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Abstract

A series of CrOx /SiO2/Si(100) model catalysts were tested for ethylene polymerization activity, varying chromium loading, and c
tion temperature. Chromium coverage of the model catalyst, quantified by Rutherford backscattering spectrometry, decreases with
calcination temperature as some chromium desorbs from the silica support. The polymerization activity of the model catalysts is
to calcination temperature and chromium coverage. Based on the evidence presented, we propose that high local Cr coverage—
distances—is detrimental to polymerization activity, possibly because it facilitates dimerization leading to inactive chromium sites.
tion at high temperatures not only causes depletion of surface silanol groups, but may also facilitate the formation of isolated chrom
which can evolve into active polymerization centers. AFM images of nascent polymer films after short polymerization times offer a
visualize the distribution of polymerization activity on the silica surface. They indicate that the catalytically active chromium forms
on the silica surface.
 2004 Elsevier Inc. All rights reserved.
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photoelectron spectroscopy; Atomic force microscopy
ata-
ps
oly-
ird
yst
oly-
s in
ddi-
air,
ne
pi-
ore
r-

ech-

sts

lmost
still
en-

ngs
m-
ica
n-

re.
lyst,
site
iti-

n),

-
sts:
1. Introduction

Next to the much more famous Ziegler–Natta-type c
lysts, thermally activated chromium on silica [1–3] (Philli
catalyst) today is the second most important ethylene p
merization catalyst; it is responsible for roughly one-th
of the world market in polyethylene. The Phillips catal
owes much of its commercial success to the fact that its p
merization properties respond very sensitively variation
catalyst preparation (e.g., choice of silica, Cr loading, a
tion of promoters) and pretreatment (calcination in dry
prereduction), which provides ample opportunities for fi
tuning the properties of the produced polymer resin. A ty
cal Phillips catalyst features about 1 wt% Cr on a wide-p
silica gel with roughly 300 m2/g surface area, which co

* Corresponding author. Present address: Eindhoven University of T
nology, Postbus 513, 5600 MB Eindhoven, The Netherlands.
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.12.019
responds to a loading of about 0.4 Cr/nm2. After thermal
activation (calcination in dry air or oxygen) these cataly
polymerize ethylene at rates between 1 and 10 kg/g per
hour (e.g., slurry phase inn-butane, 110◦C, ∼ 14 bar eth-
ylene pressure). Despite its commercial success and a
50 years of industrial and academic research, there is
a great deal of uncertainty about the molecular fundam
tals of this catalytic system. The small commercial loadi
in combination with the rich coordinative and redox che
istry of chromium and the diversity of the amorphous sil
surface make it difficult to combine different experime
tal findings from different groups into one unifying pictu
Consequently, fundamental aspects of the Phillips cata
like the formation and molecular structure of the active
and the polymerization mechanism, especially of the in
ation step (formation of the first growing polymer chai
remain unclear.

Two properties of the Cr/SiO2 catalyst set this sys
tem apart from most other olefin polymerization cataly
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(1) chromium is not active on its own but must be ancho
to the silica (or other oxide) support to be active, and (2)
Phillips catalyst does not need to be activated with an a
lating agent (e.g., AlR3) prior to polymerization. Within the
past decade the Cr/SiO2 system has been investigated w
a multitude of spectroscopic techniques [3–13] in an
tempt to unravel the molecular structure of oxide-suppo
chromium, the interaction between chromium and pr
molecules, and the early stages of polymer chain forma
Unfortunately these efforts were not accompanied by s
cient catalytic testing and for all the reasons discussed a
these efforts have not converged into a generally acce
molecular-level model of the working Phillips polymeriz
tion catalyst. Also, an increasing amount of well-defin
organometallic model compounds that polymerize ethyl
have been reported in the literature [14,15], allowing a
tailed look into the coordination chemistry of chromiu
However, to our knowledge all of these chromium co
plexes either have preformed chromium carbon bond
require alkylating agents to be turned into an active po
merization catalyst, which raises questions about the val
of these complexes as a model for industrial Phillips c
alysts. Very recently Espelid and Børve [16–19] publish
a series of papers introducing density functional the
calculations into the field of Phillips olefin polymeriz
tion catalysis, evaluating the potential catalytic activity
monomeric and dimeric chromium species on the silica
face.

We have developed a flat model catalyst based on a si
wafer covered with about 20 nm of thermal silicon oxid
With this model we eventually aim to arrive at creating
complete molecular-level picture of the Cr/silica ethyle
polymerization catalyst by correlating catalyst preparat
characterization of the active surface, and polymeriza
activity. The model support allows wet chemical impreg
tion of the active phase (e.g., CrO3 in water) and further
treatment just as for its industrial complement. Flat mo
catalysts are especially suited for applying surface s
troscopic (XPS, SIMS) and high-resolution microsco
(SEM, AFM) techniques [20–24]. In a previous public
tion we concentrated on the effect of calcination on the s
of the supported chromium. Applying X-ray photoelectr
spectroscopy (XPS) and secondary ion mass spectrom
(SIMS) we reached the following conclusions [23]: On cal
nation at temperatures above 450◦C all model catalysts fea
ture exclusively surface monochromates, which are form
in an esterification reaction with the surface silanol grou
Fig. 1 illustrates the different surface species present on
flat CrOx /SiO2/Si(100) catalyst after calcination. In contra
to conventional, porous catalysts where chromium that c
not be stabilized as a surface chromate forms chromium
oxide clusters, this superficial chromium desorbs from
flat silica surface. Up to now these findings have not b
properly connected to trends in catalytic activity. Hen
in this article we discuss the results of our ethylene po
merization test, which has been determined as a fu
Fig. 1. Surface species present on CrOx /SiO2/Si(100) model catalyst afte
thermal activation. On calcination surface silanols condense to form
face siloxanes; in addition, surface chromates also desorb from the
surface, especially at high initial chromium loading and at high calcina
temperatures.

tion of initial chromium loading and calcination temper
ture.

2. Experimental procedure

2.1. Preparation of the CrOx /SiO2/Si(100) model catalyst

Si(100) silicon wafers (Topsil) were calcined at 750◦C
for 24 h to obtain a flat, amorphous silica layer appro
mately 20 nm thick. The silicon wafer was then clean
in a mixture of concentrated hydrogen peroxide (Mer
35 vol%, medical extra pure) and ammonia (Merck, 25 vo
GR for analysis) until the temperature reached appr
mately 45◦C, which is after about 20 min. After furthe
cleaning and rehydroxylation in boiling water the wafe
were covered with the impregnation solution, chromic a
in water (Merck, Cr(VI)O3, GR for analysis), and mounte
on the spin-coating device under a nitrogen atmosphere
spinning most of the solution is ejected from the wafer le
ing behind a thin layer, which evaporates. As the thickn
of this layer can be calculated for any given rotation sp
(2800 rpm), temperature (20◦C), and solvent (water), th
loading of the model catalyst can be controlled simply
varying the concentration of the (dilute) spin-coating
lution [25]. The polymerization studies reported here w
done with an initial loading varying from 0.01 to 4 Cr/nm2.
To achieve these loadings the impregnation solution ha
be varied from 0.01 to 4 mmol Cr/l for a rotation speed o
2800 rpm.

2.2. Ethylene polymerization reactor

The reactor used is a medium-throughput version of
described previously [22]. Four parallel tubes separate
glass filters can contain four model catalysts. The advan
of this design is that four samples can be processed w
one calcination/polymerization cycle because chromate
sorbed from one sample cannot contaminate the other
ples. This contamination is observed if a single tube rea
is used to process more than one sample.

Before the reactor is loaded with the model catalyst,
dried and baked out at 750◦C in flowing O2/Ar (Hoekloos
20% O2, grade 5.0, dried with molsieves 4 Å), to remo
water, sodium, and carbon from the reactor walls and
chromate-loadedγ -alumina extrudates, which serve as t
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final cleaning stage of the gas feed inside the quartz rea
Next the model catalyst is inserted. After drying at 200◦C
in vacuum, the catalyst is calcined in flowing O2/Ar at a
maximum temperature of 450, 550, or 650◦C for 30 min
(heating rate 20 K/min, plateaus at 350, 450, and 550◦C
for 15 min). Polymerization takes place in flowing ethyle
at 160◦C and atmospheric pressure. Pumping away the
ylene and changing to argon atmosphere stop the reac
The polyethylene formed on the catalyst surface is initi
present as a molten film and will crystallize on cooling
room temperature.

For polymerizations at low temperature (at 25–80◦C) an
extra reduction step is needed. After calcination in O2/Ar
the reactor is cooled to 350◦C and the O2/Ar mixture is
evacuated by pumping and rinsing with argon. The ar
is exchanged for a CO flow (Messer Griesheim, grade
purified over Cu-Cat and molsieves 4 Å) for 15 min, af
which the CO is evacuated by pumping and the reacto
allowed to cool under flowing argon. Changing to ethyle
atmosphere starts the polymerization.

2.3. Catalyst characterization

The Cr coverage of the samples is determined quan
tively with Rutherford backscattering spectrometry (RB
using 2-MeV He+ ions. Nonstandard conditions are requi
to reliably measure Cr contents as low as 0.01 at./nm2. The
He beam is at normal incidence to the sample surface, so
the beam is aligned with the (100) channel direction of
Si substrate. The applied scattering angle is 95◦ (hence an
exit angle of 5◦ with the sample surface). The total ion do
per measurement is 300–1200 µC, depending on the Cr
erage: a lower content requires a higher dose to achieve
ficient statistical accuracy. With the chosen glancing exit
gle, the Cr signal is spread over about 30 channels (FW
of about 10 channels). The low overall count rate due to
channeling and glancing exit conditions allows for a be
current of 300 nA, while pileup (coinciding pulses) rema
negligible. This results in practical measuring times on
order of 1 h for this type of specimen.

X-Ray photoelectron spectroscopy measurements
made in a VG Escalab 200 using a standard aluminum a
(Al-K α1486.3 eV) operating at 510 W. Spectra are take
normal emission at background pressure of 5× 10−10 mbar.
Chromium coverage is determined from the X-ray pho
electron spectra as described in [23].

Polyethylene layer thickness is determined using
height difference between the Si substrate and the p
ethylene surface after scratching the layer with a scalpel
layers in the range of a few nanometers to 2 µm in thickn
atomic force microscopy (AFM) is used. Measurements
performed with a Digital Instruments Dimension 3100 sc
ning microscope under ambient conditions. Thicker lay
are measured using a Tencor P-10 Profilometer.
.

.

t

-
-

,

3. Results and interpretation

3.1. Chromium coverage

During thermal activation (calcination) chromium a
chors to the flat silica support to form monomeric surf
chromate species. In addition, chromium partially deso
from the silica surface, especially in the case of high
tial chromium loadings and high calcination temperatu
Therefore, using RBS (Fig. 2) and XPS, we have quant
the amount of chromium that is on the catalyst both a
impregnation and after calcination at temperatures betw
450 and 650◦C (Fig. 3). RBS gives us a full quantificatio
of the total amount of chromium on the model catalyst
loadings of 0.01 Cr/nm2 and above, while XPS gives a r
liable quantification between 0.4 and 2.0 Cr/nm2 [20,23].
On all catalysts and on a blank reference, RBS in comb
tion with TOF-SIMS detected trace amounts of molybden
(0.01±0.01 at./nm2) and iron (0.03±0.01 at./nm2). These
impurities probably originate from traces of these eleme
in the ammonia solution that is used for rehydroxylation
the thermal oxide layer of the model support. The iron p
partially overlaps with the chromium peak due to limit
mass resolution of RBS.

After correction for the small iron contribution in th
RBS spectra we find a linear correlation between the c
centration of the spin-coating solution and the chrom
loading in our entire experimental window between 0.01
4 Cr/nm2 (Fig. 3). This is the behavior expected for chrom

Fig. 2. Typical RBS spectrum of chromium-loaded model catalysts. In
Chromium peaks for catalysts with different loadings after spincoating
pregnation. The area of the chromium peak is used to validate the theor
loading and to determine the coverage of the calcined samples. Spec
normalized to the Si (SiO2) edge.
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Fig. 3. Chromium coverage after impregnation and calcination at 450,
and 650◦C as determined with RBS and XPS. Desorption of chrom
is pronounced for high calcination temperatures and high initial loadi
Loadings below 1 Cr/nm2 remain constant for temperatures below 650◦C.

acid in water, which does not react with the surface sila
groups of the silica support during impregnation.

The model catalysts are activated for ethylene polym
ization by calcination in dry O2/Ar (20/80). During this
thermal activation the chromium coverage decreases d
desorption of chromium, an effect that is most pronoun
at high initial loadings and high calcination temperatur
Initial loadings below 1 Cr/nm2 remain stable on the silic
surface up to 650◦C [26]. XPS and RBS quantification giv
basically the same results (between 0.4 and 2.0 Cr/nm2) in-
dicating that all chromium is present at the very surface
the model catalyst, meaning that no chromium diffuses
the silica layer nor are any chromium particles formed d
ing spin coating or calcination.

3.2. Catalytic testing

After thermal activation the catalysts are tested for g
phase ethylene polymerization at 160◦C and atmospheri
pressure. Fig. 4 shows an AFM image (height contrast
CrOx /SiO2/Si(100) model catalyst after polymerization
160◦C and 1 bar ethylene for 30 min. The polymer film th
has formed is 750 nm thick and features a surface rough
of 15 nm. After each polymerization run the polymer yie
(the layer thickness of the polymer film that has grown on
model catalyst) is determined by AFM or nano-indentati

Fig. 5 shows the results of such polymerization tests f
series of model catalysts with chromium loadings betw
0.01 and 4 Cr/nm2, all of which have been activated
550◦C. For each chromium loading we find a clear line
correlation between polymer thickness and polymeriza
time. The slope of these lines represents the constant ac
of the model catalysts. The catalytic activity per unit surfa
area reaches a maximum at 0.5 Cr/nm2, which correspond
to about 1.2 wt% Cr for a 300 m2/g silica gel catalyst.
s

Fig. 4. AFM height image of a 750-nm polyethylene film grown
a CrOx /SiO2/Si(100) model catalyst at 1 bar C2H4 and 160◦C within
30 min. The model catalyst features 0.5 Cr/nm2 and was calcined a
550◦C. On cooling, polyethylene crystallizes to form lamellae in rand
orientation.

Fig. 5. Polymer yield (polymer film thickness) plotted against polymer
tion time for a series of model catalysts calcined at 550◦C with chromium
loadings varying from 0.01 to 4.0 Cr/nm2. Ethylene polymerization wa
performed at 160◦C and atmospheric pressure. The slope of the lin
curves (the rate of film growth) is a measure of the constant polyme
tion activity.

Fig. 6 summarizes the polymerization activity of t
model catalysts as a function of initial chromium loadi
and thermal activation. As with its industrial counterpa
the polymerization activity of the model catalysts increa
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Fig. 6. Rate of film growth (polymerization activity) versus catalyst load
and calcination temperature.

Fig. 7. The nominal turn over frequency of the CrOx /SiO2/Si(100) model
catalysts is increasing with increasing calcination temperature and dec
ing chromium coverage. The arrows indicate the amount of chromium
as desorbed from the flat silica support during thermal activation.

with increasing calcination temperature. The most active
alyst in our series with a chromium loading of 0.5 Cr/nm2

and activated at 650◦C grows a polyethylene film at the ra
of 80 nm/min, which, again for a 300 m2/g catalyst, scale
to 1500 gPE/(gcath bar).

Combining the activity data with the chromium quant
cation from RBS, we can determine the (pseudo) turno
frequencies of our catalysts, which are depicted in Fig
-

as a function of chromium coverage and calcination t
perature. For all calcination temperatures we observ
monotonous increase in turnover frequency with decr
ing chromium coverage. In addition, we again find a str
increase in turnover frequency (TOF) with increasing c
cination temperature. This increase ranges from a facto
18 at 0.5 Cr/nm2 to a factor of 51 at 4.0 Cr/nm2. It is
interesting to note that the main improvement in cata
activity is observed at different temperatures for differ
catalyst loadings. For 0.5 Cr/nm2, TOF increases by a fac
tor of 6.5 between 450 and 550◦C, whereas between 55
and 650◦C, by only a factor of 2.6. The (relatively) stron
increase in catalytic activity coincides with the temperat
regime where most of the surface silanol groups on a b
silica support are depleted [27]. Conversely, at 2.0 Cr/nm2

loading, TOF increases by factors of 3.3 and 12.5, res
tively. At 2.0 Cr/nm2 catalyst loading, most of the surfa
hydroxyls are already depleted by the anchoring reactio
supported chromate. The main improvement in activity n
coincides with the temperature regime, within which m
of the chromium desorption takes place.

3.3. Early stages of polymer film growth

In an attempt to visualize the distribution of polym
ization activity on the model catalyst in early stages us
AFM, we performed polymerization experiments at 80◦C
with very short polymerization times. Fig. 8 shows the po
ethylene islands formed on the model catalysts that w
calcined at 550◦C and reacted with ethylene for 45 s
80◦C following an additional reduction step with carb
monoxide at 350◦C. Using CO to prereduce the calcin
catalyst (instead of using ethylene in the initial stage of
polymerization reaction) is a well-established method to
tivate the catalyst for ethylene polymerization at low te
peratures [28]. At 0.01 Cr/nm2 chromium loading we ob
serve fractal-shaped (branched and elongated) polyeth
islands ranging between 10 and 15 nm in height. The p
ethylene islands cover about 20% of the catalyst surf
while the rest of the catalyst surface (dark regions in
height image, top-left) remains empty (roughness be
0.3 nm). At 0.5 Cr/nm2 most of the catalyst surface is co
ered with a somewhat thicker (20 and 50 nm) polyethyl
film, leaving less than 20% of the catalyst surface open
4 Cr/nm2 we observe again polymer morphology that som
what resembles the 0.01 Cr/nm2 case: roughly 30% of th
catalyst surface is covered with a 10 to 15-nm polyethy
film. At this high chromium coverage the remaining sili
surface (dark regions in the height image top right) is
completely empty. The phase image reveals a large nu
of spherical polyethylene islands no more than 1–2 nm
height and with a diameter of about 20 nm. These poly
islands represent only a minor fraction of the overall po
merization activity of the catalyst
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s
st with h
Fig. 8. AFM images (5×5 µm2) of model catalysts (Cr loading as indicated) after treatment with ethylene for 45 s at 80◦C. The bright fractal-shaped feature
in the height-contrast (top) and phase-contrast images (bottom) are polyethylene islands (10–25 nm high) resembling the parts on the catalyigh
polymerization activity. Dark regions (height images) are bare silica surface with (almost) no catalytic activity in the time frame of the experiment. The phase
images reveal very small polymer islands on the catalyst with 4 Cr/nm2; however, these islands do not contribute significantly to the total polymer yield.
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4. Discussion

The CrOx /SiO2/Si(100) model catalysts feature a real
tic polymerization activity. This activity follows the sam
trends as in the industrial counterpart: An increase in ca
nation temperature yields a more active catalyst based o
silica surface area, while changing the Cr loading reveal
optimum at about 0.5 Cr/nm2. The activity per chromium
atom (turn over frequency), however, shows a monoton
increase with decreasing loading. It is interesting to note
catalysts with high and low loading respond differently to
increase in activation temperature: With low catalyst lo
ing the activity increase is more pronounced between
and 550◦C, while at high chromium loadings we obser
the strongest improvement between 550 and 650◦C.

The increase in activity with calcination temperature
usually attributed to the depletion of surface silanols on
silica support, which condense to form surface siloxane
heating [29]. The surface silanol groups are believed to
activate chromium possibly by blocking their coordinati
sites. Conversely, surface silanols are also regarded n
sary for the initiation step of the ethylene polymerizati
more exactly the formation of the first growing polym
chain on the active site [18].

At this stage we can only qualitatively discuss the
droxyl population on our chromium-loaded catalysts. Ho
ever, based on the saturation coverage of surface chro
on the flat silica support we estimate that the surface sil
population of the flat silica surface prior to calcination is
least 5 SiOH/nm2 [20,23,27]. Two surface silanol group
are titrated by each chromium atom that anchors to the
ica surface by self-condensation to form siloxane bridg
-

e

Thus, the surface silanol concentration on the model c
lyst decreases with increasing calcination temperature
chromium loading.

At initial chromium loadings of 1 Cr/nm2 and lower,
where the loading remains constant on calcination up
650◦C, the depletion of silanol groups might explain t
activity increase for these catalysts. Conversely, at
tial chromium loadings of 2 and 4 Cr/nm2, we observe
an even stronger increase in turnover frequency. At
high chromium loading almost all surface silanol grou
have reacted with chromium to form surface monoch
mate species already far below 450◦C. On further heating
the excess chromium desorbs from the surface, decrea
the chromium coverage while increasing the catalytic ac
ity. This correlation strongly indicates that chromium c
be deactivated by neighboring chromium atoms, poss
by simple site blocking or clustering. This form of deac
vation is lifted as chromium becomes more isolated on
silica surface, either due to desorption at high calcina
temperatures or due to decreasing initial chromium load
This supposition does not contradict our earlier obse
tion that chromium anchors to the silica surface exclusiv
as monomeric surface chromate: dimerization or cluste
simply takes place as the surface chromate becomes co
natively unsaturated during the final reduction step.

The monotonous increase in turnover frequency exte
to very low chromium coverages as seen in the series
550◦C activation temperatures, which is in good agreem
with findings reported by McDaniel et al. [1]. We estima
the hydroxyl population to increase from nearly none at
highest chromium loadings to about 2/nm2 at the lowest
Cr loadings [27]. Obviously this activity trend again ca
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not be explained by poisoning with surface hydroxyls;
stead it seems to be a generally accepted assumption
chromium somehow preferentially adsorbs at special s
on the silica surface that offer chromium just the right en
ronment to develop into a very active site. To our knowle
chromium–chromium interactions have not been conside
presumably because the distances between chromium a
become too large, e.g., about 3 nm for 0.1 Cr/nm2, assum-
ing chromium is dispersed randomly over the entire si
surface and on all length scales.

While we reserve a more detailed discussion of the e
stages of polymer film growth to a future publication,
believe that the AFM data presented here basically re
sent the lateral distribution of polymerization activity on t
catalyst surface, indicating that (very) active polymeriza
sites are not homogeneously distributed on a submicrom
scale. Thus, the AFM data suggest that polymerization a
ity can be concentrated in patches that represent only a s
portion of the entire silica surface rather then being ho
geneously distributed over the silica surface. Conseque
local chromium–chromium distances may be much sma
and Cr–Cr interaction might influence polymerization ac
ity, even at very small nominal loadings.

5. Concluding remarks

A flat CrOx /SiO2/Si(100) model catalyst exhibits realist
activity for ethylene polymerization and reproduces the
pected trends in catalytic activity: increasing the calcina
temperature yields more active catalysts while there se
to be an optimum chromium loading near 0.5 Cr/nm2.

RBS in combination with XPS has been used to qu
tify the amount of chromium that remains anchored to
silica surface after calcination, proving that some chrom
is lost due to evaporation. This chromium loss is espec
strong with high chromium loadings and high calcinat
temperatures. Combining RBS and activity data allows
to determine the nominal turnover frequency: this increa
with decreasing chromium loading and increasing calc
tion temperature. Even though all chromium on our mo
support forms silica-bound monochromates during calc
tion, the chance that they will form (highly) active polyme
ization sites depends on how far away they are from ne
boring surface chromates, presumably because neighb
surface chromates tend to form inactive dimers or cluste

Atomic force microscopy provides detailed insight in
the lateral distribution of the polymerization activity
CrOx /SiO2/Si(100) model catalysts. It reveals that the c
alytically active centers are not homogeneously distribu
over the silica surface but form islands. The shape and
of these islands are dependent on the exact catalyst pre
ment.

Due to a lack of a proper quantification, the role of surf
silanols in the activation of the CrOx /SiO2/Si(100) model
catalyst remains unclear at this point. Moreover, at this s
t

,
s

r

ll

,

g

t-

we have only indirect evidence for chromium clustering.
plan to use time-of-flight secondary ion mass spectrom
in an attempt to determine the surface silanol population
our model catalyst and to detect Cr dimerization on red
tion of the calcined catalyst.

In combination with the information about the late
distribution of catalytic activity this will provide complet
insight into the genesis, structure, and dispersion of the
tive chromium site(s) of the Phillips catalyst on a molecu
scale.
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