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Abstract A nano-sized silica supported Cp,ZrCl,/MAQO catalyst was used to
catalyze the copolymerization of ethylene/l-hexene and ethylene/1-octene to pro-
duce linear low-density polyethylene (LLDPE) in a batch reactor. Under identical
reaction conditions, the nano-sized catalyst exhibited significantly higher poly-
merization activity, and produced copolymer with greater molecular weight and
smaller polydispersity index than a corresponding micro-sized catalyst, which was
ascribed to the much lower internal diffusion resistance of the nano-sized catalyst.
Copolymer density decreased with the increase of polymerization temperature,
probably due to the decrease of reactivity ratio r; and ethylene solubility with
increasing temperature. Polymerization activity of the nano-sized catalyst increased
rapidly with increasing comonomer concentration. Ethylene/l-octene exhibited
higher polymerization activity and had a stronger comonomer effect than ethylene/
1-hexene.
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Introduction

Linear low-density polyethylene (LLDPE) is a large volume commodity product
with worldwide production quantities of over 15 x 10° metric tons/year. It is
widely used in films (the largest single market for LLDPE resins), pipe/tubing,
bottles/containers, electric wire, and cable insulation [1, 2]. LLDPE is a copolymer
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of ethylene and «-olefins. The use of a-olefins as a comonomer affects the density
due to the side-chain branching. Four olefins are used in industry to manufacture
LLDPE: 1-butene, 1-hexene, 4-methyl-1-pentene, and 1-octene. Ethylene-1-hexene
and ethylene-1-octene copolymers exhibit film properties which are superior to
those of ethylene-1-butene copolymer [1].

The LLDPE resins are produced in industry with three classes of catalysts:
Ziegler catalysts, metallocene-based catalysts (Kaminsky and Dow), and chromium
oxide-based catalysts (Phillips) [1]. Catalytic systems influence the structure and
properties of the copolymer. Metallocene catalysts activated by methylaluminoxane
(MAO) show very high activity in ethylene copolymerization and produce uniform
polymer with narrow molecular weight distribution and narrow comonomer
distribution [3-5]. A LLDPE with uniform ethylene-«-olefin composition produced
with metallocene catalysts, was first introduced by Exxon Chemical Co. in 1990.
The growth of metallocene-based LLDPE is rapid, and a remarkable part of the
LLDPE produced worldwide is made by metallocene catalysts [S].

Many metallocene catalysts have been supported on inorganic carriers, typically
silica, for industrial use [6—11]. The development of supported metallocenes is
crucial for industrial application because it enables their use in gas- and slurry-phase
processes and prevent reactor-fouling problems. It also enables the formation of
uniform particles with narrow size distribution and high bulk density.

In the literature, the sizes of silica particles used to support metallocene/MAO
catalysts for ethylene copolymerization to LLDPE were usually in the range of
micrometers [12—-14], where most active sites for polymerization were located
inside fine pores, and strong internal diffusion resistance might occur inside the
pores of the micro-sized catalysts.

Nano-sized particles had a characteristic of very large external specific surface
areas. Recently, we found that nano-sized silica-supported metallocene catalysts had
better activity for propylene polymerization and for ethylene homopolymerization
than micro-sized silica-supported metallocene catalyst [15-17].

In this study, a nano-sized silica particle was used as the support for
bis(cyclopentadienyl) zirconium (IV) dichloride (abbreviated as Cp,ZrCl,)/MAO
catalyst. The nano-sized catalyst system was used to catalyze the copolymerization
of ethylene/1-hexene and ethylene/l-octene. We found that the nano-sized catalyst
exhibited much better copolymerization activity than a micro-sized catalyst system
under identical reaction conditions. In addition, polymers produced with the nano-
sized catalyst had greater molecular weight and lower polydispersity index than
those produced with the micro-sized catalyst.

Experimental
Catalyst preparation and characterization
Two silica sources were used for supporting Cp,ZrCl,/MAO catalyst. One silica

was nano-sized, supplied by SeedChem (Melbourne, Australia); another silica was
micro-sized, supplied by Strem (Newburyport, MA, USA). Transmission electron
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micrograph indicated that nano-sized silica particle had a length of around 10 nm
and a width of around 4 nm [15]. Scanning electron micrograph indicated that
micro-sized silica particle had a size of around 100 pm [15].

The silica-supported Cp,ZrCl,/MAO catalysts were prepared using a method
reported previously [16, 18], according to the following procedure: (1) calcination
of silica particles at 450 °C under a nitrogen flow (1074 m3/min) for 4 h; (2)
immobilization of MAO on the supports by heating 3 x 10°° m® 10 wt% MAO
solution (in toluene) with 5 x 10~* kg silica particle at 50 °C for 24 h, followed by
washing with toluene; (3) reaction of the MAO-treated supports with metallocene
compounds (7.5 x 107 kg Cp,ZrCl,) at 70 °C for 24 h, followed by washing with
toluene; and (4) drying the catalyst at 50 °C. The operations of steps from (2) to (4)
were carried out under a dry argon atmosphere by using glove-box technique.
Cp,ZrCl, and MAO (10 wt% solution in toluene) were supplied by Strem
(Newburyport, MA, USA) and Albemarle (Baton Rouge, LA, USA), respectively.
Zirconium and aluminum contents of the resulting supported metallocene/MAO
catalysts were determined with an inductively coupled plasma—atomic emission
(ICP-AES) spectrometer (Kontron, Model S-35) after HF acid digestion of the
solid. The specific surface areas of the silica samples were determined by nitrogen
adsorption at the temperature of liquid nitrogen with a Micrometrics BET surface
area analyzer (Model ASAP 2020). BET measurements indicated that the surface
areas were 582,000 and 305,000 m2/kg for nano-sized silica and micro-sized silica,
respectively. ICP measurements indicated that Zr contents were 0.6 and 0.9 wt% for
nano-sized catalyst and micro-sized catalyst, respectively [16], Al contents were
10.3 and 9.8 wt% for nano-sized catalyst and micro-sized catalyst, respectively.

Ethylene copolymerization and polymer characterization

A 3 x 107* m® high-pressure autoclave reactor (supplied by Parr Instrument Co.)
equipped with an impeller and a temperature control unit was employed for carrying
out the catalytic copolymerization of ethylene-1-hexene and ethylene-1-octene. In a
typical experiment, 1 x 10™* m® toluene, 5 x 107 kg supported Cp,ZrCl,/MAO
catalysts (prepared by impregnation method mentioned above), and 3 x 107® m?
MADO solution were charged to the reactor. The reactor was heated to the desired
temperature (the temperature was set in the range of 40-80 °C). Ethylene at
550 kPa and a specific amount of I1-hexene/l-octene were then introduced
simultaneously into the reactor to initiate the polymerization, and the reactor inlet
valves were then closed. The agitator speed was set at 400 rpm, and the reaction
time was 1 h. The copolymerization was then terminated by adding acidic methanol
and the polymer product was dried in a vacuum oven. The measured polymer
weight was used for determining the polymerization activity according to the
following equation: polymerization activity = (kilograms of LLDPE)/(polymeriza-
tion time x kg mol of Zr in the catalyst). DSC measurements for the determination
of polymer melting point were carried out on a differential scanning calorimeter
(Perkin Elmer Pyris-1) with a heating rate of 10 °C/min. Polymer density was
measured with an electronic densimeter (Mirage SD-120L). Polymer molecular
weight and molecular weight distribution were determined by high-temperature gel
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permeation chromatography (GPC) using a Waters alliance GPCV20000 system
equipped with three columns (2 Styragel HT6E and 1 Styragel HT2) at 135 °C.
O-dichlorobenzene was used as the mobile phase. A calibration curve was
established using monodispersed polystyrene standards.

Results and discussion

Figure 1 compares the difference in polymerization activity between nano-sized
catalyst and micro-sized catalyst in the temperature range of 40-80 °C, which was
obtained with the copolymerization of ethylene and 1-hexene at a 1-hexene
concentration of 0.28 kg mol/m>. Figure 1 indicates that polymerization activities of
nano-sized catalyst (curve a) were significantly higher than (1.7-2.7 times) those of
micro-sized catalyst (curve b). Both the curves (a) and (b) exhibit a volcano shape
with a maximum polymerization activity at the polymerization temperature of
60 °C. Below and above the optimum temperature, polymerization activity
decreased. The maximum polymerization activities obtained for nano-sized catalyst
and micro-sized catalyst were 6.1 x 10° and 3.5 x 10° kg LLDPE/kg mol Zr h,
respectively. That is, the maximum activity obtained (at 60 °C) with nano-sized
catalyst was 1.74 times that obtained with micro-sized catalyst.

The global polymerization rate, R, in Ziegler—Natta catalysis and metallocene
catalysis, is generally represented by [15]:

Ry = kp[C7][M] (1)
where k, is the propagation rate constant, [C*] is the catalytic active species con-

centration, and [M] is the monomer concentration. The concentration of catalytic
active species in Eq. 1 is related to polymerization time, ¢ [15]
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Fig. 1 Polymerization activity as a function of polymerization temperature for (a) nano-sized catalyst
and (b) micro-sized catalyst
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(€] = [C7]oexp (—ka1) 2)

where [C*], is the initial concentration of the catalytic active species, kq is the
deactivation rate constant. The volcano shape that appeared, Fig. I, might be
attributed to increase in the rates of both propagation (k, = kyo exp[—E,/RT]) and
catalyst deactivation (kg = kqo exp[—E4/RT]), and the decrease of ethylene
solubility in toluene (i.e., [M]) [19] with increasing temperature.

Nano-sized silica had a length of 10 nm and a width of 4 nm, and, therefore,
most of the nano-sized silica surface areas were external surface areas, and active
sites on the nano-sized catalyst external surface should be free from internal
diffusion resistance [16]. In the region of no internal diffusion resistance,
polymerization rate is independent of particle size [20]; therefore, the further
decrease of particle sizes (smaller than 10 nm) cannot produce higher rates. On the
contrary, almost all of the micro-sized silica surface areas were internal (i.e., inside
the pores) surface areas, and active sites on the internal surface might have strong
diffusion resistance. Therefore, nano-sized catalyst’s active sites had higher reactant
concentration (i.e., [M] in Eq. 1) than micro-sized catalyst’s active sites, which
resulted in the higher polymerization rates for the former, as shown in Fig. 1.

Zheng et al. [21] determined aluminum distribution in a MAO-impregnated silica
support (with a particle size of 50 pm) by using energy-dispersive X-ray (EDX)
analysis. They found that MAO was homogeneously distributed on the support
when silica was impregnated with MAO at elevated temperature. The results of
Zheng et al. prove that most active sites of micro-sized catalyst were inside the
silica pores.

It is also possible that other properties of the two supports besides the size, such
as acidity (i.e., the number of surface SiOH groups) and other surface properties,
might affect the polymerization activity. Our FTIR measurements indicated that
surface SiOH concentration of calcined nano-sized silica was 26% higher than that
of calcined micro-sized silica. The SiOH concentration difference might be due to
the surface energy difference between micron and nano silica.

Figure 2 shows polymer weight-averaged molecular weight (denoted as My ) as a
function of polymerization temperature. Under identical polymerization conditions,
nano-sized catalyst produced LLDPE with significantly higher molecular weight
than micro-sized catalyst did. Figure 2 also shows that the molecular weight of the
copolymer produced with the nano-sized catalyst decreased from 3.1 x 10° to
1.3 x 10’ kg/kg mol on raising the polymerization temperature from 40 to 80 °C.

For a homogeneous polymerization catalyst, it was proposed that [22]

1/Py = (krm/kp)(1/[M]) + kro/ky (3)

where P, is the degree of polymerization (= number-averaged molecular weight/
monomer molecular weight), [M] is the monomer concentration, kp is the
propagation rate constant, kty; is the chain termination rate constant due to f-H
transfer to the metal, and kto is the chain termination rate constant due to f-H
transfer to an olefin. The decrease of molecular weight with the increase of
polymerization temperature (shown in Fig. 2) should be because of the enhanced
chain-transfer reactions. That is, krm/kp or kro/k, increased with increasing
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Fig. 2 Effect of polymerization temperature on molecular weight of ethylene-1-hexene copolymers
produced with (a) nano-sized catalyst and (b) micro-sized catalyst

polymerization temperature because the activation energies for chain-transfer
reactions (E1y and Epo) are greater than the activation energy for propagation
reaction [15].

Equation 3 also indicates that the higher the monomer concentration [M], the
higher the molecular weight of the polymer produced. Therefore, the higher
molecular weight observed for the polymer produced with the nano-sized catalyst
(shown in Fig. 2) should be caused by the higher monomer concentration at the
active sites of the nano-sized catalyst. As mentioned above, nano-sized catalyst’s
active sites were located at the external surface and had no internal diffusion
resistance, whereas micro-sized catalyst’s active sites were located inside the pores
and had strong internal diffusion resistance. Therefore, the external active sites on
nano-sized catalyst had higher monomer concentration than the internal active sites
on micro-sized catalyst, and thus produced copolymers with higher molecular
weight.

Figure 3 shows the effect of polymerization temperature on polydispersity index
(PDI = weight-averaged molecular weight/number-averaged molecular weight) for
(a) nano-sized catalyst and (b) micro-sized catalyst. At the same polymerization
temperature, nano-sized catalyst produced polymers with polydispersity values
significantly lower than those produced with micro-sized catalyst. PDI increased
from 1.46 to 2.25 with increasing polymerization temperature for the polymers
produced using the nano-sized catalyst.

Figure 4 compares GPC chromatograms of LLDPE obtained with (a) nano-sized
catalyst and (b) micro-sized catalyst at the polymerization temperature of 70 °C. As
it may be seen, curve (b) is broader than curve (a), and curve (b) is characterized by
a bimodal distribution. Figures 3 and 4 indicate that nano-sized catalyst produced
polymers with smaller PDI than micro-sized catalyst did. It is known that in the
presence of internal diffusion limitation, even if all sites were chemically identical,
polymer chains with different PDI would be produced at different radial positions,
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Fig. 3 Ethylene-1-hexene copolymer polydispersity index as a function of polymerization temperature
for (a) nano-sized catalyst and (b) micro-sized catalyst
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Fig. 4 GPC chromatograms of ethylene-1-hexene copolymers obtained with (@) nano-sized catalyst and
(b) micro-sized catalyst at the polymerization temperature of 70 °C

and thus a rather wide overall PDI would result [23]. Therefore, the larger PDI
obtained for the polymers produced with micro-sized catalyst provided additional
evidence proving that the micro-sized catalyst had significant internal diffusion
resistance. Confinement effects might exist because our SEM micrographs [16]
showed that nano-polyethylene fibers was produced (the sign of polymer extrusion)
with the use of nano-sized catalyst. Therefore, confinement effects of ethylene
polymerization might also affect the PDI of LLDPE. The lower PDI of LLDPE
obtained with nano-sized catalyst might also partly be due to its less particle size
distribution. As observed with our SEM and the TEM micrographs reported
elsewhere [15], nano-sized silica had less particle size distribution than micro-sized
silica.
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Fig. 5 Ethylene-1-hexene copolymer density as a function of polymerization temperature for the nano-
sized catalyst

Figure 5 indicates that ethylene-1-hexene copolymer density produced with
nano-sized catalyst decreased generally with increasing polymerization temperature,
and the density was in the range of 912-920 kg/m>. It was reported that LLDPE
density was 918-920 kg/m> for 2 mol% 1-hexene content, and was 908-912 kg/m>
for 3 mol% 1-hexene content [1].

The mole ratio of monomer M, (ethylene) and M, (1-hexene) contained in a
copolymer is given by the following copolymerization equation [24]:

dM,]/dIM;] = {[Mi](r[Mi] + [Ma])}/{IM2)([M1] + r2[M2]) } (4)

The copolymer composition d[M]/d[M,] is the molar ratio of the two monomer units
in the copolymer, and [M;] and [M;] are instantaneous concentrations of the two
monomers in the reaction solution. The decrease of copolymer density with increasing
polymerization temperature (shown in Fig. 5) indicating that d[M,]/d[M,] decreased
with increasing polymerization temperature. That is, more 1-hexene was incorporated
into the copolymer at the higher temperature.

In the case of homogeneous Cp,ZrCl,/MAO catalyst-catalyzed ethylene-1-hexene
copolymerization, the reactivity ratio r; (=kj,/k;») decreased with increasing
polymerization temperature in the temperature range of 20-60 °C (r; = 55, 54, 52
at 20, 40, and 60 °C, respectively), and r, (=kpy/k,;) was not sensitive to the
temperature change [25]. Therefore, there are two possible reasons for the decrease of
d[M,]/d[M;] with increasing polymerization temperature (shown in Fig. 5): (1) the
decrease of r; with polymerization temperature [25], (2) the rapid decrease of ethylene
solubility in toluene (i.e., [M] in Eq. 4) with increasing temperature [19].

Figure 6 shows the variation of polymerization activities as a function of
comonomer (1-hexene and 1-octene) concentration for the nano-sized catalyst at the
polymerization temperature of 60 °C. The feed ratio of ethylene/1-hexene was in
the range of 3.05-11, and that of ethylene/l1-octene was in the rage of 2.3-8.7. For
both 1-hexene and 1-octene, polymerization activities increased with increasing
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Fig. 6 Polymerization activity as a function of comonomer concentration for ethylene-1-hexene and
ethylene-1-octene copolymerization with nano-sized catalyst

comonomer concentration. DSC measurements indicated that the copolymer
melting temperature, T}, was in the range of 128—113 °C. '*C-NMR measurements
indicated that the copolymers contained 1-3 mol% of a-olefin.

The result shown in Fig. 6 (that ethylene-1-octene has higher polymerization
activity than ethylene-1-hexene at the same comonomer concentration) is consistent
with the results of Hong et al. [3]. These authors used a homogeneous (unsupported)
constrained geometry [(#5-CsMe,)SiMe,(17;-NCMe3)]TiCl, catalyst to catalyze the
copolymerization of ethylene-1-decene/ethylene-1-octene/and ethylene-1-hexene,
and found that the catalyst activity increased with the increase of comonomer
content and had the following general trend: 1-decene > 1-octene > 1-hexene. The
activity difference observed in Fig. 6 might be due to the higher boiling point of
1-octene (b.p. of 1-octene = 122 °C, b.p. of 1-hexene = 63 °C), which maintained
higher concentration of 1-octene in the reaction solution [3].

Based on Raoult’s law and vapor pressure data of 1-hexene/l-octene at 60 °C
[26], the calculated K; values (K; = y;/x; = mole fraction of species i in the gas
mixture/mole fraction of species i in the liquid mixture) at 550 kpa (polymerization
pressure) were 0.164 and 0.0031 for 1-hexene and 1-octene, respectively. That is,
I-octene concentration in the liquid phase was about 15% higher than 1-hexene,
which resulted in the higher polymerization activity and stronger comonomer effect
for 1-octene.

The effect of comonomer type on polymerization activity observed for micro-
sized catalyst was less significant than that shown in Fig. 6. At the a-olefin
concentration of 0.43 kg mol/m>, the micro-sized catalyst activity for ethylene-
1-octene copolymerization was only 1.05 times that for ethylene-1-hexene
copolymerization, which was less than that (~2 times) observed for the nano-
sized catalyst. The results we obtained with micro-sized catalyst (less effect of
comonomer effect) are consistent with the micro-sized silica-supported Cp,ZrCl,/
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MADO catalyst results obtained by Awudza and Tait [14]. They found only a slight
variation of CEF values with the type of comonomer used, where CEF is the
abbreviation of “comonomer effect factor” and CEF is the ratio of average
polymerization rate for copolymerization to average polymerization rate for
homopolymerization. In the micro-sized catalyst (with strong internal diffusion
resistance), 1-octene is more difficult (compared to 1-hexene) to reach the active
sites because it has the lower diffusivity (due to its larger molecular weight).
Therefore, the higher 1-octene concentration in the liquid reaction solution
(compared to 1-hexene, due to the higher boiling point of 1-octene) is nullified
by the lower 1-octene diffusivity in the micro-sized catalyst.

Conclusions

A nano-sized silica supported Cp,ZrCl,/MAO catalyst was used to catalyze the
copolymerization of ethylene-1-hexene and the copolymerization of ethylene-
I-octene to synthesize LLDPE. Under identical reaction conditions, the polymer-
ization activity of the nano-sized catalyst was over 1.7 times that of a micro-sized
catalyst. Polymers produced with nano-sized catalyst had higher molecular weight
and narrower molecular weight distribution than those produced with micro-sized
catalyst. The superiority of the nano-sized catalyst should be caused by the fact that
most of its active sites were located at the exterior surface, which were free from
internal diffusion resistance. For the nano-sized catalyst-catalyzed copolymeriza-
tion, ethylene-1-octene system had higher polymerization activity and had stronger
comonomer effect than ethylene-1-hexene system.
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