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Abstract

The influence of cocations (Cr and Ag) on the activity of Cu/CeO2 catalysts in the selective reduction of NOx with C3H6 has been
investigated in this study. The reduction of NOx under lean conditions was greatly improved by loading Cr and Ag onto a Cu/CeO2 catalytic
system. All the synthesized bimetal catalysts were characterized using XRD and TPR-H2. The better metal–support interaction and me
dispersion shown by Cu/Ag/CeO2 have elevated its performance compared to the Cu/Cr/CeO2 catalyst. By having such salient features,
competitiveness factor (SSCR-HC) assigned by Cu/Ag/CeO2 was generally better than that of the other tested catalysts. The presence2
was proven to be a very crucial factor for promoting the selective reduction of NOx with C3H6.
 2003 Published by Elsevier Inc.
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1. Introduction

The selective catalytic reduction of NOx with hydrocar-
bons (SCR-HC) has attracted much attention, because
the potential ability to eliminate NOx emission from the
oxygen-rich exhaust. Cu is identified as one of the m
promising elements reported to be active in the SCR
[1–3]. Various kinds of metal oxide-supported Cu cataly
have been thoroughly investigated in the SCR-HC suc
Cu/SiO2 [3,4], Cu/Al2O3 [5–7] and Cu/ZrO2 [8,9].

The cerium oxide (CeO2), which was demonstrated to b
capable of reducing SOx and soot, was deliberated as a p
sible catalyst support to enhance NOx removal [10,11]. Mu-
raki et al. [12] discovered that the platinum-modified Ce2
catalysts were able to reduce NOx in a wide range of tem
peratures under lean conditions. Further, it is reported
the Cu/CeO2 catalyst was capable of eliminating NOx below
623 K whenn-butane was used as reductant [13]. Howe
most of the previous studies on Cu/CeO2 catalysts were fo
cused on the NO+ CO reaction [14–16] and the oxidatio
of CO by O2 [17,18]. Therefore, this study could provide
better understanding of the role played by Cu/CeO2 in the
SCR-HC.

* Corresponding author.
E-mail address: r-naishah@utm.my (N.A.S. Amin).
0021-9517/$ – see front matter 2003 Published by Elsevier Inc.
doi:10.1016/j.jcat.2003.10.005
s

The bimetal catalyst concept was introduced in the S
HC to improve the performance of the supported Cu
talyst by adding certain promoters [19–22]. The cocat
promoted copper catalysts have been extensively zeo
based catalytic systems in NOx abatement [23–26]. Th
addition of transition metal cocations (Fe, Co, Ni, V, Mn,
Mo, and Cr) onto zeolite-supported copper catalyst has b
reported to tremendously increase the conversion of Nx

under lean conditions [19]. Although these multifunctio
catalysts were introduced, the deactivation of the catalys
dealumination and weak SO2 resistance are the major obs
cles that hinder the application of zeolite-based catalys
real applications [27]. As a result, the metal oxide-suppo
copper catalyst is deliberated as a potential exemplary
didate for SCR-HC. Various kinds of reactions have b
examined over a supported Cu–Cr system such as the
dation of CO [28–30], NO+ CO reaction [31–33], and NO
decomposition [34]. For the NO+ CO reaction, the catalyti
performance of copper-supported catalyst was significa
affected by the addition of Cr. The Cu–Cr system exhib
an overall better performance than the single metal cata
system (Cu, Co, and Ni) and three-way catalytic conve
[32,33]. All the literature discussed above unambiguou
show that there is very little effort devoted to investig
tion of the application of the Cu–Cr catalytic system in
SCR-HC.

http://www.elsevier.com/locate/jcat
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Apart from that, a review of early work also stated th
relatively little literature is available on the application
the supported Cu–Ag catalyst in the SCR-HC. Despite
silver was chosen as a cocation for Cu/CeO2 in this inves-
tigation based on various reasons: it possesses a rela
low affinity for water [27], is active by itself [35,36], an
produces less N2O [37]. This paper compares the activi
of Cu/Ag/CeO2 with Cu/CeO2 and Cu/Cr/CeO2 in the se-
lective reduction of NOx with C3H6. The results on the
performance of Cu/CeO2 and Cu/Cr/CeO2 in SCR-HC have
recently been reported [38]. In that paper it was unequ
cally reported that Cu/Cr/CeO2 with 4 and 3 wt% of Cu and
Cr, respectively, showed the best performance for SCR-
The influences of reaction temperature and time facto
the performance of the best catalyst in SCR-HC determ
in this work have also been examined. All the catalysts w
thoroughly characterized using X-ray diffraction (XRD) a
temperature-programmed reduction by H2 (TPR-H2).

2. Experimental

2.1. Catalyst preparation

CeO2 powder (Merck) was used as the catalyst supp
The BET surface area of the CeO2 was 3.6 m2/g. The
Cu/CeO2 catalyst with 4 wt% of Cu and the Ag/CeO2 with
3 wt% of Ag were synthesized by impregnating the Ce2
powder with a known quantity of aqueous solution of co
per nitrate or silver nitrate (molarity= 1 M), respectively.
The solutions were stirred constantly for 17 h at room te
perature. Then, the samples were filtered and dried overn
in an oven at 383 K. Finally, the dried catalysts were calci
at 823 K in a box furnace for 5 h.

The coimpregnation method was employed to synthe
the Cu/Cr/CeO2 and Cu/Ag/CeO2 catalysts. In this case, th
Cu/Cr/CeO2 catalyst with 4 wt% of Cu and 3 wt% of C
was prepared by impregnating CeO2 powder with a coppe
nitrate aqueous solution and a chromium nitrate aqueou
lution (molarity = 1 M) simultaneously. Subsequently, th
solution was stirred constantly for 17 h at room tempe
ture. Then, the sample was filtered and dried overnigh
an oven at 383 K. Finally, the dried catalyst was calcin
at 823 K in a box furnace for 5 h. All the procedures
preparing the Cu/Cr/CeO2 catalyst were repeated to produ
the Cu/Ag/CeO2 catalyst except that the 3 wt% of Cr w
changed to 3 wt% of Ag using a silver nitrate aqueous s
tion (molarity= 1 M). Prior to the catalyst characterizatio
and catalytic performance test, all synthesized catalysts
grounded to less than 200 mesh size (74 µm).

2.2. Catalyst characterization

All synthesized catalysts were characterized using X
and TPR-H2. XRD patterns were acquired using a Siem
D5000 employing Cu-Kα radiation (λ = 1.54056 Å). The
y

t

-

X-ray tube was operated at 40 kV and 30 mA with 2θ rang-
ing from 5 to 80◦. The scanning speed applied in this ana
sis was 0.05◦/s. Crystallite sizes of metal oxide compoun
were determined using the Scherrer equation.

TPR-H2 was performed using a Micromeritics 290
TPD/TPR equipped with a thermal conductivity detec
For the H2 reduction analysis, 0.05 g of catalyst was us
and treated with 10% of H2 in Ar at 50 ml/min. The tem-
perature was ramped linearly from ambient temperatur
873 K at 8.75 K/min.

2.3. Catalytic performance test

A lab-scale fixed-bed reactor (stainless steel 316) w
i.d. = 10 mm and length= 300 mm was used to inves
tigate the activity of each synthesized catalyst in SCR-
at an atmospheric pressure and 673 K. One gram of
talyst supported by ceramic wool was loaded into the
scale fixed-bed reactor for the catalyst testing. The tem
ature of the catalyst bed was controlled by a temperat
programmed reactor furnace (Carbolite VST 12/30/20
Prior to the analysis, the catalyst bed was activated in
by preheating in a helium flow at 673 K for an hour. A
ter the preheating period, a simulated exhaust gas com
ing 2000 ppm NO (B.O.C. special gases, 99.5% puri
2000 ppm C3H6 (B.O.C. special gas, 99.0% purity) an
10% O2 with balance of He was fed into the reactor
F/W = 10,800 ml/(gcath). The flow rate of each reacta
line was monitored by four flow meters (Brooks Mass R
5700). The concentration of NOx was analyzed using a NOx
emission analyzer (Bacharach NONOXOR II). The COx and
O2 levels in the reactor effluent were measured by a Cx

and O2 emission analyzer (Kane-May KM900). A gas chr
matograph (Perkin-Elmer) equipped with a FID detector w
utilized to determine the concentration of unreacted C3H6.
The N2 concentration was calculated from atomic nitrog
balance and atomic oxygen balance using the inlet and
let concentrations of NO, CO, CO2, and O2. The reaction
results were evaluated in terms of NOx conversion, C3H6
conversion, and competitiveness factor (SSCR-HC, %). The
SSCR-HC was defined as the ratio of oxygen atoms supp
from NO to all oxygen atoms reacting with hydrocarbo
to form CO and CO2 [36,38] as in Eq. (1). TheSSCR-HC is
equal to 100% if the hydrocarbon is completely oxidized
NO. It decreases upon increase in the HC+ O2 oxidation
rate.

SSCR-HC(%) = 2[N2]
2[CO] + 3[CO2] × 100%

(1)(C3H6 as a reductant).

[N2], [CO], and [CO2] are expressed as molar flow rate
Finally, the effects of reaction temperature (473–773 K)
time factor (8.33× 10−6 to 11.90× 10−6 gcath/ml) were
specifically conducted over the best catalyst found in
study.
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3. Results and discussion

3.1. X-ray diffraction

The XRD spectra for CeO2, Cu/CeO2, Cu/Cr/CeO2,
and Cu/Ag/CeO2 catalysts are presented in Fig. 1. It w
observed that all synthesized Cu/CeO2, Cu/Cr/CeO2, and
Cu/Ag/CeO2 catalysts exhibited the same pattern of diffr
tion peaks with the parent CeO2. No shift was detected i
the diffraction lines of the catalysts compared to pure Ce2,
suggesting that Cu2+, Cr3+, and Ag+ might not be substi
tuted for Ce4+ in CeO2 [13]. The sizes of XRD-detectab
crystallites calculated using the Scherrer equation for all
alysts are tabulated in Table 1 and ranged from 0.07
0.124 µm.

Based on the XRD diffractograms, the growth of cr
tallite phases was detected over all synthesized cata
The formation of crystallite phases is due to the high m
loading on the support that has weakened the metal–su
interaction [29,39]. As a result, the metal oxides easily

Fig. 1. XRD patterns for CeO2, Cu/CeO2, Cu/Cr/CeO2, and Cu/Ag/CeO2.
(a) CeO2; (b) Cu/CeO2; (c) Cu/Cr/CeO2; (d) Cu/Ag/CeO2. (+) CuO;
(*) Cr2O3; (◦) CuCr2O4; (−) Ag2O.

Table 1
Sizes of XRD-detectable crystallites for CeO2, Cu/CeO2, Cu/Cr/CeO2, and
Cu/Ag/CeO2

Catalyst Crystallite Average size (µm

CeO2 CeO2 1.030
Cu/CeO2 CuO 0.119
Cu/Cr/CeO2 CuO 0.078

Cr2O3 0.124
CuCr2O4 0.101

Cu/Ag/CeO2 CuO 0.093
Ag2O 0.093
.

t

teracted with each other and tend to agglomerate to f
bulky metal oxide particles at high metal loading [40]. Up
calcining in air, the agglomerated metal oxide particles
form XRD-traceable crystallite phase as depicted in Fig.

The formation of CuO crystallite was also induced o
Cu/Cr/CeO2 and Cu/Ag/CeO2 catalysts due to high met
concentrations. Nevertheless, the size of CuO crysta
formed in the bimetal catalysts was smaller compare
Cu/CeO2 as presented in Table 1. The reduction in the s
of CuO crystallite for bimetal catalysts was generally due
the competitive generation of Cr2O3, Ag2O, and CuCr2O4,
which suppressed the extension growth of CuO crystall
In the case of Cu/Cr/CeO2, the formation of a CuCr2O4
spinel was observed and it is expected due to the calcin
temperature which was about 773 K [41,42]. In comp
son to the Cu/Cr/CeO2, the size of the Ag2O crystallite in
Cu/Ag/CeO2 was generally smaller than those Cr2O3 and
CuCr2O4 crystallites. We attribute this to a better metal d
persion and metal-support interaction of small Ag2O parti-
cles on the CeO2 over the Cu/Ag/CeO2 catalyst. Meanwhile
it seems that the size of CuO crystallite in Cu/Cr/CeO2 was
smaller than that in Cu/Ag/CeO2. This was due to the forma
tion of CuCr2O4 in the Cu/Cr/CeO2 which suppressed th
generation of CuO crystallite.

3.2. Temperature-programmed reduction by H2

The TPR profiles for CeO2, Cu/CeO2, Cu/Cr/CeO2, and
Cu/Ag/CeO2 catalysts are depicted in Fig. 2. A large pe
is observed in the TPR-H2 profiles of Cu/CeO2 at 510 K.
It was assigned to CuO species as shown in the XRD

Fig. 2. TPR profiles for the CeO2, Cu/CeO2, Cu/Cr/CeO2, and Cu/Ag/
CeO2 catalysts.
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terns in Fig. 1. In addition, some literature [16,43,44] a
stated that the reduction temperature for CuO species ra
from 473 to 523 K. For the Cu/Cr/CeO2 catalyst, a H2 con-
sumption peak is observed at 470 K as depicted in Fig
In comparison to the XRD patterns (see Fig. 1), the red
tion peak should be assigned to CuO, Cr2O3, and CuCr2O4
species. According to Jones and McNicol [45], the com
nation of CuO species with first-row transition metal i
likes Cr generally produces the same TPR-H2 profiles as ob-
tained from CuO species except for the reduction peak b
shifted to low temperatures as observed in this study.
increase of reduction temperature has been reported
due to the strong metal–support interaction [43]. In contr
the decrease of reduction temperature in the TPR-H2 profiles
of Cu/Cr/CeO2 compared to Cu/CeO2 was attributed to low
metal–support interaction caused by metal agglomeratio

For the Cu/Ag/CeO2 catalyst, a large reduction peak ce
tered at 527 K is observed from its TPR profile. Based on
XRD diffractogram (see Fig. 1), the reduction peaks sho
be assigned to CuO and Ag2O. The combination of Cu with
Ag has also been reported to produce a single peak by J
and McNicol [45] as observed in this study. The introd
tion of Ag to the Cu/CeO2 catalyst has lifted the reductio
temperature for the exposed metal active sites to 527 K c
pared to Cu/CeO2 (510 K) and Cu/Cr/CeO2 (470 K). There-
fore, one can generally expect that the addition of Ag o
Cu/CeO2 has increased the metal–support interaction
produces active sites which are much more resistant to
duction [40].

3.3. SCR-HC over Cu/CeO2, Cu/Cr/CeO2, and
Cu/Ag/CeO2

Table 2 shows the competitiveness factor (SSCR-HC) and
the conversions of NOx and C3H6 achieved over Cu/CeO2,
Cu/Cr/CeO2, and Cu/Ag/CeO2 catalysts. Clearly, the NOx
conversions gained over Cr- and Ag-modified Cu/CeO2 cat-
alysts were much higher than that of Cu/CeO2. The Cu/
Ag/CeO2 catalyst exhibited the highest NOx conversion and
SSCR-HC. The activities of the catalysts evaluated in terms

Table 2
Catalytic performance of the CeO2, Ag/CeO2, Cu/CeO2, Cu/Cr/CeO2, and
Cu/Ag/CeO2 catalysts evaluated in terms of N2 selectivity,SSCR-HC, NOx ,
and C3H6 conversions at 1 atm and 673 K

Conversion (%) N2 selectivitya SSCR-HC

NOx C3H6 (%) (%)

CeO2 25.1 100 100 0.7
Ag/CeO2 31.5 45.4 100 3.5
Cu/CeO2 40.2 100 100 4.2
Cu/Cr/CeO2 80.7 62.0 100 15.2
Cu/Ag/CeO2 87.1 61.6 100 16.3

(Reaction conditions: 2000 ppm NO, 2000 ppm C3H6, 10% O2 with bal-
ance of He,F/W = 10,800 ml/(gcath)).

a N2 selectivity= 2× 100%× [N2,formed]/[NOinlet − NOoutlet].
d

s

NOx reduction can be arranged in the following order:

CeO2 < Ag/CeO2 < Cu/CeO2 < Cu/Cr/CeO2

< Cu/Ag/CeO2.

It is also interesting to note that the Cu/Ag/CeO2 catalyst
exhibited higher NOx conversion than the Cu/Cr/CeO2, al-
though both catalysts achieved nearly the same C3H6 com-
bustion activity. The result implied that the Ag-promot
Cu/CeO2 catalyst was more selective in reducing NOx with
C3H6 than Cu/Cr/CeO2 under lean conditions as indicate
by its SSCR-HC value. However, the favorable effect of th
addition of Ag on the catalytic performances of the Cu/Ce2
catalyst cannot be attributed to Ag itself, which is almost
active for NOx reduction at 673 K as shown in Table 2. W
attribute this to the coexistence of CuO and Ag2O species
which was believed to grant a promising performance of
Cu/Ag/CeO2 catalyst in SCR-HC.

The comparison between Cu/Cr/CeO2 and Cu/Ag/CeO2
catalysts obviously indicated that the metal–support inte
tion is a critical factor which determines the performan
of the catalyst. Based on the XRD and TPR results,
metal oxides were much more well dispersed and caused
ter metal–support interaction in the Cu/Ag/CeO2 compared
to the Cu/Cr/CeO2 catalyst. Generally, the well-dispers
metal cocations will exhibit better promoting results as
ported by the studies over AgCl/Al2O3 [46], Ag/Al2O3 [47],
and Co/ZrO2 [48]. Kung and Kung [4] have also stated th
the NO species are more readily adsorbed on the highly
persed metal oxide species while the agglomerated m
favors the adsorption of O2 and induces the combustion
hydrocarbon. Moreover, the reaction intermediates produ
from hydrocarbon oxidation are different on dispersed v
sus agglomerated metal species. The reaction intermed
generated on highly dispersed metal oxide species ar
lective to react with NO than those on agglomerated m
species to form N-containing species, which then react w
another NO molecule to form N2 [4]. Hence, the charac
terization results unequivocally demonstrate that the w
dispersed metal oxide species on the surface of Cu/Ag/C2
has promoted a better reduction of NOx than Cu/Cr/CeO2
even if both catalysts achieved comparable C3H6 consump-
tion activities.

3.4. Catalytic performance of Cu/Ag/CeO2

The Cu/Ag/CeO2 was deliberated as the most prom
ing bimetal catalyst to be effective in the selective
duction of NOx with C3H6 under lean conditions in thi
study. Extended investigations were carried out using
Cu/Ag/CeO2 catalyst over a wide range of time facto
(8.33× 10−6 to 11.90× 10−6 gcath/ml) and temperature
(473–773 K) in order to gains a deeper insight into the
plicability of the catalyst under more realistic condition
In Fig. 3, the conversions of C3H6 and NOx achieved over
a Cu/Ag/CeO2 catalyst at various time factors and rea
tion temperatures are presented. The temperature at w
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Fig. 3. Effects of reaction temperature and time factor,W/F on (a) C3H6
and (b) NOx conversions for Cu/Ag/CeO2 (reaction mixture: 2000 ppm
NO, 2000 ppm C3H6, 10% O2 with balance of He).

the NOx conversion reached its maximum (673 K) cor
sponds to the temperature where nearly maximum oxida
of the C3H6 was achieved as observed in Cu/ZSM-5 [49,5
Cu/Al2O3 [2,5,51], and Ag/γ -Al2O3 [35]. Beyond this op-
timum temperature (673 K), the NOx conversion droppe
abruptly, regardless of the time factor applied due to
rapid oxidation of C3H6 by O2 [52,53]. The conversion o
NOx has substantially increased upon increasing the
factor from 8.33× 10−6 to 10.42× 10−6 gcath/ml over all
temperature ranges. Then, a further increase in the time
tor hastily reduced the NOx conversion. The reduction i
NOx removal at the higher time factor or lower reactant fl
rate was mainly caused by the combustion of C3H6 [54].
The optimum reaction temperature and time factor for Nx

conversion using the Cu/Ag/CeO2 catalyst are 673 K an
10.42× 10−6 gcath/ml, respectively.

In Fig. 4, the competitiveness factor (SSCR-HC) deter-
mined over the Cu/Ag/CeO2 catalyst at various temper
-

Fig. 4. Influences of reaction temperature and time factor,W/F on
SSCR-HC for Cu/Ag/CeO2 (reaction mixture: 2000 ppm NO, 2000 pp
C3H6, 10% O2 with balance of He).

tures and time factors is shown. At a low reaction te
perature range (473–573 K), the maximumSSCR-HC value
was obtained at a time factor around 10× 10−6 gcath/ml.
Then, theSSCR-HC was decreased as the time factor was
creased. The results indicated that the oxidation of C3H6

by O2 was favored over the NO+ C3H6 reaction at a high
time factor and hindered the reduction of NOx as shown in
Fig. 3. The maximum value ofSSCR-HC was shifted to low
time factor (8.33× 10−6 gcath/ml) as the study was con
ducted at 673 and 773 K. At a high reaction tempera
range (673–773 K), theSSCR-HC value was definitely re
duced when the time factor was adjusted from 9.26× 10−6

to 11.90× 10−6 gcath/ml. The decline in theSSCR-HCvalue
could be attributed to the C3H6 oxidation by O2 that be-
came a dominant reaction and obstructed the reductio
NOx with C3H6 as the time factor is increased. The e
periment conducted at 773 K exhibited the lowestSSCR-HC

value compared to others. TheSSCR-HC is rather low at the
high temperature range because hydrocarbon oxidatio
O2 prevails over hydrocarbon oxidation by NO [3,55].

The selective reduction of NOx with C3H6 examined ove
Cu/Ag/CeO2 catalysts did not yield any nitrous oxide (N2O)
since the N2 selectivity was 100% as shown in Table 2. T
reacted NO was fully converted into N2. A similar obser-
vation has also been reported over Cu/Ag/ZSM-5 [27]
employed comparable reaction conditions (2000 ppm
2000 ppm hydrocarbon, 10% O2 with balance of He, tota
flow 10 l/h, reaction temperature: 473–873 K) as in t
study. Therefore, it is believed that the reaction conditi
might have played an important role in eliminating the f
mation of nitrous oxide (N2O). The presence of an Ag2O
phase in the Cu/Ag/CeO2 (see Fig. 1) may also be a key fa
tor that attributes to the extinction of N2O species. The N2O
species formed during the reduction of NOx are directly de-
composed to N2 over Ag2O active sites as shown in Eq. (
[37]:

(2)Ag2O+ N2O → 2AgO+ N2.
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Fig. 5. Effects of reaction temperature and time factor,W/F on N2 yield
for Cu/Ag/CeO2 (reaction mixture: 2000 ppm NO, 2000 ppm C3H6, 10%
O2 with balance of He).bN2 yield = 2× (mol N2,formed)/(mol NOreacted).

Fig. 6. Effect of the reaction temperature on the relationship of N2 yield
and the conversion of NOx for the Cu/Ag/CeO2 catalyst (reaction mixture
2000 ppm NO, 2000 ppm C3H6, 10% O2 with balance of He).

Increasing the amount of Ag2O was suggested to im
prove the conversion of NOx and warrants a high yield o
N2 [37].

Fig. 5 shows the yield of N2 determined over Cu/Ag/CeO2
catalyst at various reaction temperatures and time fac
The SCR-HC conducted at 673 K provided the highest y
of N2 over all time factor ranges. Beyond this temperatu
the N2 yield was slightly diminished due to the concomita
oxidation of C3H6 by O2 which impeded the reduction o
NOx by C3H6. At a low temperature range (473–573 K), t
yield of N2 obtained over Cu/Ag/CeO2 was much lower than
the experiment conducted at 673 K, although itsSSCR-HC
value was higher. This was probably due to the reactions
fully activated at a temperature lower than 673 K. The SC
HC reaction conducted at 473 K showed the lowest yield
N2 over all time factors studied.

Fig. 6 displays the relationship between the N2 yield and
the conversion of NOx at various reaction temperatures. A
the data are tabulated around a linear curve. Hence, it
be concluded that the reaction temperature employed did
exert a significant effect on the yield of N2 at a constan
conversion level. The yield of N2 increased as the reactio
progressed.
.

t

Fig. 7. Effects of oxygen and C3H6 on the NOx conversion investigated
over Cu/Ag/CeO2 at 1 atm and 673 K with 10,800 ml/(gcath).

3.5. Effect of O2 and C3H6 on SCR-HC

Fig. 7 illustrates the conversions of NOx and C3H6 de-
termined over NO+ O2, NO + C3H6, and NO+ C3H6

+ O2 reactions using the Cu/Ag/CeO2 catalytic system. In
the absence of O2, the NO+ C3H6 reaction did not achiev
promising results in terms of NOx conversion. The direc
decomposition of NOx (NO + O2) was more favored tha
the NO+ C3H6 reaction. According to Hamada et al. [62
silver possesses weak affinity for molecule oxygen. T
probably would enhance the NOx reduction activity and re
sistance of the catalyst to oxygen poisoning for direct
composition of NOx in the presence of oxygen. Among th
reactions examined, the presence of C3H6 under net oxidiz-
ing conditions has greatly promoted the NOx reduction. By
comparing the NO+ C3H6 + O2 and NO+ C3H6 reac-
tions as presented in Fig. 7, the presence of O2 in the NO-
containing stream was proven to be a very essential fea
to foster the conversion of NOx in SCR-HC as found in the
literature [56,57].

It has been widely proposed that the roles of O2 in the
NOx reduction using the SCR-HC method are: (i) to activ
NO and hydrocarbons [47,58]; (ii) to maintain a Cu+/Cu2+
site balance [50,59]; (iii) to oxidize NO to NO2 [56,60]; and
(iv) to react with carbonaceous deposits [61]. Although
general agreement can be found in the proposed mechan
involving O2, Martínez-Arias et al. [47] have elucidated th
the formation of oxidized intermediates (CxHyOz for the
hydrocarbons and surface NOx species for NO) originate
from the activation of hydrocarbons and NOx by O2 gener-
ally happens over a catalyst which gains very low selecti
of N2O or nearly extinct. Consequently, it has been po
lated that the reaction mechanism involving O2 occurring
over the Cu/Ag/CeO2 catalyst in this study is the activatio
of C3H6 and NO species by O2 to form partially oxidized
intermediates which later are reduced to N2.
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4. Conclusion

From this study, it is concluded that Cu/Ag/CeO2 showed
the best performance in the SCR-HC. In comparison to
Cu/Cr/CeO2 catalyst, the Cu/Ag/CeO2 catalytic system has
better metal oxide dispersion and metal–support interac
These salient features ultimately promote the NOx conver-
sion achieved over Cu/Ag/CeO2 in the SCR-HC. Moreover
the presence of O2 is also very vital for stimulating the se
lective reduction of NOx with C3H6 using the Cu/Ag/CeO2
catalyst.
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