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Abstract

The immobilization of the soluble precatalysts [(ArR(Me),CsH3N]FeCh, where Ar=24 6-trimethylphenyl (A) or 2,6-
diisopropylphenyl (B), on supports derived from a spherical Mg@lcohol adduct yields active supported systems for ethylene polymerization.
The activity of the supported catalysts and the resultant polymer properties are strongly dependent on the method of preparation. The highest
activities are obtained using supports obtained by pretreatment of the:Md€ihol adduct with triethylaluminium (TEA). In addition, it was
found that precatalyst A, having less steric bulk atdhtbo-aryl position of the ligand, gave higher activity than precatalyst B, in line with the
different behaviours of these precatalysts in homogeneous polymerization, while precatalyst B gave polyethylene with lower polydispersity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction These shortcomings can be avoided by catalyst immobi-
lization on a suitable support. Significant efforts have been
In 1998, Brookhart and co-workefs] and Gibson and  made to support homogeneous metallocene catalysts oninor-
co-workerg2-5]independently described olefin polymeriza- ganic (most often silica) or polymeric materifl8—17] Late
tion and oligomerization catalyzed by the well-known class transition metal catalysts have also been supported using sil-
of compoundg6], diiminopyridine complexes of iron and ica[18] and silica—alumina derivativg$9]. Recently, how-
cobalt, with an activator, such as methylaluminoxane (MAQO) ever, several groups have investigated the use of magnesium
[7-10] Common alkylaluminium compounds, such as tri- chloride either as supportor as activator for various single-site
isobutylaluminium (TIBA) and triethylaluminium (TEA) catalysts, including both early and late transition metal sys-
have also been used as activatfdrg, 12] for homogeneous  tems[20—-22] We have recently reported that supported iron
catalysts in ethylene polymerization. However, the practical catalysts, using TEA-treated spherical Mg&$ support, had
use of homogeneous catalyst systems in slurry or gas phasdigh activity in a slurry process for ethylene polymerization,
polymerization processes is generally limited by the lack of while the morphologies of the resulting polyethylene parti-
control over polymer morphology, reactor fouling and short cles strongly depended on the supported catalyst preparation
catalyst lifetimes. procedure and the polymerization conditig283].
The previous studies were carried out using [(ArN
_— C(Me))CsH3N]FeCh (Ar=2,4,6-trimethylphenyl) as pre-
* Corresponding author. Fax: +86 10 64225661 catalyst component. In the present work, we have used both

E-mail addressmaobingquan@brici.ac.cn (B. Mao). ; ]
1 Present address: Dutch Polymer Institute/Laboratory of Polymer Chem- this component, denoted precatalySt A, and a more steri

istry, Eindhoven University of Technology, P.O. Box 513, 5600 Mg Eind-  Cally hindered component, precatalyst B, in which Ar=2,6-
hoven, The Netherlands. diisopropylphenyl. Different methods of supporting these
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iron precatalysts on thermally pretreated and TEA-pretreated2.2.3. Preparation of supported catalyst A-2 (SCA-2)
spherical MgGJ supports have been investigated, along with SCA-2 was prepared using previously described meth-
the effects of different aluminium alkyls in ethylene poly- ods[23]. Typically, 20 mL of a 2M solution of AlES in
merization with these systems. In addition, the supports usedhexane was added over a period of 60min to a slurry
have been characterized by X-ray diffraction, both before and of 4.93g spherical MgGl2.56GHsOH adduct in 40 mL
after immobilization of the precatalyst. hexane at—60°C. Reaction was continued at60°C for

4 h, after which the slurry was filtered undep Mnd the

solid was washed with 2 20 mL n-hexane and dried un-

2. Experimental der Nb. The resultant powder was slurried in 20 mL toluene
at 20°C and a solution of precatalyst A (97.4 mg) in toluene
2.1. Materials (18.5mL) was added over a period of 30 min. After stirring

for 4 h at 20°C, the liquid phase was removed and the solid

Triethylaluminium (TEA) was purchased from Witco, and residue was washed with toluene until the liquid phase was
diluted to a 2.0 M solution in hexane before use. The spheri- colourless. The solid catalyst was dried underutil free
cal MgCh—-alcohol adduct support precursor of composition flowing.
MgCl,-2.56GHsOH was prepared according to the litera-
ture [24]; the average particle diameter was 52r6. Pre- 2.2.4. Preparation of supported catalyst B-2 (SCB-2)
catalysts A and B$cheme L were prepared according to SCB-2 was prepared similarly according to the procedure
literature procedurefs]. Ethylene (polymer grade) was ob- of SCA-2, using precatalyst B.
tained from the Yanshan Petrochemical Corporation, Beijing,

China. Hexane and toluene were purified by refluxing over 2 2 5. preparation of supported catalyst A-3 (SCA-3)

sodium and distilled under nitrogen prior to use. SCA-3 was prepared using previously described meth-
0ds[23]. The spherical MgGt2.56 GHsOH adduct was first
2.2. Catalyst preparation thermally pretreated at 16C under N for 4 h. Subsequent

reaction with AIEg at —60°C, followed by the catalyst im-
All manipulations involving air- or moisture-sensitive ~Mobilization, was carried out as described for SCA-2.

compounds were carried out under an atmosphere of nitrogen

using standard Schlenk techniques. 2.2.6. Preparation of supported catalyst A-4 (SCA-4)
SCA-4 was prepared using the same method as that

described for SCA-3, but the thermal pretreatment of the

2.2.1. Preparation of supported catalyst A-1 (SCA-1) MgCl,-2.56GHsOH adduct was carried out at 130.

The spherical MgGl2.56 GHsOH adduct was first ther-
mally pretreated at 100C under nitrogen for 4 h. An amount
of 15 mL of a toluene solution of precatalyst A (JA] =0.01 M,
corresponding to 0.2 wt.% Fe/support) was added over 30 min
to a slurry of the thermally pretreated support (4 g) in 40 mL
toluene at room temperature. After reaction for 4 h, the slurry
was filtered through a fritted disk. The resultant solids were
washed several times with toluene until the liquid phase was
colourless. The solid catalyst was dried underustil free
flowing conditions were reached.

2.3. Polymerization reactions

The polymerization of ethylene was performed in hexane
slurry in a stainless steel autoclave (2 L capacity) equipped
with gas ballast through a solenoid valve for continuous feed-
ing of ethylene at constant pressure. Purified hexane (1 L) was
transferred to the reactor under nitrogen atmosphere. The re-
quired amounts of cocatalyst (AtRand the suspension of
supported catalysts were injected into the reactor using a sy-
ringe. After the set temperature was reached, the reactor was
2.2.2. Preparation of supported catalyst B-1 (SCB-1) pressurized with ethylene to initiate the polymerization for a

SCB-1 was prepared similarly, according to the procedure set reaction time. At the end of the reaction, ethylene pres-
for Catalyst SCA'l, USing a toluene solution of precatalyst B. sure was released and the granu|ar p0|yethy|ene was sepa-
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Scheme 1. Structures of bis(imino)pyridyl iron(ll) catalysts.
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rated from the reaction mixture by filtration and dried in an Table 1

oven under M. Al, Mg and Fe loading on the supported catalyst
Catalyst Al (wt.%) Mg (wt.%) Fe (wt.%)

2.4. Characterization of supported catalysts and SCA-1 - 32.30 0.27
olvethvlene SCB-1 - 47.03 0.16
polyethy SCA-2 4.76 15.30 0.30
i , SCB-2 4.40 16.80 0.29
The morphologies of the catalysts and PE particles were gca.z 0.92 16.04 0.23
examined in a JSM-35C SEM and Cambridge S-250MK3 SCA-4 0.51 18.30 0.15

SEM. Elemental analysis was performed with an ICP-AES. 2 reported previouslj23].
Powder X-ray diffraction (XRD) patterns of the supports and
supported catalysts were obtained with a Rigaku D/max 250

VB2+/PC ninstrument equipped with a source using a Cu an- L . ;
ode, operating at 40 KV and 200 mA for Cakradiation. The polymerization using the supported catalysts are summarized

dried sample was covered with a thin PE film to avoid contact in Table 2 which re_zveals thatthe activitie_s obtai_ned with pre-
with air and moisture. The diffraction pattern was recorded catalyst A were higher than those obtained with precatalyst

in the range, 5< 20 < 60°. Weight-average i), number- Bf. I}hese d|ff(|erencesdareh|n line with the rclalauvg activities
average }fn) molecular weights and molecular weight distri- 3. these fcata ysts under homoAgegeqruhs pdo ym_efllzz'luorzl con-
butions M,/ Mn, PDI) of the PE were measured by means of ltions after activation wit g5]. The data iriTable

gel permeation chromatography on a PL-GPC 220 af €50 alslo indicate broa(cjier molecular vvleigh/'i d?r:rib#'ti%ns for thg
with 1,2,4-GsH3Cls as the eluant. Melting points of the poly-  PO'YMErs prepared using precatalyst A. The highest activi-

mers were obtained on a Perkin-Elmer DSC-7 in the standard!!€S Were obtained with supports which had undergone both
DSC run mode. The instrument was initially calibrated for thermal pretreatment and a pretreatment with TEA prior to
the melting point of an indium standard at a heating rate cqntact W'th the precatalyst, but reasonable activity was ob-
of 10°C/min. The polymer sample, about 5 mg, was firstly ta}lned Wlth onlyat.hermal pret.rea.tment of the support. X-ray
equilibrated at 6C, and then heated to 16Q at a rate of diffraction studies indicated (vide infra) the presence of some

10°C/min to remove thermal history. The sample was then residual ethanol in the support after thermal pretreatment at
cooled down to OC at a rate of 10C/Imin A second heat-  100°C, but evidently this did not lead to excessive deactiva-

ing cycle was used for collecting DSC thermogram data at ation Of. t.h? catalyst. Th's. r_mght be due to the r.elat|vely l.OW
ramoi ; oxophilicity of late-transition metals, such as iron, making
ping rate of 10C/min. )
such systems more robust than catalytic systems based on

titanium, zirconium or other early-transition metal precata-
lysts. In any case, subsequent contact with TEA before poly-
merization will result in the conversion of residual ethanol
to alkylaluminium ethoxide species. Supports prepared by in
situ reaction of an aluminium alkyl with an adduct of MgCl
and 2-ethyl-1-hexanol have been shown to be effective for

: . : . immobilization and activation of various single-site olefin
It is well known that different preparation routes in sup- o
polymerization precatalysf20,25]

porting homogeneous catalysts have a great influence on cat*
alytic activity and polymer propertie§able 1presents the 3.2, Effect of cocatalyst

iron, aluminium and magnesium loadings on the different

immobilized systems used in the present work. The results Table 3presents the results of ethylene polymerizations
indicate that the preparation route has a remarkable effect orwith SCA-1 using different cocatalysts. The order of cata-

0the metal loadings. It is also apparent that a lower Al load-
ing contributes to a lower Fe loading. The results of ethylene

3. Results and discussion

3.1. Effect of the preparation route on the catalytic
activity and polymer properties

Table 2
Ethylene polymerization using supported catafysts

Entry  Catalyst Charge (mg)  Activity (Q(PE)/g(cat)h)  Activity (kg(PE)/g(Fe) h) Bulk density (g/mL)VIW(xlO*“) PDI Tm (°C)

1 SCA-1 116 1877 695 0.29 47.0 D5 136.2
2 SCB-1 149 431 270 0.31 73.9 58 136.0
3o SCA-2 38 2429 810 0.30 43.9 1365
4d SCB-2 106 786 271 0.25 38.8 % 1357
5he SCA-3 31 4895 2128 0.28 48.1 B 1364
&° SCA-4 70 1156 770 0.34 58.3 »M 1364

2 Polymerization conditions: ethylene pressure = 1.0 MPa, temperatureG; fithe = 1 h Al/Fe (mol/mol) =500, solvetrr 1 L hexane, TEA as the scavenger
and alkylating reagent.

b Polymerization tine = 2 h,other conditions unchanged.

¢ Reported previousli23].

d Al/Fe (mol/mol) = 150, other conditions unchanged.



94 R. Huang et al. / Journal of Molecular Catalysis A: Chemical 233 (2005) 91-97

Table 3

Ethylene polymerization using supported catalyst SCA-1

Entry Charge (mg) Cocatalyst  Activity (g(PE)/g(cat)h)  Activity (kg(PE)/g(Fe)h)  Bulk density (g/mLfy (x1074)  PDI  Tm (°C)
1 116 AlEg 1877 695 0.29 47.0 150 136.2
2 140 AlBuz 1365 506 0.28 40.1 174  135.9
3 128 AlHeg; 980 363 0.25 455 19.1 1359
4b 124 AlEf; 2701 1000 0.28 40.4 18.6 1355
5¢ 123 AlEts 2239 829 0.27 35.2 16.6 1355

2 Polymerization conditions: ethylene pressure = 1.0 MPa, temperatureG; Titne = 1 h Al/Fe (mol/mol) =500, solverr 1L hexane.

b Py, / Pc,H, (MPa/MPa) =0.05/0.95, other conditions unchanged.
¢ 1-hexene =5 mL, other conditions unchanged.

lyst activity with the different alkylaluminiums used is as
follows: AlIEt3 > Al'Bug>AlHes. Broad polyethylene molec-
ular weight distributions, illustrated iRig. 1, are obtained

activation effect observed in the present work is as yet un-
clear; the high melting point of the polymer gives no indica-
tion that the increased activity arises from easier monomer

in each case, but there is no evidence of the formation of thediffusion through a less crystalline polymer.

very low molecular weight fraction obtained in homogeneous
polymerizatior{23]. Iron-catalyzed ethylene polymerization

In a previous study, we reported that the spherical
morphology of the starting support material was retained

using homogeneous systems typically gives a bimodal poly- after pretreatment with TEA, subsequent contact with the

mer molecular weight distribution, the formation of the low
molecular weight fraction being ascribed to chain transfer to
aluminium[1,5], although it has been report2b] that the
use of TIBA can give polyethylene with relatively narrow
molecular weight distribution.

Table 3also contains the results of ethylene polymeriza-

precatalyst leading to uniform distribution of Al and Fe
throughout the particl§23]. Retention of morphology was
also obtained in the thermally pretreated support used in
the present work for the systems SCA-1 and SCB-1. The
morphology of the support after thermal pretreatment at
100°C is shown inFig. 2a. A rough and porous surface of

tions carried out in the presence of either hydrogen or a smallthe pretreated support, beneficial for catalyst immobiliza-
quantity of 1-hexene. It has been reported that the additiontion, is apparent at higher magnificatiofig. 2b). Similar

of hydrogen to the iron-catalyzed polymerization can lead to
significantincreases in catalyst activity but has relatively little
effect on polymer molecular weigf27,28] This is also ap-
parent on comparing entries 1 and 4Tatble 3 A significant
increase in activity is also observed when polymerization is

carried out in the presence of a small quantity of 1-hexene.

Entry 5 in Table 3reveals that the increase in activity was
not accompanied by any significant decrease inTiReof

the resulting polymer. This indicates a low copolymerization
ability of this catalyst system, although comonomer incorpo-
ration in ethylene/1-hexene copolymerization using iron cat-
alysts has been report§2B]. The origin of the comonomer

0.6
0.5
0.4

0.3+

dw/dlogM

0.2

0.1

0.0+

Log Mw

Fig. 1. GPC curves of PE prepared with SCA-1 with different cocatalysts.
(1) cocatalyst=AlE4; (2) cocatalyst=ABuz and (3) cocatalyst=AlHg
(numbers of the curves correspond to entriesahle 3.

spherical morphologies are apparent for the immobilized
catalyst Fig. 2c) and the resulting polyethylen€&ig. 2d),
confirming that the morphology of the starting support has
been replicated during the polymerization.

3.3. Effect of polymerization temperature

Previous results with the system SCA-2 showed that high
catalyst activities could be obtained at a polymerization tem-
perature of 50 or 70C, the activity decreasing when the
temperature was raised to 85 [23]. The results iffable 4
indicate similar effects for the supported catalyst SCB-2, the
main differences with the previously reported catalyst SCA-2
being the lower activities and the narrower polymer molec-
ular weight distributions. It is also apparent, as shown in
Fig. 3 that increasing polymerization temperature resulted in
a lowering in molecular weight and a broadening in molec-
ular weight distribution. The lower activities obtained with
catalyst SCB-2, as opposed to SCA-2, reflect the effect of
changes in the ligand environment around the metal centre
in the precatalyst, an increase in steric bulk atdttbo posi-
tions of the aryl ring attached to the imino nitrogens generally
resulting in decreased activity and increased polymer molec-
ular weight[5].

3.4. Support characterization using X-ray diffraction

Anhydrous MgC} has a cubic close packing structure
which gives a strong X-ray diffraction pattern &=215", 35°
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: o i
(d') S CoH2-1 040610

Fig. 2. SEM images of: (a) the support thermally pretreated at CQfnhagnification 208 ; (b) the same support, magnification 36QQc) supported catalyst
SCA-1, magnification 400 and (d) the resulting polyethylene, entry 1Tiable 3 magnification 4&.

and 50; the XRD patterns of magnesium chloride supports 0.7
vary depending on their composition and method of prepara-
tion [30—32] Characterization by X-ray powder diffraction ]
of a number of adducts of magnesium chloride and ethanol 54
has been described by Bart and Roovi@&3], while Soz-

zani et al.[34] have recently reported the use of advanced % 044
solid-state NMR techniques to determine the various com- 2 03“'
ponents present in MgehEtOH adducts. The XRD pat- =

tern of the starting MgGI2.56 GHsOH support used in the 0.2+
present work is shown iRig. 4, along with the XRD patterns
obtained after thermal and TEA pretreatments of the sup- ] o
port. It is evident that the diffraction pattern of the starting o0d el
support is more complicated than those of the thermally and
TEA-treated supports and those of the supported catalysts. In
the case of the support subjected to thermal pretreatment at
100°C under a flow of nitrogen, the XRD patternreflects sub- rig. 3. GPC curves of PE prepared with SCB-2 at various temperatures
stantial dealcoholation of the original support. Mg@GEtOH (T). (1) 30°C; (2) 50°C; (3) 70°C and (4) 85C (numbers of the curves
adducts are known to undergo progressive loss of ethanol oncorrespond to entries ifable 4.

heating[33]. Compared to the support pretreated at100  monly used as a support material in Ziegler—Natta catalysts
the diffraction pattern of the support pretreated with TEA at [35]. An irregular structure, high porosity and small pri-
—60°C, with broad peaks at2=-9.47, 30.L and 50.4, is mary crystallite size will be beneficial for effective catalyst
more similar to that of activated magnesium chloride com- immobilization. The similarity of the XRD patterns before

0.1+

log Mw

Table 4

Ethylene polymerization using supported catalyst SGB-2

Entry Charge (mg) Temperature®)  Activity Activity (kg(PE)/g(Fe)h)  Bulk density (g/mL) My, (x10™)  PDI Tm (°C)
(9(PE)/g(cat) h)

1 110 30 199 69 0.21 80.3 3.58 136.2

2 112 50 890 307 0.24 60.8 460 1364

3 106 70 786 271 0.25 38.8 590 1357

4 109 85 354 122 0.15 22.7 7.48 1347

5P - 35 - 85 - 64.7 107 -

a polymerization conditions: ethylene pressure = 1.0 MPa tirh h,solvert= 1 L hexane, cocatalyst = Algt Al/Fe (mol/mol) = 150.
b [Fe]=1.07x 10~° M, Al/Fe (mol/mol) = 200,P = 0.1 MPa = 30 min, using homogeneous catalyst.
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