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Abstract

An accelerated deactivation procedure for a commercial Ag-based catalyst for ethylene epoxidation was developed in a gradientless Berty-
recycle reactor by increasing temperature and oxygen concentration which, however, were kept constant in the whole reactor for a single
experiment. Thus, deactivation kinetics could be studied explicitly. The initial rates of btih@and CQ formation and of ethylene
consumption increase with reaction temperature and oxygen concentration. AT #&easing @ concentration favors the rate of ethylene
oxide over that of C@ formation. Above 260C the opposite is true. Catalyst activity decays faster at both higher reaction temperature and
oxygen concentration. A correlation exists between the increase of the size of Ag particles and the catalyst activity decay, pointing to sintering
as the main deactivation mechanism for this catalyst. Thus, by increasing these variables the catalyst deactivation process is accelerated.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction as support crystallite size [16], have been discussed. De-
spite the wide list of possible causes for deactivation, it is
With their unique ability of promoting selective against broadly accepted that sintering of silver is the primary rea-
total oxidation of ethylene, supported silver catalysts are SON.Incontrastto the commercial significance of the system,
extremely important in ethylene oxide (EO) production. Cat- results reported on deactivation of Ag-based catalysts have
alyst deactivation has, however, a negative impact on procesdeen mostly related to model catalysts with just a few excep-
economy [1]. To keep catalyst activity and selectivity nearly tions dealing with commercial catalysts [3,4].
stable despite deactivation gtieaction temperature is con- The design of new EO catalysts or improvement of ex-
tinuously increased over time; thus a nearly constant eth-isting ones is often seen as overcoming the causes for their
ylene oxide output is maintained, as reported in the patentdeactivation, with the final goal of increasing catalyst stabil-
literature [2]. Over the years deactivation of Ag-based cata- ity. These are expensive and time consuming investigations,
lysts has been a subject of extensive research, with the aim ospecially when the assessmehtatalyst lifetime is a task
understanding its mechanism and of improving catalyst sta- Which may take months to years. In principle, there are two
bility. Several possible causes for Ag-catalysts deactivation, options in studying the problem of catalyst stability: (i) to
such as catalyst poisoning either by impurities [3,4] or by an run the catalyst in a pilot plant under process conditions
excess of chlorine-based promoters in the feed [5-7], accu-over a time span close to the full anticipated catalyst life, or
mulation of carbon deposits on the catalyst surface [8-12], (i) to perform accelerated deactivation tests in such a way
and increase of both silver particles size [3,4,13-16] as well that deactivation is mimickednder close-to-process condi-
tions [17,18]. The second approach is favored for its shorter
time and lower expenses.
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be of the same mechanism as the one in the industrial plantmulticoordinated strongly addmed O, presumably leading
but occurring during a shorter time span. The complexities to total combustion of ethylene [26]. Chlorine over Ag(111)
in the design of such an acced¢ed deactivation test, re- single crystals was also found to favor, to a smaller extent,
sulting in genuine deactivation, have been addressed in thea secondary reaction, i.e., ethge oxide isomerization [6].
literature [17—-23]. For example, if sintering is the proven The side effect of poisoning by2El4Cly, e.g., although re-
mechanism of catalyst deactivation, its nature might still not versible, often requires a “poison scavenger” in the reaction,
be fully known. Often reaction temperature is assumed to belike CyHg [7]. Therefore, in the present deactivation studies
the main cause, but it is known, however, that other factors, it was also of interest to find asptimal chlorine concentra-
like type and concentration of atmosphere surrounding thetion, and to minimize its poisoning effect as a factor influ-
catalyst may also be very important. The predominance of encing global catgkt deactivation.
one of two variables, temperature or concentration, may fi-
nally define the nature of sintering, i.e., beingharmalor
chemicalprocess [24]. Various mechanistic studies revealed 2. Objectives
that the presence of both atomic and subsurface oxygen in
Ag/Al,O3 catalyst is essential for selective ethylene oxida-  The aim of this study was to establish accelerated deac-
tion [8,25-28]. Oxygen is, however, also a factor that addi- tivation of an Ag-based prospective commercial catalyst by
tionally influences dactivation of Ag/AbOs catalysts, since  a change of parameters withothianging the deactivation
the rate of catalyst sintering does often depend on oxygenmechanism, which we define &rsie deactivation|f deac-
concentration [24]. Recentlyeduced oxygen adsorption of tivation rates can be correlated with time of operation and
a commercial catalyst, which was previously partially deac- variables influencing the deagition process extracted from
tivated in a pilot plant, was recognized as one reason for its such experiments, then it is possible to predict catalyst be-
lower activity [29]. havior over extended periods of time of operation in a com-
The design of an accelerated deactivation test should bemercial reactor. Deactivation can be studied directly when
based on an assumed catalyst deactivation mechanism. Taariations in the rate of the catalytic reaction are solely due
focus on this, an accelerated deactivation experiment with to the deactivation process [23]. This approach is also bene-
a small number of possible deactivation causes is preferredficial for studying deactivation kinetics [32,33], the results of
in order to prevent their simultaneous contribution to the which will be discussed in another publication (G. Boskovic
total effect. A favored scenario could be to have only one et al., submitted).
deactivation step at a time. However, the procedure is not al-
ways straightforward, sinaene accelerating parameter usu-
ally leading to the projectedeactivation mechanism might 3. Experimental
unexpectedly cause additional ones [20,22]. Thus, an in-
crease in space velocity, e.g., will eliminate concentrations 3.1. Methodology of experimentation
of a specific compound due to high conversion as the cause
for catalyst decay, but might cae major catalyst poisoning Assuming sintering as the main deactivation mechanism
if some impurities are present in the feed [20]. Sulfur and of an alumina-supported Ag catalyst [3,4,13-16], and due
fluorine, which are often present as impurities in the feed, to the observation that the rate of catalyst sintering often de-
were both claimed as being effective poisons for Ag cata- pends on oxygen concentration [24], both high reaction tem-
lysts operated under both commercial [3] and laboratory [4] peratures and different oxygen concentrations were chosen
conditions. Therefore, addithal precautions, by means of as parameters supposed to bring accelerated and true deac-
checking the influence of spacdweity on deactivationrate,  tivation. Given that reduced capacity for oxygen adsorption
must be undertaken to exclude interference of side-by-sideon Ag-based catalyst and its deactivation seem to be directly
poisoning mechanisms in theadfal picture of deactivation  related [29], the decrease of the rates of oxygen conversion
of the catalyst. besides ethylene consumption and EO formation was chosen
Although sintering has been regarded as the most prob-as a measure of catalyst deactivation during time on stream.
able mechanism of deactivaticof an Ag-based catalyst, In order to obtain true deacttion conditions for studying
the effect of chlorine-based promoters is still quite contro- deactivation directly, the caept of “deactivation compen-
versial [6,25,26,30]. Generally speaking, chlorine promotes sation” was applied [33]; for this ©conversion was kept
mobility of metals, hence leading to their redispersion in constant over the time of operation of a gradientless recycle
some cases [31], but also to their sintering in some oth- reactor. The time when the catat started to deactivate was
ers [24]. It has been discussed that chlorine might suppressdefined agero time of deactivatian
dissociative @ adsorption, hence leading to less £@ro- The chosen set of variables, i.e., temperature gndoD-
duction [30], or it can make adsorbed atomic oxygen less centration in the reactor beingjeal to outlet concentration,
electronegative and hence enhing electron transfer from  was kept constant throughout a single experiment. The ini-
ethylene to the former [25]. Another explanation of chlorine tial space velocity was adjusted to 25,000thand was
promotion was suggested by suppressing the formation ofgradually decreased over time on stream depending on the
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rate of catalyst deactivation. The space velocities were sig-dently by five mass-flow controllers (MFC) (Brooks 5850S)
nificantly higher than those usually applied in commercial and premixed before entering the reactor. The product line
operation [1] in order to keep the concentrations of ethyl- leaving the reactor was equipped with three pressure regu-
ene and oxygen at intermediate levels characteristic of thelators (GO, Inc.) allowing first adjustment of the working
commercial process. pressure in the reactor up to 50 bar, and second splitting of
the exit flow in such a way that only a small part of the gas
was passed to analysis.

An essential part of the equipment was a PC for data

The experiments were conducted in the equipment shownacquisition, automatic regulation of feed flow, and process
in Fig. 1, consisting of an internally back-mixed reactor control. By Field Point modules (National Instruments)
(Berty), a manifold system for supply of reactants, an ana- the PC obtains information on temperature and pressure,
lytical part, and a unit for preess control. The Berty reactor, and through a Bus interface it communicates with periph-
ascertaining almost no mass and temperature gradients ireries controlling these parameters. In addition, a program
the catalyst layer, and the high mass flow through the cat- for automatic process control and regulation, based on a
alyst layer similar to industrial operation, is a simple means BridgeView software package (National Instruments), was
of determining reaction rates [34]. An ideal mixing regime integrated in the system. Process control and regulation are
was verified by the criterion of constant conversion ver- based on effluent gas composition by means of a software al-
sus variable turbine speed [35], and established by applyinggorithm comparing a targeted value of a desired component
1300 rpm of the impeller. The reaction temperature was mea-concentration (which by ourhoice was the concentration
sured by two Ni—Cr—Ni thermocouples (according to DIN of Oy) with its value at zero time of deactivation. Con-
IEC-584-2), below and above the catalyst layer; tempera- stancy in Q concentration is aébved by decreasing the
ture was controlled by a respective unit (Eurotherm 2404). total flow rate executed by MFCs. By adjusting PID values
A third thermocouple was utilized for indicating the oven of the MFCs, response time to catalyst deactivation was var-
temperature. ied from 15 min to 1 h, depending on the deactivation rate

Ethylene, oxygen, carbon dioxide, nitrogen, and a mix- in the particular phase of the experiment and imposed by
ture of ethyl chloride and Ncould be provided indepen-  applied reaction parameters.

3.2. Equipment and operational procedure
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Fig. 1. Computer-controlled equipment for catalyst-deactivation studies.
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zero time of deactivation

line to 12(°C. Values for maximal temperature and pressure
were defined as alarm functigrend connected to electro-
magnetic ON/OFF valves, providing the shutoff of all inlet
flows in an emergency case and the simultaneous release of
pressure in the reactor to the vent. Additional safety fea-
tures included one-way valves preventing reverse gas flows
leading to uncontrolled mixing of ethylene and oxygen, and
spring valves limiting the maximal allowed pressure in the
reactor.
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Total time on stream, h column filled with CaSQ@, although considerable amounts
of water were produced throughout the experiment at high
Eig. 2. Pattern of a typical deactiyation experimgnt iIIustrate_d by the reac- temperatures. A micro-GC (Varian-Chrompack CP-2002)
tion raFes and oxygen concentrgtlops as a function of total tlme on stream. provided with two channels and a TC detector was used
(TOS includes the times of activation and subsequent deactivation of the .
catalyst; starting at time “zero” of deactivation the constant oxygen concen- to detect Q and N> (MO| sleve SA) and GH4, CO, and
tration is a consequence of the compensation approach applied.) C2H40 (Poraplot Q), which took about 2 min per analysis.
A flow of 3 cm® min—1 of 99.997% Ar, additionally purified
In a typical experiment, theatalyst sample was first ac- by a moisture filter (Chrompack), was used as a carrier gas.
tivated in the reaction mixture excludingCby heating up
to 190°C, and then by additional heating with a temperature 3-5- Type of catalyst and its characterization
ramp of 3 K/h up to the working temperature. Once the de- o ) )
sired temperature was reached,as gradually introduced The catalyst used in this study was provided by an in-
to the feed for a period of several hours. The activation pe- dustrial supplier. Its preparation corresponds closely to the
riod lasted up to 40 h depending on the reaction temperature State oft the art. Such catalysts for ethylene epoxidation con-
After several hours upon first contact of the catalyst with Sist generally of silver particles (0.1 to 1 pm) supported on
oxygen the first catalyst activity was usually noted. During @-Al20s. Usually, they contain between 7 and 20 wt% of
the next 5-10 h, rates of formation of both ethylene oxide Silver and are prepared by impregnation of the support with
and CQ continued to increase depending on the severity @n organic silver complex compound. Supports with a low
of applied conditions (Fig. 2). Rising of catalyst activity Surface area< 2 m?/g) are used to suppress total oxidation
went along with a drop of ©@concentration in the reactor. and enhance EO selectivity. For the same purpose, promot-
The maximum rate of formation of both ethylene oxide and €rs such as alkali compounds (in particular, cesium salts) are
COy usually was reached simultaneously, and this point co- added during the manufacturing procedure [36].
incides with the minimum of @concentration in the reactor. At the end of their performance the size of Ag parti-
From that point, the catalyst stad to deactivate, which led ~ cles of some selected cataiysamples was examined by
to a decrease of both ethylene oxide and,G®ncentra-  transmission electron micsoopy (TEM). Micrographs were
tion, and increase of £concentration. The very same point recorded by a CM20 (Philips) microscope equipped with an
was taken agero time of deactivatioand corresponds to  EDX facility (EDAX PV9900). The powdered samples were
the “initial” rates of ethylene oxide and G@ormation and  dispersed on a Cu grid (300 mesh) coated with a Lacey car-
“initial” catalyst selectivity. Starting from zero time of deac-  bon film. The acceleration voltage used for the measurement
tivation the action of deactivation compensation was carried Was 200 keV.
out, by means of decreasing the total feed flow and keeping
the corresponding £concentration in the reactor constant. 3.6. Experimental conditions
Both relative stability of the @concentration during time on
stream of a typical accelerated deactivation run and continu- ~ Reaction temperatures ranged from 260 to 280The
ous catalyst deactivation dugrexperiments lasting as long  pressure was kept constant at 20 bar. The inlet flow con-
as 120 h and representing long-term aging (Fig. 2) supportsisted of 25 vol% GHa, 5.5 vol% CQ, 1.5 to 7.5 vol%

[¢)]
—

3.4. Chemical analysis of effluent

o

the approach. 02, 1.8 ppm of chlorine (as ethyl chloride), the balance to
100 vol% being N. The maximal inlet @ concentration
3.3. Safety precautions was limited in order to be outside of the explosive range

for ethylene—oxygen mixtures. In total, 15 runs were per-
Several safety measures were applied. Line plugging by formed with different @ concentrations and temperatures,
polymerization of ethylene oxide resulting in a pressure rise but keeping both parameters constant during a single run.
above the safety limit was prevented by heating the exit A single experiment lasted from 40 to 120 h. A commercial
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silver-based catalyst was used in the form of Raschig rings.

The volume of the catalyst and the total flow of reactants
were chosen in such a way that an initial space velocity of
25,000 hr! was achieved.

4. Resultsand discussion
4.1. General aspects

The reaction proceeds es$aily to EO and carbon diox-
ide whereby the total oxidation of EO is almost negligible
under the conditions chosen:

CyH40
1/20,
1
CoHa 3|5/20,
2
30,
2COy + 2H50.

The experiments delivered rates of ;O and CQ forma-

tion,

_ Fot- (G = C))
Vear

and of ethylene consumption,

Fiot- (CE,_ — Cc,=)

Vear

which were measured nearly continuously during time on
stream. The reactor seledtivto ethylene oxide amounts to

mol/Lcar h,

i

mol/Lcar h,

Rc,- =

_ Reo
Reo+ 0.5R(;o2

The initial reaction rates corspond to the reaction temper-
ature, and to the ©concentration withn the reactor at zero
time of deactivation. The £concentration \ithin the reactor
was varied from 0.87 to 4.80 vol%. The influence of the reac-
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Fig. 3. Rates of ethylene consumptias well as ethylene oxide and O
formation and selectivity as a function of chlorine concentration; “ZD0

20 bar; 7.5 vol% @ in the feed; numbers in squares indicate the order of
introducing of a new chlorine concentration.

30 vol% ethylene, 5.5 vol% C£) 7.5 vol% Q; the bal-
ance to 100 vol% was N The results shown in Fig. 3 were
acquired over the same catalyst sample and refer to pseudo-
steady-state conditions obtained after several hours after the
chlorine concentration hacebn changed. In order to avoid
doubtful conclusions as having no fresh catalyst sample for
every single concentration, the selection of chlorine concen-
tration in the limits of the stated range was rather random
and then increased monotonically (numbers in squares be-
low x axis in Fig. 3 indicate the order of introduction of
every single chlorine concentration). In such a way, a pos-
sible cumulative effect of chtine, left over on the catalyst
surface from the previous experiment with certain chlorine
concentration, can be avoided. As seen from Fig. 3, chlo-
rine inhibits the rates of production of both ethylene oxide
and CQ, but in the particular region of concentrations the
production of CQ is more strongly inhibited.

The maximum of ethylene oxide selectivity was obtained

tion variables on the initial rate of formation of ethylene ox- at 1.8 ppm of chlorine in the feed; therefore, this concen-
ide and CQ and on the initial selectivity is discussed. Their tration was used in all subsequent experiments. Since this
particular profiles during time on stream, i.e., related deac- selectivity was achieved following the removal of the high-
tivation rates, are communicated elsewhere (G. Boskovic etest chlorine concentration introduced in the row (3.7 ppm of
al., submitted). During the first 50 h of time on stream a drop chlorine was introduced as a third portion in the line, result-
of the rate of ethylene oxide formation was observed; it is ing in the lowest selectivity—Fig. 3), a reversible poisoning
related to concentrations ob@nd ethylene. Finally, the de-  of silver by chlorine might be speculatively assumed, which
crease of the ethylene oxide rate of formation depends onis in line with claims in the literature [7]. Some authors claim
the size of the metal particles of the deactivated catalyst dis-that poisoning by chlorine is reversible only when certain
charged from the reactor at the end of the experiment. impurities in the feed are present, like ethane. Its role as a
scavenger might explain the reversible nature of Ag-catalyst

4.2. Optimization of chlorine addition to the feed poisoning by chlorine in commercial applications [4,7].

The rates of ethylene oxide and g@rmation and eth- 4 3. Effect of oxygen concentration and temperature on
ylene consumption as well as selectivity to ethylene oxide yeactivation

were influenced by the chlorine content in the feed (Fig. 3).
Experiments were performed at 200 and 20 bar, and The effect of oxygen concentration and reaction temper-
with a reaction mixture containing 0 to 3.7 ppm chlorine, ature on the rate of ethylene oxide and £formation and
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rate of ethylene consumption during time of operation is pre-

sented in Figs. 4to 7.

At 260°C the rates of formation of ethylene oxide and of
CO, depend on the ©concentration in the reactor: at a very
high O, concentration of 4.8 vol% EO formation rate domi-
nates over that of C& while at the lowest @concentration
applied (0.87 vol%) the opposite is true (Fig. 4). The nomi-
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ethylene consumptiori{;, ©, A) as function of time on stream, at 27G
for different O, concentrations in the reactor.

The reaction temperature finences the rates of con-
sumption and formation significantly (Fig. 7). For nearly
constant @ concentration, an increase of the reaction tem-
perature causes an increase of the initial rate of @@duc-
tion. However, the initial rate of ethylene oxide formation
is not a simple function of the temperature increase, since
ethylene oxide production passes through a maximum at
a reaction temperature of 27G. For high Q concentra-

nal values of the corresponding rates of formation, for both tions and temperatures within the range from 260 to°Z80

ethylene oxide and Cf)are directly proportional to £con-
centration; i.e., the higher the exit concentration ofte
higher the rates. Regardless of the level gfd®@ncentration,
the drop of the rate of ethylene oxide formation is always
more marked than the one for G@rmation (Fig. 4). When
reaction temperature was increased to AZ0the rate of
CO, formation dominates over ethylene oxide formation rate
for the whole range of @concentrations (Fig. 5). Again, the
higher the exit @ concentration the higher the drop of the
rate of formation of both products, among which the drop of
the ethylene oxide rate is always more pronounced (Fig. 5).
Finally, at the highest reaction temperature applied (Z30

the formation of ethylene oxide and G@ differently ef-
fected by temperature. Production rates of,Gipe favored

by temperature over the whole range of temperatures, but the
increase in ethylene oxide rate is limited up to a temperature
of 270°C probably due to a consecutive total combustion
pathway. From the temporal profiles of the production rates
of both CGQ and ethylene oxide it is obvious thag @oncen-
tration favors deactivation (Figs. 4-6). The same conclusion
is valid when the reaction temgaure is increased at con-
stant @ concentration (Fig. 7). However, profiles of both
rates of formation of ethylene oxide and €@uring time

on stream are more or less parallel once the critical values

the drop of the rate of ethylene consumption is dramati- of variables effecting deactitian are reached, i.e., either

cally influenced by the highest Groncentration; however,
the profiles of both ethylene oxide and €@rmation rates

the reaction temperature (280) (Fig. 6) or the @ concen-
tration (& concentration above 3 vol%) (Fig. 7). Catalyst

as a function of time on stream are more or less parallel for decay as defined by the decrease of the rates of ethylene con-

the whole range of applied{xoncentration (Fig. 6).

sumption and products formation is fastest when both the
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highest reaction temperature and the highest@ncentra-
tion are applied.

The effect of Q concentration on the initial selectivity
to ethylene oxide at different reaction temperatures is pre-
sented in Fig. 8. At the lowest temperature of 260 an
increase of Q concentration favors the rate of ethylene ox-
ide formation over the rate of COformation, resulting in
increased selectivity to ethyleroxide. At higher tempera-
tures, the influence of £concentration is the opposite. It
shows the predominant influence of high reaction tempera-
ture over Q concentration. These nass are an indication of
a certain synergism of these two parameters when involved
in the deactivation process.

The negative effect of high temperature on Ag-based cat-
alyst stability is a well-known problem in its commercial ap-
plication [1]. It is usually manifested as a selectivity, rather
than an activity problem. Thus, it is obvious from Figs. 6
and 7 that both reaction temperature and oxygen concentra
tion are responsible for the performance of Ag catalysts.

As outlined in the Introductin, there is a possibility that
deactivation may be caused by poisons in the feed, or poi-
soning by-products. Therefqr@n additional experimentwas
carried out in order to check the possibility of significant poi-
soning of the catalyst by impurities in the feed. The initial
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experimental setup. It turned out that no such cause of deac-
tivation prevailed.

A very high initial space velocity resulted in some in-
crease ofReo, Rco, and rate of ethylene consumption;
however, the deactivation rate was similar to that obtained

space velocity was set two times as high as in the standardn the experiment with standard initial space velocity of
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60 depending on the severity of the applied conditions. Obvi-

ously, deactivation of the calyst could be accelerated on
the laboratory scale in the range of reaction conditions ap-
plied. A drop in reaction rates of only 25% in the first 50 h
of time on stream has been reported for the same epoxida-
tion reaction using also a Berty reactor at 270[4]. The
difference as compared to thesults presented is possibly
induced by the difference in reaction conditions and the cat-
alyst itself. The activity decay for 260 and 280 together
. S with the corresponding degrees of conversions efadd
ethylene is presented in Fig. 10. Regardless of the applied
: reaction temperature a higher rate of deactivation was ob-
0t tained on lowering @ conversion, which is a further proof
L s L . L s L s that increased oxygen conceriioa enhances deactivation
0 20 40 60 80 of the silver catalyst.
Time on stream, h TEM micrographs after discharging the catalysts from the
reactor at the end of an experiment, are shown in Fig. 11
Fig. 9. Rates of formation of £440 (A, A) and CQ (W, L)) and ethylene  jn comparison to the same catalyst after activation. Corre-
pqnsumptlon [ X O_)_ln time on stream at 270C as a function of different sponding values of the decay of activithd, %) and of
initial space velocities. .. . . "
selectivity (AS, %) as a function of reaction conditions and
time on stream are also given. After catalyst activation and
25,000 it as shown in Fig. 9. The increased rates were prior to exposure to the epoxitian reaction, rather uniform
due to higher concentrations of oxygen and ethylene causedAg particles of 50—70 nm were observed (Fig. 11a). After be-
by their lower degrees of conversion. This result eliminates ing exposed to an £concentration of 5.08 vol% at 26C
the possibility of poisoning by reactants and impurities as for 70 h of time on stream, Ag particles agglomerate. Be-
a cause for the deactivatiomdicating sintering as its most  sides particles of the original which are still remaining, a cer-
probable cause. Initial selectivity to ethylene oxide, as well tain amount of considerably larger particles were observed
as its temporal profile, is not influenced by the magnitude (Fig. 11b). The activity undehese conditions dropped to
of space velocity, indicating that selectivity does not de- about 50% from the initial activity of the activated fresh cat-
pend on the degree of conversion within the range coveredalyst. A temperature increase to 2%5, even at lower @
in these experiments (blank symbols in Fig. 8); catalyst sam- concentration, leads to a dramatic growth of the Ag parti-
ples exposed to the same reaction temperature of@y7a8nd cles after only 40 h, concomitant with an activity decline to
similar O, concentration of about 3.5 vol%, but initial space 65% (Fig. 11c). This clearly shows the dominant influence
velocity differing by a factor of roughly two, resulted in the of reaction temperature compared to oxygen concentration,
same selectivity, as shown on Fig. 8. as already pointed out. The mimum reaction temperature
As can be derived from Figs. 4 to 6, catalyst decay, de- applied amounted to 27%&, and was still 70C lower than
fined as the decrease of rate of formation of ethylene oxide,the Tamman temperature of silver [37], which is necessary
amounts to 30-70% after some 50 h of time on stream, for migration of atoms througthe silver lattice causing par-

50 EO CO, C, O,/vol% GHSV/h'
o A m e 347 25000

40 O A O o 350 49000

20| 2

Rate , mol/l.,; *h

10

10 66 11
S 64 -— _— 10
50 | 1° 62| 1s
s 2 Xeof {1 =
><845_ 1° X X sl __8><m
40 - 1, 56 L T 7
35 54 — — ®
Ll L L 11 g ol — 1 1 . 1. 1 5
35 40 45 50 55 60 60 65 70 75 80
C,H,O rate decrease, % C,H,O rate decrease, %

Fig. 10. GH40 rate decrease estimated after some 50 h of time on stream 3€3&&ft) and 280 C (right), as a function of @conversion (left axis) and
ethylene conversion (right axis) (blank symbols at 280are values after only 20 h).
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(a) (b) (c)

L
‘. . ) g 200nm
Aago =50 % Aago = 65 %
ASE0 =5 % ASe0 =10 %

Fig. 11. TEM micrographs of (a) the activated catalyst, (b) after 70 h at@8Co, = 5.08 vol%), (c) after 40 h at 275C (Co, = 3.2 vol%). Related drops
of catalyst activity,Aagp, and ethylene oxide selectivitph Sgo, are indicated in the figure.

ticle growth. It is, however, more than twice as high as the and CQ increase with increasingaction temperature and
Huttig temperature, at which surface migration of atoms is oxygen concentration in the reactor, the first variable being
possible. of higher importance. At constant oxygen concentration, ini-
Some preliminary thoughts are put forward on the ef- tial production of CQ is favored by high temperature for
fect of silver-particle size on catalyst selectivity referring the whole range of temperatures applied. An increase of the
further to Fig. 11. Only a minor change in selectivity has initial formation rate of ethylene oxide at constant high O
been observed for an activity drop of 50 or 65%, respectively concentration, however, is limited to temperatugea70°C.
(Fig. 11). Similar to these results, no change of selectivity Below 270°C an increase of ©concentration leads even to
has been reported in an aging experiment of a silver-catalystan increase of ethylene oxide selectivity. At temperatures of
model system of rather large Ag particles [38];in a 7-day ex- > 270°C the influence of the oxygen concentration and re-
periment carried out in a Berty reactor at 210 19 bar,and  action temperature is equagdding to a selectivity decrease
a space velocity of 80001, agglomeration of Ag particles  in ethylene oxide with increasirseverity of these variables.
from 300 to 500 nm brought an activity decrease to 60%, but  Acceleration of the deactivation process of a commercial
the selectivity remained constant. Ag/Al,O3 catalyst could be achieved by increasing reaction
The correlation between the size of Ag particles and the temperature and oxygen concentration within the applied
extent of the catalyst activity drop is a general feature and range of reaction conditions. The catalyst declines fastest at
has been discussed extensively in the literature [15,16,39].the highest reaction temperature and oxygen concentration
The epoxidation reaction over Ag-based catalysts appears toapplied, indicating a cooperative effect in the deactivation
be structure sensitive, since the rate of ethylene oxide for- process. Hence, both high réian temperature and high
mation was often found to increase with increasing size of gxygen concentration are responsible for Ag catalysts in the
the Ag particles. However, an influence of the reaction rate commercial deactivation process.
by particles as big as 70 nm is not common, since structure  The |oss in catalyst activity amounts to 30 to 70% in 50 h
sensitivity is usually related to much smaller particles [40]. of time on stream depending on the severity of conditions
The phenomenon has, therefore, been explained by a changgpplied. The catalyst activity decay is related to the degree of
of particle morphology and a support effect [15], but also agglomeration of Ag particles; this points to sintering as the
as a decrease of defects on the surface necessary for adsorpnain deactivation mechanisni the catalyst. The time for
tion of covalent oxygenions [41]. Our TEM results revealed, particle growth and hence deaettion depends on reaction

however, no significant differences in the outer appearanceiemperature and Oconcentration to which the catalyst is
of Ag particles of different size. For this reason it is likely exposed during operation.

that additional reasons contribute to the activity decay. A dif-
ferent extent of metal support interactions to the change of
Ag-particle size might be responsible. Notations

Cl.0 concentration of componenin the feed (vol%),

C; concentration of componenin the reactor (vol%),
In the epoxidation of ethylene to ethylene oxide an acti- R; reaction rate of formation of component[mol/

vation period exists. Initial formation rates of bothH;O (Lcat D),

5. Conclusions
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Fiot total molar flow rate (math),

Cg: concentration of ethylene in the feed,
C,= concentration of ethylene in the reactor,

Rc,- reaction rate of ethylene consumption [malcar h)],
S selectivity (%),
Vear catalyst volume (1).
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