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The kinetics of ethene oxidation catalyzed by an oxygen-preconditioned silver foil has been
measured with an ultrahigh-vacuum-compatible flow reactor, using mass spectrometric gas analy-
sis. The gradient-free reactor consisted of two concentric quartz tubes, forming a jacket of small
width, covered with the catalyst. Additional temperature-programmed desorption studies and ex-
periments with selected different types of oxygen species confirmed that only adsorbed atomic
oxygen is reactive and that an oxidic surface layer is required for stable and high selectivity.
Isothermal (typically 250°C, 26 mbar; 1 mbar = 100 N m~2) batch and flow as well as temperature-
programmed reaction measurements were evaluated by means of the Horiuti-Temkin procedure.
The selectivity behavior is correctly described by the kinetic model. Rate constants and the esti-
mated overall apparent activation energy are discussed with respect to the suggested reaction

mechanism.  © 1987 Academic Press. Inc.

I. INTRODUCTION

The application of single crystal ultra-
high-vacuum (UHV) surface analysis tech-
niques marked a turn in the long series of
studies on the mechanism of the catalytic
ethene oxidation. In particular, the direct
coupling of a high-pressure reactor with an
UHYV analysis system, by means of special
devices, promised a conclusive elucidation
of the reaction mechanism. However, the
most recent and extensive studies in this
area arrived at conflicting results. The basic
question in all discussions on this topic is
still left unanswered. Campbell et al. (Ia, ¢)
favor a mechanism involving molecularly
adsorbed oxygen and adsorbed ethene (E)
in a common rate-determining step both for
ethene oxide (EO) and total oxidation. On
the other hand Grant and Lambert (4, 5)
conclude that only adsorbed atomic oxygen
is reactive and responsible for both EO and
CO; production.

On the basis of kinetic and temperature-
programmed desorption (TPD) studies we
arnived at the same conclusions as the latter
authors (6, 7). The results showed, how-
ever, that besides the adsorbed atomic oxy-

gen species an oxidic layer on top of the Ag
surface plays an important role for high and
stable selectivity for EO production. The
participation of subsurface oxygen besides
adsorbed atomic oxygen has recently also
been stressed again by van Santen et al. (8)
on the basis of oxygen isotope experiments.
In the meantime we have carried out fur-
ther kinetic experiments, using an UHV-
compatible flow reactor with an unpromo-
ted polycrystalline silver foil as catalyst.
The experimental data were treated by a
kinetic model by means of the Horiuti-
Temkin procedure.

II. EXPERIMENTAL

1. Reactor. The main features of the
UHV-compatible reactor are (i) the applica-
bility in a wide range of pressures 1076 =
p (mbar) = 103, (ii) continuous in situ mass
spectrometric analysis of gas composition,
(iii) negligible pressure gradient in flow ex-
periments, (iv) small reactor volume (30
ml), (v) good contact between the gas phase
and the catalyst surface, and (vi) an unpro-
moted Ag foil catalyst.

The reactor (9) consisted of two concen-
tric quartz tubes, forming a jacket 3 mm
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wide (length 200 mm, inner diameter of
outer tube 20 mm). The inner walls were
covered with a silver foil, positioned by
means of quartz springs (foil thickness 0.1
mm, geometric surface area 200 cm?). The
temperatures of the two externally heated
silver foils were controlled within +1°C.
An otherwise identical reference reactor
without catalyst was used for calibration
purposes of the mass spectrometric gas an-
alyzer.

Batch as well as flow experiments were
carried out, using calibrated UHV leak
valves to adjust the flow rates of the gases
or gas mixtures (C;Hy, O,, Ar). Glass capil-
lary leaks of suitable width installed at the
exit of the reactor and of reference reactor
served to reduce the pressure at reaction
conditions to the operating pressure of the
mass spectrometer.

2. Mass spectrometric analysis. Gas
analysis was achieved by means of an
omegatron mass spectrometer with gold-
plated components (/0). This type of cyclo-
tron resonance spectrometer is virtually
free of memory effects and is particularly
suitable for the mass range under consider-
ation. Since the spectrometer is installed in
a glass bulb of small volume (120 ml), kept
at 250°C, detrimental adsorption effects are
considerably smaller than in the case of the
larger metal surfaces of conventional mass
spectrometers. A scanner enabled the re-
cording of six characteristic masses so that
the concentration of all components could
be continuously followed.

Extensive calibration measurements
were carried out in order to convert the in-
tensities of individual fragments into partial
pressures of the particular component. Dif-
ferent ionization probabilitics were taken
into account by reference to inert Ar. For
EO, fragment m/e = 29 contributions from
ethene were allowed for, correspondingly
for CO, a EO contribution of m/e = 44.

3. TPD apparatus. In order to achieve
high sensitivity, the volume of the essential
part of the apparatus was kept as small as
possible (15 ml) and could be heated up to
500°C, basic pressure 1078 mbar. The Ag
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foil (0.1 mm thick, 1 X 1 cm) was fastened
to a thin quartz frame and positioned at a
distance of 5 mm behind a planar window in
a quartz glass tube. A quartz capillary leak,
mounted at a distance of 1 mm from the Ag
foil, was used to reduce the pressure for gas
analysis by means of a quadrupole mass
spectrometer, fitted with a scanner. The Ag
foil was externally heated with a 250-W IR
point glow lamp, enabling heating rates in
the range 0.4 = B8/°C s~! = 17. For tempera-
ture measurement and control, a NiCr-Ni
thermocouple was fastened to the Ag foil
with a thin Ag wire.

4. Substances. Ag foil was 99.999% pure
(Degussa,  Frankfurt). High purity
(99.995%) gases were used; EO was 99.8%
pure.

III. RESULTS
1. TPD Experiments

The silver foil was pretreated: H,
(500°C), alternate evacuation, and O, (0.2
mbar, 350°C, 6 h); between experiments,
each consisting of several dosing and TPD
cycles, evacuation (10-8 mbar). In the TPD
runs after reaching 500°C, this temperature
was kept constant.

At an adsorption temperature T, = 150°C
(Fig. 1a) and relatively low doses, a peak
(B) is shown at T, = 585 K, assigned to
atomic oxygen O(a) (e.g., 4, 13, 11). After
several cycles the peak height is constant,
while overlap with a higher temperature
peak (y) is noticeable. In the absence of
overlap the shape is symmetrical, indicat-
ing second-order desorption. Since in this
case a shift of T, to lower temperatures
with increasing O is to be expected, the ob-
served constancy (Fig. 1a) requires inter-
pretation.

It turns out that the adsorption tempera-
ture has a decisive influence. At T, = 25°C,
a shift to higher temperatures has been ob-
served (13, 11). This has been explained by
a net attractive interaction energy of 14 kJ/
mol between O(a) (13, 14).

At higher dosing temperatures two peaks
in the B range have been observed: (a) Ag
wire, T, = 150°C, O, 6 X 1077 mbar, 2 x 103
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Fi1G6. 1. TPD spectra of adsorbed atomic (8) and
dissolved lattice (y) oxygen. O, dosing: 0.1 mbar (a)
150°C, 1.4 x 108 L/cycle; (b) 250°C, (1) 1.4 x 108 L; (2)
2.3 x 10% L; heating rates: 8.3°C/s; after reaching
500°C — T const.

L, after previous O, dosing at 250°C, 1.3
mbar, 6 X 10" L, and short evacuation;
Ty = 545 K (B1), T, = 590 K (3,); intensity
Bi/B> = 1.1(7); and (b) Ag(110) T, = 217°C,
T, = 570 and 610 K, intensity 8, < B,. With
increasing chlorine coverage both peaks
shift to lower temperatures and merge to a
single broad peak at about 580 K (2, 3). The
difference in the activation energy for de-
sorption of 8, and B, is 15 and 12 kJ/mol in
Experiments a and b, respectively.

In an earlier study (12) we found: Ag foil,
T, = 227°C, heating rate 4.2 K/s, unre-
solved single peak, T, = 620, 610, 600, 590,
580 K at © O(a) = 0.12, 0.15, 0.20, 0.29,
0.34. The T, shift corresponds to second-
order O(a) desorption and to an in-
creased contribution of the lower tempera-
ture 8 peak to the merged peak at higher
coverage. It is interesting to note that oxy-
gen as a self-promoter and chlorine show
similar effects.

Oxygen dosing at room temperature and
above 200°C leads to peak shifts to higher
and lower temperatures, respectively. At T,
= 150°C (Fig. la) obviously both effects
compensate.

Refering to Fig. 1b, it is seen that at
sufficiently high temperatures of adsorption
and large doses, in addition to the 8 peak a

v peak (T, = 800 K) is shown. This peak is
assigned to dissolved lattice oxygen O?~(d)
(7) (Ed > 200 kJ/mol, isotope exchange
(11), diffusion kinetics). With increasing
doses the intensity ratio y/g increases.

For an experiment at T, = 350°C, po, =
0.2 mbar (not shown) a plot of y-peak inten-
sity versus the square root of the dosing
time resulted in a straight line, indicating
that diffusion processes are involved. From
the total amount O, desorbed in consecu-
tive TPD runs after 36 h dosing, a thickness
of eight atomic layers has been estimated
on the basis of composition of Ag,O for the
surface oxide.

2. Reactivity of Oxygen Species

On the basis of TPD findings, catalytic
experiments were carried out in such a way
that the reactivity of the different oxygen
species could be tested. After standard O,
treatment (see below), suitable choice of
the evacuation temperature served to single
out the desired species. The results are
summarized in Table 1. In experiment 1, 8
and y oxygen are present and possibly at
small concentrations of «,, formed on ad-
mission of the educt mixture. Relatively
high selectivity is observed. In the presence
of B and y oxygen (Experiment 2), pure
ethene as educt leads to CO, and some EQ.
The latter is due to reaction with 8 oxygen
formed by the standard treatment. This ex-
periment indicates that a; oxygen is not re-
quired for selective oxidation. In Experi-
ment 3, only y oxygen is available and on
admission of ethene, only CO, is produced
at T > 250°C. Finally, starting with an oxy-
gen-free Ag surface (Experiment 4), 8 oxy-
gen and possibly a, can be generated by the
O,/E educt mixture. Although y subsurface
oxygen is negligible, EO is formed in addi-
tion to CO,, although only with low selec-
tivity.

3. Conditioning of the Ag Catalyst

In order to obtain reproducible kinetic
results and stable activity and selectivity,



42 HAUL AND NEUBAUER
TABLE 1
Reactivity of Different Oxygen Species
Educt:  pg = 4.9 mbar + O, + Ar, p = 26 mbar
TPR: 1°C/min
Species: a, = 037 (a), B = 0% (a), y = 0> (d)
No.  Pretreatment  Evacuation Oxygen Educt  Reaction T (°C) Products
(1077 mbar)  Species 0,/E type
T (°C)
1 Standard O, 250 (), B,y 1.1:1 Batch 250 CO,, EO
TPR 100 = T <440 Sgo (250°C) = 0.61
2 Standard O, 190 B,y Only E TPR 100 =T <440 CO,, EO
3 Standard O, 300 vy Only E TPR 100 =T<440 CO,, T> 250°C
4 H, Reduction, 250 (o), B 1.1:1 Batch 250 CO,, EO,
10 mbar, Seo (250°C) = 0.1
500°C, 15 h

the following pretreatment was adopted to
adjust the oxidation state of the Ag surface.
Initially the Ag foil was annealed at 500°C,
then treated with H, (10 mbar, 500°C, 15 h)
and again annealed under vacuum (1072
mbar). Between successive kinetic experi-
ments the following standard pretreatment
was performed. At the end of a run the re-
actor was evacuated at 250°C and subse-
quently the catalyst annealed at 500°C, 15
h, 108 mbar. For the next experiment the
Ag surface was loaded with O, (10 mbar,
350°C, 4 h), followed by 3-h evacuation at
250°C, 10-7 mbar. Then the reaction tem-
perature was adjusted and the educt mix-
ture admitted.

Figure 2 illustrates that after H, reduc-
tion of the catalyst, several standard pre-

1
Seo [

steady siate
selectivity

250°C 26 mbar
0,/E=1:1

reduction H,
10 mbar
500°C, 15 h

-~——== Number of cycles

FiG. 2. Conditioning of Ag catalyst surface.

treatments and reaction cycles are required
to reestablish the previous selectivity. This
is achieved by the formation of an oxidic
surface layer.

4. Kinetic Measurements

The following series of measurements
were carried out: (i) non-steady-state batch
experiments, isothermal as well as temper-
ature-programmed reaction (TPR) and (ii)
steady-state flow experiments. For the pur-
pose of comparison, the total pressure was
the same in all experiments (26 mbar) and
one of the educt partial pressures was kept
constant, the balance being made up by Ar.

The conversion of ethene and the frac-
tional selectivity for ethene oxide are de-
fined as

Pt~ pE

Cg =
E P

(1)

S _ PEO _ TEO
EO.E PEO + O-SPCOZ r'eo + ().SI'CO2 ’ (2)

where p} is the initial partial pressure and
reo and 0.5rco, are the reaction rates for
selective and total oxidation.

4.1. Isothermal batch experiments. In
Fig. 3 partial pressures are shown as a func-
tion of time for O,-deficient (a) and O,-ex-
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Fi1G. 3. Isothermal batch expeniments. Oj-deficient
(a) and Os-excess (b) educt mixtures. Broken lines:

added CO,, 2.3 mbar.

cess (b) educt mixtures, In the former case,
when O, is completely consumed pg ex-
hibits a minimum. Selective and total oxi-
dation always starts immediately without
an induction period. Remarkably, H;O
could also be quantitatively determined by
means of the omegatron mass spectrome-
ter. Although at the beginning the increase
of pu,o is retarded due to adsorption, the
stoichiometric partial pressure is reached
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|

SEO
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Fic. 4. Conversion and selectivity for isothermal
batch experiments. po, = 4.4 mbar; O,/E—A, 1.8:1;
A, 1101 %,0.2:1; pp = 5.3 mbar; O,/E—@,3:1; O,
2.1:1,0,0.3:1.

eventually, within experimental error. The
H,0O curves are not shown in further dia-
grams.

Both the conversion and selectivity in-
crease with increasing O,/E ratio (Fig. 4).
During the course of an experiment Sgq re-
mains constant,

4.2. TPR experiments. The temperature
dependence of the catalytic reaction has
been studied by means of the TPR tech-
nique, using an appropriate heating rate of
1°C/min. For an O,-deficient educt mixture
(Fig. 5a) the pg curve exhibits a minimum,
coinciding with a maximum of EQ when O,
is  completely consumed. Comparable
results were obtained by van Santen and de
Groot (8). At a larger O,/E ratio (Fig. 5b)
the EQ maximum is shifted to a higher tem-
perature e.g., from =250 to 330°C.

Conversion and selectivity as a function
of temperature are shown in Fig. 6. In order
to test whether subsequent oxidation of EO
must be taken inte account, a TPR oxida-
tion experiment was carried out with EO
(not shown). After standard O, pretreat-
ment of the catalyst, an O,/EQ = 2: | mix-
ture (py = 26 mbar, Pgo = 4 mbar, +Ar)

T T T

T T T
Q=111 p, = 26mbar
Pe= 5.1mbar

£0;

— -
T T

QE=211 p,,,= 26mbar
pe =5.1mbar -

P Imbar
L
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Fi1G. 5. TPR experiments. O,-deficient (a) and O,-
excess (b) educt mixtures. Broken line: added CO,,
2.3 mbar.
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F1G. 6. Conversion and selectivity as a function of
temperature. O,/E—@,2.9:1; O, 1.1:1; 3, 0.6: 1.

was admitted to the reactor at 100°C, fol-
lowed by TPR at 1°C/min. Subsequent oxi-
dation is negligible at 250°C and occurs to
an appreciable extent only above T = 300°C
under the conditions studied here.

4.3. Steady-state flow experiments. In a
series of experiments with various educt
mixtures the measurements were carried
out at increasing contact times 7 = Vi/V,
where Vg is the reactor volume and V the
volume gas velocity. Subsequent control
experiments at smaller + values confirmed
the reproducibility. Steady-state conditions
were established within 5-10 min. At small
values 7 < 1.5 min, i.e., at low conversion
Ce < 0.15, the partial pressures pgo and
Pco, are a linear function of the contact
time, thus enabling the evaluation of reac-
tion rates (Fig. 7).

Conversion and selectivity as a function
of contact time are shown in Fig. 8. Cg in-
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Fi1G. 7. Steady-state flow experiment.

T=250 °C
Pior® 26 mbar

I T W |

——=T/min

F1G. 8. Conversion and selectivity as a function of
contact time. po, = 4.5 mbar: O,/JE—A, 1.8:1; A,
1:1; x,0.3:1; pr = 5.1 mbar: O,/E—@, 4.1:1; O,
2.3:1;0,0.3:1.

creases monotonously with 7; however, Cg
is smaller even at the longest contact time
(9 min) than in the batch experiments at
corresponding po,/pe (Fig. 4). On the other
hand comparable to those experiments, Sgo
is independent of the contact time and in-
creases with O,/E ratio.

4.4. Influence of CO,. The inhibiting ef-
fect, already shown in Figs. 3 and 5, with
respect to the degree of conversion as a
function of temperature is further demon-
strated in Fig. 9. Remarkably, selectivity is
not affected under the stated reaction con-
ditions. At 250°C in the range 0 = pco,
(mbar) = 2.3, Cg decreases while Sgg re-
mains constant.

IV. KINETIC MODELING

The kinetic measurements were evalu-
ated by means of the Horiuti~Temkin for-
malism (15). This procedure is particularly
suitable for the treatment of complex cata-
lytic reactions and avoids oversimplifying
assumptions. In this way Temkin has stud-
ied in detail the silver-catalyzed ethene oxi-
dation (I5). The kinetic model suggested
here differs in some fundamental aspects
and is based on the following experimental
findings.

(1) IR results (/6), TRP experiments (44,
7), kinetic studies with different individual
oxygen species (17, Table 1), and isotope
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studies (8) are strong evidence that chemi-
sorbed atomic oxygen, O2~(a), is operative
as the reactive surface species.

(i) Molecularly chemisorbed oxygen,
05 (a), is not directly involved in the pri-
mary catalytic step ¢, 5, 7, 8), however,
can act as a precursor for the reactive
atomic oxygen species.

(iii) Dissolved oxygen, 0% (d), incorpo-
rated in the lattice of an oxidic surface layer
and acting as a self-promoter is a prerequi-
site for a stable oxidation state of the cata-
lyst surface and high selectivity (17, 6, 7, 5,
and Table 1).

(iv) Various findings, e.g., IR (16) and
isotope (I8) studies, suggest that both the
selective and total oxidation proceed via a
common primary surface intermediate.
Further evidence is the nearly same appar-
ent activation energy for both reaction
routes (19, 20, 2a, 5).

(v) Total oxidation can occur along two
routes: via isomerization of the primary EO
intermediate and via oxidation of chemi-
sorbed E (see, e.g., (5)).

(vi) Further oxidation for EO to CO; and
H,O becomes noticeable only above =
300°C (see Section III, 4.2).

(vii) The selectivity, Sgo, increases with
increasing po, at constant pg and decreases
with rising pg at constant po, (Figs. 4 and
8).

(viii) With rising temperatures Sgo de-

creases above 250°C depending on po,/pE
(Fig. 6).

(ix) In batch experiments, F desorbs after
complete O, consumption (Figs. 3 and 5).

(x) Addition of CO, inhibits the reaction,
however, does not affect the selectivity un-
der the conditions studied here (Fig. 9).

The overall reaction equations for selec-
tive and total oxidation

C2H4 + %02 = C2H4O
C2H4 + 30, = 2CO, + ZHIO

are linear combinations of elementary
steps, each of which is adjusted by a stoi-
chiometric number in such a way that for
various possible reaction routes, the inter-
mediates cancel out. A unique solution of
the system of equations can only be ob-
tained if the folowing relation holds

P=S+W-1, (3)

where P, S, W, and I are the number of
routes, elementary steps, balance equa-
tions, and surface intermediates, respec-
tively (15). In the following model reactive
catalytic centers (*) are envisaged as sites
of partially charges Ag}*, embedded in the
oxygen-loaded silver surface. The symbols
—, =2, and € refer to irreversible, revers-
ible, and equilibrium reactions. Intermedi-
ates adsorbed on active centers are desig-
nated =-I; otherwise the symbol of
components refers to the gaseous state.
The electrical charges are not indicated for
simplicity reasons and because these are
not reliably known. It should be realized,
however, that charge transfer in the adsorp-
tion and desorption steps as well as in O,(a)
dissociation is involved.

Kinetic Model

The mechanism comprises 9 intermedi-
ates (inclusively the vacant catalytic site),
11 elementary steps, and 1 balance equa-
tion of the intermediates. According to Eq.
(3) this corresponds to three independent
reaction routes as presumed in the kinetic
model. In this sense the model is in itself
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Elementary step Stoichiometric Surface process

number
P(l) P(ZP PU)
1. O, ++x=%-0, 3 i —x 0 O, chemisorption
2. * -0 +x=22%-0 % - x) 0 0-(a) dissociation
3. CH, +#*-0—=*-0-CH, 1 1 —x 0 E chemisorption
common interm. P®
4. *-0-CHy— * + CGH,0 | 0 0 EO desorption
5. *-0-CHy— *-0 - CHCH, 0 | —x 0 Isomerization
5. *- O - CHCH; + 30, — * + 2CO, + 2H,0 0 1 —x 0 Total oxidation P2
6. CO,+*-06+-0-CO, 0 0 0 COs inhibition
7. HO+#*-0&+-0-H0 0 0 0 H-O inhibition
8. CHy + * =+ - C,H, 0 0 X E chemisorption
9. * - CHy + Oy > - CH, - Oy 0 0 x Total oxidation P
9. *-CH,; 0, + 20, —> * + 2CO, + 2H,0 0 0 x Total oxidation P

consistent. As generally accepted the con-
secutive steps (5') and (9’) are assumed to
be very fast. The oxygen for reactions (5'),
(9), and (9') is considered to be supplied
from the gas phase although adsorbed oxy-
gen may be involved. The notation of the
intermediate * - C;H, - O, is simply formal
and should not suggest a peroxy com-
pound. Adsorption equilibrium for CO, and
H,0 at a reaction temperature of 250°C ac-
counts for the inhibiting effects of these re-
action products. Readsorption of EO is not
included since it would merely lead to a
longer residence time of the * - O - C,H,
intermediate and to further oxidation ac-
cording to steps (5) and (5'). As mentioned
EO oxidation has not been found under the
given conditions.

V. EVALUATION OF KINETIC PARAMETERS
The areal reaction rate is defined as

mol

cm?s’

_____ dpi

ART at

here v; is the stoichiometric coefficient of
component i, the surface area, here the geo-
metric surface, A = 200 cm?, and the reac-
tor volume Vi = 30 cm’. Alternatively the
reaction rates can be expressed in terms of
a turnover frequency (number) (TON), i.e.,
the number of reacted molecules per site
and unit time:

4)

TON = r - % molecules/site -+ s71  (5)

where N, is the Avogadro number and L
the number of reactive sites/cm?, L = 1.3 X
105 Ag atoms/cm?.

A typical plot of TON vs the educt pres-
sures po, at p§ = const, and p} at pd,
const is shown in Fig. 10 for flow experi-
ments at low conversions (Cg < 0.15). It
has been shown (9) that the results of flow
experiments agree with those of batch ex-
periments if in the latter case the initial re-
action rates are used.

1. Steady-State Analysis

The rate r; of the sth elementary step is
given by the relation

5 10 15
T T —%
MaroN® .. T .
l,_l" 4
flot) gopgitot) o
a0} T=250 % =™ 4 7
€ | pg=26mbar .
£ ks
'_?g ”r, —
T e o
/
st j./— —————— o il o £ bl
i f;/
'y
¥y .
:". A 1y
Y
oy . e ,
5 10 15 20

A '%lmbar

FiG. 10. Rate and TON of selective and total oxida-
tion vs M pd, at p} = const = 5.1 mbar and vs @ p} at
pd, = const = 4.5 mbar. (TON in 1073 molecules site™
-s7L)
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P
ro= > vl P
P=1

(6)

where r# is the rate along a reaction route
P and »? is the stoichiometric number of
the relevant step (I5).

The application of Eq. (6) to the model
leads to the following relations, where &,
K, and [X;] denote the relevant rate con-
stants, equilibrium constants, and mole
fractions of intermediates, respectively.
[Xi] = N;/L, where N; = molecules of inter-
mediate and L = sites both per unit area.

2 [Xi]

In the derivation (see Appendix) two ap-
proximations are made:

= 1. 7)
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(i) For the fast and irreversible steps (57,
9} the mole fractions of the intermediates
are neglected in the balance equation (7).

(ii) The rate of desorption in step (1) is
considered as small in comparison to the
rate of formation of the primary intermedi-
ate in step (3):

r = kfl[* ) 02] <r = k3pE[* : O]

This assumption appears to be justified
since the surface concentration of the
chemisorbed molecular oxygen is known to
be small (24) and the reactivity of the cru-
cial atomic oxygen species can be expected
to be relatively large.

Thus one obtains the following for the
reaction rates for selective and total oxida-
tion as well as for ethene oxide selectivity:

r _ Ve dpro _ ,, _ _ksks -<l—ﬁ )_l_ ®)
PoX = ABRT dt ke + ksph % Po. F
= ——-—VR I dpco, - 2) 3)
o= 4RT2 dr - (T b 9)
— 1 ki [ ksks k_}/(gkg 2]
_F<1 kzp()?) k4+k5p5+ml’l~: (10)
_ 1 ky PE 1 )
F=lpe (2/{1[)03 * 2k\kopo, + k-g) po, ks + ks
2kk_ Po.
k;k;z e + 1+ Kepco, + Kipuo (11)
kg
l _( ks ks pp kg P
Seo Y k4) ' S po . K (12)
- l + 7(‘-—[)02
-3

2. Non-Steady-State Analysis

For the evaluation of batch experiments
the differential equations for all educts,
products, and intermediates are formu-
lated, describing the change of partial pres-
sure and mole fractions of intermediates
with time. It can be shown that with some
plausible assumptions (see Appendix) the
system of differential equations lead to the

same results for repox, 1ot and Sgp as de-
rived above for steady-state conditions.

3. Selectivity Behavior

The change of the reciprocal selectivity
(Eq. (12)) as a function of the ratio of the
initial partial pressures pg/p9, is shown in
Fig. 11. It can be seen that the following
relations hold:
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F1G. 11. Reciprocal selectivity vs educt ratio p3/p3,
at p} = const = 5.1 mbar: W, flow experiments; [,
batch experiments; and at p$), = const = 4.5 mbar: @,
flow experiments; O, batch experiments.

(i) For flow and batch experiments with
pE = const at sufficiently high Do, 1-€., (ke/
k_g)pd, > 1 the slope of the straight line is (1
+ ks/ks) - ks/2k, and the intercept:

(1 + ksiks). (13)
This linear relation of 1/Sgo holds up to p}/

0
Po, = 0.5.

(i) For sufficiently small pd, at p§ =
const, i.e., (ky/k_g)pd, < 1, the experimen-
tal points approach the constant limiting
value of 1/Sgq:

= (1 + %)(1 + %p%). (14)

(iii) For flow and batch experiments with
pd, = const, a linear relation between 1/Sgo
and p2/pd, is to be expected for all ratios of
initial educt pressures, with intercept

(1+2)
and slope

ks (kolk —s)P(())Z

k
(1+ D) 2 T+ Gears, 09
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The deviation from a straight line above
p‘l’;/p%2 > 1.5 may be attributed to increasing
blockage of reactive sites and/or changing
electronic properties by ethene adsorption.

The dependence of the selectivity on the
initial educt pressure of pd, at p§ = const
and p} at pd, = const, is illustrated in Fig.
12 for batch and flow experiments. While
the po, dependence is correctly described
by the kinetic model according to Eq. (12),
this is true for the p¥ dependence only up to
about 6 mbar. At higher p} pressures and
const p%2 = 4.5 mbar the selectivity remains
practically constant.

4. Determination of Rate Constants

From the relations (13) to (15) the follow-
ing ratios of rate constants were obtained
for a reaction temperature of 250°C:

k
k_9 = 0.31 = 0.15 mbar';
-8
k
k—s = 0.33 = 0.03;
4
ks
2_k] = 0.50 = 0.02.

Using these ratios and the relevant initial
educt pressures all rate constants can be

P
%2imbar,
1 5 10 15 20
1 T T T
0.8»- -
Seo T=250 °C
R P,,, = 26 mbar
0.7+ Om o
.
<] =] L]
[} W
06 -1
o
° o
o /o —.———-————--o——"—c 4
"l 1 1 1 L
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0
PE smbar

FiG. 12. Dependence of selectivity on educt partial
pressures at p% = const = 5.1 mbar: W, flow experi-
ments; (I, batch experiments, and at p"o2 = const = 4.6
mbar: @, flow experiments; O, batch experiments.
———, calculated according Eq. (15) ———, observed
constant Sgo for p% > 10 mbar.
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evaluated by means of the matrix method
and the criterion of least squares of errors.
It should be pointed out that this treatment
of the experimental data is based on the

underlying kinetic model and is not a matter
of fitting results by means of a sufficient
number of constants without physical
meaning.

ki = 0.19 £ 0.01; ks = 0.76 = 0.07; kg = 0.19 = 0.01;
ko = 0.19 = 0.06; ki, ks, ks, ko [107Y mol cm~2 s~! mbar1];
k, =779 = 1.20; k_, = 2.81 + 0.48; ks = 3.95 = 0.28;

k5:

Only the sum of the adsorption equilib-
rium constants K¢ and K; could be evalu-
ated: K = K¢ + K7 = 4.0 = 1.0 mbar~L.

5. Activation Energy

Since the kinetic measurements were
mainly concerned with isothermal studies
at a reaction temperature of 250°C, it was
attempted to obtain information on the acti-
vation energies from the TPR experiments.
Introduction of the heating rate 8 = dT/dt
into Eq. (4) leads to

_11Vg  dp
r= o ARTP AT

%

-E
kK f(p) = kof(pe 7. (16)

In this way the reaction rate r can be calcu-
lated from the experimental dp;/dT data: k'
denotes the rate constant of the overall se-
lective or total oxidation reaction and f(p;)
the partial pressure term expressed, e.g., as
a power rate law or Hougen—Watson type
of equation; E* = apparent activation en-
ergy, and k, = preexponential factor.

On the assumption that the partial pres-
sure term can be considered as approxi-
mately constant in the range of relatively
low temperatures, i.e., low conversion, a
linear relation between In r and 1/7 can be
expected. In fact for TPR experiments in
the temperature range 150-230°C straight
lines were obtained in the Arrhenius piot.
The intercepts are somewhat different, ac-
cording to the f(p;) term which is given by
the initial educt partial pressures. The

1.32 = 0.07; kfg = 0.63 = 0.12; ka, k_s, k4, ks, kg [10—” mol cm~? S_]]

slopes of the corresponding straight lines
are, however, not affected. For epoxidation
and total oxidation the same activation en-
ergy of about 35 kJ/mol was obtained.

VI. DISCUSSION

Recent studies (4, 5, 7, 8) are in agree-
ment with the earlier IR findings (/6) that
adsorbed atomic oxygen is essentially the
reactive species and have shown that sub-
surface oxygen is required for high selectiv-
ity. Dissolved oxygen acts as a self-pro-
moter, similar to the effect of chlorine (5).
Campbell’s reinterpretation of his data also
approaches this concept as far as O(a) is
concerned (I/¢). In principle, it cannot be
excluded that O(a) recombines before reac-
tion to EO; however, van Santen and de
Groot (8) regard this as unlikely under their
experimental conditions. These are similar
to those in this paper as far as the po, range
is concerned. In the absence of any experi-
mental proof for such a reactive O,(a) spe-
cies under reaction conditions, the kinetic
model has been based on the direct interac-
tion of O(a) with E.

The nature, i.¢., the bonding and electri-
cal charge of the reactive O(a) species, is as
yet not clear. In this context it is of interest
that on polycrystalline Ag (7) as well as on
Ag(110) (2, 3) two adsorption states in the 8
O(a) TPD range (=590 K) were identified.
In both cases the difference in the activa-
tion energy for desorption are about the
same =15 kJ/mol.

Recalling earlier results on the energetics
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of oxygen adsorption (22), van Santen and
de Groot (8) suggest the existence of two
adsorption states of which monocoordina-
ted O(a) would lead to EO and multicoor-
dinated O(a) to total combustion. Alterna-
tively, it can be envisaged that the less
strongly adsorbed of the two exchangeable
O(a) species is essentially the reactive spe-
cies both for selective and total oxidation
via a common primary intermediate. The
kinetic model suggested here is based on
this concept (see Section IV) and the so
derived kinetic data agree with the experi-
mental findings.

The important role played by subsurface
oxygen has been pointed out by various au-
thors (17, 21, 7, 8, 5). Our earlier (7) and
present results clearly show a TPD peak (y)
at =800 K after oxygen pretreatment at suf-
ficient high temperature and dosis (see Sec-
tion III, 1). This species can be assigned to
dissolved lattice oxygen, O*~(d), incorpo-
rated in an oxidic surface layer. We have
suggested (6, 7) that Ag,O, the most stable
Ag oxide, exhibiting widely variable stoi-
chiometry acts as a frame work lattice for
oxygen uptake and transfer. It may be re-
called that Ag,0 surface layers have been
repeatedly discussed in connection with the
catalytic ethene oxidation (e.g., 15, 16, 23,
26, 3, 1b).

A vy peak has hitherto not been reported
by other authors, except for a recent dis-
cussion remark (5). The detectability of the
dissolved oxygen species may depend on
various factors: not high enough TPD tem-
perature, sorption temperature, or dose as
well as the use of single crystals instead of
polycrystalline Ag. In the latter case accel-
erated grain boundary diffusion will be in-
volved both in the sorption and TPD pro-
cess. The composition and thickness of the
oxidic surface layer are still questions of
vital interest. In addition to promoters
these factors are important to the electronic
properties of the catalyst. They will control
the influence of the underlying silver metal
and the electron transfer in the surface pro-
cesses (6, 7).

For the O,/Ag system 1 to 5 Ag,O over-
layers have been reported on Ag(111) (Ib)
and 8§ layers were estimated here under the
given conditions (Section III, 1). On the
other hand a thickness of only 2 oxide lay-
ers was determined by CO titration in
ethene oxidation with a Ag/ALO; catalyst
(25). The experimental methods may, how-
ever, be limited to a certain depth of the
surface layer because transport processes
are involved. What really matters is the
stoichiometry and thickness of the oxidic
surface layer of a working catalyst under
the conditions of a redox system at the re-
action temperature and excess oxygen.

The kinetics of the catalytic ethene oxi-
dation has been repeatedly reviewed (21,
26). The experimental data were in some
cases fitted to a power rate law, although
interpretation of the resulting reaction or-
ders may be difficult or impossible. Fre-
quently a rate equation was derived on the
basis of a rate-determining step, e.g., a sur-
face reaction between adsorbed ethene and
adsorbed oxygen, and the assumption of
Langmuir adsorption isotherms. In order to
avoid oversimplifications the present ki-
netic measurements were evaluated by
means of the Horiuti-Temkin formalism
(15) which the latter author has particularly
applied to the catalytic ethene oxidation.
The underlying concept used here is,
however, significantly different (Section
IV).

The selectivity behavior which is, of
course, most relevant from the mechanistic
as well as practical point of view, will be
discussed first. $go remains constant during
the course of batch experiments and is in-
dependent of the contact time in flow ex-
periments (Figs. 4 and 8). This indicates a
stable oxidation state of the Ag surface and
the absence of subsequent EO oxidation.
The TPR experiments (Fig. 6) show a de-
crease of Sgo above 250°C and at somewhat
lower temperatures with decreasing O,/E
educt ratio. A decrease of the selectivity at
higher temperatures has been generally
found, depending specifically on the type of
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catalyst, its pretreatments, and the reaction
conditions.

From the expressions derived for the re-
action rates of epoxidation (Eq. (8)) and to-
tal oxidation (Eq. (9)), the EO selectivity
can be calculated (Eq. (12)). It can be seen
from Fig. 12 that the increase of Sgo with
rising educt p9, is correctly described by
the model calculations over the whole
range p?)2 (mbar) = 20. With increasing pg
the influence of reaction route (3) becomes
noticeable. As a function of p}, the selectiv-
ity decreases correspondingly to Eq. (12)
up to about 6 mbar, i.e., in the range of
educt ratios 0.75 = pd /p} = 4.5. At higher
p? the calculated values would be too small
compared with the experimental, virtually
constant selectivity. This may be attributed
to saturation of the catalyst surface with
adsorbed ethene. At sufficiently high pg the
rates of both selective and total oxidation
become practically constant (Fig. 10). This
has also been found, e.g., in Ref. (27).

Considering that no other promoters (Cl,
Cs) were used, the observed selectivities up
to slightly above 70% are remarkably high.
Obviously this is due to the oxygen precon-
ditioning of the catalyst surface whereby
dissolved oxygen acts as a self-promoter.
From the plot in Fig. 11 according to Eq.
(13) an intercept of 1.3 is obtained which
represents a maximum EO selectivity of
75% under the given conditions. This limit-
ing value depends only on the ratio k4/ks,
(Eq. (13)), i.e., the rate constants for de-
sorption of EO and the isomerization of the
adsorbed primary oxygen—ethene surface
intermediate. It is noteworthy that the
model calculations lead to a limiting selec-
tivity on the basis of adsorbed atomic oxy-
gen as the reactive species, forming a com-
mon primary intermediate with ethene. As
often quoted in the literature a limiting se-
lectivity of 86% results for a mechanism
based on a coupling between partial and to-
tal oxidation via molecular and atomic oxy-
gen species, respectively (2/a). Recently,
however, distinctly higher selectivities
have been reported (>90%) (28). According

to the mechanism suggested here this can
be interpreted as a result of acceleration of
reaction step (4), e.g., by modification of
the electronic properties of the catalyst sur-
face (chlorine addition, O(d)) resulting in
faster electron transfer and by suppression
of reaction step (5), e.g., by alkali addition
).

The rate constants (Section V, 4) agree
with literature data as far as the order of
magnitude is concerned (e.g., 26, 29). Fora
detailed discussion it would be necessary to
compare corresponding elementary steps.
Due to the different reaction schemes this
is, however, not feasible. From the present
studies k; and k3 turn out to be the smallest
rate constants (Section V, 4), leaving aside
ks for reaction conditions with high excess
oxygen when the additional reaction route
for total oxidation may be neglected. Thus,
it can be concluded that essentially the oxy-
gen adsorption and the formation of the pri-
mary common surface intermediate (* - O -
C;H,) can be considered as rate determin-
ing for the catalytic oxidation reaction. It
should be recalled that the ratio k4/ks is the
determining factor for the EO selectivity.

The rate constant &, (Section V. 4) refers
to the dissociation of adsorbed molecular
oxygen under reaction conditions. A direct
comparison with the dissociation constants
kgiss (s™1) for Ag(110) and Ag(111) estimated
by Campbell (Ib) is, however, not possible
since (i) the O,/Ag system is considered in
the absence of ethene and (ii) oxygen disso-
ciation in the adsorbed state is treated as a
first-order process, whereas in the present
suggested model an adjacent vacant surface
site is required for reaction step (2).

With reference to Fig. 10 the turnover
numbers may be inspected. For instance at
250°C and p = 5.1 mbar, pd,/p} = 4:1:
TON(EO) = 8 x 1073 molecules - site™! -
s7!, based on the geometric area of the
polycrystalline Ag foil. In comparison the
following results have been reported for
clean Ag(111) surfaces at similar tempera-
tures and total pressures, e.g., p(()):/p?; =
4:1, TON(EO) =3 x 107" ({a); 1:1, 4 X
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1072 molecules - site™! - s~! (4d). These are
distinctly larger than the values found here
as well as those for high-surface-area sup-
ported catalysts (see /a). Various factors
may be important: ensemble effects on sin-
gle crystal faces, structure sensitivity of the
reaction, and the difficulty in assessing the
actual Ag surface area (/a).

From the TPR experiments (Section V,
5) an overall apparent activation energy of
about 35 kJ/mol was estimated for both ep-
oxidation and total oxidation in the temper-
ature range 150 = T (°C) = 230. It may be
recalled that in this range also the selectiv-
ity is constant (Fig. 6). These findings may
be interpreted as an indication for a com-
mon primary intermediate for both reaction
routes, one of the presumptions on which
the suggested mechanism is based. Nearly
equal activation energies have also been ob-
served by other authors (e.g., 2a, 4b, 5, 19,
20). Imre (30), also using an unpromoted
Ag metal foil as catalyst, found E*(EO) =
30.5 and E*(CO,) = 37.5 kl/mol. On the
other hand for high-surface-area supported
Ag catalysts widely differing activation en-
ergies have been reported, e.g., 30.7 and
36.2 (31), close to (30), and this work; 77
and 63 (26); 61 and 92 (29) kJ/mol, respec-
tively. Thus further accurate measurements
with well-defined catalysts (texture, pro-
moters, and pretreatment) and under com-
parable reaction conditions are highly de-
sirable for a more detailed kinetic analysis
with respect to the rates and activation en-
ergies of the different elementary steps of
the catalytic reaction.

Regarding the influence of the reaction
products, in particular CO,, the following
results were obtained. The selectivity is not
affected by CO, as indicated by batch ex-
periments with an oxygen-preconditioned
Ag foil at 250°C and as well as TPR experi-
ments up to 440°C (section 111, 4.4 and Fig.
9). This is in line with the suggested kinetic
model which requires that Sgo for an unpro-
moted Ag catalyst and isothermal condi-
tions is only a function of pg and po, but
independent of pco, (Eq. (12)). Further-
more, it would imply that partial and total

oxidation is inhibited to the same extent by
CO,. This may be another indication for a
common primary intermediate. On the
other hand the degree of conversion, Cg,
decreases with increasing pco, (Fig. 9), cor-
responding to the fact that pco, as well as
Pu.o appear in the denominator of Egs. (8)
and (9). Interestingly, an increase of EO se-
lectivity by CO, has been observed with
promoted catalysts (28, 31). Also recent
studies with Ag single crystals have shown
that Cs causes a distinct increase of the oth-
erwise relatively weak CO, effect on selec-
tivity (5).

VII. CONCLUSION

The kinetic model is based on the follow-
ing concept: Chemisorbed molecular oxy-
gen is involved as a precursor for the reac-
tive adsorbed atomic oxygen existing in
two differently bonded surface species. The
less strongly adsorbed O(a) forms a com-
mon intermediate with ethene for both se-
lective and total oxidation. An oxidic sur-
face layer, presumably nonstoichiometric
Ag0, can dissolve oxygen, O(d), which
acts as a self-promoter and is a prerequisite
for a stable and high EO selectivity. The
composition and thickness of the surface
oxide on top of the Ag metal determines
besides added promoters the electronic
properties of the catalyst and thus the rates
of electron transfer with the adsorbed spe-
cies, e.g., for EO desorption. Total oxida-
tion can occur via isomerization of the pri-
mary intermediate and in addition via
oxidation of primarily adsorbed ethene.

The Kkinetic results are consistent with
this model and indicate that oxygen adsorp-
tion and formation of the primary interme-
diate are the rate-determining steps at suffi-
ciently high educt po,/pg ratios. Under
these circumstances the selectivity depends
only on the ratio of the rates of EO desorp-
tion and isomerization of the intermediate.
The kinetic model leads to a maximum se-
lectivity which is determined by this ratio.

APPENDIX
In the steady-state analysis application of
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Eq. (6) leads to the following relations for
the elementary steps. For the equilibrium
steps (6) and (7) r, = 0 in Eq. (6), thus leav-
ing the number of equations and unknowns
unchanged. The fast and irreversible steps
(5") and (9’) do not contribute to Eq. (6).

=50+ 51 - 0r@
= kipo,[*] — k_1[* - O3]
ry =3+ 41 — x)r?®
= kol* - Ox][#] — k_zl* - O]
ry =W+ (1 —x)r® = kypgl* - O]
ry = r' = kl* - O CHyl
rs = (1 — x)r@® = ks[* O - CoH,]
rg = xr® = kgpg[*] — k_g[* - C;H4]
ro = xr® = kopo,[* - C;H4]. (17)
From Eq. (17) follows
rgtrs =vr3; 2r = r3;
2r,=r3; rg=r. (18)

Thus after some rearrangements the mole
fractions of the intermediates (Eq. (19)), the
reaction rates for selective and total oxida-
tion, as well as the EO selectivity (Egs. (8)
to (12), see Section V), are obtained:
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_ksky _ pil* - O]
v - G = 2ky po,kspo, + k)
(19b)
4] = k3 pel* - O] (19)
k Po,
_ kl 2k|k-2 Pozl* - 0]
[ O = k, Po: * kaks Pe
(19d)
1k
-0l =g (1-2ra) 9

where F is defined by Eq. (11).

With reference to the supply of reactive
adsorbed atomic oxygen (steps 1 and 2),
various models involving all possible com-
binations of irreversible, reversible, and
equilibrium steps were systematically
treated. Among these variations the model
described in Section IV is the most general
case.

If for the evaluation of kinetic parameters
(see section V, 1) only the approximation (i)
is used, the solutions for the reaction rates
and selectivity are more complex: In this
case data evaluation might only be
achieved by numerical fitting methods.

ks Nevertheless, the solution derived for S
-0 CH, = ———pglx- O 19a) .7 ’ =
[ 2 4] k4 ¥+ kS PE[ ] ( ) is given:
|+ klp(): kaE
s k) k_g + /\'9P()3
EO —
ks)[ kipo, kspe [ (L 1 kg (l_ B B H
(el i sl )+ e (6 - oo Ko 1)
~ I L ik o kik ]
C_Z[A (k = kﬁpé) B’] [((A S, PEPo: +28) +4)" - (4 Sk PEPo; +28)
Kok, PO T ek,
kype
A=1+-2
kipo, ( kg + k‘?pOz)
_ | 1 3 kspe
B+ ko (o = G U Ty s o))+ Koo * Kb 20)

Closer inspection of Eq. (20) shows qualita-
tively the same trend of Sgo on variation of
Po,and pg as Eq. (12). Apart from this, Eq.

(20) would allow to account for an increase
of Sgo with Pco, and PH0-
For the non-steady-state analysis the fol-
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lowing assumptions are made in addition to
the steady-state treatment:

(i) Bodenstein quasi-steady-state for the
intermediates built up in steps (3), (5) and
(9). Contrary to the latter two cases, the
mole fraction of * - O - C;H,; must be taken
into account in Eq. (7) since step (3) is not
followed by a fast reaction.

(ii) Bodenstein quasi-steady-state for the
intermediate * - O provided that oxygen
supply from the catalyst pretreatment and
educt mixture is sufficiently large as is the
case under the relevant experimental condi-
tions in this study.

From the carbon and oxygen material
balance, two more equations are available,
thus enabling a unique solution of the sys-
tem of equations by means of the method of
determinants.

For evaluation of steady-state flow ex-
periments at small conversions it is justified
to neglect the terms K¢Pco, and K7Pp,o in
Eqgs. (8) and (9). At higher conversions and
in the case of batch experiments the experi-
mental reaction rates are obtained by differ-
entiation of the partial pressure p; curves vs
t best fitted to the analytical function y =
231:_2 a,x".
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Note added in proof. In arecent paper by S. A. Tan,
R. B. Grant, and R. M. Lambert (J. Catal. 100, 383
(1986)), a TPD peak (850 K) assigned to dissolved oxy-
gen has been reported for Ag(111) at high levels of
lattice oxygen. Also, drastic effects of increased
ethene coverage on the selectivity have been observed
and discussed.
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