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The adsorption of ethylene on supported 13 weight percent silver was measured
by frontal chromatography at 25, 135 and 285°C. Both a “new” catalyst (as pre-
pared) and a “used” catalyst (one which was tested under epoxidation conditions)
were studied. It was found that two types of adsorption sites exist on the oxy-
genated silver. On one site ethylene is held irreversibly and on the other it is held
reversibly. This behavior leads to the conclusion that two different types of adsorbed
oxygen, corresponding to the two different ethylene adsorptions, exists on the silver
surface since reduced silver does not adsorb any ethylene.

INTRODUCTION

Epoxidation of ethylene over silver cata-
lysts has been investigated by both indus-
trial and academic workers for more than
three decades. A considerable number of
these studies dealt with the chemisorption
of oxygen on both silver catalysts and silver
films. The work of Czanderna (I, 2),
Kummer (3), and Sandler et al. (4, 5)
represents some of the more recent studies.
The primary goal of these chemisorption
studies was to gain a more complete under-
standing of the mechanism by which the
ethylene epoxidation reaction to yield
ethylene oxide takes place. A significant
conclusion which resulted from these in-
vestigations is that two different types of
adsorbed oxygen exist on the silver surface;
a view which is now generally accepted. By
comparison with the oxygen chemisorption,
investigations of the adsorption of the other
reactants, principally C,H,, or reaction
products C,H,0, CO., and H.O on silver
films or catalysts are few, and many as-
pects of the relationships between the ad-
sorption of these components and that of
oxygen on silver surfaces remain unclear.
This study deals with an investigation of
the chemisorption of ethylene on oxygen-
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ated silver; on reduced silver (6, 7) it 1s
well known that no ethylene adsorption
oceurs. From this work we hope to gain a
better understanding of the interaction be-
tween ethylene and the chemisorbed oxy-
gen on the silver surface.

EXPERIMENTAL

Frontal chromatography coupled with a
flame ionization detector gauge served as
the experimental method (8, 9). The prin-
ciple of the method is illustrated sche-
matically in Fig. 1. A supported silver
sample is brought to the desired tempera-
ture in the oxygenated form with nitrogen
passing over it. The feed is then switched
to a gas mixture which consists of a satu-
rated hydrocarbon, methane, ethylene and
nitrogen which is fed over the catalyst at
a uniform rate. The retention time of the
nonadsorbing methane is a measure of the
column void volume or holdup. Its appear-
ance in the outlet gas causes the first “step”
in the figure. Ethylene is adsorbed by the
catalyst, hence it does not reach the de-
tector until the available surface for ethyl-
ene adsorption is depleted at which point
C.H, breaks through the column and is de-
tected by the sensor along with the meth-
ane hence the second step in the figure.
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Fre. 1. A typical frontal chromatogram obtained by feeding a gas mixture of CoH./CH, over a silver

catalyst.

The total volume of ethylene adsorbed,
Ve, at room temperature and pressure is
given by the following equation:

Ve =F X AT X C )

where F = gas flow through the column at
25°C and atmospheric pressure
(em3 sec™1);

AT = t; — t;, the retention times in
seconds of C:H; and CH,, re-
spectively;

C = volume fraction of C,H, in the
feed gas.

Once equilibrium has been established
the concentration of organic in the effluent
remains constant. When nitrogen replaces
the feed gas (N.-purge introduced) the
“first break” represents the point at which
all the gaseous hydrocarbon has been dis-
placed from the system. The response, how-
ever, does not drop to zero indicating that
an organic component is desorbing at a
uniform rate (horizontal length) until the
“second break” is reached at which point a
slow depletion of the organic in the effluent
ensues and continues until the base line is
eventually reached. At this point the so-
called cycle 1 is completed. By reintroduc-
ing the feed gas a second cycle is started.
At the same linear velocity as before, ¢,
remains the same as before but ¢, will be
different. This is because while ; depends
only on the column and flow rate which are
constant, ¢, depends on the nature of the
silver catalyst surface and the amount of
oxygen which remains. Each time feed gas

is admitted without reoxidizing the catalyst
the cycle eount is increased and a new ¢, —
t, is obtained.

The experimental equipment consisted of
a standard applications 8-port pneumatic
valve operated in the ‘“selector” position.
The packed columns, 36 in. in length, were
bent in the form of a double U-tube and
were made of 14 in. o.d. stainless-steel tub-
ing. While under test, the tubes were jack-
eted by a tube furnace 16 in. long which
contained a 2-1% in. i.d. Alundum core. The
column was connected to the nitrogen and
feed supply through the valve and in turn
to the flame ionization gauge where re-
sponse was monitored on a strip chart re-
corder. The feed gas, 0.14, 0.11 and 99.75%
C.H,, CH, and N,, respectively, was pre-
mixed in a single cylinder which was ana-
lyzed by mass spectrometry. Gas flow
through the column was determined with a
soap bubble flow-meter. The two columns,
one packed with “new” 13% silver on a
e-alumina support and one packed with the
“used” catalyst had surface areas of 1.26
and 1.60 m?/g, respectively. The amount of
material in each tube was 22.4 and 21.3 g,
respectively, for the “used” and “new”
catalysts. The dispersion of silver through-
out the porous support, by microscopic ex-
amination, appeared very uniform.

Each catalyst was initially oxidized by
heating at 285°C for a period of time,
>2 hr, with air flowing over it. After a
sequence of experiments called cycles were
carried out, the catalyst was again reoxi-
dized in a stream of air as before.
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In order to carry out an experiment at
other temperatures, the catalyst was re-
heated to 285°C in a stream of air, held at
this temperature for >2 hr and then cooled
to the desired temperature before cycle 1
was recommenced.

ResuLT AND DiscussioNn

The ethylene adsorption results for the
“new” and “used” catalyst expressed as ul
of ethylene adsorbed at room temperature
and pressure (RTP) per gram of catalyst
are given in the table.

The desorption behavior for both cata-
lysts at 25 and 135°C is essentially as
shown in Fig. 1. Two breaks occurred, the
first representing the retention time of the
gas in the column and the second when the
desorbing species began decreasing in con-
centration. At 285°C no second break dur-
ing desorption was noticeable, ie, all or-
ganic was swept out of the column at the
same time. It will be shown later that at
the 285°C the silver catalyst is actually
reduced by the ethylene feed.

For the “new” catalyst at 25°C, 20.8 ul/g
catalyst was adsorbed in cycle 1 before
ethylene broke through the column; the
“used” catalyst adsorbed 27.2 ul/g catalyst.
For cyele 1, the ethylene breakthrough
while sharp is never complete at this point.
To reach equilibrium which represents an
increase of about 15% more in response
relative to its breakthrough value may re-
quire ca. 30 min longer. This behavior is
common for both “new” and “used” cata-
lysts for the first cycle experiment at all
temperatures. This may be due to (a) a
slow adsorption rate of ethylene onto the
oxygenated silver or (b) the result of a
competitive adsorption by CH, similar to
that observed by Verna and Ruthven (10)
in the adsorption of CO on a Ni catalyst
when H. is the carrier gas instead of He
gas. For this case they found H. adsorbs
competitively, but He .does not; hence CO
is adsorbed more slowly from H.. In future
work the question of possible competitive
adsorption of CH, and C.H, on Ag will be
checked by running ethylene in N, gas over
the catalyst without the CH, marker gas in
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which case the holdup time will be deter-
mined separately.

After the catalyst has attained equilib-
rium with the ethylene, the feed gas is shut
off and the eolumn purged with N,. This is
called the desorption portion of the eycle.
The first break occurs when all the hydro-
carbon gas in the column has been swept
out. The plateau which follows (Fig. 1)
represents a steady-state type of desorption
which is presumably C,H, desorbing at
25°C and quite probably also other reac-
tion products at higher temperature, es-
pecially for the first cycle desorption. At
25°C, the pattern of desorption is similar
for the “new” or “used” catalyst. The de-
sorption for the “new” and “used” catalyst
at 135°C is similar and comparable to the
25°C results. Continuation of these studies
will be directed toward an understanding
of the desorption products from these
experiments.

In cycle 2 the ethylene breakthrough is
sharp at which point organic concentration
In the effluent becomes invariant with time.
In higher cycles, ethylene breakthrough is
likewise always sharp, however, the amount
of adsorbed ethylene on the second and
subsequent cycles is always much smaller
than during the first cycle. Thus at 25°C
for the “used” catalyst the first cycle ad-
sorbed 27.2 pl/g catalyst and the second
cycle adsorbed 18.4 ul/g catalyst.

During cycle 6 (new catalyst at 25°C),
the gas effluent was sampled in the region
where all the ethylene feed is considered
adsorbed by the catalyst. The analysis for
C.H, and CH, clearly showed no ethylene
present, in the sample, only CH,, thus veri-
fying the schematie shown in Fig. 1.

At 135°C, cycle 1, the “new” catalyst ad-
sorbed 12.3 pl/g catalyst and the “used”
catalyst adsorbed 10.9 ul/g catalyst. The
behavior was similar to that observed for
cycle 1 at 25°C. For cycle 2 and higher
cycles at 135°C, ethylene breakthrough is
sharp and adsorption is essentially com-
plete at t.. At eycle 2 the “new” catalyst
adsorbs 1.23 ul/g catalyst.

Total ethylene adsorption, for both the
“new” and “used” catalyst, obtained from
cycle 1 versus temperature passes through
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a minimum between about 135 and 200°C.
This appears to be a typical curve for an
adsorption isobar when some chemisorption
is taking place (11). By subtracting the ad-
sorbed volume of the average (limiting
value) of succeeding cycles, Nos. 3, 4, and
7, from the volume adsorbed in cycle 1 the
amount irreversibly adsorbed is obtained.
Inspection of the results shows a signifi-
cantly lower ethylene readsorption at
135°C for the higher numbered cycles com-
pared to that adsorbed at 25°C. By this
method, of going from 25 to 135°C, the
amount, of irreversible adsorption signifi-
cantly increases for the “new” (7.0 ul at
25°C to 11.3 pl at 135°C) and decreases for
the “used” (12.2 pl at 25°C to 9.7 pl at
135°C) catalysts. The ethylene adsorbed
during cycle 2 and all subsequent cycles for
both the “new’” and “used” catalyst is re-
versible. Furthermore, the volume of the
reversibly adsorbed ethylene decreases with
increasing temperature. This difference rep-
resents chemisorption which is of the re-
versible type or physical adsorption (11,
12). ‘

The amount of ethylene adsorbed irre-
versibly increases with temperature thus
signifying that an activation process typi-
cal of chemisorption is involved. This
chemisorption is of the irreversible type
where presumably a chemical bond is
formed between the ethylene and the sur-
face which is sufficiently strong (12) that
the adsorbate cannot be removed by a
simple nitrogen purge, i.e., an electron has
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probably been transferred between adsorb-
ent and adsorbate. Final distinetion as to
whether the reversibly adsorbed ethylene is
physisorbed or chemisorbed must await
heat of adsorption measurements.

The ethylene adsorption-desorption re-
sults at 285°C for both the “new” and
“used” catalysts are markedly different
from that observed at 25 and 135°C. The
amount of ethylene adsorbed in the first
cycle is 40.1 pl/g catalyst for the “new”
versus 18.3 ul/g catalyst for the “used”
catalyst. It is interesting to note that the
“new” catalyst at this high temperature ad-
sorbs much more ethylene before break-
through than the ‘“‘used” ecatalyst which
may explain why a “new’” catalyst burns
ethylene rather than converting it to oxide.
This point will be investigated further as
the study continues.

At 285°C, during the desorption phase of
cycle 1, no second break as noted in Fig. 1
occurred for either “new” or “used” cata-
lyst. In subsequent cyecles the silver did not
adsorb any measurable amounts of ethyl-
ene as noted in Table 1. This observation is
interpreted to mean that all the adsorbed
oxygen was stripped away by the ethylene
in the first cycle, i.e., the catalyst was re-
duced, since it is known that ethylene is not
adsorbed on reduced silver (6, 7, 13). Con-
formation of this view was obtained in &
separate experiment in which the silver was
initially reduced with hydrogen gas in
which case it also showed no adsorption.
Upon reoxidizing the catalyst, ethylene is

TABLE 1
ETHYLENE ADSORPTION ON SUPPORTED SILVER

Volume C,H, adsorbed at RTP (ul/g)

State of supported Temp. Cycle Cycle Jycle Cycle Cycle
silver ©C) No. 1 No. 2 No. 3 No. 4 No. 7
New* 25 20.8 16.0 13.1 13.9 14.5
Used® 25 27.2 18.4 17.5 14.6 12.9
New 135 12.3 1.20 1.04 1.04 1.04
Used 135 10.9 1.23 1.26 1.21 1.21
New 285 40.1 Essentially no detectable adsorption, i.e., oxygen was
Used 285 18.3 removed by chemical reaction in first cycle

s New = supported silver on alumina after preparation.
® Used = supported silver used as a catalyst in ethylene epoxidation.
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again adsorbed as before. One striking dif-
ference between the “new” and “used”
catalysts at 285°C is that the amount of
ethylene adsorbed by the “used” catalyst
is much lower than that adsorbed by the
“new.” The difference between these two
catalysts is that the “used” catalyst was
exposed to the ethylene epoxidation reac-
tion in which a trace of organie chloride,
ca. 1 ppm, was used as inhibitor and the
other was not. The paper by Meisenheimer
and Wilson (14) deals with effect of chlo-
ride inhibitor on Ag catalysts. They found
that chloride on the Ag surface at mod-
erately high surface concentrations in-
hibits the rate of O, adsorption. Since
ethylene adsorbs only on oxygenated Ag it
may be, in this case, that the chloride on
the “used” Ag is responsible for the ob-
served effect. The results at 135°C demon-
strate a similar behavior. This conclusion is
considered tentative since the above authors
also state that ethylene at room tempera-
ture can adsorb on a chlorinated Ag sur-
face though adsorption was not detected at
200°C.

One other interesting point concerning
the first cycle ethylene adsorption results
at 285°C versus 135°C is that a larger
amount of ethylene is adsorbed at the
higher temperature for both the “new” and
‘“used” catalyst. This behavior indicates
that some type of interaction, ie., CO. or
the epoxidation reaction, is taking place at
285°C which is not taking place at the
lower temperature. As far as can be ascer-
tained from the literature the lowest tem-
perature at which the ethylene expoxida-
tion reaction takes place has not yet been
clearly established.

This study has shown that there are two
types of sites on the oxygenated silver
catalyst surface which adsorb ethylene. On
one site the ethylene is chemisorbed and is
held irreversible and on the other site it is
held reversibly where it could either be held
by physical forces or by weak chemisorp-
tion forces. Previous workers (15, 16) who
have reported on ethylene adsorption on
oxygenated silver surfaces have apparently
underestimated the significance of this be-
havior. From an alternate view this be-
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havior could be thought of as indicating
two different, types of adsorbed oxygen. By
comparing the chemisorption of oxygen on
silver with that of ethylene on oxygenated
silver it becomes apparent that here is
proof of a chemical nature for the claim,
which up to now is based strictly on physi-
cal methods, that two types of adsorbed
oxygen actually exist on the silver surface
(1, 4, 17, 18). These sites are present in
both the “new” and ‘“used” catalysts. At-
tempts to distinguish the two oxygen sites
by chemical means have already been tried
by several workers, among them being
Sandler and Durigon (19) who carefully
adsorbed oxygen on silver powders at room
temperature and then looked for an accel-
eration in the parahydrogen conversion
which would be expected from the existence
of paramagnetic O,-ions. No such effect was
observed. Isotopic exchange experiments
were first interpreted by Margolis (17) and
Meisenheimer et al. (20) as showing one
mode of oxygen adsorption is nondissocia-
tive but these claims have not been verified
by the recent work of Sandler and Durigon
(4).

The complete differentiation of these
sites and a deeper understanding of their
nature could help in furthering the under-
standing of the ethylene epoxidation mech-
anism (21, 22, 23), which involves also a
burning reaction to produce CO, and water.
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