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Five different procedures (treatments with hydrogen, nitrogen, wet and dry air, and under vacuum) were tested for the

regeneration of a partially deactivated alumina-supported Pd catalyst, used for the catalytic incineration of methane in presence of

SO2. The efficiency of these processes was evaluated considering the temperatures at which both, the catalysts deactivation, and the

regeneration processes, took place. As general trend, hydrogen treatment is the best regeneration procedure, followed by treatment

with wet air, whereas high deactivation temperatures lead to less efficient regeneration. The efficiency of the regeneration was

observed to increase as regeneration temperature increases. These trends are discussed according to the results obtained in the

characterisation of deactivated catalyst samples using TPR, TPO and TPD.
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1. Introduction

Catalytic combustion has become a very interesting
alternative for the treatment of gaseous emissions con-
taining diluted organic compounds, because of its low
energy consumption (especially if compared with ther-
mal oxidation) and the very small formation of noxious
by-products, such as thermal NOX [1,2].

Among the organic compounds present in gaseous
emissions, methane is receiving increasing attention.
This interest is justified by two considerations: on the
one hand, methane is an important contributor to the
greenhouse effect (its global warming potential is 21
times higher than that of carbon dioxide); on the other
hand, the catalytic oxidation of methane is more difficult
than for most volatile organic compounds [3]. Thus
methane has been chosen by many authors as a model
compound for catalytic oxidation studies, as the cata-
lytic combustion of most organic compounds would be
ensured if methane is quantitatively abated.

In many gaseous emissions (i.e., from carbochemical
and petrochemical processes, treatment of solid wastes
and wastewaters, motor vehicle exhaust gases, etc.),
methane is accompanied by other inorganic (CO, CO2,
NO, H2, H2O, NH3, H2S, SO2, etc.) and organic com-
pounds (alkanes, alkenes, aromatics, etc.). Among these
compounds, it was demonstrated in previous studies
that sulphur compounds (SO2 and H2S) play a key role
in the deactivation of the catalysts used for methane
combustion [4,5]. Moreover, the conventional sulphur
trapping systems are not efficient enough for the total

removal of sulphur compounds, as pointed out in the
literature [6].

The complete catalytic oxidation of methane can be
performed over both, noble metals and transition metal
oxides. Both families of catalysts have been studied
extensively in order to develop catalytic combustion
applications. The main advantage of noble metals over
metal oxides is their superior specific activity, which
makes them the best candidates for low-temperature
combustion of hydrocarbons [7]. This is especially
important in the case of methane, because, as indicated
previously, it is the most difficult hydrocarbon to
activate. Among noble metal catalysts, Pd is generally
considered in the literature as the best option [7, and
references cited therein]. Besides this, although it is
known that Pd is very sensitive to sulphur poisoning
[7,8], previous results of our research group showed that
the activity of a sulphur-poisoned Pd for methane oxi-
dation was higher than that corresponding to fresh more
sulphur-resistant catalysts, such as Pt or metal oxide
catalysts [5].

There are many works dealing with the sulphur poi-
soning of Pd in catalytic oxidations [7,9–12]. So, Hoyos
et al. [9] studied the influence of the nature of the sup-
port on the poisoning of Pd catalysts produced by H2S.
Alumina- and silica-supported Pd catalysts were tested
at 350 �C in the oxidation of methane under oxidising
conditions (1 vol% CH4 and 4 vol% O2 in nitrogen) in
the absence and in the presence of 100 ppm H2S. Both
catalysts exhibited sharp deactivation in the presence of
sulphur, this deactivation being associated to a decrease
of the number active sites. The extent of deactivation
was the same for both catalysts, but the rate of deacti-
vation was lower for alumina. This behaviour was
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attributed to the capacity of alumina to trap sulphates
and sulphites, as H2S is fully oxidised to SO2/SO3 at the
reaction conditions. Yu and Shaw [11] proposed an
alternative explanation for the deactivation by sulphur,
considering that the formation of surface aluminium
sulphates and sulphites plays a key role, decreasing the
surface area and trapping active phase in this new
structure. Lampert et al. [10], compared the poisoning of
alumina- and silica-supported catalysts, suggesting that
the poisoning is caused by the formation of Pd sul-
phates, process in which the support plays a key role.

The information about the regeneration of sulphur-
poisoned Pd catalysts is much scarcer, in spite of the
practical interest of this subject. The first regeneration
studies were reported by Hoyos et al. [9], who compared
the regeneration of a Pd/Al2O3 and Pd/SiO2 sulphur-
poisoned catalyst, using nitrogen and hydrogen. They
found that the catalyst was regenerated with nitrogen at
temperatures higher than 350 �C, whereas in the case of
treatment with hydrogen, the activity recovery was
lower than 25%. The authors related this effect to the
formation of Pd sulphides under reductive conditions,
which can be re-oxidised at working conditions. By
contrast, Lampert et al. [13] found that a sul-
phur-poisoned PdO/Al2O3 catalyst recovered its initial
activity after treatment with hydrogen, although the
authors do not give details on the deactivation and
regeneration conditions. This apparent discrepancy
could be explained considering, as pointed out by Yu
and Shaw [11], that the support plays a key role in the
deactivation process, which, as mentioned previously, is
caused mainly by the formation of surface Pd sulphites
or sulphates. Whereas silica does not react with sulphur
oxides, alumina does, acting then as sulphur sink. On
the other hand, as indicated previously, alumina can
also react with Pd sulphites and sulphates [10]. This
aspect will be discussed in detail latter.

Two recent papers [14,15] deal in part with the
regeneration of Pd catalysts under reductive conditions,
but they provide limited information, i.e., they do not
supply data about the deactivation conditions. So,
Limousy et al. [14] studied the reduction with hydrogen
of surface sulphates in a sulphur-poisoned de-NOx cat-
alyst (other reducing agents, such as CO where dis-
carded), mentioning the formation of sulphites and
sulphides during the reduction. Jones et al. [15] com-
pared the regenerability of sulphur-poisoned Pd, Rh and
Pt catalysts under hydrogen atmosphere, concluding
that this procedure is efficient for Rh, and in minor
extension for Pd, whereas it is not efficient for Pt.

Another possibility for regeneration addressed in the
literature is treatment with wet gases. This treatment
was found to be useful for the regeneration of sulphur-
poisoned catalysts, such as Ni catalysts [16] or
perovskites [17].

Those studies give only partial information, and, as
far as we know, there is not a systematic comparison

between the different regeneration alternatives studied in
the literature. Therefore, the scope of this work is to
carry out an in-depth systematic study of four different
procedures for the regeneration of a Pd on alumina
catalyst deactivated in the presence of sulphur dioxide:
treatment with hydrogen, nitrogen, dry air and wet air,
and under vacuum. The influence of the temperatures at
which, both deactivation and the regeneration are
carried out, is also considered.

2. Experimental

2.1. Materials

A commercial 0.5% (w/w) Pd on alumina catalyst
(BASF RO-25) was employed in this work. This catalyst
is mesoporous, with surface area 108.5 m2/g, pore vol-
ume 0.4 cm3/g, and average pore diameter 15.5 nm.
Metal dispersion, determined by pulse-chemisorption of
hydrogen, was 75.2%. The catalyst, available in extru-
sions, was milled and crushed, and the fraction between
100 and 250 lm was selected for the reaction studies.

The reactor feeds were made up by mixing adequate
proportions of synthetic air, 2.5 vol% methane in syn-
thetic air, and 370 ppmV sulphur dioxide in synthetic
air, all supplied by Air Products. Sulphur dioxide was
selected as representative of sulphur catalyst poisons, as
it is present in many streams of interest, such emissions
from carbochemical or petrochemical plants. Besides
this, in oxidising conditions, hydrogen sulphide and
other sulphur-containing compounds, such as mercap-
tanes (often encountered in emission from composting
facilities, wastewater treatment plants or food process-
ing factories), are transformed into sulphur dioxide,
causing poisoning effects similar to those of sulphur
dioxide [4].

Gases used in gas chromatography (air, helium and
hydrogen) and in temperature-programmed studies
(10 vol% H2 in Ar, 5 vol% O2 in He, He) were provided
by Air Products with purity higher than 99.9995%.

2.2. Reaction studies

The reactor, a lab-scale fixed bed, consisted of a
stainless steel tube of 40 cm length and 0.9 cm internal
diameter, placed inside an electrical furnace. Five ther-
mocouples measured the reactor wall external temper-
ature at different heights. Temperature in the reaction
zone was measured by a thermocouple inserted in the
reactor, which provided the control signal to the reactor
temperature controller. Reactor feed flow rates were
controlled by mass flow regulators supplied by Brooks
(5850 TR/DA1B6 Dl, 5850 TR/DB1B3D1 provided
with electric unit 0152) and by Bronkhorst HI-TEC
(F-201C-FA-22 provided with electric unit E-7100).
A dumping vessel avoided possible fluctuations in
the reactor inlet stream. Additionally, the system was
provided with a relief valve and a manometer.
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The catalyst (0.15 g with 100–250 lm diameter),
diluted with 1 g of inert glass particles (sieved to 350–
500 lm diameter), was loaded in the middle section of
the reactor, supported on a metallic mesh. The upper
part of the reactor was filled with 355–500 lm glass
particles, in order to pre-heat the reaction mixture. The
lower part of the reactor remained empty, to limit the
pressure drop through the reactor, In this way, the
reactor was operated at nearly atmospheric pressure
(DP = 0.03–0.05 MPa). The reactor feed consisted of
1 L/min (s.t.p.) of synthetic air containing 5000 ppmV
methane and, in some experiments, 65 ppmV SO2. The
resulting space-time is 672 g-catalyst min (mol
methane))1.

The experimental procedure for producing sulphur-
deactivated catalyst samples consisted of circulating
through the reactor air–methane mixture, with no SO2

added, at the selected temperature, for 1 h. It was
observed that, following this procedure, the catalyst
reached constant activity (constant methane conversion)
at the end of this period, this observation is in a good
agreement with the reported in other works of our group
working at similar conditions with palladium catalysts
[4,5,18]. Methane conversion data corresponding to this
period of constant activity (just before starting feeding
sulphur dioxide), were used as a reference to calculate
the activity of the catalyst, defined as the ratio between
the methane conversion at a given time on stream and
conditions, and the methane conversion corresponding
to this reference point. After this 1 h starting period,
SO2 was added to the reaction feed, and the experiment
proceeded for another 23 h. Then, the reactor was
cooled to room temperature in situ by flowing N2.
Temperature for these experiments was fixed in the
range 350–550 �C, in order to produce fast loss of cat-
alytic activity. Methane (both in the reactor feed and
outlet streams) was analysed on-line by gas chroma-
tography in a Hewlett–Packard 5890A apparatus,
equipped with FID and TCD detectors. A mixture of
1.25% CH4, 1.25% CO2 and 2% CO by volume and
balanced in synthetic air, was used for calibration.

The conditions for producing the aforementioned
deactivated catalyst samples, were fixed considering
former results [18], in which it was observed that the
residual activity of the catalyst used, treated at condi-
tions similar to the ones in this work, does not depend
on the sulphur concentration in the feed in the range 15–
65 ppmV. It was also observed that a steady-state
residual activity was reached after 4–5 h on stream, and
that the residual activity depends strongly on reaction
temperature [18].

The experiments for regenerating the catalyst samples
deactivated according to the aforementioned method
were conduced in the same reactor. The procedure
(except in the case of regeneration under vacuum),
consisted of circulating the selected gas (hydrogen,
nitrogen or air) through the reactor during 3 h. In the

case of regeneration with air (wet or dry), 5000 ppmV
methane were added to the reaction feed, in order to
monitor the regeneration process by measuring the
evolution of methane conversion with time (in a previ-
ous work [4] it was observed that the presence of
methane and its combustion products has negligible
effect on the regeneration of the catalyst). In the case of
regeneration with wet air, the regenerating stream
(20,000 ppmV of water in synthetic air), was obtained
by pumping the adequate amount of distilled water in
the air stream using a syringe pump. In the case of
regeneration under vacuum, the catalyst was removed
from the reactor, and poured in an electrically heated
glass flask connected to a vacuum pump (Baltzers), until
an absolute pressure of 130 Pa was attained. The cata-
lyst was then returned to the reactor.

Once the catalyst samples were regenerated, the effi-
ciency of the regeneration processes was characterised
by feeding to the reactor, heated at 500 �C, 1 L/min
(s.t.p.) of 5000 ppmV methane in air with no SO2 added,
for 25 h, and measuring methane conversion.

2.3. Analysis and catalyst characterisation

The catalyst pore size distribution and surface area
were measured by nitrogen adsorption at )196 �C with
a Micromeritics ASAP 2000 surface analyser, consider-
ing a value of 0.164 nm2 for the cross-section area of the
nitrogen molecule. Powder X-ray diffraction patterns
were obtained with a D-5000 Siemens diffractometer,
using nickel-filtered CuKa as monochromatic X-ray
radiation. The patterns were recorded over a range of 2h
angles from 20 to 70 �, and crystalline phases were
identified using JCPDS files. X-ray photospectroscopy
(XPS) spectra were recorded using a SSX-100 ESCA
spectrometer with a MgKa source (hm = 1253.6 eV).
The binding energy of C1s for C at 284.6 eV was used as
the reference for the binding energy calibration.

Temperature-programmed desorption (TPD), reduc-
tion (TPR) and oxidation (TPO) were carried out in a
Micromeritics TPD/TPR 2900 apparatus connected to a
MS detector (Gaslab-300). Samples of 10 mg of cata-
lysts were heated from 50 to 1000 �C at 10 �C/min in a
flow of 0.1 L/min of different streams:

� TPR experiments: A mixture of 10% H2 in Ar was
used as carrier gas. These experiments simulate the
regeneration at reductive conditions (with hydrogen).
In this case, the evolution with temperature of H2,
H2S, SO2 and CH4 was recorded.
� TPO experiments: A mixture of 10% O2 in He was

used as carrier gas. These experiments simulate the
phenomena taking place during the regeneration at
oxidant conditions (with air). The mass signals
recorded were CO2, CH4, O2, SO2, and SO3.
� TPD experiments: Pure He was used as carrier gas.

These experiments simulate the phenomena taking
place during the regeneration with inert atmosphere
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(with nitrogen). The mass signals recorded were CO2,
CH4, O2, SO2 and SO3.

It must be noted that a quantitative interpretation of
the recorded TP-patterns is not possible because of the
low sulphur content of the catalysts.

3. Results and discussion

3.1. Comparison of regeneration procedures

As mentioned previously, partially deactivated cata-
lyst samples were produced by flowing through the
reactor SO2 and methane in synthetic air during 23 h at
350 and 550 �C. Data on the decrease of methane con-
version with time on stream observed in these conditions
are given in figure 1. It was observed that higher
reaction temperature leads to higher residual methane
conversion – final methane conversions 1% and 15% at
350 and 550 �C, respectively.

The deactivated catalyst samples were characterised
using XRD, XPS and BET analysis. Neither crystallo-
graphic changes (both fresh and aged samples showed
the same XRD peaks, corresponding to c-alumina) nor
substantial textural (surface area and pore size distri-
bution) differences between fresh and deactivated cata-
lysts were found. Concerning to the XPS analysis, it was
observed that, after deactivation, the binding energy of
Pd 3d5/2 was displaced 0.2 eV (for both the catalyst
deactivated 350 and 550 �C) to higher values with
respect to the fresh sample. Although this displacement
is attributed to the formation of Pd salts, it is not pos-
sible to discriminate between sulphates and sulphites
using this technique [19], especially taking into account
the low concentration of these species present in the
samples. Although XPS analysis also allows to deter-
mine the sulphur surface concentration, the obtained

values were too low (around 0.5%), being not possible to
discriminate differences in the sulphur contents of the
catalysts deactivated at different temperatures.

The deactivated catalysts were regenerated under
different atmospheres at constant temperature, in the
range 350–550 �C, during 3 h, according to the proce-
dures outlined in the experimental section.

Activity recovery is defined as the ratio between the
methane conversion attained with the regenerated cat-
alyst at given conditions and time, and the conversion
attained with the fresh catalysts defined previously as
reference (working in absence of sulphur compound,
and taking 1 h as stabilisation period) at the same
temperature. The evolution of the activity recovery with
time on stream for the different regeneration procedures
studied is compared in figure 2 (catalysts deactivated at
350 �C and regenerated at 550 �C) and figure 3 (cata-
lysts deactivated at 550 �C and regenerated at 550 �C),
and the main results are summarised in table 1 (reported
data correspond to the final steady state conversion
obtained). It can be observed that for low regeneration
temperature, the regeneration is very inefficient. That is
why most of the further experiments were performed at
high regeneration temperature.

In most of the cases, it was observed a slight recovery
of the catalyst activity after the methane–air mixture
was fed to the reactor. This behaviour is assumed to be
caused by the conditioning of the active phase, specially
when the regeneration is carried out without oxygen. So,
in the literature is fully accepted [4,20,21] that the pal-
ladium is active for methane oxidation in the form of
palladium oxide, the proportion of this specie being
marked by the temperature, the oxygen partial pressure
and the presence of other reductants.

Results indicate that treatment with hydrogen is sig-
nificantly the most efficient in all cases, followed by
treatment with wet air. Treatment with dry and wet air
give similar results for the catalyst deactivated at 350 �C

Figure 1. Evolution of methane conversion with time on stream in

presence of 65 ppm SO2 at different temperatures: 350 �C (r), 450 �C
(n), 500 �C (d), and 550 �C (h).

Figure 2. Influence of regeneration atmosphere for the catalyst

deactivated at 350 �C and regenerated at 550 �C. Atmospheres tested:

hydrogen ()), dry air (m), wet air (h), nitrogen (n), and vacuum (d).
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and regenerated at 550 �C, whereas for the catalysts
deactivated and regenerated at 350 �C, and deactivated
and regenerated at 550 �C, regeneration with dry air is
less efficient. Regeneration with nitrogen and vacuum
offer the worst results.

Regarding the effect of the deactivation temperature,
the samples treated in presence of SO2 at 350 �C show
stronger deactivation, but markedly higher regeneration
efficiencies than the samples deactivated at 550 �C.
Then, Pd–alumina at relatively low temperature
(350 �C) is strongly deactivated by SO2, but it can be
easily regenerated. This result is important from a
practical point of view for catalytic combustors that can
suffer occasional presence of sulphur compounds (i.e.,
installations for the treatment of off-gases containing
VOCs and sulphur compounds that implement sulphur-
removal devices upstream the catalytic reactor). In this
case, an accidental leak of sulphur compound to the
reactor would cause a decrease in the catalytic activity,
which could be easily recovered if the catalytic process
operates at low temperature.

3.1. Influence of deactivation temperature for
regeneration in air

Results in the previous section indicate that, although
treatment with hydrogen is the most efficient regenera-
tion procedure studied, regeneration with air can be

quite efficient, depending on the deactivation and
regeneration conditions. Since regeneration with air is,
from a practical point of view, much easier and cheaper
than regeneration with hydrogen, subsequent experi-
ments were devoted to study the regeneration with air
more in depth, specifically the effect of deactivation
temperature. For this purpose, deactivated catalyst
samples were produced by treatment with SO2 at dif-
ferent temperatures, in the range 350–550 �C, according
to the procedure outlined before. Then, the catalysts
were regenerated at 500 �C by passing through the cat-
alysts at air containing 5000 ppm methane, and the
evolution of methane conversion with time was
recorded.

In order to compare the effect of sulphur dioxide in
the deactivation–regeneration process with the deacti-
vation caused by thermal ageing of the catalysts, an
additional run was carried out at the same conditions
(5000 ppm of methane in air at 550 �C, after a pre-run
of 23 h on stream, i.e., with the same time on stream
that the poisoned catalysts), with no sulphur dioxide
added.

Results obtained (figure 4) show that the catalyst that
was not exposed to sulphur-poisoning presents a certain
degree of deactivation, while catalysts deactivated in the
presence of sulphur dioxide at low temperature (350–
450 �C) reach after the regeneration procedure perfor-
mance only slightly lower. The slight difference between
the sample treated in absence of sulphur and the samples
treated in the presence of sulphur dioxide can be due
both by trapped sulphur (either adsorbed or as sulph-
ites/sulphates) or by agglomeration of crystallites during
the deactivation–regeneration process. Since, to the best
of our knowledge, there is not experimental evidence on
the effect of sulphur compounds on crystalline migration
or sintering for Pd, we consider the first possibility more
plausible.

At temperatures higher than 450 �C, the regeneration
efficiency decreases as the deactivation temperature
increases. This suggests that the interaction of sulphur
with the active phase is stronger at high temperatures.

According to Yu and Shaw [11], the sulphur poi-
soning of Pd catalysts proceeds through two consecutive
steps: adsorption of SO2 and reaction of the adsorbed
SO2 to form Pd sulphites or sulphates, depending on the

Figure 3. Influence of regeneration atmosphere for the catalyst

deactivated and regenerated at 550 �C. For symbols, see figure 2.

Table 1

Regeneration efficiency (%) for different regeneration procedures for the catalysts deactivated at 350 and 550 �C

Procedure Catalyst deactivated at 350 �C Catalyst deactivated at 550 �C

Treg=350�C Treg=450�C Treg=550�C Treg=450�C Treg=550�C

Dry air 12 38 88 13 46

Wet air (2% H2O) 15 87 52

Nitrogen 9 81 45

Vacuum 11 83 52

Hydrogen 55 99 82
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concentration of O2 in the medium. The adsorption is an
equilibrium exothermic process, disfavoured at high
temperature. On the other hand, the second step is a
chemical reaction, in which reaction rate increases as
temperature increases. This mechanism would explain
the increase of the degree of deactivation observed at
low temperature (low temperature favours the adsorp-
tion of sulphur dioxide), and the higher degree of irre-
versibility of the process observed at high temperature
(high temperature would favour the formation of Pd
sulphites or sulphates from adsorbed sulphur dioxide).

3.2. Temperature-programmed experiments

In order to get a better understanding of the phe-
nomena taking place during the regeneration procedures
studied, different temperature-programmed experiments
were carried out, according to the procedure outlined in
the experimental section, with the catalysts poisoned at
350 and 550 �C. The phenomena taking place on the
catalysts during the TPO, TPR and TPD, can be con-
sidered as similar to those taking place during the
regeneration with air, hydrogen and nitrogen, respec-
tively. So, although the concentration of O2 and H2 in
TP experiments is lower than the one corresponding to
the regeneration, in both experiments the amounts of
the reactive gases are much larger than that needed for
complete the reaction of the sulphur compounds.

In the case of TPR (figure 5), the main sulphur
compound released was hydrogen sulphide, although a
small release of SO2 was also observed for the catalyst
deactivated at 350 �C. However in the case of TPO
(figure 6) and TPD (figure 7) the only sulphur product
evolved was SO2. Neither methane nor carbon oxidation
products (CO or CO2) were detected. This fact is in a
good agreement with findings of other authors [22], who
stated that the adsorption of methane on Pd is very

weak. Concerning to the TPD experiments, in the case
of the catalyst deactivated at 350 �C, the only species
evolved was SO2, no oxygen release being observed,
while in the case of the catalyst deactivated at 550 �C, a
slight oxygen release was observed at temperature
slightly lower than that of the SO2 release.

Regarding to the uptakes, TPR experiments showed
strong hydrogen uptakes, associated to the release of
H2S. In the case of TPO experiments, a peak of O2

uptake was observed, displaced at higher temperature
that the peak corresponding to SO2 release.

The complex results of the temperature-programmed
experiments could be explained by the participation of
the support in the processes and the presence of sulph-
ites and sulphates. Concerning to the participation of
the support, Lampert et al. [10] suggested that supports
able to form sulphates, as Al2O3, can participate in the
regeneration of the catalyst. So, the following reactions
could take place in sulphur-poisoned Pd/Al2O3,
depending on the nature of sulphur compound present
(sulphite or sulphate):

PdSO3 ! PdOþ SO2 ð1Þ

PdSO4 ! PdOþ SO2 þO2 ð2Þ

3PdSO3 þ 1:5O2 þAl2O3 ! Al2ðSO4Þ3 þ 3PdO ð3Þ

3PdSO3 þAl2O3 ! A12ðSO3Þ3 þ 3PdO ð4Þ

3PdSO4 þAl2O3 ! A12ðSO4Þ3 þ 3PdO ð5Þ

A12ðSO4Þ3 ! Al2O3 þ 3SO2 þO2 ð6Þ

Al2ðSO3Þ3 ! Al2O3 þ 3SO2 ð7Þ

Figure 4. Activity recovery for catalysts deactivated at different

temperatures. Regeneration carried out in air with 5000 ppmV

methane at 550 �C. Catalysts deactivated at 350 �C (n), 450 �C ()),

500 �C (d), and 550 �C (n). Self-deactivation pattern of the catalyst

used for the oxidation of 5000 ppm of CH4 in absence of SO2 at

550 �C is also provided (+).

Figure 5. Temperature-programmed reduction patterns for the

catalyst deactivated at 350 �C.
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These mechanisms were proposed by Yu and Shaw
[11] for alumina supported catalysts poisoned with
250 ppm H2S, and by Luo et al. [23] for the reaction of
1% SO2 in air with ceria-supported Pd catalysts.

The null or very small release of oxygen observed
in TPD experiments, would indicate that the SO2

release would be produced by the decomposition of
Pd sulphite [reactions (1) or (4 + 7)], since the release
of SO2 from Pd sulphate is accompanied by the
release of oxygen. The oxygen uptakes observed in
TPO experiments, which can be attributed to reactions
(1) and (3), lead to the same conclusion. On the other
hand, the catalyst deactivated at 550 �C (condition at
which regeneration is less efficient) showed a higher
oxygen release, which would be related to a higher
content on Pd sulphate in this sample. This suggests a
relation between the difficulty of regeneration and
the content of Pd sulphate, sulphate being more dif-
ficult to regenerate than sulphite, and the formation
of sulphate versus sulphite being favoured at high
temperature.

The higher efficiency of the regeneration with air, if
compared with regeneration with nitrogen, could be
caused by a more efficient regeneration of Pd sulphite in
presence of oxygen [reaction (3) takes place in addition
to reaction (1)].

It is also observed that the sulphur release takes place
at lower temperatures in the TPR experiments than in
TPD and TPO experiments, which is in a good agree-
ment with the lower temperatures needed for the
regeneration of the catalyst by means of treatment
with H2.

4. Conclusions

Among the five different procedures (treatments with
hydrogen, vacuum, nitrogen, wet air and dry air) tested
for the regeneration of an alumina-supported Pd cata-
lyst, deactivated by SO2, the most efficient was treatment
with hydrogen, followed by treatment with air. Samples
deactivated at low temperature showed stronger deac-
tivation, but were easier to regenerate. The efficiency of
the regeneration increased also as the regeneration
temperature increased.

Characterisation of the poisoned catalysts using
TPR, TPD and TPO suggests that Pd sulphite is easier
to regenerate under inert or oxidant conditions, and that
the formation of this compound is favoured at low
temperature.
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