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Synthesis and evaluation of ruthenium—copper oxide/silica catalysts
derived from microemulsion processing
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Bimetallic Ru—Cu cataysts supported on SiO, have been synthesized in microemulsions using sodium metasilicate (NaSiO3), copper
nitrate (Cu(NQOs),-3H,0) and ruthenium chloride (RuCl3) at 28 °C. The microemulsion system consists of sodium 1,4-bis(2-ethylhexyl)
sulfosuccinate (AOT) and sodium dodecyl sulphate (SDS), cyclohexane, and an agueous solution of sodium metasilicate or metal salts.
The catalysts have been characterized by XPS, EDX/SEM with line scanning and they possess a very narrow pore size distribution
(around 38 A) and relatively high specific surface areas (around 400 m?/g). The catalytic results of the N,O decomposition reveal that
higher conversions of N,O can be achieved by the catalysts synthesized from the microemulsion process at lower temperatures (around

400°C).
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1. Introduction

The microemulsion processing of polymers and ceram-
ics has attracted great attention recently [1-11]. A micro-
emulsion is generally defined as a system composed of a
mixture of water or brine, hydrocarbon(s) and amphiphilic
compound(s) in the form of a thermodynamically stable
and optically isotropic solution [4]. The term amphiphiles
refers to surfactants as well as co-surfactants, such as a
short chain alcohol. A transparent microemulsion can be
formed as droplets of oil-swollen micelles dispersed in wa-
ter (known as oil-in-water (o/w) microemulsion), or water-
swollen micelles dispersed in oil (known as water-in-oil
(w/0) microemulsion). In between o/w and w/o microemul-
sion regions, there may exist bicontinuous microemulsions,
where oil and water domains are randomly interconnected
to form sponge-like nanostructures. In any case, the size
of nanostructures in microemulsions may range from about
5 to 70 nm. Due to these unique nanosized structures, mi-
croemulsion processing is deemed to be a novel method
for producing nanostructural materials, such as polymers,
inorganic materials and inorganic/polymer nanocompos-
ites [12].

Spherical silica particles of nanosizes can be prepared
by hydrolysis of sodium metasilicate [13]. Ultrafine sil-
ica powders have been prepared from sodium orthosili-
cate (NaySiO4) and sodium metasilicate (N&SiO3) in mi-
croemulsion stabilized by a mixture of nonionic surfac-
tants [13,14]. The specific surface area of silica produced
in a microemulsion can be as high as 500 m?/g. In ad-
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dition, silica—copper oxide composites have also been pre-
pared by microemulsion to have the specific surface area
ranging from 200 to 400 m?/g and a relatively narrow size
(3-6 nm) distribution of mesopores [15].

The aim of this study is to use microemulsion for syn-
thesizing some silica-based catalysts with promising surface
characteristics and catalytic activities. Here we report the
preparation and characterization of Ru—Cu/silica catalysts
obtained from microemulsion and the catalytic activities of
the catalysts in the decomposition of N,O. Nitrous oxide
(N2O) is selected for the catalytic study because of the
concern of environmental pollution by this gas. A large
number of catalysts such as metal oxides, mixed oxides,
perovskite-type oxide, hydrotalcites and transition-metal-
exchanged zeolites had been used for N,O decomposition
at elevated temperatures [16-20].

2. Experimental
2.1. Materials

Chemically pure (>98 wt%) sodium metasilicate
(Na&pSiO3) (Hanawa), cyclohexane (>99.5%) (Merck),
sodium 1,4-bis(2-ethylhexyl) sulfosuccinate (AOT) (Sig-
ma), RuCls-3H,0 (BDH), cupric nitrate (Cu(NOgz),-3H,0)
(BDH), sodium dodecyl sulfate (SDS) (BDH), poly(oxy-
ethylene)s nonylphenol ether (NP-5) and poly(oxyethylene)
nonylphenol ether (NP-9) from Albright and Wilson Asia
were all used in the forms as received. Water was distilled
twice.
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2.2. Synthesis of silica and its catalysts via single-step
microemulsion process

The single-step microemulsion process requires one mi-
croemulsion solution (designated as MA) and one external
agueous solution containing acid or metal salts (designated
as AQ). MA contained three basic components, i.e., 12 wt%
surfactant AOT and 4 wt% SDS, 48 wt% cyclohexane and
36 wt% agueous solution of sodium metasilicate (0.2 M).
The external aqueous solution AQ required to producesilica
isHCI (0.4 M) and that required to produce silica-supported
Ru—Cu oxide is a mixture of Cu(NO3), (0.1 M) and RuCls
(0.01 M). During the single-microemulsion processing, the
external aqueous solution AQ was added dropwise into MA
at 28°C with continuous stirring until the system progres-
sively became gel. After 24 h, the gel was recovered by
centrifugation. The gel was then extracted with ethanol us-
ing a soxhlet extractor for 48 h to remove the surfactants
AQT and SDS. The extent of the surfactant removal was
checked by infrared (IR) measurements. The gel was then
dried at 100°C in an oven for 8 h followed by the calci-
nation at 400°C for 12 h. Depending on the contents of
the external aqueous solutions, the dried samples can be
pure silica or silica containing metal oxides. For example,
the preparation of silica catalyst SC2 (table 1) requires the
aqueous solution of AQ to contain 18 wt% copper nitrate
(0.1 M), 18 wt% RuCl3 (0.01 M) and 15 wt% HCI (0.4 M)
based on the weight of microemulsion MA. After mixing
MA with AQ, the gel composite was washed and dried as
mentioned above. The metal oxide/silicacatalyst is denoted
as sample SC1 (containing Cu only) or SC2 (containing
both Cu and Ru oxides), as summarized in table 1.

2.3. Preparation of the catalyst with silica support

Ruthenium—copper oxide catalyst (CS1) was also pre-
pared using pre-synthesized silica support S1, as listed in
table 1. The suspension solution of the silica support was
prepared by dispersing 0.75 g of powder S1 in 20 ml of
deionized water under ultrasonification. To the suspension
solution, 20 ml of RuCl3-3H,0 (0.01 M) and 3 ml of Cu
(NO3)2-3H20 (0.1 M) were added dropwise under contin-
uous gtirring. The powder was recovered by centrifugation
and washed with deionized water for several times. The
catalyst CS1 obtained was dried at 100°C overnight fol-
lowed by calcination at 400°C for 12 h.
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2.4. Catalyst characterization

The infrared (IR) spectra of the catalyst powder in the
form of KBr pellet were recorded with a FTIR spectrometer
(Perkin—Elmer, model 1600 series). Inductively coupled
plasmal/atomic emission spectrometry (ICP/AES) was used
to determine the element contents in the catalyst with a
Plasmascan 710 (Lab Tan Company).

A scanning electron microscope (SEM, Hitachi 5800)
was used to examine the catalyst particles. The elemen-
tal distribution in the catalyst particles was determined us-
ing EDX/SEM (Oxford/Jeol) line scanning. The line scale
ranging from 100 to 200 xm across the sample surface was
scanned by SEM followed by EDX analysis.

The X-ray photoelectron spectroscopic studies (XPS) of
the catalyst were carried out by aVG-ESCA-LAB 2201-XL
using MKII spectrometer radiation (1253.6 eV, 120 W) at
a constant analyzer pass energy of 20 eV. All the binding
energy (BE) were calibrated with respect to the standard
C 1s (284.6 eV) and curve fitting analysis with Gaussian
shape was performed.

Specific surface areas of calcined catalyst powders were
determined by the Brunauer—Emmett—Teller (BET) N, ad-
sorption using a NOVA 1000 analyser (Quantachrome Cor-
poration). About 2080 mg of samples were treated at
350°C for 2 h prior to the measurements. In order to check
whether the structure of the catalyst was destroyed during
the reaction, the specific surface area and pore size distrib-
ution of the catalyst after reaction were re-determined.

2.5. Catalyst evaluation

Ru—Cu oxide/silica catalyst powder (40-60 mesh) was
pelletized before usein order to reduce the effect of pressure
drop in the packed-bed reactor. About 0.2 g of the catalyst
was loaded in a packed-bed microreactor and pretreated at
400°C for 90 min in a flow of nitrogen (25% in helium)
to remove all absorbed moisture.

N>O decomposition reaction was carried out using a con-
tinuous flow of N,O (10 vol% in helium); the total flow
rate used for reaction was about 27 ml/min, yielding a space
velocity of 4000 h—1. The temperature of the reactor bed
was monitored using a thermocouple and the flow rate of
N>O was measured by four mass flow controllers (Gossen
5975). The gas mixtures before and after catalytic reac-
tion were analyzed on line by HP 6890 GC using a thermal

Table 1
Synthesis of silica and its catalysts via microemulsion processing.
Sample  Contents for MA (wt%) Aqueous solution  Aqueous solution of acid or metal salts AQ Elemental anaysis after Peak
Cyclohexane AOT SDS of 0.2 M (based on the weight of MA) (wWt%) drying at 100°C (wt%) particle
NaSiO3 for MA HCl Cu(NO3), RuCls Si Cl Cu Ru size
(Wt%) 0.4 M) (0.1 M) (0.01 M) (nm)
S1 48 12 4 36 36 - - 3412 001 - - 25
SC1 48 12 4 36 20 36 - 31.32 003 561 - 32
SC2 48 12 4 36 15 18 18 3253 032 325 159 34
CstL: 0.75 g silica S1 + 20 ml H,O + 3 ml 0.1 M Cu(NO3)2 + 20 ml 0.01 M RuCl3 3415 035 351 161 36
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conductivity detector. The GC column used was Porapak Q
(4 m long and the outer diameter is 1/8 inches). The oven
temperature of the GC was 80°C and helium gas was the
carrier gas with a flow rate of 25 mi/min. The catalytic
activity was evaluated based on N,O conversion.

3. Results and discussion
3.1. Synthesis of catalysts

For the comparison of the performance of the SC2
catalyst prepared by a single-step microemulsion process,
the similar catalyst CS1 was also prepared using pre-
synthesized silica support S1. With the single-step mi-
croemulsion process, the agueous solution containing Cu
sat (for SC1) or both Ru and Cu salts (for SC2) was di-
rectly added into the microemulsion, where the hydrolysis
and condensation of sodium metasilicate (NaSiO3) take
place. Since the hydrolysis of sodium metasilicate began
upon the addition of the salt solution due to its acidity, the
salt hydrolysis and metal deposition might occur simultane-
oudly. On the other hand, silica support S1 was mixed with
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the same aqueous solution of Ru and Cu salts to produce
catalyst CSL1.

Based on the elemental analyses as listed in table 1, the
Cu and Ru contents in catalyst SC2 are 3.25 and 1.59 wt%,
respectively. These values are comparable to those from
catalyst CS1, i.e, 3.51 and 1.61 wt%, respectively. The
particle sizes (34-36 nm) for both catalysts SC2 and CS1
are also similar.

3.2. Catalyst characterization

The EDX mapping technique with line-scanning was
performed on the catalyst surface at micron range. The
elemental line-scanning spectra of Si, O, Cu and Ru for
the catalyst SC2 exhibited uniform elemental distributions,
as shown in figure 1. However, the elemental distribution
on the surface of catalyst CS1 is not as uniform as that of
catalyst SC2.

Figure 2 shows the XPS scanning spectra of the syn-
thesized catalysts. Cu peaks can be clearly seen from the
surfaces of catalysts SC2 and CS1. Since the binding en-
ergy of Ru (around 281 eV) overlaps with that of C 1s
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Figure 1. Elemental distribution of catalyst surface by line-scanning mapping for SC2 and CS1.
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Figure 2. XPS scanning spectra of catalysts SC2 and CS1.
Table 2
Some characteristics of catalysts.
Materids Specific surface area Peak pore diameter  Pore volume
(m?g) (A) (mifg)
Support material:
S1 silica (calcined at 400 °C) 458.3 321 0.31
Synthesized catalysts:
SC2 (cacined at 400 °C) 408.5 384 0.25
CS1 (calcined at 400 °C) 198.1 86.5 0.23
Catalysts after catalytic reactions
a 400°C:
SC2 413.6 374 0.20
Cs1 92.5 109.2 0.21

(around 284 eV), it is difficult to resolve the tiny Ru peak
out from the large peak of C 1s (figure 3). For catalyst
SC2, Ru might possibly exist as RuO, [21] according to
the resolved binding energy. The resolved peaks of Cu 2p
indicate that catalysts CS1, and SC2 might consist of CuO
and Cu,0 [21].

The specific surface area of Sl silica (458.3 m?/g) re-
duced markedly to 198.1 m?/g when it was impregnated to
become catalyst CS1 (table 2). Figure 4 shows the rather
narrow pore size distribution (3-5 nm) for catalyst SC2. Its
peak pore size (3.8 nm) remained about the same (3.7 nm)
even after the catalytic reaction for N,O. However, the peak
pore sizes were much larger for catalyst CS1 (8.7 nm) and
it further increased to 10.9 nm after catalytic reactions (ta
ble 2). This was also accompanied by a significant reduc-

tion in the specific area from 198.1 to 92.5 m?/g for CS1
after catalytic reaction at 400°C. It shows that the least
modification of pore structures occurred in catalyst CS2 as
compared to that of catalyst SC1 during catalytic reactions.
The one-step microemulsion process is thus a promising
synthetic method for producing a catalyst of good surface
characteristics.

3.3. Catalytic performance

The decomposition of N,O was carried out to evalu-
ate the performance of the synthesized catalysts at different
temperatures (table 3). The SC1 catalyst (table 1) contain-
ing Cu only did not show any obvious catalytic activity,
indicating that the active site for the catalyst containing sin-
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Figure 3. XPS elementa binding energy from resolved spectra of catalysts SC2 and CS1.

3000

2500 4

2000 4

1500 4

1000 4

Pore Volume [cc/g]10e-3

500 4

35

45 55 65 75

85

Pore Diameter (A)

Figure 4. The pore size d

gle metal Cu is not suitable for N,O decomposition. But
catalyst SC2 could convert 98.2% of N,O to N, and O, at
400°C as compared to 94.1% for catalyst CS1. The results
in table 3 show that catalyst SC2 synthesized through the
single-step microemulsion process was superior to catalyst

istributions of catalyst SC2.

CS1 towards N,O decomposition at lower reaction temper-
atures ranging from 400 to 450°C.

It is suggested that the combination of silica and metal
species in the agueous phase of a microemulsion may
have resulted in some molecular interactions between sil-
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Table 3

Decomposition of N,O by Ru—Cu oxide/silica catalysts.

Reaction T’ Sc2 Cs1
(°O (vol%) (vol%)
250 5.9 31
300 75 38
350 70.6 64.0
400 98.2 94.1
450 100 97.2
500 100 100

ica species and Ru*t/Cu?* during the synthesis. Thiswould
then make possible the uniform incorporation of metal
speciesin the framework of silica, leading to the stability of
the supported metal species on the silica catalyst prepared
from the microemulsion processing.

4. Conclusions

The single-step microemulsion processing has been
successfully used to synthesize Ru—Cu oxides as cat-
alysts supported by silica through the controlled hy-
drolysig/polymerization of sodium metasilicate (N&SiOs3),
copper nitrate (Cu(NOs)2-3H,0) and ruthenium chloride
(RuCl3) at room temperature. The microemulsion system
consists of surfactants AOT and SDS, cyclohexane, and
an aqueous solution of sodium metasilicate or metal salts.
A higher specific surface area (around 400 m?/g) and rather
uniform pore size (around 38 A) of the catalyst prepared
from the microemulsion could be well maintained during
the catalytic reaction. The catalyst was found to have very
high catalytic activity for the decomposition of N,O at rela-
tively low reaction temperatures (around 400 °C). The XPS
and SEM/line scanning results show that an uniform ele-
mental distribution of RuO, on the SiO, (with a trace |oad-
ing of CuO/Cu,0) could be obtained by this microemulsion
processing.
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