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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 developed
The active phase of the catalyst is suggested to be a surface oxide on which atomic oxygen and ethylene can adsorb and react to for
an oxametallacycle. The oxide oxygen createsAgites which promotes the adsorption of ethylene and is often termed nucleophilic
or ionic oxygen in the literature. A less stable atomic oxygen often referred to as electrophilic or covalent in the literature is suggested
to compete with ethylene for the Ay sites. The oxametallacycle is a common intermediate in epoxidation, ethylene combustion, and
ethylene oxide combustion. The microkinetic model reproduces experimental heats of adsorption, sticking, TPD, and TPR measurements. Tt
kinetics of epoxidation, ethylene combustion, and ethylene oxide combustion has been simulated by the model. The model has been validate
successfully by comparing model output to measured initial rates for both oxygen- and ethylene-rich mixtures at different temperatures.
Selectivity, apparent activation energies, isotope effects, and reaction orders are reproduced by the model. The rate and selectivity controllin
steps in the reaction mechanism and the critical parameters of the model have been identified.
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1. Introduction ing selectivity toward ethylene oxide and thereby reducing
ethylene consumption and heat production. The improve-
Since the work of Lefort, ethylene oxide has been pro- ment of 1% selectivity is estimated to produce a beneficial
duced almost exclusively by partial oxidation of ethylene effect of several tens of million dollars annually [8]. The se-
over a silver catalyst [1,2]. This reactionase of the major lectivity on unpromoted silver is about 40-50% while it is
petrochemical processes converting several billion US dol- 80-85% on an optimized alkali and chlorine promoted com-
lars annually due to the importance of ethylene oxide as amercial catalyst [1-3]. In the last 2—3 decades research has
versatile chemical intermediate [1,2]. The kinetics of ethyl- been continued in an effort to improve the selectivity fur-
ene oxidation on silver is traditionally described by the net ther by optimizing the catalyst and the process conditions.
reactions [1-7]: However, the success of this effort has been limited and
the selectivity has been stagnant. Early mechanistic stud-

1
CoHa+ 302 = CHa0, @ ies summarized in the famous /B rule” even suggested
CoHs + 30, = 2COp + 2H20, 2) that an upper theoretical selectivity limit of 85.7% exists
CoH40 + 202 — 2CO, + 2H,0. A3) [1,2,9]. Recent surface science studies and reported selec-

. o . tivities above 85.7% disprove thgBrule [3,10]. It is very

The chemical equilibrium strongly favors the formation important to establish what limits the selectivity of ethylene

of total oxidation products. The reason ethylene oxide is not epoxidation and if/how it is possible to optimize the selectiv-
further oxidized is purely kinetic. For both economic and ity fyrther. In order to do so a detailed reaction mechanism
technical reasons there has been great interest in increasyy ethylene epoxidation and combustion is needed. How-
ever, despite the fact that ethylene oxidation on silver has
* Corresponding author. been extensively studi_ed by both gxperimeptal and theorgti-
E-mail address: stoltze@aue.auc.dk (P. Stoltze). cal methods the reaction mechanism remains controversial.
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In fact, ethylene epoxidation is the most studied partial oxi- the main reason that the mechanism remains controversial.
dation to date and almost every conceivable experiment hasHowever, intermediates such as molecular oxygen [20,21],
been performed for this reaction. A powerful way to sys- atomic oxygen [20,22-27], subsurface/dissolved oxygen
tematically investigate the vast amount of experimental data[28—30], ethylene [31-33], ethylene oxide [31,34-36], ac-
and develop a consistent reaction mechanism of ethyleneetaldehyde [37], water [38], carbon dioxide [39], and ox-
oxidation on silver is the use of microkinetic analysis and ametallacycles [40,41] have been studied by surface science
modeling [11,12]. A successful microkinetic model should techniques. Furthermore, the reactions of intermediates have
be able to close the pressure, temperature, and material gaplseen studied by a number of transient techniques, such as
between experimental and theoretical surface science andlTPR [28,29,42—-46], pulse reactors [47—49], batch reactors
industrial catalysis. Furthermore, a successful microkinetic [6,43], and combining high-pressure cells with UHV tech-
model gives the opportunity to understand the critical as- niques [42,50,51].

pects of activity and selectivity and guide future research. The kinetics of ethylene epoxidation and combustion

Industrial ethylene epoxidation is performed in a cooled have been studied extensively by a number of authors [4-7,
shell-and-tube recycle reactor with a contact time of ap- 42,43,49-62]. To the best of our knowledge, a single kinetic
proximately 1 s [1,2]. The temperature and pressure areexpression that reproduces the kinetics for both ethylene-
473-573 K and 1-3 MPa, respectively. For the desired high rich and oxygen-rich feeds does not exist. Instead different
selectivity the conversion is held at 10-15% per pass. Using kinetic expressions are used for different reaction condi-
industrial grade oxygen, the feed comprised of fresh feed tions. This indicates a very complicated kinetics for this
mixed with recycled gas consists typically of about 20 vol% process. The most favored kinetic expressions in the liter-
ethylene, 6-8 vol% oxygen, 6 vol% GM4-5 vol% Ar, the ature seem to be of the competitive Langmuir—Hinshelwood
remainder being nitrogen and methane. The catalyst consistdype [53,54,59]. One of the more important kinetic find-
of 10-18 wt% silver dispersed on low areaAl,03. The ings is that both epoxidation and combustion display similar
alumina is low area presumably to provide large pores andtrends for apparent activation energies and reaction orders
avoid the diffusion-limited regime that would reduce selec- in ethylene and oxygen pressure, respectively [50,51,53—
tivity [1,2]. The catalyst is promoted by alkali metals and 55,60]. Reaction orders in oxygen can exceed one at low
chlorine is continuously added during the reaction, thereby oxygen pressures and decrease to negative values for very
increasing selectivity. The major challenges of the processhigh oxygen pressures [53,54]. Reaction orders in ethyl-
are heat removal and avoidance of explosions [1,2]. ene have a value of approximately one at low ethylene

There are many features of ethylene epoxidation that pressure and become negative at high ethylene pressure
have puzzled scientists for decades. Surprisingly, silver is [53,54]. Maxima in the activity of epoxidation and com-
an exceptional catalyst material for ethylene epoxidation. To bustion have therefore been observed as a function of both
the best of our knowledge no other material comes evenethylene and oxygen pressure. Apparent activation ener-
close to producing the epoxidation activity and selectivity gies of epoxidation and combustion have been reported in
of silver under practical conditions. However, Lambert and the range 20-110 Kinol depending on reaction conditions
co-workers [13,14] have shown that in UHV copper is an [6,7,19,50,63]. The reaction orders in oxygen and ethylene
even more selective epoxidation catalyst than silver. Unfor- of both epoxidation and combustion suggest that adsorbed
tunately, an inactivating oxide overlayer is formed on copper ethylene and some adsorbed oxygen species compete for
in the presence of gas-phase oxygen [13,14]. The reasons fothe same active sites. From reaction orders ethylene seems
the limited selectivity are also unknown and itis in particular to compete more strongly for the active sites compared to
unknown if and how it is possible to increase the selec- the “active” oxygen species [50,51,53,54]. However, surface
tivity further. Only ethylene of the simple alkenes undergo science indicates that ethylene is only weakly adsorbed on
epoxidation, while a compound such as propylene combusts.silver, while atomic oxygen adsorbs strongly in UHV [42].
However, epoxides derived from higher alkenes without al-  Trends in selectivity are controversial in the literature.
lylic hydrogen such as norborene, styrene, and butadieneThe majority of reports seem to indicate that selectivity
may be produced by partial oxidation with high selectivity decreases with temperature and increases with increasing
[15-18]. The role of alkali and chlorine as selectivity pro- 02:CoH4 ratio [3,43,60]. However, opposite trends have also
moters also remains unknown. Many scientists believe thatbeen reported [49-51,64]. Substituting the hydrogen in eth-
the interaction between oxygen and silver plays an essentialylene with deuterium results in a normal isotope effect for
role in understanding ethylene epoxidation and a great re-combustion; however, epoxidation increases unexpectedly
search effort has been devoted to the silver—oxygen systermwith a large inverse isotope effect, resulting in a dramatic
[3,19]. However, the form and the creation of the active oxy- increase of the selectivity [42,55]. A similar effect has been
gen species are still debated. observed for epoxidation of butadiene [16].

It has not been possible to study ethylene epoxidation di-  The older part of the literature is much concerned with the
rectly in UHV by surface science techniques, presumable question of whether molecular or atomic adsorbed oxygen
because ethylene and/or the active oxygen species desorbseacts with ethylene to form ethylene oxide [9,65]. Today
before the reaction barrier can be climbed. This is probably experimental results indicate that atomic oxygen is the ac-
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tive species [3]. Furthermore, it has been discussed if anhyde on silver [74]. In general, microkinetic modeling has

Eley—Rideal or a Langmuir-Hinshelwood type of mecha- been successful in studying a number of important indus-

nism is appropriate to describe the process [3, and referencesrial reactions [11,12,75-83]. From a microkinetic model

therein]. it is possible to estimate surface coverages, reaction or-
Harriott and co-workers [53,54] and Temkin [62] sug- ders, selectivity, apparent activation enthalpies, degree of

gested that the active phase of the catalyst was not metallicrate control, etc. during reaction conditions. For this reason

silver but a surface oxide. This explains the low stability the applicability of the model is not restricted to a particular

of the active oxygen compared to ethylene, the increasing set of conditions, but can be used under various conditions

selectivity with @:CoHjy ratio, and the observed reaction or-  where simplified models; e.g., power-law expressions may

ders greater than one. break down. In the present paper we will concentrate on
Cant and Hall [55], Bell and Force [61], and Campbell the simulation of steady-state kinetics; however, the model

and co-workers [50,51,66-68] suggested that epoxidationis able to explain a broad range of transient experiments as

and combustion go through an unidentified common in- well [84].

termediate in the rate-limiting step. This mechanistic idea

explains the similarities in kinetic trends of epoxidation and

combustion. Furthermore, the model offers a very elegant pethods

explanation for the observed isotope effect [55,69]. Camp-

beII_suggiestr(]ad thzttﬁ]otk;c];ulatr oXygenwas gc&v:\?eca:ijse etx- The starting point of a microkinetic model is a detailed
periments showed thal Ihe atomic oxygen in couldnot e action mechanism containing all the important elemen-

be the active oxygen species [50,51,66-68]. For this reasorltary reactions. The principle of microscopic reversibility is

thedmechan“(sm ng I6agrg7eoly abgr]rdoned, b'(“j't recent:z/ Bar'zelauapp”ed to each elementary step, and the kinetics is de-
and co-workers [40,69, .] and 1ysoe and Co-workers .[ ] scribed by Arrhenius expressions. A statistical mechanical
demonstrated by a combined experimental surface science

) description is used for all gas-phase molecules and adsor-
and DFT approach that oxametallacycles are likely common o .
) . ; S X - bates giving a correct description of the degrees of freedom
intermediates in both epoxidation and combustion. Linic and

Barteau succeeded in making a microkinetic model for eth for each species. Furthermore, statistic thermodynamics en-
e ) . ~sur rrect ription of th -phase thermodynami

ylene epoxidation based on a reaction coordinate calculatedjv l:tr?ii atlhceoi dG(}aCaldeassC ap Oro;mazognasTFr)\easi?/ot ?n s?:t?/stia::al s

from first principles incorporating the oxametallacycle as o 9as app L pIvot .

a central intermediate [71]. A similar reaction coordinate mechanics s the partition function, and from this function all

has been calculated by King and co-workers [72] for both tlhe'rmodynam|c information can be extracted,'e.g., the equi-
S . . librium constants for each step in the mechanism.
a metallic silver and a surface silver oxide.
Lambert and co-workers [42], van Santen and Kuipers [3], ) ,
and Carter and Goddard [73] suggested that two differ- 21 Reaction mechanism
ent atomic oxygen species were active in epoxidation
(electrophilic) and combustion (nucleophilic), respectively. ~ In order to explain kinetic and surface science exper-
Nucleophilic oxygen exists on clean silver, while elec- iments a model containing both the ideas of a common
trophilic oxygen is created in the presence of subsurface intermediate [50,51,55,61,66-68] and an active surface ox-
oxygen and/or chlorine. This mechanism qualitatively ex- ide [53,54,62]is proposed. It should be noted that there is no
plains a number of transient experiments. However, it is very general agreement in the literature about the existence of an
difficult to interpret steady-state kinetics with this mech- active oxide layer or a common intermediate as illustrated in
anism. Recently, Bal'zhinimaev modified the mechanism the Introduction. Especially, the formation of a surface oxide
by suggesting that electrophilic oxygen is created on de- oxygen forming the active sites in epoxidation is speculative.
fect sites and not by subsurface oxygen [19, and referenceslhe suggested detailed mechanism is depicted in Table 1.
therein]. As shown in Table 1 and discussed below two sorts of ac-
In the present work we will present a microkinetic model tive sites are suggested to exist, i.e., a metallic silver(3jte
that describes ethylene epoxidation, ethylene combustion,and some kind of surface oxide site {)OThe exact con-
and ethylene oxide combustion on unpromoted silver. The figuration of the /O site and the binding of intermediates
reaction mechanism and the parameters are mostly deto /O* are speculative. Hence we have used a “slash” no-
duced explicitly from transient surface science experiments tation to avoid any indications if intermediates are bonded
in UHV. In a few cases parameters are extracted from to Ag, O, or both. /O is simply a second type of active
steady-state kinetics on single crystals. It is ensured thatsites. However, it should be emphasized that the mechanism
the parameters have physically realistic values. The modelis not analyzed as a Horiuti-Polanyi mechanism, because
is validated by comparison with reported initial rates on dif- the /O" sites are formed by a reaction between oxygen and
ferent catalysts in a broad pressure and temperature regionsilver. The mechanism is therefore analyzed as an ordinary
A similar approach has recently been successfully applied Langmuir—-Hinshelwood mechanism with one kind of active
to the related partial oxidation of methanol to formalde- site(*). Furthermore, it should be stressed that it is implicitly



C. Segelmann et al. / Journal of Catalysis 221 (2004) 630-649 633

Table 1
Reaction mechanism for the microkinetic model

due to the participation of Oin the combustion of ethylene
(steps 10, 12, 13, and 14).

Ox(g) + *=03 (step 1) O* is equivalent to the atomic surface oxygen observed
O} + *=20* (step 2) in UHV also referred to as nucleophilic or ionic oxy-
0,(g) + 20* = 20/0* (step 3) gen in the literature [3,19, and references therein]. On
C2Ha(g) + OF = CaH4/O* (step 4) Ag(111), O is the atomic surface oxygen observed to form a
CaH4/O" + O/O0" = CHaCHR0/0" + O* (step 5) p(4 x 4)-O LEED pattern with XPS= 528.2 eV and desorbs
C2H40(g) + O = CoH,O/0" (step6) gt ~580 K [20]. The equivalent ®on Ag(110) forms a
CHZCHzo’g; i°2H4O’O*ok (Sp7) (6% 2)-O LEED pattern with XPS= 528.1 eV and desorbs
CHaCHO/0" = CHyCHO! (step 8) at ~570 K [39]. The presence of ‘Oresults in a Ag 3g)»
CH3CHO/O* = CH3CHO(g) + O* (step 9) .
CH3CHOIO" + 60* = 2CQ% + 40H" + * (step 10) core level spectra equal to.367.6 eV in XPS, 0..5 gV less
CoHa(g) + * = CoHy* (step 11) than that for the bulk metallic silver [88]. The coincidence
CoH4/O* + OF = CHyCHOH/OF + * (step 12) of this value with that measured for silver oxides indicates
CHpCHOH/O* + O = CH,CHO/O* + OH* (step 13) the formation of Ag™ ions [88]. We therefore refer to 'O
CH,CHO/O* + 50% = 2CC¥ + 30H* + * (step 14) as a surface oxide in the following. The adsorption &fi©
20H* = Hy0* + O* (step 15) precursor mediated, with the precursgy, @nd goes through
CO;=COx(9) + * (step 16) steps 1-2 in Table 1 [20,22]. We suggest that adsorbed eth-
H20" =H0(9) + * (step17)  ylene (GH4/O*) and another atomic oxygen species (YO

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

adsorb on the surface oxide (steps 3 and 4). By*Oi@
mean an atomic oxygen atom (O) adsorbed on an surface
oxide site (/O); i.e., two O atoms are included in the G/O
symbol. We would like to emphasize that G/Ghould not
assumed that each*@orms one active site (/9. This as- be confused for molecular adsorbed oxygen. Similarly, by
sumption might be incorrect; i.e., it is possible that ea¢h O C,H4/O* we mean ethylene ({14) adsorbed on a surface
forms less or more than one active site. To answer this ques-oxide site (/3) and so forth for other intermediates adsorbed
tion more detailed modeling of the active sites is needed by on surface oxide sites. The above proposal is consistent with
such techniques as DFT, etc. However, we believe that theexperiments indicating that the number of active sites for
exact number of sites formed by*@ of minor importance  ethylene epoxidation is proportional to the coverage tf O
and will not influence the overall conclusions of the present which again is proportional to the sites for ethylene adsorp-
work. Further, as will become clear later it is assumed that tion [19,50]. It is well known that ethylene adsorbs more
one metallic silver site consists of two surface Ag atoms, strongly on silver containing preadsorbed oxygen [31-33,
which may not be the case in reality. In addition, it is implic- 42,50,66,89]. Some investigators even claim that ethylene
ity assumed within the Langmuir-Hinshelwood treatment cannot adsorb on reduced silver [42,89]. However, a more
that interaction energies (coverage dependencies) are absernhorough investigation shows that ethylene adsorbs on both
and that each intermediate only requires one metallicSjte ( clean (GH in step 11) and preoxidized silver £84/0*

All of these assumptions may be questioned; however, thein step 4), but with different binding energies [31,33,50,66].
success of the microkinetic model demonstrated in the restThis effect is suggested in the literature to be due to the
of this work shows that these assumptions are reasonable atormation of Ag™* sites created by 0[19,50,88-91]. The

a first approximation. It will in general not be possible to existence of atomic oxygen adsorbed on the surface oxide

develop a microkinetic model without making certain initial
assumptions or approximations.

The central idea of the mechanism is that dissociatively
adsorption of @ or preadsorbed oxygen on metallic sil-

layer (O/C) is more speculative. This species has not been
identified in UHV studies probably due to desorption be-
low 400 K. Most UHV studies concerning atomic oxygen on
silver are performed above 400 K. Furthermore, the recon-

ver (OF) forms an surface oxide layer by reconstruction of struction of Ag(111) to form the surface oxide starts above
the Ag surface (step 2). Such a reconstruction has been ob400 K [27,88]. However, from experiments it is well known
served experimentally by LEED and STM [20,26,27] and by that the heat of oxygen adsorption decreases dramatically
DFT calculations [85-87]. In particular, ab initio atomistic above 0.5 ML coverage, which corresponds to the cover-
thermodynamic calculations have shown that the surface ox-age of surface oxide [39,92,93]. This loosely bonded atomic
ide layer is expected to be thermodynamically stable underoxygen is often referred to as electrophilic or covalent in the
industrial epoxidation conditions [85-87]. However, it will literature [3,19]. Interestingly, Scheffler and co-workers [94,
be shown later as a result of our microkinetic model that and references therein] recently proposed a similar model
the formation of the surface oxide is limited by kinetics for CO oxidation on Ru@based on DFT calculations. Here
not thermodynamics. Epoxidation catalysts are therefore notgas-phase oxygen creates an oxide with metallic Ru and an-
covered with a surface oxide but are partly reduced in a re- other atomic surface oxygen adsorbs on the oxide structure,
active atmosphere of ethylene and oxygen. This reductionwhich is reactive in CO oxidation. In addition, Campbell
of the catalyst is explicitly built into the microkinetic model and Paffett showed that going from p¢21)-O (0.5 ML) to
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c(6x 2)-O (0.67 ML) on Ag(110) the heat of oxygen ad- error. It has been suggested that the combustion of acetalde-
sorption decreaseet 10% resulting in about 5 times more hyde goes through acetate and formate intermediates [3,42].
reactive oxygen for CO oxidation [39]. In the absence of oxygen, adsorbed acetaldehyde will desorb
From the Introduction it is clear that the active oxy- to the gas phase instead of combusting (step 9) as observed
gen in epoxidation has a low stability compared to atomic experimentally [7,52,57].
oxygen observed in UHV. Based on TPR experiments the The formed ethylene oxide combusts by isomerization
formation of the loosely bonded electrophilic oxygen is to acetaldehyde through the oxametallacycle (steps 6-8),
often suggested to be promoted by the presence of subsurwhich is consistent with experiments [7,52,57]. Note that
face oxygen in the literature [3,28,29,42,46]. However, if it is not necessary to include a new net reaction to explain
subsurface oxygen forms the loosely bonded surface oxy-ethylene oxide combustion. The isomerization of ethylene
gen necessary to explain reaction kinetics [51,53,54] and oxide to acetaldehyde and further oxidation (steps 6—-10) can
adsorption isotherms [92,93] a significant decrease in O also proceed on metallic silver sites [57,96]. These steps are
desorption temperature is expected in the presence of subincluded in the model even though they are not shown in Ta-
surface oxygen, which is not observed experimentally [28]. ble 1 for simplicity. These extra steps are only important for
Furthermore, the formation of subsurface oxygen is slow and the further oxidation of ethylene oxide and only play a role
activated [42,95] and it is therefore doubtful that the up- under conditions where the oxide coverage is low. The para-
take of subsurface oxygen is rapid enough to form the active meters for the combustion of ethylene oxide on metallic sites
sites necessary under steady-state conditions. Furthermoregre assumed to be identical to those on the oxide sites.
Campbell and co-workers investigated steady-state kinetics It is apparent from the mechanism that the formation of
on Ag(111) and Ag(110) in a high-pressure cell and rapidly the oxametallacycle and adsorbed ethylene oxide does not
transfered the single crystals to UHV after steady-state wasnhecessitate the breaking of C-H bonds, while in the forma-
obtained [50,51]. In these experiments only surface oxy- tion of acetaldehyde H has to migrate to another C atom. The
gen (O) was observed after transfer to UHV even though model is therefore able to explain the large inverse isotope
subsurface oxygen should be even more thermally stable.effect [55] in the way proposed by Linic and Barteau [69].
This suggests that subsurface oxygen is unimportant under Ethylene also combusts through an alternative parallel
steady-state conditions. It is clear, however, that subsurfacepathway (steps 12—17), which is indicated by a number of
oxygen plays a role in the transient experiments of Grant andexperimental studies [42,46,50]. The details of this path-
Lambert [42] and van Santen and co-workers [28,29]. We Way are unknown, because it is very difficult to study this
suggest that the role of subsurface oxygen in these transienteaction experimentally without interference with the other
experiments is to serve as an oxygen reservoir that suppliegeactions. We do know, however, that the activity of this
oxygen to the surface oxide. By including the elementary re- reaction path is small compared to the path through the ox-

actions ametallacycle under most reaction conditions [50]. But it is

important to include this reaction path in order to explain se-

O* + AQgubsurface= O—AGsubsurfacet (4) lectivity trends at low pressures. It is suggested that a vinyl
20" = 0/O* + * (5) alcohol (CHCHOH/O) is formed (step 12) in the combus-

tion of ethylene [3, and references therein]. Hydrogen is then

in the model, the transient experiments of Grant and Lam- stripped from the vinyl alcohol and we suggest that the strip-
bert [42] and van Santen and co-workers [28,29] may be ping of the first hydrogen (step 13) is the rate-limiting step of
explained as demonstrated in a related paper [84]. this combustion. The combustion of GEHO/O* is there-

In step 5 ethylene adsorbed on the surface oxid¢i4C fore assumed to be very fast and it is ignored that step 14 is
O*) reacts with electrophilic oxygen (Of® to form an clearly not elementary.
oxametallacycle (CBECH,0O/O*), which is a common in- Expressions for the reaction rates of the elementary reac-
termediate for both epoxidation and combustion. The ox- tions in Table 1 are displayed in Table 2. The mass and site
ametallacycle branches into either adsorbed ethylene oxidebalances solved in this work are displayed in Table 3 and
(CoH40O/O* in step 7) or acetaldehyde (GAHO/O* in Table 4. Note that a forward rate constant (Arrhenius para-
step 8). Experimental and theoretical evidence for a sur- meters) and equilibrium constant (frequencies and ground
face oxametallacycle incorporating two Ag atoms bonded state energy) are needed for each elementary reaction. By
to the O and C (Ag—CbCH,O—-Ag), respectively, has been including a reference pressur@® = 100 kPa) in the rate
reported [40,41]. Furthermore, it has been shown that this expressions of the elementary reactions in Table 2 a number
oxametallacycle can branch into ethylene oxide and ac- of advantages are obtained. First, the equilibrium constants
etaldehyde [40,69,70]. The rate ratio of steps 7 and 8 de-are dimensionless. Secondly, all rate constants and preexpo-
termines the selectivity. The adsorbed ethylene oxide de- nential factors become turnover frequencies (TOF) with the
sorbs (step 6) while acetaldehyde rapidly combusts (step 10)unit molecules per site per second.
[6,7,57]. Step 10 is clearly not elementary; however, this  In this work we only deal with initial rates; i.e., simu-
combustion is very fast in the presence of oxygen and canlations are compared to steady-state kinetics measured in
be approximated as an elementary reaction with negligible differential reactors. By a differential reactor it is implied
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Table 2 Table 4
Rate equations for the kinetic model based on reaction steps 1to 17 Steady-state site balances of adsorbates and free sites for the microkinetic
model
k1
rg= kl 9* X; 903 dGOE
=rp1—rp=0
ra = kafos b —295* dgaf
"
ra—k P020 _k3p2 % =2rp —2r3—r4+r5—rg+rg—6rig
3=k3pe Yo X3"0lo* s N 0
—Ir12 =713 —Jr14+ri5=
4
ra= k4 bo — 1(_46(32H4/O* B/
=2r3—r5=0
rs=ks6 oo — B¢ <00 o
5 =K5Y¢c,H,/0%Y0/0* — K5 YCH,CH,0/0* Y0 ey Jo*
rg =kg 02H409 . — X6 g . @ =ra—rs—r12=0
Kek C2H40/0 Ben,chyolo* —rg—r7—rg=0
— _ k7. B =rg—r7—rg=
17 =k70cH,cH,0/0* ~ K7 9C,H 010" @ N
CoH40/0" _
= kgt ks i =retr7=0
8 =k8YcH,CH,0/0* ~ KgYCHzCHO/O* d
8 OchgcHolo*
ro=kgf) . — ko forgCHO 5 S5 =r8—ro—r10=0
9=HN9YCHzCHOIO* ~ Kg ~ pO VO Do,y
6 2 44 =r11=0
r 10:k1090H30Ho/o*90* - KlOGCO*QOH* Ou a T
do, Ho*
Peo CHpCHOHO® _ . _ ¢
1=k —246, — goc H ! 12mns
r 12 dGCHZCHO/O* A riA—0
r12:k126C2H4/O* Oox — K_].ZGCHchOH/O* Oy ld0 13 14
oH* _ _ —
r13=k13%n,cHoro* o — I%ZGCHZCHOIO* foH+ eI Ar1o+r13+3r14 = 215=0
H,0*
5 k14 2 53 —f—=r1i5—r17=0
r1a=kiafcp,cHolo 06+ — Kygfco; Pom s Wy oo

2 k —d——2r10+2r14—r16 0
r15=k150Gp — Tz Oh,0 00

COz Oy =1—60x — 0o — 6, « — 0 « — 0 *
ri6=k160c Klliz 52O 05 ~ YO o/0 CoHylO CH,CH,0/0O
k17 PHp0 -6, -0 —Oc,qx — 0
ri7= k179H2 ot — K1177 Pé 0y CoH40/0* ~ YCH3CHO/O* ~ YCyH; — YCH,CHOH/O*

K; are the equilibrium constants calculated from the molecular partition ~Och,cHoior — P — BH0% — GCOE
functions of the intermediate, are the rate constants assumed to be of
the Arrhenius formgy is the coverage of specigs, and P© is the ther-
modynamic reference pressure.

6; is coverage of intermediates][s] is time, r; [s~1] is the rate of theth
elementary reaction.

pressure and temperature are of importance, while flow, site

Table 3 density, number of sites, catalyst mass, reactor configuration,
Mass balances of gas-phase species for the microkinetic model applied to a
steady-state plug flow reactor %etc. are irrelevant. In this work we do not deal with prod-
uct inhibition or secondary reactions of formed products,
EL=a ps-(—r1—r3—r4—re+ro—ri1+rie+riy) although the microkinetic model could handle such compli-
dn, —XNo(=r1—r3—rga—re+ro—r11t+rie+r17) cations.
O T4 Pse F
dvo, —r1—r3—X0, (=r1—r3—r4—re+ro—r11+rie+ri7)
an =4 Pse F 2.2. Model catalyst
drcyH, —a-p —r4=T11=XCoH,(=11—r3—r4—re+rg—r11+r16+r17)
dm “Ps F
dicoHs0 _ . —rg—XCoH 40" (—1—r3—r4—re+ro—r11+r16+r17) It is assumed that the active phase of the silver cata-
tm : £ lyst is the Ag(111) facet, because it is the thermodynam-
dxcHgcHO r9—XCHaCHO"(=71—r3—r4—re+ro—r11+r16+r17) .
— g =a-ps- 2 ically stable facet and therefore suspected to be the most
dco, _ D5 - "6-XCOy (~r1—r3—ra—retro—ri1trietriz) abundant facet on the industrial catalyst. When possible,
dm s F . .
diryo P73y (—r1—r3—T4—reHre—r11-Hr1g+r17) model parameters have been derived from experiments on
dn 4 Pse F Ag(111). However, in some cases the Ag(110) surface has
F [mol/s] is the flow of gasy; is mole fractions;n [kg] is the catalyst been used due to the absence of appropriate experimental
massa is the specific area [frka], ps [mol/m?] is the site density, anc} data for Ag(111). Experimental data by Campbell and co-
[s™7]is the rate of theth elementary step. workers [50,51] and Grantand Lambert [42] on Ag(111) and

Ag(110) show that the activities of Ag(111) and Ag(110)
that the reaction conditions do not change during a mea-are very similar. Furthermore, the single crystals exhibit
surement and the rate is constant through space or time otthe same kinetic trends as more realistic supported cata-
the measurement. Of course differential reactors do not ex-lysts, indicating that Ag(111) is an excellent model catalyst
ist in reality; however, if conversions are below5—10% [50,51,97].
the differential reactor model is usually a good approxima-  Eventhough the reaction seems to be structure insensitive
tion. Using differential reactor data only the initial reactant comparing Ag(111) and Ag(110), a very puzzling particle-
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size effect may be observed [19,97]: Single crystals have models. The sensitivity of the model to the values of these
a much higher activity than conventional catalysts. The ac- guessed parameters has been analyzed and they are not crit-
tivity is claimed to decrease with decreasing particle size ical regarding the overall predictions of the microkinetic
especially in the region 300-500 A [19]. However, other model. Ground state energies can be determined by simu-
trends have also been observed [97, and references therein]ation of TPD experiments and measurements of sticking
The nature of this size effect is not clear. A very simple ex- coefficients. Rate constants are determined from sticking
planation was offered by Campbell [68] who showed that measurements, TPD/TPR experiments, and steady-state ki-
area measurements of silver catalysts by oxygen chemisorpnetics on Ag(111).
tion could be seriously flawed in the presence of chlorine  How the parameters have been determined will be ex-
and other impurities. Campbell therefore suggested that theplained in the following and the results are summarized in
low activities on more realistic catalysts are due to impuri- Tables 5-8. For more details on the method of parameter es-
ties. From kinetics, the size effect seems to only influence timation we refer to the literature [11] and the analysis of
the density of sites, while the mechanism remains the same,TPD and sticking below. We would like to emphasize that
cf. Section 3. Different site densities are therefore used for the enthalpy reported in Tables 5-7 for different species is
different catalysts in the present work, but all other parame- the standard enthalpy of formation at 298.15 K; i.e., the en-
ters in the model are identical. thalpy needed to form the species from its elements in the
On Ag(111) the density of sites/) is estimated from  standard state. In order to calculate the ground state energy

approximately 0.5 ML in UHV, which combined with the

fact that a Ag(111) facet has38 x 10'° surface atoms per
square centigrgeter)gives a site density &% 108 sitey/ mzé Eq = Hiot = (Hyip + Huans+ Hroy), ©)
This site density has been used in establishing model paray,nere Eq is the ground state energiii is the total en-
meters from su.rface scienge experiments on Ag(111). NOtethaIpy as reported in Tables 5-7, afigans Huib, and Hrot
that an active site*) according to above consists of twWo Ag  4re the translational, vibrational, and rotational enthalpy, re-
surface atoms. spectively, of the species. Furthermore, one should note that
for species X adsorbed on a surface oxide site i@ en-
thalpy of O is included in the tabulated enthalpies for X/O
o o . __ Therefore to calculate the enthalpy change for forming an ar-
The equilibrium constants appearing in the microkinetic pirary intermediate Y such as heat of adsorption one should
model are calculated using statistical thermodynamics fromjust use the tabulated enthalpies in combination with the el-
parameters for gas-phase molecules and adsorbates. Thgmentary reactions tabulated in Table 1 and Hess's law.

central parameters are vibrational frequencies and ground e first-order desorption process in UHV for a generic
state energies. All parameters for gas-phase molecules CaRas-phase molecul is given by

be extracted from the NIST database or equivalent [98].
For the adsorbates, vibrational frequencies can be deter-

. . do 4« k
mined from spectroscopic measurements; e.g., EELS, IR,—— = ——0ax, (1)

X . dt K

and Raman or from DFT calculations. It is not always pos-
sible to establish all the vibrations of intermediates from wherek is the rate constant of adsorptiok, is the equi-
experiment or calculation. The remaining vibrations are librium constant, and 4« is the coverage ofA. The rate
assigned realistic values by guessing or applying simple constantk is found by equating the initial adsorption rate

2.3. Model parameters

Table 5

Model parameters of gas-phase molecules for the statistical thermodynamical treatment

Species Parameters

0> B=145,06 =2,v1 =158Q00, H =0, T =29815 K [98]

CoHg A=4.83,B=1.00,C=0.83,0 =4,v1 =30264, v, = 16229, v3 = 13422, v4 = 10230, v5 = 31025, vg = 12220, v7 = 9493,
vg = 9430, vg = 31055, v = 8260, v11 = 29887, v1» = 14435, H = 52467 kJmol, T = 29815 K [98]

CoH40 A=0.854,B=0.736,C =0.47,0 = 2,v1 = 30050, v = 14900, v3 = 12660, v4 = 11200, v5 = 877.0, vg = 30630, v7 = 13450,

vg = 807.0, vg = 30190, v19 = 1470Q0, v17 = 11530, v1p = 8920, v13 = 30790, v14 = 11430, v15 = 8210, H = —52.635 kIymol,
T =29815 K [98]

CH3CHO A=1902,B=0.338,C =0.303,0 =1, v = 30050, vp = 29170, v3 = 28220, v4 = 17430, v5 = 14410, vs = 14000, v7 = 13520,
vg = 11130, vg = 9190, v1g = 5090, v11 = 29670, v12 = 14200, v13 = 867.0, v14 = 7630, v15 = 1500, H = —166.200 kJmol,
T =29815 K [98]

H,O A =27887,B=14511,C =9.280,0 =2,v1 = 15947, vp = 36511, v3 = 37559, H = —241818 kymol, T = 29815 K [98]

CO, B =0.39038,0 =2,v1 =667.3(2), vp = 138426, v3 = 234949, H = —39315 kJmol, T = 29815 K [98]

A, B andC are the rotational constants [crH, ¢ is the symmetry number; are the vibrational frequencies [crh], and the degeneracy of a frequency is
enclosed in parenthese. is the standard enthalpy of formation.
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Table 6

Model parameters of adsorbates for the statistical thermodynamical treatment

Species Parameters

o* v1 = 3500, vp = 5080(2), H = —63.0 kJ/mol, T = 29815 K [20]

05 v1 =50(2), v = 300(2), v3 =675,v4 = 220, H = —44.5 kJ/mol, T = 29815 K [20]

O/O* v1 =300(2), vp = 250,v3 = 350,v4 =508(2), H = —10300 kJmol, T =29815 K [92]

CyHy/O* v1 = 1100, vp = 15570, v3 = 30090, v4 = 13160, v5 = 10500, vg = 9630, v7 = 309Q0, vg = 8700, vg = 31300, v1o = 29800,
v11 = 14400, v12 = 5000, v13 = 5400, v14 = 30.0, v15 = 50.0(2), v16 = 20.0(2), v17 = 5080(2), v1g = 3500,
H = —-52338 kymol, T = 29815 K [33,106,107]

CyH40/0* v1 = 8350, vp = 12200, v3 = 15400, v4 = 30170, v5 = 9150, vg = 11480, v7 = 144Q0, vg = 301Q0, vg = 28900, v1g = 28200,
v11 = 29700, v12 = 29200, v13 = 10800, v14 = 10350, v15 = 1000, v1g = 50.0(3), v17 = 30.0(3), v1g = 5080(2), v19 = 3500,
H =-15800 kJmol, T =29815 K [33,36,89]

CH,CH,0/0* v1 = 3440, vp = 4050, v3 = 4550, vq = 7170, v5 = 7930, vg = 9050, v7 = 9960, vg = 10520, vg = 12180, v1o = 12730,
v11 = 13530, v12 = 14460(2), v13 = 29220(2), v14 = 434.0, v15 = 80.0(2), v1 = 30.0, v17 = 40.0, v1g = 17.0, v1 g = 350,
v =5080(2), H = —16300 kJ/mol, T = 29815 K [40,42]

CH3CHO/O* v1 = 30050, vy = 30640, v3 = 11550, v4 = 14900, v5 = 13450, vg = 8920, v7 = 12660, vg = 807.0, vg = 30800, v1o = 11200,

v11 = 30200, 15 = 1143,v13 = 70.0, v4 = 8770, v15 = 147Q0, v16 = 50.0(2), v17 = 20.0(4), v1g = 350,119 = 5080(2),
H = —269700 kymol, T = 29815 K [37]

v; are the vibrational frequencies [chh] and the degeneracy of a frequency is enclosed in parenthésisshe standard enthalpy of formation.

Table 7

Model parameters of adsorbates for the statistical thermodynamical treatment

Species Parameters

CgHj‘1 v1 = 1100, v = 15570, v3 = 30090, v4 = 13160, v5 = 105Q0, vg = 9630, v7 = 309Q0, vg = 8700, vg = 31300, v1g = 29800,
v11 = 14400, v12 = 5000, v13 = 5400, v14 = 30.0, v15 = 50.0(2), v15 = 20.0(2), H = 17.70 kI mol, T = 29815 K [33,106,107]

CH,CHOH/O* v1 = 18850, v, = 12200, v3 = 15400, v4 = 30170, v5 = 19150, vg = 11480, v7 = 14400, vg = 30100, vg = 28900, v1o = 18200,
v11 = 29700, v12 = 29200, v13 = 30800, v14 = 10350, v15 = 1000(2), v15 = 100Q0, v17 = 30.0(2), v1g = 5000, v1g = 3000,
voo = 1000(2), vp1 = 3500, H = —12000 kJmol, T = 29815 K

CH,CHO/O* v1 = 1100, v = 1557.0, v3 = 301Q0, v4 = 13160, v5 = 105Q0, vg = 9630, v7 = 309Q0, vg = 8700, vg = 31300, v1g = 29800,
v11 = 14400, v13 = 5000, v13 = 5400, v14 = 30.0, v15 = 50.0(2), v16 = 20.0(2), v17 = 5080(2), v1g = 3500, v1g = 3500,
voo = 20.0(2), vp1 =5082).0, H = —58.00 kJymol, T = 29815 K

H,O* v, = 27.9,vp = 27.9(2), v3 = 740(3), v4 = 1660,v5 = 341012), H = —2895 kJ/mol, T = 29815 K [38]

OH* v1 = 2800, vo =49.3(2), v3 =6700(2), v4 = 33800, H = —18500 kJ¥mol, T =29815 K [38]

COj v, =410,vp = 30.6(2), v3 =12.71,v4 = 667(2), v5 = 1365,v5 = 2350, H = —4330 kJ/mol, T = 29815 K [39]

v; are the vibrational frequencies [(:Tﬁ] and the degeneracy of a frequency is enclosed in parenthgsisshe standard enthalpy of formation.

Table 8

Forward and backward Arrhenius parameters for elementary reactions in

with the initial sticking rate

the microkinetic model at 500 K k= GOPe (8)
Stepi Ai[s Y] HP[ky/moll A_;[sY HY [k/mol] Ref. d/2rmkgT
1 271x1CP 57  11x1012 473 [20] whereay is the initial sticking coefficientP® is the ther-
2 40x10% 750  80x10% 1575 [20] modynamic reference pressure,is the mass ofd, kg is
3 20x 10; 200 13x 1?:’ 96.9 [11,95] Boltzmann’s constant, anfl is the temperature. Substitut-
4 72x10 00 22x1 371 [33] ing Eq. (8) into Eq. (7) the following equation is obtained:
5 90x10M 1120  53x 104 1833 [51] 9Ea.(8) a-(7) geq
6 195x1CP 00  48x10% 391 [34-36] do 4 oo P® 9 ©
7  113x1083 950  211x1012 935 [4,51,52] =- A*.
8  90x 102 950  45x 100 2043  [4,51,52] dr dv2rmksTK
9 29x10'3 419  26x10° 4.4 [37] Experimental TPD spectra can be simulated by integrat-
10  20x10% 110  53x10% 7916 ing Eqg. (9) with numerical techniques. The ground state
1L 72x 1811 00 22x 18111 301 [33] energy comes into play through the equilibrium constant and
12 40x10 820 31x1 428 is optimized until the experimental peak temperature is re-
13 26x 10" 860  13x10° 1061 roduced
14 10x 102 00 55x1013 9066 produced. . )
15 14 x 100 656 10 x 101 50.0 [38] The sticking 'prc.)babmty of ethylene, gthylene OX|de.,
16 36 x 104 389  10x 108 0.0 139] water, carbon dioxide, and acetaldehyde is close to unity
17 59x 10" 466  14x10° 0.0 [38] [33,36-39], and it is reasonable to assume an adsorp-

A is the prefactor and/ % is the activation enthalpy.

tion activation barrier of zero for these species. From this
assumption and the measured sticking probabilities rate
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constants of steps 4, 6, 9, 11, 16, 17 are determined.to produce ethylene oxide at300 K. The parameters will
The TPD peak temperature of adsorbed ethylene, ethylenenot vary significantly whether one or the other experiment
oxide, and acetaldehyde increases with oxygen coverageds chosen. There are two reasons that the experiments of
[33,35-37,50,66]. The ground state energy gfi¢has been Grant and Lambert [42] were chosen to extract parameters
determined from a peak temperature of 148 KH@O* instead of the apparently more direct experiments of Linic
from 175 K, GH40/0* from 175 K, HbO* from 170 K, and Barteau. First of all, in the TPR experiments of Grant
CQO; from 145 K, and CHCHO/O* from 160 K. The heat  and Lambert, the oxametallacycle is formed from reaction
of adsorption and the simulated TPD peak temperatures ofpetween ethylene and oxygen and is therefore the interesting
these species are similar to the reported values in the lit- oxametallacycle in ethylene epoxidation. It is known that a
erature [31-33,35-39,50,66]. The Arrhenius parameters fornumber of similar oxametallacycles may exist [71, and ref-
step 15 and the stability of OHare determined in such a erences therein]. Secondly, this leads to reinterpretation that
way that the experimental formation of Oldt ~ 250 K and offers a consistent explanation for a number of important
the recombination of OHat~ 320 K are reproduced [38].  TPR experiments in the literature [42,46,100]. Finally, the
The rate constants of steps 1-2 and the ground state enefexact values are not critical to the conclusions drawn in this
gies of G and O are established from simulation of sticking  work. Interestingly, Linic and Barteau estimated the activa-
probability measurements and TPD experiments [84]. It tion energy of ring closure te- 70 kJ/mol using a Redhead
should be emphasized that the model predicts the low dis-analysis, which is close to the value predicted in the microki-
sociative sticking probability of 10 at 500 K as observed  netic model (95 kgmol). In addition, Mavrikakis et al. [101]
experimentally [20]. Furthermore, the heat of adsorption calculated a stability of 42 kJ/mol for the oxametallacycle
of O* (126 k¥mol O,) is close to the reported experi- compared to gas-phase ethylene oxide, which is close to the
mental values in the literature~(100—- 170 k¥mol O;) value predicted by the microkinetic model (47.4kbl).
[20,92,99]. The Arrhenius parameters of step 5 have been determined
The preexponential of step 3 has been estimated frompy fitting the Arrhenius plot measured by Campbell [51] on
transition state theory [11] and the activation barrier has beenAg(lll), cf. Fig. 1. The rate constants of steps 7 and 8 have
obtained from measurements of adsorption activation ener-peen established by fitting selectivity on Ag(111), the stick-
gies [95]. The ground state energy of electrophilic oxygen jng probability of oxametallacycle, and the combustion of
has been established by fitting to steady-state kinetics ONgthylene oxide, cf. Fig. 7. The rate of step 10 is known to be
Ag(111) measured by Campbell [51], cf. Figs. 1-3. The nec- 1y fast which is ensured by the selected Arrhenius para-
essary heat of adsorption of O7Gn order to explain the | aters [6,7,57].

kinetics turns out to be-80 kymol O, almost identical The suggested mechanism for combustion of ethylene by
to the heat of adsorption measured above 0.5 ML on silver p,cjeqphilic oxygen through a vinyl alcohol intermediate is
(~75 kymol O;) [92]. very speculative and a number of other intermediates such

The stability of the oxametallacycle is found from TPR 55 tormate, acetate, or glycol could be important. Needless
experiments [42,46,100]. Exposing silver predosed with sur- to say, it has not been possible to deduce the parameters for

face a“?' subsurfgce oxygen to Iargg ethylene doses at 309 Khis combustion explicitly. Instead realistic values have been
results in desorption of ethylene oxide and acetaldehyde iN .hosen which reproduce the experimental effects

a common peak (360._.420 K.) n a Subsequent TPD experi- = 1 ogtimated preexponentials depicted in Table 8 all at-
ment [42,46,100]. erglnally it was believed that adsorbgd tain physically realistic values except steps 10 and 14, which
ethylene and atomic oxygen reacted to form ethylene oxide are not elementary. Transition state theory (TST) predicts a
prefactor of about 1% s~ for first-order surface reactions

at 360—420 K. However, ethylene is not stable above 200 K
in UHV [32,33,50,66]. A more consistent interpretation of varying a few orders of magnitude dependent of the nature
of the transition state (mobile/immobile) [11]. Experimen-

this experiment is that a stable oxametallacycle is formed
during the ethylene exposure at 300 K, which desorbs/reactta"y' preexponentials vary from #®to 106 s~ for surface
reactions and desorption [102]. The high preexponential of

at 360-420 K. This is also consistent with the work of Tysoe
O* desorption (Table 8) is similar to values reported in the

et al. [31]. Furthermore, Grant and Lambert discovered that
ethylene oxide could adsorb at 300 K by using high ethylene literature [20, and references therein]. The preexponential of
step 5 is high which is also reflected by the high turnover

oxide doses [52]. However, ethylene oxide desorbs below
200 K in UHV [32,33,35,36]. Again this suggests that the Jrequencies measured on single crystals [51], cf. Figs. 1-3.

authors produced an oxametallacycle instead of adsorbe
ethylene oxide as suggested in the original work. Grant and

Lambert measured the sticking probability of this process to

2.3 x 1078 at 300 K [52]. Using these experiments the sta- 3- Results

bility of the oxametallacycle is estimated [84]. Alternatively,

the experiments of Linic and Barteau [70] could have been In this section the model (Tables 1-4) has been applied to
used. Here the oxametallacycle was produced from ethylenea differential reactor and turnover frequencies and selectivity
oxide on Ag(111) at 250 K. The oxametallacycle reforms (S) have been calculated under various reaction conditions.
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The selectivity is defined as
—rg

§=——7—.
—re+ 5716

(10)
The coverage of surface oxide siteéhx{de) consists of

the coverage of Osites plus the /Osites covered by other

intermediates; i.e., the oxide coverage is defined by

foxide = 0o + Op/0* + Oc,p,/0° T Ocr,chy0/0"
+0c,m,0/0° T Ochycrolo®
+ Och,cHorlo® T Och,cHolo™ (11)

The coverage of surface oxidéyfige) is @ measure of
the active sites present for epoxidation. The coverage*of O
corresponds to the unoccupied sites for epoxidation. Alter-
natively, one could look aloxige as a site balance for Ag
sites assuming that eact @sults in one Ag" site.

In Figs. 1-3 the model is used to simulate the single

crystal experiments of Campbell [51] and Grant and Lam-
bert [42]. Recall that the experiments of Campbell were

used to establish the Arrhenius parameters of step 5 and the

ground state energy of OfO

In Fig. 1 the model is used to simulate Arrhenius plots.
The model reproduces the data of Campbell very closely. In
particular, the model successfully captures the curved trend
in the Arrhenius plot, i.e., a high activation energy at low
temperatures and a low activation energy at high tempera-

tures. The model seems generally to reproduce the activation
energy as measured by Grant and Lambert, but the predicted

activities are on the low side. It appears that the model gener-
ally underpredicts activities at low oxygen pressures (below
~ 10 kPa). However, the model captures the experimental
trends and it is quantitatively accurate within a factor of 2-3
even at low pressures, which is satisfying in view of the
number of other observations reproduced by the model. It

—— Model i
W Campbell’s Exp. TOF(.z"40

A Campbell’s Exp. TOF .,
@ Lambert’s Exp. TOF

H,0

N WA O

In(TOF [s™"])

2.2

2
T'[10° K™

1.6 1.8 2.4 2.6

Fig. 1. Simulated and experimental Arrhenius plot opHZO and
CO, formation on Ag(111). Campbell's experiments [51] were done at
Po, =20 kPa andPc,H, = 2.66 kPa while the experiment of Grant and
Lambert [42] was done &g, = 0.67 kPa andPc,1, = 0.67 kPa.
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Fig. 2. Simulated and experimental turnover frequencies 8140 and
CO, formation (A) and selectivity and oxide coverage (B) versus oxygen
pressure on Ag(111). = 490 K andPc,, = 0.55 kPa. Experimental data
are extracted from [51].

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

The model also reproduces the production of,G@ry
well and therefore the selectivity. It is indirectly observed
from Fig. 1 that the selectivity remains almost constant with
temperature. Furthermore, the activation energies of both
epoxidation and combustion are almost identical. These fea-
tures would be very hard to explain without introducing a
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12 Model ' ' ' Campbell and co-workers [50,51] measured the coverage
W Exp. TOF, , ] of O* under steady-state reaction conditions by transferring
10 F AExp.TOF, : 1 the single crystal from a high-pressure cell to UHV. Oniy O

was thermally stable enough to survive the transfer at 490 K.
J We propose that the measureti €dverage by Campbell and
co-workers corresponds to the coverage of surface oxide de-

o, ] fined in the beginning of this section. Because in the transfer
5 to UHV all the intermediates adsorbed on the surface oxide
= (X/O0*) desorbs leaving Oon the surface.
] As observed in Fig. 2 the simulated coverage of sur-
face oxide increases with oxygen pressure and levels out
- below the equilibrium coverage. Similar trends were ob-
served experimentally by Campbell and co-workers [50,51].
Quantitatively, the measured coverage was lower than the
simulated. However, Tan et al. [103] pointed out that some
of the oxide is lost during transfer due to background reac-
tions with H, and CO.
A Fig. 3 shows experimental and simulated activities, selec-
1 . . . : tivities, and surface oxide coverage versus ethylene pressure
—— Sim. selectivity 1 on Ag(111). The model reproduces the activities and selec-
09 —-- Sim. oxlde coverage 1 tivity, quantitatively. The simulated surface oxide coverage
T 08 [\ O selectivity 1 again qualitatively resembles the measured oxygen coverage
° [ i by Campbell and co-workers [50,51]. It should be stressed
g ] that the quantitative disagreement between measured and
g i calculated oxide coverages is not believed to be a flaw in
S - the model, but due to the experimental difficulties in trans-
] 1 ferring the oxide from a high-pressure cell to UHV without
Zz ) losing oxygen.
'§ 1 In Fig. 4 the model output is compared to experimental
s ] initial rates obtained in different laboratories using differ-
1 ent unpromoted catalysts ranging from single crystals to
1 supported catalysts. The oxygen and ethylene pressure and
0 L L L L temperature were varied extensively in the reported experi-
0 1 2 s 4 ments [4,42,51,53-56,64,104]. Only the site density of each
Pe,n, [kPa]
100.00 p——r—T—rrrr——T T
B : o TOFczup v
Fig. 3. Simulated and experimental turnover frequencies #1/0 and - x TOFg,
CO, formation (A) and selectivity and oxide coverage (B) versus ethyl- 1000 A TOF., E
ene pressure on Ag(111).= 490 K andPg, =20 kPa. Experimental data . 2 % 3
are extracted from [51]. k) x
& o}
% 1.00f o < X 4
common slow reaction step for epoxidation and combustion § i O oo .
as pointed out in the work of Campbell [50,51,68]. . I xo
Fig. 2 shows experimental and simulated activities, se- 010F Ex0 08 E
lectivities, and O coverage versus oxygen pressure on F o 5 ]
Ag(111). The model captures the activity trends for both - o ®
epoxidation and combustion. However, again it is appar- 0.0 ettt
ent that the model underpredicts activities at low oxygen Experimental TOF [s”]

pressures. The model explains the experimental selectivity

very well. The selectivity increases with oxygen pres- Fig. 4. Predlcte_d versus experimental turnover freque_nues 01,0

b he f . f I le i and CQ formation and GH4 consumption. The experimental results
sure ecguse t e formation of oxametallacycle Increases,re exiracted from reported initial rates [4,42,51,53-56,64,104] measured
more rapidly with oxygen pressure than the parallel com- in different laboratories using different unpromoted catalysts ranging

bustion of ethylene through the vinyl alcohol intermedi- from single crystals to realistic supported catalysfs= 400620 K,
ate. Po, = 0.13-1300 kPa, andc,, = 0.13-140 kPa.
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catalyst has been fitted in order to establish turnover fre- 20 ' ' ' ' ' ' '

guencies corresponding to Ag(111) single crystals while all

other parameters are extracted earlier (Section 2.3) from sur-

face science and the single-crystal kinetics of Campbell [51]. 15
It is apparent from Fig. 4 that the model reproduces the
experiments surprisingly well. Again only the low activity
measurements done at low pressures deviate from the ex-
periments. This demonstrates that the microkinetic model
contains the essential chemistry and physics to explain eth- &«
ylene epoxidation and combustion on silver. Furthermore, +
this shows that the mechanisms on different unpromoted sil- 5
ver catalysts are identical and the particle-size effect only
seems to influence the site density. This model can there-

-1
C,H,0 [s']
—

o

fore be used to extract site densities in order to study 0 . . . : . . .
the particle-size effect. Surprisingly, it has been reported 6 02 04 06 08 1 12 14
in the literature that the kinetics varies between different Po, IMPa]

laboratories supposedly due to impurities and different re-
actor configurations [65, and references therein]. This work Fig. 6. Simulated and experimen_tal effect of oxygen pressure on the
clearly shows that initial rates can be explained with one "™MOVe" frequency of gHsO formation on an unpromotad Al;Og-sup-
,y . . P L ported Ag catalyst for various ethylene pressures at 493 K. Experimental

consistent model. Since the experimental initial rates are gata are extracted from [54].
obtained from different datasets in the literature and a site
density has been fitted for each catalyst used in the datasets,
Fig. 4 may appear less impressive. However, of th@50 sure at different oxygen pressures. The model clearly cap-
data points besides single-crystal data in Fig. 4 only eight tures the experimental trends. At low ethylene pressure the
site densities have been fitted. None of the parity plots for turnover frequency increases with ethylene pressure but at
individual datasets (not shown) display significant devia- higher ethylene pressure the reaction order in ethylene starts
tions. to decrease and eventually becomes negative. This results

In Figs. 5 and 6 the measured epoxidation activities of in a maxima in turnover frequencies. The maxima shift to
Harriott and co-workers [53,54] are simulated. These data higher ethylene pressure with higher oxygen pressure. Fig. 6
represent to the best of our knowledge the most extensiveshows the turnover frequency versus oxygen pressure at two
data set of initial rates in oxygen and ethylene pressure. different ethylene pressures. The reaction order in oxygen
Similar experimental and simulated results (not shown) are is positive at low oxygen pressures, but starts to decrease
obtained for combustion activities. Fig. 5 shows the turnover and become negative at high oxygen pressures, resulting in
frequency of ethylene oxide formation versus ethylene pres-a maxima in turnover frequencies. Note that very high pres-
sures are needed to obtain maxima in turnover frequency
versus oxygen pressure. As will become apparent later this

50 T

—— Model is due to the fact that the uptake of oxygen is partly rate lim-
OP, =6.1kPa iting.
40 + OP, =13.2kPa We noted earlier that our reaction mechanism does not
AP, =263kPa need a separate combustion route for ethylene oxide. Fig. 7
:g"z : ig'g :::: shows the experimental turnover frequencies of ethylene ox-
—30r VP =1050KkPa ] ide combustion measured by Dettwiler et al. [4] and model
% .p22=132,0 kPa simulation. The model clearly captures the first-order de-
(:; ’ pendence in ethylene oxide pressure and the temperature
o) 20 1 dependence of ethylene oxide combustion [4,5,57]. Petrov
= et al. found that the combustion of ethylene oxide starts
10 i at 463 K [5], which is similar to the prediction of the
model.
0 0 50 100 150
ey, kPl 4. Discussion

Fi . . It has been demonstrated above that a microkinetic model
ig. 5. Simulated and experimental effect of ethylene pressure on the . . . . .

turnover frequency of §H40 formation on an unpromoteg-Al,O3-sup- consistent with surface science experiments is able to ex-
ported Ag catalyst for various oxygen pressures at 493 K. Experimental data plain a broad range of steady-state kinetic experiments. We
are extracted from [53]. would like to emphasize that besides the steady-state kinet-
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30 —lModel ' ' ' ' In this section the model will be thoroughly analyzed
0533K and the important aspects in ethylene epoxidation are estab-
25 r A553K ] lished.
©573K v
20 F m 603K 4 4.1. Degree of rate control
- V623K . . ) .
2 el > 1 The rate-controlling elementary reactions are identified
|_|_8N . by using the degree of rate contraigc ;) [105],
O
= 10 T ZM K: =cons 12
RC,i dln(ki)a i t ( )
3 .
5| whereRr is an overall rate ank andK; are the forward rate
constant and equilibrium constant of thié elementary re-
o : y . . action, respectively. The larger numeric valueXyc,; the
0 05 1 15 2 o5 3 greater importance of step(both forward and backward re-

Peyu o0 [kPal action) on the rate control a®. A negative value oXrc;
indicates that step inhibits the net rate. Eq. (12) can also be
Fig. 7. Rate of ethylene oxide oxidation as a function of ethylene oxide modified to determine selectivity control as will be shown in
pressure and temperaturBy, = 20 kPa. Experimental data are extracted Section 4.5.
from [4]. The degree of rate control of the 17 elementary reactions
in Table 1 for ethylene oxide formation, GQormation,
ethylene consumption, and selectivity has been determined
ics presented in the present work the model also explainsfor a wide range of temperature and oxygen and ethylene
sticking, TPD, and TPR experiments of the intermediates pressures in a differential reactor. Only 5 elementary reac-
in the model. In particular, it has been shown by the model tions of the 17 contained in the model are of importance in
that the role of subsurface oxygen could simply be to serve the rate and selectivity control, i.ez3, rs, r7, rg, andriz.
as an oxygen reservoir in the absence of gas-phase oxy+ig. 8 is an example of calculated degrees of rate control
gen. The model therefore explains a broad range of transientof ethylene oxide formation at partial pressures of oxygen
surface science experiments as well. Most of the parame-and ethylene and temperatures in the same region as used
ters have been explicitly determined from such transient in the industrial process. The uptake of Q) and the re-
surface science experiments and only a few of the manyaction between electrophilic oxygen (O/Oand adsorbed
parameters in the model have been fitted to steady-statesthylene to form an oxametallacydles) are the most im-
kinetics. The most important of these is the Arrhenius pa- portant elementary steps concerning the overall activity. The
rameters of the surface reaction between adsorbed ethylendranching of the oxametallacycle into ethylene oxidg
and electrophilic oxygen (step 5), which have been fitted to and acetaldehydes) are the most important steps in selec-
steady-state kinetics on Ag(111). Furthermore, the branch-tivity control. Similar conclusions were reached by Linic and
ing ratio of steps 7 and 8 has been determined from the Barteau applying a much simpler microkinetic model and
steady-state selectivity on Ag(111). Few other parameters
have been fitted with constraints from surface science ex- — T T T T T T T

periments to the steady-state combustion of ethylene oxide 0s | L ]
on supported silver. However, these parameters are only im- [ N ------""""""""""""

portant to the combustion of ethylene oxide and are not 05 | i
critical to the main conclusions of the present work. To

the best of our knowledge this is the first time a con- 02 } .

sistent model describing both the adsorption behavior of |
oxygen and ethylene and the kinetics of epoxidation, eth- 5 -0.1 .
X

ylene combustion, and ethylene oxide combustion has been i3

presented. Earlier models only explain the data sets used -04 .
to deduce them and cannot be extrapolated to significantly S~

different reaction conditions. The rate laws reported in the 0.7 b TTee——— I .

literature are therefore only appropriate for describing either
ethylene-rich or oxygen-rich reaction conditions. As with all
mechanistically correct microkinetic models, this is a rather
complicated model and so, at first, it is difficult to grasp

within this model the importance of the various aspects of Fig. 8. Degree of rate control for ethylene oxide formation versus tempera-
the model. ture at industrial reaction conditionBo, = Pc,H, = 100 kPa.

-1
420 440 460 480 500 520 540 560 580 600 620
Temperature [K]



C. Segelmann et al. / Journal of Catalysis 221 (2004) 630-649 643

DFT calculations [69,71}7 andrg also play arole in overall !

activity control due to the fact that combustion of acetalde- 0.9

hyde consumes ‘Owhile the formation of ethylene oxide 08

does not consume™ONote in Fig. 8 thatXrc,; of r7 andrg 07

is symmetric with opposite signs, which is general. Thiscan — — p

be explained by the symmetric branching of the oxametal- - 06 |

lacycle. The parallel combustion of ethylene by tBrough % 0.5

a vinyl alcohol intermediatér13) has some influence on the o 0.4

overall activity and selectivity at low reactant pressures but 8

are unimportant at industrial conditions, cf. Fig. 8. The rela- 03

tive importance of» andrs, respectively, depends strongly 0.2 1

on reaction conditions. At high£CoH ratiors is mostim- 01

portant but at moderate to low,@,H,4 ratio r» becomes

more important. The importance o4 also increases with 0100 420 440 450 480 500 520 540 56D 580 B00 620
temperature as illustrated in Fig. 8. From Fig. 8 it is appar- Temperature [K]

ent thatr, is the most important activity reaction rate under
industrial conditions. It is interesting to note that Harriott Fig. 9. Calculated coverages of selected intermediates as a function of tem-
and co-workers [53,54] concluded from the experiments in Pe"alure-ro, = PcH, =100 kPa.
Fig. 5 that the adsorption of oxygen was not rate limiting.
The present model which reproduce Harriott and co-workers discrepancy is the high ethylene pressure used in the cur-
experiments shows, however, that the adsorption of oxygenrent simulation compared to the low pressures often used in
is one of the rate-controlling steps under the experimental surface science experiments. The idea that adsorbates with
conditions. low heats of adsorption~40 kJmol) cannot be present
The fact that the adsorption of*(step 2) is rate limit- on catalysts at elevated temperatures is of course wrong.
ing has very serious consequences for the model. Due to theThe low heat of ethylene adsorption has even lead to the
fact that O participates in many different elementary reac- false conclusion that ethylene epoxidation is an Eley—Rideal
tions it is not possible to obtain an analytical solution for mechanism. Unless the adsorption is kinetically controlled
the model; i.e., the quasi-equilibrium approximation cannot an equilibrium coverage dependent on reactant pressure and
be solved. This complicates the analysis of the model andtemperature will be present. Actually, ethylene is the most
it is difficult or maybe even impossible to deduce a general abundant intermediate. The coverage of adsorbed ethylene
analytical rate law for ethylene oxidation. This explains the on the surface oxide layer is higher than the ethylene cover-
many different forms of analytical rate expressions and their age on metallic silver even at low surface oxide coverage.
limited usefulness reported in the literature, but emphasizesNote that the coverage of *Oncreases with temperature

the importance of the degree of rate control. while the coverage of surface oxidé{qe) decreases. This
can be explained by desorption of Xi®pecies which leaves
4.2. Coverages O* and only part of the formed Odesorbs. The simulated

coverages are believed to be in qualitative agreement with
In Fig. 9 the coverage of intermediates is depicted for surface science results.

a differential reactor versus temperature. The pressures of
products are therefore very low. Under industrial conditions 4.3. Reaction orders
a significant amount of reaction products is present which
leads to a different distribution of coverages than depicted in  Reaction orderss;) may be defined as [12]
Fig. 9. However, in the present work only initial rates have dIn(R)
been dealt with. In future work product inhibition, reactor o; = —————,
profiles, and integral reactor data will be treated. The inter- din(?;/P©)
mediates not shown in Fig. 9 all have a very short life time where P; is the pressure of gas R is an overall rate, and
and do not occupy a significant amount of sites under these P° is the reference pressure.
initial reaction conditionsip+ is the oxide coverage defined From the Introduction and Figs. 2—-6 it is apparent that
in Section 3. The surface oxide coverage, i.e., the active sites the reaction orders in oxygen and ethylene vary dramatically
in epoxidation decreases with temperature, while the cover-with reaction conditions according both to experiments and
age of metallic silver sites increases. Significant amounts of to the model. This is due to the variation in coverage of in-
electrophilic oxygen (O/©) and adsorbed ethylene on oxide termediates and changes in the degree of rate contnol of
(CoH4/O*) are present in the studied temperature interval. andrs, respectively, with reaction conditions.
Ethylene adsorbed on metallic silverd;) is also present The reaction ordersin both ethylene and oxygenincreases
on the surface, which is in contrast to the suggestion that eth-with temperature (Fig. 10). The reaction orders in oxygen
ylene cannot adsorb on reduced silver. The reason for thisvary from 1.5 to—0.5 when the oxygen is varied from very

(13)
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aFig. 11. Simulated apparent activation enthalpy of ethylene oxide for-
mation versus temperature. (#p, = Pc,H, = 100 kPa. (b)Po, =
Pc,yH, = 13.3 kPa.

Fig. 10. Calculated reaction orders in oxygen and ethylene pressure as
function of temperaturePo, = Pc,H, = 100 kPa.

low pressures to very high pressures as known experimen- . N . .
. . obtained in different experiments are compared. This is al-
tally. The reaction orders in ethylene vary from 1.0+8.0 . .
. . : most never done in the literature. Generally, the apparent
when ethylene pressure is varied from low to high pressures_ =" . ; I .
. . ) . o . —activation energy consists of the activation barrier of the
consistent with experiments. The idea that large variations in

. . . . " rate-limiting steps and the heat of reaction for the elemen-
reaction orders with varying reaction conditions are due to a ) . o
. o . . tary reactions taken place prior to the rate-limiting step plus
change in mechanism is wrong as even simple mechanism

with only one rate-limiting step may display drastic varia- %he average enthalpy to crea_te the necessary frge siFes for the
tions in reaction orders. In the case of ethylene oxidation the re}te-llmltlng steps to oceur, €., “(VO free sites in this case.
degree of rate control for steps 2 and 5 does shift with reac- F 9. 11 sh(_)ws the apparent activation energy for ethylene ox-
tion conditions. However, this actually softens the changes 'd.e formation versus temperature predicted by the model for
in reaction orders. If step 2 was equilibrated instead of being :\I/gerll (%Ilz\r/\?eaa)l ias ncﬁéglvtgcmﬁs?%;F?g:,%?ttifr:?:ﬂf;' rzsrgif'
rate limiting much more severe variations in reaction orders R L " app
would be observed. activation energy of_ Ceformation is aImost.|dent|caI to

In Fig. 10 reaction orders in ethylene and oxygen for the apparent activation energy 05'6‘4.0 fo_rmatlon and has
C2H40 and CQ formation versus temperature close to in- begn gxcluded from the f|gqre for simplicity. The apparent
dustrial conditions are predicted by the model. It is observed gcil\éatlon enthalfﬁl. has a .h'g? value ?t Iov_\ll_kf'em?fere;t.urgs,
that under industrial conditions a positive reaction order in dtdecreases with Increasing temperature. This eftect 1S due
oxygen and a negative reaction order in ethylene are pre_to an increasing number of free sites with temperature and
dicted by the model. The reaction orders in oxygen which therefore the enthalpy necessary to form free sites decreases
exceed one according both to experiments and to the modeIWith temperatgre. For simi_lar reasons the apparent activation
cannot be explained without the active sites being formed enthalpy also increases with reactant pressure as observed by

from oxygen (surface oxide) unless coverage dependenciefomparlng curve aand b in F.'g' 11. The observeo! behaylor
on activation energies are included. in Fig. 11 has been observed in a number of cases in the liter-

ature [6,51]. The behavior depicted in Fig. 11 is not unusual
but is expected for all catalytic reactions containing signifi-
cant changes in the coverage of intermediates with reaction

The apparent activation energy may be calculated from conditions. With this in mind and the fact that apparent ac-

4.4. Activation energy

[12] tivation energies reported in the literature often are fitted to
Arrhenius plots over a significant temperature range major
= kBTzd In(R) , (14) uncertainties are expected. At best, reported activation ener-
dr gies should be considered as an average over the investigated

where H* is the apparent activation enthalpy of an overall temperature range (range of adsorbate coverages). Further-

rateR, T is the absolute temperature ahglis Boltzmanns more, it makes no sense to report experimental activation

constant. energies without simultaneously reporting the reaction con-
The apparent activation energy varies as a function of re- ditions under which they were obtained.

action conditions. It is therefore important that the reaction  Table 9 contains a quantitative comparison between

conditions are taken into account when activation energiesmodel prediction and experimental activation enthalpies on
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Table 9 09

Reported activation energies and model prediction for different catalysts

and reaction conditions in differential reactors 0.7 |

¥ ¥

Catalyst Po,  PcyH, T H02H4o HCOZ Ref. 05
[kPa] [kPa] [K]  [kd/mol] [kd/mol]

Ag(110) 200 27 450 93.7(67.9) 93.7(69.0) [50] i 0.3

Ag(110) 200 27 580 22.2(33.4) 22.2(40.1) [50] 3

Ag(111) a7 07 500 45.0(36.1) 50.0(36.7) [42] X

Ag(111) 200 27 610 415(36.5) 45.0(37.1) [51]
Ag(111) 200 27 440 72.3(72.5) 67.6(68.5) [51]
Ag(111) 027 027 550 25.0(31.9) 33.0(27.9) [64]
Ag(111) 027 20 550 36.0(34.8) 47.0(33.3) [64]

Ag foil 825 150 540 49.0(51.5) 49.0(51.7) [104]
Agsponge & 27 450 46.9(58.2) 60.7(59.1) [55] -0.5 L L 1
Ag foil 98.0 20 540 31.8(56.5) 39.3(56.4) [108] 0 5e+05 1e+06 1.5e+06  2e+06

Total pressure [Pa]
Activation energies in parentheses are model prediction.

Fig. 12. Degree of selectivity control toward ethylene oxide versus pressure.

. . . . . . i 0, 0, 0,
different catalysts and reaction conditions obtained in dif- "¢ feed consists of 90%aN5% Oy, and 5% GHa at SO0 K.

ferent laboratories. It is apparent from Table 9 that the

model predicts the experimental reported activation en- a change in this branching ratio by lowering the rate toward
thalpies within experimental uncertainty. More importantly, acetaldehyde which needs breaking of a C—H bond. The role
the model predicts the changes in activation energy with re- of selectivity promoters should also be interpreted as chang-
action conditions. The activation energies of ethylene oxide ing the branching pattern of the oxametallacycle. Studying
and CQ formation are almost identical in most cases. These the oxametallacycle is therefore of tremendous importance
features would be very hard to explain without introducing in understanding the selectivity of ethylene epoxidation.
a common slow reaction step for epoxidation and combus- A similar conclusion has been reached by Barteau et al. who
tion as pointed out in the work of Campbell and co-workers studied the oxametallacycle by both experiment and DFT
[50,51,68, and references therein]. Even more interestingcalculations [69,70]. Besides the branching of the oxam-
Campbell and co-workers found that both epoxidation and etallacycle the parallel combustion of ethylene also limits
combustion activities varied in a similar way with varying selectivity, cf. Fig. 12. This reaction path is important at
chlorine coverage. Note also that Ag(110) has a higher acti- low pressures (large numerical values\ic s and Xsc, 13),

vation energy than the Ag(111) single crystal. however, saturates quickly in reactant pressures, and be-
come less important at high pressures. This pathway is
4.5. Selectivity therefore unimportant under industrial ethylene epoxidation

conditions. It is apparent from Fig. 12 that one will obtain
We have expanded Campbell’s [105] definition of the de- very different conclusions for the importance of different
gree of rate control to define the degree of selectivity control elementary reactions if one is studying low or UHV and

(Xsci) high-pressure kinetics, respectively.
dIn(s) If the parallel combustion of ethylene through a vinyl al-
sci=-——, K;=const (15) cohol is excluded from the model, a selectivity ©/55%
din(k;) will be predicted in the limit of zero conversion. In reality

where S is the selectivity [Eq. (10)] and; and K; are the the selectivity is lower than 55% except at high oxygen and
forward rate constant and equilibrium constant of tke ethylene pressures due to the parallel combustion.
elementary reaction, respectively. It should be stressed that As observed in Figs. 2 and 3 both the model and the ex-
both the degree of rate and the selectivity control are analyti- periments show that selectivity increases with both oxygen
cal tools that should be calculated for instantaneous reactionand ethylene pressure. The branching ratio of the oxametal-
conditions. Fig. 12 shows the predicted degree of selectivity lacycle is not influenced by reactant pressure. The selectivity
control for different elementary reactions as a function of the variations with reactant pressure are due to the parallel com-
total pressure at 500 K. Low total pressure reflects many of bustion of ethylene, which has a high turnover frequency at
the kinetic experiments made in differential laboratory reac- low pressures compared to the formation of oxametallacy-
tors while high total pressures reflects industrial conditions. cles.

The selectivity is mainly controlled by the branching ratio Increasing selectivity with ethylene pressure is in contra-
of the oxametallacycle into ethylene oxide and acetalde- diction to some experiments [3,43,60], indicating selectivity
hyde after the slow formation of the oxametallacycle; i.e., increases with a ©CyH4 ratio. Actually, the model and
the selectivity is determined after the rate-limiting steps some experiments [49-51,64] show that the selectivity in-
(step 2+ 5). The branching ratio is close to 50% on unpro- creases more with ethylene pressure than oxygen pressure.
moted silver. The large inverse isotope effect [55] is due to This paradox is probably not due to a failure of the model
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rather it is due to the experimental conditions used in the ing especially under conditions were the oxide coverage
referenced work. Many of the experiments are transient anddoxige is low. Under industrial conditions the parallel com-

it is obvious that oxygen promotes selectivity in such a case bustion of ethylene can be neglected without a significant
because the selective reaction takes place on surface oxiddoss of information. However, at low pressure the stability
Another difference is that the model in this work has only of CH,CHOH/C* is critical for the parallel combustion of
been applied on initial conditions while many of the exper- ethylene.

iments in the literature have a significant conversion. The

combustion of the formed ethylene oxide could therefore be- 4.7, Uniqueness of silver

come important. Finally, many of the catalysts used in the

literature are promoted by alkali and/or chlorine either in-  tpare are many reasons that silver is a unique cata-
tentionally or due to impurities in the preparation and reactor lyst for ethylene epoxidation. First of all the catalyst must
feed. The model predicts a selectivity of about 20% at low not decompose adsorbed ethylene and/or ethylene oxide by
oxygen and ethylene pressures increasing to about 55% CH activation like VIII metals [36]. Secondly, ethylene is
high oxygen/ethylene pressure. This corresponds well tothe e 19 silver and the double bond is therefore readily
selectivity reported for unpromoted catalysts in the litera- accessible for reaction. On other metals such as Pt. Ni. Co
ture [3, and references therein]. In some cases selectivities, ;.4 Ry ethylene adsorbs in theadizonfiguration [1’02].’ ’
as high as 65% have bee? repor.ted at high reactant prt_assureﬁ;e catalyst also needs to form a special kind of oxygen
[.3’ and refergnces theremj_. This .COUId be due to uninten- (O/0*) that reacts with the double bond without breaking
thnal promotion by impurities or it couIt_j b? a.real effect the single bonds. Silver is able to form this oxygen at high
missed by t'he model. There are some indications that theoxygen coverages in our model by creating a surface oxide.
model predicts a too high selectivity at low pressures and Mavrikakis et al. [101] studied the stability of oxametal-
a too low selectivity at high pressures. It is important to lacycles compar'ed to gaseous ethylene oxide by DFT on
note, however, that the model predicts the correct selectiv- 14 different transition metals (groups Vllla—c, Ib, llb) and
ity trends. If the model has a serious problem in quantitative suggested that silver is a unique material, béca’use a mod-

prediction of the selectivity it is probably due to the very : ; :
. . 4 erately stable oxametallacycle is formed on silver. Finally
speculative parallel combustion mechanism of ethylene by . .
I : and maybe the most important reason for the uniqueness of
nucleophilic oxygen through a vinyl alcohol. : : . .
silver is the favorable branching ratio of the oxametallacy-

The temperature dependence of the selectivity is more or
X oo . . cle. If other catalysts are able to create the oxametallacycle
less constant according to the model which is consistent with ... . . o
it is very likely that the branching ratio is very unfavorable.

some experiments [4,50,51]. However, other experiments ; . . . S
o D . Changing H with D in ethylene is enough to significantly
indicate that the selectivity decreases with temperature . T .
. . I~ change the branching ratio; i.e., changing the catalyst com-
[3, and references therein]. Again the reason for this discrep-
. ; : .~ pound could be even more severe. Copper has many of
ancy should probably be found in the differences in reaction . : .
the same features as silver in that atomic oxygen can be

conditions. formed and ethylene adsorbs bybonding. Lambert et al.
[13,14] investigated the epoxidation of styrene on Cu(110)
and Cu(111) in UHV and found that copper is an even bet-
ter epoxidation catalyst than silver under UHV conditions.
Unfortunately, in the presence of an oxygen atmosphere
a stabile surface oxide is formed which poisons the cata-
lyst.

4.6. Critical parameters

The microkinetic model contains a vast number of pa-
rameters (Tables 5-8); however, only a small fraction of
these are important or critical. The Arrhenius parameter of
steps 2, 5, 7, 8, and 13 are of course critical while the Ar-
rhenius parameters of all the remaining steps are uncritical.
The stability (enthalpy and entropy) ofQO/O*, CoH4/O¥, 4.8. Other successful models?

CH,CH,0/O*, and GHj} are critical while the stabilities

of the remaining intermediates are unimportant. The sta- The presented model is very complex and even though
bility of C2H40/0*, CO5/CCj, and OH might become it is consistent with surface science one could question its
critical in the presence of reaction products and lead to prod- validity. The most speculative part is the formation of elec-
uct inhibition. Product inhibition has been neglected in the trophilic oxygen (O/O) on a surface oxide formed by*O
present work by analyzing initial rates exclusively. The sta- One might argue that subsurface oxygen creates the elec-
bility of O* is uncritical except at very high temperatures; trophilic oxygen instead. It is not possible to study the
i.e., the formation of surface oxide is determined by kinetics electrophilic oxygen directly in UHV. However, whether our

not thermodynamics. The stabilities of G/@nd GH4/O* conjecture is true or not the present model explains ethyl-
are critical to the formation of the oxametallacycle and site ene epoxidation very well and it pinpoints all the features a
blocking. CHCH,0/O* is only critical to the further oxi- successful model should contain. In a successful model the

dation of ethylene oxide. £} does not participate in any  active sites should be created by oxygen and the active oxy-
reactions in the model, but are still critical due to site block- gen should be adsorbed on these sites together with ethylene
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which reacts in a slow step forming a common intermediate face science experiments. The model explains the kinetics of
for both epoxidation and combustion. epoxidation, ethylene combustion, and ethylene oxide com-
Linic and Barteau [71] suggested a much more simple bustion. The model has been validated by comparing model
microkinetic model based on first principles. The model was output to measured initial rates on a variety of catalysts for
evaluated against apparent activation energies and reactiooth ethylene- and oxygen-rich mixtures at different tem-
orders of ethylene and oxygen [71]. We compared the outputperatures. From this it is clear that the mechanism remains
of the Linic and Barteau model to the Ag(111) steady-state the same on different unpromoted silver catalysts; however,
kinetics depicted in Figs. 1-3 and found that the model un- large changes in site densities occur. The large variations in
derestimates the activity by almost two orders of magnitude. ethylene and oxygen reaction orders and apparent activation
However, interestingly both the microkinetic model devel- energies observed experimentally are captured by the model.
oped in this work and the model of Linic and Barteau [69,71] Furthermore, the trends in selectivity variations with reac-
suggests that both the uptake of atomic surface oxygen andion conditions are predicted by the model.
the surface reaction between adsorbed ethylene and atomic The great success of the model in predicting both sur-
oxygen are rate limiting. Further, the selectivity is deter- face science and kinetic experiments demonstrates that the
mined by the branching ratio of the oxametallacycle in both microkinetic model contains the essential physics and chem-
models. Actually, the present model agrees with the work of istry to explain ethylene oxidation on silver. It is possible
Linic and Barteau regarding all aspects of importance to in- even likely that the model needs adjustments concerning
dustrial ethylene epoxidation. However, it disagrees on the parameters and elementary reactions as a consequence of
very important academic question, what is the active phasefuture experimental and theoretical progress. Especially,
of the catalyst and the active oxygen species in epoxida-the oxygen-silver system is very complex and specula-
tion. tive and may need adjustments in the future. However,
the main structure and conclusions of the model will pre-
vail in our view; i.e., oxygen creates the active sites, an
active loosely bonded electrophilic oxygen is formed on
the active sites, and an oxametallacycle is a common in-
In the present work a detailed microkinetic model of eth- termediate in both epoxidation and combustion. Unfortu-
ylene oxidation on silver based on surface science has beernately, it is not possible to obtain an analytic solution of the
developed. The reaction mechanism and model parametergnodel.
have been deduced from surface science experiments mostly
on Ag(111) and steady-state kinetics on Ag(111). The im-
portant idea in this model is that a surface oxide*}/®
created supplying the active sites for adsorption of ethyl-
ene and electrophilic oxygen (Off) which reacts to form C.T.C. acknowledges the Department of Energy, Office
an oxametallacycle. The oxametallacycle is a common inter- of Basic Energy Sciences, Chemical Sciences Division for
mediate for ethylene epoxidation, ethylene combustion, and Partial support of this work.
ethylene oxide combustion. Furthermore, a parallel com-
bustion route of ethylene by*Oexists, which is of minor
importance except at low pressures. The idea of a forma- References
tion of an active oxide layer and a common intermediate
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