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Abstract—The equations for deactivation during multilayer coke formation occurring via consecutive addition
arederived. Thismechanismistrue for many oxide acid catalysts. The availablelinear and exponential relations
between the activity and the coke concentration are the specific cases of these equations. The models were
experimentally supported for dehydrogenation, isomerization, and reforming.

INTRODUCTION

Catalyst coking isthe most common reason for their
deactivation.

The necessity of preventing catalyst coking largely
determines the technology, instrumentation, and eco-
nomics of many large-scale processes, such as crack-
ing, reforming, dehydrogenation, etc.

In catalytic cracking, ~3-6% of a raw material is
converted into coke and burnt off during catalyst
regeneration. In the United States alone, this makes up
10-15 million tons of vacuum gas oil a year and is
nearly identical to the capacity of all cracking plantsin
Russia. The regenerator comprises 60—70% of areactor
unit, and the expense for catalyst coking and regenera
tion is more than 80% of all operating costs of the pro-
Cess.

Catalyst coking in gasoline reforming makes it nec-
essary to conduct the process under high pressures and
in an excess of hydrogen, that is, under thermodynam-
icaly non-optimal conditions. For the same reason,
reactors were packed with a 20-50-fold excess of a cat-
alyst to alow its operation for 0.5-1 year before regen-
eration.

Coke formation on catalysts occurs via different
mechanisms [1-6], including consecutive addition or a
consecutive mechanism [3], the carbide-cycle mecha-
nism[1, 7], and the compensated decomposition mech-
anism|[8, 9].

However, the mechanism of active site deactivation
by coke is much more important for catalysis than the
mechanism of its formation. Taking this into account,
we consider here mainly how the activity of catalysts
changes during their coking.

AVAILABLE MODELS

Voorhies[10] wasthefirst to quantitatively describe
catalyst coking for catalytic cracking based on the the-
ory of topochemical reactions:

Cc = At", (1)

where C is the coke concentration, g/g; t is time; and
A and n are the formal parameters.

Froment and Bischoff [11, 12] introduced the activ-
ity parameter (@ = k/k;) that related the reaction rate
constants on deactivated (k) and fresh (k,) catalysts and
considered it as a function of the coke concentration.
The @ function can be

linear: @,(C.) = 1-yCq, 2
exponential: @,(C¢) = exp(-yC), (3)
hyperbolic: @,(C.) = 1/1(1+yC.), 4)

whereyisthe experimental parameter.

These relations were used later in many studies to
describe dehydrogenation, cracking, etc. The first two
functions were subsequently verified in terms of coke
formation mechanisms.

The linear dependence follows from the model [13]
for formal one-layer coke deposition (independently of
the layer thickness). In this case, @, = 1 — C/(Cp).,
where (C,)., is the maximal coke concentration.

Exponential relation (3) can be obtained from the
multilayer scheme of coke formation upon certain
assumptions [14, 15].

These relations are often used to estimate the cata
lyst activity as a function of its service life. For exam-
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ple, theirreversible deactivation of cracking catalystsis
sometimes cal culated by the equations [16]

A = Agexp(Kal), A = AJ(1+kat"), (5

where A, and A, are the activities of the fresh catalyst
and that used for t hours, respectively; nisthe exponent
(n = 0.5 for laboratory conditions at 650-840°C); and
k, isthe formal rate constant for deactivation.

Strictly speaking, one can describe catalyst deacti-
vation by coke without the relations between the cata-
lyst activity and its concentration. The model can be
represented exclusively in the activity terms (a):

—da/dt = f(C, T)a". (6)

where a = r/r, is the ratio of the current (r) and initial
(ro) reaction rates.

Upon integration, the activity is expressed in terms
of the time and conditions of the catalyst operation a=
F(x, T, t). These models, usually referred to asthe Lev-
enshpil models, are also true for deactivation by coke
and widely used for many processes.

Moreover, models (6) are more convenient for
describing the experiments and optimizing the pro-
cesses than models (2)—(4) because they contain only
easily measurable parameters (a, t) and lack the coke
concentration (C), which can be measured on a work-
ing catalyst in only afew processes.

Nevertheless, the coke concentration (or, the poison
concentration during catalyst poisoning) is a more
informative characteristic of the catalyst state than the
time of its operation or the amount of the converted raw
material. Therefore, the relations a = @(C,) are neces-
sary for the analysis of the reasons and the nature of
deactivation (i.e., to elucidate the mechanism of coke
action).

Linear Dependence

It is obvious from general considerations that one
should know or assume the coke deposit structure to
determine the function a = @(C.). Indeed, if O, isthe
fraction of the deactivated surface, the coke concentra-
tion can be calculated from the eguation:

Ce = ©p3S,hpe, )

where 8S;, isthefraction of the specific surface of acat-
alyst capable of coking (m?g), and pc and h are the
density (g/m*) and thickness (m) of coke deposits,
respectively.

If the h and p values remain unchanged during
deactivation, an increase in the coke concentration is
exclusively due to an increase in the ©p parameter.
Although this mechanism is not very probable, it is till
the only one that results in the linear dependence
between the a and ©, parameters. It is easy to verify
that 8§, hp = Cy, isthe maximal coke concentration on
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the catalyst. Then, we obtain ©, = C/C,; and, taking
into account that a=1- ©, [17],

a=1-C.Cy, or a=1-yCq, ®)

where y = 1/Cy,. This linear relation accepted in [13]
indicatesthat the thickness of the coke depositsremains
unchanged during catalyst operation and that only the
surface area covered with cokeincreases. Formally, this
can be represented as follows:

Reaction Coke

20, O

Thisisimplicit assumption when the linear relation
a=1-yC.isused.

In fact, coke deposits thicken and grow in all coke
formation mechanisms. Therefore, the distribution of
their thickness with time or the ©, value (which is the
same) is aways observed:

Reaction Coke

20 Op

There are two prerequisites for linear relation (8) in
this case. Thefirst oneisthe monolayer or monomolec-
ular nature of coke formation. The second is the ava-
lanche-like coking that implies the slow formation of
thefirst layer followed by the nearly instantaneous for-
mation of the next layers. Thisleadsto relation (8). The
monolayer coke formation indicates that, upon block-
ing an active site by a coke precursor, further coke for-
mation, if any, isvery slow. Coke deposit growth inthis
case occurs exclusively along the horizontal direction.
Then

a = 1_C0/Cm, (9)

where C,, is the capacity of the monolayer coke cover-
age, 9/g.

Let us estimate the C,, values. The composition of
coke deposits was analyzed in detail in [1]. For mono-
layer coke formation, the hydrogen/carbon ratio in coke
is ~1. Then, the surface coke concentration is (Cp), =
(2-4) x 10* g/m?. Of course, coke only covers the
working part of the surface and never all of the catalyst
surface. This is usualy 1-10% of the overall specific
surface area. Then, C, = 0.07-0.12% for catalystswith
S, = 15-30 m¥g and C,, = 0.5-1.5% for those with
S, = 100-300 m?/g. In many processeswith ashort period
between regenerations (cracking or dehydrogenation),
less than 0.2-1% of coke is accumulated [1, p. 12§],
which is comparable to the C,, estimate. This explains
why the linear a-vs.-C. relation is often used to
describe these processes.

Thisrelation can also be substantiated more strictly.
Equations (7) and (8) are true only when the rate of
KINETICS AND CATALYSIS  Vol. 42
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coke accumulation is directly proportional to that of an
increasein the deactivated surface fraction (©), that is,
when dC.. = C,dO, or dC. = —C_da. In other words,
the linear dependence requires that

dC./dO©, = const = C,,.. (10)

This equation istrue until coke formation islimited
by the blocking of afree surface (1 - ©y).

Exponential Dependence

Despite the simplicity and validity of thelinear rela-
tion, the experimenta functionsa = @(C,) often differ
from the linear one. This may be due to the following
facts: multilayer deposition via the consecutive
scheme, dendrite growth via the carbide cycle mecha-
nism, the polyfunctional nature of catalysts, etc. Each
of these leads to certain types of the function a =
@(C.), which will be derived below.

In al these cases, exponentia relation (3) is often
used because it satisfactorily approximates different
nonlinear (power, hyperbolic, etc.) relations up to cer-
tain coke concentrations. Moreover, this relation is
quite smple, illustrative and contains only one formal
parameter (y).

At the same time, the exponential relation has phys-
ical prerequisitesand may be derived on the basis of the
deactivation mechanism upon certain assumptions.
Formally, the equation a = exp(-yC,) istrueif

da/dC. = —vya. (11)

This, in turn, imposes some limitations on the form of
differential equations for the catalyst activity and coke
concentration. These two equations are closely related
because both of them follow from the deactivation
stages. Therefore, condition (11) isonly fulfilled at

da/dt = _kpa, dCC/dt = kc, y = kp/kc, (12)

where kp and k. are the rate constants for deactivation
and coke formation of different dimensions, respec-
tively.

In other words, the exponential relation a =
exp(—yCc) corresponds to the case when the rate of
coke formation remains unchanged and independent of
the catalyst activity. This is possible when coke is
deposited on both active and deactivated sites at the
samerrate.

Theequality of therate constantsfor coke formation
on the active and coked surfaces (which was assumed
to verify Eq. (3)) seems unlikely. Therefore, the expo-
nential relation should be considered as formal, and its
wide application can be attributed to both the formal
convenience and acceptable approximation of the true,
more complex relations.

Thus, the use of Eq. (3) is quite reasonable for both
the description of the experimental data and process
optimization within the given C. range. However, this
relation cannot be used to identify the deactivation
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mechanisms and, especially, to analyze the limiting
cases of coke formation.

Probability Model

Beeckman and Froment [18] developed a probabil-
ity model of catalyst coking that implies coke deposi-
tion on the active and coked surfaces. In this case, the
catalyst activity isthe product of two probabilities:

a= (I)A: PS. (13)

where Sisthe probability that the active site is not cov-
ered with coke; P is the probability that the active site
is not locked due to pore congestion.

Pore congestion is assumed to occur when the coke
deposits attain the pore size. The coke concentration is
expressed as follows:

dCc/dt = ClaMcPSro+ P(1-9)r,, (14)

where C, is the overall number of the active sites; a is
the coke deposit density, moles of coke/moles of active
sites; M is the molecular weight of the coke deposits,

g/mol; rg isthe initia rate of blocking the active sites

(sothat S= exp(—rgt)); andr, istherate of coke growth
(polymerization), g gt h.

Unfortunately, Beeckman and Froment [18] failed
to obtain any expression relating the catalyst activity to
the coke concentration because of the model complex-
ity. Time variations in the activity may be calculated
from the following eguations:

b =

da = exp(—rot)(1-e9)/Q,
Q = oL[1-exp(-ra(t—ty))] for t>ty,

where t,, is the time in which the coke macromolecule
attains the pore size and blocks it and oL is the proba-
bility of active site localization in a pore of length L.

The calculationsinterms of thismodel givetherela
tionsa= &(C.) Smilar to the experimentd oneat oL < 1.
At oL > 1, the shape of the nonlinear curves is deter-
mined by the porous structure of the catalyst grain [18].
The model is used to describe deactivation during
1-butene dehydrogenation on an Al-Cr catalyst [19].
Only ~15% of the active surface is blocked because of
pore coverage with coke. This occurs in the first sec-
onds of the process when ~0.01% of coke is accumu-
lated. Marin et al. [19] showed that there is no need to
apply this rather complex model to ordinary catalysts.
However, it seems useful for zeolite catalysts.

exp(—rdt) for t<t,, (15a)

(15b)

MODEL OF MULTILAYER COKE FORMATION

Let us now consider the model of multilayer coke
formation suggested for the consecutive mechanism
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and partially described in [14, 15]. The equations of
this model were derived based on the following
scheme:

1. PHC + @0 —> G)l’ rl = kmeoc:p,

1. PHC + el —— Oz, prle,

N.PyctO_1— 0, r,= kp@n—ICP
Here @, is the surface fraction occupied by n coke
layers; ©, and ©, are the overall fractions of the free
and coked surfaces, respectively; P is hydrocarbon,
the coke source; C; is its concentration; and k., and k,

are the rate constants for the formation of the first
(monolayer) and next coke layers, respectively.

The fractions of the active and coked surfaces may
be expressed as follows:

N
eo = 1_Op, ep = @n.
nzl

(16)

The rate of thefirst stageis actually proportional to the
fraction of the surface occupied by an intermediate (©,)
involved in deactivation rather than to the fraction of

the overall free surface ©, = ©; . However, thissim-
plification does not influence the result because ©; =
O] (1 - ©p) [17] and O] isobvioudly included into the
k., parameter.

The overall rate of coke accumulation is the sum of

the rate of monolayer formation and the sum of the
rates of coke deposition on the next layers:

N
= knCe@o+k,Cp Y Oy 1,

n=2

1dC

£t a7

where ¢ is the weight of coke formed from 1 mol of a
hydrocarbon or its ability of coke formation (g/mol).

In view of EQ. (16), this equation takes the form:

1dC
zd_tc = knCp(1-0p) +Kk,Cp(@p—0y).  (18)
N On
PHCX L
p ...............................
‘ k 9,
m | o, | |
0 g,=10 Op=30, 1
Scheme 1.
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The activity depends on the formation of only the
first layer, which blocks active sites. Then the ©p
parameter may be expressed as follows:

CydO,
& dt

Here C,, is the monolayer capacity (g/g), that is, the
maximal coke amount on the catalyst in the case of
monolayer coke formation. L et us assume that the max-
imal capacity of every next layer takes the same value.

The relationship between the catalyst activity and
the coke concentration may be obtained only upon the
simultaneous solution of Egs. (18) and (19). This is
hampered by the second term in Eq. (18), which
depends on both the ©; and ©, parameters (O is the
fraction of the surface occupied by N coke layers). The
main challenge in deriving the equation for deactiva-
tion in the case of multilayer coke formationisin elim-
inating the ©y parameter or expressing it in terms of
other parameters. The simplest way to overcome this
difficulty is to assume the absence of the last Nth layer
and further coke formation over the whole surface of
the coke deposits already formed. This assumption
indicates infinite coke formation and seems to be
poorly justified. However, it will be shown later that it
isstill quite reasonable at real coke concentrations.

= KnCp(1-0p). (19)

Model of Infinite Coke Formation

If the coke deposits grow all over their surface, the
rate of this growth is proportional to the ®p parameter
within the framework of the mechanism represented in
Scheme 1. Then, Eq. (17) takes the form

19Ce | CoOo+ k,CrOp. 20)

In accordance with Eq. (18), this formally means
that ©y = 0. As before, in this case, ©, = (1 — ©p), and
Eq. (19) for the ©, parameter remains the same. Now
one can easily solve the system of Egs. (19)—20). Let
us divide Eg. (20) by Eq. (19):

1Sk O

Cnd®, ~ 7 ky(1-6p)

If the mechanism of themain reactionislinear, thena =
1 — ©p and, hence,

1 dCc

C, da

Upon integration, we obtain an equation that relatesthe
aand C parameters [14, 15]:

Co/Cy = (1—¢)(1—a)—dlna. 1)

Figure 1 presents the plots corresponding to relation
(21) at various ¢ values. Thedistinctive property of this
equation is that it includes both the above linear and
exponential relations as specific cases.

= 1+¢1%"", where ¢ = Ky/ky.

KINETICS AND CATALYSIS Vol. 42 No.3 2001
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For insignificant coke formation on the coked sur-
faceatk, — 0, wehave$ —= 0. Then, from Eq. (21),
we obtain the linear relation C./C, =1 —aor a =
1 = C./C,, sSimilar to relation (2).

The exponentia relation (3) is obtained when the
rate constants of the monolayer and multilayer coke
formation are identical, as also follows from Egs. (11)
and (12), that is, at ¢ = 1. Then, taking into account
Eqg. (21), we have C./C, = —Ina or a=exp(-C/C,).

Let us consider how Eq. (21) is used to describe
available (Fig. 2) and experimental data on heptane
reforming (Fig. 3). Figure 2 presents the experimental
data from [20] for 1-butene dehydrogenation into divi-
nyl on the Cr,05-Al,0; catalyst and the results of their
interpretation. The mechanism of consecutive addition
on oxide catalysts at moderate temperatures [21]
ensures the application of the model of multilayer coke
formation to this process. Moreover, Fig. 2 shows that
the coke concentration is much higher than the mono-
layer capacity C,, = 1-1.5%. The C,, value can approx-
imately be estimated by depicting a straight line from
the point a = 1 through the points with the minimal
coke concentration to the C.. axis. The error in descrip-
tion the data by Eq. (21) is 3%, whereas, for the expo-
nential (Eg. (3)) and hyperbolic (Eq. (4)) relations, itis
10 and 16%, respectively.

Figure 3 illustrates the interpretation of the experi-
mental results on heptane reforming. In the case of
bifunctional catalysts of reforming, coke is deposited
on the acid sites of a support viathe consecutive mech-
anism [23]. The number of these sites may be deter-
mined from both the intensity of the IR spectra of
adsorbed CO on AI** ions and the related activity in
paraffin (e.g., heptane) isomerization [22]. In the
course of heptane reforming on Pt/Al,O;, heptane
isomerization occursin parallel with aromatization into
toluene, cyclization into N5 naphthenes, and hydroc-
racking. Theisomerization activity in Fig. 3 was calcu-
lated as the relative rate of isomer (iso-C;) formation
during n-heptane reforming [22].

The specific feature of the process is the induction
period of catalyst operation, during which hydrocrack-
ing predominates and coke is accumulated in notice-

able amounts (Cg ). At the end of the induction period,

the aromatization rate attains its maximal value and the
process is assumed to begin (a=1). In this case,
Eqg. (21) takes the form:

(Cc—CQ)IC, = (1-¢)(1-a)-lna.  (22)

The error in the experiment interpretation according to
Eq. (22) is 6%, whereas, in the case of the exponential
relation, it is 16%.

Thus, assuming infinite coke formation, one can
also derive an equation that satisfactorily describes the
experimental results and that has undoubted advantages
against the conventional exponential equation. Thiscan
be dueto thefact that the coke concentrationsin thereal
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a
1.0

0.8 Ce/Cr=(1—0)(1-a) - dlna
0.6
0.4
0.2

Fig. 1. The catalyst activity asafunction of the coke concen-
tration in the framework of the model of infinite multilayer
coke formation.

a
1.0

0.8

0.6

0.4

0.2

0 2 4 6
Ce, %

Fig. 2. The catalyst activity asafunction of the coke concen-
tration during butene-1 dehydrogenation on Cr,O3-Al,03.

The points correspond to the experimental data[20], and the
lines represent the results of calculations by Egs. (1) (21),
(2 (3), and (3) (4).

processes are far from their limiting (maximal) values.
When the activity is lower than 30-50% of its initial
value (a = 0.3-0.5), the catalyst is regenerated and it
cannot accumulate noticeable coke amounts, which
preclude the application of this model.

Let usfinally consider the cases of Eqg. (21) for the
nonlinear mechanisms of the main reaction and/or
deactivation during binary interactions.

If only the deactivation mechanism is nonlinear,
equations for the ©, parameter and coke concentration
take the form (similar to Egs. (19) and (20)) [24]:

Cpd®
PG = VekmiCal1-00)’ (23a)
dc
18 - Co(1-0p)7 +K,CoOp, (23b)

& dt



0.9

0.7

0.5

0.3 !
Ce, %

Fig. 3. Thecatalyst activity asafunction of the coke concen-
tration during heptane isomerization on Pt/Al,O3. The
points correspond to the experimental data [22], and the
lines represent the results of calculations by Egs. (1) (22)

and (2) (3). €2 = 0.7%.

where v, is a stoichiometric coefficient; and k,,, and k,
are the rate constants for the formation of the first and
next coke layers, respectively.

Taking into account that a= 1 — ©p and da=-dO,,
we arrive at

1dC_1,,1-a

= =+ -

Cm da Vp ¢l a2 ’

For binary interactionsv, = 2, and, upon integration, we
obtain

C./C, = (Y2+¢,/a)(1—-a) + ¢,Ina. (24)

If the rate-limiting stage of the main reaction mech-
anism is nonlinear and taking into account the data of
[24], we have a = (1 — ©p)? and da = —2(1 — Op)dO;.
Then,

b1 = Ky/Kms.

l_GP = ’\/_as
©p = 1-./a, and dO, = —da/2./a.

In the case of the linear deactivation mechanism,
Egs. (18) and (19) are true, and after substituting
Egs. (25) into them, we arrive at

C/Cp = (1-0)(1-Ja)—(¢/2)Ina.  (26)

For the nonlinear deactivation mechanism, Egs. (23)
aretrue, and substituting Eg. (25) into them, we have

Cc/Cr = (U2+¢4//a)(1-a) + (¢,/2)Ina. (27)

For convenience, all four of these types of equations
that relate the activity to the coke concentration in the

(25)
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case of infinite multilayer coke formation are summa-
rized inthetable. Thetable also givesthe limiting cases
of these equations for monolayer (¢ — 0) and uni-
form (¢ — 1) coke formation. The plots correspond-
ing to these equations are presented in Fig. 4 at severa
¢ values.

Model of the Finite Number of Layers

In accordance with Eq. (18), coke deposition at the
coked surfaceterminateswhen (@, — ©y) — 0, that is,
when thelast layer coversthe whole surface of the coke
deposits (©p). Then, there should be the maximal hum-
ber of layers N and the related maximal coke concentra-
tion C,,.. Therefore, the model of finite coke formation
should include one of these parameters (N or C,,,,)-

Lee [25] was the first to develop such a model.
Based on a scheme similar to Scheme 1, he introduced
anew function f=©,/0,,_,. For thelayers starting from
the second layer, the f parameter changes with time but
is independent of the layer number. In terms of the f
parameter, the expression for the overall coked surface

area©, = z@n is

1—fN

0 N
ep = @1|:II.+ Z frH, or ep = @1—. (28)
o & 0O

—f

Within the framework of the model [25], the activity
(a=1-06y) isrelated to the coke concentration (C) as
follows:

Cc ! Nf'
—_— = l_ 4 -
Cm ( a)Dl_f 1—fN:|’
(29)
pl=2 - f(1-1f")
a 1-f

The f and N values should be determined by the
simultaneous numerical solution of Egs. (29), whichis
rather inconvenient in practice.

For infinite coke formation (i.e., if N — o), the
model [25] gives:

Ce _ 1-—a
5 - (1—a)%1+¢—5—m. (30)

The limiting case of monolayer coke formation (at
¢ =0) coincideswith that described by Eq. (21), that is,
a= 1 — CC/Cm'

At ¢ = 1, the model [25] gives the hyperbolic rela-
tiona=1/(1+ C/C,,), whereas Eq. (21) givesthe expo-
nential relation a = exp(-C./C,,). The comparison of
these relations used to describe our experimental
results (Fig. 2) and their application in other works pro-
vide evidence for the exponentia relation. This aso
indicates that Eg. (21) has a more significant physical
meaning than Eqg. (30). Moreover, as shown above, the
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1.0 (a)

1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 ]
0 010203 0405060708090 051015202530 3540 45
Ccl/Cry CclC,,

Fig. 4. The catalyst activity as a function of the coke concentration within the framework of the model of infinite multilayer coke
formation (a) monolayer and (b) uniform deposition. Calculations by Egs. (1) (21), (2) (24), (3) (26), and (4) (27).

exponential relation isdirectly derived from the deacti-  tional function f, which was partially reported in [14].
vation equations. Let us try to represent the second term in Eq. (17) by

Let us now consider another description of finite the coke concentration. The effect of this term is
coke formation (based on Scheme 1) without the addi-  observed only upon adramatic (nearly linear) decrease

The catalyst activity as afunction of the coke concentration on multilayer coke formation

Mechanism of . o .
. : — Relation between the activity (a) and the coke concentration (Cc)
main reaction deactivation
_ Cc
Linear C_ =(1-¢)(1-a)—¢dlna (21
de m
— ~(1-0p) $=0. a=1-CdJC,
Linear =1 a=exp(-C/C,)
a:].—ep CC Eﬂ- ¢1D
=_ — = =+—=+(1-3a)—-¢,na (24)
dOp=—da Nonlinear C, 2 al (t-2=%
de = N = —_
e _(1_a, $,=0: a=1-2C/C,,
. _(1_2%ta
¢, =1 Cm =(1 )—a +Ina
Linear C—C-(l 91 /a) - $1na (26)
~(1-6p) =0 a=(1-Cg/Cp)?
Nonlinear o= a=exp(-2C-/Cy)
a:(l 9p)2 C ¢ © m q)
do,= 92 = = 5+ l-Ja) -l (27)
T 2/ Nonlinear o Ja
do =0 — _ 2
d_t|3~(1_ep)2 ¢1 0: 2 (1 ZCC/Cm) /\[
—1- C __ y2tda 1
$,=1: c =(1-.a) 7 +2Ina
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Fig. 5. Activity asafunction of the coke concentration calculated by (a) Eq. (35), Cc/Cinax = 0.1 and (b) Eq. (37), N = 10.

in the activity even in the case of infinite coke forma-  or
tion (Figs. 1 and 4). In this case, the overall fraction of
the coked surface changes slowly, but cokeis still accu- 29_99 = (k,Cp—kCp)(1-06p)
mulated over it. The surface fraction occupied by g dt mePR P (33)
(n—1) coke layers is taken to be proportiona to the + KCo(Cpp = Co)/C,r.

(C,, — C,) difference, where C, is the coke concentra-
tion in the nth layer that covers the (n — 1)th layer:

0,..0(C,-C,))/C,. (31)
Substituting this expression and ©, = 1 — G into (17),
we arrive at

N

4
= kme(l_Op) + kaDz Cm
U=

N
—Z CL/C,,.
n=2 D

(32)

Note that k # k, because of the approximate nature of
Ea. (31).
The sumsin Eqg. (32) may be expressed as follows:

N
2 Cn =
n=2
and their difference may be rearranged to:
(Cmax Cm) - (CC - Cl) = (Cmax - CC) - (Cm - Cl)

Taking into account that ©, = (C,, — C,)/C,,, asfol-
lows from Scheme 1, and that ©, = 1 — ©,, as follows
from Eq. (16), wehave C,, - C,=C,0,=C,(1 - ©p).
Then the difference in the sums in Eq. (32) is (C,,.x —

1dc
¢ dt

N

Cn, ZCn = C.-Cy,

n=2

Co) — C,(1 — ©p). Upon the relevant substitutions,
Eq. (32) takes the form:
1dCc _
E dt kmCP(l_G)P)
+ kCP[ (Cmax - CC) - Cm(l - eP)] /Cmv

The ©p parameter is still expressed by Eq. (19)
because deactivation is also caused by the formation of
only the first layer of coke deposits. Dividing Eq. (33)
by Eq. (19), we obtain:

1dCc_

_k_|:|+ k (Cmax_CC)
C,.do,

kn(1-0p)Cpy’

In the activity termsa =1
tion may be rearranged to:

— Oy, dO; = —da, thisequa

dC -C¢
o = (1-$2C, + g omeCe (34)
where ¢, = k/k,,,.
Note that the parameters ¢ = k/k, in Eq. (21),

¢, =Ky/Ky in Eq. (24), and ¢, = k/km in Eq. (34) have
the same physical meaning, but different numerical val-
ues.

Equation (34) is a linear nonuniform equation, the
solution to which is

(35)

Equation (35) may be represented in another form to
compare with Egs. (21)—27):

CC _ Cmax |§max 0,0
— = — a’ (36)
Cn Gy
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Taking into account that the C,,,,/C,, ratio is equal to
the overal number of the coke layers N, Eq. (36) may
also be rearranged to:

Ce
o

Figure 5 presents the plots corresponding to Egs. (35)
and (37) at various ¢, values. The limiting cases of
Eq. (35) are

(1) ¢,=0: C,,=C,... Asfor the other equationscon-
sidered above, we obtain thelinear ratioa=1 - C/C,,;

(2) ¢, = 1. We obtain another linear relationship a =
1- CC/Cmax'

Figure 5 illustrates these two limiting cases. The
curves between the straight lines¢, =0and ¢, = 1 are
similar to those obtained within the framework of the
model of infinite coke formation (Fig. 1).

Therelations at ¢, > 1 are of special interest. They
correspond to the case of substantial coke deposition at
an insignificant decrease in the activity. Nevertheless,
the long period of insignificant deactivation isfollowed
by its avalanche decrease or so-called critical deactiva
tion. Such deactivation is often observed in practice
[26, 27] and may be described in the framework of the
model of infinite coke formation. Therefore, relations
(35)—(37) are more likely in the processes with pro-
longed catalyst operation (because of its self-regenera
tion), especially after catalyst regeneration.

= N-a—-(N-1)a". 37)
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