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a b s t r a c t

NO reduction to N2 by C3H6 was investigated on various copper alumina catalysts prepared by a precipita-
tion method with different copper (Cu) weight percentages to that of aluminium (Al). The catalysts were
characterized by X-ray diffraction (XRD), differential thermal analysis (DTA), thermogravimetric analysis
(TGA), Fourier transformed infrared (FT-IR) spectroscopy, Brunner Emmett Teller surface area (BET-SA),
X-ray photoelectron spectroscopy (XPS), H2-TPR (temperature programmed reduction) and scanning elec-
tron microscopy (SEM) techniques. It is found that the catalyst preparation method as well as the copper
content exerts a significant influence on catalytic activity for NO to N2 conversion. From the DTA analysis
it is found that there is a loss of water and CO2 at 114 to 390 ◦C and total weight loss by TGA at around
600 ◦C. A high conversion (70%) of NO to N2 is obtained by the Cu–Al (3:7) catalyst at 300 ◦C in the pres-
ence of 600 ppm NOx + 600 ppm C3H6 + 8 vol.% O2. The order of catalysts for higher NO to N2 conversion
PS
n situ DRIFTS

is as follows: Cu–Al (3:7) > Cu–Al (2:8) > Cu–Al (4:6) > Cu–Al (1:9) > Cu–Al (7:3). The XPS results show that
the Cu–Al (3:7) catalyst calcined at 600 ◦C possess highly dispersed surface copper (Cu2+) species. The
presence of high surface availability of copper (44.8%), in particular as CuAl2O4 phase, with a high percent
intensity of 44 in the Cu–Al (3:7) catalyst is the key to obtaining high efficiency (70%) in a wide range of
temperatures (250–400 ◦C). From in situ diffused reflectance infrared Fourier transformed (DRIFT) spec-
tral analysis, evolution of different intermediate species like –NO2, R–NO, –COO−, –CN, –NCO and –NH2
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. Introduction

Nitric oxide (NO) is mainly produced during the combustion of
uels from mobile and stationary sources, such combustion results
n serious air pollution by the formation of acid rain, photochem-
cal smog, and green house effect [1]. The reduction of NO can be
artially achieved by the modification of combustion devices. How-
ver, more effective methods are required for NO reduction to meet
he forthcoming strict regulations.

A large number of catalysts have been evaluated in the selective
atalytic reduction (SCR) of NOx by hydrocarbons [2,3]. These cat-
lysts are mainly metal ion-exchanged zeolites (e.g. Cu-, Co-, Fe-,
t-) and supported platinum group metals (PGMs) such as Pt, Pd,

h, on various metal oxides (e.g. Al2O3, TiO2, CeO2) [2–6]. However,
he poor stability of metal ion-exchanged zeolites and the deacti-
ation of base metal oxides in the presence of water in the feed
onstitute the main drawbacks of these catalysts to be used under
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ensities on different Cu–Al catalysts at different reaction temperatures.
© 2008 Elsevier B.V. All rights reserved.

eal lean conditions [2]. Moreover, supported PGMs exhibit rather
ow selectivity to N2 and N2O is formed in substantial amounts
3]. There have been few reports that show the low temperature
Ox reduction activity in the presence of hydrocarbons. In the lit-
rature Ag/Al2O3 has showed enhanced NO reduction activity in
he presence of oxygenated hydrocarbons such as ethanol, acetone,
nd ether [7–9]. However, there are still two major problems: low-
emperature activity and sulfur dioxide poisoning. It is difficult to
nsure sufficient catalyst activity to remove NO in the low tempera-
ure range of the diesel engine exhaust. Copper catalysts are known
o be active at relatively low temperature for the NO reduction in
he presence of hydrocarbons.

Transition metal oxides, in particular copper oxides, are known
o catalyze many reactions in environmental pollution control, such
s CO oxidation and NO reduction by hydrocarbons [10–12]. Cat-
lyst screening studies have shown that supported Cu catalysts
xhibit the activity for the SCR, but lack the selectivity for the effi-

ient conversion of NO to N2 in a wide temperature range [13–15].
critical issue that needs to be addressed is the control of cata-

yst activity and selectivity. That is why it is of interest to study the
ature and reactivity of nitrogen oxides on the surface of copper
lumina with hydrocarbons [16–18].

http://www.sciencedirect.com/science/journal/13811169
mailto:pulluranil@yahoo.co.in
mailto:pratapiict@yahoo.co.in
mailto:heonphil@kist.re.kr
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Copper-containing hydrotalcites (HT) represent a rather pecu-
iar system in this family of compounds, probably due to the

ell-known tendency of copper to form distorted octahedra
ecause of the Jahn–Teller effect in the presence of a large excess of
(II) over the M(III) cations in the HT structure [19]. Much effort has

een made to prepare hydrotalcites containing copper, to be used
or different purposes. For example copper hydrotalcites with car-
onate as the interlayer anion have been used by Corma et al. [20] as
atalyst precursors for the catalytic removal of SOx and NOx. The cat-
lytic production of hydrogen by steam reforming of methanol has
een carried out over several Cu-containing layered double hydrox-

des (LDH) [21]. Cu–Al or Cu–M2+–Al hydrotalcites have also been
ested as catalyst precursors in the liquid-phase hydrogenation of
innamaldehyde [22]. The Cu–Al2O3 catalyst prepared by adsorp-
ion of Cu2+ from a basic solution showed a higher activity than
he one prepared by the conventional impregnation method. This
s because the basic solution preparation is favourable to the forma-
ion of isolated CuO-like species, which are believed to be the active
ites for NO reduction [23]. Apparently, the preparation method
eems to be a critical factor for the activity of Cu–Al2O3 catalyst for
O reduction by hydrocarbons.

In order to achieve higher NO to N2 conversions in a wide
emperature range, the copper alumina catalysts were prepared
y a co-precipitation method and their efficiency for deNOx was
ested. Activity measurements were carried out using a reaction

ixture of 600 ppm NO, 600 ppm C3H6, and 8 vol.% O2. LDH struc-
ure and Cu2+ phase in the form of cuprous oxide (CuO) and
opper aluminate (CuAl2O4) phases were scrutinized to check rela-
ions between structure and catalytic efficiency. Prepared catalysts
ere characterized in detail for the state of dispersed copper ions

nd active phases (CuO and CuAl2O4) by XRD, FT-IR, TPR and
PS analysis. The reaction was also studied by in situ DRIFT (dif-

used reflectance infrared Fourier transformed) spectroscopy for
nalyzing the dynamic mechanistic measurements of the com-
lex interplay between formation and desorption/oxidation of NO
adsorbed) and partial oxidation species of the propylene. The
ntensities of various intermediates formed during the reaction

ere analyzed and discussed by in situ DRIFT spectroscopy study.

. Experimental

.1. Preparation

Copper alumina catalysts were prepared with different
u2+/Al3+ atomic ratios by a co-precipitation method. A basic solu-
ion was prepared from 2 M NaOH and 1 M Na2CO3 (S1) and an
queous solution of Cu(II) and Al(III) nitrates (S2) was prepared
ith different Cu2+/Al3+ atomic ratios (1:9, 2:8, 3:7, 4:6 and 7:3).

hey were taken into two separating funnels. The solutions S1 and
2 were added dropwise to a beaker containing 1000 mL of distilled
ater under vigorous stirring. The addition of both solutions is con-

rolled by monitoring pH regulation (8.0–8.5) with a pH electrode
mmersed in the solution. The resulting solution was aged for an
our at 60–70 ◦C with vigorous stirring. It then followed several
ashings with distilled water to attain neutral pH. Then the solu-

ion was filtered and the resulting precipitate was oven dried for
2 h, and subsequently calcined at 600 ◦C for 5 h in static air.

.2. Characterization
X-ray diffraction (XRD) patterns were recorded using a Bruker
8 Advance with Cu K� radiation and operated at 40 kV and 20 mA.
he fine powders were scanned (2�) in the range from 10 to 80. BET
urface area was obtained from N2 adsorption isotherms measured
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t −196 ◦C using a Micromeritics Autochem II-2720 instrument. The
TA/TGA (differential thermal analysis/thermogravimetric analy-

is) experiments were performed with a NETZSCH TG/DTA 209
nstrument. Fifty milligrams of the sample were placed in a

icrobalance crucible and heated in a flow of Ar (50 cm3/min)
p to 800 ◦C at 10 ◦C/min and a final hold-up of 20 min. Temper-
ture programmed reduction (TPR) experiments were carried out
n a Micromeritics Autochem II-2720 chemisorptions instrument
sing 5% H2/Ar gas at a flow rate of 30 cm3/min. 50 mg of sam-
le was taken in a U-shaped quartz cell and heated under the flow
f 5% H2/Ar at a temperature ramp speed of 5 ◦C/min from room
emperature to 600 ◦C. Calibration was made by reduction of a
nown amount of pure standard cupric oxide powder under similar
xperimental conditions. Fourier transform infrared spectra (FT-IR)
ere obtained in the range of 4000–400 cm−1 by diluting the sam-
les (1%) with KBr powder and measured on a JASCO FT/IR-4200
ourier transform infrared spectrometer. The X-ray photoelectron
pectra (XPS) were collected with a PHI 5800 ESCA system. Al K�
h� = 1486.6 eV) was used as X-ray source. The elemental analy-
is (ICP technique) is done using the PerkinElmer ELAN DRC plus
ystem. Prior to the ICP analysis, samples were dissolved in acidic
olution of HNO3 + HCl + H2SO4 + distilled water and vaporized by
eating. Scanning electron microscopy (SEM) pictures were taken
y Hitachi S-4200 FE-SEM at an acceleration voltage of 15 kV.

.3. Activity measurements

NO reduction with propylene (C3H6) in the presence of an excess
mount of O2 was performed with a fixed-bed flow-type quartz
eactor. Prior to the reaction, the catalyst (usually 0.3 g) was pre-
reated with 10% O2/He flow at 500 ◦C for 1 h. The feed mixture
onsisted of 600 ppm NO, 600 ppm C3H6, and 8 vol.% O2 balance
elium; 0.3 g of catalyst was used at a total flow rate of the reaction
as mixture, 120 cm3/min. The NO concentrations were analyzed
ith an online NDIR Fuji NO analyzer. Other reactants and prod-
cts were analyzed online by using a Varian Micro GC equipped
ith a TCD. The concentrations of C3H6, CO2 and N2O were detected

y a Parapak Q column. A molecular sieve 5A column was used to
onitor the formation of CO and N2. All the catalysts were tested

nd the conversions of NO to N2, NO to N2O and C3H6 to COx were
alculated by using the formula as follows:

Conversion of NO to N2 = 2 [N2]/NOin × 100.
Conversion of NO to N2O = 2 [N2O]/NOin × 100.
Conversion of C3H6 to COx = (C3H6

in − C3H6
out)/C3H6

in × 100.
NOin = initial amount of NO.
C3H6

in = initial amount of C3H6.
C3H6

out = amount of C3H6 left after reaction.

.4. In situ DRIFTS measurements

In situ DRIFT spectroscopy measurements were performed
n a JASCO FT/IR-4200 Fourier transform infrared spectrometer,
quipped with an in situ diffuse reflection chamber and a high sen-
itivity MCT/A detector cooled by liquid nitrogen. DRIFT spectra
ere recorded at 4 cm−1 resolution as an average of 50 scans using

he MCT/A detector. Finely grind powdered catalyst was taken in
n alumina crucible, and placed in a DRIFTS cell. The spectra were
easured to monitor the in situ NO reduction mechanism for the

atalysts at different temperatures within the range of 175–350 ◦C.

he DRIFTS cell is fitted with BaF2 windows. Prior to each experi-
ent 0.03 g of catalyst was heated at a rate of 10 ◦C/min from room

emperature to 500 ◦C under helium flow. After a period of 30 min
tay the sample was cooled down to 175 ◦C in helium flow. After
retreatment the background spectrum under helium flow was
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ig. 1. XRD patterns of the calcined catalysts (a) Cu–Al (7:3); (b) Cu–Al (4:6); (c)
u–Al (3:7); (d) Cu–Al (2:8); (e) Cu–Al (1:9).

ollected at 175 ◦C. The reaction gas mixture consisting of 600 ppm
O, 600 ppm C3H6, 8 vol.% O2 and balance helium was fed at a flow

ate of 100 cm3/min on to the catalyst at desired temperatures. A
eference spectrum of the catalyst in helium flow was subtracted
rom each spectrum taken under a flow of reaction mixture gas.

. Results and discussion

.1. XRD

The XRD patterns of the calcined Cu–Al catalysts are shown in
ig. 1. All the calcined catalysts show highly amorphous nature with
ow intensity broad peaks. The calcined sample shows diffraction
ines that can be assigned to �-Al2O3 (JCPDS file no. 10-0425). Only
he catalyst containing higher percentage of copper, Cu–Al (7:3),
hows the diffraction lines that can be assigned to the CuO phase
JCPDS file no. 65-2309).
.2. FT-IR

The FT-IR spectra of the oven dried samples containing LDHs
layered double hydroxides) (Fig. 2) resemble those of hydrotal-

ig. 2. FT-IR spectra of oven-dried catalysts (a) Cu–Al (7:3); (b) Cu–Al (4:6); (c) Cu–Al
3:7); (d) Cu–Al (2:8); (e) Cu–Al (1:9).
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ig. 3. FT-IR spectra of calcined catalysts (a) Cu–Al (4:6); (b) Cu–Al (3:7); (c) Cu–Al
2:8); (d) Cu–Al (1:9); (e) Cu–Al (7:3).

ite like phases [24]. Typical of these spectra are the strong broad
bsorbance band between 3600 and 3200 cm−1 associated with
he stretching mode of hydrogen-bonded hydroxyl groups from
oth the hydroxide layers and interlayer water. This broad band

ntensity of oven-dried samples increased with the increase in
eight percentage of copper from Cu–Al (1:9) to Cu–Al (7:3) corre-

ponding to the increase in hydroxyl groups in both the hydroxide
ayers and interlayer water. A bending vibration band correspond-
ng to a water deformation �(H2O) is seen at 1635 cm−1. In most
f the samples, there are two IR active absorption bands arising
rom the carbonate anions observed at 1500–1350 cm−1 (�3) and
070–810 cm−1 (�2). However, all samples show two bands in the
egion 1500–1350 cm−1, which may be attributed either to the dis-
rdered nature of the interlayer or to a lowering of the symmetry of
he carbonate anions from D3h to C2V in the interlayer, which lifts
he degeneracy of the �3 mode [24]. Observation of the �1 mode
round 1030 cm−1 also suggests a lowering of the symmetry of
he carbonate ion. The presence of carbonate ions is also observed
nd the intensity increased with percentage of copper, but more
ydroxyls are found compared to carbonate species with respect to

ntensity.
The FT-IR spectra of the calcined Cu–Al samples are shown in

ig. 3. A common band at 3600–3200 cm−1 is observed, which may
e assigned to the stretching mode of the remaining hydrogen-
onded hydroxyl groups in the calcined catalysts. A comparison
etween the FT-IR spectra of the calcined and oven-dried samples
hows that the intensity of the hydroxyl groups of calcined samples
s drastically decreased due to the removal of physisorbed and inter-
ayer water and the dehydroxylation of the lattice water at higher
emperatures. Observation of the �1 mode around 1050 cm−1

lso suggests a lowering of the symmetry of the carbonate ion.
ignificant changes are observed in the low frequency region asso-
iated with changes in lattice structure, and the intensity of the
ation–oxygen vibrational bands is significantly increased in cal-
ined catalysts compared with the oven dried ones. As expected,
R absorption bands arising from the carbonate anion of the oven
ried catalysts are decreased in intensity because of decomposition
f the interlayer anion in calcined samples.
.3. DT/TGA

The TGA/DTA patterns (Fig. 4) for the oven dried catalyst Cu–Al
3:7) indicate general loss from low temperatures to high temper-
tures due to the loss of water and CO2. The low temperature loss
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Fig. 5. TPR patterns of the catalysts (a) Cu–Al (7:3); (b) Cu–Al (4:6); (c) Cu–Al (3:7);
(d) Cu–Al (2:8); (e) Cu–Al (1:9).

Table 2
H2-TPR results of all fresh catalysts

Catalyst Tmax (◦C) H2 consumption (�mol/g)

Cu2+ Cu+ Total

Cu–Al (1:9) 309 28.9 – 28.9
Cu–Al (2:8) 253 66.5 – 66.5
Cu–Al (3:7) 241 100.3 – 100.3
Cu–Al (4:6) 262 95.7 – 153.1
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Fig. 4. (a) TGA and (b) DTA plots for the Cu–Al (3:7) oven-dried catalyst.

orresponding to the reversible removal of physisorbed and inter-
ayer water (from both the internal and external surfaces) without
ollapse of the structure extends from approximately 100 to 200 ◦C.
t higher temperatures in the range of 200–320 ◦C the loss arises

rom the dehydroxylation of the lattice as well as decomposition
f the interlayer carbonate anions [24]. It is clearly seen from XRD
f calcined samples that the layered structure is destroyed since
o characteristic reflections of LDHs are present in the XRD pat-
erns, but some broad diffraction peaks that are obviously different
rom that of single metal oxide phases such as alumina and copper
xide are detectable in the amorphous nature of XRD pattern. All
he prepared catalysts show high surface areas, which are shown
n Table 1. The surface areas of the catalysts are decreased with
radual increase in copper weight percentage. The high surface
rea of the catalysts is well correlated with observed amorphous
ature of the catalysts (after calcination) in X-ray diffractograms
Fig. 1). The weight percentages of copper present in the catalysts
ere analyzed from the ICP analysis and are given in Table 1.

.4. TPR

In order to elucidate the nature of the copper species present
n the prepared catalysts, the TPR experiment was performed. The
PR profiles are shown in Fig. 5 and the amount of hydrogen con-
umption of the Cu–Al catalysts is summarized in Table 2. The molar

atio of hydrogen consumption to the amount of copper indicates
he degree of reduction. The reduction behavior of Cu–Al catalysts
s characterized by the fact that the loading of copper increases
he number of reduction peaks. The lower loadings of copper cata-
ysts show a single reduction peak up to Cu–Al (3:7) and a further

i
p
a
t
d

able 1
ET-surface area, ICP and XPS analysis results of all catalysts

atalyst BET-SA
(m2/g)

% NO to N2

at 300 ◦C
wt% of Cu %

to

ICP (bulk) XPS (surface)

u–Al (1:9) 355 43 4.67 1.09 2
u–Al (2:8) 350 61 8.9 3.07 3
u–Al (3:7) 335 70 13.7 6.15 4
u–Al (4:6) 320 55 19.9 6.93 3
u–Al (7:3) 295 30 41.7 11.17 2

a Binding energy.
300 – 57.4 –
u–Al (7:3) 230 150.2 – 255.3

346 – 105.1 –

ncrease in copper weight percentage is associated with the appear-
nce of more than one reduction peak. In the Cu–Al (1:9) catalyst a
ingle reduction peak is observed at Tmax of 309 ◦C. When the cop-
er loading increases from Cu–Al (1:9) to Cu–Al (3:7), the Tmax of
he single reduction peak decreases to lower temperatures and the
mount of hydrogen consumption also increases. Fernández-Garcı́a
t al. [23] observed that the single low temperature reduction peak
t lower loadings corresponds to the reduction of Cu2+ in the sur-
ace CuAl2O4. This low temperature peak may also be due to the
eduction of amorphous, highly dispersed bulk-like CuO phase [25],
hich could not be detected by XRD (Fig. 1). The higher loadings

f Cu–Al (4:6) and Cu–Al (7:3) show more than one reduction peak
t Tmax of 262, 300 and 230, 346 ◦C. These peaks at higher load-
ngs of Cu–Al catalysts are divided into low temperature reduction

eaks, which may correspond to the reduction of Cu2+ to Cu+, and
high temperature peak for the reduction of Cu+ to Cu0. In con-

rast, at lower loadings the single reduction peak corresponds to the
irect reduction of Cu2+ to Cu0 [26]. For the quantitative analysis,

of copper (surface
bulk ratio)

% Intensity of Cu (2p) XPS analysis

Cu2+ in CuAl2O4

(935.0 eV)a
Cu2+ in CuO
(933.8 eV)a

Cu+ in Cu2O
(932.7 eV)a

3.3 12 77 11
4.4 30 62 8
4.8 44 54 2
4.8 30 46 24
6.7 2 19 79
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30% in Cu–Al catalysts, maximum NO reduction to N increases and
ig. 6. XPS spectra of the catalysts (a) Cu–Al (1:9); (b) Cu–Al (2:8); (c) Cu–Al (3:7);
d) Cu–Al (4:6); (e) Cu–Al (7:3).

ll of the peaks that can be differentiated by the computer software
ave been integrated to evaluate their individual amounts. Table 2
epresents the amount of hydrogen consumptions of the two cop-
er species (Cu2+ and Cu+) present in Cu–Al catalysts of different

oadings. Even though the Cu–Al catalysts of higher loadings show
igher hydrogen consumption than Cu–Al (3:7), the peak corre-
ponding to Cu2+ is prevalent (almost 100%) in Cu–Al (3:7). Hence
he Cu–Al (3:7) catalyst attains the highest conversion rates at lower
emperatures. The amount of hydrogen consumption (Table 2) over
he Cu–Al (7:3) catalyst is 255.3 �mol/g, and lower H2 uptakes are
bserved with the catalysts of low copper loadings.

.5. XPS

The Cu 2p photoelectron spectra of the different catalysts,
btained by XPS analysis are shown in Fig. 6. From the figure it is
learly observed that with increasing weight percent of Cu the bind-
ng energy (B.E) of the Cu 2p shifted towards lower energy. From
ig. 6 it is observed that the catalysts of higher copper loadings
how a maximum percent intensity of the Cu 2p peak at a binding
nergy of 932.7 eV, which is due to the Cu2O phase. With decreasing
u weight percentage the percent intensity of the Cu 2p peak shifts
owards higher binding energies, which are observed at 933.8 and
35.0 eV and are due to CuO and CuAl2O4, respectively [27]. The
ercent intensities of different copper phases Cu2O (932.7 eV), CuO
933.8 eV) and CuAl2O4 (935.0 eV) [27] present over different cata-
ysts are given in Table 1. With increasing copper loading to Cu–Al
3:7), the total percent intensity of Cu 2p (933.8, 935.0 eV) due to
u2+ phases (CuO, CuAl2O4) increases and then decreases to a least
ercent intensity of 21 for Cu–Al (7:3). Correspondingly the per-
ent intensity of Cu 2p (932.7 eV) due to the Cu+ phases (Cu2O)
ecreased and then increased to a maximum of 79 for the Cu–Al

7:3) catalyst. From this observation it may be concluded that the
u–Al (3:7) catalyst has highest percentage of active Cu2+ phases
hich will contribute to high catalytic activity for the conversion

f NO to N2 [28]. In the case of catalysts of higher copper loadings

t
s
b
a

lysis A: Chemical 291 (2008) 66–74

hotoelectron lines due to CuO, CuAl2O4 and Cu2O are observed.
t lower loadings of Cu–Al catalysts, Cu–Al (3:7) has the Cu 2p3/2
inding energy of 935.2 eV, which is similar to that of Cu2+ and
he same as that of CuAl2O4, in good agreement with the litera-
ure [29–31]. The presence of Cu+ oxidation state at higher loadings
s in good agreement with the TPR results which show an addi-
ional high temperature reduction peak corresponding to Cu+ in
u2O. When the loading of copper is increased beyond a certain
xtent (Cu–Al (3:7)), the CuAl2O4 phase disappears from the sur-
ace and CuO/Cu2O phases prevail. Shimizu et al. [17] mentioned
hat the presence of a high percentage of the CuAl2O4 (935.0 eV)
hase leads to high catalytic activity. This is also well correlated
ith our observation by XPS analysis (Table 1) that the percent

ntensity of photoelectron lines (935.0 eV) of the CuAl2O4 phase
ncreases with an increase in Cu loading to a maximum of 44% for
u–Al (3:7) and then decreases further by an increase in the Cu

oading. From the ICP and XPS analyses we also deduce the amount
f total copper available on the surface of the catalysts by calcu-
ating the surface to bulk ratio. The surface availability of copper is
ncreased with increasing weight percentage of copper to a max-
mum of 44.8% for Cu–Al (3:7) and then decreased. These values
lso well support and prove that the catalyst loaded with a copper
ontent of 30% has highly active phases and shows high conver-
ion of NO to N2 in a wide range of temperatures, which is further
iscussed and correlated in Section 3.6.

.6. NO conversion

Preparation method, copper loading and calcination temper-
ture are generally considered to be important factors for the
tructure and dispersion of copper alumina catalysts, and they
ommonly influence the catalytic performance of the catalysts. In
iterature it is well reported that the calcination temperatures could
ot influence much the NO conversion to N2 but influence the for-
ation of the CuAl2O4 phase in catalysts [32]. As a consequence,

n this investigation calcined all the prepared catalysts were cal-
ined at a maximum temperature of 600 ◦C to attain high surface
vailability of the CuAl2O4 phase. The calcined catalysts were amor-
hous which is shown in XRD patterns of the catalysts having high
urface area with decreasing ‘Cu’ weight percentage (Table 1). It is
lso observed that with increasing the Cu weight percentage, the
onversions of NO to N2 are increased up to a maximum efficiency
f 70% at 300 ◦C for Cu–Al (3:7) (Table 1). With further increase in
u loading, the conversion of NO to N2 is decreased. This may be
ue to the agglomeration of Cu nanoparticles with an increase in
he Cu content, (Fig. 7) which leads to the decrease in the surface
rea and a lesser surface availability of the active phases (Table 1).

Fig. 8 shows the conversions of NO to N2 over the Cu–Al catalysts
ith varying Cu/Al ratio. The optimal concentration of the copper

oading on the impregnated catalysts is well established in the lit-
rature [28], but there are not many reports on the precipitated
atalysts, particularly for DeNOx reaction. An exception is the find-
ng of Chen et al. [33], who reported lower conversions of NO to N2.
n the present study we are able to achieve a considerable maximum
fficiency of 70% conversion of NO to N2 with 30 wt% of Cu load-
ng at a lower temperature of 300 ◦C and also attain considerably
igh conversions in a wide temperature range of 250–400 ◦C. The
atalytic activity of NO conversion to N2 with propylene as reduc-
ng agent on the series of Cu–Al catalysts is significantly affected
y the copper loading. With increasing copper content from 10 to
2
hen decreases. In the Cu–Al (4:6) catalyst the maximum conver-
ion of NO to N2 is observed at a lower temperature of about 250 ◦C,
ut the activity decreases at higher temperatures, which is also in
greement with the literature that higher loadings of copper cata-
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Fig. 7. SEM images of the catalysts (a) Cu–Al (1

ysts enhance low temperature activity [33]. The high performance
t lower temperatures of the studied catalysts seems to be due to
he high dispersion of copper particles and small size of deposited
opper species on alumina (Fig. 7), formed during the precipita-

ion using a combination of both Na2CO3 and NaOH solutions. The
ata of XPS analysis (Table 1) show that the Cu–Al (3:7) catalyst
ossesses a highly dispersed surface with high percent intensity of
uAl2O4 phases. Therefore, the CuAl2O4 is believed to be a more

ig. 8. Conversion of NO to N2 of the catalysts (a) Cu–Al (1:9); (b) Cu–Al (2:8); (c)
u–Al (3:7); (d) Cu–Al (4:6); (e) Cu–Al (7:3); (f) NO to N2O of Cu–Al (3:7). Conditions:
00 ppm NO, 600 ppm C3H6, 8 vol.% O2, balance helium; 0.3 g of catalyst; total flow
ate—120 cm3/min.

t
o
a
h
a
p
o

F
C
C

) Cu–Al (3:7); (c) Cu–Al (4:6); (d) Cu–Al (7:3).

ctive phase for NO reduction to N2 by propylene than the highly
ispersed surface and bulk CuO. The widest temperature range
ctivity was observed over the Cu–Al (3:7) catalyst with higher than
5% of NO conversion to N2 in the temperature ranging from 250
o 400 ◦C. Fig. 9 shows the conversion of propylene to COx on vari-
us Cu–Al catalysts. The total conversion of propylene is observed

◦
t 300 C over all the catalysts. The Cu–Al (4:6) catalyst displays
igher conversion of about 85% at 275 ◦C than the other catalysts,
nd it is also shown the highest NO to N2 conversion at this tem-
erature. The NO to N2O conversion is observed to be less than 5%
ver all the catalysts studied (Fig. 8).

ig. 9. Propylene conversion of the catalysts (a) Cu–Al (1:9); (b) Cu–Al (2:8); (c)
u–Al (3:7); (d) Cu–Al (4:6); (e) Cu–Al (7:3). Conditions: 600 ppm NO, 600 ppm
3H6, 8 vol.% O2, balance helium; 0.3 g of catalyst; total flow rate—120 cm3/min.
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.7. In situ DRIFTS studies on nitric oxide reduction

In situ DRIFTS on the different catalysts are investigated as an
ttempt to see whether the differences in the activities are reflected
n the fundamental bands observed from the DRIFT spectra. The
RIFT spectra were recorded during NO + C3H6 + O2 reaction in the

teady state on various catalysts at 275 ◦C. Fig. 10(i), (ii) and (iii)
hows the DRIFT spectra of various catalysts at 275 ◦C in a flow
f mixture gas containing NO + C3H6 + O2. The catalysts show two
ain bands due to acetate at 1590–1580 and 1454 cm−1, together
ith bands due to carbonyl (1729 cm−1), carbonate species (1643,

312, and 1277 cm−1), formate (1377 cm−1), Al–NCO (2234 cm−1),
u–NCO (2197 cm−1), and CN species (2150 cm−1) [17]. These
esults indicate that the acetate is the main adsorbed species dur-
ng the reaction on the series of catalysts tested. The weak band
bserved at 1303 cm−1 is assigned to unidentate nitrate, and the
277, 1312, and 1551 cm−1 bands are assigned to bidentate nitrate
pecies. With increasing weight percentage of copper from 10 to
0%, the intensities of the 1643 and 1454 cm−1 bands increase and
ubsequently decrease. The Cu–Al (1:9) catalyst shows a high inten-
ity peak of Al–NCO, and with further increasing copper content
he peak corresponding to the Cu–NCO intensity increases with
he gradual decrease in the Al–NCO peak intensity. However, the
ntensity of Al–NCO is very low and the intensity of Cu–NCO is sig-
ificantly high in Cu–Al (3:7) catalyst. Note that the Cu–Al (3:7)
atalyst shows wide temperature range activity and high selectiv-
ty particularly at low temperatures. In the O–H stretching region
f the spectra the band with negative absorbance that appeared at
770 cm−1 also decreases with copper loading.

The DRIFT spectra were recorded on the Cu–Al (3:7) catalyst
Fig. 11(i), (ii) and (iii)) during the exposure to the mixture gas
ontaining NO + C3H6 + O2 for 100 min at different temperatures
rom 175 to 350 ◦C under steady state conditions. Shimizu et al.
34] reported several distinct IR bands observed at 1303, 1312 and
551 cm−1, which are assigned to unidentate nitrate (1303 cm−1),
nd bidentate one (1312 and 1551 cm−1) [35,36]. He et al. [37]
bserved that the intensities of the bands at 1312 and 1551 cm−1

ssigned to nitrates decrease with increasing temperature, and that
n contrast the peak intensities of acetates (1454 and 1592 cm−1)
nd formates (1377 cm−1) are increased. Hence they concluded
hat the activation of propylene started from the low tempera-
ures and increased relatively at high temperatures [38]. With the
ppearance of formate (HCOO) and acetate (CH3COO) species, iso-
yanate (Cu–NCO) and Al–NCO (2197 and 2234 cm−1) also appeared
38,39]. Similarly with an increase in temperature the forma-
ion of organic nitrito (R-ONO) and nitro (R-NO2) species are also
bserved at 1593 and 1669 cm−1 bands. This indicates that the for-
ation of isocyanate species is closely related to the formation

f oxygenated hydrocarbon species. The increase in intensity of
cetate, formate and carbonates with temperature indicates that
he nitrates (NO + O2) chemically react with hydrocarbon species to
ake part in hydrocarbon oxidation to the carboxylates and carbon-
tes. The bands due to Al–NCO, Cu–NCO and CN also appear by the
eaction of nitrates (NO + O2) with C3H6 or C3H6 + O2, which indi-
ates the N-insertion from the nitrates (NO + O2) to hydrocarbon
r partially oxidized (acetates) hydrocarbon species. With increas-
ng temperature, the bands of nitrate decrease promptly, while
he Cu–NCO bands gradually increase. The adsorption bands at
000–2900 cm−1 are due to the C–H stretching vibration mode of
he adsorbed formate species [40]. In the O–H stretching region of

he spectra the bands with negative absorbance appear at above
770 cm−1. The two bands appeared at 3770 and 3742 cm−1, which
ay suggest that the adsorption sites of acetate on the cata-

ysts are not associated with AlCUS–O site but associated with
he CuCUS–O site [17]. It is also observed from the DRIFT spec-

(
c
a
f
l

ig. 10. In situ DRIFT spectra of the catalysts in a steady state at 275 ◦C in a flow of
O + C3H6 + O2. (a) Cu–Al (4:6); (b) Cu–Al (3:7); (c) Cu–Al (2:8); (d) Cu–Al (1:9); (e)
u–Al (7:3).

ra (Figs. 10(iii) and 11(iii)) that there is no formation of –NH
3223 cm−1) species [39] at high Cu loadings, because of the direct

ombustion of hydrocarbons. Therefore there is less formation of
cetates and hence there is no reaction between NO2 and acetates
or the generation of –NH band. In contrast, with the decrease in Cu
oadings, an increase in the intensity of the –NH band is observed
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ig. 11. In situ DRIFT spectra of Cu–Al (3:7) catalyst in a steady state at different
emperatures in a flow of NO + C3H6 + O2. (a) 350 ◦C; (b) 300 ◦C; (c) 275 ◦C; (d) 250 ◦C;
e) 225 ◦C; (f) 200 ◦C; (g) 175 ◦C.

p to Cu–Al (3:7) and it decreases with a decrease in the Cu con-
ent, which will form surface complexes with amido groups (–NH

omplexes). This is assumed by the observation of simultaneous
ecrease in the –NCO band (2197 cm−1). In conclusion this suggests
hat the –NCO species are hydrolyzed with –NH complexes by the
eaction with some traces of hydroxides present in the catalyst. The

[
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ydrolyzed products formed further react with adsorbed NO to be
nally converted to N2 and H2O.

. Conclusions

The method of co-precipitation using Na2CO3 and NaOH as pre-
ipitating agents leads to the formation of LDH (layered double
ydroxides) structure. During calcination at high temperatures,
ighly dispersed CuO and CuAl2O4 species are produced. The pres-
nce of highly dispersed Cu2+ phases is confirmed by the XPS and
PR. The TPR analysis revealed a single reduction peak of Cu2+.
he order of NO to N2 conversion is as follows Cu–Al (3:7) > Cu–Al
2:8) > Cu–Al (4:6) > Cu–Al (1:9) > Cu (7:3). The highest NO conver-
ion to N2 was obtained over the Cu–Al (3:7) catalyst at 300 ◦C. The
eak centered at a binding energy of 935.2 eV is assigned to the
u2+ phase in the form of CuAl2O4. The formation of LDH structure
nd highly dispersed Cu2+ phase in the form of copper oxide (CuO)
nd copper aluminate (CuAl2O4) phases are the key to obtaining
igh efficiency (70%) in a wide range (250–400 ◦C) of temperatures.

n situ DRIFT spectroscopy studies well confirmed the analysis of
imely evolution of different intermediate species, and concluded
hat the loading of Cu influences the efficient conversion of NO to
2. Overall it is concluded that the low temperature conversion
f NO to N2 over the Cu–Al (3:7) catalyst is probably due to high
urface availability of copper (% intensity of 44.8), particularly as
uAl2O4 phase with a high percent intensity of 44.
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