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bstract

The preferential CO oxidation on a monolith Ru/Al2O3 catalyst pretreated with SO2 in the reactant gas was investigated in the presence/absence
f 0.21–20 ppm sulfur compounds (SO2 or H2S). In the presence of 2.1 ppm sulfur compound, CO was preferentially oxidized over the SO2-
retreated catalyst at 150 ◦C. On the other hand, in the absence of sulfur compounds, the H2 oxidation was promoted. By in situ IR measurements,
ulticarbonyl species and SO4

2− species were found on Ru in the presence of SO2. The presence of multicarbonyl species at a high frequency
−1 2−
2154 cm ) and that of SO4 species on Ru suggested that Ru was oxidized. Since the rate of CO oxidation was low on oxidized Ru, the selectivity

or CO oxidation was low over the SO2-pretreated catalyst in the absence of sulfur compounds. On the other hand, the increase in the selectivity in
he presence of sulfur compounds suggested that weakly adsorbed sulfur compounds suppressed the migration of dissociatively adsorbed H atom
n Ru or decreased the H atoms next to adsorbed O atom for the H2 oxidation.

2006 Elsevier B.V. All rights reserved.

c
2

r
o
b
r
s
f
s
[
h
a
f
P
p

eywords: Preferential CO oxidation; SO2; H2S; Ru/Al2O3 catalyst; In situ IR

. Introduction

H2 is expected to be one of the clean energy resources, if it can
e produced from the solar energy, natural energy, and bioen-
rgy without CO2 evolution. However, the infrastructure for
omestic use of H2 has not been developed. To consume energy
ffectively, residential polymer electrolyte fuel cell (PEFC) co-
eneration systems using natural gas, liquefied petroleum gas,
r kerosene as H2 sources have attracted much attention. The
uel processor of the system normally comprises a desulfu-
izer, a steam reformer, a shift converter, and a preferential
O oxidation (PROX) unit. Since just a small amount of CO
oisons the anode catalyst for PEFC, the CO concentration in
he reformed fuel gas must be reduced to less than 10 ppm by
he water–gas shift reaction and the PROX. The stoichiomet-
ic [O2]/[CO] ratio is 0.5 for the CO oxidation; however, it is

ecessary to supply excess O2 to achieve high CO conversion
or the PROX in H2-rich gas [1,2]. Thus the PROX is usually
onducted at the [O2]/[CO] ratio of 1.5–2.5, though excess O2
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onsumes H2 and the selectivity for CO oxidation is as low as
0–33%.

For residential use, long-term durability over 10 years is
equired [3]; however, it has not been ensured yet. In addition,
nly a few studies on the deactivation of the PROX catalyst have
een reported [4–6], since the PROX is not needed for phospho-
ic acid fuel cell systems. For the PROX, contaminants in air,
uch as SO2 and H2S, may deactivate the catalyst. In addition,
or autothermal reforming of liquid fuels, which usually contain
ulfur compounds, H2S is supplied to the subsequent catalysts
7]. Though Cu–ZnO catalysts for the water–gas shift reaction
ave large absorption capacity for H2S, some catalysts cannot
bsorb H2S. Therefore, we have investigated the influence of sul-
ur compounds (SO2 and H2S) over the monolith Ru/Al2O3 and
t/Al2O3 catalysts [8]. The supply of 4.3–48 ppm sulfur com-
ounds to the Ru/Al2O3 catalyst for 100–350 min decreased the
O conversion. Most of the sulfur compounds were oxidized to
O4

2− species, which migrated to the support. During the SO2
oisoning, parts of the Ru sites strongly adsorbed the SO4

2−

pecies, and the CO oxidation was suppressed.

In some cases of practical use, contaminated air is supplied
o the PROX catalysts for a long term. In addition, the com-
osition of the contaminants is not always the same. From this

mailto:wakita.h@jp.panasonic.com
dx.doi.org/10.1016/j.molcata.2006.12.017
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oint of view, the Ru/Al2O3 catalyst was employed for the reac-
ion in the presence of SO2 for a long term (SO2 pretreatment),
nd then the sulfur compound was intermittently supplied to the
O2-pretreated catalyst. In this work, the first SO2 poisoning is
esignated as the SO2 pretreatment, though the reaction condi-
ions of the pretreatment are the same as those for the PROX,
xcept for the coexistent SO2. Interestingly, the SO2-pretreated
atalyst showed significant changes in the selectivity for CO
xidation caused by sulfur compounds. In this study, the cat-
lytic behavior after the pretreatment is reported in detail, and
he mechanisms are discussed on the basis of in situ IR spectra.

. Experimental

.1. Catalyst preparation

Catalysts were prepared by the impregnation method
escribed in detail elsewhere [8]. By impregnating a �-Al2O3
upport with an aqueous solution of RuNO(NO3)x, 2.0 wt%
u/Al2O3 catalyst powder thus obtained was supported on
ordierite honeycombs (20 mm diameter; 10 mm thickness;
00 cell/in.2) with an Al2O3–sol binder. The prepared mono-
ith Ru/Al2O3 catalyst with Ru loading of 1.6 g/l was employed
or transient response tests in a fixed bed reactor.

For the in situ IR measurements, 3.8 wt% Ru/Al2O3 catalyst
owder was prepared.

.2. Reaction tests

Catalytic activities were measured in a fixed bed reactor. The
eactant gas was 51.5 vol.% H2, 0.3 vol.% CO, 12.9 vol.% CO2,
.5 vol.% O2, 6.0 vol.% N2, and 28.8 vol.% H2O at an [O2]/[CO]
atio of 1.5, which simulates the steam-reformed natural gas after
he shift converter. The pretreatment reaction was conducted
n the presence of 20 ppm SO2 in the reactant gas at GHSV =
260 h−1 and ca. 150 ◦C for 60 h.

After the pretreatment, the above-mentioned reactant gas
ithout sulfur compounds was continuously fed to the SO2-
retreated Ru/Al2O3 catalyst at ca. 150 ◦C for 15–23 h. Then
.0–500 ppm SO2 or H2S diluted with N2 was intermittently
dded to the reactant gas. The concentration of the sulfur
ompound was 0.21–20 ppm in the reactant gas, which was cor-
esponding to 8.7–830 ppm in air. When the sulfur compound
as not added to the reactant gas, N2 was fed instead. The reac-

ion was usually conducted at GHSV = 9260 h−1 and ca. 150 ◦C.
he reaction temperatures were measured with a thermocouple

n contact with the top of the catalyst bed. When the [O2]/[CO]
atio was changed, the air flow rate was changed. The method of
he gas composition analysis was described in detail earlier [8].
he selectivity for CO oxidation was defined by the following
quation: S = {(inlet CO concentration − outlet CO concentra-
ion − outlet CH4 concentration)/2}× 100/(inlet O2 concen-
ration − outlet O2 concentration). However, the outlet CH4

oncentration was negligible under any conditions in this study.

The temperature dependence of catalytic activities was also
easured in the presence/absence of 2.1 ppm sulfur compounds

y lowering the catalyst temperature stepwise from 200 to 90 ◦C.
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i
o
v

ysis A: Chemical 268 (2007) 139–147

.3. Catalyst characterization

IR spectra were obtained with an FTIR spectrometer (FTIR
200, Shimadzu Corp.) equipped with a DRIFT apparatus
model 0030-103, Spectra-Tech Inc.) having CaF2 windows.
he 3.8 wt% Ru/Al2O3 catalyst without the SO2 pretreatment
as reduced at 200 ◦C for 30 min in a 5 vol.% H2/He flow, and

ooled to 150 ◦C. After the background spectrum was taken in
He flow, a spectrum was taken at 150 ◦C in a reactant gas flow

gas composition (I): 75.5 vol.% H2, 0.5 vol.% CO, 19.0 vol.%
O2, 0.7 vol.% O2, 2.7 vol.% N2, and 1.6 vol.% H2O). Next,
O2 diluted with N2 was added to the reactant gas for 150 min
SO2 pretreatment), and the IR spectra were recorded. The gas
omposition during the SO2 pretreatment was 65.6 vol.% H2,
.4 vol.% CO, 16.5 vol.% CO2, 0.6 vol.% O2, 15.5 vol.% N2,
.4 vol.% H2O, and 66 ppm SO2 (gas composition (II)). After
he SO2 pretreatment, the reaction (gas composition (I)) was
ontinuously carried out for 70 min. Then SO2 was re-supplied
o the SO2-pretreated catalyst (gas composition (II)).

The CO adsorption on the pretreated/fresh catalysts was also
onducted at 50 ◦C by the pulse method on an automatic gas
dsorption apparatus (R6015, Okura Riken Co. Ltd.). Before the
easurements, the catalysts were reduced at 200 ◦C for 15 min

n a H2 flow.

. Results

.1. Changes in the catalytic activity caused by SO2

As shown in Table 1, the fresh monolith Ru/Al2O3 catalyst
ithout SO2 pretreatment showed ∼100% conversions of both
O and O2 at the [O2]/[CO] ratio of 1.5 and 155 ◦C (I), and
either of conversions changed 0.5 h after the start of the pre-
reatment with 20 ppm SO2 (II) even in the presence of SO2.
owever, the CO and O2 conversions decreased to 75.0% and
7.7% at 60 h, respectively (III). In addition, the temperature
f the top of the catalyst bed decreased from 155 to 142 ◦C at
0 h due to the suppression of the oxidations of CO and H2. As
escribed above, the SO2 pretreatment for 60 h was conducted.

Then the supply of SO2 was interrupted and the reaction
as continuously conducted over the SO2-pretreated catalyst

n the absence of SO2 for 22 h. The O2 conversion increased to
9.4% at 22 h, though the CO conversion decreased further to
5.5% (IV). The catalyst temperature increased to 151 ◦C with
n increase in the O2 conversion. Therefore, the interruption
f SO2 promoted the H2 oxidation. Next, 20 ppm SO2 was re-
upplied, which increased the CO conversion with a decrease in
he O2 conversion. A high CO conversion (95.7%) was attained
ith a low O2 conversion (56.0%) (V) 1.5 h after the resump-

ion of the SO2 supply. Thus the selectivity for CO oxidation
ignificantly increased to 52.2%. However, a long-term supply
f 20 ppm SO2 (24 h) gradually decreased the CO and O2 con-
ersions to 77.1% and 45.4%, respectively (VI). Interestingly,

he selectivity was very high (56.2%) even at this moment. The
nterruption of SO2 promoted the H2 oxidation again. Next, SO2
f low concentration (2.1 ppm) was supplied. A high CO con-
ersion (95.1%) and a high selectivity (46.0%) were attained in
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Table 1
Changes in the catalytic activity in the presence/absence of SO2

Condition SO2 in the
reaction gas

CO conversion (%) O2 conversion (%) Selectivity for CO
oxidation (%)

Before SO2 pretreatment (I) None 99.8 99.7 33.1
At 0.5 h after the start of SO2 pretreatment (II) 20 ppm 99.8 99.8 33.1
At 60 h after the start of SO2 pretreatment (III) 20 ppm 75.0 37.7 65.8
At 22 h after the SO2 pretreatment for 60 h (IV) None 65.5 99.4 21.8
At 1.5 h after the start of SO2 supply to the SO2-pretreated catalyst (V) 20 ppm 95.7 56.0 52.2
At 24 h after the start of SO2 supply to the SO2-pretreated catalyst (VI) 20 ppm 77.1 45.4 56.2
A ppm

R vol.%
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98.4%, and the O2 conversion was as low as 62.4% (Table 2 and
Fig. 1(a)). As a result, the selectivity for CO oxidation increased
to 52.2%. After SO2 was stopped, the CO conversion immedi-
t 33 h after the start of SO2 supply to the SO2-pretreated catalyst (VII) 2.1

eaction conditions: feed, 51.5 vol.% H2, 0.3 vol.% CO, 12.9 vol.% CO2, 0.5
HSV = 9260 h−1; SO2 pretreatment, 20 ppm SO2 under the reaction condition

he presence of SO2 even 33 h after the start of the supply of
O2 of low concentration (VII).

In summary, the H2 oxidation was promoted in the absence
f SO2 over the SO2-pretreated catalyst (IV), while CO was
referentially oxidized in the presence of SO2 and unreacted O2
as exhausted without consuming H2, which gave high selec-

ivities (V, VII). However, the CO conversion decreased little by
ittle with high selectivities kept, when SO2 of high concentra-
ion (20 ppm) was supplied for a long term (V, VI). On the other
and, in the presence of SO2 of low concentration (2.1 ppm), the
igh CO conversion was kept for a long term (VII).

To elucidate the effect of the Al2O3 support (� or �), a Ru/�-
l2O3 catalyst with Ru loading of 1.6 g/l was pretreated with
O2. The interruption of SO2 promoted the H2 oxidation, and
O was selectively oxidized in the presence of 20 ppm SO2. The
oint is that the catalytic behavior did not depend on the support,
ut on the catalyst metal of Ru.

.2. Influence of sulfur compounds on the activities of the
O2-pretreated catalyst

To investigate the influence of the SO2 concentration on
he activities of the catalyst pretreated with SO2 for 60 h,
.21–20 ppm SO2 was intermittently added to the reactant gas for
short term (50–100 min). The reaction was conducted over the

O2-pretreated catalyst at the [O2]/[CO] ratio of 1.5 and 150 ◦C
nd the results are shown in Table 2 and Fig. 1. Table 2 shows
he catalytic activities 90 min after the start of sulfur compound
upply, except those in the presence of 0.21 ppm sulfur com-

able 2
hanges in the activity of the SO2-pretreated catalyst by the presence of SO2 or

2S

ulfur compound
n the reaction gas

CO conversion
(%)

O2 conversion
(%)

Selectivity for CO
oxidation (%)

one 65.5 99.4 21.8
.21 ppm SO2 89–98 87–98 30–37
.1 ppm SO2 98.4 62.4 52.2
0 ppm SO2 95.7 56.0 56.6
.21 ppm H2S 95–99 79–98 32–41
.1 ppm H2S 97.4 60.8 53.1

he activities at 1.5 h after the start of sulfur compound supply were shown,
xcept for the poisoning with 0.21 ppm sulfur compound. Reaction conditions
nd pretreatment conditions are the same as those shown in Table 1.

F
i
H
d
s

95.1 68.4 46.0

O2, 6.0 vol.% N2, 28.8 vol.% H,O; [O2]/[CO] = 1.5; temperature, ca. 150 ◦C;
0 h.

ounds. Some tests were repeated, and the high reproducibility
as confirmed. In the presence of SO2 of very low concentration

0.21 ppm), the CO conversion increased and the O2 conversion
lightly decreased (Table 2) although conversions were unstable
nd fluctuated. Thus, the selectivity for CO oxidation showed
elatively high value of 30–37%. In the presence of SO2 of
ow concentration (2.1 ppm), the CO conversion was as high as
ig. 1. Changes in the catalytic activity of the SO2-pretreated Ru/Al2O3 catalyst
n the presence/absence of (a) 2.1 ppm SO2, (b) 2.1 ppm H2S, and (c) 20 ppm

2S. (�) CO conversion, (�) O2 conversion, and (�) selectivity for CO oxi-
ation. Reaction conditions and pretreatment conditions are the same as those
hown in Table 1.
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estimated by the CO adsorption on the amount of supplied SO2
for the pretreatment. In this paper, the Ru dispersion was defined
as the molar ratio of the amount of CO adsorbed to the amount
of Ru loaded. The Ru dispersion after the reduction at 400 ◦C

Fig. 3. Dependence of the activities of the Ru/Al2O3 catalysts in the presence
42 H. Wakita et al. / Journal of Molecular

tely decreased to ∼60% with an increase in the O2 conversion
o ∼100%, which showed that the H2 oxidation was promoted.
he presence of SO2 of high concentration (20 ppm) also led to
imilar behavior within a short period of 90 min (Table 2).

Next, the influence of the H2S concentration (0.21–20 ppm)
n the activity of the SO2-pretreated catalyst was examined.
he results are also shown in Table 2 and Fig. 1. As shown in
ig. 1(b), H2S of low concentration (2.1 ppm) increased the CO
onversion and the selectivity as was the case of SO2 of low
oncentration (2.1 ppm) (Fig. 1(a)). However, the interruption
f H2S supply resulted in a slower decrease in the CO conver-
ion than the interruption of SO2. We have already reported that
he sulfur compounds were oxidized to SO4

2− species, which
igrated to the support [8]. Therefore, these results indicate that
2S was oxidized more slowly to SO4

2− species than SO2. In the
resence of H2S of very low concentration (0.21 ppm), the CO
onversion also increased with a decrease in the O2 conversion,
hough they fluctuated as was the case of SO2 of very low con-
entration (0.21 ppm) (Table 2). In the presence of H2S of high
oncentration (20 ppm), however, both CO and O2 conversions
ignificantly decreased (Fig. 1(c)), unlike in the case of SO2 of
igh concentration (20 ppm) (Table 2). This also indicates that
eakly adsorbed H2S or S2− species was more slowly oxidized

o SO4
2− species than SO2 and accumulated on Ru, resulting

n the rapid deactivation. After H2S of high concentration was
topped, the O2 conversion gradually increased, and the CO
onversion once increased and then decreased. Both CO and O2
onversions returned to the same as those before the H2S supply,
70 min after the interruption of H2S supply. The changes in the
O conversions after the interruption of H2S of high concentra-

ion suggest that the CO conversion and the selectivity strongly
epended on the coverage of the weakly adsorbed sulfur com-
ounds, which were slowly oxidized after the interruption of
2S supply.
The pretreatment was also conducted by H2S instead of SO2.

he interruption of H2S supply promoted the H2 oxidation, and
he sulfur compound re-supply enhanced the selectivity [9]. This
lso suggests that H2S was oxidized to SO4

2− species.

.3. Dependence of the catalytic activities on the SO2

retreatment condition

The dependence of the activities of SO2-pretreated catalysts
n the absence of sulfur compounds on the amount of supplied
O2 for the pretreatment was investigated by changing the period
f pretreatment. In Fig. 2, the abscissa presents the molar ratio
f supplied SO2 to the Ru loading, where 30 molS/molRu of
O2 corresponds to the pretreatment with 20 ppm SO2 for 60 h.
he reaction was carried out at the [O2]/[CO] ratio of 1.5 and
50 ◦C. The activities were measured at 15–23 h after the SO2
retreatment. The catalyst pretreated with 0.5 molS/molRu of
O2 showed the same activity as the fresh one. However, the CO
onversion significantly decreased to 86% at 2.0 molS/molRu,

nd decreased further to 70% at 9.1 molS/molRu. However, the
O conversion of the catalyst at 30 molS/molRu was slightly

ower than that at 9.1 molS/molRu. On the other hand, the O2
onversion remained ∼100% irrespective of the amount of SO2.

o
c
i
p
p

ulfur compounds on the amount of supplied SO2 for the pretreatment. (�) CO
onversion, (�) O2 conversion, and (�) selectivity for CO oxidation. Reaction
onditions and pretreatment conditions are the same as those shown in Table 1,
xcept for the period of the pretreatment.

hus, the changes in the selectivity strongly depended on the
O conversion.

Fig. 3 shows the dependence of the activities of the SO2-
retreated catalyst in the presence of SO2 of low concentration
2.1 ppm) on the amount of supplied SO2 for the pretreatment.
fter the pretreatment followed by the reaction for 15–23 h in

he absence of SO2, SO2 was re-supplied and the activity 1.5 h
fter the start of SO2 was plotted against the molar ratio of sup-
lied SO2 to the Ru loading. The catalyst at 2.0 molS/molRu
howed the same activity as that of the fresh one. The O2 con-
ersion decreased to 60% at 30 molS/molRu, though the CO
onversion remained higher than 98%. Thus, the changes in the
electivity depended on those in the O2 conversion. At more than
.1 molS/molRu, both CO and O2 conversions changed by the
resence/absence of SO2 of low concentration (Figs. 2 and 3).

Fig. 4 shows the dependence of the nominal Ru dispersion
f 2.1 ppm SO2 on the amount of supplied SO2 for the pretreatment. (�) CO
onversion, (�) O2 conversion, and (�) selectivity for CO oxidation. The activ-
ty at 1.5 h after the start of SO2 supply was plotted. Reaction conditions and
retreatment conditions are the same as those shown in Table 1, except for the
eriod of the pretreatment.
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Fig. 5. Temperature dependence of the activities of the SO2-pretreated
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ig. 4. Dependence of the nominal Ru dispersion estimated by the CO adsorp-
ion on the amount of supplied SO2 for the pretreatment. Pretreatment conditions
re the same as those shown in Table 1, except for the period of the pretreatment.

n a H2 flow was lower than that after the reduction at 200 ◦C,
ince SO4

2− species reversely spilled over from the support to
u above 220 ◦C as reported in our previous study [8]. There-

ore, the Ru dispersion after the reduction at 200 ◦C is shown in
ig. 4. Though the supplied SO2 at 0.5 molS/molRu was 1.6 times
s much as the surface Ru, the Ru dispersion slightly decreased
rom 31.7% to 26.4%. The Ru dispersion at 9.1 molS/molRu
ecreased to 7.8%; however, the catalyst at 30 molS/molRu main-
ained 2.3% of the Ru dispersion. Thus, even though a large
mount of SO2 was supplied, migration of SO4

2− species to the
upport retained some active sites, and the Ru catalyst showed
igh tolerance to SO2. In addition, the rate of oxidation was fast
nough to achieve 100% of O2 conversion over small numbers
f active sites after the pretreatment. We have already reported
hat the mean size of Ru particles of a Ru catalyst (Ru load-
ng, 3.1 g/l) increased from 1.7 to 2.7 nm by the poisoning with
8 ppm SO2 for 8 h from TEM images, though the nominal Ru
ispersion significantly decreased from 34.3% to 1.8% [8]. The
PS for the catalyst at 9.1 molS/molRu showed only S6+ species,
hich also supports the presence of SO4

2− species on Al2O3 and
u. Therefore, it is implied that the decrease in the Ru disper-

ion was mainly caused by the SO4
2− species strongly adsorbed

n the Ru surface. Figs. 2 and 4 indicate that a small amount
f SO4

2− species strongly adsorbed on Ru selectively promoted
he H2 oxidation in the absence of sulfur compounds. On the
ther hand, in the presence of SO2, the O2 conversion decreased
hen the number of active sites further decreased by the weakly

dsorbed sulfur compounds.
We also checked the amount of residual sulfur on the cata-

yst at 9.1 molS/molRu, and 28% of the total SO2 supplied was
etected. Though the quantitative analysis of sulfur compounds
n the effluent gas was difficult due to a high dew point (70 ◦C),
nly SO2 was detected in the effluent gas when the dew point
as low as in the case of in situ IR measurements to be given

ater (the dew point, 15 ◦C).

.4. Temperature dependence of the catalytic activities
For practical use, it is preferable to reduce CO concen-
ration in a wide temperature range. Thus the temperature
ependence of the catalytic activities was investigated in the

S
a
W
f

f sulfur compounds, (♦) in the presence of 2.1 ppm SO2, and (�) in the pres-
nce of 2.1 ppm H2S. Reaction conditions and the pretreatment conditions are
he same as those shown in Table 1.

resence/absence of sulfur compounds of low concentration
2.1 ppm) (Fig. 5). The catalyst pretreated for 60 h showed
ow CO conversions in the absence of sulfur compounds at
he [O2]/[CO] ratio of 1.5 (Fig. 5(a)), which indicates that the
O oxidation was suppressed by the SO4

2− species strongly
dsorbed on the Ru particles. Though the fresh catalyst with-
ut the pretreatment showed constant selectivities (32–33%)
t the temperature range between 120 and 190 ◦C due to high
O conversions (>97%) and high O2 conversions (∼100%), the

O2-pretreated catalyst showed the maximum CO conversion
nd selectivity at 120 ◦C in the absence of sulfur compounds.

hen we examined the activity of the SO2-pretreated catalyst
or the reverse water–gas shift reaction in a reactant gas flow
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ithout CO and air (52.1 vol.% H2, 13.0 vol.% CO2, 4.1 vol.%
2 and 30.8 vol.% H2O), CO was not detected even at 200 ◦C.
herefore, the reverse water–gas shift reaction did not cause the
ecrease in the CO conversion above 120 ◦C. Therefore, sup-
osedly the activation of CO was suppressed in the absence of
ulfur compounds, and the H2 oxidation was enhanced with an
ncrease in temperature, which consumed O2 in the upper stream
f the catalyst bed.

However, the SO2-pretreated catalyst showed very high CO
onversions in the presence of sulfur compounds of low con-
entration (2.1 ppm) especially between 145 and 175 ◦C. At
45 ◦C, O2 was not completely consumed (Fig. 5(b)), since the
2 oxidation was suppressed by the sulfur compounds weakly

dsorbed on Ru. Above 175 ◦C, O2 was completely consumed
ue to the increased rate of the H2 oxidation, so that the selectiv-
ty decreased. However, the CO conversions and selectivities in
he presence of sulfur compounds were higher than those in the
bsence of sulfur compounds, which indicates that the weakly
dsorbed sulfur compounds suppressed the H2 oxidation even
t high temperature.

.5. Dependence of the catalytic activities on the
O2]/[CO] ratios

Fig. 6 shows the dependence of the catalytic activities at
50 ◦C on the [O2]/[CO] ratios. Over the fresh catalyst without
he SO2 pretreatment, the CO conversion significantly decreased
t the [O2]/[CO] ratio of 0.8, though the O2 conversion was
100% at any [O2]/[CO] ratios (Fig. 6(a)). The selectivity

ncreased with a decrease in the [O2]/[CO] ratios. Over the SO2-
retreated catalyst, the O2 conversion was also ∼100% in the
bsence of sulfur compounds at any [O2]/[CO] ratios; however,
he selectivity was nearly constant (Fig. 6(b)). In other words, the
atio of the CO oxidation to the H2 oxidation in the upper stream
f catalyst bed was constant irrespective of the changes in the
2 concentration. In the presence of 2.1 ppm SO2, the O2 con-
ersion of the SO2-pretreated catalyst was low at the [O2]/[CO]
atio of 1.5; however, it largely increased with a decrease in the
O2]/[CO] ratio from 1.5 to 1.1 (Fig. 6(c)). The CO conversion
lightly decreased with a decrease in the [O2]/[CO] ratio from 1.5
o 1.1 and significantly decreased at the [O2]/[CO] ratio of 0.8.

At the [O2]/[CO] ratio of 1.5, the selectivity for CO oxidation
n the SO2-pretreated catalyst in the presence of 2.1 ppm SO2
as the highest at 115 ◦C as shown in Fig. 5(c). Similar tendency
as also observed at the [O2]/[CO] ratio of 1.1 (Table 3). In the
resence of 2.1 ppm SO2, the O2 conversion at 120 ◦C was lower
han that at 150 ◦C, keeping relatively high CO conversions. So

very high selectivity (50.7%) was attained at 120 ◦C at the
ow [O2]/[CO] ratio of 1.1. It was five points higher than that
45.5%) of the fresh catalyst without the pretreatment under the
ame conditions, though the CO conversion was a little smaller
han that of the fresh catalyst.
.6. In situ IR measurements

In the in situ IR apparatus, the 3.8 wt% Ru/Al2O3 catalyst
owder was pretreated with 66 ppm SO2 at ca. 150 ◦C in the

R
A
f
e

able 1.

eactant gas flow. Fig. 7(a) shows the in situ IR spectra over the
egions of the C–O stretching vibrations and the S–O stretching
ibrations before the SO2 pretreatment (gas composition (I)).
he CO bands arising from carbonyls adsorbed on Ru are gen-
rally divided into three groups: HF1 (high-frequency 1) bands
t 2156–2133 cm−1, HF2 bands at 2100–2060 cm−1, and LF
low-frequency) bands at 2080–2000 cm−1 [8–21]. It has been
eported that the monocarbonyl species linearly adsorbed on
u0 was characterized by the LF band at 2040 cm−1 [12,19].

s shown in Fig. 7(a), the bands were observed at different

requencies of ca. 2030, 2000 and 1970 cm−1 due to the differ-
nces in the oxidation states of Ru sites [19–23]. The band at
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Table 3
Catalytic activity in the presence/absence of 2.1 ppm SO2 at the [O2]/[CO] ratio of 1.1

Catalyst Temperature (◦C) SO2 in the reaction gas CO conversion (%) O2 conversion (%) Selectivity for CO oxidation (%)

SO2-pretreated catalyst 120 2.1 ppm 95.5 85.3 50.7
SO2-pretreated catalyst 150 2.1 ppm 94.9 98.8 43.5
Fresh catalyst 120 None 99.7 99.2 45.5

R ]/[CO
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w
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c
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[
i
b
I
t
h
t
t
b

eaction conditions are the same as those shown in Table 1, except for the [O2

re the same as those shown in Table 1.

a. 1970 cm−1 might also arise from bridge-adsorbed carbonyl
pecies [22].

As shown in Fig. 7(b)–(d), broad absorption bands appeared
t 1180 and 1260 cm−1 during the SO2 pretreatment, and the
and intensities increased with time on stream. As reported in
ur previous study [8], the band at 1180 cm−1 was assigned to the
O4

2− species in bulk Al2(SO4)3, while the band at 1260 cm−1

as attributed to the surface SO4
2− species on the Al2O3 support

nd the Ru particles.
During the SO2 pretreatment, the HF2 band, which lay as a
houlder peak before the SO2 pretreatment, clearly appeared
t 2068 cm−1 with a decrease in the LF band intensities
t ca. 1970 and 2030 cm−1. It has been reported that the
un+(CO)2 dicarbonyls were characterized by a pair of the HF2

ig. 7. In situ IR spectra over the regions of the C–O and S–O stretching vibra-
ions at ca. 150 ◦C: (a) before the SO2 pretreatment, (b) at 10 min after the start
f SO2 pretreatment (66 ppm), (c) at 30 min, (d) at 150 min, and (e) at next
0 min after the SO2 pretreatment. (a)–(e) The spectra during the in situ SO2

retreatment over the 3.8 wt% Ru/Al2O3 catalyst. (f) The spectra in the absence
f sulfur compounds (gas composition (I)) over the 2.0 wt% Ru/Al2O3 catalyst
retreated with SO2 for 139 h in the fixed bed reactor. Feed, 75.5 vol.% H2,
.5 vol.% CO, 19.0 vol.% CO2, 0.7 vol.% O2, 2.7 vol.% N2, 1.6 vol.% H2O (gas
omposition (I)) or 65.6 vol.% H2, 0.4 vol.% CO, 16.5 vol.% CO2, 0.6 vol.% O2,
5.5 vol.% N2, 1.4 vol.% H2O, 66 ppm SO2 (gas composition (II)).
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] ratio and reaction temperature. [O2]/[CO] = 1.1. The pretreatment conditions

and at 2092–2045 cm−1 and the LF band at 2038–1970 cm−1

21,24–35]. Therefore, it is considered that the presence of SO2
ncreased the band intensity of dicarbonyls and decreased the
and intensity of monocarbonyls adsorbed on Ru at 2030 cm−1.
n addition, the HF1 band appeared at 2154 cm−1 at 30 min and
he intensity increased with time on stream (Fig. 7(c)–(d)). It
as been reported that Rum+(CO)3 tricarbonyls were charac-
erized by a pair of the HF1 and HF2 bands [20,21,35–37] and
hat multicarbonyls were formed by the disruption of the Ru–Ru
onding by anionic groups [19,20]. Thus, the band at 2154 cm−1

as characterized by the tricarbonyls on the Ru sites oxidized
y SO4

2− species. Thus, it has been found that the SO2 supply
ecreased the linearly adsorbed monocarbonyls, increased the
icarbonyls and developed the tricarbonyls.

The IR spectrum of the catalyst pretreated with SO2 for
50 min did not change even after the interruption of SO2 supply
Fig. 7(d) and (e)). When SO2 was re-supplied to the catalyst,
he IR spectrum did not change. This indicates that the reactivity
f carbonyls on the SO2-pretreated catalyst hardly changed by
he interruption of SO2 supply and the SO2 re-supply.

To check the influence of a long-term SO2 pretreatment on
he IR spectra, the pellet 2.0 wt% Ru/Al2O3 catalyst was pre-
reated with 21 ppm SO2 for 139 h in the fixed bed reactor. After
t was confirmed that the catalyst showed changes in the selec-
ivity in the presence/absence of sulfur compounds similar to
hose shown in Fig. 1, the catalyst was grounded, and the in
itu IR spectrum was taken in the absence of sulfur compounds
gas composition (I)) (Fig. 7(f)). The dicarbonyls and tricar-
onyls were observed as in the case of the in situ short-term
O2 pretreatment. Thus, the IR spectrum for the long-term SO2
retreatment was essentially identical to those for the in situ
hort-term SO2 pretreatment, though it differed in the degree of
oisoning.

. Discussion

Yokomizo et al. reported that the linearly adsorbed mono-
arbonyls were the most active species for the CO oxidation
ver a Ru/SiO2 catalyst [20]. In this study, the SO2 pretreat-
ent decreased the linearly adsorbed monocarbonyls, disrupted

he Ru–Ru bonding, and decreased the interaction between CO
nd Ru with a little higher oxidation state of Ru sites, which
uppressed the activation of CO. As shown in Fig. 7(d) and (e),

he interruption of SO2 supply did not restore the IR spectra
ver the region of the C–O stretching vibrations. This indicates
hat the oxidized Ru was not reduced after the interruption of
O2 supply and that the activation of CO was not restored.
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[4] G. Avgourpoulos, T. Ioannides, Ch. Papadopoulou, J. Batista, S. Hocevar,
ig. 8. Reaction models on the SO2-pretreated catalyst (a) in the absence of
ulfur compounds and (b) in the presence of SO2.

n other words, SO4
2− species strongly adsorbed on the oxi-

ized Ru sites, which accumulated little by little during the
O2 pretreatment, were not removed even after the interrup-

ion of SO2 supply. Thus the CO oxidation was suppressed in
he absence of SO2, and O2 was consumed in the upper stream
f the catalyst bed by the H2 oxidation. The proposed reac-
ion model in the absence of sulfur compounds is shown in
ig. 8(a). The SO2 pretreatment decreased the linearly adsorbed
arbonyls on Ru0 and decreased the CO coverage to promote
he H2 oxidation, which had been suppressed on the fresh cata-
yst with high CO coverage [38]. The H2 oxidation might occur
ven over the partially oxidized Ru sites. Thus, the selectivity
or CO oxidation decreased in the absence of sulfur com-
ounds. In this case, CO was oxidized on the slightly remaining
educed Ru sites; however, the consumption of O2 in the upper
tream of the catalyst bed resulted in a decrease in the CO
onversion.

On the other hand, in the presence of sulfur compounds, the
ulfur compounds weakly adsorbed on the SO2-pretreated cat-
lyst were slowly oxidized to SO4

2− species, most of which
igrated to the support. The weakly adsorbed sulfur compounds

robably covered the active sites, on which the H2 oxidation
ould occur in the absence of sulfur compounds. For the H2 oxi-
ation on Ru catalysts, it has been reported that an H atom of an
dsorbed H2 molecule formed an OH group with an adsorbed

atom and then the OH group reacted with a dissociatively
dsorbed H atom to form H2O [39]. Assuming that the OH group
eacts with an H atom adsorbed on another Ru site, two vacant
u sites, both of which are located next to the adsorbed O atom,
re needed for the H2 oxidation. On the other hand, only one
acant Ru site next to the adsorbed O atom is needed for the CO
xidation. If the coverage with the weakly adsorbed sulfur com-
ounds is high, it is probably difficult to give two vacant sites
ext to the adsorbed O atom for the H2 oxidation. In addition,
he high coverage with the weakly adsorbed sulfur compounds
ikely suppressed the migration of the H atom, though the CO

xidation occurs without the migration of CO. As a result, the
2 oxidation was strongly suppressed and the selectivity for CO
xidation increased.
ysis A: Chemical 268 (2007) 139–147

Fig. 8(b) shows the proposed reaction model in the presence
f SO2 over the catalyst. The active sites for the CO oxidation
ere hardly affected by the presence of sulfur compounds in the

eactant gas. When sulfur compounds of high concentration were
ed for a long term (Table 1(V and VI)), the weakly adsorbed
ulfur compounds accumulated on the Ru particles and then
uppressed the CO oxidation, keeping high selectivities for the
O oxidation. On the other hand, in the presence of SO2 of low
oncentration, high CO conversions were kept for a long term
Table 1(VII)), since the weakly adsorbed sulfur compounds
ere also slowly oxidized to migrate to the support. However,

ulfur compounds of very low concentration (0.21 ppm) slightly
ncreased the selectivity (Table 2). After the interruption of sulfur
ompound supply, they were oxidized to SO4

2− species, most
f which migrated to the support. Therefore, the H2 oxidation
as promoted again.

. Conclusions

The reaction behavior of the SO2-pretreated Ru/Al2O3 cata-
yst for the PROX was investigated in the presence/absence of
ulfur compounds. The following conclusions are drawn:

. After the catalyst was pretreated with SO2 for a long term,
the H2 oxidation was promoted at ca. 150 ◦C in the absence
of sulfur compounds. On the other hand, in the presence of
2.1 ppm sulfur compounds, the catalyst showed high selec-
tivities (46–53%) with high CO conversions (>95%) at the
[O2]/[CO] ratio of 1.5.

. The in situ IR results showed that coexistent SO2 decreased
the linearly adsorbed monocarbonyls, increased the dicar-
bonyls and developed the tricarbonyls. This suggests that
the CO oxidation was suppressed by the SO4

2− species
strongly adsorbed on Ru, which oxidized Ru. Thus, the
H2 oxidation was promoted in the absence of sulfur com-
pounds. In the presence of sulfur compounds, the H2
oxidation was suppressed by the weakly adsorbed sulfur
compounds, which were slowly oxidized and migrated to the
support.
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