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Abstract

The catalytic oxidation of pyridine pollutant on a series of supported metals/zeolites catalysts in the presence of excess oxygen was stud
All the catalysts were further characterized by means of BET, XRD, H2-TPR, XPS, and FTIR techniques. The catalyst that could be red
at lower temperatures had a better oxidation activity. The better NOx control ability could be attributed to the importance of the Le
acidity of the samples, rather than to that of Brønsted acidity. On supported copper catalysts, Cu(H2O)6

2+ ions had higher activity for the
NOx control but poorer activity for the pyridine oxidation. The cointeraction of some factors, such as the surface acidity of catal
structure of supports, and the amount of Cu(H2O)6

2+ ions on the supports, played a deciding role in the NOx control ability of the catalysts
Comparatively, Cu/beta was the most active for the pyridine oxidation and NOx control, possibly being a potential catalyst for the catal
removal of pyridine pollutant.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nowadays vehicle exhaust as a major source of air po
tion is attracting increasing attention from governments
society. Nitrated polycyclic aromatic hydrocarbons (NPA
have been identified as potent mutagens and possible ca
cinogens. Since 1977, when the EPA (Environment Pro
tion Association of America) first identified diesel exha
particulates as mutagens, NPAC has been thought to b
sponsible for up to 90% of the total mutagenicity of die
particulates. Although much research has been perform
determine the concentration of NPAC in the diesel exha
the reports on the removal of NPAC from the diesel exha
are quite limited. Since the automobile emission legi
tion is becoming stringent, the automotive industry is in
ested in the development of a catalyst applied for remo
NPAC from the exhaust of diesel engines. For understan
the catalytic decomposition of nitro-PACs, nitro-compound
may be more suitable than pyridine as the model c
pounds. Indeed, Ismagilov et al.[1] reported higher NOx
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.03.042
-

yield from nitrobenzene than from pyridine when both w
catalytically oxidized. However, as one important polluta
the catalytic oxidation of pyridine has been extensively
vestigated, which thus led to our studies on the oxida
decomposition of pyridine over a series of zeolite-supporte
catalysts.

To date, there have been two main routes dealing
the catalytic removal of pyridine. One is the catalytic oxida
tion (or the catalytic combustion), the other is the catal
supercritical water oxidation (CSCWO). The catalytic o
idation of pyridine was reported in 1983 by Ismagilov
al. [2,3], who observed the formation of nitrogen oxides
the catalytic oxidation of pyridine over the catalysts, su
as 0.64% Pt/γ -Al2O3, 26% CuO/γ -Al2O3, 5% CuCr2O4/
γ -Al2O3, 11% CuO/γ -Al2O3, and 30% CuCr2O4/γ -Al2O3.
All the catalysts showed similar specific activity towa
the oxidation of pyridine, and the oxides catalyst exh
ited much better NOx control ability (the ability to con-
trol the yield of NOx ) than the platinum one. It was foun
that the NOx control ability tended to decrease in the
der of 30% CuCr2O4/γ -Al2O3 > 11% CuO/γ -Al2O3 > 5%
CuCr2O4/γ -Al2O3. They also reported that at temperatu
between 240 and 550◦C, the main products were CO2, H2O,

http://www.elsevier.com/locate/jcat
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N2, and NOx , in which the yield of NOx increased with the
increase of temperature.

Luo et al. [4] studied the pyridine oxidation overγ -
Al2O3-supported metal oxide catalysts, such as
γ -Al2O3, Cu/γ -Al2O3, Mn/γ -Al2O3, Cr/γ -Al2O3, Fe/
γ -Al2O3, Co/γ -Al2O3, Ni/γ -Al2O3, V/γ -Al2O3, and Ce/
γ -Al2O3. They found that the content of NOx generating
from the pyridine combustion went through a maximu
value as the temperature increased, and that the o
tion activity of individual catalyst was proportional to i
NOx control ability. The oxidation activity and NOx control
ability of the catalysts decreased in the sequence Agγ -
Al2O3 > Cu/γ -Al2O3 > Mn/γ -Al2O3 > Cr/γ -Al2O3 >

Fe/γ -Al2O3 ≈ Co/γ -Al2O3 > Ni/γ -Al2O3, V/γ -Al2O3 >

Ce/γ -Al2O3. The results further showed that the oxidati
activity and NOx control ability of individual Ag/γ -Al2O3
catalyst could be promoted by certain amount of Mn or
Their other researches showed that increasing the met
loading remarkably improved the oxidation activity a
NOx control ability of the catalyst until reaching an equili
rium value[5]. They further suggested that the ability of t
catalyst to control the formation of NOx species be closel
relevant to the acidity on the catalyst surface.

Crain et al.[6] reported the catalytic supercritical w
ter oxidation of pyridine in the temperature range of 42
527◦C, in which the conversion of pyridine increased fro
0.03 (at 426◦C) to 0.68 (a.u.) (at 527◦C) at a residence tim
of 10 s. During the CSCWO of pyridine, ammonia, dime
ylamine, and several carboxylic acids such as formic a
acetic acid, glutaconic acid,and oxalic acid could be de
tected. Wightman et al.[7] reported the CSCWO of pyridin
in a flowing system with a conversion of around 16%
400◦C and a pressure of 40.82 MPa). Katritzky and Barc
[8] observed that pyridine was nonreactive in the absenc
oxygen, even in supercritical water. Aki and Abraham[9]
reported the absence of external mass-transfer limit and
presence of internal mass-transfer limit during the CSC
of pyridine over Pt/γ -Al2O3.

As noted above, research on the catalytic removal of p
dine has been carried out over metal oxide-supported
alysts such as Pt/γ -Al2O3 or CuO/γ -Al2O3. However, no
study has been, to date, focused on the zeolite-supp
catalysts, which are being widely used in the SCR-deNx

reaction and petrochemical industry. The aim of this w
is to test the catalytic oxidation of pyridine over zeoli
supported catalysts and to compare the difference in
activities for the oxidation of pyridine.

2. Experimental

2.1. Preparation of catalysts

Supported-coppercatalysts were prepared by wet imp
nation of powder support solids with an aqueous coppe
nitrate solution. Excess water was evaporated off at 90◦C
under stirring. The samples were, then, dried at 100◦C for
-

12 h, followed by fine grinding, and calcination at 700◦C
for 10 h in the dry air. Metal/beta catalysts were also p
pared by wet impregnation of zeoliteβ with the aqueous
solutions containing different metal salts, such as cobal
etate, nickel nitrate, and iron sulfate. The powdered sup
materials used were beta, ZSM-5, MCM-41, andγ -Al2O3
(Strem Chemicals, USA). Zeolite beta with a Si/Al ratio
of 20 was synthesized according to the procedure repo
elsewhere[10]. Zeolite ZSM-5 with a Si/Al ratio of 15 was
synthesized hydrothermally at 170◦C using tetrapropylam
monium hydroxide (TPAOH) as the structure-directing ag
[11,12]. The mesoporous MCM-41 with a Si/Al ratio of 20
was hydrothermally synthesized at 100◦C using C16TMABr
as a template[13,14]. The removal of organic template mol
cules was carried out by calcinations at 550◦C for 10 h in a
flowing air. Note that the unit of metal loadings on the su
port was wt%.

2.2. Characterization of catalysts

Autosorb-1 was used to determine the N2 adsorption–
desorption isotherms of the samples. The BET specific
face area was calculated in terms of the Brunauer–Emm
Teller (BET) equation. The BJH method was used to ca
late the pore volume and the pore-size distributions of
samples. Prior to the measurements, the samples wer
gassed at 300◦C under a vacuum of 10−2 mbar for 10 h.

X-ray diffraction (XRD) analysis was carried out usin
a Shimadzu XRD-6000 diffractometer with Ni-filtered C
Kα radiation operating at 40 kV and 30 mA. The scann
conditions for ZSM-5, beta, and Al2O3 were as follows: di-
vergence slit, 1.0 (◦); scattering slit, 1.0 (◦); and receiving
slit, 0.3 (mm). The scanning range was from 5 to 80◦ 2θ with
a scanning speed of 2◦/min. The measuring conditions fo
MCM-41 were changed to divergence slit, 0.05 (◦); scatter-
ing slit, 1.0 (◦); and receiving slit, 0.15 (mm), with a sca
ning range from 1.5 to 10◦ 2θ . Temperature-programme
reduction (TPR) was carried out in a He flow of 50 ml/min
(5 vol% H2), from room temperature to 800◦C at a heat-
ing rate of 5◦C/min. A TCD was used to monitor the H2
consumption. Before starting the TPR procedure, the s
ple was pretreated at 500◦C for 1 h in a helium flow of
100 ml/min and then cooled down to room temperature.

X-ray photoelectron spectroscopy (XPS) spectra w
recorded on a Shimadzu Kratos AXIS spectrometer, u
a monochromatic Al-Kα radiation (1486.6 eV, 225 W), op
erating at a constant transmission energy pass (80 eV).
C 1s photoelectron peak (binding energy at 284.6 eV with
accuracy of±0.2 eV) was used as an energy reference.
the spectra were fitted using a Gaussian method in ord
determine the number of components in the peaks. Sh
background was subtracted in the least-square fitting.
peak shape was fixed to a mixture of 20% Lorentzian
80% Gaussian with an asymmetric parameter of 0.

IR spectra of adsorbed pyridine were recorded to de
mine the presence of Brønsted and Lewis acid sites
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the catalysts, which was performed using a Shimadzu FTIR
8700 spectrophotometer with a resolution of 2 cm−1 and
connected to a PFEIFFER vacuum system. Fifteen
ligrams of the sample was ground and then pressed in
self-supporting wafer at the pressure of 6000 kg/cm2 for
15 min, which was then mounted into a quartz IR cell w
CaF2 windows. Before scanning, the self-supporting wa
of the catalyst was heated at 400◦C for 3 h under a resid
ual pressure of 10−6 mbar before adsorbing an excess
pyridine at room temperature, followed by evacuation
200◦C for 30 min. Note that the FTIR background was
situ recorded at room temperature at a vacuum of 10−6 mbar
without adsorbing pyridine after the self-supporting wa
had been pretreated at 400◦C for 3 h under a residual pre
sure of 10−6 mbar. Brønsted and Lewis were quantified fro
the integrated areas of the bands at 1540 and at 1445 c−1,
respectively. The integrated areas of these two bands
vide information only about the relative amount of pyridin
which interacts with Brønsted and Lewis sites; therefore
B and L values must be regarded as relative indications.

2.3. Catalytic tests

The reaction was carried out in a fixed-bed microre
tor, loaded with 0.3 g of the catalyst, operating at nor
pressure in the temperature range 250–700◦C with a feed
gas (120 ml/min) consisting of 600 ppm pyridine and 5
O2 in helium. Each reaction reached steady state in 30
the products were then analyzed on stream by a Shim
GC-17A gas chromatograph in order to detect the comp
tion under steady state. The conversion of pyridine and
yield of NOx were, respectively, calculated based on the i
and outlet compositions of the reactor, namely,Xpyr = (inlet
pyridine− outlet pyridine)/(inlet pyridine)× 100% and the
yield of NOx = (the detected concentration of NOx )/(the
theoretical concentration of NOx) × 100%. An on-line Shi-
madzu NOA-7000 NOx analyzer monitored the concentr
tion of NOx in the effluent gas. A parameterT100, charac-
terizing the pyridine oxidation ability of the catalysts, w
defined as the lowest temperature at which 100% of p
dine conversion was realized. Generally, the lower theT100
value, the higher the pyridine oxidation ability of the ca
lyst. TNOx ,5% stood for the temperature at which the yield
NOx is 5%. Note that a new parameter�T was defined a
(TNOx ,5% − T100), where the bigger the�T value, the bette
the NOx control ability the catalyst retained.

3. Results and discussion

3.1. Effect of copper content on the activity of catalysts

Copper, which is a cheap metal compared with cobalt
nickel, as an active metal component has been widely
plied in the SCR deNOx reaction, to achieve a rather hig
deNOx activity. It is well known that the loading amou
-
Fig. 1. Effect of copper loading on the pyridine conversion and NOx control.

Table 1
Characteristic temperatures and BET surface areas of Cu/beta catalys
different copper loadings

Catalysts T100
(◦C)

TNOx ,5%
(◦C)

�T

(◦C)
BET specific

surface area (m2/g)

Beta 530 550 20 542
1% Cu/beta 500 600 100 516
2% Cu/beta 410 600 190 500
4% Cu/beta 340 500 160 464
6% Cu/beta 310 450 140 398
10% Cu/beta 305 420 115 381
15% Cu/beta 310 395 85 368

T100: the lowest temperature at which the pyridine conversion is 100%
TNOx ,5%: the temperature at which the yield of NOx is 5%.
�T = TNOx ,5% − T100: an indication of the NOx control ability.

of active component has a great impact on the perform
of the catalyst[2,3], and highly dispersed active particl
have higher activity than big crystal particles. Many st
ies have shown that the activity of catalysts cannot be
finitely improved through simply increasing the content
active component when it has reached a certain valu
which the relationship between the activity and the load
shows a bell-shaped curve. In this research, copper/beta
lite sample was used as the catalyst. To investigate the e
of copper loading on the pyridine oxidation activity and
NOx control ability of Cu/beta catalysts, the copper loadin
was varied from 0 to 15% (wt%).

Fig. 1andTable 1show the pyridine conversion and NOx

yield as a function of temperature over the catalysts, wh
the curves on the left correspond to the pyridine convers
while ones on the right correspond to the NOx yield. The ac-
tivity of 1% Cu/beta for the pyridine oxidation was slight
better than that of pure beta. A parameterT100, character-
izing the ability of the catalysts to oxidize pyridine, w
defined as the lowest temperature at which 100% of p
dine conversion was realized. Generally, the lower theT100
value, the higher the ability of the catalyst to oxidize py
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Fig. 2. XRD patterns of Cu/beta with different copper loadings and differen
metals/beta samples.

dine. TheT100 values of 1% Cu/beta and pure beta were 5
and 530◦C, respectively. When the copper content was
creased to 2 wt%, the oxidation activity of the catalyst w
much improved, with an obvious decrease ofT100 value to
410◦C. With a continuous increase of the copper conten
4 wt%, the oxidation activity of the resulting catalyst w
further improved, accompanied with an abrupt reduction o
T100 value to 340◦C. However, when the copper content w
increased to 6 wt%, the improvement of oxidation activity
of the resultant catalyst was badly limited, with a quite sm
drop ofT100 value to 310◦C. Whereas, the copper loadin
of 10 and 15 wt% showed a similar activity for the py
dine oxidation to that of 6 wt%, whereT100 values of three
catalysts were 310 (6 wt% Cu), 305 (10 wt% Cu), 310◦C
(15 wt% Cu), respectively, with an almost same pyrid
conversion behavior, in agreement with the phenomeno
pyridine oxidation over Ag/γ -Al2O3 catalysts with differ-
ent silver loadings reported by Luo et al.[4]. Based on
the variation ofT100 value, the oxidation activity of all the
copper/beta catalysts increased in the following seque
beta (T100= 530◦C) < 1% Cu/beta (500◦C) < 2% Cu/beta
(410◦C) < 4% Cu/beta (340◦C) < 6% Cu/beta (310◦C) ≈
10% Cu/beta (305◦C) ≈ 15% Cu/beta (310◦C).

The XRD patterns (inFig. 2) of the catalysts show tha
below 6 wt% of the copper content on zeolite beta, only
olite beta diffraction peaks are observed. Neither CuO
metal Cu diffraction peaks were detected under our exp
mental conditions, indicating that all the copper on beta
been highly dispersed with smaller than 5 nm of the pa
cle size. However, it is not the case for 10% Cu/beta
15% Cu/beta catalysts, which present rather clear diffraction
peaks of crystalline CuO oxides in their XRD patterns,
dicative of the formation of big CuO crystals on zeolite be
Moreover, increasing the copper loading from 10 to 15 w
further promoted the growth of big CuO crystal particles.
:

Both 1% Cu/beta and 2% Cu/beta catalysts exhibite
similar NOx yield curve (inFig. 1). For other four catalyst
4% Cu/beta, 6% Cu/beta, 10% Cu/beta, and 15% Cu/b
despite their similar pyridine oxidation activities, their NOx

yield behaviors were noticeablydifferent from one another
For example, at 500◦C the NOx yield of 4% Cu/beta was
4.8%, and that of 15% Cu/beta was 20.1%. When the t
perature was increased to 700◦C, the NOx yield of 4%
Cu/beta increased to 27.2%, while that of 15% Cu/beta e
to 42.5%.Table 1presents the characteristic temperature
of the catalysts, which are used to evaluate the activit
the catalysts. FromTable 1, we can observe that the NOx

control ability (�T = TNOx ,5% − T100) of the catalysts firs
shows an increase trend with increasing the copper con
from 0 to 2 wt%, then decreases with a further incre
of copper content to above 2 wt%, typical of a clear b
shaped curve. Amongst the Cu/beta catalysts, 2% Cu
retained the best NOx control ability. BET data inTable 1
clearly show that increasing the copper content in the ra
of 1–6 wt% largely retarded the specific surface area of
catalysts, which is in agreement with those for the catal
used in the carbon monoxide and methane oxidation[15],
but strikingly improved the pyridine oxidation activity o
the catalyst. However, when the copper loading was ab
6 wt%, the pyridine conversion (T100 value) could not be
correlated with the specific surface area at all.

3.2. Effect of different metals on the activity of catalysts

3.2.1. Property and oxidation activity of catalysts
In this study, zeolite beta-supported copper (Cu), co

(Co), iron (Fe), and nickel (Ni) catalysts were tested. Si
2% Cu/beta showed the best NOx control ability (which is
the most concerned, more than the pyridine oxidation a
ity), the metal loading in the unspecified studies is ma
tained at about 2 wt%. The BET surface area and total p
volume of the resulting catalysts are shown inTable 2. The
surface areas of all the catalysts were in the range of 4
500 m2/g, without significant decrease of the BET surfa
area for all the samples. On the other hand, the total pore
umes of the catalysts kept more or less constant ranging
0.30 to 0.32 cm3/g. The results suggest that partial blocka
of some pores has occurred due to the metal-species di
sion either in the channels or outer surface of beta zeolite
shown inFig. 2, only diffraction peaks of beta are detect
for four catalysts without any diffraction peaks of metal o
ides, indicative of the high dispersion of these metal ox
constituents on the surface of beta.

For the catalytic oxidation of pyridine, the ideally e
pected reaction is to combust pyridine completely into C2,
H2O, N2, and NOx . The lesser amount of NOx the catalyst
produces, the better its performance.Fig. 3 depicts the re-
lation of pyridine conversion and NOx yield to temperature
over beta-supported metal catalysts. Pyridine conversion
NOx yield increase with increasing the reaction temperatur
consistent with those observed by Ismagilov et al.[2,3] but
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Table 2
Specific surface area and total pore volume of beta supported metal ca

Catalysts BET surface area

(m2/g)

Total pore volume

(cm3/g)

Beta 542 0.33
2% Cu/beta 500 0.32
2% Co/beta 472 0.30
2% Ni/beta 491 0.31
2% Fe/beta 473 0.30

Fig. 3. Pyridine conversion and NOx yield over different beta-supporte
metal catalysts.

different from the results of Luo et al.[4], who found that
the NOx yield went through a maximum value as the te
perature increased. The difference may result from diffe
reactant compositions, in which the reactant mixture use
Luo was 500 ppm pyridine in air, while ours was 600 p
in helium balanced with 5% O2. Table 3lists the characteris
tic temperatures of pyridine oxidation over various cataly
at which temperature 100% conversion of pyridine was
alized. Comparatively, 2% Cu/beta still exhibited the b
pyridine oxidation activity and NOx control ability, and its
T100 and�T values were 410 and 190◦C, respectively. The
oxidation activity of these catalysts decreased in the ord
of 2% Cu/beta> 2% Fe/beta> 2% Co/beta> 2% Ni/beta;
while their NOx control ability showed a new sequence 2
Cu/beta> 2% Fe/beta> 2% Co/beta≈ 2% Ni/beta. The re
sults show that the catalyst with a better pyridine oxida
activity also retains a stronger NOx control ability, in agree-
ment with that of Luo et al.[4].

3.2.2. Temperature-programmed reduction tests
TPR tests were conducted to determine the chemical

of metals on zeolite beta. In the TPR profiles of four be
supported metal catalysts, two main peaks at 222 and 33◦C
with a shoulder at 262◦C were observed for the sample 2
Cu/beta (inFig. 4). According to the reports[16–18], the re-
actions involved in the copper-containing catalysts procee
s
Table 3
Characteristic temperatures of pyridine oxidation on various catalysts

Catalysts T100
(◦C)

TNOx ,5%
(◦C)

�T

(◦C)

2% Cu/beta 410 600 190
2% Fe/beta 450 560 110
2% Co/beta 470 500 30
2% Ni/beta 530 560 30

Fig. 4. H2-TPR profiles of different beta-supported metal catalysts.

in the following mechanism:

(1)CuO+ H2 → Cu0 + H2O,

(2)Cu2+ + 0.5H2 → Cu+ + H+,

(3)Cu+ + 0.5H2 → Cu0 + H+,

where reactions(1) and(2) occur at a lower temperature th
reaction (3) [19]. Thus, the first peak at 222◦C for the sam-
ple 2% Cu/beta is ascribable to the reduction of CuO to m
Cu0, and the shoulder at 262◦C is assigned to that of Cu2+
to Cu+, while the peak at 332◦C is the signal of reductio
of Cu+ species to metal Cu0. The TPR profile of the sampl
2% Co/beta shows one small peak centering at 322◦C, at-
tributable to the reduction of cobalt oxides deposited out
the zeolite[20]. The absence of reduction peaks from Co2+
to Co+ or to metal Co0 is not surprising, as Co2+ species is
not readily reduced to Co+ or to metal Co0 [21].

TPR profile of 2% Fe/beta shows that the reduction
iron species occhree steps with a maximum signal at
382, and 487◦C, respectively. According to the literatu
[22–24], the reduction of unsupported or supported Fe2O3
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to metal Fe0 occurs in three steps below 630◦C, with Fe3O4
and FeO as the intermediates. The reduction of Fe3+ species
to metal Fe0 in the charge compensation sites of zeolite
quires the temperatures above 730◦C, but that of Fe3+ to
Fe2+ is observed to occur at lower temperatures[25–27].
Therefore, the former two peaks could be assigned to
reduction of Fe2O3 “clusters” to metal Fe0, with Fe3O4 as
intermediate species[28,29], and the third one correspon
ing to the reduction of Fe3+ to Fe2+ [30,31], where Fe3+
species come from the oxidation of ion-exchanged Fe2+ ions
into zeolite by calcinations[32].

A main peak locating at 557◦C, together with a very
small shoulder at 422◦C, is observed in the TPR profile o
2% Ni/beta. According to the literature[33,34], the main
peak at 557◦C is ascribable to the reduction of Ni2+ locating
in 12-ring channels[35], while the shoulder at 422◦C to the
reduction of NiO oxide to metal Ni0. As shown inFig. 4, the
reduction temperature of the samples displays a decre
in the order of 2% Ni/beta> 2% Co/beta> 2% Fe/beta>
2% Cu/beta, inversely proportional to that of pyridine oxid
tion activity of these catalysts: 2% Cu/beta> 2% Fe/beta>
2% Co/beta> 2% Ni/beta (inFig. 3), suggesting that th
metal reduced readily at a lower temperature has highe
idation activity.

3.3. Effect of different supports on the activity of catalysts

3.3.1. Structures of different supports
The copper-loaded catalysts on different supports w

prepared by wet impregnation. It was reported that the s
port took an important role in the catalyst activity. In th
work, the effect of supports was investigated on the catal
of Cu/γ -Al2O3, Cu/ZSM-5, Cu/beta, and Cu/MCM-41 wit
a loading of 2 wt% Cu, which is an optimal value for sho
ing the best NOx control ability of 2% Cu/beta catalyst. Th
X-ray diffraction patterns of ZSM-5 and beta show that b
are highly crystallized. The XRD pattern of MCM-41 di
plays a sharp peak ofd100 at 39 Å, without distinct peaks o
(110), (200), and (210), suggesting its short-range ord
mesostructure after the aluminum incorporation. The
fraction intensity ofγ -Al2O3 is not so strong as those
zeolites ZSM-5 and beta.

Table 4reports the BET surface area and total pore v
ume of supports and catalysts. The results show that
impregnation of copper on the supports led to a decreas
surface area and total pore volume of the catalysts, indicativ
of the partial blockage of some pores of these supports b
loaded copper. Compared with pure MCM-41, the surf
area and total pore volume of 2% Cu/MCM-41 are redu
a lot.

3.3.2. Contribution of supports to the oxidation activity
To reveal the effect of support materials on the ac

ity of catalysts, the pyridine oxidation was directly co
ducted over pure supports, such as beta, ZSM-5, MCM
andγ -Al2O3. Fig. 5 has shown that the NOx control abil-
s

f

Table 4
Specific surface area and total pore volume of different supports and
lysts as well as surface acidity of different supports

Sample BET surface
area
(m2/g)

Total pore
volume
(cm3/g)

B acid

(1540 cm−1)

L acid

(1445 cm−1)

Beta 542 0.34 1.66 4.23
ZSM-5 256 0.15 3.80 1.05
MCM-41 1330 1.04 0.59 0.62
γ -Al2O3 128 0.23 1.41 0.75
2% Cu/beta 500 0.32
2% Cu/ZSM-5 235 0.15
2% Cu/MCM-41 695 0.47
2% Cu/γ -Al2O3 94 0.16

Brønsted and Lewis acidities are quantified into integrated areas of th
sorbances at 1540 cm−1 and at 1445 cm−1, respectively.

Fig. 5. Pyridine conversion and NOx yield over different supports.

ity of different supports decreases in the order of bet>

ZSM-5 > γ -Al2O3 > MCM-41, in agreement with the or
der of 2% Cu/beta> 2% Cu/ZSM-5> 2% Cu/γ -Al2O3 ≈
2% Cu/MCM-41 depicted inFig. 6, where the introduction
of copper species noticeably improved both the oxidation
tivity and the NOx control ability of the catalysts but did no
change the trend of NOx control ability of the supports. Thi
suggests that the NOx control ability of supported coppe
catalysts is, at least partially, determined by the nature o
supports.

The surface acidity of the supports was determined
the FTIR spectrum of pyridine adsorption, and Brønsted
Lewis acidities were quantified from the integrated ar
of the bands at 1540 and 1445 cm−1, respectively.Fig. 7
shows that beta and ZSM-5 are more acidic thanγ -Al2O3
and MCM-41, in which the total acidity ofγ -Al2O3 is
stronger than that of MCM-41, corresponding to the t
dency of NOx control ability of the supports. The data
Table 4show that the number of Brønsted acid sites of f
acidic supports decreases in the following sequence, ZS
(3.80)> beta (1.66)> γ -Al2O3 (1.41)> MCM-41 (0.59);
while that of their Lewis acid sites decrease in a new or
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Fig. 6. Pyridine conversion and NOx yield over different supported coppe
catalysts.

Fig. 7. Pyridine-adsorption FTIR spectra of different supports.

of beta (4.23)> ZSM-5 (1.05)> γ -Al2O3 (0.75)> MCM-
41 (0.62), consistent with their NOx control ability order of
beta > ZSM-5> γ -Al2O3 > MCM-41. It seems that the be
ter NOx control ability can be attributed to the importan
of Lewis acidity of samples, rather than to that of Brø
sted acidity. Especially, beta showed a better NOx control
ability than ZSM-5, but the Brønsted acidity of beta (1.6
was much weaker than that of ZSM-5 (3.80). This phen
enon could be partially assigned with the structure of b
and ZSM-5. It can be assumed that pyridine molecule
NOx molecules resulting from the pyridine oxidation cou
readily diffuse into or out of large pores (∼ 7 Å) of beta in-
Table 5
Characteristic temperatures of different copper-loaded catalysts

Catalysts T100
(◦C)

TNOx ,5%
(◦C)

�T

(◦C)

2% Cu/beta 410 600 190
2% Cu/ZSM-5 390 520 130
2% Cu/MCM-41 430 450 20
2% Cu/γ -Al2O3 400 450 50

stead of small pores (∼ 5.5 Å) of ZSM-5, thus, leading to
the better NOx control ability of zeolite beta[36].

3.3.3. Activity of copper-loaded catalysts
Fig. 6 illustrates the pyridine conversion and NOx yield

over different copper-loaded catalysts. 2% Cu/beta, 2%
ZSM-5, and 2% Cu/γ -Al2O3 exhibited a similar pyridine
oxidation activity tendency and a closeT100 value about
390◦C. 2% Cu/MCM-41 was less active for the pyridi
oxidation as itsT100 value was high up to 430◦C. These
catalysts have shown quite different NOx control abilities,
which are clearly shown on the right-hand side inFig. 6. At
a reaction temperature as high as 700◦C, the NOx yield of
2% Cu/beta, 2% Cu/ZSM-5, 2% Cu/MCM-41, and 2% C
γ -Al2O3 was 20, 30, 37, and 33%, respectively. The o
dation activity of pyridine on these catalysts shows a
scending tendency of 2% Cu/ZSM-5> 2% Cu/γ -Al2O3 >

2% Cu/beta> 2% Cu/MCM-41.
The characteristic temperatures of the catalysts are liste

in Table 5. The lowestT100= 390◦C value showed the be
pyridine oxidation activity of 2% Cu/ZSM-5 catalyst; in co
trast, 2% Cu/MCM-41 catalyst had the worst pyridine o
dation activity because of its highestT100 = 430◦C value.
Also, 2% Cu/MCM-41 showed the poorest ability to cont
the yield of NOx , attributable to its narrow temperature wi
dow �T value of only 20◦C. However, 2% Cu/ZSM-5 did
not show the best NOx control ability, although its oxidatio
activity was the best. 2% Cu/beta presented the bestx
control ability, and its�T value was as wide as 190◦C, in-
dicating that this catalyst could work very well in a relative
large temperature range.

3.3.4. Characterization of surface copper species
It is evident that the supports have a marked effec

the pyridine oxidation reaction, especially on the NOx yield.
To explain this phenomenon, the nature and chemical
of copper species on different supports are characterize
means of XRD, XPS, and TPR techniques.

3.3.4.1. XRD XRD was carried out to examine the cry
talline structure of the catalysts.Fig. 8 clearly shows the
XRD patterns of all the copper-loaded catalysts. Neit
CuO oxide nor metal Cu diffraction peaks were detec
by our method, indicative of high dispersion of all the
species on the supports.
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Fig. 8. XRD patterns of supported copper catalysts and pure CuO.

Fig. 9. XPS spectra of Cu 2p of the catalysts 2% Cu/beta (fresh, d
drated, and treated hydrothermally), 2% Cu/MCM-41, 2% Cu/ZSM-5, and
2% Cu/γ -Al2O3.

3.3.4.2. XPS XPS was conducted to provide the inform
tion on the elemental compositions and the oxidation st
Fig. 9 illustrates the XPS spectrum of 2% Cu/beta, wh
peak 1 at 933.29 eV is assigned to 2p3/2 of Cu2+ in the form
of CuO according to the literature[37,38]. As we know, the
binding energy of Cu2+ species (3d9) is about 10 eV highe
than that of Cu 2p3/2 transition; this characteristic is us
ally used to determine the presence of Cu2+ [39]. Fig. 9
clearly shows such a peak 4 at 943.09 eV, which is 9.8
higher than peak 1, in agreement with the result reporte
the literature[37], showing the existence of CuO species
the 2% Cu/beta sample. Cu2+ 2p1/2 in CuO and its satel
Fig. 10. H2-TPR profiles of different copper-containing catalysts.

lite peak were detected to locate at 953.50 eV (peak 5)
961.90 eV (peak 7), respectively, consistent with those
ported in the literature[38], further confirming the existenc
of CuO species in the 2% Cu/beta sample. Moreover, t
were still another two peaks, namely peak 2 at 935.60 eV
peak 6 at 956.00 eV (inFig. 9). To identify peaks 2 and 6
2% Cu/beta sample was first dehydrated under vacuu
300◦C for 12 h to result in a dull gray dehydrated samp
and then the XPS spectrum of the dehydrated sample
measured (inFig. 9). Very clearly, the peak at 935.60 e
was totally removed, and only a very small peak appea
at 956.00 eV. Narayana et al.[40] have attributed the afore
said two peaks to Cu(H2O)6

2+ complex locating in the larg
cages of zeolite, namely the isolated Cu2+ ions. Actually, the
existence of hydrated Cu2+ ions has been indicated by th
light green color of as-prepared 2% Cu/beta catalyst.

The XPS spectra of Cu species obtained from 2%
ZSM-5 (933.4, 935.6, 940.5, 943.1, 953.5, 956.0,
961.8 eV), 2% Cu/MCM-41 (933.2, 935.6, 943.0, 953
956.0, and 961.8 eV) and 2% Cu/γ -Al2O3 (933.3, 935.6,
943.1, 953.5, 956.0, and 961.9) (inFig. 9), showing that
both CuO and Cu2+ ions also coexisted in these catalys
By comparing the area of XPS peaks of CuO and Cu2+ ions,
we can come to a conclusion that the copper species in t
catalysts are mainly present in the form of CuO, which
further confirmed by TPR tests.

3.3.4.3. TPR TPR profiles of different copper-loaded ca
alysts, and pure CuO oxide which is used as a refere
are presented inFig. 10. It was found that for pure CuO ox
ide only one reduction peak emerged at 257◦C, while for
all the supported copper catalysts there were two reduc
peaks. 2% Cu/beta displayed two main TPR peaks at 22
and 332◦C, with a shoulder peak at 262◦C. The peak a
222◦C was ascribable to the reduction of CuO to metal C0,
the peak at 262◦C to the reduction of Cu2+ to Cu+ ions,



136 J. Zhou et al. / Journal of Catalysis 225 (2004) 128–137

d en

of
e-
t

beta

l
ac-

er
r ox

two
and

.5%
or

NO
of

t
a-

O
rted
he
at

er-
s

as
ed a
e
for

mis-
e-
5
pi-

lt, it
ata-
yst

ts.
ion
n,
d a

at

e

ous
er

o

ear-
ated
V
ally
and

6.0,
out
lso

6.0,
is

an-

ome
ies,

y

ta
-
t of
m

n

The
oxi-
of

her-
t the
m a
e-
d
ce
ount

ine
rom
d no
f

the
and the peak at 332◦C to the reduction of Cu+ to metal Cu0,
respectively. It has been reported that the supports coul
hance the reduction of copper oxide species[41], and the
reduction temperature of CuO in the CuO/SiO2 decreased
from 297 to 227◦C, along with increasing the dispersion
CuO on silica[42,43], in agreement with other results r
ported elsewhere[44,45]. The ratio of the area of the firs
peak to the second peak (inFig. 10) indicated that highly
dispersed CuO was a main form of copper species on
The reduction peak temperature of the catalysts (inFig. 10)
increased in the order of 2% Cu/ZSM-5< 2% Cu/beta≈
2% Cu/γ -Al2O3 < 2% Cu/MCM-41, inversely proportiona
to the decreasing sequence of their pyridine oxidation
tivity, namely 2% Cu/MCM-41< 2% Cu/beta< 2% Cu/
γ -Al2O3 < 2% Cu/ZSM-5, suggesting that the copp
species reduced easily at lower temperatures had highe
idation activity.

The preceding results have shown that there were
kinds of copper species on supports, namely, CuO
Cu(H2O)6

2+. The percentage of Cu(H2O)6
2+ ions in to-

tal copper amount was determined to be around 26
for 2% Cu/beta, 21.9% for 2% Cu/MCM-41, 18.1% f
2% Cu/ZSM-5, and 15.3% for 2% Cu/γ -Al2O3, respec-
tively. This sequence was almost the same as that ofx
control ability of these catalysts with an exception
2% Cu/MCM-41, which showed the poorest NOx control
ability in the pyridine oxidation, further suggesting tha
Cu(H2O)6

2+ together with some other factors like the n
ture of the support took critical roles in retarding the Nx
yield of pyridine oxidation. Many researchers have repo
that Cu2+ ions were much more active than CuO in t
SCR deNOx reaction[46], consistent with our results th
Cu(H2O)6

2+ ions really possessed a better NOx control abil-
ity than CuO. This has been further proven in our hydroth
mal treatment experiments in which 2% Cu/beta catalyst wa
hydrothermally treated at 600◦C for 12 h in a helium flow
containing 10% water vapor, prior to catalytic tests. It w
found that the hydrothermally treated 2% Cu/beta show
slightly improved oxidationactivity but a noticeably wors
NOx control ability in comparison with the untreated one
the pyridine oxidation.

3.3.5. Effect of hydrothermal treatment on the Cu/beta
catalyst

As described above, Cu/beta was one of the most pro
ing catalysts for the pyridine oxidation. Recently, some r
searchers[45,47] reported the low stability of Cu/ZSM-
catalyst in the presence of water vapor, which is a ty
cal condition of diesel engine exhaust gas. As a resu
is worthwhile to investigate the resistance of Cu/beta c
lyst to water vapor. To fulfill this target, 2% Cu/beta catal
was treated hydrothermally at 600◦C for 12 h in a helium
flow containing 10% water vapor, prior to catalytic tes
The hydrothermal treatment slightly improved the oxidat
activity of 2% Cu/beta catalyst for the pyridine oxidatio
in which the hydrothermally treated 2% Cu/beta showe
-

.

-

stronger pyridine oxidation ability than the untreated one
reaction temperatures between 300 and 350◦C. The temper-
ature (T100) required for the complete oxidation of pyridin
was 400◦C for the treated 2% Cu/beta and 410◦C for the un-
treated 2% Cu/beta, respectively. Additionally, an obvi
increase of NOx yield was observed to be from 20% ov
the untreated catalyst to26% over the treated one at 700◦C,
and�T value dropped from 190◦C of untreated catalyst t
140◦C of treated one.

The hydrothermal treatment has resulted in the app
ance of a new XPS peak at the XPS spectrum of tre
2% Cu/beta sample. InFig. 9, peak 3 at about 940.6 e
can be observed for both 2% Cu/beta treated hydrotherm
(933.2, 935.7, 940.6, 943.0, 953.4, 956.0, and 961.8 eV)
2% Cu/ZSM-5 (933.4, 935.6, 940.5, 943.1, 953.5, 95
and 961.8 eV). Thus, it is not likely that peak 3 at ab
940.6 eV belongs to ZSM-5. In addition, this peak has a
been observed from XPS spectrum (not shown inFig. 9) of
6% Cu/MCM-41 (933.2, 935.4, 940.6, 942.8, 953.4, 95
and 961.9 eV), further indicating that peak 3 at 940.6 eV
not from ZSM-5. However, peak 3 at about 940.6 eV c
not be observed at all for 2% Cu/γ -Al2O3, 2% Cu/beta and
2% Cu/MCM-41. Based on these experiments, we can c
to a conclusion that peak 3 could result from Cu spec
especially from highly crystallized CuO instead of highl
dispersed CuO.

By comparing the XPS spectra of untreated 2% Cu/be
and treated one (inFig. 9), it was found that the hy
drothermal treatment led to a reduction of the amoun
Cu(H2O)6

2+ in the catalyst, with a percentage drop fro
26.5 to 20.7%. As reported by other authors[45,46], the de-
crease of activity of ion-exchanged Cu/ZSM-5 catalyst i
the deNOx reaction is that most of the isolated Cu2+ ions
were converted to CuO by the hydrothermal treatment.
aforesaid results have shown that CuO had a better
dation activity but a poorer ability to reduce the yield
NOx than Cu2+ ions, and that the NOx control ability var-
ied with different supports. Thus, the loss of Cu(H2O)6

2+
ions converted to CuO oxides on beta during the hydrot
mal treatment could be a partial reason for the fact tha
2% Cu/beta catalyst treated hydrothermally suffered fro
loss in the NOx control ability. Generally speaking, a d
ciding role in the NOx control ability of the catalysts coul
involve the cointeraction of some factors, such as the surfa
acidity of catalysts, the structure of supports, and the am
of Cu(H2O)6

2+ ions on the supports.

4. Conclusions

The activity of supported copper catalysts for the pyrid
oxidation increased with the increase of copper content f
0 to 6 wt%. Further increasing the copper content showe
contribution in improving the pyridine oxidation activity o
the resulting catalyst. The NOx control ability (�T ) of Cu-
loaded catalysts went through a maximum value with
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increase of copper content from 0 to 15 wt%. 2% Cu/b
exhibited the best NOx control ability with a �T value
of 190◦C, while the�T value of 6% Cu/beta dropped
140◦C. When the catalyst worked in a rather low tempe
ture range, 6% Cu/beta showed a better activity, becau
could completely convert pyridine at only 310◦C. However,
in a high temperature range from 400 to 700◦C, 2% Cu/beta
was supposed to be a better choice, as it showed a betterx

control ability. Pyridine oxidation ability and NOx control
ability could not be correlated with the surface area of
catalysts at all.

Cu/beta was the most active one among Cu/beta, Fe/
Co/beta, and Ni/beta catalysts, and the catalyst that could b
reduced at lower temperature had a better oxidation a
ity. The number of Brønsted acid sites of four acidic s
ports decreases in the following sequence ZSM-5 (3.80>

beta (1.66)> γ -Al2O3 (1.41) > MCM-41 (0.59); while
that of their Lewis acid sites decreases in a new orde
beta (4.23)> ZSM-5 (1.05)> γ -Al2O3 (0.75)> MCM-41
(0.62). It seems that the better NOx control ability can be at-
tributed to the importance of Lewis acidity of samples, rat
than to that of Brønsted acidity.

2% Cu/beta, 2% Cu/ZSM-5 and 2% Cu/γ -Al2O3 exhib-
ited a similar pyridine oxidation activity tendency and
closeT100 value about 390◦C. 2% Cu/MCM-41 was less ac
tive for the pyridine oxidation as itsT100 value was high up
to 430◦C. At a reaction temperature as high as 700◦C, the
NOx yield of 2% Cu/beta, 2% Cu/ZSM-5, 2% Cu/MCM-4
and 2% Cu/γ -Al2O3 were 20, 30, 37, and 33%, respective
It was found that Cu(H2O)6

2+ ions showed a better NOx
control ability but poorer activity for the pyridine oxidation
than CuO oxides, and that the NOx control ability varied
with different supports. The hydrothermal treatment retar
the NOx control ability of 2% Cu/beta catalyst, partially du
to the loss of Cu(H2O)6

2+ ions converted to CuO oxides o
beta during the hydrothermal treatment. The cointerac
of some factors, such as the surface acidity of catalysts
structure of supports, and the amount of Cu(H2O)6

2+ ions
on the supports, played a deciding role in the NOx control
ability of the catalysts.
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