Chapter H
Theory

High density polyethylene (HOPE) is a major commodity thermoplastic used for
a variety of applcations such as containers, and packaging Him. Because of Its industrial
important, this extraordinary polymer has been manufactured since early 1965. The
production of HOPE continues to be a very active area of technology.  recent years, the
world wide recession, reduced and varying demands, overcapacity, and fierce price
competition have caused polyolefin - manufacturers to modify the existing facMties to
interchangeably manufacture a variety of resins. Now, improved catalysts and processes
have been developed to produce HDPEs with desired properties at a lower manufacturing
cost.

3.1 General Concepts of Ziegler-Natta Catalyst

Ziegler-Natta catalysts are formed by reacting a metal alcyl (or hydride) and
a transition metal sal, such as AEts+TiCls, under an inert atmosphere. Binary mixtures
have usuaty been used; however more than one metal alcyl or transition metai sal can be
present, it has been manifested that there is a definite advantage to have a ternary or
quartemary system onlya few cases. Organic and inorganic molecules are added to modify
some aspects of the polymerization; hydrogen, for example, is added to terminate chain growth
process.

The patent Iterature usualy claims al metal alcyis (hydrides) of group Ito Il
base metals and transition metal sals of group fVB to VIIIB, eluding Sc, Th and . This
definition is too broad when appled in the laboratory.  practice, only a few group £ to liiB
metal alcyis are effective. Aluminum alcyis have been overwhelmingly preferred. The most
studied transition metal sals were based on Ti, V, Cr, Co and Ni metals.

Just because a metal alcyl or a transition metal sals forms an active catalyst for a
particular monomer.  practice, the choice of a particular combination of a metal alcyl
and a transition metal sal is largely governed by the monomer structure. For example, Ziegler-
Natta catalysts based on group VIII transition metal sals, such as AEtjCI + CoClj, readily
polymerize dienes but not ethylene or a-olefins. On the other hand, the catalysts based



other hand, the catalysts based on group VB, VB, and VIB transition metai are active
for both dienes and a-olefins, such as Ti-, V- and Cr- based catalysts. A particular
catalyst: (o5 5)2 o2, in combination with an aluminum alkyl, polymerizes ethylene but
not propylene.

Ethtyene is polymerized by a substantially larger number of catalysts than are
propylene and higher a-olefins. While all catalysts which are active for polymerization of
alpha olfins are also active for polymerization of ethylene, but the reverse is not true[47].

Sometimes an exchange reaction occurs between the transition metal and
the metal alkyl to generate a new transition metal salt. When Ti(ORya and AKt2Cl are
reacted, for example, the exchange shown in Eq.3.1 takes place.

ALCl + TFOR  AROR + TICl  (Eq3d)

The real catalyst may be the end product of this exchange rather than the
starting mixture; at an Al/Ti ratio of 4, P-TiCl3 is formed.

The notation * Ziegler-Natta Catalyst 1 has been adopted in this thesis. The
reader may have noted that the literature contains a variety of other designations for this
catalysts, including Ziegler catalyst, Ziegler-type catalyst, Natta catalyst, coordinated-
anionic catalyst, mixed metal complex catalysts, etc. ~ the initial period after Ziegler's
discovery, the catalysts was reported by his school to polymerize ethylene (and
copolymerize ethylene and propylene) contained the transition metal in the highest oxidation
state, e.g., TiCla and VCl4[48]. These werenamed as Ziegler catalysts. Later, Natta
discovered that polypropylene of greater isotacticity was producedif preformed
lower oxidation state transition metal salts were used, such as TiClz and VCls. While he
referred to these as modified Ziegler catalysts or Ziegler-type catalysts, others, in order to
seperate them from Ziegler catalysts, designated as Natta catalysts. Particular catalysts
developed by other laboratories sometimes assumed the names of that company to
denote a special modification of the catalyst.

Some researchers chose to refer to all of the above as Ziegler-type catalysts,
others used the name Ziegler-Natta catalysts so as to include the large number of catalyst
discovered and elucidated later, not only by the Natta school, butalso by other
researchers worldwide. The latter nomenclature has been favored in more recent years. f
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means that the active catatyst contains a metal alkyl (or hydride) and a transition metal salt
regardless of additional modifications, such as the presence of third component, support of
the catalyst, and in situ synthesis of catalyst component.

3.2 The Role of MgCl2 as Support for Ethylene Polymerization Catalysts.

MgCl2 has a layer structure. Using the Arlman-Cossee technique it was
found that three different types-one single and two double vacancies of MgCl2- can be
distinguished on the surface of a magnesium dichloride crystal. The free vacancy places are
responsible for the interaction with TiCla and Lewi base[49].

MgCl has been found to be the ideal support, its host ttice can
support chiral titanium-active sites. This has been widely attributed to near isomorphism of
MgClz and TiCla crystals. There are two crystals forms of MgC™: the cubic close-packed
form, which is very similar to the structure of a-TiCls; and the hexagonal close-packed form,
which is very similar to the structure of a-TiCls.

Crystals of both TiCls and MgCl2 consist of two planes of chlorine atoms
sandwiching a plane of metal atoms. The titanium atoms occupy two-thirds of the octahedral
sites in TICIs which the magnesium atoms occupy all the sites. The dimensions of the layers
are similar in the two compounds. Furthermore, through a mechanical treatment, MgCl2 can
be partially distorted by a £60° rotation of the CI-MgCl triple layers. A similar distortion of
TiCl3 can be effected by ball-milling.

There are three faces of MgCl2 crystalline of interest. The (100) plane has
four coordinate exposed Mgy atoms. The (110) face of MgCl2 and the (100) face ofTiC/are
very similar both having five-coordinated metal atoms at the surface. Both basal planes (001)
of TiCls are occupied entirely by Cl atoms; there are no exposed metal atoms. It will be
shown that the dimeric Ti2Clo epitactically placed on the (110) face of MgCl2 is the most
likely candidate for stereopecific active sites.

MgCl2 also has desirable morphology as a support for the new generation of
olefin polymerization catalyst. 1t is a highly porous polycrystaHine material probably due to a
large number of uniformly distributed microcracks. It is sufficiently resistant to rupture by
mechanical manipulation and used in gas phase polymerization, but it is weak enough so
that it is broken down during polymerization. The porous morphology permits the
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diffusion of monomer into the interior of the catalyst particles and replicates it to the
polymer.

A third desirable chracteristic of MgCl2 is its low electronegativity among
metal halides. The supports with electronegativities less than that of T:«Cls are thought
to promote the coordination of monomer to titanium via 71-back donation. Soga et al. [50] has
shown that MgCl2, MnCl2 and CoClz2, which have lower electronegativity than TiCls,
can increase productivity of olefin polymerization.  contrast, highly eletronegativity metal
halides retard the polymerization.

conclusion, MgCl2 is a rather inert chemical so it can be left in the polymer
without a deashing process.

3.3 The preparation of high activity catalysts

The efficiency of olefin polymerization catalysts can be improved by several
methods. The data usually available in the patents are not authorative to develop a rigorous
classification relating to catalytic efficiency. I is based on operational methods to prepare the
catalysts. These classes are distinguished by the mode of formation of a precursor composition
containing a transition metal compound. The operational classes for compounds of transition
metals are chemical anchoring to the surface of a substrate, formation of bimetallic
complexes, insertion into defects of a substrate, formation of high surface area sponge, and
formation of solid solution by cocrystallization. Table 3.1 illustrates examples of each class[51].

The operational methods used to improve catalyst productivity appear to have a
common basis for their effectiveness. The provided techniques to expose and isolate the loading
amount of transtion metal compound, either in a solid matrix or a bimetallic to complex, have
been highly effective. The methods stabilize the transition metal centers to provide the
higher polymerization efficiency of many catalysts.

3.3.1 Chemical Anchoring to Surface of Substrate
chemical anchoring, a chemical reaction takes place between surface

groups on the substrate and the transition metal compoundto form a new surface
composition(Eqs.3.2-3.4). Chemical attachment of the compound to the support —provides
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Table 3.1 Operational Methods to High Activity Catalysts [51]

Chemical Anchoring to Surface of Substrate

a) TiCl,/Mg(OH)CI ) Cr03/Si02 ¢) (CSH5)2Cr/Si0 2

Formation of Bimetallic Complexes
a) MgCl2 + 2TiCI™ + 8POC13+ [Ti2CI10]2“[Mg(POCI3)6]2+-2P0C13
) 2MgCl2 + TiCli* + 7THF + [TiCls(THF)r [Mg2C I3(THF)6]+

¢) MgCl2 + TiCl, + 4CH3C 02C2Hs+ TiMgCI6(CH3C 0 2C H 5) 4
Insertion into Defects of Substrate
a) MgCl2 + TiCli* + ethyl-p-toluate mi 1Ing>

) MgCl2 + TiClI~-dioxane k-ii

Formation of High Surface Area Sponge

a) TiCli* + Et2Aie 1 ------mmmmommmmmenees * B-TiCI3-xEtAICI2
isoamyl ether

[TiCI3-(EtAICI2)0 03(ether)0 01] treated solid
) Mg(OEt)2 + TiCI™ + [MgCI2-Mg(OEt)2'Mg(TiClg)]
c) Mg(OEt) 2+ TiCO-nCi+Hg)™ +EtAICI2 + trimetallic sponge
Formation of Solid Solutions by Cocrystallization (Coprecipita-
tion)

a) EtMgCl + TiClg + TiCI3*MgCIl2+ organic fragments



an anchoring device to prevent destruction of the potentialy active sites by metal
interaction. The heating temperature to the support can have a significant effect on the
polymerization activity of the catalyst [52],

High surface area sMca supports have proven particuiaily attractive  th
Cr-based catalysts, probably because such high surface areas provide an efficient means
to isolate active centers. At chromium loading with the Cro . /SIC.. catalyst, chromium
efficiency was at a maximum. Each chromium loading atom was assumed to be an
active site.

|
Si-OH rsi-0 0

) \ ]
0 + CrU3 do Cr +HO0 Eq32
L = / \
-?1-0 ALSE0T 0
A o 1 @ |
Si-OH  + | r LEUTORIRS. 18i.0-Cr  + Eq33
l . b | .. D |
2/ | 2/
Mg + o TicIA Mg Eq.34
j\OH 74 \0|1C13

3.3.2 Formatiom of Bimetallic Complexes

Bimetaic complexes containing at least one atom of Mg, Mn, or Ca
and at least one atom of 71,V or Zr, when reacted with organometaic compounds of the
metals belonging to one of Groups IA-IIIA of the Periodic table, are claimed as highly
active catalyst in the polymerization of olefins.

The complexes have the general formula MmM'X.mY.nE,
where M= Mg, MI, Ca,
m = a number from 0.5 to 2,
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M=Ti, V,Zr,
X =Cl, Br, |,
Y = one or more atoms or groups of atoms selected from atoms of halogen,
-NR, -OR, -SR and others of a similar nature,
= a number from 0.5m to 20 m,
E = electron donor compounds selected from classes of compounds )ich
included esters, alcohols, ethers, amines, nitriles and certain phosphoru compounds.

The bimetaic complexes of the general formula MvfTY.nE, wherein T=
0Xygen, a certain anion, or a certain pair of monovalent groups, have been shown to
provide, on activation, highly active cata”sts. These bimetaic haldes can be prepared by
reacting the hafide MX.(or MT) with the compound MY" at a temperature from 25-150°C in
the electron donor solvent E (in Table 3.1). UnRke the surface complexes formed by
chemical anchoring to a substrate, bimetaic complexes are wel-defined compound with
characteristic properties. The simpicity of these bimetaic complexes offers the opportunity
to identify basic requirements for achieving high polymerization activity. The product of
interaction between TiCA, MgCl. and CHs COOC: Hs to form MgTIClo (CH: COOC. Hs s ,
which s ilustrated below[51].

CH3COC2H5
ch3xoc2hb5 fl'

Mg

|
cH3oc2Hs o0 01

CH3COC2H5
Figure 3.1 structure of MgTiClg(CH3COOC2Hs)4 [51].

The molecular structure of MgTiClg(CH: COOC. Hs,. may be described as
a sightly deformed bioctahedron. The T.Cl. molecule has changed its coordination
from tetrahedral to octahedral. Whereas, the MgCl. retained its octahedral
coordination. The bimetaic complexes were obtained by reacting T.Cls, VOCls, Mo OCls
WOCI. or AICI; with Be, Mg, Ca or Sr chlorides in the presence of electron donors,
such as POCLs(L) or CgHsPOCtyL'). These complexes showed  well-defined
stoichiometry, ionic character and crystafine structure. Complexes (TiCleJMgLg,



(TICIsSLOMgL" and (Ti. Cljo)MgLo treated with (i-C. Hg)sAl, cocatalyst, Mere found very
active for ethylene polymerization only.

Conclusions about the role of Mg ions in these catalysts and other high
activity catalysts require the (blowing discussion:

Titanium centers may be diluted by Mg ions, which influence the number of
active centers. This dilution process can take place  several ways, including bimetalc
complex formation, formation of sold solution by cocrystaBzation and chemical
anchoring to the surface ofa substrate, which may not involve Mg ions.

The process of Mg ions can stabHze active Ti centers from deactivation
processes. The type of Igand on the Mg lon influences the extent of stabWzation.

The presence of Mg ions enhances chain transfer processes since the
average molecular weight of HDPE decreases when Mg/Ti ratio increases.

The presence of Mg ions leads to produce polyethylenes with a narrow
molecular weight distribution (MwMn ~ 3-5).

The similarityin size, ~coordination preference, electronic structure and
electronegativity of Ti(IV), Mg(ll), and Al(lll) ions are reflected  structural parameters and
chemical properties(Table 3.2). The similarity in size between Mg(ll) and n(VI1) and the
common electronegativity and size/charge ratio for Al(lll) and Ti(Vl) permitan easy
substitution ~ between the metal ions in a framework. Al three metal
jons should fit equalywel into the interstices between chloride anions in the lattice. The
metal ions can react to form organometakc compound which can be stabilzed by
formation of adducts with electron donors. Ligand exchange and substitution of a metal ion
species for another are common reaction..

Chloride ion plays in an important role in many high activity Ziegler-
Natta catalysts. It permits facile bridge formation between the metal centers of the catalyst
framework.  Alcoxide bridge probably introduces steric effects and decreases catalyst
crystainity and uniformity.  Replacement of a buky alcoxide by a chloride ion may
also lead to vacancies in the catalyst lattice and increase the effectiveness surface area of
the catalyst particles.

3.3.3 Insertion into Defects of Substrate

Several studies have examined the nature and performance of high
activity MgCi. precursors prepared by a miffing method. The primary effect of miffing
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lon

Ti(IV)

Mg (Il)

AL(ITD)

Cl(-)

Radius
(nm)

0.068

0.065

0.050

0.18

Table 3.2 Geometric and Electronic Properties of lons of Catalyst Component [51]

Size /charge

0.017

0.033

0.017

0.18

Pauling
electronegativity

1

1.

.5

2

Electronic
structure

3523p63d°

2522p6

2522p6

3s523p6

Coordination
number

Geometry

Octahedral
Tetrahedral
Distorted

trigonal bipyramidal

Tetrahedral
Octahedral

Tetrahedral
Octahedral

Bent-bridging group



IS to break the layered structure of the MyCl. crystal. The structure variation introduced
by bal-miEng are related with the disordered rotation of CI-Mg-Cl triple layers. This
breakage into crystaBtes around 10 nm occurs along the weakly bounded layers. With
prolonged grinding time for MgCl., each peak in the XRD pattern becomes lower and
broader progressively. It indicates that the crystaSte size becomes smaler and smaler
during grinding.

The reduction in the crystaBte of MgCl during miBng was greats
accelerated. The TiClt diffuses to the inner layers of the MgCl. structure and through
this diffusion makes the cleavage of the MgCl. crystal easier. Then the TiCc adsorbed
on the MgCl. surface is in a state of high dispersion. ~ When ethylene molecules enter
into the internal  voids of MgCl. to polymerize ethylene, the particle disintegrates into
smaler crystaBtes. The crystaBte size can be directly correlated with the catalytic activity.

(101) race O =Cl, @ = Mg.

Figure 3.2 Faces of magnesium chloride after ball milling [51],

Activated magnesium haides would appear to be ideal substrates for
titanium haides. The coordinatively unsaturated Mg ions located at the side surfaces and
crystal edges can easily bond with titanium haides on the more probable cleavage
surfaces of the crystals. The (110) and (101) faces of the Mg atoms are coordinated with
four or five Cl atoms, respectively (Figure3.2).  strongly bonded surface complexes
involving  halogen bridging between Tt and Mg are formed (Figure 3.3). The presence
of electron donor can enhance the stabiity of these surface complexes, tt is possible that
interaction of TiC. with activated MgCl. to form surface complexes with a formation of a
Mg[TiCls ]-type ionic complex.
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COMPLEX ON (101) FACE

Figure 3.3 Possible complexes of TiCl4 on face (110) and (101) of MgCI2[51],
3.3.4 Formation of high surface area sponge

Previously, most catalyst systems consisted of partialy reduced TICI:
cocrystallized ith AICls. Precise composition and extent of cocrystaization depend on
the method of preparation and heat treatment. The effect of dry milng the o5 to
increase the activity has been an important development.  The catalysts can be
prepared in a three-step process(Table 3.1).

the first step, TiCe is reduced by organoaluminium compounds, Et. AICI.
The reduced sold consists of a p-TiCl: based composition with aluminium compounds
which has halogen and/or hydrocarbon fragments. The second step, this P-TiCls .1/:AICI:
treatment with diisoamyl ether provides a means to remove the AICIs from the sold matrix.
The treated and reduced sold has the same physical form and surface area. The third step,
the treated sold is reacted with TICl: near 65 °C to give s-TICl:. (AR, X:-X)X(C)y
where C is the complexing agent, diisoamyl ether, and 0< > 2, X< 0.3, and 0.11>y>0.99.
This resulting complex of 6-TiCl: has a high surface area. Therefore, it makes the
catalytic complex possess about fivefold higher activity than the conventional o s catalyst.
For the catalytic complex, the high total vokime of the spherical particles is due to a
particular, cebiiar structure(sponge) forming a network.
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High activity of the bimetallic sponge catalysts based on Mg-Ti precursors
can be obtained by a reaction of Mg(OR)2 with tetravalent titanium halides (Table 3.1). The
original  structure is changed as the My and Ti compounds are firmly linked as a new
crystalling species during the preparation. The new complexes are probably a mixture of
MgCl2, Mg(OR)2, and Mg-Ti complexes. The final precursor (catalyst) has a much higher
surface area than the original one. These high and unexpected surface areas are
believed to be a major reason to the very high activity of catalysts prepared from the
activated solid.

The another development of high surface area catalysts relates to the
preparation and use of trimetallic sponges based on Mg-Ti-Al compounds (Table 3.1). The
maximum catalytic activity in ethylene polymerization was observed  using trimetallic
sponges with the highest surface areas and the lowest titanium concentration.
It is advantageous to isolate titanium centers from each other in the preparation step.

3.3.5  Formation of Solid Solution by Cocrystallization

traditional Ziegter-Natta catalyst, after the reduction of TIiCI* by an
organoaluminum compound leads to a crystallized product of AICI3 and TiCls [53],
3 TiCla. + AIClz -> 3 TiCl3-AlCl3 + organic fragments (Eq. 3.5)
with a typical content of one-third AICI3 for one TiCls.

Moreover, the reduction of TiCla by an organomagnesium compound leads
to a solid solution of TiCl3 in MyClz-
TiCla + RMgC!--—--> TiCis.MgCl2+ organic fragments ( Eq. 3.6)

Cocrystallization of MgCl2 with 3 leads to a disordered structure. This
disorderness can be verified by using XRD data to compare with that of the
TiCls_MyCl2 solution with the p-structure. The treatments of these Ti-Mg complexes
with an organoaluminum compound, the resultant catalysts show high polymerization
activity. The high polymerization activity has been ascribed to the disorderness of
TiCl3.MyCl2 structure. No remarkable X-ray lines could be assigned to either MgCl2 or
TiCl3, which indicated a very small crystallite size must be present.

Solid solution of binary chlorides have been obtained by reacting TiCla
with V(CO)6, Cr(CO)g, Mn2(C0)10, Mn(CO)sCl, Ni(CO)4, Co2(CQ)g, Fe(CC)5, or
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Mn(CO)e [54]. The reaction yield mixed chlorides of the general formular MClp.nTiC*
where =2 or 3and Mis a divalent or trivalent transition metal cation:

nmictt, + M(CO)x ~ MCO~.nTiCy -> MCIn-nTiCMxCO (Eq.3.7)

The binary chlorides, prepared as indicated Eq.(3.7) have been
characterized by various methods. From the obtained evidence, It showed that binary
chlorides were present as soEd solutions of the two constituents.  The sold solution  (
FeTAClg, MnTiCly )with lower crystainity exhibited high surface area values.
The disordemess of crystal structure and surface area related to the ionic radius of the
metals with respect to that of ( !). The largest surfaces were found for the binary
chlorides of Fe and Mn.

Table 3.3 Catalytic Activity of Systems
Based on Binary Chlorides Containing ~ 3[53,54].

Specific activity,

Binary chloride, Catalyst efficiency, relative to
composition kg PE/g Ti m Al1C13-3TiCI3
MoCI3-TiCI3 1.0 0.09
NiGI2-2TiCI3 4.2 0. 38
CrCl13«3TiCI3 9.0 0.82
CoTL 16CIs.6 19.1 1.74
MnCI2-2TiCI3 22.6 2.05
FeCl2-2TiCI3 24.0- 2.18
MnCI2-TiClI3 28.1 - 2.55
VTix.1C16-7 24.1 2.65
AICI13-'3TiCI3 11.0*- 1.00
(MgCl2)1.5-TiCI3 132 - 12

'Experimental conditions : n-hexane = 1000 cm3; [(i-Ct-H 93AIl] =
40 mmol/L; [Ti] = 0.5-2 mmol/L; T =85° ; C2H4 =5 atm; H2 =15
atm ; time = 2 h.



34  Ethylene polymerization catalysts

Catalysts derived from the reduction of TiCla by an aluminium alkyl,
or using TiCls prepared by hydrogen or aluminium reduction of TiC(4, have been used
to polymerize ethylene. The relative ease of ethylene polymerization has meant that simpler
catalysts can be used, but alsothat a der range of catalyst types is possible. However,
there are other desirable catalysts attribute to high activity; for examples, high bulk
density polymer, controlled shape and particle size range also controlled molecular weight
distribution. Some catalyst systems will now be discussed[55].

34.1  Magnesium halide supported catalysts

Catalysts based on magnesium chloride are important inthe field
of polyethylene. Extremely active catalysts can be prepared by milling MgCl2 and
TiCa together. Polymerization is carried out by trialkylaluminium as an activator.
commercial process, these catalysts can produce polymer containing a very low ash.

More complex catalysts based on MgCl2 have been developed:;
examples are given in Table 3.4. Analogous catalysts developed for polypropylene can be
made by milling MgCl2 with a Lewis base and then treating with liquid TiCLj. The bases
are alcohols rather than esters.  These catalysts have even higher activities based  on
transition metal component, other advantages related to the polymer's performance in a
given application; for example, the ease of blow moulding. Examples are given in the
table of methods other than ball-mining for producing an active MgCi2- These include
chlorination of a magnesium alkyl, oxide, hydroxide or alkoxide and dehydration of
MgCl2-Heo using oo 2- The necessity for the elimination of oxygen containing species is
not critical with polyethylene catalysts; MgO is a very effective supports.

3.4.2 Other magnesium supports

An early Solvay patent describes a catalyst produced from the
reaction between MgO and TiCla. AI(iBuys was an activator to produce a high activity
catalyst. Methods of producing magnesium oxide include dehydration of Mg{OH)2 and
decomposition of the metal acetate. Alcohols can be added to the support; magnesium
alkoxides are effective support materials  Another suitable support is magnesium
hydroxide; Table 3.5 gives examples of the use of magnesium supports in catalysts.
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Table 3.5 Other Magnesium Supported Catalysts [55].
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The surface of magnesium oxide has hydroxyl groups. TiCla has
been shown to react with these surface groups(Eqs.3.8-3.9 ).

-Mg-OH +TiCa  -» -Mg—0-Tf—l + HCl Eq.3.8
-Mg-OH -Mg—Ov  ycr

+TiCa > T + 2HCI Eg.3.9
-Mg-OH -Mg-0™  XCI

Gravimetric analysis suggests that HCl produced as a by-product also
reacts with the surface species(Eqs.3.10 -3.11). The water produced from the last reaction
can react with titanium species on the surface (Eq.3.12). Evidence for this reaction comes
from IR spectra on the analogous reaction of MgO and SiCla- IR data are also available
on the subsequent reaction of the surface titanium halide species with aluminium alkyl.

Mg-0 +HC -5 ~Mg~(OH)CI Eq. 3.10
Mg-0 +HO  -Mg=Cl +H20 Eq. 3.1
~Mg~0~TiCls + H0  -Mg=Ti(OH)Clz + HCl Eq. 3.12

It was suggested that the active species is a trivalent titanium alkyl
produced by reduction and subsequent alkylation reaction (Figure 3.4). For kinetic work on
the same system implied encapsulation of catalyst by polymer and control, under the
experimental conditions, of the polymerization by diffusion through the polymer film.

~Mg-0-TiCls + AlEts  » -Mg-0-TiCI2Et + AIEt2C]
[
~Mg-0-TimCl2  + Et*
| AlEts
—Mg-O-TiCIEt  +AlEt2Cl

Figure 3.4 The reaction of surface titanium halides species and aluminium alkyl [55]

Supporting  the titanium  catalyst component seems to lessen the
tendency for reduction by the aluminium alkyl cocatalyst. Magnesium supports such as
MgCl2 and MgO are more effective than aluminosilicate; this ability is apparently related to
the chemical nature of the support rather than its surface structure. The stability of active
polymerization complexes is thus increased by the support.
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3.4.3 Reduced catalyst systems

For ethylene as well as propylene polymerization systems, an
important class of catalysts is prepared by the reduction of a titanium(IV) compound by
a metal akyl compound. Trialkylaluminiums, alkyl halides and other mixed ligand
compounds are again suitable reducing agents; however, alkylmagnesium compounds
also give rise to extremely active polymerization systems. Grignard reagents, solid or soluble
dialkyl magnesiums, on their own or complexed with ethers or with other metal alkyls,
have all been used. Examples of catalysts are given in Table 3.6.

These catalysts give very high activities and ultra high molecular
weight - polymer. Reduction of TiCja by magnesium alkyls generally gives rise to
cocrystaHine MgCl2-TiCls material. Reduction at relatively low temperature produces a
brown product similar to P-TiCls-AlCls solid solution.  This can be transformed to purple
by heating with TiCfa-

Evaporation of Mn into TiCls produces a material of composition
TifvAClg.  Binary chlorides of TICIs with other transition metal chlorides have been
produced by reaction of TiCea with metal carbonyl compounds. Carbonyls used include
those of V, Mn, Cr, Ni, Co, Fe and Mo; reactions occur according to Eqs. 3.13- 3.16.
The products are generally isomorphous with either o.- or y-TiCA, ethylene
polymerizations, good Yields were achieved by Al(Buys as cocatalyst. Activity of the
catalyst decayed rapidly during the polymerization. Therefore, the overall yields were not
as high as with some other systems.

3TiCu + M(CO)e -> MClz.3TiCls +6CO (M= Cr, Mo) Eq. 3.13
2 TiCla + M(COys -4 MCi2.2TiCl3 +SCO (M=Fe, Mn) Eq. 3.14
2TiCla + Ni(COy -> NiCl2.2TiCl3 +4CO Eq. 3.15
TiCtj. + Mn(CQ)sC! -> MnCl2.TiCls + SCO Eq. 3.16

3.4.4 Other supported catalysts

An active polyethylene catalyst can be made simply by the
reaction of TiCta with an oxide support. The interaction with surface hydroxyls is simitar
to that previously described for magnesia. The activity of the catalyst is low and
more complicated preparation are necessary to achieve high potymer yields. Means of
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Table 3.7 Other Supported Catalysts [55].
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One method of catalyst preparations is to dissolve the titanium component
of the catalyst in an alcohol or an ether and then to evaporate the solvent so that it
precipitates onto the carrier, other components such as solutions of magnesium
compounds can be included.  this way o4 and MgCl2 can be put on to a support
from the solution in THF. A supported version of the Grignard reduced TICIs catalyst
can be obtained by treatment of a support with the magnesium alkyl compound, followed
by reaction with TiC(4- Suitable supports are MgO, ZnO, silica and alumina. Catalysts
can also be produced using polymers as supports. This material can be used as a
support for a catalyst made by adding sequentially a Grignard reagent, TiCla and finaHy
(i-Bu)2AJH. However, in a solution polymerization at high temperatures, polyethylene can
diffuse away from the catalyst into solution in the reaction medium. Since the catalytic
activity remains constant for a long time and resonable yields of polymer free from
catalyst residues can be produced. The properties of the polymer, including its average
molecular weight, are similar in those of polymer produced using conventional catalysts.

345 Use oftitanium alkoxides in catalysts

Polypropylene catalysts are characterized by the presence of their
titanium component almost exclusively as halides: TiC” or TiCls. Inthe case of ethylene,
high-active polymerization catalysts can also be obtained by using titanium alkoxides or
alkoxychlorides. Various examples are shown in Table 3.8, and can also be found in the
other tables of ethylene catalysts provided. Alkoxide complexes are used in both reduced
and supported systems.  The effectiveness of many catalyst supports for ethylene
polymerization is probably due to the acceptability of oxygen containing titanium species
as catalytic sites, these having been produced, for example, by reaction with surface
hydroxyl groups.

3.4.6 Organometallic catalysts

Various catalysts are used in ethylene polymerization without the
necessity for an aluminium alkyl cocatalyst. These can be heterogeneous or homogenous
systems.  But in homogenous systems, it is often difficult to say whether the activity
contributes to a soluble species from small amounts of solid or adsorbed material.
However, when reacted with alumina much higher activity are gained. The activity of the
soluble material could be due to adsorbed molecules on the reaction vessel. The reaction
of Ti or Zr alkyl with an oxide support can occur in many ways, depending on the
density of surface hydroxyl groups(Eqs.3.17-3.20).

Im3 7?FA
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Table 3.8 Titanium Alkoxide Based Catalysts [55].
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M-OH + R > -M-O-TRs Eq.3.17
R > . A [|R
o PR ot R Eq.3.18
OH AM-0 R
+ TR Eq.3.19
"M-OH AM -0 AR
— M—OH AM-0x
B'M-OH + TIRe -> ~M—-9— THR £q.3.20
A M=OH ‘M -0A

SiKca has been dehydrated by heating, Ti(CH:Ph,. loses on
average two benzyl groups. However, a greater degree of reaction occurs using similar
pretreated alumina. The effect of the support on the catalyst activity is dramatic: a
solution of Ti(Bz« has very low activity « but this is increased by a factor of 200 by
supporting on the alumina surface. The molecular weight distribution is typicaly broad,
probably indicating a variety of active sites. The catalyst activity can be increased
various ways, including heating and treatments with hydrogen and uv radiation
Reduction could occur as in Eq.3.21.

~M-0-TiR ~ M-091" _+ R Fq3.21
AR R

Propagation at Ti(lll) can be monitored by ESR and complexation
of the akene, followed by insertion, observed in  Figure 3.5.  However, low valent
titanium is not completely responsible for active sites since the number of these can
greatly exceed the content of Ti(lll). When hydrogen is in the pofymerization, it is Ikely
that the active sites are produced in the formation of metal hydride species.

:>M_0_Ti>;\ R C2H4 2 AM'O'Ti'fP)
8 &Hzr:CHz

xchz-ch2-®
Figure 3.5 Propagation at Ti(lll) of akene [55],
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3.4.7 Cyclopentadienyltitanium Catalyst

The class of catalysts has received considerable attention in
academic fiterature. A reason of interest is the solubte nature of the catalysts, afthough
they become heterogenous whe polyethylene is formed. Catalysts derived from the
compounds of bis(cyclopentadienyl)titanium(IV) have been known for approximately 25
years.  Cl.CP.] becomes an active catalyst when used with alcylaluminium compounds.
The two reagents combine to form a complex as in Eq.3.22.

Cp2T|C|2 +AEt; % n Al— a Eq322
Cp A Cl  ~Et

A 2.1 (ALTi) complex can also be formed. Complexation is
probably folowed by al(ylation(Figure 3.6). Propagation occurs through insertion of
akene into a metal-akyl bond; this could be a titanium or aluminium akyl or one
bridging between the two metals, strong evidence points toward the active site having a
valency of four.

EE tx /C, H
Py ovm ' BN o e
|
GpHUCIAL Gt cpN ¢y E,
Cp-TIA —El < Cp—Ti -
EX cl CHo' G 'El

Figure 3.6 Akytation of the complexes [55],

For example, the increase in Ti(lll) content, observed using ESR , is
accompanied by a reduction activity. The mechanism of the reduction is compicated
(Figure 3.7); various intermediates have been detected spectroscopicaiy
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CP 3> E, Et
Cp—Ti  Al-Et c- > Cp— -CH.-CH2-A ol
E\ Et Cl \EI
4-C.H

BVl e racm! N A
B Bt Cp xep H
i
2Cp. Cl + C.H + 2AEt:

Figure 3.7 Mechanism of the reduction [55]

The activity of these catalysts is relatively low. However, activities in an
order of higher magnitude are obtained when smal amounts of water are added to the
catalyst. This resuR is somewhat surprising since the presence of water is normaly
associated th  a reduction of ~activity in Ziegler-Natta systems. The chlorine free
Tvte. Cp2, which shows no association with aluminium aReyls and ittle activity, when the
AIR: has been pretreated with 50 mole% of water. The reaction between water and the
aluminium aBoyt is beSeved to produce cycfic aluminoxanes containing between 5 and 12
aluminium atoms(Figure 3.8). Peak activities are found using between 0.2 and 0.5 moles of
water per mole of aluminium aRoyl

Vs /
£
0

N &
Al Al
Mo~ \o/ \Me

o

Figure 3.8 CycSc aluminoxane from the reduction of TEA and water[55]
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3.5 THE MECHANISM OF ZIEGLER-NATTA POLYMERIZATION

Since Ziegler's discoveries in 1952 [56], and the commercial importance of
alkene polymerization, the mechanism involved in these catalytic reactions has stiB not been
propably established. Where one remembers that the polymerization is occurring at a
small percentage of sites on the surface ofa solid, this fact becomes less surprising.
Techniques for investigating surface structure, in particular of amorphous or polycrystaBine
are not numerous. I is generally accepted that the polymerization process involves the
formation of a complex between the aflrene and the active site, followed by a propagation
step in which the alkene adds to a polymer chain. Until recently this has been envisaged as
a simple insertion into a metal-alkyl bond. ~ However, proposals involving the existence of
metaHocyclopentanes or metal carbenes as intermediates have added to the debate.

35.1 Nature of the active sites and mechanism of propagation

Numerous proposals have hbeen put forward about the form of the
polymerization and the nature of the active Site.  An early suggestion was on a radical
mechanism. Various possible initiators were proposed: the transition metal center, the
aluminium center, or alkyl radical resulting from the reduction of a titanium alkyl from  an
oxidation state of four to three, or from three to two.

However, true Ziegler-Natta polymerization of ethylene gives a very
different product from the polyethylene produced by the high-pressure process. The Ziegier-
Natta ethylene homopolymer has a higher density and crystallinity due to very few chain
branchings associated with the radically produced polymer.

An anionic mechanism was proposed by Gilchrist [57], The polymer
chain ends in an anionic carbon is not bound to any metal center. Initiation is by transfer of
an alky! anion from the metal alkyl activator to an absorbed alkene.

More likely mechanisms are the propagation at a metal-alkyl bond.
This could be the transtion metal alkyl, the activator alkyl, or an alkyl group which is bridging
between this two. However, there are several pieces of experimental evidence which point to
the active center being a metal-alkyl bond.
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The use of aluminum alcyl bettedwith ~ had been showed to lead to
the formation of polymer with the labeled carbon. Hydrogen is used as a chain transfer
agent to the molecular weight without destroying the active center as in Eq. 3.23. The transfer
reaction is consistent with a metal-attcyi bond. Use of deuterium (. 2) or tritium
(s 2)has given polymers centering the appropriate (able. A label is also found in the
polymer if the polymerization is quenched by a labeled alcohol.

M-0+ H -» MH +H-(p)

>M-C.H > M -0 Eq 3.23

3.5.2 Propagation at the activator alkyl

The early mechanisms suggested the activator alcyl as the propagation
sitt.  These proposals were influenced by knowledge of Aufbau reaction. Ethylene i
polymerized to low molecular weight polymer by Group I-Ill alcyis alone, without  the aid of a
transition metal component. The function of the transition metal is to complex with the alcene
and, by polarizing it, activating it towards insertion into the activator alcyl bond. The simplest
way is that in which the activator is considered to be adsorbed onto the . o s surface. This
envisages the growing polymer chain as a bridging group between the transition metal
and activator, for example, Ti and Al.  An incoming alcene forms a 71-bond with the titanium,
cleaving the bridging bond. The polymer chain then migrates onto the alcene, which having
been polarized by bonding to the transition metal and now forms a S-bond with Ti.  Finaly,
the bridge reforms as in Figure 3.9.

\ ./c\\ ] R 3000 .0, . R
Ti, TAI XAi— R
/ \9‘12 \ k chz=ch
®
y Ck Al// R =
- Ti ~Al— R
che r / t | CH
CH: ch.  che
chz -p % )

Figure 3.9 Growing polymer chain at Ti-Al complex [55]
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A similar mechanism as in Eq.3.24 was proposed by Patat and
Sinn[58] in 1958. Here again the alkene is polarized but this time by a T.Cls cation, before
insertion into an Al-R bond.

TiCk + AKs -» [TICy#AffACI »
TCL [ARSCIJ1» [Ti0 2] 2° +E 5.
CH, -iCH. \iH -CH2-R

A mechanism suggested by Boor[59] saw the insertion as a
concerted process in Eq.3.25.

CH:

"Nt CH " CH. Eq.3.25
RAR X R R

Further mechanisms suggest that the o s surface simply acts
to activate adsorbed aluminum akyl and the polymerization occurs when the polymer
chain transfers from one aluminum to an afcene which is coordinated to another.
Electroneutrality is maintained by electron transfer through the T.Cls surface.

353  Propagation at the transition metal alkyl

The titanium had various valencies ranging from4 to 2. An early
suggestion was that polymerization occurred at a tetravalent alkyltitanium hafides, as shown
in Eq. 3.26[60].

RTiCls -> R-TiCfrt C#C* ) RCH.CH2- TiCfr* Eq. 3.26

The proposal stated that a divalent akyl titanium haide was involved,
complexation of the alkene was followed by insertion into Ti-R bond. The suggestion would
seem to be reasonable based on an observed maximum activity in catalysts produced by
the reduction of TiCl: with aluminium akyl, when the average titanium valency was two.
Divalent titanium catalysts are known, many being extremely active in ethylene polymerization,
atthough the activity for the propylene polymerization is generaly low.
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The most accepted and comprehensive mechanism for akene
polymerization is that of Cossee and Arlman[6l] as the mechanism shown in Eg. 3.27. It
was suggested that polymerization occurs at surface Tiatoms which possessed a vacant
coordination site. The activator’s function is to akytate one chloride igand of the
octahedraly coordinated Ti alone by an akyl. The monomer complexes at the vacant site
and then, via a four-membered cycle intermediate, the akyl group is transferred to the
bound akene which now forms a s -bond to the transtion metal atom. The resultant structure
i similar to that of the original active site, except the changed position of the akyl igand and
vacant sites.

cl | R_CHy
Wh ——0 + cw _>>n//cﬁ2
A INC l 1™ ¢y
'ch?2 X
”B 0 Tir-CH,  Eq3.27

Other mechanisms have been proposed that more than the single
transition metal atom is involved. The akene coordinates at one Ti atom but then migration
occurs from the M-R bond of a neighbouring Ti. Coordination of akene then occurs at the
second Ti and the akyl igand migrates back. The most important rival to the Cossee and
Arfenan mechanisms is that of Rodriquez and van Looy[62] in Eq.3.28.
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[Al- e
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The recent mechanism of polymerizations are the ring-opening
polymerization of cycloalkenes and afcene metathesis i wflich it has been asserted,
metalocyclobutane and metal-alkene-carbene interconversion play a crucial part.

The mechanism Mas proposed by Ivin et al.[63] shown in Eq.3.29.
The metal-akyL(M-R) bond first undergoes on a-elmination to produce a metal hydride and
a carbene. ABoene coordinates at a vacant site and then involves with the carbene to form
a metalocyclobutane. The hydride igand migrates back to the tertiary carbon atom (the
more stericaly crowded of the two invoked in M-R honds). If the tetter step is slow or the
hydride can be removed from the metal center, then the catalyst becomes a metathesis

catalyst,
HAMe ®_\ /Me () M* Me
y = % s Y A=~ ® *2-CH
H—1i < NKBE  h—T 'M 2 H— Ti— CHiMe
CH2 VH
CHVe
CHo
H MeEq.3.29

Schrock and his coworkers[64] have proposed a mechanism
for alkene polymerization based on a metaHocyclopentane intermediate. ~ The mechanism
requires two vacant coordination sites on the transition metal atom as in Eq.3.30.

R Hate A2
R -
cn\T‘_/“ cn\T/R o \\T/cnczH Cl R}r/ CHy
i - i - l\ 2 — i CH2
a” |\H a” e a’ | wd o d R
cl Cl SH2
i Eg.3.30
o | CHA h/2 2 x L 2r
~Ti c c
a” U
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After the formation of the metailocycle, alkyl group migration then
completes the polymerization process. Semi-empirical molecular orbital calculations on
this model suggest that the intermediate in which the four carbon atoms of the two
bonded alkenes are coplanar with the Ti is stable relative to the situation in which they
are parallel in the case when the Ti is divalent but not when it is tetravalent. The
mechanism is perhaps only Bkely when low Ti valencies are involved.

35.4 Reactions occurring during polymerization

It is not supposed to discuss here the details of the work carried
out on the kinetics of Ziegter-Natta polymerization. There are several sources of further
information available to the interested readers. It is perhaps useful, however, to describe a
recent paper by Bohm for better understanding”].

After the formation ofthe active center(Eq. 3.31) which is assumed
to be a transition metal-alkyl bond. The complexation of alkene can occur and ethylene
5 an example in this case as in £0.3.32. This is followed by insertion of the alkene in to
the metal-alkyl bond. Propagation of the polymer chain occurs via repetition of the
complexation-insertion cycle.

M-H +AR - M-R +AH Eg, 331

M~-R + C2H} "= M-R
I

h2c=ch?

Alkene complexation

M- CH2-CH2R  CHI >M-CH2-CH2- p
Insertion Propagation Eg. 3.32

Various side reactions can occur. A (3-limination of hydrogen followed
by addition to a complexed ethylene molecule can generate a vinyl group at the end of the
polymer chain. Terminal vinyl unsaturation can thus be produced in some polymer chains
by desorption of this group. Alternatively it can insert into the metal-ethyl bond to generate an
ethyl branch as in Eq. 3.33 in ref.[65].



ch?
m-ch2ch2-0 - — |l

h2c4ch? CHo CH
CH. {p)
M
CH2
CH-CH2-CH3 m- ch2 - ch3d +ch2=ch- 0
< Eq.3.33

The hydride eimination can also occur inthe absence of coordinated
monomer to give an unsaturated polymer chain and a metal hydride. Desorption, foBowed
by complexation of ethylene and insertion, leads to the formation of a M-R hbond Eq.3.34.
The hydride could also exchange with an alkyl group on the cocatalyst. ~ Similarly, a chain
transfer reaction is possible between the bound polymer chain and aluminium alkyl

cocatalyst (Eqs 3.35 - 3.36 ).

CH2
M-CH2-CH2-® -> M-
(i CH
. Desorption
g mgady 2 X
H  CH —%I}A—&Hz—e CHy Eq.3.34
Q) HL. \CH3
M-@ + AR > M-R +A-P Eq.3.35

M€l +AIR3 -> M-R +AJR2CI Eq.3.36
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Hydrogen can add to a polymerization as a means of reducing and thus
controttng the average molecular weight of the polymer. Complexation of hydrogen is folowed
by the formation of a metal-hydride bond and efimination of a saturated polymer chain.
Polymerization can be inhibited by complexation of hydrogen to the metal hydride as in
Eq.3.37 which otherwise can complex and insert ethylene as before to regenerate the
metal-akyt bond, other additives.such as zinc akyte used to regulate molecular weight, act
as chain transfer agents  a similar fashion to aluminium akyls. They imit molecular
weight since akene insertion into a Zn-R bond does not occur.

M-CH2CH2-p + H2 M-CH2CH2-0 - >

h2 h
chdch2-p + M M----—-
A H H
IC2H4
M ch?
CH? M— Eq.3.37
3 It :h2

3.5.5 Growth and replication

Polymerization catalysis is unusual in that, except under unusual
circumstances, the products of the catalytic reaction are not separable from the catalyst
during the actual polymerization. That very high conversions can be achieved is due to the
physical state of the catalyst changing as a sold polymer is produced
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3.6 Polymerization Process

The technologies available for HDPE manufature are solution, slurry, or
suspension, and gas-phase polymerizations. Each process has its own advantages and
disadvantages.

The solution viscosity increases quickly with molecular weight and it
employed primarily for low molecular weight PE.  Slurry(suspension) polymerization is the
oldest and most  dely used method because of process-engineering maturity and
flexibikty. This technology is the only one capable of producing the ful range of HDPE
grades, from low molecular weight waxes to utra-high molecular weight HDPE. Gas-
phase  polymerization, the newest technology, is increasingly utilized since its low
investment requirements and operating costs.

Solution Polymerization

Ai polymerization temperatures at above 120-130 Oc, the polyethylene
formed  becomes soluble inthe hydrocarbon medium. — Several processes utifize  the
concept of solution polymerization; the DuPont process scheme is shown is Figure 3.10.

Ethylene
Hydrogen
Catalyst

Trialhylalummum

Cyclo-
nexanea

Reactor

Flash

Stabilizer Extrudar

Peliet

storage reaviey

Figure 3.10 DuPont solution polymerization [66]
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Ethylene, cyclohexane as the media, catalyst components, and hydrogen
are continuously fed to a reactor at a total pressure of ca.s MPa(Ll75 psig). The
reaction occurs at 150 °c for 5-10 min. (vesidence time). The crucial parameter
determining the performance of the unit is the viscosity of the polymer solution, since
highly viscous systems cause stirring and homogeneity difficulies. If low molecular
weight polyethylene is made, polymer concentration can reach 30-35%. Hot polymer
solution is discharged from the reactor into a flash tank where most of the Solvent is
vaporized for further recycle. The remaining solvent (5% of the total) is removed during
pelletization in a devolatifczing extruder. The solvent is combined with makeup cyclohexane
and possibly a comonomer and then it returned to the reactor.

The DuPont process employs a three-component catalyst consisting
of 1 04, VOCIs, and ABUs. Other suitable catalyst systems include chromium-based
catalysts and supported and unsupported Ziegler-Natta catalysts. Chromium(lll)
acetylacetonate and Al(i-Buys with a silica support is an effective system. Dow apples a
titanium  catalyst prepared fromTiClt and AKi-Buys modified with NHs, and has also
reported the 6-TiCls.0.33AICIs-tridecyb minum as catalyst.

The advantages of solution polymerization are a relatively smal
reactor(short  residence times) and easy control of polymer properties.  Solution
polymerization is used primarily for low molecular weight HDPE and LDPE.

Slurry(Suspension) Polymerization

Polymerization inich catalyst and polymer particles are suspended in
an inert solvent (ight or heavy hydrocarbon) is termed as slurry —or suspension
polymerization. Historically, this was the first method used for commercial ethylene
polymerization with the original Ziegler catalyst. Al present, this method utifizes highly
active catalysts (titanium or chromium based), !lch eliminates the deashing process.

Skirry ethylene polymerization in Sght hydrocarbons was firstly
commerciafized by Philips Petroleum Co.in 1961 (Figure 3.11); a loop reactor was used
in a liquid-phase process. The reactor consists of a folded loop containing four long (ca.
50 m) runs of pipe 1 min diameter, connected by short horizontal lengths of ca. 5m. K
is jacketed for coofing. A slurry of HDPE and catalyst particles ina Sght solvent (isopentane
or isobutane) circulates at a velocity of 5-12 /. Rapid circulation is needed for efficient
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removal of the heat of polymerization and prevention of polymer deposition on the reactor
walls causing fouling.  The concentration of the polymer particles in the slurry is about
25% by weight.

Ethylene, alpha olefin  comonomer (if used), solvent, and catalyst
components are continuously charged to the reactor. The polymer is concentrated in
setting legs and the solvent is separated from the hot polymer by flashing and recycled.
Afterwards, the polymer is dried and peletized. The process conversion is very high,
omitting ethylene recovery. Heavier solvents can also be used  bop reactors.

Catatyst feeding Vapur recycle

ﬁ Polymerization

Diluent Flash drying
Purge drying
C,Hyand Resin
a-olefin y pellets
Extruding

Figure 3.11 Phillips loop reactor process [66]

Phiips Petroleum Co. has devebped catalysts compatible th this
process, starting with a Cr2Gs on siSca catalyst. The meR index of HDPE can be improved
by Cr2Us supported catalysts containing titanium compounds. They typicafly operate at
85-110 "C. Molecular weight is controlled by temperature; hydrogen is normally not required.

Such processes are used by Hoechst, Montedison, Mitsui, and Solvay.

Hoechst process (Figure 3.12), hexane, ethylene, catalyst components, and hydrogen

are repeatedly fed into a stirred reactor. The slurry of polymerization system is

transfered into a postreactor for postpolymerization, after which the total charge is separated

bya centrifuge into a dibent recycle to return to the initial reactor. Whereas the wet

polymer is steam-stripped for the solvent recovery and removal, dried, and pelletized.
The process utilizes a high activity supported Ti-based catalyst without deashing.
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Figure 3.12  Hoechst slurry process [66]
Gas-phase Polymerization

Gas-phase polymerization, the most recent and advanced technology
for HOPE production, was introduced by Union Carbide in 1968. Gas-phase technology
is flexible, employing different catalyst systems capable of ethylene polymerization at
relatively low pressure. Sofid catalysts are used for ethylene polymerization or its
copolymerization with fight  comonomers in gas phase. The system is agitated by
mechanical devices, such as horizontal paddles or screws, or by a gas stream of
ethylene which fluidizes the polyethylene particles bed.

The Union Carhide gas-phase process is suitable for the production of
both HOPE and LLDPE show in Figure 3.13. The reactor is a typical fluidized bed with a
length-diameter ratio of ca. 7 and a disengagement zone at the top. Uniform fluidization is
achieved by ethylene flow through a distribution plate at the reactor bottom, and rapid
circulation ensures removal of heat of polymerization. Both fluidization and heat removal
require rapid recycling of ethylene. Unreacted ethylene enters the disengagement zone,
separates from the entrained polymer particles, is fiRered, cooled, compressed and recycled.
A catalyst is continuously fed to the reactor without the diluent, and polymer particles are
continuously removed from the bed through a system vakle. The reactor is maintained
below 100 ®c. Low ethylene conversion is used for precise temperature control, which is
critical since elevated temperatures result in a sticky polymer detrimental to fluidization.
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Figure 3.13 Union Carbide gas-phase process[66]

1-Butene is a frequent comonomer to control polymer density. The
catalyst is sensitive to hydrogen, ~ ich is used to control molecular weight. Any
variation in the amount of catalyst is accompanied by a change in heat regeneration. For
this reason, the ethylene temperature in the disengagement is monitored. Nitrogen is
charged to the  hottom of the reactor along with ethylene, hydrogen, and 1-butene for
precise control of polymerization and reactor parameters.

The product is periodically removed from the reactor through a discharge
valve, where residual pressurized gases are separated and recycled; a filter removes trace
particle fines. The polymer, th an average particle diamater of ca. 500 pm, s
transferred to a finishing section where stabilizers are added. The stabilized polymer
flakes are stored as such as pelletized.

The Amoco process utilizes an original compartmentalized horizontal
stirred-bed reactor, shown in Figure 3. . each cylindrical compartment, polymer
particles are agitated by internal mixing blades turning at low speed. The individual
compartments contain a subfluidized bed maintained by the introduction of gases (
CH2=CFl2, -2, and comonomer) into the bottom inlets of each section. Similarly, catalyst
components are sprayed into the bed from inlets to the top of the reactor. A distinctive
feature of the Amoco process is the removal of heat by the vaporization of light Souid
hydrocarbons, e.g., butane or isopentane, which are sprayed into the reactor from top inlet
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ports.  This process scheme gives a much higher ethylene conversion per pass, but
hydrocarbon recovery and recycling are more compicated.

The reactor is operated at 70-80 °c and 2 MPa(304 psig). A comonomer

such as propylene or I-butene controls molecular weight  and polymer density.

The polymer is finafly discharged at the end of the reactor through vabes. Vapors
are separated into a recycle-gas stream (ethylene, hydrogen, and comonomer) and recycle-
solvent stream.

Recycle monomer-hydrogen-quench vapor
Catalyst A } f A Spray

J Catalyst Vocor /nozzles
make-up , vl
~ [ 595939039
A‘ Compartmented
stirred reactor
Quench Cocatalyst
liquid  make-up % § § §
make-up
Quench A Monomer-hydrogen
liquid inlets Polymer
stream discharge
Cooler
Feed Hydrogen
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® Quench liquid separator
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Figure 3.14 AMOCO gas-phase

A catalyst system patented by Amoco for its gas-phase process is
derived from a titanium or vanadium alkoxide, hydrated magnesium stannate, and
alkylaluminum  dichloride. Specific aging techniques have been developed in order to
control particle size distribution. Polymer particle size 1is substantiafly increased by
utilizing a catalyst system comprising Mg(OEt)z2, Ti(OBu)a, EtAICI2, and AEts-
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