











Figure 6.31.4 0.3wt%Pt-0.3wt%Sn/Al,0, (Coimpregnated) catalyst after use in n-
octane reforming reactions. (a) TEM micrograph; (b) EDX spectrum

for particle shown in the micrograph.



carried out on several particles in addition to EDX analysis to identify the structural

phase of the particles.

Figure 6.31.5 shows a particle on alumina and the corresponding EDX spectrum.
The elemental ratio of Pt:Sn was found to be Pt/Sn = 0.8 and the micro-beam
diffraction pattern was indexed to be the [121] pattern of the Pt-Sn alloy hcp
structure. This clearly shows the existence of a Pt-Sn alloy phase after use in the

microreactor.

The 3.0wt%Pt-3.0wt%Sn/Al,O, catalyst had a larger particle size and density of
particles than any other Pt-Sn catalyst studied. In the calcined catalyst most particles
were composed of platinum while after reduction most were Pt-Sn alloy particles.
After use in the microreactor, very large particles, up to 100 nm in diameter, were
observed. Most of these particles were bimetallic in nature, however single platinum
particles were also found. EDX analysis indicated that the two elements, platinum
and tin, were not uniformly distributed over the catalyst surface. A more complete
presentation and discussion of these catalysts is dealt with in a recent publication

(198).
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Figure 6.31.5. 1.0wt%Pt-1.0wt%Sn/Al,O, catalyst after use in n-octane reforming

reactions. (a) TEM micrograph, the inserted MBDP was the [121]
pattern of the Pt-Sn alloy hcp structure; (b) EDX spectrum for

particle shown in the micrograph.



6.31.3. Pt-Ge/Al,0, Catalysts

The results obtained from HRTEM and EDX studies on a series of Pt-Ge/Al,O,
catalysts are summarised in Table 6.31.3. One general observation was that once the
majority of the large particles (> 40 nm) were Pt-Ge alloy particles while the small

particles (< 40 nm) were mainly platinum particles.

No metallic particles of any kind were found on the Ge impregnated first
0.3wt%Pt-0.3wt%Ge/Al,O, catalyst after the standard pretreatment. It was not until
the catalyst had been used in the microreactor that Pt and Pt-Ge particles were
detected. The results of the Pt impregnated first 0.3wt%Pt-0.3wt%Ge/Al,O, catalyst
were similar except that a few particles were detected on the catalyst surface after
the reduction step. TEM and EDX analysis of a particle on a spent sample of this
catalyst found an elemental ratio of Pt/Ge = 1.45 suggesting a Pt,Ge, structure for

this particular particle.

However, the 0.3wt%Pt-0.3wt%Ge/Al,0, coimpregnated catalyst was found to
display unique properties when compared to the other 0.3wt% catalysts. After
reduction a platinum rich Pt-Ge alloy and Pt particles were present upon the catalyst
surface.  This phenomenon was only seen after the previous 0.3wt%Pt-
0.3wt%Ge/Al,O, catalysts were used in the microreactor. However after use in
reforming reactions several interesting features were noted. The micrograph in
Figure 6.31.6a illustrates a particle which consists of 4 distinct regions; a, b, ¢ and

d, indicated on the micrograph. EDX analysis, Figure 6.31.6b, of the whole particle
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Figure 6.31.6. 0.3wt%Pt-0.3wt%Ge/Al,0, (Coimpregnated) catalyst after use in n-
octane reforming reactions. {a) TEM micrograph, the inserted MBDP
of regions a and c¢. Region a was indexed to the [110] pattern of

platinum. (b) EDX spectrum for particle shown in the micrograph.



determined the Pt/Ge ratio to be 2.02. Analysis of the distinct regions showed that
region b had a Pt/Ge ratio equal to 2.57 and region ¢ a ratio equal to 1.65.
Furthermore the MBD pattern of region a was indexed to the [110] pattern of
platinum. Figure 6.31.7a illustrates the diversity of the particles found upon the
catalyst surface. The MBD pattern of this particle was indexed to the [031] pattern
of the orthorhombic Pt,Ge, structure. This demonstrates that different alloy phases

and metallic germanium and platinum can coexist on the catalyst surface.

The 1.0wt%Pt-1.0wt%Ge/Al,O, catalyst was similar to the coimpregnated
catalyst in that both Pt-Ge alloy and Pt particles were present after the reduction
step. One parﬁcle found on this catalyst after being used in the microreactor. Most
of this particle was found to contain platinum with several areas being very rich in
germanium. The MBD pattern of this particle did not match any pattern of known
structures, but on closer examination the bright diffraction spots were found to match
the [110] pattem of a face centred cubic (fcc) structure. However additional
diffraction spots situated between any two bright spots led the particle to be indexed
as a [110] pattern of a fcc structure with a lattice dimension double that of a
platinum lattice dimension a,. Therefore the particle had a superlattice structure

with lattice dimensions a = 2a,,.

As noted in Table 6.31.3 no particles of any description could be distinguished

on the monometallic 0.3wt%Ge/Al,0, catalyst after calcination and reduction steps.

Overall, several phases, e.g. platinum, germanium and Pt-Ge alloys can coexist
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Figure 6.31.7.

0.3wt%Pt-0.3wt%Ge/Al,O, (Coimpregnated) catalyst after use in n-
octane reforming reactions. (a) TEM micrograph, the inserted MBDP
of this particle was indexed to the [031] pattern of the orthorhombic
Pt,Ge, structure. (b) EDX spectrum for particle shown in the

micrograph.



on the catalyst surfaces before but especially after use in n-octane reforming
reactions. A complete discussion of these catalysts is given in a recent publication

by Huang et al.(213).
6.32. CHARACTERISATION OF THE COKE DEPOSITS

The coke deposited upon the catalyst surface was investigated using FTIR
spectroscopy. A typical spectra of the deposited coke is presented in Figure 6.32.1.
The FTIR samples were prepared as KBr discs and were typically scanned 250 times
to obtain a spectrum. The results obtained, shown in Table 6.32.1, were similar to

the results reported previously in the literature (109, 167, 169, 171).

The identification and assignment of these bands shows that the coke is highly
aromatic and is not altered considerably using alternative catalysts. This technique
is obviously very limited but allows a good overall view of the coke to be

ascertained.

Table 6.32.1. Selected IR Bands from Coke Deposits on Spent Catalysts

II Frequency (cm™) I

1420, 1437, 1458 CH stretching in CH, and CH,

1491, 1588 Aromatic stretching

2856, 2926 Aromatic methylene stretches
| 2963 CH stretching in CH, and CH,
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Chapter 7

Discussion




7.1. BRIEF SUMMARY OF THE RESULTS

From the results described in detail in the previous chapter, the studies of the
reforming reaction of n-octane under typical industrial conditions over a series of
mono- and bimetallic catalysts led to some very distinct trends in the yield and

selectivity being identified. These are briefly summarised below.

The addition of a second metal, like rhenium, tin or germanium, to a
monometallic Pt/Al,O, catalyst resulted in many chaﬁges in the yield and selectivity
from those of a monometallic catalyst. Obviously the different intrinsic nature of the
second metal leads to different effects in the mixed metal catalysts. The most
notable change, with respect to the monometallic catalyst, is in the behaviour of the
bimetallic catalysts towards the dehydrocyclisation reaction. In general the addition
of tin or, especially, rhenium as the second metal resulted in an enhanced selectivity
at a steady value. The addition of germanium on the other hand had mixed effects,
the activity and selectivity of individual catalysts depending heavily upon the method

of preparation.

The selectivity towards hydrogenolysis follows a different trend compared to that
of aromatisation. The addition of rhenium and in particular germanium resulted in
a lower hydrogenolysis activity at a steady value. The addition of tin had little effect

on the selectivity and similar values were reported for all Pt-Sn/Al,O, catalysts.
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The addition of a second metal to a monometallic catalyst in general lowered the
deactivation rate and added a degree of stability to the reforming catalyst. The total
conversion of n-octane under typical reforming conditions was enhanced by the
addition of either rhenium or tin but the addition of germanium did not induce any
great difference at the steady state. However, the greatly improved stability of this
catalyst, i.e. no initial rapid fall in conversion, was found to be characteristic of all

Pt-Ge/Al,O, catalysts.

The addition of a small amount of sulphur to both the mono- and bimetallic
catalysts led to dramatic improvements in the catalyst selectivity and stability. The
selectivity to aromatisation increased while the selectivity to hydrogenolysis
decreased with increasing sulphur content. Of all the catalysts tested, EUROPT-3
and -4 when sulphided to an appropriate level, were the most selective and least

deactivated.

TEM and EDX studies of non-sulphided and sulphided Pt-Re/Al,O, catalysts
showed that, contrary to many previous studies (43, 45, 57), but in accord with
others (42, 55, 60, 214), rhenium was not alloyed to platinum before or after use in
catalytic reforming reactions. However the addition of either tin or germanium led
to alloy particles being found on the catalyst surface in agreement with many
workers (82, 85, 91, 215). The use of these electron microscopy techniques allowed
the reduced and spent catalysts to be compared and any differences in the particle

size and composition to be established.
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In general the majority of all mono- and bimetallic catalysts, at 510°C and 110

psig, preferentially formed aromatics when reforming n-octane.
7.2. MONOMETALLIC EUROPT-3 CATALYSTS

The deposition of coke on the catalyst surface during a reforming reaction was found
to alter the selectivity and activity of a catalyst. Coke deposition decreased with
time on stream as illustrated in Table 6.1.3 and in Figure 6.1.8. The carbon mass
balance (CMB) showed that after an initial rapid coking of the catalyst coke
deposition decreased as less sites are available. The propane to methane ratio
(Figure 6.1.7), a measure of the acidic and metallic sites, showed that the initial coke
deposition took place on the metallic sites while subsequent coke was deposited

mainly on the alumina support.

On examining the results from reforming n-octane on EUROPT-3.1 clearly the '
most significant reaction is aromatisation. The selectivity of the dehydrocyclisation
reaction (Figure 6.1.6) increases initially to reach a value of 42%. This rise in the
aromatisation activity is accompanied by a fall in the hydrogenolysis activity. The
product yields of the C; aromatic 'species are much higher than those of either
toluene or benzene (Figure 6.1.5). The formation of benzene and toluene is mainly
via the dealkylation of C, aromatic species on the metallic sites of the catalyst (216,
217). The likelihood of two successive demethylation reactions occurring to produce
benzene is extremely small explaining why toluene is produced in greater quantities

than benzene. The initial decrease in both the yields of benzene and toluene is
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almost certainly due to carbon deposition on the metallic sites poisoning this

demethylation reaction.

Studies by Fogelberg ef al. (218) have discovered that once C; aromatics form
a six membered ring on the metallic component they are unable to readily undergo
isomerisation reactions on a bifunctional reforming catalyst. Therefore the observed
C,; products, especially m- and p-xylene, cannot be formed by direct isomerisation
of aromatic species. To achieve these products isomerisation must take prior to ring

closure (218, 219).

Extensive studies by Pines and co-workers (217, 220-224) on non-acidic
chromia/alumina catalysts have shown that the aromatisation of C; molecules can
proceed via a variety of intermediates to form both m- and p-xylene. The
aromatisation of 2,3,4-trimethyl pentane, for example, was found to proceed via a
three or four membered ring to produce the desired reaction products (221). Since
isomerisation is a primary reaction, it is likely that n-octane can isomerise to these
i-octane species before undergoing aromatisation. The formation of i-octane
increases at a time when secondary reactions like hydrogenolysis, hydrocracking and

dehydrocyclisation decrease or are at a constant level.

Besides this monofunctional mechanism a bifunctional mechanism may also be
responsible for the observed C, aromatic products. Davis (219, 225) showed that
both m- and p-xylene could be produced via a five membered ring intermediate on

a bifunctional catalyst. Sivasanker and Padalkar (226) when comparing a non-acidic

194



and an acidic catalyst found that the acidic sites as well as the metallic sites play an
important role in the dehydrocyclisation of n-octane. These authors found that the
acidic sites led to the increased production of i-octane which in turn produced more

m- and p-xylene.

The decrease in all aromatic yields (Figure 6.1.5) during the reaction has been
attributed by many authors (9, 142, 216) to the deposition of cpke on the bifunctional
catalyst. As the dehydrocyclisation activity is catalysed by both the monofunctional
and bifunctional mechanisms, the initial decrease in the yield of aromatic products
can be interpreted in terms of the severe coking and subsequent deactivation of the
metallic sites. This agrees with work by Figoli et al. (227) and with work in this
study where it has been shown that long term coking takes place on the support after

an initial deposition on the metallic component.

Hydrogenolysis activity is significant at ~15% and is second to that of
aromatisation (Figure 6.1.6). An initial rapid fall in the methane and ethane yields
(Figure 6.1.1) was noted in this run. These products are formed by the breakage of
a C-C bond upon the metallic sites of the support. This initial decrease in the
hydrogenolysis reaction has been reported previously by many authors (9, 130, 135)
and is postulated to be caused by the deposition of coke on the hydrogenolysis sites.
This therefore decreases the number of platinum ensembles large enough to support

this hydrogenolysis reaction.

Hydrocracking activity on EUROPT-3.1 could not be calculated due to the
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inability to separate i- and n-butane products in all samples. However, there is an
overall decrease in the hydrocracking activity with reaction time. Isomerisation
activity increases in comparison to this decreasing hydrocracking activity as
illustrated in Figure 6.1.6. Beltramini et al. (124) studying the reforming reactions
on a Pt/Al,0,-Cl catalyst found similar results. These authors postulated that coke

deposttion upon the alumina surface was responsible for this phenomenon.

Hydrocracking and isomerisation reactions are both controlled by the acidic sites
on a reforming catalyst. Isomerisation reactions can take place at less acidic sites
than hydrocracking reactions (142, 228). It would therefore appear that most of the
acidic sites on alumina are deactivated by coke deposition, decreasing the
hydrocracking ability of the catalyst. However, EUROPT-3 had been doped with an
optimum level of chlorine to enhance the acidic properties of the alumina support.
It has been reported (131, 214) that the chlorine content on a reforming catalyst
decreases with time on stream. Figoli et al. (131) reported that the hydrocracking
activity increased while the isomerisation activity decreased with increasing chlorine
content. Therefore an increase in the isomerisation and a corresponding decrease in
the hydrocracking activity might suggest that chlorine has been removed from the
most acidic sites of the catalyst during a reforming run. In consequence the variation
in the activity of hydrocracking and isomerisation reactions in reality may be due to
a combination of both coke deposition and chlorine removal from the catalyst surface

during the reaction.

On EUROPT-3, at either 490 or 510°C, it is noticeable that there is a
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predominance of i-paraffins over both cyclo- and n-paraffins (Tables 6.1.1 and 6.2.1).
This is in keeping with many observations reported in the literature (3, 9) and has
been explained by assuming cracking reactions proceed via a carbonium ion
intermediate. This intermediate is able to form more stable alkyl cations by
intramolecular rearrangements (9). On EUROPT-3.1 and -3.2 i-butane is the most
abundant hydrocracking product (Figures 6.1.1 and 6.2.1). This is expected as
primary cracking results in the following pairs of molecules, C, + C, and C, + C,,
per mole of n-octane. The subsequent cracking of butane by -scission would result

in the formation of unstable primary cations being generated and therefore is

inhibited (9, 229).

The overall conversion of n-octane on EUROPT-3.1 decreased rapidly from 48
to 27% during this study as shown in Figure 6.1.9. A constant conversion had not
been reached when the reaction was stopped after 50 hours. The conversion on
EUROPT-3.2, Figure 6.2.7, is approximately 5% lower mainly due to the drop in the
yield of aromatic products. The yields of all products, except for methane which

increased, were lower than the corresponding yields on EUROPT-3.1.

The dominant reaction on EUROPT-3.2 is hydrogenolysis in contrast to that on
EUROPT-3.1 where aromatisation predominates (Figures 6.1.6 and 6.2.6). The
hydrogenolysis selectivity has increased 7% by decreasing the temperature by 20° as
detailed in Table 7.2.1. This increase in hydrogenolysis selectivity is due inpart to
the lower selectivity to aromatic products and inpart to the lower coke deposition on

the catalyst surface.
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Aromatisation activity decreases with reaction time to a constant level of 9% on
EUROPT-3.2, 32% lower than that on EUROPT-3.1 (Figures 6.1.6 and 6.2.6).
Thermodynamically and kinetically this is expected as the formation of aromatics is
favoured by high temperatures.  Consequently, by decreasing the reaction
temperature the aromatisation activity and selectivity trends have been altered
considerably. The yield of toluene was dominant followed by C; aromatic species
and finally benzene as detailed in Figure 6.2.5. The demethylation reaction seems
to be favoured by a lower temperature as the yield of toluene predominates. This
increased demethylation of C; aromatics to form toluene also explains the increased
yield of methane. The second successive demethylation reaction to form benzene is
still highly unfavoured. Toluene is also produced via the dehydrocyclisation of n-
heptane. In either case the importance of the hydrogenolysis reaction at the lower

reaction temperature is noted.

The rate of deactivation is slower and the % coke deposited upon the catalyst
surface is lower on EUROPT-3.2 than on EUROPT-3.1 (Table 6.1 and Figures 6.1.9
and 6.2.7). The deactivation rate is lower due to less coke being deposited upon the
catalyst surface as detailed by the carbon mass balance for both reactions (Tables
6.1.3 and 6.2.3). This lower rate of coke deposition results in fewer hydrogenolysis
and hydrocracking sites being poisoned increasing the activity of both these reactions
on EUROPT-3.2 when compared to EUROPT-3.1. Thermodynamically the decrease
in both coke and aromatic formation is predicted. Consequently reforming reactions
are usually carried out at higher temperatures as the aromatisation activity is many

times greater although the coking rate, and therefore the deactivation rate, is
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significantly higher.

The conversion of hydrocarbons on reforming reactions has been reported to
increase with the reaction temperature (9, 12). As noted, under the reaction
conditions used in this study, the conversion of n-octane on EUROPT-3.did not
increase significantly at the higher reaction temperature. Despite the significant
changes in the product yield of EUROPT-3.2 there was only 5% difference in the
conversion throughout the entire run. The decreased aromatisation activity is heavily
compensated by a corresponding increase in both the hydrocracking and

hydrogenolysis reactions.

7.3.  BIMETALLIC CATALYSTS

Electron microscopy investigations on both reduced and spent bimetallic catalysts
indicated that there were some general similarities as well as differences between the

various catalyst series.

It was very noticeable that particle aggregation occurred on all bimetallic
catalysts with time on stream. This was most noticeable in the catalysts with the
higher metal loadings, where particles of up to 100 nm in size were found after use
in reforming reactions. The most important result from TEM and EDX studies was
that two distinct types of platinum particles, 2 - 10 nm particles and very small
particles < 1 nm, were identified on the catalyst surface for all bimetallic catalysts. .

[t is the interaction of these small platinum particles with those of the second metal
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on the alumina surface which is believed to be responsible for the improved
selectivity and stability of these bimetallic catalysts over the corresponding
monometallic catalysts. On all bimetallic catalysts the metal oxide, e.g. ReO,, SnO,
was stabilised by an interaction with the support. The addition of tin as the second
metal is thought to form a tin aluminate complex with the alumina support similar

to that reported by several authors (76, 230).

The formation of alloy particles was not observed on any Pt-Re/Al,O, catalyst
but was found on both Pt-Sn/Al,O, and Pt-Ge/Al,O, catalysts (Tables 6.31.1-6.31.3).
Alloy formation was seen to increase with time and with metal loading on both Pt-
Sn/Al,0, and Pt-Ge/AlO, catalysts. The majority of both tin and germanium were
present as oxides distributed on the alumina surface but a small fraction of each was
reduced to the metallic state after reduction to form alloy particles with platinum.
On both these series of catalysts it became apparent that several phases coexist upon
the catalyst surface before and after use in reforming reactions, e.g. Pt, Ge and Pt-Ge
alloy phases. Alloy formation was also highly dependent upon the method of
catalyst preparation, e.g. the formation of a [Pt(SnCl,),Cl,]* complex facilitates alloy

formation under the conditions used in this study.

The presence of small platinum particles (< 1 nm) modified by the second metal
1s postulated to alter the aromatic selectivity of the bimetallic catalyst. The greater
the number of small platinum particles modified in this manner the higher the

aromatic selectivity.
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B e e e e b e

7.3.1. The Effects of Coke Deposition

In the first 5-10 hours of a reforming reaction there is an initial rapid coke
deposition on the metallic sites of a non-sulphided bimetallic catalyst. This is
substantiated by both the carbon mass balance (CMB) and the propane to methane
ratio of all these catalysts. The CMB shows the carbon deposition on a catalyst
surface to decrease with time on stream after an initial large laydown. The propane
to methane ratio, in comparison, increases rapidly to a maximum in this initial period
indicating the rapid deactivation of the metallic hydrogenolysis sites by coke

deposition.

The amount of coke deposited on both EUROPT-3.1 and -4.1 is 13.88 and
15.39% respectively. These values are very similar and are within experimental error
of each other. These findings are in contrast to the results of many authors (7, 109,
216) who have reported that the level of coking is lower on the bimetallic catalyst
when compared with a corresponding monometallic catalyst. The results would
suggest that the addition of rhenium does not affect the rate of coking but rather the
nature of the coke deposits themselves. The presence of rhenium intercepts the
harmful graphitic coke precursors and hydrogenates them to less harmful species.
The coke on a monometallic catalyst is more graphitic, that is it contains less

hydrogen than on a bimetallic catalyst enforcing this theory.

The coke deposited on a Pt-Sn/Al,O, catalyst is very dependent upon the method

of preparation as detailed in Table 6.1. Previous studies by Volter et al. (63) found
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that the coking rate of a Pt-Sn/Al,O, catalyst was the same or higher than on a
monometallic catalyst. In later work Volter and Kirschner (64) found that the
addition of tin did not diminish the coking rate bur rather modified the nature of the
coke deposition. In disagreement with these findings Burch and Garla (61)
interpreted their decreased level of coking on a Pt-Sn/AL,O; catalyst as being due to
an interaction of tin and platinum on the alumina surface. Dautzenberg et al. (62)
postulated that the level of coking decreased due to an ensemble effect, whereby the
addition of tin breaks up the large platinum ensembles thereby diminishing the sites

for coke deposition.

The increased coking rate on several Pt-Sn/Al,O, catalysts 1s related to the
increased cracking activity of these catalysts. This is partially compensated by an
ensemble effect on the catalyst surface and by the presence of Sn" species modifying
the alumina support. The lower coking rate on the other Pt-Sn/Al,O; catalysts has
been attributed to a combination of the ensemble effect and the modification of the

alumina by Sn" species (61, 99).

Previous studies in the literature have shown that, in general, more coke is
deposited on a Pt-Ge/Al,O, catalyst than on a Pt-Re/Al,0, catalyst under identical
conditions. Franck and Martino (240) found that with n-heptane the coke content of
their Pt-Ge/Al,O, catalyst was three times that of their Pt-Re/Al,O, catalyst. In a
separate study Parera et al. (108) noted that a Pt-Ge/Al, O, catalyst produced thirteen
times as much coke as a Pt-Re/Al,O, catalyst. These reactions were run under

different conditions from those used in this study but more importantly the Pt-
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Ge/Al, O, catalysts used by Parera et al.(108) and Franck and Martino (240) all had
a higher platinum content than germanium. In comparison all Pt-Ge/Al,Q, catalysts
used in this study had an.elemental ratio of Pt/Ge equal to one. With a larger
platinum content it is feasible to presume that more hydrogenolysis sites and
therefore coking sites will be present on the catalyst surface explaining the observed

difference in coke deposition.

Significant changes in both the product yield and selectivity in the reforming of
n-dctane are observed when the reaction conditions are varied . The hydrogenolysis
activity of EUROPT-4.2 increases from 23 to 31% in contrast to results obtained on
EUROPT-4.1 where it decreases with time on stream (Table 7.2.1). This result is
in contrast to those of Parera et al. (108) who reported that the hydrogenolysis
activity increased with time on Pt-Re/Al, O, catalysts. Kugelmann (241) and Le Page
(8) postulated that a hydrogenolysis reaction had a high activation energy and was
therefore favoured by higher reaction temperatures. Coke formation increases with
reaction temperature (142) according to the results reported in Table 6.1 leading to
more hydrogenolysis sites being blocked which in turn decreases the methane yield.
A similar result was reported by Bond and Gelsthorpe (242) when studying the

hydrogenolysis of alkanes on EUROPT-4.

The yield of methane on EUROPT-4.3 is greater than on EUROPT-4.1 after 20
hours on stream as shown in Table 7.2.1. The lower level of coking on this catalyst
means that less hydrogenolysis sites are deactivated and therefore a smaller decline

in the methane yield with time, when compared with EUROPT-4.1, is observed.
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Isomerisation activity with both EUROPT-4.2 and -4.3 (Figures 6.4.5 and 6.5.6)
increases with time, as with EUROPT-4.1 (Figure 6.3.6), as hydrocracking sites
become deactivated and chlorine levels drop. The hydrocracking sites on both
EUROPT-4.2 and -4.3 are not as strongly or as quickly deactivated as on EUROPT-
4.1. Therefore selectivity to isomerisation reactions does not increase readily with

time in agreement with less coke being deposited upon the catalyst.

7.3.2. Acid Catalysed Reactions

The isomerisation activity increases while hydrocracking activity decreases with
reaction time on all bimetallic catalysts as was obtained with EUROPT-3.1. In all
experiments the dominant hydrocracking species is i-butane. The behaviour of these
two reactions may, as detailed in Section 7.2, be attributed to increasing coke

deposition and decreasing chlorine content, with catalyst usage.

The addition of a second metal, e.g. thenium, to a Pt/Al,0, catalyst will induce
changes in the bifunctional nature of the support. The interaction of ReO, with the
alumina support modifies the acidity and explains the increase in isomerisation and
hydrocracking reactions. However, the addition of either tin or germanium to a
Pt/Al,0, catalyst was found to alter the selectivity and acidity of the catalyst ina
different manner. The addition of tin has been reported (89, 232-234) to alter the
acidity of the catalyst by poisoning the most acidic sites on the support. The catalyst
prepared by the patented method is disregarded as it was not prepared using the same

~-alumina support and will therefore have slightly different acidic properties. The
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isomerisation activity increased by a factor of three on the 0.3wt%Pt-
0.3wt%Sn/Al,O; tin impregnated first and the coimpregnated catalysts (Figures 6.8.6
and 6.9.6) and decreased on the corresponding 0.3wt%Pt-0.3wt%Sn/Al,0, methanol
and platinum impregnated first (Figures 6.11.6 and 6.13.6) in comparison with
EUROPT-3.1 (Figure 6.1.6). The poisoning of the most acidic sites on the support
by tin means that more weakly acidic sites are available for isomerisation reactions.
As both the tin impregnated first and coimpregnated catalysts have a large tin
alumina interaction, as observed by TEM and EDX studies, this poisoning effect can
be seen very clearly on these two catalysts in particular. When the tin-alumina

interaction is not as strong, the poisoning effect will not be as large.

At a steady state the hydrocracking activity is similar for both the platinum and
tin impregnated first and coimpregnated catalysts (Figures 6.8.6 and 6.9.6). The
hydrocracking activity of the 0.3wt%Pt-0.3wt%Sn/Al,0, catalyst prepared with a
methanol solution (Figure 6.13.6) in comparison decreases to half the value on
EUROPT-3.1 (Figure 6.1.6) suggesting that the acidic sites are deactivated by coke
deposition throughout the run. Bacaud ez al. (89) attributed the decreasing cracking
activity on their Pt-Sn/Al,O; catalysts to an increase in alloy formation on the
catalyst. The alloy formation does increase with time on all these Pt-Sn/AlO,
catalysts but coke deposition and decreasing chlorine levels are thought to result in

a decrease in the cracking activity with time.

In this study it is not possible to comprehensively say that tin does poison the

acidic sites of the alumina support as the precise chlorine content of these Pt-
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Sn/Al, O, catalysts is not known. However, as both platinum and tin are impregnated
as chlorinated species in dilute HCI, the level of chlorine and therefore the acidity
is believed to be high. Without the exact chlorine content we can only imply that
tin does poison the most acidic sites of these catalysts. The isomerisation and
hydrocracking activities will therefore be altered, but the poisoning effect of tin will

reduce this effect.

In general the yield of both benzene and toluene increased on all 0.3wt%Pt-
0.3wt%Sn/Al,0, catalysts while that of C; aromatics decreased when compared with
the yields observed on EUROPT-4.1. This is due to an increased isomerisation and
cracking of n-octane to C, and C, species before undergoing dehydrocyclisation.
This is highlighted by both the patent and the platinum impregnated first catalysts
(Tables 6.11.2 and 6.13.2) which display an increased benzene and_ toluene selectivity

when compared to both EUROPT catalysts (Tables 6.1.2 and 6.3.2).

The addition of germanium alters the acidity of the support in a different manner
from that obtained with either rhenium or tin, as shown by the results detailed in
Tables 7.3.1 and 7.3.2. The cracking activity has clearly been enhanced by the
addition of germanium and increases- by a factor of three for many of the Pt-
Ge/Al,O, catalysts in comparison with the EUROPT and Pt-Sn/AlL O, catalysts. This
result is in close agreement with those of Beltramini and Trimm (235) who reported
that germanium enhanced the cracking ability of a Pt/Al,0; catalyst for n-heptane
reforming. Aboul-Gheit ef al. (107) also noted that the addition of germanium

altered the acidic properties of the catalyst. These authors reported a lower
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isomerisation and a higher hydrocracking activity for the bimetallic Pt-Ge/Al,O,

catalyst when compared to the monometallic Pt/Al,O; catalyst.

The acidity of a Pt/Al,O, catalyst would therefore seem to be enhanced by the
addition of germanium to the catalyst. The bifunctional nature of the support is
modified by an interaction with germanium oxide causing the observed changes in
the acid catalysed reactions. This interaction is clearly noted when germanium is
impregnated on to the alumina support first causing the hydrocracking activity to

increase with time.

The increased acidity of a Pt-Ge/Al,O; catalyst has altered the aromatic
distribution from C, aromatics to benzene and toluene when compared to either
EUROPT catalyst. This effect is greater than that found with the corresponding Pt-
Sn/Al,Q, catalysts. This change in selectivity is caused by n-octane isomerising and
cracking before undergoing dehydrocyclisation. From these results the selectivity to
aromatics is seen to be very dependant upon the method of preparation as detailed
in Table 7.3.2. When germanium is impregnated first, a lower selectivity to aromatic
species is noted. The selectivity to aromatics increases when platinum is
impregnated first and again if platinum and germanium are coimpregnated on to the
alumina support. From the results detailed in Table 7.3.2 it is noticeable that as the
hydrocracking activity of a catalyst increases the aromatisation activity decreases.
This would suggest that a higher hydrocracking activity cracks n-octane to lower
products, reducing the dehydrocyclisation. This can also be correlated with the

degree of germanium interaction with the alumina support. The degree of
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germanium interaction influences both the product distribution and the overall yield
and selectivity of a catalyst. However, when germanium is impregnated first there
is a large germanium interaction with the support resulting in a low selectivity to
aromatic products due to the very high hydrocracking ability of the catalyst. This
also explains the very high benzene yield on this catalyst (Table 6.24.1). The
germanium interaction with the support in this catalyst and therefore the acidity of
the support is too large to produce any beneficial effects. When platinum is
impregnated first there is a much smaller germanium interaction with the support
resulting in a lower hydrocracking selectivity of this catalyst (Table 7.3.2). This
lower cracking selectivity of this catalyst meant that the highest C; aromatic yield
on any Pt-Ge/Al,O, catalyst was seen on this catalyst. Overall the lower cracking
activity was beneficial in that a higher yield of aromatics was produced. When
platinum and germanium are coimpregnated there is a balance between the metallic

and acidic sites on the catalyst surface. The germanium interaction is lower than

- when germanium is impregnated first but higher than when platinum is impregnated

first due to the competition for sites. The observed hydrocracking selectivity on the
coimpregnated 0.3wt%Pt-0.3wt%Ge/Al,O, catalyst is low in comparison with other
Pt-Ge/Al,O, catalysts. However the yield of both benzene and toluene has increased
on this coimpregnated catalyst suggesting that n-octane is cracked preferentially to
C¢ and C, species. The observed hydrocracking selectivity is lower than expected
as a direct consequence. The 1.0wt%Pt-1.0wt%Ge/Al,O, catalyst has the poorest
selectivity and lowest conversion of all Pt-Ge/Al,O, catalysts indicating that the
optimum loading fpr these two components is 0.3wt%. The very low activity

appears to be a result of the increased alloy formation found with this catalyst. It

208



is interesting to note that a bimetallic Pt-Ge/Al, O, catalyst with a germanium loading

of 0.3wt% has the highest activity for the hydrogenation of benzene (104).
7.3.3. . Aromatisation Activity

The overall yield of aromatics on EUROPT-4.1 is almost twice that on
EUROPT-3.1 after 50 hours on stream (Figures 6.1.6 and 6.3.6). The yield of
aromatics on EUROPT-4.1 increases with time in contrast to EUROPT-3.1 where the
yield decreases with time. The increasing aromatic yield on the bimetallic catalyst
is surprising as many authors (109, 122, 231) reported that coke deposition on Pt-
Re/ALO, catalysts decreased the dehydrocyclisation. However Bertolacini and
Trimm (216) in their study of n-heptane reforming reactions on bimetallic catalysts
also found that the overall aromatic yield increased with time before reaching a
s.teady state. The highly dispersed platinum particles (< 1 nm) are modified by the
presence of rhenium and this interaction results in an increased selectivity to

aromatic products.

Similarly, a direct correlation between the aromatic selectivity and the interaction
between small platinum particles and Sn" stabilised on alumina has been discovered
in the Pt-Sn/Al,O, series of catalysts. The coimpregnated and tin impregnated first

0.3wt%Pt-0.3wt%Sn/AL0, catalysts both display a higher selectivityA to aromatics

- (Figures 6.8.6 and 6.9.6) than all the other Pt-Sn/Al,O; catalysts (Figures 6.11.6,

6.12.5 and 6.13.6) and EUROPT-3.1 (Figure 6.1.6). This improved selectivity is a

direct result of a large interaction between Sn” stabilised on the alumina surface and
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the small platinum particles. The platinum particle size limited this interaction with
the Sn" species on the alumina support. The 0.3wt%Pt-0.3wt%Sn/AL,0, catalyst
prepared with a methanol solution had a lower platinum dispersion than the
corresponding tin impregnated first catalyst prepared with an aqueous solution. This
increase in the particle size resulted in a lower selectivity to aromatic products as
detailed in Table 7.3.1. The beneficial Sn" interaction would therefore appear to be
limited to particles that are less than 1 nm in size. This view is reenforced by the
claim that the 0.3wt%Pt-0.3wt%Sn/Al,O, catalyst described in the patent literature
had no alloy particles and very small platinum particles dispersed on the catalyst
surface (Table 6.31.2). Despite a very low conversion the selectivity to aromatics
at a steady state is almost identical to that of EUROPT-3.1 due to the Sn" interaction
-with small platinum particles (Figures 6.1.6 and 6.12.5). When platinum is
impregnated first on to alumina more alloy particles are formed and therefore the
possibility of less interaction between Sn" and small platinum particles results in a

lower aromatic selectivity (Figure 6.11.6).

As with the related Pt-Re/AL,O, and Pt-Sn/Al,O, catalysts, the extent of the
modification of the small platinum particles by germanium determines the selectivity
and stability of a Pt-Ge/Al,O, catalyst. With all Pt-Ge/Al,O; catalysts initial
aromatic yields decrease with decreasing alloy formation and with a decreasing
number of platinum particles present on the catalyst surface. This again suggests
that there is some degree of correlation between the platinum and germanium

interaction and aromatic selectivity.
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The coimpregnated 0.3wt%Pt-0.3wt%Ge/Al,O; catalyst had the highest
selectivity to aromatics and activity of all the Pt-Ge/Al,O, catalysts. Besides the
presence of alloy particles after reduction, this catalyst had more platinum particles
present on the catalyst surface when compared with the platinum and especially with
the germanium impregnated first catalysts. The subsequent modification of these
particles by germanium led to an improvement in the aromatic selectivity as detailed
in Table 7.3.2. Only the 1.0wt%Pt-1.0wt%Ge/Al,O; catalyst contained a higher
number of platinum particles and therefore a higher initial aromatic selectivity.
However after 70 hours on stream due to particle aggregation and alloying the
selectivity of the catalysts had changed accordingly. The 1.0wt%Pt-1.0wt%Ge/Al,O,
catalyst after use was found to contain largef particles and more alloy formation than
the 0.3wt%Pt-0.3wt%Ge/Al,O, catalysts. This increase in particle size and alloying
decreased the number of small platinum particles modified by germanium, decreasing

the overall yield of aromatics.

In conclusion, the aromatic selectivity of a 0.3wt%Pt-0.3wt%Ge/Al,O; bimetallic
catalyst is highly dependant upon the interaction of platinum and germanium
particles. The greater the number of small platinum particles which are modified by

the second metal, the higher the aromatic selectivity of that catalyst.
7.3.4. Hydrogenolysis Reactions

The hydrogenolysis activity of each bimetallic series of catalysts is characteristic

of the second metal used. The hydrogenolysis selectivity, Table 7.2.1, for both
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EUROPT-3.1 and -4.1 is initially similar but after 40 hours on stream the selectivity
of the bimetallic catalyst falls below that of EUROPT-3.1 (Figures 6.1.1 and 6.3.1).
The initial sharp decrease in the methane yield is particularly severe on EUROPT-
4.1, 10.4 to 5.7%, in the first eight hours on stream, much more so tﬁan with
EUROPT-3.1. This initial rapid decrease is due to rapid coke deposition on the
metallic sites decreasing the number of large platinum ensembles available for this
reaction. The propane to methane ratio of EUROPT-4.1, Table 6.3.3) indicates that
the metallic sites are more deactivated by coke deposition than is the case with the
corresponding monometallic EUROPT-3.1 catalyst. This increased carbon deposition
on the metallic sites and the dilution of the platinum ensembles by rhenium means
that less sites are able to support the hydrogenolysis reaction. Hydrogenolysis is
supported by large platinum ensembles and so dilution of these ensembles, by
rhenium addition or coke deposition, results in less sites being able to support this
reaction. The increased coke deposition on the metallic sites means that less coke
is deposited upon the support therefore explaining the increased selectivity to both
hydrocracking and isomerisation reactions. This idea is in total contrast to that
proposed by Ludlum et al. (236) and Bertolacini and Pellet (60) who postulated that

rhenium influences coke deposition on the catalyst support.

In comparison the hydrogenolysis selectivity for all Pt-Sn/Al, 0O, catalysts on the
whole is similar to that on EUROPT-3.1 at a steady state (Tables 7.2.1 and 7.3.1).
Initially the selectivity is influenced by the particle size on the reduced catalyst. If
large particles are present more methane is produced initially before coke deposition

deactivates these sites and alloy formation breaks up the large ensembles. As the
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time on stream increases the formation of more Pt-Sn alloy particles this dilutes the

platinum ensembles further.

In direct contrast to the other two bimetallic catalyst series, Pt-Ge/Al, O, catalysts
all display a diminished hydrogenolysis selectivity. The activity is approximately
one third of that with EUROPT-3 and with Pt-Sn/Al,O, catalysts (Tables 7.2.1 and
7.3.1) and approximately one half of that with EUROPT-4 (Tgble 7.2.1) at a steady
value. The addition of germanium not only dilutes these large platinum ensembles
but it readily forms a Pt-Ge alloy. A combination of these two effects results in the
hydrogenolysis reactions having less chance of occurring, therefore the much lower
yield. Germanium is more effective in forming an alloy with platinum than either
platinum or rhenium diluting the platinum ensembles readily and decreasing the

methane yield.

It was found with the Pt-Ge/Al,O; series of catalysts that the method of
preparation can greatly affect the selectivity and activity of a catalyst. A similar
effect is observed with the Pt-Sn/Al,O, catalysts. The most notable difference
between all Pt-Sn/Al,0, catalysts occur§ when plaﬁhum is impregnated first on to
the alumina support, followed by the tin. This order of sequential impregnation
results in a colour change to red representing the formation of a trans
[Pt(SnCl,),CL,]* complex (184, 185, 237, 238). The formation of this complex, only
when platinum is impregnated first, has a detrimental effect on the catalyst selectivity
as outlined in Table 7.3.1. This is highlighted in the results reported in Section 6.10,

where the tin to platinum molar ratio was three. The formation of the
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[Pt(SnCl,),CL,]* complex facilitates the formation of an alloy as all the available
platinum was alloyed with the excess tin in the 0.3wt%Pt-0.9wt%Sn/Al,0, catalyst.
Sparks et al. (235) found that n-octane dehydrocyclisation decreases with increasing
Sn/Pt ratios. These authors also found that all the platinum is converted into an
alloy as the Sn/Pt ratio lies between three to five, depending on the support. This
is in agreement with the results from this work. After 30 hours on stream the
conversion of n-octane falls dramatically from 30 to 0% (Figure 6.10.1). At this
stage all the platinum has alloyed with the tin leaving an excess of tin on the catalyst
surface. This tin poisons the acidic sites of the catalyst support and as there are no
platinum metal sites the activity of the catalyst decreases rapidly as there are few

sites left to support any reaction.

A similar relationship has been noted previously by Baronetti et al. (70) who
found that if the [Pt(SnCl,),CL,]* complex was formed, tin reducibility and Pt-Sn
alloy formation increased. In contrast to the results reported in this work the
complex was formed on both a platinum impregnated first and a coimpregnated
catalyst. A molar ratio of Sn/Pt equal to six was used, compared to a ratio of one
in this work, and this difference accounts for the observed difference as it is well
documented that the higher the Sn/Pt ratio, the gfeéter the probability of the red

[Pt(SnCl,),CL,]* complex being formed (185, 237, 238).
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7.3.5. Characteristic Trends Displayed by a Bimetallic Catalyst

One very notable general feature of all the 0.3wt% bimetallic catalysts is the
increased yield and selectivity to n-paraffin products when compared to the
monometallic EUROPT-3 catalyst. The yield of n-pentane, for example, increases
by a factor of 50 on the EUROPT-4 catalyst (Tables 6.1.1 and 6.3.1) under identical
conditions. This phenomenon together with an increase in the methane yield, has
been reported previously by several authors (57, 132, 239) for a Pt-Re/Al, O, catalyst.
Shum et al. (239) explained these increases in terms of an increase in the multiple
fission of the reactant molecule. However, in contrast to the results reported in this
thesis, Shum et al. postulated that the increase in n-paraffins was characteristic of Pt-
Re alloy formation. TEM and EDX studies (Table 6.31.1) revealed that both
platinum and rhenium act independently on the catalyst surface. However, Pt-Sn
alloy particles are formed with all the Pt-Sn/AL O, catalysts and an increase in
methane selectivity was observed on these catalysts supporting the proposal by Shum
and co-workers. Pt-Ge/AlLQ, catalysts while displaying an increased yield of n-
paraffins and alloy particles had a significantly smailer yield of methane. As a
consequence of alloy formation the large platinum ensembles are diluted resulting

in a smaller yield of methane.

The formation of n-paraffins would appear to be a characteristic of bimetallic
catalysts under the conditions used in this study. However, the formation of alloy
particles and the change in methane yield are highly dependent on the second metal

used and the reaction conditions.
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In general, the stability of a Pt/Al,O, catalyst has been vastly improved by the
addition of a second metal to the catalyst. The deactivation rate is much lower
especially with the germanium series of catalysts. Thus the initial sharp decline in
the conversion often associated with monometallic catalysts is reduced to varying
degrees with the bimetallic catalysts. This is especially true for Pt-Ge/AlO,
catalysts where the sharp decline due to coke deposition on the metallic sites is not
seen. It is suggested that this improved stability is due to the greater dilution of the
platinum ensembles by germanium and alloy particles. In this study the conversion
of n-octane reached a steady state with EUROPT-4.1 (Figure 6.3.7) but still
decreased with EUROPT-3.1 (Figure 6.1.9) after 50 hours on stream indicating the
increased stability of the bimetallic catalyst. The overall conversion of n-octane on
EUROPT-4 is higher than on EUROPT-3 due to th_e increase in the aromatic yield
seen with the bimetallic catalysts. The conversion of n-octane using both Pt-
Sn/Al,0, and Pt-Ge/Al, O, catalysts is highly dependent on the method of preparation

as discussed earlier.

Ako and Susu (243) regarded i-octane as an intermediate product that could
undergo further conversion to a range of products. The conversion of i-octane to
aromatics and light paraffins is increased by increasing the reaction temperature.
The very low i-heptane yield on both EUROPT-4.2 and -4.3 (Tables 6.4.1 and 6.5.1)
is due to the increased dehydrocyclisation to toluene the yield of which increased

dramatically when compared to that observed with EUROPT-4.1 (Table 6.3.1).
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7.3.6. Effects of Altering the Reaction Conditions

The most notable difference when altering the reaction conditions is observed in
the aromatisation activity. The selectivity to aromatic products on EUROPT-4.2 and
-4.3 (Figures 6.4.5 and 6.5.6) is approximately half that of EUROPT-4.1 (Figure
6.3.6). This result is predicted by thermodynamics as aromatic formation is favoured
at high temperatures and low pressures (8, 241). Similar results were reported by
Barbier et al. (132) and Figoli et al. (6). As with the corresponding EUROPT-3
catalysts a drop in the reaction temperature caused a similar change in the product
distribution of the aromatic products. In contrast to EUROPT-3.2 the aromatisation
selectivity (Figure 6.2.6) is almost three times higher when EUROPT-4.2 is used
(Figure 6.4.5), resulting in an increase in both the methane and aromatic yields. The
yield of all aromatic species on EUROPT-4.3 is lower than on EUROPT-4.1 as
detailed in Table 7.2.1. Alternatively, in contrast the yield of o-xylene increases with
time. This is a reflection of the suppression of the isomerisation reactions by the
very active hydrocracking reactions resulting with the formation of less i-octane and,

therefore, less m/p-xylene at this higher pressure.

In agreement with many studies (6, 109, 132, 181) the overall conversion
increases with reaction temperature but decreases with an increase in pressure. The
decrease in aromatisation is responsible for this difference although the increase in
the hydrogenolysis selectivity partially compensates this. The overall conversion of
EUROPT-4.2 is similar to that of EUROPT-3.2 (23 and 24% respectively) (Figure

6.4.5 and 6.2.6) although the yield of aromatics is significantly higher on the
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bimetallic catalyst. The % coke deposited on the catalyst surface was found to be
approximately 6% lower than that deposited on EUROPT-4.1, analogous to the
EUROPT-3 catalysts. Increasing the pressure of the reaction has the advantage of
decreasing coke deposits and the deactivation rate but is accompanied by an

undesirable decrease in aromatisation and increase in hydrogenolysis reactions.
7.4. SULPHIDED CATALYSTS

The addition of sulphur to a reforming catalyst can either be beneficial or
extremely detrimental to the activity and selectivity of the catalyst. This is illustrated
by comparing the results obtained using fully and partially sulphided EUROPT-3 and
-4 catalysts (Sections 6.18 to 6.23). Sulphur is a very selective poison when used
in very small quantities as reported by many authors (36, 109, 244) but a highly

destructive poison when used in sufficient quantities.

When presulphided EUROPT catalysts are compared with non-sulphided. .
EUROPT catalysts several very distinct and important trends can be seen with
increasing sulphur coverage. The most noticeable trend is the decreasing
hydrogenolysis selectivity with increasing sulphur adsorption as shown in Table
7.4.1. Of all the possible reactions hydrogenolysis is suppressed the most by the
addition of sulphur to either E:UROPT-3 or -4 catalysts. This suppression is more
pronounced with the bimetallic EUROPT-4 catalyst than with the monometallic
EUROPT-3 catalyst. The suppression of hydrogenolysis by sulphur is best explained

in terms of an ensemble effect. It is widely accepted that hydrogenolysis is a

218



%80T 01
1°01 WOIJ saseaIou]

%800 0 ¥1°0
woIj $9sBaI0s (]

%0T 0}
LY WOIJ s9seaI109(q

%19 0}
8¢ WOIJ SOSBAIOU]

%ECS 0
9'9] WIOIJ SSSEIOU]

(S*H sosnd 7)
y-1d0¥Nd

%L'LL O
€/ WOIJ $9sBaIOU]

%IT1 01
§G'( WO} SOSBAIOU]

%1°8¢0}
€'L1 WOIJ SoseaIou]

(S*H sesind )
v-1d0¥9Nd

%S$'6 01
9'6 WOIJ S3sBII0d(

%70 % ST0
WIOIJ SISBAINA(

%6'CS 01
9'8f WOIJ $aseaIou]

%L'8 0 L'T1
WOIJ SISBIINA(

%6'S1 01 §°1T
woIj Sasea1dv(q

(S*H sesnd 7)
€-1d0o¥Nd

%601 O}
['8 WOIJ SaseaIou]

%€1°0 01 120
w0l SIseaIda(g

%¥'TS 01 L'ES
WOIJ SasBaINR(

%T'L 0}
8’8 WOIJ S358a109(]

%1€ 0}
$§ WOIj SosBaIda(]

(S*H sosind ¢)
€-1dO¥NA

%T99 01 G'LL
woIJ SosBaI0(

%6'C 0}
7'9 WOIJ SOsBaId(T

%1€ 0}
9¢ WO} SOsBaINd(]

(S°H sesind )
€-1dO¥Nd

—_—_—— T

2BIDOIPA OIJBS1IaWOS O1JeSTIBWOo Aous3oipAk
UDjORISOIPAH uorjest 1 uonesnewory SISAJOUSSO0IPAH posq] suonIpuo))
WIeajs uo sinoy (o 19)Je pue Aj[eniur AIANISeS % UOISISAUO)) 9, pue 1sATRIR)
sisA[ere) 1dOWN POPIYd[NS U0 UOISISAUO)) 9, PuUe Suonoesl rofew sy} 0} AJIANOI[OS %, oy} jJo Arewwing T'v'L 2198l




reaction that needs relatively large metal atom ensembles. The addition of sulphur
effectively dilutes these metal ensembles on the catalyst surface. However in the
bimetallic EUROPT-4 catalyst,- sulphur bonds preferentially to rhenium forming a
very strong Re-S bond in the process (55, 119). This Re-S species dilutes the
platinum ensembles thus drastically diminishing the bimetallic Pt-Re/Al,O, catalysts
intrinsically high hydrogenolysis activity. The sulphur adsorbed on the monometallic
catalyst is not as strongly bound and therefore more mobile gmd easier to displace
by coke deposition. This explains why the bimetallic catalyst is much more sensitive

to sulphur poisoning than the monometallic catalyst.

Sulphur adsorption on either EUROPT catalyst will take place preferentially on
the metallic sites of the catalyst. This is especially true for the bimetallic Pt-
Re/Al,O, catalysts where a very strong Re-S bond is formed. Therefore, at low
coverages the sulphur is adsorbed mainly on the metallic sites leading to an increased
selectivity towards acid catalysed reactions. When the sulphur content is increased
the acidic sites on the catalyst will be affected to a greater degree than at_k;w

coverages as more sulphur is adsorbed on to the alumina support.

These trends are very noticeable from the results obtained with presulphided
EUROPT catalysts. At low sulphur coverage the hydrocracking activity is higher
and the hydrogenolysis activity lower than that obtained with a non-sulphided
catalyst under identical conditions (Figures 6.3.6 and 6.23.5). Isomerisation activity
is initially similar on both catalysts as summarised in Tables 7.2.1 and 7.4.1. When

the sulphur content is increased acid-catalysed and hydrogenolysis reactions decrease
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indicating sulphur is poisoning both acid and metallic sites to a greater extent
(Figures 6.19.5, 6.20.5 and 6.21.5). These results are similar to those reported by
Apestiguia et al. (114). These authors found that when sulphiding a Pt/Al,0,-Cl
catalyst, with H,S, at low coverages the adsorption takes place mainly on the metal
and stroné Lewis acid sites of the support. On increasing the sulphur content

adsorption on the support was found to predominate.

In contrast to hydrogenolysis and isomerisation activity the selectivity to
dehydrocyclisation reactions increases with increasing sulphur content on both
EUROPT-3 and -4 catalysts (Table 7.4.1). This feature is due in part to sulphur
poisoning certain reactions therefore enhancing the selectivity to aromatic products.
This increase in aromatisation activity is due mainly to the increase in yield of both
benzene and toluene with increasing sulphur coverage. In direct contrast the yield
of C, aromatics decreases with increasing sulphur content on both EUROPT catalysts
(Tables 6.19.1 and 6.22.1) to a level below that observed on non-sulphided EUROPT

catalysts (Tables 6.1.1 and 6.3.1). The adsorption of sulphur on to the surface of a

“EUROPT catalyst would therefore appear to enhance the formation of benzene and

toluene while decreasing the C; aromatic formation. The observed increase in the
yield of both benzene and toluene on a sulphided catalyst is a direct consequence of
the increase in the hydrocracking and isomerisation activities when compared to a
non-sulphided catalyst. This effect becomes more pronounced as the sulphur content
increases with both the monometallic and bimetallic EUROPT catalysts. The
addition of sulphur to ,l?oth EUROPT catalysts has altered the selectivity from C,

aromatic species to benzene and toluene.
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The coke deposited upon the EUROPT-3 and -4 series of sulphided catalysts
decreased with increasing sulphur adsorption as shown in Table 6.1. This result is
expected as both sulphur and coke are deposited preferentially on the metallic
hydrogenolysis sites. Consequently, as the sulphur coverage increases fewer sites are
available to support coke deposition. In addition the adsorption of sulphur on to the
catalyst will decrease the size of the platinum ensembles resulting in less coke being
deposited upon the catalyst surface. This is in contrast to the work carried out by
Dees (10) and Barbier and Marecot (248) who found an increase in the level of
coking when the catalyst had been sulphided. These authors postulated that as
hydrogenolysis had diminished, there would be an increase in the extent of alkene
formation leading to a higher level of coking. However, with both EUROPT-3 and -
4 catalysts, as the level of sulphur increases there is a distinct decrease in the level

of coke deposited on the catalyst surface as shown in Table 6.1.

The conversion of n-octane on a sulphided and non-sulphided EUROPT-3
catalyst is similar once a steady level has been reached as shown in Figures 6.1.9
and 6.19.6. Initially the values are significantly lower on the sulphided catalyst as
detailed in Tables 7.1.1 and 7.4.1. In stark contrast, while the conversion decreases
with time on a non-sulphided EUROPT-4 _catalyst (Figure 6.3.7) it increases on a |
sulphided EUROPT-4 catalyst (Figure 6.22.6). The initially low conversion is due
to sulphur poisoning the hydrogenolysis sites which can also be rapidly deactivated
by coke deposition on a non-sulphided catalyst. Therefore a certain degree of
stability has been introduced to these catalysts by the addition of sulphur. The

stability is a result of less coke being deposited and therefore fewer catalytic sites
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on the sulphided catalyst being deactivated by coke. Biswas et al. (245), from their
work on sulphur and coke poisoning, concluded that it was the combined action of
both rhenium and sulphur that led to changes in the selectivity and in the catalytic
behaviour. It has also been suggested that the Re-S bond sterically hinders
graphitisétion (246) of the carbonaceous overlayer on the catalyst metal sites. The
dilution of the platinum ensembles by this Re-S bond results in a reduction in coke
formation on the metal sites due to the inability to form multiple metal to carbon

bonds (247).

In comparing the deactivation rate of a sulphided and non-sulphided EUROPTQ
catalyst (Figures 6.1.9 and 6.19.6) under identical conditions a very distinctive trend
was noted. On sulphiding EUROPT-3 the deactivation rate is approximately five to
six times lower than with a non-sulphided EUROPT-3 catalyst. With EUROPT-4
the conversion increased with time for the sulphided catalysts as detailed in Tables
7.2.1and 7.4.1. The bimefallic Pt-Re/Al, O, catalyst is considerably more deactivated
than the corresponding monometallic catalyst at the same level of sulphur adsorption.
This feature has been reported by numerous authors (115, 248-250) who noted that
a Pt-Re/Al,0, catalyst was extremely sensitive to the presence of sulphur on the

catalyst.

This level of sulphur adsorption on the catalyst surface decreases with increasing
time on stream during a reforming reaction. This is clearly illustrated in Section
6.13 when a poisoned EUROPT-3 catalyst is examined. Initially this catalyst

produces only methane in any detectable quantity as shown in Table 6.18.1.
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However after 74 hours on stream aromatic species and propane were detected
indicating a change in the catalyst composition. When studying the carbon mass
balance for this reaction, Table 6.18.2, it is noticeable that the difference between the
carbon entering and exiting the microreactor increases with time on stream.
Therefore carbon deposition upon the catalyst surface helps displace adsorbed
sulphur allowing the observed reactions to occur after 74 hours on stream. This
situation was found to hold for both fully sulphided EUROPT catalysts. When
highly sulphided the production of aromatics was slower on the EUROPT-4 than on
EUROPT-3 catalysts 'indicating that sulphur displacement by coke deposition was
much slower on the bimetallic catalyst. This is to be expected, as much of the
sulphur is strongly bound to rhenium. If this occurs on a highly sulphided catalyst
it may be assumed that some sulphur will be lost from the catalyst surface in
catalysts having lower initial levels of sulphur. Further work in this area using H,”’S
to label the sulphur adsorbed on the catalyst would allow this postulate to be

examined in greater detail.

From the results of these studies the optimum level of initial sulphiding would
appear to correspond to the adsorption of 200 pl (4 pulses) of H,S with a 0.4 g
EUROPT catalyst sample. Reduction of this freshly sulphided catalyst at 400°C
results in much of the reversible sulphur being desorbed from the catalyst surface
(110, 111, 113, 114). It is the presence of this strong or irreversible sulphur which
significantly enhances the selectivity and activity of the catalyst during a reforming
reaction. This optimum level of sulphiding gave the lowest yield of hydrogenolysis

products while enhancing the aromatic formation. The % coke deposited upon the
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catalyst decreased as the initial level of sulphur adsorption increased.

In conclusion it is the effect of the irreversibly adsorbed sulphur which
ultimately changes the selectivity and activity of a sulphided EUROPT catalyst. This
sulphur is mainly deposited on the metallic sites (54, 113, 115) and breaks up the
large platinum ensembles causing the observed decreases in the hydrogenolysis
selectivity. On a bimetallic Pt-Re/Al, O, catalyst the formation of a Re-S bond again
breaks up the large platinum ensembles and impedes the formation of highly
graphitic coke. It would therefore seem that it is the combined action of both
rhenium and sulphur which is responsible for any differences observed between a

sulphided EUROPT-3 and -4 catalyst.

7.5. GENERAL CONCLUSIONS

The reforming of n-octane under the conditions used in this study was
significantly altered when a second metal, e.g. Re, Sn or Ge, was added to a
monometallic Pt/Al,O; catalyst. The increased selectivity and stability of a

bimetallic catalyst have been clearly illustrated in this work.

Overall the improved selectivity and activity of the bimetallic catalyst depends
upon the method of preparation. The improved aromatic selectivity on many
bimetallic catalysts is governed by the highly dispersed small platinum particles
interacting with the second metal on the catalyst support. The greater this interaction

the higher the aromatic selectivity of a catalyst. The presence of these small
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platinum particles has been verified by TEM and EDX studies on both freshly
reduced and spent catalyst samples. Alloy formation is seen in both Pt-Sn/Al,0, and
Pt-Ge/Al,O, catalysts but not in Pt-Re/Al,O, catalysts under the reaction conditions
used. However, the presence of a Pt-Re alloy has been reported for many Pt-
Re/Al,0, catalysts (43, 45, 57) using different catalysts and conditions. Alloying of
the two metal components would therefore appear to be very dependent upon the

catalyst pretreatment and the reaction conditions used.

A further advantage of using a bimetallic catalyst is the lower deactivation rate
and consequently greater stability of these catalysts when compared with a
monometallic catalyst. This allows the prolonged use on stream of these bimetallic
catalysts before regeneration processes are required to return the catalyst to a higher
level of activity. The Pt-Ge/Al,O, series of catalysts was found to display the lowest
deactivation rate and therefore greatest stability of all the non-sulphided catalysts

examined in this study.

An improvement in the catalytic performance of both bimetallic Pt-Re/Al, 0, and
monometallic Pt/Al,O, catalysts was found to occur when the catalysts were doped
with a small amount of sulphur. This addition of adsorbed sulphur resulted in a
much lower hydrogenolysis rate and a higher selectivity to aromatics when compared
with the non-sulphided catalysts. At a high sulphur coverage sulphur is adsorbed on
both the hydrogenolysis sites on the metal and acidic sites on the support while a
low sulphur coverage selectively favours the formation of aromatic products. The

use of TEM and EDX in conjunction with these studies allowed the various metals
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present in the catalyst to be studied in terms of particle size, changes in oxidation
state and alloying. This proved to be invaluable and allowed a more accurate

interpretation of the results obtained in the reforming reactions.
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APPENDIX 1

MASS FLOW CONTROL

The Mass Flow Controller (MFC) used in this study operated by a thermal mass

flow sensing technique.

The flow entered the MFC and passed through a restrictor (bypass element).
This element produced a pressure drop which forced a percentage of the total flow
through the sensor tube. The-restrictor has very small passages to ensure a linear
pressure drop with flow rate, thus maintaining a constant ratio of the flow through '

the restrictor to the sensor tube.

A constant input of power (P) was supplied to the heater, which was situated in

the middle of the sensor tube (as shown below).
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The flow through the sensor tube was measured thermodynamically. Therefore,
at zero, or no flow conditions the heat reaching each temperature sensor was equal.
So temperatures T, and T, were equal. When a gas flowed through the tube, the

upstream sensor (T,) is cooled and the downstream sensor (T,) is heated. This



produced a temperature difference [T, - T,] which was directly proportional to the

mass flow rate. This is shown by the following equation:-

AT = T,-T, = APC,m

where: AT = temperature difference.
C, = Specific heat of the gas at constant pressure.
P = Power of the heater.
m = mass flow.

A = constant.

A bridge circuit interpreted the temperature difference and a linear 0-5 dc signal,

directly proportional to the gas mass flow rate, was generated.
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