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ABSTRACT: Ultra-high-molecular-weight polyethylene
(PE) with viscosity-average molecular weight (M,) of 3.1
x 10° to 5.2 x 10° was prepared with a heterogeneous Zie-
gler-Natta MgCl, (ethoxide type)/TiCly/triethylaluminum
catalyst system under controlled conditions. The optimum
activity of the catalyst was obtained at a [Al]/[Ti] molar ratio
of 61 : 1 and a polymerization temperature of 60°C, whereas
the activity of the catalyst increased with monomer pressure
and decreased with hydrogen concentration. The titanium
content of the catalyst was 2.4 wt %. The rate/time profile of
the catalyst was a decay type with a short acceleration pe-
riod. M, of the PE obtained decreased with increasing hydro-

gen concentration and polymerization temperature. The
effect of stirrer speeds from 100 to 400 rpm did not so much
affect the catalyst activity; however, dramatic effects were
observed on the morphology of the polymer particles
obtained. A stirrer speed of 200 rpm produced PE with a uni-
form globulelike morphological growth on the polymer par-
ticles. The particle size distributions of the polymer samples
were determined and were between 14 and 67 pm. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 3333-3339, 2010
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INTRODUCTION

MgCl,. and SiO,-supported Ziegler—Natta catalysts
and also SiO,-supported metallocene catalysts are
typical examples of heterogeneous catalysts used in
current industrial proc:esses.l_3 Heterogeneous sys-
tems supported on porous carriers are desirable, in
that the final product replicates the support mor-
phology, the so-called replication phenomenon.*”
These type of catalysts not only produce polyethyl-
ene (PE) and polypropylene with high activities and
high stereospecificities but also control the morphol-
ogy of the polymer particles obtained from their size
and shape. Certainly, obtaining particles with good
morphology is one of the most important goals in
polymerization catalyst development.

Generally, researcher have used spherical MgCl,
adducted with alcohol to control the morphology of
the catalyst replicated from its support to obtain
polymers with suitable morphologies, mainly spheri-
cal particles with as little fine powder as possible to
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prevent fouling of the polymerization reactor.”'

High polymer yields and good morphological prop-
erties can usually be obtained if catalyst fragmenta-
tion occurs in a proper and controlled way. How-
ever, if particle fragmentation is not controlled
adequately, a considerable amount of dust polymer
may produce fouling and undesirable fluidization
through the reactor, pipe, and polymer processing
equipment. Many researchers have studied polymer
growth in the early stages of polymerization by
monitoring catalyst fragmentation at this stage. Par-
ticles growth is believed to show the replication of
the shape of the catalyst particles. However, there
are some requirements with respect to the catalyst
structure and polymerization conditions for obtain-
ing uniform catalyst fragmentation. In addition to
the morphology of the catalyst, the polymerization
procedure and its conditions also affect the polymer
morphology.>*"'"'? Process conditions determine the
rate of the reaction with physical stress on the par-
ticles; for example, stirrer action can affect this mor-
phology and the uniform growth of the polymer
particles.*'*!>  The effect of the relationships
between the polymerization conditions, such as the
temperature, effect of prepolymerization, hydrogen
and monomer concentrations, and also external
donors, on the morphology of PE powder produced
with fourth-generation Ziegler-Natta catalysts have
been investigated. Even for the growth of polymer
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Scheme 1 Polymerization setup. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

particles, several models and mechanisms have been
proposed.*'®** The morphological development of
the support, catalyst, and polymer are a major area
of study nowadays.

In this study, a highly active Ziegler-Natta cata-
lyst was prepared. The main feature of the study
was the development of the morphology of ultra-
high-molecular-weight PE. The effect of the poly-
merization conditions, such as the temperature,
monomer pressure, hydrogen concentration, and
stirrer speed, on the catalyst behavior and the poly-
mer viscosity-average molecular weight (M,) were
studied. Uniform growth of the polymerization on
the particles was achieved by proper control of the
reaction conditions.

EXPERIMENTAL

TiCly, Mg(OEt),, and AlEt; (Merck, Darmstadt, Ger-
many) were used without any purification. Ethylene
(Iran Petrochemicals Co, Arak, Iran, polymer grade)
was used after it was passed through a column of
activated 4 A/13x molecular sieves (Scheme 1). Nitro-

TABLE I
Effect of the TEA Concentration on the
Polymerization Rate
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Figure 1 Plot of rate of polymerization (R,) versus time.
Polymerization conditions: temperature = 60°C, [Ti] = 0.2
mmol/L, [Al] : [Ti] = 61 : 1, monomer pressure = 2 bar,
hexane = 400 mL, and stirrer speed = 800 rpm.

gen (Roham Gas, Tehran, Iran) was used after it was
passed through columns of silica gel, KOH, and 4 A/
13x molecular sieves. Heptane and hexane (Iran Pe-
trochemical) were distilled over calcium hydride
before use. Other chemicals, the structural studies of
the catalyst, the polymer characterization, and the po-
lymerization procedure were explained elsewhere.*"*

Fourier transform infrared (FTIR, Ettlingen-ger-
many) spectroscopy (Bruker IF 548) and X-ray (Cu-
Ka radiation, Siemens model U-500, Ettlingen-
Germany) (Link Analytical XR300) were used to
study of the catalyst structure. A morphological study
of the support, catalyst, and polymer obtained was
carried out with a Stereoscan 360 scanning electron
microscopy (SEM, Wiirttemberg, Germany) instru-
ment. M, was determined according to refs. 23 and 24
with an Ubbelohde viscometer (Iran-tehran) with a
heating jacket; the polymer was dissolved in decaline
at 133°C. The M, values of some of the polymer sam-
ples were obtained with the Mark-Houwink equation:

] = kM

where k = 6.77 x 107* and o = 0.67 are constants
related to the polymer and measuring conditions.*
The particle size distribution was determined by
a laser diffraction method with a Master Size X

long- i 2.1 i 1
TEA (ALl [T Vield [g of PE ong-bed  version 5 instrument (Malvern,
n (mmol) molar ratio (mmol of Ti)"' h™!]
TABLE II

1 2 24:1 3540 . s g
) 5 611 170 Effect of the Stirrer Speed on the Polymerization Rate
3 6 73:1 2200 Stirrer speed (rpm) 100 200 400 800
4 10 122:1 2070 Yield [g of PE
5 16 195: 1 2200 (mmol of Ti) "' h™'] 12.2 14.6 15.9 427

Polymerization conditions: temperature = 60°C, [Ti] Polymerization conditions: temperature = 60°C, [Ti]

= 0.2 mmol/L, time = 1 h, monomer pressure = 2 bar,
hexane = 400 mL, and stirrer speed = 800 rpm.
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= 0.2 mmol/L, [Al]/[Ti] = 61 : 1, monomer pressure = 2
bar, and hexane = 400 mL.
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TABLE III
Effect of the Polymerization Temperature on the Catalyst Behavior
and Polymer Characteristics

Temperature Yield [g of PE Melting Crystallinity M,
O (mmol of Ti) ' h™] temperature (°C) (%) (g/mol)
50 2320 142.4 413 5.2 x 10°
55 2200 - - 3.8 x 10°
60 4270 142.2 39.3 3.7 x 10°
65 3290 142.2 40.0 3.5 x 10°
70 1460 141.8 40.2 3.1 x 10°

[Al]/[Ti] = 61 : 1. The other polymerization conditions were the same as those listed

in Table I.

Worcestershire, UK). The crystallinity of the polymer
was calculated according to ref. 25.

Catalyst preparation

The MgCl, (ethoxide type)/TiCl, catalyst was pre-
pared under an atmosphere of nitrogen in a 0.5-L
glass reactor containing a sinter glass filter in toluene.
The preparation was started by the addition of TiCly
(50 mL) to predispersed Mg(OEt), (7 g) at —10°C so
that active MgCl, could be obtained from the reac-
tion.! The reaction was carried out for a further 2-3
h at 80°C. The solution of the reactor was filtered
out. Toluene (100 mL) and TiCl, (50 mL) were added.
The temperature was raised to 105°C, and the mix-
ture was stirred for another 2-3 h. The product was
washed with n-heptane (10 x 100 mL) to remove
unreacted TiCly. The final catalyst was dried at 70°C.

RESULTS AND DISCUSSION

The catalyst structure was studied with FTIR spec-
troscopy, X-ray fluorescence, and SEM. As we
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Figure 2 Effect of the hydrogen concentration on the
polymerization activity: (—A—) M, and (—MB—) rate of
polymerization (R,). The polymerization conditions were
the same as listed in Figure 1. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

learned from the FTIR study, the Mg(OEt), was con-
verted to MgCl, as a result of the reaction with
excess TiCly during the catalyst preparation, as
expected.”! The content of titanium in the catalyst
was 2.45 wt %. The polymerization of ethylene was
carried out with the MgCl, (ethoxide type)/TiCly/
triethylaluminum (TEA) catalyst system under dif-
ferent conditions. The activity of the catalyst system
increased with addition of TEA, the cocatalyst, to an
optimum value of almost 4300 g of PE (mmol of
Ti)"' h™! at a [Al]/[Ti] molar ratio of 61 : 1; it then
decreased to a limiting value (Table I). The low ratio
of [Al] to [Ti] obtained for the catalyst with a reason-
able activity compared to this type of Ziegler—Natta
catalyst could be an advantage of the catalyst."®
However, the decrease in activity at higher TEA con-
centrations indicated instability in some of the active
centers, which could have been due to an overreduc-
tion of Ti™ and Ti"® to Ti"? which is less active
than the former ions.**?’

The kinetic behavior of the polymerization is
shown in Figure 1. The profile was a decay type,
which is common for MgCly-supported Ziegler—
Natta catalysts."*® The behavior also indicated insta-
bility in some of the active centers or a decrease in
their activity with polymerization time.**>

Signal A = SE1 Date 6 Nov 2006

EHT = 500kV WD= 15mm Photo No.=9817  Time 8:23:38

Figure 3 SEM micrograph of Mg(OEt), (25x magni-
fication).

Journal of Applied Polymer Science DOI 10.1002/app
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1mm Signal A = SE1

Date :5 May 2007
EHT=10.00kvV WD= 10mm

Photo No. = 3848 Time :14:09:11

Figure 4

Monomer transfer to the catalyst active centers
through the polymerization medium could have
been a key point in the slurry polymerization with
the heterogeneous catalyst system. A higher agitator
speed may have facilitated the diffusion of monomer
to the active centers. Table II shows the effect of agi-

Signal A=SE1  Date :0 Apr 2007

EHT=10.00kV WD= 11mm Photo No. = 3252  Time :12:30:28

si Date : Apr 2007
Photo No. = 3258 Time :12:42:59

EHT = 10.00 kV WD= 12mm

ZOHURI ET AL.

Signal A = SE1 Date :5 May 2007
Photo No. = 3855 Time :14:13:24

EHT=10.00kV WD= 10mm

Micrograph of the MgCl, (ethoxide type)/TiCl4 catalyst at magnifications of (a) 25 and (b) 2000x

tator speed on the polymerization behavior. A
higher stirrer speed could have affected the yield
and morphology of the polymer obtained.

The polymerization was carried out at tempera-
tures between 50 and 70°C. The highest activity of
the catalyst was obtained at about 60°C (Table III).

1%

Signal A=SE1  Dale 9 Apr 2007

EHT=1000kV WD= 12mm Photo Mo. = 3266 Time :12:38:09

Signal A = SE1 Data :8 Apr 2007
Photo No. = 3256  Time :12:39:40

EHT=1000kV WD= 12mm

Figure 5 SEM micrographs of PE obtained at 60°C with a monomer pressure of 2 bar and a stirrer speed of 800 rpm at

magnifications of (a) 35, (b) 1500, and (c, d) 3000x.

Journal of Applied Polymer Science DOI 10.1002/app
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Signal A = SE1 Date :8 Apr 2007

EHT=1000kV  WD= 17 mm Photo No. = 3268 Time :13:00:16

Figure 6 SEM micrograph of PE obtained at 60°C with a
monomer pressure of 2 bar, a stirrer speed of 200 rpm,
and a magnification of 25x.

The same behavior has been reported for this kind
of catalyst."*?®

Hydrogen gas was used as chain-transfer agent.
The polymerization was carried out at optimum con-
ditions obtained previously. The polymerization
behavior of the catalyst versus the hydrogen concen-
tration is shown in Figure 2. The activity of the cata-
lyst decreased with increasing hydrogen concentra-
tion in the range studied (50-250 cm®/dm® solvent).
Hydrogen converted some of the active centers to
Ti—H, which is less active than Ti—C, and also
reduced the concentration of the monomer dissolved
in the polymerization medium.*>*

Polymer characterization: M, measurement

Ultra-high-molecular-weight PE with an M, value of
as high as 5.2 x 10° was obtained with the MgCl,

Signal A = SE1 Date :8 Apr 2007

l_' EHT=10.00kV  WD= 17mm Photo No. = 3278 Time :13:12:34
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(ethoxide type)/TiCly/TEA catalyst system at 50°C.
The molecular weight decreased with the addition
of hydrogen and the polymerization temperature
(Fig. 2 and Table III). The so-high molecular weight
of PE produced indicated a low occurrence of the
chain-transfer reaction compared to that of the prop-
agation reaction for the catalyst system. Increasing
the polymerization temperature facilitated the chain-
transfer reaction, which lowered the M, values.

Hydrogen is the best known chain-transfer agent
for the catalyst polymerization of olefin. The higher
the concentration of hydrogen is, the more chain
transfer occurs.?®?®> M, of the PE obtained at 250 mL
of H,/L of solvent was even 3.2 x 10°, which was
still in the range of ultra-high-molecular-weight PE.
The crystallinity of the polymer was about 40 * 1%
and did not change with the polymerization temper-
ature (Table III).

Morphological study

The SEM studies of Mg(OEt),, the starting chemical
for the preparation of MgCl,, the support, catalyst,
and PE obtained under different conditions are
shown in Figures 3-9, respectively. As shown in the
SEM micrographs, the Mg(OEt), particles had
smooth surfaces without cavities and with very
small amounts of fine particles (Fig. 3). Figure 4
shows the SEM micrographs of the catalyst particles;
as shown, some of the particles were destroyed.
High magnification of the catalyst surface showed
that some pores with small cavities on some par-
ticles were formed because of the harsh chemical
reaction of TiCl, with ethoxide during the catalyst
preparation procedure. Although the catalyst prepa-
ration started at a low temperature, some of the par-
ticles were destroyed during the procedure. The
SEM micrograph of PE obtained with the catalyst at

3um Signal A = SE1 Date :9 Apr 2007
|—| EHT=1000kV WD= 17 mm Photo No. = 3287  Time :13:26:21

Figure 7 High-magnification micrographs of PE at magnification of (a) 3000 and (b) 10000x. The polymerization condi-

tions were the same as those listed in Figure 6.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 High-magnification micrograph of PE obtained
at 60°C with a monomer pressure of 5 bar, a stirrer speed
of 200 rpm, and a magnification of 3000x.

60°C with a stirrer speed of 800 rpm and a monomer
pressure of 2 bar showed particles with no uniform
shape and size (Fig. 5). The irregular surface of the
PE particles indicated irregular growth of the poly-
mer chain. Some of the polymer growth, like a fila-
ment, extruded through a pore during the polymer-
ization. This extrusion may have taken place
through the catalyst pore during the polymerization.
Although the extruded particles showed irregular
growth of the polymer, the prepared catalyst par-
ticles were mechanically strong enough and were
not damaged during the polymerization. To study
the effect of the stirrer speed on the morphology of
the polymer particles, polymerization was further
carried out at stirrer speeds of 100, 200, and 400
rpm. Polymer particles obtained at 100 rpm con-
tained a broad distribution with fine dusty and very

Signal A= SE1 Date :5 May 2007
Photo No. = 3822  Time :13:37:18

EHT=10.00kVv WD= 7mm

Figure 10 Particle size distribution pattern of the poly-
mer obtained with an [Al] : [Ti] ratio of 61 : 1 and a tem-
perature of 60°C.

large particles; this caused fouling of the reactor
walls and were hard to remove from the reactor. PE
particles produced at 60°C, a monomer pressure of 2
bar, and 200 rpm were more uniform in size (Fig. 6).
High magnification of the particles showed an
almost uniform growth of globulelike polymer par-
ticles compared to the particles obtained at 800 rpm
(Fig. 7). Polymer particles obtained at 60°C, 200 rpm,
and a monomer pressure of 5 bar were also uniform
with globulelike particles on the surface of the poly-
mer (Fig. 8). Polymer particles produced at a stirrer
speed of 400 rpm are shown in Figure 9. Although
high magnification of the particles showed uniform
growth of the polymer with no extruded filament-
like parts, the globulelike parts were a bit smaller
than the ones obtained at a stirrer speed of 200 rpm.

i

Signal A = SE1 Date 5 May 2007
Photo No.= 3827  Time :13:43:28

EHT =10.00kV  WD= 7mm

Figure 9 SEM micrographs of PE obtained at stirrer speed = 400 rpm at magnifications of (a) 35 and (b) 3000x. The

other conditions were the same as those listed in Figure 6.

Journal of Applied Polymer Science DOI 10.1002/app
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The behavior indicated faster growth of the particles,
which were still uniform. However, at a stirrer
speed of 800 rpm, the polymerization was so fast;
this caused irregular growth of the polymer. The
particle size distributions of the polymer sample pre-
pared with a [Al]/[Ti] molar ratio of 61 : 1 and a
polymerization temperature of 60°C were between
14 and 67 um. The majority of the particles were in
the range 35-66 um; this was a reasonable distribu-
tion for the polymer (Fig. 10).

CONCLUSIONS

Ultra-high-molecular-weight PE with M, of 3.1 x 10°
to 5.2 x 10° was produced with the MgCl, (ethoxide
type)/TiCly/TEA catalyst system. The so-high M,
produced could have been due to low [Al]/[Ti]
molar ratio of 61 : 1 required to reach the optimum
activity of the catalyst. The stirrer speed of the poly-
merization played a key role in obtaining a uniform
morphology and a high polymerization activity. Pol-
ymerizations with stirrer speeds of 200 and 400 rpm
produced polymers with uniform growth of globule-
like particles, whereas a speed of 800 rpm produced
a higher polymer yield. The polymerization with a
stirrer speed of 200 rpm produced more uniform
particles with globulelike growth of the polymer for
monomer pressures of both 2 and 5 bar. Increasing
both the polymerization temperature and hydrogen
concentration decreased M, of the obtained polymer.
The crystallinity of the polymer was about 40 * 1%.
The crystallinity was not affected by the polymeriza-
tion temperature. The rate/time profile of the poly-
merization was a decay type.

The authors thank Gholam hossein Asghari of the DSC labo-
ratory and Mahin houshyar Sadeghian of the SEM laboratory
for their kind help with this study.

References

1. Moore, E. P. Polypropylene Polyethylene Handbook; Hanser:
Munich, 1996.

2. Silva, F. M.; Broyer, ]. P.; Novat, G; Lina, E. L; Pinto, J. C,;
McKenna, T. F. Macromol Rapid Commun 2005, 26, 1846.

3. Cecchin, G.; Morini, G.; Piemontesi, F. Kirk-Othmer Encyclopedia
of Chemical Technology; Wiley: New York, 2006; Vol. 20, p 149.

4. Pater, . M.; Weickert, G.; Van Swaaij, W. P. M. ] Appl Polym
Sci 2003, 87, 1421.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

3339

. Galli, P.; Vecellio, G. Prog Polym Sci 2001, 26, 1287.
. Jamjah, R.; Zohuri, G. H.; Vaezi, J.; Ahmadjo, S.; Nekomanesh,

M.; Pouryari, M. ] Appl Polym Sci 2006, 101, 3829.

. Ma, Z; Wang, L.; Wang, W.; Feng, L.; Gu, X. ] Appl Polym

Sci 2005, 95, 738.

. Huang, R; Liu, D.; Mao, B. Macromol Chem Phys 2004, 205,

966.

. Foschini, G.; Fiscelli, N.; Galli, P. (Montedison S.p.A.) U.S. Pat.

4,111,835 (1978).

Guanz, Z.; Zheng, Y.; Jiao, S. ] Mol Catal A 2002, 188, 123.
Kono, H.; Ichiki, T.; Mori, H.; Nakatani, H.; Terano, M. Polym
Int 2001, 50, 568.

Koo, H.; Mori, H.; Terano, M. Macromol Chem Phys 2001,
202, 1319.

Hassan Nejad, M.; Ferrari, P.; Pennini, G.; Cecchin, G. ] Appl
Polym Sci 2008, 108, 3388.

Pater, J. T. M.; Weickert, G.; Loos, J.; Van Swaaij, W. P. M.
Chem Eng Sci 2001, 56, 4107.

Galli, P.; Barbe, P. C.; Noristi, L. Angew Makromol Chem
1984, 120, 73.

Floyd, S.; Heiskanen, T.; Taylor, T. W.; Mann, G. E.; Ray, W.
H. J Appl Polym Sci 1987, 33, 1021.

Hutchinson, R. A.; Chem, C. M.; Ray, W. H. ] Appl Polym Sci
1992, 44, 1389.

Cecchin, G.; Marchetti, E.; Baruzzi, G. Macromol Chem Phys
2001, 202, 1987.

Han-Adebekun, G. C.; Hamba, M.; Ray, W. H. J Polym Sci
Part A: Polym Chem 1997, 35, 2063.

Noristi, L.; Marchetti, E.; Bruzzi, G.; Sgarzi, P. ] Polym Sci
Part A: Polym Chem 1994, 32, 3047.

Zohuri, G. H.; Ahmadjo, S.; Jamjah, R.; Nekomanesh, M. Ira-
nian Polym J 2001, 10(3), 149.

Zohuri, G. H.; Azimfar, F.; Jamjah, R.; Ahmadjo, S. ] Appl
Polym Sci 2003, 89, 1177.

Zohuri, G. H.; Nekomanesh, M.; Bayan, M.; Jamjah, R. Iran ]
Polym Sci Tech (Persian) 1997, 3, 147.

Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed.;
Wiley: New York, 1989; Section VII.

Justino, J.; Romao Dias, A.; Ascenso, J.; Marcues, M. M.; Tait,
P.J. T. Polym Int 1997, 44, 407.

Forte, M. C.; Coutinho, F. M. B. Eur Polym Mater 1996, 32, 223.
Farina, M. Polym Sci 1994, 2(3), 80.

Zohuri, G. H.; Jamjah, R.; Mehtarani, R.; Nekomanesh, M.;
Ahmadjo, S. Iranian Polym ] 2003, 12(1), 31.

Kim, I; Kim, J. H.; Woo, S. I. ] Appl Polym Sci 1990, 39, 837.
Polymeric Materials Encyclopedia; Salamon, J. C., Ed.; CRC,
Boca Raton, FL, 1996; Vol. 6, pp 8 and 10.

Kissin, Y. V. J Polym Sci Part A: Polym Chem 2001, 39, 1681.
Kissin, Y. V.; Mirabella, F. M.; Meverden, C. C. ] Polym Sci
Part A: Polym Chem 2005, 43, 4351.

Jamjah, R.; Zohuri, G. H.; Javaheri, M.; Nekoomanesh, M.;
Ahmadjo, S.; Farhadi, A. Macromol Symp 2008, 274, 148.
Guastalla, G.; Giannini, U. Macromol Chem Rapid Commun
1983, 4, 519.

Ahmadjo, S.; Jamjah, J.; Zohuri, G. H.; Damavandi, S.; Nekoo-
manesh Haghighi, M.; Javaheri, M. Iranian Polym ], 2007,
16(1), 31.

Journal of Applied Polymer Science DOI 10.1002/app



