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a b s t r a c t

The selective catalytic reduction (SCR) of NO by dimethyl ether (DME) has been investigated over various
noble metal loaded Al2O3 catalysts. It was found that Ag loaded Al2O3 was much more active than Rh,
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Pd, and Pt loaded ones. Further improvement of the low-temperature performance of Ag/Al2O3 between
200 ◦C and 300 ◦C was attempted by the addition of various amounts of Ba species; an Al2O3 supported Ag
(1 wt.%) catalyst promoted by 0.2 wt.% Ba was the most effective for DME-SCR. UV–vis spectra showed that
Ag+ ion played an important role in the reaction and the addition of Ba increased the amount of this active
species. Furthermore, FTIR measurements indicated that the formation of such reaction intermediates as

oted +

ME
etal loaded Al2O3

–NCO and –CN was prom

. Introduction

Nitrogen oxides (NO, NO2, and N2O) are major sources of
ir pollutants, which bring about acid rain, photochemical smog,
zone destruction, and green house effects. Recently, the selec-
ive catalytic reduction (SCR) of NO in oxygen-rich atmosphere
as been attracting extensive attention for removing NOx emit-
ed from various engines and combustors. Hydrocarbons (HC) have
een proved to act as effective reductants in SCR of NO under

ean conditions [1,2], and dimethyl ether (DME) is attracting more
ttention as a viable alternative to diesel. The advantages of DME
ver conventional diesel fuels include decreased emissions of NOx,
ydrocarbons and carbon monoxide and no undesired production
f soot [3]. Recently, application of DME as a reducing agent in
CR of NOx in diesel-powered engines has also been suggested
4–11]. Several authors have reported that DME displays high per-
ormance for SCR of NO over �-Al2O3 and promoted alumina [4,5].
he two current most promising HC-SCR catalysts, Ag/Al2O3 and
u-ZSM-5, for after-treatment of diesel-exhaust, are not active for
he DME-SCR in the presence of water [8,9]. However, the acidic
orm of zeolite ZSM-5 (H-ZSM-5) has recently been shown to be

promising catalyst for DME-SCR in the presence of water [10].

kazaki et al. have suggested that the main working reducing agent

s methanol generated from DME on alumina with surface hydroxyl
roups [7]. At present, however, the detailed reaction mechanisms
re still open to question. The present authors previously reported

∗ Corresponding author. Tel.: +81 11 706 6595; fax: +81 11 706 7556.
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by the isolated Ag ions, resulting in the higher activity for DME-SCR.
© 2010 Elsevier B.V. All rights reserved.

that Ir/WO3 was highly active for NO-SCR by CO [12,13] and In and
Ga loaded Al2O3 for NO-SCR by DME under lean-burn conditions
[14].

The present work has been undertaken to further examine the
effectiveness of DME for the SCR of NO using four kinds of noble
metal loaded Al2O3 catalysts and to study the influence of metal
loading and addition of an alkali metal of Ba.

2. Experimental

Various catalysts of Ag, Pd, Pt, and Rh supported on Al2O3 were
prepared by a conventional impregnation method [14]. A high
quality alumina (NST-5) produced by Nikki Universal was impreg-
nated with such metal precursors as RhCl3•3H2O, Pt(NH3)4(NO3)2,
Pd(NO3)2, AgNO3, Ba(NO3)2, dried in air at 110 ◦C for 12 h, and fur-
ther calcined in air at 500 ◦C for 2 h. The reaction procedures used
were similar to those used previously [13,14]. So, these will be
described in brief in the following. The reaction was carried out in a
conventional flow reactor at an SV of 104 h−1 and at 200–400 ◦C. The
reaction data were collected at increasing temperatures by every
50 ◦C. The catalyst bed was heated up to the desired temperature,
this temperature was held for 1 h within which the reaction became
to the steady state, the outlet gases were sampled and analyzed, and
the catalyst was further heated up to the next desired temperature.
The reactant gases used were NO (1000 ppm), DME (3000 ppm) and

O2 (10%) balanced by He. The standard gases of DME and NO diluted
by He were supplied by Sumitomo Seika. The concentrations of NO,
N2O, N2, O2, DME, CO, CO2, and hydrocarbons in the outflow gas
were determined using gas chromatographs, Hitachi 663-50 (Pora-
pak Q + Porapak T) and Shimadzu GC-8A (Molecular sieve 5A), and

dx.doi.org/10.1016/j.cattod.2010.11.008
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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activity was found to appear at the lower temperature for Rh com-
pared to the other noble metals but considerable amounts of N2O
were produced over the Rh catalysts.
ig. 1. The conversion of NO to N2 and N2O in SCR by DME at different temperatures
btained over 1 wt.% metal loaded Al2O3 catalysts and Al2O3 alone. ©: Ag/Al2O3, �:
d/Al2O3, �: Rh/Al2O3, �: Pt/Al2O3, and �: Al2O3 alone.

V spectrophotometer (Shimadzu UV-1600). Diffuse reflectance
V–vis spectra were recorded by a Shimadzu UV-3100PC spec-

rophotometer with a diffuse reflectance attachment. XRD patterns
ere measured using a JEOL JDX-8020 instrument (Cu-K�). The

pecific surface area was measured by means of a Yuasa Ionics
OVA 1000 instrument. Fourier transform-infrared spectrometry

Nihon Bunko FT-IR5M) was used to examine the surface species
ormed on the catalysts during SCR of NO by DME.

. Results and discussion

.1. DME-SCR activity

Fig. 1 shows the NO conversion in SCR by DME at different tem-
eratures for four 1 wt.% noble metal loaded Al2O3 catalysts and
l2O3 alone. The values of NO conversion to N2 and N2O obtained

n the reactions over 5 catalysts are summarized in Table 1. The
upport itself was active at high temperatures above 350 ◦C. Com-
ared with the support, Ag/Al2O3 was more active at these high
emperatures and the conversion of NO to N2 obtained at 300 ◦C
nd 350 ◦C were 87% and 85%, respectively, but the other catalysts
ere less active. At low temperatures below 300 ◦C, Pd, Rh and Ag

atalysts were more effective and 60–80% total conversions of NO
o N2 and N2O were obtained but considerable amounts of N2O

ere produced over Pd and Rh loaded Al2O3. In the case of Pt cata-

yst, a maximum conversion was observed at 200 ◦C, while the total
onversions observed at 200–400 ◦C were around 50% with consid-
rable amounts of N2O produced. Each metal loaded Al2O3 catalyst

able 1
O conversion to N2 and N2O over various metal supported Al2O3.

Metal (wt.%) 200 ◦C 250 ◦C 300 ◦C 350 ◦C 400 ◦C

N2 N2O N2 N2O N2 N2O N2 N2O N2 N2O

None 3 0 5 0 32 0 83 0 93 0
Ag(1) 13 0 53 0 87 0 85 0 43 0
Rh(1) 6 0 53 10 45 29 14 2 7 0
Pd(1) 10 28 26 53 21 28 9 4 7 0
Pt(1) 4 46 7 46 10 37 10 20 8 2
Ag(0.1) 4 0 10 0 55 0 81 0 70 0
Ag(0.5) 10 0 26 0 73 0 96 0 63 0
Ag(2) 5 16 9 24 20 7 24 1 11 0
Rh(0.1) 5 0 11 0 73 13 40 0 9 0
Rh(0.5) 7 0 16 0 73 18 24 11 9 0
Rh(2) 8 6 75 7 48 18 17 3 10 0

ME, 3000 ppm; NO, 1000 ppm; O2, 10%; SV, 6000 h−1.
Fig. 2. The conversion of NO to N2 in SCR by DME at different temperatures obtained
over Ag/Al2O3 with various metal loadings. �: Ag(2)/Al2O3, ©: Ag(1)/Al2O3, �:
Ag(0.5)/Al2O3, and �: Ag(0.1)/Al2O3.

showed a maximum activity for SCR at a different temperature. The
reductant DME could be consumed through the reduction of NOx
and the reaction with coexisting oxygen. The former target reaction
should be superior to the latter undesired one at low temperatures
but vice versa at high temperatures, resulting in the maximum in
the SCR activity. Since Ag and Rh loaded catalysts showed good
DME-SCR performance, the influence of metal loading was further
investigated for these Ag and Rh catalysts.

Fig. 2 shows NO conversion to N2 obtained over Ag/Al2O3 with
various metal loadings (shown in parentheses). The highest activity
for DME-SCR was obtained over Ag(0.5) at 350 ◦C. At lower temper-
atures between 200 ◦C and 300 ◦C, Ag(1) was the most effective. The
Ag(2) catalyst was less active than those of lower metal loadings
and produced N2O in a larger quantity compared to N2.

Fig. 3 shows NO conversion to N2 obtained over Rh/Al2O3 with
various metal loadings. At lower temperatures between 200 ◦C and
300 ◦C, the DME-SCR activity increased with an increase in Rh load-
ing and the conversion of NO to N2 observed over Rh(2) at 250 ◦C
and 300 ◦C were 75% and 48%, respectively. The Rh(0.1) and Rh(0.5)
catalysts had similar conversions of NO to N2 of about 73% at 300 ◦C
but smaller conversions <16% at 250 ◦C or below. The maximum
Fig. 3. The conversion of NO to N2 in SCR by DME at different temperatures obtained
over Rh/Al2O3 with various metal loadings. �: Rh(2)/Al2O3, ©: Rh(1)/Al2O3, �:
Rh(0.5)/Al2O3, and �: Rh(0.1)/Al2O3.
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Fig. 7 shows FTIR spectra for the Ag/Al2O3 catalysts after the
reactions at 250 ◦C. Absorption bands are seen at 2253 cm−1 and
2177 cm−1, assignable to such reaction intermediates as –NCO and
ig. 4. The conversion of NO to N2 in SCR by DME at different temperatures over
a-modified Ag(1)/Al2O3 catalysts. �: Ba(1 wt.%), �: Ba(0.5 wt.%), ©: Ba(0.2 wt.%),
: Ba(0.1 wt.%), and �: Ba(0 wt.%).

Those results showed that Ag(1)/Al2O3 was the most effective
atalyst for the conversion of NO to N2 in DME-SCR. To improve its
erformance, it was modified with Ba species, which was selected
s it previously showed good effects [15]. Fig. 4 shows the con-
ersion of NO to N2 over Ba-modified Ag(1)/Al2O3 catalysts. Note
hat the conversion obtained at 200–250 ◦C was improved by the
ddition of 0.2 wt.% Ba. Larger amounts of Ba additive (0.5, 1.0 wt.%)
ere less effective, decreasing the DME-SCR activity. Thus, 0.2 wt.%
a-modified Ag(1)/Al2O3 was the most effective catalyst for DME-
CR of NO at low temperatures of 200–250 ◦C.

.2. Catalyst characterization

The X-ray diffraction of Ag(1)/Al2O3 catalysts with and without
a additive showed similar patterns assigned to �-Al2O3. These two
atalysts had almost the same BET surface area of 172 ± 2 m2 g−1.
he difference in the activity observed between the two catalysts
hould be explained by other factors.

In order to examine the state of Ag over Al O , UV–vis diffuse
2 3
eflectance spectra were measured, and the results obtained are
hown in Fig. 5. In the literature [16,17], the band around 240 nm
nd the shoulder band above 260 nm are assigned to Ag+ ion and
gn

�+ cluster, respectively. It is seen that the catalytic activity at

ig. 5. UV–vis diffuse reflectance spectra of Ag/Al2O3 with various metal loadings.
a) Ag(2)/Al2O3, (b) Ag(1)/Al2O3, (c) Ag(0.5)/Al2O3, and (d) Al2O3 alone.
Fig. 6. UV–vis diffuse reflectance spectra of Ag(1)/Al2O3 with and without
Ba(0.2 wt.%) additive. (a) Ag(1) + Ba(0.2)/Al2O3, (b) Ag(1)/Al2O3, (c) Ba(0.5)/Al2O3,
and (d) Al2O3 alone.

lower temperatures is related to Ag+ ion and the presence of Agn
�+

results in the decrease of catalytic performance (Figs. 2 and 5). For
the practical use of the catalyst, it is necessary to have high activity
at lower temperatures between 200 ◦C and 300 ◦C. From Table 1 and
Fig. 1, Ag(1)/Al2O3 was considered the most effective catalyst for
DME-SCR, so an additional component was introduced into the cat-
alyst in order to improve its catalytic performance. As mentioned
above, Ba was chosen as the additive since it previously showed
good results [15].

Fig. 6 shows the influence of Ba with different loadings on the
formation of Ag+ ion over Ag(1)/Al2O3. As shown in Fig. 4, NO con-
version to N2 obtained at 200–250 ◦C was apparently improved
by the addition of 0.2 wt.% Ba. From the results of UV–vis spectra
obtained for the catalysts modified with 0.1–0.5 wt.% Ba additives,
the amount of Ag+ was shown to increase with an increase in the
amount of Ba additives.
–CN, respectively [11,17,18], for Ag(0.5) and Ag(1) catalysts con-

Fig. 7. FT-IR spectra of adsorbed species formed on Ag/Al2O3 catalysts after the
reactions at 250 ◦C. (a) Ag(2)/Al2O3, (b) Ag(1)/Al2O3, and (c) Ag(0.5)/Al2O3.



alysis

t
h
s
c
F
b
s

A
d
–
h
t
w
a
s
s

4

t
(
m
c
c

(

(

(

[

[
[
[
[

[

M. Shimokawabe et al. / Cat

aining isolated Ag+ ions. Over Ag(1) catalyst, which shows the
ighest activity at 250 ◦C, the existence of a large quantity of –CN
pecies is observed. In contrast to this, such reaction intermediates
annot be observed for Ag(2) catalyst having Agn

�+ clusters only.
rom these results, the catalyst having a lot of isolated Ag+ ions
eneficial for the generation of those reaction intermediates can
how high DME-SCR activity.

Shimizu et al. [15] have reported that nitrates produced on
g/Al2O3 by the oxidation of NO are reduced to N2 by partially oxi-
ized hydrocarbon species, such as acetate, via the Ag+–NCO and
CN species, and the reaction of nitrates with partially oxidized
ydrocarbon species should be a crucial step in the catalytic reduc-
ion of NO to N2 in a steady-state. It is concluded that DME react
ith NOx species on Ag+ ions that are the active site as shown above,

nd NOx species could be reduced to N2 through the formation of
uch intermediates as –NCO and –CN. Details of the mechanism are
till being examined.

. Conclusions

The present work has been undertaken to examine the effec-
iveness of DME for the SCR of NO using four kinds of noble metal
Rh, Pd, Pt, Ag) loaded Al2O3 catalysts and to study the influence of

etal loading and the addition of Ba additive. The following con-
lusions are drawn from the results of NO-SCR reaction and catalyst
haracterization (UV/vis and FTIR).

1) Ag/Al2O3 catalyst is much more active than the other Rh, Pd,
and Pt loaded ones.
2) Ag (1 wt.%)/Al2O3 modified with 0.2 wt.% Ba is the most effective
catalyst at low temperatures between 200 ◦C and 300 ◦C.

3) Isolated Ag+ ions play an important positive role in the reaction
but the presence of Agn

�+ clusters results in the decrease of
catalytic performance.

[

[

[
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(4) The addition of Ba species increases the amount of the active
isolated Ag+ ions.

(5) The isolated Ag+ ions can promote the formation of such reac-
tion intermediates as –NCO and –CN, resulting in the higher
activity for DME-SCR of NO.
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