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Abstract

Three different types of Ru/MCM-41 catalysts were prepared by impregnating MCM-41, which had a high surface area
of 1200 m? g_1 and a very uniform mesoporous size of 27 A, with RuCls or Ru(OH)3 or Ru3(CO);. The catalysts were
characterized by surface area and pore size distribution. The state of Ru and its dispersion on MCM-41 surface was studied
by XPS and chemisorption, respectively. The conversion of nitrous oxide to nitrogen and oxygen, by catalytic decomposition
and reduction reactions, was studied using the synthesized Ru/MCM-41 catalysts. The effects of the amount of Ru loading,
the type of Ru precursor, catalyst pore size, as well as the presence of oxygen, carbon monoxide, and moisture in the feed
stream on the catalyst activities for the catalytic decomposition and reduction of N,O were investigated. The results show
that the Ru/MCM-41 catalyst prepared from Ru(OH); as the catalyst precursor and having a 5 wt.% Ru loading is promising
for the catalytic decomposition and reduction of N,O. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitrous oxide has been considered as an envi-
ronmental pollutant because it is a relatively strong
greenhouse effect gas and it can cause the destruction
of ozone in the stratosphere. It is mainly produced
in some chemical processes, such as nylon manu-
facturing process. It is also produced in the catalytic
deNOy process as N>O was found to be the main
by-product when Pt-based catalysts were used [1-3].
Catalytic approaches to decompose nitrous oxide
could be an effective way to protect our environment.
A large number of catalysts such as metal oxides,
mixed oxides, perovskite-type oxides, hydrotalcites,
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and transition metal exchanged zeolites are known
to be capable of catalytically decomposing N>O to
its elements at elevated temperatures [4—10]. How-
ever, most of these previous reports paid attention
to the mechanistic understanding and kinetics of
the decomposition rather than the N>O conversion
levels.

The disadvantages of metal oxides and mixed metal
oxides as catalysts are mainly due to their very low
surface areas. For example, on ZSM-5, which is the
most widely used zeolite, Rh and Ru were reported
to be the most active metals; the order of the cata-
lyst activity was as follows: Rh, Ru > Pd > Cu >
Fe > Pt > Ni > Mn [4]. For each supported metal-
lic species on ZSM-5, the catalyst activity depended
on the metal loading dramatically [11]. However, the
exchange capacity of metal in the pores of ZSM-5 is
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not high, hence limiting the application of ZSM-5 as
the support for the metallic component.

For a practical application, catalyst supports hav-
ing high surface area are more attractive because the
active catalyst component could be highly dispersed
on their surface. MCM-41, which is a family of meso-
porous material, possesses some unique properties,
such as: very high surface area (above 1000m? g~ 1),
uniform pore size (tunable from 20 to 100 A) [12,13]
and relatively hydrophobic nature. The novel proper-
ties of MCM-41 are believed to be useful to increase
not only the loading of transition metal in the pores
as high as possible, but also with good dispersion
so that the reactor volume required to achieve com-
plete NoO conversion can be as small as possible.
The advantages of a small reactor are its low capital
cost and its low operating cost as it could minimize
the energy consumption during operation. This paper
reports the results of the effects of Ru precursors,
the amount of Ru loading on MCM-41, impregnation
method, the presence of oxygen and carbon monox-
ide and moisture in the feed stream on the catalytic
performance of the catalyst for N»O conversion by
catalytic decomposition and reduction.

2. Experimental
2.1. Preparation of MCM-41

MCM-41 was prepared according to the synthesis
method reported by Beck et al. [13]. The synthesis of
MCM-41 was carried out as follows: 4.9 g of NaAlO,
was dissolved in 38 ml of water with stirring. To this
solution, 94 g of tetraecthylammonium hydroxide solu-
tion (20%), which was prepared by the ion-exchange
of cetyltrimethylammonium bromide with the OH
form of Amberlite® IRA-400 ion-exchange resin,
was added and stirred for 5min, followed by the
addition of 96 g of colloidal silica (40%). A 210g
of cetyltrimethylammonium hydroxide solution was
added to the resulting mixture. The resulting gel
was stirred for 45 min before it was transferred to
teflon-lined autoclaves. The crystallization was car-
ried out by heating the autoclaves at 100°C for 2
days. The solid sample was recovered by filtration,
thorough washing with deionized water and drying at
80°C overnight. The sample was then calcined in air

at 580°C for 12h at a rate of 1°C min~!. The ratio of
Si/Al was calculated to be 10:1.

2.2. Impregnation of MCM-4 with Ru

Ru was supported onto MCM-41 materials by three
different routes, as follows. In the first route, 1 g of
calcined MCM-41 was added to a 2.5 ml solution of
RuCl3. The mixture was then stirred overnight to al-
low RuClj transport into the pores of MCM-41. Wa-
ter was then removed under vacuum at room tempera-
ture. The sample was dried at 80°C and subsequently
calcined in air at 600°C for 8 h using a ramping rate
of 1°Cmin~!.

In the second route, 1 g of calcined MCM-41 was
added to a 2.5 ml solution of RuCls, and the mixture
was stirred overnight to allow RuClj transport into the
pores of MCM-41. 1 ml of NaOH solution was then
added to the mixture under stirring, causing RuCls to
react with NaOH to form Ru(OH)3;, which was pre-
cipitated out onto the pore surface of MCM-41. The
amount of NaOH was adjusted to a molar ratio of
OH7/CI™ = 1:1. The solid sample was recovered by
filtration, washed with deionized water to remove all
the chloride, dried at 80°C, and then calcined in air at
600°C for 8 h using a ramping rate of 1°C min~!.

In the third route, 1 g of MCM-41 was mixed with a
dichloromethane solution of Ru3(CO);;. The mixture
was stirred overnight to allow Ru3(CO), diffuse into
the pores of MCM-41. The solvent was then removed
by vacuum. The solid sample was dried and calcined in

air at 500°C for 8 h using a ramping rate of 1°C min~!.

2.3. Impregnation of ZSM-5 with Ru

A 1 g of commercially available ZSM-5 was added
to a 2.5 ml solution of RuCl; under stirring, and the
mixture was stirred overnight to allow RuCl3 trans-
port into the pores of ZSM-5. NaOH solution (1 ml)
(molar ratio of OH7/CI~ = 1:1) was then added
to the mixture under stirring to allow the reaction
between Ru’t and OH™ take place, forming the
Ru(OH); precipitate onto the pore surface of ZSM-5.
The solid sample was recovered by filtration, washed
with deionized water to remove all the chloride, dried
at 80°C, and then calcined in air at 600°C for 8 h

using a ramping rate of 1°C min~!.
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2.4. Catalyst characterization

2.4.1. BET measurement

The support MCM-41 material and the Ru-impreg-
nated MCM-41 were characterized by surface area
measurement and pore size distribution determination.
The N, adsorption/desorption data were collected on
a NOVA-1000 gas sorption analyzer (Quantachrome
Corp.) using a continuous procedure at 77 K.

2.4.2. H chemisorption

AutoSorb-1-C (Quantachrome) was used to mea-
sure the Ru dispersion of 5 wt.% Ru/MCM-41 by H,
chemisorption at 30°C. Prior to analysis, the sam-
ple was reduced in Hy at 500°C for 45 min. Based
on the Hy adsorption isotherm and extrapolation to
P = 0, the mono-layer chemisorbed volume Vi, was
obtained. The Pt dispersions were calculated from Vy,
by assuming Pts:Hp = 2:1.

2.4.3. XPS determination

The status of surface ruthenum species on MCM-41
was characterized by X-ray photoelectron spec-
troscopy (XPS) using a Kratos AXIS analytical in-
strument. An Mg Ka X-ray source (hv = 1253.6eV)
with an analyzer pass energy of 80eV was operated
at 10 mA and 15kV. The pressure in the XPS analysis
chamber was less than 10~ Torr.

2.5. Catalyst testing

To minimize pressure drop, the catalyst was
pelletized, crushed and sieved and the particles hav-
ing mesh No. 40-60 were used for the reaction test.
Catalyst (0.2 g) was loaded in the reactor for each
run. Prior to the catalyst testing, the catalysts were
pretreated at 400°C for 90 min in a flow of oxygen
(25% in He) to activate and stabilize the catalysts.

The catalytic conversion of N;O (by catalytic
decomposition or reduction reaction) was carried
out in a fixed-bed microreactor. The flow rates of
high purity gases, such as N,O (10vol.% in He), He
(99.999%), Oy (99.995%), and CO (99.95%) were
measured by four mass flow controllers (Gossen
5875). The total flow rate used for each run was
27mlmin~! (yielding a space velocity of 4,000h™1).
The typical N,O feed composition used for each
reaction was 10 vol.% N,O balanced by He. The cat-

alytic decomposition and catalytic reduction of N,O
was carried out in the absence and presence of CO,
respectively.

The gas mixture before and after reaction was ana-
lyzed online by an HP6890 gas chromatograph using
a thermal conductivity detector. The column used for
separation was Porapak Q (4 m long and a diameter
of 1/8in.). The GC oven temperature was set at 80°C.
Helium was used as the carrier gas with a flow rate of

25mlmin~!.

3. Results and discussion

3.1. Catalyst characterization

Table 1 shows that MCM-41 has a surface area of
1,200 m? g_l and a pore size of about 27 A, which
are similar to those reported in the literature [12,13].
After impregnation with Ru, the surface areas of the
resulting materials drop to about 560-900m?g~!,
depending on the type of Ru precursor and Ru load-
ing. Generally, the catalyst having higher Ru loading
has lower surface areas and those prepared from
Ru(OH)3 has higher surface area than those prepared
from RuCls. It should be noted that the calcination
treatment of MCM-41 in air at 600°C did not cause
any significant reduction of surface area and pore size
under the conditions studied.

The pore size of Ru/MCM-41 prepared from RuCl3
was smaller than 16 A. It was found that Ru/MCM-41
prepared from RuCls always had smaller pore size
and these smaller pore size seemed not to depend on
Ru loading, as even 0.5 wt.% Ru loading had already

Table 1
Physical properties of Ru-MCM-41 prepared from Ru(OH); and
from RuCl3?

Sample Ru loading Surface Pore dia-
(wt.%) area (m? gfl) meter (A)
Ru-MCM-41
0 1240 27
0.5 900 (760) 25 (<16)
1.5 825 (740) 23 (<16)
5.0 815 (705) 19 (<16)
10.0 781 (560) <16 (<16)

2 Values in parenthesis are for Ru/MCM-41 samples prepared
from RuCls.
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Fig. 1. XPS spectra of Ru/MCM-41 catalysts with 5wt.% Ru
loading: (a) prepared from Ru(OH)s; (b) prepared from RuCls.

caused the pore size to be smaller than 16 A. On the
other hand, using Ru(OH)3 as the precursor, the re-
sulting Ru-MCM-41 had relatively larger pore size.
For example, with a 0.5wt.% Ru loading, the pore
size of Ru/MCM-41 prepared from Ru(OH)3 was
23 A, which was larger than those sample prepared
from RuCl3 (<16 A). In terms of the resulting surface
area and pore size, it can be concluded that Ru(OH);
is a better precursor for impregnation than RuCls.
The status of surface ruthenum species on MCM-41
was characterized by XPS. The binding energies
of Ruzq for Ru species are 280.1eV for Ru metal,
281.8 eV for RuCls, 280.7 eV for RuO;, and 282.5eV
for RuOs. Fig. 1 shows that RuO, and RuOj3 species
exist on the surface of MCM-41 for the catalysts
prepared from both RuCl; and Ru(OH)s precursors.
Curve-fittings using a combination of RuO; and RuO3
also give satisfactory results for the catalyst pre-
pared from Ru(OH)3. However, for the catalyst pre-
pared from RuCls, the curve-fitting with only RuO,
and RuOs3 has a large deviation between 280.7 and
282.5eV. Therefore, one more Ru species, i.e. RuCl;
(which has a binding energy at 281.8 eV) is suggested
to be present on the catalyst surface. An optimally fit-
ted curve could be obtained by fitting against the Ruzq
spectrum using a combination of RuO; and RuO3 ox-
ides and RuCls. The result indicates that RuCls could

not be fully decomposed and oxidized by calcination
under air after calcination at 580°C. Similarly, it has
been reported that chloride-bonded Ru species existed
on the catalyst surface after calcination below 600°C
due to the incomplete decomposition of RuCls [14].

3.2. Effect of Ru loading on catalyst activity

Using the unsupported MCM-41 as the catalyst,
N>O decomposition reaction was carried out at tem-
peratures between 200 and 500°C. Fig. 2 shows the
N>O conversion results. It is clear that its catalytic
activity is very low even at high temperature (e.g.
500°C), showing that MCM-41 is not active in the
decomposition of N>O. As it has been reported in
the literature that the catalytic activity of Ru/ZSM-5
increased with the increase in the Ru loading [11],
Ru loading was varied in this study from 0.5 to
10 wt.%.

Fig. 2 also shows that N>O could be substantially
decomposed in the presence of Ru on MCM-41 and
the conversion level for the decomposition of N>O
increased with the increase of the reaction tempera-
ture. As shown in Figs. 2 and 3, for the Ru/MCM-41
catalysts prepared either from Ru(OH)3 or RuCls, the
catalyst activity increased as the Ru loading increased
from 0.5 to 5.0wt.% and then decreased as the Ru
loading increased from 5.0 to 10.0 wt.%. The result
shows that there is a maximum Ru loading (around
5.0 wt.%) on Ru/MCM-41 catalysts for the maximum
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Fig. 2. Effect of Ru loading on the conversion of NoO decompo-
sition on Ru/MCM-41 catalysts prepared from Ru(OH)s.
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Fig. 3. Effect of Ru loading on the conversion of N,O decompo-
sition on Ru/MCM-41 catalysts prepared from RuCl;3.

conversion of N>O. This result is not surprising as
overloading of metallic species on the catalyst support
generally causes the aggregation of the metal into
bigger particles, which may then block the openings
of the pores and affect the mass transport of reactants
to the catalytic sites inside the pores. The possible
blockage of Ru particles in the pores of MCM-41
at high Ru loading is evidenced by the significant
reduction of the pore size and surface area of the
resulting Ru-impregnated MCM-41. Similar obser-
vation has also been reported by Cui et al. [15] for
Ni, Mo-supported MCM-41. It is worthwhile to note
that the most effective Rh loading in Rh/ZnO catalyst
for NpO decomposition [5] has been reported to be
around 0.5 wt.%, which is much lower compared to
Ru-MCM-41 due to the very low surface area of ZnO.

3.3. Effect of Ru precursors on catalyst activity

To see more clearly about the effect of Ru precur-
sors on the decomposition of N,O, the activities of
5.0 wt.% Ru/MCM-41 catalysts prepared from differ-
ent Ru precursors are plotted and compared in Fig. 4.
It can be seen that the catalytic activity of the cata-
lyst prepared from Ru(OH)3 is much higher than that
prepared from RuCls. This may be explained by the
effect of the different surface area and pore volume
of the catalysts prepared from different precursors.
As shown in Table 1, Ru/MCM-41 prepared from
Ru(OH)3 always has higher surface area and pore
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Fig. 4. Effect of Ru precursor on the catalytic activity of N,O
decomposition on Ru/MCM-41 (Ru loading: 5 wt.%).

volume than that prepared from RuCls, indicating that
the dispersion of Ru prepared from Ru(OH)3 was bet-
ter than that prepared from RuCls. This is confirmed
by H; chemisorption results. Under the same Ru
loading (5.0 wt.% loading), the Ru/MCM-41 catalyst
prepared from Ru(OH)3 has a Ru dispersion of 8.4%,
which is higher than that prepared from RuCls which
has a Ru dispersion of 6.7%. Similar observation has
been reported that Fe,O3 could be better dispersed
on v-Al;O3 than FeCls [16,17]. Another reason why
Ru(OH)s is a better precursor than RuCls for the
preparation of Ru/MCM-41 catalyst for NoO decom-
position is probably due to the presence of traces of
chlorine, which might be catalyst poison, on the cata-
lyst prepared from RuCls. The poisoning effect of the
residual Cl in Rh/NaY catalyst has been reported by
Yuzaki et al. for N,O decomposition reaction [18].
At temperatures lower than 400°C, the activity of
the catalyst prepared from Ruz(CO)1, was lower than
that prepared from Ru(OH)3; however, both catalysts
achieved a 100% conversion of N>O at 400°C. Com-
paring with Ru/MCM-41 catalysts prepared from
RuCls and Ru(OH)3, the Ru/MCM-41 catalyst pre-
pared from Ruz(CO);,> had a steeper conversion ver-
sus temperature curve, indicating that the activation
energy of the catalyst prepared from Ru3(CO);, was
higher than the other two catalysts. All these results
show that impregnation of Ru(OH)3 as the Ru pre-
cursor on MCM-41 provides a Ru/MCM-41 catalyst
having the highest activity for NoO decomposition.
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Fig. 5. Comparison of the activities between Ru/MCM-41 and
Ru/ZSM-5 catalyst for NoO decomposition (Ru loading for both
catalysts: 5 wt.%).

3.4. Effect of pore size on catalyst activity

Fig. 5 shows a comparison of the catalyst activ-
ity for NoO decomposition between Ru/MCM-41
and Ru/ZSM-5, with both catalysts prepared from
Ru(OH)3 as the Ru precursor and having 5.0 wt.% of
Ru loading. It can be clearly seen that Ru/MCM-41
has much higher activity for N»O decomposition than
Ru/ZSM-5 throughout the whole range of reaction
temperatures. This result may be explained by the
fact that ZSM-5 has much smaller pores. Upon high
loading of Ru onto ZSM-5, most of the pores have
probably been filled with Ru oxide particles. Hence,
under the same Ru loading, the number of catalytic
sites available on Ru/ZSM-5 for N,O decomposition
is much less than that on Ru/MCM-41. Similarly, Sat-
suma et al. [19] found that N»O decomposition was
a structure-sensitive reaction as there was a strong
dependence of the initial and steady state activities
on the catalyst surface area; the steady state reaction
rate per surface area increased linearly with the sur-
face area. In this study, the specific surface area of
Ru/MCM-41 is much higher than that of Ru/ZSM-5,
thus contributing to the better activity of Ru/MCM-41
for N»O decomposition.

3.5. Effect of moisture on catalyst activity

Qi et al. [6] reported that the presence of water in
the feed stream significantly decreased the activity of
ZSM-5 supported catalysts for NoO decomposition.
This inhibiting effect of water was attributed to the
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Fig. 6. Effect of water in the feed stream on the activity of
Ru/MCM-41 for NoO decomposition (H,O concentration in the
feed stream: 3 vol.%).

blockage of zeolite cages by water molecules, thus
reducing the number of active sites to only those on
the surface of the zeolites. As moisture always exists
in the gas stream containing N;O, it is important to
study the effect of moisture on the catalyst activity of
Ru/MCM-41 system for N,O decomposition. In this
study, water was introduced into the feed stream by
passing the feed stream of N»O (10% in He) through a
water bubbler. The concentration of water in the feed
stream was adjusted to be around 3vol.%. The feed
composition used in our study for the effect of mois-
ture on the catalyst activity was as follows: HoO =
3vol.%, N»O = 10vol.% and He = 86 vol.%. Fig. 6
shows that there was some small effect of water vapor
on the decomposition of NoO on Ru/MCM-41 cata-
lysts. Generally, the effect of moisture was generally
less on Ru/MCM-41 catalyst prepared from Ru(OH)3
than that prepared from Ruz(CO)p,; the difference
between the activities of these two catalysts in the
presence of moisture became clearer at higher reac-
tion temperatures. The present data are not enough to
elucidate the effect of moisture on the decomposition
of NoO on RuUMCM-41. However, it is believed that
water molecules are unlikely to block the channels of
MCM-41 as MCM-41 has much larger pore size and
is relatively more hydrophobic than ZSM-5 [20,21].
The slight inhibition effect of water on the decom-
position of NO on Ru/MCM-41 indicates that there
might be some competitive adsorption between water
and N>O molecules on the same catalytic sites. This
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competitive adsorption between water vapor and reac-
tants has been extensively studied by Kim et al. [22].

3.6. Effect of oxygen in the feed
stream on catalyst activity

Oxygen has been reported to be inhibiting the
decomposition of N»O [23]. Although Ru, especially
Ru-exchanged ZSM-5, was found to be very active in
the decomposition of N>O, however it has been found
that there was a strong inhibition in the decomposition
of N>O using Ru-supported catalyst system operating
in a feed stream containing a high concentration of
oxygen (around 5 vol.%), especially at low tempera-
ture region [24]. In order to find the effect of oxy-
gen on the decomposition of NoO on Ru/MCM-41,
the catalyst was tested in a feed stream containing
4vol.% of oxygen. The ratio of N,O/O, was ad-
justed to be 2.5/1. The feed composition used in our
study on the effect of oxygen on the catalyst activity
was as follows: NoO = 10vol.%, O = 4vol.% and
He = 86 vol.%.

Fig. 7 shows the results of the catalytic activity
of Ru/MCM-41 for the decomposition of N>O in the
presence of O. It is clear that, using Ru/MCM-41
catalyst system, the inhibition of oxygen was much
lower than those reported in the literature (about 30%
lower). Hence, in term of practical application in the
presence of oxygen, Ru/MCM-41 catalyst has an ad-
vantage over the other Ru-supported catalysts.

100
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Fig. 7. Effect of O, and CO in the feed stream on the decompo-
sition of NpO on Ru/MCM-41 catalyst (both O, and CO concen-
trations in the feed stream: 4 vol.%).

3.7. Effect of reductant in the feed
stream on catalyst activity

According to the generalized reaction mechanism
[25], some reductants such as CO, NO, and SO» help
to remove the surface oxygen species generated during
the decomposition of adsorbed N>O on the surface
active site™ as follows.

N,0+* <> N,O* (1)
N,O* — Nj + O* )
20* < 0 + 2* 3)
N,O 4+ O* — N, + O+* 4

In this study, CO was added to the feed stream and
used as a reductant to investigate the effect of CO on
the decomposition of NoO on Ru/MCM-41 catalysts.
The feed composition used in the investigation of
the effect of CO on the catalyst activity was: N,O =
10 vol.%, CO = 4vol.% and He = 86 vol.%. Fig. 7
shows that CO could considerably enhance the conver-
sion of NpO on Ru/MCM-41. In fact, a complete con-
version of N,O could be achieved in the presence of
CO at 300°C, which is a much lower reaction temper-
ature than those achieved without CO. No excess CO
was observed in the exhaust stream of the reaction. The
products were CO, and N3, as confirmed by GC-MS
analysis, indicating that all of the CO introduced in the
feed stream had been oxidized to CO,. The absence of
CO in the exhaust stream is of importance as the slip-
page of unused CO in the exhaust stream could cause
other environmental problems. This result shows that
CO, which is present in the system and is itself a
pollutant, could be used as a reactant or reductant to
decompose N>O completely at much lower tempera-
tures, hence minimizing the energy consumption and
minimizing the release of CO into atmosphere.

4. Conclusions

A series of Ru-MCM41 catalysts were prepared
by impregnating different Ru precursors on MCM-41
having a Si/Al ratio of 10:1. It was found that, among
these catalysts, Ru/MCM-41 catalyst prepared from
Ru(OH)3 was the most active for the catalytic decom-
position of N»O, achieving a complete decomposition
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of N,O at 400°C using a loading of 5.0wt.% Ru.
The catalyst activity was enhanced significantly when
some CO was introduced into the feed stream, where
the complete conversion of N>O was achieved at
300°C. The presence of moisture and oxygen in the
feed stream was found to slightly decrease the cata-
lyst activity, probably due to the competitive adsorp-
tion between these species with NoO on the catalytic
sites.
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