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bstract

New CrAlSBA-15 mesoporous materials have been prepared by direct synthesis and characterized by ICP-AES, XRD, N2 adsorption, 27Al
MR, TEM, UV–vis and H2-TPR. CrAlSBA-15 materials exhibited high mesostructural order starting from chromium(III) nitrate (Si/Cr = 66;
i/Al = 35 at pH 3) and from chromium(III) acetate hydroxide (Si/Cr = 39; Si/Al = 51 at pH 1.5). The incorporation of chromium and aluminium

nto SBA-15 mesoporous structure is enhanced by increasing the pH and produces an increase in pore size and pore volume. After calcination,
amples prepared by one-step synthesis showed Cr(VI) centres well dispersed with a proportion of chromate species higher than Cr/AlSBA-15

atalysts prepared by impregnation and grafting. H2-TPR measurements showed that only the 80% of Cr(VI) ions incorporated into the SBA-15
tructure were reduced, so part of chromium ions may be located in non-accessible positions inside the solid walls.

CrAlSBA-15 materials obtained by direct synthesis exhibited higher ethylene polymerization activity (381.1 kg PE/g Cr h) than Cr/AlSBA-15
nd conventional Cr/SiO2 Phillips catalyst prepared by impregnation (260.5 and 216 kg PE/g Cr h, respectively).

2007 Elsevier B.V. All rights reserved.
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. Introduction

The Phillips catalysts (chromium supported on amorphous
olids like silica and silica-alumina) are presently used to pro-
uce more than one third of all polyethylene sold worldwide,
eing therefore its improvement a matter of great importance
or many researchers [1–3]. Recently published works have been
ocused on the use of mesostructured silicas and silica-aluminas
MCM-41, Al-MCM-41, SBA-15 and Al-SBA-15) to prepare
ovel Phillips catalysts with very promising behaviours [4–8].
hese investigations show that mesostructured materials allow
reparing Phillips catalysts with very high activities in ethy-
ene polymerization. These studies have also proved that the
ctivity in the ethylene polymerization reactions is higher when
sing SBA-15 mesoporous silica than when using MCM-41

esoporous silica [5–7]. Specifically, Phillips catalysts based on

luminium-containing SBA-15 materials are much more active
han Cr/SBA-15 catalysts [8]. The incorporation of chromium

∗ Corresponding author. Tel.: +34 91 4888088; fax: +34 91 4887068.
E-mail address: alicia.carrero@urjc.es (A. Carrero).
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catalysts

entres in these new catalytic systems was carried out by post-
ynthesis methods (impregnation or grafting) and, then, a high
emperature calcination (500–600 ◦C) step followed to pro-
uce Cr(VI) active species. Thus, two calcination process are
ecessary to prepare chromium polymerization catalysts using
esostructured materials, the first one to remove the surfactant
olecules and obtain a porous support and the second one to

et chromium(VI) centres anchored onto the support surface. It
s obvious that the addition of chromium species directly into
he synthesis gel of mesostructured materials would allow to
repare new Phillips catalyst by a more simple procedure since
ost-synthesis treatments and additional calcination steps would
ot be necessary.

The incorporation of transition metals into the framework of
esostructured SBA-15 material by direct synthesis has become
very attractive subject for many researchers because the het-

roatom incorporation into the silica structure is carried out
n only one step and more stable and dispersed metal species

re obtained [9]. So, Yue et al. reported a successful direct
ethod to prepare aluminium-containing SBA-15 with Si/Al

atios equal to 10 and 20 by a hydrothermal procedure at pH 1.5
sing aluminium tri-tert-butoxide as a precursor [10]; Melero

mailto:alicia.carrero@urjc.es
dx.doi.org/10.1016/j.cej.2007.06.022
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t al. prepared titanium-substituted SBA-15 catalysts in one
tep under strong acidic conditions starting from titanocene
ichloride with Si/Ti ratios in the range 13–40 [9]; Newalkar et
l. synthesized Ti-SBA-15 (Si/Ti = 5–40) [11] and Zr-SBA-15
Si/Zr = 20–80) [12] mesoporous materials by means of a direct
ethod under micro-wave-hydrothermal conditions; Wei et al.

eveloped a direct synthesis method for in situ coating SBA-15
ith MgO by adding magnesium acetate salt into the initial mix-

ure [13]; Wang et al. used a sol–gel method to obtain directly
e-SBA-15 materials (Si/Fe = 16 and 33) using Fe(NO3)3 as
etal precursor and adjusting the pH to 7 with ammonia [14];

esides, a new approach to the direct synthesis of Cu-SBA-15
aterials using H3PO4 as acid source and Al(NO3)3 as con-

omitant salt has been reported [15]. According to the literature,
H control and type of metal precursor are the main variables
o obtain highly ordered mesoporous materials and a high metal
ncorporation degree [16].

In this paper we report a novel direct synthesis method
o prepare CrAlSBA-15 catalysts with different Si/Cr ratios
sing a non-ionic structure-directing agent. The influence of the
hromium precursors (chromium nitrate and chromium acetate)
nd the pH of synthesis gel on the catalysts properties was
valuated. The obtained catalysts were tested in ethylene poly-
erization reaction and compared to Cr/SiO2 and Cr/AlSBA-15

repared by post-synthesis methods like impregnation and graft-
ng.

. Experimental

.1. Synthesis of CrAlSBA-15 catalysts

The chromium–aluminium containing SBA-15 mesoporous
olids were prepared as follows: 4 g of triblock copolymer EO20-
O70-EO20 (Pluronic 123, Aldrich) were dissolved in 150 ml of
queous HCl at different pH values (0, 1.5 and 3). At the same
ime, 8.6 g of tetraethylorthosilicate (TEOS, 98%, Aldrich),
.276 g of aluminium isopropoxide (AIP, >98%, Aldrich) (Si/Al
olar ratio = 30) and the calculated amount of chromium pre-

ursor: chromium(III) nitrate (99%, Aldrich) or chromium(III)
cetate hydroxide (Aldrich) to get Si/Cr molar ratios equal to 10
nd 30 were dissolved into 10 ml of the aforementioned aqueous
Cl solution. Both mixtures were stirred for 4 h at room tem-
erature and then, the second one was added over the first one.
he final solution was stirred for 20 h at 40 ◦C and, subsequently,
ged at 110 ◦C for 24 h under static conditions. The solid product
as recovered by filtration, dried at room temperature overnight

nd calcined at 600 ◦C for 5 h (heating rate = 0.4 ◦C min−1)
nder air flow. The samples obtained were called Nit-x or Acet-
where Nit = chromium nitrate, Acet = chromium acetate and
= pH of the synthesis gel.

.2. Synthesis of grafted and impregnated catalysts
Aluminium-containing SBA-15 mesoporous support
Si/Al = 30) was synthesized according to the process previ-
usly reported [8,10]. This material, after drying and calcination
t 600 ◦C, was stirred with a solution of chromium(III) nitrate

c
a
a
s
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Cr(NO3)3, Aldrich) in ethanol (5 g of Cr per 100 g of solid) for
h under reflux. Then, solids were recovered by filtration and

ntensively washed with ethanol. The same calcined Al-SBA-15
ample was impregnated by a wetness procedure with a fixed
mount of Cr(NO3)3 in ethanol to get 1 wt% chromium loading
0.078 g of Cr(NO3)3 per gram of support). Finally, catalysts
ere calcined with air up to 600 ◦C. These two additional

atalysts were called AlSBA-I (impregnated sample) and
lSBA-G (grafted sample). Besides, these mesostructured

atalysts have been compared with a conventional Cr/SiO2
atalyst prepared through impregnation of Cr(NO3)3 onto
ommercial silica (EP-10, Crosfield) and calcination with air
p to 600 ◦C.

.3. Catalysts characterization

Chemical composition of the catalyst samples was mea-
ured by ICP-atomic emission spectroscopy on a Varian Vista
X CD system. Previously, the sample was digested by acid

reatment with H2SO4 and HF. Using the results of ICP anal-
sis, real Si/Al and Si/Cr molar ratios of the catalysts as
ell as metal incorporation degrees were calculated. Nitro-
en adsorption–desorption isotherms at 77 K were obtained
ith a Micromeritics Tristar 3000 apparatus. The samples were
reviously out-gassed under vacuum at 250 ◦C for 4 h. Sur-
ace areas were calculated with BET equation whereas pore
ize distributions were determined by the BJH method applied
o the adsorption branch of the isotherms. Mean pore size
as obtained from the maximum of BJH pore size distribu-

ion. X-ray powder diffraction (XRD) data were acquired on
Philips X’PERT MPD diffractometer using Cu K� radia-

ion. Low angle XRD patterns (0.6◦ < 2θ < 5◦) were obtained
sing a step size of 0.02◦ and a counting time of 5 s. Solid
tate NMR of 27Al nuclei spectra were obtained on a Varian
00 MHz spectrometer with the following conditions: magic-
ngle spinning at 6 kHz; π/2 pulse = 3 �s; repetition delay = 2 s.
he NMR of 27Al spectra were referenced to hydrated AlCl3.
ransmission electron microscopy measurements were per-
ormed on a 200 kV Philips Tecnai 20 electron microscope.
iffuse reflectance UV–vis spectra (DRS) of the calcined
rAlSBA-15 mesoporous catalysts were obtained under ambi-
nt conditions on a CARY-1 spectrophotometer equipped with

diffuse reflectance accessory in the wavelength range of
00–900 nm. A halon white reflectance standard was used as
reference material. Hexavalent chromium species in calcined

atalysts were analyzed by temperature-programmed reduction
TPR) in a TPD/TPR Micromeritics AutoChem 2090 appa-
atus using a flow of Ar/H2 (10% of H2) with a heating
ate of 35 ◦C min−1 from 100 to 600 ◦C. A TC detector was
sed to determine the hydrogen consumption. Results obtained
rom TPD/TPR analysis were used to calculate the accessibil-
ty of Cr(VI) species in the calcinated catalysts. Hexavalent
hromium centres are reduced by hydrogen leading to trivalent

hromium centres. So, according to this reduction reaction the
mount of accessible hexavalent chromium can be estimated
s: Cr(VI) (mol) = [mol of H2 consumed during TPR analy-
is] × 2/3.
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.4. Polymerization tests and polymer characterization

Catalytic tests of ethylene polymerization were carried out in
stirred stainless steel reactor of 2 L capacity using ∼100 mg

f calcined catalyst. Reaction procedure was the same as in pre-
ious works [8]. Polymerization activities (kg PE/g Cr h) were
alculated dividing the weight of dry PE produced by the weight
f chromium in the catalyst.

DSC analysis of the obtained polymers were recorded from
0 to 180 ◦C (heating rate = 10 ◦C min−1) with a Mettler Toledo
SC822 apparatus. High load melt index (HLMI) values were
etermined at 190 ◦C with a weight load of 21.6 kg using a
east 6542/002 extrusion plastometer. The polyethylene bulk
ensity was determined from the dry weight and the volume of
he sample in a volumetric tube by liquid displacement. Poly-

ers mean molecular weight and molecular weight distributions
ere determined by size-exclusion chromatography at 145 ◦C
n a Waters 150C Plus instrument, using 1,2,4-trichlorobenzene
s mobile phase. The column set consisted of one PL-Gel
0 �m Mixed B (300 × 7.5 mm) and another Polymer PL-Gel
0 �m 10E6A (300 × 7.5 mm). The columns were calibrated
ith 11 polystyrene standards (narrow molar mass distribution

n the range: 2960–2,700,000) and with one high polydispersity
olyethylene standard (from NIST, Mw = 53,070).

. Results and discussion

.1. Synthesis of CrAlSBA-15 catalysts. Effect of chromium
recursor and pH

Table 1 shows the composition and the metallic incorporation
egrees achieved in the preparation of chromium–aluminium-
ontaining SBA-15 catalysts by a direct synthesis procedure. It
an be seen that, using both chromium precursors (nitrate and
cetate), the incorporation degree of both metals (Cr and Al)
ncreases with the pH of the synthesis gel. This phenomenon is
elated to the kind of metallic species present in the synthesis
ixture at different pH values. So, under strong acid conditions,
etals exist only in the cationic form and the heteroatoms cannot
e incorporated into the siliceous structure [16]. An increase of
he synthesis solution pH allows the formation of oxo species
hich makes easy the simultaneous condensation of different
etals leading to metal-containing SBA-15 materials [16].

e
h
a
t

able 1
ompositions and metallic incorporation degrees of CrAlSBA-15 catalysts prepared

ample Cr precursor Synthesis pH Synthesis Si/Cr ratio Cataly

it-0 Cr(NO3)3 0 30 615
it-1.5 Cr(NO3)3 1.5 30 116
it-3 Cr(NO3)3 3 30 66
cet-0 Cr3Ac7OH2 0 10 313
cet-1.5 Cr3Ac7OH2 1.5 10 39
cet-3 Cr3Ac7OH2 3 10 24
cet-3/30 Cr3Ac7OH2 3 30 33

a Measured by ICP analysis: [(Si/Cr)synthesis/(Si/Cr)measured] × 100.
b Measured by ICP analysis: [(Si/Al)synthesis/(Si/Al)measured] × 100.
ig. 1. N2 adsorption–desorption isotherms at 77 K and pore size distributions
f the calcined CrAlSBA-15 catalysts, (a) using chromium nitrate and (b) using
hromium acetate.

Fig. 1 displays nitrogen adsorption–desorption isotherms of
rAlSBA-15 catalysts prepared by the direct synthesis method.
amples prepared from chromium nitrate (Fig. 1a) show a clear
1-type hysteresis loop at high relative pressure values, typical

or SBA-15 mesoporous materials [10,17]. The slight differ-

nces observed at high relative pressures (P/P0 > 0.83) in the
ysteresis loop of Nit-1.5 sample indicate that inter-particular
dsorption is higher in this material, which can be related with
he different shape and size of Nit-1.5 particles. Moreover, the

by direct synthesis (Si/Al ratio in the synthesis gel = 30)

st Si/Cr ratioa Cr incorpor.
degree (%)

Catalyst Si/Al ratiob Al incorpor.
degree (%)

4.9 263 11.4
25.9 41 73.1
60.0 35 85.7

3.2 728 4.1
25.6 51 58.9
41.7 45 67.7
90.8 35 85.7
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ig. 2. X-ray diffraction patterns of the calcined CrAlSBA-15 catalysts, (a)
sing chromium nitrate and (b) using chromium acetate.

ore size distributions of the Nit-0, Nit-1.5 and Nit-3 catalysts
re narrow indicating a uniform size of the pores. On the other
ide, the isotherms and the pore diameters distributions of Acet-0
nd Acet-1.5 samples (Fig. 1b) are also characteristic of SBA-15
esostructured materials, but nitrogen adsorption data of Acet-3

ample indicate a low mesoscopic order. These results were con-
rmed by X-ray diffraction analysis of calcined samples (Fig. 2).
he patterns of the catalysts prepared from chromium nitrate and

he samples Acet-0 and Acet-1.5 show well resolved peaks that
an be ascribed to the diffraction in the (1 0 0), (1 1 0) and (2 0 0)

lanes corresponding to the p6mm hexagonal symmetry typical
f SBA-15 materials [10,17]. The absence of diffraction signals
n the Acet-3 X-ray pattern (Fig. 2b) denotes that this sample
as not the usual hexagonal ordering of SBA-15 materials.

w
[
t
i

able 2
extural and structural properties of CrAlSBA-15 catalysts prepared by direct synthe

ample Si/Cr ratioa Si/Al ratioa ABET (m2/g) Vpore

it-0 615 263 855 1.14
it-1.5 116 41 798 1.37
it-3 66 35 863 1.27
cet-0 313 728 855 1.17
cet-1.5 39 51 790 1.28
cet-3 24 45 698 0.76
cet-3/30 33 35 880 1.10

a Determined by ICP analysis.
b Wall thickness: a0—pore size (a0 = 2 × d(100)/

√
3).
ng Journal 137 (2008) 443–452

Table 2 summarizes the textural and structural properties,
etermined by nitrogen adsorption–desorption isotherms and
y X-ray diffraction analysis, of synthesized CrAlSBA-15 cat-
lysts after the calcination step. It is noticeable that when using
hromium nitrate, the growth of pH from 0 to 3 produces an
ncrease of the wall thickness and the d(1 0 0) parameter. This
endency could be related to the higher aluminium and chromium
ontent in the catalysts prepared at higher pH values since Al–O
nd Cr–O bonds are longer than Si–O bond [8,22]. Besides,
n increase of pore volume and pore size was detected by
ncreasing the pH value from 0 to 1.5 due to the incorporation
f higher amounts of chromium and aluminium. At pH 3, no
ignificant differences in the textural properties were observed
ince the composition of Nit-1.5 and Nit-3.0 samples are very
imilar. Only a slight decrease of pore volume is detected by
ncreasing the pH from 1.5 to 3, which is associated with the
forementioned differences between inter-particular adsorption
henomena of Nit-1.5 sample. Using chromium acetate as pre-
ursor, similar tendencies were observed increasing the pH value
rom 0 to 1.5. Acet-3 sample was not compared with Acet-0 and
cet-1.5 mesostructured catalysts due to the before mentioned
esoscopic ordering achieved at pH 3.
Trying to get a CrAlSBA-15 mesostructured material using

hromium(III) acetate hydroxide at pH 3, another sample was
ynthesized with higher Si/Cr ratio (Si/Cr = 30 instead of 10)
hat is, reducing the amount of basic chromium acetate added
o the synthesis mixture. The result was again an amorphous
ample called Acet-3/30 which physicochemical properties are
lso collected in Tables 1 and 2.

To explain the role of chromium precursor on the formation
echanism of mesostructured SBA-15 materials, it has to be

aken into account that nitrate anions concentration will remain
naltered during synthesis procedure, while acetate will react
ith H+ giving acetic acid according to the equilibrium:

CH3COO− + H+ ↔ CH3COOH Ka = 1.8 × 10−5;

pKa = 4.74

ince synthesis pH is lower than pKa the ratio
CH3COO−]/[CH3COOH]≫ 1 and the predominat specie

ill be acetic acid and no acetate. According to Zhao et al.

17,18], working below pH 2 (isoelectric point of the silica)
he formation mechanism of mesostructured SBA-15 materials
nvolves electrostatic interactions between protonated silica

sis

(cm3/g) Dpore (nm) d(1 0 0) (nm) Wall thicknessb (nm)

9.8 10.1 1.86
11.3 11.5 1.98
11.1 11.4 2.06

9.5 10.4 2.51
10.9 11.2 2.03
6.8 – –
8.8 – –
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Fig. 3. 27Al NMR spectra of the calcined CrAlSBA-15 catalysts.
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Fig. 4. TEM micrographs of the calcined CrAlSBA-15 catalysts, (a) Nit-1.5
g Journal 137 (2008) 443–452 447

I+) and protonated surfactant (H+S0) by means of inorganic
nions (X−). In this case, acetic acid does not interfere in the
esostructure assembly explaining the high mesoscopic order

chieved in Acet-0 and Acet-1.5 samples. However, at pH > 2
ilica and surfactant are not protonated and, the assembly of
esostructure occurs by means of hydrogen bonds formation

etween both neutral phases (S0I0) [19]. In this case (pH 3)
he acetic acid molecules could establish H-bonds with silica
ydroxyl groups or with the surfactant molecules hindering
he mesostructure formation and giving amorphous materials
ike Acet-3 and Acet-3/30. Besides, it is also reported in the
iterature [20,21] that at lower Si/Cr ratios, like in Acet-3
ample (Si/Cr = 24; 3.2 Cr wt%), a decrease in the ordering of

he mesoporous structure is observed.

On the contrary, the interference of nitrate ions on mesostruc-
ure assembly must be minimum in both situations: at pH <2
itrate could have the same behaviour than Cl− anions, this is,

, (b) Nit-3, (c) details of Nit-3 structure, (d) Acet-1.5 and (e) Acet-3.
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aking easier the electrostatic interaction among protonated sil-
ca (I+) and protonated surfactant (H+N0); at pH >2, since the
ormation of mesostructure occurs via H-bonds formation and,
he presence of nitrate should not interfere with the assembly
rocess.

The influence of aluminium content on the properties of
esoporous CrAlSBA-15 materials suggests that the incorpo-

ation of this heteroatom into the siliceous structure occurs by
orming tetrahedral aluminium species which enlarge slightly
he unit cell. To confirm the coordination state of aluminium cen-
res, Al27 NMR MAS spectra of calcined CrAlSBA-15 materials
ere carried out. Fig. 3 shows these spectra corresponding to cal-

ined CrAlSBA-15 samples prepared with chromium nitrate and
hromium acetate at pH 1.5 and 3 (the spectra of Nit-0 and Acet-
materials are not shown due to its very low aluminium content).
atios from tetrahedral to octahedral aluminium species calcu-

ated by integration of the corresponding peaks are also showed.
he most important signal in Nit-1.5 and Nit-3 spectra is cen-

red at δ = 53 ppm indicating that aluminium atoms are mainly in
etrahedral coordination [23]. However, the lower signal located
round 0 ppm, characteristic of octahedral aluminium, suggests
hat a small quantity of extra-framework aluminium centres
Al2O3) are also formed during the synthesis procedure [23].
n the contrary, using chromium acetate as precursor, the main

ignal appears centred at 0 ppm indicating that octahedral alu-

inium predominates in Acet-1.5 and Acet-3 samples. High

mounts of octahedral aluminium, indicate low condensation
egrees of aluminium atoms during the synthesis [24]. This
act may be explained taking into account that Nit-1.5 and

3
O
m
l

Fig. 5. UV–vis spectra of calcined CrAlSBA-15 catalysts
ng Journal 137 (2008) 443–452

it-3 samples have a molar ratio Cr/Al = 0.35 and 0.53 respec-
ively, which means that at low chromium contents aluminium
toms can reach tetrahedral positions in the SBA-15 framework.
owever, Acet-1.5 and Acet-3 have higher chromium contents

Cr/Al = 1.3 and 1.87) and presumably aluminium atoms will
ompete with chromium for tetrahedral positions.

Transmission electronic microscopy was used to study struc-
ural details of calcined CrAlSBA-15 samples. Fig. 4 shows
EM micrographs of Nit-1.5, Nit-3, Acet-1.5 and Acet-3 mate-

ials. A perfect hexagonal geometry in the structural ordering
an be seen for Nit-1.5 (Fig. 4a), Nit-3 (Fig. 4b) and Acet-
.5 (Fig. 4d) catalysts. These results are in agreement with
hose previously obtained using X-ray diffraction and nitrogen
dsorption–desorption isotherms. Besides, Fig. 4c displays a
agnification of Nit-3 pore system in order to compare wall

hickness and pore diameter values obtained by TEM and by
RD and N2 adsorption isotherms; the conclusion is that simi-

ar results were achieved. Finally, as expected, TEM micrograph
f Acet-3 catalyst (Fig. 4e) shows a disordered porous structure
orresponding to an amorphous material.

CrAlSBA-15 materials were characterized by UV–vis spec-
roscopy to identify the coordination state of chromium atoms
n calcined samples. Fig. 5a–d show the UV–vis spectra of cal-
ined Nit-1.5, Nit-3, Acet-1.5 and Acet-3 materials, respectively.
ll the spectra present three bands located around 240–260 nm,

50–370 nm and 440–460 nm which can be assigned to the
→ Cr6+ charge transfer transitions of chromate and dichro-
ate [25,26]. Specifically, the signal centred at higher wave

ength (∼450 nm) is related to the presence of dichromate

, (a) Nit-1.5, (b) Nit-3, (c) Acet-1.5 and (d) Acet-3.
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pecies, the signal located around 360 nm is due to chro-
ate species whereas the peak centred at lower wave length

∼250 nm) can be associated to the presence of both chro-
ate and dichromate [25,26]. In the spectrum of Acet-3 sample,

wo additional bands located at 570 and 660 nm are observed;
hese signals are attributed to electronic transitions of pseudo-
ctahedral coordinated chromium(III) ions [25] and, therefore,
ndicate the presence of Cr2O3 species in the structure of cal-
ined Acet-3 sample. This chromium species distribution on the
upport surface is close to the distribution achieved by chromium
ncorporation using post-synthesis procedures like grafting or
onventional impregnation [7,8].

The presence of Cr(III) bands detected only in the spectrum
f Acet-3 catalyst may be related to the higher chromium con-
ent of this sample (Si/Cr = 24; Cr = 3.2 wt%). Previous works
ave reported that Cr2O3-formation is the most pronounced on
r/SiO2 catalysts with high Cr loadings [1,27,28]. Thus, as the
hromium loading increases, almost all Cr is stabilized in the
exavalent state until certain saturation coverage is reached.
eyond this limit, excess Cr is converted to Cr2O3 [1].

.2. Comparison among the different chromium
ncorporation methods

Considering the properties of all CrAlSBA-15 catalysts pre-
ared by direct synthesis and previously characterized, Nit-1.5
ample was chosen to be tested in ethylene polymerization
ince its pore volume is the highest and its chromium content
s suitable to be used in slurry phase polymerization pro-
esses. Besides, two additional samples were prepared and tested
n ethylene polymerization reaction in order to evaluate the
nfluence the of catalyst preparation method. In one case, the
hromium was incorporated by impregnation (AlSBA-I sample)
nd, in the other one by grafting (AlSBA-G) using chromium
itrate as precursor [7,8]. Table 3 summarizes the textural prop-
rties and the chromium contents of the three mesostructured
hromium catalysts tested in ethylene polymerization. As it can
e seen, both textural properties and chromium contents are very
imilar in all cases.

After activation, the three catalysts were characterized by H2
emperature programmed reduction (TPR) and UV–vis spec-
roscopy in order to know the influence of preparation method on
he formation and reduction of Cr(VI) active sites. Fig. 6 shows

2-TPR profiles of activated catalysts along with the individual

eaks obtained using computer deconvolution. The three sam-
les present a single signal that suggests a single reduction step
rom hexavalent to trivalent chromium species due to the reac-
ion with H2 [29–33]. However, after deconvolution it can be

e
o
e
w

able 3
extural and structural properties of AlSBA-15 chromium catalysts tested in ethylene

atalysts Si/Al ratio [Altetra/Alocta]a Cr content (wt%) ABET (m2/g

lSBA-I 38 2.0 0.91 675
lSBA-G 38 2.0 0.77 690
it-1.5 41 1.9 0.72 798

a Determined from 27Al-NMR spectra (area δ = 53 ppm/area δ = 0 ppm).
ig. 6. H2-TPR profiles of activated chromium-containing AlSBA-15 catalysts.

een that AlSBA-I and Nit-1.5 catalysts show only one kind of
r(VI) species whereas the signal of AlSBA-G is the result of

wo peaks indicating the presence of two Cr(VI) species. The
eak located at higher temperature (375 ◦C) is usually assigned
o chromate and dichromate reduction while the low temperature
PR peak (330 ◦C) can be related to the reduction of agglom-
rated Cr(VI) oxide species which appear after the hydrolysis

f Si–O–Cr and Al–O–Cr bonds [31]. In this way and consid-
ring the TPR signals observed in these samples, Cr(VI) oxide
ould be the predominant chromium species in AlSBA-I cat-

polymerization.

) Vpore (cm3/g) Dpore (nm) d(1 0 0) (nm) Wall thickness (nm)

1.20 11.7 11.3 1.35
1.23 11.8 11.3 1.25
1.37 11.3 11.5 1.98
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ig. 7. UV–vis spectra of activated chromium-containing AlSBA-15 catalysts
hromium-containing AlSBA-15 catalysts calculated from the deconvoluted sp

lyst and chromate–dichromate in the Nit-1.5 material. These
bservations are directly related to the chromium incorpora-
ion method since impregnation will result in lower metallic
ispersion making easier the agglomeration of Cr(VI) centres
nd, thus producing chromium species which can be reduced by
ydrogen at lower temperatures. On the contrary, the direct syn-
hesis procedure will provide better dispersed metallic centres
nd, therefore, higher amounts of chromate-dichromate can be
btained. Finally, the grafting method allows to get a mixture of
oth Cr(VI) oxide and chromate–dichromate species.

The ratio between chromate and dichromate species can
e estimated by means of UV–vis spectra of activated cata-
ysts. Thus, Fig. 7(a–c) show the UV–vis spectra of calcined
lSBA-I, AlSBA-G and Nit-1.5 catalysts, respectively, and their

orresponding deconvolutioned peaks. It can be observed that

ll catalysts present three signals centred around 230–240 nm,
50–360 nm and 430–440 nm which are assigned to the
→ Cr6+ charge transfer transitions of chromate and dichro-
ate [25,26]. Considering the area values of the signals located

t

w
m

able 4
thylene polymerization results obtained with AlSBA-15 chromium catalysts (polym
-hexene; solvent = isobutane)

atalyst Activity (kg PE/g Cr h) Mw

lSBA-I 260.5 433970
lSBA-G 460.1 428430
it-1.5 381.1 395480
r/SiO2

b 216.0 531100

a Melting temperature measured by DSC.
b Conventional Phillips catalyst prepared by silica impregnation.
AlSBA-I, (b) AlSBA-G, (c) Nit-1.5 and (d) chromate to dichromate ratio of
f calcined samples.

round 350 nm (chromate) and 430 nm (dichromate) a ratio
etween both kind of Cr(VI) centres can be estimated. The result
f this estimation is presented in Fig. 7(d). It is remarkable that
very important growth of chromate signal is observed chang-

ng the catalyst preparation method from impregnation to direct
ynthesis.

.3. Polymerization tests

Finally, ethylene polymerization reactions were carried out
n order to know the relation between the preparation method
nd the catalytic behaviour. Table 4 presents the ethylene poly-
erization activities of AlSBA-I, AlSBA-G, Nit-1.5 and a

onventional Phillips Cr/SiO2 catalyst, as well as the main
roperties of the resulting polymers: molecular weight, melt

emperature, high load melt index (HLMI) and bulk density.

As observed, better polymerization activities are observed
hen using samples prepared by grafting or direct synthesis
ethods as compared to those prepared by impregnation. Focus-

erization conditions: T = 90 ◦C; Pethylene = 35 bar; Phydrogen = 5.0 bar; 0.5 mol of

Tm (◦C)a HLMI (g/10 min) Bulk density (g/ml)

130.5 3.9 0.24
131.4 5.0 0.29
131.5 2.8 0.24
132.5 2.3 0.30
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Table 5
Accessibility of chromium centres estimated by H2 TPR analysis and polymerization activities calculated per accessible chromium centre

Catalysts Cr content (wt %) H2 consumed (mmol/g) Accessibility of Cr centres (%)a Activity (kg PE/g Craccessible h)

AlSBA-I 0.91 0.240 91.3 285.3
A
N

analy

i
o
s
s
s
f
p
a
s
s
T
o
b
c
t
t
c
t
e
t
e
t
t
t
p

m
w
1
b
m
a
l
c

4

1
(
1
d

m
a
h
n
a
t

m
v
s
c
b
T
i
c
t

i
C
p
t
a
s
c

R

[

[
[

[
[

[

[

lSBA-G 0.77 0.206
it-1.5 0.72 0.155

a Calculated by ((2/3)A/B) × 100 where A: mol of H2 consumed during TPR

ng on grafting and direct synthesis samples, the higher activity
f AlSBA-G catalyst could be explained by the lower acces-
ibility of chromium centres in the sample prepared by direct
ynthesis. The metal incorporation into mesoporous SBA-15
tructure using one-step synthesis procedure involves that a
raction of the metallic centres can remain in non-accessible
ositions inside of the solid walls. In this case, both impregnation
nd grafting procedures would lead to superficial easier acces-
ible chromium centres but, for the catalyst prepared by direct
ynthesis, non-accessible chromium centres could be formed.
his fact was confirmed from the data obtained by integration
f H2 TPR signals. Table 5 shows the percentages of accessi-
le chromium centres in the AlSBA-I, AlSBA-G and Nit-1.5
atalysts and the corresponding activity values now calculated
aking into account this accessibility factor. So, it can be seen
hat the activity of the grafted catalyst and the one-step synthesis
atalyst are very similar and around a seventy percent higher that
he activity for the impregnated catalyst. Theses results can be
xplained considering the better dispersion of the metallic cen-
res (and therefore the higher proportion of chromate species)
xisting in AlSBA-G and Nit-1.5 samples in comparison with
he impregnated one. Therefore, one important conclusion of
his work is that a novel Phillips catalyst much more active than
he conventional ones can be obtained by a one-step synthesis
rocedure.

Concerning the obtained polymers, it is remarkable that
esostructured catalysts produced high density polyethylene
ith very similar properties: melting temperatures around
31 ◦C, molecular weights (MW) in the range of 4 × 105 and
ulk densities between 0.24 and 0.29 g/cm3. Only high load
elt index values show slight variations depending on the cat-

lyst used which could be related to the different proportion of
ong chain branching in polyethylene structure produced by each
atalyst [34].

. Conclusions

A new one-step direct synthesis method to prepare CrAlSBA-
5 materials was developed using different chromium precursors
chromium(III) nitrate and acetate hydroxide) and pH values (0,
.5 and 3). A very important increase of Cr and Al incorporation
egrees was achieved increasing the pH from 0 to 3.

Chromium nitrate led to CrAlSBA-15 materials with high
esostructural order with a Si/Cr of 66 and Si/Al of 35. However,

n amorphous material was obtained using chromium acetate

ydroxide at pH 3. In this case, CH3COOH formed by proto-
ation of acetate anions can establish H-bonds with the silica
nd/or surfactant molecules hindering the mesostructure forma-
ion.

[

[

92.9 495.3
80.7 472.2

sis and B: mol of Cr determined by ICP in the catalyst.

The incorporation of chromium and aluminium into SBA-15
esoporous structure produces an increase in pore size and pore

olume. After calcination, samples prepared by one-step synthe-
is showed Cr(VI) centres well dispersed with a proportion of
hromate species higher than Cr/AlSBA-15 catalysts prepared
y post-synthesis methods like impregnation and grafting. H2-
PR measurements showed that only the 80% of Cr(VI) ions

ncorporated into the SBA-15 structure are reduced, so part of
hromium ions may be located in non-accessible positions inside
he solid walls.

CrAlSBA-15 materials obtained by direct synthesis exhib-
ted higher polymerization activity (381.1 kg PE/g Cr h) than
r/AlSBA-15 and conventional Cr/SiO2 Phillips catalyst
repared by impregnation (260.5 and 216 kg PE/g Cr h, respec-
ively). According to these results, it is concluded that novel
ctive chromium catalysts can be obtained by the one-step
ynthesis route showed in this paper, performing better than
onventional Phillips polymerization catalysts.
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