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Preparation of mesoporous catalyst supported on silica with finely

dispersed N1 particles
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A novel nickel catalyst supported on SBA-15 type mesoporous silica was synthesized by the grafting of N-(trimethoxysilylpropyl)ethy-
lene diamine triacetic acid salt (EDTA) onto the surface of SBA-15 and followed by adsorption of nickel ions and calcinations (Ni-E-SBA).
The catalysts prepared were characterized using XRD, TEM, TED, SAXS and N, adsorption/desorption measurements. While nickel
particles loaded on catalysts prepared by the wet impregnation method were found to be aggregated on the outer wall of the supports,
nickel particles were finely dispersed on the surface of the mesopores in the Ni-E-SBA catalyst. The catalytic performances of the prepared
catalysts were evaluated using the hydrodechlorination (HDC) of 1,1,2-trichloroethane (TCEa) as a model reaction. Results showed that the
Ni-E-SBA catalyst had the highest activities of the catalysts examined under the given conditions.
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1. Introduction

Since the introduction of MCM-41 and FSM, a variety
of mesoporous molecular sieves, such as HMS, SBA-15
and KIT-1, have been developed [1-5]. Because of their
desirable properties as a catalyst support, e.g., large
surface area, controllable pore size and narrow pore-size
distributions, these types of materials have attracted
considerable attention for catalyst preparation [6—10].
However, investigations focused on the metal-loading
procedures, in order to properly use the superior proper-
ties, have been minimal. Direct synthesis [6,8], impregna-
tion [8,9] and ion-exchange [10] methods have been used
to load metals on the mesoporous molecular sieves for
the preparation of catalysts to date. However, some
limitations are anticipated in these methods, such as low
metal-loading capacity (ion exchange), pore blockage by
metal particles (impregnation) and weak pore structure
(direct synthesis). As a result, there is a need to develop
a novel metal-loading method to utilize the advantages
of the mesoporous molecular sieve as a catalyst support.

It is widely recognized that metal-chelating agent func-
tionalized silica can adsorb metal ions, and a number of
studies have been reported on this issue [11-14]. Feng
et al. [11] synthesized thiol-monolayered mesoporous
molecular sieves for the adsorption of mercury ions in
aqueous solutions. Diaz et al. [12] synthesized ethylene-
diamine, diethylenetriamine and ethylenediaminetriacetic
acid salt functionalized mesoporous silicas by grafting
method. Cobalt complexes were bound on these
functionalized mesoporous silicas. Similar studies [13,14]
have been performed for the treatment of wastewater
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containing various kinds of heavy metals. In this work,
a nickel-loaded catalyst was synthesized using a metal-
chelating agent functionalized mesoporous molecular
sieve. Functional groups were grafted on the surface of
as-synthesized mesoporous silica, followed by the adsorp-
tion of nickel ions and calcinations. This work is the first
attempt to apply these methods for the synthesis of meso-
porous catalysts. The catalyst prepared is expected to have
ordered pore structure, moderate metal-loading capacity
and fine dispersion of metal on the mesopores.

In this work, we chose hydrodechlorination (HDC) of
trichloroethane (TCEa) as a model system for the test of
nickel catalysts. Catalytic hydrodechlorination is recog-
nized as a promising recycling process for the treatment
of chlorinated hydrocarbons, which are produced as a
waste or by-products. However, no attempts have been
made to find a general procedure for this process.
Among the various approaches, nickel-loaded catalysts
are the most obvious for use in catalytic hydrodechlorina-
tion [15—17]. TCEa was chosen as a model compound,
since it was one of the major by-products in the ethylene
dichloride production process. The catalytic performance
of prepared catalysts was compared and properties of
each catalyst were investigated using XRD, TEM, TED,
SAXS and N, adsorption/desorption measurements.

2. Experimental
2.1. Catalyst preparation
SBA-15 mesoporous silica was synthesized using

a non-ionic surfactant, Pluronic P123 (poly(alkylene)
oxide triblock copolymer, BASF Co.), as a template
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and tetraethylorthosilicate (TEOS, Aldrich Chemical
Co.) as a silica precursor [4]. N-(trimethoxysilylpro-
pyl)ethylene diamine triacetic acid salt (EDTA, Gelest
Inc.) was used as a metal-chelating agent. The acidic
solution of surfactant and silica precursor was stirred
at 313K for 20h and aged at 353 K for 24 h. The solid
product was filtered and template was removed by etha-
nol extraction for four days. In this preparation, 2.0 g of
SBA-15 was added to the 60 ml of dry toluene containing
3ml of EDTA, and the mixture was refluxed for 20 h.
The solid product was isolated by filtration and washed
with toluene, acetone and ethanol. Nickel ions were
adsorbed on the surface of the EDTA grafted SBA-15.
1.2 g of functionalized silicas were mixed with 400 ml of
a 10mmol/l nickel nitrate solution (Ni(NO;),-6H,O,
Aldrich Chemical Co.), and it was stirred for 24 h. The
pH of the solution was maintained at 5.0 to prevent the
precipitation of nickel hydroxide. After filtering and
drying, the sample was calcined at 673 K for 5h to give
the Ni-E-SBA catalyst.

Two types of catalyst were prepared for the com-
parative test. Ni-WI-SBA and Ni-WI-JRC were
prepared by the wet impregnation method using
SBA-15 and commercial JRC-SIO-7 (Catalysis Society
of Japan) as a support, respectively. In each preparation,
the support material was impregnated with appropriate
amounts of aqueous nickel nitrate solution to adjust its
nickel loading to 8wt%. After successive drying at
room temperature and 353 K, these catalysts were also
calcined at 673 K for 5h.

2.2. Characterization

Elemental analysis was carried out using a RECO
CHNS (model 923) to confirm the EDTA grafting on
the SBA-15. Nickel loading was measured using induc-
tively coupled plasma-atomic emission spectrometry
(ICP-AES; Shimazu ICPS-1000IV). N, adsorption/
desorption isotherms were measured at 77K using a
Micromeritics ASAP 2010 sorptometer by static methods.
Small-angle X-ray scattering (SAXS) patterns were
collected on a Bruker GADDS diffractometer using Cu
K, radiation with 40.0kV and 45.0mA. Transmission
electron microscopy (TEM) and transmission electron
diffraction (TED) images were obtained on a JEOL
JEM-2000EXII operated at 200kV. X-ray diffraction
(XRD) patterns were obtained on a MAC science
M18XHF-SRA diffractometer using Cu K, radiation
with 150.0kV and 100.0 mA.

2.3. Catalytic performances

The hydrodechlorination reaction of the prepared
catalysts was investigated using 1,1,2-trichloroethane as
a model compound. Experiments were performed at
atmospheric pressure in a flow system equipped with a
temperature-controlled furnace and a quartz reactor.

The temperature was measured using a thermocouple
inserted in the reactor. Liquid TCEa was fed into the
reactor by a micro-feeder at a rate of 0.30ml/h and
pre-heated to 443K before entering the reactor.
Helium was used as a carrier gas at a constant flow
rate of 20 ml/min and the hydrogen flow rate was 7 ml/
min. The calcined catalysts were reduced before use by
a hydrogen gas flow at 673K for 2h. Hydro-
dechlorination reaction was carried out at 573K.
Reaction products were sampled at the outlet of the
reactor and analyzed by GC (DS 6200 FID, Donam
Co.). GC/MS (GC/MSD 5973, Hewlett-Packard Co.)
was used to identify the products.

3. Results and discussion
3.1. Nickel incorporation on the mesopore

ICP-AES was used to measure the nickel content of
each catalyst. The amounts of nickel loaded on the Ni-
E-SBA, Ni-WI-SBA and Ni-WI-JRC were 7.77, 9.42
and 8.36 wt% respectively. Diaz et al. [12] synthesized
EDTA grafted MCM-41 (M41EDT), which was the
most effective sample for the cobalt adsorption; its load-
ing was only 3.84 wt%. Considering the fact that cobalt
and nickel have similar atomic weights, this was mark-
edly lower than that of the Ni-E-SBA. Since EDTA is
a bulky organic with many carbon chains and SBA-15
has larger pore diameter than MCM-41, it is likely that
more EDTA was grafted on SBA-15. This assumption
is in good agreement with the elemental analysis results.
The nitrogen content of the M41EDT samples was
reported as 1.52wt%, but that of EDTA-grafted
SBA-15 was 2.10wt%. In addition, the nickel loading
of Ni-E-SBA was much larger than the metal loading
of the catalysts prepared by ion exchange. Yonemitsu
et al. [10] synthesized Mn-MCM-41 using the template
ion-exchange (TIE) method and the manganese contents
of resulting samples were less than 1.4wt%. In the
syntheses of Mn-MCM-41 and Ni-E-SBA, metal ions
were incorporated on the supports by ionic interaction.
However, the approach used here showed a higher
metal-loading capacity with fine metal dispersion than
samples prepared by ion exchange, and moreover,
it was possible to adjust metal loading by changing
the concentrations of the nickel ion solution at the
adsorption step.

The XRD patterns for the SBA-15, Ni-E-SBA,
Ni-WI-SBA and Ni-WI-JRC samples were obtained
and are shown in figure 1. Regardless of the type of
support used, all samples exhibited a broad silica peak
around 23°, indicative of a low overall degree of crystal-
lization of the silica supports. The XRD patterns of
Ni-WI-SBA and NI-WI-JRC exhibited similar diffrac-
tion peaks at 37, 43, 62, 72 and 79°, which were
characteristic of NiO(101), NiO(012), NiO(110),
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Figure 1. XRD patterns of (a) SBA-15 and the prepared catalysts after the calcination step, (b) Ni-E-SBA, (c) Ni-WI-SBA and (d) Ni-WI-JRC.

NiO(113) and NiO(202), respectively. This suggests that
the crystalline structure of the nickel in the Ni-WI-SBA
and Ni-WI-JRC samples was rhombohedral NiO. While
crystalline phases were observed in the catalysts prepared
by wet impregnation, the XRD patterns of Ni-E-SBA
exhibited no recognizable specific diffraction peak of
nickel species. It was similar to that of SBA-15, which
was used as a support. These results suggest that the
nickel was so finely incorporated on the surface of the
mesopore of the Ni-E-SBA that it could not form a crystal-
line structure. Yuan et al. [18] investigated the dispersion
of gold particles on titanium hydroxide and titanium
oxide, using TEM and XRD. They concluded that gold
particles less than 3nm in size did not give an Au(200)
peak by XRD analysis. It might be concluded that the
nickel particles in the Ni-E-SBA catalyst are dispersed in
nanometer size, as indicated by the XRD patterns.
Further evidence of fine nickel particle dispersion was
provided by the TEM and TED images, which are pre-
sented in figures 2 and 3. SBA-15 had the regular hexa-
gonal array of uniform two-dimensional channels,
which has also been confirmed by other researchers [4].
The shape and size of the Ni-E-SBA and Ni-WI-SBA
catalysts was similar to that of SBA-15 used as a support.
No nickel particles were observed in the TEM images of
the Ni-E-SBA catalyst, while apparent nickel particle
aggregates were observed on the Ni-WI-SBA. Choi and
Lee [17] synthesized nickel-loaded silica catalysts by the
impregnation method and showed that the average
diameter of the nickel particles in the catalysts varied
from 25.2nm to 50.6 nm. The nickel particle sizes of
the samples prepared by the wet impregnation method
in this work were similar to those of Choi and Lee, and

the size of these particles is larger than the average
pore diameter of the SBA-15, which is 8.0 nm. Therefore,
it might be inferred that nickel particles formed by the
wet impregnation method were loaded on the outer
surface of SBA-15. In order to investigate the metal
structure, TED measurement was carried out (figure 3).
The TED image of SBA-15 exhibited no apparent
patterns, because it did not contain metal contents.
While TED images of the Ni-WI-SBA catalyst showed
irregular ring patterns, weak regular hexagonal patterns
were observed for the Ni-E-SBA catalyst. Nickel might
be incorporated along the regular hexagonal mesopores
in Ni-E-SBA. These results are consistent with nickel
particles being finely dispersed along the internal meso-
pore surfaces of the Ni-E-SBA catalyst.

3.2. Conservation of pore structure

Figure 4 shows N, adsorption/desorption isotherms of
SBA-15, EDTA-grafted SBA-15 and calcined Ni-E-SBA.
All samples exhibited irreversible type IV adsorption iso-
therms with an H1 hysteresis loop as defined by IUPAC
[19]. The surface area, pore diameter and pore volume
of the SBA-15 decreased upon the EDTA grafting.
These pore properties were, however, restored up to
64.2% (surface area) and 70.6% (pore volume) of the
original value as a result of calcination in the case of the
Ni-E-SBA catalyst. The hexagonal mesopore structure
of the SBA-15 was not altered by the preparation pro-
cedure. The conservation of the mesoporous structure
was also confirmed more precisely by the SAXS patterns,
which are shown in figure 5. SBA-15 showed clear (100),
(110) and (200) reflections in its SAXS diffraction
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Figure 2. TEM images of (a) SBA-15 and the prepared catalysts, (b) Ni-E-SBA and (c) Ni-WI-SBA.

patterns and the 26 angles of each peak were 0.86, 1.49
and 1.72, which suggests that SBA-15 had hexagonal
mesopore structure. The peak intensity of EDTA-grafted
SBA was lower than that of SBA-15 and a small decrease
in the 26 angle of the primary peak was observed. The Ni-
E-SBA catalyst displayed a similar peak intensity and 26
angles of (100) peak; however, (110) and (200) reflection
was lower than those of SBA-15, which suggests that it
has a lower long-range order than the original support.
SBA-15 and Ni-E-SBA samples had the same primary
peak at 0.86°, which indicates that the prepared materials
have identical cell parameters of 11.86nm. The com-
parison of the peak intensities and 26 angles of peaks
suggests that pore structure of the SBA-15 was affected
by the EDTA grafting step, but original mesopore
structure was restored after the calcination step. From

N, adsorption/desorption isotherms, SAXS patterns and
TEM images, it is concluded that the overall silica meso-
pore structure was conserved. In addition, the surface area
and pore volume of the Ni-WI-SBA catalyst were
decreased, because the nickel particles blocked the meso-
pores during the preparation steps, as shown by table 1
and figure 2(c). Consequently, Ni-WI-SBA had smaller
surface area and pore volume than Ni-E-SBA. We suggest
better mesopore conservation of catalysts prepared by our
approach than that of catalysts prepared by the impregna-
tion method.

3.3. Hydrodechlorination of 1,1,2-trichloroethane

Catalytic hydrodechlorination performances of the
prepared catalysts are shown in figure 6. The Ni-E-SBA
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Figure 3. TED images of (a) Ni-E-SBA and (b) Ni-WI-SBA.

catalyst exhibited the highest conversion after operation
of 150 min and showed the lowest deactivation of all the
other catalysts examined. Choi and Lee [17] reported
that Ni/SiO, catalysts prepared by incipient wetness
impregnation could be used for the hydrodechlorination
of 1,2-dichloropropane. The conversion of 10% Ni/SiO,
catalyst, under similar reaction conditions to this study,
was decreased from the initial 90% to approximately
60% during the reaction time of 20h and thereafter
remained constant. However, Ni-E-SBA catalyst with
7.77% of nickel loading showed a higher conversion of
1,1,2-trichloroethane than the conventional catalyst

prepared by incipient wetness impregnation. Experimental
results in figure 6 showed that a conversion of over 90%
was maintained during the reaction time of 3h and the
rate of decrease is relatively small. Choi and Lee [17]
reported that the nickel hydrosilicate phase was formed
in nickel silica catalysts by metal-support interactions
and this nickel hydrosilicate contributed to slow deactiva-
tion. Based on this observation, it is suggested that the
finely dispersed nickel species show a stronger metal—
support interaction and lead to nickel hydrosilicate forma-
tion and, thus, result in a higher resistance to deactivation.
It should be noted that HCl is the stoichiometric product
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Figure 4. N, adsorption and desorption isotherm plots for (a) SBA-15 (H), (b) EDTA-grafted SBA-15 (@) and (c) Ni-E-SBA (A).
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Figure 5. SAXS patterns of SBA-15, EDTA-grafted SBA-15 and Ni-E-SBA.

Table 1 of the hydrodechlorination reactions and the chlorine
Characteristics of SBA-15 and the prepared catalysts atoms from the reactants are known to adsorb on the
i ] nickel particles. These adsorbed chlorine atoms might
Sample Nickel BET BJH adsorption .
P reduce the metallic surface area of the catalyst and also
content surface area pore volume R X
(Wi%) (m?/g) (cm’/g) change the ox1§1at10n state of the metal. However, the
adsorbed chlorine atoms could be desorbed from the

SBA-15 0.00 783.2 0.841 active sites as a form of HCl during the gas-phase hydrode-
Ni-E-SBA 777 477.0 0.493 chlorination reactions. It was observed that initially the
Ni-WI-SBA 9.42 475.7 0.441

Ni-WLIRC 836 1843 0.281 conversion was slightly decreased and after that remained
constant for several hours.
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Figure 6. Catalytic activity of the prepared catalysts with respect to time-on-stream at 573 K: (a) Ni-E-SBA (H), (b) Ni-WI-SBA (@) and (c) Ni-WI-JRC (A).
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Figure 7. Product distribution of the Ni-E-SBA catalyst with respect to time-on-stream at 573 K.

Product distributions of the Ni-E-SBA catalyst are
shown in figure 7. No remarkable differences in product
compositions with catalysts used were observed and the
major products obtained were ethylene, acetylene, vinyl
chloride monomer (VCM) and cis-dichloroethene
(cis-DCE). Ethylene was the major portion of the
products during the reaction and acetylene was the
next; however, the acetylene fraction was more affected
by the catalyst activity.

The conversion by the reaction using the Ni-WI-SBA
catalyst was somewhat higher than that using the Ni-
WI-JRC catalyst due to its higher nickel content. We
conclude that the Ni-E-SBA catalyst had more nickel
hydrosilicate phase, by the fine dispersion of nickel,
than those catalysts prepared by the wet impregnation
methods and it leads to the lowest deactivation and the
highest activity of the Ni-E-SBA catalyst among other
catalysts prepared under the given conditions.

4. Conclusions

The Ni-E-SBA catalyst was synthesized using EDTA
grafting, metal ion adsorption and calcinations. Using
these methods, the nickel particles were finely dispersed
along the surface of the mesopores of the SBA-15. The
ordered mesoporous structure of the support was
conserved throughout the preparation procedures. The
Ni-E-SBA had high metal loading capacity. In addition,
it had more dispersed metal incorporation on the meso-
pore than samples prepared by the wet impregnation
method. The Ni-E-SBA catalyst showed the highest
TCEa conversion of all the catalysts prepared in this

work, and it was resistant to the deactivation in the
dechlorination reaction. Further study will be needed to
investigate the state of nickel particles and their size in
the Ni-E-SBA catalyst and the kinetic mechanism of
hydrodechlorination of TCEa over the Ni-E-SBA catalyst.
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