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Isotope effect and selectivity promotion in ethylene oxidation on silv
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Abstract

The kinetic isotope effect and the selectivity promotion of ethylene epoxidation were investigated with the recently published mic
model (C. Stegelmann et al., J. Catal. 221 (2004) 630). Results calculated from the model for the previously published parame
good agreement with experimental data.
 2005 Elsevier Inc. All rights reserved.
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Recently we published a microkinetic model based
surface science explaining the steady-state kinetics of
ylene epoxidation, ethylene combustion, and ethylene o
combustion for a wide range of reaction conditions on
promoted silver[1]. In addition, the model explains a broa
range of transient surface science experiments[2,3]. The
main idea of the model[1] is that a surface oxide (nucle
ophilic oxygen) is formed upon which ethylene and atom
oxygen (electrophilic oxygen) adsorb competitively. The
sorbed ethylene and electrophilic oxygen react to form
oxametallacycle, which branches into ethylene oxide and
etaldehyde. In the presence of oxygen, acetaldehyde ra
combusts to CO2. Ethylene oxide may isomerize to acetald
hyde through the oxametallacycle and combust to CO2. The
oxametallacycle is therefore a common intermediate for
ylene epoxidation, ethylene combustion, and ethylene o
combustion. Ethylene also combusts through a parallel p
way, presumably through a vinyl alcohol intermediate. T
key idea of the microkinetic model[1] is that epoxidation
and combustion go through a common intermediate
ametallacycle), as suggested by Campbell et al.[4,5] and
Barteau et al.[6,7].

Medlin et al.[13] have found that in the epoxidation
1,3-butadiene to 3,4-epoxy-butene over silver, the epox
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tion and the total oxidation proceed through a common
termediate. The epoxidations of ethylene and butadiene
closely related reactions, the main difference being that
epoxy-butene is much more strongly adsorbed on silver
is ethyleneoxide.

Implicit in the model are an obvious opportunity for
simple explanation of the inverse isotope effect[8–10] and
of selectivity promotion. In this letter we investigate the
two explanations by the same mechanism, thermodyna
and kinetic parameters, as used in the simulation of ste
state kinetics in previous work[1].

The simple explanations we use here are obvious,
agreement between the model and experiments will not
out alternative or more detailed explanations. However,
agreement would present a serious problem for the micr
netic model and challenge the current understanding o
reaction mechanism. Fortunately, we find that the mode
in good agreement with experiments.

The substitution of deuterium for hydrogen in ethyle
results in a huge isotope effect[8–10]. The formation of
CO2 decreases by a normal isotope effect; however, the
mation of ethylene oxide increases by a large inverse
tope effect, resulting in a significant increase in selecti
[8–10]. Isotope effects are usually large when ordinary

drogen (H) is replaced by deuterium (D). Under most cir-
cumstances the predominant factor in an isotope effect is the
zero-point energy (ZPE): when an atom is replaced by a dif-

http://www.elsevier.com/locate/jcat
mailto:stoltze@aaue.dk


nal of

e in
es in
r-
ing

us-
of

ini-
r
the

hat
ing
yl-

with
ox-
d at

l
can
lla-
and
the
ed
hing
lde-
e of
e for-
te of
am-

tivity

nic
his

or-

l to
rine
y-

a-
ycle
acy-
nce
yde

r
ely,

om
ra-
C. Stegelmann, P. Stoltze / Jour

ferent isotope of the same element, there is no chang
the electronic ground-state energy, but there are chang
vibrational frequencies (ν) and therefore in zero-point ene
gies (12hν). It has therefore been concluded that the break
of C–H bonds must be rate limiting in ethylene comb
tion (Ref. [8,11] and references therein). An analysis
hydrogen transfer processes shows that the ratiokH/kD is
determined almost entirely by ZPE differences in the
tial state[12]. The initial ZPE difference varies slightly fo
different molecular H-transfer systems and is usually in
range of 3–5.5 kJ/mol [12].

In Fig. 1 the experiments of Cant and Hall[9] are sim-
ulated by the microkinetic model, with the assumption t
the barrier of elementary steps involving C–H bond break
increases by 4.5 kJ/mol in the case where deuterated eth
ene is applied.

Fig. 1. Experimental versus predicted results for kinetic experiments
and without deuteriated ethylene. (A) is the activity for ethylene
ide formation, (B) is the selectivity. The experiments were conducte
418–438 K,PO2 = 8.6 kPa, andPC2H4 = 0.8–1.6 kPa in a differential

reactor[9]. The kinetic model used in the calculations includes the epox-
idation of ethylene and the oxidations of ethylene and of ethyleneoxide.
Mechanistic details and all parameters have been published in[1].
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It is apparent fromFig. 1 that the microkinetic mode
explains the isotope effect almost quantitatively. This
be explained by the fact that the formation of oxameta
cycle that is, the common intermediate to epoxidation
combustion, does not require C–H bond breaking, and
formation rate of oxametallacycle is not directly influenc
by the use of deuterated ethylene. However, the branc
of the oxametallacycle into combustion products (aceta
hyde) requires C–H bond breaking, and the formation rat
acetaldehyde decreases for deuterated ethylene. As th
mation rate of acetaldehyde decreases, the formation ra
ethylene oxide has to increase as the formation rate of ox
etallacycle is unchanged, which leads to increased selec
for deuterated ethylene.

A similar analysis based on DFT was performed by Li
and Barteau[7], leading to the same conclusions as in t
work. As Linic and Barteau have pointed out[7], the large
inverse isotope effect for selectivity highlights the imp
tance of the branching ratio of the oxametallacycle.

From the above findings for isotope effects it is natura
suggest that selectivity promoters such as alkali and chlo
work by modifying the branching ratio of the oxametallac
cle. It is likely that chlorine and alkali will influence the st
bilities of the transition states between the oxametallac
and ethylene oxide (TST1) and between the oxametall
cle and acetaldehyde (TST2), respectively. The differe
in activation barriers for ethylene oxide and acetaldeh
(�HTST)

(1)�HTST = H
‡
CH3CHO − H

‡
C2H4O,

whereH
‡
C2H4O andH

‡
CH3CHO are the activation barriers fo

ethylene oxide and acetaldehyde formation, respectiv
from the oxametallacycle. The selectivity calculated fr
the microkinetic model is shown at two different tempe
tures close to industrial reaction conditions inFig. 2. It is
Fig. 2. Calculated selectivity versus the enthalpy difference between the
transition states for ethylene oxide and acetaldehyde formation, respec-
tively, at different temperatures.PO2 = PC2H4 = 100 kPa.
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clear that the selectivity increases significantly with incre
ing �HTST. The value�HTST = 0.0 kJ/mol corresponds to
the unpromoted microkinetic model. When�HTST is varied
slightly from the value 0.0 kJ/mol, the selectivity rapidly
increases or decreases, that is, relatively small shifts in
stability of the transition states may influence the se
tivity significantly. However, far from 0.0 kJ/mol changes
in �HTST lead only to moderate variations in selectivi
The selectivity approaches zero for large negative value
�HTST, but saturates below 100% (90%) for large posit
values. The saturation selectivity of 90% corresponds v
well to the maximum selectivities reported in the literatu
(Ref. [11] and references therein). The selectivity does
reach 100% because the direct combustion of ethylene
cluded in the kinetic model[1].

It is observed from the figure that the temperature
an insignificant influence on the relation between selecti
and�HTST.

Recently Linic and Barteau[14] showed by DFT that C
can enhance selectivity for ethylene oxide by stabilizing
transition state for formation of ethylene oxide with resp
to the transition state to acetaldehyde.

It may seem surprising that both electropositive alk
and electronegative chlorine promote selectivity. Howe
chlorine is known to diffuse to subsurface positions at
temperatures of epoxidation[15–17]. The electronic effec
of subsurface electronegative chlorine on the transition s
TST1 and TST2 may therefore be similar to that of alkali
sitioned on the surface. However, this remains to be dem
strated by DFT or experiment.

To conclude, it has been demonstrated that our previo

developed microkinetic model for unpromoted silver may
explain isotope effects and selectivity promotion. The key
Catalysis 232 (2005) 444–446

step of the microkinetic model explaining these feature
the formation of a common intermediate, which may bra
into either ethylene oxide or combustion products.
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