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ABSTRACT: Heterogeneous Ziegler–Natta TiCl4 catalyst
using MgCl2 and SiO2 as supports was prepared under
controlled conditions. Mg(OEt)2 was used as a starting ma-
terial and was expected to convert to active MgCl2 during
catalyst preparation. Due to the high surface area and good
morphological control, SiO2 was chosen as well. Slurry co-
polymerization of ethylene and propylene (EPM) was car-
ried out in dry n-heptane by using the catalyst system SiO2/
MgCl2/TiCl4/EB/TiBA or TEA/MPT/H2 at temperatures
of 40–70°C, different molar ratios of alkyl aluminum : MPT :
Ti, hydrogen concentrations, and relative and total mono-
mers pressure. Titanium content of the catalyst was 2.96%
and surface area of the catalyst was 78 m2/g. Triisobutyl
aluminum (TiBA) and triethyl aluminum (TEA) were used
as cocatalysts, while ethyl benzoate (EB) and methyl p-
toluate (MPT) were used as internal and external donors,
respectively. H2 was used as a chain-transfer agent. Good-
quality ethylene propylene rubber (EPR) of rubber was ob-
tained at the ratio of [TiBA] : [MPT] : [Ti] � 320 : 16 : 1 and
polymerization temperature was 60°C. When TiBA was
used as a cocatalyst, a higher and more rubberlike copoly-

mer was obtained. For both of the cocatalysts, an optimum
ratio of Al/Ti was obtained relative to the catalyst produc-
tivity. Ethylene content of the copolymer obtained increased
with increasing TiBA concentration, while inverse results
were obtained by using TEA. Addition of H2 increased the
reactivity of the catalyst. The highest product was obtained
when 150 mL H2/L solvent was used. Increasing tempera-
ture from 40 to 70°C decreased the productivity of the cat-
alyst, while irregular behavior was observed on ethylene
content. Relative pressure of PP/PE � 1.4 : 1 and total pres-
sure of 1 atm was the best condition for the copolymeriza-
tion. Polymers with ethylene contents of 25–84% were ob-
tained. Increasing ethylene content of EPR decreased Tg of
the polymer obtained to a limiting value. Viscosity-average
molecular weight (Mv) decreased with increasing tempera-
ture and TiBA and H2 concentration. However, increasing
the polymerization time increased the Mv. © 2004 Wiley Peri-
odicals, Inc. J Appl Polym Sci 93: 2597–2605, 2004
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INTRODUCTION

The copolymerization of ethylene and higher �-ole-
fines produced in catalytic polymerization are impor-
tant commercial products. The development of cata-
lyst systems with high efficiency is the key to rapid
commercial development.1,2 So far, numerous publi-
cations related to supported Ziegler–Natta catalysts
were reported.3–5 Some publications claimed the SiO2-
supported TiCl4 catalyst modified by MgCl2 showed
very high activity for the random copolymerization of
ethylene and propylene.3,4 The combination of silica
and MgCl2 with the aim of preserving their advan-
tages has attracted much industrial and academic in-
terest.6–11 With the catalyst SiO2/MgCl2/TiCl4/ID
(ID, internal donor), the polymerization rate increased

with time, whereas with the catalyst system, MgCl2/
TiCl4/ID, a mainly decay-type curve was ob-
tained.12–14 Recently, single-site metallocene catalysts
were based on zirconium and titanium, which, acti-
vated with methyl aluminoxane, were used for ethyl-
ene and propylene rubber production.15–17

EXPERIMENTAL

The catalyst system SiO2/MgCl2/TiCl4/EB (EB, ethyl
benzoate) was prepared according to method im-
proved at the Iran Polymer and Petrochemical Insti-
tute. SiO2 (Kerman, Iran) was calcined at (500–600°C).
Mg(OEt)2 and SiO2 were treated with excess TiCl4 in
the presence of EB and polydimethylsiloxane at 20–
90°C for 1–3 h. The treatment was carried out twice.
The prepared catalyst was dried and used as a slurry
in hydrocarbon. All of the procedures were carried out
under N2. Surface area of the catalyst was measured
by using the Brunauer Emmett Teller (BET) method,
which was 78 m2/g. Copolymerization of ethylene
and propylene was carried out by using the catalyst
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system, whereas triethyl aluminum (TEA) and tri-
isobutyl aluminum (TiBA; Merck, Germany) were
used as cocatalysts and EB and methyl p-toluate
(MPT) were used as internal and external donors,
respectively. Copolymerization was carried out in a
1-L stainless steel reactor of Buchi bcp 280, a semibatch
type, equipped with a stirrer speed control, tempera-
ture control, and double feed. The reactor was purged
with N2. Heptane, 450 mL, was charged into the reac-
tor and degassed at least three times. When the poly-
merization temperature reached the required temper-
ature, the catalyst component was added in the fol-
lowing order: TEA or TiBA, MPT, solid catalyst, and
hydrogen (if any). The pressure inside the reactor
remained constant. Therefore, the required amount of
the monomers mixture to feed into the reactor is equal
to the consumption of the monomers and was con-
trolled by the pressure sensor. The polymerization
was terminated by draining the slurry polymer into a

small volume of acidified methanol. The polymer was
precipitated by using methanol as an antisolvent or
solvent evaporation method, filtered, and dried at
70°C overnight.

POLYMER CHARACTERIZATION

Glass transition temperature (Tg), ethylene content, and
Mv of the polymer obtained were studied. Et% was
determined by using an IR method (FTIR, Bruker model
IFS48).18 Mv was determined by using the Mark–Hou-
wink equation and by using decalin as a solvent.19 The
density of the polymer was determined by using a per-
cisa balance with the densitometer facility.

RESULTS AND DISCUSSION

Effect of TEA and TiBA concentrations

To optimize the amount of TEA and TiBA needed for
the copolymerization, Ti concentration (7.8 � 10�2

Figure 1 Effect of TiBA and TEA concentration on average rate of polymerization. Polymerization condition as in Table I.

TABLE I
Effect of TiBA and TEA Concentration on Polymerization Behavior

Cocatalyst [Al]/[Ti] EPM (g) R� p� grEPM
mmolTi h atm� %

Et Mv

TEA 160 20.3 650 59.7
TEA 240 21.0 672.4 48.1
TEA 320 26.3 842.9 47.2
TEA 400 15.2 431.1 32.4
TEA 480 15.4 493.6 —
TiBA 160 12.1 387.8 26.5
TiBA 240 26.1 861.9 39.0
TiBA 320 36.0 1206.7 42.6 75,000
TiBA 400 32.2 1028.8 42.9 70,200
TiBA 480 23.8 793.6 50.2 59,500

[Ti] � 3.12 � 10�2 mmol; temp � 60°C; time � 1 h; PP/PF � 1.4 : 1; Pt � 1 atm; heptane � 400 mL.
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mmol/L solvent) and MPT concentration (� 0.5
mmol) were kept constant and different ratios of Al-
alkyl : Ti molar ratios were used. Figure 1 shows the
polymer yield obtained against the ratio. At high con-
centrations of TEA and TiBA, overreduction of Ti4� to
Ti2� occurred. The species, which are highly active,
are only active for ethylene polymerization.12,13 The
polymer obtained at a high concentration of Al-alkyl,
particularly TEA, does not show elastomeric proper-
ties. Table I shows the results obtained in the study. A

polymer with an ethylene content of 26.5–59.7% was
obtained by using different [Al-alkyl] : [Ti] ratios. The
polymerization temperature was 60°C. Upon the ad-
dition of the catalyst, the temperature rose suddenly,
so its control was very difficult. The increase was not
so affected by copolymerization time.

Figure 2 shows the effect of the Al/Ti molar ratio on
ethylene content of the polymers obtained. Increasing
TiBA concentration increased ethylene content of the
polymer, whereas inverse results were obtained when

Figure 2 Effect of Al/Ti molar ratio on ethylene content of polymers obtained.

Figure 3 Effect of Al]/[Ti] on the Mv.
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TEA was used. The behavior indicates that TEA tends
to polymerize propylene more than ethylene and
TiBA tends to polymerize ethylene more than pro-
pylene. The polymers obtained by using TiBA as a
cocatalyst show more rubberlike behavior as well. In
other words, TiBA gives more amorphous polymers
than TEA. Figure 3 shows the effect of TiBA/Ti molar
ratio on the Mv. The Mv sharply decreases with in-
creasing [TiBA]/[Ti] ratio, which could be due to a
high chain transfer to Al.

Effect of H2 concentration

The effect of different amounts of H2 on copolymer-
ization behavior were studied (Table II). The copoly-
merization was carried out by using the optimum
conditions obtained before (Table I). Increasing H2
concentration to 150 mL/L increased productivity of
the catalyst; however, a further increase of H2 concen-
tration decreased the activity (Fig. 4). The increase
could be due to converting some Ti2� to Ti3�, the
species which is active for both of the monomers
used12,13 and for activation of some dormant centers in

the catalyst.20,21 Similar results were reported for the
polymerization of propylene.11 At very high concen-
trations of H2, a competition on absorption of H2 and
monomer to active centers occurred, which reduced
the concentration of the monomers close to the active
centers.

Ethylene content of the copolymer increased with
the addition of H2, whereas, at very high concentra-
tions of H2, a decrease of Et% was observed. Figure 5
shows this behavior.

Density of the copolymer remains almost un-
changed by the addition of H2. Mv of the polymer was
decreased from 75,000 to 39,200 with the addition of
150 mL/L solvent. However, it remained almost un-
changed with the further addition of H2 (Fig. 6). H2 as
a chain transfer agent facilitates termination of the
chain growing.

Effect of temperature

Copolymerization reactions were carried out in the
temperature range of 40–70°C (Table III). The copoly-
merization was affected by using the optimum condi-

TABLE II
Effect of H2 Concentration on Polymerization Behavior

VH2/VSol
(mL/L) EPM (g) Rp� grEPM

mmolTi h atm� % Et Mv D (g/ml)

0 36.0 1206.7 42.60 75,000 0.82
25 39.1 1253.2 —
50 40.4 1296.2 —
75 44.5 1426.3 46.60 50,500 0.83

100 45.0 1441 —
150 52.9 1695.5 46.00 39200 0.84
200 45.2 1447.4 49.40
250 37.7 1208.3 27.70 36,600 0.84

[Ti] � 3.12 � 10�2 mmol; [TIBA]/[Ti] � 320 : 1; temp � 60°C; time � 1 h; PP/PE � 1.4 : 1; Pt � 1 atm; heptane � 400 mL.

Figure 4 Effect of H2 concentration on polymerization rate.
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Figure 5 Effect of H2 concentration on ethylene content of copolymer.

Figure 6 Effect of H2 on Mv.

TABLE III
Effect of Temperature on Copolymerization Behavior

T(°C) EPM (g) Rp� grEPM
mmolTi h atm� % Et Mv

40 71.4 1994.1 63.33 106,000
45 61.8 1733.2 62.83 92,100
50 61.1 1705.9 — 60,700
55 61.7 1722.3 80.80
60 52.9 1695.5 — 39,200
65 56.8 1585.2 —
70 49.5 1382.4 84.20 —

[Ti] � 3.12 � 10�2 mmol; temp � 60°C; time � 1 h; PP/PE � 1.4 : 1, Pt � 1 atm, heptane � 400 mL; H2 � 150 ml/L.
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tion obtained before. Increasing temperature between
the values studied decreased the productivity of the
catalyst. Figure 7 shows the average rate of polymer-
ization obtained against temperature. The best rubber-
like polymer was obtained at 60°C. Higher and lower
temperatures of the reaction results in a polymer with
less rubberlike behavior. Et% of the polymer almost
increased with temperature. The high temperature
could decay some active centers that affected the rate
of polymerization.19 At temperatures �70°C, a similar
behavior was reported for the Ziegler–Natta cata-
lyst.11,20

The Mv decreases from 106,000 to 39,200 by increas-
ing the temperature from 40 to 60°C. As shown in
Figure 8, a linear decrease in the Mv with increasing

temperature was observed. The behavior indicates
that termination and transfer reactions take place
faster at high temperature.

Effect of monomers relative and total pressure

The effect of propylene to ethylene relative pressure of
1 : 1, 1.4 : 1, and 2 : 1 on copolymerization behavior
was studied. The best elastomeric figure was obtained
at the PP/PE � 1.4 : 1 relative pressure. Table IV shows
the effect of relative and total monomer pressure on
the copolymerization behavior. Higher and lower rel-
ative pressure from PP/PE � 1.4 : 1 atm gives more or
less homopolymeric-like products.

Figure 7 Effect of temperature on rate of polymerization. Polymerization condition as shown in Table III.

Figure 8 Effect of temperature on Mv.
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Because of the higher reactivity of ethylene mono-
mer to react with catalyst active centers, an increase of
propylene concentration decreased the productivity of
the catalyst.

The effect of total monomer pressure of 0.5 to 2 atm
was studied. Figure 9 shows the average rate of poly-
merization obtained against the pressure. As can be
seen from the figure, the highest productivity can be
obtained at a total pressure of �1 atm. The higher the
monomer pressure, the higher the temperature of the
reaction observed. Because of the high productivity of
the catalyst, the expected high pressure may encapsu-
late the active centers or gel effect by causing a rub-
bery copolymer to occur. The higher productivity and
the higher increase of the reaction temperature also
could decay the active centers faster.22

Effect of polymerization time

Figure 10 shows the average rate of copolymerization
versus reaction time. The profile is a decay type with
a short acceleration period of about 10 min, followed
by a decrease in activity to a stable period after about
40 min. The behavior was the same as for MgCl2-

supported catalyst, not for the bi-supported one, of
course, for homopolymerization.6,12–14,17

Because of the rubbery form of the polymer and
sudden increase in polymerization temperature upon
the start of the polymerization, there are two possibil-
ities for the unexpected behavior: encapsulation of
active centers of the catalyst in rubbery polymer with
a probable gel effect and the decay of some active
centers due to the sudden increase of the reaction
temperature.19,20

Polymerization time is affected on the Mv (Fig. 11).
An increase of 41% in the Mv was observed when
polymerization time increased from 10 to 60 min, an
indication of more chain growth by polymerization
time.

Effect of ethylene content on Tg

Tg of ethylene propylene rubber (EPR) decreased with
increasing ethylene content of the copolymer obtained
almost to a limiting value (Fig. 12). As can be seen, at
Et% higher than 50%, the Tg remains almost constant,
which could be due to the loss of elastomeric behavior
of the copolymer.

TABLE IV
Effect of Total and Relative Monomers Pressure on Copolymerization Behavior

PP/PE Pt EPM (g) Rp� grEPM
mmolTi h atm� Et%

1 : 1 1 78.6 2195.5 67
1.4 : 1 1 52.9 1695.5 46
2 : 1 1 22.4 626.5 —

1.4 : 1 0.5 23.4 1305 63.7
1.4 : 1 1.5 36.7 682.7 —
1.4 : 1 2 29.3 410.2 —

[Ti] � 3.12 � 10�2/mmol; [H2] � 150 mL/L; temp � 60°C; time � 1 h; [Al] : [PMT] : [Ti] � 320 : 16 : 1; heptane � 400 mL.

Figure 9 Effect of pressure of monomers on rate of polymerization.
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CONCLUSION

1. The prepared catalyst system SiO2/MgCl2/EB/
TiCl4/TiBA or TEA/PMT has relatively high activity
for the copolymerization of ethylene and propylene.

2. There is an optimum molar ratio of Al : Ti to
obtain the highest yield of copolymer. However, poly-
mer obtained at a high concentration of TEA does not
show elastomeric properties.

3. Increasing H2 concentration up to 150 mL/L in-
creases polymerization activity. However, a further
increase of the H2 decreases the polymer yield.

4. Ethylene contents from 27 to 84% were obtained.
The value increased with increasing TiBA concentra-
tion, whereas it decreased with increasing TEA con-
centration. Increasing PP/PE relative pressure de-
creased Et% in the polymer.

5. Increasing Et% in the polymer decreased Tg to a
limiting value.

6. TiBA as cocatalyst compared to TEA gives a
higher product and better elastomeric properties.

7. Polymerization temperatures from 40 to 70°C
were studied. The best elastomeric behavior was ob-
tained at 60°C.

8. Increasing PP/PE relative pressure decreased the
productivity of the catalyst. The best copolymer with
elastomeric properties was obtained at a relative pres-
sure of PP/PE � 1.4 : 1.

9. The Mv decreases with increasing [Al]/[Ti] ratio,
temperature, and addition of H2 concentration,
whereas the Mv increased with polymerization time.

10. The bi-supported catalyst has more activity than
MgCl2-supported catalyst.5

Figure 10 Average rate of polymerization versus polymerization time.

Figure 11 Effect of copolymerization time on Mv.

2604 ZOHURI ET AL.



11. The amount of Al compound needed to reach
the highest activity is less for the bisupported catalyst
compared with MgCl2 supported one.

12. An increase of the Et% content decreases the Tg

of the copolymer obtained.

Acknowledgment is made to Iran Polymer and Petrochem-
ical Institute for support of this research.
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