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Abstract

New CrAISBA-15 mesoporous materials have been prepared by direct synthesis and characterized by ICP-AES, XRD, N, adsorption, 2’Al
NMR, TEM, UV-vis and H,-TPR. CrAISBA-15 materials exhibited high mesostructural order starting from chromium(Ill) nitrate (Si/Cr = 66;
Si/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
into SBA-15 mesoporous structure is enhanced by increasing the pH and produces an increase in pore size and pore volume. After calcination,
samples prepared by one-step synthesis showed Cr(VI) centres well dispersed with a proportion of chromate species higher than Cr/AISBA-15
catalysts prepared by impregnation and grafting. H,-TPR measurements showed that only the 80% of Cr(VI) ions incorporated into the SBA-15
structure were reduced, so part of chromium ions may be located in non-accessible positions inside the solid walls.

CrAISBA-15 materials obtained by direct synthesis exhibited higher ethylene polymerization activity (381.1 kg PE/g Crh) than C1/AISBA-15

and conventional Cr/SiO, 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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1. Introduction

The Phillips catalysts (chromium supported on amorphous
solids like silica and silica-alumina) are presently used to pro-
duce more than one third of all polyethylene sold worldwide,
being therefore its improvement a matter of great importance
for many researchers [1-3]. Recently published works have been
focused on the use of mesostructured silicas and silica-aluminas
(MCM-41, AI-MCM-41, SBA-15 and Al-SBA-15) to prepare
novel Phillips catalysts with very promising behaviours [4-8].
These investigations show that mesostructured materials allow
preparing Phillips catalysts with very high activities in ethy-
lene polymerization. These studies have also proved that the
activity in the ethylene polymerization reactions is higher when
using SBA-15 mesoporous silica than when using MCM-41
mesoporous silica [5—7]. Specifically, Phillips catalysts based on
aluminium-containing SBA-15 materials are much more active
than Cr/SBA-15 catalysts [8]. The incorporation of chromium
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centres in these new catalytic systems was carried out by post-
synthesis methods (impregnation or grafting) and, then, a high
temperature calcination (500-600°C) step followed to pro-
duce Cr(VI) active species. Thus, two calcination process are
necessary to prepare chromium polymerization catalysts using
mesostructured materials, the first one to remove the surfactant
molecules and obtain a porous support and the second one to
get chromium(VI) centres anchored onto the support surface. It
is obvious that the addition of chromium species directly into
the synthesis gel of mesostructured materials would allow to
prepare new Phillips catalyst by a more simple procedure since
post-synthesis treatments and additional calcination steps would
not be necessary.

The incorporation of transition metals into the framework of
mesostructured SBA-15 material by direct synthesis has become
a very attractive subject for many researchers because the het-
eroatom incorporation into the silica structure is carried out
in only one step and more stable and dispersed metal species
are obtained [9]. So, Yue et al. reported a successful direct
method to prepare aluminium-containing SBA-15 with Si/Al
ratios equal to 10 and 20 by a hydrothermal procedure at pH 1.5
using aluminium tri-fert-butoxide as a precursor [10]; Melero
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et al. prepared titanium-substituted SBA-15 catalysts in one
step under strong acidic conditions starting from titanocene
dichloride with Si/Ti ratios in the range 13—40 [9]; Newalkar et
al. 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
method under micro-wave-hydrothermal conditions; Wei et al.
developed a direct synthesis method for in situ coating SBA-15
with MgO by adding magnesium acetate salt into the initial mix-
ture [13]; Wang et al. used a sol-gel method to obtain directly
Fe-SBA-15 materials (Si/Fe=16 and 33) using Fe(NOs3)3 as
metal precursor and adjusting the pH to 7 with ammonia [14];
besides, a new approach to the direct synthesis of Cu-SBA-15
materials using H3PO4 as acid source and Al(NOs3)3 as con-
comitant salt has been reported [15]. According to the literature,
pH control and type of metal precursor are the main variables
to obtain highly ordered mesoporous materials and a high metal
incorporation degree [16].

In this paper we report a novel direct synthesis method
to prepare CrAISBA-15 catalysts with different Si/Cr ratios
using a non-ionic structure-directing agent. The influence of the
chromium precursors (chromium nitrate and chromium acetate)
and the pH of synthesis gel on the catalysts properties was
evaluated. The obtained catalysts were tested in ethylene poly-
merization reaction and compared to Cr/SiO; and Cr/AISBA-15
prepared by post-synthesis methods like impregnation and graft-
ing.

2. Experimental
2.1. Synthesis of CrAISBA-15 catalysts

The chromium—aluminium containing SBA-15 mesoporous
solids were prepared as follows: 4 g of triblock copolymer EO5p-
PO7¢-EOyq (Pluronic 123, Aldrich) were dissolved in 150 ml of
aqueous HCI at different pH values (0, 1.5 and 3). At the same
time, 8.6g of tetracthylorthosilicate (TEOS, 98%, Aldrich),
0.276 g of aluminium isopropoxide (AIP, >98%, Aldrich) (Si/Al
molar ratio =30) and the calculated amount of chromium pre-
cursor: chromium(III) nitrate (99%, Aldrich) or chromium(III)
acetate hydroxide (Aldrich) to get Si/Cr molar ratios equal to 10
and 30 were dissolved into 10 ml of the aforementioned aqueous
HCI solution. Both mixtures were stirred for 4 h at room tem-
perature and then, the second one was added over the first one.
The final solution was stirred for 20 h at 40 °C and, subsequently,
aged at 110 °C for 24 h under static conditions. The solid product
was recovered by filtration, dried at room temperature overnight
and calcined at 600°C for 5h (heating rate=0.4°C min~!)
under air flow. The samples obtained were called Nit-x or Acet-
x where Nit=chromium nitrate, Acet=chromium acetate and
x=pH of the synthesis gel.

2.2. Synthesis of grafted and impregnated catalysts

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

(Cr(NO3)3, Aldrich) in ethanol (5 g of Cr per 100 g of solid) for
1 h under reflux. Then, solids were recovered by filtration and
intensively washed with ethanol. The same calcined AlI-SBA-15
sample was impregnated by a wetness procedure with a fixed
amount 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
were calcined with air up to 600°C. These two additional
catalysts were called AISBA-I (impregnated sample) and
AISBA-G (grafted sample). Besides, these mesostructured
catalysts have been compared with a conventional Cr/SiO,
catalyst prepared through impregnation of Cr(NO3); onto
commercial silica (EP-10, Crosfield) and calcination with air
up to 600 °C.

2.3. Catalysts characterization

Chemical composition of the catalyst samples was mea-
sured by ICP-atomic emission spectroscopy on a Varian Vista
AX CD system. Previously, the sample was digested by acid
treatment with H,SO4 and HF. Using the results of ICP anal-
ysis, real Si/Al and Si/Cr molar ratios of the catalysts as
well as metal incorporation degrees were calculated. Nitro-
gen adsorption—desorption isotherms at 77 K were obtained
with a Micromeritics Tristar 3000 apparatus. The samples were
previously out-gassed under vacuum at 250°C for 4h. Sur-
face areas were calculated with BET equation whereas pore
size distributions were determined by the BJH method applied
to the adsorption branch of the isotherms. Mean pore size
was obtained from the maximum of BJH pore size distribu-
tion. X-ray powder diffraction (XRD) data were acquired on
a Philips X’PERT MPD diffractometer using Cu Ko radia-
tion. Low angle XRD patterns (0.6° <26 <5°) were obtained
using a step size of 0.02° and a counting time of 5s. Solid
state NMR of 27Al nuclei spectra were obtained on a Varian
400 MHz spectrometer with the following conditions: magic-
angle spinning at 6 kHz; 77/2 pulse =3 ws; repetition delay =2 s.
The NMR of 7Al spectra were referenced to hydrated AICI;.
Transmission electron microscopy measurements were per-
formed on a 200kV Philips Tecnai 20 electron microscope.
Diffuse reflectance UV-vis spectra (DRS) of the calcined
CrAISBA-15 mesoporous catalysts were obtained under ambi-
ent conditions on a CARY-1 spectrophotometer equipped with
a diffuse reflectance accessory in the wavelength range of
200-900nm. A halon white reflectance standard was used as
a reference material. Hexavalent chromium species in calcined
catalysts were analyzed by temperature-programmed reduction
(TPR) in a TPD/TPR Micromeritics AutoChem 2090 appa-
ratus using a flow of Ar/Hp (10% of H,) with a heating
rate of 35°Cmin~! from 100 to 600°C. A TC detector was
used to determine the hydrogen consumption. Results obtained
from TPD/TPR analysis were used to calculate the accessibil-
ity of Cr(VI) species in the calcinated catalysts. Hexavalent
chromium centres are reduced by hydrogen leading to trivalent
chromium centres. So, according to this reduction reaction the
amount of accessible hexavalent chromium can be estimated
as: Cr(VI) (mol)=[mol of Hp consumed during TPR analy-
sis] x 2/3.
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2.4. Polymerization tests and polymer characterization

Catalytic tests of ethylene polymerization were carried out in
a stirred stainless steel reactor of 2 L capacity using ~100 mg
of calcined catalyst. Reaction procedure was the same as in pre-
vious works [8]. Polymerization activities (kg PE/g Crh) were
calculated dividing the weight of dry PE produced by the weight
of chromium in the catalyst.

DSC analysis of the obtained polymers were recorded from
50 to 180 °C (heating rate=10°C min~!) with a Mettler Toledo
DSC822 apparatus. High load melt index (HLMI) values were
determined at 190°C with a weight load of 21.6kg using a
Ceast 6542/002 extrusion plastometer. The polyethylene bulk
density was determined from the dry weight and the volume of
the sample in a volumetric tube by liquid displacement. Poly-
mers mean molecular weight and molecular weight distributions
were determined by size-exclusion chromatography at 145 °C
on a Waters 150C Plus instrument, using 1,2,4-trichlorobenzene
as mobile phase. The column set consisted of one PL-Gel
10 pm Mixed B (300 x 7.5 mm) and another Polymer PL-Gel
10 pm 10E6A (300 x 7.5 mm). The columns were calibrated
with 11 polystyrene standards (narrow molar mass distribution
in the range: 2960-2,700,000) and with one high polydispersity
polyethylene standard (from NIST, Mw =53,070).

3. Results and discussion

3.1. Synthesis of CrAISBA-15 catalysts. Effect of chromium
precursor and pH

Table 1 shows the composition and the metallic incorporation
degrees achieved in the preparation of chromium—aluminium-
containing SBA-15 catalysts by a direct synthesis procedure. It
can be seen that, using both chromium precursors (nitrate and
acetate), the incorporation degree of both metals (Cr and Al)
increases with the pH of the synthesis gel. This phenomenon is
related to the kind of metallic species present in the synthesis
mixture at different pH values. So, under strong acid conditions,
metals exist only in the cationic form and the heteroatoms cannot
be incorporated into the siliceous structure [16]. An increase of
the synthesis solution pH allows the formation of oxo species
which makes easy the simultaneous condensation of different
metals leading to metal-containing SBA-15 materials [16].
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Fig. 1. N, adsorption—desorption isotherms at 77 K and pore size distributions
of the calcined CrAISBA-15 catalysts, (a) using chromium nitrate and (b) using
chromium acetate.

Fig. 1 displays nitrogen adsorption—desorption isotherms of
CrAISBA-15 catalysts prepared by the direct synthesis method.
Samples prepared from chromium nitrate (Fig. 1a) show a clear
H1-type hysteresis loop at high relative pressure values, typical
for SBA-15 mesoporous materials [10,17]. The slight differ-
ences observed at high relative pressures (P/Py>0.83) in the
hysteresis loop of Nit-1.5 sample indicate that inter-particular
adsorption is higher in this material, which can be related with
the different shape and size of Nit-1.5 particles. Moreover, the

Table 1

Compositions and metallic incorporation degrees of CrAISBA-15 catalysts prepared by direct synthesis (Si/Al ratio in the synthesis gel =30)

Sample Cr precursor Synthesis pH Synthesis Si/Cr ratio Catalyst Si/Cr ratio® Cr incorpor. Catalyst Si/Al ratio® Al incorpor.
degree (%) degree (%)

Nit-0 Cr(NO3)3 30 615 4.9 263 11.4

Nit-1.5 Cr(NO3)3 1.5 30 116 259 41 73.1

Nit-3 Cr(NO3)3 3 30 66 60.0 35 85.7

Acet-0 Cr3Ac;0H; 0 10 313 32 728 4.1

Acet-1.5 Cr3Ac70H; 1.5 10 39 25.6 51 58.9

Acet-3 Cr3Ac70H; 10 24 41.7 45 67.7

Acet-3/30 Cr3Ac70H; 3 30 33 90.8 35 85.7

& Measured by ICP analysis: [(Si/Cr)synthesis/(Si/Cr)measured] X 100.
b Measured by ICP analysis: [(Si/ADsynthesis/(SI/A) measurea] x 100.
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Fig. 2. X-ray diffraction patterns of the calcined CrAISBA-15 catalysts, (a)
using chromium nitrate and (b) using chromium acetate.

pore size distributions of the Nit-0, Nit-1.5 and Nit-3 catalysts
are narrow indicating a uniform size of the pores. On the other
side, the isotherms and the pore diameters distributions of Acet-0
and Acet-1.5 samples (Fig. 1b) are also characteristic of SBA-15
mesostructured materials, but nitrogen adsorption data of Acet-3
sample indicate a low mesoscopic order. These results were con-
firmed by X-ray diffraction analysis of calcined samples (Fig. 2).
The patterns of the catalysts prepared from chromium nitrate and
the samples Acet-0 and Acet-1.5 show well resolved peaks that
can be ascribed to the diffraction in the (1 00), (1 10) and (200)
planes corresponding to the p6mm hexagonal symmetry typical
of SBA-15 materials [10,17]. The absence of diffraction signals
in the Acet-3 X-ray pattern (Fig. 2b) denotes that this sample
has not the usual hexagonal ordering of SBA-15 materials.

Table 2
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Table 2 summarizes the textural and structural properties,
determined by nitrogen adsorption—desorption isotherms and
by X-ray diffraction analysis, of synthesized CrAISBA-15 cat-
alysts after the calcination step. It is noticeable that when using
chromium nitrate, the growth of pH from 0 to 3 produces an
increase of the wall thickness and the d(1 00) parameter. This
tendency could be related to the higher aluminium and chromium
content in the catalysts prepared at higher pH values since Al-O
and Cr-O bonds are longer than Si—O bond [8,22]. Besides,
an increase of pore volume and pore size was detected by
increasing the pH value from O to 1.5 due to the incorporation
of higher amounts of chromium and aluminium. At pH 3, no
significant differences in the textural properties were observed
since the composition of Nit-1.5 and Nit-3.0 samples are very
similar. Only a slight decrease of pore volume is detected by
increasing the pH from 1.5 to 3, which is associated with the
aforementioned differences between inter-particular adsorption
phenomena of Nit-1.5 sample. Using chromium acetate as pre-
cursor, similar tendencies were observed increasing the pH value
from O to 1.5. Acet-3 sample was not compared with Acet-0 and
Acet-1.5 mesostructured catalysts due to the before mentioned
mesoscopic ordering achieved at pH 3.

Trying to get a CrAISBA-15 mesostructured material using
chromium(IIl) acetate hydroxide at pH 3, another sample was
synthesized with higher Si/Cr ratio (Si/Cr=30 instead of 10)
that is, reducing the amount of basic chromium acetate added
to the synthesis mixture. The result was again an amorphous
sample called Acet-3/30 which physicochemical properties are
also collected in Tables 1 and 2.

To explain the role of chromium precursor on the formation
mechanism of mesostructured SBA-15 materials, it has to be
taken into account that nitrate anions concentration will remain
unaltered during synthesis procedure, while acetate will react
with H* giving acetic acid according to the equilibrium:

CH3CO0~ +HT <> CH3COOH K,= 1.8x107;
pK,= 4.74

since synthesis pH is lower than pK, the ratio
[CH3COO™J/[CH3COOH] >>1 and the predominat specie
will be acetic acid and no acetate. According to Zhao et al.
[17,18], working below pH 2 (isoelectric point of the silica)
the formation mechanism of mesostructured SBA-15 materials
involves electrostatic interactions between protonated silica

Textural and structural properties of CrAISBA-15 catalysts prepared by direct synthesis

Sample Si/Cr ratio® Si/Al ratio® ABET (mzlg) Vpore (Cm3/g) Dpore (nm) d(100) (nm) Wall thickness® (nm)
Nit-0 615 263 855 1.14 9.8 10.1 1.86

Nit-1.5 116 41 798 1.37 11.3 11.5 1.98

Nit-3 66 35 863 1.27 11.1 114 2.06

Acet-0 313 728 855 1.17 9.5 10.4 2.51

Acet-1.5 39 51 790 1.28 10.9 11.2 2.03

Acet-3 24 45 698 0.76 6.8 - -

Acet-3/30 33 35 880 1.10 8.8 - -

% Determined by ICP analysis.
b Wall thickness: ap—pore size (ag =2 x d(100)//3).
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(I*) and protonated surfactant (H*S®) by means of inorganic
anions (X 7). In this case, acetic acid does not interfere in the
mesostructure assembly explaining the high mesoscopic order
achieved in Acet-0 and Acet-1.5 samples. However, at pH>2
silica and surfactant are not protonated and, the assembly of
mesostructure occurs by means of hydrogen bonds formation
between both neutral phases (S°I°) [19]. In this case (pH 3)
the acetic acid molecules could establish H-bonds with silica
hydroxyl groups or with the surfactant molecules hindering
the mesostructure formation and giving amorphous materials
like Acet-3 and Acet-3/30. Besides, it is also reported in the
literature [20,21] that at lower Si/Cr ratios, like in Acet-3
sample (Si/Cr=24; 3.2 Cr wt%), a decrease in the ordering of
the mesoporous structure is observed.

On the contrary, the interference of nitrate ions on mesostruc-
ture assembly must be minimum in both situations: at pH <2
nitrate could have the same behaviour than C1™ anions, this is,
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Fig. 4. TEM micrographs of the calcined CrAISBA-15 catalysts, (a) Nit-1.5, (b) Nit-3, (c) details of Nit-3 structure, (d) Acet-1.5 and (e) Acet-3.
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making easier the electrostatic interaction among protonated sil-
ica (I*) and protonated surfactant (H*NO); at pH >2, since the
formation of mesostructure occurs via H-bonds formation and,
the presence of nitrate should not interfere with the assembly
process.

The influence of aluminium content on the properties of
mesoporous CrAISBA-15 materials suggests that the incorpo-
ration of this heteroatom into the siliceous structure occurs by
forming tetrahedral aluminium species which enlarge slightly
the unit cell. To confirm the coordination state of aluminium cen-
tres, A1 NMR MAS spectra of calcined CrAISBA-15 materials
were carried out. Fig. 3 shows these spectra corresponding to cal-
cined CrAISBA-15 samples prepared with chromium nitrate and
chromium acetate at pH 1.5 and 3 (the spectra of Nit-0 and Acet-
0 materials are not shown due to its very low aluminium content).
Ratios from tetrahedral to octahedral aluminium species calcu-
lated by integration of the corresponding peaks are also showed.
The most important signal in Nit-1.5 and Nit-3 spectra is cen-
tred at § = 53 ppm indicating that aluminium atoms are mainly in
tetrahedral coordination [23]. However, the lower signal located
around O ppm, characteristic of octahedral aluminium, suggests
that a small quantity of extra-framework aluminium centres
(Al,03) are also formed during the synthesis procedure [23].
On the contrary, using chromium acetate as precursor, the main
signal appears centred at O ppm indicating that octahedral alu-
minium predominates in Acet-1.5 and Acet-3 samples. High
amounts of octahedral aluminium, indicate low condensation
degrees of aluminium atoms during the synthesis [24]. This
fact may be explained taking into account that Nit-1.5 and
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Nit-3 samples have a molar ratio Cr/Al=0.35 and 0.53 respec-
tively, which means that at low chromium contents aluminium
atoms can reach tetrahedral positions in the SBA-15 framework.
However, Acet-1.5 and Acet-3 have higher chromium contents
(Cr/Al=1.3 and 1.87) and presumably aluminium atoms will
compete with chromium for tetrahedral positions.

Transmission electronic microscopy was used to study struc-
tural details of calcined CrAISBA-15 samples. Fig. 4 shows
TEM micrographs of Nit-1.5, Nit-3, Acet-1.5 and Acet-3 mate-
rials. A perfect hexagonal geometry in the structural ordering
can be seen for Nit-1.5 (Fig. 4a), Nit-3 (Fig. 4b) and Acet-
1.5 (Fig. 4d) catalysts. These results are in agreement with
those previously obtained using X-ray diffraction and nitrogen
adsorption—desorption isotherms. Besides, Fig. 4c displays a
magnification of Nit-3 pore system in order to compare wall
thickness and pore diameter values obtained by TEM and by
XRD and N, adsorption isotherms; the conclusion is that simi-
lar results were achieved. Finally, as expected, TEM micrograph
of Acet-3 catalyst (Fig. 4e) shows a disordered porous structure
corresponding to an amorphous material.

CrAlSBA-15 materials were characterized by UV—vis spec-
troscopy to identify the coordination state of chromium atoms
in calcined samples. Fig. 5a—d show the UV-vis spectra of cal-
cined Nit-1.5, Nit-3, Acet-1.5 and Acet-3 materials, respectively.
All the spectra present three bands located around 240-260 nm,
350-370nm and 440-460nm which can be assigned to the
O — Cr% charge transfer transitions of chromate and dichro-
mate [25,26]. Specifically, the signal centred at higher wave
length (~450nm) is related to the presence of dichromate
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Fig. 5. UV-vis spectra of calcined CrAISBA-15 catalysts, (a) Nit-1.5, (b) Nit-3, (c) Acet-1.5 and (d) Acet-3.
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species, the signal located around 360nm is due to chro-
mate species whereas the peak centred at lower wave length
(~250nm) can be associated to the presence of both chro-
mate and dichromate [25,26]. In the spectrum of Acet-3 sample,
two additional bands located at 570 and 660 nm are observed;
these signals are attributed to electronic transitions of pseudo-
octahedral coordinated chromium(III) ions [25] and, therefore,
indicate the presence of Cr,Os3 species in the structure of cal-
cined Acet-3 sample. This chromium species distribution on the
support surface is close to the distribution achieved by chromium
incorporation using post-synthesis procedures like grafting or
conventional impregnation [7,8].

The presence of Cr(II) bands detected only in the spectrum
of Acet-3 catalyst may be related to the higher chromium con-
tent of this sample (Si/Cr=24; Cr=3.2wt%). Previous works
have reported that CrpO3-formation is the most pronounced on
Cr/SiO; catalysts with high Cr loadings [1,27,28]. Thus, as the
chromium loading increases, almost all Cr is stabilized in the
hexavalent state until certain saturation coverage is reached.
Beyond this limit, excess Cr is converted to Cr, O3 [1].

3.2. Comparison among the different chromium
incorporation methods

Considering the properties of all CrAISBA-15 catalysts pre-
pared by direct synthesis and previously characterized, Nit-1.5
sample was chosen to be tested in ethylene polymerization
since its pore volume is the highest and its chromium content
is suitable to be used in slurry phase polymerization pro-
cesses. Besides, two additional samples were prepared and tested
in ethylene polymerization reaction in order to evaluate the
influence the of catalyst preparation method. In one case, the
chromium was incorporated by impregnation (AISBA-I sample)
and, in the other one by grafting (AISBA-G) using chromium
nitrate as precursor [7,8]. Table 3 summarizes the textural prop-
erties and the chromium contents of the three mesostructured
chromium catalysts tested in ethylene polymerization. As it can
be seen, both textural properties and chromium contents are very
similar in all cases.

After activation, the three catalysts were characterized by Ho
temperature programmed reduction (TPR) and UV-vis spec-
troscopy in order to know the influence of preparation method on
the formation and reduction of Cr(VI) active sites. Fig. 6 shows
H,-TPR profiles of activated catalysts along with the individual
peaks obtained using computer deconvolution. The three sam-
ples present a single signal that suggests a single reduction step
from hexavalent to trivalent chromium species due to the reac-
tion with Hy [29-33]. However, after deconvolution it can be

Table 3

Impregnation (AISBA-I)
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Fig. 6. H,-TPR profiles of activated chromium-containing AISBA-15 catalysts.

seen that AISBA-I and Nit-1.5 catalysts show only one kind of
Cr(VI) species whereas the signal of AISBA-G is the result of
two peaks indicating the presence of two Cr(VI) species. The
peak located at higher temperature (375 °C) is usually assigned
to chromate and dichromate reduction while the low temperature
TPR peak (330 °C) can be related to the reduction of agglom-
erated Cr(VI) oxide species which appear after the hydrolysis
of Si—~O-Cr and Al-O—Cr bonds [31]. In this way and consid-
ering the TPR signals observed in these samples, Cr(VI) oxide
would be the predominant chromium species in AISBA-I cat-

Textural and structural properties of AISBA-15 chromium catalysts tested in ethylene polymerization.

Catalysts Si/Al ratio [Alietra/Alocta]* Cr content (Wt%) ABET (mZ/g) Vpore (cm3/g) Dyore (nm) d(100) (nm) ‘Wall thickness (nm)
AISBA-1 38 2.0 0.91 675 1.20 11.7 11.3 1.35
AISBA-G 38 2.0 0.77 690 1.23 11.8 11.3 1.25
Nit-1.5 41 1.9 0.72 798 1.37 11.3 11.5 1.98

2 Determined from >’ Al-NMR spectra (area § =53 ppm/area § =0 ppm).
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Fig. 7. UV-vis spectra of activated chromium-containing AISBA-15 catalysts, (a) AISBA-I, (b) AISBA-G, (c) Nit-1.5 and (d) chromate to dichromate ratio of
chromium-containing AISBA-15 catalysts calculated from the deconvoluted spectra of calcined samples.

alyst and chromate—dichromate in the Nit-1.5 material. These
observations are directly related to the chromium incorpora-
tion method since impregnation will result in lower metallic
dispersion making easier the agglomeration of Cr(VI) centres
and, thus producing chromium species which can be reduced by
hydrogen at lower temperatures. On the contrary, the direct syn-
thesis procedure will provide better dispersed metallic centres
and, therefore, higher amounts of chromate-dichromate can be
obtained. Finally, the grafting method allows to get a mixture of
both Cr(VI) oxide and chromate—dichromate species.

The ratio between chromate and dichromate species can
be estimated by means of UV-vis spectra of activated cata-
lysts. Thus, Fig. 7(a—c) show the UV-vis spectra of calcined
AISBA-I, AISBA-G and Nit-1.5 catalysts, respectively, and their
corresponding deconvolutioned peaks. It can be observed that
all catalysts present three signals centred around 230-240 nm,
350-360nm and 430-440nm which are assigned to the
O — Cr% charge transfer transitions of chromate and dichro-
mate [25,26]. Considering the area values of the signals located

Table 4

around 350nm (chromate) and 430nm (dichromate) a ratio
between both kind of Cr(VI) centres can be estimated. The result
of this estimation is presented in Fig. 7(d). It is remarkable that
a very important growth of chromate signal is observed chang-
ing the catalyst preparation method from impregnation to direct
synthesis.

3.3. Polymerization tests

Finally, ethylene polymerization reactions were carried out
in order to know the relation between the preparation method
and the catalytic behaviour. Table 4 presents the ethylene poly-
merization activities of AISBA-I, AISBA-G, Nit-1.5 and a
conventional Phillips Cr/SiO, catalyst, as well as the main
properties of the resulting polymers: molecular weight, melt
temperature, high load melt index (HLMI) and bulk density.

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

Ethylene polymerization results obtained with AISBA-15 chromium catalysts (polymerization conditions: 7'=90 °C; Pethylene = 35 bar; Phydrogen = 5.0 bar; 0.5 mol of

1-hexene; solvent =isobutane)

Catalyst Activity (kg PE/gCrh) Mw Tm (°C)* HLMI (g/10 min) Bulk density (g/ml)
AISBA-I 260.5 433970 130.5 3.9 0.24
AISBA-G 460.1 428430 1314 5.0 0.29
Nit-1.5 381.1 395480 131.5 2.8 0.24
Cr/Si0,° 216.0 531100 132.5 2.3 0.30

2 Melting temperature measured by DSC.
b Conventional Phillips catalyst prepared by silica impregnation.
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Table 5

Accessibility of chromium centres estimated by H, TPR analysis and polymerization activities calculated per accessible chromium centre

Catalysts Cr content (wt %) H; consumed (mmol/g) Accessibility of Cr centres (%)* Activity (kg PE/g Craccessible h)
AISBA-T 0.91 0.240 91.3 285.3
AISBA-G 0.77 0.206 92.9 4953
Nit-1.5 0.72 0.155 80.7 472.2

4 Calculated by ((2/3)A/B) x 100 where A: mol of H, consumed during TPR analysis and B: mol of Cr determined by ICP in the catalyst.

ing on grafting and direct synthesis samples, the higher activity
of AISBA-G catalyst could be explained by the lower acces-
sibility of chromium centres in the sample prepared by direct
synthesis. The metal incorporation into mesoporous SBA-15
structure using one-step synthesis procedure involves that a
fraction of the metallic centres can remain in non-accessible
positions inside of the solid walls. In this case, both impregnation
and grafting procedures would lead to superficial easier acces-
sible chromium centres but, for the catalyst prepared by direct
synthesis, non-accessible chromium centres could be formed.
This fact was confirmed from the data obtained by integration
of H, TPR signals. Table 5 shows the percentages of accessi-
ble chromium centres in the AISBA-I, AISBA-G and Nit-1.5
catalysts and the corresponding activity values now calculated
taking into account this accessibility factor. So, it can be seen
that the activity of the grafted catalyst and the one-step synthesis
catalyst are very similar and around a seventy percent higher that
the activity for the impregnated catalyst. Theses results can be
explained considering the better dispersion of the metallic cen-
tres (and therefore the higher proportion of chromate species)
existing in AISBA-G and Nit-1.5 samples in comparison with
the impregnated one. Therefore, one important conclusion of
this work is that a novel Phillips catalyst much more active than
the conventional ones can be obtained by a one-step synthesis
procedure.

Concerning the obtained polymers, it is remarkable that
mesostructured catalysts produced high density polyethylene
with very similar properties: melting temperatures around
131°C, molecular weights (MW) in the range of 4 x 10° and
bulk densities between 0.24 and 0.29 g/cm>. Only high load
melt index values show slight variations depending on the cat-
alyst used which could be related to the different proportion of
long chain branching in polyethylene structure produced by each
catalyst [34].

4. Conclusions

A new one-step direct synthesis method to prepare CrAISBA-
15 materials was developed using different chromium precursors
(chromium(I1II) nitrate and acetate hydroxide) and pH values (0,
1.5 and 3). A very important increase of Cr and Al incorporation
degrees was achieved increasing the pH from O to 3.

Chromium nitrate led to CrAISBA-15 materials with high
mesostructural order with a Si/Cr of 66 and Si/Al of 35. However,
an amorphous material was obtained using chromium acetate
hydroxide at pH 3. In this case, CH3COOH formed by proto-
nation of acetate anions can establish H-bonds with the silica
and/or surfactant molecules hindering the mesostructure forma-
tion.

The incorporation of chromium and aluminium into SBA-15
mesoporous structure produces an increase in pore size and pore
volume. After calcination, samples prepared by one-step synthe-
sis showed Cr(VI) centres well dispersed with a proportion of
chromate species higher than Ct/AISBA-15 catalysts prepared
by post-synthesis methods like impregnation and grafting. Hp-
TPR measurements showed that only the 80% of Cr(VI) ions
incorporated into the SBA-15 structure are reduced, so part of
chromium ions may be located in non-accessible positions inside
the solid walls.

CrAlISBA-15 materials obtained by direct synthesis exhib-
ited higher polymerization activity (381.1kgPE/gCrh) than
Cr/AISBA-15 and conventional Cr/SiO; Phillips catalyst
prepared by impregnation (260.5 and 216 kg PE/g Cr h, respec-
tively). According to these results, it is concluded that novel
active chromium catalysts can be obtained by the one-step
synthesis route showed in this paper, performing better than
conventional Phillips polymerization catalysts.
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