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Adsorption of ethene in the absence and presence of carbon monoxide has been investigated over
Pt/alumina (I), Pt/silica (I). and Pt/molybdena (1) catalysts prepared by impregnation. and a Pt/
molybdena (C) catalyst prepared by co-crystallization in the temperature range 188-296 K. Static
'4C-ethene radiotracer adsorption measurements show that on each catalyst only a fraction of the
adsorbed ethene is reversibly adsorbed at 293 K: this fraction increases in the order Pt/alumina <
Pt/silica < Pt/molybdena. Dynamic flow adsorption studies show that, on Pt/alumina and Pt/
silica, retention of ethene is accompanied by self-hydrogenation to ethane. Retention, but no self-
hydrogenation, is observed with both Pt/molybdena catalysts. Following reduction/activation and
thermal treatment in helium at 5373 K, the Pt/silica surface retains appreciable quantities of hydrogen,
which reacts with adsorbed ethene producing ethane. Preadsorption of carbon monoxide totally
blocks the surface of Pt/alumina, Pt/silica and Pt/molybdena (C) for ethene adsorption. However,
preadsorption of ethene only partially poisons the surface of Pt/alumina and Pt/silica for carbon
monoxide adsorption. With Pt/molybdena (C), preadsorption of ethene promotes a threefold in-
crease in the capacity of the surface for carbon monoxide chemisorption. On Pt/molybdena (1)
carbon monoxide and ethene are adsorbed noncompetitively at separate sites. With Pt/alumina and
Pt/silica, coadsorption of ethene and carbon monoxide results in an enhancement in the amounts
of ethane formed. relative to those formed when ethene alone is adsorbed. This is interpreted in
terms of the chemisorption of carbon monoxide causing the release of hydrogen retained on the
catalyst surface following the reduction/activation/thermal desorption procedure. This effect is
more pronounced with Pt/silica than with Pt/alumina, the amounts of hydrogen released relative to
the total Pt content of the catalyst (P, H) being, respectively. 2.38 and 1.06. FTIR examination
of ethene adsorbed on Pt/silica shows bands ascribable to surface alkyl (-CH; and :,,‘CH;) species.
Evidence for an interaction between the retained hydrocarbon and the —~OH groups of the silica
support has also been obtained. No hydrocarbon bands were obtained from species retained by the
Pt/alumina catalyst during ethene adsorption. However, DRIFT spectra of ethene retained by the
Pt/molybdena (I) catalyst suggest the formation of small amounts of aromatic residues. © 1993

Academic Press, Inc.

INTRODUCTION alumina (I), platinum/molybdena (I), and

platinum/molybdena (C) catalysts: (I) and

In Parts [ and 11 (/, 2) of this series details  (C) indicate catalysts prepared by impregna-

are given of the preparation, physical char- tion and co-crystallization methods, respec-
acterisation, and chemisorption of carbon tively.

monoxide on platinum/silica (I), platinum/ In previous studies using "“C-radiotracer

techniques we have shown that, under static

' To whom correspondence should be addressed. conditions, the chemisorption of alkenes
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and alkynes on a variety of supported metal
catalysts (3-8) is characterised by a primary
process, in which permanently retained hy-
drocarbonaccous (C, H, ) species are chemi-
sorbed on the metal surface, and a second-
ary process which is responsible for the
adsorption of the catalytically active spe-
cies. We have also shown that the extent
and nature of the primary adsorbed hydro-
carbonaceous species are a function of both
the metal and the catalyst precursor state.
As such the chemisorption of unsaturated
hydrocarbons provides a method whereby
the metal function of supported catalysts
may be conveniently characterised. We
have also found (9-//) that the chemisorp-
tion of alkenes and alkynes under pulsed-
flow conditions leads to similar results re-
garding the naturc and extent of the primary
adsorption process to those obtained under
static conditions. Against this background
we now report results of a study of the
chemisorption of ethene on the various plat-
inum catalysts and an extension of our ear-
lier methods to a study of the competitive
chemisorption of ethene and carbon monox-
ide over the same catalysts.

EXPERIMENTAL
APPARATUS AND METHODS

Adsorption isotherms for “C-ethene were
determined at ambient temperature up to
pressures of 1.33 kPa in a static system of
similar design to that described elsewhere
(4, 5). Infrared spectra were obtained using
a Nicolet SDXC Fourier Transform spec-
trometer, at 2 cm ! resolution, in either the
transmission mode (Pt/silica and Pt/alu-
mina) using the cell described in Part I1 (2),
or the diffuse reflectance mode using a
Barnes DRIFT cell equipped with an envi-
ronmental chamber. Dynamic chemisorp-
tion measurements were made using a pulse-
flow microreactor system, as described in
Part 11 (2), using typical pulse sizes of 2 cm?,
6.67 kPa.

JACKSON ET AL.

RESULTS
Ethene Adsorption Measurements

Platinum/alumina (I). The isotherms for
the adsorption of “C-ethene at 295 = 2 K
on three different samples (A, B, and C)
of Pt/alumina, which had been reduced in
flowing hydrogen at a standard temperature
of 573 K, are shown in Figs. la and Ib. On
the freshly reduced catalysts the shapes of
the isotherms are similar in each case, show-
ing an initial rapid increase in surface count
rate followed by a linear region, which per-
sists up to a gas pressure of =0.53 kPa,
followed by another steep increase in sur-
face count rate as the gas pressure is further
increased. With samples A and B, evacua-
tion of the surface following adsorption re-
sulted in a decrease in surface radioactivity
to varying extents dependent on the time of
evacuation. With Sample B, evacuation for
a total of 70 min resulted in a 38% decrease
in surface radioactivity. Subsequent treat-
ment of the evacuated surface with 1.33 kPa
’C-ethene resulted in a further 27.5% de-
crease in the surface count rate.

With Sample C (Fig. 1b), the procedure
was modified such that, when the adsorption
isotherm had reached a point in the interme-
diate secondary region, the system was left
to equilibrate for 95 min, during which time
a further amount of radioactivity slowly ac-
cumulated on the surface. In contrast with
the behaviour of samples A and B, subse-
quent evacuation of this equilibrated surface
for 590 min resulted in only a 1% decrease
in surface radicactivity,

With each of the samples, readsorption
of "C-ethene following evacuation and/or
molecular exchange with '*C-ethene gave
isotherms which showed more normal be-
haviour with only one primary and second-
ary region, as shown in Figs. la and Ib.

Results for total amounts of ethene ad-
sorbed and the amounts of ethane produced
during the pulsed-flow chemisorption of eth-
ene at 294, 273, and 193 K are shown in
Table 1. At 294 K, adsorption of the first
pulse of ethene resulted in 63% (= 4.08 x
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FIG. 1. (a) Adsorption of "C-ethene on Pt/alumina (I) (0.3386 g: curva A) and (0.2765 g; curve B) at
293 K. Curve A: (O) first adsorption on freshly reduced catalyst. Curve B: (Z]) first adsorption on
freshly reduced catalyst: (@) second adsorption following evacuation of first isotherm at 293 K; *C-
ethene specific activity = 0.258 mCi mmol~'). (b) Adsorption of “C-ethene on Pt/alumina (1) (0.2765
g)at 293 K. (ZJ) first adsorption on freshly reduced catalyst: (/) second adsorption following evacuation
of first isotherm at 293 K; “C-ethene specific activity = 0.258 mCi mmol ).

10" molecules g~ ") hydrogenation to eth-
ane, the remainder being retained by the
catalyst; 26% (= 1.68 x 10" molecules g™ ")
of the second pulse was hydrogenated to
ethane and a further 22.2% (= 1.44 x 10"
molecules g ') was retained. Further pulses
of ethene produced no further hydrogena-
tion, although some adsorption occurred un-
til  surface saturation was eventually

achieved. When the catalyst had been left
under flowing helium at 294 K for 60 min and
then subjected to further pulses of ethene,
33.2% (= 2.15 x 10" molecules g~ ') of the
first pulse was hydrogenated and 30.9%
(= 2.00 x 10" molecules g~ ', correspond-
ing to 26.8% of that initially retained) was
retained. After the surface had been resatu-
rated with ethene, the catalyst was heated

TABLE |

Adsorption of Ethene on Supported Platinum Catalysts

Catalyst Temperature Amount C,H, Amount C,H, Thermal desorption
(K) adsorbed formed (molecules
(molecules (molecules g-catalyst™") x 10"
g-catalyst™!) x 10'*  g-catalyst™") x 10%

CH, C.H, C.H,

Pt/Alumina (D) 193 28.02 1.81 x 10™ — — —
273 7.16 373 x 10® — — —
294 3.83 5.82 x 0% 1.05 0.41 0.00

Pt/Silica (I) 191 113.1¢ 0 — — —
273 0.40 0 — — —

294 0.33 1.69 x 10% >0 >0 0
Pt/molybdena (1) 188 15.00 0 — 1.44 10.50
273 14.00 0 _ 0.18 2.11

294 3.87 0 — _— —

“ Amount retained determined from thermal desorption.
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to 573 K in the helium flow. This resulted in
the desorption of 1.05 x 10'® molecules g~
methane and 4.1 x 107 molecules g~
ethane.

Adsorption of ethene on a freshly reduced
catalyst at 273 K also resulted in the forma-
tion of ethane; from the first pulse 30%
(= 1.70 x 10"¥ molecules g~') was hydroge-
nated and the remainder (5.51 x 10'
molecules g~ ') was retained, whilst 26%
(= 1.48 x 10" molecules g~ ') of the second
pulse was hydrogenated and 20% (= 1.14 x
10" molecules g ') was retained. No further
hydrogenation was observed with subse-
quent pulses, although further adsorption
occurred until effective saturation of the
surface was achieved.

At 193 K, ethene adsorption on a freshly
reduced catalyst sample showed complex
behaviour. After the adsorption of four
pulses (= 2.27 x 10'® molecules g~') ethane
began to desorb. After seven pulses had
been passed over the catalyst elution of eth-
ene, along with ethane, began, whilst by the
ninth pulse only ethene was eluted from the
reactor. The total amount of ethene passed
over the catalyst was 6.77 x 10'° molecules
g ': the respective amounts of ethane and
ethene desorbed were 1.81 x 10" and
3.79 x 10" molecules g~', giving a total
ethene retention of 28.0 x 10'* molecules
g~ ' on the catalyst.

Platinum/silica (I). Figure 2 shows the
14C-ethene adsorption isotherms at 295 = 2
K on a freshly reduced sample of catalyst.
The isotherm shows a primary and a second-
ary region and evacuation of the precovered
surface at 295 K removed up to 50% of the
adsorbed species. A repeated adsorp-
tion—evacuation—adsorption cycle indi-
cated that the amounts of ethene adsorbed
in the secondary region were reproducible,
the slight increase in surface count rate in
the second isotherm being attributable to an
increase in the extent of adsorption in the
primary region. Molecular exchange with
0.67 kPa "’C-ethene following a "*C-ethene
adsorption-evacuation cycle resulted in a
decrease of 11% in the surface count rate.

JACKSON ET AL.
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FiG. 2. Adsorption of '“C-ethene on Pt/Silica (I)
(0.287 g) at 293 K: () first adsorption on freshly re-
duced catalyst; (@) second adsorption following evacu-
ation of first isotherm at 293 K ("C-ethene specific
activity = 0.258 mCi mmol ™).

Pulsed-flow adsorption of ethene on
freshly reduced catalyst samples was exam-
ined at 294, 273 and 194 K. The results are
summarised in Table 1. At 294 K, 25%
(= 1.42 x 10" molecules g~') of the first
pulse was hydrogenated to ethane. How-
ever, only 5% of the ethene pulse (= 0.28 x
10" molecules g~ ') was retained by the cata-
lyst. Inconsequence, assuming that all of the
hydrogen associated with the retained eth-
eneis available for ethane formation, the cat-
alyst must have provided ¢ minimum of 4.54
x 10" atoms H g~ ' to account for the ethane
yield. No further hydrogenation occurred in
subsequent pulses, although some furtherre-
tention of ethene was observed. After the
ethene-saturated surface had been left in the
helium flow at 294 K for 60 min and then sub-
jected to further pulses of ethene, 22%
(= 1.25 x 10" molecules g~ ") of the first
pulse was hydrogenated to ethane, although
no further retention of ethene could be de-
tected. The ethene-saturated catalyst was
heated to 573 K in flowing helium. This re-
sulted in the desorption of both methane and
ethane, although the amounts produced were
too small for quantitative measurement.

At 273 K, ethene retention was observed,
but no hydrogenation to ethane was de-
tected, whilst at 194 K, ethene began to de-
sorb from the catalyst after two pulses. As
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FiG. 3. Adsorption of “C-ethene on Pt/molybdena
(1) (0.8563 g) at 293 K. (O) first adsorption on freshly
reduced catalyst; (@) second adsorption following
evacuation of first isotherm at 293 K (*C-ethene spe-
cific activity = 0.258 mCi mmol™!).

shown in Table 1, thermal desorption from
the catalyst sample which had been satu-
rated with ethene at 194 K showed that the
amount of ethene retained at 194 K was
11.3 x 10" molecules g™'.

Platinum/molybdena (I). Two "*C-ethene
adsorption isotherms obtained at 293 K with
freshly reduced samples of the platinum/
molybdena catalyst are shown in Fig. 3. It
can be seen that, whilst the shapes of the
isotherms are not of the expected form,
showing instead a gradual increase in sur-
face count rate with increasing gas pressure,
the behaviour is reproducible. Much of the
ethene is only weakly adsorbed, the
amounts removed by evacuation for 80 min
being, respectively, 84 and 76% for the first
and second isotherms. Equilibration of the
14C-ethene precovered surface with 1.07 kPa
12C-ethene over 40 min resulted in 7o molec-
ular exchange between the surface and gas
phase.

In the pulsed-flow adsorptions of ethene
on freshly reduced catalyst samples at 294,
273, and 188 K, no production of ethane was
observed. At 294 K the shape of the eluted
peak was found to be broad and diffuse due
to chromatographic effects of the catalyst
bed, even after the surface had been satu-
rated. The total amounts of ethene adsorbed
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at each temperature are given in Table 1.
Thermal desorption of the adsorbed ethene,
by heating from the adsorption temperature
to 573 K in the helium flow, resulted in the
production of both ethane and ethene. Fol-
lowing adsorption at 273 K, the respective
amounts of ethane and ethene produced
were 0.18 x 10" and 2.11 x 10" molecules
g~!, whilst after adsorption at 188 K the
corresponding figures were 1.44 x 10'® and
10.50 x 10'® molecules g~'. No quantitative
thermal desorption data could be obtained
following adsorption at 294 K.
Platinum/molybdena (C). Attempts to
study ethene adsorption in the pulsed-flow
system were unsuccessful in that, whilst ad-
sorption did occur, it was extremely weak
and this resulted in ethene continually
bleeding from the system. This rendered im-
possible attempts to measure, in the dy-
namic mode, total amounts adsorbed. How-
ever, when examined in the static system
at 295 K, "“C-ethene adsorption isotherms
were obtained as shown in Fig. 4. Unlike
the behaviour with the Pt/molybdena (I) cat-
alyst, these isotherms were of the expected
form with distinct primary and secondary
regions. Evacuation, for 77 min at 295 K,
following the adsorption of '*C-ethene on
to a freshly reduced surface resulted in the
removal of 8§19% of the adsorbed species.

Surtace Count Rate /cpm

Gas Phase count rate /cpm

FiG. 4. Adsorption of “C-ethene on Pt/molybdena
(C) (0.8563 g) at 293 K: ((J) first adsorption on freshly
reduced catalyst; (@) second adsorption following
evacuation of first isotherm at 293 K ("C-ethene spe-
cific activity = 0.258 mCi mmol ).
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Readsorption of “C-ethene on this evacu-
ated surface to a residual gas pressure of
0.53 kPa, followed by evacuation for 78 min
at 295 K, resulted in a 62% decrease in sur-
face radioactivity, and subsequent equili-
bration with 1.20 kPa "*C-ethene for 40 min
showed a further 21% of the surface radioac-
tivity could be exchanged.

Coadsorption of Ethene and
Carbon Monoxide

The effects of preadsorbing carbon mon-
oxide on the adsorption of ethene and vice
versa, and the coadsorption of carbon mon-
oxide and ethene together, were examined
in the dynamic mode over each catalyst.

Platinum/alumina (I). No ethene adsorp-
tion was detected at 273 K on a carbon mon-
oxide precovered surface. The amounts of
carbon monoxide adsorbed and the subse-
quent thermal desorption results were iden-
tical to those reported in Part 11 (2). How-
ever, when, on a freshly reduced catalyst
sample, ethene was preadsorbed to satura-
tion at 273 K, subsequent admission of a
pulse of carbon monoxide resulted in the
desorption of 28% (= 1.97 x 10" molecules
g™ ') of the adsorbed ethene. The ratio
COpys): CHyes, was 4.3:1. A second
pulse of carbon monoxide also displaced
some ethene such that the ratio 2CO,,
2C,H .., Was 4.2 : 1. Further pulses of car-
bon monoxide, whilst undergoing adsorp-
tion, did not displace any further amounts
of ethene. No ethane was detected as a de-
sorption product. The total amount of eth-
ene displaced by the carbon monoxide was
3.35 x 10" molecules g '. Subsequent heat-
ing in the helium flow to 573 K resulted in
the desorption of carbon dioxide (4.71 x
10"* molecules g7'), such that CO,,:
COsyes, = 3.0: 1, ethene (0.22 x 10" mole-
cules g~ ") and ethane (0.11 x 10"* molecules
g "

When carbon monoxide and ethene
(CO:C,H, = 1:1) were co-pulsed over a
freshly reduced catalyst at 273 K, carbon
monoxide adsorption, ethene hydrogena-
tion and ethene retention were all observed;

JACKSON ET AL.

92% of the carbon monoxide in each of the
first three pulses was adsorbed, whilst fur-
ther smaller amounts of carbon monoxide
were adsorbed from the fourth and fifth
pulses, after which no further adsorption
was observed. The total amount of carbon
monoxide adsorbed was 15.5 x 10'® mole-
cules g~ '. Ethane formation and ethene re-
tention were observed with each of the first
four pulses. The respective amounts of eth-
anc formed and ethene retained were as
follows:

Pulse number 1 2 3 4
Ethane formed (%) 84 77 69 65
Ethene retained (%) 16 23 28 0.

No adsorption or hydrogenation was ob-
served after four pulses. The respective to-
tal amounts of carbon monoxide and ethene
adsorbed were 15.5 x 10" and 2.76 x 10"
molecules g~ '. These values compare with
19.79 x 10®¥ and 7.16 x 10" molecules g '
for the respective separate adsorptions on
freshly reduced catalysts. Thermal desorp-
tion by heating in the helium flow to 573 K
resulted in the production of carbon dioxide
(4.15 x 10" molecules g "), ethane (1.56 x
10" molecules g~ ') and ethene (1.39 x 10'®
molecules g~ '). The ratio CO,q.,: COsge.,
was 3.74 : 1, compared with a value of 4.3 : 1
when carbon monoxide alone was adsorbed
on a freshly reduced catalyst.

Platinum/silica (I). When carbon monox-
ide was preadsorbed to saturationat 273 K on
afreshly reduced catalyst sample, no subse-
quent adsorption of ethene occurred. How-
ever, when an ethene precovered surface
was subjected to pulses of carbon monoxide,
1.6 x 10" molecules g~! of the latter were
adsorbed, although no hydrocarbon was dis-
placed either as ethene or ethane. Co-pulsing
of a carbon monoxide-ethene mixture
(CO:C5H, = 1.1:1)resulted in the adsorp-
tion of both carbon monoxide and ethene and
the production of ethane, but only from the
first pulse. No retention or hydrogenation of
ethene was observed in subsequent pulses.
The respective amounts of ethane produced,
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ethene retained and carbon monoxide ad-
sorbed were 0.36 x 10", 0.21 x 10*, and
1.73 x 10" molecules g~ '. It is noteworthy
that the formation of ethane in these coad-
sorption experiments contrasts sharply with
the behaviour of ethene when pulsed alone
over 4 freshly reduced catalyst, when no hy-
drogenation was observed.

Platinum/molybdena (I). In contrast
with the behaviour of the Pt/alumina (I)
and Pt/silica (I) catalysts, the amounts of
carbon monoxide and ethene adsorbed by
the Pt/molybdena (I) catalyst were almost
independent of which adsorbate was admit-
ted first, or whether the adsorbates were
admitted together, Thus, on a carbon mon-
oxide presaturated surface, on which
4.45 x 10"™ molecules CO g ' were ad-
sorbed, pulsing of ethene to surface satura-
tion resulted in the retention of 5.4 x 10%¥
molecules g ', whilst presaturation of the
surface with ethene, followed by carbon
monoxide resulted in the adsorption of
5.64 x 10" molecules C,H, g ' and 5.18
x 10" molecules CO g '. Co-pulsing of a
1.1:1 = CO:C>H; mixture over a freshly
reduced catalyst resulted in the adsorption
of 3.18 x 10" molecules CO g' and
5.53 x 10" molecules C,H, g~ !. No cthane
was produced from any of the pulses.

Platinum/molybdena (C). Preadsorption
of carbon monoxide at 293 K prevented the
subsequent adsorption of ethene, although
when ethene was preadsorbed on a freshly
reduced catalyst subsequent pulsing of car-
bon monoxide resulted in the adsorption
of 3.97 x 10" molecules g~'. This latter
figure should be compared with a carbon
monoxide adsorption of only 1.40 x 10"
molecules g ' on the freshly reduced cata-
lyst in the absence of ethene.

Co-pulsing of a carbon monoxide-ethene
mixture (CO: C,H, = 1.1: I)overthefreshly
reduced catalyst at 293 K resulted in the ad-
sorptionof 3.88 x 10" molecules COg ™ 'and
some ethene adsorption. However, because
of the heavy tailing of the peaks, no accurate
figure for the amount of the latter could be
established. Carbon monoxide, carbon diox-

ide, and ethene were all detected as products
during thermal desorptionat 573 K, although
the amounts were too small to enable quanti-
tative values to be obtained.

FTIR Spectra of Adsorbed Ethene

Platinum/alumina (I'). Transmission spec-
tra of a freshly reduced catalyst sample,
which had been subjected to a pulse (49.3 x
10'* molecules) of ethene in a helium stream
(flow rate 25 ml min~") at 298 K showed no
bands ascribable to surface bound hydrocar-
bon species. Similarly, the transmission
spectraobtained inastatic mode whenacata-
lyst sample, which had been reduced in deu-
terium, was left in contact with 5.87 kPa eth-
ene at 298 K for up to 56 min failed to reveal
any bands due to adsorbed hydrocarbon
species.

Platinum/silica (1. No bands due to ad-
sorbed hydrocarbon were observed when a
freshly reduced catalyst sample was treated
withapulse (4.93 x 10" molecules)ofethene
in a helium stream (flow rate 28 ml min. ') at
298 K., although there was a slight loss in the
intensity of the hydroxyl band (3840 cm ')
and a slight increase in the intensity of bands
due to chemisorbed water (ca. 3000 and 1460
c¢m '). However, when a static adsorption
was carried outat 298 K by allowing 5.33 kPa
cthene to equilibrate, for up to 53 min, with
the catalyst sample, which had been reduced
in deuterium, bands at 2990. 2948, and 2871
c¢m !, ascribable to the presence of surface
~CH, and *CH,. rather than —-CD; or CD,.
species werc detected. The spectra are
shown in Fig. 5.

These spectra also show that the bands
persisted even after the catalyst had been
evacuated for 10 min at 298 K and when the
catalyst had been heated in vacuo, first to
385 K and then to 485 K. Associated with
the appearance of the hydrocarbon bands
were changes in the features of the bands
due to Si—OH and Si-OD groups at, respec-
tively, 3600 and 2600 cm "', indicating some
interaction between the adsorbed hydrocar-
bon moiety and these groups.

It was found that evacuation and heating
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of the ethene precovered surface resulted
in a gradual disappearance of the bands due
to both isolated and “‘hydrogen’’-bonded
—OD groups and a corresponding increase
in intensity of both types of —OH group. In
a further experiment, the spectra obtained
when a deuterium-reduced catalyst was
exposed to 6.53 kPa ethene for 40 min at
298 K failed to reveal any bands ascribable
to surface alkyl groups, although similar
effects on the deuteroxyl and hydroxyl
bands were observed. Subsequent expo-
sure of this second sample to C"0 led to
the appearance of a band due to linearly
bound C"0O (Fig. 6), whose position was
slightly shifted from 2038 to 2019 ¢cm ! and
whose intensity was substantially reduced
compared with that obtained following ad-
sorption of C'*O on a freshly reduced cat-
alyst.

Platinum/molybdena (I). The DRIFT
spectra obtained following the exposure of
a freshly reduced catalyst sample, which
had been diluted with 5 parts of diamond
powder, to 30.67 kPa ethene at 298 K

0.2000
\

Absorbance
0.0875 01250 _ 0.1625
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40000 36143 32285 8429 24571 2074

Wavenumber (cm -1)

Fi1G. 5. Transmission FTIR difference spectra ob-
served following exposure of a deuterium-reduced Pt/
silica (I) catalyst sample to ethene for 53 min (spectrum
A) and after a 10-min evacuation at 298 K (spectrum
B), then 385 K (spectrum C), and finally at 485 K
(spectrum D).
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FiG. 6. Transmission FTIR spectrum of C*Q ad-
sorbed on (i) a freshly reduced Pt/silica (1) catalyst
sample (spectrum A) and (ii) a Pt/silica catalyst which
had been precovered with ethene and then evacuated
before admission of C™®*Q (spectrum B).

only showed bands ascribable to gas phase
ethene. No bands due to surface adsorbed
hydrocarbon species were observed.

DISCUSSION

The results presented above show that the
various supported platinum catalysts exhib-
ited marked differences in behaviour to-
wards the adsorption and retention of
ethene.

Platinum/Alumina (I)

The pulsed-flow chemisorption results in-
dicate that some dissociative adsorption of
ethene occurred resulting in the formation
of ethane and, during high-temperature ther-
mal desorption, methane. Assuming that all
of the hydrogen associated with the retained
ethene is available for the formation of eth-
ane and methane, an assumption which
may not be correct in view of the carbon
monoxide—ethene coadsorption results dis-
cussed below, the average composition of
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the surface adsorbed species can be calcu-
lated from the yields of hydrogenated prod-
ucts. These are, for ethene adsorbed at 294
K, C,Hy 5, (after Ist pulse), C,Hgqs (after
2nd pulse) and, following adsorption and
thermal desorption at 573 K, C,H; 4. For
ethene adsorption at 273 K, the values are
C,H, 5, (for Ist pulse), and C,H, 4, (after 2nd
pulse). No values could be determined for
adsorption at 194 K due to the complex be-
haviour observed. The total amounts of eth-
ene strongly adsorbed on the surface de-
creased with increasing temperature; values
for the C, : Pt ratio were 1.01: 1 (194 K),
0.33:1 (273 K), and 0.27: 1 (294 K).

The dynamic chemisorption studies also
showed that preadsorptionof carbon monox-
ide to saturation at 273 K totally poisoned the
catalyst surface for ethene adsorption. How-
ever, admission of carbon monoxide to an
ethene-precovered surface resulted in the
displacement of 47% of the adsorbed hydro-
carbon as ethene and a total carbon monox-
ide adsorption on the ethene precovered sur-
faces corresponding to 62.6% of that
adsorbed on a freshly reduced catalyst.
These values suggest that the ethene mole-
cules are bonded to two surface platinum
atoms, assuming that, as discussed in Part 11
(2), the carbon monoxide is present predomi-
nantly as a linearly adsorbed species. In con-
trast with the displacement results, when an
equimolar carbon monoxide—ethene mix-
ture was co-pulsed over the catalyst, the pre-
dominant hydrocarbon species eluted from
the reactor was ethane, rather than ethene.
Indeed, ethane was produced even under
conditions where no ethene retention was
observed. The total amount of carbon mon-
oxide adsorbed in the co-pulsing experi-
ments corresponded to 78.4% of that ad-
sorbed on a freshly reduced catalyst. In the
coadsorptionexperiments, calculation of the
hydrogen atom balance between the
amounts injected and the amounts eluted
from the reactor show that, evenifall the hy-
drogen associated with the retained hydro-
carbon species is available for ethane pro-
duction, which cannot be the case in view of
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the carbon monoxide displacement results,
where ethene was desorbed, the catalyst it-
selfmust provideatleastatotalof 1.15 x 10
atoms H g~ !, of which 4.37 x 10'® atoms H
g~ ' are provided in the first pulse. The total
hydrogen provided by the catalyst, calcu-
lated on the above assumptions, corresponds
to a Pt : H ratio of 2.38: 1. These coad-
sorption results are consistent with the re-
sults presented in Part 11 (2), which showed
that, with a freshly reduced catalyst follow-
ing the reduction/evacuation procedure, ad-
sorption of the second and subsequent pulses
of carbon monoxide resulted in the desorp-
tion of hydrogen, suggesting that the adsorp-
tion of carbon monoxide causesadecrease in
the catalyst-hydrogen binding energy and a
resultant release of surface retained hydro-
gen. In the present case it can be concluded
that these catalyst hydrogen atoms, once re-
leased, will react with the ethene, rather than
recombine and desorb as molecular hy-
drogen.

The static '*C-ethene adsorption iso-
therms, obtained for the first adsorption of
ethene on a freshly reduced catalyst, show
very unusual behaviour in that an intermedi-
ate plateau region is observed before further
adsorption occurs when either substantially
high ethene pressures (=0.53 kPa) of the
adsorbate are admitted or the catalyst is left
in contact with a small pressure of ethene
for a prolonged period. Subsequent iso-
therms on the same catalyst sample, which
has been subjected to an adsorption—evacu-
ation cycle, show the more usual behaviour
with a well-defined primary and secondary
region (3), the plateau of which corresponds
with the second plateau of the first isotherm.
Possible reasons for such behaviour are: (i)
initial contact of the freshly reduced catalyst
with ethene conditions it for further ethene
adsorption by, for example, the lay-down
of surface hydrocarbonaceous residues, and
(if) the surface of the freshly reduced cata-
lyst is partially poisoned by some species
which is slowly removed by interaction with
adsorbed ethene.

The results obtained in both the dynamic
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and static chemisorption clearly show that
surface hydrocarbonaceous residues are in-
deed formed on the surface. Similar obser-
vations have been made for ethene adsorp-
tion on other alumina-supported Group VII1
metals (5) and on single crystal platinum
surfaces (/2). Furthermore, previous stud-
ies have shown that (i) the total amounts
of hydrocarbon adsorbed in the pulsed-flow
experiments may be equated with the
amounts of hydrocarbon retained on the
surface after adsorption and evacuation in
static adsorption experiments and (ii) the
composition of the retained C_H, species is
the same in both the pulsed-flow and static
adsorption studies (/0). However, in these
earlier studies, no evidence has been ob-
tained for such laydown giving rise to an
enhancement in the amounts of ethene ad-
sorbed. This, together with the observations
made in the present study using silica-
supported platinum which, from compari-
son of Figs. 1 and 2, shows an approximately
eight times greater total ethene adsorptive
capacity than the platinum/alumina (I) cata-
lyst and which, as discussed below, shows
the formation of a carbonaceous overlayer
but a normal adsorption isotherm, leads to
the conclusion that the enhancement of eth-
ene chemisorption by carbon lay-down is
unlikely to account for the observed behav-
iour with the platinum/alumina (I) catalyst.

Considering the alternative postulate that
the behaviouris due to poisoning, the results
presented in Part II (2), and results for the
coadsorption of carbon monoxide and eth-
ene presented above, show that the interac-
tion of carbon monoxide with the freshly
reduced catalyst results in the release of cat-
alyst hydrogen. The possibility exists,
therefore, that this hydrogen may effec-
tively act as a partial poison for the initial
adsorption of ethene and that the small ini-
tial ethene adsorption causes an effect simi-
lar to, but much slower than, that induced
by carbon monoxide, with a slow release of
the catalyst hydrogen and the creation of
fresh sites for ethene adsorption. It is inter-
esting to note that no evidence was obtained
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for the “‘two-stage’’ adsorption of ethene in
the pulsed-flow chemisorption, suggesting
that the effect is primarily associated with
the nonretained, reversibly adsorbed ethene
species, which is observed under static, but
not under dynamic conditions.

In view of the strong evidence from the
chemisorption measurements, particularly
from the carbon monoxide displacement re-
sults, that ethene is retained as such on the
catalyst surface, the absence in the FTIR
spectra of any bands ascribable to hydrocar-
bon species is surprising. Clearly, the mode
of adsorption of the retained species, even
as C,H,, 1s such as to be infrared inactive.
Similar observations have been reported
previously by Sheppard (/3) and by Avery
(/4) for the adsorption of various hydrocar-
bons on a variety of supported metal cata-
lysts. The FTIR results also show that the
permanently retained ethene species are not
present on the surface as aliphatic polymer.

Platinum/Silica (1)

In contrast to the complex behaviour ob-
served in the case of Pt/alumina (1), the re-
sults obtained with Pt/silica (1) are relatively
straightforward. From the pulsed-flow
chemisorption results at 294 K, the amount
of ethane produced was far in excess of that
expected. Even if it is assumed that all the
hydrogen associated with the retained hy-
drocarbon is available for ethane produc-
tion, which cannot be the case in view of the
FTIR results discussed below, the ethane
yields show that the catalyst itself must pro-
vide a minimwm of 2.12 x 10¥atoms Hg " !,
which is equivalent to a Pt : H ratio of
1.06: 1. The presence of catalyst hydrogen
is also consistent with the conclusion
reached from the carbon monoxide adsorp-
tion measurenents on the same catalyst (2),
which showed that hydrogen remained on
the surface of the freshly reduced catalyst
even after high-temperature desorption in
helium following reduction. The observa-
tion that, after the ethene-saturated surface
was left in a helium flow at 294 K for an
extended period, further amounts of ethane
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were formed when ethene was again pulsed
over the catalyst, although no further ethene
was retained, indicates that either there is
a slow dissociation of the initially retained
ethene, or retained hydrogen is released
from the catalyst due to a slow surface re-
structuring under the influence of retained
ethene, similar to that proposed for
platinum/alumina (I). The values for the
Pt H ratios clearly suggest that the
freshly reduced platinum/silica (I) catalyst
also contains hydrogen after reduction/acti-
vation. The amounts of ethane produced
after the ethene adsorption—helium desorp-
tion—ethene adsorption cycle show that the
catalyst, which is already bereft of hydro-
gen, must supply a further 2.96 x 10" atoms
H g ''. In contrast to the behaviour at 294
K. no hydrogenation was observed during
ethene adsorption at either 273 or 194 K,
although ethane was produced when carbon
monoxide and ethene were coadsorbed on
the catalyst at 273 K, suggesting that the
presence of carbon monoxide liberates
some hydrogen form the catalyst at this tem-
perature. In comparison with platinum/alu-
mina (1), the total amounts of ethene re-
tained at each of the temperatures studied
were very small; values for the C,: Pt .,
ratio were 0.017:1 (294 K), 0.20: 1 (273 K),
and 0.75: 1 (194 K), although these low val-
ues are not unexpected in view of the rela-
tively small amounts of carbon monoxide
adsorbed by the platinum/silica (I) catalyst,
as shown in Part I1 (2), and the relatively
large fraction of reversibly adsorbed ethene
as determined in the "“C-ethene static che-
misorption.

Whilst preadsorption of carbon monoxide
caused complete blocking of the surface for
ethene adsorption, carbon monoxide ad-
sorption on either an ethene-precovered
surface or in the presence of ethene under
coadsorption conditions, could occur to the
extent of ca. 80% of that observed for a
freshly reduced catalyst. The presence of
carbon monoxide in the adsorption mixture
also effectively blocked the surface for eth-
ene adsorption, which only occurred to an
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extent of 2.9% of that on the freshly reduced
catalyst. Together these results indicate that
the same surface sites are involved in the
adsorption of carbon monoxide and ethene,
the former being more strongly adsorbed
under competitive conditions. However,
the observation that no adsorbed hydrocar-
bon was displaced by carbon monoxide indi-
cates that, once on the surface, the hydro-
carbon species are strongly adsorbed. This
latter conclusion is consistent with the FTIR
results, which show that the surface alkyl
species, once formed, are stable to desorp-
tion at 485 K.

The presence of strongly bound surface
alkyl species is consistent with the adsorp-
tion of ethene as an ethylidyne species
(CH.-C=Pt), as previously observed on
single crystal platinum surfaces (/3) and
platinum/silica (I) catalysts (/6). The FTIR
spectra also showed that there was an inter-
action between the adsorbed hydrocarbon
species and the hydroxyl groups associated
with the support. Whilst the nature of this
interaction is unclear, the observation that
heating the ethene precovered surface re-
sulted in a hydrogen exchange between the
adsorbed hydrocarbonaceous species and
the support hydroxyl groups indicates that
either the hydrocarbon must be bonded, at
least in part, to the support, or hydrogen
released by further dissociation of the ad-
sorbed hydrocarbon undergoes spillover on
the silica-supported catalysts (/7). The ob-
servation that the presence of preadsorbed
ethene caused a lowering of the frequency
of the linearly bound carbon monoxide, im-
plying a greater degree of back donation to
the #*-orbitals of the carbon monoxide,.
strongly suggests that, in the adsorbed state,
at least some of the hydrocarbon species
donate electrons to the surface metal atoms.
The decrease in intensity of the carbon mon-
oxide band is consistent with a lower cover-
age, as indicated by the chemisorption re-
sults, although the decrease in 6. is not
thought to cause the shift in the carbon mon-
oxide stretching frequency to a lower wave-
number.
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Platinum/Molybdena

The *C-ethene adsorption isotherms ob-
tained with the catalyst prepared by impreg-
nation showed little or no primary region
and this, together with the observation that
a major (80%) fraction of the adsorbed eth-
ene is relatively easily removed by evacua-
tion at the adsorption temperature, suggests
that the ethene is only very weakly bound
to the surface. However, this conclusion is
not wholly supported by the pulsed-flow
chemisorption data, which shows that sig-
nificant amounts of ethene were retained at
294, 273, and 188 K, although no ethane
formation accompanied the adsorption at
any of the temperatures investigated. This
suggests that ethene is associatively ad-
sorbed and that no catalyst hydrogen is
available for ethene hydrogenation, al-
though there was clear evidence for the for-
mation of a molybdenum bronze during the
initial reduction of the catalyst (see Part 1).
The DRIFT spectra also indicate that a small
fraction of the ethene is relatively strongly
adsorbed on the catalyst surface, the bands
at 1537 and 950 cm ™!, suggesting the pres-
ence of small amounts of surface aromatic
species. The carbon monoxide—ethene
coadsorption results are in marked contrast
to the behaviour observed with the Pt/alu-
mina, Pt/silica and the Pt/molybdena (C)
catalysts in that the two adsorbates appear
to be adsorbed noncompetitively at separate
surface sites. However, it is not clear as to
the origins of this difference in behaviour.

The results obtained for “C-ethene chemi-
sorption on the Pt/molybdena (C) catalyst,
whilst differing in detail from those obtained
with the Pt/molybdena (I) catalyst, also show
that, when molybdena is used as the support,
most (ca. 80%) of the ethene is relatively
weakly adsorbed. The results obtained for
the competitive adsorption of carbon mon-
oxide and ethene at 293 K on the Pt/molyb-
dena (C) catalyst are of particular interest in
that, whilst preadsorption of carbon monox-
ide completely blocked the surface for eth-
ene adsorption, the presence of ethene re-
sulted in an almost three-fold enhancement
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in the amount of carbon monoxide adsorbed,
this enhancement being the same when the
ethene was either preadsorbed or was admit-
ted together with the carbon monoxide.
Clearly, the presence of ethene causes either
some surface restructuring or reacts with
some species on the surface which is capable
of acting as a poison for the chemisorption of
carbon monoxide.

CONCLUSIONS

The results presented above show that
there are significant differences in both the
nature and the behaviour of the various sup-
ported platinum catalysts. In particular,
striking differences between Pt/alumina (1)
and Pt/silica (I) catalysts have been estab-
lished both in terms of the nature of the
adsorbed hydrocarbon species present on
the surface following ethene chemisorption,
and in the ability of the catalyst to retain
hydrogen following reduction/activation,
and subsequent thermal desorption, of the
supported salt. In this context the ability of
Pt/alumina (I) to retain significant amounts
of hydrogen is of particular importance to
the understanding of the nature of the active
sites on this catalyst for hydrogenation reac-
tions. The Pt/alumina (I) and Pt/silica (1)
catalysts show similar particle size distribu-
tions, as measured by TEM, and the XPS
spectra indicated that there was significant
metal support interaction in the case of the
Pt/alumina (/). This is supported by the dif-
ferences observed in this adsorption study,
which cannot be attributed simply to the
differences in the platinum crystallites
themselves, but must be due, at least in part,
to an influence of the nature of the support
on the metal.

The method of preparation of the Pt/
molybdena catalysts has also been found to
have a profound effect on their ability to
adsorb carbon monoxide (2). Evidence has
also been obtained for different types of ad-
sorption site on the catalysts prepared by
impregnation and co-crystallization. Sig-
nificantly, although both catalysts formed a
bronze during the reduction/activation, no
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evidence was obtained that the hydrogen
stored in the catalyst as the bronze could
act as a hydrogen source for the hydrogena-
tion of ethene.
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