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Abstract−−−−The economy of the metallocene catalyst system in olefin polymerization depends more on the cost of
methylaluminoxane (MAO) cocatalyst rather than on the catalyst cost since high ratio of cocatalyst to catalyst is
required to have sufficient activity. The conditions to minimize the consumption of MAO have been studied for the
ethylene polymerization with supported metallocene catalyst. By introducing the prepolymerization step, in which the
supported metallocene catalyst is activated at high MAO concentration before polymerization, the MAO could be
recovered after the prepolymerization and recycled repeatedly for the subsequent activation with marginal decrease
in activity. No extra MAO was needed during the main polymerization. The addition of small amount of MAO or less
expensive alkylaluminum at each recycle step kept the catalyst activity to the initial level. It compensates the MAO
losses occurring both by the incomplete decantation of MAO solution and by the reaction with metallocene complex
or impurities. As a result, the actual consumption ratio of Al/Zr in moles in commercial applications could be reduced to
about 30 without sacrificing the activity. This value is significantly low considering that conventionally an Al/Zr
ratio of 1,000 is required for sufficient activity.
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INTRODUCTION

Metallocene compounds activated by cocatalysts such as alumi-
noxanes or borates have been extensively investigated as a new gen-
eration of catalysts for polyolefins [Togni and Halterman, 1998;
Scheirs and Kaminsky, 2000]. The metallocene catalyst has single-
site characteristics producing polymers with narrow molecular weight
distribution [Cho et al., 2000] and uniform comonomer incorpora-
tion. The stereo-structure of polymer can also be controlled by the
molecular geometry of the catalyst. During the last 10 years, the
metallocene catalyst has been successfully applied to most com-
mercial polyolefin processes. Nevertheless, the cost of metallocene
catalyst is still considered much higher than the conventional Zie-
gler-Natta catalyst [Sullivan, 1998; Brockmeier, 1998]. When methyl-
aluminoxane (MAO) is used as a cocatalyst, the economy of metal-
locene catalyst system depends more on the MAO cost rather than
on the catalyst cost since a large excess of MAO is required to have
high catalyst activity. Generally, the ratio of MAO/metallocene cat-
alyst is represented by Al/Zr molar ratio when zirconocene is used
as a catalyst. In conventional applications its range for sufficient
activity is more than 1,000 [Chien and Sugimoto, 1991; Coevoet
et al., 1998; Han et al., 1999; Jeong et al., 2003]. Some previous
studies claim that all or part of MAO used in polymerization could

be replaced with less expensive alkylaluminum [Panin et al., 20
but MAO is still used as a major cocatalyst in the metallocene 
alyst systems of industrial importance.

MAO has various roles in the metallocene-catalyzed polym
ization of olefins. MAO activates metallocene compound by alk
lation and cation-formation and stabilizes it as a non-coordina
anion [dos Santos et al., 1999; Pedeutour et al., 2001]. It also
tects the activated catalyst from impurities by scavenging them
high concentration of MAO is required mainly for the purpose 
catalyst activation. Therefore, the use of MAO may be optimiz
if the catalyst is activated in the prepolymerization step before m
polymerization, and the polymerization is carried out separa
with the prepolymerized active catalyst [Oh et al., 2002]. A h
concentration of MAO is employed only at the prepolymerizati
step and no MAO is added during the main polymerization in 
method. The major portion of MAO in the prepolymerization st
can be recovered and reused for the next activation reaction 
only small portion of the added MAO is consumed during the 
tivation. By following this idea the conditions to minimize the co
sumption of MAO cocatalyst in the ethylene polymerization ha
been investigated in this report.

For the slurry or gas phase process, in which the morpho
and the bulk density of the polymer particles need to be contro
homogenous catalysts like metallocene compounds should be
mobilized on solid support [Chung et al., 2002]. It is more con
nient with this supported metallocene catalysts to apply the pre
lymerization method for the recycling of MAO. Various silica-su
ported zirconocenes so prepared were activated in the prepoly
ization step with high concentration of MAO (zirconocene/silica
MAO). Then the prepolymerized active catalysts were injected
the reactor without the addition of extra MAO for main polyme
ization. Their catalyst activities were compared with the conv
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tional direct polymerization method where MAO exists in polymer-
ization medium.

EXPERIMENTAL

1. Catalyst Anchoring
Among the various ways of immobilization of homogeneous me-

tallocene catalysts [Ribeiro et al., 1997; Hlatky, 2000], one of the
most promising methods may be the reaction between a functional
group of metallocene compound and a functional group on solid
surface to form a strong covalent bonding. An electron-deficient
strained siloxane group of silica, after dehydroxylation over 900 K,
could be used for anchoring by a simple reaction (Scheme 1). The
synthesis of metallocene complexes having acetal, ketal, or t-butyl
ether groups as a substituent on the cyclopentadienyl ring was de-
scribed elsewhere [Lee and Oh, 2000; Oh et al., 2002]. Dehydrox-
ylated silica was prepared by calcining silica (Grace Davison XPO
2412, mean particle size 21µm) at 800oC for 15 hours under vac-
uum. The anchored metallocene catalysts were prepared by the reac-
tion of metallocene compound (0.10 g) with dehydroxylated silica
(1.0 g) in hexane (30mL) at 85oC for 4 hours. Nothing was detected
in the decanted hexane, indicating that all metallocene complex add-
ed was immobilized on the solid surface and the Zr content on silica
determined on an ICP was in agreement with the added amount.
2. Catalyst Activation and Polymerization

Polymerization was conducted with or without prepolymeriza-
tion and the methods are described in Fig. 1. For the polymeriza-

tion conducted without prepolymerization (Fig. 1a), hexane (2
mL), predetermined MAO (Akzo MMAO-3, Al 7.3 wt% in hep-
tane solution), and the anchored catalyst (100 mg) were added
500 mL glass reactor successively. The reactor was immerse
an oil bath, whose temperature had been set at 80oC, and agitated
for 5 minutes. Ethylene was fed continuously to the reactor un
the pressure of 2.76 bar for 1 hour. Polymerization was stoppe
venting the ethylene gas. The precipitated polyethylene parti
were filtered and dried under vacuum.

For the polymerization conducted with prepolymerization (F
1b), hexane (100 mL), predetermined MAO (Akzo MMAO-3, A
7.3 wt% in heptane solution), and the anchored catalyst (100
were added to a 500 mL glass reactor successively. Prepolyme
tion was carried out by feeding ethylene gas (625 mg) at room 
perature for 10minutes through a mass flow controller (feeding r
50 mL/min). As soon as the ethylene gas was added, it was 
sumed completely and no ethylene pressure was built. The pr
lymerized active catalyst particles were settled down and the h
ane containing unreacted MAO was decanted by a cannular w
out contacting air to the reservoir. Then hexane (200 mL) cont
ing triethylaluminum (0.3 mmol) as a scavenger was added to
reactor having the prepolymerized catalysts and the reactor wa
mersed in an oil bath (80oC). After the temperature of hexane reach
80oC, ethylene gas was fed continuously under 2.76 bar for 1 h
Polymerization was stopped by venting the ethylene gas. The 
cipitated polyethylene particles were filtered and dried under v
uum. Hexane used in the polymerization was dried by passin
through a column packed with activated 4A molecular sieve.
3. Cocatalyst Recycle

MAO recyclability was tested for both polymerization conduct
without prepolymerization and polymerization conducted with p
polymerization. In the case of the polymerization conducted w
out prepolymerization [Fig. 1(a)], the hexane solution contain
unreacted MAO was decanted after the main polymerization 
cannula and the decanted hexane solution was used as a s
for the next polymerization reaction.

In the case of polymerization conducted with prepolymerizat
[Fig. 1(b)], the hexane solution containing unreacted MAO was 
canted right after the prepolymerization and reused for the next 
polymerization. Only 90 mL hexane out of the 100 mL hexane i
tially charged could be decanted from the prepolymerized slu
To compensate MAO reacted in the first prepolymerization re
tion and the loss occurred by incomplete decantation, 10 mL h
ane containing predetermined amount of MAO or alkylaluminu
depending on the test condition, was added in the second pre
merization reactor. This procedure was repeated several tim
test the efficiency of the MAO recyclability.

RESULTS AND DISCUSSION

1. Catalyst Activity as a Function of Al/Zr Ratio and MAO
Concentration

The Al/Zr molar ratio is a common index of MAO use in meta
locene catalyst. The catalyst activity of the conventional ethyl
polymerization is plotted as a function of Al/Zr molar ratio in Fi
2. Though a bell-shaped relationship between the catalyst act
and Al/Zr ratio was reported [Chien and Sugimoto, 1991; Her

X=(EtO)(Me)2Si-, Me3Si-, H(Me)2Si-, or t-Butyl-.

Scheme 1. Anchoring metallocene compound by the reaction with
siloxane group on silica.

Fig. 1. Polymerization methods: (a) conducted without prepoly-
merization, and (b) conducted with prepolymerization.
Korean J. Chem. Eng.(Vol. 21, No. 1)
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and Fink, 1992; Haag et al., 2001], almost linear increase of the cat-
alyst activity with Al/Zr molar ratio was observed within the exper-
imental range of this study.

The activation of catalyst may be regarded as a chemical reac-
tion between the metallocene compound and the MAO cocatalyst
[Khrushch and Bravaya, 2000]. Then the efficiency of catalyst act-
ivation reaction depends directly on the MAO concentration. The
MAO concentration may be quite low even at high Al/Zr ratio if a
large volume of solvent is employed. Hence, those data of catalyst
activity with Al/Zr molar ratio reported previously in the literature
cannot be compared directly unless the size of the polymerization
system is specified. Table 1 compares the effect of the Al/Zr ratio
and MAO concentration on the catalyst activity. When the poly-
merization was conducted without prepolymerization (runs 1 and
2), the catalyst activity increased twice by increasing the amount of

MAO twice in the same volume of hexane (200 mL). In this ca
both Al/Zr molar ratio and MAO concentration were increased tw
When the polymerization was conducted with prepolymerizat
(run 3), four times higher activity could be achieved with the ad
tion of the same amount of MAO as the run 1. In this case, o
half of the hexane (100 mL) was used in the prepolymerization 
and hence the MAO concentration in the activation reaction w
twice higher than that of the run 1, even though the Al/Zr mo
ratio had not been changed. These observations illustrate tha
prepolymerization method is more efficient in the catalyst activ
tion compared with the conventional direct polymerization co
ducted without prepolymerization. Its effect is quite larger than t
of the simple increase of MAO concentration.
2. Effects of Anchored Catalysts and Prepolymerization

Various functional groups for anchoring metallocene catalyst
silica surface have been developed [Lee and Oh, 2000]. Only s
difference in the catalyst activity was observed for the functio
groups as shown in Table 2. On the other hand, the effect of 
polymerization was so significant that the twice the catalyst acti
could be achieved with the addition of half amount of MAO (runs
7 versus runs 8-11). These results are in agreement with the o
vation in Table 1. For the polymerization conducted without p
polymerization (runs 4-7), the catalyst activation and polymeri
tion were conducted with the addition of 4.0 mmol Al of MAO i
200 ml of hexane. For the polymerization conducted with prepo
merization (runs 8-11), the catalyst was activated in the prep
merization step in the presence of 2.0 mmol Al of MAO in 100
hexane. Hence, the amount of added MAO was half in the c
of the polymerizations conducted with the prepolymerization, ev
though the MAO concentration was the same in both polymer
tions (0.02 mmol Al/mL). The activation of catalyst in small vo
ume of solvent has the benefits of both higher MAO concentra
and less chance of exposure of naked active catalyst to the im

Fig. 2. Activity of supported catalyst as a function of Al/Zr molar
ratio. Polymerization condition: catalyst (100 mg), [(EtO)
(Me)2SiO-(CH2)6-C5H4]2ZrCl 2 supported on silica calcined
at 800oC; 80 oC; 2.76 bar; 1 hr.

Table 1. Polymerization results showing the effects of [MAO] and prepolymerizationa

Run Prepolymerization MAO (mmol Al) Hexane (mL) Al/Zr (mol/mol) [MAO] (mol Al/L) Activity (gPE/gCat.hr)

1 No 2.0 200 220 0.01 040
2 No 4.0 200 440 0.02 080
3 Yes 2.0 b100b 220 b0.02b 152

aPolymerization condition: catalyst (100 mg), [(EtO)(Me)2SiO-(CH2)6-C5H4]2ZrCl2 supported on silica calcined at 800oC; 80oC, 2.76 bar,
1 hr. bHexane volume used in the prepolymerization.

Table 2. Polymerization results showing the effects of functional groups and prepolymerizationa

Run Prepolymerization Functional group Al/Zr (mol/mol) [MAO] (mol Al/L) Activity (gPE/gCat.hr)

04 No (EtO)(Me)2SiO- 430 0.02 086
05 No Me3SiO- 410 0.02 074
06 No H(Me)2SiO- 390 0.02 078
07 No t-Butyl-O- 380 0.02 080

08 Yes (EtO)(Me)2SiO- 220 0.02 152
09 Yes Me3SiO- 200 0.02 138
10 Yes H(Me)2SiO- 200 0.02 140
11 Yes t-Butyl-O- 190 0.02 145

aPolymerization condition: catalyst (100 mg), [X-(CH2)6-C5H4]2ZrCl2 supported on silica calcined at 800oC, where X denotes the func-
tional group; 80oC; 2.76 bar; 1 hr.
January, 2004
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ties. It is well known that the metallocene catalysts are very sen-
sitive to polar impurities such as water, carbon monoxide, acety-
lene, etc. in polymerization processes. When the naked catalyst is
prepolymerized, it is surrounded by polyethylene, which might pro-
tect the active catalyst from polar impurities and hence the higher
activities were observed.
3. MAO Recycle

Though a high concentration of MAO is required for high cat-
alyst activity, only small portion of the added MAO is actually con-
sumed during the polymerization. Theoretically only one equiva-
lent of MAO molecule, which may be composed of 15-30 alumi-
num atoms, is consumed to form active ion-paired complex if the
role of scavenging impurities is excluded. Therefore, a large por-
tion of unreacted MAO could be present in the solvent after poly-
merization or prepolymerization if rigorously purified solvent is used.
It was envisaged that the unreacted MAO present in the solvent might
be decanted and reused for another polymerization or prepolymer-
ization reaction. Fig. 3 shows the possibility of the MAO recycle.
In the case of polymerization conducted with the prepolymeriza-
tion, hexane containing unreacted MAO was decanted and reused
in the prepolymerization step and the main polymerization was car-
ried out after adding hexane (200 mL) and triethylaluminum (0.3
mmol) as a scavenger. In the case of polymerization conducted with-
out the prepolymerization, the hexane containing MAO was decanted
after the main polymerization and reused. As shown in Fig. 3, the
MAO solutions were reused 3 times with limited decrease in ac-
tivity for both of the polymerizations conducted with and without
prepolymerization. Since only 90% of hexane containing unreacted
MAO could be decanted after the precipitation of polymer parti-
cles or prepolymerized catalyst particles, the apparent amount of
MAO in solution, as well as the Al/Zr ratio, was decreased at least
by 10% with each recycle in Fig. 3. In addition, some of MAO should
have been reacted to activate the metallocene complexes and may
have been lost by the reaction with impurities. Therefore, the actual
concentration of MAO in the recycle solution should be lower than
the apparent concentration of MAO. That may explain the slight
decrease of activity for each recycle.

In case of polymerization conducted without prepolymerizatio
a slight reactor fouling was observed with lower bulk density of po
mer particles in the 2nd and 3rd cycles. These observations indica
that a small portion of activated catalyst may be leached out f
the supported catalyst during the polymerization. The active s
cies present not only on the surface of the reactor but in the s
tion produces polymers having bad morphology and these give
to the reactor fouling and low bulk density. Reactor fouling crea
major problems in commercial operation. Neither fouling nor d
crease in bulk density was observed when the MAO was recy
in the prepolymerization step. After all, the MAO recycle in th
prepolymerization step is more desirable than the recycle in the m
polymerization.

The compensation method for MAO loss in each recycle w
studied for the polymerization conducted with prepolymerizatio
The loss might be due to both the incomplete decantation and
reaction with metallocene compound or impurities. As shown
Table 3 and Fig. 3, the catalyst activity decreased successivel
each recycle when extra MAO was not added (runs 12-14). H
ever, when small amount of extra MAO (0.2 mmol Al) in hexa
(10 mL) was added to the decanted hexane (90 mL) for the 
prepolymerization reaction, no decrease in activity was observe
the second cycle (run 16). When the same amount of extra M
(0.2 mmol Al) in hexane (10 mL) was added to the decanted h
ane from the second cycle, no decrease in activity was also obs
in the third cycle (run 17). Theses results indicate that, even tho
an excess amount of MAO may be required to activate metalloc
catalyst to have sufficient activity, the actual consumption of MA
is less than 10% of original MAO.

Low-cost alkylaluminums are used as a cocatalyst and sca
ger in Ziegler-Natta catalysis. It is also reported that MAO can
partially replaced by common alkylaluminums without severe lo
of activity [Chien and Wang, 1988; dos Santos et al., 1999; Pe
tour et al., 2001]. If unreacted MAO - enough to activate metalloc
catalyst in the next run - is left in the decanted solution, the MA
consumed by scavenging impurities, at least, may be replaced

Fig. 3. Activity of supported catalyst by using decanted hexane con-
taining unreacted MAO. Polymerization condition: catalyst
(100 mg), [(EtO)(Me)2SiO-(CH2)6-C5H4]2ZrCl 2 supported
on silica calcined at 800oC; 80 oC; 2.76 bar; 1 hr.

Table 3. Polymerization results showing the effect of addition of
extra MAO a

Run
Cycle
no.

Extra 
MAOb

Hexane
(mL)c

Activity
(gPE/gCat.hr)

12 1 - 100 145
13 2 No 0d90d 132
14 3 No 0d80d 116

15 1 - 100 145
16 2 Yes e100e 143
17 3 Yes e100e 144

aPolymerization condition: catalyst (100 mg), [t-Butyl-O-(CH2)6-
C5H4]2ZrCl2 supported on silica calcined at 800oC; conducted
with prepolymerization; 80oC; 2.76 bar; 1 hr.
bExtra MAO (0.2 mmol Al) in hexane (10 mL) was added to th
decanted hexane.
cHexane used for the prepolymerization.
dDecanted amount from the previous run.
eDecanted amount from the previous run and extra added am
Korean J. Chem. Eng.(Vol. 21, No. 1)
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common alkylaluminum. Table 4 shows that the catalyst activity
can be sustained by adding the same amount of inexpensive extra
alkylaluminum (0.2 mmol) instead of MAO. Trimethylaluminum
(TMA), triethylaluminum (TEA), and triisobutylaluminum (TIBA)
were working similarly to show almost the same activities. Prepo-
lymerization played a crucial role as well in obtaining high activity
in these cases (runs 24-26 versus runs 27-29). When the polymer-
ization was conducted without prepolymerization (runs 27-29), the
catalyst activity decreased more significantly even though twice of
TIBA was added compared with prepolymerized cases (runs 24-
26). This result indicates that the expensive MAO may be substi-
tuted with low-cost alkylaluminums in cocatalyst recycle system if
the prepolymerization step is included.

Deffieux et al. [Coevoet et al., 1998] showed by UV-vis spec-
troscopy that an Al/Zr ratio of at least 150 is required to form the
homogeneous active metallocene catalyst. Even though this guide-
line is kept, the consumption of MAO can be minimized by the MAO
recycling method disclosed in this article, especially by recycling
MAO in the prepolymerization step and the addition of small amount
of extra alkylaluminum or MAO for another activation reaction.
The Al/Zr ratio in the prepolymerized catalyst was determined to
be about 30 by ICP analysis.

CONCLUSIONS

The cocatalyst MAO is required in excess quantities to activate
metallocene catalysts with high activity. A method to minimize the
MAO consumption keeping the same high activity is proposed and
confirmed by experiments: (1) the prepolymerization of catalyst at
high concentration of MAO in small volume of hexane so that the
total added amount of MAO is minimized while keeping the MAO

concentration high, (2) decantation of hexane containing unrea
MAO after prepolymerization and its reuse for another prepo
merization reaction, and (3) the extra addition of small amoun
MAO or alkylaluminum to compensate the MAO loss occurrin
not only by incomplete decantation but also by the reaction w
metallocene compound or impurities. The prepolymerized catal
prepared according to this method may be applied to both c
mercial slurry and gas phase olefin polymerization processes.
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