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a  b  s  t  r  a  c  t

Nitrous  oxide  (N2O),  a greenhouse  gas produced  by nitric  acid  and  adipic  acid  plants,  damages  the
ozone  layer  and  causes  many  environmental  problems.  The  potential  of  MCM-41,  SBA-15-Conventional
(SBA-15-C),  SBA-15-Spherical  (SBA-15-S)  and  KIT-6  supported  Rh  catalysts  has  been  explored  at  specific
conditions  for N2O decomposition  in order  to investigate  the  characteristics  of  new  catalyst  supports
(SBA-15-S,  KIT-6)  for this  application.  A Rh  metal  loading  of  1  wt%  was  impregnated  to  synthesize  meso-
porous  silica  supported  Rh  catalysts.  The  catalysts  were  characterized  by  scanning  electron  microscope
(SEM),  energy  dispersive  X-ray  spectroscopy  (EDX),  X-ray  diffraction  (XRD),  N2 adsorption/desorption,  X-
ray  photoelectron  spectroscopy  (XPS),  transmission  electron  microscopy  (TEM)  and  CO-chemisorption
techniques.  Of all  the catalysts,  Rh/SBA-15-S  not  only  showed  the  highest  activity,  but  also  the  best
2O
ecomposition

strength  against  ageing  impact,  O2 inhibiting  effect  and  long-term  stability.  The  higher  metal  disper-
sion  due  to  the smaller  Rh particle  size  and  a  greater  formation  of  Rh+1 than  Rh0 or  Rh+3 on SBA-15-S
compared  to  the other  supports,  favoured  a higher  N2O decomposition.  The  larger  pore  size  of  SBA-15-
S  in  Rh/SBA-15-S  might  favour  a better  Rh  access,  diffusion  and  dispersion  and  lead  to  higher  activity.
The  higher  long-term  stability  of Rh/SBA-15-S,  with  preserved  support  characteristics,  than  the  other

ifica
supports  indicates  its sign

. Introduction

Nitrous oxide (N2O) is an important component of the earth’s
tmosphere that has gained significant attention of late due to its
nvironmental effects [1].  Due to its long life, of approximately 150
ears, in the atmosphere, it is a potent greenhouse gas (ca. 310 and
1 times greater warming potential than CO2 and CH4, respectively)
nd is involved in the depletion of stratospheric ozone [1–5]. N2O
s produced by both natural and anthropogenic sources. Biologi-
al processes in soils and oceans are the primary natural sources
f N2O. The anthropogenic sources include agriculture (fertilizer
roduction), nitric acid production, adipic acid production, fossil-
uel combustion (stationary and mobile), biomass combustion and
ewage treatments [4].  Nitric acid production is currently believed
o be the largest industrial source of N2O emissions [6].  Thus, a
eduction in anthropogenic N2O emissions is urgently required, and
atalytic direct N2O decomposition is considered the most effective
nd economic method to achieve this target [7].
A large number of catalysts, such as metal oxides, mixed
xides, perovskite-type oxides, hydrotalcites, and transition metal
xchanged zeolites are known to be capable of decomposing

∗ Corresponding author. Tel.: +39 011 0904710; fax: +39 011 0904699.
E-mail address: nunzio.russo@polito.it (N. Russo).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.024
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© 2011 Elsevier B.V. All rights reserved.

N2O to its elements at elevated temperatures [8–18]. Rhodium
and iridium oxides have shown the highest activity for N2O
decomposition and the order is: Rh2O3 > IrO2 > CaO > CuO > SrO >
HfO2 � Fe2O3 > NiO > ThO2 > SnO2 > CeO2 � MgO  > Cr2O3 > ZnO >
Ga2O3 > BeO > Al2O3 » TiO2 [19]. However, the disadvantages of
metal oxides and mixed metal oxides as catalysts are due above all
to their low surface areas.

ZSM-5, which is the most widely used zeolite, has mostly been
used for N2O decomposition in metal supported catalysts. Rh and
Ru have been reported [8] to be the most active metals; the order of
the catalyst activity is as follows: Rh, Ru > Pd > Cu > Fe > Pt > Ni > Mn.
However, the exchange capacity of metals in zeolite pores is not
high, due to its microporosity and low surface area, hence the appli-
cation of zeolites is limited as support for the metallic component
for N2O decomposition catalysts. Catalyst supports with a high sur-
face area are more attractive for practical applications since the
active catalyst component can be highly dispersed on their surfaces
[8].

The discovery of ordered mesoporous molecular sieves has
sparked interest throughout the scientific community. These meso-
porous silicas, first discovered by Mobil researchers, have a high
surface area, pore volume and a narrow pore size distribution

as compared with conventional zeolites and alumina materials.
Because of these interesting properties, these materials played a
role in heterogeneous catalysis as supports for metal oxides and
metal catalysts for many types of reaction [20].

dx.doi.org/10.1016/j.jhazmat.2011.08.024
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nunzio.russo@polito.it
dx.doi.org/10.1016/j.jhazmat.2011.08.024
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Mesoporous silica materials are interesting catalyst supports for
etal oxides and metals, due to a combination of good accessibil-

ty, uniform pore size and high surface area. Mobil composition
f matter-41 (MCM-41) has a 2-dimensional (hexagonal p6 mm)
ore structure with characteristics of high surface area, pore vol-
me and confined pore size. It has been already proved to be an
ffective support for different metals and metal oxides in many
pplications [6,8,20]. The disclosure of Santa Barbara amorphous-
5 (SBA-15) with 2-dimensional (large pore hexagonal p6mm)
tructure connected with small micropores, sparked considerable
nterest for its larger pore size, thicker wall and better stability than

CM-41. The most common morphology of SBA-15 is fiber-like
everal tens of micrometers in length is considered here as SBA-
5-Conventional (SBA-15-C) and has already several applications
21,22]. Also, an effort has already been made in this regard to use
BA-15-C as a catalyst support for N2O decomposition [6].  How-
ver, a spherical shaped SBA-15 (SBA-15-S) is used in the present
tudy with much larger pore size and uniform shape in order to
ave better access and accessibility of metals and transportations
f reactants and products. Korea Advanced Institute of Science and
echnology-6 (KIT-6) silica is another charming material with 3-
imensional (large-pore gyroid cubic Ia3d) pore structure which
as already received attention of many researchers for various
pplication [21,23].

SBA-15-S and KIT-6 have here been used for the first time as sup-
orts for Rh catalysts for N2O decomposition and they have been
ompared with MCM-41 and SBA-15-C in order to achieve a long
asting, stable and more active catalyst for N2O decomposition. The
nfluence of different pore structure and size of these mesoporous
upport materials on metals have been analyzed. As already men-
ioned, Rh was chosen due to its reported higher activity and it was
mpregnated by means of the incipient wetness method. A series of
h oxides, supported on these mesoporous silicas, have been inves-
igated for N2O decomposition. Rh dispersion, particle size, and the
ifferent oxidation states of Rh on MCM-41, SBA-15-C, SBA-15-S,
nd KIT-6 supports have been compared in order to establish the
ffect of the support on N2O abatement.

. Experimental

.1. Materials

Reagent grade cetyltrimethyl ammonium chloride (CTACl,
5 wt%, Aldrich), Pluronic P123 (P123, Aldrich), hydrochloric acid
HCl, 37%, Sigma Aldrich), tetraethyl orthosilicate (TEOS, 98%,
ldrich), potassium chloride (KCl, 99%, Sigma Aldrich), mesitylene

Aldrich), 1-butanol (99.5%, Fluka), and rhodium nitrate (Aldrich)
ere used directly without any further purification.

.2. Synthesis of mesoporous silica supports

An MCM-41 support was hydrothermally synthesized with a
TACl surfactant according to the procedure already reported in
ef. [20]. The synthesized MCM-41 was dried and calcined at 550 ◦C

or 5 h for further use.
SBA-15-C was synthesized according to the method reported in

ef. [21]. 2 g of P123 was dissolved in 15 g of deionised water and
0 g of 2 M HCl solution. Then, 4.25 g of TEOS was added and this
ixture was stirred for 5 min  and kept at 35 ◦C for 1 day, and this
as then followed by ageing at 100 ◦C for another 24 h. Finally, it
as filtered, dried and calcined at 550 ◦C for 5 h so that it could be

sed as a support.

SBA-15-S was obtained according to the procedure reported
y Wang et al. [22]. The molar ratio of the reactants was
TEOS:0.017P123:0.6 mesitylene:xKCl:5.85 HCl:165 H2O, where
aterials 211– 212 (2012) 255– 265

x = KCl/TEOS molar ratio. 4 g of P123 and a certain amount of KCl
(x = 2) was  dissolved in 120 g of H2O and 23.6 g of concentrated HCl
at room temperature until the solution became transparent, then
3 g of mesitylene was added. After stirring for 2 h, 8.5 g of TEOS
was added dropwise and stirred vigorously for 10 min. The mixture
was then kept under static conditions at 35 ◦C for 1 day, followed
by another 24 h at 100 ◦C. The resultant precipitate was  filtered,
washed, dried and calcined at 550 ◦C for 5 h so that it could be used
as a support.

Finally, KIT-6 support material was synthesized according to the
procedure reported in literature [23]. 6 g of P123 was dissolved in
217 g of distilled water and 11.8 g of concentrated HCl, and; 6 g of 1-
butanol was added under stirring at 35 ◦C. After 1 h of stirring, 12.9 g
of TEOS was added dropwise at 35 ◦C. The mixture was  stirred for
24 h at 35 ◦C. The final solution was  transferred to a Teflon bottle
and heated at 100 ◦C for 24 h. The solid product obtained after the
hydrothermal treatment was filtered, dried and calcined at 550 ◦C
for 5 h so that it could be utilized as a support material.

2.3. Preparation of mesoporous silica supported Rh catalysts

Calcined MCM-41, SBA-15-C, SBA-15-S and KIT-6 supported
Rh(1 wt%) catalysts were prepared by means of the incipient
wetness method, using a rhodium nitrate precursor. After impreg-
nation, each catalyst was  dried in an oven at 100 ◦C for 12 h. The
catalysts were then calcined at 550 ◦C for 6 h in the presence of air
in order to obtain the supported rhodium oxide catalysts.

2.4. Characterization of the mesoporous silica supported Rh
catalysts

Scanning electron microscopy (SEM) FEI Quanta Inspect 200 was
used to observe the morphology of the synthesized mesoporous
silicas. EDAX Genesis, with an SUTW detector equipped with the
SEM equipment was used to carry out the energy dispersive X-ray
(EDX) analysis in order to confirm the presence of silica and Rh.

Small angle X-ray diffraction (XRD) patterns were recorded to
determine the different structures of the synthesized mesoporous
silicas on an X’Pert Phillips diffractometer using Cu K� radiation
at 2� = 0.1–6 or 10. Moreover, large angle XRD patterns of meso-
porous silica supported Rh catalysts were obtained at 2� = 10–70.
The Brunauer–Emmett–Teller (BET) specific surface area (SBET),
pore volume (PV), average pore diameter (APD) and isotherms were
measured on powders that had previously been outgassed at 150 ◦C,
by means of N2 sorption at 77 K on a Micromeritics ASAP 2020
instrument.

The XPS spectra were recorded using a PHI 5000 Versa Probe
(USA) with a scanning ESCA microscope fitted with an Al monochro-
matic X-ray source (1486.6 eV, 25.6 W),  a beam diameter of 100 �m,
a neutralizer at 1.4 eV 20 mA,  and a FAT analyzer mode. All the bind-
ing energies were referenced to the C1s peak at 284 eV of the surface
adventious carbon. The individual components were obtained by
curve fitting after proper subtraction of the baseline.

Transmission electron microscope (TEM) images were collected
from the thin edges of the sample particles with a JEOL TEM
2010 (JEOL Ltd.) electron microscope, operating at 200 kV. High
resolution field emission scanning electron microscopy (FE-SEM)
images of Rh/SBA-15-S were obtained using a high-resolution FE-
SEM instrument (LEO 1525) equipped with a Gemini field emission
column.

Carbon monoxide chemisorption (CO-chemisorption) was con-

ducted on the Rh supported catalysts in order to determine the
metal dispersion using a Micromeritics ASAP 2020 instrument. The
catalysts were evacuated at 150 ◦C for 5 h and this was followed by
chemisorption of CO at 35 ◦C.
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ig. 1. SEM images of synthesized mesoporous silica support materials with differe

.5. N2O decomposition reaction

The activity of the prepared catalysts was  analyzed by tem-
erature programmed reaction (TPR), according to a standard
perating procedure: a gas mixture (1700 ppm N2O; 0 or 5 vol. %
2, He = balance) was fed at a constant rate of 100 mL/min, via

 set of mass flow controllers to the catalytic fixed-bed micro
eactor enclosed in a quartz tube placed in an electric oven. The
ubular quarts reactor was loaded with 50 mg  of catalyst pellets
250–425 �m).  The W/F  of the gases through the catalytic bed was

 × 10−4 g min/N ml  (GHSV = 26,500 h−1). The reaction temperature
as controlled through a PID-regulated oven and varied from 100

o 620 ◦C at a 5 ◦C/min rate. The outlet composition was  monitored
hrough a NOx/N2O NDIR (ABB) analyzer as a function of the bed
emperature.

The catalytic activity was evaluated in terms of conversion of
he N2O, i.e. CN2O (%), according to the following equation:

N2O(%) = (CN2Oin
− CN2Oout )

CN2Oin

× 100

here CN2Oin
is the inlet concentration and CN2Oout the outlet con-

entration of N2O.
The temperature corresponding to half N2O conversion (T50) and

ull N2O conversion (T90) was taken as an index of the activity of
he tested catalysts: the lower the T50 or T90 values, the more active
he catalyst. In reduced catalytic test, the catalysts were first treated
ith H2 at 400 ◦C for 3 h, cooled to room temperature and then the

eaction was conducted in the absence of O2.

. Results and discussion

.1. Characterization of the mesoporous silica supported Rh
atalysts

.1.1. SEM and EDX analysis
Mesoporous silica materials, with different morphologies and

ifferent characteristics, have been synthesized in order to use
hem as support materials for N2O decomposition catalysts. Fig. 1

hows the SEM images of the calcined samples of the MCM-41((a)
nd (b)), SBA-15-C((c) and (d)), SBA-15-S((e) and (f)) and KIT-
((g) and (h)) materials. The images shown in Fig. 1(a and b)

ndicate that the pure siliceous MCM-41 particles are deposited
rphology: ((a), (b)) MCM-41, ((c), (d)) SBA-15-C, ((e), (f)) SBA-15-S, ((g), (h)) KIT-6.

together, and that the strongly compact agglomerates consist of
individual spherical particles. However, bundles of SBA-15 with
a short fiber-like morphology are shown in the SBA-15-C silica
in Fig. 1(c and d). The large particles of SBA-15-C consisted of
many smaller SBA-15-C particles, which were similar to maca-
roni in shape. SBA-15-S had a spherical morphology in agreement
with Wang et al. [22]. SBA-15-S had well-dispersed microspheres
with a limited dispersion of the particle size in the 2–3 �m range,
together with a high yield of almost 100%. The morphology of KIT-6
is shown in Fig. 1(g and h) and is consistent with that shown in the
literature [24].

EDX, a chemical microanalysis technique, was used to character-
ize the elemental composition of the calcined mesoporous silicas. It
demonstrated that the main components were Si and O (%), which
confirmed the formation of silica in all the synthesized mesoporous
silica cases. Its quantitative analysis also confirmed Rh(1 wt%) in the
mesoporous silica supports.

3.1.2. XRD analysis
Low-angle XRD analysis of the synthesized samples indicated

that the mesoporous MCM-41 molecular sieve showed the relative
peaks to the (1 0 0), (1 1 0), (2 0 0) and (2 1 0) planes, corresponding
to a hexagonal structure with symmetry P6 for the reflection planes
(h k 0), as shown in Fig. 2(a). However, SBA-15-C has 2-dimensional
(2D) hexagonal mesoporous channels which are interconnected
through microporous spacers, and its characteristics peaks were
reflected at the (1 0 0), (1 1 0) and (2 0 0) planes, associated with
the p6mm hexagonal symmetry, as shown in Fig. 2(c). The SBA-15-
S shown in Fig. 2(e) also shows a similar structure to SBA-15-C, as
its characteristics peaks were observed at (1 0 0) and (1 1 0). How-
ever, the low-angle XRD pattern of the calcined KIT-6 shown in
Fig. 2(g) shows a sharp intense peak corresponding to the (2 1 1)
plane and a hump for the (2 2 0) plane. The XRD pattern clearly indi-
cates that the material is well ordered mesoporous and belongs to
the bicontinuous cubic space group, Ia3d, it is in good agreement
with literature and suggests that mesoporous silica is KIT-6 with
body centred cubic symmetry [23].

After calcination, the mesoporous silica material supported Rh

catalysts were examined by means of long-angle XRD in the region
where the rhodium or rhodium oxide peaks appeared. However, no
distinct XRD peak was observed in this region for any of the cata-
lysts shown in Fig. 2((b, d, f and h)). It emerged that rhodium oxide
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Fig. 2. Small and large angle XRD patterns of mesoporous silica support materials showing structure and Rh dispersion: (a) MCM-41, (b) Rh(1 wt%)/MCM-41, (c) SBA-15-C,
(d)  Rh(1 wt%)/SBA-15-C, (e) SBA-15-S, (f) Rh(1 wt%)/SBA-15-S, (g) KIT-6, (h) Rh(1 wt%)/KIT-6.
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ig. 3. Confirmation of different mesoporous silica materials and the effect of Rh
h/SBA-15-C, (e) SBA-15-S, (f) Rh/SBA-15-S, (g) KIT-6, (h) Rh/KIT-6.

as well dispersed and probably present as a monolayer due to the
ow loading of 1 wt%, or the particle size was below the coherence
ength of the X-ray scattering.

.1.3. N2 sorption analysis
The porous and textural properties of the mesoporous silica

nd their supported Rh catalysts were examined by means of N2

dsorption–desorption isotherms at 77 K, as shown in Fig. 3. All
he mesoporous silica materials showed the typical type IV curves
f mesoporous materials. Apart from MCM-41, the other three
esoporous silica materials, especially SBA-15-S, showed a sharp
poration by respective isotherms: (a) MCM-41, (b) Rh/MCM-41, (c) SBA-15-C, (d)

inflection at a relative pressure in the 0.6–0.9 range, which is indica-
tive of a high quality mesoporous material with uniform mesopores
[25]. However, in the case of MCM-41 this range was 0.35–0.45.
No changes were detected in the nature of the isotherms or in the
shapes of the hysteresis loops, indicating that the supports pore
structure was  preserved after Rh loading. However, some reduction
in the heights of the hysteresis loops was observed in Rh/MCM-41,

Rh/SBA-15-C and Rh/KIT-6, but no significant decrease in Rh/SBA-
15-S appeared. This might be due to the fact that the introduced Rh
occupied some of the pores of MCM-41, SBA-15-C and KIT-6, which
reduced the adsorption of N2 inside the pores. However, as shown
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ig. 4. Comparison of N2O abatement by different mesoporous silica and
heir Rh(1 wt%) supported catalysts at specific reaction conditions: tempera-
ure = 100–620 ◦C, W/F  = 5.10−4 g min/N ml,  N2O = 1700 ppm, GHSV = 26,500 h−1.

n Fig 3, this was  not so severe in SBA-15-S, and this might be due
o its very large pores.

The textural properties obtained by N2 sorption of the meso-
orous silica and its Rh supported catalysts are shown in Table 1.
he mesoporous materials have shown a large SBET and PV. How-
ver, a notable decrease was observed in SBET and PV after Rh
mpregnation, especially in MCM-41 and SBA-15-C, due to their
exagonal 1-dimensional or 2-dimensional (1D/2D) pore struc-
ures. This decrease in SBET and PV of the materials might have
een caused by a partial blockage of the pores by Rh or a partial
ollapse of the mesoporous structure [25]. A minor decrease was
oticed after Rh loading in the SBET and PV of SBA-15-S and KIT-6.
his might be due to the fact that SBA-15-S has very large pores,
ith APD = 18 nm,  compared to all the other supports, as shown in

able 1, and this leads to a better access for Rh diffusion and disper-
ion. However, KIT-6 has the advantage of having a 3-dimensional
3D) pore structure, which makes Rh diffusion and dispersion easy.

 similar decreasing trend was also observed in SBET and PV after
sing catalysts for 20 h. However, the SBA-15-S and KIT-6 support
aterials maintained their APD, compared to MCM-41 or SBA-15-C,

ven after 20 h of reaction.

.2. N2O abatement over mesoporous silica supported Rh
atalysts

.2.1. Support effect
The N2O decomposition activities of the bare mesoporous sil-

ca supports and their Rh supported catalysts are shown in Fig. 4
t different temperatures. None of the parent mesoporous silica
upport materials show activity, which implies that no ther-
al  decomposition of N2O occurred in the temperature range

f these experiments. Fig. 4 also shows that N2O could be sub-
tantially decomposed in the presence of Rh on the mesoporous
ilica supports, and that the conversion level of the decomposi-
ion of N2O increased with an increase in the reaction temperature.
he highest activity of the catalysts was obtained for Rh/SBA-
5-S (T50 = 372 ◦C, T90 = 398 ◦C). Rh/MCM-41 showed the lowest
T50 = 400 ◦C, T90 = 448 ◦C) activity of all. Rh/KIT-6 has higher
ctivity (T50 = 394 ◦C, T90 = 417 ◦C) than Rh/SBA-15-C (T50 = 396 ◦C,
90 = 429 ◦C) and Rh/MCM-41, but slightly lower activity than

h/SBA-15-S. The higher activity of Rh/SBA-15-S might be due to
he fact that SBA-15 has a larger pore size than the others, which
llows better access and diffusion of Rh, which leads to a better
ispersion and distribution. Larger pores also allows the reactant
Fig. 5. Stability comparison of the one time used mesoporous silica sup-
ported Rh catalysts at specific reaction conditions: temperature = 100–620 ◦C,
W/F  = 5 × 10−4 g min/N ml,  N2O = 1700 ppm, GHSV = 26,500 h−1.

better access to the active sites, hence better activity [8,26].  How-
ever, a mesoporous silica, like MCM-41, with smaller pores and a
one dimensional pore structure might suffer from pore blockage
problems due to the sintering of Rh at a higher temperature for
N2O decomposition [8].  This was also observed in the N2 sorption
results (Table 1), which showed a clear decrease in SBET, PV and
APD. The better activity performance of Rh/KIT-6 than Rh/MCM-41
or Rh/SBA-15-C might be due to its 3-dimensional pore structure,
which reduces the risk of blockage due to metal agglomeration by
sintering at a higher temperature and facilitates the transport of the
reactant and product molecules [23]. As shown in Fig. 4, the differ-
ence in activity of the supported Rh catalysts can be seen more
clearly at higher temperatures (in the region 350–450 ◦C), which is
due to the diffusional effect of the different mesoporous support
materials.

3.2.2. Deactivation and stability of the catalysts
One-time used mesoporous silica supported Rh catalysts have

been retested for N2O decomposition to examine the stability and
deactivation phenomenon of the catalysts, as shown in Fig. 5. It
was observed that Rh/SBA-15-S showed stability and no appar-
ent deactivation was detected. A small decrease in the activity of
Rh/KIT-6 (T90 = 447 ◦C) was  found, compared to the fresh Rh/KIT-
6 (T90 = 417 ◦C), which means it retained its structure. However,
a significant decrease was observed in the activity of the used
Rh/SBA-15-C and Rh/MCM-41 catalysts compared to the fresh cat-
alysts. This might be due to the presence of micropores in the
SBA-15-C structure that connect the mesoporous hexagonal frame-
work, and which blocked the channel. The partial blockage due to
sintering of Rh at a high temperature by 2D/1D pore structure could
also be another reason for the deactivation of the Rh/SBA-15-C and
Rh/MCM-41 catalysts.

3.2.3. Long-term stability of the catalysts
Long-term catalysts stability is an important criterion for poten-

tial catalyst in industrial applications. Long-term stability of the
mesoporous silica Rh catalysts was  observed when a continuous
supply of N2O (1700 ppm) was  provided at the specific conditions
shown in Fig. 6 for a time span of 20 h and T = 430 ◦C. Rh/SBA-15-S
showed very good stability and only a very low concentration of

N2O (<20 ppm) was  observed after the reaction, compared to the
inlet concentration of 1700 ppm. In the case of Rh/KIT-6, the N2O
concentration after the reaction was maximum up to 220 ppm, as
shown in Fig. 6. However, Rh/SBA-15-C and Rh/MCM-41 were not
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Table 1
Physical properties of mesoporous materials supports and Rh supported catalysts by BET analysis, metal dispersion by CO-chemisorption and average Rh particle size by
TEM/FE-SEM.

BET/Porosimetry CO-chemisorption TEM/FE-SEM

Support materials/supported catalysts SBET (m2/g) PV (cm3/g) APD (nm) Rh dispersion (%) Rh particle size (dm, nm)

MCM-41 1135 1.219 3.2 – –
SBA-15-C 878 1.078 5.3 – –
SBA-15-S 596 1.603 18.0 – –
KIT-6 602 0.735 4.8 – –
Rh(1  wt%)/MCM-41 1060 1.020 3.1 44 2
Rh(1  wt%)/SBA-15-C 755 0.992 5.1 48 1.75
Rh(1  wt%)/SBA-15-S 545 1.467 17.5 72 0.8
Rh(1  wt%)/KIT-6 567 0.702 4.9 60 1.2
Rh(1 wt%)/MCM-41 (used;20 h) 830 0.813 2.9 – –
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catalysts for N O decomposition is shown in Fig. 7, and
Rh(1 wt%)/SBA-15-C (used; 20 h) 499 0.601 

Rh(1  wt%)/SBA-15-S (used; 20 h) 509 1.420 

Rh(1  wt%)/KIT-6 (used; 20 h) 515 0.603 

table (especially Rh/SBA-15-C) for the long-term period of 20 h.
h/MCM-41 allowed 380 ppm of un-reacted N2O to pass after the
eaction at the end time of 20 h, whereas Rh/SBA-15-C had the high-
st value (606 ppm) at the end time of 20 h and was still showing a
inear deactivation trend. The reasons for the stability and instabil-
ty of SBA-15-S and SBA-15-C, have already been explained in the
revious sections. Table 1 shows the textural properties of these
atalysts after the 20 h long-term stability test, which are consistent
ith the reaction results shown in Fig. 6.

.2.4. Effect of oxygen on the catalysts activity
The presence of 2–4% of oxygen in the exit flu gas from nitric

cid plants associated with N2O, has been reported to be the most
nhibiting agent of N2O decomposition [8,27].  It was confirmed that
he inhibition was caused by reversible adsorption of oxygen onto
urface sites [28]. It was noticed that the conversion of N2O was
ecreased by introduction of oxygen, and the activity was  recov-
red by removal of oxygen from the feed stream. Satsuma et al.
29] showed that the decrease in the nitrous oxide decomposi-
ion caused by oxygen was larger on the metal oxides having lower
eat of formation. They also observed this phenomenon at different
emperatures. The heat of formation was regarded as an indicator
f metal–oxygen bond, hence the inhibitory effect of oxygen was

orrelated to the strength of the metal-oxygen bond.

The mechanism of N2O decomposition over oxide catalysts
nvolves a redox process as depicted in several kinetic studies [3].

ig. 6. Long term stability/deactivation of the mesoporous silica supported
h  catalysts at specific reaction condition: temperature = 430 ◦C, time = 20 h,
/F  = 5 × 10−4 g min/N ml,  N2O feed conc. = 1700 ppm, GHSV = 26,500 h−1.
4.7 – –
17.1 – –
4.8 – –

This is described by the following four equations (* = chemisorption
site):

N2O + ∗ → N2 + O ∗ (k1) (1)

O2 + 2∗ → 2O ∗ (k2) (2)

2O∗ → O2 + 2 ∗ (k′
2) (3)

O ∗ + N2O → N2 + O2 + ∗ (k3) (4)

The catalyst surface can be oxidized either by a molecule of
N2O according to Eq. (1) (prevailing at very low oxygen pres-
sure) or by chemisorption of molecular oxygen from gaseous
phase according to Eq. (2) (dominating at high oxygen pressure).
The reduction of the catalyst surface is proposed to follow the
Eley–Rideal mechanism (Eq. (4))  or, alternatively, two adsorbed
oxygen atoms can recombine according to Langmuir–Hinshelwood
mechanism (Eq. (3)). Most of the kinetic models are based on
the Langmuir–Hinshelwood mechanism, assuming that the surface
concentration of the adsorbed oxygen is given by the adsorption
equilibria (Eqs. (2) and (3)). The oxygen inhibition occurs indeed
when the rate of oxygen removal from the catalyst surface is slower
(k1 > k3).

The effect of O2 on the mesoporous silica supported Rh

2

compared with the mesoporous silica supported Rh catalysts
without O2 and Uhde commercial catalysts for N2O [4,30] in Table 2.
As can be seen, O2 inhibited all the catalysts unlike the catalysts

Fig. 7. Effect of O2 on the decomposition of N2O by the mesoporous silica
supported Rh catalysts at specific reaction conditions: temperature = 100–620 ◦C,
W/F  = 5. × 10−4 g min/N ml,  N2O = 1700 ppm, O2 = 5 vol.%, GHSV = 26,500 h−1.
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Table 2
Effect of O2 on N2O decomposition of mesoporous materials supported Rh catalysts.

Samples/Properties No O2-T50 (◦C) O2-T50 (◦C) No O2-T90 (◦C) O2-T90 (◦C)

Rh(1 wt%)/MCM-41 400 423 448 456
Rh(1  wt%)/SBA-15-C 396 419 429 451
Rh(1  wt%)/SBA-15-S 372 406 398 431

417 417 447
470 – 500
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Fig. 8. N2O abatement (T95
◦C) comparison by Rh oxide vs. Rh reduced sup-

ported on the different mesoporous silica supports at specific reaction conditions:
W/F  = 5 × 10−4 g min/N ml,  N2O = 1700 ppm, GHSV = 26,500 h−1.

Table 3
Binding energy values (eV) and atomic concentrations (%) of Rh 3d5/2 by XPS.

Catalyst Rh0 Rh+1 Rh3+

1%Rh/KIT 6 307.1 (20.3) 308.5 (65.3) 310.0 (14.4)
Rh(1  wt%)/KIT-6 394 

Iron/Zeolite(Uhde) Ref. [28] - 

ithout O2, however the order of the activity remained the same
s it was without oxygen. The activity trend at 50% N2O conversion
as Rh/SBA-15-S (T50 = 406 ◦C) > Rh/KIT-6 (T50 = 417 ◦C) > Rh/SBA-

5-C (T50 = 419 ◦C) > Rh/MCM-41 (T50 = 423 ◦C) > Fe/Zeolite Uhde
T50 = 470 ◦C), and the trend at 90% N2O conversion was
lso Rh/SBA-15-S (T90 = 431 ◦C) > Rh/KIT-6 (T90 = 447 ◦C) > Rh/SBA-
5-C (T90 = 451 ◦C) > Rh/MCM-41 (T90 = 456 ◦C) > Fe/Zeolite Uhde
T90 = 500 ◦C). However, a point worth mentioning is that even the
orst mesoporous silica supported Rh catalyst showed a better

ctivity than the commercial catalyst.

.3. Rhodium vs. rhodium oxide over mesoporous silica supports
or N2O abatement

The difference in activity of the Rh oxide and the reduced Rh
upported on the mesoporous silica for N2O decomposition at 95%
onversion (T95, ◦C) has been shown in Fig. 8. It can be noticed that
he mesoporous silica supported Rh oxide catalysts showed 95%
onversion of N2O at a lower temperature than the mesoporous
ilica supported reduced Rh catalysts. It has already been reported
19] that Rh has a better activity than other metals for N2O decom-
osition in both oxide or reduced form. However, the Rh oxide is
ore active on the mesoporous silica supported Rh catalysts shown

ere than the reduced Rh.
XPS spectra with deconvolution results of the mesoporous sil-

ca (KIT-6, SBA-15-C and SBA-15-S) supported Rh catalysts were
nalyzed qualitatively and quantitatively in order to correlate the
bove results. Fig. 9 shows the Rh 3d XPS spectra of the meso-
orous silica supported Rh catalysts and the results regarding the

urves deconvolution are presented in Table 3. It had been found
n literature [31–36] on the basis of Rh 3d5/2 XPS analysis, that
educed Rh (Rh0) shows its characteristic peaks at 307.1 eV, or
elow, Rh oxide with a non stoichiometric state or Rh(I) at 308 eV,

Fig. 9. Rh 3d XPS spectra of (a) Rh/KIT-6, (b) Rh/SBA-15-C, and 
1%Rh/SBA-15-C 307.2 (22.4) 308.7 (67.8) 310.0 (9.8)
1%Rh/SBA-15-S 307.2 (7.7) 308.9 (82.8) 309.9 (9.5)

or higher, and Rh(III) at 309 eV, or higher. The results shown in

Fig. 9 and presented in Table 3 show that Rh is found in differ-
ent oxidation states and the positions of the Rh0, Rh(I) and Rh(III)
are consistent with the above mentioned literature. However,
the results pointed out that the mesoporous silica supported Rh

(c) Rh/SBA-15-S showing different oxidation states of Rh.
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ig. 10. TEM images of MCM-41, SBA-15-C, KIT-6 and their supported Rh catalysts
h  distribution.

atalysts showed more Rh+1 percentage than Rh0 or Rh+3 (Table 1).
his means that the main activity of the supported Rh catalysts is

ainly due to Rh+1. 1 wt% Rh/SBA-15-S showed a higher percent-

ge of Rh+1 (82.8) than Rh/SBA-15-C (67.8) and Rh/KIT-6 (65.3), a
esult that is also consistent with the previously discussed activity
esults for N2O decomposition.
E-SEM of SBA-15-S and Rh/SBA-15-S showing the support materials structure and

3.4. Effect of rhodium size and dispersion on the mesoporous
silica supports for N2O abatement
The TEM images of the mesoporous silicas (MCM-41, SBA-15-
C, KIT-6) and their Rh supported catalysts are shown in Fig. 10.
The support materials confirm the ordered mesostructures which
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ig. 11. Effect of Rh wt%  on SBA-15-S for the decomposition of N2O at
pecific reaction conditions: temperature = 100–620 ◦C, W/F  = 5 × 10−4 g min/N ml,
2O = 1700 ppm, GHSV = 26,500 h−1.

ppear to be conserved, even after Rh loading. It can also be noticed
hat the metal is uniformly distributed, in agreement with the XRD
esults reported in Section 3.1.2. No TEM images of SBA-15-S or
ts Rh supported catalyst could be obtained due to its high particle
harge affinity. FE-SEM images were therefore obtained, as shown
n Fig. 10,  in order to observe the metal distribution.

The Rh particle size was obtained on the different mesoporous
ilicas from the TEM and FE-SEM results and is shown in Table 1.
he Rh on SBA-15-S showed a smaller particle size than the other
upported catalysts. The catalytic activity and the average particle
ize of the Rh on the mesoporous silicas followed the same trend,
hat is, the smaller the Rh size, the higher the catalytic activity [17].

The smaller Rh particle size on SBA-15-S also favoured metal
ispersion, as shown in Table 1. SBA-15-S has slightly higher dis-
ersion than the other supported catalysts, and this result is in line
ith the FE-SEM and activity results.

.5. Effect of rhodium loading on the optimized mesoporous silica
upport for N2O abatement

Fig. 11 shows that N2O could be substantially decomposed in
he presence of Rh on SBA-15-S and the conversion level for the
ecomposition of N2O increased with the increase of the temper-
ture. It has been observed that the catalytic activity increased as
he Rh loading increased from 0.1 to 1.5 wt%. It has been reported
6] that N2O decomposition activity is more sensitive to Rh loading,
here Rh catalyst with a high loading of 5% supported on Al-SBA-

5, showed the best activity for N2O decomposition. However, the
utput activity was not comparable to the increased Rh loading.
herefore, to economics point of view, Rh loading has been limited
ere up to 1.5 wt%. The increased activity of Rh(1.5 wt%)/SBA-15-S

or N2O decomposition here might be due to the increased metal
ith good distribution and higher dispersion. However the dif-

erence in activity between 1 and 1.5 wt% supported catalysts is
ot good enough as compared to the increased amount of expen-
ive Rh. Low loading of 0.1 wt% Rh showed negligible activity. It
ight be possible that very low content went into the deep inter-

al structure, was trapped, and not available to the reactants for
he reaction.
. Conclusions

Different mesoporous silica materials (MCM-41, SBA-15-C, SBA-
5-S, and KIT-6) have been synthesized and used as support

[

[

aterials 211– 212 (2012) 255– 265

materials for Rh catalysts to perform N2O decomposition. Rh/SBA-
15-S not only showed the highest activity for N2O decomposition,
but also a better strength towards ageing compared to all the other
catalysts. Moreover, Rh/SBA-15-S has shown a superior perfor-
mance in the presence of O2 as the inhibiting agent. The larger pore
size of SBA-15-S in Rh/SBA-15-S may  favour a better Rh access,
diffusion and dispersion, and therefore lead to a higher activity.
Furthermore, the higher metal dispersion due to the smaller Rh par-
ticle size and the formation of more Rh+1 than Rh0 or Rh+3 on the
SBA-15-S, compared to other supports, also favoured a higher N2O
decomposition. The long-term stability of Rh/SBA-15-S at 430 ◦C for
20 h, with better preserved support characteristics than the other
catalysts studied here, indicates its suitability to be optimized in
further research and future applications.
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