Available online at www.sciencedirect.com

SCIENCE@DIREGT“ JOURNAL OF
CATALYSIS

2
ELSEVIER Journal of Catalysis 230 (2005) 98-108

www.elsevier.com/locate/jcat

In situ, Cr K -edge XAS study on the Phillips catalyst: activation and
ethylene polymerization

E. Groppd, C. Prestipind*, F. Cesang, F. Bonind?, S. Bordigd, C. Lamberti*, P.C. Thiind,
J.W. Niemantsverdriét A. Zecchina

@ Department of Inorganic, Physical and Materials Chemistry, and NIS (Centre of Excellence), University of Torino, Via P. Giuria 7, 1-10125 alyrino, It
b Schuit Institute of Catalysis, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

Received 27 July 2004; revised 11 November 2004; accepted 12 November 2004
Available online 28 December 2004

Abstract

In this in situ EXAFS and XANES study on the Phillips ethylene-polymerization Cy/$&alyst, two polymerization routes are investi-
gated and compared. The first mimics that adopted in industrial plants, where ethylene is dosed directly on the oxidized catalyst, while in the
second the oxidized catalyst is first reduced by CO at 623 K. On this reduced catgtspGlymerization has been investigated at room
temperature and at 373 K. To allow experiments in transmission mode, a Cr loading of 4 wt% has been adopted. At this loading a fraction
of clustered CsO3 particles has been observed and quantified. The use of a third-generation synchrotron radiation source has allowed us tc
improve the energy resolution and signal-to-noise ratio of the XANES data, allowing us to determine the fraction of Cr sites involved in the
polymerization reaction. This number represents an upper limit of the active sites. Preliminary ReflEXAFS experiments have been performec
on a model catalyst prepared by impregnation of Cr on a flat Si(100) substrate covered by a thin layer of amorphous silica. Experiments havi
been performed ex situ on the grafted catalyst (i.e., after impregnation and thermal activation) and at the end of the polymerization stage.
0 2004 Elsevier Inc. All rights reserved.

1. Introduction with the chromium loading up to a maximum corresponding
to a Cr loading of about 1.0 wt%, as demonstrated by the re-
The Cr/SiQ Phillips catalyst, patented in 1958 by Hogan cent work of van Kimmenade et 46]. This suggests that,
and Bankd1], is currently responsible for the commercial for higher loadings, the activity of the additional Cr species
production of more than one-third of all of the polyethylene is negligible.
sold worldwide[2,3]. Notwithstanding its industrial impor- The anchorage reaction has been demonstrated over
tance and the numerous efforts made to elucidate the structhe years by means of several techniques, such as in-
ture of its active sites and the polymerization mechanism, its frared spectroscoply—9], UV-Vis diffuse reflectance spec-
chemistry remains controversial; the same holds for the esti-troscopy[10], mass spectrometrf4] (with CrO,Cl, and
mation of the number of really active sit@s5]. The Phillips silica, which show the release of HCI), and differential ther-
catalyst is obtained by reaction of the hydroxyl groups mal analysis[11]. Conversely, the molecular structure of
present on the silica surface with chromic acid. A typical cat- the anchored Cr(VI) is still a strong point of discussion in
alyst contains about 0.5-1.0 wt% Cr, corresponding to aboutthe literature, and several molecular structures (monochro-
0.2-0.4 Cr atomgn?, for a standard silica with a surface mate, dichromate, polychromate, etc.) have been proposed
area of 400 rig—1. The polymerization activity increases [3-5,10,12,13]The reason for this probably lies in the com-
plex redox and coordination chemistry of chromium, in com-
mspondmg authors. Fax: +390 11 6707855. bination with the heterogeneity of the silica surface. The na-
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and the activation method (e.g., maximum temperature, heat-respect to data interpretation, the possible co-presence of dif-
ing rate, total calcination time, and calcination atmosphere) ferent local environments of the chromium species makes
play a synergic role in the determination of the distribution the data analysis complex and delicate.

of chemical states of the supported chromii@h The aim of this work is to follow by XAS the local struc-

In industrial plants, polyethylene is produced by feeding ture and the oxidation state of Cr sites in the Phillips catalyst
of the Phillips catalyst with ethylene at 373—423 K; aninduc- during the activation procedure and, for the first time, dur-
tion time is observed prior to the onset of the polymerization. ing interaction with ethylene. In particular, we are interested
This is attributed to a reduction phase, during which Cr(VI) in singling out the possible difference between the model
is reduced to Cr(ll) by ethylerd]. To discriminate between  system and the ethylene-reduced system. From this study,
the reduction and the polymerization phases, a simplified it emerges that the XAS data of a 4 wt% loaded Phillips
version of the catalyst has been obtained by reduction of thecatalyst cannot be correctly explained without taking into
surface chromate precursors with CO at 6234k5,7,14] consideration an important fraction of £ nanoparticles.

In the following, the CO-reduced catalyst is referred to as This observation is particularly important for avoiding a mis-
the “model” catalyst, to distinguish it from the “ethylene- leading interpretation of both past and future XAS results for
reduced” catalyst. According to literature data, no significant analogous Cr/Si®@systems. Furthermore, we demonstrate
difference in the polymerization products has been found that it is possible to correlate the fraction of Cr sites involved
between model and ethylene-reduced catal/tss]. An- in the polymerization by means of a XANES technique, by
other way to simplify the problem has been suggested morefollowing the erosion of the Cr(ll) fingerprint at 5996 eV and

recently by Thiine et a[6,16,17] who prepared a model the increase in the intensity of the white line.

catalyst by impregnating Cr on a flat Si(100) substrate cov-

ered by a thin layer of amorphous silica [hereafter called

CrO,/Si0,/Si(100)]. In this way, one can apply the typical 2. Experimental and methods

surface science methods (XPS, AFM, SIMS, RBS, etc.) to

this system and obtain a smaller degree of heterogeneity of2.1. Experimental

Cr species; that is, these catalysts feature exclusively surface

monochromate species (nos0x clusters) after thermal ac- The Cr/SiQ catalyst was obtained by a procedure de-
tivation (calcinations in dry air) above 725 K. scribed elsewher@4,5,25,27,36,37]with a Cr loading of

The structure of Cr(ll) and, to a lesser extent, the average4 wt% on a 400 rf/g silica support, which is equivalent
valence state of the reduced chromium on the silica surfaceto a nominal chromium density of 1.2 Gm?. This load-
have been widely investigated in the past with several spec-ing has been chosen to obtain the lowest Cr content that
troscopic and chemical techniques. Using XPS, UV-Vis, gives an acceptable signal-to-noise ratio in a transmission
and IR spectroscopies, several authi®$,7,12,13,18-27]  XAS measuremeritl0]. Lower Cr loadings require the use
found that the average oxidation state of Cr in the model of fluorescence geometf4]. For XAS measurements the
catalyst is just above 2; here the catalyst comprises mainly catalyst powder was pressed into a thin pellet and transferred
anchored Cr(ll) and a variable amount of pseudo-octahedralto an X-ray cell designed to allow thermal treatments of
Cr(Il) species (presumably in the form @fCr,O3). the sample either under high vacuum or in the presence of

From this brief introduction, it is clear that the problem gaseg38]. After the activation and oxidation steps at 773 K,
of the structure of chromium on the Phillips catalyst is still two different procedures were followed: (i) a reduction step
an open question. As its understanding is of fundamental at 623 K followed by CO removal at the same temperature,
importance in the determination of the polymerization mech- thus obtaining the so-called model catalyst; (ii) a reduction
anisms, continuous efforts are being devoted to finding a step in GH4 at 523 K followed by evacuation at the same
unifying picture. For this task XAS is a powerful technique temperature, thus obtaining the so-called ethylene-reduced
for understanding local geometry and electronic structures catalyst.
and could in principle be very useful in understanding the = Transmission XANES spectra were collected at the ESRF
local structure and the oxidation state of chromium species (GILDA BM8). The monochromator was equipped with two
[28-31] Moreover, the atomic selectivity of XAS spectro- Si(111) crystals, and harmonic rejection was achieved with
scopies is particularly important when one is dealing with mirrors. To ensure very high-quality XANES spectra, sam-
diluted systems. Nevertheless, in contrast to the large num-pled in the edge region every 0.2 eV (with an integration time
ber of XANES studies on various chromium compounds of 5 s/point), the geometry of the beamline was optimized
reported in the pa$82,33], only a few XAS works appeared to improve the energy resolution: vertical slits, located 23 m
on the Phillips catalyst or on related systdit3,34,35] Two from the source, were set to 0.4 mm, ensuring an actual en-
main reasons could be tentatively proposed to account forergy resolution better than 0.3 eV at 6 keV. The following
this lack. On the experimental side, the high reactivity of the experimental geometry was adopted: (3)counter (ion-
reduced catalysts towarcb@nd HO requires an extremely ization detector filled with 1 bar § with an efficiency of
severe control of the atmosphere, which is not easily trans- 10%); (2) sample; (3)1 counter (ionization detector filled
ferred from the laboratory to a synchrotron beamline. With with 100 mbar Ar, with an efficiency of 80%); (4) chromium
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metal foil; (5) I, counter (photodetector). This setup allows Nst(phase 1= N(phase 1x,
a direct energy/angle calibration for each spectrum, avoid- ,, .
ing any problem related to small energy shifts as already Niw(phase 2= N (phase (1 - ),
proved in previous high-resolution XANES stud[88-43] whereN andNjy; are the real coordination numbers and that
The first maximum of the XANES derivative spectrum of the obtained by the best fit procedure (in both phases 1 and 2),
Cr metal foil has been defined as 5989.0 eV. respectively, and is the atomic fraction of the absorber in

EXAFS data were acquired up to 6800 eV with a variable the first phase. Conversely, the distances and the DW factors
sampling step in energy, giving rise okmay = 0.05 A=1, obtained by the best fit are the correct evaluation of these
and an integration time of §/point. Three spectra were ac- parameters for both of the phases present in the sample.
quired for each condition and averaged before data analysis, Note that this procedure has already been successfully
which was performed with Klementev's prograids},45] adopted in the following cases: (i) co-presence of surface
We collected preliminary ex situ XANES spectra in Re- copper aluminate, Cugland paratacamite in catalysts for
fIEXAFS mode, using a single-element germanium detector the ethylene oxychlorination reacti¢47]; (ii) co-presence
to collect the Cr fluorescence, in the ReflEXAFS cham- of three different Cu sites in copper-exchanged Y zeolite
ber of the GILDA BM8 beamline at the ESRRA6] on a [48]; (iii) co-presence of three different Ag sites in silver-
CrO,/SiO,/Si(100) model catalyst (incidence angle 4 mrad). exchanged Y zeolit¢49]. In the last two cases, the local
The sampling steps are the same as adopted for the transmisgenvironment and the relative population of different cationic
sion experiments, and an integration time of 4p@nts was sites were previously determined by Rietveld refinement of
used. The samples were prepared at the Schuit Institute ofhigh-resolution XRPD data collected with a synchrotron ra-
Catalysis (Eindhoven University of Technology, the Nether- diation source (BM16 at the ESRF). The high quality of the
lands) as described elsewh§té], with a Cr loading of 4 Cr  EXAFS fits obtained by the optimization of only Debye—
atomg'100 A2. Ex situ experiments were performed on the Waller factors andAE parameters (the coordination num-
grafted catalyst (i.e., after impregnation and thermal activa- Pers and the distances fixed by XRPD analysis) represents a
tion) and at the end of the polymerization stage. good test of the validity of this multiphase approach to EX-

The diffuse reflectance UV-Vis spectra were obtained AFS data analysis.
with a Perkin EImer Lambda 19 spectrophotometer equipped
with a reflectance sphere. The XRD pattern has been cor-
rected with Huber G670 instrument working in the Guinier 3. Resultsand discussion
geometry and equipped with a Cy;Kanode.

3.1. Previous UV-Vis and XRD characterization

2.2. Methods .
As a Cr loading of 4 wt% corresponds to about 4 to

) ] . 8 times the normal Cr loading used in industrial applica-
In this section a few words will be devoted to the method- jgn [5], a pre-screening of the Cr species present on the

ology adopted to extract quantitative information from the gample is mandatory. This study was performed with UV—
EXAFS data when more than a phase is present. The proce+js DRS spectroscopy; the results are reportecFig. 1
dure is a simplified version of that described in R@f7]. [before and after reduction, parts (a) and (b), respectively
A conventional EXAFS analysis is usually performed on (pjack full lines)]. As a model for dispersed Cr(VI) or Cr(ll)
samples with a single chemical species, that is, all of the ab-gpecies [parts (a) and (b), respectively], a similar catalyst
sorbing atoms have the same local coordination. In this caseprepared with a Cr loading of 0.5 wt% (and subjected to the
the value obtained by EXAFS analysis is an evaluation of the same treatments) was used (full gray linesCr,0s is used
real structural parameters around the absorber atom. If morezs 3 model of aggregated Cr(lll) oxide (dashed lines) in both
than a single chemical species is present in the sample, theyarts.

EXAFS signal is the sum of the signals correspondingto all  The isolated Cr(VI) species on the oxidized sample
phases. In such a case the fit must be performed with the usgFig. 1a, full gray line) gives rise to two main components
of a number of theoretical contributions equal to the num- at about 30,000 and 21,500 chy ascribed in the litera-
ber of chemical species present in the sample. This meansure[13,18,50}to oxygen-to-chromium charge-transfer (CT)
that, in the simple case of a system composed of only two transitions. The UV-Vis spectrum af-Cr,O3 (dashed line
phases, the fitting model will include two different contribu- in Figs. Ja or b) is characterized by an oxygen-to-chromium
tions, where in principle the coordination number)( the CT again around 30,000 crh and by twod—d transitions at
distance R), the Debye—Waller factor (DW), and the energy 21,500 and 16,500 cnt [51]. Although components around
shift (A E) should be optimized, resulting in eight fitting pa- 30,000 and 21,500 cnt are present on both isolated Cr(VI)
rameters. The coordination numbers obtained by the fit areand clustered Cr(lll) in octahedral symmetry, the presence of
proportional to the real ones according to the following rela- the component at 16,500 crhin the spectrum of the 4 wt%
tionships: sample confirms that a fraction of £03 particles is present
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Fig. 1. UV-Vis spectra of Cr/Si®at a Cr loading of 0.5 and 4.0 wt% (gray and black full lines, respectively) (a) before and (b) after reduction in CO.
For comparison, in both parts the spectrumwe€r,O3 (dashed line) is also reported. The inset of part (b) reports the XRD pattern of the reduced catalyst

(4.0 wt%) collected with a Cu anode. Labeled withsaare the reflections ascribable to #eCr,O3 phase.

at such Cr loadings. This is further demonstrated by the UV—
Vis spectrum obtained after CO reductidtid. 1b, full black
line). Together with the twal—d transitions at 12,000 and
7500 cnT?, the only peaks present in the 0.5 wt% sample
and due to Cr(ll) species in a distorted tetrahedral environ-
ment[5], clear absorptions at 21,500 and 16,500 ¢épare
evident in the full black line irfFig. 1b.

The DRS UV-Vis results are further confirmed by XRD
analysis. The reported XRD pattern, shown for the reduced
catalyst in the inset dfig. 1b, is dominated by the huge and
broad scattering of the amorphous support in the 10280
range. A minor trace ak-Cr,Os particles sufficiently large
to be detected by XRD is evident (see peaks labeled with
x in the inset ofFig. 1b). The importance of the bands at
21,500 and 16,500 cnt in the UV-Vis spectrum, compared
with the relative weakness of the reflections of th€r,O3
phase, suggests that most of the@y phase could be com-
posed of particles sufficiently small to escape XRD detec-
tion. As two Cr phases are unavoidably present in a 4 wt%

sample, particular approaches are required in the EXAFS

data analysis, (see Secti@®). The EXAFS data analysis
is discussed in detail in Secti@2.2

3.2. Activation of the model catalyst and comparison with
reference compounds

3.2.1. XANES data

Fig. 2 shows high-resolution XANES spectra for the
Cr/SiO, catalyst after oxidation at 773 K (dotted black
curve) together with that for the catalyst after reduction in
CO at 623 K (black curve). For comparison, the XANES
spectra for Cr@ (dotted gray curve) and-Cr,O3 (gray
curve), in which Cr species have a well-defined geome-
try and oxidation state6 and-3, respectively), are also
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Fig. 2. High resolution XANES spectra of the Cr/Si@hillips catalyst after
oxidation at 773 K (black dotted line) and subsequent reduction in CO at
623 K (black line). For comparison also the spectra of £(totted gray

line) and ofa-CrpO3 (gray line) model compounds are reported. The inset
reports a magnification of the pre-edge features; here also the spectrum of
the [Cr(OCOCH,), - H»0]> model compound is reported (dashed line).

Starting with the oxidized samples, it is evident that the
edge of the oxidized catalyst coincides (within 0.3 eV) with
that of CrQ, confirming that Cr species are anchored as
Cr(VI) on the silica surface. This agrees well with the liter-
ature data based on different spectroscopic laboratory tech-
nigues (UV-Vis, Raman, XP39,13,16,17,19,20&nd with

reported. Quantitative values extracted from the spectra re-the previous XANES work of Weckhuysen et[dl0]. A sec-

ported inFig. 2have been summarized Tables 1-3

ond evident feature is the pre-edge peak at 5993.5 eV typi-
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Table 1
XANES features of oxidized Cr(VI) species ify symmetry
Sample Pre-edge Edge
Position Intensity FWHM Feature 1 Feature 2
(ev) (norm. abs.) (eV) Position Intensity Position Intensity
(eV) (norm. abs.) (eV) (norm. abs.)
CrO3 59932 0.76 31 60165 110 60315 116
Ox catalyst 5993 0.84 20 Not resolved 6030 123

Data are referred to the dotted line spectra reportédgn2. In the CrQ model compound a shoulder before the first edge feature is observed around 6009 eV
having an intensity of 0.88.

Table 2

XANES features of the Cr/Si©Phillips catalyst after reduction in CO at 623 K

Pre-edge Edge

Feature 1 (sh) Feature 2 Feature 3 (sh) White line

Position Intensity Position Intensity Position Intensity Position Intensity
(eV) (norm. abs.) (eV) (norm. abs.) (eV) (norm. abs.) (eV) (norm. abs.)
5988.3 0.05 5990.4 0.11 5995.9 0.47 6008.2 1.32

Data are referred to the black line spectrum reporteeign2. After the white line an almost continuous absorption up to 6200 eV exists (sh, shoulder).

Table 3

XANES features ofr-Cr,O3 model compound

Pre-edge Edge

Feature 1 Feature 2 Feature 1 (sh) Feature 2 Feature 3

Position Intensity Position Intensity Position Intensity Position Intensity Position Intensity
(eV) (norm. abs.) (eV) (norm. abs.) (eV) (norm. abs.) (eV) (norm. abs.) (eV) (norm. abs.)
5990.5 0.06 5993.6 0.12 6001.4 0.66 6007.3 1.42 6011.3 1.54

Data are referred to the gray line spectrum reportdddn2 After the edge feature 3, a shoulder around 6016 eV (absorptib21) and a defined component
at 6024.5 eV (absorptioa 1.19) are clearly visible (sh, shoulder).

cal of Cr(VI) with T y4-like symmetry, where the lack of an The remarkable red shift of the edge of the CO-reduced
inversion center maked; — E electronic transition La-  catalyst (black line irFig. 2), both with respect to the oxi-
porte allowed, as also happens with ot@@rsystems like dized sample (about 6.5 eV) and with respect taith@r, O3
Ti(IV) [52,53] A Cr(VI) with T 4-like symmetry is basically  reference (about 2.0 eV), suggests that the CO-reducing
compatible with both chromate and dichromate structures. process converts Cr(VI) into Cr species with an average ox-
These main features were observed and discussed first bydation state lower thas3, given by the simultaneous pres-
Weckhuysen et al[10] and successively by other groups ence of Cr(ll) (mainly) and Cr(lll) species. This result agrees
[34,35] The high-energy resolution of the spectra reported perfectly with the literaturg3,5,7,12,18-27]The pre-edge
here allows us to make some additional comparison with peak associated with tetrahedral Cr(VI) species totally disap-
the XANES spectrum of the CrOreference. The signifi-  pears and is replaced by three distinct features at 5988.3 eV
cant higher intensity of thd; — E pre-edge peak (0.84 vs. (vw), 5990.4 eV (w), and 5995.9 eV (s), the last being al-
0.76), together with a higher sharpness (the FWHM moves most on the edgeTéable 2. A similar shoulder has been
from 2.0 to 3.1 eV), suggests that Cr(VI) species grafted observed for the [Cr(OCOGCH), - H2O]2 Cr(ll) model com-

to silica have a more perfedty symmetry than do those pound in planar square coordinatif28] (reported only in

in CrOs. A blue shift of 0.3 eV, which is at the limit of  the inset ofFig. 2 dashed line, for clarity). As a shoul-
our actual energy resolution, has also been observed (se@er around 5995 eV is extrapolated from the CO-reduced
inset of Fig. 2 and Table 1. Of interest, as observed in Cr/SiO; catalyst reported ifrig. 7 of the work by Weckhuy-
the pre-edge component of both materials, is the presencesen et al[10], we can propose that the 5995.9 eV component
of a low-energy tail, centered around 5991.3 eV. This mi- is afingerprint of Cr(ll) species in an almost fourfold coordi-
nority component is relatively more intense in Grhe nation state. A broad white line is observed with a maximum
model compound exhibits two well-defined edge features at 6008.2 eV (black line ifrig. 2). Details of the XANES

(at 6016.5 and 6031.5 eV) and a shoulder around 6009 eV,features ofx-Cr,O3 model compound are summarized in
whereas only a broad absorption is observed for the oxidizedTable 3 Because of the difference in both the oxidation
catalyst. and coordination states of chromium between the reduced
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The oxidized catalyst (dotted black curvekig. 3) ex-
hibits a dominant contribution centered at 1.06 A (non-
phase-corrected), which is clearly due to the shoe=Qr
double bonds, and, at greater distances (1.55 A, non-phase-
corrected), a shoulder due to longer Cr-O single bonds. On
the basis of what was previously determined from UV-Vis,
XRD, and XANES results, we can affirm that this signal is
a complex one, as two families of species are present, re-
sulting in three kind of contributions: €0 and Cr-O of
isolated Cr(VI) and Cr—O of clustered Cr(lll). This hetero-
geneity in distances implies, kxspace, the superposition of
sinusoidal signals with a substantial difference in periodic-
ity. Under such conditions the experimengdk) function is
rapidly extinguished by out-of-phase signals and shows only
noise for k values higher than 77A. It is evident that such a
short signal does not allow the extraction of any quantitative
i data in such a complex situation. It is worth noticing that this
g 3 3 - éA) T a destructive interference mainly affects the Cr—O single bond

signals, as the experimental |FT| is clearly dominated by the
Fig. 3. Modulus of thet?-weighted, phase-uncorrected, Fourier transform Cr=0 contribution. This fact can be explained on the basis
(IFT|, 2-11 A range) of the EXAFS signal collected together with the ~ Of three main factors: (i) the shorter distance of the oxygen
XANES spectra reported iRig. 2 (same symbols used). The inset reports, atoms of the chromyl groups (the EXAFS signal scales with
with the same symbols, the corresponding imaginary parts. 1/R2); (ii) the stronger C=0 bond, which is reflected by a

smaller Debye—Waller factor; (iii) the amorphous nature of

sample and the-Cr,O3 model, a comparison between the the support (and of the @03 nanoparticles), which induces
corresponding XANES features is not feasible. a further increase, of static origin, in the measured Debye—

From the XANES spectrum of the CO-reduced sample, Waller factor for the Cr—O bonds.
two pieces of evidence confirm that a detectable amount Weckhuysen et a[10] measured and analyzed a similar
of Crp03 clusters is present, because of the relatively high sample reporting a GO contribution at 1.53 Ay = 2.2),
chromium loading (4 wt%): (i) the shoulder at 5995.9 eV, a Cr—O contribution at 2.05 AN = 2.1), and a Cr—Cr con-
which is less pronounced than that observed for the tribution at 3.10 A (v = 0.5) (actual distances). Based on
[Cr(OCOCH); - H20]2 model compound; (i) the presence the above discussion, we believe that the Cr—O and Cr—Cr
of an unstructured absorption in the 5990-5993-eV range contributions detected in Refl0] come from aggregated
(a region where pre-edge featurescofCroO3 appear; see  Crp,O3 particles. This interpretation is one of those reported

IFT| (A)

Table 3. by the authors of Refl10] and is supported by the more
recent experimental results of Wang et [84]. These au-
3.2.2. EXAFS data thors investigated much more Cr-diluted samples (in the

Fig. 3 reports thek?-weighted, non-phase-corrected, 0.35-1.7 wt% range) supported on mesoporous MCM-41 in
Fourier transform (FT) of the EXAFS functions of the fluorescence mode. Under such diluted conditions, only a
Cr/SiQ, catalyst and of the reference compounds collected single peak is observed in the phase-uncorrected modulus
together with the XANES spectra reported kig. 2 (the of the FT (|FT|) of the oxidized samples at 1.23 A, and no
same symbols have been used). Three main peaks at 1.52/estiges of the highk component (shoulder in our sample
2.49, and 3.46 A (phase-uncorrected) are observed for theand a well-defined component in the data of H&€]) are
«-Crp0O3 model compound (full gray curve), assigned to the present. This is further proof of the destructive interference
first, second, and third shell contributions of a Cr(lll) in an occurring when both aggregated Cr(lll) and dispersed Cr(ll)
octahedral environment, respectively. Conversely, for£CrO species are present (vide supra and dotted curkegir3).
(dotted gray curve) the main peak is observed at 1.12 A Upon reduction in CO at 623 K, the experimenja(k)
(non-phase-corrected), coinciding with the=® bond dis- shows a significant signal up to 11-Aand itsk?-weighted,
tance of a Cr(VI) in a tetrahedral environment. The absence non-phase-corrected FT shows an almost symmetrical peak,
of d electrons in Cr(VI) is responsible for much shorter Cr— centered at 1.51 A, and the strong=@ signal has disap-

O single bonds for Cr@if compared with those present in  peared. After reduction, the Cr—O distances of the isolated
a-Cr03. Furthermore, the intensity of the first shell signal species have undergone a significant elongation due to the

in CrOz is much weaker if compared with that @Cr,Og3, large ionic radius of Cr(Il) compared with that of Cr(VI) and
and the higher shells contributions are almost completely are now much closer to those of the clustered species. The
absent. This suggests a greater disorder of the;@&tbahe- much highek range at our disposal and the simplification of

dronin CrG. the system now allow the extraction of quantitative data, pro-
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k2—weighted, phase-uncorrected, Fourier transform of the EXAFS signal
of «-CrpO3 model compound. The two arrows indicate theange used to

extract the filtered first shell signals @Crp,O3 reported in part (b). AE as free parameters. In this case, Mg (a-Cr,03) di-

) o rectly resulted in the fraction of aggregated species present
vided that the presence of aggregateg@rspecies istaken  jp the catalyst, according to the relationship reported above.
into account. The analysis has been conducted following the The DW factors have been allowed to change, in contrast
methodology discussed in Sectid?, where the two phases  j the study of Prestipino et g47] (where the size of the
present are isolated Cr(Il) species grafted to the silica SUP-¢rystals of the aggregated phase was huge), to take into ac-
port and aggregated Cr(Ill) species, respectively. To reducecoyn that a significant fraction of the £ particles have
the number of fitting parameters we have imposed chemi- 5 very small size, as determined by a comparison of UV-Vis
cal constraints and thus assumed that the aggregated Cr(lll),,q xRD datafig. 1b). This is a crude way to consider the
species _have aa—Cr203—I|k§ Iocgl structure. Ur.1der thgse distributions of bond lengths due to particle heterogeneity
assumptions, the two relationships discussed in Se@®n \yith the use of a unique fitting parameter. (iv) The isolated

now become: Cr(Il) species have been fitted with a single Cr-O contribu-

Niit(-Cr203) = N(a-Cra03)x, tion, leavingN, R, DW, andAE as free parameters; such
ern. 0. values have thus to be considered on an average ground. Be-

Niit(Cr(IDisotated = N (Cr(Iisolated (1 — x). cause of the amorphous nature of the support, isolated Cr(Il)

Briefly summarizing, the EXAFS quantitative analysis Species are not supposed to contribute to the EXAFS sig-
was conducted as follows: (i) Starting from the FT of the nal at higherR values, so that, in the 2.15-3.13-A range,
EXAFS signal of thex-Cr,O3 model compoundKig. 4a), only clustered species contribute to the experimental signal.
the inverse FT has been performed in the 0.51-3.13-A rangeThis assumption is supported by the fact that no higher shell
(see vertical arrows iffrig. 4a). This results in the filtered  signal has been observed by Wang et[34] for samples
x (k) function reported irFig. 4b, representing the sum of  containing only isolated chromium species.
the contribution of all of the scattering due to atoms in the ~ The fraction ofa-Cr,O3-like particles was estimated to
first, the second, and part of the third coordination shells be x = 0.384 0.04, and the DW increased from 0.0050 to
around Cr(lll) ina-Cr,O3. Note that in this approach both  0.0065+ 0.0005 A, supporting the presence of small clus-
single and multiple scattering paths are included. (ii) The ters. For the isolated Cr(ll) species, we obtained a Cr—O
signal thus obtained was then used for the extraction of “fic- contribution at 196 + 0.01 A, with a coordination number
titious” phases and amplitudes that do not refer to a single of 3.6 + 0.3 and a DW of 00075 0.0006 A. The qual-
Cr-scatterer contribution, but reflects the local environment ity of the fit can be appreciated Iig. 5 where we report
of Cr atoms in the aggregated phase in an overall way. both imaginary part and modulus of the experimeiital
(iii) The aggregated Cr(lll) species have been fitted by using weighted FT superimposed on the model (sum of isolated
the so obtained phase and amplitudes, leawndW, and and clustered species).
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3.3. Catalyst after in situ polymerization

3.3.1. XANES data

When the CO-reduced model catalyst is brought into con-
tact with GH4 at room temperature, the polymerization
process starts almost immediatg¥;5,15,25,36,37] This
fact has been clearly indicated in many time-resolved, in
situ IR experiment$5,25,36,37] where the intensity of the
stretching bands of the GHpecies has been observed to in-

crease as a function of time, with a constant increase after the

first 50—-100 436]. During this first time polymers are well
observed, but their growth rate is significantly lower, be-
cause of the formation of polymer precursor spefi¢sThe
response of the IR spectroscopy is intrinsically related to the
working sites only, as the polymerization occurs only there.
We have repeated in our XAFS c¢88] the same polymer-
ization experiment investigated many times with IR spec-
troscopy. The XANES spectrum of the CO-reduced model
catalyst after polymerization (dashed curveFiy. 6) ex-
hibits a slight increase in the intensity of the white line
with respect to the spectrum collected prior to polymeriza-
tion (full line spectrum inFig. 6), which reflects a modest
increase in the average coordination of Cr(ll) ions. In the

Normalized px

5088 5992 5996

6000 6020 6040
Photon energy (eV)

5980

Fig. 6. High resolution XANES spectra of the catalyst after in situ poly-
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pre-edge region (see insetfeilg. 6) we observe a decrease
in the fingerprint of Cr(ll) species at 5995.9 eV.

These results suggest that the number of Cr(ll) sites
involved in the polymerization reaction at room tempera-
ture (and low ethylene pressure) is very low, so that the
XANES spectrum after polymerization reflects the majority
of inactive chromium sites and only slight modification is
present with respect to the sample prior to polymerization.
Of course, we have to remember that we are in the pres-
ence of about 40% of GO3 clusters, so that the XANES
spectrum is better described as a mixture of Cr(lll) species,
unreacted Cr(ll) species, and chromium sites at a higher oxi-
dation state (presumably IV) due to the presence of polymer
chains. As far as the last species are concerned, most of
the hypothesized reaction mechanisms describe the living
chromium site as a Cr(1V) site coordinated with two support
oxygen atoms and two carbon atoms of the growing polymer
chain[5,54-56]

As discussed in the Introduction, the industrial polymer-
ization procedure consists of the admission of ethylene di-
rectly on the oxidized catalyst in the 373—423 K interval.
By adopting a similar procedure (herek; has been dosed
at 523 K, squared line ifig. 6), we observe the depletion
of the pre-edge peak characteristic of Cr(VI) infglike
geometry and a shift of the edge toward lower energy val-
ues with respect to the oxidized starting point (dotted black
line in Fig. 2). This confirms that Cr(VI) is reduced by eth-
ylene during the polymerization reaction. Unfortunately, as
discussed before, the situation is complicated by the pres-
ence of 40% of clustered Cr(lIl) species, so that it is difficult
to estimate the average oxidation state of chromium in the
ethylene-reduced sample. However, from a comparison of
the spectrum of the ethylene-reduced catalyst (squared line
in Fig. 6) with that of the model system after polymeriza-
tion (dashed line irFig. 6), the following observations can
be made: (i) the intensity of the white line grows remarkably,
reflecting a much higher increase in the average chromium
coordination; (ii) the Cr(ll) fingerprint feature at 5996 eV is
totally absent, suggesting that almost all isolated chromium
species have been involved in the polymerization reaction.
Some considerations concerning the technique must be dis-
cussed here. The fact that the Cr(ll) fingerprint feature at
5996 eV is totally absent in the ethylene-reduced catalyst re-
flects that the polymerization perturbed almost all of the iso-
lated chromium sites, but this does not mean that all sites are
active in catalysis. A large heterogeneity is expected among
the isolated Cr species at this std§g including active Cr
sites carrying the polymer chains, Cr sites just perturbed
by a polymer generated elsewhere, Cr sites still in interac-
tion with reduction products, or, eventually, Cr sites carry-

merization. The dashed line and the dash-dotted line spectra refer to the COing some “deactivating precursors” (such as Cr-cyclopentane

reduced sample, subsequently contacted wjtH£at RT and at 373 K, re-
spectively. The scattered square line refers to the Cy/$#dalyst directly
reduced in GHy4 at 523 K for 1 h (ethylene-reduced catalyst). As an exam-

structures, which have been found to be inactive with respect
to polymerizatior[57]).
By bringing the model catalyst into contact with ethyl-

ple of unengaged Cr(ll) species, the spectrum collected on the CO reduced :
catalyst (prior contact with ethylene) is also reported (full line). The inset ene at 373 K, we obtained a XANES spectrum (dash-dotted

reports a magnification of the pre-edge features. line in Fig. 6) with both a white line and a Cr(ll) finger-
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print shoulder, which are intermediate between the two casesincreases in the order reduced model catalyst (full liae)
discussed above. Thus, we conclude that the number ofmodel catalyst polymerized at RT (dashed linre)model
chromium sites involved in the polymerization reaction in- catalyst polymerized at 373 K (not reported for clarity)
creases in the order model catalyst atRmodel catalystat ~ ethylene-reduced catalyst (scattered squares). EXAFS is un-
373 K < ethylene-reduced catalyst at 523 K. Note that in the able to discriminate between Cr—O and Cr—C first shell con-
case of the reduced catalyst, where no reduction products ardributions. However, as we do not expect a change in the
supposed to be present, the decrease in the Cr(ll) fingerprintCr-to-support interactions, the increase in the peak at 0.7—
at 5996 eV may be used to evaluate an upper limit of the 2.0 A is attributed to an increase in the average number of
number of Cr(ll) sites active in the polymerization. By com- C atoms entering the first coordination shell of isolated Cr
paring the integrated area of the 5996 eV band in the casespecies upon polymerization.
of the model catalyst after polymerization at RT with that The heterogeneity of Cr species under polymerization
of the model catalyst before polymerization, we estimated conditions prevented any attempt to obtain quantitative data
that a fraction of about 25% of the original Cr(ll) sites has from the corresponding EXAFS spectra, and the discus-
been involved in the polymerization. Analogously, when the sion has to be concluded on the qualitative ground reported
polymerization is performed on the model catalyst at 373 K, above. As for the ethylene-reduced catalyst, we can just add
about 55% of the initial Cr(ll) sites are involved in the poly- that the inability to reproduce the second shell contribution
merization. Even if these values do not correspond directly with the «-Cr,O3 signal, as done for the model catalyst
with the fraction of really active sites, they suggest the order (Fig. 5), suggests that a significant fraction of the experi-
of magnitude of the active sites, which is probably near 10% mental contribution in the 2.0-3.2-A range comes from the
of the Cr(ll) sites. These numbers are in quantitative agree- polymerization products.
ment with the number of engaged Cr sites as evaluated by IR
spectroscopy (35 vs. 25% and 52 vs. 55%). Engaged Cr sites3.4. Preliminary Ref[EXAFS data on the
have been evaluated from IR experiments by quantification CrO,/SiO,/Si(100) model system
of the intensity of the CO triplet, in the 2191-2178 thn
range, before and after polymerization (unpublished results). A preliminary study in the direction of investigating
a less heterogeneous system has been conducted on a

3.3.2. EXAFS data CrO,/Si0,/Si(100) model catalyst (nominal Cr loading of

The picture emerging from XANES is qualitatively con- 4 Cr atomgnm?) prepared ex situ, characterized by an
firmed by EXAFS Fig. 7), where thek?-weighted, non- almost molecular dispersion of Cr specigs16,17] Be-
phase-corrected FT of the EXAFS signals (2—11 Aange) cause the Cr species are supported on a flat silica surface,
collected on the Cr/Si@catalyst after polymerization is re- the Ref[EXAFS geometry has been adopfé€,58] The
ported. The intensity of the peak in the 0.7-2.0-A interval XANES spectrum of the Cr@SiO,/Si(100) model catalyst

after the ex situ thermal activation at 723 K in dry oxy-

0.2

IFT| (A®)

Normalized px

|5 5088 5992 5996

5980 6000 6020 6040
Photon energy (eV)

Fig. 7. Modulus of thekz-weighted, phase-uncorrected, Fourier transform

(2-11 A-1 range) of the EXAFS signal collected together with the XANES  Fig. 8. XANES spectra of Crg/SiO,/Si(100) model catalyst after thermal

spectra reported iRig. 6 (same symbols used). The inset reports, with the  activation (full line) and after polymerization (dotted line), collected ex situ
same symbols, the corresponding imaginary parts. in Ref[EXAFS mode.
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gen (full line in Fig. 8) shows the pre-edge peak peculiar
to Cr(VI) in a Ty-like geometry. After this thermal treat-
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misleading interpretation of past and future XAS results
for analogous Cr/Si@systems.

ment about 2 Gmm? are present exclusively as surface (i) We report the first XANES/EXAFS in situ study on

monochromates that are anchored to the silica surface via
two ester bonds. The superfluous chromium desorbs from
the surface, preventing the formation 0£Og clusters. The
Cr(VI) pre-edge feature is less intense and less resolved than
that observed on the Cr/Sjatalyst (dotted black line in
Fig. 2). No features can be distinguished at the edge region,
possibly because of a lack of photon counts. This sample
was exposed to the air during transfer to the ReflEXAFS
chamber, which inevitably results in poisoning with water,
oxygen, and airborne carbon contaminants. This in turn has
undeniably degraded the sample to some extent, by hydrol-
ysis of the Cr—O-Si ester linkages and by partial reduction

the catalyst after polymerization, investigating the ef-
fect of different polymerization procedures (model vs.
ethylene-reduced). We demonstrate that it is possible to
monitor the fraction of Cr sites involved in the poly-
merization reaction and to estimate an upper limit of
the active Cr(ll) sites by means of a XANES technique,
by following the erosion of the Cr(ll) fingerprint at
5996 eV and the increase in the white line intensity.
Fractions of about 25 and 55% of the original Cr(ll)
sites have been estimated to be involved when ethylene
polymerization is performed on the model catalyst at
room temperature and at 373 K, respectively.

of the surface chromate (VI) species, which are exclusively (iii) On the technical side, the use of a third-generation syn-

present on the pristine model-catalyst surface after calcina-
tions[6,17].

The second Ref[EXAFS spectrum presentedrig. 8
(dotted line) shows model catalyst after a 1-h polymerization
run at 433 K at 1 bar of ethylene pressure following a ther-
mal activation at 723 K. In this sample the catalyst surface

chrotron radiation source has allowed us to improve the
both the energy resolution and the signal-to-noise ra-
tio of the XANES data, compared with the literature on
XAS for Phillips catalyst or related systerfi®,34,35]

The main limit of this study consists of the presence of a

is protected from the ambient by a 600-nm-thick layer of fraction of clustered GOz particles that prevents any struc-

polyethylene that has formed during the polymerization run. tural EXAFS data analysis of the samples after polymeriza-
The XANES obtained presents features very similar to those tion and that influences the reported XANES features at each
discussed above for the ethylene-reduced CHSgstem stage of the study. We demonstrated that a two-phase analy-
(scattered squares Fig. 6), in both the pre-edge and edge sis of the EXAFS spectra is possible, but only on systems
regions. The greater intensity of the white line (1.77 vs. 1.66) with a limited degree of complexity. It is therefore evident
can be explained by the fact that, thanks to the almost atomicthat the next generation of XANES/EXAFS experiments on
dispersion of Cr sites, we do not have here the fraction of this catalyst must be performed in fluorescence mode on a
aggregated Cr species for which the XANES spectrum is more diluted sample to avoid the formation of,Og par-
characterized by a lower white line intensity (Sesble 3. ticles. Preliminary results in this direction are reported in
The fact that the Cr@SiO,/Si(100) model catalyst presents ~ Section3.4.

the same behavior during polymerization and gives rise to
the same XANES features as the standard Cr%i@alyst

is worth noticing, as it is commonly known that small mod-
ifications in the catalyst preparation, treatment procedure,
polymerization conditions, etc. have a great influence on cat-
alyst activity[5].

4, Conclusions

In this work we report an improved version of the trans-
mission X-ray absorption experiments performed so far on
the Cr/SiQ catalysts[10,35] The work presents several
novel elements, from a catalytic as well as a technical point
of view, which are resumed in the following:

(i) On the catalytic side, we report the first quantitative es-
timation of the fraction of clustered €03 particles,
unavoidably present under the Cr loading needed to al-
low transmission measurements. Even if the presence
of Crp03 particles in samples with such a high Cr load-
ing was perfectly known in the literature, this quanti-
tative result is particularly important for preventing a
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