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This paper discusses the application ofpermanent dry high intensity magnetic separation
to improve the efficiency of Fluidised Catalytic Cracking (FCC) systems used in oil
refining, causing preferential removal of deactivated (spent) catalyst from the process.
It was shown that this technique can provide efficient separation of spent catalyst
from fresh, despite some loss of fine particles. The effects of particle segregation
were also investigated, with both magnetic and nonmagnetic particles. Separation was
found to be particularly good for material above 90gm, but efficiency decreased
below this particle size. The paper concludes with recommendations for the implementa-
tion of the technology.
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INTRODUCTION

Fluidised Catalytic Cracking (FCC) is widely used in the petroleum
industry to process crude oil feed prior to the main fractionating
separation. It converts low-value long chain hydrocarbons present
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FIGURE Schematic diagram of FCC system.

in crude oil to smaller molecules of higher values used for gasoline
production. Figure is a schematic diagram of the process. The
hydrocarbon feedstock is injected into the system in a droplet/
vapour form which is then contacted with the particulate FCC catalyst
in a reactor. This mixture is then transported to a riser within the reac-
tor, within which the reaction takes place and separation of the cata-
lyst and gaseous product occurs. The gaseous hydrocarbons exit the
process to be used elsewhere in the refinery. The particles then pass
through a steam stripper, where any residual gas is removed from
the porous particles. During the reaction process the particles
become coated with a coke bi-product (causing immediate deactiva-
tion) and have to be fluidised in oxygen-enriched air to burn this off
(regeneration) before passing through the process again. This is
achieved by introducing the particles to a stream of air via a standpipe,
resulting in pneumatic transport to the regenerator. The regenerator
operates in the fast fluidisation mode, with cyclones and diplegs
present within the vessel to return elutriated particles to the bed.
The resultant regenerated particles are then recycled back to the
reactor stage via another standpipe. The catalyst particles themselves
are typically of diameter 40-200tm and density 1200kgm-3.
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The catalyst particle consists of an open zeolite structure impregnated
with rare earth cations that catalyse the reaction.

In addition to the fact thatcokeremoval becomes lesseffective
with each cycle,
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EXPERIMENTAL BACKGROUND

For the experimental investigations three catalyst materials were used,
all of which were representative of real catalyst materials extracted
from operating plants. Details of each catalyst are given in Table I.
Material A was fresh ’as received’ catalyst, material B was E-CAT
from a European plant and material C was E-CAT from a Far
Eastern operation. Iron and nickel contents were determined by
chemical analysis.

Magnetic separation tests were carried out on an Eriez Magnetics
rare earth roll magnetic separator. A schematic of the design is
presented in Fig. 2. During the separation, three competing forces act
on each particle- magnetic, gravitational (or buoyant) and drag
forces [3], and can be represented by the equations:

Fm f(d, B, tc) (1)

zrd
Fg (pp p)g (2)

Fa f(Rep) (3)

The magnetic force on a particle is a complex relationship between
particle volume, a function of d3, magnetic field strength, B (the
unit of magnetic field strength is the Tesla (T), Am-1 is equivalent
to 4n x 10-3 T), and particle magnetic susceptibility, to. Drag force is
calculated by a standard method and is a function of the particle
Reynolds number Rep [4]. One immediate consequence of this is
that as particle size decreases, drag force decreases linearly, at the
low Rep conditions in this experiment whereas buoyancy and magnetic
force decrease with a cubic characteristic. This means that the effective-

TABLE Iron and nickel analysis of experimental feed
materials

Material Ni (ppm) Fe (ppm)
Content Content

A 20 2500
B 3000 9500
C 2500 5500
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FIGURE 2 Schematic of Eriez laboratory scale rare earth roll separator.

ness of magnetic separation decreases with the particle size of the
system, as drag force differences become the dominant factor.

EXPERIMENTAL METHOD

Before each set of experiments, preliminary tests were carried out to
ensure that the belt speed, vibratory feeder setting and blade position
give the most efficient separation. This task was made easier by the
fact that the split was found to be very clear. The belt speed was
kept at a constant 0.6 m/s, this was done to stop excessive carry over
of magnetic material into the nonmagnetic fraction. The test material
was passed through the system, representative samples of each fraction
being taken for analysis. This was done using a spinning riffle.
The nonmagnetic fraction was passed through the system again,
being repeated until five samples of magnetic fraction and five samples
of nonmagnetic fraction were obtained. Size analysis was carried
out by a laser scattering technique using a Malvern Mastersizer.
Approximately 3-5% of the initial mass was lost through displaced
air carrying away the fines onto remote surfaces of the equipment.
The starting material was kg of a 50/50 mixture of fresh (A) and
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E-cat; experiments were performed for both types (B) and (C) E-cats.
The samples were analysed for particle size distribution, nickel content
and iron content.

This test procedure was then repeated using only A on its own
and then various size fractions of B and various size fractions of C.
This was carried out to investigate the effect of size distribution on
the process.

RESULTS AND DISCUSSION

Figure 3 shows how a mixture of fresh catalyst and E-cat can be
separated by comparing the cumulative percentage of the total
nickel content of the mixture (y-axis) with the cumulative mass
passed through the system (x-axis). A 45 line indicates that there is
no selectivity. It can be seen that for the A/B mixture the spent catalyst
separates more efficiently than the A/C mixtures with 5% more of the
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FIGURE 3 Measuring catalyst nickel content to evaluate separation of E-cat/fresh
mixtures.
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FIGURE 4 Measuring catalyst iron content to evaluate separation of E-cat/fresh
mixtures.

total nickel in the system recovered after the first pass. The probable
reason for the improved separation efficiency is a higher magnetic
susceptibility due to increased iron content. Figure 4 shows the cumu-
lative mass of sample versus the cumulative recovery of iron. These
plots different slightly from those in Fig. 3 in that they are more
linear. This is particularly true for the recovery of spent catalyst
from the A/C mixture, where for the first stage 42% of the total
mass was recovered corresponding to 55% cumulative iron. For the
second pass 67% of the mass gave a cumulative iron recovery of
78%. This means that the iron in the A/C mixture is more difficult
to separate than that in the A/B mixture this was probably related
to the fact that B had a very high iron content. It also indicates that
an A/C mixture may be difficult to separate on an industrial scale
due to the number of passes required to give a satisfactory cumulative
recovery.
Another objective of this study was to investigate the extent of

the migration of nonmagnetic (fresh) particles to the magnetic (spent)
stream. Figure 5 shows the particle size distribution of the exit streams
when a sample of fresh catalyst ofmass kg is split 50/50 by mass using
the belt separator. The stream that was ’flung’ furthest from the belt
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FIGURE 5 Plot of cumulative % undersize for A catalyst passed over roll separator.

(the "overbelt") is passed over again five times. In the first pass, the
stream that passes under the magnetic spindle (the "underbelt") is
richer in fines as expected, but this effect continues even after the
fifth pass.
With each pass the starting particle size distribution gradually

becomes coarser, pushing the associated curves to the right. As
discussed in the experimental background, this can be explained by
the fact that under the experimental conditions, drag forces become
more dominant as particle size decreases, reducing linearly as opposed
to a cubic relationship for gravitational and magnetic force.
The carry over of nonmagnetic material into the magnetic fraction

could also be related to electrostatic attractive forces between the belt
and the particles, although attempts were made to stop this by use of
Kevlar belt. The carry over of material is certainly not advantageous
in the magnetic separation of this type of material. Due to the required
inventory and costs of fresh catalyst it is important that as much
unspent material reports to the nonmagnetics as possible.
The next stage of the work was to examine how particle size

distribution changes during magnetic separation and the effect this
has on separation efficiency. The particle size distributions were meas-
ured for the fresh/E-cat mixture to determine whether all the fines
went into the magnetic stream at the beginning or if it was a gradual
process. Figure 6 shows that the initial magnetic cut is considerably
richer in fines, caused by segregation. After five passes all cuts were
considerably coarser than the initial mixture.
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FIGURE 6 PSD of both magnetic and nonmagnetic cuts with successive passes
through the magnetic separator (C/fresh mixture).
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FIGURE 7 PSD of both magnetic and nonmagnetic cuts with successive passes
through the magnetic separator (C normal size distribution).

Figure 7 shows how C catalyst alone separates. The initial magnetic
fraction has a similar size distribution to the fresh/E-cat mixture with a
similar coarser size distribution after five passes, again showing
that fines are removed relatively quickly. Figures 8 and 9 show the
effects of controlling the size distribution through sieving. It is notice-
able that the curves converge when the operating size distribution is
narrowed. Figures 10 and 11 illustrate the effect of changing the
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FIGURE 8 PSD of both magnetic and nonmagnetic cuts with successive passes
through the magnetic separator (C 90 tm +).
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FIGURE 9 PSD of both magnetic and nonmagnetic cuts with successive passes
through the magnetic separator (C 75-90 tm).

size distribution on the efficiency of separation with respect to nickel
content. It can be seen that the separation efficiency is much greater
for larger material the best separation occurring for the -901.tm
material. This was true for both C catalyst in Fig. 10 and B catalyst
in Fig. 11. This is not a surprising result, as the limit of separation
for the type of separator employed is approximately 50tm. The
reason for this limit of separation is the balance between drag forces
and magnetic forces. Below 50tm drag forces dominate magnetic
forces and separation based on magnetic properties alone is not
possible.



PERMANENT DRY HIGH INTENSITY MAGNETIC SEPARATION 151

1.0

0.9

0.8

0.7

o.5

o.a

0.2

0.1

0.0
0.0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 0.9 .0

cumulative mass

.----A/C Fresh

-.-B--A Feed

C 75-90 microns"

C 90+"

FIGURE 10 Comparing separation efficiencies for C catalyst of different size

distributions (with respect to nickel content).
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FIGURE 11 Comparing separation efficiencies for B catalyst of different size distri-

butions (with respect to nickel content).

CONCLUSIONS

This paper has shown that it is possible to separate fresh catalyst

from spent catalyst, although losses of fine fresh catalyst are signifi-
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cant, possibly due to drag effects. It is also possible to significantly
reduce the nickel content of E-cat by this method, although similar
issues exist with fines. If size distribution is narrowed, the segregation
effect is reduced, although with finer particles separation becomes
more difficult as drag forces dominate the difference in magnetic
forces. It is concluded therefore that this technique may be suitable
for separating E-cat flows with ’normal’ size distributions but
applicability may be reduced if the size distribution is predominantly
below 90 tm.

NOMENCLATURE

B
Pp
p
g
Rep

Magnetic force N MLT-2

Gravitational force N MLT-2

Drag force N MLT-2

Particle diameter tm L
Magnetic susceptibility
Magnetic field strength T IL-1

Particle density kgm-3 ML-3

Fluid density kgm-3 ML-3

Acceleration due to gravity 9.81 rn s- m s-2

Particle Reynolds number
LT-2
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