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CHAPTER 1
INTRODUCTION

1.1 Introduction

Thermoplastic polymers were the popular plastic materials in the commercial
polymer industry comprise of polyethylene and polypropylene because of their
versatile physical and chemical properties leading to the large amounts to cater
requirement for food packaging and film applications[1]. In general, the
heterogeneous Ziegler-Natta catalyst is the primary catalytic system for proceeding
production in the olefin polymerization, which consists of a Group IV and V transition
metal (typically titanium (Ti) halide catalyst and alkyl-aluminum cocatalyst[2, 3].
Moreover, the presence of MgCl, support is to improve catalytic morphology for fine
particles and prevent the fouling in the reactor([4].

At present, the TiCly/MgCl,/AlEt; catalyst is the fourth generation of ZN
catalyst that has gained much attention for ethylene polymerization. TiCl, is a
precursor for activating with triethylaluminum (AlEt;) cocatalyst, leading to the
chemical interactions and alkylation. Especially, the reduction reaction of valence
state of titanium cations from tetravalent of TiCl, to divalent (Ti**) and trivalent (Ti**)
cations[5]. After the interaction of them, the isolated mononuclear Ti** species of the
low Ti content catalyst (<1.0 wt.%Ti) making high yield on the surface. In contrast, a
higher Ti content of catalysts is a small amount of the isolated Ti** species[6] which
only active for propylene polymerization, while both Ti** and Ti** active species are
active for ethylene polymerization as well. Hence, the reduction of titanium valences
is significant to generate the active center formation and to improve catalytic activity
in the polymerization of olefin. Moreover, the catalytic structure and the amount of
AlEt; cocatalyst affect catalytic activity and stereospecificity of catalyst. AlEts
cocatalyst also scavenges the impurities in the catalyst[7]. Hence, the ability to the
reduction of Ti cations has significantly affected the formation of the active center for

olefin polymerization.



There is a few previous studies about the reducibility of transition metal
halide catalysts, Pt/NaY-zeolite and Co/Al,0; Fischer-Tropsch catalysts, signally
depends on the metal location on support and chemical state which can be
controlled by catalyst preparation and pretreatment methods[8, 9] while the Ti-
based Ziegler-Natta catalyst has not been studied yet.

In this work, the reducibility of the titanium species in the TiCly/MeCl,
supported catalyst by using triethylaluminum (AlEts) cocatalyst was investigated the
effect of titanium content in the catalysts prepared by different methods via studying

of the changing of the catalytic activity with the increase of AlEt; cocatalyst.

1.2 Objective
To investigate the titanium content in Ziegler-Natta catalyst on the

reducibility of triethylaluminum (AlEts) cocatalyst.

1.3 Research scopes

The reducibility of titanium (Ti) species on TiCly/MgCl,-supported catalyst has
studied the reduction of the oxidation state of titanium cations using AlEt; cocatalyst
as a reducing agent to generate the Ti active species. For this work, the reducibility of
Ti species was briefly studied via the changing of the catalytic activity with the
increase of AlEt; concentration which can be varied by the AU/Ti molar ratio, leading

to the research scope as following below,

1.3.1 Study the titanium content in the catalysts prepared by different
preparation methods based on TiCly/MgCl,-supported catalyst.
1.3.2 Study the effect of titanium loading in the prepared catalysts and

commercial catalyst on the reducibility of triethylaluminum cocatalyst.

Moreover, the experimental details in this research are represented as,
1.3.3 The commercial TiCly/MgCl, catalyst was compared with the different
prepared catalysts by recrystallization with ethanol adduct, Grignard reaction, and

ethoxide source methods.



1.3.4 The adduct catalysts were prepared the different Ti loading by the
recrystallization method with ethanol in the molar ratio of EtOH:MgCl, = 10:1 and
TiCle/MgCl, equals to 5 for low Ti content catalyst and pretreated MgCl, support by
TiClg (Ti:Mg = 1:1) before TiCly impregnating for the high Ti content catalyst.

1.3.5 Ethylene and Propylene polymerization were carried out in the 100 ml
autoclave stainless steel reactor and triethylaluminum (AlEt;) as a cocatalyst.

1.3.6 Polymerization reaction was conducted with fixed condition consisting
of the 0.01 ¢ of prepared catalyst in 30 ml of hexane slurry and the designed AlEt;
cocatalyst at monomer total pressure 7 bar, 70°C for 10 minutes.

1.3.7 Triethylaluminum (AlEt;) cocatalyst was varied with the molar ratio of
AUTI = 80, 110, 140, 170, and 200.

1.3.6 The catalysts were characterized by Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDX), Inductively Couple Plasma (ICP), X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and N,-physisorption

1.3.7 The obtained polymers using Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA), and Scanning Electron Microscopy (SEM)

characterization.



1.4 Research methodology
Part 1: Study the titanium content in the catalyst prepared by different preparation
methods based on TiCly/MgCl,-supported catalyst.

[ Preparation of the TiCl,/MgCl, catalysts ]

v v
[ Recrystallization ] [ Grignard reaction ] [ Ethoxide method ]

N )

Characterization of the catalyst Ethylene polymerization
- SEM-EDX - ICP Conditions: 100 mL autoclave, hexane
- XRD - FTIR slurry phase, monomer pressure 7 bar
- N, physisorption at 70°C for 10 min.

LB /

y

\_

Triethylaluminum as cocatalyst
Varied AU/Ti molar ratios

80,110,140,170, and 200

Characterization of polyethylene

- DSC-TGA - SEM

y

[ Discussion ]




Part 2: Study the effect of titanium loading in the prepared catalysts and commercial

catalyst on the reducibility of triethylaluminum cocatalyst.

[ The reducibility of Ti species ]

|
v v

[ Commercial catalysts ] [ Prepared catalysts
|

v v v
[ Grignard ] [ Ethoxide ] [ Adduct Low Ti ] [ Adduct High Ti ]

| . | | . |
~

~

Characterization of the catalyst Ethylene polymerization
- SEM-EDX -ICP Conditions: 100 mL autoclave, hexane
- XRD - FTIR slurry phase, monomer pressure 7 bar
- N, physisorption at 70°C for 10 min.

- AN /

Triethylaluminum as cocatalyst
Varied AU/Ti molar ratios

80, 110, 140, 170, and 200

Characterization of polyethylene

- DSC-TGA - SEM

[ Discussion ]




1.5 Research plan

In this study, review the literature about the Ziegler-Natta catalyst for
Ethylene polymerization not only the preparation procedures of the catalyst and
polymerization reaction but also the mechanisms of the interaction of TiCl, precursor

on MgCl, support and AlEt; cocatalyst.

Table 1.1 The research plan

2019 2020

Research planning

Literature review

Part 1: Prepared the
TiCly/MgCl, catalyst by
different methods.

Ethylene polymerization

Characterization

Part 2: Prepared the Ti
loading in the catalyst by

recrystallization method

Ethylene polymerization

Propylene polymerization

Characterization

Analysis and discussion

Conclusion

Thesis writing and prepare

presentation




CHAPTER 2
THEORY AND LITERATURE REVIEWS

2.1 Polyethylene

Polyethylene is the most popularly used commodity plastic and sizable
production volume of thermoplastic polymers in the world, and it includes the single
ethylene monomer constituent. The specific demand-type that used polyethylene
for depends on the nature and the characteristics of polyethylene itself[10].

Polyethylene has been categorized in several types as given in below and Figure 2.1

High-density polyethylene (HDPE) is the most stable and multipurpose
polyethylene. It has a smaller number of short branches causes the chains to well

pack into the crystal structure. So, the crystallinity is the highest degree.

Low-density polyethylene (LDPE) has a high chain branching degree that
causes weak intermolecular interactions. So, its material is flexibility and ductility

with unique flow properties.

Linear low-density polyethylene (LLDPE) is a transparent and flexible material
with high ductility because it has a linear structure, and a very high number of short-

chain branches cause mostly used for film applications.

Figure 2.1 Structures of HDPE (a), LLDPE (b) and LDPE (c)[10]



Polyethylene is a semicrystalline polymer and has a solid-state density
between 0.857 and 0.967 ¢/cm’, depending on the crystallinity[11], as shown in

Table 2.1 for some polyethylene products.

Table 2.1 The properties of polyethylene products[12]

Density Crystallinity
Polyethylene products
(g/cm?) (%)
High-density polyethylene, HDPE 0.941-0.965 60-65
Medium-density polyethylene, MDPE 0.926-0.940 46-59
Low-density polyethylene, LDPE 0.910-0.925 <25
Linear low-density polyethylene, LLDPE 0.910-0.925 30-45

2.1.1 Slurry polymerization

The slurry polymerization is the oldest and widely used polyethylene
production process, which operates with two phases (liquid and solid phases)
contains the raw materials include ethylene, hydrogen, comonomer, catalyst, and a
cocatalyst. Slurry processes utilize either continuous stirred-tank reactors (CSTRs) or
loop reactors[11]. Moreover, this process can be easily operated to control and
remove heat transfer and then given a product that high yields, high conversion, and
high purity yet[13]. The operation of slurry polymerization mainly carries out at the
lower reactor temperature than the melting point of the polymer, due to the solid
polymer maintaining, and the typical pressure. The polymer crystallizes upon

formation, generating a solid particle in the slurry[11].

2.2 Ziegler-Natta catalyst

The oldest technologies occupied to manufacture polyolefins (polyethylene
and polypropylene) had many processes such as the Ziegler-Natta catalysis,
Metallocene processes, and the Phillips catalysis. Ziegler-Natta (ZN) catalyst consists
of the main catalyst and cocatalyst in the form of titanium chloride and an

aluminum alkyl compound, respectively. The interaction of them provides the active



site coordinated with the ethylene monomer molecule. The obtained polymers have

high heterogeneity and broad molecular weight distribution (MWD)[10].

The typically Ziegler-Natta catalyst are transition metal compounds such as
titanium (Ti), vanadium (V), or chromium (Cr) halides used in conjunction with the
suitable organoaluminum compounds cocatalyst, or alkyl-aluminum compound, like
triethylaluminum (TEA), and diethylaluminum chloride (DEAC). Moreover, the active
titanium centers are positioned on the catalyst surfaces and interacted with the alkyl
groups of the alkyl-aluminum cocatalyst to start the polymerization reactions[13, 14].
After that, a polymer chain grew insertion of the C=C bond into the Ti-C bond in the
active center, causing the coordinatively unsaturated active centers, which means it
is easily to poisoning deactivation by coordinative ligands like CO, CO,, phosphines,

and amines[13].

The reduction of the titanium active center in the catalyst emerged from the
interaction of the catalyst and cocatalyst belonging the form of the further reduction
of tetravalent titanium ions (Ti*") to trivalent (Ti**), and divalent (Ti**) ions following
the oxidation state of transition metal by alkyl-aluminum cocatalyst[15]. The degree
of dwindling firmly depends on nature, reagent concentration, temperature, and

reaction time[16].

The magnesium compounds were acted mainly as a support of the catalyst
and a catalytic activity improver. In the Ziegler-Natta catalyst has the popular support
is using a microcrystalline MgCl,[4, 17]. For examples of the Mg-compounds that have
been used in the form of the support in the ZN catalyst consisting of MgCl,,
alkoxides Mg(OR),; alkyls MgR,; mixture MgR,/AlRs; and Grignard reagents R-MgX[17].

At present, the Ziegler-Natta catalyst consists of three main components
including the TiCl, active site precursor, MgCl, support, and trimethylaluminum (TEA)
activator, represented by a common scheme as TiCly/MgCl,/TEA catalyst, given the
activities are higher than the former catalysts. However, the ZN catalyst was finite

applied to ethylene polymerization because of the poor isospecificity[18].
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In the case of ethylene polymerization, shown the mechanism in Figure 2.2,
starting with the formation of active site from the interaction between TiCl, precursor
and AlEt; cocatalyst and then the ethylene monomer moved to catch the active site

and rearranged itself to continue the polymer chain structure of the polyethylene.

CHCH;
Y
CH,CH; CH;CH—AL., /CHs
el | A e s
“Ti + AAlL :
H;CH,C™ "CHCH e ClL.,
Cl/| \Cl 3CH 3CH3 L/D
cl | ~g
. cl
TiCl AlEt ) )
4 3 Active site
H3C
b
H 2
H;C H-¢
CH;CH; CH;CHy . CH;CH. LH
CH:FCHZ_\AL,{{#{Q - CH}CHZ_\AL'«I,h({ H CH3CH HE-(‘[:/ 2 3 2\ HE‘(!:/C\H
Sy, E b Ly CHCH AL, CHyCH; AL, |
ar. | e el /(lj;H i GH I o5
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Figure 2.2 Mechanisms of the formation of active site and ethylene polymerization

2.2.1 Preparation of catalyst
The typical preparation of the Ziegler-Natta catalyst for the industrial
standpoint, several methods are depending on the realization of a lower cost level.
For some examples of the procedures of the catalyst preparation based on MgCl,

support that used in this thesis shown as below,

2.2.1.1 Recrystallization method

Magnesium dichloride (MgCl,) support has reacted with alcohol molecule to
obtain the adduct solutions of MgCl,.xROH that often have a stoichiometry is a
difference, depending on the length and alcohol alkyl group, are used to dissolve
the MgCl,[19]. This method is the most modern and proposes the possibility of the
morphology controlling of the polymer through the catalyst. Further, the adduct is
suitable to remove the alcohol with TiCly during the impregnation to operates
titanium chloride alkoxides that inactive for polymerization. So, alcohol removal is

very significant to receive high activities[20, 21].
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The supported catalyst was prepared by treating MgCl, support with ethanol or
isopropanol at the suitable ROH/MgCl, molar ratio leading to high productivity and
isotacticity. In the case of methanol as Lewis base, the MgCl, support structure was
changed to more active, which leading to proper morphology and high surface area

causes the high activity[22].

2.2.1.2 THF-solution method

The formation of MgCl, support with Lewis bases treatment not only alcohol
(MeOH, EtOH) but also ether, ester, and ketone like tetrahydrofuran (THF)[23]. The
TiCly/THF/MgCL, catalyst exposed the titanium alkoxy formation on the surface like
the alcohol adduct. Moreover, titanium species were covered by THF coordinating on
Mg atom, getting a good activity, good active center distribution, and suitable for

copolymerization[24].

2.2.1.3 Grignard reaction method

An activated Ti species was formed by a magnesium alkyl reduced TiCl,
supported on MgCl,. A dialkyl magnesium compound (MgR,) and tert-butyl chloride
(t-BuCl) with the optimum [t- BuCll:[MgR,] ratio prepared to precipitation of MgCl,
particle[25] as shown in (Eg.2.1). The Grignard reagent was used as a reducing agent
to increase the catalytic activity for ethylene (co)polymerization but unsuitable for
propylene (homo)polymerization. For a previous study[26], Grignard reagent PhMgCl
could improve both the activity and isotacticity of polypropylene whereas reduced

the Ti content of the catalyst.
MgR, + 2t-BuCl — MgCl, + 2t-BuCl-R (Eq.2.1)

2.2.1.4 Ethoxide method

Magnesium ethoxide (Mg(EtO),) support is reacted with chlorinating agents,
butyl chloride (BuCl) or titanium-chloride complex, in the precipitating method led to
generate the magnesium chloride (MgCl,) support. The precipitated MgCl, support
has been an amorphous particle and given the high catalytic activity for ethylene

polymerization.
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2.3 Literature reviews
2.3.1 Adsorption of Titanium chloride on MgCl, support

Correa, A. et al. (2012) presented the possible models of Ti-chloride active
species adsorbed at the MgCl, corner. Found that the (104) and (110) lateral cuts of
activated MgCl, crystallites composed of coordinatively unsaturated Mg ions which
supposed to occur the TiCly chemisorption. In the TiCly/MeCl,/AlEt; catalyst without
Lewis bases, the aspecific sites on the (110) surface, caused by the coordination of
mononuclear TiCly, notably predominate over the stereospecific sites on (104)

surface that is resulting from the dinuclear Ti,Clg coordination[27], see in Figure 2.3

Stukalov, D.V., and Zakharov, V.A. (2009) considered the alkylation of Ti**
species by AlEts, leading to the active center formation on (110) MgCl, surface as
shown a probable mechanism in Figure 2.4. It was found that the Cl-atom of TiCl,
was exchanged by Ethyl-group from AlEt; with a considerable potential barrier, and
then it occurs the TiCl; alkylation by additional AlEt; causing the TiCls-AlEt; complex
formation and its dissociation to eliminate AlEt,Cl bound to Ti** species because of
the formation of AlEt,Cl-AlEt; complex. so, AlEt; can reduce the catalyst deactivation

from the adsorption of AlEt,Cl or AIEtCl, on the active sites[28].

Active Ti-sile

(100)-bridge

(110)-bridge Active Ti-site (110)-bridge

Figure 2.3 The adsorption of dinuclear of (TiCly), on the (104) MgCl, surface (A) and
mononuclear of TiCl, on the (110) surface of M¢Cl, crystalline (B)[27].
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Figure 2.4 The formation scheme of the active site of mononuclear TiCl, Species on

the (110) MgCl, surface[28].
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Figure 2.5 EPR spectra of TiCl,/MgCl, catalyst treated by AlMt; (A), and optimized

402201
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geometry structures of TiCl,CH3; and AlMe,Cl and complex on (110) MgCl, (B-C)[6]

Koshevoy, E. et al. (2015) investigated the formation of alkylated Ti** species
in a low Ti content of TiCly/MgCl, catalyst (0.08 wt.%) during the interaction with

AlMej; activator by the electron paramagnetic resonance. EPR spectra give g-values
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close to 1.97, as shown in Figure 2.5 (A), which leads to a high yield of surface Ti**
species, possesses the high activity in ethylene polymerization. Moreover, they made
the possible model structure of Ti** species on (110) face of MgCl, support, which is
most favorable for the mononuclear Ti adsorption[29], Figure 2.5 (B-C) represented
that the formation of AlEt,Cl depends on the alkylation of TiCl; instated on (110)

face of magnesium chloride[6].

2.3.2 Activated titanium species

Kashiwa, N. and Yoshitake, J. (1984) studied the change of the valence state
of titanium in the MgCl,-supported catalyst by treating with AlEt; as a reducing agent
for ethylene polymerization behaviors. Resulting, the Ti*" of all the original Ti-based
catalyst was reduced to the divalent (Ti**) and small amounts of trivalent (Ti**) after

AlEt; treatment[5] as a display by Figure 2.6.

Senso, N. et al. (201 1) considered the effect of Ti oxidation state on the
properties of catalyst in the MgCl,-supported catalyst prepared by milling TiClg, TiCls,
and TiCl, with MgCl, support. These catalysts had been activated for ethylene
homopolymerization, it was found that Figure 2.7 shown the catalytic activity
increased of TiCl; and TiCl, catalysts with increasing Al concentration and nearly
constant after 10 mmol/L. TiCl, catalyst gave the highest activity at 2 mmol/L and
decreased the activity while TiCl, was rather constant, so, Ti species can not be

reduced over divalent Ti?* state[30].

; '{g:+AlEt3 - o1’ C1+AIE1QCI+E1'
(Ti*+)

wri/ © N :

JTi"  + AlE; — JTi + AIEyCl + Et
(Ti?*)

STi +CL, - ‘,"Tii:gll
(Ti*)

Figure 2.6 The reduction and oxidation equations of titanium valence state[5].
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Figure 2.7 The catalytic activities depends on Al concentration of TEA cocatalyst for

ethylene homopolymerization[30]

2.3.3 The reducibility of transition metal cations

Lu, G., Hoffer, T., Guczi, L. (1992) studied the reducibility of platinum ions
encapsulated in Pt/NaY zeolites prepared by ion exchange between 1.2 and 6.5 wt.%
of Pt content using temperature programmed reduction (TPR). It indicated TPR profile
for Pt1.2NaY (b) and Pt6.5NaY (a) catalysts is shown in Figure 2.8, it was found that
Pt1.2NaY appears the completed reduction at temperature below 723K similar to
Pt6.5NaY. This implies that most of Pt remain in divalent state in the supercages and
are reduced at lower temperature. For Pt dispersion measured by H/Pt ratio shown in
Table 2.2 demonstrating the complete decomposition of PtNH,),** could be
achieved only at temperature higher than 573 K (the optimum dispersion about 1).
Low dispersion due to formation of neutral Pt(NH3),H, species during reduction of

incompletely decomposed sample.[8]

Table 3.2 H, consumption [H,/(Pt+Co)] in TPR to 923K and Pt dispersion (H/Pt)

Catalyst Calcination temp (K) H,/(Pt+Co) ° H/Pt °
Pt1.2NaY 573 1.2 1.1
Pt6.5NaY 573 1.08 0.83

*The H, consumption calculated from one H, molecule is consumed per Pt ion.

® Pt dispersion measured by TPR was stopped at 723K and reduced with pure H, for 1 h.
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Figure 2.8 TPR profiles of Pt6.5NaY (a) and Pt1.2NaY (b) after calcination at 573K][8].

Jacobs, G. et al, (2002) studied the effect of cobalt (Co) loading on the
reducibility of AlL,O; supported catalyst prepared with different loadings by an
incipient wetness impregnation (IWI) and slurry impregnation methods for 25%Co and
15%Co, respectively. TPR profile in Figure 2.9 shows a sharp peak at 600K for the
25% Co/AlL,O5 catalyst while the 15%Co catalyst exposed a notable decrease of
reduction intensity shoulder at 950K. It can be implied these difference to the

increased cluster size and the resulting loss of interaction with the support.[31]

Calcined at 673K

b 250/0 CO/Alzog,

TCD Signal (a.u.)

\ a 150/0 CO/AL203

400 500 600 700 800 900 1000 1100
(b) T(K)

Calcined at 673K

Figure 2.9 TPR profiles of 15%Co/Al,0; (a) and 25%Co/Al,05 (b) catalysts[31].
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Xiong, H. et al, (2004) investigated the effects of cobalt loading on
reducibility and dispersion of Co/Al,O5 catalysts prepared by impregnation method as
shows TPR profiles in Figure 2.10 which represented two peaks centered at 320°C
and 400-600°C temperature range for the lower Co loading catalysts. It can be
implied that the first peak means the reduction of Cos04 crystalline, and the second
peak is inferred to the cobalt oxide-cobalt alumina interaction on the surface of
catalysts. For the 25%Co/Al,O5 shown the reduction of Cos04 at first peak and two
board peaks at 400°C (reduction of well dispersed Co® species) and about 550°C
(reduction of Co** species). Moreover, H,-TPD profiles presented when increasing Co
loading on the catalyst resulted the dispersion decreases, the cluster size increases,

and percentage reduction increases[9].

m 5%

- L 1 1
100 300 500 700

Temperature/C

TCD signal{a.u)

Figure 2.10 TPR profiles of Co/Al,O5 catalysts with different Co loadings (1-6 curves
as 5,7,10,15,20,25 wt.%Co)[9]

2.3.4 Effect of titanium content in the catalyst

Jiang, B. et al. (2018) studied the kinetics and active center distribution of the
ethylene polymerization. The catalyst with 0.1 wt.%Ti has a larger specific surface
area and nearly pore volume with the support because the lower TiCly adsorption
may increase the roughness on the surface of a support, and it has a higher activity

than 1.0 wt.%Ti catalyst. It means that the planting and inaccessibility of TiClg in
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catalysts to the cocatalyst and cannot become active centers when a large TiCly
loading but it can only be exposed through the catalyst disintegration by the raising
polymer phase. Moreover, The mononuclear Ti catalyst produced polymer with low
molecular weight, but the clustered Ti catalyst was released more active centers that

go to the continuous shift of the MWD curves toward the hish MW side[32].

Peng, W. et al. (2020) studied the catalytic behavior of active species in the
TiCly/MgCl, catalysts with different titanium content for isoprene polymerization. The
0.09 wt.%Ti catalyst presented isolated mononuclear titanium species and higher
catalytic activity. The high Ti content catalyst (3.76 wt.%) showed the binding of TiCl,
species with larger clustered mononuclear titanium species on (110) surface of MgCl,
support. The FT-IR spectra appeared the absorption peak of the clustered
mononuclear titanium at 430-450 cm™ by DFT simulation, and at 445 cmtin

experimental FT-IR characteristics[33].
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CHAPTER 3
EXPERIMENTAL METHOD

3.1 Material and Chemicals

For the experimental part, almost of the materials and chemicals are very

sensitive to O, and moisture in the air, thus, it should be careful by the glove bag

technique with continuous N, purging to protect these chemicals contacted with air.

All chemicals were specified details as follows;

1.

The commercial Ti-based MgCl,-supported catalyst (TiCly/MgCl,) was donated
by Thai polyethylene Co., Ltd

Anhydrous magnesium chloride (MgCl,) and 1-Chlorobutane (BuCl) 99.5%
were purchased from Merck Ltd.

Ethanol absolute for analysis, isopropanol, methanol and hydrochloric acid
were purchased from Merck Ltd.

Titanium tetrachloride (TiClg) solution 1M in toluene and tetrahydrofuran
(THF) were purchased from Sigma-Aldrich Inc.

n-heptane was purchased from RCl Labscan Ltd.

Triethylaluminum (AlEt;) solution 200 mmol/L in hexane as cocatalyst,
Magnesium powder, and Magnesium ethoxide powder were donated by Thai
polyethylene Co., Ltd.

Pure grade of ethylene and propylene gases for polymerization were received
from Thai Industrial gas Co., Ltd.

Ultra-high purity nitrogen (99.999%) and argon (99.999%) purchased from
Linde (Thailand) Co., Ltd.

Liquid nitrogen purchased from Linde (Thailand) Co., Ltd.
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3.2 Preparation of Ziegler-Natta catalyst
In this research, there were three preparation methods of the catalyst based

on Titanium-based on MgCl,-supported Ziegler-Natta catalyst as following,

3.2.1 Recrystallization method

In this study, the catalysts were prepared by the recrystallization method with
ethanol (EtOH), including two types of the catalyst, which depends on the titanium

loading in the bulk catalyst like as a low Ti content and high Ti content catalysts.

In the case of the low Ti content catalyst was prepared by 2 ¢ of anhydrous
MgCl, support and 150 ml of n-heptane were added into the four-neck Schlenk flask
500 ml with a magnetic stirrer and filled with pure nitrogen. Anhydrous 12.3 ml of
ethanol was injected into the mixture which immersed in a 120°C silicon oil bath and
refluxing for 2 hours. After the completely dissolved solution, titanium tetrachloride
(TiCly) was slowly dropped about 11.5 ml (0.1 mol) for activated at 40°C and slowly
raising the temperature to 120°C. The mixture was stirred for 2 hours. Finally, the
catalyst was washed with n-hexane for three times, dried by vacuum and kept under

an inert gas atmosphere in the glove box.

The high Ti content catalyst was pretreated with TiCl, about 2.3 ml or Ti/Mg
molar ratio for 1:1[32]. It removed the solvent once time before the activation step

of the TiCl, precursor in the same method with the low Ti loading catalyst.

3.2.2 Grignard reaction method

2 g of magnesium powder and iodine 0.2 ¢ were suspended with hexane in
four-necked flask reactor 500 ml with mechanical stirring at 250 rpm. Isopropyl
alcohol (IPA) was injected into the flask about 125 ml follow by butyl chloride (BuCl)
of 0.36 ml at room temperature and raising the temperature to 80°C for 1 hour. After
that, 2.3 ml of TiCly was added with a dropwise rate of 0.4 ml/min at an hour
refluxing time and continuously proceed, BuCl has added once again of 13.37 ml at

80°C for 2 hours. The catalyst suspension has removed the solvent at cool down
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temperature 50°C and washed three times with 100 ml of hexane before dried by

vacuum to obtain the catalyst powder.

3.2.3 Ethoxide method

Magnesium ethoxide (Mg(OEt),) 3 ¢ and hexane 250 ml were added into the
500 ml glass flask four-necks reactor with a mechanical stirrer at stirring about 150
rom under N, purging, and then dropwise addition of TiCly precursor with Ti/Mg
molar ratio equals to 6 and slowly dropped of 1 ml/min at -5°C. After that, heating
the mixture up to 70° C and refluxing for 2 hours before cooling down to room
temperature for washing with hexane 100 ml more than five times to remove the
supernatant solvent and dried under vacuum before let keep the catalyst under an

inert gas atmosphere in the glove box.

3.3 Slurry polymerization

The polymerization reaction of ethylene and propylene were carried out in a
100 ml stainless steel autoclave reactor with a magnetic bar and total pressure of
ethylene and propylene monomer at 7 bars without hydrogen response. The catalyst
of 0.01 ¢ was added into the reactor at Argon atmosphere in the glove box and
mixed with the desired amount of TEA as cocatalyst using different AU/Ti molar ratio
of 80, 110, 140, 170, and 200 in the 30 ml hexane slurry solution. The reactor was
evacuated and purged with ethylene before starting the reaction at 70°C for 10 min
of polymerization time, after that, the reaction was terminated with acidic methanol
solution ([HCU:[MeOH]=1:4 by volume) and dried by vacuum to obtain the polymer
and weighed the yield of polymer to calculate the catalytic activity and activity ratio
follow as (Eq.3.1-3.2). Besides, it showed the ethylene polymerization procedure in

Figure 3.1.
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3.4 Characterization of catalyst and polymer

3.4.1 Inductively Coupled Plasma (ICP)

ICP-OES optima 2100DV from Perkin Elmer model was applied to detect the
elemental content such as titanium (Ti) and magnesium (Mg) percentage by weight in
the bulk catalyst. The sample of 0.01 ¢ was diluted in 100 ml of hydrochloric acid

and deionized water solution.

3.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

The morphology of catalyst and polymer, and the elemental distribution on
the surface catalyst were observed by SEM with Hitachi model S-3400N and EDX
using Edex 2371 series 300 programs, respectively. The samples were prepared under
N, purging and coated with platinum to provide electrical contact on the carbon

tape by ion sputtering device.

3.4.3 N, physisorption (Single point)
N, physisorption (single point) was determined the specific surface area (Sp) of the
catalysts. The sample was added into a tube and sealed at Ar atmosphere in the
glove box. It was carried out at -196° C of liquid nitrogen for N, adsorption. The

obtained results represented the catalyst surface area follow as (Eq.3.3).

3.4.4 X-ray Diffraction (XRD)

The crystalline phases and sizes of the MgCl,-supported catalyst and the
crystallinities of polyethylene were performed by XRD using Bruker D8 Advance
model at the diffraction angle (20) in range of 10-60 degrees with a scanning rate of
0.5 second per step and slit width 0.1 mm. The crystallite size of the MgCl,-
supported catalyst was calculated by Scherrer equation (Eq.3.4), when A = 0.15406
nm (Copper as a x-ray source), ,8 = full width at half maximum (FWHM), and O =

peak position (radians).
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FT-IR spectrometer using Nicolet 6700 measurement was applied to detect

the binding interaction of the TiCl, cluster supported on MgCl, support by coating

the sample with NaCl disk under Ar atmosphere with the scanning range of about

4,000-400 cm’™.

3.4.6 Differential Scanning Calorimetry (DSC) and Thermal Gravimetric

Analysis (TGA)

The melting temperature, heat fusion and crystallinity percentage were

performed by DSC-TGA analysis with TA instruments SDT Q6000 version 8.1 Build 99,

which operating at the rate of heating was 10°C/min during temperature 20-600°C,

and the crystallinity was calculated to follow as (Eq.3.5) where AH” was the heat

fusion of the reference polyethylene about 291.7 J/c.

Calculation equations for analysis

Catalytic activity =

Relative activity =

Specific surface area (Sp) =

Crystallite size (D) =

kilogram of the obtained polymer

(mol.Ti of catalyst) . (polymerization time)

Each of catalytic activities

The maximum activity

Peak area (m?)

Sample weight (g)

0.91
B cos 6

AH
Crystallinity (%X.) = A_Hg x100

(Eq.3.1)

(Eq.3.2)

(Eq.3.3)

(Eq.3.4)

(Eq.3.5)
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Figure 11.1 The polymerization procedure in hexane slurry 100 ml reactor

24



25

Recrystallization method (Ethanol adduct)
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CHAPTER 4
RESULTS AND DISCUSSION

According to the experimental details, there are 2 incidences fulfilled the
research objective to investigate the Ti content in the TiCly/MgCl, catalyst on the
reducibility of titanium cations by triethylaluminum (AlEts) cocatalyst. The catalytic
performances and the reducibility were discussed on the correlation between the
changing of the catalytic activity and the amount of AlEt; cocatalyst during ethylene
and propylene polymerization. Then, these catalysts were characterized the
elemental composition, the morphology of catalyst and surface, and catalytic
structure as well as the obtained polymer properties by various characterization

techniques.

For the abbreviation of the catalysts that was used in this part to characterize
and discuss the results as shown in Table 4.1. The catalysts were divided into two
parts according to research scopes which consist of (1) the catalysts prepared by the
different methods such as the recrystallization with ethanol adduct, Grignard
reaction, and ethoxide source methods, and (2) the Ti content in the prepared
catalysts and the commercial catalyst were studied the reducibility of AlEt;

cocatalyst.

Table 4.1 The abbreviation of TiCly/MgCl, catalysts

Catalyst Abbreviation
Commercial catalyst Commercial
Grignard reaction Grignard
Ethoxide source Ethoxide

Low Ti content Adduct Low

High Ti content Adduct High
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4.1 The Ti content in the catalysts prepared by the different methods

In the general, the commercial catalyst was prepared by the impregnation of
TiCly precursor on the recrystallized MgCl, support with alcohol adduct due to the
controlling morphology and high activity. For the TiCly/MgCl, prepared catalyst, the
Grignard catalyst was prepared by Mg powder reacted with a chlorinating BuCl to
generate the activated MgCl, support before impregnating of TiCly precursor. The
Ethoxide catalyst was prepared starting with magnesium ethoxide source (Mg(OEt),)
which was modified to MgCl, support. The other one was Adduct catalyst,
recrystallizing the commercial anhydrous MgCl, with ethanol to form the activated
MgCl, support in 6-phase. All catalysts were characterized the feature of catalyst and
tested the polymerization reaction to investigate on the reducibility of Ti species by

AlEt; cocatalyst.

4.1.1 The elemental composition in the bulk catalyst

As Table 4.2. demonstrating the elemental metal contents by weight
percentage of titanium (Ti) and magnesium (Mg) in the bulk catalyst were measured
by Inductively Coupled Plasma (ICP). It is shown that the conventional Ti content of
the commercial catalyst is 3.86 wt.%Ti which resembles the prepared Grignard
catalyst at 4.18 wt.%Ti from Mg source. The Ethoxide catalyst prepared by Mg(OEt),
source had the highest of Ti content is 5.99 wt.%. Additionally, the molar ratio of
Ti/Mg which can be implied to the amount of impregnated titanium into the
magnesium compound support, both Grignard and Ethoxide catalysts given the same
Ti/Mg molar ratio at 0.2 which higher than Commercial catalyst. Then, it can be
deduced that the catalysts prepared by the various methods will give different

amounts of titanium precursor impregnated in the catalyst.

Moreover, there were two catalysts prepared by recrystallized MgCl, with
ethanol to synthesize the adduct catalyst. A catalyst pretreated with TiCly before
impregnating Ti species on the support gave the weight percentage of Ti about 10.1

wt.% (denoted as Adduct High) which was higher than the other one at 4.63 wt.%Ti
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(denoted as Adduct Low). The molar ratio of TiCl, species and MgCl, support in the
bulk catalyst of Adduct High was more than four times of Adduct Low catalyst at 0.2
which similar the other prepared catalysts. It can be deduced that the pretreatment
of MgCl, support with TiCl, in the recrystallized catalyst preparation would increase

the percent of the impregnated Ti species in the bulk catalyst

4.1.2 The catalytic morphology

Morphology of the catalysts was revealed by SEM images in Figure 4.1. It was
observed that the catalyst particle size was significant difference including particle
size, catalytic shape, and structure of surface catalyst. Commercial catalyst was
smaller particle size like a fragment catalyst and rather seemed to semi-spheroidal
shape. In contrast, Grignard catalyst showed the irregular shape or like-rod shape and
bigger particle size than Commercial. For the surface structure, Commercial was
many overlapping-fragment particles on surface leading to the surface was rough
whereas Grignard surface looked like particle-plate and less rough on catalyst
surface. Ethoxide catalyst gave rather the spheroidal shape particle following the

Mg(OEt), powder as a starting material.

Table 5.2 The Ti and Mg contents in the catalysts prepared by different methods

Elemental content ® (wt.%) Ti/Mg
Catalysts
%Ti %Mg molar ratio

Commercial 3.86 15.82 0.1

Grignard 4.18 12.81 0.2

Ethoxide 5.99 14.15 0.2
Adduct Low 4.63 14.30 0.2
Adduct High 10.10 6.08 0.8

®The elemental content was detected by ICP
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Moreover, the morphology of both Adduct Low and Adduct High catalysts was
rather similar, these catalysts were irregular shaped particle and different catalyst size
which could be observed in SEM images. The average particle size of Adduct High
catalyst was 36 Hm which bigger than Adduct Low catalyst at 21 Mm as listed in
Table 4.3 as well. Normally, the conventional Ziegler-Natta catalyst was the average
size in the range of 20-30 Km([34]. On the surface structure, the Adduct High was
found the larger particle aggregated on the catalyst surface like overlapped plate
while Adduct Low catalyst was many fragments and rough surface. Therefore, it can
be implied that Adduct High catalyst has the larger accumulated cluster particle on

the surface leading to the blockage of Ti active site.

4.1.3 Surface analysis

On the catalyst surface, the results in Table 4.3 are not listed only the
amount of elemental composition on the catalyst surface which was detected by
EDX measurement and the BET specific surface area measured using N, physisorption
technique but also listed the average particle size of catalyst measured by SEM
detector. It was found that the Ti content on the surface of catalyst corresponding to
the weight percentage of Ti in bulk catalyst from ICP results. Grignard (15.91 wt.%Ti)
and Adduct Low (12.12 wt.%Ti) catalysts represented the Ti content on surface
similar the Commercial catalyst (12.04 wt.%Ti). Ethoxide catalyst and Adduct High
catalyst showed 20.02 and 39.28 wt.%Ti on surface, respectively. Adduct High
catalyst was the highest Ti percentage and the highest molar ratio of Ti/Mg at 1.9
leading to the clustered titanium species may be accumulated on the surface.
Moreover, the distribution of Ti species was revealed by EDX mapping as shown in
Figure 4.2 to confirm the prediction of Ti dispersion from the molar ratio of Ti/Mg.
From EDX mapping, the Ti distribution of Adduct High catalyst was thick layer of the
Ti dispersion on surface due to the larger amount of accumulated Ti element on the

surface of Adduct High catalyst.
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In case of the same Ti content on surface, the Grignard catalyst has more
quantity of titanium dispersed on MgCl, and give lower the specific surface area,
contrasting with the Commercial catalyst and Adduct Low catalysts that has lower
Ti/Mg molar ratio and higher surface area. According to the report from Niyomthai[35]
who confirmed the recrystallization catalyst prepared by ethanol provided low Ti
species on MgCl, support and high surface area resulting in the good distribution of
active center. Therefore, it can be inferred that Adduct Low and Commercial

catalysts were well-dispersed Ti active species compared with Grignard catalyst.

Table 6.3 The elemental contents on the surface and surface area of catalysts

Catalysts Elemental content * (wt.%) Ti/Mg Surface Average

%Ti %Mg %Cl molar area ° size

ratio (m%5g) (Um)
Commercial 12.04 25.11 62.85 0.2 145 13
Grignard 1591 21.20 62.89 0.4 130 35
Ethoxide 20.02 20.90 59.08 0.5 n/a 34
Adduct Low  12.12 20.80 67.08 0.3 155 21
Adduct High  39.28 10.45 50.26 1.9 126 36

? The elemental contents were detected by EDX
® BET specific surface area was measured by N, physisorption (Single point)
¢ Average particle size of catalyst was measured by SEM

n/a means not analysis
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Figure 12.1 SEM images revealed the morphology of the different catalysts at 300x,
1000x, and 5000x magnification.
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Figure 13.2 EDX mapping of the elemental distribution on surface of the different

catalysts; titanium (blue spot) and magnesium (red spot)
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4.1.4 Catalytic structure

TiCly/MgCl,-supported catalyst was generally provided the adsorption of TiClg
precursor on the activated MgCl, support which was exhibited in the 6-MgCl, phase.
According to much research, the activated &-MgCl, support was assigned the very
board peaks of the X-ray diffraction (XRD) pattern around the centered peaks at 20
equal to 15°, 32°, and 50° corresponding to (003), (101), and (110) reflections,
respectively. These board peaks are commonly presumed a reduced crystallinity of
MgCl, support and a rotational disorder in the tri-layer stacking of Cl-Mg-Cl along the
(001) direction which inactivated to the TiCly adsorption[36]. The (104) and (110)
lateral planes expose five- and four-coordinate Mg atoms bound to Cl atoms,
respectively[18]. For the experimental XRD pattern shown in Figure 4.3, It can be
observed that all catalysts were also presented very board peaks at 20 at about 32°
and 50° which corresponding to (101), and (110) reflections, respectively[18]. These
board peaks are usually ascribed to an irregular structure of 5—MgCL2 support and the
strong adsorption of TiCly precursor on the plane of the activated MgCl, support[18].
The commercial anhydrous MgCl, powder in O-MgCl, phase was detected the
crystalline by XRD which showed the very sharp peak compared with the activated
5—MgCLZ support. Moreover, the crystallite size of (110) MgCl, supported catalysts
was determined by Scherrer equation to analyze the adsorption of TiCly precursor. It
was found that Grignard catalyst showed the highest size of 40.0 nm meaning the
strong adsorption of TiCl; on (110) MgCl, support, while the crystallite sizes of
Ethoxide, Adduct Low, Commercial catalysts were 30.4, 29.1, and 26.8 nm which
higher than Adduct High catalyst at 23.7 nm.

The binding stretching of TiCl, precursor supported on MgCl, support and the
functional groups of catalyst complex were performed. The absorption peaks of Ti-Cl
stretching have appeared at 470 and 617 cm[34, 37]. For FT-IR spectra of the
different Ti content in Adduct Low and Adduct High catalysts which also prepared by
recrystallizing MgCl, with ethanol adduct was showed in the detail Figure 4.4, the
Adduct High catalyst prepared with high Ti content showed the Ti-Cl absorption
peaks at 467 and 617 cm™ while Adduct Low catalyst appeared at 470 and 617 cm™.
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It was found that both Adduct Low and Adduct High catalysts appeared the same
absorption peaks as well.

According to the simulation from Busico[38], the mononuclear TiCl, species
strongly adsorbs on (110) MgCl, surface, and the recently relative report of Ti active
site structure on MgCl, (110) by Peng et al[33], FT-IR spectra of the clustered
mononuclear TiCl, species appeared the absorption peak at 445 cm™. Form the
experimental FT-IR result as Figure 4.5, Adduct High catalyst with high Ti content was
more the intensity of peak at 445 cm™ than Adduct Low catalyst, it can be deduced
that the titanium binding in Adduct High catalyst was the larger-size clustered
mononuclear TiCl, species on MgCl,. Additionally, there was an absorption band
between 3200 and 3600 cm™ indicating the -OH group and moisture adsorption
formed a complex with MgCl,. The C-H stretching from the remaining hydrocarbon
solvent showed the adsorption between 2873 and 2961 cm™, and two separate

peaks at 1464 and 1381 cm™'[34].
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Figure 14.3 XRD pattern of the A-MgCl, support and the different catalysts.



37

Adduct High

Absorbrance (%)

Adduct Low

-— ¥ 7771

4000 3600 3200 2800 2400 2000 1600 1200 800 400
-1

Wavenumber (cm )
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Figure 16.5 FT-IR spectra of Adduct Low and Adduct High catalysts at 445 cm’™
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For the comparison between Commercial and Grignard catalysts that had the
similar Ti content not only in bulk catalyst but also on the surface of catalyst which
shown FT-IR result in Figure 4.6, Commercial catalyst showed the Ti-Cl absorption
peaks at 465.4 and 616.8 cm™ while Grignard catalyst showed at 462.8 and 617.4 cm’
! The intensity of Ti-Cl absorption peaks in Commercial catalyst were lower than
Grignard catalyst due to the lower Ti content in catalyst. Moreover, one of the Ti-Cl
absorption peaks in Grignard catalyst shifted to 462.8 cm™ which was lower
wavelength or lower energy level than Commercial catalyst at 465.4 cm™. This
resultant causing to the weaker adsorption of titanium compound on MgCl, support
in the catalyst[34]. Additionally, the clustered Ti species did not appeared in both

Commercial and Grignard catalysts because of the invisible absorption peak at 445

cm! which shown in Figure 4.7.
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Figure 17.6 FT-IR spectra of Commercial and Grignard catalysts with same Ti

content.
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Figure 18.7 FT-IR spectra of Commercial and Grignard catalysts at 445 cm’

For the Ethoxide catalyst with high Ti content on surface about 20.02 wt.%Ti
was compared with Adduct Low catalyst to investigate the clustered Ti species on
surface of catalyst via the FT-IR spectra in Figure 4.8 and 4.9. It was found that the
absorption peaks of Ti-Cl stretching in Ethoxide catalyst showed at wavenumber of
463.3 and 615.4 cm™ which shifting to lower energy of the absorption resulted in the
interaction of titanium chloride compound on surface of catalyst were weaker than
the Adduct Low catalyst. Moreover, the absorption peak at 445 cm™ was invisible in
Ethoxide catalyst causing to the adsorption of TiCl, on MgCl, in Ethoxide catalyst did
not appeared the clustered Ti species.

The different of catalytic properties and the structure of catalyst in the
prepared catalysts by various methods affect the different catalytic performance
during the polymerization reaction as well. Then, the catalysts have further tested
polymerization performance in the next part to investigate the effect of Ti content

on the reducibility of Ti species.
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4.2 Effects of Ti content on the reducibility of AlEt; cocatalyst

According to the characteristic of the different catalysts in the previous part,
the catalysts had tested the reducibility of Ti species using AlEt; cocatalyst with
various concentrations (varied AU/Ti molar ratios) during ethylene and propylene
polymerization. The reducibility of Ti species was studied through the changing of the
catalytic activity depended on the AUTi molar ratio. The reduction behavior of TiCl,
precursor in the catalyst was studied via the formation of Ti** and Ti** active species
which active for ethylene polymerization while Ti** species is inactive for propylene

polymerization.

For this study, the different catalysts have been tested the catalytic activity
for ethylene polymerization to study the effect of AlEt; concentration and the
changing behavior of the catalytic activity under the same condition. The results of
the catalytic activity of the different catalysts were listed in Table 4.4 and these
results can be observed with the bar chart in Figure 4.10 which plotted between the

AUTi molar ratio and the catalytic activity in the different catalysts.

Table 7.4 Catalytic activity of the different catalysts for ethylene polymerization'.

AUTi Catalytic activity (kgPE.molTit.h™)

molar ratio Commercial Grignard Ethoxide Adduct Low Adduct High

80 1939.43 1809.34 1576.98 1047.43 553.48
110 2062.93 1882.13 1642.37 2040.69 719.16
120 n/a n/a n/a 2305.06 770.52
140 2074.50 1787.37 1527.94 2230.67 952.60
170 2194.19 1773.48 1263.02 1885.71 798.27
200 1967.66 1579.81 1188.14 1262.78 157.23

* Ethylene polymerization conditions: 0.01 ¢ of catalyst; AlEt; as cocatalyst;
total pressure = 7bar; temperature = 70°C; and polymerization time = 10 min.

n/a = not analysis
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Figure 21.10 The catalytic activity of the different catalysts

Initially, the catalysts had tested the catalytic performances in the ethylene
polymerization with varied concentration of AlEt; cocatalyst using AU/Ti molar ratio
between 80-200. Ethylene polymerization was carried out under fixed conditions at
temperature 70°C for ten minutes and using AlEt; cocatalyst with varied AU/Ti molar
ratio. The polymerization results were listed in Table 4.4. The increase of catalytic
activity depended on the increase of AU/Ti molar ratio until the maximum activity
was reached at an optimum AU/Ti molar ratio. Then, the catalytic activity was leveled
down when AlEt; cocatalyst was excessive. This resultant was attributed to Ti species
of TiCl, precursor were alkylated by AlEt; cocatalyst and reduced to Ti** and Ti?*
active species, respectively which active for ethylene polymerization. At low AlEt,
concentration, Ti active sites were gradually formed to gain the optimum catalytic
activity. After that, Ti species was over-reduced to inactive site with the increase of

excess AlEt; cocatalyst.
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Then, the appearance of the optimum AUTi molar ratio of each catalyst
meaning the ability of the reduction to generate Ti active species in the different
catalysts for ethylene polymerization. The reducibility was studied through the ability
of reduction of Ti species to form the active center using the different concentration
of AlEt; cocatalyst (AUTi molar ratio). The formation of active center and the
reduction reaction of Ti species by AlEt; cocatalyst can be observed through the

changing of the catalytic activity during ethylene polymerization.

The catalytic activities were recalculated in the form of relative activity to
normalize the analysis of the reducibility curve in the comparison of the different
catalysts. The reducibility curve presented the correlation between the changed
activities and the changing of AU/Ti molar ratio as listed in Table 4.5. For this part,
there were classified the Ti content effect to the similarity and the difference of Ti
percentage both in bulk catalyst and on the surface of the different catalysts on the

reducibility of AlEt; cocatalyst.

Table 8.5 The relative activity of the different catalysts for ethylene polymerization”

AUTI Relative activity

molar ratio Commercial Grignard Ethoxide Adduct Low Adduct High

80 0.88 0.96 0.96 0.45 0.58
110 0.94 1.00 1.00 0.89 0.75
120 n/a n/a n/a 1.00 0.81
140 0.95 0.95 0.93 0.97 1.00
170 1.00 0.94 0.77 0.82 0.84
200 0.90 0.84 0.72 0.55 0.17

* Ethylene polymerization conditions: 0.01 ¢ of catalyst; AlEt; as cocatalyst;
total pressure = 7bar; temperature = 70°C; and polymerization time = 10 min.

n/a = not analysis
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4.2.1 The different Ti content

There are 3 catalysts with different Ti content both in bulk catalyst and on
the surface, which showed the results by ICP and EDX measurements, respectively.
Adduct Low catalyst (4.63 wt.%Ti in bulk) had Ti dispersed on surface of 12.12 wt.%
which was lower than Ethoxide and Adduct High catalysts at 20.02 and 39.28 wt.%Ti,
respectively on the surface of catalyst. Then, Adduct Low catalyst was compared
with the Adduct High and Ethoxide catalysts to investigate the reduction behavior of

the activity which resulted in the formation of Ti active species.

Adduct Low and Adduct High catalysts were prepared by the same
recrystallization method with ethanol, but Adduct High was pretreated the support
with TiCly before impregnating Ti active species. The catalytic activities were
recalculated in the form of relative activity to normalize the analysis of the
reducibility curve in the comparison of the different catalysts. The reducibility curve
presented the correlation between the changed activities and the changing of AUTi
molar ratio as shown in Figure 4.11. It can be observed that the relative activity
increased with the slightly increased concentration of AlEt; cocatalyst and then the
relative activity decreased at excess AlEt; cocatalyst, this phenomenon corresponded
to the catalytic activity behavior. At low AUTi molar ratio, Adduct Low catalyst
presented lower optimum AUTi molar ratio at 120 while Adduct High gave the
optimum at 140 meaning Adduct High catalyst was hardly reduced by low
concentration of AlEt; cocatalyst because of the large-size clustered Ti species on
the surface and the steric hindrance of the coordinating of TiCls.AlEt; complex
leading to the buried Ti active species. After increasing AU/Ti molar ratio to excessive
AlEt; cocatalyst, the relative activity of Adduct High was suddenly decreased that
means the complete reaction of the buried Ti species with excessive AlEt; cocatalyst
leading to the over reduction of TiCl, to generate Ti active site for ethylene
polymerization. Therefore, Adduct High is more sensitive to the reduction of TiCl,

precursor by excess AlEt; cocatalyst.
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Figure 22.11 The normalized reducibility curve of Adduct Low and Adduct High

catalysts with the different Ti content for ethylene polymerization

Ethoxide catalyst with 20.02 wt.%Ti on the surface catalyst was invisible the
clustered Ti species from FT-IR result, but it was showed the weak binding interaction
of Ti-Cl stretching on the surface. This resultant affects the reduction behavior of
TiCly precursor was easier at low concentration of AlEt; cocatalyst leading to lower
the optimum AUTi molar ratio and higher the relative activity than Adduct Low
catalyst as showed in Figure 4.12. Then, the relative activity of both catalysts was
decreased with the increase of AUTi molar ratio. At high concentration of AlEt;
cocatalyst, Ethoxide catalyst was slower the reduction of the relative activity than
Adduct Low because it was strong adsorption of TiCly on MgCl, support with (110)
plane which shown more intensity of peak at 20 = 50° in XRD pattern.
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Figure 23.12 The normalized reducibility curve of Adduct Low and Ethoxide

catalysts with the different Ti content for ethylene polymerization

4.2.2 The same Ti content

Commercial, Grignard, and Adduct Low catalysts were chosen to study in this
case which focuses on the same Ti content in bulk catalysts about 4.0 wt.%Ti from
ICP and the same Ti on the catalytic surface about 12.0 wt.%Ti by EDX. These
catalysts were prepared by the different methods which may show the catalytic

performance and polymerization behavior were different.

The comparison of the correlation between relative activity with AU/Ti molar
ratio of Commercial catalyst (3.82 wt.%Ti in bulk) and Grignard catalyst (4.18 wt.%Ti
in bulk) was revealed with the normalized reducibility curve in Figure 4.13. It can be
observed that the optimum AUTi molar ratio of Grignard catalyst was 110 which
lower than Commercial catalyst at 170. The relative activity increased with the
increase of AU/Ti molar ratio and leveled down when excess AlEt; cocatalyst. Grignard

catalyst presented higher the relative activity at low AU/Ti molar ratio and faster the
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decrease of relative activity than Commercial catalyst. So, Grignard catalyst was more
sensitive to the reduction of TiCl, precursor using AlEts cocatalyst because it is
weaker Ti-Cl binding interaction on the surface and stronger the adsorption of TiCl,
on (110) MgCl, support[39] leading to the reaction with AlEt; cocatalyst was easier to

the formation of Ti active species.
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Figure 24.13 The normalized reducibility curve of Commercial and Grignard

catalysts with the same Ti content for ethylene polymerization

For Commercial and Adduct Low catalysts were compared the changing of
relative activity in case of the same 12 wt.%Ti on the surface of both catalysts. It was
observed that the activity change of Commercial catalyst was rather stable with the
increase of AU/Ti molar ratio while Adduct Low catalyst was more sensitive to AlEt;
cocatalyst. Adduct Low catalyst gave the maximum activity at the optimum AUTi
molar ratio of 120 which lower than Commercial catalyst at 170. Then, the increase
of AlEt; cocatalyst at high AU/Ti molar ratio resulted in the decrease of the activity in
Adduct Low catalyst more than Commercial catalyst. It can be deduced that the Ti

species dispersed on the surface of Adduct Low were easier reduced by ethyl group
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from AlEt; cocatalyst which corresponding to the characteristic results, Adduct Low
had surface area about 155 m?g and low Ti/Mg molar ratio meaning the well-
dispersed Ti on the surface while the surface area of Commercial catalyst was 145
m?/g. These phenomena of the activity change in the catalysts with the same Ti on
the surface may be caused by the dispersion of Ti species on the surface which
should be further study the effect of the distribution of active center on the

reducibility of AlEt; cocatalyst.
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Figure 25.14 The normalized reducibility curve of Commercial and Adduct Low

catalysts with the same Ti content for ethylene polymerization
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Propylene polymerization

There were three catalysts including Grignard, Adduct Low, and Adduct High
catalysts chosen to confirm the reduction behavior of Ti content on the reducibility
of Ti species by AlEts cocatalyst during propylene polymerization. Because the
reduction of TiCl, precursor to Ti°* active species activated for propylene
polymerization which listed the catalytic activity and the relative activity results in
Table 4.6 and Table 4.7 respectively and showed the reducibility curve of three
catalysts in Figure 4.15. It was observed that the catalytic activity increased with the
increase of AU/Ti molar ratio because of the formation of Ti** active species and then
leveled down after reaching to the optimum AUTi molar ratio at the maximum
catalytic activity. Grignard catalyst and Adduct Low catalyst showed the optimum
ratio of 70 and 80, respectively which lower than Adduct High catalyst at 140. Then,
the activity of Adduct High catalyst was evidently reduced by the excessive AlEt;
cocatalyst because of the over reduction of TiCl, to Ti** species which inactivate for
propylene polymerization. It can be deduced that Adduct High catalyst with high Ti
content and the clustered Ti species on surface was difficultly reduced with low
AlEt; concentration since the Ti species was blocked by Ti clusters causing the
alkylation reaction with AlEt; was difficult and then the complete reaction was
occurred at the excessive AlEts cocatalyst. Moreover, Grignard catalyst was easier
reduction of TiCl, precursor to Ti** active species at low Al/Ti molar ratio because of
the weaker bind interaction of Ti-Cl stretching in the strong adsorption of TiCl, on

(110) MgCl, support.
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Table 9.6 Catalytic activity of the different catalysts for propylene polymerization

AUTI Catalytic activity (kgPP.molTi.h™)
molar ratio Grignard Adduct Low Adduct High

50 250.84 1256.89 241.48
70 271.50 1322.09 n/a

80 267.32 1407.88 266.41
110 198.65 997.09 285.31
140 182.17 954.90 334.20
170 147.22 862.97 273.63
200 135.61 760.86 156.92

* Propylene polymerization conditions: 0.01 ¢ of catalyst; AlEt; as cocatalyst;
total pressure = 7bar; temperature = 70°C; and polymerization time = 10 min.

n/a = not analysis

Table 10.7 Relative activity of the different catalysts for propylene polymerization”

AUTI Relative activity
molar ratio Grignard Adduct Low Adduct High
50 0.92 0.89 0.72
70 1.00 0.94 n/a
80 0.98 1.00 0.80
110 0.73 0.71 0.85
140 0.67 0.68 1.00
170 0.54 0.61 0.82
200 0.50 0.54 0.47

* Propylene polymerization conditions: 0.01 ¢ of catalyst; AlEt; as cocatalyst;
total pressure = 7bar; temperature = 70°C; and polymerization time = 10 min.

n/a = not analysis
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Figure 26.15 The normalized reducibility curve of the different catalysts for

propylene polymerization

Polymer properties

The obtained polyethylene polymers from the polymerization reaction with
the different catalysts were detected the thermal properties such as the melting
temperature (T,,) and the enthalpy of fusion (AH) by DSC-TGA measurement as well
as the crystallinity of polyethylene which was calculated by the heat of fusion. The
property results were listed in Table 4.8, All catalysts were activated for ethylene
polymerization without an additive or electron donor causing to obtain the
polyethylene with the same thermal properties. Melting temperature of the obtained
polyethylene was detected about 125-128 °C and the crystallinity of polyethylene
was calculated in the range of 45-55 percent. Then, these thermal properties of the
obtained polyethylene could be attributed to the classification of polyethylene to
the medium density polyethylene (MDPE) which presented a density range of 0.926-
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0.940 g/cm® and typically used in the production of gas pipes, packaging film, and
carrier bags[12].

Table 11.8 The obtained polyethylene polymer properties.

AUTI . .
Catalyst T, (°C) AH (J/9) Crystallinity (%)
molar ratio
Commercial 20 127.41 1379 a7
110 126.81 147.3 51
250 125.92 143.4 49
Grignard 20 128.35 161.2 55
170 126.53 149.4 52
250 125.51 151.9 52
Adduct Low 80 125.24 163.9 56
120 126.34 166.1 57
200 125.35 167.7 57
Adduct High 80 126.78 124.8 43
140 126.98 143.5 49
200 124.11 138.9 48

* Thermal properties of polyethylene were detected by DSC-TGA
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

This research purposes to investigate the effect of Ti content in TiCly/MgCl,-
supported catalyst on the reducibility of triethylaluminum (AlEt;) cocatalyst via the
observation of the changing of catalytic activity with the increase of AlEt;
concentration during ethylene and propylene polymerization. The impregnated Ti
content in the prepared catalysts affects the different catalytic structures and the
formation of active sites which depend on the catalyst preparation method. For the
reducibility investigation can be concluded that,

The catalyst with high Ti content on the surface (39.28 wt.%Ti) showed the
large-size clustered Ti species and the blockage of Ti active species on the surface of
catalyst leading to the alkylating reaction with AlEt; cocatalyst at low concentration
is difficult due to the steric hindrance of the formed complex between TiCl,
precursor and AlEt; cocatalyst which blocked the adjacent active sites, and then the
complete reaction of the buried Ti species will have occurred at the excessive AlEt;
cocatalyst. Moreover, the catalyst with the weaker Ti-Cl binding interaction of TiCly
strongly adsorbed on (110) MgCl, support is more sensitive to the reduction of Ti
species by AlEt; because of the easier exchanging between Cl atom and ethyl group
from AlEt; cocatalyst. Therefore, the clustered Ti species and the weak binding
interaction of TiCly on (110) MgCl, support affect the reducibility of AlEt; cocatalyst
for ethylene polymerization and correspond with the resultants of propylene
polymerization which confirmed the reducibility of TiCl, precursor to Ti** active

species using AlEt; cocatalyst.
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5.2 Recommendations

1) Propylene polymerization could be chosen to directly investigate the
reducibility of TiCl, to Ti°* active species by AlEt; cocatalyst.

2) The reducibility of Ti species in the TiCl,/MgCl, catalyst by AlEt; cocatalyst
should be further analyzed the changing of the amount of Ti cations in the catalyst
by various techniques such as,

2.1) The oxidation state of Ti cations on the surface of fresh catalyst
could be measured by X-ray photoelectron spectroscopy (XPS).
2.2) The amount of Ti** species in the mixture of TiCly/MgCl, catalyst

and AlEt; cocatalyst could be measured by Electron spin resonance (ESR).
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APPENDIX A — SCANNING ELECTRON MICROSCOPY

The obtained polyethylene was characterized by SEM microscopy to reveal
the morphology of polymer which responded to the catalytic structure while the
different concentration of AlEts cocatalyst. The samples of polyethylene were

revealed the morphology in Figure A-1 to Figure A-4 as below.

$3400 15.0kV 12.6mm x40 SE

Figure A-1 SEM images of the obtained polyethylene for Commercial catalyst
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Figure A-2 SEM images of the obtained polyethylene for Grignard catalyst
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Figure A-3 SEM images of the obtained polyethylene for Adduct Low catalyst
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Figure A-4 SEM images of the obtained polyethylene for Adduct High catalyst
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APPENDIX B — FOURIER TRANSFORM INFRARED SPECTROPHOTOMETER

The absorption peaks of FT-IR spectra appear at many wavenumbers which
can be identified the binging interaction and functional groups in the compound

catalyst, that listed in Table B-1.

Table B-1. Absorption peaks identified the functional groups in Ziegler-Natta

catalyst[34].
Absorbing group Absorption at (cm™)
-OH or moisture 3200-3500
Mg-Cl stretching 1636
Mg-Cl stretching 1853
Mg-Cl stretching 2252
Ti-Cl stretching 470
Ti-Cl stretching 617
Ti-O-CH,- stretching 718
Ti-O-CH,- stretching 845
Ti-O-CH,- stretching 1006
Mg-O(Ti)-CH,- stretching 1073
-CH,/-CHj; stretching 2800-3000

-CH,/-CHj; stretching 1465 and 1380
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