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Silver catalysts for ethylene epoxidation have in the past mostly been studied under ex

situ conditions with high-vacuum based surface science techniques. The evacuation of the

reaction gas mixtures, which is usual step of the post-reaction analysis, could lead to the

destruction of the active centers on the catalyst surface. As a consequence, silver surfaces

under operating catalytic conditions (P > 1 mbar) could be quite different from the same

surfaces when investigated using physical methods under high vacuum conditions (P < 10-6

mbar). Due to the absence of real in situ investigations, the exact mechanism of this reaction

is still under debate.

To avoid this drawback, we have performed simultaneous in situ X-ray photoelectron

spectroscopy (XPS) and proton-transfer reaction mass spectrometry (PTRMS) study of the

ethylene epoxidation over silver. Being one of the most powerful methods for studying the

surface of heterogeneous catalysts, XPS can be applied in millibar pressure range, where

according to literature data ethylene oxide appears among the reaction products. The main

advantage of PTRMS, which has been used to measure the yield of ethylene oxide, is its high

sensitivity to organic molecules, such as ethylene and ethylene oxide. We have studied the

ethylene epoxidation over silver in the temperature range from 300-520 K and under varying

total pressures (from 0.07 to 1 mbar) and ethylene-to-oxygen mixing ratios (from 1:1 to 1:10).

Fig.1 shows the PTRMS signals of ethylene and ethylene oxide as a function of

temperature and time measured for two sets of conditions: (a) P(C2H4) = 0.1 mbar, P(O2) =

0.25 mbar; and (b) P(C2H4) = 0.24 mbar, P(O2) = 0.25 mbar. Ethylene oxide formation is

negligible at ambient temperatures, but is increased with temperature. After stopping the O2

flow the PTRMS signal of ethylene oxide decreases rapidly to the background level. These

data indicates that in the millibar pressure range and at T ≥ 420 K ethylene oxide is formed as

a result of ethylene epoxidation over silver. The O1s and C1s spectra measured in situ

simultaneously with the PTRMS data in Fig. 1a and normalized with respect to Ag3d

intensity are shown in Fig. 2. One can see that the spectra change strongly with temperature.
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Fig.1. Variation of the PTRMS signal from ethylene and ethylene oxide with temperature,

measured in various reaction mixtures (see the text).
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Fig.2. O1s (a) and C1s (b) spectra measured in situ under the reaction mixture flow at various

temperatures: 1 – 370 K, 2 – 420 K, 3 – 470 K. Spectrum (4) was measured at 470 K

after the oxygen flow was stopped; 3-4 is the difference spectrum.
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 A simple comparison of the catalytic (Fig. 1a) and spectroscopic (Fig. 2) data, which

were identified on the basis of literature data and own experience (see comments in Fig.2a),

allows us to propose a preliminary explanation for the temperature-dependence of the

catalytic properties of silver. The low activity of silver at T < 420 K is caused mainly by the

presence of carbonates and carbonaceous residues at the silver surface that block the available

silver surface. The silver surface becomes catalytically active for ethylene oxide formation,

when those contaminations are removed at T = 420 K. The active surface is characterized by

the presence of nucleophilic (O1s feature at 528.5 eV) and electrophilic (530.0 eV) oxygen.

The enhancement of the ethylene oxide yield at T > 420 K is most likely determined by the

Arrhenius dependence of the reaction rate on temperature. The decrease of the rate of ethylene

oxide formation with time observed for T ≥ 470 K can be explained by the accumulation of

embedded oxygen species, Oγ (529.0 eV) and Osubsurface (530.6 eV) at the silver surface which

decrease the surface area that is available for the formation of the active species. Nucleophilic

and electrophilic oxygen, which were the main species at 420 K, are still present on the silver

surface at 470 K; however, they are rapidly removed in the absence of oxygen in the gas

phase (see the difference spectrum in Fig. 2). These observations confirm the reactivity of

nucleophilic and electrophilic oxygen species towards ethylene.

In order to elucidate the role of these species in the mechanisms of ethylene

epoxidation, a quantitative comparison of the XPS and MS data for the experiments at 420 K

was made. This comparison revealed a clear correlation between the abundance of oxygen

species on the silver surface and the yield of ethylene oxide. Experimental data were

successfully modeled under the assumption that the epoxidation of ethylene proceeds via a

Langmuir-Hinshelwood mechanism between oxygen species adsorbed in the electrophilic

state and ethylene, which is chemisorbed on silver ions produced by nucleophilic oxygen:

Oelec + C2H4,ads → C2H4O.

The key role of electrophilic oxygen is confirmed by the data of low-pressure experiment

which shows that very small yield of the ethylene oxide (~ 0.001) is correlated with low

concentration of electrophilic oxygen, but not with the amount of nucleophilic oxygen, which

was ten times more. In agreement with this mechanism, the highest yields of ethylene oxide

are observed for Ag surfaces that are characterized by similar concentrations of nucleophilic

and electrophilic oxygen.

Our experiments also show that the chemical composition of the active silver surface

under reaction conditions is different from the chemical composition that is measured when

the surface is measured under vacuum conditions. This underlines the importance for using in

situ methods to investigate the properties of active catalyst surfaces.
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