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1 INTRODUCTION AND AIM OF STUDY

1.1 Background

Most of the a-olefin production in the world is ethene-based and results in the production
of even numbered a-olefins.'” SASOL’s Fischer-Tropsch (FT) process is based on
synthesis gas (H; and CO) and results in the production of a range of even and odd

* Historically the odd numbered, low molecular weight a-olefing

numbered c-olefins.
(especially 1-heptene) are of low value. Olefin metathesis can play an important role in
converting these low value olefins to higher value, longer chain olefins in the detergent

range (Cm-Cm).S

When a linear olefin undergoes self-metathesis a longer chain symmetrical infernal olefin
and ethene 1s produced.6 Double bond isomerization of the substrate olefin gives rise to
internal isomers which can in tum undergo secondary metathesis to give a range of longer

chain products. The case can be illustrated for 1-heptene as depicted in Scheme 1.1.

Scheme 1.1 depicts only secondary metathesis products which form when 2-heptene reacts
with 1-, 2- and 3-heptene only. There are various other combinations which may occur,
giving rise to a statistical distribution of products. A possibility may exist for
isomerization of the internal olefin product and this will further complicate the product
spectrum. It can be concluded that if a suitable catalyst system is used different longer

chain internal olefins in the desired range (C¢-C,3) can be produced.

Olefins in the C0-C3 range can be converted to alcohols by a hydroformylation process, in
which olefins react with synthesis gas to form aldehydes, which in turn are hydrogenated
(Scheme 1.2). By using the correct catalyst an internal olefin can be hydroformylated and
hydrogenated to form a linear alcohol, because under the appropriate reaction conditions,
isomerization of the double bond takes place, and a-olefins can be formed before the

hydroformylation 'stf:p.8
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Primary metathesis:

20=Cf == (=C + Cg=Cq

Doubie bond isomerization:

C=Cs Cr=Cs = — GC3=C4

Secondary metathesis:
+ C=Cg ~—— C=C; + (Cs=Cq + C=Cs + Cy=Cq¢
Cy=Cs +  Cp=Cs ———= Cp=Cy + Cs=Cs

+ C3=Cqy ——— Cy=C3 + C4=Cs + Co=Cs + (C5=C;

Scheme 1.1 Role of double bond isomerization in I-heptene metathesis
(only carbon atoms and double bonds shown for simplicity).

HCO(CO)3PR3
R-CH=CH, +CO+2H, —————— R-CH,CH,CH,0H

Scheme 1.2 The hydroformylation of an olefin to an alcohol.

An example of this technology is in the Shell Higher Olefin Process, where internal olefin
fractions obtained from ethene are converted with synthesis gas to alcohols.® The alcohol
mixtures formed consist of up to 80% linear compounds and are used in the plasticizer and
detergent industries. These alcohols are important intermediates for a large number of
chemical products, but over 95% of them are used in detergents. '" To a lesser extent they

are used directly as wetting, emulsifying, and foaming agents.
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Internal olefins may also be used as feedstock for the alkylation of benzene to form linear
alkyl benzene sulphonates (LABS). LABS are the most important synthetic materials in
the surfactant industry. These are synthesized on an industrial scale by the alkylation of

benzene with high molecular weight olefins (Co-C, 2)."!

In order to commercialise a metathesis process that produces internal olefins from o-
olefins a number of factors need to be considered, e.g., the choice and selectivity of

catalyst, lifetime and regeneration of the catalyst, resistance to poisons and fouling.

The catalyst of choice should not necessarily be highly selective to the primary metathesis
products. It should allow an appreciable amount of isomerization to occur, since a range of
olefins is desired as the product. However should it be required that the primary product
selectivity be increased, it must be possible to fine tune the catalyst to achieve this
outcome. Often the requirement for detergent range olefins is that the range peaks at the

C,» olefin.?

Industrial feeds often have many impurities and poisons present. It is well known that
metathesis catalysts are sensitive to trace amounts of certain feed impurities, especially
polar compounds. Water, air, carbon monoxide, acetone and methanol have been reported
as catalyst poisons.[2 Feed purification is often necessary and may be costly. In addition
autoxidation of olefinic feeds lead to formation of peroxides, which deactivate metathesis
catalysts."® It is desirable to use catalysts which are less sensitive to catalyst poisons and

that can be regenerated easily.

Metathesis is often accompanied by isomerization which is a reaction catalyzed by acid
sites.'* Side reactions on acid sites often lead to the formation of carbonaceous deposits on
the catalyst. The build-up of these deposits eventnally leads to deactivation of the

catalyst.'” Finding ways to limit carbon deposition is an important economic objective.
y g way p )

Regeneration of the classical transition metal oxide supported metathesis catalysts is
achieved by buming of the carbonaceous matenal at 600 °C in air. Most of these catalysts

can retain their activity after numerous regeneration cycles.'
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The most common catalyst employed in industrial applications of olefin metathesis is the
WO3/S10; system which is used in processes such as the Neohexene Process and Olefins
Conversion Technology (OCT).lz 18 The WO,/SiO, system is employed mostly for the
metathesis of shorter chain olefins.'” There are currently no commercial applications for

this catalyst using longer chain olefins (Ce+).

1.2  Aim of Study

In view of rising raw material and process costs it has become increasingly important to
use a large proportion of lower olefin feed stocks in value adding processes. Olefins are of
special importance as starting materials for synthesizing surfactants. Important examples
include the alkylation of benzene with olefins to form alkyl aromatics and the
hyvdroformylation of olefins to form oxo-alcohols. Olefin metathesis enables low
molecular weight olefins to be converted to higher molecular weight olefins which can be

used as surfactant raw materials.

The focus of this study will be on the investigation of the WO3/8i0; catalyst for the
metathesis of an industrial cut 1-heptene or 1-octene feed to longer chain olefins. 1-Octene
was used as a model feed for the industrial cut 1-heptene as it is cheaper and readily
available. WOs/S10, is a commercially wsed metathesis catalyst with appreciable

1218 Silica-supported tungsten oxide catalysts are less active for

isomerization activity.
metathesis than their rhenium and molybdenum counterparts.'9 In order to obtain
acceptable metathesis activity, much higher reaction temperatures (300-500 °C) have to be
used for the WO3/Si0O; system. High reaction temperatures also favour coke formation'’

which leads to catalyst deactivation.

The system has a high potential for practical applications in metathesis, mainly due to its
low sensitivity to trace amounts of catalyst poisons and to coke formation at the elevated
temperatures at which it is applied."”” The online lifetime of this catalyst is greater than
both the rhenium and molybdenum systems and it can also be regenerated continuously

without any adverse effect on structure and activity.20
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The aims and objectives of this study are:

(a)

(b)

(c)

(d)

(e)

1.3

SR e

~ o

10.
11.
12.

13.
14.
15.
16.
17.

18.
15.

the optimisation of the activity of the catalyst by choosing the appropriate metal
loading;

to establish the influence of alkali metal ions on the metathesis and isomerization
activity;

to investigate the effects of poisons on the catalyst and elucidating the deactivation
mechanism;

to determine the location of the coke deposits on the catalyst by appropriate
characterization techniques, studying factors that effect coke formation and
reducing coke formation; and

to enhance the quality of the product obtained from the metathesis reaction by

using suitable additives.
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2  THE OLEFIN METATHESIS REACTION

2.1 Introduction

The catalytic metathesis of olefins is one of the most broadly applicable reactions of

! The elegance of this reaction lies in the fact that the

hydrocarbons to emerge in years.
interconversion of olefins is the backbone of the petrochemical industry. Over the past few
decades considerable interest has been shown by various research groups in this versatile
reaction, despite these efforts only a few significant commercial applications have
emerged.”” Tighter environmental constraints combined with competitive economic forces
and significant improvements in metathesis technology will improve the prospects for

commercial applications of metathesis processes in the future.?

The metathesis of olefins was discovered independently by researchers at Du Pont,
Standard Oil of Indiana and Philips Petroleum Company in the mid-1960’s, during the
development of olefin polymerization processes'** The olefin metathesis reaction can be
thought of as a reaction in which the carbon-carbon double bonds in an olefin are broken
and then rearranged in a statistical fashion to form new olefins.® The reaction is essentially

the interchange of carbon atoms between a pair of double bonds (Scheme 2.1).

R R3 R1\_/R3
2 Ry % O,
Scheme 2.1 A generalised metathesis reaction

Olefin metathesis reactions do not occur spontaneously. They require a catalyst system
containing a transition metal compound only or a transition metal complex in combination

with a non-transition metal compound. One of the most intriguing features of the reaction
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is the fact that metathesis can be catalyzed homogeneously as well as heterogeneously by
catalysts containing the same elements.’” The reactions are generally reversible and

thermoneutral, and equilibrium can be attained in a matter of seconds.®

Olefin metathesis reactions can be divided into various categories (Scheme 2.2).°

(8) CH;CH=CHCH; CHCH CHCH
+ ——— CHy © CH,
CH,=CH,

(b) —
RCM
w

ROM
N +CyH, ROMP
AD%A
-n C2H4
n
Scheme 2.2 The broad classes of metathesis reactions: {a) Exchange metathesis

reaction, (b) Ring-opening metathesis polymerization (ROMP),
Ring-closing Metathesis (RCM), Ring-opening metathesis (ROM)
and Acyclic diene metathesis (ADMET).’

The forward reaction in Scheme 2.2a represents cross-metathesis between two different
olefins and the exchange of the alkylidene moieties provides a route to propene. The
reverse reaction 1s called self-metathesis and can be productive, giving rise to new products

or degenerate, resulting in the formation of the original reactant olefins.

Ring-opening metathesis polymerization (ROMP) is the formation of unsaturated
oligomers and solid polymers by the metathesis of cyclic olefins into a growing “living”

polymer chain.'® The forward reaction in Scheme 2.2b is an example of ring-closing
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metathesis (RCM). RCM is an important preparative route for useful cyclic intermediates

" The reverse reaction is termed ring-opening metathesis (ROM).

in organic chemistry.
Acyclic diene metathesis (ADMET) involves the formation of polymers via the metathesis

of a,w-dienes by the removal of ethene.

The metathesis reaction can be also extended to functionalised alkenes,' polyolefins'® and

alkynes. 4

2.2 Industrial applications of olefin metathesis

(a) The Philtips Triolefin Process"'%'*!°

The metathesis reaction was discovered at a time when the olefin market was over-
supplied with propene. Thus the first commercial application in 1966 known as the
Triolefin process, involved the conversion of propene into polymerization grade ethene and
high purity butenes {(Scheme 2.3). The process was operated with a sodium doped tungsten
oxide on silica catalyst system. The process operated at a near equilibrium conversion (40-
43%} and at a high selectivity (>95%), with the unconverted propene being recycled to the
reactor. This process became outdated in 1972 when competing applications of propene

had turned the propene oversupply into a shortage.

CH,=CH—Cl;
+

CH,=CH—CHj

CH, CH—CH,

| +

CH2 CH— CH3

Scheme 2.3 The Phillips Triolefin Process.

(b)  ABB Lummus’ Olefins Conversion Technology (OCT)'”

ABB Lummus Giobal has acquired the rights to use Phillips’ technology. Since there will
be an estimated shortfall of propene in the future, a “reverse” Triolefin process is applied

to produce more propene. The key metathesis step is the reaction of cthene with 2-butene,
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which occurs in a fixed bed reactor with a tungsten oxide catalyst that is continuously
regenerated. As 2-butene is used up, 1-butene is isomerized to produce more 2-butene.
Propene yield ts 60% per pass and Lummus reports that they are able to substantially
icrease the propene—ethene ratio available from the steam cracker. Metathesis also

bypasses the need for further purification, as product from the process usually exceeds

polymer grade purity.

()  The Phillips Neohexene Process ' '®

An application in the speciality chemicals sector is the Neohexene process in which
diisobutene (2,4,4-trimethyl-2-pentene) 1s metathesized with cthene to produce neohexene

(3,3-dimethyl-1-butene) and isobutene (Scheme 2.4).

g
- - CHy— iC—* CH=CH,
CH;— (:3_ CH= (lj— CH; + CH;—=CH; Cih
CH; Metathesis CH;
CHy= (f:_ CH;

Isomerisation

o g
CH3_(ij_CH2_ C=-CH, + CH;/~—CH, No net reaction
CH; Metathesis
Scheme 2.4 The synthesis of Neohexene.

The plant was constructed in Houston, Texas, in 1969 and the neohexene produced is used
in the manufacture of synthetic musk perfume components. An isomerization catalyst,
MgO is added to the WO3/Si0; system in order to isomerize the 2,4,4-trimethyl-2-pentene
to 24,4-trimethyl-1-pentene. An average conversion of diisobutene of 65-70% and

selectivity of about 85% are obtained.
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(d) The Axens Meta-4 Process'’

In the Axens Meta-4 process (Figure 2.1), fluid catalytic cracker (FCC) or steam cracker
Cy4’s are selectively hydrogenated to convert butadiene and !-butene to 2-butene and
isobutene is removed either in a methyl tert-butyl ether (MTBE) unit or by fractionation.
The resulting 2-butene rich stream is fed to the metathesis unit with ethene, where the
materials pass through a moving catalyst bed to give polymer grade propene. The Axens
process uses a rhenium oxide catalyst that gives a 63% conversion rate per pass. The
Chinese Petroleum Corporation has operated a 15 kg/h pilot plant for 8600 h in Taiwan.
The low operating temperatures minimises catalyst fouling. The catalyst deactivation
depends on feedstock purity and polymer formation rate. The lower the temperature, the
lower the rate of polymer formation. Axens’ catalyst refained excellent chemical and
physical stability after 76 regenerations and the company says that the catalyst would last
at least two years in an operational plant. Meta-4 can be coupled onto an existing cracker

and easily brought on or off stream, depending on the demand.

Cs T
C45 C5+

Regenerator
Cs g

Reactor C, column C;column

Figure 2.1 Block diagram of the Axens Meta-4 Process.
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(e)  Shell Higher Olefin Process (SHOP) >+ ' "

Shell’s commercial olefin process, incorporates an olefin metathesis stage to convert light
and heavy byproducts from ethene oligomerization to linear internal detergent range
olefins. In the comumercial process (Figure 2.2), C4-Cjp and Cagy fractions of w-olefins
from the oligomerization step pass through a double bond isomerization unit to an olefin
metathesis unit for conversion to C-Cy4 internal olefins. A feed purification system using
conventional absorbents is ahead of the system. The double bond isomerization, cross-
metathesis and purification steps take place at 100-125 °C, 10 bar and an alumina-

supported cobalt molybdate catalyst is probably used.

(f)  The Isoamylene Process "¢

Isoamylenes are readily produced via cross-metathesis of isobutylene and propene or 2-
butene (Scheme 2.5). This application of metathesis, combined with conventional
oxidative dehydrogenation and diene polymenzation processes, provides a route for

producing synthetic rubber (polyisoprene) from propene and butenes.

H3C\ H3C\
/C:CHZ + CH3CH=CHCH3 /CZCHCH:', + CHZZCHCH:J,
H3C H3C
Scheme 2.5 Synthesis of isoamylene.

Technology for an isoamylene metathesis process using a W(03/Si0; catalyst has been
developed in the laboratory and pilot plant. Although this application of metathesis has
been demonstrated to be technically feasible, isobutylene has not been available in

quantities required by an economically sized commercial plant.
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ethene catalyst solution

\

h r

oligomerization

h 4

phase separation

4

fractionation .| CsCrs a-olefins
A y
> g a-0lefins < Cg a-olefins
J ‘
purification
A
isomerization
Y
metathesis -
A 4
> (s 0lefing 1% fractionation ¥ <) olefins l
v ¥
Ci3.4 i~olefins Cy1.12 i~olefins —]

Figure 2.2 Block diagram of the Shell Higher Olefins Process (SHOP).
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(g)  Styrene from toluene® 2>

Olefin metathesis provides a potentially new industrial route to styrene, a key raw material
of plastics-oriented polymers and styrene-butadiene rubber. In the first stage of the
proposed two-stage process {(Scheme 2.6), toluene is converted to stilbene over lead oxide.
In the second step, purified stitbene is cleaved with ethene over a base treated W0O1/Si0;
catalyst. Monsanto have issued patents related to this scheme and results of laboratory

studies of both stages have been reported by Gulf R&D.

CH, C=C CH=CH,
Q= mar
O/ PbO CH,=CI,

Scheme 2.6 Styrene from toluene process.

(h) The FEAST Process (Further Exploitation of Advanced Shell Technology) ** %

As with Phillips, Shell also applied olefin metathesis to the production of commodity and
speciality olefins. A pilot metathesis unit in operation at Shell Research Laboratories in
Amsterdam prepared numerous new compounds, predominantly by ethenolysis and
isobutenolysis of butadiene and isoprene oligomers. In this way o, »-dienes (1,5-hexadiene
and 1,9-decadiene) were prepared from 1,5-cyclooctadiene and cyclooctene respectively
(Scheme 2.7). Use was made of a promoted rhenium oxide on alumina catalyst. Interest in

the products was sufficient to construct a plant in France in 1986.

CH~CH, / N\__ CH=CH, _  ~\_
| - v
— —

CHZICHz \—

Scheme 2.7 The FEAST process for the production of o,w-dienes.
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() The Norsorex Process of CDF-Chimie 2%

The polymerization of norbornene to polynorbornene (Norsorex) has been carried out by
CDF since 1976. The norbornene starting material is synthesised by the Diels-Alder
reaction of ethene and cyclopentadiene. The homogeneous systems WCls/AlR3/T; or RuCly
in BuOH/HCI are used as ROMP catalysts (Scheme 2.8). This material has thermoplastic

behaviour and is used in noise and vibration dampening applications.

oy — 0T

Scheme 2.8 The Norsorex Process.

2.3 Applications of olefin metathesis in organic chemistry
2.3.1 Synthesis of natural products’'®**

The last few years have seen an explosion in applications of the olefin metathesis reaction
in organic Synthesis, particularly using RCM. Synthetic routes to natural products,
biologically active agents and potentially important synthetic compounds have been
reported. Firstner and Langemann25 have synthesized Exaltolide, a valuable musk odoured
ingredient of Archangelica officinalis via metathesis and hydrogenation. Use was made of

a ruthenium carbene catalyst for the ring-closing step (Scheme 2.9).

Pheromones have also been synthesised via metathesis. The sex pheromone of the
common housefly, cis-9-tricosene was obtained in 95% purity from the cross-metathesis of
I-decene and 1-pentadecene.”® The olefin metathesis reaction now forms an important part
of the organic chemist’s toolkit and will find increasing use, particularly for stereoselective

ring-closing reactions.
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O /Ph
PCy;
Cl —
O l’l'{u:/_\ Ph
I
cr’ Py,
= 79%
= Hydrogenation
94%
0
O
Exalotide

Scheme 2.9 The synthesis of Exaltolide.
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3  MECHANISM OF METATHESIS AND SIDE REACTIONS

3.1 Introduction

The basic question conceming the mechanism of olefin metathesis concerns the role of the
catalyst and especially the transition metal.' At first it was thought that the two double
bonds came together in the vicinity of the transition metal site and that the orbitals of the
transition metal overlapped with those of the double bonds in such a way as to allow
exchange to occur vie a weakly held, cyciobutane—type complex. This pair wise
mechanism was eventually discarded in favour of the metal carbene chain mechanism in
which the propagating species is a metal carbene complex formed in some way from the
catalyst/substrate system. The metal carbenc mechanism for olefin metathesis is now

universally accepted.’

3.1.1 Transalkylidenation versus transalkylation

The first question, which arises about the mechanism of metathesis, is whether scission of
the double bond occurs and thus whether the reaction is a transalkylidenation (exchange of
alkylidene moieties) or a transalkylation (fransfer of alkyl groups) process. Early work
using "*C-and deuterium-labeled propene and butene quickly established that two olefin
bonds are switched between four carbon atoms and that the integrity of all other bonds

oo 3
remains intact:

CH3CH:CHCH3 CD3CD=CHCH3
WCI¢/EtAICI/EtOH

+ ~ +

CD3CD=CDCD3 CD3CD=CHCH3
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Mol et al. * obtained similar results for metathesis reactions using '*C-labeled 2-propene
over the heterogenecus Re;0,/Al;03 catalyst. No radioactivity was found in the ethene

product, whereas 2-butene had twice the amount of radioactivity as the reactant propene:

* * *
CH;CH=CH, CH;CH=CHCHj
R6207/A1203 ’
+ e —— +
* ,;
CH;CH=CH, CH;=CH;

From experimental evidence, it can then be concluded that olefin metathesis is a reaction in
which C=C bonds are completely broken, leading to exchange of alkylidene moieties, i.e.,

a transalkylidenation process.

3.1.2 The metal carbene/metallacyclobutane mechanism

The understanding of the reaction mechanism is directly related to the role of the catalyst.

The currently accepted mechanism for the metathesis reaction is the metal carbene or
metallacyclobutane mechanism (Scheme 3.1). This mechanism was first proposed by
Herrison and Chauvin.’ The propagation reaction involves a transition metal carbene as
the active species with a vacant coordination site at the transition metal. The olefin
coordinates at this vacant site, and subsequently a metallacyclobutane intermediate is
formed. The metallacycle is unstable and cleaves to form a new metal carbene complex

and a new olefin.

M=CHR - —CHR M HR
o T e T e
R'HC

R'HC=CHR CHR R'HC CHR
lTr/I . ﬁJHR M]JF“(]:HR M=CHR
——— B R — +
R'HC CHR! R'HC L chr! R'HC=CHR!

Scheme 3.1 The metal carbene mechanism for olefin metathesis.
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3.1.3 Formation of the metal carbene

It is established that coordinated carbenes are the initiating and propagating species for the
olefin metathesis reaction. According to the catalyst type, several mechanisms have been
suggested to account for the synthesis of the initial carbene.®” These may include the
following:

(a) Formation of the metal carbene via a metal hydride (Scheme 3.2).340

H
IT/I R R H H R R R
+ - B
N ey ok
R R
H R i
Scheme 3.2 A metal hydride route to carbene formation,

The metal hydride mechanism involves the addition of a transition metal hydride to
an olefin, followed by a [(-hydrogen addition to form a metal alkyl complex.
Subsequent o-hydrogen elimination of the metal alkyl results in the initiating metal
carbene complex. In this context it is significant to mention that trace amounts of
protic solvents, e.g., ethanol often aid the metathesis reaction.'' Rooney and co-
workers 12 have suggested numerous sources of the original hydride and have
spectroscopically detected metal hydrides. In heterogeneous catalyst systems the
support can serve as the source and metal hydride is created via hydrogen migration

from the support (Scheme 3.3).°

H

+ MnJr _— O /(H;+2)+
21O~y il
Alsh (ShHAL M

Scheme 3.3 Hydrogen migration from the support to form a metal hydride.
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(b) A second, more acceptable mechanism for the formation of the metal carbene is
via a n-allyl species (Scheme 3.4) 20

H
C
R!CH=CHCH,R? A S R'CH—CH
l_ 2 . RMHC ‘ CHR | K»‘ 2
M _M—H _M)-CHR?
07\ 07|\ 07 I\
R!'CH=CHCH;R? |
R'CH (sz
N 1\@1 " !CHRz
OéN{\ o// l AN
Scheme 3.4 Formation of a metal carbene vig a n-allyl species.

The first step in the sequence is the formation of a n-allyl species. It is readily
converted to a metallacyclobutane species via nucleophilic hydride attack on the
central carbon of the n-allylic group. This type of initiation sequence demands the
presence of at least three carbon atoms in the initiating olefin, i.e., the reactant
olefin must contain an allylic hydrogen. It is significant that heterogeneous
catalysts require pre-exposure to propene or butene before they catalyze the self-
metathesis of deuterium labelled ethene.'” The observation backs this mechanistic
route for heterogeneous systems, without alkyl containing co-catalysts.

{c) Formation of the metal carbene via carbene initiators (Scheme 3.5).% '

CH;
Sn(CH,) Sn(CHy), y
M———> M—CH; ———— > M ——>» M =CH; + CHy4
CH,
Scheme 3.5 The formation of a carbene with an alkyl tin co-catalyst.

For simple olefins it is suggested that the co-catalyst activates the catalyst by

generating the first carbene ligand. Methane is detected as a side product of the
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reaction. This model of activation was demonstrated by Grubbs for both
homogeneous” and hetero ge‘.rleol.ls.18 catalyst systems. In these cases it is presumed
that the initiating carbene species is generated by alkylation of the metal by the
alkyl metal compound, followed by o-hydrogen elimination. Rhenium-based
heterogencous catalysts are often treated with R4Sn or R3Al where R = Me, Et, Pr,

etc. These co-catalysts also play a role in the initiation of the metal carbene. 19

3.1.4 Termination reactions of the metal carbene/metallacyclobutane intermediate

Numerous reactions can lead to the termination of the metal carbene/metaliacyclobutane

intermediate and result in catalyst deactivation:'

(2)

(b)

()

Reductive elimination of the metallacyclobutane intermediate occurs to form
cyclopropane or an olefin (Scheme 3.6). After the metallacycle releases
cyclopropane, the formal oxidation state of the metal decreases by two. As a result
the fragment is coordinatively unsaturated. This is an infrinsic deactivation

. 2
mechanism for some heterogeneous systems.

MEDT L N

7

H
M
H
\ }‘I
Mn~+—>— H —— M2 §
Ve
Scheme 3.6 The reductive elimination of the metallacycle.

Oxygen that is adsorbed on the surface of the catalyst can oxidize the carbene and

) . 22
terminate the existence thereof,

Over-reduction with hydrogen, as well as with the olefin itself, can put the metal in

a very low oxidation state, which is inactive towards metathesis.'
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(d)  The metal carbene can react with itself to form a bridged di-metal and an olefin

(Scheme 3.7), which terminates the active sites for metathesis.”’

2M=CH-R ———» 2M + R-CH=CH-R

Scheme 3.7 The reaction of carbene to form a di-metal.

(e) Many varieties of polar and chemically active compounds have been reported as
poisons that will deactivate the catalyst if present in the feed” Aldehydes and
ketones can deactivate the catalyst.”®> These Lewis bases contain a C=0 bond and
the available electron pairs on the oxygen atom can react with the metal carbene in

a pseudo-Wittig type reaction as depicted in Scheme 3.8.7%

R N . R
4 —— —_
M:C + :C\ ] e — M—O + C-——C\Rl
R
Scheme 3.8 The reaction of a Lewis base with a metal carbene.

3.2 Mechanism of isomerization on WQO,/Si0, metathesis catalysts

Double bond isomerization is the main competing reaction with olefin metathesis over
WO04/Si0; metathesis catalysts. Double bond isomerization results in products that
facilitate secondary metathesis and lowers selectivity to the primary metathesis produc:ts.g-'r
In addition to double bond isomerization it is also possible to obtain skeletal isomerization
on WOs/Si0, metathesis catalysts. Skeletal isomerization results in the formation of

branched olefins from linear olefins.

Adsorption and reaction of olefins have been widely studied on a variety of oxide

2829 The metathesis of 1-butene on reduced oxide surfaces is also well

surfaces.
understood.”” **  Ramani et al’' conducted studies on -butene adsorption on the

W0O,;/810; catalyst and elucidated mechantsms for double bond isomerization.
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Scheme 3.9 showsrthe possible ways that 1-butene interacts with oxide surfaces. If 1-
butene adsorbs molecularly, it forms a m-complex on the surface, with the C=C bond
coordinated to the supported cation (Lewis acid site). If Bronsted acid sites are present
then protonation of 1-butene can occur, resulting in an alkoxide intermediate (carbenium
ion) where the C=C character has been lost. Subsequent loss of a proton results in
isomerization. If the first step involves C-H bond cleavage, an allylic intermediate is
formed, with the resonant C-C-C bond coordinated to a supported metal atom. Subsequent
protonation at a different carbon atom results in double bond isomerization. Thus there are
two different mechanisms by which double bond isomerization of an olefin can occur,
through the alkoxide or through the allylic intermediate. Both these double bond

isomerization mechanisms have been observed on the W(Q;/S10, catalyst.3 :

Bronsted catalyzed mechanism:

.
CH3_“CH2— CHICHZ N CHgﬁ CHZ— CHLCH3
-H
M *
+H" || -H'
M
Allylic mechanism: +H" | -HT
CH; —CH;— CHTCHZ -HT CHg\ - H
C—C
+ =
M HH H/ ¥ CH,
M

Scheme 3.9 Double bond isomerization of butene over a W0,/Si0, catalyst.
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Skeletal isomerization is catalyzed by a wide variety of catalysts.32 In general it is thought
that skeletal isomerization proceeds over Brénsted acid sites and therefore the muost
important factor seems to be catalyst acidity.”® Acid sites that display intermediate acidity
higher than that needed for cis-frans isomerization and double bond isomerization and

lower than used in pyrolytic cracking are most suitable to give skeletal isomerization.™
Skeletal isomerization may occur by a bimolecular or monomolecular pathway:33

a) In the bimolecular pathway two linear olefins may react to give a branched olefin and

after isomerization and cracking, one branched olefin and one linear olefin 1s produced.

b) The monomolecular pathway can be described using the skeletal isomerization of 1-
butene (Scheme 3.10). In this pathway butene is isomerized over a Bronsted acid site,
without the need of other butene molecules. The first step is the adsorption of the
butene on the Bronsted site resulting in a covalently bonded alkoxy species. Proton
transfer from the catalyst to the hydrocarbon then forms a cyclopropy! cation. This is

followed by formed ring opening to give the primary carbocation, which leads to

isobutene.
2
[ 2 3 4 CH,
CH,=CH-CH,-CH; 1 3|| 4
CHZ_— C— CH3
H+
H
‘ch, — ity CH,
H+

2
CH, \ o, /

|
‘ol CH—tH,

Scheme 3.10 Monomolecular pathway for the skeletal isomerization of [-butene.™
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3.3 Mechanism of coke formation on metal oxide catalysts

3.3.1 Introduction

For catalytic reactions involving hydrocarbons, side reactions occur on the catalyst surface
leading to the formation of carbonaceous residues (usually referred to as carbon or coke).”
This type of physical deposition 1s one of the main causes of deactivation m high
temperature processes.’® The definitions of carbon and coke are somewhat arbitrary and
by convention are related to their origin. Carbon is typically a product of CO
disproportionation while coke is produced by the cracking or condensation of

hydrocarbons A

Coking decreases the activity (the rate of conversion of feedstock) of the catalyst. The loss
of activity can be attributed to coke deposition by two mechanisms.*® F irstly, the direct
mechanism involves coke which is usually formed on the active sites which irreversibly
adsorbs on the site and blocks the reactants. Secondly, coke may cause loss of activity by
an indirect mechanism by depositing near the mouth of catalyst pores, narrowing the
opening or completely blocking the pore mouth, and hence hindering diffusion or access of

the reactants into pores.

Fouling by coke 1s generally a reversible process, being readily removed by gasification of
the carbon with oxygen, carbon dioxide, steam or hydrogen at high temperatures. Finding
ways to limit deactivation by coking and to regenerate the catalyst efficiently is an

Important economical ObjeCtiVC.3 ?

3.3.2 Mechanism of coke formation from olefins

Coke formation on oxides is principally a result of cracking reactions involving coke

precursors (typically olefins or aromatics) catalyzed by acid sites.

Dehydrogenation
and cyclization of carbocation intermediates on acid sites lead to aromatics which react
further to form higher molecular weight polynuclear aromatics which condense as coke.

Step (a) in Scheme 3.11 illustrates the polymerization of olefins, step (b} illustrates
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CHy=CH, ---=>» iso, n-C3to Cs paraffins - —
CH,=CH, T—=1C, == Cg  ==Cj5 == etc.
2N y
ete. == C3 Cs ==ctc. + H® o
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Scheme 3.11 Coke-forming reactions of olefins and aromatics on oxide and
sulphide catalysts: (a) polymerization of olefins; (b) cyclization from
olefins; (c} formation of polynuclear aromatics.



THE MECHANISM OF METATHESIS AND SIDE REACTIONS 28

cyclization from olefins and step (¢) illustrates the chain reaction formation of polynuclear
aromatics, which condense as coke on the surface. Because of the high stability of
polynuclear carbocations, they can continue to grow on the surface for a relatively long
time before a termination reaction occurs through the back donation of a proton. From this
mechanistic scheme it is clear that olefins, benzene, benzene derivatives and polynuclear

aromatics are precursors to coke formation.
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4 CATALYST SYSTEMS

4.1 Introduction

A large number of catalyst systems are known to catalyze the olefin metathesis reaction.'
The systems may be either homogeneous or heterogeneous. The most important catalyst
systems can be derived from transition metals from Group IV to VIII of the periodic table.
The overwhelming majority of metathesis catalysts found so far contains one of the
elements W, Mo or Re.” The important exceptions are the metathesis polymerization

catalysts based on Ru, Rh, Ir and Os salts and complexes.3

Catalyst systems can be divided into three types:
(a) Those consisting of an actual metal carbene, such as W(=CPh;)(CO)s.

(b) Those containing an alkyl or allyl group in one of its components such as Sn(CH;)4

from which a carbene ligand can readily be generated.

(c) Those neither having a carbene or an alkyl group in any component, e.g.,
WO,;/810;. In this case the carbene is generated by interaction with the reactant

olefin,

For industrial applications it is preferred to use supported or heterogeneous catalysts.’
Various refractory oxides and polymers have been used successfully as supports, with
silica and alumina being the most commonly employed.” The most common method of
preparing a supported catalyst is by impregnation of the support with a transition metal
precursor solution, e.g., a Mo0+/S10; catalyst may be prepared by impregnation of the
silica support with a solution of ammonium heptamolybdate then drying in air at 120 °C,
followed by calcination at 550 °C.° Supported catalysts are activated by pretreatment in an
appropriate gas (N;, Ar, He) to clean the catalyst surface. The support often plays an
integral role and there are indications that the interaction between the support and the

transition metal contributes to the activity of the system.?
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4.2 Homogeneous catalysts

A host of homogeneous catalyst systems that are active for the metathesis of acyclic olefins
have been reported.S One of the first homogeneous catalyst systems was the WCly/
EtAlCl/EtQOH system, first reported by Calderon et al® The system could metathesize 2-
pentene to 2-butene and 3-hexene at room temperature and could also bring about the rapid

ROMP of cyclooctene and cycloocta-1,5-diene.

The most widely used homogeneous catalysts in recent times are the Grubbs- and Shrock-

"It These well defined carbene catalysts do not require co-

type carbene complexes.
catalysts or promoters. In the mid-1980’s, Shrock developed highly reactive systems based
on tungsten and then on molybdenum. The alkoxy imido molybdenum complex (1) is an

example of a Shrock catalyst, which is highly active for a wide range of substrates.'

(CH3);HC

CH;(CF3),CO., N

7 CHCHy,

7N\

CH;3(CF3),CO CHC(CHj3),CsHg
1)

The ruthenium catalysts of Grubbs are credited with putting olefin metathesis in the
forefront of organic synthesis.”> The ruthenjum catalysts have high preference for carbon-
carbon double bonds and are reported to be indifferent to alcohols, amides, aldehydes and
carboxylic acids. More importantly, their use does not require stringent conditions. The
Grubbs first (2) and second (3) generation catalysts exhibit high reactivity in a variety of
ROMP, RCM and cross metathesis reactions,'*'>
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PC}’3 N

N
N
..
Ry
- % cl.
Cl B
Ru
Q/ Cl/
PCy3
PCy;
(2) (3)

4.3 Heterogeneous catalysts

Banks and Bailey'® discovered the first heterogeneous catalyst, molybdenum hexacarbony!
on alumina, in 1964, Since then a plethora of other solid catalyst' systems have been
reported to be active for the metathesis of olefins."” A basic heterogeneous catalyst
consists of a transition metal compound deposited on a high surface area support material.
Important examples related to commercial applications are Re,07/Si0;-Al O3,
MoO+/AlOy and WO3/Si02.18 Table 4.1 gives some typical examples of heterogeneous
catalysts for the metathesis of propene. Pretreatment of the catalyst by heating it to a high
temperature (120 °C for carbonyls and 550 °C for oxides) in a pure inert atmosphere is
essential. Similarly the substrate olefin must be very pure to ensure a good catalyst

lifetime.'”

4.3.1 Rhenium-based catalysts

Supported rhenium metathesis catalysts have been the subject of many studies®® These
studies mainly deal with the Re,0+/Al, 05 catalyst. The advantages of the system lie in its
high activity and selectivity at relatively low temperatures (0-100 °C) and its ability to
tolerate a variety of heteroatom-containing functional groups. The activity of the catalyst

can be enhanced by using a tetra-alkyltin promoter.”!
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The performance of Re;0+/Al>0; catalysts can be improved by using a modified support,
e.g., silica-alumina.” This results in a catalyst which is more active than one supported on
Al;O; alone, especially at very low rhenium contents. The higher acidity of silica-alumina
suggests that Bronsted acid sites may play a beneficial role in initiation of the metathesis
reaction.”® The enhanced acidity of the support however, results in the catalyst being more
active for double bond isomerization than the Re,O7/AlyO4 catalyst, although its selectivity

can be improved by the addition of alkali metal ions, e.g., cesium.”

Table 4.1 Examples of supported catalysts for the metathesis of propene.
Catalyst system T/°C Ref.
Re;O4/ALOY? 10-100 25
Re,07/810,-A1,0,° 10-100 26
MoO4/Al>Os 207 27
Mo05/810, 407 28
Mo(CO)s/Al2O; 60 25
Mo(n-CiHs)a/ Al O5 0 29
WO03/AlLO; 400 23
WQ3/810; 487 28
WO1/Ti0O; 242 30
W(n-C3Hs)/S10, 90 31

? activated with R,Sn before use

4.3.2 Molybdenum-based catalysts

Supported molybdenum catalysts have received much attention as possible metathesis
catalysts because they are already widely used in industrial chemical processes. The nature
of the support and the molybdenum precursor compound, together with pretreatment

conditions has an important influence on the ultimate metathesis activity.’

Mo03y/Co0+/Al,O; was the first oxide catalyst reported for olefin metathesis.'® The

catalyst was mainly used in hydrodesulphurization and the presence of cobalt resulted in
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faster deactivation.”? The MoOy/ALLO;s catalyst is. presumed to be used in the SHOP
process and therefore much research has been conducted on it. The metathesis of propene
has been used as a probe for catalytic activity for molybdenum catalysts. The activity of
Mo03/Al;Os is highly dependent on the molybdenum content.” The activity is low for
low Mo loadings but increases with increasing Mo loading and then passes through a

maximum. The maximum activity is obtained at 2 Mo atoms/nm’.

Silica-supported MoO+ has similar behaviour to MoOs supported on alumina. The activity
of Mo03/Si0, for propene metathesis gradually increases when the activated catalyst is
brought into contact with the reactant.®® This phenomenon is termed catalyst break-in and
illustrates that the reduction of Mo®" is required for the catalyst to become active. The
initial activity of the catalyst can be increased by prereduction in a reducing gas at elevated

temperatures.

The catalytic activity of MoO3/Si0; depends on the Mo content.”® The activity increases
up to approximately 1 Mo atom/nm’, together with the formation of a monolayer of
tetrahedrally and octahedrally coordinated Mo species. At higher molybdenum loading the
activity decreases due to the formation of inactive crystalline MoQO;. Photoluminescence
studies showed that the tetrahedrally coordinated Mo® species is reduced to the Mo*"
species through the loss of one ligand and that this 4+ species is the active precursor for

- 16
metathesis.”

Photoreduction of MoO3/Si0; in CO with a laser beam of 308 nm and subsequent
treatment with cyclopropane results in a high catalytic activity for propene metathesis.”’
Cyclopropane—treated CO-photoreduced catalysts bring about the metathesis of

unsaturated fatty acid esters.”

4.3.3 Tungsten-based catalysts

Conventionally supported WOj5 catalysts are chemically similar to MoQOj5 catalysts, but are
less active for metathesis. In order to obtain an acceptable activity, much higher reaction
temperatures have to be used than for other catalysts such as MoOi/AlLO; and

Re207/A1203.39 The two most common types of tungsten oxide catalysts are WQ0,/S8i0;
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and WO Al;0.. More attention will be focused on the silica-supported catalyst, as this is
the catalyst that will be employed for all experimental work in this study. WO/5i0O; has a
high potential for practical applications in metathesis due to its low sensttivity to common
poisons such as air, water and acetone and to coke formation at high temperatures at which
it is employed.*® WO3/SiO; is the most commonly used tungsten catalyst for propene

metathesis.*’

4.4 The WO3/SiO; catalyst system

4.4.1 Structure and metathesis activity of WQ4/8i0; catalysts

Analogous to MoQ3/Si0,, tungsten oxide on silica catalysts are composed of a surface
phase and crystalline trioxide. Monolayer surface compounds are formed up to
concentrations of approximately 1 W atom/nm”; whereas WO crystals are present at
higher concentrations. XRD patterns of freshly activated catalyst show the presence of
crystalline WOQO; only if the catalyst contains more than 10 wt% W0,.* Raman
spectroscopy of W04/Si0; catalysts show that the relative amounts of crystalline material

: : : 8,43-45
increase with tungsten lcoadmg.2 43

It has been proved extensively that WO; crystals are not active in metathesis and as a
consequence the catalytic sites have to be contained in the surface phase 2% Even WO,
with a high surface area comparable to the supported catalyst is inactive for metathesis.
Correlation between the amount of crystalline material and the catalytic activity suggests

that active sites are located at the boundary between crystallites and silica.*

The configuration of the tungsten surface compound on dehydrated WOQO/Si0; was

postulated by Van Roosmalen ef al*’and can be represented by Scheme 4.1.

According to a detailed study by Van Roosmalen et al ¥ 48

activated WQO,/Si0; contains
silanol groups with Lewis acidity. The =8i-O bridges to the silica lattice are electron-
withdrawing groups, due to the p,-d;back bonding between oxygen and silicon resulting in
the Lewis acidity. In the presence of an olefin, the olefin can chemisorb onto the tungsten

surface compound (Scheme 4.1) to form a Lewis acid-olefin complex (Scheme 4.2).
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OH
HO\‘L//O
O/ \O
/ !
S Si
(R

Scheme 4.1 The configuration of the tungsten surface compound on
dehydrated WO5/Si0;.

The generation of the active centres for metathesis activity was explained as proton
donation by the Lewis acid site-olefin complexes (Scheme 4.2) to tetravalent tungsten. It
was established from studies on MoO;/Si0» that the active site precursor for metathesis,
Mo*", is formed via reduction of the tetrahedral dioxo Mo®" species via loss of one oxygen

lieand.*’ For WQO5/8i0; this can be illustrated by Scheme 4.3.
g

L 0
N/ 1-C4Hg e/ @
—W ——*=» L W_—CH,-CH-CHyCHj
H HO  OH

L O
N O @
L_;W\— CH2~C H:CH-CH3 +H
HO OH

L= =Si—0

Ho\j;}/o
o o
i 5 |
'

Scheme 4.2 The interaction of !-butene with the Lewis acid sites
on activated WQO3/510,.



CATALYST SYSTEMS 37

OH OH
HO\ \lv /O o HO\ \iv o
O/ \O O/ AN o
/ A / I
Si Si S1 Si
(N o
Scheme 4.3 Active site precursor is formed vig elimination

of an oxygen ligand.

For the initiation of metathesis on WO4+/Si0; the following mechanism was proposed by

Van Roosmalen et al *"* (Scheme 4.4)

OH

OH
HO ’ o eyt HO\ ’ /H
O W{\0 M O/W\o
/ \ ! \
Si Si St Si
/. Il
(A) (B)
- C3H, + (3Hg
HO\ (l)H/CHf—CZH 5 HO\ \T;H/CHz—— C,H;
O/ \O | -g* O/ \O
si 5 +H of 5
I H A
(D) ©)
Scheme 4.4 [mitiation of metal carbene on W(04/Si0,.

It was proposed that a proton originating from the Lewis acid-olefin complex (Scheme 4.2)
reacts with the Lewis base (A in Scheme 4.4) to yield the tungsten hydride (B in Scheme

4.4). Adsorption of the olefin, in this case propene on the metal hydride, followed by -
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hydrogen addition results in the formation of C in Scheme 4.4. Back donation of a proton
to the tungsten complex in Scheme 4.2 results in metal carbene formation necessary for

initiation of further metathesis reactions (D in Scheme 4.4).

4.4.2 Induction period

A distinctive feature of the WO3/510; catalyst is that if 1t is activated in air and then used
without further treatment, the rate of metathesis builds up considerably over a period of
minutes or hours as olefinic feed is passed through the system.”® This phenomenon Is

' This break-in process is attributed to the formation of a

known as catalyst break-in.’
steady state population of active sites, essentially exposed W ions in an appropriate
oxidation state.’” The necessary slight loss of oxygen i1s accompanied by the production of
trace quantities of acetone and acetaldehyde, formed by the reaction of lattice oxygen from

WO, with propene.” This presumably occurs in two steps:

(a) Initial reduction of the catalyst by propene yielding acetone and reduced metal

oxide:
0 O
N\ A o 7
W, + C3Hg —> W, + CH3COCH;
AN 2N
O O 0 O
[ r !
Si Si S

==
i

(b) Subsequent to this, simultaneouns formation of a metal carbene and acetaldehyde as

a second step:

O CH,
e o 7
/VK + C3Hg > /W\ +  CH;CHO
o 7
Si Si Si Si
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4.4.3 Factors affecting activity of WO; catalysts

(a)

Effect of the support

The two most common tungsten oxide catalysts are WO3/Al;03 and WO3/Si05.
WO3/Al,O;5 has a much lower activity than its silica-supported counterpart. This
may be due fo the stronger metal-support interaction which makes the tungsten
difficult to reduce.*® From a comparison of the activity of catalysts containing 6
wt% WO; on different supports for propene metathesis at 402 °C, it follows that
W05/8i0; is most active followed by W05/ ALO3-Si0; and WO3/ALO;. TiO;
gives the same order of activity as Al:O3 and ZnO is the least favourable

5
support.”*%?

Andreini e al.> have found that the Brénsted acidity of the support does not seem
to play a role in the metathesis reaction by evaluating several acidic supports for
metathesis activity at different activation temperatures. They observed that for
Al(; and Al,04/510; the Bronsted acidity decreased with increasing activation
temperature while metathesis activity increased. They suggested that the proton
needed for the formation of the initial metal carbene (the intermediate in the
metathesis reaction) is available from a Lewis site-olefin complex (Scheme 4.3)

located on the transition metal ion.*’

The nature of the support determines the Bronsted acidity and isomerization
activity of the catalyst.”® Pretreatment of a WO/SiO; catalyst with hexamethyl-
disilazane (HDMS) at 250 °C has a remarkable effect on the activity, increasing it
by 140 times for the metathesis of propene at 427 °C.>’ The same treatment of
sifica alone completely eliminates its capacity to isomerize trans-2-butene at 427
°C. Tt can be concluded that Brénsted acid groups poisoned by HDMS are not
precursors for active sites for propene metathesis, but are responsible for

isomerization activity instead 8
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(b)

Effect of the WQ; content

For the WOQ3/Al;03 the relationship between activity and tungsten loading is
analogous to the MoQO1/Al,03 system.”® The optimum activity is also obtained at 2
W atoms/nm’. For the WO1/Si0, catalyst the activity for propene metathesis is not
a constant function of the tungsten content. Except for very low surface
concentrations the activity decreases monotonically with the tungsten

concentration.?

Several authors also state the importance of an optimum metal loading on the
support for maximum metathesis activity. In the case of WQ;/Si0O; it was observed
by Kerkhof et al. ™ that a composition of 20 wt% WO5/8i0; showed maximum
activity with 1-butene as feed. IR-studies of adsorbed pyridine indicated Brénsted

 For the

acid site formation on WOQ,/8i0; samples with high metal loadings.’
reduction of side-reactions like isomerization it is therefore imperative to obtain
optimum acidity necessary for maximum metathesis activity without inducing
additional isomerization by adding extra unwanted Bronsted acidity. Several
patents and publications claim to obtain equal activity with well dispersed low
loading WQ3/Si0; catalysts as with catalysts of appreciable higher tungsten content

indicating the importance of obtaining a well dispersed catalyst.5%

Effect of different activation/ pretreatment procedures

There exists a correlation between the activity of WOs/SiO; catalysts and the
activation temperature empioycd.50 The effects of rate reduction by interphase
mass transfer effects may be eliminated by activating the catalyst at high
temperature (600 °C) for more than 2 h® The break-in time may also be reduced
by activating the catalyst in Hy or CO. Activation at higher temperatures under
inert gases greatly increases the break-in rate and activity.®® Work done by
Westhoff er al® on the reduction process and its correlation with metathesis
activity indicated that very short periods in a reducing atmosphere have maximum
effect on catalyst activity. In their work they observed that pretreatment in H; at

600 °C and 1 bar H, pressure for periods between 1 to 10 min resulted in maximum
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d)

conversion of propene. This reduction period correlated to a tungsten oxide

composition between WO, and WO os.

It has been shown that some intermediate nonstoichiometric oxidation state of
tungsten oxide could be the most active one for propene metathesis, since
pretreatment of the catalyst with nitrogen was found to be more beneficial than

pretreatment with oxygen or hydrogen %

Effect of Additives

The metathesis of propene on a W0/8510, catalyst is speeded up by the
pretreatment of the catalyst with HCI but the product 2-butene undergoes
considerable isomerization to 1-butene.”’” The effect of HCI can be atiributed to a
favourable modification of the metal d-orbital level as a result of the presence of

: 6
new ligands.®®

A W0,/810, catalyst can be promoted by adding minor amounts of elemental Na,
S, Si, Mg, Ba, Zn or Sb to the catalyst and pretreating the admixture at elevated
temperatures under an inert atmosphere.68 The enhanced effect is due to the partial
reduction of the supported tungsten catalyst by the additive.” Commercial
applications where alkali metals have been used to reduce isomerization include
sodium added to the W(O3/S10; catalyst developed for the Triolefin Process to limit
the isomerization of butene.”” Monsanto also issued patents related to using a
potassium-—doped, 8 wt% WOs/810; catalyst for their toluene to styrene process.”

Using the alkali-doped catalyst resulted in a 96% selectivity towards styrene.

Combination of WO3/Si0, with MgO produces a dramatic increase in its metathesis
activity, possibly caused by allyl radicals generated on the surface of the MgO.

Addition of MgO also enhances the rate of isomerization.® ™

Banks ™ reported that the addition of ethene to a WO3/810, catalyst increases the

conversion of propene at 400 °C five-fold.
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e/

Effect of regeneration

Regeneration of supported metal oxide metathesis catalysts usually occurs at 500-
600 °C, using a controlled amount of oxygen to burn off accumulated coke.
Successful regeneration of a WO3/S10; metathesis catalyst has been accomplished
110 times over a | year period, without any adverse effect on the structure and

activity of the catalyst.”*

Heckelsberg 7 demonstrated that the selectivity of the WO4/SiO; catalyst towards
propene could be improved (with a slight drop in conversion) during the metathesis
of 2-butene with ethene, after subsequent regeneration. This behaviour was also
observed by Basrur ef a/.>® They concluded that a change in the catalyst structure
facilitates this decrease in conversion and increase in selectivity. IR and Electron
spin resonance (ESR) spectroscopy studies indicated that at least some of the WQ;
that was reduced to a lower state during the reaction could not readily be re-
oxidized to W® during regeneration and thus appeared to be in a stabilized non-

L . 53, 76
stoichiometric state.”™

4.4.4 Coke formation on tungsten-based catalysts

Due to the high reaction temperatures employed with a W04/Si0, metathesis catalyst, coke

formation is favoured. Although the amount of feed converted to coke is usually very

small; the accumulation of coke on a catalyst in a continuous process can be appreciable

because of the high flow rates. For the Triolefin Process an accumulation of 27 wt% coke

over a 48 h period with propene feed at a WHSV of 20 b was reported.”’

4.5
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5 EXPERIMENTAL

5.1 Reagents

The feed materials used were; 1-octene (98%, Aldrich), n-heptane (99%, Aldrich) and an
industrial cut heptene feed (C; SLO, SASOL) consisting of 75% 1-heptene, 15% n-heptane
and 10% branched paraffins and olefins.’ All feed materials were percolated through a bed
of activated, neutral aluminium oxide (Brockmann I, Aldrich) prior to use in reactions. The

feed was then degassed thoroughly with nitrogen and stored under a nitrogen atmosphere,

2-Pentanone (99%), hexanal (98%), butanal (98%), butanol (99%) and ethyl acetate (99%)

were obtained from Aldrich and used without further purification.

Silica gel (Davisil™, grade 646) with a surface area of 300 m%/g and a pore volume of 1.15
cm3/g from Aldrich was dried in an oven at 120 °C for 12 h prior to use. Ammonium
metatungstate hydrate (NHy)gHoW12040), Aldrich), sodium nitrate (NaNOQOs;, Merck),
potassitim nitrate (KNQO;, Merck), and cesium nitrate (CsNO;, Merck) were used as

obtained from the supplier.

5.2 Apparatus

5.2.1 Percolation of feed

Metathesis catalysts are sensitive to oxygenated components in the feed stream.” It is
known that alumina can be used to remove commonly found oxygenates in hydrocarbon
streams.” Feed used in the metathesis reactions was percolated through a bed of alumina
(activated, neutral, 150 mesh, 58 A) before use (100 g Al,Oy/ 1000 mL feed). The set-up
for the percolation column is shown in Figure 5.1. After percolation the feed was purged
with nitrogen for at least 5 min before being stored under a blanket of nitrogen. A gentle

stream of nitrogen was bubbled through the feed for the duration of all reactions. Ideally
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olefinic feed streams should be stored in cool, dark conditions as heat and light catalyze the

formation of peroxides, which may act as catalyst poisons.4

Feed pot

Alumina

Glass wool

Feed receiver

Figure 5.1 Set-up of percolation cofumn.

5.2.2 Metathesis Reactions

All reactions were performed in a bench scale demonstration uvnit, which consisted of a
tubular fixed bed reactor (25.4 mm inner diameter), work-up columns and recycle lines

(Figure 5.1). The reactor system could be operated in one of two modes:

(a) Recyele mode

The feed is pumped via an HPLC pump into the reactor, loaded with the desired
amount of catalyst. The products are fed to Column 1, which is set at 220 °C, where
separation of the heavy olefin product (C,o-C)s) occurs. The heavy product is
drained at Purge 1. The light olefin products (Cs-Cy) and gases (C,-C4) pass
overhead to Column 2 at 30 °C where separation of the light products occurs. The
light fraction is recycled via a HPLC pump to the reactor. The feed to recycle ratio

employed 1s 1:5.6. The separated gases then pass through a glass sampling bomb
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and through a wet gas flow meter info a venting system. Samples of all three
products are taken (liquids from Purge 1, 2 and gaseous product) and therefore an
accurate mass balance is maintained. Only results with mass balances of 100 £+ 3%

were accepted.

rleas
i
COLUMN1 i
REACTOR ;
o | FEED 14
- ‘ : COLUMN2
L
.! L. : 7
i ’ i
: ! PURGET | |
| ) | PURGE2 )
| R
e pEeYOILE e
| RECYCLE |-
Figure 5.2 Column 1: Reboiler = 220 °C, Column 2: Condenser = 34 °C.

Recycle line = 25 °C, Reactor temperature = 460 °C, LHSV =
16 ! (including a recycle loop of Cs-Cy at a feed to recycle
ratio of 1:5.6), Reactor pressure = .1 atm (gauge).

(b) Once through mode

For once-through mode studies the feed is pumped into the reactor via a HPL.C
pump. The liquid product collects in Column 1 (room temperature), which acts as
drain pot for the reactor. The sampling of liquid products is done at Purge 1. The
gaseous product passes overhead through the glass sampling bomb, the wet gas

flow meter and into a venting system.
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5.3  Analysis

5.3.1 Analysis of liquid product samples

The liquid samples were analysed using a gas chromatograph (GC) equipped with a flame
1onisation detector (FID). The analysis conditions are given in Table 5.1 with a typical

chromatogram of a reaction mixture in Figure 5.3 and the compounds in Table 5.2.

Table 5.1 Conditions for gas chromatographic analysis of liquid samples.
Injector Split-injector at 250 °C
Head pressure 180 kPa (gauge)
Split ratio 1:100
Carrier gas N, (20 ml (STP)/min)
Column HP-PONA (1= 50 m; d, = 0.2 mm; d;= 0.5um)
Temperature program Initial: 50 °C for 2 min
Heating rate: 12 °C/min
Final: 270 °C for 10 min
Detector FID at 300 °C
Fuel gas H; at 40 ml (STP)/min
Air 400 ml (STP)/min

~ T FID1 A, (300802ALFA102D)
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Figure 5.3 Typical gas chromatogram of a liquid product sample from a once through

tnode reaction with a W(,/510; catalyst using 1-octene as feed.
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Table 5.2 Retention times of compounds in the liquid product
sample in Figure 5.3.

Product compound ;{;::l;g?; Product compound g;??lﬂ?lg
Ethene 4.156 Linear Cjg 12.972
Propene 4.299 Branched Cy, 13.215
C,4 isomers 4.707 Linear Cy; 14.391
Cs isomers 5.952 Branched C;» 14,638
Branched C5 7.382 Linear Cy; 15.754
Linear C; 8.150 Branched Ci; 16.462
Branched Cs 8.995 Linear Cy3 17.065
Linear Cg 9827 Branched C4 17.288
Linear Cy 11.486 Linear C4’ 18.217

i Primary metathesis product

5.3.2 Analysis of gaseous product samples

The gaseous samples were analysed using a gas chromatograph (GC) equipped with a
flame ionisation detector (FID). The analysis conditions are given in Table 5.3. A typical
chromatogram for a gaseous sample is shown in Figure 5.4. The main gaseous products
obtained are ethene (primary metathesis product) and propene (secondary metathesis

product).

3.3.3 Data evaluation

The amount of 1-octene/l-heptene converted was calculated on the basis of the mass of
feed (myfeqy) pumped in and the mass of 1-octene/1-heptene collected as a liquid. The liquid
was collected over a period of time hence the product mass flow rate can be determined. In
the case of 1-octene feed, the mass fraction of l-octene (Wi ocene) In these samples can be
easily determined from the GC analysis since the molecular response factor for olefins is

approximately 1 N
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Table 5.3 Conditions for gas chromatographic analysis of gaseous samples.
Injector Split-injector at 220 °C

Head pressure 30 kPa (gauge)

Split ratio 1:5

Carrier gas N2 (20 ml (STP)/min)

Column HP-PLOT ALOy “S” deactivated, -capillary

column (I= 50 m; do= 0.53 mm; di= 15 pm)

Temperature program  [nitial: 50 °C for 2 min
Heating rate: 10 .°°C/min
Final: 180 °C for 10 min

Detector FID at 300 °
Fuel gas H; at 40 ml (STP)Y/min
Air 400 m] (STP)/min
Make-up N; at 25 ml (STP)/min
r"m‘ FICA &, STez.h . —']
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Figure 5.4 Typical gas chromatograph of gaseous product from a once through

mode reaction with a WO 4/810; catalyst using I-octene as feed.
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Ai-uctene
W ocrene fiquid sample = [ Z J *x100 wt%
AJ

where:
A ocrene = peak area of 1-octene in GC-trace of liquid sample,

TA; = sum of all peak areas in GC-trace of liquid sample.

Thus, the conversion can be determined from:

W Xm
| -o¢t duc
X]-nc!cne IOOX{I ___—____—uc o prochel ] Wt%
! [lfeed

where:
Myeeq = mass flow rate of feed pumped,

Mproduet = Mass flow rate of product.

The yield of the various product compounds (or carbon number fraction) can be
determined in a similar manner from the GC-trace of the liquid sample, since the weight

fraction of a component in the liquid sample (w;) 1s given by:

W= L X100 wi%
A

Hence the yield for a given component (Y,) is given by:

Wi xmpm(lum
Y, =100x] ———FREL |y p0p
m

feed
The selectivity for a given component (S;) is then defined as:

S,= Y
X,

~octene
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5.4 Catalyst Preparation

5.4.1 Preparation of WQ3/8i0Q; catalysts with different tungsten loadings

The desired wi% WO4/SiO; catalyst was prepared by wet impregnation of the silica
support with an aqueous solution of ammonium metatungstate hydrate of appropriate
concentration.® The mixture was stirred for 2 h and the excess water was then removed by
evaporation at 80 °C under reduced pressure. The sample was dried in an oven at 110 °C
for 12 hours. The temperature was then raised at a rate of 1 °C/min to 250 °C. This
temperature was maintained for 2 h and then raised by 3 °C/min to 550 °C. The final step

was a calcination at 550 °C for 8 h under an air atmosphere.

5.4.2 Preparation of alkali doped W0;/5i0; catalysts

The & wt% WQO3/Si0; catalyst was prepared as discussed in the previous section and was
impregnated with an agueous solution of 0.1 wt% of the metal in the form of a NaNQs,
KNO; or CsNO;5 salt. The mixture was stirred for 2 h and the excess water was then
removed by evaporation at 80 °C. Drying and calcination procedures were identical to
those mentioned above for the preparation of the WO3/S10; catalyst. Catalysts with
different potassium loadings, i.e., 0.05, 0.1 and 0.5 wt% K were also prepared according
to the above-mentioned procedure. For the reversal of the impregnation procedure, silica
was first impregnated with the desired potassium nifrate concentration followed by the
normal drying and calcination procedures as mentioned above. This was then followed by
the impregnation of the potassium containing support with the correct ammonium
metatungstate hydrate concentration. Drying and calcination procedures were identical to

those mentioned above for the preparation of the WO3/S104 catalyst.

5.4.3 Pretreatment of the W(3/5i0; catalyst

Pretreatment of the WQ5/SiO5 catalyst with nitrogen gives the best activity.” The catalyst
was pretreated in sirw at 550 °C for 12 hours under a constant nitrogen flow. The
temperature was decreased to the desired reaction temperature, under nifrogen and kept

constant for the duration of the reaction
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5.5 Characterization techniques

5.5.1 X-Ray Diffraction (XRD)

Samples were analyzed with a Siemens Diffrac 500 XRD. X-ray source: Co Ka.
Operation conditions: 40 kV and 25 mA. The system had a coupled scan: & /26.
Crystaliite size determinations were done from the line width of the peak at 28 = 33.5 °

using the Shadow software and with the aid of the Scherrer equation.

5.5.2 Surface area analysis

The specific surface area, the pore volume and the pore diameter of the different catalysts
were determined by the BET-method on a Tristar (Micromeritics) instrument.
Measurements were performed with nitrogen as adsorbate at —196 °C, after pre-treatment

of the samples at 200 °C under nitrogen flow for 12 h.

5.5.3 Laser Raman Spectroscopy (LRS)

The laser spectroscopy apparatus consisted of an Ar’ laser delivering incident radiation
tuned to 514 nm. The Raman spectra were recorded in the 180 ° configuration on a System
1000 Renishaw Raman spectrometer equipped with a Leica microscope. During the
measurements a magnification of 50 was used. A Renishaw CCD detector was used.

Powdered samples were analysed and the spectra were recorded under ambient conditions.

5.54 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

Tungsten determinations on the supported W0O/Si0; catalysts were done by ICP-AES on a
Perkin Elmer Optima 4300 DV spectrometer. The tungsten concentration was measured at
207.912 nm. In a typical analysis 0.2 g of catalyst was mixed with mixture of HNO;, HC!
and HF (volumetric ratio 2:1:1) and digested in a microwave oven. Water was added after
the solution had cooled down to make it up to 100 ml. The tungsten content was

subsequently measured by ICP-AES and then calculated based on the dilution factor used.
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5.5.5 Transmission electron microscopy (TEM)

TEM-analysis was done on a Phillips CM 200 microscope using 200 kV accelerator speed.
An Oxford EDS detector utilizing Link ISIS software was used for energy dispersive
spectroscopy (EDS) analysis. EDS analyses were performed in 100 s counting time at 100
kV accelerating voltage for TEM. For each sample, a minimum of three X-rays were
obtained to characterize elemental tungsten. The samples were ground and suspended in

methanol using an ultrasonic bath before analysis.

HRTEM (High resolution TEM) measurements were performed on a JEOL 2010 HRTEM
with a point resolution of 1.9 A. In order to avoid possible contamination, the sample

powder was directly mounted on the TEM grid without using any solvent.

EFTEM was done at the University of New Mexico, using a JEOL 2010F microscope
coupled with a Gatan Imaging Filter. TEM coupled with electron energy loss spectroscopy
(EELS) has been used for the characterization of coke in catalysts. An advantage of EELS
is that information on the chemical state of the element can be obtained allowing
distinction for example, between graphitic and amorphous carbon. A fairly recent
development in electron microscopy is the advent of imaging filters e.g. Gatan imaging
filter (GIF ).8 These allow images to be recorded using electrons that have lost a certain
amount of energy via interaction with the solid. Since the energy loss spectrum of a
material contains a signature of all the chemical species present, it is actually possible to
“tune” in to certain elements and obtain an elemental map. These filters therefore provide a
powerful analytical tool for elemental mapping in TEM. This enecrgy filtered transmission
electron microscopy (EFTEM) technique can be used to create a carbon map of coked

catalysts.

5.5.6 Scanning electron microscopy (SEM)

The morphology of the samples was studied by a high resolution JEOL JSM-6000L
scanning electron microscope (HRSEM) operated at 20 kV.
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5.5.7 Thermogravimetry (TG)

Coke levels (wt%) were determined by TG using a Mettler Toledo Star system. The
catalyst sample (26 mg) was first treated at 900 °C in a Nitrogen flow to remove volatiles
and then air to determine the mass loss due to carbon deposits. The conditions for the TG

program are shown in Table 5.4. A typical TG curve for a coked catalyst i1s shown in

Figure 5.5.

Table 5.4 The operating conditions for the TG program,
Step  Temperature/°C Tl:?:/ Gas Fli?lfvml}?:?/
1 30 3 N; 100
2 30-110 3 N, 100
3 110 3 N, 100
4 110-900 15 N, 100
5 900 20 N; 100
6 900 50 Alr 100
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Figure 5.5

A typical TG curve for a coked 8 wi% WQ,/S10, catalyst.
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5.5.8 Ultraviolet-visible (UV-Vis) spectroscopy

[UV-Vis absorption measurements of the product were recorded on a Varian Cary 1E UV-
Visible Spectrophotometer using a quartz cell with a path [ength of 2 mm. The final
metathesis product containing mostly C,4-C,5 internal olefins is yellow. A 20 mL sample
was percolated through neutral alumina to remove the colouration. Both the yellow and
colourless products were analysed by UV-Vis spectroscopy. The percolated product has an
absorption maximun at 250 nm, typical of higher olefins. The unpercolated product has an
adsorption maximum in the same region, since it too contains the same olefins. In order to
prevent any interference from olefinic material a wavelength of 370 nm was chosen for
absorption measurements of the coloured product. This wavelength also falls in visible

region of the electromagnetic spectrum where yellow is known to absorb.

Metathesis Product - wfo colour

‘Wavelength (nnx)

Figure 5.6 The absorption spectra of the yellow and percolated
(colourless) metathesis product.
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5.5.9 Water and carbony] analysis

Water analysis was done by colorimetry using a Metro-ohm colorimetric apparatus.
Samples were analysed as is. The carbonyl content analysis was done by the Sasol
Chemical Industries lab using an internal method, SAOW D.150 at 40 °C. The method
involves the derivatization of carbonyls with an acidic solution of DNPH (2,4-
dinitrophenylhydrazine) to form the corresponding hydrazones, which, upon reaction with
sodium hydroxide, forms a wine-red colour and are quantified by means of UV-detection

at 517 nm.
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6 RESULTS AND DISCUSSION

6.1 Introduction

Olefin metathesis can be a valuable tool for the conversion of low value o-olefins to longer
chain internal olefins.' The internal olefins in the Cjp-Cj3 range have applications as

precursors to detergent range alcohols in the olefin and surfactant market.?

The WOs/510, catalyst is an active catalyst for the metathesis of w-olefins at high
temperatures.” Factors that influence the catalytic activity and selectivity, lifetime, product
quality and coking were investigated. Evaluation of the catalyst was done using both 1-
octene and an industrial 1-heptene cut. The primary metathesis products with a 1-octene

feed are 7-tetradecene and ethene:

—_— e

2NN N,

%%

Similarly, the primary metathesis products with a I-heptene feed are 6-dodecene and

cthene.

The WO;/5i10; metathesis catalyst however requires relatively high reaction temperatures
for maximum activity and this results in a mixture of products. It is well known that
WQ04/S10; catalysts have substantial isomerization activity; as a consequence isomerization
and metathesis of the feed will occur resulting in a distribution of products.* This product
distribution 1is explained in Scheme 6.1 using 1-heptene (an industrial 1-heptene cut) as the

substrate.

This product spectrum was formulated by assuming that the metathesis reaction proceeds
via a metal carbene chain mechanism, that any non-symietrical olefin can coordinate in
two different ways with the active carbene and that only isomerization of the feed gives

rise to the formation of secondary metathesis products. This scheme however just
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indicates the formation of linear secondary metathesis products. It is also possible that

skeletal isomerization of the feed occurs resulting in the formation of methyl branched

metathesis products in the same range as indicated by the linear products illustrated in

Scheme 6.1.

Primary metathesis
products

Cr+6-Cqp === 2x1-Cy 2x 3-C+ 3-C6 +4-Cy
2x 2-C

2‘C4 + 5'C 10
Key=m-Cnp
m = double bond position
n = carbon number
Scheme 6.1 Formation of metathesis products via metathesis and

isomerization of an industrial 1-heptene feed. Linear
secondary metathesis products are indicated in the boxes.

For the WO3/510, catalyst the following were investigated:

PUE I

Influence of the metal [oading on the Si0; support.
Influence of ionic modification with alkali ions.
Lifetime, regeneration and coking studies.

Factors that influence coke formation.

Effect of oxygenates on the catalyst.
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6.2 Influence of metal loading on catalyst structure and metathesis
activity

The influence of fungsten loading on the structure, activity and the selectivity of the
catalyst was investigated. Catalysts with different tungsten metal loading were prepared,
le., 3, 4.5, 6,7, 10, 15 and 20 wt% WO3/Si0,. These were characterised and then tested

for metathesis activity with a percolated 1-octene feed stream.

6.2.1 Catalyst characterization

The actual loading of tungsten on the catalyst was determined by ICP and the results are
tabulated in Table 6.1. Surface arca analyses (Table 6.2) indicated a decrease in both
surface area and pore volume with increasing tungsten loading. Crystallite size analyses,
determined by XRD, indicated an increase in crystallite size with increasing loading.
Crystallite size determinations could however only be done for catalysts with loadings of 8

wt% or more, For lower loadings the crystallite sizes were too small to determine,

To further explore the influence of the metal loading on the catalyst and the catalyst
structure, XRD analyses were done (Figure 6.1). Only the diffraction pattern of the
support was observed for low tungsten loadings indicating the presence of very small
crystallites or an amorphous surface compound. From loadings of about 7 wt% WO;
upward it was possible to observe crystalline WO, A catalyst with 20 wt% WO, showed

the presence of extremely crystalline WO; material.

Figure 6.2 shows the Raman spectra of the WO5/810; catalyst under ambient conditions.
The spectrum possesses weak Raman bands due to the surface tungsten oxide species on
Si0; at 966-973 (v, (W=0)) and 329.6 cm” (w (W=0))." The (v, (W=0)) band is
especially noticeable at low WO;5 loadings (3 to 6 wt% WO3). However the Raman spectra
of the WQ3/810; catalysts also exhibits very strong Raman bands due to crystalline WOs at
802-811, 700-718 and 271 cm’’, which are assigned to the symmetric stretching mode of
the W-O bond, bending mode of the W-O bond and the deformation mode of the W-O-W
bonds respec‘[ively.6 These Raman bands also shift to the right (to lower wave numbers)
with increasing tungsten loading, indicating a change in the physical env.iromnent of the

crystalline WO; molecules. On the catalysts with higher WO, loadings the surface
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tungsten oxide species on SiO; may be present but is probably obscured by the very strong
Raman bands of crystalline WO;. A summary of the Raman bands of the different

catalysts is shown in Table 6.3.

Table 6.1 Quantification of weight percentage tungsten oxide
present in the catalyst by ICP analyses.

Catalyst I(‘L‘vlt’(ﬁ’n‘::)?sses
3 wit% W05/58i0; 2.8
4.5 wt% WO4/5810; 5.0
6 wt% WO4/810; 6.1
7 wi% WOy/SiO, 6.8
8 wt% W03/S5i0; 8.0
10 wtte WO5/510, 11.5
15 wt% WQO;/8i0;, 14.2
20 wt% WO43/S10; 18.0
Table 6.2 Summary of catalyst BET surface areas and crystallite sizes by XRD.
Surface Pore Avg. Pore Crystallite
Catalyst Area (m*/g) Voh;me Size (nm) Size (A)
(cm’/g)
3 wt% W04/5i0, 282 1.08 13.7 -
4.5 wt% W04/510, 279 1.05 14.1 -
6 wi% WO4/Si0O; 274 1.04 141 -
7 wi% WQO4/S510; 267 1.03 14.0 -
& wi% WO;/8i0; 257 0.98 15.6 126.0
10 wt% WO4/810, 251 0.99 13.9 1341
13 wit%% WO03/810, 245 . 0.94 14.0 i41.3

20 wt% WO4/Si0, 234 0.85 14.2 151.0
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e AR IR TSI RERE T e e e i R
Degrees 2-Theta
Figure 6.1 XRD patterns of catalysts with 3, 4.5, 6, 8, 15 and 20 wt% WO;
on S10; (Spectra arranged from lowest loading at bottom to
highest loading at top).

Figure 6.2 Raman Spectra of the catalysts with 3, 4.5, 6, 8, 15 and 20 wt% WO,
on Si0O, (Spectra arranged from lowest loading at bottom to highest
loading at top).
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Table 63 A summary of the Raman bands for the WO;/SiO, catalysts
of different WO, loadings.

Catalyst vy (W=0)/em™ v, (W-O)lem™ v, (W-O)lem™ vy (W-O)/em™

3 wit% W04/Si0; QTL3 809.7 719.1 L
4.5 wt% W04/Si0; 976.4 808.2 Sl AT
6 wt% W0:/S510, 975.6 807.9 716.9 269.9
8 wtl W 10,

WL AN 973.5 805.9 714.8 269.9
15 wt% WO,/S10, 967.3 805.9 714.8 2699
20 wt% WO05/Si0, 965.2 805.9 708.6 269.9

v, — stretching mode, v, — bending mode, v, — deformation mode

The TEM micrographs of the 3, 7 and 20 wt% WO3/SiO; samples are illustrated in Figures
6.3-6.5. Large particles were observed on the 20 wt% WO3/SiO, catalyst. The crystallites
showed dark features that were attributed to tungsten (confirmed by EDS). In the 3 wt%
WO5/S810, sample almost all the particles appeared to be uniform and the large crystallites
of tungsten were not observed. The intermediate sample had mostly small and uniform

particles but a few larger particles could be observed as well.

Figure 6.3 TEM micrograph of catalyst with 3 wt% WO; on SiO,.
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Figure 6.4 TEM micrograph of catalyst with 7 wt% WO; on SiO,.

Figure 6.5 TEM micrograph of catalyst with 20 wt% WO5 on SiO;.

6.2.2 Influence of metal loading on the metathesis activity of the W03/SiO, catalyst
using a 1-octene feed

Metathesis reactions were performed with all the catalysts in the once through mode.
Standard reaction conditions were 460 °C, 5.6 h"' LHSV and atmospheric pressure.
Percolated 1-octene was used as feed in all cases. All reactions were terminated after 8 h

online and the averages of conversion and product selectivities over this 8 h period were

calculated.
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Figure 6.6 indicates the relationship between WOj3 loading and conversion. An increase in
conversion of 1-octene with increasing WOs3 loading is observed up to a loading of 6 wt%.
Conversion stabilises with further addition of WO; and it does not seem as if a further
increase in tungsten loading has any significant effect on the conversion. The relationship
between product selectivity and tungsten loading is illustrated in Figure 6.7. From the
results it is clear that selectivity to the primary metathesis product 7-tetradecene (linear
Ci4) is high at lower WOs5 loadings. Selectivity to the linear C;¢-C;3 metathesis products is
also very high at low loadings but in both instances selectivity to the linear metathesis
products slowly declines with increasing WO; loading and stabilises from 8 wt%.
Selectivity to branched products increase with loading and as with the rest of the products

selectivity stabilises from 8 wt% WOs.

An interesting observation regarding the lifetime of the different catalysts was that
catalysts with lower loadings of WO; (3 to 7 wt%) deactivated faster with time online as
can be observed in Figure 6.7. In comparison WO; loadings of 8 wt% and more did not
show any deactivation and the conversion remained relatively constant over the 8 h period.
It was decided to conduct all future experiments on the 8 wt% catalyst as this catalyst did

not show signs of deactivation during the 8 h screening period.
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Figure 6.6 Influence of WO; loading on 1-octene conversion over a W05/Si0,

metathesis catalyst (Reaction conditions: 460 °C, 5.6 h”' LHSV).
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Figure 6.7 Influence of WO; loading on product selectivity of WO,/Si0,

metathesis catalysts. (Reaction conditions: 460 °C, 5.6 h' LHSV).
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Figure 6.8 The relationship between conversion and time online for WO,/S10,

catalysts with different WO; loadings. Reaction conditions: 460 °C,
5.6 0" LHSV (A 3 wt%; < 4.5 wt%, ® 6 wt%, € 7 wt%, O 8 wt
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6.2.3 Metathesis of 1-octene with the 8 wt% WO3/SiO, catalyst

A once through reaction was conducted with the 8 wt% WO3/SiO, catalyst at 460 °C, Sh
LHSV with percolated 1-octene as feed. The conversion, selectivity and yield curves for

the reaction are depicted in Figure 6.9.

The selectivity and yield for the reaction is low for the first hour. This corresponds to the
break-in time that is characteristic for tungsten oxide on silica metathesis catalysts. The
average selectivity toward the detergent range olefin product is on average, 42%. The

selectivity to the primary metathesis product is low at 5%.

6.2.4 Metathesis of an industrial cut 1-heptene feed with the 8 wt% WO3/SiO;
catalyst

A once through reaction was conducted with the 8 wt% WO,/S10; catalyst at 460 °C, 5 h!
LHSV with a percolated, industrial cut 1-heptene feed. The feed contained 75% 1-heptene
and 25% paraffins and branched olefins. The purpose of the conducting such a reaction is
to determine if this industrial cut feed is suitable for the metathesis reaction and if similar

results to l-octene are obtained. The conversion, selectivity and yield curves for the

reaction are depicted in Figure 6.10.

The activity of the catalyst is similar to the case with 1-octene, but lower yields and
selectivities towards the detergent range olefins are obtained. The selectivity to the

primary metathesis product (C)) is also low.

6.3 Influence of ionic modification of the catalyst with Alkali metal
ions

6.3.1 Influence of doping with 0.1 wt% of alkali metal ions on metathesis activity
and selectivity

The influence of modification of the support surface with alkali metal ions on the activity
and selectivity of an 8 wt% WO;/SiO, catalyst for the metathesis of l-octene was

investigated. Most earlier work on the addition of alkali metal ions to tungsten based
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Figure 6.9 Activity, selectivity and yield curves for the metathesis of 1-
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Figure 6.10 Activity, selectivity and yield curves for the metathesis of an

industrial cut 1-heptene feed over the 8 wt% WO5/SiO, catalyst.
Reaction conditions: 460 °C, 5 h™' LHSV (B Conversion; 4 C, -
C; Selectivity; & C9-C3 Yield; ® C,, Selectivity).
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catalysts has been restricted to sodium and potassium ions.” The first objective of this
study was to determine whether increasing the alkali metal ion size had any influence on
the selectivity of the 8 wt% WO3/SiO; catalyst. Sodium, potassium and cesium ions were
selected for testing and an arbitrary value of 0.1 wt% of each alkali metal ion was
deposited onto an 8 wt% WO4/SiO,; catalyst The'silica gel was first treated with 0.1 wt%
of M'NO;™ (M" = Na’, K', Cs’) prior to impregnation with an aqueous solution of
ammonium metatungstate hydrate.  These catalysts were compared to a standard
unmodified catalyst in terms of conversion and selectivity, All reactions were online for
8 h and results are reported as averages over the 8 h period. Reaction conditions were

460 °C, 5.6 h”' LHSV and atmospheric pressure.

The addition of the alkali ions resulted in a decline in activity of the catalyst. The activities
of catalysts doped with 0.1 wt% of Na’, K', and Cs" are compared in Figure 6.11. The

activity of the catalysts decreased in the order: no M > Cs* ~ K" ~ Na'.

100¢

80|
o ;
=
S ;
S 6ol
o j
= a
o !
- -
2 40
2 E
[&]
Q
e

b , ,

No M+ Na+ K+ Cs+
Alkali metal ion added to 8 wt% WO,/SiO,
Figure 6.11 The influence of 0.1 wt% Na*, K", and Cs" on the activity of an

8 wit% WO4/Si0, catalyst for the metathesis of 1-octene
(Reaction temp = 460 °C, LHSV = 5.6 h™', Reaction time = § h).
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Pre-treatment of the 8 wt% WO,/SiO, catalyst with the alkali ions clearly had an effect on
the selectivity of the catalyst towards the desired products as can be observed in Figure
6.12. The doping of the catalyst with the alkali metal ions resulted in improved selectivity
to the desired detergent olefin range (C;o-Cis linear).The order of increasing selectivity
towards the C¢-C;3 linear products was: no M" < Na" < K' < Cs*. There was also an
improvement in the selectivity toward the primary metathesis product (C,4 linear). There
was a decrease in the amount of branched olefins in both the C¢-C3 range and C,4 range.
The cesium ion doped catalyst showed the greatest increase in C;¢-C,3 linear selectivity,
while the potassium ion doped catalyst showed the highest increase in Ci4 selectivity. The

order of decreasing selectivity towards branched products was: no M">Na’>K">Cs".

6.3.2 The influence of the sequence of impregnation of alkali metal ions

The sequence of impregnation may play a role in influencing the selectivity of the catalyst
and it has been reported that the order of impregnation is an important factor in the
preparation of metathesis catalysts.® This postulate was tested by comparing two catalyst
samples in which the sequence of impregnation was reversed. In the first sample the silica
was impregnated with the tungsten salt followed by impregnation with potassium ions
(normal impregnation). In the second sample the silica was impregnated with potassium
ions and then impregnated with the tungsten salt (reverse impregnation). The results of

this experiment are illustrated in Figure 6.13.

This study suggests that impregnation with potassium ions before impregnation with the
tungsten salt (normal impregnation) results in a slight decrease in the conversion as well as

a decrease in the C¢-C,5 selectivity.

6.3.3 The influence of alkali metal loading on metathesis activity and selectivity

Different amounts of potassium ions (0.05, 0.1 and 0.5 wt%) were loaded onto the 8 wt%
WO5/S10, metathesis catalyst. The catalysts were then tested in a once through mode at
460 °C and 5.6 h”' LHSV with a percolated 1-octene feed over a period of 8 h. The
influence of potassium ion loading on the activity of the 8 wt% WO;/Si0, metathesis

catalyst is shown in Figure 6.14. The feed conversion decreases with an increase in
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potassium ion loading. At 0.5 wt% K" the catalyst activity drops to around 10%. The
influence of potassium ion loading on the catalyst selectivity is shown in Figure 6.15. The
sélectivity towards the primary metathesis product (Cl4) increases gradually with
potassium ion loading up to 0.1 wt%. At 0.5 wt% K there is dramatic increase in
selectivity to the C4 olefin product. Selectivity to the Co-C;3 fraction increases with

increasing potassium loading up to 0.1wt% K" after which it declines sharply.

6.4 Lifetime, regeneration and coking studies of the 8 wt% WO,/SiO,
catalyst

6.4.1 Lifetime and effect of regeneration of the catalyst

Van Schalkwyk er al’ used an experimental desi gn program to optimise reaction
conditions for an 8 wt% WO3/SiO, catalyst using an industrial cut 1-heptene feed. It was
decided to use these reported optimized conditions (LHSV = 16 h”', temperature = 460 °C
and a feed to recycle ratio of 1:5.6), for the experimental work to determine the lifetime
and study the online activity changes of the catalyst. An industrial cut 1-heptene feed
containing 75% 1-heptene and 25% paraffins and branched olefins was metathesized over
the 8 wt% WO,/SiO; catalyst, in a recycle mode. The catalyst was run for a period of
700 h and the run was terminated after the catalyst showed signs of deactivation. The

activity and selectivity of the catalyst for this run is shown in Figure 6.16.

Coke formed on the catalyst was analysed by TG and this revealed 45.7% coke. The same
catalyst was then regenerated and run with 1-heptene feed. The run with the regenerated
catalyst lasted 1200 h before it showed signs of deactivation. The activity and selectivity
for the run is shown in Figure 6.17. The run was terminated and the catalyst was analysed

again by TG and showed 46.2% mass loss due to coke burn off.

During the two runs the catalyst became more selective towards the primary metathesis
products (C; and C),) with time online. The conversion is a little lower after regeneration,

but the selectivity towards the C¢-C,3 fraction is almost the same.
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Figure 6.14  The influence of potassium ion loading on the activity the 8 wt%
WO,/Si0, metathesis catalyst for the metathesis of 1-octene
(Reaction temp = 460 °C, LHSV = 5.6 h', Reaction time = 8 h).
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Figure 6.15 The influence of potassium ion loading on the selectivity of the

8 wt% WO,/Si0O, metathesis catalyst for the metathesis of 1-octene.
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In order to investigate the ratio of primary to secondary metathesis, it was decided to
monitor the ethene and propene selectivity. Ethene is a primary metathesis product while
propene is a product of secondary metathesis (see Scheme 6.1). From Figure 6.18 it is
clear that the catalyst has about the same selectivity towards propene and ethene in the
initial stages. The longer the time online, the more selective the catalyst becomes towards
the primary metathesis products (C; and C,;). The production of ethene increases and the
production of propene decreases. This shows that the catalyst becomes selective towards

metathesis and that isomerization activity is reduced.

12
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Figure 6.18 Selectivity towards ethene and propene as a function of time for

the two long runs. Reaction temperature = 460 °C, LHSV = 16h™,
Feed: recycle ratio =1: 5.6. (A ethene (1 st run); A ethene (2 nd
run); M propene (1 st run); O propene (2 nd run)).

6.4.2 Characterisation of fresh, spent and regenerated catalysts

During the two demonstration runs, discussed in Section 6.4.1, the coke levels on the
catalyst built up to 46%. This effectively means that the catalyst has doubled its mass due
to coke deposition. At these high coke levels plugging may become a serious problem.

This will result in a pressure drop over the catalyst bed and will cause complications
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during scale-up. However no pressure drop was observed during either of the two
demonstration runs. To verify this observation, a simple experiment was conducted to
observe the change in bulk volume of the catalyst after the coke ‘was burnt off. A 10 ml
sample of spent catalyst, from the second run, was carefully, measured in a 10 ml
measuring cylinder. The sample of catalyst was weighed and found to have a total mass of
7.01 g. The catalyst was then regenerated in an oven at 550 °C under air. After
regeneration, the catalyst volume and mass was determined again. These measurements
showed a mass loss of 49% with only a 1% change in bulk volume indicating that most of
the coke deposits may form inside the pores of the catalyst. To confirm these observations,
SEM analyses (Figures 6.19-22) were done on the fresh and spent catalyst (after being
online for 1200 h).

Zone Mag = 854 X
i | EHT = 3.00 kv

Figure 6.19 SEM micrograph of the fresh 8 wt% WO,/SiO, catalyst.

A close inspection of Figure 6.19 revealed grooves in the catalyst particle that originates
from the SiO, support. These grooves were created during grinding of the support to the
correct size prior to impregnation.'” The grooves are still visible in the spent catalyst
sample (Figure 6.20), further verifying the fact that coke formation occurs predominantly
in the pores of the catalyst and not to a great extent on the outside of the particle.

Further magnification of the surface of both the fresh and spent catalyst (Figures 6.21 and

6.22) revealed no cracks or damage to the surface of the catalyst. Following the
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observations made from the SEM analysis, one would expect a decrease in the average
pore diameter, pore size and surface area of the catalyst from the fresh to the spent catalyst.
This was indeed the case as is indicated in Table 6.4. Crystallite sizes (XRD) and tungsten

content determinations (ICP) were also done and are included in Table 6.4.

100pm  ZopeMags 111X
EHT = 25.00

Figure 6.20 SEM micrograph of the spent 8 wt% WO,/SiO, catalyst.

Figure 6.21 SEM micrograph of the fresh 8 wt% W04/SiO, catalyst
(higher magnification).
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Fpmy Zone Mag= 193KX
EHT =25.00 kY

Figure 6.22 SEM micrograph of the spent 8% WO,/SiO, catalyst
{higher magnification).

Table 6.4 Surface area analysis of the 8 wt% WO,/SiO; catalyst during different
stages.
Pore wt% WO,
2 Avg. Pore Crystallite
Catalyst BET (m“/g) Slie i) VOII;HT Size (A) ICP
(em.g™) analyses

Fresh” 257.74 15.65 0.98 126 8.0
Spent” 127.66 7.35 0.21 .
Regenerated” 257.73 16.08 1.03 110 7.8

—_

8 wt% WO4/Si0; calcined at 550 °C in air.
deactivated 8% WO,/Si0; after 2 runs in the recycle reactor with C; SLO as feed.
*** Regenerated — Spent 8% WO,/Si0O; regenerated in air at 550 °C.

6.4.3 Location of coke on the catalyst

There is a difficulty in distinguishing between carbon and silica using transmission
electron microscopy methods, as they may both be amorphous in nature. High resolution
transmission electron microscopy (HRTEM) can provide useful information about the
location of the tungsten crystallites on the silica carrier, but will not allow one to detect

coke on the catalyst. Energy Filtered Transmission Electron Microscopy (EFTEM)
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provides a way for distinguishing carbon from silica. A catalyst containing 46% coke,
determined by TG analysis was used for this study. This catalyst was still active for the

metathesis reaction although deactivation behaviour had set in. -

The HRTEM image of the coked catalyst (Figure 6.23) shows clusters of tungsten oxide
(darker regions, a) present on the silica support (lighter regions, b). It is not possible to

distinguish between the carbon and the silica support. L

The EFTEM technique couples normal transmission electron microscopy with a powerful
energy filter. In this way a carbon map of the region was obtained. The carbon map of the
catalyst (Figure 6.24) shows all of the carbon (orange region) surrounding the tungsten
oxide cluster (blue cluster in centre). Carbon deposition seems to occur mostly around the
clusters and does not cover them to a great extent. To ensure this observation was indeed
the case and not the result of an artefact an oxygen map was also done (Figure 6.25). The
catalyst was oxygen rich throughout (gold regions) as expected as it contains WO; as well

as S10,.

Figure 6.23 HRTEM micrograph of an 8 wt% WO/SiO, catalyst
containing 46% coke.
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Figure 6.24 EFTEM carbon map of an 8 wt% WO,/SiO; catalyst
containing 46% coke.

Figure 6.25 EFTEM oxygen map of an 8 wt% WO,/Si0, catalyst
containing 46% coke.
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6.5 Factors effecting coke formation

6.5.1 Coke formation as a function of temperature

Temperature plays an important role in the formation of coke on acid catalysts.'z The
influence of reaction temperature was investigated with the industrial cut 1-heptene feed
over the 8 wi% W(0,/8i0; catalyst in a recycle mode. Reactions were conducted over a
period of 48 h at 16 h”' LHSV at temperatures of 550, 505 and 460 °C with a feed to
recycle ratio of 1:5.6. The effect of temperature on coke formation is shown in Figure

6.26.

Temperature plays a major role in the formatton of coke. Coke formation increases with
increasing temperature. After 48 h at 550 °C the coke level on the catalyst 1s 23% while at
460 °C after the same time online the coke level on the catalyst 1s 1.5%. Working at lower

temperatures is favourable in terms of reducing colce formation
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Figure 6.26 Coke formation on an 8 wt% WO,/Si0; catalyst as a function

of time online at different temperatures (A 550 °C, W 505 °C,
& 460 °C).
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6.5.2 Coke formation as a function of space velocity

The influence of space velocity was investigated with the industrial cut 1-heptene feed
over the 8 wi% W(s/Si0; catalyst in a recycle mode. Reactions were conducted over a
period of 48 h at 460 °C and at LHSV’s of 4 and 16 h! with a feed to recycle ratio of 1:5.6.
The effect of space velocity is depicted in Figure 6.27. Coke formation increases with an
increase in space velocity. The amount of coke formed is directly proportional to the
amount of reactable feed per hour through the reactor. It is therefore clear that working at a
lower LHSV would have a marked effect on the catalyst online lifetime by reducing the

laydown of coke.
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Figure 6.27 Coke formation on an 8 wt% W03/S10, catalyst as a function
of time online at different LHSV values (A 16 h”', @ 4 h™').

6.5.3 Coke formation as a function of time online

A regenerated catalyst was run over different time intervals to determine the amount coke
formation as a function of time. Reactions were conducted with an industrial cut 1-heptene

feed at 460 °C in the recycle mode at 16 h™' LHSV with a feed to recycle ratio of 1:5.6.
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The results are depicted in Figure 6.28. Coke formation increases almost linearly with

time-on-line.
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Figure 6.28 Coke formation as a function of time online using an 8 wt%

WO,/510, catalyst that was regenerated once.

6.5.4 Influence of olefin content in feed

It is well known from literature that olefins coke much faster than paraffins. The
industrial cut 1-heptene feed has paraffins present (~15%). The ratio of olefin to paraffin
may play a role in determining the coke formation on the catalyst. In order to investigate
this, reactions were conducted with different feed mixtures of I-octene/n-heptane. The
reactions were carried out in a once through mode at 460 °C and 5 h"' LHSV for a period

of 72 h. The influence of the olefin to paraffin ratio 1s shown in Figure 6.29,

At higher olefin to paraffin ratios the coke formation on the catalyst is greater. Coke
formation ts highest with a pure olefin feed while with pure paraffin feed; coke formation

on the catalyst is negligible.
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Figure 6.29 C oke formation as a function of olefin to paraffin content in feed

{Reaction conditions: 460 °C, LHSV = 5 h over a period of 72 h,
feed = mixtures of 1-octene/n-heptane).

6.5.5 Influence of oxygenated components on coke formation on the 8 wi%o
WO;/8i0, catalyst

Oxygenated compounds may be co-fed as coke inhibiting agents.'4 It was decided to add
trace amounts (100 ppin) of 2-pentanone, water and butanol to the [-octene feed stream to
observe the effects of these oxygenates on coke formation. It is well known that
oxygenates deactivate most heterogeneous metathesis catalysts.”> However trace amounts

of oxygenate may not have a negative impact on activity.

This is indeed the case as depicted in Figure 6.30. The catalyst activity does drop over the
72 h period but this also occurs with a pure l-octene feed. This intrinsic deactivation
behaviour has been observed in the once through mode for pure 1-octene feed and the low
level of oxygenates introduced in the spiked feed is not responsible for the loss in activity.
It can be concluded that the addition of 100 ppm of oxygenate does not significantly alter

the performance of the catalyst.
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As can be noted from Figure 6.31, the addition of these trace amounts of oxygenates
significantly reduces the rate of coke formation. The Lewis base 2-pentanone has the
greatest effect, reducing the amount of coke by almost half over a 72 h period. The
Bronsted acids, butanol and water have a lesser effect. Introducing trace levels of
oxygenates therefore can reduce coke formation without having any significant effect on

the catalyst performance.

6.6 Influence of oxygenates on the 8 wt% WO3/SiO, catalyst

6.6.1 Influence of Lewis bases on the activity and selectivity of the 8 wt% WQ3/8i0,
catalyst

2-Pentanone, ethyl acetate and hexanal are oxygenates containing a carbonyl group and act
as Lewis bases. It is well kmown that oxygenates are poisons for metathesis catalysts. The

influence of oxygenates on the catalyst was investigated.

Percolated 1-octene was metathesized in the presence of an 8 wt% WQ3/SiO, catalyst at
460 °C and 5 h™' LHSV, in a once-through mode. The catalyst was allowed to reach steady
state activity, then a l-octene feed containing 500 ppm of the oxygenate was introduced
into the system. The catalyst was allowed to run for two hours before a step change was
made to a 1-octene feed containing the next level of oxygenate. Oxygenate concentrations
of 500, 1000, 2000 and 4000 ppm, if necessary, were used to determine the tolerance level
of the catalyst. The activity of the catalyst was monitored during the course of the

reaction. Figure 6.32 shows the influence of 2-pentanone on the activity of the catalyst.

The response variables that were used to compare the influence of different oxygenates on
the metathesis activity of the catalyst were the feed conversion, C-C;s yield and C;-Cys
selectivity and C,4 (pnmary product) selectivity. With the feed conversion it will be
possible to determine the activity of the catalyst, while the C;-C;s range contains the
desired fraction for the detergent range olefins. The catalyst can tolerate 500 ppm of 2-
pentanone with no adverse effect on its activity. However when 1000 ppm of 2-pentanone
1s introduced into the feed, after 2 h, the conversion begins to drop dramatically. The Cyi-
Cis yield and selectivity also decreases markedly. At 2000 ppm of 2-pentanone the

catalyst conversion is below 20%.
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Influence of 100 ppm of different oxygenates on the activity of an

8 wt % WO/Si0, catalyst over a 72 h period. Reaction conditions:

460 °C, LHSV =5h' (® butanol; < pure 1-octene; [J pentanone;
O water).
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Influence of 100 ppm of different oxygenates on coke formation
on an 8 wt% W0O3/810, catalyst (Reaction conditions: 460 °C,
LHSV =5 h™' overa 72 h period).
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Figure 6.32 The influence of 2-pentanone on the activity, selectivity and yield

of the 8 wt% W(O+/810, catalyst with a 1-octene feed. Reaction
temperature = 460 °C, LHSV =5 h' (® Conversion; ¢ C,;-C);
Selectivity; © C)-C)5 Yield; ® C4 Selectivity).

Ethyl acetate was also tested to determine its effect on the metathests activity of the
catalyst. The influence of ethyl acetate is shown in Figure 6.33. When ethyl acetate was
used as the Lewis base a significant deactivation of the catalyst could be detected with the

introduction of about 1000 ppm. The C;-C,5 yield steadily decreases after that point.

The catalyst 1s fairly resistant towards hexanal, as it shows a decrease in activity only after

about 2000 ppm of hexanal was introduced to the system (Figure 6.34).

6.6.2 The influence of Brionsted acids on the activity and selectivity of the 8 wt%
WQO;/5i0; catalyst.

Water and butanol are Bronsted acids. The influence of water on the activity and
selectivity of the 8 wt% WOQO3/S10, catalyst was determined differently than the other
reactions. The solubility of water in the organic layer (1-octene) is poor. The greater

polarity of water makes separatiL)n of water and the organic layer easy. 1-Octene was




RESULTS AND DISCUSSION

100 100
80 |-
| 2
5
o
A =28
5 2
= @
1] c
1 o
& 40 g
-
[y
Q
O
204+ -
0 2 4 8 8 10 12 14
Time online/h
Figure 6.33 The influence of ethyl acetate on the activity, selectivity and vield
of the 8§ wt% WO,/5i0; catalyst with a 1-octene feed. Reaction
temperature = 460 °C, LHSV = 5 h™' (M Conversion; ¢ C,,-Cs
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Figure 6.34 The influence of hexanal on the activity, selectivity and yield of

the 8 wt% W0,/S10, catalyst with a 1-octene feed. Reaction
temperature = 460° C, LHSV = 5" (B Conversion; 4 C),-C\;
Selectivity; & Cy-Cis Yield; ® C), Selectivity).
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saturated by adding an excess amount of water to it and stirring the mixture for 24 h. The
excess water was then decanted from the mixture and the water saturated l-octene was
used as feed. Colorimetric analysis revedied that this feed contained 104 ppm of water.
Figure 6.35 shows the influence of water on the catalyst. The addition of water to the
reaction mixture shows no deactivation of the catalyst and a total feed conversion of about
88% could be obtained throughout the reaction. The C,;-C;s selectivity and yield and Cj4

selectivity were also not influenced.
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Figure 6.35 The influence of water on the activity, selectivity and yield of the

8 wt% W0O,/S510, catalyst with a I-octene feed, Reaction
temperature = 460 °C, LHSV = 5 i’ (M Conversion; ¢ C,,-C,s
Selectivity; O C-C); Yield; ® C;4 Selectivity).

The influence of the Bronsted acid, butanol on the activity and selectivity of the catalyst is
depicted in Figure 6.36. With the introduction of 500 ppm of butanol, the feed conversion
and C;,-C,s selectivity and yield are not affected. When the level of butanol was increased

to a 1000 ppm, a slight decrease in feed conversion and C,-Cs yield could be detected.
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Figure 6.36 The influence of butanol on the activity, selectivity and yield of
the 8 wt% W04/8i10, catalyst with a [-octene feed. Reaction
temperature = 460 °C, LHSV =5 k' (R Conversion; ¢ C-C;
Selectivity; < C-C)s Yield; ® C4 Selectivity).

6.6.3 The influence of oxygenates on the activity and selectivity of the 8 wt%
WO,/8i0; catalyst when operating in the recycle mode

The oxygenated components may accumulate in the second column and be recycled to the
reactor (Figure 5.2). This will result in a built up of the oxygenate concentration and may
have a greater impact on the catalyst activity. For this reason the effect of 2-pentanone on
the catalyst was investigated in the recycle mode. The optunised reaction conditions were
used and a feed containing a mixtre of 85% 1-octene/15% n-heptane was used. The
purpose of the inert paraffin is to ensure that the second column and recycle loop do not
run dry and to simulate the industrial cut heptene feed. The reactor was started up with
feed and the catalyst was allowed to reach steady state activity, before a step change to
feed containing 100 ppm 2-pentanone was done. The feed was left online for 48 h before
another step change to a feed containing the next level of oxygenate was done. 2-
Pentanone concentrations of 100, 200, 300 and 400 ppm were used. The influence of the 2-

pentanone in the recycle mode is shown in Figure 6.37. The W(Q3/S10; catalyst shows no
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sign of deactivation up to a level of about 300 ppm of 2-pentanone in the feed. When the
level is increased to 400 ppm the catalyst shows a decrease in feed conversion as well as a
decrease in Cy,-Cys yield. Reintroduction of the pure feed results in the catalyst regaining
its original activity. Analysis was done on the feed and the liquid samples collected as
product (purge 1 and 2 in Figure 5.2) to determine the level of carbonyl content in each
fraction. It was found by carbonyl analysis that with 400 ppm of 2-pentanone in the feed,

the carbonyl content of purge streams 1 and 2 are 180 ppm and 210 ppm respectively.

An interesting observation was made conceming the colour of the product. The product,
using a pure feed containing no oxygenates, is deep yellow. Introduction of the oxygenate
into the feed stream results in a decrease in the yellow colour. This change in colour was
quantified by UV-Vis spectroscopy. Due to the possible interference from olefinic
muaterial present a wavelength of 370 nm was employed. This allows good quantification
of the yellowness of the product. The product reverted to its yellow colour when the pure

feed was reintroduced. The influence of 2-pentanone on the colour of the product is shown

mn Figure 6.38.
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Figure 6.37 The influence of 2-pentanone on the activity, selectivity and yield
of the 8 wt% WQ0,/510, catalyst with a 1-octene/ n-heptane feed in
the recycle mode at 460 °C, 16 h LHSV and a feed to recycle
ratio of 1.5.6 (M Conversion, ¥ C,-C,; Selectivity; < C,-Cis
Yield; ® C,, Selectivity).
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Figure 6.38 The influence of 2-pentanone on the colour of the product
produced from the metathesis of a 1-octene/n-heptane feed over an
8 wi% W05/Si0; catalyst in the recycle mode at 460 °C, 16 h™'
LHSV and a feed to recycle ratio of [:5.6.

6.6.4 The influence of oxygenates on the colour of the product produced via
metathesis over the 8 wt% WO;/8i0; catalyst

The observations made from the experiments with 2-pentanone in the recycle mode
(Section 6.6.3) clearly showed that oxygenates affected the colour of the product. It was
decided to investigate the influence of different oxygenates on the colour of the product
obtained via the metathesis of 1-octene over the 8 wt%% W0;-510; catalyst, In a once
through mode. For these experiments cdncentrations of oxygenate lower than 500 ppm
were used. The activity of the catalyst was also monitored. The oxygenates tested were
butanol (Bronsted acid), 2-pentanone, hexanal and butanal (Lewis bases) at concentrations

of 100, 200, 300 and 400 ppm.

The activity and selectivity of the catalyst and the colour of the product, when 2-pentanone
is introduced into the system are illustrated in Figures 6.39 and 6.40 respectively. As

expected at concentrations lower than 500 ppm the activity of the catalyst is not
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significantly affected. However the colour of the product begins to decrease as the level of
2-pentanone in the feed is increased. After 1 h at a concentration of 200 ppm the
absorbance of the product is decreased to more than half that with a pure feed. When a
pure feed is reintroduced the absorbance of the product begins to imncrease indicating that

the product is becoming yellow once more.

The influence of the aldehydes, hexanal and butanal on product colour was also
investigated. The activity of the catalyst and the absorbance of the product are illustrated
for hexanal in Figures 6.41 and 6.42. The catalyst shows no signs of deactivation up to
400 ppm of hexanal, but the colour of the product becomes clearer with the introduction of
just 100 ppm of hexanal. Figures 6.43 and 6.44 show the influence of butanal on the
activity of the catalyst and colour of the product. Butanal has a similar effect to hexanal.
The catalyst conversion is steady up to a concentration of 400 ppm. Increasing the
concentration of butanal results in a corresponding drop in the product absorbance. The

Brénsted acid, butanol has a similar effect as depicted in Figure 6.45 and 6.46.

100 - 100
S R
-pure feed 100ppm 200ppm  300ppm  400ppm  pure feed &
£ ool 3
£ 604 - - g0 >
= c
Z : ©
& | S
i f2d
&S 40t 40 5
>
c
o
: &}
[
204 - - - 20
| o—0—0-8-9 5 o o099 o
0 e —10
0 2 4 6 8 16 12 14
Time online/h
Figure 6.39 The influence of 2-pentanone on the activity, selectivity and yield

of the 8 wt% WO,/S10; catalyst with a 1-octene feed. Reaction
temperature =460 °C, LHSV= 5 b (W Conversion; ¥ C,;-C;s
Selectivity; < C),-C)5 Yield; ® C,4 Selectivity).
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The influence of hexanal on the activity, selectivity and yield of
the 8 wi% W0,/510; catalyst with a 1-octene feed. Reaction
temperature = 460 °C, LHSV= 5 "' (W Conversion; ¢ C,,-Cys
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Figure 6.42 The influence of hexanal on the colour of the product produced via
metathesis of 1-octene over the 8 wt% W05/310, catalyst in a
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Figure 6.43 The influence of butanal on the activity, selectivity and yield of
the & wt% WO/510, catalyst system with 1-octene feed Reaction
temperature = 460 °C, LHSY =5 I’ (® Conversion; 4 C;,-C;s
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The influence of bufanol on the activity, selectivity and yield of
the 8 wt% WOs/S10; catalyst system with 1-octene feed. Reaction
temperature = 460 °C, LHSV = 5 ' (R Conversion; ¢ C,,-Cs
Selectivity; < C)-Cis Yield; ® C 4 Selectivity).
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The influence of butanol on the colour of the product produced via

metathesis of 1-octene over the 8 wt% W(04/5i0, cataiyst in a once
through mode. Reaction temperature = 460 °C, LHSV =5 k.

6.6.5 The influence of a fixed concentration of oxygenate on the colour of the
product produced vig metathesis over the § wt% WQO3/8i0; catalyst

It was decided to investigate the effect of a constant amount of oxygenate on the activity of

the catalyst and colour of the product. The oxygenate chosen for this experiment was 2-

pentanone. The reaction was started with pure feed and the catalyst was allowed fo reach

steady state. A step change to a feed containing 200 ppm of 2-pentanone was done and this

feed was kept on line for 20 hours. Pure feed was reintroduced into the system, thereafter,

In Figure 6.47 it is clear that Z-pentanone does not have an influence on the activity or

selectivity of the catalyst, but in Figure 6.48, a decrease in colour could be observed after

the introduction of 2-pentanone. The product colour stabilises for a while and with the

reintroduction of the pure feed, it retumns to its original yellow colour.
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Figure 6.47 The influence of 200 ppm 2-pentanone on the activity, selectivity and
yield of the 8 wt% WO4/510; catalyst system with 1-octene feed.
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Figure 6.48 The influence of 200 ppm on the colour of the product produced
via metathesis of 1-octene over the § wt% W(,/Si0; catalyst in a
once through mode. Reaction temperature= 460 °C, LHSV =5n".
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6.7 Summary of important results

1. WOy/8i0; catalysts of different tungsten loadings were prepared and characterized.
LRS, XRD and TEM showed that crystalline WQ3; was predominant on catalysts with
higher tungsten loading, while WO, was well dispersed on catalyst with lower

loadings. A surface tungsten species was observed on catalysts with lower loadings.

2. The metathesis activity of the catalysts increased up to loading of 6 wt% WOQs;.
Thereafter the activity stabilised and was constant and independent of tungsten loading.
Selectivity to branched products was lower with catalysts of lower tungsten loading.

The stability of catalysts containing more than 7 wi% WO, was higher.

3. Alkali metal ion doping of the catalyst resulted in lower activity and lower selectivity
to branched products. Doping the catalyst with greater than 0.5 wt% of alkalt metal ion
resulted in a sharp drop in conversion. Reverse impregnation resulted in a loss of

activity and selectivity compared to the normal impregnation technique.

4. The 8 wt% WO3/8i0; catalyst has a long lifetime (700 h) when operated in the recycle
mode, using optimised conditions. The selectivity of the catalyst improves with time
online. Regeneration of the catalyst results in a slight drop in conversion but enhanced

selectivity and lifetime. There is a large amount of coke that forms inside the pores of

the catalyst.

5. EFTEM was used as technique to locate carbon on coked catalysts. Carbon maps
indicated that the carbon was located around the tungsten oxide clusters and were not

covering them.

6. Temperature, LHSV, time-online and olefin content all play an important role in
determining the rate of coke laydown on the catalyst. Trace quantities of oxygenates
reduce the rate of coke laydown significantly without any adverse effect on activity and

selectivity.
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7. Oxygenates are responsible for catalyst deactivation if they are present in high enough

concentrations. Trace quantities of oxygenates can help to reduce the colour of the final

product.
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7 CONCLUSIONS

7.1  Metathesis reactions over WQ3/Si0; catalysts

It has been demonstrated mn this study that WO4/510; 'catalysts are active for olefin
metathesis reactions at high temperatures. The catalyst also has appreciable isomerization
activity. Primary metathesis, isomerization and secondary metathesis are the chief
reactions that take place when employing a catalyst of this nature. The combination of
these reactions results m a mixture of products, however this broad product spectrum
(mainly C;0-C;3 internal olefins) is suitable for applications in detergent aicohol (DA) and
linear alkyl benzene (LAB) synthesis. The formation of the reaction products when using

1-ociene as a feed material is illustrated in Scheme 7.1.

3-Cs+5-Cyy
2x3-C;
2X 3'C8 and
2x4-Cy

2x4-Cg

Cy+7-Cyq
Primary metathesis products

-Scheme 7.1 Primary metathesis, isomerization and secondary metathesis with
1-octene as feed over WO4/Si0); catalysts.
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7.2  The WQ;/Si0; catalyst system

7.2.1 Introduction

W0,/8i0, metathesis catalysts are composed of a surface phase and crystalline trioxide. It
has been proved extensively that WO; crystals are inactive in metathesis and as a
consequence the catalytic sites have to be contained in the surface phase or at the boundary
of the WO, crystals and the silica carrier.' Kerkhoff er al® determined that crystalline
WOjs is not a precursor for the active site, since the measured metathesis activity of their
WO5/8i0; catalysts decreased from 20 to 40 wt% WO; while the amount of crystalline
material increased in this range. It was also shown that WO3/Al;0; catalysts have a high
metathesis activity in spite of the fact that that no crystalline material was detected by

XRD.? The structure of the amorphous surface compound is still a subject of debate.’

7.2.1 Characterisation of WO3/8i0O; catalysts with different WOj3 loadings

From the Raman spectra (Figure 6.2) it 1s evident that at low tungsten loadings, tungsten is
present as a surface tungsten species as well as crystalline material. The weak Raman
bands attributed to the surface tungsten species at 973 and 329 cm™ have a greater intensity
at lower loadings showing a higher amount of surface tungsten species at low tungsten
loadings. In catalysts with lower loading the Raman bands due to crystalline WO, (802-
811, 700-718 and 271 cm™) have a lower intensity. At high tungsten loadings this surface
species is totally overshadowed by the crystalline WO, species. This observation was also
made by Thomas er al.”> The presence of this highly crystalline material indicates that for
higher tungsten loadings preparation by the aqueous impregnation method gives a poorly

dispersed supported tungsten oxide phase on silica.’

The XRD patterns of the 3-20 wt% W03/S10; catalysts (Figure 6.1) indicated the presence
of crystalline WQO5 only if the catalyst contained more than 7 wi% WO;. Below this level
the tungsten appeared to be present largely as an amorphous, surface compound. This was
also observed by Kerkhof et al® 1t was only possible to determine crystallite sizes for
catalysts with loadings higher than 8 wt%. Lower loadings either had too small crystallites
present or the tungsten oxide was present as an amorphous surface compound (see Table

6.2). The crystallite sizes increased from 8-20 wt% WQ3/Si0s.
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TEM analysis of the 20 wi% W0Q5/8i0; catalyst (Figure 6.5) also indicated the presence of
a greater amount of larger crystallites at high loadings. The 3 wt% WO3/510; catalyst
appeared to be well diépersed with only a few crystallites present (Figure 6.3)r. TEM
analysis further strengthened the theory that tungsten is largely present as a surface

compound at lower loadings.

7.3  Factors that influence the WO;/Si0O, catalyst

7.3.1 Influence of WO, loading on the metathesis activity and selectivity of an
8 wt% WO3/Si(); catalyst

When evaluating the analytical and experimental results it becomes clear that there is a

strong relationship between the surface tungsten species and the conversion and selectivity

observed.

At lower loadings of tungsten, conversion is low probably due to the small quantity of
active surface species present. Increasing tungsten loading leads to an increase in
conversion, which reaches a maximum and stabilises at around 6 wt% WO, (Figure 6.6).
At about this particular WO; loading, the tungsten surface compound must reach its
maximum level. Increasing the loading further (>6 wt% WQ;) results in further growth of
the crystalline WOs that has no or very little effect on catalytic activity. The fact that
Kerkhof e al® observed a decline in conversion after about a 20 wt% WOs loading can be

related to WOj; crystallite growth starting to cover the active surface compound.

Selectivity is also directly related to the tungsten loading. It is evident that selectivity to
the linear C4 (primary metathesis product) is higher at the low tungsten loadings
(Figure 6.7). The selectivity towards the secondary metathesis products (C¢-Ci3) is also
higher at the lower loadings (< 8 wt%), which indicates a higher degree of isomerization.
At lower WOs5 loadings Bronsted acidity is still relatively low. The presence of tungsten
surface compounds however create Lewis acidity while no or very little Brénsted acidity is
present, indicating possible double bond isomerization of the feed according to an allylic
mechanism.® The selectivity of the catalyst towards the branched products, Co-C3 and
C)4 branched (skeletal isomerization activity), increases with loading up to a2 maximum of

1% for the 8 wt% catalyst and stabilises thereafter. From a selectivity point of view a



CONCLUSIONS 104

catalyst with lower tungsten loadings will be favourable for our applications as it gives

high selectivities to the linear Cy4 and C,o-Cy3 and lower selectivities to branched olefins.

7.3.2 Influence of metal loading on the stability of the catalysts

It was found during this study that catalysts with lower WQj; loadings show relatively
lower stability in comparison to 8 wi% WQO3/Si0; and higher, where high stability was
observed (Figure 6.8). As was indicated with both XRD and TEM, low WO; loadings
appear to be present as highly dispersed, small crystallites on the support material while
larger clusters of crystalline material also starts appearing from around 8 wi% WOs. It can
thus be that the presence of crystalline material has a stabilising effect on the tungsten
surface compound. The active tungsten surface compound has a very strong interaction
with the support and 1s also very difficult to reduce. The crystalline WO; on the other hand
is easily reducible. During the metathesis reaction the precursor to the active species is
reduced by the olefinic feed to the desired oxidation state.” Over-reduction of the active
species however can result in deactivation of the catalyst.® The presence of crystalline
material can thus protect the active surface tungsten species from deactivation by being the
preferred species for over-reduction.” In tenﬁs of catalyst stability using a catalyst with

around 8 wt% WOj; loading will give longer lifetimes.

7.3.3 Influence of alkali metal doping on metathesis activity

Treatment of the 8 wt% WQ5/Si0; with 0.1 wt% of alkali ion (Na', K" and Cs") had an
influence on the metathesis activity and selectivity of the catalyst (Figure 6.11, 6.12). In all
cases the metathesis activity was hampered by addition of the alkali metal ions. The

conversion of the different alkali-doped samples however was almost identical at around

80%.

Previous work done on heterogeneous rhenium catalysts showed a strong correlation
between the 1onic radii of the dopant alkali metal ion and the activity and selectivity of the
catalysts.” In this case, there was no distinct correlation between the size of ionic radii of

the cation and the behavior of the catalyst (Table 7.1). However it was observed that the
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alkali metal ions with larger ionic radii (K* and Cs') behaved stightly differently to Na',

which has a smaller ionic radius.

The most notable difference between the alkali metal ion doped and standard catalysts
were the selectivity to both primary and secondary metathesis products (Table 7.1). If only
the selectivity to one of the primary metathesis products, i.e. 7-tetradecene, is studied it is
quite clear that doping with cesium and potassium ions does indeed increase the selectivity
to primary metathesis products. If the selectivity to secondary metathesis products is
however compared the observation is made that selectivity actually increases to secondary

metathesis products.

If the percentage branched metathesis products are also compared it becomes clear that
alkali doping reduces the branched products considerably. Branched metathesis products
are the result of skeletal isomerization of the feed.!' Skeletal isomerization oceurs on acids
sites displaying acidity higher than that needed for cis-frans 1somerization and double bond
isomerization.'? It is expected that skeletal isomerization will occur on stronger acid sites
than double bond isomerization. Doping of the catalyst with alkali metal ions targets the
stronger acid sites first. The results (Figure 6.12) show that skeletal isomerization and
hence branched products, is dramatically reduced by alkali doping.

This is an important observation, as it is well known that branched olefins need to be

limited for LAB production. Alkylation of branched olefins lead to LAB’s with low
biodegradability."

7.3.4 Influence of alkali metal ion loading of metathesis activity

When a 8 wt% WO./510; catalyst 1s doped with increasing amounts of potassium
(Figure 6.15), skeletal isomerization and thus branched metathesis products immediately
decrease, while linear C,o-Ci4 metathesis products do not show any significant decrease but
rather an increase (between 0.05 wt% K and 0.1 wt% K'). Conversion also declined
slowly (Figure 6.16). It is only when large amounts of potassium (0.5 wt% K"), are added
to the catalyst that both conversion and selectivity to Co-C 2 metathesis products decrease

significantly.
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Table 7.1 Influence of 0.1 wit% alkali ion doping on the selectivity of an
8 wt%% WQ,/S10; catalyst for the metathesis of 1-octene.

Alkali metal jon added No M* Na® K* Cs*
Tonic Radius '°/A - 1.02 1.38 1.67
Selectivity C;4 Branched/% 1.4 1.5 0.5 0.5
Selectivity C4 Linear/% 4.6 4.4 10.6 10.2
Selectivity Cq-Cy3 Branched/% 5.7 2.0 2.0 1.9
Selectivity Co-Ci3 Linear/% 40.0 47.6 49.2 51.6
% branched Cp-C3 14.3 4.1 40 3.7
% branched C)4 30.4 7.4 4.7 4.9

The proposals of Van Roosmalen and Laverty et al.'™” will be used to explain the
formation of active metathesis centres (see Section 4.4.1). Proton donation occurs by the
Lewis acid site-olefin complexes (Scheme 7.2) to tetravalent tungsten followed by reaction
of the tungsten hydrides with the olefin. It seems that excessive doping of the catalyst with
potassium will result in destruction of the Lewis acidity associated with the tungsten
surface compound. The large decrease in limear C;p-Cj3 metathesis products with
excessive potassium doping then possibly corresponds to a Lewis catalyzed (allylic)

1somerization mechanism.

L O
Ney/
L—/W\— CH,-CH=CH-CHj3
HO OH

Scheme 7.2 The Lewis acid site-olefin complex.

7.3.5 The influence of sequence of impregnation of alkali metal ions

Reverse impregnation (first with potassium and then with the tungsten precursor) resulted
in a slight decrease in conversion as well as a decrease in selectivity to linear Cg-Ci3

metathesis products (Figure 6.13). This may be further indication that an allylic mechanism
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for double bond isomerization is present as potassium probably destroyed Lewis acidity
present on the support before impregnation with the tungsten precursor. This could have
led to the observed decrease in conversion and double bond isomerization as both these
reactions are reliant on Lewis acidity for activity. However, it should be noted that the
changes in the activity of the normal and reverse impregnation catalyst are very small and

no definite conclusions on the impact of the two techniques can be drawn.

7.4  Lifetime, regeneration and coking studies

7.4.1 Lifetime and effect of regeneration of the catalyst

The WO3/Si0; catalyst has been the subject of many studies; however the longest lifetime
indicated in literature is 48 h.'® Moreover most work on the catalyst has been done with
shorter chain olefins.” Due to the ease of regeneration and high activity obtained after
regeneration, it is possible that the catalysts are regenerated after being online for 48 h.
The long run conducted with a fresh 8 wt% WO;/510, catalyst showed that the catalyst has
an online lifetime of around 500 h (Figure 6.16). The run was terminated after the catalyst
showed a 10% drop in conversion, but the catalyst was still active at the point of
termination. The selectivity towards the primary metathesis products increases with time

online as observed by an increase in 7-tetradecene and ethene selectivity (Figure 6.16 and

6.18).

Regeneration of the catalyst results in a slight loss in activity but an increase in selectivity
towards the desired products (Figure 6.17). Heckelsberg'” also reported that the selectivity
of the WO4/SiO; catalyst towards propene could be improved (with a slight drop in
conversion) during the metathesis of 2-butene with ethene after regeneration. This
behaviour was also observed by Basrur er al.'® and they concluded that a change in the
catalyst structure facilitates this decrease in conversion and increase in selectivity.
Reduction of tungsten oxides is known to proceed through intermediate phases which
include the W25Oss, and WigOys phases.[9 Electron spin resonance (ESR) studies done by
Basrur et al.'® indicated that at least some of the WO; that was reduced to a lower state
during the reaction could not readily be re-oxidized to W% during regeneration and thus

appeared to be in a stabilized non-stoichiometric state. These conclusions show that in a
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regencrated catalyst, tungsten oxide is present in at least two different oxidation states and

this results in an enhancement of selectivity when the catalyst is regenerated.

The regeneration procedure may also result in a better dispersion of the tungsten oxide on
the silica carrier. Spamer ef al®® showed that it is possible that migration of the tungsten
occurs on the silica support. Crystallite size analyses (Table 6.4) also show that there are
smaller crystallites present on the regenerated catalyst, indicating the possibility of greater
dispersion. The acidity of the catalyst seems to be lowered after regeneration. Van
Roosmalen and Koster™' showed that acidity is low on well-dispersed WQ3/5i0, catalysts.
The regenerated catalyst requires twice as long as the fresh catalyst to build up the same

amount of coke and this points to a loss of acidity after the regeneration stage.

7.4.2 Characterisation of fresh, spent and regenerated catalysts

A large amount of coke forms inside the pores of the WO3/S10, catalyst during the long
runs. All indications are that this coke is predominantly forming inside the pores of the
catalyst and not on the surface where the active species are present. Surface area and pore
volume measurements {Table 6.4) confirmed that coke occurs primarily in the pores of the

catalyst. The pore volume of the catalyst is reduced by a factor of 5.

This excessive build-up of coke inside the pores of the ca!talyst does not seem to cause any
cracking or break-up of the catalyst and is easily removed by regeneration treatment.

SEM analysis of the fresh and spent catalyst (Figure 6.21, 6.22) show that the catalyst does
not lose its structural integrity even after it accumulates more than 45% coke. There are no
cracks visible on the surface of the spent catalyst. Indications are that coke is formed inside
the pores of the catalyst, as grooves created by grinding the catalyst are still visible on a

catalyst with more than 45% coke (Figure 6.19, 6.20).

7.4.3 Location of coke on the catalyst

EFTEM can be a useful tool for locating the carbon on a coked catalyst. The technique

provides a way for differentiating between silica and carbon. A carbon map was done on
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the catalyst (Figure 6.24) and it indicated that most of the carbon was located around the

tungsten oxide cluster and did not cover it to a great extent.

This observation can offer an explanation for the long lifetime of the catalyst.
Thomas er al.” proposed that active sites may be located at the boundary of the tungsten
oxide crystallite and the silica. The carbon map shows that at even high coke levels the
tungsten oxide is still exposed. The active sites present in this boundary region may be
still able to metathetically convert reactant olefins. It is expected that as coke levels

increase, these sites will eventually be blocked by coke and catalyst deactivation will

consequently resutt.

7.4.4 Factors effecting coke formation

7.4.4.1 Coke formation as a function of temperature

As can be seen from Figure 6.26, coke formation increases with an increase in reaction

temperature. This result is expected because the formation of coke is thermodynamically

favoured af higher temperatures.*

It is therefore favourable to work at lower temperatures to reduce the rate of coke laydown.
However if much lower temperatures are employed this may result in lower tolerance

BOAt high temperatures, there is enough energy

levels towards typical catalyst poisons.
available to keep the catalyst from deactivating. Also lower temperatures may result in loss

in activity as it has been reported that temperature is related to the activity.**

7.4.4.2 Coke formation as a function LHSV

It can be concluded from Figure 6.27 that increasing the LHSV increases the rate of coke
formation. The greater the LSHV, the higher the amount of reactable feed passing through
the catalyst bed. This shows that the rate of coke formation is related to the amount of

olefin feed, rather than the contact time.

Working at lower LHSV will be useful in reducing coke formation on the catalyst.

However decreasing the LHSV will increase the contact time of the feed with the catalyst
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and will enhance side reactions such as isomerization. At lower LHSV’s, a high conversion

but poor selectivity toward the primary metathesis product will be obtained.

7.4.4.3 Coke formation as a function of time on-line

The rate of coke formation increases almost linearly with time online as shown in Figure
6.28. This may provide an explanation for the change in selectivity of the catalyst with
increasing time online. Coke formation results as a consequence of side reactions catalyzes
by acid sites.”” The coke formed may cover these acid sites resulting in loss of
isomerization activity of the catalyst® As a result of this, the selectivity toward the
primary metathesis product will increase. Eventually coke deposits will cover all the

active sites and result in catalyst deactivation.

7.4.4.4 Influence of olefin content in feed on coke formation

Figure 6.29 shows that the rate of coke formation increased with increasing olefin to
paraffin content in the feed. This implies that olefins have a faster rate of coking than

paraffins. This was demonstrated by Panchenkov ef al*® with silica-alumina cracking

catalysts.

The industrial cut heptene feed has 15% n-heptane present. It is possible to tailor the ratio
of olefin to paraffin in the feed depending on the desired rate of coke laydown. It is not

practical to work with 100% olefin feed as this will result in faster deactivation of the

catalyst by coke deposition.

7.4.4.5 Influence of oxygenates on coke formation on the 8 wt% WO0y¥5i0, catalyst

Various additives may be used to reduce coke on acid catalysts.” The addition of alkali
metal ions to acid catalysts is known to reduce coke formation but this may also result in
loss of activity.2 ¥ Hydrogen is used as an important coke retarding reactant in several
hydrocarbon conversion processes such as FCC (Fluid catalytic cracking) and catalytic
reforming.”? However the optimal amount of hydrogen must be employed or the catalyst

may be deactivated by over-reduction.®
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Kozhevnikov e al.?’ showed that oxygenates can be used as coke inhibiting agents for a
silica-supported heteropoly acid catalyst used in propene oligomerization. The addition of

water, methanol and acetic acid to the propene flow reduced coking. Water was reported as

the most effective inhibitor.

The addition of 100 ppm of butanol, water and 2-pentanone had a significant influence on
the rate of coke formation (Figure 6.31), without affecting the activity of the WQO4/Si0;
catalyst (Figure 6.30). The Lewis base 2-pentanone had the greatest effect on coke
formation and resulted in reducing the rate of coke formation by almost half, Water and

butanol also reduced the amount of coke formed.

The oxygenates may reduce coke formation by blocking acid sites which catalyze side
reactions that lead to coke. This is an important result as it provides a way to reduce coke

formation on the catalyst without affecting the catalyst performance significantly.

7.5 Influence of oxygenates on the activity and selectivity of the 8 wt%
WO;/Si0), catalyst

7.5.1 Influence of Lewis bases on the activity and selectivity of the 8 wt% WO3/Si0;
catalyst

The 8 wt% WO4/510; catalyst operates at high temperatures and as a consequence higher
tolerance towards poisons is expected. However it has been reported in literature that
oxygenated components are catalyst poisons.®® The axygenates act as temporary poisons

and the reintroduction of a pure feed stream results in the gain of initial activity.

The Lewis bases, 2-pentanone, ethyl acetate and hexanal were used to test the tolerance
levels of the catalyst. The maximum tolerance levels for these components are shown in
Table 7.2. The selectivity of the catalyst towards the detergent range olefins decreased

after the maximum tolerance leve! of Lewis base as indicated in Figures 6.32-34.

The 8 wt% WO4/8i0; catalyst has the same maximum tolerance level for the ketone, 2-
pentanone and ester ethyl acetate. However the catalyst could tolerate a greater level of the

aldehyde. These results are different from those obtained by du Plessis er al.® with a low
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temperature heterogeneous Re;07/AlLOs catalyst system. They showed that ketones have a
greater effect on the catalyst than esters. The WO4/Si0, catalyst however operates at much

higher temperatures and consequently the reactivity of these poisons will not be the same.

Table 7.2 The maximum tolerance level for Lewis bases
over an 8 wt% WO,/S510; catalyst.

. Maximum tolerance level
Lewis bases

(ppm)
2-Pentanone 500
Ethyl acetate 500
Hexanal ' 1000

A possible explanation for the higher resistance towards aldehydes is that they may
undergo aldol condensation reactions, effectively decreasing the carbonyl concentration. In
aldol condensation reactions, a simple aldehyde may be converted to an aldol (a molecule
containing both aldehyde and alcoholic groups).’' The case is illustrated for acetaldehyde
in Scheme 7.3. Moggi and Albanesi** showed that gas phase aldol condensation readily

proceeds over WO3/510; catalysts.

?H

CH;CHCH,CHO

2 CHyCHO

Scheme 7.3 The aldol condensation reaction of acetaldehyde.

7.5.1.1 The mechanism of deactivation by Lewis bases

It is generally accepted that the metal carbene moiety is the active species for the olefin
metathesis reaction.' 2-Pentanone, ethyl acetate and hexanal are Lewis bases containing a
carbonyl] group. The oxygen atom of the carbonyl group on the Lewis base has two lone
pairs of electrons that could be donated to the empty orbital on the metal centre. Therefore

it is possible for the Lewis base to react with the metal carbene in a Wittig-type fashion.>
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It is therefore proposed that the Lewis base can undergo a “hetero-atom metathesis”
reaction that involves exchange of an oxygen atom between the metal carbene ‘of the
tungsten catalyst and the. carbonyl group of the Lewis base. The requirement of such a
reaction is that both molecules contain a double bond. The proposed mechanism of this
reaction is illustrated in Scheme 7.4. The Lewis base deactivates the catalyst to an in

active oxide state. The catalyst can then be reactivated by reintroduction of pure feed.

T

vacant site /C— R
\ /Cﬁz RCOE 0\\\W /CHQ o\w N
o o o o o o CH,

i olefin
R

/CHz
W, + /
(J)/ \? 7

Scheme 7.4 Mechanism of deactivation by Lewis bases.

7.5.2 Influence of Bronsted acids on the activity and selectivity of the 8 wt%
WO3/8i0, catalyst

Brénsted acids like water and butanol are known catalyst poisons.”® The catalyst was able
to easily tolerate water at the saturation level (104 ppm) in the feed (Figure 6.35). The
catalyst activity and selectivity was not affected at all by this level of water. The tolerance

level for butanol was 500 ppm (Figure 6.36).
7.5.2.1 Mechanism of deactivation by Bronsted acids

The effect of Bronsted acids may be due to blocking of active sites (Scheme 7.5). The

alcohol and the olefin compete for the same active site on the metal centre. If the active
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sites are blocked by the presence of the alcohol, the high temperature of the reaction and
the excess of olefin feed could remove it. The metal centre will then be available for

coordination of the olefin. The effect of the ]érdnsted acid is therefore reversible.

vacant site I[I R
\ | R=0; CH ) CH
CH2 ) 2 N 2
/ R-OH \ / olefin CH3 N /
W AN SN
Scheme 7.5 Mechanism of deactivation by Brénsted acids.

7.5.3 The influence of oxygenates on the activity and selectivity of the 8 wt%
WO,/S8i0; catalyst in the recycle mode

The influence of 2-pentanone on the activity of the catalyst in the recycle mode is shown in
Figure 6.37. The maximum tolerance level towards the oxygenate is 300 ppm. This
indicates that oxygenates do build up concentration in the recycle loop as the tolerance to

oxygenates is 500 ppm n the once through mode.

The boiling point of 2-pentanone is 102 °C and it is expected that this component will be
separated in the first column at 220 °C, pass through to the second column and be collected
at purge 2. However analysis revealed that carbonyls were present in both purge 1 and 2.
This indicates that 2-pentanone is converted to longer or shorter analogues and this could
result from the proposed mechanism in Scheme 7.5. Reintroduction of pure feed results in
the catalyst regaining its original activity, indicating that this mode of deactivation is

reversible, again supporting the proposed mechanism.

7.5.4 The influence of oxygenates on the colour of the product

Observations made from the addition of oxygenates in the recycle (Figure 6.38) and once
through mode (Figures 6.40, 6.42, 6.44, 6.46) show that trace amount of oxygenates can be

used to significantly reduce the colour of the product. Brénsted acids and Lewis bases
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result in a reduction of colour in the product. Reintroducing the pure feed causes the colour
to increase. The activity and sclectivity of the catalyst is not effected by the addition of a

maximum level of 400 ppm of these oxygenates (Figure 6.39, 6.41, 6.43, 6.45).

The influence of a fixed concentration of 2-pentanone is shown in Figure 6.47. The activity
and selectivity of the catalyst is not significantly affected. The colour of the product
decreases when 2-pentanone is introduced (Figure 6.48). The colour increases upon the

introduction of pure feed. This confirms that the effect of the oxygenate is reversible.

A clearer product is desirable as it increases the product quality and hence the value. A

clearer product is advantageous from a marketing point of view,*

It is known that highly conjugated molecules and polyaromatic compounds appear
coloured.* Mechanistically, colour 1s the result of excitation of electrons in the molecular
orbitals to new temporary states.’® Excitation occurs in the highest occupied molecular
orbital (HOMOQ) to a higher unoccupied state, i.¢., the lowest unoccupied molecular orbital
(LUMO). The greater the number of n-electrons, the greater the number of resulting
molecular orbitals and the smaller the HOMO -~ LUMO gap. This explains why simple
aromatics are essentially colourless and polyaromatics, which have extended conjugated

system of m-electrons, appear coloured.”” Trace quantities of these components may cause

colouration.

It is proposed that the yellow colour is imparted to the product due to the formation of
polyaromatic compounds. These polyaromatic compounds result as a consequence of side
reactions on acid sites (reactions that lead to coke formation) as shown in Scheme 3.10.
The oxygenates may act by blocking the acid sites that lead to the eventual formation of

these components. It is therefore possible to use oxygenates as additives to enhance the

colour of the product.

Oxygenates are present in most Fischer-Tropsch derived feed streams.’ Expensive feed
preparation routes (extractive distillation) are generally required to remove all the
oxygenates. Allowing trace amounts of oxygenates in the feed (below the maximum
tolerance level of 300 ppm) may be less costly in terms of feed preparation and at the same

time advantageous towards that coiour of the product.
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7.6  Summary

During this investigation it was found that the 8 wt% W0,/Si0; catalyst was effective for
the metathetical conversion of 1-octene or 1-heptene to longer chain internal olefins in the

detergent range. Various factors were investigated and the following conclusions were

drawn:

(a) Characterisation of catalysts with different metal loadings showed that crystalline
WO; is the predominant species on catalyst with higher loadings. The WO; is well
dispersed at lower loadings and is present a surface species. The activity of the
catalyst increase with loading up to 6 wt% and 1s independent of any further
increase in metal loading. This gives an indication that crystalline material does not
contribute significantly to the metathesis activity. The stability of the catalysts is
greater at loadings of 8 wt% and higher which suggests that crystalline material

may play a stabilising role by preventing over-reduction of the active species.

(b) Alkali metal ion doping can be used to significantly reduce the formation of
branched metathesis products and is thus useful for curbing skeletal isomerization
activity. Excessive doping (> 0.5%) results in loss of Bronsted acidity and hence a

dramatic loss of metathesis activity.

(c) The 8 wt% WO,/Si0;, catalyst has a long lifetime (700 h) when operating in the
recycle mode using the optimised conditions used (460 °C, 16 h"' and 1:5.6
feed: recycle ratio). Regeneration of the catalyst results in a longer lifetime
(1200 h) suggesting a decrease In acidity or better dispersion. Coke formation
seems to be the cause of deactivation. The catalyst seems to coke from inside the

pores and these act as reservoirs for the deposits.

(d) Carbon maps (EFTEM) of the coked catalyst showed that carbon was located
around the WO; clusters and did not cover them. This explains why the catalyst is

still active even after the accamulation of excessive arnounts of coke

(e) Coke formation is dependent on a number of factors including temperature, time

online, LHSV and amount of olefin. Trace quantities of oxygenates (100 ppm) can
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be used as coke retarding additives. These may act by blocking acid sites that result

in reactions that lead to coke formation.

The catalyst is sensitive to the typical oxygenates (300 ppm in the recycle mode)
present in an FT-derived feed stream however the effect of these poisons is
reversible upon reintroduction of a pure feed stream. The oxygenates lower the
intensity of the yellow colour of the product which is believed to be caused by
polyaromatics. This effect may prove to be beneficial in terms of the quality of the

final product.
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SUMMARY

In this study, WOs/Si0; catalysts were investigated for the metathesis of l-octene or Cy
SLO (an industrial cut i-heptene) to longer chain internal olefins in the detergent range.
The catalysts were active for metathesis at high temperature (460 °C). The catalyst has
appreciable isomerization activity and this facilitates secondary metathesis reactions,

which results in a broad product spectrum.

W(O4/S10; catalysts of different WOs loadings were prepared and characterized by BET,
XRD, TEM and LRS. The catalysts having lower metal loadings showed better WO,
dispersion on the support and seemed to be composed mainly of the surface tungsten
compound. Catalysts with higher loadings had mainly crystalline material present. These
results are in agreement with literature. The metathesis activity increases up to a loading
of 6 wt%, stabilizes and is constant independent of further WQO; loading. Selectivity to
branched metathesis products is lower on catalysts with lower metal loading while
selectivity towards the primary metathesis products increases. The stability of the catalysts

containing more than 7 wt% WQO; was higher.

Doping of the 8 wit% WO3/Si0; catalyst with 0.1 wt% of alkali metal ion resulted in a
decrease in both the metathesis activity and selectivity towards unwanted branched
products. Doping of the catalyst with more than 0.5 wt% of alkali metal ion resulted in a
sharp decrease in the conversion. There was no definite correlation between the size of the
alkali metal ion and the activity of the catalyst. There were no major differences in the

catalyst behavior when using the reverse and normal impregnation techniques.

The lifetime of the catalyst was approximately 700 h when using the original optimized
conditions (460 °C, 16 h™' LHSV, 1:5.6 feed to recycle ratio). An appreciable amount of
coke (46%) built up on the catalyst during the run. Regeneration of the catalyst resulted in
a longer lifetime (1200 h) and the catalyst took twice as long to build up the equivalent
amount of coke. The regenerated catalyst showed a higher selectivity indicating a change
in morphology and a possible lowering of acidity. Most of the coke formed on the catalyst

seems fo be located in the pores. EFTEM showed that carbon was deposited around the



120

WOQ; clusters and did not cover them, Some active sites are still exposed which counld

explain the activity of the catalyst even when coke levels are high.

Coke formation increases with time oniine, LHSV, temperature and olefin content in the
feed. Inhibition of coke formation, without significant loss of activity can be achieved by
co-feeding 100 ppm of oxygenated components, c.g. 100 ppm of 2-pentanone decreased
coke formation considerably. The oxygenates may inhibit coke formation by blocking

active sites that catalyze side reactions that lead to coke formation.

The catalyst is deactivated by typical oxygenates present in a Fischer-Tropsch derived feed
stream. Both Bronsted acids and Lewis bases are responsible for deactivation of the
catalyst. The maximum tolerance for the oxygenates was 500 ppm in the once through
mode and 300 ppm in the recycle mode. The effect of the oxygenates is reversible when a
pure feed is reintroduced. Trace quantities of oxygenates may be used to reduce the yellow

colour of the product thus enhancing product quality.



OPSOMMING

Die metateseaktiwiteit en deaktivering van
heterogene metaaloksiedkatalisatorsisteme

In hierdie studie 1s 'n W(O1/S10;-katahlisator ondersoek vir die metatese van 1-okteen of C7
SLO (’n industriéle 1-hepteensnit) na ’'n langer ketting interne olefien in die wasmiddel-
gebied. Die katalisator was by ho& temperature aktief (460 °C) vir metatese. Die
katalisator het merkbare isomerisasie-aktiwiteit en dit fasiliteer sekondére metatesereaksies

wat tot a breé produkspektrum aanieiding gee.

WQ3/510; katalisatore met verskillende WOs-ladings is berel en et behulp van BET,
XRD, TEM en LRS gekarakteriseer. Die katalisatore met laer WOs-ladings toon 'n beter
verspreiding van die metaal op die ondersteuningsmateriaal en dit wil voorkom asof dit
hoofsaaklik uit die oppervlak wolframkompleks saamgestel is. Katalisatore met hoér
ladings bevat hoofsaaklik kristallyne materiaal. Die resultate stem ooreen met dit wat in
die literatuur gevind word. Die metateseaktiwiteit neem toe tot by 'n lading van 6 massa
% waarna dit stabiliseer en konstant bly ongeag of die lading verhoog word. By laer
ladings neem die selektiwiteit ten opsigte van vertakte metateseprodukte af, terwyl die
selektiwiteit tot die primére metateseprodukte toeneem. Die stabiliteit van die katalisatore

wat meer as 7 massa % bevat het was hoér.

Behandeling van die 8 massa % WO:/SiO,-katalisator met 'n 0.1 massa % alkali-
metaalioon veroorsaak 'n afname in beide die metateseaktiwiteit en selektiwiteit ten
opsigte van die ongewenste vertakte produkte. Behandeling van die katalisator met meer
as 0.5 massa % alkalimetaalioon het tot 'n drastiese afname in die omsetting gelei. Daar
was geen onderlinge verband tussen die grootte van die alkalimetaalioon en die aktiwitejt
van die katalisator nie. Daar was geen verskille in die katalisatorgedrag indien *n normale

of 'n omgekeerde impregneringsmetode gebruik is nie,

Die leeftyd van die katalisator was ongeveer 700 h indien die oorspronklike geoptimi-

seerde reaksiekondisies (460 °C, 16 h” LHSV, 1:5.6 voer-tot-hersikuleer-verhouding)
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gebruik is. ’n Merkbare hoeveelheid kooks (46%) het tydens die lopie op die katalisator
opgebou. Regenerering van die katalisator het tot ’n langer leeftyd (1200 h) aanleiding
gegee en dié katalisator het tweekeer langer geneem om dieselfde hoeveelheid kooks op te
bou. Die geregenereerde katalisator het "n hoér selektiwiteit vertoon wat op 'n verandering
in morfologie en die moontlike verlaging van die sunrhied dui. Meeste van die kooks wat
op die katalisator gevorm het, biyk in die porieé gekonsentreer te wees. EFTEM het
getoon dat die koolstof rondom die WOs-trosse gedeponeer is en dit nie bedek nie.
Sommige van die aktiewe punte is nog steeds oop wat die aktiwiteit van die katalisator

verduidelik selfs waneer die kooksvlakke hoog is.

Kooksvorming neem toe met 'n foename in aanlyntyd, LHSV, temperatuur en
olefieninhoud van die veer. Onderdrukking van kooksvorming, sonder ’n beduidende
verlies aan aktiwiteit, kan verkry word deur 100 dpm suurstofbevattende bymiddels by die
voer te voeg. Byvoorbeeld, 100 dpm 2-pentanoon het kooksvorming aansienlik laat
afneem. Dic oksigenate kan kooksvorming onderdruk deur die aktiewe punte, wat

newereaksies kataliseer, te blokkeer.

Die katalisator word gedeaktiveer deur die tipiese oksigenate wat in 'n Fischer-Tropsch-
afgeleide voerstroom voorkom. Beide Brénsted-sure en Lewis-basisse is verantwoordelik
vir die deaktivering van die katalisator. Die maksimum bestandheid teen oksigenate was
500 dpm in die eenmaal-deurmetode en 300 dpm in die hersikuleringsmetode. Die effek
van die oksigenate is omkeerbaar indien skoon voer weer gebruik word. Spoorhoeveel-
hede oksigenate kan gebruik word om die geel kieur van die produk te verminder en

sodoende die kwaliteit van die produk to verhoog.
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