Available online at www.sciencedirect.com

SCIENCE@DIRECT‘ JOURNAL OF
CATALYSIS

he
oty -,.3‘!-1" o
ELSEVIER Journal of Catalysis 226 (2004) 334—342

www.elsevier.com/locate/jcat

Deactivation kinetics of Ag/AlO3 catalyst for ethylene epoxidation

G. Boskovic', N. Dropka*, D. Wolf, A. Briickner, M. Baerns

Institute for Applied Chemistry Berlin-Adlershof, Richard-Willstatter-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 Agi#D3 catalyst was investigated using accelerated deactivation tests in a Berty-type gradientless
recycle reactor. Separability of catalytic reaction and deactivatiogtikéwere established by operation in a “deactivation compensation”
mode, keeping temperature and oxygen concentration constant. It was shown that sintering is the main source for deactivation and th:
kinetics of deactivation can be described by using a general power-law equation with an order of deactivation equal to 1 with respect to
the driving force ¢ — ass), a being the time-dependent activity angs the final steady-state activity after an extended period of catalyst
operation. The long-time prediction of catalyst behavior suggested that an improved catalyst should work at a lower temperature to avoic
sintering.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction For compensating the loss in catalyst activity under
conditions in practice, reaction temperature is usually in-
Deactivation of catalysts is one of the most investigated creased7]. To prolong the period of high catalyst activity
problems in industrial catalysj&] due to its negative impact  a kinetic model of deactivation predicting the optimal oper-
on both economy and environment. Catalyst improvementis ation mode would be helpfu8]. For this purpose suitable
often achieved through identification of sources for its de- experimental kinetic data afatalyst deactivation must be
activation, with the final goal of preventing deactivation and available. To save time and manpower for long-term cata-
increasing long-term catalyst activity, selectivity, and stabil- lyst tests, accelerated deaetion on laboratory or bench
ity. scale is desirabl§l,9,10} they allow study of the process
The development of Ag-based catalysts for ethylene by broadening the range of reaction conditiphk—13] be-
epoxidation, which has been the subject of research for manying an option that is rather restricted in commercial and pilot
years, is an example of how mlieffort and time needsto be  plant reactors. Furthermorsuch accelerated deactivation
put into catalyst improvemefi2]. Over the years the selec- studies provide deactivated abtst samples for furthgost-
tivity of these catalysts improved from about 70% to more mortemcatalyst analysi$l], in a much shorter time span
than 80% as reported in the patent literat{8f Neverthe- than under regular operation. Benefits from such compre-
less, stability is still an important issue since these catalystshensive investigation are direct, by means of cost reduction,
deactivate under industrial operating conditions. Among as well as indirect, through minimization of causes for cata-
several possible mechanisms for deactivation of Ag-basedlyst deactivation once they have been learfie.
catalyst, sintering of the active metal is broadly accepted as, Although reaction kinetics of Ag-based catalysts for eth-
if not the single, but in any case, the most important one ylene oxidation was extensively investigated in the pEst
[4-6]. 25], rarely any attention haslen paid to accelerated deacti-
vation[26,27], and no data were reported related to kinetic
" Corresponding author. Fax: (49) 30-6392-4454. modellng of (.jea.ctlva.tlon'. Itis the goal of the present study to
E-mail addressdropka@aca-berlin.de (N. Dropka). derive deactivation kinetics of a commercial Ag#®k cata-
1 On leave from University of Novi Sad, Faculty of Technology, 21000 lyst based on accelerated deaatiun tests at the laboratory
Novi Sad, Serbia and Montenegro. scale[28], and to validate the obtained model by applying
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the real process parameters over the time scale of commerpared to those of steps (1) and (2); it is therefore usually
cial application. Eventually, the long-term performance of neglected. Besides, a zero rate of the ethylene oxide oxida-
the reactor can be predicted as previously shown for thetion reaction has been previously repor{88] even in an
methanation of CJ8] by using a suitable reactor model and excess of oxygen. Under our exprental conditions (i.e.,
taking into account the kineticg both catalytic reactionand  low ethylene conversions and no ethylene oxide in the feed),
deactivation as well as heatdimass-transport processes.  the contribution of the total oxidation of ethylene oxide is ex-
For derivation of deactivatiokinetics, the rate equation pected to be negligible. Thadt that ethylene concentration
must be separated in two terms: a term describing the steadymainly remained constant in the experiments when oxygen
state kinetics of the catalytic reaction at time zero, hence was kept constant confirms this presumption.
being independent of time, and an activity term, which is  Since the steady-state kinetics of epoxidation (1) and
by its definition the time-dependent function. If reaction and complete combustion (2) do not depend on the concentration
deactivation kinetics are separable in such a way, the termof productg17,25], the condition for the separability of re-
describing deactivation is mey a function of changing cat-  action and deactivation kinetics for these steps was fulfilled
alyst properties over the time which is, of course, being by keeping the oxygen and consequently ethylene concentra-
influenced by reaction conditiorj29,30]. That is, only the tion constant during the experiment (in addition to the tem-
number of active sites might decrease throughout the experi-perature). Furthermore, assing a parallel reaction scheme,
ment[31]. The criterion for separability is the independence the rate of formation of ethylene oxide corresponds to the
of the activity term on temperature and concentraf&2y. rate of reaction step (1), and the rate of formation of,CO
Thus, by keeping the reactardgrecentration and the temper-  corresponds to the rate of reaction step (2). In this case, it is
ature constant, the variation in the rate of reaction is due allowed to approximate the activities of the reaction steps (1)
solely to the deactivation process and can be studied directly.and (2) based on the rates of product formation. The global
To keep the reactant concerttom constant, the conver-  rate of ethylene consumption corresponds to the sum of the
sion must be controlled by decreasing the flow rate and rates of reaction steps (1) and (2).
increasing the residence time of the reaction gas mixture, The initial experimental results are rat@s of CoH40
respectively, as the catalyst deactiveté3]. This mode of and CG formation,
operation that was the experimental approach applied in this 0
work requires the usage of a gradientless reactor and isp. _ Fro(Ci — C7)
known as “deactivation compensation”. l Vear ’

and GH4 consumption
2. Experimental Ftot(C((% - Cc3)

2.1. Methodolo
oy The selectivity to GH4O obtained in the gradientless recy-

Previous studies revealed a reduced ability of oxygen Cl€ reactor is related to the above rate:

adsorption by the partially ehctivated commercial cata- _ Reo
lyst [??4]..This might.be due to sintering being the main = g+ %Rcoz'
deactivation mechanism of Ag/gD3 catalysts. Therefore, . o
increasing reaction temperatuwas one of the parameters N @ddition, changes of catalyst activity fopks consump-
chosen for accelerating theakctivation process. Moreover, 0N and CQ and GH4O formation during the run were
since itis well known that in many other cases the rate of cat- calculated as the ratio .of rates of formation or consumptlon
alyst sintering is dependent on oxygen concentra8, of gomponent at any timer, and att = 0, the. latter being _
oxygen concentration was chosen as an additional variabled‘:"f'n‘_ad by the maximal product output during the experi-
to cause accelerated deactivation. ment:

The reaction scheme is genkyaonsidered to be paral- R!
lel [25], with two competing reactions involved, i.e., (1) ep- % = RI=0"
oxidation and (2) complete combustion: !

. C,oH40 2.2. Experimental procedure
202 ‘ . . .
1 ! Accelerated deactivation tests were performed with an
CoHg 31%02 Raschig ring-type Ag-basedatalyst close to commercial
2 | version, in a computer-controlled internally mixed flow re-
302 \ actor. The experiments wecarried out under a set of initial
2CO;, + 2H0

conditions shown inTable 1, which were discussed else-
Depending on the conditions, oxidation of ethylene oxide (3) where[28]. The chosen variables, i.e., temperature and O
can also occur, but its rate is generally much slower as com-concentration at mamal catalyst activity[28], were kept
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c 1.2
Table 1 §e]
Operating parameters in accelerated deactivation experiments E. m 533K,3.55vo0l.% O,
Operating parameter Range 2 ® 543K, 347vol%0,
. 2 A 553K,3.35v0l.% O,
Variables T (K) 533-553 8
Coy, in? (V0I%) 1.5-75 Ay 0.8
Constant CCyHy, in (VOI%) 25 S
parameters Ccoy,, in (VOI%) 5.5 E,
Chlorine (as ethyl chloride) (ppm) 1.8 =
P (bar) 20 g 04|
Space velocity_g (h1) 25,000 °
In every experiment plwas used as balance to 100 vol%. 5
& O, concentrations at inlet; results in the text are referredtea@cen- ©
trations at zero deactivation time, i.e., at maximal catalyst activity. @«
1 1 " 1 L 1 1 1 L 1 L
16 00 0 10 20 30 40 50 60

[ zero time of deactivation 4124
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1.45vol.% O,

Time on stream, h
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Fig. 2. Dependence of relative catalyctivity for ethylene consumption
acy = REZ:/R(O:; on time on stream at high4£roncentration.
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Fig. 1. Path of a typical deactivation experiment in the form of rate of ethyl- g
ene consumption as a function of total time on stream (total time on stream 2 )
includes activation time for reaching maximal activity). % 04
o
1 2 1 2 1 n 1 2 1
constant throughout a single experiment. In principle, de- 0 20 40 60 80
activation compensation by cdast reactant concentration Time on stream, h

can be approached either by changing the flow of a single

component responsible for deactivation or by changing the Fig. 3. Dependence of relative catalysctivity for ethylene consumption
total inlet flow (the concept uskin this study), resulting in ;= Rc; /RS; on time on stream at low £concentration.

constant conversiof37]. In a typical experiment, the initial

space velocity was as high as 25,000t hand then it was

gradually decreased during time on stream with a rate de-0bserved as both ethylene oxide and @@ncentration de-

pending on how fast catalysedctivation had progressed. creased, and £concentration increasl. This situation was
taken as time “zero” of deactivation and it accounts for initial
2.3. Experimental results and discussions relative activity and initial selectivity. Starting at time zero,
the action of deactivation compensation was carried out by
2.3.1. Influence of temperature and €bncentration on means of keeping the corresponding@ncentration in the
deactivation rate reactor constant. Therefore/gry experiment corresponds to

The initial catalyst activity was usually established af- an oxygen concentration in the reactor obtained at zero time
ter several hours upon first contact of the catalyst with the of deactivation which was between 0.87 and 4.80 vol% for
reaction gas mixture during which the rates of consump- individual runs, and this concentration was kept constant by
tion of ethylene increasedrig. 1). The length of the period  a gradual increase of contact tirff&s].
depended on the severity of the applied deactivation condi- The temperature at which theaction occurs is crucial
tions. In this period, the combined effect of catalyst activa- for the deactivation rate (sé€g. 2). A similar behavior can
tion and initial mixing of gases was over, giving a stable op- be seen at low oxygen concentration, presenteHign 3,
eration further on. The maximum rate of ethylene consump- with the temperature effect being not so marked, however.
tion coincides with the minimum of ©concentratiorj28]. By comparingrigs. 2 and 3t is obvious that at high oxygen
At that point the catalyst started to deactivate, which was concentrations, the rate of deactivation is higher.
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Fig. 5. Dependence of relative catalyst activity gfHG on O, concentra-
tion at 533 K (blank symbols), and 553 K (filled symbols) (numbers in the
right-hand box represent applied ©@oncentrations, in vol%).

Fig. 4. Dependence of arthglene oxide selectivity on time on stream at
533/538 K (0), 543 K (O), and 553 K ) (numbers in the right-hand box
represent @ concentrations within the reactor, in vol%).

- - , 80
Values of initial selectivity and profiles of temporal se- O Tvol%
, [vol.

lectivity changes with time on stream are also dependent - O 087/ m 157
on reaction temperature and oxygen concentration as well: O 355/ @ 278
the higher the temperature the lower the initial selectivity O 480 1 A 335
and the steeper the selectivilgcay over time, as presented 533 K

in Fig. 4. However, the influence of oxygen concentration
on selectivity changes with temperature: at 543 and 553 K,
higher concentrations slightly decrease the initial selectiv-
ity and increase the rate of selectivity decay. At the lowest
temperature applied (533 K), the effect is the opposite; the
initial selectivity is higher for the higher oxygen concentra-
tion. The decay of selectivity over time is nearly parallel
for both values of the oxygen concentratidfig. 4). The 40 L . . - s - s
slightly higher temperature performed with lowep €on-
centration, i.e., 538 K vs 533 K, may introduce some doubt Time on stream, h

in the previous conclusion. However, another set of experi-

ments performed with different{roncentration at constant ;953% E‘?Elear:ﬁ(ezci] k?glsﬂ‘zl‘:; ‘;’ggeKSgi'ﬁggvgym%rélg ‘i‘:}g‘;‘?gggﬁ?n” e
temperature 0f 533 KF(Ig' 6)_sgpport the. ppsmve |mpact.of right-hand box replyesent abpliec&@oncentrationsy, in vol%).

higher @ concentration on initial selectivity at low reaction

temperature.

An interesting feature of relative catalyst activifig. 5) is very much dominant over coking, and therefore cannot be
and selectivity Fig. 6) can be seen when the concentration of compensated by a positive impact of higher @ncentra-
oxygen is gradually changed: The relative activity decay of tion on coke burning. Such self-cleaning ability of an Ag-
the catalyst increases, in principle, with oxygen concentra- based catalyst by means of tréorsnation of intermediate
tion. Selectivity, however, shows a more complex behavior. surface deposits from ethylene to gas been reported
At 553 K selectivity decreases with increasing oxygen con- in the literature for cases of oxygen-rich feed compositions
centration and the selecity drop becomes steepéfig. 6). (17,20}

At 533 K, however, the trend is opposite: the selectivity =~ The decrease in EO selectivity with time on stream is a
is highest for the highest Oconcentration and the selec- general feature noted for the whole range of temperatures
tivity drop is not influenced by the £©concentration level — and oxygen concentrations applied. The reason for differ-
(Fig. 6). This could stand for a possible “healing” effect ent changes of reaction rates of the formation of ethylene-
of higher oxygen concentrations due to burning of carbon oxide and CQ may be due to changes in the proportion of
species, which might accumulate over a long time of cata- different active sites for selective and total oxidation dur-
lyst exploitation. A different dependence of selectivity on O  ing reactor operation. Frofig. 7 it becomes obvious that
concentration at different temperatures may be understoodthe selectivity drop results from the drop in ethylene oxide
as the result of a complex caiffution of two deactivation  concentration while C®concentration stays constant. Data
mechanisms, i.e., sintering and coking. At 553 K sintering from the literature suggest thathylene oxidation might be

EO selectivity, %
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Fig. 8. Evolution of CQ from the catalyst previously exposed to 543 K and
1.35 vol% G for 80 h; prior to introducing 2 vol% &N flow, the catalyst
was purged with pure Nflow for 1.5 h.

a structure-sensitive reactidg4,5]. If concurrent reactions

of selective and total oxidation occur on catalyst sites with
different coordination numbers, the relative fraction of these
sites may change due to sintering. Another explanation for a
selectivity change could be coke deposition by ethylene de-
composition, or surface carbonate formation from,C@n
indication for the presence of deposits is the evolution of
CO; in a flow of O (2 vol%)/N; mixture, from the surface

of a deactivated catalysEig. 8); in this experiment the cata-
lyst had previously been purged with purg thtil no traces

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

itself be a structure-sensitive reactipto], building up the
coke preferentially on specifita coordinated Ag sites, and
consequently influencing the selectivity by inhibiting ethyl-
ene oxide formation.

3. Kinetics of deactivation
3.1. Methodology

A general attempt in the elucadion of deactivation kinet-
ics from an accelerated deactivation test is to find an equa-
tion that describes the catatyactivity decline as a function
of time. On this basis the catalyst lifetime can be predicted,; if
the kinetics of the catalytic reaction are also known, a tem-
poral activity profile within the reactor and its overall per-
formance can be simulated. The overall kinetics may be de-
scribed by

Ri = fi(T, pj) - f2[ait, T, po)]. (1)
The function f1 represents the kinetic term of the catalytic
reaction, andf> the deactivation term, respectively; spe-
ciesi, j, andk can be ethylene, ethylene oxide, oxygen, and
CO,. The industrial problem of a deactivation of commer-
cial Ag-based catalysts forlgtlene oxidation is essentially

a selectivity decreasp]. It is necessary to determine the
catalyst activity term irEq. (1)as a function of both ethyl-
ene oxide and C@rates of formation. Then, on condition
that the intrinsic kinetics for these products are known, it is
possible to calculate the tiento reach an allowable mini-
mal process selectivitj41]. However, since the elucidation
of the reaction kinetics of the Ag-based commercial catalyst
examined was not the aim of the present investigation, the
effort was focused on modeling the kinetics of deactivation
only to predict the decay in theutput of ethyler oxide and
CO, as well as the decrease in ethylene conversion over the
time of catalyst exploitation under specific conditions as re-
alized in a controlled gradi¢iess recycle reactor. Change of
catalyst activity with time on stream is described by an equa-
tion originally derived by Levenspi§k9], but later modified

by introducing the term of steady-state activitys, reached

at infinite time[42]:

da

o d
Ede'Poz'(a—ass) . (2

The above general power-law equation (GPLE) stands for
the fact usually observed in industrial catalysis, that activity
does not drop to zero, but to a steady-state vfdie42]

The goal is to express temporal activity as a function of the

of CO, were observed anymore. Integration of the area be- various parameters d&q. (2) i.e., kg, o, ass, andd. The

low the curve irFig. 8results in ca. 550 pmol C{as a result
of the treatment of the spent catalyst by/®, mixture over
3h.

Some authors claim inhibition of ethylene oxide forma-

analytical solution oEq. (2)for d # 1 is given as
(@—as9"™ = (1—as9'™=d—1) ka-pg,-1. (3
The integrated form ofq. (2) for the special case of

tion by surface carbon species, which can be formed eitherd = 1 is given by

by CO, decompositiorfi23,38], or by direct oxidation of eth-

0
ylene[39]. Carbon deposition on the catalyst surface could @ = dss+ (1 —as9 - EXD<_kd exp(—

Ep

RT (4)

)
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Table 2
Kinetic parameters for deactivation model for §@yHy4, and GH40
CyH40 co, CoHy
k3% 1075 ("I MPa®)  14+06 735+459  028+0.12
Ea (kJ/mol) 63.0 77.0 552
a(-) 049+0.1 0.81+0.15 059+ 0.10
ass(-) 024+0.1 030+ 0.15 019+0.14
& Eapp
1.0 T T T T
e ET A
A
= EO ": % .
0.8 A CO, N >~ I'A .
Al A
X Vol
1 0.6 4,854 -
~ L)
Lé w o %o
© 0.4+ 8
0.2 .
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

/-

exp

Fig. 9. Parity plot for activity of ethylene, ethylene oxide and-G&xperi-
mental versus calculated value accordingtp (4)

The values ofd, kg, Ea (in case of ethylené app), @ and
asswere obtained solvingqg. (3) numerically by nonlinear
regression method (Athena Visual Workbench 8.3).

1.0 T T T

084 o i
2 __ Co,=1.35%

0.6 AW ° / i

041 C_,=3.47% e i

activity for C,” consumption / -

024 C,=2-35% |
T=543 K
0.0 . . :
0 20 40 60 80
time/h
210 —_—
S - U - 0,
2 osl 902—0.87/0 |
£ .,
g 0.6 / .
”oN o4 C02=4.8°/o
o 044 ’ i
5 C,,=3.55%
S, 0.2 .
= T=533 K
S 00 , . . ; r .
© 0 10 20 30 40 50 60 70
time/h

3.2. Modeling results and discussions

The best fit of all experimental data Exq. (4) was ob-
tained for deactivation rate ordérwith respect tod — asg
for a value close to 1. The ability of the GPLE to describe
the kinetics of sintering of different catalysts by simply ap-
plying deactivation rate order as 1 or 2 was reported in the
literature[35,42,43] Ford equal 1, the theory sugge$&¥]
thatitis a case of parallel deactivation with no pore-diffusion
resistance to the reactant responsible for deactivation (oxy-
gen in this study). Setting equal to 1, values of3, Eapp,
a, andass were calculated again numerically for the inte-
gratedEq. (4) The dependence of EO selectivity on time
on stream at the highest temperature of 553 K and oxy-
gen concentration 3.35% could not be included in the model
when fitting the data simultaneously. It is anticipated that the
mechanism of deactivation changes significantly at higher
temperatures; this issue needs additional study for elucidat-
ing the underlying phenomena. In the case of ethylene oxide
formation, the order of 0.5 with respect to oxygen suggests
dissociative adsorption of oxygen. Results are showFain
ble 2 The parity plot, presented Fig. 9shows a satisfactory
agreement between experimaliyt obtained and calculated
catalyst activity values for all three components. Accord-
ingly, good agreement between experimental (symbols) and
calculated (lines) values was alrted for different tempera-
tures and oxygen concentratioridd. 10. Different values
of steady-state activities for ethylene oxide anchb@€0Onfirm
the fact that selectivity isetreasing with a time reaching fi-

\; 10— : . .
2 U C.,=1.57%
g o8 . ./ . 1
3
(7]
§ 0.6 " 1
n ~ /
O 04 _ . i
5 Cop=2.78%
%‘ 0.2 1
§ . T=553 K

) 10 20 30 40

time/h

Fig. 10. Model validity test: activity of ethylene versus time on stream ifterént temperatures and oxygen centrations (lines: simulationpmts: experi-

mental).
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ethylene oxide

Coz=1 5% Coz=3.5%

%

520
t/h 20000 550

Co2=1.5-3.5%

Fig. 11. Long-time prediction of catalyst activity 068,40 for different concentrations of oxygen for operatiof a gradientless reactor, based on the kinetic
model given byEq. (4)

nally: plug-flow reactof8]. The influence of temperature and oxy-
1 gen concentration is very important in the initial stage before
SssE0 = T steady state is reached, duringiah they determine the rate
1+ 5(Rco,/Reo)ss of deactivation. Later, on a longrm basis, their influence
1 becomes negligible.
1+ %(RgozassCOZ/RgoassEO)
1 .
= 5 5 . 4. Conclusions
1+ 5(Reo,/Rgo) x 1.25
In order to study the influence of temperature and oxy-  Inthe applied range of conditions, deactivation of a com-

gen concentration on the steady-state activity, its value wasmercial Ag/ALOs catalyst was successfully described by
determined by a nonlinear regression method for each com-using the general power-law equation with an order of 1
bination of experimental conditions separately. The result- with respect to the driving force:(— asg). Since deactivation
ing values of steady-state activities had too wide confidencekinetics suggests only a weak influence of oxygen concen-
intervals and therefore the influence of temperature and oxy-tration related to deactivatiothere is no large difference in
gen concentration could not be estimated with any statistical deactivation rates in simulated long-time commercial runs at

significance. different @ concentrations.

Simulations of the catalyst activity for ethylene and ethyl- Values of initial and temporal selectivity depend on re-
ene oxide over a period of 20,000 h on stream carried out for action temperature: the higher the temperature the lower the
both low and high @ concentrations are shown Figs. 11 initial selectivity and the steeper the selectivity decay over

and 12 The activities drop to the steady-state value in less time. The influence of oxygen concentration on both selec-
then 1000 h; this time span may be different from industrial tivities changes with temperature: at higher temperatures,
practice since there is a tempbiconcentration and activ-  higher concentrations of oxygen slightly decrease the initial
ity profile in the fixed-bed reactofhe deactivation kinetics  selectivity and increase the rate of selectivity decay; at the
derived can be used for simulating the performance of the lower temperature, the effect is the opposite.
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Fig. 12. The long-time prediction of catalyst activity ofid;, for different concentrations of oxygen in aiBereactor, based on kinetic model giventby. (4)

For industrial applications, it would be highly desirableto Acknowledgments
develop catalysts that are more active at lower temperatures
since raising the temperature in an industrial plantinorderto  Funding of this work by the European Commission
keep the production of EO at a constant level simultaneously project GRD1-1999-10239 is highly appreciated. The au-
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The knowledge of kinetics of the catalytic reaction and

deactivation is especially valuable since by knowing them
in addition to the heat-transport process taking place in the
industrial reactor, it is possielto solve the suitable reactor

model and to predict the long-term performance of the reac-
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