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Supported palladium and platinum catalysts suffer a decrease in their activity with respect to
hydrocarbon oxidation when they are exposed to halogenated hydrocarbons or to organosiloxanes.
With halogen compounds, the deactivating effect depends markedly on temperature. However, in
the range 625-730 K, the resulting loss in activity increases with the number of chlorine atoms in
the molecule; moreover, bromine is a more effective inhibitor than chlorine. Platinum catalysts are
more resistant to poisoning than palladium catalysts. The extents of deactivation and of subsequent
recovery of catalytic activity are more pronounced at high temperatures and when there is strong
interaction between the precious metal and the support. Generally similar behavior is observed
when hexamethyldisiloxane is passed over powdered catalysts at a temperature of 650 K. How-
ever, this compound causes total and almost irreversible poisoning of catalytic beads for methane
oxidation but has a much smaller effect on the activity with respect to butane oxidation. Physico-
chemical studies of the poisoned catalysts suggest that the halogenated hydrocarbons act as inhibi-
tors as a result of their preferential adsorption on sites normally required for the activation and
adsorption of oxygen, whereas the organosilicon compound functions by virtue of the penetration
of silicon atoms into the precious metal and the consequent physical blocking of active sites on the

catalyst surface.

INTRODUCTION

Supported palladium and platinum cata-
lysts are used for the total oxidation of hy-
drocarbons in atmospheric scrubbers, auto-
mobile exhausts, and flammable gas
detectors. A major limitation imposed on
the reliable operation and useful lifetime of
such catalysts is their susceptibility to poi-
soning by a number of types of compound,
including in particular halogenated hydro-
carbons and organosiloxanes, which cannot
readily be removed from the gas stream.

Cullis et al. (1) found that chlorometh-
anes poisoned a palladium sponge catalyst
for methane oxidation. The loss in catalytic
activity was attributed to the ability of the
adsorbed halogen compounds to form di-
poles with the negative charge facing out-
wards, so that the surface coverage by oxy-
gen ions is decreased. Barnes et al. (2)
studied the effects of some chlorinated and
brominated hydrocarbons on palladium and
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platinum catalysts and found that these
compounds were dissociatively adsorbed;
the loss in catalytic activity caused by these
additives was generally only transient. A
similar conclusion was reached by Otto and
Montreuil (3), who explained the inhibiting
effect of two haloethanes in terms of their
competitive adsorption on the active cata-
lyst sites.

There is little published work on the in-
fluence of organosiloxanes on precious
metal oxidation catalysts. Gentry and Jones
(4) showed, however, that the degree of de-
activation caused by an organosiloxane de-
pended on the type of site involved. High-
energy sites, such as those required for the
oxidation of methane, were rapidly poi-
soned, while those of low energy, which
would bring about the oxidation of hydro-
gen at low temperatures, were almost unaf-
fected. The chemical fate of the organosi-
loxanes was not determined.

No study of the poisoning of supported
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precious metal catalysts can be complete if
the work 1s confined to the metal on its
own The complex interactions that occur
between the precious metal and its support
profoundly affect the reactions taking place
on the surface of the catalyst as well as the
extent to which such reactions are pot-
soned The geometric and electromic struc-
tures, the accessibility of the reactants, and
the stability and degree of dispersion of the
metal are to some extent controlled by the
support (5) In addition the poison may be
adsorbed on the support as well as on the
catalyst surface (6) In such a case, the cat-
alyst 1s 1n an environment different from
that which would be expected if the support
took no part in the poisoning reaction

A previous paper (7) described a detailed
study of the oxidation of methane over pal-
ladium and platinum catalysts supported on
various refractory metal oxides and special
attention was paid to the effects of the sup-
ports on the activity of the catalysts It was
shown that, with palladium, the support in-
fluenced the ability of the metal to adsorb
oxygen and hence to oxidize methane The
rate of oxidation of the hydrocarbon was
mcreased by the use of high surface area
supports The present work involves a
study of the deactivation of similar cata-
lysts, with particular reference to the con-
tribution which the support makes towards
both the mtial loss and the subsequent re-
covery of catalytic activity

EXPERIMENTAL

The sources of the precious metal com-
pounds and catalyst supports have already
been described (7) The surface areas of the
supports were y-alumimum(IIl) oxide, 45
m? g7, tun(V) oxide, 125 m? g7, tita-
num(IV) oxide, 6 8 m? g~!, thorum(IV) ox-
ide, 2 5 m? g~! Details have already been
given of the methods of preparation of the
supported catalysts for use in the pulse-
flow microreactor system (7)

The catalysts were also prepared 1n the
form of microcalorimetric beads using the
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procedure recommended by Baker and
Firth (8), the alumuna beads were coated
with thoria and palladium was deposited on
the outer surface, the final Pd Th weight
ratio being approximately 1 20

Details have also been given elsewhere of
the sources and methods of purification of
methane, oxygen, nitrogen, and helium (7),
butane was supplied by Air Products Lim-
ited and was condensed and distilled before
use Tetrachloromethane and trichlorometh-
ane (‘‘Anstar’’ grade), dichloromethane
(‘‘AnalaR’”’ grade), 1,2-dichloroethane, and
dibromomethane were supphed by B D H
Limted and were carefully degassed before
use Hexamethyldisiloxane, obtained from
Dow Corning Limited, was distilled at low
pressure and only the middle fraction was
retained

The apparatus and the gas-handling tech-
mques used have already been fully de-
scribed (7), as have most of the analytical
procedures Auger spectroscopic studies
were carried out using a JEOL JAMP-10
Scanning Auger Electron Microscope (9,
10), the very low electron currents used
(1079 A) mimimized surface damage to the
samples As with X-ray photoelectron
spectroscopy, samples were pressed nto
indium foil before examination
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Fic 1 The effect of water on the activity of an
alumina-supported palladium catalyst Temperature,
625 K, palladium loading, 2 7 wt%, composition of
reactant pulse 1 8 x 10~°mol CH,, 3 6 X 10 mol O,
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RESULTS
Effects of Water and Carbon Dioxide

Before studies were carried out of the in-
fluence of specific additives, measurements
were made of the effects of the normal reac-
tion products, viz H,O and CO,, on cata-
lytic activity Relatively large quantities of
water inhibit the oxidation of methane, the
degree of inhibition increasing with the wa-
ter content of the reactant pulse (Fig 1)
However, amounts of water comparable
with those formed by the total oxidation of
the methane present were found not to have
any appreciable effect on the activity of the
catalyst Simlar results were obtained with
carbon dioxide

Inhibition by Halogenated Hydrocarbons

Small amounts of different mhibitors
were mixed with a stoichiometric methane
+ oxygen pulse before the resulting gas
mixture was passed through the catalyst,
the mitial activity of which had already
been determmned The decreased catalytic
activity was then measured by passage of
an mhibitor-free methane + oxygen pulse
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over the catalyst When the deactivated
catalyst was placed 1n a stream of flowing
helum and pulses of methane + oxygen
were passed through it, the activity was of-
ten at least partially restored, experiments
showed that methane-rich mixtures were
more effective than oxygen-rich mixtures in
promoting recovery of the catalytic activ-
ity If the mitial activity of the catalyst 1s
Ay, the decreased catalytic activity caused
by the inhibitor 1s A, and the activity of the
subsequently restored catalyst is A,, the ex-
tent of inhibiion may be expressed as (A, —
A)/A, and the extent of its recovery as (A,
- A)/A, Experiments with several halo-
genated hydrocarbons (Table 1) showed
that both the loss of activity and the extent
of 1ts restoration depend not only on the
nature of the mhibitor but also on the pre-
cious metal and the support The most
marked loss of catalytic activity was found
with trichloromethane and dibromometh-
ane and there was little or no sign of sub-
sequent recovery of activity when the bro-
mine compound was used Palladium
catalysts were more susceptible to poison-
ing than the corresponding platinum cata-

TABLE 1

The Effect of Some Halogenated Hydrocarbons on the Activity
of Supported Precious Metal Catalysts®

Supported catalyst Halogenated Ay — A, « 100 A — A
hydrocarbon A, A, X 100
2 7 wt% Pd on y-AlL,O; CHCl, 90 0
2 7 wt% Pd on y-ALO, CH.Cl, 70 15
2 7 wt% Pd on y-Al,O, CH,CICHCI 60 25
2 7 wt% Pd on y-Al,0, CH,Br, 70 0
2 7 wt% Pt on 7-A1203 CHC13 50 100
2 7 wt% Pt on ‘Y*A]zO; CHzBrg 30 0
2 7 wt% Pd on TiO, CHCL 95 25
2 7 wt% Pd on ThO, CHCl, 100 5
20 wt% Pd on SnO, CHCl, 95 80
20 wt% Pd on SnO, + y-Al,0, CHCl4 70 0
25 wt% Pd on y-Al,04 CHCl, 90 0
25 wt% Pd on y-Al,0, CH,Br; 75 0

¢ Temperature 650 K, catalyst weight 0 05-0 08 g, composition of each reactant pulse 1 8 x
1076 mol CH,, 36 X 107° mol O, together with 14 X 1077 mol halogen compound during

deactivation experiments
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FiG 2 The deactivation of alumina-supported palladium catalysts by halogenated hydrocarbons and
the subsequent recovery of catalytic activity Temperature, 650 K, composition of reactant pulse 1 8
X 107¢ mol CH,, 3 6 x 1075 mol O,, together with 1 4 X 10~7 mol halogen compound during deactiva-
tion experiments A, CH,Br,, 0 064 g 25 wt% Pd on y-Al,Os catalyst, +, CHCl;, 0 065 g 25 wt% Pd on
v-ALO; catalyst, O, CH,Cl,, 0 079 g 2 7 wt% Pd on y-ALO; catalyst, [, CH,Br,, 0 078 g 2 7 wt% Pd on

y-AlO; catalyst

lysts and those with a high metal loading
were just as readily deactivated as catalysts
with a relatively low palladium content It
was also found that the surface area of the
supports had little effect on the ability of the
catalysts to resist deactivation

Figure 2 shows the progressive loss of
activity of powdered Pd on y-AlLO; cata-
lysts caused by some halogenated hydro-
carbons Both trichloromethane and dibro-
momethane had comparable effects on
catalysts with a relatively high precious
metal loading and the same was true for
dichloromethane and dibromomethane with
a much lower loading of palladium In gen-
eral the degree of inhibition found with the
chlornated hydrocarbons was dependent
on the number of chlorine atoms present
i the molecule, viz, CHCl; > CH,Cl,
CH,CICH,Cl However, little subsequent
recovery of activity was observed with any
of the catalysts which had been poisoned by
these compounds Although the exposure

of fresh catalysts to halogenated hydrocar-
bons always resulted in an eventual de-
crease 1n activity, sufficiently small
amounts of dichloromethane (<ca 1077
mol) had an imitially well-defined but tran-
sient promoting effect (Fig 3)

The action of the catalyst support had a
considerable effect not only on the loss of
mitial activity but also on the subsequent
recovery of palladium catalysts (Fig 4) A
20 wt% Pd on SnO, catalyst had the hmghest
mit1al activity in the absence of mhibitors, 1t
also exhibited the most rapid decrease 1n
activity when exposed to trichloromethane
and underwent the most pronounced recov-
ery 2 7 wt% Pd on Ti0, and 2 7 wt% Pd on
ThO, catalysts both showed almost com-
plete deactivation when exposed to this in-
hibitor, there was, too, very little subse-
quent recovery of activity in the latter
system A 2 7 wt% Pt on y-Al,O; catalyst
had a lower imtial activity than the corre-
sponding palladium catalyst but was never-
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Fic 3 The effect of different concentrations of dichloromethane on the activity of an alummna-
supported palladium catalyst Temperature, 650 K, palladium loading, 2 7 wt%, composition of reac-
tant pulse, 1 8 x 10~¢ mol CH,, 3 6 x 10-mol O, A, No CH.Cl, (catalyst weight, 0 079 g), +, 1 63 X
108 mol CH,Cl, (catalyst weight, 0 084 g), O, 2 72 x 10~ mol CH,Cl, (catalyst weight, 0 042 g), OJ,
136 x 1077 mol CH,Cl, (catalyst weight, 0 070 g)
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Fic 4 The deactivation of supported precious metal catalysts by trichloromethane and the subse-
quent recovery of catalytic activity Temperature, 650 K, composition of reactant pulse, 1 8 x 107¢
mol CH,, 3 6 x 1074 mol O,, and 1 4 X 10-7 mol CHCl, M, 0 054 g 20 wt% Pd on Sn0,, ®,0040g2 7
wit% Pd on y-ALO;, (1, 0 058 g 2 7 wt% Pd on TiO,, A, 0 044 g 2 7 wt% Pt on y-Al,0;,0,0033g2 7

wt% Pd on ThO;
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Fic 5 The effect of temperature on the deactivation by trichloromethane and the subsequent
recovery of activity of an alumina-supported palladium catalyst Palladium loading, 2 7 wt%, composi-
tion of reactant pulse 18 X 10°® mol CHy, 36 X 1074 mol O,, and 1 4 X 107" mol CHCl; A, 730 K
(catalyst weight, 0 041 g), 00, 700 K (catalyst weight, 0 036 g), +, 650 K (catalyst weight, 0 040 g), O

625 K (catalyst weight, 0 043 g)

theless poisoned more slowly and, unlke
its palladium counterpart, completely re-
gained its activity

Changes n catalytic activity depended
also on the temperature In general, the use
of a higher temperature ratsed the imtial ac-
tivity of a given catalyst but also increased

the rates of deactivation and of subsequent
recovery (Fig 5) Simular behaviour was
found when dibromomethane was used as
an inhibitor, although with this compound
there was little or no subsequent recovery
of activity even at the highest temperature
studied (730 K)
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FiG 6 The deactivation of an alumina-supported palladium catalyst by hexamethyldisiloxane and
the subsequent recovery of catalytic activity Temperature, 650 K, palladium loading, 2 7 wt%, cata-
lyst weight, 0 038 g, composition of reactant pulse 18 x 1076 mol CH,, 3 6 x 107% mol O,, together
with 2 2 X 1077 mol hexamethyldisiloxane durning deactivation experiments
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TABLE 2

The Effect of Hexamethyldisiloxane on the
Oxidation of Methane over Catalyst Beads®

Concentration of tso? 1t AT A % 100 A~ A X 100
hexamethyldisiloxane (min)  {min) Ao Ao
(mg m~3) (methane {butane
oxidation) oxidation)
23 53 140 0 100
113 12 21 0 50
282 04 06 0 0

4 Temperature 800 K
? Time taken for activity for methane oxidation to decrease by 50%
¢ Time taken for activity for methane oxidation to decrease by 75%

Intubition of Hydrocarbon Oxidation by
Siloxanes

A powdered 2 7 wt% Pd on y-Al,0O, cata-
lyst rapidly lost 1ts activity when exposed
to small amounts of hexamethyldisiloxane
(Fig 6), indeed the imitial activity was re-
duced to less than half its value as a result
of the passage of the first pulse containing
the inhibitor over the catalyst On removal
of the siloxane from the gaseous reactant
mixture, the activity of the catalyst was sig-
nificantly restored The shapes of the deac-
tivation and recovery curves were gener-
ally similar to those obtained with the
halogenated hydrocarbons (Fig 3)
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When hexamethyldisiloxane and oxygen
on their own were passed over a palladium
catalyst, the organosilicon compound de-
composed to give methane at temperatures
above 500 K, the yield of methane reached
a maximum at 630 K but fell almost to zero
at 725 K Carbon dioxide was also formed
at 625 K, while carbon monoxide became a
predominant product above 700 K

Studies were also made of the effect of
small concentrations of hexamethyldisilox-
ane on the rate of hydrocarbon oxidation
when the catalyst was 1n the form of a m-
crocalorimetric bead A munimum of four
beads was used for each experiment These
were first exposed to a butane + oxygen +
nitrogen mixture, usually for 1 hr, 1n a static
reactor (vol 10 dm?) and then to a methane
+ oxygen + nitrogen muxture for a similar
period of time Measurements were made
of the imitial activities of the beads with re-
spect to the oxidation of the hydrocarbons
Exposure to reactant mixtures containing
hexamethyldisiloxane caused a decrease 1n
catalytic activity, the magmtude of which
was dependent on the concentration of the
mhibitor (Table 2) and was much larger
with methane than with butane (Fig 7) Re-
moval of the siloxane and introduction of
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Fic 7 The deactivation of a palladium on thoria + alumina catalytic bead by hexamethyldisiloxane,
and the subsequent recovery of catalytic activity Temperature, 800K O, oxidation of methane (com-
position of reactant muxture 2 5 mol% CH,, 20 5 mol% O, together with 2 5 X 10~% mol% hexamethyl-
disiloxane during deactivation experiments, balance N;) [, Oxidation of butane (composition of
reactant mixture 0 75 mol% C,H,g, 20 9 mol% O, together with 2 5 X 107* mol% hexamethyldisilox-

ane during deactivation expeniments, balance N;)
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TABLE 3

The Effect of Halogenated Hydrocarbons on the
Particle Size of Some Alumina-Supported Precious
Metal Catalysts

Precious  Halogenated Temperature of exposure  Mean precious
metal hydrocarbon of catalyst to inhibitor metal particle
(K) diameter
(nm)
Pd* — —_ 96
Pd? — — 161
Pd CHCly 580-730 201
Pd CHCl 625 173
Pd CHCl3 650 198
Pd CHCly 700 167
Pd CHCl; 730 186
Pt® _ — 28
Pt CHCl3 650 32
Pt CH,Br, 650 28

@ Catalyst conditioned only
b Catalyst conditioned and then exposed to a CHq + 20, mixture

pure methane + oxygen + mitrogen or bu-
tane + oxygen + nitrogen mixtures made 1t
possible to determine the ability of the de-
activated catalysts to regain their activity
It was found that the catalysts were almost
wurreversibly poisoned for methane oxida-
tion but that they generally recovered much
of therr activity with respect to the oxida-
tion of butane (Table 2 and Fig 7)

Physicochemical Studies of Poisoned
Catalysts

Transmussion electron microscopy Parti-
cle sizes were obtained from transmission
electron micrographs for catalysts contain-
ing palladium and platinum supported on y-
aluminum(IIl) oxide both before and after
they had been exposed to inhibitors

Table 3 shows that the exposure to tri-
chloromethane of a 2 7 wt% Pd on y-AlL,0,
catalyst did not result in any significant
change 1n the average diameter of the palla-
dium particles, even over a temperature
range of 150 K Nevertheless the number of
particles with diameter between 5 and 15
nm appeared to decrease, while there was a
corresponding increase in the number 1n the
25-35 nm range Again no appreciable n-
crease 1n mean particle size was observed
when a 2 7 wt% Pt on y-Al,O, catalyst was
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exposed to halomethanes (Table 3)

X-ray photoelectron spectroscopy Sup-
ported palladium catalysts, both those
which had and had not been exposed to in-
hibitors, as well as the matenals used 1n
their preparation, were examined using X-
ray photoelectron spectroscopy with alu-
minum K, radiation as the X-ray source
Due to the insulating properties of the cata-
lytic matenals concerned, charging may oc-
cur on the surface of the samples causing
shifts in the observed binding energies In
order to reduce errors in measurements due
to charging, a reference line (the O 1s;, line
at 532 0 eV) was used as an internal stan-
dard from which other peaks were calcu-
lated

Exposure of the catalysts to halogenated
hydrocarbons caused some changes in the
carbon and palladium binding energies (Ta-
ble 4) After a 2 7 wt% Pd on y-Al,O; cata-
lyst had been exposed to dichloromethane,
the C 1s;, line broadened and became a
doublet The carbon peak at the lower bind-
ing energy may be ascribed to carbon-halo-
gen residues, since 1t was absent before the
inhibitor was introduced Samples of cata-
lysts deactivated by dichloromethane were
also found to be closer in composition to
palladium metal than to the catalytically ac-
tive palladium(Il) oxide, this can be seen
from the Pd 3d,, and Pd 3d,, electron bind-
g energies, which lie close to those ob-
tained for palladium metal (Table 4)

Recovery of the activity of Pd on y-Al,0,
catalysts following exposure to pulses of
methane + oxygen left the palladium 1n an
oxidation state intermediate between those
of the metal and the oxide This was indi-
cated by a shift in the position of the 3d
binding energies from those obtamed for
Pd° to those found for Pd" and by a simphfi-
cation of the C 1s, signal The first step in
recovery appeared to mvolve reoxidation
of the palladium followed by removal of the
carbonaceous residue This is shown 1n Ta-
ble 4 for a 2 7 wt% Pd on y-AlL,O; catalyst
where a 10% recovery of activity was ob-
tained, the palladium had Pd 3d binding en-
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TABLE 4

The Effect of Halogenated Hydrocarbons on the Binding Energies

Catalyst Binding energy (eV)
C 151/2 Pd 3ds/2 Pd 3d3/2 Cl 2p1,2, 2p3/2
Pd 284 5 3351 340 5 —
PdO 2855 3382 343 6 —
2 7 wt% PdCl, on y-Al,0; 2849 3373 3425 1993
27wt% Pd on y-AlLO:® 284 5 3399 3420 —
27 wt% Pd on y-ALOY 283 8) 3355 3407 199 6
285 3)
. 197 1)
27wt% Pd on y-AlLOy 283 8 3372 342 4 199 5)
283 8) 197 8)
~ d
27 wt% Pd on y-Al,O; 285 3) 3372 3425 200 4)
. 283 7)
27 wt% Pd on y-AlLO; 285 2) 3369 3417 —
283 1)
-ALO/ _
27wt% Pd ony-ALOs 286 0) 3377 3425
27 wt% Pd on SnO,? 286 3 3373 3426 —
20 wt% Pd on SnO,* 286 4 3379 3429 —
20 wt% Pd on SnOy 286 4 338 2 343 4 —
20 wt% Pd on SnO, + ALOy 284 8 3380 3427 —

@ Catalyst conditioned and then exposed to CH; + O,

b Catalyst after deactrvation by CH,Cl,

¢ Catalyst after deactivation by CH,Cl; and subsequent recovery

4 Catalyst after deactivation by CCl, and subsequent recovery

¢ As d but after argon 1on-etching and removal of ca 1 nm surface
f Catalyst after deactivation by CH,Br, and 10% recovery

¢ Catalyst treated at 875 K
* Catalyst treated at 720 K

* Catalyst exposed to pulses contaiming 1 4 x 1077 CHCl;

J As 1 but catalyst activity not restored
* Shoulder

ergies typical of those for palladium(II) ox-
ide, while the carbon retained a doublet for
the C 1s;, signal A similar Pd on y-ALO,
catalyst which had been exposed to dichlo-
romethane was subsequently reactivated,
at the stage where its activity had recov-
ered almost to the level obtained before in-
hibition, 1t had a simple C 1s,, peak at 283 8
eV with only a shoulder at 286 0 eV mark-
ing the presence of the other peak (Table 4)
After a 20 wt% Pd on SnO, + Al,O; cata-
lyst had been exposed to trichloromethane,
the Pd 3d;, and Pd 3ds;, binding energies
observed were typical of those for palla-
dium(Il) oxide before reactivation (Table

4) This was not the case for Pd on y-Al,0,
catalysts where palladium(II) oxide was
found only after the activity was restored
by means of methane + oxygen pulses and
the inhibited catalyst contained only palla-
dium metal

Some indication of the depth to which the
mhibitor had penetrated below the surface
of the precious metal was obtained by argon
1on bombardment This technique nvolves
erosion of the surface layers by 10ns of suf-
ficient energy to remove successive atomic
layers Fine control of the energy and time
of bombardment provides a controlled
depth of erosion and the exposed surface
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may then be analyzed The results in Table
4 refer to a 2 7 wt% Pd on y-Al,O; catalyst,
from which ca 1 nm of surface had been
removed No chlorine could be detected on
the surface after this treatment but carbon
was found to be present Inhibition by tr1-
chloromethane was thus shown to be a sur-
face reaction only and no penetration of
chlorine into the bulk of the palladium was
observed

Auger electron spectroscopy Chlorine
and bromine were found 1n catalysts which
had been exposed to dichloromethane and
dibromomethane respectively (Fig 7)
However, whereas bromine was distributed
more or less uniformly over the surface,
chlonne was localised in a few areas The
intensity of the chlorine peak was much
lower than that obtained with supported
palladium(Il) chlonde Carbon too was
present on the catalyst surface although at
270 eV 1t was difficult to separate 1ts peak
from the Auger peak of palladium at 275-280
eV, 1its presence could be inferred only
from a change 1n the expected height ratios
of the three palladium peaks at ca 240, 275,
and 320 eV After passage of a relatively
large amount (2 3 X 10~ mol) of dichloro-
methane through a 2 7 wt% Pd on y-Al,0;
catalyst, carbon was relatively abundant on
the surface Auger mapping of the surface
of a palladium on y-alummum(IIl) oxide
catalyst that had been exposed to trichloro-
methane revealed that the palladium was
concentrated in certain areas Chlorine
could be found where palladum was
present but oxygen was absent from such
areas, showing that the palladium 1s not in
the form of the oxide but 1s associated with
chlorine

The surface of a Pd on SnO, catalyst,
which had been exposed to hexamethyldisi-
loxane (20 pulses of 3 X 10~° mol 1n a meth-
ane + oxygen mixture) but which had par-
tially recovered its activity at 650 K, was
examined by Auger electron spectroscopy
The results m Table 5 show that silicon
and carbon were present on the outer sur-
face only and that the removal of ca 1 5 nm
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TABLE 5

Auger Electron Spectroscopic Analysis of the
Surfaces of Powder Catalysts and Catalytic Beads
Exposed to Hexamethyldisiloxane in the Presence of
Methane + Oxygen Mixtures

Sample Elements present?

Sn O Pd CTh & Al

Powder catalysts
20 wt% Pd on SnO;
As received 095
After argon 1on 103
etching
SlOz
As received — {0 — — 014 —
After argon 1on — 10 — — 015 —
etching

Catalytic beads
Pd on Al,O3 + ThO,
As received — — 031 055 025 024
After argon 1on — — 057 049 022 022
etching (15s)
After argon 10n — — 027 020 010 036
etching (390s)
Pd on SnO;
As received 046
After argon 10n 061
etching (15s)
After argon 1on 043
etching (390s)

(10) 016 007 044 —
10 021 — 005 —

(10) 125 060 015 —
(10) 188 — — —

1o 123 — — —

¢ Peaks normahsed to oxygen (1 0)
b Carbon and thona peaks could not be 1dentified separately

of the surface layer by argon 1on bombard-
ment left little trace of these elements In-
cluded 1n Table 5 for comparison purposes
are the results for a sample of silicon(1V)
oxide

Table 5 also shows some results of the
examination by Auger electron spectros-
copy of catalytic beads that had been ex-
posed to hexamethyldistloxane, this treat-
ment was found to destroy totally the
activity with respect to methane oxidation
The Pd on ThO, + y-Al,O; bead also con-
tained silicon on 1ts surface but bombard-
ment with argon 1ons reduced the silicon
and palladium levels The stlicon had pene-
trated below the surface of the bead but 1ts
concentration decreased as successive
atomic layers were removed Palladium on
tin(IV) oxide beads which had been ex-
posed to hexamethyldistloxane showed dif-
ferences 1n the Auger spectrum when com-



INHIBITION OF HYDROCARBON OXIDATION

pared with their counterparts supported on
thorium(IV) oxide + alummium(III) oxide
(Table 5) Although silicon could be de-
tected on the former beads, 1t was present
only 1n the first few atomic layers as was
carbon Argon 1on bombardment for as lit-
tle as 15 sec removed all the silicon as well
as the carbon

DISCUSSION
Inlubition by Halogenated Hydrocarbons

The nature of the inhubiting species The
species formed as a result of the interaction
of halogenated hydrocarbons with precious
metal surfaces depend both on the tempera-
ture and on the surrounding atmosphere
Adsorption of chloromethanes on palla-
dium and platinum involves an irreversible
dissociative process in which C-Cl bonds
undergo fission before C-H bonds (/1)
Thus at temperatures of 475-500 K,
monochloromethane decomposes to give
hydrogen chloride and methane as well as a
carbonaceous solid on the catalyst surface

In this work the presence of a carbona-
ceous residue was confirmed by XPS The
experimental finding that any associated
bromine was widely dispersed on the cata-
lyst surface, whereas chlorine was more lo-
calized, 1s not perhaps surprising in view of
the difference 1n the bond strength of C-Cl
(353 kJ mol™!) and C-Br (294 kJ mol™)
Thus brominated hydrocarbons may break
down on the catalyst with the halogen being
liberated well away from the carbonaceous
residue, while the corresponding chlorine
compounds tend to decompose m such a
way that the chlorine remains associated
with any sohd carbon In the same way,
studies of the thermal decomposition of hy-
drogen hexabromoplatinate(IV) and hydro-
gen hexachloroplatinate(IV) on alummn-
wm({IIl) oxide (12) show that the Pt-Br
bond 1s sufficiently weak to permit rapid
dissociation and subsequent reaction of the
dissocrated species with surface sites on the
alumina, whereas the stronger Pt—-Cl bond
undergoes little fission
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It 1s not easy to assess the effect of car-
bon deposition on catalytic activity Twin
carbon peaks were observed when XPS
was used to study catalysts poisoned by
chlonnated hydrocarbons, the extra peak
gradually disappeared as the catalyst re-
gaimned 1ts activity and could no longer be
detected when the activity had been fully
restored The additional peak was absent
when methane on its own was pyrolyzed
over a reduced palladium surface and it
may therefore perhaps be ascribed to the
presence of carbon that 1s still attached to
the halogen Carbon itself 1s thus unlikely
to be wholly responsible for catalyst deacti-
vation, although both a supported platinum
catalyst (/3) and a palladium sponge cata-
lyst (14) temporarily lost activity with re-
spect to methane oxidation after relatively
large amounts of carbon had been deposited
on therr surfaces

The deactivating effect of the halogens,
however, 1s likely to be considerably
greater Hydrogen chloride and hydrogen
bromide both inhibit the oxidation of hydro-
carbons over palladium catalysts (15) With
hydrogen bromude the loss 1n activity was
the same as with 1,2-dibromoethane (3)
Thus all the available evidence suggests
that the loss of activity which occurs when
supported precious metal catalysts are ex-
posed to halogenated hydrocarbons 1s due
solely to the chemical interaction of the hal-
ogen with the catalyst system

The effect of metal particle size Al-
though supported palladium catalysts un-
derwent a considerable loss 1n activity after
exposure to chlorinated hydrocarbons,
there was usually only a barely significant
increase 1n metal particle size The diame-
ter of the platinum particles in supported
catalysts also increased shightly following
such treatment but the loss 1n activity was
much smaller than that found for the corre-
sponding palladium catalysts The ob-
served deactivation cannot therefore be
connected solely with changes 1n the pre-
cious metal particle size, particularly as the
decrease 1n activity 1s often reversible Any
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increase 1n the diameter of the metal parti-
cles 1s more likely to have been caused by
the repeated passage of methane + oxygen
pulses through the catalyst at high tempera-
tures (7) In any case, the rate of reaction
has been shown to be independent of pre-
cious metal particle size for the oxidation of
methane over a Pd on y-Al,O, catalyst un-
der methane-rich conditions (7)

The recovery of deactivated catalysts
The activity of supported catalysts poi-
soned by halogenated hydrocarbons could
be most readily restored either by raising
the temperature or by passing methane +
oxygen pulses through the catalysts Re-
moval of halogen from the precious metal
surface 1s probably the slow step in the re-
covery process Thus a similarity may exist
between the conditioning of a catalyst pre-
pared from a prectous metal-halogen salt and
the recovery following deactivation by a
halogenated hydrocarbon

The atmosphere present during the prep-
aration of catalysts by the thermal decom-
position of precious metal salts has a pro-
found effect on the subsequent activity of
the metal Water vapor accelerates the loss
of chlorine from palladium chlonde (10), al-
lowing lower temperatures to be used for
the decomposition of this salt than when
either mitrogen or air 1s present Hydrogen
1s more effective than halogen 1n activating
the catalyst, partly because it removes
chlorme from palladium chloride as hydro-
gen chloride On the other hand, the activ-
ity of Pd on y-Al,O; remains low when oxy-
gen on 1ts own 1s passed over the catalyst
duning the conditioning process (7) Pas-
sage of methane + oxygen pulses through a
palladmum catalyst produces water and,
also, 1n the case of methane-rich mixtures,
some hydrogen, both of which accelerate
the desorption of chlorine and thus cause
more rapid recovery of catalytic activity

The removal of chlorine from an alumina
surface during the dehydrochlornation of
chloroalkanes at 468-493 K 1s accelerated
by the presence of water vapor (16, 17)
That the support plays a part in the reten-
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tion of chlorine 1s shown by the finding that
a Pt on y-Al,O; catalyst adsorbs less chlo-
rine than a corresponding Pt on 7-AlLO;
catalyst (18) In general, however, the wa-
ter content of the atmosphere and the tem-
perature are the main factors controlling
the rate of loss of chlorine

The effect of the catalyst support A Pd
on SnO, catalyst underwent more rapid de-
activation on exposure to chlorinated hy-
drocarbons than did other supported palla-
dium catalysts Tin(IV) oxide itself 1s a
relatively efficient catalyst for the oxidation
of methane (7) In addition, direct interac-
tion has been shown to occur between this
oxide and precious metals (19) and may be
responsible for the loss of activity found
Bond et al (20), who observed transfer of
oxygen from palladium to tin oxide during
the oxidation of carbon monoxide, pro-
posed a ‘‘spillover’’ mechanism

Sn?* + Pd(O,gs) = Sn** + O + Pd,

the reverse of which has also been reported
(21) Thus chlorine, formed by decomposi-
tion of chlorinated hydrocarbons, could,
like oxygen, be readily transferred to the
precious metal, thereby causing its deacti-
vation The equally rapid recovery of cata-
lytic activity observed could be explained
by the reverse reaction, 1 e, the “‘spill-
over”’ of chlorine from the palladium on to
the support

A Pd on Ti0, catalyst recovered more
quickly than did a Pd on y-AlLO; catalyst
after exposure to trichloromethane This
mmplies that the halogenated carbon residue
1s more difficult to remove when alumina 1s
used as the support This suggestion re-
cewves support from a study of the thermal
decomposition of palladium(II) chloride on
different supports (22) In a reducing atmo-
sphere, the precious metal chloride was
more stable on y-Al,Os than on T10, It was
found that, after being dried at 393 K, all
the palladium was 1n the form of PdCl,>~ on
alumina, while most of 1t was present as
PdCl, on titanium dioxide
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Inhubition by Hexamethyldisiloxane

In contrast to the behavior observed with
halogenated hydrocarbons, hexamethyldi-
siloxane generally causes rather complete
poisoning of supported metal catalysts, but
the deactivated powdered catalysts usually
exhibit at least some recovery

At temperatures stmilar to those used 1n
this work, hexamethyldisiloxane breaks
down only slowly but the reaction yields a
wide variety of products (23) The decom-
position, however, 1s strongly catalysed by
transition metals and under these condi-
tions the main 1mtial step 1s the cleavage of
S1—-CH; bonds, which 1s followed by libera-
tion of gaseous methane and polymer-
1zation of the residual species to yield
polyorganosiloxanes (24) Thus n the
presence of hydrogen hexachloroplati-
nate(IV) hydrate, significant reaction occurs
even at 473 K, and at higher temperatures
some of the polymer 1s further oxidized to
sithicon(IV) oxide, the deposition of which
on the catalyst surface 1s no doubt at least
partly responsible for the observed deacti-
vating effect

The extent to which both silicon and car-
bon, formed by the decomposition of the
organosiloxane compound, penetrate be-
low the surface of the catalyst 1s markedly
dependent on the nature of both the pre-
cious metal and the catalyst support The
readiness with which a catalyst loses its ac-
tivity 1n turn increases with the degree of
penetration of the imhibitor or its break-
down products Thus palladium, which
readily absorbs silicon nto its bulk, 1s more
readily deactivated than platinum, and sim-
tlar behavior has been found with regard to
the extent of absorption of lead oxide (25)
and the susceptibility to poisoning by lead
(26) of palladium and platinum catalysts In
the same way, Pd on ALLO; + ThO, bead
catalysts, into which silicon and carbon can
penetrate significantly during the relatively
long contact times between catalyst and 1n-
hibitor, are wrreversibly poisoned, 1n con-
trast, Pd on SnO, beads, with which almost
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no penetration occurs, are quite resistant to
deactivation This suggests that the reac-
tant gases are adsorbed and undergo reac-
tion 1n the interior of the catalyst as well as
reacting on its external surface In spite of
the relative resistance to poisoning of palla-
dium supported on tin(IV) oxide, catalyst
beads based on these materials do not re-
cover therr activity as rapidly as do Pd on
ALO; + ThO, beads This behavior may
perhaps be ascribed to some form of chemu-
cal interaction between the precious metal
and tin(IV) oxide

The finding that hexamethyldisiloxane
(HMDS) 1s a much less effective inhibitor
of the oxidation of butane than of methane
1s probably a reflection of the well-known
low reactivity of the simpler alkane The
organosiloxane appears to be irreversibly
adsorbed on the high-energy sites needed to
catalyze methane oxidation but 1s only re-
versibly adsorbed on the lower energy sites
which will nevertheless bring about the oxi-
dation of butane, a similar explanation has
been advanced for the selective poisoning
of methane oxidation by HMDS in contrast
to the less marked inhibition of the oxida-
tion of propene (4) In the same way, lead
compounds poison a catalyst for methane
oxtdation while leaving substantially unaf-
fected the activity of the same catalyst for
the oxidation of butane (27) Inthis connec-
tion, 1t 1s perhaps of interest that catalytic
beads, in the absence of known catalyst
poisons, gradually lose their activity with
respect to methane oxidation but not to bu-
tane oxidation This 1s probably due to the
gradual accumulation of water vapor which
1n a closed reactor 1s a powerful inhibitor of
methane oxidation on the surface of cata-
Iytic beads (28)

Conclusion

The inhibition of methane oxidation by
halogenated hydrocarbons 1s associated
with a deficiency of oxygen at the catalyst
surface This oxygen shortage 1s caused by
the adsorption of the halogen compound on
the sites normally needed for the adsorp-
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tion and activation of oxygen, an equilib-
rium being set up between the inhibitor and
the reactants adsorbed on the catalyst sur-
face The extent of deactivation 1s de-
creased by raising the temperature of the
catalyst bed Catalyst systems with which
there 1s strong interaction between the pre-
ctous metal and 1ts support suffer the great-
est loss 1n activity but also exhibit the most
marked recovery

In contrast, hexamethyldisitoxane may
cause total loss of catalytic activity The
extent of recovery depends on the degree to
which the silicon physically blocks active
sites as a result of its penetration into the
precious metal The oxidation of methane 1s
mnhibited to a much greater extent than the
oxidation of butane Nevertheless, as with
halogenated hydrocarbons, the catalyst
support has an appreciable effect on the
ability of the precious metal to resist deacti-
vation
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