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bstract

The Ag-Pd/Al2O3 catalyst showed a higher NOx conversion than Ag/Al2O3 in the selective catalytic reduction (SCR) of NOx by C3H6 especially
t temperatures ranging from 573 to 773 K. However, the presence of SO2 in the feed gas decreased the activity of NOx reduction over Ag-
d/Al2O3 more greatly than that over Ag/Al2O3. The sulphate species formed on the poisoned Ag-Pd/Al2O3 and Ag/Al2O3 were characterized by
ET, inductively couple plasma optical emission spectrometer (ICP-OES), XRD, temperature programmed desorption (TPD) and in situ diffuse

eflectance infra-red fourier transform spectroscopy (DRIFTS) methods. Two kinds of sulphate species were found on the SO2 poisoned Ag-

d/Al2O3 catalyst, and the formation of nitrate was blocked by the surface sulphate species. The addition of Pd into Ag/Al2O3 promoted the
ormation of sulphate on the Ag sites in the presence of SO2, which was considered to be the possible reason for the weak sulphur resistance of
g-Pd/Al2O3.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The selective catalytic reduction (SCR) of NOx by hydro-
arbons (HC-SCR) offers an attractive alternative to NH3-SCR
echnology. The system of Ag/Al2O3-hydrocarbons for the SCR
f NOx has been reported by many researchers [1–7] for its high
electivity. However, the activity of Ag/Al2O3 at low tempera-
ures needs to be improved for practical usage. Our recent work
8] showed that the addition of 0.01 wt% Pd into the 5wt% Ag
atalyst (denoted as Ag-Pd/Al2O3) increases its catalytic activity
or the SCR of NOx at low temperatures; however, our work also
howed the weak sulphur tolerance of the Ag-Pd/Al2O3 catalyst
n the presence of SO2 [9]. It should be noted that the pres-
nce of SO2 in the various exhausts is another serious problem
n catalytic after-treatment [10]. The tolerance of metal oxide-

ased catalysts to SO2 depends on the type and oxidation state
f the deposited metal, the nature of the support and the kind of
eductants. Sumiya et al. [11] reported the suppression effect of

∗ Corresponding author. Tel.: +86 10 62849123; fax: +86 10 62923563.
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O2 on the activity of Ag/alumina mounted on a cordierite was
ttributed to the formation of sulphate on the catalyst. Angelidis
nd Kruse [12] examined the promotion of the SCR of NOx

rocess by SO2 over Ag/Al2O3 using C3H6/C3H8 as the reduc-
ant. Gandhi and Shelef [13] investigated the effect of sulphur
ompounds on the reduction of NO. They found that the disper-
ion of metal particles on the support was an important factor
n the oxidation of SO2, and that the activity of NO reduction
o nitrogen and ammonia over the Pt and Pd catalysts was com-
letely suppressed by the presence of very low levels of SO2.
hey also concluded that under oxidizing conditions, the sul-
hur storage capability of the support in the form of sulphate
irectly affected the catalyst resistance to poisoning. However,
he sulphate species characterization was insufficient and con-
lusive information of the effect of SO2 on the catalysts is not
n consensus due to the difference of reported results.

For obtaining more information about the sulphur resistance
f SCR catalysts, the present study has been conducted to reveal

he SO2 deactivating mechanism of Ag-Pd/Al2O3 during C3H6-
CR of NOx. We examined the time dependence of the activity of

he SCR of NOx on SO2 when SO2 was added into the feed gas,
nd the temperature programmed desorption (TPD) method was

mailto:honghe@rcees.ac.cn
dx.doi.org/10.1016/j.molcata.2006.10.055
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sed to identify the surface sulphate species. The in situ diffuse
eflectance infra-red fourier transform spectroscopy (DRIFTS)
ethod was used to detect the effect of SO2 on the formation

f key intermediates such as –NCO, enolic species, and NO3
−

nder different reaction conditions.

. Experimental

.1. Catalyst preparation

The Ag/Al2O3 (Ag 5 wt%) and Ag-Pd/Al2O3 (Ag 5 wt%, Pd
.01 wt%) catalysts were prepared by the impregnation method
escribed in our earlier paper [8]. The poisoned Ag/Al2O3 and
g-Pd/Al2O3 were prepared in the flow of 80 ppm SO2 at 723 K

or 10 h.

.2. Catalyst characterization

Transmission electron microscopy (TEM) (JEOL/JEM-
200EX, 80 kV) was employed to examine the structure of
he fresh and poisoned Ag-Pd/Al2O3 and Ag/Al2O3 powders.
RD profiles were measured using a D/MAX-RB diffractome-

er equipped with copper target X-ray tube(λ = 0.154 nm). The
-ray source was operated at 2000 W (40 kV, 50 mA). The scans
ere performed over the range of 20–90◦ and at a scan rate of
◦/min. The surface area, pore volume and pore size of dif-
erent catalysts were measured by using a Micromeritics TriStar
000 apparatus. The surface area was determined by multi-point
easurements using N2 adsorption isotherms at 77 K. Elemen-

al S analysis was operated by inductively couple plasma optical
mission spectrometer (ICP-OES) method using a Perkin-Elmer
PTIMA 2000.

.3. Catalytic tests

The catalytic test was carried out in a fixed-bed quartz
ow reactor (10 mm i.d.) by passing a mixture of 800 ppm
O, 1714 ppm C3H6, 0–80 ppm SO2 and 10 vol% O2 in high
ure N2 at a rate of 4000 cm3 min−1 over a 1.2 g catalyst
W/F = 0.018 g s cm−3; SV, ∼50,000 h−1). Ten volume percent

2O vapor was supplied with a syringe pump and vaporized by
coiled heater set at the inlet of the reactor. Water was removed
rom the reactor effluent gas by passing it through a condenser
efore it reached the online analyzers. After reaching a steady
tate, the effluent gas was analyzed by a chemiluminescence
O/NO2/NOx analyzer (42C-HL, Thermo Environmental) for

A
t
s
o

able 1
urface area, pore volume, pore diameter and S content of �-Al2O3, fresh and poison

ample Surface area (m2/g) Pore volum

-Al2O3 262 0.71
g-Pd/Al2O3 267 0.84
oisoned Ag-Pd/Al2O3 219 0.68
g/Al2O3 245 0.71
oisoned Ag/Al2O 216 0.71

oisoned Ag-Pd/Al2O3 and Ag/Al2O3 were prepared by treating fresh catalysts in th
is A: Chemical 266 (2007) 166–172 167

Ox conversion analysis. The activity was defined as NOx con-
ersion: NOx conversion = (NOx inlet−NOx outlet)/NOx inlet.

.4. TPD

All TPD measurements were performed using a quartz reac-
or coupled to a quadrupole mass spectrometer (Hiden HPR20)
ith a linear heating rate of 30 K min−1 in a He flow of
0 ml min−1. Before the experiment, a 0.5 g fresh sample was
round into powder and pretreated in situ in 10% O2 at 823 K
or 2 h prior to experiments. For the SO2-TPD, the catalyst was
retreated in the presence of 80 ppm SO2 and 10% O2 at 723 K
or 10 h, and subsequently the catalyst was cooled to 303 K in
he flow of N2. For the NO-TPD, the fresh and pre-poisoned
atalysts were treated in the flow of 800 ppm NO and 10% O2 at
73 K for l h. The catalyst was then flushed with He for 30 min
o remove physically adsorbed gas before commencement of
emperature ramp.

.5. In situ diffuse reflectance infra-red fourier transform
pectroscopy procedure

In situ DRIFTS spectra were recorded on a NEXUS 670-
TIR instrument equipped with a smart collector and an MCT/A
etector cooled by liquid N2. The sample (ca. 30 mg) was finely
round and placed in a ceramic crucible. Prior to each exper-
ment, the catalyst was thermally treated in a flow of 10 vol%

2 + N2 for 60 min at 573 and for another 60 min at 873 K, then
ooled to the desired temperature, and a spectrum of the catalyst
n the flow of N2 + O2 serving as the background was recorded.
ll spectra were measured under the simulated reaction condi-

ions with a resolution of 4 cm−1 and an accumulation of 100
cans.

. Results and discussion

.1. Catalyst characterization

Fig. 1(a–d) shows the TEM images of fresh and poisoned
g-Pd/Al2O3 and Ag/Al2O3 catalysts. Fig. 1(a and c) indicate

hat the typical sizes of metal Ag particles on fresh Ag-Pd/Al2O3
nd Ag/Al2O3 are in the range of 5–15 nm, whereas the metal

g sizes on SO2 poisoned catalysts are obviously larger than

hat on the fresh catalyst. The metal Ag is assigned as an Ag
ingle crystal by the electron diffraction pattern (in upper right
f Fig. 1(b)). No Pd particle is observed on fresh and poisoned

ed Ag-Pd/Al2O3 and Ag/Al2O3 catalysts

e (cm3/g) Pore diameter (nm) S content (wt%)

13.1 –
12.7 –
12.5 1.37
11.5 –
13.1 1.22

e presence of 80 ppm SO2 at 723 K for 10 h.
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F /Al2O3, (b) SO2 poisoned Ag-Pd/Al2O3, (c) fresh Ag/Al2O3 and (d) SO2 poisoned
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ig. 1. TEM images of Ag-Pd/Al2O3 and Ag/Al2O3 particles: (a) fresh Ag-Pd
g/Al2O3.

g-Pd/Al2O3, which is due to the fact that the addition amount
f Pd is too small and that Pd is highly dispersed (<1 nm) on the
atalyst surface.

Fig. 2 shows the XRD patterns of the fresh and poisoned
atalysts of Ag-Pd/Al2O3 and Ag/Al2O3. The diffraction pat-
erns of fresh Ag-Pd/Al2O3 and Ag/Al2O3 show only character
f the support �-Al2O3. Neither silver nor palladium oxide is
etected, which indicates that the silver and palladium oxide par-
icles are well dispersed over the catalyst. After Ag-Pd/Al2O3
s poisoned by 80 ppm SO2 at 723 K for 10 h, sharp silver sul-
hate (Ag2SO4) peaks are observed. However, when Ag/Al2O3
atalyst is poisoned by SO2 under the same condition as those
or Ag-Pd/Al2O3, no silver sulphate peaks could be seen. These
esults show that the addition of Pd accelerates the formation of
ulphate.

Table 1 shows the BET measurement results and S content for
he fresh and poisoned catalysts of Ag-Pd/Al2O3 and Ag/Al2O3.
he data for the pure �-Al2O3 support are also included for

omparison. The surface area and the pore volume slightly
ncrease after Ag and Pd are introduced on the support, whereas
he pore diameter decreases slightly. However, after the fresh
g-Pd/Al2O3 and Ag/Al2O3 catalysts are poisoned by SO2,

Fig. 2. XRD patterns of the catalyst samples: (a) poisoned Ag-Pd/Al2O3, (b)
fresh Ag-Pd/Al2O3, (c) poisoned Ag/Al2O3 and (d) fresh Ag/Al2O3.
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Fig. 3. Time dependence of NOx conversion during the SCR of NOx by C3H6
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ver Ag/Al2O3 (©) and Ag-Pd/Al2O3 (�) at 723 K in the presence of 80 ppm
O2. Reaction conditions: NO, 800 ppm; C3H6, 1714 ppm; O2, 10 vol%; SO2,
0 ppm; N2 balance. W/F = 0.018 g s cm−3 (GHSV, ∼50,000 h−1).

ignificant decreases in the surface area and pore volume are
bserved. These results demonstrate that the sulphate species
re mainly located on the surface of the alumina and that some
ores are blocked by the surface sulphate. In addition, the S
ontent of poisoned Ag-Pd/Al2O3 is higher than that of the poi-
oned Ag/Al2O3. This result is consistent with the XRD result
entioned above.

.2. Influence of SO2 on catalytic activity

The NOx conversions over the Ag-Pd/Al2O3 and Ag/Al2O3
atalysts at 723 K were evaluated in a model exhaust gas in
he presence/absence of 80 ppm SO2 as shown in Fig. 3. The
nitial NOx conversion in the absence of SO2 over Ag-Pd/Al2O3
nd Ag/Al2O3 are 96% and 91%, respectively. When SO2 is
ntroduced to the feed gas stream, the NOx conversion over both
atalysts decreases obviously in the first 2 h. The NOx conversion
s stable at 12% over Ag-Pd/Al2O3 catalyst in the presence of
O2, which is much lower than the stable NOx conversion of
3% over Ag/Al2O3. These results reveal that Ag-Pd/Al2O3 is
ess resistant to sulphur than Ag/Al2O3.

.3. SO2-TPD

To gain insights into the nature of the species formed on the
oisoned samples, we examined TPD experiments for Ag/Al2O3
nd Ag-Pd/Al2O3 after exposure to 80 ppm SO2 in 10% O2 at
23 K for 10 h, by monitoring SO2 (m/z = 64) signals. As shown
n Fig. 4, SO2 desorbs in two peaks for poisoned Ag/Al2O3,
entered at around 894 and 1207 K, respectively. The high-
emperature peak centered around 1207 K should be derived
rom the thermally stable sulphate species formed on Ag/Al2O3.

ccording to the previous literature [14,15], Al2(SO4)3 was

ormed through the treatment of alumina with SO2, and it decom-
osed to yield alumina oxide at 1162–1223 K. Thus, we can
educe that the higher temperature peak around 1207 K may be

S
e

ig. 4. SO2-TPD spectra obtained at 64 amu after Ag/Al2O3 (a) and Ag-
d/Al2O3 (b) were poisoned by 80 ppm SO2 for 10 h at 723 K.

ttributed to the decomposition of sulphate species formed on
l2O3 surface. The peak at 894 K may be attributed to the SO2
enerated by the decomposition of surface sulphate species on
he Ag site, which is in accordance with the result of Meunir and
oss [16].

A similar TPD pattern is obtained for poisoned Ag-Pd/Al2O3,
s shown in the same figure. Compared with the TPD feature of
he poisoned Ag/Al2O3, the TPD spectrum of the poisoned Ag-
d/Al2O3 shows a strong and broad desorption peak centered
t 894 K. This means that the addition of trace Pd promoted the
ormation of Ag2SO4. It is known that Ag site is the reactive
ite for the SCR of NOx, and that the formation of Ag2SO4 is
ot favorable for the SCR of NOx. Therefore, the performance
f Ag-Pd/Al2O3 is not better than Ag/Al2O3 in the presence of
O2.

.4. NO-TPD

Fig. 5 shows a comparison of the NO and O2 TPD profiles
or the fresh and SO2 treated Ag-Pd/Al2O3 catalysts. The TPD
pectra are markedly changed by the SO2 treatment. The desorp-
ion of NO from the fresh catalyst is observed at 525 and 813 K.
he desorption of NO at 813 K is accompanied with desorp-

ion of oxygen, which indicates that some nitrate-type surface
pecies decompose into NO and O2 [17]. The desorption of NO
rom the SO2 poisoned sample is observed at temperatures of
65 and 650 K, which are lower than those for the fresh sample,
espectively. These results suggest that the nitrates decompose
ore easily on the poisoned catalyst surface than on the fresh

urface.

.5. FT-IR studies
In order to investigate the mechanism of SO2 effects on the
CR of NOx over Ag-Pd /Al2O3 catalyst, we also carried out
xperiments using in situ DRIFTS.
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Fig. 5. NO-TPD spectra obtained at 30 amu (NO) and 32 amu (O2) for fresh
s
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ample (solid line) and Ag-Pd/Al2O3 poisoned by 80 ppm SO2 at 723 K for
0 h (broken line). Exposure conditions: samples were exposed to a flow of NO
800 ppm) + O2 (10%) + N2 at 473 K for 60 min.

Fig. 6(a and b) shows the respective IR spectra of the fresh
nd poisoned Ag-Pd/Al2O3 catalyst in the flow of NO + O2 in
steady state at various temperatures. Based on previous lit-

ratures [4,5,8,18,19], the bands are assigned to monodentate
itrate (1250 or 1248, 1550 cm−1), bidentate nitrate (1300, 1579
r 1583 cm−1) and bridge nitrate (1614 or 1612 cm−1), respec-
ively. The significant difference between Fig. 6(a and b) is the
eak intensity at 1300 cm−1. With increasing temperature, the
eak at 1300 cm−1 for the poisoned sample disappears at 673 K,
hile it was relatively strong for the fresh sample. On the other
and, the peak intensity at 1550 and 1579 cm−1 for the fresh
ample is also stronger than that of the poisoned sample. These
esults suggest that the presence of surface sulphate blocks the
O oxidation on the catalyst surface, which results in the inhi-
ition of NO3

− formation. These results are in good agreement
ith the NO-TPD results.
Fig. 7(a and b) shows the respective IR spectra of the

resh and poisoned Ag-Pd/Al2O3 catalyst in the flow of
O + C3H6 + O2 in a steady state at various temperatures.
he bands in Fig. 7(a and b) are assigned to bands of
dsorbed nitrates (1300, 1585 or 1587 cm−1) [4], acetate
1394, 1460–1475, 1572 cm−1) [4,8,18,19], surface enolic
pecies (H2C CH O M) (1637 cm−1) [8,20] and surface
NCO species (2233 or 2235 cm−1) [8]. The surface enolic
pecies is formed by the partial oxidation of C3H6 on the Ag-
d/Al2O3 catalyst [8,20]. The enolic surface species is reactive

owards nitrate to form the –NCO species [20,21]. The –NCO
n Ag-Pd/Al2O3 is an important reaction intermediate during
he SCR of NO by C3H6. By comparison of the relative peak
ntensities shown in Fig. 7(a and b), we conclude that the surface
nolic species and nitrates have a low surface concentration on
he SO2 poisoned Ag-Pd/Al2O3 catalyst surface because oxi-
ation processes of both NO and C3H6 are blocked by the

urface sulphate. Subsequently, this results in the low surface
oncentration of –NCO species. Therefore, the SO2 poisoned
g-Pd/Al2O3 catalyst shows a lower activity of NO reduction
y C3H6 than the fresh sample. On the other hand, a large nega-

f
a
s
r

ig. 6. In situ DRIFTS spectra in a steady state at various temperatures in a
ow of NO (800 ppm) + O2 (10%) + N2: (a) fresh Ag-Pd/Al2O3 and (b) SO2

oisoned Ag-Pd/Al2O3.

ive peak at 1394 cm−1 is observed in Fig. 7(b), which is related
o the site of sulphate adsorption [22]. This is because we used
he SO2 poisoned sample as the background in the experiment
f Fig. 7(b).

Fig. 8 shows the SO2 effect on the DRIFTS spectra of
g-Pd/Al2O3 during the SCR of NOx at 723 K. The bottom

pectrum was taken after 1 h under SO2-free flow and the
ext four spectra were taken every half hour in the presence
f 80 ppm SO2. The bands of surface –NCO (2233 cm−1),
nolic species (1637 cm−1), acetate (1462 cm−1) and nitrate
1300 cm−1) can be observed. After SO2 exposure, there is a
eak at ∼1344 cm−1 growing in intensity with time. Accord-
ng to literatures [19,23–25], the band at ∼1344 cm−1 can be
ttributed to asymmetric stretching vibrations of OSO of sul-
hate related to Al phase. With increasing SO2 exposure, the
ands at ∼1344 cm−1 shift to high wavenumber of 1358 cm−1,
ecause of the accumulation of sulphate on the catalyst sur-

ace [25]. This is the reason why a negative peak at 1394 cm−1

ppears when the poisoned catalyst is used. At the same time, the
ulphate peak at 1344–1358 cm−1 is very strong, which may be a
eason why the peak related to Ag phase (1313 cm−1) cannot be
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Fig. 7. In situ DRIFTS spectra during the SCR of NOx at various temperatures.
Reaction conditions: NO, 800 ppm; C3H6, 1714 ppm; O2, 10%; N2 balance: (a)
fresh Ag-Pd/Al2O3 and (b) SO2 poisoned Ag-Pd/Al2O3.

Fig. 8. Dynamic changes of in situ DRIFTS spectra of Ag-Pd/Al2O3 as a func-
tion of time during the SCR of NOx at 723 K by addition of 80 ppm SO2. Reaction
conditions: NO, 800 ppm; C3H6, 1714 ppm; O2, 10%; N2 balance.

c
i
r
s
o
1
l
w
s
c
I
o
e
s
l
o
P
t
o
p
i

4

t
l
t
p
p
m
t
a
t
s
t
f

A

F
a

R

is A: Chemical 266 (2007) 166–172 171

learly seen. The peaks at 2233 and 1300 cm−1 decrease dramat-
cally, and almost disappears after 2 h of SO2 exposure. These
esults indicate that the sulphate on the Ag-Pd/Al2O3 catalyst
urface blocks the formation of NO3

− and then the formation
f –NCO. In addition, and that the band of enolic species at
637 cm−1 slightly increases. This is partially due to the fol-
owing step of enolic species reaction to nitrates being blocked,
hich implies that the enolic species accumulates on the catalyst

urface. The other reason may be the introduction of SO2(+O2)
reating Br�nsted acid sites [26], which can activate the propene.
t can be concluded when the enolic species is previously formed
n the catalyst surface, the introduction of SO2 could not influ-
nce the formation of the enolic species. However, when the
urface is previously covered by sulphate, the formation of eno-
ic species will be suppressed. That is why the concentration
f the enolic species is much lower over SO2 poisoned Ag-
d/Al2O3 than that over the fresh catalyst (Fig. 7 (b)). Under

he same condition as Fig. 8, a similar phenomenon is observed
ver the Ag/Al2O3 catalyst [27]. However, large amount of sul-
hate appears on Ag-Pd/Al2O3 compared to Ag/Al2O3, which
s consistent with the results of ICP-OES, XRD and SO2-TPD.

. Conclusion

Ag-Pd/Al2O3 showed a good performance in SCR of NOx in
he absence of SO2. However, the presence of SO2 in the feed gas
ed to a permanent deactivation of the SCR of NOx by C3H6 over
he Ag-Pd/Al2O3 catalyst at 723 K. The formation of surface sul-
hates was observed on both the alumina and silver phases. The
resence of Ag2SO4 and Al2(SO4)3 species inhibited the for-
ation of enolic and NO3

- species, and subsequently inhibited
he formation of surface –NCO. Compared with Ag/Al2O3, the
ddition of trace Pd promoted Ag2SO4 formation on the reac-
ive Ag site, which may be the main reason why Ag-Pd/Al2O3
howed lower SO2 tolerance than Ag/Al2O3. It is suggested that
he addition of noble metals may not be an appropriate method
or improving the SO2 resistance of Ag/Al2O3.
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