Catalyst Regeneration Kinetics in the
Presence of Pore Blockage

A model is developed for fluid-solid reaction kinetics in a porous sol-
id. The model is based on a convergent-divergent pore structure and
accounts for pore blockage and inside cavities. A numerical study

applied the mode! to the process of coke removal for catalyst regenera-
tion. The calculated results show that in the presence of pore occlusion,
the reaction rates are significantly reduced at the beginning of reaction.
At higher levels of coke loading the reaction behavior can be especially
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affected by the volume fraction of the divergent pores. This behavior
can be used to select catalysts with pore structures that improve con-

trol of the regeneration process.

Introduction

Among the many heterogeneous reactions between a solid
and a fluid that are industrially significant, an important sub-
group involves partial oxidation of a carbonaceous surface.
Because of this feature in common, it might be expected that
reactions such as char gasification, production of activated car-
bon, and regeneration of coked catalyst would be described by
related models. In fact, striking similarities have been observed
between the former two reactions, particularly that the reaction
rates show maxima at intermediate conversion levels (Kawahat
and Walker, 1962; Jenkins et al., 1973; Hippo and Walker,
1975; Tomita et al., 1977; Dutta et al., 1977; Dutta and Wen,
1977; Hashimoto et al., 1979; Chin et al., 1983; Su and Perlmut-
ter, 1985). Catalyst regeneration kinetics can show various pat-
terns of reaction behavior, including also one that exhibits a
maximum in rate with respect to conversion (Haldeman and
Botty, 1959; Weisz and Goodwin, 1966).

For char gasification and carbon activation, the studies refer-
enced above have demonstrated that the physical structure of
the solid reactant changes continuously as reaction proceeds,
and this evolution of pore structure affects the reaction kinetics
by altering the available surface area. The structural changes
that accompany the char gasification reaction have been de-
scribed by a random pore model by Bhatia and Perlmutter
(1980), and independently by Gavalas (1980). Further details of
the evolving pore size distribution have been added by Su and
Perlmutter (1985).

Even though successful application of the random pore model
has been demonstrated for char gasification, interpretation of
catalyst regeneration kinetics via this model is complicated by
the heterogeneity of the solid phase involved in this reaction sys-
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tem. The major difference between reactions such as char gasifi-
cation and carbon activation on the one hand, and regeneration
of coked catalyst on the other, is that the surface on which the
former two reactions occur is the entire surface of the solid,
whereas that for the latter does not include the noncoked surface
of the underlying catalyst.

The reaction kinetics in the presence of such an inert support
phase was discussed by Chang and Perlmutter (1987); however,
no consideration was given to possible occlusion of pore space by
coke deposition. The work presented here is a sequel to the ear-
lier investigation with the specific aim of accounting for the
reaction kinetics in the presence of pore occlusion. For this pur-
pose, a computational model is developed that considers a bun-
dle of nonintersecting convergent-divergent pores to represent
the pore structure of the inert support. This model allows for
possible pore mouth blockage as well as inside cavities, and fol-
lows that proposed by Foster and Butt (1966). It differs from the
earlier work in that the volume fraction of the centrally diver-
gent pores need not be equal to that of the centrally convergent
pores. Instead, the overall pore length of the inert support is
divided into two parts for divergent and convergent pores,
according to the respective volume fractions. The total number
of pores is also included as a parameter.

Model Development

The model proposed by Chang and Perimutter (1987) inter-
preted catalyst regeneration kinetics in terms of the interaction
between the catalyst (inert support) pore structure and the coke
(reacting material) distribution in the pores. It was assumed
that all the internal surface of the catalyst was initially covered
by deposited coke and that the regenerative oxidation took place
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on the inner surface of the coke earlier deposited in the pores. In
the absence of occlusion of pore space by the coke each pore of
the catalyst particle has associated with it a growing surface as
the reaction progresses. As the pores enlarge and the various
reaction surfaces in the particle grow, islands of nonreacting
surface of the catalyst will emerge as the coke covering them is
consumed. Wherever bare catalyst surface emerges, a pore will
cease its growth, and collectively the development of the overall
surface area of the particle will slow down.

Pore volume distribution of catalyst

Consider the surface of the catalyst to arise from a bundle of
nonintersecting pores, each with a circular cross section but not
necessarily a cylinder, and consider the pore sizes to be
described by a measurable pore volume distribution function
f(r). Then the total pore volume is

v- ["frdr m
the total pore surface is
w ()
§=2 fN = dr )
and the cumulative pore length is
1 f()
L= ‘—lr_ 4 -;2— dr (3)

where the range of pore sizes is between a smallest radius r, and
a largest ry,.

Pore shapes

To account for the reaction kinetics in the presence of pore
occlusion by coke deposition, the set of nonintersecting pores in
the catalyst is considered to consist of two different types of
pores, one of volume fraction « and widest at the center (diver-
gent), the other of fraction (1 — «) and narrowest at the center
(convergent). Each of these sets has N pores. Schematic repre-
sentation of the divergent and the convergent pores is shown in
Figure 1, in which the hypothesized pores are divided into two
halves, each a mirror image of the other. The conical halves of
the divergent and convergent pores are geometrically identical,
i.., the radial pore size at a given relative position on the height
of the halfpore is the same.

Pore volume distribution of coke

Consider the volume of coke deposited on the inner surfaces of
the divergent pores to be described by a volume distribution
function g,(r). Thus, the total volume of coke deposited in the
divergent pores is:

Ve~ [ 2 dr @)

Using the expression for the volume of an annulus
g dr=malr* — [r — hy(N)NdL, ry<r=r, (5)
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Figure 1. Schematic representation of convergent and
divergent pores.

where the differential pore length is

d J%’% , 6)

and h,, () is the initial coke annular layer thickness in the diver-
gent pores. Since for a divergent pore the thickness of this layer
in the blocked regime is the radius of the pore mouth, combining
Eqgs. 5 and 6 gives

T'ns r=ry

ha(r) ~
o ATER

In parailel to the foregoing consider the volume of coke
deposited in the convergent pores to be described by a volume
distribution function g.(r). The sizes of the unblocked portions
in the convergent pores exist over the range between r, and ,,
where r, denotes the largest pore size of coke blockage, as shown
in Figure 2a. The total volume of coke deposited in the
unblocked portions of the convergent pores is

M

V= [ 8 dr (8)

Using once again the expression for the volume of an annulus

gy dr==(l — a)[r* — [r — ho(NPIdL, r>r, (9)
where h.,(r) is the initial coke annular layer thickness for this
case. Since the thickness of the coke annular layer in the blocked
portion is equal to 7, combining Eq. 9 with Eq. 6 and rearranging

gives

r, r=r,
ho(r) = [1 _ ,1 3 £.( ]r, oy (10)
(1 - a)f(r)
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Figure 2. Schematic representation of coke deposition in
convergent and divergent pores.

Blockage of pores

The growth of the total reaction surface in a coked catalyst
containing pore blockages and inside cavities may be followed in
terms of the growth of the unblocked portions and that of the
blocked portions, as shown in Figure 2b. If under kinetic-con-
trolled conditions the rate of reaction is proportional to the total
surface area

dlhy(r, )]

an =—~R, r>ry 093]
dh.(r, 1)
——-[——dt——ls-R,, r>r, (12)
and
dz.()]
ar = —R, (13)

where h,(r, t) and h,(r, ) denote respectively the coke annular
layer thicknesses in the unblocked portions of the pores at any
time; and z.(¢) is the half length of coke blockage in the conver-
gent pores at any time.

The initial length of the coke blockage in the convergent pores
can be expressed as:

(1-a) ruf®

0= 27N Ez E (14)

N

and the total volume of coke in the blockage is:

Vo= (1 =) [ (&) dt (15)

Consider the growth of the unblocked portions of the set of
pores to be in the radial direction only. Following the treatment
adopted by Chang and Perlmutter (1987), one can obtain the
total volume of coke deposited in the divergent pores at any time
as

10,

Vi =a [717 - I = b 0T (16)
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The total volume of coke in the unblocked portions of the con-
vergent pores at any time is:

]Zf()

VRO =0 - [ - I - b 072 dr (17)

If in addition to the radial change, one considers the removal of
coke in the axial direction, the process starts at point E of the
coke plug (Figure 2a). When the length of the coke blockage z,,
is much larger than the largest radial pore size of the coke plug
75, the total volume of coke removed from the blockage at any
time may be approximated by the equation

4
—wN(R1), t=t,

Va0 - (18)

a *a)[fx"’f(E)dE], 1>1,

where r}(#) denotes the pore size of the cross-section that is tan-
gent to the surface at point E’ (Figure 2b), implicitly defined
by

z.(), t=t

4

2N=T
f”?&—(l a) (19)

" 0, 1>1,

and ¢, and ¢, denote the time periods required: 1) for the distance
between E and E’ to evolve to r,; and 2) for the coke blockage in
the convergent pores to be consumed. Then the total volume of
coke involved in the blockage of the convergent pores at any time
is:

Vi) = Vas ~ V() (20)
Adding Eqgs. 16, 17 and 20 to account for the several contribu-
tions, the overall volume of coke in the composite at any time is

ViG) - [0 - b~ 1 LR ar

f()

rw [r
s

+(l—a)[ tr — h(r, 01—~

+ [f® dz]— ZAOIEN

From the definition of conversion:

Vi)

X=1-
Ve

(22)

and the conversion-time relationship for this fluid-solid reaction
is the simple combination of Egs. 21 and 22.

Reaction rate

Because of the pore mouth blockages, the reacting surfaces in
the inner portions of the divergent pores are not accessible to the
fluid reactant at the beginning of reaction. As a result the reac-
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tion rate cannot be obtained directly by differentiating the con-
version function and must be derived independently.

The total reacting surface area in the unblocked portions of
the divergent pores is:

0, t=0
Skit) = w 23
MO =10, _[ Hy(r, O)[r — hy(r, :)]f(’) >0 &
where H,(1) is the Heaviside step function:
ha(r)
1, t<——
H,(r,0) R (24)
rt) =
’ 0 ¢x 0@
b b R‘

introduced here because reaction stops when the covering coke is
removed and the catalyst surface is exposed. For the unblocked
portions of the convergent pores, the reacting surface area at
any time is:

St =200 - ) f'WHc(r, Hir - h(r, t)]fl—)dr (25)
where
H " t<%(’2 26)
¢ 1) =
R P (
» TR

The reacting surface of coke blockage in the divergent pores is:

2xNrh, t=0

27
0, t>0 )

Skt = [

Assuming an isotropic process of removal of coke from the
blockage, the reacting surface area in the blocked portion of the
convergent pores may be approximated as:

t=<t, 28)

t>1,

Sx(f 4rN(R1)?,
0 = NPT

Adding Egs. 23, 25, 27 and 28, one obtains the overall reacting
surface area in the coked catalyst at any time:

2eNr, + SE(D) + SE@), t=0
SH) = {2 f ™ H,(Or - hy(r, z)]ﬂ—) (29)
+ Sk’:(t) + 8%, t>0
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If the rate of reaction is proportional to the total surface area:

dX R
—— . G*
7 VRSR(’)

(30)
and the rate-time relationship of the fluid-solid reaction is the
combination of Eqgs. 29 and 30, which may in turn be combined
with Eq. 25 to express the result in terms of the coke volume
distribution functions g,(r) and g_(r).

Coke loading

In a prior report (Chang and Perlmutter, 1987) it was shown
that for a coke distribution that is proportional to the pore length
distribution, the process of deposition ceases when the divergent
pores seal at a critical coke loading. As a result, for any level of
coke loading above the critical the volume of coke in these pores
remains constant at

Ve = Vs (31)

where V_, denotes the critical volume. It was shown in the same

reference that the coke volume distribution at levels above the
critical is

aV, f(r)
ar’l

8(r) = (32)

ry<r<ry

The corresponding distribution in the unblocked portions of the
convergent pores can be written as

Ve S
7 J( '
r? [‘H’L - f f;) d‘g’]

N

& = (33)

r,<rsry

Substituting Eq. 32 into Eq. 7, one obtains an expression for
the thickness of coke annular layer in the divergent pores. Simi-
larly, substituting Eq. 33 into Eq. 10 gives the expression for the
thickness of coke layer in the convergent pores.

Number of pores

By assuming radial burnoff of reacting material within the
unblocked portions of pores, it has implicitly been assumed that
within those portions the circumferential surface area of the
coke annulus at the pore entrance is negligible in comparison
with the conical surface area within the pore; that is, as shown in
Figure 3:

S, S, (34)

To meet this criterion requires that the initial length of the
unblocked portion of the pore be much larger than the thickness
of the coke annular layer at the pore entrance. For a divergent
pore, the length of the unblocked portion before reaction is

al

Z:o=51—v'

(35)
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Figure 3. Circumferential coke surface area S, and coni-
cal surface area S,.

Since
zh > ry (36)
an upper bound on the number of pores is
L
N«2Z= (7
2ry

A similar inequality can be developed for a convergent pore, but
the result is not useful, since it is always less restrictive than in-

equality (Eq. 37).

Numerical Evaluations

In assessing the implications of the model presented here a
series of numerical simulations were carried out, focusing espe-
cially on the effects of pore blockage on coke layer thickness and
regeneration rate, To this end it was necessary to estimate the
essential parameters in the model:

® The pore volume distribution function f(r)

e The volume fraction of the divergent pores «

o The radial pore sizes 7, and r,, of the catalyst, and r, for the
coke blockage in the convergent pores

o The overall coke volume ¥,

The pore sizes and volume distribution given for an uncoked
catalyst by Haldeman and Botty (1959) were used for f(r) as
well as to obtain 7, = 1.2 x 10" mand r,, = 1.5 x 107* m. The
same source provided V' = 4.2 x 10~* m®/kg. Values of several
other parameters could be chosen over reasonable ranges but not
entirely arbitrarily, since they had to be consistent with the prior
data. Within these limitations the choices made for particular
effects being studied were:

2.1 x 107 = ¥V, =126 x 10~*m’/kg
132x 10 <7, <276 x 10 m
0l<a=03
The range of values of o were suggested by the data of Drake

(1949).
Upper bounds on the number of pores were obtained from in-

AIChE Journal March 1989

equality (Eq. 37) to give:

a Upper Bound on N

0.1 3.24 x 10
0.2 6.47 x 10"
0.3 9.71 x 107

and numerical estimates were made by assuming actual values
of N to be less than the upper bounds by two orders of magni-
tude. The appropriate parameter values were inserted into Eq.
30 to compute rates of reaction and into Eqs. 7 and 10 to find the
corresponding coke profiles.

Results and Discussion
Pore blockage and inside cavities

The effect on reaction kinetics of the existence of pore mouth
blockages and inside cavities is demonstrated in Figure 4 by
superimposing the results of this study on those computed ear-
lier by Chang and Perlmutter (1987) from the experimental
data of Haldeman and Botty for the case where no blockage
existed. From this comparison the pattern of reaction behavior
in the presence of occlusion of pore space is in general similar to
that in the absence of occlusion, but the computed rates of reac-
tion in the former case are significantly reduced at the start of
regeneration, because the blockage at the pore entrance makes
the coke deposited in the divergent pores initially inaccessible to
oxygen.

The coke profiles in both the divergent and convergent pores
are presented in Figure 5, showing two different but very similar
results. For divergent pores the profile begins at point A (1, 1)
on this normalized scale, since the entrances to the divergent
pores are blocked. For convergent pores, the initial portion of the
profile AB shows increasing thickness of coke between radii 1.0
and 1.1, the range where the pores are blocked and A _o(r) = r.

For a given pore size the coke annular layer in the convergent
pores is thicker than that in the divergent pores, because the pro-
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Figure 4. Comparison of reaction rates in the absence of

pore occlusion with those in its presence.

Data are normalized with respect to rates at conversion = 0.075 and
conversion is based on fractional coke removal. Curve a is for the
normalized coke volume ¥ = 0.05; curve b is for ¥ = 0.09, a = 0.2,
and the normalized largest blockage size 7, = 1.1. The coke volume
and the largest blockage size are normalized with respect to ¥V =
4.2 x 107* m*/kg and ry = 1.2 x 10~° m, respectively.
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Figure 5. Comparison of coke profiles in the absence of
pore occlusion with those in its presence.

Thickness and pore radius are normalized with respecttor, ~ 1.2 x
10-° m. Curves a and b are for V' = 0.09, « = 0.09, and 7, = 1.1.

cess of coke deposition in the convergent pores does not stop at
the critical V. The coke layer is reduced in thickness in the
absence of occlusion of pore space, because the coke loading
used in the computation is less than the critical. As a conse-
quence the reaction surface area of the catalyst is larger. This is
consistent with the higher rates of reaction already seen in Fig-
ure 4.

Coke deposition pattern

The effect on coke thickness of the geometry of the deposit is
demonstrated in Figure 6, in which the profiles presented are for
different values of r, with the same level of coke loading. The
normalized profiles for the divergent pores fall on the same
curve, because as noted above the process of coke deposition in
the divergent pores stopes as soon as the entrance is blocked.

Two opposing factors are involved in determining the thick-
ness of the coke layer in the unblocked portions of the conver-
gent pores: first, a larger fraction of the coke is deposited in the
blocked portions for either larger r, or smaller «, tending to give
a thinner coke layer; and second, the total pore length of the

3.0

i

]
© o
- N
o

<i g

CONVERGENT ('rb =29

CONVERGENT (r = 2.0)

N
Q
!

CONVERGENT (1, = 1.5)

DIVERGENT

COKE ANNULAR
LAYER THICKNESS

0.0 v T T r 1 1 1T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

PORE RADIUS

Figure 6. Coke profiles for different coke deposition pat-
terns.

Thickness and pore radius are normalized with respect to 7y, = 1.2 x
10° m.
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Figure 7. Reaction rates at different conversions for sev-
eral coke deposition patterns.

unblocked portions in the convergent pores is smaller for either
larger r, or larger o, thus fostering a thicker layer. That the first
of these factors is dominant in the convergent pores is shown by
the profiles in Figure 6.

A reverse trend is found in the observations of Figure 7, in
which increased reaction rates are found for smaller values of »,,
showing that in the presence of coke blockage the thickness is
not the only factor that affects the area of the reaction surface in
the convergent pores. A larger fraction of unblocked portion in
the convergent pores is associated with a smaller value of , to
give a larger reaction surface area. Figure 7 shows that the
effect of the fraction of unblocked portions in the convergent
pores overcomes that of the thickness of coke layer in deter-
mining the reaction surface area. The process of emergence of
islands of nonreactive surface is favored by the pattern of depo-
sition associated with large r;. A related trend may be found in
Figure 7, where a shallow maximum in rate occurs for small
conversions and large values of r,.

For larger values of r, not only is a larger amount of coke
deposited in the blockage than in the unblocked portion of a
pore, but in addition the coke deposited in the blockage has a
much smaller reaction surface area. As a result the rate falls
close to zero at a lower conversion level, as presented in Figure 7.
With reduced rates as r, increases, the time period required for
complete conversion is longer.
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Figure 8. Reaction rates for pore structures with dit-
ferent loveils of « for V= 0.2 and7, = 1.8.
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Figure 9. Reaction rates for pore structures with dif-
ferent levels of a for V= 0.3 and 7, - 2.3.

Effect of pore structure

Figures 8 and 9 demonstrate that the catalyst pore structure
has a significant impact on the way in which reaction rates
change with conversion. As the volume fraction of the divergent
pores increases, for example, an inflection point develops at an
intermediate conversion level. This change in the shape of the
pattern of reaction behavior appears in Figure 8 but not in Fig-
ure 9, suggesting that the level of coke loading also has a signifi-
cant impact on the pattern of reaction behavior.

The corresponding coke profiles are presented in Figures 10
and 11, in which one can note that the difference among coke
profiles in the unblocked portions of the convergent pores
becomes notable with an increase in loading. At any level of coke
loading the same two opposing factors are involved in deter-
mining the thickness of the coke layer in the unblocked portions
of the convergent pores as was noted above: first, less coke is
deposited in the unblocked portions of the convergent pores for
larger o, and second, the total pore length of unblocked portions
of the convergent pores is smaller for larger a. The former fac-
tors tends to give a thinner coke layer, while the latter tends to
give a thicker one. It is shown in Figures 10 and 11 that the coke
layer is in fact thicker for larger a, indicating that of these two
the smaller total pore length is the dominant factor.

20
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Figure 10. Coke profiles for different pore structures
with V=0.2 and 7, ~ 1.8.
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Figure 11. Coke__ profiles for different pore structures
with V=0.3andr, - 2.3.

Coke loading

Distinctions between the effects of convergent and divergent
pores depend on the level of coke loading. At a loading level of
Ve = 4.2 x 107> m*/kg, for example, profiles in the unblocked
portions of convergent pores are almost the same as those in
divergent pores for all the structures studied. As a consequence
the surface areas and reaction rates are the same. For higher
levels of coke loading, on the other hand, layers in the unblocked
parts of the convergent pores are much thicker than those in the
divergent pores (see Figure 10 for ¥, = 8.4 x 10~° m*/kg), and
as a result the emergence of islands of unreactive surface in the
divergent pores affects the overall surface area of the pore struc-
ture and hence the reaction kinetics. This point is illustrated in
Figure 8, where the reaction rates are reduced in the interme-
diate stages of regeneration for increases in a.

For V, = 8.4 x 10~° m*/kg the emergence of nonreactive sur-
face occurs first in the divergent pores, and the development of
the rate of reaction exhibits a slight shallow maximum in the
initial stages of regeneration (shown in Figures 8 and 9). As the
reaction continues, the loss of reaction surface associated with
the depletion of coke in the divergent pores is compensated for
by the opposing effect of the growth of reaction surface asso-
ciated with the convergent pores. This is illustrated by a slight
knee in the rate curves over some intermediate conversion levels.
Ultimately the rate of reaction diminishes with conversion as the
loss of reaction surface prevails.
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Notation

f(r) = pore volume distribution of porous catalyst
g4(r) = volume distribution of coke in divergent pores
£.(r) = volume distribution of coke in convergent pores
h,o(r) = thickness of annular layer of coke at ¢ = 0 in divergent pores
h.o{(r) = thickness of annular layer of coke at = 0 in convergent
pores
h,(r, 1) = thickness of annular layer of coke at any time in divergent
pores
A (r, t) = thickness of annular layer coke at any time in convergent
pores
H_ (1) = Heaviside step function defined in Eq. 26
H,(r) = Heaviside step function defined in Eq. 24
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L = overall pore length of porous media
N = number of pores
r = radial pore size
7 = dimensijonless radial pore size
r, = largest radial pore size of coke blockage in convergent pores
Ty =ry/ry
ri(t) = largest radial pore size of coke blockage in convergent pores
atany time
ry = smallest radial pore size of porous media
ry = largest radial pore size of porous media
R, = kinetic-controlled surface reaction rate
S = overall pore surface area of porous media
S, = circumferential surface area of coke annulus at pore en-
trance
S, = conical surface area of coke annulus in the unblocked portion
of a halfpore
S %(r) = overall surface area at any time
S# (1) = total reacting surface area in the unblocked portions of con-
vergent pores at any time
S3,(1) = total reacting surface area in the unblocked portions of diver-
gent pores at any time
* (1) = total reacting surface area in the blocked portions of conver-
gent pores at any time
S% (1) = total reacting surface area in the blocked portions of diver-
gent pores at any time
t = time
t, = time period for removal of coke from the blocked portion of a
convergent halfpore
1, = (r,/R,) = the time period required for r3(f) to evolve to r,
V = overall price volume of porous media
V = volume ratio of Vyto V'
V., = critical coke volume for pore occlusion
V, = overall volume of coke
V%(1) = overall volume of coke at any time
Vs = total volumm of coke in the blocked portions of convergent
poresatf =0
V3,(f) = total volume of coke in the blocked portions of convergent
pore as at any time
Ve = total volume of coke in the unblocked portions of convergent
poreatt =0
V% = total volume of coke in the unblocked portions of convergent
pores at any time
Vrs = total volume of coke divergent poresat¢ = 0
V3,(1) = total volume of coke in the unblocked portions of divergent
pores at any time
V(1) = total volume of coke removed from the blocked portions of
convergent pores at any time
X = conversion
2., = length of coke blockage in a convergent halfpore at ¢ = 0
z.(¢) = length of coke blockage in a convergent halfpore at any time
z% = length of unblocked portion in a divergent halfpore at 1 = 0
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Greek letters

a = volume fraction of divergent pores
£ = dummy variable
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