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Abstract

A summary of the current understanding of the lean NO, reduction reaction on various metal oxides, particularly Cu-ZrO,, is
presented. Whenever appropriate, a comparison with the behavior of the corresponding ZSM-5-based catalysts is made. It is
concluded that there are many mechanistic similarities between metal oxide-based and zeolite-based catalysts. Thus, the catalytic
properties are determined more by the nature of the active centers than by the nature of the support. Potential advantages offered
by metal oxides should make them attractive candidates for practical applications.
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1. Introduction

Lean NO, reduction with hydrocarbons, (i.e.,
reduction of NO, in the presence of a large excess
of O,), is an attractive means to convert the NO
formed in industrial boilers and automotive
engines to N, and O,. For a catalyst to be indus-
trially practical for either of these applications, the
hydrocarbon must react selectively over the cata-
lyst with NO rather than with adsorbed oxygen or
lattice oxygen despite the large excess of O, pres-
ent in the feed. In addition, the catalyst must retain
its activity in the presence of SO, and H,O. An
effective automobile catalyst has the additional
requirement of having to maintain its activity over
a wide range of temperatures, space velocities, O,
concentrations and hydrocarbon/NO ratios [1].
To date, no industrially practical catalyst for lean
NO, reduction with hydrocarbons has been
reported, although several catalysts such as Cu-
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ZSM-5 [2], Co-ZSM-5 [2], Ga-Z8M-5 [3], Cu—
Zr0O, [4]1, AL,O; [5] and H-ZSM-5 [ 6] have been
found to be quite active for this reaction.

The majority of the catalysts which-have been
reported to date can be divided into two classes:
zeolites and metal oxides. This article focuses on
lean NO, reduction over metal oxides. Metal
oxides have several properties which may make
them more suitable for industrial use than zeolites.
First of all, unlike zeolites, metal oxides exist in
thermodynamically stable forms. This is impor-
tant as an automotive catalyst experiences high
temperatures during certain portions of the drive
cycle. Secondly, the composition of metal oxides
can be varied to a greater extent than the compo-
sition of zeolites, thus providing more flexibility
for optimization. Finally, the narrow pores in a
zeolite may result in diffusion limitation which
could be avoided in a metal oxide.

This article emphasizes materials not covered
by a recent review by Hamada et al. [7], which
should be referred to for additional information
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regarding lean NO, reduction over metal oxides.
It is divided into three main sections. The first
section will examine the role of the metal ion and
the support by comparing the lean NO, reduction
behavior of metal-ZSM-5 and metal-Al,O, cata-
lysts. The next section, and primary focus of this
review, will cover Cu mixed metal oxides, specif-
ically Cu—ZrO, and Cu-Ga,0;. The final section
will examine the lean NO, reduction behavior of
single metal oxides: Al,Q;, Ga,0;, ZrO, and
La,0;.

One characteristic of catalytic lean NO, reduc-
tion is that as the temperature is increasing, the
NO conversion to N, increases, reaches a maxi-
mum and finally decreases [ 2,8]. The temperature
at which the maximum occurs is typically referred
to as the temperature of maximum NO conversion,
Tnax- The T,,,, commonly corresponds to the tem-
perature at which the hydrocarbon is almost com-
pletely consumed [9], although this is not always
the case [4]. A measure of the ability of the hydro-
carbon to be oxidized by NO rather than by
adsorbed oxygen or lattice oxygen is the compet-
itiveness factor (%). It is defined as
NO,1ea X 100%/ (n X HC 4teq), Where NO,,,eq iS
the NO reacted to form N, and » is the number of
O atoms needed to combust the reacted hydrocar-
bon, HC, .4, completely to CO, and H,O. For
example, n=9 for propene. The term competi-
tiveness factor is used rather than selectivity in
order to avoid confusion with the selective reduc-
tion of NO to N,.

2. Comparison of metal-zeolites and metal-
oxides

Cu-ZSM-5 [2], Co-ZSM-5 [2] and Fe-MOR
[10] have been found to be quite active for lean
NO, reduction even though their corresponding
metal oxides are quite inactive [7]. The ability of
the zeolite to maintain a high dispersion of metal
ions has been suggested as an explanation for the
high activity [11]. However, if the sole role of
the zeolite is to maintain a high dispersion of metal
ions, then it should be possible for metal ions on
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Fig. 1. T,,,, for M/ AL, O, and M-ZSM-5 catalysts [ 10]. M-ZSM-5
(% exchange): Cr (22), Mn (127), Fe (94), Co (90), Ni (99), Cu
(102), Zn (96). 0.2 wt.-% M/ Al,O;. 1000 ppm NO, 250 ppm C,H,,
2% 0O,, 0.5g, 150 ml/min.

anon-zeolite support to also exhibit a high activity
for lean NO, reduction, provided that they are also
well dispersed. Furthermore, if the support has
little influence on the reactivity of the metal ions,
then the supported metal catalysts should exhibit
behavior similar to their zeolite counterparts.

Indeed, there are examples of oxide supported
meta] catalysts which exhibit traits similar to those
exhibited by the corresponding metal-zeolites. In
lean NO, reduction over Pt-ZSM-5 [12] with eth-
ene and Pt/ Al,O; [7] with propene, the T, for
each catalyst is very low, typically below 523 K.
In addition, both catalysts form a substantial
amount of N, 0, and are unaffected by the presence
of as much as 8% H,O when an alkene is used as
the feed. The behavior of Ga-ZSM-5 [3] and Ga/
AlLO; [13] are also similar; both show an
extremely high competitiveness factor and activ-
ity for NO reduction even in the presence of 10%
0..

It would be interesting to compare the lean NO,
activity of metal-zeolites and metal-oxide cata-
lysts. However, such a comparison would be
meaningful only if the metal-oxide catalysts were
of similar weight loadings, the metal-zeolite cat-
alysts were of similar levels of exchange, and the
catalysts were tested under the same reaction con-
ditions. Fig. 1 and Fig. 2 show such results for
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Fig. 2. %NO Conversion at Ty,,, for M/Al,O, and M-ZSM-5 cata-
lysts [10]. Conditions are the same as in Fig. 1.

ZSM-5 and Al,O;-supported samples taken from
Sato et al. [10].

Fig. 1 shows the variation in the Ty, for the
first row transition metal ions exchanged into
ZSM-5 or supported on Al,O; for ethene reduc-
tion of NO,. The loading of the transition metal
ions on AL,O; was 0.2 wt.-%, and the exchange
level of the metal ions in ZSM-5 ranged from 90—
102%, which corresponds to about 3 wt.-% metal
loading, with the exception of Mn-ZSM-5-127
and Cr-ZSM-5-22, (the number after the zeolite
indicates the extent of exchange) [10]. Since, in
general, the T, is lower when the metal loading
is higher {14,15], the T, for Cr-ZSM-5-22 is
expected to be significantly higher than the T,
for Cr-ZSM-5-100, while the T,,,, for Mn-ZSM-
5-127 is expected to be lower than the T, for
Mn-ZSM-5-100. The figure shows a good
qualitative relationship between the two series,
especially if one considers how the T,,,, of Cr-
ZSM-5 and Mn-ZSM-5 would change if the
exchange levels were closer to 100%.

Fig. 2 displays a plot of the NO conversions at
Tnax for the same catalysts. As it is difficult to
predict how the NO conversion at T,,,, would be
affected by increasing the Cr exchange level to
100%, the point for Cr-ZSM-5 was not plotted.
While the NO conversions over Al,O; only varied
from 13-29%, the NO conversions over the zeolite
ranged from 12-45%. Interestingly, this figure
also shows similarities in the pattern for the ZSM-

5 and Al,O;-supported catalysts. Because of the
low metal loading in the Al,Os;-supported sam-
ples, the metal ions are likely highly dispersed.
The similarities in the behavior patterns in these
figures show that the catalytic properties are deter-
mined more by the electronic and chemical prop-
erties of the metal ions than by the nature of the
support. The higher NO conversion to N, at T,
for the zeolite-supported samples is in part due to
the much lower temperatures at which they were
obtained. The much higher activity of the zeolite-
supported samples than that of the Al,Os;-sup-
ported ones could be attributed to the much higher
loading on the zeolite. A simple calculation,
assuming an average reaction temperature of 623
K, an apparent activation energy of 20 kcal/mol,
and other kinetic parameters being identical,
would show that a catalyst would require a higher
reaction temperature of about 100 K to achieve
the same activity as a catalyst with a density of
active sites fifteen times higher. The ZSM-5 sam-
ples contained about fifteen times more transition
metal ions than the Al,O; supported ones. Thus,
these data suggest that highly dispersed metal ions
on ZSM-5 and Al,O, possess similar activities.
It is informative to examine the effect of loading
of transition metal ions using the data of Sato et
al. [10] who used ethene as a reductant over 0.2
wt.-% metal/ Al,O, and the data of Miyadera [ 16]
who used propene as the reductant over 2 wt.-%
metal/Al,O5. Table 1 shows the T,,,, and the %
NO conversion at T,,,,,, respectively, for V, Cr, Co

Table 1
Comparison of 0.2 wt.-% [10}* and 2.0 wt.-% [16]° M/ALO,

Metal Wt.-% Tax(K) % NO conv. at T,
\Y 0.2 823 23
Cr 0.2 673 14
Co 0.2 773 26
Cu 0.2 723 28
v 2.0 723 11
Cr 2.0 573 10
Co 2.0 673 76
Cu 2.0 623 36

#1000 ppm NO, 250 ppm C,H,, 2% O,, 0.5 g, 150 m1/min.
® 500 ppm NO, 500 ppm C,H,, 10% O,, 10% CO,, 10 g, 2000 ml/
min.
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and Cu/Al,O; catalysts. The T, for 2 wt-% Cr/
Al,O; was estimated to be 573 K based on the
published data showing a small difference
between the NO conversion at this temperature
and at 623 K. The trend for T,,, for the two sets
of samples agrees fairly well, but less of an agree-
ment exists for the NO conversion at T,,,.

There are also examples in which no simple
correlation exists between the lean NO, reduction
behavior of a metal-zeolite and its oxide-sup-
ported counterpart. One example is Ce-ZSM-5,
which is quite active for lean NO, reduction, even
though Ce/ Al O; is relatively inactive [17]. The
difficulty of developing a simple correlation is due
to the strong dependence of lean NO, reduction
behavior on the support, metal loading and prep-
aration procedure. Variations in these factors lead
to catalysts of different dispersions of the active
component and possibly different extents of par-
ticipation of the support in the reaction. This is
illustrated by the following examples:

(1) Although Pt/ Al,O; is effective at lean NO,
reduction with propane, Pt/SiO, is inactive [7].

(2)Supporting 0.2 wt.-% Ag on ALO; sup-
pressed the lean NO, activity of Al,O; [18], but
the presence of 2 wt.-% Ag enhanced its activity
[16].

(3) Co/AlL, O, prepared from cobalt acetate and
calcined to 773 K was active for lean NO, reduc-
tion, while Co/ Al,O; prepared in a similar manner
from cobalt nitrate was inactive [19].

(4) The activity of Co/Al,O; prepared from

cobalt acetate and calcined at 773 K was signifi-

cantly lower than the same sample calcined at
either 873 K or 1073 K [19].

3. Cu mixed metal oxides
3.1. General considerations

The above comparison of ZSM-5 and Al,Os-
supported samples shows that highly dispersed
metal ions exhibit similar catalytic behavior with-
out a strong dependence on the nature of the sup-
port. This implies that a more active catalyst can

be obtained if it can be prepared with a higher
transition metal content while maintaining the
high dispersion. The common method of prepa-
ration by impregnation can produce samples of
high metal contents and high dispersion, but only
on supports that interact strongly with the metal
ions. Coprecipitation is another method which has
been successfully applied to a number of systems,
including ZrO,- and Ga,0;-based catalysts.
Coprecipitated Cu-, Ni-, Fe-, Co-, and Mn-ZrO,
have been reported to be effective catalysts for
lean NO, reduction [4]. High NO, conversions
can be obtained at lower temperatures than on
ZrO, (Table 2). These catalysts were prepared
by coprecipitating metal nitrate and zirconyl
nitrate solutions with urea using the method of
Amenomiya et al. [20]. In contrast, Hamada
reported that no metal/ZrO, catalyst prepared by
impregnation exhibited better lean NO, activity
than ZrO, [7]. This dependence of the lean NO,
reduction activity on the preparation method has
been observed also for Cu-Si0,. A Cu/SiO, cat-
alyst prepared by impregnation was inactive [10]
whereas a 1 wt.-% Cu-SiO, prepared by gelation
from Si(OC,Hs), and Cu(CsH,0,), was able to
convert 58% of NO to N, at 573 K using 0.33 g
of catalyst, and a feed of 1% O,, 0.1% NO, 0.1%
CO and 0.1% C;H, flowing at 100 ml/min [21].

3.2. Cu-ZrO,

Since the initial reports that Cu—ZrO, was an
effective lean NO, reduction catalyst [4,22], data
have become available concerning the effect of
Cu content on NO, conversions, the reduction
properties of the solid, and the NO, reduction
mechanism. This oxide is interesting because it is
the first Cu catalyst reported which showed a lean
NO, reduction activity comparable to that of Cu-
ZSM-5 [4]. Just as interesting, is a patent that a
mixture of Cu-ZrO, and Cu-ZSM-5 yields higher
NO conversions to N, at 755 K than Cu-ZSM-5
alone [23].
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Table 2
Lean NO, reduction over M-ZrO, catalysts with C;Hy and C;H3
Metal Wt-% BET (m?/g) Reductant W/F (g-min/ml) SV (h™!) T, (K) %NOConv.toN; %HC? FoNOZS pet.
Zro, 109 C,Hq 0.010 13000 773 <4 33¢ 30¢ 12¢
Cu 2.1 164 C;Hq 0.010 13000 601 68 91 8.6
6.0 92 C;3Hq 0.014 9700 561 58 92 7.7
7.6 138 C;Hq 0.0098 14000 538 64 90 8.3
8.9 158 C;Hq 0.010 13000 536 58 81 7.9
11 152 C;H, 0.011 13000 518 54 82 7.9
15 161 C,Hq 0.0094 14000 511 52 91 6.8
24 118 C;Hq 0.0098 14000 511 46 90 5.9
33 136 C;Hq 0.010 13000 504 43 91 5.5
Ni 7.6 98 C;H, 0.009 13000 601 62 84 8.3
Mn 7.8 10 C;H, 0.015 4000 555 21 79 28
Co 2.0 142 C;Hq 0.024 5900 564 56 59 11
Fe 39 48 C;H, 0.023 4900 615 42 87 59
Cu 6.0 92 C;H; 0.015 9700 607 15 54 2.6
Ni 7.6 98 C;H, 0.012 10000 637 33 40 83
Mn 7.8 10 C;H, 0.015 4000 582 11 34 32
Co 20 142 C;H, 0.024 5900 605 57 62 9.2
Fe 39 48 C,H, 0.022 5100 682 27 63 44
2 Feed: 0.1% NO, 1.0% O,, 0.1% C;H, or 0.1% C;Hjg, balance He.
® At Tonax-
€ NO Compet. = (NO,;,.g X 100%) / (n X HC 1y eq) -
4 Not at Traee Toax > 773 K.
Effect of Cu loading

15 wt.% Cu-ZrO,

1.9 wt.% Cu-Ga,0,

3.2 wt.% Cu-ZSM5
2.1 W% Cu-Zr0,
/% 8.9 wt.% Cu-ZrO,

500 G

Fig. 3. X-band EPR spectra taken in air. Cu-ZSM-5 and Cu-ZrO,
catalysts at 77 K; Cu~Ga,O, at room temperature.

The catalytic properties of Cu—ZrO, with cop-
per contents ranging from 2.1 to 33 wt.-% are
shown in Table 2. As the Cu loading of the cata-
lysts increased, the activity increased as indicated
by the decrease in T,,,,. However, beyond about
10 wt.-% Cu, both the NO conversion at T, and
the competitiveness factor decreased; that is, the
catalyst became increasingly active for C;Hg com-
bustion by oxygen. The 33 wt.-% catalyst was
found to have a lower competitiveness factor than
the 2.1 wt.-% catalyst even at differential conver-
sions. Under these conditions, the competitiveness
factor of 2.1 wt.-% Cu-ZrQ, ranged from 4.5% at
601 K to 14% at 504 K and was about four times
higher than the 33 wt.-% Cu-ZrO,, which was
1.5% to 3.9% over the same temperature range.
The decreasing T,,,, with increasing Cu loading
agrees with the results of Hosose et al. [14] on
Cu/Si0,—ALO; and Jen et al. [15] on Cu-ZSM-
5.
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Dispersion of Cu

Coupling of the nuclear magnetic dipole
moment of Cu®* causes broadening of the Cu
EPR signal. Thus, the width of Cu®* EPR signals
can be used as an indication of the dispersion of
the Cu species. Fig. 3 shows the EPR spectra taken
in air at 77 K of 2.1, 8.9, and 15 wt.-% Cu-ZrO,
as well as 3.2 wt.-% Cu-ZSM-5. As the Cu content
of Cu-ZrO, increased, the EPR spectra became
broader and deviated significantly from the base-
line, indicating increasing dipole-dipole interac-
tions between cupricions [ 24]. These interactions
are so strong in the CuO that its EPR signal
becomes so broad that it cannot be distinguished
from the baseline. Thus, the spectra showed that
the Cu ion dispersion increased in the order 15
wt.-% Cu-ZrO, < 8.9 wt.-% Cu-Zr0O,<2.1 wt.-
% Cu-Zr0,<3.2 wt.-% Cu-ZSM-2. The EPR
spectra of 3.2 wt.-% Cu-ZSM-5 was in agreement
with the spectra reported by Kucherov et al. [24]
and showed partially resolved hyperfine splitting.
This is consistent with the high dispersion of Cu
ions in this sample. The EPR signals provided
information about the Cu?* dispersion in the bulk.
In order to use them to interpret catalytic results,
it is necessary to extrapolate the conclusions to
the surface. The validity of such an extrapolation
is based on the XPS results of a 6 wt.-% Cu—ZrQ,
sample which showed no surface segregation of
Cu: the Cu/Zr ratio estimated by XPS was close
to that of the bulk [4].

Temperature programmed reduction (TPR) by CO
and H,

CO TPR was performed over ZrO,, 2.1 wt.-%
Cu-Zr0,, 7.4 wt.-% Cu-ZrO, and 33 wt.-% Cu—
ZrO,. The results are summarized in Fig. 4 and
Table 3. In these experiments, both the consump-
tion of CO and the evolution of CO, were meas-
ured. In general, these two quantities agreed well
with each other, as shown for the 33 wt.-% Cu—
ZrO, sample (Fig. 4a). However, for the samples
of lower Cu loading, the CO consumption at tem-
peratures below the first prominent peak was not
accompanied by the corresponding evolution of
CO, (Fig. 4b). This was due to retention of small

amounts of CO, by exposed ZrO,. This was illus-
trated by the experiment in which ZrQO, was
mechanically mixed with a sample of 33 wt.-%
Cu-ZrO,. The CO TPR of this mixture showed-a
shift of the CO, profile to a higher temperature
(Fig. 4c). Likewise, in the TPR of ZrO,, CO con-
sumption occurred, albeit at a low rate, beginning
at about 373 K while noticeable CO, desorption
only began at about 666 K.

Fig. 4d compares the CO, production profile of
different samples. It is apparent that the tempera-
ture at which significant CO, evolution occurred
shifted to lower temperatures with increasing Cu
content. The shift was much larger than that which
could be accounted for due to different amounts
of exposed ZrO,, as the experiment in Fig. 4c
showed. Thus, bulk reduction of the oxide by CO
became increasingly facile when the Cu loading
increased. Since the CO molecule is too large to
diffuse into the bulk of an oxide, reduction of the
bulk requires diffusion of lattice oxygen to the
surface region. Thus, such diffusion is more facile
for the higher Cu content samples.

For 7.4 wt.-% and 33 wt.-% Cu—ZrO,, the area
of the reduction peaks corresponded to the com-
plete reduction of all the Cu ions from Cu** to
Cu’. However, only 80% of the Cu®’* were
reduced to Cu® in 2.1 wt.-% Cu—ZrO,. This may
be an indication of the presence of isolated Cu?**
ions in this catalyst.

Since the prominent CO consumption and CO,
production peaks occurred at the same tempera-
ture, the desorption of CO, from Cu-ZrQO, is not
the rate limiting step in the oxidation of CO,
except for the small amount adsorbed on ZrO,. It
is probable that the rate limiting step involves the
breakage of the catalyst-oxygen bond as has been
observed over several metal oxides [25]. If this
is the case, the fact that the temperature for CO
oxidation decreases with the increasing Cu load-
ing in Cu—ZrO, would indicate that the lattice
oxygen in the poorly dispersed Cu-ZrO, can be
extracted more easily than the lattice oxygen in
highly dispersed Cu—ZrO,. If one of the pathways
to oxidize the hydrocarbon in lean NO, reduction
involves extraction of lattice oxygen, it would fol-
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Fig. 4. CO-TPR profiles of ZrO, and Cu-ZrO,. Experimental conditions: 60 ml/min of 10% CO in He; ramp: 2.5 K/min. (a) 0.15 g of 33 wt.-
% Cu-ZrQ,. () CO uptake, ((J) CO, evolution. (b) 1.0 g of 2.4 wt.-% Cu-ZrO,. () CO uptake, () CO, evolution. (c¢) CO, evolution
over ([J) 0.15 g of 33 wt.-% Cu-ZrO,. (M) Physical mixture of 0.15 g of 33 wt.-% Cu~Zr0, +0.87 g of ZrO,. (d) CO, evolution over (H)
2.0 g of ZrO,, (+) 0.15 g of 33 wt.-% Cu-ZrO,, ( ¥v) 0.70 g of 7.4 wt.-% Cu-ZrO,, () 1.0 g of 2.4 wt.-% Cu-ZrO,.

low that the contribution of such a pathway is less
on low loading Cu~ZrO,, which would result in a

higher competitiveness factor in lean NO, reduc-

Table 3

Temperature Programmed Reduction of Cu~-ZrO, by CO*

tion than a high loading sample. This is in agree-
ment with the data (Table 2).

It is interesting to compare the CO TPR and H,
TPR results. The H, TPR data of 7.4 wt.-% and

Catalysts (wt.)

Onset T of CO, desorption (K)

CO; peak T (K) (ht. arb. units)

% Cu reduced®®

Zr0, (20 ¢g)
24wt.-% Cu(10g)
7.4 wt.-% Cu (0.70 g)

33 wt.-% Cu (0.15 g)
33 wt.-% Cu (0.15 g) +ZrO, (0.87 g)

666
448
387

324
336

480,553
460,506
shoulder 569
351,473
371,517

78
108

94
96

* Feed: 10% CO in He at 60 mi/min. Ramp; 2.5 K/min to 773 K.

® Assuming all reduction Cu2* to Cu®.

¢ CO reaction with ZrO, subtracted from calculation.
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Table 4
Activation energies for NO and C;Hg consumption

Catalyst E, NO (kcal/mol) E, C3H¢ (kcal/mol) Ref.
2.1 wt.-% Cu- 10+3 1743 [26]
Zr0,

33 wt.-% Cu-~ 14+3 20+3 [26]
Zr0,

2.5 wt.-% Cu- 11+3 10+2 [27]
ZSM-5

2 wt.-% Cu/ALO; 1543 1342 [27]

S wt-% Cu-ZSM- 25+1
5

112407 [28]

33 wt.-% Cu~ZrQ, showed that the amounts of H,
consumed over these catalysts corresponded to
complete reduction of all the Cu ions from Cu*”*
to Cu®. The 7.4 wt.-% catalyst exhibited one
reduction peak at 408 K. In contrast, 33 wt.-%
Cu-ZrO, exhibited a main reduction peak at 453
K with a shoulder at 423 K. The low temperature
reduction peak was assigned to the reduction of
dispersed Cu®* ions or small CuO clusters while
the high temperature reduction peak was assigned
to large CuO clusters [20]. The lower reduction
peak temperature for the 7.4 wt.-% than the 33
wt.-% sample is opposite to that showed for CO
TPR. The reason for this is not clear. It is possible
thatin H, TPR, activation of H, is the rate limiting
step which is different from that in CO TPR.
Measuring the evolution of water would be
informative. Another possibility is that H, mole-
cules are small and can diffuse into the bulk of the

80
T \

N

Z‘“SO%— !// \ [

C 1

© | [
p \

230 E

R20 T

10

% O,

Fig. 5. Effect of O, concentration on NO conversion over 2.1 wt.-%
Cu-Zr0,. 1000 ppm NO, 1000 ppm CsHj. 1 g, 100 ml/min.

oxide quite readily. Thus, reduction of the bulk
oxide by H, does not require diffusion of lattice
oxygen to the surface, unlike reduction by CO.

3.3. Kinetics

The apparent activation energies for 2.1 wt.-%
and 33 wt.-% Cu-ZrO, were determined under
differential conditions [26]. The NO conversions
to N, were kept below 10%, and C;H, conversions
were kept below 30%. Despite the large difference
in lean NO, reduction behavior of 2.1 wt.-% and
33 wt.-% Cu—-ZrO,, the apparent activation ener-
gies of NO conversion to N, and C;Hg conversion
to CO, for the two catalysts were similar. The
activation energy for NO consumption equalled
10+3 kcal/mol for 2.1 wt.-% Cu-ZrO, and
14 + 3 kcal/mol for 33 wt.-% Cu~ZrQ,. The acti-
vation energies for C;Hg consumption were
slightly higher, being 17 + 3 kcal/mol for 2.1 wt.-
% Cu~ZrO, and 20 + 3 kcal/mol for 33 wt.-% Cu—
ZrQ,. Table 4 compares these results with results
reported in the literature for Cu-ZSM-5 and Cu/
Al O;. The apparent activation energies for the
Cu-ZrO, catalysts were close to the values deter-
mined by Jen and Gandhi [27] for both 2.5 wt.-%
Cu-ZSM-5 and 2 wt.-% Cu/ Al,O;. However, they
were different from those for the 5 wt.-% Cu-
ZSM-5 reported by Bennett et al. [28]. As sug-
gested by Jen and Gandhi [27], the difference
may be due to the manner in which the apparent
activation energies were determined. Bennett et
al. used a simple power rate equation to determine
the rate constants and then the activation energies,
whereas those for the other catalysts were deter-
mined directly from the rates.

The dependence of the lean NO, reduction
activity of 2.1 wt.-% Cu-ZrO, on the oxygen con-
centration is shown in Fig. 5. The addition of up
to 1% O, was found to increase the rate of NO
conversion to N,, but further additions of O,
decreased the rate. This trend is similar to that
observed over Cu-ZSM-5 [11]. Surprisingly, the
variation in O, concentration had no effect on the
C,Hg conversion. This is in contrast to the behav-
ior of ZrO, and Ga,05 [26], where an increase in
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Table 5
Comparison of EtOH and C,H, as lean NO, reductants over 11 wt.-
% Cu~ZrO3

Reductant 7 (K) % O, % H,O0 % NOconv.to % NO'&‘,,“PC(_

N,
CHy, 498 1 0 54 76
EtOH 498 1 0 76 8.6
CH,< 523 1 0 58 73
EOH 523 t 0 61 7.1
CH, 523 4 0 35 4.0
EOH 523 4 0 41 4.1
CH, 523 4 2 15 2.6
EOH 523 4 2 29 3.7

#1000 ppm NO, 1000 ppm C;H or 1500 ppm EtOH. 1 g, 100 ml/
min.
" NOCompet. = (Norxted X 100%) / (n X HCrxlcd) .

the propene conversions over both catalysts, an
increase in the NO conversions over Ga,0,, and
no change in the NO conversions over ZrO,.

The NO conversion was suppressed by H,0.
The degree of suppression increased with decreas-
ing temperatures. At 529 K, the addition of 2.4%
H,O to the feed flowing over 8.9 wt.-% Cu~-ZrO,
decreased the NO conversions by half. The NO
conversions recovered to their original level after
the H,O was removed, indicating that the sup-
pression was due to reversible blocking of the
active sites. Similar observations have been made
on several other catalysts [12,29,30].

Similar to Cu-ZSM-5 [31], propene is a more
active reductant than propane on Cu-ZrO,
(Table 2), and requires a lower temperature to
achieve a certain NO, conversion. This is probably
because propene adsorbs strongly as a 7r-allyl spe-
cies, whereas propane is only weakly adsorbed
[32].

Various alcohols have also been examined as
reductants for the lean NO, reaction, including
methanol, ethanol, 2-propanol, and 2-butanol.
Table 5 compares the effectiveness of EtOH and
C;Hg over 11 wt.-% Cu-ZrO, at 498 K and 523
K. For comparison purposes, the concentration of
the reductants per carbon atom was kept constant.
As shown in the table, in the absence of H,O, the
Tnax for EtOH occurred at 498 K while the T,
for propene occurred at 523 K. At 498 K and 1%

O,, the NO conversion with EtOH was higher than
with propene, but the difference disappeared at
523 K. The addition of H,O suppressed the NO
conversion with propene more than with EtOH.
In fact, in the presence of H,O, all of the alcohols
investigated with the exception of MeOH were
more effective than propene over a La-promoted
Cu-ZrO, (Fig. 6). La promotion increased the
competitiveness factors. These results agree with
the expectation that polar molecules, such as alco-
hol, compete for surface sites with water more
effectively than nonpolar molecules, such as pro-
pene.

When compared at the same carbon concentra-
tion, NO conversion at 498 K for different alcohol
reductants followed the order of 2-propanol > 2-
butanol > ethanol > propene > methanol.  Thus,
secondary alcohols are more active than primary
alcohols. These results agree with those reported
over Ag/Al,O; in the presence of water, which
was 2-propanol > acetone > ethanol > [-pro-
panol > methanol [16]. In contrast, when Mon-
treuil and Shelef compared various oxygenated
hydrocarbon reductants with propene over Cu-

100}
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~

.
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|
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Fig. 6. NO conversion over 1.4 wt.-% La~6.3 wt.-% Cu~ZrO, using
different reductants. 1000 ppm NO, 1000 ppm CO, 2% H,0, 4% O,.
2 g, 100 ml/min.
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Table 6

Effects of space velocity on lean NO, reduction with 2-propanol over 33 wt.-% Cu~ZrO3

T(K) SV (h™")y (W/F®) % O, % NOcony. % HC to C;H,0 % HC to CO, % NO compet.®
528 800 000 (0.00017) 2 7.3 43.1 23.5 3.0
523 13000 (0.010) 4 5.7 0 100 56

#1000 ppm NO, 1000 ppm 2-propanol, 100 ml/min.
® g-min/ml.
¢ NOcompet. = (NOyyeq X 100%) / (n X HC yica) -

ZSM-5 at 755 K, the highest NO conversion to N,
was obtained with propene [33]. However, these
results could be due to the fact that this tempera-
ture corresponded to the 7,,,, for propene. If the
T,.ax for the various oxygenated hydrocarbons are
lower, as was observed over Cu-ZrO, and Ag/
Al,O;, then the oxygenated compounds could be
more active than propene in a lower temperature
range.

The data shown in Fig. 6 were obtained with a
space velocity of 6000 h~' where sustained activ-
ity was obtained for at least 8 h. However, it was
found that at 523 K and a higher space velocity of
250000 h ™", both the NO and ethanol conversions
decreased with time on stream. Under the same
conditions, the conversions associated with pro-
pene showed no deactivation. The rate of deacti-
vation for the ethanol-containing feed decreased
with time on stream. The deactivation was due to
a build up of carbonaceous deposits, and the cat-
alytic activity could be restored by heating in O,
at 623 K. Similar experiments were conducted
with the other alcohols, and all deactivated in a
similar fashion at high space velocities.

Intermediate oxidation products of the reduc-
tant could be detected in experiments with high
space velocities. This is shown in Table 6 for the
reduction with 2-propanol over a 33 wt.-% Cu—
ZrO, catalyst. Acetone and CO, were detected at
the high space velocity, but only CO, was
observed at the low space velocity. The competi-
tiveness factor was higher for the low space veloc-
ity experiment even though the O, concentration
was higher in this case. Comparable results were
observed when EtOH was the reductant. In this
case, the oxidized intermediate was acetaldehyde.
These results suggest that a partially oxidized spe-

cies is more effective than the parent alcohol for
lean NO, reduction.

3.4. Active site and mechanism

As Cu-ZrO, exhibited significantly higher lean
NO, activity than ZrQ,, it appears that Cu plays a
significant role in the reaction. From the reaction
studies which compared the lean NO, reduction
behavior of Cu—ZrQ, of various Cu contents and
the corresponding EPR, XPS and TPR results, it
appears that dispersed Cu-ZrQ, catalysts have a
higher competitiveness factor than less dispersed
catalysts. This can be explained if one assumes
that the lattice O atom in the surface of CuO plays
a significant role in hydrocarbon oxidation. If this
is the case, then catalysts in which the Cu ions
exist as CuO crystallites would be more active in
the combustion of hydrocarbons than catalysts in
which the Cu ions are well dispersed, and conse-
quently have lower competitiveness factors. It
should be emphasized that the observation does
not necessarily imply that isolated Cu ions are the
active sites. It is possible (and plausible) that
dimers or very small clusters of Cu ions are the
active sites, the concentration of which increases
with decreasing Cu loading in the catalysts stud-
ied.

The effect of Cu ion dispersion on the lean NO,
reduction mechanism has also been studied over
Cu/ALO; and Cu/ZSM-5. Torikai et al. [18]
have found that the highest NO conversion over
Cu/ Al O; occurred when the Cu content was only
0.3 wt.-%. The decrease in conversion for the
higher loading samples was probably due to the
formation of CuO particles. Serverino et al. [34]
have detected the presence of CuO particles by
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XRD in a 5 wt.-% Cu/Al,O; catalyst which had
undergone redox cycles. In addition to these
results, Sato et al. {2] have found that the con-
version of NO in reduction by ethene over Cu-
ZSM-5 at 523 K decreased when the exchange
level of Cu was increased above 100%.

It is interesting to note that Kharas [35]
reported that the overall effectiveness of Cu-ZSM-
5 to remove NO by reduction over the temperature
range of 373 K to 873 K was the greatest when
the exchange level of Cu was 207%. Although the
definition of overall effectiveness includes a com-
bination of activity and competitiveness factor at
different temperatures, and it is not obvious how
to relate these results to those of other investiga-
tors, this observation suggests that the most inter-
esting catalysts for practical applications may not
have the highest competitiveness factor.

Chajaretal. [36] studied three Cu-ZSM-5 sam-
ples of different Cu loadings that were prepared
by different methods. The dispersion of Cu of
these catalysts was determined by CO adsorption
on vacuum-reduced samples. 1t was found that the
lowest loading sample had the highest dispersion
as well as the highest rate of N, produced per Cu
atom. Although the assumption that CO adsorp-
tion is an accurate measure of dispersion needs to
be validated, the observation shows that samples
in which the Cu ions can be more easily reduced
to Cu™! (which adsorbs CO) are more active for
NO, reduction.

Griinert et al. [37] also studied Cu-ZSM-5 cat-
alysts prepared by several methods. Through the
use of XPS and EXAFS, they were able to corre-
late increased Cu dispersion with increased reac-
tivity. They suggested a scheme in which isolated
Cu ions are needed for hydrocarbon activation and
small CuO clusters are needed for high lean NO,
activity.

Thus far, the discussion centers on the model
that CuO particles or large clusters of (Cu-O),
are ineffective for NO, reduction because of their
high activity for hydrocarbon combustion. The
role of Cu ions in the reduction reaction needs to
be explored. A number of possibilities have been
proposed. Among them are activation of hydro-

carbon, oxidation of NO to NO,, and formation of
N-containing reaction intermediates that results in
N, production.

There have been suggestions in the literature
that the formation of NO, from NO and O, is
necessary for lean NO, reduction {8,19,31,38-
40]. In order to establish the role of NO,, the
reduction of NO and NO, was studied over 7.4
wt.-% Cu-ZrO, using propene and propane as
reductants and over 3.2 wt.-% Cu-ZSM-5 using
propane as the reductant [41]. In agreement with
the literature results for Cu-ZSM-5 with various
reductants [8,40,42,43], the amount of NO, con-
verted to N, over either catalyst under lean con-
ditions was nearly the same for a feed containing
a mixture of NO and NO, as for a feed containing
solely NO. These results, along with the obser-
vations that the rate of N, production over Cu-
Z10, in the presence of propene was faster than
the rate of NO oxidation in the absence of the
hydrocarbon, and that the rates of N, formation
decreased with an increase in O, concentration led
to the conclusion that formation of gaseous NO,
does not precede N, formation. This conclusion is
in agreement with that of Chajar et al. [42] for
Cu-ZSM-5.

However, the observations do not exclude the
possible importance of the formation of adsorbed
NO.. In fact, it was observed in these experiments
that the NO, in the feed was rapidly reduced to
NO. Thus, it was proposed that in the lean NO,
reduction reaction, the reaction of NO with O,
(adsorbed O) to form adsorbed NO, is an impor-
tant step for the activation of saturated hydrocar-
bons, which is oxidized to a surface intermediate,
and the adsorbed NQO, is reduced to NO [41]. It
is likely that the Cu ions are the active sites for
these reactions.

Under steady state reaction conditions,
adsorbed CN and NCO species were detected on
Cu-ZrO, [44]. Pulse reaction of NO or NO, over
the catalysts containing these species resulted in
the formation of N,, the amount of which was
much more than the amount of NO or NO, con-
sumed. Thus, N, was formed by the reaction of
the surface CN and/or NCO species with NO or
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NO,. Similar to the flow experiments, the NO, in
the pulse was converted to NO over the catalyst.

3.5. Comparison of Cu—Zr0, and Cu—Ga,0;

Cu—Ga,0, has also been found to be an effec-
tive lean NO, reduction catalyst. Compared with
2.1 wt.-% Cu-ZrO,, a 1.9 wt.-% Cu—Ga,0; cata-
lyst had a higher competitiveness factor and a
higher NO conversion at any of the oxygen con-
centrations investigated. The competitiveness fac-
tors (%) for Cu-ZrO, at 601 K were 8, 5, and 2
at 1%, 3%, and 6% O,, respectively, while those
for Cu—Ga,0; at 621 K were 10, 6, and 3 at 1%,
4%, and 7% O, in a feed of 0.1% NO and 0.1%
C;Hg. The EPR spectrum of 1.9 wt.-% Cu—Ga,0;
was almost identical to the spectrum of 2.1 wt.-%
Cu-ZrO, (Fig. 3). This indicated that a similar
level of Cu dispersion existed in both catalysts.

The different catalytic behavior of Cu—-Ga,0;
and Cu-ZrQ, is thought to result from the different
contributions of the Ga,O; matrix versus ZrO,. To
determine the extent of involvement of the matrix,
a feed containing 0.1% C;Hg, 0.1% NO and 1%
0, was flowed over ZrO, and 2.1 wt.-% Cu-ZrO,
at 598 K, and over Ga,O; and 1.9 wt.-% Cu-—
Ga,0, at 643 K. These temperatures are very close
to the T, of the two Cu containing catalysts. The
NO conversions over 1 g of catalyst in a reactant
flow of 100 ml/min were 21% over Ga,0s;, 77%
over Cu-Ga,0;, 66% over Cu-Zr0O,, and negli-
gible over ZrO,. Thus, a significant portion of the
observed conversions over Cu-Ga,0; could be
attributed to lean NO, reduction over Ga,0;,
whereas none of the conversion over Cu-ZrO,
was due to reaction on ZrO,.

4, Other metal oxides

Few single component oxides have been
reported to be effective lean NOjg catalysts.
Among the few that are effective, none is an oxide
of a readily reducible transition metal. Presuma-
bly, reducible metal oxides are too active for com-
bustion of the hydrocarbon.

Table 7
Comparison of ZrO,, Al,0;, and Ga,03®

Catalyst % O, T (K) % NO conv. % C3Hs con, % NOZomper.

to N,
Z0, 6 679 16 33 5.0
709 20 48 4.4
741 25 64 4.1
781 27 84 34
ALO;, 6 673 9.0 14 74
723 30 38 9.0
773 68 97 7.9
823 47 100 52
Ga,0;, 7 709 91 92 11
Ga,0, 1 622 15 11 17
648 21 17 14
709 55 63 10
70, 1 637 8.0 2.9 31
719 22 17 14

20.1% NO, 0.1% C;H; and 1, 6 or 7% O,. 1 g, 100 m1/min.
b Surface areas: ZrQ,, 168 m*/g; Al,Os, 119 m?/g; Ga,0;, 38 m?/

g
N NOCompeL = (Norx(ed X 100%) / ( 9 X C3H6rxted) .

4.1. Zr0O,, Ga,0; and Al,0;:

Table 7 compares the activities of ZrO,, Ga,0;
and Al,O;. In the presence of 6-7% O,, Ga,0,
was the most active and competitive catalyst and
ZrO, was the least. This order was reversed when
the O, concentration was decreased to 1%. AL, Os,
Ga,0, and ZrO, exhibited a different O, depend-
ency than Cu-ZSM-5 and Cu-ZrO,, over which
NO conversions were decreased by more than 2%
O,. Increasing the O, concentration from 0-7%
over ALO, [45] and Ga,0; [26] resulted in an
increase in the rate of both N, formation and
hydrocarbon combustion. Increasing the O, con-
centration from 1-6% over ZrO, enhanced the rate
of C;Hg combustion but had little effect on the
rate of N, formation.

The different O, dependence observed for the
single metal oxides compared with Cu-ZSM-5 and
Cu-ZrO, may be explained by NO, formation.
Fig. 7 compares the reduction of NO versus NO,
over ZrO,. Unlike Cu-ZSM-5 or Cu~ZrO,, reduc-
tion of NO, to N, over ZrO, was faster than the
reduction of NO to N, at temperatures lower than
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Fig. 7. Percentage NO, conversion vs. temperature over ZrO, using
a feed containing either 1000 ppm NO or 650 ppm NO, and 350 ppm
NO. 1000 ppm C;Hq, 2% O,. 1 g, 100 ml/min.

about 773 K. This has also been observed for
Ga,0; [26] and Al,O; [39]. At higher tempera-
tures where NO, is no longer thermodynamically
stable, the rate of reduction of either NO, or NO
over ZrO, (Fig. 7) or AL,O; [39] was the same.
The higher N, production rate is a result of the
fact that these oxides are not very active in the
oxidation of NO to NO; [39,41]. Thus, the pres-
ence of NO, in the feed leads to a higher surface
coverage of adsorbed NO,, which is important for
the activation of the hydrocarbon. Another pos-
sibility is that NO, efficiently removes carbona-
ceous deposits that block the active sites on these
oxides. This latter possibility was observed in the
reaction of ZrQO, with EtOH. If the feed contained
only NO, rapid deactivation due to carbonaceous
deposits was observed at 523 K. However, if the
feed contained NO,, no deactivation was observed
at this temperature for 6 h, the duration of the test.

4.2. La,0; and Li/MgO

Li/MgO [46] and La,O; [47] have been
reported to be active catalysts for lean NO, reduc-
tion with CH, above 773 K (joining the group of
Ni-, Co-, Mn- [48], and Ga-zeolites [49,50] that
have all been reported to be active for this reac-
tion). The NO, reduction activity of La,0; was
found to be comparable to Co-ZSM-5 when the
activity was expressed on a surface area basis in

the presence or absence of oxygen. Li/MgO, how-
ever, was much less active, especially in the pres-
ence of O, which suppressed its activity
significantly. In addition to being more active,
La,0O; was more selective, producing virtually
100% N, at all temperatures, whereas Li/MgO
produced as much as 40% N,O. This difference
may result from the rapid rate of N,O decompo-
sition to N, and O, over La,0,, which was five
times greater than the rate of NO reduction by
CH,.

Kinetic studies also revealed a difference
between the two catalysts [46,47]. The activation
energies for La,0; were 24.4 kcal/mol in the
absence of O, and 26.0 kcal/mol in the presence
of 1% O,. For 4% Li/MgO, they were noticeably
higher, being 30.5 kcal/mol in the absence of O,
and 35.0 kcal/mol in the presence of 1% O,. The
reaction orders for La,O; were 0.26 in CH,, 0.98
in NO, and 0.5 in O,, and those for 4% Li/MgO
were 0.70 in CH,, 0.35 in NO, and —0.54 in O,.

NO decomposition to N, and O, was believed
to be an unimportant pathway over either catalyst.
It was not found to occur over Li/MgO, and could
account for no more than 20% of the N, produced
in the presence of CH, over La,0;. As both La,0O,
and Li/MgO are catalysts for oxidative coupling
of methane, it has been suggested that their activ-
ity for lean NO, reduction with CH, is due to their
ability to form CHj radicals. This is supported by
the fact that both the oxidative coupling ability of
the catalysts and their lean NO, reduction ability
increase with temperature.

5. Conclusions

A number of metal oxides are effective lean
NO, reduction catalysts. Incorporation of reduci-
ble transition metal ions into the metal oxides,
such that the transition metal ions are highly dis-
persed, greatly increased the activity of the cata-
lysts such that lean NO, reduction occurs readily
at temperatures below 573 K. A comparison of
the catalytic behavior of first row transition metal
ions in ZSM-5 and in Al,O; shows that the cata-
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lytic properties are dictated more by the chemical
nature of the metal ions and less by the nature of
the support. Thus, mixed metal oxide catalysts of
ZrO, containing Cu, Co, Fe, and Ni, which are as
active as the corresponding ZSM-5-based cata-
lysts, can be prepared by coprecipitation which
produces mixed metal oxides of a rather high con-
centration of well dispersed transition metal ions.
Other active mixed metal oxides can be prepared
by a similar method.

The reaction mechanism on Cu-ZrQ, has been
investigated. The results show some similarities
with a Cu-ZSM-5 catalyst. Surface CN and NCO
species have been detected under reaction condi-
tions on Cu-ZrO,, and there is evidence suggest-
ing that these species react to form N,. Similarly,
Hayes et al. [51] observed an organic nitrile spe-
cies on Cu-ZSM-5 which reacted to form N,. In
addition, the role of NO and NQO, in the reaction
is very similar in both systems.

Unlike zeolites which have metastable struc-
tures, mixed metal oxides can be potentially much
more stable hydrothermally, which is one impor-
tant criterion for commercial application. In addi-
tion, the larger pores of metal oxides than zeolites,
and the flexibility to prepare mixed metal oxides
with a wide range of compositions are potential
advantages of metal oxides as practical catalysts.
Hopefully, the results summarized in this article
serve to illustrate the promises offered by metal
oxides, and the current understanding of these sys-
tems in the lean NO, reduction reaction.
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