40

wt Metal 3ikvis

The addition of a metai aikyi to ihe CriSidl, catalyst befare & has besn exposed o the

mongmer results in a high inilial pelymerisation rate {Foileslad &t al,, 1990). The

& rnatal albul rasulte in 3 hioher desree of support fraomantation. The
Iresdits Inang {] ppor fragmeantanch. The

initial blockage of the pores does not lake place as is normally the case, and no

pressure build-up is neaded for fragmentation of the parlicles (Follestad of a1, 1990}

vl Tr-alky! borane compounds as co-calalysis

The yse of tri-alkyl borane compaunds with alkyl groups containing 1 to 12 carben

- EE T Lol H "

aloms can resull in @ decrease in the molecular mass of the product (VicDaniei &

lotnson, 19821 The pasitive effect caused by Iri-ethyl borana (TEB) i= tha sirongest

raducing agent to form new aclive sites and accelerales Ihe cham transfer reaction by
means of an exchangs mechanism (MeDaniel & Johnson, 1987). If the Cr/AIPD, has

alraady been reduced by CC, the addition of TEB has no effect on Lha catalysl activity.

. 4087y
—centrg {McDamal & dohnson, THoe)
Cr-R". B8R, = Cr-R + RBR'

(2.33)

another possible explanation for the increase in the transfer rate thal is observed i the

presence of TEG is that the TEB adsarhs on some siles, and changes the lermination
behaviour of these specific sites (McDaniel & Johnson, 1987) In the case of a CrfSi0,

type catalyst the activily is increased stightly in the presence of TEB, butthe transfer

reaction remains unchanged (McDaniel & Johnsan, 1987,

Litarature review
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2.3.4.14. Additicn of hydrogen fo the reaciani gas

The addition of hydrogen ta the aclive polymerisationfaligomerisation system resuits

In 8 decrease in lhe molkecular mass of the product {Hogan & Kitchen, 1985; McDanie|

2 Jshnson 1982 Kraus o B tAfsmlenlmal 1977 Hoase 870 8 CefAlBPrm 4y
O JUNIN LA 1 SrE | Ml Sldad “Vﬁﬂ‘ﬂ'l[-ﬂlﬂlp Tw'd 4 ) FPFHERD drr g, 701 L0 nl St

5 especially sensitive to the presence of hydrogen (McDaniel & Johnson, 1987},

During the olignmerisationdpalymerisation reactien in the presence of hydrogen.
consumption of hydrogen takes place, gnd the process is thus known as termination
by Rydrogenation. The CrfSi0, catalyst only terminates via §-H ghmination, and is thus
Aot very sensitive to the presance of hydrogen (McDaniel & Johnson, 1987} However,

the cresan & of hudroaen oflen results in an increase i the p-hydrogen alimination

(= r.lll L L) Il.rE Lri 1 I:"HI b b

2.5.4.15 Cligomerisafion/poiym i

Hogan and Banks {1858) found that the reaction rate increased with anincrease in he

polymerisation pressure up lo 3 pressure of 31.6 bar Al a constant temperature and

" the mass of the polymer prgdum {Hogan & Banks, 1958; Clark at af, 1956).

2.3.4.16. Naiture of the monomear

- g i Y

mass of the 1 -olefin menamer (Clark et al.. 1958,
while 1-butene gives 77% Conversian to polymer and 1-hexe

EI.-. .-u.-u—...-.ue-J
[l 1} |:'r NiF Wivoa g

ne @ canversion of 40-

— tvity dgcreases in the order ethytene > propylens = 1-bulgne =

1-hexena = 1-octane = 1-decene [Skupinska, 1991). The palymer products produced

ave

—from propylens, 1-butensa, 1-penténs, 4-methyl-1-pantene and 1-hexene also h
lawer molecutar weighls than the praducts prapared from ethylena (Clark of af, 1936).

! iterature review
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2.4, POISONING OF THE Cr/S3i0Q; CATALYST

The addition of CO to the active Cr/Si0, catalytic system during ethylana polymerisation
rasults 11 deschivat - inhibyi
reversible since the presence of sthylens results i the desorption of CO from the active

sites which are necessary for polymarisalion, and the active catalyst is thus

regeneratad,

2.4.2. Hydrocarbon monomer

An initial reaction of the hydrocarbon wilh Cr™ can result in the formation of oxygenated

_ compaunds which cause temporary toxificalion of the calalyst (Hogan, 1970}, The

imlial palymerisation rate may thus be slawer befora the rate increases with removal
of these compounds. Reduction with CO decreases ine farmation o

eompounds, and results in a faslar initiation of the reachion.

2.4.3, Polymerfoligomar preduct

Vuilaume et &l , {1971) and Kazansk and Turkevich {1267} foung Lthat the reaction rate

are over a LSl ralalsal rasches 8 maxmoam and thaen
for the polyrmensaton of ethylene OveET 8 Loy SEEy S Toak
lavals off due to blockage of the surface by the p olymer. The reaction lime befare

!n a.”i.—. P Y T !'1il !rgm minutas tD hDurE-

3 - “
L =R ) IPIH AT W@l B W RN

2.4.4. Oxygen

g tha polymerisation of athylens decreases linearly

PR N p—— P N
1 AL

guanity of polymar iIsimes

he
with the amount of oxygen added to the system. The active catalyst changes from a

blua colour ta a hlack or brown colour when exposed to oxygan {Groeneveld &f af,

== i——1

I ileralure Roview
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K

Aavanals: amAl

1QRQ \ Thﬁ \ s ..._ 1 ANN"T
Jee a) ine y Kazanskiand T vich (1907
in terms of the possibility that the oxygen does not react with the active centre, but with

the organic ligand. Itis also known that the coordinatively unsaturated Cr?* on SiO, is

readily oxidized to Cr®* at room temperature with a resultant loss in the activity of the

.....5-1 ik FLEE O Allae o A OONN IO mm ommblo LA a- . R
Cataiyst (nill &« Unimani, 199V). (o€e sSecCuo Or Turtner aiscussion. )

2.4.5. Water

The absorption of water results in the formation of a distorted chromium octahedral

centre similar to those found in aqua complexes of chromium in aqueous solutions

(Kazancki & Turkevich 1987 Przhevals ka va et al.. 1975). The presence of mnictiira
\ L 1o G, o0/, ATV aie ’ ] FIT MITSTILE Ul TViowun ©

¥ \&4, 1 IIN AR 7 AV I\ V)

in the oxygen/air used during calcination results in destabilisation of the Cr® at higher

temperatures (>400°C). The polymerisation activity was also drastically reduced under

these conditions due to hydrolysis of the Si-zO-Cr bond (Hogan, 1970, McDaniel, 1982

c). Hogan and Banks (1958) indicated that the presence of 6.5% water vapour in the

air used during the caicination step resulted in a 44% decrease in catalyst activity. A

catalyst calcined in moist air, turned a bright green colour while a catalyst calcined in

PR e

dry air turned grey-green (Hogan & Banks, 1958).

Most sulphur-, oxygen-, nitrogen- and halogen compounds are toxic to the Cr/SiO,

catalytic system (Hogan & Banks, 1958; Havas ef al., 1994). Hogan and Banks (1958)

found that the concentration of these compoun
parts per million and preferably not exceed 100 parts per million, while Havas et al.

(1994) found that in the case of compounds such as CO, H,0, 0, and NH,, a mass

ratio of the specific substance to the catalyst of 0.001 is sufficient to deactivate the

catalyst.

Literature review



The above literature study illustrates that a great deal of research has been done on

the polymerisation of a-olefins in the presence of a Cr/SiO, catalyst, while the data

@
QD
3
@
2,
v
Q)

avaiiabie on the oli

appeared on the oligomerisation reaction, the reaction conditions were mostly fixed,
and no in-depth study was done on the effect of a variation in the reaction conditions
on the oligomerisation reaction and the oligomer products (Wu, 1989 a, 1989 b, 1992;
Pelrine & Wu, 1991; Pelrine et al., 1992, 1993; Pelrine, 1991, Wu & Chu, 1994).

studies on the Cr/SiO, catalysed oligomerisation reaction justifies

a more extensive investigation into the Cr/SiO, catalysed oligomerisation reaction. The

assumption made in this thesis is that the polymerisation data also apply for the

oligomerisation reaction.

In general the literature data for the polymerisation reaction suggest that the active

chromium species is in the Cr** or Cr¥*/Cr* oxidation state and that the reaction

RN Py 1Y
mechanism of Ariman and Cossee appii es for the poly

Cr/SiO, catalyst (Przhevalskaya et al., 19 975; Beck & Lunsford, 1981; Rebenstorf &

. J . Groeneveld et al., 1982, 1983 b;

Miesserov, 1970; Ariman & Cossee, 1964). Since the determination of the oxidation

state of the chromium does not fall within the scope of t
taken as the basis for interpreting the experimental work produced in this thesis. The

indings will be

Cossee-Ariman mechanism which applies for polymerisation reactions needs to be

tested for the oligomerisation reaction. If this mechanism proves not to be valid for the

n reaction. a more appropriate mechanism will have to be suggested for

~ &t

oliaomerisatio
uVI 1IN} |\’u '

Cr/SiO, catalysed oligomerisation.

It was indicated in the patent literature discussed in the review that the support should

and have a large pore volume to enable the oligomerisation

Literature review
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reaction to take place (Pelrine & Wu, 1991: Wu & Chu, 1994: Wu, 1989 a, 1989 b,
1991; Hogan & Kitchen, 1965). The effect of the use of different support materials on

the oligomerisation reaction was hence not investigated in detaii in this thesis. From

the polymerisation activity data reported chromium loadings lower than 1.5% were used

in the thesis study

s

The polymerisation activity of the catalyst was reported to increase with calcination and
reduction temperatures (McDaniel, 1982 c; Zecchina et al., 1975; Merryfield et al.,
1982). Short reduction times of 2 to 8 minutes were found to produce optimal catalyst
activity (Beck & Lunsford, 1981; Groeneveld ef al., 1983 a). The effect of the reduction

temperature and reduction time on the oligomerisation reaction were hence studied by

means of a statistical optimisation program. Ine eftect of the activation temperature

on the oligomerisation activity was also studied using "one-variable at a time"

H, in the polymerisation studies, CO was also used as the reducing agent in most of the

experiments performed in this investigation (Fubini et al,, 1980; Groeneveld et al,,

1979).

In the limited data available on the oligomerisation reaction, no structural

_ determinations of the various oligomer isomers have been done prior to hydrogenation.

It is thus of importance that such an investigation is done. The use of GC-MS and NMR

spectroscopy technigues wouid not oniy enabie suci ions but would also

assist in proving the Cossee-Ariman mechanism as being valid or invalid for this

Although there is literature data available on the effect of the reaction temperature and

pressure on the polymerisation reaction, these topics have not been extensively

n reaction literature. In addition to a study of the effect of

....... O S ¥ By

covered in the oligomerisa
reaction temperature and pressure on the oligomerisation reaction, the need was also

identified to establish the effect of a varying LHSV on the reaction. These three

Literature review
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variables were hence studied by means of a statistical optimisation program: this has
not previously been reported in the literature. To support the statistical optimisation

data, several "one-variabie-at-a-time" experiments were aiso performed using these

variables.

The 1-hexene feed to be used in this study contained trace amounts of oxygenate
compounds. Since the deactivation effect of these compounds was mentioned in the

literature, it was identified as an important subject for investigation (Hogan & Banks,

1958; Havas, 1994).

Literature review



56

l Chapter 3

l Molecular sieves and their properties I

3.1. INTRODUCTION

Molecular sieves (Y, ZSM-5 and MCM-41) have been shown to have the ability to
oligomerise a-olefins to longer-chain products (O'Connor ef al., 1991; Garwood &
Schoennagel., 1985; Pelrine et al., 1992, 1993; Knifton et al., 1994, Bhatia, 1990). In
view of this it seemed appropriate to inciude a section on the oiigomerisation of 1-hexene
wtalysed by molecular sieves (Chapter 10). A general overview of molecular sieves, their

to be studied in this thesis (Y ZSM-5 and MCM-41) will also be discussed in more detail.

3.2. MOLECULAR SIEVES IN GENERAL

3.2.1. Characteristics

Molecular sieves are porous solids with pores which have molecular dimensions (3 A - 20
A in diameter) (Flanigen, 1991). Zeolites are hydrated, crystalline tectoaluminosilicate

ni \-ll lllv‘ﬂl’ ‘rlﬂl Hyei i, 1ve —~wwiieew S Y

molecular siaves with a uniform pore size, delineated by their crystal structure (Davis,
1991; Flanigen, 1991). The term zeolite is derived from the Greek words “zeo" and

"lithos" which mean boil and stone respectively (Davis, 1991).

Zeolites can be represented by the following empirical formula (Flanigen, 1891; Breck,

1964):

o~
w
-
N’

: MO
M, 0. ALO;. y SiOz w0
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where M is a group 1 or 2 element such as sodium, potassium, magnesium or calcium, y
ranges between 1 and 10, n is the cation valence and w is the water content of the silica.

The exchangeable cations permanently occupy the channeis and cavities of the zeolite

(Barrer, 1968; Flanigen, 1991).

The three-dimensional zeolite structure consists of a framework of TO, tetrahedra (T =
tetrahedral atom eg. Si, Al), linked to each other by the sharing of oxygen ions (Flanigen,
1991; Davis, 1991). The framework ratio of O/T is always equal to 2 since there are two
oxygen atoms for every tetrahedral atom in the structure (Davis, 1991). These tetrahedral
rings form the faces of the polyhedra and also give access to the polyhedral cavities of the

zeolite (Barrer, 1968). The cavities usually open into other like or uniike cavities by the

sharing of certain faces with these other cavities, which results in the formation of

interconnecting channels (Barrer, 1968).

Since each oxygen anion in the zeolite framework bridges two T atoms, and thus shares
electron density, the SiO, unit in a framework is neutral (Davis, 1991). In the case of an

AlO, unit in the framework, the net charge is -1 since aluminum carries a +3 valency

. I N [P R P,
ed by’ €acn Al ion is palanced

oo L1
[

(Davis, 1991; Flanigen, 1991).
by a positive ion (M in the above empirical formula) to give electrical neutrality. The

The

channels of the framework structure are occupied by cations and water molecules

(Flanigen, 1991).

3.2.2. Preparation of molecular sieves

Molecular sieves are mainly prepared by precipitation/crystallisation of an aqueous mixture

of reagents at 6 < pH < 14 and temperatures between 100°C - 200°C (Jansen, 1991). The

chemical sources required for zeolite synthesis are SiO, (primary building units of the

Molecular sieves and their properties
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framework), AlO, (origin of framework charge), OH" (mineraliser), an alkali cation

2N

(counterion of framework charge) and water (solvent). In some cases use is made of a

template molecule. These organic molecuies play a central role in nucleating and

crystallizing a specific structure (Chatterjee & Vetrivel, 1996).

Crystallization of the hydrous gel with time can be represented by a sigmoidal curve
(Breck, 1964). An induction period, which varies from 1 to 4 hours is generally observed
and corresponds to the growth of crystal nuclei to a critical size. This is then followed by
the rapid growth of the crystallite to the final full-grown zeolite crystals (Breck, 1964). The
sequence of reactions that take place during crystallization of the reaction gel are the

R
[

VVH Ig \

tig 1990):

ricGausa v g

NaOH,,, - NaAl(OH), - Na,SiO;

25°C g, (AID,),(SIO,),-NaOH .H,0
(gel phase)

25°C-175°C  Na (AID,),(SIO,),-2H,0 + solution

_1solation of the crystalline material is the final step of the synthesis procedure. in cases
bl 4
molecule, the prepared zeolite will still contain template

where use was made of a template

molecules after the synthesis reaction late molecules are ideally removed by

calcination in air in an exothermic reaction (Kouwenhoven & de Kroes, 1991).

3.2.3. Special properties of zeolites

Zeolites are seen as very special when compared to other crystalline inorganic oxide

Molecular sieves and their properties
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materials due to a combination of special properties (Moscou et al., 1991). Some of these

properties are the following (Moscou et a/.,, 1991; Davis, 1991):

i Microporous character with uniform dimensions. which allows for certain

hydrocarbon molecules to enter the crystal pores while others with too large a

i The pores of zeolites are in the same range as small molecules

. The ion-exchange properties

Iv. The internal acidity which enables interesting catalytic organic reactions
V. High thermal stability of the zeolites
Vi. All metal-oxygen tetrahedra are exposed to the surface while in non-porous

inorganic solids only the surface atoms are accessible

vii, ccessibility to modification i ions,
replacement of Si and Al in the zeolite framework and introduction of metal particles

The acidity of zeolites is mainly caused by the presence of Brensted acid sites (van Hooff

& Roelofsen, 1991). The Si-O-Al bond angle determines the lability of the proton attached

he Si-O-Al bridge, and thus ult

al., 1996). The acidic properties of zeolites also depend on variables such as the method

imately determines the acidity of the zeolite (Muscas et

of preparation, form of the zeolite, temperature of dehydration and the Si/Al ratio (Bhatia,

1990). After high temperature treatment, Lewis acid sites may also be present.
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H H
Si Al Si Al
Bronsted-acid site

i -H20

PN AR
/ \ / \\
Si Al Si Al

Lewis-acid site

In zeolites where the balancing cation is H*, the framework is a solid-acid that can reveal
shape-selective catalytic properties (Davis, 1991). These properties are the result of
confinement of the acidic proton within the zeolite pore structure. Three different types of

s
shape selectivity can be identified wi Bhatia, 1990).

z
catalyst pores. Product selectivity results when only the product species with the proper

dimensions can pass out of the catalyst pores and appear as observed products. In the
latter case molecules which are too large to leave the catalyst pores are either converted
to less bulky molecules or eventually deactivate the catalyst by blocking the pores. The

third type of selectivity is restricted transition-state selectivity, which takes place when

certain reactions are prevented by non-formation of a transition-state which would require

more space than available in the zeolite cavity (Bhatia, 1990).

3.2.4. Characterisation of zeolites

A wide range of techniques are available for zeolite characterisation. Two common

techniques are XRD and IR spectroscopy.

W%;amnp solids with a reqular structure, each one has a

characteristic diffraction pattern which can be used to identify the particular zeolite,



Each specific zeolite also exhibits a typical IR pattern. The IR patterns of zeolites consist

Y Y 4 £ _ L A . AT AN
of two types of spectra (Breck, 19/4):

I Those due to internal vibrations of the TO, tetrahedra (Internal tetrahedra)

i, Vibrations which may be related to the linkages between tetrahedra (External

linkages)

The following IR assignments generally apply to the above mentioned two types of

LI

Rroark 10684)
LI G .

i. Internal tetrahedra

1250 cm™" - 950 cm™"; Asymmetric stretch
720 cm' - 650 cm': Symmetric stretch
500 cm™' - 420 cm™: T-O bend

ii. External linkages
650 cm' - 500 cm™": Double ring
cm™ - cm™: i
750 cm* - 820 cm’"; Symmetric stretch
1150 cm-" - 1050 cm*': Asymmetric stretch

Molecular sieves and their properties
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3.3.1. Zeolite X and Y (Faujasite)

_________ R | - Al

Faujasite (FAU) is formed by sodalite cages which are connected via doubie-six rings

(Wallau & Schuchardt, 1995). The channel system is thus a three-dimensional circular 12

system with spherical 11.8 A cavities (supercages) which are connected

LA St Rt o L

via 7.4 A windows (Jansen, 1991, Wallau & Schuchardt, 1995). The composition of these

1 5andinzenliteYitis?2 4+ 08 /(Jlansen
1.2 Sl 1 LTVIRT § R e L5 L V.0 (vanisTia

In Figure 3.1 the faujasite structure with its 26-hedral cavities is shown

)
68 Wallau & Schuchardt, 1995; Rigutto, 1991).

Figure 3.1: [lllustration of the 26-hedral cavities of the faujasite structure (Barrer, 1968;

Wallau & Schuchardt, 1995).

Molecular sieves and their properties
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The symmetry of these zeolites is cubic (a=b=c). The unit cell dimensions can thus be
characterised by the simple lattice constant a. With increasing Al content the lattice
constant will increase due to the fact that Al-O has a longer bond length than Si-O (Blatter

umacher, ) se zeolites are hydrophylic in character (Jansen, 1991).

Figure 3.2 (Breck, 1974). From this it can be seen that the gel composition for the

formation of zeolite X, Y and A is very simiiar.

iretsra 2 9. Nesotallioand
iguire v.a: U "

Al,O3

3.3.2. ZSM-5

The composition of zeolite MF1 (ZSM-5) is Na,[Sige ,AlO1g2]. 16H,0 (n < 8). This zeolite
has three dimensional straight 10 oxygen atom rings with 5.2 x 5.7 A channels which are
connected by sinusoidal 5.3- x 5.8 A channels. The intersection cavities are more or less
9 A (Rigutto, 1991). A representation of the channel system in these MF! type zeolites

can be seen in Figure 3.3.

Molecular sieves and their properties
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Figura 3.3: Schematic representation of the channel system in MF| type zaalites?
{Rigutto, 1921}

Isotypes.  Four various single crystal forms of Z8M-5 exist, namaly alongated prismalic,

cubic-shaped orthorombic, pyramidal and shalf-like [Jansen gf af, 1985

3.3.3. MCM-41

MCM-41 is & Mesoporous non-crystatine silicalgfaluminosilicale with a haxagoenal

arrangement of Uniformly Sized Mesopores of 15 - 100 A {Chen ef 2L, 1993; Kim & Inui,

1996 Aeck of af. 1992). MOR-41 can thus be classified a2 a molecu
azaolle Pure silica MCM-41 prepared from Gy TMACH {hexadecyltrimelhylammanium-

bromide - CaHeBrN a8 templata

Minimal pore size varations are found in MCHM-41 which are normaily only found in

~ microphrous molscolar sigves. 10 terms of local struclure and bonding, MCW-41
resemies amorphous silica or aluminosilicates.  Aluminosilicate M{M-41 also has an

Molecular sieves and their properties
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acidity similar to that of amorphous aluminosilicates {Chen ef af, 1893; Zhao et al, 1956},
MCM-41 materals {both pure-silica and aluminosicate) are hydrophobic since the amount
of adsorbed organic malerial greally exceeds that of adsorbed water (Chen of af, 1993).

vapour before structural collapse begins (Chen ef af, 1983} Bolh pure-siica and
aluminasilica MCM-21 have a high thermal stability, but a low hydrothermal stability {Zhao
et al.. 1996).
With sodium aluminate as the Al source al! the alumina can be canverted inlo tetrahedral
’ e MCM-41. ol for vary low SitAl ratins (< 18) where octahedra
- igs are also present {Janicke ef al, 1954). There is thus a limit to the
dagres of aluminium incorperalion ints MCKM-41. Tha extent of Al incorporation in the

framework |5 also sensitive 10 the natere of the-alominium-source {Janicke et g 18954 —

The presence of aluminium in the framework of the MCM-41 material influercas lha

stabilily of the structure to calcination (Mokaya el af, 1998, Janicke ef af, 1904). The

number of acid sites generatad (Brgnsted & Lewis sites) as well as the activily, increases

as the amounl of aluminium in the MCM-41 framework increases {Mokaya ef af, 1596,

Janicke et af. 1994). Dus to the fact that the Al in MCM-41 is not bound ta oxygen very

slrongly. the AFH bond is a strong one, thus making MCh-41 8 weak acid [Janicke af &l

1994; Mokaya et afi., 1998).

The syrithesis mechanism af MCM-41 relates o the formation of randomly ordared rod-like

micglles {Chen el af., 1983). These micelas interact with silicate specias. and lwo or three

monolayers of siica are epcapsutated arqgun
1903). The hexagonal packing characterislic of MCM-41 is a

d the axternal surfaces of the micalles by

condensalion {Chen ef &/,

resull of the spantaneous assembly of the composite species (Figurs 3.4).

Mofacaiar sleves and their properties
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Figura 3.4: Machanism praposed for the formation of MCM-41
(Chen et al., 1893, Beck ef af, 1952)

Furthes
Condensalion Condenaallen

as 4 -

-—

When MCM-41 is further heated, continual condensation of the interslitial spaces in the
ordered oraanic-inoreanic compasite phase takes placs. Since siican-oxids species ara
necessary for charge compensation of the occluded alkylammaonium igns, complete

condensation of the silicate species is not possible (Chen ef &, 1893). The XRD patlern

of ealrinad MCM-41 contains d-spacings of 39.8. 22.5, 19.8 and 14,9 A respectivaly (Beck

of Af 40021
LA Or. IJ-D'L']-
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J.4.1. General

Tk~
(ML=

ot
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Davia, 1991},

As agsorbants, desiccants and in separation processes. That z2alitas are molecular
sieves, contain [arge void fractions {Zecltes A and X have almost a 56% wvoid

fraction) and are hydrophilic, rakes them idealty suitable to be used as adsarbents

As catalysts in petroleum refining, synfugls production, petrocchemical production
and catalyst supports (Kouwenhoven & de Kroes, 1931). Zeolites can be descnbed

_Foar = T

naphtha cracking, isomerisation, disproportionation and alkylation (Masuda &
Hashimota, 1895}, Some of the praperties which rrake zaoltas vary versatie as

a catalyst component, are tha variable size and shape of the zealte crystalltes, thg

hrgh and thermatly very stabie internal siface area, the wall defined pores which
are of molecular dimensions, Ihe accessibility of a zeolita structure which may be

non-lattica ions by ion-exchange. the tetranedral coordination of the non-oxygen
atoms and the chemical compositicn of the latbce wihich 15 dependent on fhe

synthesis conditions (eg SifAl ratic) iKouwesnhavan & de Kroes. 1891). Weizz and

_____ 1950 Mzt zeolites can b applied as malecular shapa-selective

[—y =1 138 L

catalysts [Wallau & Sehuchardt, 19951 Zeolite H-Z5M-3 is specifically used in

many catalvtic reactions due to the fact that it is a shape-selective catalyst (van

Hooff & Roelofsen, 1531, Zeolte ¥ is specifically usad as & cracking catalyst fvan

Molacular sieves and their properties
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Hooff & Roslofsen, 1861 Jansen, 1991). MCM-41, with ils molecular sieve
structure and large pore sizes has great possibiities for use in the cataiytic

convarsion of motecules which are toa large to enter conventional zeolite pores

~ {Ryooetst 1886)
in. As detergsnl builders {almast exclusively zeolle A) - walar soflening due to

exchange of Ca®" far Na*
. Miscallanegus applications stch as wasie water treatmert, nuclesr sifluent

1 Jrp— |
[¥ |

treatment, animal feed suppiements an

& presence of zadlites

The Brensled acid sites on Zgoiites nitigls e aligomarisation of plefins. Cligome

polites i thus detarmined by lhe Branstad agid site density, the Bransted

acidity and the accessibility of these acid sites (Knfton &t af., 1894),

activity of z

Accordmg to Knifton et &l (1994). gealuminated Y-zeolitas with high slica-ta-alumina ratios

LI sl bl |

are effective solid acid catalysts for Cy, - £y Ghgomerisaban, Knifton et af (1994) found

in IMeir studies on the oligornerisation of 1-tetradecens (C,,} in the presence of zeolte Y

ihat an increase in the gilica-to-alumina molar ratio rgsulted in increased convarswon and

formation. Their studies also revesled that the oligomerisation catalysed 0y

Ehatia [ 1950) faund thal rapid
pore zedltes such as ZoiA-5, Z50-11 and Z5M-22 al relalively
I lamperatures, Remarkable salectivily and stapility can be achigved which 15 not found

in the presence of medium

with large pore zmmmﬂhaﬁaﬁgggé.—galﬂﬂﬂﬂ—ummﬂﬂﬂmied shape-salective
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aligemerisation of C,-C,; plefins to higher olefins over ZS-5. H-Z5M-5 zacltes have

baan proven ta be active in the true acid catalysed oligomerisation of C.-C, olefing under
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the secondary carbon atom since this would result in a mare stable structure (Morrison &
Bayt, 1987). The carbocation then reacts with the « carbon atom in anather propylens

molecule, with the resuit that brancing ocours and a carbocafion 5 once again formed.

Th uniil termination {wa hydrogen slimination) steps in (Marrison &

he sequence repeats unlil terr
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Under mare severa reaclion conditions, random gligomensation or olafin inlerconyarsion

can ocolr {Jacobs & Maring, 1891)

Lo+ Gy Cat e G+ G (3.5
L +Co e Gy m G+ G5’ (3.6}

Palrine and Schmilt {1992} and Pelrine at al, (18592 1993) made use of a chromium
impregnated MCW-41 catalyst to oligemerise a-olafins to a high viscosity and viscosily
Index product, A camparison belween a CriMCM-41 and CriSi0, oligdmerisation catalyst
indicated hat the MCM-41 supportad catalyst producsd & Iagher viscasity oligomer than

Molecutar siaves and their propertias



the silica supported catalyst (Pelrine gf af, 1992, 1993} With the use of amorphous

supports such as the silica in the C

deternmined by the reaction temperature (Pelrine ef of._ 1982, 19532). According to Pelrine
_ ptal, (1993 1993) tha use of MCM-41 as support enables the production of a product with

LY = o T H
TIitdy i

a widely differing viscosily without the need to change the reaction temperature. The

RN [ N M

flexibility of the operation 15 (hus improved ang the e product charactaristics may be modified
aver a wider range. The largs size pores of mesoperous maolecular sieves such as MCM-

41 m tentially useful as heterogeneous catalysts {Makaya ef af., 1355)

(igomarisalion reactions have been performed by varinus researchers with different

zeolite calalysls. The results oblainad are summarised in Table 3.1,

I-

Moleculiar sieves and fheir propariies
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Table 2.1:  Qligamerisation results abtained aver various zealite catalysts
Garwood & Pelrine et al,, | Knlfton etal, | Schwarz ei
Schoennagel, | 19921993 4994 | —a/, 1989 |
1985 O'Connor et
al., 1991*
Catalyst 25M-5 2% CrWICM-41 | Dealuminaled ZSM-5
Zaolite Y (SitAl e 20)
Clefin 1-hexene 1-decena 1-letradecens propens
{Cyal
WHSV 0.5 1.8 i {LHSW 0.2 h! 12 h?
| Temperature 230°C 12000 155°C 000
Pressure 102 bar 7 15 bar 5 kar
Conversion { 163 (6.4 days) 7 71% (100 hre) | 95 % (14 hrs)
95% {400 hrs)
Viscosity at 236 bt 2419 ¢St . .
40°C
| Vi=cosity at 4.6 St 2385t 462 ¢St
100°C
 Viscasity 106 237 125 -
index
*E¥tough the condisons used In This column are not In the arder e fhe condifians used i tho Other thras
columng of this table, the resutts are noverthedass included for the sake of comparison

Erom the above table it can ba seen hat ralatively extrame reaction conditions weare used

for oligomerisation wilh 2eclites ZSM-5 and Y. The conditions used with the CHMCM-41

catafyst were ol g 8XE

Molaculiar sieves and their properties
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amployad for oligomerisation studies done in the: prasence of Crf8i0, (Pelring et a/, 1992,

1993,
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] Chapter 4

l Experimental procedure

4.1. INTRODUCTION

This chapter descripas the procedures followed in the preparation, testing and
characterisalion of Cr/SiQ, and zeolite calalysts as well 35 the proceduras faltowed i

the characterisalion of the feed material and the cligomer products,
EPA L5

The preparation of the active Cef5i0, catalyst immlved wariolus sleps [support pre-
Ireatment, impregnation of the precursor, drying and calcination of lhe catalyst and

finally reduction to the active slate]. in the initial expari
and tasting of the CriSi0, catalyst Ihe conditions wsed in the literature reports of 1

apparant that the procedurss had to be modified to achieve oplimum catalytic

pehaviour i the work described below.

1. GChemicals and s

a
L -

The chemicale and silica Supperts used in (he preparation of varitus calalysts and

zealtes as wall as in the testing of these campounds are listed Dolow.

Chemicals used in the preparation of the caialysts included®;

‘Supports edlcinad at 6U0”C for 13 hours

Experimental procedure
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Aergsil 200 510, BET surface area; 200 m®.g" - Degussa Lid
A0y BET surface area; 190 cm™ g - Sadchemie

d XP19 5i0,: BET surface area: 227 cm?.g"' - Sudchemis
Cravison 952 510, BET surface area; 322 cm™ g - Darex Africa

Ueionised water (H,0j - SCI

KA1 92% S, + 8% ALQ, beads: BET surface area: 108 cm? g7 - Sidchemis
S0y, BET surface area 230 cm™ g - Chemworld

Si10,. BET surface area: 135 e g - Aldrich

ity 2

Sorbead AF25 S0, beads: BET surface areal 423 cm™ g - Sudchemis

r 3 - = _rw Y F e .
a0 o e o

~ Chemicals used for tha zeolite preparation included:
Sodium aluminate (NaAld,} - Riedei-de-Haén
Sodium hydroxide (NalQH) - J.T. Baker
Sadium matasilicate {Na.81D, 5H;0) - BDH Chemicals
Sodwm silicate solution (27 wi% Si0,) - Aldrich
Tetrapropylammonium bromide {CqaHeBrN} - Janssan Chimica
Octadecyltrimethylammaonium bromide {CHy{CH_},;N[CH,)Br) - Aldrich

Celyitrimethylammonium bromide {CiaHBrN) - Aldrich
Talramatharmonium hydroxids ([CHa),NOH) (25 wite i MO - Aldrich
Tetra-athylammonium hydraxide ((CoHgJ,NOH}Y - Aldrich

CAB-O-5IL M& Fumad silica - BDH Chamicals

Ludox LS 30 coloidal silica - DuPont Chemicals

All \ha reagents lisied above wars of the highast purity availabte from the respechive

suppliers. and were used without any lurther purification.

Experimental procodure
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Chamicals used for catalysl and zealie testing include:
Carborundum (24 grit) - Saarchem

1-hexens (= 98.5 % Cg) - Industnal

_l.'!

C./Cg fond {45% E} - Industrial

1-pentena (> 98.5 % C,) - Industrial
Zoolte HZSM-5 1418 extrudates - Sudchemia

- ' . ] 2

2TV
— Cr,04/SiD; - Mallinkrodt Chemicals

Zirconia basad solid acid catalyst - Mallinkredt Chemicals

4.2.2. Gases

Tha gases were all supplied by Fedgas Ltd and were of Ultra High Purity (LIHPY,

accompanied by a certificale of analysis, The following gases were used:

Synthetic Air (21% O, 72% Ny, <« 4 vprm HyO, =4 wpm CoH )
Nitragen 5.0 [« 2 vpm Oy ¢ 2vpm H;00 & 1vpm COy < 1vpm CHyo < 1 vpm CO)

Hydrogen 5.0 (¢ 3 vpm Oy < 2 vpm HO; < 0.5 vpm Gl
Oxygen S 0O
G0 2.0

Experimental procedure
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4.2.3. Preparation methods

4.2.3.1. Catalyst prepamtion

Procadunss have beert ghver i the liarature for the praparation of an ackee CroySio,
aligomerisation catalyst (Wu, 1989 a, 1891, 1952, Buchanan & Wu, 1994. Palrine &
Yu, 1991, Wu & Chu, 1984; Hogan & Kilchen, 1985; Palrine et a/, 1592 1983
Pelrine, 1981, Scaranc ataf, 1994; Zacchine et al., 1984: Hogan, 1970, Talt, 1989,
Will, 1974; Whiteley ef &, 1582, Hogan & Kitchen, 1965; Krauss & Wesiphal 1977).
The sugpestions made in the literature guided this work. A camparigon of the litaraiure

ol I .-,.IL T PR o e | ] 1 H io o H
HEE YWIU P U R T MUUI“ LIRS I W1 T N D WiV (]|

Table 4.1: Genaral procedure énd reagenis used in the preparafion of an active

CrOySi0, catalyst
Literaturs data (Wu, This work
1988 &, 1881, Buchanan
| | & Wu, 1994) |
Support Jilica Silica or Silica/Alumina
Surface Area (nr’.g"'} 300 30 - 420
 Pore Volume (ew’.g”) 1.0 0.05-1.14
Pore Slze (A) 40 - 350 €3 - 140
Impregrating Sait Cr{CH,CO0); or Cr{NCy)y GrO, or Cr{NQ,),
Liquid Phasa Water/acetohs Watar
Drying: 1. Rotavap 1. 80°C + yacuum j. 70°C +vacuum
2 Cven 2. 250°G-400°C in Ny for | 2. 150°0 in N, for 2 hours
2 hours
s procedurs was not ussd in this work, 5incs it was found that an

IHEII"IEIP-IH'IIWIHBEE procedLing 'wa s hot
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uneven distribution of chromium was obtained. In the preparation use was thus rather
made of an excess quantity of water which was eventually removed on a Buichi Rotavap

(Rotary Film Fvanorator)

7

The following representative catalyst preparation method was used:

Silica or silica/alumina (50 g) was soaked for one hour in 200 ml of deionised water and
then the excess water was carefully poured off. Fresh deionised water was then added
again to obtain a total of 100 ml (s: 100 g) water. The mass of solid CrO; needed to

obtain a certain mass percentage o
was then added to the mixture while stirring. The solution was stirred at room

: it was connected to a Buchi Rotavap (Rotary Film
Evaporator) and completely dried under vacuum at 70°C. If the catalyst was not

....A&
1

completely dried on the Rotavap, the chromium was
this gave an uneven distribution on the support. This uneven distribution of the

Cl.
—

um was dl'V VISIble bV eye.

After drvina of the catalyst on the Rotavap, further drying was performed in an oven at
150°C for 2 hours. Atomic absorption spectroscopy was used to determine the

______ s

Cnrom'um Contem "l ne Samp

If the silica or alumina support was in the powder form, the catalyst was compressed

into the form of pellets after the drying step. The pellets were 2.5 mm in diameter and

1 mm thick. No binder was added to the impregnated catalyst during this pelletising

step. If the support used was in the form of pellets or extrudates, the pelletising step

was obviously not necessary.

4.2.3.2. Preparation of an extruded silica support

To simplify the above catalyst preparation method an extruded or pelletized support

Experimental procedure
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was used. |n this work the only siica scurce that praved to be useful was Davison 952
siica,  This suppord, unlikg otfier sugponts which were mitialy studied, could be
exiruded or pelletized and gave a linal praduct with 2 high surface arsa after the

calcinalion step. |nitiglly atlempls ware made {0 extrude the support without the use

of a binder, but on extrusion all the water added o Ihe silica was forced oul of tha silica,
wilh ihe result that the silica could not be extruded. The prezence of a binder Lo
minimisa s effect was thus gssantial. Bentonite and nevilose {first ond secend

gggi-gn!y} ware testad A5 poasible hinders . using the fnllnm.ng method:

1 30% of Ihe binder {by mass) was added to 1 liker of Davison 952 silica,
2 The silica/binder mixiure was mixed conliniously using a Kenwood mixer whilst

A4 2 mal f A=l
T 1 Fid e O QIS 0nS0 W

3 The micture was then extruded using a 2 mm nozzle and dried at 120°C for 16

howurs,
4. Tha extrudates were thereafter calcined at 600°C for 18 hours to remove the
hinder [excopt in the case of benlanite which was not remaoved during the

calcination step).
5, The BET surface area of the extrudates was determined before and after the

calcinalion slep [See Table 4.£).
= As a third option extrudiates were prepared using salicyic acid as a hinder. The

Experimental procegure



