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Abstract

The selective catalytic reduction (SCR) of NO byHg in excess oxygen was evaluated and compared over AQ4fdnd Cu/AbOs
catalysts. Ag/AJO; showed a high activity for NO reduction. However, Cuf®¢ showed a high activity for §Hg oxidation. The partial
oxidation of GHg gave surface enolic species and acetate species on the,®8g/Alt only an acetate species was clearly observed on the
Cu/Al,Os. The enolic species is a more active intermediate towards-N® to yield—NCO species than the acetate species on the AQ4AI
catalyst. The Ag and Cu metal loadings and phase changes@g gdpport can affect the activity and selectivity of Ag/®k and Cu/AbO3
catalysts, but the formation of enolic species is the main reason why the activity of the,®gstalyst for NO reduction is higher than that
of the Cu/ALO; catalyst.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction copper (Cu/ApO3) catalyst has recently become another fo-
cus as a metal oxide catalyst for the SCR of NO. Bethke
The selective catalytic reduction (SCR) of NO by hydro- et al.[10] reported that a Cu/Zr@catalyst, which contains
carbons is a potential method to remove Nf@®m oxygen highly dispersed Cit species in a nonreducible oxide ma-
rich exhausts. Since Iwamoto and Held and co-worke&y trix, showed NO conversion comparable to Cu-ZSM-5. Af-
first reported that the copper-exchanged ZSM-5 catalyst is terwards, Shimizu et a[11] found that Cu/A}O3 with a
an effective catalyst for the SCR of NO, much effort in the high Cu content showed higher activity at low temperature
last decade has been placed on the investigation of a moreand higher hydrothermal stability than Cu-ZSM-5. Recently,
suitable catalyst. Although many studies have focused onKim et al. [12] reported that the 10wt.% Cu/f0D3 cata-
zeolitic catalysts, the metal oxides are the most promising lyst with a CuAbO, phase exhibited a high reactivity for
catalysts because of their high stability. In 1993, Miyadera the SCR of NO by GHe. It has also been reported that the
[3] found that an alumina-supported silver (Ag®g) cat- SCR of NO by GHg over Ag/AlbOs [4-9] and Cu/AbOs
alyst is highly effective for the SCR of NO bysEg and [11,13] catalysts undergoes a similar mechanism. However,
C2HsOH. In our previous studj4], we also found that the  the similar mechanism is unconvincing to explain the obvi-
Ag/Al ;03 catalyst exhibited a high activity for the reduction ous difference between Ag/#D3 catalysts and Cu/AD3
of NO with C3Hg and GHsOH even in the presence of wa-  catalysts for the SCR of NO by hydrocarbon.
ter vapor and S@ The reaction mechanism of the SCR of In this study, Ag/AbO3 and Cu/AbOs3 catalysts with dif-
NO was proposed on the basis of vacuum and in situ stud-ferent Ag and Cu loadings were prepared and characterized
ies on Ag/AbO3 [4-9], and R-ONO, R-N@and NCO were by BET and XRD methods. The catalytic performance of
suggested as the key intermediates. The alumina-supported\g/Al,0O3 and Cu/AbO3 catalysts for the SCR of NO by
C3Hg was evaluated and compared. In addition, the differ-
L ) ence between Ag/AD3; and Cu/AbOs3 for the SCR of NO
* Corresponding author. Tel+86-10-62849123,; . . . .
fax: +86-10-62923563. were studied with respect to the behavior of adsorbed species
E-mail address honghe@mail.rcees.ac.cn (H. He). on the catalyst surface using in situ DRIFTS spectra.
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2. Experimental

2.1. Catalyst preparation
Utilized Al,O3 (gamma type) has a total BET surface

area of 250 rhig—L. The supported catalysts, AgiDs and
Cu/Al,0O3, were prepared by an impregnation method with
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2.4. Insitu DRIFTS

In situ DRIFTS spectra were recorded in a NEXUS
670-FTIR equipped with a smart collector and a liquigd N
cooled MCT detector. The sample (about 30 mg) for study
was placed in a ceramic crucible. Before the experiment,
the catalyst was firstly pre-treated in a flow of 10% O

an aqueous solution of silver and copper nitrate, followed + Ny for 60 min at 573 and 873 K, respectively, then cooled
by evaporation to dryness in a rotary evaporator under pres-to a suitable temperature in a flow ob@- N2 for 30 min,
sure reduction at 333 K. The wet sample was dried at 393K and a spectrum of the catalyst in the flow of N O, was

for 12 h, and then calcined in air at 873K for 3h. Be-

recorded as the background. A flow of feed gas mixture

fore the catalytic test, the catalysts were sieved into 20-40 controlled by mass flow meters was fed at a flow rate of

meshes.

2.2. Catalyst characterization

BET surface area, pore volume and pore diameter were

obtained from N adsorption isotherms measured at 83K
using an ASAP 2000 instrument (Micromeritics Co., USA).
The data of the Cu/AD3; and Ag/AbOg3 catalysts with dif-
ferent loadings are given ifable 1

Powder X-ray diffraction (XRD) measurements of cat-
alysts were carried out on a Rigaku D/max-RB X-Ray
Diffractometer (Japan) with a CudKradiation and oper-
ated at 40kV and 40 mA. The patterns were taken in the 2
range of 10-70at a scan speed of gin—1.

2.3. Catalytic tests

The activity tests for the SCR of NO by3Hg over
Ag/Al,O3 and Cu/AbO3 catalysts were performed with a

300 ml/min. All spectra were measured under real reaction
conditions with a resolution of 4cnt and accumulating
100 scans. A background spectrum was subtracted from
each spectrum, respectively.

3. Results and discussion
3.1. Catalytic test

Fig. 1 shows the NO conversions for the SCR of NO by
C3Hg over Ag/Al,O3 and Cu/AbOg3 catalysts with differ-
ent loadings at various temperatures. As showrign 1(A),
the maximum of NO conversion increased significantly with
increasing silver loading from 2 to 4 wt.%, and the temper-
ature at which the maximum of NO conversion is obtained
(i.e. Tmax) was shifted towards a lower temperature. Further
increase of the silver loading from 4 to 8 wt.% did not show
any promotion of low temperature NO conversion but low-
ered the high temperature conversion. As showFign1(B),

fixed-bed quartz flow reactor by passing a mixture gas of the maximum of NO conversion increased with the increase

NO/C3Hg/O2/N2 = 800 ppm/1714 ppm/10 vol.%/balance
at a flow rate of 4000 cAmin—! (W/F = 0.018gsml1,
GHSV: 50,000h1) within the temperature range of
400-900K. After reaching the steady state, the efflu-
ent gas was analyzed by (AVL Di Gas, 4000 light) for
HC and CQ conversion analysis and a chemilumines-
cence based NO/NAZNO, analyzer (42C-HL, Thermo
Environmental Instrument Inc.) for NO conversion
analysis.

Table 1
BET surface area, pore volume and pore diameter of AgAland
Cu/Al,O3 catalysts with different Ag and Cu loadings

Catalyst BET surface  Pore volume  Pore
area (n/g) (cclg) diameter (A)

2wt.% Ag/Al,03 239.8 0.7235 122.9
4wt.% Ag/Al;03 222.4 0.7107 124.9
6wt.% Ag/Al,03 211.8 0.6950 126.2
8wt.% Ag/Al;03 209.9 0.6493 130.3
1wt.% Cu/AbO3 235.1 0.7214 122.8
5wt.% Cu/AbO3 205.1 0.6280 122.58

10wt.% Cu/AbOs 171.9 0.5298 123.3

15wt.% Cu/AbOs 147.7 0.4839 128.5

of copper loading until 10 wt.%, but decreased at 15 wt.%.
BET results of the catalysts are shownTable 1 The
surface area of both Ag/AD3 and Cu/AbO3 catalysts grad-
ually decreased with increasing the loading. XRD patterns
of a series of Ag/AlO3 (A) and Cu/AbO3 (B) catalysts are
shown inFig. 2 Only they-Al,03 phase was detected as
the Ag loading increased from 2 to 6 wt.%, but the,8gy
phase was also observed &t & 19.26, 33.76 and 38.12
etc. with the 8wt.% Ag loadingHig. 2(A)). Likewise, the
CuO phase could not be detected until the Cu loading up
to15wt.% in Cu/AbOs (Fig. 2(B)). On the other hand, the
test data irFig. 1 shows that the optimum Ag and Cu load-
ings for Ag/AlbO3 and Cu/AbO3 during the SCR of NO are
4 wt.% Ag/Al,O3 and 10 wt.% Cu/AdOs, respectively. This
implied that both catalysts have the highest catalytic activ-
ity for the SCR of NO with the highest Ag or Cu loading
before the presence of Ag and Cu metal oxide phases.
Fig. 3 shows the NO (A) and £€Hg (B) conversions for
the SCR of NO by @Hg over 4wt.% Ag/AbO3, 10 wt.%
Cu/Al,03, Al,03 catalyst and blank reactor at various tem-
peratures. As shown ifrig. 3(A), the blank reactor had
almost no activity for the SCR of NO bysElg. The AbO3
showed a better activity than 10wt.% Cug@ catalysts,
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Fig. 1. NO conversion for the SCR of NO bysBs over Ag/Al,O3. (A)
(W) 2wt.%, (A) 4wt.%, (V) 6 Wt.%, (@) 8wt.%, and Cu/AlOs. (B) (M)
1wt.%, (A) 5wt.%, (V) 10wt.%, @) 15wt.%, at various temperatures.
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Fig. 2. XRD patterns of Ag/AIO3 (A) and Cu/AbOs (B) catalysts with
different Ag and Cu loadings.

but the curve of NO conversion was shifted towards higher most efficient catalysts for the SCR of NO should not oxi-
temperatures. The highest NO conversion was 98% for thedize NO to NQ and hydrocarbon to any significant extent.

4wt.% Ag/Al,O3 catalyst, contrasted with 40% for the
10wt.% Cu/AbOs3 catalyst. However, the activity for4Elg
combustion can be arrayed as order of 10 wt.% Gy@Al
> 4wt.% Ag/ALO3 > Al,O3 > blank reactor, as shown
in Fig. 3(B). The results above all showed the different
promoting effects of silver and copper to supporter.
Meunier and co-workeri$,14] reported that the favorable
catalysts for the SCR of NO, e.g. low loadingZ wt.%) Ag
supported on alumina, are not significantly active for either
oxidation of NO to NQ or hydrocarbon combustion dur-
ing the SCR of NO. Likewise, the reverse is true for high
loading (10 wt.%) Ag/AOs3 catalyst, which showed high
activity for NO oxidation and hydrocarbon combustion, but

Shimizu et al[11] also found that the reactivity for the SCR

of NO by GHg over a 8 wt.% Cu/AIO3 catalyst exhibited

the highest activity at 623 K, but almost all of the propylene
was converted into the CPat higher temperature, so they
suggested that the decrease of reactivity for NO reduction
is due to the consumption ofs8g through the combustion
reaction on the catalyst. On the other hand, many studies
also showed that the SCR of NONO3™~) by hydrocarbon

is much faster than that of N{%,7-9,13,15,16]In fact, the
NO, route may be the origin of selectivity of NO reduc-
tion in excess oxygen. Therefore, this discussion should be
further done at mechanistic level since the results published
apparently contradicted each other. The steady and tran-

was unselective for the SCR of NO. They suggested that thesient DRIFTS experiments were carried out over the 4 wt.%
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Fig. 3. NO conversion (A) and 4Elg conversion (B) for the SCR of
NO by GHg over (@) 4wt.% Ag/Al,Os3, (A) 10wt.% Cu/AbOgz, (V)
v-Al>03, (®) blank reactor, at various temperatures.

Temperature/ K

Ag/Al,0O3 and the 10 wt.% Cu/AlO3 catalysts, which have
the best activity for NO reduction in the same series cata-
lysts, respectively.

3.2. In situ steady state DRIFTS

Fig. 4(A) shows the DRIFTS spectra of 4 wt.% Agi&;
catalyst in a flow of NO+ C3Hg + O at various temper-
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Fig. 4. In situ DRIFTS of the 4wt.% Ag/AD3 catalyst (A) and the
10wt.% Cu/AbOs catalyst (B) in a flow of 800 ppm NG+ 1714 ppm
CsHes + 10.0vol.% GJ/N, at various temperatures.

[5,8,17] The peaks at 1570, 1466 and 1394¢nare as-
signed tovgs (COO), vs (COO) ands (-CHg) of the ad-
sorbed acetat,17—-21] respectively. In addition, the weak
bands, which could be observed at 2229 ¢mare assigned
to -NCO specie$4,5].

Fig. 4(B) shows the DRIFTS spectra of the 10wt.%
Cu/Al,0O3 catalyst in a flow of NO+ CgHg + Oy at vari-
ous temperatures (473-723K) in a steady state, along with
the spectrum recorded at 473K in a flow of N©OO, and
the spectrum recorded at 723K in a flow ofHg + Oo.

atures (473-723K) in a steady state. After an exposure of At 473K, three strong bands at about 1574, 1506 and

the catalyst to NO+ C3Hg + Oz mixture gas for 30 min

1306 cnt! were observed on the Cu/ADz catalyst. These

at 473 K, many bands appeared at 1630, 1593, 1570, 1466pands are in good agreement with the bands observed in the

1412, 1394, 1333 and 1306 cth The strong bands at 1630,
1412 and 1333 cmt which were also observed on AgiDs
during the SCR of NO by ¢Hg and GHsOH in our pre-
vious study[25,26], are attributed to enolic speciesys
(RCH=C-0),us (RCH=C-0) ands (C—H), respectively. The
bands at 1306 and 1593 chare assigned to the uniden-
tate (1306 cmt) and bidentate (1593 cm) nitrates species

flow of NO + O, and are assigned to bidentate (1574 ¢jn

and unidentate (1506 and 1306chh nitrates on the
Cu/Al,03 [13,17,22,23] respectively. The bands at 1643,
1564, 1452, 1375 and 1275crat 723K are consistent
with the bands observed in the flow o§ldg + O, at 723K,

so that these bands are the nitrogen-free species and are
assigned ta (C=C) (1643 cnT1), uas (COO) (1564 crml),
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Table 2 1579
Bands observed on Ag/ADs; and Cu/AbOs catalysts during DRIFTS AgALO; 673K
experiments and the corresponding surface species and vibrations to which 1630 1540
they were assigned 20 1300
Catalyst Wavenumber  Species Vibration 1743
(em ) ‘
Ag/Al 03 1306 NG~ species Unidentate NO § — \
1593 Bidentate N@" 2| |
1333 Enolic species 5 (C-H) <
1412 vs (RCHEC-0") -
1630 vas (RCHEC—-O") — —
1394 Acetate species  § (—CHg) — NGO, L min
1466 vs (COO) C,H;+O, 60 min
1570 vas (COO7) R N R L L R RN R
2229 Isocyanate -NCO 2200 2000 1800 1600 1400 1200
-1
Cu/Al,Os 1306, 1506 N@~ species Unidentate NO ) Wavenumbers/ cm
1574 Bidentate N@~
1275 Carbonate species  Carbonate species CUALO. 673K 1554 1304
1375 Acetate species  § (-CHg) 278
1452 vs (COO) 1874
1564 vas (COO) / 1454
1643 GC U (C=C) / 1575
2197 Isocyanate Cu-NCO
2233 AlI-NCO 3 2239
§ | 15 min
S | 10 min
8 5 min ("
vs (COO) (1452cm?), § (-CHg) (1375cntl) and car- < 3 min /_/
bonate species (1275ci), respectively[13,17,22,23] - 2 min /_/
Weak bands at 2233 and 2197cthare assigned to NO+O, 1 min
AI-NCO (2233¢cnT!) and Cu-NCO (2197 cmt), respec- CiHg+0, 60 min
tively [13,22] From above assignments, it is shown that the LA AR AL AR AR AR
2200 2000 1800 1600 1400 1200

nitrate species was a dominant ad-species at low temperagg,
ture, while the acetate species was a dominant ad-species at
high temperature during the SCR of NO by;HE; over the Fig. 5. Dynamic changes of in situ DRIFTS spectra of the 4wt.%
Cu/Al,O3. The IR bands and their proposed assignments in A9/Al20s catalyst (A) and the 10wt.% Cu/fDs catalyst (B) as a func-
Fig. 4(A) and (B)are summarized ifable 2 tion of time in a flow of 800 ppm NO+ 10.0vol.% G/N, at 673K.
. . . Before the measurement, the catalysts were pre-exposed to a flow of

Up to now, it has been widely accepted that -NCO species, 1714 ppm GHg + 10.0vol.% Q/N; for 60 min at 673K.
which can react with NO, @or NO + O to produce N, is
one of the important intermediates, and organo-nitro com-
pounds -GH,NO, (such as R-ONO and R-N{ are the the acetate species gradually became the dominant species
precursor of -NCO specidg,5,8,14,24] However, we did on the catalyst surface. In the following section, we per-
not find any clear feature in our DRIFTS which can be as- formed the transient reaction to investigate the reactivity of
signed to R-ONO and R-NOAs shown inFig. 4(A), sur- enolic and acetate species towards nitrate species.
face enolic species (1633, 1412 and 1333 ¢&nacetate
species (1466 and 1570 c) and nitrates species (1593 and 3.3. In situ transient DRIFTS
1306 cnT1) co-existed on the 4 wt.% Ag/AD3 catalyst at
473K, because next reaction among acetate, enolic species The reactivity of partial oxidized gHg species on the
and nitrates species had not occured yet. With increasing theAg/Al,03 and the Cu/AdO3 catalysts towards NG- Oz
reaction temperature, the intensity of acetate, enolic and ni-was studied at 673 K which is close T4 for both cata-
trates species gradually decreased and almost disappeared btsts. Fig. 5(A) and (B)shows the changes in the DRIFTS
723 K, accompanying the formation of -NCO species. How- spectra as a function of time in a flow of N@ O, after
ever, as shown ifrig. 4(B), hardly any enolic species was the Ag/AlbO3 and the Cu/AdOz catalysts were exposed
observed on the Cu/AD3 catalyst besides a little amount of to a flow of GHg + O, for 60 min. The bands due to
acetate species (1452 and 564 ¢y and NG~ (1574 and surface acetate (1579 and 14607 surface carbonyl
306 cnm1) became the dominant species on the catalyst sur-(1743 cnt) and enolic species (1630 crf) were observed
face at 473 K. It was shown thatBg can only be partially  on the Ag/AbOs in the flow of GHg + O2 (Fig. 5(A)).
oxidized into an acetate species on the Cpdhl catalyst. The intensity of enolic and acetate bands at 1630, 1579 and
With increasing the reaction temperature, nitrates species1460cnt! gradually dropped by exposing the AgsSs
gradually decreased and almost disappeared at 623K, ando the flow of NO 4 O,. Simultaneously, the bands at

Wavenumber/ cni*
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Fig. 6. Reaction scheme of the SCR of NO byHg over Ag/Al,O3 and Cu/AbOg3 catalysts.

2227 cnt1 (-NCO), 1540 and 1300 cr (nitrate) appeared, 4. Conclusions

but the intensity of -NCO increased within 5min and then
decreased. After the Ag/AD3 catalyst surface reached a
steady state in the flow of N&@ O, with time up to 30 min,

it is found that the enolic band at 1630 tidisappeared
completely, but the acetate (1579 and 1460¢&rand the ~ metal oxide phases of-Al2Os. Ag/Al203 has a higher
nitrate (1540 and 1300cm) coexisted, and the acetate activity for the SCR of NO by gHe than Cu/AbO3. How-
species was still the dominant species on the surface. Thisever, Cu/AbO3 has a higher activity for §Hg combustion
suggests that the enolic species participated in the NO re-than Ag/AbOs. CsHg can be partially oxidized into enolic
duction via -NCO species, and that the enolic species is aspecies and acetate species on the AgD4) and the enolic

Both Ag/Al,O3 and Cu/AbO3 catalysts showed their
highest catalytic activity for the SCR of NO with the high-
est Ag or Cu loading before the presence of Ag and Cu

more active intermediate towards NPO, than the acetate
on the Ag/AbOs.

The enolic band at 1630 cmh was not observed in the
DRIFTS spectra when the Cu/AD3 catalyst was exposed
to the flow of GHg + O for 60 min, and only acetate bands
were observed at 1574, 1454 and 1375 ¢igFig. 5(B)). Af-
ter the flowing gas was switched to N©O», the intensity of

species is a more reactive intermediate for the formation of
NCO species via the reaction with N® O, than acetate
species. However, thesBg can only be partially oxidized
into acetate species and then £& the Cu/AbOs3 catalyst.
This is the main reason why the activity of the Cu/@k
catalyst for NO reduction is much lower than that of the
Ag/Al O3 catalyst.

acetate bands steeply dropped and completely disappeared in

5min. Meanwhile, the nitrate species (1554 and 1304'9m

was quickly formed, and became the dominant species onAcknowledgements

the Cu/AbOs surface. The band of -NCO (2239 c#) also
appeared, but it was very weak. Comparfig. 5(A) with
Fig. 5(B), itis clear that the acetate species on the CaAl
catalyst is more reactive towards NOO, than that on the
Ag/Al,O3 catalyst, but the surface concentration of -NCO
produced on the Cu/ADj3 catalyst was much lower than
that on the Ag/A$O3 catalyst. This result suggests that the
reaction between NOand acetate species on the Cu®¢
catalyst did not selectively produce -NCO, but yielded,CO
According to the analysis above, it is concluded that the
C3Hg can be directly oxidized into acetate, and the enolic

species cannot steadily exist because of the high oxidation

activity of the Cu/AbOs catalyst, which is a reasonable ex-
planation why the Cu/AlO3 has a lower selectivity for NO
reduction than the Ag/ADs.

Fig. 6 gives a simplified reaction scheme for the SCR of
NO by GsHg over Cu/AbO3 and Ag/ALOs catalysts. The
main route over Ag/AlIO3 catalyst is summarized as fol-
lows: NO + C3Hg + O, — CH3COO™ + RCH=CH-O
4+ NO2 (NO3™) - (R-NO; + R—-ONO) — NCO + NO
+ O2 — N2 + COy. On the other hand, the main route over
Cu/Al,0O3 catalyst is summarized as follows: N® C3Hg
4+ 02 — NO2 (NO3™) + CH3COO  — H2O + CO»

+ NO.
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Research and Development Project of the Ministry of Sci-
ence and Technology, Peoples Republic of China (Grant
2001AA643010C) and the Chinese Academy of Sciences
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