Catalysis Letters ol. 72, No. 3-4, 2001

153

The effect of SO, on the activity of Pd-based catalysts
INn methane combustion
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The effect of SO, on Pd-based catalysts for the combustion of methane has been investigated. It is shown that while SO, poisons
Al»03- and SiO»-supported catalysts, pre-treatment of Pd/ZrOo by SO, enhances the activity substantially.
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1. Introduction

Catalytically stabilised combustion of natural gas us-
ing Pd-based catalysts for power generation has seen great
advances since the original proposal by Pfefferle [1] and
patented systems have been reported [2]. There hasbeen sig-
nificant interest also in the application of catalytic combus-
tion to natural gas powered vehicles [3]. However, in both
cases sul phur-containing compounds either in the fuel, or as
contaminants from the engine systems, are known to poi-
son conventional Pd catalysts [4]. Conversely, exposure of
platinum catalysts to SO, can have beneficial effects for the
combustion of higher hydrocarbons [5-8]. This promotion
has been variously ascribed to enhanced alkane adsorption
on Pt [5], support mediated interactions [6] or the modifica-
tion of the Pt site by interfacial interaction with an adsorbed
sulfate species[7].

To investigate the possibility of asimilar promoting effect
for methane combustion on palladium we have examined the
effect of SO, exposure on the activity of Pd/Al>Oz, Pd/ZrO;
and Pd/SIOo.

2. Experimental

All catalysts were prepared by incipient wetness im-
pregnation (Pd(NO3)2, Johnson Matthey) of the dried sup-
ports (Azko CK300 Al,O3, surface area 195 m? g1, Grace
432 acid washed silica, 265 m?g~1 and ZrO,, Melcat X20
632/03 Zr(OH),, 12 m?g~1). After impregnation all sam-
ples were dried at room temperature (24 h), and 120°C
(12 h) prior to calcination at 600°C (12 h) in static air.

Catalyst testing was performed in a standard plug-flow
microreactor with on-lineanalysis. The catalyst (50 mg) was
heated in a Eurotherm 818p series controlled furnace and
the bed temperature monitored by an in situ thermocouple.

* Present address: Department of Chemistry, University College, Belfield,
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All reactant gases, supplied by BOC and used without fur-
ther purification, were provided from mass flow controllers
at atotal flow rate of 200 cm3min—1 at the compositions
listed. All reactor lines, fittings and valves were constructed
in stainless steel. Product analysis was by Perkin—EImer
8700 GC fitted with a Porapak Q-S column. Analysis of
CO and CO, was achieved by the use of a methanator and
FID.

NHs TPD was performed on pre-oxidised samples
(150 mg, 5% Oy for 1 h at 550°C). 1% NH3/N> was dosed
at 150°C for 1 h, the sample purged (30 min) and cooled
to 100°C prior to desorption at a rate of 20°Cmin~1 in
103 cm® min~! of He. Product analysis was by mass spec-
trometry (Fisons Gaslab). Notethat when Pd is present some
oxidation of NH3(ads) can occur so we estimate the amount
of ammonia adsorbed by summing all the desorption prod-
ucts (including NO, N2 and N2O as well as NHg). In this
way we can back calculate the amount of nitrogen adsorbed
originally as NH3 on acidic sites.

Dispersionswere measured using standard Ho chemisorp-
tion methods in a glass vacuum system. Pre-reduction was
performed in Hy for 30 min at 250 °C. The values obtained
were 1% Pd/Al2Oz, 9.9%; 1% Pd/SIO, 5.2%; and 1%
Pd/ZrO,, 21.1%.

TPR experiments were performed at a ramp rate of
10°Cmin—1 on 20 mg samplesin aflow of 10 cm® min—1 of
5% Ha/Ar (BOC) using a standard Wheatstone bridge/am-
plifier assembly linked to a PC-interfaced Perkin—EImer
Nelson integrator.

3. Resultsand discussion
3.1. Isothermal SO, poisoning studies

Figure 1 summarises the effects of 20 ppm SO> (intro-
duced after 1 h SO»-free combustion) on the activity of Pd

supported on Al>03, SiO2 and ZrO, for CH4 combustion at
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Figure 1. Effect of introduction of 20 ppm SO, on the steady state ac-

tivity of PdO-based CH4 combustion catalysts. Conditions: 2000 ppm

CHy, 5000 ppm O, 0.05 g catalyst, 400°C. (A) 1% PdO/Al>03, (W) 1%
PdO/ZrO, and (e) 1% PdO/SIOs.

400°C. These datareflect the competition between SO, and
CHg4 for active sites and the expected cumulative poisoning
effect due to SO» retention. In the case of 1% Pd/SIO; the
loss of activity was almost instantaneous, reflecting the in-
ability of this support to scavenge any SO, species. The
molar flux of SO, (ca. 1.79 x 10~/ mol min—1) and molar
concentration of exposed Pd atoms (~1.0 x 10~/ mol) in-
dicates that there is a sufficient amount of SO, to saturate
the PdO in <1 min. In the case of the 1% Pd/ZrO, and 1%
Pd/Al,O3 catalysts deactivation was much slower but simi-
lar in both cases. However, for 1% Pd/ZrO; introduction of
SO, showed, before the onset of deactivation, a small ini-
tial increase in conversion which merited further study by
varying the method of introducing SO (see later).

TPR analysis (results not shown) gave large Ha uptake
peaks at 600650 °C for 1% PdO/Al>03 and 1% PdO/ZrO,
consistent with sulphate reduction [7], in contrast to silica,
where no such peak was observed in line with expectations
[9-12].

3.2. Effect of SO, pre-treatment on activity

Figure 2 contrasts the effects of SO, pre-treatment
(20 ppm SO2, 5000 ppm Oz, 400°C, 1 h) on the subsequent
activities for the CH4 combustion reaction of 1% Pd/Al>O3
and 1% Pd/ZrO,. In the case of the alumina-supported cat-
alysts the initial activity was lower after SO, pre-treatment
and, while some recovery over ca. 2 h was evident, the final
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Figure 2. Effect of SO pre-treatment (1 h 20 ppm SO, 5000 ppm Oo,

400°C) on the activity of PdO-based CH4 combustion catalysts. (H) 1%

PdO/ZrO,-ex SOy, (e) 1% PdO/ZrOs, (A) 1% PdO/Al;03-ex SOy, (o) 1%
PdO/Al>03, (A) ZrOy-ex SO and (V) ZrO».

steady state conversionwas still somewhat lower than for the
untreated catalyst. The contrast with the 1% Pd/ZrO, cata-
lyst is quite marked. Thisagain exhibited an initial suppres-
sion of activity but over a comparable 2 h period displayed
adramatic increase in activity to afinal steady state conver-
sion which was more than 150% that of the untreated sam-
ple. Figure 2 also showsthat the enhanced activity is not due
to the sulphation of the ZrO, aone. Crittle [13] has shown
that in the Pd case only a small quantity of SO» is required
to get enhanced activity. Further exposure to SO, can result
in poisoning of the active centres. Indeed, the gradual rise
in activity with time after the cessation of the SO treatment
(see dsofigure 3) is attributed to adow release of SO, from
the Pd since it is known that PdO is reversibly poisoned by
SO, .

To further examine this dramatic increase in activity of
the 1% Pd/ZrO» catalyst NH3 TPD analysisof various ZrOo-
based samples was performed (table 1). The SO»-treated
PdO/ZrO, showed a large increase in acidity relative to al
other samples and is indicative of a strong synergy between
the PdO particlesand the sulphate formed via spillover at the
PdO/support interface.

From these observations it would appear that the active
sites for CH4 activation are enhanced by the presence of the
SO; . It could be postulated that by providing this interfa-
cial acidic sulphate speciesthe cleavage of theinitial weakly
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Figure 3. Effect of PdO dispersion on the SO, promotion of CH4 combus-

tion of 1% PdO/ZrO5, catalysts. Conditions: pre-treatment 1 h 20 ppm SO»,

5000 ppm Oy, 400 °C, followed by reaction of 2000 ppm CHg4, 5000 ppm
Oy, 400°C. Dispersions: (a) 6.3, (e) 18.2 and (M) 26.9%.

Table 1
Amounts of nitrogen-containing species desorbed in NH3
TPD experiments.

Sample? Total amount of N-species desorbed
(nmol g~1)

ZrOy 97

S/Zro, 122

Pd/ZrO, 106

SIPAIZrO, 204

aSindicates sulphated samples.

basic C—H bond in CH4 isfacilitated by a polarisation of the
C—H bond in a manner similar to that proposed by Burch et
a. [7] for Pt-based propane combustion catalysts.

3.3. Effect of particle size

A further indication for therole of interfacial sites comes
from the activity of samples of 1% Pd/ZrO, of varying
dispersions (6.3, 18.2 and 26.9%) pre-treated for 1 h with
20 ppm SO». Figure 3 shows that the samples of higher dis-
persion display a significant activity enhancement. In con-
trast, figure 4 shows that the sample of low dispersion was
hardly promoted by SO, under the conditions of these ex-
periments.
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Figure 4. Relative activity of samples after treatment with SO, to activity
before trestment as afunction of Pd dispersion in Pd/ZrO, catalysts.

4. Conclusions

The activities of PdO-based CH4 combustion catalysts
are markedly affected by SO». The nature of the support de-
termines the type of interaction observed. Non-interacting
supports, e.g., SIO,, display immediate deactivation due to
formation of PdSO;4. Interacting supports delay this poison-
ing by the formation of support sulfates. However, in the
case of PdO/ZrO,, when the catalyst is pretreated in SOy,
there is a dramatic increase in activity which we associate
with the formation of a composite site between the PdO and
acidic sulphate at the PdO/support interface.
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