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Selective catalytic reduction (SCR) of nitrogen monoxide (NO) using acetone solvent vapors as the reduc-
ing agent over mesoporous Cu-MCM-41, AI-MCM-41, Cu-Al-MCM-41 and CuO supported metal oxides
such as CuO/Al,03 and CuO/SiO, was investigated in this study. The synthesized materials were char-
acterized by using powder low-angle X-ray diffraction (XRD), N, adsorption-desorption measurements,
27 Al magic angle spinning-nuclear magnetic resonance spectroscopy (MAS-NMR), electron paramagnetic
resonance spectroscopy (EPR) and inductively coupled plasma-mass spectrometer (ICP-MS) analysis.

gg{;/fi:/deséatalytic reduction The presence of isolated Cu?* ions and tetrahedrally coordinated AI** ions within the framework of
Cu-Al-MCM-41 Cu-Al-MCM-41 catalyst played a vital role in this deNOx reaction as confirmed by EPR and 27 Al MAS-NMR
Metal oxides spectroscopic studies, respectively. Among the various catalysts studied, bifunctional Cu-AlI-MCM-41
Nitrogen oxides abatement was found to be the most effective catalyst for achieving maximum deNOx activity at lower temper-
Acetone atures of around 250-350°C. Besides, Cu-Al-MCM-41 catalyst also showed higher acetone oxidation

than those of Cu-MCM-41, CuO/Al,03 and CuO/SiO;, catalysts in the entire temperature range. For higher
temperature of above 400 °C, it was found that Cu-MCM-41 catalyst shows highest activity for the NO
reduction but it shows less acetone incineration activity as compared to that of Cu-AI-MCM-41 cat-
alyst. The study of simultaneous removal of NO and acetone solvent vapors using Cu-Al-MCM-41 and
Cu-MCM-41 catalysts reveals the potential of using waste organic solvents from industry as the reducing
agent of deNOx (SCR) process.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Environmentally benign catalytic technology for reduce or elim-
inate the toxic gases from atmosphere is receiving considerable
attention in recent years owing to its cleanness and highly effi-
cient green process [1]. The emissions of nitrogen oxides (NOx)
and volatile organic compounds (VOCs) are the subject of strin-
gent legislation as a result of their adverse impacts on not only
environment but also human health [2,3]. The large amount of
waste organic solvents generated by the chemical manufacturing
industries has always created environmental threats. For example,
significant amounts of waste organic solvents from semiconductor
and optoelectronic industries which contain isopropyl alcohol (IPA)
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and acetone as major components are facing problems of waste
disposal due to limited treatment and disposal sites. Therefore the
proper treatment of waste organic solvents is a crucial task for the
environmental protection [4]. In this concern, the catalytic incin-
eration technique has been commonly applied for waste solvent
treatment [5,6]. However, the high installation cost of a catalytic
incinerator as well as land availability may result in drawback of
the catalytic incineration technique.

On the other hand, the increasing ozone and secondary aerosol
formation in the atmosphere as well as the acid rain problems have
raised further demand on the reduction of NOx from power plants
and boilers. Thus the selective catalytic reduction (SCR) of NOx
using ammonia or urea as the reducing agents has been extensively
studied for the removal of NOx from the exhaust flue gases [7,8].
The cost of reducing agent in the SCR process usually accounts for
about 30% of the total operation and maintenance cost [9]. Further-
more, for the deNOx from combustion of diesel engine, it has been
extensively studied on using the hydrocarbons from fuel compo-
nents such as CHy, CoHyg, C3Hg and C3Hg etc. as the reducing agents
of SCR and is referred as the HC-SCR process [10-14]. Since the
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property of many waste organic solvents is similar to that of the
HCs used in the HC-SCR process, it may be possible to replace the
HCs with waste organic solvents as the reducing agents. This not
only saves the cost of reducing agents during SCR operation, but
also minimizes the waste organic solvent treatment and disposal
problems.

There is a little effort devoted to investigate the application of
organic solvent vapors as the reducing agent in the deNOx pro-
cess. For example, Lu and Wey [15] investigated the simultaneous
removals of toluene and NO using transition metals impregnated
activated carbon (AC)-based catalysts. However, the AC-based cata-
lysts are very difficult to regenerate because of its poor thermal and
chemical sensibility [16]. The M41S family of mesoporous materi-
als discovered by researchers in Mobil Oil Corporation [17] have
attracted great research attention because of its high specific sur-
face area, uniform pore sizes with large pore diameters and high
thermal & hydrothermal stability. Moreover, incorporation of Cu2*
ions into the framework of MCM-41 imparts both acidic and redox
properties, which make such materials potentially interesting for
catalytic oxidation and reduction reactions [18]. It is well known
that copper is one of the cheapest and most active redox metals
and thus copper supported catalysts have been widely studied for
SCR deNOx reaction [12,19-21].

There are only limited reports on the simultaneous catalytic
abatement of NOx and VOCs over copper containing MCM-41
catalysts. For example, Zhou et al. [22] have investigated the simul-
taneous reduction of NOx and oxidation of pyridine over copper
supported zeolites and MCM-41 catalysts. They found that 2 wt.%
copper supported MCM-41 (Cu/MCM-41) catalysts gave 37% of NOx
conversion at very high temperature ca. 700 °C, but the catalytic
activity of Cu/MCM-41 showed a little conversion ca. 5-10% at
below 500°C. Long and Yang [23] have demonstrated the catalytic
activity of copper ion-exchanged Al-MCM-41 for the selective cat-
alytic reduction of NOx by ethylene. They achieved about 25% and
85% conversions of NOx and ethylene, respectively, over copper
ion-exchanged MCM-41 catalysts at 450 °C without water vapor.

The main goal of this paper is to evaluate the possibility of using
waste organic solvent as a reducing agent for the removal of NOx.
If this new technique is viable, then not only the cost of reducing
agent (i.e. NH3 or hydrocarbons (HCs)) can be eliminated but also
the treatment of waste organic solvent can be approached simulta-
neously. Moreover, this work has great importance of dual catalytic
reaction for the removal of two common pollutants in the gas phase.
In the present study, the selective catalytic reduction of nitrogen
monoxide (NO) using acetone solvent vapors (VOCs) as the reduc-
ing agent over Cu?* and/or AI3* incorporated MCM-41 catalysts
have been investigated. The catalytic reactivity of the mesoporous
catalyst is also compared with the copper oxide supported catalyst
of CuO/SiO, and CuO/Al,03 which are most commonly used in the
catalytic incineration process [6,24-26]. The correlation between
the catalytic reactivity of the material and the chemical nature of
their active sites for VOC-SCR deNOx is also investigated and briefly
discussed in this manuscript.

2. Experimental
2.1. Preparation of the catalysts

Hexagonal mesoporous Si-MCM-41, Cu-MCM-41 (50),
AlI-MCM-41 (50) and Cu-Al-MCM-41 (50) catalysts were syn-
thesized by simple hydrothermal treatment method [20,21]. The
molar composition of the gel mixture was SiO,: 0.01-0.02 CuO:
0.01-0.02 Al;,03: 0.2 CTAB: 0.89 H,SO4: 120 H,0 (Si/Cu=50,
Si/Al=50 and Si/Cu+Al=50). Cetyltrimethylammonium bromide
(CTAB) was employed as the structure-directing template in

the synthesis. In a typical synthesis procedure, 21.2 g of sodium
metasilicate nanohydrate dissolved in 80 ml DI water was com-
bined with the appropriate amount of metal precursors like
aluminium sulphate as aluminium source and/or copper nitrate
for the copper source (dissolved in 20 ml DI water). The resulting
mixture was stirred vigorously for 30 min. Then, approximately
40 ml of 4N H,S04 was added to the above mixture to bring down
the pH to 10.5 with constant stirring to form a gel. After stirring,
7.28 g of CTAB (dissolved in 25 ml of DI water) was added slowly
into the above gel mixture and the combined gel mixture was
stirred for three additional hours. The resulting gel mixture was
transferred into a Teflon coated autoclave and kept in an oven
at 145°C for 36h. After cooling to the room temperature, the
resultant solid was recovered by filtration, washed with DI water
and dried in an oven at 110°C for 6 h. Finally, the organic template
was removed by using a muffle furnace in air at 550°C for 10 h.

The SiO, (amorphous, 80 nm APS powder, 99.90%) and Al,03
(powder, <10 micron) as reference catalyst supports was also tested
for comparison. The CuO/SiO, and CuO/Al,03 catalysts were pre-
pared by a simple incipient wetness impregnation method as
commonly employed for preparing Cu-based catalyst for catalytic
incineration process [6,24-26]. The metal oxides were mixed with
0.05M of copper (II) nitrate solution (15 mlperg of support) and
stirred for 30 mints. The resulting solution was transferred into an
evaporating dish and kept in an oven at 110°C for 12 h. Then the
fine grinded materials were calcined at 550 °C for 6 h.

2.2. Physicochemical characterization of the catalysts

Low angle powder X-ray diffraction patterns of calcined samples
were recorded by using Rigaku X-ray diffractometer equipped with
nickel-filtered CuKo (A = 1.5405 A) radiation. The diffractograms of
the mesoporous samples were recorded in the 20 range between
2° and 10° in steps of 0.6 degree with a count time of 60's at each
point. The specific surface area, specific pore volume and average
pore diameter (BJH method) of the samples were measured by N,
adsorption-desorption isotherms at 77 K using a surface area anal-
yser (Micromeritics, ASAP 2000). All the samples were degassed
for 6 h at 350 °C under vacuum (10-6 mbar) prior to the adsorption
experiments. TEM images of the samples were observed with a JEOL
JEM 1210 TEM instrument operated at 120keV and the samples
(5-10mg) were ultrasonicated in ethanol and dispersed on carbon
film supported on copper grids (200 mesh). The 27Al MAS-NMR
spectra of the mesoporous samples were recorded at room temper-
ature using a BRUKER DSX 400 WB NMR spectrometer. The Larmor
frequency was 104.1 MHz and aluminium chloride was used as
external reference material for 27 Al MAS-NMR. The EPR spectra of
the mesoporous samples were recorded at 77 K using a BRUKER
spectrometer with operating resonance frequency of 9.6 GHz and
field modulation of 100 KHz. The elemental copper in the samples
were analyzed by a SCIEX ELAN 5000-Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS).

2.3. Catalytic performance test

The simultaneous catalytic reduction of NO and oxidation of ace-
tone solvent vapors were carried out by a continuous flow reactor
system as shown schematically in Fig. 1. The reactor system was
vertical and down-ward flow type made up of a glass tube of 47 cm
length and 2 cm internal diameter. The glass reactor was heated
to the requisite temperature with a tubular furnace inserted with a
thermocouple which controlled by a digital temperature controller.
The source of NO gas was supplied from cylinder and diluted by a
separate air stream. In the present study, acetone was chosen as a
probe volatile organic compound because it is a common organic
solvent used in semiconductor and optoelectronic industries. The
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Fig. 1. Schematic representation of the experimental set-up for the VOCs-SCR of NO.

various inlet concentrations of acetone vapors were controlled by
passing carrier gas through an impinger containing acetone and the
impinger was kept in a constant-temperature controller maintain-
ing at4°C.

A feed gas of reactant mixture containing 0.05vol.% NO
(500 ppm), 0.5 vol.% acetone (5000 ppm) and compressed air (bal-
ance) were passed through mass flow controllers to the reactor.
The relative humidity in the compressed air was 3545% (25°C
and 1atm). The total flow rate of the system was fixed at
about 2000 cm?3/min (at 25°C and 1atm), which corresponded
to a GHSV of 8500h~! (weight of the catalyst/total flow rate
(W/F)=0.03gscm™3). About 1g of the pelletized catalyst (16-30
mesh) was homogeneously mixed with small glass beads (2 mm
i.d) which placed in the middle of the reactor and supported on
either side with a thin layer of glass wool. Prior to each catalytic
reaction, the catalysts were activated at 500°C for 2 h. The inlet
and outlet concentrations of NO and NO, (NOx) were monitored by
an on-line NOx/SOx analyser (SIEMENS ULTRAMAT 23, Germany).
However, due to the instrument limitation the intermediate prod-
uct of N,O was not measured. And because only negligible amounts
of NO, were observed for all tests therefore in this study only the
NO conversions were reported.

The inlet and outlet concentrations of acetone were analyzed
by a gas chromatograph (SRI-8610C, USA) using capillary column
(30m) equipped with a flame ionization detector (FID). And the
outlet concentrations of carbon dioxide (CO, ) and carbon monoxide
(CO) from oxidation of acetone were also measured by a COx metre
(8760 IAQ-CALC metre). Carbon dioxide (CO,) was found to be the
major product and only negligible amount of CO was identified in
this study. This may be due to that acetone is a simple structured
organic compound.

3. Results and discussion
3.1. X-ray diffraction and BET analysis

Low-angle powder X-ray diffraction patterns of calcined meso-
porous Si-MCM-41, Cu-MCM-41, AI-MCM-41 and Cu-Al-MCM-41
are depicted in Fig. 2. The XRD pattern of Si-MCM-41 exhibits a well
ordered structure and the peaks are indexed on a hexagonal lattice
which corresponding to (100),(110),(200)and (2 10) reflections
[20,21]. After metals substitution, the intensities of (1 0 0) reflection
are decreased and (110) and (2 00) reflection peaks are essentially
merged into one broad peak. This can be ascribed to either partial
loss of long range crystallographic order or formation of metal oxide
species located inside the mesopores upon calcination at 550°C
[27,28].

The physicochemical parameters of all calcined samples derived
from XRD and BET analysis are summarized in Table 1. As can
be seen, CuO supported metal oxide catalysts show very less sur-
face area compared to those of mesoporous catalysts. The average
pore diameter of aluminium and copper substituted MCM-41 sam-
ple (Cu-Al-MCM-41) is almost similar to that of the Cu-MCM-41
sample, but the specific surface area of this sample is slightly
higher than those of both Cu-MCM-41 and AI-MCM-41 samples.
In addition, the average pore diameter of AI-MCM-41 sample is
smaller than those of Cu-MCM-41 and Cu-Al-MCM-41. This could
be due to the formation of some metal oxide clusters in the meso-
pores of AI-MCM-41 which may be partially blocking the pore
mouth of the mesostructure [28,29]. Based on the XRD and BET
results, it is proved that Cu2* and/or AI3* jons could be incorporated
into the framework of MCM-41. And the textural characteristics
of mesoporous samples were almost retained even after metals
incorporation. The copper contents of the samples were deter-
mined by ICP-MS and the results are also presented in Table 1.
The Cu-Al-MCM-41 has the least amount of Cu, 1.87% by wt. as
compared to those of Cu-MCM-41 (3.18%), CuO/SiO, (5.06%) and
CuO/Al,03 (4.65%).

3.2. Transmission electron microscopy (TEM) analysis
In order to further confirm the structural features of these meso-

porous materials, the synthesized materials were investigated by
TEM analysis. The TEM images of all the calcined mesoporous

(a) Si-MCM-41

(b) Cu-MCM-41
(¢) A-MCM-41

(d) Cu-AI-MCM-41
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Fig. 2. XRD patterns of calcined mesoporous Si-MCM-41 and Cu and/or Al substi-
tuted MCM-41 materials.
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Table 1

Physicochemical parameters of the catalysts.
Catalysts Si/Al ratio Si/Cu ratio Copper Content (wt.%) ao (A) Sger (M2/g) tw (nm) dp, BJH (nm) Vp (cm?/g)
Si-MCM-41 - - - 45.10 1064 1.81 2.70 0.97
Cu-MCM-41 - 50 3.18 49.01 905 2.10 2.80 1.35
Al-MCM-41 50 - - 39.82 1032 1.27 2.71 1.08
Cu-Al-MCM-41 100 100 1.87 39.82 1041 1.18 2.80 1.09
CuO/SiO, - - 5.06 - 198 - - -
CuO/Al;03 - - 4.65 - 1.0 - - -

The lattice parameter (a,) was calculated according to a, =2 d100/+/3.
The wall thickness (t) was calculated according to tw =, — dp (gjn)-

materials are shown in Fig. 3. TEM image of Si-MCM-41 mate-
rial clearly shows a well ordered long range hexagonal array of
mesopores and this long range crystallographic highly ordered fea-
tures of this material are also consistent with the results obtained
from the low-angle XRD analysis. After metals incorporation, the
partial loss of long range crystallographic order of the materials
was observed as compared with those of pure Si-MCM-41. The
ordered hexagonal arrangement of Cu-AlI-MCM-41 material was
better than that of mono-metal substituted MCM-41 like Cu-MCM-
41 and AI-MCM-41. This is attributed to most of the Cu?* and
AI3* jons predominantly substituted into the framework of MCM-
41 rather than formation of some metal oxides upon calcination.
The formation of metal oxides on mono-metal substituted MCM-41
was favoured and hence the structural arrangement of the mate-
rial was decreased. Furthermore, the lattice fringes of metal species
in MCM-41 samples can be clearly seen from the TEM image as
shown in Fig. 3. The uniform porosity of the mesoporous materials
revealed by TEM analysis is also consistent with the narrow pore
size distribution (BJH) determined by N, adsorption-desorption
measurements for all the calcined materials.

3.3. 27Al magic angle spinning-nuclear magnetic resonance
(MAS-NMR) spectroscopy

The 27Al MAS-NMR spectra of calcined AI-MCM-41 and
Cu-Al-MCM-41 materials are presented in Fig. 4. It can be seen
that the signal observed at around 53 ppm can be assigned to tetra-
hedral coordinated aluminium and the signal appeared at around
0 ppm corresponds to octahedral coordinated aluminium [30]. The
27 Al MAS-NMR spectrum of calcined AI-MCM-41 material (Fig. 4a)
shows a less intense peak at around O ppm (octahedral coordinated
aluminium is ca. 5% and tetrahedral coordinated aluminium is ca.
95%).This peak can be ascribed to the formation of extra-framework
aluminium species upon calcination and the presence of octahedral
coordinated aluminium is most probably resulted from aluminium
atoms interacting with water molecules [31]. On the other hand,
the 27Al MAS-NMR spectrum of calcined Cu-Al-MCM-41 mate-
rial (Fig. 4b) exhibits only tetrahedral coordinated aluminium (ca.
99%) and this result clearly indicated that most of the aluminium
species could be incorporated into the framework of MCM-41. From
the NMR results, it is interesting to observe that the concomitant

Fig. 3. TEM images of calcined mesoporous materials. (a) Si-MCM-41, (b) Cu-MCM-41 (50), (¢) AI-MCM-41 (50) and (d) Cu-Al-MCM-41 (50). (Scale bar-50 nm).
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Fig. 4. 27 AI-MAS-NMR spectra of calcined mesoporous materials. (a) AI-MCM-41
and (b) Cu-Al-MCM-41.

presence of Cu?* ions helps AI3* ions predominantly substituted
into the framework of MCM-41 [30].

3.4. Electron paramagnetic resonance (EPR) spectroscopy

The EPR spectra of calcined Cu-MCM-41 and Cu-Al-MCM-41
materials are shown in Fig. 5. The EPR spectrum of the Cu-Al-MCM-
41 sample exhibits a well resolved four hyperfine lines with the spin
Hamiltonian parameters g, in the range between 2.20 and 2.55 and
g1 =2.05. According to the literature data, the above range of the
spin Hamiltonian parameters of the material can be ascribed to the
presence of isolated CuZ* ions with two types of coordination such
as square pyramidal and square planer structure [32,33]. The four
hyperfine lines and integrated intensity of the Cu-MCM-41 sample
obtained by EPR are poorly resolved which may be due to the high

(a) Cu-Al-MCM-41
(b) Cu-MCM-41

Intensity (counts)

2000 2500 3000 3500 4000 4500 5000

Magnetic field (gauss)

Fig. 5. EPR spectra of calcined mesoporous materials. (a) Cu-MCM-41 and (b)
Cu-Al-MCM-41.
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concentration of Cu?* ions on the surface of the materials. In addi-
tion, the distances between Cu?* ions on Cu-MCM-41 are so close,
thus the EPR signals are decreased by the strong spin-spin interac-
tion [32] and the formation of more CuO species also affect the EPR
intensity. All the above results clearly suggest that the presence
of aluminium in the framework promoted MCM-41 to stabilize a
much large portion of isolated Cu?* ions as compared to Cu-MCM-
41 without aluminium [33]. Thus the most of the Cu?* ions in the
Cu-Al-MCM-41 are isolated and well dispersed on the surface of
the mesoporous material.

3.5. Simultaneous oxidation of acetone and reduction of NO

3.5.1. Acetone oxidation

The acetone oxidation with the presence of NO as a function
of reaction temperatures are shown in Fig. 6. The acetone con-
version was recorded after 1h of time-on-stream operation for
each reaction temperature test. It is noticed that the acetone
oxidation rate of the catalysts is in the order of Cu-Al-MCM-
41> Cu-MCM-41 > CuO/Al,03 > Cu0/SiO; > AI-MCM-41. The
bimetallic Cu-Al-MCM-41 catalyst exhibits a better acetone
incineration activity than both Cu-MCM-41 and Al-MCM-41 in
the entire temperature range. Since AI-MCM-41 without copper
ions exhibits less activity, the presence of copper ions in the
catalyst clearly play an important role for acetone incineration.
On the other hand, Cu-Al-MCM-41 catalyst showed a higher
acetone incineration activity than that of Cu-MCM-41 without
aluminium ions. From the above observation, it is clear that the
synergistic interaction between copper and aluminium ions in the
Cu-Al-MCM-41 catalyst is a critical factor which may determine
the performance of the catalyst.

In this study, silica (SiO,) was used as a support because of its
well-known inert character. It is expected that there is no inter-
action between silica and copper species in the Cu0/SiO,. Thus
CuO/SiO, catalyst shows less acetone incineration activity as com-
pared to that of CuO/Al, O3 catalyst. It has been previously reported
that the CuO supported Al,O3 was the most active catalyst as
compared to the CuO/SiO, for the catalytic incineration of volatile
organic compounds [24,25]. The maximum acetone conversion of
ca. 85% over CuO/Al,03 catalyst was obtained at 400 °C (Tmax) and
then the acetone conversion was almost maintained with respect of
temperature. This behaviour has been observed by several authors
in the literature during the combustion of hydrocarbons on alu-
mina supported Cu catalysts [24-26]. However, Cu-Al-MCM-41
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catalyst showed the better removal efficiency of acetone than that
of CuO/Al, 03 catalyst. This result clearly indicate that the isolated
well dispersed Cu?* jons and tetrahedrally coordinated AI3* ions
within the framework of Cu-Al-MCM-41 could promote the activ-
ity of the catalyst [22,34-36]. Hence Cu-Al-MCM-41 catalyst had
a higher activity for the simultaneous removals of NO and acetone
solvent vapors as compared to the other catalysts. Based on the
above results, it can be concluded that the simultaneous incorpo-
ration of Cu?* and AI** ions into the framework of MCM-41 play
an important promoting effect in the catalyst and hence it shows a
higher acetone incineration activity than the other catalysts.

3.5.2. NO reduction

The simultaneous catalytic removal tests of NO and acetone
solvent vapors were carried out over Cu and/or Al substituted
MCM-41 as well as CuO supported metal oxide catalysts. The con-
version of NO as a function of reaction temperature is illustrated in
Fig. 7. The NO conversion was recorded after 1 h of time-on-stream
operation for each reaction test. The NO conversion evaluated
at 250-350°C is in the order of Cu-Al-MCM-41>Cu-MCM-
41> Cu0/Si0; > AI-MCM-41 > CuO/Al,03. The NO conversion over
Cu-Al-MCM-41 catalyst is increased with increasing reaction tem-
perature, it reaches a maximum at 300 °C (Tnax ) and then decreases
again. Beyond this optimum reaction temperature (300°C), the
gradual decrease in NO conversion at elevated temperature is
observed which can be attributed to the simultaneous and rapid
oxidation of acetone under excess oxygen condition. This similar
behaviour has been observed on Cu-ZSM-5 zeolite as well-known
catalyst for HC-SCR reaction [37-39]. On the other hand, the max-
imum NO conversion over Cu-MCM-41 catalyst was obtained at
400°C (Tmax) and then the conversion was decreased due to the
simultaneous oxidation of acetone in the vapor phase as observed
in Cu-Al-MCM-41 catalyst. From the results, it is very interesting to
see that the presence of aluminium in Cu-Al-MCM-41 catalyst can
play an important promoting effect because it is not only enhanced
the catalytic activity but also reduced the Tpax of the VOC-SCR
deNOx reaction.

As can be seen from Fig. 7, Cu~AI-MCM-41 catalyst shows a
much higher NO conversion at 250-350 °C than that of Cu-MCM-
41 catalyst. Although Cu-MCM-41 catalyst was more active
for NO reduction by acetone vapors in the reaction temper-
atures of 400-450°C, but the maximum deNOx activity and
acetone oxidation activity of Cu-MCM-41 was lower than that
of Cu-Al-MCM-41 catalyst. The other catalysts of CuO/SiO,

100
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X
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Fig. 8. Influence of acetone concentration on conversions of NO and acetone. Cata-
lyst: Cu-Al-MCM-41; temperature: 350°C, GHSV: 8500 h~! and NO: 500 ppmv.

CuO/Al;03 and AI-MCM-41 show less than 10% NO removal
efficiencies. Thus the results clearly indicate that the isolated
well dispersed Cu?* ions and tetrahedrally coordinated AI**
ions within the framework of Cu-Al-MCM-41 could promote
the activity of the catalyst. Hence the Cu-Al-MCM-41 cata-
lyst had a higher activity for the simultaneous removals of NO
and acetone solvent vapors as compared to the other cata-
lysts.

3.5.3. Effect of acetone concentration

For practical application, the inlet concentration of organic sol-
vent vapors can be easily controlled via adjusting the waste solvent
feed rate. Thus the effects of acetone inlet concentrations on the
simultaneous removals of NO and acetone solvent vapors were
tested over Cu-Al-MCM-41 catalyst and the results are shown
in Fig. 8. It can be seen that the NO conversion was increased
when increasing the acetone vapor concentration from 2500 to
5000 ppm and it reached maximum. And then the NO conversion
maintained up to concentration of acetone ca. 10,000 ppm. Thus the
excess presence of acetone vapors helps to promote the reduction
of NO via the oxidation of itself. On the other hand, the acetone
conversion also increases with the increasing concentration and
it attained about 90% conversion at acetone vapors concentra-
tion of 10,000 ppm. This further proves the synergic effect under
the presence of both NO and acetone solvent vapors. The above
observation reveals that bifunctional Cu-Al-MCM-41 catalyst is a
suitable candidate for the practical application in the wide-range
concentrations of waste organic solvent treatment processes.

3.5.4. Stability of the catalyst

The time-on-stream study was conducted to assess the long
term stability of catalysts and its effect on the simultaneous
reduction of NO and oxidation of acetone, and also to assess the
deactivation effect of the catalysts. The conversions of NO and ace-
tone as a function of time-on-stream study were examined over
Cu-AI-MCM-41 and the results are presented in Fig. 9. It was
found that NO conversion on Cu-Al-MCM-41 catalyst was ini-
tially increased with time-on-stream operation up to 8 h and then
slightly decreased, and finally stabilized at ca. 35% after 26 h of
operation time. On the other hand, the acetone conversion was ini-
tially decreased with time-on-stream operation and then finally
stabilized at ca. 78% after 26 h of operation time. From the results,
it is evident that NO and acetone conversion over Cu-Al-MCM-
41 catalysts almost remains the same up to 26 h. Meanwhile, it
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Fig. 9. NO and acetone conversion as a function of time-on-stream over
Cu-Al-MCM-41 catalyst. Temperature: 350°C, GHSV: 8500 h~', NO: 500 ppm and
acetone: 5000 ppm.

is observed that the colour of Cu-Al-MCM-41 catalysts did not
change even at the end of 26h operation. Furthermore, Fig. S1
(Supplementary material) shows the N, adsorption-desorption
isotherms of Cu-AlI-MCM-41 before and after reaction on time-
on-stream to understand the stability and textural meso-porosity
of Cu-Al-MCM-41 catalyst. The specific surface area, average pore
diameter and wall thickness of the catalyst before and after reac-
tion are 1041 m2/g, 2.8 nm and 1.18 nm and 915 m?/g, 2.5 nm and
1.30nm, respectively. The BET results indicate that the mesoporous
nature and structural integrity of the catalyst is retained even after
26 h of reaction on time-on-stream. These results suggest that the
unique mesoporous structures and medium acidity of the catalyst
could play a key role in the simultaneous abatement of NOx and
VOCs.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2013.08.014.

4. Conclusions

Bifunctional mesoporous Cu-Al-MCM-41 catalyst was synthe-
sized by simple hydrothermal method. The experimental results
clearly indicate that well dispersed and isolated Cu?* ions present
in the mesoporous Cu-Al-MCM-41 catalyst could act as an active
redox centre in the simultaneous catalytic reduction and oxidation
reaction. It is concluded that mesoporous Cu-MCM-41 as well as
metal oxides such as CuO/Al,03 and CuO/SiO, catalysts are less
active for the simultaneous removals of NO and acetone vapors as
compared to those of bifunctional Cu-AlI-MCM-41 catalyst. Thus
Cu2* and AI?* substituted MCM-41 was deliberated as an effective
bifunctional catalyst for the selective reduction of NO and oxidation
of acetone solvent vapors under excess of oxygen. The BET results
indicate that the mesoporous nature and structural integrity of the
catalyst is retained even after 26 h of reaction on time-on-stream.

These results suggest that the unique mesoporous structures and
medium acidity of the catalyst could play a key role in the simulta-
neous abatement of NOx and VOCs. Further detailed investigations
of mesostructured Cu-Al-MCM-41 catalyst using other VOCs are
required in order to draw a clear conclusion about its catalytic
performance in the VOC-SCR deNOx process.
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