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The catalytic activity of metallic silver supported on zirconium phosphate has been examined in
the reaction of ethylene oxidation in terms of the average silver particle size, the surface area of the
support, and the cations present in the support. The activity was found to decrease when the
surface area of the support was increased. A maximum activity and selectivity was obtained with
silver particles about 480 A in average diameter supported on highly crystalline zirconium phos-
phate. Cations present in the ion-exchange sites of the support have a strong effect on the catalytic
properties. Among the cations used, Na* gives the highest total conversion, K+ gives the best
selectivity for ethylene oxide formation, while Cs* was found to suppress the reaction com-

pletely. © 1985 Academic Press, Inc.

INTRODUCTION

Silver is unique among metals in its abil-
ity to catalyze the selective oxidation of
ethylene to ethylene oxide. However, the
reaction is always accompanied by CO, for-
mation which is the result of either com-
plete oxidation of ethylene or subsequent
oxidation of ethylene oxide. Many types of
materials have been used as supports for
the silver catalyst, with those of relatively
low surface area predominating. Supports
with pore structures and high surface areas
lengthen the retention time of the reactants
and products in the cavities and result in
catalysts which exhibit unsatisfactorily low
selectivities (I-3). The most frequently
used support for silver is a-alumina, though
nonporous silicon carbide has also been
adopted.

Studies of the effects of the support on
the activity and selectivity of the silver cat-
alysts for ethylene oxidation have been
conducted by Harriott (4), by Riassian et
al. (5) and by Verykios (6). Alumina and
silica of moderate to high surface areas

! To whom correspondence should be addressed.

were used by Harriott. Silver supported on
silica with high surface area (~300 m?g)
was reported to be as selective as silver on
low-surface-area supports, but very low se-
lectivities were obtained for silver sup-
ported on activated alumina or dessicant-
grade silica gel. Nevertheless, no tentative
conclusion concerning the performance of
each support can be made from this study
because many variables were left uncon-
trolled, most importantly the size distribu-
tion of silver particles. On the other hand,
Riassian et al. (5) have studied the activity
patterns of silver supported on silica, alu-
mina, and glass under more precisely con-
trolled conditions. They observed signifi-
cant changes in activity with reaction time
and these changes depended on the nature
of the support. Verykios (6) used alumina
supports doped with germanium and mag-
nesium oxides to study the influence of the
support’s electronic character. It was ob-
served that when the electron population of
the catalyst surface increased (or the work
function decreased) both activity and selec-
tivity decreased.

Besides the support effect, another sub-
ject of fundamental importance in using
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supported catalysts is the effect of metal
particle size. Since only metal atoms ex-
posed on the surface are effective for cata-
lytic reaction, smaller particles, which pro-
vide a higher ratio of atoms exposed on the
surface, should be more economical to use.
However, several investigators indicated
that catalytic activities vary with particle
size (6, 7). Wu and Harriott (7) have exam-
ined the silica in which the average particle
diameter ranged from 20 to 500 A. They
reported that the specific rates for both eth-
ylene oxide and carbon dioxide formation
decreased as the average particle size in-
creases. However, the selectivity for ethyl-
ene oxide is nearly zero for small particles
and gradually increases to 60% for particles
around 500 A diameter. Verykios (6) has
studied the particle size effect of silver sup-
ported on alumina and observed a reversed
trend in selectivity for particles larger than
500 A.

Various explanations have been given for
this particle size effect. For metal clusters
with diameters smaller than 50 A, it is well
known that their structural forms and elec-
tronic properties may differ markedly from
those of the bulk substance (8). Therefore,
it is understandable that very small silver
particles may behave differently from
larger particles. Verykios (6) suggested that
the increase in the specific rates with in-
creasing size is related to changes in the
morphology of the silver particles. Harriott
(7) elucidated their results in terms of
changes in the proportion of steps and
edges to crystal faces. However, Clayton
and Norval (9) proposed that the size effect
is due to the changes in the properties of the
surface oxide layer.

In search of new catalyst materials, a-
zirconium phosphate (o-ZrP), an inor-
ganic ion-exchanger of layered structure,
has been examined by a number of investi-
gators in its applications to catalytic reac-
tions (10-13). Though a-ZrP crystals con-
tain zeolitic-type cavities in between the
layers, the free volume of the cavities is so
small that it is considered to be a nonporous
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material. Because «-ZrP can be obtained
with various degrees of crystallinity and
with a wide range of surface areas by
changing the preparation conditions (14), it
is a good candidate for studying the effect
of the surface area of the support and that
of metal particle size on catalytic reactions.
In the present work, the catalytic proper-
ties of metallic silver dispersed on a-ZrP
have been examined in terms of the silver
particle size, the surface area of the sup-
port, and inert cations existing in the sup-
port.

EXPERIMENTAL
Support Preparation

A series of zirconium phosphate samples
with different crystallinities were prepared
by refluxing a zirconium phosphate gel in
H;PO, solution for increasing periods of
time as described by Clearfield and Stynes
(15). These samples are labeled as a-ZrP
(6:48), (9:48), (12:50), and (12:336),
where the first number represents the molar
concentration of H;PO, acid and the second
number, the duration of reflux in hours.
The crystallinity increases and the surface
area decreases with increasing reflux time
and acid concentration.

Catalyst Preparation

The a-ZrP samples were exchanged with
silver acetate solutions of various concen-
trations. The amount of Ag* taken up by
the solid was calculated by difference from
the amount remaining in solution as deter-
mined by EDTA titration (/6) of the filtrate.
The air-dried samples were then dehy-
drated at 100°C under vacuum overnight
and reduced by H; at the same temperature
in a recirculatory system. Complete reduc-
tion was indicated when the drop of hydro-
gen pressure ceased. The sample was char-
acterized from its X-ray diffraction pattern
and other methods described below.

The resultant silver-coated product was
again exchanged with nitrate or acetate so-
lutions of the cations of interest. They in-



ETHYLENE OXIDATION CATALYZED BY Zr(NaPO,),-SUPPORTED Ag

clude Ag*, Ca?*, and most of the alkali
metal ions—Li*, Na*, K*, and Cs*. The
solid samples, after filtering, were always
washed thoroughly with deionized distilled
water, then air-dried.

Before each run, the catalyst was dehy-
drated under vacuum at 100°C overnight
and at 300°C for another hour. Then, the
catalyst was pretreated by flowing H, gas
through it for about % h at 300°C, followed
by purging with He gas at the same temper-
ature. Finally, the catalyst was degassed
for approximately 5 min.

Gases

Ethylene gas of 99.5% purity was a prod-
uct of Liquid Carbonic Corporation. Oxy-
gen for the adsorption isotherm experi-
ments was ultrahigh purity (99.999%)
purchased from Scientific Gas Products,
Inc. The oxygen was further purified by
passing it through a trap containing P,O;
and Ascarite which absorbed moisture and
carbon dioxide, respectively. Oxygen for
ethylene oxidation reaction had a 99.9% pu-
rity. Hydrogen for reducing the silver sam-
ples was ultrapure gas (99.999%) and the
helium carrier gas had a purity of 99.995%.
These latter three gases were purchased
from Airco Industrial Gases, Inc.

Apparatus and Procedures

(1) Ethylene oxidation. The ethylene oxi-
dation reaction was carried out in a contin-
uous flow system. The flow rates of the in-
let gases—ethylene, O,, and He (used as
diluent) were controlled separately by three
tubular flowmeters (Matheson Gas Inc.).
The gases were passed through a mixer, the
preheating zone, the catalyst bed, and fi-
nally a gas sampler to the gas chromatogra-
phy (GC) analyzer. The U-shaped Pyrex
glass reactor had a thermocouple well at the
middle of the catalyst bed to register the
temperature of the reaction zone. The reac-
tor was heated by a tubular oven purchased
from Applied Test System, Inc. (Series
3210); the heating rate and the temperature
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were regulated by using a Barber-Colman
520 solid-state controller. The temperature
was controlled within =0.1°C. The path af-
ter the catalyst bed was wound with heating
tapes and the temperature was kept at ca.
100°C to avoid any condensation of water
vapor which was one of the products. The
products were analyzed by a Hewlett—
Packard 5830 A gas chromatograph. A
Porapak Q column was used for the separa-
tion of ethylene, carbon dioxide, O,, and
ethylene oxide. The gas sampler automati-
cally sent 0.25 ml of the gaseous products
for the GC analysis every 6 min, so that the
reaction rate was recorded as a function of
time.

(2) Ag-free metal surface area measure-
ment by O, chemisorption. O, chemisorp-
tion was carried out by a volumetric
method. The O, gas was circulated over the
sample by means of an all-glass electromag-
netically actuated piston pump. The change
of O, pressure in the system was measured
by a Validyne Model DM56 differential ma-
nometer accompanied by a digital readout
which was able to read pressures from 0 to
1000 mm Hg at the ‘‘high’’ range and 0.0 to
199.9 mm Hg at the ‘‘low’ range. Low
pressures of the system were measured by
the combination of a thermal gauge and an
ionization gauge which were connected to a
Granville-Phillips Series 260 gauge control-
ler.

The O; chemisorption isotherm was car-
ried out according to the method reported
by Scholten et al. (17) and Kholyavenko et
al. (18). They indicated that the maximum
adsorption of O, in the temperature range
of 150 to 200°C corresponds to an oxygen-
to-surface silver ratio of about unity. More-
over, the oxygen in the monolayer started
to desorb at 200°C, so that the 200°C iso-
therm had its maximum level at approxi-
mately 0.75 coverage. In the present study,
the O, chemisorption isotherm was mea-
sured on the catalysts at a temperature ca.
180°C before use in the reactions.

(3) Instrumental. Silver particle sizes
were measured by X-ray diffraction line
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FIG. 1. Activity pattern for ethylene oxidation over
silver supported on (12:336) Zr(NaPQ,),.

broadening. The peak for the Ag (111) re-
flection was chosen to calculate the average
size. No changes in the average silver parti-
cle sizes were observed before and after the
reactions. The powder diffraction patterns
were obtained by using a Seifert Scintag
Pad-II X-ray diffractometer with CuKa ra-
diation. The dispersion of the silver parti-
cles was determined by taking electron mi-
crographs of the samples. A JEOL electron
microscope, Model JSM-35, was used for
scanning electron microscopy and a Hitachi
electron microscope, Model HV-11E, was
used for transmission electron microscopy.
A Hewlett—Packard 5950-A ESCA spec-
trometer was used to record the XPS spec-
tra of various supported catalyst samples
before and after the oxidation reaction. The
excitation radiation was AlK«a (hv = 1486.6
eV). The carbon 1s line was used as the
reference line with binding energy of 285.0
eV (19).

RESULTS

A typical activity pattern for ethylene ox-
idation over silver supported on zirconium
phosphate is shown in Fig. 1. The activity,
in terms of the percentage conversion of
ethylene, decreases somewhat at the begin-
ning and reaches a steady state after about
1.5 h. In the following sections, the data
used for comparison are those obtained af-
ter the reaction had reached equilibrium.
The catalyst responding to this pattern had
36.1 wt% of silver on (12 :336) Zr(NaPOQ,),.
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Na*, in this case, is the cation used as de-
scribed under Experimental. Initially, we
tried to study the reaction of a silver cata-
lyst supported on Zr(HPQy),, i.e., with no
cation replacing H* in the exchange sites.
However, because of the high affinity ex-
hibited by a-ZrP for Ag* ions (20), metallic
silver was oxidized (by oxygen in the feed)
to Ag* ions which then diffused back into
the lattice of a-ZrP. As a result, the catalyst
was inactivated in a few minutes. This char-
acteristic of Ag* (and Cu?*) of being re-
duced and easily reoxidized when sup-
ported on ZrP, is thought to be responsible
for their behavior as catalysts in dehydro-
genation reactions (21, 22). However, when
there are cations other than H* present in
the ion-exchange sites of ZrP, the metallic
silver catalysts are stabilized because the
sites for Ag* ions to diffuse back into are
blocked. The catalysts we have used were
mainly silver supported on Zr(NaPO,),
where Na* was the cation blocking the ion-
exchange sites of ZrP.

The Effect of Reaction Conditions

Optimization of the conversion rate was
attained by varying the reaction conditions,
which included the temperature of the reac-
tion zone and the concentrations of inlet
gases. Table 1 shows the influence of the
concentrations of the reactants. The cata-
lyst contained 36.1 wt% of silver on
(12:336) Zr(NaPO,),, and the reaction tem-
perature was ca. 230°C. In one series of ex-
periments, numbered 1, 2, 3, and 4, the
concentration of O, was kept almost con-
stant and that of ethylene was varied. The
specific rates of both ethylene oxide and
carbon dioxide formation were found to
reach a maximum when the ratio of O,/
C;H, was ca. 16. After this point, increas-
ing the concentration of ethylene did not
seem to affect the rates. Consequently, the
percentage conversion of ethylene de-
creased as the concentration of ethylene
was increased. In the other series (Experi-
ments 3, 5, 6, and 7) the concentration of
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TABLE 1

Variation of the Ethylene and Oxygen Concentrations for the Oxidation of Ethylene over Silver Supported
on (12:336) Zr(NaPO,),

Expt. Feed, volume % C.T. R x 107 Conversion, mol% Skeo
(s) (mol/s - g Ag) of E (%)
0, C.H,
EO + CO, EO EO + CO, EO

1 329 1.15 16.8 10.9 3.55 60.8 19.7 324
2 327 2.0 9.7 23.6 8.75 57.8 21.4 37.0
3 323 3.2 6.1 19.9 6.37 40.0 12.8 320
4 31.2 6.4 3.0 25.5 8.94 23.3 7.6 32.6
5 19.3 33 28.5 7.37 54.0 14.0 26.0
6 9.7 3.7 27.5 4.62 58.0 10.0 17.6

7 3.0 4.0 8.63 0 240 0 0

Note. Reaction conditions: 230°C, 1 atm.

ethylene was kept constant but that of O,
was varied. Reducing the O,/C,H, concen-
tration ratio by decreasing the pressure of
0, seems to favor the formation of CO,, but
not ethylene oxide. Thus, the selectivity
decreases as the concentration of O, is de-
creased. When the O,/C,H, ratio was less
than one, there was no detectable amount
of ethylene oxide formed. Table 2 shows
the effect of reaction temperature in the
range of 165 to 250°C. The same catalyst
was used as in the previous set of experi-
ments. The contact time was 6 s, which is
slightly lower than optimum. Higher tem-
peratures seem to favor the combustion re-
action but hardly affect the formation of
ethylene oxide in the temperature range

from 200 to 250°C. As a result, the selectiv-
ity decreases as the temperature increases.
Furthermore, by comparing the catalyst ac-
tivity as a function of time, it was found that
the drop in activity is somewhat faster at
high temperature than at low temperature.
This may result from the higher CO, con-
centration at high temperature, and implies
that CO, inhibits both ethylene oxide and
CO, formation. A similar inhibiting effect
has also been observed by Force and Bell
(23) using silver supported on Cab-O-Sil as
catalyst. In the following studies, the reac-
tion temperature was always kept at ca.
230°C at which temperature the maximum
activity, but less than the maximum selec-
tivity, was observed for EtO.

TABLE 2

Effect of Reaction Temperature on the Oxidation of Ethylene over Silver Supported on (12:336) Zr(NaPQ,),

Expt. Temp. Conversion (mol%) Sko %
0
EO + CO, EO 50 min 90 min
50 min 90 min 50 min 90 min
1 165 12.3 12.2 4.6 4.6 37.4 37.7
2 200 31.3 30.5 11.2 10.6 35.8 34.8
3 225 42.5 40.0 13.6 12.8 32.0 31.2
4 250 47.7 38.5 11.0 9.0 23.1 23.3

Note. Inlet flow mixture: Px = 25 Torr, Po, = 245 Torr, Py. = 490 Torr. Contact time = 6 s.
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F16. 2. SEM photos of silver supported on (12:336) Zr(NaPQ,),; (A) 36.1 wt% and (B) 9.1 wt% of
Ag. Note the spherical metal particles on the flat platelets and larger accretions collected on the sides

of the platelets.

Silver Particle Dispersion

The silver particle dispersion was exam-
ined by scanning and transmission electron
microscopies (SEM and TEM). Figures 2A
and B show two scanning electron micro-
graphs of silver catalysts supported on
(12:336) Zr(NaPOy),, which contain 36.1
and 9.1 wt% of silver, respectively. The sil-
ver particle size increases with increasing
silver loading. Sodium-exchanged zirco-
nium phosphate crystals retain the geome-
try of the original a-ZrP crystals (24),
which are hexagonal platelets. It is seen
that large silver particles, in the size range
of hundreds to 1000 A, accumulate on the
sides of the platelet, whereas, the base
faces of the platelet (top and bottom) are
mainly covered by fine silver particles
which cannot be distinguished on the scan-
ning electron micrographs. These findings

are substantiated by the micrographs ob-
tained for silver-coated a-ZrP single crystal
samples with a diameter about 0.1 cm. Fig-
ures 3A and B show two kinds of particle
distributions on a ZrP single crystal coated
with silver particles; very thick layers of
large silver particles are observed accumu-
lated on the side surface, but a uniform dis-
tribution of fine silver particles are ob-
served on the base surface of the platelet.
Transmission electron microscopy can
better detect the small silver particles.
Though the electron beam was not able to
penetrate through some of the ZrP platetes
because of their thickness, the silver parti-
cles situated on the sides of the ZrP crystals
were detected. Figures 4A and B are the
photographs of the 36.1 wt% of Ag on
(12! 336) Zr(NaPOQ,), before and after it was
used as a catalyst for ethylene oxidation,
respectively. The silver particle size distri-
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F1G. 3. SEM photos of the side (A) and the top (B) view of a-ZrP single crystal with Ag coating.

bution is not uniform. One observes large
agglomerates of particles in the size range
of a 1000-A diameter which may consist of
aggregates of smaller particles. Most of the
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larger particles have an average diameter of
approximately 340 A. In addition, there are
many particles smaller than 50 A present in
these pictures. When the surface area of the
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FiG. 4. TEM photos of 36.1 wt% of Ag on (12:336) Zr(NaPO,), before (A) and after (B) catalytic

reaction.
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TABLE 3

The Effect of Variation of the Silver Particle Size on the Oxidation of Ethylene

Expt. Wt% Ave. Ag particle R x 108 Seo %
of Ag size (A) (mol/s - m? Ag)

X-Ray line 0, EO + CO, EO

broadening chemisorp.
1 52.9 518 850 4.49 1.24 27.6
2 36.1 478 299 12.4 4.58 36.9
3 20.9 486 273 12.3 4.78 38.9
4 9.10 390 128 10.1 3.62 35.8
5 2.69 275 46 0 0 0

Note. Support: (12:336) Zr(NaPO,),. Temperature = 230°C. Inlet flow mixture: Pg = 17.5 Torr, Po, = 250

Torr, Py, = 500 Torr. Contact time = 8.5 s.

support was increased (from 2.2 m%g for
12:336 to ~5 m¥g for 12 : 50), but the sam-
ple contained the same weight percentage
of Ag, a larger proportion of the particles
were S0 A or less and the large particles
averaged ~200 A.

The Effect of Silver Particle Size

The effect of silver particle size on cata-
Iytic activity and selectivity was examined
in a series of catalysts which were com-
posed of different weight percentages of sil-
ver on a nonporous sodium exchanged zir-
conium phosphate, (12:336) Zr(NaPO,),.
The results are tabulated in Table 3. The
average particle size was determined by X-
ray diffraction line broadening and O, che-
misorption methods. Because of the limita-
tion of the X-ray line broadening measure-
ment, which cannot detect particles with di-
ameters less than ca. 50 A (25) (except by
special methods) the average size as deter-
mined from the X-ray study should be
larger than that obtained by gas adsorption.
This was the case except for Experiment 1,
Table 3. The specific rate of the reaction,
which is expressed in moles per second per
square meter of silver, is therefore calcu-
lated based on the surface area obtained
from O, chemisorption experiments.

Because the electron micrographs

showed that silver particles were predomi-
nantly in the size range close to that deter-
mined by O, chemisorption for low-silver-
loaded samples, it can be concluded that
silver particles with an average diameter
ca. 46 A have negligible activity for ethyl-
ene oxidation reaction as shown in Experi-
ment 5, Table 3. Accordingly, the silver
particles which are effective for catalytic
oxidation of ethylene have a size close to
that measured by X-ray line broadening.
Therefore, the maximum activity and selec-
tivity are obtained at ca. 480 A diameter.
For silver particles larger or smaller than
this size, both activity and selectivity de-
crease.

The Effect of the Surface Area of the
Support

The effect of the surface area of the sup-
port on the catalytic activities of the sil-
ver catalysts was examined by using
Zr(NaPQ,), of different crystallinities, and
the results are tabulated in Table 4. The
starting material, Zr(HPO,),, had surface
areas which varied from 2.2 m%g for
(12:336) to 16.9 m¥g for (6:48). The ion-
exchange process disorders the crystal,
somewhat increasing the surface area of the
material. However, the relative surface
area variation from low to high in this series
would not diverge much from the initial val-
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TABLE 4

The Effect of Variation of the Surface Area of the Support on the Oxidation of Ethylene

Expt. ZrP Wt% Ave. Ag particle S.A. of R x 108 Seo %
of Ag size (A) the (mol/s - m? Ag)
support

X-Ray line 0, (m¥g) EO+ CO, EO

broadening chemisorp.
1 12:336 36.1 478 299 2.2 124 4.58 36.9
2 12:336 9.10 390 128 2.2 10.1 3.62 35.8
3 12:50 36.1 415 118 5.0 1.96 0.514 26.2
4 9:48 36.1 239 7.8 0.74 0 0
S 6:48 36.1 179 16.9 0.36 0 0

Note. Temperature = 230°C. Inlet flow mixture: Pg = 17.5 Torr, Po, = 250 Torr, Py, = 500 Torr. Contact time

= 8.5s.

ues. When comparing samples with the
same silver loading (36.1 wt% in Experi-
ments 1, 3, 4, and 5), the activity and selec-
tivity apparently decrease as the surface
area of the support increases. However, the
silver particle size also decreases concomi-
tantly. In order to exclude the influence
caused by varying silver particle sizes, a
comparison is made between two samples
which contain silver particles of similar av-
erage diameter but different surface areas
of the support (Experiments 2 and 3). These
samples contain 9.1 wt% of Ag on (12:336)
Zr(NaPQy), and 36.1 wt% of Ag on (12:50)
Zr(NaPQOg),. In this case, again, both the

activity and selectivity decrease when the
surface area of the support increases.

The Effect of the Cations on the Support

The cations situated at the exchange sites
of zirconium phosphate are found to influ-
ence markedly the catalytic activity and se-
lectivity. The cations which have been ex-
amined are Ca?*, Ag*, and most of the
alkali metal ions including Li*, Na*, K*,
and Cs*. The results are tabulated in Table
5. Among them, Na* ion was the one which
gave the highest activity while K* ion pro-
duced the highest selectivity. Cs* ion, how-
ever, suppressed the reaction completely.

TABLE 5

The Effect of Cations in the Support on the Oxidation of Ethylene

Expt. Cations R x 107 Conversion, Seo %
(mol/s - g Ag) mol% of E
EO + CO, EO EO + CO, EO

1 Lit 11.6 1.93 18.6 3.0 16.0
2 Na* 25.7 9.80 343 13.1 38.2
3 K* 7.21 3.73 9.6 5.1 53.2
4 Cs* 0 0 0 0 0
5 Ca?t+ 5.33 0 7.3 0 0
6 Agt 18.1 2.74 20.9 3.2 15.3
7 Ca?*/Na* 33.8 11.3 42.1 14.1 33.5

Note. Reaction condition: temperature = 230°C. Pg = 17.5 Torr, Po, = 250 Torr, Py, = 500 Torr. Contact time
of E=8.5s.
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Furthermore, Experiments 2, 5, and 7 show
that the catalytic activity and selectivity
vary with mixed cations present at the ex-
change sites. In Experiment 7, the catalyst
contained both Ca?* and Na™ ions with the
Ca?*/Na™ ratio 3. While the overall reactiv-
ity increased, the selectivity of ethylene ox-
ide formation decreased as compared with
that of the catalyst containing only Na*
ions. However, when most of the Na* ions
were replaced by Ca?* ions as in Experi-
ment 5, only a small amount of carbon diox-
ide and no detectable amount of ethylene
oxide was formed.

DISCUSSION

The activity patterns for ethylene oxida-
tion over silver supported on zirconium
phosphate always showed an initial drop in
activity. Similar activity patterns were ob-
served by Riassian et al. (5) and Giordano
and co-workers (26) for different supports
which included SiO,, Al,Os, and glass. Pos-
sible reasons for this initial decrease, which
have been proposed in Riassian’s system,
are as follows: (1) modification of the silver
surface by impurities from the supports and
from carbon species deposited during the
reaction, (2) silver particle sintering, (3) the
formation of some oxidized form of silver,
and (4) hillock formation on the silver sur-
face, or the reorganization of the silver sur-
face.

Factors (2) and (4) can be eliminated in
our system because the activity of the cata-
lyst can be regenerated with a H, gas flow at
300°C.

The deposition of organic residues on the
surface was examined by taking ESCA
spectra and carbon analysis on the catalyst
samples before and after the reactions. The
results indicated that no significant amount
of carbon was deposited on the catalyst
during the reaction. Wachs and Kelemen
(27), who studied the oxidation of ethylene
by atomic oxygen on silver (110) planes,
found that carbon deposited on the silver
surface was oxidized by additional oxygen.
Since our reactant mix always contained
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excess oxygen, it is likely that any depos-
ited carbon was reoxidized to CO,.

The explanation for the initial changes in
activity must then rest with (1) and (3). That
a silver surface can adsorb oxygen and
form a subsurface oxygen species was
proved by Backx and co-workers (28). It is
also generally accepted that these species
are essential for the ethylene oxidation re-
action (9, 29). Our studies of the catalytic
activity of silver supported on the proton
form of ZrP, Zr(HPO,), revealed that silver
could be oxidized to Ag™* ions. Therefore, it
is proposed that the silver surface reacts
with oxygen to form some kind of oxidized
species which then exchanges Ag* ions
with the cations present in the support; the
initial drop in activity may be due to this
ion-exchange process by which the surface
properties of the silver particles are
changed and the catalytic activity de-
creases. However, the amount of silver
participating in this reaction must be very
small because the X-ray powder diffraction
patterns of the used catalysts did not show
the presence of Ag* exchanged phases of
zirconium phosphate.

This hypothesis is further strengthened
by the observation that the rate of the initial
drop in activity is a function of the reaction
temperature and the type of cations situ-
ated at the exchange sites of ZrP. For ex-
ample, the catalytic activity decreases
more rapidly at high temperatures than at
low temperatures because the ion-exchange
process is faster at higher temperatures. On
the other hand, silver supported on
Zr(KPO,), was found to lose its activity
much faster than on Zr(NaPQ,), at all tem-
peratures. According to our hypothesis, the
surface properties of these two catalysts
are varied because of the substitution of
Ag?" in the subsurface oxide layer with K*
and Nat ions in the support. Ion-exchange
isotherms show that the affinity of a-ZrP to
the concerned ions is in the order of Ag*™ >
Nat > K* (20, 30). Therefore, K* in
Zr(KPQ,), is easier to replace by Ag* than
Nat in Zr(NaPO,),. Consequently, the drop
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in the activity is faster for silver supported
on Zr(KPO,), than on Zr(NaPQ,),.

The activity and selectivity for the ethyl-
ene oxidation reaction was found to depend
on the silver particle size of the supported
catalyst. Moreover, the activity and selec-
tivity always varied in a parallel manner
with the change in average silver particle
diameter. They were both nearly zero for
silver particles of average diameter 46 A
and generally increased to a maximum at
480-A particles. For larger particles, both
the activity and selectivity were found to
decrease. This observed size effect on the
selectivity is quite consistent with the
results obtained by Verykios et al. (6) and
Wu and Harriott (7).

However, the reverse trend was found by
these authors for the reaction rate. Wu and
Harriott (7) explained their results in terms
of changes in the proportion of steps and
edges to crystal forces. Although such ef-
fects are well known for hydrocarbon reac-
tions over platinum and other metals (31),
they are usually not applicable to particles
larger than 50 A (8, 32).

Verykios et al. introduced the impor-
tance of morphology to explain the perfor-
mance of their catalysts. By using scanning
electron microscopy, they found that the
silver crystallites were spherical in shape
when 350-600 A in size and began to lose
their sphericity and develop a dendritic
structure for particles larger than 600 A.
Perhaps a more accurate determination
would have resulted from the use of trans-
mission electron micrographs. Our photo-
graphs obtained by the latter technique
(Fig. 4) showed that most of the silver parti-
cles are not perfectly spherical even for di-
ameters of ~100 A.

Geometric and structural factors are gen-
erally thought to be important for chemical
and catalytic activities of metallic particles
of diameters smaller than 50 A (8). The
structural form of small clusters of metal
atoms may differ markedly from that of the
crystal lattice of the bulk substance. By
comparing the static potential energy of the
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cluster, Hoare and Pal (33) and Hoare and
Mclnnes (34) pointed out that in the size
range below 50 atoms, the most stable clus-
ters are never lattice crystallites of fcc or
hcp type but are polytetrahedral structures
consisting of face-to-face combinations of
four-atom tetrahedra, distorted as neces-
sary for closure. Even though the structural
variation is not necessary, crystallites of di-
ameter smaller than ca. 50 A can have tre-
mendously different chemical properties
from the bulk substance because the degree
of coordination of surface atoms is a func-
tion of crystallite size. Poltorak and
Boronin (32) have studied the fcc octahedra
model as representative of finely divided
platinum catalysts, and found that the mean
coordination number of the surface atoms
increases from 4 to 8.64 over the size range
from 6 to 3894 atoms (5.5- to 49.5-A edge
length). They indicated that the crystal size
range over which most of the change occurs
is between 8 and 40 A linear dimension.
Moreover, atoms located at corners, edges,
and other surface singularities have a larger
number of unsaturated bonds, they are the
ones with lower coordination number and
usually thought to be particularly active
sites for adsorption and catalysis.

In view of the above discussion, the sur-
face of the silver crystallites of diameter
smaller than ca. 46 A is probably so active
toward absorbed oxygen that the surface
tends more toward the composition Ag,O
than metallic silver. It is known that
silver(I) oxide is not a selective catalyst for
ethylene oxide (35). Another possibility is
that the fine particles are saturated with re-
spect to adsorbed oxygen atoms. It has
been shown recently that Ag,O does not
form but that levels of adsorbed atomic ox-
ygen greater than one-half the surface sites
retards the formation of ethylene oxide
(37). As the average silver particle diameter
increases, the selectivity and activity in-
crease because the population of fine parti-
cles with diameters smaller than ca. 46 A is
reduced and the larger particles yield a
higher proportion of the desired surface ox-



466

ygen species. However, other morphologi-
cal influences become important when the
particles grow to larger sizes. The TEM
photo in Fig. 4 shows that silver particles
with diameters larger than ca. 480 A have
polyhedral or dendritic shapes. These irreg-
ularly shaped particles apparently include a
large number of dislocations. Accordingly,
the dislocations contain atoms of low coor-
dination number which can form strong
bonds with oxygen to give oxide species,
e.g., Ag;O. Therefore, the selectivity de-
creases as the average silver particle diame-
ter gets larger than 480 A.

The size effect on the catalytic activity in
the present study showed a reverse trend as
compared with those observed in other
studies (6, 7). This discrepancy is probably
due to the different materials used as sup-
ports and to the different conditions used to
prepare the catalysts. Wu and Harriott (7)
obtained catalysts with different crystallite
sizes by varying the nature and surface area
of the support, the preparative variables,
and by sintering at different but relatively
low temperatures. Consequently, their
results may have involved complicated in-
fluences from the different supports and dif-
ferent preparation conditions. Verykios
and co-workers (6) varied the crystallite
size by sintering the catalysts at different
temperatures and for different periods of
time. In the present study, the silver parti-
cle size was varied simply by changing the
silver loading on the same support material.
However, the silver particle size distribu-
tion was still very broad.

It is clear from the data in Table 4 that
increasing the surface area of the support
decreases the activity of the silver catalyst.
Although it is almost impossible to elimi-
nate the effect of different silver particle
sizes from consideration, it appears that not
all of the reduction in activity can be as-
cribed to diminished particle size. How-
ever, a greater proportion of the silver con-
tacts the surface when the support surface
area is increased. This would provide a bet-
ter opportunity for interaction between the
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cations in the support and the Ag,O layer
which forms during reaction. Apparently,
the Na,O produced by the exchange pro-
cess may strongly influence the sorption
characteristics of oxygen on the affected
silver surface. Since different cations in the
support affected the reaction differently, a
systematic study of this effect should yield
information on the relative importance of
electronic interactions, surface oxide for-
mation, and basicity on activity and selec-
tivity in the oxidation reaction.

ACKNOWLEDGMENTS

This work was supported by the Chemistry Division
of the National Science Foundation under Grant CHE
81-14613 for which grateful acknowledgment is made.
We wish to thank the Texas A&M Electron Micros-
copy Center for assistance with the electron micro-

graphs.

REFERENCES

1. Voge, H. H., and Adams, C. R., in “*Advances in
Catalysis,”” Vol. 17, p. 151. Academic Press, New
York, 1967.

2. Dixon, J. K., and Longfield, J. E., in “‘Catalysis”
(P. H. Emmett, Ed.), Vol. 7, p. 247. Reinhold,
New York, 1960.

3. Sampson, R. J., and Shooter, D., in ‘‘Oxidation
and Combustion Reviews”’ (C. F. H. Tipper, Ed.),
Vol. 1, p. 223. Elsevier, Amsterdam, 1975.

4. Harriott, P., J. Catal. 21, 56 (1971).

5. Riassian, M., Trimm, D. L., and William, P. M.,
J. Catal. 46, 82 (1977).

6. (a) Verykios, X. E., Ph.D. dissertation. Lehigh
University, 1979; (b) Verykios, X. E., Stein, F. P.,
and Coughlin, R. W., J. Catal. 66, 147 (1980).

7. Wu, J. C., and Harriott, P. I., J. Catal. 65, 185
(1980).

8. Hamilton, J. F., in ‘““High-Pressure Technology’”
(I. L. Spain and J. Paauwe, Eds.), p. 73. Dekker,
New York, 1977.

9. Clayton, R. W., and Norval, S. W., in ‘“‘Cataly-
sis,”” Vol. 3, p. 74. The Chemical Society, Burlin-
ton House, London, 1978.

10. Clearfield, A., and Thakur, D. S., J. Catal. 65, 185
(1980).

11. Iwamoto, M., Nomura, Y., and Kagawa, S., J.
Catal. 69, 234 (1981).

12. Frianeza, T. N., and Clearfield, A., J. Catal. 85,
398 (1984).

13. Emig, G., and Hofmann, H., J. Catal. 84, 15
(1983).

14. Clearfield, A., and Berman, J. R., J. Inorg. Nucl.
Chem. 43, 2141 (1981).



5.

16.

17.

18.

19.

20.

21.

22,

23.

A.

25.

26.

ETHYLENE OXIDATION CATALYZED BY Zr(NaPO,),-SUPPORTED Ag

Clearfield, A., and Stynes, J. A., J. Inorg. Nucl.
Chem. 26, 117 (1964).

Flaschka, H. A., “EDTA Titration.”* Pergamon,
Oxford, 1959.

Scholten, J. J. F., Konvalinka, J. A., and
Beekman, F. W., J. Catal. 28, 209 (1973).
Kholyavenko, K. M., Rubanik, M. Ya., and
Clernukhina, N. A., Kinet. Katal. 5, 505 (1964).
Johnsson, G., Hedman, J., Brendtsson, A., Klas-
son, M., and Nillson, R., J. Electron Spectrosc.
Relat. Phenom. 2, 295 (1973).

Clearfield, A., and Cheng, S., J. Inorg. Nucl.
Chem. 42, 1341 (1980).

Cheung, H.-C., Ph.D. dissertation. Texas A&M
University, College Station, Texas, 1982.
Nyguen, H. A., and Clearfield, A., to be pub-
lished.

(a) Force, E. L., and Bell, A. T., J. Catal. 40, 356
(1975); 38, 440 (1975).

Cheng, S., and Clearfield, A., J. Chem. Soc. Fara-
day Trans. 1 80, 1579 (1984).

Sinfelt, J. H., in ‘‘Kinetics and Catalysis’’ (P. B.
Weisz and W. K. Hall, Eds.), Chemical Engineer-
ing Progress Symposium Series, Vol. 63, No. 73,
p. 16. 1967.

Giordano, N., Montelatici, S., and Zen, C., in

27.

28.

29.

30.

31.
32.

33.

M.

35.

36.

37.

467

“Proceedings, 3rd International Conference on
Molecular Sieves’’ (J. B. Uytterhoeven, Ed.), p.
449, Leuven Univ. Press, 1973.

Wachs, I. E., and Kelemen, S. R., J. Catal. 68,
213 (1981).

Backx, C., Moolhuysen, 1., Geenen, P., and Van
Santen, R. A., J. Catal. 72, 364 (1981).

Haul, R., Hoge, D., Neubauer, G., and Zeeck, U.,
Surf. Sci. 122, 1662 (1982).

Clearfield, A., Oskarsson, A., and Oskarsson, C.,
Ion Exch. Membr. 1, 91 (1972).

Somorjai, G. A., Surf. Sci. 34, 156 (1973).
Poltorak, O. M., and Boronin, V. S., Russ. J.
Phys. Chem. 40, 1436 (1966).

(a) Hoare, M. R., .and Pal, P., J. Cryst. Growth 17,
77 (1972); (b) Hoare, M. R., Adv. Phys. 24, 645
(1975).

Hoare, M. R., and MclInnes, J., Faraday Discuss.
Chem. Soc. 61, 12 (1976).

Liberti, G., Muera, A., Padretti, F., Pernicone,
N., and Soattini, kS., Atti Accad. Naz. Lincei, Cl.
Sci. Fiz. Mat. Nat. Rend. 52, 392 (1972).

Cheng, S., Ph.D. dissertation. Texas A&M Uni-
versity, College Station, Texas, 1982.

Campbell, C. T., and Paffett, M. T., Surf. Sci.
139, 396 (1984).



