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The distribution of nickel and vanadium has been determined on refinery samples of several 
types of fluidized catalytic cracking catalyst. Data from imaging secondary ion mass spectrometry 
show that metals in catalytic cracking feedstocks initially deposit near the external surface of 
catalyst particles. Nickel remains in the area where it was deposited, while vanadium shows both 
intraparticle and interparticle mobility. Vanadium accumulates throughout catalyst particles, but 
shows a preference for both rare earth exchanged Y-zeolite and alumina phases in composite 
catalyst. By contrast, nickel shows no preference for catalyst phases and accumulates monotoni- 
cally with time. The lack of mobility in deposited nickel makes it a good measure to determine the 
age of individual particles. o 1988 Academic PWSS, IK. 

INTRODUCTION 

Metals in hydrocarbon feedstocks can 
deposit on processing catalysts and change 
catalyst performance with time. With fluid- 
ized catalytic cracking (FCC), nickel and 
vanadium in feeds accumulate quantita- 
tively on catalyst particles and severely af- 
fect unit operations. Both metals increase 
hydrogen and coke and decrease gasoline 
yields. Metal contamination on catalyst 
particles is usually limited to moderate lev- 
els through choice of feedstocks for the 
FCC unit, or by charging enough fresh cata- 
lyst daily to maintain an optimum equilib- 
rium concentration of deposited metals. 
However, at some locations, refinery eco- 
nomics or lack of other processing options 
requires that heavy feeds high in metals be 
converted in a catalytic cracking unit. The 
necessity or the desirability of processing 
high-metal feeds in an FCC unit has gener- 
ated much research on how metals affect 
catalyst particles and how metal effects can 
be controlled. 

Early examinations of metal effects fo- 
cused on increased hydrogen and coke pro- 
duced by nickel and vanadium (Z-10). 
More recently, Ritter and co-workers (II) 
observed that vanadium also affected cata- 

lyst activity by destroying zeolite struc- 
tures. Confirmation of the role of vanadium 
in attacking zeolites was made by X-ray 
powder diffraction measurements. Elemen- 
tal imaging techniques showed the associa- 
tion of vanadium with zeolite. Jaras (12) 
used secondary ion mass spectrometry 
(SIMS) to show the distribution of vana- 
dium on laboratory samples before and af- 
ter severe steaming. Vanadium, evenly dis- 
tributed throughout the catalyst particle on 
preparation, migrated and concentrated at 
the location of the rare earth exchanged ze- 
olite after steaming. Although the elemental 
images produced by vanadium and lan- 
thanum ions were very similar after hydro- 
thermal treating, the nickel distribution did 
not change. It remained evenly distributed 
throughout the sample. 

Similar mapping studies have been made 
using electron microprobe techniques. Ma- 
suda et al. (13, 14) used electron micro- 
probe analysis on cross-sectioned catalyst 
particles to show that vanadium and lan- 
thanum were again concentrated in the 
same regions in steam deactivated catalysts 
with rare earth Y-zeolites. Nickel was 
evenly distributed throughout the particle 
in these laboratory prepared samples. Simi- 
lar work described by Maselli and Peters 
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(25) also showed a correlation between va- 
nadium and rare earths when the catalyst 
matrix contained silica and clay. However, 
this correlation disappeared when the 
catalyst matrix was a high-surface-area sil- 
ica-alumina. With the silica-alumina ma- 
trix, vanadium remained well distributed 
throughout the catalyst. Research by 
Pompe et al. (16) suggests that rare earth 
exchanged zeolites form rare earth vana- 
dates, accounting for the observed prox- 
imetry between lanthanum and vanadium in 
catalysts containing rare earths. The role of 
the silica-alumina matrix in keeping vana- 
dium well distributed was not fully ex- 
plained in the paper by Maselli. 

All of the reports on vanadium attacking 
zeolite structures have been based on labo- 
ratory prepared samples. The protocol de- 
veloped by Mitchell (8) to stimulate equilib- 
rium catalyst performance provides good 
correlations as determined by microactivity 
test results (9, ZO). To test the validity of 
elemental imaging data on laboratory pre- 
pared catalysts, we have chosen to examine 
equilibrium catalysts from commercial op- 
eration. Since commercial practice requires 
that fresh catalyst be added daily to make 
up inventory that was lost through attrition 
or discarded to control metal levels, equi- 
librium catalyst will contain particles with a 
range of ages and metal concentrations. 
Most units add 1 to 3% fresh catalyst daily 
to the unit inventory. This would suggest 
that the average particle residence time 
were 33 to 100 days. However, within any 
given sample, we might expect to find some 
particles that have been in the unit less than 
1 day and other particles that have been 
present for 6 months. The wide range of 
particle ages provides the opportunity to 
observe how metal distributions might 
change as a particle ages. The actual age of 
any particle cannot be determined, but par- 
ticles with low metals, particularly nickel 
which is immobile, are probably new while 
others with high nickel must be older. 

Imaging secondary ion mass spectrome- 
try was used to study elemental distribu- 

tions on particle cross sections because of 
its high sensitivity to most metals found in 
cracking catalysts. This sensitivity varied 
from one element to another, but in gen- 
eral, is IOO- to lOOO-fold greater than that 
possible with electron microprobe measure- 
ments. Spatial resolution of less than 0.5 
pm is attainable, several times better than 
is possible with electron microprobe. One 
shortcoming of our imaging SIMS measure- 
ments is that they are not quantitative, due 
to matrix effects in the ion formation pro- 
cess, which our image handling capabilities 
cannot yet correct. 

METHODS 

The samples analyzed by SIMS in this 
study were first embedded in copper-doped 
thermosetting epoxy to provide increased 
electrical conductivity. The epoxy was dry 
mixed with the sample prior to thermoset- 
ting and did not penetrate the catalyst parti- 
cles. The epoxy mounted samples were 
then dry polished with silicon carbide to 
600 grit to approximate cross sections. 
Standard wet polishing techniques were 
not used to avoid altering the distribu- 
tion of metals with common solvents. 
The SIMS analyses were performed using a 
CAMECA IMS-3F ion microprobe/micro- 
scope, equipped with a single ion selectiv- 
ity, high-resolution imaging system de- 
scribed elsewhere (17). Oxygen as 0: was 
used as the primary ion bombardment 
species, at an impact energy of 10.5 keV. 

In order to eliminate the effects of polish- 
ing damage and contamination on the sur- 
faces, samples were presputtered to a depth 
of several micrometers before elemental 
images were collected. For most images, 
integration times of 8 to 30 s were sufficient 
to provide reasonable signal-to-noise on the 
final images. All of the elemental images are 
normalized to a standard brightness for 
viewability. As such, brightness within one 
image may be used to gauge an element’s 
relative concentration from area to area, 
but no conclusions should be drawn be- 
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tween different images without using the 
mass spectral count rates. 

RESULTS AND DISCUSSION 

Fluid catalytic cracking catalyst particles 
can be examined element by element using 
imaging SIMS techniques. The only prior 
study of cracking catalyst with this tech- 
nique (12) used catalyst samples containing 
zeolite and kaolin spray dried with a silica 
sol binder. Laboratory addition of nickel 
and vanadium, followed by high-tempera- 
ture steaming, produced a catalyst where 
the nickel was evenly distributed through- 
out the sample, but the vanadium was 
associated with the rare earth exchanged 
Y-zeolite. We have examined a similarly 

composed catalyst from commercial opera- 
tion with metals deposited by processing 
heavy oils. The average metal concentra- 
tion in this sample is 1500 ppm nickel and 
3340 ppm vanadium. The zeolite concentra- 
tion in fresh catalyst is about 20%. Ion im- 
ages from this sample are shown in Fig. 1. 

Silicon or aluminum ion images are most 
useful for locating catalyst particles with 
the SIMS technique. Both the zeolite and 
kaolin components are aluminosilicates, so 
either ion will show the full size of the parti- 
cle. Figure la is the silicon ion image pro- 
duced at a magnification of 400x. The field 
of view is 150 pm from top to bottom so 
that the particle size of the catalyst shown 
is about 60 pm. The brighter areas indicate 

(a) Silicon (b) Lanthanum 

(d) Nickel (cl Vanadium 

FIG. 1. Cross sections of catalyst containing zeolite and kaolin particles. Ion images show (a) silicon, 
(b) lanthanum, (c) vanadium, and (d) nickel. 
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higher concentrations of the ion imaged. 
The silicon image has variations in bright- 
ness on particles at the bottom and at the 
left side of the photograph that give the ap- 
pearance of many small particles being ce- 
mented together. This is in fact how these 
same particles appear in scanning electron 
microscope pictures. 

The locations of the zeolite are revealed 
by images produced by rare earth elements 
that have been exchanged into the zeolite. 
The lanthanum image, Fig. lb, shows that 
the zeolite concentrations in these catalyst 
particles vary widely. The particle on the 
left seems to be nearly all zeolite, and the 
one on the bottom shows high zeolite con- 
centration but as discrete aggregates of 
smaller zeolite crystals, while the other par- 
ticles have lower concentrations of zeolite 
as marked by the lanthanum image. 

The vanadium ion image discloses the 
correspondence between the lanthanum 
and the vanadium. The particle at the bot- 
tom of the photograph indicates almost a 
perfect overlay between the vanadium and 
the lanthanum images. The same is true for 
the particle at the left that is either all zeo- 
lite or contains well-dispersed zeolite crys- 
tallites rather than zeolite aggregates. The 
particles at the top of the photograph show 
that vanadium can be all over the particle 
even though only a small portion is zeolite. 
However, the fact that vanadium is concen- 
trated in zeolite particles is revealed by 
brighter spots in the vanadium image. 
These photographs clearly show a prefer- 
ence of vanadium for zeolite in a catalyst 
composed of only zeolite, kaolin, and silica 
binder. However, they also show that vana- 
dium may equilibrate at locations other 
than on the zeolite crystals. 

The nickel ion image in Fig. Id shows 
several particles with high nickel concen- 
trations while others have very low nickel 
signals. The nickel concentration probably 
reflects the time a particle has been in a unit 
(18). The particle at the bottom of the pho- 
tograph and the one on the left show very 
little nickel so that we must conclude that 

these catalyst particles have been in the 
unit only a short time even though they 
have high vanadium concentrations. The 
particles at the top have high nickel concen- 
trations, enhanced at the edges. These par- 
ticles must be much older than the ones at 
the bottom. Of particular interest in these 
nickel images are the dark areas in the older 
particles. These dark areas are at the loca- 
tion of the zeolite aggregates suggesting 
that the nickel cannot gain access to the 
zeolite crystals, in contradistinction to the 
behavior of the vanadium that can migrate 
into the zeolite. This further suggests that 
the nickel resides, immobile, at the location 
where the nickel porphyrins decomposed. 

The high vanadium concentrations on 
catalyst particles that have a very low 
nickel age suggest that vanadium not only 
has mobility across catalyst particles but 
that it also has interparticle mobility. 
Wormsbecher et al. have suggested that va- 
nadium may be transported through the va- 
por phase (19). Interparticle transport 
would also seem reasonable through parti- 
cle contacting in the fluidized bed of the 
FCC regenerator. 

Cracking catalyst containing only zeolite, 
clay, and binder is commonly used for gas 
oil conversion, but would be atypical of cat- 
alysts used for cracking heavier feeds. 
Resid conversion catalysts usually have 
some high-surface-area, large-pore-size 
component for large molecule cracking. 
The catalyst examined in Fig. 2 uses mix- 
tures of particles to obtain surface area ac- 
cessible to large molecules. One kind of 
particle in the mixture is clay and a binder 
that has been spray dried and then ther- 
mally and chemically treated to enhance ac- 
tivity. The other type of particle contains 
zeolite synthesized on the same clay base. 

Images from many catalyst particles are 
shown in Fig. 2. The magnification is about 
160x, with the field of view from top to 
bottom being approximately 400 pm. The 
individual particles vary in size from 20 to 
120 pm. The silicon image, shown in Fig. 
2a, is the most useful for finding particles 
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(a) Silicon (b) Vanadium 

(d) Lanthanum (cl Nickel 

FIG. 2. Cross sections of equilibrium catalyst containing a mixture of particle types. Ion images 
show (a) silicon, (b) vanadium, (c) nickel, and (d) lanthanum. 

and shows their individual sizes and 
shapes. 

The vanadium ion image in Fig. 2b re- 
veals substantial variations from particle to 
particle. The average vanadium concentra- 
tion on this sample is 2060 ppm. However, 
the ion image shows that some particles 
have an even intensity whereas others have 
high concentrations near the outside rim 
with very little vanadium on the interior of 
the particle. The even distributions of vana- 
dium across a cracking catalyst particle are 
consistent with intraparticle vanadium mo- 
bility. The particles with the rim distribu- 
tions appear to have spent less time in the 
unit so that vanadium has not penetrated 
the catalyst, or to have immobilized vana- 

dium by some means near the external sur- 
face. 

The distribution of nickel on this same 
catalyst sample is shown in Fig. 2c. The 
average nickel concentration in the sample 
is 790 ppm. The nickel ion image shows that 
nickel is concentrated near the particle 
edge in nearly all of the particles examined. 
The particles with higher nickel concentra- 
tions have probably been in the unit longer 
than those with only low concentrations on 
the particle rim. 

The lanthanum ion image in Fig. 2d pro- 
vides additional information about the mix- 
ture of particles comprising equilibrium cat- 
alyst. The lanthanum ions show that most 
of the particles have an even distribution of 
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rare earth exchanged zeolite whereas one 
shows discrete zones within the particle. 
The large particle with discrete zones can 
be identified as a remnant of catalyst pre- 
pared by a different manufacturing tech- 
nique that had previously been in the unit 
and is at least 15 months old. The particles 
with even brightness are catalyst that is 
currently being added on a daily basis. The 
even intensity means that the zeolite crys- 
tallites are well distributed as determined at 
an instrument resolution of 0.5 pm. Some 
of the particles contain no rare earths at all. 
These treated clay particles in the catalyst 
mixture can be found by comparing the lan- 
thanum ion image with the silicon image 
that reveals all the particles of the mixture. 

As stated above, the lanthanum ion dis- 
tribution revealed one particle that had 
been in the unit for 15 months or more. This 
same particle in Fig. 2c has a very high 
nickel concentration, but still has more 
nickel near the exterior rim of the catalyst 
than in its interior. The concentration of 
nickel near the outside surfaces of catalyst 
particles suggests that the nickel containing 
molecules in the feedstock decomposed 
soon after contacting the particle and that 
deposited nickel has, at best, low mobility 
across the catalyst particle. The vanadium 
image of the older particle has similar 
brightness with many other particles that 
are much younger. This is another example 
that vanadium concentration on an individ- 
ual particle is not a good measure of cata- 
lyst age. 

Many catalysts designed for heavy feed 
processing contain alumina particles in ad- 
dition to zeolite and clay. The alumina ap- 
pears to provide surface area that is avail- 
able to larger molecules, molecules that are 
too large to have direct access to the pore 
structure of the zeolite. An example of a 
catalyst containing alumina is provided in 
Fig. 3, where a magnification of 400X pro- 
vides a top to bottom field of view of ap- 
proximately 150 pm. 

The silicon ion image of Fig. 3a shows 
many dark areas within the catalyst parti- 

cles that mark the position of particulate 
alumina. These same areas are bright in the 
aluminum ion image, but that picture has 
not been included since there is poor con- 
trast between the particulate alumina and 
the rest of the catalyst particle. 

The vanadium ion image, Fig. 3b, shows 
that vanadium has spread throughout the 
catalyst particle, but has accumulated on 
the particulate alumina. Comparing the va- 
nadium and silicon ion images reveals that 
the dark spots on the silicon image corre- 
spond directly to the brighter spots of the 
vanadium image. This could indicate that 
heavy molecules containing vanadium 
crack on the particulate alumina, or it may 
indicate that vanadium prefers to reside on 
the alumina, perhaps by reacting to form 
aluminum vanadate in the FCC regenera- 
tor. 

The lanthanum ion image in Fig. 3c 
shows no direct correlation between the va- 
nadium and the rare earth in this sample. 
The correspondence between the vanadium 
and the alumina positions, and the lack of 
correspondence between the vanadium and 
the rare earth, indicate a preference of the 
vanadium for the alumina over the zeolite 
particles. However, older particles, as de- 
termined by their nickel concentrations, of- 
ten show vanadium on both the zeolite and 
the alumina phases. 

The nickel ion image in Fig. 3d shows 
that nickel has accumulated primarily at the 
catalyst edge. The low nickel concentration 
suggests that all of these particles have 
been in the unit only a short time. 

A last example of metal distributions on 
equilibrium cracking catalyst is provided in 
Fig. 4. As in the previous example, the cat- 
alyst contains alumina as well as the usual 
zeolite, kaolin, and silica binder. In this 
case, the silicon ion image shows not only 
dark areas indicating the alumina particu- 
lates but also two bright rings showing 
where two smaller particles were encapsu- 
lated during catalyst manufacture. The alu- 
minum ion image, Fig. 4b, and the vana- 
dium ion image, Fig. 4c, are almost 
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(a) Silicon (b) Vanadium 

(d) Nickel (cl Lanthanum 

FIG. 3. Cross sections of equilibrium catalyst containing alumina, zeolite, and kaolin particulates. 
Ion images show (a) silicon, (b) vanadium, (c) lanthanum, and (d) nickel. 

identical showing the accumulation of va- 
nadium on the particulate alumina. How- 
ever, substantial contrast may be seen on 
the nickel ion image. In this case, nickel has 
penetrated the particle and appears to have 
higher concentrations on the alumina parti- 
cles. However, very little nickel has pene- 
trated the two encapsulated smaller parti- 
cles. This lack of penetration may indicate 
that nickel porphyrins, or other nickel com- 
pounds in feeds, decompose primarily at a 
diffusion barrier. The first barrier encoun- 
tered on cracking catalysts is the external 
particle skin. Most catalyst samples exam- 
ined show nickel accumulated at the exter- 
nal surface. Older catalyst particles show 
that nickel penetrates the external surface. 

It is not clear whether deposited nickel has 
low mobility or whether changes in the cat- 
alyst with time allow greater penetration of 
nickel containing molecules into older par- 
ticles. This last example, and certainly a 
minority example among the samples ex- 
amined, indicates that where nickel load- 
ings are high, nickel may accumulate on 
particulate alumina and on the binder 
phases within the catalyst particle. 

CONCLUSIONS 

Equilibrium catalysts accumulate feed 
metals quantitatively but the distribution of 
the metals on equilibrium catalyst is very 
dependent on catalyst type. Early reports 
(22-15) based on laboratory prepared sam- 
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(a) Silicon (b) Aluminum 

(d) Nickel (cl Vanadium 

FIG. 4. Cross sections of equilibrium catalyst containing alumina, zeolite, and kaolin particles. Ion 
images show (a) silicon, (b) aluminum, (c) vanadium, and (d) nickel. 

ples showed that vanadium migrated to rare 
earth exchanged zeolite crystals and that 
nickel remained where it was deposited 
from solution. Our observations with equi- 
librium catalysts are totally consistent for 
catalysts that contain only zeolite, kaolin, 
and silica binder. The vanadium migrates to 
the zeolite and the nickel seems to remain 
where it was deposited. 

However, extensive examinations of 
equilibrium catalysts reveal much more de- 
tail about how metals interact with catalyst. 
Our data show that metals in feeds initially 
accumulate on surfaces accessible to large 
porphyrin-like molecules. This is primarily 
the external surface of the catalyst. Sam- 
ples containing low concentrations of both 

nickel and vanadium show rim distributions 
at the external surface. 

However, after initial deposition on the 
catalyst surface, nickel and vanadium differ 
substantially. Deposited nickel either is im- 
mobile or has only very low mobility, while 
deposited vanadium has high mobility. The 
practice of estimating a particle age from its 
nickel concentration appears to be quite 
valid, since even very old particles have 
edge-enhanced nickel distributions showing 
that it cannot move very rapidly. Vanadium 
mobility is quite high by comparison. Very 
few particles are observed with vanadium 
only on the particle edge. Vanadium has 
usually spread throughout a particle, even 
on those with very low nickel concentra- 
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