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NOTE

Kinetic Oscillations during Acetylene Hydrogenation dver Pt/Al>,O5
and Pd/Al,O3 in the Presence of CO

Systems that exhibit kinetic self-oscillations are fasci-
nating. It is not surprising that this subject has received
much attention, and many papers dealing with theoretical
and experimental work concerning self-oscillations have
been published during the last decade. A complete survey
of the subject is given, e.g., in (1-6).

The most extensively studied reaction is the oxidation
of CO over Pt, Pd, and CuO, where self-oscillations have
been found. Self-oscillations have also been found in the
oxidation of H,, NHj, and different hydrocarbons. The
decomposition of N,O over CuO catalyst and the NO +
CO reaction over Pt are further examples of catalytic
systems where oscillations have been found. Examples
of catalytic hydrogenation reactions that show self-oscil-
lations are not very common. Self-oscillations have been
reported for the hydrogenation of CO (7, 8), nitrobenzene
(9), ethylene (10, 11), and acetylene (12). This field has,
however, not been extensively studied.

Numerous mechanisms have been proposed in order to
explain the oscillations in different systems. Examples of
these are adsorption-induced surface reconstruction (1),
mechanisms involving a subsurface reservoir of a reac-
tant (13, 14), and periodic formation of an oxide or a
carbon layer (15, 16). All these models have in common
the fact that the reactivity of the catalyst is periodically
changed.

The aim of this paper is to report a new catalytic sys-
tem that exhibits kinetic oscillations, namely the hydro-
genation of acetylene in the presence of CO over Pt/
Al,O5 and Pd/ALO;. Under present conditions, CO does
not take part in any reaction. Despite this, CO probably
plays a significant role for the oscillations. Earlier experi-
ments have shown that strongly adsorbed CO can be dis-
placed by acetylene (17, 18). A periodic change in the CO
coverage on the surface is therefore not unlikely.

The selective hydrogenation of acetylene from an eth-
ylene stream is an industrially important process. It is
essential that the ethylene feed for production of polyeth-
ylene should be free from acetylene. In order to achieve a
good selectivity, the presence of CO is necessary. In this
light, the oscillations described below are very interesting
even from an industrial point of view.

Two commercial catalysts, Pt/Al,O; (Aldrich) and Pd/
AlLO; (Aldrich), were used in all the experiments. The
active metals of the two catalysts are deposited at the
exterior of the catalysts pellets. The characteristics of the
catalysts are presented in Table 1. About 0.5 g of the
catalyst (11 § pellets) was packed together in a stainless-
steel tube reactor (& = 3 mm, L = 10 cm). The reactor
was placed in a precision oven (Perkin—-Elmer) and the
temperature was measured by a thermocouple at the end
of the reactor.

The gases used, N,, H, D>, C;H,, and 0.56% CO in Ar,
with a purity of >99.98%, were all delivered by AGA
(Sweden). The flow rate through the reactor was mea-
sured and controlled by mass flow controllers. In the
experiment with 2-ethyl-hexenal, N, was passed through
a heated evaporator filled with the aldehyde. The alde-
hyde was 99.5% pure and it was delivered by Nest Oxo
(Sweden). The HD formation was measured every sec-
ond with a quadrupole mass spectrometer (Balzers QMG
311).

In earlier studies (17, 18) we found that acetylene rap-
idly displaced CO from a Pd catalyst. In a completely
different study (19), concerning the hydrogenation of al-
dehydes over Pt/Al,0., we also found that the catalyst
was poisoned by CO produced by decarbonylation of the
aldehyde in a side reaction. With these two findings in
mind we tried to increase the hydrogenation rate of the
aldehyde by having a small amount of acetylene present
during the hydrogenation. The idea was that acetylene
should continuously displace CO from the catalyst and
thus prevent the deactivation during the hydrogenation of
the aldehyde.

No measurable increase in the hydrogenation rate was
observed over the Pt/ALO; catalyst by the addition of
acetylene. A H,/D, mixture was used and the resultant
HD formation was employed as a measure of the free
surface for hydrogen adsorption. Surprisingly, however,
the HD formation started to oscillate when acetylene was
added. Figure 1 shows how the HD formation first de-
creased when the aldehyde was added to a feed of H;, D;,
and N, but then started to oscillate when acetylene was
also added. The decrease in the HD formation when the
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FIG. 1. HD formation over 0.5 g 0.5% Pt/Al,O; in a tube reactor at

8301C. 10% H,, 10% Ds, 0.36% 2-ethyl-hexenal, 1.5% C,H,, inert gas
N,, flow rate 1.7 mi/s.

aldehyde was added is attributed to CO formed from the
decarbonylation of the aldehyde.

The aldehyde in the oscillations was suspected to pro-
duce CO. Therefore, it seemed probable that the hydro-
genation of acetylene in the presence of CO would also
oscillate even in the absence of the aldehyde. Indeed, this
system did reveal oscillations in the HD formation. Fig-
ure 2 shows these oscillations during the hydrogenation
of acetylene over a Pt/Al,Os catalyst for different concen-
trations of CO at 363 K. At low concentrations of CO, the
HD formation was high without any oscillations. Increas-
ing the CO concentration resulted in oscillations, and at
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TABLE 1
Catalyst Characterization

Wt% BET surface Dispersion®
Catalyst metal area (m%g) (H/M)
Pt/Al,0, Aldrich 20.601-6 0.55 109.6 0.47
Pd/Al,0; Aldrich 20.574-5 0.5 82.1 0.64

o From hydrogen adsorption assuming a 1:1 H: M ratio.

even higher CO concentrations the HD formation was
almost completely inhibited.

Figure 3 shows the oscillations over Pt/Al;Q; for differ-
ent acetylene concentrations at 363 K and 146 ppm CO.
At low and high concentrations of acetylene, the HD
formation was low without any oscillations, and between
these concentrations the HD formation oscillated. It is
known that the hydrogen adsorption can be hindered by
acetylene even in the absence of CO. Therefore, it is not
surprising that the HD formation was very low at high
concentrations of acetylene. Nor is it strange that the HD
formation is inhibited at high concentration of CQO, since
CO hinders the adsorption of hydrogen and the adsorp-
tion energy of CO is very high.

The period time of the oscillations increased at lower
temperature, and oscillations were found only in the tem-
perature interval of 343 to 383 K under the present condi-
tions (14-364 ppm CO, 0.8-2.5% acetylene).

Also, a Pd/Al,O; catalyst exhibited oscillations in the
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FIG. 2. Oscillations in the HD formation during hydrogenation of acetylene over 0.5 g 0.5% Pt/AL,O, at different CO concentrations.

H,:D;:N; = 10:10:80, 1.2% C,H,, T = 363 K, overall flow rate 2 ml/s.
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FIG.3. Oscillations in the HD formation during hydrogenation of acetylene in the presence of 146 ppm CO over 0.5 g 0.5% Pt/AlL,0; at different

C,H, concentrations. H,: D;: N, = 10:10:80, T = 363 K, overall flow rate 2 ml/s.

hydrogenation of acetylene in the presence of CO. The
temperature interval where the oscillations occurred
was, however, lower compared with that for the Pt/ALO;
catalyst. In Fig. 4 the oscillations are shown for different
CO concentrations at 323 K.

Recently, Bos and Westerterp (12) reported oscilla-
tions in the temperature during the hydrogenation of
acetylene without any addition of CO over a single pellet

of a Pd/ALO; catalyst. However, they did not report the
purity of the gases used. Based on our observations, the
presence of CO is believed to be necessary to achieve
oscillations. Even a very low concentration of CO may
affect the oscillations over a single pellet of Pd/Al,O; at
low temperatures. Detection of CO at such low levels is
not always possible.

The most extensively investigated system that shows
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FIG. 4. Oscillations in the HD formation during hydrogenation of acetylene over 0.5 g 0.5% Pd/Al,O, at different CO concentrations.

H,:D;:N; = 10:10:80, 1.2% C,H,, T = 323 K, overall flow rate 2 ml/s.
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oscillatory behavior is the oxidation of CO over different
platinum single crystals at vacuum conditions. These sys-
tems are, in contrast to real catalysts at high pressures,
very well defined, and isothermal conditions can easily
be achieved. On supported catalysts the temperature on
the small crystallites may differ from that of the support
material and isothermal conditions therefore cannot be
guaranteed. This is a problem since the oscillations may
be associated with non-isothermal conditions. In the
present study, the temperature was measured in the out-
flow of the reactor and no temperature changes were seen
within 0.1 K during the oscillations. However, this
does not guarantee strictly isothermal conditions on the
metal crystallites of the catalyst.

In a review by Ertl (1), the author discussed different
mechanisms for the oscillations in the CO oxidation at
high vacuum conditions. He concluded that the oscilla-
tions over certain platinum crystals can be explained in
terms of CO-induced surface reconstruction, and that the
sticking coefficient of oxygen is markedly increased over
the reconstructed surface. Over platinum crystals such as
Pt(111) and Pt(210), which do not reconstruct upon the
adsorption of CO, no oscillations occur according to Ertl
(1).

A surface which does not reconstruct upon the adsorp-
tion of CO but still shows oscillatory behavior is Pd(110).
Bassett and Imbihl (13) have explained this by a model
involving subsurface oxygen. This oxygen is believed to
be situated just beneath the surface and will act as an
oxygen reservoir. The sticking coefficient of oxygen is
assumed to decrease as the reservoir fills. Both the sub-
surface oxygen and the surface reconstruction model
have in common the fact that the sticking coefficient of
oxygen changes with the coverage.

The present system differs from the oxidation of CO in
that there is no reactive removal of CO. However, in
other studies it has been found that CO is displaced by
acetylene (17, 18). A model involving CO-induced sur-
face reconstruction would perhaps be possible. Also, a
model similar to that of Bassett and Imbihl might be pos-
sible. Instead of subsurface oxygen, a model with subsur-
face hydrogen would be imaginable. There is some evi-
dence that hydrogen is adsorbed in state just beneath the
surface on palladium and platinum (20). Perhaps the
sticking coefficient of hydrogen is decreased by the pres-
ence of hydrogen in the subsurface state, analogous to
the case with oxygen.

Other models that have been proposed are the ‘‘oxy-
gen’’ and the ‘‘carbon’’ models (15, 16). In these models
the surface is assumed to be covered periodically with an
oxide and a carbon layer, respectively. However, under
the present conditions, formation of these layers seems
rather unlikely.

In order to reveal the mechanism for the oscillations
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during the hydrogenation of acetylene in the presence of
CO, experiments under more well-defined conditions are
necessary. Here the purpose has been to point out the
phenomenon.

Kinetic self-oscillations in the HD formation were
found during the hydrogenation of the «,B-unsaturated
aldehyde, 2-ethyl-hexenal, over a Pt/Al,Os catalyst in the
presence of acetylene. The role of the aldehyde in the
oscillations was believed to be the production of CO in a
side reaction (R-CHO — R-H + CO). This was con-
firmed by the fact that the hydrogenation of acetylene
exhibited self-oscillations even in the absence of the alde-
hyde when small amounts of CO were added to the feed.

Self-oscillations in the HD formation during the hydro-
genation of acetylene were also found over a Pd/AlO,
catalyst, The temperature regime where the oscillations
occurred over the Pd/AlOs catalyst was, however, lower
than that of the Pt/ALLO; catalyst.

The presence of CO was thought to be essential for the
oscillations. This was because no oscillations were found
during the hydrogenation of acetylene in the absence of
CO, and because acetylene is able to displace CO from
the catalyst surface. The coverage of CO and acetylene
on the catalyst surface is also believed to oscillate. In
order to reveal the mechanism for these oscillations,
however, experiments under more specific conditions are
necessary.
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