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Abstract

The kinetic isotope effect and the selectivity promotion of ethylene epoxidation were investigated with the recently published microkinetic
model (C. Stegelmann et al., J. Catal. 221 (2004) 630). Results calculated from the model for the previously published parameters are i
good agreement with experimental data.
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Recently we published a microkinetic model based on tion and the total oxidation proceed through a common in-
surface science explaining the steady-state kinetics of eth-termediate. The epoxidations of ethylene and butadiene are
ylene epoxidation, ethylene combustion, and ethylene oxide closely related reactions, the main difference being that 3,4-
combustion for a wide range of reaction conditions on un- epoxy-butene is much more strongly adsorbed on silver than
promoted silvef1]. In addition, the model explains a broad is ethyleneoxide.
range of transient surface science experimgpi3]. The Implicit in the model are an obvious opportunity for a
main idea of the moddl] is that a surface oxide (nucle- simple explanation of the inverse isotope efff&t10] and
ophilic oxygen) is formed upon which ethylene and atomic of selectivity promotion. In this letter we investigate these
oxygen (electrophilic oxygen) adsorb competitively. The ad- two explanations by the same mechanism, thermodynamic
sorbed ethylene and electrophilic oxygen react to form an and kinetic parameters, as used in the simulation of steady-
oxametallacycle, which branches into ethylene oxide and ac-state kinetics in previous woik].
etaldehyde. In the presence of oxygen, acetaldehyde rapidly The simple explanations we use here are obvious, and
combusts to C@ Ethylene oxide may isomerize to acetalde- agreement between the model and experiments will not rule
hyde through the oxametallacycle and combust te GDe  out alternative or more detailed explanations. However, dis-
oxametallacycle is therefore a common intermediate for eth- agreement would present a serious problem for the microki-
ylene epoxidation, ethylene combustion, and ethylene oxide netic model and challenge the current understanding of the
combustion. Ethylene also combusts through a parallel path-reaction mechanism. Fortunately, we find that the model is
way, presumably through a vinyl alcohol intermediate. The jn good agreement with experiments.
key idea of the microkinetic mod¢l] is that epoxidation The substitution of deuterium for hydrogen in ethylene
and combustion go through a common intermediate (0x- results in a huge isotope effef8-10] The formation of
ametallacycle), as suggested by Campbell ef4b] and  CQ, decreases by a normal isotope effect; however, the for-
Barteau et al[6,7]. mation of ethylene oxide increases by a large inverse iso-

Medlin et al.[13] have found that in the epoxidation of  tgpe effect, resulting in a significant increase in selectivity
1,3-butadiene to 3,4-epoxy-butene over silver, the epoxida-[g_10], Isotope effects are usually large when ordinary hy-

drogen (H) is replaced by deuterium (D). Under most cir-
~ " Corresponding author. Fax: +45 75 45 36 43, cumstances the predominant factor in an isotope effect is the
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ferent isotope of the same element, there is no change in It is apparent fromFig. 1 that the microkinetic model
the electronic ground-state energy, but there are changes irexplains the isotope effect almost quantitatively. This can
vibrational frequenciesy) and therefore in zero-point ener- be explained by the fact that the formation of oxametalla-
gies (%hv). It has therefore been concluded that the breaking cycle that is, the common intermediate to epoxidation and
of C—H bonds must be rate limiting in ethylene combus- combustion, does not require C—H bond breaking, and the
tion (Ref. [8,11] and references therein). An analysis of formation rate of oxametallacycle is not directly influenced
hydrogen transfer processes shows that the vatjtp is by the use of deuterated ethylene. However, the branching
determined almost entirely by ZPE differences in the ini- of the oxametallacycle into combustion products (acetalde-
tial state[12]. The initial ZPE difference varies slightly for ~hyde) requires C—H bond breaking, and the formation rate of

different molecular H-transfer systems and is usually in the acetaldehyde decreases for deuterated ethylene. As the for-
range of 3-5.5 kdmol [12]. mation rate of acetaldehyde decreases, the formation rate of

In Fig. 1the experiments of Cant and H&d] are sim- ethylene oxide has to increase as the formation rate of oxam-
ulated by the microkinetic model, with the assumption that etallacycle is unchanged, which leads to increased selectivity

the barrier of elementary steps involving C—H bond breaking for deuterated ethylene.

increases by 4.5 Kol in the case where deuterated ethyl- A Similar analysis based on DFT was performed by Linic
ene is applied. and Barteal7], leading to the same conclusions as in this

work. As Linic and Barteau have pointed dii, the large
inverse isotope effect for selectivity highlights the impor-

0.5 . . . . tance of the branching ratio of the oxametallacycle.
o CH, From the above findings for isotope effects it is natural to
0a | ACD, | suggest that selectivity promoters such as alkali and chlorine
: o1:1 C,H,:C,D, s . . §
_ A work by modifying the branching ratio of the oxametallacy
"o, cle. Itis likely that chlorine and alkali will influence the sta-
=031 1 bilities of the transition states between the oxametallacycle
w o and ethylene oxide (TST1) and between the oxametallacy-
S o2t 1 cle and acetaldehyde (TST2), respectively. The difference
D . . . . .
ks £ A in activation barriers for ethylene oxide and acetaldehyde
£ A (AHTST)
o 01 f ]
TST_ i $
AH™™" = Hep,eno — Heyhyo0 )
o 1 1 1 1
0 o'|15 , 0-t2ITOF 03 04 05 wherengHaO and Héch:Ho are the activation barriers for
xperimental TOFo,o (s 1 ethylene oxide and acetaldehyde formation, respectively,
A from the oxametallacycle. The selectivity calculated from
0.9 the microkinetic model is shown at two different tempera-
0 CH tures close to industrial reaction conditionskig. 2 It is
2%
08} AC,D, |
T o1:1 C,H_;:C,D
4 R 100 ————————t
z 0.7 | A 1 o | T 600K i
s r 1 Tl - 500 K
© 06 ot 1 80 | i
g 70 ]
3 05 | 1 -
£ £ 60 ]
>
04 ] 2 50t .
3
T 40 b 1
0'3 1 1 1 1 1 U)
03 04 05 06 07 08 09 30 L i
Experimental selectivity [--]
20 t .
B 10 + .
Fig. 1. Experimental versus predicted results for kinetic experiments with L e L . L .
and without deuteriated ethylene. (A) is the activity for ethylene ox- -40 -30 -20 —10”8” 0 10 20 30 40
ide formation, (B) is the selectivity. The experiments were conducted at AH™" [KJ fmol]

418-438 K, Po, = 8.6 kPa, andPc,H, = 0.8-16 kPa in a differential

reactor[9]. The kinetic model used in the calculations includes the epox- Fig. 2. Calculated selectivity versus the enthalpy difference between the
idation of ethylene and the oxidations of ethylene and of ethyleneoxide. transition states for ethylene oxide and acetaldehyde formation, respec-
Mechanistic details and all parameters have been publishadl. in tively, at different temperature®o, = Pc,H, = 100 kPa.
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clear that the selectivity increases significantly with increas- step of the microkinetic model explaining these features is
ing AHTST, The valueA H™ST = 0.0 kJ/mol corresponds to  the formation of a common intermediate, which may branch
the unpromoted microkinetic model. Wher/ ST is varied into either ethylene oxide or combustion products.

slightly from the value 0.0 kimol, the selectivity rapidly

increases or decreases, that is, relatively small shifts in the

stability of the transition states may influence the selec- Acknowledgment
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