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Abstract Ni/SiO2 cogelled xerogel catalysts have been
prepared in ethanol containing nickel acetylacetonate, tet-
raethoxysilane (TEOS), an aqueous ammonia solution of
0.54 mol L−1 and either a commercial sylilated ligand, 3-(2-
aminoethyl)aminopropyltrimethoxysilane (EDAPMS), or a
home-made new silylated pyrazolypyridine ligands, respec-
tively 2-[4-[3-(trimethoxysilyl)propyl]-3,5-dimethyl-1H-pyr-
azol-1-yl]pyridine (MS-PzPy) and 2-[4-[3-(trimethoxysilyl)
propyl]-3,5-dimethyl-1H-pyrazol-1-yl]-6-methylpyridine (MS-
PzPyMe), able to form a chelate with a metal ion such as
Ni2+. All samples form homogeneous and very highly dis-
persed Ni/SiO2 cogelled xerogel catalysts. The resulting
catalysts are composed of nickel nanoparticles with a dia-
meter of about 2.8 nm, located inside primary silica particles
exhibiting a monodisperse microporous distribution. The
silylated organic ligand has a strong influence on the tex-
tural properties of cogelled xerogel catalysts, both before
and after calcination and reduction steps. Changing the
nature of the silylated ligand permits tailoring textural
properties such as pore volume, pore size and surface area.
Homogenous nickel complexes synthesized from pyr-
azolylpyridine derivatives are inactive for ethylene poly-
merization. In opposite, heterogenous nickel-based catalysts
onto silica xerogel synthesized from pyrazolylpyridine
derivatives bearing a tethered trialkoxysilyl group allow

increasing ethylene polymerization activity. Although
nickel nanoparticles are located inside the silica crystallites,
their complete accessibility, via the micropore network, has
been shown. For 1,2-dichloroethane hydrodechlorination
over Ni/SiO2 catalysts, the conversion of 1,2-dichloroethane
is high at the temperature of 350 °C and mainly ethane is
produced.
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1 Introduction

Heterogeneous catalysis is widely used for industrial
applications thanks to the well-known advantages of easier
product–catalyst separation and recovery of the catalyst
process and, often, to the enhanced stability of the catalyst.
But in terms of selectivity, homogeneous catalysis usually
provides better results. From this point of view, the grafting
of homogeneous catalysts onto a solid support seems the
ideal combination in order to achieve the advantages of both
heterogeneous and homogeneous catalysis, allowing the
developing of more environmentally friendly and economical
processes with potential application in the industry [1, 2].
Further, to covalently link a homogeneous onto silica (a
support which is thermally, chemically, and mechanically
resistant with a well defined structure) is the best way to limit
metal leaching and sintering.

It is known that the activity of immobilized molecular
catalysts may be remarkably affected by the nature of the
support. It is apparent that development of heterogeneous
processes relies on our ability to design diverse and spe-
cifically customized support materials. From this point of
view, sol–gel chemistry is a versatile route to tailored
organically-modified silica. This process is based on the
hydrolysis and condensation of monomeric precursors—
typically silicon alkoxides—leading to the formation of the
3-dimensional porous network [3]. According to the
cogelation sol-gel process proposed by Schubert et al. [4]
and Lambert et al. [5–8] used this method to synthesize
metallic oxide, mono-and bimetallic cogelled xerogel cat-
alysts. Further thermal treatments of cogelled xerogel cat-
alysts gave highly dispersed palladium, silver, nickel,
copper or iron oxide nanoparticules in Pd/SiO2, Ni/SiO2,
Ag/SiO2, Cu/SiO2 or Fe-based catalysts and alloy nano-
particles in Pd-Ag/SiO2, Pd-Cu/SiO2 and Ni-Cu/SiO2 cat-
alysts. Furthermore, in all metallic cogelled xerogel
catalysts, the complete accessibility and activity of the
metallic sites through the microporous network were
experimentally established and verified in a typical het-
erogeneous gaseous reaction, the catalytic hydrode-
chlorination of 1,2-dichloroethane, an important reaction
for the treatment of chlorinated industrial wastes [5–7].
Finally, it has been shown [7] that the very particular
structure of those catalysts allows to avoid diffusional
limitations. Indeed, in xerogel catalysts, in order to reach
active sites, reactants must first diffuse through large pores
located between aggregates of SiO2 particles and then
through smaller pores between those elementary particles
inside the aggregates. Finally, they diffuse through micro-
pores inside the silica particles. It was shown that there is
no problem of mass transfer at each of the three levels [7].
The Weisz modulus, which compares the observed reaction
rate to the diffusion rate, has a value much smaller than 1 at

three discrete levels: (i) macroscopic pellet, (ii) aggregate of
silica particles, (iii) elementary silica particle containing an
active metallic crystallite. So there are no pore diffusion
limitations in gaseous phase [7].

In last decade, nitrogen-based ligands containing one of
several Schiff bases have been reported to form active
catalysts with “late-metal” (such as Fe, Pd, Ni,…) for the
ethylene polymerization [9–12]. Moreover, substituted
pyrazole-based organometallic complexes gave also pro-
mising results in this field [12–14]. These facts let us sug-
gest that the pyrazolylpyridine derivatives bearing a
tethered trimethoxysilylated group synthesized in a previous
work [15] are potentially good candidate to prepare hybrid
catalyst (i.e., soluble organometallic complexes covalently
bonded onto an insoluble support, in this case silica) with
Ni-II, Fe-II or Pd-II for ethylene polymerization. Indeed,
recently, works have been realized to graft Ni- [16–18], Ti-
[19], Zr- [19] or Fe- [18, 19] complexes on different sup-
ports like silica [19], carbon nanotubes [16] or mica [17, 18]
to enhance ethylene polymerization. In these studies, results
show that the molecular structure of these complexes was
maintained after grafting and evidenced the beneficial
influence of the support. Furthermore, Nandi et al. [20]
showed that functionalized mesoporous silica supported
copper (II) and nickel (II) catalysts were very active towards
the selective epoxidation of olefins like cyclohexene, trans-
stilbene, styrene, α-methyl styrene, cyclooctene and nor-
bornene in the presence of tert-butyl hydroperoxide oxidant
under mild liquid phase reaction conditions. So hetero-
genized systems are more active than the corresponding
homogeneous catalysts [16, 20].

In this study, the heterogenization of nickel(II) acetate
acetylacetonate via a sol-gel process mediated by three
following ligands was described : (i) one commercial
ligand, 3-(2-aminoethylamino)propyltrimethoxysilane and
(ii) two home-made ligands : 2-[4-[3-(trimethoxysilyl)pro-
pyl]-3,5-dimethyl-1H-pyrazol-1-yl]pyridine (MS-PzPy) and
2-[4-[3-(trimethoxysilyl)propyl]-3,5-dimethyl-1H-pyrazol-
1-yl]-6-methylpyridine (MS-PzPyMe). All these hybrid
organic-inorganic materials were characterized to determine
their textural properties, the size and the dispersion of
Ni particles and tested in different reactions such as ethy-
lene polymerization and hydrodechlorination of 1,2-
dichloroethane.

2 Experimental section

2.1 Synthesis of pyrazolylpyridine ligands

Pyrazolylpyridine ligands, namely 2-(3,5-dimethylpyrazol-
1-yl)pyridine (MS-PzPy) and 2-(3,5-dimethyl-1H-pyrazol-
1-yl)-6-methylpyridine (MS-PzPyMe) are synthesized from
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acetylacetone, 3,5-heptanedione, 2-hydrazinopyridine or
2-hydrazino-6-methylpyridine, as described in [15]. The
synthesis and 1H NMR spectra of pyrazolylpyridine deri-
vatives are presented in Fig. 1.

2.2 Synthesis of homogeneous nickel complexes of
pyrazolylpyridine derivatives

Nickel complexes of pyrazolylpyridine derivatives,
NiBr2(PzPy) and NiBr2(PzPy

Me) are generated in dichlor-
omethane by addition of the metal salt to a solution of the
ligand. So a suspension of 10−5 mol of nickel(II) bromure
and 1.1 × 10−5 mol of pyrazolylpyridine ligand in 0.4 ml of
dichloromethane are stirred for 30 min under an anhydrous
argon atmosphere. The properties of these organometallic
complexes are presented in Table 1.

2.3 Synthesis of heterogeneous Ni/SiO2 cogelled xerogel
catalysts

Three Ni/SiO2 xerogel cogelled catalysts with 1 wt.% of
nickel were prepared from three silylated ligands. Each
catalyst is named by the corresponding silylated ligand
used: 3-(2-aminoethylamino)propyltrimethoxysilane (NH2-
(CH2)2-NH-(CH2)3-Si(OCH3)3 or EDAPMS, commercial
product, Sigma-Aldrichs), 2-[4-[3-(trimethoxysilyl)
propyl]-3,5-dimethyl-1H-pyrazol-1-yl]pyridine (MS-PzPy,

synthesis described in [15]) and 2-[4-[3-(trimethoxysilyl)
propyl]-3,5-dimethyl-1H-pyrazol-1-yl]-6-methylpyridine
(MS-PzPyMe, synthesis described in [15]). The last two
ligands are pyrazolylpyridine derivatives bearing a tethered
trialkoxysilyl group and their structure is presented in
Fig. 2. 4.6 × 10−4 mol of nickel(II) acetylacetonate (Ni
[CH3COCH=C(O-)CH3]2=Ni(acac)2) is dissolved for
60 min in 13 ml of absolute ethanol containing 9.3 × 10−4

mol of either EDAPMS, MS-PzPy or MS-PzPyMe. After
the addition of 9.75 ml of tetraethylorthosilicate (Si
(OC2H5)4= TEOS), 4.0 ml of 0.54 N NH3 aqueous solution
in 13 ml of absolute ethanol is added with vigorous stirring.
The vessel is then tightly closed and heated up to 80 °C
for 72 h (gelling and aging [3]). The wet gels were dried
under vacuum according to the following procedure : the
flasks were opened and put into a drying oven at 80 °C, and
the pressure was slowly decreased (to prevent gel bursting)
to reach the minimum value of 1200 Pa after 90 h. The
drying oven was then heated at 150 °C for 72 h. The
resulting samples are xerogels [3]. The conditions of cal-
cination are as follows: the three samples are heated up to
400 °C at a rate of 120 °C h−1 under flowing air
(0.02 mmol s−1); this temperature is maintained for 12 h in
air (0.1 mmol s−1). For the reduction, samples are heated
up to 500 °C at a rate of 500 °C h−1 under flowing H2

(0.23 mmol s−1) and maintained at this temperature for 3 h
(same flow).

O O N
H
N

NH2 EtOH N
N

N

PzPy

+(a)

2-(3,5-dimethylpyrazol-1-yl)-pyridine, PzPy
NMR 400 MHz (CDCl3)
1H : δ = 2.28 (s, 3H), 2.61 (s, 3H), 5.97 (s, 1H), 7.11 (m,1H), 7.74 (m, 1H), 7.82 (m, 1H), 8.39 (m,
1H).

O O N
H
N

NH2
EtOH N

N

N

PzPyMe

+(b)

2-(3,5-dimethylpyrazol-1-yl)-6-methylpyridine, PzPyMe

NMR 400 MHz (CDCl3)
1H : δ = 2.28 (s, 3H), 2.50 (s, 3H), 2.60 (s, 3H), 5.95 (s, 1H), 6.96 (m, 1H), 7.60 (m, 2H).

Fig. 1 Structure and
characterization of
pyrazolylpyridine derivatives

Table 1 Properties of
organometallic complexes and
ethylene consumption

Complex Complex color IR absorptions of C–N bonds
(cm−1)

Ethylene consumption
(mol)

NiBr2(PzPy) light green 1605, 1579, 1563 0.09

NiBr2(PzPy
Me) orange (pink in

CH2Cl2)
1612, 1575, 1566 0.03
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2.4 Characterization of heterogeneous Ni/SiO2 cogelled
xerogel catalysts

Real nickel contents in Ni/SiO2 cogelled xerogel catalysts
were measured from inductively coupled plasma atomic
emission spectroscopy (ICP-AES) on a Spectroflam from
Spectro Analytical Instruments. Samples were dissolved in
concentrated acids (18M H2SO4, 22M HF, 14M HNO3).
Nickel contents were obtained by comparison with standard
solutions in the same medium.

Nitrogen adsorption-desorption isotherms were measured
at 77 K on a Fisons Sorptomatic 1990 after outgassing for
24 h at ambient temperature. After a 2 h outgassing at
ambient temperature, Hg porosimetry measurements were
performed with sample monoliths using a manual por-
osimeter from 0.01 to 0.1 MPa and a Carlo Erba Por-
osimeter 2000 from 0.1 to 200MPa.

Ni particles sizes were examined by transmission elec-
tron microscopy (TEM) with a Philips CM100 microscope.
All samples were impregnated with an epoxy resin (EPON
812) to which an amine was added to serve as a hardener.
Hardening goes on for 72 h at 60 °C and 60 nm slices were
then cut up with a Reichert-Jung Ultracut E microtome.
Finally, these slices were put on a copper grid.

Nickel dispersion in heterogeneous Ni/SiO2 xerogel
cogelled catalysts was determined from H2 chemisorption at
30 °C on a Fisons Sorptomatic 1990 device. Before mea-
surements, the calcined sample was reduced in situ in
flowing H2 (0.003mmol s−1) at 500 °C for 3 h. After, this
sample was outgassed under vacuum at 450 °C for 16 h. A
double adsorption method was used : (i) first adsorption
isotherm was measured, which includes both physisorption
and chemisorption ; (ii) after a 30 min outgassing at 30 °C, a
second isotherm was measured which includes physisorption
only. Both isotherms are determined in the pressure range of
10−8–2 10−1 kPa. The difference between first and second
isotherms gave the H2 chemisorption isotherm [21–23].

2.5 Catalytic experiments

2.5.1 Ethylene polymerization

Homogeneous nickel complexes of pyrazolylpyridine deri-
vatives are tested for ethylene polymerization in toluene in
the presence of methylaluminoxane (MAO) as cocatalyst.
Experimental conditions are the following: 30 ml of toluene,
ambient temperature, MAO/metal= 700, 10−5 mol of
complexe, polymerization time = 1 h; ethylene pressure =
1MPa.

Heterogeneous dried Ni/SiO2 cogelled xerogel catalysts
are crushed, sieved between 250 and 500 µm and tested for
ethylene polymerization with the same experimental con-
ditions than these one for homogeneous catalysts.

2.5.2 1,2-Dichloroethane hydrodechlorination on
heterogeneous Ni/SiO2 cogelled xerogel catalysts

0.15 g of samples EDAPMS, MS-PzPy and MS-PzPyMe
are crushed, sieved between 250 and 500 µm and tested for
1,2-dichloroethane hydrodechlorination, which was con-
ducted in a stainless steel tubular reactor (internal diameter:
10 mm) at a pressure of 0.3 MPa. The reactor was placed in
a convection oven. A constant flow of each reactant was
maintained by a Gilson piston pump for ClCH2-CH2Cl and
Brooks mass flow controllers for H2 and He. The effluent
was analyzed by gas chromatography (ThermoFinnigan
with FID) using a Porapak Q5 packed column. Prior to each
experiment, each calcined Ni/SiO2 xerogel cogelled catalyst
was reduced in situ at atmospheric pressure in flowing H2

(0.023 mmol s−1) while being heated to 400 °C at a rate of
350 °C/h and was maintained at this temperature for 4 h.
After reduction, each Ni/SiO2 catalyst was cooled in H2 to
the desired initial reaction temperature of 200 °C. The total
flow of the reactant mixture was 0.45mmol s−1 and consisted
of ClCH2-CH2Cl (0.011mmol s−1), H2 (0.023mmol s−1),
and He (0.42 mmol s−1). The temperature was successively
kept at 200 °C (2 h), 250 °C (2 h), 300 °C (2 h), 350 °C (2 h)
and 300 °C (4 h). The effluent was analyzed every 15min
and eight analyses were made at each temperature (60 for the
last level).

3 Results and discussion

3.1 Textural properties of heterogeneous Ni/SiO2

xerogel cogelled catalysts

Textural properties are presented in Table 2 both for sam-
ples after vacuum drying step (the sample names are fol-
lowed by the word “dried” in Table 2) and for the same
samples after vacuum drying, calcination, and reduction

N N

Si(OCH3)3

N

N N

Si(OCH3)3

N

MS-PzPy MS-PzPyMe

Fig. 2 Structure of pyrazolylpyridine derivatives bearing a tethered
trimethoxysil group
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steps. The specific surface area obtained from the BET
method, SBET, and the total cumulative specific pore
volume, Vv, that is, the pore volume obtained by addition of
pore volume measured by mercury porosimetry (width <
7.5 nm) and cumulative volume of micropores and meso-
pores of widths between 2 and 7.5 nm measured by nitrogen
adsorption–desorption, increase when dried Ni/SiO2 xerogel
cogelled catalysts are calcined and reduced.

Figure 3 shows the nitrogen adsorption-desorption iso-
therms for Ni/SiO2 cogelled xerogel catalysts after calci-
nation and reduction steps. These isotherms are
characteristic of microporous and mesoporous materials
[24]: (i) at low relative pressure, a sharp increase of the
adsorbed volume is followed by a plateau, which corre-
sponds to type I isotherm according to BDDT classification
[24], which is characteristic of microporous adsorbents; (ii)
all samples exhibit a narrow adsorption-desorption hyster-
esis loop for p/p0 values close to 1 and this hysteresis is
characteristic of capillary condensation in large mesopores.

Figure 4 shows the evolution of the cumulative volume
distributions over the entire pore size range for Ni/SiO2

cogelled xerogel catalysts after calcination and reduction
steps. These curves were obtained by applying a combina-
tion of various methods to their respective validity domains
and by adding the porous volume distributions corre-
sponding to each domain [5]. All samples are characterized
by a steep volume increase around 0.8 nm, followed by a
plateau. This plateau, characteristic of micropores volume,
slightly increases from 0.07 cm3 g−1 for EDAPMS to 0.09
cm3 g−1 for MS-PzPyMe. Furthermore, in the range of
mesopores (2 nm<width< 50 nm), samples MS-PzPy and
MS-PzPyMe present slightly higher volumes than sample
EDAPMS. These both observations are in correlation with the
increase of SBET (Table 2) from 300m2 g−1 for sample
EDAPMS to 390 and 420 m2 g−1 for MS-PzPy and MS-
PzPyMe respectively. Finally, one observes that all samples
exhibit a broad pore size distribution in the range of great
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Fig. 4 Pore size distributions of samples EDAPMS (■), MS-PzPy (◊)
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Table 2 Textural properties, nickel average particle size and catalytic activity for Ni/SiO2 xerogel cogelled catalysts

Sample SBET (m2 g−1) Vv (cm
3 g−1) TEM Chemisorption Mass of polyethylene (g)

dTEM (nm) σTEM (nm) D (%) dchem (nm)

EDAPMS dried 145 2.3 –a –a –a –a 0.085

MS-PzPy dried 230 1.8 –a –a –a –a 0.105

MS-PzPyMe dried 290 1.7 –a –a –a –a 0.520

r (mmol s−1 kgNi
−1) TOF (s−1)

300 °C 350 °C 300 °C 350 °C

EDAPMS 300 2.9 2.7 0.4 34 3.0 105 690 0.02 0.12

MS-PzPy 390 2.0 2.9 0.3 32 3.1 105 680 0.02 0.12

MS-PzPyMe 420 1.8 2.8 0.2 34 2.9 110 680 0.02 0.12

SBET specific surface area obtained by BET method, Vv total cumulative specific pore volume, dTEM mean diameter of Ni particles measured by
TEM, σTEM standard deviation associated with dTEM, D Ni dispersion measured by H2 chemisortpion, dchem mean diameter of Ni particles derived
from dispersion D, r specific consumption rate of 1,2-dichloroethane, TOF turnover frequency
a not measured
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Fig. 3 Nitrogen adsorption-desorption isotherms of samples
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meso—and macropores: this is in correlation with values of
the total cumulative specific pore volume, Vv, of all the
samples (Table 2). Vv, whose values evolve between 1.8
and 2.9 cm3 g−1, is the pore volume obtained by addition
of pore volume measured by mercury porosimetry (width
< 7.5 nm), cumulative volume of mesopores of widths
between 2 and 7.5 nm measured by nitrogen adsorption-
desorption and volume of micropores (width
< 2 nm).

Thanks to the difference in steric volume of the three
silylated ligands (EDAPMS, MS-PzPy and MS-PzPyMe),
the textural properties of Ni/SiO2 cogelled xerogel catalysts
show a large influence of the nature of silylated ligand on
the final texture of catalysts, both before as well as after
calcination and reduction steps. The specific surface area
obtained by BET method, SBET, presents a higher value
equal to 420 and 390 m2 g−1 for samples MS-PzPyMe and
MS-PzPy respectively than this of sample EDAPMS
(Table 2). Furthermore, in Fig. 4, the cumulative volume
associated to micropores (pore size< 2 nm) is sligthly more
important for samples MS-PzPy and MS-PzPyMe than for
sample EDAPMS. As it is well-known that micropores
(pore size< 2 nm) and small mesopores (2 nm < pore size
< 10 nm) contribute essentially in SBET values [24] and the
silica particle sizes of Ni/SiO2 cogelled xerogel catalysts
measured by TEM measurements are equal to 13.7 nm for
sample MS-PzPyMe, 15.4 nm for sample MS-PzPy and
21.2 nm for sample EDAPMS, microporosity is largely
located inside silica particles. So samples MS-PzPy and
MS-PzPyMe are more microporous than sample EDAPMS.
This higher microporosity with the use of silylated methyl-
pyrazolylpyridine ligand could be the result of its size of
about 0.9 nm against sizes of about 0.8 nm for the sylilated
pyrazolypyridine ligand without methyl group and of about
0.35 nm for EDAPMS (Molecular simulation with Chem3D
Ultra Version 7.0). So greater repulsion between silylated
pyrazolylpyridine ligand molecules could generate more
spaces into silica nuclei, increasing the microporosity inside
silica particles. The silica particle sizes are also smaller for
samples MS-PzPyMe and MS-PzPy. This feature could also
be the result of repulsion between silylated

pyrazolypyridine ligand molecules, involving a small
number of ligand molecules in silica nuclei.

Before calcination and reduction steps, all the samples
already have high specific surface areas, SBET (Table 2).
When the samples are calcined in air, the organic groups are
removed by thermolysis and/or pyrolysis reactions. This
results in an increase in porosity and specific surface area
[25]. For all samples, after calcination and reduction steps,
the total cumulative pore volume, Vv, slightly increases,
whereas the specific surface area, SBET, strongly increases,
indicating that a large percentage of micropores and small
mesopores are created by the removal of the organic groups
during calcination and reduction steps (Table 2).

3.2 Loading, dispersion and localization of nickel in Ni/
SiO2 cogelled xerogel catalysts

The actual nickel loading in the three Ni/SiO2 cogelled
xerogel catalysts, measured by ICP-AES, is nearly equal
(0.9 wt.% in samples MS-PzPy and EDAPMS and 1.1 wt.%
in sample MS-PzPyMe) to the theoretical loading of 1 wt.%
of nickel. Indeed, the actual catalyst mass after drying,
calcination and reduction steps, is equal to the theoretical
mass. This theoretical mass (mth) is calculated from:

mth¼nNi MNiþ nTEOSþnligand
� �

MSiO2 ð1Þ
where nNi is the amount of nickel complex in the gel
(mmol); MNi is the nickel atomic weight; nTEOS and nligand
are respectively the amounts of TEOS and sylilated pyr-
azolypyridine or EDAPMS ligand in the gel (mmol); MSiO2

is the molecular weight of SiO2, 60.085 g mol−1. In this
equation, it is assumed that all TEOS and ligand molecules
are converted into SiO2.

Table 2 shows the nickel particle sizes determined by
TEM and H2 chemisorption measurements.

TEM micrographs show that, in all Ni/SiO2 xerogel
cogelled catalysts, the size of the nickel particles is quite
homogeneous, and is about 2.8 nm (Fig. 5a–c). For all the
catalysts, the mean diameter of nickel particles, dTEM, is the
arithmetic mean of two hundred diameters of nickel parti-
cles measured on TEM micrographs. Although TEM gives

Fig. 5 TEM micrographs of
samples a EDAPMS, b MS-
PzPy and c MS-PzPyMe
(350.000 ×)
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only an 2D view, it seems that nickel particles are located
inside silica matrix, like in the case of Pd/SiO2, Ni/SiO2,
Ag/SiO2, Cu/SiO2, FexOy/SiO2, Pd-Ag/SiO2, Pd-Cu/SiO2

and Ni-Cu/SiO2 xerogel cogelled catalysts [5–8].
From H2 chemisorption measurements on Ni/SiO2 xer-

ogel cogelled catalysts, one can calculate the nickel dis-
persion, D, i.e., the ratio between the number of Ni atoms
located at the surface of the metal particles and the total
number of Ni atoms in the catalyst, and the mean diameter
of Ni crystallites, dchem, as explained in [23]. Following
previous studies conducted on Ni catalysts [23, 26], the
chemisorption mean stoichiometry XNi–H2, that is, the mean
number of Ni atoms on which one H2 molecule is adsorbed,
was chosen equal to 2. Values of D and dchem are given in
Table 2. For all samples, one has to note the agreement
between TEM and chemisorption, assuming that all the Ni
atoms located at the surface of the metal particles are
accessible to H2.

Accessibility to active sites is of crucial importance for
an efficient catalytic activity. Site accessibility will natu-
rally depend on the material structure, which is dependent
on the composition of the material and on processing
conditions. It is frequently found that the specific activ-
ities of metal complexes in catalytic reactions are con-
siderably diminished when the complexes are supported
on a silica gel material [27]. Such reductions in activity
may arise from changes in the coordination state of the
complex or other environmental influences. In many
cases, however, the reduced activity may simply result
from a large fraction of supported metal complexes being
rendered inaccessible to solvent or external reagents.
Because nickel is located inside silica particles in Ni/SiO2

cogelled xerogel catalysts, there is a risk of inaccessibility.
The values of Vv in Table 2 show that porosity remains
high after drying under vacuum, although this does not
prove accessibility to nickel. Nevertheless, it is observed
in Table 2 that dTEM ~ dchem for the three samples. So
nickel particle sizes obtained by H2 chemisorption mea-
surements are related to TEM measurements, which sug-
gests that nickel particles located inside silica particles are
completely accessible.

3.3 Catalytic results for homogeneous and heterogenous
Ni-based catalysts

3.3.1 Ethylene polymerization

Ethylene consumption with homogeneous catalysts is
observed with all nickel complexes during 10 min. After 10
min, a black precipitate appears with each nickel complexe,
which is probably a consequence of catalyst degradation.
After 1 h, the reactional mixture is analyzed by gas

chromatography: only oligomers are identified such as
pentene isomers and no trace of polyethylene is observed.

These homogeneous catalysts present a very low activity
because first, catalytic active sites generated by MAO
would be unsteady. Secondly, steric cluttering generated by
the ligand would be probably insufficient, which would
favor β-H elimination. Indeed, it was observed that steric
cluttering of ligand substituants is a very important factor
for the polymerization degree and for the activity of “late
transition metal” catalysts [9].

In Table 2, it is observed that after 1 h of reaction at room
temperature, the mass of polyethylene is equal to 0.085 g
for sample EDAPMS dried, 0.105 g for sample MS-PzPy
dried and 0.520 g for sample MS-PzPyMe dried. The pre-
sence of polyethylene is determined by DSC (fusion tem-
perature of PE = 127 °C). The production of polyethylene
varies with the nature of nickel ligand and being that Ni/
SiO2 cogelled xerogel catalysts are only dried at the tem-
perature of 150 °C under vacuum, they are already porous.
It appears that the mass of produced polyethylene increases
with the specific surface area, SBET, and the total cumulative
volume, Vv of Ni/SiO2 xerogel cogelled catalysts. So, in this
case, the heterogenization of nickel complexe allows
increasing ethylene polymerization activity because the
porosity of dried xerogel cogelled catalysts is high and the
active sites (Ni nanoparticules) are accessible like in [16],
being that there are anchored inside the silica matrix.

3.3.2 1.2-Dichloroethane hydrodechlorination

It has been shown in a previous study [7] that the very
particular structure of cogelled xerogel catalysts allows to
avoid diffusional limitations. So the observed rate r is equal
to the intrinsic rate of the chemical reaction.
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Fig. 6 1,2-dichloroethane hydrodechlorination over sample MS-PzPy.
(●) ClCH2-CH2Cl conversion, (Δ) C2H6 selectivity, (□) C2H4 selec-
tivity and (---) temperature

J Sol-Gel Sci Technol (2017) 81:59–68 65



In Fig. 6, 1.2-dichloroethane (ClCH2-CH2Cl) conversion
as well as C2H6 (ethane) and C2H4 (ethylene) selectivities
are given as a function of time and temperature over sample
MS-PzPy, for example after calcination and reduction steps.
In fact, the results are the same for the three Ni/SiO2

cogelled xerogel catalysts because as mentioned in the
experimental section, the mass of catalyst pellets (0.15 g)
and Ni loading (1 wt.%) are the same in all the samples. All
Ni/SiO2 cogelled xerogel catalysts mainly produce ethane,
C2H6, with a selectivity >97 %. The examination of con-
version curves shows that a slight deactivation, which is
faster when the temperature increases, is observed with all
samples.

The consumption rate of 1,2-dichloroethane, r, is calcu-
lated from chromatographic measurements of C2H6 and
C2H4 concentrations in the reactor effluent and from the
differential reactor equation that is written as follows:

r ¼ FA þ FE

W
ð2Þ

where r is the consumption rate (mmol s−1 kgNi
−1), FA is the

molar flowrate of ethane at the reactor outlet (mmol s−1),
FA0 is the molar flowrate of ethane at the reactor inlet
(mmol s−1), FE is the molar flowrate of ethylene at the
reactor outlet (mmol s−1), FE0 is the molar flowrate of
ethylene at the reactor inlet (mmol s−1) and W is the nickel
mass inside the reactor (kgNi). For all calcined and reduced
Ni/SiO2 cogelled xerogel catalysts, r has been calculated
from Eq. (2) at the temperatures of 300 °C and 350 °C and
these results are presented in Table 2. It is observed that r is
similar for all Ni/SiO2 catalysts and increases with the
temperature.

The turnover frequency (TOF), that is, the number of
molecules consumed per surface nickel atom and
per second, for 1,2-dichloroethane hydrodechlorination is
presented in Table 2. For Ni/SiO2 catalysts, although a light
deactivation is observed at 300 °C and 350 °C in Fig. 5, Ni
dispersion of fresh catalysts is used to calculate TOF at 300
°C and 350 °C because H2 chemisorption measurement for
tested sample MS-PzPy gives a value of 30% for Ni dis-
persion instead of 32% for fresh sample MS-PzPy.

In Table 2, the specific consumption rate of 1,2-
dichloroethane, r, and the TOF increase with temperature
from 300 °C to 350 °C. Furthermore, at the same tempera-
ture, values of r and TOF are nearly the same for all the
samples. So these values are identical to those obtained for
1,2-dichloroethane hydrodechlorination over Ni/SiO2

cogelled xerogel catalysts synthesized with EDAS as sily-
lated ligand [7, 28]. It seems that the 1,2-dichloroethane
hydrodechlorination over Ni/SiO2 catalysts examined in the
present study, is non-dependant of the nature of the sylilated
ligand if the porosity and the specific surface area of

cogelled xerogel catalysts are sufficient high, as already
previously observed [7, 28].

In this work, when Ni/SiO2 cogelled xerogel catalysts are
tested for 1.2-dichloroethane hydrodechlorination, only
ethane was depicted (Fig. 6) and no ethylene was observed.
Indeed, metal catalysts (Group VIII) such as Pt, Pd, Ni and
Fe are very active for the following hydrodechlorination
reaction [29–31]:

ClCH2�CH2Clþ 2H2 ! CH3�CH3þ2HCl ð3Þ
Because of the high reactivity of hydrogen on metals

from Group VIII, the dechlorinated organics (in this work :
ClCH2–CH2Cl) are immediately converted into the fully
hydrogenated product (in this work : CH3–CH3). In litera-
ture, 1,2-dichloroethane represents a reference molecule as
chlorinated hydrocarbon. During hydrodechlorination, 1,2-
dichloroethane is dechlorinated by chlorination of the metal
from Group VIII surface. Then the surface itself is
dechlorinated by reduction with hydrogen and formed
ethylene (CH2=CH2) is readily converted into ethane
(CH3–CH3). It was found that platinum shows rather low
activity for 1,2-dichloroethane hydrodechlorination [32],
while palladium and nickel presents a high activity for the
hydrodechlorination of 1,2-dichloroethane into ethane
[31, 32].

4 Conclusions

The main purpose of the present work was to synthesize
new silylated pyrazolypyridine ligands, able to form a
chelate with a metal ion such as Ni2+ and able to react with
a silica-forming reagent such as TEOS. This purpose is
attained because the use of 2-[4-[3-(trimethoxysilyl)propyl]-
3,5-dimethyl-1H-pyrazol-1-yl]pyridine (MS-PzPy) and
2-[4-[3-(trimethoxysilyl)propyl]-3,5-dimethyl-1H-pyrazol-1-
yl]-6-methylpyridine (MS-PzPyMe) in an ethanolic solution
containing nickel acetylacetonate, TEOS and an ammonia
solution of 0.54mol L−1 gave very homogeneous and very
highly dispersed Ni/SiO2 cogelled xerogel catalysts.

The silylated ligand has a large influence on the textural
properties of Ni/SiO2 cogelled xerogel catalysts, both before
and after calcination and reduction steps. By changing the
nature of the silylated ligand, e.g., MS-PzPy, MS-PzPyMe
or EDAPMS, textural properties such as pore volume, pore
size and surface area can be tailored. For all the samples, the
total cumulative pore volume, Vv, and the specific surface
area, SBET, increase after calcination and reduction steps,
indicating that a large percentage of micropores and small
mesopores are created by the removal of the organic groups
during calcination and reduction steps.

In all Ni/SiO2 xerogel cogelled catalysts, the nickel
nanoparticles are located inside the silica crystallites. The
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size of the nickel particles is quite homogeneous, and is
about 2.8 nm (dTEM) as observed by microscopy measure-
ments. Furthermore, from H2 chemisorption measurements,
it is observed that dTEM ~ dchem for the three samples. So
nickel particle sizes obtained by H2 chemisorption mea-
surements are related to TEM measurements, which sug-
gests that nickel particles located inside silica particles are
completely accessible.

Homogenous nickel complexes synthesized from pyr-
azolylpyridine derivatives are inactive for ethylene poly-
merization because first, catalytic active sites generated by
MAO would be unsteady. Secondly, steric cluttering gen-
erated by the ligand would be probably insufficient, which
would favor β-H elimination. Heterogenous nickel-based
catalysts onto silica xerogel are synthesized from pyr-
azolylpyridine derivatives bearing a tethered trialkoxysilyl
group via a sol–gel process, yielding highly dispersed
homogeneous nickel catalysts covalently bonded to silica
with a finely controlled structure. The heterogenization of
nickel complexe allows increasing ethylene polymerization
activity.

Although nickel nanoparticles are located inside the
silica crystallites, their complete accessibility, via the
micropore network, is suggested. So for 1,2-dichloroethane
hydrodechlorination, the conversion of 1,2-dichloroethane
over Ni/SiO2 cogelled xerogel catalysts is high and mainly
produces ethane.
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