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In this study, a novel, strategic method was developed for the synthesis of a mesoporous silica cat-
alyst embedded with ruthenium nanoparticles (RuNPs/SiO2� by combining the polyol and modified
sol–gel methods. By applying this new procedure, uniformly synthesized ruthenium nanoparticles
with an average size of 3.8 nm and 95% spherical shape were highly dispersed in the mesoporous
silica support material. Coordinated carbonyl groups of PVP remaining from the synthesis of the
RuNPs were effectively removed by the thermal treatment (calcined at 573 K for 4 h) and the sythe-
sized RuNPs/SiO2 catalysts were reduced under hydrogen at 20 bar for 2 h. These catalysts were
analyzed using transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FT-IR), N2 adsorption–desorption, and X-ray diffraction (XRD). After the thermal treatment and the
reduction procedure, the size and shape of the embedded RuNPs were nearly unchanged, and
the catalyst was active in the liquid-phase hydrogenation of succinic anhydride (SAN) to selectively
form �-butyrolactone (GBL) with a maximum yield of 90.1%. This novel catalyst preparation is a
potentially useful method for the synthesis of metal nanoparticles as heterogeneous catalysts.
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1. INTRODUCTION

In the field of heterogeneous catalysis, several researchers
have reported that the activity of a catalyst can be
enhanced by loading the active metal as a nanoparti-
cle onto support materials because the ratio of surface
atoms to total metal atoms increases when utilizing metal
nanoparticles.1�2 Therefore, much effort recently has been
directed towards the preparation and use of nano-sized,
noble metal-loaded, heterogeneous catalysts.3–5 The syn-
thesis of metal nanoparticles is currently an active research
area, which spans a variety of approaches including elec-
trochemical reduction,6 microwave irradiation,7�8 and the
polyol method.9–13 However, synthesized metal nanoparti-
cles have not been used in heterogeneous catalysis because
without support materials, the nano-sized metal particles
can aggregate and become deactivated in the reaction con-
ditions or are hard to separate and/or recycle from the
reaction mixtures for secondary use.
Recently, several researchers have revealed an effective

methods of embedding nanoparticles to create catalysts,

∗Author to whom correspondence should be addressed.

which introduce structure-enhancing support materials via
a multi-step preparation.14�15 However, these methods
require much effort for the separation of synthesized
nanoparticles from the mother liquor,16 as well as to embed
the nanoparticles into the support materials without dis-
turbing the size and shape of the synthesized nanoparticles.
Ruthenium is a well-known noble metal classified in

group VIII and is active in various reactions, such as
CO oxidation,14�17 ammonia synthesis,18 and the Fischer-
Tropsch reaction.19 Ruthenium is also effective in hydro-
genation reactions, such as the conversion of fatty
acid esters to alcohols,20 benzene to cyclohexene,21 and
o-chloronitrobenzene to o-chloroaniline.22

In this study, we prepared ruthenium nanoparticle-
embedded silica catalysts (RuNPs/SiO2� using a direct
embedding procedure, which we applied to the production
of �-butyrolactone (GBL) via liquid-phase hydrogenation
of succinic anhydride (SAN). GBL is used for the syn-
thesis of specialty pyrrolidones, such as 2-pyrrolidone and
N -methyl-2-pyrrolidone. These products can be utilized
for pharmaceuticals, extraction solvents, and dielectric
materials.23 For the production of GBL, previous studies
have primarily focused on the gas-phase reaction which
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Scheme 1. Production of �-butyrolactone (GBL) from two different
starting materials. MAN: maleic anhydride, SAC: succinic acid, SAN:
succinic anhydride.

uses maleic anhydride (MAN) as the starting material
(Scheme 1(a)). The MAN-based process is mainly utilized
in the petrochemical industry, and it has several draw-
backs, such as the continuously rising price of oil and
declining oil reservoirs. Consequently, there is growing
interest from researchers in biomass conversion for pro-
ducing fine chemicals such as GBL because of the use-
ful functional groups in the bio-based starting materials.24

Succinic anhydride can also be produced in solid state
using an environmentally benign dehydration process from
the well-studied bio-based C4 chemical, succinic acid
(SAC)25 (Scheme 1(b)). Hara et al. studied the liquid-phase
hydrogenation of succinic anhydride using the homoge-
neous catalyst Ru(acac)3, which provided a maximum
yield of ∼95% of GBL23 and Herrmann et al. applied a
Ru/C catalyst at 513 K to yield GBL in ∼85%.26

This paper describes a method to directly synthesize the
RuNPs/SiO2 catalyst, combining the polyol method for the
uniformly sized ruthenium nanoparticles and the modified
sol–gel method for the mesoporous silica support material.
Transmission electron microscopy (TEM), N2 adsorption–
desorption analysis, X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FT-IR) were conducted
to analyze the RuNPs/SiO2 catalyst, which exhibited a
maximum yield of 90.1% of GBL in the hydrogenation
of SAN. Therefore, we expect that this preparation of a
RuNPs-embedded catalyst will be an improved method for
the preparation of heterogeneous catalysts because it offers
advantages in the synthesis of both nanoparticles and their
support materials.

2. EXPERIMENTAL DETAILS

The nano-sized ruthenium particles were synthesized by
the polyol method in ethylene glycol (HOCH2CH2OH,
≥99%, reagent plus), which was used as the sol-
vent and reducing agent. The polyvinylpyrrolidone (PVP,
CH2CH(NC3H6CO)n, Mw = 40,000) was added to the
ethylene glycol ([ethylene glycol]/[PVP]= 6067) and fully
dissolved by increasing the temperature from 293 K to
323 K over 60 min. Then, the calculated amount of
the ruthenium precursor (Ru(acac)3, 97%) was added to

the solution ([Ru]/[PVP] = 10), and the temperature was
maintained at 353 K for 20 min with vigorous stirring
to fully dissolve the ruthenium precursor. The solution
was heated to 453 K with a heating rate of 9 K/min,
and the particle formation reaction was conducted for
2 h. The resulting solution of ruthenium nanoparticles
(RuNPs) was cooled to room temperature, and then the
precursor of siliceous material (SiC8H20O4, 98%, reagent
grade), anhydrous ethanol (C2H5OH, 99%), ammonium
fluoride (NH4F) and DI water were added for the prepara-
tion of 3 wt.% RuNPs/SiO2 catalyst by a modified sol–gel
method ([TEOS]/[EtOH] = 1 and[H2O]/[NH4F] = 102).27

The solution was heated to 323 K, leading to gelation
within 10 min, and the temperature was maintained for
20 h for the complete gelation of siliceous materials. After
the gelation procedure, the gelated RuNPs/SiO2 was fil-
tered and washed with acetone, ethanol, and DI water and
dried at 363 K overnight (RuNPs/SiO2-D). Finally, the
RuNPs/SiO2-D was calcined at 573 K for 4 h with heating
rate of 1 K/min (RuNPs/SiO2-300).

Hydrogenation of succinic anhydride was conducted in
a 150 mL high-pressure batch reactor with a magnetic stir-
rer. The detailed reaction procedure has been previously
described.28 Before the reaction, 0.3 g of the prepared cat-
alyst was reduced under hydrogen gas (ultra high purity,
>99.999%) at 20 bar and 573 K for 2 h (RuNPs/SiO2-
300R). After the catalyst reduction, the reaction vessel
was charged with 0.5 g of succinic anhydride and 50 mL
of 1,4-dioxane. The remaining air was removed by purg-
ing the reactor with hydrogen gas, and the pressure was
increased to 10 bar with H2. Once the reactor was heated
to and maintained the reaction temperature, the pressure
was raised to 50 bar with gaseous H2, and the reaction
mixture was stirred at 750 rpm for 6 h. To follow the
progress of the reaction, approximately 0.3 mL of liquid
samples were collected through the sampling line, which
was connected to the bottom of reaction vessel. During
the sampling procedure, the reaction pressure was main-
tained by continuously introducing hydrogen gas from the
high-pressure gas reservoir.
Samples of the reaction products were analyzed qualita-

tively, using gas chromatography-mass spectrometry (GC-
MS), and quantitatively, using gas chromatography (GC)
equipped with a flame ionization detector (FID) and a
capillary column (HP-1). The injector temperatures were
set at 573 K and the flow rate of helium carrier gas was
1 mL/min (split ratio = 79:1). The oven temperature was
programmed at 333 K for 5 min and increased to 503 K
with a heating rate of 10 K/min, and the column pres-
sure was 11.5 psi at 313 K and 20.9 psi at 503 K. The
FID detector temperature was set at 573 K with flow rates
of 30 mL/min for hydrogen and 300 mL/min for high
purity air.
Nitrogen adsorption and desorption isotherms were

measured at 77 K on an ASAP 2010 analyzer. The
RuNPs/SiO2-D sample was pretreated to release any
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adsorbed species at 373 K for 2 h, and the other sam-
ples (RuNPs/SiO2-300 and RuNPs/SiO2-300R) were pre-
treated at 473 K for 2 h. The specific area was calculated
using the BET (Brunaure–Emmet–Teller) method and the
pore sizes of the catalysts were obtained from the desorp-
tion branch of nitrogen isotherms using the BJH (Barrett–
Joyner–Halenda) method.
X-ray diffraction patterns were recorded on a

Rigaku ATX-G diffractometer with Cu K� radiation
(�= 0�154 nm) and a step size of 0.01 at a scan rate of
0.1 �/min. An X-ray was generated at 60 kV–300 mA
(18 kW) with a rotating Cu-anode source.
Fourier transform infrared spectroscopy data of the syn-

thesized catalysts were recorded with an Infinity Gold FT-
IR series spectrometer using the ATR reflection mode at a
resolution of 4.0 cm−1 for 32 scans.
Transmission electron microscopy images were taken

using a Philips FEI Technai G2 F30 machine, operated at
300 kV.

3. RESULTS AND DISCUSSION

The ruthenium nanoparticles (RuNPs) were synthesized by
the polyol method, and the TEM image of the RuNPs
directly revealed uniformity of their sizes and shapes
(Fig. 1). The average size of the RuNPs was 3.8 nm (stan-
dard deviation= 0�64 nm) and 95% were spherical. After
embedding the RuNPs into SiO2, they were highly dis-
persed in the silica support material (Fig. 2). After the
calcination and reduction of the RuNPs/SiO2-D sample at
573 K, the RuNPs retained their size, but a small portion
of the RuNPs sintered when they were in close proximity
to each other.

Fig. 1. Bright field transmission electron microscopy (BF-TEM) image of synthesized ruthenium nanoparticles (RuNPs). The average particle size,
standard deviation, and shape of RuNPs were calculated by counting 100 particles from the TEM images.

The textural properties of the synthesized RuNPs/SiO2

catalysts are shown in Table I. After the drying proce-
dure, the texture of RuNPs/SiO2-D was not sufficiently
developed, but after the calcination at 573 K, the sur-
face area and pore volume significantly increased to
878.6 m2/g and 0.969 cm3/g, respectively. These phe-
nomena can be explained by the effective thermal treat-
ment that is needed for the formation of mesoporous
silica support when using this modified sol–gel method.
After the reduction procedure to prepare RuNPs/SiO2-
300R, the surface area and pore volume were main-
tained without changing the pore size of RuNPs/SiO2-300
even though these properties slightly decreased. Figure 3
shows the nitrogen adsorption–desorption isotherms and
the pore-size distributions of the RuNPs/SiO2 catalysts.
As shown in Figure 3, all of the catalysts demonstrated
the typical type IV isotherms and exhibited H 1 hys-
teresis loops for the mesoporous materials as a result of
capillary condensation.29�30 The pore size distributions of
the catalysts were obtained from the nitrogen desorption
branch by the BJH method (Fig. 3). It was confirmed that
the pore structures of the calcined RuNPs/SiO2 catalysts
(RuNPs/SiO2-300 and RuNPs/SiO2-300R) were enlarged
and this pore-generating phenomena was a result of the
thermal treatment.31–33 Previous studies reported that the
formation of pore structures of a size of ∼4 nm resulted
from the elimination of PVP, which remained from the
synthesis of metal-core and porous silica-shell nanocom-
posite materials.31–34

Figure 4 shows the FT-IR spectrum of pure PVP,
RuNPs/SiO2-D, and the calcined RuNPs/SiO2 catalysts
(RuNPs/SiO2-300 and RuNPs/SiO2-300R). The broad
peaks at ∼3,300 cm−1 in the PVP and RuNPs/SiO2-D
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Fig. 2. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of RuNPs/SiO2 catalysts. (a) RuNPs/
SiO2-D, (b) RuNPs/SiO2-300, and (c) RuNPs/SiO2-300R.

samples were attributed to the stretching bands of hydroxyl
groups from adsorbed water, and the peaks at 2960–
2850 cm−1 and 1289 cm−1 were assigned as the stretching
modes of the –CH2 and C N groups of PVP, respectively.
In the synthesis of nanoparticles by the polyol method in
which PVP was used as stabilizer, the C O group of
PVP was coordinated to the surface metal atoms and pre-
vented the agglomeration and oxidation of the synthesized
metal nanoparticles.34 However, Sanchez et al. observed
that the remaining PVP (a stabilizer in nanoparticle synthe-
sis) could cause a decrease in its activity because the car-
bonyl groups of the PVP can strongly bind to the surface
atoms of nanoparticles.35 After the thermal treatment, the
RuNPs/SiO2-300 and RuNPs/SiO2-300R catalysts showed
no peaks characteristic of the carbonyl groups of remain-
ing PVP (∼1680 cm−1�, which may have been bound
to the surface of the RuNPs. This observation is clearly
related to the formation of the mesoporous structures of
the calcined catalysts.
In Figure 5, the X-ray diffraction patterns of the synthe-

sized RuNPs/SiO2 catalysts are shown. The broad peaks
in all of the catalysts at 2� = 15�–30� was due to the
amorphous silica, which was used for the support material.
In the RuNPs/SiO2-D catalyst, two small peaks appeared
at 41.1� and 44.1�, which were assigned to metallic
ruthenium with phases of (002) and (011), respectively.
After the thermal treatment, the RuNPs/SiO2-300 cata-
lyst showed crystalline RuO2 peaks with (110) plane at
28.1�, (101) at 35.2�, and (211) at 54.5�. All diffrac-
tion patterns of the RuNPs/SiO2-300R catalyst showed the
metallic ruthenium peaks without any RuO2 planes, and
these patterns confirmed that the high-pressure reduction
procedure under pure hydrogen gas effectively reduced
RuO2 to metallic Ru.

Table I. Textural properties of the synthesized ruthenium nanoparticle-
embedded silica (RuNPs/SiO2� catalysts.

BET surface Pore volume BJH pore
Catalyst area (m2/g) (cm3/g) size (nm)

RuNPs/SiO2-D 45�2 0.138 12�2
RuNPs/SiO2-300 878�6 0.969 4�52
RuNPs/SiO2-300R 783�9 0.885 4�41
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Fig. 3. Nitrogen adsorption–desorption isotherms (left) and pore size
distributions (right) of the synthesized RuNPs/SiO2 catalysts. (a)
RuNPs/SiO2-D, (b) RuNPs/SiO2-300, and (c) RuNPs/SiO2-300R.

Figure 6 shows the molar concentrations of SAN and
GBL as a function of reaction time at different reac-
tion temperatures using the RuNPs/SiO2-300R catalyst for
the hydrogenation of SAN. At a reaction temperature of
423 K, SAN was slowly converted to GBL, but at the
higher temperatures of 458 K and 473 K, the 90% conver-
sion of SAN was achieved in a reaction time of approx-
imately 2 and 3 h, respectively. After 6 h at a reaction
temperature of 473 K, 98% of SAN was converted. The
maximum yield of GBL from the hydrogenation of SAN
using the RuNPs/SiO2-300R catalyst was 90.1% (reaction

7704 J. Nanosci. Nanotechnol. 13, 7701–7706, 2013
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catalyst; 50 bar H2; stirring rate: 750 rpm.
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catalyst. The slope of this graph (−Ea�obs/R) was obtained from the TOF
values based on the observed initial reaction rate.

conditions: 473 K at 5 h), however, after 5 h, the yield of
GBL slightly decreased because it was further converted
into 1,4-butanediol, butanoic acid, 1-butanol, and ethanol,
which was confirmed by GC-MS analysis. The observed
activation energy (Ea�obs� was obtained from the TOF val-
ues at the different reaction temperatures (the dispersion
of RuNPs was calculated assuming the presence of spher-
ical nanoparticles with D= 1�33/d, where D is dispersion
and d is the average particle size), shown in Figure 7.36�37

When the liquid-phase reactions were conducted with-
out mass transfer limitation, the rate of the reactions was
strongly affected by the reaction temperature, and the
observed activation energy of above 40 kJ/mol suggest that
the reaction was not controlled by mass transfer.38�39 The
value of Ea�obs in this study was 83.1 kJ/mol, and this suf-
ficiently large value of Ea�obs suggested that the activity
measurement was conducted in the kinetic region (the free
region of mass transfer).

4. CONCLUSIONS

The application of synthesized metal nanoparticles to
heterogeneous catalysis has been of interest, but metal
nanoparticles have not yet been fully applied because
of their incompatibility with high-pressure and high-
temperature reactions. In this study, we synthesized a cata-
lyst consisting of highly dispersed ruthenium nanoparticles
embedded in mesoporous silica (RuNPs/SiO2�, which was
utilized in the conversion of SAN to GBL via liquid-phase
hydrogenation. In the preparation of the RuNPs/SiO2 cat-
alyst, thermal treatment of the synthesized RuNPs/SiO2-D
was necessary to produce the mesoporous textural prop-
erties of the silica support material. Coordinated carbonyl
groups of PVP remaining from the synthesis of the RuNPs
were effectively removed by the elimination of PVP by
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thermal treatment. After the thermal treatment, the size and
shape of the embedded RuNPs were nearly unchanged,
and the catalyst was active in the hydrogenation of SAN
to produce GBL with a maximum yield of 90.1%.
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