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CATALYST SYSTEMS 

The present invention relates to a process for producing a catalyst support 

comprising a layered double hydroxide, and to polymerisation, preferably olefin 

5 polymerisation, catalysts incorporating such layered double hydroxides. The invention 

also relates to polymerisation processes, preferably olefin polymerisation, using such 

catalysts. 

Layered double hydroxides (LDHs) are a class of compounds which comprise 

two metal cations and have a layered structure. A review of LDHs is provided in 

10 Structure and Bonding; Vol 119, 2005 Layered Double Hydroxides ed. X Duan and 

D.G. Evans. The hydrotalcites, perhaps the rriost well-known examples of LDHS, 

h&vd been sttidibd'for many years. LDH's can intercalate anions betwelsir the layers of 

the structure. WO 99/24139 discloses use of LDHs to separate anions including 

aromatic and aliphatic anions. 

15 LDHs have uses in a range of applications such as catalysis, separation 

technol6^y, optics, medical science, and nano-composite material engineering. ' 

US-B-7,094,724 discloses a catalyst solid comprising at least one calcined 

hydrotalcite. Surface area and pore volume, which may at least partly owe tb 

aggregation: of the particles, can Still be improved; Further, thermal treatment 

20 temperatures, such as for calcination, are somewhat high, for example for the use of 

silica which is typically calcined at a temperature of 400-800°C. 

It is an object of the present invention to provide a supported polymerization 

catalyst having a support which overcomes the1 drawbacks of the prior art, especially 

having higher Surface area arid higher pore volume and/or low particle density, as well 

25 as to provide a process for its preparation, its use in a polymerization process, as well 

as a process for preparing such a catalyst support. 

The present invention accordingly provides, in a first aspect, a process for 

preparing a catalyst support comprising a layered double hydroxide (LDH), the 

process comprising, 

30 a. providing a water-wet layered double hydroxide of formula: 
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[Mz+1_,M'y+x(0H)2]a+(X"la/r^H20 (1) 

wherein M and M' are metal cations, z = 1 or 2; y = 3 or 4, x is 
0.1 to 1, preferably x<\, more preferably x = 0.1 - 0.9, b is 0 to 10, X is 

5 an anion, r is 1 to 3, n is the charge on the anion and a is determined by 
x, y and z, preferably a = z(l^x)+xy-2; 

b. maintaining the layered double hydroxide water-wet, 
c. contacting the water-wet layered double hydroxide with at least one 

solvent, the solvent being misciblie with water'arid preferably having a 
10 solvent polarity (P') in the range 3.8 to 9, thereby producing a material 

cbrii'pnsing a layered double hydroxide, and 
d. thermally treating the materia! obtained in step c) tb prbduc'e a catalyst 

Support: 

15 This process is greatly advantageous bedause!,1 despite being such a simple 
process; it, surpnSirigiy, results in highly pbrbUS arid highly dispersed catalyst Supp'ort, 
preferably havirig a Idw parti61e density, which functidri' as highly effective catalyst 
supports. For instance, for the conventionally synthesized ZniM-boM'e LDH, its 
specific surface area (N^) 'arid total pofe volume are orily 13 m2/g and 0.08 cc/g, 

20 respectively. 
However-< the inventors have discovered that LDH modified according to the 

invention (even before thermal treatment) has a specific surface area and total pore 
volume 'ihcrea'sed to 301 m2/g arid 2.15'cc/g, respectively. In additibrij the modified 
LDH has a very uniform particle size of about 5 fim. This method of the invention1 can 

25 be applied to all LDHs. In addition this method is simple and can be easily scaled-up 
for commercial1 production. 

• 4; 1 Further, in a preferred embodiment, utilizing thermal treatment temperatures 
b'f aboiit l 50°C, this results in catalyst supports to be prepared using an easy, energy 
saving arid'6bsf effective process: 

30 r ;; ; Advantageously, if the materials'are sUbsequertily thermally trea:ted: (at about 
150°C) and then chemically modified with e.g. alkyl aluminium' reagents they are 
excellent supports'for metal-organic catalyst precursors. Iri particular, they can1 be 
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used to immobilize (or support) metallocenes and other catalyst precursors for olefin 

polymerization. ' 

In order to obtain a polymerization catalyst, it is essential to 

a) synthesize a modified layered double hydroxide as described above, 

5 b) thermally treat, preferably at 100 - 200°C, the thus prepared modified 

LDH, so as to retain a crystalline LDH structure, 

c) modify the thermally treated LDH with an activator, preferably an alkyl 

aluminium activator, most preferably methyl-aluminoxane (MAO), and 
v'd)f''support d'borripiex,1 for'-example nietallocbne' or otl\er1 fcomfileix/'that 'caii 

10 !cl polymerize or co-polymerize an olefin. 

¥h(eu(^alysiusiipp6h'' pY^parefcf ttds^iiriique1 feafufes ',riegarding the powder 

dispersion (low1particle' density); surface' area/pore volume, Jth'6rmal''cliara'cteristics 

and the' ability to ni'alce-effective'dispersions'of thie'support in a hydrocarbon'solvent 

in order to pre$are1mmobilized catalyst precursors.' !jC u 

15 In preparing: the catalyst' Support,' surface' bound: water is "replaced"1 by1' 'the 

solvent thus' making thyx particles'''of th^ 'support1'hydro jM)bic.'!*L6^ temperature 

thermal1 treaimenf then'activates the suifa'ce by solvent des^rptiori' (whi^ri'dan'tie s'e'eii 

in thermo^avimetn'c'analysis)''and l'eaves a''very unique and reactive surface for 

catalyst immobilisation! ' "Xi TJ ,v ' r«^ ih<. 

20 OiS.pcs.j'The' 'solvent 'washing"''process and the1 thermal activation'of the1 LDH also 

modifies ttie surface'bhemistry to' giVe'benefiidiair'effects"on tlie'catalysis; ̂ uch^'as' the 

ability to'immobilize-a significantly'larger amount of metal catalyst. 

For'preparing the incentive catalyst support, the thermilv treatment;"isof major 

importance^ THdrmal activatioril!is preferably-carried 'ouV'aljdve lOO0^*- and1 most 

25 preferably between1 i25-200°C': y^fter'thermal activation^ the'support still'remains-a 

cry^tMihe-LDH'/Whicli'caribe ShoWn by'XRD.w -'.••J.U. a;>u t< 
v* Ua'^SlSuipnsihglyV th!e inventors have discovered that supports produced according 

to the 'invention'^ca&i^b'e •'used'-'td> support caMystsJ4hat>:'are' ver^ activfe ~!kjf 
, ^ ^ , 

pblymerisatioii' including olfefin polymerisation,' for example' ethylene polymerization 
> }1 * -1 * , t i > I - " *" • "» * » t- <» 

30 and also forethylene/hexehe cdp6lymefizatio'ri,''in the presehce'of alkyl aluminium 

activators; and- preferably' scavengers' and/of''cb-ckalysts.'i'H6wev,er,'.:ithe^'catatyst 

Support'!prepared'Wcording' to the present ihveiition dan' bo used' for ''alFtypes1 of 
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supported catalytic polymerization. Preferably, the catalyst prepared according to the 

present invention can be utilized in slurry polymerization, for example using hexane 

as solvent. Industrial slurry polymerizations for olefins are well known in the art. 

Even more surprisingly and advantageously, the support appears to act not just 

5 as an inert support but as an active component of the catalyst system; both the identity 
2+ of the metal cations (i.e., e.g., the M and M' ions) and the intercalated anion 

affects the overall catalyst performance in olefin polymerisation, enabling properties 

to be tuned according to the process required. 

'The LDH morphology in the support also influences the polymer morphology, 

10 including e.g. enabling the production of spherical polyttier particles. - ' 

The inventive catalyst support can affcct polymerization activity, polymer 

morphology, and pOlyhief weight distribution for any given metal'cktalyst. 

' The water-wet LDH should not dry before contacting the solvent and is 

preferably a water slurry of LDI1 particles. ' 

15 Solvent polarity (P') is defined based on experimental solubility data reported 

by Snyder and Kirkland (Snyder, L. R.; Kirkland, J. J. In Introduction to modern 

liquid chromatography,'2nd ed.; John'Wiley and Sons: New York, 1979; pp 248-250,) 

and as described in the table in the Examples section, below. ' 

Preferably, iii step a., as stated above, a substance comprising a water-wet 

20 layered double hydroxide of formula (1) may be provided. • , 

In a most preferred embodiment, the at least one solvent is not water. ' 

M may be a single metal cation or a mixture of different metal cations for 

example Mg, Zn, Fe fof a MgFeZn/Al LDH. Preferred M are Mg, Zn, Fe, Ca or a 

mixture of two of more of these. 

25 M' may be a single metal cation or a inixture Of different metal cations, for 

example Al, Ga, Fe. The preferred M' is Al. The preferred value of y is 3. 

Preferably, z is 2 and M is Ca or Mg or Zn Or Fe. 

Preferably,'M is Zn, Mg or Ca, and M'is Al. 

Preferred values of x are 0.2 to 0.5, preferably 0.22 to 0.4, more preferably 

30 0.23 to 0.35. 
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Overall, as is clear for a skilled artisan, the LDH according to formula (1) 

must be neutral, so that the value of a is determined by the number of positive charges 

and the charge of the anion. 

The anion in the LDH may be any appropriate anion, organic or inorganic for 

5 example halide (e.g. chloride), inorganic oxyanions (e.g. X.m0„(0\{)pq~~\ m = 1-5; n = 

2-10; p = 0-4, q = 1-5; X = B, C, N, S, P: e.g. borate, nitrate, phosphate, sulphate), 

and/or anionic surfactants (such as sodium dodecyl sulfate, fatty acid salts or sodium 

stearate). 

Preferably, the particles of the LDH have a size in the range Trim to 200 

10 microns, more preferably 2 nra to 30 microns and most preferably 2 nm -20 microns. 

Generally, any suitable organic solvent, preferably anhydrous, may be used 

but the preferred solvents are selected from one or more of acetone, acetoriitrile, 

dimethylformamide, dimethylsulfoxide, dioxane, ethanol, methanol, n-propanol, iso-

propanol, 2-propanol or tetrahydrofuran. The preferred solvent is acetone. ' Other 

15 preferred solvents are alkanols e.g. methanol or ethartol. '" 

The role of the organic solvent is to strip the surface bound water from the 

water wet LDH particles. The dryer the solvent; the more water can be removed and 

thus the LDH dispersion be improved. More preferably, the organic solvent contains 

less than 2 weight percent water. : 

20 ; Preferably, the layered double hydroxide, modified according to the inventive 

process and used in the support, has a specific surface area (N2) in the range 155 m /g 

to 850 m2/g, preferably 170 m2/g to 700 m2/g, more preferably 250 m2/g to 650 m2/g. 

Preferably, the modified layered double hydroxide has a BET pore volume (N2) 

greater than 0.1 cm3/g. Preferably, the modified layered double hydroxide has a BET 

25 pore volume (N2) in the range 0.1 cm3/g to 4 cm3/g, preferably 0.5 cm3/g to 3.5 cm3/g, 

more preferably 1 to 3 cm3/g. . 

Preferably, the process results in a material (e.g. before the thermal treatment 

step) having a de-aggregation ratio greater than 2, preferably greater than 2.5, more 

preferably in the range 2.5 to 200. The de-aggregation ratio is the ratio of the BET 

30 surface area of the inventive material compared to a comparative. 
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Such a comparison is based on an identical LDH synthesis in which the water 

wet LDH is just dried and not been treated with the water miscible solvent. The 

deaggregation ratio is closely related to the % decrease in particle densities. 

Preferably, the process results in a catalyst support having an apparent density 

5 of less than 0.8g/cm3, preferably less than 0.5g/cm3, more preferably less than 
•3 

0.4g/cm . Apparent density may be determined by the following procedure. The LDH 

as a free-flowing powder was filled into a 2 ml disposable pipette tip, and the solid 

was packed as tight as possible by tapping manually for 2 minutes. The weight of the 

pipette tip was measured before and after the packing to determine the mass of the 

10 I.DH. Then the apparent density of LDH was calculated using the following 

equation: 

Apparent density - LDH weight (g)/LDH volume (2 ml)'' 

The catalyst support has preferably a loose bulk density of 0.1-0.25 g/ml. The 

loose bulk density was determined by the following procedure: the freely flowing 

15 powder was poured into a graduated cylinder (10 ml) using the solid addition funnel. 

The cylinder containing the powder was tapped once and the Volume measured. The 

loose bulk density was determined using equation (1). 

Loose bulk density = m/Vo (1) 

Wherein m is the mass of the powder in the graduated cylinder, Vo is the 

20 powder volume in the cylinder after one tap. = 

Preferably, the thermal treatment step comprises a heating profile in the 

temperature range 20°C to 1000°C, preferably for a predetermined time at a 

predetermined pressure. Preferred teniperature ranges are 20°C to 250°C, more 

preferably 20 °C to 150 °C; 150 °C to '400 °C; and 400 °C to 1000 °C. more preferably 

25 500 °C to 600 °C. Even more preferred, the temperature range is from 125-200°C. 

A preferred predetermined pressure is in the range 1x10" to 1 x 10" mbar, 

preferably around 1 x 10"2mbar. 

Preferably, a predetermined time is in the range of 1 -10 hours, more preferably 

6 hours for therinal treatment. 

30 " The layered double hydroxide (LDH) as used in the catalyst support could be 

called aqueous miscible organic-LDHs (AMO-LDHs). The AMO-LDHs used for the 

catalyst support of the present invention have characteristics and properties as iri more 
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detail described in the copending GB1217348 and in the PCT application based on 
this GB application, both incorporated herein by reference, and see also below. 

In a second aspect, there is provided a process for producing an'activated 
catalyst support (solid catalyst), the process comprising providing a catalyst support 

5 as in the first aspect, and contacting the support with an activator. 
Preferably, in the second aspect the process further comprises contacting the 

support, before, simultaneously with or after contacting the support with the activator, 
with at least one metal-organic compound. 

'TMus,LVvin !a third'aspect/' the' 'prfeserrf* fflveritio'n''''pf6vid6s"t'atpol^msdWBii 
10 ckt'afyst comfJrisiri'g, a)''a'cMafystsupport prepared-according1-to fti'e ih^entibn^and b) at 

least on'e'n^etar-OTgahiccbmpdurtd.' r°'-x < 'ol P* ,0uc"..~ a!! »cm,ucd 

ust;=l>' 'pyefefaijly^' the '"catafy^f fiirth'er 'c6ihpiri&s;' ari: activatbr^'more preferably 4an 
alkyl1 aTiirfiihiU®''-activator.'":' Pfefeireds,a'cHvatbVs' iri£ludev frialkyl aluminium (e.g. 
triisobutyl' aiun^iniu'm; triethyl' aluminium) and/or riiethylaluminoxaiie (MAO):1'! '•« 1 1 

15 -'Uppoi:pj^f^blV,' ! tile -'metal-drganic ' compound •'comprises'1 a ''transition•'Vriefdl 
Compound, mdfe'preferably'a'titanium;'zirconium, hafnium, iron, nickel and/or cobalt 
compourid.'; ™ '< :1'iC' "ci'ri h Pr'n uloii 

• ,Ja • lfr*a; preferred' embodimerit, 'tKe catalysf is suitable for etHerife ariH'alpha'olefin 
hbrilo-pol5TOerisatiOn,a o¥^'!c6'-p^ljarierisation for example, ethene/hexene co-

20 polymens'kiori':'^ • rK* i -ilti ^ 
1"• • "Thu^,4ri:a fourth1 aspect-there^is provided an olefin1 pbl>rnerisati6h!process 

usingtbe catalyst of the' third aspect'.- • ' • -',v' .. PX.V-V •!.!»! v< ». 

further prefeited ernbodimehts'-can be taken froni' th'e"subclaims:1 ;: 1 !'il l,u 

v < •.: • |J.r; > ^IS'Q • po^sib'ie' that !a' ptepolymeri^ed''catalyst1 comprising' 'the1 'catalyst 
^ « \ x ^ ! 'L > ' 1 , 1 ' 1 » . ' » 1 ' i '. 

25 support'according to claim 1 and, polymerized onto the catalyst solid, linear C2-C10-I-
alkeries,1'wherein the catalyst solid and the alken^S polymerized onto irare preterit' iri a 
m^s''ratio" df from* 1 :b. 1 "'to 1":20(J J may be' used. ,:V1 "• '• vincntr heto-iv c<<-

"'"Further advantages and features of the subject-matter of the present invention 
can be taken froth the5 following detailed descn^'tion taking iri 'ebrijurictibri with'the 

30 Hfawihg',' irt'whibh:! 
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Figure 1: X-ray diffractogram of: 

a) (EBI)ZrCl2 supported on MAO-modified 

Mgo.75Alo.25(OH)2(C03)o.i25* 1.36H200.17(Acetone) (catalyst-supported LDH/MAO); 

b) MAO-modified Mgo.75Alo.25(OH)2(C03)o. 125*1.36H20»0.17(Acetone) 

5 (LDH/MAO); 

c) thermally treated MAO-modified 

Mgo.75Alo25(OH)2(C03)o i25*l •36H2O«0.17(Acetone) (LDH/MAO), and 

d) Mgo.75Alo.25(OH)2(C03)o.i25*L36H20,0.17(Acetone) (AMO-LDH). 

Figure 2: X-ray diffractogram of: a) thermally treated 

10 Zno.67Al(,.33(OH)2(C03)o.i25*0.51 (H20)*().()7(acctone)_being exposed to air, 

- b) thermally treated 2nb 67Alo.33(OH)2(C03)o.i25*0-51(HiO)*0.07(acetone) ' 

LDH, and ' ' 

c) ZnAl-C03 Zno.67Alo.33(OH)2(C03)o.i25'0.51(H20)'0.07(acetone)_LDH. 

Figure 3: Infrared spectra of LDHs: 

15 a) Cab.6VAlo 3KOH)2(N03)o.i25*0-52(H20),OVl6(acetohe) LDH, 

b) Mgo.75Alo.25(OH)2(N03)o.25-0.38(H20)-0'. 12(acetcme)LDI 1, 

c)Mgo75Alo,25(OH)2(Cl)o25*0.48(H20)*0.04(acetone)LDH, 

d) Mgo.75Aio.25(OH)2(eO'3)6.i25'1.36H20*0'.l7(acetdne) LDH, 

e) Mgo.75Giio.2.'5(OH)2(C03)o. ns'0.59(H20)»0.12(acctone) LDH, and 

20 f) Mgo 75Alo.25(OH)2(S04)o.i25'0.55(H20)*0.13(acetone) LDH. 

Figure 4: Infrared spectra of [(EBOZrCL] supported on LDH/MAO with 

various AMO-LDHs components: 

a)Ca0.67Al(,33(OH)2(N03)o.,25'0.52(H20)-0.16(acetone)LDH, 

b) Mgo.75Al(,.25(01 l)2(N03)o.25'0.38(H20)'0.12(acetone) LDH, 

25 c) Mgd.75Alb.25(OH)2(Cl)0.25*0.48(H2b)*0.04(acetone) LDH, 

d) Mgo.75Alo 25(0^)2(003)0.125* 1.361 LO'0.17(acctone) LDH, 

e) Mjgo.75GiV()25(OH)2(C03)o.i25*0.59(H20)*0.12(acctone) LDH, and 

f) Mgo.75Alo.25(OH)2(S04)o.i25-0.55(H20)-0.l3(acetone) LDH. 

Figure 5: SEM image: 

30 a) Mgo.75Gao25(OH)2(C03)o.i25*0.59(H20)*0.12(acetone) LDH, 

b) thermally treated Mgo.75Gao.25(OH)2(G03)o.i25,0.59(H20)*0.12(acetone) 

LDH, 
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c)Mgo.75Gao.25(OH)2(C03)o.i25'0.59(H20)'0.12(acetone) LDH/MAO support, 
d)[(EBI)ZrCl2] supported 

Mgo.75Gao.25(OH)2(C03)o i25,6.59(H26)*0.12(acetone) LDH/MAO catalyst. 
Figure 6: Molecular weight distribution of polyethylene using [(EBI)ZrCl2] 

5 supported on MAO-modified Cao.67Alo.33(OH)2(N03)o.i25*0.52(H20)*0.16(acetone) 
(calalyst-LDH/MAO) under the condition of 10 mg of catalyst, 1 bar of ethylene, 
2000 equiv MAO: 1 equiv (EBI)ZrCl2, 15 min at temperature of: a) 60°C and b) 80°C. 

Figure 7: SEM image of polyethylene using (EBl)ZrCl2 supported MAO-
modifi^Kfcao^6:33to^^2p^3)6 !i^6.5^^^6.td^cet(ffie)1 -£DH/MA!0!' catalyst 

10 under 'df catalyst, 1 bar of ethylene, 2000 Al: 1 Zr, 60°C, 15 
mini, hkkarie:(i5*ml) with'different c6c^talys{ra)':MA'6' khii fcj'¥lB^.!a'-'' • 

Figure 8: t,he'iffio^avimetncuanal^sis^'cui4e&'!oflpBi^'effiyiMe''6t)tkiSed' frdm 
(EBiyZfCh 'suppledXDH/MAC) 6atalySt with a vaiik^ of l^DH corrip6henVs; (R;T!t(] 

at' 10-oe/^ifheaHA!gTafe):• - • -
15 ~00(- ccCay'd^^Xl633t<>W2^^SoS2^dJ2CHi€0i<y--l&(&&one;fLM£c 

'(c) *V! 

<'(d)'M^4Al0i25(t^)2^S(D4)al25*0l55(iiiD)*btl3([acetbne3'l-''Dk;^ 1 

20 (^go.£A&(6H)®6t^ ,K,ni 

: lig; »Z ^iiDH;511 unikbr'"ft^ 

bdhditio'n'of f6 m'gbf Catalyst'ci bar of ethylene, 2000 Al(MAO): 1 equiv (EBI)ZrCl2, 
60°C, l^rf,"25\hl-,of^an^^>-' ''01K'{ 1 

figure19":'fheWo^avime\rie*analysis' (TGA) ^iti^eIvo'f'"polyethylene (a) and 
25 (b) and^iy^ethyf^fte-^J^hfex^Afe)- (cj and'J(c) using1 (EBl)ZfCl2JStipported on MAO-

modified*'^LDtt/MAO catalyst 
with diffeVent'l'-hexefle^content: (a):0 M; (bj' 0:05 M;4<i)'f0.:iol M^and (d) 0.20 M, 
under the condition " of 10! rrig^df catalyst,-'l!''bhr '^f1 ethyleh'ef' MOO:1 equiv 
(EBi)ZrCl2, i^f hexane'^'"r}'-L''1 iKVtl the 

3Q ct!ndj 1 ii>n i 0 nrg o'u.dt;,' t s* i bar of ^r.'cix.. 2C»0'5 Ai{MAO): i equ'\ (hBi.s7rn-. 
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The invention is further illustrated by the following Examples. 

Examples 

5 1. Synthesis of LDHs 

For a number of sample LDHs the results for surface area, and pore volume 

and deaggregation factor are given in Table 1 below. In column 1 defining the LDH, 

the last digits after the anion are the pH of the synthesis solution. For example, in line 

1 of Tatile l, Mg3Al-CC>3J10 means that the synthesis solution had a pH = 10. 

10 The BET surface area (N2) of a number of samples of LDH is shown in Table 

1 together with the de-aggregation factor of the products of inventive process. The 

apparent density of the samples is shown in Table la. 

Table 1. The Surface Properties of AMO-LDHs and C-LDHs 

15 

LDH1' 

Surface Area ^fti^/g) : ' Pore Volume (cc/g) 

; I'ormuiaof , 

AMO-LDH-A . 

- Fortnula of C-

. . : LDH i . 
LDH1' AM O r 

LDII-

A1 

C-

I.DH: 

3Deaggreg 

• •; at ion 

Factor 

AMO-1 

1.D1I-

A1 

C-

I.DII" 
% 

Change 

; I'ormuiaof , 

AMO-LDH-A . 

- Fortnula of C-

. . : LDH i . 

Mg?Al- • 

C03-10 • . ,277., 43 6.4 0.63 0.11 472 

Mgo.75Alo.25(OH 

)2(CO3)0125-1.36 

H20*0.17(Aceto 

ne) 

Mg0.75Al0 25(OH 

)2(CO3)0.l25* 

1.67H20 

Mg2Al-

CO, -10 -
199 148 - 1.3 . 1 0.-9 

•' ,. 1 

11 

Mgo67Alo33(OH 

)2(C03)o.l25" 

0.52(H;0) 0.1 

6(acetone) . • 

Mgo.67Alo.33(OH 

)2(C03)o.i25* 

0.92(H20) 

Mg3Al-

CCh-12 
148 

' ' r 

41 1 3.6 0.405 0.13 222 

Mg0:75 Al0 25(OH 

)2(C03) 0.125* 
1.76H2(>0.45(. 

Acetone) ,, 

. Mg0 75AJo;25(OH 

)2(C03)O.]25* 

2.83H20 ,, 

Mg3Alo5F 

C{: 5-NO5-

10. , 

1 ' 1 

128 91 1.4 1.1 0:68 62 

MgO,,75Alo.'1.25Fep, 
I25(OH)2(CO3)0, 

0.56(H20)'0.07( 

acetone), 

Mgo.,75Alo.i25Feo. 

l25(OH)2(CO3)0., 

25-0.74(H20) , v • - ' 
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Zn2Al-

Borate-8.3 
301 13 23 2.15 

0.081 

6 
2534 

Zn0.67Alo.33(OH) 

2(B4O5(OH)4)0.12 

5* 

0.35(H20>0.11( 

acetone) 

Zno.67Alo.33(OH) 

2(B4O5(OH)4)0.12 

5*0.66(H20) 

Mg3Al-

Borate-9 
263 1 263 0.516 

0.000 

35 

14732 

9 

Mgo.75Alo.25(OH 

)2(B4O5(OH)4)0.1 

25-0.53(H20)-0. 

21(acetone) 

Mgo.75Alo.25(OH 

)2(B4O5(OH)4)0,1 

25- 0.59(H2O) 

MgsAI-

S04-10 
101 14 7.2 0.305 0.012 

: : t •• •• ; 

2442 

!"i 

Mgo,75Alo.25(OH 

);(SO.;)oj25 0.5 

5(ll;OH).13(ac 

etone) 

Mg0.75Al0.25(OH 

)2(S04)o.i25-p.6(; 

•LO) ,0tr. 

Mg3Al-

NOj-lO 
169 1.5 112 0.639 

0.006 

6 
9581 

.Mgo.75Alo.25(OH 

)2(NO;)o25* 

0.38(H20)'0.12(-

acetone) ,, 

Mgo.75Alo.25(OH 

)2(N03)O.25* 

0.57(H20) 
1 

, ; )i 1 < 

M&A1-

Cl-10 
64 1 64 0.319 

0.003 

1 
10190 

Mgo-5AI„2>(OH 

HCDo-* , 

0.48(H20>0.04( 

acetone) 

•^'g:: "jAl) 25(OI 1 

)2(Cl)o.25-

0;6l(H:O) 

: J.-.-,_ 

Zn3Al-

N03:-8.3. " 

1 '• f • 

61, 1 61 0.37 0.016 2212 

Zn.-cAli; 25(011) 

2(N03)o.25-0.32( 

H20),0.1(aceton 

e) V , i 1 1 " 

Zno75AI025(OH) 

2(N03)O,25* 

0.61(H20) 

\'V • -1 0-
LDH 

AMO-

LDH-

M1 

C-

LDH2 

JDeaggreg 

ation 

Factor 

AMO-

LDH-

• M1 

C-
LDH? 

% 

Change 

Forrhiila'of ' '•? 

AMO-LDH-Vl •• . .<•"! Formula of C-

1.1)11 

*. • ,\i. 
Mg3Al- . . 

C03 -12 

() J 

157 43 3.65 0.94 0.11 755 

^g0;75A'.0.25(OH 

HCO.)" 12?* ; _ -

0,44(H;0)*0.ll( 
• • 1,, ; 

methanol) •, 

Mgo.75^',0.25(OH 

>2(CO;) , . 

0.125*l-67H2O 

. j ,' •;;; 

'AMO-LDH-S (AMO = aqueous modified organic; S = solvent) is an LDH of 

formula - J 
:[M^i^M'K(G«)2r(X"l^^H20-c(AMO-solvent) ; (1) 

5 wherein M arid M' are metal Cations, z = 1 or 2; y = 3 or 4, 0 < x < 1, b = 0-10, c = 0- ; 

!l0, preferably 0<C< 10, X is an anion, n is the charge of the anion, r is 1 to 3 and a '=" 
: ' ,, o i .< . it."* ) j 

z(l-v)-xv-2. AMO-solvent (A = Acetone, M =:Methariol) , j 
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2C-LDH is an LDH of formula 

[Mz+1^M'y+,(0H)2]a+(X"-)fl/,.M20 (2) 

wherein M and M' are metal cations, z = 1 or 2; y = 3 or 4, 0 < x < 1, b = 0-10, X is an 

anion, n is the charge on the anion, r is 1 to 3 and a = z(\-x)+xy-2. 

Deaggregation Factor is defined as the ratio of the BET surface area of acetone 

washed sample to the water washed sample. 

Table 1 a 
; vf ; . 

LDHs 

' Apparent density^ 

(g/ml) iv. 
Density 

Decrease 
" °/o 

Formula of AMO-LDH-A 

j 

' ' - O- I A IS '."1 
Formula of C-LDH 

; vf ; . 

LDHs 
• ,C-

LDH2 

AMO-, 

LDH-A1 

Density 

Decrease 
" °/o 

Formula of AMO-LDH-A 

j 

' ' - O- I A IS '."1 
Formula of C-LDH 

Mg3Al-

NO.rlO 

0.91 

1i, • 

°-12 
- 86-8 Mgo.75Alo.2s(OH)2CN03)o,25 

• 0.38(H20). 

0.12 (acetone) 

Mgo.75Alo.25(OH)2(N03) 

* o.25*0.57(H20) 

Mg3Al-

SO.i-1'O 

0.99 0.13 86.8 Mgo.75Alo.25 (OH) 2(S04) 0.125 

•0.55(H20) 

Mgo.75Alo.25(OH)2(S04)o 

.125*0.6(H20) 

Mg3Al-

SO.i-1'O 

0.99 0.13 

•0.13(acetone) 

MgjAl-

Ci-10 

1.03 ;f : 0.24 76.7 Mgo.75Alo.2S(OH)2(Cl)o.25-

0.48(H20)*0.64(acetonej 

Mgo.75Alo.25(OH)2(Cl)o,2 

^•o.^^o) ' 
Zn3Al-

NO:i-

8.3 

1.24 : 0.31: 75.0 Zno.75Alo.25(OH)2(N03)o.25 

•0.32(H20)» 0.1 (acetone) 

Zno.75Alo.25(OH)2(N03)o 

25.0.61 (H2O) ' 

Mg3Al-

Borate 

-9 

1.01 

1 tM 

0.14 86.1 Mgo.75Alo.25 (OH) 2 (6405(0 

' 11)4)0.12:,• 

0.53(H2O)r0,2-l(acetone) 

Mg0.75Al0.25(OH)2(B4O5 

(OH)4),u2s« 0.59(HvO) 

Zn2Al-

Borate 

'8.3 

0.62 ; 0.10 83.9 Zno(,7Alo:i((OH)2(B.iO;i(0 

H)4)o.i25-0.35(H20) 

•0.11 (acetone) • 

Zno.67Alo.33(OH)2(B405( 

rOH)4)Q125«0.66(H2Q). 

Mg3Al-

co3:-io 
0.9 . 0.10 90.0 Mg0.75Alo.25(i0.y)2(C03)o.l2 

S»1,36H20. , 

0.17(Acetone) 

Mg(i7.iAlo2.ri(OH)2(C03)o 

.i25*l-67Hi0-
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'AMO-LDH-S is an LDH of fonnula 

[M2+i^M,yfx(0H)2]a+(X"la/,*6H20'c(AM0-s0lvent) (1) 

wherein M and M' are metal cations, z = 1 or 2; y = 3 or 4, 0<JC< 1, b = 0-10, c = 0-10, 

preferably 0<c<10, X is an anion,n is the charge of the anion, r is 1 to 3 and a = z( 1-

5 x)+xy-2. AMO-solvent (A = Acetone, M = Methanol) 

2C-LDH is an LDH of formula 

[Mz+1_xM'^(0H)2]a+(X"-)a/,-5H20 (2) 

wherein^' atiicl M' aire metal" cations,"z = 1 or 2; y = 3 or 4, 0 < x < 1, b = 0-10, X is 

10 an anion, n is the'charge o'f the'ariiori'; t is Ttd 3 arid a =z(l-x)+xj>-2. 

3lApjparenf Densityis the weight per uriit volume of a LDH powder (after tapping{ 

rriantiallyib'r 2 iriiri)," this rnaybd different to the'weight per unit volume of individual 

LDH particles. 

15 

Mbthod: Apparent density may be determined by the following procedure. The LDH 

a's a ffed-fldwing powder Was filled into a 2 ml disposable pipette tip, and the sdlid 

Was padkeH as tight as possible by'tapping manually for 2 ftiin. The weight of the 

pipette tip was measured before and after the packing to determine the mass of the 

20 LDH. Then the ^parent density!o'f LDH was calculated using the following eqiiation: 
"ui.i'i ':T C :>'!•>•:r-;i • : ' " >, -v'*' vo; 

Apparent density = LDH weight (g)/LDH volume (2 ml) 

Tn this regard, it has to be rioted that the LDHs were prepared as described 

25 below, buit for the results in Tables 1 arid la without the tfiehnal treatment step. ~ 

2 ; Synthesis of supported catalyst 

2.1 Synthesis of Layered Double Hydroxide (AMO-LDH) 

30 A mixture of M2+ and M'3+ salt with M2+:M'3+ molar ratio of 3.0 was 
21 j dissolved in deionized water, in which the concentration of M was 0.75 molL" . An 

aqueous solution of an anion source was prepared with X"7M'3' molar ratio of 2.0, of 
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which the pH was set at 10 by NaOH aqueous solution. The M /M' solution was 

added dropwise into an anion solution at room temperature under a nitrogen flow 

whilst maintaining the constant pH. After addition, the resulting slurry was vigorously 

stirred at room temperature overnight. The obtained LDHs were first filtered and 

5 washed with H20 until pH = 7. The still water-wet LDH slurry was then redispersed 

in acetone. After stirring for about 1-2 h, the sample was filtered and washed with 

acetone: [M2Y*M,3^(OH)2f+(X%/r'Ml20«c(acetone) (AMO-LDH). 

Table 2:Synth<esizedLayeredDouble Hydroxides (LDHs) 

M2+ source 
• source 

i! Anion ' 

• Source, : 

AMO- : 

LDH 

Chemical formula «'• ': 

C«(NO,); : AI(NOO; ; \aN(); : 
Ca2Al- -

NO3-IO 
• Caps7Aloi3j(OH^(N03)o i25.!Q-52(H20),*p.J6(3cetone); 

Mg(NO;.);. AHNO-).; NaNOj. 
Mg3Al-

• NOj-lO ' 

Mgo.75Alo.25(OH)2(N03)o,25,0.38(H20)'0.i2(acetone) 

•VlgCI;- 1 AICIt ' NaCl ' 
Mg3Al-Cl- , 

10 

Mgo.75A!o.25(OH)2(:Gl)oi5-p.48(H20).0.04(acetone) 

Vlg(NO-,): 
i • ' ' . -

|Ai(N03)3s' , Na^SOj 
MgjAl-

SO:;-HC 
Mgo,75Alo,25(OH)2(S04)o.i25,0.55(H20)*0.13(acetone) 

^g(N.O.): A1(N03)3 Na2C03 
MgsAl-

co3-io 
Mgo.75'Alo..25(OH)2(C03)o.i25*0-55(H20)*0.13(acet6ne) 

Mg(N03)2 Ga(N,03)3 Na2C03 
Mg2Ga-

CQ3-10 

Mgr)75Ga025(OH)2(C03)oi25-0.59(H,0)-0.1.2(acetonc) 

' l. ' 
Zn(NO,3)2 A1(NP3)3 Na2C03 

ZII2A1-

CO3-8. , 

Zno,67Alo,33(OfJ)2(.GQ3)o.i25*0:5 l(H20)*0.07(acetone) 

10 ; 

2.1.2 Thermal Treatment of LDH 

Synthesized LDHs were thermally treated at 150 °C for 6 h under 1 x 10"2 mbar 

and then kept under nitrogen atmosphere. 

15 2.1.3 Synthesis of MAOrActivated AMO-LDH (LDH/MAO support) 

Thermally treated LDH was weighed and slurried in toluene. 

Methylaluminoxane (MAO) with MAO:LDH weight ratio of 0.4 was prepared in 

toluene solution and added, to the calcined LDH slurry. The resulting slurry was 
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heated at 80 °C for 2 h with occasional swirling. The product was then filtered, 

washed with toluene, and dried under dynamic vacuum to afford LDH/MAO support. 

2.1.4 Synthesis of (EBI)ZrCl2 supported LDH/MAO catalyst 

5 LDH/MAO support was weighed and slurried in toluene. The solution of 

ethylenebis(l-indenyl)zirconium dichloride [(EBI)ZrCl2] in toluene with LDH/MAO 

support: catalyst weight ratio of 0.01 was prepared and added to the LDH/MAO 

slurry. The resulting slurry was heated at 80°C for 2 h with occasional swirling or 

until the solutibn became colourless. The product was then filtered and dried under 

10 dynamic vacuum to afford zirconium supported LDH/MAO catalyst. 

It is also possible to mix both LDH/MAO and (EBI)ZrCl2 in the same flask 

and add the toluene afterwards. 

2.2 r Polymerization of ethylene 

15 The (EBI)ZrCl2 supported LDH/MAO catalyst and MAO were weighed with 

the desired ratio and put together in the Schlcnk flask. Hexane was added to the 

mixture. Ethylene gas was fed to start polymerization at targeted temperature. After 

the desired time, the reaction was stopped by adding 'PrOH/toluene solution. The 

polymer was quickly filtered and washed with toluene as well as pentane. The 

20 polymer was dried in vacuum oven at 55 °C and collected. 

2.3 Copoiymerization of ethylene and 1-hexene 

The (EBI)ZrCli supported LDH/MAO catalyst and MAO were weighed with 

the desired ratio arid put together in the schlenk flask. Hexane was added to the 

25 mixture. Under a flow of ethylene gas, 1-hexene was immediately added to the 

mixture to start copoiymerization at targeted temperature. After the desired'time, the 

reactiori was stopped by adding 'PrOH/toluene solutiori. The polymer was quickly 

filtered and washed with toluene as well as pentarte. The polymer was dried in 

vacuum oven at 55 °C and collected. 

30 
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3. Analytical Data 

3.1.0 Characterization methods 
X-ray diffraction (XRD) - XRD patterns were recorded on a PANalytical 

5 X'Pert Pro instrument in reflection mode with Cu Ka radiation. The accelerating 
voltage was set at 40 kV with 40 mA current (A, = 1.542A°) at 0.01° s"1 from 1° to 70° 

with a slit size of 1/4 degree. 
Fourier Transform Infrared Spectroscopy (FT-IR) - FT-IR spectra were 

recorded' s6n* a" Bid-ltad"FTS 6000 FTIR Spectrometer equipped with a DuraSamplIR 
10 II diamond accessory in attenuated total reflectance (ATR) mode in the range of 400-

IdoG (Sfi^Vilsolution were collected. The strong absorption in the 
range 25'00#667'cm1:1* was Sorn'the 'siifta&i/ *' r'lca' 
• '* ' ' '' THri$llilssiMiMiecil'on'^i^r^s1copy',(4rEKi) - TEM'analysis 'was'peiTbMed 
on1 TEOE ~2106 microscope5 with' an* accelerating voltage bf40t) kV. Samples''were 

15 Hisp'erse'd iri ethanol 'with sonication and then cast onto copper TEM grids coated with 
lacey carBM%liriL"t? s^'"! • • lf.frar.rrf tlx IH\ H'-tP sew «v were 
UVo''!'Scanning Eliectroii Mic'rbscdpy'"(SEM) and-'Eriergy' 'dispersive 1 X-ray 
Spectrometry '(EDS)1 -1 SEM arid SEM-EDS analyses!were' perfo^ed1 on- a' :JEOL 
isKl' Si'OO Wanning riricrdscope with'an accelerating voltage 'of £ork^'.'Powder 

20 sariaples were^pread on Carbon tape adhered to'an SEM"'stage. Beforfe observation, the 
samples'Were* sputter 66at^'"'Mtll,a%tiri,]Platih^M^CT46^pije^rif'\;tiarging,'aria!'t8 

•• w ' •. i. W»>\ »•>«" >!, •.•<.'» i",. 1 •, ,•1 ,.i '1' / r •> 'Iri \ < ".I'VC improve the'image quality: .. ... 

'' "i • " BET'specific surface areas' - BET specific surfac^' areas were; measured frorri 
the' Ni aasrbrptiori and desorption isotherms at 77 K collected from a Quantachrome 

25 Autosori£(5B 'surface 'area'and^pdre^size analyzer. Befor&'each"1 measuremerit, LDH 
samples^Ve first degassed overnightath 10 °C.' , s '• u>-'{' '"r,,Ul1 " ' 
j N VI TWerm&i ^iaviniefrte^iiaiysW (TGA) -^Th^thettrial-staSility 'of LDfts^^as 
stri'dfed by'VTG A T(Netzsch) analysis, which was cairied' Out witlnfheating"fale'of 10; 9G 
rrim1'arid'arrairflow rate of 5b rii'L mirf1 frornt25'lo'7o60C" 

30 i/! :'H" ' Tile' apparent 'density was determined using the following procedure. The 
LDH as-'d-^e'^ttowiri^p/d^der^wks filled into a:2: 'ml !disp6sablev^ipelite'ti|jfand 'Hid 
soli(i'was pkcked'as! tight as possible by tapping manually Tor^'iriiriutes! Tlie' weight 
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of the pipette tip was measured before and after the packing to determine the mass of 
the LDH. Then the apparent density of LDH was calculated using the following 
equation: 

Apparent density = LDH weight (g)/LDH volume (2 ml). 
5 

3.1.1 X-ray powder diffraction 
X-ray powder diffraction pattern for thermally treated LDH revealed lower 

basal spacing of samples after being calcined at 150 °C for 6 h (Table 3) due to the 
loss' "of1 k'iirfac^ihtef layer> Solvent1 and'1 water 0 Which" wa's' :c6risistetitn witfr' (tie1: TGX 

10 result^:''Divalent? anion• mt&iil&tefd'i£)rfs 'showed^reater-'lay^r contraction1 (1'.3 
th'&ft monovalent anion intercalated LDHs (0.5 A). One possibility was higher density 
of monovalenf ahibri'to stdbiliie catiohic liyers causing'the1'difficulty in contraction 
between layers. Moreover, LDHs could rehydrate and reconstruct after being exposed 
to51 ^"r;arn6fehf'e>' uS^rla!iliosphere (Figure 1), except 

15 Zno.67Aii"3^,(Ofl)2(Cd3)o.V25'*^'.^:l:(H2C))i"().07(icytbHe)i'I:Dff''',^iclh'^fed6ittposyd'',axft'eir 
thSniiaffr^atment (Figure"2):r hclr~ ?,t :'V ;'or * h ' 1AUI* ^ duv U) 

!O:,A v>f suiU^c/iatcr'-;1 c:' -.'.tU'v-nt --vitcr Which ft'as Vrth the TOA 

Tibfe3: SuMiOT^rd-sp^citigg'of^th&isecl'AMDitDHsr''01 ' !l -1 ^ ' 
Mc*i it \} \ /-H«}'1 KM • r>)' • 'i\Xi!/.v. i. i,i M . s <; / j •' "'"'d^spacingsYA)-' v jL- ";,-v 

• M' jriu-i.V sit 'b'^ 
LDHs 

nciwc.-c:! h\o>. Vknx >\t.. LOIN u".;tUi 

t'o • 5 ' J"' ' iithinsDhi.' P 

. •• i' \'fc- (•'' ..>• r-1 < • < i f'.Y-V .i v < r. -. 

Before 

"c thermal 

'treatment 
• - , i r-'t. - v. 

.•;!! After f!' 

....^thermalh;., 

treatment at 
f.). 

. 150 °C 

.•nnii >n 

^Difference" 
JSCC'pi 

• • !(' 1 VI i < ' 

. Cao.67Alo.33(OH)2(Nd3)0.125*0.52(H20)*0:i6(acetone) 8.6 8.1 
t ; ', 

0.5 
• i J 

1 12(acetone) 8.5 8.0 0.5 

Mgo.75Alo.25(OH)2(Cl)i;.25-0.48(H20)-0:04(acetone) 

O
O

 

oo
 

0 

'!Mgo•J5Al'oi5(PH)2(S04)o;l2s^Q^^5(H20)•0.J13j(aGetqne) ; ' * i'8-5::iK^ 7.2 1.3 

" Mgo.75Al«i.25(OM)2(CO,)6;,25-0.55(H20)'0. B(acetone) • 'j 

oo 

- 6.5 - Js-'N | U •• v '1-3 ' 

Mgo.75Gao.25(OH)2(CC>3)o., 25 *0.5 9 (H20) »0.12(acetone) 7.8;,- - ,6.5; 
• * -t 

1-3 - r 
.. • J 

IJiiS JK ; ul v 

V/r Ji'«! 
i<r» 

}> tc ] nc-
t;i:i. t ;ii 

J *U. 

20 1 3.1.2 Thermogravimetric analysis 
! The TGA results suggested that all LDHs were thermally'stable (crystalline) ; 
f -Y- * •— » ' « -V - ' " I " " * '* r * •••'•'*« ' • 

, up',''tp"'!I8b°Ci. VC^.67A1O.33(OH)V(N63)O. 125*0.52(H26)'0.16(acetone) LDH stiowed 
1 '.%J '•>* :<t !!>'"• >••>>.•; 1 ••i.s 

multiple steps weight losses which corresponded to surface acetone, surface/interlayer 
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water elimination, dehydroxylation, and anion removal. Isothermal heating at 150°C, 
resulted in multiple-step weight loss events starting at approximately at 80°C which 
was attributed to the loss of surface/interlayer solvent and water for all LDHs. 

5 3.1.3 Infrared spectroscopy 
IR spectroscopic studies of all LDHs indicated two major characteristic peaks: 

i) broad band with maximum at 3,400-3,680 cm-1 related to -OH stretching of layer 
double hydroxide as well as interlayer water and ii) strong peak at approximately 
r,350 tin"15delated4*6 stretchingmode'of NO3" arid! COs2""^^^(SO^'at'l^l'OO' cnr') 

10 (Figure 3'} mui'.ip'e-sten »c:y:ht K<„• cx«.•' t.-Uutiiv.: J .q>pK>\nru;v-iv at y-'T wVeh 

w,i, 'catalysts'^hitiited1 three hoti&able'characteristic peaks of 
methylaluminoxane (MAO) at 3,090, 3,020, and 2,950 cm-1 and the diminishing of -

^ 6ft-bendi'rii^'^eaki'-6f interior water at 1,650 cm-1. Also, the results confirmed the 
remaining 6YhydfoXyl:grbiip arid anions iri'the'layer'structuPe bfbatalysts''(Figufe 4). 
j> b».wui m,i,\ UP.• at c.n to : H •vf.tc! ,.\y LVCT 

Sca^iniig electrOii imctdscope' '• ^ vv .W™n;aiU> 
1 SEM'iriikge revekle'dbro'ad'siz'e distribution:!of Syhth&siWd'liDHS owing tcTan 

*'' aggregation excluding Mgo,75Alo.25(OH)2(S04)o i25*0.55(H20),0.i 3(acetone) and 
C^^Aio^OH)-^^ " |W- ' f 

20 Mg^b^OH^COj^ shbweh the'Higliest' ' '5 

particle'siieup tc^-400 (Im, followed'by ^ l'iv' <• l-v 

M^'j5Alo^(OHji(ei)o.^*0:48(Hfe)'0.04(acfetorie) (^OO-^);'5 4i' 
r- Mgo.75Alo.25(OH)2(Nb3)o.25*0'38(H20)»0.12(acetone) (-50 nm), 

(~io'nm>, "" *jV' r J'*'-
25 Cao.67A$3^bl^#Oi)b:i2^52$^ nif* t0'ftn 

Mlft^o.£(OH^(SC^^ i'3(acetorie)^i !}^resperiively::,iul 

v u,... '^HoWeiveriHhfeWal treatineiit at 150°C for 6riimproved particle size dispersity. 
*'' Iri-" additiofT,' the ieactibn with 'MAO' and1 (EBI)ZrCl2' complex" dici! riot'' alter the 

riiorpholbg'y 'of thermally treated LOH' (Figure 5). 
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3.2 Polymerization of ethylene 

3.2.1 Conditional study Using (EBI)ZrCl2 supported MAO-modified 

Cao.67Alo.33(OH)2(N03)o.i25,0.52(H20)«0.16(acetone) (LDH/MAO 

5 catalyst) 

Various conditions of ethylene polymerization studied shown in Table 4. The 

optimal temperature appeared to be 60 °C. Increasing temperature from this point did 

not significantly change the catalytic activity but the molecular weight distribution 
* "V i r • 

became bimodar (Figure 6).1 TheCatalyst maintained the average activity regardless of 

10 time and catalyst content. Nevertheless, increasing the content of methylaluminoxane 

(TVtAO)sup tB ^OOO'ALZrriidlar ratio enhanced the polymenzatibri: 

v < ! • • "s 
Table"4: Polymerization of ethylene using (EBI)ZrCl2 supported MAO-modified 

Ca0.67Alo.33(OH)2(K03)o. 125*0.52(1120)«0.16(acetone) (LDH/MAO catalyst) under the 

15 condition of; 1 bar of ethylene, and 25 ml of hexane. 

•Catalyst. h Co-

; J •, 1 

[Alio/ 

IMlo 
T ; ! Time 

Activity 
• i . ' 'K -r': i' { 

Mw 
(mg) 

•' i . • • , '' 1 

catalyst 

; J •, 1 

[Alio/ 

IMlo (°C) . 

i 

(min) kgPE/gZr/ 

h/bar 

kgPE/molZr/ , 

h/bar 

• i . ' 'K -r': i' { 

Mw 

10 MAO 2,000 80 15 4.16 1,741 3.86 210,032 

10 MAO 2,000 75 15 5.27 2,204 3.34 202,566 

•<1-0 • • MAO : ' 2'.000 60 15 5.34 - 2:235 • ' 3.08 ' 195,404 

• 10 \, : MAO 1 s 21000 • 30 .; ; 15 -\ 1.64 . 686.3 . . ' .4.80 , . 390,976,.. 
10 MAO 2,000; 

/i'i' • . 

60 ,• 5, i _ • 4.85, 2,031 : 3.30 220,642. 

1:0 . MAO 2,000 60 15 5.34 2,235 . 3.08 : 195,404 

10 MAO 2.000 60 30 4.33 1,812 3.n 194,766 

10 
fit-

MAO 2,000 60 , 15 5.34 2,235., ' 3.08 195s,404 

20 MAO 2,000 60 15 5.14 2,151, 3.08 195,404 

40 MAO 2,000 60 7 5.83 • 2,439 3.52 334.817 

10 MAO 1,000 60 15 5.02 2.101 3.86 302,359 

10 MAO 2,000 60 15 5.34 2,235 , 3.08 195.404 ; 

10 MAO , 4,000 60 15 8.66 3,624 3.03 221,048 

10 
i t 

MAO 2,000 60 15 5.34 2,235 3.08 195.404 

10 TIBA 2,000 60 15 4.99 2,089 3.44 81,650 

10 TEA, 2,000 60 15 2.65 1,110 4.43 101,754 
« • • ^ ! j 
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As a cocatalyst, triisobutylaluminium (TIBA) improved the morphology of the 

polymer but not the catalytic performance compared to MAO (Figure 7). Unlike 

TIBA, triethylaluminium (TEA) lessened the catalytic activity by half. The polymeric 

5 structure of MAO may be the cause of poor polymer morphology resulting in 

aggregation. Both TIBA and TEA cocatalysts generated lower molecular weight 

polyethylene with broader polydispersity index than MAO. MAO is preferred. 

Increasing the ethylene pressure doubled the polymer yield with constant rate 

of polymerization (Table 5). 

10 

Table 5: Polymerization of ethylene using [(EBI)ZrCl2] supported MAO modified 

Mgo 75Gao 25(OH)2(C03)o i25*0.59(H20),0.12(acetone) (LDH/MAO) catalyst under the 

conditibn of 10 mg of catalyst, 2000 equiv MAO: 1 (EBI)ZrCl2, 60 °C, 15 min; 

hexane (25 ml) with varied ethylene pressure. 

Catalyst 
Ethylene Polyethylene 

Activity 

Catalyst 
(bar) yield (g) (kgPE/gZr / 

h/bar) 

(kgPE/molZr/ 

h/bar) 

(EBI)ZrCl2 supported on MAO 1 0.216 8.65 3,621 

modified 

Mgo.75Gao.25(0)n)2(CO,),u25-0.59( 2 0.448 8.96 3,750 ' 

I L0)«0.12(acetone) • • . . 
15 " 

, 3.2.2 (EBI)ZrCl2 supported LDH/MAO catalyst study 

To compare between divalent cations in the layer structure of the catalyst 

support, Ca2+ exhibited higher activity than Mg2+. On the contrary, no differences was 

observed for trivalent cations; Al3 and Ga3" (Table 5). 

20 : As the component in (EBI)ZrCl2 supported catalysts, a variety of anions 

< intercalated in MgAl LDHs were studied in ethylene polymerization. Considering the 

| results, divalent anion seemed to be greater active catalyst than monovalent anion. 

This might (without wishing to be bound) be attributable to crowded monovalent 

anion between layers leading to leSs space for monomers to coordinate active sites. 

25 
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Table 6: Polymerization of ethylene using (EBI)ZrCl2 supported on MAO-modified 

AMO-LDHs (LDH/MAO) catalysts: 10 mg of catalyst, 1 bar of ethylene, 2000 

MAO: 1 equiv (EBI)ZrCl2 , 60 °C, 15 min, 25 ml of hexane -

Catalyst 

Activity 
Polymer 

MJMn 

Polymer 

Mw 
Catalyst kgpE/gZr/ 

h/bar 

kgPE/molzr/ 

h/bar 

Polymer 

MJMn 

Polymer 

Mw 

[(EBI)ZrCl2] supported on MAO-modified 

Ga„-67Alo,„(OH)2(N03)o:125-0:52(H20)-0.16> 

(ac.etpne);)Hs 0 0;WA<'>: r 

5.-34 •'-! 

* i 
• ; ' { ; . 

"2,235 3:08 ' • 195,404® 

-.C, y-.-o 

[(EBI)ZrCl2] .supported on MAO-mpdified . 

Mgo.75Alo.25(OH)2(N03)o.25* 

0.3 8 (H20) »0.12(acetone) 

, : V ^ : 

2.49 1,040 

* "<• )i V 

3.29 221,647 

[(EBI)ZrCl2] supported on MAO-modified 

Mgo.75Alo.25(OH)2(Cl)o.25-

0.48(H20)«0.04(aeetone) 

6.75 "" 
'•: »v" *« i' 

c,.• • ' 

2*826 

/ 'Sf •' •* 

3;08 •:-

r.J; m.-t 

244,467 

[(EBl)ZrCl2] supported on MAO-modified 

Mgo.75Alo.25(OH)2(S04)o.i25,0.55(H20),0.13 
\ ' 
(acetone) 

14.9 6,215 
•; (if 

3.14 
•;''• .* 
270,964 

[(EBI)ZrCl2] supported on MAO-modified 
• L - , 1 ; »' . j 1 ': ; t „ «• 

Mg0.75Al0.25(OH)2(CO3)0.i25-1.36H20-0.17( 

acetone) . _ - , - _ ^ • -

9.06 
• . • ' 1 
3,790 3.47 286,980 

[(EBI)ZrCl2] supported on MAO-modified 

^0j5^q.^((M)2(^O5(OH)4)0,25*0.53(H2 

0)»0.21 (acetone) 
•i t M!:/.' : • M ,n' ->0 M ' 1 !• ' • t! 

2.37 : ' 990.1 3.47 240,361 

[(EBI)ZrCl2] supported on MAO-modified 

Mgo.7?Gao.25(OH)2(C03)o.i25-0.59(H20)-o!l 

2(acetone) .!: u . .• : . N • ''; 

8.65 3,621 3.39 275,826 

, (EBI)ZrCl2 supported LDH/MAO catalysts displayed polydispersity index in 

the range of 3.08 to 3.47. Among the catalysts, 

Mgo.75Alo.25(QH)2(OQ3)o 125*1.76H2O*0.45(Acetone), -

Mgo,75Gao.25(OH)2(C03)o.i25*0.59(H20)*0.12(acetone) and 
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Mgo.75Alo25(OH)2(S04)o. 125*0.55(H20)*0.13(acetone) LDH/MAO supported catalyst 

expressed high in both catalytic performance and molecular weight of the polymer 

(270,964 - 286,980), whereas polyethylene obtained from 

Cao.67Alo.33(OH)2(N03)o. 125*0.52(H20)*0.16(acetone) LDH/MAO catalyst showed the 

5 lowest molecular weight (195,404). 

Polyethylene obtained from most of the catalysts started to degrade thermally 

at approximately 300°C (Figure 8). 

3.3 Copoiymerization of ethylene and 1-hexene 1 

10 •» ; An addition' of combnomer; 1-hexene, improved the rate-of polymerization 

(Table4?). At increasing 1-hexene content, copolymer became mote'translucent ?with 

lower'molecular-weight. Polydisperkity index was lowest'at 1-hexene cbriceihtratibrt of 

0.10 M. However,1 the monomer content did not significantly affect the thermal 

properties of the polymer (Figure 9). 

15 

Table 7: Copoiymerization of ethylene and 1-hexene using (EBI)ZrCl2 supported on 

MAO modified Mgo^Alo^OH^SO^.125*0.55(H2o>0.13(acetone) (LDH/MAO) 

catalyst: 10 mg oif catalyst, 1 bar of ethylene, 2000 Al(MAO): 1 equiv (EBI)7.rCl2, 60 

°C;' 15 min, 25 ml of hexane 

20 

; > i, • , 1 

Catalyst 

1-Hexene 

. < content 
Activity 

MJMn Mw 

; > i, • , 1 

Catalyst 

(M) 
•" • 1 

(g) 
(kgpE/gZr 

/h/bar) 

(kgpE/molZr/ 

h/bar) .., 

MJMn Mw 

[(EBI)ZrCl2] supported on 

MAO-modified 

Mgo^AWOHMSOik,is'0.55 
(H20)*0.13(acetone) • 'v 

(LDH/MAO) 

0 0 1.4.9 6,215 3.14 270,964 [(EBI)ZrCl2] supported on 

MAO-modified 

Mgo^AWOHMSOik,is'0.55 
(H20)*0.13(acetone) • 'v 

(LDH/MAO) 

0.05 0.11 21.7 9,074 3.45 205,992 
. • f • • 

:• 1 

[(EBI)ZrCl2] supported on 

MAO-modified 

Mgo^AWOHMSOik,is'0.55 
(H20)*0.13(acetone) • 'v 

(LDH/MAO) 

0.10 0.21 29.2 12,211 . 2.09 91,944 ; 

[(EBI)ZrCl2] supported on 

MAO-modified 

Mgo^AWOHMSOik,is'0.55 
(H20)*0.13(acetone) • 'v 

(LDH/MAO) 0.20 0.42 38.4 16,081 2.20 • ' 87,075 ' 

3.4 Other transition metal compounds 

The catalyst support prepared according to the present invention may be 
i | | *. s >4 

equally utilized to support other transition metal compounds known for the 
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polymerization of ethylene and other alpha-olefins. Within the art, transition metal 

compound catalysts belonging to the families of metal mono indenyl and di(indenyl), 

metal mono and di(cyclopentadienyl), metal ansa-bridged cyclopentadienyl and 

indenyl, metal(constrained geometry), metal(phosphine-imido), 

5 metal(permethylpentalene), metal(diimine) catalysts and the so called metal 

bis(phenoxy-imine) (now known as FI) catalysts were tested. Selected examples are 

collated Table 8. 

Table 8. Polymerisation of ethylene Using different m6ta!l complex* supported cm ' 

10 MAO-modified Mgo.TsAlo^OlI)2(C03)o.i2s' 1.76H200.45( Acetone) (AMO-

LDH/'MAO catalysts) 

Metal complex ' T (6C) ' 

Polyethylene 

Productivity 

kgpE/gCAT/h 

MjMn 

: ' j 

My/ 

[(EBI)ZrCl2] 60 0.121 4.08 194,134 
[(2-Me.4-pi,SBI)ZrCl2] 60 0.200 ' ' 3.93 437,490 

[(CpnBu)2ZrCi2] ! 60 0.211 3.40 744,533 

[(CplBu)2HfCl2] 60 0.004 4.77 679,829 
j-(2,b-Me-fhD]r)NiBr2] 60 0.003 5.57 694,096 

[(CpMe4)Me2SiN('Bu)TiCl2] 60 0.025' 4.26 1,032,406 

[(Cp*)TiCl2Me2(N {P'Bu}3] 60 ' 0.305 ' 2.51 ' 269,665 

[(MesPDI)FeCl2] 60 0.511 13.51 368,083 
[(2,6-MeHhNt)r-)pdclMe] 60 0.002 

KA"Yl)ZrCl2j ' 60 0.128 7.03 448,022 

EBI = C2H4(indenyl)2; 

^Me^PhsSl = (Me)2Si {(2-Me,4-Ph-indenyl)}; 

15 CpnBu = C5H4(riBu); 

2,6-Mc-phDI- 2,6-(l5hMc)2C()H3-N=C(Me) •C(Me)=N-2,6-(PhMe)2C6H3; 

CpMe4 = C^ie4H;' 

Cp* = C5Mc5; ' 
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MesPDI = 2,6-(l ,3,5-Me-C6H3N=CMe)2C5H3N).Mgo.75Alo.25(OH)2(C03) 

0.125* 1.76H20*0.45(Acetone), 

10 mg of catalyst, 2 bar, 1 hour, [TIBA]o/[M]o = 1000, Hexane (50 ml). 

The chemical structures of the metal complexes used are given below: 

^Cl 

"Bu 

' * sJ 
\ CI 

^Cl 

"Bu 

Bu 

\ *\CI 
Hf_ 

'CI 

'Bu 
[(EBIJZrCy 

Me 

t(2-Me,4-PhSB|)ZrCI2] [("BuCp)2ZrCl2] [(®uCR)?HfCI2] 

Me 

Me. 
Vgj-Me 
/L*[\ CI 

Me '^Si Uy ^ci 
Me- N 

" >Bu 

[(Me4CpjSi(Me2)l\l('Bu)TiCI2] 

'Bu 

'Bu 
>r 

Me J Me 
. • ^Ti.. 

V"'"ci "• \ . ... c, 

,,-,'Bu 

[(Cp*)TiCI2(MPIBu3)] rt 

[(2,6-Me-Ph|\JD|jPdCIMe] £{2,6-Me-PhD|)NjBr2] 
'Bu M = Ti and Zr 

[(ArF5FI)MCl2] 
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3.5 Variation of the LDHs 

Table 9. Polymerisation of ethylene using AMO-LDH/MAO/[complex] catalyst 

under the condition: 10 mg of catalyst, 2 bar, 1 hour, 60 °C, [TIBA]o/[M]o = 1000, 

5 Hexane (50 ml). 

AMO-LDH Complex 

Polyethylene 

Productivity 

kgpE/gcAT/h 

Mgo.75Alo.25(OH)2(C03) 0.125* 1 .76H20*0.45(Acetone) 

:M§o75Alo:25(OH)2(SP4)o. i25.4Q-55(H20),;0.13(acetone) ) 

Mg„ 75A1O ,>5(01. l)2(Cl)o 0.48( F I20).0.04(acctone) 

:• Mgo.j5Alo.25(OH)2(C03) 0.125* 1.76H20*0.45 (Acetone) 

Mgo.75Alo.25(OH)2(S04)o.i25*0-55(H20),0.13(acetone) 

Mgo.75Alo.25(OH)2(Cl)o.25*0.48(H20)»0.04(acetone) 

[(McsPDI)FeCl2] 

f(MesPDl)FeCl2] 

[(MesPDI)HeCl2] 

[(EBI*)ZrCl2] 

[(EBI*)ZrCl2] 

[(EBI*)ZrCl2] 

0.511 

.0.562. . 

0.260; 

0.081 

0.147 

0.093 . 
,'r i;•? * t:1 

(EBI*)ZrCl2 = ethylenebis(l-permethylindenyl)zircohium dichloride 

(MtsPDI)FeCl2= {2,6-(l,3,5-Me-C6H3N=CMe)2C5H3N)}FeCl2 

10 As. expected, when using the iron complexes, all the results are higher .than; when the 

zirconium complex was used. Surprisingly, (EBI*)ZrCl2 supported on MAO modified 

Mg„.75Alo.25(OH)2(Gl)o 25*0.48(H20)*0.04(acetone) was -much' more active than 

(EBI^ZrCL supported on MAO modified 

Mgo.75Ald,25(OH),(COOoi2s*1.76H20*0.45( Acetone) LDH (0.093 and 

15 0-081. kgPE/gcAT/h respectively), Table 9. 

3.6 Comparison of the AMO-LDHs versus conventional arid commercial LDHs. 

The catalytic properties; of different MAO-modified LDHs were studied; the 

aqueous miscible organic (AMO-LDHs), conventional (synthesised by know co-

20 {precipitation methods) and , a commercial grade LDH (PURAL MG 62, SASOL, 

previously Condea) were used. The resuIts are col 1 ated in Table 10 
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Table 10 Polymerisation of ethylene using metal complexes supported on different 

types of LDH/MAO support under the conditions: 10 mg of catalyst, 2 bar, 1 hour, 

60 °C, [TIBA]o/[complex]o = 1000, Hexane (50 ml). 

LDH/MAO Complex 

Polyethylene 

Productivity 

kgpE/gcA'r/h 

Mgo.75Alo.25(OH)2(C03)o.i25*l •76H20,0.45(Acetone) [[EBI)ZrCl2] 0.122 

Mgo-5Alo:5(OH)2(CO,)o.u5* 1.67ILO , [[EBI)ZrCi2] ,• , 0.095 

PURAL MG 62 SM-.VS-.-; I,U!V? •. ..>•.«> [:[EBI)ZrCl2])L.i, No. Catalyst.. 

, JVIgo.75Alo25(OH)2(CQ3)o,i25* 1.76H20*0.45(Acetone.):, [(MesPDI)FeCl2] 0.511 

PURAL MG 62 [(MesPDI)FeCl2] 0.050 

Mgo;75Alo:25(OH)2(GI)o.25-0.48(H20)-0.04(acetone) [(MesPDI)FeCl2] 0.260 

M^5^1(!A5|:OH)2(C1)O.25-0.6 1 (H20) |(McsPDI)FcCl2] 0.026 . 

PURAL MG 62 is a commercial grade LDH supplied by SASOL, (previously 

Condea) 
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3.7 Variation of the thermal treatment on AMO-LDH 

Table 11: Variation in polymerisation of ethylene using complex-supported MAO-

modified Mgo 75Alo,25(OH)2(C03)o.i25*l-76H20*0.45(Acetone). Before MAO-

modification the LDH was thermally treated at a range of different temperatures. 

Thermal Treatment Temperature for 

Mgo.75Alo.25(OH)2(C03)o.ns-1.76H20.0.45(Ac 
etone) before MAO modification/(°C) 

Complex Polyethylene 

Productivity 

kgpE/gcAr/h 

[[EBI)ZrCl2] 0.001 
50 >. [lHBl)ZrCl2] 0.002-. 

100, - [[EBI)ZrCl2] ;V 0.049 . 

125 , [[HBI)ZrCL] f 0.12.1 , 

150 [[EBI)ZrCl2] 0.122 

190 [[EBI)ZrCl2] 0.038 

25 [(McsPDI)FeCl2] 0.006 

50 [(MespDi)FeCl2] 0.006 ' 

100 [(MesPDI)FeCl2] oios 
125 [(MesPDI)FeCl2] 0.374 

150 [(MespDi)FeCl2] 0.511 

190 ' ' •' •' : ' [(MespDI)FeCl2] 0.386 

alysis conditions: 10 mg of catalyst, 2 bar, 1 hour, 60 °C. [T [BA]o/[complex 

1000, Hexane (50 ml). 

Tables 11 shows when using (EBI)XrCl2 supported MAO-modified 

10 Mgo.75Xlo.25(OH)2(C03)o.i25*1.76H20'0.45(Acetone)[AM6-LDH/MA6/[(EBI)ZrCl2], 

thermal treatment in range of 125-150 °C provided the highest productivities, most 

preferably 150 °C. Using (MesPDI)FeCl2 supported on MAO-modified 

Mgo.75Alo.25(OH)2(C03)o.i25*1.76H20*0.45(Acetone) also showed that 150 °C was the 

best thermal treatment temperature. 

15 The features disclosed in the foregoing description, in the claims and in the 

accompanying drawings may both separately or in any combination be material for 

realizing the invention in diverse forms thereof. 
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CLAIMS 

1. A process for preparing a catalyst support comprising a layered double 

hydroxide (LDH), the process comprising, 

a) providing a water-wet layered double hydroxide of formula: 

[M^xMn(0H)2]a+(X,i-WZ>H20 (1) 

10 wherein M and M' are metal cations, z = 1 or 2; y = 3 or 4, x is 0.1 to 

1, preferably x<l , mbre preferabiy x = 0.1 - 0.9; b k O td 10, X is kn 

anion, r is lto3, n is the charge on the anion and a is determined by 

x, y and z, preferably a = z(l-x)+xy-21 

15 b) maintaining the layered double hydroxide water-wet, 

c) contacting the water-wet layered double hydroxide with at least one 

solvent, the solvent being miscible with water and preferably1 having' a 

solvent polarity (P') in the range 3.8 to 9, and 

20 

d) thermally treating the material obtained in step c) to produce a catalyst 

support. 

2. The process as claimed in claim 1, wherein M is Mg, Zn, Fe, Ca or a mixture 

25 of two or more thereof.1 

3. The process as dlaimed in any one of the preceding claims, wherein M' is Al, 

Ga, Fe or a mixture of Al and Fe. 

30 4. The process as claimed in any one of the preceding claims, wherein z is 2 and 

M is Ca, Mg, or Zn. 
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5. The process as claimed in any one of the preceding claims wherein M' is Al. 

6. The process as claimed in any one of the preceding claims wherein M is Zn, 

Mg or Al, and M' is Al. 

7. The process as claimed in any one of the preceding claims, wherein X is 

selected from halide, inorganic oxyanions, organic anions, surfactants, anionic 

surfactants, anionic chromophores, and/or anionic UV absorbers. 

10 8. The process as claimed in any one of the preceding claims, wherein the at least 

oiife solvent is kn ' organic solvent, preferably ' anhydrous, and preferably 

selected from acetone, acetonitrile, dimethylformamide, dimethyl sulfoxide, 

dioxane, ethanol, methanol, n-propanol, 2-propanol, tetrahydrofuran or a 

mixture of two or rriore'thereOf. 

15 

9. The';pfrodess":ks claimled'iri! arty one of the preceding claims, wherein the 

thermal treatment comprises heating at a temperature in the range 110°C to 

1000°C, preferably for a predeteiiniried timb at a predetermined pressure, 

optionally under a flow of an inert gas or under reduced pressure. 

20 

10. The process as claimed in'claim 9, wherein the predetermined pressure is in 

the range of 1 x 10"' to l x IO"3 mbar. 

11. A process for producing a solid catalyst, the process comprising providing k 

25 catalyst support prepared by the process of kny one of the preceding claims; 

and contacting the support with an activator. 

12. The process as claimed in claim 11, further comprising contacting the support, 

before,simultaneously with or after contacting the support with the activator, 

30 With kt least one metal-organic transition metal compound. 

13: A pblymerisktion catalyst comprising, 
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a) a catalyst support prepared according to the process of claim 1, and 

b) at least one metal-organic compound. 

5 

14. The catalyst as claimed in claim 13, further comprising an activator. 

15. The catalyst as claimed in claim 14, wherein the activator comprises an alkyl 

aluminium activator. 

10 

16. The catalyst as claimed in any one of claims 13 to 15, wherein the metal-

drganifc^ddmpouritf'comprises' a transition metal compound, preferably a 

titanium, zirconium, hafnium, iron, nickel and/or cobalt compound. 

15 17. The catalyst as claimed in any one of claims 13 to 16, wherein the catalyst is 

an olefm pbljmierisation catalyst. 

18. The catalyst as claimed in any one of claims 13 to 17, further comprising one 

of more imefal'compounds 6fthe formula (11) 

20 
!M3(R')w(R2)s(R^|t 1 • Ti!i 1 

where 

M3 is an alkali metal, an alkalitie earth metal' or a metal of group 13 of 

the'Periodic Table, 

25 R1 is hydrogen, Ci-C[o-alkyl, C6-Ci5-aryl, alkylaryl or arylalkyl each 

havihg from f" to 10 carbbh atoms in the alkyl part and from 6 to' 20 Carbon 

atoms' in the aryl part; * 

R2 and R3 are each independently selected from hydrogen, halogen, 

pseudohalogen, Ci-Ci0-alkyl; Cf,-C\5-aryl, alkylaryl, arylalkyl or alkoxy each 

30 having from 1 to 10 carbon atoms in the alkyl radical and from 6 to 20 carbon 

atoms in ihe aryl radical,5 '' 

w is an integer from 1 to 3, and 
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. s and t are integers-from 0 to 2, with the sum w+s+t corresponding to 

the yalence.ofM3. < •, Vi. » . -' . •,! :,<\!. 1 t: • o;.h 

ii: • ' 1 .,1 cU>:> -V .t ;.\i M-iwai \nd r 'o 2'» c.-.roon 
19. Use of an olefin polymerisation catalyst as claimed in any one of claims 13 to 

5 18 in a polymerisation process, preferably an olefin polymerisation process. 


