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The effect of preparation method and metal precursor of ruthenium employed during the prepara-
tion of Ru/SBA-15 catalysts were investigated. The catalytic functionalities are evaluated during the
vapour phase hydrogenolysis of glycerol to 1,2-propyleneglycol, 1,3-propylene glycol and ethylene
glycol. The catalysts exhibit high conversion/selectivity for 3 wt%Ru (3Ru/SBA-15) catalysts during
glycerol hydrogenolysis. CO-chemisorption results suggest that the variation in the dispersion of Ru
on SBA-15 support. These catalysts were characterized by XRD, TPR, TEM, BET surface area,
pore size distribution and CO-chemisorption measurements. The Ru/SBA-15 catalysts synthesized
from micro-emulsion method and polyol method have shown higher catalytic activity than the sam-
ples prepared by impregnation method and deposition-precipitation method. The catalytic behavior
during glycerol hydrogenolysis is attributed to the formation of nano particles of ruthenium.
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1. INTRODUCTION
Ordered mesoporous silicas have been the focus of much
attention since the discovery of the M41 family of mate-
rials by the Mobil Corporation in 1992.1 The use of sur-
factants as structure directing agents, these silicas are
characterized by large surface areas and having narrow
pore size distributions.1 MCM-41 was prepared with the
use of cationic surfactants in a basic solution giving hexag-
onally ordered porous solids with pores sizes of 20 to
30 Å.2 Using non-ionic tri block copolymers in acidic
media, Zhao and co-workers3 were successful in syn-
thesizing a family of highly ordered mesoporous Santa
Barbara Amorphous (SBA) silica with pore sizes up to
300 angstrom. The greater hydrothermal stability and over-
all mechanical strength offered by the thick pore walls,
as well as large surface area and tunable pore size, make
SBA-15 an interesting catalyst support.
SBA-15 is a well-ordered hexagonal mesoporous sil-

ica structure exhibits uniform cylindrical pores and thick

∗Author to whom correspondence should be addressed.

pore walls.4 It is synthesized with the use of a nonionic
tri-block copolymer poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide) PEO20-PPO70-PEO20, com-
mercially known as P123.4 SBA-15 and typically show
surface areas ranging from 600 to 1000 m2/g depending
on reaction temperature and duration.4 Pore diameters are
typically in the range of 40 to 80 Å, without the use of
co-solvents or swelling agents such as trimethylbenzene
which increases the pore size. As would be expected for
silica with cylindrical geometry, the pore size and surface
area are inversely proportional to each other, as the pore
size decreases, the surface area increases. Pore volumes
are typically 0.8 to 1.2 mL/g. However, the most iden-
tifiable attribute of SBA-15 is the well ordered, parallel
pore structure, consisting of non-intersecting pores, hexag-
onally oriented, with a pore width to length aspect ratio of
1:1000.4 SBA-15 is regarded as easy to make bulk nanos-
tructured materials. They posses great potential use in both
macroscopic applications and nanotechnology.5�6 Meso-
porous silica nano-materials with large surface area and
pore volume can serve as efficient carriers for storage and
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separation, catalysis, therapeutic agents for drug delivery,
nano based targeted cancer therapy.7�8 The main advantage
of SBA-15 materials compared to the supports like Al2O3,
SiO2 etc. is its thicker walls, larger pore size and remark-
able hydrothermal stability. These properties exhibited by
SBA-15 have attracted considerable attention recently for
its potential application in catalysis and many catalysts
have been prepared by introducing noble metals, and their
oxides into the channels of SBA-15.9

In the present work, nano structured ruthenium catalysts
supported on SBA-15 were prepared and studied for the
vapor phase hydrogenolysis of glycerol. Ruthenium nano
particles have been employed in numerous applications
such as in electronics, optics, magnetic devices as well as
in catalysis.10�11 As the physical and chemical properties
depend on the size and shape of the nanoparticles, their
applications require non-agglomerated, uniform particles
with a controlled mean size and a narrow size distribution.
Physical, chemical or electrochemical methods have been
used to prepare nanoparticles of uniform size and shape.12

The usual synthetic technique for making such nanopar-
ticles involves recently developed chemical methods,
including reduction of metal salts in solution-phase,13

micro-emulsion,14�15 deposition-precipitation process16 and
impregnation method.17 Size control of the nanoparticles is
achieved through the control of the nucleation and growth
by varying the synthesis parameters, including the activity
of the reducing reagents, the type and concentration of the
precursors, different preparation methods, the nature and
amount of surfactants or protective reagents.13�15 A rigor-
ous control of the different reaction parameters such as
temperature, type, amount, and order of addition of reac-
tants, allows control of the size, shape and size distri-
bution of the particles by incorporation of ruthenium in
to the mesoporous SBA-15 support. The production of
these chemicals from bio-renewable glycerol can be both
environmentally and economically attractive routes with
Ru-SBA-15.9�16–18

In the present investigation we report preparation of
nano ruthenium catalysts supported on SBA-15 by using
different precursors (chloride and chlorine-free) such as
RuCl3 by deposition precipitation method (3Ru(Cl)-DP)
and Micro-Emulsion method (3Ru(Cl)-ME) and Ru(acac)3
by Impregnation method (3Ru(A)-Imp) and Polyol method
(3Ru(A)-Pol). These catalysts were characterized by XRD,
TPR, TEM, BET surface area, pore size distribution and
CO-chemisorption measurements. The catalytic perfor-
mance during hydrogenolysis of glycerol was correlated
to the surface structural aspects derived from several
characterization techniques. The effects of precursors and
preparatory routes have been investigated on the catalytic
properties of vapor phase hydrogenolysis of glycerol on
3 wt% nano ruthenium catalysts. In our earlier work
we found that 3 wt% ruthenium is the optimum loading
exhibiting higher catalytic activity for hydrogenation of
nitrobenzene to aniline and also during hydrodechlorination

of 1,2,4-trichlorobenzene on SBA-15 and different inor-
ganic supports.15�17�19 The purpose of this work is to
investigate the effect of preparation method and also the
precursor employed during the preparation of nano ruthe-
nium on SBA-15 catalysts and further to study its catalytic
properties in the vapor phase hydrogenolysis of glycerol.

2. EXPERIMENTAL DETAILS
2.1. Preparation of the SBA-15 and Ru/SBA-15
SBA-15 was prepared by the procedure described by Zhao
et al.20�21 A detailed description of preparation method was
given elsewhere.17 3 wt% Ru/SBA-15 catalysts are pre-
pared by deposition precipitation (DP) method,16 micro-
emulsion (ME) method14�15 using RuCl3 as precursor.
Impregnation (Imp) method17 and polyol reduction (Pol)
method13 were employed to prepare the catalysts using Ru
(acac)3 precursor. All the catalysts were subsequently dried
at 373 K for 16 h and reduced in hydrogen (99.9%) flow
at 573 K for 3 h prior to characterization and catalytic
activity measurements.

2.1.1. Micro Emulsion
In micro-emulsion method, 0.5 g of cetyltrimethyl ammo-
nium bromide (CTABr) was added to 5 mL of n-butanol
and 30 mL of cyclohexane until a clear solution is formed.
The solution was divided in to two parts. To one part of
solution about 5 mL of H2O and 0.182 g of RuCl3 precur-
sor was added and to the second part about 3–6 drops of
hydrazine (a reducing agent) was added for the reduction
of ruthenium chloride to metallic Ru. Both the solutions
are mixed slowly and required amount of SBA-15 support
along with 110 mL of THF (tetrahydrofuran) was added.
The mixture was added and stirred for 20 min, and allowed
to settle for 10 min. The settled particles were filtered and
washed with THF to remove the surfactant completely.
Further the filtrate was washed with ethanol and dried in
oven at 373 K.

2.1.2. Polyol Method
In this method about 20 mL of ethylene glycol was placed
in ice bath at 267 K temperature and 3 g of SBA-15
was added to it. In another container, 0.28 g of Ru(acac)3
was dissolved in 10 ml of ethylene glycol separately. The
Ru(acac)3-ethylene glycol solution was added drop wise to
20 ml ethylene glycol in ice bath with constant stirring for
20 min. The final mixture was allowed to settle and the
filtrate is washed with ethanol and dried in oven at 373 K.

2.1.3. Deposition Precipitation Method
In this method about 0.182 g of RuCl3 was dissolved in
20 mL of water and 3 g of SBA-15 support was added
to the solution and stirred for 30 min and allowed to set-
tle down for 2 h. To the above mixture 0.1 M Na2CO3

solution was added with stirring until the pH reaches 10.5.
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The mixture was kept stirring for 1 hour and allowed to
settle down. The mixture was decanted with distilled water
for several times to remove chlorides which was confirmed
with AgNO3 test. Subsequently the catalysts are oven dried
at 373 K. All the catalysts prepared in the present study
are oven dried at 373 K and they are not subjected to any
calcination to prevent agglomeration of ruthenium parti-
cles. Highly dispersed Ru were also observed in our pre-
vious investigations using RuCl3 as precursor for SBA-15
support.15�17

2.2. X-Ray Diffraction Studies
X-ray diffraction patterns were recorded on Rigaku mini-
flex diffractometer using graphite filtered Cu K� (K =
0�15406 nm) radiation. Determination of the ruthenium
phase was made with the help of JCPDS data files.

2.3. B.E.T Surface Area and Pore Size Distribution
The specific surface area, pore size distribution studies of
the pre-reduced catalysts was estimated using N2 adsorp-
tion isotherms at 77 K by the multipoint BET method tak-
ing 0.0162 nm2 as its cross-sectional area using Autosorb
1C (Quantachrome instruments).

2.4. TEM Analysis
The morphological analysis was carried out using trans-
mission electron microscopy (TEM on a JEOL 100 S
microscope at high resolution (HR) on a JEOL 2010
microscope). Samples for both TEM analyses were pre-
pared by adding 1 mg of reduced sample to 5 ml of
methanol followed by sonication for 10 min. A few drops
of suspension were placed on a hollow copper grid coated
with a carbon film made in the laboratory.

2.5. CO-Chemisorption
CO chemisorption measurements were carried out on Auto
Chem 2910 (Micromeritics, USA) instrument. Prior to
adsorption measurements, ca. 100 mg of the sample was
reduced in a flow of hydrogen (50 ml/min) at 573 K for
3 h and flushed out subsequently in a pure helium gas
flow for an hour at 573 K. The sample was subsequently
cooled to ambient temperature in the same He stream. CO
uptake was determined by injecting pulses of 9.96% CO
balanced helium from a calibrated on-line sampling valve
into the helium stream passing over the reduced samples at
573 K. Ruthenium surface area, percentage dispersion and
Ru average particle size were calculated assuming the sto-
ichiometric factor (CO/Rus) as 1. Adsorption was deemed
to be complete after three successive runs showed similar
peak areas.

2.6. Temperature Programmed Reduction (TPR)
Temperature programmed reduction (TPR) experiments
were carried out on Auto Chem 2910 (Micromeritics,
USA) instrument. In a typical experiment ca. 100 mg of

oven dried Ru/SBA-15 sample (dried at 383 K for 12 h)
was taken in a U -shaped quartz sample tube. Prior to TPR
studies the catalyst sample was pretreated in an inert gas
(Argon, 50 ml/min) at 473 K. After pretreatment, the sam-
ple was cooled to ambient temperature and the carrier gas
consisting of 5% hydrogen balance argon (50 ml/min) was
allowed to pass over the sample raising the temperature
from ambient to 673 K heating at the rate of 10 K/min.
The vapors produced during the reduction were condensed
in a cold trap immersed in liquid nitrogen and isopropanol
slurry. The hydrogen concentration in the effluent stream
was monitored with the TCD and the areas under the peaks
were integrated using GRAMS/32 software.

2.7. Catalytic Activity Studies
2.7.1. Hydrogenolysis of Glycerol in Gas Phase
Hydrogenolysis of glycerol (> 99% MERCK Chemicals)
was carried out over the catalysts in a vertical down-
flow glass reactor operating at 548 K and normal atmo-
spheric pressure. In the typical reaction ca. 500 mg of
the catalyst, diluted with double the amount of quartz
grains was packed between the layers of quartz wool. The
upper portion of the reactor was filled with glass beads,
which served as pre-heater for the reactants. Prior to the
reaction, the catalyst was reduced in a flow of hydro-
gen (180 mL/min) at 573 K for 3 h. After reduction
the reactor was fed with glycerol at 533 K. Hydrogen
and an aqueous solution of glycerol were introduced into
the reactor through a heated evaporator. The liquid prod-
ucts were collected in a condenser for every 60 minutes
were analyzed by Shimadzu-GC 2014 gas chromatograph
equipped with a carbowax capillary column with a flame-
ionization detector (FID). The products were also iden-
tified using HP-5973 quadrupole GC-MSD system using
carbowax capillary column.

3. RESULTS AND DISCUSSION
3.1. Characterization Results
3.1.1. Low Angle XRD
The low angle XRD patterns (Fig. 1) of the synthesized
materials confirm the typical structure of SBA-15 and
show the XRD peaks at 2� angle of 0.9�, 1.7�, and 1.9�,
corresponding to the planes of (100), (110), and (200).
The Braggs reflections, confirm the hexagonal symmetry
(P6mm) of the SBA-15 material.22 A well-resolved peak
at 0.9� and two small peaks at 1.7� and 1.9� also can be
seen in Figure 1 for the various 3Ru/SBA-15 catalysts.
A shift in the peak position particularly at 1.7� and 1.9�

was observed compared to pure SBA-15. This shift indi-
cates the slight modification in the pore structure of the
SBA-15 upon Ru doping.23 The intensity of the peaks at
1.7� and 1.9� for the samples 3Ru(Cl)-DP and 3Ru(A)-Imp
decreased considerably due to formation of bulk particles
of Ru which are blocking the pores of SBA-15 compared
to samples of 3Ru(Cl)-ME and 3Ru(A)-Pol methods.
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Figure 1. Low angle XRD patterns of pure SBA-15 and 3Ru/SBA-15
catalysts.

3.1.2. Wide Angle XRD
The powder XRD patterns of SBA-15 and various reduced
3Ru/SBA-15 catalysts in the 2� range of 10–75� are pre-
sented in (Fig. 2.) All the samples show a broad peak rang-
ing from 2� = 15�–30� due to the presence of amorphous
silica.24 It is also observed that catalysts 3Ru(A)-Imp show
a broad peak centered at 2�= 44� due to Ru+3/Ru0 in crys-
talline state indicates the formation of Ru+3/Ru0 phase.17

The catalysts 3Ru(A)-Pol, 3Ru(Cl)-ME and 3Ru(Cl)-DP
did not show any peaks due to Ru+3/Ru0. Probably due to
the presence of highly dispersed state of ruthenium metal
particles on SBA-15 having size < 4 nm.

3.1.3. BET Surface Area and Pore
Size Distribution Studies

The BET surface area of the pure SBA-15 and 3Ru/SBA-
15 catalysts prepared by different preparation methods and
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Figure 2. Powder XRD patterns of SBA-15 and various 3Ru/SBA-15
catalysts.

precursors are shown in (Table II). These results show
that the surface area of pure SBA-15 (650 m2/g) and
decreased further with the introduction of ruthenium on
to the support. The considerable decrease in the surface
area is due to the deposition of ruthenium particles in the
pores of SBA-15 as evidenced from (Figs. 3(A) and (B))
the isotherms and also the average pore diameter of vari-
ous 3Ru/SBA-15 catalysts. The surface area and pore vol-
ume decreased drastically in 3Ru(Cl)-DP and 3Ru(A)-Imp
samples compared to 3Ru(A)-Pol and 3Ru(Cl)-ME sam-
ples shown in (Table III). This decrease of the surface area
can be attributed to formation large ruthenium particles
which blocks the pores of SBA-15 support. The sample
prepared by DP method have shown Ru particle diameter
about 8.1 nm, which is larger than the pore diameter of
SBA-15 (7.2 nm) (Table III) and enough to block the pore
of SBA-15. However, other catalysts exhibit crystallite size
smaller than the pore size of SBA-15 which facilitates the
Ru metal to enter in to pores and distribute well inside
the walls of the SBA-15. Increase of the crystallite size
of Ru in DP method can also be due to the presence of
residual Na ions formed during the catalyst preparation
using Na2CO3.

25 Similar, observations are also made on
Cu/SiO2 catalysts using NaOH as precipitating agent.26 In
impregnation method, due to uneven distribution of the
metal precursor solution on the support yields larger crys-
tallites of the metal particles. Low angle XRD and BJH
isotherms (Fig. 3) suggest that the hexagonal wall struc-
ture of SBA-15 was intact even after the preparation of
catalysts by microemulsion method in 3Ru(Cl)-ME. Total
pore volume and total pore area of samples were mea-
sured by N2-physisorption are given in (Table II). These
findings further suggest that both pore volume and pore
area decreases with varying preparation method and Ru
precursor employed during the preparation of Ru/SBA-15
catalysts.

3.1.4. Temperature Programmed Reduction
The H2-TPR method was used to study the reduction
behavior of RuCl3, Ru(acac)3 precursors on SBA-15 and
to obtain the information regarding the interaction between
the metal and support prepared by different preparation
methods and precursors. The H2-TPR profiles of differ-
ent Ru/SBA-15 catalysts are presented in (Fig. 4) and the
results are reported in (Table I).
The TPR profiles show that the reduction peak appeared

with the Tmax around 400–500 K is attributed to reduction
of Ru+3/Ru0.17 These peaks are broad due to location
of ruthenium ions at different environment.27 The high
temperature peak found in all these catalysts was around
550 K–860 K is attributed to metal-support interactions
of particles located in the narrowest pores of SBA-15.28–30

The catalysts 3Ru(Cl)-DP and 3Ru(A)-Imp show very
weak metal-support interaction compared to other cata-
lysts 3Ru(Cl)-ME and 3Ru(A)-Pol. This phenomenon is
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Table I. TPR data of various Ru/SBA-15 catalysts.

Catalyst (3 wt%) T 1
max H2 uptake (�mol) T 2

max H2 uptake (�mol) T 3
max H2 uptake (�mol) T 4

max H2 uptake (�mol) Total H2 uptake (�mol)

Ru(Cl)-DP 433 16 – – 656.0 113.0 – 132.0
Ru(Cl)-ME 520 217 – – 753.0 263.0 – 480.0
Ru(A)-Imp 511 290 546 311.0 – – – 601.0
Ru(A)-Pol – – 565 166.9 – – 869.0 314.0 480.0

Note: T 1
max = 1st peak; T 2

max = 2nd peak; T 3
max = 3rd peak; T 4

max = 4th peak.

observed due to formation of nano particles for the samples
prepared through these methods of catalysts preparation.

3.1.5. CO-Chemisorption
The physical properties of 3Ru/SBA-15 catalysts such
as dispersion, metal surface area and average parti-
cle size obtained from CO-chemisorption are given in
(Table III). The dispersion of Ru was calculated from CO-
chemisorption using the following equation assuming the
cubic particle with five sides exposed to the gas plane,

%Dispersion

=�Number of suface ruthenium atoms×100�

/Total number of ruthenium atoms

Average particle size

=6000/(Ru metal surface area per gram of Ru

×Ru density�

The ruthenium metal areas were determined using the
equation SCO = nmsXmns−1, where SCO is the total
metallic surface area, nmS is the CO consumption and
Xm is chemisorption stoichiometry at monolayer coverage,
and ns−1 is the number of ruthenium atoms per unit sur-
face area. These results strongly influence the dispersion of
ruthenium metal in Ru/SBA-15 prepared by various meth-
ods described above and the precursors used. The catalysts
3Ru(A)-Pol and 3Ru(Cl)-ME catalysts exhibit higher dis-
persion and possesses smaller particle size than the cata-
lysts prepared by 3Ru(Cl)-DP and 3Ru(A)-Imp methods.
The low CO-uptake in DP and Imp method is probably
due to the formation of larger particles with uneven distri-
bution of Ru metal particles on the support.
The ruthenium dispersion on SBA-15 support for dif-

ferent preparation methods and precursors vary from 6%

Table II. BET surface area and Pore size distribution data of SBA-15
and various Ru/SBA-15 catalysts.

BET surface Pore Pore
Ru (3 wt%) area (m2/g) diameter (nm) volume (cc/g)

SBA-15 650 7.5 1.24
Ru(Cl)-DP 250 6.0 1.01
Ru(Cl)-ME 470 6.8 1.20
Ru(A)-Imp 360 5.8 1.12
Ru(A)-Pol 480 7.0 1.15

to 25%. The high dispersion of ruthenium in the sam-
ples prepared by 3Ru(A)-Pol and 3Ru(Cl)-ME catalysts
is due to strong metal support interaction between ruthe-
nium and SBA-15 and growth of nano particles in these
catalysts. The low dispersion of Ru in 3Ru(Cl)-DP cata-
lyst is due to formation of larger crystallites of ruthenium
in deposition precipitation method. Huang et al.26 reported
that bigger crystallite size of Cu was observed in Cu/SiO2

catalysts prepared by DP method using NaOH as precip-
itating agent. The reason for increase in crystallite size is
explained on the basis of pH of the solution. The initial
pH of the mixture was assumed to be pH 3, with posi-
tively charged Si surface and its inability to bind the Cu2+
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Figure 3. (A) Nitrogen adsorption–desorption isotherms and pore size
distributions (B) BJH pore size distribution of SBA-15 and 3Ru/SBA-15
catalysts.
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Table III. CO-chemisorption of various 3Ru/SBA-15 catalysts.

Metal Particle Particle
Catalyst CO uptake area sizea sizeb

(3 wt%) (�mol/g) (%) Dispersion (m2/g)catalyst (nm) (nm)

SBA-15 − − − − −
Ru(Cl)-DP 17 6.0 29.3 8.1 7.5
Ru(Cl)-ME 71 24.1 113.5 2.3 2.1
Ru(A)-Imp 47 16.1 78.4 3.2 3.4
Ru(A)-Pol 67 22.7 110.6 2.8 3.2

Notes: a= determined from CO uptake values; b= determined from TEM analysis.

particles. Later when the pH of the solution is increased
beyond 7 by adding basic solution of NaOH, agglomera-
tion of Cu(OH)2 nanoparticles takes place leading to larger
crystallite size. However, in the present work the Ru/SBA-
15 catalysts exhibited higher stability towards hydrogenol-
ysis of glycerol compared to the catalysts prepared from
homogeneous precipitation using urea evaporation. Same
explanation can be interpreted here for the increase in crys-
tallite size of Ru in the 3Ru(Cl)-DP catalyst in the present
study. Hence, Na2CO3 precipitation was employed for the
preparation of the catalysts in DP method.26

The other factor is, DP method catalyst is not suitable
for the supports like SBA-15 having iso-electric point less
than 5. It is evident from Table III that the irreversible CO
uptake values are more in the catalysts prepared by Pol-
method, ME-method, Imp-method and less for DP-method

Figure 4. H2 TPR profiles of various 3Ru/SBA-15 catalysts.

catalyst. The CO-chemisorption results are well in agree-
ment with the findings from the results of H2-TPR, BET-
SA and Pore size distribution studies.

3.1.6. Transmission Electron Microscopy �TEM�

TEM is a powerful technique to investigate the particle
size and distribution of metal particles. The TEM images
of various 3Ru/SBA-15 samples are presented in (Fig. 5).
The catalysts 3Ru(A)-Imp, 3Ru(A)-Pol, and 3Ru(Cl)-ME
show the presence of metal particles inside the chan-
nels of SBA-15 and pore structure of the SBA-15 was
clearly observed, indicating that Ru is present in highly
dispersed form. However, in case of 3Ru(Cl)-DP, ruthe-
nium is present all over the catalyst suggesting that Ru
is present outside the channels due to its larger crystal-
lite size, which obstruct the SBA-15 channels. The TEM
results are also in agreement with the BET surface area
and pore-size distribution. The crystallite size of Ru esti-
mated from TEM is well in agreement with the crystallite
size measurement from CO-chemisorption experiments.

3.2. Catalytic Activity
3.2.1. Hydrogenolysis of Glycerol to Propane Diols
The hydrogenolysis of glycerol by various Ru/SBA-15 cat-
alysts is shown in (Fig. 6). The effect of catalysts prepa-
ration method and also the kind of precursor used during
preparation were examined on the hydrogenolysis function-
alities. The results show that the 3Ru(A)-Pol exhibit supe-
rior activity when compared to all other catalyst employed
in the present study. The high activity of the catalysts
can be attributed to the smaller crystallite size of Ru on
the SBA-15 and also the acetylacetonate precursor used in
the study. Hydrogenolysis of glycerol gives rise to various
products including 1,2-propylene glycol ethylene glycol,
1,3-propylene glycol, hydroxyacetone, 1-propanol along

3Ru(A)-Imp 3Ru(A)-Pol

3Ru(Cl)-ME 3Ru(Cl)-DP

Figure 5. TEM images of various 3Ru/SBA-15 catalysts.
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Figure 6. Effect of preparation method and precursor on conversion of
Glycerol.

with other major by-products represented as others in the
present study. The reaction also produces some degradation
products which constitutes of ethanol, methanol, ethane,
methane and are represented as others in the present study.
The selectivities of various reaction products on different
catalysts for glycerol hydrogenolysis are shown in (Fig. 7).
Liu et al.31 prepared various cobalt nanostructures such as
cobalt nests, nanoflowers and nanowires and used them
as hydrogenolysis catalysts of glycerol and obtained good
selectivities.31�32 Tomishige et al.33 proposed the reaction
mechanism for glycerol hydrogenolysis in liquid phase on
various Ru catalysts33�34 with good conversions obtained
and selectivities of corresponding desired products.

3.2.2. Effect of Ru Loading on the
Conversion and Selectivity

To verify the effect of Ru loading on the catalytic activity
the samples containing Ru 1, 3 and 5 wt% Ru(A) were
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Figure 7. Selectivity of glycerol to propane diols over 3Ru/SBA-15
catalysts.

Table IV. Effect of ruthenium loading on conversion and selectivity for
hydrogenolysis of glycerol.

Selectivity (%)

Ru wt (%) Conversion (%) 1,2 PG 1,3 PG HA 1P 2P EG Others

1Ru(A)-Pol 30 11 5 35 10 6 5 28
3Ru(A)-Pol 75 20 13 15 12 13 9 18
5Ru(A)-Pol 55 14 8 6 9 5 6 42

Notes: 1,2 PG = 1�2 propylene glycol; 1,3 PG = 1�3 propylene glycol; HA =
hydroxyacetone; 1P= 1-propanol; 2P= 2-propanol; EG= ethylene glycol; Reaction
conditions Catalyst: Catalyst weight: 0.5 g, Temperature: 533 K, Feed rate: 1 ml/hr,
H2 Flowrate: 240 ml/min, Glycerol Conc: 40 wt%.

prepared by polyol method and the activity results are pre-
sented in Table IV. These results show that the conversion
of glycerol increases up to 3 wt% and decrease at higher
loadings. The result also reveals that at lower loadings
the selectivity is high towards hydroxyacetone (HA) and
at higher loadings the selectivity is high towards degrada-
tion products (others). At 3 wt% Ru loading, the selec-
tivity is high towards propylene glycol isomers. Hence,
3 wt% ruthenium is considered as optimum metal load-
ing for the present study. The optimum loading might
change for different preparation methods and different pre-
cursors but for the purpose of comparison 3 wt% Ru load-
ing is selected for glycerol hydrogenolysis and studied in
detail to understand various reaction parameters on cat-
alytic functionalities.

3.2.3. Effect of Reaction Temperature
Figure 8 shows the influence of reaction temperature on
the hydrogenolysis of glycerol examined for all the cata-
lysts. All the catalysts show a slight increase in the con-
versions of glycerol when the temperature of the reaction
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Figure 8. Effect of temperature on hydrogenolysis of glycerol to
propane diols reaction conditions: catalyst weight: 0.5 g 3Ru(A)-Pol,
temperature varied: 533 K and 573 K, feed rate: 1 ml/hr, H2 flow rate:
240 ml/min, glycerol concentration: 40 wt%.
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increased from 533 K to 573 K. The glycerol conversion
gradually increased from 76% to 80% as the temperature
of the reaction increased from 533 K to 573 K. The selec-
tivity of various reactions products for 3Ru(A)-Pol method
are 1,2-PG (20%), 1,3-PG (13%), EG (9%), 1P (12%), 2P
(13%) and HA (15%). Increase in reaction temperature to
573 K increases the conversions from 76 to 80%. How-
ever decreases the selectivity towards the desired reactions
products 1,2-PG (12%), 1,3-PG (8%), EG (7%), 1-P (8%),
2-P (9%) and HA (25%). The results show that an increase
in degradation products was noticed from 18 to 32%.
The reason for the increase in degradation products is at
higher temperatures is probably due to further hydrogenol-
ysis of propanediols to yield lower alcohols.29�31

3.2.4. Effect of H2-Flow Rate
The influence of H2-flowrate on hydrogenolysis was stud-
ied by carrying out the reaction under various of H2

flow rates ranging from 180 to 240 mL/min. (Fig. 9)
shows the effect of H2 flow rate on conversion and selec-
tivity during glycerol hydrogenolysis. The glycerol con-
version gradually increased with the increase in H2-flow
rate. The selectivity towards desired products 1,2-PG
(16%), 1,3-PG (10%), EG (6%), 1-P (9%), 2-P (7%) and
HA (30%) decreased with the decrease of H2-flowrate
at 180 mL/min. The high conversion of glycerol with
increase in H2-flowrate is due to the availability of number
of Ru sites for the hydrogenolysis of glycerol during the
reaction.

3.2.5. Effect of Glycerol Concentration
The Influence of glycerol concentration in water during
glycerol hydrogenolysis were investigated. The results pre-
sented in (Fig. 10) clearly show that the considerable
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Figure 9. Effect of H2-flow rate on hydrogenolysis of glycerol to
propane diols reaction conditions: catalyst weight: 0.5 g 3Ru(A)-Pol,
temperature: 533 K, feed rate: 1 ml/hr, H2 flow rate: 240 ml/min and
180 ml/min, glycerol concentration: 40 wt%.
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Figure 10. Effect of Glycerol concentration on hydrogenolysis of glyc-
erol to propane diols. Reaction conditions: catalyst weight: 0.5 g, 3Ru(A)-
Pol, temperature: 533 K, feed rate: 1 ml/hr, H2 flow rate: 240 ml/min;
glycerol concentration: 40 wt% and 60 wt%.

decline in glycerol conversion is noticed with increase
in glycerol concentration in the feed. Similar results of
increase in glycerol conversion at low glycerol concen-
tration are reported.35–37 The selectivity obtained towards
high glycerol concentration (60 wt%) were 1,2-PD (8%),
1,3-PD (3%), EG (4%), 1-P (5%), 2-P (4%) and HA (23%)
at high glycerol concentration. The low conversion and
selectivity at high glycerol concentration is expected to
limited availability of active Ru sites on the catalysts.

3.2.6. Effect of Feed Flow Rate
The influences of feed flow rate on glycerol hydrogenoly-
sis was examined and the results are presented in (Fig. 11).
It shows that a decrease in glycerol conversion was noticed
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Figure 11. Effect of feed flow rate on hydrogenolysis of glycerol to
propane diols reaction conditions: catalyst weight: 0.5 g 3Ru(A)-Pol:
temperature: 533 K, feed rate: 1 ml/hr and 3 ml/hr, H2 flow rate:
240 ml/min; glycerol concentration: 40 wt%.
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with increase of glycerol flow rate from 1 mL/hr to
3 mL/hr. It is known that glycerol conversion is higher
at low glycerol flow rate of 1 mL/hr. The selectivities
obtained at glycerol flowrate of 3 mL/hr is 1,2-PG (13%),
1,3-PG (6%), EG (5%), 1-P (6%), 2-P (7%) and HA
(31%). The low conversion and selectivities at high glyc-
erol feed flow rate is as expected, since the available num-
ber of Ru sites remain unchanged.

3.2.7. Dependence of Catalytic Properties
on Reaction Time

The time on stream studies on the 3% Ru/SBA-15 cata-
lysts were investigated to understand the stability of cat-
alysts during glycerol hydrogenation and the results are
shown in (Fig. 12). These results show that 3Ru(A)-Pol
exhibit higher conversion (76%) compared to other cat-
alysts. The catalysts prepared by ME method 3Ru(Cl)-
ME exhibit lower conversion than 3Ru(A)-Pol but exhibit
good selectivity towards propylene glycols. The results
suggest that 3Ru(Cl)-DP and 3Ru(A)-Imp exhibit lower
conversions, due to their large crystallite sizes compared to
3Ru(A)-Pol and 3Ru(Cl)-ME catalysts. Although the ini-
tial activity is higher for 3Ru(A)-Pol catalyst, the activity
abruptly dropped from 75% to 10% within 3 hours of
operation. 3Ru(A)-ME catalyst exhibit initial activity of
51% and decreases with time compared to other cata-
lysts, suggesting that it was a best catalyst for the glycerol
hydrogenolysis of our present investigation. The reasons
for faster deactivation of catalysts prepared by polyol
method is probably due to carbon deposition and also
due to the organic precursor (acetyl acetonate) employed
during the preparation. The catalytic activity is correlated
with the crystallite size of Ru on different catalysts. The
3Ru(Cl)-DP method and 3Ru(A)-Imp method catalysts
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Figure 12. Hydrogenolysis of glycerol to propane diols over 3Ru/SBA-
15 catalysts reaction conditions: weight of the catalyst = 500 mg; reac-
tion temperature = 533 K; H2 flow rate = 240 ml/min, feed flow rate =
1 ml/hr, glycerol concentration= 40 wt%.

were attributed to the decrease in the number of active sites
of ruthenium on SBA-15 due to agglomeration as evident
from XRD, TEM and CO-chemisorption results.

3.2.8. Effect of Preparation Method and
Precursor on the Catalytic Activity

The catalytic activity of the Ru/SBA-15 catalysts for
the glycerol hydrogenolysis varied with the preparation
method and precursor used. The catalysts prepared from
Chloride precursors 3Ru(Cl)-ME exhibited better activ-
ity and stability over a period of time than 3Ru(Cl)-DP
method. The high activity in ME catalysts can be attributed
to its nano sized ruthenium particles developed during its
preparation. Whereas in DP method large crystallites of Ru
obtained due to agglomeration of Ru particles during pre-
cipitation with Na2CO3 and also suffers from residual Na
remained during the catalyst preparation.25 EDAX-analysis
suggest that the concentration is present at < 0.08%. The
chlorides in 3Ru(Cl)-DP are completely washed during the
preparation. Even though 3Ru(Cl)-DP catalysts exhibit low
activity exhibited decent stability. The catalysts prepared
from Ru(acac)3 precursor 3Ru(A)-Pol showed high initial
activity and degraded completely with in 3 h of operation.
The reasons for sudden decrease of catalytic activity for
polyol catalyst is unclear and require further investigation.
3Ru(A)-Imp also showed poor activity than all other cat-
alysts. The results suggest that the RuCl3 is found to be
a better precursor and micro emulsion method is a bet-
ter method for the preparation of nano sized ruthenium
particles.

4. CONCLUSIONS
Highly dispersed ruthenium catalysts confined to pores
of SBA-15 support were synthesized by the impregna-
tion, micro emulsion and polyol methods using RuCl3 and
Ru(acac)3 precursors. In deposition precipitation method,
the use of Na2CO3 as a precipitating agent causes agglom-
eration of ruthenium particles leading to bigger crystallite
sizes deposited outside the pores of SBA-15. The confine-
ment of Ru in to the pores of SBA-15 was determined
by the BET surface area, pores size distribution results
are well in agreement with the CO-chemisorption and
TEM results. The ruthenium supported SBA-15 catalysts
of different preparation methods and precursors exhibit
good catalytic activity for the hydrogenolysis of glycerol
to propane diols. Moreover, high selectivity towards the
formation of 1,2-Propylene glycol, Ethylene glycol, 1,3-
Propylene glycol, 1-Propanol, 2-Propanol and Hydroxy-
acetone makes Ru more promising for hydrogenolysis of
glycerol reaction. The catalysts prepared by polyol method
exhibit high initial activity and decreases rapidly suggest-
ing that Ru (acac)3 is not a suitable precursor for the
preparation of catalysts. The catalyst prepared from RuCl3
precursor with micro emulsion method exhibits higher
activity with good stability compared to other preparation
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routes due to the formation of nano-ruthenium supported
on SBA-15.
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