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Abstract

The role of Cs and Cl in promoting selectivity in ethene epoxidation over a Ag/α-Al2O3 catalyst was examined by determining th
effect, singly and in combination, on the kinetics of adsorption and desorption of oxygen on that catalyst. Cs has been shown to be
stepped surface of the Ag that constitutes 0.7 m2 g−1 of the total Ag area, which is 1.9 m2 g−1. It thereby blocks the adsorption of oxygen
to this surface. The Cs has no effect on the bonding, activity, or selectivity of the oxygen on the Ag(111) surface of the Ag, which co
1.1 m2 g−1 of the Ag area. The overall effect of Cs is to increase the selectivity of the Ag, because the stepped surface has an ethe
selectivity of only 33%, compared with 57% for the Ag(111) surface. Cl dosed onto the Cs/Ag/α-Al2O3 in an industrial reactor at BP usin
dichloroethane did not affect the amount of oxygen adsorbed on the Ag surface; therefore, it is located under the Ag surface. Its
withdrawing effect from the Ag(111) surface increases the activation energy of oxygen adsorption from 17 to 24 kJ mol−1; however, it also
decreases activation energy oxygen desorption from 140 to 129 kJ mol−1, thus lowering the heat of adsorption from 123 to 105 kJ mol−1.
The overall effect of this lowering of the heat of adsorption means that the activation energy for cyclising the surface intermediate to
ethene epoxide is lowered relative to the unselective pathway, thereby increasing selectivity. Subsurface oxygen has no effect on
of the desorption of surface oxygen, but it does reduce the activity and selectivity of surface oxygen to ethene epoxide.
 2005 Elsevier Inc. All rights reserved.

Keywords: Ethene epoxidation; Selectivity; Oxametallacycle; Silver/alumina catalyst; Oxygen adsorption/desorption kinetics; Cs promotion; Cl promn;
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1. Introduction

In an earlier paper on ethene epoxidation, we repo
that Ag/α-Al2O3 catalysts prepared by impregnation of t
α-Al2O3 support by silver oxalate (C2O4Ag2) gave rise to
a surface morphology of Ag with roughly equal areas
Ag(111) and a highly stepped Ag surface[1]. Temperature-
programmed desorption (TPD) of oxygen from this surf
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produced two peaks in the oxygen desorption spectrum,
at 523 K, corresponding to a desorption activation ene
(Ed) of 140 kJ mol−1 resulting from the recombinative de
sorption of O atoms from the Ag(111) face, and the ot
at 573 K, corresponding to a desorption activation energ
155 kJ mol−1 resulting from the recombinative desorption
O atoms from a stepped Ag face.

The temperature-programmed reduction of these
oxygen states by ethene produced two peaks in which et
epoxide and CO2 evolved coincidently. Reduction of the
atoms adsorbed on the Ag(111) surface by ethene occu
at 373 K with an activation energy of 60 kJ mol−1 and a se-
lectivity to ethene epoxide of 57%; reduction of the O ato
adsorbed on the stepped Ag surface by ethene occurr
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473 K with an activation energy of 170 kJ mol−1 and a se-
lectivity to ethene epoxide of 33%[1]. In the absence o
alkali (e.g., Cs) or halogen (e.g., Cl) promoters, taking i
account the surface populations of the Ag(111) and step
Ag surfaces, the overall selectivity of this Ag/α-Al2O3 cata-
lyst to ethene epoxide is predicted as∼48%, in accord with
what is found industrially[2,3].

The higher ethene epoxide selectivity of the 523 K
sorbing O2 peak was rationalized in terms of the react
mechanism. Linic and Barteau constructed the reaction c
dinate for ethene epoxidation using density functional the
(DFT) calculations[4,5]. They investigated the reverse rea
tion experimentally by studying the adsorption and deco
position of ethene epoxide on Ag(111) using TPD and hi
resolution electron energy loss spectroscopy (HREELS)[6].
They concluded that transition state 1 (TS1) was formed
the initial interaction of ethene with oxygen adsorbed on
this transition state then formed a stable oxametallacycl
termediate:

It was our contention that the intermediate 1 species g
rise to the coincident evolution of ethene epoxide and C2,
and that the weaker Ag–O bond of the 523 K desorbing2
peak gave rise to a lower activation energy for the stretch
of the Ag–O bond to form the cyclic transition state T
relative to the stronger Ag–O bond of the 573 K desorb
O2.

These findings indicate that promoters, which incre
the selectivity of ethene epoxide formation, do so by we
ening the Ag–O bond strength and/or blocking the ads
tion of oxygen on to the stepped Ag surface. It is w
known that using a chlorine-containing hydrocarbon (e
C2H2Cl2) in the gas phase in ppm quantities increases th
lectivity to ethene epoxide from 48% to∼75%, whereas the
addition of Cs to the catalyst (which must be used in c
junction with CH2Cl2) increases the selectivity from 75
∼85%. This paper reports the effects of Cl and Cs on the
netics of adsorption and desorption of O2 on a Ag/α-Al2O3
catalyst and explores the role of these promoters in imp
ing selectivity in ethene epoxidation.

2. Experimental

2.1. Preparation of the silver oxalate-impregnated α-Al2O3

catalyst

The method of impregnating theα-Al2O3 support with
silver oxalate has been patented by BP and described i
 -

tail in a previous paper[1,7]. The silver oxalate (4.6 g) wa
added to distilled deionised water (2.86 cm3) in a beaker held
at 313 K. The mixture was stirred continuously to achiev
slurry. Ethylene diamine (1.25 g) was added dropwise to
slurry, which was stirred continuously. The slurry was
tered, and the undissolved, uncomplexed silver oxalate
discarded. The liquid containing the Ag/ethylene diam
complex was retained. Theα-Al2O3 support was added t
the Ag/ethylene diamine liquid in a bottle, which was th
shaken vigorously to achieve good mixing. The material
dried overnight at 353–373 K, to give a Ag/α-Al2O3 catalyst
with a silver loading of∼10% w/w.

2.2. Cesium-promoted Ag/α-Al2O3 catalyst

The Ag/ethylene diamine complex was prepared as
scribed earlier. Cesium promotion was effected by add
CsOH (0.06 g of 10% w/w) to the Ag/ethylene diamine l
uid. Theα-Al2O3 support was then added to Cs/Ag/ethyle
diamine liquid, and the material was dried overnight at 3
373 K. This method gave a Ag/α-Al2O3 catalyst (10% w/w)
with a Cs promoter level of 300 ppm w/w.

2.3. Chlorine-promoted Cs/Ag/α-Al2O3 catalyst

The chlorine-promoted Cs/Ag/α-Al2O3 was prepared un
der industrial conditions in a unit run by BP. The react
was carried out at 500 K at 1.5 MPa and a gas hourly sp
velocity of 4750 h−1 using a feed composition of C2H4 (2%)
in air and dichloroethane (ppm). The reaction was stop
by switching flows from the reactant mixture to N2 and
sweeping out the reactor while cooling the catalyst to a
bient temperature. The catalyst was discharged and a
resentative sample was crushed, retaining the 300–350
material. The intention here was to obtain a catalyst that
the exact level and nature of Cl promoter as that which p
duced selectivity to ethene epoxide on the order of 80%.
was considered important because Campbell et al. sho
that depositing Cl onto Ag(110) by dosing gas phase2
at 300 K resulted in areas of the Ag(110) that were ch
rided and areas that were Cl free[8]. The Cl-free areas o
the Ag(110) showed no evidence of the adsorbed Cl
behaved like clean Ag(110) in terms of the kinetics of
sorption and desorption of oxygen on it[8].

2.4. The gases

Helium (99.999%; Linde), was passed through a Chro
pack Gas Clean moisture trap before use. Oxygen (99.99
British Oxygen Company) was passed through a mois
trap before use.

2.5. The microreactor system

The multipurpose microreactor used in these experim
was as described previously[9]. It is a single stainless ste
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tube (2 cm long, 0.4 cm i.d.) housed in a metal heating blo
The reactor is connected on-line to a mass spectrometer
den Analytical, Warrington, UK) through a heated capilla
The reactor can be cooled to 77 K by pumping liquid2
through the metal block; it can also be heated to 1100 K
a temperature-programmed mode using a Newtronics
troller. The thermocouple used to register the temperatu
the catalyst and communicate it to the controller was emb
ded in the catalyst bed.

3. Results and discussion

3.1. The kinetics of adsorption and desorption of oxygen on
the unpromoted Ag/α-Al2O3 catalysts

Fig. 1 (red line) shows the TPD spectrum of O2 from a
fresh sample of the Ag/α-Al2O3 catalyst. The oxygen wa
dosed onto the Ag by heating the Ag/α-Al2O3 (0.25 g) from
ambient to 513 K at 10 K min−1 under pure O2 (101 kPa,
25 cm3 min−1); the catalyst was held at 513 K under t
O2 flow for 1 h before being cooled to ambient temperat
under the O2 flow. The flow was then switched to He, and t
O2 desorption spectrum was obtained by heating the cat
under the He flow at 10 K min−1 from ambient temperatur
to 773 K.

Close inspection of the first O2 desorption spectrum i
Fig. 1 (red line) shows that the peak maximum tempe
ture of the low-temperature desorption peak is quite bro
ranging from 513 to 523 K. The O2 desorption spectrum
shown by the black line inFig. 1, is obtained by treating
O2 as described earlier onto the Ag/α-Al2O3 catalyst that
had been heated to 773 K to produce the desorption s
trum shown by the red line. The spectrum shown by
black line has only one peak maximum at 513 K. Heat
the Ag/α-Al2O3 catalyst to 773 K sintered the Ag, resultin
in a loss of the state that gives rise to the 570 K desorp
peak maximum—the stepped surface—and thus a sha
ing of the 513/523 K peak.

Fig. 2shows the O2 desorption spectra obtained by expo
ing the sintered Ag/α-Al2O3 catalyst to pure O2 (101 kPa,
25 cm3 min−1) for 5 min at 353 (blue line), 383 (green line
423 (red line), and 453 K (black line). After each 5-m
exposure, the catalyst was rapidly cooled to ambient t
perature in the O2 flow, the flow was switched to He, an
temperature programming was begun.

Fig. 2 shows that the fraction of the dosing O2 that was
adsorbed increased with increasing adsorption tempera
and so the adsorption of O2 on the Ag was activated. Th
Ag area of the sintered Ag/α-Al2O3 catalyst was determine
in the following manner. Oxygen was dosed on to the c
alyst (O2 101 kPa, 60 min, 25 cm3 min−1), producing a
limiting (saturation) coverage. Campbell and Paffett[10]
found that the saturation coverage of Ag(111) by O ato
was a 0.67 monolayer. The Ag surface atom density
culated from the unit cell dimensions was 1.19× 1015 Ag
atoms cm−2. Therefore, saturation oxygen atom coverage
Ag(111) was 0.67× 1.19× 1015 O atoms cm−2, equivalent
to 12.5× 10−16 cm2 Ag(111)/O atom or 25× 10−16 cm2

Ag(111)/O2 molecule desorbed. (We have shown that
sintered catalyst surface is Ag(111)[1].) The amount of O2
desorbed from 0.25 g of the sintered Ag/α-Al2O3 catalyst
was 0.6× 1018 molecules or 2.4× 1018 molecules O2 g−1.
Fig. 1. The oxygen desorption spectra from the unpromoted Ag/α-Al2O3 catalyst.
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Fig. 2. The oxygen desorption spectra obtained by exposing the sintered Ag/α-Al2O3 catalyst to pure O2 for 5 min at 353, 383, 423 and 453 K.
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The silver metal area of the sintered Ag/α-Al2O3 catalyst
was then 0.6 m2 g−1.

The activation energy (Ea) for oxygen adsorption can b
calculated on the sintered Ag/α-Al2O3 catalyst from a plot
of the logarithm of the amount of O2 desorbed for eac
dosing temperature against the reciprocal of the dosing
perature on the following basis. The Ag area on the sinte
catalyst was 0.6 m2 g−1, and so for an Ag surface atom de
sity of 1.19×1015 atoms cm−2, there are 1.8×1018 Ag sites
on 0.25 g of the Ag/α-Al2O3 catalyst loaded into the rea
tor. The total oxygen atom dosage in the 5-min flow of2

(101 kPa, 25 cm3 min−1) was 6× 1021 atoms; thus, even a
saturation coverage of the Ag, the depletion of the amoun
gas phase O2 dosed was only 0.03%. A plot of the logarith
of the amount of O2 desorbed, corresponding to the amo
adsorbed, for each dosing temperature against the recip
of the dosing temperature, gives a value of 17± 1 kJ mol−1

for the adsorption activation energy.
The temperatures of the maxima of the desorption pe

shown inFig. 2 decreased from 525 K for the lowest co
erage peak to 513 K for the highest coverage peak.
and the fact that the peaks are symmetric demonstrate
the desorption is second order[11]. Therefore, a plot o
ln(desorption rate/coverage2) versus 1/T gives the activa-
tion energy for desorption (Ed). Table 1lists the activation
energies to desorption for each of the adsorption tem
atures so obtained.Table 2 lists the relationship betwee
the coverage of the Ag(111) surface of the unpromoted
α-Al2O3 catalyst and the adsorption temperature.
l

t

Table 1
Activation energies for oxygen desorption form the unpromoted
α-Al2O3 catalyst obtained by line shape analysis of the oxygen desor
peaks ofFig. 2

Adsorption
temperature (K)

Gradient of
the line

Activation energy to
desorption (kJ mol−1)

353 −16861 140.2
383 −16628 138.4
423 −16767 139.4
453 −16971 141.1

Table 2
Relationship between the coverage of the Ag(111) surface of the un
moted Ag/α-Al2O3 catalyst by atomic oxygen (monolayers) and the
sorption temperature

Adsorption
temperature (K)

Coverage of the Ag(111) of the unpromoted
Ag/α-Al2O3 surface by O atoms (monolayer

353 0.11
383 0.17
423 0.28
453 0.45

The value ofEd is 139.8± 1.4 kJ mol. Therefore, th
heat of adsorption of oxygen on the Ag/α-Al2O3 catalyst
(�H = Ea − Ed) is 123± 1.4 kJ mol−1. These values fo
the desorption activation energy and the heat of adsorp
of oxygen on the sintered Ag/α-Al2O3 catalyst are consis
tent with the surface being predominantly Ag(111)[12,13].
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Fig. 3. Oxygen desorption spectra from unpromoted (red line) and Cs-promoted (black line) Ag/α-Al2O3 catalyst.
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3.2. The kinetics of adsorption and desorption of oxygen on
Cs-promoted Ag/α-Al2O3 catalysts

The black curve inFig. 3 represnts the O2 desorption
spectrum from the Cs-promoted Ag/α-Al2O3 catalyst pre-
pared as described in Section2. The oxygen was dosed on
the catalyst to saturation by temperature programming
catalyst from ambient to 513 K at 10 K min−1 in a pure oxy-
gen flow, and the catalyst was held at that temperature fo
before the temperature was decreased to ambient unde
oxygen flow. For comparison, the red curve inFig. 3depicts
the O2 desorption spectrum from an as-prepared sampl
unpromoted Ag/α-Al2O3 catalyst.Fig. 3 clearly shows tha
adding Cs (300 ppm w/w) to the Ag/α-Al2O3 catalyst re-
duced the amount of O2 desorbing at 570 K by a factor of
or more, but had no effect on the amount or the peak m
mum temperature of the O2 desorbing at 513 K.

We had associated the 570 K O2 desorbing peak with O
adsorbed on a stepped Ag surface[1]. Therefore, as would
seem perfectly reasonable, the Cs was located on the ste
Ag surface. Furthermore, the Cs was stable in that pos
and also appearred to stabilize the Ag surface from sin
ing, as can be seen inFig. 4, which compares the first an
second O2 desorption spectra. The area of the Ag(111) f
was reduced by 7% by heating to 773 K, whereas tha
the Cs-doped stepped face was reduced by 10%. (Th2
desorption spectrum of an unpromoted Ag/α-Al2O3 cata-
lyst that had been sintered by heating to 773 K showe
near-complete loss of the 570 K desorption peak.) The
adsorbed on the stepped surface did not affect the peak
imum temperature of the O2 desorbing from the Ag(111
face. This is in sharp contrast to the findings of Campb
e

d

-

who reported that adsorption of oxygen onto a Cs-do
Ag(111) face produced a surface cesium “oxide” (∼CsO3)
that decomposed at∼610 K, producing Cs and O2 in the gas
phase[14]. We found no desorption of O2 at 610 K. Grant
and Lambert, in contrast, found multiple O2 desorbing state
depending on the Cs coverage of the Ag(111)[15]. We found
no states other than that from clean Ag(111). Thus it se
clear that there was no Cs on the Ag(111) surface of
Ag/α-Al2O3 catalyst. Campbell’s observation that Cs ma
th Ag(111) face less active but more selective for eth
epoxidation[14] and Grant and Lambert’s apparently cont
dictory observation that Cs enhances both the total act
and selectivity for ethene epoxidation[15] are not relevan
to our study where no Cs exists on the Ag(111) face of
Cs-doped Ag/α-Al2O3 catalyst.

We showed in an earlier paper[1] that ethane epoxide se
lectivity was only 33% for the 570 K O2 desorption peak an
57% for the 513/523 K peak, giving an overall selectivity
47%. Lowering the surface population of the less-selec
face by a factor of 3 would predict an increase in ove
selectivity from 47 to 55%. This magnitude of increased
lectivity achieved by adding Cs is roughly the same as
found industrially in the doubly (Cs+Cl)-promoted catalyst
where the addition of Cs- to a Cl-promoted system increa
selectivity from∼75 to∼85%.

The normal operating conditions for Al2O3-supported Ag
catalysts are 500 K and 1.5 MPa. These conditions will
sinter or anneal the unselective stepped surface, and s
commercial catalysts, prepared from the silver oxalate
cursor patented by BP, adding Cs to the catalyst to block
activity of the unselective stepped surface is essential.
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Fig. 4. Oxygen desorption spectra from the Cs-promoted Ag/α-Al2O3 catalyst showing that Cs stabilises the surface morphology.

Fig. 5. Temperature-programmed reaction of ethene with the oxygen adsorbed on the Cs-promoted Ag/α-Al2O3 catalyst.
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3.3. Temperature-programmed reaction of ethene with
oxygen adsorbed on the Ag(111) surface of the
Cs-promoted Ag/α-Al2O3 catalyst

Fig. 5provides corroborative evidence that the role of
is simply one of site blocking and that Cs has no electro
promoting effect that would increase the selectivity of eth
epoxide formation. This figure shows the temperatu
programmed reaction TPR spectrum of ethene with
oxygen adsorbed on the Cs-promoted Ag/α-Al2O3 catalyst.
The oxygen was dosed on to the Cs-promoted Ag/α-Al2O3

catalyst to saturation coverage using the method desc
earlier, which was used to produce the surface species
ing rise to the desorption spectra shown inFig. 3(black line)
andFig. 4.

Once the catalyst was cooled to ambient temperature
der the oxygen flow and was switched the flow to He,
catalyst was then further cooled to 173 K under He. The t
perature was then programmed up to 193 K at 10 K mi−1

under the He flow, at which point the flow was switched
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Fig. 6. Oxygen desorption spectra from a Cs-promoted Ag/α-Al2O3 catalyst (blue line) and from a Cl-promoted Cs/Ag/α-Al2O3 catalyst (red line).
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an ethene/He flow (2% ethene, 101 kPa, 25 cm3 min−1) and
the temperature raised to 573 K at the same heating rate

Fig. 5 shows that ethene epoxide (m/z = 29) and CO2
(m/z = 44) evolved coincidently at 373 K, as had be
shown previously by ethene TPR of oxygen adsorbed
unpromoted Ag/α-Al2O3 catalyst[1]. The selectivity of the
373 K peak obtained for the Cs-promoted Ag/α-Al2O3 cat-
alyst calculated fromFig. 5 was only 40%, lower than th
value of 49% found for the unpromoted catalyst[1]. These
selectivities are calculated inFig. 5 using a flat baseline a
0.4× 10−10 units. If a sloping baseline is used to conn
the ethene epoxide and CO2 peaks, then the selectivities
the 373 K peak for the Cs-promoted Ag/α-Al2O3 catalyst
are both 44%. In either case, therefore, it is clear that
Cs adsorbed on the stepped Ag surface does not promo
kinetics of the selective reaction pathway of the adsorbed
ametallacycle adsorbed on the Ag(111) face. As expla
earlier, the observations of Campbell[14] and of Grant and
Lambert [15] on the role of Cs on Ag(111) in promotin
ethene epoxidation on that surface do not apply to the pre
study.

That the Cs promoter operates by blocking adsorptio
oxygen on to the stepped Ag surface is clear fromFig. 5.
The surface population of the 473 K peak in which eth
epoxide and CO2 were formed coincidently with a sele
tivity to ethene epoxide of 33% during ethene TPR of
unpromoted Ag/α-Al2O3 catalyst[1] decreased to only 20%
of the unpromoted value by Cs promotion.

3.4. The kinetics of adsorption and desorption of oxygen on
a Cl- and Cs-promoted Ag/α-Al2O3 catalyst

The blue curve inFig. 6 is the O2 desorption spectrum
from a Cs-promoted Ag/α-Al2O3 catalyst that has no C
e

t

on it. The red curve inFig. 6 is the O2 desorption spec
trum from a Cl-promoted Ag/Cs/α-Al2O3 catalyst, with the
Cl promoter deposited on the Ag by reaction of 1,2-
chloroethane (ppm) with the partially oxidized Ag surfa
obtaining during ethene epoxidation at 500 K and 1.5 MP
a C2H4/air (2% C2H4) mixture. The O2 dosage (O2, 101 kPa,
25 cm3 min−1, 513 K, 1 h) was the same for both, the dosa
that produced saturation coverage (0.67 Ml) of the Ag
O atoms. We have demonstrated that Cs promotion
ply blocks O2 adsorption on the stepped surface of the A
α-Al2O3 catalyst, but does not affect the kinetics of deso
tion of O2 from the Ag(111) face.

Promotion by Cl lowers the O2 desorption peak maxi
mum temperature from 513 to 481 K. Significantly, ho
ever, it has no effect on the amount of oxygen adsorb
the amount of oxygen desorbing from the Cl-promo
Cs/Ag/α-Al2O3 catalyst is exactly the same as that from
Cl-free Cs/Ag/α-Al2O3 catalyst. This finding is somewha
surprising, because inductively coupled plasma mass s
trometry showed a Cl atom content of the Ag compon
of the catalyst of 0.2 monolayer equivalent. X-ray pho
electron spectroscopy measurements by Lambert et al.[16]
showed that the Al2O3 support did not pick up any Cl unde
halocarbon treatment, and so the Cl is associated with
Ag.

Several conclusions can be drawn based on these
ings, including the following: (i) The Cl did not block site
(as did the Cs) and thus was not on the external surfac
the catalyst; (ii) the Cl diffused below the surface of t
Ag, as Bowker et al. reported[13]; (iii) promotion by Cl
was electronic; and (iv) Cl promotion functioned to low
the Ag–O bond strength. The distinct difference in the
haviour of the Cl atoms observed here (i.e., subsurface
site blocking) and that observed by Campbell and Pa
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Fig. 7. Oxygen desorption spectra obtained by dosing O2 on to the Cl-promoted Cs/Ag/α-Al2O3 catalyst for 5 min at 382, 403, 413 and 423 K.
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(i.e., site blocking, ordered surface overlayer)[8] can be ex-
plained by the difference in the methods of dosing the
atoms on to the catalyst. Campbell and Paffett dosed on
Cl atoms using gas phase Cl2 at 300 K to produce an ordere
Cl overlayer discernible by LEED[8]. In contrast, Lamber
et al. promoted an Ag/α-Al2O3 catalyst with Cl by injecting
CH2Cl2 into C2H4 (18.6 kPa)/O2 (7 kPa)/He (75.4 kPa) a
518 K, which to some extent mirrored our method of Cl d
ing [16]. Lambert et al.[16] also reported that Cl increase
selectivity but also caused site blocking. This apparent c
tradiction can be explained by the fact that initially the C
dosed onto the surface by reaction, at which point Lam
et al. recorded the change in activity and selectivity on-
by mass spectrometry and gas chromatography. Bowke
Waugh[17] and Piao et al.[18] showed that migration o
Cl from the surface of Ag(111) into the bulk is activate
Therefore, depositing the Cl in a plant over the time per
necessary to produce optimum performance will prod
subsurface Cl by the slow activated migration of Cl fro
the surface of the Ag(111) into the bulk. Pulsing the CH2Cl2
will produce surface Cl that will need time to migrate in
the bulk.

By simply comparing the temperature of the O2 desorp-
tion peak maximum of the Cl-promoted Cs/Ag/α-Al2O3 cat-
alyst (481 K) with that of a Cl-free Cs/Ag/α-Al2O3 catalyst
for which a desorption activation energy of 140 kJ mo−1

has been calculated by line shape analysis (513 K), it is
sible to calculate a value of 130 kJ mol−1 for the value of
the desorption activation energy of O2 from the Cl-promoted
Cs/Ag/α-Al2O3 catalyst.
Table 3
Relationship between the coverage of the Ag(111) surface of the Cl
moted Cs/Ag/α-Al2O3 catalyst by oxygen atoms (monolayers) and adso
tion temperature

Adsorption
temperature (K)

Coverage of the Ag(111) of the Cl promoted
Cs/Ag/α-Al2O3 surface by O atoms (monolayer

382 0.21
403 0.34
413 0.36
423 0.46

A more rigorous method for determining the deso
tion activation energy of O2 from a Cl-promoted Ag/
α-Al2O3 catalyst is to perform line shape analysis of
O2 desorption peaks produced by dosing O2 for the same
length of time at different adsorption temperatures on
the Cl-promoted Cs/Ag/α-Al2O3 catalyst.Fig. 7 shows the
O2 desorption spectra obtained by dosing O2 (101 kPa,
25 cm3 min−1) for 5 min onto the Cl-promoted Cs/Ag
α-Al2O3 catalyst at the adsorption temperatures 382 K (b
line), 403 K (green line), 413 K (red line), and 423 K (bla
line).

As was observed in carrying out the same experimen
a Cl-free Ag/α-Al2O3 catalyst (Fig. 2), so here, with the Cl
promoted catalyst, increasing the adsorption temperatur
sulted in increased O2 adsorption.Table 3lists the coverage
of the Ag(111) surface of the Cl-promoted Cs/Ag/α-Al2O3
catalyst as a function of the adsorption temperature. C
paringTable 3with Table 2shows that the surface coverag
by O atoms of the Cl-promoted Ag(111) were the same
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.
Fig. 8. The oxygen desorption spectra from an unpromoted Ag/α-Al2O3 catalyst containing between 1.6 and 2.8 monolayers of subsurface oxygen
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those for the unpromoted Ag(111) at the same adsorp
temperature, providing additional evidence that the Cl p
moter is subsurface.

As explained earlier, plotting the logarithm of the amou
adsorbed versus the reciprocal of the adsorption temp
ture is a valid way to obtain the adsorption activation ene
The value obtained from this method was 23.7±1 kJ mol−1,
which is 7 kJ mol−1 higher than that obtained for a Cl-fre
Cs/Ag/α-Al2O3 catalyst. This increased adsorption acti
tion energy for the Cl-promoted Cs/Ag/α-Al2O3 catalyst
is consistent with subsurface Cl withdrawing electrons
quired for the dissociative adsorption of O2 from the surface
region.

Line shape analysis on the Cl-promoted O2 desorption
(Fig. 7), done by plotting ln(desorption rate/coverage2) ver-
sus K/T gave a desorption activation energy of 129 kJ mo−1,
a value only 1 kJ mol−1 lower than that obtained usin
the peak maximum temperature. The heat of adsorp
of O2 on Ag was reduced from 124 kJ mol−1 on a Cl-
free Cs/Ag/α-Al2O3 catalyst to 105 kJ mol−1 on the Cl-
promoted Cs/Ag/α-Al2O3 catalyst.

The oxametallacycle (intermediate 1) is the key interm
diate in the formation of ethene epoxide on Ag, and se
tivity in this reaction is determined by the propensity of th
intermediate to cyclise relative to its propensity to unde
1,2-hydrogen shift[3,4]. In an earlier paper[1] in which we
found two O2 desorption peaks at 523 and 573 K, with t
lower desorption peak having an ethene epoxide select
of 57% compared with a value of 33% for the 573 K pe
we argued that the increased selectivity for the weaker A
bond meant that the intermediate that it formed had a gre
propensity to cyclise than did the intermediate formed
bond of the ethene to the stronger Ag–O bond. It is a l
ical extension of this work that weakening the Ag–O bo
strength will result in greater selectivity to ethene epoxi
Here we find that Cl promotion does just that, which
-

counts for its positive effect in promoting higher selectiv
in Ag-catalysed ethene epoxidation.

In the case of ethene epoxidation over Ag/α-Al2O3 cata-
lysts prepared from a silver oxalate precursor, the promo
Cl and Cs act independently and additively. Industrially, i
found that electronic promotion by subsurface Cl weak
the Ag–O bond strength and raises the selectivity from 4
∼75%. The Cs promoter located on the stepped Ag sur
blocks the adsorption of the less-selective oxygen atom
this surface and raises the selectivity to∼85%.

3.5. The kinetics of oxygen desorption from an unpromoted
Ag/α-Al2O3 catalyst containing 1.6–2.8 monolayers of
subsurface oxygen

The existence of subsurface oxygen in Ag has been
ported previously[19–21]. It desorbs from the Ag over
range of temperatures above that at which surface oxy
desorbs. It has been proposed that subsurface oxygen e
an electronic effect on the surface oxygen and acts as a
moter in the same way as Cl does. Indeed, Backx et al.[22]
have claimed that subsurface oxygen in Ag is essentia
the epoxidation of ethene.

We have investigated the effect of subsurface oxyge
Ag on the desorption kinetics of surface oxygen. If it ha
promoting effect, then we would expect to see the peak m
imum temperature for surface oxygen desorption decrea
from 513/523 K to the value (481 K) found for promotio
by Cl.

Fig. 8 shows the oxygen desorption spectra obtained
ter dosing O2 (101 kPa, 25 cm3 min−1) onto the Ag/α-Al2O3
catalyst for 1 h at 633 K (green curve), 693 K (red curv
753 K (blue curve), and 813 K (black curve). After the ox
gen was dosed for 1 h at the desired adsorption tempera
the catalyst was cooled to ambient temperature unde2
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Fig. 9. Temperature-programmed reaction of ethene with surface and subsurface oxygen of the unpromoted Ag/α-Al2O3 catalyst.
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Table 4
The relationship between the number of monolayers of subsurface ox
and the adsorption temperature

Adsorption
temperature (K)

Amount of subsurface oxygen
(surface monolayer equivalents

633 1.6
693 2.0
753 2.3
813 2.8

flow. The flow was then switched to He, and the spectra w
obtained by raising the temperature at 10 K min−1 from am-
bient to 923 K.

The figure shows large, apparently zero-order peaks o
inating at∼590 K for all adsorption temperatures. The
peaks maximized at∼760 K for the lowest coverage and i
creased to 873 K for the highest coverage. They represen
desorption of O2 from the subsurface of the Ag.Table 4lists
the adsorption temperatures and the corresponding am
of subsurface oxygen calculated in surface monolayer eq
alents, using a value of 1.19 atoms cm−2 as the surface Ag
atom density and an Ag area of 1 m2 g−1.

However,Fig. 8shows that the surface oxygen peak m
imum was unaffected by this subsurface oxygen. Its va
remained fixed at 520 K regardless of the amount of sub
face oxygen in the range of 1.6–2.8 monolayers. Thus
subsurface oxygen does not weaken the surface Ag–O
as Cl does and so will not promote the increased select
to ethene epoxide that subsurface Cl does.

3.6. TPR of ethene with surface and subsurface oxygen on
the unpromoted Ag/α-Al2O3 catalyst

Fig. 9 shows the TPR spectrum obtained by passing
ethene/He (2% ethene, 101 kPa, 25 cm3 min−1) stream over
the unpromoted Ag/α-Al2O3 catalyst that had been dos
with pure O2 for 1 h at 773 K. This produced>2.3 mono-
layers of subsurface oxygen atoms, as well as saturation
s

-

erage of the oxygen state that desorbed at 523 K, the ox
desorbing from Ag(111) (seeFig. 8).

One peak can be observed at 373 K in which ethene e
ide and CO2 evolve coincidently. The selectivity of ethen
epoxide in this peak was only 40% using a flat baseline
44% using a sloping baseline for the CO2 peak. Reaction
of the ethene with subsurface oxygen was completely u
lective, producing only CO2 and H2O. Thus the subsurfac
oxygen was unselective of itself and did not promote an
crease in selectivity of the adsorbed oxygen.

Lambert et al.[16] showed that the promotional e
fect in ethene epoxidation of the halogen series, F, Cl,
and I, correlates with the electron affinity of the halog
Cl, with an electron affinity of−349 kJ mol−1, is the most
selective, whereas I (electron affinity= −295 kJ mol−1)
shows only negligible promotional activity[16]. It is not
surprising, therefore, that subsurface O (electron affinit=
−141 kJ mol−1) [23] does not exhibit any promotional a
tivity.

4. Conclusions

1. The Cs promoter is bound to the stepped surfac
the Ag component of the Ag/α-Al2O3 catalyst. (This
stepped surface constitutes 0.7 m2 g−1 of the total Ag
area of 1.9 m2 g−1 [1].)

2. Held in that position, the Cs promoter blocked adso
tion of oxygen onto that surface. However, it did n
affect the activity to ethene or selectivity to ethene ep
ide of the oxygen adsorbed on the Ag(111) surface.

3. Oxygen adsorbed on the stepped Ag surface was
33% selective, compared with a value of 57% on
Ag(111) surface, which constitutes 1.1 m2 g−1 of the
1.9 m2 g−1 total Ag area[1]. Therefore, blocking ad
sorption of oxygen on to the stepped Ag surface will
crease the overall selectivity of the Ag surface to eth
epoxide formation.



M. Atkins et al. / Journal of Catalysis 235 (2005) 103–113 113

tion

e of

h-
nce
rgy
m

xi-

rp-
ed

the

of
rgy
ed,

ki-
the
iv-
ce

tal.

in-

ld,
er,

95)

ns.

m-

ev.

l. 72

iver-
4. Because the Cl promoter did not block the adsorp
of oxygen on the Ag(111) surface of a Cs/Ag/α-Al2O3
catalyst, we conclude that it is held under the surfac
the Ag.

5. The Cl promoter is electronic in its function and wit
draws electrons from the surface Ag atoms. Evide
for this is found in the increase in the activation ene
for adsorption of oxygen on to the Ag(111) surface fro
17 kJ mol−1 for Cs/Ag/α-Al2O3 to 24 kJ mol−1 for Cl-
promoted Cs/Ag/α-Al2O3.

6. The Cl promoter lowered the desorption peak ma
mum temperature from 513 K for the Cs/Ag/α-Al2O3
catalyst to 481 K for the Cl-promoted Cs/Ag/α-Al2O3
catalyst. Thus, the activation energy for the deso
tion of oxygen from the Ag(111) surface was lower
from 140 kJ mol−1 for the Cs/Ag/α-Al2O3 catalyst to
129 kJ mol−1 for the Cl-promoted Cs/Ag/α-Al2O3 cat-
alyst.

7. Decreasing the heat of adsorption of oxygen on
Ag(111) face of the Cs/Ag/α-Al2O3 catalyst from 123 to
105 kJ mol−1 for the Cl-promoted Cs/Ag/α-Al2O3 cat-
alyst decreased the activation energy for cyclisation
the surface intermediate relative to the activation ene
of the unselective pathway, which remained unchang
and so increased the selectivity to ethene epoxide.

8. Subsurface oxygen had no effect on the desorption
netics of the oxygen held on the Ag(111) surface of
Ag/α-Al2O3 catalyst. It also had no effect on the act
ity and selectivity of the oxygen on the Ag(111) surfa
to reaction with ethene to form ethene epoxide.
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