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Abstract 

This research reveals the effects of mixed activators on ethylene 

polymerization and ethylene/l-hexene copolymerization over MgCh/Si02­

supported Ziegler-Natta (ZN) catalysts. First, the conventional ZN catalyst was 

prepared with Si02 addition. Then, the catalyst was tested for ethylene 

polymerization and ethylenell-hexene (E/H) copolymerization using different 

activators. Triethyl aluminum (TEA), tri-n-hexyl aluminum (TnHA) and diethyl 

aluminum chloride (DEAC), TEA+ DEAC, TEA+ TnHA, TnHA+ DEAC, TEA+ 

DEAC+ TnHA mixtures, were used as activators in this study. It was found that in 

the case of ethylene polymerization with the sole activator, TnHA exhibited the 

highest activity among other activators due to increased size of alkyl group. Further 

investigation was focused on the use of mixed activators. It showed that the activity 

of ethylene polymerization apparently increased within the order of TEA+ DEAC+ 

TnHA > TEA+ DEAC > TEA+ TnHA. The activity can be enhanced by a factor of 

three when the mixed activators were employed. The synthesized copolymers were 

strongly changed in both of copolymerization activity and crystallinity when the 

activators were changed from TEA to TEA+ DEAC+ TnHA mixtures or pure 

TnHA and pure DEAC. It showed that the activity of ethylenell-hexene 

copolymerization apparently increased within the order of TEA+ DEAC+ TnHA > 

TEA+ TnHA > TEA+ DEAC > TnHA+DEAC > TEA > TnHA > DEAC. 

Considering the properties of obtained copolymer with the mixed TEA+ DEAC+ 

TnHA, the crystallinity of copolymer decreased due to the presence of TnHA in the 

mixed activator. The activator exerted strong influences on copolymer structure. 

The increased molecular weight distribution (MWD) was observed without 

significantly change in polymer morphology. 

Keywords: Ziegler-Natta catalyst; silica support; polyethylene; mixed 

activator; ethylene polymerization 
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~\?1'ff1'Hm 'jlJ l~iif)u1~~1ti .:j1.l BmtJ19ftf1eJ {-utJ\?1 \?11 U'l~ ~1ti .:jl.lBmtil tlJ11'l1 'l9ftJ 

ltJf11m~\?1'V1eJ~lm'l~tJ1fltlri1tJ1 'Hqjm1'11'Vlflll-J htil tJ f11m~\?1'V1eJ~1 eJt'l~tJ 1l~1~m~u1l-J 
.. 

~,nrtJ f11'j~\PlJtJ1~1d .:jl.lBfi~tJ1tlJl1'l1'l9ftJ 

~1'jeJ.:jfUt'lftJ ~~f11 l'Vlt'VltUtl U'1~eJ~~iJtJl lJll.lfUl.l~.:j~1ti.:jl.lBfi~tJ1 tlJl1'l1'l9ftJu'1~9ff) 

t'leJ{utJ\?1 \?11 ~.:jt~tJ~i1 tllJ 1 tJ UllllutJ 1 fl tI~1'j eJ.:j fUl.l'j~tfl 'Vl 'H i1.:j~i1t1lJ111lJll~U'l~tl1. 
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~I II] 'JJ '" ""'" ""'" lJ 2003 Garcia U'l~f1ill~ [1] Ifl'ff.:jtfl'j1~'H'VIeJ'l 1'VI'j'VI'ltJf-I'fflJ (Polypropylene (PP) 

& .1 'JJ ,"""" & <ij '" composites) 9$.:jlJ'j~f)eJUfl1t1eJ'4mfl'VlHf)'llJ'tIl-J 1fltJl ! tJ'tIeJ.:j9$'l f11U 'l~ MgCl2 9$.:jtlJtJ\?11 
, .. 
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1l-J ~ l-J i).:j IlJ1m 1 fltll1~tJ~1't1eJ.:j eJtJmfl9f~f11ll~ flf)l.lful.l'j.:j~1t1'ff1'j9ft'lW~m~eJ.:jnl-Jf11'j. .. . 
.. 

f)U'lfl hydrophobicity 'jeJU"1 bulk 'tIeJ.:j~tJ~1't1eJ.:jeJ'4mfll~ 1fltlN'l'tleJ.:j~1m eJ.:j (filler) 'I1reJ~1 

'jeJ.:jfUtJlltJ9f~f11~ii~eJ1m .:j'ff~l.:jN~mt'l~'tItJ 1flN~f)'tIeJ.:j'VIeJ~1'V1'j~~tJ~f)ftmnlflmfl~eJ.:j 

DSC U'l~ WAXD fh5\?1'j1f11'jtfifll.lBfi~tl1 (reaction kinetics) 'tIeJ.:jtJl1tJ'tIeJ.:jN'fflJ 

& .1'" d '" '" 'dd <ij II] II] & d 'I I I & I 

(nanocomposite. ft"f)'!:lltlJ'jtlW'VltllJf)U\?11eJtJ1.:j'VllJ'tItJlfltlJtJ IlJ Im9$.:jlJ'tItJ1fl !'Htym1 9$.:j'VIlJ11 

'tItJlfleJ'4mfltJlltJ hiYi1111'ri1f111lJleJ.:j 11't1tJ.:j~1ti.:jl.lBfi~ til '1 fl 'l.:jtrlml.l~ tlWl1t1UnU'tItJ 1fl 

tJ'4mfl~l 'H qjf)11 tJeJf) ~ 1f)ifv.:j'VIU11't1tJlfltJ'4fllflii N 'l~eJf11'j tfifll.l Bfi~tl1't1eJ.:j~1t i.:j UBfi~til 

U'l~f11'j t~lJcU~f11ii N'l~eJri1f11'j tfifl N~f)(the degree of crystallinity) 'tIeJ.:j'VIeJ~1 'VI'j~~l-J5f)~1t1 

11 2005 Jongsornjit U'l~f1ill~ [2] I~Yi1f11ny.:jtm1~11'V1eJ~tlJtJ{f1eJlJ l'V1iY'Vl~1t111Hil-JcU 

Xl ltJ'j~uU 'VIeJ~tlJeJ{l'jI9$i'l-Ji1m~'Hl1.:j WY!~tJ/l-t~lf)9ftJ nlJ~1ti.:j1.l~fi~tJ1tlJl1'l1'l9ftJi~ 
.. .. , 
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~1'jtJ.:jfu N'1l1I~'VIU11 f111lJleJ.:j 111l-Jf)1'jlfifll.lBfi~ tI1t~lJ~tJ\?11lJl.l~lJlill f)1'j t~lJ~tJ'tIeJ.:j~1 
" I II I 
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'U 'U 191 '1'j tJ \I 'j 'U fl ~~! 'VOJ 'U 'U {1'1'Y1'j 'U fl n '1!fI'j 1~ 'YI fll 'j fl'j ~ 111 tll9I '1'U tJ\lli 1191 'Vi 'U '11• 
cu~fltJ'U !nl9lfll'j fl'j~ ~1t1~'11 ~~'U'U~'1'j tJ~ 1'U U(l~!ritJ!'ll~ tI'U!VltlmH'l 'UtJ\I'U'U 1\91~'1'jtJ\l1'U'Vi'U ';h 

fll'j 'l ~~'1'j tJ\l1'UCU~fll'U'U l\91'U 11'U 'lIffl '11 lrJtJ \I 11'l 'U fll'j! n\9l'llfin~tl1~ l!ritJ! VltlUO''UmPllfl 

'U'U 1\91 ill 1fI'j~\I i~'j 1t1\11'U 11''l'U'lJ'Y1m1111~tlt'U J\lif'!tl'U ~·m!ljtJ\l1Jl111flfl'1111!fl~ fl~ 'l 'U fllmi1 

ih'llfin~tIl'UtJ\I~'1tJ'4mfl 

112007 Jongsomjit U(l~flru~ [3] 1~'l'11fll'jffmn()\lv-l(l'UtJ\lfll'j'l~'U11'Ucu~fll U(l~'U11'U 

!9ftJ{1 fl!ijmtl'U {1'1'j !~llU~\I~mrflf!ru~1 fI'j \I {1'~l\1'UtJ\I 'U 11'U fltJll 1 Wff'Yl 'UtJ \I 'Vi tJ~ltJYl~'Ufl'1111 

'YI'U 1UU'U \9l1! 9f\l!~'U ~\I~\I!fI'j 1~'YI1~l\91t11TI'VitJ ~!lltJ{1 'j !GJlc)f'U!! 'U'U~'U CU1J~'1t1~'1!~ \I'll fin~ til 

!GJltJ{lfl1 'U9f'U 'Vi'U 11fll 'j 'l~~'1!~\lufin~til 'l'U 'll~1Jlru!'Yh O''U !ritJ 'l ~'Ul1 'U !GJltJ{lfl!ijmtl'U (l'1'j !~ll 

U~\ll1~ (l'11Jl'j fl~\I!fl'j1~ M'Vi tJ ~!lltJ{1~1Jlflfl11fll 'j 'l~'U11'U cuil fll!tl'U {1'1'j !~ll!!~\llJ 'j~lJlru 5 !'vl1 
. " . 

Vl!~'U!'lf'U ij!,U tJ\llJl 11 1 fltl'U 191 'jn1tl1'j ~'YI11\1~'1t1 \I'llfi n1til ~ '111!lJYl(ltJ~ IJlJ'U tJfl!CJ!'U O''U'U 11'U cu~ 

fllUrhlJlfl ~'1'U \J\9I'YI (ltJll!'11 (l '1'UtJ\I'VitJ~!ll tJ{~ i~urh~,[ fl~!~tI\I O''U U(l~!ritJTI~1'j ru 1fll'Vi TEM 
q 

!~tJffflfll ()\I fll 'j fl'j ~ \J 1t1~'1'U tJ \I {1'1 'j !~llU~\I 'l 'U 'Vi tJil!ll tJ {fl tJll 1 'Vi iY'Yl 'Vi 'U 11!n\91fll 'j!fll ~0''U 'U tJ\I 

(l'l'j !~llu~\l1li11~~ 'I~cu~fll'YIj tJ!GJltJ{lfl!ij tlRl9l111 '[ 'U ~'1'U 'UtJ\I€lflf! ru~ 1 fI'j \I{1'~l\1'UtJ\I'VitJ~!lltJ{ 

~i~l1~U1 fI'j \I{1'~l\1'UtJ\l111!(l fJ(l~fl'"1t1O''UU(l~1fl'VitJ~!lltJ{U€lflf!ru~ !~'U random copolymer 

11 2007 Jongsomjit U(l~flru~ [4] ffflf!1v-l(l'UtJ\I'U'U1\91tJ'4mfl'U 11 'Ucuilfll~tJm1111tJ\I i'1 

'I 'U fln !n\9l'llfimtl1U (l~fJru {1'llU~'UtJ\lfl tJll 1 'ViiY'Yl'j~'YI1l\1'Vi tJ il!tJYl~'U fl '1111 'YI'U 1UU'U~l!9f\l!~'U 

O''U'U11'U cuilfll~~\I!fI'j 1~;11 \91 tI'VitJil!lltJ{1'j !GJlc)f'UU'U'U ~'U CU1J~'1t1~'1!~ \I'llfin1til !GJltJ{1fl1 'U9f'U 

~ '111O''U~'1!~ \I'llfin1til ~ '111!llYl(ltJ~ IJlJ'U tJfl!GJI'U 'Vi'U 11'U 11'UCUilfll'U'U 1\91 'I mYfl11 ~~ 'IIffl'1111 

1tJ\l1'1 'I 'U fll'j !n\9lu fin~tIl'VitJ il!lltJ{1 'j !CJ!c)f'U~~ \lfl11!i1 tJ\l111flUtl'U 191 'j n1til 'j ~'I11l\1cuilfllO''U 

~'1!~ \lufin~ tl11 '111t! tJtI U(l~(l'l'j !~llU~\I~UtJ'4fllfl 'I mYfl11V\I'l'11'I lfLn\91 fll'jU'Yl 'j fl~1'UtJ\I I-Lel 

fl9f'U L~1 i 'll'l 'U (l'1t119nfl'Vi tJ ilLll tJ {1~1Jlflfl11~ \I v-l(l 'IIf11.\91 'YI (l tJll!'YI (l1U r11~1(l \I Li1 tJ\l111 fl fll'j 

. " 
!!'Yl'jfl~'1'UtJ\I I-Lelfl9f'UVl1Jlfl';'U ~~'l'11 'I lfm111!tl'U v-l~fl (l \91 (l\l U(l~ ~lflfll'Viri1t1 TEM 'Vi 'U 11 

" . 
tJ'4fllfl 'U11'U CU~fllfl'j ~ 111t1~'11~li~'Iwu tJ'VitJilLll tJ {U€lflf!u!~Vl!n\9lfll'j ~'U~'10''ULtI'U fl~llntJ'U 

. '" 'JJ'U tJ \I tJ 'U m fl 'Yl fl (l1 tI 'Yl 'j\I fl (llJ 

11 2007 Li U(l~flu!~ [5] i~!'ll~ tI'ULVltl'Ufll'j 'I~cuil fll 'I 'U 'j ~~'U'U'U l\91'Ul1 'U U(l~ 111 1 fI'j !tI'U 

~'1'j tJ\l1'U rl1'Y1 i''U~'1L~ \I'llfimtIlu{1'i GJI 1fl (lL'Vi'UI9I~ 1\91vu(lLGJltJ{lflLij till i \9Ifl(ltJ1 'j ~~ '111 O'u~'1L ~ \I 

'll fin1tIl~ '1 11 LlJ Yl(l tJ~ IJ lJ 'U tJ fl!GJI'U rl1'Y1 1'U U fi n1tIl'VitJ ilLll tJ {1 'j L GJlc)f'U 'U tJ\lltJ Yl~ 'U 'Vi'U11~'1! ~ \I 

ufin~tl1~'1~'U11'UCUilfll!tI'U ~'1'j tJ\l1'U 11~ 'Ilfm111 1tJ\I i '1 'l 'U fll'j Ln\9lU fimtl1'VitJilLllm1 'j LGJlc)f'U 

~fl11~'1 'j tJ\I 1'U'U 'U 1\91 ill 1 fI'j U (l~ ~ tJU! 'YI fl 
., 
lJ~!'YIlJl~ (l'll ~ tJ 60 tJ\lff1!GJI(lL9ftl {1' fl '1111 1tJ\I i'1 'I 'U fll 'j

q 

Ln\9l'llfin~tIl~ i~\llfl~'1L1 \I'll fin~tl1~'I~cuilfll'j~~'U'U 'U1\91'U 11'U 11~Ur111Jlflfl11fll 'j 'I~CUilfll'U'U1\91 
I ' jI. I I 

ill 1 fI'j ()\I 4 .5 L'vh Vl! tI'U L'lf'Uij tJ1 \l \l~LUtJ\lll1111f1~'1'U Vl1tJ\l1 '1 'I 'Ufm L~ \I'llfimtl1~'1'UlJlfltJ~Vl 



" .w'U~1f1l'W'Uflfl'IJfl,:jI91"'Hoj,nJfimtl1'IJ'UWI'U11'Uvhh'i~~hjiJ internal diffusion resistance ll"~~fl 

!'11 ~H"'\1,1,:jt)1\1 \I~IiJ'fl,:jlJ1fl \I 1f1!f1flfll'j m~\l1t11911~~'IJ fl,:j ff1'U~1fl,:j111'Ufll'j d nJ fif1~t11U'U 
. " " 

19111-i,:jufimtll'j~rlU'IJ'U1fl'U11'U \l1flfl1'Yj SEM 'lJfl,:j'WflilllJfl{vhY,:jlm1~'\11f1 ;1~!1~'U111i!fl'Yjfl 
Q 0"... 1 'j/ d 1 I Q.J 'jI 1 0 Q o'dllJ 'j/

"llJfl'ju 'j~flflUfl1t1fl'4fl1'fl'IJ'U1flIClWl fl~'j 1lJflUICl''U t1UH'l \l1'U 1'U lJlfl ll"~'Yjfl ClIlJfl 'j'Yl ! fl 

In'U'Wflil!flYl~'UI9f,:jI~'U~iJ'fl11lJln'U H~flL! ,:jlJlfl 

il2009 Kuo-Tseng ll"~'flru~ [6] 'I'llfll'ja-,:jlm1~11''WflilWYl~'UI9f,:jI~'U'fl11lJ'\1'U111t.i'U~1 

llUUI~'U\P1 H IflVfll'ji ~1911!'i,:jufif1~tilIlJl'i"h~'U~ \l mfl,:j1Uf11Vc]filfll 'YjU 11 fll'j 1~c]filfll 

'IJ'U1fl'U11'Uln'U1911'j fl,:j1U \I~ 1~fl11lJ1fl,:j111'Ufll'j!f1fltJfif1~m~L!,:jll"~'Wfl~llJfl{~Hil\P1If1V,:j1~ 
tJ, tJ I • 

lJ 1'\1 '\!fl I lJ!"fJ "Vi L!,:j lf1flfll'j m~ \I 1VI'll 'IJ fl,:j lJ1'\1'\!fl IlJI" fJ"1911liimVi vutium,pl1m~rl1J IlJ1m 
I 11 I I " 

H"Vi I f1ii Ii!fl,:j ,nflff1'UVi1fl,:j111'U fll'j !f1flufif1~V1'IJ fl,:j fl'4fl1'fl'U11 'U \I~fl~1J'U~'U ~1'IJfl,:j I'll 

'jfl,:j 1U 'I'l 11~fl11lJf11'U 'Yl1'U'IJ fl,:jfll'j 1I'Yj oj fl1V 1'U l'Yj ~'U ~1 lrimVivutiUl911'j fl,:j 1 U mpl1'flllJ I 'fl'j~ 
. " 

~h'U 1fl,:j111'U fll'jlf1flUfif1~tIl\l~fl~fl1t11'U1911'jfl,:j1U'I'l1 1~'fl11lJ1fl,:j 111911 'U flfl\llflU V,:j'YjUBfl11 

fll'j 1~fl'4fl1'fl'IJ'U1fl'U11 'U In'U1911'jfl,:j1U 'fl11lJ1fl,:j 111'Ufll'j lf1flUfif1~V1'IJ fl,:j'j~uuwii~'U/l-flflfl 

Vi'U \I~Cl',:jfl11'j~1J'LIWYl~'U/I-HJf19f'U
'" 

il 2007 Desharun 1I,,~'flru~ [7] 1f1'1'llfll'ja-,:jlm1~11''YjflilllJfl{'U11'U'flfllJ l'YjiY'Yl'j~'\111,:j 

'Yjflilwii~'U fl11lJ'\1 'U 111t.i 'U ~119f,:j1~'U tlUfl~ "iJ'U l~iJ 'IJ'U 1fl 100 'Ul1 'UIlJ \9l'j f11V115'WflilllJfl{h
'U 

" 
195i'UllUUflWI1l'J I flV 1~195fl{1 'fll'U9f'U/IlJYl"fl~ 'J iJ'U flf1!95'U In'U 1911d ,:jufif1~V1 1'U,:j 1'U 1~VU1f1 

'I'llfll'jftmllH"'lJfl,:jeJ\9l'j 1ff1'U 'j~'\111,:j fl~"iJIUVlJl'im95fl{1 'fl liivlJ~iJl'i fl'fl11lJ 1fl,:j 111'Ufll'j
'U . ". 

lf1flUfif1~ til I fl t1'YjU11 fl11lJ1fl,:j 11\1~ IVllJlJlfl~'UdJfleJ\9l 'j1 ff1'U 'j~'\111,:jfl~ 'JillUVlJl'ifl 

195fl{1'fllUVlJCl' ,:j~'U ~,:jln'U H"lJl\llflfll'j iJff1'U ~ 1fl,:j111'U fll'j lf1fl'W fl~llJfl {! 'j 195i'U lJlfl~'U lll'i 
'" 

f11'j lf1flufimV1~lJlflfl11 liJ'fl,:j \llfl11 hjiJ'fl11lJlfl~ fl~'IJ fl,:j I 'fl HCl'~1,:jI'll 'j fl,:j 1 U II" ~1'U 'j~ uu~iJ 

fl~'JiJ'U1\1~iJll'j ,:jeJ'U\P1'jf1~tIl'j~'\111,:j19111oj ,:jtJfif1~V10j 1lJtlU1911'j fl,:j 1U ff,:j H"1~fi1'fl11lJ 1fl,:j11 

"fl",:j lrifllJ 1'Yj flilllJfl{~1 f1'1 ullm1~11''flru Cl'lJ,j~ 'W1J11f11'jiJfl~"iJ'U l\1~'I'll1~ l-UJf19f'U 1,j'1. '" 
" 

ll'YlmItJ'I'llufimU1 '1f1V1fl ff,:jH" 1~'Yjfl~llJ fl {iJ'fl11lJ In'U H~f1!I"~ f,JW'\1 iJiJ'\1 "fllJ!'I1 "1L!,:j~'U 
tI tI 11 11 

'Uflfl\llflii fl~ 'JiJ'U 1V,:j'lhuvuv,:jufimU1fll'jl91fl Cl'lU 19f 'I'll 1 ~'YjflilllJ fl {iJlJ l'\1tTfl1lJlClfJ"L! ,:j~'U 
" llI'iV,:j'fl,:jiJfll'jm~ \I 1t11911'IJ fl,:jlJ 1'\1'\! flllJ!"fl" 1'\1 ii fl'U!~lJ r:Y1'\1 1Ufllm'j~ \llUI911'IJ fl,:j fl~" iJt.i1'U. '" 

" . " 
Ii! fl'Yj flilllJfl { 'YjU 11 fl~ "iJ'U l\1~If11~flrilJtl'U!n'U nfl'U lll'iiJfll'jm~ \l1VI911Vi~1 'U!i!fl'Yjfl~llJ fl{'" . 



-;;'1 1l] ~ ... 0'... '.1 """""" "" 0' 1 1~ u 2006 Esmaeilic U'fI:::flU!::: [8] L~bY.:jlml:::'l1\9111'J.:jUUfl·HJl9ffHfl'fleJ·HI'W\9I\9Il !~tI 'If 

19feJ{1fll'U tI~iJ'IJ'W 1~ eJ~mfll~'W'W11W~'W \9l1'J eJ.:j fiJI~ eJ 'l ~ 'W f11'J'V'W ~!1J eJ~ 'J 19fi'W'IJ eJ.:j!eJYi~'W 
. . " 

l~eJftmn1m .:jbY~N'lJeJ.:j\9l111 .:jUUf)~tIlI!'fl::: Im.:j bY~l.:jbY~5Il'W'lJeJ.:j'Vwii!1,w{Yilf)~~'W 

U 2006 Jongsomjit IW:::flU!:::[9] ftflEJlf11'JbY.:jlml:::r1'V'wiill,W{'Wll'WfleJU lvdY'Vl'J:::'l11N 

'V'wii !eJYl~'WmlU'l1'W lU'I1'W ~ 11~.:jILY''WtliJl9feJ{1fll'U tI~iJ'IJ'W 1~'W11'W ~1t11TI'V'wiilUeJ~ 'J 19fi'W 

U iJiJflWlf'VJ I ~ tI 'l ~19feJ{1fll 'W9f'WiIUYl'fleJ::: ~lJ'W eJfH9f'W I~'W \9l111.:j UUf)~til ~iJ11 f11'J I~U 
. " 

B\9I 'Jlbh'W'J:::'l1 11.:j eJ:::'fI.. lJIlJ tlul'im9feJ{1 fll lJ tlU l1:::vh 'llf~ eJiilueJ{Yi 1~iJu~1J1U! 1J1fl~'W lll'iiJ 

u~UlU!,reJ tlfl 111ri eJ I U1 tliJ I Yi tliJ tliJ'J::: iJiJ ~111 iJ I 9feJ{1 fI I lJ tI It1eJ.:j 111 fl fll'J iJ \9l1'J eJ.:j f 1J!9ft){IfI I lJ tI 

3J 3J ~ r d Q cI d ~ 
l1:::vh 'l 'l1iJfl11U!f1::: fl::: 'lJeJ.:j Im.:j bY'Jl.:jlf)~'IJ'W I ~tI 'l 'W U\9I 'fI::: 'J:::iJiJ l1:::U U'J1J1U!I9feJ'J I fll'W tI 'l W'W eJ 

~eJiilueJ{u'J:::1J1U! ~eJtI'fI::: 23·25 lrieJllml:::r1fJU! bYu'!J~'lJeJ.:j~eJiiIUeJ{'W11 'WfleJU I ~iY'Vl~l~ 

~iJ11 'J:::iJiJ~iJl9feJ{1fll lJ tll1:::iJeJU! 'l1 f1 lJ'l1 'fIeJUI'l1'f11U 'fI::: eJU! 'l1 f1lJ~'l ~'l 'W f11'J\9Iflf:-l~fl~~lfl11 
II q,J II q,J 

I~fl,reJmrim U1 tl1J!YitliJtliJ'J:::iJiJ~ l11iJl9feJ{1 fll lJ tI 1t1eJ.:j 111fleJ~f11f119feJ{1flllJ tll1:::vh 'llf~eJii 

IUeJ{~ 1~iJfl11UI~ 'W f:-l~fl'fl~'fI.:j lrieJftflEJ lf11'J m::: 111t1\9l1'IJeJ.:jeJ~ mfll9feJ {IflllJ tI ~iJ11 lleJ'W f11'J 

'l'llUumtll~eJiiIUeJ~'JI9fi'W eJ~mfll9feJ{lflllJtI~iJ'IJ'Wl~U'J:::1J1U! 6·35 'WlIWU\9I'J 11:::1f11::: 

fl~U tl'W I~'W fleJ'W ul'im tlml.:j 111flf11'J'l'llUUf)~tll~eJiilUeJfb 19fi''W II~1 eJ~mfll9feJ{1flllJ tll1:::iJ 

." " 
f11'Jm:::111t1\9l1'Vim w.ueJ~ eJ iilUeJ{ 'W eJ fl111fllJ Jongsomj it 1I'fI:::flU!::: 1~lbY'W eJ11Uumtll~ eJii 

" .
IUeJ~ 'J 19fi''W 11:::1f)~~'W 'J eJiJ'l \9l1'J eJ.:jf iJ 'l'l1 'llf~ eJiiIUeJ{'W11'W fleJU I ~ iY'VlYi 1~iJ f11'J m::: 111t1\9l1 

'IJ eJ.:j eJ~mfl I9feJ {IfI I lJ tI~~ 

'Wll'W1'Vl1'VlllJtI 

1'WU 2008 Jongsomjit 1I'fI:::flU!::: [1 0] ftflEJlf:-l'fl'IJeJ.:j'IJ'W1~'lJeJ.:j'W11 'W 1 'VlI'VlIlJ tI YiQfl 

tJ l1J1 'l ~f:-lii\9l~eJii!eJYl~'W fl11U'l1'W 111'11 'W ~11~.:j ILY''W ~1t11TI~ eJiilu eJ 1'J19fi''W IIiJiJflWlf'VJ l~tliJ 

\9l111.:j UUf)~ til 19feJ{Ifll 'W 9f'Wilu~'V'hmuYl'fl eJ::: ~lJ'W eJf1!9f'W IIiJ1J!1If.:j ~iJ11 1 'VlI'VlIlJtI~iJl'vlbY'l 
. " " 

1 'Vl ~1~'WeJ.:jrlU'J::: fleJiJYi1J1fl~'W l1:::LY .:jf:-l'fl 'llf11~ 1eJ.:j l1iJ,reJtI'fI.:j \9l.:jtJ'W fl11U 1eJ.:j 111'W f11'Jf:-lii\9l~eJ 
q 

" iilut){~.:j,reJtI\9I1U 1 U~1t1 'WeJfl111fllJ iJ.:jiJ f11'J ftflEJ lf111U IbY~ tI'J'IJ eJ.:j IU ~'V'hmuYl'fleJ:::~lJ'W eJf1!9f'W 

IliJiJIIIf.:jiJ'W \9l1'JeJ.:j fiJ ~ iJ 11flfll'l1(9J f:-l'fl'l1i1.:j~'l'l11lffl11U 1eJ.:j 11'l 'W fll'J f:-lii\9l~ eJiilu eJ{~l ;teJ 

fl11UlbY~ tI'J'lJeJ.:j lu~'V'hmuYl 'fIeJ::: 'fIlJ'W eJf1!9f'WII iJiJIIIf.:jiJ'W \9l1'J eJ.:j fiJ 1'Vl l'VlIlJ mvl bY'J 1'Vl~iJri 1~1.. .. 
i Q cldlf( 3J &;f ~ 3J Q rI Q' ~ ~ Q

!~tJl~eJmum'Vl !~111flf11'Jf1'flEJ1'W11:::!~ ~eJ'fIIUeJ'J'If'W~blU 1I'fI:::IUm'V'lUU'J1J1U! l-Wfl9f'W 'fI.:j'l'W 

Uumtlll1:::LY.:jf:-l'fl 'llf rilf111UI~'Wf:-l~fl'IJeJ.:j'V'leJiiIU eJ{~1~~1'f1.:j 

'Wll'W9fleJ1'f11'l 

'l'WU 2008 Covarrubias 1I'fI:::flU!::: [11] 'l'l1f11'JI\9I1t1Uf:-l~fl'IJeJ.:j'W1I'W9f1t)1'f11'l 'l~rll'l1fiJ 

1~'W\9l1'JeJ.:jfiJ'lJeJ.:j\9l111.:jU Uf)~tIllml'fll 'fI9f'W tliJ\9l1t1.:jU Uf)1 tIl11UIUYl'fl eJ:::~lJ'W eJf1!9f'W 'It.! 



UUfl~VWHJfi!lJtJ i 'j 19f'J1'U 'VllJ':h IlJr1t'l 1t'l9fU~Vfllf11~'lJUI911'jtJ.:Ii''lJ9f1 tJ '1t'lI'i''l M'fl1llJ1tJ'I i 1 'lu 
, iI I iI 

f11Hlfi\PI'VltJfillJtJ{"l'l lij'tJ'Illlf1 ullU9f 1tJ it'l l'i'iiVlu ViH1"l'l UtJf1lllf1U f11'j 'l~9fl tJ it'lI'i'ltlU1911 

'jtJ'I i''IJ'IJtJ'IllJr1 t'l 1t'l9fU ikri '1Ht'l 'l M'mllJlPi'tJ'I f11 'j 'l~19111~'lUUfl~V1~1lJllJVlt'ltJ~'j lJU tJill9fU 

,rtJVt'l '1ffTI1 i''lJf11'j'Vl tJfillJtJ '1 'j19f'J1'U 'lJtJ'IltJ Vl~u f1'1V 

U11U-MCM-41 (Mobil Composition of Matter) 

tJ 2008 Semsarzadeh llt'l~fl1U~ [12] '1f1'tY'Ilml~"f19111~'1Uafl~V1 TiCI/MgClz 'lJU1911 

'jtJ'Ii''lJ9ifif1111t'l~ MCM-41 ~iieJ\PI'jlri1U'lJtJ'I Mg/Ti ~Htiur~tJ'l~Uf11'j l'Vl~llJtJ{l9fiu'lJtJ'IltJ 
" Vi~u (Ethylene Polymerization) 'Vl'IJ11fl11lJ1tJ'I i 1Iflfl;iufllV'l U nanochannels 'lJtJ'l MCM-41 

UtJ 1U!lJtJ{'lJtJ'IltJVi~U'il~Il'Vl~ loth i u'lu channels llt'ldh'l'l1'lnfl 'ill V lCJf'IJtJ'I'VltJ~ltJVi~U llU 

f1t'llmtlul~u 'lv'lJUlflU11u 1911!~ '1Uan~Vl'IJUI911'j tJ'Ii''IJ MCM-41 'il~1l'ilfl'lfilfl1llJ1tJ'I11'IJtJ'I 

" 19111~'1Uafl~Vlllt'l~ melting points ,filfl1llJltlUH~f1 (crystallinity)llt'l~,hH1rf1 lUlt'lflt'l'IJtJ'I'VltJfi 

wVi~u "l'1fi lf11lI911'j tJ'I i''lJ9i~ f11 

. " Ht'lf11'j1,)V tJilu 'jlV 11lUruHt'lf11nlflt'l tJ'I bn UHt'l f11Hlflt'ltJ'IlJU fl1U~N1')V'lJtJ Vl 'I \PI lU'IJ 'YIfl11U 
~ 

~Q.I dlll <jI d. ~ eI'l Q.I at. ~ .& d

1'ilV'YI bflf11'j\PI'VllJ'Vl U1l'j'ill'j'j~fl1JU1U1'lfl\PI fltJ 1l'j'ill'j Molecules 9f'llJ impact factor (JCR 

" ." 
2009) = 1.738 fl'lU lflV'IJ'YIfl11lJfl'lf1ril1ltlUHt'lViif1'1l1f1 lflHf11'ju llt'l~'1f1'iifl~f1nUU'j~f11rr 

(Acknowledgement) ff1l1i''lJtYtyqJ1lmJ~ CU-CLUSTER-Advanced-4-54-53 1l~11~w 
" 'jlVt'l~lflVfl'IJtJ'Ilij' tJ'11l'IJtJ'I'IJ'YIfl11lJ (Reprint) I tlu i U\PI1U Wf1'illmU'IJ 'l Ufllfl HU 1f1 
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Abstract: This article reveals the effects of mixed activators on ethy lene polymerization 

and ethylene/l-hexene copolymerization over MgCl2/Si02-supported Ziegler-Natta (ZN) 

catalysts. First, the conventional ZN catalyst was prepared with Si02 addition. Then, the 

catalyst was tested for ethylene polymerization and ethylene/l-hexene (EIH) 

co-polymerization using different activators. Triethylaluminum (TEA), tri-n-hexyl 

aluminum (TnHA) and diethyl aluminum chloride (DEAC), TEA+DEAC, TEA+TnHA, 

TnHA+ DEAC, TEA+DEAC+TnHA mixtures, were used as activators in this study. It was 

found that in the case of ethylene polymerization with a sole activator, TnHA exhibited the 

highest activity among other activators due to increased size of the alkyl group. Further 

investigation was focused on the use of mixed activators. The activity can be enhanced by 

a factor of three when the mixed activators were employed and the activity of ethylene 

polymerization apparently increased in the order ofTEA+ DEAC+TnHA > TEA+DEAC > 

TEA+TnHA. Both the copolymerization activity and crystallinity of the synthesized 

copolymers were strongly changed when the activators were changed from TEA to 

TEA+DEAC+TnHA mixtures or pure TnHA and pure DEAC. As for ethylene/l-hexene 

copolymerization the activity apparently increased in the order of TEA+DEAC+TnHA > 

TEA+TnHA > TEA+DEAC > TnHA+DEAC > TEA> TnHA > DEAC. Considering the 

mailto:piyasan.p@chula.ac.th
www.mdpi.com/journal/molecules
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properties of the copolymer obtained with the mixed TEA+DEAC+TnHA, its crystallinity 

decreased due to the presence of TnHA in the mixed activator. The activators thus exerted 

a strong influence on copolymer structure. An increased molecular weight distribution 

(MWD) was observed, without significant change in polymer morphology. 

Keywords: Ziegler-Natta catalyst; silica support; polyethylene; mixed activator; ethylene 

polymerization 

1. Introduction 

Progress in catalyst technology has lead to the synthesis of a rich set of new polymers with different 

structures and performances to meet the progressive demands of modem industry and life [1-12]. 

Recently, branched polyethylenes such as linear low-density polyethylene (LLDPE) have grown in 

importance in industry because of the specific properties that can be obtained by varying comonomer 

content and polymerization conditions. The recent development of homogeneous single-site catalyst 

makes it possible to synthesize the copolymers with completely different structures and performances 

from traditional polyethylenes [13]. The ethylene/a-olefin copolymers obtained by metallocene 

catalysts show homogeneous comonomer distribution and narrow molecular weight distributions in 

comparison with those obtained with traditional Ziegler-Natta (ZN) catalysts [14]. The correlation 

between the structures of the ethylene/a-olefin copolymers obtained with ZN catalysts and their 

properties has been extensively studied [15,16]. However, easy methods to control polymer properties 

and catalytic activity in polymerization system are still of concern to the industry. 

One of the most important factors in ethylene and ethylene/a-olefin polymerization is the choice of 

alkyl aluminum used to control the activity and polymer characteristics. The alkyl aluminums are often 

added to the reactor during slurry polymerization with ZN catalyst and conventional supported 

metallocenelMAO catalyst to scavenge impurities. In polymerization systems, alkyl aluminums also 

act as activators responsible for the generation of active sites. There are many reports on the use of 

alkyl aluminum as activators in the polymerization of ethylene and ethylene/a-olefins using ZN 

catalysts [17-23]. Trialkyl aluminum compounds are usually preferred over the halogen-containing 

analogues because higher polymerization rates can be obtained with the former. Alkyl aluminums such 

as trimethyl aluminum (TMA), triethyl aluminum (TEA), tri-n-hexyl aluminum (TnHA) and triisobutyl 

aluminum (TiBA), as well as diethyl aluminum chloride (DEAC) have been used in olefin 

polymerizations [24-31]. In general, it has been found that an increase in size of the alkyl groups 

(CnH2n+ l ) up to approximately n = 11 has enhanced catalytic activity. The study by Wanke et al. [18] 

revealed that increasing the size of alkyl group with n < 11 produces an increase in the activity and 

when a very large alkyl groups (n = 18) was used, the catalytic activity was very low upon when using 

the ZN catalyst for ethylene polymerization. An exception to these general trends was observed by 

Nooijen [17]. His results showed a strong effect of activators (TEA, TiBA, TnOA and IPRA) diffusion 

on the rate of activation of MgCb-supported Ziegler-Natta catalyst in slurry polymerization. At a 

constant ratio of activator to catalyst, the maximum activity depends on the diffusion of the activator. 
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The properties of polymer, such as the morphology of polymer product particles [22], were also 

controlled by type of activator, the product molar mass distribution, the average catalyst activity, and 

the shape of the activity-time profiles [22,23]. Increasing the size of the ligands attached to aluminium 

atoms increased the average molar masses and resulted in narrower molar weight distributions of 

polyethylene [18]. Terano et af. [23] reported that the molecular weight distribution (MWD) of the 

polyethylene obtained from the functionalized Si02-supported catalyst changed markedly from broad 

and multimodal to narrow and unimodal depending on the type of activator used. In the case of TEA, a 

broad trimodal MWD was observed, while for DEAC, the MWD of polyethylene was very narrow and 

unimodal [23]. In the case of poly[propylene-co-(7-methy I-I ,6-otadiene)], the different activators 

produced polypropylene with a wide range ofMWD [32]. 

Not only single activators are used in a-olefin polymerization, but also mixtures of alkyl aluminums 

are interesting subjects for improvement of the catalytic activity and polymer properties. Fan et af. [20] 

synthesized PE-PP copolymers using TEA, TIBA or TEA+TIBA mixtures as activators with 

MgCh/Si02ffiCl 4/diester-ZN catalyst in a slurry polymerization process. Their results showed that the 

behaviors of the TEAffIBA mixture in catalytic systems were not a simple superposition of those 

activated by the TEA or TIBA alone. When a 50:50 TEA+TIBA mixture was used, the 

copolymerization activity became the highest, and the yields of both systems were highly random 

copolymers. In their articles, rapid exchange between the alkyl groups in mixtures of TEA with the 

iso-butyl group in TIBA may be an important reason for the increase in catalytic activity and yields of 

both the random copolymer and the segmented copolymer parts, which were close to the highest level 

in PE-PP copolymer. 

In spite of these interesting results, the effect of mixed alkyl aluminum on catalytic activity of 

ethylene polymerization and ethylene/l-hexene copolymerization, and polymer properties has received 

little attention, even though it could be of crucial importance to successfully design and operate 

industrial polymerization processes. In the current study, the effect of various activator mixtures on 

activity, product morphology and molecular weight distribution of polyethylene and ethylene/l-hexene 

copolymere synthesized by the MgCh/Si02ffiCI4ffHF-ZN catalyst was investigated. The obtained 

polymers were characterized by means of X-ray diffraction (XRD), gel permeation chromatography 

(GPC), differential scanning calorimetry (DSC), and nuclear magnetic resonance 

( 
13C_NMR) techniques. 

2. Results and Discussion 

2.1. Catalyst characterization 

In general, the MgCh/Si02ffiCI4ffHF-ZN catalyst has been developed for an excellent morphology 

control of polymer particles under the fluidized bed reactor conditions [33 ,34]. Kim et al. [34,35] 

reported that catalyst characteristics such as the ratio of Si02IMgCI2 had an influence on the shape and 

size of the MgCh/Si02ffiCI 4ffHF-ZN catalyst used for ethylene polymerization and ethy lenell-butene 

copolymerization. In this study, the MgCh/Si02ffiCI4ffHF-ZN catalyst was prepared as described in 

the experimental part using a Si02IMgCh molar ratio of I: I. Based on this preparation, the presence of 

Ti content in catalyst is 2.33 wt% (lCP). The shape and size of the catalyst were observed by SEM as 
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shown in Figure I. The prepared catalyst exhibits a spherical shape and unimodal size distribution. 

Thus, the aggregated and melted form of catalyst particles seen in Figure 1 (top) are only present in a 

small amounts. These fractions possibly resulted from contact of catalyst particles with moisture and 

oxygen, when analyzed by SEM. The average diameter of obtained catalyst is approximately 30, Ilm as 

seen in Figure I (bottom). 

Figure 1. SEM micrographs of MgCh/Si02ffiCI 4ffHF-ZN catalyst. 

2.2. Ethylene homo-polymerization 

For commercial production of polyethylene, the MgCh/Si02-supported ZN catalyst exhibits high 

catalytic activity when TEA is used as activator. This activator provides the highest activity among 

other activators, including diethyl aluminum chloride (DEAC) and tri-n-hexyl aluminum (TnHA) [24]. 

The MgCl 2/Si02ffiCI 4ffHF-ZN catalyst shows high catalytic activity for ethylene polymerization. In 

this work, the effects of different types of alkyl aluminums including TEA, DEAC, TnHA and mixed 
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alkyl aluminums on activity were investigated. The Alrri molar ratio was fixed at 100 and 300. The 

polymerization activities with various activators are shown in Figure 2 and Table 1. 

Figure 2. Effect of various activators on ethy lene polymerization activity using 

MgCb/Si02rriCI 4rrHF-ZN catalyst. 

J~r-------------------------------------~ 

"IIHi=l CO 

OJ 

Note: Total mass of supported catalyst =0.006 mmol of Ti, titamiun content = 2.33 mmol Til g cat; 
Polymerization temperature = 80 DC, PtOI = 8 bar, PIU = 3.5 bar; Polymerization time = 2 h, ratio of 
AIITi = 100 and 300. 

Table 1. Description of ethylene polymerization with various activators. 

Activator' 
Run 

number TEA 
(mol%) 

DEAC 
(mol%) 

TnHA 
(mol%) 

AIiTi 
Activitl 

(kg PEl g caU hI atm) 

100 100 0.53 
2 100 100 0.55 
3 100 300 0.83 
4 100 100 0.32 
5 100 100 0.30 
6 100 300 0.48 
7 100 100 0.78 
8 100 100 0.76 
9 100 300 1.10 
10 50 50 100 1.79 
II 50 50 300 2.25 
12 50 50 100 1.25 
13 50 50 300 1.71 
14 33 33 33 100 2.23 
15 33 33 33 300 2.86 

a Concentrations of TEA, DEAC and TnHA are 0.300 mmollmL; b Ti concentration is 0.006 mmol/mL. 

Considering the single activators, the catalytic activity was the highest when TnHA was employed, 

whereas DEAC exhibited the lowest activity. A similar trend was observed with regards to change in 

Alrri ratio. These results were also consistent with those reported by Lynch et al. [18] and Hammawa 

et af. [22]. For trialkyl aluminum with n < 11, the activity increases with the size of alkyl group [22]. It 

was observed that DEAC was a less effective activator than TnHA, as reported by Haward et af. [24] . 
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They explained that there was an optimal ligand size for producing maximum catalyst activity. Based 

on this work, by mixing activators having different sizes of alkyl groups, the catalytic activity of each 

system was in the order of; TEA+DEAC+TnHA> TEA+DEAC > TEA+TnHA, as listed in Table I. 

In addition, the mixed DEAC+TnHA (50:50) was also tested for ethylene polymerization (data not 

shown), but it gave low activity than seen for DEAC or TnHA alone. Hence, the catalytic activity can 

be enhanced by a factor of three when the suitable mixed activators are employed. 

These results can be described by: (i) each type of alkyl aluminum has different reducing ability 

towards the catalyst, and hence produces different types of active sites [22], (ii) the optimal ligand size 

for producing maximum catalyst activity can be obtained by mixing the various types of activator [24], 

and (iii) it is related to the real mechanistic roles of alkyl aluminum activator in the formation of the 

active site in heterogeneous Ziegler-Natta catalysis, using either a monometallic or bimetallic active 

site model. Besides, changes in forms of mixed alkyl aluminums during polymerization were also a 

possible reason. To determine the rapid exchange of alkyl groups in the mixed alkyl aluminums, IH_ 

NMR measurements were performed by Hatada et at. [36]. They found that the 'H-NMR spectrum of 

the mixture of TEA and DEAC at room temperature displayed a rapid intermolecular exchange of 

ethyl groups. However, a new IH-NMR signal occurred upon the measurement at low temperature. In 

Scheme 1, we propose that the formation of new alkyl groups after mixing various alkyl groups may 

occur through various possible mechanisms. It should be noted that besides the formation of AI-ABC 

(as shown), other forms of mixed activator such as AI-ACC, A I-BBC, AI-BCC, and so on can occur. 

Scheme 1. The possible formation of new alkyl groups after mixing (A, Band C refer to ethyl, 

n-hexyl and CI). 

Et~ /Et Ht~ /Ht 

Al Al 

I + 
I 

EI CI HI 

The new alkyl groups may be suitable for adding more steric hindrance to the surface of catalyst 

enhancing the performance of ethylene to occupy the active species, as illustrated in Scheme 2. 

Moreover, the formation of catalyst might have a reducing ability to produce active sites for ethylene 

polymerization. 

Scheme 2. Suggested mechanism of active site formation activated by new alkyl aluminum 

type (X: -CI; A, B or C: ethyl, n-hexyl or CI; 0: coordination vacancy). 

x 
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A 
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2.3. Ethylenel1-hexene copolymerization 

It is known that ethylene/l-hexene (EH) polymerization is also catalyzed by 

MgCb/Si02ffiCI4ffHF-ZN catalyst in the slurry polymerization system using TEA as activator. 

However, the EH copolymerization with the catalyst activated by DEAC or TnHA has been found to 

exhibit different catalytic activity when compared to the system activated by TEA. To further explore 

the possibility of modifying catalytic activity and EH copolymer properties via changes in activator, 

TEA, DEAC, TnHA and their mixtures were employed in the equal molar ratio for each activator in 

the mixture. The Alffi molar ratio was kept constant at 300. The results are summarized in Table 2 and 

Figure 3. 

Ta ble 2. Activity of ethy lene/l-hexene copolymerization with various ratios of activators 

and % l-hexene insertion. 

Activator" used Activity (kg I-hexene
Run TEA DEAC TnHA polymer/g caU hI insertion

number (mol%) (mol%) (mol%) atm) (mol%)b 

16 100 2.53 1.27 
17 100 1.50 0.49 
18 100 1.91 1.90 
19 50 50 3.22 0.70 
20 50 50 4.15 1.26 
21 50 50 2.75 0.60 
22 33 33 33 5.69 1.10 

• Ratio of AIITi =300; b l-hexene insertion was determined by \3C-NMR. 

Figure 3. Effect of mixed activators on catalytic activity of MgCh/Si02ffiCI4ffHF-ZN 

catalyst for ethylene/l-hexene copolymerization. 

~;.--------------------------------------. 

10 

) .~ ",---,_ L-_ 

Note: Total mass of supported catalyst = 0.006 mmol Ti, titanium content = 2.33 mmol Til g-cat, 

I-hexene = 50 mL, polymerization temperature = 80°C, p.o. = 8 bar, PH2 = 3.5 bar, polymerization 
time = 2 h, ratio of AlITi = 300. 
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Interestingly, the kinetic profile behaviors of ethylenell-hexene copolymerization with various 

activators were not a simple superposition of those activated by TEA, DEAC or TnHA alone, as shown 

in Figure 4. From this viewpoint, this result supports the notion of a change of alky I groups in the alky I 

aluminum mixture as mentioned before. From Table 2 and Figure 3, it was evident that the activator 

exerted strong influence on both catalytic activity and copolymer properties. The activity increased 

upon mixing TEA, DEAC and TnHA (TEA+DEAC, TEA+TnHA and TEA+DEAC+TnHA). The 

insertion of I-hexene in copolymer increased in the order ofTnHA > TEA> DEAC > mixed activators. 

No relationship between the catalytic activity and I-hexene insertion was found with the different 

activators. 

Figure 4. Kinetic profile based on ethylene consumption with vanous activators for 

ethy lenel l-hexene copoly merization. 
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Note: Total mass of supported catalyst = 0_006 mmol Ti, titanium content = 2.33 mmol Til g-cat, 1­
hexene = 50 mL, polymerization temperature = 80°C, Ptot = 8 bar, PH2 = 3.5 bar, polymerization 
time = 2 h, ratio of AIITi = 300. 

Many explanations have been put forth for the reported co-monomer effects on the enhancement of 

catalytic activity and can be classified as follows: (i) chemical and physical effects of co-monomer on 

the catalyst generation of active sites [37], (ii) increasing propagation rate constant (kp) [37], (iii) 

enhancement of the diffusion due to lower crystallinity [38], (iv) fracturing the catalyst, and (v) 

changing the oxidation state of Ti [38]. It seems that some of these explanations cannot possibly 

explain the mixed activator behavior, which should be concerned with the change in the active sites for 

the ZN catalyst with using different types of alkyl aluminum. Based on l-hexene insertion, it seems 

that DEAC can effectively activate those active sites that produce partly crystalline copolymer, 

whereas the other activators such as TEA and TnHA were more efficient activators of active sites that 

produce amorphous copolymer. In the case of TEA+DEAC+TnHA mixture, it was able to activate 

both types of active sites, leading to a copolymerization system with high activity and slightly lower 

content of l-hexene insertion. On the other hand, TnHA itself can produce a copolymer having 

relatively higher degree of l-hexene insertion. 
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2.4. Polymer characterization 

2.4.1. Gel permeation chromatography (GPC) analysis 

The Mw, Mn and MWD of the corresponding polymers are shown in Table 3. The MWD of the 

obtained polyethylene (Alrri ratio 300) gradually changed depending on the types of activator used. 

Apparently, TnHA produced polymers with a broader M WD as compared to polyethylene obtained 

from TEA and DEAC. Thus, the use of different types of activators in ethylene polymerization resulted 

in changes of the Mw and MWD values of polyethylene. The mixed alkyl aluminum system tended to 

exhibit a broad polyethylene MWD, as shown in Table 3. This result was also consistent with the 

dependence of MWD on the type of alkyl aluminum activator as shown in a previous report [24]. This 

interesting phenomenon was considered to stem from the existence of multiplicity in the nature of 

active sites with different propagation, termination and chain transfer rates on the surface of 

functionalized MgCh/Si02-supported ZN catalyst. According to the GPC profiles (not shown), it 

might be speculated that mainly two kinds of active titanium precursors exist on the surface of 

functionalized MgCb/Si02-supported ZN catalyst. The various alkyl aluminum activators may provide 

different types of active sites and different oxidation state of Ti. The Mw, Mn and MWD results of the 

copolymers are also given in Table 3. The TEA, DEAC and TnHA gave Mw of295, 364 and 336 kg/mol, 

and MWD of 3.7, 3.6 and 4.2, respectively. The average molecular weights of copolymers obtained 

from mixed activators tended to decrease compared to those obtained with a single activator. On the 

contrary, the MWD of copolymers increased as the follows: TEA+DEAC+TnHA (5.6) > TEA+TnHA 

(4.5) > TnHA (4 .3) > TnHA+DEAC (3.8) = TnHA+DEAC (3.8) > TEA (3.7) > DEAC (3.6). These results 

showed no relationship among the Mw, MWD, reducing power and activity in copolymerization system. 

Table 3. Mw, Mn and polydispersity (M,JMn) of polyethylene and ethylene/l-hexene copolymer. 

Run Monomer Activator M. 
{k~ mol) 

Mw 
(kg! mol) Mw!M." Tmb eC) 

de 

(g!mL} 
Cr;ystallinitl: (%) 
DSCd X-rat 

3 Ethylene TEA 74 299 4.0 136.5 0.955 66.0 71.3 
6 DEAC 51 180 3.5 136.3 0.957 67.7 
9 TnHA 103 474 4.6 135.9 0.956 66.3 
11 TEA+ DEAC 31 175 5.6 136.3 0.957 67.7 
13 TEA+ TnHA 86 344 4.0 135.9 0.957 67.7 
15 TEA+ DEAC+ 55 283 5.2 136.3 0.957 67.6 

TnHA 
16 Ethylene! TEA 165 295 3.8 120.7 0.926 41.0 46.2 

1-hexene 
17 DEAC 56 364 6.5 124.4 0.943 55 .5 60.1 
18 TnHA 79 336 4.2 97.5 0.914 30.7 35.4 
19 TEA+ DEAC 77 294 3.8 122.5 0.941 54 .0 59.1 
20 TEA+ TnHA 56 255 4.5 111.6 0.918 34 .1 38.2 
21 TnHA+DEAC 54 209 3.8 123 .7 0.943 55 .3 60.3 
22 TEA+ DEAC+ 48 272 5.6 119.5 0.923 38.4 42.2 

TnHA 
• Polydispersity index, evaluated as MwfMn, and determine by GPC analysis; b Melting temperature 
determined by DSC analysis; Copolymer density determined according to the semi-empiricalC 

equation: d = (2195+~Hm)/2500;d Crystallinity degree determined according to the equation: 
(~Hd~HmO) x 100, assuming ~Hmo = 293 Jig; e Crystallinity degree determined by XRD 

according to the equation: We.x = (1110 + 1.42/z00) I (1110 + 1.42/200 + 0.68/.). 
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2.4.2. X-ray diffraction (XRD) and thermal properties 

It is well known that the melting enthalpy (~Hm) of an EH copolymer decreases with increasing 

comonomer content [30]. The insertion of the a-olefin reduces both the degree of crystallinity and the 

melting temperature of the copolymer. Randall [39] found that for EH copolymer, the density of the 

sample decreases with increasing the comonomer content. Table 3 shows the melting temperatures of 

the EH copolymers obtained with different activators. It was very interesting that both melting 

temperature and enthalpy of melting decreased with TnHA. Figure 5 shows the XRD patterns of EH 

copolymers and homopolymer (PE) obtained with different activators. It was observed that the 

copolymers exhibit two crystalline peaks at 28 degree of 21.1 and 23.58 assigned to 110 and 200 

spacing and one amorphous peak at 28 degree of 19.48. It was evident that the degree of crystallinity 

decreased with increasing comonomer content. The degrees of crystallinity calculated from both 

enthalpy and XRD are shown in Table 3. The results are very close to those reported by Mo et af. [14] 

and Quijada [I]. The values from XRD measurement are higher than those obtained from the DSC 

measurement. This can be attributed to different treatment of polymer samples prior to measurement 

for each technique. It can be accepted that different activators had no effect on the crystal! inity of the 

polyethylene. However, in the case ofEH copolymer, changes in activator can alter the crystallinity of 

copolymer due to different insertion of I-hexene, as determined by the 13C_NMR. 

Figure 5. XRD patterns of PE and EH copolymers obtained with various activators. 

2 theta 

Different polymerization systems produced different polyethylene particle shapes, as seen by SEM 

in Figure 6. These results may result from the different reducing powers of the activators. In addition, 
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alkyl aluminums also participate in the termination of polymer chain growth, i.e. act as chain transfer 

agents, and/or reactivation of dormant sites [40]. 

Figure 6. SEM micrographs of secondary product particles obtained with different 

activators; (a) TEA, (b) DEAC, (c) TnHA, (d) TEA+DEAC, (e) TEA+DEAC+TnHA. 
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2.4.3. 13C_NMR analysis 

The incorporation of I-hexene in copolymers was determined by 13C_NMR spectroscopy. The 

chemical dislocations in the copolymers were calculated according to the work of Randall [39]. Table 

4 shows I-hexene incorporation in EH copolymers with different activators in the polymerization 

system. It was found that copolymers had I-hexene insertion in the range of 0.49-1.90 mol%, 

depending on the type of activator used. Apparently, DEAC produced copolymer having the lowest 1­

hexene insertion (0.49 mol%). On the contrary, TnHA gave the highest I-hexene insertion in the 

copolymer (1.90 mol%). It is worth noting that the alkyl aluminum mixtures such as TEA+DEAC and 

TnHA+DEAC produced copolymer having I-hexene insertion values around 0.70 and 0.60 mol%, 

respectively. Similarly, TEA and TEA+TnHA had a I-hexene insertion that was very close to that of 

TEA alone. It should be noted that I-hexene unit was isolated by ethylene units, and no sequence of 

double co-monomer units or alternating ethylenell-hexene units were found, as shown in Figure 7. The 

same results were also obtained with other activators. 

Table 4. Triad distribution based on 13C_NMR for EH copolymer obtained from different activators. 

Run Activator [HHH) [EHH] [EHEI IEEE) [HEH) [HEE) %E %H 
16 TEA 0.0 0.7 0.6 97.0 0.2 1.2 98.73 1.27 
17 DEAC 0.0 0.2 0.3 98.8 0.1 0.6 99.51 0.49 
18 TnHA 0.0 1.2 0.7 96.3 0.4 1.4 98.10 1.90 
19 TEA+DEAC 0.0 0.2 0.5 98.2 0.1 1.0 99.30 0.70 
20 TEA+TnHA 0.0 0.7 0.6 97.2 0.2 1.2 98.74 1.26 
21 TnHA+DEAC 0.0 0.2 0.4 98.4 0.2 0.8 99.40 0.60 
22 TEA+DEAC+TnHA 0.0 0.4 0.7 97.4 0.1 1.4 98.89 1.11 

Figure 7. A typical 13C_NMR spectrum of EH copolymer obtained with TEA. 

00 
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3. Experimental 

3.1. Chemicals 

All reactions were performed under purified argon atmospheres using a standard glove box and 

Schlenk techniques. Polymerization grade ethylene, donated by the PTT Company, was used as 

received. Triethylaluminum (TEA), tri-n-hexylaluminum (TnHA), diethyl aluminum chloride (DEAC), 

donated by Tosoh Akzo Corp., were stored in a glove box and used without further purification. TiCI4 

(Aldrich), MgCI2 (anhydrous) was donated by Tosoh Akzo Corp. Silica (specific surface area of 

150 m2/g), supplied by Grace Davision, was heated under vacuum at 400°C for 6 h. Hexane purchased 

from Aldrich Chemical Company Inc., was purified by passing it through a 13X molecular sieves 

column. Tetrahydrofuran and I-hexene were dried over dehydrated CaCh and distilled over sodium/ 

benzophenone under an argon atmosphere prior to use. Ultra high purify (UHP) argon (99.999%) was 

purchased from Thai Industrial Gas Co., Ltd. and was further purified by passing through 3A 

molecular sieves, BASF catalyst R3-11 G, NaOH and phosphorus pentaoxide (P20 5) to remove traces 

of oxygen and moisture. 

3.2. Catalyst preparation 

The catalyst was prepared in a 500 mL vessel equipped with temperature control, and a turbine 

agitator. Anhydrous tetrahydrofuran (150 mL) was added to the vessel. The tetrahydrofuran was heated 

to 50°C, and then magnesium metal (0.12 g) was added, followed by titanium tetrachloride (2 mL). 

The mixture was continuously agitated. The temperature was held at about 70°C for 3 h. At the end of 

this time, magnesium dichloride (4.5 g) was added and heating was continued at 70°C for another 3 h. 

Then, Grace Davision silica (4.5 g) was added over several minutes and the mixture was stirred for I h. 

This mixture was washed with hexane, and then dried under vacuum. The titanium content in the 

catalyst is 2.33 wt% (ICP). 

3.3. Polymerization reaction 

The slurry polymerization was performed in hexane solution (1,000 mL) with various activator 

mixtures as shown in Table I (AllTi molar ratio = 100 and 300). First hexane (1,000 mL) was added 

into the reactor under argon atmosphere. After that, activators and catalyst were introduced into a 2 L 

stainless steel reactor equipped with a magnetic stirrer, and the reactor was then evacuated to remove 

the argon. Hydrogen (PH2 = 3.5 bar) was fed into the reactor prior to the introduction of ethylene. The 

polymerization reaction was initiated by introducing the ethylene (PC2H4 = 4.5 bar). The total pressure 

in the reactor was 8 bar. The polymerization reaction was held constant at 80°C and terminated after 2 

h by quenching with dilute hydrochloric acid solution in methanol. The resulting polymer was isolated 

and dried under vacuum. 

The EH copolymerization was performed as follows; the 2 L autoclave was evacuated and purged 

with argon several times similar to the ethylene polymerization. After hexane (950 mL) was added at 

80°C, the solution of activator such as TEA, DEAC, TnHA and TEA+DEAC+TnHA mixtures, 1­

hexene (50 mL) and the catalyst (AllTi = 300) were added into reactor sequentially. Then, the 3.5 bar 
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of hydrogen was fed into the reactor. The ethylene gas was fed into reactor and the total pressure in 

reactor was raised to 8 bar and held constant by continuous feed. After 2 h, the copolymerization was 

terminated using the same procedure as mentioned for ethylene polymerization. 

3.4. Polymer characterization 

A high temperature GPC (PL-GPC220) equipped with a viscometric detector, differential optical 

refractometer and four Styragel HT type columns (HT3, HT4, HT5, and HT6) with a I x 107 exclusion 

limit for polystyrene was used to determine the molecular weight (Mw) and molecular weight 

distributions (MWD) of the polymers produced. The analyses were performed at 160°C using 1,2,4­

trichlorobenzene as the solvent. The columns were calibrated with standard narrow MWD polystyrene. 

The comonomer contents of the resultant copolymers were determined by 13C-NMR spectroscopy. 

The measurements were performed at 110°C on Bruker 400 MHz instrument using 1,2,4­

trichlorobenzene as solvent. The thermal behavior of polyethylene and EH copolymers was examined 

with a Perkin-Elmer Pyris Diamond DSC at standard heating/cooling rate of 10 °C/min, under N2 flow. 

The samples were first melted to 180°C (1st scan) and kept at this temperature for 3 min, then cooled 

to 50°C, and again heated up to the melting with the same heating rate (2nd scan). The reported 

melting temperature values are referred to the second heating scan. The melting temperature (Tm) and 

the melting enthalpy (b.Hm) were taken from the second heating curve. Temperatures and heats of 

phase transitions were determined, respectively, from the maxima and areas of the crystallization and 

melting peaks. In this context, it was possible to relate b.Hm (JIg) to the density (d, g/mL) of the 

copolymer through the following semiempirical equation: d = (2195 + b.Hm)12500 [41] . Finally, using 

standards of known composition, a linear correlation between sample density and its content in terms 

of I-hexene co-units was found, at least in the 0.92-0.94 g/mL density range [41] . The degree of 

crystallinity, Xc of PE and its copolymers was calculated from the ratio between the values of melting 

enthalpy, b.Hm(as calculated from the second heating scan) and the heat of fusion of 100% crystalline 

PE taken as b.Hm = 293 Jig [42]. 

X-ray diffraction patterns (XRO) analysis was carried out on a Siemens 0-5000 apparatus working 

at 40 kV and 30 mA and using the Cu Ka radiation ( A. = 0.154439 A) in the 10°-40° 26 range with a 

scanning step of 0.01° in the reflection geometry. The crystalline degrees of the copolymers were 

calculated via Eq. (1) developed by Mo and Zhang [14]: 

wCoX (1)
1110 +1.42/2oo +O.68Ia 

The morphological observations of polymers were carried out with a JEOL JSM-6400 scanning 

electron microscope (SEM). Micrographs were taken at a 5-kV acceleration voltage. Before SEM 

observations, the fracture surfaces of blends were coated with a thin layer of gold to avoid electrical 

charging and increase contrast during observation. 

http:0.92-0.94
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4. Conclusions 

The use of suitable mixed activators such as TEA+DEAC+TnHA, can result in the significant 

increase in catalytic activity for the bi-supported Ziegler-Natta catalyst for ethylene polymerization 

and ethylenell-hexene copolymerization. This can be attributed to the change in reducing power of the 

mixed activators leading to generation of different active forms of the catalyst or stabilization of the 

active center in ethylene polymerization. The activator type had an effect on the molecular weight and 

molecular weight distribution of polyethylene without any significant change in polymer morphology. 

In the case of copolymerization, there were no relationship among the M w , MWD and catalytic activity 

when the mixed activators were employed. 
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