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Abstract Catalyst particle size is an important parameter

in the polymer industry. A series of supports with different

textural properties (silicas prepared by different routes),

surface sites (alumino-silicate, silica-zirconia, magnesia-

silica supports, and methylaluminoxane-modified silica)

and crystallinity (amorphous, lamellar, and crystalline

materials) were investigated in the sequential grafting

reaction of two metallocene catalysts, Cp2ZrCl2 and

(n-BuCp)2ZrCl2, in a 1:3 ratio. The catalyst systems were

analyzed by Rutherford backscattering spectrometry,

atomic force microscopy, small angle X-ray scattering,

extended X-ray absorption fine structure spectroscopy, and

nitrogen adsorption. All of the systems were shown to

actively polymerize ethylene when methylaluminoxane

was used as the cocatalyst. Experimental results are dis-

cussed in terms of the relationships between the radius of

gyration of secondary particles and catalyst activity.

A radius of gyration in the range of 8–9 nm was shown to

be associated with higher catalyst activity.

Introduction

Numerous industries depend on the size of particles to

improve performance or to meet specifications. For

instance, particle size is a variable of significant interest to

coating manufacturers, as it directly impacts the optical

properties, such as the opacity, tinting strength, undertone,

film appearance, and weather resistance, of the finished

product. In the polymer industry, the size and shape of

catalyst particles affect the catalyst performance as well as

the quality of the final polymer product. Problems of par-

ticle overheating due high catalyst activity as well as the

control of final particle morphology are relevant in the

current polymer industry [1].

Most polymerization processes are highly exothermic,

and reactor productivity is often constrained by heat

transfer limitations and complex thermodynamic con-

straints. Dynamic changes in catalyst activity (i.e., activa-

tion and deactivation) also affect the safe regions of

operation. Clearly, catalyst textural properties affect the

diffusion of the cocatalyst and comonomer. Furthermore,

the support structure may affect catalyst fragmentation,

which thereby exposes new catalyst sites during polymer-

ization and subsequently increases catalyst activity.

Many techniques can be used to provide information

about particle size, such as ultrasonic attenuation (range of

0.1–1000 lm), electro-acoustics (0.1–10 lm), X-ray sedi-

mentation (0.1–1000 lm), laser light diffraction (0.05–

1000 lm), dynamic light scattering (0.05–1000 lm),

atomic force microscopy (AFM, nm range), and scanning

electron microscopy (SEM, lm range) [1].

In terms of catalyst characterization, small angle X-ray

scattering (SAXS) is a powerful tool for examining the

textural properties of catalyst surfaces and often provides

complementary data to N2 adsorption (BET method)
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analysis. For instance, the textural properties of Raney Ni

catalysts [2], the submicrostructure evolution of precipi-

tated hydrous zirconia [3], and the aggregation and diffu-

sion of elements in supported Pt–Au catalysts [4] have all

been investigated by SAXS. Anomalous small angle X-ray

scattering (ASAXS), in which data are obtained at different

X-ray energies close to a metal adsorption edge, where the

metal scattering strength changes and thereby provides

element specificity, has been employed to study the size

and composition distribution of alloy nanoparticle elect-

rocatalysts [5].

Atomic force microscopy has been used for the deter-

mination of particle size and the degree of surface rough-

ness of silicas [6]. This technique has long been used for

the characterization of supported catalysts such as fluid-

cracking catalysts (FCC) [7] or Pd/Al2O3 [8]. More

recently, AFM has been used in the characterization of

Ziegler–Natta polymerization catalysts [9].

Metallocenes represent a class of polymerization cata-

lysts that are very active in the polymerization of olefins

and can produce new commodities, especially by copoly-

merization reactions. It has been estimated that the

polyolefin market will grow by 64% in the next decade,

i.e., 3–5% per year. It is believed that the amount of

polyethylene produced by metallocene catalysts will

increase by 470%. Presently, the market for polyethylenes

produced by metallocenes represents ca. 5–6% of the

polyolefin market, which corresponds to 3–4 million tons

of polymers per year [10].

For technical reasons, metallocenes must be heteroge-

nized for industrial application. Silica is the most widely

studied support in both the academic and industrial litera-

ture. Nevertheless, other types of supports have also been

evaluated for the immobilization of metallocenes, with the

aim of increasing catalyst activity or generating different

polymer properties [11]. The microstructure of the support

is very important because it can offer benefits regarding the

ease of fragmentation during polymerization, which can

lead to increased activity and reduced induction times.

In previous work, we reported the effect of grafting

Cp2ZrCl2 and (nBuCp)2ZrCl2 on the same support (silica),

at different order and molecular ratios, on the catalyst

activity and on the polymer properties. The best catalyst

system was that resulting from grafting Cp2ZrCl2 followed

by (nBuCp)2ZrCl2 in a 1:3 ratio [12]. In subsequent papers,

we investigated the effect of textural properties of silicas

produced by different techniques (aerogel, xerogel, pre-

cipitated silicas, etc.) [13], including the effects of the

chemical composition of the support surface (alumino-sil-

icates, silica-zirconia, and magnesia-silica supports) and

the effects of crystallinity (amorphous, lamellar, and

crystalline materials) [14], on catalyst performance. In this

paper, we focus on the particle size of the secondary

particles of the support. Therefore, SAXS was employed to

extract information about the radius of gyration (Rg) and

fractal dimension. Complementary analyses were carried

out by extended X-ray absorption fine structure (EXAFS)

spectroscopy and AFM. The results regarding the Zr–C

interatomic distance in the supported metallocene are dis-

cussed, as well as their catalyst activity in the polymeri-

zation of ethylene.

Experimental

Materials

All chemicals were manipulated under an inert atmosphere

using Schlenk techniques. Commercial silicas (Grace 560

and Grace 480) were provided by Grace Chemical.

Chrysotile was kindly provided by SAMA (Goiás, Brazil).

SBA-15 was prepared at the Instituto de Tecnologı́a

Quı́mica de Valencia––ITQ-UPV (Spain). MAO-modified

silica (SMAO) with 23 wt% Al/SiO2 (Witco) and alumina

(INLAB, Brazil) were used without further purification.

MCM-41, MCM-22, and ITQ-22 were prepared according

to published procedures [15–17]. Silica xerogel and silica-

zirconia were prepared by hydrolytic and non-hydrolytic

sol–gel processes, respectively [12]. Silica aerogel was

synthesized at CENERG (France). Leached chrysotile was

obtained according to a published procedure [18]. Fur-

thermore, (n-BuCp)2ZrCl2 (Aldrich), Cp2ZrCl2 (Aldrich),

and MAO (Witco, 10.0 wt% toluene solution) were used as

received. Toluene was deoxygenated and dried by standard

techniques before use. Ethylene and argon (White Martins)

were passed through molecular sieves (13 Å) prior to use.

Toluene was purified by refluxing over sodium and distilled

under nitrogen immediately prior to use.

Synthesis of the supported hybrid catalysts

All of the supports were activated under vacuum

(P \ 10-5 bar) for 16 h at 450 �C. In a typical experiment,

a toluene solution of Cp2ZrCl2, corresponding to 0.25 wt%

Zr/SiO2, was added to ca. 1.0 g of the pre-activated support

and stirred for 30 min at room temperature. The solvent

was then removed under vacuum through a fritted disk. A

toluene solution of (n-BuCp)2ZrCl2, corresponding to

0.75 wt% Zr/SiO2, was added, and the resulting slurry was

stirred for at least 30 min at room temperature. The

resulting slurry was filtered through a fritted disk, and the

solids were washed with toluene (10 9 2.0 cm3) and dried

under vacuum for 4 h.

The same procedure was carried out on all of the acti-

vated supports, such as MCM-22, ITQ-2, SBA-15, alu-

mina, and silica-zirconia produced by the nonhydrolytic
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sol–gel route, as well as on natural chrysotile (magnesia-

silica). The resulting supported catalyst systems were

designated M22, IT2, S15, ALU, NHI, and nCR, respec-

tively, after catalyst grafting. For the silicas, the label

corresponds to the commercial source: G56 for silica Grace

560, SMAO for MAO-modified silica; or to the synthetic

route: AER for aerogel, HID for xerogel produced by the

hydrolytic sol–gel route.

Characterization of supported catalysts

Small angle X-ray scattering

The SAXS experiments were carried out using synchrotron

radiation at LNLS (Campinas, Brazil) with a wavelength

k = 1.488 nm. The beam was monochromatized by a sil-

icon monochromator and collimated by a set of slits

defining a pin-hole geometry. A CCD detector (MAR 160)

located at 1449.5 mm of the sample was used to collect

two-dimensional (2D) images with 2048 9 2048 pixels.

The data were corrected for sample transmission and

background scattering using an empty cell as a reference.

Samples were placed in stainless steel sample holders

closed by two mica windows. The 2D SAXS images were

transformed to SAXS spectra using the FIT-2D software.

Rutherford backscattering spectrometry

Zirconium loadings in the catalysts were determined by

Rutherford backscattering spectrometry (RBS) using He?

beams with 2.0 MeV of energy incident on homogeneous

compressed (12 MPa) tablets of the catalyst material. The

method is based on the determination of the number and

the energy of the detected particles that are elastically

scattered by the Coulombic field of the atomic nuclei in the

target. In this study, the Zr/Si or Zr/Al atomic ratios were

determined by the heights of the signals corresponding to

each of the elements in the spectra and converted to a wt%

Zr/SiO2 or Al2O3. For an introduction to this method and

applications of this technique, the reader is referred else-

where [19].

Nitrogen adsorption–desorption isotherms

Samples were degassed (10-2 mbar) at 120 �C (silica) or at

85 �C (supported catalysts) for 8 h. Adsorption–desorption

nitrogen isotherms were measured at -196 �C using a

Gemini 2375 (Micromeritics) instrument. Specific surface

areas (SBET) were determined by the Brunauer–Emmett–

Teller equation (P/P0 = 0.05–0.35). The mesopore size

and distribution were calculated by the Barrett–Joyner–

Halenda (BJH) method using the Halsey standards.

Desorption branches were used.

Atomic force microscopy

Images of the supported catalyst surfaces were obtained

using a Nanoscope IIIa� atomic force microscope, man-

ufactured by Digital Instruments Co., using the contact

mode technique with silicon nitride probes. The WS M

4.0 software from Nanotec Electronic S.L. was used to

process the images. The samples were compressed into

the form of tablets and fragments of roughly 16 mm2 for

the analysis.

Extended X-ray absorption fine structure

The EXAFS measurements were performed near the Zr K

edge (E = 17,998 eV) using the Si(220) channel-cut

monochromator at the XAFS 1 beamline (LNLS, Campi-

nas, Brazil). The spectra were collected in fluorescence

mode using one ionization chamber filled with argon and a

Si(Li) detector. To perform the EXAFS experiments, the

supported metallocene powder was compacted into a pellet

and covered with Kapton� tape. All of the manipulations

were performed in a dry box to avoid any oxidation reac-

tions. The EXAFS spectra were acquired from 17,900 to

18, 900 eV in 3 eV intervals. Several scans were averaged

to improve the signal-to-noise ratio.

The IFEFFIT analysis package [20] and the Winxas

program [21] were used to analyze the EXAFS data. The

EXAFS signals between 1.0 and 10.0 Å-1 were Fourier

transformed with a k1 weighting and a Bessel window.

Structural parameters were obtained from least-squares

fitting in k and R space using theoretical phase shift and

amplitude functions deduced from the FEFF7 code [20].

The input for the FEFF7 code was provided by the ATOMS

program. In the fitting procedure, the amplitude reduction

factor (S0
2) was close to 1.0 for all samples, and the

threshold energies (E0) for the Zr–C and Zr–O pairs were

-7.5 and -3.5 eV, respectively.

Polymerization reactions

Polymerizations were performed in toluene (0.15 L) in a

0.30-L Pyrex glass reactor connected to a constant tem-

perature circulator equipped with mechanical stirring and

inlet ports for argon and monomers. For each experiment,

the catalyst system (a mass corresponding to 10-5 mol L-1

of Zr) was suspended in toluene (0.01 L) and transferred

into the reactor under argon. The polymerizations were

performed under an atmospheric pressure of ethylene at

60 �C for 30 min at Al/Zr = 1000, using MAO as the

cocatalyst. Acidified ethanol (HCl) was used to quench the

reactions. The reaction products were separated by filtra-

tion, washed with distilled water, and finally dried under

reduced pressure at 60 �C.
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Polyethylene characterization

Gel permeation chromatography

The molar masses and molar mass distributions were

determined with a Waters CV plus 150 �C high-tempera-

ture gel permeation chromatography (GPC) instrument,

equipped with a viscosimetric detector, and three Styragel

HT-type columns (HT3, HT4, and HT6) with an exclusion

limit of 1 9 107 for polystyrene. 1,2,4-trichlorobenzene

was used as the solvent with a flow rate of 1 cm3 min-1,

and the analyses were performed at 140 �C. The columns

were calibrated with polystyrenes that had standard narrow

molar mass distributions and with linear low-density

polyethylenes and polypropylenes.

Scanning electron microscopy

SEM experiments were carried out on a JEOL JSM/6060

electron microscope. The polymers were initially fixed on

carbon tape and then coated with gold by conventional

sputtering techniques. The employed accelerating voltage

was 10 kV for SEM.

Results and discussion

The supports and supported catalysts were analyzed by

SAXS. Taking into account the q intermediate region in the

SAXS curve, the coefficient values (slopes) were calcu-

lated for the different systems. This coefficient is related to

the fractal geometry of the silica particles, as shown in

Scheme 1.

According to Scheme 1, for a values between 1 and 3,

the support particle presents a structure described as mass

fractal. If the a value is between 3 and 4, the support

particles are formed by a surface fractal, while for a = 4,

the silicas are constituted of dense and uniform particles

related to typical Porod structures.

The SAXS profiles also allowed us to evaluate the radius

of gyration (Rg) of the particles from the Guinier regime

that obey the condition qRg � 1, i.e., q ? 0; the intensity

(I) could be approximated by the Gaussian function given

by Eq. 1.

IðqÞ ¼ I0 e
�q2 R2

g
3 ð1Þ

The radius of gyration (Rg) could be assessed by fitting

the experimental data using a linearized version of Eq. 1

and algebraic manipulations.

Figure 1 shows SAXS curves, plotted as Log I 9 Log q,

for the different silica supports.

According to Fig. 1, the slopes were dependent on the

nature of the silica used. The SAXS curve of commercial

silica G56 presented a slope of -2.8, which can be

attributed to particles with a mass fractal structure [22].

The mass fractal structures are open, like low-density

polymeric structures (fern-like). These structures evidence

growth by cluster–cluster aggregation (CCA). In CCA,

monomers are depleted at an early stage of the growth

process, so further growth must occur exclusively between

clusters. Strong mutual screening of cluster interiors leads

to ramified objects characterized by a mass fractal

dimension. On the other hand, the SAXS curve of com-

mercial silica G48 showed a slope of -3.1, which char-

acterizes a surface fractal structure [22]. Surface fractal

structures are composed of dense nuclei with rough sur-

faces. These surface fractal structures evidence growth by

monomer–cluster aggregation (MCA).

In general, silicas are produced in the industry from

sodium silicate solutions. Therefore, this observed differ-

ence in the fractal structure could be attributed to the

synthesis conditions, such as the pH, silicate concentration,

and drying conditions. For silica synthesized from tetra-

ethoxysilane (TEOS) by a hydrolytic sol–gel route under

acidic conditions (HYD), the SAXS curve presented a

slope of -2.4, which can be attributed to particles with a

mass fractal structure, evidence of growth by CCA as in the

case of commercial silica G56. The mass fractal structure

can also be observed for the leached chrysotile support.

Scheme 1 Possible fractal geometries of silica particles

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lo
g 

I (
a.

u.
)

Log q (nm-1)

G56

G48

HYD

lCR

-2.8

-3.1

-2.4

-2.1

Fig. 1 SAXS curves, plotted as Log I 9 Log q, for the different

silica supports
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There were no differences among the SAXS profiles of the

supports and those of the silica-supported catalysts. The

SAXS curves of aerogel silica (AER) (not shown) pre-

sented a power-law regime with a = 2.2, characteristic of a

mass fractal structure [22].

Another set of supports including mesoporous materials

bearing sites differing in their chemical nature (alumino-

silicates, silica-zirconia, magnesia-silica support, and MAO-

modified silica) was also analyzed by SAXS. Figure 2 shows

the typical scattering profiles of alumino-silicates (S15 and

IT2).

The SAXS curve of S15 (Fig. 2a) presented a long-range

ordering that is evidenced by three diffraction peaks at

q = 0.33, 0.57, and 0.66 with corresponding d-spacings of

19.1, 11.0, and 9.5 nm. The unit cell parameter a, which

was calculated from the (10) diffraction peak according to

the equation a = 2 9 d10/H3, is 22.1 nm [23]. For IT2,

the SAXS curve (Fig. 2b) showed a low long-range

ordering, evidenced by three low-intensity diffraction

peaks at q = 0.81, 1.40, and 1.62 with corresponding

d-spacings of 7.8, 4.5, and 3.9 nm. The unit cell parameter

a, which was calculated from the (10) diffraction peak

according to the equation a = 2 9 d10/H3, is 9.0 nm [23].

The SAXS curves of M22 and M41 (not shown) did not

present diffraction peaks, which means that these samples

do not have long-range ordering. However, the SAXS

curves showed a power-law regime with a equal to 2.5 and

2.7, respectively, characteristic of a mass fractal structure

[22].

Figure 3 shows SAXS curves, plotted as Log I 9 Log q,

for the different metal modified silica supports.

According to Fig. 3, the linear fit of the SAXS curves

for the metal modified silicas results in different slopes.

Therefore, these systems present different fractal struc-

tures. The silica-zirconia synthesized by a nonhydrolytic

sol–gel route presented a slope of -3.8, which can be

attributed to a surface fractal. For commercial silica mod-

ified with methylaluminoxane (SMAO), a slope of -2.4,

characteristic of a mass fractal structure, can be observed.

In the case of silica-magnesia nCr (natural chrysotile), a

slope of -3.3, which characterizes a surface fractal struc-

ture, is observed [22].

The supported catalysts were further analyzed by AFM.

Figure 4 shows some micrographs of the silica-supported

catalysts.

According to Fig. 4, the particles in the nanometer range

are agglomerates formed by particle aggregation with sizes

of ca. 80 nm for G56 and 40 nm for HID.

Figure 5 illustrates some micrographs of the employed

resulting supported catalysts in the case of alumino-sili-

cates, silica-zirconia, and magnesia-silica supports.

For the catalyst IT2, the aggregates were in the range of

57–61 nm. In the case of M22, the aggregates observed by

AFM measured roughly 75 nm. For S15, the AFM images

revealed particles in the range of 93–125 nm. For SMAO,

the observed aggregates measured ca. 90 nm. In the case of

nCR, fibers of 47 and 67 nm in width were observed. In

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.01

0.1

1

10

Lo
g 

I (
a.

u.
) 

Log q (nm-1)

(10)

(11)
(20)

(a)

0.6 0.8 1 1.2 1.4 1.6 1.8 2
1E-3

0.01

0.1

1

1.2 1.4 1.6 1.8
0.006

0.008

0.01

0.012

0.014

(20)

(11)

Lo
g 

I (
a.

u.
)

Log q (nm-1)

(10)

(b)

Fig. 2 SAXS curves, plotted as Log I 9 Log q, for the different

alumino-silicates a S15 and b IT2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lo
g 

I (
a.

u.
)

Log q (nm-1)

NHI

SMAO

nCr

-3.8

-2.4

-3.3

Fig. 3 SAXS curves, plotted as Log I 9 Log q, for the different

metal modified silicas
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some fibers, plates of 50 nm were observed. A similar

behavior was observed in the images obtained by AFM in

the micron range. Chrysotile is a natural nanostructured

material with fibers, in which the thickness was reduced

from 0.2 to 0.17 lm, as shown in Fig. 6.

Table 1 presents data reporting grafted metal content,

textural properties, and catalyst activity in ethylene

polymerization.

According to Table 1, the grafted metal content varied

from 0.15 to 1.00 wt% Zr/SiO2 or wt% Zr/Al2O3,

depending on the support, but the textural characteristics of

the materials were distinct. No clear trend was observed

between particle size, grafted metal content, surface area,

pore diameter, fractal structure, radius of gyration of the

catalysts, the catalyst activity, or the molar mass of the

polymers. Therefore, to better investigate the effect of

catalyst properties on catalytic activity and on the molar

mass of the polymers, the set of data was analyzed by

cluster analysis. The results of this analysis are shown in

Fig. 7.

According to Fig. 7, the different systems can be divi-

ded into three clusters containing systems that present

similar textural properties and catalytic performance. The

first group is formed by commercial silicas: G56, G55,

G48, and SMAO. The systems of this cluster presented a

high catalyst activity, which can be attributed to a combi-

nation of large pores, relatively large surface areas, and

particle sizes of roughly 50 lm. The large pores and sur-

face areas of these systems should reduce the diffusion

problem to the monomer or cocatalyst level, improving the

catalyst activity. The particle size is related to the frag-

mentation of the catalyst system. In general, larger particles

fragment more easily, resulting in higher catalyst activity.

From both a technological and a macroscopic point of

view, particles as large as 50 lm are ideal for most poly-

olefin polymerization processes. For SMAO, the high cat-

alyst activity can also be attributed to the mobility of

metallocene immobilized on MAO moieties on the silica

surface. The second group is constituted by some metal-

modified silicas (NHI and nCr) and alumina (ALU). The

systems of this cluster presented a low catalyst activity,

which can be partially attributed to the relatively low-

specific surface area of the supported catalysts (14–

103 m2 g-1). This low surface area should reduce the

monomer or cocatalyst access to the active centers,

decreasing the catalyst activity. For nCr and ALU, this low

catalyst activity can also be attributed to the small grain

size of the supported catalysts (0.2 and 0.4, respectively).

The last group contains the catalytic systems that presented

moderate-to-high catalyst activity. This included silica-

based materials (HID and lCr) and other supports with

high-specific surface areas, such as AER and mesoporous

ordered materials (S15, IT2, M22, and M41). In this group,

the high-specific surface area justifies the high catalyst

activity in relation to the second group. However, the lower

activity in comparison to that observed for the first group

can be attributed to the smaller pore and particle size,

which prevents monomer or cocatalyst access to the active

sites. Additionally, the small grain size inhibits the sup-

ported catalyst fragmentation, leading to a decrease in

catalyst activity.

Fig. 4 AFM images of two supported catalysts, G56 and HID

Fig. 5 AFM images of IT2, M22, S25, SMAO, and nCR
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Although the effect of grain size of supported metallo-

cenes on the activity of ethylene polymerization has been

reported, the effect of Rg of secondary particles in these

systems to our knowledge has been not investigated in the

literature. Therefore, the Rg data measured by SAXS were

correlated with the catalyst activity of ethylene polymeri-

zation, as shown in Fig. 8.

According to Fig. 8, the radius of gyration (Rg) of sec-

ondary particles of the supported catalyst influenced the

catalyst activity of ethylene polymerization. Comparing the

Fig. 6 AFM image of nCR

a after and b before zirconocene

grafting

Table 1 Grafted metal content, textural characteristics, catalyst activity and polymer characteristics of the investigated supported metallocenes

Supported

catalyst

Grafted metal

content (wt% Zr/SiO2

or Al2O3)

Surface area

(m2 g-1)

Pore

diameter (Å)

Particle

diameter (lm)

Catalyst activity

(kg PE mol Zr-1 h-1)

Mw

(kg mol-1)

a Rg

(nm)

G56 0.51 200 145 49 4280 423 2.8 8.5

G55 0.33 244 128 50 2220 338 2.9 8.8

G48 0.35 249 118 51 5310 258 3.1 8.3

HYD 0.50 341 39 77 1680 356 2.4 3.9

AER 0.15 462 58 0.4/1.6 3537 343 2.2 2.8

M41 0.84 768 24 0.2 880 484 2.7 –

lCR 0.20 226 39 0.1 1927 378 2.1 7.6

NHI 0.41 18 36 83 720 306 3.8 5.7

ALU 0.90 103 42 0.4 853 351 4.0 5.3

SMAO 1.00 99 84 49 6560 388 2.4 8.1

S15 0.42 463 50 0.2 3200 273 – –

IT2 0.61 478 14 0.1 1260 477 – –

M22 0.51 313 19 0.1 1467 275 2.5 –

nCR 0.21 14 39 0.2 400 254 3.3 6.1

Fig. 7 Dendrogram obtained

by the Ward method in cluster

analysis

1766 J Mater Sci (2010) 45:1760–1768

123



results obtained for these two groups, it can be observed

that Rg in the range of 8–9 nm favors catalyst activity.

However, for the same group, a decrease in Rg of sec-

ondary particles results in increased catalyst activity of

ethylene polymerization. For the group of mesoporous

ordered materials, there was no correlation between cata-

lyst activity and the radius of gyration (Rg).

No clear trend could be observed between the particle

pore size and Mw. However, for commercial silicas G48,

G55, and G56, the increase in pore size resulted in an

increased Mw.

In a previous work, we observed that the pore diameter

of the support can affect the structure of the grafted

metallocene structure, as evaluated by the Zr–C inter-

atomic distance determined by EXAFS [13]. In this study,

we investigated the effect of Rg of secondary particles on

the structural characteristics of the supported metallocenes.

Figure 9 shows a correlation between the Zr–C distance of

the metallocene complex and the Rg of secondary particles

for the supported metallocenes. It is worth noting that these

values represent mean interatomic values of the supported

species.

According to Fig. 9, for the first group of catalyst sys-

tems, as Rg increases, there is a reduction in the Zr–C

interatomic distance. The G55 supported catalyst does not

follow this trend, probably due to other textural parameters,

such as pore fraction and mean pore size distribution,

which should be influencing the structure of grafted

metallocene. For G48, G56, and SMAO, the pore fraction

was in the range of 1.5–1.9%, while in the case of G55, a

pore fraction of 6.4% was determined. Besides a broader

mean pore size distribution was observed for this system

[13]. For the second group of systems, the inverse trend is

observed. As Rg increases, there is an increase in the Zr–C

interatomic distance. These results suggest that the size of

secondary particles of the support influences the structure

of the supported metallocene complex. However, the

observed trend was dependent on other textural character-

istics of the supported metallocene systems. For the group

of mesoporous ordered materials, there was no correlation

between the Z–C interatomic distance and the radius of

gyration (Rg).

The morphology of the resulting polyethylene was

investigated by SEM. Figure 10 shows SEM micrographs

for polymers prepared with the G48, NHI, and S15

systems.

According to Fig. 10, the polyethylenes obtained by

using supports with different textural characteristics

showed distinct morphologies. The polymer obtained with

the G48 system showed no particular morphology. For

NHY and S15, a fiber-like morphology can be observed,

suggesting a polymerization by extrusion mechanism, in

which the polymer chain growth takes place within the

mesopores up to the particle surface [24]. In addition, the

fiber morphology of the polymer obtained with the S15

system is aligned, which demonstrates the influence of pore

organization, as shown by SAXS data, on fiber orientation.

Conclusion

The grafting of metallocenes on the surface of different

supports preserves the radius of gyration and the fractal

geometry of bare supports. However, the radius of gyration
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of secondary particles affects the structure of the grafted

metallocene, as observed in the Zr–C interatomic distances.

Cluster analysis allowed us to separate the supported

catalysts into three groups of systems according to their

textural properties and performance on ethylene polymer-

ization, namely, commercial silicas, alumina and metal-

modified silicas and mesoporous ordered materials. It has

been shown that the use of supports with large surface area

and grain size, large pores and secondary particles in the

range of 8–9 nm leads to supported systems with high

activity in ethylene polymerization. This result was

attributed to the easier catalyst fragmentation, which in

turn may provide better monomer diffusion during the

polymerization process.
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