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ABSTRACT

One step aerosol EISA (evaporation induced self-assembly) process for synthesizing Ce/metal-MSPs
(mesoporous silica spherical particles) catalysts was investigated. The catalysts were then applied to the
catalytic oxidation of acetone. The TEM images showed that increasing Ce/Al loading resulted in clearer
observation of the metal oxide particles on the MSPs surface, but an excessive metal quantity would
destroy the mesoporous structure of the MSPs support. Tests on the monometallic Ce-MSPs and bimetal-
lic Ce/Al-, Ce/Mn- and Ce/Cu-MSPs under temperatures of 150-350°C demonstrated that Ce/Al-MSPs
had the best acetone removal at low temperature ranges of less than 200°C, and it could have ~80%
acetone removal at reaction temperature of 150°C, space velocity of 15,000 h~! and acetone inlet con-
centration of 1000 ppmv. The synergetic effect was observed for bimetallic Ce/Al-MSPs on the acetone
removal as compared to the monometallic Ce-MSPs or Al-MSPs catalysts. The Al loading amount, BET
specific surface area and the CeO, particle size played important roles on the low temperature catalytic
oxidation of acetone at 150°C. The acetone removal of both Ce-MSPs(25) (the molar ratio of Si/Ce=25)
and Ce/AI-MSPs(50/50) (the molar ratio of Si/Ce = 50 and Si/Al = 50) exhibited good stability at 250 °C but

decayed gradually at 150°C after 24 h tests.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic oxidation has been known as one of the most promis-
ing techniques for VOCs abatement due to its lower operation
temperature (<500°C) which reduces energy cost and results in
less amounts of toxic products as well [1]. Cerium oxide (CeO;)
catalysts used alone or mixed with other metal oxides have been
attracted much attention for the VOCs removal because cerium is
the most abundant of the Lanthanide-based metals and CeO, has
high oxygen-storage capacity and facile Ce**/Ce3* redox cycle [2,3].
Recent reports have shown that the performance of CeO, which
can efficiently eliminate trichloroethylene [4], naphthalene [5], and
toluene [6]. There are also reports on the performance of bimetallic
Ce-based catalysts, e.g. Ce/Mn oxides for the oxidation of o-xylene
[7], Ce/Cu oxides for acetone, ethanol, ethyl acetate, and toluene
oxidation [8,9] as well as Ce/Al oxides for toluene oxidation [10].
The CeO, was also used as a support for low temperature oxidation
of ethyl acetate over precious metal catalysts [11].

There are several studies investigated on the VOCs abatement
at low reaction temperature. The noble metal of Pt was sup-
ported on either styrene divinylbenzene copolymer or MCM-41
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for the destruction of toluene at 150°C [12,13]. Aube [14] pre-
pared perovskite-type LaggSrgoMnOs.x catalyst by using citric
acid sol-gel method and obtained about 75% acetone oxidiz-
ing performance at the reaction temperature of 150°C. More
recently, silica-based mesoporous materials have been widely
explored as supports due to their high surface area and uniform
pore size distribution. Metal catalysts supported on the meso-
porous silica materials of Ce-MCM-41[15], Cu/Mn-MCM-41[16]
and Co/Ce-SBA-15[17] were prepared for the VOCs abatement. The
hydrophobicity, activity, and pore characteristics of the catalyst
support are very important for catalytic combustion [18]. And it
was demonstrated that MCM-41, when surface-modified with flu-
oride anions, is better than ZSM-5 as a catalyst support due to its
high hydrophobicity and uniform pore structure [13].

The mesoporous silica spherical particles (MSPs) were syn-
thesized via an aerosol evaporation induced self-assembly (EISA)
method as an intention on simplifying the preparation procedure of
MCM-41 [19]. The MSPs ensure fast and simple production of meso-
porous materials as compared to the manufacturing of MCM-41
materials. In addition, it has been demonstrated that the volume-
based acetone adsorption capacity is higher than that of MCM-41,
and the pressure drop of MSPs in an adsorber is lower than that of
MCM-41 [20,21].

To the authors’ knowledge, there are limited reports on prepar-
ing metal-MSPs by one step aerosol EISA method. The MSPs
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containing Al or Zr were synthesized via the aerosol EISA method
[22] and the results showed that the incorporation of these metals
was more hydrothermally stable than pure mesoporous silica. The
noble metal incorporated MSPs were synthesized and tested as a
catalyst in the hydro-dechlorination reaction of 1,2-dichloroethane
and it exhibited near complete conversion and ethylene selectiv-
ity at 350°C [23]. Noble metals of Au were deposited on the MSPs
via the amine functionalization method [24]. And the catalyst of
Au-NH,-Co-MSPs showed the highest reactivity for CO oxidation,
suggesting that the nature of the support is very important for this
reaction.

Our prior research results [25] indicated that among tested
monometallic catalysts of Ce, Mn, Cu, Fe and Al-MSPs, the Ce-MSPs
appear to have the best performance on acetone oxidation. This
study intends to present on the performance of cerium-based
bimetallic MSPs for the oxidation of acetone vapors. The bimetal-
lic (Ce/Al, Ce/Mn and Ce/Cu) catalysts supported on the MSPs are
tested, and those which have higher acetone removals at relatively
lower temperatures are chosen for further detailed study.

2. Materials and methods
2.1. Synthesis of catalytic mesoporous materials

Three metals, Mn, Cu, and Al, were chosen as the metal species
to mix with Ce for synthesizing the bimetallic Ce/metal-MSPs cat-
alysts. The metal precursors were prepared from cerium nitrate,
manganese nitrate, copper nitrate, and aluminum nitrate solutions,
respectively. Cetryltrimethylammonium bromide (CTAB) was used
as the structure directing template and tetraethoxysilane (TEOS)
was used as the silicon precursor for obtaining the mesoporous
structure of silica supports. The molar gel composition of the syn-
thesized mixture was 1 SiO,: 0.18 CTAB: 10 ethanol: 80 H,O:
0.008 HCI: 1/X metal. The synthesized samples are denoted as
Ce/metal-MSPs (X1 /X5), where X; corresponded to the molar ratio
of Si/Ce and X, corresponded to the molar ratio of Si/metal in the
precursor solution.

All of the precursors were mixed together and stirred for 30 min
to obtain a clear solution. The solution was then nebulized by
an ultrasonic atomizer (1.8 MHz) and the atomized droplets were
passed through two heaters by a dry and clean air stream with
flow rate maintained at 2LSTP min~!. The first and second heating
zones of the aerosol process were controlled at temperatures of
150 and 550°C, respectively. After the evaporation of the surfac-
tant and solvents, metal catalysts supported on mesoporous silica
particles were obtained and collected on a filter. They were then
further calcined at 550°C for 6 h in air. Detailed procedures on the
EISA aerosol method can be referred to our prior study [20].

2.2. Characterization of catalysts

The specific surface area, specific pore volume and average
pore diameter (BJH method) of the samples were measured
by N, adsorption-desorption isotherm at 77K using a surface
area analyzer (Micromeritics, ASAP 2020, USA). Prior to the
adsorption-desorption measurements, the samples were degassed
at 350°C for 6h under vacuum pressure of 10-6 mbar. The ele-
mental metal contents in the catalysts were analyzed by an
inductively coupled plasma-mass spectrometer (ICP-MS, SCIEX
ELAN 5000). X-ray Diffraction (XRD) patterns of calcined samples
were recorded by a Rigaku X-ray diffractometer equipped with
nickel-filtered CuKa (A =1.5405A) radiation. The diffraction dia-
grams of the mesoporous samples were recorded in the 26 range
of low-angles at 2-10° and wide-angles at 10-80°. Transmission
electron microscopy (TEM) images of the samples were observed

with a JEOL JEM 1210 instrument, before that the samples were
ultrasonicated in ethanol and dispersed on carbon film supported
on copper grids (200 mesh).

2.3. Catalytic oxidation of acetone

The acetone is chosen as the target volatile organic compound,
which is commonly used as a solvent in chemical and semi-
conductor processing plants. The oxidation of acetone was carried
out by a vertical and downward flow catalytic reactor system. The
reactor was made of Pyrex glass tube with 0.8 cm internal diameter.
The reactor was heated to the desired temperature with a tubu-
lar furnace. Catalysts were tested in 16-30 mesh powdered form
and placed in the middle of the glass reactor supported with thin
layers of glass wool on both sides. The concentration of acetone
was controlled by passing the clean and compressed air through
an impinger containing liquid acetone that was kept in a constant
temperature-controlled water bath at —10°C. The total inlet flow
rate was controlled to have a GHSV of 15,000 h~! at room temper-
ature (25°C). The inlet and outlet concentrations of acetone were
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Fig. 1. (a) Acetone removals of monometallic Ce-MSPs(25) and bimetallic
Ce/metal-MSPs(25/25) (metal=Mn, Cu, Al) catalysts. (b) Comparison of acetone
removals for bimetallic Ce/metal-MSPs(25/25) and (50/50) (metal = Mn, Cu, Al) cat-
alysts at low temperatures.



Table 1
Physical and chemical properties of metal-MSPs.
Sample name Si/Ce? molar ratio Si/Al* molar ratio Si (wt.%) Ce (wt.%) Al (wt.%) Si/CeP molar ratio Si/AI® molar ratio Vp¢ (cm?3/g) Sgerd (m?/g) dgj© (nm)
Ce-MSPs(10) 10 0 23.0 9.8 0 11.8 0 0.49 615 2.81
Ce-MSPs(25) 25 0 253 3.7 0 34.0 0 0.73 951 2.56
Ce-MSPs(50) 50 0 28.7 1.9 0 76.4 0 0.80 1003 2.54
Al-MSPs(10) 0 10 - - - - - 0.57 787 2.70
Al-MSPs(50) 0 50 - - - - - 0.83 1053 2.54
Al-MSPs(200) 0 200 - - - - - 0.88 1098 2.53
Ce/Al-MSPs(10/10) 10 10 254 12.5 2.7 10.2 8.9 0.33 228 4.56
Ce/Al-MSPs(10/50) 10 50 - - - - - 0.24 309 2.89
Ce/Al-MSPs(10/200) 10 200 - - - - - 0.34 414 291
Ce/Al-MSPs(25/10) 25 10 - - - - - 047 578 2.64
Ce/Al-MSPs(25/25) 25 25 32.1 5.9 1.1 271 29.1 0.62 785 2.66
Ce/Al-MSPs(25/50) 25 50 - - - - - 0.59 793 2.65
Ce/Al-MSPs(25/200) 25 200 - - - - - 0.44 853 244
Ce/Al-MSPs(50/10) 50 10 - - - - - 0.49 677 2.63
Ce/Al-MSPs(50/25) 50 25 33.1 2.7 1.2 60.4 27.0 0.71 917 2.53
Ce/Al-MSPs(50/50) 50 50 33.8 2.7 0.7 61.9 451 0.75 971 2.49
Ce/Al-MSPs(50/200) 50 200 25.8 2.8 0.1 46.2 205.7 0.76 979 2.52
Ce/Mn-MSPs(25/25) 25 25(Si/Mn) - - - - - 049 415 3.91
Ce/Cu-MSPs(25/25) 25 25(Si/Cu) - - - - - 0.52 538 3.42
Ce/Mn-MSPs(50/50) 50 50(Si/Mn) 30.9 2.7 1.3mn 57.8 47.2Si/Mn 0.73 893 2.64
Ce/Cu-MSPs(50/50) 50 50(Si/Cu) 29.1 3.5 1.0cy 421 67.4Si/Cu 0.73 930 2.60
MSPs 0 0 - - - - - 0.90 1153 2.40

3Si/Ce and Si/Al molar ratio calculated based on the precursor concentration.

bActual Si/Ce and Si/Al molar ratio measured by ICP-MS.

¢Pore volume.
dBET surface area.

¢Pore diameter calculated by BJH theory.
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analyzed by a gas chromatograph (GC 7890A, Agilent) equipped
with a flame ionization detector (FID). The removal efficiency of
acetone was defined by that

Removal (%) = # x 100%,

where I and O are the inlet and outlet concentrations of acetone,
respectively.

3. Results and discussion
3.1. Comparing the Acetone removals of Ce/metal-MSPs

Except stated otherwise, results of all catalytic incinera-
tion tests were shown under the base condition of 1000 ppmv
acetone concentration, 15,000h~! space velocity, and 30min
operation time. The acetone catalytic performance of bimetal-
lic Ce/metal-MSPs(25/25) (metal=Mn, Cu, Al) and monometallic
Ce-MSPs(25) is depicted in Fig. 1(a) as a function of tempera-
ture with error bars indicate the range of three repeated tests. It
was observed that all of the samples had similar acetone removal
efficiencies at temperatures above 300°C. The acetone removals
of Ce/Mn-MSP(25/25), Ce/Cu-MSP(25/25) and Ce-MSPs(25) were
slightly higher than that of Ce/Al-MSPs(25/25) at 250°C. But at
low temperatures of 150-200 °C, the Ce/Al-MSPs(25/25) had much
higher acetone removals than all other catalysts. Fig. 1(b) showed
the acetone oxidation at temperature of 150°C and 200°C for
Ce/Mn-, Ce/Cu-, Ce/Al-MSPs(25/25) and (50/50). At the low tem-
perature of 150°C, the presence of Al in the Ce/Al-MSPs(25/25)
and Ce/Al-MSPs(50/50) enhanced the acetone removal to 68% and
80.5% respectively, while the Ce mono-metal or Ce/Mn and Ce/Cu
bimetals supported on the MSPs had only less than 10 and 40%
acetone removals, respectively, at 150 and 200°C.

The specific surface area of Ce/Al-MSPs(25/25) and
Ce-MSPs(25) were 785 and 951 m?2/g, respectively. They were
much higher than that of Ce/Cu-MSPs(25/25), 538 m?/g, and
Ce/Mn-MSPs(25/25), 415 m?2/g. Because Al has a similar atomic
size to Si, it could partially replace Si into the Si-O-Si chemical
bonds of the mesoporous silica support without significantly
destroy the pore structure. Thus although Mn and Cu could have
high activity at high reaction temperature (>250°C), the low
surface area of their supports could possibly inhibit their activity at
low temperatures where adsorption might play an important role.
On the other hand, the specific surface area of Ce/AlI-MSPs(50/50)
and Ce-MSPs(50) were 971 and 1003 m?/g, respectively. They
were slightly higher than those of Ce/Cu-MSPs(50/50), 930 m?2/g,
and Ce/Mn-MSPs(50/50), 893 m2/g. This indicates the less damage
in the pore structure of the Ce/metal-MSPs(50/50) as compared
to the Ce/metal-MSPs(25/25). However as observed in Fig. 1(b),
the acetone removals via Ce/metal-MSPs(50/50) with less metal
contents were still higher than that of Ce/metal-MSPs(25/25) due
to their higher surface area and smaller CeO, particle size.

Since Ce/Al-MSPs appears to be the best bimetallic combination
for the oxidation of acetone at relatively low temperature range of
150-200°C, the following study is focused on the Ce/Al-MSPs for
their effectiveness on acetone removal.

3.2. Characterization of the Ce/Al-MSPs catalysts

The chemical and physical properties of metal-MSPs are listed in
Table 1. For the Ce-MSPs with Si/Ce precursor molar ratio from 50 to
10, the actual Ce contents ranged from 1.9 to 9.8 wt.% as character-
ized by ICP-MS. And for the bimetallic Ce/AI-MSPs(50/50), (25/25),
and (10/10) with Si/Ce and Si/Al precursor molar ratios from 50 to
10, the actual Ce contents ranged from 2.7 to 12.5wt.% while Al
contents ranged from 0.7 to 2.7 wt.%. When increasing the loading
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Fig. 2. Nitrogen adsorption-desorption isotherms (adsorption: closed symbols;
desorption: opened symbols) of Ce-MSPs, Al-MSPs, and Ce/Al-MSPs catalysts. In
the y-axis, values of each catalyst were stepwise increased by 200 cm3/g starting
from the bottom catalyst (Ce/Al-MSPs(10/10)).

amount of either Al or Ce metal, the specific surface area of the cat-
alysts was decreased due to the destruction of silica pores during
the one step aerosol EISA synthesis process. The Ce/Al-MSPs(10/10)
had the lowest specific surface area of only 228 m?/g. From the
results of the pore size, it indicated that all samples were in the
range of mesoporous structure (2nm<d<50nm). And all sam-
ples had average pore diameters of less than 3 nm except the
Ce/Al-MSPs(10/10) which BJH pore diameter was 4.56 nm.

The nitrogen adsorption-desorption isotherms of bimetallic
Ce/Al-MSPs catalysts are depicted in Fig. 2. All the tested samples
appeared to have the type IV isotherms based on IUPAC classifica-
tion and exhibited mesoporous structure. But the type IV isotherm
shapes of Ce/AlI-MSPs(10/10) and Ce/Al-MSPs(10/50) were not as
clear as the other catalysts. Besides, for most of the tested catalysts
except the Ce/Al-MSPs(10/10), the sharp increases in the quantity
of nitrogen adsorption were observed at relative pressures (p/po)
of around 0.3. As observed from Table 1, the Ce/AlI-MSPs(10/10)
had the lowest BET surface area and the largest BJH pore size of all
tested catalysts, while the Ce/AlI-MSPs(10/50) had the lowest pore
volume of all samples. So the mesoporous structure of these two
catalysts was poorer than that of the other catalysts.

Fig. 3(a) shows the BJH pore size distributions of Ce-MSPs(50)
and Ce/Al-MSPs(50/X;), Fig. 3(b) show the BJH pore size dis-
tributions of Ce-MSPs(25) and Ce/Al-MSPs(25/X5), and Fig. 3(c)
show the BJH pore size distributions of Ce-MSPs(10) and
Ce/Al-MSPs(10/X;) catalysts, respectively. When the MSPs con-
tained less Ce, as seen in Fig. 3(a), the pore volume at peak pore
diameter was larger and the pore size distribution was more uni-
formly distributed than more Ce presented in the MSPs as seen
in Fig. 3(b) and (c). And if more Ce was presented on the MSPs
support, an additional peak in the pore size distribution appeared
at >30A as observed in Fig. 3(c). The second peaks of all samples
observed in Fig. 3(c) might reveal partial collapse of the ordered
pores or the formation of agglomerated metal oxide particles
which resulted in inter-particle pores. But as also seen in Fig. 3(c),
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lysts. (b) BJH pore size distributions of Ce-MSPs(25) and Ce/Al-MSPs(25/X) catalysts.
(c) BJH pore size distributions of Ce-MSPs(10) and Ce/Al-MSPs(10/X) catalysts.

Ce-MSPs(10), Ce/Al-MSPs(10/200) and Ce/Al-MSPs(10/50) have
primary pore size distribution peaks and shoulder peaks as well,
whereas Ce/Al-MSPs(10/10) has only a broad pore size distribu-
tion peak with a larger average pore size. Therefore it also appears
that as the Al loading was increased the mesoporous structure of
Ce/Al-MSPs(10/X, ) became more disordered.
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Fig. 4. (a) Low angle X-ray diffraction patterns of Ce-MSPs and Ce/Al-MSPs cat-
alysts. (b) Wide angle X-ray diffraction patterns of Ce-MSPs and Ce/Al-MSPs
catalysts.

The low angle (2 <26 <£10°) and wide angle (10 < 20 < 80°) XRD
patterns of Ce/Al-MSPs are depicted in Fig. 4(a) and (b), respec-
tively. The (100) diffraction peaks located at about 20=2.3-2.7°
were observed from the low angle XRD patterns of Fig. 4(a)
for all samples except for Ce-MSPs(10). This revealed the evi-
dence of mesoporous structure [20,26]. As seen in Fig. 2, the Type
IV Isotherm curve was also not well-defined for Ce-MSPs(10).
This suggests a partial collapse of the mesoporous structure for
Ce-MSPs(10), which agreed with its low-angle XRD pattern in
Fig. 4(a). The shape of the XRD peak shifted to the left as the
Ce or Al contents were increased. From the wide angle XRD pat-
terns shown in Fig. 4(b), the 26 peak at about 23° was due to the
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Fig. 5. TEM images of MSPs and Ce/Al-MSPs: MSP, Ce/Al-MSPs(50/50), Ce/Al-MSPs(25/25), Ce/AlI-MSPs(10/10); all images has the same scale bar of 20 nm. And the images
located in the center were partially enlarged to provide clearer observations of the metal particles and the pore structure.

amorphous silica [23]. And increasing the Ce content in the
Ce/Al-MSPs sample resulted in stronger CeO2 intensity at 20 = 28.8,
33.3, 47.5 and 56.4° [4,17] as observed most clearly for the
Ce-MSPs(10) catalyst. The clear observation of CeO, peaks revealed
that the CeO, particles on the MSPs support might be presented
in larger particle sizes or in agglomerated form. This further
confirmed the data shown in Table 1 and Fig. 3(c) that when
loaded with more metal amount, not only the specific surface area
would be reduced but also the metal oxide particles might be
larger.

The TEM images of pure MSPs and Ce/Al-MSPs are shown in
Fig. 5. One can see that for the pure MSPs without loading any
metals, the hexagonal pores were clearly seen with highly ordered
arrangement. Increasing Ce/Al loading resulted in a more clear
observation of the metal oxides particles on the surfaces of the
MSPs. But the pore structure became less clear as the Ce/Al metal
content was increased. The partial collapses of the pore structure
due to increasing metal content and the clearer observation of the
metal oxide particles were in accord with the BET measurement
data and the XRD patterns. Nevertheless the TEM images show that
the CeO,, particles still appeared to be well dispersed on the surfaces
of all Ce/Al-MSPs as compared to the metal-MCM-41 catalysts
manufactured via the two-step hydrothermal and ion-exchanged
method [16]. This indicated that the one-step aerosol EISA method
could produce well dispersed metal oxides on the porous silica
supports.

3.3. Metal loading vs. BET surface area

Ce/Al-MSPs catalysts of three different Ce loading amounts
(Si/Ce=10, 25 and 50) were prepared together with four differ-
ent loading amounts of Al (Si/Al=10, 50, 200 and 0) to study the
simultaneous metal loading and surface area effects on the acetone
removal. The results are shown in Fig. 6 for reaction temperatures of
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Fig. 6. The correlation between acetone removal, specific surface area for Ce-MSPs
and Ce/Al-MSPs at temperature of 150, 200, and 250°C.

150, 200 and 250°C. It was observed that at relatively higher tem-
perature of 250 °C, both BET surface area and metal loading amount
had negligible effects on the acetone removal. But at low tempera-
ture of 150 °C the surface area and the metal loading effects became
very significant.

For the same Ce loading, reducing the Al content resulted in
higher BET surface area but lower acetone removal at 150 °C. But
for the same loading of Al, reducing the Ce content led to both higher
BET surface area and higher acetone removal. And among all sam-
ples which have high surface areas of around 1,000 m2/g, as seen
for the Ce-MSPs(25), Ce/Al-MSPs(50/50), Ce/Al-MSPs(50/200) and



76 C.Y. Wang, H. Bai / Catalysis Today 174 (2011) 70-78

100 -
80
S
= 60
>
=]
£
g 40
D
=
I
S 20 —8— (Ce-MSPs(25)
< =O= = Ce-MSPs(50)
—y— Al-MSPs(25)
0 —=v=+ AI-MSPs(50)
—B-- Ce/Al-MSPs(25/25)
—O— Ce/Al-MSPs(50/50)
-20

150 200 250 300 350 400

Temperature (°C)

Fig. 7. Effect of temperature on the acetone removal via Ce-MSPs, AlI-MSPs, and
Ce/Al-MSPs.

Ce—-MSPs(50) catalysts, the Ce/AlI-MSPs(50/50) with the highest Al
content appeared to have the highest acetone removal at low tem-
perature of 150 °C. But even though Ce/Al-MSPs(50/10) has a lower
surface area, the efficiency of its acetone removal is almost as good
as that for Ce/AI-MSPs(50/50). This revealed that the Al loading
amount, CeO,, particle size and the BET specific surface area played
important roles on the low temperature catalytic oxidation of ace-
tone. It appeared that the amount of metals loading was correlated
with the CeO, particle size as observed in the TEM images. And as
long as the mesoporous structure can be kept at high uniformity
and the CeO, particles can be kept small by adjusting the amount
of metal loading, the increase of Al can greatly enhance the acetone
removal at 150°C.

3.4. Monometallic versus bimetallic catalysts

Fig. 7 compares the acetone removal efficiency for monometal-
lic Ce—-MSPs, Al-MSPs catalysts and bimetallic Ce/Al-MSPs catalyst
at temperatures of 150-350°C. It was observed that the acetone
removal was greatly enhanced using bimetallic Ce/Al-MSPs at low
temperature range of 150-200°C as compared to the monometal-
lic Ce-MSPs and Al-MSPs catalysts. The best performance was
observed for Ce/Al-MSPs(50/50) which could achieved 80% acetone
removal at 150°C. At temperatures of above 250°C, the Ce-MSPs
and Ce/Al-MSPs appeared to have similar acetone removals, while
the acetone removal via AlI-MSPs was very poor even up to 350°C.
This indicated that Ce was the active metal for effective ace-
tone removal, especially at relatively higher temperatures. On the
other hand, Al played an important role for enhancing the acetone
removal at low temperatures. And the co-existence of Ce and Al
metal oxides led to a synergetic effect of enhancing the acetone
removal.

The synergetic effect was also observed in the literature [27,28]
using the Ce/AI-MCM41 as an acylation catalyst. The synergetic
effect observed in this study may be explained by literature data
[28] which indicated that co-substitution of Ce and Al in MCM-41
during hydrothermal synthesis resulted in a considerable increase
in both the density and strength of Lewis acid and Bronsted acid
sites as compared with AI-MCM-41 and Ce-MCM-41 samples. If
the co-substitution of Ce and Al in MSPs increase the density and
strength of the acid sites for acetone oxidation, then it would
be undesirable to have excessive increase of Ce loading since it
would lead to larger CeO, particles present on the surface of MSPs,
thus blocking the acid sites and inhibiting acetone removal. This
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Fig. 8. (a) Short term (60 min) stability tests of acetone removals via Ce-MSPs,
Al-MSPs, and Ce/Al-MSPs at operation temperature of 150°C. (b) Short term
(60 min) stability tests of acetone removals via Ce-MSPs, AI-MSPs, and Ce/Al-MSPs
at operation temperature of 250 °C.

might further explain that Ce/Al-MSPs(25/25) has a lower acetone
removal than that of the Ce/Al-MSPs(50/50).

3.5. Stability Tests

Stability tests were performed first at short operation time of
60 min, the acetone removals were compared between Ce-MSPs,
Al-MSPs and Ce/Al-MSPs catalysts and the results are shown in
Fig. 8(a) and 8(b), respectively, at two catalytic temperatures of
150 and 250°C. It was observed that the Al-MSPs exhibited very
high acetone removals at both 150 and 250°C during the initial
time. But the acetone removals decreased fast with respect to time,
especially during the 150 °C low temperature test results shown in
Fig. 8(a). This may indicate that the presence of Al acted as active
sites more for adsorption than for catalysis at low temperatures.
And the adsorption role of AI-MSPs might decrease while the cat-
alytic role might increase with temperature. It was observed that
after the experimental test, the color of AI-MSPs changed from
white to black at all temperatures which indicates possible coke for-
mation on the catalytic surfaces [29]. The formation of coke on the
Al-MSPs further confirmed that the acetone was adsorbed rather
than oxidized on the catalysts.

On the other hand, the Ce-MSPs mainly acted as catalysts. They
had low adsorption capacity thus the acetone removals were low
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Fig. 9. (a) Long term (24 h) stability tests of acetone removal via Ce-MSPs(25)
and Ce/Al-MSPs(50/50) catalysts at operation temperature of 150 °C. (b) Long term
(24 h) stability tests of acetone removal via Ce-MSPs(25) and Ce/Al-MSPs(50/50)
catalysts at operation temperature of 250 °C.

at temperature of 150°C. But the catalytic ability of Ce-MSPs was
relatively higher than the AI-MSPs, thus acetone removals could
remain high and stable at 250 °C during the 60 min operation time.
For the bimetallic Ce/AlI-MSPs, they had a high stability at 250 °C. On
the other hand at low temperature of 150 °C, the acetone removal
of Ce/Al-MSPs slightly decreased with respect to time.

To further evaluate the stability of the catalysts, 24 h tests were
also performed. The Ce-MSPs(25) had the best acetone removal
among all monometallic catalysts, while the Ce/Al-MSPs(50/50)
had the best performance among all bimetallic catalysts. There-
fore stability tests were performed for these two catalysts at
reaction temperatures of 150°C and 250°C with the results
shown in Fig. 9(a) and (b), respectively. In Fig. 9(a) at the reac-
tion temperature of 150°C, the acetone removal performance of
Ce-MSPs(50/50) decreased significantly during the first 4h from
95% to 47% and then kept at 40-47% for the rest of time. But the ace-
tone removal of Ce-MSPs(25) was very low from 25% to 0% before
the reaction time of 6 h.

On the other hand, in Fig. 9(b) at the reaction temperature of
250°C, it was observed that the Ce-MSPs(25) could remain high
stability on the acetone removal of around 89-91% throughout the
24 h test. But for the Ce/Al-MSPs(50/50), the acetone removal was

initially high at over 95% during the first hour test, then it gradually
decreased to 91-92% throughout the end of test time, which might
be due to that the equilibrium between adsorption and catalysis
has been reached. In addition, the color of both catalysts before
and after tests remained unchanged. This reveals the high stability
of both Ce-MSPs and Ce/Al-MSPs catalysts at 250°C.

4. Conclusions

Various monometallic and bimetallic-MSPs catalysts were syn-
thesized via one step aerosol EISA method and their catalytic
performance on acetone was investigated. The results indicated
that bimetallic Ce/Al-MSPs had the best performance among all
tested metal catalysts. Catalysts with different Ce/Al molar ratios
were then prepared to study the resulting specific surface area of
the catalysts and the acetone removals. It revealed that as long
as the well mesoporous structure could be maintained with high
BET surface areas and smaller CeO, particle sizes, the bimetal-
lic Ce/Al-MSPs tended to have a synergetic effect on the acetone
removal as compared to the Ce-MSPs or AlI-MSPs monometal-
lic catalysts. Both Ce-MSPs(25) and Ce/Al-MSPs(50/50) exhibited
good stability during the 24 h tests on acetone removal at 250°C. In
conclusions, the one step aerosol EISA method provides the advan-
tages of easy and time-saving process to produce metal-MSPs
catalysts. The Ce/Al-MSPs shall have a high potential for low tem-
perature VOCs oxidation.
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