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Abstract A series of Ru/SBA-15 catalysts (0.5-6.0 wt%)
are prepared by impregnation method. The catalysts were
characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), temperature programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS),
CO-chemisorption, surface area and pore-size distribution
measurements. The catalytic activities were evaluated for
the vapor phase hydrogenation of nitrobenzene. The dis-
persion measured by CO-uptake values suggests decrease
in dispersion with increasing Ru loading on SBA-15. These
findings are well supported by the crystallite size measured
from XRD and TEM measurements. XPS study reveals the
formation of Ru0 after reduction at 573 K for 3 h. The
catalysts exhibit high conversion/selectivity at 4.5 wt% Ru
loading during hydrogenation reaction. The particle size
measured from CO-chemisorption and TEM analysis
related to the TOF during the hydrogenation reaction.
Ru/SBA-15 catalysts are found to show higher conversion/
selectivities during hydrogenation of nitrobenzene than
Ru/Si0, and Ru/Al,Oj5 catalysts.

Keywords SBA-15 - Ruthenium catalyst -
Hydrogenation - Nitrobenzene and active sites
1 Introduction

Aniline is a valuable chemical for the plastics, rubber
processing, herbicides, dyes and pigments industries.
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About 85% of global aniline is produced by catalytic
hydrogenation of nitrobenzene. The catalytic hydrogena-
tion of nitrobenzene for the production of aniline, can be
performed either in vapour phase or in liquid-phase pro-
cesses. Recently, carbon nanotube supported platinum
catalyst has been used for the hydrogenation of nitroben-
zene [1]. Platinum nanoparticle core-polyaryl ether
trisacetic acid ammonium chloride dendimer shell nano-
composites were also employed for hydrogenation of
nitrobenzene to aniline with molecular hydrogen under
mild conditions [2]. Active carbons were used as supports
for palladium in the liquid phase hydrogenation of nitro-
benzene to aniline [3]. Hydrogenation of nitrobenzene was
studied over Pt/C catalysts in supercritical carbon dioxide
and ethanol [4]. Vapor phase hydrogenation of nitroben-
zene is carried out on Pd supported on hydrotalcite
catalysts [5]. Liquid phase hydrogenation of nitrobenzene
was studied over Pd-B/SiO, amorphous catalyst [6].
There is a great interest growing recently on the use of
supported metal/metal oxide systems both in fundamental
and industrial applications due to its wide spread utility in
chemical industry in comparison to the bulk oxides. In
these systems support plays a decisive role in dispersing
the active component, stabilize the small metallic particles
and enhancing the metal support interaction and further the
catalytic activity. The influence of supports like TiO,,
Al,O3, ZrO, and SiO, is well established but the devel-
opment of new supports is of great interest. In recent years
the use of SBA-15 mesoporous family offers new per-
spectives to employ as a catalyst support. SBA-15 is an
ordered mesoporous silica with large surface area
>600 m?%/g, uniform hexagonal channels ranging from 50
to 300 A. The main advantage of SBA-15 materials com-
pared to the supports like Al,O5 - SiO, etc. is its thicker
walls, larger pore size and remarkable hydrothermal
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stability [7-9]. These properties exhibited by SBA-15 have
attracted considerable attention recently for its potential
application in catalysis [9-13] and many catalysts have
been prepared by introducing noble metals, and their oxi-
des into the channels of SBA-15. Supported ruthenium
catalysts are used in industrial process like F-T synthesis
of paraffins [14] methanation of CO [15] or in the selective
hydrogenation of benzene to cyclohexane [16]. Recently,
ruthenium is found to have very good catalytic activity
towards synthesis of ammonia [17]. Ruthenium has its
application in the catalytic decomposition of nitrous oxide
[18]. Ruthenium is also used in catalytic oxidation of
alcohols and amines to corresponding aldehydes and
nitriles [19, 20]. Due to versatile applications of Ru in
different chemical reactions, in the present investigation
we have investigated Ru catalysts supported on SBA-15
with different ruthenium loadings by wet impregnation
method. The properties of SBA-15 and Ru/SBA-15 were
characterized by BET surface area, pore size distribution,
X-ray diffraction (XRD), temperature programmed reduc-
tion (TPR), transmission electron microscopy (TEM) and
CO-chemisorption measurements. The catalytic properties
were explained in terms of the active species measured
from CO-chemisorption studies. A comparision is made
with Ru supported of Al,O5; and SiO, for the hydrogena-
tion of nitrobenzene under similar reaction conditions.

2 Experimental
2.1 Preparation of the SBA-15 and Ru/SBA-15

SBA-15 was prepared by the procedure described by Zhao
et al. [7, 8]. The SBA-15 silica was prepared using tri-
block copolymer poly-ethylene glycol-blockpolypropylene
glycol-block-poly-ethylene glycol (P123, average molec-
ular mass ~5800 g, Aldrich) as a template. About 2 g of
P123 copolymer was dissolved in a mixture of 15 g of
water and 45 g of 2 M HCI under stirring followed by the
addition of 0.2 g of cetyltrimethyl ammonium bromide
(CTMABr) and 5.9 g of tetraethylorthosilicate (TEOS).
The final molar ratio was 1 TEOS: 0.02 CTMAB:r: 3.1 HCI:
115 H,0: 0.012 polymer. The synthesis mixture was
introduced into a plastic bottle, sealed and kept at 373 K
for 24 h; then cooled down, filtered and washed with
deionised water and ethanol to remove the excess of tem-
plate prior to calcination. A series of Ru/SBA-15 catalysts
with Ru loadings in the range of 0.5-6.0 wt% Ru were
prepared by wet impregnation with an aqueous solution
containing RuCl; - 3H,O (Aldrich). The samples were
subsequently dried at 373 K for 16 h. The samples were
reduced in hydrogen (99.9%) flow at 573 K for 3 h and
characterized by different characterization techniques.

2.2 X-Ray Diffraction Studies

X-ray diffraction patterns were obtained on Rigaku mini-
flex diffractometer using graphite filtered Cu Ku
(K = 0.15406 nm) radiation. Determination of the ruthe-
nium phase was made with the help of JCPDS data files.

2.3 BET Surface Area and Pore Size Distribution

The specific surface area, pore size distribution studies of
the prereduced catalysts was estimated using N, adsorption
isotherms at 77 K by the multipoint BET method taking
0.0162 nm? as its cross-sectional area using Autosorb 1
(Quantachrome instruments).

2.4 TEM Analysis

The morphological analysis was carried out using trans-
mission electron microscopy (TEM on a JEOL 100S
microscope at high resolution (HR) on a JEOL 2010
microscope). Samples for both TEM analysis were pre-
pared by adding about 1 mg of prereduced 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 673 K for
3 h and flushed out subsequently in a pure helium gas flow
for an hour at 673 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 673 K.
Ruthenium surface area, percentage dispersion and Ru
average particle size were calculated assuming the stoi-
chiometric 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
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sample 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 tempera-
ture from ambient to 673 K heating at the rate of 10 K/min.
The HCI produced during the reduction was 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 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy was used to study the
chemical composition and oxidation state of catalyst sur-
faces. The XPS spectra of the catalysts were measured on a
XPS spectrometer (Kratos-Axis 165) with Mg Ku radiation
(hy) 1253.6 eV) at 75 W. The Ru 3d and 3p core-level
spectra were recorded and the corresponding binding
energies were referenced to the C Is line at 284.6 eV
(accuracy within (0.2 eV)). The background pressure dur-
ing the data acquisition was kept below 10~'° bar.

2.8 Catalytic Activity Studies

Hydrogenation of nitrobenzene (>99.9% Aldrich chemi-
cals) was carried out over the catalysts in a vertical down-
flow glass reactor at 548 K and operating under atmospheric
pressure. About ca. 100 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 hydrogen (50 mL/min) at 573 K for 3 h. After
reduction the reactor was fed with nitrobenzene at 523 K
(WHSV = 36.12 h~!; H,/Nitrobenzene = 4; Residence
time : 0.0276 h). The reaction products were analyzed by
HP-6890 gas chromatograph equipped with a HP-5 capillary
column with a flame-ionization detector (FID). The products
were also identified using HP-5973 quadrupole GC-MSD
system using HP-1MS capillary column.

3 Results and Discussion
3.1 Characterization Results

The low angle XRD patterns of the synthesized materials
are typical for the SBA- 15. Figure 1 illustrates the pres-
ence of reflections at 20 angle of 0.9°, 1.7°, and 1.9°,
corresponding to the planes of (100), (110), and (200).
Bragg reflections, confirming the hexagonal symmetry
(P6 mm) of the SBA-15 materials prepared [8, 10]. A well-
resolved peak at 0.9° and two small peaks at 1.7° and 1.9°
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Fig. 1 Low angle XRD patterns of pure SBA-15 and Ru/SBA-15
catalysts

also can be seen for the various Ru/SBA-15 catalysts
(Fig. 1). The decrease in the intensity of XRD peaks at 1.7°
and 1.9° are due to blocking of the pores of the SBA-15
with the ruthenium. However, it did not significantly
change the hexagonal ordering of SBA-15 framework as
seen from the BJH isotherms from Fig. 2. Figure 2 shows
N2 adsorption—desorption isotherms of pure SBA-15 and
Ru/SBA-15 catalysts. All the samples exhibit irreversible
type IV adsorption isotherms with an H1 hysteresis loop
confirming the presence of mesopore structure [10, 21].

The BET surface areas determined by nitrogen physi-
sorption of all the catalysts are presented in Table 1. The
specific surface area of the pure SBA-15 support was found
to be 715 m*g. The BET surface area decreases as a
function of ruthenium loading on SBA-15, and it might be
due to surface hydroxyl groups of the support consumed by
reaction with the active phase precursor. Such a surface
reaction might have caused the decrease of available sur-
face area of the support, probably by closure of the pores as
evidenced by PSD. The BJH isotherms of SBA-15 sample
before and after impregnation of Ru are shown in Fig. 2a.
It demonstrates that the incorporation of ruthenium does
not affect the mesoporous structure of SBA-15. Low angle
XRD and BJH isotherms suggest that the hexagonal wall
structure of SBA-15 was intact even after impregnation
with Ru precursor. Total pore volume and total pore area of
samples measured by Autosorb-1 (Quantachrome instru-
ments) have also been reported in Table 1, are found to
decrease with increase of ruthenium loading in the similar
lines of surface area of the catalysts. All samples exhibited
uni-model pore size distribution (Fig. 2b).

Powder XRD patterns of SBA-15 and various prere-
duced Ru/SBA-15 catalysts in the 20 range of 10°-65° are
recorded. All the samples shown (not presented here) a
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Fig. 2 a Nitrogen adsorption—desorption isotherms and pore size
distributions; b BJH pore size distribution of SBA-15 and Ru/SBA-15
catalysts

Table 1 BET surface are and pore size distribution data of SBA-15
and various Ru/SBA-15 catalysts

Ru wt% BET surface Pore Pore volume
area (mzlg) diameter (nm) (cclg)

SBA-15 715 7.7 1.24

0.5 702 6.5 1.20

1.5 690 - -

3.0 679 5.7 1.12

4.5 668 - -

6.0 648 5.6 1.04

broad reflection ranging from 15°-30° characteristic of
amorphous silica [22]. It is also observed that all the
samples except pure SBA-15 show a broad reflection at
around 44°, which is due to amorphous ruthenium [23].
This peak becomes sharp from 4.5 wt% ruthenium and
gave a clear reflection at 6.0 wt% indicating the crystalli-
zation of ruthenium beyond 4.5 wt%. This indicates the
formation of Ru” phase [24]. The XRD result suggests that
high dispersion of Ru on SBA-15 was observed below

4.5 wt% Ru in the catalyst. Beyond this loading, the par-
ticle size of ruthenium increases due to agglomerization.
The physical properties of catalysts such as dispersion,
metal surface area and average particle size obtained from
CO-chemisorption are given in Table 2. The dispersion of
Ru was calculated from CO-chemisorption using the fol-
lowing equation assuming the cubic particle with five sides
exposed to the gas plane,

% Dispersion
= (Number of surface ruthenium atoms x 100) /

Total number of ruthenium atoms.

Average particle size(nm)
= 6000 / (Ru metalarea per gram of Ru x Ru density).

The ruthenium metal areas were determined using the
equation Sco = nm® X, ns~', where Sco is the total
metallic surface area, nm°® is the CO consumption and X,
is chemisorption stoichiometry at monolayer coverage, and
ns-1 is the number of ruthenium atoms per unit surface
area. The results shown in Table 2 clearly suggest that
ruthenium dispersion and metal surface area decrease with
increase of Ru loading. The crystallite size of ruthenium
increases with ruthenium loading due to the agglomeriza-
tion of ruthenium particle, which is in good agreement with
TEM and XRD. From the CO uptake values it is clear that
the number of active sites of ruthenium available on SBA-
15 increases up to 4.5 wt % and decreases beyond due to
the formation of larger particles of ruthenium as evidenced
from TEM and XRD.

TEM is a powerful technique to investigate the particle
size and distribution. The impregnation of ruthenium par-
ticles on to SBA-15 support can lead to deposition on the
external surface or confined to channels. The particle sizes
of the prereduced Ru/SBA-15 catalysts are estimated from
TEM and CO-chemisorption. The TEM images are pre-
sented in Fig. 4 and corresponding particle sizes are given
in Table 2. As shown in Fig. 3, the TEM images of Ru/
SBA-15 samples reveal the highly dispersed Ru particles
confined to channels of SBA-15. The average particle size
of ruthenium particles estimated from CO-chemisorption is
in good agreement with that estimated from TEM results.

The H,-TPR technique is used to study the reduction
behavior of RuCls, as well as to obtain the information
regarding the interaction between the metal and support.
The H,-TPR profiles of different ruthenium loadings sup-
ported on SBA-15 are presented in Fig. 4 and the results
are presented in Table 3. All the samples have shown a
main reduction peak at T, around 360-390 K due to the
reduction of Ru**/Ru’. These peaks are broad possibly due
to location of ruthenium ions in different environments.
But at low ruthenium loading (0.5 wt %) the signal was
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Table 2 Results of CO-chemisorption and TEM of various Ru/SBA-15 catalysts

Ru wt% CO uptake (%) Metal surface Particle Particle
(pmol/g) Dispersion area (mz/g)RLl size* (nm) size® (nm)
0.5 49.43 99.94 486.5 0.99 0.8
1.5 73.12 49.27 239.9 2.01 1.8
3.0 108.99 36.72 178.7 2.70 -
4.5 113.55 25.50 124.1 3.89 4.0
6.0 93.89 15.81 77.0 6.24 6.8
* Determined from CO uptake values
" Determined from TEM analysis
Ru wt %

Fig. 3 TEM images of various Ru/SBA-15 catalysts

split in two (,f3) and these peaks are with in the range of
first Ty, Of the other samples. The first peak in TPR of
these low loading samples (0.5 wt% Ru) is due to stepwise
reduction of supported ruthenium chloride [16, 27] All the
samples show a second reduction peak at T, around
473 K due to reduction of oxychlorides of ruthenium
formed due to air exposition during the preparation of the
catalysts [25, 26]. The high temperature peak around
550 K is attributed to the reduction of Ru’* strongly
interacting with the support and possibly located in the
narrow pores [27].

The catalyst surface composition and the oxidation state
of prereduced Ru/SBA-15 catalysts were investigated by
using XPS. In XPS analysis, Ru 3p signals were considered
instead of 3d signals to find the exact oxidation state of
ruthenium, as the Ru 3d signal overlap with C 1s signal.
The 3p signal shows a doublet at B.E. 462.0 and 484.3
(eV), which are characteristic of Ru® [27]. The B.E. of
3pan at 462.5 (eV) for 0.5 wt% shifts to 462.0 (eV) for
6.0 wt%. This suggests that the decrease in metal support
interaction between ruthenium and SBA-15 with increasing
metal loading. The XPS further confirms the absence of
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Fig. 4 H2 TPR profiles of various Ru/SBA-15 catalysts

any surface Cl species. TPR results also show that the
reduction of the samples complete before 573 K due to
complete reduction to metallic state of ruthenium.

3.2 Activity Results

The catalytic properties of Ru/SBA-15 catalysts were
evaluated during the vapor phase hydrogenation of
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Table 3 TPR data of various Ru/SBA-15 catalysts

Ru wt% Tmax' H, uptake Tmax? H, uptake Tmax® H, uptake Tmax* H, uptake Total H, uptake
pmol pmol pmol pmol pmol
0.5 363 31.0 383 43.6 498 62.4 554 176 313
1.5 378 177 - - 473 114 550 100 391
3.0 381 229 - - 452 229 547 105 563
4.5 388 431 - - 438 252 544 107 790
6.0 393 683 - - 442 274 532 104 1061
110 patterns showing multiple and broad peaks indicating the
1004 v v v b4 v presence of ruthenium in different environments. The
00 possibility is that the ruthenium particles can be confined
.«E‘ 50 deep in the channels of SBA-15 and cannot participate in
'§ 70 the reaction, while those Ru particles positioned at or near
2 the pore opening act as a reaction site.
E 60 A comparison is made for the results of dispersion,
w50 metal area specific surface area and the hydrogenation
E 40 - activity of the present study with 4.5 wt% Ru on Al,O5 and
S 30 SiO2 (Table 4). The characterization and the catalytic
&* 50 4 —— Conversion of nitrobenzene experiments are conducted under similar experimental
o —¥— Selectivity for aniline conditions as employed for Ru/SBA-15 catalysts. The
results suggest that Ru/SBA-15 has shown high dispersion,
0 0 1 5 3 4 < p metal area and superior activity than the other catalysts.

Ru loading (Wt%)

Fig. 5 Hydrogenation of nitrobenzene to aniline over Ru/SBA-15
catalysts reaction conditions: weight of the catalyst = 100 mg;
reaction temperature = 548 K; WHSV = 36.12 h H,/Nitroben-
zene = 4; residence time: 0.0276 h

nitrobenzene to aniline at 548 K. The main reaction
product obtained was aniline with trace amounts of ben-
zene. The effect of ruthenium loading on SBA-15 for the
hydrogenation activity is shown in Fig. 5. the conversion
values reach a maximum between 4.0 and 6.0% Ru load-
ing. This is in good agreement with the CO uptake value
wherein the uptakes increase up to 4.5 wt% and decrease
for 6 wt% of ruthenium. All the catalysts show >99%
selectivity towards the formation of aniline. The conver-
sion during hydrogenation of nitrobenzene was found to
increase with increasing ruthenium loading up to 4.5 wt%
and decreased at 6 wt%. The activity of the catalysts at
lower loadings (0.5 and 1.5 wt%) is rather low due to their
strong interaction with SBA-15 as seen form the TPR

The high metal area of Ru/SBA-15 catalysts makes the
metal surface more accessible to the CO-chemisorption and
the hydrogenation activity. The high surface area and intact
pore structure of SBA-15 favors high dispersion and metal
area of the active component, which further enhances the
catalytic activity. However, the selectivity for the forma-
tion of aniline is similar for Ru/SiO, and Ru/SBA-15.

The high catalytic activity exhibited by Ru/Al,O;
compared to Ru/SiO,, despite of having low surface area
and dispersion can be probably explained as follows. The
catalytic activity during hydrogenation is not influenced by
dispersion. Al,O5; adsorbs more chlorine than SiO, from
the ruthenium precursor, due to which electron deficient
ruthenium is present in Ru/Al,O5 catalysts than on Ru/
SiO,. The electron deficient Ru on Al,O5; desorbs the
aniline easily than SiO, and thus allows more nitrobenzene
molecules to convert. An explanation similar to the above
is given by Mazzieri et al. [28] in his recent work on
selective hydrogenation of benzene to cyclohexene over Ru
supported silica and alumina catalysts.

Table 4 Comparison table for BET surface area and activity of ruthenium catalysts

Catalyst BET surface % Dispersion Metal area % Conversion % Selectivity
(4.5 wt%) area (m?/g) (m%/2)ra

Ru/SBA-15 668 25.5 124.1 96.5 99.9
Ru/Si0O, 304 20.8 101.3 60.2 98

Ru/AlLO; 160 10.3 50.3 85.0 92
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Fig. 6 Relationship between Ru loading, TOF and particle size for
hydrogenation of nitrobenzene

Figure 6 shows the relation between TOF (number of
molecules of nitrobenzene converted per second per site),
particle size and ruthenium loading. The TOF values
increase up to 3.0 wt% of ruthenium and levels off at higher
loadings. The particle size of ruthenium also increases
smoothly up to 4.5 wt% and tend to increase exponentially
at 6 wt%. This clearly shows that the conversion of nitro-
benzene is directly related to the number of active sites
available determined from CO-chemisorption. The increase
in the crystallite size beyond 4.5 wt% indicate that the
overloading of the metal lead to the increase in the crys-
tallite size due agglomerization of ruthenium particles but
will not increase the number of active sites. The catalytic
samples between 4.0 and 6.0 wt% Ru exhibited the higher
activity than other Ru/SBA-15 catalysts. The leveling off of
the TOF at higher Ru loadings is attributed to the decrease
in the number of active sites of ruthenium on SBA-15 due to
agglomerization as evidenced from the results of XRD,
TEM and CO-chemisorption measurements.

4 Conclusions

Highly dispersed ruthenium catalysts can be prepared
confined to channels of SBA-15 support by the impreg-
nation method. Ruthenium supported SBA-15 catalysts
exhibit high catalytic activity for the hydrogenation of
nitrobenzene. Moreover, high selectivity towards the for-
mation of aniline makes Ru more promising for
hydrogenation of nitrobenzene reaction. Low angle XRD
and pore size distribution confirms that the pore structure
of SBA-15 remains intact even after the introduction of
ruthenium. XRD results also show the presence of Ru0
from 4.5 wt%, which is further supported by the TEM and
CO-chemisorption measurements. XPS reveals the forma-
tion of Ru" after reduction at 573 K and in good agreement
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with TPR results. The catalyst with 4.5 wt% Ru is found to
be optimum loading for the conversion of nitrobenzene
beyond which the particle size of ruthenium increases
leading to decrease in the number of active sites and
decrease of catalytic activity. Ru supported on SBA-15
exhibits higher activity during nitrobenzene hydrogenation
than Ru supported on alumina or silica. The catalytic
activity is directly related to the CO-chemisorption sites.
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