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Abstract  The copolymerizations of ethylene with 1-hexene or 1-octene by using TiCl4/MgCl2/THF catalysts modified with 
different metal halide additives (ZnCl2, SiCl4, and the combined ZnCl2-SiCl4) were investigated based on catalytic activity 
and copolymer properties. It was found that the catalyst modified with mixed ZnCl2-SiCl4 revealed the highest activities for 
both ethylene/1-hexene and ethylene/1-octene copolymerization. The increase in activities was due to the formation of acidic 
sites by modifying the catalysts with Lewis acids. Based on the FTIR measurements, the characteristic C―O―C peaks of the 
catalysts modified with metal halide additives were slightly shifted to lower wavenumber when compared to the unmodified 
catalyst. This showed that the modified catalysts could generate more acid sites in the TiCl4/MgCl2/THF catalytic system 
leading to an increase in activities as well as comonomer insertion (as proven by 13C-NMR). However, Lewis acid-
modifications did not affect the microstructure of the copolymers obtained. By comparison on the properties of copolymers 
prepared with the unmodified catalyst, it was found that polymers with ZnCl2 and/or SiCl4 modification exhibited a slight 
decrease in melting temperature, crystallinity and density. It is suggested that these results were obtained based on the 
different amount of α-olefins insertion, regardless of the types of Lewis acids and comonomer. 
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INTRODUCTION 

It is well known that linear low-density polyethylene (LLDPE) is synthesized by copolymerization of ethylene 
with α-olefins. An introduction of long-chain α-olefins to copolymer brings about changes of polymer 
properties (i.e. crystallinity, melting point, and density)[1−8]. Therefore, various copolymer properties are more 
advantageous than polyethylene generating from homopolymerization process such as better flexibility, lower 
viscosity, more excellent mechanical properties and easier recycling[9]. However, the properties of copolymers 
depend largely on the amount of comonomer content in polymer chains[1−10]. In literature reviews, comonomer 
contents are based on several factors including structure of catalysts, types of cocatalysts as well as 
concentrations of comonomers in feed[1−8, 10]. Currently, it is also known that types of catalysts applied for the 
commercial synthesis technology of LLDPE are conducted by metallocene catalyst and the heterogeneous 
Ziegler-Natta (ZN) catalyst. More than 80% of LLDPE production has been performed by ZN catalysts[5]. 
Therefore, the ZN catalyst plays a dominant role in polyolefin production due to its low cost and high 
performance[11]. Nevertheless, metallocene catalyst used for industrial applications is still limited because of 
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reactor fouling, difficult morphology control, low bulk density of polymer and instabilities for gas phase or 
slurry processes[11−13]. 

The most popular supported ZN catalysts are comprised of titanium-magnesium catalysts for the 
copolymerization of ethylene with α-olefins[2, 4−6]. However, there are many different methods for preparing ZN 
catalysts depending on chemical reactions[14]. For many published articles, TiCl4/MgCl2/THF catalytic systems 
are often utilized to prepare ZN catalysts due to their benefits such as good hydrogen response ability, low cost, 
suitable for copolymers and moderate activity of catalysts[15−16]. 

At the present time, several investigations are devoted to developing the catalyst performances. However, 
most studies have involved the investigation of effects of internal donor (Lewis base) on catalyst performances 
due to their commercial interest. On the other hand, only a few literatures have reported the modification of ZN 
catalysts by doping Lewis acid compounds in the supports such as MnCl2

[17], ZnCl2
[18] and AlCl3

[4, 19]. For 
ethylene/1-hexene copolymerization, we also found that doping AlCl3 in the support of the TiCl4/MgCl2 type 
catalyst markedly increased 1-hexene incorporation leading to high activity because doping AlCl3 in the catalyst 
could change the active center distribution, eventually resulting in the formation of more active centers with 
high copolymerization ability[4]. 

This study focuses on the copolymerization of ethylene with 1-hexene or 1-octene by TiCl4/MgCl2/THF 
catalytic system modified with Lewis acid compounds such as ZnCl2, SiCl4 and ZnCl2-SiCl4 mixtures. We are 
interested in the modification of TiCl4/MgCl2/THF catalytic system with Lewis acid compounds due to their 
many advantages as mentioned above. Moreover, this system is easy to prepare, and the Lewis acid could be 
also dissolved in THF solvent leading to good dispersion of active sites and Lewis acid on the support. All 
obtained catalysts were compared in order to investigate the effects of the comonomer types in ethylene 
copolymerization with 1-hexene or 1-octene at identical polymerization conditions. In addition, we also 
investigated the effects of the comonomer content on polymer properties such as crystallinity, melting point, 
density and viscosity average molecular weight, as well as morphology of the obtained copolymers. 

EXPERIMENTAL 

Materials 
All materials and operation steps were performed under an argon atmosphere using standard glove box and 
Schlenk techniques. Polymerization grade of ethylene (purchased from Thai Industrial Gas Company) and the 
purified grade of tetrahydrofuran (THF) were used without further purification. Anhydrous MgCl2, ZnCl2, SiCl4 
and 1-olefins (1-hexene, 1-octene) were purchased from Aldrich chemical company. Hexane and heptane were 
purified before use by refluxing in Na with benzophenone as an indicator under argon. TiCl4 and 
triethylaluminum (TEA) were obtained from Merck and Tosoh Finechem, Japan, respectively. Ultrahigh purity 
argon was used after by passing it through columns packed with BASF catalyst (molecular sieved to 0.3 nm), 
sodium hydroxide (NaOH) and phosphorus pentaoxide (P2O5) to remove traces of oxygen and moisture[9−10]. 

Catalyst Preparation 
The TiCl4/MgCl2/THF catalyst (None) was prepared by anhydrous MgCl2 (2 g) and THF (150 mL), which were 
added into a 500 mL four-necked round bottom flask equipped with mechanical stirrer and cooling system. 
Then, 2 mL of TiCl4 was injected into the flask. The mixture was continuously stirred and heated up to 68−69 °C 
for 3 h. After cooling the solution at 40 °C, the liquid part was siphoned off and the solid part was washed 
several times with 100 mL of dry n-heptane. Then, the obtained catalyst was dried under a vacuum at room 
temperature. The catalyst powder was kept under argon atmosphere. 

The TiCl4/ZnCl2/MgCl2/THF (Zn), the TiCl4/SiCl4/MgCl2/THF (Si) and the TiCl4/SiCl4/ZnCl2/MgCl2 /THF 
(Zn-Si) catalysts were denoted as Zn, Si, Zn-Si, respectively. All modified catalysts were synthesized by the 
same procedure as used for the preparation of the unmodified catalyst (None) excepting for adding anhydrous 
ZnCl2 for Zn, and SiCl4 for Si, with 0.063 mol/mol of Lewis acid/MgCl2. Moreover, the Zn-Si was prepared 
using anhydrous ZnCl2 and SiCl4 having the amount of chemical substances as same as for Zn and Si as 
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mentioned above. Even though the addition of TiCl4 was fixed, the titanium content of None, Zn, Si, and Zn-Si 
catalysts were slightly different (5.5, 5.0, 5.4, and 3.9 wt%, respectively) due to the presence of different Lewis 
acids on the support. 

Copolymerization Procedure 
The copolymerization of ethylene with the long-chain α-olefins (1-hexene, 1-octene) were carried out in a       
100 mL semi-batch stainless steel autoclave reactor equipped with magnetic stirrer. First, the desired amounts of 
hexane (total volume of 30 mL) and TEA as cocatalyst were injected into the reactor. Then, 10 mg of catalyst 
powder was added into the autoclave. After that, the reactor was immersed in liquid nitrogen to stop reaction and 
the amount of α-olefins of 0.3 mol/L was introduced into the reactor. After evacuating, the reactor was heated up 
to 80 °C. The polymerization was started by continuous feeding ethylene gas until the consumption of           
0.018 mol of ethylene (0.041 MPa was observed from the pressure gauge) was reached and the reaction time was 
recorded for the calculating activity of catalysts. Finally, the terminal reaction was stopped by addition of acidic 
methanol[9]. The copolymer obtained was washed with methanol, filtered and dried under vacuum at 60 °C for     
6 h. 

Characterization 
The Fourier transforms infrared spectroscopy (FTIR) was applied with a Nicolet 6700 FTIR spectrometer. The 
catalyst powder was cast as thin film on NaCl disk in a glove box and kept under argon atmosphere during the 
experiment. A scanning range from 400 cm−1 to 4000 cm−1 with scanning of 400 times was applied. 

Nuclear magnetic resonance (13C-NMR) spectra were recorded at 110 °C using a Bruker Advance II 400 
operating at 100 MHz with an acquisition time of 1.5 s[9−10]. The solutions of ethylene-1-hexene and ethylene-1-
octene copolymers were prepared in 1,2,4-trichlorobenzene and CDCl3 for an internal lock solvent. The 
microstructure of copolymers was characterized with 13C-NMR following each method reported by Randall[20], 
Soga et al.[21], and Zhikang et al.[22]. 

Scanning electron microscopy (SEM) was conducted to determine the morphology of copolymers obtained. 
The SEM was performed by using a JEOL model JSM-5800LV. 

The Perkin Elmer Pyris Diamond Differential Scanning Calorimeter (DSC) was used to study the melting 
point (Tm) and the percentage of crystallinity (χc) of polymers. Standard heating and cooling processes were 
operated at 20 K/min in the temperature range of 50−200 °C under nitrogen flow. Tm was determined in the 
second scan. From the endothermic curve, result was referred to the heat of fusion (ΔH). The percentages of 
crystallinity of the polymers were determined with the following equation: 

 Crystallinity (χc) = [ΔH/(ΔH°)] × 100 (1) 

Where ΔH° = 290 J/g is the heat of fusion of linear PE as reported in ref.[23]. For density of polymer (d), it was 
calculated from the following semiempirical equation: 

 Density (d) = [(2195 +ΔH)/2500 (2) 

The molecular weights of copolymers obtained were determined by solution viscosity. All copolymers were 
dissolved in 1,2,4-trichlorobenzene and measured at 150 °C with a capillary viscometer. The efflux time was 
recorded. The data were used for viscosity calculations and converted to the viscosity average molecular weight 
(Mv).  

RESULTS AND DISCUSSION 

FTIR Spectroscopy of Catalysts 
FTIR spectroscopy was used to characterize the interaction of TiCl4 with supports in the presence of THF. 
Several researchers claimed that the complex of TiCl4/MgCl2 with THF could be observed at IR bands in the 
range of 1100–700 cm−1, suggesting the most sensitive to THF complexes with a metal center[24−26]. In general, 
pure THF has an asymmetrical and a symmetrical C―O―C stretching bands around 913 cm−1 and 1071 cm−1, 
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respectively[25]. However, these two peaks were shifted to the lower wavenumbers and splitted into several 
components, suggesting that THF forms a complex with a metal center[26]. Experimentally, IR spectra of all 
catalysts in the range of 1100–800 cm−1 are represented in Fig. 1. The C―O―C stretching bands of THF in 
None catalyst showed the characteristic peaks around 1027.9 cm−1 and 877.5 cm−1, which were similar to the 
result of Chu et al.[24] referred to the bimetallic complex of Ti-Mg-THF. However, TiCl4/MgCl2/THF catalysts 
modified with different additives (ZnCl2, SiCl4, and the combined ZnCl2-SiCl4) exhibited a slight shift of the 
peaks to lower wavenumbers when compared to the None catalyst, indicating that metal halides (ZnCl4 or SiCl4) 
coordinated in the bimetallic complex of Ti-Mg-THF could bring lower wavenumber of the C―O―C stretching 
bands of THF. This result may cause an increase in the Lewis acidity of the active center[25]. 

 

 
Fig. 1  IR spectra of None, Zn, Si, and Zn-Si catalysts 

Catalytic Activity 
Figure 2 shows the activities of catalysts obtained from ethylene/1-hexene and ethylene/1-octene 
copolymerizations. For the ethylene/1-hexene copolymerization, the catalytic activities were in the order of     
Zn-Si > Si > Zn > None. This result revealed an increase in the activity when the metal halides were introduced 
in TiCl4/MgCl2/THF catalytic system during the catalyst preparation step. This can be explained by an easier 
access of the comonomer molecules to the active site, caused by an increase in acidic sites by the introduction of 
metal halides into TiCl4/MgCl2/THF catalytic system. Some authors proposed that Lewis acid modifications had 
a positive effect on ethylene copolymerization with 1-olefins in both metallocene and Ziegler-Natta       
catalysts[4, 13]. Kaivalchatchawal et al.[13] reported that the modified metallocene catalyst with BCl3 enhanced the 
catalytic activity in ethylene/1-hexene copolymerization due to an increase of acidic sites by BCl3. Moreover, 
Chen and Fan[4] proposed that the addition of AlCl3 in ZN catalyst can alter the distribution of active centers 
because Lewis acidity of AlCl3 could lead to a remarkable increase in the catalytic activity in ethylene/1-hexene 
copolymerization as well. In this work, the introduction of SiCl4 and ZnCl2 (as Lewis acid) produced the acid 
sites of ZN catalyst (as confirmed by FTIR measurements) compared to the unmodified catalyst. Furthermore, a 
higher degree of activity increase for the mixture of ZnCl2 and SiCl4 than the introduction of only SiCl4 or ZnCl2 
was observed. It is possible that the synergistic effect of double metal halides generated more active sites, which 
are suitable for ethylene copolymerization. 

All catalysts were also studied for ethylene/1-octene copolymerization. Figure 2 represents the catalytic 
activity for this system. The trend of catalytic activities, which was similar to that for ethylene/1-hexene 
copolymerization, was in the order of Zn-Si > Si > Zn > None. Considering all catalysts, the activities of 
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ethylene/1-octene copolymer were slightly higher than those of ethylene/1-hexene copolymer (Fig. 1 and Fig. 2). 
This result clearly indicated that there was no significant effect of the chain length of comonomer on the 
catalytic activity as reported in previous investigation[27−28]. However, Taniike et al.[29] reported that the effect of 
comonomer depended on the physical factors such as fragmentation of catalyst particles and monomer diffusion 
resistance. In this case, we found that the comonomer effect was mainly attributed to the monomer diffusion 
leading to the reduction of crystallinity of the surrounding polymer layer[30]. This brings an increase in the 
number of active sites resulting in high activity for copolymerization of ethylene with longer α-olefins[29−30]. In 
practice, bulkier 1-octene increased the propagation rate constant for ethylene more than that of 1-hexene. When 
1-octene inserted in active center, it could reduce the crystallinity of polymers easier than 1-hexene due to its 
size. The incorporation of ethylene monomer increased in polymer chain because of easy access to the active 
centers. 

 

 
Fig. 2 The activity of different catalysts in copolymerization of ethylene with 
α-olefins (1-hexene and 1-octene) 
Copolymerization conditions: Wt. of cat. = 10 mg, ratio of Al/Ti = 140, total 
vol. = 30 mL, [α-olefins] = 0.3 mol/L, T = 80 °C 

Characteristics of Polymers 
Normally, 13C-NMR is a powerful technique for characterization of the triad distribution and the determination 
of the comonomer insertion into the polymeric chain. The results of properties of the obtained ethylene/1-hexene 
and ethylene/1-octene copolymers from the different catalysts are represented in Tables 1 and 2, respectively. 
The insertion of ethylene in all catalyst systems provided copolymers with similar triad distributions. No HHH or 
OOO sequences were detected. As seen in Tables 1 and 2, it was found that the presence of the Lewis acid 
compounds in catalysts had a tendency to form random copolymers which was similar to the None catalyst. The 
results showed higher values of inserted comonomer when Lewis acid halides were added, indicating that         
α-olefin insertion are controlled by the access of the comonomer to the active center. Due to the increase in 
Lewis acidic sites by the addition of Lewis acid halides, a comonomer can insert more easily into the active 
center, and thus the activity increased. 

 
Table 1. Properties of the obtained ethylene/1-hexene copolymers from the different catalysts 

Catalyst [EEE] [HEE] [HEH] [EHH] [EHE] [HHH] H (mol%) 
None 0.8950 0.0667 0.0020 0.0019 0.0344 0.0000 3.6 
Zn 0.8588 0.0903 0.0000 0.0072 0.0437 0.0000 5.1 
Si 0.8652 0.0871 0.0007 0.0053 0.0416 0.0000 4.7 

Zn-Si 0.8614 0.1162 0.0000 0.0125 0.0545 0.0000 6.7 

E: ethylene monomer and H: 1-hexene comonomer 
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Table 2. Properties of the obtained ethylene/1-octene copolymers from the different catalysts 
Catalyst [EEE] [OEE] [OEO] [EOO] [EOE] [OOO] O (mol%)

None 0.8513 0.1063 0.0033 0.0025 0.0366 0.0000 3.9 
Zn 0.8557 0.0769 0.0181 0.0057 0.0436 0.0000 4.9 
Si 0.8178 0.0811 0.0499 0.0056 0.0455 0.0000 5.1 

Zn-Si 0.8485 0.0846 0.0120 0.0070 0.0480 0.0000 5.5 
E: ethylene monomer and O: 1-octene comonomer 

 

The DSC analysis is usually considered at the second melting of all samples[9, 23]. The results including 
melting temperature, crystallinity, and density for 1-hexene and 1-octene comonomers are presented in Tables 3 
and 4, respectively. As observed in these Tables, the density of all obtained copolymers is approximately 
0.90−0.91 g/cm3 indicating a typical LLDPE structure[9]. Whether Lewis acid in TiCl4/MgCl2/THF system was 
presented or not, the melting point and crystallinity of LLDPEs decreased with an increase in the insertion of     
1-olefin. Thus, it can be concluded that the crystallinity and other properties are only depended on the amount of 
insertion of the α-olefin, but not on the type of the modifier or comonomer types[28, 31]. In addition, Tables 3 and 
4 are also represented the viscosity average molecular weight (Mv) of the synthesized copolymers that was 
measured by the viscosity method. It could be observed that Lewis acid modification apparently results in a 
slight increase in Mv of copolymer obtained, especially for the modification of mixed metal chlorides        
(ZnCl2-SiCl4). An increase in the molecular weights of copolymers was found as same as those obtained from 
the metallocene catalyst modified by boron[32]. This indicated that Lewis acid modifications could inhibit the 
chain transfer reaction during polymerization. 

 
Table 3. Properties of ethylene/1-hexene copolymers measured by DSC and the viscosity methods 

Catalysts 
Melting temp. 

(Tm)a in °C 
Crystallinity  

(χc )
b in % 

Density  
(d)c in g/cm3 

Viscosity average molecular  
weight (Mv)

d in g/mol 
None 128.28 29.73 0.913 333000 
Zn 126.37 22.04 0.904 362000 
Si 126.76 21.71 0.903 354000 

Zn-Si 124.63 22.59 0.904 387000 
a Melting temperature was characterized by DSC analysis; b The percentage of crystallinity was determined following 
to the equation: (ΔH/ΔH°) × 100, where ΔH° = 290 J/g; c The density of the copolymers was calculated according to 
the semi-empirical equation: d = (2195 + ΔH)/2500; d The viscosity average molecular weight was measured by the 
viscosity method 

 
Table 4. Properties of ethylene/1-octene copolymers measured by DSC and the viscosity methods 

Catalysts 
Melting temp. 

(Tm)a in °C 
Crystallinity  

(χc)
b in % 

Density  
(d)c in g/cm3 

Viscosity average molecular  
weight (Mv)

d in g/mol 
None 127.96 26.62 0.909 324000 
Zn 126.93 26.00 0.908 369000 
Si 127.06 26.40 0.908 367000 

Zn-Si 125.68 25.16 0.907 376000 
a Melting temperature was characterized by DSC analysis; b The percentage of crystallinity was determined following 
to the equation: (ΔH/ΔH°) × 100, where ΔH° = 290 J/g; c The density of the copolymers was calculated according to the 
semi-empirical equation: d = (2195 + ΔH)/2500; d The viscosity average molecular weight was measured by the 
viscosity method 

 

Images of polymer morphologies generating from scanning electron microscope (SEM) for 1-hexene and 1-
octene comonomers are shown in Fig. 3 and Fig. 4, respectively. It can be observed that the polymers obtained 
from the different catalysts were similar in both 1-hexene and 1-octene comonomer systems. It indicates that the 
crystalline structure of the obtained polymers seemed to be lower with increasing the amount of comonomer 
insertion[9]. 
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Fig. 3  SEM images of the ethylene/1-hexene copolymers obtained by the (a) None, 
(b) Zn, (c) Si, and (d) Zn-Si catalyst 

 

        
 

           
 

Fig. 4  SEM images of the ethylene/1-octene copolymers obtained by the (a) None, (b) Zn, (c) Si, 
and (d) Zn-Si catalyst 

CONCLUSIONS 

The TiCl4 catalysts on MgCl2/THF supports modified by Lewis acid halides such as ZnCl2, SiCl4 and ZnCl2-
SiCl4 mixtures were investigated in the ethylene copolymerizations with 1-hexene or 1-octene. It was found that 
ZN catalysts modified by Lewis acid halides could improve the polymerization activities, especially with mixed 
ZnCl2-SiCl4. The activity enhancement was due to an increase in acidic sites from the Lewis acids modification 
as observed by FTIR measurements. It was found that the characteristic C―O―C peaks of modified catalysts 
were slightly shifted to lower wavenumbers when compared to the unmodified catalyst. In addition to 
comonomer insertion, it was also suggested that Zn-Si catalyst exhibited the highest 1-hexene and 1-octene 
insertions leading to the highest polymerization activities because ZnCl2-SiCl4 could rearrange the active center 
distribution, resulting in more generation of active centers with high copolymerization ability. Experimentally, 
Lewis acid modification could enhance molecular weight of copolymers due to the inhibition of chain transfer 
reaction during polymerization. However, the properties of catalysts modified with ZnCl2 and/or SiCl4 such as 
melting temperature, crystallinity and density were slightly decreased when compared with those obtained from 
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the unmodified catalyst. These properties depended on the amount of α-olefins insertion, not on the types of the 
modifiers or the comonomer types. 
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