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Abstract This article reveals the dependence of crystalline phases in titania on the

intrinsic activity during in situ polymerization of ethylene/1-hexene using the zir-

conocene/dMMAO catalyst to produce LLDPE/TiO2 nanocomposites. First, the

TiO2 nanoparticles having different crystalline phases were employed as the

nanofillers by impregnation with dMMAO to obtain dMMAO/TiO2. Then, copo-

lymerization of ethylene/1-hexene using zirconocene catalyst was performed in the

presence of dMMAO/TiO2. It was found that the catalytic activity derived from the

anatase TiO2 (A) was about four times higher than that obtained from the rutile TiO2

(R). This was likely due to higher intrinsic activity of the active species present on

the TiO2 (A). In addition, increased [Al]dMMAO/[Zr]cat ratios apparently resulted in

enhanced activities for both TiO2 (A) and TiO2 (R). However, the TiO2 (R) showed

less deactivation upon increased [Al]dMMAO/[Zr]cat ratios. This can be attributed to

strong interaction between dMMAO and TiO2 (R) as proven by the TGA mea-

surement. The microstructure of the LLDPE/TiO2 obtained was found to be random

copolymer for both TiO2 (A) and TiO2 (R).
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Introduction

The metallocene catalysts can be commercially used for the synthesis of specialty

polymers with different structures and properties. In fact, the metallocenes are

crucial, especially for olefin polymerization because they can control the properties

of polyolefins. Metallocene catalysts are often used in the heterogeneous form based

on the most existent technologies, such as gas phase and slurry polymerization.

Hence, they are needed to support on inorganic carriers prior to polymerization. The

reasons for the heterogenization of the metallocene catalyst are to: (i) slower the

deactivation of the metallocene, (ii) employ less cocatalyst, (iii) protect the reactor

fouling, (iv) control the polymer morphologies, and (v) fulfill the requirements of

the commercial polymerization processes [1–3]. It has been known that polyeth-

ylene, such as the linear low-density polyethylene (LLDPE) can be obtained via the

copolymerization of ethylene with various alpha olefins. They have grown

significantly due to the specific properties that can be obtained by varying

comonomer contents and polymerization conditions.

Polymer nanocomposites have attracted a great deal of interest from material

scientists since their applications have dramatically improved material properties in

engineering plastics. These characteristics usually arised from the synergistic effect

due to the addition of the nanofillers. Depending on the composition and

microstructure, the effects of different nanoparticles on the properties of polymers

are different. The most commonly used inorganic nanoparticles are SiO2 [4–7],

TiO2 [8–11], Al2O3 [12, 13], and ZrO2 [14, 15]. In addition, TiO2 nanoparticles

were used as fillers in order to produce new materials. Due to many interesting

properties of TiO2, such as anti-bacterial with photocatalysis technique (when

exposed to light radiation, the pairs of electron-cavity are formed on TiO2, and

consequently the oxygen and water absorbed on the surface of TiO2 are radicalized).

Hydroxyl (OH) excited by light plays an important role in catalysis reaction. It

attacks the microorganisms and makes them lose activity [9] and optical properties

(absorption of UV light up to the proximity of visible wavelengths, transparency at

visible wavelengths, and very high refractive index) [8]. In general, polymer

nanocomposites can be prepared by three methods, such as (i) a melt mixing [16–

18], (ii) a solution blending [19], and (iii) in situ polymerization [11, 15, 20]. Due to

the direct synthesis via polymerization along with the presence of fillers, the in situ

polymerization is perhaps considered the most promising technique to produce

polymer nanocomposites with homogeneous distribution of the nanoparticles inside

the polymer matrix. Although LLDPE/TiO2 nanocomposites have been investigated

by some authors [8–10], only the melt mixing or solution blending processes were

employed to synthesize those polymer samples.

Based on our work dealing with the use of TiO2 as the support for cobalt (Co)

catalysts, we found that the catalytic behaviors were dependent of the crystalline

phases of TiO2 [21–24]. In this study, we extend our study by investigating the effect of

TiO2 phases coupled with [Al]dMMAO/[Zr]cat ratios on the synthesis of LLDPE/TiO2

nanocomposites. The catalytic activity and properties of polymer nanocomposites

obtained upon different [Al]dMMAO/[Zr]cat ratios were further discussed in more

details.
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Experimental

Materials

All chemicals and polymerization were handled under an argon atmosphere using a

glove box and/or Schlenk techniques. The TiO2 nanoparticles [99.7% of anatase

having surface area of 240 m2/g designated as TiO2 (A) and 99.5% of rutile having

surface area of 160 m2/g designated as TiO2 (R)] were purchased from Aldrich

Chemical Company, Inc., and they were heated at 673 K under vacuum for 6 h prior

to impregnation with dried MMAO (dMMAO). Toluene was dried over dehydrated

CaCl2 and distilled over sodium/benzophenone before use. The rac-ethylenebis

(indenyl) zirconium dichloride (rac-Et[Ind]2ZrCl2) was supplied from Aldrich

Chemical Company, Inc. Modified methylaluminoxane (MMAO) in hexane

was donated by Tosoh (Akso, Japan). Trimethylaluminum (TMA, 2 M in toluene)

was supplied by Nippon Aluminum Alkyls, Ltd., Japan. Ultrahigh purity argon was

further purified by passing it through columns that were packed with BASF catalyst

R3-11G (molecular-sieved to 3 Å), sodium hydroxide (NaOH), and phosphorus

pentaoxide (P2O5) to remove traces of oxygen and moisture. Ethylene gas (99.96%)

was donated by the National Petrochemical Co., Ltd., Thailand. 1-Hexene (99?%,

d = 0.673 g/mL) was purchased from Aldrich Chemical Company, Inc.

Preparation of dried MMAO

Removal of TMA from MMAO was carried out according to the reported procedure

[25]. The toluene solution of MMAO was dried under vacuum for 6 h at room

temperature to evaporate the solvent, TMA and TIBA. Then, continue to dissolve

with 100 mL of heptane and the solution was evaporated under vacuum to remove

the remaining TMA and TIBA. This procedure was repeated four times and the

white powder of dMMAO was obtained. Based on this technique, about 40% of

TMA can be removed [25].

Preparation of dMMAO impregnated on TiO2 nanoparticles (dMMAO/TiO2)

The dMMAO (1.00 g or 16.3 mmol) was impregnated on TiO2 (1.30 g or

12.5 mmol) in 20 mL of toluene at room temperature. The mixture was stirred

for 30 min. The solvent was then removed from the mixture by evacuation. This

procedure was done only once with toluene (20 mL 9 1) and thrice with hexane

(20 mL 9 3). Then, the solid part was evaporated and dried under vacuum at room

temperature. The white powder of dMMAO/TiO2 was then obtained.

Polymerization reaction

The copolymerization of ethylene/1-hexene was carried out in a 100 mL semi-batch

stainless steel autoclave reactor equipped with magnetic stirrer. In the glove box, the

desired amount of rac-Et[Ind]2ZrCl2 and TMA was mixed and stirred for 5 min
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aging to affect alkylation of the zirconocene catalyst. Then, toluene (to make a total

volume of 30 mL) and desired amounts of dMMAO/TiO2 corresponding to the

[Al]dMMAO/[Zr]cat ratios of 1135, 2270, and 3405 were introduced into the reactor

for each run. In addition, the amount of [Al]dMMAO present on each dMMAO/TiO2

sample was determined by energy dispersive X-ray spectroscopy (EDX). After that

the mixture of rac-Et[Ind]2ZrCl2 and TMA was injected into the reactor. The reactor

was frozen in liquid nitrogen to stop reaction and then 0.018 mol of 1-hexene was

injected into the reactor. The autoclave was evacuated to remove the argon. Then,

the reactor was heated up to polymerization temperature (343 K) and the

polymerization was started by feeding ethylene gas (total pressure 50 psi in the

reactor) until the consumption of ethylene at 0.018 mol (decreased ethylene

pressure of 6 psi was observed) was reached. The reaction of polymerization was

terminated by addition of acidic methanol (0.1% HCl in methanol). The reaction

time was recorded for purpose of calculating the activity. The precipitated polymer

was washed with methanol and dried at room temperature.

Characterization procedures

Characterization of the TiO2 nanofillers and catalyst precursor

X-ray diffraction: XRD was performed to determine the bulk crystalline phases of

samples. It was conducted using a SIEMEN D-5000 X-ray diffractometer with Cu

Ka (k = 1.54439 Å). The spectra were scanned at a rate of 2.4�/min in the range

2h = 20–80�.

Transmission electron microscopy: TEM was used to determine the shape and

crystalline size of TiO2 nanoparticles. The sample was dispersed in ethanol prior to TEM

measurement using TEM (JEOL JEM-2010) for microstructural characterization.

Thermal gravimetric analysis: TGA was performed using a TA Instruments SDT

Q-600 analyzer. The samples of 10–20 mg and a temperature ramping from 298 to

873 K at 2 K/min were used in the operation. The carrier gas was N2 UHP.

Scanning electron microscopy and energy dispersive X-ray spectroscopy: SEM

and EDX were used to investigate the sample morphologies and elemental

distribution throughout the nanofillers. The SEM of JEOL mode JSM-5800 LV

scanning microscope was employed. EDX was further performed using Link Isis

series 300 program.

Characterization of polymer

Transmission electron microscopy: TEM was used to determine the dispersion of

TiO2 nanofillers in LLDPE. The same equipment as mentioned before was

employed.
13C NMR spectroscopy: 13C NMR spectroscopy was used to determine the

1-hexene incorporation and copolymer microstructure. Chemical shifts were

referenced internally to the CDCl3 and calculated according to the method

described by Randall [26]. Each sample solution was prepared by dissolving 50 mg

of copolymer in 1,2-dichlorobenzene and CDCl3. The 13C NMR spectra were taken
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at 373 K using a BRUKER AVANCE II 400 operating at 100 MHz with an

acquisition time of 1.5 s and delay time of 4 s.

Results and discussion

In this study, the synthesis of LLDPE/TiO2 nanocomposites using the TiO2

nanoparticles having different crystalline phases and ratios of [Al]dMMAO/[Zr]cat

with zirconocene/dMMAO catalyst for ethylene/1-hexene copolymerization was

investigated. First, the TiO2 nanoparticles before and after impregnation with

dMMAO were characterized using different techniques. The XRD patterns of

samples are shown in Fig. 1 indicating the characteristic peaks for the anatase form

of TiO2 (A) at 25� (major), 38�, 48�, 55�, and 63� and the rutile form of TiO2 (R) at

27� (major), 36�, 41�, and 54�. Average crystallite sizes for both TiO2 (A) and TiO2

(R) was calculated from the major peaks obtained from XRD using Sherrer’s

equation. It was found that the average crystallite sizes of TiO2 (A) and TiO2 (R)

were 6.1 and 6.9 nm, respectively. After impregnation with dMMAO, the XRD

patterns for both samples apparently exhibited the similar patterns as seen before

impregnation with dMMAO. On the other hand, no peaks of dMMAO were

detected. This was suggested that the dMMAO was present in the highly dispersed

form on the TiO2 nanoparticles after impregnation.

The SEM micrographs and EDX mapping for the dMMAO/TiO2 samples (not

shown) revealed the similar morphologies. It can be observed that the dMMAO was

well-distributed all over the TiO2 granules as seen by the EDX mapping. Based on

the EDX measurement, the amounts of [Al]dMMAO present on the TiO2 samples can

be determined. They were within the range of 12.5 and 10.2 wt% for TiO2 (A) and

TiO2 (R), respectively. The larger amount of [Al]dMMAO present in the TiO2 (A) can

be attributed to larger surface area for the TiO2 (A) resulting in better dispersion of
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Fig. 1 XRD patterns of different TiO2 nanoparticles before and after impregnation with dMMAO
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dMMAO on the TiO2 (A) nanofiller. The TEM micrographs of both TiO2

nanoparticles before and after impregnation with dMMAO are also shown in Fig. 2.

It indicated that the TiO2 (A) crystals appeared in the spherical-like shape, whereas

the TiO2 (R) crystals were in the needle-like shape. It appeared that the crystalline

size of primary particle obtained from the TEM measurement was below 50 nm for

both samples, as seen in Fig. 2. In addition, the crystalline sizes for both TiO2

samples became larger after impregnation with dMMAO due to the deposition of

dMMAO on the TiO2 nanofillers.

Then, the in situ polymerization of ethylene/1-hexene was performed with the

presence of dMMAO/TiO2 using zircocene catalyst to produce the LLDPE/TiO2

nanocomposites. The amounts of dMMAO/TiO2 employed were varied based on the

amounts of [Al]dMMAO/[Zr]cat being present as determined by EDX measurement to

keep the [Al]dMMAO/[Zr]cat ratios at 1135, 2270, and 3405 for both TiO2 (A) and

TiO2 (R). Thus, the catalytic activity can be compared with regards to the identical

[Al]dMMAO/[Zr]cat ratios. The resulted catalytic activities obtained from both

Fig. 2 TEM micrographs of different TiO2 nanoparticles before and after impregnation with dMMAO
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dMMAO/TiO2 (A) and dMMAO/TiO2 (R) with different ratios of [Al]dMMAO/[Zr]cat

are summarized in Table 1. It was found that the dMMAO/TiO2 (A) sample

exhibited about four times higher activities than those obtained from the dMMAO/

TiO2 (R) sample upon the same [Al]dMMAO/[Zr]cat ratios. This was likely due to

higher intrinsic activity of the active species based on [Al]dMMAO present on the TiO2

(A) [11]. In addition, increased [Al]dMMAO/[Zr]cat ratios also resulted in increased

activities for both dMMAO/TiO2 (A) and dMMAO/TiO2 (R). This indicated that the

greater amounts of dMMAO can be responsible for increased active species being

present during polymerization. It was proposed that the alkylaluminum as a

cocatalyst possibly had many functions, such as an alkylating agent, a stabilizer for a

cationic metallocene alkyl, and/or counter-ion, an ionizing and/or reducing agent for

the transition element, and a scavenger for the metallocene catalytic system.

However, one of the most important roles of this alkylaluminoxane is apparently to

prevent the formation of ZrCH2CH2Zr species, which is formed via a bimolecular

process [13]. Considering the increase of activity upon increased [Al]dMMAO/[Zr]cat

ratios, a plot of the relative activity versus [Al]dMMAO/[Zr]cat ratios is illustrated in

Fig. 3 for better understanding. Here, the term of theoretical relative activity is given

to describe an increase in activity with increased amount of [Al]dMMAO as a

cocatalyst or activator. As a matter of fact, increased amount of the activator would

result in increased active sites as a linear relationship theoretically, which is

essentially not true due to the deactivation of active sites. Based on the definition, it

can be expected that the theoretical relative activity would increase two or three

times with increased [Al]dMMAO/[Zr]cat ratios at two or three times, respectively.

However, it can be observed that the relative activity for both TiO2 (A) and TiO2 (R)

was lower than the theoretical value. This was suggested that the deactivation of

active sites essentially occurred with increased [Al]dMMAO/[Zr]cat ratios. It should be

mentioned that the TiO2 (R) exhibited less deactivation than the TiO2 (A) due to

higher relative activity as seen in Fig. 3. This can be caused by different interaction

as proven by the TGA measurement.

Table 1 Polymerization activities of LLDPE/TiO2 nanocomposites synthesized by in situ polymeriza-

tion with rac-Et(Ind)2ZrCl2/dMMAO catalysts

Types of filler [Al]dMMAO/[Zr]cat Timea (s) Polymer

yieldb (g)

Catalytic activity

(kg pol./mol Zr h)

Relative activityc

1135 229 0.91 9,564 1

TiO2 (A) 2270 171 1.01 14,123 1.5

3405 133 1.13 20,403 2.1

1135 345 0.30 2,098 1

TiO2 (R) 2270 266 0.41 3,667 1.7

3405 234 0.59 6,100 2.9

a A period of time used for the total 0.018 mol of ethylene to be consumed
b Measurement at polymerization temperature of 343 K, [Ethylene] = 0.018 mol, [Al]TMA/

[Zr]cat = 2500, in toluene with total volume = 30 mL, and [Zr]cat = 5 x 10-5 M
c Relative activity was calculated based on increased activity compared to the activity obtained with

[Al]dMMAO/[Zr]cat = 1135 for the same filler
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Besides the difference in intrinsic activity, the interactions between the

[Al]dMMAO and TiO2 nanoparticles is also a key factor to consider. In fact, the

strong interaction of the active species with TiO2 nanoparticles employed in this

study was essentially referred to the interactions between the TiO2 nanoparticles

and the dMMAO cocatalyst. Based on this study, the dMMAO was impregnated onto

the TiO2 nanoparticles prior to polymerization. The degree of interactions between

the TiO2 nanoparticles and dMMAO can be determined by the TGA measurement. In

order to give a better understanding, we propose the interactions of TiO2

nanoparticles and dMMAO based on the review paper by Severn et al. [27]. They

explained that the connection of the nanofiller and cocatalyst occurred via the Ofiller–

Alcocatalyst linkage. In particular, the TGA can only provide useful information on the

degree of interactions for the dMMAO bound to the TiO2 nanoparticles in terms of

the weight loss and removal temperature. The stronger interaction can result in it

being more difficult for the dMMAO bound to the TiO2 nanoparticles to react with

Zr-complex during activation processes, leading to lower catalytic activity for

polymerization [28]. The TGA measurement was performed to prove the interaction

between the [Al]dMMAO and TiO2 nanoparticles. The TGA profiles of both dMMAO/

TiO2 samples are given in Fig. 4. The decomposition temperature (Td) at 10% weight

loss of [Al]dMMAO present on TiO2 nanoparticles was at 455 and 470 K for TiO2 (A)

and TiO2 (R), respectively. This indicated that the dMMAO stronger interacted with

the TiO2 (R) sample resulting in the higher decomposition temperature. Based on the

TGA measurement, the higher relative activity obtained from the TiO2 (R) can be

attributed to stronger interaction resulting in less deactivation as mentioned earlier.

It would be interesting to disclose how different crystalline phases of TiO2 can

affect the polymer properties. Thus, the LLDPE/TiO2 nanocomposites obtained were

further characterized by means of TEM and 13C NMR. As known, the images from

high-resolution transmission electron microscopy (TEM) are essential components

of nanoscience and nanotechnology, therefore TEM was performed to determine the
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Fig. 3 Relative activity of TiO2 at different [A]dMMAO/[Zr]cat ratio
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dispersion of TiO2 nanoparticles inside the polymer matrix. The TEM micrographs

for the dispersion of TiO2 in the LLDPE/TiO2 (A) and LLDPE/TiO2 (R)

nanocomposites having different [Al]dMMAO/[Zr]cat ratios are shown in Fig. 5. In

general, both TiO2 (A) and TiO2 (R) nanoparticles apparently exhibited good

dispersion inside the polymer matrix without any changes in crystal morphologies.

The 13C NMR is one of the most powerful techniques used to identify the

polymer microstructure, especially for polyolefins. The resulted 13C NMR spectra
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Fig. 4 TGA profiles of [Al]dMMAO on different TiO2 nanoparticles

Fig. 5 TEM micrographs of both LLDPE/TiO2 (A) and LLDPE/TiO2 (R) nanocomposites having
different [Al]dMMAO/[Zr]cat ratios
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(not shown) for all samples were assigned typically to the LLDPE obtained from

copolymerization of ethylene/1-hexene. The triad distribution was identified based

on the method described by Randall [26]. It can be observed that the LLDPE/TiO2

(A) and LLDPE/TiO2 (R) nanocomposites exhibited similar 13C NMR patterns

indicating similar molecular structure of polymer. Based on calculations described

by Galland [29], the triad distribution of monomer is listed in Table 2. It indicated

that all LLDPE/TiO2 nanocomposites obtained were random copolymer with

differences in triad distribution. This is the nature of zirconocene catalyst used in

this study as reported on our previous studies [6, 7, 11, 30]. It should be mentioned

that the LLDPE/TiO2 (R) nanocomposites exhibited lower %H insertion (\10%)

probably due to more steric hindrance.

Summary

The catalytic activity is dependent on the crystalline phases of TiO2 for the LLDPE/

TiO2 nanocomposites produced via in situ polymerization of ethylene/1-hexene

with zirconocene/dMMAO catalyst. The dMMAO/TiO2 (A) exhibited about four

times higher intrinsic activity based on dMMAO than the dMMAO/TiO2 (R).

However, the dMMAO/TiO2 (R) showed higher relative activity with increased

[Al]dMMAO/[Zr]cat ratios suggesting less deactivation of catalytic sites. This can be

attributed to stronger interaction between dMMAO and TiO2 (R). No significant

changes on the polymer microstructure were found upon different crystalline phases

of TiO2. However, the LLDPE/TiO2 (R) nanocomposites rendered lower %H

insertion.
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