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Deactivation kinetics of Ag/Al2O3 catalyst for ethylene epoxidation

G. Boskovic1, N. Dropka∗, D. Wolf, A. Brückner, M. Baerns

Institute for Applied Chemistry Berlin-Adlershof, Richard-Willstätter-Str.12, D-12489 Berlin, Germany

Received 20 January 2004; revised 28 May 2004; accepted 2 June 2004

Available online 2 July 2004

Abstract

Deactivation kinetics of a commercial Ag/Al2O3 catalyst was investigated using accelerated deactivation tests in a Berty-type grad
recycle reactor. Separability of catalytic reaction and deactivation kinetics were established by operation in a “deactivation compensa
mode, keeping temperature and oxygen concentration constant. It was shown that sintering is the main source for deactivatio
kinetics of deactivation can be described by using a general power-law equation with an order of deactivation equal to 1 with
the driving force (a − ass), a being the time-dependent activity andass the final steady-state activity after an extended period of cat
operation. The long-time prediction of catalyst behavior suggested that an improved catalyst should work at a lower temperatur
sintering.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Deactivation of catalysts is one of the most investiga
problems in industrial catalysis[1] due to its negative impac
on both economy and environment. Catalyst improveme
often achieved through identification of sources for its
activation, with the final goal of preventing deactivation a
increasing long-term catalyst activity, selectivity, and sta
ity.

The development of Ag-based catalysts for ethyl
epoxidation, which has been the subject of research for m
years, is an example of how much effort and time needs to b
put into catalyst improvement[2]. Over the years the sele
tivity of these catalysts improved from about 70% to m
than 80% as reported in the patent literature[3]. Neverthe-
less, stability is still an important issue since these cata
deactivate under industrial operating conditions. Am
several possible mechanisms for deactivation of Ag-ba
catalyst, sintering of the active metal is broadly accepted
if not the single, but in any case, the most important
[4–6].

* Corresponding author. Fax: (49) 30-6392-4454.
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For compensating the loss in catalyst activity un
conditions in practice, reaction temperature is usually
creased[7]. To prolong the period of high catalyst activi
a kinetic model of deactivation predicting the optimal op
ation mode would be helpful[8]. For this purpose suitabl
experimental kinetic data ofcatalyst deactivation must b
available. To save time and manpower for long-term c
lyst tests, accelerated deactivation on laboratory or benc
scale is desirable[1,9,10]; they allow study of the proces
by broadening the range of reaction conditions[11–13], be-
ing an option that is rather restricted in commercial and p
plant reactors. Furthermore,such accelerated deactivati
studies provide deactivated catalyst samples for furtherpost-
mortemcatalyst analysis[1], in a much shorter time spa
than under regular operation. Benefits from such com
hensive investigation are direct, by means of cost reduc
as well as indirect, through minimization of causes for ca
lyst deactivation once they have been learned[14].

Although reaction kinetics of Ag-based catalysts for e
ylene oxidation was extensively investigated in the past[15–
25], rarely any attention has been paid to accelerated deac
vation [26,27], and no data were reported related to kine
modeling of deactivation. It is the goal of the present stud
derive deactivation kinetics of a commercial Ag/Al2O3 cata-
lyst based on accelerated deactivation tests at the laborato
scale[28], and to validate the obtained model by apply
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the real process parameters over the time scale of com
cial application. Eventually, the long-term performance
the reactor can be predicted as previously shown for
methanation of CO[8] by using a suitable reactor model a
taking into account the kinetics of both catalytic reaction an
deactivation as well as heat and mass-transport processes

For derivation of deactivation kinetics, the rate equatio
must be separated in two terms: a term describing the ste
state kinetics of the catalytic reaction at time zero, he
being independent of time, and an activity term, which
by its definition the time-dependent function. If reaction a
deactivation kinetics are separable in such a way, the
describing deactivation is merely a function of changing cat
alyst properties over the time which is, of course, be
influenced by reaction conditions[29,30]. That is, only the
number of active sites might decrease throughout the ex
ment[31]. The criterion for separability is the independen
of the activity term on temperature and concentration[32].
Thus, by keeping the reactant concentration and the tempe
ature constant, the variation in the rate of reaction is
solely to the deactivation process and can be studied dire

To keep the reactant concentration constant, the conve
sion must be controlled by decreasing the flow rate
increasing the residence time of the reaction gas mixt
respectively, as the catalyst deactivates[33]. This mode of
operation that was the experimental approach applied in
work requires the usage of a gradientless reactor an
known as “deactivation compensation”.

2. Experimental

2.1. Methodology

Previous studies revealed a reduced ability of oxy
adsorption by the partially deactivated commercial cata
lyst [34]. This might be due to sintering being the ma
deactivation mechanism of Ag/Al2O3 catalysts. Therefore
increasing reaction temperature was one of the paramete
chosen for accelerating the deactivation process. Moreove
since it is well known that in many other cases the rate of
alyst sintering is dependent on oxygen concentration[35],
oxygen concentration was chosen as an additional var
to cause accelerated deactivation.

The reaction scheme is generally considered to be para
lel [25], with two competing reactions involved, i.e., (1) e
oxidation and (2) complete combustion:

C2H4O

3 5
2O2C2H4

1
2O2

1

2
3O2

2CO2 + 2H2O

Depending on the conditions, oxidation of ethylene oxide
can also occur, but its rate is generally much slower as c
-

-

.

pared to those of steps (1) and (2); it is therefore usu
neglected. Besides, a zero rate of the ethylene oxide ox
tion reaction has been previously reported[36] even in an
excess of oxygen. Under our experimental conditions (i.e.
low ethylene conversions and no ethylene oxide in the fe
the contribution of the total oxidation of ethylene oxide is e
pected to be negligible. The fact that ethylene concentratio
mainly remained constant in the experiments when oxy
was kept constant confirms this presumption.

Since the steady-state kinetics of epoxidation (1)
complete combustion (2) do not depend on the concentra
of products[17,25], the condition for the separability of re
action and deactivation kinetics for these steps was fulfi
by keeping the oxygen and consequently ethylene conce
tion constant during the experiment (in addition to the te
perature). Furthermore, assuming a parallel reaction schem
the rate of formation of ethylene oxide corresponds to
rate of reaction step (1), and the rate of formation of C2
corresponds to the rate of reaction step (2). In this case,
allowed to approximate the activities of the reaction steps
and (2) based on the rates of product formation. The glo
rate of ethylene consumption corresponds to the sum o
rates of reaction steps (1) and (2).

The initial experimental results are ratesRi of C2H4O
and CO2 formation,

Ri = Ftot(Ci − C0
i )

VCAT
;

and C2H4 consumption

RC=
2

=
Ftot(C

0
C=

2
− CC=

2
)

VCAT
.

The selectivity to C2H4O obtained in the gradientless rec
cle reactor is related to the above rate:

S = REO

REO + 1
2RCO2

.

In addition, changes of catalyst activity for C2H4 consump-
tion and CO2 and C2H4O formation during the run wer
calculated as the ratio of rates of formation or consump
of componenti at any timet , and att = 0, the latter being
defined by the maximal product output during the exp
ment:

ai = Rt
i

Rt=0
i

.

2.2. Experimental procedure

Accelerated deactivation tests were performed with
Raschig ring-type Ag-basedcatalyst close to commercia
version, in a computer-controlled internally mixed flow r
actor. The experiments werecarried out under a set of initia
conditions shown inTable 1, which were discussed els
where[28]. The chosen variables, i.e., temperature and2
concentration at maximal catalyst activity[28], were kept
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Table 1
Operating parameters in accelerated deactivation experiments

Operating parameter Range

Variables T (K) 533–553
CO2, in

a (vol%) 1.5–7.5

Constant CC2H4, in (vol%) 25
parameters CCO2, in (vol%) 5.5

Chlorine (as ethyl chloride) (ppm) 1.8
P (bar) 20
Space velocityt=0 (h−1) 25,000

In every experiment N2 was used as balance to 100 vol%.
a O2 concentrations at inlet; results in the text are referred to O2 concen-

trations at zero deactivation time, i.e., at maximal catalyst activity.

Fig. 1. Path of a typical deactivation experiment in the form of rate of et
ene consumption as a function of total time on stream (total time on st
includes activation time for reaching maximal activity).

constant throughout a single experiment. In principle,
activation compensation by constant reactant concentratio
can be approached either by changing the flow of a si
component responsible for deactivation or by changing
total inlet flow (the concept used in this study), resulting in
constant conversion[37]. In a typical experiment, the initia
space velocity was as high as 25,000 h−1, and then it was
gradually decreased during time on stream with a rate
pending on how fast catalyst deactivation had progressed.

2.3. Experimental results and discussions

2.3.1. Influence of temperature and O2 concentration on
deactivation rate

The initial catalyst activity was usually established
ter several hours upon first contact of the catalyst with
reaction gas mixture during which the rates of consu
tion of ethylene increased (Fig. 1). The length of the period
depended on the severity of the applied deactivation co
tions. In this period, the combined effect of catalyst act
tion and initial mixing of gases was over, giving a stable
eration further on. The maximum rate of ethylene consu
tion coincides with the minimum of O2 concentration[28].
At that point the catalyst started to deactivate, which
Fig. 2. Dependence of relative catalyst activity for ethylene consumptio
aC=

2
= Rt

C=
2

/R0
C=

2
on time on stream at high O2 concentration.

Fig. 3. Dependence of relative catalyst activity for ethylene consumptio
aC=

2
= Rt

C=
2

/R0
C=

2
on time on stream at low O2 concentration.

observed as both ethylene oxide and CO2 concentration de
creased, and O2 concentration increased. This situation wa
taken as time “zero” of deactivation and it accounts for ini
relative activity and initial selectivity. Starting at time ze
the action of deactivation compensation was carried ou
means of keeping the corresponding O2 concentration in the
reactor constant. Therefore, every experiment corresponds
an oxygen concentration in the reactor obtained at zero
of deactivation which was between 0.87 and 4.80 vol%
individual runs, and this concentration was kept constan
a gradual increase of contact time[28].

The temperature at which thereaction occurs is crucia
for the deactivation rate (seeFig. 2). A similar behavior can
be seen at low oxygen concentration, presented inFig. 3,
with the temperature effect being not so marked, howe
By comparingFigs. 2 and 3it is obvious that at high oxyge
concentrations, the rate of deactivation is higher.
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Fig. 4. Dependence of an ethylene oxide selectivity on time on stream
533/538 K (1), 543 K (!), and 553 K (P) (numbers in the right-hand bo
represent O2 concentrations within the reactor, in vol%).

Values of initial selectivity and profiles of temporal s
lectivity changes with time on stream are also depend
on reaction temperature and oxygen concentration as
the higher the temperature the lower the initial selectiv
and the steeper the selectivitydecay over time, as present
in Fig. 4. However, the influence of oxygen concentrat
on selectivity changes with temperature: at 543 and 55
higher concentrations slightly decrease the initial selec
ity and increase the rate of selectivity decay. At the low
temperature applied (533 K), the effect is the opposite;
initial selectivity is higher for the higher oxygen concent
tion. The decay of selectivity over time is nearly para
for both values of the oxygen concentration (Fig. 4). The
slightly higher temperature performed with lower O2 con-
centration, i.e., 538 K vs 533 K, may introduce some do
in the previous conclusion. However, another set of exp
ments performed with different O2 concentration at constan
temperature of 533 K (Fig. 6) support the positive impact o
higher O2 concentration on initial selectivity at low reactio
temperature.

An interesting feature of relative catalyst activity (Fig. 5)
and selectivity (Fig. 6) can be seen when the concentration
oxygen is gradually changed: The relative activity decay
the catalyst increases, in principle, with oxygen concen
tion. Selectivity, however, shows a more complex behav
At 553 K selectivity decreases with increasing oxygen c
centration and the selectivity drop becomes steeper (Fig. 6).
At 533 K, however, the trend is opposite: the selectiv
is highest for the highest O2 concentration and the sele
tivity drop is not influenced by the O2 concentration leve
(Fig. 6). This could stand for a possible “healing” effe
of higher oxygen concentrations due to burning of car
species, which might accumulate over a long time of c
lyst exploitation. A different dependence of selectivity on2
concentration at different temperatures may be unders
as the result of a complex contribution of two deactivation
mechanisms, i.e., sintering and coking. At 553 K sinter
Fig. 5. Dependence of relative catalyst activity of C2H4 on O2 concentra-
tion at 533 K (blank symbols), and 553 K (filled symbols) (numbers in
right-hand box represent applied O2 concentrations, in vol%).

Fig. 6. Dependence of ethylene oxide selectivity on O2 concentration
at 533 K (blank symbols), and 553 K (filled symbols) (numbers in
right-hand box represent applied O2 concentrations, in vol%).

is very much dominant over coking, and therefore canno
compensated by a positive impact of higher O2 concentra-
tion on coke burning. Such self-cleaning ability of an A
based catalyst by means of transformation of intermediate
surface deposits from ethylene to CO2, has been reporte
in the literature for cases of oxygen-rich feed compositi
[17,20].

The decrease in EO selectivity with time on stream
general feature noted for the whole range of temperat
and oxygen concentrations applied. The reason for di
ent changes of reaction rates of the formation of ethyle
oxide and CO2 may be due to changes in the proportion
different active sites for selective and total oxidation d
ing reactor operation. FromFig. 7 it becomes obvious tha
the selectivity drop results from the drop in ethylene ox
concentration while CO2 concentration stays constant. Da
from the literature suggest thatethylene oxidation might b
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Fig. 7. Temporal concentration profiles of products of a typical accelerate
deactivation experiment.

Fig. 8. Evolution of CO2 from the catalyst previously exposed to 543 K a
1.35 vol% O2 for 80 h; prior to introducing 2 vol% O2/N2 flow, the catalyst
was purged with pure N2 flow for 1.5 h.

a structure-sensitive reaction[4,5]. If concurrent reaction
of selective and total oxidation occur on catalyst sites w
different coordination numbers, the relative fraction of th
sites may change due to sintering. Another explanation
selectivity change could be coke deposition by ethylene
composition, or surface carbonate formation from CO2. An
indication for the presence of deposits is the evolution
CO2 in a flow of O2 (2 vol%)/N2 mixture, from the surface
of a deactivated catalyst (Fig. 8); in this experiment the cata
lyst had previously been purged with pure N2 until no traces
of CO2 were observed anymore. Integration of the area
low the curve inFig. 8results in ca. 550 µmol CO2 as a resul
of the treatment of the spent catalyst by O2/N2 mixture over
3 h.

Some authors claim inhibition of ethylene oxide form
tion by surface carbon species, which can be formed e
by CO2 decomposition[23,38], or by direct oxidation of eth
ylene[39]. Carbon deposition on the catalyst surface co
itself be a structure-sensitive reaction[40], building up the
coke preferentially on specifically coordinated Ag sites, an
consequently influencing the selectivity by inhibiting eth
ene oxide formation.

3. Kinetics of deactivation

3.1. Methodology

A general attempt in the elucidation of deactivation kinet
ics from an accelerated deactivation test is to find an e
tion that describes the catalyst activity decline as a functio
of time. On this basis the catalyst lifetime can be predicte
the kinetics of the catalytic reaction are also known, a t
poral activity profile within the reactor and its overall pe
formance can be simulated. The overall kinetics may be
scribed by

(1)Ri = f1(T ,pj ) · f2
[
ai(t, T ,pk)

]
.

The functionf1 represents the kinetic term of the cataly
reaction, andf2 the deactivation term, respectively; sp
ciesi, j , andk can be ethylene, ethylene oxide, oxygen, a
CO2. The industrial problem of a deactivation of comm
cial Ag-based catalysts for ethylene oxidation is essential
a selectivity decrease[2]. It is necessary to determine th
catalyst activity term inEq. (1)as a function of both ethyl
ene oxide and CO2 rates of formation. Then, on conditio
that the intrinsic kinetics for these products are known,
possible to calculate the time to reach an allowable min
mal process selectivity[41]. However, since the elucidatio
of the reaction kinetics of the Ag-based commercial cata
examined was not the aim of the present investigation
effort was focused on modeling the kinetics of deactiva
only to predict the decay in theoutput of ethylene oxide and
CO2 as well as the decrease in ethylene conversion ove
time of catalyst exploitation under specific conditions as
alized in a controlled gradientless recycle reactor. Change
catalyst activity with time on stream is described by an eq
tion originally derived by Levenspiel[29], but later modified
by introducing the term of steady-state activity,ass, reached
at infinite time[42]:

(2)−da

dt
= kd · pα

O2
· (a − ass)

d .

The above general power-law equation (GPLE) stands
the fact usually observed in industrial catalysis, that acti
does not drop to zero, but to a steady-state value[35,42].
The goal is to express temporal activity as a function of
various parameters ofEq. (2), i.e., kd, α, ass, andd . The
analytical solution ofEq. (2)for d �= 1 is given as

(3)(a − ass)
1−d − (1− ass)

1−d = (d − 1) · kd · pα
O2

· t .
The integrated form ofEq. (2) for the special case o

d = 1 is given by

(4)a = ass+ (1− ass) · exp

(
−k0

d exp

(
− EA

)
pα

O2
t

)
.

RT
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Table 2
Kinetic parameters for deactivation model for CO2, C2H4, and C2H4O

C2H4O CO2 C2H4

k0
d × 10−5 (h−1 MPa−α ) 1.4± 0.6 73.5± 45.9 0.28± 0.12

EA (kJ/mol) 63.0 77.0 55.2a

α (–) 0.49± 0.1 0.81± 0.15 0.59± 0.10
ass (–) 0.24± 0.1 0.30± 0.15 0.19± 0.14

a Eapp.

Fig. 9. Parity plot for activity of ethylene, ethylene oxide and CO2 experi-
mental versus calculated value according toEq. (4).

The values ofd , k0
d, EA (in case of ethyleneEapp), α and

ass were obtained solvingEq. (3)numerically by nonlinea
regression method (Athena Visual Workbench 8.3).
3.2. Modeling results and discussions

The best fit of all experimental data toEq. (4) was ob-
tained for deactivation rate orderd with respect to (a − ass)
for a value close to 1. The ability of the GPLE to descr
the kinetics of sintering of different catalysts by simply a
plying deactivation rate order as 1 or 2 was reported in
literature[35,42,43]. Ford equal 1, the theory suggests[37]
that it is a case of parallel deactivation with no pore-diffus
resistance to the reactant responsible for deactivation (
gen in this study). Settingd equal to 1, values ofk0

d, Eapp,
α, andass were calculated again numerically for the in
gratedEq. (4). The dependence of EO selectivity on tim
on stream at the highest temperature of 553 K and o
gen concentration 3.35% could not be included in the mo
when fitting the data simultaneously. It is anticipated that
mechanism of deactivation changes significantly at hig
temperatures; this issue needs additional study for eluc
ing the underlying phenomena. In the case of ethylene o
formation, the order of 0.5 with respect to oxygen sugg
dissociative adsorption of oxygen. Results are shown inTa-
ble 2. The parity plot, presented inFig. 9shows a satisfactor
agreement between experimentally obtained and calculate
catalyst activity values for all three components. Acco
ingly, good agreement between experimental (symbols)
calculated (lines) values was obtained for different tempera
tures and oxygen concentrations (Fig. 10). Different values
of steady-state activities for ethylene oxide and CO2 confirm
the fact that selectivity is decreasing with a time reaching fi
Fig. 10. Model validity test: activity of ethylene versus time on stream for different temperatures and oxygen concentrations (lines: simulation, points: experi-
mental).
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Fig. 11. Long-time prediction of catalyst activity of C2H4O for different concentrations of oxygen for operation of a gradientless reactor, based on the kin
model given byEq. (4).
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Sss,EO = 1

1+ 1
2(RCO2/REO)ss

= 1

1+ 1
2(R0

CO2
ass,CO2/R

0
EOass,EO)

= 1

1+ 1
2(R0

CO2
/R0

EO) × 1.25
.

In order to study the influence of temperature and o
gen concentration on the steady-state activity, its value
determined by a nonlinear regression method for each c
bination of experimental conditions separately. The res
ing values of steady-state activities had too wide confide
intervals and therefore the influence of temperature and
gen concentration could not be estimated with any statis
significance.

Simulations of the catalyst activity for ethylene and eth
ene oxide over a period of 20,000 h on stream carried ou
both low and high O2 concentrations are shown inFigs. 11
and 12. The activities drop to the steady-state value in l
then 1000 h; this time span may be different from indust
practice since there is a temporal concentration and activ
ity profile in the fixed-bed reactor. The deactivation kinetic
derived can be used for simulating the performance of
-

plug-flow reactor[8]. The influence of temperature and ox
gen concentration is very important in the initial stage be
steady state is reached, during which they determine the ra
of deactivation. Later, on a long-term basis, their influenc
becomes negligible.

4. Conclusions

In the applied range of conditions, deactivation of a co
mercial Ag/Al2O3 catalyst was successfully described
using the general power-law equation with an order o
with respect to the driving force (a −ass). Since deactivation
kinetics suggests only a weak influence of oxygen con
tration related to deactivation,there is no large difference i
deactivation rates in simulated long-time commercial run
different O2 concentrations.

Values of initial and temporal selectivity depend on
action temperature: the higher the temperature the lowe
initial selectivity and the steeper the selectivity decay o
time. The influence of oxygen concentration on both se
tivities changes with temperature: at higher temperatu
higher concentrations of oxygen slightly decrease the in
selectivity and increase the rate of selectivity decay; at
lower temperature, the effect is the opposite.
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Fig. 12. The long-time prediction of catalyst activity of C2H4 for different concentrations of oxygen in a Berty reactor, based on kinetic model given byEq. (4).
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For industrial applications, it would be highly desirable
develop catalysts that are more active at lower tempera
since raising the temperature in an industrial plant in orde
keep the production of EO at a constant level simultaneo
results in even faster deactivation, but more importantly a
in lower selectivity.

The knowledge of kinetics of the catalytic reaction a
deactivation is especially valuable since by knowing th
in addition to the heat-transport process taking place in
industrial reactor, it is possible to solve the suitable react
model and to predict the long-term performance of the re
tor.

Notation

a activity (–)
ass steady-state activity (–)
CO2 volume percentage of oxygen (vol%)
d order of deactivation with respect to driving for

(a − ass) (–)
Ci vol. fraction of componenti (–)
pO2 partial pressure of oxygen (MPa)
R reaction rate (mol/(Lcat h))
S selectivity (%)
Ftot total molar flow rate (mol/h)
VCAT catalyst volume (L)
α exponent with respect to O2 concentration (–)
Acknowledgments

Funding of this work by the European Commissi
Project GRD1-1999-10239 is highly appreciated. The
thors also acknowledge the agreement of the industrial p
ners of the project to publish the work.

References

[1] B. Delmon, Appl. Catal. 15 (1985) 1–17.
[2] J.C. Zomerdijk, M.W. Hall, Catal. Rev. Sci. Eng. 23 (1981) 163–18
[3] S.B. Cavitt (Texaco Dev. Corp.) US 4097414, 1978; N. Rizkalla (S

Design. Co, Inc.) US 5374748, 1994; M.Metusz (Shell Oil Co) US
573907, 1998; E.W. Errol, C.P. Ingraham (Shell Oil Co) US 67170
2001.

[4] J.C. Wu, P. Harriot, J. Catal. 39 (1975) 395–402.
[5] X.E. Verykios, F.P. Stein, R.W. Coughlin, J. Catal. 66 (1980) 368–3
[6] G.B. Hoflund, J.F. Weaver, G.N. Salaita, D.M. Minahan, Stud. S

Sci. Catal. 126 (1999) 397–403.
[7] G. Boxhoorn (Shell), EP207550A1 (1987), EP255975 (1988); L

Kapicak, A.W. Nauman, T.M. Noterman, E.M. Thorsteinsen (Un
Carbide, Inc.) US4994588 (1989); N. Rizkalla (Scient. Design, Inc.
US5374748 (1994).

[8] R. Christoph, M. Baerns, Stud. Surf. Sci. Catal. 34 (1987) 355–36
[9] N. Pernicone, Appl. Catal. 15 (1985) 17–31.

[10] J.J. Birtill, Stud. Surf. Sci. Catal. 126 (1999) 43–62.
[11] J.V. Porcelli, Catal. Rev.-Sci. Eng. 23 (1981) 151–162.
[12] J.M. Oelderik, S.T. Sie, D. Bode, Appl. Catal. 47 (1989) 1–24.
[13] P. Forzatti, L. Lietti, Catal. Today 52 (1999) 165–181.



342 G. Boskovic et al. / Journal of Catalysis 226 (2004) 334–342

1)

.

77.
7

0)

c-

m.

d.

c-

4)

g of

oc.

–58.

. 7th
97.

tice-

4.
[14] J.A. Moulijn, A.E. van Diepen, F. Kapteijn, Appl. Catal. A 212 (200
3–16.

[15] A.I. Kurilenko, N.V. Kulkova, L.P. Baranova, M.I. Temkin, Kinet
Katal. III 2 (1962) 208–213.

[16] P.D. Klugherz, P. Harriot, AIChE J. 17 (4) (1971) 856–866.
[17] S. Ghazali, D.W. Park, G. Gau, Appl. Catal. 6 (1983) 195–208.
[18] L. Petrov, A. Elyas, D. Shopov, Appl. Catal. 24 (1986) 145–161.
[19] R. Haul, G. Neubauer, J. Catal. 105 (1987) 39–54.
[20] D.W. Park, G. Gau, J. Catal. 105 (1987) 81–94.
[21] S.A. Tan, R.B. Grant, R.M. Lambert, Appl. Catal. 31 (1987) 159–1
[22] M.A. Al-Saleh, M.S. Al-Ahmadi, M.A. Shalabi, Chem. Eng. J. 3

(1988) 35–41.
[23] J.T. Gleaves, A.G. Sault, R.J.Madix, J.R. Ebner, J. Catal. 121 (199

202–218.
[24] E.P.S. Schouten, P.C. Borman, K.R. Westerterp, Chem. Eng. Pro

ess. 35 (1996) 107–120.
[25] D. Lafarga, M.A. Al-Juaied, C.M. Bondy, A. Varma, Ind. Eng. Che

Res. 39 (2000) 2148–2156.
[26] T. Hattori, S. Komai, T. Hanaichi, A. Miyamoto, Y. Murakami, Stu

Surf. Sci. Catal. 34 (1987) 415–426.
[27] E.P.S. Schouten, P.C. Borman, K.R. Westerterp, Chem. Eng. Pro

ess. 35 (1996) 43–55.
[28] G. Boskovic, D. Wolf, A. Bruckner, M. Baerns, J. Catal. 224 (200
187–196.

[29] O. Levenspiel, J. Catal. 25 (1972) 265–272.
[30] J.B. Butt, E.E. Petersen, Activation, Deactivation, and Poisonin

Catalysts, Academic Press, New York, 1988.
[31] J. Klose, M. Baerns, J. Catal. 85 (1984) 105–116.
[32] A. Löwe, Chem. Eng. Sci. 37 (6) (1982) 944–945.
[33] L.W. Jossens, E.E. Petersen, J. Catal. 73 (1982) 366–376.
[34] A. Brückner, E. Kondratenko, H. Berndt, D. Muller, M. Baerns, Pr

North Am. Catal. Soc., Toronto, 2001, Book of abstracts.
[35] C.H. Bartholomew, Appl. Catal. A 212 (2001) 17–60.
[36] P.C. Borman, K.R. Westerterp, Ind. Eng. Chem. Res. 34 (1995) 49
[37] O. Levenspiel, Omnibook, Corvallis, Oregon, 1984.
[38] I.E. Wachs, S.R. Kelemen, J. Catal. 71 (1981) 78–87.
[39] I.E. Wachs, S.R. Kelemen, in: T. Seiyama, K. Tanabe (Eds.), Proc

ICC, New Horizons in Catalysis, Elsevier, Tokyo, 1981, pp. 682–6
[40] M. Che, C.O. Bennett, Adv. Catal. 36 (1989) 55–172.
[41] H.S. Fogler, Elements of Chemical Reaction Engineering, Pren

Hall, Englewood Cliffs, NJ, 1968.
[42] G.A. Fuentes, Appl. Catal. 15 (1985) 33–40.
[43] G.A. Fuentes, E.D. Gamas,Stud. Surf. Sci. Catal. 68 (1991) 637–64


	Deactivation kinetics of Ag/Al2O3 catalyst for ethylene epoxidation
	Introduction
	Experimental
	Methodology
	Experimental procedure
	Experimental results and discussions
	Influence of temperature and O2 concentration on deactivation rate


	Kinetics of deactivation
	Methodology
	Modeling results and discussions

	Conclusions
	Notation
	Acknowledgments
	References


