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ABSTRACT

AO-free supported catalysts for ethylene polymerization were prepared by sequentially treating

montmorillonites (MMTs) with R,Al and then with zirconocene. MMTs possessing different physicochemical
properties—such as surface area, acidity, and crystallinity—were employed for catalyst preparation. Three
zirconocenes, Cp,ZrCl,, (1,3-Me,Cp),ZrCl,, and Me,Si(Cp),ZrCl,, were used. Acid treatment of raw MMT (Na'-
montmorillonite) increased the surface area while decreasing both the Al content and crystallinity. The maximum
surface area (316 m? g') was obtained when the residual Al content was 18%. The effects of triethylaluminum
(TEA) and triisobutylaluminum (TIBA) on catalyst performance were investigated. Although treatment of surface
OH groups was necessary to obtain the zirconocene-supported catalysts with high activity, no significant difference
in catalytic activity was observed between TEA- and TIBA-treated MMTS. In contrast, the type of R Al used
as a scavenger during polymerization strongly influenced catalytic activity: catalysts employing TEA exhibited
much lower activity than those using TIBA. Since TEA is a stronger Lewis acid than TIBA, it likely coordinates
more strongly to the active sites, thereby acting as an inhibitor. Therefore, TIBA was employed in all subsequent
experiments. The catalytic activity, based on catalyst weight, increased with both surface area and the amount of
supported zirconocene, reaching a maximum when the residual Al content was 54%. A linear correlation between
the activity (per catalyst weight) and the amount of supported zirconocene was observed for two zirconocenes,
Cp,ZrCl, and (1,3-Me,Cp),ZrCl,, indicating that the supported zirconocenes functioned uniformly as active species
for ethylene polymerization. However, 5-7 pmol g -cat of zirconocene formed inactive species in both catalysts.
Unusual behavior was observed for the supported Me,Si(Cp),ZrCl, catalysts: at higher residual Al content,
the correlation was similar to that of the other two catalysts, whereas at lower residual Al content, most of the
supported zirconocene formed inactive species, and only a small fraction acted as active sites. We speculate that
Me,Si(Cp),ZrCl, is difficult to activate, and that only the species formed by reaction of strong acid sites with R,Al
can specifically activate this complex. Polyolefins J (2026) 13: 1-11
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INTRODUCTION

Polyethylene (PE) is the most extensively produced a-olefin polymerization catalyst comprising a Group [V

resin worldwide and is used in a wide range of
applications, including films, sheets, bottles, and pipes
[1]. In the early 20" century, PE was synthesized via
radical polymerization under extremely high ethylene
pressures (>1000 bar). In 1960, Ziegler and co-workers
reported titanium chloride-based catalysts, hereafter
referred to as “Ziegler catalysts,” which enabled
ethylene polymerization under significantly milder
conditions [2].

The discovery by Sinn and Kaminsky in 1980 of an
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metallocene complex and methylaluminoxane (MAQO)
as a cocatalyst [3] initiated extensive investigations, as
themicrostructure ofpolyolefins canbeprecisely tailored
by selecting an appropriate metallocene complex [4-
7]. Within this system, MAO functions as an activator
by generating cationic complexes and stabilizing the
cationic metal center through weak, noncoordinating
interactions. MAO is a mixture of oligomers containing
4-12 aluminum atoms, synthesized via partial
hydrolysis of trimethylaluminum. Consequently, the
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correlation between the molecular structure and the
function of MAO has been intensively examined. A
significant advance was the identification of Lewis
acidic compounds, such as tris(pentafluorophenyl)
borane [8-10], as effective cocatalysts for metallocene
activation, yielding highly active catalysts for ethylene
and propylene polymerization.

For implementation in industrial slurry- and
gas-phase polymerization processes, metallocene
complexes and/or cocatalysts must be immobilized on
support materials. Numerous supported metallocene
catalysts have been developed [11,12]. One notable
approach involves the use of alkylaluminum
compounds, such as triethylaluminum (TEA) and
triisobutylaluminum (TIBA), in place of MAO for
catalyst activation. Kaminaka and Soga reported
MAO-free systems consisting of AlLO,- or MgCl.-
supported Et(H,Ind),ZrCl, in combination with AIR,
(R=CH,, C,H,) for propylene polymerization [13,14].

Supported zirconocene catalysts as MAO-free
systems have also been extensively investigated
for ethylene polymerization. Examples include
zirconocene supported on halo organoaluminum-
and dialkylmagnesium-modified SiO, [15], R Al-
treated aerogel [16], R Al-treated MgCl, [17,20],
trimethylaluminum (TMA)- and fluorinated sultone-
modified SBA-15 [18], R,Al-treated AIPO, [19], Mg-,
Na-, and Li-modified SiO, [21], fluorinated TMA-
treated Si0O, [22,23], ionic liquid-modified SiO, [24],
and fluorinated AL O, [25].

Suga et al. proposed a cocatalyst/support system
based on montmorillonite (MMT), a layered
aluminosilicate (clay mineral), which functions
as both a cocatalyst and a support for metallocene
complexes [26,27]. Metallocene complexes supported
on clay minerals exhibited high activity in ethylene
and propylene polymerization when activated with
conventional alkylaluminum compounds (e.g., TEA,
TIBA), without the use of MAO. As clay minerals
are solid materials, the supported catalysts can be
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Figure 1. zirconocene complexes used in this study.
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readily prepared and applied in gas- and slurry-phase
processes, which dominate commercial PE production.
They termed MMT promoted by physicochemical
modification a “support activator.”

Weiss et al. concluded that active sites for zirconocene
activation were generated by the reaction of R,Al with
Si-OH groups on silica arms (dendrimer-like silica)
formed by the acid treatment of MMT [28]. The
acidity of MMT [29] and the textural characteristics
of aluminum species formed on its surface [30] were
found to influence catalytic activity. Tayano et al.
reported high activity in propylene polymerization
using zirconocene supported on acid-treated MMT,
concluding that strong acid sites (pKa < —8.2) on
the MMT surface were required for the formation of
highly active sites [31].

We previously reported the preparation of a
fluorotetrasilicic mica-supported metallocene catalyst
and its application in ethylene slurry polymerization.
Fluorotetrasilicic mica is a layered aluminosilicate
exhibiting structural and physicochemical features
analogous to those of MMT. In this system, the
swelling behavior of cation-exchanged mica directly
influenced catalytic activity, as exfoliation of the mica
layers was necessary to achieve high activity [32].
In this paper, we investigated the role of MMT as a
“support activator” in the catalyst performance using
three types of zirconocene complexes (Figure 1) and
acid-treated MMTs with different Al contents and
surface areas. In particular, the effects of the Al content
of MMT, the amount of supported zirconocene, and
the amount of acid sites on the catalytic activity were
systematically investigated.

EXPERIMENTAL

All solvents and reagents were purchased from
Kanto Chemical Corporation. MMT (JCSS-3102)
was obtained from the Clay Science Society of
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Japan. Toluene and n-hexane were used for catalyst
preparation and ethylene polymerization after
dehydration with MS-13X, calcined at 400°C for 5 h
under reduced pressure.

Acid-treatment of MMT

MMT was treated with an aqueous H,SO, solution
(3.0 mol L'; 25 mL of solution per gram of MMT)
at 30-90°C for 24 h. The product was washed with
deionized water and ethanol, calcined at 300°C for 4
h, and subsequently dried under reduced pressure at
300°C for an additional 4 h. Our preliminary results
indicated that the catalytic activity decreased when the
drying temperature of the acid-treated MMT increased
from 200 to 400°C. Although the catalyst prepared
using the MMT dried at 200°C exhibited the highest
activity, its activity varied among repeated runs. These
findings suggested that residual weekly bonded water
might influence the catalytic activity. Therefore, a
drying temperature of 300°C was adopted to ensure
high reproducibility in polymerization performance.
The resulting acid-treated MMT (denoted as H'-
mont-X) was stored under a nitrogen atmosphere and
used for catalyst preparation, where X indicates the
percentage of residual Al relative to that in Na“™-mont.
The chemical composition and crystallinity of H™-
mont-X were determined by X-ray fluorescence (XRF,
Spectris Co., Ltd., PW 2400) and X-ray diffraction
(XRD, Rigaku K.K., Ultima III), respectively.
The surface acidity of H'-mont-X was quantified
by NH, chemisorption using a static adsorption
apparatus. Surface morphology was examined by
scanning electron microscopy (SEM, Hitachi High-
Technologies Corporation, S-4100). The specific
surface area of the prepared MMTs was determined
by a BET method using SA-6200 (HORIBA, Ltd.).

Preparation of supported catalysts
All procedures described below were performed under
a nitrogen atmosphere. In a 50-mL Schlenk flask,
20 mg of H™-mont-X was weighed in a glove box.
Toluene (20 mL) and alkylaluminum (TEA or TIBA,
95 umol-Al g-mont') were subsequently added.
The slurry was stirred for 1 min and then allowed to
stand for 90 min at ambient temperature. Most of the
solution was removed with a syringe, and the solid
was washed with fresh toluene under stirring. This
washing process was repeated four times to remove
unbound alkylaluminum.

A toluene solution of zirconocene was then added
to the slurry (100 pmol g-mont'), and the mixture
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was allowed to react with TIBA- or TEA-treated H'-
mont-X for 60 min at ambient temperature. The solution
containing unbound zirconocene was removed with a
syringe, and the solid was repeatedly washed with fresh
toluene to eliminate weakly adsorbed zirconocene
species. The resulting zirconocene-supported H*-
mont-X was used for polymerization in the form of a
toluene slurry. The zirconocene loading was determined
by XRF analysis, calibrated using standard samples
prepared by impregnation of H*-mont-X with a toluene
solution of zirconocene complexes.

Polymerization of ethylene

n-Hexane (10 or 50 mL), the catalyst toluene slurry
(2.0-8.0 mg based on catalyst), and a 0.25 M TIBA or
TEAtoluene solution were successively introduced into
a stainless-steel autoclave equipped with a magnetic
stirrer. The autoclave had an internal volume of 30
mL when using the Cp,ZrCl- and Me Si(Cp),ZrCl-
supported catalysts, and 120 mL when using the
(1,3-Me,Cp),ZrCl,-supported catalyst. The catalyst
amount and the Al/Zr ratio during polymerization were
adjusted to their optimal values based on the results of
preliminary experiments. These values are shown in
each figure. The larger reactor (120 mL) was used for
polymerization with the supported (1,3-Me,Cp),ZrCl,
catalysts because these catalysts exhibited exceedingly
high activity. This was necessary to avoid monomer
transfer limitations and to ensure proper control of the
reaction temperature.

Based on the results of preliminary experiments,
the polymerization temperature and ethylene pressure
were also selected to adjust the average-number
molecular weight (M) of the resulting polyethylene
to approximately 10°. The autoclave was purged
with ethylene and then immersed in a water bath
maintained at 60°C. Ethylene pressure was adjusted
to the desired value and maintained by continuous
ethylene feeding during polymerization. The applied
ethylene pressures were 0.7 MPa for the Cp,ZrCl,-
and (1,3-Me Cp),ZrCl -supported catalysts, and 0.4
MPa for the Me,Si(Cp),ZrCl,-supported catalyst.

After the reaction, the residual ethylene was vented,
and the resulting polyethylene was collected by
filtration as a powder. The obtained PE was dried and
weighed to determine the catalysis-based activity. The
molecular weight and its distribution were analyzed
by gel permeation chromatography (GPC, ALC/GPC
150C, Waters Corporation).
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RESULTS AND DISCUSSION

Characterization of H*-mont-X

Acid treatment induces dealumination from the
octahedral sheets of MMT, resulting in an increase
in surface area and a decrease in crystallinity. Table
1 summarizes the physicochemical properties of
H*-mont samples prepared under various acid-
treatment conditions of Na*-mont. When the treatment
temperature was increased from 30 to 90°C, the
surface area of the resulting H*-mont increased from
53 to 263 m? g!, accompanied by a concomitant
decrease in Al content. The maximum surface area
(316 m* g') was obtained by treating Na‘*-mont twice
at 90°C. However, under more severe conditions
(100°C, twice), the surface area of H*-mont decreased
to 276 m? g''. The decreased surface area of MMT-8
was attributable to the formation of amorphous silica,
which typically exhibits a relatively small surface area
(~200 m? g).

The XRD profiles of Na*-mont and the acid-treated
MMTs are shown in Figure 2. Because the purchased
Na'-mont (raw material) is a natural product, some
impurities were present. In the XRD profiles of the raw
material, quartz was identified as a typical impurity,
as evidenced by the peak observed at 20 = 26°. The
intensity of the peaks attributed to MMT markedly
decreased with increasing acid-treatment temperature
due to dealumination. After two acid treatments at
90°C, the peak intensity of the resulting H*-mont-25
almost disappeared, while the halo peak corresponding
to amorphous SiO, became more pronounced.
Under the harshest treatment conditions, the peaks
corresponding to MMT disappeared completely.
Dealumination from the octahedral sheets destroyed
the crystal structure of MMT, thereby increasing its
surface area.
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Figure 2. XRD profiles of Na*- and H*-mont-X.

The surface morphology of H*-mont-X (X = 94,
77, 54, 31, and 8) was examined by SEM, and the
corresponding micrographs are presented in Figure
3. The SEM image of H*-mont-94 (photo (a)) clearly
showed the -characteristic sheet-like morphology
associated with the lamellar structure of MMT. In
contrast, although the sheet-like morphology remained
discernible in photos (b) and (c), particles smaller
than 50 nm were distinctly observed on the sheet
surfaces. For H"-mont-31 (photo (d)), the surface was
predominantly covered with numerous small particles
(right side of the photo), while only limited remnants of
the original sheet-like structure were observed (left side
of the photo). A more pronounced change was observed
in H™-mont-8 (photo (e)), which had the lowest Al
content and was obtained under the most severe acid-
treatment conditions. In this case, the original sheet-like
morphology had almost completely disappeared, giving
rise to a surface dominated by aggregated particles.
Based on combined XRD, XRF, and SEM analyses,

Table 1. Physicochemical properties of acid-treated montmorillonite.

Acid-treatment conditions ™ Residual Al Surface area Pore
LB Temperature (°C) Number of treatment content (%) (m?g7)* diameter (nm)
Na*-mont - - 100 14 22.6
H*-mont-94 30 1 94.4 53 8.8
H*-mont-88 60 1 88.4 124 9.7
H*-mont-77 80 1 76.5 205 111
H*-mont-54 90 1 54.3 263 12.5
H*-mont-31 80 2 30.8 292 -
H*-mont-25 90 2 25.1 309 19.0
H*-mont-18 90 2 18.2 316 -
H*-mont-8 100 2 7.9 276 25.9

"3 M H,S0O, aqueous solution was used. ? Determined by XRF. " Determined by BET method.

Polyolefins Journal, Vol. 13, No.1 (2026)
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(a) H*-mont-94
(b) H-mont-77
(c) H-mont-54
(d) H*-mont-31
(e) H*-mont-8

Figure 3. SEM images of Na*- and H*-mont-X.

these particles were attributed to arm-like amorphous
silica chain generated via extensive dealumination of
the MMT framework. This interpretation is consistent
with the findings of Weiss et al. [28], who reported that
dealumination preferentially occurred at the edges of
MMT lamellae, leading to the formation of amorphous
SiO, dendrimers.

The acidity of the prepared H*-mont samples was
evaluated using a conventional static NH, adsorption
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Figure 4. Relationship between residual Al content and
amount of NH, adsorbed on H*-mont-X.
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method, and the results are presented in Figure 4.
Adsorption measurements were carried out at two
temperatures (room temperature and 100°C). Because
NH, is a strong base, the amount adsorbed at room
temperature likely includes contributions from non-
acidic silanol groups. In contrast, NH, desorbing at
higher temperature is more strongly bound to acid
sites, and thus the amount of NH, adsorbed at 100°C
can be regarded as a measure of stronger acid sites.

The amount of acid sites determined from adsorption
at room temperature increased with decreasing Al
content, reaching a maximum value of 0.90 mmol
g-mont! at an Al content of 30.8 wt.%. These acid
sites are primarily silanol groups adjacent to Al atoms,
and their amount depends on both the Al content in the
aluminosilicate framework and the surface area of H'-
mont. At higher Al contents, the effect of the increased
surface area outweighed that of the decreasing Al
content. Consequently, the amount of weaker acid
sites per gram of H*-mont increased with decreasing
Al content. Around the maximum surface area,
however, the acidity decreased owing to the relatively
small variation in surface area. The amount of NH,
adsorption at 100°C showed little change up to an Al
content of 50% and gradually decreased below this
threshold, a trend attributed to the loss of crystallinity
in MMT.

Effects of R Al treatment of H'-mont-54 on catalytic
activity
The effects of R,Al treatment of H'-mont-X on catalyst
performance were investigated, and the results are
summarized in Table 2. When the zirconocene complex
was directly supported on untreated H-mont-54, the
catalytic activity for ethylene polymerization was
observed (entries 1 and 2), irrespective of the type of
R Al Severn et al. [9] proposed the formation of two
types of inactive surface species: one with a single
Si-O-Zr bond and another with two Si-O-Zr bonds,
generated by the reaction of metallocene complexes
with surface silanol groups. They also reported that
the former species can be readily activated with MAO,
whereas the latter species is essentially inactive for
alkene polymerization. The low activity of the catalysts
supported on untreated H™-mont-54 is therefore
attributed to the formation of those inactive species.
Employing TEA as a scavenger exhibited much
lower activity than those using TIBA. Since TEA is a
stronger Lewis acid than TIBA, it likely coordinated
more strongly to the active sites, thereby acting as
an inhibitor. The inhibitory effect of TEA was also
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Table 2. Effect of R,Al treatment of H*-mont-54 on catalytic activity.

ZrCl Activi
Entry R,Al Treatment ™ Scavenger ? Sufg:nrlic;igzﬁ)c 2 (g-PE (g=t-catt!',1 hr)
1 none TIBA 204 95
2 none TEA 17.5 21
3 TIBA TIBA 24.3 351
4 TEA TIBA 33.6 326
5 TIBA TEA 21.9 80
6 TEA TEA 33.5 65

"' R,Al used for treatment of H*-mont-54 before supporting Cp,ZrCl,.

2 R,Al used during polymerization.

evident when R, Al was used for the pretreatment of
H™-mont-54: the amount of supported complex was
significantly higher for the TEA-treated catalyst than
for the TIBA-treated one. Interestingly, the kind of
R,Al employed as a scavenger had more pronounced
influence on catalytic activity, most likely because an
excess amount of the scavenger was present during
polymerization.

The deactivation mechanism of MAO-free
zirconocene catalysts employing alkylaluminum
activators was investigated in detail by Tyumkina ef al.
using computational analysis [33-35]. They concluded
that, when TEA is used as an activator in MAO-free
systems, unstable diethyl zirconocene (Cp,ZrEt)
predominantly undergoes ethane elimination to form
zirconia cyclopropane species, which are inactive
toward alkene insertion. In contrast, the reaction of
zirconocene dichloride with diisobutylaluminum
hydride leads readily to the formation of an intermediate
composed of chain-like trialuminum species coordinated
with zirconocene, which remains active for ethylene
insertion. In our study, the low activity observed when
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using TEA as an activator may likewise be attributed to
the formation of such inert species.

Based on our observations and the results reported
by Tyumkina et al., TIBA was employed as both the
pretreatment agent and scavenger in all subsequent
experiments.

Polymerization using Cp,ZrCl,, (1,3-Me,Cp),ZrCl,,
and Me,Si(Cp),ZrCl, supported on H*-mont-X

The supported catalysts consisting of Cp,ZrCl, and H'-
mont-X were evaluated, and the results are presented
in Figure 5. Figure 5(a) shows the catalytic activity
of these catalysts along with the amount of supported
Cp,ZrCl, measured by XRF. Both the catalytic
activity and the amount of the supported zirconocenes
exhibited volcano-type trends with respect to the Al
content (Figure 5(a)). A linear correlation between the
amount of supported zirconocenes and the catalytic
activity was observed (Figure 5(b)), indicating that the
supported zirconocenes exhibited identical intrinsic
activity for ethylene polymerization. Closer inspection
of Figure 5 (b) reveals that the linear trendline did not

400
o R
= 300 A (31) L7 (X=54)
o
0 18
2 200 ( 3/<«> an
& .
z ®8) 7
= 100 ,60
<L£ 04) - .7 ® H™-mont-X
0 LL : :
0 10 20 30 40
Amount of supported Cp,ZrCl, (umol-Zr g-cat™)
(b)

Figure 5. Ethylene polymerization using Cp,ZrCl, supported on R Al-treated H*-mont-X. Reaction conditions: ethylene pressure =
0.7 MPa; reaction temperature = 60°C; catalyst = 2.0 mg (X = 18, 31, 54, 77, and 88) and 3.0 mg (X = 8 and 94); TIBA=0.18 mmol
(X=18, 31,54, 77, and 88) and 0.27 mmol (X = 8 and 94). The values in parentheses represent the residual aluminum content X.
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pass through the origin, suggesting that approximately
5 umol of the supported zirconocenes were inactive
for polymerization, despite pretreatment of the H'-
mont-X surface with an alkyl aluminum. Since these
inactive zirconocenes were not removed by washing
with toluene, they appear to have a strong interaction
with the surface of H-mont-X. Based on the slope
obtained in Figure 5(b), the catalytic activity was
estimated as 2.0 x 107 g-PE mol-Zr! h' at 0.7 MPa.

The molecular weight and molecular weight
distribution of the synthesized polyethylene were
determined by GPC. The values were typically in
the range of M_ = (1.1-1.3) x 10° and M /M = 2.4-
2.9. These values were characteristic of polyethylene
synthesized using zirconocene catalysts, although
slight variations were observed owing to the use of a
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Figure 6. Ethylene polymerization using (1,3-Me,Cp),ZrCl,
supported on R,Al-treated H*-mont-X. Reaction conditions:
ethylene pressure = 0.4 MPa; reaction temperature = 60°C;
catalyst = 2.0 mg (X = 8, 25, 31, 54, 77, and 85) and 3.0 mg
(X=94); TIBA=0.24 mmol (X =8, 25, 31, 54, 77, and 85) and
0.36 mmol (X = 94). The values in parentheses represent the
residual aluminum content X.
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small reactor with limited controllability.

Figure 6 presents the results of polymerization
using (1,3-Me Cp),ZrCl, supported on H'-mont-X.
The catalytic activity and the amount of supported
zirconocenes showed the same trends as those
observed for Cp,ZrCl, supported on H'-mont-X. A
linear correlation was again observed in Figure 6(b),
though with slightly lower linearity compared to Figure
5(b). The trendline did not pass through the origin,
consistent with the previous observation. Based on
the slope, the catalytic activity was estimated as 2.5 X
107 g-PE mol-Zr' h'! at 0.4 MPa. The intrinsic activity
per the supported (1,3-Me,Cp),ZrCl, was much higher
than that of Cp,ZrCL,.

Figure 7 shows the results of polymerization using
the Me,Si(Cp),ZrCl, supported on H'-mont-X, a
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Figure 7. Ethylene polymerization using Me,Si(Cp),ZrCl,
supported on R,Al-treated H*-mont-X. Reaction conditions:
ethylene pressure = 0.7 MPa; reaction temperature = 60°C;
catalyst = 6.0 mg (X = 8, 25, 31, 54, 77, and 85) and 8.0 mg
(X=94); TIBA=0.18 mmol (X =8, 25, 31, 54, 77, and 85) and
0.24 mmol (X = 94). The values in parentheses represent the
residual aluminum content X.
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bridged-type zirconocene. The prepared -catalysts
exhibited significantly lower activity than the two
non-bridged zirconocene catalysts. Notably, two
distinct correlations (dashed and dotted lines) were
observed in Figure 7(b), representing the relationship
between the amount of supported zirconocenes and the
catalytic activity. These correlations depended on the
residual Al content in H*-mont-X: the catalysts with
higher Al content (X = 94-54) showed higher activity
based on the catalyst amount than those with lower Al
content (X = 31-8). The dashed-line trend in Figure
7(b) suggests that approximately 17 umol-Zr g-cat! of
zirconocene supported on low-Al-content H*-mont-X
formed inactive species.

The trend in ethylene consumption during
polymerization is shown in Figure 8. Similar profiles
were observed for the polymerizations conducted using
the MMT-supported Cp,ZrCl, and (1,3-Me Cp),ZrCl,
catalysts. After the rapid initial drop in ethylene
uptake attributable to ethylene absorption into the
solvent, the consumption rate gradually increased as
polymerization progressed, and then slowly decreased
after approximately 40 min. In contrast, a long
induction period and a low ethylene consumption
rate were observed during the polymerization using
the MMT-supported Me,Si(Cp),ZrCl, catalyst; this
catalyst system was difficult to be activated under the
present polymerization conditions.

Activation mechanism of zirconocene with R,Al-
treated H'-mont-X

Although no direct evidence has yet been obtained,
an activation mechanism is proposed based on these

A Cp,ZtCl, O (1,3-Me,Cp),ZtCl,
30

©Me,Si(Cp),ZtCl,

”D“”D%;
20 %E,QED b h, ",

Ethylene consumption (ml/min)

Polymerization time (min)

Figure 8. Ethylene consumption profiles during
polymerization using three supported zirconocene catalysts.
Reaction conditions: ethylene pressure = 0.7 MPa; reaction
temperature = 60°C; MMT = H*-mont-54; catalyst = 2.0 mg;
TIBA = 0.24 mmol.

results (Figure 9). Me,Si(Cp),ZrCl, was more difficult
to activate than Cp,ZrCl, and (1,3-Me,Cp),ZrCL,.
During the catalyst preparation, Me,Si(Cp),ZrCl,
was preferentially adsorbed at B sites, formed by the
reaction of R Al with Si-OH groups on silica-like
surface, leading to the formation of inactive species.
After most B sites were occupied, only A sites —
formed by the reaction of R,Al with Si-OH groups
adjacent to Al atoms, corresponding to strong acid
sites- could effectively activate Me,Si(Cp),ZrCl..
This hypothesis is supported by the NH, adsorption
data in Figure 4: the amount of strong acid sites,
determined by NH, adsorption at 100°C, decreased
with decreasing Al content. In contrast, both Cp,ZrCl,
and (1,3-Me Cp),ZrCl, could be readily activated at
either A or B sites; thus, their catalytic activities per
supported zirconocene were independent of the Al
content in H*-mont-X.

These findings are consistent with the results
reported by Tayano ef al. [31,36]. They demonstrated
that the catalytic activity for propylene polymerization
using more sterically hindered ansa-zirconocenes was
well correlated with the surface area of acid-treated
MMT, particularly with the surface area associated
with pores having diameters below 6 nm, where
strong acid sites are present. In their study, the residual
aluminum content of the acid-treated MMT was in
the range of 50-100% relative to that of the untreated
material. In the present study, the catalytic activity
for ethylene polymerization was also well correlated
with the surface area within a similar range of residual
aluminum content. In the higher surface-area region,
the total surface area of MMT was nearly equal to the
surface area contributed by small pores with diameters
below 6 nm.

Me
ﬂbéa Meﬂ\bﬁa
i i
Me Me
Me

[ﬁ cl r ™~
Metsg ™~ N7 i Me%\ a
Me” Q § Cl M

B activate B

Figure 9. Proposed mechanism of zirconocene activation
by R,Al-treated H*-mont-X.
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In contrast, for acid-treated MMT with lower
residual aluminum contents (below 31%) relative to
the untreated material, no correlation between the
catalytic activity and surface areca was observed, even
when MMT with a high surface area was used. The
pore diameter of the acid-treated MMT increased with
the severity of the acid-treatment conditions, leading
to an overall increase in surface area. The catalytic
activity showed no clear correlation with pore
diameter, indicating that activation of the zirconocene
species within the internal pores was not the dominant
factor governing the catalytic performance.

These results indicated that strong acid sites
decrease as a result of dealumination at lower residual
aluminum contents. Therefore, only highly reactive
sites formed through the interaction of strong acid
sites with R Al are able to contribute effectively to the
activation of zirconocenes possessing Si-bridged Cp
rings (amsa-type zirconocenes).

CONCLUSION

Acid-treated montmorillonites (H™-mont-X, where X
denotes the residual Al content) with varying degree
of dealumination were prepared and used as supports
for zirconocene catalysts. The surface area of H'-
mont increased with decreasing Al content owing to
the removal of aluminum from the octahedral sheets
of MMT. Supported catalysts containing Cp,ZrCl,,
(1,3-Me Cp),ZrCl,, and Me,Si(Cp),ZrCl, on H'-
mont-X were prepared, and their catalytic activities
were evaluated in ethylene polymerization.
Pretreatment of H'-mont with triethylaluminum
(TEA) or triisobutylaluminum (TIBA) prior to
zirconocene loading was effective for obtaining highly
active catalysts, although no significant difference in
catalytic activity was observed between TEA- and
TIBA-treated MMTs. In contrast, the type of R,Al
used as a scavenger during polymerization strongly
affected catalytic activity: catalysts employing TEA
exhibited much lower activity than those using TIBA.
A linear correlation between activity (per catalyst
weight) and the amount of supported zirconocene
was observed for Cp,ZrCl, and (1,3-Me,Cp),ZrClL,
indicating that the supported zirconocenes
functioned uniformly as active species for ethylene
polymerization. However, approximately 5-7 pmol
g-cat!' of zirconocene formed inactive species in
both catalysts. Unusual behavior was observed for
the supported Me,Si(Cp),ZrCl, catalysts. At higher

Polyolefins Journal, Vol. 13, No. 1 (2026)

residual Al content, the correlation was similar to that
of the other two catalysts, whereas at lower residual
Al content, most of the supported zirconocene formed
inactive species, and only a small fraction acted as
active sites. The order of the maximum activity was
(1,3-Me,Cp),ZrCl, > Cp,ZrCl, > Me Si(Cp),ZrCl,
supported on H™-mont-54.

Montmorillonite is readily available as a natural
material and can be modified into a functional support
for polymerization catalysts through appropriate
chemical treatments. The resulting montmorillonite-
based support can be applied to the development of
MAO-free catalyst system. Recently, we explored
an interesting application in which a hybrid catalyst
system was developed by immobilizing zirconocene
on the outer surface of montmorillonite and a
bis(imino)pyridineiron complex within its interlayer
space. This approach enabled the construction of a
hybrid polymerization catalyst incorporating two
different metal complexes [37].
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