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Abstract 

The Fe((SO4)2(NH4)2)/TiO2 compound was prepared via the sol-gel technique at pH 9 dried at 70 °C and treated thermally at different 
calcination temperatures (200, 400, 600 and 800 °C). It was characterized by BET, XPS and XRD and it was tested as a catalyst for ethylene poly- 
merization. A strong dependence was found between the structural properties of the support, the iron complex and the annealing temperature. 
Catalytic activity decreased with increasing heat treatment temperature up to 400 °C and remained practically constant above this temperature. 
These differences occurred without important changes in the physical, chemical and structural properties of the synthesized polymer. 
© 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

The synthesis of  metallic oxides by the use of  the sol-gel  
method provides a way of  obtaining in only one step solids 
with high surface area, controlled porosity and high resis- 
tance to deactivation. The sol-gel  technique has allowed 
control of  nanosolid parameters such as: acidity, texture, 
structure, particle size, porosity, oxidation state of  the cen- 
tral atom, coordination number of  the transition metal and 
impurities. These properties are planned before the gelation 
takes place and they make it possible to establish the syn- 
thesis parameters and to prepare tailor-made nanomaterials. 
Titania is a metallic oxide with many applications: due to 
its electronic properties, it is used in the production of  elec- 
trodes, capacitors and solar cells; it is also of  interest in catal- 
ysis, where it can act in oxidation reactions as the support 
or the catalyst itself. For example this oxide photocatalyzes 
the oxidation of organic and inorganic matter suspended in 
water [1,2]. 
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Although noble metal catalysts supported on titania have 
been widely studied, their catalytic properties are still of  
great research interest. Presently, transition metal oxides can 
be considered as an attractive option because of their low 
cost and availability; properties like their good activity and 
stability in the case of  iron and copper in the catalytic ox- 
idation of hydrocarbons make them excellent candidates to 
rival the noble metals. These catalytic properties will depend 
on many variables such as thermal treatment, the synthesis 
process, the different crystalline phases of  titania, and the 
doping with cations or anions. Titania is a catalytic support 
whose properties are modified by the supported cation, e.g. 
Pt, Pd, Fe or Cu [3]. 

Titania can be modified, however, by doping with a 
cation having a valence different from 4 +  or by reducing 
the valence of titanium from 4 +  to 3+.  The chemical and 
electronic properties of  this non-stoichrometric titania will 
depend on the defect density and the impurity concentration 
of the crystal [3]. 

Another method for preparing non-stoichrometric titania 
is the sol-gel  technique [4]. Here, the resulting titania has 
a high defect density produced during the dehydroxylation 
process. Associated with the sol-gel technique is the pres- 
ence of a large number of hydroxyl groups on the crystal 
surface that produces oxygen vacancies. Some authors have 
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shown that the sol-gel Pt/TiO2 system is a potential catalyst 
for acetylene hydrogenation since it has a high resistance to 
sintering at 800 °C and its activity does not decrease because 
the particles of Pt redisperse themselves in the support. Also, 
iron oxide supported on silica has been tested as a catalyst 
in methane combustion and as a photocatalyst [4-6]. 

The sol-gel method has potential applications in catalytic 
systems since it allows the functionalization and/or surface 
modification of the supports. Morphologically spherical alu- 
mina and silica powder obtained under sol-gel conditions 
with a basic catalyst are used in organic synthesis. 

Recently, a new silica-type material obtained by the sol- 
gel process has been applied as a carrier for organometallic 
catalysts in olefin polymerization [7-10]. Polyolefins such 
as polyethylene (PE) and potypropylene (PP) produced by 
homogeneous metallocene catalysts have an irregular mor- 
phology and a low bulk density. Also, these polyolefins 
tend to adhere to the reactor wall surface, thus retarding the 
heat transfer rate and causing reactor fouling. To overcome 
this problem, the metallocene catalyst has to be adsorbed 
on a porous support material to produce an heterogeneous 
catalyst, and the PE particles should have a granular mor- 
phology. A supported metallocene catalyst involves the 
adsorption of the metallocene on a modified methylalu- 
minoxane (MAO) porous support such as silica, alumina 
or MgC12. The method can provide an active catalyst pro- 
ducing PE with satisfactory morphology and bulk density. 
The metallocene and MAO must be allowed to form an 
active metallocene species suitable for anchoring onto a 
support [11,12]. 

On the other hand, the type of support is important and 
influences the catalytic activity. The support pore volume 
has a strong effect on the yield of the reaction and it can 
be controlled with the synthesis parameters, improving the 
possibilities for the polymer chain growing in the active sites 
located inside the mesoporous [13]. 

Looking for an alternatives new materials for ethylene 
polymerization and taken advantage of sol-gel technique 
about homogeneity, dispersion, and the non traditional ox- 
idation state stability, that can be reach with this sol-gel 
process. This paper presents a preliminary study of the ethy- 
lene homopolymerization using a catalyst of iron complex 
supported on titania, (Fe(SO4)2(NH4)2)/TiO2, which was 
prepared by the sol-gel technique at pH 9 and annealed at 
different temperatures. Titania was choose as a support be- 
cause, until high temperatures, this material keep a lot of 
-OH groups that have an important role in the metal com- 
plex anchoring and stabilization. 

butoxide (Strem Chemicals, 98%) and deionized water 
were used to prepare the sol-gel catalysts. Commercial 
toluene was used as a solvent for the polymerization reac- 
tions after purification by refluxing over metallic sodium 
with benzophenone as an indicator. Ethylene (polymeriza- 
tion grade) was treated with BASF R3-11 catalyst and 4~k 
molecular sieves in order to remove oxygen and water. 
Methylaluminoxane (MAO) 10% in toluene, tfiisobutyla- 
luminium (TIBA) 25% in toluene and tfiethylaluminium 
(TEA) 2.5 M in toluene, all from Witco, and the fresh 
sol-gel catalysts (Fe(SO4)2(NH4)e)/TiO2 dried at 70°C 
and calcined at 200, 400, 600 and 800 °C, were synthesized 
at Iztapalapa University and used without further purifi- 
cation. All reactants were used in an inert nitrogen (N2) 
atmosphere. 

2.2. Catalyst sample preparation 

Fe/TiO2 samples were prepared by using a sol-gel tech- 
nique. The typical preparation for Fe/TiO2 5 wt.% was as 
follows: 0.225 g of Fe((NH4)2(SO4)2) were dissolved in a 
mixture of 16.1 ml of water and 50ml of ethanol. Then, 
NH4OH was added to this solution as a hydrolysis catalyst 
for controlling pH at 9. Then 84.5 ml of Ti(n-OBu)4 were 
slowly poured into the above solution and the mixture was 
refiuxed for 3 h at 70 °C with continuous stirring. Finally, 
the resulting materials were dried at 70 °C for 12 h and then 
calcined at 200, 400, 600 and 800 °C for 4 h. 

2.3. Ethylene polymerization 

The polymerization of ethylene was carried out at 
60°C with ethylene at a pressure of 2bar in a 600ml 
glass Parr reactor using toluene as a solvent. Prior to 
the reaction, the reactor was dried by heating in vacuum 
and purging with nitrogen gas a few times; the adequate 
co-catalyst: MAO, TEA and TIBA were added as mois- 
ture and oxygen scavengers. A suspension containing the 
Fe((SO4)2(NH4)2)/TiO2 sol-gel catalysts, pre-activated 
with 1 ml of the co-catalyst, was injected into the reactor 
using a syringe. As the reaction mixture reached 60°C, 
the reactor was pressurized and the polymerization was 
initiated and continued for 30 rain. At the end of the reac- 
tion, ethylene pressure was released and a 2% solution of 
HC1/MeOH was added in order to decompose the unreacted 
co-catalyst. The PE was separated from the reaction mix- 
ture by filtration, washed with MeOH and dried in vacuum 
at 60°C [14]. 

2. Experimental 

2.1. Materials 

Ammonium hydroxide (Baker, 98%), absolute ethanol 
(Baker), iron(II) ammonium sulfate (Baker); titanium(IV) 

2.4. Characterization 

The catalysts were characterized using a Micromerit- 
ics ASAP 2010 Automatic Sorptometer. Specific area and 
pore size distribution were calculated from the adsorption 
isotherms using nitrogen as adsorbate in the relative pres- 
sure range of 0.06-0.2. The XRD pattems were recorded in 
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a Siemens D-5000 equipment. Photoelectron spectra (XPS) 
were recorded using a model 1257 Physical Electronics 
System, with A1 Ka X-ray radiation operated at 400 W. The 
binding energy of serendipitous C ls at 284.5 eV was used 
as reference. 

Catalytic activity was evaluated from the polymer weight 
obtained in every polymerization in kg/mol of catalyst, ethy- 
lene pressure and reaction time. 

The polymer characterization was carried out by XRD 
patterns using a Siemens D5000 diffractometer with Cu Ka 
radiation at 40 kV and 30 mA. SEM micrographs of the poly- 
mers were made with a Tesla B5 343A SEM equipment us- 
ing gold coating. A Bruker vector 22 spectrometer was used 
to obtain the FTIR spectra of the polyethylenes as films. 
Molecular weight distribution was calculated using a Wa- 
ters 2000 Chromatograph at 135 °C. Differential scanning 
calorimetry (DSC) measurements were performed on a TA 
Instruments DSC 2920 under nitrogen atmosphere. Indium 
was used for temperature calibration. Samples were melted 
at 180 °C, quenched from 180 °C to ambient temperature 
and heated from ambient temperature to 180 °C at a heat- 
ing rate of 10 °C/min. The melting temperature were taken 
from the second heating curve. 

3. Results and discussion 

3.1. Catalyst characterization 

3.1.1. BET 
Specific area and average pore diameter were obtained 

from the nitrogen absorption isotherms. Fig. 1 shows the 

BJH Desorption dV/dlog(D) Pore Volume 

desorption pore distribution curves for the catalyst treated 
at 70, 200 and 600°C. The first two temperatures treat- 
ment did not show significant variations in average pore 
diameter, although surface area was a slightly lower for the 
higher temperature. In the catalyst treated at higher tem- 
perature the pore diameter increased and the specific area 
decreased. These features maybe associated with the ionic 
strength due to the hydrolysis rate of the base, which is 
high and produces cross-linking and high specific area [15]. 
Furthermore, it is well known that during the sintering of 
gels networks eliminates small pores and makes total pore 
volume low and the average pore size large [16]. Also, the 
surface area decrease maybe for segregation of iron hydrox- 
ides on the TiO2 surface due to the rearrangements in the 
titania crystalline phase because at the beginning the titania 
is present only in anatase form but when the temperature 
is raised there are a mixture of phases anatase and rutile 
until high temperature when it changes to rutile as could be 
seen by X-ray diffraction. The surface area determined by 
BET for the catalysts treated at 70, 200 and 600 °C were 
200, 167 and 94cm3/g, respectively. In general, due to 
the sol-gel synthesis using in this article, the SaET values 
are larger than those reported in the literature by T. L6pez 
et al., obtained by calcinations and soluble salt preparation 
methods [17]. 

3.1.2. XPS 
Representative XPS spectra recorded for the fresh cata- 

lyst and the catalysts treated at 400 and 800 °C are shown in 
Fig. 2. The binding energy value of 709.5 eV for the fresh 
catalyst indicates that iron is present mainly as Fe 2+, but in 
the case of catalysts that were calcined at 400 and 800 °C, the 
binding energy values are 710.3 and 710.5 eV, respectively, 
showing that iron is present in those samples, mainly as 
Fe 3+ [18]. During the thermal treatment, the iron ammonium 
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Fig. l. Desorption pore distribution curves for the fresh catalyst (70 °C) 
and the catalysts calcined at 200 and 600 °C. 

sulfate complex becomes iron oxide and the ammonium 
and sulfate ligands migrate from the material. This could be 
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Fig. 2. XPS spectra recorded for catalyst treated at 70, 400 and 800 °C. 
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Fig. 3. XPS high resolution spectra for nitrogen and sulphur recorded for catalyst treated at 70 and 400 °C. 

supported by the photoelectron peak at 401.4 eV, which can 
be assigned to the N ls peak in ammonium and the S 2p peak 
at 168.7eV, which can be assigned to sulfate in the fresh 
catalyst. The catalyst treated at 400 °C shows the 168.7 eV 
peak, while catalyst calcined at 800 °C did not show the 
peak at those binding energies, as can be seen in Fig. 3. 

3.1.3. X-ray diffraction 
Fig. 4 displays the powder diffraction patterns of the 

catalysts. In all cases the main lines of anatase appear at 
20 = 25.38 °, 37.81 ° and 48.08 °, and the rutile phase main 
lines at 20 = 27.42 °, 36.09 °, 41.19 °, 54.32 ° and 56.62 ° 
did not appear clearly until 800°C. The fresh sample (dried 
at 70 °C) shows the anatase embedded in an amorphous 
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Fig. 4. XRD patterns recorded for the catalyst treated at the different 
temperatures. 

phase. Annealed at higher temperatures, the amorphous 
phase changed to anatase and above 600°C the titania 
strongly dehydroxylized producing a conversion mainly to 
rutile. This could be related with the fact that sulfate ions 
stabilize the anatase form, remaining in the surface of the 
solid. 

It was difficult to see clearly the X-ray patterns of the iron, 
probably because the iron atoms could have an extremely 
broad diffraction pattern that was hidden in the diffraction 
pattern background, indicating that the iron species remains 
highly dispersed or incorporated into the titania network 
[15,19]. 

3.2. Catalytic activity 

Catalytic activity in ethylene polymerization was stud- 
ied for the iron compound. In order to form the active 
species, the supported catalysts were placed in contact with 
a co-catalyst as activator (organo-aluminium compounds). 
The study of the effect of the co-catalyst was carried out 
using triethyl aluminium (TEA), triisobutyl aluminium 
(TIBA) and methylaluminoxane (MAO). Under similar re- 
action conditions, only the MAO co-catalyst is active. The 
requirements for an activator in polyolefin polymerization 
depend on the catalyst employed. Probably, in this case, 
the active species is generated in two steps, e.g. alkyla- 
tion and cationization, since alkylaluminiums like TEA 
and TIBA have an extremely weak ability of attracting an 
anion [20]. 

Catalytic activity on ethylene polymerization was found to 
decrease with the calcination temperature from 70 to 400 °C, 
and remained constant until 800 °C, see Table 1. Apparently, 
the active catalytic sites changed and/or decreased in some 
way with increasing temperature• In fact, there were changes 
in the titania crystalline phase above 600 °C and in the iron 
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Table 1 
Polymerization results using MAO, 1.7 × 10 -6 tool of iron, W ----- 1000 rpm, 
Pet. 2bar, A1/Zr = 4800, 30min of reaction time and toluene as solvent 

Catalyst Activity Melting DSC 
(kg PE/mol Fe barh) temperature (°C) "~ 

Treated at 70 °C 1224 134 
Treated at 200 °C 750 133.8 
Treated at 400 °C 362 133 
Treated at 600 °C 411 133.5 
Treated at 800 °C 387 134 

50 

40 
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20 

10 
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-10 
15 

PE(70°C) 

20 25 30 

Retention Time (min) 

oxidation state above 200 °C. The combination of all these 
factors play an important part in the activity in ethylene 
polymerization behavior. When the temperature is raised the 
iron complex is decomposed and the sulfate and ammonia 
are desorbed, only a little iron percentage substituted tita- 
nia atoms in the support structure and the rest emerge to the 
surface highly dispersed. Wang et al. [21] found the forma- 
tion of additional species between the titania and iron atoms 
FexTiOy (FeTiO3 or Fe2TiO5) because of solid state reac- 
tions and phase transformations when the material is treated 
at 600 °C. 

3.3. Polyethylene characterization 

3.3.1. FTIR 
The PTIR spectrum displayed signals corresponding to 

a typical polyethylene: signals at 2930 and 2845cm -1 
assigned to the stretching C-H of the -CH2 and -CH3 
groups. Approximately at 1462cm -1 appears a signal 
corresponding to the bending o f - C H 2  groups and at 
719cm -1 a signal can be observed, corresponding to 
the rocking of the (-CH2-CH2-)n groups with n > 3. 
Also, at 1635 cm -1 there is a small band associated with 
carbon-carbon double bonds; probably there are double 
bonded terminal groups due to 13-H elimination mecha- 
nisms. Others studies of iron catalysts have been found dou- 
ble bonds and isopropyl end groups, due to 13-H and alkyl 
transfer reaction termination mechanisms in the ethylene 
polymerizations [22]. 

3.3.2. GPC 
Fig. 5 shows the GPC chromatograms for fresh (dried at 

70 °C) and calcined (200 °C) samples; they have one major- 
ity fraction of higher molecular weights and small fractions 
of oligomers, which could be associated with the existence 
of more than one active catalytic center that produced poly- 
mers with different chains lengths and perhaps, there are a 
few active sites where the transfer reaction with the activa- 
tor is accelerated, forming oligomers. The thermal treatment 
brings more drastic modifications to the surroundings that 
influence the termination reactions, associated with changes 
in the active species surrounding of this sol-gel catalyst and 
also with the chain transfer reaction to the aluminium ac- 
tivator. Furthermore, for this catalyst it was found in an- 

Fig. 5. Representatives GPC for polyethylene obtained by catalysts treated 
at 70 and 200 °C. 

other study made to this catalyst for T. L6pez et. al. [23] 
by Mosbaiier technique the coexistence of Fe 2+ and Fe 3+ 
species. 

Table 2 shows the high molecular weights of the polymers 
obtained by GPC for the major fraction. The number average 
molecular weight (Mn), weight average molecular weight 
(Mw) and the polydispersity index (Mw/Mn) are reported. 
The polydispersity for all the samples is between 2 and 3, 
indicating that different chains sizes were formed because of 
the presence of different catalytic species as was discussed 
before. In general, the molecular weight increases with the 
catalyst calcination temperature, which is contrary to the 
activity behavior. 

3.3.3. SEM and DRX for the polymers formed 
Fig. 6 shows the SEM micrographs of the fresh catalyst 

(70 °C), of the catalyst treated at 600 °C and of the poly- 
mers formed around each catalyst particle. The polymer took 
the shape of the supported sol-gel catalyst particles, like in 
others supported catalysts this is the "replica phenomenon". 
The fresh catalyst micrograph shows the present of large 
and fine particles. The fine particles appear up to the first 
and at 600 °C this fine particles formed cluster. However, no 
apparent differences were found in the polymers formed by 
those catalysts. The polyethylene seems as fibrous and ori- 
ented around the surface of the support. By DRX analysis 
of the polymers the same behavior was found for all sam- 
pies, with a main amorphous peak centered at 20 between 
19.5 ° and 20 ° corresponding to the orthorhombic unit cell of 
PE [14]. 

Table 2 
Polydispersity, number average molecular weight (Mn) and weight average 
molecular weight (Mw) of the polyethylenes obtained with each catalyst 

Polyethylene Mn (× 10 -3) Mw (× 10 -3) Mw/Mn 

PE-catalyst 70 °C 34 74.3 2.2 
PE-catalyst 00 °C 26.8 70.6 2.6 
PE-catalyst 400°C 31.5 85.3 2.7 
PE-catalyst 600 °C 53 86 2.5 
PE-catalyst 800 °C 44.4 106 2.4 
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Catalyst-70°C Catalyst-600°C 

PE (cat. 70°C) PE (eat. 600°C) 

Fig. 6. SEM micrographs of the catalysts treated at 70 and 600°C and the polyethylenes obtained with each catalyst, with 1700 of augments. 

4. Conclusions 

This material thermal treatment decrease its catalytic ac- 
tivity, due to the complex decomposition, the titania phase 

transformation, the changes in the iron oxidation state as we 
described; besides, the two iron oxidation state coexistence 
and the new phases Ti-O-Fe-formation found in other 
studies, lead to punctual defects and more than one catalytic 

sites. Although, the obtained polyethylene have same phys- 
ical properties analyzed by FTIR, X-ray diffraction, melting 
temperature and similar molecular weights. Only the molec- 
ular weight distribution was slightly affected in the mate- 

rial calcined between 200 and 600 °C that when the sample 
was treated at 70 and 800 °C, maybe, that temperature range 
correspond to the titania dehydroxilation and to the new 
phases formation that can act as catalytic centers in which 
are marked the formation of chains with different size. 
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