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Polyethylene with Reverse Co-monomer Incorporation: From an
Industrial Serendipitous Discovery to Fundamental Understanding

Dimitrije Cicmil, Jurjen Meeuwissen, Aurélien Vantomme, Jian Wang, Ilse K. van Ravenhorst,
Hendrik E. van der Bij, Ara Mufioz-Murillo, and Bert M. Weckhuysen*

Abstract: A triethylaluminium(TEAIl)-modified Phillips eth-
ylene polymerisation Cr/Ti/SiO, catalyst has been developed
with two distinct active regions positioned respectively in the
inner core and outer shell of the catalyst particle. DRIFTS,
EPR, UV-Vis-NIR DRS, STXM, SEM-EDX and GPC-IR
studies revealed that the catalyst produces simultaneously two
different polymers, i.e., low molecular weight linear-chain
polyethylene in the Ti-abundant catalyst particle shell and high
molecular weight short-chain branched polyethylene in the Ti-
scarce catalyst particle core. Co-monomers for the short-chain
branched polymer were generated in situ within the TEAI-
impregnated confined space of the Ti-scarce catalyst particle
core in close proximity to the active sites that produced the high
molecular weight polymer. These results demonstrate that the
catalyst particle architecture directly affects polymer compo-
sition, offering the perspective of making high-performance
polyethylene from a single reactor system using this modified
Phillips catalyst.

Several years ago at an industrial ethylene polymerisation
plant, the insitu generation of co-monomer on a Cr poly-
merization line using the well-known Cr/Ti/SiO, Phillips-type
catalyst was reported.™ Hence, the co-feeding of 1-hexene
was significantly reduced in order to keep a polymer with
similar content of co-monomer. The interesting finding was
that 1-hexene was the major component, while butene and
other oligomers were present in lower concentration. More-
over, the properties of the polyethylene produced were not
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affected despite the presence of butene. On the contrary, the
polymer made even exhibited some improvements. The
hypothetical explanation for in situ co-monomer generation
was a contamination of the recycling feeds by triethylalumi-
nium (TEALI), as there were several lines with a common
recycling section. One of the polymerisation lines was running
a Ziegler-Natta catalyst with TEAI as co-catalyst,*'¥) while
the other polymerisation lines ran with a Cr/Ti/SiO, Phillips-
type catalyst without any co-catalyst.

Preliminary tests at both pilot and bench scales confirmed
the insitu generation of co-monomer with a Cr/Ti/SiO,
catalyst and TEAIL The observed phenomena could be
confirmed, as illustrated in Figure 1, by performing slurry-
phase ethylene polymerisation experiments in a 4 litre-sized
semi-batch reactor. The polymerisation conditions were
chosen to target the same molecular weight distribution and
co-monomer content in the polymer (Table S1 and S2 in the
Supporting Information). Hence, 1-hexene was added in one
experiment during the polymerisation when the Phillips Cr/
Ti/Si0, catalyst under investigation was tested without TEAI,
as no co-monomer was in situ generated in that particular
case. In the second experiment, in situ oligomerisation was
induced by modification of the catalyst with TEAL GPC-IR
analysis of the polymers produced clearly shows that less co-
monomer was incorporated in the short polyethylene chains
than in the long chains when it is generated in situ. Con-
sequently, this so-called reverse co-monomer incorporation is
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Figure 1. Molecular weight distribution (MWD) and short chain
branching distribution (SCBD) of the polyethylene produced with the
developed Phillips Cr/Ti/SiO, catalyst in a 4 litre-sized semi-batch
reactor, with and without externally added 1-hexene co-monomer.
Reverse incorporation of co-monomer into longer polyethylene chains
is boosted when co-monomer is in situ generated, while the overall
amount of incorporated olefins was kept similar as confirmed by

3C NMR analysis.
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enhanced when the co-monomer is generated in situ in the
presence of TEAL!! This result came as a positive surprise as
more co-monomer incorporated in the high molecular weight
fraction of the polymer leads to better mechanical proper-
ties.'”! Thus the fundamental question was: what are the
underlying principles for the production of this polymer using
a TEAl-modified Cr/Ti/SiO, catalyst?

Ti has been used in the polymer industry since several
decades to lower the molecular weight (MW) and broaden the
molecular weight distribution (MWD) of the polymer.>*!
However, Deslauriers and McDaniel revealed that the
addition of Ti to the SiO, support also leads to an improved
distribution of co-monomer in the polymer because the Cr/Ti/
SiO, sites give low molecular weight polymer and have low
co-monomer reactivity.!'”)

Here, we present a new type of Phillips Cr/Ti/SiO,
catalyst, which was prepared from a commercially available
Cr/SiO, pre-catalyst by selective surface titanation on the
catalyst particle’s outer shell and subsequent activation,
according to the procedure described in Debras et al.'¥! By
pre-contacting the catalyst with TEAI, insitu ethylene
oligomerisation sites could be generated.'! Further details
on catalyst synthesis can be found in the Supporting
Information. Typically, an olefinic co-monomer (i.e., 1-
hexene) is added externally to the reaction mixture and has
to diffuse through the growing polymer and catalyst material
to arrive at the catalytic sites. We envisioned that it would be
advantageous if the co-monomer was generated on the TEAI-
modified active sites within the Ti-scarce catalyst particle
close to the active sites that make a high molecular weight
polymer. Therefore, in situ produced olefins (e.g., 1-hexene)
would be incorporated into longer polyethylene chains. We
show for the first time that we can relate these macroscale
polymer properties to nanoscale chemical imaging of (early-
stage polymerisation) Cr/Ti/SiO, catalyst particles by making
use of scanning transmission X-ray microscopy (STXM)??!
as an alternative approach to the research of Barzan et al.,
who studied hydrosilane compounds as co-catalyst.”!

In a first series of experiments, the catalyst and its
polymerisation behaviour were studied using in situ diffuse
reflectance infrared Fourier transform (DRIFT) spectrosco-
py. The obtained DRIFT spectra measured as a function of
time-on-stream for the Cr/Ti/SiO, catalyst under study are
shown in Figure 2a. The initial spectrum corresponds with
a highly dehydroxylated catalyst as testified by the sharp
silanol and titanol stretching bands located at 3747 cm ™' and
3722 cm™!, respectively. During the first 5 min, the injection of
the TEAI co-catalyst in heptane, for a Al:Cr molar ratio of 2,
can be noted by the increase of the methyl and methylene
stretching bands of these compounds in the 2800-3000 cm ™!
CH stretching region.” ! It must be noted that the addition
of TEAI did not lead to a significant decrease of the silanol
and titanol groups, suggesting that the added TEAI was also
consumed for the reduction of Cr®" to Cr**, Cr** and Cr’*
species,” ! for the transformation of a portion of the
polymerisation into the oligomerisation active sites as well
as for the scavenging of poisons."! Flushing of heptane
revealed complex vibrational features of TEAI in the CH
stretching region, suggesting alkylation of some of the Cr
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sites. UV-Vis-NIR DRS measurements (Figure 2d) of the
catalyst at this point show that TEAI is inducing a small
decrease in the intensity of mono- and polychromate O —Cr®"
CT bands at 36000, 28000 and 21500 cm ™', accompanied by
the appearance of the d—d bands at 16000 and 10000 cm " due
to the *A,,—'T,, transition of Cr''y, and the *E,—’T,,
transition of Cr**,.**” EPR spectra of Cr species on oxide
supports are reported to show three distinct signals, that is, {3,
v and 8.1 EPR data (Figure 2e and f) of the fresh catalyst
shows only a y-signal attributed to axially symmetric [CrO,]*~
species (with g, =g,,=1.970 and g, =1.890). Besides the
reduction of Cr®™", as testified by the appearance of a §-
signal from dispersed Cr’* ions (g.;~3.7-6),""*] reaction
with TEAI is causing the appearance of new, axially
symmetric (g,,=g,,=1.980 and g,.=1915) and rhombic
Cr’* species (g, = 1.980, g,, = 1.969, g.. = 1.922).1*"*!| Further-
more, TEALI is not reducing Ti*" species as confirmed by the
absence of the EPR signal belonging to the isolated Ti**
ions.**! After removal of heptane, ethylene and H, were fed
into the DRIFTS cell followed by the immediate start of the
polymerisation of ethylene. Characteristic polyethylene C—H
stretching and deformation vibrations show a rapid rise in the
2800-3000 cm ™' region and at 1460 cm™, respectively.?*>*
The intermolecular interaction of the growing polyethylene
chain with the silanol groups caused a decrease of the bands at
3745 cm ' and 3720 cm ! and their broadening and red shift to
respectively 3695 cm ™' and 3650 cm ™. After the reaction, the
UV-Vis-NIR DRS spectrum shows a further increase of the
d-d bands of Cr in lower oxidation states at the expense of
O—Cr" CT bands. The EPR &-signal assigned to dispersed
Cr** species is even more pronounced, while the vy-signal
shows a further distortion of the axially symmetric Cr’*
species, present after modification with TEAI, into new
rhombic Cr’* species (g,, =1.984, g,, = 1.976, g.. = 1.950).

It is well-known that at the start of the ethylene
polymerisation the reactants diffuse into the pores and the
crevices of the polymerisation catalyst. During the propaga-
tion step, the growing polymer causes fragmentation of the
catalyst particle. This fragmentation was evidenced by the
SEM images of the fresh catalyst particles and the particles
after polymerisation in the DRIFTS cell (Figure2b and
¢).“*81 Dye to the relatively mild ethylene partial pressure of
0.45 bar, the fragmentation of the catalyst particles was still at
an early stage. However, the selection of these experimental
conditions offered us the unique opportunity to study the
ethylene polymerisation process at the initial steps of the
fragmentation of the catalyst material induced during the
formation of polyethylene.

As DRIFTS, EPR and UV-Vis-NIR DRS are bulk
techniques, which give only an averaged set of information
over a large amount of material, it is important to call in
another more local characterisation method. In the second
series of experiments, we have performed STXM as this
method is a less invasive technique than energy dispersive X-
ray (EDX) analysis commonly attached to a SEM instrument
(Figure S4 and S5) with respect to the sensitive polyethylene
material. STXM offers nanoscale spatial information on the
electronic and chemical structure of the catalyst and catalyst/
polymer materials. Figure 3a shows the X-ray absorption
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Figure 2. a) Time evolution of the DRIFT spectra of the Cr/Ti/SiO, Phillips catalyst under study in the ethylene polymerisation reaction measured
at 373 K and 1 bar. The catalyst was pre-contacted with TEAI during the first 5 min, while the actual feed of the ethylene gas reactant mixture was
started after 15 min. The first spectrum shows (blue) the activated catalyst, middle (grey) the modification with TEAI, while the last spectrum
corresponds with the catalyst containing polyethylene (red). The samples at these stages were further examined by SEM-EDX, STXM, EPR and
UV-Vis-NIR DRS. b) SEM image of the fresh Cr/Ti/SiO, Phillips catalyst before the addition of TEAI and polymerisation of ethylene. c) SEM image
of the fragmented polyethylene/catalyst mixture after the in situ polymerisation of ethylene in the DRIFTS cell. EDX elemental analysis is
presented in the pie charts (as wt% values). d) UV-Vis-NIR DRS spectra show reduction of mono- and polychromate species in the fresh catalyst
by TEAI and ethylene. Instrumental artefact is marked with #. e) X-band EPR spectra showing the &-signal attributed to dispersed Cr** species. Fe
impurity is marked with *. f) X-band EPR spectra showing the y-signal from several Cr’* species.

spectroscopy (XAS) spectra of all of the elements of the fresh
Phillips Cr/Ti/SiO, catalyst, collected using soft X-rays in the
range of 450-1860 eV. The Si K-edge XAS spectrum in the
spectral range from 1835-1860 eV is indicative for 7}, coordi-
nated Si*" present within the SiO, support. Regarding the O
K-edge in the spectral region of 525-580 eV, it was possible to
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distinguish between the O K-edge XAS spectrum of SiO, and
that of the epoxy resin, which was used for embedding the
catalyst particle. Indeed, the O K-edge of SiO, shows a 1 eV
blue shift to 538 eV and a higher post-edge feature at 560 eV.
Interestingly, the Ti L,;-edge XAS spectrum in the range of
452-477 eV shows separated L; and L, regions due to the
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Figure 3. a) X-ray absorption spectroscopy (XAS) data of the chemical elements present in the fresh Phillips Cr/Ti/SiO, catalyst under study:

Si K-edge (grey), Ti L,3-edge (blue), O K-edge from the SiO, support (red), O K-edge from the epoxy resin (orange) and Cr L, ;-edge (purple) with
a smoothed spectrum (black). The spectra were integrated over the examined region of the entire catalyst particle for achieving the best signal-to-
noise ratio. b) Scanning transmission X-ray microscopy (STXM) elemental maps of the fresh Phillips Cr/Ti/SiO, catalyst particle with c) an overlay
of the STXM elemental maps. d) Al K-edge and elemental map of Ti (blue), Cr (purple) and Al (green) of the catalyst after the wet impregnation

with TEAI for a nominal Al:Cr ratio of 1.

spin—orbit coupling of Ti 2p core electrons. Compared to
reference spectra,””*) it can be concluded that Ti** isin an O,
coordination. Ti*" does not belong to TiO, crystallites, but is
a part of a mixed amorphous oxide support of titania-silica
showing no ordering or crystalline phases, which is confirmed
by XRD (Figure S8).

The most challenging aspect of the performed STXM
study is the low Cr content of the Cr/Ti/SiO, Phillips catalyst.
To the best of our knowledge, we present in Figure 3 a the first
Cr L,;-edge XAS spectrum of Phillips-type catalyst using
STXM. The spin—orbit splitting of Cr causes distinct L, and L,
regions in the spectral range of 572-592 eV. In comparison
with the literature reference spectra,™” it can be concluded
that Cr is most probably in a distorted O, state in the form of
a dispersed Cr,0O;-like phase. The oxidation number of the
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activated catalyst, calcined in dry O,, is expected to be + 6.
Therefore, the lower oxidation state of 3 4 can be explained
by the exposure of the activated catalyst to air, water and
epoxy resin during the required preparation procedure for the
STXM measurements, where Cr®" has been partially con-
verted into Cr*".

Besides a detailed analysis of the measured XAS data, the
STXM technique gives the opportunity of elemental mapping
of a sample at the nanoscale. By subtracting a pre-edge image
from the absorption edge spectral image it is possible to
acquire an elemental map of each element under investiga-
tion. Using this procedure it was possible to obtain Figure 3b,
which shows the elemental distribution of a Phillips Cr/Ti/
SiO, catalyst particle, including a chemical element overlay
map (Figure 3c¢).
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The STXM Si and O maps show the mesoporous
structure, which can also be inferred from N, physisorption
data (Figure S1) of the catalyst material. The STXM Ti map
shows that Ti species are mostly located at the surface of the
Cr/Ti/Si0O, catalyst particle forming a core-shell structure,
which is in line with the applied preparation route and
impregnation of the titanate ester. On the other hand, Cr
species were found to be present more evenly throughout the
whole catalyst particle. This non-uniform distribution of Ti
and Cr is considered to be essential in the formation of at least
two different types of active sites on a single particle, one
mainly positioned in the Ti-abundant and the other one
dominantly present in Ti-scarce catalyst particle regions,
which are able to produce different types of polyethylene.
Moreover, the elemental map of the catalyst sample pre-
treated with TEALI for the Al:Cr ratio of 1 (Figure 3d), shows
that Al is well-dispersed into the catalyst core, which indicates
that ethylene oligomerisation sites are neighbouring the (Ti-
scarce) ethylene polymerisation sites.

In order to evaluate this working hypothesis, we have
conducted a detailed STXM study on the Phillips Cr/Ti/SiO,
catalyst after treating with the TEAI co-catalyst and ethylene
feeding at 373 K and 1 bar in the in situ DRIFTS cell. The
overall XAS image of the polyethylene/catalyst particle, given
in Figure S9, shows a clear start of the catalyst fragmentation
process. As with the fresh Phillips Cr/Ti/SiO, catalyst, the
XAS spectra of the Ti L, ;- and Cr L, ;-edges were measured
and are shown in Figure S10. After ethylene polymerisation,
the Ti*" remains O,, coordinated, while Cr species were still
detectable after reaction. The XAS spectrum of the Cr L,;
edge shows that Cr is distorted O, coordinated in the form of
dispersed Cr,0s;.

One of the most interesting aspects of this study has been
the investigation of the absorption edge of the carbon species
of the catalyst/polymer sample, probed in the energy range of
281-297 eV. Due to the distinctively different C K-edge XAS
spectra it is possible to distinguish the carbon species of the
produced polyethylene and the epoxy resin used for sample
preparation. Figure 4 a shows the elemental maps of the Ti, Cr
and C together with a map overlay (Figure 4b). It was found
that Ti remains located close to the surface of the catalyst
particle except in the cracks of the fragmenting catalyst
particle. In contrast, the Cr species are dispersed throughout
the entire catalyst particle in the form of clusters, while the
produced polyethylene is detected both on the outer surface
of the catalyst particle and in the pores within the catalyst
particle core with the highest optical density in the cracks of
the fragmenting catalyst particle.

In order to investigate in detail the influence of the active
polymerisation sites in the different regions within the
catalyst particle, a more detailed analysis of the C K-edge in
different parts of the particle has been performed. Two main
different types of polyethylene were detected, as shown in
Figure 4c. Besides the characteristic Cls—o*.y/Ryd transi-
tions at 287.5 and 288 eV of the CH, groups of polyethylene
species, inside the pores and the fragmentation cracks of the
catalyst, the produced polyethylene shows an absorption
spectrum very similar to the spectrum of the reference
polypropylene sample with a more distinct Cls—o*¢

Angew. Chem. Int. Ed. 2015, 54, 1307313079
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Figure 4. a) Scanning transmission X-ray microscopy (STXM) elemen-
tal maps of the Phillips Cr/Ti/SiO, catalyst particle after ethylene
polymerisation at 373 K and 1 bar. Carbon from the epoxy resin
(orange), carbon from the polyethylene (green), Ti (blue) and Cr
(purple). b) An overlay of the STXM elemental maps. c) XAS data of
the C K-edge from the PE layer on the outer rim of the catalyst particle
(top) and of the PE within the cracks of the inner core of the catalyst
particle (bottom).

transition band.*'! Furthermore, detailed analysis of the
Cls—0*c/Ryd bands shows a small widening towards lower
energies caused by the Cls—o*.y transition at 285.1 eV of
the CH; groups. These are the indications of the higher
amount of branching of the polyethylene induced by the co-
polymerisation of the ethylene with the insitu generated
ethylene oligomers, such as 1-hexene, inside the confined
space of the catalyst pores. Furthermore, the low intensity
band at 285.2eV assigned to Cls—m*._ indicates the
presence of olefin oligomers still adsorbed or trapped in the
catalyst. It can be concluded that the active sites in the outer
rim of the catalyst particle, containing predominantly both Ti
and Cr, produce more linear type of polyethylene with a lesser
amount of branching than the core of the catalyst particle,
which contain almost exclusively Cr. In this respect, it is
important to mention that in the studies of the co-polymer-
isation of ethylene with light alpha olefins, such as 1-hexene,!
it is known that the presence of Ti on the Phillips catalyst
tends to inhibit the incorporation of the co-monomer. More-
over, Ti could also inhibit co-monomer in situ generation and
lead to a more pronounced reverse co-monomer incorpora-
tion, as co-monomer will mainly be generated in Ti-scarce
areas where longer chains are produced.

This observation is in line with our data as the two distinct
regions of the Cr/Ti/SiO, catalyst particle clearly had different
catalytic behaviour as the Ti-scarce active sites inside the core
tend to induce the branching of the polyethylene chain, while
the Ti-rich active sites inside the shell of the catalyst particle
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give a more linear type of polyethylene. This gives clear
experimental proof of the position of the active sites
responsible for the in situ oligomerisation of ethylene and
the subsequent incorporation of the in situ produced light
olefins, such as 1-hexene, into the growing polyethylene chain
(Figure 5). We anticipate that the two different types of
polyethylene produced by this bifunctional ethylene oligo-
merisation-polymerisation catalyst offer a clear perspective
into advancing the production of an industrially important
polyethylene with a simple Phillips-type catalyst from a single
reactor system.

A) TEAI-induced oligomerisation

\/ _//- CrTiISio,

Figure 5. A) Schematic representation of polymerisation and oligomer-
isation active sites of a TEAl-modified shell-titanated Cr/Ti/SiO,

Phillips-type catalyst. a) TEAIl (orange /\) is transforming some of the
Cr polymerisation sites (yellow =) into b) ethylene oligomerisation
sites (orange @). c) Oligomerisation sites within the Ti-rich particle
shell are producing less oligomers, that is, 1-hexene (C6) and 1-butene
(C4). Therefore, nearby PE polymerisation sites that are making shorter
chains in comparison to polymerisation active sites within the Ti-
scarce particle core,"! incorporate low amount of co-monomer. Oligo-
merisation sites within the Ti-scarce particle core are very efficient for
the oligomerisation of ethylene, producing 1-hexene predominantly.
Hence, PE polymerisation sites close-by, which are producing longer
chains in comparison to polymerisation active sites close to Ti,"!
incorporate a higher amount of co-monomer. This catalyst generates
polyethylene with more co-monomer in the long chains, that is, reverse
co-monomer incorporation. B) If 1-hexene is externally added into the
reactor using a pristine Cr/Ti/SiO, catalyst (d), co-monomer concen-
tration is similar for all active sites, which lead to a typical Cr-based
polyethylene with more commoner in short chains (e).
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