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ABSTRACT

he paper presents data on the effect exerted by magnesium dichloride in Ziegler-Natta catalysts on the activity

and molecular weight of polyethylene (PE) produced by ethylene polymerization in the absence or presence of
hydrogen. It was found that ethylene polymerization in the absence of hydrogen over titanium-magnesium catalysts
(TMCs) with different ratio of titanium chloride and magnesium dichloride (Ti/Mg = 0.5 and 0.07), oxidation
state of titanium (TiCl, or TiCl,) and structural characteristics of the catalysts leads to the formation of PE with
a close molecular weight. At the same time, PE obtained over a 6-TiCl, catalyst has a much (threefold) higher
molecular weight. The introduction of hydrogen during polymerization for decreasing the molecular weight of
PE is accompanied by a sharp drop in activity of the 6-TiCl, catalyst, in distinction to the highly active supported
TMC containing 3 wt. % Ti. Data about the effect of hydrogen content during polymerization on the molecular
weight of PE were used to calculate the ratio of rate constants for polymer chain transfer with hydrogen (K ")
and polymer chain propagation reaction (Kp). This value was close for TMCs of different composition containing
magnesium dichloride. In the case of 5-TiCl,, the K““/Kp value was approximately two times lower compared to
TMC:s. Polyolefins J (2024) 11: 235-242

Keywords: Ziegler-Natta catalysts; magnesium dichloride; titanium-magnesium catalysts composition and structure; ethylene

polymerization; molecular weight characteristics of polyethylene.

INTRODUCTION

Supported Ziegler-type catalysts with the composition these catalysts is an important fundamental and applied

TiCl/MgCL+AIR, are widely used in large-tonnage
production of polyolefins. More than 50% of different
grades of high density polyethylene (HDPE) and linear
low density PE (LLDPE) are obtained over titanium-
magnesium catalysts (TMCs) [1-5].

The elucidation of relations between composition
and structure of advanced Ziegler-Natta catalysts and
molecular weight characteristics of polyethylene and
copolymers of ethylene with a-olefins produced over
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problem.

The “activated” magnesium chloride (6-MgCl,)
support with a high specific surface area and disordered
crystal structure is the main component of advanced
supported Ti-Mg catalysts. The main function of MgCl,
in TMCs is to enhance the activity of a Ziegler-type
catalyst by increasing the number of active sites [6-10],
and to form the polymer particles with the specified
morphology [11-14]. The literature provides limited
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data concerning the effect of magnesium chloride in
TMC on the molecular weight of produced PE. Earlier
it was noted that TMCs produce PE with a lower
medium-viscosity molecular weight (M) compared
to the polymer obtained over a conventional Ziegler-
Natta catalyst (TiCl)) [9]. However, the literature
provides no data on the effect exerted by this support
on the molecular weight characteristics of the produced
polyethylene and sensitivity of Ziegler-Natta catalysts
to hydrogen as a polymer chain transfer agent.

In this work, we studied the effect of magnesium
dichloride as a component of Ziegler-Natta catalysts on
their activity in ethylene polymerization and molecular
weight characteristics of polyethylene obtained in the
absence and presence of hydrogen. Two variants of
titanium-magnesium catalysts were used in the study:
TMC-M containing TiCl, as the active component at
the ratio MgCl/TiCl, = 2, and TMC containing TiCl,
anchored on the 3-MgCl, support with the composition
0.07TiCl,/MgCl,. The 8-TiCl, sample has been used
as a Ziegler-Natta catalyst not containing magnesium
dichloride.

EXPERIMENTAL

Synthesis of supports and catalysts

Synthesis of nonsolvated solid butylmagnesium
chloride  (BuMgCl)

Solid non-solvated BuMgCl was obtained by reacting
metallic powdered magnesium with n-butyl chloride
in heptane. A 0.5 L dry glass reactor purged with argon
was loaded with 4.8 g magnesium and 0.1 g iodine;
after heating the reactor to 75°C, 1.5 ml n-butyl
chloride was introduced. Upon initiation, the reaction
mixture was cooled to 50°C and 100 ml of n-heptane
was added; 19.4 ml of n-butyl chloride in 100 ml of
heptane (n-BuCl/Mg = 1.0 (mol)) was introduced at
68-70°C for 2.5 hours. After that, the mixture was
held at 70°C for 1 hour. A suspension of the obtained
product (solid butyl magnesium chloride) was cooled
to room temperature and used to synthesize S-1
support and TMC-M catalyst.

Synthesis of S-1support

The S-1 support was obtained by the chlorination of solid
butylmagnesium chloride with phenyltrichlorosilane
(PhSiCl)). A BuMgCl suspension in heptane was
loaded in the glass thermostatted reactor equipped with
a magnetic stirrer. PhSiCl, was uniformly added to the
mixture (PhSiCl,:BuMgCl = 3:1 (mol)) for an hour
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at 60°C. The mixture was then held at a temperature
of 90°C for an hour. After that, the mother liquor was
removed from the reactor and the support was washed
with heptane three times at 50°C. The support contained
20 wt.% magnesium and 1.1 wt.% Si.

Synthesis of TMC-M catalyst

The TMC-M catalyst was synthesized by interacting
the BuMgCl suspension in heptane with TiCl,. A TiCl,
solution in heptane was added to the suspension of
BuMgCl in heptane (BuMgCLTiCl, = 1:1 (mol)) at
55°C for an hour. The mixture was held at 60°C for an
hour. The mother liquor was removed from the reactor
and the obtained catalyst was washed with heptane at
50°C. The catalyst had the composition TiCl,-2MgCl,.

Synthesis of TMC-1 catalyst

The TMC-1 catalyst was synthesized by treating the
support (S-1) with titanium tetrachloride (the molar
ratio Ti/Mg = 1) at 60°C for an hour. The resulting
catalyst was washed with heptane at 50°C. TMC-
1 catalyst contained 3 wt.% titanium, 21 wt.%
magnesium and 0.55 wt.% Si.

Polymerization

Polymerization was carried out in a 1 L stainless steel
reactor at ethylene pressure 0.4 MPa, with AlEt, as
cocatalyst (1.3 mmol L), temperature 80°C, heptane
as a solvent, for 1 hour. Content of hydrogen at
polymerization is noted in Table 3 and Figs. 3 and 4.

Measurements

The titanium and magnesium concentrations in the
catalyst were measured by AES-ICP on an Optima
5300 DV spectrometer.

MWD measurements of polymers prepared in
the presence of hydrogen were carried out using a
high-temperature gel permeation chromatography
(GPC) PL 220 system in 1,2,4-trichlorobenzene at
temperature of 160°C.

Intrinsic  viscosity of high molecular weight
polyethylene prepared in the absence of hydrogen
was estimated according to ISO 1628. The obtained
intrinsic viscosity of polyethylene was used to
calculate the average molecular weight by the
Margolies equation (1):

M =537 x 105" (1)

where M is the average molecular weight, g/mol; and
n is the intrinsic viscosity, dL/g
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X-ray diffraction analysis (XRD) of the samples was
carried out on a Bruker D8 diffractometer using a Cu
Ka source (L = 1.54184 A).

The average particle size (D) of the supports and
catalysts were determined on a Mastersizer 2000
instrument.

The specific surface area and pore structure of
the samples were analyzed using low-temperature
nitrogen adsorption on a Autosorb-6B-Kr instrument.
ESR spectra of the samples were recorded at a
temperature of 77 K on a Bruker ER200D spectrometer.

RESULTS AND DISCUSSION

Composition and structure of the supports and
catalysts

Table 1 lists data on the composition, specific surface
area and particle size of the magnesium-containing
presupport (butylmagnesium chloride), support, and
titanium-magnesium catalysts synthesized using the
indicated supports (exps. 1 and 2, 3 and 4), as well
as the Ziegler-Natta catalyst sample (3-TiCl,, exp. 5).

The titanium-magnesium catalyst TMC-M (exp.
2, Table 1) was synthesized by the interaction of a
solid magnesium-containing presupport with the
composition MgBu,*MgCl, (exp. 1, Table 1) and
titanium tetrachloride. In this case, the catalyst is
formed via the interaction of TiCl, with magnesium
dibutyl in the MgBu MgCl, presupport to form
titanium trichloride in a combination with magnesium
dichloride at the molar ratio MgCL/TiCl, = 2.

Evidently, a considerable part of titanium trichloride
in this sample resides in the bulk of the catalyst
particles, similar to the 3-TiCl, catalyst containing
23.5 wt.% Ti (exp. 5, Table 1).

The ESR data obtained for TMC-M and 6-TiCl,
catalysts (exps. 2 and 5, Table 1) are illustrated in
Figure 1.

The ESR spectrum of the 3-TiCl, catalyst contains

(1) 8-TiCl,
(2) TMC-M

(€]

200 300 400 500
H, mT
Figure 1. ESR spectra (77 K) for samples &-TiCl, (spectrum

1) and TMC-M catalyst with the composition TiCl,2MgCl,
(spectrum 2).

virtually no signals of Ti*" ions in the region of q=1.8 -
2.0 (Figure 1, spectrum 1), which are usually observed
in supported titanium-magnesium catalysts with the
composition TiCl /MgCl, after their interaction with
aluminum trialkyl [15, 16]. These signals are attributed
to isolated mononuclear Ti** compounds formed on the
surface of 8-MgCl, support [16]. At the same time, a
signal with q = 1.9 is observed in the ESR spectrum of
TMC-M catalyst with the composition TiCl,*2MgCl,
(Figure 1, spectrum 2), which corresponds to Ti*" ions.
The intensity of this signal indicates that the sample
contains paramagnetic Ti** ions in the amount of 5.1
+ 0.1 pmol/g cat, which constitutes 3.4 % of the total
titanium content in the TMC-M catalyst. This result
testifies that the presence of magnesium dichloride in
TMC-M catalyst with the composition TiCl,*2MgCl,
leads to the formation of isolated mononuclear TiCl,
compounds due to the presence of MgCl, in the
second coordination sphere for a part of Ti** ions in
this catalyst.

The 6-MgCl, support (exp. 3, Table 1) was obtained
by the interaction of solid magnesium-containing
presupport with the composition MgBu,*MgCl, (exp.
1, Table 1) with phenyltrichlorosilane. This support

Table 1. Data on the composition, average particle size and surface area of supports and catalysts.

Composition of samples DM s Oxidation state
Exp. No. Sample < 55T of titanium in the
Ti, wt.% Mg, wt.% Composition Hm mlg catalyst
1 Presupport “BuMgCl” - 21.9 MgBu,*MgCl, - - -
2 Catalyst TMC-M 12.4 11.5 TiCl,+2MgCl, 16.2 136 Ti**
3 Support 5-MgCl, - 20.0 MgCl,(Si)@ 13.8 129 -
4 Catalyst TMC-1 3.0 21.0 0.07TiCl,sMgCl, (Si)® 104 183 Ti*
5 Catalyst 5-TiCl, 23.5 - 6-TiCl, 12.5 162 Tis*

“
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Average particle size. @ Content of Si, 1.1 wt.%. © Content of Si, 0.55 wt.%.

237



&3

The influence of magnesium dichloride as support on molecular weights of the polyethylenes produced by Ziegler-Natta catalyst IPPI

1-MgBu, MgCl,
2- TiCL,*2MgCL(TMC-M)

3-MgCl, (S-1)
> 4-0.07 TiCl,/MgCl, (TMC-1)
A~ 5-8-TiCl,
= 3
5 ety
= gty
E % i W Wwvw«»w 5)
N %M e ()
I Moy, | o Jo

3)
M
5 10 15 20 25 30 35 40 45 50 55 60
20, deg
Figure 2. Diffraction patterns of support and catalyst
samples listed in Table 1 (the numbers of diffraction patterns
correspond to the numbers in Table 1).

has quite a high specific surface area (129 m%g) and
contains a minor amount of silicon compounds (1.1
wt.% Si). The supported titanium-magnesium catalyst
TMC-1, which was obtained by the treatment of this
support with titanium tetrachloride, has a high specific
surface area (183 m?/g) and contains 3.0 wt.% Ti in the
form of TiCl, compounds anchored on the 3-MgCl,
surface.

The crystal structure of the support and catalyst
samples listed in Table 1 was examined by XRD.
Figure 2 displays diffraction patterns of these samples.

One can see that the diffraction patterns of all the
magnesium-containing samples, particularly the
MgBu,"MgCl, presupport (exp. 1, Table 1), contain 20
diffraction peaks in the region of 15°, 29-35° and 50°,
which characterize the layered structure of MgCL,.
The presence of a broad halo in the region of 26 =
29-35° indicates the turbostratic disorder of CI-Mg-
ClI layers in these samples, which is typical of the
activated 3-MgCl, [11]. The diffraction pattern of the
0-TiCl, sample (sample 5 in Figure 2) also testifies to
the disordered layered structure of this sample, as a
result of which a part of reflections in the region of 20

Table 2. X-ray data on the interlayer distance and crystallite
size of 3-MgCl, in the supports and catalyst samples listed
in Table 1.

No. Composition of dyp." <D,,,>? | <D, >®
samples A° nm nm
1 MgBu,*MgCl, 6.2 2.1 12.0
2 Catalyst TMC-M 6.4 1.3 11.2
TiCl,2MgCl,
3 Support 5-MgCl, 5.9 3.9 10.4
4 Catalyst TMC-1 6.0 3.2 10.0

Minterlayer distance.
@Average crystallite size perpendicular to CI-Mg-Cl layers.
®Average crystallite size along CI-Mg-Cl layers.
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= 29-35° does not show up.

Table 2 lists data on the interlayer distances and
microcrystallite sizes calculated from the diffraction
patterns shown in Figure 2. For all the samples of
microcrystallites, the size along magnesium dichloride
layers <D110> is in the range from 10 to 12 nm. The
size of microcrystallites perpendicular to magnesium
dichloride layers <D001> is much smaller, being
equal to 1.3 nm for sample (2) and 3.9 nm for sample
(3). The size of microcrystallites in this direction
decreases from 2.1 to 1.3 nm (samples 1 and 2) and
from 3.9 to 3.2 nm (samples 3 and 4) upon interaction
of supports (samples 1 and 3) with TiCl, leading to the
formation of titanium-magnesium catalysts (samples 2
and 4). Note that the 1.3 nm value for TMC-M catalyst
(sample 3) corresponds to the presence of three Cl-
Mg-Cl layers in the crystallites of this catalyst, while
the 3.2 nm value corresponds to the presence of
seven Cl-Mg-Cl layers in the crystallites of TMC-1
catalyst. The greater size of crystallites in the 6-MgCl,
support (sample 3, Table 2) along the 001 direction
ensures a larger surface fraction of the lateral faces
of MgCl, crystallites with respect to the total surface
of the crystallites. Accordingly, this allows increasing
the amount of TiCl, anchored on the 6-MgCl, surface
due to the interaction with fourfold and fivefold
coordinated magnesium ions residing on the lateral
faces of 3-MgCl, crystallites.

Ethylene polymerization over TMC-M, TMC-1
and 6-TiCl, catalysts and data on the molecular
weight characteristics of produced polyethylene
Data on the activity of catalysts with different
composition during ethylene polymerization in the
absence or presence of hydrogen, molecular weight
and polydispersity (M /M values) of the produced
polyethylene are presented in Table 3 and Figure 3.

Activity of the catalysts increases in passing from the
Ziegler-Natta catalyst 6-TiCl, to titanium-magnesium
catalysts TMC-M and TMC-1 (exps. 1, 5 and 9, Table
3). Most pronounced (by a factor of 4-16) is an increase
in the activity per unit weight of titanium (kg/g Ti). The
introduction of hydrogen as a polymer chain transfer
agent leads to a substantial decrease in activity during
polymerization over 3-TiCl, and TMC-M catalysts.
At the same time, in the case of polymerization over
supported TMC-1 catalyst, only a minor decrease
in activity upon hydrogen introduction is observed
(Figure 3). As a result, the activity of TMC-1 catalyst
(kg/g Ti) during polymerization in the presence
of hydrogen increases 35-fold in comparison with

Polyolefins Journal, Vol. 11, No. 4 (2024)
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Table 3. Data on the activity of catalysts with different composition during ethylene polymerization, molecular weight of
polyethylene produced, and effect of hydrogen on the molecular weight and molecular weight distribution of polyethylene.

PE yield® M, M,
Catalyst® Exp. No. P,,, bar : o o M, /M
kg/g cat kg/g Ti kg/mol kg/mol
1 - 2.9 12.3 5900 - -
. 2 1 1.5 6.4 600 120 5.0
(5) 3-Ticl, 3 2 1.2 5.1 387 82 47
4 4 1.0 4.3 240 46 52
5 - 6.5 52.4 1900® - -
(2) TMC-M 6 1 39 315 266 59 45
(TiC1,*2MgCl,) 7 2 33 26.6 180 35 5.2
8 3 3.1 25.0 140 27 52
9 — 57 190 2044 — —
(4) TMC-1 10 1 5.6 187 200 51 3.9
(0.07TiCI4'MgCI2) 1" 2 54 180 140 35 4.0
12 4 4.9 163 87 20 4.4

() Catalyst numbers and data on the catalyst composition are listed in Table 1.

@ Polymerization at 80°C, ethylene pressure 4 bar, for 1 hour.

®'M, values calculated from data on the intrinsic viscosity of PE samples.

o-TiCl, catalyst (exps. 3 and 11, Table 3). As shown
in [17], a decrease in activity of titanium-magnesium
catalysts upon hydrogen introduction is the reversible
process associated with the reversible adsorption
of dialkylaluminum hydride, which is formed in the
reaction medium in the presence of hydrogen on the
active sites or their precursors in titanium-magnesium
catalysts.

Table 3 lists also data on the molecular weight
and polydispersity (M /M values) of the polymers
obtained during ethylene polymerization over catalysts
with different composition in the presence and absence
of hydrogen. The medium-viscosity molecular weight
of polyethylene produced in the absence of hydrogen
(the M value) has a very high value for each of the
three catalysts. One can see that this value sharply
decreases in passing from the 6-TiCl, catalyst (exp.
1, Table 3, M = 5900 kg/mol) to titanium-magnesium
catalysts TMC-M and TMC-1 (exps. 5 and 9, Table
3, M, = 1900-2044 kg/mol). Note that the content of
titanium in these catalysts (the Ti/Mg ratio) and the
oxidation state of titanium chloride (TiCl, in the case
of TMC-M and TiCl, in the case of TMC-1) exert
virtually no effect on the M value.

The introduction of hydrogen during polymerization
leads to a sharp decrease in the molecular weight
of produced polyethylene for all three catalysts.
Therewith, molecular weights of the polymers
obtained over titanium-magnesium catalysts TMC-M
and TMC-1 at the same hydrogen content have close
values. [t should be noted that the polymers formed over
the supported catalyst TMC-1 (exps. 10-12, Table 3)
have a slightly narrower molecular weight distribution

Polyolefins Journal, Vol. 11, No. 4 (2024)

(M /M, =3.9-4.4) compared to the polymers produced
over TMC-M catalyst (M /M = 4.5-5.2, exps. 6-8,
Table 3). This may result in slight differences in the
molecular weight of polymers obtained over these
catalysts at a similar hydrogen content (for example,
in exps. 6 and 10, Table 3). At the same time, it is
seen that polydispersity of the polymers formed over
TMC-M is close to that of polyethylene produced over
0-TiCl,. On both catalysts, polymers with M /M =
4.5-5.2 (exps. 2-4 and 6-8, Table 3) are formed.
Data of Table 3 show that at a quite high content of
hydrogen in the reaction medium (20-50 % of hydrogen
in the reactor gas phase) a sharp (by a factor of 10-24)
decreaseinthemolecularweightofproduced polyethylene
is observed for all the catalysts in comparison with the
experiments without hydrogen. This result demonstrates
that under the indicated conditions the polymer chain
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Figure 3. Data on the effect of hydrogen content on the
activity of catalysts listed in Table 3 (catalyst &-TiCl, (5) - = -,
catalyst TMC-M (2) - « -, catalyst TMC-1 (4) - A -).
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Figure 4. Dependences of the (1/P, — 1/P °) values on the
[H2]/[CH,] ratios in heptane obtained during polymerization
of ethylene on various Ti-containing Ziegler-type catalysts
(polymerization conditions in Table 3).

,] (heptane)

transfer with hydrogen is the predominant transfer
reaction. The results of experiments 2-4, 6-8 and 10-12
(Table 3) can be used to calculate the ratio of reaction
rate constants for chain transfer with hydrogen (K )
and polymer chain propagation (Kp) using the known
equation (2) [18, 19-21]:

11 _ k/x[H] .
— — _—0 =
PPk p X [C,H,]

where P is the number-average degree of

polymerization; and P,’ is the number-average degree
of polymerization in the experiment without hydrogen.
The linear dependence of (1/P -1/P °) vs. [H,]/[C,H,],
which was plotted using the M values for exps. 2-4,
6-8 and 9-12 in Table 3, is displayed in Figure 4.
These data were used to calculate the K, H/K values,
which were found to be close for TMCs of dlﬁ"erent
composition (9-107). In the case of 5-TiCl,, the K */
K, ratio was approximately two times lower than for
TMCs (3.9-107).

The data obtained demonstrate that the introduction
of MgCl, in the Ziegler-type catalyst enhances its
efficiency in controlling the molecular weight of
polyethylene by hydrogen.

CONCLUSION

Data on the composition and structure of two variants
of titanium-magnesium catalysts with different content
of magnesium dichloride and titanium chloride were
acquired: (1) the TMC-M catalyst containing titanium
trichloride at the molar ratio MgCL/TiCl, = 2, and

240

(2) the TMC-1 catalyst containing TiCl, anchored on
the 6-MgCl, support at the molar ratio TiCl,/MgCl,
= 0.07. Both catalysts have close sizes of 6-MgCl,
microcrystallites (10-11 nm) along Cl-Mg-Cl layers,
but considerably differ in the size of microcrystallites
perpendicular to Cl1-Mg-Cl layers (1.3 nm for TMC-M
and 3.2 nm for TMC-1).

The 8-TiCl, catalyst does not contain mononuclear
Ti** compounds that can be identified by ESR.
Meanwhile, such compounds are observed in the
ESR spectrum of TiCl,2MgCl, catalyst (TMC-M).
However, their amount is not large and constitutes
only 3.4 % of the total titanium content in this catalyst.

The activity of titanium-magnesium catalysts during
ethylene polymerization calculated per unit weight
of titanium strongly exceeds the activity of 8-TiCl,
catalyst. Therewith, the maximum activity (190 kg/g
Ti) is observed for the TMC-1 catalyst, which contains
TiCl, compounds anchored on the surface of 6-MgCl,
support. It should be noted that the activity of 6-TiCl,
and TiCl,*2MgCl, catalysts, in distinction to TMC-1
catalyst, decreases considerably upon polymerization
in the presence of hydrogen as the chain transfer agent,
and the difference in activity of TMC-1 and 8-TiCl,
catalysts during polymerization in the presence of
hydrogen becomes even more pronounced.

Ethylene polymerization over 6-TiCl, catalyst in
the absence of hydrogen leads to the formation of
polyethylene with a super-high molecular weight
(M =5900 kg/mol). The presence of MgCl, in the
composition of TMC-M and TMC-1 catalysts
produces a sharp decrease in the molecular weight
of polyethylene to 1900-2040 kg/mol. Therewith, the
molecular weight of polyethylene does not depend
on the ratio of magnesium dichloride and titanium
chloride or the oxidation state of titanium in the initial
titanium-magnesium  catalyst.

The introduction of hydrogen during polymerization
leads to a sharp (by a factor of 10 — 24) decrease in
the molecular weight of polyethylene obtained over
all three catalysts depending on the hydrogen content.
Therewith, polydispersity of the polymers produced
over 6-TiCl, and TiCl,22MgCl, catalysts has close
values (M /M = 4.5-5.2). Polymers formed over the
supported catalyst TMC-1 have a narrower molecular
weight distribution (M /M, = 3.9-4.4).

Data about the effect of hydrogen content on the
molecular weight of polyethylene were used to
calculate the ratio of rate constants for chain transfer
with hydrogen (K ") and polymer chain propagation
(K) reactions. The obtained value is close for TMCs

Polyolefins Journal, Vol. 11, No. 4 (2024)
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of different composition and equal to 9-10-. In the case
of 6-TiCl,, the KRH/KP ratio is approximately two times
lower compared to the value for TMCs (3.9-107).
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