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ABSTRACT

A heat-flow microcalorimeter equipped with a pulsed flow reactor has been used to
study the reaction of oxygen, at 473 K, with a series of silica-supported silver catalysts.
Combustion of impurities with the production of carbon dioxide and water was detected
and allowed to correct the calorimetric data. At 473 K, adsorption of oxygen at the sur-
face of silver is a fast process; incorporation of oxygen into deeper metal layers, though
present, is a slow process. The differential heats of interaction decrease with increasing
amounts of consumed oxygen but always exceed the heat of formation of bulk silver
oxides. The average heat of formation of an oxygen monolayer varies from sample to
sample and is correlated with the intrinsic activity of the catalysts for ethylene oxidation:
surface oxygen species are apparently more catalytically active when they are less ener-
getically bonded to the silver surface.

INTRODUCTION

Oxidation of ethylene on silver to yield ethylene oxide is a good example
of an industrial catalytic process with a good selectivity (~75%). It is well
known, however, that the catalyst activity, selectivity and/or stability are
very much dependent upon the mode of preparation and/or the reaction
conditions. During the catalyst preparation, for instance, silver lactate is pre-
ferred to silver nitrate since, being less soluble, it will erystallize faster during
the drying period and this will help to give a more even silver deposit, by
reducing crystal growth, and thereby a more active catalyst [1]. Organic
halogeus compounds such as 1,2-dichloroethane or chlorobenzene are com-
monly added to the gas feed to increase the reaction selectivity towards
ethylene  oxide [2]. Moreover, several studies have demonstrated that the
intrinsic activity of silver in this reaction (i.e. the activity expressed per unit
metal area) is not constant, at a given temperature and for a given gas feed,
but varies with the dispersion of the metal phase on the catalyst support
[3,4]. This indicates that all the silver atoms, exposed at the metal surface,
are not equivalent with respect to the reagents (ethylene and oxygen) and
that the catalyst activity is regulated by some property of the surface metal
atoms which, in turn, varies with the particle diameter.

In a recent study, Gravelle and co-workers [5] have confirmed the pre-
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ceding observation but have moreover shown that the intrinsic activity
does not monotonously follow the variation of particle size. It appears,
indeed, that silver particles with an identical diameter can exhibit different
intrinsic activities when they have been prepared or pretreated differently.
However, from an analysis of the kinetic equation which fits the data ob-
tained for all the catalysts, they have observed that the changes of intrinsic
activity can apparently be associated with parallel changes of the equilibrium
constant for oxygen adsorption. This suggests a possible correlation between
the catalysts affinity towards oxygen and their activity in ethylene epoxida-
tion. The object of the present study was to extend and generalize these pre-
liminary observations. For this purpose, we have evaluated, at 473 K, the
heat of interaction of oxygen with a series of silver catalysts which had been
previously tested, at the same temperature, in the ethylene oxidation reac-
tion [5,6]. |

EXPERIMENTAL

The catalysts of the F series (Table 1) were prepared by adding formalde-
hyde, at 323 K, to aqueous solutions of ammonia containing silver nitrate
and the support (silica, 340 m? g7!), in defined proportions. After 60 min,
the solids were filtered, washed, dried at 393 K, crushed and sieved (50—
100 um grain size). In the case of catalyst 20-H-2 (Table 1), the support
(silica, 340 m? g~!) was added to an aqueous solution of ammonia containing
silver nitrate, at 293 K. After 30 min, the solid was filtered, dried at 393 K,
crushed and sieved. Reduction of the silver complex ions, Ag(NHs;)3, at the
surface of the support, is achieved in situ, before any experiment with the
20-H-2 catalyst, by flowing hydrogen (p = 10° Pa) at 523 K during 14 h. A
detailed description of the preparation and characterization of the different
catalysts has been given by Jarjoui et al. [7].

Catalyst D-381-H is an industrial catalyst, kindly supplied by Degussa and
tested for comparison purposes. Metal loading (in wt. % Ag), metal area and
average diameter of the silver particles, determined by oxygen adsorption
experiments and confirmed by eleciron microscopy, are given, for all cata-
lysts, in Table 1.

Traces of carbonaceous impurities are always present at the surface of the
catalysts and their reaction with oxygen at 473 K produces carbon dioxide
and water. The contribution of these secondary reactions to the total heat
produced by the interaction of oxygen with the silver surface may not be
negligible [8]. For this reason, we have used, throughout this study, a heat-
flow microcalorimeter associated with a pulsed reactor which allows a gas-
chromatographic determination of the amounts of unreacted oxygen and
" secondary products. A description of the instrument combining both tech-
niques, its operation and calibration have been presented elsewhere [9].

Prior to all oxygen-adsorption experiments, the catalyst samples (~0.1 g)
are reduced by flowing hydrogen (10° Pa) at 523 K during 2 h (except for
fresh sample 20-H-2, see above). The reactor is then flushed by helium and
located in the calorimeter cell, maintained at 473 K. A continuous flow of
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helium (40 ml min™) is established through the reactor, and pulses of oxy-
gen (0.38 umole O,) are injected in the inert carrier gas, at regular time inter-
vals (40 min). The gas flowing out of the reactor is analyzed by means of a
gas chromatograph, equipped with a catharometer.

RESULTS AND DISCUSSION

Figure 1 summarizes the gas-chromatographic data, recorded during a run
with the 50-F-2 catalyst. The first dose of oxygen reacts almost totally with
the sample. However, the sample reactivity drops rapidly and, after 10 doses,
a large fraction (~80%) of the injected oxygen is detected at the exit of the
reactor. Both water and carbon dioxide are formed during the interaction of
oxygen with the sample. The quantities of these products very much depend
upon the catalyst pretreatment and, for instance, they decrease when the
sample has been submi’ted to several oxidation—reduction pretreatments.
Moreover, the amounts of both products decrease when the number of oxy-
gen doses, injected during a given run, increases. From curves 1, 3 and 4 in
Fig. 1 it is possible to calculate curve 2, representing the quantity of oxygen
actually retained by the silver catalyst during the reaction of each dose.

In order to calculate the amount of heat evolved by the secondary reac-
tions producing water and carbon dioxide and, thereafter, correct the
calorimetric data, it should be required, in principle, to determine the nature
of the chemical combination(s) in which carbon and hydrogen are engaged,
before their reaction with oxygen. Fortunately, this is not necessary:
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Fig. 1. Gas-chromatographic data for the interaction of successives doses of oxygen (0.38
Mmole O2) with a sample of the 50-F-2 silver catalyst at 473 K: oxygen consumed (1);
oxygen retained by silver (2); water (3) and carbon dioxide (4) produced by the combus-
tion of impurities.
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because of the large exothermicity of the combustion of either carbon or
molecular hydrogen, the final result is not modified, within experimental un-
certainty, when different hypotheses on the origin of carbon and hydrogen
in the sample are made. We compared, for instance, the two following possi-
bilities: (i) elemental carbon and adsorbed hydrogen (AHp4, =—42 kd
mole™), and (ii) long paraffinic chains, simulated by series of —CH,— groups
(AH formation = —20.5 kJ mole™) and adsorbed hydrogen. The variation of
the corrected heat of adsorption of oxygen, in the case of the first dose of
oxygen which reacted with the 50-F-2 catalyst and produced rather large
amounts of water and carbon dioxide (Fig. 1), only amounts to 2 kJ mole™?,
when one set of hypotheses and the other are successively tried. The differ-
ence is not significant and, therefore, all following calculations were made
with the hypothesis that the impurities are elemental carbon and adsorbed
hydrogen.

The corrected calorimetric results are presented on Fig. 2. In all cases
(except for the D-31-H sample), the curves summarize several experiments
with different samples from the same batch and/or with the same sample
reduced anew (H,, 10° Pa, 523 K, 2 h) after its reaction with oxygen. In all
cases, when the introduction of doses of oxygen onto the sample was discon-
tinued, the sample was still reactive with respect to oxygen and further doses
could have reacted. The amount of oxygen which can be retained by silver,
under the conditions selected for this study (473 K, doses of 0.38 umole O,,
Py, =11.10° Pa. 40 min intervals between doses), and which attained 25 X
10'® molec. m~2 Ag in the case of the 50-F-17 catalyst (Fig. 2), exceeds the
maximum amount of oxygen which apparently could be adsorbed during a
preceding study with a pulsed reactor [7]. In the previous experiments, the
apparent, maximum capacity of adsorption was, for all samples, limited to
~6.5 X10'® molec. m™? Ag and this indeed justified the use of oxygen
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Fig. 2. Differential heats of interaction of oxygen at 473 K with a series of silica-sup-
ported silver catalysts: D-31-H (1), 50-F-17 (2), 20-H-2 (3), 50-F-9 (4), 50-F-2 (5) and
50-F-6 (6), as a function of the total amount of oxygen retained by the metal.
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chemisorption experiments to determine the metal area [7]. It was then sup-
posed, and indirectly confirmed by electron microscopy, that 6.565 X 108
molec. O, m~2 Ag form a complete monolayer at the surface of silver. The
corresponding average stoichiometry of adsorption corzesponds *~ the for-
mation of a AgO layer since, from the probable distribution of (100), (110)
and (111) lattice planes at the particles surface [10], the number of silver
atoms in the surface layer is generally assumed to be 1.31 X 10!° atoms m™2
Ag [11]. The quantity of oxygen retained by the samples, during the present
study, always exceeds the monolayer capacity and, for instance, corresponds
to the formation of four monolayers in the case of the experiment with the
50-F-17 sample (Fig. 2).

The origin of the different behavior of the silver—oxygen system during
the two series of experi-aents with the pulsed reactor can easily be traced
and associated with the different time intervals separating the injection of
the oxygen doses: only 4 min in the previous study [7] and 40 min in the
present one. At 473 K, adsorption of oxygen in the surface layer of the silver
particles is a fast process which can take place as the pulse of oxygen passes
though the sample (8s). At 473 K, incorporation of oxygen into deeper
silver layers seems to be a slow process. The 4 min-intervals which were used
in the former study are not long enough for any substantial incorporation to
take place and, consequently, the reactica of oxygen with the sample appar-
ently comes to an end when the first mcnolayer is saturated. However, dur-
ing the 40 min-intervals which were used in the present study, some surface
oxygen is stabilized into deeper layers, creating free sites at the particle sur-
face where oxygen from a further dose can react.

The @ vs. 6 curves in Fig. 2 indicate taat the initial heat of interaction of
oxygen with all the samples is high (800—500 kJ mole™!) but steadily
decreases as the total amount of oxygen, retained Ly the metal, increases.
The experimental heats always exceed the heat of formation of either Ag,O
-or Ag,0, oxides (30.5 and 26.4 kJ mole™?, respectively) [12]. Only surface
oxidation took place during the experiments summarized in Fig. 2. Complete
oxidation of the metal in the 50-F-17 sample, for instance, to form either
Ag,O or AgO bulk oxides would have required, respectively, three or six
times the amount of oxygen indicated in Fig. 2. The high heats of interac-
tion of oxygen with silver which were experimentally recorded and which
indeed are similar to those reported in previous studies with powdered silver
[8,13] indicate that the surface of freshly reduced silver particles contains a
large number of lattice defects. The silver atoms in the vicinity of these
defects are more reactive with respect to oxygen than normal silver atoms. It
is probable also that the result of the interaction is a disordered oxide layer,
e.g. containing point defects and/or stacking faults, or even patches corre-
sponding to different stoichiometric compositions (Ag,0, AgO, ...).

There is no distinctive feature in the curves of Fig. 2 that would reveal the
occurrence of different processes taking place successively during the reac-
tion of doses of oxygen with the silver samples. The step in the @ vs. 8 curve
which had been tentatively interpreted by Ostrovskii and Temkin [13] as
indicating a transition from Ag,0 to AgO surface species, although it appears
in the case of the 50-F-17 sample, is not a general characteristic of these



339

o
=]
L4
<
1 400}
C « D31H
\

zw e
8% SOEF17

€ o
<
- ; 3004 20EH2
s S0EF9
S«

w

= ~ @ _50EF5
% 2 2000 e 30E
w i 1 1
T= 200 300 300

1 -2

CATALYTIC ACTIVITY FOR ETHYLENE OXIDATION /10 8mol.C2Hg s'.m™% Ag

Fig. 3. Average heat of formation of a AgO monolayer at 473 K for a series of silica-sup-
ported silver catalysts, as a function of thexr intrinsic activity for .the oxidation of ethyl-
ene at the same temperature.

curves. Therefore, the simplest method to quantitatively compare the
calorimetric results for the different samples is to determine the average heat
of interaction for a given amount of reacted oxygen, e.g. corresponding in all
cases to a complete monolayer with a stoichiometry cormresponding to AgO.
The results of the calculations are given in Table 1.

The catalytic activity of these samples for oxidation of ethylene and their
selectivity for the formation of ethylene oxide have been studied and
described previously [5]. The results, summarized in Table 1, were obtained
with the following experimental conditions: dynamic flow reactor; Pg, =
12.8 X10° Pa; Pc,p, = 21.9 X10° Pa; Ppgjium = 66.7 X 10° Pa; T =473 K
total flow-rate = 25 ml min~!; catalyst mass: 40 mg.

In all cases, the reactants conversion was less than 3% and the results in -
Table1 were collected when the catalyst had reached stationary activity
(~1h).

Although, as indicated earlier, *he intrinsic activity of the different cata-
lysts changes with the metal pariicle size, there is no simple correlation
between the values of these parameters (Table 1). There is, however, a linear
correlation between the catalytic activity of the silver catalysts and the
average heat of adsorption of oxygen on their surface, as shown in Fig. 3. It
- must be noted that the quality of the correlation is not significantly altered
if slightly different oxygen coverages are selected for the calculation of the
average heats of adsorption.

CONCLUSIONS
Variation of the infrinsic activity of a catalyst with its dispersion occurs in

the case of demanding reactions [14], i.e. reactions which require particular
arrangements at the catalyst surface to act as active sites. The number of
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these structural arrangements usually varies with the dispersion of the cata-
lytic phase, i.e. with the diameter of the particles, but it may also very much
depend upon the catalyst preparation and/or pre.-e2tment, when the parti-
cles have not attained a configuration corresponding to thermodynamic equi-
librium. It now seems well established that ethylene epoxidation is a struc-
ture-sensitive reaction {3,561, but, until now, no simple correlation had been
proposed to connect the surface structure of the silver catalysts (or some
property related to it) and their activity.

The present calorimetric results allow such a correlation. They indicate
(Fig. 3) that the intrinsic activity of silver (expressed by the number of
moles of ethylene converted at 473 K per unit time and metal area) increases
when the average heat of adsorption of oxygen, at 473 K, decreases. The
correlation is demonstrated for six catalysts, prepared according to three dif-
ferent methods. A prima facie interpretation of this result could be that the
most (catalytically) active sites ave also those which are least reactive with
respect to oxygen. Thus, the correlation would simply be a method for
titrating the most active sites. But oxygen is also a reactant in the epoxida-
tion reaction, and most previous kinetic studies of the reaction have indi-
cated that surface oxygen species take part in the reaction mechanism [1].
Therefore the correlation, presented in Fig. 3, may also mean that the reac-
tivity of the surface oxygen species, with respect to ethylene, increases when
they are less strongly bonded to the metal surface. This interpretation is
indeed supported by our previous observation of the existence of a correla-
tion between the activity of the catalysts and the equilibrium constant for the
adsorption of oxygen on their surface [5].

Partial oxidation of ethylene to ethylene oxide and complete oxidation to
carbon dioxide follow independent reaction paths and, most probably, take
place on different sites, particularly when the conversion of the reactants is
small [1], as in the case of the catalytic runs summarized in Table 1. It could
have been hoped to characterize the sites respectively active in the partial
and complete oxidation by means of oxygen chemisorption experiments.
However, Fig. 2 shows that the @ vs. 8 curves do not reveal the existence of
different oxygen species and that, consequently, adsorption of oxygen at
473 K. is not a sensitive test for separating different surface sites. Finally, the
present calorimetric data support the existence of a correlation between the
bond energy of oxygen at the catalysts surface and their total activity for
ethylene oxidation but no correlation between the energetics of the oxygen
adsorption and the selectivity of the catalysts for the production of ethylene
oxide can be proposed.
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