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Figure 6.1 XRD patterns of catalysts with 3, 4.5, 6, 8, 15 and 20 wt% W03
on Si02 (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% W03
on Si02 (Spectra arranged from lowest loading at bottom to highest
loading at top).
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The TEM micrographs of the 3, 7 and 20 wt% W03/Si02 samples are illustrated in Figures

6.3-6.5. Large particles were observed on the 20 wt% W03/Si02 catalyst. The crystallites

showed dark features that were attributed to tungsten (confirmed by EDS). In the 3 wt%

W03/Si02 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 SiOz.

-- - - -

Table 63 A summary of the Raman bands for the W03/Si02 catalysts
of different W03 loadings.

Catalyst Vs(W=O)/cm-I Vs(W-O)/cm-I Vb(W-O)/cm-I Vd(W-O)/cm-1

3 wt% W03/SiOz 977.3 809.7 719.1 272.3

4.5 wt% WO}/SiOz 976.4 808.2 717.1 271.3

6 wt% W03/Si02 975.6 807.9 716.9 269.9

8 wt% W03/SiOz
973.5 805.9 714.8 269.9

15 wt% W03/SiOz 967.3 805.9 714.8 269.9

20 wt% WO}/SiOz 965.2 805.9 708.6 269.9

v, - stretching mode, Vb- bending mode, Vd- deformation mode
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Figure 6.4 TEM micrograph of catalyst with 7 wt% W03 on Si02.

Figure 6.5 TEM micrograph of catalyst with 20 wt% W03 on Si02.

6.2.2 Influence of metal loading on the metathesis activity of the W03/Si02 catalyst
using a l-octene feed

Metathesis reactions were performed with all the catalysts in the once through mode.

Standard reaction conditions were 460°C, 5.6 h-I LHSV and atmospheric pressure.

Percolated l-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 W03 loading and conversion. An increase in

conversion of l-octene with increasing W03 loading is observed up to a loading of 6 wt%.

Conversion stabilises with further addition of W03 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

C14)is high at lower W03 loadings. Selectivity to the linear C10-C13metathesis products is

also very high at low loadings but in both instances selectivity to the linear metathesis

products slowly declines with increasing W03 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% W03.

An interesting observation regarding the lifetime of the different catalysts was that

catalysts with lower loadings of W03 (3 to 7 wt%) deactivated faster with time online as

can be observed in Figure 6.7. In comparison W03 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 ofW03 loading on I-octene conversion over a WOiSiOz
metathesis catalyst (Reaction conditions: 460°C, 5.6 h'J LHSY).
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Figure 6.7 Influence ofW031oading on product selectivity ofW03/Si02
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)/Si02
catalysts with different W03 loadings. Reaction conditions: 460°C,
5.6 h-I LHSV (.A.3 wt%; 0 4.5 wt%, . 6 wt%, . 7 wt%, D 8 wt
%; 0 10 wt%; . 15 wt%; 6 20 wt%).
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6.2.3 Metathesis ofi-octene with the 8 wt% W03/Si02 catalyst

A once through reaction was ~onducted with the 8 wt% W03/Si02 catalyst at 460°C, 5 11-I

LHSV with percolated l-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 I-heptene feed with the 8 wt% W03/Si02
catalyst

A once through reaction was conducted with the 8 wt% W03/Si02 catalyst at 460°C, 5 h-I

LHSV with a percolated, industrial cut I-heptene feed. The feed contained 75% I-heptene

and 25% paraffins and branched olefins. The purpose of the conducting such a reaction is

to detennine 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 l-octene, but lower yields and

selectivities towards the detergent range olefins are obtained. The selectivity to the

primary metathesis product (CI2) 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% W03/Si02 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

Figure 6.10
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Activity, selectivity and yield curves for the metathesis of an
industrial cut I-heptene feed over the 8 wt% WOiSi02 catalyst.
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catalysts has been restricted to sodium and potassium ions.7 The first objective of this

study was to detennine whether increasing the alkali metal ion size had any influence on

the 'Selectivity of the 8 wt% WOJiSiOz 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% W03/SiOz catalyst The'silica gel was first treated with 0.1 wt%

of M+N03- (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 tenns 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-I 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+:::::1("1-:::::Na+.

Figure 6.11

<ft.
C
.Q
~
Q)
>
c
o
(,)
Q)
c
Q)
u
9
~

Alkali metal ion added to 8 wt% W03/Si02

The influence of 0.1 wt% Na+,K+, and Cs+on the activity of an
8 wt% W03/Si02 catalyst for the metathesis of l-octene
(Reaction temp = 460°C, LHSV= 5.6h", Reactiontime = 8 h).
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Pre-treatment of the 8 wt% W03/Si02 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 (CIO-CI3linear).The order of increasing selectivity

towards the C10-CI3linear products was: no M+ < Na+ < K+ < Cs+. There was also an

improvement in the selectivity toward the primary metathesis product (C14linear). There

was a decrease in the amount of branched olefins in both the C'O-C'3 range and CI4range.

The cesium ion doped catalyst showed the greatest increase in CIO-C'3linear 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 playa 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.s 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 CIO-CI3selectivity.

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%

W03/Si02 metathesis catalyst. The catalysts were then tested in a once through mode at

460 DCand 5.6 h-I LHSV with a percolated l-octene feed over a period of 8 h. The

influence of potassium ion loading on the activity of the 8 wt% W03/Si02 metathesis

catalyst is shown in Figure 6.14. The feed conversion decreases with an increase in

---
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Figure 6.12 The influence of 0.1 wt% Na+,K+, and Cs+on the selectivity of an
8 wt% W03/Si02 catalyst for the metathesis of l-octene (Reaction
temp = 460°C, LHSV = 5.6 h-I, Reaction time = 8 h).
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Figure 6.13 The influence of the impregnation sequence of 0.1 wt% potassium ion
and the tungsten precursor on the conversion and selectivity of the
8 wt% W03/Si02 metathesis catalyst for the metathesis of l-octene
(Reaction temp = 460 °C, LHSV = 5.6 h-I, Reaction time = 8 h).
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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

s~lectivity towards the primary metathesis product (C~4) increases gradually with

potassium ion loading up to 0.1 wt%. At 0.5 wt% K+ there is dramatic increase in

selectivity to the CI4 olefin product. Selectivity to the CIO-CI3fraction 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% WOiSi02
catalyst

6.4.1 Lifetime and effect of regeneration of the catalyst

Van Schalkwyk et al.9 used an experimental design program to optimise reaction

conditions for an 8 wt% W03/Si02 catalyst using an industrial cut I-heptene feed. It was

decided to use these reported optimized conditions (LHSV = 16 h-I, 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 I-heptene feed

containing 75% I-heptene and 25% paraffins and branched olefins was metathesized over

the 8 wt% W03/Si02 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 I-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 (C2 and C12)with time online. The conversion is a little lower after regeneration,

but the selectivity towards the CwCI3 fraction is almost the same.

---- --
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Figure 6.14 The influence of potassium ion loading on the activity the 8 wt%
W03/Si02 metathesis catalyst for the metathesis of l-octene
(Reaction temp =460 °C, LHSV = 5.6 h-I, Reaction time = 8 h).
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Figure 6.15 The influence of potassium ion loading on the selectivity of the
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Figure 6.16 Activity of the fresh 8 wt% W03/Si02 catalyst as a function of time
online. Reaction temperature = 460°C, LHSV = 16 h-I, Feed: recycle
ratio = 1:5.6. C. Conversion; . CwCI3 Selectivity; <>C10-CI3Yield;
. C'2 Selectivity).
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FigUl"e 6.17 Activity of the regenerated 8 wt% W03/Si02 catalyst as a function
of time online. Reaction temperature = 460°C, LHSV = 16 h-I,
Feed: recycle ratio = 1:5.6 C. Conversion; . CIO-CI3Selectivity;
<> CWC'3 Yield; d' CI2 Selectivity).
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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 (C2 and CI2). 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.

0-

o 200 400 600 800 1000 1200

Time online/h

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. (... ethene (l st run); I:::.ethene (2 nd
run); . propene (1 st run); 0 propene (2 nd run)).

6.4.2 Characterisation of fresh, spent and regenerated catalysts

During the two demonstration nms, 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 'Wasburnt 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 fonn inside the pores of the catalyst. To confinn these observations,

SEM analyses (Figures 6.19-22) were done on the fresh and spent catalyst (after being

online for 1200 h).

Figure 6.19 SEM micrograph of the fresh 8 wt% WOiSi02 catalyst.

A close inspection of Figure 6.19 revealed grooves in the catalyst particle that originates

from the Si02 support. These grooves were created during grinding of the support to the

correct size prior to impregnation.lO 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 ofthe 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.

Figure 6.20 SEM micrograph of the spent 8 wt% WO)/Si02 catalyst.

Figure 6.21 SEM micrograph of the fresh 8 wt% W03/Si02 catalyst
(higher magnification).

- ----
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Figure 6.22 SEM micrograph of the spent 8% W03/Si02 catalyst
(higher magnification).

Table 6.4 Surface area analysis of the 8 wt% W03/Si02 catalyst during different
stages.

Catalyst
Avg. Pore
Size (nm)

Fresh' 257.74 15.65

Spent" 127.66 7.35 0.21

Regenerated'" 257.73 16.08 1.03 110
8 wt% WO/Si02 calcined at 550 °C in air.
deactivated 8% WO/Si02 after 2 runs in the recycle reactor with C7SLO as feed.
Regenerated - Spent 8% WO)/Si02 regenerated in air at 550 0c.

7.8

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)

------

Pore
volume Crystallite

wt% W03

(cm3.g-1)
Size(A)

ICP

0.98

analyses

126
-
8.0
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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. II

The EFTEM technique couples nonnal 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 W03 as well

as Si02.

Figure 6.23 HRTEM micrograph of an 8 wt% W03/Si02 catalyst
containing 46% coke.

- -
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Figure 6.24 EFTEM carbon map of an 8 wt% W03/Si02 catalyst
containing 46% coke.

Figure 6.25 EFTEM oxygen map of an 8 wt'IloW03/Si02 catalyst
containing 46% coke.

--------
























































































