[

coordination with the olefin molecule dug to transfer of n-slectrons to tha o-

oriitats of the chromium atom, bul sirengthens again after insartion of the

T

ive stranthening and weakening

monomer moleculs into the chain,

of the Cr*-C bond thus results in the polymerisation reaclion, and rs anly made

possible by Ihe donor-acceptor capacity af the chromium atoms (Miessarow,

[ - R ey § 1y B L = LriLr bs

1970). The Cr*" atoms in the active complex are slable against reduction by the
mongmer and solvent due to a decrease in the positive loading thereof which is

causad by the redistribution of efectron density belwssn Cr'™ and Cr

(Miessaroy, 1970).

. Beck and iunsford {1981) have slated Lhat the active coordination site is in a

valenca stats between Cif and Cr¥* To soupport this statement, Shelef (1e89)

found that the reduced CrSilt, catalyst is not hamogeneous with relation to the

chronTiu
and phases. Cr* was axcluded as the aclive sile on the basis of a negative

corralation wilh catalytic activity and Cr** was excluded dus to the fact that

srtensive reduction to Cr?* rasulted in an inactive catalyst (Beck & Lunsford,

1981}

— During the reduction reaction the intermadiate formation of Cr and Cr'* takes

place, and involves the rate determining reduction of Cr™ 1o Cr'* wiz (Beck &

Lunsfard, 1981. Ellison sf af.. 1985

(27}
(2.8}

Cre + Cr® . O+ ¥

et 4 ge - Cr¥

There is a chemical equillbrium betweer Cr* and Cr* and the kinetic expression

Cr = [CrT® [Cr T (2:9)
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From \he abova dala it is thus very clear that there i1z a greal deal of uncertainty
cencarming the nature of the active chromium specias in the polymensation reaction.
The most recent thoughts seem to indicale that Cr*" andfor Cr* species are responsible

for the obhserved catalylic achivily (Przhavalskaya ef af, 1875 Beck & Lonsfard 188,
Rebenstorf & Larsson, 1881 & 1983, Ermakov ef al., 1971, Scarano af af, 1994

ef af, 1675, Krauss ef af., 1287).
2.3.1.2. Initiation, propagation and termination

The reaction mechanism involved in the Cr/5iC, catalysed polymerisation of 1-atkenes

 vas been divided into thres different sleps, namsly inifiation, propagation and

termination.

t). Chain iniliation

Tha Phillips catalyst differs from the Ziagler-Natta calalyst in the s5ensa that il does not

tar or co-catalyst to initiate the reaction {Tail, 19839).

P -
¥ °F

Groensveld st ai, (1983 a, 1983 b) found fram
wilh & silanol group inits immediate vicimty.

polymerisation ste consists of 2 G calion
far the initialion reaction is the following:

Ry
1 Ear

The methanism Suggesis

1

OH . Cr¥ = OF - (HCY 12307

{2.11]

G
(HCA* + CoHy {[Hcr- r;l,. ]} - (CyHg Cn?

sorption g tive chromium apecies takes placa wa g-m

backbonding. The adsorbed ethylens molecule lnen combines (insertion reaclion} wih
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a—

4 bound hydrogen atom Yo form an sthyl group thal is altached to the Cr ion
meenewerdera.-‘ 1483 a, 1983 b, Wi, 1974} Subsequent ﬁfﬂp&g&fﬁﬁﬂprﬂt‘eeds b

On the othar hand, Rebenslorf and Larsson {1981) have suggested that the initialian

reaction far (he chromiumisilica calalyst involves one etyiens moletule adding o a
dinuclear surface complex wa formation of a M-CHk-CHL- bridge,  The palyiensation
can goour on eitnar Crt" and G sites. The polymensation reaction can be initiated at
any active site, but the reaction can enly continue on the exlernal sites due to blocking
of the 1ntamal sites by the growing polymer chain {Ariman & Cossee, 1964: Groeneveld
el al 1983 p).

According 1o Ghiolti et af, {1888} the slow step in the initation of ethylens

_ polymerisalion concarns the formation of a Cyclic sthuclure involving the ethylens whick

IS Couplad fo the chrarmiven by means of a carbene type bond. Two possible structures

can be formed, namgw a melﬂllﬂ'ﬂ!ﬂ'mlb compound with only ane chromium atom
involved or a poly-methylene chain which has Desn coupled W twa chromium ons:

cty P GHy P
e 4 . CH
H L !_,.-CFb n.:.-E_ fﬂ,
' F r
H ., 1:',\\ H"‘u_\ \o.f"f .,
s B ¥ o

ir). Chain propagalion

The propagatlon mechanism suggested by Ariman and Casses [1964} for Zizgler-Naita

propagation af \he palymerisation and cligomerisalion reachons catalysed by lhe
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The propagation mechanism consists of we steps, namedly.

i Adsorption of the olefin on a vacant igand position on the chromium actve

e g

centr

1l Insertion of the olefin betwesn the alkyl group and the Cr atam wa the cis-
insartion mechanism of Ariman and Cossea (1964) for Ziegler-Natta catalysts
(Young & Lavell, 1881 Grnena@eld aft al, 1983 b, Ermakov ef al, 1971). The
reaction procasds via a polar cyclc transition siate which entails simultaneous

bond breaking and band formation. It is also known as the crs-migration
Henrio-Olive & Olive. 1977; Cosses, 1564, Arlman & {ossee,

1 =

1g64- Tait. 1989; Hagan, 1270 Groensvelt el d:., 1982 b Themetathasa

nasitive polarisation on the M-R bond {Witt, 1574; Hagan, t9701.

The polymer chain propagation machanism va a polar cyclic transition state is shawn

schamatically balow (Yilt, 1874 Hogan, 1970, Cossee. 1964):

- O
GI'-EHE‘EHs g_f" GHE CH 5
A :
CHs®CH ¢ * ML CHg
= (242
"CH[’:GHE
hd_
'I-rllz
Cr""
| ©Hz

CHE' CHE' CHE"' CH 2

On migraton of the alkyl group ihe o arbital of the carbon atam overlaps with the metal

d.. orbital (Herwici-Olive & Olivé, 1877, Tai, 1285 The averlap of the alkyl bonading
.::D,tm with the metal d,, orbital leads to & trangfer of electron density from the carbon
- =y

- he metal (Henrici Olive & CHive, 1977). The elactron density an the metal 15

8 Y] e b r |
AT LA KIS TR LaAT 8 1

' tronding n=erbital-ot-the-clehinthigure 2.7
then transfarred to the alefin via tne antibui ;

The aliyl group of the M-R bend interacts wia @ concerted mechanism with the nearast
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carbon atom of the bonded alkene and resulits in migration of the carbon atom to the
n-alkene ligand (Pasquon et al., 1989; Gavens et al., 1982; Tait, 1989). In the cyclic

transition state the negatively charged carbon atom of the M**-C% bond binds to the

tha emallest number of hvdroaen atome - a Markowniknff
A INy I TTAIINI WL T IO T TR s ~y "J“l vvvll AW A IVISAI INYY RN

mechanism. The metal atom hence attacks the less substituted carbon of the double

bond (Henrici Olivé & Olivé, 1977).

Figure 2.1 : Orbital overlap between the metal d,, orbital and the alkyl o bonding

orbital

As an olefin molecule is inserted into the chain, the next olefin is associated and

tre (Witt, 1974). For propylene the olefin carbon atom

to which the methy! group is attached, is more positive in character due to the electron

res

withdrawal effect of the methyi group (Witt, 1974).
effect The addition of an a-olefin to the growing chain and subsequent formation of




-CHy - (CHy - GHy 3 -CHg = CH
CH-CHy
oo +
1 . - - - .
o
HaC - GH (2.13}
: ¥
CHy
?r
GH; - CH-{GHg- CHg Jn - CH - CH y
CHy

Kazanski and Turkevich (1967) haye sugnested fhaf the aclive Cris situated within
the square plane of a square pyramidal structuré. To snable insertion of ethylene, the

chromium migrates lo the apex of this structure and causes a stretching of the

chromium-carbon bond distance, After insertion of tha elhylerne molecule the chromium

mOoveEs 3 . ax o itz origing] configuration to Sccapt anathar ethylene
LIS gy 1%l h R A oF =i,

malecule.

Van Rejen ang Cossee {1966} suggested that polymerisation ocours on a penia-
socordinateg complex similar to the mechanism suggested by Arlman and Cossee
{1964). Tha penla-coordinated complek is formed during lhe initiation slep by the
reaction of an olafit with a teltahedral complex of axygen atoms which axists around

Cr* at that specific stage of the reachon {Van Reijen & Casseg, T966)

4 relzlad mechanism which entails the addilion cf the olefin to a dinuclear surface

cormplex is reprasented below {Rebenstorf & Larsson, 15681). Tnendiahion step difers

From the ather mechanisms normally suggested since it involves the inserlion of an
mthylens molecule batwesn the two metal atems of a dinuclear complex. The

propagation proceeds by means of the Cosses mechanism {Rebenstorf & Larssom,

1961).
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G 9 &~
-8 s i K
o gty
e 5, £« — - {2.14}
EE{HHF
o c-¢ .5‘>°., " S N« TN
o HOHH Efgqor 8
Gl!_\. o HG c H i
I
5' H{:-"'ﬂ H
TR Y M

A cartena mechanism for the propagation step invalving ona Cr ion and om'y e arnd

gite of the oy

P P
i i
GHp ] iy
I"\. .-""'J. - Hj’ l|I «-"'J
Cr ; H *.Gr
PAY S
a 0 ¢ O
A — - — ¢ — —
.
-CaH, T + CoH, 12.19)
=] p P
| [ [
+ CH - c . c
[ |}-h Hff".-""‘“ w "HE*%
Ho e gn, <= — n_Hoor Cf
\ = RN s
(¥] \O Q () Q 0
wil. Terawnation
Termination of the growing chain procaeds by means of & & hiydroyen aimination to
a hydrogen atom which 15 allached 1o the chromum

form an unsaturated molacule and
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g U4 a.F R T e, (2 16}

According to Groeneveld et al. (1983 b the above terminalion process can be

reprasented by the following reaction

ks
cr*.S = P, Cr® (dead sig) - A {2.17]
n o
Az
it B o lnfic i daad polymer malecule covering a polential site and 5, a polymeric
WL [ el DA TIF Iy el s 0
alky| group.

2.3.4. Factors that affect the oligomerization/pelymarisation activity of the

The hasie of the Phillips catalysl relates to the impregnation of 5i0, with chromic acid

ta obtain a CrO,Si0; catalyst which can be calcined in air at a high temperature and
: . .
\hen reduced with GO, H, or any other reducing agent to abtain ihe chromium in the

active farm {Sﬂaranr_j at a_f” 1994, ZE'E-China ef a!.. 199‘1. Hﬂgan, ‘ETDI

Wit 1574; Whiteley ef af, 1982, Hagan & Kitchen, 1965. Krauss & Wasiphal 1577

ey

The various steps in chtaimng an aetive oligumensa

gffact of thege vanablas and other yariables on the calalyst aclivity will be discussed

—In Tha following pages.
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2.3.4.1. The support

Chromesm axidas nat

L ALl N L LEL T T LT L [ 1=5J L =] LII.I‘IFII.}-| (1= A Iﬁll‘“

e oo Skealitis b ase s e ok nrlias e m e o fn bl L e
- = i D S S = e g P 1=
of & supporl since a specific interaction batwesn the support and tha chromium 1

necassary for polymerisalion activity (With, 1974} The support determinas the spenific

surtace and machanjcal stréngth of Ine catalysl. [t also prevents sinlering of the
catalyst at high temperatures and facililates tha lransfar of neat released duting the
alkgomerisation/polymerisation reaction [Kazanskii & Pecherskaya, 1968) Sinde the
suppor is not ahways completely inert, it often also affects the aclivity and selectivity of
the Gatalyst, The properies of the phisical suppert which determing the catalyst activity

are the surface area, ability to fragmant, fragment sizes fragment porosily and

active canter in which a chromium aloin is connected to the cation of the support
{Si*ralP) through an gxygen atom aciuaily determines ihe influence the support has
an the propagation reaction (Ermakov erad, 1571} Tha cliramiiuit oxida species bind

~F an actarlication raaction wnith tha & o faes e
RAN I SFrf e BN ILANLY S I B | AL wF Rt~ i | M7 LT LI Bar oy Akl | 1

| P T .-ll s -I..IAJ". h P e == g
Lt L | rcal .

oroups {Hardeastle & Wachs, 1088 Fubini ef &, 1980 Wi, 1574, Krauss af af,
1976 Weckhuysen &t al., 1896} If an insufficient number of hydroxyl groups are

avajlable on the sifica Cr,0, is formed dug to decomposition of the unbound Cr*

{Hardeastia & Wachs, 1088).

A raquirsment of thg support rmaterial that has heen noted i the ferature faor the

Phillips eatalysed oligomerisation reaction is thal the suppart rmust have a large surface
area and & large pore volume. Pore dismeters of belwesn 60 and 300 A have been

recommanded (Pelrine & Wa, 1891, W & Chu, 1884, Vi 1989 &, 1989 b, 1991,

teh Thea catalyst activiby 15 increased by large pore-openings on

& Kidhien,
the support singe the reactants and products must be able to diffuse to and fram ihe
calalyst sites {Buchanan & Wu, 1994, Pelrine & Wu, 1981, Wu, 1989 a 3 b; wWu &
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Chu, 1994 Wi, 1951). The support narmally used s sihca {(Peline & W, 19581 W,
1992),

In a study af the effact of a support on the polymansation activity of the Cr on ailica

atalyst, Dalla Lana &t al., {1933} compared a non-porgus silica, namely Cab-0-81l,

(BET surface area = 163 m>.g"; pore volumne =0 orr g yand twoporous silicas namely
Davison {BET surfaca area = 277 m2g", pore volume = 1.57 cm®.g'"y and PQ (BET
surface area = 330 m2.g"; pors volume = 1.0 cm?.g') by loading 5% Cr on aach and
testing the polymerisation activity of the various samples. The differance in activity

between the three types of siica supports can ba seen in Figure Z.2.

—Wmﬁmﬁﬁﬂﬂmﬁwmwﬂm%w et
af., 1993)

¥leld {z PE/ g catakyst)
3o . ' Cat-0-sil

Lh
u

2 ‘ Davison

PQ

L .

20

15 .

10

0 20 a0 60 B0 100 120 140
Time {minutés)

After tha first 5 minutes of 1he polymerisation reaction the conversian is suppressad ir

the case of the twi parous LWMWMMMM

polymer chains (Dalla Lana ef af, 1993; Follestad et al.. 1590 Conner. 1988).

Wﬂaﬂsm@tawm takes place due to a pressure build-up within the

pores causad by the polymer and this leads 1o the axposure of fuher aclive sites
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[Fallestad et al., 1880; Gonner, 1888} Insufficient initial fragmenlation is thus the

determining factar far the slow rate which is abserved during the initiation period of Ihe

« A08a"
Ty Toaumr],

Davison catalyst (Follestad of &, 1990 30, Conne

support does nol take place, the activity cannot be regained once the pares have been

ked by oroduct 2nd thus no increase in the product yield 5 observed with timea. The

axtarnal surdace chromium active siles of the PQ support are prabably neqligible when
compared Lo the active siles within Ihe poras. The nan-porous sUpport on the olher
hamli has smaller particles with a largsr axternal surface which resulls in an active
calalyst. The pore size disiribution is thus of critical impartance (Dalla Lana et af.,
1883} According o McDaniel (1585) Ihe activity of tha catalyst increases wilh an

s i the rare valume of e support. Micropares are blocked and deaclivated
UL = T L L B o LI §

due to the formed paly-athylene, while iarger poves weaken the structure of the suppor t

and promote breaking and fragmenlaticn {Dalla Lana ef af, 1883; Groenevald et af,

983 a),
According to McDaniel (1985) and Weckhysen &f af, (1996} an increase in ihe average

pore diamater of the silica support also resulls in a decraasa in the molecular weight

of tha praduct, while Hogan ard Kitchen {
gomar/polymar chains alsg becomes more likely, since the

(nind the onnosite ta be frue, In small
nr e LN I “FF'

pores branching of the ol
— artive sites of the catalyst are closar logather {McDanigl, 1985). The molecular mass

af the oiignmarisatiampnlymerisalinn product and activity of the catalyst is nversely

proportional to the hydroxyl population of the suppd

1983).

Halm and Clark (19688} have indicated that lhe chromium oxide - suppart oxide
_ iteraction decreasas the reducibility of the chromium. For a GrO;-AlLO, catalyst this

irlaraction 1s the weakesl, while ihe interection is the strongest for a CrQ,-510; catalys!

meat Eouad gt & {18041 found in contradiction to the above that the
(Holm & Clark, 1968). Fouad &ra, 1 1==Er 1

chramium-support interactian is much weaker in the case of silca, when compared to

el 1 Mipssargy (19707 the high degree of reducipilily (strong exidizing

[ PR . | -
=L F IS B L o =
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capability) of CrOy on silica gel and alumina silicates tan be attribuled to the acidic
properties of thase supports [Missserpy. 1970). The coordination between Cry and

e pralong of 1he =ilira hudrn'u'ul Une Iowars the alocirom Aonibu of faos mboeans
) L H L T RN L ot | AR R LY LF LIS L IIUI1I1I..|.|]I

dtom and nereases 1he reducnhuhty thereof {Miesserny, 1970). The naxavalent
chiromium atoms can any be reduced ta the lower valance States # the axvgen atams
couplad to therm ars removed smuitanacusly, Reduction of the first chromom [ayer in
oide catalysts is difficult to achieve due lo sirong coordination of this layer with tho

hydroxyl protons of tha silica atoms (Miesserow, T3970 The use of an effechivi support
with chromium oxide catalysis thus increases the reducibilily of the CrQ, and promotes

dongr-acceptor properties of Ihe chromium atorms (Miesseroy, 1970).

with Cr(,_ it does not conform 1o the requirements of an elfective support, such as siica

~ or alumina silicate {Messaray, 1970). Alumina cataiysts also i - mMore

hydroxyi groups than siica sfter caleinglion at normal calcination lemperalures

(McDaniel, 1585). In apite: of the fact that more sites are avaiabis for altachmeant to Cr
ons, the effact does not laad to a higher activity since the larger number of OH groups

ieadimn feoedion 03 aTaie Mame” ."Mcﬂtmm 10958 M e Faioad
=} WAl | § ki | n L T SEITITW D, [farirar . BT PR LD DAL f0LN

Ihat the Co2.Cr¥ ratio incregses with the silica content of the support: silica nrich

sUrfaces mainly contain Cr* ichs while Gr¥ predominales on gluming SuppOrts

(Weckhuysen af af., 1996).

Aluminium phasphate s in many reéspects very similar 1o sifica, since both are iso-
elechronie and iso-structural and the phase-diangrams of the two are almost identica)
(WcOarniel!, 1985;, O AIPD, the F-0H and A-0H groups present cause the support
to be more acidic in character and the P=0 species cause a decrease in the hydroxy|
population of AIPD, (McDanel. 1985 McDaniel & Johnson, 1287y Cr/AIPQ, is thus

mara active catairst than CASI0, and resulls in the formation of high

e

molecular mass palymers and a broader malecular weight diskribution (McDanie] &
Johrson, 1987).
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342, fmpregratian snd drying

Impregration of the Gr anto the support takes place from a solulion of (he metsl salt in

waler of organic solyents such as ethanol, methano! or acertic acig (Buchanan & Yy

1924, Falrine & Wy, 1951; Wik, 1974, Whiteley et af, 1992, Peiring af ar, 1392,
1993, Hierl & Krayss, 1975 Wu, 1989 a, 1989 b, 1031, 1992, Wu & Chu, 1994},
Ywhen the solution comes inlo contact with the porous suppart (350 m? g surfacs
araay, the liquid diffuses into the pores under the influence of sirong capillary forces of
G40 aimospheres (Maatman & Prater, 1957), The CrD, is nat simply distnibuted onig
the support surface, but & definite surface phass is formed.

According to Krauss and Wastphal (1877 the following reactions take place during the

2 -Si-OH = -%.0-8i- - HO  (2.18)

S M L L . C - D 5 -8R Qe - S
= A - R PP AR AR ) T wn‘ Al

7
-l
&

Si-XCDy, 5 - -S-QICAO), S . CrD,  [2.20)

7 Cro, & Cr0, - O, [2.21

N was found that the CrQ, dispersion on the support Changes with an increase in the
diying femperatura of the calalyst {Lw ef al, 1988}  An increase jn the drying
temperawre from 101°C to 170°C resulted in an increase in the dispersion threshald

from (.27 to .38 g Grl.. i 510, with a speeific Si0; surface of 264 m?.g". The resulls

of L ef . (1988] indicate that Crlx, & Pl dispersed 55 & monGlaysr, and hat the
increase i digparsion threshald wilh temperature might be due o the polymerisation

ey
bl Wy
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2.3.4.3. The chromium axide joading

-oxide speciss

N additian 1o lhe stable Cr¥-surface compeunds. The number of unelable Cri*species

Increases with an increasing chromium contant.  Durng temperature grogramimead

Reating in N, the exislence of such unstable species is indicated by 3 peaks
rezpaclively at 670, 750 and 920 K which correspond to the releasa of oxygen by the
decompasition of the unetable Cr*™ lo give finally Cr.0, and axygen (Hif & Ghimann,

1583),

The reaction rate for the polymerisatian of ethylene aver 8 Cr/3i0, catalysl increases

T with e crwomiont ioading o o 2 lpeding of spproximalaly 5% Thersafter i

tdecreases with a furher increase in the loading (Kazanski & Turkevich, 1867

activa, while at the figher loadings otly the fraction of chramium atoms along tha
periphery of the particle are active (Groeneveld et a/., 1983 a; MeDaniegl 1985), At a
chromium loading ¢ 0.5% the aclivity of the catalyst is directly proportional to ihe

3 Harmrsme, AF s r-..gurn L]
Oogics a1 Lag HEE DT

chromium content and & high
iZecching ot &, 1975 a). Zecthina ef &, {1975 a) found that a chromium loading of
~ 03 % produced the most active catalyst.

I'I

Wiih chinior (oadings behwvesn 0.2 and 5.0 mass % the chromium species are MAairiy

present on the surface as cluslers of Cr-0 Letrahadra (Elhson af af.. 1985). At higher

= B% Crla Crg £,-typa malecular struchure 15 prasent within large clumps of

lomAin
Ry LS 1 ) T v r

Al
- Al T
EhrDmmm CDI"‘l'[E""H.'I"lg ratenz) fEmEDﬂ el al, 1988 CharDﬂE-Eell af a[r 195?.,

Wackhuysen et al., 1996). The Cr,0- structure containg 4 oxygen atoms which

surraund each chromijum atom and form a complex with distorted T, symmetry. One

twol tetrahodrs to form 2 D0l molaciisr groon sl o
L L [ o

Rio L] Smy g emE 2RAT TR LI T LS

rommium iz thus present i tmn layers of gne \o three chromium atoms

undergo a stabilisation reaction wilh e support medium (Ellison et af, |

4
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19B5; Groeneveld et af., 1983 a).  With a loading of 11.8% Cr anly 57% of the Intal
chromium is stabilised as Cr® during the activalion step in ar af 540°C wiile fhe rest

form nuga inaclive oxide siruclures is propably the reason for the inactivity obtained
with chromium aadings Righer than 10% [Charcossset &t 2t 1987,

A dacrease in the chromm loading results in a decrease in the reducibility of the
catalyst (Ellison et af., 1985, Holm & Clark, 1968). This statilising effact at a lowsr

chromium loading can be attributed to an interaction betwesn the support and Ihe
chromium. The reducibiiily of e catalyst increases with an increass in the CrD,
concantraiion due 1o 2 decreasea in the thermal stability af ihe CrO, (Migsseroy. 193700

sMallest for Cri), and the strongesl for WO, (Ellison & af, 1985). In contrasl to the
- rrenticrsd accring 2l 5 15 g} found that samples wilh a high chromiym

cancaniralion in general offer more resistance against complate reduction, and that a

number of gxidation-reduction cycles are necessary 10 bring abbut complats reduction

The maximum concentralion of chromium that can be stabilised on the support under
specific condilions is known as [he saturalion coverage (McDanie!, 1682 ¢

Weckhuysen ef gf . 1996} In Figure 2.3 Ine chromium saturation coverage was plotted

as g funeijon of the chromium loa
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Figure 2.3: Cr™ saturation coverage as a function of the chremium loading

MIrMNamel 1987 ~
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exizess CrQ; fo erystaling Ol during caloingbion (McDaniel, 1982 £ 1885- Zecchins
ef af, 1975 a) As he chromium kading is increased lrom 1% to 5% a definite changea

In the catalyst coleur from orange to green can ba observad which is an indicalion of
i of chromium
loaded anto the support is lower Ihan e saturation coverage, ail the chrrmium will be

~ siabilised during the calcinalion step. An increasea in he chromium loading upto 5%

15 accampanied by a linear degrease in the number of surface hydroxy! groups.

Ioading {Zecchina et af, 19745 a). At chromium leadings higher than 8% \he surplus
arf lo the surface, sthotgh 40% of the silico surface s ghll vacamt

rhraminm e m
TE R ATINIILARNE] B B

Witt (1974) found that an increase in tha chromium concentralion resulted in 4

decrease in the molecular mass of the palymer product. This decrease corresponded

b
L

[ S T S i N T ST T '
e 2 L (=LY SLRL = [ =LAl PArAL i iFa

wWaE ITioricn

NCreasad as the chwarmiu concaniration decreased, which allowed for the growtn cf

lznger mokymer chains.
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2.3.4.4. Calcination

After drying, calcination is performed at temperatures between 200°C and 900°C to

htgin tha tgbrakhades) 09 gtate and to fie the chromium anto the surface takes plac
1 & e 1T Wl R L LS AWl YW A =

(Pasquon & Giannini, 1984, Kostrov ef af, 1976, Pelrine ot a/., 1993. Fouad ef af.
1994 Buchanan & Wu, 1992; Pelrine & Wy, 1981, Wu, 188%a, 1589 b, 1551, 1892,
Wy & Chu, 1954, Fubint @f al., 1980; Merryfield et &/, 1982, McDanel, 1885; Van
Rejan & Cossee, 1966, Hogan & Kitchen, 19650 Ghiotli ef &l 197%9). During the

calcinationfoxidation process the catalyst becomeas brighl orange in colour {Groeneveld

at 2/ a7
Dl gl g

Chromium oxides that have been impregnaled on silica will not be aclive unless they

have beer heated if air to at teast 200°C- (Wt 1974y The reasonfor thisis thatihe —————
chromium Irioxide must be heated above its melting peint (£ 197*C) to enable an

reaction wilkk nearby silanol groups on lhe silica wilh the rasultant

eslerification
formalion of Cr-O-8i surface species (Witl, 1974 Fubim et af, 1980 Hogan, 1970,

andfor dichrormiate
spews and lha formation of highly covalent bonds with the silica (Fubin et af, 1980,

Best ot af. 1977). After the C°" spacies have bean anchored to INe surfaca, they are

thus stable. The pre-treatment of the catalyst thus datarminegs the final propeartias of

—_p

the catalyst (Zecchina et al., 1875 a). Accorqing 16 ni

of the species which form during the reaction belween the chromiem and the sihca

— ctoms s ot known— The lower valence states of the chromium {GrQ. and Cr,04) are

formed by Ihe decomposition of &= that has not been anchored onta the silica support

~ abigmperatures batween 150°C and 400°C {Fubtni et al.,

Hill gt &t , 1980y The lower valence ctates can be remadised fully gl S50°C (for CrO.)

[ e | [ Lulal: D
Uuldau ey ar. . 10059,

and 700°C (for Cr,O-} (Fubipi f 5 1980; Hill & Ohimann, 1390).  Some researchers
PL h
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are convinced that the CrQ, binds as a chromate species on the silica when il s

impregnated onto 1he support from an aqueous solution {Hogan, 1970, fMeDaniel,

1981 188Y & 1gR7 h 1985 Hiarl & Krasuse 1975y A o Inias
L W Wi = "l g 1 lOR O RW Y AL, 1T -\_!J. LRI Bhr) (ST L ey

—rp L L

-1
L
-3

-
i
1

chromate is believed to ba predominantly present, while an increase in the chromium

laadinng resulls it ncraasing amounts of dichromate species at 2 high calcination

lemiperature (McDanisl, 1981, 1882 a, 1982 b). Some reamangement of ihe chiomale
specses la dichromate species thus ocours at high temperatures and s accompanisd
by a colour change from yellow to grange in some casas (MeDanial, 1985, Hogan,
1970).  Cther scientisis believe that the chromium is impregnated as a dichromate
species ohfo the siica since the chromale struclurg is subjectsd o & degree of slrain
while the dichromate specias fitls in well with the silica struclure (Zecchina ef ar, 1975

o

o o Q. O

g gF o -0 o .o, B

cr. G o . AN

- ~

Y Hoow MDD 5" o 0 {2.22)
5| =l 50 sl 8 LA 8

e N g7 T g7 T
T —— Pl T Chr o Dichr o s

ImpragnEtion Calchnation

Aftar calomation the CrF catalyst 18 sansitive to moisture (Whilelay st 2 1992, Hogan,

1985). QOn exposure to moisture, the orange Cr* calcined calalyst changes io

g anestarinalvmerication achviy (MeCameael 105,
ullHUlllh"\J“"'—"‘"l"—"‘"J < Y AT Ly Lol R DTN byl et b ""'rll. l“'u"\_l._l.

Angther cglcination step restores the activity. During Ihe oxidation of Cr* to Cr™ not

ali the Cr™* species are oxidised since Cr. O will Gnly fake up Gxygen at temparafuras
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higher than 700°C (Hill & Ohimann, 19907, In systems where Cr** and Cré* ara present
23 & mied valence speties the catalyst has a browh colour white Cr* clusters give the

o mr

High teamperatures of calclnation of the Phillips catalyst resull in & decreases in the
calalyst reducibilily due to better distribution of the chromium on the suppart and thus
betlar interaction with the support (Haim & Clark, 1968). The calalylic propertias are
ihug greatly determined by the interaction betfwasen (he melal oxide and e support

oxide. The catalyst activity increases with an increase in the activation lempsralura

from 400°C 10 815°C (Heogan & Barks, 1358, Memyheld ef &7, 1982,

stabilised on the silica {saturation coverage) at diffarent lemperaturas of caicination of
tha Cr3i0, (Figure 2.4)

(McDaniel, 1962 c)

% Gr{vly or OH
, | - I|
5| . OH poputalion
: o " Max CrVl} cone
4 g ;-
; At lvity
.. f e
3 . e . !r L. lI
o .. t'.
2 . '\-...__..-.- . r*r
RN '.’.l_ .
1 J .‘\‘r - . . ..-._I
N iy |

800 auo 400 SO0 600 700 800 400
Actlvalion tsmparature {("C)
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At wicregse it the acotivation lemperalife rasulls wm a gdecraase in e hydroxyl
population of unimpregnated silica due 1o condensation of the OH groups. The

maximum Cr* population that can be slabilised on the support thu

increzge in (e woperabue {M-::Damal 1982 &, Krauss & Wastphal, 19771, In rontrast
1ztion that a decrease in 1ha calafyst activity will take Pface with an increass

in the activation temperature {3ue to lower Tr coverage af Righer femparalliras] an
increasa in the catalyst activity has been obsarved (McDaniel &t af, 1982, Waich &
McDaniel 1983: WiH, 1974, Ermakov ef ai, 1871, Mernyfield af af., 1882). The
axpianakion for this phenomeanon s that ihe activily of the catalyst is litlle affectad by
fhe Cr* density (McDanlel sf ar, 1982 c}. The activation temipersturd is af much
greater impostance, Tespactive of tha concentration of chromium loading sinca the

nydroxyl population on the Siica may affect the polyTensation & nogative mEnne

due 1o coordination with the active centrés. (Mernyfield et ar, 1982, McDaniel, 1982

N . I n
[ !E|CDEI'1IE5| & Johnso 1. REIiF j The-incré 1 ) :

iNCrease in the propagation rate Cansiat &t g higher activation lemperatre {Ermakov
hal a very small fraction of Ine total chTomiim is aciive turing W& polyrmenisation, and

N

thal the calcination @mperature is of erigeal importal
e Catalyst increases wilh the calgimation tamperaiing up

PN T TN ]
el Lhd

active state. The aclivity of th

ioE AT Of 2550, theraatter Ihe activly decreases dys 10 sintering of the silica

(MDanial 19881, The more dahydraled \ha catalyst, the lpwer the molecular weight

of the polymer proguct Up 10 & maxEmwns caltination temperature o
roduct decraases due 1o an increase in the rate of

af the active spaces produced st 2 Righer

=h

1985) The Molecylar Mass of the p

\ha chain (ransfer regction in the presemos

calingtion temperature (MeDanie gl & Johnson, 1982, 1987, Clark ef al, 1936, Hogan

% Banks 1958 Ermakov ef &l 1971 \Weackhuysar Bt al., 1996).

M d ] l:l.f"'

Al high genvation temperatures (/o0

l'.'l

no'et the el T aem R af e coalahrat roact
N..F — Ty LSl A7TA T T =1 R W ""-":‘-" 1 ™ 5y

i1
L

o form -Bi-0-5i~ bonas with an sCCompanying release of water. The reaxidation of Cr*

rocess cah thus not take place due 1 Me absence of Sk

o
1,

ann
L L
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{0OH groups and Cr** is thus mainly formed during the reduclion step (Krauss ef ai,
1975).

When titanium oxide iz used as a suppart the surfate chromium(V|joxide spacies are

not stable towards elevaled calcmaltion temperatures, and they are converted to a lower

Chromium oxide oxidation stats (Hardeaste & Waths 1888 Inthe caseof asilica-

swide support, the surface Cr™ oxidalion state is stabilised at alevated caicimation

lemperatures (Hardeaslle & Wachs, 1988). At a high activation energy the moklity of

Cr(; is increased, and he reaclion

2 CrQ, - G0, + 32 O, (2.23)

s acceleratad (Hogan, 1970). Above a calcination tamparature of 500°C the struciure

= very similar to thal of a-Cr.0, (Ellisan et &l 1985).

2.3.4.8. Time of calcination

ime cooes arnly a shghl dacrease In the saturation caverage

e r

i s = - .

o1l A9EC I oxvaen a decresse takes place from 225 G per nm® (wilth 2 hours

calcingtion) to 1.88 Gr* per M,

23.4.7. Raduction 1o the active stale

Reduction of the catalyst can be brought about by the usa of faducing agerts such as
CO. H,, C%, CH;8CH, SHCH;or metal alkyl containing compaunds such as RAL R,B

H]h#g IPSJ-".IJTE' & W, -1991| Buchanan & Wi, 199‘1: W‘MB{E}: et al,, 1992, Mﬂlnaﬂiel,
1582 b, 1992, Ghioti of al, 1978}, Various opinicns 9xst

e
ql = L

or

concerning the nature of the aclive specias that are formed durnng this reduchon step

{see saction 2.3.3.1). During the raduction of the Cri/ 50, catalys! the colour changes
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from bright orange to blue-green (Pelrine & Wu, 1991; Pelrine ef al., 1993; Groeneveld
et al., 1979). Prolonged reduction causes the catalyst to change to a blue colour

(Groeneveld et al., 1979). The ideal guantity of CO to be added to ensure complete
t (Pelrine & Wu, 1991; Pelrine

- bl r\..6+ i ha tha ctnir
wiw - -- v\’

eduction of the Cr® is twice the s hiometric amou

-

al., 1993). The reduction reaction is highly exothermic and coordinatively unsaturated
Crions in a low valence state are formed (Zecchina et al., 1975 a; Fubini et al., 1980).

The surface reaction of the dichromate species that takes place during the reduction

at 500°C can be represented as follows (Groeneveld et al., 1979):

r—n0 pﬁ* Cr3+ Q!2+ /Clr2+

- N\ ,/l . g\oxfg

-H20/C02 ‘]) sl” -H20/CO2 s|l é‘ (2.24)
/ S{\ ’//S!\ o’ N 7N o’ N

i ' i e. CO oxidation) proceeds via a Langmuir-

Hinshelwood reaction pathway which requires that both reactants adsorb onto the

catalyst surface prior to the reaction (qudiCk & Badayal,
Coads + [O]surf - C02 (225)

41007}
1997 ).

During the reduction of the Cr®* ion to the Cr?* state reoxidation to the Cr’* state can

take e by reaction with silanol groups on the support (Groeneveld ef al., 1979). The

nla
N oAl U

reaction has been detected by TPR experiments in which a constant consumption of

or than the primary reduction peak (Hill & Ohimann,

ficri ui = WA LA

H,/CO occurs at temperatures highe

1990). By the effective removal of water that ha
ctions are prevented and large quantities of Cr?* are thus formed

s been formed with H, as reducing

(Hogan, 1970; Groeneveld et al, 1979).
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According lo Krauss and Wesiphal (1977) the following reactions take place during the

reduction of monochromate specias on siica:

SI.O(CrD)-Si « 2 CO ~ SI-OCr0.Si - 2 CO,  {2.26)

5i.0CrO-Si . 2 5I-OH ~ Si-OCAOHIO-S . % H, - Si-0-Si (227

Si-OCrD-Si + (HOSH, ~ Si-0 clr 0-5i  (2.28)

f
(HOSI)

Exposure of the CO traated catalysl to air causes recxidation of reduced Crto Cr*™ andg

is accompanied by a brighl chemiluminescence dus to the formation of axygen atoms

Weckhuysen st af, 1936, Hill & Shimann, 1990; Ruddick & Badaya!, 1837). The

furmation of different catalyst species after impregnation, axidation and reduction is

shown in Figure 2.5 {Grosneveld et af., TR7d].

Litargture reviaw



Figure 2.5: Formation of different catalyst species during catalyst preparation

(Groeneveid et ai., 1979)

Wet impregnation with  Wet impregnation with excess
Cro volume = pore volume  solvent
Oy

— ————— — : : .
. i jonal 2-Dimensionai  ion pairs Single ions
(Calcined) 3-Dimensiona
clum clumps ce* 6+
greenpcs:r’+ orang‘; cre+ °Orange yellow Cr

| L IN

1

CrOy 3-Dimensional 2-Dimensional  lon pairs Single ions
(Reduced) clum ' clumps blue Cr2+ blue Cr2*

Qilica blue Cr* blue Cr2*

S ISR

2.3.4.8. The reducing agent

Hogan (1970) compared the reduction of a 2.5% CrO; on silica catalyst with CO and

H, as reducing agents and found that the reduction rate with CO is much faster and

progresses much further than with H,. The standard energy of reduction with CO at

310 K is -106 kJ.mol" while in the case of reduction with H, it has a value of -24 kJ.mol

(Fubini et al.,
less effective in its reducing capability than CO (Groeneveld et al., 1979):

H,0 + CO = H, + CO, (2.29)
The Gibbs-function has a value of
sGP - -30 + 0.042(T-298) kJ.mol"! (2.30)

in the above water gas shift reaction equilibrium (Groeneveld et al., 1979; Atkins,

1QRAK\N
[Rvie o B
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It has been pbserved that lhe H-reated catalyst turned 2 grey-oreen eolour while the
CO treated calalyst hecame a blue colour. Duwing H, reduction the water formed
oxidized the Cr'* o G or caused hydrolyses af the Lr-0-5i band which evertually
résulled in the formation of Cr,0; (Zecchina &f ai, 1873 3, Beck & Lunsford, 1981:
Groanevald ef af, 1979; Witt, 1974, Welch & McDanizl 1853: Hogan, t970). CO

trealment anfy resulied in the formation of GO, which caused na r:IEmmp-:rsrtmn of the

Cr-0-5i surface species (Hogar, 1970, Beck & Lunsford, 1981; Zeechina et af . 1975
=, Hill & Ohimann, 1980} The dehvdroxylation mecharism which occurred during the
reduclion with CO is probably related Lo the above menlioned water gas shift reaction
(Walch & McDanie/, 19835 The mast effective reducing agets are those which
enhance dehydroxylation of the support {Welch & MeDanial, 1983). Such agents are

speciically 0 and tha organic sulfides (Walch § MecDarisl, 18837

dichromate species is reduced to two Cr** jans from the Cré* Farm. Qnly in tha case of
surface chromate species is the Cr** reduced form possble since the reductian of Cré*

to Cr** raquires an uneven number of slgelrons [(Zecching 2f a7, 1975 aj.

The use of sthylene a5 reducing agent appears etfective only if the reduction is carried
aut at a temperature lower than 300°C {Rebenstorf & Larssan, 1983). At higher

temperatures the ethylens is axidised to GO, and H,O.- At tamperatures under 300°C

the ethylene is probably converted to formaldenyde, and a reaction similar to the
cxidation of CO 1o SO, during CO reduction, takes place. A simiar Cr® dinuglaar
% is thus p prapably formad (Hebenslef & Larsscn, 19835 When
elhylone is added to Lha Crf* eatalyst, an initial initiabior period is present before tha

polymerisation reactian cormemegnees. This induchon time {i.e. reduction time)} of the Cr"

to Gri andfar Cr™ decreases with an increase in the calcination temperatura, reaclor

Tha reduction of Ihe chromiurm oxide catalyst with various reducing agsnts (S0, NH,,
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HCN) results in a changea in the propagation reaction rate canstamt sinte Ihe surface

chromium complexes which are formed differ due fo the presence of diferent ligands

a Qas (Ermakoy et 1971
B - LoD FIIEF 1 i

2.5.4.3. The raduchosd bomgeralurg

The activity of the CrfSiQ, catalyst increases with an ncrease in e resduclion
ternperature up to 350°C; thereafter e activity Sigwly gecn?ases with a furfher
increase in temperature (Zecching gt af, 1973 Merryfield &f al, 1982, Ruddick &
Badayal 1997). The higher reduction temperalures result in a rearrangement of the

chramium ions into a8 higher ceardinalion siate gnd Yigld an aoccompanying dacrease

. - % L F '."\.vlhq.
w1 Ine ety of tne cagtyst {Zecoina el b 4275 a) A vrange N ine

coprdinalive ynsaturation hus results in deactivation  of the catalyst (Mdelcn &

~ MeDanie), 1983, MeDaniel, 1985, Marryfietd of o, 1982). Hoim and Clark {1968) and

Ermakay e &, (1971} atsa found that jeduction ot terperahuras higher than 300°C

4 odle

caused g decrease in tha polymerisation aciwity of the calalys

—k

w5a of a4 drashe reduchan-cxidation

cycla 1o improve the activity of the Phillips catalyst, During the reduction step with CO

_____at high temperaturgs of 700°C 1o oop°C the suppart is chemically dehydroxyialed.
Brgaking of the chromiurn - sJpport band results in the destruction of the Cr?* High

kit wF e and T
LI LAY Tl WA R RF T g S

moleculzs mass centres and the forfma nd Cr,
Meflanial 1983}, The reduction step is followed by a recxidation step which results in

an
=3I

ﬁ
o
e
i
1]
A
=
b
-
e

surface. (ua to defydration of the suface during the reduchian step, e new bonds

are mamly formed with siloxares or oifier oxids bridges and are more active Cr

species than those previously produted. The process finally praduces the same ¢nd

taimed by the snhydroUs ympregnation of chromium oh 8 taloinéed

Q
support (yWelch & McDanisl, 1483).
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2.3.4.10. The influence of the reduction time

An increase in the time of reduction (at 350°C) of the Phillips catalyst with CO is

accompanied by a sharp increase in the total amount of CO, formed up to an optimum

reduction time of 2 minutes. At this time a maximum activity is obtained due to
complete conversion to the Cr®* state (Groeneveld et al., 1983 a). In spite of the fact
that the catalyst activity decreases with further exposure to CO, the amount of CO,
produced still increases slowly with a further increase in the reduction time. The further
CO, production which takes place, even after complete reduction of the catalyst, is

caused by the intermediate reoxidation of Cr®* jons by surface hydroxyl groups

acording to the equation (Groeneveld et al., 1983 a).

20H" . (2:31)

"rl|2

The formed Cr* species are then reduced by CO once again with the resultant
formation of CO,. According to Beck & Lunsford (1981) the optimum reduction time

with CO at 400°C is 8 minutes, while a reduction time of 120 minutes results in a

catalyst with no measurable activity.

ogan an anks oun
interrelated, with longer times being required at lower temperatures and shorter times

- athigher temperatures.
2.3.4.11. Regeneration of the spent catalyst
When use is made of a fixe
reaction, there is a need for the deactivated catalyst to be reactivated by means of

regeneration within the reactor. Pelrine and Wu (1 991) developed an effective process

for the regeneration of the catalyst which resulted in no loss of either the product yield

d reactor for the oligomerisation/polymerisation

L

or characteristics of the product.
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Thermal treatment of the deactivated catalyst under an inert gas to remove

unreacted olefin and oligomer product.

f thao rataluct
I Vi witary v

at a high temperature to remove carbon deposits and to

obtain the chromium in the Cr®" state.

Reduction of the catalyst at a low temperature to obtain it in the active form.

The regenerated catalyst may remain active for up to 4 months (Pelrine & Wu, 1991).

The effect of an increasing number of regenerations on the catalyst activity can be seen

in Figure 2.6. The activity of the catalyst improves significantly after the first cycle of

regeneration (Pelrine & Wu, 1991).

(Pelrine & Wu, 1991)

During oxidation of th

Product yleld (mass %)
100 i .
) 125°C
80 |
180°C

e/ /

or s

20 -

05 1 2 3 4

Number of regenerations

e reduced Cr/silica catalyst a loss of water takes place which

¢ hvdroxyl groups in the reduced species (Hill & Ohimann,
(OB RS A Lhd AR L
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2.3.4.12. The oligomerisation/polymerisation temperature

Kazanski and Turkevich (1967) found that the polymerisation rate for ethylene over a
Cr/SiO, catalyst reached a maximum at about 100°C: thereafter it decreased to zero
" al a temperature of 250°C.  The viscosity and molecular mass of the
oligomerisation/polymerisation product decreases with an increase in the temperature
(Pelrine & Wu, 1991; Clark et al., 1956; Hill et al., 1980; McDaniel & Johnson, 1982).
Faster deactivation of the chromium on silica catalyst occurs if the oligomerisation
reaction of 1-alkenes is performed at higher temperatures (> 120°C) (Peirine & Wu,

1991).

In the case of the polymerisation reaction it was found that the polymerisation of higher

ins in-afi ce at a lower optimum temperature than the
polymerisation of ethylene (Clark et al., 1956).

2.3.4.13. The addition of modifiers or co-catalysts to the Cr/SiO, catalyst

1). Fluoride

The addition of fluoride to the catalyst system results in the substitution of the surface

ion (McDaniel, 1982 c, 1985):

1 A

hydroxy! groups according to the

Qi O . HF - =Si-F - H201 (2.32)

OH-\JIET T

The result of the fluorination reaction is in many cases an increase in the catalyst

- - distribution of the polymer product. An
activity, and a decrease In the molecular mass poly

. . G+
increase in the fluorine content results in a decrease in the quantity of Cr>* that can be

stabilised onto the surface. Due to the mobility of the fluoride ion even a small

IS ' et ,
concentration (0.3 mass %) has @ great effect on

1985).
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Wl Al

The presence of aluminium often resulls in an ncrease in the polymer molecular mass

(McDaniel, 15982 r:} The impregnation of fhe silica wilh 2.0 mass % Al by means of an

gk imm res H‘: I:n a hmhﬂ-r ﬂl—l Conce rthrakire
LA hiW e bed L L | LLLE= LRl ]|

ar

temperatures of 400°C and 800°C with no change at B30°C. The Cr®* concentration

after impregnation with aluminium s Ihus higher after heat lreatmenl at 400°C and

GO0*C (MeDaniel, 1982 ).

Aluminium and fluaride thus influence the saturation coverage by determining the total

numbar of sites available for cccupation by chromivm (McDamel, 15982 ).

wi)  Titanium

Titanium is often added to a chromium/silca catalyst system to reduce the malecular

mass distnbutian of the product, but it has no effect on the saturalion coverage of the

Cr¥* (MeDanie), 1982 ¢}, The addition of a small amount of titamum on the support of

the Crisilica catalys! resulls in an increased aclivity due b an ncrease m the reducibiily

of ©r%* and an increase in the termination rate of the palymensahon reaction (McDaniel

promator by direct coupling o the chromium to form Ti-0Q-Cr bends which nfluence the
alectronic emvironment araund the chromium active cenlre. This has bean detected by

xRS fa decrease in the XPS bonding Snergy cf the Crﬁ'j {MGDEHIE' 18983, McDanisl

.J
P
-y
;
;

A

at al. 1983). The simplasl method of adding tita
between the silica surface and a titamum ester (McDanial, 1985). Sinlering 15 normally

sllica gel, but this ¢an be prevanted by adding tha titamum as a surface layer

(McDanial 1685}
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