ELSEVIER

Catalysis Today 37 (1997) 331-349

CATALYSIS
TODAY

Catalyst deactivation by coke deposition: Approaches based on
interactions of coke laydown with pore structure

R. Mann

Department of Chemical Engineering, UMIST, P.O. Box 88, Manchester M60 10D, UK

Abstract

Catalyst deactivation by foulant deposition arises from interactions of the accumulating deposit with the geometry and void
structure of particle porosity. Simple approaches involving a wedge-layering deposition in a parallel bundle of pores allow
activity loss by surface coverage and pore plugging. More complex models use coking rates related to local concentration in
bundles of randomly corrugated pores or in interconnected arrays of pore segments forming stochastic pore networks.
Examples and illustrations are presented for cumene cracking on a supported zeolite catalyst. The optimal design of support
pore structure to resist deactivation by coking is briefly discussed.
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1. Introduction

The chemistry and kinetics of catalysed hydrocar-
bon reactions are usually complex. Likewise, the
geometry of the porosity of typical industrial catalyst
particles seems intractably complicated. Their com-
bination in conventional types of solid—fluid catalytic
reactor usually provides only an overall measure of the
outcome of the interactions of these complexities. As a
result, many interpretations of deactivation behaviour
where a relatively large amount of coke deposition
takes place, have ignored pore structural issues and
relied instead on empirical representations. Such
empiricisms are in turn useless in providing infor-
mation on the detailed interior processes which
govern the overall result. Consequently, empirical
approaches, such as those based on coke content
{1], concentration [2] and the time-on-stream theory
{3], provide no detailed understanding of the funda-
mentals of deactivation and thereby either prevent or
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at least discourage innovations in catalyst design
which would deliver improved catalytic performance.
In particular, such empirical approaches give no indi-
cation of how the active catalyst, the support and any
associated promoters should be configured into a
quantified architectural assembly designed to promote
high reactivity, good selectivity, resistance to the
deactivating consequences of coke deposits and
sustained productivity in the face of activity loss.
Experimental evidence has long been available to
confirm that volumes of deactivating deposits can
be sufficient to interfere significantly with the pore
structure [4,5].

2. Distinguishing fouling, poisoning
and sintering

In the approach to be adopted here, the above three
mechanisms which can contribute to catalyst deacti-
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vation need to be carefully classified and discrimi-
nated. This is because in many early studies, the
analysis of catalyst activity loss by the adsorption
of poisons onto a pore surface [6] was also applied
to deactivation by foulant accumulation, so that the
significant difference between them was lost and some
confusion in terminology occurred.

Deactivation by poisoning refers to the adsorption
of components onto active sites, so that they are
poisoned and thereby inactive for the desired reac-
tion(s). Implicit in this mechanism is that the small
amount of adsorbed poison, whilst it may be sufficient
to give a dramatic loss in reactivity, only accumulates
onto the surface to form a very thin layer, most likely
an incomplete monolayer, which then adds negligibly
to the solid volume of the catalyst. Conversely, the
accumulated surface poison does not interfere mea-
surably with the catalyst/support pore volume.

In contrast, deactivation by fouling involves the
accretion of significant amounts of foulant deposits
onto the catalyst surface. These deposits can occupy
a significant proportion of the pore volume and
thereby can begin to distort the pore structure. Pore
geometries can be significantly altered. The possibility
of interference with access by diffusion and even the
plugging of pores now arises. Thus whilst the accu-
mulation of a surface deposit in poisoning does not
necessarily demand a good understanding of the pore
structure, fouling definitely requires some understand-
ing of the layout of pore spaces if the consequences
of the depositing foulant for reactivity are to be
understood.

Finally, sintering here refers to distortions to the
pore structure arising from thermal effects such that
excesses in temperature or other consequent chemical
interactions cause a softening, restructuring or even
melting of the solid phases. The effect of this is to
collapse the pore structure by some kind of solid
coalescence processes, so that a loss of surface area
occurs. As with fouling, a proper interpretation of this
surface reduction requires a quantification of the pore
structure.

The distinguishing of two of these three deactiva-
tion mechanisms can be seen from Fig. 1 in which a
foulant deposit is accumulating in a simple model
cylindrical pore of diameter D [7]. The pore surface
beyond the penetration depth of the foulant, x, is fully
active. However, the presence of the foulant covering

surface covered by |
foulant is inactive |

unfouled surface
is active

Fig. 1. Accumulation of a foulant deposit within a pore {7].

the pore surface renders it inactive, so that the cover-
age results in deactivation just as it would with
poisoning [6].

However, as Fig. 1 clearly shows, the deposit occu-
pies a significant part of the pore volume. The parti-
cular mode of accumulation in this case obeys a
wedge-layering mechanism, which gives a pore
mouth layer thickness / proportional to the penetra-
tion x. However, the deposit in the mouth of the pore
will hinder access by diffusion and when & reaches
D/2, the pore mouth will be plugged by the foulant
deposit. Any “clean” interior surface not yet covered
by the deposit will be, although potentially fully
active, rendered inactive by the pore mouth plugging
event.

The role of pore structure in influencing the deac-
tivation process is then illustrated in Fig. 2, which
shows the effect of variation in pore diameter [8]. For a
simple wedge-layering foulant deposition like that in
Fig. 1, activity is lost by surface coverage along the
diagonal (which is equivalent to poisoning by surface
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Fig. 2. Deactivation by fouling with pore size variation [8].

coverage without diffusional resistance Eq. (6)). How-
ever, the pore plugging, as it takes place in pores of
increasing size, gives rise to the additional activity loss
mechanism. In this way, the extent of deactivation is
not simply linked to the degree of poison penetration.
However, now coke content forms an additional mea-
sure of the deactivation process and plots of activity
vs. coke content can be useful in delineating the
deactivation mechanism [8]. Fig. 2 makes clear that
interpretation of deactivation curves requires a quan-
titative description of the pore structure. This poses
real difficulties as the pore structure of most catalysts
is a complex randomised jumble of interconnected
pore voids of irregular geometry and uncertain con-
nective topology. It is therefore evident that, ulti-
mately, a first principles basis for interpretation of
catalyst deactivation by fouling relies as much upon a
good quantification of the pore structure as it does
upon our understanding of the basic diffusion and
reaction processes that accompany catalysis in a por-
ous particle.

3. Deactivation by wedge layering on a cracking
catalyst

The first detailed application of the wedge-layering
concept was for a commercial cracking catalyst (Super
D manufactured by Crosfield Chemicals, Warrington,
UK) using a parallel bundle of pores model [7]. This
model envisages that the complex details of the cat-
alyst particle porosity can be represented by an assem-
bly of idealised cylindrical pores like that shown
schematically in Fig. 2.

An interesting test of this fouling theory is to use it
to interpret deactivation behaviour when the length
dimension of the catalyst is changed. Fig. 3 shows
experimental results for cumene cracking using pellets
of length dimension 1.18 mm and 100 pm obtained on
a fixed-bed activity test unit. In Fig. 3 the finely
powdered particles have been made by grinding the
larger pellets, so that the pore structures should be
approximately identical in each case. The parallel
bundle pore size distribution is then shown in Fig. 4
as a truncated log-normal distribution extending to 1
pm. The truncation at r=13 A corresponds to the
zeolite pore size. The zeolite pores contribute 98.5
m? g~ and the parallel bundle pores of the support
raise the overall specific surface to 133 m”* g™,

The effect of changing the pore length is then shown
schematically in Fig. 5. An exploration of the two
parameters of wedge layering, namely 8=x/h and the
time for complete penetration which corresponds to
complete deactivation, #p, gives the theoretical results
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Fig. 3. Deactivation of an FCC catalyst by cumene cracking [7].
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shown in Fig. 3. Although #=1073 indicates that
the wedge layers are apparently relatively quite
thin, because the pores are mainly of quite small
diameter compared to the pore length, this value of
(3 shows that deactivation is plugging dominated rather
than poisoning dominated as depicted in Fig. 6. This
figure shows that for poisoning to dominate the activ-
ity loss, 8 would need to be 107>, i.e., 100-times
smaller.

This wedge-layering approach was able to indepen-
dently predict the deactivation behaviour as the LHSV
varied over a ten-fold range from 2.68 to 2344
cm®>g~'h™! and temperature varied from 350 to
500°C using a wedge-layering parameter 3 varying
only from 1.5 to 52x107°. The slightly lower
values of 3 at higher LHSV indicated that inter-
mediate products of cumene cracking have a greater
tendency to form coke. The small increase in 3 value
for higher temperatures suggested that pore mouth

activity loss due to plugging

Activity loss ratio =

activity loss due to poisoning

size by a factor N [7].
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Fig. 6. Relative contributions of plugging and poisoning to activity
loss [7].
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the deactivation curve was obtained using a
logarithmic rather than linear rate of coke penetration

[71.

4. Impact of fouling on chemical selectivity

In the catalytic cracking of heavy oil fractions a
critical factor in evaluating a particular catalyst is the
selectivity of the reaction for the production of gaso-
line range components. These are intermediate pro-
ducts of the cracking process representing the most
significant contribution to overall profitability. Any
modelling of such a process involving a broad
spectrum of reactants and products requires the
“lumping” of groups of chemical species with similar
kinetic behaviour. On this basis, many workers
[9,10] have used very much simplified kinetic
schemes, one of which is the lumped consecutive
reaction scheme.

ABBEC

where k) and k,, are catalytic surface reaction rate
constants. Fig. 7 presents a graphical qualitative sum-
mary of the characteristic behaviour of the instanta-
neous pore mouth yield for a single sized cylindrical
pore when fouling occurs in a hypothetical reactor
using catalyst particles with single sized pores [11].
For the clean catalyst, when the penetration is zero,

>
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Pore Yield of Intermediate B
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there is an intrinsic yield governed by the ratio of the
surface reaction rate constants k;; and k, in the
absence of diffusional resistances. If the two conse-
cutive reactions are both strongly influenced by diffu-
sional resistances, there will be a significant yield
taxation.

In the absence of diffusional resistances as penetra-
tion proceeds, there is no distinction between wedge
layering and pore poisoning up to the point at which
the pore mouth becomes sealed by the deposit. In this
region the yield will be improving as the conversion
achieved by the catalyst pores in the reactor declines.
In the presence of strong pore diffusional resistance,
Fig. 7 indicates the nature of the difference between
poisoning dominated and pore plugging dominated
wedge layering. At a given penetration of foulant, the
additional resistance in the fouled section of the pore
(nearest the mouth) may induce such an extra yield
reduction that the decline in conversion may even be
accompanied by a yield decline. In contrast, the
poisoning dominated mechanism, involving as it does
a thin layer of deposit, cannot give rise to a significant
further diffusional resistance and the behaviour is
similar to that for poisoning and plugging in the
non-diffusion influenced case. Ultimately in the plug-
ging dominated case, the pores are likely to become
sealed at partial penetration of foulant, so that the
conversion decline to zero will happen suddenly and at
an earlier stage than for the poisoning dominated case.
This, however, does not show up on the reactor yield-
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Fig. 7. Qualitative behaviour of pore mouth yield {11].
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Fig. 8. Qualitative behaviour for a reactor with single pore size
[11).

overall conversion plot of Fig. 8, though it would be
detectable on a conversion—-time plot.

However, these simplified qualitative features for
the uniform pore size case, become somewhat more
complicated when a distribution of pore sizes is pre-
sent. The penetration, plugging, activity and yield
behaviour of a reactor will in this case be the net
overall effect comprised of the summation over all the
pore sizes present. When fouling of the catalyst takes
place the active surface area is decreased by two
factors. Firstly, small pores become rapidly sealed
off initially when the foulant thickness becomes equal
to the pore radius. Secondly, the active length of those
pores not yet plugged is reduced by surface coverage.

In order to provide a thorough illustration of the
theory, results will be presented for five classifications
of fouling as shown in Fig. 9. These classifications are
with reference to a dimensionless time scale of fouling

t/e = hip o

where 1 is the mean pore size of the distribution under
consideration and 4 depends upon time through the
timewise penetration of foulant. This means that at a
dimensionless fouling time of unity, the pore mouth
thickness of foulant is just sufficient to plug those
pores with a radius r=p. Fig. 9 has as extreme cases
the classical pore mouth poisoning and pore plugging.
In the case of extreme poisoning the thickness of the
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Fig. 9. Dlustrative archetypes for deposition by wedge-layering
[11].

foulant approaches zero and a pore is completely
deactivated when it has been completely penetrated.
In contrast, for extreme pore mouth plugging, the
mean pore size is sealed-off by the foulant at a small
penetration. The intermediate regime case corre-
sponds to the pore mouth plugging of the mean pore
just at the condition where it has been fully penetrated.
This condition corresponds to one of maximum accu-
mulation of the foulant. The intermediate regime is
flanked by poisoning dominant and pore mouth plug-
ging dominant regimes. Each of the classifications of
Fig. 9 corresponds to a particular value of the fouling
parameter 3, though in this case as the complexities
for the consecutive reaction A — B — C unfold, it is
easier to present results in terms of time on stream
defined with respect to units of dimensionless fouling
time given by #/7E.

The deactivation behaviour is qualitatively as
expected, but the impact of fouling upon chemical
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Fig. 10. Reactor yield of intermediate as a function of foulant accumulated [11].

Table 1
Reactor and catalyst properties for A - B — C

Pellet properties

Reactor properties

Diffusivity Da=0.144x10"% m? §!
Diffusivity ratio =10

Bulk density 2,=0.79%10° gm™>
Pore volume v=02cm’ g™
Specific surface §,=69.8 m® g™

Mean pore size u=70 A

Variance of pore sizes 0=30 A

Minimum pore size Fnin=10 A

Maximum pore size Fmax=4000 A

Pore length L=0.75 mm

Initial conversion X,=0.90

Rate constant ki =046x10"" ms™!
Rate constant ratio N=04

Initial A concentration Cao=1.0 kmol m~3
Initial B concentration Cgo=0.0 kmol m™>
Linear velocity u=04ms!

Bed density p=0.50x10° gm™3

yield is more complex. This can be seen from Fig. 10
which shows the yield of B (the intermediate product)
vs. time-on-stream for the five classes of fouling
presented in Fig. 9. For the extreme poisoning case,
as the conversion of A declines to zero, the yield of B
rises almost linearly to unity. The initial value of yield
for the reactor operating at 90% conversion of A is
0.45 which corresponds to the data shown in Table 1.
As the fouling process moves towards a thicker mouth
deposit accompanying the penetration, the ultimate
yield when the activity is approaching zero shows a
steady decline. This is due to the intensification of
diffusional resistances caused by pore mouth thicken-
ing, hence reduced pore entry size, as well as the extra
resistance arising from the deactivated section of the
pore.

These diffusional effects produce some interesting
variations in reactor yield in the regime of plugging

dominated deactivation. Initially, small pores become
blocked and since these have a low yield due to strong
diffusional resistances impinging upon both reactions
in the consecutive scheme, the overall yield begins to
rise almost up to r=7g. Then as penetration and
thickening proceed in the larger pores around the
mean radius, the additional diffusional resistances
cause the yield to begin to decline, even though the
associated decline in overall conversion is bound to
improve the yield. Eventually, for the largest pores,
their very low activity contribution (even when un-
fouled they contribute only fractionally to the overall
conversion) is enough to offset the yield decline
caused by diffusional resistances and the yield of
the reactor then begins to rise. Even so, for the extreme
pore mouth plugging case, the very smallest of con-
versions contributed by pores larger than r=2p as far
a8 Fmax=4000 A still have a very low fractional yield
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of 0.2 and at t=27g, the yield is still declining as time
proceeds. However, ultimately this yield curve would
rise to produce a yield of 1.0 at zero conversion.
Nevertheless, Fig. 10 shows quite clearly that the
simple physics and geometry of diffusion and foulant
deposition produce somewhat complicated chemical
effects. The simple two step chemical reaction
A — B — C, when analysed with respect to a simple
fouling model incorporating surface coverage and
pore mouth plugging, can therefore show a complex
rising—falling-rising pattern of overall yield behaviour
with respect to time-on-stream. This rising—falling—
rising pattern has been experimentally observed and
closely replicated by this wedge-layering theory [11].

5. Extension to a supported zeolite catalyst

Mann and Thomson [12] extended the wedge-layer-
ing concept to allow discrimination between coke
laydown in the silica\alumina support and coking in
the zeolite crystallites. As before, their approach relied
upon representing the support pore structure by a
parallel bundle, but now three distinct zones can be
present within a pore as shown in Fig. 11. The wedge-
layer of foulant renders both the support and zeolite
inactive. However, there is an intermediate portion of
the pore where the zeolite has been deactivated, but
cracking can still take place on the support surface.
The most interior part of a pore then still remains fully
active. In these circumstances, there is only diffusion

Coke laydown Coke laydown Fresh uncoked
on the support N in zeolitc pores . catalyst
+
v 20N 1 T 2ome 2 T zoNE 3
zeolite micropore
coke wedge.
Boundary
Conditions '
' ’
Ca Cas Ca Ca g-c A0
X
X 0 Xy X3 Lp
+ + 1
itfusi i i il iffusi ith
Ditsion ony s T
support support and zeolite

Fig. 11. Three idealised zones in zeolite catalyst support pore [12].

within the wedge of foulant, but there is diffusion with
only support reaction in the middle section.

Different rates of deactivation (penetration) can be
used for the support and the zeolite. Using this model,
it is again possible to produce concentration and
conversion profiles for the extremes of the theoretical
deactivation process as well as intermediate condi-
tions. As the deactivation process proceeds, the phy-
sical pore space structure of the catalyst is changed by
coke being deposited in the support pores and zeolite
micropores.

This change in pore structure can be observed by the
use of low temperature capillary gas adsorption iso-
therms. Comparisons of isotherms for fresh and coked
catalyst can then be a useful indicator as to the method
of coke laydown and associated deactivation. Using
equations and relationships developed by Broekhoff
and de Boer [13], theoretical isotherms were produced
for the parallel bundle (with the assumption that
adsorption for any accessible zeolite occurred at a
relative pressure close to zero) for each of the cases
under study.

Fig. 12 shows some illustrative concentration pro-
files in a 500 A radius pore for a high and a low value
of /3 as a function of time. With the plugging mechan-
ism, a rapid decrease in the size of the pore mouth
occurs, causing an increase in the diffusional resis-
tances and resulting in a steep linear region for the
diffusional part of the profile. On the other hand, with
a low value of 3, there is negligible thinning of the
pore mouth, resulting in a completely different evolu-
tion of the concentration profiles as deactivation pro-
ceeds [12].

Fig. 13 then shows some illustrative theoretical
isotherms for deactivation mechanisms with different
extents of pore plugging. Fig. 13a shows the isotherms
for a mechanism in which no plugging occurs. The
isotherms for the coked catalyst resemble the shape of
the isotherm for the fresh catalyst but are displaced
downwards towards the x-axis. This is to be expected,
as with this mechanism of deactivation, the main site
of coke laydown is in the zeolite micropores, not the
support macropores. Further evidence that little coke
laydown occurs in the support macropores is obtained
from the fact that there is only a small change in the
isotherms at 50 and 100 min. Because of the deactiva-
tion parameters chosen (complete zeolite deactivation
in 50 min, support in 100 min) any difference between
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Fig. 12. Concentration profiles in a 500 A support pore [14].

these isotherms has to be due to a change in the
support structure, i.e., due to laydown of coke upon
the support. Fig. 13b and ¢ show the isotherms of a
deactivation mechanism with an increasing amount of
plugging. This increase in the amount of plugging
manifests itself by producing isotherms that are com-

pressed (as compared to the fresh isotherm) and have a
flat adsorption branch. As the extent of plugging
increases, so does the amount of compression and
flattening.

Because of the difference in the conversion profiles
and adsorption isotherms for the different values of 3,
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Fig. 13. Isotherms for fresh and coked catalyst pellets [14].

it ought to be possible to discriminate the method of
deactivation based on observations of this kind.
Experimental results for the cracking of cumene at
500°C [12] indicated a rapid loss of zeolite activity
followed by a slower support deactivation which
included the plugging of pores smaller than 150 A
in diameter.

6. Diffusion, reaction and coking in randomly
corrugated pores

Two major deficiencies in the previous approaches
are the use of bundles of uniform diameter pores and
the invoking of a wedge type laydown mechanism
which is uncoupled from the diffusion and reaction of
coke precursors (whether these are reagents or pro-
ducts). Thomson [14] has advanced the modelling
considerably by introducing randomly corrugated
bundles of parallel pores and by linking coke laydown
rates to local concentrations in the support pore
assembly.

Fig. 14 shows schematically how an assembly of
support pores appears if they are randomly corrugated.
As before, the zeolite micro-pores are uniformly
configured adjacent to the support pore surface. This
arrangement of randomly large and small pores is
much more realistic than the conventional parallel
bundle, since it allows for constrictions between larger
pores to arise naturally. When coke is laying down on

Support
Macropores

Fig. 14. Randomly corrugated support pores [14].

the support, such adventitious constrictions can more
easily become plugged and this form of pore blocking
is expected to arise whenever significant amounts of
coke accumulate on the support. The sealing off of
interior portions of the catalyst, which would other-
wise be active, could be a major factor in the character
of any observed deactivation when pronounced
amounts of coke accumulate.
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In abandoning the simplifications of wedge-layer-
ing, Thomson [14] and Sharratt [15] devised a local
laydown mechanism based on the rate of coke deposi-
tion as a random deposition of individual coke units of
diameter d. These units deposit sporadically on the
support surface but may also deposit on one another,
with an overall rate of deposition being governed by
the localised concentrations of coke precursors. This
leads to an apparently complex chaotic accumulation
which nevertheless has a simple outcome in terms of
the averaged coke layer thickness in a local pore
segment (assumed locally uniform in concentration).
This process is depicted in Fig. 15, where part of a
pore segment of radius D(0) has accumulated a coke
layer of average thickness A(f) after some time ¢. After
sufficient further time, when the average coke layer
thickness reaches D(0), the pore segment becomes
blocked.

This approach can incorporate the rate of reaction
and rate of deactivation of the zeolite component. This
is especially simple if the deactivation process in
zeolite elements is made analogous to the balance
of poisoning and fouling that is taking place on the
adjacent support surface. This means that the zeolite
deactivation is quantified by simple inference. How-
ever, it is useful to deploy this device to quantify
zeolite behaviour without having to solve the full
complexities of poisoning and fouling inside each
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Fig. 15. Zeolite and support coking in randomly corrugated
support pores [14].

zeolite crystallite. This inference by analogy has not
been rigorously analysed so far, although the alter-
native of coupling detailed intra-zeolite processes with
diffusion, reaction and coking in the support seems
impossibly difficult at present.

The four possible “states” of zeolite deactivation
are also indicated in Fig. 15. A totally inaccessible but
coke-free micro-pore is created when a macro-pore
coke-unit happens to deposit initially across a zeolite.
A partially deactivated but inaccessible micro-pore
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Fig. 16. Zeolite coke profiles in largest and smallest support pores [14].



342 R. Mann/Catalysis Today 37 (1997) 331-349

arises when a support coke-unit happens to deposit
some time later, when some reaction and coking have
been able to take place within the zeolite. Finally, the
two classes of micro-pore that can exist on uncoked
surface of the support are then accessible and either
partiaily or totally filled with coke. A fully coked
micro-pore, whilst still accessible from the support
pore space, would contribute nothing to reactivity.

If coke units of cubic size d are laid down randomly
on the support surface, allowing laydown of one coke
unit on top of another (as shown schematically in
Fig. 15), the proportion of the surface covered to a
depth of n units has a Poisson distribution

B, = e\ /n! 2)

and the mean depth is simply A units [15].

This approach was applied to examine the deactiva-
tion of FCC cracking catalyst (Super D) for short
reaction times in a fluidised bed micro-reactor. Illus-
trative intra-particle predictions are shown in Fig. 16
for the largest and smallest pores in a set of corrugated
pores each made up from 10 segments, forming a
typical particle of dimensions 448 pm. The randomly
created largest pore exhibits no diffusional resistance.
As a result, the zeolite is uniformly partially deacti-
vated. In contrast, the smallest pore, which happens to
possess two very small pore segments at its mouth,
shows a distinct pore length change in zeolite coke

content. There is a sudden change (reduction) after the
second pore segment which severely restricts access to
the remaining interior segments by virtue of the small
cross-section restricting the diffusive flux through it. A
slight further decline in zeolite coking can be seen
along the remaining more interior pore segments. All
the other pores in the bundle (198 out of the population
of 200) have intermediate diffusional resistance and
show intermediate zeolite coking.

Fluidised bed reactor simulations using the data
shown in Table 2 replicated the reactor deactivation
behaviour over a range of space velocities [14]. The
predicted isotherms for O, corresponded closely with
those measured experimentally as shown in Fig. 17.

Table 2
Data used in supported zeolite deactivation model for cumene
cracking over Super D

Reaction and other constants
Rate constant
Diffusion coefficient

6x10% ms™?
1x107% m?s~!

Feed concentration 14 kmol m™3

Pellet mean size 2x1073 m
Coking parameters

Support coke size 20 A

Zeolite coke size 374

Activity ratio (zeolite/support) 03

Coking rate constant 3x107! m? 57! kmol ™!

10.0 i Experimental Polnts
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Fig. 17. Oxygen isotherms for cumene cracking on Super D [14].



R. Mann/ Catalysis Today 37 (1997) 331-349

Fig. 18. Stochastic pore network for Super D [16].

At these short times on stream (<3 min), deactiva-
tion arises from coking of the zeolite, with negligible
coke deposition on the support. The isotherms in
Fig. 17 correspondingly show no detectable hysteresis
loop. Moreover, at each time, the arm of the isotherm
is almost horizontal, confirming almost no change in
the support pore structure as a result of negligible
coking.

1-0

343

7. Diffusion, reaction and coking in stochastic

Fig. 18 shows an image of a 2D stochastic pore
network having a support pore size distribution match-
ing the mercury penetration curve [16,17}]. Such sto-
chastic pore networks have sets of cylindrical pore
segments interconnected together, but the size of any
pore is independent of the neighbour pores. As with
the corrugated pore model in Fig. 14, these networks
have large pores randomly shielded amongst smaller
ones, but in a network there is greater accessibility, so
that the deactivating consequences of pore plugging
are reduced. Such stochastic pore networks seek to
make tractable the complexities of the chaotic pore
spaces in a typical catalyst support.

This approach was successfully applied to observa-
tions of the deactivation of Super D cracking cumene
at 500°C [16] in a plug flow reactor. This presents a
greater complexity than a backmixed fluidised bed,
and the microactivity tests ran for up to 2 h. Extensive
deactivation took place as shown in Fig. 19. There is
in this case axial deactivation along the fixed bed,
measured by using 1,3 and 5 layers of catalyst.

Coking in each pore segment used the same
approach already indicated in Fig. 15. For a single
cylindrical pore, the diffusion/reaction equation for
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Fig. 19. Predicted and experimental deactivation profiles [16].
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first order reaction is

d’c k
D——-kC=0 =22,

= , k=2 3

This may be solved, subject to the boundary

conditions
C=0Cy,

to give the total flow entering the pore at x=0 as

L, D[ G G
Ni = 71'7'i2 ri [tanh:bi B smh¢,] ) @)

Now consider a stochastic pore network assembled
from a number of cylindrical pores in a square grid.
Assuming that the rate of reaction at a node in the
network is negligible, the net outflow from that node,
summed over all connected pores, is zero. For an m
connective node this can be expressed as follows:

3 N =0, ®
=1

Substitution of Eq. (4) into Eq. (5) leads to an
equation which is linear in the concentrations at the
node in question and the m surrounding nodes. Such an
equation can be written for each of the n* nodes in an
nxn network. For nodes at the boundary one or more
of the concentration terms will be equal to the external
concentration. These equations are most conveniently
expressed in a matrix form

A.c=b. 6)

x:O, x=L, C=C2

For the square network (m=4) the matrix A is
sparse. A Gaussian elimination method was used,
modified to perform only non-trivial operations.
Iterative methods were found to converge slowly,
if at all.

The solution of Eq. (6) is the set of node concen-
trations. From the node concentrations it is straight-
forward to calculate the total network reactivity. For
each pore in the network, the change in coke depth
with time was predicted by integration of the coking
rates. At each time step, the node concentrations were
recalculated using the current pore radii and activities.
Fig. 20 shows the effect of support pore coking in the
network of Fig. 18.

The adsorption/desorption process was again mod-
elled using the equations developed by Broekhoff and
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Fig. 20. Predicted coke laydown within catalyst particle [16].

de Boer [13]. In calculating the adsorption branch of
the capillary adsorption isotherm it was assumed that
the network position of the pores was of no importance
and that sorbate condensation in any pore occurred at
the pressure corresponding to the radius of that a pore.
However, in calculating the desorption branch of the
isotherm, evaporation of sorbate from pore could only
occur if there was a path from that pore to the network
surface. The desorption was carried out in a series of
pressure reduction steps and a search algorithm
employed at each of these steps to identify those pores
linked to the surface of the network.

The structural changes in the catalyst are then
indicated by changes in the shape of the adsorption
isotherm (Fig. 21). Experiment and theory show a
high degree of correlation in the isotherms for both
fresh and coked catalyst. The isotherms for the coked
catalyst show a reduction in the range of pressures
over which the hysteresis occurs in comparison with
the fresh catalyst. The main cause of the hysteresis in
the fresh catalyst is the so-called “bottle-necking”
effect due to the high proportion of small pores (r<50
A) in the pore size distribution. The reduction in pore
radius that occurs after 2 h on stream leads to a loss of
a large percentage of these small pores, resulting in a
reduction in the size of the observed hysteresis.

A better indication of how coke accumulates has
been visualised in Fig. 22, showing stages of layering
within a network for increasing times on stream. For a
sufficiently long time on stream, coke eventually fills
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12 up all the outermost pores. At this point, the catalyst
" - particle is completely deactivated although the pore
10 volume is not completely filled with coke. Random
“pockets” of partially coked pores can be seen. These
B are formed when surrounded by smaller pores which
——————————————— FRESH CATALYST have plugged earlier in the laydown process. Initially,
comparing Fig. 22a and b, smaller pores do fill with
COKED CATALYST even a thin layer of coke, but isolation by plugging has
(t = 5min) A
not yet occurred. The large square void in the top left
- corner of the network exemplifies this “isolation by
——————————————— plugging” process. In Fig. 22c this void is just still
accessible by a single narrow unfilled pore, which then
co(':EDQ%A;A;Y)S' becomes sealed in Fig. 22d, leaving a prominent
5 .01.1 0'2 0'3 0' z 0'5 0'6 s 0 - 0 T “square” unﬁllt?d VOi‘d made up from four connected
Relative pressure pores. Other voids with fandom ‘shape.s evolve as the
network chokes up. In Fig. 22e, just six of the outer-
most pores remain active in the final stages of deac-
Fig. 21. Predicted and experimental oxygen isotherms [16]. tivation.
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Fig. 22. Heavy coke accumulation in a 2D pore network [18].
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Fig. 23. Zeolite and support area loss as a function of coke content
(18].

The results in Fig. 22 apply to some heavy coking
results for a powdered Super D for which the calcula-
tions are comprehensively predictive. They can be
presented alternatively as an accessible surface area
vs. coke content as shown in Fig. 23. In this case, the
zeolite component has rapidly lost its activity and
become coked and the support after the maximum
reaction time of 120 min has lost 83% of its surface.

The predicted behaviour shows that the support
would, after a considerable further time, eventually
fill with 95% coke content which corresponds to
Fig. 22e. The support pore network is better able to
accommodate large accumulations of coke than its
counterpart randomly corrugated model (as in
Fig. 14), although both structural models are capable
of reproducing the experimental observations [18].
The stochastic network, because it provides for greater
realism, almost certainly gives a better picture of this
deactivation.

8. Extending to pore networks in 3D

Simple 2D networks provide insights into the deac-
tivating effects of coking in a random mass of inter-
connected catalyst pores. Ultimately, however, full
realism can only be achieved using networks in 3D.
Fig. 24 shows a perspective view of a simple 3D
stochastic pore network of size 15x15x15. This
has a pore connectivity of 10 and is cubic with equal
length pores. It can be further randomised by random
displacements to the node positions. This produces
variable length pores and a consequent cubic irregular

et
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Fig. 25. Randomised irregular version of network in Fig. 24.

network is depicted in Fig. 25 for a maximum node
displacement [19]. This further randomised network
has the important property of retaining the simpler
connective topology of the regular cubic network, so
that the algorithms for mercury porosimetry and low
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Fig. 26. Theoretical sectional view of porosity of a nickel/alumina
catalyst [23).

temperature capillary gas adsorption can be used
unchanged.

Whilst several similar 3D networks have been
proposed [20-22], the approach in Fig. 25 has been
specifically developed to provide images of random
slices through such networks. These can then be
compared with experimental polished sections viewed
on the SEM. In particular, a further three elements of
randomness have been incorporated — tortuosity,
cross-section shape and surface roughness — so as
to provide realistic “virtual reality” sectional images
of support porosity like that shown in Fig. 26 for a
nickel/alumina reforming catalyst. This recent devel-
opment has also included a visualisation of porosi-
metry achieved by low melting point alloy
impregnation [23,24] intended to reduce ambiguities
typically encountered in interpreting mercury porosi-
metry. Realistic and visually validated pore networks
in 3D should provide a sound basis for analysing the
deactivating effects of coke deposition in catalysis.

9. Designing pore-structures to resist
deactivation

Issues in catalyst design can be most easily con-
veyed in two dimensions, although in practise
“designed” catalyst pore architecture will be fabri-

Fig. 27. Pore network designed to resist deactivation [25].

cated in 3D. Two brief illustrative examples are given
to show the scope for this.

The first illustration in Fig. 27 shows a concept
network which, although it is comprised of a full range
of pore sizes typical of a stochastic network, has been
rearranged into a ranked spiraling assembly with
largest pores on the outside and smallest at the centre
[25]. Such a porosity structure would accommodate
coke deposits accumulating from the outside with a
minimum of pore plugging, so that a higher reactivity
would be sustained to higher coke levels. The man-
ufacture of such porosity whilst maintaining structural
strength is expected to be difficult. Nevertheless, such
a potentially more productive particle promises poten-
tial gains in reactor performance which are worth
pursuing.

The second illustration indicates how a partial
amelioration of porous randomness might be achieved
by nesting porosity at three levels, as illustrated in
Fig. 28. In this example, the largest pore spaces might
correspond to monolith dimensions, with two nested
stochastic networks forming the porous monolith
walls. The interior large network would act like a
major highway to provide good transport into the high
surface area small pore porosity designed to provide
high rates of catalytic reaction. Again, such structural
porosity could accommodate coke deposits with good
resistance to deactivation.

The detailed specification of optimal geometries for
pore structure will require extensions of these simple
pore network ideas to include diffusion and surface
reaction effects for the formidably complex range of
phenomena encountered in industrial reactors. How-



348 R. Mann/Catalysis Today 37 (1997) 331-349

§
g

i
i

nn. ..

s asti R

i

Fig. 28. Three levels of nested porosity [19].

ever, the science and technology of applied catalysis
demands that these fundamentals be pursued, if the
many ingenious catalytic reactions available to us are
to be more effectively exploited.

10. Nomenclature

concentration

pore diameter

coke unit size

diffusivity

foulant layer thickness (at pore mouth)
ith pore (in a network)
surface reaction rate constant
pore length

pore connectivity

net flux (into ith pore)

time to complete deactivation
foulant penetration depth

NS ZINFTTOADAO

Greek symbols

B8 wedge-layering parameter
A average thickness of coke layer
TR dimensionless fouling time

m mean pore size
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