma and EniChem Anic in Gela, 
Italy have been published (11-14). These demonstrations have 
shown that the target octane can be achieved within 1 to 7 days 
by accelerating the i n i t i a l addition of a ZSM-5 additive 
catalyst. In contrast, octane catalysts containing Y zeolites 
with reduced unit c e l l size can generally take several months to 
boost octane, since they require significant turnover of catalyst 
inventory. Alternative methods, such as increasing riser top 
temperature to increase octane, are not as attractive as using 
ZSM-5 because the former increases C2~ (H +CH4+C2H4+C2H ) gas and 
coke make and this can potentially limit FCC throughput. Thus, 
for a given octane boost, ZSM-5 w i l l produce less wet gas than 
raising riser top temperatures. This allows the FCC unit to be 
re-optimized so that higher feed rates and/or conversions can be 
achieved at constant wet gas, while s t i l l improving the overall 
pool octane. As a result of these considerations and i t s 
commercial success, ZSM-5 usage has now taken i t s place among the 
least expensive octane enhancement methods available to refiners 
(is=iz). 

In addition to i t s octane enhancement a b i l i t y described 
above, ZSM-5 also increases the feed to alkylation, methyl 
tertiary butyl ether (MTBE) and tertiary amyl methyl ether (TAME) 
units. Since the products from a l l these processes contain high 
Research and Motor Octane components, ZSM-5 provides the refiner 
additional f l e x i b i l i t y in his downstream processing whenever the 
need exists to increase overall gasoline pool octane. In 
addition, the overall refinery can be rebalanced to take 
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advantage of the benefits arising from the use of ZSM-5; 
particularly, the higher fraction of reformate and alkylate i n 
the overall gasoline pool. One example i s to reform the FCC 
heart cut, i.e., the mid-boiling range, naphtha. ZSM-5 enhances 
reforming of an FCC heart cut gasoline by increasing the octane 
of the remaining FCC gasoline and also increasing the fraction of 
alkylate and reformate in the overall pool gasoline. 

In this paper, we discuss how ZSM-5 works to increase 
octane in an FCC unit, the development of a model to predict ZSM-
5 performance, and methods to optimize the FCC unit and overall 
refinery with ZSM-5. 

Table I. Summary of Commercial Performance of ZSM-5 
in Catalytic Cracking 

Estimated 
< RON—> <—M0N- > ZSM-5 in In

Refinerv Base Δ Base Δ ventory, wt % 
A 91.5 +1.5 79.0 +0.6 2.8 
Β 93.4 +0.9 80.5 +0.3 2.0 
C 91.8 +1.0 79.8 +0.3 0.2 
D 86.0 +4.5 77.4 +2.2 2.2 
£ 87.3 +1.7 78.2 +0.6 0.9 
F 87.6 +1.6 77.3 +1.2 0.3 
6 89.8 +2.2 N/A N/A 1.2 
H 88.5 +1.5 N/A N/A 0.8 
I 91.5 +1.2 81.5 +0.5 0.5 
J 92.6 +1.9 80.3 +0.7 1.5 
Κ 93.4 +0.7 80.3 +0.3 2.4 
L 92.5 +0.9 80.5 +1.1 0.2 
M 92.5 +1.4 80.6 +0.9 2.2 
Ν 92.5 +1.0 81.5 +0.4 2.4 
0 92.0 +1.0 79.9 +0.4 0.2 
Ρ 92.5 +0.7 80.2 +0.5 0.2 
Q 92.7 +1.2 80.3 +0.5 3.0 
R 91.4 +0.8 N/A N/A 1.5 
S 88.6 +1.6 N/A N/A 2.2 
Τ 91.0 +1.2 79.3 +0.7 2.2 

How ZSM-5 Works 

ZSM-5 increases octane by catalytically cracking and isomerizing 
low octane components in the gasoline boiling range to higher 
octane components plus propylene and butylène. ZSM-5 
accomplishes this selectively, without increasing coke yield or 
C ~ gas make. In addition, conversion and light cycle o i l 
(ECO)/main column bottom (MCB) selectivities remain unchanged. 
In contrast, increasing octane by raising reactor top temperature 
significantly increases C2~ gas yields which potentially limit 
FCC unit throughput or severity. 

Several commercial examples of the yield and octane shifts 
for ZSM-5 addition are illustrated in Tables II through VI. In 
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5. S C H I P P E R E T A L . Shape-Selective Zeolite 67 

a l l cases, the same type ZSM-5 additive catalyst was used. Also, 
operating conditions and feedstock remained constant for each 
example. In the examples in Table II, the octane gains are 
accompanied by an increase in C 3 and olefins (potential 
alkylate feed) and a decrease in gasoline yield. The increase in 
potential alkylate more than compensates for the loss in gasoline 
yield so that overall FCC plus potential alkylate gasoline yield 
increases. The increase in alkylate increases the refinery pool 
motor octane because alkylate has a higher motor octane blending 
number. Table II also illustrates that as the base octane 
increases, more gasoline plus potential alkylate i s produced for 
approximately the same FCC gasoline octane increase. As shown in 
the three examples, ZSM-5 does not affect the d i s t i l l a t e or 
bottoms selectivity; nor does i t affect C2~ or coke yield. 

We can gain an understanding of the gasoline compositional 
shifts which occur with ZSM-5 by studying the examples shown in 
Table III. The gasoline octane increase with ZSM-5 results from 
a decrease in concentration of the C_+ paraffins and olefins, and 
an increase in the concentration of Doth light olefins and 
aromatics. The concentration of the light olefins i s selectively 
increased to the single and multiple branched light olefins, a l l 
high octane species (Table IV), with an actual reduction in the 
concentration of linear C_ and C & olefins. A larger increase i s 
observed for single brancned oleiins when compared to multiple 
branched olefins. 

To understand the reaction pathways, the yield shifts for the 
three examples illustrated in Table III were calculated on a 
fresh feed basis (Table V). These data show that the predominant 
reaction i s the loss of C?+ paraffins and olefins. Approximately 
2.5 wt % C_+ paraffins plus olefins were lost for a +1.5 Research 
Octane numter increase. ZSM 5 is selective to cracking both 
single branched and linear parnffins, and single branched and 
linear olefins (9) which have very low Research and Motor 
Octanes, as illustrated below: 

RON MON 
n-octene 57 58 
methyl-hexanes 42-52 46-55 

In general, the higher the i n i t i a l concentration of C_+ olefins 
in the gasoline, the larger the rate of cracking of tne C?+ 
olefins. 

The products of the ZSM-5 reaction in the gasoline boiling 
range are mainly C 5~C Q single branched olefins which have high 
Research and Motor Octane, as illustrated below: 

2M2C4= 
RON 
100 

MON 
83 
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The data in Table III show that the concentration of 
aromatics in the ZSM-5 gasoline fraction increases. As the data 
in Table V show, the increase i s not due to aromatics formation, 
but rather due to the concentration of the aromatics in a smaller 
amount of gasoline. 

As discussed previously, the ZSM-5 cracking products which 
occur outside the gasoline boiling range are mainly CL and C 4 

olefins. The incremental C 4 olefin yield shows a higher 
percentage of isobutylene, similar to the distributions found in 
the C 5 and C e olefins (Table IV). 

% of Incremental C 4 Olefins Using ZSM-5 

i C = 40 
1 C4= 20 
cis-2-C 4= 20 
trans-2-C4= 20 

This increase in isobutylene yield increases feed for downstream 
MTBE processing. 

In general, the higher the concentration of C_+ olefins and 
paraffins in the base gasoline, the lower i s the fcase Research 
and Motor Octane. Thus, without detailed information about the 
gasoline composition, the base octane can be used to characterize 
the gasoline. As observed in Figure 1, when the base octane 
(both Research and Motor) i s lower, less ZSM-5 is required to 
achieve a given octane increase. This observation i s not 
surprising because the lower base octane gasolines contain a 
higher concentration of low octane components. At any given 
activity, ZSM-5's upgrading rate depends on the amount 
(concentration) of low octane components available. 

In addition, for a given octane boost, the increase in 
gasoline plus potential alkylate yield also depends on the base 
octane. As the base octane increases, the formation of gasoline 
plus alkylate increases (Figure 2). This results from a lower 
concentration of C7+ paraffins and olefins in the high base 
octane gasolines, as these components contribute less to the 
overall octane. To obtain a 1 number octane increase for an 
i n i t i a l l y high octane gasoline, a greater shift in the C?+ 
paraffins and olefins'"would be required. Consequently, more 
light olefins for alkylation are produced. 

ZSM-5 increases the octane throughout the entire gasoline 
boiling range (Figure 3). The magnitude of the octane boost 
depends on the base gasoline composition and the cut point of the 
gasoline. In the example illustrated in Figure 3, ZSM-5 
increases the octane of the 120*°C gasoline fraction by 2 to 2.5 
MON and 2 to 3 RON and the 120"°C fraction by about 0.5 to 1.0 
MON and 1 to 2.5 RON. This gives an overall gasoline octane 
boost of +1 MON and +1.5 RON. The octane of the 120 + oC fraction 
increases because the concentration of low octane components (C7+ 
paraffins and olefins) decreases. The octane of the front end 
(120"°C) fraction increases because the concentration of high 
octane components, for example, single branched C g and C e 

olef ins, increases. 
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In general, the octane boost i s greatest in the fraction of 
the gasoline with the lowest base octane (Table VI). Examples 1 
and 3 in Table VI show the base octane to be higher in the 
lighter portion of the gasoline. In these examples, the boost in 
octane increases with the gasoline cut point. The base octane in 
Example 2 i s higher in the heavier portion of the gasoline. In 
this example, the octane boost decreases with gasoline cut point. 
The base octane in Example 4 is essentially constant with respect 
to boiling range. 

ZSM-5 has been used successfully in commercial operations 
when processing high boiling range feedstock and resids. This i s 
principally due to i t s a b i l i t y to maintain activity despite the 
presence of a high concentration of feed metals. ZSM-5's 
excellent metals tolerance has been demonstrated commercially at 
equilibrium catalyst metals levels up to 10,000 ppm nickel plus 
vanadium and 6,000 ppm sodium with very l i t t l e detrimental 
effect. Laboratory tests show that ZSM-5 is far less affected by 
metals than Y-zeolite catalysts. Metals were introduced, as 
follows : 

- Nickel: Nickel naphthenate impregnation followed by air 
calcination. 

- Vanadium: Steam treatment in presence of vanadium 
pentoxide. 

- Sodium: Sodium nitrate impregnation. 

Essentially no change in octane enhancing performance of the ZSM-
5 catalyst was observed after the catalyst was treated with these 
metals (Table VII). 

Table II. ZSM-5/FCC Performance Examples 

Base Octane, RON 
MON 

Yield Shifts. % Fresh Feed 
C5+ Gasoline, vol % 
LCO, vol % 
MCB, vol % 
iC4, vol % 
nC4, vol % 
C4=, vol % 
C3, vol % 
C3=, vol % 
C2 Minus, wt % 
Coke, wt % 
Alkylate (C3= & C =), vol % 
Gaso+Potential Alkylate, vol % 

Octane Shifts 
FCC Gasoline, RON 

MON 

87.3 91.5 92.7 
78.2 80.6 80.3 

-1.6 -2.3 -3.7 

+0.3 +0.2 +0.3 

+1.1 +1.2 +1.5 
+0.1 +0.5 

+0.8 +1.6 +2.6 

+3.2 +4.7 +6.9 
+1.6 +2.4 +3.2 

+1.7 +1.2 +1.5 
+0.6 +0.3 +0.5 
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Table III. Gasoline Compositional Shifts with ZSM-5 

Example A Β C 
Base Research Octane 92.0 92.7 91.4 
Δ RON +1.5 +1.5 +1.3 

Shifts with ZSM-5. wt % 
Paraffins 
V +1.0 0 -0.7 

Oleiins 
-1.3 -0.9 -2.5 

Oleiins 
V +2.0 +2.6 +2.0 

Naphthenes 
-5.6 -3.2 -0.6 

Naphthenes +1.3 0 +0.6 
Aromatics +3.4 +1.5 +1.2 

Table IV. Light Olefin Distribution Indicates 
Increased Branching with ZSM-5 

% of Incremental Olefins Increase 

Example Β C 

V s 

2 and 3M1C = 50 34 
2M2C = 68 80 
Straight Chain Cg= -18 -14 

V s 

Single Branched Cg= 
V s 

Single Branched Cg= 75 127 
Multiple Branched C4= 0 11 
Straight Chain C = -175 -38 
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3 

RELATIVE ZSM-5 ACTIVITY 

Figure 1. Impact of base octane on ZSM-5 octane boost. 

89 91 93 

BASE OCTANE 

Figure 2. Impact of base octane on ZSM-5 yield-octane response. 
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Table V. ZSM-5 Reactions - Yield Shifts 
Based on Fresh Feed 

Example 
Base Research Octane 
ARON 

Yield Shifts. Wt % Fresh Feed 
Paraffins 

Olefins 

Naphthenes 
Aromatics 

Total 

0/P of Base Gasoline 

A Β C 
92.0 92.7 91.4 
+1.5 +1.5 +1.3 

+0.1 -0.5 -0.6 
-0.6 -0.6 -1.7 

+0.3 +0.4 +0.7 
-2.2 -2.0 -0.6 
+0.1 -0.2 +0.1 
+0.3 -0.1 -0.2 
-2.0 -3.0 -2.3 

1.5 2.0 0.6 

Table VI. Effect of FCC Gasoline Cut Point 
and Base Octane on ZSM-5 Octane Boost 

Example 

ZSM-5 
Gasoline Base RON 
90%. °C RON Boost 

1 91 94.3 +0.5 
170 91.5 +1.5 

2 155 90.4 +2.3 
195 91.5 +1.2 

3 155 94.4 +0.7 
185 93.3 +1.0 

4 155 92.8 +1.7 
195 93.0 +1.5 

Table VII. Metals Tolerance of ZSM-5 
Laboratory Data 

Metal/Content ARON AGasoline, Vol % 
Base +1.2 to +1.6 -2 to -2.5 
Ni/2000 ppm +1.8 -3 
V/10000 ppm +1.7 -2 
Na/5000 ppm +1.0 -1 
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Predicting ZSM-5 Performance 

A model which i s consistent with the chemistry described 
previously has been developed to predict the performance of ZSM-5 
in an FCC unit. Application of this model allows the user to 
take f u l l advantage of ZSM-5's f l e x i b i l i t y for specific 
applications. The model has been used in many commercial 
applications to determine the catalyst makeup rate required to 
achieve a given octane boost. It has also been used to t a i l o r 
the catalyst makeup strategy to obtain a desired octane boost in 
a given period of time. 

• Model Development 

The model i s divided into two parts; the calculation of ZSM-5 
concentration required to achieve a given activity in the unit 
(activity maintenance) and the impact of base gasoline 
composition on the gasoline octane boost for ZSM-5 of a given 
activity. 

The activity maintenance of ZSM-5 follows the same functional 
form as that for normal REY/USY cracking catalysts (18). Using 
this format, ZSM-5 activity (the increase in C 3 plus C. olefins) 
can be expressed in terms of i t s age, the regenerator temperature 
and steam partial pressure according to the following equation: 

= -K,, P w
M a N where Kj, = K D o exp (-ED /RT) (1) 

The deactivation order, N, the i n i t i a l activity, a 0, the 
exponent, M, which describes the effect of steam partial 
pressure, the activation energy, E D, and the activity rate 
constant, I L , were determined from both pilot plant and 
commercial data. 

In a commercial unit, catalyst i s added continuously 
resulting in an age distribution of the catalyst in the unit. 
Therefore, the overall ZSM-5 activity i s a distribution of the 
ZSM-5 act i v i t i e s and i s related to their relative ages. To 
calculate the average ZSM-5 activity, the residence time 
distribution and rate expression are integrated over time. The 
steady state example i s given in the following equation: 

(1-N) K, 

(1/1-N) 
- t / r , 1 e ' dt τ (2) 

where a i s the average activity per fraction of ZSM-5, f Z s M - 5 ' 
the inventory: 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

5

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



5. S C H I P P E R E T A L . Shape-Selective Zeolite 75 

The catalyst residence time, τ depends both on the ZSM-5 and base 
catalyst makeup rates ( Μ Ζ 5 Μ 5 , Μ β ) : 

T = UZSM-6 I + M8 W 

The model assumes that the retentions of the base cracking 
catalyst and ZSM-5 additive catalyst are the same. So, by 
knowing the activity rate K^, the regenerator temperature, the 
ZSM-5 and base makeup rates, the water partial pressure in the 
regenerator, and the catalyst inventory, the activity can be 
calculated directly. 

We now need to relate the activity of ZSM-5 to the octane 
boost achievable commercially. As discussed previously, the 
octane boost at any given ZSM-5 activity depends on the base 
octane, which i s a characteristic of the concentration of low 
octane olefins and paraffins in the gasoline. Figure 1 
illustrates the relationship between octane boost and activity at 
several different base octanes. As can be seen from the curves, 
as the gasoline base octane increases, more ZSM-5 activity i s 
required to achieve a given octane increase. 

Thus, the potential octane boost which can be obtained from 
ZSM-5 addition i s not only a function of i t s activity and the 
fraction of ZSM-5 in inventory, but i t also depends on i t s base 
gasoline octane (gasoline octane without ZSM-5 addition). 

ARON = F(S, f Z S M _ 5 , RON0); ΔΜ0Ν = F(5, f Z S M ^ MON0) (5) 

• Parametric Sensitivity of Model 

As discussed above, the potential octane boost which can be 
achieved from ZSM-5 addition i s a function of five parameters: 
the regenerator temperature and steam partial pressure (which 
determine the activity maintenance); the base and ZSM-5 catalyst 
makeup rates (which determine the catalyst age); and the base 
gasoline octane. The sensitivity of the model to these 
parameters i s discussed below. 

Table VIII shows the influence of base octane on the relative 
fractional ZSM-5 replacement rate required to achieve a 1 RON 
boost. Model estimates show that half as much ZSM-5 i s required 
to achieve a +1 RON/+0.4 MON boost at a base octane of 88 as 
compared to an application with a base octane of 92. 

Table IX shows the effect of regenerator temperature on the 
relative fractional ZSM-5 replacement rate required to achieve a 
1 RON boost. The model prediction shows that ZSM-5 i s relatively 
insensitive to FCC regenerator temperature. 

The ZSM-5 addition rate required to maintain a 1 RON boost 
increases with increasing base catalyst makeup rate, but the 
increase i s less than that which would be estimated due to 
dilution alone. As the base catalyst makeup rate increases, the 
catalyst inventory turnover rate increases, causing the average 
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catalyst age to decrease, and the ZSM-5 catalyst activity to 
increase. Since the ZSM-5 catalyst i s now more active, a lower 
concentration i s required to maintain a given octane boost. 
Therefore, the activity benefit resulting from the decreased age 
partially compensates for the increase in base catalyst makeup 
rate. Figure 4 shows as the base catalyst makeup rate increases 
from 1 to 1.5, the required relative fractional ZSM-5 addition 
rate increases from 1 to 1.25 to maintain the 1 RON increase. 
For this example, the relative fractional replacement rate of 
ZSM-5 in the inventory decreases form 1 to 0.85. 

• Model Verification 

The model has been verified by accurately predicting the octane 
boost for many different commercial applications. Figure 5 shows 
the model predictions versus measured data for two commercial 
applications. The objective of the application at Refinery A, 
was to increase the Research Octane by 1 number within 1 day. 
The base octane for this application was 93.4 and the regenerator 
temperature was 1335°F. As the data show, the model matches the 
commercial response very well. The objective of the application 
at Refinery B, was to increase the Research Octane by 1.5 numbers 
within the f i r s t week. The base octane for this application was 
92.7 and the regenerator temperature was 1275°F. Again, the 
model prediction f i t s the commercial data quite well. 

• Catalyst Makeup Strategy Options 

One of the main applications of the ZSM-5 performance model i s to 
determine the optimal catalyst makeup strategy to achieve a 
desired octane boost in a required period of time. Since ZSM-5 
is used primarily as an additive, the catalyst makeup policy can 
be tailored to f i t the refiner's needs. 

Figure 6 shows two example makeup strategies to boost the 
Research Octane in an FCC unit by 1 number. The f i r s t example 
shows that the addition rate can be accelerated i n i t i a l l y to 
achieve the octane boost in one day and then i t can gradually be 
reduced to maintain the desired octane boost. In this example, 
one unit of relative fractional ZSM-5 replacement rate was added 
the f i r s t day to achieve a 1 RON boost. The addition rate was 
reduced to less than 0.2 units by the third day to maintain the 
octane boost. The second example shows that the catalyst can be 
added more gradually to achieve the desired octane boost within 
one week or even longer i f desired. In this example, 0.4 units 
of relative fractional ZSM-5 replacement rate were added 
i n i t i a l l y giving a 0.4 RON boost after the f i r s t day. The 
addition rate was gradually reduced to less than 0.2 units by the 
eighth day to maintain the 1 number RON boost achieved after 
seven days of ZSM-5 addition. 
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Figure 6. Make up s t r a t e g i e s to boost research octane. 
Top, ra p i d octane boost and bottom, gradual octane 
boost. 
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Table VIII. ZSM-5 Model - Parametric Sensitivity 

Effect of Base Octane 

Relative Fractional 

RON0 

ZSM-5 Replacement 
RON0 Rate ARON ΔΜ0Ν 

88 0.48 +1.0 +0.4 
90 0.66 +1.0 +0.4 
92 1.0 +1.0 +0.4 

Table IX. Impact of Regenerator Temperature 
on ZSM-5 Replacement Rate 

Relative Fractional 
Replacement Rate of 
ZSM-5 Required to 

Regenerator Temperature Achieve a +1 RON Increase 

Base 1 
Base less 30°C 0.91 

Optimization with ZSM-5 

• FCÇ 

As mentioned previously, because of i t s unique chemistry, ZSM-5 
produces less wet gas per octane gain than increasing riser top 
temperature (Figure 7). This happens because ZSM-5 does not 
increase C2~ yields. Thus, using ZSM-5 allows the refiner to 
reoptimize FCC conditions to again reach a wet gas limit. 
Several strategies, which allow the refiner to take advantage of 
this phenomena, are illustrated below. 

At constant octane, the refiner can: 

* Increase FCC feed rate up to the wet gas limit. The 
example i n Figure 7 indicates that ZSM-5 provides about 7% 
less wet gas at a constant octane. This translates into 
about 7% additional throughput that could be charged to 
the FCC at constant octane using ZSM-5. This would 
significantly increase the octane barrels produced in the 
refinery. 
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• Increase FCC conversion by decreasing riser top and 
preheat temperature (if air blower capacity i s available) 
up to the wet gas limit. Table X gives an example of the 
yield benefits for using ZSM-5 in this manner. 

The refiner can also: 

• Increase FCC plus potential alkylate octanes 
(Motor/Research) at a wet gas constraint by slightly 
decreasing riser top temperature and increasing preheat 
(Table XI). Because ZSM-5 increases the fraction of 
alkylate feed relative to FCC gasoline, the FCC plus 
potential alkylate gasoline blend has higher octanes. 

• Decrease butadiene yield while increasing potential 
alkylate feed. Unlike increasing riser top temperature, 
ZSM-5 does not increase butadiene yield with increasing 
octane (Table XII) (12-14). Butadiene make can negatively 
impact and ultimately limit downstream alkylation 
capacity. Thus, C 3 and C products from ZSM-5 can produce 
more alkylate product at the same effective alkylation 
unit capacity. 

• Refinery 

Not only does ZSM-5 increase FCC gasoline Research and Motor 
Octane and allow for optimization of the FCC operation, i t s 
unique chemistry allows for reoptimization of downstream 
processes to increase pool octane. 

Addition of ZSM-5 in a catalytic cracking unit can permit a 
reduction in reformer severity. At a given pool octane 
requirement, the higher FCC octane contribution (Research/Motor) 
allows for lower reformer severity and, consequently, higher 
reformate yields. At EniChem's Gela FCC unit f12-14^. when ZSM-5 
was in the FCC, the reformate severity dropped from 95.0 RON 
clear to 90.0 RON clear while liquid yield increased by 4% vol. 

ZSM-5 also significantly enhances the octane gain achievable 
i f a heart cut or mid-boiling range FCC gasoline i s reformed. As 
Figure 8 shows, ZSM-5 increases the Motor Octane throughout the 
entire gasoline boiling range. However, there i s s t i l l a minimum 
in Motor Octane with respect to boiling point. In this example, 
the minimum occurs at 100°C to 150°C. A heart cut taken in this 
boiling range (100°C to 150°C) i s an attractive feed for 
reforming since the nitrogen and sulfur levels are low in this 
boiling range. 

LP studies were run to determine the impact on the refinery 
gasoline pool of adding ZSM-5 to the FCC and then reforming a 
heart cut of the FCC gasoline. Enough ZSM-5 was added to 
increase the FCC gasoline octane by +1 RON/+0.4 MON. A 100°C to 
150°C heart cut of the FCC gasoline was then reformed, and a l l 
additional C 3 and C 4 olefins were alkylated. The impact on the 
refinery gasoline pool octane was an increase of 0.3 numbers for 
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both the Research and Motor Octanes. This boost resulted from 
the combination of: higher FCC gasoline octane, addition of the 
heart cut reformate to the pool, and an increase in alkylate/FCC 
gasoline ratio. Although the magnitude of this boost depends on 
the particular refinery constraints (alkylation, reforming, FCC 
wet gas capacities), this example illustrates that ZSM-5 can have 
a significant impact on the overall refinery operation. 

Besides alkylate, the products from ZSM-5 reactions outside 
the gasoline boiling range can be used to increase pool octane. 
In particular, ZSM-5 increases the percentage of isobutylene and 
isopentene in the C. and C_ products, which are feedstocks for 
MTBE and TAME, respectively. Both MTBE and TAME have very high 
octanes as shown below. 

RON MON 

MTBK 
TAME 

118 
112 

101 
99 

Table X. ZSM-5 Yield Benefits - Constant Octane 
Wet Gas Compressor Constrained 

Changes 

Conversion, vol % +1.3 

Gasoline, vol % 
LCO, vol % 

+0.3 
-0.9 
-0.4 
+1.7 
-0.4 

MCB, vol % 
03+04*8, vol % 
C2 minus, wt % 

Potential Alkylate, vol % +1.9 

Preheat Temp., °F 
Regenerator Temp., °F 

-100 
-20 
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Table XI. FCC/Alkylation Complex 

ZSM-5 
Spare ZSM-5 

No Alkylation Constrained 
ZSM-5 Capacity Wet Gas 

FCC Gasoline 
RON 93 94 93.4 
MON 81 81.4 81.2 
Vol % Fresh Feed 56 54 53 

Alkylate 
RON 94 94 94 
MON 92 92 92 
Vol % Fresh Feed 26.5 31 27.6 

Alkylate/FCC Gasoline 0.47 0.57 0.52 
Wet Gas (SCF/B) 575 625 575 

Table XII. Changes in Composition of 
Butane/Butene Stream with ZSM-5 

Base Case +ZSM-5 
Δ 

FCC Gasoline Octane 
RON 92.6 +1.9 
MON 80.1 +0.7 

Butane-Butene Compositionf vol% of C4's 
isobutane 
N-butane 
isobutene 
1- butene 
2- trans-butene 
2-cis-butene 
butadiene 

33.9 
9.8 
17.1 
14.0 
14.9 
9.9 
0.4 

+0.2 
-0.6 
+2.1 
-1.5 
+0.1 
+0.4 
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Conclusion 
The use of ZSM-5 in cracking affords a refiner greater operating 
f l e x i b i l i t y . Ultimately, i t permits reoptimization of not only 
the cracking unit, but the entire refinery. Intrinsic features 
of ZSM-5 are i t s high activity, excellent s t a b i l i t y , favorable 
selectivity, v e r s a t i l i t y , f l e x i b i l i t y and metals tolerance. 

Commercial experience in over 35 cracking units confirms that 
ZSM-5: 

1) responds r a p i d l y 
2) i s e f f e c t i v e at low concentrations 
3) boosts both motor and research octanes 
4) increases C~ and C, o l e f i n y i e l d s , feed to an a l k y l a t i o n 

u n i t J 

5) increases isobutylene and isopentene, feed to MTBE and 
TAME 

6) does not a f f e c t coke, minus, 450 F plus or butadiene 
y i e l d s 

7) i s v e r s a t i l e since i t i s e f f e c t i v e with a l l types of 
cracking c a t a l y s t s and cracking u n i t s 

8) can be used i n t e r m i t t e n t l y 
9) i s e f f e c t i v e with high end point feeds and r e s i d s 

10) works i n the presence of metal passivators such as Sb 
The improved performance a r i s i n g from these b e n e f i t s 

u l t i m a t e l y r e s u l t s i n economic b e n e f i t s which depend on r e f i n e r y 
c o n s t r a i n t s and l o c a l circumstances. 
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NOMENCLATURE 

£ D Deactivation Energy, Kcal/mole 
f Z S M _ 5 Fraction of ZSM-5 in inventory 
I Catalyst Inventory, tons 
Kq Deactivation Rate Constant 
K D o Pre-Exponential Term of 
M Water Partial Pressure Effect 
Mg Makeup Rate of Base Catalyst, tons/min 
^ZSM-5 Makeup Rate of ZSM-5 Catalyst, tons/min 
MON Motor Clear Octane Number 
MON0 Base Motor Octane Number 
Ν Deactivation Order 
0/P Olefin/Paraffin Concentration in Gasoline 
P w Water Partial Pressure, KPa 
R Universal Gas Constant 
RON Research Clear Octane Number 
RON0 Base Research Octane Number 
Τ Temperature, °K 
t Time, min 

α 
α 
ο 

Τ 

ZSM-5 Catalyst Activity 
ZSM-5 I n i t i a l Activity 
Residence Time, min 
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Chapter 6 

Mechanisms of Product Yield 
and Selectivity Control with Octane Catalysts 

John S. Magee and James W. Moore 

Katalistiks International, Inc., 4810 Seton Drive, Baltimore, MD 21215 

It is generally accepted that aluminum 
deficient structures derived from type Y 
zeolite alter the extent of hydrogen transfer 
reactions which ordinarily favor the 
formation of paraffins and aromatics at the 
expense of olefins and naphthenes. This 
octane reducing reaction is controlled 
principally by the silica/alumina ratio of 
the zeolite and its rare earth content(1). 

Furthermore, i t has been shown that 
octane enhancement occurs through the 
formation of different molecular types in 
"light" (b.p. 100 to 260°F) versus "heavy" 
(bp 260 to 430°F) gasoline(1,2,3). Enhanced 
olefins in light gasoline account for 
substantial increases in that fraction's 
research octane number (RON C) while higher 
concentrations of aromatics, for the most 
part, improve both RON C and MON C in the 
heavy gasoline. 

The present paper describes studies done 
which show that the ratio of hydrogen 
transfer to cracking (H-t/C) controls product 
quality and the presence of non-selective but 
catalytically active debris is a contributor 
to losses in product yield. 

W o r l d - w i d e t h e r e i s a p p r o x i m a t e l y 1000 t o n s o f f l u i d 
c r a c k i n g c a t a l y s t m a n u f a c t u r e d e a c h d a y . O f t h i s , 
a b o u t 35% c o n t a i n s some f o r m o f a l u m i n u m d e f i c i e n t 
z e o l i t e Y , o n e w h o s e S i 0 2 / A l 2 0 3 r a t i o e x c e e d s 5 . 5 : 1 , 
a n d w h o s e p e r f o r m a n c e i s g e n e r a l l y c h a r a c t e r i z e d b y 
e n h a n c e d o l e f i n f o r m a t i o n a n d h i g h e r g a s o l i n e r e s e a r c h 
a n d m o t o r o c t a n e n u m b e r . T h e a l u m i n u m d e f i c i e n t 

0097-6156/88/0375-0087$06.00/0 
c 1988 American Chemical Society 
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z e o l i t e s u s e d i n t h e s e " o c t a n e c a t a l y s t s " a r e e i t h e r 
c h e m i c a l o r h y d r o t h e r m a l d e r i v a t i v e s o f t y p e Y z e o l i t e . 
L e s s c o m m o n l y u s e d a r e s h a p e s e l e c t i v e m o l e c u l a r s i e v e s 
( S S M S ) , w h i c h a r e d e r i v a t i v e s o f t h e p e n t a s i l s . I n 
a l l , some 8 0 - 1 0 0 t o n s o f a l u m i n u m d e f i c i e n t z e o l i t e a r e 
p r o d u c e d e a c h d a y f o r c o n s u m p t i o n i n o c t a n e c a t a l y s t s 
w i t h a much s m a l l e r amount o f SSMS b e i n g m a n u f a c t u r e d 
f o r t h i s p u r p o s e . 

V i r t u a l l y a l l t h e g r o w t h i n t h i s a r e a h a s o c c u r r e d 
s i n c e 1976 when t h e f i r s t o c t a n e c a t a l y s t s w e r e 
c o m m e r c i a l l y u s e d ( 4 ) . I n s p i r i n g t h i s u s e h a s b e e n 
l e g i s l a t i o n d i c t a t i n g r e d u c t i o n s i n l e a d t e t r a e t h y l 
u s a g e t o t h e p o i n t w e r e i t s u s a g e i s a p p r o a c h i n g z e r o 
i n b o t h t h e U n i t e d S t a t e s a n d E u r o p e . T h e r e s u l t i n g 
o c t a n e d e b i t f r o m t h e c a t c r a c k e r s c o n t r i b u t i o n t o t h e 
g a s o l i n e p o o l i s t h e p r i n c i p a l r e a s o n f o r t h e 
o u t s t a n d i n g g r o w t h i n u s a g e o f o c t a n e c a t a l y s t s . 

Experimental 
C a t a l y s t s 

F i v e c a t a l y s t s we r e u s e d i n t h i s s t u d y : t h e p r e d o m i 
n a t e l y g a s o l i n e o r i e n t e d f u l l r a r e e a r t h e x c h a n g e d E K Z -
4 , a p a r t i a l l y r a r e e a r t h e x c h a n g e d g a s o l i n e / o c t a n e 
c a t a l y s t SIGMA 3 0 0 , a c o m p e t i t i v e USY c o n t a i n i n g o c t a n e 
c a t a l y s t " C O M - U S Y " , K a t a l i s t i k s ' p r i n c i p a l o c t a n e 
b a r r e l c a t a l y s t , ALPHA 5 0 0 , a n d maximum o c t a n e c a t a l y s t 
B E T A 5 0 0 . P h y s i c a l a n d c h e m i c a l p r o p e r t i e s a r e g i v e n i n 
T a b l e I 

C a t a l y s t Pretreatment 
P r i o r t o e v a l u a t i o n i n t h e p i l o t p l a n t , a l l c a t a l y s t s 
w e r e s t e a m t r e a t e d t o s i m u l a t e e q u i l i b r i u m a c t i v i t y . 
T h e s t e a m i n g p r o c e d u r e u s e d f o r a l l c a t a l y s t s i s a s 
f o l l o w s : c a l c i n a t i o n i n n i t r o g e n a t m o s p h e r e a t 1 3 5 0 ° F 
f o r t h r e e h o u r s f o l l o w e d b y s t e a m i n g a t 1 3 5 0 ° F f o r 14 
h o u r s w i t h 100% s t e a m a t a t m o s p h e r i c p r e s s u r e . 

C a t a l y s t E v a l u a t i o n 

P i l o t p l a n t t e s t s w e r e made i n a c y c l i c f i x e d f l u i d i z e d 
b e d u n i t o v e r a r a n g e o f c o n d i t i o n s . C a t a l y s t - t o - o i l 
r a t i o was v a r i e d f r o m 3 t o 5 a n d WHSV was v a r i e d f r o m 
32 t o 5 3 , i n v e r s e l y . The reactor temperature was h e l d 
a t 9 7 5 ° F f o r t h e c r a c k i n g a n d s t e a m s t r i p p i n g c y c l e s , 
a n d a t 1 2 0 0 ° F f o r t h e r e g e n e r a t i o n c y c l e s . A f t e r 
r e g e n e r a t i o n , c a r b o n o n c a t a l y s t was e f f e c t i v e l y z e r o . 
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T a b l e I . C a t a l y s t P r o p e r t i e s 

C a t a l y s t : E K Z - 4 S I G M A - " C O M - " A L P H A - BETA-
TTSY 500 

S u r f a c e A r e a , 
m V g 182 157 238 283 278 

P o r e V o l u m e , 
c c / g 0 . 3 0 0 . 3 1 0 . 3 2 0 . 3 6 0 . 3 5 

A 1 2 0 3 , 
wt% 2 7 . 8 3 7 . 3 3 4 . 8 3 3 . 9 3 2 . 7 

R e 2 0 3 , 
wt% 4 . 4 0 1 .46 0 . 5 0 < 0 . 1 0 < 0 . 1 0 

U n i t C e l l 0 

S i z e , a Q / A 2 4 . 7 0 2 4 . 6 8 2 4 . 5 1 2 4 . 6 1 2 4 . 5 0 

S t e a m e d P r o p e r t i e s * * 

S u r f a c e A r e a , 
m 2 / g 131 96 166 160 222 

U n i t C e l l 
S i z e , a Q 2 4 . 5 0 2 4 . 3 3 2 4 . 2 6 2 4 . 2 6 2 4 . 2 7 

* A l l c a t a l y s t s e x c e p t E K Z - 4 a r e b e l i e v e d t o c o n t a i n 
1 0 - 2 0 % " f r e e " a l u m i n a ( i . e . a l u m i n a n o t a s s o c i a t e d 
w i t h e i t h e r z e o l i t e o r c l a y c o m p o n e n t s o f t h e 
c a t a l y s t ) . T h e amount a n d n a t u r e o f t h e " f r e e " 
a l u m i n a p r e s e n t d o e s i n f l u e n c e g a s o l i n e , LCO a n d 
HCO q u a l i t y a n d t h e q u a n f i c a t i o n o f t h e s e 
i n f l u e n c e s i s u n d e r s t u d y . 

* * 1 3 5 0 , 14 h o u r s , 100% s t e a m 
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Two f e e d s t o c k s we r e u s e d i n t h i s s t u d y . T h e 
p r i m a r y f e e d was v e r y p a r a f f i n i e (59 .1% C , 2 6 . 5 % C 
a n d 14 .4% C ). S e l e c t e d c a t a l y s t s S I G M A , P A L P H A a n d 1 1 

BETA we r e a T s o r u n u s i n g a m o d e r a t e l y a r o m a t i c f e e d 
(52.8% C , 2 6 . 9 % C a n d 2 0 . 3 % C ) . D e t a i l e d f e e d 
p r o p e r t i e s a r e g i v e n i n T a b l e I x . 

S y n c r u d e s f r o m p i l o t p l a n t r u n s w e r e f r a c t i o n a t e d 
a c c o r d i n g t o ASTM D 2 8 9 2 . L i g h t a n d h e a v y g a s o l i n e 
o c t a n e s w e r e d e t e r m i n e d u s i n g a s t a n d a r d ASTM -
C o m b u s t i o n F u e l s R e s e a r c h f u e l t e s t i n g e n g i n e . T h e 
h y d r o c a r b o n t y p e d i s t r i b u t i o n - t o t a l p a r a f f i n s , t o t a l 
o l e f i n s , t o t a l n a p h t h e n e s a n d t o t a l a r o m a t i c s (PONA) -
o f t h e l i g h t a n d h e a v y g a s o l i n e was d e t e r m i n e d u s i n g a 
H e w l e t t P a c k a r d 5880 A g a s c h r o m a t o g r a p h e q u i p p e d w i t h 
a PONA p a c k a g e . 

Results and Discussion 
Two c a t a l y t i c r e a c t i o n s a p p e a r t o c o n t r o l t h e p r o d u c t 
d i s t r i b u t i o n e n c o u n t e r e d w i t h o c t a n e c a t a l y s t s : 
h y d r o g e n t r a n s f e r ( H - t ) a n d c r a c k i n g ( C ) . B o t h o c c u r 
s i m u l t a n e o u s l y a n d c o n t r o l o f t h e i r r a t i o ( H - t / C ) g i v e s 
t h e p r o d u c t d i s t r i b u t i o n s o b s e r v e d . G e n e r a l l y t h e s e 
r e a c t i o n s may b e i l l u s t r a t e d a s f o l l o w s : 

H y d r o g e n T r a n s f e r ( H - t ) 

3 C n H 2 n + CmHsxn > 3 C nH2n->-2 + C r a H 2 m - 6 

o l e f i n n a p h t h e n e p a r a f f i n a r o m a t i c 

Naphthene Cranking (Γ) 
3 C x n H 2 m ^ C m H 2 l n + 2 C m H 2 m 

m u l t i - r i n g o l e f i n n a p h t h e n e 
n a p h t h e n e 

A n a p h t h e n e i s u s e d f o r t h i s i l l u s t r a t i o n a s we 
b e l i e v e t h a t t h e r e l a t i v e a m o u n t s o f n a p h t h e n e c r a c k i n g 
v e r s u s h y d r o g e n t r a n s f e r c o n t r o l p r o d u c t d i s t r i b u t i o n s 
a n d q u a l i t i e s i n o c t a n e c a t a l y s t s y s t e m s . G a s o l i n e 
s e l e c t i v e c a t a l y s t s f a v o r h y d r o g e n t r a n s f e r r e a c t i o n s 
w i t h t h e s e m o l e c u l e s w i t h c o n s e q u e n t f o r m a t i o n o f c o k e . 

R e s u l t s o f t h e p r e s e n t s t u d y a t c o n s t a n t 
c o n v e r s i o n a r e shown i n T a b l e s I I I A a n d Β a n d IVA a n d B . 
A s s u g g e s t e d by t h e m o d e l e q u a t i o n s i l l u s t r a t e d a b o v e 
a n d l a t e r i n t h e t e x t we h a v e p o s t u l a t e d t h a t t h e 
o v e r a l l h y d r o g e n t r a n s f e r r e a c t i o n f o r m i n g a r o m a t i c s 
a n d p a r a f f i n s f r o m o l e f i n s a n d n a p h t h e n e s c a n be 
c o n t r o l l e d a t v a r i o u s i n t e r m e d i a t e s t a g e s . T h e s e 
s t a g e s a r e c h a r a c t e r i z e d by h i g h o l e f i n y i e l d s i n t h e 
l i g h t g a s o l i n e w i t h p r o g r e s s i v e l y h i g h e r c o n c e n t r a t i o n s 
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T a b l e I I . F e e d s t o c k P r o p e r t i e s 

P a r a f f i n i e 
F e e d » P » 

A r o m a t i c 
F e e d " A " 

G r a v i t y , ° A P I 2 5 . 9 2 1 . 2 
S u l f u r , wt% 0 . 5 3 1 . 1 9 
B a s i c N i t r o g e n , PPM 920 596 
R a m s b o t t o m C a r b o n , wt% 0 . 5 9 2 . 1 7 
A n i l i n e P o i n t , ° F 196 186 
P o u r P o i n t , ° F 95 85 
M o l e c u l a r w e i g h t 391 390 
UOP Κ F a c t o r 1 2 . 0 1 1 . 7 
D i s t i l l a t i o n ( D 1 1 6 0 ) , ° F 

5 v o l % 658 615 
10 v o l % 700 667 
30 v o l % 782 762 
50 v o l % 845 825 
70 v o l % 918 898 
90 v o l % 1030 1014 

H y d r o c a r b o n T y p e D i s t r i b u t i o n 
A r o m a t i c s ( C A ) 1 4 . 4 2 0 . 3 
N a p h t h e n e s ( C N ) 2 6 . 5 2 6 . 9 
P a r a f f i n s (d>) 5 9 . 1 5 2 . 8 
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o f h e a v y g a s o l i n e a r o m a t i c s f o r m e d a s t h e S i 0 2 / A l 2 0 3 o f 
t h e s t e a m d e a c t i v a t e d c a t a l y s t i n c r e a s e s . A l s o o b s e r v e d 
a r e m e a s u r a b l e q u a l i t y c h a n g e s i n b o t h t h e l i g h t c y c l e 
(LCO) a n d h e a v y c y c l e o i l (HCO ) . 

I n t h e c a s e o f " n o n - o c t a n e " c a t a l y s t s , H - t r a n s f e r 
i s v i r t u a l l y c o m p l e t e a n d t h e r e a c t i o n p r o c e e d s 
( t h r o u g h a r o m a t i c c o n d e n s a t i o n r e a c t i o n s ) t o c o k e . 
C l e a r c u t c o n t r o l o f t h e s e s t a g e s i s r e l a t e d t o b o t h 
t h e s i l i c a / a l u m i n a r a t i o o f t h e z e o l i t e p r e s e n t ( i t s 
u n i t c e l l s i z e ) a n d t h e amount o f s i l i c a / a l u m i n a d e b r i s 
p r e s e n t . S i l i c a / a l u m i n a d e b r i s i s a r e a c t i o n p r o d u c t 
f r o m t h e h y d r o t h e r m a l d e c o m p o s i t i o n o f t h e z e o l i t e 
p r e s e n t a n d i s c a l c u l a t e d b y a s s u m i n g t h a t A 1 2 0 3 i s t h e 
p r i n c i p a l d e g r a d a t i o n p r o d u c t i n t h e c o n v e r s i o n f r o m 
l o w t o h i g h s i l i c a / a l u m i n a r a t i o . B o t h s t a r t i n g a n d 
p r o d u c t r a t i o s a r e d e r i v e d f r o m u n i t c e l l m e a s u r e m e n t s 
a c c o r d i n g t o t h e B r e c k / F l a n i g e n c o r r e l a t i o n ( 5 a ) . 

A n a p p r o x i m a t i o n o f t h e e x t e n t o f h y d r o g e n 
t r a n s f e r r e a c t i o n s o c c u r r i n g c o m p a r e d t o c r a c k i n g 
r e a c t i o n s a n d t h e n e t e f f e c t o n p r o d u c t d i s t r i b u t i o n 
c a n b e i n i t i a l l y s e e n b y a c o n s i d e r a t i o n o f t h e z e o l i t e 
p r o p e r t i e s o f t h e c a t a l y s t s t e s t e d i n t h e p r e s e n t 
s t u d y : 

S I G M A - "COM A L P H A - B E T A -
r a t a l y s f r ! F1K7.-4 100 TTSV"*) 5UQ 

a Q / A 2 4 . 5 0 2 4 . 3 3 2 4 . 2 7 2 4 . 2 6 2 4 . 2 7 
S i 0 2 A l 2 0 3

2 > 8 . 8 22 40 46 40 
% " D e b r i s " 3 > 12 25 29 25 18 
# T e t r a h e d r a l 

s i t e s / U . C . 4 > 28 10 3 . 4 2 . 4 3 . 4 

x> C o m p e t i t i v e U S Y - C o n t a i n i n g O c t a n e C a t a l y s t 
2> C a l c u l a t e d . R e f e r e n c e 5 a . 
3> C a l c u l a t e d . R e f e r e n c e 5 b . 
4> C a l c u l a t e d . R e f e r e n c e 6 . 

C h e m i c a l a n a l y s i s ( T a b l e I) shows t h a t E K Z - 4 , 
SIGMA 300 a n d " C O M - U S Y " c o n t a i n r a r e e a r t h b u t " C O M -
USY" f a l l s i n t h e r a n g e a s s o c i a t e d w i t h a h i g h l e v e l o f 
h y d r o g e n t r a n s f e r c o n t r o l ( l ow H - t / C ) a l o n g w i t h ALPHA 
a n d B E T A . D a t a show a l a r g e A l ( I V ) s i t e s e p a r a t i o n 
f o r " C O M - U S Y " , ALPHA 500 a n d BETA 500 b u t s i g n i f i c a n t l y 
d i f f e r e n t l e v e l s o f c a t a l y t i c a l l y a c t i v e b u t n o n 
s e l e c t i v e " d e b r i s " f r o m t h e d e - a l u m i n a t i o n o c c u r r i n g 
d u r i n g s t e a m d e a c t i v a t i o n . One o f t h e p r i n c i p a l 
a d v a n t a g e s o f t h e ALPHA a n d BETA s y s t e m s i s t h e i r h i g h 
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T a b l e I I I A . P i l o t P l a n t R e s u l t s a t 72 v o l % C o n v e r s i o n 
P a r a f f i n i e F e e d , " P " 

C a t a l y s t : E K Z - 4 S I G M A - " C O M - " A L P H A - BETA-
ITSY ΒΩΩ BOO 

P r o d u c t Y i e l d s , 
PCT F e e d : 
C 2 , wt% 1.4 1 .3 1 .4 1 .3 1 .3 

C 3 , v o l % 2 . 8 2 . 2 2 . 3 1 .9 2 . 0 
C 3 , v o l % 3 . 6 4 . 0 4 . 6 4 . 6 5 . 1 
I C 4 , v o l % 8 . 6 8 . 5 8 . 5 7 . 8 8 . 9 
N C 4 , v o l % 2 . 1 1.8 1 .7 1 .4 1 .6 
C 4 , v o l % 3 . 4 4 . 5 5 . 0 5 . 1 6 . 3 
C 5 + G a s o l i n e , 

v o l % 6 1 . 4 6 1 . 5 6 1 . 8 6 2 . 2 6 1 . 0 
L C O , v o l % 1 6 . 0 1 7 . 5 1 7 . 7 1 7 . 7 1 8 . 0 
HCO, v o l % 1 2 . 0 1 0 . 5 1 0 . 3 1 0 . 3 1 0 . 0 
C o k e , wt% 4 . 2 3 . 8 2 . 9 3 . 4 2 . 4 
L i g h t G a s o l i n e 
Y i e l d , v o l % 3 7 . 5 3 6 . 7 3 7 . 1 3 7 . 5 3 7 . 0 
RON 8 3 . 8 8 5 . 0 8 7 . 5 8 7 . 2 8 9 . 3 
MON 7 8 . 7 7 8 . 4 7 9 . 5 7 9 . 6 7 9 . 8 
H e a v y G a s o l i n e 
Y i e l d , v o l % 2 3 . 9 2 4 . 8 2 4 . 7 2 4 . 7 2 4 . 0 
RON 8 8 . 8 8 8 . 0 8 9 . 8 9 0 . 7 9 0 . 7 
MON 7 9 . 6 7 8 . 4 7 9 . 8 8 1 . 1 8 1 . 1 
LCO A n i l i n e 

P t . , ° F 42 42 53 55 62 
C 4 A l k y l a t e 
+ G a s o l i n e + L C O 

8 3 . 5 87.Ί 8 8 . 5 8 9 . 1 9 0 . 4 
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T a b l e I I I B . P i l o t P l a n t R e s u l t s a t 72 v o l % C o n v e r s i o n 
A r o m a t i c F e e d , " A " 

C a t a l y s t : STGMA-,100 AT.PHA-50Q BETA-50Q 
P r o d u c t Y i e l d s , 
PCT F e e d : 
C 2 - , wt% 2 . 9 
C 3 - , v o l % 2 . 4 
C 3 - , v o l % 5 . 2 
I C 4 , v o l % 7 . 6 
N C 4 , v o l % 1 .7 
C 4 =, v o l % 5 . 2 
C 5 + G a s o l i n e , v o l % 5 8 . 0 
L C O , v o l % 1 8 . 2 
HCO, v o l % 9 . 8 
C o k e , wt% 7 . 1 
L i g h t G a s o l i n e 
Y i e l d , v o l % 3 4 . 5 
MON 8 6 . 2 
MON 8 0 . 1 

1 .9 
2 . 1 
5 . 8 
7 . 1 
1 .4 
5 . 9 

5 8 . 2 
1 8 . 6 

9 . 4 
6 . 5 

34 
88 
80 

2. 
2. 
5. 
6. 
1. 
6. 

5 8 . 
18 . 

9 . 3 
6 . 5 

3 5 . 1 
8 8 . 6 
8 0 . 7 

H e a v y G a s o l i n e 
Y i e l d , v o l % 2 3 . 5 
RON 8 9 . 3 
MON 8 0 . 6 
C 4 A l k y l a t e 

+ G a s o l i n e + T.CO 85.6 

2 4 . 0 
9 1 . 7 
8 2 . 3 

87.4 

2 3 . 0 
9 2 . 4 
8 3 . 2 

88.Q 
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T a b l e I V A . G a s o l i n e PONA 1 s a t 72 V o l % C o n v e r s i o n 
P a r a f f i n i c F e e d , " P " 

C A T A L Y S T : E K Z - 4 S I G M A - " C o m - " A L P H A - BETA-
1ΩΩ τι.ςγ 500 500 

L i g h t 
G a s o l i n e : 
P a r a f f i n s , 

v o l % 68.9 64.8 61.5 60.6 58.0 
O l e f i n s , 

v o l % 12.7 18.1 21.0 21.6 24.2 
N a p h t h e n e s , 

v o l % 10.0 11.3 10.1 11.5 10.8 
A r o m a t i c s , 

v o l % 8.4 5.8 7.4 6.3 7.0 
H e a v y 
G a s o l i n e : 
P a r a f f i n s , 

v o l % 32.5 3 3 . 1 30.3 29.4 29.6 
O l e f i n s , 

v o l % 2.0 4.4 3.4 6.4 4.3 
N a p h t h e n e s , 

v o l % 8.3 8.5 9.5 9.0 8.8 
A r o m a t i c s , 

v o l * 5 7 . 2 54.0 56.8 55.2 57.3 

T a b l e I V B . G a s o l i n e P O N A 1 s a t 72 V o l % C o n v e r s i o n 
A r o m a t i c F e e d , " A " 

CATALYST: STGMA-300 ΑΤ.ΡΗΑ-5ΩΩ BETA— 
L i g h t G a s o l i n e : 
P a r a f f i n s , v o l % 62.8 58.7 57.0 
O l e f i n s , v o l % 17.7 2 2 . 0 2 5 . 1 
N a p h t h e n e s , v o l % 12.6 12.3 11.4 
A r o m a t i c s , v o l % 6.9 7.0 6.5 
H e a v y G a s o l i n e 
P a r a f f i n s , v o l % 24.8 2 3 . 5 2 3 . 5 
O l e f i n s , v o l % 1.9 1.9 1.9 
N a p h e t h e n e s , v o l % 6.9 6.4 6.2 
A r o m a t i c s . v o l % 66.4 fi8.2 68.4 
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h y d r o t h e r m a l s t a b i l i t y w h i c h r e t a r d s d e b r i s f o r m a t i o n 
(7) . We e x p e c t w i d e s i t e s e p a r a t i o n ( 2 - 3 A l / U . C . ) t o 
i n c r e a s e c r a c k i n g v e r s u s h y d r o g e n t r a n s f e r i f h y d r o g e n 
t r a n s f e r i s a t w o - c e n t e r r e a c t i o n l i k e c o k e f o r m a t i o n 
(8) . T h u s m o r e o l e f i n i c p r o d u c t s a r e p r e d i c t e d a n d 
h i g h e r m o l e c u l a r w e i g h t p r o d u c t s (more g a s o l i n e p l u s 
d i s t i l l a t e ) d u e t o t h e w i d e s i t e s e p a r a t i o n ( g r e a t e r 
d i s t a n c e s b e t w e e n l o c a t i o n s l i k e l y t o f o r m c a r b o n i u m 
i o n s o n t h e c a r b o n c h a i n ) i s e x p e c t e d . F i n a l l y , t h e 
m o r e d e b r i s p r e s e n t i n t h e s e s t r u c t u r e s t h e m o r e n o n 
s e l e c t i v e c r a c k i n g o f h i g h e r m o l e c u l a r w e i g h t p r o d u c t s 
w i l l o c c u r i n z e o l i t e s c o n t a i n i n g t h e l e a s t amount o f 
A l ( I V ) s i t e s . T h u s , we w o u l d e x p e c t A L P H A , B E T A a n d 
COM-USY t o h a v e s i m i l a r l y s e p a r a t e d s i t e s b u t t h a t C O M -
USY w o u l d show p o o r e r g a s o l i n e a n d c o k e s e l e c t i v i t y d u e 
t o t h e p r e s e n c e o f m o r e " d e b r i s " . A p o s s i b l e m e c h a n i s m 
b y w h i c h t h i s n o n - s e l e c t i v e c r a c k i n g may o c c u r i s shown 
i n F i g u r e 1. H e r e c e t a n e when c r a c k e d i n t h e a b s e n c e 
o f d e b r i s , i s i n f l u e n c e d b y o n l y o n e a c t i v e s i t e i n t h e 
z e o l i t e s u p e r c a g e a n d h i g h m o l e c u l a r w e i g h t p r o d u c t s 
a r e f o r m e d * . D e b r i s , when p r e s e n t , e f f e c t i v e l y r e d u c e s 
s i t e s e p a r a t i o n a n d w o u l d b e e x p e c t e d t o i n f l u e n c e 
c r a c k i n g s e l e c t i v i t y b y r e d u c i n g p r o d u c t m o l e c u l a r 
w e i g h t ( " o v e r c r a c k i n g " ) . 

B a s e d o n t h e a c t i v e s i t e p r o p e r t i e s o f t h e t e s t 
c a t a l y s t s a n d o n t h e p r o p o s e d p r o d u c t s e l e c t i v i t i e s 
w h i c h s h o u l d r e s u l t , t h e o b s e r v e d a n d p r e d i c a t e d 
s e l e c t i v i t i e s a r e v i r t u a l l y i d e n t i c a l . F o r e x a m p l e 
p r o d u c t y i e l d s c h a n g e a s f o l l o w s : 

O l e f i n s EKZ4 < S I G - 3 0 0 < COM-USY < A - 5 0 0 < B - 5 0 0 
C o k e S e l e c t i v i t y < — D i t t o > 
C 4 A l k y . + G+D < D i t t o > 
G a s o l i n e * * < D i t t o > 
LCO < D i t t o > 
HCO C r a c k . A b i l i t y < D i t t o > 

O u r d a t a i n d i c a t e d t h a t LCO y i e l d a n d q u a l i t y 
i m p r o v e d d u e t o t h e c o n v e r s i o n o f HCO m o l e c u l e s 
( a p p a r e n t l y m u l t i - r i n g n a p h t h e n e s ) b y BETA a n d , t o a 

* Though ~3 sites/supercage are present (see page 4) 
literature reports suggest that only one of three sites is 
actually catalytically active (9). 
** ALPHA 500 in this instance actually equilibrated at a slightly 
lover a 0 (higher Si02/Al203) than BETA 500. By virtue of this ve 
may expect somewhat higher gasoline selectivity for ALPHA and the 
observed product distributions of BETA and Com-USY to be similar. 
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-25A-
SU 
1 

Union Carbide 

LZ-210 
(e . g . A L P H A a n d Su 

B E T A ) 

Hydrothermal 

Structure with 

Amorphous Debris 

U S - Y 
( e . g . " C o m - U S Y " ) 

C7 + Cg 

2C 5 + 2C 3 

F i g u r e 1. S t y l i z e d s i t e p l a c e m e n t e f f e c t s o n c e t a n e 
c r a c k i n g i n h i g h S i / A l z e o l i t e s . 
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l e s s e r d e g r e e ALPHA a n d COM-USY , i n t o t h e LCO r a n g e . 
H i g h l e v e l s o f h y d r o g e n t r a n s f e r ( a s i n E K Z - 4 ) w o u l d 
p r o b a b l y c o n v e r t t h e s e m o l e c u l e s i n t o a r o m a t i c s a n d 
c o k e . 

R e a c t i o n MP.nhani.gm.g 

P o s s i b l e r e a c t i o n m e c h a n i s m s w h i c h e x p l a i n t h e t r e n d s 
o b s e r v e d i n p r o d u c t q u a l i t i e s a r e i l l u s t r a t e d i n 
r e a c t i o n s (1) - (4) b e l o w . 

R R R R 1) 

5 C . . 3 = + ^ Q f - > 5 C 4 - 8 + "{oXof 

R e a c t i o n s (1) a n d (2) i l l u s t r a t e c l a s s i c a l 
c o m p l e t e h y d r o g e n t r a n s f e r b e t w e e n l i g h t o l e f i n s a n d 
LCO a n d HCO r a n g e n a p h t h e n e s . R e a c t i o n (3) r e p r e s e n t s 
c o n d e n s a t i o n o f p o l y n u c l e a r a r o m a t i c s t o c o k e , w h i l e 
r e a c t i o n (4) r e p r e s e n t s z e o l i t i c c r a c k i n g o f h e a v y g a s 
o i l n a p h t h e n e s i n t o LCO r a n g e n a p h t h e n e s a n d g a s o l i n e 
r a n g e o l e f i n s . B a s e d u p o n t h e s e m o d e l r e a c t i o n s , t h e 
e x p e c t e d e f f e c t o f d e c r e a s i n g t h e r a t e ( amount ) o f 
h y d r o g e n t r a n s f e r r e l a t i v e t o c r a c k i n g w o u l d b e t h e 
f o l l o w i n g : 

1. h i g h e r g a s o l i n e o c t a n e s w i t h a s i g n i f i c a n t l y h i g h e r 
o l e f i n c o n t e n t , 

2 . m o r e o l e f i n i c L P G , w i t h t h e p o t e n t i a l f o r 
i n c r e a s e d a l k y l a t e p r o d u c t i o n , 

3 . l e s s a r o m a t i c L C O , w h i c h w o u l d b e o b s e r v e d b y a 
h i g h e r a n i l i n e p o i n t , 

4 . l o w e r c o k e y i e l d , 
5 . h i g h e r LCO y i e l d a t c o n s t a n t c o n v e r s i o n . 

O b s e r v e d e x p e r i m e n t a l r e s u l t s a r e a s f o l l o w s : 
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P a r a f f i n i c F e e d 

T h e PONA r e s u l t s a t c o n s t a n t c o n v e r s i o n (72 v o l % ) i n 
t h e s e r i e s f r o m EKZ4 t o BETA 500 show g a s o l i n e o l e f i n 
c o n t e n t i n c r e a s e d f r o m 8 . 6 p e r c e n t t o 1 6 . 4 p e r c e n t , 
p a r a f f i n c o n t e n t d e c r e a s e d f r o m 5 4 . 7 p e r c e n t t o 4 6 . 8 
p e r c e n t , a n d n a p h t h e n e a n d a r o m a t i c s c o n t e n t s r e m a i n e d 
c o n s t a n t . R e s e a r c h o c t a n e i n c r e a s e d 4 . 2 n u m b e r s w h i l e 
m o t o r o c t a n e i n c r e a s e d 1.2 n u m b e r s . T h e a r o m a t i c s 
c o n t e n t o f t h e LCO a s m e a s u r e d b y t h e a n i l i n e p o i n t 
d e c r e a s e d w i t h t h e a n i l i n e p o i n t i n c r e a s i n g f r o m 42 t o 
6 2 . LCO y i e l d i n c r e a s e d f r o m 1 6 . 0 v o l u m e p e r c e n t t o 
1 8 . 0 v o l u m e p e r c e n t , w h i l e t h e c o k e y i e l d d e c r e a s e d 
d r a m a t i c a l l y f r o m 4 . 2 p e r c e n t t o 2 . 4 p e r c e n t . 

Aromatic Feed 
T h e PONA r e s u l t s a t c o n s t a n t c o n v e r s i o n (72 v o l % ) f o r 
t h e s e r i e s SIGMA 3 0 0 , ALPHA 500 a n d BETA 500 show 
g a s o l i n e o l e f i n c o n t e n t i n c r e a s e d f r o m 1 1 . 3 p e r c e n t t o 
1 5 . 9 p e r c e n t , p a r a f f i n c o n t e n t d e c r e a s e d f r o m 4 7 . 4 
p e r c e n t t o 4 3 . 7 p e r c e n t , n a p h t h e n e c o n t e n t d e c r e a s e d 
f r o m 1 0 . 3 p e r c e n t t o 9 . 3 p e r c e n t a n d a r o m a t i c s c o n t e n t 
r e m a i n e d c o n s t a n t . R e s e a r c h o c t a n e i n c r e a s e d 2 . 6 
n u m b e r s w h i l e m o t o r o c t a n e i n c r e a s e d 1.4 n u m b e r s . T h e 
LCO y i e l d i n c r e a s e d 0 . 5 v o l u m e p e r c e n t w h i l e t h e c o k e 
y i e l d d e c r e a s e d f r o m 7 . 1 w e i g h t p e r c e n t t o 6 . 5 w e i g h t 
p e r c e n t . 

Summary 
1. C o n t r o l o f t h e e x t e n t o f h y d r o g e n t r a n s f e r w i t h 
r e s p e c t t o c r a c k i n g ( t h e H - t / C r a t i o ) c o n t r o l s c a t a l y s t 
s e l e c t i v i t y . 

A s t h e r a t i o d e c r e a s e s : 
• G a s o l i n e s e l e c t i v i t y i n c r e a s e s f o r t h e p a r a f f i n i c 

f e e d 
• C o k e s e l e c t i v i t y i m p r o v e s f o r b o t h f e e d s 
• LCO s e l e c t i v i t y i n c r e a s e s f o r b o t h f e e d s 
• LCO q u a l i t y i m p r o v e s f o r t h e p a r a f f i n i c f e e d 
• HCO c o n v e r s i o n i m p r o v e s f o r b o t h f e e d s 
• O l e f i n c o n c e n t r a t i o n i n l i g h t a n d h e a v y g a s o l i n e 

i n c r e a s e s f o r b o t h f e e d s 
• A r o m a t i c c o n t e n t i n h e a v y g a s o l i n e i n c r e a s e s 

f o r t h e a r o m a t i c f e e d 

2 . R e d u c t i o n o f t h e amount o f n o n - s e l e c t i v e a m o r p h o u s 
d e b r i s p r e s e n t a s i n ALPHA a n d BETA c a t a l y s t s i n c r e a s e s 
a l k y l a t e , g a s o l i n e a n d d i s t i l l a t e y i e l d s a n d r e d u c e s 
t h e amount o f s e c o n d a r y r e a c t i o n s l e a d i n g t o c o k e a n d 
we t g a s . 
3 . A s i d e f r o m t h e i r d e m o n s t r a t e d o c t a n e e n h a n c i n g 
c a p a b i l i t i e s , c a t a l y s t s w i t h l o w H - t / C r a t i o s c a n 
e f f e c t i v e l y l o w e r t h e y i e l d o f HCO w h i l e i m p r o v i n g b o t h 
q u a l i t y a n d q u a n t i t y o f L C O . 
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Chapter 7 

Strategies for Catalytic Octane Enhancement 
in a Fluid Catalytic Cracking Unit 

G. C. Edwards, K. Rajagopalan, A. W. Peters, G. W. Young, 
and J. E. Creighton 

Davison Chemical Division, W. R. Grace & Company, 7379 Route 32, 
Columbia, MD 21044 

Commercial catalysts can achieve octane improvements by 
using ultra stable faujasite of low cell size, by using 
an active amorphous matrix, by using small amounts of an 
additive containing ZSM-5, or by a combination of two or 
three of these techniques. An analysis of gasolines from 
these three types of catalysts shows markedly different 
compositions. Ultra stable faujasite produces an increase 
in olefins at the expense of paraffins over conventional 
rare earth stabilized catalysts of high cell size. An 
active amorphous si l ica alumina catalyst produces a large 
increase in olefins, but less aromatics. The effect of an 
additive containing ZSM-5 is discussed in other papers in 
this symposium. Among USY catalysts, USY hydrothermally 
dealuminated to a cell size of about 2.426 nm has the 
best selectivity for octane and coke. In practice, USY 
catalysts hydrothermally dealuminate during use to about 
the same activity and selectivity regardless of the 
procedure used in the init ial preparation. Previous 
studies have shown that a low sodium content is required 
for high octane. New results show that it is not the 
presence of the sodium but the presence of sodium during 
the dealumination process that affects octane. Octane 
increases if sodium is removed from the zeolite before 
dealumination. Octane, however, is insensitive to the 
sodium content of the dealuminated zeolite. 

To the extent that motor octane is dependent on 
aromatic and isoparaffin content, motor octane increases 
in an FCC unit will be difficult to achieve. Thermo
dynamics does not allow the production of highly branched 
isoparaffins in an FCC unit, and blending studies show 
that motor octane is relatively insensitive to the 
aromatic content of an FCC gasoline in the range of 
35-50% aromatics. However, a more aromatic gasoline may 
have better blending characteristics in that less 
aromatics from other sources will be required to achieve 
the same motor octane number increase. 

0097-6156/88/0375-0101$06.00/0 
° 1988 American Chemical Society 
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102 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Gasoline q u a l i t y i s l a r g e l y determined by motor and research octane 
numbers. There i s a strong c o r r e l a t i o n between octane and the 
s t r u c t u r e of the Cs to C 1 2 hydrocarbons t y p i c a l l y present i n 
gasoline, Table I. For p a r a f f i n s , octane decreases as molecular 
weight increases and increases with degree of branching. The same 
i s true of o l e f i n s . 

Table I. Octanes of Selected Organic Compounds 
T y p i c a l l y Found i n Gasoline 

P a r a f f i n s RON* MON13 

Pentane 62 62 
Hexane 25 26 
3-Methylpentane 75 74 
2,2-Dimethylbutane 92 93 

O l e f i n s 
1-Pentene 91 7 7 
1- Hexene 76 63 
trans-2-Hexene 93 81 
2- Methyl-2-pentene 98 83 

Aromatics 
Toluene >100 >100 
Xylenes >100 >100 

Research Octane Number 
Motor Octane Number 

C a t a l y t i c s t r a t e g i e s f o r making high octane gasolines include: 

• Decrease the amount of higher molecular weight, l e s s 
branched p a r a f f i n s . 

• Isomerize p a r a f f i n s to a more h i g h l y branched product. 
• Produce more o l e f i n s or aromatics. 

A number of c a t a l y t i c processes i n current use make use of these 
s t r a t e g i e s i n c l u d i n g reforming, isomerization, d i m e r i z a t i o n , 
a l k y l a t i o n and f l u i d c a t a l y t i c cracking (FCC). The object of t h i s 
paper i s to discuss the c a t a l y t i c s t r a t e g i e s a v a i l a b l e to produce 
octane i n the FCC u n i t . 

Experimental 

Gasoline analyses were performed by gas chromatography using a 50 m 
dimethyl s i l i c o n c a p i l l a r y column temperature programmed to 280°C. 

Hydrothermally dealuminated Y z e o l i t e was prepared by heating 
NH4 + exchanged Y f a u j a s i t e , 2.5 S i / A l r a t i o and 0.7% NazO, at 
650°C f o r 3 hrs. i n 100% steam g i v i n g a S i / A l framework r a t i o 
~5 at 2.447 nm u n i t c e l l . 

Chemically dealuminated Y z e o l i t e was prepared s t a r t i n g from 
NH4"1" exchanged Y (2.5 S i / A l r a t i o ) using the procedure of Skeels 
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7. EDWARDS ET AL. Catalytic Octane Enhancement 103 

and Breck (1). The product had 0.7% Na20 and S i / A l ~5 at 2.447 nra 
u n i t c e l l . 

Sodium impregnation experiments were performed using sodium 
carbonate. 

Except f o r the r e s u l t s reported i n Table I I I , a l l c a t a l y t i c 
a c t i v i t y and s e l e c t i v i t y r e s u l t s were obtained using a micro-
a c t i v i t y t e s t (MAT), ASTM D-3907-80. 

Ca t a l y s t s were prepared using a spray d r i e d s l u r r y of the 
appropriate z e o l i t e , c l a y and a p r o p r i e t a r y i n e r t binder. 

C a t a l y s t d e a c t i v a t i o n was c a r r i e d out under the f o l l o w i n g 
conditions unless otherwise s p e c i f i e d : 830°C, 12 hrs., 0.30 
atm. steam. 

A l l c a t a l y s t s were tested only a f t e r d e a c t i v a t i o n . 
The 2 7 A 1 magic angle spinning nuclear magnetic resonance 

(MASNMR) spectra were acquired using a 30° pulse at 0.1 sec. 
i n t e r v a l s . About 5000 to 7000 scans were acquired on a 
Bruker AM-400. The chemical s h i f t i s r e l a t i v e to aluminum n i t r a t e 
i n water s o l u t i o n which contains Α1(Η2θ)β3"1". 

The p r o p e r t i e s of the West Texas Gas O i l feedstock used are 
given i n Table I I . 

Table I I . P r o p e r t i e s of West Texas Gas O i l (WTGO) Feedstock 

API at 15.5°C 27.4 
S p e c i f i c g r a v i t y 15.5°C 0.8905 
A n i l i n e Point °C : 93 
S u l f u r Wt.% : 0.38 
T o t a l Nitrogen Wt.% : 0.07 
Basic Nitrogen Wt.% : 0.019 
Conradson carbon Wt.% : 0.07 
Metals, ppm 

N i <1 
V <2 
Fe <1 
Cu <1 

D i s t i l l a t i o n Vol . 7 . , °C @ atm 
IBP 354 
10 386 
30 404 
50 422 
80 458 
95 488 

K-Factor 12.08 

Octane C a t a l y s t s 

C a t a l y t i c cracking occurs at about 800°K (527°C, 980°F) and at 
these temperatures the formation of o l e f i n s and aromatics i s 
favored while i s o m e r i z a t i o n of p a r a f f i n s to branched products i s 
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104 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

not. An e f f e c t i v e octane enhancement c a t a l y s t w i l l make more 
o l e f i n s and aromatics compared to a conventional c a t a l y s t . 

There are three d i f f e r e n t kinds of octane c a t a l y s t s i n current 
use. Some are based i n part on an a c t i v e n o n - z e o l i t e matrix 
composed of a porous s i l i c a / a l u m i n a component. Others are based on 
low c e l l s i z e (2.425-2.428 nm) u l t r a s t a b l e f a u j a s i t e (USY), a 
c a t a l y s t composition developed i n 1975 (2) f o r the purpose of 
octane enhancement. A t h i r d c a t a l y s t system makes use of a small 
amount (1-2%) of ZSM-5 as an a d d i t i v e . While the net e f f e c t i n a l l 
cases i s an increase i n the measured octane number, each of the 
three c a t a l y t i c systems have d i f f e r e n t c h a r a c t e r i s t i c e f f e c t s on 
the composition and y i e l d of the gasoline. The e f f e c t s of the 
ZSM-5 component on cracking i s described i n other papers of t h i s 
symposium and w i l l not be discussed here. 

Table I I I compares the gasoline composition from three steam 
deactivated c a t a l y s t systems. The f i r s t contains 10% rare earth 
exchanged f a u j a s i t e (RE FAU) i n an i n e r t s i l i c a / c l a y matrix at a 
c e l l s i z e of 2.446 nm; the second contains 20% of an u l t r a s t a b l e 
f a u j a s i t e (Z-14 USY) at a u n i t c e l l s i z e of 2.426 nm i n i n e r t 
matrix. The t h i r d contains 50% amorphous high surface area 
s i l i c a - a l u m i n a (70% A1203; 30% S 1 O 2 ) and 50% c l a y ; the n i t r o g e n 
BET surface area of t h i s c a t a l y s t a f t e r steam d e a c t i v a t i o n i s 
140 m2/g. A l l three c a t a l y s t s were deactivated f o r 4 hrs. at 100% 
steam and at 816°C. 

The r e s u l t s show that the low c e l l s i z e USY c a t a l y s t reduces 
p a r a f f i n s and increases o l e f i n content d r a m a t i c a l l y with a s l i g h t 
loss of aromatics. The stoichiometry of these changes i s con
s i s t e n t with i n h i b i t i o n of a d i s p r o p o r t i o n a t i o n or hydrogen 
t r a n s f e r r e a c t i o n i n v o l v i n g the r e a c t i o n of 4 o l e f i n s to form 3 
p a r a f f i n s plus 1 aromatic. USY c a t a l y s t s have a s i m i l a r gasoline 
y i e l d but improved coke s e l e c t i v i t y compared to conventional rare 
earth c a t a l y s t s . At higher conversions the coke s e l e c t i v i t y 
advantage of USY can r e s u l t i n increased gasoline aromatic 
content. The use of an a c t i v e amorphous s i l i c a alumina system 
produces s t i l l more o l e f i n s and fewer aromatic and p a r a f f i n 
components. However, there i s l i t t l e net e f f e c t on the gasoline 
octane and e s p e c i a l l y on the MON. This i s true i n part because the 
increased o l e f i n s come at the expense of lower molecular weight 
higher octane p a r a f f i n s as w e l l as aromatics. The amorphous a c t i v e 
m a t e r i a l t y p i c a l l y produces les s gasoline and more coke. 

Dealuminated F a u j a s i t e C a t a l y s t s 

The increase i n octane observed using dealuminated f a u j a s i t e 
compared to high c e l l s i z e rare earth exchanged f a u j a s i t e has been 
c o r r e l a t e d with the S i / A l r a t i o of the sieve and with the sodium 
content (3). While the r e l a t i o n s h i p between S i / A l r a t i o as 
measured by u n i t c e l l i s confirmed by p i l o t u n i t studies i n our 
laboratory, Figure 1, the r e l a t i o n s h i p with sodium content i s more 
complicated, Figure 2. Sodium added to the c a t a l y s t a f t e r 
hydrothermal dealumination reduces a c t i v i t y but does not a f f e c t 
octane, while sodium present before hydrothermal dealumination 
increases a c t i v i t y but does reduce octane. This r e s u l t implies 
that s e l e c t i v i t y f o r octane i s r e l a t e d to s t r u c t u r e s formed during 
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Base 

2.420 2.425 2.430 2.435 

Unit Cell nm 

2.440 2.445 

ο 
Ο 

2.450 

Figure 1. S e l e c t i v i t y f o r coke and gasoline octane as a 
fun c t i o n of u n i t c e l l . Gasoline octane curve 
obtained i n a f i x e d f l u i d bed reactor at 65% 
conversion, 4 C/O, 30 WHSV, 510°C. 
Coke s e l e c t i v i t i e s as Wt.% of feed ( A ) 
were measured on a MAT u n i t , 3 C/O, 16 WHSV, 
510°C, WTGO feed. 

( · ) 
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0.0 0.4 0.8 1.2 
% Na (On Zeolite) 

75-, , 1 

60 H 1 1 1 1 
0.0 0.4 0.8 1.2 1.6 

% Na (On Zeolite) 

Figure 2. Conversion and octane measured i n a f i x e d f l u i d i z e d 
bed reactor, 40 C/O, 30 WHSV, 510 °C using USY 
c a t a l y s t , 0.2% Na on z e o l i t e . 

• % Na on z e o l i t e ; Na added as Na^O^ before 
steam d e a c t i v a t i o n . 

• % Na on z e o l i t e ; Na added as Na^O^ a f t e r 
steam d e a c t i v a t i o n . 
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7. EDWARDS ET AL. Catalytic Octane Enhancement 107 

Table I I I . G a s o l i n e Compositions and Y i e l d s 
( F i x e d F l u l d l z e d Bed Reactor Tests) 

10% RE FAU 20% Z-14 USY 50% S 1 0 2 / A l 2 0 3 90% I n e r t M a t r i x 80% I n e r t M a t r i x 50% Clay 
C a t a l y s t / 0 1 1 6 4 6 
WHSV* 20 30 20 
T,°C 510 510 510 
Wt.% Conv. 52.0 53.0 55.0 
Cs - Ce 

Normal P a r a f f i n s 1.4 1.1 0.8 
I s o p a r a f f l n s 12.5 8.9 6.5 
O l e f i n s 13.3 19.9 21.4 

C7 - Ce 

Normal P a r a f f i n s 1.6 1.4 1.2 
I s o p a r a f f l n s 10.7 8.0 6.0 
O l e f i n s 8.7 14.3 18.2 
Aromatics 8.2 6.9 6.3 

P a r a f f i n s 11.4 10.0 9.5 
Aromatics 14.1 13.3 12.8 

T o t a l 
P a r a f f i n s 37.5 29.3 23.9 
O l e f i n s 21.9 34.2 39.6 
Naphthenes 12.6 12.1 12.0 
Aromatics 22.4 20.2 19.0 
RON ( c l e a r ) 88.6 92.6 93.1 
MON ( c l e a r ) 77.4 80.0 80.0 
Ga s o l i n e S e l e c t i v i t y 0.74 0.79 0.69 
(Wt.%/Wt.% conversion) 

* Weight h o u r l y space v e l o c i t y 
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108 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

the dealumination process perhaps i n v o l v i n g nonframework alumina. 
Since sodium has a s t a b i l i z i n g e f f e c t , an e f f e c t i v e c a t a l y s t should 
have 0.6% to 0.8% Na20 present on z e o l i t e f o r a c t i v i t y r e t e n t i o n . 

The other advantage of dealumination i s improved coke s e l e c 
t i v i t y , while coke s e l e c t i v i t y c o r r e l a t e s with u n i t c e l l s i z e , the 
c o r r e l a t i o n i s d i f f e r e n t than the one f o r octane, and there i s no 
c o r r e l a t i o n between coke s e l e c t i v i t y and sodium content (4j_ 5 ) . 
The d i f f e r e n c e s i n the way octane and coke s e l e c t i v i t y r e l a t e to 
the u n i t c e l l are i l l u s t r a t e d i n Figure 1. 

Comparison of Hydrothermally and Chemically Dealuminated F a u j a s i t e 

I f nonframework alumina contributes to the s e l e c t i v i t y or a c t i v i t y 
of USY based c a t a l y s t s , then c a t a l y s t s containing z e o l i t e s prepared 
by the two methods would be expected to give d i f f e r e n t r e s u l t s 
a f t e r steam d e a c t i v a t i o n . Z e o l i t e Y chemically dealuminated, using 
(NH4>2SiFe, to a u n i t c e l l of 2.450 nm containing 35 A l / u n i t 
c e l l (1, 6) w i l l contain h a l f as much nonframework alumina as the 
hydrothermally prepared m a t e r i a l where the s t a r t i n g NaY has a S i / A l 
r a t i o of 2.5 and 55 A l / u n i t c e l l . A f t e r steam d e a c t i v a t i o n a S i / A l 
r a t i o of ~20-28 or 7-10 A l / u n i t c e l l at a u n i t c e l l of 2.426 nm 
i s achieved i n both cases. However, the r e s u l t s i n Table IV show 
i d e n t i c a l s e l e c t i v i t i e s f o r gasoline volume and composition. The 
r e s u l t s i n Table V show that the r e l a t i v e i s o m e r i z a t i o n s e l e c t i v 
i t i e s are a l s o i d e n t i c a l . Compared to the thermodynamically 
expected product d i s t r i b u t i o n (7J, both z e o l i t e s are i n e f f e c t i v e i n 
isomerizing p a r a f f i n s , but do isomerize Cs o l e f i n s . The p a r a f f i n 
d i s t r i b u t i o n r e f l e c t s the type of stru c t u r e s observed i n petroleum 
(high degree of monomethyl branching) rather than the d i s t r i b u t i o n 
expected from thermodynamics. 

Table IV. Cracking S e l e c t i v i t i e s of Dealuminated Y Z e o l i t e s 
Hydrothermally Deactivated 

MAT Conditions: 16 WHSV; 3 C/O; 500°C, WTGO Feed 
40% Z e o l i t e / 6 0 % Inert Matrix 

S i F e " Hydrothermal 

Wt. % Conversion 74.7 76.2 
P a r a f f i n s 42.7 40.2 

O l e f i n s 13.1 13.8 
Naphthenes 13.5 13.9 
Aromatics 30.6 32.0 

Wt. % Gasoline/Conv. 0.74 0.75 

The f a c t that c a t a l y s t s prepared from hydrothermally and chemically 
dealuminated z e o l i t e s are s i m i l a r may be r e l a t e d to the c a t a l y s t 
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7. EDWARDS ET AL. Catalytic Octane Enhancement 109 

preparation process. T y p i c a l c a t a l y s t s binders are prepared from 
a c i d s i l i c a / a l u m i n a s o l s i n the pH range of 3-4 at which alumina 
has some s o l u b i l i t y . The z e o l i t e , c l a y and any other m a t e r i a l s 
required are mixed i n a s l u r r y with the binder at a t y p i c a l l y low 
pH and spray d r i e d . The preparation of a c a t a l y s t s l u r r y i n t h i s 
pH range i s equivalent to a mild chemical treatment or a c i d wash 
that would be expected to d i s s o l v e some of the nonframework alumina 
created during hydrothermal dealumination. During commercial 
c a t a l y s t preparation, the z e o l i t e i s exchanged and s l u r r i e d at a 
low pH of 2.5 to 4.0 f o r periods of time t y p i c a l of process 
residence times. Figure 3 shows 2 7 A 1 MASNMR spectra of a hydro
thermally dealuminated z e o l i t e before and a f t e r a simulated 
commercial processing at pH ~3.0. The processing steps remove 
nonframework alumina. Since defects due to aluminum removal are 
als o e a s i l y annealed (8), a f t e r the processing required f o r 
c a t a l y s t manufacture, hydrothermally and chemically dealuminated 
z e o l i t e s at the same c e l l s i z e are expected to be s i m i l a r i n 
str u c t u r e and c a t a l y t i c s e l e c t i v i t y , e s p e c i a l l y a f t e r f u r t h e r steam 
d e a c t i v a t i o n . 

Table V. Isomerization S e l e c t i v i t i e s of Dealuminated Y Z e o l i t e s 

40% Dealuminated Y / 60% Inert Matrix 

Thermodynamic 
D i s t r i b u t i o n 

(NH4)2SiFe Hydrothermal (800°K) 

Cs P a r a f f i n s 

Pentane .09 .09 .40 
2-Methylbutane .91 .91 .54 
2,2-Dimethylpropane — — .06 

Ce P a r a f f i n s 

Hexane .09 .08 .26 
2-Methylpentane .52 .52 .32 
3-Methylpentane .32 .31 .25 
2,3-Dimethylbutane .07 .08 .07 
2,2-Dimethylbutane — — .10 

Cs O l e f i n s 

1-Pentene .08 .08 .05 
trans-2-Pentene .23 .22 .12 
cis-2-Pentene .13 .12 .12 
2-Methyl-1- butene .19 .19 .24 
2-Methy1-2-butene .37 .38 .43 
3-Methyl-l-butene .01 .01 .05 
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110 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Figure 3. 2 7 A 1 MASNMR spectra of hydrothermally 
dealuminated f a u j a s i t e . 
a) A f t e r dealumination, 2.454 nm u n i t c e l l , 

3.6% N a 2 0 , 75.1% S 1 O 2 , 21.0% A I 2 O 3 , 

bulk S i / A l atom r a t i o = 3. 
b) A f t e r dealumination and simulated c a t a l y s t 

processing at pH 3.0 - 5.0, 2.454 nm u n i t c e l l , 
0.2% N a 2 0 , 82.6% S 1 O 2 , 17.1% A I 2 O 3 , 

bulk S i / A l atom r a t i o =4.1. 
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Figure 4. E f f e c t of added weight % aromatics 
(50% Toluene / 50% Xylene mixture) on research 
octane ( c l e a r ) of an FCC gasoline from 
a USÏ type of octane c a t a l y s t . 
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Octane Enhancement P o t e n t i a l 

I somer iza t ion of p a r a f f i n s us ing current octane c a t a l y s t s under 
current c o n d i t i o n s i s f a v o r a b l y away from e q u i l i b r i u m . A d d i t i o n a l 
i s o m e r i z a t i o n a c t i v i t y would make more normal p a r a f f i n s and a lower 
octane at FCC temperatures . A much more o l e f i n i c g a s o l i n e i s a 
p o s s i b i l i t y . However, a d d i t i o n a l o l e f i n s above the c u r r e n t o l e f i n 
l e v e l s of 10-30% would have decreased e f f e c t i v e n e s s , e s p e c i a l l y on 
the motor octane number. 

A more d e s i r a b l e s t r a t e g y i s to prepare c a t a l y s t s that w i l l 
aromatize the g a s o l i n e without y i e l d l o s s . A r o m a t i z a t i o n i s 
thermodynamically f a v o r a b l e under FCC c o n d i t i o n s of temperature 
( ~ 5 0 0 ° C ) and pressure (~2 atm). B lending s tud ies show that 
the increase i n r e s e a r c h octane i s about p r o p o r t i o n a l to the amount 
of added aromat ic s , F i g u r e 4. However, motor octane does not 
respond to i n i t i a l increases i n aromatic content i n the b lend but 
r i s e s more s h a r p l y as aromatic content cont inues to i n c r e a s e , 
F i g u r e 5. 

The r e s u l t s show that h igher motor octane i n an FCC g a s o l i n e 
w i l l be d i f f i c u l t to ach ieve . A c a t a l y s t that increased aromatics 
by as much as 20% cou ld y i e l d a g a i n of ~ l - 2 MON. However, the 
next 20% increase i n aromatic content of the g a s o l i n e would produce 
an increment of ~4 MON. As a r e s u l t of the n o n - l i n e a r b l e n d i n g 
c h a r a c t e r i s t i c s of g a s o l i n e , a more aromatic FCC g a s o l i n e may have 
grea tes t value as a b lend component wi th an aromatic reformate . 
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Chapter 8 

Catalytic Control of SO x Emissions 
from Fluid Catalytic Cracking Units 

Ε. H. Hirschberg and R. J. Bertolacini 

Amoco Research Center, Amoco Oil Company, Naperville, IL 60566 

This paper identifies a lumina , r a r e e a r t h s , 
p la t inum, and magnesia as important SOx capture 
m a t e r i a l s . Alumina is e i t h e r incorpora ted directly 
into the matr ix of a c r a c k i n g c a t a l y s t or added as a 
separate particle. Cerium i s shown to promote the 
capture of SO2 on h igh alumina c r a c k i n g catalyst, 
a lumina, and magnesia. Other rare earths are ranked 
by their e f f e c t i v e n e s s . The promotional e f f e c t of 
p la t inum is shown between 1200 and 1 4 0 0 ° F f o r SO2 
capture on a lumina. Silica, from free silica or 
silica-alumina in the matr ix of c r a c k i n g catalyst, 
acts as a po ison by m i g r a t i n g to the a d d i t i v e . 
Silica from zeolite migrates l e s s readily. In the 
magnesia-alumina system, spinel, as identified by 
X-ray diffraction, i s i n a c t i v e for SO2 removal . The 
e f f e c t of temperature on steam stability, o x i d a t i v e 
a d s o r p t i o n and r e d u c t i v e desorpt ion of SO2 are 
d e s c r i b e d . F i v e commercial catalyst types are 
ranked f o r SOx removal . 

I t has been ten years s ince Amoco announced the U l t r a C a t 
process (1) f o r SOx c o n t r o l i n FCC u n i t s . In those ten y e a r s , as 
w e l l as i n the years prev ious to the announcement, much work was 
done to develop c a t a l y s t s that would c o n t r o l SOx emiss ions . The 
evidence i s the 80 or more U . S . patents that have i s sued i n that 
time to Amoco and o t h e r s . One of the f i r s t patents i s sued was to 
Amoco i n 1974 (2) for the a d d i t i o n of magnesia and other group IIA 
oxides to c r a c k i n g c a t a l y s t . T h i s paper reviews the SOx c a t a l y s t 
developments and emphasizes the work done at Amoco to i d e n t i f y the 
a c t i v e m a t e r i a l s , e x p l a i n the d e a c t i v a t i o n mechanism and, f i n a l l y , 
to make a s i d e - b y - s i d e comparison of v a r i o u s c a t a l y t i c systems that 
are be ing pursued commercial ly today. 

0097-6156/88/0375-0114$09.00/0 
• 1988 American Chemical Society 
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8. HIRSCHBERG AND BERTOLACINI Control of SO Emissions 115 

H i s t o r i c a l 

E a r l y H i s t o r y . Some of the e a r l i e s t work on the c a t a l y t i c c o n t r o l 
of SOx was s t a r t e d at Amoco by Healy and Hertwig (3) who, i n 1949, 
reported that, with a silica-magnesia cracking c a t a l y s t , s u l f u r 
could be s h i f t e d from coke to dry-gas with a corresponding decrease 
i n s u l f u r emissions i n the f l u e gas. As Vasalos (_1) l a t e r 
i n d i c a t e d , other c a t a l y s t changes caused a steady decrease i n f l u e 
gas emissions through improvements i n coke s e l e c t i v i t y . CO burning 
technology (4) als o lowered SOx emissions by lowering coke on 
regenerated c a t a l y s t . During t h i s e a r l y period, a new mechanism 
f o r c a t a l y t i c c o n t r o l of SOx emerged, which was r e l a t e d to the 
a b i l i t y of the c a t a l y s t to capture SOx, and t h i s l e d to the 
development of an e n t i r e l y new approach f o r emission c o n t r o l from 
FCU's (1). 

The UltraCat Process. The UltraCat process f o r SOx c o n t r o l e n t a i l s 
o x i d a t i v e capture by a metal oxide, MO, of S0 2 from the burning of 
s u l f u r i n coke on the regenerator side of the FCU, 

S (coke) + 0 0 > S0 o (1) 

S0 2 + h02 + MO > MS0 4 (2) 

and release of the S0 2 on the reactor side by reduction with 
hydrogen or hydrocarbon: 

4H 0 + MSO. > MO + H 0S + 3H o0 (3) 
ζ 4 I I 

The o x i d a t i v e adsorption of S 0 2 j as shown i n Equation 2, can 
be enhanced by using an o x i d a t i o n promotor. I f metal s u l f i d e , MS, 
instead of metal oxide forms from the reduction of the s u l f a t e , the 
s u l f i d e must hydrolyze to MO by the a c t i o n of steam i n the s t r i p p e r 
s e c t i o n of the FCC u n i t : 

MS + H 20 > MO + H 2S (4) 

I f the s u l f i d e does not hydrolyze, s u l f u r w i l l be c a r r i e d to 
the regenerator and reappear as S0 2 a f t e r o x i d a t i o n i n the f l u e gas 
with no net change i n s u l f u r emissions. The FCU regenerator 
operates at temperatures from about 1250-1350°F, while the reactor 
and s t r i p p e r operate at about 900-1000°F. 

S e l e c t i o n of Oxides. At Amoco, previous studies i n the l i t e r a t u r e 
on S0 2 removal from f l u e gas have been used to guide the s e l e c t i o n 
of oxides f o r the UltraCat process but they have been of l i m i t e d 
d i r e c t usefulness. This was true because of the p e c u l i a r 
requirements of the UltraCat process of high adsorption 
temperature, low regeneration temperature, and non-interference 
with the cracking r e a c t i o n s . The previous l i t e r a t u r e studies 
ge n e r a l l y assumed that S0 2 would be adsorbed at temperatures close 
to a stack gas temperature of 600°F, and desorb at e i t h e r the same 
temperature or higher. The conditions of these studies was set, 
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116 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

not by conformance to an e x i s t i n g process, l i k e c a t a l y t i c cracking, 
but by economic considerations. 

The e a r l y work of Bienstock (_5) at 625°F showed manganese, 
copper and cobalt oxides to be a c t i v e . But these m a t e r i a l s have 
not been used f o r the UltraCat Process probably because of the 
adverse e f f e c t on the cracking r e a c t i o n s . 

S i m i l a r work, again at lower temperatures of about 600°F, was 
done by two groups who i n v e s t i g a t e d the adsorption of S0 2 on metal 
oxides supported on high area alumina. At Gulf, Vogel et a l . (6) 
found copper and strontium oxides to be exceptional but also 
recommended group IA and IIA oxides. Koballa and Dudukovic (7̂ ) 
ranked Ni and Mn as best followed by Co, Fe, and Zn oxides. Of 
these materials only magnesia proved to be s u c c e s s f u l i n the 
UltraCat process. 

In a t h e o r e t i c a l study, Lowell et a l . (8) selected oxides from 
thermodynamic considerations f o r a process i n which S0 2 was 
adsorbed at temperatures greater than 100°C and desorbed by 
decomposition of the s u l f a t e or s u l f i t e formed, at temperatures 
below 750°C. Under these c o n s t r a i n t s , a l l of 47 oxides considered 
had p o t e n t i a l f o r adsorption but only 16 had low enough decomposi
t i o n temperatures to make a process economical. I n t u i t i v e l y , 
s u l f a t e decomposition temperature should c o r r e l a t e l o o s e l y with 
r e d u c i b i l i t y of s u l f a t e s , so i t i s i n t e r e s t i n g that many of the 16 
oxides chosen by Lowell, which included cerium and aluminum, have 
been shown to be u s e f u l i n the UltraCat process. 

DeBerry and Sladek (9) followed up on the work of Lowell by 
measuring the rates of S0 2 adsorption on the oxides s e l e c t e d by 
Lowell. Cerium oxide was found to have one of the highest rates. 

More r e c e n t l y , workers at Unocal (10) have used thermodynamics 
to s e l e c t oxides f o r SOx removal from FCU fs and have i d e n t i f i e d the 
oxides of 20 elements as l i k e l y candidates. This l i s t was narrowed 
fu r t h e r (11) to s e v e r a l candidates, Ce, A l , Co, Ni and Fe, by 
matching the decomposition and reduction temperatures of t h e i r 
s u l f a t e s to the conditions of the process. 

S e l e c t i o n of Promotors. Lowell et a l . (8) ranked metal oxides by 
t h e i r a b i l i t y to o x i d i z e S0 2 and, therefore, to promote the 
oxid a t i v e adsorption of S0 2 according to Equation 2. The ranking 
was referenced to platinum which has high a c t i v i t y ; V 2 0 5 and F e 2 0 3 

were ranked high followed by the moderately a c t i v e oxides, CuO and 
T i 0 2 ; Ce0 2, Mn0 2 and Sn0 2 were considered to have only s l i g h t 
a c t i v i t y ; B i 2 0 3 , Pb0 2 and U0 2 were l i s t e d as having no oxidation 
a c t i v i t y . 

In the ensuing years s e v e r a l announcements of SOx capture 
c a t a l y s t s were made by c a t a l y s t and petroleum companies (10,12-18) 
as shown here: 
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1977 Amoco — UltraCat Process 
1978 Arco/Engelhard — Soxcat 
1981 Unocal — Unisox 
1981 Chevron — Transox 
1983 Arco -- HRD 276 
1984 Engelhard — Ultrasox 
1985 Arco — HRD 277 
1985 Davison — Ad d i t i v e R 
1986 Chevron — Transcat 

In a d d i t i o n , many patents were issued, which have been 
summarized up to 1982 by Habib (19) . Since 1982, an a d d i t i o n a l 30 
or so patents have appeared but, the important elements and 
compounds that have surfaced from the patent l i t e r a t u r e s t i l l are 
alumina, rare earths, platinum and magnesia. 

Experimental 

Apparatus and Procedure. A simple glass and Te f l o n fixed-bed 
apparatus, shown i n Figure 1, was used to tes t f o r S0 2 removal from 
a mixture of 1000 ppm S0 2, 2.7% 0 2 and about 2% water i n helium 
flowing at 10 cc/min. The charge to the apparatus was 1.00 g of 
mat e r i a l which, i n most cases, included a cracking c a t a l y s t with 
low capacity f o r S0 2, as d i l u e n t . S0 2 was measured continuously 
using a DuPont 400 UV analyzer and reported as u£ at 70°F and 
1 atm. C a t a l y s t s are compared e i t h e r from p l o t s of time vs. %S0 2 

removed or by i n t e g r a l amounts of S0 2 removed a f t e r an a r b i t r a r y 
time, u s u a l l y 92 minutes. The dead space i n the apparatus 
preceding, as w e l l as f o l l o w i n g , the c a t a l y s t was kept to a minimum 
but about 10 minutes elapse before S0 2 reaches the detector. In 
ad d i t i o n , the S0 2 flowing through the apparatus forms a d i f f u s e 
f r o n t . Both these f a c t o r s , the d i f f u s e f r o n t of S0 2 and the dead 
space, lead to a u n i t f a c t o r or an amount of S0 2 that seems to be 
removed even with an i n e r t m a t e r i a l or an empty tube. This u n i t 
f a c t o r i s accounted f o r by simply su b t r a c t i n g i t from the t o t a l 
amount of S0 2 removed. Adsorption temperatures ranged from 1250 to 
1500°F. C a t a l y s t regenerations were made with 10 cc/min. hydrogen 
f o r 15 minutes. Steam d e a c t i v a t i o n of c a t a l y s t s was done at 
various temperatures i n 100% steam and f o r various times as 
ind i c a t e d i n the text. 

C a t a l y s t s . A v a r i e t y of commercial and in-house c a t a l y s t s was used 
i n t h i s work. The preparations of the in-house c a t a l y s t s are 
described i n the text. 

A n a l y t i c a l . S i l i c o n analyses of deactivated c a t a l y s t s were made on 
cross-sectioned samples with SEM-EDAX. 

Results and Discussion 

Cracking C a t a l y s t Composition. Several workers (20-21) have 
reported d i f f e r e n c e s among cracking c a t a l y s t s to remove SOx which 
c o r r e l a t e d q u a l i t a t i v e l y with alumina content. Our work confirmed 
these reports as shown on Figure 2. P l o t t e d are %S0 2 removal 
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Figure 2. E f f e c t of Cracking C a t a l y s t Composition. 
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8. HIRSCHBERG AND BERTOLACINI Control of SO χ Emissions 119 

curves f o r four c a t a l y s t s with alumina contents from 30 to 60%. 
The curve shown f o r 60% A 1 2 0 3 a c t u a l l y represents two c a t a l y s t s : 
one with and one without rare earth exchange. At f i r s t , the 
s i m i l a r i t y of these two c a t a l y s t s underestimated the importance of 
rare earth content. 

To show the alumina e f f e c t q u a n t i t a t i v e l y , a s e r i e s of 
c a t a l y s t s was made i n which the amount of alumina i n the matrix was 
v a r i e d from 25 to 100% by adding alumina s o l to a 25% alumina, 
s i l i c a - a l u m i n a s l u r r y . These c a t a l y s t s were formulated with REY 
molecular s i e v e . The r e s u l t s f o r S0 2 removal are shown i n Figure 3 
where S0 2 removal (corrected f o r u n i t f a c t o r ) increases with 
i n c r e a s i n g alumina. Our conclusion that alumina was important f o r 
S0 2 adsorption als o confirmed the r e s u l t s of Blanton and Flanders 
at Chevron (22). The n o n - l i n e a r i t y of the r e l a t i o n s h i p implies an 
a n t a g o n i s t i c e f f e c t between s i l i c a and alumina. The s i l i c a - a l u m i n a 
antagonism w i l l be discussed r e l a t i v e to d e a c t i v a t i o n subsequently. 

The S0 2 removal c a p a b i l i t y of cracking c a t a l y s t s with high 
alumina matrix can be enhanced. For instance, we found that 
z e o l i t e type could be important. Figure 4 shows that f o r c a t a l y s t s 
formulated with a matrix containing 60% alumina, a well-exchanged 
rare earth Y z e o l i t e , as measured by a sodium content of 0.1%, gave 
b e t t e r S0 2 removal than e i t h e r a moderately exchanged rare earth Y 
z e o l i t e , 2% sodium, or an u l t r a s t a b l e Y z e o l i t e (23). These 
cracking c a t a l y s t s were formulated by adding alumina s o l and 
z e o l i t e to a low alumina s i l i c a - a l u m i n a g e l . Both REY c a t a l y s t s 
contained 15% z e o l i t e ; the USY c a t a l y s t 25%. The improvement i n 
S0 2 removal was observed only i f the c a t a l y s t was formulated with a 
high alumina matrix. The unusual enhancing e f f e c t of the 
well-exchanged REY remains unexplained, but the r e s u l t s l e d to more 
experiments with both rare earths and alumina. 

Rare Earths and Alumina. A much e a s i e r and cheaper way of g e t t i n g 
the S0 2 removal enhancement from rare earths that was observed with 
the well-exchanged rare earth Y z e o l i t e was to add rare earths, 
e s p e c i a l l y cerium, by d i r e c t impregnation to high alumina cracking 
c a t a l y s t (24). 

The e f f e c t of cerium was shown by measuring the sulfate/cerium 
molar r a t i o observed when cerium was added at 5, 10 and 20 ppm by 
impregnation to a high alumina, commercial cracking c a t a l y s t which 
contained no rare earth. A f t e r S0 2 adsorption at 1250°F f o r 140 
minutes the c a t a l y s t s were analyzed f o r s u l f a t e . The r e s u l t s are 
shown i n Figure 5 where the mole r a t i o i s p l o t t e d vs. cerium on 
c a t a l y s t . The mole r a t i o s , which were c a l c u l a t e d to exclude the 
s u l f a t e adsorbed by the cracking c a t a l y s t without cerium, are much 
greater than the s t o i c h i o m e t r i c r a t i o of 1.5 or 2.0 f o r cerous or 
e e r i e s u l f a t e , demonstrating a large c a t a l y t i c e f f e c t . The 
sulfa t e / c e r i u m mole r a t i o d e c l i n e s with cerium content i n t h i s 
experiment because the amount of s u l f a t e accumulated was r e l a t i v e l y 
i n s e n s i t i v e to the amount of cerium added to the c a t a l y s t . A large 
e f f e c t was observed with the f i r s t incremental amount added with 
p r o p o r t i o n a t e l y smaller e f f e c t s with subsequent amounts. This 
observation supports the conclusion that cerium i s c a t a l y t i c . 
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Wt. % 

Figure 3. E f f e c t of Matrix Composition. 
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Figure 4. E f f e c t of Z e o l i t e Type. 
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8. HIRSCHBERG AND BERTOLACINI Control of Submissions 121 

Independence from cracking c a t a l y s t composition has been shown 
by adding cerium and alumina to cracking c a t a l y s t (25). The data 
on Table I demonstrate t h i s . 

Table I. E f f e c t of Cerium and Alumina Added to Cracking C a t a l y s t 

C a t a l y s t 
D e s c r i p t i o n 

Net S0 2 Removed at 1250°F, 
μΐ a f t e r 92 minutes 

FC C a t a l y s t 0 

FCC + 25 ppm Ce (on FCC) 44 

FCC + A1 2 0 3 (5%) 54 

FCC + 25 ppm Ce 
A1 20 3 (5%) 

(on FCC) + 127 

FCC + 25 ppm Ce 
A1 2 0 3 (5%) 

(on A1 20 3) + 130 

Results are shown as net gain over the cracking c a t a l y s t which 
showed poor S0 2 removal a b i l i t y . The cracking c a t a l y s t was a low 
alumina-REY type. A d d i t i o n of 25 ppm cerium to the cracking 
c a t a l y s t increased S0 2 adsorption even though the c a t a l y s t already 
contained rare earths i n c l u d i n g cerium. Cerium was added by 
impregnation from an aqueous s o l u t i o n of ee r i e ammonium n i t r a t e . 
A d d i t i o n of alumina, as a separate p a r t i c u l a t e , a l s o had a p o s i t i v e 
e f f e c t even though the c a t a l y s t contained alumina. Adding both 
cerium and alumina, whether the cerium i s on the cracking c a t a l y s t 
or on the alumina, however, increased S0 2 adsorption 
d i s p r o p o r t i o n a t e l y . Again, from these r e s u l t s we concluded that 
cerium was a c a t a l y s t f o r the o x i d a t i v e adsorption of S0 2. 

The promotional e f f e c t of cerium i s not confined to alumina as 
shown by the data f o r magnesia (26) i n Table I I . 

Table I I . E f f e c t of Cerium and Magnesia Added to Cracking C a t a l y s t 

C a t a l y s t Net S0 2 Removed at 1250°F, 
D e s c r i p t i o n μΐ a f t e r 92 minutes 
FCC + 500 ppm MgO 113 

FCC + 500 ppm MgO + 235 
25 ppm Ce (on MgO) 

Results, again, show net gain over the same cracking c a t a l y s t used 
pre v i o u s l y f o r cerium/alumina case. Cerium, moreover, seems to act 
as a promotor f o r other rare earths as could be implied from the 
s y n e r g i s t i c e f f e c t observed between cerium and lanthanum (27) . Our 
conclusions about the c a t a l y t i c e f f e c t of cerium have been 
confirmed r e c e n t l y by others (28). 

Other rare earths, i n c l u d i n g y t t r i u m (29) and lanthanum (30) 
are a c t i v e f o r S0 2 removal as shown on Table I I I . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

8

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



122 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Table I I I . E f f e c t of Other Rare Earths 

R e l a t i v e S0 2 

Rare Earth Removal 
Ce 1.0 
Y 1.0 
Mixed (Ce Rich) 0.9 
La 0.8 
Pr 0.6 
Dy 0.6 
Gd 0.4 
Nd 0.4 
Sm 0.4 

These materials were made to contain 10 wt% oxides on gamma 
alumina. The percentage of S0 2 removed a f t e r 50 minutes was 
measured, at 1250°F, f o r these a d d i t i v e s at the 1 wt% l e v e l mixed 
with cracking c a t a l y s t s . They were then ranked by the r a t i o of the 
% removed to that removed by cerium on alumina. 

Platinum. Other materials are e f f e c t i v e promotors f o r the 
o x i d a t i v e adsorption of S0 2. Figure 6, f o r instance, demonstrates 
the e f f e c t of platinum which i s the best promotor and the e a r l i e s t 
one used f o r the UltraCat process (31). The f i g u r e , which compares 
S0 2 removal curves f o r alumina alone and with 2 and 100 ppm Pt at 
1200, 1300 and 1400°F, i n d i c a t e s that alumina promoted with 
platinum at both l e v e l s i s more e f f i c i e n t f o r removing S0 2 than 
pure alumina. The c a t a l y t i c e f f e c t of platinum, not unexpectedly, 
becomes l e s s pronounced as the temperature i s increased as can be 
seen by i n s p e c t i n g the curves and als o by comparing the percentage 
of S0 2 removed a f t e r 100 minutes as shown on Table IV. 

Table IV. C a t a l y t i c E f f e c t of Platinum 

% SO 2 Removed 
at 100 Minutes 

Platinum Concentration, ppm 
Temperature, °F 0 2 100 
1200 36 85 98 
1300 43 78 90 
1400 50 68 86 

Without platinum, alumina becomes more e f f e c t i v e f o r removing 
S0 2 as the temperature i s increased. In t h i s unpromoted case, the 
rate of o x i d a t i v e adsorption of S0 2 c o n t r o l s the amount of S0 2 

removed. Increasing the temperature increases that r a t e . 
In c o n t r a s t , with platinum, S0 2 removal, while always greater 

than the unpromoted case, tends to decrease with i n c r e a s i n g 
temperature. The presence of platinum increases the rate of 
o x i d a t i v e adsorption of S0 2 to the point that the capacity of 
alumina becomes the l i m i t i n g f a c t o r rather than the r a t e . The 
capacity, l i m i t e d by thermodynamics, decreases with i n c r e a s i n g 
temperature because of the s t a b i l i t y of surface s u l f a t e species 
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Figure 5. C a t a l y t i c E f f e c t of Cerium. 

Figure 6. C a t a l y t i c E f f e c t of Platinum. 
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124 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

being formed. Presumably, at a high enough temperature platinum 
would have no c a t a l y t i c e f f e c t and the capacity of alumina would be 
lowered more. These r e s u l t s extend those found p r e v i o u s l y by 
Summers (32). 

Platinum, as w e l l as other promotors, can cause problems such 
as NOx formation or other unfavorable side e f f e c t s . The rare 
earths do not have these drawbacks so a good deal of a t t e n t i o n has 
been given to t h e i r development f o r SOx removal. 

D e a c t i v a t i o n 

P i l o t Plant T e s t i n g . P i l o t plant t e s t i n g of 10% cerium on alumina 
mixed with cracking c a t a l y s t showed a discrepancy i n the extent of 
observed and pred i c t e d d e a c t i v a t i o n . During the t e s t , which was 
made at 1350°F, a common FCU regeneration temperature, the c a t a l y s t 
was sampled and tested i n s e v e r a l ways. We used our bench t e s t to 
measure S0 2 removal a b i l i t y on the samples before and also a f t e r 
reduction with hydrogen at 1350°F, to remove s u l f a t e . Then, the 
ad d i t i v e p o r t i o n of the samples was separated by f l o a t - s i n k using 
tetrabromoethane. Estimates of the e f f i c i e n c y of the separation 
were made by microscopic i n s p e c t i o n and found to be greater than 
about 95% i n a l l cases. The d i f f e r e n c e s i n shape and appearance 
made i t easy to d i s t i n g u i s h v i s u a l l y cerium/alumina a d d i t i v e from 
cracking c a t a l y s t . Losses by a t t r i t i o n were c a l c u l a t e d from the 
weight of the recovered a d d i t i v e . Surface area losses were 
measured by comparing the surface area of the f r e s h a d d i t i v e to the 
surface area of the separated a d d i t i v e . Losses i n S0 2 removal 
a b i l i t y were pre d i c t e d from r e l a t i o n s h i p s between surface area, 
weight percent of a d d i t i v e , and S0 2 removal. Reduction had no 
e f f e c t i n d i c a t i n g that s u l f a t e accumulation was not important. The 
large d i f f e r e n c e s between pre d i c t e d and observed losses shown on 
Table V i n d i c a t e d that other f a c t o r s were involved i n the 
de a c t i v a t i o n . 

Table V. P i l o t Plant D e a c t i v a t i o n of Cerium/Alumina A d d i t i v e 

% Loss i n S0 2 Removal 
Time, Hrs. Predicted Observed Δ 
30 12 28 16 
40 25 49 24 
60 27 52 25 
80 29 62 33 

SEM-EDAX examination of cross-sectioned samples taken from the 
p i l o t plant t e s t at 30, 60 and 80 hours show the presence of 
s i l i c o n . This i s i n d i c a t e d i n the photomicrographs i n Figure 7. 
The o u t l i n e s are cerium/alumina p a r t i c l e s ; the b r i g h t white dots 
represent s i l i c o n . Q u a l i t a t i v e l y , s i l i c o n contamination increases 
with time. 

The presence of s i l i c o n on the deactivated a d d i t i v e r a i s e d 
s e v e r a l questions about the s i l i c o n source and how i t gets to the 
a d d i t i v e . The e f f e c t of steam was examined f i r s t . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

8

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



8. HIRSCHBERG AND BERTOLACINI Control of Submissions 125 

Figure 7. SEM-EDAX Analysis of P i l o t Plant Samples: S i l i c o n . 
Top l e f t , 30 hours; top r i g h t , 60 hours; and bottom, 80 hours. 
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Bench Scale Steaming Experiments. Steaming experiments showed that 
steam d e a c t i v a t i o n of the cerium/alumina c a t a l y s t was more severe 
when deactivated i n the presence of cracking c a t a l y s t . Figure 8 
shows how S0 2 removal decreases with steaming time at 1350°F. The 
r e s u l t s are shown f o r three experiments i n a f l u i d i z e d bed 
apparatus. In the f i r s t , cerium on alumina a d d i t i v e was steamed i n 
a Vycor tube without cracking c a t a l y s t . The a d d i t i v e was sampled 
at various times during the steaming and tested f o r S0 2 removal 
a b i l i t y . In the second and t h i r d experiments, the cerium on 
alumina a d d i t i v e was steamed i n the presence of two commercial FC 
c a t a l y s t s of d i f f e r e n t compositions: high and low alumina. Again, 
the c a t a l y s t - a d d i t i v e mixtures were sampled at various times. The 
a d d i t i v e p o r t i o n of the samples, which was separated by f l o a t - s i n k 
method, was tested f o r S0 2 removal a b i l i t y . As the data i n 
Figure 8 i n d i c a t e , there was some d e a c t i v a t i o n i n a l l cases, but a 
strong i n t e r a c t i v e e f f e c t between a d d i t i v e and cracking c a t a l y s t i s 
evident i n that the rates of d e a c t i v a t i o n are much greater f o r 
steam d e a c t i v a t i o n i n the presence of cracking c a t a l y s t . However, 
the e a r l y d e a c t i v a t i o n , e s p e c i a l l y , i s l e s s pronounced f o r steam 
d e a c t i v a t i o n i n the presence of high alumina cracking c a t a l y s t 
compared to a low alumina cracking c a t a l y s t . The presence of the 
high alumina cracking c a t a l y s t seems to r e t a r d d e a c t i v a t i o n . 
S i m i l a r experiments with dry nitrogen showed that steam was 
necessary f o r the observed d e a c t i v a t i o n . 

The steamed samples were again examined by SEM-EDAX. The 
r e s u l t s i n Figure 9 are f o r samples taken at 2 and 24 hours f o r 
cerium on alumina a d d i t i v e steamed without and with high and low 
alumina cracking c a t a l y s t . Again, the o u t l i n e d shapes are the 
cerium on alumina a d d i t i v e and the b r i g h t spots s i l i c o n . Some 
s i l i c o n i s present i n a l l the samples inspected, even the sample 
steamed i n the absence of cracking c a t a l y s t , showing that the 
a d d i t i v e has been contaminated with s i l i c o n from the Vycor steaming 
tube. The l e v e l of s i l i c o n , however, i s much greater f o r samples 
steam-deactivated i n the presence of a cracking c a t a l y s t , even f o r 
those steamed f o r as l i t t l e as two hours. A l s o , e s p e c i a l l y f o r the 
two-hour samples, the amount of s i l i c o n on the a d d i t i v e deactivated 
i n the presence of high alumina (low s i l i c a ) cracking c a t a l y s t 
seems to be s u b s t a n t i a l l y l e s s than e i t h e r of those samples 
deactivated i n the presence of low alumina (high s i l i c a ) c a t a l y s t s . 
Surface area losses f o r a l l the samples were about the same. 

S i l i c a Added D i r e c t l y . D i r e c t a d d i t i o n of s i l i c a to cerium on 
alumina a l s o deactivates the a d d i t i v e . To show t h i s , the a d d i t i v e 
was impregnated with aqueous s o l u t i o n s of " s i l i c i c a c i d 1 1 prepared 
by ion exchange of sodium s i l i c a t e with IR-120 a c i d ion exchange 
r e s i n , then d r i e d and c a l c i n e d at 1000°F f o r 5 hrs. S0 2 removal 
a b i l i t y was measured on the as-prepared samples and a f t e r steaming 
at 1400 and 1550°F f o r 5 hrs. The r e s u l t s shown i n Figure 10 
i n d i c a t e that the d e a c t i v a t i n g e f f e c t of s i l i c a i s much worse a f t e r 
the samples are steamed. The mere presence of s i l i c a i s not 
enough. An i n t e r a c t i o n between the cerium/alumina a d d i t i v e and 
s i l i c a brought about by steam and/or heat i s necessary f o r the f u l l 
d e a c t i v a t i n g e f f e c t of s i l i c a to be observed. 
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Figure 8. Steam Deactivation of Cerium on Alumina. 
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No c a t a l y s t High alumina c a t a l y s t Low alumina c a t a l y s t 

Figure 9. SEM-EDAX A n a l y s i s of Steam-Deactivated Samples: 
S i l i c o n . 
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Figure 10. E f f e c t of S i l i c a and Steam. 
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Source of S i l i c a . S i l i c a can migrate e i t h e r from f r e e s i l i c a 
present i n the cracking c a t a l y s t or from the s i l i c a alumina matrix 
but not as r e a d i l y from the z e o l i t e . Figure 11 shows SEM-EDAX 
s i l i c o n scans of cerium/alumina steamed i n the presence of these 
three sources of s i l i c a . Again, the b r i g h t dots represent s i l i c o n . 
Q u a l i t a t i v e l y the sample steamed with pure s i l i c a contains more 
s i l i c o n than the sample steamed with s i l i c a - a l u m i n a . The sample 
steamed with z e o l i t e shows s i l i c o n at the surface of the 
cross-sectioned p a r t i c l e but l i t t l e i n the i n t e r i o r . The surface 
s i l i c o n comes from dusting of the p a r t i c l e with very f i n e l y d i v i d e d 
z e o l i t e . 

We are not alone i n i m p l i c a t i n g s i l i c a i n the d e a c t i v a t i o n 
mechanism of SOx a d d i t i v e s . Our r e s u l t s support Blanton's concern 
about s i l i c a (33) and a l s o agrees w e l l with the work of several 
others (15,17,34). 

The M o b i l i t y of S i l i c a i n Steam. The r e a c t i v i t y of s i l i c a and 
s i l i c a - c o n t a i n i n g m a t e r i a l s to steam has been assumed i n the 
l i t e r a t u r e to e x p l a i n s e v e r a l phenomena, a few of which are: the 
s i n t e r i n g of s i l i c a (35), the aging of amorphous s i l i c a alumina 
cracking c a t a l y s t s (36) and the formation of u l t r a s t a b l e molecular 
sieves (37). The b a s i s of a l l these explanations i s the 
i n t e r a c t i o n of s i l i c e o u s m a t e r i a l s with water to form mobile, low 
molecular weight s i l i c o n compounds by h y d r o l y s i s (38) such as: 

( S i 0 2 ) n + 2H 20 > S i ( 0 H ) 4 + ( S i 0 2 ) n - 1 (5) 

S i l i c a i s known to be v o l a t i l e i n steam (39-40). For 
instance, the e q u i l i b r i u m concentration of s i l i c a i n steam at 1 
atmosphere from 1200 to 1450°F has been found to range from 0.2 to 
0.5 ppm (by weight) showing that the a v a i l a b i l i t y of s i l i c a i n the 
vapor phase can be s u b s t a n t i a l under the conditions used i n our 
work. Unfortunately, we cannot p r e d i c t how much s i l i c a w i l l be 
t r a n s f e r r e d i n our experiments since the rates of e i t h e r h y d r o l y s i s 
or adsorption on the cerium on alumina a d d i t i v e are unknown. 

The rates of h y d r o l y s i s of s i l i c e o u s materials w i l l be 
a f f e c t e d by s e v e r a l f a c t o r s . For instance, the rate w i l l be 
d i r e c t l y r e l a t e d to surface area, e x p l a i n i n g the low rates observed 
f o r s i l i c a d e p o s i t i o n from the Vycor apparatus. A l s o , the 
composition of the s i l i c e o u s m a t e r i a l w i l l i n fluence the rate of 
h y d r o l y s i s , e x p l a i n i n g the d i f f e r i n g amounts of s i l i c a t r a n s f e r r e d 
from pure s i l i c a , s i l i c a alumina, z e o l i t e , and the high alumina 
cracking c a t a l y s t . 

Mechanism of D e a c t i v a t i o n . The d e t a i l e d mechanism f o r s i l i c a 
poisoning of cerium on alumina a d d i t i v e i s unknown but we suggest 
that s i l i c a , as v o l a t i l e s i l i c i c a c i d , adsorbs s t r o n g l y , and, under 
the i n f l u e n c e of steam and/or heat reacts to i r r e v e r s i b l y remove 
s i t e s that are required f o r the o x i d a t i v e adsorption of S0 2. 
S i l i c i c a c i d reacts i n what can be considered a simple a c i d base 
type r e a c t i o n and permanently lowers the capacity of the a d d i t i v e . 

More work would have to be done to show whether s i l i c a 
i n t e r a c t s with cerium and/or alumina. l i e r (41), however, has 
remarked that alumina and s i l i c a are considered to have a 
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Figure 11. SEM-EDAX Anal y s i s of Cerium/Alumina: S i l i c o n . 
Top l e f t , pure s i l i c a ; top r i g h t , s i l i c a alumina; and 
bottom, molecular s i e v e . 
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132 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

" p e c u l i a r " a f f i n i t y towards each other. He goes on to state that 
while there are only a few observations regarding the i n t e r a c t i o n 
with s i l i c i c a c i d , i t has been e s t a b l i s h e d from s o l u t i o n chemistry 
that SiiOH)^ s t r o n g l y adsorbs onto the surface of hydroxy alumina 
oxide and a l s o reacts with gamma alumina. In some cases an 
a l u m i n o s i l i c a t e with the h a l o y s i t e composition forms: 

A l 2 S i 2 0 5 ( O H ) 4 

On an anhydrous basis the above composition would contain 46% 
alumina. From Figure 3 such a m a t e r i a l would have lower S0 2 

removal capacity compared to alumina. 

How to Solve the D e a c t i v a t i o n Problem. Solutions to the 
d e a c t i v a t i o n problem are d i f f i c u l t . The patent l i t e r a t u r e (42) has 
claims that e i t h e r sodium, manganese or phosphorous added to 
alumina prevents d e a c t i v a t i o n by s i l i c a . In a d d i t i o n , removal of 
matrix s i l i c a from cracking c a t a l y s t formulations should prevent 
f u r t h e r d e a c t i v a t i o n because z e o l i t i c s i l i c a , as we have shown, 
migrates more slowly. There i s at l e a s t one patent r e l a t i n g to 
very high alumina matrix cracking c a t a l y s t s (43). Another s o l u t i o n 
i s to use more a c t i v e SOx c a t a l y s t s such as magnesia-based 
ma t e r i a l s . 

Magnesia 

The high capacity m a t e r i a l described i n the patent 
l i t e r a t u r e (44-45) i s a cerium promoted "over-based" 
magnesia-alumina i n which magnesia i s added i n excess of the 
s t o i c h i o m e t r i c s p i n e l composition, MgAl 20i f. To b e t t e r understand 
t h i s system, a s e r i e s of c a t a l y s t s was prepared with various 
amounts of magnesia and alumina from alumina s o l and magnesium 
hydroxide s l u r r y . A f t e r drying and c a l c i n i n g , these m a t e r i a l s were 
impregnated with e e r i e ammonium n i t r a t e to 6% Ce0 2. The data i n 
Figure 12 show how S0 2 removal changes with composition. The data 
are expressed i n terms of percent approach to the s t o i c h i o m e t r i c 
amount of S0 2 that could have been adsorbed based on Ce0 2, MgO, and 
A 1 2 0 3 assuming complete s u l f a t e formation. The t e s t s were made at 
1350°F f o r 92 minutes. In a l l cases, removal of S0 2 was measured 
on the same weight of c a t a l y s t . Magnesia i s at l e a s t an order of 
magnitude more e f f i c i e n t f o r removing S0 2 than alumina. In 
a d d i t i o n , there i s an unfavorable i n t e r a c t i o n between magnesia and 
alumina as i n d i c a t e d by the non-linear r e l a t i o n s h i p between S0 2 

removal and composition with the f u l l e f f e c t of magnesia unobserved 
u n t i l w e l l above 50 mole%. 

There i s no c l e a r evidence to i d e n t i f y the a c t i v e m a t e r i a l f o r 
S0 2 removal i n a MgAl 20 i t " s t o i c h i o m e t r i c " system. Figure 13 shows 
r e s u l t s f o r a 50-50 mole% magnesia-alumina m a t e r i a l prepared from 
magnesium hydroxide and alumina s o l and c a l c i n e d at various 
temperatures. An attempt was made to c o r r e l a t e S0 2 removal with 
compound formation, as measured by X-ray d i f f r a c t i o n , and surface 
area. As i n d i c a t e d i n the f i g u r e , S0 2 removal a b i l i t y decreased 
with i n c r e a s i n g c a l c i n a t i o n temperature as d i d surface area. X-ray 
d i f f r a c t i o n a n a l y s i s showed s p i n e l formation increases as 
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Figure 12. Magnesia-Alumina System: 6% Cer i a . 

Calcination temperature, °C 

Figure 13. E f f e c t of C a l c i n a t i o n Temperature: 50-50 Mole% 
MgO-Al2Û3. 
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c a l c i n a t i o n temperature increased. The only other m a t e r i a l s found 
by XRD were minor amounts of gamma alumina i n some of the samples 
c a l c i n e d at low temperature and very minor amounts of f r e e magnesia 
i n the samples c a l c i n e d at high temperature. 

Temperature E f f e c t s 

An understanding of temperature e f f e c t s i s important to maximize 
the b e n e f i t from SOx removal agents. There are three areas i n 
which temperature e f f e c t s are p a r t i c u l a r l y important: 

— steam s t a b i l i t y , 
— o x i d a t i v e adsorption of S0 2, and 
— reductive desorption of S0 2 

Steam S t a b i l i t y . Steam s t a b i l i t y of SOx removal agents i s strongly 
a f f e c t e d by temperature. We have seen p r e v i o u s l y that at 1350°F 
d e a c t i v a t i o n of cerium/alumina a d d i t i v e , caused by s i l i c a 
poisoning, was influenced by how long the a d d i t i v e was steamed and 
whether the a d d i t i v e was steamed i n the presence or absence of 
cracking c a t a l y s t . These r e s u l t s were extended to other 
temperatures. 

Two sets of experiments were made to show the e f f e c t of 
steaming temperature on s t a b i l i t y . In the f i r s t set, steaming was 
done n o n - i n t e r a c t i v e l y . Cerium/alumina a d d i t i v e was steamed (100% 
steam, 1 atm) f o r 5 hours i n a f i x e d bed from 1200 to 1450°F. S0 2 

removal a b i l i t y was then measured on these steamed samples d i l u t e d 
with cracking c a t a l y s t . The data i n Figure 14 show that, f o r 
steamings done separate from cracking c a t a l y s t , losses of S0 2 

removal a b i l i t y are small but become more pronounced above 1350°F. 
Losses incurred i n the n o n - i n t e r a c t i v e steamings, however, 

were lower than those found i n the second set of experiments where 
the cerium/alumina a d d i t i v e was steamed together with a low alumina 
cracking c a t a l y s t at various temperatures. The r e s u l t s from t h i s 
second set of experiments, shown i n Figure 14, i n d i c a t e that losses 
are important at temperatures above 1200°F. I t should be noted 
that S0 2 removal a b i l i t y was measured under the same conditions i n 
both sets of experiments. A l s o , these f i x e d bed steaming seem to 
be harsher than f l u i d i z e d bed steamings because the losses incurred 
are greater. 

Oxidative Adsorption of S0 2. Oxidative adsorption of S0 2 i s als o a 
strong f u n c t i o n of temperature as shown on Figure 15. P l o t t e d i s 
the amount of S0 2 removed a f t e r 92 minutes from room temperature to 
1500°F. The m a t e r i a l used f o r these experiments was a rare earth 
s t a b i l i z e d Rhone-Poulenc alumina which was tested without d i l u t i o n 
with cracking c a t a l y s t . A f r e s h charge of alumina was used at each 
temperature. 

As the data i n Figure 15 show, a p l o t of S0 2 adsorbed vs. 
temperature y i e l d s a curve with the c l a s s i c a l shape of an 
adsorption isotherm d i v i d e d , as i n d i c a t e d on the f i g u r e , i n t o three 
d i s t i n c t regimes. From the l i t e r a t u r e (46), we can speculate about 
the chemistry. Regime 1 i s associated with the strong 
chemisorption of S0 2 as s u l f i t e and i s c o n t r o l l e d thermodynamically 
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400 

Figure 14. E f f e c t of Steaming Temperature. 

Figure 15. E f f e c t of Adsorption Temperature. 
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by the s t a b i l i t y of the s u l f i t e species. As the temperature i s 
increased the s u l f i t e species becomes l e s s s t a b l e but at a high 
enough temperature, Regime 2, ox i d a t i o n of s u l f i t e to s u l f a t e 
becomes f a s t enough so formation of s u l f a t e becomes the important 
process. In Regime 2, adsorption of s u l f a t e i s l i m i t e d by the 
oxi d a t i o n k i n e t i c s . The amount of S0 2 adsorbed increases with 
temperature i n Regime 2 u n t i l the s t a b i l i t y of the surface s u l f a t e 
species becomes important. At that point, Regime 3, adsorption 
begins to decrease with temperature and once again the process i s 
l i m i t e d by thermodynamics. 

The shape of the curve d e s c r i b i n g the temperature dependence 
of S0 2 adsorption i n the temperature range of FCC regenerators, 
1200-1350°F, i s c r i t i c a l as to how a given S0 2 adsorption m a t e r i a l 
w i l l perform. As i n d i c a t e d i n Figure 15, a maximum i s observed f o r 
the s t a b i l i z e d Rhone-Poulenc alumina i n that range. Other 
m a t e r i a l s , as we have seen p r e v i o u s l y f o r platinum promoted 
alumina, w i l l have a somewhat d i f f e r e n t shape i n that temperature 
region. A curve very s i m i l a r to the one shown i n Figure 15 was 
pr e v i o u s l y reported f o r high alumina cracking c a t a l y s t 
(Hsieh, C. K., Amoco O i l Co., unpublished data, 1976). 

Reductive Desorption of S0 2. The reductive desorption of 
o x i d a t i v e l y adsorbed S0 2 i s also a strong f u n c t i o n of temperature 
as shown g r a p h i c a l l y i n Figure 16. Shown are the r e s u l t s f o r 
c y c l i c use of a magnesia-based SOx a d d i t i v e . Each c y c l e , i n d i c a t e d 
by a c y c l e marker, c o n s i s t s of adsorption of S0 2 at 1350°F f o r 
100 minutes followed by a 15 minute reduction with hydrogen. In 
a l l cases, the adsorption temperature was held constant at 1350°F 
but the reduction temperature was changed from 1350° to 950°F. For 
each c y c l e the amount of S0 2 adsorbed i s then p l o t t e d on the 
Y-axis. The data show a gradual d e c l i n e i n the amount of S0 2 

removed i n successive c y c l e s of adsorption-reduction from a 
reduction temperature of 1350 to 1150°F. This minor gradual 
d e c l i n e i s caused by permanent d e a c t i v a t i o n of the c a t a l y s t rather 
than incomplete reduction as i n d i c a t e d by the f a i l u r e at the end of 
the t e s t to restore the adsorption capacity of the a d d i t i v e by a 
high temperature reduction. There i s a sharp drop i n the amount of 
S0 2 adsorbed i n successive c y c l e s when the reduction temperature i s 
lowered to 1050°F. The amount of S0 2 adsorbed i n successive c y c l e s 
does not change s i g n i f i c a n t l y when the reduction temperature i s 
lowered f u r t h e r to 950°F. 

The r e s u l t s from t h i s "temperature programmed reduction" 
i n d i c a t e that there are two regimes as i n d i c a t e d i n Figure 16. In 
Regime 1, at temperatures above 1050°F there i s v i r t u a l l y complete 
removal of S0 2 under the conditions of our t e s t . In Regime 2, 
ch a r a c t e r i z e d by the step jump downward at 1050°F i n the amount of 
S0 2 adsorbed i n successive c y c l e s , there i s only p a r t i a l removal of 
S0 2. This observation suggests two kinds of surface s u l f a t e 
species present on t h i s m a t e r i a l , one e a s i l y and another more 
d i f f i c u l t l y removed as i n d i c a t e d by Andersson (47). 
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8. HIRSCHBERG AND BERTOLACINI Control of SO Emissions 137 

Commercial C a t a l y s t s 

Five types of commercial SOx c a t a l y s t s were tested f o r comparative 
ranking. Three of these commercial-type a d d i t i v e s were w e l l 
defined m a t e r i a l s : high surface area gamma alumina; 10% Ce, as 
cerium oxide, on gamma alumina; and 100 ppm Pt on gamma alumina. 
Two of the mate r i a l s were furnished by c a t a l y s t companies and are 
re f e r r e d to as magnesia-based or magnesia and lanthanum-based or 
lanthanum. These l a t t e r m a terials are both known to contain cerium 
and alumina as w e l l . 

Figure 17 shows a comparison of the fr e s h S0 2 removal a b i l i t y 
f o r these f i v e major types of commercially a v a i l a b l e SOx c a t a l y s t s . 
The materials were tested at 1350°F at various concentrations with 
a very low capacity cracking c a t a l y s t . The magnesia-based c a t a l y s t 
i s much be t t e r than lanthanum-based c a t a l y s t followed by platinum 
or cerium on alumina and f i n a l l y alumina alone. The reverse order 
i n a c t i v i t y observed f o r the lanthanum-based and cerium a d d i t i v e s , 
compared to the r e l a t i v e r e s u l t s given p r e v i o u s l y f o r lanthanum and 
cerium, was not i n v e s t i g a t e d , but may be r e l a t e d to the presence of 
cerium on the lanthanum-based a d d i t i v e (27). 

Fresh a c t i v i t y , however, only p a r t i a l l y determines the 
e f f i c a c y of these c a t a l y s t s . Among other important f a c t o r s , as we 
have seen, are how e a s i l y the c a t a l y s t releases S0 2 during the 
cracking c y c l e and how r e s i s t a n t i t i s to d e a c t i v a t i o n by steam. 

Commercial c a t a l y s t s vary i n the degree to which they are 
regenerable at reactor temperatures as shown on Figure 18. The 
i n i t i a l S0 2 removal f o r a l l f i v e m a t e r i a l s was adjusted to an equal 
ba s i s by varying the amount of a d d i t i v e used: 0.8% magnesia-based, 
3% lanthanum-based, 10% of both cerium/alumina and 
platinum/alumina, and f i n a l l y 30% of alumina i n mixtures with a low 
capacity cracking c a t a l y s t . S0 2 removal was measured at 1350°F f o r 
the f r e s h a d d i t i v e s and a f t e r regeneration with hydrogen at 930°F. 
Six such adsorption-regeneration c y c l e s were made a f t e r which 
release was 76 and 70% f o r platinum and cerium on alumina 
r e s p e c t i v e l y and 38% fo r magnesia and lanthanum, and 42% f o r 
alumina. Raising the regeneration temperature above 1100°F 
restores the a d d i t i v e s to near f r e s h capacity a f t e r the s e v e r a l 
c y c l e s of t h i s t e s t . The commercial e f f e c t of incomplete release 
of S0 2 would be to require more a d d i t i v e to achieve a given S0 2 

removal. 
In our t e s t , steaming f i v e commercial SOx a d d i t i v e s i n the 

presence of cracking c a t a l y s t , shown i n Table VI, i n d i c a t e d that 
d e a c t i v a t i o n by s i l i c a poisoning i s important. 

Table VI. Steam De a c t i v a t i o n of Commercial A d d i t i v e s 

A d d i t i v e Type % Loss of S0 2 Removal 
Magnesia-Based 52 
Ρla tinum/Alumina 52 
Lanthanum-Based 55 
Cerium/Alumina 57 
Alumina 79 
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Figure 16. E f f e c t of Reduction Temperature. 
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Figure 17. Fresh A c t i v i t i e s of Commercial C a t a l y s t s . 
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These data were obtained by mixing the SOx a d d i t i v e with a low 
alumina cracking c a t a l y s t and steaming at 1400°F i n 100% steam i n a 
f i x e d bed f o r 5 hours. The concentration of a d d i t i v e was adjusted 
so that the i n i t i a l a c t i v i t y was approximately the same f o r a l l 
m a t e r i a l s . (The amounts were the same as those used f o r the 
r e g e n e r a b i l i t y t e s t . ) The S0 2 removal a b i l i t y was then measured 
before and a f t e r steaming and the % l o s s c a l c u l a t e d . The average 
d e v i a t i o n was ±7%. 

These t e s t s show that composition of the a d d i t i v e has l i t t l e 
e f f e c t on c o n t r o l l i n g d e a c t i v a t i o n from s i l i c a poisoning. On an 
equal i n i t i a l a c t i v i t y b a s i s , four of the f i v e a d d i t i v e s tested 
showed very s i m i l a r d e a c t i v a t i o n . Alumina, however, had a much 
higher s u s c e p t i b i l i t y . 

A f i n a l ranking of the f i v e SOx c o n t r o l c a t a l y s t s can be made 
by assuming that the losses i n S0 2 removal from incomplete 
regeneration (% L^) and steaming (% L ) can be compensated by 
a d d i t i o n of more c a t a l y s t assuming a l i n e a r response: 

EAC = IA • % L R . J £ + % L S . -M <« 

where: EAC = E f f e c t i v e A d d i t i v e Concentration, Wt%, and 
IA = Equalized I n i t i a l A c t i v i t y , Wt% 

Using t h i s assumption, the ranking f o r the f i v e commercial 
mat e r i a l s i s shown i n Table VII. 

Table VII. Ranking of Commercial A d d i t i v e Types 

A d d i t i v e Type EAC, Wt% 
Magnesia-Based 2 
lanthanum-Based 7 
Ρt/Alumina 18 
Ce/Alumina 19 
Alumina 71 

Magnesia and lanthanum based ma t e r i a l s are the most e f f e c t i v e 
of the samples tested to date. 

The rmo dynami c s 

Free energy changes were c a l c u l a t e d , using values from three 
sources (48-50), f o r reduction of s u l f a t e with e i t h e r hydrogen or 
methane and adsorption of S0 2 i n the presence of oxygen to form 
s u l f a t e . C a l c u l a t i o n s were made f o r magnesia, alumina, and other 
group IA and group IIA oxides. Unfortunately, thermodynamic values 
are not a v a i l a b l e f o r other elements of i n t e r e s t such as lanthanum. 

The reduction of magnesium s u l f a t e i s thermodynamically 
f e a s i b l e at reactor temperatures of 900°F and above, e s p e c i a l l y i f 
H 2S i s the product. Figure 19 shows the standard AG f o r the 
reduction of magnesium s u l f a t e with hydrogen or methane as a 
f u n c t i o n of temperature to make e i t h e r H 2S or S0 2 as the reduction 
product. (The c a l c u l a t i o n s have a l l been made on the b a s i s of 
1 mole of S0 2.) Also shown are the values f o r the reduction of S0 2 
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Figure 18. Regeneration of Commercial C a t a l y s t s . 

200 400 600 800 1000 1200 1400 
Temperature, °F 

A. M g S 0 4 + 1/4CH 4 = MgO + S 0 2 + 1/4C0 2 + 1/2H 20 

B. M g S 0 4 + H 2 = MgO + S 0 2 + H 2 0 

C. M g S 0 4 + C H 4 = MgO + H 2 S + C 0 2 + H 2 0 

D. M g S 0 4 + 4 H 2 = MgO + H 2 S + 3H 2 0 

E. S 0 2 + 3/4CH 4 = H 2 S + 3/4C0 2 + 1/2H 20 

F. S 0 2 + 3H 2 = H 2 S + 2H 2 0 

Figure 19. Thermodynamics of Reduction: MgS04. 
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with hydrogen or methane to make H 2 S . This i s thermodynamically 
very favored and shows that the formation of H 2 S as a product from 
the reduction of the s u l f a t e i s more favorable than the formation 
of S 0 2 . The reactions using methane, while l e s s favorable than 
hydrogen, are nevertheless s t i l l f e a s i b l e at r e a c t i o n temperatures 
of 900 to 1000°F. The same c a l c u l a t i o n s made f o r aluminum s u l f a t e , 
using hydrogen as the reducing agent are even more favorable 
thermodynamically as i n d i c a t e d on Figure 20. 

The thermodynamic data shown i n Figure 21 i n d i c a t e , post 
factum, how magnesia and alumina f i t the requirements f o r the 
UltraCat process. The f i g u r e shows values f o r standard AG f o r 
reduction of the s u l f a t e with hydrogen at 980°F to make S 0 2 f o r 
elements i n groups IA, IIA, and aluminum. Values of standard AG 
are also shown f o r the adsorption of S 0 2 : 

MO + S 0 2 + % 0 2 = MS0l> ( 7 ) 

A l l c a l c u l a t i o n s were made on the b a s i s of 1 mole of S 0 2 . 
An appropriate m a t e r i a l f o r the UltraCat process should have 

favorable thermodynamics f o r both S 0 2 release and capture. The 
most favored elements are designated i n the boxed area on Figure 21 
and include alumina and magnesia. Berylium i s a l s o included, but 
the decomposition temperature of berylium s u l f a t e , 1000-1100°F, 
i n d i c a t e s that i t i s probably not s u i t a b l e , even i f i t were not 
hazardous. 

If the f r e e energy changes f o r the reduction of the s u l f a t e to 
make H 2 S rather than S 0 2 had been considered i n t h i s a n a l y s i s , the 
oxides of s e v e r a l more elements would have been included i n the 
boxed-off area of appropriate m a t e r i a l s . From past p r a c t i c e , 
however, i t i s known that oxides of calcium, strontium and l i t h i u m , 
f o r instance, are not as e f f e c t i v e . An appropriate future area of 
research would be to i n v e s t i g a t e those materials more thoroughly. 

Conclusions 

Although i n d u s t r i a l and patent l i t e r a t u r e contains a large amount 
of information about SOx c a t a l y s t s , i t i s d i f f i c u l t to make 
comparisons or sort out the important f a c t o r s . This paper has made 
an attempt to c l a r i f y some SOx issues but i n almost a l l cases more 
questions were r a i s e d than answered. 

For cracking c a t a l y s t composition, we showed that alumina 
content i s important by showing how c a t a l y s t s synthesized to 
contain various amounts of alumina removed S 0 2 . Although f o r years 
alumina content has been considered important by the industry, i t 
was d i f f i c u l t to f i n d a conclusive reference showing that f a c t . 

Rare earths have also been included as d e s i r a b l e SOx c a t a l y s t 
components i n e a r l y patents but the c a t a l y t i c behavior of cerium, 
i n p a r t i c u l a r , had not been c l a r i f i e d . This paper has presented 
evidence that cerium catalyzes the o x i d a t i v e adsorption of S 0 2 on 
high alumina cracking c a t a l y s t , alumina, and magnesia. We a l s o 
have shown the c a t a l y t i c character of platinum. The d e t a i l s of the 
c a t a l y s i s e s p e c i a l l y by cerium, however, remain unexplained. 

Patent and i n d u s t r i a l l i t e r a t u r e has been concerned with the 
d e a c t i v a t i n g e f f e c t of s i l i c a f o r s e v e r a l years. Our work confirms 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
00

8

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

2 0 r 
10 h 

_80 1 1 1 1 1 1 " 1 

200 400 600 800 1000 1200 1400 

Temperature, °F 
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Figure 20. Thermodynamics of Reduction: AI2(804)3. 

100 

80 

60 

40 

I 20 

S 0 
oi -20 
ο 
< - 4 0 

-60 

-80 

-100 

-120 

-140 

Li Na Κ 
Be Mg Ca Sr Ba 

Al 
Oxides 

• M S 0 4 + H 2 = MO + S 0 2 + H 2 0 800°K (980°F) 
• MO + S 0 2 + 1/20 2 = M S 0 4 1000°K (1340°F) 

Figure 21. Thermodynamic S e l e c t i o n of Oxides. 
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t h i s concern and shows that the source of the s i l i c a i s e i t h e r free 
s i l i c a or s i l i c a - a l u m i n a i n the matrix of the cracking c a t a l y s t but 
not the z e o l i t e . We al s o have shown that cracking c a t a l y s t 
composition i s important i n re t a r d i n g the d e a c t i v a t i n g e f f e c t of 
s i l i c a . 

The d e t a i l e d mechanism of poisoning by s i l i c a , however, i s 
unknown. We have suggested that an i n t e r a c t i o n of s i l i c i c a c i d 
generated by h y d r o l y s i s of s i l i c a or s i l i c a - a l u m i n a reacts with the 
ac t i v e s i t e s on the a d d i t i v e lowering the o v e r a l l capacity of the 
ma t e r i a l to form s u l f a t e s . More work must be done to show the 
chemistry of t h i s mechanism. 

Recently, high capacity a d d i t i v e s , based on magnesia and 
alumina, have been suggested as SOx a d d i t i v e s . Patent l i t e r a t u r e 
i d e n t i f i e s the a c t i v e m a t e r i a l i n these systems as s p i n e l . Our 
work has shown, however, that magnesia i s the a c t i v e m a t e r i a l being 
at l e a s t an order of magnitude more a c t i v e than alumina. The 
st o i c h i o m e t r i c s p i n e l , MgAl 20j4, appears to be i n a c t i v e f o r S0 2 

adsorption. The r o l e of the alumina and excess magnesia i n t h i s 
system should be c l a r i f i e d . 

F i n a l l y , the side-by-side comparison of f i v e major types of 
commercially a v a i l a b l e SOx a d d i t i v e s show that these ma t e r i a l s 
d i f f e r not only i n i n i t i a l a c t i v i t y but also i n r e g e n e r a b i l i t y , or 
the a b i l i t y of the m a t e r i a l to release S0 2. We can rank these 
materials but have l e f t unanswered the important questions as to 
why these c a t a l y s t s d i f f e r e s p e c i a l l y i n r e g e n e r a b i l i t y . 
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Chapter 9 

Use of Catalysts To Reduce SO x Emissions 
from Fluid Catalytic Cracking Units 

L. Rheaume and R. E. Ritter 

Davison Chemical Division, W. R. Grace & Company, 7379 Route 32, 
Columbia, MD 21044 

SOx emissions from fluid catalytic cracking units (FCCU's) 
can be reduced by the use of catalysts. These catalysts, 
called SOx transfer catalysts, capture SOx (SO +SO3) in 
the FCCU regenerator and release it, as H2S, in the FCCU 
reactor and steam stripper. The H2S leaves the FCCU with 
the cracked products. The H2S is removed from the cracked 
products by conventional techniques. The different types 
of SOx catalysts are described. The mechanism by which 
these catalysts operate is discussed and supporting data 
presented. Laboratory results are given on the factors 
which affect the efficiency of SOx catalysts, namely 
regenerator temperature, oxidation activity, oxygen 
concentration and contaminant metals. Also data are 
given on the aging and deactivation of these catalysts 
by loss of surface area and adsorption of s i l ica. 

Source of SOx Emiss ions 

Hydrocarbon feedstocks f o r f l u i d c a t a l y t i c c r a c k i n g u n i t s (FCCU's) 
c o n t a i n o r g a n o - s u l f u r compounds. The s u l f u r content of these f e e d 
stocks i s about 0.3% to 3.0%, expressed as e lemental s u l f u r . 

When a v i r g i n feedstock i s cracked i n the FCCU r e a c t o r , about 
50 ± 10% of the feed s u l f u r i s converted to H 2 S , about 43 ± 5% of 
the feed s u l f u r remains i n the l i q u i d p r o d u c t s , and about 7 ± 3% of 
the feed s u l f u r ends up i n the coke. During the coke-burning step 
i n the FCCU r e g e n e r a t o r , the s u l f u r i n the coke i s converted to S0« 
(>90%) and SO (<10%), i . e . , SOx. A f t e r the SOx i s produced i n the 
regenera tor , i t becomes part of the f lue gas and i s d i scharged to 
the atmosphere. I t i s t h i s d i scharge of SOx to the atmosphere which 
we seek to c o n t r o l by use of c a t a l y s t s . 

The amount of SOx produced i n the regenerator i s determined by 
the amount of coke produced i n the r e a c t o r and the s u l f u r content of 
that coke (1) . These two f a c t o r s , i n t u r n , depend on the type of 
feedstock , the amount of s u l f u r i n the feedstock, the coke-making 

0097-6156/88/0375-0146$06.00A) 
• 1988 American Chemical Society 
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p r o p e r t i e s of the cracking c a t a l y s t , the conversion l e v e l , and the 
s e v e r i t y of steam-stripping. 

The amount of SOx produced i n the regenerator can be consider
able. For example, consider a 50,000-barrels-per-day u n i t , with a 
c a t a l y s t inventory of 500 tons and a c a t a l y s t c i r c u l a t i o n rate of 
50,000 tons a day. The u n i t operates at a c a t a l y s t to o i l r a t i o of 
6. The feedstock contains 2.0% s u l f u r , and 7% of the s u l f u r i n the 
feedstock goes to coke. For t h i s u n i t , the d a i l y SOx emissions 
would be 23.3 tons, expressed as SO^, or 11.7 tons, expressed as 
elemental s u l f u r . 

Environmental Control Laws 

Inc r e a s i n g l y s t r i c t environmental c o n t r o l laws have r e s u l t e d i n a 
need to reduce the SOx emissions from most s t a t i o n a r y sources, 
i n c l u d i n g FCCU's. The United States Environmental P r o t e c t i o n Agency 
has proposed that l i m i t s be placed on the amount of SOx emissions 
from new, modified and r e b u i l t FCCU Ts (2). Several l o c a l agencies 
have already placed l i m i t s on SOx emissions. For example, the 
C a l i f o r n i a South Coast A i r Q u a l i t y Management D i s t r i c t , i n which 
10 r e f i n e r i e s are located, has an SOx emissions l i m i t of 60 kg (132 
lbs) of SOx (expressed as S0 ?) per 1,000 b a r r e l s of o i l fed to the 
FCCU. 1 

In order to meet the C a l i f o r n i a South Coast A i r Q u a l i t y Manage
ment D i s t r i c t SOx emissions l i m i t , the 50,000-barrels-per-day u n i t , 
r e f e r r e d to above, would have to reduce i t s SOx emissions from 23.3 
tons a day to 3.3 tons a day, a reduction of 86%. 

SOx Transfer C a t a l y s t s 

C a t a l y s t s which reduce SOx emissions from FCCU fs are c a l l e d SOx 
tr a n s f e r c a t a l y s t s , or more simply, SOx c a t a l y s t s . 

The f e a s i b i l i t y of using c a t a l y s t s to reduce SOx emissions from 
FCCU Ts was f i r s t described by B e r t o l a c i n i , Lehman and Wollaston i n 
1974 (3). A review of the c a t a l y s t technology was published by 
Habib i n 1983 (4). Use of c a t a l y s t s i s the l e a s t expensive method 
of reducing SOx emissions from FCCU 1s. A l t e r n a t i v e s , such as f l u e 
gas scrubbing and hydrotreating of feedstocks, are about 5 to 10 
times more expensive (5,6). 

There are two types of SOx c a t a l y s t s . In one, the SOx c a t a l y s t 
agent i s incorporated w i t h i n the cracking c a t a l y s t p a r t i c l e . In the 
other, the SOx c a t a l y s t agent i s a separate p a r t i c l e , mixed with the 
cracking c a t a l y s t . This second type i s al s o c a l l e d an SOx a d d i t i v e , 
since i t can be added to the FCCU independently of the cracking 
c a t a l y s t . The p h y s i c a l p r o p e r t i e s ( p a r t i c l e s i z e , density, 
a t t r i t i o n r e s i s t a n c e ) of an SOx a d d i t i v e are s i m i l a r to those of a 
cracking c a t a l y s t . An example of an SOx a d d i t i v e i s Add i t i v e R, a 
p r o p r i e t a r y product of the Davison Chemical D i v i s i o n of W. R. Grace 
& Co. 

Of the two types of SOx c a t a l y s t s , the SOx a d d i t i v e has proven 
to be the more popular. I t s main advantage i s that i t can be added 
to the un i t at any time, and i t need be added only i n amounts 
required to give the desired degree of SOx reduction. This i s 
e s p e c i a l l y important f o r u n i t s using feedstocks which vary i n s u l f u r 
content. Also, use of an SOx a d d i t i v e does not i n t e r f e r e with the 
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148 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

type of cracking c a t a l y s t used or the a d d i t i o n rate of the cracking 
c a t a l y s t . 

This paper w i l l describe the chemistry and other f a c t o r s which 
a f f e c t SOx c a t a l y s t s i n general, and Davison's Add i t i v e R i n 
p a r t i c u l a r . 

Mechanism f o r C a t a l y t i c Reduction of SOx Emissions 

C a t a l y t i c SOx reduction involves the capture of SOx i n the FCCU 
regenerator and i t s r e l e a s e , as B 2S, i n the FCCU reactor and FCCU 
s t r i p p e r (3). Reaction mechanisms by which t h i s occurs have been 
discussed by others ( 3 6 » 2 ) · A schematic of a g e n e r a l l y accepted 
mechanism i s shown i n Figure 1. 

In the regenerator, the coke on the spent cracking c a t a l y s t i s 
burned to give a regenerated cracking c a t a l y s t . During the coke 
burning, the s u l f u r i n the coke i s converted to S0 ? (>90%) and SO-
(<10%) (Equation 1 of Figure 1). The SO i s then o x i d i z e d to S0 3 

(Equation 2). The SO^ i s adsorbed onto the SOx c a t a l y s t to form a 
surface metal s u l f a t e (Equation 3). The SOx c a t a l y s t i n Equation 3 
i s depicted as a metal oxide. Equation 3 represents the capture of 
SOx i n the regenerator. 

The regenerated cracking c a t a l y s t and the SOx c a t a l y s t then 
move to the FCCU r e a c t o r . In the r e a c t o r , the cracking c a t a l y s t 
cracks the hydrocarbon feedstock to l i g h t e r hydrocarbons, Η , H 2S 
and s u l f u r - c o n t a i n i n g coke. At the same time, the metal s u l f a t e on 
the surface of the SOx c a t a l y s t i s reduced by H to metal s u l f i d e 
(Equation 4) or to metal oxide with release of l ^ S i n the reactor 
(Equation 5). 

The spent, i . e . coked, cracking c a t a l y s t and the SOx c a t a l y s t 
then move to the FCCU s t r i p p e r . In the s t r i p p e r , they are treated 
with steam to f l u s h out the v o l a t i l e hydrocarbons. The steam also 
hydrolyses the metal s u l f i d e on the surface of the SOx c a t a l y s t to 
give metal oxide and release H 2S i n the s t r i p p e r (Equation 6). 

The spent-and-stripped cracking c a t a l y s t and the rejuvenated 
SOx c a t a l y s t then move from the s t r i p p e r to the FCCU regenerator f o r 
the s t a r t of another c y c l e . 

The H 2S, released i n the reactor and s t r i p p e r , leaves the FCCU 
with the cracked products. This H ?S would increase the t o t a l amount 
of H S i n the cracked products by only about 10-15%. The H 2S i n the 
cracked-product stream i s removed by conventional techniques. 

In the a p p l i c a t i o n of t h i s mechanism to A d d i t i v e R, we found 
that 85% of the s u l f u r captured i n the regenerator i s released i n 
the reactor (Equation 5), and 15% i s released i n the s t r i p p e r 
(Equation 6). This r e s u l t was f o r reactor and s t r i p p e r temperatures 
of 980°F. This r e s u l t was determined by a comparison of the SOx 
c a p a b i l i t y of A d d i t i v e R when st r i p p e d with steam vs. nitrogen. The 
r e l a t i v e SOx c a p a b i l i t i e s were 1.0 f o r steam s t r i p p i n g and 0.85 f o r 
nitrogen s t r i p p i n g . Since nitrogen s t r i p p i n g i s not expected to 
cause the release of s u l f u r i n the s t r i p p e r , t h i s means that 85% of 
the s u l f u r was released i n the reactor during the cracking r e a c t i o n . 
The remaining 15% was released i n the s t r i p p e r during the steam 
s t r i p p i n g . 

In S0 2 adsorption experiments, we found that 100% steam d i d not 
release any s u l f u r from A d d i t i v e R at 980°F. Steam released s u l f u r 
from A d d i t i v e R only a f t e r the A d d i t i v e R had been reduced. 
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150 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

The general r e a c t i o n scheme, as applied to A d d i t i v e R, i s shown 
i n Figure 2. 

Capacity Required f o r a V i a b l e SOx A d d i t i v e 

Let us consider the 50,000-barrels-a-day u n i t , r e f e r r e d to e a r l i e r . 
In order to meet the C a l i f o r n i a South Coast A i r Qu a l i t y Management 
D i s t r i c t r e g u l a t i o n on SOx emissions, the u n i t requires a reduction 
i n SOx emissions of 20 tons a day, expressed as SO or 10 tons a 
day, expressed as elemental s u l f u r . The c a t a l y s t i n that u n i t 
undergoes 100 c r a c k i n g - s t r i p p i n g - r e g e n e r a t i o n cycles a day ( c a t a l y s t 
c i r c u l a t i o n rate of 50,000 tons a day 7 500 tons per c y c l e • 100 
cyc l e s a day). In order to reduce emissions by 10 tons of s u l f u r a 
day, the SOx a d d i t i v e must, during each c y c l e , capture 0.1 ton of 
s u l f u r i n the regenerator and release i t i n the reactor and 
s t r i p p e r . 

A p r e f e r r e d upper l i m i t i n the use of an SOx a d d i t i v e i s about 
10% SOx a d d i t i v e i n the c a t a l y s t inventory. So f o r a case of 10% 
SOx a d d i t i v e (50 tons) i n the c a t a l y s t inventory of the u n i t under 
cons i d e r a t i o n , the a d d i t i v e must capture and release 0.20% s u l f u r , 
based on the weight of the a d d i t i v e , during each c y c l e . For SOx 
a d d i t i v e s with c a p a c i t i e s greater than 0.20% s u l f u r per c y c l e , 
smaller amounts of the a d d i t i v e s would be required i n the inventory. 

In commercial p r a c t i c e , f o r u n i t s with a v a r i e t y of SOx 
reduction requirements, the amounts of SOx a d d i t i v e used have ranged 
from about 1% to about 10% of the c a t a l y s t inventory. 

The S u l f u r Captured Needs to be Released 

Habib (4) has emphasized the importance of the s u l f u r - r e l e a s e step 
i n the mechanism f o r SOx reduction. I f a c a t a l y s t captures SOx but 
cannot release i t , i t soon becomes saturated and i n e f f e c t i v e . For 
example, i f CaO captured SOx u n t i l i t was transformed to CaSO^,, i t 
would capture 57% s u l f u r , based on the weight of the CaO. For the 
FCCU under c o n s i d e r a t i o n , 50 tons of CaO added to the 500-ton u n i t 
(10% a d d i t i v e ) would capture 28.6 tons of s u l f u r . At a s u l f u r 
capture rate of 10 tons a day, the CaO would be e f f e c t i v e f o r only 
2.9 days. Since the average c a t a l y s t residence time i n the u n i t i s 
100 days, use of such a m a t e r i a l would not be p r a c t i c a l . 

Davison's Laboratory SOx Tests 

Davison's primary t e s t f o r the evaluation of c a t a l y s t s f o r SOx 
reduction i s the Davison SOx Index Test. In t h i s t e s t , the SOx 
c a t a l y s t or blend of cracking c a t a l y s t and SOx a d d i t i v e undergoes 
m u l t i p l e gas o i l c r a c k i n g - s t r i p p i n g - r e g e n e r a t i o n c y c l e s at 
conditions s i m i l a r to those seen i n commercial FCCU's. The SOx 
measurements made during t h i s t e s t are expressed as a Davison SOx 
Index at a given regenerator temperature. The greater the reduction 
i n SOx emissions, the greater the Davison SOx Index of the c a t a l y s t 
at the given regenerator temperature. 

Another t e s t involves use of the Davison f u l l - c i r c u l a t i n g r i s e r 
p i l o t u n i t (8). This u n i t i s u t i l i z e d mainly f o r t e s t i n g and 
evaluating the aging p r o p e r t i e s of the most promising c a t a l y s t 
formulations. 
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9. RHEAUME AND RITTER Use of Catalysts To Reduce SO Emissions 151 

P r i o r to t e s t i n g , the c a t a l y s t s and a d d i t i v e s are steam deac
t i v a t e d at 1350°F, 100% steam, 15 p s i g , f o r 8 hours. This i s 
Davison's S-13.5 steam d e a c t i v a t i o n . 

Oxidation c a t a l y s t s are used i n FCCU's to o x i d i z e CO to CO^ i n 
the regenerator during the coke-burning step. These ox i d a t i o n 
c a t a l y s t s are c a l l e d "combustion promoters". Usage i n commercial 
u n i t s i s about 0.5 pound to 8 pounds of combustion promoter per ton 
of cracking c a t a l y s t . The amount used depends on the degree of CO 
oxi d a t i o n d e s i r e d . Generally, 3 to 7 pounds of combustion promoter 
per ton of cracking c a t a l y s t w i l l give e s s e n t i a l l y complete CO 
o x i d a t i o n . Such u n i t s are s a i d to be f u l l y promoted with combustion 
promoter. 

Our SOx t e s t work was done with samples which were f u l l y pro
moted with Davison CP-3 Combustion Promoter (7.4 pounds per ton of 
cracking c a t a l y s t , 0.37%). The only exception i s the data i n Table 
II which shows the e f f e c t of not using combustion promoter. 

The Davison SOx Indices of S-13.5 steam-deactivated c a t a l y s t s 
c o r r e l a t e f a i r l y w e l l with t h e i r performance i n commercial u n i t s . 
This i s seen i n Figure 3. This c o r r e l a t i o n curve best a p p l i e s to 
SOx emissions of about 800 ppm. 

SOx Indices of Cracking C a t a l y s t s and A d d i t i v e R 
at a Regenerator Temperature of 1350°F 

Davison's Super D cracking c a t a l y s t i s assigned an SOx Index of 
zero. This cracking c a t a l y s t i s used as a base case. 

Another Davison cracking c a t a l y s t , c a l l e d DA-250, has an SOx 
Index of 3 at a regenerator temperature of 1350°F. In a commercial 
u n i t , an SOx Index of 3 could mean a reduction i n SOx emissions of 
about 10%, over a base-case c a t a l y s t with an SOx Index of zero. 

The SOx Indices of blends of DA-250 and A d d i t i v e R increase 
almost l i n e a r l y with the amount of A d d i t i v e R i n the blend. The SOx 
Index, i n i t i a l l y 3 without A d d i t i v e R, increases to 86 f o r a blend 
containing 10% A d d i t i v e R. This i s seen i n Table I along with the 
estimated SOx reductions f o r commercial u n i t s operating at a 
regenerator temperature of 1350°F. 

Table I. Davison SOx Indices of Cracking C a t a l y s t s and 
Ad d i t i v e R at a Regenerator Temperature of 1350°F 

Poss i b l e % SOx Reduction 
Davison SOx Index at from FCCU Regenerator 

C a t a l y s t s 5 Regen. Temp, of 1350°F Operating at 1350°F 
Super D 0 0 
DA-250 3 10±2 
DA-250 + 2% R 18 40±5 
DA-250 + 5% R 41 60±5 
DA-250 + 10% R 86 85+10 

a. Samples f u l l y promoted with CP-3 (0.37%) and steam deactivated at 
1350°F, 100% steam, 15 p s i g , 8 hrs. 

b. A Davison f l u i d cracking c a t a l y s t . 
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Regenerator (1350°F) 

R + SOx - R-SOx 

Reactor (980° F) Sulfur Release 

R-SOx + H 2 - R + HjjSî + H 2 0 85% 

R-SOx + H 2 - R-S + H 2 0 

S t e a ™ ?! riPP® r (980° F) 

R-SOx + H 2 0 - No Sulfur Released 

R-S + H 2 0 - R + H2Sî 15% 

100% 

Figure 2. General r e a c t i o n scheme f o r SOx reduction applied to 
Ad d i t i v e R. Amount of s u l f u r released i n reactor and 
steam s t r i p p e r . 

1001 —I 

100 120 

Davison SO x Index 
S-13.5 Steam-Deactivated Samples 

Figure 3. C o r r e l a t i o n of Davison SOx Index with commercial-unit 
r e s u l t s . 
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9. RHEAUME AND RITTER Use of Catalysts To Reduce SOx Emissions 153 

E f f e c t of Regenerator Temperature 

The Davison SOx Index of a c a t a l y s t decreases with i n c r e a s i n g regen
erator temperature. We have observed t h i s f o r a l l the mate r i a l s we 
have tested. These mat e r i a l s covered a v a r i e t y of chemical composi
t i o n s . This e f f e c t of temperature i s be l i e v e d to be due to the 
thermodynamic s t a b i l i t y of the su l f a t e - t y p e complex on the surface 
of the c a t a l y s t . Data are shown i n Figure 4 f o r DA-250 + 10% 
Ad d i t i v e R. 

E f f e c t of Oxidation A c t i v i t y 

Davison CP-3 Combustion Promoter, by i t s e l f , has a very low SOx 
Index. At a 0.37% l e v e l i n a c a t a l y s t blend, i t contributes l e s s 
than 0.3 of an SOx Index u n i t at regenerator temperatures of 1250°F 
to 1350°F. I t s c o n t r i b u t i o n to SOx reduction derives from i t s 
a b i l i t y to catalyze the ox i d a t i o n of SO to SO. (Equation 2 i n 
Figure 1). 

Data on four SOx c a t a l y s t systems show that the presence of 
combustion promoter causes an increase i n the SOx Index at a regen
erator temperature of 1250°F (Table I I ) . This implies that, without 
combustion promoter, the r a t e - c o n t r o l l i n g step i n SOx reduction i s 
the oxidation of S0 2 to S0 3 (Equation 2 i n Figure 1). The use of 
combustion promoter increases the rate of oxidation of S0 2 to SO^, 
thereby causing an increase i n the SOx Index. 

Table I I . E f f e c t of Oxidation A c t i v i t y on SOx C a p a b i l i t y of 
Ca t a l y s t s at a Regenerator Temperature of 1250°F 

Davison 1250°F SOx Index 
With Without 
Combustion Combustion 

C a t a l y s t a Promoter Promoter 
SOx M a t e r i a l A 138 98 
SOx M a t e r i a l Β 48 21 
SOx M a t e r i a l C 28 13 
SOx M a t e r i a l D 22 9 

a. Samples steam deactivated at 1350°F, 100% steam, 15 p s i g , 8 hrs. 
b. Samples contain 0.37% CP-3 Combustion Promoter. 

I t should be noted that the e f f e c t i v e n e s s of a combustion 
promoter decreases with i n c r e a s i n g regenerator temperature. The 
reason i s that the rate of oxi d a t i o n of S0 2 to SO^ increases with 
temperature, while the SOx adsorptive capacity of the SOx c a t a l y s t 
decreases. Therefore, at some temperature, the rate of oxidation of 
SO to SO i s f a s t enough, without combustion promoter, to supply 
a l l the SO^ which the SOx c a t a l y s t can accommodate. That 
temperature would vary f o r d i f f e r e n t SOx c a t a l y s t systems. For 
DA-250 + A d d i t i v e R i t i s about 1425°F. 
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154 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

E f f e c t of Oxygen Concentration 

The oxygen concentration i n a regenerator i s gen e r a l l y r e f e r r e d to 
i n terms of "excess oxygen". "Excess oxygen" i s the oxygen which i s 
not consumed i n the regenerator, i . e . , the oxygen i n the regenerator 
f l u e gas. 

For an operation with e s s e n t i a l l y no excess oxygen (0.1% 0^)> 
the average oxygen concentration i n the regenerator would be about 
4% (estimated from the log mean of the i n l e t concentration of about 
21% and the o u t l e t concentration of 0.1%). S i m i l a r l y , f o r an 
operation with, say 3% excess oxygen, the average oxygen concen
t r a t i o n i n the regenerator would be about 10%. 

Since the oxi d a t i o n of S0 2 to SO^ i s a step i n the operation of 
SOx c a t a l y s t s , an increase i n oxygen concentration should favor the 
r e a c t i o n , and thereby increase the e f f i c i e n c y of SOx c a t a l y s t s . The 
evidence i n d i c a t e s that t h i s occurs. Baron, Wu and Krenzke (9) have 
shown that an increase i n excess oxygen from 0.9% to 3.4% r e s u l t e d 
i n a 20% reduction i n SOx emissions. This was f o r a steam-
deactivated c a t a l y s t i n a laboratory u n i t at 1345°F (no combustion 
promoter). 

Contaminant Metals 

High-sulfur feedstocks can contain high l e v e l s of contaminant 
metals, such as n i c k e l and vanadium. SOx c a t a l y s t s must be able to 
perform i n u n i t s which use such feedstocks. 

We have found that A d d i t i v e R has very good metals tolerance. 
Laboratory metals-impregnation studies show that 5,000 ppm Ni + V 
(33% N i , 67% V) has no e f f e c t on the SOx reduction c a p a b i l i t y of 
A d d i t i v e R. At a higher metals l e v e l of 10,000 ppm Ni + V (33% N i , 
67% V), Ad d i t i v e R loses only 9% of i t s SOx reduction c a p a b i l i t y . 
This i s seen i n Figure 5 f o r DA-250 + 10% A d d i t i v e R + 0.37% CP-3. 
In t h i s study, the DA-250 and A d d i t i v e R were impregnated with 
metals; then CP-3 was added and the 3-component blend steam 
deactivated at 1350°F, 100% steam, 15 p s i g , 8 hours. 

De a c t i v a t i o n of A d d i t i v e R 

Deactivation of A d d i t i v e R, during laboratory steaming of a blend of 
cracking c a t a l y s t and Ad d i t i v e R, and during use i n a commercial 
u n i t , occurs by two mechanisms: l o s s of surface area and poisoning 
by s i l i c a . These two mechanisms operate simultaneously. The s i l i c a 
comes from the cracking c a t a l y s t . A l l cracking c a t a l y s t s i n use 
today contain s i l i c a . In the presence of steam there i s vapor phase 
transport of s i l i c a from the cracking c a t a l y s t to A d d i t i v e R. This 
s i l i c a poisons the Ad d i t i v e R. 

In the laboratory, the two d e a c t i v a t i o n mechanisms can be 
separated by steaming the cracking c a t a l y s t and Ad d i t i v e R sepa
r a t e l y . In t h i s case, there can be no t r a n s f e r of s i l i c a from the 
cracking c a t a l y s t to A d d i t i v e R during the steaming. The Ad d i t i v e R 
only loses surface area. The steamed components are then blended 
together f o r SOx a c t i v i t y measurements. 

The base cases f o r t h i s study were samples steamed at 1350°F 
(100% steam, 15 p s i g , 8 hours, f i x e d bed). They were compared with 
samples steamed at 1500°F (100% steam, 0 p s i g , 5 hours, f l u i d bed). 
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Figure 4. E f f e c t of regenerator temperature on the Davison SOx 
Index f o r a blend of DA-250 + 10% A d d i t i v e R + 0.37% 
CP-3. The blend was steam-deactivated at 1350°F, 100% 
steam, 15 p s i g , 8 hrs. 
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Figure 5. E f f e c t of contaminant metals on the SOx reduction 
c a p a b i l i t y of a blend of DA-250 + 10% A d d i t i v e R 
+ 0.37% CP-3. 
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156 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

The surface area of Ad d i t i v e R was 93 m2/gm a f t e r the 1350°F 
steaming and 83 m2/gm a f t e r the 1500°F steaming. This 11% lo s s i n 
the surface area of Ad d i t i v e R caused a 23% l o s s i n SOx a c t i v i t y 
(blend components steamed separately, then blended). 

The poisoning of Ad d i t i v e R by s i l i c a during the steam deac
t i v a t i o n i s seen by comparing the case of the blend components 
steamed separately with the case of the blend components steamed 
together. For the 1350°F steaming, s i l i c a poisoning caused a 45% 
los s i n SOx a c t i v i t y . For the 1500°F steaming, i t caused an 18% 
los s i n SOx a c t i v i t y . The data are given i n Table I I I . 

Table I I I . D e a c t i v a t i o n of Ad d i t i v e R 

Steaming 
Conditions 
1350°F, 100% 
steam, 15 p s i g , 
8 hrs, f i x e d bed 

1500°F, 100% 
steam, 0 p s i g , 
5 hrs, f l u i d bed 

Surface 
Area of 
Add i t i v e 
(m2/gm) 

93 

83 

R e l a t i v e 1350°F SOx Index 
DA-250 + Add i t i v e R + CP-3 

Blend Components 
Blend Components Steamed Together 
Steamed Separately (Loss of Surface 
(Loss of Surface Area and Poisoning 
Area Only) by S i l i c a ) 

1.00 

-23% 

0.77 

-45% 

-18% 

0.55 

0.63 

The more severe poisoning by s i l i c a i n the 1350°F steaming i s 
l i k e l y due to the higher steam pressure and f i x e d bed of the 1350°F 
steaming versus the lower steam pressure and f l u i d bed of the 1500°F 
steaming. 

Evidence f o r the Transport of S i l i c a from the 
Cracking C a t a l y s t to Add i t i v e R 

Technique Used 

The evidence was obtained by e l e c t r o n microprobe a n a l y s i s of 
Addi t i v e R. In t h i s a n a l y s i s a part of the A d d i t i v e R p a r t i c l e i s 
s l i c e d o f f , exposing the i n s i d e of the p a r t i c l e . The following 
measurements are made on the s l i c e d p a r t i c l e : 

• An SEM photo i s taken of the face of the s l i c e d p a r t i c l e . 

• The surface of t h i s face i s analyzed f o r s i l i c o n by obtaining 
what i s c a l l e d a s i l i c o n dot map. This technique analyzes the 
whole surface f o r s i l i c o n to a depth of one micron. The 
r e s u l t i n g photo shows the d i s t r i b u t i o n of s i l i c o n on the face 
of the p a r t i c l e . 

• The s i l i c o n concentration gradient across the face of the 
p a r t i c l e i s a l s o determined by doing what i s c a l l e d a 
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q u a l i t a t i v e s i l i c o n l i n e scan a n a l y s i s . This technique 
analyzes f o r s i l i c o n i n a s t r a i g h t l i n e (one micron wide and 
one micron deep) across the face of the p a r t i c l e . The r e s u l t 
i s expressed g r a p h i c a l l y , 

Steam-Deactivated Samples 

The blends of DA-250 + A d d i t i v e R + CP-3 i n Table I I I , steamed at 
1350°F, were used f o r t h i s study. 

For the case i n which the blend components were steamed sepa
r a t e l y , there was no evidence of s i l i c a on the A d d i t i v e R. 

For the case i n which the blend components were steamed 
together, the e l e c t r o n microprobe analyses showed the presence of 
s i l i c a on A d d i t i v e R. This means that s i l i c a was transported from 
the cracking c a t a l y s t p a r t i c l e s to the A d d i t i v e R p a r t i c l e s during 
the steam d e a c t i v a t i o n . The amount of s i l i c a transported and the 
distance the s i l i c a penetrated i n t o the A d d i t i v e R p a r t i c l e s v a r i e d 
from p a r t i c l e to p a r t i c l e . The s i l i c a penetration ranged from about 
10 microns to complete penetration of an e n t i r e p a r t i c l e . The 
amount of s i l i c a transported, expressed as the peak concentration 
observed i n the outer s e c t i o n of the p a r t i c l e , v a r i e d from about 
0.5% to about 8% SiO (estimates). 

An example i s shown i n Figure 6. In t h i s example, the s i l i c a 
penetrated i n t o the A d d i t i v e R p a r t i c l e to a depth of about 16 
microns. The peak s i l i c a concentration i n t h i s 16-micron l a y e r i s 
estimated to vary from about 4% to 6% S i 0 2 # 

Another example i s shown i n Figure 7 ( s i l i c a l i n e scan o n l y ) . 
In t h i s example, some s i l i c a penetrated the e n t i r e p a r t i c l e . The 
peak s i l i c a concentration i n the outer l a y e r i s about 8% SiO . In 
the middle of the p a r t i c l e , the s i l i c a concentration i s about 1% 
S i 0 2 . 

Commercially-Aged Samples 

Commercially-aged samples of A d d i t i v e R, taken from two commercial 
u n i t s , looked l i k e the steamed sample. The s i l i c a penetration 
v a r i e d from about 8 microns to complete penetration of the e n t i r e 
p a r t i c l e . The amount of s i l i c a transported v a r i e d from about 1.5% 
to about 14% SiO^ (peak concentration i n the p a r t i c l e ) . 

An example i s shown i n Figure 8 ( s i l i c a l i n e scan o n l y ) . For 
t h i s p a r t i c l e of A d d i t i v e R, the s i l i c a penetrated to a depth of 
about 10 microns. The peak s i l i c a concentration was about 6% S i ° 2 * 

Another example i s shown i n Figure 9. In t h i s case there was a 
f a i r l y uniform s i l i c a penetration through the e n t i r e p a r t i c l e . The 
average s i l i c a concentration throughout the p a r t i c l e was about 8% 
S i 0 2 . 

These r e s u l t s on commercially-aged samples show that s i l i c a i s 
transported from the cracking c a t a l y s t p a r t i c l e s to the A d d i t i v e R 
p a r t i c l e s during commercial-unit aging, j u s t as i t i s during a 
laboratory steam d e a c t i v a t i o n . More importantly, the data show that 
s i l i c a deactivates A d d i t i v e R i n a commercial unit (loss of SOx 
c a p a b i l i t y ) j u s t as i t does i n a laboratory d e a c t i v a t i o n . 
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Si Line Scan 

9,000 

Microns 80 

Figure 6. S i l i c a concentration and d i s t r i b u t i o n i n steam-
deactivated A d d i t i v e R (Blend components steamed 
together). P a r t i c l e No. 1. L e f t , SEM photo and 
r i g h t , S i map.  P
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8,000 

Figure 7. S i l i c a concentration and d i s t r i b u t i o n i n steam-
deactivated A d d i t i v e R (Blend components steamed 
together). P a r t i c l e No. 2. 

10,500 

Si 
Counts 

Microns 72 

Figure 8. S i l i c a concentration and d i s t r i b u t i o n i n commercially-
aged Add i t i v e R. P a r t i c l e No. 1. 
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Other Evidence. 

Our r e s u l t s on s i l i c a t r a n s f e r from the cracking c a t a l y s t to 
A d d i t i v e R are s i m i l a r to r e s u l t s reported by Byrne, Speronello and 
Leuenberger (7) on an Engelhard SOx a d d i t i v e . They showed that 
s i l i c a did t r a n s f e r from the cracking c a t a l y s t to t h e i r SOx a d d i t i v e 
during steaming and during use i n a commercial u n i t , and that the 
s i l i c a deactivated t h e i r SOx a d d i t i v e . 

Conclusion 

SOx emissions from FCCU's can be reduced by the use of SOx 
c a t a l y s t s , e s p e c i a l l y SOx a d d i t i v e s which can be added to the FCCU 
independently of the cracking c a t a l y s t . The e f f e c t i v e n e s s of these 
c a t a l y s t s i s favored by lower regenerator temperatures, the presence 
of combustion promoter, and higher oxygen concentrations. 
Deactivation of these c a t a l y s t s occurs by l o s s of surface area and 
poisoning by s i l i c a . We b e l i e v e that SOx a d d i t i v e s w i l l eventually 
be used by most r e f i n e r s to c o n t r o l SOx emissions from FCCU 1s, 
e i t h e r on a spot or continuous b a s i s . 
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Chapter 10 

Cracking Metal-Contaminated Oils 
with Catalysts Containing Metal Scavengers 

Effects of Sepiolite Addition on Vanadium Passivation 

Mario L. Occelli 

Unocal Science & Technology Division, Unocal Corporation, 
P.O. Box 76, Brea, CA 92621 

The add i t ion of layered magnesium silicate p a r t i c l e s 
such as sepiolite to a high activity commercial fluid 
cracking c a t a l y s t (FCC), generates dual - funct iona l 
cracking c a t a l y s t (DFCC) mixtures tha t , even when 
metal contaminated with as much as 1.5 wt% vanadium, 
are capable of r e t a in ing useful cracking a c t i v i t y 
(70% conversion) when cracking a light gas oil (with 
an API g rav i ty of 29.6) at m i c r o a c t i v i t y t es t (MAT) 
cond i t i ons . Improved coke and hydrogen selectivity 
were a lso observed. Transport experiments have been 
used to show that the DFCC enhanced vanadium 
res is tance can be a t t r i bu t ed to the gas phase 
t ransport of this metal from the host c a t a l y s t to the 
d i luen t (sepiolite) where it is sorbed and pass ivated. 

R e c e n t l y , i t has been r e p o r t e d i n the pa ten t l i t e r a t u r e t h a t 
vanadium (and n i c k e l ) r e s i s t a n c e i n a FCC can be s i g n i f i c a n t l y 
enhanced by the a d d i t i o n o f c e r t a i n d i l u e n t s capable o f a c t i n g as 
metal scavengers ( 1 - 4 ) . In f a c t , a d d i t i o n o f a lumina and 
a l u m i n a - c o n t a i n i n g m a t e r i a l s w i t h (1_) o r w i t h o u t [2) p a s s i v a t i n g 
agents (such as Sn o r Sb) o r a d d i t i o n o f n a t u r a l l a y e r e d magnesium 
s i l i c a t e s (20 as w e l l as a d d i t i o n o f c e r t a i n n a t u r a l z e o l i t e s (4) 
can i n h i b i t the d e l e t e r i o u s e f f e c t s t h a t metal contaminants ( l i k e "rTi 
and V) i n gas o i l s have on the c r a c k i n g a c t i v i t y and s e l e c t i v i t y o f 
commercial f l u i d c r a c k i n g c a t a l y s t s ( F C C ) . The a d d i t i o n o f 
m e t a k a o l i n mic rospheres to improve a commercial c a t a l y s t r e s i s t a n c e 
to meta l s p o i s o n i n g has been proposed by B a r t h o l i c (J5). 

I t i s the purpose o f t h i s paper to r e p o r t and e x p l a i n the h igh 
r e s i s t a n c e t o meta l s d e a c t i v a t i o n o f a d u a l - f u n c t i o n c r a c k i n g 
c a t a l y s t (DFCC) o b t a i n e d by d i l u t i n g a h igh a c t i v i t y c r a c k i n g 
c a t a l y s t (Davison 6RZ-1) w i t h s e p i o l i t e g ranu le s 100 χ 325 mesh i n 
s i z e . S e p i o l i t e (and a t t a p u l g i t e ) a re f i b r o u s c l a y m i n e r a l s 
composed o f t e t r a h e d r a l cha ins o f s i l i c a l a y i n g i n planes j o i n e d 
t o g e t h e r ( th rough shared oxygens) by magnesium (and aluminum) atoms 
i n o c t a h e d r a l c o o r d i n a t i o n . T h e i r s t r u c t u r e has been d e s c r i b e d i n 
d e t a i l s by Grim (6). These l a y e r e d magnesium s i l i c a t e s c o u l d 

0097-6156/88/0375-0162$06.00/0 
° 1988 American Chemical Society 
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10. OCCELLI Catalysts with Metal Scavengers 163 

p a s s i v a t e n i c k e l contaminants by forming s t a b l e s i l i c a t e s (_7) 
s i m i l a r to g a r n i e r i t e . ( G a r n i e r i t e i s a hydrous nickel-magnesium 
s i l i c a t e s i m i l a r to c h r y s o t i l e w i t h n i c k e l i n o c t a h e d r a l s i t e s . ) 
Vanadium p a s s i v a t i o n c o u l d r e s u l t from the formation o f heat s t a b l e 
vanadates (7_). 
Experimental 
M a t e r i a l s and Gas O i l C r a c k i n g . The r e f e r e n c e c a t a l y s t used 
(Davison's GRZ-1 ) i s a h i g h - a c t i v i t y c r a c k i n g c a t a l y s t c o n t a i n i n g 
about 35% c a l c i n e d r a r e - e a r t h exchanged z e o l i t e Y (CREY). The 100 χ 
325 mesh granules o f "Spanish S e p i o l i t e " (from TQLSA, S.A.) used t o 
study metals t r a n s p o r t a t hydrothermal c o n d i t i o n s , have been found 
to c o n t a i n a c l a y mineral c h a r a c t e r i z e d by a t y p i c a l f i b r o u s 
s t r u c t u r e , high s u r f a c e area (142 m / g ) , and pore volume (0.68 
c c / g ) ; i t s chemical composition i s shown i n F i g u r e 1. T h i s mineral 
was e s s e n t i a l l y f r e e from phase i m p u r i t i e s and gave an x-ray p a t t e r n 
i n e x c e l l e n t agreement w i t h JCPDS ( J o i n t Committee on Powder 
D i f f r a c t i o n Standards) p a t t e r n No. 13-595, see F i g u r e 1. A f t e r 
steaming (760°C/5h) t h i s c l a y r e t a i n e d 70% o f i t s o r i g i n a l BET 
s u r f a c e area and i t s pore volume remained e s s e n t i a l l y unchanged a t 
^0.68 cc/g. 

C a t a l y t i c e v a l u a t i o n was performed u s i n g a m i c r o a c t i v i t y t e s t 
(MAT) s i m i l a r t o the one d e s c r i b e d by C i a p e t t a and Anderson ( 8 ) . 
The weight h o u r l y space v e l o c i t y (WHSV) was 14-15; the r e a c t o r 
temperature was 510°C. A c a t a l y s t - t o - o i l r a t i o o f 3.5-3.8 was used. 
The chargestock's s l u r r y o i l (S.O., b.p. >354°C), l i g h t c y c l e gas 
o i l (LCGO, 232°C < b.p. <354°C) and g a s o l i n e content was 62.7 v o l % , 
33.1 v o l % and 4.2 v o l % r e s p e c t i v e l y ; a d d i t i o n a l feed p r o p e r t i e s are 
given i n Table I . Vanadium naphthenates ( i n benzene) were used to 
metal l o a d the f r e s h c a t a l y s t s a c c o r d i n g t o an e s t a b l i s h e d procedure 
(9^). Decomposition of the naphthenates was performed by h e a t i n g f o r 
10 hours a t 540°C i n a i r . A l l c a t a l y s t s were steam-aged f o r 5 hours 
w i t h *100% steam a t 760°C. 
Metals T r a n s p o r t Experiments. Metals t r a n s p o r t was i n v e s t i g a t e d by 
s t u d y i n g c o m p o s i t i o n a l changes i n two DFCC m i x t u r e s : one c o n t a i n i n g 
40 wt% Spanish s e p i o l i t e w i t h 2 wt% vanadium and 60 wt% f r e s h FCC; 
the o t h e r was prepared by f i r s t p l a c i n g the metal on the FCC s u r f a c e 
and then by mixing the c a t a l y s t w i t h 40 wt% f r e s h Spanish s e p i o l i t e 
g r a n u l e s . Schematics o f the experiments are shown i n F i g u r e s 2A-2B. 
D e t a i l s o f the r e a c t o r used are given i n F i g u r e 2C; the steamer was 
immersed i n t o a 3-zone Lindberg f u r n a c e . A f t e r p l a c i n g the DFCC 
mixture i n the r e a c t o r , the c a t a l y s t was f l u i d i z e d w i t h n i t r o g e n and 
the temperature r a i s e d to 760°C. Steam (10 cc Hp0/h) was then 
i n t r o d u c e d and the n i t r o g e n f l o w was g r a d u a l l y reducea u n t i l a ^100% 
steam f l o w was o b t a i n e d . Steam aging o f the f l u i d i z e d c a t a l y s t s was 
then continued f o r 5 h. 
E l e c t r o n Microprobe Measurements. Compositional i n f o r m a t i o n 
r e g a r d i n g t r a n s p o r t 57 n i c k e l and vanadium i n the c a t a l y s t s 
uppermost 10,000A s u r f a c e l a y e r s was o b t a i n e d from e l e c t r o n 
microprobe a n a l y s i s of the samples. Scanning e l e c t r o n micrographs 
and x-ray s p e c t r a were obtained w i t h a JE0L 733 scanning e l e c t r o n 
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CHEMICAL COMPOSITION 
Wl% 

SiO, 64.4 
MgO 27.8 
A 1,0, 1.4 
Fe.0, 0.41 
CaO 0.14 
Na,0 0.10 
LOI 19.0 

°4. ^ 12. ΪΪΠ 2θ] 24~! 2θΊ iF! UT 4θ! 4*7 
TWO - THETA (DEGREES) 

F i g u r e 1. X-ray d i f f r a c t o g r a m and chemical composition of the 
Spanish s e p i o l i t e (from TOLSA S.A.) used i n t h i s work. 
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TABLE I . CHARGESTOCK INSPECTIONS 

G r a v i t y , API 29.6 
S u l f u r , wt% 0.20 
N i t r o g e n , wt% 0.017 
Hydrogen, wt% 13.7 
Conradson C, wt% 0.20 
A n i l i n e p o i n t , °C 88.8 
I r o n , ppm 0.9 
N i c k e l , ppm 0.2 
Copper, ppm <0.1 
Vanadium, ppm <0.1 
S a t u r a t e s , wt% 70.0 
Monoaromatics, wt% 13.5 
D i a r o m a t i c s , wt% 7.7 
T r i a r o m a t i c s , wt% 1.9  P
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2% V ON 
FCC SEPIOLITE 

-100% 
STEAM 

2% V ON 
SEPIOLITE 
+ FCC 

2% V ON 
FCC SEPIOLITE 

V-BLENDER 
A I R " " 

i - | 1000°F ]—»AIR 
OVEN 

-100% 
STEAM 

V ON SEPIOLITE 
+ V ON FCC 

C 
STEAM 

WATER 
<10cc/h> 

S 
F i g u r e 2. Schematics of the experiment used t o i n v e s t i g a t e the 
t r a n s p o r t of metals from: (A) the d i l u e n t to the host c a t a l y s t 
and (B) from the host c a t a l y s t t o the d i l u e n t . The m i c r o r e a c t o r 
used t o i n v e s t i g a t e metals t r a n s p o r t under hydrothermal 
c o n d i t i o n s i s shown i n ( C ) . 
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microprobe w i t h f o u r wavelength spectrometers. In a previous 
paper (10)» i n t r a p a r t i c l e s t r a n s p o r t o f Ni and V was i n v e s t i g a t e d 
u s i n g energy d i s p e r s i v e x-ray (EDAX) s p e c t r a measured w i t h a 
Tracor-Northern TN-2000 system at t a c h e d t o the probe column. In 
t h i s paper, s p e c t r a from the c r y s t a l spectrometer were i n s t e a d 
o b t a i n e d t o improve energy r e s o l u t i o n ( a p p r o x i m a t e l y by a f a c t o r o f 
100), thus f a c i l i t a t i n g V d e t e c t i o n i n the presence of T i . 
Micrographs were obtained a t m a g n i f i c a t i o n s of 6000 X. Samples were 
prepared by s p r i n k l i n g the c a t a l y s t onto a double-backed tape 
p r e v i o u s l y a t t a c h e d on one s i d e t o a standard SEM stub. Samples 
were then carbon-coated ( i n a vacuum evaporator) t o provide 
s u f f i c i e n t e l e c t r i c a l c o n d u c t i v i t y f o r performing a n a l y s i s o f the 
i n s u l a t e d samples. T y p i c a l l y , 5-10 p a r t i c l e s were analyzed a t random 
from the sample t o ensure t h a t r e p r e s e n t a t i v e s p e c t r a were measured. 
Cr a c k i n g c a t a l y s t microspheres can be e a s i l y d i s t i n g u i s h e d from 
s e p i o l i t e granules on the b a s i s of p a r t i c l e morphology d i f f e r e n c e s . 
In the s p e c t r a g i v e n , L i s the d e t e c t i o n p o s i t i o n ( t h a t i s , the 
d i s t a n c e between the x-ray g e n e r a t i o n source and the a n a l y z i n g 
c r y s t a l ) and i s r e l a t e d t o Ε (KeV), the x-ray photon energy, by the 
i d e n t i t y Ε = 862.3/L. 
R e s u l t s and D i s c u s s i o n 
Metals T r a n s p o r t . I n v e s t i g a t i o n o f n i c k e l and vanadium m o b i l i t y 
under hydrothermal c o n d i t i o n s was conducted by a n a l y z i n g s u r f a c e s o f 
the steamed m a t e r i a l s by e l e c t r o n microprobe. T h i s t a s k was g r e a t l y 
f a c i l i t a t e d by the d i f f e r e n t morphologies of the host c a t a l y s t and 
the metal scavenger ( s e p i o l i t e ) . Scanning e l e c t r o n micrographs show 
t h a t the c r a c k i n g c a t a l y s t i s composed o f m i c r o s p h e r o i d a l p a r t i c l e s 
f a i r l y uniform i n s i z e w h i l e the metal scavenger ( s e p i o l i t e ) 
c o n s i s t s mainly o f granules i r r e g u l a r i n s i z e and shape. Probe 
a n a l y s i s of two DFCC c o n t a i n i n g 2% vanadium a l t e r n a t i v e l y on the 
host c a t a l y s t and on the d i l u e n t ( s e p i o l i t e ) i n d i c a t e t h a t h e a t i n g 
i n a i r a t 540°C does not induce any s i g n i f i c a n t m i g r a t i o n of 
vanadium from p a r t i c l e t o p a r t i c l e . However, when h e a t i n g was 
performed i n a f l u i d i z e d bed i n the presence o f ~100% steam, 
vanadium migrates from the FCC t o the s e p i o l i t e granules s u r f a c e but 
not v i c e v e r s a , see F i g u r e s 3A-3D. In f a c t , f i g u r e s 3A and 3B show 
t h a t a f t e r steaming (760°C/5h) a DFCC mixture composed o f (2%) 
vanadium-loaded FCC microspheres and ( m e t a l s - f r e e ) s e p i o l i t e 
g r a n u l e s , a s u b s t a n t i a l amount o f vanadium migrates from the 
V-loaded FCC microspheres to the s e p i o l i t e s u r f a c e . In c o n t r a s t , 
when V i s loaded o n l y on the s e p i o l i t e , i n t r a p a r t i c l e t r a n s p o r t of 
vanadium from the d i l u e n t t o the host c a t a l y s t i s n e g l i g i b l e and 
o n l y t r a c e amounts of V can be observed on the FCC s u r f a c e , see 
F i g u r e s 3C and 3D. In F i g u r e 3A, d i f f r a c t i o n l i n e s f o r Ce, La and 
Pr r e s u l t from the c a l c i n e d r a r e - e a r t h exchanged Y z e o l i t e (CREY) 
con t a i n e d i n the FCC under study. In p r e p a r i n g CREY c r y s t a l s , NH-Y 
i s r e p e a t e d l y exchanged w i t h s o l u t i o n s o f r a r e e a r t h c h l o r i d e 
mixtures u n t i l the d e s i r e d l a n t h a n i d e l e v e l (15-20% R e J L ) i s 
o b t a i n e d . D i f f r a c t i o n l i n e s f o r T i are a t t r i b u t e d t o t i t a n i u m 
d i o x i d e , an i m p u r i t y u s u a l l y present (1.5-2.5% TiCL) i n k a o l i n i t e , 
another common component o f commercial c r a c k i n g c a t a l y s t s . 
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FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Figure 3A. Microprobe a n a l y s i s of a DFCC system c o n t a i n i n g 2% 
V on the host c a t a l y s t . Continued. 
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10. OCCELLI Catalysts with Metal Scavengers 169 

Figure 3B. Continued. Microprobe a n a l y s i s of a DFCC system 
c o n t a i n i n g 2% V on the host c a t a l y s t . Steaming induced V 
m i g r a t i o n to the s e p i o l i t e s u r f a c e . Continued. 
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Figure 3C. Continued. When 2% V i s placed on the s e p i o l i t e 
g r a n u l e s , i n t r a p a r t i c l e t r a n s f e r of the metal to the FCC i s 
minimal. Continued. 
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Figure 3D. Continued. Vanadium remains mostly on the s e p i o l i t e 
because of s t r o n g m e t a l - s u r f a c e i n t e r a c t i o n s and vanadate 
f o r m a t i o n . 
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I n t r a p a r t i c l e s V - t r a n s f e r was a l s o observed i n DFCC mixtures 
c o n t a i n i n g 60% GRZ-1 and 40% metakaolin microspheres. U n l i k e 
s e p i o l i t e ( o r a t t a p u l g i t e ) metakaolin cannot r e t a i n V, thus a l l o w i n g 
the m i g r a t i o n o f t h i s metal t o the host c a t a l y s t d u r i n g steaming. 
T h i s , i n p a r t , e x p l a i n s the low c r a c k i n g a c t i v i t y of V-contaminated 
DFCC systems c o n t a i n i n g K a o l i n as metal scavenger ( 2 , 3 ) . 

A n a l y s i s o f two n i c k e l - c o n t a i n i n g DFCC reveaTe3 t h a t n e i t h e r 
h e a t i n g i n a i r o r i n steam induced i n t r a p a r t i c l e t r a n s f e r of n i c k e l 
a t the thermal and hydrothermal c o n d i t i o n s used to age the f r e s h 
c a t a l y s t s (11) p r i o r t o m i c r o a c t i v i t y t e s t i n g . 
Gas O i l C r a c k i n g . D i l u t i o n o f commercially a v a i l a b l e FCC w i t h low 
cos t metals scavengers lowers c a t a l y s t c o s t s w h i l e enhancing 
r e s i s t a n c e to d e a c t i v a t i o n from metals contaminants ( 1 , 4 ) . However, 
DFCC systems become advantageous only when a c e r t a i n c r i t i c a l metal 
contaminants l e v e l i s present i n the feed. F i g u r e 4 shows, 
q u a l i t a t i v e l y , the FCC decrease i n c r a c k i n g a c t i v i t y w i t h i n c r e a s i n g 
metals c o n c e n t r a t i o n l e v e l s on the c a t a l y s t s u r f a c e . Metals 
scavenger a d d i t i o n t o the c r a c k i n g c a t a l y s t generates a DFCC mixture 
t h a t i n i t i a l l y (because o f a d i l u t i o n e f f e c t ) i s l e s s a c t i v e . 
However, the metal scavenger ( i n p r i n c i p l e ) s e l e c t i v e l y sorbs metals 
contaminants and, t h e r e f o r e , as the feed metal l e v e l i n c r e a s e s , 
d e a c t i v a t i o n o f the DFCC w i l l occur a t a much l e s s e r r a t e than i n 
the FCC. As a r e s u l t , " c r o s s - o v e r p o i n t " i s reached a f t e r which the 
d i l u t e d c a t a l y s t becomes more a c t i v e than the host c a t a l y s t . 
Cross-over p o i n t s w i l l have t o be determined e x p e r i m e n t a l l y ; they 
represent DFCC p r o p e r t i e s which a l l o w c r a c k i n g o f 
metals-contaminated f e e d s t o c k s t o occur i n a co s t e f f e c t i v e manner. 
Gas o i l c o m p o s i t i o n , host c a t a l y s t i n i t i a l a c t i v i t y and metals 
scavenger p r o p e r t i e s w i l l determine c r o s s - o v e r p o i n t s i n a given 
FCCU o p e r a t i o n . 

At the MAT c o n d i t i o n s used, t h i s c r o s s - o v e r p o i n t occurs when 
the metal l e v e l on the c a t a l y s t i s i n the 0.25-0.50 wt% vanadium 
range, see Figure 5. I n i t i a l l y , a f t e r d i l u t i n g the host FCC w i t h 
40% s e p i o l i t e , c o n v e r s i o n and g a s o l i n e make decrease t o 88% and 58% 
from 93% and 67% r e s p e c t i v e l y . However, t h i s DFCC mixture r e t a i n s 
most o f i t s u s e f u l c r a c k i n g p r o p e r t i e s (70% co n v e r s i o n and 51% 
ga s o l i n e ) even when loaded w i t h as much as 1.5 wt% V. In c o n t r a s t , 
GRZ-1 ( t h a t i s , the u n d i l u t e d host FCC) becomes e s s e n t i a l l y i n a c t i v e 
i n the presence o f *1.0% V and almost t w i c e as much vanadium i s 
r e q u i r e d t o c o l l a p s e the DFCC s u r f a c e and c a t a l y t i c p r o p e r t i e s , see 
Figure 5. The GRZ-1 d e a c t i v a t i o n r a t e shown i n Fi g u r e 5 i s somewhat 
g r e a t e r than t h a t r e p o r t e d i n the l i t e r a t u r e (12) f o r t h i s 
commercial c a t a l y s t probably because o f the high e r [T60 vs 730°C) 
steam aging temperature (and o t h e r d i f f e r e n t MAT c o n d i t i o n s ) used i n 
t h i s study. 

Feed composition e f f e c t s on cr o s s - o v e r p o i n t s were i n v e s t i g a t e d 
by c r a c k i n g a heavy gas o i l ( w i t h API g r a v i t y o f 23.7) c o n t a i n i n g 
71% s l u r r y o i l . The high (34%) aromatics content o f t h i s feed i s 
b e l i e v e d r e s p o n s i b l e f o r the g r e a t e r coke make and in c r e a s e d 
d e a c t i v a t i o n r a t e of the host c a t a l y s t . As a r e s u l t , a cr o s s - o v e r 
p o i n t below 0.25 wt% vanadium i s o b t a i n e d , see F i g u r e 6. A l o s s o f 
carbon s e l e c t i v i t y i s observed a l s o i n the DFCC mi x t u r e . In f a c t , 
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F i g u r e 4. P r e s e r v a t i o n of c r a c k i n g a c t i v i t y by metal scavengers. 

I ι ι ι ι ι . ι I 
0.5 1.0 1.5 2.0 

V A N A D I U M (WT%) 

F i g u r e 5. The e f f e c t s o f vanadium on a c r a c k i n g c a t a l y s t 
a c t i v i t y before and a f t e r a d d i t i o n of a metal scavenger (Spanish 
s e p i o l i t e ) . 
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J , I , I , L 
0.5 1.0 1.5 2.0 

VANADIUM (WT %) 

Figure 6. Effects of a heavy gas oi l (API gravity = 23.7, total 
aromatics = 34%) on catalyst act iv ity in the presence of 
vanadium. 
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w i t h 1% V, the coke/conversion r a t i o i s 0.112, a value almost t w i c e 
as great as t h a t observed when c r a c k i n g the l i g h t e r o i l i n Table I 
w i t h the same V-loaded DFCC. 

In g e n e r a l , the DFCC r e t e n t i o n of c r a c k i n g a c t i v i t y c o r r e l a t e s 
w e l l w i t h i t s r e t e n t i o n of s u r f a c e area (and pore volume) a f t e r 
metal l o a d i n g , c a l c i n a t i o n i n a i r a t 540°C/10h and steam aging ( a t 
760°C f o r 5h), see Figure 7. The host c a t a l y s t ' s s u r f a c e p r o p e r t i e s 
are c o n t r o l l e d by i t s high (~35%) z e o l i t e content. Since vanadium 
r e a d i l y d e s t roys a z e o l i t e i n an hydrothermal environment (760°C, 
100% steam), i t i s not s u r p r i s i n g t h a t the commercial FCC s t a b i l i t y 
s t r o n g l y depends on vanadium l o a d i n g s ( 1 2 ) . With 2% V» the s u r f a c e 
agea of the steam-aged s e p i o l i t e decreased only to 71 m /g from 99.4 
m /g i n the m e t a l - f r e e aged c l a y . Thus, the a d d i t i o n o f a metal 
scavenger l i k e s e p i o l i t e g i v e s a DFCC mixture whose s u r f a c e (and 
c a t a l y t i c ) p r o p e r t i e s are l e s s a f f e c t e d by vanadium l e v e l s , F i g u r e 
7. In f a c t , w i t h 1.5% vanadium, GRZ-1, a f t e r steaming a t 760°C/5h, 
l o s t i t s s u r f a c e area and c r a c k i n g a c t i v i t y . In c o n t r a s t , the DFCC 
mixture r e t a i n e d 60% of i t s BET s u r f a c e area and gas o i l c o n v e r s i o n 
decreased o n l y t o ^70% from 88.4%, F i g u r e 5. The s t a b l e microporous 
s t r u c t u r e of the d i l u e n t i s b e l i e v e d capable of i n t e r a c t i n g w i t h 
metals l i k e vanadium, g i v i n g u n r e a c t i v e metal oxide compounds t h a t 
prevent ( or l i m i t ) vanadium from m i g r a t i n g to the host c a t a l y s t (7). 

L i q u i d product y i e l d s as a f u n c t i o n of V- l o a d i n g are shown i n 
Figu r e s 8 and 9. The r a p i d decrease i n g a s o l i n e make f o r vanadium 
l e v e l s g r e a t e r than 1.5% e x h i b i t e d by GRZ-1 re p r e s e n t l o s s e s i n 
c a t a l y s t a c t i v i t y due to z e o l i t e d e g r a d a t i o n . S e p i o l i t e a d d i t i o n 
prevents Y from m i g r a t i n g t o the host c a t a l y s t , thus p r e s e r v i n g 
c r a c k i n g a c t i v i t y and g a s o l i n e y i e l d s ; even a f t e r l o a d i n g the DFCC 
mixture w i t h 1.5% V, a 51% g a s o l i n e make was o b t a i n e d , Figure 8. 
S e l e c t i v i t y p l o t s i n Figures 9 and 10 i n d i c a t e t h a t as 
the c a t a l y s t s a c t i v i t y i n c r e a s e s ( f o l l o w i n g r e d u c t i o n i n V - l e v e l s ) , 
the heavy f r a c t i o n s (SO and LCGO) are cracked t o produce more 
g a s o l i n e and l i g h t gases. L i q u i d products d i s t r i b u t i o n (and l i g h t 
gas make) change i n a manner c o n t r o l l e d by c a t a l y s t a c t i v i t y and not 
by s e l e c t i v i t y e f f e c t s due to the presence o f s e p i o l i t e g r a n u l e s . 
However, the metal scavenger seems to a f f e c t the DFCC carbon and 
hydrogen make. 

In c r a c k i n g c a t a l y s t s ( w i t h o r w i t h o u t V ) , p l o t s o f the 
coke/conversion r a t i o vs co n v e r s i o n g i v e s curves t h a t m o n o t o n i c a l l y 
i n c r e a s e w i t h c r a c k i n g a c t i v i t y (13, 14), see Fig u r e 11A. In 
c o n t r a s t , as the DFCC c r a c k i n g a c t i v i t y m o n o t o n i c a l l y decreases w i t h 
i n c r e a s i n g V - l e v e l s , the carbon and hydrogen g e n e r a t i o n i n c r e a s e d to 
5.0 wt% and 430 SCF/BBL from 4.3 wt% and 87 SCF/BBL, r e s p e c t i v e l y . 
Thus, t h i s V-loaded DFCC gi v e s s e l e c t i v i t y p l o t s i n which the 
hydrogen make and the coke/conversion r a t i o decrease w i t h 
( i n c r e a s i n g ) c o n v e r s i o n l e v e l s , F i g u r e s 10 and 11. In metals 
r e s i s t a n t DFCC systems, carbon and hydrogen g e n e r a t i o n i n the 
V-range (0.0 t o 2.0 wt%) i n v e s t i g a t e d i s c o n t r o l l e d mainly by 
V - l e v e l s and not by the c a t a l y s t a c t i v i t y . The steam-aged, 
m e t a l - f r e e Spanish s e p i o l i t e shows l i t t l e c r a c k i n g a c t i v i t y (30% 
conv e r s i o n a t 510°C). As the V - l e v e l i s g r a d u a l l y i n c r e a s e d t o 2%, 
conve r s i o n remains unchanged a t 30% w h i l e the carbon and hydrogen 
make o f t h i s metal scavenger i n c r e a s e d t o 4.6% and t o 404 SCF/Bbl 
from 1.4% and 138 SCF/Bbl, r e s p e c t i v e l y . These r e s u l t s i n d i c a t e 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

0

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



176 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

V A N A D I U M (WT%) 

F i g u r e 7. Ret e n t i o n o f s u r f a c e area and con v e r s i o n w i t h 
V - l o a d i n g s . 
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O C C E L L I Catalysts with Metal Scavengers 

F i g u r e 8. Vanadium e f f e c t s on g a s o l i n e ma 
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I . I ι • ι I ι I 
60 70 80 90 

CONVERS ION (V%FF) 

F i g u r e 10. T o t a l C~ + C- and hydrogen ge n e r a t i o n as a f u n c t i o n of 
c o n v e r s i o n i n V-loaded DFCC mixtures c o n t a i n i n g s e p i o l i t e . 
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CONVERSION (V%FF) 
Figure 11. Carbon make i n V-loaded FCC (A) before and a f t e r 
a d d i t i o n of a metal scavenger l i k e (B) Spanish s e p i o l i t e and (C) 
alumina granules (11 ). 

Figure 12. At the hydrothermal c o n d i t i o n s used f o r c a t a l y s t 
r e g e n e r a t i o n , vanadium [probably as Η 4 ν ? 0 7 ( 7 ) ] moves from FCC 
p a r t i c l e - t o p a r t i c l e ( A ) . In the presence of a metal scavenger 
(MS) l i k e s e p i o l i t e , V i s sorbed as a s t a b l e vanadate [ l i k e 
3-Mg 2V 20 7 ( 7 ) ] and prevented from m i g r a t i n g t o the FCC s u r f a c e 
thus p r e s e r v i n g the c a t a l y s t c r a c k i n g a c t i v i t y ( B ) . 
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t h a t V-loaded s e p i o l i t e may form s t r o n g dehydrogenation c e n t e r s , 
thus c o n v e r t i n g i n t o coke and hydrogen, components t h a t c o u l d be 
upgraded t o g a s o l i n e range hydrocarbons. 

S i m i l a r r e s u l t s have been ob t a i n e d w i t h DFCC mixtures 
c o n t a i n i n g alumina-granules as metal scavengers (11). The hig h e r 
carbon make observed when usi n g alumina (see Fi g u r e 11) i s 
a t t r i b u t e d t o t h i s d i l u e n t s t r o n g Lewis a c i d i t y which f a v o r the 
s o r p t i o n o f aromatics which are then r e t a i n e d as coke. 
Summary and Conc l u s i o n s 
The high metals t o l e r a n c e of a DFCC c o n t a i n i n g s e p i o l i t e as a metal 
scavenger can be e x p l a i n e d i n terms o f r e t e n t i o n o f s u r f a c e 
p r o p e r t i e s and by the a b i l i t y o f the c l a y t o render metal 
contaminants i n e r t by s t a b l e compound fo r m a t i o n ( 7 ) . Microprobe 
a n a l y s i s has shown t h a t a t the hydrothermal c o n d i t i o n s a t which 
c r a c k i n g c a t a l y s t s are t e s t e d , vanadium can migrate from a DFCCs 
host p a r t i c l e and when i t reaches the metal scavenger, i t i s trapped 
on the s e p i o l i t e s u r f a c e , F i g u r e 12, probably as a s t a b l e 
vanadate ( 7 ) . N i c k e l , i n c o n t r a s t , does not migrate and remains on 
the c a t a l y s t s u r f a c e where i t can e i t h e r form an i n e r t 
n i c k e l - s i l i c a t e - l i k e phase o r , i f f r e e , a c t as a dehydrogenation 
c e n t e r ( 1 3 ) . 

DFCU"~systems appear to have the necessary metals t o l e r a n c e t o 
process r e s i d u a l o i l s and the abundant, cheaper, but h e a v i l y 
vanadium-contaminated, Venezuelan and Mexican crudes ( 1 - 4 ) . 
T h e r e f o r e , the dual f u n c t i o n f l u i d c r a c k i n g c a t a l y s t (DFCC) concept 
c o u l d l e a d t o the gen e r a t i o n o f important c a t a l y s t s f o r U.S. 
r e f i n e r i e s should Middle East p o l i t i c s cause another sudden 
e s c a l a t i o n i n crude o i l p r i c e s and a v a i l a b i l i t y . The concept i s 
p r a c t i c a l and e a s i l y implementable and i t may o f f e r a c o s t advantage 
over c o n v e n t i o n a l commercial c r a c k i n g c a t a l y s t s . 
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Chapter 11 

Effects of Ni and V in Catalysts 
on Contaminant Coke and Hydrogen Yields 

Paul F. Schubert1 and Carol A. Altomare 

Engelhard Corporation, Edison, NJ 08818 

During cracking, low levels (<5000 ppm) of nickel on 
cracking catalysts have generally been found to make 
two to five times as much contaminant coke as 
vanadium, with the relative effect of nickel 
decreasing with higher loadings. However, the 
catalyst properties that affect contaminant coke and 
hydrogen have not been well established. The 
dehydrogenation and dehydrocyclization activity of 
nickel and vanadium are highly dependent on catalyst 
characteristics. For certain types of impregnated 
non-zeolitic particles, in microactivity tests (MAT), 
nickel is much less active than on particles 
containing zeolite, and surprisingly, vanadium 
produces more coke and hydrogen than nickel. On 
particles containing zeolite, the results of this 
study were consistent with earlier work showing 
nickel to be more active than vanadium. The relative 
contributions of each of these metals were greatly 
reduced by changing the chemical composition of the 
non-zeolitic catalyst constituent. 

The effects of nickel and vanadium on cracking catalysts have long 
been known. These metals act as dehydrogenation/ 
dehydrocyclization catalysts, leading to the generation of 
hydrogen and coke ( 1_). Nickel has generally been reported to be 
more active than vanadium for dehydrogenation and 
dehydrocyclization, producing from two to five times more coke and 
hydrogen than vanadium (2). Furthermore, the relative effect of 
nickel decreases as the level of the contaminant metals increases. 
In addition to producing coke and hydrogen l ike nickel , vanadium 
has also been reported to destructively react with a zeol i te , 
accelerating catalyst deactivation (_3). 

C u r r e n t address: Phillips Research Center, Bartlesville, O K 74003 

0097-6156/88/0375-0182$06.00/0 
• 1988 American Chemical Society 
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11. SCHUBERT AND ALTOMARE Effects of Ni and V on Catalytic Activity 183 

This work has taken advantage of the recent development of 
extremely high activity cracking components (U) (high zeolite 
level) to examine contaminant metals effects on both z e o l i t i c and 
non-zeolitic particles at reasonable cat-to-oil and conversion 
levels. Specifically, i t has focused on understanding the 
activity and selectivity of the metals present on different 
catalyst structures with varying chemical compositions in both 
multicomponent systems (containing both z e o l i t i c and non-zeolitic 
particles) and integrated zeolite-matrix particles. Work in dual 
component systems to study the effects of nickel and vanadium has 
been previously undertaken (5,6). However, with the use of very 
high activity cracking components, catalyst systems composed 
almost exclusively of inactive, non-zeolitic particles could be 
studied. In general, our results indicate that zeolite enhances 
the dehydrogenation and dehydrocyclization activity of nickel on 
active catalyst particles. Furthermore, on non-zeolitic particles 
of relatively low s i l i c a content, vanadium i s more active than 
nickel toward these secondary cracking reactions. Therefore, i t 
should be advantageous to concentrate the metals on non-zeolitic 
particles not only to minimize the activity loss resulting from 
vanadium attack on the zeolite, but also to minimize the 
selectivity effects of the contaminant metals. Thus, catalysts 
which consist of a mixture of high activity particles (i.e . , high 
zeolite content) with vanadium immobilizing particles having no 
zeolite would be desirable (5,6). 

Experimental 

Catalyst Preparation. For most of the experiments conducted in 
this study, nickel or vanadium impregnated non-zeolitic particles 
were blended with metals-free high activity cracking component. 
This allowed us to examine the effects of the metals on the non-
zeo l i t i c component. The high activity z e o l i t i c particles were 
prepared by in-situ zeolite synthesis on kaolin-based microspheres 

Non-zeolitic silica-alumina particles of >10 mz/g surface 
area were prepared by steaming commercial FCC catalysts until no 
zeolite was detected by X-ray diffraction (100% steam, 1600°F, 
typically 4 hours). 

Non-zeolitic, low matrix surface area « 1 0 m2/g) s i l i c a -
alumina particles were prepared to test the effects of catalyst 
composition at constant surface area and s i l i c a to alumina ratio 
(S1O2/AI2O3 = 1.15). Unpromoted silica-alumina particles were 
prepared by spray drying kaolin followed by calcination for 1 hour 
at 1800°F. Rare earths were added to these unpromoted particles 
by incipient wetness impregnation with mixed rare earth nitrates 
to obtain approximately 4.3% rare earth oxides on the f i n a l 
particles. Following impregnation the particles were dried at 
250°F for 16 hours, and then calcined for one hour at 1100°F. 
Microspheres containing magnesium (19.5% MgO) were prepared by 
adding magnesium compounds to the kaolin slurry prior to spray 
drying. These were then processed in the same manner as the 
unpromoted microspheres. To eliminate the influence of the steam 
treatment used to destroy the zeolite in the higher surface area 
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non-zeolitic particles, a l l low surface area microspheres were 
also given a f i n a l steam treatment for 4 hours at 1600°F prior to 
further testing. 

Catalysts were contaminated with nickel and vanadium 
according to the method of Mitchell (8), using metal naphthenates. 
Prior to blending, a l l contaminated materials were steamed 
(1450°F, 4 hrs, 90% steam, 10% air) to age the metals. The 
selectivity effects of the metals on the non-zeolitic component 
were determined by blending impregnated non-zeolitic components 
with 20% of the steamed, uncontaminated high activity z e o l i t i c 
component such that the overall blend yielded 70% conversion. 

To show the effect of having zeolite present in the 
contaminated particles, a REY commercial cracking catalyst with a 
matrix surface area of ca. 85 m̂ /g was also contaminated with 
nickel and vanadium, and steamed (1450°F, 4 hrs, 90% steam, 10% 
air) to age the metals. Its selectivities were compared to the 
non-zeolitic additive having the same surface area and chemical 
composition blended with sufficient metals-free active cracking 
component to give the same conversion. 

Catalytic evaluations were conducted using microactivity 
tests (MAT) (4) at 910°F i n i t i a l temperature, 15 WHSV, 6.0 g 
catalyst, and a 5.0 cat-to-oil ratio. The feedstock was a metals-
free mid-continent gas o i l . Each data point shown i s the average 
of two MAT runs. Only MAT runs with acceptable mass balance were 
used (96 to 101%). Additionally, MAT data was normalized to 100% 
mass balance. Extensive error analysis of conversion, coke, and 
hydrogen yields indicates the following respective standard 
deviations: 1.62, 0.29, 0.025. The effects of nickel and vanadium 
on the hydrogen and coke make were calculated by obtaining the 
difference between the yields obtained with uncontaminated 
catalysts and that of the contaminated catalyst at the same 
conversion. 

Temperature Programmed Reduction. To determine whether 
impregnated nickel reduces more readily on z e o l i t i c particles than 
on non-zeolitic particles, Temperature Programmed Reduction (TPR) 
experiments of nickel on z e o l i t i c and non-zeolitic particles were 
carried out. In order to emphasize any differences in the nickel 
reducibility due to the presence of zeolite, a high zeolite 
containing material and a low matrix surface area, non-zeolitic 
material were compared. Prior to running the TPR, the samples 
were impregnated with nickel naphthenates as previously described, 
and then steamed (1450°F, 4 hours, 90% steam, 10% a i r ) . The f i n a l 
nickel concentrations on the z e o l i t i c and non-zeolitic samples 
were 10,860 and 10,100 ppm respectively. Attempts at obtaining 
TPR results at nickel levels of 1000 to 4000 ppm as used in the 
catalytic portions of this study were unsuccessful. Samples 
tested were pretreated by calcining at 500°C for 30 minutes. In 
running the TPR, a 10% hydrogen in argon gas mixture was passed 
through the samples at a rate of 20 ml/min. The heating rate was 
10°C/minute. Hydrogen consumption was measured. 

Hydrocarbon Adsorption. Hydrocarbon adsorption experiments were 
carried out to determine the effect of the zeolite's acid sites on 
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the activity of nickel. Hexane and 1-hexene adsorption on 
uncontaminated and nickel contaminated z e o l i t i c and non-zeolitic 
components were studied at nickel levels from 1000 to 10,000 ppm. 
Henry's Law coefficients and i n i t i a l heats of adsorption were 
determined by a gas chromatographic technique employing the test 
samples as the effective packing in four inch gas chromatographic 
columns. Samples were activated in the column at 425°C and 
studied over the range of 150 to 425°C. The Henry's Law constant 
was taken as an indication of the adsorptivity of test molecules 
towards the nickel contaminated catalyst particles when compared 
to the same quantities for their metals-free equivalents. 

Results 

Our i n i t i a l experiments on contaminant selectivities were designed 
to compare the effects of nickel and vanadium. Comparison at 
equal metals levels (e.g. 2000 ppm) would allow determination of 
the effects of catalyst parameters on the individual metals. 
However, in catalytic cracking of heavy crudes, equal levels of 
metals are not deposited, and the concentration of vanadium on 
catalyst particles i s typically 1.5 to 2 times that of nickel (9). 
Thus, determination of the relative contributions of these metals 
to the selectivity of actual catalysts requires comparing them at 
re a l i s t i c , but unequal metals levels (e.g. 2000 ppm Ni vs 4000 ppm 
V or 1000 ppm Ni vs 2000 ppm V). It has generally been quite 
d i f f i c u l t to make these comparisons due to the propensity of 
vanadium to migrate from one particle to another, while nickel 
generally remains on the particle i t i s deposited on (6). 
Furthermore, zeolite destruction due to vanadium makes comparisons 
at both equal activity and equal metals level quite d i f f i c u l t . By 
blending presteamed components to constant activity (70% 
conversion), and varying which components were metals impregnated, 
we were able to overcome some of these d i f f i c u l t i e s . 

Our current work on non-zeolitic particles shows that the 
contaminant coke and hydrogen yields due to both nickel and 
vanadium increase with increasing matrix surface area at constant 
conversion (70%) as shown in Figure 1. It i s interesting to note 
that above 25 m̂ /g, there i s l i t t l e , i f any, effect of surface 
area on contaminant yields due to nickel. Surprisingly, on the 
non-zeolitic, relatively low-silica content particles in this 
study, Ni was consistently less active than vanadium at equal 
metals levels over the entire range of surface area tested (5 to 
140 m^/g). However, the matrix composition may significantly 
alter both the magnitude of the coke and hydrogen yields due to 
nickel and vanadium, and the contribution of nickel relative to 
vanadium. 

At very low surface areas (about 5 m̂ /g) and constant 
conversion (70%), the contaminant selectivities are dominated by 
the matrix composition (Table I ) . Rare earth and magnesium-
containing microspheres were prepared to examine the effects of 
these metal oxides on catalyst selectivities in the presence of 
nickel and vanadium. These oxides were chosen because the 
literature (3,5,10-15) has shown them to be effective at reducing 
the deleterious effects of vanadium in cracking catalysts. 
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Figure 1. Contaminant hydrogen (a) and contaminant coke (b) 
yields as weight percent of feed from non-zeolitic particles: 
2000 ppm Ni (+); 2000 ppm V (x), at constant conversion (70%). 
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Although non-equivalent metal oxide levels were tested, 
approximately 5% rare earth oxide and 20% magnesium oxide give 
essentially equivalent levels of vanadium migration off non-
zeo l i t i c particles of this composition (Schubert, P. F.; Altomare, 
C. Α.; Koermer, G. S., Engelhard Corporation; W i l l i s , W. S.; Suib, 
S. L., University of Connecticut, manuscript in preparation). 
Additional work has shown that increasing the rare earth level 
does not substantially improve the contaminant vanadium effects 
(Martins, E., Engelhard Corporation, unpublished data). 
Furthermore, neither of these metal oxides significantly affect 
the nickel selectivity. At these low surface areas, nickel 
contributes very l i t t l e to the contaminant coke and hydrogen 
yields, while vanadium shows significant variability in i t s 
contribution depending on the matrix. At 2000 ppm nickel, the 
contaminant coke and hydrogen yields were equal to or less than 
0.4% and 0.06% respectively for a l l of the matrices studied. On 
the unpromoted matrix at 2000 ppm vanadium, contaminant hydrogen 
yields were significantly higher than the nickel yields, and 
contaminant coke was nearly five times as high. In contrast, on 
the magnesium promoted matrix, 2000 ppm vanadium made essentially 
no contaminant hydrogen, and less contaminant coke than the same 
level of nickel. 

Table I. Effect of Matrix Composition on the 
Contaminant Selectivity Yields of 

Low Surface Area Non-Zeolitic Materials 

Si0?-Al90q 
5% RE0 on 

Si09-Al90^ 
20% MgO in 
Si0?-Al9(h 

S i 0 2 (wt%) 52.3 
A1 20 3 (wt%) 45.1 
Rare Earth Oxides (wt%) 0.0 
MgO (wt%) 0.0 

50.1 
43.2 
4.3 
0.0 

40.6 
36.1 
0.0 
19.5 

Surface Area 5 6 8 

1000 ppm Ni 
2000 ppm Ni 
2000 ppm V 
4000 ppm V 

Contaminant Hydrogen Yields (wt% of feed) 
fi 0.04 0.01 

0.04 
0.00 
0.02 

0.06 0.04 
0.15 0.07 
0.24 0.17 

1000 ppm Ni 
2000 ppm Ni 
2000 ppm V 
4000 ppm V 

Contaminant Coke Yields (wt% of feed) 
0.04 0.01 

0.39 
0.15 
0.60 

0.20 0.40 
0.96 0.35 
1.25 1.44 

Contaminant selectivity yields measured at 70% conversion 
Si09/Al90^ equals 1.15 
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The data shown in Table II show interactions between matrix 
surface area and chemical composition at constant conversion. As 
expected, the increased matrix surface area of Matrix C caused 
increased coke and hydrogen yields compared to the lower surface 
area Matrix B, at constant s i l i c a content. However, the very low 
surface area of Matrix A does not compensate for the poorer 
selectivity due to i t s lower s i l i c a content relative to Matrices Β 
and C. 

Table II. Effect of Matrix Composition and Surface Area 
on Contaminant Selectivity Yields of 

Non-Zeolitic Silica-Aluminas 

V Effects Ni Effects 
Matrix Surface Cont Cont Cont Cont 
Comp Area Coke1 H21 Coke1 H21 

Si0 9/Al9(h (m2/g) (wt%) (wt%) (wt%) (wt%) 

A Mod 5 0.5 0.08 0.2 0.05 
Si02=52% 

Β High 10 0.3 0.04 0.1 0.04 
Si02=60% 

C High 25 0.3 0.07 0.4 0.07 
Si02=60% 

D Low 85 1.1 0.15 0.6 0.10 
Si02=42% 

Contaminant selectivity effect per 1000 ppm metal 
Contaminant selectivity yields measured at 70% conversion 

The effect of the presence of zeolites on the relative 
contaminant selectivity yields due to nickel and vanadium was 
studied using a low s i l i c a content (42% Si0 2) silica-alumina with 
about 85 m̂ /g surface area (see Table III). Since the 
contaminated non-zeolitic particles constituted only 80% of the 
catalyst blend, the contaminant selectivity yields for these 
materials were divided by 0.8 to estimate coke and hydrogen 
yields. While this methodology may not give completely accurate 
results, we believe that the relative comparisons w i l l be 
reasonable and useful. The data clearly show that at constant 
conversion (70%), both contaminant coke and contaminant hydrogen 
due to nickel are greater on z e o l i t i c than non-zeolitic particles 
of relatively low s i l i c a content. However, at 4000 ppm vanadium, 
the presence or absence of zeolite does not affect the contaminant 
selectivity yields. Thus, the activity of nickel, but not 
vanadium, for dehydrogenation and dehydrocyclization i s enhanced 
due to the presence of zeolites in the same particle. 
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Table III. Effect of the Presence of Zeolite on 
Contaminant Selectivity Yields 

Particle Type 
Zeolitic Non-Zeolitic 

Nickel Effect (2000 ppm) 

Contaminant Coke (wt% of feed) 
Contaminant H 2 (wt % of feed) 

2.3 
0.34 

1.2 
0.19 

Vanadium Effect (4000 ppm V) 

Contaminant Coke (wt% of feed) 
Contaminant H 2 (wt % of feed) 

3.6 
0.52 

3.8 
0.52 

Contaminant selectivity yields at 70% conversion 

The TPR comparison (Figure 2) shows that nickel on non-
zeo l i t i c particles reduces at a lower temperature than nickel on 
zeo l i t i c particles. The peak at 591.3°C in the TPR for the 
zeo l i t i c sample i s believed to be due to the reduction of cerium. 

Hydrocarbon adsorption experiments show significant 
differences between the nickel contaminated z e o l i t i c and non-
zeo l i t i c particles at metals levels comparable to those of the 
catalytic experiments. Neither hexane nor 1-hexene showed any 
interaction with nickel on the low surface area, non-zeolitic 
particles (the unpromoted material of Table I) at temperatures up 
to 425°C. Additionally, no interaction between hexene and the 
nickel on the ze o l i t i c particles was observed over the temperature 
range studied. However, the nickel on the z e o l i t i c component did 
cause significant retention of hexane at temperatures as low as 
200°C with generation of what appeared to be higher molecular 
weight products. No cracking products were observed. With the 
uncontaminated ze o l i t i c particles, hexane retention only occurred 
at temperatures above 300°C. Thus, the lower temperature 
retention for the contaminated particles appears to be due to the 
presence of nickel. 

Discussion 

We have found that the activity of nickel towards dehydrogenation 
and dehydrocyclization i s increased on particles which contain 
zeolites relative to non-zeolitic particles of the same matrix 
composition and surface area. However, the coke and hydrogen 
making capability of vanadium does not depend on the presence or 
absence of zeolite. The increase in hydrogen and coke production 
by nickel when the zeolite i s present in the matrix suggests that 
the zeolite increases the metal activity in catalyzing secondary 
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0.50 Ï 

TEMPERATURE (C) 

Figure 2. Temperature Programmed Reduction of Ni contaminated 
catalyst components: a) non-zeolitic particles with 10,100 ppm 
Ni; b) z e o l i t i c particles with 10,860 ppm Ni. These materials 
were impregnated using nickel naphthenate and then steamed 
(1450°F, 4 hrs, 90% steam, 10% air) prior to running the TPR. 
The Ni on the non-zeolitic particles reduced at a lower 
temperature than that on the z e o l i t i c particles. 
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cracking reactions. Several possible explanations for the source 
of this activity enhancement for nickel are apparent. F i r s t , the 
zeolite could represent a physical barrier to nickel migration, 
thus enhancing the metal dispersion. Alternatively, the zeolite 
could possibly f a c i l i t a t e reduction of nickel oxides to the more 
active nickel metal. This could greatly increase contaminant coke 
and hydrogen yields due to the increased contact time between the 
hydrocarbons in the feed and the reduced nickel. A third 
possibility i s that the activity enhancement involves the 
proximity of the metal sites to the zeolite's acid sites (16). 
This might alter the electric f i e l d of the metal or that 
experienced by the incoming hydrocarbon, leading to enhanced 
dehydrogenation on the metal site, and cyclization on the nearby 
acid sites. Neither of the f i r s t two routes would be expected to 
increase the activity associated with vanadium, since vanadium i s 
much more mobile than nickel, and appears to remain as 

V5+ i n 
these systems (Schubert, P. F.; Altomare, C. Α.; Koermer, G. S., 
Engelhard Corporation; W i l l i s , W. S.; Suib, S. L., University of 
Connecticut, manuscript in preparation). While vanadium might be 
expected to be affected by proximity to the zeolite, this effect 
could be masked by the destruction of the zeolite. 

The second of these hypotheses (more facile reduction of 
nickel on ze o l i t i c particles) i s contradicted by the results of 
our TPR experiments. In fact, the TPR results on both nickel 
contaminated ze o l i t i c and non-zeolitic particles suggest that none 
of the nickel on these materials i s reduced under normal MAT 
testing conditions, since the onset temperature of nickel 
reduction (1100-1150°F) i s considerably higher than the operating 
temperature of the MAT (910°F). 

Our third hypothesis, i.e., that the activity enhancement 
involves the proximity of the zeolite's acid sites, appears to be 
consistent with the hydrocarbon adsorption experiments, but may 
also be due to differences in the nickel dispersion arising from 
surface area differences between the two types of particles. 
Clearly, the adsorption of hexane at lower temperature on the 
nickel contaminated z e o l i t i c particles suggests a significantly 
altered environment from both the uncontaminated and the non-
zeo l i t i c materials. 

On the relatively low s i l i c a non-zeolitic particles studied 
at length, vanadium had higher coke and hydrogen producing 
tendencies than nickel at 70% conversion. The higher 
dehydrogenation/dehydrocyclization activity for vanadium relative 
to nickel on non-zeolitic particles for both coke and hydrogen 
formation was surprising, given the higher activity of nickel 
reportedly found when present on early amorphous silica-alumina 
cracking catalysts (17,18). It was expected that the 
dehydrogenation and dehydrocyclization activity of both nickel and 
vanadium would increase with increasing surface area, evidenced by 
an increase in coke and hydrogen production. While at very low 
surface areas poor dispersion of nickel could account for i t s low 
activity, we expected that, as the surface area was increased and 
the dispersion of nickel improved, dehydrogenation and 
dehydrocyclization activity would surpass that of vanadium. 
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However, even at higher surface areas the nickel showed no 
increase in relative activity compared to vanadium. 

At essentially constant surface area and conversion, the 
chemical composition of the non-zeolitic particles determines the 
coke and hydrogen making capability of the two metals. By 
introducing materials into the matrix which interact with the 
contaminant metals, the nickel and vanadium contributions can be 
significantly altered. Both rare earth (19) and magnesium 
compounds (_5) are known to reduce zeolite destruction by 
immobilizing vanadium. Other work (Schubert, P. F.; Altomare, C. 
Α.; Koermer, G. S., Engelhard Corporation; W i l l i s , W. S.; Suib, S. 
L., University of Connecticut, manuscript in preparation) has 
shown that at about 4.5% rare earth and 20% magnesium oxide, 
essentially equal levels of vanadium immobilization are achieved. 
However, in spite of this equivalent effect on mobility, there i s 
considerable difference in their effect on selectivity. Thus, the 
mechanisms affecting vanadium's migration and dehydrogenation and 
dehydrocyclization activity are not necessarily the same. Rare 
earth at 4.3% causes a 30-50% reduction in the contaminant 
hydrogen yield, while magnesium oxide addition at 19.5% results in 
nearly complete quenching of vanadium induced dehydrogenation, and 
a substantial reduction in coke production. Further addition of 
rare earth does not significantly alter the level of vanadium 
migration, nor the selectivity at constant metals levels (Martins, 
E., Engelhard Corporation, unpublished data). 

These immobilizers were present in low surface area matrices. 
Matrix composition can also overcome surface area effects. High 
s i l i c a content silica-aluminas generally produce less contaminant 
coke and hydrogen than lower s i l i c a content silica-alumina 
matrices of the same surface area, since s i l i c a - r i c h surfaces 
favor nickel sintering while alumina-rich surfaces favor nickel 
dispersion (16). Our results indicate that a high s i l i c a content 
silica-alumina had as good or better contaminant coke and hydrogen 
selectivities than a lower s i l i c a content silica-alumina having 
one-fifth of i t s matrix surface area. However, these matrices 
which reduce the detrimental activity of these metals toward coke 
and hydrogen production may not be as resistant to vanadium attack 
of the zeolite as those that contain more alumina (14). It i s , 
therefore, not necessarily desirable to use high s i l i c a content 
matrix catalysts when cracking gas o i l s that contain both nickel 
and vanadium. 

Conclusions 

The results of this work suggest that the greatest contaminant 
metals effects are due not only to the most recently deposited 
metals, but to those recently deposited metals which are present 
on the most recently added z e o l i t i c particles (i.e . , those 
containing the most zeolite). At constant metals aging then, the 
contaminant selectivities due to nickel and vanadium are in a 
large part determined by: 1) the presence or absence of zeolite 
in the particle; 2) the non-zeolitic surface area of the particle; 
and 3) the chemical composition of the particle. 
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On non-zeolitic particles in the absence of a vanadium 
passivator, vanadium (when present at the 0.4 wt% level) makes a 
greater contribution to contaminant coke and hydrogen yields than 
nickel at constant surface area and metals loading. Incorporation 
of a vanadium passivator into the catalyst matrix can greatly 
alter the se lect ivi ty effects of vanadium, and can essentially 
negate i t s effect on non-zeolitic particles as in the case of 
magnesium. 

Matrix composition can also overcome surface area effects. A 
high s i l i c a matrix of moderate surface area was found to have 
essentially the same contaminant se lect iv i t ies as a moderate 
s i l i c a matrix having only very low surface area. 

The presence of zeolite in the particle greatly enhances the 
act iv i ty of nickel towards dehydrogenation and dehydrocyclization, 
and causes i t to become more active than vanadium. Therefore, i t 
i s advantageous to concentrate the metals on non-zeolitic 
particles not only to minimize the act iv i ty loss resulting from 
vanadium attack on the zeol i te , but also to minimize the 
se lect ivi ty effects of the contaminant metals. Thus, catalysts 
consisting of high act iv i ty particles ( i . e . , high zeolite) mixed 
with particles having no zeolite should help in l imit ing the 
deleterious effects of the metals. 
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Chapter 12 

Characterization of Dual-Function 
Cracking Catalyst Mixtures 

Effects of Sepiolite Addition on Metal Passivation 

Mario L. Occelli1 and J. M. Stencel2 

1Unocal Science & Technology Division, Unocal Corporation, 
P.O. Box 76, Brea, CA 92621 

2Kentucky Center for Energy Research, P.O. Box 13015, 
Lexington, KY 40512 

X-ray photoelectron spectroscopy (XPS) has been used 
to charac ter ize s e p i o l i t e - c o n t a i n i n g DFCC mixtures i n 
an e f f o r t to exp la in the high metals tolerance of t h i s 
type of c a t a l y s t . High r e so lu t i on e lec t ron spectra 
show vanadium to be present mostly as V(V) . Hydrogen 
reduction experiments ind ica te that i n a DFCC strong 
m e t a l - s e p i o l i t e i n t e rac t ions e x i s t and that pas
s i v a t i o n is probably the resu l t s of i n e r t compounds 
formation. Raman spectroscopy ind ica tes that vana
dates, such as MgV2O6 and Mg2V2O7, are formed; phase 
impur i t i e s i n the sepiolite used may alter the nature 
of the vanadate generated upon steam aging. 

S e p i o l i t e passivates most of the n icke l via 
formation of non i n t e r a c t i v e silicate-like ma te r i a l s . 
Heating at high temperatures induces migrat ion of 
n icke l to the interior and of vanadium to the e x t e r i o r 
of the ca t a ly s t surface. Metal-surface in t e rac t ions 
are observed a l so i n Ni- loaded kao l in microspheres; 
however, V on kao l in behaves l i k e bulk V2O5 wi th 
respect to reduc t ion , thus exp la in ing t h i s c l a y ' s 
inability to passivate V-contaminants. 

The d e l e t e r i o u s e f f e c t s t h a t meta l s contaminants have on f l u i d 
c r a c k i n g c a t a l y s t s (FCC) a c t i v i t y and produc t s e l e c t i v i t i e s can be 
d r a s t i c a l l y reduced by adding to the FCC heat s t a b l e m a t e r i a l s w i t h 
meta l s scavenging p r o p e r t i e s ( 1 - 3 ) . M e t a l s t r a n s p o r t exper iments 
and microprobe a n a l y s i s have " I n d i c a t e d t h a t the dual f u n c t i o n 
c r a c k i n g c a t a l y s t s (DFCC) h igh V - t o l e r a n c e can be e x p l a i n e d by the 
gas phase t r a n s p o r t o f t h i s metal from the c r a c k i n g component t o the 
d i l u e n t where i t i s i r r e v e r s i b l y sorbed and p a s s i v a t e d ( 4 ) . In a 
t y p i c a l c r a c k i n g u n i t , s t e a m - s t r i p p i n g o f o c c l u d e d hydrocarEbns from 
the c a t a l y s t su r f ace i s performed a t temperatures i n the 480 -550°C 
range. The severe hydrothermal t r e a t m e n t , such as t h a t a t which 
vanadium has been observed to m i g r a t e , i s necessa ry to reduce the 
s t r u c t u r a l and c a t a l y t i c p r o p e r t i e s o f c e r t a i n f r e s h commercial 
c a t a l y s t s to e q u i l i b r i u m va lues ( ag ing) i n a s h o r t ( l e s s than 10 h) 
p e r i o d o f t i m e . H ighe r tempera tures (650 t o 750°C) a re seen by the 

0097-6156/88/0375-0195$06.00/0 
° 1988 American Chemical Society 
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c a t a l y s t i n the rege n e r a t o r where steam r a r e l y exceeds the 20% 
l i m i t . However, d u r i n g the o x i d a t i v e decomposition and removal o f 
carbonaceous d e p o s i t s , temperatures on the c a t a l y s t s u r f a c e can be 
s i g n i f i c a n t l y h igher than measured v a l u e s . 

In t h i s paper, XPS and Raman spectroscopy have been used to 
study the chemical s t a t e and l o c a t i o n of Ni and V contaminants. The 
e f f e c t s o f thermal and hydrothermal treatments on c a t a l y s t s u r f a c e 
p r o p e r t i e s , and the r o l e o f s e p i o l i t e i n promoting metals t o l e r a n c e 
has been observed and r e p o r t e d . 
Experimental 
Samples P r e p a r a t i o n . A Ca-vanadate sample was prepared by p r e s s i n g 
a CaC0 3-V 20 5 mixture a t 10,000 lbs / 1 min and then h e a t i n g the 
r e s u l t i n g l o a f e r i n a i r a t 800°C/lh {$). A melt was obtai n e d t h a t 
gave an x-ray d i f f r a c t o g r a m c o n s i s t e n t w i t h JCPDS p a t t e r n No. 23-137 
f o r CaVpOg, see f i g u r e IA. Several Mg-vanadates were prepared by 
high temperature c a l c i n a t i o n o f Mg0-V ?0 q mixtures w i t h d i f f e r e n t 
Mg0/V 20 5 r a t i o s . Heating i n a i r a t 1006°L/lh a wafer w i t h Mg0/V 20 5 = 3 fprepared as d e s c r i b e d above) gave a compound w i t h a m e l t i n g 
p o i n t i n the 1100-1200°C range having an x-ray d i f f r a c t o g r a m c o n s i s 
t e n t w i t h JCPDS p a t t e r n No. 19-779 f o r NgoV-Og, see Figure IE. 
Trace amounts of VoCL and/or MgV ?0 f i c o u l a be present i n t h i s 
sample. Heating 5t 650°C a mixture w i t h Mg0/Vp0 5 ~1.0 gave com
pounds w i t h x-ray d i f f r a c t o g r a m s c o n s i s t e n t w i t h JCPDS p a t t e r n No 
34-14 f o r MgVpCL ( 6 ) , see Figure IB. S i m i l a r l y , h e a t i n g a t 650°C or 
850°C a m i x t u f V w i t h Mg0/V ?0, = 2.0 gave a-MgV 20 2 and 3-Mg ?V 20 y, r e s p e c t i v e l y ; see JCPDS p a t t e r n s No 31-816, No 29-077 and Figures 
1C-1D. A Mg-vanadate sample from Atomergic was found to be a MgV 20g-
M g 2 V 2 ° 7 m i x t u r e c o n t a i n i n g t r a c e amounts of V 2 0 5 and of a phase which 
c o u l a not be i d e n t i f i e d , see Figure IF. 

D i f f e r e n t i a l thermal a n a l y s i s (DTA) data was obt a i n e d u s i n g a 
DuPont 1090 thermal a n a l y z e r u s i n g 0.04 SCF/h of a i r as purging gas 
and h e a t i n g r a t e s of 10°C/min. A l l powder d i f f r a c t i o n measurements 
were obt a i n e d w i t h a Siemens D-500 d i f f r a c t o m e t e r a t a scan r a t e o f 
l°/min us i n g monochromatic Cu-K r a d i a t i o n . The p r e p a r a t i o n of DFCC 
mixtures c o n t a i n i n g s e p i o l i t e has been d e s c r i b e d elsewhere ( 4 ) . 
X-Ray P h o t o e l e c t r o n Spectroscopy. M a t e r i a l s i n powdered form, were 
pressed i n t o t h i n , 13-mm diameter wafers and then mounted on a 
4-sided sample probe a t t a c h e d to a Leybold-Hereaus LHS-10 
XPS/Auger/ISS instrument. The base pressure i n t h i s instrument i s 
2x10~ 8 bar whereas samples were g e n e r a l l y analyzed a t a pressure of 
2x10" bar. A f t e r s p e c t r a l a c q u i s i t i o n w h i l e u s i n g Mg Κ x-ray 
e x c i t a t i o n , the samples were Ar bombarded f o r 10 minutes to expose 
f r e s h sub-surface r e g i o n s . The s p u t t e r p r o f i l e removal r a t e f o r the 
c a t a l y s t s was estim a t e d from separate s p u t t e r i n g experiments oç 
s p e c i a l l y prepared 1.4 nm/min f o r Ni and 2.0 nm/min f o r S i . Ar 
s p u t t e r i n g was a l s o used as an i n d i c a t o r o f the r e d u c i b i l i t y of the 
Ni s p e c i e s . 

The c a t a l y s t s were a l s o exposed to 50 ml/min f l o w i n g H~ a t a 
pressure o f 1.5 bar and a temperature o f 420°C f o r p e r i o d s or 15 t o 
75 minutes. These exposures were f a c i l i t a t e d by use o f the high 
p r e s s u r e - h i g h temperature r e a c t o r attached to the s i d e o f the LHS-10 
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3'i. 35. âlT 
TWO - THETA (DEGREES) 

Figure 1. X-ray d i f f r a c t o g r a m s of (A) CaV 90 f i, (B) MgV?Ofi, (C) a-Mg 2V 20 7, (D) e-Mg^V^, (E) f ^ O g / a R d (F) MgV*0°-Mg 2V 20 7 

mixture. 
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a n a l y s i s chamber._ 2After exposure, the r e a c t i o n chamber was 
evacuated to 10" bar a f t e r which the sample was moved i n t o a 
pre p a r a t o r y chamber and f i n a l l y to the a n a l y s i s chamber. A t y p i c a l 
time t o c o o l , evacuate and move the sample t o the a n a l y s i s p o s i t i o n 
i s 10 minutes. A l l b i n d i n g energies r e p o r t e d have been c o r r e c t e d 
f o r c h a r g i n g by assuming t h a t the u b u i q u i t o u s C Is band i s l o c a t e d 
a t 284.6 eV. 
Raman Spectroscopy. Raman s p e c t r a were recorded on a Spex Ramalog 
1403 spectrometer equipped w i t h a cooled RCA GaAs p h o t o m u l t i p l i e r 
tube (CA 31034-02). The 4880 angstrom l i n e o f an argon-ion l a s e r 
( S p e c t r a P h y s i c s model 165) was used t o generate Raman s c a t t e r e d 
l i g h t . The l a s e r power impinging on the sample was l i m i t e d t o 50 
mW. A l l s p e c t r a were recorded w i t h a s p e c t r a l r e s o l u t i o n of 5 cm" . 
Si g n a l pulses from the p h o t o m u l t i p l i e r were passed through an 
a m p l i f i e r / d i s c r i m i n a t o r ( P r i n c e t o n A p p l i e d Research model 1182) and 
counted by a N i c o l e t data system. T y p i c a l l y , 50 scans per sample 
were averaged i n order t o o b t a i n s p e c t r a w i t h good s i g n a l - t o - n o i s e 
r a t i o s . Samples were prepared f o r Raman measurements by p r e s s i n g 
the V-loaded s e p i o l i t e i n t o one cm-diameter wafers w i t h a pressure 
of approximately 1000 p s i . Each wafer was mounted i n a sample 
ho l d e r and placed i n the sample chamber o f the spectrometer. The 
sample h o l d e r r o t a t e d a t a r a t e of approximately 500 rpm i n o r d e r t o 
a v o i d temperature-induced chemical m o d i f i c a t i o n of the sample by the 
i n c i d e n t l a s e r beam. 
R e s u l t s and D i s c u s s i o n 
X-Ray R e s u l t s . A f t e r an endotherm w i t h peak minimum a t about 125°C, 
the DTA p r o f i l e f o r s e p i o l i t e i s e s s e n t i a l l y f e a t u r e l e s s u n t i l 680°C 
where a second endotherm w i t h peak minimum a t 830°C begins. Between 
830°C and 900°C, there i s a sharp exotherm w i t h peak maximum a t 
848°C. S i m i l a r r e s u l t s have been r e p o r t e d by Grim ( 8 ) . X-ray 
a n a l y s i s o f the c a l c i n e d samples i n d i c a t e t h a t a t 68U°C c r y s t a l 
water begins t o be l o s t and a t 800°C, m9Q S i'-|2 030^ 0 HU I S O B S E R V E D ' 
some qu a r t z ( a - S i 0 2 ) i s a l s o p r e s e n t , see Figure 2A. The phase 
t r a n s i t i o n a t 848°C repre s e n t s r e c r y s t a l 1 i z a t i o n o f the m a t e r i a l 
i n t o orthorombic MgSiO- ( e n s t a t i t e ) ; some m o n o c l i n i c MgSiO-
( C l i n o e n s t a t i t e ) may a l s o have formed. A f t e r c a l c i n a t i o n a t 
540°C/10 h, s e p i o l i t e c o n t a i n i n g 5% V gi v e s an x-ray d i f f r a c t o g r a m 
i n agreement w i t h t h a t f o r M g ^ S i ^ O ^ O H ) . , Fi g u r e 2B. C a l c i n a t i o n 
q u a r t z , Figure 2C; vanadates formation c o u l d not be observed. The 
steam aged sample i s e s s e n t i a l l y e n s t a t i t e w i t h a d d i t i o n a l peaks a t 
2θ = 21.77° and 29.39°, see arrows i n F i g u r e 2D. The peak a t 2Θ = 
21.77° c o u l d be due to the presence of high temperature q u a r t z . The 
peak a t 2θ = 29.39° i s c o n s i s t e n t w i t h the presence o f MgV^Og. 
However, s i n c e o t h e r s t r o n g d i f f r a c t i o n l i n e s t y p i c a l o f t h i s 
compound are not p r e s e n t , these r e s u l t s cannot be i n t e r p r e t e d as 
i n d i c a t i v e of the presence o f MgV 20g. 
Raman R e s u l t s . Raman s p e c t r a of two types of steam-aged (732°C/10h, 
~100% steam) s e p i o l i t e granules c o n t a i n i n g 5% V and of s e v e r a l 
(unsupported) r e f e r e n c e vanadates are shown i n Figures 3 and 4. 

of the same tog e t h e r w i t h some 
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i4. 26. "IE 57 
TWO - THETA (DEGREES) 

Figure 2. X-ray d i f f r a c t o g r a m of Spanish s e p i o l i t e a f t e r : 
(A) c a l c i n a t i o n i n a i r a t 800°C/lh; (B) l o a d i n g w i t h 5% V 
and c a l c i n a t i o n i n a i r a t 540 C/lOh; (C) sample Β c a l c i n e d 
a t 800°C/lh and (D) sample D steam-aged. 
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300 400 500 600 700 800 900 1000 1100 
WAVENUMBER (CM 1 ) 

F i g u r e 3. Raman s p e c t r a o f : (A) Spanish s e p i o l i t e c a l c i n e d a t 
800°C; (B) Spanish s e p i o l i t e c o n t a i n i n g 5% V, c a l c i n e d a t 
800°C/lh, (C) Sample Β steamed, (D) I M V - s e p i o l i t e c o n t a i n i n g 5% 
V, c a l c i n e d a t 800°C/lh, and (E) Sample D steamed. 
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_J ι ι , ι . ι ι I . ι χ ι • ι 
300 400 500 600 700 800 900 1000 

WAVENUMBER cnv 1 

F i g u r e 4. Raman s p e c t r a o f unsupported: (A) CaV 9 0 f i , (B) MgV90,., (C) a-Mg 9V 9 0 7 , (D) S-Mg 9V 9 0 7 , (E) MgV 9 0.-Mg 9V 9l) 7
o mixture ^afid (F) M g 3 V ^ / 1 1 7 i t d dl  P
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Band p o s i t i o n s and i n t e n s i t i e s , t o g e t h e r w i t h vanadates data from 
the l i t e r a t u r e (9) are given i n Table I . The parent s e p i o l i t e does 
not c o n t a i n V^Og nor t e t r a h e d r a l VO- s p e c i e s , Figure 3A. However, 
a f t e r impregnation w i t h 5% V and c a l c i n a t i o n i n a i r , broad peaks 
appear and f u r t h e r broadening o f these bands occur upon steaming, 
Figures 3B and 3C. Such broadening c o u l d be caused by Η-bonding o r , 
more l i k e l y , by the presence o f a h i g h l y d i s p e r s e d vanadate phase. 
In c o n t r a s t , s p e c t r a o f a l l the re f e r e n c e (unsupported) vanadates 
c o n t a i n narrow and w e l l d e f i n e d Raman bands. Fi g u r e 4. 

Bands a t about 885, 845 and 525 cm present i n s p e c t r a o f 
( V 2 0 7 ) - c o n t a i n i n g samples (such as CdV 20 7 (9) and the MgV 20 g-Mg 2V 20 7 mixture) are i n general agreement w i t n bancis i n the s p e c t r a o f the 
V - c o n t a i n i n g S p a n i s h , s e p i o l i t e s , see Table L. Furthermore, two 
bands, one a t 959 cm and the o t h e r a t 885 c m , i n the spectrum of 
CaVJDg and MgV 20 g are a l s o i n c l o s e p r o x i m i t y w i t h bands observed 
i n l:he V - c o n t a i n i n g Spanish s e p i o l i t e . Evidence o f MgJLOg and 
a-Mg 2V 20 7 formation c o u l d not be observed i n t h i s s e p i o l i t e sample, 
see F i g u r e 3. 

Vanadium-surface i n t e r a c t i o n s are e a s i l y a f f e c t e d by the 
presence o f phase i m p u r i t i e s i n the s e p i o l i t e sample. D i f f e r e n t 
vanadates are formed on a s e p i o l i t e r i c h i n c a l c i t e and dolomite 
(obtained from I n d u s t r i a l M i n e r a l s Venture (IMV), Amargosa V a l l e y , 
Nevada). T h i s grade of s e p i o l i t e was used to generate c r a c k i n g data 
w i t h V-contaminated DFCC d e s c r i b e d i n the patent l i t e r a t u r e (1_). On 
the r e l a t i v e l y pure Spanish s e p i o l i t e , Vanadium forms mainly MgV 20 g-&Mg 2V 20 7 mixtures whereas on the I M V - s e p i o l i t e , a t h i r d pnase 
( M g ^ O g ) 4s a l s o o b t a i n e d , see Fig u r e s 3D and 3E. In f a c t , bands 
a t 868 cm" η and 929 cm" are w e l l i n agreement w i t h the strong^-band 
a t 863 cm" i n Mg~V ?0 R and w i t h the s t r o n g band a t 921, cm" i n 
MgV 20 g. S i m i l a r l y , Bands a t 882, 860, 845 and 788 cm"1 i n the 
spectrum o f B-Mg 2VJD 7 are a l s o observed i n steam-aged (V-loaded) 
I M V - s e p i o l i t e gr^mifles, see Table I . V a r i a t i o n s i n Raman bands 
i n t e n s i t y are a t t r i b u t e d t o changes i n the r e l a t i v e amounts o f 
[ V 2 0 6 ] , [ V 2 0 ? ] and [ V 2 0 g ] u n i t s present. 

I t i s b e l i e v e d t h a t , a t the hydrothermal c o n d i t i o n s a t which 
c r a c k i n g c a t a l y s t s are t e s t e d , vanadium migrates from a DFCCs host 
p a r t i c l e and when i t reaches the metal scavenger ( s e p i o l i t e ) , i t i s 
trapped on the metal scavenger s u r f a c e as a s t a b l e vanadate. When 
using Spanish s e p i o l i t e , V p a s s i v a t i o n i s a t t r i b u t e d t o the forma
t i o n o f MgV 20g-Mg^V 20 7-like m i x t u r e s . When s e p i o l i t e admixed w i t h 
c a l c i t e and oblonntie ( I M V - s e p i o l i t e ) i s used as a V-scavenger, a 
t h i r d phase, probably M Q O V O O Q» i s a l s o formed. ^ 

G r i f f i t h and Lesniai< (#) have r e p o r t e d t h a t i s o l a t e d [ V 2 0 7 ] ions are present i n C d 2 V ? 0 7 and i n aqueous [ V 2 0 7 ] " s o l u t i o n s , buch 
i s o l a t e d ions c o u l d be expected t o form i n tire steam-aged s e p i o l i t e 
m a t r i x where they would produce an in t e n s e band a t ca 885 cm w i t h 
weaker bands a t ca 850 ,cm and 525 c m , see Table I . However, the 
band a t about 1014 cm" i n the V-loaded s e p i o l i t e s (observed i n the 
M g V 2 0 6 " M g 2 V 2 ° 7 m i x t u r e ) cou l d r e s u l t from combination and/or over
tone modei Dut i t i s o f s u f f i c i e n t s t r e n g t h t o siwgest t h a t pro-
tonated s p e c i e s (such as [ H V 2 0 7 ] o r [ H V 1 0 0 2 g ] ) have formed 
w i t h i n the s e p i o l i t e . P r o t o n a t f o n of a t e r m i n a l Ύ^Ο group w i l l tend 
to both i n c r e a s e the bond orde r and v i b r a t i o n a l frequency o f the 
remaining V=0 groups and cause broadening of the v i b r a t i o n a l bands. 
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TABLE I. RAMAN SPECTRA OF V-LOADED (5%) SEPIOLITES AND REFERENCE , Q . 
COMPOUNDS (APPROXIMATE RELATIVE INTENSITIES GIVEN IN PARENTHESIS)' ' 

SAMPLE WAVENUMBER c m " 1 (INTENSITY) 

V 2 0 5 997 (10 ) , 846 ( 6 ) , 788 ( 4 . 5 ) , 729 ( 7 . 5 ) , 670 ( 6 ) , 605 (8) 

[ ( V 0 4 ) 3 " ] 827 (10 ) , 780 (2) 

[ P b 5 ( V 0 4 ) 3 C l ] 829 (10 ) , 799 (2) 

M g V 2 0 6 921 (10 ) , 836 ( 3 ) , 730 ( 4 ) , 523 (0.5) 

C a V 2 0 6 959 (10 ) , 885 ( 5 . 5 ) , 723 ( 1 . 5 ) , 555 (1.5) 

[ C d 2 V 2 0 7 ] 877 (10 ) , 848 ( 3 ) , 820 ( 2 ) , 789 (0.5) 

[ ( ν 2 ° 7 ^ ς ] 8 7 7 ( 1 0 ) ' 8 5 0 < 2 )> 8 1 0 ( 2 ) ' 5 0 3 ( 2 ) 

a-Mg-ν,Ο-. 948 ( 5 . 5 ) , 919 ( 6 . 5 ) , 902 (10 ) , 873 ( 3 . 5 ) , 842 ( 3 ) , 723 ( 1 . 5 ) , 
L L 9 631 ( 1 ) , 621 ( 1 ) , 570 (0 .5) 

0 - M g , V 9 O 7 1014 ( 3 ) , 920 ( 1 ) , 898 ( 5 ) , 882 (10 ) , 860 ( 3 ) , 845 ( 4 . 5 ) , 788 
6 ( 1 . 5 ) , 740 ( 1 ) , 523 (1 .5) 

M g V 2 0 6 - M g 2 V 2 0 7 1014 ( 2 ) , 923 (10 ) , 882 ( 6 . 5 ) , 845 ( 4 ) , 840 (4) 732 ( 4 ) , 522 (1) 

M g 3 V 2 0 8 863 (10 ) , 827 (2) 

5% V/Sp-Sep, 

Steam 1014 ( 1 . 5 ) , 952 ( 2 . 5 ) , 885 (10 ) , 850 ( s h ) , 525 (1) 

5% V/Sp-Sep, CA 1014 ( 2 . 5 ) , 925 ( 4 . 5 ) , 898 ( s h ) , 885 (10 ) , 850 ( 5 ) , 525 (1) 

5% V/IMV-Sep, 
Steam 1013 ( 1 ) , 929 ( 9 . 5 ) , 868 ( 1 0 ) , 848 ( 9 ) , 835 ( 5 ) , 773 (3) 

5% V/IMV-Sep, CA 1015 ( 0 . 5 ) , 929 (10 ) , 867 ( 9 ) , 849 ( 8 . 5 ) , 836 ( 5 . 5 ) , 788 ( 2 ) , 
770 ( 3 ) , 690 ( 0 . 5 ) , 530 (1) 

sh - s hou lde r 
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A l t e r n a t e l y , c o n s i d e r a b l e anion d i s t o r t i o n of [V0~] groups i n 
[ V 2 0 y ] - u n i t s has been suggested to cause V-0 s t r e t c h i n g modes near 
1000 cm" (JJ_). Such d i s t o r t i o n would be expected to be more impor
t a n t i n the pure Spanish s e p i o l i t e than i n the i m p u r i t y - l a d e n IMV 
c l a y . As a r e s u l t , the r e l a t i v e i n t e n s i t y of the 1014 cm" band i s 
g r e a t e r i n the Spanish s e p i o l i t e than i n the IMV s e p i o l i t e sample. 
Wormsbecher and coworkers {]2) have proposed t h a t a t the c o n d i t i o n s 
(700°C, 20% steam) used to regenerate c r a c k i n g c a t a l y s t s , a v o l a t i l e 
H^VO- s p e c i e s i s formed caus i n g the d e s t r u c t i o n o f the z e o l i t e . 

th and coworkers (9,10) i n stu d y i n g the Raman and i n f r a r e d 
s p e c t r a o f aqueous vanadates,-were a b l e to demonstrate the presence 
of [ V 0 ~ r ~ (pH <9.5), [ H V . 0 7 ] J ' (pH 9.5-11.9), [ ν 2 0 7 Γ " and ( H V 0 , r " 
(pH 11.9-14) i o n s . At phf >' 14 ( u s i n g 10M KOH s o f u t i o n s ) , the V O / 0 

ion was observed; i t s spectrum was c h a r a c t e r i z e d by a sharp and 
int e n s e Raman l i n e a t 827 cm and a weak l i n e a t 340 cm" . E v i 
dence of vanadic a c i d formation could not be observed i n any o f the 
steam aged V-loaded s e p i o l i t e s examined. I t i s d o u b t f u l t h a t the 
strong a l k a l i n e c o n d i t i o n s r e q u i r e d t o form the V0*" ions can be 
achieved on a FCC s u r f a c e . The mineral Hummerite 
( K 2 M g 2 [ V 1 0 0 2 8 ] ' 1 6 H 2 0 ) has i t s s t r o n g e s t Raman l i n e s a t 1000 cm"-, and 
963 (£), wnirn are i n c l o s e p r o x i m i t y to the l i n e s a t 1014 cm" and 
952 cm i n the steamed Spanish s e p i o l i t e . Hence, i t is more l i k e l y 
t h a t a protonated s p e c i e s l i k e [ H V 2 0 7 ] or [ H V 1 Q 0 2 g ] " are formed 
when steam aging V-loaded c a t a l y s t s . 

F i g u r e 5 shows the e x c e l l e n t agreement between the Raman 
spectrum o f n a t u r a l g a r n i e r i t e (on hydrous magnesium-nickel s i l i c a t e 
o b t a i n e d from WARD's) and the s p e c t r a o f c a l c i n e d o r steam aged 
Spanish s e p i o l i t e loaded w i t h 5% N i . Only the 600-800 cm" reg i o n 
i s shown i n these s p e c t r a s i n c e d i s t i n g u i s h a b l e Raman bands were not 
observed i n the r e s t of the 0-1000 cm" r e g i o n . The band a t 685 
cm" i s probably the r e s u l t of a symmetric SiO bending mode which 
i s t y p i c a l l y the most i n t e n s e band i n (SiO ) - c o n t a i n i n g samples. 
Steaming causes the 685 cm" band to i n c r e a s e i n width w h i l e de
cr e a s i n g i n i n t e n s i t y . S i m i l a r changes have been obserbed a l s o when 
steaming V - c o n t a i n i n g s e p i o l i t e samples. Since the s e p i o l i t e does 
not c o n t a i n Raman bands, the s p e c t r a i n F i g u r e 5 co n f i r m the pres
ence o f N i S i 0 3 - l i k e s t r u c t u r e s r e s u l t i n g from N i - s e p i o l i t e i n t e r 
a c t i o n s induced by the v a r i o u s heat treatments used to age the 
c a t a l y s t . 
XPS R e s u l t s . The XPS analyses of s e p i o l i t e granules and K a o l i n 
microspheres loaded w i t h 2% Ni or 2% V were performed to i d e n t i f y 
d i f f e r e n c e s i n elemental peak p o s i t i o n s , r e d u c i b i l i t y and atomic 
c o n c e n t r a t i o n s . The V, 0, S i and Mg peak p o s i t i o n s i n these 
m a t e r i a l s , t o g e t h e r w i t h those of r e f e r e n c e compounds l i k e MgV 90 f i, MgoV ?0 g, MgV 90 f i-Mg 9V 90 7 m i x t u r e s , Ca Mg 90 f i and V 9 0 , are shown f n D 

Table I I . B5n8s near 517 eV, 516 eV and 515 eV f o r V 2 p 3 / 2 imply the 
presence of V(V), V(IV) and V ( I I I ) s p e c i e s , r e s p e c t i v e l y . In 
g e n e r a l , the V - c o n t a i n i n g c l a y s ( c a l c i n e d i n the 540-1000°C tempera
t u r e range) show o n l y a s i n g l e t V-peak near 517 eV; however, a f t e r 
steam-aging, an a d d i t i o n a l (weak) peak near 515 eV appears. Sput
t e r i n g (as w e l l as r e d u c t i o n under H 2 a t 400°C) p a r t i a l l y reduces 
the vanadium on the s e p i o l i t e s u r f a c e TO a mixture of V(V) and 
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It 
600 650 700 750 800 

WAVENUMBER (CM1) 

F i g u r e 5. Raman s p e c t r a of (A) 5% Ni on s e p i o l i t e a f t e r 
steaming, (B) 5% Ni on s e p i o l i t e a f t e r c a l c i n a t i o n , and (C) 
g a r n i e r i t e . 
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206 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

V ( I V ) . Formation of V ( I I I ) s p e c i e s was observed o n l y a f t e r s p u t t e r 
ing V-loaded k a o l i n o r ν ? 0 ς powders. The observed peak p o s i t i o n s 
f o r 0, S i and Mg do not depend on the thermal pretreatment used. 

Thermal treatment e f f e c t s on Mg/Si, Mg/V and V/Si atomic r a t i o s 
observed i n the two V-loaded c l a y s and r e f e r e n c e compounds are shown 
i n Table I I I . The Mg/Si r a t i o i s f a i r l y constant (0.70-0.75) i n 
steam-aged samples, but i t i n c r e a s e s i n samples c a l c i n e d a t 1000°C 
a f t e r s p u t t e r i n g (Table I I I ) . This change suggests t h a t s u r f a c e 
atoms, which otherwise would s h i e l d Mg from XPS d e t e c t i o n , have been 
removed by the Ar -beam. Steaming a t 732 C or c a l c i n a t i o n a t 850 C 
give m a t e r i a l s w i t h V/Si atomic r a t i o s ( i n the 0.005-0.007 range), 
which are r e l a t i v e l y i n s e n s i t i v e to Ar- s p u t t e r i n g . In c o n t r a s t , 
The samples c a l c i n e d at 1000 C e x h i b i t a near t e n - f o l d i n c r e a s e i n 
the V/Si r a t i o and a f t e r s p u t t e r i n g t h i s r a t i o decreases to 0.036 
from 0.066 (Table I I I ) . The observed Mg/V atomic r a t i o g r e a t l y 
d e v i a t e s from the s t o i c h i o m e t r y t y p i c a l o f Mg-vanadates (Table I I I ) . 
However, c a l c i n a t i o n a t 1000°C causes m i g r a t i o n of V to the s e p i o 
l i t e s u r f a c e thereby producing high V/Si atomic r a t i o s and Mg/V 
r a t i o s approaching those i n Mg-vanadates (Table I I I ) . When pla c e d 
on k a o l i n , vanadium seems to coat the microspheres s u r f a c e and high 
V/Si atomic r a t i o s i m i l a r t o those measured on V-loaded s e p i o l i t e 
( c a l c i n e d a t 1000°C) are observed, see Table I I I . 

Data i n Table IV show the d i s t r i b u t i o n o f V( V ) , V(IV) and 
V ( I I I ) i n c l a y s and r e f e r e n c e compounds a f t e r r e d u c t i o n i n hydrogen 
at 400°C. Less V(IV) i s formed from the MgV 20 g-Mg 2V 20 7 mixture than 
from the C a V ^ sample. Furthermore, thfe amoirit of V(IV) i n 
V-loaded s e p r o r i t e s decreases i n the or d e r : V ( I V ) [ V 9 0 R ] > 
V(IV)[1000°C,CA] > V(IV)[850°C,CA] > V(IV)[732°C, steamed], fts0seen 
i n the s p u t t e r e d samples, V ( I I I ) s p e c i e s c o u l d not be observed 
( a f t e r H 2 - r e d u c t i o n experiments) i n any of the s e p i o l i t e samples 
s t u d i e d . In c o n t r a s t , when placed on k a o l i n , vanadium reduces to 
V(IV) and V ( I I I ) s p e c i e s and the V ( I I I ) / V ( I V ) r a t i o seems indepen
dent of the thermal pretreatment used t o age t h i s c l a y . S i m i l a r l y , 
V 2 0 5 can be reduced t o a combination o f V(IV) and V ( I I I ) s p e c i e s . 

These r e s u l t s t o g e t h e r w i t h those i n Tables I I and I I I show 
t h a t V i n t e r a c t s w i t h the s e p i o l i t e s u r f a c e . Steaming a t tempera
t u r e s t y p i c a l l y encountered i n the regen e r a t o r of an FCC u n i t would 
not d e s t r o y t h i s i n t e r a c t i o n . Upon c a l c i n a t i o n a t 850°C the V 
becomes more r e d u c i b l e than i n 732°C steamed c l a y , but s u b s t a n t i a l l y 
h i g h e r temperatures (1000°C) than those u s u a l l y seen i n FCCU opera
t i o n s are r e q u i r e d before these V - s e p i o l i t e i n t e r a c t i o n s are broken 
and vanadium migrates to the c l a y s u r f a c e . Such m i g r a t i o n produce 
compounds t h a t are not as e a s i l y H 2-reduced as V20,-. Meisenheimer (13) has re p o r t e d t h a t f r e s h l y vanadium-
contaminated a l u m i n o s T l i c a t e c a t a l y s t s r e q u i r e d i n excess o f f o u r 
hours a t 750°C f o r f u l l r e d u c t i o n of V(V) to V ( I I I ) ; f o u r hours a t 
500°C r e s u l t e d i n 70% -30% V ( I I I ) - V ( I V ) m i x t u r e s . At the s h o r t 
c o n t a c t times (4-8 seconds) and temperatures (480-520°C) e x i s t i n g i n 
the c r a c k i n g zone (the r i s e r ) o f a FCC u n i t , V(V) r e d u c t i o n t o V(IV) 
w i l l probably be incomplete, ( V 9 0 , + w = VpO, + H ?0, AG = -33.5 Kcal/m) (14). Reduction of V 9 o / t f f V 9 0 ^ i s ntft as f a v o r a b l e (V 20- + 
W? = Vo0~ + H 20, AG = -17.4 Xcal/m). In the present case, H ?-t r e a t m e n r o f ν 9 6 ς a t 400°C f o r one hour r e s u l t e d i n 30% V ( I I I ) 
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12. OCCELLI AND STENCEL Dual-Function Cracking Catalyst Mixtures 207 

TABLE II. THE XPS BINDING ENERGIES (eV) OF ELEMENTS IN 2% V LOADED KAOLIN, 
2% V LOADED SEPIOLITE CATALYSTS AND IN REFERENCE COMPOUNDS 

Sample
 V 2Pv? ûll S i2p Mg2p 

2%V/Sep, 850*C, CA 517.1 531.7 102. 6 50.2 

2%V/Sep, 8 5 0 ' C , H 2 517.0 515.3 532.0 102. 9 50.6 

2%V/Sep, 1000 'C , CA 517.0 531.8 102. ,7 50.4 

2%V/Sep, 1000 'C, SP 517.3 515.8 532.0 102. ,7 50.7 

2%V/Sep, 1000"C, H ? 517.0 515.3 530.0 103. .0 50.7 

2%V/Sep, Steam 517.3 515.4 532.1 102. .9 50.6 

2%V/Sep, Steam SP 517.0 514.6 532.1 102, .9 50.8 

2%V/Sep, Steam H ? 516.9 515.6 531.7 102. .6 50.2 

2%V/Kao l in , 540 e C , CA 516.6 530.8 102 .2 

2%V/Kao l in , 540 'C , H 2 516.2, 514.6 531.4 102 .5 

2%V/Kao l in , Steam 517.1, 516.2 531.7 103 .3 

2%V/Kao l in , Steam H 2 516.3, 515.0 532.0 103 .4 

M g V 2 0 6 AR 517.2 532.0 530.0 50.0 

M g 2 V 2 0 ? SP 517.2 514.7 532.0 529.9 .... 50.0 

M ix tu re H 2 517.4 515.6 530.4 50.4 

C a V 2 0 6 , AR 517.4 532.2 530.2 ... 
C a V 2 0 6 , SP 516.6 514.2 531.7 529.5 ... .... 
C a V 2 0 6 , H 2 516.9 515.3 529.3 ... 

V 2 0 5 , AR 517.2 530.2 — -
V 2 0 5 , H 2 516.0 514.7 529.8 ... -

CA: C a l c i n e d ; H 2 : H 2 - t r e a t e d , 400 'C , 1 n r . , 1.5 ATM; SP: A r - S p u t t e r e d ; 

Steam: Steamed, 732*C/10 h r ; AR: A s - r e c e i v e d . 
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TABLE II I. ATOMIC RATIO IN TWO METALS-LOADED CLAYS AND 

REFERENCE COMPOUNDS 

Mg/Si V / S i ( x 1 0 2 ) Mq/V 

2% V/Sep, 8 5 0 e C , CA 0.52 0.53 98.0 

2% V/Sep, 8 5 0 e C , H 2 0.54 0.68 79.0 

2% V/Sep, 8 5 0 e C , SP - - -

2% V/Sep, 1000 'C , CA 0.53 6.6 8.0 

2% V/Sep, 1000 'C , SP 0.75 3.6 2.1 

2% V/Sep, 1000 'C , H 2 0.95 8.8 11.0 

2% V/Sep, Steam, AR 0.75 0.63 119.0 

2% V/Sep, Steam, SP 0.72 0.61 118.0 

2% V/Sep, Steam, H 2 0.70 0.87 80.0 

2% V/Sep, B u l k * 0.64 3.8 17.1 

2%V/Kao l in , 1 0 0 0 e , CA _ 5.1 -

2%V/Kao l in , 1 0 0 0 e , H 2 - 7.2 -

2%V/Kao l i n , Steam - 6.2 -

2%V/Kao l in , Steam, H 2 - 6.3 -

M g V 2 0 6 AR - - 1.6 

M g 2 V 2 0 7 SP - - 1.2 

M ix tu re H 2 - - 3.0 

*From chemica l a n a l y s i s . 
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TABLE IV. DISTRIBUTION OF V-SPECIES IN 2% V-LOADED CLAYS 

AND REFERENCE COMPOUNDS 

V(V) V H V ) vnin 

2% V/Sep, 850*C, CA 100 

2% V/Sep, 8 5 0 e C , H 2 77 23 

2% V/Sep, 1000 'C , CA 100 

2% V/Sep, 1000 e C , H 2 54 46 

43 

48 

2% V/Sep, Steam 80 20 

2% V/Sep, Steam, H £ 88 12 

2%V/Kao l in , 1 0 0 0 ° , CA 100 

2%V/Kao l in , 1 0 0 0 ° , H 2 0 57 

2%V/Kao l in , Steam 65 35 

2%V/Kao l in , Steam, H 2 0 52 

MgV 2 0 6 - AR 100 

M g 2 V 2 0 7 M i x . , H 2 82 18 

C a V 2 0 6 , AR 100 

C a V 2 0 6 , H 2 70 30 

V 2 0 5 , AR 100 

V Ο H - 70 30 
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210 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

formation (Table I V ) . However, none of the V-loaded s e p i o l i t e 
granules could be reduced to V(111) probably because of s t r o n g 
V - s e p i o l i t e i n t e r a c t i o n s . 

The r e l a t i v e ease w i t h which VpCL can be reduced t o V ( I I I ) i n 
a l u m i n o s i l i c a t e s i n d i c a t e the e x i i r e n c e o f weak m e t a l - s u r f a c e 
i n t e r a c t i o n s and the i n a b i l i t y o f the s u r f a c e to e f f e c t i v e l y pas-
s i vate vanadium. S i m i l a r l y , V on K a o l i n (and metakaolin) e x i s t 
mostly as the " f r e e " oxide and can ( i n p a r t ) be reduced to V ( I I I ) 
s p e c i e s . T h e r e f o r e , DFCC systems c o n t a i n i n g metakaolin microspheres 
(o r amorphous a l u m i n o s i l i c a t e s (15)) should not be as e f f e c t i v e as 
s e p i o l i t e i n p a s s i v a t i n g metals TTke Ni and V. In f a c t , DCC mix
t u r e s loaded w i t h 5000 ppm N i - e q u i v a l e n t s ( t h a t i s 0.6% V + 0.38% 
Ni) are not metals r e s i s t a n t when metakaolin i s used as a metals 
scavenger ( 1 ) : 

GRZ-1 D i l u t e d w i t h 40% o f : 
GRZ-1 MetakaofTn S e p i o l i t e 

Conversion (V% FF) 60.0 49.4 66.8 
Gaso l i n e (V% FF) 37.6 33.8 44.6 
Carbon (Wt% FF) 5.2 3.1 4.2 
Hydrogen (Wt% FF) 0.58 0.34 0.33 

DFCC mixtures c o n t a i n i n g 40% s e p i o l i t e and 60% GRZ-1 are e q u a l l y 
e f f e c t i v e i n p a s s i v a t i n g high (10,000 wtppm) l e v e l s o f vanadium 
i m p u r i t i e s (]_). In both c a s e s , m e t a k a o l i n microspheres do not 
i n t e r a c t w i t h vanadium o r vanadium i n the presence o f n i c k e l thus 
a c t i n g as i n e r t d i l u e n t s d e c r e a s i n g both c r a c k i n g a c t i v i t y and 
ga s o l i n e s e l e c t i v i t y 

GRZ-1 D i l u t e d w i t h 40 wt% o f : 
GRZ-1 M e t a k a o l i n S e p i o l i t e 

Conversion (V% FF) 57.0 51.0 66.2 
Gaso l i n e (V% FF) 40.0 37.5 45.7 
Carbon (Wt% FF) 2.5 2.3 3.6 
Hydrogen (Wt% FF) 0.20 0.16 0.15 

Vanadium pentoxide ( V 2 0 R ) melts a t 658°C, forming an oxygen-
d e f i c i e n t semiconductor corrta^ining V(IV) ions as d e f e c t s capable of 
r e a c t i n g w i t h Group I I A me t a l s , a l k y l metals and aluminum ( 1 6 ) . 
The r e s i s t a n c e t o V - d e a c t i v a t i o n o f DFCC c o n t a i n i n g sepioTTte 
granules ( o r s e p i o l i t e i n a c a l c i t e - d o l o m i t e m a t r i x ) d e s c r i b e d i n 
the patent l i t e r a t u r e ( 1 ) , c o u l d be a t t r i b u t e d to s t a b l e vanadates 
f o r m a t i o n . At the c o n d i t i o n s encountered d u r i n g steam s t r i p p i n g , 
r e a c t i o n s of the type: V 2 0 5 + xMg(0H) 2 = Μ9γ ν9°ί5+χ) + x H 2 ° c o u l d 

o c c u r ; 1 < χ < 3. S i m i l a r l y , d u r i n g ttffc o x i d a t i v e decomposition of 
carbonaceous d e p o s i t s i n the rege n e r a t o r : V 2 0 5 + xMgO = 
Mg V 2 0 / 5 + n . Calcium compounds are b e l i e v e d t o hwe a secondary 
r o r e i n p a s s i v a t i n g V - i m p u r i t i e s s i n c e the data i n Table I I I shows 
t h a t c a l c i u m vanadate i s more e a s i l y reduced ( a t t e s t c o n d i t i o n s ) 
than magnesium vanadates. Depending on the host FCC com p o s i t i o n , 
the metal r e s i s t a n c e of the DFCC mixture c o u l d be enhanced by the 
presence of f r e e L a 9 0 ? which c o u l d form LaV0 d (17). 
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The Ni 2 p 3 / 2 s p e c t r a from 2% Ni-l o a d e d s e p i o l i t e ( c a l c i n e d a t 
850°C) a f t e r rf/ treatment i s shown i n Fig u r e 6 along w i t h the 
syn t h e s i z e d curve p r o f i l e and f i t t e d Ni peaks l o c a t e d a t 856.8, 
854.6, and 852.2 eV. The p o s i t i o n s f o r these Ni peaks are i n 
agreement w i t h those expected from compounds such as N i S i C L , NiO and 
Ni m e t a l , r e s p e c t i v e l y . Heating a t 400°C i n hydrogen d i d not reduce 
the r e f e r e n c e N iSiO- s p e c i e s whereas NiO was e a s i l y reduced. Hence, 
the data i n Fig u r e 6 suggests t h a t u n r e a c t i v e Ni i s pr e s e n t , 
probably the r e s u l t o f s t r o n g N i - s e p i o l i t e i n t e r a c t i o n s . Formation 
of a s t a b l e s i l i c a t e l i k e g a r n i e r i t e (a N i - c h r y s o t i l e l i k e compound) 
has probably o c c u r r e d , see Figure 5. 

Atomic r a t i o s ( N i / S i , Mg/Si and Mg/Ni) are shown i n Table V. 
A f t e r c a l c i n a t i o n a t 850°C, the N i / S i r a t i o i n Ni-loaded s e p i o l i t e 
i n c r e a s e s s l i g h t l y from 0.73 to 0.74 a f t e r s p u t t e r i n g and to 0.88 
a f t e r H^-reduction a t 400°C. The N i / S i r a t i o i n the sample c a l c i n e d 
a t 1000*C i s 50% lower than i n samples c a l c i n e d a t lower tempera
t u r e s . A f t e r s p u t t e r i n g the r a t i o i n c r e a s e s t o 1.1 from 0.48. 
These r e s u l t s suggest t h a t whereas high temperature c a l c i n a t i o n 
cause vanadium to migrate from the i n t e r i o r t o the e x t e r i o r o f the 
c l a y s u r f a c e , n i c k e l migrates i n t o the bulk o f the s e p i o l i t e 
granules a f t e r c a l c i n a t i o n a t 1000°C. 

Steaming (a t 732°C) enhances d r a m a t i c a l l y the o b s e r v a b i l i t y of 
Ni on the s e p i o l i t e s u r f a c e . This enhancement i s noted i n both 
N i / S i and Mg/Ni atomic r a t i o s i n Table V. N i c k e l m i g r a t i o n to the 
s u r f a c e o r an in c r e a s e i n Ni d i s p e r s i o n c o u l d account f o r such 
enhanced o b s e r v a b i l i t y . However, the behavior o f the Ni dur i n g 
H^-reduction i n the N i - l o a d e d s e p i o l i t e s , i s independent o f the 
o D s e r v a b i l i t y of the N i . Hence, s e p i o l i t e s t a b i l i z e s N i , i r r e s p e c 
t i v e of i t s s t a t e o f d i s p e r s i o n . S t a b i l i z a t i o n may r e s u l t from the 
f o r m a tion o f r e l a t i v e l y l a r g e Ni c r y s t a l l i t e p a r t i c l e s having a 
NiSiOo-1 i k e s u r f a c e and a Ni-NiO core. In the case o f a h i g h l y 
d i s p e r s e d N i , s t a b i l i z a t i o n c o u l d be the r e s u l t o f i n t e r a c t i o n 
between very small Ni p a r t i c l e s and the s e p i o l i t e s u r f a c e t o form a 
s t a b l e n i c k e l s i l i c a t e . 

When supported on k a o l i n i t e , Ni o b s e r v a b i l i t y i s independent of 
the thermal pretreatment used t o age the c a t a l y s t ; however, i t s 
s p e c i a t i o n or i n t e r a c t i o n w i t h t h i s c l a y change a f t e r steaming. In 
f a c t , whereas 2% Ni on k a o l i n i s approximately 60% r e d u c i b l e a f t e r 
c a l c i n a t i o n , the steamed sample i s n o t , probably because o f the 
f ormation o f a s t a b l e N i - s i l i c a t e s o r even a s u r f a c e s p i n e l phase 
l i k e N i - a l u m i n a t e .  P
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Binding Energy, e V 

F i g u r e 6. The XPS spectrum and Ni 2 P 1 / p curve f i t f o r a sample 
of Spanish s e p i o l i t e (loaded w i t h 2% lir and c a l c i n e d a t 850°C) 
a f t e r H ? r e d u c t i o n a t 400°C/lh. 
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TABLE V. ATOMIC RATIOS IN 2% NI-LOADED CLAYS 

AND REFERENCE COMPOUNDS 

SamDle N i / S i ( x l O 2 ) Mq/Si Mg/Ni 

2% N i / Sep , 850 'C , CA 0.73 0.64 88 

2% N i / Sep , 850*C, SP 0.74 0.88 119 

2% N i / Sep , 850 e C , H 2 0.88 0.64 73 

2% N i / Sep , lOOO'C, CA 0.48 0.59 123 

2% N i / Sep , 1000 'C, SP 1.1 0.91 83 

2% N i / Sep , 1000 'C, H 2 - - -

2% N i / Sep , Steam, 1.9 0.54 29 

2% N i / Sep , Steam, H 2 1.7 0.47 28 

2% N i / Sep , Steam, SP - - -
2% N i / Sep , Bulk 3.3 0.65 20 

2%N i /Kao l i n , 540 e C, CA 7.4 

2%N i /Kao l i n , 540 'C , H 2 4.9 - -

2%N i /Kao l i n , Steam 4.5 _ _ 

2%N i /Kao l i n , Steam, H 2 5.0 - -

N i - C h r y s o t i l e , AR 50 0.12 0.24 

N i - C h r y s o t i l e , SP 33 0.12 0.36 

N i - C h r y s o t i l e , H 2 34 - -

CA = C a l c i n e d ; H 2 « H 2 - t r e a t e d 400 'C , 1 n r . , 1.5 ATM; SP = A r - s p u t t e r e d ; 

Steam = Steamed, 732 'C , 10 h r ; AR = A s - r e c e i v e d . 
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Chapter 13 

X-ray Absorption Study of Vanadium 
in Fluid Cracking Catalysts 

G. L. Woolery, A. A. Chin, G. W. Kirker, and A. Huss, Jr. 

Paulsboro Research Laboratory, Mobil Research and Development 
Corporation, Paulsboro, NJ 08066 

X-ray absorption spectroscopy was used to investigate 
the oxidation state and local environment of vanadium 
in FCC catalysts subjected to conditions simulating 
reaction and regeneration in an f luid catalytic 
cracking unit (FCCU). Vanadium is found to exist in 
the +4 oxidation state after cracking and converts to 
the +5 oxidation state during catalyst regeneration. 
Identical V-edge spectra were observed using V 
naphthenate, V porphyrin, or a high V-containing crude, 
indicating insensitivity to vanadium source. V-doped 
catalysts deactivated over a wide range of conditions 
leads to chemically similar V+6 species although 
cracking activity decreases with increasing severity. 
These results suggest that oxidation state is not 
solely responsible for catalyst deactivation but that 
other factors such as V location and mobility may play 
an important role. Basic alkaline earth oxide 
passivators such as MgO, admixed to the catalyst, 
interact strongly with vanadium during the regeneration 
period. Although the oxidation state of vanadium is 
essentially unaffected, MgO structurally modifies V as 
evidenced by a unique X-ray absorption spectrum. 

Processing of resids and heavy o i l s in an FCCU is becoming 
increasingly prevalent in the modern day refinery. However, the high 
metals content of these petroleum feedstocks has a deleterious effect 
on the performance of cracking catalysts (1-3). These metal 
contaminants, in particular nickel and vanadium, deposit on the 
catalyst and promote dehydrogenation reactions which result in 
increased formation of coke and l ight gases at the expense of 
gasoline production. Vanadium also causes zeolite degradation and 
irreversible act iv i ty loss. While antimony passivation of nickel is 
now widely practiced, there is much ongoing research act iv i ty to 
fu l ly comprehend the poisoning effect of vanadium (4-8). 
Understanding the interaction of vanadium with the catalyst i s an 
important step in the development of technology to passivate 

0097-6156/88/0375-0215$06.00/0 
β 1988 American Chemical Society 
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vanadium. It i s generally accepted that the decrease in catalyst 
activity results from the interaction of vanadium with the zeolite 
subsequent to V 20 g (V* ) formation (5-8). Yet different mechanisms 
have been proposed for the effect, perhaps due to the inordinately 
high V levels used in some of the studies (7-8). 

X-ray absorption spectroscopy (XAS) i s a very powerful tool that 
can provide useful information concerning the interaction of V with 
FCC catalysts. This technique refers to the ejection of an inner 
core electron (photoelectron) from an atom as a result of x-ray 
absorption (9). Since each element has i t s own characteristic 
binding energy, i t i s possible to examine a specific element in the 
presence of many others by tuning the x-ray energy to the proper 
absorption edge. The resulting x-ray absorption near edge structure 
(XANES), within 100 eV of the threshold binding energy, i s rich in 
chemical and structural information (10). XAS is well suited for 
studies of amorphous or poorly crystalline systems, such as may be 
found in zeolite destruction by vanadium, since i t does not rely on 
long range ordering. Furthermore, XAS i s extremely sensitive. With 
the avai l a b i l i t y of high intensity x-ray sources (synchrotron 
radiation), this technique i s capable of providing chemical 
information on metals at the hundred ppm concentration level. 

In this paper, the type of information that can be obtained from 
the application of XANES to metal-containing systems i s demonstrated. 
Examples are discussed from Y absorption edge studies undertaken to 
improve understanding of: the mechanism of V deactivation, the 
effects of processing conditions, and the chemistry of known V 
passivators. Supplemental data were provided by bench unit 
evaluations of the V-containing FCC catalysts. 

EXPERIMENTAL 

CATALYST PREPARATION AND TESTING. The V-containing catalysts 
examined in this study were prepared either by: 1) a microunit 
accelerated metals laydown technique or 2) by a simulated 
deactivation procedure involving hydrothermal treatment of V-doped 
catalysts. 

In the accelerated metals laydown technique, vanadium deposits 
on the catalyst from a V-doped FCC feed in a cyclic laboratory 
microunit. Each cycle consists of cracking a V-doped feed at 1000°F, 
steam stripping at 1000°F, and regenerating at 1300°F. By examining 
catalyst samples following each of these steps, the state of vanadium 
was determined through the simulated riser/regenerator cycle. 
Feedstocks used include blends of vanadium naphthenate (ICN 
Pharmaceuticals), vanadyl IV mesotetraphenylporphine - VOTPP 
(Midcentury), or Boscan crude (130 ppm Ni, 147 ppm V) with a low 
metals gas o i l . The blends were prepared such that approximately 500 
ppm V deposited on the catalyst per cycle. A laboratory prepared, 
steam equilibrated USY catalyst containing no rare earths was used 
for these studies (catalyst A). To study passivator effects, this 
catalyst was blended with 15% MgO (Fisher) as basic alkaline earth 
oxides are known to effectively scavenge V, thereby reducing the 
extent of deactivation (4,6). 

In the simulated deactivation procedure, 5000 ppm V was 
deposited on the fresh catalyst or on a 15% MgO/catalyst blend by 
either physical admixture with V 20 g powder (Fisher) (6) or 
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impregnation with a V naphthenate/xylene mixture to incipient wetness 
(11). In both cases, the V-containing catalysts were steam 
deactivated at 1450°F and evaluated in a bench unit test. Both 
procedures simulate vanadium deactivation of FCC catalysts as 
evidenced by comparison with the catalyst activity, surface area, and 
zeolite c r y s t a l l i n i t y of commercially equilibrated catalysts of 
comparable V levels. At these higher V loadings, a commercial REY 
catalyst containing 2.6% rare earths (catalyst B) was also examined. 
Although La, the primary rare earth constituent on REY, has an ^ 1 τ ι 

adsorption edge (~5490eV) only 20 eV past the Κ edge of V, 
qualitative comparisons can s t i l l be made on similar catalysts (same 
La content). The results on examination of USY and REY catalysts 
suggest that the oxidation state of V i s not affected by the presence 
of these pre-exchanged rare earths. 

X-RAY ABSORPTION MEASUREMENTS. High resolution x-ray absorption data 
were collected at the National Synchrotron Light Source in 
Brookhaven, New York. The x-ray storage ring was operating at 2.52 
GeV at currents of 45-125 mA. The FCC catalysts were examined in the 
fluorescence mode at room temperature. Interpretation of the data 
was performed by comparison to the x-ray absorption characteristics 
of a variety of reference compounds with known structure and valence 
(Table I ) . The absolute height of the vanadium Κ edge absorption was 
normalized to the nodes in the EXAFS region of the spectrum (12). 
The absolute Κ edge energy was determined by reference to V 20 g, which 
was run repeatedly to confirm edge position. The identity and 
crystallographic purity of the reference samples (both purchased and 
in-house preparations) were confirmed by x-ray diffraction and were 
used without further treatment. 

Table I 
Reference Vanadium Compounds Used For Spectral Comparisons 

Compounds 

VO Mg2V04 Na2V04 

V 2 ° 3 MgV20e Na3V04 

V 2°4 Mg2V207 V naphthenate 
V 2 ° 6 • W e VOTPP 

VSi 2 

RESULTS 

Κ EDGE ABSORPTION SPECTRA. The absorption of x-rays in the v i c i n i t y 
of the Κ absorption edge of transition metals gives information on 
both oxidation state and coordination geometry of the central 
absorbing atom. The energy positions of various absorption features 
have been demonstrated to be correlated to the formal valence of V in 
an extensive series of oxides, vanadates and intermetallics (13). 
For i l l u s t r a t i o n , the Κ edges of three V-oxide reference compounds 
are shown in Figure 1. As the V oxidation state increases from +2 to 
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+5, the entire spectrum shifts to higher energies. These energy 
shifts, or so-called chemical shifts, vary linearly with oxidation 
state. The positive shift in threshold energy can be understood 
conceptually to be due to an increase in the attractive potential of 
the nucleus on the Is core electrons and a reduction of the repulsive 
core Coulomb interaction with a l l other electrons in the compound. 

Other features in the absorption spectrum are due to local site 
symmetry about the absorber that dictates the intensity^of the 
various molecular transitions. Figure 2 compares two V* compounds, 
V 20 4 and Y naphthenate. The considerable differences in peak 
intensities, particularly in the pre-edge absorption at "'5465 eV, are 
due to symmetry changes resulting from different local geometries. 
The pre-edge peak, which arises from a ls+3d transition, i s formally 
forbidden. However, geometries which lack inversion centers allow 
for orbital mixing which break down the selection rules governing 
transition probability. V in V 20 4 i s in a distorted octahedral 
environment; the distortion gives rise to the small peak intensity at 
5465 eV. V-naphthenate, a vanadyl compound, i s square pyramidal with 
a very short V-0 bond. This symmetry lowering gives rise to the 
increased pre-edge absorption as well as changes in the overall edge 
profile. In the case of VO, which has a NaCl structure with perfect 
octahedral symmetry, the pre-edge exists only as a very weak shoulder 
(Figure 1). 

The principal absorption peak is due to the dipole-allowed 
transition ls+4p. Differences in the shape of the absorption 
spectrum i n this region can be attributed to s p l i t t i n g of the 
degenerate energy levels of the atom, which i s an indication of 
asymmetrical metal-ligand bonding (10). Features can also arise from 
transitions to higher np states, shape resonance, and multiple 
scattering. These effects are usually more d i f f i c u l t to analyze. 
However, since the edge profile provides a fingerprint of the 
compound in question, identification of the structure can usually be 
obtained when suitable reference materials are available. 

VANADIUM OXIDATION STATES IN FCC CATALYSTS. USY catalyst samples 
(catalyst A) containing 500 ppm V, which was deposited by the 
microunit accelerated metals laydown technique using a V naphthenate-
doped feed, were examined after the reaction and regeneration 
periods. Comparison of the absorption edge following cracking with V 
naphthenate indicates that V remains in the +4 oxidation state 
(Figure 3). Conversion of V to the +3 valence does not occur within 
the reducing atmosphere of the FCC riser. During catalyst 
regeneration, V oxidizes primarily to the +5 state (Figure 4) though 
some residual +4 may remain. 

Similar experiments were conducted to examine the effect of 
vanadium source. Impregnation of naphthenates i s usually used to 
simulate high V-containing equilibrium FCC catalysts although the 
majority of V compounds in crudes exists as porphyrins or porphyrin-
like complexes. Investigators have pointed out that the metal 
behavior of porphyrins and naphthenates on catalyst performance i s 
similar despite their structural differences (11). Our microunit 
studies show that a|ter catalyst regeneration, the resultant V 
oxidation state (V* ) i s independent of V source contained in the 
crude. Identical edge data were obtained using feeds doped with V 
naphthenate, VOTPP, and Boscan crude (Figure 5). The edges after 
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1.25 

Figure 2. Effect of coordination geometry on V XANES spectrum: V 
naphthenate ( ) , V 20 4 ( ) . 
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cracking (V+ ) dif f e r slightly suggesting that complete decomposition 
of the V feed does not occur until after catalyst regeneration 
(Figure 6). The samples treated with VOTPP and Boscan crude were 
similar as expected. 

VANADIUM DEACTIVATION UNDER SIMULATED CONDITIONS. The degree of 
catalyst deactivation was measured by comparing the activity of the 
catalyst or catalyst/passivator blend containing 5000 ppm V to that 
of the corresponding sample with no V added after similar treatment 
conditions (Table II). For the USY catalyst (catalyst A), steaming 
with V 20 ç at 1450°F resulted in a 68% decline in activity^ 
Examination of the V edge indicates the formation of a V* species 
that i s structurally different from bulk V-0g (Figure 7) . 

Deactivation severity significantly affects catalyst 
performance. With either the V 20 ç (V* ) addition or V naphthenate 
(V+ ) impregnation technique, similar activity losses of 60-70% were 
obtained on a commercial REY catalyst (catalyst B) steam treated at 
1450°F. At 1350°F steaming, only 1/3 of this activity loss was 
observed. However, the V absorption edges for these catalysts are 
identical (Figure 8), indicating the same +5 oxidation state and 
coordination geometry about V at both deactivation temperatures. Air 
calcination of the V naphthenate-treated REY catalyst at 1450°F, 
where only a small drop in activity occurred, also results in a V 
edge that completely overlaps the other samples. V location in the 
catalyst (matrix vs. zeolite) could not be determined from the edge 
data alone; V on pure USY zeolite and an amorphous matrix gave 
identical V edges. Hence, the wide variations in catalyst activity 
after deactivation may be due to dissimilar V locations resulting 
from different V mobility during treatment. 

Table II 
Vanadium Deactivation of FCC Catalyst : Effect of 

Thermal/Hydrothermal Treatment and V Source 

Base V Source Treatment Activity 
Catalyst (5000 ppm) Treatment Temp.,°F Retention 

A 
V 2 ° 5 

Hydrothermal 1450 32 
Β 

V 2 ° 5 
Hydrothermal 1450 39 

Naphthenate Hydrothermal 1450 30 

V 2 ° 5 
Hydrothermal 1350 80 

Naphthenate Hydrothermal 1350 73 

V 2 ° 6 
Thermal 1450 94 

Naphthenate Thermal 1450 87 

A - Laboratory prepared catalyst using commercial USY 
Β - Commercial REY catalyst 
a 4.· -4. d 4. 4.· 1 Λ Λ Conversion with V 
Activity Retention = 100 χ C o n v e r s i o n w i t h n o γ added 
Conversion = Vol% of feed converted to <430°F products 
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Ε (ev) 

Figure 6. Effect of V source on V XANES spectrum of Catalyst A 
containing 500 ppm V after microunit cracking: Boscan ( ), 
VOTPP ( ), V naphthenate (+++). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

3

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



13. WOOLERYETAL. X-ray Study of V in Catalysts 223 
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Figure 7. Comparison of V XANES spectrum of bulk V 20 g ( ) with 
Catalyst A containing 5000 ppm V (from Y 0.) after steam 
deactivation at 1450°F ( ). 
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Figure 8. Effect of steaming temperature on V XANES spectrum of 
Catalyst Β containing 5000 ppm V (from V90 ) : 1450°F ( ), 
1350°F ( ). 
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A different absorption spectrum was observed for the 
V 20 5-containing catalyst Β sample following air calcination. This 
catalyst has nearly complete activity retention. The distinguishing 
feature in this case l i e s in the La rather than the V edge region 
(Figure 9), and is due to a more intimate association of La and V in 
the steamed sample relative to the calcined sample. Since La is 
located predominantly in the zeolite for REY catalysts, this i s 
further evidence that V mobility during the deactivation process i s a 
necessary condition for zeolite destruction. 

MAGNESIUM OXIDE PASSIVATION EFFECTS. Experiments were conducted with 
15% MgO admixed to catalyst A in the cyclic microunit. After 
reaction with the V naphthenate-doped feed, no change in the V edge 
profile due to the added MgO was observed (Figure 10). However, 
after catalyst regeneration, the MgQ-containing sample exhibits an 
edge profile shifted to higher energy than the catalyst without MgO 
(Figure 11) along with increased intensity in the pre-edge 
absorption. The increase in strength of the pre-edge transition can 
be understood conceptually by considering the "molecular cage" 
defined by the nearest neighbor ligands coordinating to vanadium 
(13-14). Such an interaction with Mg would cause a reduction in the 
average bond distance and lead to stronger 3d-4p orbital mixing and a 
relaxation of selection rules governing the ls*3d pre-edge 
transition. Thus, the influence of MgO appears only after 
regeneration, and then the effect i s to partially increase V valence 
concomitant with modification of the local structure about V. 

High activity retentions were achieved in bench unit testing of 
V205/steam deactivated catalysts blended with 15% MgO (Table III). 

Table III 
Vanadium Deactivation of FCC Catalyst : Effect of 

MgO Passivation 

Base V Source Treatment Activity 
Catalyst (5000 ppm) Treatment Temp.,°F Retention 

A 
V 2 ° 5 Hydrothermal 1450 32 

Β 
V 2 ° 5 Hydrothermal 1450 39 

15% MgO/A 
V 2 ° 5 Hydrothermal 1450 79 

15% MgO/B 
V 2 ° 5 Hydrothermal 1450 98 

A - Laboratory prepared catalyst using commercial USY 
Β - Commercial REY catalyst 
. , . tx , , . Λ f\f\ Conversion with V 
Activity Retention = 100 χ C o n v e r s i o n w i t h no V added 
Conversion = Vol% of feed converted to <430°F products 

A comparison of the absorption edge of catalyst A with and 
without MgO shows considerable differences (Figure 12). Though the 
oxidation state of V is essentially the same, the edge fine structure 
induced by MgO indicates that the local environment about V had been 
altered significantly. As with the cyclic microunit studies, the 
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Figure 10. Effect of MgO on V XANES spectrum of Catalyst A 
containing 500 ppm V after microunit cracking: 0% MgO ( ), 15% 
MgO ( — ) . 
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1.25r 

5460 5480 5500 5520 

Ε (ev) 
Figure 11. Effect of MgO on V XANES spectrum of Catalyst A 
containing 500 ppm V after microunit regeneration: 0% MgO ( ), 
15% MgO ( ) . 

Figure 12. Effect of MgO on V XANES spectrum of Catalyst A 
containing 5000 ppm V (from V20_) after steam deactivation at 
1450°F: 0% MgO ( ), 15% MgO ) . 
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presence of MgO causes an increase in the pre-edge intensity. The 
greater degree of s p l i t t i n g of the main absorption peak i s indicative 
of a decrease in coordination symmetry and i s further evidence of the 
interaction of V with MgO. The formation of a magnesium vanadate 
compound when V 20 g reacts with MgO in the presence of steam has been 
proposed previously (6). Through the use of XAS coupled with x-ray 
diffraction, positive identification of the magnesium vanadate 
species i s now possible. 

DISCUSSION 

Based on the results reported herein, the following interpretation i s 
presented to explain the mechanism by which V deactivates FCC 
catalysts. V i s deposited on FCC catalysts from V-porphyrin 
complexes present in the FCC feed. Since the matrix accounts for 
typically 50-80% of the catalyst and since the V-porphyrin complexes 
are generally too large to enter zeolite Y, the V i s i n i t i a l l y 
located on the matrix. In order to destructively interact with the 
zee-lite, two essential changes are required: 1) V must be oxidized to 
V* and 2) V must be mobile. Oxidation readily occurs when the V-
containing catalyst comes in contact with air at regenerator 
températures. Yet temperature alone i s not sufficient to mobilize 
the V* species fgrmed. The presence of steam provides the necessary 
mobility. The V + entity formed can attack both matrix and zeolite. 
Whether this occurs via aluminum removal (vanadic acid mechanism (6)) 
or oxygen abstraction, the site of reaction for zeolites probably 
centers around the framework Al (the Si-OH-Al oxygen would be the 
most susceptible). The result i s removal of framework Al (possibly 
as A1V04) which can further react to regenerate the original V* 
species. Thus destruction of the zeolite i s nonstoichiometric in V. 

Both mechanisms discussed above involve an acidic V* species, 
and d i f f e r primarily in whether that species behaves as a Bronsted or 
Lewis acid. The vanadic acid approach treats the V species as a 
proton donor whereas the oxygen abstraction implies electrophilic 
attack by V. In either case, i t i s easy to see how oxygen rich, 
basic oxides such as MgO function as V passivators. 

CONCLUSIONS 

X-ray absorption spectroscopy can provide information concerning 
oxidation state and local structure of metals deposited on FCC 
catalysts and related supports, even at the several hundred ppm 
level. This information i s valuable towards the understanding of 
catalyst deactivation and passivation mechanisms, and ultimately w i l l 
lead to the development of new passivation routes. 
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Chapter 14 

Processes for Demetalization 
of Fluid Cracking Catalysts 

F. J. Elvin1, J.-E. Otterstedt2, and J. Sterte2 

1ChemCat Corporation, P.O. Box 29866, New Orleans, LA 70189 
2Department of Engineering Chemistry 1, Chalmers University 

of Technology, Fack, S-412 96, Göteborg, Sweden 

Three processes, Demet III, Demet X and New Demet, for 
demetalization of metal poisoned octacat fluid cracking catalysts 
were investigated. These processes removed a significant part of the 
V (30-40%) from the catalyst. The New Demet and Demet III were 
very effective in removing Ni (88% and 80%, respectively) while 
practically no Ni could be removed by Demet X. The Demet 
procedures also proved effective in removing other contaminants 
like Fe and Cu. All Demet methods resulted in increased cracking 
activities as determined by the micro activity test. The conversions 
increased from 65% for the untreated catalyst to 76-78% for 
samples treated according to the different Demet procedures. The 
increase in activity was accompanied by a corresponding increase in 
gasoline yield of 5.0-6.5%. 

T h e c o n t r o l o f t h e a c t i v i t y and s e l e c t i v i t y o f c r a c k i n g c a t a l y s t is t h e k e y to 
o p t i m u m y i e l d s and p r o f i t a b i l i t y . C u r r e n t l y , r e f i n e r i e s e m p l o y t w o d i f f e r e n t 
m e t h o d s o f c o n t r o l : t h e a d d i t i o n o f f r e s h c a t a l y s t and the a d d i t i o n o f g o o d 
q u a l i t y e q u i l i b r i u m c a t a l y s t . O n s i t e F C C U c a t a l y s t d e m e t a l i z a t i o n , c a l l e d 
D e m e t , is a t h i r d a l t e r n a t i v e w h i c h was o r i g i n a l l y d e v e l o p e d by A R C O and 
t h e n i m p r o v e d by C h e m C a t C o r p o r a t i o n w o r k e r s (1). T h e D e m e t p r o c e d u r e s 
a r e used to r e m o v e a c t i v e m e t a l c o n t a m i n a n t s f r o m t h e s u r f a c e o f e q u i l i b r i u m 
c a t a l y s t s , thus i m p r o v i n g c a t a l y s t a c t i v i t y and s e l e c t i v i t y . D e m e t p r o c e d u r e s 
a r e a p p l i c a b l e t o a l l t y p e s o f a m o r p h o u s and z e o l i t i c c a t a l y s t s . 

U n d e r F C C U o p e r a t i n g c o n d i t i o n s , a l m o s t 100% o f the m e t a l c o n t a m i n a n t s 
i n t h e f eed (such as n i c k e l , v a n a d i u m , i r o n a n d c o p p e r p o r p h y r i n s ) a r e 
d e c o m p o s e d and d e p o s i t e d on the c a t a l y s t (2). T h e m o s t h a r m f u l o f t hese 
c o n t a m i n a n t s a r e v a n a d i u m and n i c k e l . T h e d e l e t e r i o u s e f f e c t o f t h e d e p o s i t e d 
v a n a d i u m on c a t a l y s t p e r f o r m a n c e and the manne r i n w h i c h v a n a d i u m i s 
d e p o s i t e d on the c r a c k i n g c a t a l y s t d i f f e r f r o m those o f n i c k e l . T h e e f f e c t o f 
v a n a d i u m on the c a t a l y s t p e r f o r m a n c e i s p r i m a r i l y a d e c r e a s e i n c a t a l y s t 
a c t i v i t y w h i l e t h e major e f f e c t o f n i c k e l i s a s e l e c t i v i t y c h a n g e r e f l e c t e d i n 
i n c r e a s e d c o k e a n d gas y i e l d s (3). R e c e n t l a b o r a t o r y s t ud i e s (3-6) show t h a t 
n i c k e l d i s t r i b u t e s h o m o g e n e o u s l y o v e r t h e c a t a l y s t s u r f a c e w h i l e v a n a d i u m 
p r e f e r e n t i a l l y depos i t s o n and r e a c t s d e s t r u c t i v e l y w i t h t h e z e o l i t e . A 
m e c h a n i s m fo r v a n a d i u m p o i s o n i n g i n v o l v i n g v o l a t i l e v a n a d i c a c i d as t h e 

0097-6156/88/0375-0229$06.00/0 
° 1988 American Chemical Society 
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po i son p r e c u r s o r was p roposed by W o r m s b e c h e r e t a l . (7). A c c o r d i n g to th i s 
m e c h a n i s m , v a n a d i c a c i d is f o r m e d under F C C r e g e n e r a t o r c o n d i t i o n s by the 
r e a c t i o n : 

V 2 O 5 (s) + 3 H 2 0 2 H 3 V O 4 (v) 

S i n c e v a n a d i c a c i d is a s t r o n g a c i d ana logous t o phospho r i c a c i d i t c a n d e s t r o y 
the z e o l i t e by h y d r o l y s i s o f t h e z e o l i t e S 1 O 2 / A I 2 O 3 f r a m e w o r k . R e c e n t l y 
O c c e l l i (8) has shown t h a t v a n a d i u m d e p o s i t e d on c a t a l y s t p a r t i c l e s is ab l e t o 
m i g r a t e t o p a r t i c l e s o f a m e t a l s c a v e n g e r ( s ep io l i t e ) , w h i c h i n i t i a l l y does n o t 
c o n t a i n v a n a d i u m , w h e r e i t c a n f o r m s t ab l e v a n a d a t e s . S t a b i l i t y t o g e the r w i t h 
r a m a n s p e c t r a o f ( h y d r o t h e r m a l l y aged) V - l o a d e d F C C w e r e used to show t h a t 
an a c i d l i k e H 4 V 2 O 7 was m o r e l i k e l y t o be the v o l a t i l e s p e c i e f o r m e d (8). 

In mos t l a b o r a t o r y d e a c t i v a t i o n s tud i e s t h e c a t a l y s t is i m p r e g n a t e d w i t h 
v a n a d i u m c o m p o u n d s and then t r e a t e d for many hours (5-10 hrs. ) a t h i gh 
t e m p e r a t u r e s (1300°-1500°F) w i t h h i gh s t e a m p a r t i a l p r e s sures . A s t h e 
h y d r o l y s i s of V 2 O 5 i n c r e a s e s r a p i d l y w i t h i n c r e a s i n g t e m p e r a t u r e as w e l l as 
w i t h i n c r e a s i n g w a t e r p a r t i a l p r e s su r e (9), these c o n d i t i o n s p r o m o t e the 
f o r m a t i o n o f an a c i d w h i c h p e r m a n e n t l y d e s t r o y s the c a t a l y s t . H o w e v e r , t h e 
v a n a d i u m c h e m i s t r y is d i f f e r e n t i n a c o m m e r c i a l F C C U i n w h i c h the 
r e g e n e r a t o r t e m p e r a t u r e u s u a l l y is i n the range 1250-1400°F, the s t e a m 
p a r t i a l p r e ssure i n t h e r ange 0.1 -0 .4 a t m and i n w h i c h the t o t a l r e s i d e n c e t i m e 
fo r the c a t a l y s t i s w i d e l y d i s t r i b u t e d as c a t a l y s t i s c o n t i n u o u s l y added t o and 
w i t h d r a w n f r o m t h e u n i t . A t the s e c o n d i t i o n s , p a r t o f t h e v a n a d i u m i n d u c e d 
d e a c t i v a t i o n is t e m p o r a r y and c a n be r e v e r s e d by the D e m e t p r o c e d u r e s ( ΙΟ
Ι 1). 

T h i s paper g i v es a n e x a m p l e of t h e response o f one e q u i l i b r i u m c a t a l y s t t o 
the t h r e e b a s i c D e m e t p r o c e d u r e s and to m o d i f i e d v e r s i ons o f these 
p r o c e d u r e s . T h e c a t a l y s t s a r e e v a l u a t e d by e l e m e n t a l a n a l y s i s and by t h e i r 
c r a c k i n g p e r f o r m a n c e , as d e t e r m i n e d by the m i c r o a c t i v i t y t e s t ( M A T ) . 

E x p e r i m e n t a l 

C a t a l y s t . T h e c a t a l y s t used i n th i s s tudy is an e q u i l i b r i u m O c t a c a t f l u i d 
c r a c k i n g c a t a l y s t f r o m a U S r e f i n e r y . T h e m e t a l a n a l y s i s o f t h i s c a t a l y s t and 
i t s M A T c r a c k i n g p e r f o r m a n c e a r e g i v e n i n T a b l e I and T a b l e II, r e s p e c t i v e l y . 

G a s phase t r e a t m e n t . T h e gas phase t r e a t m e n t i n the D e m e t III p r o c e d u r e 
was s i m i l a r t o t h a t d e s c r i b e d by B u r k e t a l . (12). T h e c a t a l y s t w a s f i r s t 
s u l f i d e d a t 720°C f o r 4 h r s . i n a f l u i d i z e d bed r e a c t o r . A f t e r c o o l i n g t o 340°C 
under a f l o w o f n i t r o g e n , t he c a t a l y s t was o x i d i z e d w i t h a i r a t t h i s 
t e m p e r a t u r e f o r 30 m i n . 

In the N e w D e m e t p r o c e d u r e , t h e c a t a l y s t was f i r s t c a l c i n e d i n a i r a t 
730°C f o r 4 h rs . i n a f l u i d i z e d bed r e a c t o r . T h e c a t a l y s t was t h e n s u l f i d e d a t 
730°C f o r 2 h r s . A f t e r c o o l i n g d o w n t h e c a t a l y s t t o 320°C under a f l o w o f 
n i t r o g e n , i t was c h l o r i n a t e d a t t h i s t e m p e r a t u r e f o r 1 h r . 

T h e gas phase t r e a t m e n t i n the D e m e t X p r o c e d u r e s i m p l y c o n s i s t e d o f 
c a l c i n i n g the c a t a l y s t i n a i r i n a f l u i d i z e d bed r e a c t o r a t 720°C fo r 4 h r s . 

W a s h i n g p r o c e d u r e s . T h e aqueous phase t r e a t m e n t s used f o r t h e d i f f e r e n t 
s a m p l e s d i s c u s s e d i n t h i s paper a r e s c h e m a t i c a l l y shown i n f i g u r e s 1-3. 

T h e D e m e t III w a s h c o n s i s t e d o f t w o r e d u c t i v e washes f o l l o w e d by t w o 
o x i d a t i v e washes . In the r e d u c t i v e w a s h , a p p r o x i m a t e l y 40 g. o f t r e a t e d 
c a t a l y s t was d i spe r s ed i n 250 m l o f d e i o n i z e d w a t e r . T h e t e m p e r a t u r e was 
ad jus t ed t o 70°C and S O 2 was b u b b l e d t h r o u g h the d i s p e r s i o n f o r 5 m i n . In the 
o x i d a t i v e wash , t h e c a t a l y s t was f i r s t d i spe r s ed i n 250 m l o f d e i o n i z e d w a t e r 
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a n d the t e m p e r a t u r e was ad jus t ed t o 70 °C . T o t h i s d i s p e r s i o n , 20 and 5 m l o f 
H 2 O 2 (35%) was added in the f i r s t and s e cond o x i d a t i v e w a s h , r e s p e c t i v e l y . 
T h e c a t a l y s t was t r e a t e d w i t h these s o l u t i o n s f o r 3 m i n . 

T h e R E - e x c h a n g e was c a r r i e d ou t by t r e a t i n g t h e c a t a l y s t a t 90 °C f o r 1 h r . 
w i t h a r a r e e a r t h c h l o r i d e s o l u t i o n h a v i n g a c o n c e n t r a t i o n o f 110 g R E 2 O 3 / I . 
T h e N H ^ - e x c h a n g e was p e r f o r m e d by t r e a t i n g the c a t a l y s t a t 90 °C fo r 1 h r . 
w i t h a s o l u t i o n c o n t a i n i n g 130 g/1 ( N H ^ S O ^ . 
A f t e r e a c h wash or i o n e x c h a n g e , the c a t a l y s t was s e p a r a t e d f r o m the s o l u t i o n 
by f i l t r a t i o n . 

E l e m e n t a l a n a l y s i s . E l e m e n t a l a n a l y s i s was p e r f o r m e d w i t h a t o m i c 
a b s o r p t i o n s p e c t r o s c o p y ( A A S ) . S o l i d s a m p l e s w e r e f i r s t s o l u b i l i z e d a c c o r d i n g 
to the p r o c e d u r e d e s c r i b e d by M a r c h and M e y e r s (13). 

C a t a l y t i c c r a c k i n g . T h e c r a c k i n g s tud i e s w e r e c a r r i e d ou t us ing a f i x e d bed 
r e a c t o r c o n s t r u c t e d a c c o r d i n g t o A S T M m e t h o d D 3907-80 " M i c r o A c t i v i t y 
T e s t for F l u i d C r a c k i n g C a t a l y s t s " ( M A T ) . In th i s m e t h o d a k n o w n a m o u n t o f 
o i l i s f ed to a bed of c r a c k i n g c a t a l y s t . T h e gas and l i q u i d p r o d u c t s a r e 
c o l l e c t e d and a n a l y z e d by gas c h r o m a t o g r a p h y . T h e b o i l i n g po in t r ange o f t he 
l i q u i d p r o d u c t s is d e t e r m i n e d by s i m u l a t e d d i s t i l l a t i o n . T h e a c t i v i t y o f t h e 
c a t a l y s t i n c a t a l y t i c c r a c k i n g is d e f i n ed as the w e i g h t - % o f the f e ed t h a t is 
c o n v e r t e d i n t o c o k e , gas a n d gaso l i n e . T h e ga so l i n e f r a c t i o n is t h e p o r t i o n o f 
t he p r o d u c t b o i l i n g b e t w e e n 36° and 216°C. T h e l i gh t c y c l e o i l ( L C O ) is not 
i n c l u d e d i n the c o n v e r s i o n bu t is c a l c u l a t e d f r o m the s i m u l a t e d d i s t i l l a t i o n as 
the f r a c t i o n b o i l i n g b e t w e e n 216° and 344°C. 

T h e c r a c k i n g t e s t s w e r e p e r f o r m e d us ing a h y d r o p r o c e s s e d m i x t u r e o f N o r t h 
S e a a n d A r a b i a n l i gh t H V G O , and a r e a c t o r t e m p e r a t u r e o f 500°C. A m a t e r i a l 
r e c o v e r y b a l a n c e was c a l c u l a t e d fo r e a c h r u n . A l l t e s t s w i t h a r e c o v e r y o f l ess 
t h a n 9 7 % w e r e d i s c a r d e d . F o r e a c h s a m p l e , d u p l i c a t e runs w e r e m a d e i n o rde r 
t o ensure r e p r o d u c i b l e r e s u l t s . 

R e s u l t s and D i s c u s s i o n 

M e t a l s r e m o v a l . T h e r e s u l t s o f t h e m e t a l s r e m o v a l f o r s o m e r e l e v a n t 
s a m p l e s a r e shown i n T a b l e I. A s seen , a l l D e m e t p r o c e d u r e s r e m o v e d a 
s i g n i f i c a n t p a r t o f t he v a n a d i u m (30-40%) f r o m t h e c a t a l y s t s u r f a c e . F o r t h e 
r e m o v a l o f N i , b o t h the N e w D e m e t and D e m e t III p r o c e d u r e was v e r y 
e f f e c t i v e . T h e N e w D e m e t p r o c e s s r e m o v e d 8 8 % of t h e n i c k e l w h i l e t h e 
c o r r e s p o n d i n g v a l u e for D e m e t III was 8 0 % . H o w e v e r , n i c k e l c o u l d not be 
r e m o v e d by t h e D e m e t X p r o c e d u r e . W h i l e t h e gas phase t r e a t m e n t i n t h e 

T A B L E I. R e s u l t s o f m e t a l s a n a l y s i s o f d e m e t a l i z e d s a m p l e s 

C a t a l y s t V N i F e Sb C u N a 

d e s i g n a t i o n (ppm) (ppm) (ppm) (ppm) (ppm) (ppm! 

O c t - 0 3667 1477 4966 823 45.8 3954 

A 2 a 2199 170 1840 179 19.8 3039 

B l a 2348 287 3050 296 29.6 3436 

C 2 c 2330 1337 5380 395 37.8 3118 
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D e m e t X p r o c e d u r e s i m p l y c o n s i s t s o f a n o x i d a t i o n a t e l e v a t e d t e m p e r a t u r e , 
b o t h t h e N e w D e m e t a n d the D e m e t III p r o c e s s has a s u l f i d i n g s t ep w h i c h 
t r a n s f o r m s t h e m e t a l o x i d e s t o i n s o l u b l e s u l f i d e s . In D e m e t III t h e s u l f i d i n g 
s t ep is f o l l o w e d by a p a r t i a l o x i d a t i o n s t ep . T h i s o x i d a t i o n i s c a r e f u l l y 
c o n t r o l l e d t o p r o d u c e m e t a l s u l f a t e s and su l f i d e s w h i c h c a n be d i r e c t l y 
r e m o v e d by w a s h i n g or be t r a n s f e r r e d i n t o s o lub l e c o m p o u n d s by the r e d u c t i v e 
and o x i d a t i v e washes used i n th i s p r o c e d u r e . In t h e N e w D e m e t p rocess t h e 
s u l f i d i n g s t e p is f o l l o w e d by c h l o r i n a t i o n w h i c h r e su l t s i n a t r a n s f o r m a t i o n o f 
t h e su l f i d e s i n t o w a s h a b l e c h l o r i d e s . S i n c e v a n a d i u m c h l o r i d e s a r e v o l a t i l e , 
m o s t o f t he v a n a d i u m r e m o v a l us ing th i s p r o c e d u r e o c c u r s i n t h e gas phase . In 
t h e D e m e t X p r o c e d u r e , the v a n a d i u m o x i d e s f o r m e d a r e w a t e r s o lub l e or c a n 
be t r a n s f o r m e d i n t o w a t e r s o lub l e f o r m s by aqueous t r e a t m e n t s . In c o n t r a s t 
the n i c k e l o x i d e s a r e i n s o l u b l e i n w a t e r . 

T h e t e n d e n c y for the d i f f e r e n t p r o c e d u r e s to r e m o v e i r o n and c o p p e r was 
s i m i l a r t o t h a t f o r n i c k e l r e m o v a l i n t h e sense t h a t these m e t a l s w e r e r e m o v e d 
by the N e w D e m e t and the D e m e t III p rocesses bu t not by D e m e t X . T h e t o t a l 
r e m o v a l o f t h e s e m e t a l s was l o w e r t h a n t h a t o f n i c k e l . In t h e c a s e of i r o n , t h i s 
c o u l d be e x p l a i n e d by t h e f a c t t h a t s o m e o f the i r o n is i n c o r p o r a t e d i n t o t h e 
c l a y m a t r i x and t h e r e f o r e p r o b a b l y m o r e d i f f i c u l t t o r e m o v e by thes e 
t r e a t m e n t s . T h e u n t r e a t e d c a t a l y s t c o n t a i n e d abou t 800 p p m a n t i m o n y w h i c h 
has been added i n the c o m m e r c i a l c r a c k i n g o p e r a t i o n t o p a s s i v a t e N i . T h e 
D e m e t p rocesses t e s t e d r e m o v e d a s i g n i f i c a n t p a r t o f a n t i m o n y f r o m t h e 
c a t a l y s t . T h e e f f i c i e n c y o f t h e d i f f e r e n t p r o c e d u r e s f o r a n t i m o n y r e m o v a l i s 
s i m i l a r to t h a t f o r v a n a d i u m r e m o v a l . T h i s m a y s e e m s o m e w h a t s t r a n g e as t h e 
a n t i m o n y a s s o c i a t e s w i t h the n i c k e l . T h e a n t i m o n y ox ides f o r m e d upon 
c a l c i n a t i o n i n the D e m e t X p r o c e d u r e a r e , h o w e v e r , s l i g h t l y s o lub l e i n w a t e r . 
T h e D e m e t p r o c e d u r e s a l so r e m o v e a l a r g e f r a c t i o n o f t h e s o d i u m f r o m t h e 
c a t a l y s t s . T h i s m a y no t be c l e a r l y seen i n the case d i s cussed he r e as the 
s t a r t i n g c a t a l y s t has a v e r y l ow s o d i u m c o n t e n t . F o r o the r e q u i l i b r i u m 
c a t a l y s t s , i n v e s t i g a t e d by us, the s o d i u m r e m o v a l has been i n the 2 0 - 5 0 % 
range . It shou ld a l so be n o t e d t h a t t h e v a lue s g i v e n i n T a b l e I r e p r e s e n t t h e 
s o d i u m c o n t e n t p r i o r t o i o n e x c h a n g e . U p o n e x c h a n g e w i t h a m m o n i u m or r a r e 
e a r t h , the s o d i u m c o n t e n t is f u r t h e r r e d u c e d . In a d d i t i o n t o m e t a l s , t h e D e m e t 
p r o c e d u r e s r e m o v e m i n o r f r a c t i o n s o f a l u m i n u m and r a r e e a r t h m e t a l s f r o m 
the c a t a l y s t . T h e A l d i s s o l u t i o n i n t h e N e w D e m e t p rocess c o r r e s p o n d s t o a 
d e c r e a s e i n a l u m i n a c o n t e n t o f 0 .01-0.1 w t % , d epend ing on the w a s h i n g 
p r o c e d u r e , w h i l e the c o r r e s p o n d i n g r ange fo r t h e D e m e t III p r o c e s s i s 0 .05-0 .3 
w t % . M o s t o f t he A l i s d i s s o l v e d i n the l o w p H washes , i . e . t h e f i r s t w a t e r 
w a s h i n the N e w D e m e t p rocess and the S 0 2 ~ w a s h e s i n the D e m e t III. 

C r a c k i n g p e r f o r m a n c e . M i c r o a c t i v i t y t e s t r e s u l t s for the d i f f e r e n t 
p r e p a r a t i o n s a r e g i v e n i n T a b l e II. V a r i a n t s o f a l l t h r e e b a s i c D e m e t 
p r o c e d u r e s (see F i g . 1-3) c a n be used t o i m p r o v e t h e p e r f o r m a n c e o f t h i s 
e q u i l i b r i u m c a t a l y s t . 

T h e m o s t s u c c e s s f u l N e w D e m e t p r e p a r a t i o n , A 4 , showed a M A T 
c o n v e r s i o n o f 7 7 . 1 % c o m p a r e d t o 6 5 . 2 % for the u n t r e a t e d e q u i l i b r i u m c a t a l y s t . 
T h i s i n c r e a s e i n c o n v e r s i o n was a c c o m p a n i e d by an i n c r e a s e i n gaso l i n e y i e l d 
f r o m 46.8 t o 5 2 . 3 % and a d e c r e a s e i n c o k e y i e l d f r o m 4.5 t o 4 . 3 % . T h e s e 
r e s u l t s w e r e a c h i e v e d by s u b j e c t i n g t h e c a t a l y s t t o a s e r i e s o f t r e a t m e n t s 
a f t e r the b a s i c gas phase r e a c t i o n s , i n v o l v i n g o x i d a t i v e and r e d u c t i v e washes , 
and i o n e x c h a n g e w i t h N H ^ + and R E (see F i g . 1). E a c h o f t h e s e t r e a t m e n t s 
r e s u l t e d i n a s u c c e s s i v e i m p r o v e m e n t o f c a t a l y s t p e r f o r m a n c e . 

In the D e m e t III s e r i e s , s a m p l e B 3 gave t h e best r e s u l t s , s h o w i n g a M A T 
c o n v e r s i o n o f 7 6 . 2 % . T h e gaso l i n e y i e l d o f t h i s s a m p l e was 5 3 . 2 % , up f r o m 
4 7 . 0 % i n t h e u n t r e a t e d s a m p l e . In t h e D e m e t III s e r i e s a l l s a m p l e s e x c e p t B i b 
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T a b l e II. M A T - c r a c k i n g r e s u l t s f o r d e m e t a l i z e d s a m p l e s 

c a t a l y s t 
d e s i g n a t i o n 

c o n v 
(wt%) 

gaso l i ne 
(wt%) 

c o k e 
(wt%) 

gas 
(wt%) 

L C O 
(wt%) 

o c t a c a t 0 65.2 46.8 4.5 13.9 16.5 

A l a 70.0 48.7 4.3 17.0 14.6 

A l b 71.5 49.8 5.0 16.8 14.9 

A l e 67.6 47.2 4.0 16.4 15.2 

A i d 66.3 46.4 4.2 15.7 16.3 

A 2 a 72.2 50.7 3.5 18.0 13.7 

A 2 b 70.4 47.5 5.2 17.7 14.0 

A 2 c 69.7 49.0 4.1 16.7 14.2 

A 3 a 71.9 50.1 3.8 18.0 14.8 

A 3 b 75.2 50.3 4.4 20.5 12.5 

A 3 c 70.6 47.6 4.7 18.2 14.5 

A 4 77.1 52.3 4.3 20.6 12.0 

B l a 66 .5 45.0 5.2 16.3 17.1 

B i b 53.8 37.8 3.9 12.2 16.9 

B 2 a 73.0 51.2 4.4 17.4 14.0 

B 2 b 70.5 48.0 5.0 17.4 14.6 

B 3 76.2 53.2 4.2 18.8 13.4 

C l 60 .3 41.4 4.8 14.0 17.4 

C 2 a 69.1 46.2 5.1 17.8 15.3 

C 2 b 69.1 47.2 4.3 17.7 15.9 

C 2 c 70.8 49.2 4.1 16.9 14.0 

C 3 a 70.6 46.7 5.2 18.7 14.6 

C 3 b 71.4 48.6 5.3 17.5 14.3 

C 3 c 72.9 51.3 4.1 17.5 12.7 

C 4 76.0 51.7 4.7 19.8 11.5 
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NEW DEMET 

Figure 1. Schematic representation of modifications used in the gaseous 
(top level) and in the aqueous phase treatments in the New Demet 
preparations. 
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DEMET HI 

F i g u r e 2. S c h e m a t i c r e p r e s e n t a t i o n o f m o d i f i c a t i o n s used i n the gaseous 

( top l eve l ) and aqueous phase t r e a t m e n t s i n the D e m e t III p r e p a r a t i o n s . 

DEMET X 

H20-wash 

RE-
exch. 

F i g u r e 3. S c h e m a t i c r e p r e s e n t a t i o n o f m o d i f i c a t i o n s used i n the aqueous 

phase t r e a t m e n t s i n the D e m e t X p r e p a r a t i o n s . 
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s h o w e d a n i m p r o v e d c r a c k i n g p e r f o r m a n c e r e l a t i v e t o t he u n t r e a t e d 
e q u i l i b r i u m c a t a l y s t . T h e t r e a t m e n t o f s a m p l e B i b d i f f e r s f r o m the t r e a t m e n t s 
of t h e o the r s a m p l e s i n t h a t H 2 w a s used t o g e t h e r w i t h H 2 S i n t h e s u l f i d a t i o n 
s t e p . T h e a d d i t i o n o f H 2 o b v i o u s l y had a n e g a t i v e e f f e c t o n c a t a l y s t 
p e r f o r m a n c e . 

In t h e D e m e t X s e r i e s , t he mos t s u c c e s s f u l r e s u l t s w e r e o b t a i n e d f o r 
p r e p a r a t i o n C 4 . T h e M A T c o n v e r s i o n fo r t h i s s a m p l e was 7 6 . 0 % and t h e 
g a s o l i n e y i e l d 5 1 . 7 % . 

C o n c l u s i o n 

F r o m t h e d a t a g i v e n i n T a b l e I a n d T a b l e II, i t i s c l e a r t h a t , f o r t h i s p a r t i c u l a r 
e q u i l i b r i u m c a t a l y s t , a l l the D e m e t p roces ses i n v e s t i g a t e d w e r e e f f e c t i v e i n 
r e m o v i n g m e t a l po i sons f r o m t h e c a t a l y s t s u r f a c e and r e s t o r i n g a s i g n i f i c a n t 
p a r t o f i t s o r i g i n a l c r a c k i n g a c t i v i t y . T h e c a t a l y s t r e sponded i n a s i m i l a r 
m a n n e r t o a l l t h r e e p r o c e s s e s , s h o w i n g an i n c r e a s e i n c o n v e r s i o n o f m o r e t h a n 
10 M A T n u m b e r s a c c o m p a n i e d by an i n c r e a s e i n g a s o l i n e y i e l d o f 5-6.5 M A T 
n u m b e r s . 

D u e t o t he s i m i l a r n a t u r e o f t h e p roces ses , i t w a s pos s ib l e t o des ign a 
f l e x i b l e D e m e t un i t w h i c h c a n be used , w i t h m i n o r m o d i f i c a t i o n s , for a l l t h e 
p r o c e s s e s . T h e d e s i g n o f t h i s u n i t a n d i t s i n c o r p o r a t i o n i n t o t h e f l o w s h e e t o f 
the r e f i n e r y was d i s c u s s e d i n a p r e v i o u s paper (1). T h i s paper a l s o d i s c u s s e d the 
c o m m e r c i a l b e n e f i t s o f u s ing D e m e t p r o c e s s i n g under d i f f e r e n t o p e r a t i o n 
c o n d i t i o n s (1). 
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Chapter 15 

Influence of Preparation Conditions 
on the Catalytic Properties of Al-Pillared 

Montmorillonites 

D. Tichit1, F. Fajula1, F. Figueras1, C. Gueguen2, and J. Bosquet2 

1Laboratoire de Chimie Organique Physique et Cinétique Chimique 
Appliquées, UA 418 du Centre National de la Recherche Scientifique, Ecole 
Nationale Supérieure de Chimie, 8 Rue Ecole Normale-34075, Montpellier 

Cédex, France 
2Centre de Recherches, Elf-Solaize, 69360 St. Symphorien d'Ozon, France 

The preparation of montmorillonites pillared by 
Al-hydroxy cations has been investigated. The thermal 
and hydrothermal stabilities depend on the type of 
clay and mode of preparation. The collapse of the 
structure occurs by sintering of the pillars. The 
controlling factor for stability is the distribution 
of the pillars within the particle of clay. Steaming 
converts the Lewis acidity into Bronsted acidity; the 
strength of these sites can be controlled by the 
conditions of steaming. Molecular sieving is 
preserved, even after steaming at 650°C. High 
activity is observed for the cracking of heavy 
gasoil, with a high selectivity to coke which, in the 
presence of S contaminants, depends on the Fe2O3 
content of the clay. Model experiments using cumene 
dealkylation suggest that the detrimental influence 
of iron is due to the introduction of a 
dehydrogenation function in the catalyst. 

P i l l a r e d i n t e r c a l a t e d c l a y s (PILC) are obta ined by exchanging 
the o r i g i n a l ca t ions o f a smect i te by i n o r g a n i c c a t i o n i c polymers. 
Swe l l ing of the c l a y permits the i n t r o d u c t i o n o f bulky ca t ions which 
create a p o r o s i t y with an homogeneous d i s t r i b u t i o n o f pore openings. 
The s i z e o f the p i l l a r i n g spec ies determines then the p o r o s i t y o f 
the r e s u l t i n g m a t e r i a l . Pore openings o f 8-17A can be obtained with 
many ca t ions i n c l u d i n g A l ( l - 4 ) , Ζ γ ( 1 ^ 6 ) , S i ( 7 ) , 0 ( 8 ^ ) and 
T i ( 3 , 1 0 ) . I n t e r e s t i n p i l l a r e d c lays was increased by the r e p o r t 
(11) that they were more a c t i v e than Y z e o l i t e s f o r the c a t a l y t i c 
convers ion o f bulky molecules . Indeed, L u s s i e r et a l (12) observed a 
good a c t i v i t y f o r c r a c k i n g o f a heavy gas o i l , and O c c e l l i (13) 
r epor ted a g a s o l i n e y i e l d comparable to that o f z e o l i t e s us ing a 

0097-6156/88/0375-0237$06.00/0 
« 1988 American Chemical Society 
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l i g h t e r charge. In both cases however the s e l e c t i v i t y f o r coke was 
high. There are c o n t r o v e r s i a l i n t e r p r e t a t i o n s of t h i s high 
s e l e c t i v i t y f o r coke: Lu s s i e r et a l (12) a t t r i b u t e d the high amount 
of coke to i r o n i m p u r i t i e s , whereas O c c e l l i (13) a t t r i b u t e d the high 
coke make to the c l a y strong Lewis a c i d i t y and reported that i r o n 
i m p u r i t i e s play a minor r o l e on the ease with which p i l l a r e d clays 
deactivate during gas o i l conversion (13a). Some discrepancies a l s o 
appear concerning the thermal s t a b i l i t y of these p i l l a r e d c l a y s . 
Clear d i f f e r e n c e s of s t a b i l i t y are reported f o r Al-PILC (1,14) or 
Zr-PILC (1,15) which have been widely i n v e s t i g a t e d . We present here 
some of our r e s u l t s concerning the preparation, c h a r a c t e r i z a t i o n and 
t e s t i n g of montmorillonites p i l l a r e d by A 1 1 3 0 4 ( 0 H ) 2 4 ( H 2 0 ) ^ 2 7 + 
polymers, i n c l u d i n g the influence of p a r t i c l e s i z e of the o r i g i n a l 
clay on the p r o p e r t i e s of the r e s u l t i n g PILC. 

Experimental 

1) M a t e r i a l s . Two montmorillonites of d i f f e r e n t o r i g i n s were 
used i n t h e i r o r i g i n a l forms. Their chemical compositions are 
reported i n Table 1. Sample G, from Greece, i s a powder, with 
p a r t i c l e s i z e i n the range 0.1-14 microns . Suspension Β i s a 
Volcl a y montmorillonite, r e f i n e d by CECA, and formed of p a r t i c l e s 
smaller than 0.5 micron. XRD patterns of these c l a y s made on 
oriented f i l m s showed no detectable contamination with mica. 

2) Preparation of the PILC : The p i l l a r i n g species was pro
duced by p a r t i a l h y d r o l y s i s of A1C1 ,ΘΗ^Ο by a NaOH s o l u t i o n , 
f o l l o w i n g the procedure described by Lanav et a l . ( 2 ) . We mixed 0.2M 
s o l u t i o n s to obtain a r a t i o 0H/A1=2. The i n t e r c a l a t i n g agent was 
added dropwise to 10g of c l a y p r e v i o u s l y dispersed i n 2 L of water. 
The f i n a l pH was adjusted by adding ammonia. The s l u r r y was then 
s t i r r e d f o r 3 hours at 80°C, then f i l t e r e d , washed c h l o r i n e free i n 
hot deionized water, and d r i e d at 60°C i n a i r . Drying i n a t h i c k bed 
compacts the c l a y to hard agglomerates that are degraded by 
subsequent g r i n d i n g (18). In the present work, the p i l l a r e d c l a y s 
were d r i e d i n t h i n beds, t y p i c a l l y 1 mm, to obtain a product which 
was e a s i l y crushed to a f i n e powder without any l o s s of 
c r i s t a l l i n i t y . The c h a r a c t e r i z a t i o n s were performed on these 
powders, with g r a i n s i z e s 0.1 mm. 

A f u r t h e r c a l c i n a t i o n of the c l a y above 500°C induces a 
dehydroxylation of the s o l i d and r e s u l t s i n a s t a b i l i z a t i o n of the 
porous network. However, by t h i s point, the samples have^lost t h e i r 
ion exchange capacity. This can be r e s t o r e d using 4^10 M s o l u t i o n 
of K 2C0 3 at 80°C, as described by Vaughan (16). Ce + can then be 
introduced by ion exchange from a CeCl^ s o l u t i o n . 

3) C h a r a c t e r i z a t i o n measurements. Surface areas and pore s i z e 
d i s t r i b u t i o n s were obtained from N 2 adsorption isotherms, using BET 
and BJH methods. The pore s i z e d i s t r i b u t i o n was computed from the 
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15. TICHIT ET AL. Al-Pillared Montmorillonites 239 

Table 1 : Chemical analyses and basal spacing of the o r i g i n a l c l a y s 
and of the PILC c a l c i n e d at 300°C. The chemical composi
t i o n s , on a dry b a s i s , are r e f e r r e d to the s i l i c a content 
of the o r i g i n a l c l a y . 

1 Sample | G G2 1 G5 G10 Β B4 B6 1 

|Al/clay | 2 1 5 10 5 5 1 
|(mM/g) 1 j 
j f i n a l pH | - 6 1 6 6 - 4 6 1 
1 composition! j |wt% oxides | j 
| S i 0 2 j 61.74 61.74 j 61.74 61.74 58.62 58.62 58.62 j 

A 1 2 ° 3 j 20.1 29.77 139.71 41.24 20.45 29.35 45.51 j 
F e 2 ° 3 j 7.39 6.61 1 6.58 7.01 3.35 - 4.27 j 
|CaO 1 1.98 - 1 0.09 - 0.02 - - 1 

|MgO 1 3.86 - 1 4.98 - 1.88 - 1.57 j 
|Na20 1 0.24 - 1 0.11 - 3.06 0.12 - 1 

K 2 ° j 3.58 - 1 1.66 - 0.2 - - 1 

| T i 0 2 1 0.87 - 1 - - 0.33 - - 1 

| % A l 2 0 3 f i x e d | 0 9.6 119.6 21.16 0 8.9 25.06 j 

|d(001)A 1 15.4 17.6 |17.6 17.6 12.5 17.6 17.6 j 
1Sm2/g 1 42 180 1 330 310 - — 360 j 
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240 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

desorption branch of the isotherm, assuming a c y l i n d r i c a l pore 
shape. 

X-ray d i f f r a c t i o n powder patterns were recorded on a CGR 
Theta 60 instrument, using monochromated CuKa r a d i a t i o n . The adsorp
t i o n c a p a c i t i e s f o r seve r a l adsorbates were measured at room 
temperature by gravimetry, using a Cahn RH microbalance as proposed 
by Vaughan and L u s s i e r (18). The samples were f i r s t treated i n a i r 
for 5 hours at 480°C. The experiment was performed by passing, over 
the sample, a stream of nitrogen saturated by the vapor pressure of 
the sorbate at room temperature, the r e l a t i v e pressure P/Po was then 
equal to 1. 

4) C a t a l y t i c t e s t i n g . The samples were exchanged by C e 3 + 

ions, then c a l c i n e d at 680°C i n dry a i r . In two types of c a t a l y t i c 
t e s t s , a commercial z e o l i t i c c a t a l y s t (super D from Grace Davison) 
was taken as reference. 

a) For m i c r o a c t i v i t y t e s t s , a d e a c t i v a t i o n i n 100% steam 
V:SF5 done at d i f f e r e n t temperatures. Steam was passed during 5 or 17 
h through a f i x e d bed of PILC. Thç conditions of the t e s t were: 
530°C f o r the temperature, WHSV=30h~ , c a t / o i l = 6 and contact time 
= 20 sec. The feed was heavy gas o i l ; b o i l i n g range was 210-525°C, 
g r a v i t y was 21°API, carbon residue was 0.29wt% ; s u l f u r content was 
2.46wt%, a n i l i n e point was 77.8°C. The material balance of the 
re a c t i o n was 10013%. The conversion was defined by the f r a c t i o n of 
products b o i l i n g below 210°C. The s e l e c t i v i t y f o r product i i s the 
r a t i o of the weight of f r a c t i o n i to the weight of cracked feed. 
Gasoline i s defined as the f r a c t i o n C ^ C and gases include 
hydrogen and C to hydrocarbons. The amount of coke i s determined 
on the c a t a l y s t a f t e r the m i c r o a c t i v i t y t e s t . 

b) The model r e a c t i o n of cumene d e a l k y l a t i o n was studied 
at 300°C i n a flow microreactor operated at low conversion. Nitrogen 
saturated by tjie reactant at 0°C was passed over the c a t a l y s t at a 
WHSV of 0.27h . The products of the r e a c t i o n were f i r s t i d e n t i f i e d 
by GC-MS a n a l y s i s a f t e r condensation i n a c o l d trap, then r o u t i n e l y 
q u a n t i f i e d every 20 minutes by on l i n e gas chromatography. 

Results 

1) Preparation of the PILC. As seen i n Table 1, two f a c t o r s 
determine the extent of A l f i x a t i o n (% A1 20 3) by the c l a y : the f i n a l 
pH of the s o l u t i o n and the s i z e of the cla y p a r t i c l e s . The influence 
of pH i s r e a d i l y explained by the eq u i l i b r i u m of formation of the 
polymer and by a competitive exchange w^.th the protons. The surface 
area increases from 42 to 180-360m /g upon i n t e r c a l a t i o n , as 
reported on Table 1, and seems to be determined by the amount of A l 
f i x a t i o n . I t appears that on sample G the extent of A l f i x a t i o n 
reaches a plateau at Al/clay=5. A f t e r t h i s , d i f f u s i o n a l l i m i t a t i o n s 
c o n t r o l the exchange on the large p a r t i c l e s . T h e N2 adsorption gives 
a t y p i c a l type IV isotherm, with 70% of the surface area l o c a l i z e d 
i n micropores smaller than 20A, a f t e r dehydration at 300°C. 
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15. TICHIT ET AL. Al-Pillared Montmorillonites 241 

2) Thermal s t a b i l i t y of the PILC. Upon c a l c i n a t i o n , there i s 
a small c o n t r a c t i o n of the d(001) spacing from 18.6 on the dr i e d 
sample to 17.6A at 300°C. The main m o d i f i c a t i o n above 500°C i s a 
gradual degradation of the (001) l i n e , with no change of the (060) 
l i n e . The (001) l i n e disappears at 800°C on sample G5 and at 850°C 
on sample B6. The presence of the (060) l i n e on the samples c a l c i n e d 
at 750°C shows that the st r u c t u r e of the c l a y sheet i s s t i l l 
preserved at that temperature. Figure 1 shows the evolu t i o n of the 
surface areas. The temperature at which the surface area begins to 
decrease depends on the density of the p i l l a r s , as reported e a r l i e r 
(17), and on the c l a y p a r t i c l e s i z e . Sample B6 r e t a i n s a surface 
area of 180m /g at 800°C, compared to 125m /g f o r sample G5. The 
pore s i z e d i s t r i b u t i o n i s gradually s h i f t e d to l a r g e r pores of 
30-60A, as reported p r e v i o u s l y (17) r e f l e c t i n g the co l l a p s e of the 
p i l l a r e d s t r u c t u r e upon c a l c i n a t i o n . Steaming decreases the thermal 
s t a b i l i t y by 150-200°C, as shown, i n Table 2. 

3) A c c e s s i b i l i t y of the PILC. The adsorption c a p a c i t i e s f o r a 
se r i e s of adsorbates reported i n Table 3, determined on sample G5 
treated under d i f f e r e n t conditions, agree with e a r l i e r work (18,19) 
s t a t i n g that the Al-PILC d r i e d i n a i r and c a l c i n e d at 500°C behave 
l i k e wide pore z e o l i t e s , while excluding molecules l a r g e r than 8A. 
Ca l c i n a t i o n at high temperatures and steaming create large pores, 
but do not decrease the molecular s i e v i n g e f f e c t towards large 
molecules. The large pores created by steaming are probably occluded 
by the migration of alumina from the p i l l a r s to the entrance of the 
pores. 

4) A c i d i t y of the PILC. A c i d i c p r o p e r t i e s were studied by 
i n f r a r e d spectrometry adsorbing p y r i d i n e as probe molecule on s e l f 
supported wafers prepared by pressing the PILC i n t o t h i n f i l m s (15 
mg/cm ). Figure 2 shows the spectra obtained on a G5-Ce sample 
c a l c i n e d at 680°C, a f t e r p y r i d i n e adsorption and subsequent 
evacuation at d i f f e r e n t temperatures. Several authors (_4, 17, 20) 
have reported that Al-PILC c a l c i n e d above 500°C e x h i b i t mainly a 
Lewis a c i d i t y . The Bronsted a c i d i t y i s weak and disappears above 
300°C, but the Lewis s i t e s are strong and r e t a i n ^ y r i d i n e at 480°C. 
The exchange of the r e s i d u a l clay cations by Ce gives a Ce-PILC. 
This has a weaker Bronsted a c i d i t y , since the p y r i d i n e band 
disappears by outgassing at 180°C. A f t e r steaming at 550°C, the 
spectra of Figure 3 show the presence of a strong Bronsted a c i d i t y , 
s t a b l e to vacuum at 480°C. Bronsted a c i d i t y i s s t i l l detected a f t e r 
steaming at 650°C, but the s i t e s are weaker and not detected a f t e r 
outgassing at 300°C. The c l a y steamed at 650°C e x h i b i t s an IR 
spectrum of p y r i d i n e s i m i l a r to that of a FCC z e o l i t i c c a t a l y s t 
steamed at 775°C (Figure 4). 
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(ti 

• G2 
• G5 
a B 6 
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Tempera tu re ( ° C) 

Figure 1 : Evolutions of the r e l a t i v e surface areas ( S T / S 3 0 0 ° C ) 
f o r three samples. 

' ι ι 1 ι ' 
1700 1500 _<| 
Wavenumbers (cm ) 

Figure 2 : Infra-red spectra of p y r i d i n e a f t e r evacuation at 
in c r e a s i n g temperatures. Sample G5-Ce c a l c i n e d at 
680°C and p y r i d i n e adsorption at room temperature 
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Table 2 : Surface areas (m /g) of sample G5 exchanged by Ce a f t e r 
c a l c i n a t i o n i n dry a i r or steaming. 

1 Treatment Temperature| 500 °C 550°C 600°C 550°C 700°C 1 

1 dry a i r 5h | 

1 100% steam 17h | 

320 

93 72 29 

270 1 

Table 3 : Adsorption c a p a c i t i e s , i n ml/g f o r some adsorbates, at 
room temperature ; sample G5 c a l c i n e d or steamed i n d i f 
ferent c o n d i t i o n s . Η Ω i s given as a reference of wide 
pore z e o l i t e . 

1 Treatment | 500 °C 680 °C 550°C 1 650°C 1 Η Ω 1 

dry a i r dry a i r steam | 

17h 1 

steam | 

17h 1 

500°C 1 

dry a i r | 

2 
1 surface area (m /g)| 310 260 93 1 29 J ! 

1 adsorbate | 
1 nitrogen ( σ=4Α) | 0.23 0.2 0.11 1 0.04 1 0.19 1 

1 n-hexane (σ=4.6Α) | 0.166 0.119 0.09 1 0.024| 0.145 1 

|l,3,5,TMB a (σ=7.6Α)| 0.150 0.092 0.068| 0.02 1 0.124 1 

|l,3,5TIPB b(a=9.2A) | 0.030 0.005 0.01l| 0 1 o 1 

a) trimethylbenzene 
b) triisopropylbenzene 
SOURCE: Reproduced with permission from reference 26. Copyright 

1988 Marcel Dekker. 
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1800 1600 1400 

Wavenumbers (cm - 1) 

F igure 3 : Infra-red spectra of p y r i d i n e on sample G5-Ce, steamed 
at 550°C. Adsorption of p y r i d i n e at room temperature, 
then evacuation at d i f f e r e n t temperatures. 
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W a v e n u m b e r s (cm ) 

Figure 4 : Infra-red spectra of p y r i d i n e adsorbed on sample G5-Ce 
steamed at 550°C (spectrum a) and 650°C (b) and on a 
FCC commercial c a t a l y s t steamed at 775°C ( c ) . P y r i d i n e 
adsorption at 25°C and desorption at d i f f e r e n t 
temperatures. 
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5) C a t a l y t i c p r o p e r t i e s . The r e s u l t s are reported i n Table 4. 
As reported e a r l i e r (1_2,.13,14) , high conversions can be reached with 
PILC. The hydrothermal s t a b i l i t y of the PILC depends dramatically on 
the mode of preparation. A f t e r steaming at 650°C f o r 17 hours the 
conversion i s 42% f o r sample G5 and 82% f o r sample B6. Hydrothermal 
s t a b i l i t y at 700°C, from MAT r e s u l t s , can be obtained by simply 
decreasing the s i z e of the p a r t i c l e s of the o r i g i n a l c l a y . The 
s e l e c t i v i t y f o r coke i s high, as expected, and changes with 
conversion (see on Figure 5). 

The conversion of cumene has been determined at 300°C on 
sample G5, e i t h e r f r e s h or regenerated a f t e r r e a c t i o n . The 
regeneration was a c a l c i n a t i o n at 500°C i n dry a i r . Conversion 
decreases s t e a d i l y as a f u n c t i o n of time, f o l l o w i n g a Voorhies law 

α ,. λ= α t , where α (t) i n the conversion at time t and α the 
( t ) ο ο i n i t i a l conversion. The value of η can be taken as an estimation of 

the r a t e of d e a c t i v a t i o n . Reaction products were i d e n t i f i e d by GC-MS 
analysi s as propene, benzene, and α-methylstyrene. The s e l e c t i v i t y 
of the r e a c t i o n c l e a r l y changes with the thermal treatment of the 
sample. With the f r e s h c a t a l y s t . The main r e a c t i o n i s d e a l k y l a t i o n , 
as reported i n Table 5, whereas the regenerated sample i s 
e s s e n t i a l l y a dehydrogenating c a t a l y s t . As expected, the 
propene/benzene r a t i o i n the products does not correspond to the 
stoichiometry of the r e a c t i o n . An average of 50% of the propene i s 
converted i n t o coke. A l l the c l a y samples, e i t h e r f r e s h or 
regenerated, and the commercial z e o l i t i c c a t a l y s t behave i d e n t i c a l l y 
from that point of view. Therefore, the d i f f e r e n t amounts of coke 
are not r e l a t e d to d i f f e r e n t l e v e l s of conversion of propene i n t o 
oligomers. 

Discussion 

Several f a c t o r s appear to have an i n f l u e n c e of the thermal 
properties of PILC. Vaughan et a l (1) f i r s t emphasized the 
importance of using small p a r t i c l e s of the o r i g i n a l c l a y , but gave 
no j u s t i f i c a t i o n . From the present r e s u l t s i t appears that the f i n a l 
sample e x h i b i t s a s i n g l e (001) l i n e , and, that the cations are 
randomly exchanged i n the c l a y . The changes of the chemical 
compositions suggest that d i f f u s i o n c o n t r o l s the exchange of the 
A l ^ 3 c a t i o n s . The s i t u a t i o n found here i s very s i m i l a r to that known 
for the exchange of noble metals (21). In that case, the 
d i s t r i b u t i o n of the metal within the p a r t i c l e a f f e c t s the s t a b i l i t y 
of the m e t a l l i c d i s p e r s i o n because the rate of s i n t e r i n g i s 
c o r r e l a t e d to the average distance between the p a r t i c l e s . We can 
then postulate that thermal s t a b i l i t y w i l l depend on the 
d i s t r i b u t i o n of the c a t i o n s . This, i n turn, depends on the 
experimental c o n d i t i o n s , i n c l u d i n g the s i z e of the p a r t i c l e s . This 
model p r e d i c t s a more homogeneous d i s t r i b u t i o n with the smaller 
p a r t i c l e s , which show a b e t t e r s t a b i l i t y . A v a r i e t y of experimental 
conditions have been used to improve the thermal s t a b i l i t y of the 
p i l l a r e d c l a y s : d i l u t i o n of the s o l u t i o n of A l used f o r p i l l a r i n g 
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Table 4 : C a t a l y t i c p r o p e r t i e s of p i l l a r e d c l a y s i n the cracking of 
an heavy gas o i l . S e l e c t i v i t i e s are expressed i n wt%. 

Catalyst G5 G5 G5 G5 B6 B6 B6 
Super 1 
D 1 

Treatments 
dry a i r 
680 °C 

steam 
550°C 

steam 
600 °C 

steam 
650°C 

steam 
550°C 

steam 
650°C 

steam 
700 °C 

steam| 
775°C| 

5h 17h 17h 17h 17h 17h 17h 17H 1 

conversion 73.1 81.6 67.9 42.6 91.6 81.7 64.4 72.51 

gasoline 37.7 39.8 36.6 25.6 43.9 43.3 41.8 51.3 j 
coke 17.6 19.3 15 6.9 19.7 15.2 6.7 3.3 j 
gases 17.8 22.8 16.5 10.1 27.8 23.4 15.8 17.9| 

hydrogen 0.6 0.64 0.6 0.3 0.47 0.32 0.21 0.03| 

Table 5 : S e l e c t i v i t i e s of the conversion of cumene on the cl a y 
c a t a l y s t s at 300°C. 

1 Sample | Cumene | 
% conversion | 

S e l e c t i v i t i e s 

Dealkyl |Dehydrogen 

Deactivation | 
rate (η) | 

I ι 5 1 58 1 26 j 1 Fresh | 1 0.49 j 
j j 20 1 44 1 44 

I ι 5 1 0 1 94 
1 Regenerated | 1 0.56 j 
1 1 

20 1 15 1 82 
1 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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50 7 0 90 
C o n v e r s i o n (wt%) 

Figure 5 : Amount of coke formed on the c a t a l y s t i n f u n c t i o n of 
the conversion. Charge 1 : l i g h t gas o i l , from O c c e l l i 
(14) (•,•) ; charge 2 : heavy gas o i l , ·ν,0»^ )· 
Reproduced with permission from reference 26. Copyright 
1988 Marcel Dekker. 
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(1), r e f l u x i n g the s o l u t i o n of the p i l l a r i n g agent i n contact with 
the c l a y (1,15), and competitive ion exchange (1)- A l l of them tend 
to increase the homogeneity of the d i s t r i b u t i o n of the p i l l a r i n g 
c a t i o n s . The observation of the (060) l i n e on the samples c a l c i n e d 
at 760°C supports the proposal that the c o l l a p s e of the PILC i s not 
due to the s t r u c t u r a l degradation of the cla y sheet i t s e l f . 

The i n f l u e n c e of the K 20 content of the PILC can be 
inves t i g a t e d , comparing the present r e s u l t s with those reported f o r 
an Al-PILC prepared from a s i m i l a r c l a y and containing a lower 
amount of K 20 (18b) (see Table 6). 

The aluminium content of the two samples i s comparable, when 
r e f e r r e d to the s i l i c a content of the o r i g i n a l c l a y , and the two 
PILC have comparable surface areas a f t e r c a l c i n a t i o n at 300°C. The 
ACH bentonite was formed i n t o small extrudates and f l a s h - d r i e d , 
whereas sample G5 was d r i e d i n a t h i n cake. In both cases, crushing 
to a f i n e powder was easy. Sample G5 r e t a i n s a higher surface area 
at 800°C i n s p i t e of a higher potassium content. Therefore the K 20 
content of the PILC i s not the predominant f a c t o r f o r the thermal 
s t a b i l i t y . 

Steaming increases the molecular s i e v i n g e f f e c t . The 
a c c e s s i b i l i t y of molecules having a k i n e t i c diameter l a r g e r than 8A 
i s r e s t r i c t e d even a f t e r steaming at 650°C. The cracking c a t a l y s t , 
steamed at these high temperatures, s t i l l behaves as a wide pore 
z e o l i t e from the point of view of adsorption of hydrocarbons, even 
i f N 2 adsorption i n d i c a t e s the presence of large pores. 

The a c i d i t y of these PILC appears stronger than that of Y 
z e o l i t e s (22), since they r e t a i n p y r i d i n e at 500°C (13b, 17). 
Steaming decreases the number and strength of the a c i d s i t e s 
y i e l d i n g a surface comparable to that of an FCC c a t a l y s t , at l e a s t 
f o r the ac i d p r o p e r t i e s . MAT r e s u l t s i n d i c a t e that the c a t a l y t i c 
a c t i v i t y i s increased by a moderate steaming, i n s p i t e of the 
decrease of the surface area, when the a c i d i t y has been s h i f t e d to 
the Bronsted form. This constancy of c a t a l y t i c a c t i v i t y when the 
surface area decreases, most probably r e f l e c t s the importance of 
d i f f u s i o n a l l i m i t a t i o n s when converting heavy f u e l s . The higher 
a c t i v i t y of sample B6, prepared from small p a r t i c l e s a l s o supports 
t h i s hypothesis. P i l l a r e d c l a y s are as a c t i v e as z e o l i t e s f o r the 
cracking of heavy gas o i l , even a f t e r steaming at 650-700°C. The 
main point i s that the p i l l a r e d clays y i e l d l e s s gasoline and more 
coke than the Y z e o l i t e . As reported elsewhere (23), the s e l e c t i v i t y 
f o r gasoline depends on the type of charge which i s processed, and 
the heavy charge used here gives much lower s e l e c t i v i t i e s than l i g h t 
hydrotreated feeds. Coke s e l e c t i v i t y increases with the i r o n content 
of the clay, as reported by Lus s i e r et a l . ( 1 2 ) , who used heavy gas 
o i l ( g r a v i t y 23.9°API) of un s p e c i f i e d s u l f u r content and p i l l a r e d 
c l a y s of type B, steamed 3 hours at 732°C. By contrast, O c c e l l i (13) 
observed no in f l u e n c e of the i r o n content on the coke make when 
using a l i g h t gas o i l and a PILC comparable to sample G, obtained 
from an unrefined c l a y and hydrothermally s t a b l e at 650°C. The 
comparison of our r e s u l t s with those reported by O c c e l l i , (Figure 
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Table 6 : Influence of the K 20 content on the thermal s t a b i l i t y of 
c l a y s . (1) t h i s work : o r i g i n a l c l a y and sample G5. 

(2) ACH bentonite from f l a s h d r i e d extrudates (18) 

1 Sample | % S i 0 2 1 % A 1 2 0 3 % κ 2 ο BET Surface Area | 
300°C 700 °C 800°C 1 

1 ( D l 61.7 1 20.1 3.58 42 1 
1 O r i g i n a l | 1 
1 Clays 1 1 
1 (2)| 62.9 1 20.0 2.32 50 

1 ( D | 61.7 1 39.1 1.66 330 225 157 1 
1 PILC J j 
1 (2)1 62.9 1 35.5 0.5 398 282 60 1 
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5), shows that the type of feed and the i r o n content of the cla y 
have an influence on the s e l e c t i v i t y f o r coke. The influence of the 
charge has been reported f o r z e o l i t e containing c a t a l y s t s : the 
heavier charge produces more coke, (24). The same tendancy appears 
when comparing the sample used by O c c e l l i , c ontaining 4.6wt% F e

2 ° 3 
and sample B6. With the heavy charge, i r o n oxide has a c l e a r e f f e c t 
on carbon s e l e c t i v i t y . These r e s u l t s agree with the work of M i l l s 
(25) showing that i r o n on the c a t a l y s t was detrimental mainly when 
using s u l f u r r i c h feedstocks. F e

2 ° 3 i s t n e n converted to the 
s u l f i d e . The high amount of hydrogen produced by the clays i n d i c a t e s 
the presence of a dehydrogenation f u n c t i o n . Mossbauer spectrometry 
shows that i r o n i s p a r t l y reduced to Fe i n the MAT t e s t and then 
p a r t i c i p a t e s i n the complex process of cracking. Model experiments 
using cumene as probe molecule support t h i s hypothesis. On the fr e s h 
sample, c a l c i n e d i n a i r , the main r e a c t i o n i s d e a l k y l a t i o n to 
benzene and propene. On a regenerated or steamed c a t a l y s t , the main 
product i s α-methylstyrene, a product of cumene dehydrogenation. 
Deactivation i s accelerated on t h i s steamed sample, compared to the 
fr e s h sample. A high concentration of o l e f i n s favors the b u i l d i n g of 
coke, then the o l d ideas developed f o r n a t u r a l c l a y s can be applied 
to PILC as w e l l . 

I t must be recognized however that i r o n f r e e c l a y s produce 
more coke than z e o l i t e s (12, 13a, 23) whatever type of charge i s 
converted. Therefore the nature of the a c i d i t y (13a) or the density 
of a c i d s i t e s of these p i l l a r e d clays may be responsible f o r t h i s 
higher coke make. 

In conclusion, p i l l a r e d clays c a t a l y s t s are not as good as 
i n i t i a l l y p r e d i c t e d f o r the cracking of heavy gas o i l s , mainly 
because of the i r o n contamination of na t u r a l c l a y s . There i s a 
p r o b a b i l i t y that they could be applied f o r the conversion of 
hydrotreated gas o i l s , g i v i n g a s l i g h t l y lower gasoline y i e l d , but 
higher octane number than REY z e o l i t e s . 
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Chapter 16 

Effect of Aging of Pillaring Reagent 
on the Microstructure and Cracking Activity 

of Pillared Clay 

J. R. Harris 

Phillips Petroleum Company, Bartlesville, OK 74004 

Aging o f hydroxyaluminum p o l y c a t i o n s o l u t i o n s used to 
prepare pillared c l a y s a f f ec t s the properties, Inc luding 
surface area and c rack ing activity, o f these pillared 
clays. The e f f ec t s were c o r r e l a t e d wi th the s ta te of 
h y d r o l y s i s o f the aged solutions. D i l u t i o n o f the pillar
ing reagent, C h l o r h y d r o l , causes depolymer izat ion o f 
po lyca t ions present In this reagent and the formation of 
new po lyca t ions which react to form the pillared clay. 
An optimum dilution l e v e l was established, 0.06M Al. 
Lower dilution levels d i d not a l l o w sufficient depoly-
mer i za t ion and higher dilution caused excess ive depoly-
mer iza t ion in the aged solutions. Pillared c l a y s pre
pared from aged dilute s o l u t i o n s had an enhanced mic ro -
s t ruc tu re which showed an increased activity f o r 
selectively c rack ing la rge molecules to the light c y c l e 
oil range. This mic ros t ruc tu re is lost in the presence 
o f steam which a l so reduces the formation o f catalytic 
coke. A d d i t i o n o f rare ear th zeolite to pillared clay 
can partially overcome the e f f ec t s o f this l o s s of 
mic ros t ruc tu r e . 

P i l l a r e d I n t e r l a y e r c l a y s ( P I L C ) a r e formed by e x c h a n g i n g l a r g e 
hydroxyaluminum p o l y c a t i o n s i n t o t he I n t e r l a y e r o f a s m e c t i t e c l a y 
such as m o n t m o r i l l o n i t e , a c l a y m i n e r a l , w h i c h c o n s i s t s o f s h e e t 
l i k e s i l i c a / a l u m i n a l a y e r s . C a l c i n a t i o n o f t he exchanged c l a y 
g i v e s a w e l l d i s p e r s e d a r r a y o f meta l o x i d e c l u s t e r s ( i . e . , p i l 
l a r s ) bonded t o p and bot tom t o the s i l i c a / a l u m i n a l a y e r s o f t he 
c l a y . The permanent s e p a r a t i o n o f t he c l a y l a y e r s g i v e s an 8 t o 
10-fold i n c r e a s e i n s u r f a c e a r e a , f rom 30 t o 250-300 m 2 / g , and a 
m l c r o p o r o u s s t r u c t u r e s i m i l a r t o bu t l e s s c o n s t r a i n e d than t h a t o f 
z e o l i t e s . R e c e n t l y , t h e r e has been an I n c r e a s e d I n t e r e s t i n t he 
use o f the se c l a y s as c r a c k i n g c a t a l y s t s . F o r e x a m p l e , p i l l a r e d 
c l a y s have been shown t o be a c t i v e c r a c k i n g c a t a l y s t s f o r bo th 
s i n g l e component (1) and gas o i l f eeds (2,3). They g e n e r a t e bo th 
h i g h e r l i g h t c y c l e o i l (LCO) and coke y i e l d s and t h e y a r e l e s s 
h y d r o t h e r m a l l y s t a b l e t han c o n v e n t i o n a l c r a c k i n g c a t a l y s t s (2,3). 

0097-6156/88/0375-0253$06.00A) 
° 1988 American Chemical Society 
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Aluminum p o l y c a t i o n s a r e o b t a i n e d by the c o n t r o l l e d h y d r o l y s i s 
o f A l ( I I I ) s o l u t i o n s ; the e x t e n t o f the h y d r o l y s i s r e a c t i o n can be 
monitored w i t h pH measurements. The p r o d u c t s o f the h y d r o l y s i s 
r e a c t i o n s , i . e . the s u c c e s s i v e g e n e r a t i o n o f p o l y c a t i o n s o f i n 
c r e a s i n g degree o f p o l y m e r i z a t i o n w i t h i n c r e a s i n g e x t e n t o f hydro
l y s i s , must be i n f e r r e d from n o n - e q u i l i b r i u m measurements. Thus, 
e q u i l i b r i a between many p o l y c a t i o n i c s p e c i e s , i . e . [Al2Î0H) 2] + 4, 
[ A 1 2 4 ( O H ) 5 0 ] + 1 2 , e t c . , were proposed. More r e c e n t l y , 2 7 A 1 NMR has 
i d e n t i f i e d o n l y t h r e e s p e c i e s i n s o l u t i o n , t he monomer 
[ A 1 ( H 2 0 ) 6 ] + 3 , the dimer [ A l 2 ( 0 H ) 2 ] + 4 and the s p h e r i c a l c a t i o n 
[ A1I 36 4(8H) 2 4]+7 ( 4 ) . 

The approach t o e q u i l i b r i u m o f t h e s e h y d r o l y z e d p o l y c a t i o n 
s o l u t i o n s i s known as a g i n g . D u r i n g the a g i n g p r o c e s s c e r t a i n 
p o l y c a t i o n i c s p e c i e s d i s a p p e a r from the s o l u t i o n and new ones a r e 
formed. For t h i s r e a s o n , the a g i n g p r o c e s s can have a s i g n i f i c a n t 
i n f l u e n c e on the p r o p e r t i e s o f the p i l l a r e d c l a y s . 

The b a s a l s p a c i n g (dgoi) o f the PILC depends on the age o f the 
p i l l a r i n g r e a g e n t , the degree o f h y d r o l y s i s o f the reagent and the 
amount o f r e a c t a n t s ( i . e . A l / c l a y r a t i o ) ( 5 ) . XRD p a t t e r n s o f 
PILC d r i e d a t 110°C and prepared a t an A l / c l a y r a t i o o f 1.96 mM/gr 
(from a base h y d r o l y z e d aluminum c h l o r i d e s o l u t i o n w i t h 0H/A1 o f 
1.85 and aged a t 25°C f o r 0-6 days) showed an i n c r e a s e i n b a s a l 
s p a c i n g from 14.6 A t o 17.5 A. No a d d i t i o n a l i n c r e a s e i n b a s a l 
s p a c i n g o c c u r r e d on f u r t h e r a g i n g t o 30 days. The ag i n g p e r i o d 
was a l s o extended t o 18 months w i t h o u t any f u r t h e r e f f e c t ( 6 ) . 
The p o s s i b i l i t y o f a c c e l e r a t i n g the a g i n g p r o c e s s by r e f l u x i n g the 
p o l y c a t i o n s o l u t i o n s a t 95-100°C has been c o n s i d e r e d ( 7 ) . The 
agi n g time was shortened from days t o hours. Aging up t o 6 hours 
y i e l d e d PILC w i t h i n c r e a s e d s u r f a c e a r e a . No improvement was 
found on e x t e n d i n g the a g i n g p e r i o d t o 48 hours. S i m i l a r p o l y c a 
t i o n s o l u t i o n s aged a t 25°C were used t o p i l l a r h e c t o r i t e c l a y 
( 8 ) . The l a r g e s t s u r f a c e area and b a s a l s p a c i n g were found f o r an 
i n t e r m e d i a t e a g i n g p e r i o d o f 15 days. 

In a l l o f these i n v e s t i g a t i o n s the PILC was prepared by i n 
j e c t i n g the aged p o l y c a t i o n s o l u t i o n i n t o a d i l u t e (0.2-0.8 g / l ) 
c l a y c o l l o i d a l d i s p e r s i o n . G e n e r a l l y t h e s e r e a c t a n t c o n c e n t r a 
t i o n s are too low t o produce p r a c t i c a l q u a n t i t i e s o f PILC c a t a 
l y s t s . PILC c a n , o f c o u r s e , be prepared from more c o n c e n t r a t e d 
c l a y s l u r r i e s . In t h i s c a s e , a g i n g o f t h e washed PILC (9) o r o f 
the c l a y - p i l l a r i n g reagent s l u r r y (10) have been recommended. The 
s p e c i f i c e f f e c t s o f t h e s e a g i n g p r o c e s s e s o r o f aged p i l l a r i n g 
r e a g e n t s on c o n c e n t r a t e d c l a y s l u r r i e s have not been r e p o r t e d . 

C o m m e r c i a l l y a v a i l a b l e metal h y d r o l y z e d hydroxyaluminum s o l u 
t i o n s c o n t a i n i n g C h l o r h y d r o l have been used as one source o f the 
p o l y c a t i o n s o l u t i o n ( 1 0 ) . The major o b j e c t i v e o f t h i s work was t o 
determine how the p h y s i c a l and c a t a l y t i c p r o p e r t i e s o f p i l l a r e d 
c l a y depend on the a g i n g o f the d i l u t e C h l o r h y d r o l s o l u t i o n s . 

EXPERIMENTAL 
Hydroxyaluminum p o l y c a t i o n s o l u t i o n s were prepared by d i l u t i o n o f 
C h l o r h y d r o l 50% w/w s o l u t i o n , Rebels Chemical Company. I t i s a 
c l e a r c o l o r l e s s , v i s c o u s (50 cps) s o l u t i o n c o n t a i n i n g 50 weight 
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16. HARRIS Structure and Activity of Pillared Clay 255 

p e r c e n t o f a complex i d e n t i f i e d by the s a l t , Al2(0H)5Cl.2H2O. 
C h l o r h y d r o l s o l u t i o n , 6.43 molar i n aluminum, was a p p r o x i m a t e l y 
d i l u t e d by f a c t o r s o f 10, 100, and 1000 t o p r o v i d e the d e s i r e d 
p i l l a r i n g r e agent. The a c t u a l molar c o n c e n t r a t i o n s o f aluminum i n 
the d i l u t e s o l u t i o n s , as determined by plasma e m i s s i o n u s i n g an 
A p p l i e d Research L a b o r a t o r i e s Instrument Model ICPQ1-37000, were 
0.005, 0.040, 0.058, 0.061, and 0.467. The s o l u t i o n s were aged i n 
covered beakers and the pH was monitored u s i n g an O r i o n Research 
601A I o n a l y z e r and 91-04 co m b i n a t i o n e l e c t r o d e . 

The aged p i l l a r i n g r e a g e n t s were heated t o 65°C and 325 ben-
t o n i t e , American C o l l o i d Company, whose major c o n s t i t u e n t i s t h e 
l a y e r e d c l a y m i n e r a l , m o n t m o r i l l o n i t e , was added. There was a l 
ways a 5 - f o l d excess o f aluminum i n s o l u t i o n and the volume o f 
s o l u t i o n per gram o f c l a y was always 45 cc/g o r more. The r e a c 
t i o n was c a r r i e d out f o r 2 hours. The s l u r r y was f i l t e r e d and the 
s o l i d s washed two times w i t h w a t e r , d r i e d , s i z e d , and c a l c i n e d a t 
500°C f o r 2 hours i n a i r . 

When r a r e e a r t h Y - z e o l i t e (REY) was added t o the PILC o r t o 
the p a r e n t c l a y , the d r i e d PILC o r "as r e c e i v e d " c l a y was r e s l u r -
r i e d i n water and the c a l c i n e d REY added t o the 10 wt % l e v e l . 
T h i s s l u r r y was then mixed, f i l t e r e d , d r i e d , and c a l c i n e d a t 500°C 
f o r 2 hours i n a i r . The c a l c i n e d REY was o b t a i n e d from Union Car
b i d e and c o n t a i n e d 14.1 wt % r a r e e a r t h e l e m e n t s , p r i m a r i l y l a n 
thanum and ceri u m . P o r t i o n s o f the PILC were p r e t r e a t e d by one o f 
the methods l i s t e d below p r i o r t o the m i c r o a c t i v i t y t e s t i n g . 

A - Heated i n n i t r o g e n f o r 4 hours a t 732°C 
Β - Heated i n steam (1 atm) f o r 1 hour a t 732°C 
C - Heated i n steam (1 atm) f o r 2 hours a t 732°C 
D - Heated i n steam (1 atm) f o r 4 hours a t 732°C 
Ε - Heated i n steam (1 atm) f o r 7 hours a t 787°C 
S u r f a c e areas o f the p i l l a r e d c l a y s were o b t a i n e d from n i t r o 

gen a d s o r p t i o n i s o t h e r m s on a M i c r o m e r i t i c s Accusorb u n i t . The 
BET e q u a t i o n was used. A l l samples were outgased a t 200°C f o r one 
hour. X-ray d i f f r a c t i o n (XRD) p a t t e r n s o f c a l c i n e d powder samples 
were o b t a i n e d on a P h i l i p s 3100 XR6 u n i t u s i n g a copper tube and 
N o r e l c o goniometer equipped w i t h a g r a p h i t e monochromator. Only 
f i r s t o r d e r r e f l e c t i o n s a r e r e p o r t e d here which a r e the sum o f the 
p i l l a r h e i g h t and the h e i g h t o f t h e s i l i c a - a l u m i n a c l a y l a y e r , 
9.6A. L i n e broadening measurements were made on these f i r s t o r d e r 
r e f l e c t i o n s and are u n c o r r e c t e d f o r i n s t r u m e n t broadening. The 
m i c r o a c t i v i t y t e s t s (MAT) were c a r r i e d out u s i n g a procedure s i m i 
l a r t o ASTM t e s t D-3907-80 (5 grams o f c a t a l y s t and a c a t / o i l r a 
t i o o f 3/1). Two d i f f e r e n t f e e d s were used i n t h i s s t u d y : a n a r 
row c u t o f a North Sea gas o i l (API o f 26.8) w i t h b o i l i n g range 
between 390 and 480°C, and a h y d r o t r e a t e d r e s i d (API o f 18.0) w i t h 
50 % b o i l i n g above 550°C. 

The MAT t e s t s u s i n g North Sea gas o i l were run a t 482°C w h i l e 
the h y d r o t r e a t e d r e s i d was run a t 510°C. S i m u l a t e d d i s t i l l a t i o n s 
on the r e c o v e r e d l i q u i d p r o d u c t s were run u s i n g 217 and 343°C 
g a s o l i n e and LCO c u t p o i n t s . A l l data have been n o r m a l i z e d t o a 
100% m a t e r i a l b a l a n c e . 
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RESULTS AND DISCUSSION 

The e f f e c t o f d i l u t i o n on the p o l y c a t l o n s p r e s e n t i n the C h l o r h y d -
r o l s o l u t i o n can be understood by c o n s i d e r i n g two ty p e s o f r e a c 
t i o n s - h y d r o l y s i s and o l a t i o n . A t y p i c a l h y d r o l y s i s r e a c t i o n i s 
i l l u s t r a t e d by Eq u a t i o n 1. 
[ A l ( H 2 0 ) 5 ( 0 H ) ] + 2 + H 20 < » [ A l ( H 2 0 ) 4 ( 0 H ) 2 ] + 1 + H 3 0 + (1) 
P o l y c a t i o n s r e s u l t from the c o n c u r r e n t p r o c e s s o f p o l y m e r i z a t i o n 
o r o l a t i o n . An example o f an o l a t i o n r e a c t i o n 1s g i v e n by Equa
t i o n 2 where the b a s i c complexes r e a c t w i t h each o t h e r v i a hydrox-
y l b r i d g e s t o form p o l y c a t i o n s . 
2 [ A 1 ( H 2 0 ) 4 ( 0 H ) 2 ] + 1 < » [ A l 2 ( H 2 0 ) 7 ( 0 H ) 4 ] + 2 + H 20 (2) 
These p o l y c a t i o n s can be f u r t h e r h y d r o l y z e d o r r e a c t w i t h each 
o t h e r t o g i v e a l a r g e number o f p o s s i b l e p o l y c a t l o n s . The o l a t i o n 
r e a c t i o n o c c u r s w i t h o u t a change 1n s o l u t i o n a c i d i t y but does 
change the c o n c e n t r a t i o n o f h y d r o l y z e d s p e c i e s 1n s o l u t i o n . D i l u 
t i o n causes the r e v e r s a l o f r e a c t i o n 2 ( i . e . , d e p o l y m e r i z a t i o n ) 
and the i n t r o d u c t i o n o f new h y d r o l y z e d s p e c i e s i n t o s o l u t i o n . The 
new s p e c i e s formed can then r e - e q u i l i b r a t e through the h y d r o l y s i s 
r e a c t i o n . The k i n e t i c s o f a g i n g depend on the r e l a t i v e r a t e s o f 
the o l a t i o n and h y d r o l y s i s r e a c t i o n s . 

In t h i s s e c t i o n we f i r s t d e s c r i b e the r e s u l t s o f measurements 
made on f r e s h and aged s o l u t i o n s . P o t e n t i o m e t r l c , pH, measure
ments, which i n d i c a t e the e x t e n t o f h y d r o l y s i s o f the aluminum 
i o n s , were made on a l l s o l u t i o n s d u r i n g the a g i n g p r o c e s s . Next, 
we r e p o r t s u r f a c e a r e a s o f p i l l a r e d c l a y s made from the aged s o l u 
t i o n s . F i n a l l y , we w i l l d i s c u s s t h e c r a c k i n g a c t i v i t i e s o f some 
s e l e c t e d p i l l a r e d c l a y samples. 
Effects of Aging. C h l o r h y d r o l was d i l u t e d i n the range 10 t o 
100 0 - f o l d t o o b t a i n p i l l a r i n g s o l u t i o n s 0.005-0.467M i n A l . These 
s o l u t i o n s were e i t h e r used Immediately (0 day s o l u t i o n s ) o r aged 
f o r p e r i o d s o f time ( I . e . , 10 and 25 day s o l u t i o n s ) b e f o r e b e i n g 
used t o p i l l a r t h e c l a y . The d i l u t i o n range was extended t o 1000-
f o l d i n an attempt t o observe r a p i d r e h y d r o l y s l s a t the low 
(0.005M) A l c o n c e n t r a t i o n . F i f t e e n minutes a f t e r d i l u t i o n , t h e pH 
o f t he s o l u t i o n was measured and the v a l u e o b t a i n e d was taken as 
the z e r o day aged v a l u e . A p i l l a r e d c l a y was Immediately prepared 
from a p o r t i o n o f the s o l u t i o n and the re m a i n i n g s o l u t i o n was a l 
lowed t o age f u r t h e r . A d d i t i o n a l p i l l a r e d c l a y s were prepared 
a f t e r a g i n g f o r 10 and 25 days. 

In F i g u r e 1, the pH o f the bat c h d i l u t e d s o l u t i o n s 1s p l o t t e d 
a g a i n s t t h e d i l u t i o n r a t i o , C/Co, where C i s the molar c o n c e n t r a 
t i o n o f A l i n the d i l u t e s o l u t i o n and Co i s the molar c o n c e n t r a 
t i o n o f A l i n C h l o r h y d r o l (6.43 M). The pH o f the most concen
t r a t e d s o l u t i o n was s t i l l i n c r e a s i n g a f t e r t e n days a g i n g . (The 
h i g h e r v i s c o s i t y o f t h e c o n c e n t r a t e d s o l u t i o n s may c o n t r i b u t e t o 
the s l o w e r équilibration). A t h i g h e r d i l u t i o n ( l o w e r C/Co 
v a l u e s ) , new e q u i l i b r i a can be In t r o d u c e d due t o d e p o l y m e r i z a t i o n 
r e a c t i o n s . For the z e r o day c u r v e , pH c o n t i n u o u s l y i n c r e a s e s w i t h 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

6

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



16. HARRIS Structure and Activity ofPillared Clay 257 

d i l u t i o n . For the 10 day c u r v e , a maximum i s o b s e r v e d , see F i g u r e 
1. The p o s i t i o n o f the maximum most l i k e l y depends on the degree 
o f h y d r o l y s i s o f the s t a r t i n g s o l u t i o n . I f t h i s i s s o , then s o l u 
t i o n s d i l u t e d i n t h i s range might be expected t o c o n t a i n p o l y c a 
t i o n s u n i q u e l y s u i t a b l e f o r fo r m i n g a p i l l a r e d c l a y . 

The p r o g r e s s toward r e - e q u i l i b r a t i o n o f a l l o f the d i l u t e 
s o l u t i o n s aged f o r up t o 25 days a t 23°C i s shown i n F i g u r e 2. 
The most d i l u t e s o l u t i o n , 0.005M A l , was h i g h l y d e p o l y m e r i z e d 
i n i t i a l l y and r a p i d l y r e t u r n e d t o an e q u i l i b r i u m pH o f 4.72 i n 10 
days. The most c o n c e n t r a t e d s o l u t i o n , 0.467M A l , d e p o l y m e r i z e d 
s l o w l y t o an apparent maximum pH o f 4.49 a t about 15 days and then 
the pH d e c l i n e d t o 4.44 a t 25 days. The 0.058 and 0.061M s o l u 
t i o n s c o n t i n u e d t o dep o l y m e r i z e throughout the 25 day p e r i o d w h i l e 
the s l i g h t l y more d i l u t e 0.040M s o l u t i o n reached a maximum pH a t 
about 10 days and then the pH d e c l i n e d t o 4.71 a f t e r 25 days. 
A f t e r 53 days the pH o f t h i s s o l u t i o n was 4.57 and s t i l l d e c r e a s 
i n g , i n d i c a t i n g t h a t e q u i l i b r i u m had not been reached. These 
r e s u l t s suggest t h a t t h e k i n e t i c s o f r e - e q u i l i b r a t i o n a r e v e r y 
slow a t 23°C except f o r the most d i l u t e s o l u t i o n . 
P i l l a r e d Clays. The s u r f a c e areas o f the c a l c i n e d p i l l a r e d c l a y s 
d e r i v e d from the v a r i o u s d i l u t e s o l u t i o n s under s t u d y are shown i n 
F i g u r e 3 as a f u n c t i o n o f s o l u t i o n age. The c u r v e s f o r t h e more 
c o n c e n t r a t e d s o l u t i o n s (0.058 t o 0.467M) a r e s i m i l a r t o tho s e ob
t a i n e d from the pH measurements ( F i g u r e 2) f o r the same s o l u t i o n s . 
The 0.061M s o l u t i o n produced the h i g h e s t s u r f a c e area p i l l a r e d 
c l a y s , 300-335 m 2/g; a g i n g t o 25 days o n l y r e s u l t e d i n a 10% i n 
c r e a s e i n s u r f a c e a r e a . Over a s i m i l a r a g i n g p e r i o d , the s u r f a c e 
a r e a produced by the 0.058M s o l u t i o n i n c r e a s e d from 250 m2/g t o 
320 m 2/g. The most d i l u t e s o l u t i o n , 0.005M, produced v e r y low 
s u r f a c e a rea p i l l a r e d c l a y s , 200-225 m 2/g, I n s e n s i t i v e t o the age 
o f the s o l u t i o n used. The low s u r f a c e area produced by t h e h i g h l y 
d e p o l y m e r i z e d (pH=4.93) z e r o day aged 0.005M s o l u t i o n was unex
pected and i n d i c a t e s t h a t e x c e s s i v e d e p o l y m e r l z a t i o n can produce 
p o l y c a t i o n s u n s u i t a b l e as p i l l a r i n g a g ents. The 0.04M s o l u t i o n 
a l s o y i e l d e d a low s u r f a c e area m a t e r i a l , 160 m 2/g. a f t e r z e r o 
days a g i n g but the s u r f a c e area I n c r e a s e d t o 260 m2/g a f t e r a g i n g 
the s o l u t i o n f o r 25 days. 

In F i g u r e 4, the s u r f a c e areas o f a l l the p i l l a r e d c l a y s p r e 
pared from s o l u t i o n s aged a t 23°C a r e p l o t t e d a g a i n s t the 
l o g a r i t h m o f the A l c o n c e n t r a t i o n used. The maximum s u r f a c e a r e a s 
a r e produced from the 0.058-0.061M s o l u t i o n s . The h i g h e s t s u r f a c e 
a r e a s a r e a l s o a s s o c i a t e d w i t h t h e maximum pH i n the aged p i l l a r 
i n g r e a g e n t . Less d i l u t e s o l u t i o n s d i d not produce h i g h s u r f a c e 
area m a t e r i a l because t h e y a r e v e r y slow t o d e p o l y m e r i z e and prob
a b l y tend t o r e l a x back t o the s t a t e o f h y d r o l y s i s o f the o r i g i n a l 
s o l u t i o n . T h i s c o u l d i n d i c a t e t h a t t h e h i g h l y p o l y m e r i z e d p o l y c a 
t i o n s i n the o r i g i n a l C h l o r h y d r o l s o l u t i o n a r e not good p i l l a r i n g 
a g e nts. On the o t h e r hand, v e r y d i l u t e s o l u t i o n s may be t o o h i g h 
l y d e p o l y m e r i z e d t o produce h i g h s u r f a c e area PILCs. 

The p i l l a r e d c l a y s were a l s o c h a r a c t e r i z e d by XRD. The [001] 
r e f l e c t i o n c h a r a c t e r i s t i c o f the exp a n s i o n o f the c l a y 1s due t o 
I n s e r t i o n o f the hydroxyaluminum p o l y c a t i o n s between the c l a y 
l a y e r s . In F i g u r e 5 the t r a c e s o f the [001] r e f l e c t i o n a r e shown 
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M 

.1CU-03 .10E-02 .10E-01 .10E+00 .10E+01 
DILUTION RATIO (C/Co) 

F i g u r e 1. pH of d i l u t e C h l o r h y d r o l , Co=6.43M A l , aged 0 days 
(+) and 10 days (Δ). 

4 9l 1 1 1 1 ' 1 
Tj 5 10 15 20 25 30 

SOLUTION AGE (DAYS) 

F i g u r e 2. S o l u t i o n pH versus s o l u t i o n age. Aluminum concentra
t i o n ( C ) , 0.005M (*), 0.040M (+), 0.058M (•), 0.061M (0), 
0.467M (Δ). 
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HARRIS Structure and Activity of Pillared Cfoy 

SURFACE AREA (SQ. METERS PER GRAM) 

30 

Figure 3. PILC s u r f a c e area versus s o l u t i o n age. See 
Figure 2 f o r symbols. 

Fi g u r e 4. Surface area versus Al c o n c e n t r a t i o n . S o l u t i o n s 
aged f o r 0 days (*), 10 days (+) and 25 days (Δ). 
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260 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

f o r p i l l a r e d c l a y s prepared from unaged d i l u t e s o l u t i o n s . The 
peak w i d t h a t h a l f h e i g h t , wi/2» i s a l s o shown. The maximum dooi 
v a l u e , 18.4 A, was found f o r the PILC prepared from the 0.04M 
s o l u t i o n . T h i s i n d i c a t e d a p i l l a r h e i g h t o f about 8.8 A. Other 
d i l u t e s o l u t i o n s produced p i l l a r e d c l a y s w i t h o n l y s l i g h t l y 
s m a l l e r °001 v a l u e s . The peak i n t e n s i t y was h i g h e s t and peak 
w i d t h a t a minimum f o r the PILC prepared from the 0.061M s o l u t i o n . 
T h i s s o l u t i o n a l s o produced the PILC w i t h maximum s u r f a c e area a t 
ze r o days a g i n g . The near e q u i v a l e n t f r e s h 0.058M s o l u t i o n y i e l d 
ed a PILC w i t h a much broader (001) r e f l e c t i o n and lower s u r f a c e 
a r e a . I t i s l i k e l y t h a t f o r f r e s h s o l u t i o n s these d i f f e r e n c e s a r e 
a s s o c i a t e d w i t h the s u s c e p t i b i l i t y o f the more d i l u t e s o l u t i o n s t o 
r e a c t i o n v a r i a b l e s , p a r t i c u l a r l y t e m p e r a t u r e , d u r i n g t h e p r e p a r a 
t i o n o f the p i l l a r e d c l a y . The sh a r p e r more I n t e n s e peaks a r e an 
i n d i c a t i o n o f more e x t e n s i v e exchange o f p o l y c a t i o n s w i t h forma
t i o n o f p i l l a r s t h e r m a l l y s t a b l e a t 500°C. 

The a g i n g p r o c e s s was f o l l o w e d u s i n g XRD measurements f o r the 
0.04M s o l u t i o n and the x - r a y d i f f r a c t o g r a m s a r e shown 1n F i g u r e 6. 
The dooi v a l u e remained almost c o n s t a n t a t 18.4 A over the e n t i r e 
53 day a g i n g p e r i o d . Thus, a g i n g d i d not change the c l a y p i l l a r 
h e i g h t . However, the peak became narrower w i t h i n c r e a s i n g age o f 
the s o l u t i o n u n t i l a minimum peak w i d t h was observed when u s i n g 
s o l u t i o n s aged f o r 10 days. A s l i g h t broadening o c c u r r e d on f u r 
t h e r a g i n g t o 53 days. S i m i l a r r e s u l t s were observed from s u r f a c e 
a r e a measurements. 
Cracking A c t i v i t y . In the p r e v i o u s s e c t i o n , we demonstrated t h a t 
a g i n g c o n d i t i o n s a f f e c t the s u r f a c e area o f p i l l a r e d c l a y s . Here, 
we d i s c u s s the c r a c k i n g a c t i v i t i e s o f some s e l e c t e d aged PILCs. 
In p a r t i c u l a r , we are concerned w i t h the h i g h coke y i e l d s and h i g h 
LCO s e l e c t i v i t y r e p o r t e d elsewhere ( 2 , 3 ) . 

In o r d e r t o reduce the h i g h coke l e v e l found f o r c a l c i n e d 
PILC, a sample o f aged PILC was p r e t r e a t e d under p r o g r e s s i v e l y 
more severe thermal ( p r e t r e a t m e n t A) and hydrothermal ( p r e t r e a t -
ments Β t o D) c o n d i t i o n s . M i c r o a c t i v i t y t e s t s were made u s i n g a 
narrow c u t o f North Sea gas o i l which c o n t a i n e d no m a t e r i a l i n the 
LCO range. The r e s u l t s a r e shown i n T a b l e I . C o n v e r s i o n de
c r e a s e s m o n o t o n i c a l l y w i t h s u r f a c e a r e a , o b t a i n e d a f t e r r e g e n e r a 
t i o n a t 593°C i n a i r , due t o the I n c r e a s i n g s e v e r i t y o f the p r e -
t r e a t m e n t s , A t o D. The decrease i n g a s o l i n e y i e l d and the c o r 
r e s p o n d i n g decrease 1n the LCO/HCO r a t i o r e f l e c t t he l o s s o f 
c r a c k i n g a c t i v i t y w i t h s u r f a c e a r e a . Coke s e l e c t i v i t y i n c r e a s e d 
s l i g h t l y as s u r f a c e area d e c l i n e d through t r e a t m e n t Β and then 
decreased a f t e r t r e a t m e n t C and D. Each o f the c a t a l y s t s was run 
t h r e e a d d i t i o n a l times w i t h a r e g e n e r a t i o n s t e p a f t e r each r u n . 
C o n v e r s i o n , coke y i e l d s , s e l e c t i v i t i e s , and s u r f a c e a r e a s a f t e r 
the f o u r t h and f i n a l r e g e n e r a t i o n are a l s o shown 1n Tabl e I . Con
v e r s i o n and s u r f a c e area d e c r e a s e d , however, c a t a l y s t s i n i t i a l l y 
p r e t r e a t e d by methods C and D r e t a i n e d t h e i r I n i t i a l low s u r f a c e 
area and the decrease i n c r a c k i n g a c t i v i t y 1s p o s s i b l y due t o 
r e s i d u a l coke d e p o s i t s a f t e r r e g e n e r a t i o n . 

A f t e r the I n i t i a l thermal p r e t r e a t m e n t s , c o n v e r s i o n i s d i r e c t 
l y r e l a t e d t o the n a t u r e o f the m i c r o s t r u c t u r e developed 1n aged 
PILC. In the e a r l y stages o f c o l l a p s e o f the m i c r o s t r u c t u r e , 
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16. HARRIS Structure and Activity of Pillared Clay 261 

c t o l * Î 8 . 4 A 

Figure 5. XRD l i n e broadening (w^). F r e s h , 0 day, s o l u t i o n s . 
|d f t f t l = 18 .4À 

-ω, 

Figure 6. XRD l i n e broadening ( w i j . Al c o n c e n t r a t i o n = 0.04M. 
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262 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

T a b l e I. E f f e c t o f Pretreatment on C r a c k i n g A c t i v i t y 

Pretreatment None A Β C D 
S.A. (m 2/g), 1st regen. 203 149 113 88 74 

Co n v e r s i o n , Wt% 78.2 62. 1 49. 0 46. 0 39.5 
C 5+ G a s o l i n e , Wt% 53.2 42. ,4 32. 4 33. ,4 28.6 
C 5 + Gasoline/Conv. 0.68 0. ,68 0. ,66 0. .73 0.72 

L i g h t C y c l e O i l , Wt% 17.0 19. .3 20. ,5 20. .2 18.3 
Heavy C y c l e O i l , Wt% 4.8 18. .6 30. .5 33, .8 42.2 
LCO/HCO 3.5 1. .0 0. .7 0, .6 0.4 

L i g h t Gas, Wt% 14.4 9. .2 8. .1 6, .2 5.1 
Coke, Wt% 10.5 10. .5 8. .6 6, .3 5.6 
Coke/Conv. 0.13 0, .17 0. .18 0 .14 0.14 

S.A. (m 2/g), 4th regen. 172 106 105 90 75 

Co n v e r s i o n , Wt% 
Coke, Wt% 
Coke/Conv. 

52.8 
10.7 
0.20 

43. 
7. 
0. 
.4 
.4 
17 

37. 
6. 
0. 
,5 
,7 
,18 

27. .8 18.7 
5.5 
0.29 

C a t a l y s t : PILC from 0.3M Al s o l u t i o n aged 7 days, c a l c i n e d S.A. = 270 m 2/g. 
Feed: North Sea gas o i l . 
C o n d i t i o n s : See Text. 
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16. HARRIS Structure and Activity of Pillared Clay 263 

s e l e c t i v i t y t o LCO I s l o s t and coke y i e l d s and s e l e c t i v i t i e s a r e 
decreased by steam most p r o b a b l y due t o a r e d u c t i o n i n p i l l a r 
h e i g h t s and p a r t i a l c o l l a p s e o f the p i l l a r e d s t r u c t u r e . 

To promote the a c t i v i t y o f steam d e a c t i v a t e d PILC and t o 
e v a l u a t e PILC as a m a t r i x component 1n c r a c k i n g c a t a l y s t s , REY-
PILC and REY-clay c o n t a i n i n g 10 wt % REY were d e a c t i v a t e d by meth 
od D. The MAT c o n v e r s i o n s , u s i n g North Sea gas o i l , and s u r f a c e 
area a f t e r r e g e n e r a t i o n a r e compared w i t h c a l c i n e d PILC below. 
The r e s u l t s show t h a t REY-PILC y i e l d s a h i g h e r c o n v e r s i o n than 
PILC o r REY-clay. 

In Table I I , the product y i e l d s o f REY-PILC a r e compared w i t h 
PILC, a commercial e q u i l i b r i u m c a t a l y s t , and w i t h the same commer
c i a l c a t a l y s t t h a t had been d e a c t i v a t e d i n t h e l a b o r a t o r y t o near 
c o n s t a n t c o n v e r s i o n . The a d d i t i o n o f REY t o PILC m a i n t a i n e d ac
t i v i t y i n the presence o f steam w h i l e coke y i e l d was reduced and 
the LC0/HC0 r a t i o was s l i g h t l y h i g h e r than f o r e i t h e r o f the com
m e r c i a l c a t a l y s t s . T h i s suggests t h a t the m i c r o s t r u c t u r e o f the 
PILC a f t e r p r e t r e a t m e n t D w i l l s t i l l c o n v e r t l a r g e m o l e c u l e s I n t o 
g a s o l i n e range p r o d u c t s I n s t e a d o f g e n e r a t i n g coke as seen i n PILC 
a l o n e . 

F i n a l l y , PILC, REY-PILC, and a commercial e q u i l i b r i u m c a t a l y s t 
were e v a l u a t e d a t near c o n s t a n t c o n v e r s i o n u s i n g a h e a v i e r f e e d , 
h y d r o t r e a t e d r e s i d . The product y i e l d s are shown i n T a b l e I I I . 
Steam d e a c t i v a t e d ( D ) , REY-PILC, produced the same g a s o l i n e s e l e c 
t i v i t y , LC0/HC0 r a t i o , and coke y i e l d as c a l c i n e d PILC. The e q u i 
l i b r i u m c a t a l y s t which r e p r e s e n t s a more s e v e r e l y d e a c t i v a t e d (E) 
sample had h i g h e r g a s o l i n e s e l e c t i v i t y , lower coke y i e l d , and low
e r HC0/LC0 r a t i o . The h i g h e r coke y i e l d o f REY-PILC c o u l d be due 
t o o c c l u s i o n o f h i g h m o l e c u l a r weight hydrocarbons 1n the m i c r o -
s t r u c t u r e o f the p i l l a r e d c l a y . 
CONCLUSIONS 

The s u r f a c e areas o f p i l l a r e d c l a y s prepared from d i l u t e C h l o r h y d 
r o l s o l u t i o n depend on the e x t e n t o f d i l u t i o n and age o f the d i 
l u t e s o l u t i o n . D i l u t i o n produces p o l y c a t i o n s f a v o r a b l e t o the 
p r o d u c t i o n o f p i l l a r e d c l a y s by d e p o l y m e r i z i n g l a r g e r p o l y c a t i o n s 
p r e s e n t i n the C h l o r h y d r o l s o l u t i o n . A g i n g i s the r e -
e q u i U b r a t l o n o f these d e p o l y m e r i z e d s o l u t i o n s . 

In the most d i l u t e s o l u t i o n s , d e p o l y m e r l z a t i o n 1s v e r y r a p i d 
and, 1n some c a s e s , the s o l u t i o n s r e h y d r o l y z e . The lower s u r f a c e 
area PILCs formed from t h e s e s o l u t i o n s I n d i c a t e t h a t the p o l y c a 
t i o n s formed d u r i n g r e h y d r o l y s i s a r e d i f f e r e n t from the o r i g i n a l 
p o l y c a t i o n s . In the most c o n c e n t r a t e d s o l u t i o n s , d e p o l y m e r l z a t i o n 
was s l o w and l e s s e x t e n s i v e . These s o l u t i o n s were a l s o l e s s 
f a v o r a b l e p i l l a r i n g r e a g e n t s . Thus, we f i n d an optimum p i l l a r i n g 
r eagent e x i s t s a t an i n t e r m e d i a t e d i l u t i o n . T h i s reagent can be 

Su r f a c e Area (m 2/g) MAT (wt% C o n v e r s i o n ) 
PILC 
REY-PILC 
REY-clay 

74 
89 
51 

39.5 
64.9 
28.8 
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264 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

T a b l e I I . Product D i s t r i b u t i o n s from C r a c k i n g North Sea Gas O i l 

C a t a l y s t PILC REY-PILC Commercial Commercial 

Pretreatment A D E q u i l i b r i u m Ε 

C o n v e r s i o n , Wt% 62.1 64.9 62.0 64.3 

C 5
+ G a s o l i n e , Wt% 42.4 47.2 46.8 49.3 

C 5 + Gasoline/Conv. 0.68 0.73 0.75 0.77 

L i g h t C y c l e O i l , Wt% 19.3 19.4 19.5 17.8 

Heavy C y c l e O i l , Wt% 18.6 15.7 18.5 17.9 

LCO/HCO 1.0 1.2 1.1 1.0 

L i g h t Gas, Wt% 9.2 11.2 10.3 9.2 
Coke, Wt% 10.5 6.5 5.0 5.7 

See t e x t f o r c o n d i t i o n s . 

T a b l e I I I . Product D i s t r i b u t i o n s from C r a c k i n g H y d r o t r e a t e d R e s i d 

Commercial 
E q u i l i b r i u m 

70.9 
47.9 
0.68 

19.1 
10.0 
1.9 

14.3 
12.6 

See t e x t f o r c o n d i t i o n s . 

C a t a l y s t PILC REY-PILC 
Pretreatment None D 

Conv e r s i o n , Wt% 74.3 78.2 
C 5+ G a s o l i n e , Wt% 42.8 47.0 
C 5

+ Gasoline/Conv. 0.58 0.60 

L i g h t C y c l e O i l , Wt% 19.4 16.3 
Heavy C y c l e O i l , Wt% 6.3 5.5 
LC0/HC0 3.1 3.0 

L i g h t Gas, Wt% 15.5 16.4 
Coke, Wt% 18.1 18.5 
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16. H A R R I S Structure and Activity of Pillared Clay 265 

f u r t h e r improved by a g i n g . The p r o d u c t i o n o f the optimum p i l l a r 
i n g r eagen t w i l l depend on the A l c o n c e n t r a t i o n i n the i n i t i a l 
s o l u t i o n and the i n i t i a l s t a t e o f h y d r o l y s i s o f t he s o l u t i o n . In 
the case o f C h l o r h y d r o l , t he optimum s o l u t i o n would be 0 .06M i n A l 
and aged 5 t o 10 days a t 2 3 ° C . 

PILC p r e p a r e d from aged p i l l a r i n g r eagen t has an enhanced 
m i c r o s t r u c t u r e wh ich shows an i n c r e a s e d a c t i v i t y f o r s e l e c t i v e l y 
c r a c k i n g l a r g e m o l e c u l e s t o the l i g h t c y c l e o i l r a n g e . T h i s 
m i c r o s t r u c t u r e i s l o s t i n t he p r e sence o f s team w h i c h a l s o r educes 
the f o r m a t i o n o f c a t a l y t i c c o k e . A d d i t i o n o f R E Y - z e o l i t e t o P ILC 
can overcome the e f f e c t s o f l o s s o f m i c r o s t r u c t u r e i f t he gas o i l 
has a na r row b o i l i n g r a n g e . H e a v i e r r e s i d s s t i l l p roduce l a r g e 
amounts o f coke p o s s i b l y by d i f f u s i o n o f l i q u i d i n t o the 
m i c r o p o r e s . 
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Chapter 17 

Catalytic Cracking of Heavy Oils 

J.-E. Otterstedt, B. Gevert, and J. Sterte 

Department of Engineering Chemistry 1, Chalmers University 
of Technology, Fack, S-412 96, Göteborg, Sweden 

The effects of composition of heavy oils derived from petroleum and 
biomass, on their response to cracking over catalysts of various 
composition were investigated. The contribution to the conversion 
from different types of cracking was estimated and the effect of 
temperature on the product distribution was studied. 
Heavy fractions of Wilmington crude contained more aromatics and 
polars compared with a conventional HVGO. The conversion of the 
Wilmington fractions increased with boiling point range. The zeolitic 
contribution to the conversion decreased while the matrix 
contribution remained constant and the contribution from thermal 
cracking increased. 
The low H/C-ratio of F C C feed derived from liquefied biomass led 
to low conversion and poor gasoline selectivity. Addition of alumina 
to the matrix resulted in a catalyst more active for heavy oil 
cracking but with a poor selectivity. Alumina-montmorillonite 
catalysts showed activities for heavy oil cracking comparable to 
that of a conventional, zeolite based, cracking catalyst. Effects of 
matrix composition and zeolite type on the heavy oil cracking 
performance are discussed. 

Of the many factors which influence product yields in a fluid catalytic 
cracker, the feed stock quality and the catalyst composition are of particular 
interest as they can be controlled only to a limited extent by the refiner. In 
the past decade there has been a trend towards using heavier feedstocks in the 
FCC-unit. This trend is expected to continue in the foreseeable future. It is 
therefore important to study how molecular types, characteristic not only of 
heavy petroleum oil but also of e.g. coal liquid, shale oil and biomass oil, 
respond to cracking over catalysts of different compositions. 

Heavy oils have high specific viscosities and contain components, boiling 
above 525°C, which are not necessarily distillation bottoms but can also be 
vacuum gasoils boiling above the normal range of such oils (350-525°C). The 
hydrogen to carbon ratio is generally lower for heavy oils and their contents of 
heteroatoms and metals, such as vanadium, nickel and iron, are higher. Heavy 
oils contain large molecules of which some have polar character (resins) or are 
large clusters (asphaltenes). Normally, synthetic oils derived from coal, shale 

0097-6156/88/0375-0266$06.00/0 
© 1988 American Chemical Society 
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17. OTTERSTEDT ET AL. Catalytic Cracking ofHeavy Oils 267 

or b i omass a l so hav e t h e c h a r a c t e r i s t i c s o f h e a v y o i l s s i n c e t h e y m a y c o n t a i n 
l a r g e a m o u n t s o f m e t a l s , have l o w hyd rogen t o c a r b o n r a t i o s and h i gh s p e c i f i c 
d e n s i t i e s (see T a b l e I). 

In t h e f l u i d c a t a l y t i c c r a c k i n g ( F C C ) p rocess t h e m e t a l s and t h e ash w i l l be 
d e p o s i t e d on the c a t a l y s t , c a u s i n g c a t a l y s t d e a c t i v a t i o n and c r a c k i n g t o h i ghe r 
p r o d u c t i o n o f c o k e and gas. T h e h i gher su l fu r c o n t e n t r e s u l t s i n h i ghe r su l fu r 
e m i s s i o n s w h i l e the h i gh n i t r o g e n c o n t e n t s l o w e r the c o n v e r s i o n , as p a r t o f t he 
n i t r o g e n c o m p o u n d s a r e b a s i c and n e u t r a l i z e t h e a c i d s i t e s o n t h e c a t a l y s t . 

D e a c t i v a t i o n o f t he c a t a l y s t i s r e f l e c t e d by a h i gher t e n d e n c y f o r 
p r o d u c t i o n o f gas and c o k e on t h e c a t a l y s t . T h e e f f e c t s o f t h e i n c r e a s e d c o k e 
on c a t a l y s t a r e : 
- a n i n c r e a s e i n r e g e n e r a t i o n t e m p e r a t u r e w h i c h c a n c aus e c a t a l y s t 
d e a c t i v a t i o n , m e t a l l u r g i c a l p r o b l e m s and h i ghe r e m i s s i o n s of N O x 

- a l o w e r c a t a l y s t t o o i l r a t i o , r e q u i r e d i n o r d e r t o m a i n t a i n hea t b a l a n c e i n 
the r e a c t o r 
- a r i s k f o r i n a d e q u a t e r e g e n e r a t i o n i f t h e c a p a c i t y o f t h e a i r b l o w e r s i s 
i n s u f f i c i e n t . 
- h i g h gas v e l o c i t i e s i n the r e g e n e r a t o r w h i c h w i l l i n c r e a s e t h e a m o u n t o f f i n e s 
i n t h e f l u e gas . 

T h e l a r g e r a m o u n t s of c o k e on the c a t a l y s t c a n be h a n d l e d by m o r e 
e f f e c t i v e s t e a m s t r i p p i n g , r e g e n e r a t i o n w i t h hea t r e m o v a l , or u s ing a t w o - s t e p 
r e g e n e r a t o r . I m p r o v e d t e m p e r a t u r e t o l e r a n c e o f t h e c a t a l y s t and o f t h e 
c o n s t r u c t i o n m a t e r i a l s i n the r e g e n e r a t o r a l s o c o n t r i b u t e s t o the h a n d l i n g o f 
t he c o k e p r o b l e m . 

T h e e f f e c t s o f h eavy o i l s on c r a c k i n g c a n be m e t by p r o c e s s m o d i f i c a t i o n s , 
f e ed p r e t r e a t m e n t or by the use o f s p e c i a l l y des i gned c a t a l y s t s . 

T h e mos t i m p o r t a n t p r e t r e a t m e n t s t eps o f t h e f e ed a r e p rope r d e s a l t i n g 
and h y d r o p r o c e s s i n g . T h e l a t t e r s t ep w i l l r e d u c e the c o n t e n t o f h e t e r o a t o m s , 
a spha l t enes and m e t a l s , and r a i s e t h e h y d r o g e n t o c a r b o n r a t i o o f t h e f e e d . In 
o t h e r wo rds , h y d r o p r o c e s s i n g s i g n i f i c a n t l y r e d u c e s the heavy o i l c h a r a c t e r o f 
t he f e e d o i l . 

T h e s e l e c t i v i t y p r o b l e m c a u s e d by n i c k e l c o n t a m i n a n t s c a n be r e a s o n a b l y 
w e l l hand l ed by a d d i n g n i c k e l p a s s i v a t o r s , u s u a l l y c o n t a i n i n g a n t i m o n y , t o t h e 
f e ed (6). A l t h o u g h p a s s i v a t o r s have been r e p o r t e d t o d e c r e a s e t h e d e a c t i v a t i o n 
e f f e c t s o f v a n a d i u m , a m o r e p r o m i s i n g w a y t o hand l e t h i s p r o b l e m is t o 
i n t r o d u c e v a n a d i u m " t r a p s " , w h i c h p r e v e n t t h e v a n a d i u m f r o m m i g r a t i n g and 
d e s t r o y i n g t h e z e o l i t e . C a t a l y s t s des i gned t o have a h i gh m e t a l s t o l e r a n c e a r e 
a v a i l a b l e on t h e m a r k e t (7-9). A n o t h e r i n t e r e s t i n g way t o s o l v e t h e m e t a l s 
p r o b l e m is t o r e s t o r e the a c t i v i t y by r e m o v i n g the m e t a l s d e p o s i t e d on t h e 
c a t a l y s t us ing t h e N E W D E M E T p rocess (10). T h i s p rocess c a n a l so be used i n 
c o m b i n a t i o n w i t h p a s s i v a t o r s and/or m e t a l t o l e r a n t c a t a l y s t s . 

In o rde r t o d e c r e a s e su l fu r e m i s s i o n s , su l fu r t r a n s f e r r i n g c a t a l y s t s 
c o n t a i n i n g A I 2 O 3 or M g O (11-13) , c a n be used . 

T h e l a r g e m o l e c u l e s f ound i n heavy o i l s c a n not p e n e t r a t e t h e z e o l i t e 
s t r u c t u r e but m u s t i n i t i a l l y be c r a c k e d on the s u r f a c e o f t h e z e o l i t e c r y s t a l s , 
on the m a t r i x s u r f a c e or t h e r m a l l y (1^). T h e i n t e r m e d i a t e p r o d u c t s c a n t h e n be 
c r a c k e d i n t h e z e o l i t e t o d e s i r a b l e p r o d u c t s . In o rde r t o i n c r e a s e t h e a c t i v i t y 
i n t h e c r a c k i n g o f h e a v y c o m p o n e n t s i t is thus poss ib l e t o use a c a t a l y s t h a v i n g 
an a c t i v e m a t r i x or t o c r a c k a t h i gher t e m p e r a t u r e s . A t h i r d a p p r o a c h is t o 
s u b s t i t u t e s o m e or a l l o f t h e Y - t y p e z e o l i t e , c u r r e n t l y used i n c o m m e r c i a l 
c r a c k i n g c a t a l y s t s , w i t h a z e o l i t i c c o m p o n e n t h a v i n g a l a r g e r p o r e - s i z e , e .g . a 
p i l l a r e d s m e c t i t e . T h e p o t e n t i a l o f s m e c t i t e s , p i l l a r e d or c r o s s - l i n k e d w i t h 
i n o r g a n i c p o l y c a t i o n s , as c r a c k i n g c a t a l y s t s was f i r s t d e m o n s t r a t e d by V a u g h a n 
e t a l . (15). T h e m a i n o b s t a c l e f o r t h e use o f t h e s e m a t e r i a l s i n c o m m e r c i a l 
c a t a l y s t s is t h e i r l a c k o f t h e r m a l and h y d r o t h e r m a l s t a b i l i t y . A t the 
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268 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Table I. P r o p e r t i e s o f O i l s o f D i f f e r e n t O r i g i n s 

Property North Sea T i a Juana Coal o i l Shale o i l Biomass 

H / C - r a t i o 6 1.7 - 1.4 1.5 1.0 
N(wt%) 0.2 0.33 0.8 2.1 <.02 
0(wt%) - - 3.8 1.2 15.1 
S(wt%) 0.5 1.8 0.3 0.7 0.0.1 
Ash(wt%) - - .004 .03 -
Metals (ppm) 6 238 - 100 -
S p e c i f i c 
g r a v i t y 

0.92 0.95 0.9 0.93 1.1 

Conradson 
carbon (wt%) 

4.5 9.3 - - -

Pour p o i n t - 7 19 32 35 

S t a t f j o r d atmospheric r e s i d ( 1 ) . Atmospheric r e s i d ( 2 ) . JSRC I I ( 3 ) . 
4 5 Prahoe s h a l e o i l ( 4 ) . D i r e c t l y l i q u e f i e d o i l from wood c h i p s u s i n g 
the PERC process ( 5 ) . S o l a r r a t i o a d j u s t e d assuming t h a t ammonia, 
water and hydrogen s u l f i d e are formed by the heteroatoms. 
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t e m p e r a t u r e o f t h e r e g e n e r a t o r , t he m a t e r i a l s o f t h i s t y p e r e p o r t e d to da t e 
r a p i d l y b r eak d o w n and lose t h e i r a c t i v i t y . 

T h i s paper r e p o r t s r e s u l t s o f c r a c k i n g heavy v a c u u m g a s o i l f r o m 
W i l m i n g t o n c r u d e , a h y d r o p r o c e s s e d o i l d e r i v e d f r o m b i o m a s s and a 
h y d r o p r o c e s s e d m i x t u r e of N o r t h S e a and A r a b i a n l i g h t H V G O . T h e c r a c k i n g 
was p e r f o r m e d a t t w o t e m p e r a t u r e s us ing c o m m e r c i a l , l a b o r a t o r y p r e p a r e d , 
and a l u m i n a - m o n t m o r i l l o n i t e c a t a l y s t s . 

E x p e r i m e n t a l 

M o s t o f t h e e x p e r i m e n t a l t e c h n i q u e s h a v e b e e n r e p o r t e d e l s e w h e r e and w i l l 
t h e r e f o r e be d e s c r i b e d on ly b r i e f l y . 

F e e d o i l s . C r u d e f r o m t h e W i l m i n g t o n o i l f i e l d i n C a l i f o r n i a was d i s t i l l e d i n t o 
f our f r a c t i o n s o f v a c u u m g a s o i l b o i l i n g b e t w e e n 360-502 (No . 4), 381 -496 (No . 
5), (No . 6) and 4 8 3 - 7 3 % o f f a t 548°C (No . 7). 

T h e o i l d e r i v e d f r o m b i o m a s s was l i q u e f i e d w i t h t h e P E R C p rocess , 
e x t r a c t e d w i t h d e c a l i n , h y d r o p r o c e s s e d a t 370°C, and the f r a c t i o n b o i l i n g 
abo v e 350°C ( B M O ) was s e p a r a t e d by d i s t i l l a t i o n ( 1 6 ) . A h y d r o p r o c e s s e d 
m i x t u r e o f N o r t h s ea and A r a b i a n l i g h t v a c c u m gas o i l ( H V G O ) was used as a 
"base l i n e " , i . e . a t y p i c a l F C C f e ed s t o c k . 

S o m e i m p o r t a n t c h a r a c t e r i s t i c s o f t h e s e o i l s a r e g i v e n i n T a b l e II and 
f u r t h e r i n f o r m a t i o n i s p r o v i d e d i n r e f e r e n c e s (16-18) . 

F e e d s t o c k c h a r a c t e r i z a t i o n . T h e c o m p o s i t i o n s o f t h e f eeds e xp r e s s ed i n 
d i f f e r e n t m o l e c u l a r t ypes w e r e d e t e r m i n e d by bonded phase c h r o m a t o g r a p h y . 
T h e d i s t r i b u t i o n s o f c a r b o n s i n d i f f e r e n t s t r u c t u r e s w e r e c a l c u l a t e d f r o m N M R 
s p e c t r a o f the f e e d s t o c k s . D e t a i l e d p r o c edur e s for the c h a r a c t e r i z a t i o n of 
f e e d s t o c k s a r e d e s c r i b e d i n r e f e r e n c e ( 1 8 ) . 

C o m m e r c i a l c a t a l y s t s . T w o c o m m e r c i a l c a t a l y s t s m a d e by K a t a l i s t i k s b.v . 
w e r e used . T h e f i r s t , E K Z - 4 , was s t e a m aged a t 750°C f o r 18 hrs p r i o r to use 
and the s e c o n d , a n E K Z - 2 e q u i l i b r i u m c a t a l y s t f r o m a E u r o p e a n r e f i n e r y , was 
h e a t e d a t 300°C i n a i r f o r 3 hrs p r i o r to use . A l p h a a l u m i n a , h e a t e d a t 300°C 
i n a i r f o r 3 h r s , was used i n o rde r t o e s t i m a t e the c o n t r i b u t i o n t o c o n v e r s i o n 
f r o m t h e r m a l c r a c k i n g . 

C a t a l y t i c c r a c k i n g . T h e c r a c k i n g s tud i e s w e r e c a r r i e d ou t u s i n g a f i x e d bed 
r e a c t o r c o n s t r u c t e d a c c o r d i n g to A S T M m e t h o d D 3907 -80 " M i c r o A c t i v i t y 
T e s t f o r F l u i d C r a c k i n g C a t a l y s t s " ( M A T ) . In th i s m e t h o d a k n o w n a m o u n t o f 
o i l is f ed t o a bed o f c r a c k i n g c a t a l y s t . T h e gas and l i q u i d p r o d u c t s a r e 
c o l l e c t e d and a n a l y z e d by gas c h r o m a t o g r a p h y . T h e b o i l i n g p o i n t r a n g e o f t h e 
l i q u i d p r o d u c t s is d e t e r m i n e d by s i m u l a t e d d i s t i l l a t i o n and t h e gas p r o d u c t 
d i s t r i b u t i o n is a n a l y z e d by gas c h r o m a t o g r a p h y . T h e a c t i v i t y o f t h e c a t a l y s t i n 
c a t a l y t i c c r a c k i n g i s d e f i n e d as the w e i g h t - % o f the f eed t h a t i s c o n v e r t e d 
i n t o c o k e , gas and ga so l i n e . T h e gaso l i ne f r a c t i o n is t h e p o r t i o n o f t h e p r o d u c t 
b o i l i n g b e t w e e n 36° a n d 216°C. T h e l i g h t c y c l e o i l ( L C O ) i s no t i n c l u d e d i n the 
c o n v e r s i o n bu t is c a l c u l a t e d f r o m t h e s i m u l a t e d d i s t i l l a t i o n a s t h e f r a c t i o n 
b o i l i n g b e t w e e n 216° and 344°C. 

T h e c r a c k i n g t e s t s w e r e p e r f o r m e d u s i n g r e a c t o r t e m p e r a t u r e s o f 500° and 
560°C . A m a t e r i a l r e c o v e r y b a l a n c e was c a l c u l a t e d fo r e a c h r u n . A l l t e s t s 
w i t h a m a t e r i a l r e c o v e r y o f l ess t h a n 9 7 % w e r e d i s c a r d e d . 
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C a t a l y s t p r e p a r a t i o n . A s a m p l e o f C R E Y ( c a l c i n e d r a r e e a r t h Y ) was p r e p a r e d 
by r e p e a t e d i o n e x c h a n g e a n d c a l c i n a t i o n of N a Y . T h e z e o l i t e p r o d u c t 
c o n t a i n e d 0 . 5 8 % Na2Û, 1 9 . 3 % R E 2 O 3 and h a d a s u r f a c e a r e a o f 6 1 0 m 2 / g . A 
c a t a l y s t was p r e p a r e d by spray d r y i n g a s l u r r y o f t h i s z e o l i t e t o g e the r w i t h 
k a o l i n and a l u m i n u m c h l o r o h y d r a t e . T h e s l u r r y c o n t a i n e d 1 7 % C R E Y , 7 3 % 
k a o l i n and 1 0 % a l u m i n u m c h l o r o h y d r a t e ( C h l o r o h y d r o l , R e h e i s ) ( c a l c u l a t e d as 
A I 2 O 3 ) . A s e c o n d c a t a l y s t w a s p r e p a r e d us ing t h e same p r o c e d u r e a n d a s l u r r y 
c o n t a i n i n g 1 7 % C R E Y , 4 8 % k a o l i n and 3 5 % c o l l o i d a l a l u m i n a ( D i s p e r a l , 
C o n d e a ) . T h e s e c a t a l y s t s ( des i gna ted H 2 and H 6 , r e s p e c t i v e l y ) w e r e s t e a m 
t r e a t e d a t 790°C f o r 18 h r s . p r i o r t o t h e c r a c k i n g e x p e r i m e n t s . 

A l 2 0 3 - m o n t m o r i l l o n i t e c o m p l e x e s w e r e p r e p a r e d a c c o r d i n g to t h e 
p r o c e d u r e d e s c r i b e d by S t e r t e and O t t e r s t e d t ( 1 9 ) . T h e s a m p l e s used i n t h i s 
s tudy w e r e p r e p a r e d f r o m u n t r e a t e d a l u m i n u m c h l o r o h y d r a t e and f r o m 
a l u m i n u m c h l o r o h y d r a t e hyd ro t h e r m a l l y t r e a t e d a t 120° a n d 140°C ( c a t a l y s t 
d e s i gna t i ons M l , M 2 and M 3 ) . T h e c a t a l y s t s w e r e a i r d r i e d and g round i n a b a l l 
m i l l . T h e f r a c t i o n 40 -100 m i c r o n s was s e p a r a t e d and s t e a m e d i n a m u f f l e 
f u r n a c e a t 750°C f o r 18 h r s . A s a r e f e r e n c e , a s a m p l e c o n t a i n i n g 20 % R E Y i n 
a k a o l i n - b i n d e r m a t r i x was p r e p a r e d and t r e a t e d i n the s a m e m a n n e r ( c a t a l y s t 
M 4 ) . 

R e s u l t s and d i s c u s s i o n 

F e e d s t o c k c h a r a c t e r i z a t i o n . T a b l e III shows t h e d i s t r i b u t i o n s o f c a r b o n s i n 
d i f f e r e n t s t r u c t u r e s , c a l c u l a t e d f r o m N M R s p e c t r a . T a b l e IV shows the 
c o n t e n t s o f s a t u r a t e d , a r o m a t i c and po l a r c o m p o n e n t s , as d e t e r m i n e d by H P L C 
( 1 8 ) , for the d i f f e r e n t f e e d s t o c k s used in t h i s s tudy . A s b o i l i n g po in t i n c r e a s e s 

the p a r a f f i n i c c a r b o n d e c r e a s e s , t h e a r o m a t i c c a r b o n i n c r e a s e s w h i l e t h e 
n a p h t h e n i c c a r b o n r e m a i n s n e a r l y c o n s t a n t . T h e W i l m i n g t o n f r a c t i o n s a n d the 
b i o m a s s o i l c o n t a i n c o n s i d e r a b l y m o r e a r o m a t i c s and p o l a r s t h a n t h e H V G O . 
T h e a m o u n t o f s a t u r a t e s i n the W i l m i n g t o n f r a c t i o n s d e c r e a s e s w i t h i n c r e a s i n g 
b o i l i n g p o i n t r a n g e a n d is g e n e r a l l y m u c h l o w e r t h a n t h a t o f t h e H V G O . T h e 
c o n t e n t s o f a r o m a t i c s a n d p o l a r s , on the o t h e r h a n d , i n c r e a s e w i t h b o i l i n g 
p o i n t r a n g e a n d a r e m u c h h i ghe r t h a n t h a t o f H V G O . 

C a t a l y t i c c r a c k i n g of W i l m i n g t o n heavy v a c c u m g a s o i l o ve r E K Z - 4 . N i l s s o n e t 
a l . (18) have i n v e s t i g a t e d the response o f h e a v y v a c u u m gaso i l s o f d i f f e r e n t 
c o m p o s i t i o n s a n d d i f f e r e n t d i s t r i b u t i o n s o f m o l e c u l a r t y p e s t o c r a c k i n g o v e r 
E K Z - 4 , a c o m m e r c i a l c r a c k i n g c a t a l y s t c o n t a i n i n g r a r e e a r t h z e o l i t e Y i n a 
c l a y - b i n d e r m a t r i x . 

T h e f r a c t i o n s w e r e c r a c k e d a t 560° and a lso a t 500°C, w i t h t h e e x c e p t i o n 
o f f r a c t i o n 7 w h i c h d i d n o t v a p o r i z e c o m p l e t e l y a t the l o w e r t e m p e r a t u r e . T h e 
c o n t r i b u t i o n s o f t h e r m a l and m a t r i x c r a c k i n g to t h e p r o d u c t y i e l d we r e 
d e t e r m i n e d by c r a c k i n g over - a l u m i n a and m a t r i x r e s p e c t i v e l y . F i g u r e 1 
shows t h a t t h e z e o l i t i c c o n t r i b u t i o n to c o n v e r s i o n d e c r e a s e s due to p o o r e r 
a c c e s s t o z e o l i t e po re s t r u c t u r e , the t h e r m a l c o n t r i b u t i o n d e c r e a s e s w i t h 
i n c r e a s i n g b o i l i n g p o i n t r ange , w he r ea s t h e m a t r i x c o n t r i b u t i o n r e m a i n s 
c o n s t a n t . 

T a b l e s V and VI show t h a t t h e d i s t r i b u t i o n o f m o l e c u l a r t y p e s i n t h e l i q u i d 
p r o d u c t s a f t e r c r a c k i n g a t 500° a n d 560°C s h i f t s t owa rds m o r e a r o m a t i c s , 
p a r t i c u l a r y m o n o a r o m a t i c s , and p o l a r s w i t h i n c r e a s i n g b o i l i n g p o i n t r a n g e o f 
the f e e d . T h e y i e l d s o f m o n o a r o m a t i c s i n c r e a s e a t the h i ghe r t e m p e r a t u r e 
s i n c e they a r e f a v o u r e d t h e r m o d y n a m i c a l l y as d e h y d r o g e n a t i o n p r o d u c t s o f 
naph thenes . P o l y a r o m a t i c s a r e r e j e c t e d t o c o k e . T h e c o n v e r s i o n o f po l a r s 
d e c r e a s e s w i t h i n c r e a s i n g b o i l i n g p o i n t o f t h e f e ed a t 500°C, bu t i n c r e a s e s 
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T a b l e III. D i s t r i b u t i o n o f C a r b o n s i n D i f f e r e n t S t r u c t u r e s C a l c u l a t e d f r o m t h e 
N M R S p e c t r a o f t h e F e e d s t o c k s / W e i g h t % 

S t r u c t u r e F r a c t i o n 

4 5 6 7 H V G O B M O 

7 8 . 1 75.5 7 4 . 9 7 8 . 9 8 2 . 1 5 7 . 0 

2 1 . 9 2 4 . 5 2 5 . 1 2 1 . 1 1 8 . 9 4 3 . 0 

1 2 . 4 1 3 . 5 1 3 . 7 1 0 . 3 9 . 5 1 6 . 7 

3 3 . 2 3 1 . 2 3 0 . 7 3 0 . 2 2 3 . 8 2 0 . 7 

5 6 . 5 5 5 . 3 5 4 . 8 4 8 . 9 5 0 . 4 3 8 . 9 

P a r a f f i n i c ( % C P ) 
A r o m a t i c (%C/\) 

- a l k y l 
N a p h t e n i c (%CN) 
D e g r e e o f 
s u b s t i t u t i o n ^ 

1 % C N = 5 4 . 3 ( H C H 3 / H _ C H 2 - + ° - 1 0 ° ) < 3> 
2 % c - a l k y l / ^ C A^ x 1 0 0 Z 

T a b l e IV . M o l e c u l a r t y p e s e p a r a t i o n by H P L C / w e i g h t %. 

F e e d o i l 

H V G O B M O 

S a t u r a t e s 5 5 . 8 5 3 . 9 3 7 . 9 3 1 . 0 6 6 . 7 2 0 . 3 
A r o m a t i c s 3 3 . 9 3 4 . 6 4 2 . 0 4 2 . 4 2 8 . 9 6 7 . 8 
P o l a r s 1 0 . 3 1 1 . 5 2 0 . 1 2 6 . 6 4 . 4 1 1 . 8 
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8 0 \ -

o 

Ο T O T A L Ο 

I I I I I L_ 
H V G O 4 5 6 7 B M O 

O i l 

Figure 1. Contribution to the conversion from different types of 
cracking using the EKZ-4 catalyst. 

T a b l e V . P r o d u c t d i s t r i b u t i o n f r o m c a t a l y t i c c r a c k i n g a t 560°C i n w e i g h t % 

4 5 6 7 H V G O 

S a t u r a t e s 55.8 53.9 37.9 31.0 66.7 
M o n o a r o m a t i c s 32.8 32.4 45.4 52.1 23.3 
D i a r o m a t i c s 4.5 3.8 4.4 4.8 5.1 
F l u o r e n e .37 .35 .35 .36 .34 
3 - r i n g c o m p o u n d s 1.7 1.8 1.8 1.9 1.9 
4 - r i n g c o m p o u n d s 1.4 1.5 1.8 1.8 1.2 
P o l a r s 3.2 5.9 8.7 8.2 1.6 

P o l a r s i n f e e d s t o c k 10.3 11.5 20.1 26.6 4.4 
D i f f e r e n c e -7.1 -5 .6 -11 .4 - 17 .8 - 2 . 8 
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w i t h b o i l i n g p o i n t a t 560°C, i n d i c a t i n g t h a t p o l a r s a r e r e a d i l y c o n v e r t e d by 
t h e r m a l r e a c t i o n s t o p r o d u c t s i n t h e gaso l i ne r ange . 

C a t a l y t i c c r a c k i n g ove r C R E Y i n t w o d i f f e r e n t m a t r i c e s . T h e M A T - r e s u l t s f o r 
c r a c k i n g o f f r a c t i o n N o . 6 and H V G O over C R E Y i n a k a o l i n (H2) and i n a 
k a o l i n - a l u m i n a (H6) m a t r i x a r e g i v e n i n T a b l e VI I . F o r e a c h o i l , t h e r e s u l t s a r e 
s h o w n a t the s a m e l e v e l o f c o n v e r s i o n . F o r the H V G O , t h i s c o n v e r s i o n l e v e l 
w a s o b t a i n e d us ing e s s e n t i a l l y t h e s ame c / o - r a t i o ( c a t a l y s t t o o i l r a t i o ) , 
i n d i c a t i n g s i m i l a r a c t i v i t i e s o f the t w o c a t a l y s t s f o r c r a c k i n g t h i s o i l . 
S o m e w h a t l o w e r ga so l i n e and h i ghe r c o k e and gas y i e l d s w e r e obse r v ed f o r H 6 
c o m p a r e d w i t h H 2. 

F o r t h e c r a c k i n g o f f r a c t i o n N o . 6 , a h i ghe r c / o - r a t i o was r e q u i r e d f o r H 2 
c o m p a r e d w i t h H 6 i n o rde r t o o b t a i n a g i v e n c o n v e r s i o n l e v e l . T h i s r e f l e c t s t h e 
a d d i t i o n a l a c t i v i t y supp l i ed by t h e a l u m i n a p a r t o f t h e m a t r i x . T h e 
c o n t r i b u t i o n o f t h e a l u m i n a i n the m a t r i x i s a l so seen w h e n f r a c t i o n N o . 6 i s 
c r a c k e d o v e r sp ray d r i e d s a m p l e s o f t h e m a t r i c e s o n l y . A t a c / o - r a t i o o f 3 .0 , 
c o n v e r s i o n s o f 3 3 % a n d 4 4 % w e r e o b t a i n e d us ing t h e k a o l i n and t h e k a o l i n -
a l u m i n a m a t r i x , r e s p e c t i v e l y . T h e t e n d e n c y f o r h i ghe r c o k e and gas p r o d u c t i o n 
a t the expense o f g a so l i n e ove r c a t a l y s t H 6 c o m p a r e d w i t h H 2 is a l so seen f o r 
o i l N o . 6. 

C a t a l y t i c c r a c k i n g o v e r a l u m i n a - m o n t m o r i l l o n i t e c o m p l e x e s . T h e c r a c k i n g 
e x p e r i m e n t s over the a l u m i n a - m o n t m o r i l l o n i t e c o m p l e x e s w e r e p e r f o r m e d 
us ing f r a c t i o n s N o . 4 and N o . 6. T h e r e s u l t s o f t h e s e e x p e r i m e n t s a r e shown i n 
T a b l e VIII t o g e t h e r w i t h t h a t o f the r e f e r e n c e c a t a l y s t c o n t a i n i n g 2 0 % R E Y i n 
a k a o l i n m a t r i x . D u e to c o l l a p s e upon s t e a m i n g , the c o n v e r s i o n o v e r t h e 
c o n v e n t i o n a l p i l l a r e d s m e c t i t e ( M l ) i s v e r y l ow f o r b o th t y p e s o f f e ed . T h e 
h i ghe r s t a b i l i t y o f t h e m a t e r i a l s p r e p a r e d f r o m t h e h y d r o t h e r m a l l y t r e a t e d 
a l u m i n u m c h l o r o h y d r a t e is r e f l e c t e d i n h i ghe r c o n v e r s i o n s ove r these 
c a t a l y s t s . F o r t h e l i g h t e r f e ed (No . 4), t h e s a m p l e p r e p a r e d f r o m t h e s o l u t i o n 
t r e a t e d a t 140°C (M3) show a s o m e w h a t l o w e r c o n v e r s i o n c o m p a r e d w i t h the 
R E Y c a t a l y s t (M4) w h i l e the r e v e r s e s i t u a t i o n is o b s e r v e d f o r t h e h e a v i e r f e ed 
(No . 6) . T h i s is a t t r i b u t e d to the l a r g e r pores i n the a l u m i n a - m o n t m o r i l l o n i t e 
c o m p l e x c o m p a r e d w i t h those i n t h e z e o l i t e based c a t a l y s t . N o ma jo r 
d i f f e r e n c e s i n g a s o l i n e y i e l d b e t w e e n the d i f f e r e n t c a t a l y s t s w e r e s een . T h e 
m o n t m o r i l l o n i t e based c a t a l y s t s d i d , h o w e v e r , p r o d u c e s o m e w h a t m o r e c o k e 
and l ess gas than the R E Y - c a t a l y s t . 

C a t a l y t i c c r a c k i n g o f b i omass o i l o v e r E K Z c a t a l y s t s . T h e B M O showed h i ghe r 
s t a b i l i t y t h a n the H V G O t o w a r d s t h e r m a l c r a c k i n g a t 560°C w h i l e the oppos i t e 
w a s f ound a t 500°C . 

T a b l e IX shows t h a t c r a c k i n g o f t h e B M O w i t h the E K Z - 4 c a t a l y s t a t 500°C 
r e s u l t e d i n a h i g h e r c o k e y i e l d (16%) c o m p a r e d to the H V G O under the s a m e 
c o n d i t i o n s (8%). T h i s r e f l e c t s t h e h i ghe r b o i l i n g p o i n t r ange , h i ghe r a r o m a t i c 
c o n t e n t and h i ghe r a m o u n t o f p o l a r c o m p o n e n t s o f t h e B M O c o m p a r e d to the 
H V G O . T h e m o l a r r a t i o s o f h y d r o g e n t o c a r b o n w e r e 1.3 and 1.7 i n t h e B M O 
and in the H V G O , r e s p e c t i v e l y ( G e v e r t , B . S . ; O t t e r s t e d t , J - E . S u b m i t t e d to 
B i o m a s s ) . A t 560°C, t h e y i e l d s o f gas and c o k e i n c r e a s e d w h i l e t h e gaso l i ne 
y i e l d d e c r e a s e d . T h i s i n d i c a t e s t h a t b o t h the B M O and the H V G O a r e s e n s i t i v e 
t o o v e r c r a c k i n g ; and m o r e so t h a n , f o r i n s t a n c e , W i l m i n g t o n f r a c t i o n N o . 6 . 

C r a c k i n g o f t h e B M O under m i l d c o n d i t i o n s , i . e . u s ing E K Z - 2 i n s t e a d o f 
E K Z - 4 and 500°C, r e s u l t e d i n a l o w e r a m o u n t o f c o k e and a l o w e r c o n v e r s i o n 
(50%). T h e y i e l d o f gaso l i ne was , h o w e v e r , abou t the s a m e as w h e n c r a c k i n g 
w i t h E K Z - 4 and thus t h e m i l d e r c o n d i t i o n s i m p r o v e d the s e l e c t i v i t y . 
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Table VI. Effect of Temperature on Product Distribution 

275 

Weight % at 560°C - Weight % at 500°C 
4 5 6 7 HVGO 

Saturates - - - - -Monoaromatics S.6 8.3 14.8 - 2.9 
Diaromatics -3.6 -4.6 -3.6 - -1.0 
Fluorene -.19 -.26 -.19 - -.10 
3-ring compounds -1.0 -1.4 -.50 - -.44 
4-ring compounds -1.1 -.74 -1.5 - -.53 
Polars -2.9 -1.8 -9.2 - -.70 

Table VII. Catalytic cracking over CREY in different matrices 

Catalyst 
Designation 

Oil Conversion 
(wt%) 

Gasoline 
(wt%) 

Coke 
(wt%) 

Gas c/o-
(wt%) ratio 

H2 HVGO 77.7 55.5 4.4 17.8 3.08 
H6 HVGO 77.7 54.3 5.3 18.1 3.05 
H2 no.6 64.2 38.1 8.1 18.0 3.23 
H6 no.6 64.2 36.2 9.9 18.2 3.04 

*A reactor temperature of 560°C was used when cracking oil no.6 

Table VIII. Catalytic cracking over alumina-montmorillonite complexes 

Catalyst Oil Conversion Gasoline Coke Gas 
Designation (wt%) (wt%) (wt%) (wt%) 

Ml no.4 21.3 12.6 4.2 4.5 
M2 no.4 42.9 24.2 9.8 9.0 
M3 no.4 50.0 28.9 10.7 11.0 
M4 no.4 56.0 31.8 10.2 14.0 
Ml no.6 23.3 13.2 5.4 4.7 
M2 no.6 46.4 24.6 12.6 9.2 
M3 no.6 51.1 25.5 15.3 10.3 
M4 no.6 47.6 22.6 12.7 11.7 
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T a b l e I X . C r a c k i n g o f B M O o v e r E K Z - 4 

500°C 560°C 

B M O H V G O B M O H V G O 

c o k e 
gas 
gaso l i n e 
g a s o i l 
c o n v e r s i o n 

16 
16 
30.5 
20.1 
62 .5 

8.3 
22 
52.6 
14 
82.9 

19.2 
18.5 
27.3 
17.8 
65 

9.8 
27.8 
46.0 
9.6 
83.6 

D i s c u s s i o n . C h a r a c t e r i z a t i o n o f b i o m a s s o i l w i t h bonded phase 
c h r o m a t o g r a p h y c o u l d on l y be done a f t e r d e o x y g e n a t i o n . T h i s r e s u l t e d i n an 
F C C - f e e d s t o c k w i t h a h i gh c o n t e n t o f a r o m a t i c s . S i m i l a r r e s u l t s have been 
o b t a i n e d by E l l i o t and B a k e r ( 2 0 ) . 

C a t a l y t i c c r a c k i n g a t h i gher t e m p e r a t u r e s is g e n e r a l l y a s s o c i a t e d w i t h 
h i gher o c t a n e n u m b e r s due t o i n c r e a s e d o l e f i n s p r o d u c t i o n (21) . T h e h i ghe r 
t e m p e r a t u r e , 560°C, used i n t h i s w o r k to ensure c o m p l e t e v a p o r i z a t i o n o f 
W i l m i n g t o n f r a c t i o n N o . 7, r e d u c e d p o l y n u c i e a r a r o m a t i c s and e s p e c i a l l y 
p o l a r s t o a r o m a t i c c o m p o u n d s i n t h e gaso l ine r ange , w h i c h w i l l g i v e a n 
a d d i t i o n a l boost t o t h e o c t a n e n u m b e r . C r a c k i n g r e s i d c o n t a i n i n g f eeds a t 
h i ghe r t e m p e r a t u r e s (530°C) a l so p r o d u c e gaso l ine w i t h h i gh o c t a n e n u m b e r s 
due t o i n c r e a s e d p r o d u c t i o n o f a r o m a t i c s (22) . 

T h e n a t u r e o f t h e m a t r i x c o n t a i n i n g R E Y o r C R E Y does no t p l a y a 
s i g n i f i c a n t r o l e i n c r a c k i n g c o n v e n t i o n a l v a c u u m gas o i l s l i k e t h e H V G O used 
i n t h i s s t u d y . C o n v e r s i o n o f h e a v y v a c u u m gas o i l , on the o t h e r hand , l i k e 
W i l m i n g t o n f r a c t i o n N o . 7 c a n be s i g n i f i c a n t l y i n c r e a s e d by c o m b i n i n g z e o l i t e s 
w i t h h i gh s u r f a c e a r e a , d i f f u s i o n e n h a n c i n g m a t r i c e s s u c h as c l a y + a l u m i n a 
w h i c h a f o r t i o r i has been f ound t o be the c a s e f o r b o t t o m s c r a c k i n g (14) . T h i s 
i n c r e a s e i n a c t i v i t y i s , h o w e v e r , a c c o m p a n i e d by an i n c r e a s e i n c o k e 
s e l e c t i v i t y . U O P has d e v e l o p e d a new c o n c e p t f o r the e v a l u a t i o n o f t h e 
p e r f o r m a n c e o f a c r a c k i n g c a t a l y s t , i n a c o m m e r c i a l F C C U , f r o m M A T - r e s u l t s 
(23). A p p l i c a t i o n o f t h e i r m o d e l on the r e s u l t s o b t a i n e d for the c a t a l y s t s 
p r e p a r e d w i t h and w i t h o u t a d d i t i o n o f a l u m i n a t o t h e m a t r i x i n d i c a t e s t h a t , 
due t o the h i gh c o k e m a k e o f t he f o r m e r , the l a t t e r w o u l d p e r f o r m b e t t e r 
w h e n c r a c k i n g h e a v y o i l s i n a c o m m e r c i a l u n i t ( O t t e r s t e d t , J - E . ; Y a n m i n g , Z . ; 
S t e r t e , 3 . S u b m i t t e d t o A p p l . C a t a l . ) . T h e s u r f a c e o f b o e h m i t e w h i c h has been 
exposed to the t e m p e r a t u r e s o f t h e r e g e n e r a t o r , t y p i c a l l y 700-800°C, w i l l 
c o n t a i n p r e d o m i n a n t l y L e w i s a c i d s i t e s (24). S u c h s i t e s a r e c a t a l y t i c a l l y a c t i v e 
w i t h p r e p o n d e r a n c e f o r c o k e m a k i n g i n p rocesses l i k e c a t a l y t i c c r a c k i n g (25). 
T h e h i gh s u r f a c e a r e a a l u m i n a c o m p o n e n t o f t he a c t i v e m a t r i x is t h e r e f o r e 
r e spons ib l e f o r t h e n o n - s e l e c t i v e c r a c k i n g b e h a v i o u r , i . e . h i g h c o k e m a k e and 
gas y i e l d s , c h a r a c t e r i s t i c o f s u c h a m a t r i x . 

A l u m i n a as an a c t i v e c o m p o n e n t o f t he c a t a l y s t m a t r i x is one e x a m p l e o f 
the a p p r o a c h t o c r a c k i n g heavy o i l s i n v o l v i n g i n c o r p o r a t i o n o f v a r i o u s t y p e s o f 
z e o l i t e Y i n a c t i v e m a t r i c e s . A c c o r d i n g to T a k a t s u k a (26), t h e f i r s t s t ep i n t h e 
c o n v e r s i o n w i l l i n v o l v e p r e c r a c k i n g o f t he l a r g e m o l e c u l e s on the m a t r i x 
s u r f a c e or on t h e s u r f a c e o f t h e z e o l i t e c r y s t a l s . T h e p r e c r a c k e d m o l e c u l e s 
c a n unde rgo f u r t h e r c r a c k i n g i n t h e z e o l i t e t o d e s i r a b l e p r o d u c t s or on t h e 
m a t r i x s u r f a c e t o p r o d u c t s w h i c h m a y or m a y no t be d e s i r a b l e d epend ing on 
the m a k e o f the m a t r i x s u r f a c e . W i t h the r i g h t c o n t r i b u t i o n s o f e x t e r n a l 
s u r f a c e o f z e o l i t e c r y s t a l s and p r o p e r t i e s o f t h e m a t r i x s u r f a c e , f o r i n s t a n c e 
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17. OTTERSTEDT ET AL. Catalytic Cracking of Heavy Oils 277 

t o t a l a c i d i t y and r a t i o b e t w e e n L e w i s and B r o n s t e d a c i d s i t e s , an o p t i m u m 
s e l e c t i v i t y i n the p r e c r a c k i n g s t ep c a n be a c h i e v e d . T h e r e s u l t s o f th i s s tudy 
i n d i c a t e t h a t t h e p r o p e r t i e s o f t h e a l u m i n a s u r f a c e do no t l e a d t o an o p t i m u m 
s e l e c t i v i t y f o r d e s i r e d p r o d u c t s . 

In a n o t h e r a p p r o a c h , m o r e r e l i a n c e i s pu t on the a b i l i t y o f t h e z e o l i t e 
c o m p o n e n t t o c r a c k h e a v y m o l e c u l e s , a l t h o u g h i t i s w e l l k n o w n t h a t t h e po re 
open ing o f s u c h z e o l i t e s , a b o u t 8 Λ, a r e too s m a l l t o a d m i t t h e l a r g e m o l e c u l e s 
p r esen t i n heavy o i l s . N e v e r t h e l e s s , i t has been r e p o r t e d t h a t c r a c k i n g 
c a t a l y s t s c o n t a i n i n g U S Y a r e m o r e e f f i c i e n t " b o t t o m s " c a t a l y s t s t h a n those 
c o n t a i n i n g R E Y (27). M o r e o v e r , R a b o (28) has r e c e n t l y d i s c o v e r e d t h a t 
s i g n i f i c a n t changes o c c u r i n the c r y s t a l s t r u c t u r e o f U S Y and d e a l u m i n a t e d -
s i l i c o n e n r i c h e d z e o l i t e s o f the t y p e L Z - 2 1 0 ( U n i o n C a r b i d e ) upon 
h y d r o t h e r m a l t r e a t m e n t . D u r i n g t h e s t e a m t r e a t m e n t a l u m i n u m ions a r e 
r e m o v e d f r o m the f r a m e w o r k s i t e s and r e p l a c e d by s i l i c o n i ons . T h e e f f e c t o f 
t h e r e d i s t r i b u t i o n s o f f r a m e w o r k s i l i c o n i ons is t o r e d u c e t h e h i gh 
c o n c e n t r a t i o n o f d e f e c t s i t e s (A 1-vacanc ies ) . U l t i m a t e l y , t h i s s t e a m i n d u c e d 
r e c r y s t a l l i z a t i o n r e s u l t s i n t h e f o r m a t i o n o f n ea r d e f e c t f r e e , s i l i c o n r i c h 
l a t t i c e s e gmen t s , and 20 -300 Â s i z e i n t r a - c r y s t a l l i n e c a v i t i e s , i . e . a s e c o n d a r y 
po re s t r u c t u r e , t h r o u g h o u t t h e z e o l i t e c r y s t a l s . T h e d e b r i s , c o n s i s t i n g o f 
a m o r p h o u s a l u m i n a or a l u m i n a - s i l i c a , i s d e p o s i t e d i n the s e c o n d a r y pores 
w h e r e i t c a n a f f e c t c r a c k i n g o f l a r g e m o l e c u l e s . T h e c o n t r i b u t i o n s o f d i f f e r e n t 
z e o l i t e s and m a t r i c e s to t h e c r a c k i n g of l a r g e m o l e c u l e s o r a gg r e ga t e s o f 
m o l e c u l e s i n heavy o i l s a r e b e i n g i n v e s t i g a t e d i n th i s l a b o r a t o r y . 

T h e i m p o r t a n c e o f d i f f u s i o n e n h a n c e m e n t t o heavy o i l c r a c k i n g is f u r t h e r 
i l l u s t r a t e d by t h e a l u m i n a - m o n t m o r i l l o n i t e c o m p l e x e s w h i c h c r a c k h e a v i e r 
f eeds , i . e . W i l m i n g t o n f r a c t i o n N o . 6, m o r e e f f e c t i v e l y t h a n R E Y . When used 
as m a t r i c e s f o r R E Y , the a l u m i n a - m o n t m o r i l l o n i t e s r e s u l t s i n c o n s i d e r a b l y 
m o r e a c t i v e c a t a l y s t s , a t the s a m e z e o l i t e c o n t e n t , c o m p a r e d w i t h a c a t a l y s t 
h a v i n g a k a o l i n - b i n d e r m a t r i x , w h i l e t h e s e l e c t i v i t y p r o p e r t i e s d i f f e r s v e r y 
l i t t l e b e t w e e n the t w o t ypes o f c a t a l y s t s ( S t e r t e , J . ; O t t e r s t e d t , J - E . 
S u b m i t t e d t o A p p l . C a t a l . ) . 

T h e c r a c k i n g o f t h e B M O gave a poor r e s u l t m a i n l y due t o the l o w H / C -
r a t i o (see T a b l e III). H e m l e r and W i l c o x (29,30) c a t a l y t i c a l l y c r a c k e d c o a l 
l i q u i d s , h y d r o p r o c e s s e d a t d i f f e r e n t s e v e r i t i e s , and f ound t h a t t h e c o n v e r s i o n 
i n c r e a s e d and the s e l e c t i v i t y i m p r o v e d w i t h i n c r e a s i n g s e v e r i t y o f 
h y d r o p r o c e s s i n g . H y d r o p r o c e s s i n g t h e B M O a t m o r e s eve r e c o n d i t i o n s shou ld 
i m p r o v e the c r a c k i n g p r o p e r t i e s o f th i s o i l . 

A c k n o w l e d g e m e n t s 

T h e a u t h o r s a c k n o w l e d g e t h e f i n a n c i a l suppo r t f r o m t h e S w e d i s h B o a r d f o r 
T e c h n i c a l D e v e l o p m e n t (STU ) and the S w e d i s h N a t i o n a l E n e r g y A d m i n i s t r a t i o n 
( STEV ) . 

Literature Cited 

1. Andersson, S-I.; Otterstedt, J-E. Paper presented at Katalistiks 8th 
Annual Fluid Cat Cracking Symposium, Budapest, Hungary, June, 1987. 

2. Speight, J. G. The Desulfurization of Heavy Oils and Residue; Marcel 
Dekker: New York, 1981. 

3. Frumkin, Η. Α.; Sullivan, R. F.; Stangeland, Β. E. ACS Symposium 
Series, 1981,156, 75. 

4. Sullivan, R. F. Paper presented at the SAE West Coast International 
Meeting, San Fransisco, Aug., 1982. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

7

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



278 FLUID CATALYTIC CRACKING: R O L E IN MODERN REFINING 

5. Gevert, B. G.; Otterstedt, J-E. Preprints, IGT Conference on Energy 
from Biomass and Wastes X, Washington DC, April, 1986. 

6. Parks, G. D. Preprints, ACS Div. Petr., Houston, March, 1980. 
7. De Jong, J.I. U. S. Patent 4 519 897, 1984. 
8. Otterstedt, J-E.; Järäs, S. G.; Pudas, R.; Upson, L. L. U. S. Patent, 

4 515 903, 1984. 
9. Wear, C. Oil & Gas J. 1985, 106, March 4. 
10. Elvin, F.; Otterstedt, J-E.; Sterte, J. Preprints, ACS Div. Petr. Chem. 

1987, 32, 694. 
11. McArthur, D. P.; Simpson, H. D.; Baron, K. Oil & Gas J. 1981, 55, Feb. 

23. 
12. Aitken, E. J.; Baron, K.; McArthur, D. P. Paper presented at Katalistiks 

6th Annual Fluid Cat Cracking Symposium, Munic, May, 1986. 
13. Baron, K.; Wu, A. H.; Krenzke, L. D. Preprints, ACS Div. Petr. Chem. 

1983, 28. 
14. O'Connor, P.; Houtert, F. Paper F-8, 4th Ketjen Catalyst Symposium, 

Kurhaus, Scheveningen, The Netherlands, May, 1986. 
15. Vaughan, D. E. W.; Lussier, R. J.; Magee, J. S. U. S. Patent 4 176 090, 

1979. 
16. Gevert, S. B. Preprints, IGT Conference on Energy from Biomass and 

Wastes XI. Orlando, March, 1987. 
17. Nilsson, P.; Massoth, F. E.; Otterstedt, 3-E. Appl. Cat., 1986, 26, 175. 
18. Nilsson, P.; Otterstedt, J-E. Appl. Cat., 1987, 33, 145. 
19. Sterte, J.; Otterstedt, 3-E. In Studies in Surface Science and Catalysis, 

Delmon, B.; Grange, P.; Jacobs, P.A.; Poncelet, G., Eds.; Elsevier 
Science Publishers: Amsterdam, 1987. 

20. Elliot, D. C.; Baker, E. G. Preprints, IGT Conference on Energy from 
Wastes and Biomass X, Washington D.C., April, 1986. 

21. Venuto, P. B.; Habib, Ε. T. Fluid Catalytic Cracking with Zeolite 
Catalysts; Marcel Dekker: New York, 1978. 

22. Henz, H. F.; Fusco, J. M. Paper F-4, 4th Ketjen Catalyst Symposium, 
Kurhaus, Scheveningen, The Netherlands, May, 1986. 

23. Mott, R. W. Oil & Gas J. 1987, 85, (4), 73. 
24. Linsen, B. G.; Steggerda, J. J. Physical and Chemical Aspects of 

Adsorbents and Catalysts; Linsen, B.G, Ed.; Academic Press: London and 
New York, 1970. 

25. Hall, W. K.; Lutinsky, F. E.; Gerberich, H. R. J. Catal. 1964, 3, 512. 
26. Takatsuka, T. "Bottoms Cracking Capability of Resid FCC Catalysts", 

translation of Japanese Publication, November 1984. 
27. Ritter, R. E.; Creighton, J. E.; Roberie, T. G.; Chin, D. S.; Wear, C. C. 

Paper AM-86-45, NPRA Annual Meeting, San Antonio, March, 1986. 
28. Rabo, J. Α.; Pellet, R. G.; Risch, A. P.; Blackwell, C. S. Paper presented 

at the Katalistiks 8th Catalytic Cracking Symposium, Budapest, 
Hungary, June, 1987. 

29. Hemler, C. L.; Wilcox, J. R. Proc. Am. Petr. Inst., Refin. Dep., 1981, 
60, 203. 

30. Hemler, C. L.; Wilcox, J. R., Pet. Int. (Milan), 1981, 28, (11), 30. 

RECEIVED February 25,1988 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

7

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 18 

Catalytic Cracking of a Wilmington 
Vacuum Gas Oil and Selected 

Hydrotreated Products 

Jan W. Wells1 

IIT Research Institute, National Institute for Petroleum and Energy 
Research, P.O. Box 2128, Bartlesville, OK 74005 

The catalytic cracking of a Wilmington vacuum gas 
oil and the products from mild hydrotreat ing and 
severe hydrotreat ing of t h i s gas oil were 
evaluated over a low metal equ i l i b r ium c a t a l y s t i n 
a microconfined bed un i t (MCBU). Two l eve l s of 
catalytic cracking seve r i ty were evaluated for 
these three samples. The r e s u l t s ind ica ted that a 
leve l of hydrotreat ing e x i s t s above which the 
q u a l i t y of the liquid products and the yields of 
coke and heavy cyc le oil are not affected 
significantly by the seve r i t y of the catalytic 
cracking process. The su l fu r and ni t rogen content 
of the liquid products (gaso l ines , l i g h t cyc l e 
oil, and heavy cyc le oil) were found to decrease 
as the sever i ty of the feed hydrotreat ing 
increased. The distribution of su l fu r and 
nit rogen i n the liquid products was found to be 
independent of cracking condi t ions or product 
y i e l d s for a given l eve l of hydrogenation. 
Ana lys i s of the gas products shows that the degree 
of hydrogen t ransfer increases with the seve r i ty 
of hydrogenation. 

Background 
In the modern r e f i n e r y , upgrading of "the bottom of the b a r r e l " i s 
a c r i t i c a l p a r t of the r e f i n i n g process. One of the most 
s u c c e s s f u l u n i t o p e r a t i o n s used i n t h i s upgrading process i s 
f l u i d i z e d c a t a l y t i c c r a c k i n g (FCC). In c a t a l y t i c c r a c k i n g , a 
z e o l i t e c a t a l y s t i s used t o "crack" a r e s i d u e o r gas o i l cut t o 
l i g h t e r p r o d u c t s — h o p e f u l l y g a s o l i n e range m a t e r i a l . In a d d i t i o n , 
carbon i s formed on the c a t a l y s t s u r f a c e , and l i g h t gases are a l s o 
produced. These l a t t e r products are l e s s d e s i r a b l e than the 
Curren t address: Phil l ips Petroleum Company, Bartlesville, O K 74004 

0097-6156/88/0375-0279$08.25/0 
° 1988 American Chemical Society 
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g a s o l i n e f r a c t i o n because of t h e i r lower v a l u e . S u c c e s s f u l 
o p e r a t i o n of a c a t a l y t i c c r a c k e r depends on the proper combination 
of the c a t a l y s t , the c a t a l y t i c c r a c k i n g hardware, and the feedstock 
to produce the d e s i r e d p r o d u c t s . 

A r e c e n t review by Corma and Wjcieckowski ( 1 ) , concluded t h a t 
the chemistry of gas o i l c r a c k i n g i s at present p o o r l y d e f i n e d . 
For t h i s reason, much of the l i t e r a t u r e addressing the e f f e c t of 
feedstock composition i s l i m i t e d to performance measurements and 
general chemical c h a r a c t e r i z a t i o n s . The behavior of heavy feeds i n 
c a t a l y t i c c r a c k i n g has been found to depend to a l a r g e extent on 
the nature o f the feed ( 2 ) . The c r a c k i n g of a l i p h a t i c o r 
naphthenic feed i s much e a s i e r and r e s u l t s i n a b e t t e r product 
s l a t e than the c r a c k i n g of aromatic c u t s . S p e c i f i c a l l y , the more 
aromatic a fe e d s t o c k , the lower the g a s o l i n e y i e l d and the g r e a t e r 
the coke y i e l d . The more a l i p h a t i c o r naphthenic the f e e d , the 
h i g h e r the g a s o l i n e y i e l d and the lower the coke. 

A l s o , the performance of the feed depends on the mo l e c u l a r 
weight. For p a r a f f i n i c f e e d s , the higher the average m o l e c u l a r 
weight, the l a r g e r the y i e l d of g a s o l i n e . For aromatic f e e d s , the 
higher the average m o l e c u l a r weight, the lower the g a s o l i n e 
y i e l d . The performance of the c a t a l y t i c c r a c k e r i s a l s o a f f e c t e d 
by the presence of p o l y n u c l e a r aromatic hydrocarbons (PNA). These 
r a t h e r l a r g e PNA molecules have a g r e a t e r a f f i n i t y f o r the a c i d 
s i t e s on a t y p i c a l z e o l i t e c r a c k i n g c a t a l y s t . As a r e s u l t , the 
PNAs block the a c t i v e s i t e s f o r the c r a c k i n g r e a c t i o n and a l l o w the 
a l i p h a t i c and naphthenic molecules to pass through the r e a c t o r w i t h 
low c o n v e r s i o n . In g e n e r a l , the z e o l i t e c a t a l y s t , which i s 
s t r o n g l y a c i d i c , i s p a r t i c u l a r l y s u s c e p t i b l e t o temporary 
d e a c t i v a t i o n by the presence of PNAs ( 3 ) . 

The presence of heteroatoms a l s o a f f e c t s c a t a l y t i c c r a c k e r 
performance and product q u a l i t y . The s u l f u r compounds crack and 
d i s t r i b u t e the s u l f u r t o the c a t a l y t i c c r a c k e r p r o d u c t s . A study 
by H u l i n g , et a l . ( 4 ) , has shown t h a t the l a r g e s t percentage of the 
feed s u l f u r i s found i n the l i g h t gas as hydrogen s u l f i d e ( u s u a l l y 
over 50 percent of the feed s u l f u r ) . The remainder of the s u l f u r 
d i s t r i b u t e s t o the l i g h t c y c l e o i l (LCO), heavy c y c l e o i l (HCO), 
coke, and g a s o l i n e . The l e a s t s u l f u r i s u s u a l l y found i n the 
g a s o l i n e f r a c t i o n (3 t o 5 percent of the feed s u l f u r ) . The 
g a s o l i n e f r a c t i o n s u l f u r tends t o be contained i n a c i d i c mercaptans 
which must be removed to ensure f u e l q u a l i t y . T h i s i s normally 
done by c a u s t i c treatment which n e u t r a l i z e s the mercaptan. The 
s p e c i f i c d i s t r i b u t i o n of s u l f u r among the c a t a l y t i c c r a c k i n g 
products has been found to vary w i t h f e e d s t o c k . T h i s i s e s p e c i a l l y 
t r u e o f the d i s t r i b u t i o n o f the feedstock s u l f u r w i t h i n the LCO, 
HCO, and coke products. The d i s t r i b u t i o n of the feedstock s u l f u r 
i n these products has been shown to vary from 2.8 t o 28 weight 
p e r c e n t . The reason f o r these dramatic d i f f e r e n c e s i s thought t o 
be v a r i a t i o n i n the s t r u c t u r e of the s u l f u r molecules i n the 
fee d s t o c k . 

Another heteroatom i n the feed which a f f e c t s performance and 
product q u a l i t y i s n i t r o g e n . B a s i c n i t r o g e n i n the feed tends t o 
lower c r a c k i n g a c t i v i t y by adsorbing onto the a c i d s i t e s of the 
s u r f a c e of the c r a c k i n g c a t a l y s t . The work of Wu and S c h a f f e r ( 5 ) , 
showed t h a t not a l l n i t r o g e n compounds were e q u a l l y harmful. They 
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found t h a t p o i s o n i n g c o u l d be r e l a t e d t o the s t r u c t u r e and the s i z e 
of the n i t r o g e n - c o n t a i n i n g molecule. Proton a f f i n i t y was found to 
be u s e f u l i n e x p l a i n i n g and p r e d i c t i n g the d e a c t i v a t i n g e f f e c t s of 
v a r i o u s n i t r o g e n compounds adsorbed on the c a t a l y s t s u r f a c e . The 
ni t r o g e n compounds tend to decompose on the c a t a l y s t s u r f a c e and 
thus i n c r e a s e the y i e l d of coke. The n i t r o g e n contained i n the 
coke may be o x i d i z e d i n the regene r a t o r to form p o t e n t i a l l y 
troublesome Ν0 χ when the re g e n e r a t o r i s operated t o convert a l l of 
the CO t o CO2. When the re g e n e r a t o r i s operated i n the p a r t i a l CO 
combustion mode, ammonium c h l o r i d e and ammonium s u l f a t e may form i n 
the r e g e n e r a t i o n o f f gas. In a d d i t i o n to the n i t r o g e n compounds 
adsorbed on the c a t a l y s t s u r f a c e , o t h e r n i t r o g e n compounds crack 
and appear i n the l i g h t gas as ammonia and i n the l i q u i d 
p r o d u c t s . Nitrogen compounds such as ammonia and cyanides a l s o 
appear i n the sour water product. Information on the d i s t r i b u t i o n 
and the s t r u c t u r e of n i t r o g e n compounds i n the l i q u i d products i s 
q u i t e l i m i t e d . In the LCO from the c a t a l y t i c c r a c k e r , p y r r o l e s and 
p y r i d i n e s have been i d e n t i f i e d ( 6 ) . These compounds, when 
o x i d i z e d , are b e l i e v e d t o cause sediment f o r m a t i o n and c o l o r 
problems i n r e f i n e r y p r o d u c t s . 

Another type of problem compound i n the feedstock i s organo-
m e t a l l i c s . Of primary i n t e r e s t i n c a t a l y t i c c r a c k i n g are compounds 
c o n t a i n i n g n i c k e l and vanadium. When the o r g a n o m e t a l l i c compounds 
decompose on the c a t a l y s t , the contained metals tend t o remain 
q u a n t i t a t i v e l y on the s u r f a c e when the c a t a l y s t i s regenerated. 
The metals block a c t i v e c a t a l y s t s i t e s , permanently reducing the 
a c t i o n of the c a t a l y s t . The d e t a i l e d mechanism of the e f f e c t s of 
the metals has been d e s c r i b e d by Upson, et a l . ( 7 ) . In summary, 
the presence of vanadium on the c a t a l y s t s u r f a c e leads t o the 
permanent d e a c t i v a t i o n of the z e o l i t e s i t e , w h i l e n i c k e l does not 
cause a l o s s of s u r f a c e a c t i v i t y but does r e s u l t i n n o n s e l e c t i v e 
c r a c k i n g and e x c e s s i v e l i g h t gas and coke p r o d u c t i o n . I f the 
o v e r a l l content of these metals i n the feed i s g r e a t e r than 15 ppm, 
the r a t e of c a t a l y s t d e a c t i v a t i o n w i l l be e x c e s s i v e , and the 
process w i l l r e q u i r e the replacement of c a t a l y s t at a r a t e which 
makes the process uneconomical. 

As can be seen i n the above d i s c u s s i o n , the presence of 
heteroatom and o r g a n o m e t a l l i c compounds can cause p o l l u t i o n 
problems, c a t a l y s t d e a c t i v a t i o n problems (permanent or temporary), 
and product s t a b i l i t y problems. One way of c o n t r o l l i n g these 
f a c t o r s i s t o hy d r o t r e a t the feedstock p r i o r t o c a t a l y t i c 
c r a c k i n g . In the h y d r o t r e a t i n g s t e p , the o b j e c t i v e i s to remove 
the s u l f u r , n i t r o g e n , and meta l - b e a r i n g compounds. The s u l f u r and 
metal compounds are r e l a t i v e l y easy t o remove at m i l d h y d r o t r e a t e r 
c o n d i t i o n s , w h i l e n i t r o g e n compounds are more d i f f i c u l t t o remove 
and may r e q u i r e more severe h y d r o t r e a t i n g c o n d i t i o n s . At m i l d 
h y d r o t r e a t i n g c o n d i t i o n s , t h e r e i s sometimes an i n c r e a s e i n the 
b a s i c n i t r o g e n c o n t e n t , r e s u l t i n g i n a lower c a t a l y t i c a c t i v i t y 
when the m a t e r i a l i s fed t o the c a t a l y i c c r a c k e r . 

In a d d i t i o n , h y d r o t r e a t i n g c o n v e r t s p o l y n u c l e a r aromatic (PNA) 
compounds and o t h e r p o t e n t i a l coke-forming m a t e r i a l t o more e a s i l y 
cracked naphthenes and p a r a f f i n s . L i k e the removal of n i t r o g e n 
compounds, the s a t u r a t i o n of PNAs a l s o r e q u i r e s more severe 
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c o n d i t i o n s than removal of s u l f u r or metals and r e s u l t s i n a 
s i g n i f i c a n t i n c r e a s e i n h y d r o t r e a t e r hydrogen consumption. 

As repo r t e d by Venuto and Habib (8) and Decroocq ( 3 ) , 
h y d r o t r e a t i n g g e n e r a l l y improves the r e a c t i v i t y o f the c a t a l y t i c 
c r a c k e r f e e d s t o c k . The degree of improvement i s u s u a l l y d i r e c t l y 
p r o p o r t i o n a l t o the amount of hydrogen consumed. Thus, hig h e r 
c o n v e r s i o n s , g a s o l i n e y i e l d s , and lower coke make are g e n e r a l l y 
r e p o r t e d as a r e s u l t of c r a c k i n g h y d r o t r e a t e d f e e d s t o c k s . A l s o , 
product q u a l i t y i s s i g n i f i c a n t l y b e t t e r f o r a l l products from l i g h t 
gases t o coke because of the removal of metals and the r e d u c t i o n of 
the s u l f u r and n i t r o g e n content of the f i n a l p r o d u c t s . In t h i s 
study, the e f f e c t s of upstream h y d r o t r e a t i n g on the c r a c k a b i l i t y of 
a 650° t o 1000° F nominal b o i l i n g range Wilmington d i s t i l l a t e are 
e v a l u a t e d . 
Bench-scale c a t a l y t i c c r a c k i n g u n i t 
A schematic of the bench-scale c r a c k i n g u n i t i s shown i n F i g u r e 
1. The quartz r e a c t o r i n a three-zone t e m p e r a t u r e - c o n t r o l l e d 
furnace i s charged w i t h about 35 g of s i z e d and aged c a t a l y s t (the 
procedure used i n aging and s i z i n g the c a t a l y s t w i l l be di s c u s s e d 
i n a subsequent s e c t i o n ) . Water-saturated n i t r o g e n i s used t o 
f l u i d i z e the bed d u r i n g the c r a c k i n g r e a c t i o n . The o i l i s i n j e c t e d 
v i a a hand-held s y r i n g e through a movable tube at about two t o 
thre e inches above the expanded bed. The i n j e c t i o n i s timed t o 
l a s t 30 seconds. A f t e r the i n j e c t i o n of the o i l f e e d , the 
f l u i d i z e d c a t a l y s t bed i s s t r i p p e d w i t h n i t r o g e n gas f o r 4.5 
minutes, w h i l e the gaseous products are c o l l e c t e d i n a p l a s t i c bag 
immersed i n a f u l l water displacement tank. The t o t a l volume of 
the gas c o l l e c t e d i s determined from the weight o f the water 
d i s p l a c e d and the temperature of the water displacement tank. T h i s 
gas i s then analyzed u s i n g a p r e v i o u s l y c a l i b r a t e d gas chromato-
graph (Hache Model 400 AGE) t o determine the volume percent 
composition of the gas. The l i q u i d products are weighed and then 
analyzed v i a the ASTM D 2887 simulated d i s t i l l a t i o n technique t o 
determine the b o i l i n g p o i n t curve of the l i q u i d p r o d u c t s . The 
s p e c i f i c g r a v i t y of the l i q u i d products i s a l s o determined v i a ASTM 
D 4052. 

A f t e r the c r a c k i n g run i s complete, the coked c a t a l y s t i s 
regenerated by pas s i n g a i r s a t u r a t e d w i t h water at room temperature 
over the c a t a l y s t at an e l e v a t e d temperature (1250° F ) . The amount 
of coke d e p o s i t e d on the c a t a l y s t i s determined by the d i f f e r e n c e 
i n r e a c t o r weight before and a f t e r the r e g e n e r a t i o n . 
C a t a l y s t p r e p a r a t i o n 
The c a t a l y s t chosen f o r t h i s study was a low m e t a l , e q u i l i b r i u m , 
commercial z e o l i t e - c o n t a i n i n g c r a c k i n g c a t a l y s t obtained from 
P h i l l i p s Petroleum Company. No s p e c i f i c c h a r a c t e r i z a t i o n of the 
c a t a l y s t i s a v a i l a b l e . 

In o r d e r t o prepare the low metal e q u i l i b r i u m c a t a l y s t f o r the 
bench-scale c r a c k i n g u n i t e v a l u a t i o n , the c a t a l y s t must be s i z e d , 
d r i e d , and c o n d i t i o n e d . In the f o l l o w i n g , each of these steps i s 
d e s c r i b e d . 
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The c a t a l y s t samples were screened to g i v e a 200- by 325-mesh 
p a r t i c l e s i z e sample. This was done t o remove f i n e s and coarse 
p a r t i c l e s and hence assure good f l u i d i z a t i o n c h a r a c t e r i s t i c s w i t h 
minimal entrainment of f i n e s . As a r e s u l t , the m a j o r i t y of the 
p a r t i c l e s i n the sample has a p a r t i c l e s i z e between 44 and 53 
microns. Dry i c e was used t o e l i m i n a t e p l u g g i n g of the screen due 
to s t a t i c e l e c t r i c i t y . 

Next, the c a t a l y s t was weighed i n t o the r e a c t o r . A sample s i z e 
of about 35 grams was used f o r a l l e v a l u a t i o n s . The r a t i o n a l e f o r 
t h i s was an attempt to ma i n t a i n reasonable gas res i d e n c e times and 
f l u i d i z a t i o n b e h a v i o r . A f t e r the r e a c t o r was placed i n t o the 
fu r n a c e , the c a t a l y s t was f l u i d i z e d w i t h n i t r o g e n , and d r i e d f o r 30 
minutes at 400° F. The r e a c t o r then was cooled and reweighed. 
Next, the c a t a l y s t was c o n d i t i o n e d by exposure to two reducin g and 
o x i d i z i n g c y c l e s . The r e a c t o r was f l u i d i z e d w i t h n i t r o g e n and 
heated t o about 950° F (510° C). The o i l t o be cracked was 
i n j e c t e d i n t o the bed (reducing c y c l e ) , and the bed was s t r i p p e d 
w i t h n i t r o g e n gas f o r a sh o r t p e r i o d . The r e a c t o r temperature was 
then r a i s e d t o 1250° F (677° C), and the bed was f l u i d i z e d w i t h a i r 
( o x i d a t i o n c y c l e ) . 
Feedstock C h a r a c t e r i z a t i o n . The fee d s t o c k s s t u d i e d i n t h i s e f f o r t 
were a Wilmington vacuum gas o i l and two hydrotreated products of 
t h i s gas o i l . The s p e c i f i c samples considered were sample No. 
1693, an untre a t e d Wilmington vacuum gas o i l , a low s e v e r i t y 
h y d r o t r e a t e d product from sample No. 1693 (sample No. WM-2-2R, 
hydr o t r e a t e d at 375° C, 1.5 LHSV, and 1500 p s i g ) , and a high 
s e v e r i t y h y d r o t r e a t e d product (sample No. WM-2-9, hydr o t r e a t e d at 
425° C, 0.5 LHSV, 1500 p s i g ) . The a v a i l a b l e p h y s i c a l p r o p e r t i e s 
f o r each of these f e e d s t o c k s are g i v e n i n Table I . 

A review of the feedstock c h a r a c t e r i s t i c s shows t h a t the vacuum 
gas o i l (1693) i s a good c r a c k e r feed m a t e r i a l because of the low 
metals content (below l e v e l of d e t e c t i o n ) and the low carbon 
r e s i d u e , a good i n d i c a t i o n of l i t t l e a s p h a l t i c m a t e r i a l i n the 
o i l . The low a s p h a l t i c content of t h i s gas o i l i n d i c a t e s t h a t the 
m a j o r i t y of the o i l w i l l v a p o r i z e , d i f f u s e t o the z e o l i t e s i t e , and 
be c a t a l y t i c a l l y c r a c k e d . In a d d i t i o n , the simulated d i s t i l l a t i o n 
r e s u l t s imply t h a t very l i t t l e of t h i s gas o i l w i l l remain as a 
l i q u i d t o be t h e r m a l l y cracked t o coke and l i g h t gas on the 
ex t e r n a l s u r f a c e of the c a t a l y s t . The t o t a l n i t r o g e n content of 
the untreated vacuum gas o i l (0.56 weight percent) i s g r e a t e r than 
the l e v e l of t o t a l n i t r o g e n which i s known t o a f f e c t c a t a l y t i c 
c r a c k e r performance ( g r e a t e r than 0.03 t o 0.09 weight percent) 
( 8 ) . Hence, some r e v e r s i b l e p o i s o n i n g of the c r a c k i n g c a t a l y s t may 
be expected. 

The h y d r o t r e a t e d feedstock samples (WM-2-2R and WM-2-9) could 
be expected t o be more r e a d i l y c r a c k e d . The n i t r o g e n and s u l f u r 
l e v e l s are lower, and t h i s i m p l i e s t h a t a s p h a l t i c m a t e r i a l , where 
these heteroatoms are normally c o n c e n t r a t e d , has been g r e a t l y 
reduced. The lower n i t r o g e n l e v e l a l s o i m p l i e s a r e d u c t i o n i n 
d e a c t i v a t i o n due t o n i t r o g e n p o i s o n i n g of the a c t i v e s i t e s . For 
example, i n WM-2-2R (low s e v e r i t y h y d r o t r e a t i n g ) the n i t r o g e n 
l e v e l , w h i l e s i g n i f i c a n t l y reduced (0.33 versus 0.56 weight 
p e r c e n t ) , i s s t i l l high enough to a f f e c t c r a c k i n g performance; but, 
f o r the high s e v e r i t y sample (WM-2-9), the l e v e l of t o t a l n i t r o g e n 
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Table I . C a t a l y t i c c r a c k e r feedstock c h a r a c t e r i s t i c s 

P r o p e r t y 
Sample 
1693 

Sample 
WM-2-2R 

Sample 
WM-2-9 

API g r a v i t y 13.3 19.1 31.3 
S p e c i f i c g r a v i t y @ 60°F 0.977 0.939 0.869 
V i s c o s i t y , cSt Φ 130° F 311.7 64.6 2.89 

9 180° F 51.9 NM NM 
Carbon r e s i d u e , wt % 

(Conradson) 0.68 NM NM 
M e t a l s , ppm BDL NM NM 

Elemental a n a l y s i s , wt °/ 0 
Carbon 86.23 NM 87.14 
Hydrogen 11.23 NM 13.16 
S u l f u r 1.97 0.236 0.016 Nitr o g e n 0.56 0.327 0.002 

Mo l e c u l a r weight 
(estimated) 390 380 245 

Simulated d i s t i l l a t i o n , °F IBP 545 277 176 
10% 715 642 320 
25% 792 739 438 
50% 850 822 584 
75% 918 882 719 
90% 979 932 813 
EBP 1032 1015 956 

BDL - Below d e t e c t i o n l i m i t s . 
NM - not measured. 
has been reduced t o a l e v e l (0.002 wt. pet.) which w i l l not a f f e c t 
c a t a l y t i c c r a c k e r performance. As w i t h the vacuum gas o i l , the 
simul a t e d d i s t i l l a t i o n s f o r the hy d r o t r e a t e d c a t a l y t i c c r a c k e r 
f e e d s t o c k s imply t h a t the m a j o r i t y of the o i l fed w i l l v a p o r i z e and 
e f f i c i e n t l y c o n t a c t the a c t i v e s i t e s on the c a t a l y s t . Both 
h y d r o t r e a t e d samples c o n t a i n some g a s o l i n e b o i l i n g range (below 
430° F) hydrocarbons. The c r a c k i n g r e a c t i o n r a t e f o r these lower 
b o i l i n g components i s very low, and they may serve mostly as an o i l 
feed d i l u e n t i n FCC u n i t s . 
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The d i s t r i b u t i o n of n i t r o g e n compounds i n the p o l a r f r a c t i o n of 
these f e e d s t o c k s i s g i v e n i n Table I I . T h i s t a b l e i s based on work 
c u r r e n t l y being performed by J . B. Green ( P r i v a t e Communication, 
NIPER, September 1986). In the nonhydrotreated feed (1693), the 
most common p o l a r n i t r o g e n compounds are the a c i d i c p y r r o l i c 
benzologs. These i n c l u d e compounds such as p y r r o l e s , i n d o l e s , and 
c a r b a z o l e s . The next most common n i t r o g e n compounds i n the 
untrea t e d feed (1693) are b a s i c azaarenes. Examples of these 
compounds are p y r i d i n e s and q u i n o l i n e s . The compound types present 
i n the lowest l e v e l s are b a s i c N-H compounds (e.g., 9,10-
dihy d r o p h e n a n t h r i d i n e ) and b a s i c arylamines (e.g., a n i l i n e s ) . As 
can be seen i n Table I I , m i l d h y d r o t r e a t i n g (WM-2-2R) causes the 
p y r r o l i c c o n c e n t r a t i o n t o i n c r e a s e s l i g h t l y , the b a s i c azaarenes 
c o n c e n t r a t i o n t o drop, and the l e v e l s of b a s i c N-H and arylamines 
t o remain about the same. Severe h y d r o t r e a t i n g (WM-2-9) causes a 
dramatic drop i n c o n c e n t r a t i o n of a l l p o l a r n i t r o g e n compounds w i t h 
o n l y the a c i d i c p y r r o l i c compounds s u r v i v i n g at a s i g n i f i c a n t 
l e v e l . I t can be expected t h a t s i g n i f i c a n t r e v e r s i b l e d e a c t i v a t i o n 
of the c r a c k i n g c a t a l y s t w i l l occur f o r the nonhydrotreated 
feedstock (1693) and the m i l d l y h y d r o t r e a t e d feedstock (WM-2-2R). 
Th i s w i l l cause lower c o n v e r s i o n s of the gas o i l t o d e s i r a b l e 
p r o d u c t s . The extremely low l e v e l s of b a s i c n i t r o g e n (and t o t a l 
n i t r o g e n ) i n the s e v e r e l y h y d r o t r e a t e d feed (WM-2-9) imply t h a t 
almost no n i t r o g e n compound c a t a l y s t d e a c t i v a t i o n w i l l occur d u r i n g 
the c r a c k i n g of t h i s f e e d . 

Table I I . - D i s t r i b u t i o n of p o l a r n i t r o g e n compounds i n the 
Wilmington vacuum gas o i l (1693) and i t s 

h y d r o t r e a t e d products (WM-2-2R and WM-2-9) 

Sample Number 
Compound Type 1693 WM-2-2R WM-2-9 
A c i d i c , wt pet 

P y r r o l e s 3.7 3.8 0.05 
B a s i c , wt pet 

Azaarene 1.8 1.0 0 
B a s i c N-H 0.40 0.4 0 
Arylamine 0.1 0.1 0 

Re s u l t s and D i s c u s s i o n 
Performance A n a l y s i s . In order t o determine the e f f e c t of 
h y d r o t r e a t i n g on c a t a l y t i c c r a c k i n g performance, the above 
f e e d s t o c k s were eva l u a t e d a t a low s e v e r i t y c r a c k i n g c o n d i t i o n 
( c a t a l y s t - t o - o i l r a t i o of 6.0 and r e a c t o r temperature of 910° F) 
and a high s e v e r i t y c r a c k i n g c o n d i t i o n ( c a t a l y s t - t o - o i l of 8.0 and 
r e a c t o r temperature of 1010° F ) . The r e s u l t s from the c a t a l y t i c 
c r a c k i n g o f these f e e d s t o c k s (shown i n Tables I and I I ) are shown 
i n Tables I I I through V. The r e s u l t s presented i n these t a b l e s are 
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the average of thr e e t o f i v e r e p l i c a t e runs. In g e n e r a l , the 
m a t e r i a l balance f o r a l l runs c l o s e d w i t h i n ±10 perce n t . 
Conversion i n Tables I I I through V i s d e f i n e d as f o l l o w s : 

X = 100 [1.0 - ( V p / V f ) ] 
where X i s the co n v e r s i o n i n volume percent, V p i s the volume of 
the product which b o i l s above 430° F, and V f i s the volume of the 
fee d . Conversion i s the f r a c t i o n ( or percent) of m a t e r i a l which 
b o i l s below 430° F ( l i g h t gases or g a s o l i n e ) p l u s the coke. The 
ga s o l i n e y i e l d i s the volume of C 5 t o 430° F m a t e r i a l d i v i d e d by 
the t o t a l feed volume expressed as a percentage. The volume of the 
g a s o l i n e i s determined from the t o t a l l i q u i d product volume and the 
simu l a t e d d i s t i l l a t i o n of the l i q u i d products and i s c o r r e c t e d by 
the gas chromatographic a n a l y s i s of the l i g h t gases f o r C 5 and Cr compounds. I t should be noted t h a t t h i s d e f i n i t i o n of the y i e l d or 
g a s o l i n e assumes a l l C^ t o 430° F b o i l i n g range m a t e r i a l , even when 
some low b o i l i n g m a t e r i a l i s present i n the feed o i l . L i g h t c y c l e 
o i l (LCO) i s the product b o i l i n g between 430° F and 650° F, and 
heavy c y c l e o i l i s the product b o i l i n g above 650° F. 

In g e n e r a l , the data i n these t a b l e s show t h a t an i n c r e a s e i n 
the s e v e r i t y of the h y d r o t r e a t i n g i n c r e a s e s the c o n v e r s i o n and 
g a s o l i n e y i e l d from the downstream c r a c k i n g o p e r a t i o n . I n c r e a s i n g 
h y d r o t r e a t i n g s e v e r i t y a l s o decreases the y i e l d of coke and heavy 
c y c l e o i l . The y i e l d of the LCO appears t o be independent of the 
h y d r o t r e a t i n g c o n d i t i o n . I n c r e a s i n g the s e v e r i t y of the c a t a l y t i c 
c r a c k i n g step i n c r e a s e s the c o n v e r s i o n f o r a l l samples t e s t e d . For 
the nonhydrotreated feed m a t e r i a l , Table I I I , the g a s o l i n e y i e l d 
i n c r e a s e s w i t h c r a c k i n g s e v e r i t y . For the l i g h t l y h y d r o t r e a t e d 
feedstock (Table I V ) , the g a s o l i n e y i e l d remains r e l a t i v e l y 
c o nstant f o r i n c r e a s i n g c r a c k i n g s e v e r i t y , and, f o r the h e a v i l y 
h y d r o t r e a t e d feedstock (Table V ) , the g a s o l i n e y i e l d a c t u a l l y 
decreases at severe c a t a l y t i c c r a c k e r c o n d i t i o n s . T h i s i n d i c a t e s 
t h a t the s e v e r e l y h y d r o t r e a t e d feed i s more l i k e l y t o undergo 
secondary c r a c k i n g r e a c t i o n s which lead t o o v e r c r a c k i n g and 
decrease i n the g a s o l i n e y i e l d . 

Table I I I . C a t a l y t i c c r a c k i n g of un t r e a t e d 
Wilmington 650° to 1000° F (1693) 

C a t a l y t i c c r a c k i n g c o n d i t i o n s 
Low s e v e r i t y High s e v e r i t y 

C o n v e r s i o n , v o l % 54.5 71.8 
G a s o l i n e , v o l % 41.0 48.6 
Coke, wt % 6.2 6.9 
L i g h t c y c l e o i l y i e l d , v o l % 21.4 16.5 
Heavy c y c l e o i l y i e l d , v o l % 24.2 11.6 
R a t i o of C 4 s a t u r a t e s t o o l e f i n s 0.9 0.7 
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Table IV. C a t a l y t i c c r a c k i n g of l i g h t l y h y d r o t r e a t e d (511.5 
s c f / b b l ) Wilmington 650° t o 1000° F (WM-2-2R) 

C a t a l y t i c c r a c k i n g c o n d i t i o n s 
Low s e v e r i t y High s e v e r i t y 

Conversion, v o l % 66.8 75.7 
G a s o l i n e , v o l % 
Coke, wt % 56.4 55.5 G a s o l i n e , v o l % 
Coke, wt % 4.1 5.4 
L i g h t c y c l e o i l y i e l d , v o l % 19.4 15.0 
Heavy c y c l e o i l y i e l d , v o l % 13.8 9.2 
R a t i o of C 4 s a t u r a t e s t o o l e f i n s 1.3 1.0 

Table V. C a t a l y t i c c r a c k i n g of s e v e r e l y h y d r o t r e a t e d (1610.5 
s c f / b b l ) Wilmington 650° t o 1000° F (WM-2-9) 

C a t a l y t i c c r a c k i n g c o n d i t i o n s 
Low s e v e r i t y High s e v e r i t y 

Conversion, v o l % 76.2 79.5 
G a s o l i n e , v o l % 
Coke, wt % 66.9 61.1 G a s o l i n e , v o l % 
Coke, wt % 2.5 2.5 
L i g h t c y c l e o i l y i e l d , v o l % 19.8 16.6 
Heavy c y c l e o i l y i e l d , v o l % 3.9 3.9 
R a t i o of C 4 s a t u r a t e s t o o l e f i n s 1.8 1.3 

The r e s u l t s g i v e n i n Tables IV and V are shown i n Figu r e s 2 and 
3. S p e c i f i c a l l y , these f i g u r e s show the c o n v e r s i o n , g a s o l i n e 
y i e l d , l i g h t c y c l e o i l y i e l d , and heavy c y c l e o i l y i e l d as a 
f u n c t i o n of feed h y d r o t r e a t i n g hydrogen consumption f o r both the 
low s e v e r i t y c r a c k i n g ( F i g u r e 2) and the high s e v e r i t y c r a c k i n g 
( F i g u r e 3 ) . In g e n e r a l , the con v e r s i o n and g a s o l i n e y i e l d s 
i n c r e a s e w i t h hydrogen consumption i n the feed pretreatment f o r 
both c r a c k i n g s e v e r i t y l e v e l s ; but past a hydrogen consumption of 
about 500 s c f / b b l , the g a i n i n c o n v e r s i o n and g a s o l i n e y i e l d i s 
much l e s s per standard c u b i c f o o t of hydrogen added i n the 
pretreatment. As can be seen, the i n c r e a s e i n conv e r s i o n i s 
p r i m a r i l y a r e s u l t of the c r a c k i n g of the heavy c y c l e o i l t o 
l i g h t e r m a t e r i a l s and coke. 

A l s o shown i n Tables I I I through V i s the e f f e c t of 
h y d r o t r e a t i n g on hydrogen t r a n s f e r d u r i n g c a t a l y t i c c r a c k i n g . T h i s 
e f f e c t i s shown by the r a t i o of s a t u r a t e d C 4 t o o l e f i n i c C^. In 
c a t a l y t i c c r a c k i n g , t h e r e are two mechanisms f o r the for m a t i o n of 
s a t u r a t e s . These are the primary c r a c k i n g r e a c t i o n , such as 

P a r a f f i n - P a r a f f i n + O l e f i n (1) 
and the hydrogen t r a n s f e r r e a c t i o n 

O l e f i n 1 + O l e f i n 2 - Sa t u r a t e + D i o l e f i n . (2) 
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F i g u r e 2. The e f f e c t s of h y d r o t r e a t i n g on c a t a l y t i c c r a c k i n g 
performance ~ low c r a c k i n g s e v e r i t y . 
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F i g u r e 3. The e f f e c t s of h y d r o t r e a t i n g on c a t a l y t i c c r a c k i n g 
performance — high c r a c k i n g s e v e r i t y . 
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In t h e o r y , i f o n l y the primary c r a c k i n g r e a c t i o n o c c u r r e d , the 
r a t i o o f s a t u r a t e s t o o l e f i n s i n the products would be one. A 
review of the s a t u r a t e to o l e f i n r a t i o s g i v e n i n Tables I I I through 
V shows t h a t as the s e v e r i t y of the c r a c k i n g i n c r e a s e s , the r a t i o 
of the s a t u r a t e d C 4 t o o l e f i n i c C 4 a l s o i n c r e a s e s . This i s t r u e at 
every l e v e l of hydrogen pretreatment. These r e s u l t s imply t h a t 
l e s s hydrogen t r a n s f e r i s o c c u r r i n g a t more severe c r a c k i n g 
c o n d i t i o n s , and hence more o l e f i n i c products are being produced. 
The o p p o s i t e i s t r u e as the s e v e r i t y of h y d r o t r e a t i n g pretreatment 
i n c r e a s e s . S p e c i f i c a l l y , f o r the low s e v e r i t y c r a c k i n g c o n d i t i o n , 
the s a t u r a t e t o o l e f i n i c r a t i o s t a r t s at 0.9 f o r the Wilmington 
650° t o 1000° F f r a c t i o n c a t a l y t i c c r a c k e r feed and i n c r e a s e s t o 
1.8 f o r high s e v e r i t y h y d r o t r e a t e d Wilmington c a t a l y t i c c r a c k e r 
f e e d s t o c k . This i n d i c a t e s a l a r g e i n c r e a s e i n the amount of 
hydrogen t r a n s f e r when the h y d r o t r e a t e d feed i s cracked. I f t h i s 
t r e n d extends t o h e a v i e r molecules (Cg t o C^Q), t h i s i n c r e a s e i n 
hydrogen t r a n s f e r may decrease the octane number of the g a s o l i n e . 

Another i n t e r e s t i n g t r e n d shown i n Tables IV through V, can be 
seen by c o n s i d e r i n g the coke, l i g h t c y c l e o i l , and heavy c y c l e o i l 
d a t a . As p r e v i o u s l y s t a t e d , the in c r e a s e i n the degree of 
h y d r o t r e a t i n g g e n e r a l l y decreased the y i e l d of these p r o d u c t s , 
except f o r the l i g h t c y c l e o i l which remained c o n s t a n t . I n c r e a s i n g 
s e v e r i t y of the c a t a l y t i c c r a c k i n g i n general would be expected t o 
in c r e a s e the coke and decrease the y i e l d s of the l i g h t c y c l e o i l 
and heavy c y c l e o i l [more primary and secondary c r a c k i n g r e a c t i o n s 
due t o g r e a t e r r e s i d e n c e time and highe r temperature ( r e a c t i o n 
r a t e ) ] . These trends hold t r u e f o r the r e s u l t s shown i n Tables I I I 
and IV; but, f o r Table V ( c a t a l y t i c c r a c k i n g of the s e v e r e l y 
h y d r o t r e a t e d sample), the coke and the heavy c y c l e o i l remain 
cons t a n t as the c a t a l y t i c c r a c k i n g c o n d i t i o n s are v a r i e d from low 
t o high s e v e r i t y . The l i g h t c y c l e o i l y i e l d does decrease (as 
observed i n Tables I I I and I V ) . T h i s i m p l i e s some degree of 
h y d r o t r e a t i n g e x i s t s which causes the coke and heavy c y c l e o i l 
p r o d u c t i o n t o be independent of c a t a l y t i c c r a c k i n g c o n d i t i o n s . 
T h i s c o u l d be caused by the presence of h i g h l y s t a b l e compounds 
which are formed or s u r v i v e d u r i n g the h y d r o t r e a t i n g p r o c e s s . The 
causes and i m p l i c a t i o n s of these p r e l i m i n a r y r e s u l t s should be 
ex p l o r e d . 
Product A n a l y s i s . In a d d i t i o n t o the above performance a n a l y s i s , 
the gaseous and l i q u i d products were analyzed i n g r e a t e r d e t a i l . 
The gas a n a l y s i s was performed d u r i n g the e v a l u a t i o n runs made t o 
generate the data of Tables I I I through V. A separate s e t of runs 
was conducted to c o l l e c t l i q u i d products f o r a n a l y s i s . T h i s was 
necessary because of the small amount of l i q u i d generated by a 
t y p i c a l bench-scale c a t a l y t i c c r a c k e r run (-1-3 m l ) . To overcome 
t h i s small sample s i z e , m u l t i p l e runs were made u n t i l approximately 
60 ml of l i q u i d products was ob t a i n e d . No e f f o r t was made t o 
analyze the coke dep o s i t e d on the c a t a l y s t . In the f o l l o w i n g 
s e c t i o n , the r e s u l t s of the a n a l y s i s of the bulk l i q u i d s and 
correspo n d i n g f r a c t i o n a t e d l i q u i d samples w i l l be given along w i t h 
the l i g h t gas a n a l y s i s . Because of the complex and p o o r l y 
understood nature of gas o i l c r a c k i n g ( 1 ) , o n l y l i m i t e d d i s c u s s i o n 
of these r e s u l t s w i l l be g i v e n . 
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Bulk L i q u i d Product A n a l y s i s 
The e f f e c t of o p e r a t i n g s e v e r i t y on the c h a r a c t e r i s t i c s of the 
l i q u i d products i s gi v e n i n Tables VI through V I I I which show t h a t 
the c a t a l y t i c c r a c k i n g process produces a l i q u i d s i g n i f i c a n t l y 
l i g h t e r ( h i g h e r API g r a v i t y and lower s p e c i f i c g r a v i t y ) than the 
c r a c k e r f e e d . In a d d i t i o n , the c r a c k i n g process lowers the 
heteroatom content of the l i q u i d product. C r a c k i n g reduces the 
n i t r o g e n content i n the l i q u i d , and the f i n a l l e v e l appears t o be 
e s s e n t i a l l y independent of the s e v e r i t y of the c r a c k i n g . 

The c r a c k i n g process a l s o lowers the s u l f u r content of the bulk 
l i q u i d p r o d ucts. L i k e the r e s u l t s f o r n i t r o g e n , the 
nonhydrotreated feedstock (1693, Table VI) and the m i l d l y 
h y d r o t r e a t e d feedstock (WM-2-2R, Table V I I ) show no s i g n i f i c a n t 
d i f f e r e n c e i n the s u l f u r l e v e l s of the low s e v e r i t y c r a c k i n g l i q u i d 
product and the high s e v e r i t y c r a c k i n g l i q u i d product. For the 
s e v e r e l y h y d r o t r e a t e d feedstock (WM-2-9, Table V I I I ) , the s u l f u r 
content of the l i q u i d product decreases, but the higher s e v e r i t y 
c r a c k i n g c o n d i t i o n produces a l i q u i d w i t h an a p p a r e n t l y h i g h e r 
s u l f u r c o n c e n t r a t i o n than the low c r a c k i n g s e v e r i t y case (100 ppm 
versus 50 ppm). T h i s i n c r e a s e may be an a n a l y t i c a l a r t i f a c t caused 
by the low s u l f u r c o n c e n t r a t i o n s , and these l e v e l s may w e l l be 
equ a l . 

Table V I . - L i q u i d product a n a l y s i s from c r a c k i n g of 
Wilmington vacuum gas o i l (Sample No. 1693) 

C a t a l y t i c Cracker L i q u i d Product 
Feedstock Low S e v e r i t y High S e v e r i t y 
Sample Sample Sample 

Pr o p e r t y No. 1693 No. 2123 No. 2124 
API g r a v i t y 13.5 25.6 26.2 
S p e c i f i c g r a v i t y 
9 60° F 0.9758 0.9004 0.8975 

Elemental A n a l y s i s 
Carbon 86.23 87.44 87.35 
Hydrogen 11.23 10.77 10.26 
N i t r o g e n 0.56 0.40 0.40 
S u l f u r 1.97 1.12 1.08 

Hydrogen t o carbon 
molar r a t i o 1.56 1.48 1.41 

M o l e c u l a r weight 390 172 146 
(API Proc. 2B2.1) 
Bromine number 7.3 34.5 35.4 
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Table V I I . - L i q u i d product a n a l y s i s from c r a c k i n g of low 
s e v e r i t y h y d r o t r e a t e d product 

(Sample No. WM-2-2R) 

Pro p e r t y 

C a t a l y t i c Cracker 
Feedstock 
Sample 
WM-2-2R 

Low S e v e r i t y 
Sample 

No. 2125 

L i q u i d Product 
High S e v e r i t y 

Sample 
No. 2126 

API g r a v i t y 19.1 
S p e c i f i c g r a v i t y 
β 60° F 0.9398 

Elemental A n a l y s i s 
Carbon NM 
Hydrogen NM 
Nit r o g e n 0.33 
S u l f u r 0.24 

Hydrogen t o carbon 
molar r a t i o NM 

Mo l e c u l a r weight 380 
(API Proc. 2B2.1) 
Bromine number NM 

34.4 
0.8531 

88.30 
11.42 
0.19 
0.09 

1.55 
150 

24.0 

33.5 
0.8574 

88.48 
10.79 
0.22 
0.13 

1.46 
130 

29.6 

Table V I I I . - L i q u i d product a n a l y s i s from c r a c k i n g of s e v e r e l y 
h y d r o t r e a t e d product (Sample No. WM-2-9) 

C a t a l y t i c Cracker L i q u i d Product 

P r o p e r t y 
Feedstock 
Sample 

No. WM-2-9 
Low S e v e r i t y 

Sample 
No. 2127 

High S e v e r i t y 
Sample 

No. 2128 
API g r a v i t y 31.3 42.6 42.1 
S p e c i f i c g r a v i t y 
β 60° F 0.8691 0.8107 0.8155 

Elemental A n a l y s i s 
Carbon 
Hydrogen 
N i t r o g e n 
S u l f u r 

87.14 
13.16 
0.002 
0.0158 

87.92 
11.48 
0.00174 
0.00515 

88.99 
11.16 
0.00128 
0.01044 

Hydrogen t o carbon 
molar r a t i o 1.81 1.57 1.51 

M o l e c u l a r weight 
(API Proc. 2B2.1) 

245 135 132 

Bromine number NM 12.2 18.1 
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The a n a l y s i s of the mole c u l a r weight data given i n Tables VI 
through V I I I shows t h a t c r a c k i n g r e s u l t s i n s i g n i f i c a n t m o l e c u l a r 
weight r e d u c t i o n . A l s o , the mole c u l a r weight of the l i q u i d product 
decreases as the s e v e r i t y of h y d r o t r e a t i n g i n c r e a s e s . For the 
nonhydrotreated feedstock (1693) and the m i l d l y h y d r o t r e a t e d 
feedstock (WM-2-2R), i n c r e a s i n g the s e v e r i t y of the c r a c k i n g 
c o n d i t i o n s r e s u l t s i n lower m o l e c u l a r weight l i q u i d p r o d u c t s . For 
the s e v e r e l y h y d r o t r e a t e d c r a c k e r feedstock (WM-2-9), the mo l e c u l a r 
weight of the l i q u i d product does not vary w i t h c r a c k i n g 
s e v e r i t y . As d i s c u s s e d e a r l i e r , t h i s i n d i c a t e s the presence of 
h i g h l y s t a b l e compounds i n t h i s f e e d s t o c k . 

The bromine number r e s u l t s i n d i c a t e t h a t i n c r e a s i n g the 
s e v e r i t y of h y d r o t r e a t i n g p r i o r t o c a t a l y t i c c r a c k i n g lowers the 
o l e f i n i c content of the product l i q u i d s . The s e v e r i t y of the 
c r a c k i n g process had minimal e f f e c t on the bromine number of the 
product l i q u i d s from the nonhydrotreated feedstock ( i . e . , f o r 
sample No. 1693, both were e s s e n t i a l l y the same). T h i s i n d i c a t e s 
t h a t the o l e f i n i c content of l i q u i d product from the c r a c k i n g of 
the nonhydrotreated feedstock (1693) does not depend on c r a c k i n g 
s e v e r i t y , which i s a s u r p r i s i n g r e s u l t and cannot be e a s i l y 
e x p l a i n e d . I t may be due t o the hydrogen t r a n s f e r r e a c t i o n of 
h e a v i e r molecules. More t y p i c a l l y , the hydrotreated f e e d s t o c k s 
showed a s i g n i f i c a n t l y h igher bromine number (hence, o l e f i n 
c ontent) f o r the high s e v e r i t y product than the low s e v e r i t y l i q u i d 
p roduct. 

The s i m u l a t e d d i s t i l l a t i o n r e s u l t s (ASTM D 2887) f o r the 
samples presented i n Tables VI through V I I I are g i v e n i n F i g u r e s 4 
through 6. F i g u r e 4 shows the s i m u l a t e d d i s t i l l a t i o n f o r the 
nonhydrotreated Wilmington vacuum gas o i l (1693) and the l i q u i d 
p roducts from the low s e v e r i t y c r a c k i n g (sample No. 2123) and the 
high s e v e r i t y c r a c k i n g (sample No. 2124). As can be seen, the 
c r a c k i n g process generates a s i g n i f i c a n t l y l i g h t e r l i q u i d p r o d u c t , 
and, as the s e v e r i t y of the c r a c k i n g i n c r e a s e s , the l i q u i d product 
b o i l i n g p o i n t curve s h i f t s t o the r i g h t , i n d i c a t i n g a lower b o i l i n g 
m a t e r i a l . A s i m i l a r t r e n d i s observed i n F i g u r e 5 f o r the l i q u i d 
products from the c r a c k i n g of the m i l d l y h y d r o t r e a t e d feedstock 
(WM-2-2R). A comparison of the b o i l i n g p o i n t curves of the l i q u i d 
p roducts from the low s e v e r i t y c r a c k i n g (2125) and the high sever
i t y c r a c k i n g (2126) shows t h a t the d i f f e r e n c e s are l e s s than 
observed f o r the nonhydrotreated sample (see F i g u r e 4 ) . F i g u r e 6 
f o r the s e v e r e l y h y d r o t r e a t e d feedstock again shows a s i g n i f i c a n t 
s h i f t i n the b o i l i n g p o i n t curves i n d i c a t i n g l i g h t e r p r o d u c t s . 
However, the curves f o r the low s e v e r i t y c r a c k i n g l i q u i d product 
(2127) and the high s e v e r i t y l i q u i d product (2128) are e s s e n t i a l l y 
i d e n t i c a l . A review of Table IX shows the o n l y s i g n i f i c a n t 
d i f f e r e n c e between the two l i q u i d products i s the bromine number. 
The high s e v e r i t y c r a c k i n g l i q u i d has a higher bromine number than 
the low s e v e r i t y l i q u i d sample (18 versus 12). Severe 
h y d r o t r e a t i n g appears t o have r e s u l t e d i n a cracked l i q u i d product 
whose p r o p e r t i e s , except f o r bromine number, are not s i g n i f i c a n t l y 
a f f e c t e d by c r a c k i n g s e v e r i t y . 
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1 100 

VOLUME PERCENT DISTILLED 

F i g u r e 4. Simulated d i s t i l l a t i o n of sample No. 1693 and bulk 
products from c a t a l y t i c c r a c k i n g of low s e v e r i t y (2123) and 
high s e v e r i t y (2124). 
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F i g u r e 5. Simulated d i s t i l l a t i o n of sample No. WM-2-2R and 
bulk products from c a t a l y t i c c r a c k i n g at low s e v e r i t y (2125) 
and high s e v e r i t y (2126). 
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F i g u r e 6. Simulated d i s t i l l a t i o n of sample No. WM-2-9 and 
bulk products from c a t a l y t i c c r a c k i n g at low s e v e r i t y (2127) 
and high s e v e r i t y (2128). 

Table IXa. - A n a l y s i s of l i q u i d product f r a c t i o n s from low 
s e v e r i t y c r a c k i n g of Wilmington vacuum 

gas o i l (sample No. 1693) 
Low s e v e r i t y c a t a l y t i c c r a c k i n g 

L i q u i d 
product 
sample 

G a s o l i n e 
(IBP-430 0 F) 

sample 
LCO 

(430-650° F) 
sample 

HCO 
(650°+ F) 

sample 
Pro p e r t y No. 2123 No. 2176 No. 2177 No. 2178 
API g r a v i t y 27.4 47.4 14.5 4.9 
S p e c i f i c g r a v i t y 
@ 60° F 0.8904 0.7911 0.9690 1.0371 

M o l e c u l a r weight 
(API Proc. 2B2.1) 175 118 190 330* 
Elemental a n a l y s i s 

Carbon 
Hydrogen 
N i t r o g e n 
S u l f u r 

87.44 
10.77 
0.404 
1.119 

87.06 
12.70 
0.040 
0.472 

88.9 
9.65 
0.311 
1.50 

87.72 
9.36 
0.732 
1.62 

Bromine number 34.5 52.6 15.0 NM 
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Table IXb. - A n a l y s i s of l i q u i d product f r a c t i o n s from high 
s e v e r i t y c r a c k i n g of Wilmington vacuum gas 

o i l (sample No. 1693) 
High s e v e r i t y c a t a l y t i c c r a c k i n g 

L i q u i d G a s o l i n e LCO HCO 
product (IBP-430° F) (430-650° F) (650°+ F) 
sample sample sample sample P r o p e r t y No. 2124 No. 2179 No. 2180 No. 2181 

API g r a v i t y 27.5 46.2 10.6 0.10 
S p e c i f i c g r a v i t y 
<P 60° F 0.8899 0.7964 0.9957 1.0752 

M o l e c u l a r weight 
(API Proc.2B2.1) 148 117 182 293* 
Elemental a n a l y s i s 

Carbon 87.35 87.96 88.82 88.53 
Hydrogen 10.26 12.23 8.66 8.47 
Ni t r o g e n 0.402 0.060 0.362 6.793 
S u l f u r 1.080 0.42 1.63 jl.66 

Bromine number 35.4 50.3 15.0 NM 
NM - Not measured 
* - VP0 mol e c u l a r weight 
A n a l y s i s of L i q u i d Product F r a c t i o n s 
As a r e s u l t of r e p e t i t i v e runs a t both low and high s e v e r i t y 
c a t a l y t i c c r a c k i n g c o n d i t i o n s , s u f f i c i e n t l i q u i d sample was 
c o l l e c t e d t o a l l o w atmospheric and vacuum d i s t i l l a t i o n s i n t o a 
g a s o l i n e f r a c t i o n (IBP - 430° F ) , l i g h t c y c l e o i l f r a c t i o n 
( b o i l i n g 430°-650° F ) , and a heavy c y c l e o i l f r a c t i o n ( b o i l i n g 
>650°+ F ) . The a v a i l a b l e analyses f o r these f r a c t i o n s are shown i n 
Tables IX through X I . Each t a b l e has two p a r t s , (a) and ( b ) . P a r t 
(a) corresponds t o low s e v e r i t y c r a c k i n g r e s u l t s , and p a r t (b) 
r e f e r s t o high s e v e r i t y c r a c k i n g r e s u l t s . 

F i g u r e s 7 through 12 summarize Tables IXa-XIb showing the 
e f f e c t s of h y d r o t r e a t i n g pretreatment on the s u l f u r and n i t r o g e n 
content and on the bromine number of the l i q u i d product 
f r a c t i o n s . F i g u r e 7 shows the s u l f u r content of the g a s o l i n e , LCO, 
and HCO f r a c t i o n s from the low s e v e r i t y c r a c k i n g runs. The 
hy d r o t r e a t i n g of the c a t a l y t i c c r a c k i n g feed s i g n i f i c a n t l y lowers 
the s u l f u r c o n c e n t r a t i o n of a l l l i q u i d p r o d ucts; and, as the 
s e v e r i t y of the h y d r o t r e a t i n g i n c r e a s e s , the l e v e l of s u l f u r 
c o n t i n u e s t o decrease but at a slower r a t e . A s i m i l a r t r e n d i s 
observed i n F i g u r e 8 f o r the s u l f u r content of the l i q u i d products 
from the high s e v e r i t y c r a c k i n g t e s t . A comparison of the r e s u l t s , 
F i g u r e s 7 and 8, shows t h a t the s e v e r i t y of the c r a c k i n g d i d not 
s i g n i f i c a n t l y a f f e c t the d i s t r i b u t i o n of the s u l f u r . T h i s f i n d i n g 
agrees w i t h the t o t a l s u l f u r a n a l y s i s d i s c u s s e d i n the pr e v i o u s 
s e c t i o n . 
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F i g u r e 7. D i s t r i b u t i o n of s u l f u r i n low s e v e r i t y c r a c k i n g 
products as a f u n c t i o n of h y d r o t r e a t i n g pretreatment. 

Table Xa. - A n a l y s i s of l i q u i d product f r a c t i o n s from low 
s e v e r i t y c r a c k i n g of m i l d l y h y d r o t r e a t e d 
Wilmington vacuum gas o i l (No. WM-2-2R) 

Low s e v e r i t y c a t a l y t i c c r a c k i n g 
L i q u i d 
product 
sample 

G a s o l i n e 
(IBP-430 0 F) 

sample 
LCO 

(430-650° F) 
sample 

HCO 
(650°+ F) 

sample 
Pr o p e r t y No. 2125 No. 2182 No. 2183 No. 2184 
API g r a v i t y 34.3 49.1 17.1 8.8 
S p e c i f i c g r a v i t y 
@ 60° F 0.8531 0.7833 0.9520 1.0086 

Mo l e c u l a r weight 
(API Proc.2B2.1) 150 123 195 302* 
Elemental a n a l y s i s 

Carbon 88.30 
Hydrogen 11.42 
Nitr o g e n 0.196 
Su l f u r 0.094 

87.29 
13.06 
0.033 
0.015 

89.88 
9.90 
0.182 
0.180 

89.18 
10.21 
0.450 
0.44 

Bromine number 24.0 32.6 9.0 NM 
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Table Xb. - A n a l y s i s of l i q u i d product f r a c t i o n s from high 
s e v e r i t y c r a c k i n g of m i l d l y h y d r o t r e a t e d 
Wilmington vacuum gas o i l (No. WM-2-2R) 

Hiqh s e v e r i t y c a t a l y t i c c r a c k i n g 
L i q u i d 
product 
sample 

G a s o l i n e 
(IBP-430° F) 

sample 
LCO 

(430-650° F) 
sample 

HCO 
(650°+ F) 

sample 
Pr o p e r t y No. 2126 No. 2185 No. 2186 No. 2187 
API g r a v i t y 34.345.6 12.6 6.3 
S p e c i f i c g r a v i t y 
@ 60° F 0.8536 0.7991 0.9820 1.0266 

M o l e c u l a r weight 
(API Proc.2B2.1) 130 115 180 310* 
Elemental a n a l y s i s 

Carbon 88.48 
Hydrogen 10.79 
Nitr o g e n 0.224 
S u l f u r 0.129 

87.99 
12.24 
0.035 
0.001 

90.54 
9.00 
0.235 
0.253 

89.64 
9.73 
0.472 
0.42 

Bromine number 29.635.0 10.0 NM 
NM - Not measured. 
* - VP0 mo l e c u l a r weight. 

Table XIa. - A n a l y s i s of l i q u i d product f r a c t i o n s from low 
s e v e r i t y c r a c k i n g of s e v e r e l y h y d r o t r e a t e d 

Wilmington vacuum gas o i l (WM-2-9) 
Low s e v e r i t y c a t a l y t i c c r a c k i n g L i q u i d 

product 
sample 

G a s o l i n e 
(IBP-430° F) 

sample 
LCO 

(430-650° F) 
sample 

HCO 
(650°+ F) 

sample 
P r o p e r t y No. 2127 No. 2188 No. 2189 No. 2190 
API g r a v i t y 43.0 52.8 21.6 11.2 
S p e c i f i c g r a v i t y 
@ 60° F 0.8107 0.7667 0.9244 0.9917 

M o l e c u l a r weight 
(API Proc.2B2.1) 134 118 182 264* 
Elemental a n a l y s i s 

Carbon 87.92 
Hydrogen 11.48 
Nitr o g e n 0.00174 
S u l f u r 0.005 

86.74 
13.74 
<0.001 
0.001 

89.45 
10.72 
<0.001 
0.018 

90.48 
10.22 
0.021 
0.031 

Bromine number 12.2 17.8 2.3 NM 
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Table X l b . - A n a l y s i s of l i q u i d product f r a c t i o n s from high 
s e v e r i t y c r a c k i n g of s e v e r e l y h y d r o t r e a t e d 

Wilmington vacuum gas o i l (No. WM-2-9) 
High s e v e r i t y c a t a l y t i c c r a c k i n g 

L i q u i d G a s o l i n e LCO HCO 
product (IBP-430 0 F) (430-650° F) (650°+ F) 
sample sample sample sample 

Pr o p e r t y No. 2128 No. 2191 No. 2192 No. 2193 
API g r a v i t y 42.150.0 20.4 10.3 
S p e c i f i c g r a v i t y 
9 60° F 0.8149 0.7796 0.9314 0.9980 

Mo l e c u l a r weight 
(API Proc.2B2.1) 132 118 182 294* 
Elemental a n a l y s i s 

Carbon 88.99 86.90 90.19 89.95 
Hydrogen 11.16 13.20 10.61 10.22 
N i t r o g e n 0.00128 <0.001 <0.001 0.022 
S u l f u r 0.01044 <0.001 0.019 0.070 

Bromine number 18.124.2 3.8 NM 
NM - Not measured. 
* - VP0 molec u l a r weight. 

F i g u r e s 9 and 10 show s i m i l a r r e s u l t s f o r n i t r o g e n . F i g u r e 9 
shows the n i t r o g e n content of the c a t a l y t i c c r a c k e r g a s o l i n e , LCO, 
and HCO f r a c t i o n s as a f u n c t i o n of hydrogen consumption f o r low 
s e v e r i t y c r a c k i n g c o n d i t i o n s . The n i t r o g e n l e v e l of the c r a c k e r 
products drops as s e v e r i t y of the h y d r o t r e a t i n g i n c r e a s e s but at a 
slower r a t e than observed f o r s u l f u r . The high s e v e r i t y c r a c k i n g 
r e s u l t s , F i g u r e 10, show a s i m i l a r t r e n d . Comparison of F i g u r e s 9 
and 10 shows t h a t the s e v e r i t y of the c r a c k i n g o p e r a t i o n d i d not 
s i g n i f i c a n t l y a f f e c t the l e v e l s of the n i t r o g e n i n the l i q u i d 
p r o d u c t s . T h i s a l s o agrees w i t h the bulk r e s u l t s d i s c u s s e d above. 

The e f f e c t of h y d r o t r e a t i n g on the bromine number ( o l e f i n i c 
c o n t e n t ) of the c a t a l y t i c c r a c k e r products i s shown i n F i g u r e s 11 
and 12. The bromine numbers f o r g a s o l i n e and LCO f r a c t i o n s were 
measured d i r e c t l y u s i n g ASTM procedure D 1159. For the HCO, the 
bromine number co u l d not be measured because of pro c e d u r a l 
problems. For the low s e v e r i t y c r a c k i n g case, F i g u r e 11, the 
o l e f i n i c content of the products drops as the s e v e r i t y of hydro-
t r e a t i n g i n c r e a s e s . In g e n e r a l , the g a s o l i n e f r a c t i o n has the 
h i g h e s t o l e f i n i c c o n t e n t . 

A s i m i l a r t r e n d i s observed i n F i g u r e 12 f o r the high s e v e r i t y 
c r a c k i n g experiments. A comparison of the r e s u l t s shows t h a t the 
bromine number f o r the nonhydrotreated case (hydrogen consumption 
equal t o 0 s c f / b b l ) and the m i l d l y h y d r o t r e a t e d case (511 s c f / b b l ) 
appears not t o be a f f e c t e d by the s e v e r i t y of the c r a c k i n g 
p r o c e s s . However, f o r the high hydrogen uptake case (1610.5 
s c f / b b l ) , the o l e f i n i c contents of the g a s o l i n e and LCO are high e r 
f o r the high s e v e r i t y c r a c k i n g process than the low s e v e r i t y 
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2 

0 500 1000 1500 2000 

HYDROGEN CONSUMED, SCF/BBL 

F i g u r e 8. D i s t r i b u t i o n of s u l f u r i n high s e v e r i t y c r a c k i n g 
products as a f u n c t i o n of h y d r o t r e a t i n g pretreatment. 

ι 

0 500 1000 1500 2000 

HYDROGEN CONSUMED, SCF/BBL 

F i g u r e 9. D i s t r i b u t i o n of n i t r o g e n i n low s e v e r i t y c r a c k i n g 
products as a f u n c t i o n of h y d r o t r e a t i n g s e v e r i t y . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

8

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



18. W E L L S Vacuum Gas Oil and Hydrotreated Products 301 

0 500 1000 1500 2000 

HYDROGEN CONSUMED, SCF/BBL 

F i g u r e 10. D i s t r i b u t i o n of n i t r o g e n i n high s e v e r i t y c r a c k i n g 
products as a f u n c t i o n of h y d r o t r e a t i n g s e v e r i t y . 
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0 500 1000 1500 2000 

HYDROGEN CONSUMED, SCF/BBL 

F i g u r e 11. Bromine number d i s t r i b u t i o n i n low s e v e r i t y 
c r a c k i n g products as a f u n c t i o n of h y d r o t r e a t i n g s e v e r i t y . 
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c r a c k i n g process. These r e s u l t s imply t h a t , at severe c r a c k i n g 
c o n d i t i o n s , the r a t e of o l e f i n p r o d u c t i o n v i a primary and secondary 
z e o l i t e c r a c k i n g exceeds the r a t e of o l e f i n removal v i a the 
hydrogen t r a n s f e r r e a c t i o n . Increased thermal c r a c k i n g may a l s o 
c o n t r i b u t e to t h i s t r e n d . 
Gas A n a l y s i s 
The e f f e c t s of h y d r o t r e a t i n g s e v e r i t y on the cracked gas 
composition are shown i n Fi g u r e s 13 and 14. These f i g u r e s show the 
y i e l d s of i n d i v i d u a l hydrocarbons i n the cracked gas as a f u n c t i o n 
of the h y d r o t r e a t i n g pretreatment f o r the m i l d ( F i g u r e 13) and the 
severe ( F i g u r e 14) c a t a l y t i c c r a c k i n g c o n d i t i o n s . The symbols used 
i n the o r d i n a t e are d e f i n e d i n Table 12. As can be seen i n F i g u r e 
13, the y i e l d s of the thermal and secondary c r a c k i n g products (Ho, 
CH 4, C 2 H 4 and C 2H 6) tend to decrease as the h y d r o t r e a t i n g s e v e r i t y 
i n c r e a s e s . The c a t a l y t i c c r a c k i n g of nonhydrotreated feed (1693) 
produces s i g n i f i c a n t l y more of the above products than the c r a c k i n g 
of the m i l d l y h y d r o t r e a t e d feed (WM-2-2R) at the same c o n d i t i o n s . 
T h i s t r e n d i s a l s o shown i n Fi g u r e 14 which g i v e s the hydrocarbon 
a n a l y s i s of the gas from the high s e v e r i t y c a t a l y t i c c r a c k i n g 
runs. As expected, the y i e l d s of these l i g h t products are high e r 
than those shown i n F i g u r e 13. Th i s i s due t o the higher c a t a l y t i c 
c r a c k i n g temperature and re s i d e n c e time used t o generate the 
samples whose a n a l y s i s i s given i n F i g u r e 14. These c o n d i t i o n s 
r e s u l t i n high e r thermal and secondary c r a c k i n g r a t e s which lead t o 
the g r e a t e r y i e l d s of these p r o d u c t s . 

Table X I I . - Legend t o o r d i n a t e F i g u r e s 13 through 17 

M2Co= 
tC 4=2 

Hydrogen 
Methane 
Ethylene 
Ethane 
Propane 
Propene 
Isobutane 
Butane 
Butene-1 
Isobutylene 
trans-Butene-2 
cis-Butene-2 
Butadiene 
Isopentane 
3-Methylbutene-l 
Pentane 
Pentene-1 
2-Methylbutene-l 
trans-Pentene-2 
cis-Pentene-2 
2-Methylbutene-2 
Hexane and he a v i e r 

M2C4=1 tC 5=2 cC 5=2 M2C4=2 
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60 

ο I 1 ι ι I 

0 500 1000 1500 2000 

HYDROGEN CONSUMED, SCF/BBL 

F i g u r e 12. Bromine number d i s t r i b u t i o n i n high s e v e r i t y 
c r a c k i n g products as a f u n c t i o n of h y d r o t r e a t i n g c o n d i t i o n s . 

F i g u r e 13. E f f e c t of h y d r o t r e a t i n g s e v e r i t y on c a t a l y t i c 
c r a c k i n g l i g h t gas composition -- low s e v e r i t y c r a c k i n g . 
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F i g u r e s 13 and 14 a l s o show t h a t h y d r o t r e a t i n g the c a t a l y t i c 
c r a c k e r feedstock i n c r e a s e s the z e o l i t e c r a c k i n g . C 3 , C 4 and C 5 + 
compounds are p o s s i b l e products of primary z e o l i t e c r a c k i n g . These 
f i g u r e s show t h a t h y d r o t r e a t i n g of the feedstock r e s u l t s i n l a r g e r 
y i e l d s of these primary c r a c k i n g products and hence more v a l u a b l e 
p r o d u c t s . T h i s improvement i s most l i k e l y due t o the heteroatom 
removal and the s a t u r a t i o n of aromatic compounds d u r i n g 
h y d r o t r e a t i n g which tend t o block a c t i v e s i t e s and reduce the 
a c t i v i t y of the c a t a l y s t . 

C l o s e r a n a l y s i s of the C 3 and C 4 compound y i e l d s , F i g u r e s 13 
and 14, shows t h a t the most abundant compounds produced are 
propylene and isobutane. In g e n e r a l , the high e s t c o n c e n t r a t i o n of 
sa t u r a t e d C 3 and C* compounds occurs i n the c r a c k i n g products from 
the s e v e r e l y h y d r o t r e a t e d feedstock (WM-2-9). The y i e l d of the 
o l e f i n i c C 3 and C 4 compounds i s lowest f o r the o r i g i n a l 
nonhydrotreated feedstock (1693) and hi g h e s t f o r the l i g h t l y hydro-
t r e a t e d feedstock (WM-2-2R). The o l e f i n i c y i e l d s of the s e v e r e l y 
h y d r o t r e a t e d feedstock (WM-2-9) f a l l between the o l e f i n i c y i e l d s 
from 1693 and WM-2-2R. This i s t r u e f o r a l l C 3 and C 4 components except i s o b u t y l e n e . For t h i s component the y i e l d i s lowest f o r WM-
2-9 and hig h e s t f o r 1693 and WM-2-2R, which are approximately 
e q u a l . F i g u r e s 13 and 14 show t h a t a l l of the above trends hold 
f o r both l e v e l s of c a t a l y t i c c r a c k i n g w i t h only the magnitude of 
the y i e l d s being d i f f e r e n t . The reasons f o r these trends are 
d i f f i c u l t t o i s o l a t e because of the complex nature of the c a t a l y t i c 
c r a c k i n g of gas o i l s . They may be due t o inc r e a s e d hydrogen 
t r a n s f e r caused by inc r e a s e d a c t i v e s i t e a v a i l a b i l i t y ( i . e . , l e s s 
a c t i v e s i t e blockage by heteroatoms and aromatics) r e s u l t i n g i n 
high s a t u r a t e y i e l d s and lower o l e f i n i c y i e l d s . 

A n a l y s i s o f the C 5 + l i g h t gases, F i g u r e s 13 and 14, i n d i c a t e s 
t h a t isopentane i s the major separable component. WM-2-9 produced 
higher y i e l d s of s a t u r a t e s and lower y i e l d s of o l e f i n s , again 
i n d i c a t i n g the p o s s i b i l i t y of g r e a t e r hydrogen t r a n s f e r . 

The e f f e c t s of c a t a l y t i c c r a c k i n g c o n d i t i o n s on the product gas 
f o r the thr e e f e e d s t o c k s are shown i n F i g u r e s 15 through 17. These 
f i g u r e s show the y i e l d s of the gas products i n c r e a s e d o r remained 
about the same as the s e v e r i t y o f the c r a c k i n g process i n c r e a s e d . 
The e x c e p t i o n s t o t h i s t r e n d are isobutane and isopentane f o r the 
p r e v i o u s l y h y d r o t r e a t e d feeds ( F i g u r e s 16 and 17). For these 
compounds, the y i e l d s decrease s i g n i f i c a n t l y a t high s e v e r i t y 
c r a c k i n g c o n d i t i o n s . The lower y i e l d s of these i s o p a r a f f i n s and 
the higher l e v e l of o l e f i n s seem t o imply a lower o v e r a l l r a t e of 
hydrogen t r a n s f e r at the more severe c r a c k i n g c o n d i t i o n s . 
C o n c l u s i o n s 
The performance a n a l y s i s and product a n a l y s i s r e s u l t s c o n f i r m 
p r e v i o u s f i n d i n g s (3,8) t h a t h y d r o t r e a t i n g improves the q u a l i t y of 
c a t a l y t i c c r a c k e r feedstock and the r e s u l t a n t p r o d u c t s . In 
a d d i t i o n , i t was shown t h a t the q u a l i t y of the l i q u i d products and 
the y i e l d s of the coke and the heavy c y c l e o i l (HCO) from c r a c k i n g 
of the s e v e r e l y h y d r o t r e a t e d feedstock (WM-2-9) were independent of 
the c o n d i t i o n s of the c r a c k i n g p r o c e s s . These r e s u l t s imply t h a t 
t h e r e e x i s t s a degree of pretreatment h y d r o t r e a t i n g above which 
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18. W E L L S Vacuum Gas Oil and Hydrotreated Products 305 

F i g u r e 14. E f f e c t s of h y d r o t r e a t i n g s e v e r i t y on c a t a l y t i c 
c r a c k i n g l i g h t gas composition — high s e v e r i t y c r a c k i n g . 

F i g u r e 15. The e f f e c t s of c a t a l y t i c c r a c k i n g o p e r a t i n g 
c o n d i t i o n s on l i g h t gas y i e l d s f o r sample 1693. 
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F i g u r e 16. The e f f e c t s of c a t a l y t i c c r a c k i n g o p e r a t i n g 
c o n d i t i o n s on l i g h t gas y i e l d s f o r sample WM-2-2R. 

Fi g u r e 17. The e f f e c t s of c a t a l y t i c c r a c k i n g o p e r a t i n g 
c o n d i t i o n s on l i g h t gas y i e l d s f o r sample WM-2-9. 
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improvement i n c a t a l y t i c c r a c k e r performance i s not s i g n i f i c a n t . 
U n f o r t u n a t e l y , the experimental design and the l e v e l of a n a l y s i s 
performed was i n s u f f i c i e n t to esti m a t e t h i s h y d r o t r e a t i n g l e v e l or 
the nature of the compounds i n the l i q u i d p roducts. For the HCO, 
i t i s expected t h a t the products are aromatic i n nature, extremely 
r e s i s t a n t t o hydrogénation, and t h e r m a l l y q u i t e s t a b l e . In 
a d d i t i o n , they are very low i n heteroatom content. 

The s u l f u r and n i t r o g e n content of the l i q u i d products 
( g a s o l i n e s , LCO, and HCO) were found t o decrease as the s e v e r i t y of 
the feed h y d r o t r e a t i n g i n c r e a s e d . The d i s t r i b u t i o n of the s u l f u r 
and the n i t r o g e n i n the l i q u i d products was found t o be independent 
of c r a c k i n g c o n d i t i o n s or product y i e l d s f o r a give n l e v e l of 
hydrogénation pretreatment. T h i s i m p l i e s t h a t the parent compounds 
which are g e n e r a t i n g these cracked heteroatom products are r e a c t i n g 
at about the same r a t e as the hydrocarbon compounds i n the fee d . 
The d i s t r i b u t i o n o f the n i t r o g e n and s u l f u r i n the coke and gas was 
not determined. 

A n a l y s i s of the gas products has shown t h a t h y d r o t r e a t i n g 
s i g n i f i c a n t l y reduces the extent of thermal c r a c k i n g and i n c r e a s e s 
the amount of z e o l i t e c r a c k i n g which o c c u r s . The a n a l y s i s a l s o 
shows t h a t the degree of hydrogen t r a n s f e r i n c r e a s e s as the 
s e v e r i t y of the hydrogénation i n c r e a s e s , i n d i c a t e d by the i n c r e a s e 
i n the s a t u r a t e d compounds i n the gas products. As the c r a c k i n g 
s e v e r i t y i n c r e a s e s , the apparent degree of hydrogen t r a n s f e r 
decreases, and the c o n c e n t r a t i o n of the o l e f i n i c compounds 
in c r e a s e s r e l a t i v e t o the s a t u r a t e d compounds. In g e n e r a l , 
hydrogen t r a n s f e r i s both d e t r i m e n t a l and b e n e f i c i a l t o c a t a l y t i c 
c r a c k e r o p e r a t i o n . Hydrogen t r a n s f e r produces more g a s o l i n e range 
m a t e r i a l , but the octane of t h i s f u e l i s lower, and the fo r m a t i o n 
of dienes by the hydrogen t r a n s f e r r e a c t i o n tends to cause the 
for m a t i o n of coke w i t h i n c r e a s e d c a t a l y s t d e a c t i v a t i o n . 
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Chapter 19 

Development of a Reduced Crude 
Cracking Catalyst 

William P. Hettinger, Jr. 

Ashland Petroleum Company, P.O. Box 391, Ashland, KY 41114 

Faced wi th the need of o b t a i n i n g more t r a n s p o r t a t i o n 
fuels from a b a r r e l of crude , Ashland developed the 
Reduced Crude Convers ion Process (RCC®). To support 
this development, a residuum or reduced crude c r a c k i n g 
catalyst was developed and over 1,000 tons were 
produced and employed i n commercial o p e r a t i o n . The 
catalyst possessed a l a r g e pore volume, dua l pore 
structure, an Ultrastable Y zeolite wi th an a c i d i c 
matr ix equal i n acidity to the acidity of the zeolite, 
and was partially t r e a t e d wi th rare e a r t h to enhance 
cracking activity and to resist vanadium p o i s o n i n g . 
While subsequently r e p l a c e d by f u r t h e r improved 
catalysts, the c a t a l y s t achieved h i g h selectivity, was 
metal resistant at 7,800 ppm nickel p lus vanadium, and 
achieved des ign p r o j e c t i o n s dur ing s t a r t - u p and two 
months of commercial o p e r a t i o n . Development of the 
catalyst served to s t i m u l a t e r e se arch e f f o r t s by the 
catalyst i n d u s t r y to in troduce other advanced residuum 
proces s ing c a t a l y s t s . 

In 1974 OPEC imposed an embargo on o i l to the Uni ted S t a t e s , 
causing a r a p i d r i s e i n the p r i c e of a b a r r e l of o i l . Ashland 
Petroleum, a t r a n s p o r t e r , r e f i n e r and marketer of o i l , purchases 
most of i t s crude o i l . At the time of the embargo, Ashland 
imported much of i t s o i l from the Middle E a s t , thus r a i s i n g the 
ques t ion of a v a i l a b i l i t y . 

As the problem became severe , Messrs . Myers , Busch and 
Zandona (1-4) of our company began to cons ider a l t e r n a t i v e 
sources of crude and ways of squeezing more product from a g iven 
b a r r e l . A f t e r c o n s i d e r i n g many p o s s i b i l i t i e s , i n c l u d i n g a number 
of processes then commercial ly a v a i l a b l e , they conceived a new 
way to convert the 1050 F+ f r a c t i o n of the b a r r e l d i r e c t l y to 
g a s o l i n e . I f s u c c e s s f u l , t h i s inexpensive new process would, i n 
e f f e c t , g ive them an a d d i t i o n a l volume of o i l f o r convers ion to 
g a s o l i n e . They a l s o concluded tha t i f vacuum f r a c t i o n a t i o n were 
e l i m i n a t e d , the e n t i r e 650 F+ (reduced crude) p o r t i o n of the 

0097-6156/88/0375-0308$09.25/0 
° 1988 American Chemical Society 
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19. H E T T I N G E R Reduced Crude Cracking Catalyst 309 

b a r r e l could be processed i n one step, thus a l s o g r e a t l y reducing 
operating costs and investments f o r intermediate processing 
equipment. At the same time, the 650 to 1050 F f r a c t i o n would 
provide a c a r r i e r or d i l u e n t f o r the 1050 F+ residuum. 

They began reduced crude cracking experimentation i n a small 
12,000 b a r r e l per day (B/D) F l u i d C a t a l y t i c Cracking (FCC) 
operating u n i t at L o u i s v i l l e , Ky. The RCC process was born from 
these goals, concepts and a small operating u n i t . The 
development and a t t r i b u t e s of t h i s process have been described i n 
a number of a r t i c l e s and patents (1-6). 

Figure 1 shows the d i s t r i b u t i o n of 650 F+ volume percent 
content i n reduced crude f o r some 50 crudes then a v a i l a b l e to 
Ashland. Figure 2 i n d i c a t e s the volume percentage of 1050 F+ 
present i n the same crudes, ranging from l e s s than 10% to more 
than 30%. 

Ca t a l y s t Development 

As work began on the process, i t q u i c k l y became apparent that the 
extraordinary c a t a l y s t p r o p e r t i e s required f o r the process were 
not then a v a i l a b l e , and even with a superior c a t a l y s t , 
consumption would undoubtedly be severe. Figure 3 shows how 
Ramsbottom Carbon and n i c k e l plus vanadium vary i n the same 
reduced crude o i l s . A l l l e v e l s are very high; f a r beyond 
anything normally encountered i n a gas o i l feedstock. 

Although they are not shown here i n d e t a i l , n i trogen, 
s u l f u r , asphaltenes, polynuclear aromatics, and h e t e r o c y c l i c s are 
a l l a l s o present i n s i g n i f i c a n t amounts i n reduced crudes. 
Figure 4, however, does dep i c t the general r e l a t i o n s h i p between 
API g r a v i t y , s u l f u r , asphaltene and t o t a l metal content of 

crudes i n general. C e r t a i n l y none of these i n g r e d i e n t s , 
e s p e c i a l l y i n such large amounts, could be considered " f r i e n d l y " 
f o r c a t a l y s t s used i n normal c a t a l y t i c cracking. 

Hardware m o d i f i c a t i o n alone, without simultaneous 
c o n s i d e r a t i o n of how to meet c a t a l y s t property requirements, 
would not be enough to achieve success. Therefore, a c a t a l y s t 
development program was proposed and approved to help formulate 
new c a t a l y s t s that could deal with these severe contaminants. 
I t s goal was the simultaneous development of a new process and 
t a i l o r e d c a t a l y s t s , as both were obviously c r i t i c a l to the 
ultimate economic success of the p r o j e c t . 

Of course, there were c a t a l y s t s on the market i n 1977-78 
that were being targeted f o r processing heavier stocks, with 
higher l e v e l s of metals. C a t a l y s t manufacturers such as Davison 
and F i l t r o l had already been working along these l i n e s . 

However, these s t r i n g e n t new requirements created a need to 
acc e l e r a t e the development of s p e c i f i c a l l y targeted c a t a l y s t s . 
Ashland decided to i n i t i a t e i t s own c a t a l y s t preparation program, 
coupled with i n s t a l l a t i o n and development of advanced t e s t i n g 
equipment, to speed the ev o l u t i o n of advanced c a t a l y s t s . 
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310 FLUID CATALYTIC CRACKING: ROLE IN MODERN REFINING 

Figure 1. 650 F+ Atmospheric Reduced Crude O i l V o l . % of Crudes 
f o r 50 Crudes 

2 0 3 0 4 0 5 0 

1 0 2 5 ° F + VOL. /. OF C R U D E 

Figure 2. 1025°F+ Bottoms V o l . % of Crude f o r 50 Crudes 
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Equipment 

Equipment and f a c i l i t i e s f o r batch c a t a l y s t preparation and spray 
drying and ovens f o r drying and c a l c i n i n g were r a p i d l y acquired 
and i n s t a l l e d . A v a r i e t y of c a t a l y s t t e s t i n g r eactors were a l s o 
designed, constructed, and placed i n operation. Testing began 
with improved m i c r o a c t i v i t y c a t a l y t i c cracking t e s t i n g r e a c t o r s , 
modified to operate on reduced crude, to monitor and evaluate 
developmental, v i r g i n , commercial, and operating c a t a l y s t s . They 
functioned remarkably w e l l . Of course, f r e s h c a t a l y s t s were a l s o 
exposed to various severe p r e t e s t i n g conditions to prepare them 
properly f o r e v a l u a t i o n . High-purity hydrocarbons and reactors 
were a l s o used to focus i n d e t a i l on c r i t i c a l mechanisms. 

Advanced t e s t i n g f o r extensive e v a l u a t i o n of s e l e c t e d 
c a t a l y s t s and feedstocks was c a r r i e d out i n a f i x e d f l u i d bed of 
about one l i t e r cracking c a t a l y s t capacity. This provided us 
with r e p r e s e n t a t i v e y i e l d s and large volumes f o r product q u a l i t y 
t e s t i n g i n c l u d i n g octane numbers. In c o n s t r u c t i o n and operation, 
t h i s t e s t equipment was s i m i l a r to that used much e a r l i e r to 
develop the semisynthetic c a t a l y s t s of the 1950s.(7) 
Considerable m o d i f i c a t i o n was required, however, to enable us to 
process reduced crude rather than gas o i l . 

The b e t t e r c a t a l y s t s were f u r t h e r evaluated i n two 
c i r c u l a t i n g bed operations. The f i r s t u n i t , complete with 
regenerator, was developed by Ashland p i l o t plant personnel. I t 
was capable of evaluating s p e c i f i c feedstocks, or processing 
parameters, and t e s t i n g f l u i d c a t a l y s t s over long periods of 
operation (days and weeks). The u n i t permitted continuous 
c a t a l y s t replacement and extensive v a r i a t i o n i n operating 
conditions and c a t a l y s t treatments, while y i e l d i n g large volumes 
of l i g h t and heavy products. 

An even l a r g e r one-quarter b a r r e l per day c i r c u l a t i n g u n i t 
came very c l o s e to simulating both the 200 B/D demonstration u n i t 
and l a t e r commercial operations. I t a l s o possessed a two-stage 
regenerator and vented r i s e r (both hallmarks of the RCC process). 
T h i s allowed simulation and evaluation of a d d i t i o n a l RCC 
operating parameters. 

F i n a l l y a 200 B/D 80 1 t a l l demonstration u n i t was used f o r 
studying operating parameters, equipment, process v a r i a t i o n s , and 
f i n a l l y c a t a l y s t s , c a t a l y s t treatments, and varying feedstocks. 
Much of the 200 B/D work has been described i n published 
reports.(8-10) In b r i e f , s a t i s f a c t o r y runs with e x c e l l e n t y i e l d s 
and good conversion were made on c a t a l y s t s containing as much as 
12,300 ppm of n i c k e l plus vanadium.(4) 

C a t a l y s t Research and P h y s i c a l Chemical Ev a l u a t i o n 

A number of a n a l y t i c a l instruments helped us to probe and 
understand our c a t a l y s t s i n greater d e t a i l . Although these may 
be standard equipment f o r a large manufacturer or l a r g e petroleum 
research laboratory, we had to acquire them and t r a i n our 
personnel i n t h e i r use before we could proceed. Some of the more 
v i t a l instruments included equipment f o r measuring surface area, 
pore volume and pore diameter d i s t r i b u t i o n , and X-ray 
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d i f f r a c t i o n , scanning e l e c t r o n microscopy, and energy d i s p e r s i v e 
X-ray fluorescence were a l s o u t i l i z e d . High s e v e r i t y f l u i d bed 
steamers and c a l c i n e r s , and d i f f e r e n t i a l thermal and thermal 
g r a v i t a t i o n a l analyzers, and micro-calorimetry a l s o were of great 
value. 

C a t a l y s t Development and Scale-Up 

With the challenge w e l l defined, c a t a l y s t preparation, 
development, and evaluation began. Research and development took 
a two-pronged approach. 

We began with examination and evalu a t i o n of a l l c a t a l y s t s 
a v a i l a b l e on the market. D e t a i l e d a n a l y s i s of c a t a l y s t s showing 
promising performance i n our t e s t u n i t s gave us i n s i g h t as to 
which p r o p e r t i e s and ingredients should r e c e i v e greater 
a t t e n t i o n and which were con t r i b u t o r y or noncontributory. 

Secondly, we began research and development based on our own 
knowledge and experience with commercial c a t a l y s t manufacture and 
compositions. We a l s o drew on many years of personal experience 
d i r e c t i n g c a t a l y s t research and development, as w e l l as our own 
speculations as to what pr o p e r t i e s might be most important. 

As our work gained momentum, we r e a l i z e d that a cooperative 
e f f o r t with a c a t a l y s t manufacturer would be h i g h l y d e s i r a b l e . 
Therefore, we arranged f o r a development program which l a s t e d 
four years. This work lead to se v e r a l c a t a l y s t s which showed 
promise and which were prepared commercially i n tonnage 
q u a n t i t i e s and evaluated i n the 200 B/D RCC u n i t . 

F i n a l l y , i n l a t e 1982, j u s t p r i o r to RCC commercial 
star t - u p , a more advanced c a t a l y s t was developed and prepared i n 
sev e r a l commercial-size 20-ton batches. I t a l s o was tes t e d i n 
the 200 B/D p i l o t plant u n i t , and shown to be an e x c e l l e n t 
c a t a l y s t . Over 1,000 tons of t h i s c a t a l y s t , designated DZ-40, 
was produced commercially and used f o r start-up and two months 
s u c c e s s f u l reduced crude operation.(11) 

As c a t a l y s t improvements evolved along with the process, the 
y i e l d s i n the 200 B/D u n i t from a t y p i c a l Arabian L i g h t reduced 
crude o i l at the "knee" conversion l e v e l (the point of maximum 
gasoline y i e l d ) g r adually rose from 47-48 volume percent g a s o l i n e 
to 52% and subsequently to as high as 56-57 volume percent 
gasoline, with a corresponding reduction i n h i g h - b o i l i n g s l u r r y 
o i l product. These y i e l d s have now been w e l l confirmed and 
exceeded i n the commercial u n i t (Tables I & I I ) . 

A second c a t a l y s t subsequently introduced by a second 
manufacturer was a l s o considered acceptable and u t i l i z e d 
s u c c e s s f u l l y . However, the stimulus of our work undoubtedly had 
a favorable impact on commercial producers, r e s u l t i n g i n 
accel e r a t e d development and commercial i n t r o d u c t i o n of new and 
superior-performing RCC c a t a l y s t s , and at reduced cost. 

Commercial Operation 

The RCC process commercial u n i t has been on-stream f o r over four 
years. Except f o r a few minor problems during sta r t - u p , i t has 
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Table I. Design and A c t u a l Operating Results 
Commercial RCC Unit 

Intermediate Low API, 
°API And High 

Ramscarbon Ramscarbon 
Feedstock Inspection Design Feed Feed 
"API 18. 6 21. 3 19. 2 
Ni + V, ppm 35. 0 44. 0 65. 0 
Ramsbottom Carbon, Wt.% 6. 0 4. 5 6. 9 
UOP K-Factor 11. 8 11. 8 11. 8 

Product Y i e l d s 
Dry Gas, Wt.% 4. 1 3. 3 4. 1 
Propane/Propylene, V o l % 2.5/9. 3 1.8/8. 7 1.8/8. 3 
Butanes/Butylenes,Vol% 5 .9/10. 9 4.6/10. 1 3.9/9. 9 
C -430°F Gasoline, V o l % 51. 5 57. 8 55. 6 
D i s t i l l a t e , 430°-630°F, 11. 3 15. 0 15. 0 

V o l % 
Heavy O i l , 630°F, +, V o l % 10. 4 8. 4 10. ,9 
Coke, Wt.% 11. 5 8. 4 10. 8 

Operating Parameters 
Conv. to 430"F & Coke, V o l % 78. 3 76. 6 74. ,1 
Conv. to 630°F & Coke ô V o l % 89. 6 91. 6 89. ,1 
C~ + Equivalent Gaso. + 

D i s t i l l a t e , V o l % 86. 7 93. ,6 89. ,1 
T o t a l L i q u i d Y i e l d , V o l % 102. 0 106. ,4 105. ,4 
Gasoline & D i s t i l l a t e 

S e l e c t i v i t y , % 70. 1 79. ,5 79. ,2 
Gasoline Octane, Rone 93. 0 93. ,2 93. ,6 
Metals on C a t a l y s t , 

Ni + V ppm 6,000 7,200 8,000 
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Table IIA. C a t l e t t s b u r g RCC Unit Achieves Design Objectives 
on Untreated Feedstocks 

Feedstock Properties LPG, Equiv. 
It- Rams Metals Gaso.* + Gaso.** 

Thruput °API Factor Carbon Ni + V Dis. Yd. Sel e c t . 
MBPD Wt.% 

Design 

PPM V o l . % % 

40.0 18.6 11.8 6.0 35.0 86.1 65.0 

Commercial Experience 

47.5 22.1 11.9 4.6 21.0 86.3 69.0 

39.8 20.9 11.8 5.8 47.0 88.9 72.0 

30.5 21.5 11.9 5.4 55.0 93.2 74.0 

28.8 18.5 11.8 7.1 68.0 89.6 77.0 

Table IIB. Ca t l e t t s b u r g RCC Unit Achieves Design Objectives 
on Untreated Feedstocks 

E q u i l i b r i u m Carbon Functions 
C a t a l y s t Coke Regenerator 

Octane Ni + V Y i e l d Coke Processed 
RONC PPM Wt.% MLb./Hr. 

Design 

93.0 6000 11.4 63 

Commercial Experience 

93.4 7200 10.0 67 

92.9 7800 10.9 65 

92.6 7100 8.4 36 

93.6 7700 10^S 44 

* Equivalent Gasoline = C.-430 Naphtha + (0.8)(C„/C O l e f i n s ) + 
C »s ^ J * 

** Gasoline S e l e c t i v i t y = {(Vol.% C 5"430 Naphtha) t ( V o l . % Gas O i l 
+ Disappearance)} χ 100 
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run almost continuously and has met or exceeded a l l the design 
p r o j e c t i o n s obtained from the 200 B/D u n i t (Figure 5). In 
a d d i t i o n , process m o d i f i c a t i o n s made during c o n s t r u c t i o n and i n 
operation have f u r t h e r enhanced the performance of the u n i t , 
exceeding e a r l y p r e d i c t i o n s . Figure 6 shows the flow diagram f o r 
the process. Tables I and I I show r e s u l t s obtained while 
operating on a range of carbometallic feedstocks. Note the 
impressive y i e l d of gasoline and other l i q u i d products. 

C a t a l y s t Design 

Keeping the p r o p e r t i e s of the reduced crudes c l e a r l y i n mind, 
we drew upon b a s i c c a t a l y s t concepts and previous experience. 
The s t a t e of the a r t i n 1978 suggested keying i n on a number of 
c a t a l y s t p r o p e r t i e s . We focused on them i n d i v i d u a l l y and 
c o l l e c t i v e l y i n order to optimize each property i n terms of the 
o v e r a l l o b j e c t i v e . This meant harnessing and optimizing such 
p r o p e r t i e s as pore volume, pore diameter d i s t r i b u t i o n , z e o l i t e 
p r o p e r t i e s and a c i d i t y , r are earth s t a b i l i z a t i o n , metal 
r e s i s t a n c e , matrix a c i d i t y , a t t r i t i o n r e s i s t a n c e , burning r a t e , 
and cost. Our goal was to cope with carbon, metals, asphaltenes, 
polynuclear aromatics and h e t e r o c y c l i c s , η-paraffins, s u l f u r , and 
nitrogen-containing molecules. The f o l l o w i n g i s a d e t a i l e d 
account of how some of the more important problems were 
addressed. 

Pore Volume and Pore Diameter D i s t r i b u t i o n 

In the recent past, commercial cracking c a t a l y s t s have tended to be 
high i n d e n s i t y (low i n pore volume) i n order to reduce a t t r i t i o n 
and avoid a i r p o l l u t i o n problems, which tend to r e l a t e to 
c a t a l y s t density. C a t a l y s t s f o r FCC a p p l i c a t i o n are not 
considered to be d i f f u s i o n l i m i t e d ; and, t h e r efore, higher-
density c a t a l y s t s are quite acceptable. 

For RCC a p p l i c a t i o n , we soon concluded that a higher pore 
volume c a t a l y s t which could act as a sponge i n p i c k i n g up 
n o n v o l a t i l e or only p a r t i a l l y v o l a t i l e residuum l i q u i d , could be 
d e s i r a b l e f o r r e s i d processing. Development of a dual pore 
s t r u c t u r e with feeder pores to the z e o l i t e c r y s t a l s would enhance 
a c c e s s i b i l i t y of the much higher molecular weight reactants, 
found i n the 1050 F+ bottom p o r t i o n of the reduced crude b a r r e l , 
to the z e o l i t e " p o r t a l surface area"* and i n t e r n a l a c i d i t y . In 
a d d i t i o n , such means might avoid pore passageway blockage by 
h i g h l y adsorbing super-large asphaltene c o l l o i d a l p a r t i c l e s and 
high molecular weight aromatic and b a s i c nitrogen-contaminating 
molecules. Figure 7 portrays t h i s o b j e c t i v e i n an exaggerated 
fashion and Figure 8 shows how t h i s r e l a t e s to the o v e r a l l 
composition of our p r e f e r r e d r e s i d u a l cracking c a t a l y s t . 

When cracking c a t a l y s t s are prepared with a s i l i c a or 
s i l i c a - a l u m i n a g e l base, the pore volume and average pore 

* The term " p o r t a l surface area" has been proposed by the author 
to convey the concept of the outer surface of a z e o l i t e c r y s t a l 
p r o v i d i n g entrance to the strong a c i d s i t e s w i t h i n the c r y s t a l . 
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H E T T I N G E R Reduced Crude Cracking Catalyst 

Figure 5. Ashland RCC Process Demonstration Uni t 
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unuut U1L • n c u c i N . 
CHARGE C T L S T . 

Figure 6. Process Flow Diagram RCC Unit 
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Figure 7. C a t a l y s t Structure 
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Figure 8. Reduced Crude C a t a l y s t 
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diameter can be r e a d i l y v a r i e d by c o n t r o l of g e l concentration, 
time, temperature, and pH. To obtain a dual pore s t r u c t u r e , 
however, requires a d i f f e r e n t approach. Some h i s t o r i c a l 
background i s i n order, and a review of some e a r l y c a t a l y s t work 
may prove h e l p f u l . 

In the e a r l y 1950s, while involved i n platinum on alumina 
c a t a l y s t research studies at the l a b o r a t o r i e s of S i n c l a i r O i l 
(now a part of ARCO), I discovered that c r y s t a l l i n e alumina 
t r i h y d r a t e was present i n the amorphous pseudo-Boehmitelike 
alumina g e l used to prepare some new experimental reforming 
c a t a l y s t s . Further study showed the presence of s e v e r a l 
c r y s t a l l i n e alumina t r i h y d r a t e s , i n c l u d i n g a p r e v i o u s l y unknown 
t r i h y d r a t e that was dubbed "Randomite".(12) I t was l a t e r 
o f f i c i a l l y named Norstrandite i n honor of Robert Van Norstrand, 
who was then i n charge of p h y s i c a l chemical studies at S i n c l a i r 
and who spearheaded e l u c i d a t i o n of i t s s t r u c t u r e . Next came 
development work and some b r i l l i a n t observations and deductions 
by Marvin F. L. Johnson, then i n charge of surface area and pore 
volume studies of those l a b o r a t o r i e s . He showed that at an 
optimum concentration of about 75% t r i h y d r a t e i n an extrudate, a 
dual and even rather large t r i p l e - p o r e d i s t r i b u t i o n s t r u c t u r e 
formed as t r i h y d r a t e concentration reached a c r i t i c a l l e v e l . 
This pore s i z e d i s t r i b u t i o n was shown to provide an optimum pore 
s t r u c t u r e f o r platinum reforming c a t a l y s t a c t i v i t y , s e l e c t i v i t y 
and c a t a l y s t l i f e . This c a t a l y s t e v e n t u a l l y was commercialized 
and became the famous RD-150; s t i l l i n use i n only s l i g h t l y 
modified form. 

In 1957 I t r a n s f e r r e d to Nalco C a t a l y s t D i v i s i o n and became 
D i r e c t o r of Research. At that time Nalco was faced with severe 
competition to t h e i r s y n t h e t i c s i l i c a - a l u m i n a g e l cracking 
c a t a l y s t by a r e l a t i v e l y new and low cost n a t u r a l clay-based 
cracking c a t a l y s t containing H a l l o y s i t e c l a y , introduced and 
manufactured by F i l t r o l Corporation. In attempting to meet t h i s 
competition, we considered a number of a l t e r n a t i v e s . Among these 
was the idea of i n c o r p o r a t i n g some low-cost, h i g h - p u r i t y K a o l i n 
(a p l a t e l e t - t y p e c l a y ) as a low-cost d i l u e n t . I f s u c c e s s f u l , 
t h i s would reduce the amount of c o s t l y s i l i c a - a l u m i n a g e l 
required. By reducing the cost, we might again make our c a t a l y s t 
competitive. 

As our experimental work proceeded, I r e a l i z e d that we were 
dealing with a s i l i c a - a l u m i n a system ( s i l i c a - a l u m i n a g e l and 
p l a t e l e t c r y s t a l l i n e s i l i c a - a l u m i n a K a o l i n ) that should be 
s i m i l a r to the alumina gel/alumina t r i h y d r a t e c r y s t a l system of 
RD-150. I t seemed p o s s i b l e to achieve a s i m i l a r pore diameter 
spectrum s t r u c t u r e here by j u d i c i o u s combination of c r y s t a l s and 
g e l . 

By achieving random d i s p e r s i o n of the K a o l i n i n the sodium 
s i l i c a t e s o l u t i o n p r i o r to formation of the s i l i c a - a l u m i n a g e l , 
i t was p o s s i b l e to disperse the c l a y c r y s t a l s . They condensed 
somewhat perpendicular to each other and were bound together by 
s i l i c a - a l u m i n a g e l . I therefore speculated that spray drying, 
during which the g e l system con t r a c t s , might create a dual 
s t r u c t u r e . An analogy would be a house b u i l t of cards ( K a o l i n ) , 
cemented together with s i l i c a - a l u m i n a g e l . 
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We v a r i e d the gel-forming parameters, the content of K a o l i n 
c l a y , the c r y s t a l s i z e , and the thickness-to-diameter r a t i o i n a 
s e r i e s of experiments. A dual s t r u c t u r e began to appear at about 
35-40% K a o l i n . I f the c l a y content was increased to too high a 
l e v e l , the microspheres became too weak and began to have poor 
a t t r i t i o n r e s i s t a n c e . The cost of the various grades a l s o 
a f f e c t e d our choice. Figure 9 shows a comparison of pore volume 
d i s t r i b u t i o n f o r a t y p i c a l s y n t h e t i c versus a c l a y modified 
c a t a l y s t . 

K a o l i n had l i t t l e or no cracking a c t i v i t y , and c a t a l y s t 
a c t i v i t y as tes t e d i n the laboratory was d i r e c t l y r e l a t e d to 
s i l i c a - a l u m i n a g e l content. However, the c a t a l y s t performed much 
better i n commercial t e s t s than a n t i c i p a t e d from laboratory 
t e s t i n g . Undoubtedly, t h i s open s t r u c t u r e encountered much l e s s 
severe conditions at the outer surface of the microsphere during 
regenerations and made i n t e r n a l c a t a l y t i c surfaces more r e a d i l y 
a v a i l a b l e . This f i r s t of the s o - c a l l e d "semisynthetics" was 
c a l l e d Nalco 783, and the matrix i s s t i l l used i n many forms some 
28 years later.(7,13) Today i t i s estimated that some 200,000 
tons/yr. of k a o l i n c l a y i s used f o r cracking c a t a l y s t manufacture 
as reported by Georgia K a o l i n Corporation.(24) Figure 10 shows 
the pore volume d i s t r i b u t i o n f o r Nalco 783 and two other 
commercial semisynthetics from that period. 

This low-cost matrix, with i t s unusual dual pore spectra and 
somewhat unexpected b e n e f i c i a l p r o p e r t i e s , became the matrix of 
choice f o r the next generation, the z e o l i t e - c o n t a i n i n g c a t a l y s t s . 
This approach continues to provide a pore s t r u c t u r e that gives 
reactant molecules ready access to the z e o l i t e c r y s t a l s buried 
deeply w i t h i n , while at the same time g r e a t l y reducing 
manufacturing costs.(23) 

K a o l i n i s a l s o an inexpensive ingredient, thus lowering raw 
ma t e r i a l costs by r e p l a c i n g expensive sodium s i l i c a t e , aluminum 
s u l f a t e , and sodium aluminate, plus reducing use of n e u t r a l i z i n g 
ammonia or a c i d . I t generates much l e s s waste e f f l u e n t and 
reduces high-energy water evaporation spray drying requirements 
and f i n a l drying c o s t s . This reduces energy costs while 
appreciably i n c r e a s i n g manufacturing capacity. 

The same approach was ap p l i e d to enhance and extend r e s i d 
c a t a l y s t technology. We gave considerable a t t e n t i o n to s p e c i f i c 
grades of K a o l i n to assure a very good pore s t r u c t u r e and to keep 
costs down. For a combination of low cost, good open pore 
s t r u c t u r e , low i r o n content, and low a t t r i t i o n , we p r e f e r r e d the 
smaller, s p h e r i c a l equivalent K a o l i n c r y s t a l s with a high 
diameter-to-thickness r a t i o . 

DZ-40 has the pr o p e r t i e s of pore volume and pore diameter 
d i s t r i b u t i o n l i s t e d i n Table III.(11) Note the considerable pore 
volume i n the 100-1000 Angstroms range (Figure 11). Figure 12 
al s o shows some of our data i n d i c a t i n g the b e n e f i t of a l a r g e r 
pore volume. I t appeared to us that an optimum f o r c a t a l y s t s i n 
r e s i d cracking occurs between 0.40 and 0.55 cc/gm. 
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Table I I I . Pore S i z e D i s t r i b u t i o n cc/g 
(% of T o t a l Pore Volume) 

6000A 0.03 cc/g ( 0%) 
6000-1000A 0.09 cc/g (15%) 
1000-400A 0.18 cc/g (31%) 
400-200A 0.12 cc/g (21%) 
400-100A 0.09 cc/g (16%) 
100-80A 0.03 cc/g ( 5%) 
80-60A 0.03 cc/g ( 6%) 
60-20A 0.04 cc/g ( 6%) 
Surface Area, m^/g 198 
Z e o l i t e Area, m ^g 99 
Ext e r n a l Area, m /g 108 
Pore Volume, cc/g 0.59 

S k e l e t a l Density, g/cc 2.57 
Apparent Bulk Density, g/cc 0.56 

Volume % of total pore volume 

50 

3 0 - 6 0 60 -80 80 -100 100-200 200-400 400-1M 1M-6M 

Pore diameter angstroms 

• Early semi-synthetic CD RCC type catalyst 

Figure 11. D i s t r i b u t i o n of Pore Volume vs. Pore Diameter - E a r l y 
semisynthetic vs. residuum (RCC) c a t a l y s t 
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Z e o l i t e A c i d i t y and Matrix A c i d i t y 

Resid cracking c a t a l y s t s must deal with a feedstock of high-
molecular-weight, h i g h - b o i l i n g , and even nonboiling viscous 
molecules. This makes entrance i n t o a z e o l i t e s t r u c t u r e 
questionable. On the other hand, much of i t i s i n the FCC feed 
or gas o i l p o r t i o n of the reduced crude (600-1050 F ) , where 
z e o l i t e cracking a c t i v i t y , s e l e c t i v i t y , and s t a b i l i t y are 
c r i t i c a l l y required. Furthermore, the severe environment f o r 
cracking and regeneration, a l s o c a l l e d f o r a z e o l i t e with good 
performance i n terms of r e s i s t a n c e to high temperature and severe 
steam co n d i t i o n s . 

We worked hard to evaluate s t r u c t u r e s such as rare earth 
s t a b i l i z e d versus U l t r a s t a b l e hydrogen Y z e o l i t e s . t r a n s f e r 
c h a r a c t e r i s t i c s were also c r i t i c a l . With too much rare earth 
content, H~ production increased with accompanying coke increase 
(Figure 11;. U l t r a s t a b l e Y sieves gave good product 
d i s t r i b u t i o n , high octanes, and reduced hydrogen generation, but 
had lower a c t i v i t y and were more s u s c e p t i b l e to metal 
d e a c t i v a t i o n and a c i d i t y n e u t r a l i z a t i o n . To enhance z e o l i t e 
performance i n the face of poisoning, asphaltene blockage, and 
coking, we t r i e d to enhance p o r t a l surface area by gri n d i n g or 
breaking up sieve c l u s t e r s to i n d i v i d u a l sieves and/or by 
producing very small s i e v e s . Both approaches were requested of 
the manufacturer. 

For the start-up of the RCC Unit DZ-AO was used. I t was a 
combination of U l t r a s t a b l e hydrogen Y, p a r t i a l l y t r e a t e d with 
rare earth, and ground to as f i n e a z e o l i t e s t r u c t u r e as 
commercially a v a i l a b l e and reasonable, and w e l l dispersed i n a 
s p e c i a l l y developed s i l i c a - a l u m i n a cogel/Kaolin matrix. Table IV 
provides a t y p i c a l a n a l y s i s . 

Matrix A c i d i t y 

Because we would be dealing with very l a r g e molecules, i n c l u d i n g 
some with long p a r a f f i n groups attached, we speculated that an 
a c i d i c matrix would be d e s i r a b l e . At that time, g e n e r a l l y the 
c a t a l y s t s a v a i l a b l e from our s u p p l i e r s had been s t r i p p e d of 
matrix a c i d i t y , because commercial experience on FCC feedstocks 
had shown that z e o l i t e a c i d i t y was g e n e r a l l y quite adequate. 
However, we suspected that matrix a c i d i t y would provide optimum 
product d i s t r i b u t i o n . Later operation of the 200 B/D 
demonstration u n i t and the RCC commercial u n i t e s t a b l i s h e d that 
a c i d matrix c a t a l y s t s at constant conversion provided a lower 
650 F+ y i e l d and a higher middle d i s t i l l a t e to 650 F end point 
r a t i o (see Figure 13). Note the decrease i n heavy c y c l e o i l at 
constant conversion f o r a c a t a l y s t with matrix a c i d i t y compared 
to a nonacidic matrix c a t a l y s t . More r e c e n t l y c a t a l y s t 
manufacturers have adopted t h i s strategy of matrix a c i d i t y to 
deal with bottoms cracking. T i t r a t i o n techniques f o r i s o l a t i n g 
or d e f i n i n g z e o l i t e and matrix a c i d i t y developed a r e l a t i o n s h i p 
representing a balanced performance of the two a c i d i t i e s (see 
Table V). 
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VIRGIN CTLST. WATER PORE VOL. CC/Gl 

Figure 12. E f f e c t s of Pore Volume on RCCDS Gasoline Y i e l d 

Table IV. 

Chemical Analyses Typical Analysis, Wt.% 

S i 0 2 58.3 
A l 6 40.1 
T i 6 2

J 0.52 
Fe ?0 0.43 
Na^T 0.42 
RE p 1.29 
LalO" 0.74 
Ce6 2

J 0.14 
Nd 20 0.31 
Pr Ο 0.10 
La°OÎ7CeOn Ratio 5.3 
Μ 8 δ 

Phase Composition 

Z e o l i t e Type USY 
Zeo l i t e L a t t i c e Κ 24.58 
Ze o l i t e Content 
% Int./Na Y 8.8 
Internal Std. 7.7 
Nitrogen Method 15.0 
Kaol i n i t e 45.0 
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Figure 13. LCO/Slurry vs Conversion 
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Table V. 

n-butylamine tridodecylamine Ratio 
T o t a l A c i d i t y Matrix Matrix A c i d i t y 
i n the Sieve A c i d i t y Sieve A c i d i t y 

RCC C a t a l y s t #1 0.25 0.00 0.00 
RCC C a t a l y s t #3 0.22 0.22 1.00 

C a t a l y s t #3 

n-butylamine a c i d i t y t o t a l c a t a l y s t 0.77 meg/gm 
n-buytlamine a c i d i t y of contained sieve 0.22 meg/gm 
tridoecylamine a c i d i t y 0.22 meg/gm 
T o t a l a c c e s s i b l e a c i d i t y 0.44 meg/gm 
T o t a l micro porous a c i d i t y unaccounted f o r 0.33 meg/gm 

and e v i d e n t l y i n the matrix 
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S i l i c a - a l u m i n a gels containing 20-45% alumina provided the 
best combination of a c t i v i t y and a c t i v i t y s t a b i l i t y . Therefore, 
we chose a g e l with a composition i n t h i s range f o r binding the 
system together and as the matrix a c i d i t y i n g r e d i e n t . 

Rare Earth S t a b i l i z a t i o n 

Rare earth s t a b i l i z a t i o n , as i t r e l a t e s to z e o l i t e performance, 
has already been discussed. However, c a t a l y s t performance a l s o 
v a r i e s depending on how the rare earths are deposited w i t h i n the 
z e o l i t e and the matrix, and al s o on how the r a t i o of i n d i v i d u a l 
species (such as lanthanum, cerium, and the other rare earths) 
are d i s t r i b u t e d . Yttrium can al s o be used to enhance z e o l i t e 
c a t a l y s t performance and s t a b i l i t y . These a l s o seem to help 
m i t i g a t e the detrimental e f f e c t of vanadium, the most common and 
c o n t r o v e r s i a l contaminant. 

We devoted much e f f o r t to exploring how much rare earth 
should be used i n both the z e o l i t e and the matrix, how i t should 
be introduced or incorporated, and which r a t i o of rare earth 
elements was pr e f e r r e d . Figures 14 and 15 r e s p e c t i v e l y show how 
a c t i v i t y and s e l e c t i v i t y can be a f f e c t e d by rar e earth content i n 
j u s t one c a t a l y s t preparation. 

Metal Resistance 

Anyone who i s s e r i o u s l y involved i n c a t a l y t i c cracking, whether 
as an operator, a c a t a l y s t manufacturer, or a researcher, soon 
learns how severely sodium, vanadium, n i c k e l , i r o n , and copper 
act as poisons. In the past, FCC feedstock preparation v i a 
vacuum d i s t i l l a t i o n was to a considerable extent, determined by 
metal carryover. Generally, metal carryover to the f l u i d u n i t 
was l i m i t e d to 0.1 ppm or l e s s of each of these metals. 

In the development of a process to crack reduced crude, i t 
soon became evident that the metals l e v e l s encountered i n these 
crudes would be considerably higher. Therefore, metals would be 
expected to manifest themselves i n very unfavorable ways. 
Previ o u s l y , n i c k e l was considered the worst poison by f a r , i n 
terms of H^ and coke make, and poor product d i s t r i b u t i o n . 
Vanadium was considered much l e s s of a poison with about 1/5 the 
s e l e c t i v i t y detriment of n i c k e l . Iron, e s p e c i a l l y i n the absence 
of s u l f u r , was considered even l e s s of a poison. Copper and 
sodium were of l i t t l e consequence i f proper care was taken to 
avoid them i n FCC feedstock preparation. 

N i c k e l and vanadium carryover i s mainly a t t r i b u t e d to 
v o l a t i l i z a t i o n of porphyrins chemically combined with these two 
elements. Because v o l a t i l i t y of the two species i s roughly 
equivalent, carryover of n i c k e l and vanadium are approximately 
equal. However, because the s e l e c t i v i t y detriment of vanadium i s 
so much lower, n i c k e l has always generated the most concern. 

With residuum processing, however, the s i t u a t i o n changes. 
Metal l e v e l s r i s e d r a m a t i c a l l y . Figure 16 shows the metal 
d i s t r i b u t i o n i n a lo g / l o g s c a l e p l o t of n i c k e l versus vanadium 
f o r some 50 crudes. Obviously, many reduced crudes contain 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

9

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



ο 

ο 
G

AS
O

LI
N

E 

•
 

GA
S 

Fi
gu

re
 
14

. 
Ra

re
 
Ea

rt
h 

Ex
ch

an
ge

d 
Fi

gu
re

 
15

. 
Ra

re
 
Ea

rt
h 

Ex
ch

an
ge

d 
g 

Ef
fe

ct
 
on

 A
ct

iv
it

y 
Ef

fe
ct

s 
on

 P
ro

du
ct

 
Yi

el
ds

 
at

 
g 

Co
ns

ta
nt

 
Co

nv
er

si
on

 
g Ο 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ch
01

9

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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metals f a r beyond the 0.1 to 0.2 ppm metals l e v e l s of vacuum gas 
o i l . 

Not only do n i c k e l and vanadium l e v e l s r i s e s i g n i f i c a n t l y , 
but vanadium content may g r e a t l y exceed n i c k e l . Because of the 
absence of vacuum d i s t i l l a t i o n , sodium, i r o n , copper, and other 
p o t e n t i a l poisons can al s o appear at very high l e v e l s . These may 
have been present i n the crude o i l or added by contamination from 
c o r r o s i o n , a d d i t i v e s , or a c c i d e n t a l carryover from d e s a l t i n g . 

We knew the poisonous behavior of n i c k e l , sodium, i r o n , and 
copper, and could a n t i c i p a t e the problems connected with them. 
However, vanadium appeared to o f f e r some new problems. F i r s t of 
a l l , i t appeared i n our reduced crudes at one to three times the 
n i c k e l l e v e l . I t could be expected to show the same adverse 
product s e l e c t i v i t y as at lower l e v e l s , but with much greater 
s e v e r i t y . 

In a d d i t i o n , reports had been noted suggesting that vanadium 
i n c e r t a i n forms, and e s p e c i a l l y i n the presence of sodium, had a 
low melting temperature. Therefore, i t s l i q u i d form was l i k e l y 
to be harmful to c a t a l y s t performance. Thus we began a long and 
involved research program to determine how best to deal with 
these poisons, and e s p e c i a l l y with vanadium. 

E a r l y i n our work, we had sought to achieve z e o l i t e 
s t a b i l i t y at high temperatures and i n the presence of steam. We 
sought z e o l i t e s that could r e s i s t the extreme d e a c t i v a t i n g 
conditions of the RCC process. 

In a s e r i e s of experimental runs on v i r g i n commercial 
c a t a l y s t s and sieves then a v a i l a b l e and some of our experimental 
c a t a l y s t s , we q u i c k l y learned that a c a t a l y s t impregnated with 
vanadium, and subjected to high temperatures i n steam and a i r 
deactivated r a p i d l y . Vanadium, e s p e c i a l l y i n the +5 valence 
s t a t e , r a p i d l y deactivated a c a t a l y s t by destroying z e o l i t e 
c r y s t a l l i n i t y (Figure 17). In the presence of sodium, the 
de a c t i v a t i o n r a t e of vanadium was even more severe. (14-17) 

C a t a l y s t replacement costs and y i e l d l o s s costs can r i s e 
r a p i d l y i f poisoning occurs. Obviously, a high metals l e v e l must 
be de a l t with a p p r o p r i a t e l y . We acc e l e r a t e d our e f f o r t to 
discover a way to deal with vanadium poisoning. 

O r i g i n a l l y we evolved three ba s i c approaches or s t r a t e g i e s : 
1. Search f o r an a d d i t i v e that would react with vanadium so 

as to immobilize and deactivate i t . We dubbed these "vanadium 
immobilizers". 

2. Seek to trap mobilized 5+ valence vanadium ions i n 
sieves with small pores, such as A sieve , and thereby i n a c t i v a t e 
them. These were r e f e r r e d to as "vanadium t r a p s " . 

3. Seek to d i v e r t vanadium to l e s s harmful d e s t r u c t i v e 
a c t i v i t y by adding cheap and/or n a t u r a l l y o ccurring s i e v e s . For 
these we proposed the term " s a c r i f i c i a l s i e v e s " . 

We t r i e d to e x p l o i t a l l three approaches. There was progress 
and some success i n each case. 

A review of the chemistry of lower valence vanadium oxides 
showed that they possessed much higher melting points than V2°5* 
Therefore, we developed a fo u r t h approach, which has l e d to some 
patents and i s p r e s e n t l y a p r a c t i c a l c o n t r i b u t o r to p a r t i a l 
vanadium c o n t r o l . The procedure c a l l s f o r maintaining a small but 
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f i n i t e amount of coke on the regenerated c a t a l y s t to minimize 
ox i d a t i o n beyond V^O^ to V^O^. In t h i s manner, c a t a l y s t 
consumption due to vanadium-caused l o s s of c a t a l y s t a c t i v i t y has 
been somewhat reduced without s i g n i f i c a n t l y lowering regenerated 
c a t a l y s t a c t i v i t y due to the small amount of carbon remaining. 

E f f o r t s to c o n t r o l n i c k e l proceeded along s i m i l a r l i n e s . 
N i c k e l aluminate, a s p i n e l , has long been known to trap n i c k e l . 
Metals l i k e a r s e n i c ( 1 9 ) , antimony(20-21) and bismuth(20) are known 
to passivate t r a n s i t i o n elements and can be used to decrease H« and 
coke make. S u l f u r i s a l s o a known i n h i b i t o r f o r n i c k e l ; t h e r e f o r e , 
higher s u l f u r - c o n t a i n i n g crudes may be a l i t t l e l e s s s e n s i t i v e to 
n i c k e l poisoning. In our work we a l s o found that n i c k e l at low 
concentrations i s a c t u a l l y a s l i g h t promoter of the cracking 
r e a c t i o n when incorporated i n t o a molecular sieve (Figure 17). 

Because of the high coke-forming tendencies of reduced crude, 
mainly due to a high concentration of Ramsbottom Carbon, the 
adverse e f f e c t s of n i c k e l appear to be somewhat moderated i n the 
t r i p up the r i s e r . Therefore, n i c k e l does not appear to be quite 
as harmful as f i r s t a n t i c i p a t e d . 

We explored various p o s s i b i l i t i e s i n our e f f o r t s to c o n t r o l 
n i c k e l . C a t a l y s t s high i n alumina content, e s p e c i a l l y i f a 
separate i n c l u s i o n of alumina g e l i s u t i l i z e d , d i d seem to show 
some improvement. I t a l s o appears that i n severe conditions such 
as i n the RCC operation, n i c k e l tends to agglomerate, t h i s reducing 
exposed surface and p o s s i b l y a l s o embeds i n the matrix or z e o l i t e . 

We e a r l y noticed that the research octane number of RCC 
gasoline was high (see our e a r l y paper e n t i t l e d "RCC Progress - An 
Inexpensive Route to High Octane G a s o l i n e " ) ( 5 ) , and we sought an 
explanation f o r t h i s . One of the very e a r l i e s t reforming 
c a t a l y s t s , a n i c k e l on steamed s i l i c a - a l u m i n a cracking c a t a l y s t , 
was developed by the l a t e Frank Ciapetta.(18) We speculated that, 
i n view of the high octane of RCC gaso l i n e , i t s aromatic nature 
(Figure 18), and the abundance of hydrogen production without 
concurrent high coke formation, t h i s high octane number may 
r e s u l t from reforming reactions such as dehydrogenation, 
isomerization and de h y d r o c y c l i z a t i o n r e s u l t i n g from the high n i c k e l 
content on the a c i d i c s i l i c a - a l u m i n a . This hypothesis, however, 
has not yet been proven. P u r s u i t of t h i s p o s s i b i l i t y could open up 
a new area of cracking c a t a l y s t development. 

RCC process c a t a l y s t s with metals contents as high as 12,300 
ppm n i c k e l plus vanadium, plus 6,000 ppm of i r o n , have operated i n 
the 200 B/D demonstration u n i t on feedstocks containing up to 84 
ppm n i c k e l plus vanadium.(4,5) Presently i n our r e f i n e r y , when 
metals l e v e l s are at s t i l l higher l e v e l s , the reduced crude i s 
f i r s t processed i n the Ashland ART u n i t , where some 85-95% of the 
metals and 75% of the Ramsbottom Carbon are removed.(6) 

In normal operations, however, the RCC u n i t r o u t i n e l y runs at 
6-9000 ppm n i c k e l plus vanadium on feedstocks with as high as 35-75 
ppm n i c k e l plus vanadium content. Presently s e v e r a l commercial 
residuum-type c a t a l y s t s are g i v i n g good performance at these 
l e v e l s . C a t a l y s t manufacturers continue to seek f u r t h e r 
improvement i n performance i n terms of a c t i v i t y , s e l e c t i v i t y , and 
c a t a l y s t l i f e , while a l s o t r y i n g to hold down or even reduce 
o v e r a l l cost. 
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Figure 18. Gasoline Composition versus Metals on E q u i l i b r i u m 
C a t a l y s t 
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Other C a t a l y s t A t t r i b u t e s 

Resistance to High Temperature - High Steam Environments. 
of the greater amount of coke deposited i n and on a r e s i d c a t a l y s t , 
the nature of the coke, and the i n t e r n a l temperatures experienced 
i n connection with burning i t o f f , e a r l y h i g h - s e v e r i t y screening 
t e s t s were used to screen catalysts.(16,17) These t e s t s c onsisted 
of steaming and c a l c i n i n g at temperatures as high as 1400-1600 F 
p r i o r to t e s t i n g . They were able to pinp o i n t p r e f e r r e d z e o l i t e s 
and matrices f o r i n c o r p o r a t i o n , where f e a s i b l e , i n t o the commercial 
c a t a l y s t . 

H^ Production. The RCC operates with r e c y c l e d gas, and we soon 
recognized that r e c y c l e d H^ might serve to p a r t i a l l y reverse coking 
r e a c t i o n s and perhaps even to ca t a l y z e reforming reactions.(18) 
Thus, hydrogen generation, i n the absence of associated coke 
formation, i s not n e c e s s a r i l y bad. Those of us who had worked on 
f l u i d reforming i n the e a r l y 1950s recognized that a very low, but 
f i n i t e , H^ p a r t i a l pressure could induce reforming r e a c t i o n s 
i n c l u d i n g dehydrocyclization.(19) Thus, we had mixed opinions 
as to the b e n e f i t s and detriments of H ? production. Recycling of 
high-H^-containing gas i s more d i f f i c u l t to achieve mechanically 
because of the low molecular weight of the gas. On the other hand, 
p r o t e c t i o n against c a t a l y s t coking and p o s s i b l e enhancement of 
y i e l d and high octane producing reforming reactions hold much 
promise f o r even be t t e r r e s u l t s with higher H^ r e c y c l e pressure. 
Two schools of thought s t i l l abide on t h i s unresolved issue. The 
RCC u n i t operates with a s i g n i f i c a n t H^ p a r t i a l pressure, gives 
rather low coke y i e l d s i n r e l a t i o n s h i p to Ramsbottom Carbon i n the 
feed, and makes an unusually high research octane.(5) 

Basic Nitrogen. Because of the high b a s i c nitrogen content of 
reduced crude, there was concern about how to handle such high 
l e v e l s of bas i c nitrogen, which have been shown to poison a c i d 
s i t e s . The issue of constructing a c a t a l y s t with minimum 
s e n s i t i v i t y to nitrogen has not yet been e n t i r e l y resolved. 
Personally, I am i n c l i n e d to b e l i e v e that the presence of an a c i d i c 
matrix tends to minimize the n e u t r a l i z a t i o n of z e o l i t e a c i d i t y by 
p a r t i a l absorption on a c i d i c s i t e s along the walls of feeder pores. 
Hence, matrix a c i d i t y may o f f e r an a d d i t i o n a l b e n e f i t i n c a t a l y s t 
performance. 

Asphaltenes. Asphaltenes are large polynuclear aromatic c o l l o i d a l 
p a r t i c l e s that are r a p i d l y and e a s i l y converted to coke i n y i e l d s 
of 50-70% or greater. Another asset of the large pore volume, 
large feeder pore s t r u c t u r e i s that i t may prevent plugging of 
feeder pores to the z e o l i t e by allowing the asphaltenes to deposit 
on the walls of la r g e pores, while allowing smaller molecules to 
pass by on t h e i r way to the z e o l i t e p o r t a l surface. See Figure 8, 
which a l s o seeks to depict o v e r a l l c a t a l y s t s t r u c t u r e and the r o l e 
of each ingredient i n achieving a superior c a t a l y s t . 

Normal P a r a f f i n s . E a r l y i n our work we noted that n - p a r a f f i n s , 
present i n reduced crude, are known to be r e s i s t a n t to c a t a l y t i c 
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cracking.(22) They would p o s s i b l y cascade down i n t o l i g h t gas o i l , 
which would give these gas o i l s a higher cloud and pour point. 
While such data are not included i n t h i s report, our work has a l s o 
shown that i n FCC operations the a c i d i c matrix i s able to be t t e r 
crack and isomerize more η-paraffins, thus reducing the n - p a r a f f i n 
content i n middle d i s t i l l a t e and thereby the c h a r a c t e r i s t i c high 
cloud point a s s o c i a t e d with i t , while a l s o r a i s i n g octane number by 
removing or isomerizing η-paraffins i n the gasoline f r a c t i o n . 

Burning Rates. The dual pore s t r u c t u r e and large pore volume, 
together with contaminated metals that are a l s o o x i d a t i o n 
c a t a l y s t s , very l i k e l y have a p o s i t i v e e f f e c t on burning r a t e s . 

At any r a t e , the easy a c c e s s i b i l i t y of oxygen to an 
appreciable coke s t r u c t u r e due to the open pore s t r u c t u r e of these 
residuum c a t a l y s t s has undoubtedly helped regeneration and reduced 
or eliminated pore s i n t e r i n g with accompanying c a t a l y s t c o l l a p s e . 
The presence of n i c k e l and vanadium as burning promoters i s a l s o 
h e l p f u l , e s p e c i a l l y when regeneration i s accomplished i n the q u i t e 
unique two-stage regenerator of the RCC process (Figure 19). 

Silica-magnesia matrices have not yet been properly evaluated 
as an RCC c a t a l y s t matrix. However, such a matrix i n conjunction 
with s t a b i l i z e d z e o l i t e might provide an a t t r a c t i v e matrix with a 
Kaolin-enhanced dual pore s t r u c t u r e . Silica-magnesia matrices are 
notorious f o r t h e i r poor regeneration c h a r a c t e r i s t i c s . When 
prepared by the dual pore Kaolin-enhanced method, they might be 
e a s i e r to regenerate and, thereby, open up a new family of residuum 
c a t a l y s t s . Such c a t a l y s t s have not yet been explored. 

C a t a l y s t Cost. C a t a l y s t replacement cost represents a large 
operating expenditure, i n a d d i t i o n to the e f f e c t that c a t a l y s t 
performance (good or bad) can have on y i e l d and associated p r o f i t . 
Therefore, i n a d d i t i o n to a l l the other o b j e c t i v e s , we c o n t i n u a l l y 
evaluated c a t a l y s t composition and method of manufacture as they 
impacted on c a t a l y s t cost. C a t a l y s t manufacturing m o d i f i c a t i o n s as 
they impacted cost were always c a r e f u l l y reviewed and such review 
was a key part of the c a t a l y s t development program. 

In r e t r o s p e c t , we envisioned a number of a l t e r n a t i v e c a t a l y s t 
systems. Although some of them appeared quite promising, the cost 
of raw m a t e r i a l s , and/or the complexity of a process, or the 
u n a v a i l a b i l i t y of s p e c i f i c manufacturing equipment or procedures 
fre q u e n t l y m i l i t a t e d against many a t t r a c t i v e a l t e r n a t i v e s . 

Summary 

Research to develop a c a t a l y s t s u i t a b l e f o r processing of r e s i d u a l 
feedstocks has focused on the many faceted requirements of such a 
c a t a l y s t . 

This work has shown that such a c a t a l y s t must possess very 
high cracking a c t i v i t y that i s s t a b l e i n the presence of steam and 
high temperature, but must have good s e l e c t i v i t y as w e l l . This has 
been achieved by employing U l t r a s t a b l e Y z e o l i t e , p a r t i a l l y 
enhanced i n a c t i v i t y by a d d i t i o n of a small amount of r a r e earth, 
both i n the z e o l i t e and i n the matrix. 
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Figure 19. Commercial RCC Process Unit Reactor and Regenerator 
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The c a t a l y s t must a l s o have a c i d i t y i n the matrix i n order to 
reduce the molecular weight of molecules too large to enter the 
z e o l i t e and i n order to a l s o convert heavy-cycle o i l to l i g h t - c y c l e 
o i l . Our studies have e s t a b l i s h e d that good balance i n a c i d i t y 
between the matrix and the z e o l i t e tends to enhance s e l e c t i v i t y . A 
st a b l e matrix a c i d i t y i s a l s o required, and here a high alumina 
s i l i c a - a l u m i n a cogel was s e l e c t e d due to i t s demonstrated s t a b i l i t y 
i n the p r e - z e o l i t e era. C e r t a i n l y many other a c i d i c matrices could 
probably be s u b s t i t u t e d . 

A t t r i t i o n r e s i s t a n t c a t a l y s t s are required, but p r e f e r a b l y 
should possess a pore volume i n the 0.4 to 0.5 cc/gm range. This 
increased pore volume apparently helps i n f a c i l i t a t i n g 
a c c e s s i b i l i t y to the c a t a l y s t i n t e r i o r by heavy viscous l i q u i d s , 
and dual pore s t r u c t u r e s containing pores over 100 Angstroms i n 
diameter a l s o appear to f a c i l i t a t e a c c e s s i b i l i t y to the z e o l i t e 
while keeping feeder pores open. A porous system, yet a t t r i t i o n 
r e s i s t a n t and inexpensive, was achieved by inc o r p o r a t i o n of p l a t e l e t 
k a o l i n c l a y . 

Reduced c r y s t a l l i t e s i z e of the z e o l i t e and/or breaking or 
grin d i n g of c l u s t e r s of z e o l i t e c r y s t a l s to i n d i v i d u a l c r y s t a l s , 
a l s o serves to enhance a c c e s s i b i l i t y i n the face of asphaltenes, 
nitrogen-containing molecules, d e s t r u c t i v e and harmful elements, 
and other molecular " c l u t t e r 1 1 a s s o c i a t e d with the bottom of the 
b a r r e l . 

Vanadium at high l e v e l s and i n the +5 valence s t a t e has been 
shown to have h i g h l y d e s t r u c t i v e c h a r a c t e r i s t i c s , while n i c k e l at 
high l e v e l s continues to manifest i t s undesirable a b i l i t y to 
increase and coke make. Much e f f o r t has been d i r e c t e d to 
c o n t r o l l i n g vanadium by s e v e r a l s t r a t e g i e s i n c l u d i n g immobilization, 
trapping, o f f e r i n g s a c r i f i c i a l inexpensive sieves as z e o l i t e 
s u b s t i t u t e s , and f i n a l l y by valence c o n t r o l . Here the e f f o r t s were 
only p a r t i a l l y s u c c e s s f u l , and valence c o n t r o l through r e s i d u a l 
coke l e f t on the c a t a l y s t to date appears to be the most 
s u c c e s s f u l . Antimony can help c o n t r o l n i c k e l . While SO c o n t r o l 
i s not a problem at C a t l e t t s b u r g , due to the presence of a 
f l u i d i z e d limestone bed combustor which captures e f f l u e n t SOx, SO 
t r a n s f e r c a p a b i l i t y might a l s o be required i n operations i n other 
p l a n t s . 

Cost i s a l s o a most important f a c t o r i n developing a 
commercially acceptable c a t a l y s t , and includes c o n s i d e r a t i o n of 
both manufacturing and raw m a t e r i a l c o s t s . Many c a t a l y s t s which 
could meet operating requirements were too c o s t l y . To keep costs 
low, both z e o l i t e content as w e l l as type and rare earth content 
had to be considered. K a o l i n as a low cost extender and f i l l e r was 
of considerable help, but again had i t s l i m i t s . 

In attempting to optimize a c a t a l y s t of t h i s kind, many 
f a c t o r s and parameters must be balanced one against another. 
Operating f a c t o r s are a l s o so complex that c a t a l y s t e v a l u a t i o n 
becomes extremely complex and c o s t l y . L i t e r a l l y hundreds of 
c a t a l y s t preparations and countless evaluations were undertaken 
before a r r i v i n g at a f i n a l c a t a l y s t f o r manufacture. 

A sound understanding of c a t a l y s t fundamentals and r e a c t i o n 
mechanisms, an a p p r e c i a t i o n of c a t a l y s t manufacturing r e s t r i c t i o n s , 
and perhaps i n s t i n c t i v e judgement are a l l required. Even so i t 
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should be noted tha t there i s s t i l l much a d d i t i o n a l p r o f i t to be 
gained by f u r t h e r improvement i n c a t a l y s t performance. 

Notwithstanding these l i m i t a t i o n s , a very e f f e c t i v e r e s i d u a l 
c r a c k i n g c a t a l y s t was developed, produced i n l a r g e commercial 
q u a n t i t y and demonstrated to be very e f f e c t i v e commercia l ly . 
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X-ray powder diffraction, 54,55/ 

Biomass oil 
catalytic cracking, 274, 276f 
characteristics, 26&,270r 
hydrocarbon distribution, 273/ 

Bromine number 
effect of cracking conditions, 299,301/ 

302,303/ 
effect of hydrotreatment, 299,301/302,303/ 

Butane yields 
Y zeolites, 62 
beta zeolites, 62 

Calcined rare-earth Y zeolite 
characteristics, 271 
cracking of heavy oils, 274,275* 
preparation, 271 

Catalyst makeup strategies, 76,78/ 
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I N D E X 345 

Catalyst preparation, 108,109 
high-activity catalysts, 183 

Catalysts, usage in cracking and 
refining, 10/ 

Catalytic activity 
beta zeolite, 57 
dealuminated H Y zeolites, 57 

Catalytic reactions 
cracking, 90 
hydrogen transfer, 90 

Cerium 
catalytic effect, 119,123/ 
effect on fluid cracking catalyst, 121* 
effect on S 0 2 adsorption, 121 
promoter activity, 121 
silicon contamination during S 0 2 

removal, 124,125/ 
S 0 2 removal and enhancement, 119,124/ 

Cerium-alumina catalyst 
contamination by silicon, 126,128/131/ 
deactivation by silicon, 126,130,132 
effect of cracking catalyst composition 

during deactivation, 126 
effect of steaming on contamination by 

silicon, 126 
pilot plant deactivation, 124; 
steam deactivation, 127/ 

Chemical analyses 
clays, 239* 
pillared clays, 239* 

Chemical characteristics, dealuminated 
H Y zeolites, 19* 

Chlorhydrol, 254-255 
p H changes during aging, 256-257,258/ 

Clays, chemical analyses, 239* 
Combustion promoters), 151 

effect of temperature, 153 
effect on Davison SO^ index, 153 

Constraint index 
definition, 46 
relation to specificity, 46 
ZSM-5, 46 

Contaminant selectivity factors 
matrix composition, 185,186/187* 
surface areas, 188,188* 

Contaminant yield factors 
matrix characteristics, 188,188* 
matrix composition, 187* 
zeolite, 188-189 

Cracking reaction 
extent, 92 
product characteristics, 96* 
wide-site separation, 96 

Cross-over point 
feed composition effects, 174/ 
for vanadium, 172 
in cracking of metal-contaminated 

feedstocks, 172 
Crude oil, 4 

annual average prices, 3/ 

Crude oil—Continued 
demand, 4 
metals, 11 
price fluctuations, 4 
price stability, 7 
prices corrected for inflation, 5/ 
supply, 4 
U.S. import projections, 9f 
U.S. output, 5/ 
U.S. refinery capacity, 5/ 
utilization, 4 

Davison SOx index, 152/ 
effect of additive R, 151 
effect of oxidation activity, 153,153* 
effect of regenerator temperature, 153,155/ 
cracking catalysts and additive R, 151* 

Dealuminated H Y zeolites 
catalytic activity, 57 
chemical and structural characteristics, 19* 

Dealuminated Y zeolite(s) 
cracking selectivities, 108* 
isomerization selectivities, 109* 
preparation, 102-103 

Dealuminated faujasite catalysts 
catalytic activity, 108 
effect of unit cell on coke 

selectivity, 105/ 
effect of unit cell on gasoline 

octane, 105/ 
octane enhancement and Si/Al 

ratio, 104 
octane enhancement and sodium, 104 
Si/Al ratios, 108 

Dealuminated zeolites, similarity of 
chemically treated and hydrothermally 
treated catalysts, 109 

Dealumination 
advantage, 108 
chemical, 108 
effect on gasoline conversion, 108 
effect on product selectivity, 108 
effects of treatment on faujasite 

activity, 108 
evidence for formation of amorphous 

silica-alumina, 20,23,26 
hydrothermal, 108 

Debris in octane catalysts 
effect on cracking, 96,100 
effect on product selectivity, 96,100 

Dehydrogenation/dehydrocyclization 
effect of surface area, 191-192 
nickel, 191 
vanadium, 191 

Demetalization 
aluminum, 232 
analysis of demetalized samples, 231* 
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346 FLUID CATALYTIC CRACKING : R O L E IN M O D E R N REFINING 

Demetalization—Continued 
antimony, 232 
comparison of processes, 232 
improvement of catalyst 

performance, 232,236 
iron and copper, 232 
procedures, 230,231 
processes, 229 
rare-earth metals, 232 
schemes, 234/235/ 
vanadium and nickel, 231 

Dual-function cracking catalysts 
application to metal-contaminated 

oils, 180 
effect of surface area activity, 175,176/ 
effect of vanadium activity, 175,176/ 
vanadium tolerance, 195 

Dual-zeolite catalysts 
activity after steam treatment, 38 
effect on yield of gasoline-range 

paraffins, 45 
gas oil cracking, 38,39 
mechanisms to prevent paraffin 

formation, 45 
octane enhancement, 34—35 
preparation, 35 

Ε 

Environmental concerns, 2 
Excess oxygen, 154 
Extraframework aluminum 

accumulation on zeolite surface, 18 
effects on catalytic activity, 18 

F 

Feed contaminants 
metals, 11 
nitrogen, 12 
sulfur, 12 

Feed oils, hydrocarbon 
distribution, 271, 273* 

Feed properties, 103*,165 
aromatic feed, 91* 
hydrotreated vacuum gas oil, 285,285* 
paraffinic feed, 91* 
vacuum gas oil, 284,285* 

Fluid catalytic cracking 
benefits with ZSM-5,82* 
bench-scale unit, 282,283/ 
characteristics, 291,293,296,299 
conversion calculation, 287 
development of process, 1,2 
effect of cracking conditions on gas 

composition, 302,303/304,305/ 
effect of cracking conditions on 

nitrogen levels in product, 299,30Qf,301/ 

Fluid catalytic cracking—Continued 
effect of cracking conditions on 

product selectivity, 290 
effect of cracking conditions on 

sulfur distribution, 296,297/,30Qf 
effect of feed composition on gasoline 

yield, 280 
effect of hydrotreatment on product 

selectivity, 290 
effect on bromine number, 299,301/ 

302,303/ 
effect on product yields, 304,305/306/ 
formation of saturated compounds, 288 
improvement by hydrotreatment of 

feedstock, 281-282 
low-severity versus high-severity 

treatment, 294/295/ 
model reactions, 98 
optimization with ZSM-5, 79-80 
product, 299, 30QT,301/ 
product analysis by gas chromatography, 36 
product selectivity, 103 
temperature effects on octane number, 276 
vacuum gas oil, 297*,298*,299* 

Fluid catalytic cracking factors 
contaminants, 267 
hydrotreatment, 287-288,289f 
metals, 281 
nitrogen, 280-281 
polynuclear aromatic hydrocarbons, 280 
sulfur, 280 

Fluid catalytic cracking of vacuum gas 
oil, effect of cracking conditions 
on product characteristics, 291*,292*,295/ 

Fluid cracking catalysts 
ability to remove SO^, 117,118f 
advances, 64 

alumina—montmorillonite 
complexes, 274,275* 

calcined rare-earth-exchanged Y 
zeolite, 274, 275* 

deactivation by feed metals, 11 
early types, 1 
formulations, 7,8 
future research trends, 13,14 
metal contaminants, 229 
metal levels, Sy9f 
modification for nitrogen resistance, 12 
need for light-cycle gas oil, 13 
rare-earth-exchanged Y 

zeolite, 271,274,276* 
research on novel types, 1-2 
resistance to metals, 11 
S 0 2 removal enhancement, 119 
steam pretreatment methods, 35 

Fluid cracking catalyst factors 
alumina, 121* 
cerium, 121* 
coke, 267 
magnesia, 121* 
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INDEX 347 
Fluid cracking catalyst factors—Continued 

metals, 267 
nickel, 229 
vanadium, 229 

G 

Gas oil, properties, 36* 
Gas oil cracking 

effect of Si/Al ratio on average total 
conversion, 59f 

effect of Si/Al ratio on first-order 
activity constant, 59f 

selectivity curves, 60/61/ 
Gas oil-cracking catalysts 

beta zeolites, 57,5S>f,60/,62 
dealuminated H Y zeolites, 57 
dual-zeolite catalysts, 39* 
H Y zeolites, 59f,60/,62 
rare-earth-exchanged catalysts, 38* 
ZSM-5, 40* 

Gas oil-cracking products 
effect of catalysts, 41/43/ 
gas chromatograms, 43/ 

Gasoline composition 
aromatic feed with octane catalysts, 95* 
effect of catalysts, 39,42*,44,101 
effect of steam-deactivated octane 

catalysts, 104,107* 
paraffinic feed with octane catalysts, 95* 
shifts with ZSM-5, 67,70* 

Gasoline octane, seasonal requirements, ί 
Gasoline paraffin yield 

dual-zeolite catalyst, 45-46 
single-zeolite catalyst, 45-46 

Gasoline quality, correlation with 
octane numbers, 102 

Η 

Heavy oils 
analysis, 270* 
characteristics, 266,268* 
choice of catalysts, 267 
pretreatment, 267 
strategies in cracking, 276-277 

Heavy vacuum gas oil 
cracking, 271,275*,274 
cracking by rare-earth-exchanged 

Y zeolite, 271,273* 
effect of temperature on product 

selectivity during cracking, 271,275t,274 
enhancement of conversion by choice 

of catalyst matrix, 276 
liquid products after 

cracking, 271,272*,275 

/i-Heptane cracking 
beta zeolites, 57,58f,62 
dealuminated H Y zeolites, 57 
H Y zeolite, 58/62 

High-octane gasoline production 
processes, 102 
strategies, 102 

Hydrocarbon adsorption, experiments for 
nickel activity, 184-185 

Hydrogen-transfer reactions 
control, 90,92 
effects of decreased rate on cracking 

reactions, 99,100 
extent, 92 
"non-octane" catalysts, 92 

Hydrotreatment 
conversion of coke-forming 

materials, 281-282 
enhancement of cracking catalyst 

performance, 304,307 
low-severity versus high-severity 

cracking, 294/297/ 
removal of contaminants on feed, 281 

Hydrotreatment effects 
bromine number, 299,301/302,303/ 
fluid catalytic cracking, 287-288,287*, 

288*,289f 
gas composition after cracking, 302,303/ 

304,305/ 
hydrogen transfer, 287,307 
nitrogen levels in products, 299,300/301/ 
product characteristics, 293,296,299,307 
product characteristics after mild and severe 

treatments, 292*,297*,298*,299* 
product selectivity, 290 
product yields, 304,305/306/ 
sulfur content of product, 296,297/300/ 
zeolite cracking activity, 303/304,305/ 

H Y zeolites, 26,28/" 
gas oil cracking, 59,61/ 
Λ-heptane cracking, 58/1 

IR spectroscopy 
bands for aluminum, 62 
effect of pyridine adsorption on 

spectra of zeolites, 25/27/ 
effect of temperature on spectra of 

zeolites, 24/27/ 
spectra of as-synthesized beta zeolite, 50 
spectra of beta zeolite, 51,53/ 
spectra of ultrastable H Y zeolites, 23,26 

Iron, effect on catalysts, 249,251 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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348 FLUID CATALYTIC CRACKING: R O L E IN M O D E R N REFINING 

Κ 

Κ edge absorption spectra 
effect of vanadium oxidation 

state, 217-218,219f 
vanadium compounds, 217-218,219/ 

Kaolin, use in fluid cracking catalysts, 321 

Light-cycle gas oil 
conversion by octane catalysts, 96,98,100 
suitable cracking catalysts, 13 

Liquid fuel, trends in U.S. demand, 6/ 

M 

Magnesia 
effect of calcination in S 0 2 

removal, 132 
interaction with alumina in S 0 2 

removal, 132,133/ 
Magnesium oxide, passivation 

effects, 224,227 
Magnesium sulfate, thermodynamics of 

reduction, 139,14Qf,141 
Matrix characteristics, effect on metal 

activity, 187,187/,188,188/ 
Matrix composition effects 

coke yield, 185 
hydrogen yield, 185 
metal activity, 192 

Metal(s) 
deactivation of catalysts, 11 
deposition on catalysts, 185 
factors affecting activity, 189,193 
interaction with matrix, 192 
mobility under hydrothermal 

conditions, 167 
removal from feedstocks, 11 

Metal-contaminated feedstocks, 
processing, 11 

Metal deactivation, strategies, 331,333 
Metal effects 

fluid cracking catalysts, 11,215 
gasoline composition, 333,334/ 
SOx reduction, 154,155/ 

Metal immobilizers, 192 
Metal oxides 

effect on catalytic activities in 
presence of metals, 187 

promoter ability, 116 
Metal passivators, comparison of various 

types, 210 
Metal-resistant catalysts, need for, 2 

Metal scavengers, 162 
effect on carbon and hydrogen 

generation, 175,178/179/180 
preservation of catalytic cracking 

activity, 172,173/ 
Metal transport 

electron microprobe analysis, 163, 
167,168-171/ 

experiments, 163,166/ 
Microactivity test 

comparison of demetalization 
processes, 232 

for catalytic evaluations, 184 
for fluid cracking catalysts, 269 
pillared clays, 240,260,262/ 
procedure, 231 
results for demetalized samples, 233/ 

Motor clear octane number 
/m-amyl methyl ether, 82 
enhancement by ZSM-5, 66,68,69/ 
methyl /m-butyl ether, 82 
methylhexanes, 67 
/i-octene, 67 
selected organic compounds, 102/ 
single-branched olefins, 67 

Motor octane, 101,113 
effect of gasoline aromatic content, 112/" 

Ν 

Nickel 
activity in presence of zeolite, 189 
effect of oxides on activity, 187 
effect of steaming on observability, 211 
mobility, 172 
reduction at low temperature on 

nonzeolitic particles, 189 
strategies for deactivation, 333 
temperature-programmed reduction, 190/" 

Nickel-contaminated particles, 
hydrocarbon adsorption, 189 

Nickel effects 
contaminant coke, 185,186/ 
fluid cracking catalysts, 182,229 
hydrogen yield, 185 

Nickel interactions 
kaolin, 211 
sepiolite, 211 
zeolite particles, 183,191 

Nitrogen 
effect of cracking conditions, 299,300/;301/ 
effect of hydrotreatment, 299, 30qf,301/ 

Nitrogen compounds 
in hydrotreated vacuum gas oil, 286,286/ 
in vacuum gas oil, 286,286/ 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
12

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
5.

ix
00

2

In Fluid Catalytic Cracking; Occelli, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



I N D E X 349 

Nonframework alumina 
effect on catalytic activity, 108 
removal during catalyst preparation, 109 

Nonselective cracking, possible 
mechanism, 97/ 

Octane, relation to structures formed 
during dealumination, 104,108 

Octane boost 
by ZSM-5, 72/,73*,75 
dependence on gasoline characteristics, 72/ 
effect of gasoline characteristics, 73/ 
in refinery gasoline pool, 80,82 
mid-boiling-range gasoline by 

ZSM-5, 80,81/ 
Octane-boosting catalysts 

effects, 7 
need, 7 
research trends, 13 
types, 105 

Octane catalysts 
advantages, 9 5 - % 
aluminum-deficient zeolites, 87-88 
characteristics, 92 
chemical properties, 89* 
conversion of aromatic feed, 99 
conversion of paraffinic feed, 99 
effect on gasoline from aromatic feed, 95* 
effect on gasoline from paraffinic feed, 95* 
growth in use, 88 
physical properties, 89* 
pilot plant evaluation, 88,93*,94* 
product selectivity, 107* 
product yields, 96 
steam pretreatment, 88 
zeolite properties, 92 

Octane enhancement, 7 
by dealuminated faujasite catalysts, 104 
correlation with Si/Al ratio, 104 
correlation with sodium content, 106/ 
effect of sodium, 101 
strategies, 101,113 

Octane number 
correlation with hydrocarbon structure, 102 
enhancement by ZSM-5, 66,66*,68 

Olefin isomers, yields during gasoline 
conversion, 44* 

Oxidation catalysts, 151 

Ρ 

Pillared clays 
as cracking catalysts, 237,253 
characteristics, 253 

Pillared clays—Continued 
chemical analyses, 239* 
coke selectivity, 238,260,263 
cracking activity, 249,260,262*,263 
effect of aluminum concentration on 

surface area, 257,259/* 
effect of potassium oxide on thermal 

stability, 249,250* 
effect of pillaring reagent age on basal 

spacing, 254 
effect of pillaring reagent age on 

surface area, 257,259/" 
gasoline yield, 260,263 
interaction with rare-earth-exchanged 

Y zeolite, 263, 264* 
preparation, 238 
selectivity, 249,251 
thermal stability, 238,246,249 
X-ray diffraction, 257,260,261/ 

Platinum 
catalytic effect, 122/,123/ 
promoter of S 0 2 adsorption, 122 
side effects during SO^ removal, 124 
temperature effects in promotion of 

S 0 2 adsorption, 122 

Raman spectroscopy, 198 
Rare-earth-exchanged catalysts, effect 

on paraffin yield, 38*,41* 
Rare-earth-exchanged Y zeolite, 271 
Rare earth elements 

removal of S 0 2 , 119,121,122,122* 
effect on reduced-crude cracking 

catalysts, 329 
Reduced crude 

asphaltenes, 335 
basic nitrogen content, 335 
composition, 309,310/311/ 
metal contaminants, 329,332/331 
normal paraffins, 335-336 

Reduced-crude cracking 
commercial operation, 313,316 
commercial reactor and regenerator, 337/ 
demonstration unit, 317/ 
historical development, 308-309 
process flow diagram, 318/ 

Reduced-crude cracking catalyst(s) 
analysis, 327* 
benefit of large pore volume, 321,326/ 
comparison of pore characteristics, 322/ 

323/324/ 
development and scale-up, 313 
development considerations, 309 
design considerations, 316,320-321, 

335-336,338 
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350 FLUID CATALYTIC CRACKING : R O L E IN M O D E R N REFINING 

Reduced-crude cracking catalyst(s)— 
Continued 

effect of matrix acidity, 325327/328/,329 
effect of metals, 331332/" 
effect of rare-earth content on 

activity, 33Q/* 
effect of rare-earth content on 

product yields, 33Qf 
effect of zeolite acidity, 325328/ 
H 2 production, 335 
matrix characteristics, 325 
matrix characteristics and burning 

rates, 336 
matrix characteristics and cracking of 

normal paraffins, 335 
physicochemical evaluation, 312-313 
pore diameter distribution, 316, 

320-321324/ 
pore volume distribution, 316320-321,324/ 
rare-earth stabilization, 329 
requirements, 336338 
resistance to high temperature-high 

steam environments, 335 
strategies for vanadium poisoning, 331,333 
structure, 319/" 
testing, 312 
yields, 314/,315/ 

Refinery operations, optimization with 
ZSM-5, 80,81/,82,84 

Research clear octane number 
tert~amy\ methyl ether, 82 
enhancement by ZSM-5, 66,68,70/,73/ 
methyl /erf-butyl ether, 82 
methylhexanes, 67 
n-octene, 67 
selected organic compounds, 102/ 
single-branched olefins, 67 

Research octane, effect of gasoline 
aromatic content, 111/ 

S 

Sepiolite 
effect of steaming on Raman 

spectra, 204,205/ 
entrapment of vanadium, 179f,180 
heat-induced interaction with nickel, 204 
interaction with nickel, 205/ 
metal-scavenging properties, 162,163,180 
Raman spectra, 20Q/;203/,204 
structure, 162 
X-ray diffraction, 198,199/ 
X-ray photoelectron spectrum of 

nickel-loaded sample, 212 
Sepiolite effects 

carbon and hydrogen generation, 178/179/; 
180,175 

dual-function cracking catalyst, 175 

Si/Al ratio, correlation with extraframework 
aluminum in beta zeolites, 56 

Si/Al ratio effects 
acidity of beta zeolite, 54 
beta zeolite product selectivity, 57 
beta zeolite X-ray powder 

diffraction pattern, 54,55/ 
dealumination by thermal treatment, 56 
gas oil cracking, 59/,6Q/",61/ 
/t-heptane cracking by zeolites, 58/" 
H Y zeolite product selectivity, 57 
O - H band intensity, 56/ 
O - H stretching, 56,58/" 
product formation, 92 
S i - O stretching vibration, 54 
zeolite butane yields, 62 
zeolite hydrophobicity, 52 

Si/Al ratios of zeolites 
in commercial catalysts, 17 
in equilibrium catalyst, 18 

Silica 
deactivating effect on cerium-alumina 

additive, 126,12^,130,132 
formation of mobile products, 130 
mobility, 130 
solutions to deactivation problem, 132 
volatility in steam, 130 

Silica penetration of additives 
by commercial aging, 157,15S>/;i6Q/;i61 
by steam deactivation, 157,158f,15ÇÎf,161 

Silica poisoning, effect on SOx 

reduction, 156,156/ 
Siliceous materials, factors affecting 

hydrolysis rates, 130 
Sodium effects 

catalytic activity, 104,108 
conversion, 106/" 
octane, 104,10<y 

S 0 2 oxidative adsorption, kinetic and 
thermodynamic control, 134,135/136 

S 0 2 reductive desorption, effects of 
temperature, 136,138/ 

S 0 2 removal 
apparatus, 118/" 
cerium on alumina, 124,124/ 
commercial catalysts, 137/,138/ 
deactivation of S0 2-absorbing 

additives, 124 
effect of alumina content, 119 
effect of matrix composition, 120/" 
effect of zeolite type, 119,12Q/" 
magnesia-based materials, 132,133/ 
pilot plant testing, 124 
temperature effects, 134,135/136 

SOx additives 
advantage, 147 
amounts in refinery operations, 150 
effectiveness factors, 161 
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SOj catalysis 
comparison of S 0 2 removal ability, 137 
deactivation from silica poisoning,139 
effective additive concentration, 139,139* 
factors affecting activity, 137,141,142/* 
fresh activities, 13Sf 
interaction with cracking catalysts 

during steaming, 134,135/ 
regeneration, 137,140/ 
steam deactivation, 137,137*,139 
types, 137,147 

SOx emissions 
amount, 147 
control processes, 115,117 
factors affecting amount, 146-147 
historical development of control 

processes, 114-115 
limits decreed by law, 147 
source, 146 

SOx reduction 
by additives, 148,14Sy,152/* 
correlation with alumina 

content, 117,118/* 
effect of contaminant metals, 154,155/ 
effect of oxygen concentration, 154 
importance of sulfur release, 150 
mechanism, 148,149/* 
test for catalyst evaluation, 150,151 

SOx transfer catalysts, See SOx catalysts 
Spanish sepiolite 

characteristics, 163 
chemical composition, 164/ 
X-ray diffractogram, 164/ 

Steam-dealuminated H Y zeolites 
alternative cracking mechanisms, 29 
preference for Cj and C 2 products, 29 
selectivity, 29 

Steam-dealuminated zeolite 
catalytic behavior, 32 
product yields of gas oil cracking, 31/ 

Sulfur 
additives for adsorption, 12 
effect of cracking conditions, 296,297/300/ 
effect of hydrotreatment, 296,297/30Q/" 
removal from emissions, 12 
transformations in cracking unit, 12 

Τ 

Temperature effects 
on platinum-promoted S 0 2 

adsorption, 122,124 
oxidative adsorption of S0 2,134,135/136 
reductive desorption of S0 2,136,138/ 
S 0 2 removal, 134,135/136 

Temperature-programmed reduction, 
experiments for nickel,184,190/ 

Tetraethylammonium cations in beta 
zeolites, 50,52,54,62 

U 

UltraCat process 
appropriate materials, 141,142/* 
metal oxide selection, 115-116 
reactions, 115 
requirements, 115 

Ultrastable H Y zeolites 
Al-27 magic-angle spinning-NMR 

spectra, 20,23,26,28/ 
Al-27 magic-angle spinning-NMR spectra 

of silicon chloride-treated samples, 22f 
Al-27 magic-angle spinning-NMR spectra 

of steamed samples, 21/ 
characterization by IR, 23,24,26 
effect of pyridine adsorption on IR 

spectra, 25/ 
IR spectra of hydroxyl groups, 27/ 
preparation, 18 
product selectivity, 30/ 
samples, 22/ 

Ultrastable Y zeolites 
gasoline yield, 104 
product selectivity, 104 
preparation, 17 

V 

Vacuum gas oil 
catalytic cracking, 287,295/ 
catalytic cracking of hydrotreated 

samples, 288* 
catalytic cracking of untreated sample, 287* 
characteristics, 284,285* 
hydrotreatment, 287,287*,288*,28Sy* 
liquid products of catalytic 

cracking, 291*,292* 
nitrogen compounds, 286,286* 

Vanadates 
distribution in vanadium-loaded clays, 206 
in sepiolite, 202,204 
preparation, 196 
Raman spectra, 200/,201/203*,204 
X-ray diffractograms, 197/ 

Vanadium 
activity in presence of zeolite, 189 
effect of deactivation on catalyst 

performance, 221 
effect of M g O passivation on 

deactivation, 224* 
effect of oxides on activity, 187 
effect of source on oxidation 

state, 218,221,222/* 
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352 FLUID CATALYTIC CRACKING : R O L E IN M O D E R N REFINING 

Vanadium—Continued 
effect of treatment and vanadium 

source on deactivation, 221 
oxidation states in fluid cracking 

catalysts, 217,21S>f,22(y 
passivation, 202,210,331 
reduction, 206 

Vanadium effects 
catalytic cracking activity, 172,173/,174/,175 
contaminant coke, 185,186/ 
cracking catalysts, 182,215-216,229,230 
hydrogen yield, 185 
liquid product yields, 175, 177/178/ 

Vanadium interactions 
sepiolite, 202,210 
zeolite particles, 183 

Vanadium mobility 
immobilization, 192 
in kaolin-containing cracking catalyst, 172 
under hydrothermal 

conditions, 167,168-171/ 
Vanadium compounds 

distribution in vanadium-loaded clays, 209/ 
spectral comparisons, 217/ 

Vanadium-containing catalysts, 
preparation, 216-217 

Vanadium poisoning, 
mechanism, 227,229,230 

Vanadium X-ray absorption near edge 
of structure 

effect of air calcination, 224,225/ 
effect of coordination geometry, 218,219/" 
effect of magnesium oxide, 224,225/226/ 
effect of oxidation state, 218,219f 
effect of steam deactivation, 218 
effect of vanadium source, 218,222/ 
of catalyst with vanadates, 220f 

X 

X-ray absorption near edge 
of structure, 216,218 

X-ray absorption spectroscopy, 217 
X-ray photoelectron spectroscopy, 196,198 

binding energies of elements, 204,207/ 
sepiolite granules and metal-loaded 

kaolin microspheres, 204,206 
X-ray powder diffraction of beta 

zeolites, 54,55/ 

Y 

Y zeolites, butane yields, 62 

Ζ 

Zeolite(s) 
advantages, 2 
applications, 2 
deactivation by polynuclear aromatic 

hydrocarbons, 280 
effect on metal activity, 188,189,189/,191 
enhancement of nickel activity, 183 
methods of activation, 17 
shape-selective types, 8 
use in cracking heavy oils, 277 

Zeolite ZSM-5 
applications, 69 
benefits, 65,66 
cracking of gas oil, 40 
cracking products, 68 
desirable characteristics, 84 
effect of combination with 

rare-earth-exchanged catalysts, 40,41/ 
gas oil conversion, 42 
gasoline conversion, 42,42/ 
incremental C 4 olefin yields, 68 
metal resistance, 69,73/ 
net gas increase per octane gain, 81/ 
octane number enhancement, 47,66,68,83/ 
operation at decreased temperatures, 82/ 
optimization of fluid catalytic 

cracking, 79-80 
performance in catalytic cracking, 65,66/,69/ 
predominant reaction, 67 
preparation, 35 
products of reaction, 67,82 
steam treatment and catalytic 

activity, 37,37/,38 
steam treatment and selectivity, 37,37/,38 
steam treatment and structure, 36-37 
uses, 65 

Zeolite ZSM-5 effects 
alkylate yield, 67,83/ 
butane—butene composition, 83/ 
enhancement of octane number, 73/ 
gasoline composition, 42/,44,70/ 
gasoline yield, 45-46,67 
olefins, 44/,70/ 
yield shifts, 69/,73/ 

Zeolite ZSM-5 performance model 
activity calculation, 74 
activity expression, 74 
activity in relation to octane 

boost, 75 
addition rate and base catalyst makeup 

rate, 75,77/ 
applications, 76 
calculation of potential octane 

boost, 75 
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Zeolite ZSM-5 performance model— 
Continued 

commercial applications, 77/ 
development, 74 
effect of base octane, 79 
expression of residence time, 75 
impact of regenerator temperature on 

ZSM-5 replacement rate, 79 
parametric sensitivity, 75-76,79* 
predictions, 77/ 
sensitivity to regenerator 

temperature, 75,79* 
verification, 76 
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