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The paper deals with description of deactivation kinetics of heteroge-
neous catalysts caused by irreversible chemisorption of catalyst poison.
Three model deactivation mechanisms are considered: the homogeneous
mechanism with one type and two types of active sites and the shell progres-
sive mechanism. A method of models parameters estimation from the rotat-
ing basket reactor measurements is proposed. The method is illustrated by
hydrogenation of benzene on a nickel catalyst with thiophene as poison.

B pa6oTe omuchIBaeTCs KMHETHKA J€3aKTUBALIWM IETEPOTeHHBIX KaTa-
JIM3aTOPOB, BLI3bIBAEMOi HeoOpaTUMO# xeMocopOIeil KaTaJIuTHYECKOrO
sna. PaccMaTpuBaroTCs TPH MOIETIBHBIX MEXaHH3Ma Je3aKTUBAIMHM : TOMO-
TEHHBI MEXaHM3M C aKTHBHBIMH IIEHTPAaMH OIHOTO WM ABYX THIIOB M
IPOTpecCHBHBIN 060J104eyHbI MexaHu3M. Ilpemiaraercs MeTol OLEHKH
IapaMeTpoOB MOJeJieif Ha OCHOBE M3MEPEHHH BpallaloIIerocs KOp3HHOY-
HOTO peakTopa. MeToa MJUTIOCTpUpYETCs Ha MpHMepe ruaporeHauuy 6eH-
30J1a Ha HHKEJIEBOM KaTajJu3aTope ¢ THO(HEHOM B KayecTBe AAa.

The paper of Wheeler [1] deals with deactivation of catalyst which is caused
by chemisorption of catalyst poison. Two limit cases have been shown, uniform
mechanism of poisoning and shell progressive mechanism. Practical systems are
between these two limit cases. In the uniform mechanism of deactivation free
access of catalyst poison into the whole catalyst pellet is assumed. The poison
deposits uniformly and progressively throughout the pellet, the resistance to
diffusion of poison is negligible. This can be expected for small catalyst pellets
with large pore diameter and for low rates of poison chemisorption. In the shell
progressive mechanism high affinity of the poison to the catalytic surface is
assumed. The poison deposits preferentially in the pore mouth near the exterior
surface of catalyst pellet. This leads to a deactivated shell surrqunding the active
pellet core. The border of the active core and shell is moving towards the pellet
centre with time. The deactivated shell can slow down the diffusion of the
reactants into the pellet interior. The shell progressive mechanism can be expec-
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ted for large pellets with narrow pores and large poison molecules. It is evident
that the real deactivation processes are situated between these two limit cases
(Fig. 1). A detailed review of the deactivation mechanism has been published by
Butt [2].

t=0 t>0 t>>0

Fig. 1. Homogeneous and shell progressive mechanism of deactivation.
a) Homogeneous mechanism; b) real mechanism; c) shell progressive mechanism.

Catalyst deactivation rate equation derivation
Catalyst activity

The catalyst activity at time ¢ is defined as the ratio of the reaction rate at a
given time 7 and reaction rate on the fresh catalyst at the same concentrations
and temperature, i.e.

EW(T,cA,cB,...,t)
T,ch,Cpy...rt) = 1
“ . ) E:I(T’C/M‘:Ba---’o) ()

This definition is suitable not only for deactivation by poisoning, but also for
fouling and aging. In the most simple case, when deactivation causes only
decrease of the rate constant, the activity can be expressed by the relation

k,

D=—= 2
S ®)
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where k,, is the reaction rate constant on deactivated and k2 on fresh catalyst at
the same temperature. In the case of catalyst poison the activity is most affected
by the catalyst poison concentration on the pellet surface.

The rate of the chemical reaction on partially deactivated catalyst

The rate of the chemical reaction on the catalyst, which is partially deac-
tivated by the catalyst poison adsorbing on the surface, is in general a function
of temperature, concentrations of all components, and the amount of poison
adsorbed

gw = EW(T’ CA7CB,"'va.|) (3)

In most cases the right-hand side of eqn (3) can be expressed as a product of two
terms: the catalyst activity and the reaction rate on the fresh catalyst [3]

Ew = é‘v)v(T’ CasCas )(D(aJ) (4)

In such case we say that the rate equation is in the separable form. The activity
depends only on the amount of poison adsorbed. The rate of the poison sorption
is

da,

= f(T, cp,Chs .-+, ay) )
ds

Uniform mechanism of deactivation with one type of active sites

Let us assume that in the system only one catalytic reaction together with
independent deactivation caused by irreversible chemisorption of catalyst poi-
son takes place by the scheme

L+J=LJ (4)

Let us assume that the active sites for the main reaction are equal to the active
sites for chemisorption of the poison and just one molecule of poison is adsor-
bed on one active site. Further assumption is that the adsorption rate of the
poison is equal for all active sites regardless of whether they are free or whether
reactants or products are adsorbed on them.

The adsorption rate can be expressed by a Langmuir-type rate equation

da,

T kpsey([L] — [L,]) exp (— Ep/RT) (©6)
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where [L] is the total active site concentration and [L,] of which is occupied by
the poison. Due to the assumption mentioned above, that just one molecule is
adsorbed on one active site, one can write

[L] = af
7
[L]=a w
Then eqn (6) is as follows
4 k ¥— — Ep/R
4 = kpe,Cy(af— aj)exp ( o/RT) €]

If the dependence of catalyst activity on the adsorbed amount of the poison is
linear

_ [L] —[L,] — af— a

D 9
[L] af @
the deactivation rate becomes
‘:1—“’ = — kput,Pexp (— Ey/RT) (10)
t

For simplicity let us consider the catalytic reaction the mechanism of which one
can describe by the scheme

A+L=aAL (B)
AL 2 BL (©€)
BL2B+L (D)

Under the assumption that the rate-controlling step is the second one, the
following Langmuir—Hinshelwood rate equation can be developed

o__kulUKP, _ KKP,

14+ K Py, + KgPy 1+ K,P,+ KpPy
where k,, . is the constant of the reaction rate (C) and kS, = k,, [L] is the constant
of the reaction on the fresh catalyst. If in the course of the reaction the catalyst

poison occupies a part of active sites participating in the catalytic reaction for
[L] — [L;] from eqn (9) we obtain

[L] - [L)] = #L] (12
Then the catalytic reaction rate becomes

o
éw — kw+ qL]KAPA - d) kwKAPA — d)ég{ (13)
1+ K\Py + KgPy |+ K Py + KsPs

09))
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which is the product of activity and reaction rate on fresh catalyst (separable
rate equation).

Uniform mechanism of deactivation with two types of active sites

In the previous chapter it has been assumed that the catalyst poison is
adsorbed only on the active sites for the catalytic reaction. This assumption is
not always satisfied. This is why two types of active sites are considered as the
further alternative:

— active sites for the main reaction and for catalyst poison adsorption,
— active sites only for poison adsorption, i.e. inactive in the main reaction.

The total concentration of active sites for poison adsorption is given by the
sum

(L] = [L] + [La] (19

Assuming that just only one molecule of poison is adsorbed on one active site
we obtain

ay=ay +ap (15)
and the total adsorption rate is

ey _ day  day

16
dr dr dr 1o
where
da
Tt”- = kpiCi(aly — ay) exp (— Ep,/RT) 7)
and
da
d—tjz = kpaCi(afy — ag) exp (— Ep,/RT) (8)

The catalyst activity is defined, in agreement with eqn (9) as the ratio of the free
active site concentration and the concentration of all active sites for the main
reaction, i.e.
*
a —
q)I — J1 aJl (19)

*
as

Chem. Papers 41 (3) 375—393 (1987) 379



J. MARKOS, A. BRUNOVSKA, J. ILAVSKY

Analogously we can introduce

*
ayp — ajy

D, = (20)

af
Further we shall assume equality of activation energy of adsorption on both
types of active sites, Ep, = Ep, = Ep. Then the ratio of eqns (17) and (18) is

*
day, — kprw af; — ay,

(21)
da;,  kpi, afi —ay
After ranging and integrating from 0 to af, i = 1, 2, we have
* *
In%2— % =fIn an — ay (22)
af aj;
or
D, = & (23)
where
f=toe (24)
leoo
After introducing total catalyst activity
*_
o =4"9 (25)
hy
from eqns (17) and (24) for its time derivate we have
do,
FTh kpioc{¥®; + f(1 — PP} exp (— Ep/RT) (26)
where
y = aj\/af 27
and
. = yd + (1 — NP (28)

The catalytic reaction rate can be again expressed as the product of catalyst
activity with respect to the given reaction and the reaction rate on the fresh
catalyst

b= D& (29)
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Value of the parameter y determines the ratio of the individual active sites on
the surface. For y = | the first type of the active sites are in excess (uniform
mechanism with one type of active sites as limit case). If f x 0, i.e. kp, > kp,, the
poison is adsorbed preferentially on the active sites 1.

Shell progressive mechanism of deactivation

As said in the introduction, in this mechanism we assume that the pellet
consists of an unpoisoned core with unit activity surrounded by a poisoned shell
with zero activity. This model corresponds to the shrinking core model in
noncatalytic fluid—solid phase reactions [4].

In the course of deactivation the active core is getting smaller. To develop the
rate of the core dwindle the following assumptions have been introduced:

— spherical catalyst pellets,

— linear dependence of catalyst activity vs. poison adsorbed amount,

— the rate-controlling steps are the poison diffusion through the deactivated
shell and the chemisorption of the poison on the border of the shell and core.

The diffusion rate through the shell is

¢ = 4nrD, % (30)

r
and the rate of chemisorption is
& = 4nrtkyc) (&7))

The total adsorbed amount in the pellet is given by
4 3 )3 %
= g“(R — r")osa; (32)

which leads to the poison adsorption rate

da_ g _ 4nrgsaf 33)
dr
From eqns (30) and (3!) it follows
j2
de; = r -l-c-s-dr 34
¢ rD
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After integration and rearranging
. P
§=— (35)
1+ —=-(R-")

J

Substituting into the rate equation of chemisorption (31) and from the equality
with (33) we obtain for the core dwindling

dr _ ks of
d:

— (36)
Osaf | 4 K (R _ 1y
D,R

The mean pellet activity is given by the ratio of the active core volume to the
whole pellet volume

I‘j 3
o -)
< R (37)
and the deactivation rate is
do r? dp
—=3—— (38)
ds R® dt
Experimental

The method of estimation of the deactivation mechanism and corresponding rate
equations parameters is illustrated on the example of hydrogenation of benzene on a Ni
catalyst (Ni/alumina, 58 % Ni) in the presence of catalyst poison thiophene.

The kinetics measurements of reaction and deactivation have been carried out in an
isothermal rotating basket reactor [5]. The volume of the gaseous phase in the reactor was
approximately 100cm?, the temperature in the reactor was regulated with accuracy
0.4 %. The composition of the reactor outflowing stream has been measured by the gas
chromatograph. Benzene and thiophene concentrations have been determined by the
direct calibration method.

To measure kinetics of reaction, pure benzene in the flow of hydrogen has been fed
into the reactor (steady state measurement). To examine catalyst deactivation, the
benzene contamined by thiophene in the flow of hydrogen has been used. In such a way
time dependence of the concentrations has been followed up to the total catalyst deactiva-
tion. The reaction kinetics has been measured at seven temperatures in the range from
50 to 150°C, at each temperature benzene concentration vs. feed rate dependence has
been investigated. The experimental conditions are listed in Table 1. To study deactiva-
tion kinetics five isothermal measurements have been performed, the experimental con-
ditions are in Table 2.
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Table 1

Experimental conditions for reaction kinetics measurements

Temperature/K 320—420

Pressure/Pa 1.3 x 10°

Inlet benzene concentration/mol m™> 2.44

Mass of catalyst/g 0.662

Volumetric flow rate/10°m>s™" 0.08—2.4

Catalyst diameter/mm 1.25—1.4
Table 2

Experimental conditions for catalyst deactivation kinetics. measurements

Run 1 2 3 4 5
Temperature/K 413 389.7 356 346 327.7
Inlet benzene
concentration/molm 3 1.73 1.83 2.00 2.06 2.18
Inlet thiophene
concentration/molm~3 0.032 0.034 0.037 0.038 0.039
Volumetric flow
rate/10°m’>s ™! 0.598 0.674 0.586 0.607 0.568
Mass of catalyst/g 0.6615 0.6900 0.6250 0.6599 0.6877
Pressure/Pa-10~° 1.31 1.30 1.31 1.30 1.30
a¥mol kg™! 0.513 0.503 0.486 0.449 0.416

Rate equations parameter estimation

Estimation of reaction rate equation parameters of benzene hydrogenation

Under the assumption that the rate-controlling step is addition of molecular
hydrogen to the adsorbed benzene, the rate equation of benzene hydrogenation
is

go _ uxKePaPyexp (= (E + Q)/RT)

I + K. Pyexp(— Q/RT)
The benzene mass balance equation in a continuous stirred tank reactor at
steady state conditions is

(39)

Vcao + W E = Vycp (40)
heénce
&= Yolego — ca) 1
(=)W
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Reaction rate equation parameters have been estimated by the simplex method.
As the objective function

F(kwx ’ K:x. > E’ Q) Z Z [60,] exp égi_j(kwx ’ Kx’ E’ Q)]2 (42)

i=1j=
has been chosen, where £ is the number of isothermal experiments, #» the number
of measurements at a given temperature, & 1s the reaction rate computed from
eqn (41) and &(k,,., K, , E, Q) reaction rate computed from eqn (39).

Estimation of deactivation rate equations parameters

The model of an isothermal continuous stirred tank reactor in which catalyst
deactivation caused by irreversible chemisorption of catalyst poison takes place
is described by the system of equations:

— mass balance for the key component
deg

Vocao + vaWE® = Vocg + Vi —2 4 43)
t
— mass balance for the poison
. d
acw + W = Voe, 4+ v, 32 44)
ds dr
— initial conditions
t=0, a,=0' r/ocBo+ VBWé r/oCB
da .
Vocso + W— dr 1 = Ve 45)

If the rate of deactivation is considerably smaller than the rate of the catalytic
reaction, the derivatives of concentrations with respect to time may be neglected,
which means that a quasi-steady state is assumed. The mass balance equations
become

Vocoo + Ve WPE, = Vyep (46)
Vocso + W% = Vo, 47)

In all mass balances we assumed constant volumetric flow rate through the
reactor Vj.
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From eqn (46) the reaction rate can be expressed

¢ = g = Yolow = co) “8)
(—va)W

and the reaction rate on the fresh catalyst & can be computed from eqn (39).
Their ratio at a given time is the catalyst activity

D= é 49)
S
The adsorbed amount of catalyst poison on the catalyst surface one can com-
pute numerically from the relation

V t
=2 —c)dt 50
a, WJ; (cyo—c¢y) (50)

Using these values of adsorbed amount and eqn (25) we get the catalyst activity
D..

Uniform mechanism of deactivation with one type of active sites contains the
rate constant kp = kp,, exp (— Ep/RT). Its value for a given temperature has
been estimated using the least-square criterion

F= L Z (cBi,exp - cBi,calc)z + —1_ Z (ch.exp - ch‘.calc)z (51)
CBO i=1 Cypi= 1
the minimum of which has been found by the golden section method. The values
Cp,calc and ¢; ., have been obtained by numerical solution of the mass balance
eqns (46) and (47) for a given k. Values of kp,, and Ej have been computed
from the values of kp by the least-square method using the linear form of the
Arrhenius equation.

Uniform mechanism of deactivation with two types of active sites (eqns (26)
and (28)) contains three constants: kp, = kp,, €xp(— Ep,/RT), 7, and f. The
values of the constants y and f have been estimated by minimizing the value of
the objective function

k n
G(}',f) = Z !(‘pc,i.j.exp - ¢c,i.j.calc)2 (52)

i=lj=
by the simplex method. By @, ., and &, . we denote the catalyst activity
computed from experimental values of @, and eqn (25) and the total activity
computed from eqn (28), respectively. For the @, the experimental value given
by the ratio (49) has been substituted. The value of kp, for given yand f'has been
estimated by minimizing the objective function (57) value by the golden section
method.

385
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The shell progressive mechanism has two parameters kg and D,, the values of
which have been estimated by the simplex method. As the objective function the
criterion (57) has been chosen.

The temperature dependences of parameters kp,, ks, and D, have been
obtained using Arrhenius equation (linear regression).

Results and discussion

The values of the reaction rate equation parameters for benzene hydrogena-
tion and deactivation rate equations parameters are in Table 3. The comparison
of experimental and theoretical outlet benzene and thiophene concentration
time dependences is displayed in Figs.2 and 3. The comparison of activities
calculated from experimental values by eqns (25) and (49) with individual
models is represented in Fig. 4. By the presented figures best agreement has been
obtained by the uniform mechanism of deactivation with two types of active
sites. Very good coincidence has been achieved in particular for outlet benzene
concentration, better than for thiophene concentration. Of interest is Fig.4,

Table 3

Values of the reaction rate equation and deactivation equations parameters

Reaction rate equation parameters for benzene hydrogenation
ky. =0.588 x 10~2mols~'kg~'Pa~!

K, =0.287 x 1075Pa!

E 35.36 kJmol~'

Q —24.22kJmol ™'

Homogeneous mechanism of deactivation with one type of active sites

kpe, = 6.183m*mol~'s™!
Ep =12.41kJmol™!

Homogeneous mechanism of deactivation with two types of active sites

kp; =2.367m*mol's™"
Ep, = 9.18kJ mol~'

y =02228

f =0537

Shell progressive mechanism of deactivation

ks, =29.08ms™!

E; =17.91kJmol""
Dj,, = 0.856m?s™!
E, =22.7kJmol™!
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which illustrates the difference between activity computed from the ratio of
reaction rate at a given time and the reaction rate on fresh catalyst (eqn (25)) and
activity computed from the adsorbed amount. This fact is taken into account
only in the uniform mechanism of deactivation with two types of active sites.

1.0 [ I I I | I I

e S o
=~ o ®

c(B)/c(BO)

o
N}

e
<)

0 40 80 120 160 200 240 280 1/min

o(B1/e(By)
o
(e}
1

2,
~
|

0.2

0.0 ] 1
0 40 80 1220 160 200 t/min

Fig. 2. Exit benzene concentration vs. time.
1. Homogeneous model of deactivation with two types of active sites; 2. shell progressive
mechanism; 3. homogeneous mechanism of deactivation with one type of active sites.
® Experiment; a) T =413K; b) T = 346K.

From the estimated values ¥ and f'it follows that the adsorption rate of poison
on the second type of active sites is approximately the half of the adsorption rate
on the first type of active sites, the concentration of which is five times lower than
the others ones. In Fig. 5 the experimental and theoretical time dependence of
these two activities is displayed.The description by the shell progressive model
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Fig. 3. Exit thiophene concentration vs. time.
Designation as in Fig. 2.

is not as good as by the uniform ones. The outlet thiophene concentration differs
from experimental one. This model provides good coincidence in the case of
large catalyst pellets [6]. The theoretical movement of the border of active core
and shell with time for individual temperatures is exhibited in Fig.6. The
temperature dependences of deactivation rate constants and catalyst poison
diffusion coefficient are presented in Figs. 7—10. Arrhenius equation provides
good fit of values obtained from isothermal measurements. The last Fig. 11
illustrates the temperature dependence of equilibrium adsorbed amount com-
puted from experimental values by eqn (50).
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¢' ¢C

0 40 80 120 160 200 240 280 320 t/min

1.0

0.8

0.6

9.9,

0.4

0.2

0.0 ] LQ
0 40 80 120 160 200 240 280 t/min

Fig. 4. Catalyst activity vs. time.
a) T=413K; b) T = 346K.
@ O experiment; I. homogeneous model of deactivation with two types of active sites; 2. shell
progressive mechanism; 3. homogeneous mechanism of deactivation with one type of active
sites. @ @ experiment; 4. homogeneous mechanism with two types of active sites.

Conclusion

In the paper a method of deactivation rate equations parameter estimation
is presented. It is illustrated in the case of benzene hydrogenation on a nickel
catalyst with thiophene as the poison. Three deactivation mechanisms (uniform
with one and two types of active sites and shell progressive mechanism) of
irreversible catalyst poison chemisorption are considered. The best agreement
has been achieved by the uniform mechanism with two types of active sites.
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Fig.5. Comparison of catalyst activity
@ = £,/& and total catalyst activity @,
obtained from eqn (25).

0 413K; @ 389.7K; A 356K; A 346K;

0 327.7K.
1.0 | | T I T T T |
S
0.8 - S —
\\
N
N
0.6 \\\ —
@
X A\
3 2276\ 413.2 K
S 0.4 346.2 KN\ 389.7 K -
356.2 K
0.2 —
1!
|
0.0 | | | | | l! | |
0 40 80 120 160 200 240 280 320 t/min

Fig.6. Movement of the border of active core and shell vs. time for individual temperature shell

progressive mechanism.

0.18 1 I I | T
o —
— 0% 4 =,
"3 o~
2 010 o 4 =
(o] -
- A
E X
~bo.06 | -
-
0.02 | 1 1 1 |
320 340 360 380 400 T/K

Fig. 7. Temperature dependence
of deactivation rate constant.
Homogeneous mechanism with one type
of active sites.
O Values obtained from isothermal
measurements; — description by Arrhenius
equation.

390

1.6 T T T T T
1.2 -
0.8 - =
0.4 |- —
0.0 1 1 1 1 1

320 340 360 380 400 T/K

Fig. 8. Temperature dependence of diffusion

coefficient of poison.
Shell progressive mechanism. Designation
as in Fig. 7.
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Fig. 9. Temperature dependence of surface
reaction rate constant.
Shell progressive mechanism. Designation as
in Fig. 7.

Fig. 10. Temperature dependence

of deactivation rate constant.

Homogeneous mechanism with two types

of active sites.
Designation as in Fig. 7.

0.54 T T T T T
i o
— 0.50 o ]
.'-oo (o}
X
E 0.46 - & —
>
0.2 o -
Fig. 11. Temperature dependence of 0.38 1 | I ! i
equilibrium adsorbed amount of poison af. 330 350 370 390 /K
Symbols
a adsorbed amount of poison mol
ay adsorbed amount of poison on the catalyst molkg™!
af  equilibrium adsorbed amount of poison molkg™'
c concentration molm™3
D  diffusion coefficient m’s~!
E  activation energy Jmol™!
F objective function, eqns (37), (51)
f parameter of deactivation rate equation, eqn (24)
G objective function, eqn (52)
K, adsorption constant for benzene at T — o Pa’!
k.o frequency factor of catalytic reaction molkg~'s™'Pa~!
kp  deactivation rate constant m’mol~'s™!
L active site
[L] concentration of active sites molm >
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partial pressure

adsorption heat of benzene
radius of a pellet

radius

temperature

time

volume of reactor

volumetric flow rate

mass of catalyst in the reactor

parameter of deactivation rate equation, eqn (27)

reaction rate

reaction rate

reaction rate on the fresh catalyst
catalyst density

stoichiometric coefficient

Indices

Lower:

component

key component, benzene
total

deactivation

poison

reactor

surface reaction

mass of catalyst

inlet in reactor

the first type of active sites
the second type of active sites

Upper:

active core
surface
fresh catalyst

g8~2RrRB8
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Pa
Jmol~

molkg™'s™!
molkg~'s™'
kgm™?
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