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l. Introduction

The production of ethylene epoxide (EO) from ethylene by catalytic

oxidation has grown into a worldwide industry, based on processes developed
-mostly in the 1940s and 1950s (J, la-c). With a view to reducing ethylene

consumption, research has been continued to further improve the catalyst and
optimize the process conditions. As a result, ethylene is currently converted
with a selectivity of around 809, under commercial conditions, whereas in the
early 1960s the selectivity was 687, at a comparable conversion level.

Significant changes have been introduced in catalyst preparation as well as
in catalyst composition. The catalyst consists of reduced silver particles
dispersed on «-Al,0;. The catalyst surface area has been increased by a factor
of 5,and in consequence the operation temperature has declined considerably.
The use of chlorine compounds as moderators has been known since 1942
from the patent by.Law and Chitwood (2). Since the early 1970s alkali has been
added to the catalyst as a promoter (3). '

In view of these changes, the conclusions from early work on the relative
rates of the reactions, occurring in the familiar kinetic scheme (Scheme 1) of
epoxidation (/) may have to be modified for modern catalysts.

C,H,0 (EO)
C2H4 k3 1 230,

2CO, + 2H,0

SCHEME 1
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However, few data on these catalysts are available in the open literature.

Scheme 1 can be used to illustrate two crucial mechanistic questions that
dominate ethylene epoxidation research: first, which factors determine the
initial selectivity at low conversion, governed by the ratio k, /k,, and second,
what is the rate-limiting step of ethylene epoxide conversion (k;) that is
important at high conversion?

Figure 1 (1b)illustrates the dependence of the selectivity on conversion for a
nonpromoted catalyst in the absence of chlorine. Measurements of the
selectivity versus conversion on chlorine-moderated catalysts of high initial
selectivity have been published recently by Bryce-Smith et al. (Ic). Their
results, presented in Fig. 2, indicate a strong decline of the selectivity at low
conversion; at conversions higher than 109 the selectivity behaves as expected
on the basis of Scheme 1.

It is generally accepted that the ratio of the parallel reaction rates (k, /k,) is
determined by interaction of ethylene and oxygen with the silver surface; by
contrast, no agreement exists on the role of catalyst support versus the role of
silver in the consecutive reaction, with rate constant k;.Some authors propose
(4) that the catalyst support does not play a direct role in the consecutive
reaction and that ethylene epoxide is oxidized by silver. Twigg (5, 5a) and -
others (5b) suggest that ethylene oxide first has to isomerize to acetaldehyde.
Woodward et al. (5¢) propose that ethylene epoxide is isomerized to
acetaldehyde by acidic support sites and that acetaldehyde is oxidized in a
consecutive reaction by silver. There is even a dispute on the latter question,
since it has also been found (6, 6a—8) that ethylene epoxide can be isomerized
to acetaldehyde by silver.

NN SN S TN N N SR S R
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Fig. 1. Selectivity versus conversion. T = 523 K; (——-), expected dependence of S on X,
conversion in the case of pure consecutive reaction; 8% Ag, pumice support, 1.6—2 m?2/g (Ib).




MECHANISM OF ETHYLENE EPOXIDATION 267

Selectivity {C,H,0/CH,0 +1CO,)
Per cent

o treated with EDC first, then CO,
x treated with CO, first, then EDC
& treated only with EDC
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FiG. 2. Selectivity versus conversion. 4.75% Ag, 0.013% Li, «-Al,0;; EDC=
1,2-dichloroethane (I¢); 5% ethylene in air; 160°C < T < 235°C.

Whereas it has been generally accepted that the initial selectivity of the
epoxidation reaction is determined by the silver part of the catalyst, the details
of the ethylene epoxidation mechanism and ethylene combustion mechanism
are still controversial, notwithstanding many detailed and extensive inves-
tigations which have been reported in several review papers (912, 12a, 13).

However, during the past decade significant advances have been made in the
understanding of the reactivity of the silver-metal surface, mostly because of
the impact of modern surface science techniques that enable the reactivity of
silver single-crystal surfaces to be studied under well-defined conditions. In
addition, a wide body of literature has become available on the interaction of

oxygen, chlorine, alkali, carbon dioxide, and adsorbed organic molecules with
such silver crvstal surfaces

=LA SAVOL Ciyoldal Suliatls.

We will discuss the two mechanistic issues in ethylene epoxidation in the
light of new information gained from the use of these surface scientific
techniques. It appears that the initial selectivity of ethylene epoxidation is
governed by the state of oxygen adsorbed on silver. In the rate-limiting step
ethylene is found to react with adsorbed oxygen (1419, I4a, 16q). In the past
three decades many investigations have been undertaken to establish the



268 R. A. VAN SANTEN AND H. P. C. E. KUIPERS

conditions the oxygen—silver system has to satisfy to yield epoxide. It has been
thought for a long time that the ratio of atomically adsorbed versus molecular
oxygen determines k;/k,. The role ascribed to both species has changed
through the years. Twigg (5) and Hayes (20) proposed that isolated atomic-
oxygen Is responsible for epoxidation, whereas pairs of adsorbed oxygen
atoms are responsible for total oxidation of ethylene, via formaldehyde for-
mation. Their arguments were based on the observation that the rate of the
total combustion reaction is higher order in oxygen than the rate of ethylene
epoxidation. German and Russian workers (2/a-c, 22) proposed that mole-
cularly adsorbed oxygen yields epoxide, whereas atomic oxygen gives total
oxidation upon reaction with ethylene. The original idea is ascribed to Worbs
(21). Kilty et al. (23) strongly supported this mechanism, on the basis of
infrared adsorption studies that confirmed earlier work by Gerei et al. (24) and
a study of oxygen adsorption as a function of chlorine coverage on silver
catalysts. _

The epoxidation mechanism by adsorbed molecular oxygen found wide
acceptance, because it predicts a maximum selectivity of 6/7. Only recently
selectivities higher than 6/7 have been reported (Ic, 25). Ayame et al. (26)
reported initial selectivities of 97—99%; on silver catalysts doped with NaCl.
The net selectivity turned out to be <809, since carbonaceous residue was
formed on the catalyst, which was slowly converted to CO, and H,O. Recent
research has significantly clarified the question of whether it is molecular or
atomic oxygen that plays a role in ethylene epoxidation. Therefore, in view of
this question, we will discuss in the next two sections the chemisorption of
oxygen on silver and the reactivity of oxygen adsorbed to the silver surface.

In the section on chemisorption information is presented on the state of
oxygen adsorbed onto silver surfaces. A compilation is given of the body of
literature generated by surface science studies of single crystal faces of silver. A |
discussion of the coadsorption of alkali metals with oxygen is included in view
of their presence in practical catalysts.

In the section on the reactivity of the silver surface we will concern ourselves
not only with the reactivity of ethylene, but also with that of epoxide and
acetaldehyde, molecules that play a dominant role in the consecutive reaction
of ethylene epoxide. As we will show, coadsorption to the silver surface of
ethylene oxide and of intermediates formed by consecutive reactions, or
coadsorption of CO, and H,O (17, 27, 27a—c, 28, 28a—c), has a significant
influence on the activity as well as selectivity of the reaction.

In a final discussion we will return to the question of the mechanism of
ethylene epoxidation. There are still several unanswered questions concerning
the transition state. However, as the review of current evidence will show, the
oxygen species that is inserted into ethylene to give epoxide is most probably
atomic in nature. .
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ll. The Characterization of Oxygen-Containing Adsorbates on
Silver by Surface Science

Because the reaction probability for ethylene oxide production is very low
(of the order of 10™8), the direct study of the reaction of ethylene and oxygen
as a function of surface composition under ultrahigh-vacuum (UHV) con-
ditions is precluded. One way out is the approach chosen by e.g., Campbell
and Paffett (29, 30) and Grant and Lambert (31). It comprises a two-step
analysis. The catalytic behavior of a single-crystal face is studied in a high-
pressure reaction cell, in which measurable amounts of ethylene oxide can be
produced. Subsequently, the reactants are pumped off rapidly and the sample
is transferred within roughly 20 s to a UHV cell where it is subjected to surface
analysis. Although this technique has been of great help in providing a detailed
insight into ethylene oxidation, a principal drawback remains, namely that
during pump-off and transfer, surface changes might occur unnoticed.

Numerous surface science investigations have been performed on silver
surfaces to examine their behavior with respect to species relevant to ethylene
oxidation. The following discussion will center on the silver/oxygen system.
The coadsorption of other species such as alkali metals and chlorine will be
discussed only insofar as they modify the oxygen speciation and behavior. The
reason for this is that under ethylene oxidation conditions pure alkali metal
adsorbates do not exist. For these single-phase systems the reader is referred to
the references mentioned in the text.

A. SPECIATION OF OXYGEN ON SILVER BY
SURFACE SPECTROSCOPIC TECHNIQUES

A great many surface science studies have focused on the question of which
reactive oxygen species leads to epoxidation. Three types of oxygen have been
observed, namely molecular, atomic, and subsurface oxygen. Since a mole-
cular adsorption state is the first step for an oxygen molecule approaching the
surface, it will be dealt with first.

1. Molecular Oxygen on Silver

Adsorbed molecular oxygen is characterized by an oxygen—oxygen bond.
Therefore the natural choice for its identification and characterization is a
surface-sensitive vibrational technique. In 1980 Backx et al. (32) used high-
resolution electron energy loss spectroscopy (HREELS) for the identification
and characterization of molecular oxygen on the low-index (110) plane of
silver for the first time. However, molecular oxygen had been identified on
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supported silver long before, for instance by electron paramagnetic resonance
(EPR) (33, 34) and infrared spectroscopy (35). According to Backx et al.,
molecular oxygen on Ag(110) is a weakly bound species, easily. desorbing or
dissociating into two atoms above 170 K. With respect to HREELS it is
characterized (to +1 MeV, independent of coverage) by two peaks at 30 and
78 meV, attributed to oxygen—metal and oxygen—oxygen vibrations, re-
spectively. The proof for molecular oxygen to be truly chemisorbed is given
by the fact that a saturation coverage of atomic oxygen prior to oxygen
adsorption at 110 K precluded the detection of any molecularly adsorbed
state, showing that there is a major difference in “first-” and “second-layer”
adsorption potential. Independent proof for the molecular nature of the
weakly adsorbed oxygen was gained via temperature-programmed desorption
experiments with a mixture of %0, and ‘80, by the same authors. The
oxygen molecules desorbing at 170 K after dosing at 110 K did not show any"
scrambling, ie., only the peaks at 32 and 36 amu showed up, whereas
scrambling did occur for the fraction having dissociated at 170 K and ending
up in the high-temperature peak at 580 K. As regards the nature of the
molecularly adsorbed state of oxygen, Backx et al. concluded the adsorption
state to be of C,, symmetry because any lower symmetry would have given rise
to more than two peaks. The model proposed was an O, molecule lying flat in
the grooves of the (110) surface. A comparison of the low oxygen—oxygen
stretching vibration at 78 meV with those of other molecular oxygen reference
compounds of varying formal charge (O3, O,, and O;) was used to
extrapolate to a formal charge of O}7~ for molecularly adsorbed oxygen,
ascribed to back-donation of electrons from the metal to the z* antibonding
orbitals.

Barteau and Madix (36) scrutinized the molecularly adsorbed state of
oxygen on Ag(110) by adsorption and thermal desorption experiments
including 0, and *¢0, isotope techniques. Although the gross features of
their study closely matched those of Backx’s work, there were conflicting
results as regards the behavior of molecular oxygen during low-temperature
(~120-130 K) adsorption. Contrary to Backx, who could not detect any
dissociation of oxygen during adsorption at 100 K [ proven by the absence of a
39-meV energy-loss spectroscopy (ELS) peak, indicative of atomic oxygen],

Barteau and Madix found that sequential filling of atomically and molecularly
adsorbed states took place during adsorption. Although they had no direct
spectroscopic. evidence at their disposal, sequential oxygen-isotope dosing
expetiments showed clearly that oxygen was more likely to fall into the
atomically adsorbed state at low coverage than at high coverage. Further
evidence was based on their previous work on the reaction of formaldehyde
(37) and carbon dioxide (38) with atomic oxygen, which yielded formate and

carbonate species at 123 K.
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The attempts of Barteau et al. to determine the activation energy for
desorption of molecular oxygen gave widely varying results, depending on the
method. Heating rate variation studies revealed an activation energy for
desorption of 19.5 kJ/mol with a first-order preexponential factor of 1.65 x
10% s1. A simple Arrhenius plot yielded 28.7 kJ/mol for the activation
energy. Finally, the Redhead method with an assumed preexponential factor
of 1013 571 gave a value of 46 kJ/mol. These variations were attributed to the
competition with oxygen dissociation, in accordance with Backx et al. (32),
who later pointed out that these attempts would yield the activation energy for
dissociation of molecular oxygen rather than its activation energy for
desorption anyhow.

Low-energy electron diffraction (LEED) investigations of the low-
temperature oxygen states did not show any ordering, indicating that both
molecular oxygen and atomic oxygen formed from it were randomly
distributed at low temperatures.

Campbell and Paffett (30) studied molecular oxygen on Ag(110) by X-ray
photoelectron spectroscopy (XPS) and found it to give a single peak at
529.3 eV binding energy with a full width at half maximum (FWHM) of
1.5 V. In accordance with the work of Backx et al. (32), they also found that
little if any dissociation of molecular oxygen occurs at 130 K. The single
oxygen peak for molecular oxygen led Campbell et al., too, to the conclu-
sion that the oxygen molecule lies flat on the surface, since “end-on adsorp-
tion” would have produced two O(1s) photoelectron peaks.

Au et al. (39) had previously postulated an O(1s) binding energy of 532 ¢V to
be characteristic of molecularly adsorbed oxygen on Ag(110). As their low-
temperature adsorption had been performed at low oxygen pressures with
very long exposure times, which increases the risk of reactive water being
adsorbed from the background by the surface oxygen, Campbeil and Paffett
(30) rejected their assignment. He based his argument on the findings of Stuve
et al. (40) and himself that long exposures turn the adsorbate layer predom-
inantly to carbonate and hydroxyl species. Moreover, he cited the same au-
thors (39) with their previous assignment of 532 eV to the hydroxyl group.

Campbell’s photoelectron spectroscopic assignments are based on the
complementary performance of thermal desorption experiments. Therefore
his work sheds some doubt on a number of previous assignments, and hence

alsc on conclusions drawn from coadsorption studies with alkali metals.

ywil 12 ULl LGSV pPuiz Stuils Ui alxqll Aligidl

Prince and Bradshaw (4/) studied the valence region of molecularly
adsorbed oxygen by ultraviolet photoelectron spectroscopy (UPS) at normal
emission. They found peaks at 1.1 eV (weak), 3.6 eV (whose determination by
difference spectra is hampered by the fact that it falls into the low-binding
energy region of the silver d-band), 5.6 €V (nonspecific for molecular oxygen
because of its assignment to the “umklapp” process, i.e., to electrons having
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been ejected in an off-normal direction and elastically backscattered into the
normal direction), and 8.6 eV (weak and broad) below the Fermi edge. The
center of the weak peak found at 3.6 €V with He(I) was corrected to a value of
4.3 eV by use of He(II) radiation.

The interpretation of the peaks was hampered by the absence of cluster
calculation results for the molecularly adsorbed state at that time. Their
assignment was therefore based on qualitative arguments starting from the
C,, symmetry proposed by Backx et al (32) and the previous assignment made
by Spitzer and Liith (42) for the O,/Cu system.

The 1.1-¢V peak was tentatively assigned to a completely filled doublet level
of a, + b, symmetry derived from the gas-phase oxygen 1=, orbital whose
degeneracy upon adsorption was diminished far enough to turn the oxygen
molecule to a singlet state. The corresponding lower level of a; + b, symmetry
was then identified with the peak at 3.6 to 4.3 eV. It should be mentioned that
this assignment implies an O3~ -type molecular oxygen, because the a,+b,
state falls below the Fermi level and hence is completely filled. Finally, the
peak at 8.3 eV was assigned to an oxygen level as well, being derived from the
30, level of gas-phase oxygen which upon adsorption changed to a, symmetry.
This assignment was claimed to be capable of explaining the enormous shift
in vibrational frequency of the oxygen—oxygen band. The filling of the
antibonding 30, level for explaining this strong shift, as proposed by Sexton
and Madix (43), was rejected as unlikely, because in the gas phase this level
is about 9-¢V higher than 1r,, although this energetic separation could
considerably decrease upon adsorption.

In the meantime a molecular orbital cluster study of molecular oxygen on
Ag(110) was performed by Selmani et al. (44). Up to 16 silver atoms were used
in their calculations. The surface layer was constructed from the known bulk
atomic position of silver, i.e., no relaxation was allowed for. The O-0O distance
was taken to be 0.15 nm as ‘derived from the vibrational data (32, 43). This
0-0 distance was also used for the evaluation of surface extended X-ray
absorption fine structure (SEXAFS) spectra from O,—Ag by Puschmann et al.
(45), which then allowed the determination of the Ag—O distance as 0.232 nm.
The four sites of C,, symmetry were scrutinized, which yielded a total of 12
conformations to be submitted to calculation. Comparison of the 12 calcu-
lated local density of states (LDPS) distributions with the UPS data from
Prince and Bradshaw (41), Barteau and Madix (36), and Rao et al. (46) then left
two “long bridge” (LB) possibilities denoted as LB (||S, |G) and LB (1S, LG),
with a preference for the latter. According to LB (]IS, L G) the oxygen mol-
ecule is coordinated to two opposing silver ridge atoms, thus bridging the
groove.

According to LB (||S, ||G), the oxygen molecule is in the groove, parallel to
the direction of the groove, and is coordinated to four silver atoms, two in the
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groove and two in the ridges. The LB (||S, L G) coordination led to an
annotation which closely matched the one chosen by Prince and Bradshaw
(41), with the exception of the peak at 5.6 eV, which was proposed to contain
some oxygen-derived 7, and p o, contributions along with the “umklapp”
- electrons. Although the LB (||S,||G) coordination yielded a LDOS in
reasonable agreement with the measurement UPS spectra, the character of
the states in the valence region was more complex due to a prominent role of
the contribution of silver states in the strong lines, i.e., the contribution of the
oxygen orbitals was “smeared out” over a large number of peaks.

The preference for the LB (||S, L G) coordination was based on the work of
Prince et al. (45), who found that the peak at — 1.1 €V undergoes a slight shift
when the polarization of the radiation is changed from s to p. This is expected
for the composite peak for LB (||S, LG) but not for LB (||S, ||G). Further
concomitant evidence stems from electron-stimulated desorption work of
Madey et al.(47), which was also in favor of an oxygen molecule perpendicular
to the groove. Therefore the coordination shown in Fig. 3 is the most likely one
according to these authors (44).

Molecular oxygen adsorption. has been studied to a lesser extent on
Ag(111) than on Ag(110), and moreover there are conflicting results. Grant
and Lambert (48, 49) claimed the existence of a stable dioxygen species, co-
existing with atomic oxygen, on the basis of isotope-exchange experiments.
This state of oxygen was characterized by a thermal desorption peak at
380 K (!), and was denoted as a-state. Most remarkably, the «-state popu-
lation was dependent not only on the total oxygen dose but also on the
dosing pressure. For a total dose of 5 x 10° langmuirs (L), a pressure larger
than 10~ torr was required in order to adsorb amounts of a-oxygen detectable

LB16//516G

Fi1G. 3. Most likely structures for molecular oxygen on Ag(110) (44).
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in temperature-programmed desorption (TPD). Furthermore, this dioxygen
species could not be prepared in isolation but was always accompanied by a
much larger amount of desorbing atomic oxygen, characterized by a TPD
peak at 580 K. For a dose applied at 1 torr the population of the a-state at
saturation reached about 16% of the one of atomic oxygen, and remained
stable at room temperature for many minutes. A Redhead analysis of the TPD
peak of the a-state yielded a desorption energy of 94 + 2 kJ/mol, close tothe
value determined in an Arrhenius plot, which yielded 90 kJ/mol: Furthermore,
the o-state was characterized by typical first-order kinetics.

Most interestingly, the amount of a-state oxygen could be strongly
increased (up to 60% of the S-state, which was not affected) by increasing the
amount of subsurface oxygen in the sample as determined by TPD. Since no
scrambling of 1°0, and 80, occurred at all, the authors concluded that they
had detected for the first time a dioxygen species that was stable at room
temperature and even above.

Another distinction between «- and -state oxygen could be made by means
of photoelectron spectroscopy. The a-state was characterized by an O(ls)
peak at 532.6 €V and the B-state by one at 529.8 eV. Furthermore, the angular
distributions of the O(1s) photoelectrons at 532.6 eV (attributed to molecular
oxygen) and the O(KLL) Auger electrons, taken to be representative of atomic
oxygen after flash-off of the molecular state, were completely different. The
photoelectron signal increased strongly with increasing emission angle (angle
between surface normal and “viewing direction” of analyzer), whereas the
Auger signal strongly decreased. This behavior was attributed to the fact that
molecular oxygen was present upon, and atomic oxygen embedded in, the
surface following the arguments proposed by Fraser et al. (50). The larger
width of the O(1s) photoelectron peak at 532.6 eV compared to the one at
529.8 €V was attributed to a “head-on” configuration of molecular oxygen,
thus causing heterogeneity between the two oxygen atoms. Ultraviolet
photoelectron (UP) spectra showed that the dioxygen species introduced two
states, 3.3 and 9.6 €V below the Fermi edge, attributed to an antibonding and a
bonding level formed from the Ag(4d) and O,(ry) levels.

For the pressure-dependent formation of their molecular oxygen Grant and
Lambert (31) proposed a model in which single, isolated adsorption sites
are needed for molecular adsorption, whereas neighboring twofold sites are
filled with atomic oxygen. At 300 K the mobility of O,; was claimed to be
sufficiently low for local ordering to a 4 x 4 adlayer, which would destroy the
isolated single sites for dioxygen. Competition between ordering and speed of
adsorption could then explain the observed pressure dependence.

Campbell (57) studied molecular oxygen on Ag(111) as well but could not
reproduce the stable dioxygen species reported by Grant and Lambert (31): In
fact his results for Ag(111) qualitatively resembled the results for Ag(110).
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At a sample temperature of 147 K, low-pressure dosing of oxygen yielded a
molecular type of oxygen as identified by its desorption temperature of 217 K.
This peak shifted only to a small extent with precoverage, indicative of a first-
order -process with no coverage dependence of the heat of adsorption.
Contrary to the case of Ag(110) there was only very little competition between
desorption and dissociation of the molecular species, as evidenced by the very
small high-temperature desorption peak (2% of the molecular peak). The
sticking coefficient of molecular adsorption is much lower on Ag(111) than on
Ag(110), since saturation with this species required a 200-fold increase of the
dose. The saturation coverage was estimated to be about 0.5 oxygen atom per
~ silver surface atom, similar to the value of 0.6 as determined by Barteau and
Madix for Ag(110) (36). This yielded an approximate sticking probability of
5 x 107® at 147 K as compared to 7 x 10™* for Ag(110) at 130 K. Besides a
small peak at 190 K, which was attributed to steps introduced by imper-
fections of the (111) face, no further desorption peaks were ever observed.
Unlike Grant and Lambert (3/) Campbell (5/) was not able to produce their
stable molecular oxygen peak desorbing at 380 K by using their (high-
pressure) conditions. Trials led to the appearance of large amounts of
impurities in TPD in addition to the usual 580 K desorption peak of atomic
oxygen. It should be mentioned, however, that the discrepancy with respect to
the stable molecular oxygen species calls for more investigation, since
impurities alone are insufficient to cancel the very clear evidence for a stable
molecular species as provided by the isotope-exchange experiments of Grant
and Lambert (31).

Campbell finally proposed a three-step route for the adsorption of oxygen
on Ag(111), the first step being the physisorption of a molecular precursor with
a heat of adsorption of only 3 kcal/mol as derived from its TPD peak at 50 K
(52). From a compilation of kinetic data he couid derive an approximate
structure of this adsorption potential model for Ag(110) as well as for Ag(111),
which is characterized by activation barriers between physisorbed and
chemisorbed molecular oxygen of 3.2 and 1.5 kcal/mol for Ag(111) and
Ag(110), respectively. According to his evaluation the transfer from chemi-
sorbed molecular to atomic oxygen is not activated relative to gas-phase O,.

For polycrystalline silver, TPD experiments had already been performed in
1976 by Ekern and Czanderna (53). However, the temperatures they adopted
were not sufficiently low to enable the detection of molecularly adsorbed
oxygen. This also holds for the photoelectron spectroscopic work of Evans et
al. (54)in 1974.

Eickmans et al. (55), however, reported in 1985 the physisorption and
chemisorption of molecular oxygen on polycrystalline silver films by means
of UPS and XPS. Their results are in good agreement with the single-crystal
work cited above.
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2. Atomic Oxygen on Silver

The dissociative sticking coefficient for oxygen on silver is low. With a value
of 530 x 107* (30, 38, 56, 57), it is largest on Ag(110) among the principal
crystal faces. Therefore, and because of the appealing structural phenomena
exhibited by oxygen, this surface has been studied in most detail.

Bradshaw, Engelhardt, and Menzel (56, 58, 59) used a combination of Auger
electron spectroscopy (AES), LEED, and work function measurements. They
found that with increasing oxygen exposure at room temperature a series of
p(n x 1) LEED structures developed, with n decreasing from 7 to 2, the p(2 x 1)
structure corresponding to the saturation coverage of 0.5. The authors pro-
posed the n x 1 structures to reflect ideal coverages of 1/n. Rovida and Pratesi
(60—-62) studied the system by the same techniques in combination with TPD
measurements, but used high-pressure oxygen dosing in the range from 103
to 1 torr. They could reproduce the 4 x 1,3 x 1, and 2 x I superstructures
only after applying high pressures of oxygen, whereas at low pressures only
very weak reflections could be observed. The 2 x 1 structure could be
prepared by using temperatures during exposure of up to 570 K. On the other
hand, the 3 x 1 and 4 x 1 structures could be destroyed by heating to
temperatures in excess of 420 K, indicative of a higher mobility of oxygen in
those phases. Furthermore AES and TPD showed that the coverages of
oxygen were not in the proper ratio as proposed by the ideal 4 x 1,3 x 1,and
2 x 1structures. Rovida et al. therefore assumed a coverage in excess of 0.5 for
the 2 x 1 structure. The proposed model for the saturated layer has a coverage
of unity, with oxygen—oxygen distances of 0.41 and 0.35 nm corresponding
roughly to the value in silver oxide. As pointed out by Campbell and Paffett
(30), a more natural explanation for the deviation between structure and
surface stoichiometry would be island formation of (n x 1) superstructure
oxygen with n > 2. This explanation is substantiated by experimental evi-
dence. First of all, Campbell identified a new higher saturation coverage by
dosing oxygen at 50 torr to the sample kept at 485 K, which exhibited a
¢(6 x 2) LEED pattern corresponding to a coverage of 0.67. Second, on
Ag(110) the desorption peak maximum of oxygen shifts to higher tempera-
ture with increasing coverage, which is indicative of a corresponding increase
in heat of adsorption and hence represents a thermodynamic driving force
for island formation. Therefore there is no evidence for a saturation cover-
age of unity and the new saturation value of 0.67 detected by Campbell
must be regarded as the maximum achievable so far. As indicated by TPD,
which shows a distinct new peak at 565 K together with the normal p(2 x 1)
peak at 605 K, the compression of the p(2 x 1) phase to the ¢(6 x 2) is
accompanied by a stepwise decrease in differential heat of adsorption of
about 7%;. This value was estimated by first-order Redhead analysis with a



MECHANISM OF ETHYLENE EPOXIDATION 271
preexponential factor of 10'® s™!, which yielded activation energies for
desorption of 424 and 39.5 kcal/mol for p(2 x 1) and c(6 x 2) oxygen,
respectively.

The atomic nature of the new oxygen species was further substantlated by
XPS. The composite O(1s)-photoelectron peak could be synthesized with the
usual low-coverage peak at 528.1 eV with an FWHM of 1.7 eV and a slightly
shifted contribution from the new oxygen species characterized by a maximum
at 528.3 eV and a slightly larger FWHM of 1.9 V.

In an early attempt Heiland et al. (63) used low-energy helium ion scatter-
ing for the determination of the positions of the oxygen atoms causing the
p(n x 1) LEED structures. They found a strong azimuthal anisotropy for the
He™ ions scattered from oxygen adatoms. The oxygen appeared to be much
more “visible” to this very surface-sensitive technique when the plane of
measurement was in the (110) direction (parallel to troughs) than when it
was in the (100) direction (perpendicular to the channels). By calibrating
their scattered helium ion intensities via AES and work function measure-
ments and by using various theoretical scattering cross sections, they arrived
at a model which was in agreement with experiment. According to the au-
thors, oxygen in the p(2 x 1) structure is located in the troughs between
two opposing ridge silver atoms and bridging two “second-plane” silver
atoms in the bottom of the trough. The position of oxygen with respect to
the “first-” and “second-layer” atoms was estimated as slightly below or in the
plane of the ridge atoms. One of the approximate assumptions made for
arriving at this conclusion was the absence of adsorbate-induced reconstruc-
tion of the Ag(110) surface. One argument in favor of this assumption
was based on previous low energy ion scattering (LEIS) work on oxygen
adsorbed to Ni(110), where reconstruction does occur, leading to a dras-
tically different azimuthal dependence of oxygen and silver signals in the
spectrum. The second argument cited was that the sequential appearance
of (n x 1) structures with n=7 to 2, with increasing exposure, would
necessitate a continuous reordering of the silver surface atoms. '

The C,, symmetry derived from the observation of a single energy-loss peak
at 39 meV for atomic oxygen on Ag(110) (32) is in accordance with the LEIS
work above.

Prince and Bradshaw (4/) studied oxygen in the 3 x 1 structure by

angularly resolved UPS. In normal emission three oxveen-induced peaks were
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found at 3.0, 5.2, and 8.2 eV below the Fermi level. Moving in an off-normal
direction along the [001] azimuth gave rise to the appearance of another peak
above the silver d-band, which showed dispersion in that its position varied
between 1.5 and 2.5 eV. This feature was attributed to an oxygen 2p,~derived
adsorbate band, which is antibonding in character with respect to the oxygen—
silver band (the index y stands for the [001] direction). On the basis of the
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 theoretical work of Résch and Meuzel (64) (X« cluster calculations) and
Martin and Hay (65) (ab initio) SCF CI calculations for 26 atom clusters of
silver), the peak at 8.2 eV was attributed to bonding levels with respect to the
oxygen-—silver bond containing bonding contribution of 2p,, 2p,, and 2p,. No
unambiguous assignment was possible for the peak at 3.0 eV. As for the
molecular oxygen described in the foregoing case, the peak at 5.2 eV was
attributed to “umklapp” electrons. :

In contrast to the foregoing work, Bange et al. (66) proposed a model for
atomic oxygen on Ag(110) in which the oxygen atom cannot be in a highly
symmetric bridge or on-top site. This proposal is based on electron-stimulated
desorption ion angular distribution (ESDIAD) measurements, which showed
that the pertinent silver—oxygen band(s) must have an appreciable component
in the [001] azimuthal direction. As a possible explanation they proposed an
adsorption-induced reconstruction of the Ag(110) surface brought about by
the strength of the silver—~oxygen bond. This would cause the oxygen atoms in
the troughs to “lean” toward one of the ridge silver atoms. It should be
mentioned, however, that the authors themselves admit that they could not
rule out definitely the possibility of ESDIAD sampling only a minor fraction
of the oxygen atoms, the adsorption symmetry of which thus need not
necessarily reflect that of the majority of the oxygen atoms.

Lin and Garrison (67) modeled the interaction of oxygen and Ag(111) by
using London—Eyring—Polanyi—Sato (LEPS) potentials, which were made to
reproduce as many available basic experimental features as possible. This
semiempirical approach yielded a description according to which the long-
range (~ 20 A) (repulsive) force between oxygen atoms in the troughs, forming
the (7 x 1) structure, was caused by an ionic oxygen—oxygen antibonding
potential with a net charge of —0.4 on the oxygen atoms. With a view to
modeling the attractive (short-range) force perpendicular to the troughs (in the .
[001] direction), the oxygen—oxygen antibonding potential had to be made
anisotropic. In this way the features of the oxygen—Ag(110)interaction known
at that time (1984) could be reproduced:

Atomic oxygen on Ag(111) is difficult to prepare (51, 68) because of the very
low dissociative sticking coeflicient for oxygen adsorption, which necessitates
a very low CO partial pressure for the suppression of “cleaning-off” reactions
during dosing. Campbell (51) estimated the dissociative sticking coefficient for
oxygen to be around 107° at 490 K, in agreement with previously determined
room-temperature values in the range 107°-107° (49, 57, 69). By high-
temperature dosing in a microreactor (5-torr O,) and subsequent TPD in
UHYV he found a single desorption peak at 579 K, slightly below the value
of the low-temperature shoulder found for desorption of oxygen from his
saturated (6 = 0.67) Ag(110) face characterized by the sharp c¢(6 x 2) LEED
structure. The binding energy for atomic oxygen in XPS with a value of
528.2 eV was very close to the value on Ag(110), as measured by the same
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author. The saturated oxygen overlayer gave rise to a sharp p(4 x 4) LEED
pattern, as found, before by others (57, 70). On the basis of a comparison
with Ag(110) as regards the AES oxygen/silver peak ratio, a coverage of
0.41 (£10%) was attributed to this structure provided it had been pre-
pared by high-pressure dosing, whereas cleaning-off reactions precluded the
preparation of coverages larger than a few percent by low-pressure ex-
posure. The oxygen adatoms tended to coalesce into islands with local
p(4 x 4) structure. This was indicated by the increase of the TPD peak max-
imum with increasing oxygen coverage (suggesting a net gain in heat of
adsorption). Direct proof was obtained by the observation of the p(4 x 4)
superstructure even at much smaller coverages provided it had been pre-
pared at 490 K.

The evaluation of the temperatures at the desorption peak maxima
according to the Redhead approach with a preexponential factor of 10!% st
yielded an activation energy for the desorption of oxygen of 39.9 kcal/mol,
about 79, lower than the value determined for Ag(110) with the same
preexponential term.

Grant and Lambert (49) found that an Ag(111) surface “roughened” by
500-eV argon bombardment did not exhibit a detectable increase in the
dissociative sticking coefficient of oxygen. This is in line with the observation
of Campbell that the bottleneck to oxygen adsorption is sticking in the
chemisorbed molecular oxygen state (roughly 10~), rather than the transition
from molecular to atomic oxygen. The authors applied the model proposed by
Bowker (71) in order to determine the pairwise interaction energy of oxygen
atoms in the islands from their thermal desorption data and found a value of
20 kJ/mol. .

The adsorption studies at 300 K could be modeled by Langmuir kinetics
showing that random adsorption occurs over the full coverage range, with
atomic oxygen being immobile on the time scale of the adsorption experi-
ments at room temperature.

An early extensive investigation of the oxygen Ag(111) system by Rovida
et al. (70) is in agreement with these observations. According to these au-
thors, ordering of oxygen into the (4 x 4) superstructure did not occur
below 400 K. They also pointed out that the (111) plane of Ag,O matches
the Ag(111) face to within 0.5% . With its mesh size of 0.473 nm, a single

slab of this oxide could exnlain the observed (4 x 4} superstructure as well
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Grant and Lambert (49) accepted this proposal on the basis of evidence from
their XPS results. The photoelectron peak they attributed to adsorbed atomic
oxygen at 529.8 eV decreased monotonically with increasing off-normal de-
tection, which is characteristic of a species embedded in, rather than ad-
sorbed on top of, a surface (50). The discrepancy between the binding energies
of atomic oxygen as found by Campbeli (528.3 eV) and Grant (529.8 ¢V) has
not been convincingly explained as yet.
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3. Subsurface Oxygen in Silver

Most of the authors cited in this section reported on another oxygen species
encountered upon high-temperature treatment of silver in the presence of
oxygen. This species is referred to as subsurface oxygen. By its very nature a
detailed characterization by surface science techniques is difficult. An initial
systematic single-crystal study of subsurface oxygen was performed by Rovida
et al. for Ag(111) (70). These authors found that exposure of their crystal to
oxygen at temperatures in excess of 470 K resulted in a second very wide, high-
temperature desorption peak centered at 780 K. Exposures above 525 K
resulted in the disappearance of the normal associative oxygen desorption
peak, whereas the subsurface oxygen remained. By systematically varying the
temperature and oxygen pressure during dosing the authors were able to
construct the “stability diagram” of the total amount of oxygen chemisorbed
and absorbed, as shown in Fig. 4. A comparison with the phase diagram of
Ag,0, shown in the figure as well, shows that subsurface oxygen is more stable
than bulk silver oxide since the range of temperatures and pressures studied

-3
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FiG. 4. Stability diagram for quantity of oxygen ad/absorbed on Ag(111) as a function of
pressure (torr) and temperature at exposure. The dashed line between curves 1 and 2 corresponds
to the limits between which the (4 x 4) superstructure is observed. The dashed line in the upper

left-hand corner is the equilibrium curve for the decomposition of Ag,O. Lines 1, 2, and 3
correspond to 0.3, 0.6, and 0.9 of the maximum amount (70).
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~ extended beyond the stability limits of the latter, Under no circumstances did
the high-temperature oxygen species give rise to any specific LEED pattern.
The subsurface oxygen found by the same authors (60) in Ag(110) displayed
features not different from the one in Ag(111). '

Backx et al. (32) studied subsurface oxygen in Ag(110) with oxygen-isotope
techniques. In line with the findings of Rovida et al. for Ag(111) they found
that subsurface oxygen does not involve mere dissolution of oxygen in
the bulk, since this state could be saturated completely upon moderate expo-
sure. This finding was based on their TPD work. Exposing a freshly sputter-
cleaned surface (free of subsurface oxygen) to a 800 L oxygen dose at room
temperature resulted in the usual 585 K oxygen desorption peak. A con-
secutive identical exposure and desorption experiment, however, yielded a
7074 larger desorption peak. After six further identical cycles the amount of
desorbing oxygen did not change anymore, nor did heating the crystal to
725 K for 10 min. From all ihese findings they concluded that in the first few
cycles oxygen was lost to the subsurface state, whereas the stable satura-
tion (in contrast to mere dissolution in the bulk) was proven by the heat treat-
ment at 725 K. :

Saturation of the subsurface state with 'O prior to adsorption of 180, at
room temperature followed by thermal desorption revealed that subsurface
'°O interchanged with adsorbed 80, as demonstrated by substantial peaks
of 10, and *°0*80 appearing close to the “normal” 585 K peak. Interest-
ingly, the 'O, and '°0!®O peaks were shifted to slightly higher tempera-
tures (12 and 6 K, respectively), indicative of the fact that the interchange
takes place close to the desorption temperature and therefore has to be ac-
counted for in a kinetic scheme for this process.

Campbell and Paffett (30) identified subsurface oxygen by its reappearance
at the surface above 460 K after titration of adsorbed oxygen in the ¢(6 x 2)

- structure on Ag(110) with CO at room temperature. This appearance of

subsurface oxygen could be monitored by cleaning it off the surface with CO
and monitoring the CO, production as a function of sample temperature. This
yielded a broad peak extending from 460 to 630 K. After titration at room
temperature the subsurface (unreactive) oxygen produced an XPS peak at
528.4-528.6 eV with an FWHM of 2.0 eV.

ANTTETA L TYeaT A O vr o Qe

B. MODIFICATION OF OXYGEN SPECIES BY
COADSORBED ALKALINE METALS

A number of articles report about the characterization of alkaline metals on
various single-crystal silver faces and the coadsorption of oxygen. For
example, sodium has been studied on Ag(110) (72, 73) and Ag(100) (74),
potassium on Ag(100) (75), rubidium on Ag(111) (76), cesium on Ag(111)
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(77, 78), and even lithium on Ag(111) (79). Because the aim of this section is to
focus on the speciation of oxygen, the coadsorbate systems will not be
discussed in full. Rather, a summary will be given of the changes in oxygen
species by the coadsorption of alkali metals.

Parker and Rhead (79) studied the oxidation of lithium monolayers on
Ag(111) by AES, work function measurements, and secondary electron
emission. They found that oxygen adsorption stabilizes lithium on the surface,
thus preventing it from dissolution into the bulk. The stoichiometry of the
saturated Li/O coadsorbate was constant up to the first lithium monolayer.
During the oxidation of a lithium-precovered surface the authors found
interesting changes in work function until saturation was achieved. After a first
steep decrease proportional to 0f;, the work function increased again until a
saturation value larger than the one prior to oxygen exposure was reached.
The authors proposed a model according to which oxygen initially is trapped
in a mobile molecular precursor state from which it dissociates into atoms,
which at low O/Liratio are “capped” by a cluster of four lithium atoms. With
increasing exposure to oxygen the adsorbate then turns gradually to a
“lithium oxide” structure.

Briggs et al. (72) studied coadsorption of oxygen and sodium on Ag(110) by
XPS and UPS. As for lithium the saturation stoichiometry of the coadsorbate
layer was found to be independent of sodium coverage. This stoichiometry
was proposed as Na,O by using sodium formate as a reference compound for
XPS. Sodium precoverages in excess of a monolayer produced a new oxygen
peak in XPS with higher binding energy, which was attributed to oxygen
anions between two sodium layers, rather than in a “surface compound,” as
found atlow coverages. The oxygen-derived peak in UPS about 3 €V below the
Fermi level did not change much in the presence of sodium. Therefore the
authors concluded that the valence electronic structure of oxygen is not
altered drastically by sodium coadsorption.

Garfunkel et al. (74) investigated the coadsorption of oxygen and sodium on
Ag(100) and found indications for at least two different oxygen species in this
system. One of these was attributed to the molecular state based on the
appearance of a peak at 77 meV in HREELS, together with a broad peak
around 30—40 meV characteristic of atomic oxygen. The molecular state could
be populated at room temperature only at exposures sufficient for reaching the
nearly saturated layer. Furthermore, at temperatures above 300 K this state
disappeared, substantiating its weakly bound nature.

Kitson and Lambert (75) identified three oxygen species on potassium-
predosed Ag(100) attributed to atomic oxygen, molecular oxygen, and
“dissolved” oxygen. Contrary to the case of sodium described above, the
appearance of the molecular oxygen species was shown to be associated with
subsurface potassium. Evidence for the molecular state was derived from

|
i
|
|
|
|
i

i
|
|
i



MECHANISM OF ETHYLENE EPOXIDATION 283

isotope mixing and CO titration experiments as well as from its low activation
energy for desorption of about 90 kJ/mol.

The atomic state of oxygen was found to be unstable in the presence of
potassium, because AES was not able to detect it in initial experiments.,
Obviously potassium caused oxygen to populate the subsurface state. After
repeated cycles of adsorption/desorption the subsurface state was saturated
well enough to produce atomic oxygen on the surface. Potassium dissolved
easily as well and its removal required heating to temperatures above 870 K.
Thermal desorption only produced O% and K* and never clusters consisting
of combinations of O, K, and Ag. The Inp versus 1/T analysis of the
associative desorption peak for atomic oxygen yielded an activation energy of
170+ 20 kJ/mol, close to the value for a clean Ag surface, which was attributed
to a concomitant loss of potassium to the dissolved state during desorption of
the oxygen that previously stabilized it at the surface. A fourth oxygen species
only appeared at large potassium precoverages and was therefore attributed to
the formation of KO, . Further evidence was derived from LEED, because the
superstructure of this phase could be interpreted in terms of a distorted [001]
layer of KO,.

The influence of coadsorbed rubidium on oxygen speciation on Ag(111) was
studied by Goddard and Lambert (76). The results from this study closely
match those found for potassium described above, albeit that the molecular
state of oxygen was bound more tightly (~ 100 kJ /mol). The saturation
composition of submonolayer doses of Rb (6, < 0.5) reached after oxygen
exposure was estimated to be in the range RbOg 35, .

Cesium finally shows a somewhat different behavior compared to potas-
sium and rubidium. Grant and Lambert (78) found for the Ag(111) surface that
cesium does not significantly penetrate the silver lattice by combining TPD
and AES. At cesium precoverages below 0.05, oxygen coadsorption to
saturation yields TPD spectra very similar to those from clean Ag(111); above
this value a complex TPD spectrum is observed until five distinct processes
can be discerned at O, > 0.26, in line again with the behavior of Rb described
above. Despite the absence of evidence for subsurface cesium, a very weak
peak at 380 K in the TPD spectrum, found for low cesium precoverages, is
attributed to molecular oxygen. Since the same authors also found this state
for clean Ag(111), as described above (48, 49), they did not associate it with
cesium. Furthermore the associative oxygen desorption peak, just as the one
for K and Rb, does not shift in temperature in the presence of coadsorbed
cesium, which is indicative of the fact that cesium does not influence the
activation energy for desorption of oxygen found for clean Ag(111). The
stoichiometry of an oxygen-saturated high-coverage cesium layer was esti-
mated to be roughly Cs, ,O. From these layers cesium only started de-
sorbing after virtually all oxygen had been removed. Grant and Lambert
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proposed the formation of a Cs/Ag “surface alloy” as an explanation for
this finding.

Campbell (77) studied Cs on Ag(111) as well. He determined the saturation
coverage as being O, = 0.25, involving a close-packed cesium layer with 2 x 2
structure. The behavior of cesium adlayers under ethylene epoxide synthesis
conditions strongly deviated from the results for mere oxygen coadsorption as
found by Grant and Lambert (78). First of all he found that the stoichiometry
of the coadsorbate layer made under synthesis conditions could be expressed
as CsOj3, a phase which was present in islands giving rise to (24/3 x 2 3)R30°
- LEED structure. This coadsorbate had a high thermal stability, as it desorbed
above 610 K, yielding O, and Cs. Second, he found that some cesium did
penetrate the bulk, as evidenced by a fraction of cesium desorbing above
700 K.

As regards the state of the oxygen in the “postreaction” CsO; phase,
Campbell found that the shape of the O(KVV) AES signal was significantly
different from the one measured for dissociatively adsorbed oxygen on clean
Ag(111). Moreover, a quantitative comparison of the AES O/Ag signal ratio
with the p(4 x 4) oxygen overlayer yielded an oxygen coverage between
fo = 0.70 and 0.78, depending on cesium precoverage. After these findings
under reaction conditions Campbell succeeded in preparing the (2+/3 x
2\/§)R30° LEED pattern by mere oxygen adsorption as well. AES showed
that also the stoichiometry of this layer was slightly below “Cs03.” _

Since the TPD of oxygen did not much differ from the one of clean Ag(111),
Campbell proposed that, although cesium and oxygen stabilized each other on
the surface, the dominant interaction in “CsO,” would be the bonding of
oxygen atoms to silver.

The complex features of alkali metal/oxygen coadsorption certainly require
further detailed investigations, which will hopefully shed even more light on

T

the promoting action of alkali in catalytic ethylene epoxidation.

lll. Reactivity of the Silver Surface

A. THE EPOXIDATION REACTION

Klugherz and Harriott (17) published a detailed study on the kinetics of
ethylene epoxidation catalyzed by an 8.1%; (by weight) silver catalyst dispersed
on a low-surface-area a-alumina in the absence of a chlorine moderator in the
feed or purposely added alkali promotor. The effects of changes in partial
pressure of oxygen and ethylene were studied over a wide range at a total
reactor pressure of 1.32 atm and 220°C. As demonstrated in Figs. 5 and 6, at
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constant partial pressure of O, the rates of ethylene epoxidation and total
oxidation show a maximum with increasing partial pressure of ethylene.
Figure 7 shows that at constant ethylene partial pressure the rate of ethylene
epoxidation increases monotonically with the partial pressure of oxygen until
an order in oxygen slightly higher than unity is reached. The maxima in the
ethylene dependence of the reaction rate can be associated with a dual-site
Langmuir—Hinshelwood mechanism for bimolecular reactions. In this mech-
anism, reaction occurs between two adsorbed species competing for sites on
- the surface of the catalyst.

Earlier kinetic data by Orzechowski and MacCormack (4, 80) and Nault
et al. (15) can also be fitted to a rate expression developed on the basis of
reaction between competitively adsorbed ethylene and oxygen molecules.
The higher than first-order dependence on oxygen can only be understood
if reaction takes place between adsorbed ethylene and adsorbed oxygen on
top of an oxygen-covered silver surface. This is consistent with the fact that
oxygen is adsorbed to silver under reaction conditions (5) and ethylene is
adsorbed on silver covered with preadsorbed oxygen (28).
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220°C (17). Reproduced by permission of the American Institute of Chemical Engineers.
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In alater study Kagawa et al. (81, &82) studied the yield of adsorbed ethylene
and products of ethylene from silver covered with varying amounts of
adsorbed oxygen. Generation of ethylene oxide and CO, showed a bell-
shaped dependence on the concentration of preadsorbed oxygen, as can be
seen from Fig. 8. Note that the maximum for ethylene oxide falls at higher
oxygen surface concentration than does the maximum for carbon dioxide
formation. The maximum amount of ethylene adsorbed as a function of
OXygen coverage is in accordance with the results of Harriott et al. (17, 27a),in
that the rates of ethylene oxide and carbon dioxide formation showed maxima
in their dependence on the partial pressure of oxygen. "

Voge (14) has found that the rate of oxygen consumption upon reaction
with ethylene differs by a factor of 200 from the rate of oxygen adsorption with
oxygen coverage 0 ~ 0.7. Belousov and Rubanik (16), using competitive
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ylene, which was calculated from the amounts of the respective components plotted in (b); 0 is a
measure of surface coverage equal to atoms of adsorbed O/surface silver atom (82).
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ethylene—propylene oxidation, as well as Kripylo et al. (I/4a) and Kenson and
Lapkin (6) also conclude that reaction of ethylene with adsorbed oxygen is the
rate-limiting step in the reaction toward epoxide. The result observed by Imre
(18), that the rate of ethylene epoxidation is significantly higher than the rate
of oxygen dissociation at the surface, is consistent with a model according to
which oxygen chemisorption is governed by the availability of bare surface
sites created by ethylene oxide production. Kobayashi (16a), using transient
response techniques, noted at 91°C a rapid reaction of ethylene to yield
epoxide, but a slow desorption of CO,.

Thermodynamics teaches (17, 83, 84) that the silver oxide phase cannot
exist at the conditions normally used for ethylene epoxidation studies. The
positive order of reaction rate with oxygen partial pressure suggests a low
surface coverage with oxygen. Twigg (5) cites a surface coverage with oxygen
between 0.2 and 0.3. Similar results have been found for single-crystal “silver
faces.” Campbell and Paffett (85, 86) measured the amount of oxygen de-
sorbing from silver single crystals after exposure to the epoxidation reaction.
They found oxygen coverages of 34 and 4% for the (110) and the (111) face,
respectively. Comparable results are reported by Tan et al. (87) for the
Ag(111) face.

Several studies have been done to investigate the epoxide yield as a function
of oxygen coverage (11, 12, 25, 82, 88, 89¢,d), by studying the stoichiometric
- reaction of ethylene with a silver surface precovered with oxygen. It is found
that the epoxidation yield increased with increasing coverage of the silver
surface by oxygen. Representative results from the work by Akella and Lee
(88) are shown in Fig. 9. The selectivity measurements have been done in the
absence of chlorine. Noteworthy is the high oxygen coverage required in order
to have a high selectivity. Backx et al. (89) have shown on silver powders that
only if the total amount of oxygen atoms adsorbed exceeds half of the number
of silver surface atoms, will'the adsorbed oxygen be in a state able to react with
ethylene to yield the epoxide. Grant and Lambert (90) found that a
pretreatment of their (111) single-crystal silver face in an ethylene—oxygen
mixture is required in order to prepare a surface in a state which can produce
epoxide from oxygen atoms. These two experiments were the first to indicate
that the presence of subsurface oxygen is a necessity for adsorbed oxygen to
react to epoxide.

Backx et al. inferred from the amount of epoxide formed that atomic oxygen
had to give epoxide; Grant and Lambert showed that molecular oxygen also
_ present on their surface did not react with ethylene to give epoxide. Herzog
(19) reported that replacement of O, by N,O in the reactiori feed causes a
significant drop in selectivity as well as activity. This is consistent with these
observations, since in this way the surface oxygen coverage decreases sig-
nificantly because of the slow rate of N,O decomposition (91). Stoukides
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and Vayenas (92) studied the epoxidation of ethylene by electrocatalytic
generation of chemisorbed oxygen. They had to use a high temperature
(~400°C) in order to have a finite oxygen conductivity. However, at this
temperature the rate of oxygen desorption is significant. They found an
increase in epoxidation selectivity with increasing voltage applied. Clearly, the
surface oxygen concentration is enhanced in this way, which will increase the
selectivity. _

The selectivity turns out to depend not only on the oxygen coverage:
replacing C,H, by C,D, in the feed (93, 94) gives a significant enhancement of
the selectivity. For single crystals (94) as well as silver powder (93) the ratio
ky/k, has been found to increase by a factor of 5. The rate of epoxidation has
been found to increase, but the rate of the total oxidation reaction decreased.
As shown in Fig. 10 for silver powder, chlorine adsorption (93) strongly
suppresses the isotope effect.

Thus details of the reaction path of the oxygen-ethylene reaction itself
influence the initial selectivity. This agrees with earlier suggestions by Krause
(95) and Orzechowski and MacCormack (80), who proposed vinyl alcohol as
an intermediate to total combustion of ethylene. There appears to be
competition between the rate of oxygen insertion into the double bond and
C—H rupture leading to total combustion.

The selectivity of ethylene epoxidation at low conversion, governed solely
by k,/k,, of spectroscopically pure silver powder (93) or single-crystal faces, is
between 30 and 409 (86). Data by Campbell (86) for single-crystal faces are
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shown in Fig. 11, which also indicates the dependence on the chlorine
coverage. Chlorine adsorption has a significant effect on the selectivity;
maximum values between 70 and 909 are found. There is a small dependence
on temperature and gas-phase composition. Also, details in chlorine de-
pendence differ for the two silver surfaces studied. Figure 12 (85) shows a
strong decrease in total conversion when the Ag(110) surface becomes covered
with chlorine. .

As follows from the work by Klugherz and Harriott (17), orders in ethylene
and oxygen partial pressures may significantly depend on reaction conditions.
As a result the reported activation energies also show a large scatter. A
compilation can be found in a recent review by Sachtler et al. (12) or in the
work by Grant and Lambert (94). On an Ag(11 1) face Grant and Lambert (94)
find activation energies of 50 and 45 kJ/mol for the epoxidation rate
and total oxidation rate, respectively. Campbell and Paffett (29) report an
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activation energy of 62 kJ/mol for both reactions. These data are close to
most data reported for practical catalysts.

Several explanations for the large effect of chlorine coverage have been
proposed, which we will discuss in the next paragraph. All explanations agree
in that chlorine adsorption apparently increases the concentration of that
adsorbed surface oxygen species which also exists at high oxygen surface
concentration and has a high selectivity for epoxidation upon reaction with
ethylene. This concentration, as we have learned, is not easily reached under
steady-state catalytic conditions.

Park et al. (25) as well as Bryce-Smith et al. (Ic) report conditions where
catalysts have a selectivity higher than the magic 86% selectivity barrier
predicted by the adsorbed molecular oxygen epoxidation mechanism. In the
absence of chlorine (274, 96, 97), CO, has been reported also to enhance the
selectivity.

Most of the alkalis (Ic, 26, 98) and earth alkali metals (7, 99) have been
reported to enhance the selectivity of the epoxidation reaction in a limited
concentration regime and in the presence (7, 100) or absence of chlorine (99).
Spath et al. (101, 101a) report a decrease in selectivity but an increase in
activity using an Ag—BaQ), catalyst in the absence of Cl. The detrimental effect
of too much alkali has been ascribed to increased isomerization of the epoxide
(7, 100, 98). Cesium adsorption to the Ag(111) face enhances the selectivity
according to Campbell (77) and Grant and Lambert (78), again in certain
coverage regimes. However, maximum selectivities reported are low com-
pared to values found for silver in the presence of chlorine only.

These results imply that the classical theory of silver promotion (102)
postulating a positive effect on the selectivity due to electronegative pro-
motors has to be revised. In contradiction to this theory, electropositive
elements, such as alkali, have been found to improve the selectivity at low
conversion levels. : ‘

Also alloys have been investigated. Alloying of silver with palladium (03—
106) gives lower selectivities, probably because the palladium activates C—-H
bond dissociation. Flank and Beachell (107) report initial increases in
selectivity for gold alloys. However, Geenen et al. (108) showed for alloys with
well-controlled surface composition a steady decline with gold dilution of
silver. Whereas the selectivity for ethylene epoxidation steadily decreased, an

"increase in selectivity of propylene conversion was observed. At high dilution
with gold a high selectivity toward acrolein was found. This is of interest
because a low oxygen coverage of copper also yields acrolein with a high
selectivity (109). Interestingly, Mazzocchia et al. (110) also report low
selectivities of undoped silver for ethylene as well as propylene conversion.
Some of the propylene, however, is converted to acrolein. They report that
T1,0; gives propylene oxide with 16—359 selectivity. Similar selectivities are
reported for ethylene epoxidation catalyzed by TL
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B. ToraAL OXIDATION OF ETHYLENE

.Twigg (5) proposed that ethylene combustion occurs much faster than
epoxide oxidation. He suggested that ethylene combustion occurs by reaction
of two adsorbed oxygen atoms with the double bond of ethylene. This was
based on the observed higher order in oxygen dependence of the total
combustion rate versus that of epoxidation. Klugherz and Harriott (17) and
Verma and Kaliagume (117) also reported a slightly higher order in oxygen for
total combustion of ethylene versus epoxidation. Isotope experiments,
replacing C,H, by C,D, (93, 94, 112), show that the rate-limiting step for
ethylene combustion is C—H bond breaking, This, however, does not exclude
oxygen insertion into the C~C double bond somewhere along the reaction
path leading to total combustion.

-Kagawa et al. (81, 82) and Grant and Lambert (94) compared CO, pro-
duction from ethylene combustion and ethylene epoxide combustion. The
results of Kagawa er al. are presented in Table 1. Whereas after ethylene
adsorption CO, formed by combustion desorbs at 423 K, in the case of
ethylene oxide adsorption on oxygen-covered silver the resulting CO, desorbs
at 463 K. For the Ag(111) face Grant and Lambert relate a CO, desorption
peak at ~380 K to combustion of adsorbed ethylene. They assign a CO,
desorption peak at 450 K to the decomposition of adsorbed ethylene oxide.
These observations indicate that total oxidations of C,H, and ethylene oxide
proceed via different intermediates.

Kanno and Kobayashi (/13) published results of pulsed reactions of
ethylene and oxygen. They studied the carbonaceous residue formed on the
catalyst after epoxide formation between 80 and 120°C. Upon hydrogenation

TABLE I
Desorption Behavior of Various Gases Adsorbed on
Oxygen-Preadsorbed Silver®

Desorption Dependence on
temperature (K) the amount®
of preadsorbed
Adsorbate C,H, C,H,O CO, 0, oxygen
C,H, 334 334 423 503 Bell shaped
C,H,0 ‘ 330 463 503 Bell shaped
CO, ? a4 383 503 Linear

“ From Ref. 82.

» This indicates the correlation between the amounts of oxygen preadsorbed and
absorbate adsorbed later.

¢ Ethylene was not actually desorbed when ethylene oxide was adsorbed on
oxygen-preadsorbed silver. '

¢ There was no desorption.
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they found a product distribution similar to that observed after acetaldehyde
oxidation. Acetic acid and ethanol are detected, strongly suggesting that ac-
etaldehyde is formed as an intermediate. However, it cannot be ruled out that
these intermediates were formed from the epoxide product. Force and Bell
(28, 28a,b) also proposed adsorbed acetaldehyde and acetate to be inter-
mediates for the total combustion of ethylene. Their conclusion was based on
in situ transmission infrared studies. Barteau et al. (114) showed on an Ag(110)
face that acetaldehyde reacts with precovered oxygen to form stable car-
boxylate species. These species only decompose at room temperatures higher
than 600 K. Hence, they conclude that decomposition of adsorbed silver
acetate species does not play a direct role in the reaction of total oxidation. In
a later paper Sault and Madix (I14a) report that adsorbed acetate can react
with adsorbed oxygen to formate and CO,. The formate peak is found to
decompose at 400 X to liberate CO,. At higher temperatures (around 580 K)
CO, also desorbs as a result of acetate decomposition. Kobayashi (96) showed
earlier that ethylene does not adsorb on a reduced silver catalyst, but does
adsorb at 91°C on a catalyst precovered with oxygen. Similar results have been
published by Campbell (86) and Grant and Lambert for silver single crystals.
Campbell reports an increase in the heat of adsorption of ethylene from
8.9 kcal/mol on clean Ag(111) to 10.7 kcal/mol on oxygen-precovered silver.

Kagawa et al. (81) showed that ethylene oxide and ethylene will desorb at
300 K from a silver catalyst precovered with oxygen. Vacant silver adsorption
sites seem to be required for adsorption. On a completely covered silver
catalyst no ethylene will adsorb at 298 K and a 300-torr pressure.

CO, and ethylene (81, 96) compete for adsorption to the oxygen-precovered
surface, demonstrating that ethylene requires similar sites for adsorption as
CO,. However, CO,, too, adsorbs at very high oxygen coverage, indicating
that other adsorption sites are also available to CO, or that there is a large
difference in the conformation with respect to silver. The low order in ethylene
partial pressure (17) also observed for the rate of total combustion suggests
that indeed ethylene has to adsorb on the catalyst in the rate-limiting step.
However, since this ethylene partial pressure dependence is very similar to the
one found for the epoxidation reaction itself, Force and Bell’s proposal
(28, 28a,b) implies a distinction between ethylene adsorbed on silver vacancies
and ethylene adsorbed onto an oxidized silver surface, with the adsorbed
oxygen not having silver vacancies as a neighbor.

In summary, the nonselective reaction of ethylene with the oxygen-covered
silver surface occurs with C—H bond breakage as the rate-limiting step. The
resulting intermediate is rapidly converted to CO, and H,O in view of the
lower temperature of CO, desorption in TPR experiments.

Little information on the reaction path of the intermediate generated after
C-H breakage is available. However, according to Kobayashi (/13) and
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Force and Bell (28, 28a,b) this intermediate is converted to the acetate and
cannot be distinguished from the intermediates formed by acetaldehyde
oxidation. However, it cannot be ruled out that these intermediates are due to
consecutive reactions of adsorbed epoxide proceeding during preconditioning
of the catalyst. Data from Kagawa et al. (81) and Grant and Lambert (94)
indeed indicate different reaction paths for epoxide and ethylene combustion.
Sault and Madix’s data (/14a) suggest that the low-temperature CO,
desorption observed upon adsorption of ethylene to silver covered with a
preadsorbed oxygen layer is due to formate decomposition.

C. REACTIONS OF ETHYLENE OXIDE AND ACETALDEHYDE

Ethylene oxide does not adsorb to the oxygen-free surface at room
temperature. Preadsorption of oxygen increases the heat of adsorption of
ethylene oxide from 8.5 to 12.5 kcal/mol (113a); its temperature of desorption
becomes 335 K, comparable to that of ethylene at these conditions. In the
absence of preadsorbed oxygen, ethylene oxide decomposes on silver into
ethylene and adsorbed oxygen. This has already been reported by Twigg (5)
and Kenson and Lapkin (6). Part of the ethylene oxide is also converted to
acetaldehyde. A typical result for silver powder is shown in Fig. 13. On the
other hand, preadsorption of oxygen onto Ag suppresses acetaldehyde
formation more than ethylene oxide decomposition. This is demonstrated by
an experiment at 200°C similar to that of Fig. 13A, but now in the presence of
CO. The oxygen deposited by ethylene oxide decomposition is continuously
removed by CO as CO,. Acetaldehyde does not react with oxygen-free silver
powder. However, at room temperature it rapidly adsorbs to silver with a
preadsorbed oxygen layer. Also, according to Kanno and Kobayashi (113), at
comparable conditions a carbonaceous residue formed. Barteau et al. (114)
found acetic acid to desorb around 300°C and part of it is found to decompose
to methane. Kanno and Kobayashi also observed these intermediates using
diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy.

A difficulty with the evaluation of literature data is that often studies have
been made of supported silver. The support may have some activity of itself;
the reaction affected will be the isomerization of epoxide to acetaldehyde. At
200°C without oxygen in the gas phase (6), complete conversion of ethylene
oxide in the gas phase gave a product ratio CH;CHO:C,H,:CO, = 3:1:1.2.
In the presence of excess oxygen only total oxidation of ethylene oxide is
found. Prauser et al. (6a), however, find for a supported catalyst that in excess
oxygen (O,:C,H,O =50) and in the presence of ethylene a significant
amount of acetaldehyde is formed, which even at 270°C is only very slowly
converted. The authors suggest that a feed also containing ethylene blocks the
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FiG. 13. Influence of surface oxygen on ethylene oxide conversion products (/17). Initial
conditions: (A) 5.4 torr EO; (B) 5.5 torr EO + preadsorbed O,; (C) 5.4 torr EO + 8.9 torr CO.

sites on the silver surface where ethylene oxide isomerizes, since in parallel
investigations on the partial oxidation of ethylene to ethylene oxide on the
same catalyst only traces of acetaldehyde were found.

Siiptitz and Kripylo (7) suggest that ethylene oxide isomerization pref-
erentially occurs at steps and kink sites. Later single-crystal work, however,
seems to refute this (78).

According to Kenson and Lapkin (6) the rate of ethylene oxide isomer-
ization on silver is first order in ethylene oxide with an activation energy of
9.8kcal/mol. Ethylene oxide adsorption is rate limiting. In the presence of gas-
phase oxygen, acetaldehyde is rapidly oxidized to carbon dioxide and water
between 200 and 285°C. Kenson and Lapkin (6) report, at 200°C for ethylene
oxide conversion, a rate constant of the order of 107* s™, whereas the rate
constant for ethylene oxide formation from ethylene is of the order of 102s~!
under conditions where it is first order in oxygen partial pressure and zero
order in ethylene partial pressure. Under these conditions the activation
energies for epoxide formation and combustion of ethylene oxide are 21.4 and
29 kcal/mol, respectively.
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The result that ethylene oxide combustion by silver proceeds via acetal-
dehyde formation agrees with Kanno and Kobayashi’s (113) data indicating
the same intermediates on a catalyst active in ethylene epoxide formation and
as formed upon adsorption of acetaldehyde. '

It has also been found by Stoukides and Vayenas (/15) and Kanoh et al.
(116) that over supported catalysts ethylene oxide is combusted more slowly
than ethylene. One concludes that direct ethylene oxide conversion by the
silver surface itself at practical conditions appears negligible. Ethylene oxide
isomerization by the silver surface appears to be suppressed by the presence of
oxygen. ' A

Grant and Lambert (8) studied ethylene oxide isomerization catalyzed by
the Ag(111) face. They report that at temperatures below 410 K isomerization
of ethylene oxide is rate limiting, whereas at higher temperatures adsorption
of ethylene oxide becomes rate determining. They report that the presence of
dissolved oxygen positively influences the rate of isomerization. Pread-
sorption of Cs strongly suppresses the isomerization rate.

Comparison of data on the conversion of ethylene epoxide and acetal-
dehyde has to be done with care. At temperatures lower than 200°C and low
partial pressures of oxygen, acetaldehyde rapidly forms an adsorbed layer of
carbonaceous residue, which limits acetaldehyde and oxygen adsorption to a
small fraction of the surface. Acetaldehyde conversion is low because acetate
formed from it only decomposes above a temperature in the order of 230°C. In
the absence of acetaldehyde, but at the same conditions, it has been found that
ethylene oxide oxidation is one order of magnitude faster than acetaldehyde
conversion (/17), because a carbonaceous layer is formed much less rapidly
and apparently it decomposes to CO, at lower temperatures.

It appears therefore that ethylene oxide can be oxidized by silver following
two reaction paths: one proceeds via isomerization to acetaldehyde and
consecutive combustion; the other proceeds directly, probably via the same
intermediate that leads to decomposition of the epoxide to ethylene.

Ethylene oxide isomerization as well as decomposition becomes suppressed
at high oxygen coverage. The rate of ethylene oxide adsorption also strongly
decreases and decomposition of ethylene oxide to ethylene and adsorbed
oxygen becomes thermodynamically unfavorable (see Section IV). Indeed, at
higher temperature and oxygen partial pressure catalysts supported by a low-
surface-area inert support have rate constants ks much smaller than k,.

D..  SumMMAaRrY OF THE KINETICS OF THE
ETHYLENE EPOXIDATION REACTION

- At low conversion, k,, the rate of epoxidation, and k,, the rate of ethylene
combustion, determine the selectivity. The ratio k 1/k, depends strongly on the
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presence of moderators and possibly on the presence of promotors as well.
Since the best selectivities measured are between 80 and 90%,, the value
of k, for an optimized catalyst is approximately one-sixth that of k;. The
dependence of k, on the partial pressure of O, is stronger than that of k,; the
limiting order of the partial pressure in ethylene is zero. Most authors find that
the activation energies are equal or that the activation energy for k, is slightly
higher than that for k,. At higher conversion, consecutive reaction of ethylene
oxide may become important. Direct participation of silver in this reaction
depends greatly on the state of the silver surface, which is determined by
temperature, gas phase partial pressures, and the presence of promotors. No
complete studies of ethylene oxide conversion in the presence of chlorine are
available. Published data are consistent with the view that ethylene oxide
isomerization or decomposition is slow on a silver surface under epoxidation
conditions. However, acetaldehyde may be formed on the carrier of supported
catalysts. At catalytic conditions acetaldehyde adsorbs strongly onto oxygen-
covered silver and is more rapidly converted to CO, and H,O than ethylene
by one order of magnitude. There is no information on the effect of
moderators or promotors on the conversion of acetaldehyde.

Catalysts used in the 1960s had a k5 « k,. Modern catalysts show a stronger
dependence of the selectivity on conversion, indicating that k5 has increased.
Information on the relative magnitude of k5 versus k, is scant. The conclusion
of Siiptitz and Kripylo (7), that acetaldehyde reacts much faster than ethylene
with adsorbed oxygen, agrees with the estimate mentioned above that the
reaction of adsorbed oxygen with ethylene to epoxide should be a factor of 10
slower than that of acetaldehyde. Siiptitz and Kripylo (7) find that as a
result the presence of acetaldehyde changes k,/k,. This implies a significant
modification of Scheme 1 at conditions where k, becomes significant, because
ky/k, is apparently a function of very low concentrations of acetaldehyde
formed in the consecutive reaction of ethylene oxide.

IV. The Mechanism of Ethylene Epoxidation

A. ATtomic VERSUS MOLECULAR OXYGEN:
HETEROGENEOUS CATALYSIS

If one supposes that only molecularly adsorbed oxygen can give epoxide
upon reaction with ethylene, six molecules of oxygen can produce six
molecules of ethylene epoxide. Because only one atom per oxygen molecule
becomes incorporated into epoxide, six atoms will remain adsorbed onto the
silver surface. If one excludes the possibility of recombination, ethylene
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molecules will have to be used to remove atomic oxygen in a nonselective
reaction. Six oxygen atoms are needed for total oxidation of ethylene. This
argument leads to the prediction of a maximum initial selectivity of 6/7, if
molecular oxygen provides the reaction path to the epoxide. :

Few data (Ic, 25) have been reported on selectivities larger than 6/7, one of
the main reasons why this mechanism has found wide support (1, 10).

Kilty et al. (23) studied the interaction of oxygen and ethylene with a silver
catalyst surface by infrared spectroscopy and used the moderating effect of
chlorine adsorption to establish its influence on oxygen chemisorption. The
infrared studies presented in Fig. 14 confirmed the earlier Russian work (24).
Ethylene and oxygen adsorption at 95°C on silver produced a complex
containing molecular oxygen with vibration frequency at 860 cm ™. This was
confirmed using isotope substitution of oxygen. The complex decomposed at
110°C. These results were highly indicative of the formation of an ethylene—
O, intermediate. However, no C—Q frequencies could be detected.

Three distinct O, adsorption processes with apparent activation energies of
<10, 33, and 60 kJ/mol were observed. Preadsorption of chiorine reduces the
amount of oxygen adsorbed significantly. As shown in Fig. 15, at low chlorine
coverage the rate of adsorption into the state with a low activation energy is
more affected than the rate of adsorption into the one with the activated
adsorption. At Cl coverages exceeding one Cl per four Ag atoms, the activated
process became also inhibited, each chlorine now blocking adsorption of one
oxygen molecule. Kilty et al. concluded that the process with an activation
energy of <10 kJ/mol is related to dissociative adsorption, requiring en-
sembles consisting of four silver atoms, while the process with an activation
energy of 33 kJ/mol was ascribed to the nondissociative adsorption of O,.
This seminal work generated much research to verify or expand the ideas
proposed. '

Force and Bell (28, 28a,b) studied by infrared spectroscopy a silica-
supported silver catalyst placed in an in situ absorption cell under catalytic
conditions. Since they did not observe an intermediate with molecular oxygen,
they assumed, in agreement with Twigg’s proposals, that adsorbed atomic
oxygen was the species active in the epoxidation reaction. According to Force
and Bell the chlorine effect can be explained by postulating that C—H
activation requires ethylene to be adsorbed to silver vacancies. As a result, a
low oxygen coverage leads to total combustion. Chlorine adsorption sup-
presses the occurrence of silver surface vacancies and hence the selectivity
for epoxidation increases.

The oxygen adsorption data by Kilty et al. (23) can only be reconciled with
Force and Bell’s postulates, if the heat of adsorption of atomic oxygen is a
strong function of oxygen coverage and chlorine has a significant effect on it.
Czanderna (118) measured the adsorption isotherms of silver powder between
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FiG. 14. IR spectra of C,H,/oxygen adsorption complexes (23).

450 and 615 K at oxygen pressures of 0.2-40 kPa using a gravimetric
technique. From the isotherms he derived the isosteric heat of adsorption. The
heat of adsorption of O, equals 176 kJ/mol up to a surface coverage of
O,/Ag, = 0.5 (Ag, is the. number of silver surface atoms, and O, the number
of adsorbed oxygen atoms). In the region 0.5 < O,/Ag, <1 the heat of
adsorption equals 74 kJ/mol. At higher coverage he finds a mild increase in
heat of adsorption, which he ascribes to adsorption of molecular oxygen.
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Fi1G. 15. Correlation between the amount of chlorine preadsorbed and the amounts of
oxygen subsequently adsorbed at 373 K by a nonactivated process (n,) and by an activated
process (Ny — n,) (12).

The data by Force and Bell do not reject the possibility that epoxide is
formed by rapid reaction of ethylene with molecular oxygen as precursor state,
as suggested by Prince et al. (119) and Haul et al. (120).

According to Park et al. (25) weakly adsorbed oxygen is required for high
selectivity. A similar conclusion had been derived carlier by Mikami et al.
{121, who also found that oxygen weakly adsorbed to the silver surface at high
coverage selectively yields epoxide upon reaction with ethylene. Carbon
dioxide adsorbs to strongly adsorbed oxygen formed at lower coverage, the
kind of oxygen that leads to total combustion. This explains the favorable
effect of CO, adsorption upon the epoxidation selectivity.

Tanaka and Yamashina (/22) compared the reactivity of Ag,O and AgO
with ethylene. This is of interest, because the surface stoichiometry of the
catalytically active phase is closer to AgO than Ag,0. Thermal desorption of
Oxygen occurs at two temperatures (see Fig. 16). Upon reaction the low-
temperature peak appears to have disappeared. Tanaka and Yamashina
showed that this decrease in oxygen concentration could also be observed
from the. EPR signal of O3. Kagawa ef al. (123) showed that epoxide was
formed in the reaction of ethylene with AgO.

O3 signals had been observed earlier on the surface of Vycor quartz glass,
by Clarkson and Cirillo (124). They calculated that only 0.02% of the
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FiG. 16. Thermal desorption curves of oxygen: (a) AgO sample; (b) AgO sample after
reaction with ethylene (40 torr) at 100°C for 4 days (122).

adsorbed oxygen could be responsible for the signal. However, it can be
calculated from the data of Backx et al. (89) that at least 10%; of the adsorbed
oxygen can become incorporated into ethylene as the epoxide, strongly
indicating that atomic oxygen fis responsible. The data by Tanaka are
consistent in that they show that weakly adsorbed oxygen yields epoxide.
Single-crystal studies discussed in Section II reveal that in the absence of
coadsorbates oxygen adsorbs only in molecular form at low temperatures (36,
43, 125, 126). At temperatures higher than 380 K on Ag(111) or 215 K on
Ag(110), it desorbs or dissociates into atomic oxygen. On single crystals the
maximum O,/Ag, ratio reached under conventional UHV conditions at the

lower than the amount of oxygen requlred for opnmum selectivity on silver
catalysts. However, oxygen-isotope studies have shown that an Ag(110) single-
crystal face, having undergone exposure to oxygen and subsequent oxygen
desorption by temperature-programmed desorption at T < 700 K, so that by
HREELS no oxygen can yet be observed (127), residual oxygen has been left in
subsurface positions. If in a consecutive experiment *#O, is adsorbed onto Ag,
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the oxygen adsorbed in a previous experiment reappears upon thermal
desorption, because it exchanges with adsorbed oxygen on the surface. The
thermal desorption peak at 320°C now appears as 150 ;and 20, (see Fig. 17).
Very much the same results have been found by Kagawa et al. (81, 82) in
similar O,-isotope-exchange experiments. They found on reduced silver
powder that a fair amount of oxygen exists on or in silver that cannot be
removed from the sample upon hydrogen treatment at 623 K.

The preconditioning method used by Grant and Lambert (49, 90) to make
their Ag(111) face epoxidation selective probably introduces subsurface
oxygen so that in the catalytic experiment O,/Ag, > 0.5. Bowker (128) and
Campbell (125) have shown that also on single-crystal surfaces the bond
strength of oxygen decreases at O,/Ag ratios higher than 0.5. Tan et al.
(87) have found that subsurface oxygen only desorbs from the Ag(111) face
-at 850 K. ’ ‘ S

As discussed earlier, Campbell and Paffett (85, 86) and Tan et al. (87) have
studied the effect of preadsorbed chlorine on the catalytic activity of silver
single-crystal faces. Campbell (86) found that the steady-state oxygen
coverage, measured by TPD after reactor runs, decreased rapidly with
chlorine coverage (see Fig. 11). However, no oxygen was found when the
chlorine coverage exceeded 50% of its maximum value. A similar result is
found by Tan ez al. (87). However, Tan et al. also measured the maximum
amount of oxygen that can be adsorbed as a function of chlorine con-
centration and they concluded that oxygen adsorption is impossible only
if 8¢, = 100%.
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FI1G. 17. Temperature-programmed desorption spectra (heating rate 4.6°C/s): (a) after
exposure to 8 x 10* L %0, at 200°C; (b and ) after subsequent exposure to 800 L 130, at
20°C(126).
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These observations are of interest, since the postreactor oxygen data appear
to indicate that no correlation can exist between adsorbed atomic oxygen and
epoxidation selectivity, because no adsorbed oxygen is found at chlorine
concentrations where the selectivity is high. This issue raises the question
whether reaction of ethylene with preadsorbed oxygen is just an interesting
stoichiometric reaction, or whether it has a direct bearing on the catalytic
event. Campbell (86) initially proposed that his results indicated that a
precursor molecular oxygen species is responsible for the selective epoxidation
reaction.

In order to study the relative rates of preadsorbed oxygen versus impinging
oxygen molecules from the gas phase onto the silver surface with ethylene, Van
Santen and De Groot (129) studied the epoxidation of ethylene with O
species adsorbed onto the silver surface, but with varying concentrations of
180, in the gas phase. The experiments were done in a recirculation apparatus.
Figure 18 shows a typical result for an experiment with no oxygen in the gas
phase. The O, is preadsorbed onto Ag at 200°C and 10-torr O, in order to
produce O,/Ag, ~ 1. After evacuation, ethylene (13 torr) is added at room
temperature and the formation of epoxide and CO; is studied as a function of
temperature. Epoxide formation already occurs at relatively low temper-
atures. This continues until all preadsorbed oxygen has been removed from

CONCENTRATION, umol/g Ag

0.4
0.2
B ' EO
O'OMI|IIIII!11M_LJ_LJ_
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TEMPERATURE, K

Fi1G. 18. Experiment 1. Production of EO and CO, as a function of temperature. Initial
ethylene pressure, 13 torr (/29).
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the silver powder. The epoxide concentration decreases, because the com-
pound decomposes back into adsorbed oxygen and ethylene.

As epoxide formation occurs at temperatures below the temperature at
which isotope exchange between 1°0, and 20, is rapid (130), an experiment
with 180, in the gas phase seemed useful. Figure 19 shows the yield of E180
and E'°0 as a function of time in an experiment very similar to the previous
one, starting with the silver surface precovered with 'O with O,/Ag, ~ 1.
However, this time, together with the ethylene (13 torr), 20 torr of ‘20, had
been added to the gas phase. It was observed that E°O is formed earlier
than E'®0. This definitely proves that epoxide formation occurs not from a
precursor state, but by reaction with adsorbed oxygen.

Table II gives the maximum amounts of E*®O found for five experiments.
The experiment with no oxygen in the gas phase, the one with 2-torr 180, in
the gas phase, and another experiment with 20-torr 80, in the gas phase are
numbered 1, 2, and 3, respectively. One observes an increase in the amount of
E'°O formed with increasing 80, gas-phase pressure. This unexpected
phenomenon appears to be due to the presence of 6O in a subsurface layer,
not accessible to ethylene. However, this subsurface 1®O rapidly interchanges
with surface oxygen. With increasing gas pressure more epoxide is formed,
because more 20, is available and hence more *#O becomes adsorbed onto
the silver surface. As a result, more complete exchange with subsurface 1°O
atoms is possible and more E'°O is formed.

6CONCENTRATION, umol/g Ag

300 400 500 600
TEMPERATURE, K

FiG. 19. " Experiment 3. Initial gas-phase 180, pressure, 20.4 torr; initial ethylene pres-
sure, 13 torr; 1°0, preadsorbed, 1.08 umol/g Ag; E*®O and E'®0 production as a function of
temperature (/29).
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TABLE 11
Summary of E 10 Formation and 10, Incorporation®
180, initial Maximum E'®Q
16Q, preads. gas pressure produced 160, incorporated
Expt. (umol/g Ag) (torr) (umol/g Ag) (umol/g Au)
1 1.09 — 0.12 0.51
2 0.94 2.6 0.19 043
3 1.08 204 042 0.9
4 0.46 20.4 0.12 0.28
5 0.46 — — 0.03

“ From Ref. 129. Note: Total number of silver surface atoms = 2 patom/g Ag; 1 torr = 0.58

umol/g Ag.
® Measured at a temperature where E'°0 production is maximum.

That this phenomenon indeed occurs had been shown in an experiment
where the Ag powder had been prepared in a state containing only sub-
surface oxygen (experiments 4 and 5 in Table II). This can be done by re-
moval of half of the oxygen layer of a silver powder with O,/Ag, ~ 1 by
thermal desorption at 320°C. If one studies the amount of oxygen that can
be adsorbed onto a silver powder in this state, it appears that only half of
the maximum quantity will adsorb. This is illustrated in Fig. 20.

OXYGEN ADSORBED, gmol

°r

READSORPTION AT 200 °C
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FiG. 20. Amount of oxygen adsorbed as a function of time and temperature (89).
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5 6CONCENTRAT!ON, umol/g Ag

300 400 500 . 600
~ TEMPERATURE, K

FiG. 21. Initial gas-phase 10, pressure, 20.4 torr; initial ethylene pressure, 13 torr; 60,
preadsorbed, 0.46 umol/g Ag; only subsurface oxygen present (129); E**O and E'#O production
as a function of temperature.

If one studies the amount of E*®O and E*®O formed upon exposure of a
silver powder containing only subsurface oxygen, with 20-torr 120, and 13-
torr ethylene (Fig. 21), it is seen that E1°O and E'®O appear at the same time.
Adsorption of gas-phase oxygen is needed to create surface oxygen accessible
to ethylene for reaction. Exchange between surface oxygen and subsurface
oxygen appears rapid compared to the rate of reaction with ethylene.

The results are summarized in Table II. No epoxide is formed in the last
experiments if no gas-phase oxygen is present, proving that subsurface oxygen
is inaccessible to ethylene.

These experiments demonstrate that oxygen atoms can become incor-
porated into ethylene as the epoxide. Of the subsurface oxygen, 109 is
found back in the epoxide. One cannot preclude recombination of oxygen
atoms in the transition state giving epoxide, but this is unlikely in view of the
low temperature at which epoxide formation can occur. Laser Raman
experiments performed to define the oxygen species at the silver powder
surface did not indicate the presence of adsorbed O3 species (131).

B. THE ISSUE OF ATOMIC VERSUS MOLECULAR OXYGEN:
HoMOGENEOUS REACTIONS

Hydroperoxides are well-known oxidation agents that produce epoxides
upon reaction with ethylene (/32). This is in line with the proposal that
adsorbed molecular oxygen produces ethylene oxide by reaction with
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ethylene. Usually an acid catalyst is needed for the reaction to proceed. One
oxygen atom of hydroperoxide is incorporated into the alkene, the other
remains in an OH group. (Note the similarity of this scheme to the proposed
molecular oxygen reaction scheme in heterogeneous epoxidation.) Direct
epoxidation with oxygen is also possible by in situ generation of hydrogen
peroxide. For instance, Shin and Kehoe (133) reported that reaction of
K3Co(CN); with O, in an acid medium results in H,0, and K;Co(CN),.
They reacted the resultant hydrogen peroxide with allyl alcohol in the
presence of the acid H,WO, and recovered the epoxide. Note that in the
process Co?* is oxidized to Co3*.

One has to distinguish this process, which proceeds via hydrogen peroxide
formation and in which Group VIII metals with different valencies play a
role, from processes in which Group VIII metals and also noble metal ions
catalyze the formation of the hydroperoxide, as proposed by, e.g., Rouchard
and De Pauw (134).

Silver chelates and metal porphyrins of Group VIII metals catalyze
reactions such as

| (3] |
~ ~
_C=C—CH; ——— ~C=C—CH, (1

T—O0—0—

The hydroperoxide yields epoxide by autoxidations:

H
|| |

—+H;C=C—CH, —— —C—C—CH,+ C=C—C— (2)

N —
p o

\C=\,—*
-

—C

o OH

m—0—0

The latter reactions are usually catalyzed by a Group VIIB, VB, or VIB metal.
A similar reaction with cyclohexene has been reported. An extensive review of
such reactions has been given by Sheldon and Kochi (135).

Apart from peroxides several other reagents are known to yield epoxide in a
reaction where a complex containing a single oxygen atom reacts with an
alkene. TI** acetate in 50% (v/v) aqueous acetic acid gives propylene oxide
and acetone in a ratio of 1:1 (136). In this reaction T13* is reduced to T1*. The
ratio of propylene oxide to acetone increases with increasing polarity of the
medium.
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The reaction mechanism is very similar to the Wacker reaction with Pd2*
(137); however, with T13*, two-electron transfer generates T1*, and the
resulting positive charge causes epoxide formation:

TI** + C,H, + H,0 —— TI?*—CH,~—CH,OH + H*
TI>*—CH,—CH,0H — TI* + C\z-—/CHz +H*
O
Electron-withdrawing ligands on Tl will have a beneficial effect. Similar
reactions have been found for Au'*—Au3* complexes (138).
Of more recent interest is the mechanism proposed for olefin epoxidation by

models of cytochrome P-450 (139-142). Current mechanisms (139) involve a
monoxygen atom Mn>* species (Py = pyridine)

O.
@ o 3)

Py

active in the epoxidation reaction, which becomes deactivated if ‘the oxygen
atom coordinated to a single metal atom in the active complex coordinates to

a second metal atom:
o @o @

Recent work by Van der Eijk (/43) demonstrates the existence of a Ag®*
complex containing one oxygen atom which selectively produces epoxide
upon contact with an alkene. Van der Eijk proposes the silver complex:

r (”) : 1"
. ] NN Ag I\f X
= =
as being the active intermediate. This species can be generated electrochemi-
cally. In the transition state again a two-electron transfer occurs in which the
Ag** jon is reduced to the Ag® ion. The main evidence stems from
measurements to determine the kinetics of the reaction. Van der Eijk finds the
foliowing results:
2Ag(Py); + 4Py ———— 2Ag(Py)2* + 2¢

(red)

Disproportionation and reduction

2Ag(Py)2* + H,0 Ag(Py)} + Ag(Py),0" + 4Py + 2H*
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Epoxidation
Ag(Py),0* + alkene ——— Ag(Py)3 + epoxide

This brief survey shows that in the homogeneous phase epoxidation occurs
by reaction with both, namely dioxygen as well as atomic oxygen complexes.
In reactions with dioxygen, the metal catalyst becomes oxidized in the
epoxidation reaction; in reactions with atomic oxygen complexes the metai
catalyst becomes reduced in the epoxidation reaction.

C. THE SELECTIVE OXYGEN SPECIES

Table III shows the free energies of combustion of ethylene and of ethylene
epoxide formation. Since the rate-limiting step concerns the reaction of
adsorbed oxygen with ethylene it is of interest to compare these values with the
AG values of three reactions:

c—C
OF +C" ——— "\ / +om ©)
T(K) AG (kJ/mol)
400 —256
600 —248
Og:s + 2Agbulk [N Agzobulk (6)
T(K) AG (kJ/mol)
400 +227 -
600 +214
Ags0 ——> 2Ag +10% ' Q)
T(K) AG (kJ/mol)
0<6<05 09>0>05
400 63 13
600 50 0

These can be deduced from the data provided below each reaction. Since the -
differences between the heats of adsorption of ethylene and epoxide are very
small, we will ignore them in the present discussion. Clearly reaction (5) is
endothermic if the oxygen atom generated has to go to the gas phase.
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TABLE III
Thermodynamics of Ethylene ( Ep)oxidation®

C.__
10,40 —— Y/ 30, +C3~ —— 2C0, + 2H,0 -
T (K) AG (kJ/mol) T (K) AG (kJ/mol)
400 -71 400 —1315
600 —55 600 - —1310

? From Ref. 118.

However, the reaction becomes energetically possible if resulting oxygen
atoms adsorb onto silver. The heat of oxygen adsorption is always larger than
the heat of formation of the oxide. '

Formation of epoxide from oxygen adsorbed in the oxygen-coverage
- regime 6 < 0.5 is barely possible. However, weakly adsorbed oxygen reacts
exothermally with ethylene to give epoxide. These data explain why ethylene
epoxide decomposes on a silver surface free of oxygen, but not on a surface
precovered with oxygen. At high coverage the bond strength of oxygen to
silver is so weak that decomposition of ethylene oxide becomes thermody-
namically forbidden.

Thermodynamics does not discriminate between a rate-limiting step
involving molecular oxygen and one involving atomic oxygen. However, it
suggests strongly that if atomic oxygen is involved, it should be the weakly
adsorbed form. We have shown that this agrees with the experimental
observations.

Madix and co-workers (144, 145) have investigated the reactivity of oxygen
atoms adsorbed to silver single-crystal faces in detail. They studied the
situation where 6, < 0.5 and found that under these circumstances absorbed
oxygen atoms behave in a nucleophilic manner. For instance, they react with
the acidic proton of acetylene, to give OH and an adsorbed carbonaceous
species. The reaction with acetaldehyde to acetate, as we discussed earlier, also
demonstrates the nucleophilic character of this adsorbed oxygen species (114).

Cvetanovic (146) discussed the relative rates of reactions of oxygen atoms
with olefins in the gas phase. He found a distinct electrophilic character of
oxygen atoms in their reaction with olefins, quite different from the
nucleophilic behavior of oxygen atoms at relatively low coverage on silver
surfaces.

Spectroscopic work of Roberts and Joyner (147, 148) indicates the presence
of at least three oxygen species on silver: one occurring at low coverage of low
negative charge, which we identify with the nucleophilic species studied by
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Madix et al,, and two other species appearing at higher coverage of less .
negative charge, one of which was identified as molecular oxygen. These
oxygen species would behave electrophilically, as required for insertion into
the electron bond of ethylen. '

The presence of nucleophilic oxygen attacking C—H bonds as well as
electrophilic oxygen inserting into the C—C n bond became apparent from
isotope studies, with C,D, (93, 94, 112) replacing C,H,.

Preadsorption of chlorine strongly suppresses total oxidation and, as
Fig. 10 shows, the isotope effect found at low selectivities disappears with
increasing selectivity. This shows that the rate-limiting step in the total
oxidation of ethylene is C—H bond breakage. Experiments (149, 149a) with
cis-substituted d,-ethylene showed only partial retention of configuration,
indicating asymmetric attack of one of the carbon atoms by electrophilic
oxygen, which is necessary if an electron is donated from ethylene to an
antibonding orbital of p symmetry of adsorbed oxygen.

Alloying of silver with Au (/08) reduces the selectivity of the epoxidation
reaction with ethylene, but enhances the selectivity of the reaction of
propylene to acrolein. It was already mentioned that Cu also catalyzes the
oxidation of propylene to acrolein selectively, as long as the oxygen surface
coverage is low. Alloying with gold strongly reduces the concentration of
adsorbed oxygen. Oxygen does not adsorb on gold. One even finds an in-
crease in the bond strength of adsorbed oxygen (107) upon dilution with gold.
Clearly, the amount of weakly adsorbed oxygen decreases and we are left with
strongly adsorbed oxygen alone, which reacts with the C—H bond to give total
combustion. In the case of propylene this has a favorable effect. Alloying with
gold reduces the oxygen concentration and hence diminishes the chance of
combustion of adsorbed acrolein. Two oxygen atoms are needed; one reacts
with two H atoms of propylene. They will be adsorbed close to each other after
dissociation of impinging oxygen.°

Preadsorption of chlorine also decreases the total amount of adsorbed
oxygen but in contrast to gold, adsorption of chlorine enhances the selectivity.
The work of Kiity et al. (23) showed that chlorine preadsorption enhances the
fraction of weakly adsorbed oxygen, the species that adsorbs with a relatively
high activation energy. Their adsorption data show that a low surface
coverage of Cl initially influences one oxygen atom per adsorbed Cl atom,
‘whereas at higher chlorine coverage this ratio becomes 2:1.

Interestingly, analogous observations have recently been made for the
suppression of CO chemisorption by sulfur adsorption on several metal
single-crystal faces (150, 152a). The results have been interpreted as an
electronic effect (153, 154). The local density of states on surface atoms
neighboring sulfur is suppressed by sulfur adsorption, which reduces the bond
strength of these metal atoms with CO. Similar effects play a role when
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chlorine is coadsorbed with oxygen. However, statistical effects resulting from
the fact that two neighboring empty surface sites are required for oxygen
dissociation will also play a role.

The XPS data (147), but also UPS data of oxygen adsorption to silver
(155), show large changes in the electronic structure as a function of oxygen
concentration.

Rovida et al. (156) have found that chlorine weakens the oxygen bond
strength with silver. More recent single-crystal work (87, 157-159) also shows
that chlorine influences the oxygen silver interaction. According to Tan et al.
(87) chlorine enhances bulk transport of oxygen, thus increasing the amount
of subsurface oxygen. Ayyoob and Hegde (157) and Bowker and Waugh
(158, 159) find that chlorine itself moves to subsurface positions. Bowker and
Waugh even find evidence for silver chloride formation.

The presence of chlorine may favorably influence the electronic nature of
adsorbed oxygen with respect to the epoxidation reaction. Since chlorine is a
strong electrophilic agent, it will induce coadsorbed oxygen to become also
electrophilic. Since the partial coverage of oxygen is low at steady-state
conditions, the presence of chlorine at the surface as well as at the subsurface
position will change the ratio of electrophilic to nucleophilic oxygen and
hence enhance the selectivity of the epoxidation reaction. Interestingly, alkali
appears to enhance the bond strength of chlorine to silver (160), and may thus
increase the chlorine concentration at steady-state conditions.

V. Conclusion: The Transition State

Significant progress has been made in explaining the uniqueness of silver as
an ethylene epoxidation catalyst. We have seen that the initial selectivity of the
reaction is determined by two factors: (1) the bond strength and chemical
nature of the adsorbed oxygen and (2) the inability to activate the carbon—
hydrogen bond. The latter factor limits the catalysts to elements or
components not containing transition metals, because these transition metals
activate C~H bonds. Oxygen has to dissociate, but the resulting metal-
oxygen bond strength should not be so high that epoxidation is excluded
because of thermodynamic reasons. Silver is unique, since oxygen can
dissociatively adsorb on it and at high oxygen coverage it contains weakly
bound oxygen. The relatively weak bond strength of oxygen to silver
thermodynamically allows formation of epoxide upon reaction with ethylene.
That oxygen adsorbed to silver does activate C—H bonds of ethylene, as is
demonstrated by the lower than 100% initial selectivity. However, this
reaction is slow compared to insertion of oxygen into the double bond of
ethylene.
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Strongly adsorbed oxygen, the dominant species at low oxygen coverage,
catalyzes the selective oxidation of propylene to acrolein. The thermodynamic
requirement of weakly adsorbed oxygen is now eliminated, because water is a
by-product of this reaction. A low concentration of oxygen may be beneficial :
because nine oxygen atoms are needed for total oxidation of propylene. The
positive effect, gold alloying, on the selectivity of propylene oxidation sup-
ports this idea. By contrast, the selectivity of the ethylene epoxidation reac-
tion decreases upon alloying with gold. The epoxidation reaction is more
suppressed than the total oxidation. This agrees with the postulate that for
ethylene epoxidation another oxygen species is responsible for total oxidation.
The different as compared with acrolein production is that epoxidation does
not involve C—H bond breakage as the rate-limiting step.

The occasionally observed strong positive effects of coadsorption on the
selectivity of the epoxidation reaction can be ascribed to reactions that
suppress the formation or reaction of strongly adsorbed oxygen, leading to
toal combustion of ethylene.

Clean silver surfaces yield an initial selectivity of ~40%. This selectivity is
rather low, because of the low surface oxygen concentration which enhances
the fraction of strongly adsorbed oxygen. Coadsorption of electropositive
elements, e.g., alkali, may enhance the steady-state oxygen surface concen-
tration; coadsorption of electronegative clements such as chlorine will
decrease total oxygen coverage, but at the same time decrease the bond
strength of adsorbed oxygen and change the chemical reactivity as a result. On
the other hand, coadsorbates such as CO, may titrate “nucleophilic” oxygen.
Thus a combination of these effects tends to increase the selectivity of very
clean silver surfaces. Promotion may occur only in a limited concentration
regime, because at high concentration unfavorable chemical properties of
coadsorbates may dominate. In addition, consecutive reactions may become
enhanced as well as suppresséd by coadsorption. This has been demonstrated
explicitly for alkali.

Very little work has been published in the open literature on promoted, as
well as chlorine-moderated, catalysts. No data are available that demonstrate
the effects of promotors on the initial selectivity of catalysts properly
moderated with chlorine. Similarly, only minor study has been made of the
effects of coadsorbates on the initial selectivity of such catalysts.

The study of the selective epoxidation mechanism of ethylene clearly
illustrates the effect of the nature and composition of the gas phase on the
composition of the surface and how modification of the surface phase affects
catalysis (161).

Under practical catalytic conditions a silver oxide—chlorine surface phase is
formed, in which Ag™ as well as Ag3* might occur. The chlorine as well as the
oxygen atoms can occupy subsurface positions. The presence of a subsurface



MECHANISM OF ETHYLENE EPOXIDATION 315

layer of electronegative atoms appears to be a prerequisite to create sites
where electrophilic oxygen atoms become adsorbed. The Ag3* cations occur-
ring in AgO may model such sites.

The species active in homogeneous epoxidation reactions via a reaction
mechanism involving a single oxygen atom are indeed metal centers, of a high
positive charge (Mn’* or Ag®*), which became reduced upon reaction with
the alkene. Strongly bound oxygen coordinated to more than one metal ion is
not active in epoxidation.

On the AgO surface, oxygen atoms are present in bridging as well as on-top
configuration. A high positive charge at the metal center or a low barrier for
electron donation to the metal surface enhances the selectivity.

Because oxygen atoms of a different nature are present in the silver oxide—
chloride layer, the local environment of the adsorbate complex formed in the
transition state will govern the course of the reaction. Subsurface chlorine or
oxygen will act as electron-withdrawing ligands.

The surface phase formed under catalytic conditions differs considerably
from that formed by adsorption of oxygen or ethylene under ultrahigh-
vacuum conditions. The kinetic data indicate that ethylene is adsorbed to the
silver catalyst in the elementary step, giving epoxidation. '

A transition state consistent with the experimental evidence is sketched in
Figs. 22a and 22c for ethylene epoxidation. The kinetic data indicate that
ethylene is adsorbed to the silver catalyst in the elementary step giving
epoxidation. Reaction occurs with weakly bound oxygen coordinated to
a silver ion of high positive charge. Isotope experiments indicate that oXxy-
gen insertion may occur asymmetrically with only partial retention of
configuration.

One of the carbon atoms is electrophilically attacked by oxygen. As a result
electronic charge will be pulled away from ethylene to the silver—oxygen
surface. The rate-limiting step of the nonselective reaction with ethylene is
C-H bond rupture. Strongly bound, bridging electropositive oxygen coor-
dinated to Ag ions of low charge will preferentially react with the hydrogen
atoms. This is sketched in Fig. 22b.

Even at high oxygen or chlorine surface layer concentrations, surface Ag’*
vacancies have to remain present in order to ensure charge neutrality of the
surface—vacuum interface, and will be available for ethylene adsorption. The
heat of adsorption of ethylene has been found to increase by several
kilocalories/mole, if adsorption occurs next to an oxygen atom.

Since there is only partial retention of configuration, there is only limited
rotation of the CH, part of the molecule after formation of one carbon—
oxygen bond. On this point along the reaction coordinate, competition
between epoxide formation and C~H bond rupture, leading to total com-
bustion, may occur.
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FiG. 22. Schematic representation of the proposed transition state leading to epoxidation.

The effect of chlorine coadsorption may be twofold: chlorine atoms replace
strongly adsorbed oxygen, which suppresses C—H bond rupture, and chiorine
adsorption weakens the bond strength of coadsorbed oxygen by withdrawal
of electrons. This is schematically illustrated in Fig. 22c. According to the
reaction mechanism proposed, ethylene reacts with adsorbed atomic oxygen
to give epoxide. As discussed, it is unlikely, that epoxidation occurs after
recombination of the oxygen atoms. Thus, in principle, there is no reason why
the epoxidation selectivity should be limited to 6/7. Hence, there is con-

siderable incentive to improve current catalysts further.
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Nonselective reactions are due to the direct oxidation of ethylene and to
consecutive reactions of epoxide. The conversion of epoxide also greatly
depends on the state of the silver surface. Several reactions have been found.
On clean silver surfaces, ethylene oxide decomposes to ethylene and adsorbed
oxygen and isomerizes to acetaldehyde. These reactions are suppressed if the
silver surface becomes covered with oxygen. A bifunctional reaction path
involving isomerization of the epoxide by the alumina support, leading to
acetaldehyde and acetaldehyde combustion catalyzed by silver, becomes
important under practical conditions.

Despite the significant differences in reaction conditions prevailing in
catalysis and surface science studies, the contribution of the latter work has
had a considerable impact on our current views of the ethylene epoxidation
reaction. We have described how knowledge gained from a wide variety of
techniques has contributed to our current understanding of epoxidation
catalysis. One may expect a successful future for techniques which will enhance
our insight further by studies of practical systems under in situ conditions.
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