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Abstract

The catalytic activity of a series of CeO2-ZrO2 mixed oxides in the selective catalytic reduction (SCR) of NO by C3H6 at 400◦C has
been investigated. The NO reduction activity of pure CeO2 is enhanced in the presence of Zr, reaching a maximum NO conversion with
CeO2(75)-ZrO2(25) catalyst. Then, the catalytic performances of Cu(4)/Ag(1)/CeO2 and Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalysts were
compared and the latter showed better activity especially in the low temperature region (250–350◦C). The stronger metal-support interac-
tion and higher reducibility shown by the Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst were believed to enhance its performance compared to
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u(4)/Ag(1)/CeO2 catalyst by activating more C3H6 to selectively reduce NO within this temperature region. Central composite res
urface design methodology was employed to study the effect of operating variables such as temperature, NO and C3H6 concentrations on th
CR of NO by C3H6 over Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst and to determine the optimum value of operating variables for max
O conversion. Numerical results indicated that the optimum NO conversion of 82.89% is attained at reaction temperature = 415◦C, NO
oncentration = 1827.16 ppm and C3H6 concentration = 1908.13 ppm. The addition of water vapor to the reactant significantly decrea
O conversion over Cu(4)/Ag(1)/CeO2 and Cu(4)/Ag(1)/CeO2(75)-ZrO2(25), but the inhibition was more pronounced over Cu(4)/Ag(1)/C2
atalyst.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Air pollution by nitrogen oxides (NOx) is currently one of
he most serious environmental problems. The conventional
hree-way catalyst shows low NOx conversion in lean-burn
xhaust that contains high concentration of O2. NOx storage-
eduction (NSR) catalysts are a new class of prospective
atalysts for the removal of nitrogen oxides from vehicle
xhaust[1]. In lean-burn conditions, NOx are stored at the
urface of a Ba-containing catalyst under various forms
surface nitrites/nitrates). Later, the stored NOx species will
e reduced to N2 over Pt or more generally, TWC-type
atalyst when the engine operates in the stoichiometric or
ich burn condition. The major drawback of the NSR catalyst

∗ Corresponding author. Tel.: +60 7 5535588; fax: +60 7 5581463.
E-mail address: noraishah@fkkksa.utm.my (N.A. Saidina Amin).

is its sensitivity to SOx due to the fact that surface sulpha
are invariably more thermally stable compared to nit
[2].

Alternatively, one of the most attractive techniques
NOx removal is the selective catalytic reduction of NOx in the
exhaust gas by reducing agents. The most common cat
procedure for selective catalytic reduction (SCR) is u
ammonia or ammonia-containing compounds, mainly u
as reducing agents. The process was discovered first by
in 1961[3]. It is the most effectively applied catalytic meth
of NOx reduction in conventional electric power plants[4].
The disadvantages of this method include the need
reducing agent to be temporarily stored on board the ve
and for which there is yet no infrastructure for supply. H
costs of the SCR-NH3 installations are also a disadvanta
Furthermore, SCR-NH3 systems may show ammonia s
which can produce additional environmental pollution. D

385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2005.08.001
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to these reasons, the use of ammonia in vehicles is somewhat
controversial[5,6].

The selective catalytic reduction of NO by hydrocarbons
(SCR-HC) in the presence of excess O2 currently attracts
great attention as a promising method for the removal of
environmentally hazardous NOx emission from automotive
engines[4]. From the extensive investigation so far, not only
zeolite-based catalysts[7,8] but also metal oxide-based cat-
alysts [9,10] were found to catalyze the NO reduction by
hydrocarbons. Although a large number of catalysts sys-
tems have been investigated[4,7,10], no suitable catalyst has
been found practical for this purpose. Zeolite-based catalysts,
which were known to be very effective for NO reduction by
hydrocarbons, are not promising candidates for practical use
due to their instability under hydrothermal conditions[11].
On the other hand, the metal oxide catalysts, with hydrother-
mal stability higher than zeolites, have currently attracted
much interest from researchers.

Ceria-based catalysts such as CeO2 and CeO2-ZrO2 cat-
alysts doped with precious or transition metal have been
studied extensively for NO reduction by CO. CeO2 is one
of the important additives in the formulation of three-way
catalysts. Its key roles include water gas shift reaction, disper-
sion of precious metals as well as inhibition of the sintering
of alumina support[12]. By comparison, ZrO2 has better
thermal stability and sulphur resistance[13]. Di Monte et
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enhanced by the addition of Cu and Ag on the CeO2 cata-
lyst. In present work, we attempt to investigate the catalytic
performances of CeO2-ZrO2 catalyst doped with Cu and Ag
in the selective reduction of NO by C3H6 in the presence of
excess O2. The effects of the incorporation of ZrO2 on the cat-
alytic performance of CeO2-ZrO2 catalysts in the SCR-HC
are discussed in this paper. Furthermore, the effects of pro-
cess parameters (reaction temperature, NO concentration and
C3H6 concentration) on the catalytic performance of the cat-
alyst were studied using design of experiments (DOE). The
central composite design (CCD) coupled with response sur-
face methodology (RSM) was utilized to predict the optimum
values of process parameters for maximum NO conversion.
Finally, the effect of large concentration of water vapor (10%)
on the catalytic activity of the catalyst was also investigated.

2. Experimental

2.1. Catalyst preparation

The CeO2 and ZrO2 support were prepared by thermal
decomposition of Ce(NO3)3·6H2O (Acros Organics, 99.5%)
and ZrO(NO3)2·7H2O (Acros Organics, 99.5%), respec-
tively, at 650◦C for 5 h as reported by de Leitenburg et
al. [25]. The mixed oxide CeO-ZrO was prepared by co-
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l. [14] reported that Pd/Ce0.6Zr0.4O2/Al2O3 catalyst system
howed a very high activity for NO reduction by CO be
00 K. They attributed the high activity to a promoting eff
f the CeO0.6Zr0.4O2 on the NO conversion. Similar res
as been observed over Rh/CeO2-ZrO2 catalyst[15], where

hey reported that the NO reduction occurred at the Ce3+ sites
n the catalyst to give N2 and N2O. A lot of research work
ave reported that CeO2-ZrO2-based catalysts showed go
ctivity in the NO + CO reaction[16,17], but relatively little
tudies on SCR of NO by hydrocarbons over CeO2-ZrO2-
ased catalysts exist in the literature. Thus, extended s
hould be carried out over these catalysts, as the catalys
e suitable for SCR of NO by hydrocarbon in the prese
f excess O2.

The idea of combining two metals on a supported cat
o increase the interaction of hydrocarbons and NOx stim-
lated by the different active catalytic sites was propo
ecently[18]. The bimetallic zeolite-based catalytic syste
ave been extensively examined for SCR of NOx using hydro
arbon[19,20]. Regrettably, these catalysts are unpromi
or practical application due to their poor sulphur and w
olerances[21]. Therefore, the metal oxide supported bim
atalyst is deliberated as a potential candidate for SCR
or example, we have reported that both Cu/Cr/CeO2 [22]
nd Cu/Ag/CeO2 [23] showed higher activity than Cu/Ce2
nd Ag/CeO2. Furthermore, the activity of NO reduction w
lso enhanced by the addition of Cs to Ag/Al2O3 catalyst in

he presence of SO2 [24].
In our previous study[23], we reported that the redu

ion of NO under lean-burn condition at 400◦C was greatly
2 2
recipitation from an aqueous solution of Ce(NO3)3·6H2O
nd ZrO(NO3)2·7H2O in the required proportions throu
ydrolysis with aqueous NH3. The precipitate was ce

rifuged, washed several times with distilled water,
hen dried at 110◦C overnight, followed by calcination
50◦C for 5 h. The support catalysts are denoted as CeO2(a)-
rO2(b), where (a) represents the weight percent of CeO2 and

b) denotes the weight percent of ZrO2 in the catalysts.
The co-impregnation method was employed to syn

ize the Cu and Ag doubly promoted CeO2 catalysts. In
his case, the required amounts of Cu(NO3)2·3H2O (Emory,
9.0%) and AgNO3 (R & M Chemicals, 99.5%) aqueo
olutions were simultaneously impregnated with the C2
atalyst support. Subsequently, the resulting solution
tirred for 17 h at room temperature and then dried in
ven at 110◦C overnight, followed by calcinations at 550◦C
or 5 h to decompose the nitrate species present in the
ysts. The catalysts are denoted as Cu(x)/Ag(y)/CeO2, where
x) represents the weight percent of Cu and (y) denotes th
eight percent of Ag in the catalysts. The Cu and Ag do
romoted CeO2-ZrO2 catalysts were prepared similar to
reparatory methods for Cu/Ag/CeO2 catalyst.

.2. Catalyst characterization

The XRD patterns, acquired using a Siemen D5
mploying Cu K� radiation (λ = 1.54056Å, 40 kV, 30 mA),
as used to determine the crystallinity and phase puri

he samples. The XRD patterns were recorded in the 2θ range
f 5–80◦, with a scan speed of 0.05◦ s−1. The average cry
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tallite size was determined from the line widths of the XRD
peaks corresponding to (1 1 1) reflection, using the Scherrer
equation.

The BET surface area was estimated from the N2
adsorption isotherms, which were obtained at liquid nitrogen
temperature (−196◦C) with an ASAP 2000 Micromeritics
Analyser, utilizing a static volumetric technique. Nitrogen
was of 99.9995% purity. The specific surface area was
determined from the linear portion of the BET plot. Prior
to the determination of the isotherm, the dried catalysts
(0.3–0.4 g) were degassed for 16 h at 220◦C under a residual
pressure of 1 Pa in order to remove moisture.

Temperature-programmed reduction (TPR) experiments
were performed using a Micromeritics 2900 TPD/TPR
equipped with a thermal conductivity detector. For the H2
reduction analysis, 0.05 g of catalyst was used and treated
by 10% of H2 in argon at 50 ml min−1. The temperature was
raised from 100 to 950◦C at a heating rate of 10◦C min−1.

2.3. Catalytic activity measurement

Catalytic activity measurements were carried out in a flow
apparatus by using a lab-scale fixed bed reactor (Stainless
Steel 316) with inner diameter 10 mm and length 300 mm.
Prior to the reaction, one gram of the synthesized catalyst,
supported on ceramic wool, was loaded into the reactor.
T
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form CO and CO2 [22,23]as in Eq.(1). It gives a measure of
the ability of the hydrocarbon species to be oxidized by NO
rather than by O2.

SSCR-HC(%) = 2[N2]

2[CO] + 3[CO2]
× 100% (1)

where [N2], [CO] and [CO2] are expressed as molar flow
rates. TheSSCR-HC is equal to 100% if the hydrocarbon is
completely oxidized by NO. It decreases upon increase in
the hydrocarbon oxidation rate.

3. Results and discussion

3.1. Catalyst characterizations

3.1.1. X-ray diffraction (XRD) and BET surface area
Fig. 1 shows the XRD patterns of CeO2, CeO2(75)-

ZrO2(25), CeO2(50)-ZrO2(50), CeO2(25)-ZrO2(75), Cu(4)/

Fig. 1. XRD patterns of catalysts: (a) CeO2, (b) CeO2(75)-ZrO2(25), (c)
CeO2(50)-ZrO2(50), (d) CeO2(25)-ZrO2(75), (e) Cu(4)/Ag(1)/CeO2, (f)
Cu(4)/Ag(1)/CeO2(75)/ZrO2(25) and (g) ZrO2.
he catalyst was pretreated using helium gas at 500◦C for
h. After the preheating period, the reactant gas mixt
omprising of 2000 ppm NO (B.O.C. special gases, 99
urity), 2000 ppm C3H6 (B.O.C. special gas, 99% purity
0% O2 (Malaysian Oxygen Bhd., 99.80%), 0% water va
if present) and balance He (Air Products, 99.999% pu
ere fed into the reactor. The total gas flow rate
00 ml min−1 (F/W = 30,000 ml g-cat.−1 h−1). The total ga
ow rate employed in this research work was confirmed t
n the reaction-limited regime by measuring the NO con
ion versus F/W curve. When water was added into the re
hrough a water pump, all the lines were heated using
ng tape, which were connected to a temperature contr
o above 120◦C to prevent condensation of water. Wa
ontained in the outlet stream was removed in a conde
efore the gas composition analysis in order to protec
C columns from water. The reaction temperature contr
y a temperature-programmed reactor furnace (Carbo®

ST 12/30/200) was increased from 250 to 550◦C in steps
f 50◦C. The concentration of NO was analyzed with a Nx
mission analyzer (Bacharach NONOXOR® II). The com-
ositions of other products were analyzed by using a
hromatograph (Agilent 6890 Series) equipped with a T
etector. The concentrations of CO2 and C3H6 were analyze
y a Porapak N column, while a Molecular Sieve 5A colu
as used for the analysis of N2 and CO. The reaction resu
ere evaluated in terms of NO conversion, C3H6 conversion
nd competitiveness factor (SSCR-HC). TheSSCR-HCwas eval
ated by calculating the ratio between oxygen atoms sup

rom NO and all oxygen atoms react with hydrocarbon
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Ag(1)/CeO2, Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) and ZrO2
catalysts. Pure CeO2 catalyst (curve a) displayed the XRD
patterns corresponding to the distinct, cubic, fluorite struc-
ture with intense bands at about 28.6◦, 33.1◦, 47.5◦ and
56.4◦ which represent the indices of (1 1 1), (2 0 0), (2 2 0)
and (3 1 1) planes, respectively[26–28]. The XRD pattern
of CeO2(75)-ZrO2(25) (curve b) catalyst is similar to that
of pure CeO2 and no additional peaks attributed to tetrag-
onal ZrO2 (curve g) were observed, indicating that ZrO2
was incorporated into the CeO2 lattice to form solid solu-
tion and sustaining the fluorite structure. As can be seen
from Fig. 1, the shift of the ceria peaks for CeO2-ZrO2-based
catalysts to higher 2θ values compared to CeO2 is evidence
of an insertion of smaller Zr4+ ions in the lattice of CeO2
[29]. With the loading of 25 wt% Zr in the CeO2, the ceria
peaks that was originally at 2θ of 28.6◦ and 33.1◦ was shifted
slightly to 29.0◦ and 33.5◦, respectively. As the Zr content
increased to 75 wt%, the shift of ceria peak became signif-
icant, from 2θ of 28.6◦ to 30.0◦ which overlapped with a
ZrO2 line at 30.1◦. Besides, a new peak at 2θ of 34.5◦ which
is closed to the tetragonal ZrO2 line (curve g) was detected.
These observations indicate the formation of tetragonal struc-
ture in the CeO2-ZrO2-based catalysts with high Zr content
[30]. As compared with the XRD patterns of CeO2 and
CeO2(75)-ZrO2(25) catalysts, the XRD peaks observed for
CeO (50)-ZrO (50) and CeO(25)-ZrO (75) catalysts were
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presence of Cu and Ag increased the crystallite size of ceria
for both the Cu(4)/Ag(1)/CeO2 and Cu(4)/Ag(1)/CeO2(75)-
ZrO2(25) catalysts. The increase is more significant on the
Cu(4)/Ag(1)/CeO2 catalyst where the crystallite size of ceria
increased from 12.5 nm (for pure CeO2) to 18.3 nm (for
Cu(4)/Ag(1)/CeO2). In contrast, the increase in the crystal-
lite size of ceria for Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) cat-
alyst is not very obvious, only from 11.0 nm (for pure
CeO2(75)-ZrO2(25)) to 12.1 nm (for Cu(4)/Ag(1)/CeO2(75)-
ZrO2(25)). At the same time, as shown inTable 1, the
Cu(4)/Ag(1)/CeO2 catalyst showed a noticeable decrease
in the surface area, from 19.2 m2 g−1 (for pure CeO2) to
14.9 m2 g−1 (for Cu(4)/Ag(1)/CeO2). On the other hand,
the decrease of surface area is not significant on the
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst. Combining the
crystallite size and BET surface area data, we can suggest
that the Cu and Ag species are more uniformly dispersed
on the Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst due to its
smaller crystallite ceria size and larger surface area than the
Cu(4)/Ag(1)/CeO2 catalyst.

3.1.2. Temperature-programmed reduction by H2

(H2-TPR)
The TPR-H2 profiles for CeO2, CeO2-ZrO2 with various

Zr loading, Cu(4)/Ag(1)/CeO2 and Cu(4)/Ag(1)/CeO2(75)-
ZrO (25) catalysts are illustrated inFig. 2. The reduction
p k at
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ore broader. This broadening further confirmed the

ortion of cubic phase of fluorite structure to a tetrago
tructure due to the incorporation of high Zr content
eO2 [31].
The crystallite sizes of CeO2-ZrO2-based catalysts we

stimated from the X-ray linewidths of the peaks corresp
ng to (1 1 1) using the Scherrer equation. The dimensio
eO2-ZrO2 crystallites were in the range of 5.9–13.4 nm.
rystallite sizes of the supported oxide species decrease
ncreasing Zr content. The observation is in accordance
he BET surface area results shown inTable 1, where CeO2-
rO2-based catalysts with higher Zr loading showed la
urface area than pure CeO2 catalyst.

XRD peaks due to CuO, Cu2O or Ag2O, on the othe
and, were not detected in the Cu(4)/Ag(1)/CeO2 and
u(4)/Ag(1)/CeO2(75)-ZrO2(25) samples. The absence
uO and Ag2O peaks may be attributed to the Cu and
articles being too small to be detected and the well dis
ion of these particles on the surface of the catalysts.

able 1
ummary of results from XRD and NA

ample BET surface area (m2 g−1) Po

eO2 19.2 0.0
eO2(75)-ZrO2(25) 27.5 0.
eO2(50)-ZrO2(50) 31.2 0.
eO2(25)-ZrO2(75) 40.2 0.
u(4)/Ag(1)/CeO2 14.9 0.0
u(4)/Ag(1)/CeO2(75)-ZrO2(25) 26.5 0.
a Calculation form the peak at 28.6◦ in the XRD pattern using the Sche
2
rofile of the CeO2 support is characterized by a single pea
bout 756◦C. All the CeO2-ZrO2-based catalysts also sh

he peak at adjacent reduction temperature. Thus, it is
onable to attribute this peak to the reduction of the C2
ince pure ZrO2 is not reduced in H2 in the temperature rang
00–900◦C (not shown). As shown inFig. 2, the incorpora

ion of Zr to CeO2 remarkably shifted H2 consumption pea
o lower temperatures compared to that of CeO2 (curves b–d)
owever, it should be noted that the H2 consumption peak o

he CeO2-ZrO2 mixed oxides shifted to higher temperatu
ith increasing Zr content from 25 to 75 wt%. According
RD patterns and TPR results, one can speculate CeO2(75)-
rO2(25) with mainly cubic phase is more easier to red

han the CeO2(50)-ZrO2(50) and CeO2(25)-ZrO2(75) cata
ysts that are dominated by tetragonal phase. This observ
s in accordance with that reported by Fornasiero et al.[31]
nd Thammachart et al.[32] where high Zr content in th
eO2-ZrO2 catalyst will result in the formation of irreducib
tructure of the material.

me (cm3 g−1) Average pore diameter (nm) Crystallite sizea (nm)

8.9 13.4
9.4 11.0

11.3 6.3
15.8 5.9
8.2 18.3
9.0 12.1

uation.
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Fig. 2. TPR-H2 profiles for (a) CeO2, (b) CeO2(75)-ZrO2(25), (c)
CeO2(50)-ZrO2(50), (d) CeO2(25)-ZrO2(75), (e) Cu(4)/Ag(1)/CeO2 and (f)
Cu(4)/Ag(1)/CeO2(75)/ZrO2(25).

The presence of 4 wt% Cu and 1 wt% Ag strongly
modifies the TPR profiles of the pure CeO2 and CeO2(75)-
ZrO2(25) catalysts. Low temperature reduction peaks at
225 and 235◦C were observed over Cu(4)/Ag(1)/CeO2
and Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalysts, respec-
tively, instead of the peak corresponding to reduction
of CeO2 at higher temperature. It has been reported in
previous literatures on Cu/TiO2 and Cu/ZrO2 [33,34] that
the reduction peak at around 220◦C can be assigned to
the reduction of Cu2+ species to Cu0 and indicates the
presence of highly dispersed Cu2+ species. The lack of
peaks at temperature lower than 200◦C which is attributed
to the reduction of oxocations (Cu–O–Cu)2+ [35,36]enable
us to attribute the reduction peaks at 225 and 235◦C
to the presence of highly dispersed Cu2+ ions on these
catalysts. In addition, these reduction peaks could also
be assigned to the reduction of Ag2O since it has been
reported that the combination of Cu with Ag generally
produced a single reduction peak at 254◦C [23] and 327◦C
[37]. The difference in the reduction temperature between
Cu(4)/Ag(1)/CeO2 and Cu(4)/Ag(1)/CeO2(75)-ZrO2(25)
catalysts can be attributed to the interaction between the
metal and support. According to Chien et al.[38], the strong
metal-support interaction generally leads to an increase in
the reduction temperature. Therefore, we can deduce that

Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst possesses stronger
metal-support interaction than Cu(4)/Ag(1)/CeO2 catalyst.

3.2. Catalytic performance over CeO2-ZrO2-based
catalysts

Fig. 3shows the NO and C3H6 conversion achieved over
CeO2-ZrO2 catalysts with Zr content ranging from 25 to
75 wt%. The addition of Zr onto CeO2 greatly enhanced the
NO conversion and exhibited higher catalytic activity than
pure CeO2 and pure ZrO2. One can claim that the incorpora-
tion of Zr into CeO2 lattices to form solid solution promoted
the reduction of NO over these catalysts. The optimal Zr
loading is found to be 25 wt% with NO reduction of 29%.
Further increases in Zr content definitely reduce the NO con-
version. The favorable effect of the addition of small amount
of Zr on the catalytic activity of the CeO2(75)-ZrO2(25)
catalyst can be attributed to its structural property. Based
on the structures as revealed by the XRD results, it can be
said that the cubic-fluorite structure of CeO2(75)-ZrO2(25)
catalyst is more active than tetragonal structure of CeO2(50)-
ZrO2(50) and CeO2(25)-ZrO2(75). Hori et al.[39] observed
that the optimum Zr concentration was around 25% for the
CenZr1−nO2 samples prepared by co-precipitation of hydrox-
ides. They found that the beneficial effects of ZrO2 were
pronounced in solid solutions which had the oxygen stor-
a at of
p
m gen
s h
i
Z to
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t
m high
o cies
c
t ed

F
a pm
C

ge capacity values three to five times higher than th
ure CeO2. Numerous studies have reported that CeO2-ZrO2
ixed oxides have the ability to easily remove bulk oxy

pecies at moderate temperatures. ZrO2 is associated wit
ts ability to modify the oxygen sub-lattice in the CeO2-
rO2 mixed oxides and typically regarded to contribute

he improvement of the lattice space, therefore facilita
he migration of oxygen atoms[40]. By using the CeO2-ZrO2
ixed oxides the catalysts is more effective due to the
xygen mobility in the bulk and the lattice oxygen spe
an effectively participate in the redox processes[40]. Fur-
hermore, the redox properties of CeO2 have been enhanc

ig. 3. Effect of Zr loading on NO conversion (�), C3H6 conversion (�)
ndSSCR-HC (�) at 400◦C (reaction conditions: 2000 ppm NO, 2000 p

3H6, 10% O2 with balance of He, F/W = 30,000 ml g-cat.−1 h−1).
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by the addition of Zr4+ into the lattice of CeO2 by the forma-
tion of solid solutions[31]. Ranga Rao et al.[15] reported that
NO is effectively decomposed at the Ce3+ sites in the Rh- and
Pt-loaded Ce-containing materials, suggesting a direct partic-
ipation of the reduced support in the NO conversion. It was
also observed that upon incorporation of ZrO2 into a solid
solution with CeO2, the reducibility of the Ce4+ is strongly
enhanced compared to pure CeO2 both in the unsupported
and metal-loaded samples.

Among the CeO2-ZrO2-based catalysts investigated for
SCR of NO by C3H6, CeO2(75)-ZrO2(25) catalyst demon-
strated the highestSSCR-HCand C3H6 conversion. The results
indicated that CeO2(75)-ZrO2(25) catalyst with low Zr load-
ing has the ability to activate C3H6 for selectively reducing
NO in the presence of excess O2. Although the C3H6 conver-
sions achieved over the CeO2(50)-ZrO2(50) and CeO2(25)-
ZrO2(75) catalysts can be considered high, theirSSCR-HC
values were rather low. It seems that the C3H6 activation
effect has accelerated the side reaction of C3H6 combustion
by O2, and at the same time decreased the amount of C3H6
available to selectively reduce NO over these catalysts.

In order to elucidate the effect of NO on the C3H6 con-
version of the catalysts, extended investigation was con-
ducted over the catalytic activity for direct oxidation of C3H6
with O2. Fig. 4 compares C3H6 conversion data between
N ◦
C tion
c that
i
v
r
r e
C
r e
p
c ce
o t

F d-
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as depicted inFig. 4. These results again reveal that the pres-
ence of Ce and Zr in the catalysts enhance the capability of
C3H6 to selectively reduce NO in the presence of excess O2
especially for CeO2(75)-ZrO2(25) catalyst and are consistent
with theSSCR-HCvalues.

Although CeO2(75)-ZrO2(25) catalyst has lower surface
area than CeO2(50)-ZrO2(50) and CeO2(25)-ZrO2(75) cata-
lysts, it exhibited the highest catalytic activity for NO reduc-
tion. The result suggests that the NO reduction is almost
independent of surface area. The difference between the cat-
alytic performances of the CeO2-ZrO2-based catalysts can be
associated with their reducibility as shown inFig. 2. It was
found that the CeO2(75)-ZrO2(25) catalyst with the high-
est NO reduction activity is more reducible than CeO2(50)-
ZrO2(50) and CeO2(25)-ZrO2(75) catalysts. On the basis of
the H2-TPR profiles and catalytic results, high reducibil-
ity was presumed to grant the promising performance of
CeO2(75)-ZrO2(25) catalyst by activating C3H6 to selec-
tively reduce NO.

3.3. Catalytic performance over Cu(4)/Ag(1)/CeO2 and
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25)

In order to elucidate the effect of the presence of Zr
on the catalytic performance of the catalysts, we compared
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O + C3H6 + O2 and C3H6 + O2 reaction at 400C over the
eO2-ZrO2-based catalysts. For comparison, the reac
onditions for C3H6 + O2 reaction remained the same as
n the NO + C3H6 + O2 reaction. It is clear that the C3H6 con-
ersion over the CeO2 and ZrO2 catalysts in the C3H6 + O2
eaction is almost the same as that in the NO + C3H6 + O2
eaction. In contrast, the C3H6 conversions over all th
eO2-ZrO2 catalysts were much higher for NO + C3H6 + O2

eaction than those for C3H6 + O2 reaction, signifying th
resence of NO promotes the oxidation of C3H6 over these
atalysts. The increase of C3H6 conversion in the presen
f NO is more obvious on the CeO2(75)-ZrO2(25) catalys

ig. 4. C3H6 conversion of CeO2-ZrO2-based catalysts with various Zr loa
ng in the presence (�) and absence (�) of NO at 400◦C (reaction conditions
000 ppm NO (if present), 2000 ppm C3H6, 10% O2 with balance of He
/W = 30,000 ml g-cat.−1 h−1).
he NO and C3H6 conversion over the Cu(4)/Ag(1)/Ce2
nd the Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalysts, and th
esults are shown inFig. 5. Similar trends were observ
rrespective of the supports. Volcano-type NO conver
ersus temperature curves were obtained and com
3H6 conversion was achieved at the temperature w

he maximum NO conversion was measured over
atalysts. The differences between both catalysts ar
aximum NO conversion improved from 82% to 8
nd the temperature of maximum NO conversion sh

o lower value with the addition of ZrO2 to the suppor
f the catalyst. Furthermore, the Cu(4)/Ag(1)/CeO2(75)-

ig. 5. Conversion of NO (solid line) and C3H6 (dashed line) vs. temper
ure over (�) Cu(4)/Ag(1)/CeO2 and (�) Cu(4)/Ag(1)/CeO2(75)-ZrO2(25)
reaction conditions: 2000 ppm NO, 2000 ppm C3H6, 10% O2 with balance
f He, F/W = 30,000 ml g-cat.−1 h−1).
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ZrO2(25) catalyst showed wider operating temperature win-
dow (300–550◦C) for NO conversion; more than 50% com-
pared to Cu(4)/Ag(1)/CeO2 catalyst. As depicted inFig. 5, the
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst exhibited higher
C3H6 conversion than the Cu(4)/Ag(1)/CeO2 catalyst at 300
and 350◦C. Consequently, the high NO conversion obtained
over Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst at low tem-
perature can be attributed to the activation of C3H6 to react
with NO.

In Table 2, it was found that the conversion of C3H6
in the NO + C3H6 + O2 reaction was higher than that in
the C3H6 + O2 reaction over the Cu(4)/Ag(1)/CeO2 and
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalysts at 350◦C. The
result reveals that the presence of NO actually promotes
the C3H6 oxidation over these catalysts. Moreover, it is
interesting to note that although Cu(4)/Ag(1)/CeO2(75)-
ZrO2(25) catalyst exhibited higher NO conversion than
Cu(4)/Ag(1)/CeO2 catalyst, both catalysts attained nearly the
sameSSCR-HC values at 350◦C. The result implied that the
addition of Zr has an effect of activating C3H6 to react with
NO, but at the same time, the side reaction of C3H6 com-
bustion also occur over this catalyst. In addition, it can be
seen that the CO selectivity in the NO + C3H6 + O2 reac-
tion was higher than that in the C3H6 + O2 reaction over the
Cu(4)/Ag(1)/CeO2 catalyst, suggesting that the partial oxida-
tion of hydrocarbon occur over this catalyst in the presence of
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the Cu(4)/Ag(1)/CeO2 catalyst. These features may result
in a larger interface between Cu and Ag species and the
support, resulting in a strong metal-support interaction as
evident in the TPR profiles. In addition, the high reducibil-
ity possessed by CeO2-ZrO2 support than that of CeO2
support is believed to enhance the C3H6 activation at low
temperature as discussed in previous section. Thus, NO can
be selectively reduced by C3H6 at low temperature region
over Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst. Based on the
above discussion, we can conclude that the strong metal-
support interaction and high reducibility of the CeO2-ZrO2
support are responsible for the improvement of the NO con-
version activity at low temperature.

3.4. Process variables study using central composite
design

Design of experiments was carried out using STATIS-
TICA Software Version 6 (Statsoft Inc.) to study the effect
of operating variables over SCR of NO activity. The central
composite design coupled with response surface methodol-
ogy was employed to obtain the combination of values (NO
concentration, C3H6 concentration and reaction temperature)
that optimizes the response (NO conversion) and to determine
the most influential variable that affects the value of response
at fixed amount of catalyst (1 g Cu(4)/Ag(1)/CeO(75)-
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n Table 2. The result strongly reflected that the CO oxi
ion to CO2 was favored in the CeO2-ZrO2-based catalys
s demonstrated in previous literatures[32,42] and the CO
oncentration in the product stream was reduced.

The improvement of the catalytic activity of Cu(
g(1)/CeO2(75)-ZrO2(25) catalyst at the low temperatu

egion (250–350◦C) can be ascribed to the strong me
upport interaction of the catalyst. It has been shown
n the XRD and NA characterizations that the catalyst
maller ceria crystallite size and the larger surface area

able 2
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herey is the predicted response,xi the coded factor valu
o the offset term,βi the linear term,βii the squared term an

lysts for C3H6 oxidation in the presence and absence of NO at 350◦C

CO selectivity (%) SSCR-HC(%)
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ce of He, F/W = 30,000 ml g-cat.−1 h−1.
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Table 3
The levels of independent variables in central composite design

Factor Factor code −α −1 0 +1 +α

Reaction temperature (◦C) x1 224 300 400 500 576
NO concentration (ppm) x2 818 1200 1700 2200 2582
C3H6 concentration (ppm) x3 818 1200 1700 2200 2582

Note: −/+α, star point value;−1, low value; +1, high value; 0, center value.

βij is the interaction term. In this work,n0 = 2 andk = 3 and
therefore a total of 16 runs of experiments were needed to
optimize the processing parameters for NO conversion. By
substituting the value 3 fork, Eq.(2) becomes:

y = βo + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3

+ β23x2x3 + β11x
2
1 + β22x

2
2 + β33x

2
3 (3)

The three independent variables in Eq.(3) were identified
to be reaction temperature (x1), inlet NO concentration (x2)
and inlet C3H6 concentration (x3), while the response vari-
able (y) was chosen to be NO conversion, C3H6 conversion or
SSCR-HC. The Statistica Software was utilized to estimate the
relationship between the response variable and the indepen-
dent variables in Eq.(3). Table 3presents the factors and their
design levels whileTable 4shows the experimental data of
the three response variables for the 16 experiments. Theα in
Table 3represents the distance from the center of the design
space to a star point. The star points represent new extreme
values (low and high) for each factor in the design. The pre-
cise value ofα depends on certain properties desired for the
design and on the number of factors involved. To maintain
rotatability, the value ofα depends on the number of experi-
mental runs in the factorial portion of the central composite
design. If the factorial is a full factorial, then:

α

whereB is the number of factorial runs (2k, k = number of
factors).

The statistical significance of the quadratic model (Eq.
(3)) was checked by anF-test (ANOVA) with 95% degree of
confidence.

3.4.1. NO conversion
The quadratic model for the NO conversion is presented

in Eq.(5) as:

NO conversion= 81.70+ 4.98x1 + 0.01x2 + 2.79x3

− 2x1x2 + 2x1x3 + 6x2x3 − 17.17x2
1

− 4.31x2
2 − 5.60x2

3 (5)

The ANOVA table displaying the total, regression and
error of sum of square for NO conversion model is shown
in Table 5. TheF-value is a measurement of variance of data
about the mean, based on the ratio of mean square of group
variance due to error[44]. In general, if the model is a good
prediction of the experimental results and the estimated factor
effects are real, the calculatedF-value should be several times
larger than the tabulated value. In this study, the computed
F-value for NO conversion model is bigger than the tabulated
F-value (F0.05= 3.37) atα = 0.05 in the statistic table, it can
be concluded that Eq.(5) gives good prediction of the NO
c ence
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= [B]1/4 (4)

able 4
entral composite design and experimental results

un Manipulated variables

Reaction
temperature (◦C)

NO concentration
(ppm)

C3H6 concent

1 300 1200 1200
2 300 1200 2200
3 300 2200 1200
4 300 2200 2200
5 500 1200 1200
6 500 1200 2200
7 500 2200 1200
8 500 2200 2200
9 400 1700 1700
0 224 1700 1700
1 576 1700 1700
2 400 818 1700
3 400 2582 1700
4 400 1700 818
5 400 1700 2581
6 400 1700 1700
onversion and the model was significant at a high confid
evel.

Responses

ppm) NO conversion (%) C3H6 conversion (%) SSCR-HC(%)

51 38 25
39 22 21
48 49 29
56 65 33
61 98 6
53 91 5
46 100 8
66 100 7
81 86 21
20 11 36
42 100 3
74 81 16
68 96 12
58 90 10
76 83 18
83 87 21
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Table 5
ANOVA results for the NO conversion modelsa

Source Sum of
squares (S.S.)

Degree of
freedom

Mean
squares

F-value

S.S. regression 4414.39 9 490.49 14.52
S.S. error 202.68 6 33.78
S.S. total 4617.07 15

a Determinant coefficient,R2 = 0.9527.

Fig. 6depicts the Student’st-distribution values in a Pareto
chart and the correspondingp-values of the variables in Eq.
(5). Thep-value serves as a tool to determine the significance
of each coefficient. The low values ofp-value of less than 0.05
indicate the corresponding variables are more significant. As
illustrated inFig. 6, the independent variables such as reac-
tion temperature and C3H6 concentration (x1, x

2
1, x

2
3) had a

significant effect on the NO conversion, especially reaction
temperature (x2

1) with ap-value of 0.000076. In addition, the
interaction between NO concentration and C3H6 concentra-
tion (x2x3) could also be regarded as a significant factor in
affecting the NO conversion with ap-value of 0.0266. The
rest of the variables could be considered to be less significant
to affect the NO conversion since theirp-values are more than
0.05.

To investigate the effects of reaction temperature, NO and
C3H6 concentrations on NO reduction, the three-dimensional
contour plot was used to represent the regression model of
Eq. (5) in Figs. 7 and 8. These figures clearly show that the
reaction temperature has the most significant effect on the
NO reduction compared to NO and C3H6 concentrations. As
shown inFig. 7, the NO conversion profiles as a function of
reaction temperature show a volcano shape curve regardless
of the NO concentration applied. The conversion of NO
started at 250◦C, reached a maximum around 400◦C and
then declined. The decrease of NO conversion at higher tem-
p

Fig. 7. The response surface plot of NO conversion as a function of reaction
temperature (x1) and NO concentration (x2).

by O2 and thus reduce the amount of C3H6 to selectively
react with NO. On the other hand,Fig. 8shows the effects of
NO and C3H6 concentrations on the NO conversion activity
of Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst. The NO
conversion has substantially decreased upon increased in the
NO concentration or C3H6 concentration above 2000 ppm.
It is clearly seen that the decrement in NO conversion
is more pronounced with higher NO concentration. This
phenomenon may be interpreted by the inhibition of C3H6

F f NO
c

erature (>450◦C) may be due to the rapid oxidation of C3H6

Fig. 6. Pareto chart of NO conversion.

ig. 8. The response surface plot of NO conversion as a function o
oncentration (x2) and C3H6 concentration (x3).
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Table 6
ANOVA results for the C3H6 conversion modelsa

Source Sum of
squares (S.S.)

Degree of
freedom

Mean squares F-value

S.S. regression 11986.73 9 1366.626 26.21
S.S. error 312.90 6 52.15
S.S. total 12299.63 15

a Determinant coefficient,R2 = 0.9752.

adsorption due to the large coverage of adsorbed nitrate
species on the catalyst surfaces at high NO concentration,
and hence, the amount of adsorbed C3H6 to react with NO is
reduced.

3.4.2. C3H6 conversion
The quadratic model for the C3H6 conversion in term of

the coded factors is represented as:

C3H6 conversion= 86.0977+ 26.1549x1 + 6.0585x2

− 1.3603x3 − 5.3750x1x2

− 0.8750x1x3 + 4.8750x2x3

− 10.9987x2
1 − 0.8737x2

2 − 1.0344x2
3

(6)

The computedF-value of the C3H6 conversion model in
Table 6 is several times larger that the tabulatedF-value,
demonstrating that the present model is in good prediction of
the experimental results.Fig. 9shows the significance of each
coefficient over the C3H6 model. Thep-values in the Pareto
chart imply that the coefficient for linear effect of reaction
temperature (x1), with a value of 0.00001, is the most sig-
nificant. Besides, the coefficients for the quadratic effect of
temperature (x2

1) and the linear effect of NO concentration
(
0

Table 7
ANOVA results for theSSCR-HC modelsa

Source Sum of
squares (S.S.)

Degree of
freedom

Mean
squares

F-value

S.S. regression 1526.89 9 169.654 12.55
S.S. error 81.122 6 13.520
S.S. total 1608.012 15

a Determinant coefficient,R2 = 0.9490.

3.4.3. SSCR-HC

An empirical relationship betweenSSCR-HCand coded fac-
tors is presented in Eq.(7):

SSCR-HC = 21.04659− 9.85827x1 + 0.91017x2

− 0.85153x3 − 1.5x1x2 − 0.25x1x3 + x2x3

− 0.36234x2
1 − 2.13019x2

2 − 2.13019x2
3 (7)

The ANOVA table (Table 7) shows that the computedF-
value was much greater than the tabulatedF-value, further
confirming that the model was significant at a high confi-
dence level. It is also suggested fromFig. 10 that SSCR-HC
was primarily determined by the linear term of reaction tem-
perature and no significant effect exerted by the other two
factors, which are NO and C3H6 concentrations.

The SSCR-HC model in Eq.(7) is shown graphically in
Figs. 11 and 12. Figs. 11 and 12depict that theSSCR-HC
decreased as the temperature increased. At low tempera-
ture region (250–350◦C), highSSCR-HCvalues were attained,
indicating that C3H6 was available in this temperature region
to selectively reduce NO rather than be oxidized by O2.
However, further increase in the reaction temperature hastily
reduced theSSCR-HCvalues. The results suggest the combus-
tion process (C3H6 oxidation by O2) became predominant in
h

x2) may be significant to some extent, with ap-value of
.0026 and 0.0195, respectively.

Fig. 9. Pareto chart of C3H6 conversion.
igher temperature region.

Fig. 10. Pareto chart ofSSCR-HC.
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Fig. 11. The response surface plot ofSSCR-HC as a function of reaction
temperature (x1) and NO concentration (x2).

3.4.4. Optimization of NO conversion using response
surface methodology

From the response surface methodology by using Sta-
tistica Software, the predicted optimum NO conversion is
found to be 82.89% at reaction temperature = 415.38◦C,
NO concentration = 1827.16 ppm and C3H6 concentra-
tion = 1908.13 ppm with the correspondingSSCR-HC value
being 19.63%. To confirm these results, experimental
rechecking was performed using the identical reaction tem-

F n
t

perature, NO and C3H6 concentrations. The NO conversion
obtained from the experiment was 86.30% and the difference
between the experimental and predicated NO conversion is
3.95%. The good correlation between these two results con-
firmed the validity of the response model and the model was
proven to be adequate.

3.4.5. Effect of water vapor on the activity of
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) for the SCR-HC of NO,
as compared with Cu(4)/Ag(1)/CeO2

Water vapor is one of the unavoidable components in
exhaust gases which often cause deactivation of catalysts.
Thus, resistance of SCR catalysts to deactivation by water
vapor is very important for the practical demand of NO
reduction. In this study, the effect of water vapor on the cat-
alytic activity of Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst
was compared with that of Cu(4)/Ag(1)/CeO2 catalyst under
identical experiment conditions.

Fig. 13 compares the catalytic activities of Cu(4)/
Ag(1)/CeO2(75)-ZrO2(25) and Cu(4)/Ag(1)/CeO2 catalysts
when water vapor was added to the reactant gases at 400◦C
over a 3-h period. As can be seen inFig. 13, the addition
of 10% water vapor to the reactant gases inhibited the cat-
alytic activity of the both catalysts. However, the inhibition
effect was more pronounced over the Cu(4)/Ag(1)/CeO2 cat-
a ably
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ig. 12. The response surface plot ofSSCR-HC as a function of reactio
emperature (x1) and C3H6 concentration (x3).
lyst. Catalyst deactivation by water vapor may prob
e due to the competition between water vapor and C3H6

o adsorb on the same catalyst site. The lower adsor
nthalpy of light hydrocarbons such as C3H6 compared to
ater vapor is presumed to result in the C3H6 to be less
dsorbed on the active sites to form the intermediate sp

or NO reduction following the addition of water vap
45]. The NO conversions for the Cu(4)/Ag(1)/CeO2(75)-
rO2(25) and Cu(4)/Ag(1)/CeO2 catalysts decreased to 61

from 88%) and 42% (from 81%), respectively. Therefor
an be concluded that Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) cat-

ig. 13. Comparison of NO conversion activity between (�, �)
u(4)/Ag(1)/CeO2 and (©, �) Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst

n the absence and presence of H2O. Open symbols (�, ©) indicate the
esults obtained in the absence of H2O and the solid symbols (�, �) in
ts presence (reaction conditions: 2000 ppm NO, 2000 ppm C3H6, 10% O2,
0% H2O (if present) with balance of He, F/W = 30,000 ml g-cat.−1 h−1).
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Fig. 14. Response of NO conversion over Cu(4)/Ag(1)/CeO2(75)-ZrO2(25)
catalyst at 400◦C to the intermittent feed of 10% H2O (reaction conditions:
2000 ppm NO, 2000 ppm C3H6, 10% O2, 10% H2O (if present) with balance
of He, F/W = 30,000 ml g-cat.−1 h−1).

alyst exhibits higher resistance against water vapor in the
reactant gases compared to Cu(4)/Ag(1)/CeO2 catalyst. On
the other hand, the large decrease of the performance of these
catalysts can be attributed to the lighter alkene used in this
study. Shimizu et al.[46] proposed that water had an inhibit-
ing effect for the SCR with shorter alkanes than the octane
due to the lower enthalpy of adsorption of lighter alkanes
where the water and alkanes were competing for the adsorp-
tion sites.

Furthermore,Fig. 14 illustrates the response of the NO
conversion over Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst at
400◦C to the intermittent feed of 10% water vapor for SCR of
NO by C3H6. The activity decreased as the water vapor was
introduced but immediately recovered as soon as the water
vapor was excluded from the reactant gases. The results indi-
cated that the inhibition of water vapor over the catalytic
performance of the Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) cata-
lyst was reversible and further confirmed that there was a
competitive absorption between water vapor and C3H6 for the
same catalyst site. In addition, it was interesting to observe
that the activity of the Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) cata-
lyst did not decrease after 10 h on wet stream but appeared to
slightly increase with time on stream as shown inFig. 14.
Similar observations were also revealed in previous liter-
atures on Sn/Al2O3 [47] and Ga2O3-Al2O3 [48] catalysts.
Haneda et al.[48] therefore proposed that one of the effects
o tion
o e
m ysis
i
v
c %
a
v
a
a thus
s am.

4. Conclusion

Over a series of CeO2-ZrO2 catalysts with various Zr con-
tents, CeO2(75)-ZrO2(25) catalyst was found to be a suitable
support for NO reduction catalyst due to its high reducibil-
ity to activate C3H6 to selectively reduce NO in the pres-
ence of excess O2. In comparison with Cu(4)/Ag(1)/CeO2
catalyst, Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst showed
higher NO reduction activity especially in the low temper-
ature region. The strong metal-support interaction and high
reducibility of the support shown by Cu(4)/Ag(1)/CeO2(75)-
ZrO2(25) catalyst were believed to improve its performance.
The central composite design coupled with response surface
methodology was utilized to predict the optimum values of
process parameters for maximum NO conversion. Reaction
temperature was found to affect the NO reduction activ-
ity more significantly than NO and C3H6 concentrations.
The optimum conditions were estimated to be 415.38◦C
reaction temperature, 1827.16 ppm of NO concentration and
1908.13 ppm of C3H6 concentration corresponding to NO
conversion of 82.89%. In the presence of water vapor, the
Cu(4)/Ag(1)/CeO2(75)-ZrO2(25) catalyst was more tolerant
than the Cu(4)/Ag(1)/CeO2 catalyst.
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