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C. Stegelmann, P. Stoltze∗

Department of Chemistry and Applied Engineering Science, Aalborg University, Niels Bohrs Vej 8 DK-6700 Esbjerg, Denmark

Received 9 December 2003; revised 26 March 2004; accepted 31 March 2004

Abstract

A microkinetic model which successfully explains the steady-state kinetics of ethylene oxidation on silver is used to simulate
surface science experiments. The model explains a number of important TPR experiments in the literature. It is demonstrated th
with a common intermediate for epoxidation and combustion may explain these experiments, lending further support for the cruc
oxametallacycles in ethylene epoxidation. It is suggested that the role of subsurface oxygen is to serve as an oxygen reservoir
experiments without oxygen atmospheres, but are otherwise unimportant.
 2004 Published by Elsevier Inc.
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1. Introduction

Since Lefort’s discovery of a direct partial oxidation rou
of ethylene to ethylene oxide on silver, a tremendous am
of work has accumulated in the literature regarding this
action[1–4]. The reason for this great interest is that eth
ene epoxidation by selective oxidation is one of the ma
petrochemical processes converting several billion US
lars annually dollars[1,2]. Further, ethylene epoxidation
believed to represent the simplest form of kinetically c
trolled selective oxidation reaction and therefore a nat
first step in understanding selective oxidation in general

Much of the work in the literature has been directed
ward establishing the reaction mechanism of ethylene e
idation and many different more or less complex mod
have been proposed[3–10]. Especially, transient surfac
science experiments such as temperature-programmed rea
tions (TPR) and pulse experiments combined with differ
surface science characterization tools (XPS, UPS, AES,
play a great role in our understanding of ethylene epox
tion [3,4,7,11–18]. Such experiments indicate that atom
oxygen on silver is active while molecular oxygen is n
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[7,11,16–18], that atomic oxygen creates sites for ethyle
adsorption[4,7,13,14], that different total oxidation route
exist [7,14], and that subsurface oxygen appears to play
essential role in activating the silver catalyst toward ethyl
epoxidation[7,11,12,17,18]. Further, it has been suggest
that ethylene cannot adsorb on reduced silver[4,7,13,14,19].

However, the published transient experiments have o
been analyzed qualitatively and have therefore not b
modeled by a consistent quantitative model such as a
crokinetic model. It is generallydangerous to extrapolate th
results of transient surface science experiments to real in
trial kinetics. In many transient experiments less than a
catalytic cycle takes place per active site, while in stea
state catalysis many catalytic cycles occur on each site.
thermore, the rate-determining steps and reaction routes m
be different under transientand steady-state conditions.

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[20]. In
the present work, this model will be used to analyze
simulate various important transient experiments publis
in the literature. This analysis offers a consistent rein
pretation of TPR experiments and suggests that the ro
subsurface oxygen is unimportant in steady-state kine
but plays a role in transient experiments as an oxygen re
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voir. The successful simulation of transient surface scie
experiments by the microkinetic model leads to increa
confidence that the model contains the essential physic
chemistry to explain ethylene oxidation on silver. Cons
ering that transient kinetic experiments were used to de
mine many of the parameters of the kinetic model[20] it is
not surprising that the model reproduces such experim
However, it is encouraging that the model with the same
rameters reproduces steady-state kinetics as well as off
a consistent reinterpretation of a number of conflicting
periments in the literature. The key idea of the microkin
model is that both epoxidation and combustion go throu
common intermediate, namely an oxametallacycle. It sh
be stressed that the thermodynamic and kinetic param
used in the current simulations are identical to those use
the simulation of steady-state kinetics in previous work[20].

2. Methods

The details of the applied microkinetic model have b
published elsewhere[20]. The main idea of the model is th
a surface oxide (nucleophilic oxygen) is formed and t
ethylene and atomic oxygen (electrophilic oxygen) adsor
competitively on the surface oxide. The adsorbed ethy
and electrophilic oxygen react to form an oxametallacy
which branches into ethylene oxide and acetaldehyde. In t
presence of oxygen, acetaldehyderapidly combusts to CO2.
Ethylene oxide may isomerize to acetaldehyde through t
oxametallacycle and combust to CO2. The oxametallacycl
is therefore a common intermediate for ethylene epox
tion, ethylene combustion, and ethylene oxide combus
Ethylene also combusts through a parallel pathway sup
edly through a vinyl alcohol intermediate. However, the p
allel ethylene combustion is of minor importance and can
ignored in the present work[20].

In order to take subsurface oxygen into account the
crokinetic model is augmented to include the elemen
reactions:

(1)O∗ + Agsubsurface� O−Agsubsurface+ ∗,
(2)2O∗ � O/O∗ + ∗.

These two elementary steps are only included in the micr
netic model in the case where gas-phase oxygen is a
and subsurface oxygen becomes important (Fig. 7). The ad-
dition of these reactions ensures that subsurface oxyge
diffuse to the surface as seen experimentally[11] and nucle-
ophilic oxygen can form electrophilic oxygen.

The reaction mechanism applied in the current wor
depicted inTable 1. The special notation is explained
detail in [20]; however, in short∗ is a metallic silver site
consisting of two surface Ag atoms, /O∗ is a surface oxide
site formed by the dissociatively adsorption of oxygen o∗,
X∗ is intermediates on metallic sites, and Y/O∗ is interme-
diates on oxide sites. O/O∗ is an oxygen atom positioned o
d

.

g

s

-

t

n

Table 1
Reaction mechanism for the microkinetic model

O2(g) + ∗ � O2
∗ (step 1)

O2
∗ + ∗ � 2O∗ (step 2)

O2(g) + 2O∗ � 2O/O∗ (step 3)
C2H4(g) + O∗ � C2H4/O∗ (step 4)
C2H4/O∗ + O/O∗ � CH2CH2O/O∗ + O∗ (step 5)
C2H4O(g)+ O∗ � C2H4O/O∗ (step 6)
CH2CH2O/O∗ � C2H4O/O∗ (step 7)
CH2CH2O/O∗ � CH3CHO/O∗ (step 8)
CH3CHO/O∗ � CH3CHO(g)+ O∗ (step 9)
CH3CHO/O∗ + 6O∗ � 2CO2

∗ + 4OH∗ + ∗ (step 10)
C2H4(g) + ∗ � C2H4

∗ (step 11)
2OH∗ � H2O∗ + O∗ (step 12)
CO∗

2 � CO2(g) + ∗ (step 13)
H2O∗ � H2O(g) + ∗ (step 14)
O∗ + Agsubsurface� O–Agsubsurface+ ∗ (step 15)
2O∗ � O/O∗ + ∗ (step 16)

The asterisk signifies a metallic silver site, /O∗ is a surface oxide site, an
X∗ and Y/O∗ are adsorbed species on metallic silver and surface o
respectively.

an oxide site and is also called electrophilic oxygen. All
elementary reactions in the model are assumed to be m
scopically reversible and the kinetics is described by Arr
nius expressions. A statistical thermodynamic descriptio
used for all gas-phase molecules and adsorbates. All therm
dynamic and kinetic parameters except for the two new s
(steps 15 and 16) are reported in previous work[20]. The
parameters for steps 15 and 16 inTable 1are relevant only
to the case when subsurface oxygen diffuses rapidly to
surface and to the surface oxide sites to form electrop
oxygen.

In order to simulate transient experiments, the mechan
is modeled and solved as outlined previously[20], although
the emphasis is of course on the study of the transient s
tion and that a linear temperature ramp is introduced in th
simulation of TPD and TPR experiments,

(3)T = T0 + βt,

whereT (K) is the actual temperature,T0 is the temperatur
in the beginning of the experimentβ (K/s) is the constan
heating rate andt is time (s). Further, a second site balan
for the subsurface sites is included in the model:

(4)θAgsubsurface
= 1− θO−Agsubsurface

.

3. Results and discussion

In this section we will analyze and discuss different tr
sient experiments and misunderstandings in the literature i
the light of the microkinetic model developed earlier[20].

3.1. Initial sticking

Initially, we will use our microkinetic model to calcula
the initial sticking probabilities for various adsorption rea
tions to get an idea, if it is possible to study these react
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Fig. 1. The calculated initial sticking probabilities of O2
∗, O∗ , O/O∗,

C2H4/O∗ , C2H4O/O∗ , CH3CHO/O∗ , CH2CH2O/O∗ , CO2
∗, and H2O∗

versus temperature.

in UHV experiments. InFig. 1 the initial sticking probabil-
ities for the adsorption of various surface intermediates
shown for different choices oftemperature. All the calcu
lated sticking probabilities are less than or equal to u
and are therefore physically realistic. The sticking of eth
ene, ethylene oxide, acetaldehyde, carbon dioxide, and wat
is very high and approaches unity in the whole tempera
range; this is consistent with experiments[21–24].

It is observed that the molecular and dissociative st
ing of oxygen is very low as also seen experimentally[25].
It is also apparent from the figure that according to the m
crokinetic model, the dissociative adsorption of oxygen
the surface oxide layer is 1–2 magnitudes faster than the
sorption on metallic silver. Since O/O∗ has not been studie
by surface science techniques, there is no experimenta
dence supporting this claim. However, the sticking of O/∗
can be lowered or increased without collapsing the micr
netic model. In addition, DFT calculations by King and c
workers[26] indicate that the dissociation barrier is lower
surface oxide than on metallic silver.

The sticking probability for the formation of oxameta
lacycle from ethylene oxide varies from∼ 10−10 at 300 K
to ∼ 10−5 at 600 K. This explains the difficulties in stud
ing the oxametallacycle in UHV[27–31]. Furthermore, this
shows that ethylene oxide isomerization is a slow proces
industrial ethylene epoxidation would not be feasible. T
value of∼ 10−10 at 300 K is close to the value of∼ 10−8

measured by Grant and Lambert[32] for adsorption of ethyl-
ene oxide at room temperature.The discrepancy is believe
to be due to the uncertainties in measuring such small s
ing probabilities experimentally. Finally, an extremely lo
sticking probability for formation of the oxametallacyc
from acetaldehyde is observed, which corresponds we
the fact that acetaldehyde is thermodynamically favored o
ethylene oxide.
-

-

Fig. 2. The simulated equilibrium coverages of ethylene on redu
(C2H4

∗) and oxidized silver (C2H4/O∗) versus ethylene pressure and te
perature. The ethylene pressures are0 (left full and dashed curve), 0.001
0.01, 0.1, 1, 10, and 100 kPa (right full and dashed curve).

Strictly speaking, the calculated sticking probabilities
not predicted by the microkinetic model, but model param
ters were chosen in such a way that the model would
dict sticking probabilities consistent with experiments[20].
However, it is important to note that the parameters are p
ically realistic and are able to predict steady-state kinetic
well.

3.2. Adsorption of ethylene

It has been suggested that ethylene will not adsorb
reduced silver but will adsorb in the presence of oxyg
However, TPD experiments on Ag(110) and Ag(111) sh
that ethylene does adsorb on reduced silver at 100 K
desorbs at 140–150 K[21,30,33–35]. Ethylene adsorbed o
silver with preadsorbed oxygen desorbs at 160–180 K[21,
30,33–36]. This indicates that ethylene does adsorb on b
reduced and preoxidized silver, however, the enthalpy
adsorption is greater on the latter. The greater enthalpy o
adsorption is probably due to the formation of Agδ+ sites by
the presence of preadsorbed oxygen, which interact fa
ably with theπ -orbitals of ethylene.Fig. 2shows simulated
coverages of ethylene on reduced and preoxidized silver
sus temperature at different pressures. It is clear from
figure that at a given temperature and ethylene pressure
coverage of ethylene is significantly higher on preoxidiz
silver than on reduced silver. In UHV ethylene is found
desorb at∼ 150 K on reduced silver and∼ 180 K on preox-
idized silver inFig. 2, which agrees very well with exper
ments.

The reason for the misunderstanding that ethylene
not adsorb on reduced silver may be explained in two w
depending on the experiment in question. In one type of
periment, large exposures (107 L) of ethylene are applied t
a silver sample at room temperature. Afterward the sam
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is evacuated to UHV and TPD is performed. In the cas
a reduced sample nothing happens in the subsequent
while for the preoxidized sample products of the reaction
tween ethylene and oxygen evolve. Therefore it appears
at room temperature ethylene only adsorbs on preoxid
silver. However, according toFig. 2 at room temperature i
UHV ethylene is not stable neither on reduced nor on pre
idized silver. The explanation of this paradox is that in
case of preoxidized silver ethylene reacts with oxygen
forms stable intermediates that survive evacuation and
sequently desorb in TPD. Without the presence of oxyg
such reactions are not possible and ethylene does not de
pose on reduced silver. This also explains the large ethy
exposure needed to create surface species, which is in
trast to the high sticking probability (∼ 1) measured in UHV
experiments on single crystals[21]. The large necessary e
posure indicates that a slow surface reaction takes place
will have more to say about these experiments later (Sec-
tion 3.3).

In the second type of experiments the coverage of
ylene is measured on reduced and preoxidized silver
chosen temperature and ethylene pressure[19]. FromFig. 2
it is apparent that one can choose a temperature and
sure in such a way that a measurable coverage is prese
the preoxidized sample while a negligible amount is pre
on the reduced sample. From such experiments it would
pear that ethylene only adsorbs on preoxidized silver, w
more careful experiments will show that ethylene adsorb
reduced silver too.

Fig. 2 also illustrates that even though an intermed
desorbs at very low temperatures in UHV, it may have a
nificant coverage at the high pressures of industrial het
geneous catalysis. This feature is very often overlooke
the literature leading to faulty interpretations. For exam
the low heat of adsorption of ethylene (∼ 40 kJ/mol) often
leads to speculations that ethylene does not adsorb on
under industrial conditions and instead reacts with oxy
through an Eley–Rideal mechanism (Refs.[3,26] and refer-
ences therein).

3.3. Simulation of TPR experiments

As noted in the introduction TPR experiments ha
played a great role in our understanding of ethylene epox
tion. The TPR experiments can be divided into experim
performed in UHV and inert carrier gases and experim
in a reactive oxygen/ethylene atmosphere.

It has not been possible to form ethylene oxide directl
UHV by adsorbing ethylene and oxygen on silver and p
form a TPD experiment. This may be due to a number of
sons. First, it is likely that ethylene and/or the active oxy
species desorb before the reaction barrier is climbed.
ondly, it may be difficult to form the active oxygen species
UHV. Fig. 3show a simulation of a TPR experiment, whe
electrophilic oxygen and ethylene is adsorbed on silve
100 K. It is of no concern here if this initial state of the e
,

t

-

-

-

e

-
n

r

-

Fig. 3. Simulation of a TPR experiment for preadsorbed electrop
oxygen (O/O∗) and ethylene (C2H4/O∗) on silver at 100 K in UHV.
β = 10 K/s,θ0

O/O∗ = 0.4, andθ0
C2H4/O∗ = 0.4.

periment may be prepared in reality. It is just investiga
what the microkinetic model predicts for this hypotheti
experiment. As observed from the figure the adsorbed
ylene desorbs (∼ 200 K) before any reaction takes plac
Later the electrophilic oxygen desorbs at∼ 350 K followed
by the desorption of surface oxide oxygen at∼ 550 K. The
microkinetic model therefore shows that even if the ac
species could be adsorbed on silver in UHV, they will des
before any reaction takes place. This example illustrates
a microkinetic model may be applied to study situations
may not be realized experimentally. This is one of the g
strengths of a microkinetic model.

Grant and Lambert[7] performed two types of TPR ex
periments on Ag(111). First preoxidized Ag(111) was
posed to ethylene (∼ 107 L) at 300 K. Subsequent TP
resulted in CO2 desorbing at∼ 380 K, while ethylene ox
ide did not form. However, by treating the Ag(111) crys
in a 1:6 ethylene:oxygen mixture at 425 K and 1.33 kPa
1 h it was possible to activate the Ag(111) catalyst. Us
the same procedure on the activated catalyst as desc
above, resulted in an evolution of acetaldehyde and e
ene oxide in a common peak at∼ 360 K. CO2 still evolved
at ∼ 380 K but a second peak also appeared at∼ 450 K.
The activation of the Ag(111) crystal resulted in the f
mation of subsurface oxygen. Hence the authors concl
that subsurface oxygen is necessary in ethylene epoxid
supposedly by withdrawal of electron density from surf
oxygen and thereby creating electrophilic oxygen that re
with theπ -orbitals of ethylene. Similar results and sugg
tions have been reached by a number of workers[7,11–14].
The authors[7] interpreted the TPR experiments in the f
lowing way: Ethylene is adsorbed on both the preoxidi
activated and nonactivated Ag(111) crystal at 300 K. Du
heating ethylene reacts with preadsorbed oxygen and f
reaction products. Ethylene combusts on both activated
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nonactivated Ag(111). On activated Ag(111) ethylene ox
is formed and some of this ethylene oxide combusts fur
to CO2. Therefore two combustion pathways are identifi
and the authors concluded that subsurface oxygen is n
sary for the selective oxidation. However, this interpretat
can be questioned. First, as shown earlier (Fig. 2) ethylene is
not stable on Ag(111) at 300 K in UHV. Instead some sta
intermediates must be formed during the ethylene expos
which leads to the formation of CO2, ethylene oxide, and
acetaldehyde, respectively, in subsequent TPD. This is a
nor detail that does not change the main conclusions f
the experiments. It is clear that subsurface oxygen pla
role in these transient experiments, but it is dangerou
conclude that this implies that subsurface oxygen mus
important in steady-state kinetics. Campbell[5] pointed out
that only one ethylene oxidemolecule was formed for eac
200 Ag surface atoms in the experiments of Grant and L
bert. This corresponds to a coverage of∼ 0.005 ML. Simula-
tion of the TPR experiment of Grant and Lambert using
microkinetic model results in the following interpretatio
During the ethylene exposure to the preoxidized Ag(1
crystal an oxametallacycle coverage builds up as depi
in Fig. 4. It is apparent from the figure that a low cove
age of oxametallacycle actually accumulates on the sur
The predicted oxametallacycle coverage by the microkinet
model is a little too low, but considering the great expe
mental uncertainties and the assumptions in the model
result is impressive. The current experiment was perfor
at 300 K, while the microkinetic model explains steady-st
kinetics at 450–650 K. As shown inFig. 4 decreasing the
activation barrier for the formation of the oxametallacy
(step 5 inTable 1) 2 kJ/mol from 112 to 110 kJ/mol re-
sults in a much higher coverage. Actually, this could sugg
that the reason why ethylene oxide is only formed wh
Ag(111) is activated by subsurface oxygen is that subsur

Fig. 4. Calculated development in coverage of oxametallacycle cyc
(CH2CH2O/O∗) versus ethylene exposure of preoxidized silver at 30
in a UHV chamber. Two cases are shown, one with the normal activa
barrier for step 5 (112 kJ/mol) and another where the barrier is lower
2 kJ/mol (110 kJ/mol). PC2H4 = 133 Pa,θO∗ = 0.25, andθO/O∗ = 0.75.
-

,

.

oxygen decreases the activation barrier referred to ab
A small decrease in this barrier would be very import
in the room temperature experiments of Grant and Lamb
but would be insignificant at the temperatures of indust
ethylene epoxidation. This is a very simple and likely exp
nation for the role of subsurface oxygen. This leads to
conjecture that normal atomic surface oxygen is active
industrial ethylene epoxidation as suggested in the micr
netic model of Linic and Barteau[9]. However, due to the
titration experiments of Campbell and Paffett[33] and Van
Santen and co-workers[12] at 300–600 K this explanation
untenable.

Subsequent TPD of the adsorbed/formed oxametall
cle results in the formation of ethylene oxideand acetalde
hyde at∼ 370 K as shown inFig. 5. This is in agreemen
with experiments[7,13,14]. Further it is well established tha
oxametallacycles may form ethylene oxide and acetaldeh
de[27–31].

For simplicity, The CO2 formation is not included in
these simulations. However, the microkinetic model m
easily account qualitatively for the two peaks of CO2 for-
mation. The peak at∼ 380 K is a result of the paralle
combustion of ethylene by nucleophilic oxygen throug
vinyl alcohol intermediate or perhaps another intermed
such as formate. The CO2 peak at∼ 450 K is due to the
further combustion of acetaldehyde formed from the oxam
etallacycle. It is interesting to note that Grant and Lamb
[7] used these experiments to argue that the combustion
epoxidation of ethylene proceed through very different re
tion routes. On the other hand, we interpret the experim
successfully by a model where the main part of ethyl
combustion and epoxidation goes through a common
termediate. Due to the small conversion and the reac
conditions it is very difficult to estimate the relative im
portance of different reaction routes in these TPR exp

Fig. 5. Simulation of a TPD experiment for adsorbed oxametallacycl
(CH2CH2O/O∗). β = 10 K/s andθ0

CH2CH2O/O∗ = 0.5. Experimental re-

ported peak temperatures are in the range 350 to 400 K[7,13,14].
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due
ments. Based on our microkinetic model[20] the parallel
combustion is very important at low reactant pressures
this seriously decreases the selectivity at UHV and at
low pressures applied by Grant and Lambert[7]. Grant and
Lambert concluded from their experiments that the comb
tion and epoxidation pathways are very different. Howe
our model shows that as the reactant pressures increa
parallel combustion of ethylene becomes less important
plays no role under industrial conditions. This explains wh
Campbell[5] using moderate reactants pressures came t
conclusion that the routes of combustion and epoxidation
very similar, in fact go through a common intermediate. T
is also reflected by the fact that Campbell observed se
tivities as high as∼ 40%, while Grant and Lambert on
achieved selectivities of∼ 20%. This example illustrates
potential pitfall in drawing too strong conclusions from s
face science experiments in UHV. In addition, we beli
that the above interpretation of the TPR of Grant and L
bert [7] is consistent with the recent experiments of Li
and Barteau[31] and Tysoe and co-workers[35]. In par-
ticular, Linic and Barteau found that an oxametallacycl
formed when Ag(111) is heavily dosed with ethylene ox
at 250 K and the oxametallacycle reforms ethylene oxid
∼ 300 K. Correcting for the different heating rates used
Grant and Lambert and by Linic and Barteau the tem
atures of ethylene oxide formation are within experime
uncertainties.

Van Santen and co-workers[11,12] performed a serie
of very important TPR experiments combined with is
topic labeling in reactive atmospheres. These experime
together with the experiments of Grant and Lambert[7] were
probably the experiments that convinced most resear
that atomic oxygen is active in both ethylene epoxida
and combustion. Furthermore, Van Santen and co-wor
showed that subsurface oxygen is essential to ethylene e
idation in the absence of gaseous oxygen and that subsu
oxygen exchanges rapidly with surface oxygen and pa
ipates in surface reactions.Figs. 6A and 6Bdepict sim-
ulations of such experiments with the microkinetic mo
for oxygen-rich and oxygen-poor atmospheres, respecti
In these experiments gas-phase oxygen and ethylene
sealed together with silver in a reactor setup. The t
perature of the reactor was then raised linearly and
amounts of reactants and products were monitored
time/temperature. The model captures the trends of the
periments with almost quantitative precision. In the beg
ning of the experiment oxygen and ethylene are consu
in the production of ethylene oxide and CO2. Again the ex-
periment suggests that both ethylene epoxidation and c
bustion go through a common intermediate. At some p
all the oxygen is consumed and ethylene oxide starts t
consumed. In the simulation ethylene oxide is isomeri
to acetaldehyde which accumulates in the system. How
experimentally the ethylene oxide decomposes to form
ylene and oxygen[11,15,37–41]. The oxygen ends up i
CO2 and the ethylene starts to accumulate in the gas p
e

r

-
e

e

-

-

,

(A)

(B)

Fig. 6. Simulation of van Santen and de Groot’s TPR experiments in re
active atmospheres. (A) Oxygen-rich conditions withPO2 = 2.7 kPa and
(B) oxygen-poor conditions withPO2 = 0.35 kPa. Initial ethylene pressur
1.7 kPa, 1.08 µmol/g Ag preadsorbed oxygen,β = 2.3 K/min. Experimen-
tal data points are extracted from[11].

(cf. Fig. 6). In the microkinetic model ethylene oxide do
not decompose through the reverse route of the forma
of oxametallacycle. However, if the stability of oxygen
increased dramatically in the model such a decompos
becomes possible. This could indicate that the decom
sition takes place on special sites (steps or defects)
a high oxygen stability. Adsorption isotherms do show
very high stability of oxygen at low coverages[42]. Also
ethylene oxide decomposition seems to increase on sm
silver particles which should contain a large amount of
fects [40]. Furthermore, Grant and Lambert[32] did not
observe any decomposition of ethylene oxide on Ag(1
single crystals. Ethylene oxide decomposition only ta
place in the absence of gaseous oxygen. This could be
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to two reasons. First, the presence of oxygen could po
the defect sites necessary for decomposition. Secondly
thermodynamic driving force for ethylene oxide decom
sition is the formation of O∗ which promotes CO2 forma-
tion. In steady-state kinetics of ethylene oxidation oxyge
present and ethylene oxide decomposition is therefore u
portant.

On a more general note the TPR experiments of
Santen and de Groot illustrate an elegant way of circ
venting the problem that TPR cannot be performed in U
(Fig. 3). Of course it is more problematic to interpret su
experiments, but if the catalyst is sufficiently characterize
it would even be possible to extract important kinetic a
thermodynamic parameters for use in microkinetic m
eling from such experiments. From a modeling point
view the use of single crystals would be particularly u
ful, but may be problematic from an experimental point
view.

3.4. The role of subsurface oxygen

It is clear from TPR experiments[7,11–14]and pulse
reactor experiments[15–18] that subsurface oxygen pro
motes the production of ethylene oxide. In the absenc
subsurface oxygen only combustion takes place. Most
ple seem to favor the explanation that subsurface oxy
electronically modifies the surface oxygen, making it m
electrophilic and therefore able to attack the double bon
ethylene[3,7]. This is a very reasonable and simple exp
nation; however, a lot of unexplained aspects exist regar
steady-state kinetics. If subsurface oxygen forms the loo
bonded surface oxygen necessary to explain reaction k
ics [5,43,44]and adsorption isotherms[45,46], a significant
decrease in O∗ desorption temperature is expected in
presence of subsurface oxygen, which is not observed
perimentally[12]. Furthermore, the formation of subsurfa
oxygen is slow and activated[7,47]and it is therefore doubt
ful that the uptake of subsurface oxygen is rapid enoug
form the active sites necessary under steady-state rea
conditions unless it acts as a static promoter not consu
during reaction. However, experiments show that subsur
oxygen does participate in ethylene oxidation and rapidly
changes with surface oxygen under reaction conditions[11].
This leads to a new paradox: If subsurface and surface
gen rapidly exchanges under reaction conditions why d
subsurface oxygen around 700 K instead of desorbing a
same temperature as surface oxygen (580 K)? It seems
subsurface oxygen may rapidly transfer to the surface
if surface oxygen is already present. In the absence of
face oxygen subsurface oxygen first enters the surfac
∼ 700 K. A similar effect is observed in the presence
chlorine [6,8,48], which apparently promotes the amou
and uptake rate of subsurface oxygen. This may indi
that electronegative species on the silver surface prom
the exchange rate between surface and subsurface ox
This promotion may be explained in two ways: The el
n

if

t

.

tronegative surface species changes the subsurface diff
barrier electronically and/or the severe reconstruction du
the presence of surface O or Cl increases the subsurfac
fusion rates. Further, it is not clear what subsurface oxy
is. Recent DFT calculations suggest that in the absenc
surface oxygen subsurface oxygen is less stable than
phase and surface oxygen, making its existence hard to
plain [49]. Some scientists even claim that the subsurf
oxygen is really a surface oxygen (Ref.[4] and reference
therein). In addition, Campbell and co-workers[5,33] inves-
tigated the steady-state kinetics on Ag(111) and Ag(110
a high-pressure cell and rapidly transfered the single cry
to UHV after steady state was obtained[5,33]. In these ex-
periments after transfer to UHV only surface oxygen (O∗)
was observed even though subsurface oxygen shoul
more stable then surface oxygen. This suggests that su
face oxygen is unimportant under steady-state conditions.
is clear, however, that subsurface oxygen plays a key ro
the transient experiments of Grant and Lambert[7] and van
Santen and co-workers[11,12].

We suggest that the role of subsurface oxygen in th
transient experiments is to serve as an oxygen reservoir
supplies oxygen to the surface oxide.

In Fig. 7the reaction between ethylene and different o
gen species preadsorbed on silver is simulated. The p
meters to describe elementary reactionEqs. (1) and (2)are
chosen in such a way that subsurface oxygen diffuses ra
to the surface and to the surface oxide sites to form e
trophilic oxygen under reaction conditions, this is consist
with the above experimental review. The experimental c
ditions used inFig. 7mirror the conditions used experime
tally by van Santen and co-workers[12]. It is clear from the
figure that ethylene oxide is only produced if both surfa
oxide oxygen and subsurface oxygen are present. In the
ence of subsurface oxygen it is possible to form electroph
oxygen that leads to ethylene oxide. In the absence of
surface oxygen a much smaller fraction of electrophilic o
gen will form and the formed ethylene oxide will combu
by the surface oxide oxygen before a new ethylene o
molecule is formed. Note that the formation of both C2
and C2H4O go through an oxametallacycle in the simu
tions and therefore requireelectrophilic oxygen. It is thus
clear that electrophilic oxygen is produced in all three ca
but at different rates.

The simulations illustrate that it is possible that the r
of subsurface oxygen is merely to act as a oxygen reser
However, it does not prove that this is the case.

4. Conclusion

Our microkinetic model which explains, as we have e
lier demonstrated, the steady-state kinetics of ethylene
dation on silver was use here to analyze a number of im
tant transient experiments. This leads to reinterpretation
some important experiments in the literature. It was fo
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Fig. 7. Simulation of TPR in ethylene atmosphere for a silver catalyst
with preadsorbed surface oxide oxygen (A), subsurface oxygen (B), and
both surface oxide and subsurface oxygen, (C)PC2H4 = 100 Pa and
β = 5 K/min. Initial coverage ofone was used for the respective oxygen
species in the simulations.

that ethylene may adsorb onboth reduced and oxidize
silver and the controversial experiments were rationali
TPR experiments using ethylene and preoxidized silver w
explained successfully by the formation of a common in
mediate (the oxametallacycle) in epoxidation and in co
bustion. The same experiments have earlier been use
proof for mechanisms with very different epoxidation a
combustion pathways. Simulations of TPR experiments w
reactive atmospheres also supported the existence of a
mon intermediate in ethylene oxidation. It was sugge
that subsurface oxygen only plays a role in transient
periments without oxygen atmosphere where it serves a
oxygen reservoir. This idea was supported by simulati
It may not be surprising that the model explains trans
kinetic experiments since a lot of the parameters are e
lished from these transient experiments. However, the m
also explains steady-state kinetics and offers a new ratio
ization of experiments in the literature that previously
to conflicting and inconsistent interpretations. The fact
the microkinetic model not only explains the steady-state
netics but also transient surface science experiments
to increased confidence that the model contains the ess
physics and chemistry to explain ethylene oxidation on
ver. However, as for all microkinetic modeling the mod
contains some degree of approximation, speculation,
simplification and should be looked upon as a step tow
an understanding of ethylene oxidation rather than a c
plete and perfect model.

Acknowledgment

We acknowledge numerous valuable discussions
Niels Christian Schiødt, Haldor Topsøe Research Labo
ries, Lyngby, on the present work.

References

[1] C.N. Satterfield, Heterogeneous Catalysis, second ed., McGraw
New York, 1991.

[2] Ullmann’s Encyclopedia of Industrial Chemistry, fifth ed., vol. A11
VCH, Weinheim, 1988.

[3] R.A. van Santen, H.P.C.E. Kuipers, Adv. Catal. 35 (1987) 265–32
[4] B.S. Bal’zhinimaev, Kinet. Catal. 40 (1999) 795–810.
[5] C.T. Campbell, J. Catal. 94 (1985) 436–444.
[6] C.T. Campbell, J. Catal. 99 (1986) 28–38.
[7] R.B. Grant, R.M. Lambert, J. Catal. 92 (1985) 364–375.
[8] S.A. Tan, R.B. Grant, R.M. Lambert, J. Catal. 100 (1986) 383–39
[9] S. Linic, M.A. Barteau, J. Catal. (2003) 200–212.

[10] S. Linic, M.A. Barteau, J. Am. Chem. Soc. 125 (2003) 4034–4035
[11] R.A. van Santen, C.P.M. de Groot, J. Catal. 98 (1986) 530–539.
[12] C. Backx, J. Moolhuysen, P. Geenen, R.A. van Santen, J. Cata

(1981) 364–368.
[13] V.I. Bukhtiyarov, A.I. Boronin, I.P. Prosvirin, V.I. Savschenko, J. C

tal. 150 (1994) 268–273.
[14] C. Henriques, M.F. Portela, C. Mazzocchia, in: V.C. Corberan,

Bellon (Eds.), New Developments in Selective Oxidation II, Elsev
Science, Amsterdam, 1994, pp. 499–506.



C. Stegelmann, P. Stoltze / Journal of Catalysis 226 (2004) 129–137 137

0)

llon
,

igh-
C,

in

0)

A.

m.

54–

02

00)

01)

. 6

pl.

2)

e
lysis,

–

3)
[15] J. Mikami, S. Satoh, H. Kobayashi, J. Catal. 18 (1970) 265–270.
[16] J.T. Gleaves, A.G. Sault, R.J.Madix, J.R. Ebner, J. Catal. 121 (199

202–218.
[17] G.D. Svoboda, J.T. Gleaves, P.L. Mills, in: V.C. Corberan, S.V. Be

(Eds.), New Developments in Selective Oxidation II, Elsevier Science
Amsterdam, 1994, pp. 481–493.

[18] N.C. Rigas, G.D. Svoboda, J.T. Gleaves, in: S.T. Oyama, J.W. H
tower (Eds.), Catalytic Selective Oxidation, ACS, Washington, D
1993, pp. 183–203.

[19] E.L. Force, A.T. Bell, J. Catal. 38 (1975) 440–460.
[20] C. Stegelmann, N.C. Schiødt, C.T. Campbell, P. Stoltze, J. Catal.,

press.
[21] B. Krüger, C. Benndorf, Surf. Sci. 178 (1986) 704–715.
[22] C.T. Campbell, M.T. Paffett, Surf. Sci. 177 (1986) 417–430.
[23] G. Wu, D. Stacchiola, M. Collins, W.T. Tysoe, Surf. Rev. Lett. 7 (200

271–275.
[24] E.M. Stuve, R.J. Madix, B.A. Sexton, Surf. Sci. 111 (1981) 11–25.
[25] C.T. Campbell, Surf. Sci. 157 (1985) 43–60.
[26] M.L. Bocquet, A. Michaelides, D. Loffreda, P. Sautet, A. Alavi, D.

King, J. Am. Chem. Soc. 125 (2003) 5620–5621.
[27] G.S. Jones, M. Mavrikakis, M.A. Barteau, J.M. Vohs, J. Am. Che

Soc. 120 (1998) 3196–3204.
[28] J.W. Medlin, M.A. Barteau, J. Phys. Chem. B 105 (2001) 100

10061.
[29] M. Mavrikakis, D.J. Doren, M.A. Barteau, J. Phys. Chem. B 1

(1998) 394–399.
[30] G. Wu, D. Stacchiola, M. Kaltchev, W.T. Tysoe, Surf. Sci. 463 (20

81–92.
[31] S. Linic, M.A. Barteau, J. Am. Chem. Soc. 124 (2002) 310–317.
[32] R.B. Grant, R.M. Lambert, J. Catal. 93 (1985) 92–99.
[33] C.T. Campbell, M.T. Paffett, Surf. Sci. 139 (1984) 396–416.
[34] X.L. Zhou, J.M. White, J. Phys. Chem. 96 (1992) 7703–7708.
[35] D. Stacchiola, G. Wu, M. Kaltchev, W.T. Tysoe, Surf. Sci. 486 (20

9–23.
[36] C. Backx, C.P.M. de Groot, P. Biloen, North-Holland Publ. Com

(1980) 256–272.
[37] R.E. Kenson, M. Lapkin, J. Phys. Chem. 74 (1970) 1493–1502.
[38] G.H. Twigg, Proc. R. Soc. London Ser. A 188 (1946) 92–141.
[39] G.H. Twigg, Trans. Faraday Soc. 42 (1946) 284–291.
[40] D.A. Bulushev, E.A. Paukshtis, Y.N. Nogin, B.S. Bal’zhinimaev, Ap

Catal. A 123 (1995) 301–322.
[41] R. Haul, G. Neubauer, J. Catal. 105 (1987) 39–54.
[42] A.W. Czanderna, Thermochim. Acta 24 (1978) 359–367.
[43] P.L. Metcalf, P. Harriott, Ind.Eng. Chem. Proc. Des. Dev. 11 (197

478–484.
[44] P.D. Klugherz, P. Harriott, AIChE J. 17 (1971) 856–866.
[45] M.A. Barteau, R. Madix, in: D.A. King, B.P. Woodruff (Eds.), Th

Chemical Physics of Solid Surfaces and Heterogeneous Cata
vol. 4, Elsevier, Amsterdam, 1982, pp. 95–142.

[46] A.W. Czanderna, J. Vac. Sci. Technol. 14 (1977) 408–411.
[47] D.I. Kondarides, X.E. Verykios, J. Catal. 143 (1993) 481–491.
[48] W.S. Epling, G.B. Hoflund, D.M. Minahan, J. Catal. 171 (1997) 490

497.
[49] W.-X. Li, C. Stampfl, M. Scheffler, Phys. Rev. B 67 (200

045408.


	Microkinetic analysis of transient ethylene oxidation experiments on silver
	Introduction
	Methods
	Results and discussion
	Initial sticking
	Adsorption of ethylene
	Simulation of TPR experiments
	The role of subsurface oxygen

	Conclusion
	Acknowledgment
	References


