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Abstract

In the present work a detailed microkinetic model based on the surface science of ethylene oxidation over silver has been
The active phase of the catalyst is suggested to be a surface oxide on which atomic oxygen and ethylene can adsorb and re
an oxametallacycle. The oxide oxygen creates Agδ+ sites which promotes the adsorption of ethylene and is often termed nucleo
or ionic oxygen in the literature. A less stable atomic oxygen often referred to as electrophilic or covalent in the literature is s
to compete with ethylene for the Agδ+ sites. The oxametallacycle is a common intermediate in epoxidation, ethylene combustio
ethylene oxide combustion. The microkinetic model reproduces experimental heats of adsorption, sticking, TPD, and TPR measure
kinetics of epoxidation, ethylene combustion, and ethylene oxide combustion has been simulated by the model. The model has bee
successfully by comparing model output to measured initial rates for both oxygen- and ethylene-rich mixtures at different temp
Selectivity, apparent activation energies, isotope effects, and reaction orders are reproduced by the model. The rate and selectivity
steps in the reaction mechanism and the critical parameters of the model have been identified.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Since the work of Lefort, ethylene oxide has been p
duced almost exclusively by partial oxidation of ethyle
over a silver catalyst [1,2]. This reaction isone of the major
petrochemical processes converting several billion US
lars annually due to the importance of ethylene oxide
versatile chemical intermediate [1,2]. The kinetics of eth
ene oxidation on silver is traditionally described by the
reactions [1–7]:

(1)C2H4 + 1
2O2 � C2H4O,

(2)C2H4 + 3O2 � 2CO2 + 2H2O,

(3)C2H4O+ 5
2O2 � 2CO2 + 2H2O.

The chemical equilibrium strongly favors the formati
of total oxidation products. The reason ethylene oxide is
further oxidized is purely kinetic. For both economic a
technical reasons there has been great interest in inc
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ing selectivity toward ethylene oxide and thereby reduc
ethylene consumption and heat production. The impro
ment of 1% selectivity is estimated to produce a benefi
effect of several tens of million dollars annually [8]. The s
lectivity on unpromoted silver is about 40–50% while it
80–85% on an optimized alkali and chlorine promoted co
mercial catalyst [1–3]. In the last 2–3 decades research
been continued in an effort to improve the selectivity f
ther by optimizing the catalyst and the process conditio
However, the success of this effort has been limited
the selectivity has been stagnant. Early mechanistic s
ies summarized in the famous “6/7 rule” even suggeste
that an upper theoretical selectivity limit of 85.7% exi
[1,2,9]. Recent surface science studies and reported s
tivities above 85.7% disprove the 6/7 rule [3,10]. It is very
important to establish what limits the selectivity of ethyle
epoxidation and if/how it is possible to optimize the selec
ity further. In order to do so a detailed reaction mechan
of ethylene epoxidation and combustion is needed. H
ever, despite the fact that ethylene oxidation on silver
been extensively studied by both experimental and theo
cal methods the reaction mechanism remains controve

http://www.elsevier.com/locate/jcat
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In fact, ethylene epoxidation is the most studied partial o
dation to date and almost every conceivable experimen
been performed for this reaction. A powerful way to s
tematically investigate the vast amount of experimental d
and develop a consistent reaction mechanism of ethy
oxidation on silver is the use of microkinetic analysis a
modeling [11,12]. A successful microkinetic model sho
be able to close the pressure, temperature, and materia
between experimental and theoretical surface science
industrial catalysis. Furthermore, a successful microkin
model gives the opportunity to understand the critical
pects of activity and selectivity and guide future research

Industrial ethylene epoxidation is performed in a coo
shell-and-tube recycle reactor with a contact time of
proximately 1 s [1,2]. The temperature and pressure
473–573 K and 1–3 MPa, respectively. For the desired h
selectivity the conversion is held at 10–15% per pass. U
industrial grade oxygen, the feed comprised of fresh f
mixed with recycled gas consists typically of about 20 vo
ethylene, 6–8 vol% oxygen, 6 vol% CO2, 4–5 vol% Ar, the
remainder being nitrogen and methane. The catalyst con
of 10–18 wt% silver dispersed on low areaα-Al2O3. The
alumina is low area presumably to provide large pores
avoid the diffusion-limited regime that would reduce sel
tivity [1,2]. The catalyst is promoted by alkali metals a
chlorine is continuously added during the reaction, ther
increasing selectivity. The major challenges of the proc
are heat removal and avoidance of explosions [1,2].

There are many features of ethylene epoxidation
have puzzled scientists for decades. Surprisingly, silve
an exceptional catalyst material for ethylene epoxidation
the best of our knowledge no other material comes e
close to producing the epoxidation activity and selectiv
of silver under practical conditions. However, Lambert a
co-workers [13,14] have shown that in UHV copper is
even more selective epoxidation catalyst than silver. Un
tunately, an inactivating oxide overlayer is formed on cop
in the presence of gas-phase oxygen [13,14]. The reason
the limited selectivity are also unknown and it is in particu
unknown if and how it is possible to increase the sel
tivity further. Only ethylene of the simple alkenes unde
epoxidation, while a compound such as propylene comb
However, epoxides derived from higher alkenes without
lylic hydrogen such as norborene, styrene, and butad
may be produced by partial oxidation with high selectiv
[15–18]. The role of alkali and chlorine as selectivity pr
moters also remains unknown. Many scientists believe
the interaction between oxygen and silver plays an esse
role in understanding ethylene epoxidation and a grea
search effort has been devoted to the silver–oxygen sy
[3,19]. However, the form and the creation of the active o
gen species are still debated.

It has not been possible to study ethylene epoxidation
rectly in UHV by surface science techniques, presuma
because ethylene and/or the active oxygen species de
before the reaction barrier can be climbed. This is proba
s

s

r

.

l

s

the main reason that the mechanism remains controve
However, intermediates such as molecular oxygen [20,
atomic oxygen [20,22–27], subsurface/dissolved oxy
[28–30], ethylene [31–33], ethylene oxide [31,34–36],
etaldehyde [37], water [38], carbon dioxide [39], and o
ametallacycles [40,41] have been studied by surface sci
techniques. Furthermore, the reactions of intermediates
been studied by a number of transient techniques, suc
TPR [28,29,42–46], pulse reactors [47–49], batch reac
[6,43], and combining high-pressure cells with UHV tec
niques [42,50,51].

The kinetics of ethylene epoxidation and combust
have been studied extensively by a number of authors [
42,43,49–62]. To the best of our knowledge, a single kin
expression that reproduces the kinetics for both ethyle
rich and oxygen-rich feeds does not exist. Instead diffe
kinetic expressions are used for different reaction co
tions. This indicates a very complicated kinetics for t
process. The most favored kinetic expressions in the l
ature seem to be of the competitive Langmuir–Hinshelw
type [53,54,59]. One of the more important kinetic fin
ings is that both epoxidation and combustion display sim
trends for apparent activation energies and reaction or
in ethylene and oxygen pressure, respectively [50,51
55,60]. Reaction orders in oxygen can exceed one at
oxygen pressures and decrease to negative values for
high oxygen pressures [53,54]. Reaction orders in et
ene have a value of approximately one at low ethyl
pressure and become negative at high ethylene pre
[53,54]. Maxima in the activity of epoxidation and com
bustion have therefore been observed as a function of
ethylene and oxygen pressure. Apparent activation e
gies of epoxidation and combustion have been reporte
the range 20–110 kJ/mol depending on reaction condition
[6,7,19,50,63]. The reaction orders in oxygen and ethy
of both epoxidation and combustion suggest that adso
ethylene and some adsorbed oxygen species compet
the same active sites. From reaction orders ethylene s
to compete more strongly for the active sites compare
the “active” oxygen species [50,51,53,54]. However, surf
science indicates that ethylene is only weakly adsorbe
silver, while atomic oxygen adsorbs strongly in UHV [42

Trends in selectivity are controversial in the literatu
The majority of reports seem to indicate that selectiv
decreases with temperature and increases with increa
O2:C2H4 ratio [3,43,60]. However, opposite trends have a
been reported [49–51,64]. Substituting the hydrogen in
ylene with deuterium results in a normal isotope effect
combustion; however, epoxidation increases unexpect
with a large inverse isotope effect, resulting in a dram
increase of the selectivity [42,55]. A similar effect has be
observed for epoxidation of butadiene [16].

The older part of the literature is much concerned with
question of whether molecular or atomic adsorbed oxy
reacts with ethylene to form ethylene oxide [9,65]. Tod
experimental results indicate that atomic oxygen is the
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tive species [3]. Furthermore, it has been discussed i
Eley–Rideal or a Langmuir–Hinshelwood type of mec
nism is appropriate to describe the process [3, and refere
therein].

Harriott and co-workers [53,54] and Temkin [62] su
gested that the active phase of the catalyst was not me
silver but a surface oxide. This explains the low stabi
of the active oxygen compared to ethylene, the increa
selectivity with O2:C2H4 ratio, and the observed reaction o
ders greater than one.

Cant and Hall [55], Bell and Force [61], and Campb
and co-workers [50,51,66–68] suggested that epoxida
and combustion go through an unidentified common
termediate in the rate-limiting step. This mechanistic i
explains the similarities in kinetic trends of epoxidation a
combustion. Furthermore, the model offers a very eleg
explanation for the observed isotope effect [55,69]. Ca
bell suggested that molecular oxygen was active becaus
periments showed that the atomic oxygen in UHV could
be the active oxygen species [50,51,66–68]. For this re
the mechanism was largely abandoned, but recently Ba
and co-workers [40,69,70] and Tysoe and co-workers
demonstrated by a combined experimental surface sci
and DFT approach that oxametallacycles are likely comm
intermediates in both epoxidation and combustion. Linic
Barteau succeeded in making a microkinetic model for
ylene epoxidation based on a reaction coordinate calcu
from first principles incorporating the oxametallacycle
a central intermediate [71]. A similar reaction coordin
has been calculated by King and co-workers [72] for b
a metallic silver and a surface silver oxide.

Lambert and co-workers [42], van Santen and Kuipers
and Carter and Goddard [73] suggested that two di
ent atomic oxygen species were active in epoxida
(electrophilic) and combustion (nucleophilic), respective
Nucleophilic oxygen exists on clean silver, while ele
trophilic oxygen is created in the presence of subsur
oxygen and/or chlorine. This mechanism qualitatively
plains a number of transient experiments. However, it is v
difficult to interpret steady-state kinetics with this mec
anism. Recently, Bal’zhinimaev modified the mechan
by suggesting that electrophilic oxygen is created on
fect sites and not by subsurface oxygen [19, and refere
therein].

In the present work we will present a microkinetic mo
that describes ethylene epoxidation, ethylene combus
and ethylene oxide combustion on unpromoted silver.
reaction mechanism and the parameters are mostly
duced explicitly from transient surface science experim
in UHV. In a few cases parameters are extracted f
steady-state kinetics on single crystals. It is ensured
the parameters have physically realistic values. The m
is validated by comparison with reported initial rates on
ferent catalysts in a broad pressure and temperature re
A similar approach has recently been successfully app
to the related partial oxidation of methanol to formald
s

-

s

,

-

l

.

hyde on silver [74]. In general, microkinetic modeling h
been successful in studying a number of important ind
trial reactions [11,12,75–83]. From a microkinetic mo
it is possible to estimate surface coverages, reaction
ders, selectivity, apparent activation enthalpies, degre
rate control, etc. during reaction conditions. For this rea
the applicability of the model is not restricted to a particu
set of conditions, but can be used under various condit
where simplified models; e.g., power-law expressions m
break down. In the present paper we will concentrate
the simulation of steady-state kinetics; however, the mo
is able to explain a broad range of transient experimen
well [84].

2. Methods

The starting point of a microkinetic model is a detai
reaction mechanism containing all the important elem
tary reactions. The principle of microscopic reversibility
applied to each elementary step, and the kinetics is
scribed by Arrhenius expressions. A statistical mechan
description is used for all gas-phase molecules and ad
bates giving a correct description of the degrees of free
for each species. Furthermore, statistic thermodynamic
sures a correct description of the gas-phase thermodyna
within the ideal gas approximation. The pivot in statisti
mechanics is the partition function, and from this function
thermodynamic information can be extracted, e.g., the e
librium constants for each step in the mechanism.

2.1. Reaction mechanism

In order to explain kinetic and surface science exp
iments a model containing both the ideas of a comm
intermediate [50,51,55,61,66–68] and an active surface
ide [53,54,62] is proposed. It should be noted that there i
general agreement in the literature about the existence
active oxide layer or a common intermediate as illustrate
the Introduction. Especially, the formation of a surface ox
oxygen forming the active sites in epoxidation is speculat
The suggested detailed mechanism is depicted in Tab
As shown in Table 1 and discussed below two sorts of
tive sites are suggested to exist, i.e., a metallic silver site(∗)
and some kind of surface oxide site (/O∗). The exact con
figuration of the /O∗ site and the binding of intermediat
to /O∗ are speculative. Hence we have used a “slash”
tation to avoid any indications if intermediates are bon
to Ag, O, or both. /O∗ is simply a second type of activ
sites. However, it should be emphasized that the mecha
is not analyzed as a Horiuti–Polanyi mechanism, beca
the /O∗ sites are formed by a reaction between oxygen
silver. The mechanism is therefore analyzed as an ordi
Langmuir–Hinshelwood mechanism with one kind of act
site(∗). Furthermore, it should be stressed that it is implic
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Table 1
Reaction mechanism for the microkinetic model

O2(g) + ∗ �O∗
2 (step 1)

O∗
2 + ∗ �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∗ �2CO∗
2 + 4OH∗ + ∗ (step 10)

C2H4(g) + ∗ �C2H4
∗ (step 11)

C2H4/O∗ + O∗ �CH2CHOH/O∗ + ∗ (step 12)
CH2CHOH/O∗ + O∗ �CH2CHO/O∗ + OH∗ (step 13)
CH2CHO/O∗ + 5O∗ �2CO∗

2 + 3OH∗ + ∗ (step 14)
2OH∗ �H2O∗ + O∗ (step 15)

CO∗
2 �CO2(g) + ∗ (step 16)

H2O∗ �H2O(g) + ∗ (step 17)

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

assumed that each O∗ forms one active site (/O∗). This as-
sumption might be incorrect; i.e., it is possible that each∗
forms less or more than one active site. To answer this q
tion more detailed modeling of the active sites is needed
such techniques as DFT, etc. However, we believe tha
exact number of sites formed by O∗ is of minor importance
and will not influence the overall conclusions of the pres
work. Further, as will become clear later it is assumed
one metallic silver site consists of two surface Ag atom
which may not be the case in reality. In addition, it is impl
itly assumed within the Langmuir–Hinshelwood treatm
that interaction energies (coverage dependencies) are a
and that each intermediate only requires one metallic site∗).
All of these assumptions may be questioned; however,
success of the microkinetic model demonstrated in the
of this work shows that these assumptions are reasonab
a first approximation. It will in general not be possible
develop a microkinetic model without making certain init
assumptions or approximations.

The central idea of the mechanism is that dissociativ
adsorption of O2 or preadsorbed oxygen on metallic s
ver (O∗) forms an surface oxide layer by reconstruction
the Ag surface (step 2). Such a reconstruction has been
served experimentally by LEED and STM [20,26,27] and
DFT calculations [85–87]. In particular, ab initio atomis
thermodynamic calculations have shown that the surface
ide layer is expected to be thermodynamically stable un
industrial epoxidation conditions [85–87]. However, it w
be shown later as a result of our microkinetic model t
the formation of the surface oxide is limited by kineti
not thermodynamics. Epoxidation catalysts are therefore
covered with a surface oxide but are partly reduced in a
active atmosphere of ethylene and oxygen. This reduc
of the catalyst is explicitly built into the microkinetic mod
-

nt

s

-

due to the participation of O∗ in the combustion of ethylen
(steps 10, 12, 13, and 14).

O∗ is equivalent to the atomic surface oxygen obser
in UHV also referred to as nucleophilic or ionic ox
gen in the literature [3,19, and references therein].
Ag(111), O∗ is the atomic surface oxygen observed to form
p(4× 4)-O LEED pattern with XPS= 528.2 eV and desorb
at ∼580 K [20]. The equivalent O∗ on Ag(110) forms a
c(6× 2)-O LEED pattern with XPS= 528.1 eV and desorb
at ∼570 K [39]. The presence of O∗ results in a Ag 3d5/2
core level spectra equal to 367.6 eV in XPS, 0.5 eV l
than that for the bulk metallic silver [88]. The coinciden
of this value with that measured for silver oxides indica
the formation of Ag+ ions [88]. We therefore refer to O∗
as a surface oxide in the following. The adsorption of O∗ is
precursor mediated, with the precursor O∗

2, and goes through
steps 1–2 in Table 1 [20,22]. We suggest that adsorbed
ylene (C2H4/O∗) and another atomic oxygen species (O/O∗)
adsorb on the surface oxide (steps 3 and 4). By O/O∗ we
mean an atomic oxygen atom (O) adsorbed on an sur
oxide site (/O∗); i.e., two O atoms are included in the O/O∗
symbol. We would like to emphasize that O/O∗ should not
be confused for molecular adsorbed oxygen. Similarly,
C2H4/O∗ we mean ethylene (C2H4) adsorbed on a surfac
oxide site (/O∗) and so forth for other intermediates adsorb
on surface oxide sites. The above proposal is consistent
experiments indicating that the number of active sites
ethylene epoxidation is proportional to the coverage of∗,
which again is proportional to the sites for ethylene adso
tion [19,50]. It is well known that ethylene adsorbs mo
strongly on silver containing preadsorbed oxygen [31–
42,50,66,89]. Some investigators even claim that ethy
cannot adsorb on reduced silver [42,89]. However, a m
thorough investigation shows that ethylene adsorbs on
clean (C2H∗

4 in step 11) and preoxidized silver (C2H4/O∗
in step 4), but with different binding energies [31,33,50,6
This effect is suggested in the literature to be due to
formation of Agδ+ sites created by O∗ [19,50,88–91]. The
existence of atomic oxygen adsorbed on the surface o
layer (O/O∗) is more speculative. This species has not b
identified in UHV studies probably due to desorption b
low 400 K. Most UHV studies concerning atomic oxygen
silver are performed above 400 K. Furthermore, the rec
struction of Ag(111) to form the surface oxide starts ab
400 K [27,88]. However, from experiments it is well know
that the heat of oxygen adsorption decreases dramati
above 0.5 ML coverage, which corresponds to the co
age of surface oxide [39,92,93]. This loosely bonded ato
oxygen is often referred to as electrophilic or covalent in
literature [3,19]. Interestingly, Scheffler and co-workers [
and references therein] recently proposed a similar m
for CO oxidation on RuO2 based on DFT calculations. He
gas-phase oxygen creates an oxide with metallic Ru and
other atomic surface oxygen adsorbs on the oxide struc
which is reactive in CO oxidation. In addition, Campb
and Paffett showed that going from p(2× 1)-O (0.5 ML) to
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c(6× 2)-O (0.67 ML) on Ag(110) the heat of oxygen a
sorption decreased∼10% resulting in about 5 times mo
reactive oxygen for CO oxidation [39].

From the Introduction it is clear that the active ox
gen in epoxidation has a low stability compared to ato
oxygen observed in UHV. Based on TPR experiments
formation of the loosely bonded electrophilic oxygen
often suggested to be promoted by the presence of su
face oxygen in the literature [3,28,29,42,46]. However
subsurface oxygen forms the loosely bonded surface
gen necessary to explain reaction kinetics [51,53,54]
adsorption isotherms [92,93] a significant decrease in∗
desorption temperature is expected in the presence of
surface oxygen, which is not observed experimentally [
Furthermore, the formation of subsurface oxygen is slow
activated [42,95] and it is therefore doubtful that the
take of subsurface oxygen is rapid enough to form the ac
sites necessary under steady-state conditions. Further
Campbell and co-workers investigated steady-state kin
on Ag(111) and Ag(110) in a high-pressure cell and rap
transfered the single crystals to UHV after steady-state
obtained [50,51]. In these experiments only surface o
gen (O∗) was observed after transfer to UHV even thou
subsurface oxygen should be even more thermally sta
This suggests that subsurface oxygen is unimportant u
steady-state conditions. It is clear, however, that subsur
oxygen plays a role in the transient experiments of Grant
Lambert [42] and van Santen and co-workers [28,29].
suggest that the role of subsurface oxygen in these tran
experiments is to serve as an oxygen reservoir that sup
oxygen to the surface oxide. By including the elementary
actions

(4)O∗ + Agsubsurface� O–Agsubsurface+ ∗,
(5)2O∗ � O/O∗ + ∗

in the model, the transient experiments of Grant and L
bert [42] and van Santen and co-workers [28,29] may
explained as demonstrated in a related paper [84].

In step 5 ethylene adsorbed on the surface oxide (C2H4/
O∗) reacts with electrophilic oxygen (O/O∗) to form an
oxametallacycle (CH2CH2O/O∗), which is a common in
termediate for both epoxidation and combustion. The
ametallacycle branches into either adsorbed ethylene o
(C2H4O/O∗ in step 7) or acetaldehyde (CH3CHO/O∗ in
step 8). Experimental and theoretical evidence for a
face oxametallacycle incorporating two Ag atoms bon
to the O and C (Ag–CH2CH2O–Ag), respectively, has bee
reported [40,41]. Furthermore, it has been shown that
oxametallacycle can branch into ethylene oxide and
etaldehyde [40,69,70]. The rate ratio of steps 7 and 8
termines the selectivity. The adsorbed ethylene oxide
sorbs (step 6) while acetaldehyde rapidly combusts (step
[6,7,57]. Step 10 is clearly not elementary; however,
combustion is very fast in the presence of oxygen and
be approximated as an elementary reaction with neglig
-

-

,

.
r

t

)

error. It has been suggested that the combustion of acet
hyde goes through acetate and formate intermediates [3
In the absence of oxygen, adsorbed acetaldehyde will de
to the gas phase instead of combusting (step 9) as obs
experimentally [7,52,57].

The formed ethylene oxide combusts by isomeriza
to acetaldehyde through the oxametallacycle (steps 6
which is consistent with experiments [7,52,57]. Note t
it is not necessary to include a new net reaction to exp
ethylene oxide combustion. The isomerization of ethyl
oxide to acetaldehyde and further oxidation (steps 6–10)
also proceed on metallic silver sites [57,96]. These step
included in the model even though they are not shown in
ble 1 for simplicity. These extra steps are only important
the further oxidation of ethylene oxide and only play a r
under conditions where the oxide coverage is low. The p
meters for the combustion of ethylene oxide on metallic s
are assumed to be identical to those on the oxide sites.

It is apparent from the mechanism that the formation
the oxametallacycle and adsorbed ethylene oxide doe
necessitate the breaking of C–H bonds, while in the for
tion of acetaldehyde H has to migrate to another C atom.
model is therefore able to explain the large inverse iso
effect [55] in the way proposed by Linic and Barteau [69

Ethylene also combusts through an alternative par
pathway (steps 12–17), which is indicated by a numbe
experimental studies [42,46,50]. The details of this p
way are unknown, because it is very difficult to study t
reaction experimentally without interference with the ot
reactions. We do know, however, that the activity of t
reaction path is small compared to the path through the
ametallacycle under most reaction conditions [50]. But
important to include this reaction path in order to explain
lectivity trends at low pressures. It is suggested that a v
alcohol (CH2CHOH/O∗) is formed (step 12) in the combu
tion of ethylene [3, and references therein]. Hydrogen is t
stripped from the vinyl alcohol and we suggest that the s
ping of the first hydrogen (step 13) is the rate-limiting step
this combustion. The combustion of CH2CHO/O∗ is there-
fore assumed to be very fast and it is ignored that step 1
clearly not elementary.

Expressions for the reaction rates of the elementary r
tions in Table 1 are displayed in Table 2. The mass and
balances solved in this work are displayed in Table 3
Table 4. Note that a forward rate constant (Arrhenius p
meters) and equilibrium constant (frequencies and gro
state energy) are needed for each elementary reaction
including a reference pressure (P� = 100 kPa) in the rate
expressions of the elementary reactions in Table 2 a num
of advantages are obtained. First, the equilibrium const
are dimensionless. Secondly, all rate constants and pree
nential factors become turnover frequencies (TOF) with
unit molecules per site per second.

In this work we only deal with initial rates; i.e., simu
lations are compared to steady-state kinetics measure
differential reactors. By a differential reactor it is implie
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Table 2
Rate equations for the kinetic model based on reaction steps 1 to 17

r1 =k1
PO2
P� θ∗ − k1

K1
θO∗

2

r2 =k2θO∗
2
θ∗ − k2

K2
θ2
O∗

r3 =k3
PO2
P� θ2

O∗ − k3
K3

θ2
O/O∗

r4 =k4
PC2H4
P� θO∗ − k4

K4
θC2H4/O∗

r5 =k5θC2H4/O∗θO/O∗ − k5
K5

θCH2CH2O/O∗θO∗

r6 =k6
PC2H4O

P� θO∗ − k6
K6

θC2H4O/O∗

r7 =k7θCH2CH2O/O∗ − k7
K7

θC2H4O/O∗

r8 =k8θCH2CH2O/O∗ − k8
K8

θCH3CHO/O∗

r9 =k9θCH3CHO/O∗ − k9
K9

PCH3CHO

P� θO∗

r10=k10θCH3CHO/O∗ θ6
O∗ − k10

K10
θ2
CO∗

2
θ4
OH∗ θ∗

r11=k11
PC2H4
P� θ∗ − k11

K11
θC2H∗

4

r12=k12θC2H4/O∗θO∗ − k12
K12

θCH2CHOH/O∗ θ∗

r13=k13θCH2CHOH/O∗θO∗ − k13
K13

θCH2CHO/O∗θOH∗

r14=k14θCH2CHO/O∗ θ5
O∗ − k14

K14
θ2
CO∗

2
θ3
OH∗ θ∗

r15=k15θ
2
OH∗ − k15

K15
θH2O∗θO∗

r16=k16θCO∗
2

− k16
K16

PCO2
P� θ∗

r17=k17θH2O∗ − k17
K17

PH2O

P� θ∗
Ki are the equilibrium constants calculated from the molecular part
functions of the intermediates,ki are the rate constants assumed to be
the Arrhenius form,θX is the coverage of speciesX, andP� is the ther-
modynamic reference pressure.

Table 3
Mass balances of gas-phase species for the microkinetic model applie
steady-state plug flow reactor

dF
dm =a · ρs · (−r1 − r3 − r4 − r6 + r9 − r11 + r16 + r17)

dxN2
dm =a · ρs · −xN2 ·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

dxO2
dm =a · ρs · −r1−r3−xO2

·(−r1−r3−r4−r6+r9−r11+r16+r17)

F
dxC2H4

dm =a · ρs · −r4−r11−xC2H4
·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

dxC2H4O
dm =a · ρs · −r6−xC2H4O·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

dxCH3CHO
dm =a · ρs · r9−xCH3CHO·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

dxCO2
dm =a · ρs · r16−xCO2

·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

dxH2O
dm =a · ρs · r17−xH2O·(−r1−r3−r4−r6+r9−r11+r16+r17)

F

F [mol/s] is the flow of gas,xi is mole fractions,m [kg] is the catalyst
mass,a is the specific area [m2/kg], ρs [mol/m2] is the site density, andri
[s−1] is the rate of theith elementary step.

that the reaction conditions do not change during a m
surement and the rate is constant through space or tim
the measurement. Of course differential reactors do no
ist in reality; however, if conversions are below∼5–10%
the differential reactor model is usually a good approxim
tion. Using differential reactor data only the initial reacta
f

Table 4
Steady-state site balances of adsorbates and free sites for the microk
model

dθO∗
2

dt = r1 − r2 = 0

dθO∗
dt =2r2 − 2r3 − r4 + r5 − r6 + r9 − 6r10

− r12 − r13 − 5r14 + r15 = 0
dθ

O/O∗
dt =2r3 − r5 = 0

dθ
C2H4/O∗

dt = r4 − r5 − r12 = 0
dθ

CH2CH2O/O∗
dt = r5 − r7 − r8 = 0

dθ
C2H4O/O∗

dt = r6 + r7 = 0
dθ

CH3CHO/O∗
dt = r8 − r9 − r10 = 0
dθC2H∗

4
dt = r11 = 0

dθ
CH2CHOH/O∗

dt = r12 − r13 = 0
dθ

CH2CHO/O∗
dt = r13 − r14 = 0

dθOH∗
dt =4r10 + r13 + 3r14 − 2r15 = 0

dθH2O∗
dt = r15 − r17 = 0

dθCO∗
2

dt =2r10 + 2r14 − r16 = 0

θ∗ =1− θO∗
2

− θO∗ − θO/O∗ − θC2H4/O∗ − θCH2CH2O/O∗

− θC2H4O/O∗ − θCH3CHO/O∗ − θC2H∗
4

− θCH2CHOH/O∗

− θCH2CHO/O∗ − θOH∗ − θH2O∗ − θCO∗
2

θi is coverage of intermediates,t [s] is time, ri [s−1] is the rate of theith
elementary reaction.

pressure and temperature are of importance, while flow,
density, number of sites, catalyst mass, reactor configura
etc. are irrelevant. In this work we do not deal with pro
uct inhibition or secondary reactions of formed produ
although the microkinetic model could handle such com
cations.

2.2. Model catalyst

It is assumed that the active phase of the silver c
lyst is the Ag(111) facet, because it is the thermodyn
ically stable facet and therefore suspected to be the m
abundant facet on the industrial catalyst. When poss
model parameters have been derived from experiment
Ag(111). However, in some cases the Ag(110) surface
been used due to the absence of appropriate experim
data for Ag(111). Experimental data by Campbell and
workers [50,51] and Grant and Lambert [42] on Ag(111) a
Ag(110) show that the activities of Ag(111) and Ag(11
are very similar. Furthermore, the single crystals exh
the same kinetic trends as more realistic supported c
lysts, indicating that Ag(111) is an excellent model cata
[50,51,97].

Even though the reaction seems to be structure insens
comparing Ag(111) and Ag(110), a very puzzling partic
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size effect may be observed [19,97]: Single crystals h
a much higher activity than conventional catalysts. The
tivity is claimed to decrease with decreasing particle s
especially in the region 300–500 Å [19]. However, oth
trends have also been observed [97, and references the
The nature of this size effect is not clear. A very simple
planation was offered by Campbell [68] who showed t
area measurements of silver catalysts by oxygen chemi
tion could be seriously flawed in the presence of chlo
and other impurities. Campbell therefore suggested tha
low activities on more realistic catalysts are due to imp
ties. From kinetics, the size effect seems to only influe
the density of sites, while the mechanism remains the s
cf. Section 3. Different site densities are therefore used
different catalysts in the present work, but all other para
ters in the model are identical.

On Ag(111) the density of sites (d) is estimated from
oxygen chemisorption resulting in a saturation coverag
approximately 0.5 ML in UHV, which combined with th
fact that a Ag(111) facet has 1.38× 1015 surface atoms pe
square centimeter gives a site density of 6.9×1018 sites/m2.
This site density has been used in establishing model p
meters from surface science experiments on Ag(111). N
that an active site (∗) according to above consists of two A
surface atoms.

2.3. Model parameters

The equilibrium constants appearing in the microkine
model are calculated using statistical thermodynamics f
parameters for gas-phase molecules and adsorbates
central parameters are vibrational frequencies and gro
state energies. All parameters for gas-phase molecule
be extracted from the NIST database or equivalent [
For the adsorbates, vibrational frequencies can be d
mined from spectroscopic measurements; e.g., EELS
and Raman or from DFT calculations. It is not always p
sible to establish all the vibrations of intermediates fr
experiment or calculation. The remaining vibrations
assigned realistic values by guessing or applying sim
].

-

,

-

e

n

-

models. The sensitivity of the model to the values of th
guessed parameters has been analyzed and they are n
ical regarding the overall predictions of the microkine
model. Ground state energies can be determined by s
lation of TPD experiments and measurements of stick
coefficients. Rate constants are determined from stic
measurements, TPD/TPR experiments, and steady-sta
netics on Ag(111).

How the parameters have been determined will be
plained in the following and the results are summarize
Tables 5–8. For more details on the method of paramete
timation we refer to the literature [11] and the analysis
TPD and sticking below. We would like to emphasize t
the enthalpy reported in Tables 5–7 for different specie
the standard enthalpy of formation at 298.15 K; i.e., the
thalpy needed to form the species from its elements in
standard state. In order to calculate the ground state en
of a species the calculation below should be performed

(6)Eg =Htot − (Hvib +Htrans+Hrot),

whereEg is the ground state energy,Htot is the total en-
thalpy as reported in Tables 5–7, andHtrans, Hvib, andHrot

are the translational, vibrational, and rotational enthalpy
spectively, of the species. Furthermore, one should note
for species X adsorbed on a surface oxide site X/O∗ the en-
thalpy of O∗ is included in the tabulated enthalpies for X/O∗.
Therefore to calculate the enthalpy change for forming an
bitrary intermediate Y such as heat of adsorption one sh
just use the tabulated enthalpies in combination with the
ementary reactions tabulated in Table 1 and Hess’s law.

The first-order desorption process in UHV for a gene
gas-phase moleculeA is given by

(7)
dθA∗

dt
= − k

K
θA∗,

wherek is the rate constant of adsorption,K is the equi-
librium constant, andθA∗ is the coverage ofA. The rate
constantk is found by equating the initial adsorption ra
is
Table 5
Model parameters of gas-phase molecules for the statistical thermodynamical treatment

Species Parameters

O2 B = 1.45,σ = 2, ν1 = 1580.0,H = 0, T = 298.15 K [98]
C2H4 A= 4.83,B = 1.00,C = 0.83,σ = 4, ν1 = 3026.4, ν2 = 1622.9, ν3 = 1342.2, ν4 = 1023.0, ν5 = 3102.5, ν6 = 1222.0, ν7 = 949.3,

ν8 = 943.0, ν9 = 3105.5, ν10 = 826.0, ν11 = 2988.7, ν12 = 1443.5,H = 52.467 kJ/mol, T = 298.15 K [98]
C2H4O A= 0.854,B = 0.736,C = 0.47,σ = 2, ν1 = 3005.0, ν2 = 1490.0, ν3 = 1266.0, ν4 = 1120.0, ν5 = 877.0, ν6 = 3063.0, ν7 = 1345.0,

ν8 = 807.0, ν9 = 3019.0, ν10 = 1470.0, ν11 = 1153.0, ν12 = 892.0, ν13 = 3079.0, ν14 = 1143.0, ν15 = 821.0,H = −52.635 kJ/mol,
T = 298.15 K [98]

CH3CHO A= 1.902,B = 0.338,C = 0.303,σ = 1, ν1 = 3005.0, ν2 = 2917.0, ν3 = 2822.0, ν4 = 1743.0, ν5 = 1441.0, ν6 = 1400.0, ν7 = 1352.0,
ν8 = 1113.0, ν9 = 919.0, ν10 = 509.0, ν11 = 2967.0, ν12 = 1420.0, ν13 = 867.0, ν14 = 763.0, ν15 = 150.0,H = −166.200 kJ/mol,
T = 298.15 K [98]

H2O A= 27.887,B = 14.511,C = 9.280,σ = 2, ν1 = 1594.7, ν2 = 3651.1, ν3 = 3755.9,H = −241.818 kJ/mol, T = 298.15 K [98]
CO2 B = 0.39038,σ = 2, ν1 = 667.3(2), ν2 = 1384.26,ν3 = 2349.49,H = −393.15 kJ/mol, T = 298.15 K [98]

A, B andC are the rotational constants [cm−1], σ is the symmetry number,νi are the vibrational frequencies [cm−1], and the degeneracy of a frequency
enclosed in parentheses.H is the standard enthalpy of formation.
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Table 6
Model parameters of adsorbates for the statistical thermodynamical treatment

Species Parameters

O∗ ν1 = 350.0, ν2 = 508.0(2), H = −63.0 kJ/mol, T = 298.15 K [20]
O∗

2 ν1 = 50(2), ν2 = 300(2), ν3 = 675,ν4 = 220,H = −44.5 kJ/mol, T = 298.15 K [20]
O/O∗ ν1 = 300(2), ν2 = 250,ν3 = 350,ν4 = 508(2), H = −103.00 kJ/mol, T = 298.15 K [92]
C2H4/O∗ ν1 = 110.0, ν2 = 1557.0, ν3 = 3009.0, ν4 = 1316.0, ν5 = 1050.0, ν6 = 963.0, ν7 = 3090.0, ν8 = 870.0, ν9 = 3130.0, ν10 = 2980.0,

ν11 = 1440.0, ν12 = 500.0, ν13 = 540.0, ν14 = 30.0, ν15 = 50.0(2), ν16 = 20.0(2), ν17 = 508.0(2), ν18 = 350.0,
H = −52.338 kJ/mol, T = 298.15 K [33,106,107]

C2H4O/O∗ ν1 = 835.0, ν2 = 1220.0, ν3 = 1540.0, ν4 = 3017.0, ν5 = 915.0, ν6 = 1148.0, ν7 = 1440.0, ν8 = 3010.0, ν9 = 2890.0, ν10 = 2820.0,
ν11 = 2970.0, ν12 = 2920.0, ν13 = 1080.0, ν14 = 1035.0, ν15 = 100.0, ν16 = 50.0(3), ν17 = 30.0(3), ν18 = 508.0(2), ν19 = 350.0,
H = −158.00 kJ/mol, T = 298.15 K [33,36,89]

CH2CH2O/O∗ ν1 = 344.0, ν2 = 405.0, ν3 = 455.0, ν4 = 717.0, ν5 = 793.0, ν6 = 905.0, ν7 = 996.0, ν8 = 1052.0, ν9 = 1218.0, ν10 = 1273.0,
ν11 = 1353.0, ν12 = 1446.0(2), ν13 = 2922.0(2), ν14 = 434.0, ν15 = 80.0(2), ν16 = 30.0, ν17 = 40.0, ν18 = 17.0, ν19 = 350,
ν20 = 508.0(2), H = −163.00 kJ/mol, T = 298.15 K [40,42]

CH3CHO/O∗ ν1 = 3005.0, ν2 = 3064.0, ν3 = 1155.0, ν4 = 1490.0, ν5 = 1345.0, ν6 = 892.0, ν7 = 1266.0, ν8 = 807.0, ν9 = 3080.0, ν10 = 1120.0,
ν11 = 3020.0, ν12 = 1143,ν13 = 70.0, ν14 = 877.0, ν15 = 1470.0, ν16 = 50.0(2), ν17 = 20.0(4), ν18 = 350,ν19 = 508.0(2),
H = −269.700 kJ/mol, T = 298.15 K [37]

νi are the vibrational frequencies [cm−1] and the degeneracy of a frequency is enclosed in parentheses.H is the standard enthalpy of formation.

Table 7
Model parameters of adsorbates for the statistical thermodynamical treatment

Species Parameters

C2H∗
4 ν1 = 110.0, ν2 = 1557.0, ν3 = 3009.0, ν4 = 1316.0, ν5 = 1050.0, ν6 = 963.0, ν7 = 3090.0, ν8 = 870.0, ν9 = 3130.0, ν10 = 2980.0,

ν11 = 1440.0, ν12 = 500.0, ν13 = 540.0, ν14 = 30.0, ν15 = 50.0(2), ν16 = 20.0(2), H = 17.70 kJ/mol, T = 298.15 K [33,106,107]
CH2CHOH/O∗ ν1 = 1885.0, ν2 = 1220.0, ν3 = 1540.0, ν4 = 3017.0, ν5 = 1915.0, ν6 = 1148.0, ν7 = 1440.0, ν8 = 3010.0, ν9 = 2890.0, ν10 = 1820.0,

ν11 = 2970.0, ν12 = 2920.0, ν13 = 3080.0, ν14 = 1035.0, ν15 = 100.0(2), ν16 = 1000.0, ν17 = 30.0(2), ν18 = 500.0, ν19 = 300.0,
ν20 = 100.0(2), ν21 = 350.0,H = −120.00 kJ/mol, T = 298.15 K

CH2CHO/O∗ ν1 = 110.0, ν2 = 1557.0, ν3 = 3010.0, ν4 = 1316.0, ν5 = 1050.0, ν6 = 963.0, ν7 = 3090.0, ν8 = 870.0, ν9 = 3130.0, ν10 = 2980.0,
ν11 = 1440.0, ν12 = 500.0, ν13 = 540.0, ν14 = 30.0, ν15 = 50.0(2), ν16 = 20.0(2), ν17 = 508.0(2), ν18 = 350.0, ν19 = 350.0,
ν20 = 20.0(2), ν21 = 508(2).0,H = −58.00 kJ/mol, T = 298.15 K

H2O∗ ν1 = 27.9, ν2 = 27.9(2), ν3 = 740(3), ν4 = 1660,ν5 = 3410(2), H = −289.5 kJ/mol, T = 298.15 K [38]
OH∗ ν1 = 280.0, ν2 = 49.3(2), ν3 = 670.0(2), ν4 = 3380.0,H = −185.00 kJ/mol, T = 298.15 K [38]
CO∗

2 ν1 = 410,ν2 = 30.6(2), ν3 = 12.71,ν4 = 667(2), ν5 = 1365,ν6 = 2350,H = −433.0 kJ/mol, T = 298.15 K [39]

νi are the vibrational frequencies [cm−1] and the degeneracy of a frequency is enclosed in parentheses.H is the standard enthalpy of formation.
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Table 8
Forward and backward Arrhenius parameters for elementary reactio
the microkinetic model at 500 K

Stepi Ai [s−1] H
‡
i

[kJ/mol] A−i [s−1] H
‡
−i

[kJ/mol] Ref.

1 2.71× 105 5.7 1.1× 1012 47.3 [20]
2 4.0× 1012 75.0 8.0× 1014 157.5 [20]
3 2.0× 107 20.0 1.3× 1015 96.9 [11,95]
4 7.2× 107 0.0 2.2× 1011 37.1 [33]
5 9.0× 1014 112.0 5.3× 1014 183.3 [51]
6 1.95× 108 0.0 4.8× 1012 39.1 [34–36]
7 1.13×1013 95.0 2.11×1012 93.5 [4,51,52]
8 9.0× 1012 95.0 4.5× 1010 204.3 [4,51,52]
9 2.9× 1013 41.9 2.6× 109 4.4 [37]

10 2.0× 1020 11.0 5.3× 1013 791.6
11 7.2× 107 0.0 2.2× 1011 30.1 [33]
12 4.0× 1011 32.0 3.1× 1014 42.8
13 2.6× 1013 86.0 1.3× 109 106.1
14 1.0× 1020 0.0 5.5× 1013 906.6
15 1.4× 1010 65.6 1.0× 1011 50.0 [38]
16 3.6× 1014 38.9 1.0× 108 0.0 [39]
17 5.9× 1014 46.6 1.4× 109 0.0 [38]

A is the prefactor andH‡ is the activation enthalpy.
with the initial sticking rate

(8)k = σ0P
�

d
√

2πmkBT
,

whereσ0 is the initial sticking coefficient,P� is the ther-
modynamic reference pressure,m is the mass ofA, kB is
Boltzmann’s constant, andT is the temperature. Substitu
ing Eq. (8) into Eq. (7) the following equation is obtained

(9)
dθA∗

dt
= − σ0P

�

d
√

2πmkBTK
θA∗ .

Experimental TPD spectra can be simulated by integ
ing Eq. (9) with numerical techniques. The ground st
energy comes into play through the equilibrium constant
is optimized until the experimental peak temperature is
produced.

The sticking probability of ethylene, ethylene oxid
water, carbon dioxide, and acetaldehyde is close to u
[33,36–39], and it is reasonable to assume an ads
tion activation barrier of zero for these species. From
assumption and the measured sticking probabilities
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constants of steps 4, 6, 9, 11, 16, 17 are determi
The TPD peak temperature of adsorbed ethylene, ethy
oxide, and acetaldehyde increases with oxygen cove
[33,35–37,50,66]. The ground state energy of C2H∗

4 has been
determined from a peak temperature of 148 K, C2H4/O∗
from 175 K, C2H4O/O∗ from 175 K, H2O∗ from 170 K,
CO∗

2 from 145 K, and CH3CHO/O∗ from 160 K. The hea
of adsorption and the simulated TPD peak temperature
these species are similar to the reported values in the
erature [31–33,35–39,50,66]. The Arrhenius parameter
step 15 and the stability of OH∗ are determined in such
way that the experimental formation of OH∗ at∼250 K and
the recombination of OH∗ at∼320 K are reproduced [38].

The rate constants of steps 1–2 and the ground state
gies of O∗

2 and O∗ are established from simulation of stickin
probability measurements and TPD experiments [84
should be emphasized that the model predicts the low
sociative sticking probability of 10−6 at 500 K as observe
experimentally [20]. Furthermore, the heat of adsorp
of O∗ (126 kJ/mol O2) is close to the reported expe
mental values in the literature (∼100–∼170 kJ/mol O2)
[20,92,99].

The preexponential of step 3 has been estimated
transition state theory [11] and the activation barrier has b
obtained from measurements of adsorption activation e
gies [95]. The ground state energy of electrophilic oxy
has been established by fitting to steady-state kinetic
Ag(111) measured by Campbell [51], cf. Figs. 1–3. The n
essary heat of adsorption of O/O∗ in order to explain the
kinetics turns out to be∼80 kJ/mol O2 almost identica
to the heat of adsorption measured above 0.5 ML on s
(∼75 kJ/mol O2) [92].

The stability of the oxametallacycle is found from TP
experiments [42,46,100]. Exposing silver predosed with
face and subsurface oxygen to large ethylene doses at 3
results in desorption of ethylene oxide and acetaldehyd
a common peak (360–420 K) in a subsequent TPD exp
ment [42,46,100]. Originally it was believed that adsorb
ethylene and atomic oxygen reacted to form ethylene o
at 360–420 K. However, ethylene is not stable above 20
in UHV [32,33,50,66]. A more consistent interpretation
this experiment is that a stable oxametallacycle is form
during the ethylene exposure at 300 K, which desorbs/r
at 360–420 K. This is also consistent with the work of Tys
et al. [31]. Furthermore, Grant and Lambert discovered
ethylene oxide could adsorb at 300 K by using high ethyl
oxide doses [52]. However, ethylene oxide desorbs be
200 K in UHV [32,33,35,36]. Again this suggests that
authors produced an oxametallacycle instead of adso
ethylene oxide as suggested in the original work. Grant
Lambert measured the sticking probability of this proces
2.3 × 10−8 at 300 K [52]. Using these experiments the s
bility of the oxametallacycle is estimated [84]. Alternative
the experiments of Linic and Barteau [70] could have b
used. Here the oxametallacycle was produced from ethy
oxide on Ag(111) at 250 K. The oxametallacycle refor
.

r-

t

to produce ethylene oxide at∼300 K. The parameters wi
not vary significantly whether one or the other experim
is chosen. There are two reasons that the experimen
Grant and Lambert [42] were chosen to extract parame
instead of the apparently more direct experiments of L
and Barteau. First of all, in the TPR experiments of Gr
and Lambert, the oxametallacycle is formed from reac
between ethylene and oxygen and is therefore the intere
oxametallacycle in ethylene epoxidation. It is known tha
number of similar oxametallacycles may exist [71, and
erences therein]. Secondly, this leads to reinterpretation
offers a consistent explanation for a number of impor
TPR experiments in the literature [42,46,100]. Finally,
exact values are not critical to the conclusions drawn in
work. Interestingly, Linic and Barteau estimated the act
tion energy of ring closure to∼70 kJ/mol using a Redhea
analysis, which is close to the value predicted in the micr
netic model (95 kJ/mol). In addition, Mavrikakis et al. [101
calculated a stability of∼42 kJ/mol for the oxametallacycl
compared to gas-phase ethylene oxide, which is close t
value predicted by the microkinetic model (47.4 kJ/mol).

The Arrhenius parameters of step 5 have been determ
by fitting the Arrhenius plot measured by Campbell [51]
Ag(111), cf. Fig. 1. The rate constants of steps 7 and 8 h
been established by fitting selectivity on Ag(111), the sti
ing probability of oxametallacycle, and the combustion
ethylene oxide, cf. Fig. 7. The rate of step 10 is known to
very fast which is ensured by the selected Arrhenius p
meters [6,7,57].

The suggested mechanism for combustion of ethylen
nucleophilic oxygen through a vinyl alcohol intermediate
very speculative and a number of other intermediates
as formate, acetate, or glycol could be important. Need
to say, it has not been possible to deduce the paramete
this combustion explicitly. Instead realistic values have b
chosen which reproduce the experimental effects.

The estimated preexponentials depicted in Table 8 a
tain physically realistic values except steps 10 and 14, w
are not elementary. Transition state theory (TST) predic
prefactor of about 1013 s−1 for first-order surface reaction
varying a few orders of magnitude dependent of the na
of the transition state (mobile/immobile) [11]. Experime
tally, preexponentials vary from 1010 to 1016 s−1 for surface
reactions and desorption [102]. The high preexponentia
O∗ desorption (Table 8) is similar to values reported in
literature [20, and references therein]. The preexponenti
step 5 is high which is also reflected by the high turno
frequencies measured on single crystals [51], cf. Figs. 1

3. Results

In this section the model (Tables 1–4) has been applie
a differential reactor and turnover frequencies and select
(S) have been calculated under various reaction conditi
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The selectivity is defined as

(10)S = −r6

−r6 + 1
2r16

.

The coverage of surface oxide sites (θoxide) consists of
the coverage of O∗ sites plus the /O∗ sites covered by othe
intermediates; i.e., the oxide coverage is defined by

θoxide= θO∗ + θO/O∗ + θC2H4/O
∗ + θCH2CH2O/O∗

+ θC2H4O/O∗ + θCH3CHO/O∗

(11)+ θCH2CHOH/O∗ + θCH2CHO/O∗ .

The coverage of surface oxide (θoxide) is a measure o
the active sites present for epoxidation. The coverage o∗
corresponds to the unoccupied sites for epoxidation. A
natively, one could look atθoxide as a site balance for Agδ+
sites assuming that each O∗ results in one Agδ+ site.

In Figs. 1–3 the model is used to simulate the sin
crystal experiments of Campbell [51] and Grant and La
bert [42]. Recall that the experiments of Campbell w
used to establish the Arrhenius parameters of step 5 an
ground state energy of O/O∗.

In Fig. 1 the model is used to simulate Arrhenius plo
The model reproduces the data of Campbell very closel
particular, the model successfully captures the curved t
in the Arrhenius plot, i.e., a high activation energy at l
temperatures and a low activation energy at high temp
tures. The model seems generally to reproduce the activ
energy as measured by Grant and Lambert, but the pred
activities are on the low side. It appears that the model ge
ally underpredicts activities at low oxygen pressures (be
∼10 kPa). However, the model captures the experime
trends and it is quantitatively accurate within a factor of 2
even at low pressures, which is satisfying in view of
number of other observations reproduced by the mode

Fig. 1. Simulated and experimental Arrhenius plot of C2H4O and
CO2 formation on Ag(111). Campbell’s experiments [51] were done
PO2 = 20 kPa andPC2H4 = 2.66 kPa while the experiment of Grant an
Lambert [42] was done atPO2 = 0.67 kPa andPC2H4 = 0.67 kPa.
Fig. 2. Simulated and experimental turnover frequencies of C2H4O and
CO2 formation (A) and selectivity and oxide coverage (B) versus oxy
pressure on Ag(111).T = 490 K andPC2H4 = 0.55 kPa. Experimental dat
are extracted from [51].

should be noted that both simulation and experiment pre
a curved Arrhenius plot in the experiments of Campbell
a more or less straight Arrhenius plot in the case of G
and Lambert. The reason for this different behavior is t
Campbell used moderate reactant pressures while Gran
Lambert used very low pressures (see Fig. 1). As will be
cussed in Section 4.4 the apparent activation energy dep
on the chosen reaction conditions.

The model also reproduces the production of CO2 very
well and therefore the selectivity. It is indirectly observ
from Fig. 1 that the selectivity remains almost constant w
temperature. Furthermore, the activation energies of
epoxidation and combustion are almost identical. These
tures would be very hard to explain without introducing
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Fig. 3. Simulated and experimental turnover frequencies of C2H4O and
CO2 formation (A) and selectivity and oxide coverage (B) versus et
ene pressure on Ag(111).T = 490 K andPO2 = 20 kPa. Experimental dat
are extracted from [51].

common slow reaction step for epoxidation and combus
as pointed out in the work of Campbell [50,51,68].

Fig. 2 shows experimental and simulated activities,
lectivities, and O∗ coverage versus oxygen pressure
Ag(111). The model captures the activity trends for b
epoxidation and combustion. However, again it is app
ent that the model underpredicts activities at low oxy
pressures. The model explains the experimental selec
very well. The selectivity increases with oxygen pr
sure because the formation of oxametallacycle incre
more rapidly with oxygen pressure than the parallel co
bustion of ethylene through the vinyl alcohol interme
ate.
Campbell and co-workers [50,51] measured the cove
of O∗ under steady-state reaction conditions by transfer
the single crystal from a high-pressure cell to UHV. Only∗
was thermally stable enough to survive the transfer at 49
We propose that the measured O∗ coverage by Campbell an
co-workers corresponds to the coverage of surface oxid
fined in the beginning of this section. Because in the tran
to UHV all the intermediates adsorbed on the surface o
(X/O∗) desorbs leaving O∗ on the surface.

As observed in Fig. 2 the simulated coverage of s
face oxide increases with oxygen pressure and levels
below the equilibrium coverage. Similar trends were
served experimentally by Campbell and co-workers [50,
Quantitatively, the measured coverage was lower than
simulated. However, Tan et al. [103] pointed out that so
of the oxide is lost during transfer due to background re
tions with H2 and CO.

Fig. 3 shows experimental and simulated activities, se
tivities, and surface oxide coverage versus ethylene pre
on Ag(111). The model reproduces the activities and se
tivity, quantitatively. The simulated surface oxide covera
again qualitatively resembles the measured oxygen cove
by Campbell and co-workers [50,51]. It should be stres
that the quantitative disagreement between measured
calculated oxide coverages is not believed to be a flaw
the model, but due to the experimental difficulties in tra
ferring the oxide from a high-pressure cell to UHV witho
losing oxygen.

In Fig. 4 the model output is compared to experime
initial rates obtained in different laboratories using diff
ent unpromoted catalysts ranging from single crystals
supported catalysts. The oxygen and ethylene pressur
temperature were varied extensively in the reported exp
ments [4,42,51,53–56,64,104]. Only the site density of e

Fig. 4. Predicted versus experimental turnover frequencies of C2H4O
and CO2 formation and C2H4 consumption. The experimental resu
are extracted from reported initial rates [4,42,51,53–56,64,104] mea
in different laboratories using different unpromoted catalysts ran
from single crystals to realistic supported catalysts.T = 400–620 K,
PO2 = 0.13–1300 kPa, andPC2H4 = 0.13–140 kPa.
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catalyst has been fitted in order to establish turnover
quencies corresponding to Ag(111) single crystals while
other parameters are extracted earlier (Section 2.3) from
face science and the single-crystal kinetics of Campbell [
It is apparent from Fig. 4 that the model reproduces
experiments surprisingly well. Again only the low activi
measurements done at low pressures deviate from the
periments. This demonstrates that the microkinetic mo
contains the essential chemistry and physics to explain
ylene epoxidation and combustion on silver. Furtherm
this shows that the mechanisms on different unpromoted
ver catalysts are identical and the particle-size effect o
seems to influence the site density. This model can th
fore be used to extract site densities in order to st
the particle-size effect. Surprisingly, it has been repo
in the literature that the kinetics varies between differ
laboratories supposedly due to impurities and different
actor configurations [65, and references therein]. This w
clearly shows that initial rates can be explained with o
consistent model. Since the experimental initial rates
obtained from different datasets in the literature and a
density has been fitted for each catalyst used in the data
Fig. 4 may appear less impressive. However, of the∼350
data points besides single-crystal data in Fig. 4 only e
site densities have been fitted. None of the parity plots
individual datasets (not shown) display significant dev
tions.

In Figs. 5 and 6 the measured epoxidation activities
Harriott and co-workers [53,54] are simulated. These d
represent to the best of our knowledge the most exten
data set of initial rates in oxygen and ethylene press
Similar experimental and simulated results (not shown)
obtained for combustion activities. Fig. 5 shows the turno
frequency of ethylene oxide formation versus ethylene p

Fig. 5. Simulated and experimental effect of ethylene pressure on
turnover frequency of C2H4O formation on an unpromotedα-Al2O3-sup-
ported Ag catalyst for various oxygen pressures at 493 K. Experimenta
are extracted from [53].
-

-

,

Fig. 6. Simulated and experimental effect of oxygen pressure on
turnover frequency of C2H4O formation on an unpromotedα-Al2O3-sup-
ported Ag catalyst for various ethylene pressures at 493 K. Experim
data are extracted from [54].

sure at different oxygen pressures. The model clearly
tures the experimental trends. At low ethylene pressure
turnover frequency increases with ethylene pressure b
higher ethylene pressure the reaction order in ethylene s
to decrease and eventually becomes negative. This re
in a maxima in turnover frequencies. The maxima shif
higher ethylene pressure with higher oxygen pressure. F
shows the turnover frequency versus oxygen pressure a
different ethylene pressures. The reaction order in oxy
is positive at low oxygen pressures, but starts to decr
and become negative at high oxygen pressures, resulti
a maxima in turnover frequencies. Note that very high p
sures are needed to obtain maxima in turnover freque
versus oxygen pressure. As will become apparent later
is due to the fact that the uptake of oxygen is partly rate l
iting.

We noted earlier that our reaction mechanism does
need a separate combustion route for ethylene oxide. F
shows the experimental turnover frequencies of ethylene
ide combustion measured by Dettwiler et al. [4] and mo
simulation. The model clearly captures the first-order
pendence in ethylene oxide pressure and the temper
dependence of ethylene oxide combustion [4,5,57]. Pe
et al. found that the combustion of ethylene oxide st
at 463 K [5], which is similar to the prediction of th
model.

4. Discussion

It has been demonstrated above that a microkinetic m
consistent with surface science experiments is able to
plain a broad range of steady-state kinetic experiments
would like to emphasize that besides the steady-state k
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Fig. 7. Rate of ethylene oxide oxidation as a function of ethylene o
pressure and temperature.PO2 = 20 kPa. Experimental data are extract
from [4].

ics presented in the present work the model also exp
sticking, TPD, and TPR experiments of the intermedia
in the model. In particular, it has been shown by the mo
that the role of subsurface oxygen could simply be to se
as an oxygen reservoir in the absence of gas-phase
gen. The model therefore explains a broad range of tran
surface science experiments as well. Most of the para
ters have been explicitly determined from such trans
surface science experiments and only a few of the m
parameters in the model have been fitted to steady-
kinetics. The most important of these is the Arrhenius
rameters of the surface reaction between adsorbed eth
and electrophilic oxygen (step 5), which have been fitte
steady-state kinetics on Ag(111). Furthermore, the bra
ing ratio of steps 7 and 8 has been determined from
steady-state selectivity on Ag(111). Few other parame
have been fitted with constraints from surface science
periments to the steady-state combustion of ethylene o
on supported silver. However, these parameters are onl
portant to the combustion of ethylene oxide and are
critical to the main conclusions of the present work.
the best of our knowledge this is the first time a c
sistent model describing both the adsorption behavio
oxygen and ethylene and the kinetics of epoxidation,
ylene combustion, and ethylene oxide combustion has
presented. Earlier models only explain the data sets
to deduce them and cannot be extrapolated to significa
different reaction conditions. The rate laws reported in
literature are therefore only appropriate for describing ei
ethylene-rich or oxygen-rich reaction conditions. As with
mechanistically correct microkinetic models, this is a rat
complicated model and so, at first, it is difficult to gra
within this model the importance of the various aspect
the model.
-
t

e

In this section the model will be thoroughly analyz
and the important aspects in ethylene epoxidation are e
lished.

4.1. Degree of rate control

The rate-controlling elementary reactions are identi
by using the degree of rate control (XRC,i ) [105],

(12)XRC,i = d ln(R)

d ln(ki)
, Ki = const,

whereR is an overall rate andki andKi are the forward rate
constant and equilibrium constant of theith elementary re
action, respectively. The larger numeric value ofXRC,i the
greater importance of stepr (both forward and backward re
action) on the rate control ofR. A negative value ofXRC,i
indicates that stepr inhibits the net rate. Eq. (12) can also
modified to determine selectivity control as will be shown
Section 4.5.

The degree of rate control of the 17 elementary react
in Table 1 for ethylene oxide formation, CO2 formation,
ethylene consumption, and selectivity has been determ
for a wide range of temperature and oxygen and ethy
pressures in a differential reactor. Only 5 elementary re
tions of the 17 contained in the model are of importanc
the rate and selectivity control, i.e.,r2, r5, r7, r8, andr13.
Fig. 8 is an example of calculated degrees of rate con
of ethylene oxide formation at partial pressures of oxy
and ethylene and temperatures in the same region as
in the industrial process. The uptake of O∗ (r2) and the re-
action between electrophilic oxygen (O/O∗) and adsorbed
ethylene to form an oxametallacycle(r5) are the most im
portant elementary steps concerning the overall activity.
branching of the oxametallacycle into ethylene oxide(r7)

and acetaldehyde(r8) are the most important steps in sele
tivity control. Similar conclusions were reached by Linic a
Barteau applying a much simpler microkinetic model a

Fig. 8. Degree of rate control for ethylene oxide formation versus temp
ture at industrial reaction conditions.PO2 = PC2H4 = 100 kPa.
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DFT calculations [69,71].r7 andr8 also play a role in overal
activity control due to the fact that combustion of acetal
hyde consumes O∗ while the formation of ethylene oxid
does not consume O∗. Note in Fig. 8 thatXRC,i of r7 andr8
is symmetric with opposite signs, which is general. This
be explained by the symmetric branching of the oxame
lacycle. The parallel combustion of ethylene by O∗ through
a vinyl alcohol intermediate(r13) has some influence on th
overall activity and selectivity at low reactant pressures
are unimportant at industrial conditions, cf. Fig. 8. The re
tive importance ofr2 andr5, respectively, depends strong
on reaction conditions. At high O2:C2H4 ratior5 is most im-
portant but at moderate to low O2:C2H4 ratio r2 becomes
more important. The importance ofr2 also increases with
temperature as illustrated in Fig. 8. From Fig. 8 it is app
ent thatr2 is the most important activity reaction rate und
industrial conditions. It is interesting to note that Harri
and co-workers [53,54] concluded from the experiment
Fig. 5 that the adsorption of oxygen was not rate limiti
The present model which reproduce Harriott and co-work
experiments shows, however, that the adsorption of oxy
is one of the rate-controlling steps under the experime
conditions.

The fact that the adsorption of O∗ (step 2) is rate limit-
ing has very serious consequences for the model. Due t
fact that O∗ participates in many different elementary rea
tions it is not possible to obtain an analytical solution
the model; i.e., the quasi-equilibrium approximation can
be solved. This complicates the analysis of the model
it is difficult or maybe even impossible to deduce a gen
analytical rate law for ethylene oxidation. This explains
many different forms of analytical rate expressions and t
limited usefulness reported in the literature, but emphas
the importance of the degree of rate control.

4.2. Coverages

In Fig. 9 the coverage of intermediates is depicted
a differential reactor versus temperature. The pressure
products are therefore very low. Under industrial conditi
a significant amount of reaction products is present wh
leads to a different distribution of coverages than depicte
Fig. 9. However, in the present work only initial rates ha
been dealt with. In future work product inhibition, reac
profiles, and integral reactor data will be treated. The in
mediates not shown in Fig. 9 all have a very short life ti
and do not occupy a significant amount of sites under th
initial reaction conditions.θO∗ is the oxide coverage define
in Section 3. The surface oxide coverage, i.e., the active s
in epoxidation decreases with temperature, while the co
age of metallic silver sites increases. Significant amoun
electrophilic oxygen (O/O∗) and adsorbed ethylene on oxi
(C2H4/O∗) are present in the studied temperature inter
Ethylene adsorbed on metallic silver (C2H∗

4) is also presen
on the surface, which is in contrast to the suggestion that
ylene cannot adsorb on reduced silver. The reason for
f

,

Fig. 9. Calculated coverages of selected intermediates as a function o
perature.PO2 = PC2H4 = 100 kPa.

discrepancy is the high ethylene pressure used in the
rent simulation compared to the low pressures often use
surface science experiments. The idea that adsorbates
low heats of adsorption (∼40 kJ/mol) cannot be presen
on catalysts at elevated temperatures is of course wr
The low heat of ethylene adsorption has even lead to
false conclusion that ethylene epoxidation is an Eley–Rid
mechanism. Unless the adsorption is kinetically contro
an equilibrium coverage dependent on reactant pressure
temperature will be present. Actually, ethylene is the m
abundant intermediate. The coverage of adsorbed ethy
on the surface oxide layer is higher than the ethylene co
age on metallic silver even at low surface oxide covera
Note that the coverage of O∗ increases with temperatu
while the coverage of surface oxide (θoxide) decreases. Thi
can be explained by desorption of X/O∗ species which leave
O∗ and only part of the formed O∗ desorbs. The simulate
coverages are believed to be in qualitative agreement
surface science results.

4.3. Reaction orders

Reaction orders (αi ) may be defined as [12]

(13)αi = d ln(R)

d ln(Pi/P�)
,

wherePi is the pressure of gasi, R is an overall rate, and
P� is the reference pressure.

From the Introduction and Figs. 2–6 it is apparent t
the reaction orders in oxygen and ethylene vary dramatic
with reaction conditions according both to experiments
to the model. This is due to the variation in coverage of
termediates and changes in the degree of rate controlr2
andr5, respectively, with reaction conditions.

The reaction orders in both ethylene and oxygen incre
with temperature (Fig. 10). The reaction orders in oxyg
vary from 1.5 to−0.5 when the oxygen is varied from ve
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Fig. 10. Calculated reaction orders in oxygen and ethylene pressure
function of temperature.PO2 = PC2H4 = 100 kPa.

low pressures to very high pressures as known experim
tally. The reaction orders in ethylene vary from 1.0 to−2.0
when ethylene pressure is varied from low to high press
consistent with experiments. The idea that large variation
reaction orders with varying reaction conditions are due
change in mechanism is wrong as even simple mechan
with only one rate-limiting step may display drastic var
tions in reaction orders. In the case of ethylene oxidation
degree of rate control for steps 2 and 5 does shift with r
tion conditions. However, this actually softens the chan
in reaction orders. If step 2 was equilibrated instead of be
rate limiting much more severe variations in reaction ord
would be observed.

In Fig. 10 reaction orders in ethylene and oxygen
C2H4O and CO2 formation versus temperature close to
dustrial conditions are predicted by the model. It is obser
that under industrial conditions a positive reaction orde
oxygen and a negative reaction order in ethylene are
dicted by the model. The reaction orders in oxygen wh
exceed one according both to experiments and to the m
cannot be explained without the active sites being form
from oxygen (surface oxide) unless coverage depende
on activation energies are included.

4.4. Activation energy

The apparent activation energy may be calculated f
[12]

(14)H ‡ = kBT
2d ln(R)

dT
,

whereH ‡ is the apparent activation enthalpy of an ove
rateR, T is the absolute temperature andkB is Boltzmanns
constant.

The apparent activation energy varies as a function o
action conditions. It is therefore important that the reac
conditions are taken into account when activation ener
-

s

l

s

Fig. 11. Simulated apparent activation enthalpy of ethylene oxide
mation versus temperature. (a)PO2 = PC2H4 = 100 kPa. (b)PO2 =
PC2H4 = 13.3 kPa.

obtained in different experiments are compared. This is
most never done in the literature. Generally, the appa
activation energy consists of the activation barrier of
rate-limiting steps and the heat of reaction for the elem
tary reactions taken place prior to the rate-limiting step p
the average enthalpy to create the necessary free sites f
rate-limiting steps to occur, i.e., two free sites in this ca
Fig. 11 shows the apparent activation energy for ethylene
ide formation versus temperature predicted by the mode
high (curve a) and low (curve b) reactant pressures, res
tively. Curve a is close to industrial conditions. The appa
activation energy of CO2 formation is almost identical t
the apparent activation energy of C2H4O formation and ha
been excluded from the figure for simplicity. The appar
activation enthalpy has a high value at low temperatu
but decreases with increasing temperature. This effect is
to an increasing number of free sites with temperature
therefore the enthalpy necessary to form free sites decre
with temperature. For similar reasons the apparent activa
enthalpy also increases with reactant pressure as observ
comparing curve a and b in Fig. 11. The observed beha
in Fig. 11 has been observed in a number of cases in the
ature [6,51]. The behavior depicted in Fig. 11 is not unus
but is expected for all catalytic reactions containing sign
cant changes in the coverage of intermediates with rea
conditions. With this in mind and the fact that apparent
tivation energies reported in the literature often are fitte
Arrhenius plots over a significant temperature range m
uncertainties are expected. At best, reported activation e
gies should be considered as an average over the investi
temperature range (range of adsorbate coverages). Fu
more, it makes no sense to report experimental activa
energies without simultaneously reporting the reaction c
ditions under which they were obtained.

Table 9 contains a quantitative comparison betw
model prediction and experimental activation enthalpies
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Table 9
Reported activation energies and model prediction for different cata
and reaction conditions in differential reactors

Catalyst PO2 PC2H4 T H
‡
C2H4O H

‡
CO2

Ref.

[kPa] [kPa] [K] [kJ/mol] [kJ/mol]

Ag(110) 20.0 2.7 450 93.7 (67.9) 93.7 (69.0) [50
Ag(110) 20.0 2.7 580 22.2 (33.4) 22.2 (40.1) [50
Ag(111) 0.7 0.7 500 45.0 (36.1) 50.0 (36.7) [42
Ag(111) 20.0 2.7 610 41.5 (36.5) 45.0 (37.1) [51
Ag(111) 20.0 2.7 440 72.3 (72.5) 67.6 (68.5) [51
Ag(111) 0.27 0.27 550 25.0 (31.9) 33.0 (27.9) [64
Ag(111) 0.27 2.0 550 36.0 (34.8) 47.0 (33.3) [64
Ag foil 82.5 15.0 540 49.0 (51.5) 49.0 (51.7) [104
Ag sponge 8.7 2.7 450 46.9 (58.2) 60.7 (59.1) [55
Ag foil 98.0 2.0 540 31.8 (56.5) 39.3 (56.4) [108

Activation energies in parentheses are model prediction.

different catalysts and reaction conditions obtained in
ferent laboratories. It is apparent from Table 9 that
model predicts the experimental reported activation
thalpies within experimental uncertainty. More importan
the model predicts the changes in activation energy with
action conditions. The activation energies of ethylene ox
and CO2 formation are almost identical in most cases. Th
features would be very hard to explain without introduc
a common slow reaction step for epoxidation and comb
tion as pointed out in the work of Campbell and co-work
[50,51,68, and references therein]. Even more interes
Campbell and co-workers found that both epoxidation
combustion activities varied in a similar way with varyin
chlorine coverage. Note also that Ag(110) has a higher a
vation energy than the Ag(111) single crystal.

4.5. Selectivity

We have expanded Campbell’s [105] definition of the
gree of rate control to define the degree of selectivity con
(XSC,i )

(15)XSC,i = d ln(S)

d ln(ki)
, Ki = const,

whereS is the selectivity [Eq. (10)] andki andKi are the
forward rate constant and equilibrium constant of theith
elementary reaction, respectively. It should be stressed
both the degree of rate and the selectivity control are ana
cal tools that should be calculated for instantaneous rea
conditions. Fig. 12 shows the predicted degree of select
control for different elementary reactions as a function of
total pressure at 500 K. Low total pressure reflects man
the kinetic experiments made in differential laboratory re
tors while high total pressures reflects industrial conditio

The selectivity is mainly controlled by the branching ra
of the oxametallacycle into ethylene oxide and aceta
hyde after the slow formation of the oxametallacycle; i
the selectivity is determined after the rate-limiting ste
(step 2+ 5). The branching ratio is close to 50% on unp
moted silver. The large inverse isotope effect [55] is due
t

Fig. 12. Degree of selectivity control toward ethylene oxide versus pres
The feed consists of 90% N2, 5% O2, and 5% C2H4 at 500 K.

a change in this branching ratio by lowering the rate tow
acetaldehyde which needs breaking of a C–H bond. The
of selectivity promoters should also be interpreted as ch
ing the branching pattern of the oxametallacycle. Study
the oxametallacycle is therefore of tremendous importa
in understanding the selectivity of ethylene epoxidati
A similar conclusion has been reached by Barteau et al.
studied the oxametallacycle by both experiment and D
calculations [69,70]. Besides the branching of the oxa
etallacycle the parallel combustion of ethylene also lim
selectivity, cf. Fig. 12. This reaction path is important
low pressures (large numerical values ofXSC,5 andXSC,13),
however, saturates quickly in reactant pressures, and
come less important at high pressures. This pathwa
therefore unimportant under industrial ethylene epoxida
conditions. It is apparent from Fig. 12 that one will obta
very different conclusions for the importance of differe
elementary reactions if one is studying low or UHV a
high-pressure kinetics, respectively.

If the parallel combustion of ethylene through a vinyl
cohol is excluded from the model, a selectivity of∼55%
will be predicted in the limit of zero conversion. In reali
the selectivity is lower than 55% except at high oxygen
ethylene pressures due to the parallel combustion.

As observed in Figs. 2 and 3 both the model and the
periments show that selectivity increases with both oxy
and ethylene pressure. The branching ratio of the oxam
lacycle is not influenced by reactant pressure. The select
variations with reactant pressure are due to the parallel c
bustion of ethylene, which has a high turnover frequenc
low pressures compared to the formation of oxametalla
cles.

Increasing selectivity with ethylene pressure is in con
diction to some experiments [3,43,60], indicating selectiv
increases with a O2:C2H4 ratio. Actually, the model and
some experiments [49–51,64] show that the selectivity
creases more with ethylene pressure than oxygen pres
This paradox is probably not due to a failure of the mo
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rather it is due to the experimental conditions used in
referenced work. Many of the experiments are transient
it is obvious that oxygen promotes selectivity in such a c
because the selective reaction takes place on surface o
Another difference is that the model in this work has o
been applied on initial conditions while many of the exp
iments in the literature have a significant conversion.
combustion of the formed ethylene oxide could therefore
come important. Finally, many of the catalysts used in
literature are promoted by alkali and/or chlorine either
tentionally or due to impurities in the preparation and rea
feed. The model predicts a selectivity of about 20% at
oxygen and ethylene pressures increasing to about 55
high oxygen/ethylene pressure. This corresponds well to
selectivity reported for unpromoted catalysts in the lite
ture [3, and references therein]. In some cases selectiv
as high as 65% have been reported at high reactant pres
[3, and references therein]. This could be due to unin
tional promotion by impurities or it could be a real effe
missed by the model. There are some indications tha
model predicts a too high selectivity at low pressures
a too low selectivity at high pressures. It is important
note, however, that the model predicts the correct sele
ity trends. If the model has a serious problem in quantita
prediction of the selectivity it is probably due to the ve
speculative parallel combustion mechanism of ethylene
nucleophilic oxygen through a vinyl alcohol.

The temperature dependence of the selectivity is mor
less constant according to the model which is consistent
some experiments [4,50,51]. However, other experim
indicate that the selectivity decreases with tempera
[3, and references therein]. Again the reason for this disc
ancy should probably be found in the differences in reac
conditions.

4.6. Critical parameters

The microkinetic model contains a vast number of
rameters (Tables 5–8); however, only a small fraction
these are important or critical. The Arrhenius paramete
steps 2, 5, 7, 8, and 13 are of course critical while the
rhenius parameters of all the remaining steps are uncrit
The stability (enthalpy and entropy) of O∗, O/O∗, C2H4/O∗,
CH2CH2O/O∗, and C2H∗

4 are critical while the stabilitie
of the remaining intermediates are unimportant. The
bility of C2H4O/O∗, CO∗

2/CO∗
3, and OH∗ might become

critical in the presence of reaction products and lead to p
uct inhibition. Product inhibition has been neglected in
present work by analyzing initial rates exclusively. The s
bility of O∗ is uncritical except at very high temperatur
i.e., the formation of surface oxide is determined by kine
not thermodynamics. The stabilities of O/O∗ and C2H4/O∗
are critical to the formation of the oxametallacycle and
blocking. CH2CH2O/O∗ is only critical to the further oxi-
dation of ethylene oxide. C2H∗

4 does not participate in an
reactions in the model, but are still critical due to site blo
.

t

s

ing especially under conditions were the oxide cover
θoxide is low. Under industrial conditions the parallel co
bustion of ethylene can be neglected without a signific
loss of information. However, at low pressure the stab
of CH2CHOH/O∗ is critical for the parallel combustion o
ethylene.

4.7. Uniqueness of silver

There are many reasons that silver is a unique c
lyst for ethylene epoxidation. First of all the catalyst m
not decompose adsorbed ethylene and/or ethylene oxid
CH activation like VIII metals [36]. Secondly, ethylene
π -bonded to silver and the double bond is therefore rea
accessible for reaction. On other metals such as Pt, Ni
W, and Ru ethylene adsorbs in the di-σ configuration [102].
The catalyst also needs to form a special kind of oxy
(O/O∗) that reacts with the double bond without break
the single bonds. Silver is able to form this oxygen at h
oxygen coverages in our model by creating a surface ox
Mavrikakis et al. [101] studied the stability of oxamet
lacycles compared to gaseous ethylene oxide by DFT
14 different transition metals (groups VIIIa–c, Ib, IIb) a
suggested that silver is a unique material, because a
erately stable oxametallacycle is formed on silver. Fin
and maybe the most important reason for the uniquene
silver is the favorable branching ratio of the oxametalla
cle. If other catalysts are able to create the oxametallac
it is very likely that the branching ratio is very unfavorab
Changing H with D in ethylene is enough to significan
change the branching ratio; i.e., changing the catalyst c
pound could be even more severe. Copper has man
the same features as silver in that atomic oxygen ca
formed and ethylene adsorbs byπ -bonding. Lambert et a
[13,14] investigated the epoxidation of styrene on Cu(1
and Cu(111) in UHV and found that copper is an even
ter epoxidation catalyst than silver under UHV conditio
Unfortunately, in the presence of an oxygen atmosph
a stabile surface oxide is formed which poisons the c
lyst.

4.8. Other successful models?

The presented model is very complex and even tho
it is consistent with surface science one could questio
validity. The most speculative part is the formation of el
trophilic oxygen (O/O∗) on a surface oxide formed by O∗.
One might argue that subsurface oxygen creates the
trophilic oxygen instead. It is not possible to study
electrophilic oxygen directly in UHV. However, whether o
conjecture is true or not the present model explains et
ene epoxidation very well and it pinpoints all the feature
successful model should contain. In a successful mode
active sites should be created by oxygen and the active
gen should be adsorbed on these sites together with eth
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which reacts in a slow step forming a common intermed
for both epoxidation and combustion.

Linic and Barteau [71] suggested a much more sim
microkinetic model based on first principles. The model w
evaluated against apparent activation energies and rea
orders of ethylene and oxygen [71]. We compared the ou
of the Linic and Barteau model to the Ag(111) steady-s
kinetics depicted in Figs. 1–3 and found that the model
derestimates the activity by almost two orders of magnitu
However, interestingly both the microkinetic model dev
oped in this work and the model of Linic and Barteau [69,
suggests that both the uptake of atomic surface oxygen
the surface reaction between adsorbed ethylene and a
oxygen are rate limiting. Further, the selectivity is det
mined by the branching ratio of the oxametallacycle in b
models. Actually, the present model agrees with the wor
Linic and Barteau regarding all aspects of importance to
dustrial ethylene epoxidation. However, it disagrees on
very important academic question, what is the active ph
of the catalyst and the active oxygen species in epox
tion.

5. Conclusion

In the present work a detailed microkinetic model of e
ylene oxidation on silver based on surface science has
developed. The reaction mechanism and model param
have been deduced from surface science experiments m
on Ag(111) and steady-state kinetics on Ag(111). The
portant idea in this model is that a surface oxide (/O∗) is
created supplying the active sites for adsorption of et
ene and electrophilic oxygen (O/O∗), which reacts to form
an oxametallacycle. The oxametallacycle is a common in
mediate for ethylene epoxidation, ethylene combustion,
ethylene oxide combustion. Furthermore, a parallel c
bustion route of ethylene by O∗ exists, which is of minor
importance except at low pressures. The idea of a for
tion of an active oxide layer and a common intermed
has been suggested earlier in the literature in different
texts. The overall activity is mainly determined by the r
of formation of the oxide layer (step 2) and oxametalla
cle (step 5). The selectivity is mainly determined by
branching ratio of the oxametallacycle into ethylene ox
and acetaldehyde, respectively. At low pressures the pa
combustion of ethylene (step 13) also influences activity
selectivity. Changes in the branching ratio of the oxame
lacycle explain the large inverse isotope effect on selecti
observed when ethylene is substituted with deuterated e
ene. The role of selectivity promoters is also to change
branching ratio of the oxametallacycle either by electro
or by structural effects.

The values of the parameters of the model are ph
cally and chemically realistic and the model predicts h
of adsorption, sticking, TPD, and TPR measurements
short the model reproduces a broad range of transient
n

c

s
y

l

-

face science experiments. The model explains the kineti
epoxidation, ethylene combustion, and ethylene oxide c
bustion. The model has been validated by comparing m
output to measured initial rates on a variety of catalysts
both ethylene- and oxygen-rich mixtures at different te
peratures. From this it is clear that the mechanism rem
the same on different unpromoted silver catalysts; howe
large changes in site densities occur. The large variation
ethylene and oxygen reaction orders and apparent activ
energies observed experimentally are captured by the m
Furthermore, the trends in selectivity variations with re
tion conditions are predicted by the model.

The great success of the model in predicting both
face science and kinetic experiments demonstrates tha
microkinetic model contains the essential physics and ch
istry to explain ethylene oxidation on silver. It is possib
even likely that the model needs adjustments concer
parameters and elementary reactions as a consequen
future experimental and theoretical progress. Especi
the oxygen–silver system is very complex and spec
tive and may need adjustments in the future. Howe
the main structure and conclusions of the model will p
vail in our view; i.e., oxygen creates the active sites,
active loosely bonded electrophilic oxygen is formed
the active sites, and an oxametallacycle is a common
termediate in both epoxidation and combustion. Unfo
nately, it is not possible to obtain an analytic solution of
model.
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