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SUMMARY

The effect of the deposition of carbonaceous residues on the
performance of two different Pt/¥-Al203 bifunctional reforming
catalysts has been studied during continuous flow experiments
performed at 500°C and 9.5 atm. using n-heptane as a model
hydrocarbon feedstock. With both catalysts, the deposition

of carbonaceous residues resulted in an overall decline in
catalytic activity. This decline occurred most rapidly during

the early stages of the reaction but progressively slowed with
increasing time-on-stream until eventually a stable catalytic
activity was attained. Significant variations in catalyst
selectivity were observed to occur as a consequence of the
deposition of carbonaceous residues. Increases in isomerisation
selectivity of 11% and 16% occurred for the two catalysts.
Corresponding decreases occurred in the aromatisation selectivities
(4% and 10%) and hydrocracking selectivities (5% and 6%) of the
catalysts, whilst the selectivities with respect of hydrogenolysis
remained essentially constant. These selectivity changes are
interpreted in terms of a coking process in which the metallic
function of the bifunctional reforming catalysts is more selectively
poisoned than the acidic function. It is therefore deduced that
carbonaceous residues preferentially reside on the metallic function
of bifunctional reforming catalysts. Differences in the nature of
the individual product yield and selectivity changes observed for
the two different catalysts with the deposition of carbonaceous
residues, are interpreted in terms of the different metal loadings

of the catalysts.

In addition, pulse-flow experiments have been performed with
n-heptane at 500°C in the absence of hydrogen gas. These
experiments have revealed that, under these conditions, the
catalytic activity is enhanced by the presence of surface

carbonaceous residues. The nature of the yield and selectivity



changes which occurred with the deposition of the carbonaceous
residues during the pulse-flow experiments, indicate that this
increase in activity is related to the ability of the surface
carbonaceous deposit to actively donate hydrogen to reacting

surface species.

Studies performed at 500°C, using [14-C] radiolabelled n-heptane,
have shown that during reforming an exchange of carbon occurs
between the surface carbonaceous deposits and gas phase
hydrocarbon. Moreover, this exchange process does not depend
on the presence or otherwise of hydrogen gas. The radio-
chromatographic analysis of the product mixtures obtained during
the [14-C] studies, has shown that a range of different chemical
species, having carbon numbers from C1 upwards and exhibiting
a variety of structures, were incorporated into the gas phase

from the carbonaceous deposit during this exchange.
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1.1

1.1.1

CATALYTIC REFORMING

Industrial Significance

Catalytic reforming is a hydrocarbon conversion process which
is of fundamental importance in both the petroleum industry

and the petrochemicals industry.

In the petroleum industry crude oil is converted into,
predominantly, hydrocarbon mixtures suitable for use as fuels,
The petrochemicals industry on the other hand is concerned
with the production of the chemical building blocks upon which
the manufacture of a diverse range of oil based commodities
such as paints, foams, dyes etc., depends. The production

of fuel, particularly for transportation, remains as the principal
use of crude oil with the former industry accounting for some
90% of all crude oil extracted worldwide. Although the
petrochemicals industry is subordinate to the petroleum industry
in terms of oil tonnage, it too operates on a major scale with
approximately 90% of all industrially produced chemicals having

oil as their raw material source (1).

In the initial fractional distillation of crude oil, each resultant
hydrocarbon distillate "fraction" meets volatility or molecular
weight specifications that make it potentially suitable for a
particular purpose. Accordingly, the fractions which are
extracted for conversion into fuels suitable for use in internal
combustion engines (for example, automobile engines), and

from which the chemical building blocks used in the petrochemicals
industry are generated, are the light gasoline and heavy
gasoline fractions which are collectively referred to as "naphtha.
Naphtha is therefore the hydrocarbon fraction boiling between
ca.40°C and 180°C consisting of C4 - Cl2 hydrocarbons.
Although the detailed composition of any given naphtha is
peculiar and is characteristic of the geographical location of its

source, all are comprised almost exclusively of a mixture of



linear paraffins, branched paraffins, naphthenes (fully

saturated 5 and 6 membered rings) and aromatics, with the
paraffinic species, whether linear or branched, being vastly
The %

predominant. composition of a typical middle eastern

naphtha, for example, is shown in table 1.1

TABLE 1.1 - % COMPOSITION OF MIDDLE EASTERN NAPHTHA (2)

COMPONENTS
Straight Branched Cyel
Chain Chain A]ykc 0- Aromatics
Alkanes Alkanes anes
C5 13 7 1 -
Cé 7 6 2 -
c7 7 6 4 2
c8 8 9 5 4
c9 5 10 3 1
TOTAL 40 38 15 7

One of the most stringent criteria which has to be satisfied in
the petroleum industry in order for a hydrocarbon mixture to
be suitable for use as a fuel in an internal combustion engine,
is that it has sufficiently high anti-knock character, that is,
that it combusts in a steady and regular manner. The degree
of knock exhibited by any given hydrocarbon mixture can be

defined quantitatively by assigning to it an 'octane rating'. This

is



given by the % volume of iso-octane in the iso-octane/n-heptane

mixture to which the hydrocarbon mixture under consideration

is equivalent in terms of its combustion characteristics. Thus,
an octane rating of between 85-95 is required, for example,

for fuels suitable for the high compression ratio internal
combustion engines of motorised vehicles. In general, the
naphtha hydrocarbon fraction obtained from the initial crude

oil distillation process requires enrichment in order for it to
meet this high octane rating requirement. Such enrichment

can be achieved catalytically, by augmenting the concentration

of the aromatic and, to a lesser degree, iso-paraffinic compounds
present within the naphtha fraction, without decreasing to any great
extent the average molecular weight of the hydrocarbon species
present. The overall conversion process is termed catalytic

reforming.

In addition to their value in the petroleum industry, aromatics,
in the form of benzene, toluene and mixed xylenes (BTX mixtures),
also represent one of the two main groups of intermediates upon
which the production of many associated petrochemical products
is based. For example, materials such as 'Terylene', polyester
films , nylon fibres and 'Perspex' are all derived originally from
an aromatic building block. The role of catalytic reforming
within the petrochemicals industry is, therefore, to generate a
hydrocarbon mixture from which these aromatic intermediates

can be separated. This is achieved via aromatisation of the
large concentrations of linear and branched paraffinic and
naphthenic species present within the crude oil naphtha fraction,
this fraction being suitable as the carbon numbers of the
compounds it embraces are consistent with the preparation of

the desired benzene, toluene and xylene intermediates.

Industrial reforming is, in general, carried out under conditions
of high temperature (480-520° C) and high total pressure
(150-350 p.s.i.). The actual conditions employed in any given
system are, however, determined by a number of factors
including the product requirements of the particular process

that is in operation.



1.1.2

Reforming Catalysts

Around the 1950's it was discovered that the molecular
structural changes that are desirable from a reforming point
of view, that is, the conversion of paraffinic and naphthenic
species to branched paraffins and aromatics, could be achieved
very conveniently by passing the naphtha, in the presence of
excess quantities of hydrogen gas, over a catalyst that

combined both metallic and acidic characteristics (3).

Catalysts that integrate two distinct catalytically active phases
in this manner are termed 'bifunctional'. In a bifunctional
reforming catalyst the metal component (typically platinum)
is generally present to the extent of 1% by weight or less.
In common with all supported metal catalysts the metal exists
in the form of small crystallites randomly dispersed on a
porous and refractory oxide support material. In reforming
catalysts the support material consists, almost invariably,

of the ¥ - allotropic form of alumina (Al303), the surface of
which has been treated with a chlorine (or less frequently
fluorine) containing compound to the extent of around 1%

by weight.

In the unchlorided state, alumina is characterised by an
incomplete layer of surface hydroxyl groups together with
residual surface oxide and aluminium ionic defects (4)(5).
Chlorine introduced to this surface readily exchanges with

the hydroxyl groups present (6)(7), one effect of which is to
greatly enhance the intrinsically relatively low capacity of the
alumina to act as a catalyst for hydrocarbon rearrangements.
The introduction of chlorine onto the support surface therefore,
creates the essential bifunctionality that characterises a

reforming catalyst.

Thus, in addition to having the ability to catalyse hydrogenation-

dehydrogenation reactions which are characteristic of metallic/



catalysts, reforming catalysts are also effective in catalysing
the isomerisation, ring closure and ring enlargement reactions
of hydrocarbons which are generally associated with acid

catalysis.

The acidity of the chlorine treated alumina surface, whilst
being evident from its ability to promote acid-catalysed reactions,
can be readily verified by the titration of the acid sites with
basic molecules such as ammonia, quinoline, pyridine, etc. (8).
It remains a matter of contention, however, whether the

acidity is of a Bronsted (protonic) or Lewis (electron-accepting)
nature. Many authors (9)(10) have attributed the faculty with
which this surface promotes hydrocarbon rearrangements
(thought to proceed via carbonium ion formation from olefin
intermediate species (section 1.1.4)) to an increased mobility

of the surface hyciroxyl protons, this being induced by adjacent
electron-withdrawing chloride ions. Alternatively, it has been
demonstrated using infra-red techniques (11)(12), that the
titration of acidic sites on unchlorided alumina with ammonia

or pyridine does not involve the simultaneous formation of
ammonium or pyridinium ions. Indeed, Peri (11) has shown
that on alumina predried to 1070 K (very low surface hydroxyl
content) 90% of the ammonia adsorbed retains its molecular
integrity, presumably by co-ordination with incompletely
co-ordinated surface aluminium sites which are acting as

Lewis acids. The Lewis acidity associated with surface
aluminium ions is also likely to be enhanced by the presence

of adjacent surface chloride ions (13).

It is apparent therefore that hydroxyl groups present on the
surface of unchlorided alumina exhibit little, if any, proton
donating tendancy and make no significant contribution to
surface acidity. In the presence of surface chloride ions
however, both Bronsted and Lewis acidity may be important in
promoting hydrocarbon conversion reactions with the relative

contributions made by each to the total acidic activity probably



being dependent on the chlorine content of the alumina surface
and the residual surface hydroxyl concentration that remains

after the dehydration of the alumina.

Over the last two decades or so, the conventional Pt/¥-AlzQ3-C]
monometallic catalysts used in commercial reforming processes
have been largely superseded by bimetallic species which contain
a second promoting metal in addition to the platinum. Although
the patent literature contains many examples of bimetallic
reforming catalysts that are claimed to offer superior performance
to Pt/¥-Al203-Cl, the species that is most commonly employed

on a commercial basis is Pt-ReM-Al203-Cl. Indeed, it was
estimated (14) in 1976 that perhaps some 90% of all industrial
reforming processes utilised this catalyst. Whilst it is generally
accepted that the Pt-Re8-Al203-Cl catalyst does not offer an
enhanced initial activity relative to the unpromoted Pt/8-Al203-Cl
catalyst (15),it has been widely reported (16)(17) that the
bimetallic species is more selective for the formation of cst
"reformate" products. Moreover, the Pt-Re/$-A1203-Cl catalyst
exhibits a vastly superior resistance to deactivation (section 1.2.2)
which enables it to operate at its initial high activity for a

prolonged period.

It has been pointed out, however (17), that the selectivity
improvements afforded to a reforming catalyst by combining the
Pt with Re are only observed in the presence of a non negligible
qﬁantity of sulphur, and that the unsulphided Pt-Re catalyst

in fact exhibits a much poorer selectivity in comparison to the
monometallic Pt catalyst due to the inherently very high
hydrogenolysis activity of the Re. Indeed, it is now standard
industrial practice, both in the preparation of monometallic Pt
and bimetallic Pt-Re catalysts, for a controlled quantity of
sulphur to be deposited onto the metal function of the catalyst
before use. The controlled sulphidation of the metal function,

whether it contains Re or not, has been shown to be beneficial

both in terms of enhanced catalyst activity maintenance (section 1.2.2)
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and desirable selectivity modifications, the two phenomena
being not entirely unrelated. A number of studies (17)(18)
have demonstrated, for example, that the incorporation of
sulphur onto a reforming catalyst tends to temper the very
high initial dehydrogenation activity of the metal surface.
Moreover, several authors (19)(20) have commented on the
ability of sulphur to selectively suppress the hydrogenolysis
activity of the Pt metal. Thus, in the case of the bimetallic
Pt-Re catalyst species, sulphiding permits the stabilising
effect of Re to be enjoyed without incurring a concomitant

increase in hydrogenolysis activity.

Reforming Reactions

The major reactions taking place in the catalytic reforming

of naphtha feedstocks over bifunctional reforming catalysts

are: i) dehydrogenation of cyclohexanes to aromatics,

ii) dehydrogenation of paraffins to olefins, iii) isomerisation

of r_1—alkanes to branched alkanes, iv) dehydroisomerisation

of alkylcyclopentanes to aromatics, v) dehydrocyclisation of
alkanes to aromatics, and vi) hydrogenolysis and hydrocracking

reactions to give low molecular weight products.

Under typical reforming conditions (section 1.1.1) the
dehydrogenation of cyclohexane species to produce aromatics
is the reaction which occurs most rapidly. Naphthene
dehydroisomerisation,as well as the isomerisation and dehydro-
genation reactions of paraffins, are also fairly rapid. The
dehydrocyclisation and fission reactions proceed at a relatively

slow rate.

The thermodynamics of the reactions listed above can be
considered by referring to the equilibrium constants, K, and
the heats of reaction for the conversions of representative C6

hydrocarbons at 500°C (table 1.2)(21).
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TABLE 1.2 - EQUILIBRIUM CONSTANTS AND HEATS OF REACTION FOR C6 HYDROCARBON

REACTIONS {773K)

REACTION K (773K) HEAT OF REACTION (kJ.mo171)
Cyclohexane -+ Benzene + 3H2 6x10° +221
n-Hexane - n-Hexene + Hz 3.7x107% +130
n-Hexane - 2-Methyl Pentane 1.1 -5.9
n-Hexane - 3-Methyl Pentane 0.76 -4.6
Methylcyclopentane - Cyclohexane 0.086 -16.0
n-Hexane - Benzene + 4H: 0.78x105 +266
n-Hexane -» (q1-C5 Fragments - Highly Exothermic

It can be seen that the dehydrogenation of cyclohexanes and the
dehydrocyclisation of n-alkanes to give the desired aromatic products,
are both highly endothermic reactions and involve the evolution of
hydrogen. This also applies to the dehydrogenation of paraffins to
olefins which, although it occurs to only a small extent in reforming,
is nonetheless a very important reaction as olefins appear to act as
intermediates in some of the reforming conversions (section 1.1.4).
In terms of equilibria it would seem desirable, therefore, to operate
at the highest temperatures and lowest hydrogen pressures possible
in order to maximise the yield of aromatic product and olefin
intermediate. In practice, however, kinetic considerations

(section 1.1.4) and a desire to maintain a high catalyst activity

(section 1.2.1) impose constraints on the maximum possible temperatures

and the minimum possible hydrogen pressures that can be employed.

Mechanisms and Kinetics

A mechanistic interpretation of reforming which involves the

participation of both the metallic and acidic catalytic functions and



which accounts, in part, for experimentally observed product
distributions, was postulated as long ago as 1953 by Mills

and co-workers (22). The reaction scheme, which was formulated
in response to experiments that compared the conversion of
various hydrocarbon reactants over catalysts containing only a
dehydrogenation function, only an acidic function, or both
catalytic functions, is illustrated in figure 1.1 in which n-heptane
is used as a representative hydrocarbon feedstock. According

to this mechanism, paraffinic species are dehydrogenated on the
metal to form olefins which then migrate to the acidic sites. At
the acidic sites the olefins are converted into carbonium ions
which undergo skeletal isomerisation or ring closure reactions.
The transference of a proton to the support regenerates an
unsaturated intermediate which is subsequently saturated by
interaction, once again, with the metal sites. Alternatively,
naphthenic species, formed via paraffin cyclisation or which

are present within the naphtha feedstock, are readily converted
into aromatics via dehydrogenation on the metal catalytic function
or by a combination of acid catalysed ring enlargement followed
by dehydrogenation (dehydroisomerisation). Early work by

Weisz (23) has demonstrated very convincingly that the intermediates
in these bifunctional reactions are true gas phase species that

are transported between the metal and acidic sites by gaseous

diffusion.

The validity of a mechanism, such as that shown in figure 1.1,

in which the formation of unsaturated species is a pre-requisite

in the isomerisation, dehydroisomerisation and cyclisation reactions,
is confirmed, not only by the fact that small quantities of olefins
are often detected in reforming product mixtures (24), but also by
corroborative evidence obtained from a number of kinetic studies.
Sinfelt and co-workers (25), for example, studied the kinetics of
n-pentane isomerisation over a catalyst containing 0.3% by weight
Pt supported on acidified alumina. For a fixed n-pentane to
hydrogen reactant ratio the rate of isomerisation at 372°C was

found to be independent of total pressure throughout the pressure
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range 7.7 to 27.7 atm., but for any given pressure the
isomerisation rate increasedas the n-pentane to hydrogen

ratio increased. Quantitatively similar results were obtained

by Christoffel and Padl (26) when studying the rate of
isomerisation of n-hexane over a fresh Pt/acidified alumina
catalyst and a range of total pressures. The observation

that the rate of hydrocarbon isomerisation exhibits, respectively,
a positive and negative partial pressure dependency with respect
to the hydrocarbon and hydrogen reactants (which is indeed

the case throughout the range of reactant partial pressures
commonly employed in industry) can be readily interpreted in
terms of the mechanism shown in figure 1.1. According to

this mechanism the isomerisation of, for example, n-hexane

is given by,

Pt ’
n-hexane @ n-hexene + H2
Acid |

n-hexene —» 1so-~-hexene
Site
. Pt |
iso ~hexene + Hz = iso-hexane

If it is assumed that the isomerisation of the olefin on the
acidic centres is the slow rate-determining step, then the

rate of the reaction can be expressed as
rate = kt [nCs =]a A ¢ B

where k1 is the rate constant and [nCé~ ]a represents

the concentration of n-hexene on the acidic sites. If
equilibrium is established between n-hexane, n-hexene and
hydrogen in the initial dehydrogenation step, then the
concentration of n-hexene in the gas phase (nCé™) is given
by

(nC6= ) = K1(nCe6)/(H2) vevvrveennn (2)

where K1 is an equilibrium constant and (nCe) and (H2) are,

respectively, the concentrations of n-hexane and hydrogen

10



in the gas phase. Assuming further that adsorption equilibrium
is established between n-hexene in the gas phase and on the
acidic sites and that this is best described in terms of a Freundlich

isotherm (25) then

[nC67]a = Kz2(nCe )T .. iiviuiiinn. (3)

where K2 is the adsorption coefficient and n has a value of
between 0 and 1. Substituting equations (2) and (3) into

equation (1) gives

rate = kz2[(nCse)/(H2)]"

which is consistent with the empirically derived rate relationships
described above (25)(26). Thus, the mechanism illustrated in
figure 1.1 is in accordance with the observed kinetics for paraffin

isomerisation.

Moreover, under typical reforming conditions, the rate of
dehydroisomerisation of C5 naphthenic species and of paraffin
dehydrocyclisation demonstrate a similar inverse hydrogen partial
pressure dependency (27)(28). As with the rate of isomerisation,
the negative hydrogen partial pressure dependencies of the
cyclisation and dehydroisomerisation rates are easily rationalised
in terms of a mechanism that involves, in each case, an initial
rapid dehydrogenation step to produce an unsaturated intermediate
species. Increasing the hydrogen partial pressure has the effect
of limiting the concentration of unsaturated intermediate attainable
at equilibrium, which results in a decrease in the overall rate of

reaction.

In the kinetic treatment just outlined the assumption that the
initial dehydrogenation step proceeds rapidly to equilibrium and is
not normally, therefore, rate-limiting, appears to be justified,

at least in the case of the isomerisation and dehydroisomerisation
reactions. Thus, Sinfelt, Hurwitz and Rohrer (29), studying the
reactions of n-heptane and methylcyclopentane on a Pt/acidified

alumina catalyst, observed that under a fixed set of conditions

11



increasing the metal loading of the catalyst from 0.1% to 0.6%

by weight had little or no effect on the rates of the isomerisation
and dehydroisomerisation reactions. Apparently sufficient
dehydrogenation activity existed even at the very lowest metal
loading to establish the maximum attainable equilibrium
concentration of unsaturated intermediate. The isomerisation and
aehydroisorhefisation rates were, therefore, controlled by a rate
limiting step that took place on the acidic catalytic function.
Further confirmation of this was obtained by these workers when
it was observed (25) that, under identical conditions, the rate

of n-pentane isomerisation on a Pt/acidified alumina catalyst was
very similar to the rate of methylbutene formation from pent-l-ene,
the latter reaction being catalysed by the same catalyst but in

the absence of any Pt dehydrogenation function.

In contrast to their observation that the isomerisation and
dehydroisomerisation reaction rates were independent of the Pt
metal loading of a reforming catalyst, Sinfelt and co-workers (29)
noted that the rate of n-heptane dehydrocyclisation, whilst not
being directly proportional to the catalyst Pt content, increased
by a factor of about two over the range 0.1% to 0.6% by weight
Pt. Similar observations have been made by other workers (24).
The incongruence that exists between this observation and the
fact that the reactant partial pressure dependency data described
previously is consistent with a bifunctionally catalysed dehydro-
cyclisation mechanism in which the metal-catalysed steps proceed
rapidly to equilibrium even at the very lowest catalyst metal
content, can be reconciled by recognising that, under the
conditions used by these workers which were typical of those
used in a commercial reforming process, a further metal-catalysed
dehydrocyclisation route must exist in addition to the bifunctional
mechansim already described. The ability of a Pt surface to
catalyse the dehydrocyclisation of paraffins to aromatics in the
absence of any acidic catalytic activity at reforming temperatures
has indeed been demonstrated using monofunctional supported

Pt(30) and Pt single crystal catalysts (31). Several such studies,

12



notably those of Dautzenberg and Platteeuw (32) and Davis

and Venuto (33), have concurred in showing that the metal-
catalysed cyclisation route is most likely to proceed via a

direct 1,6 ring closure mechanism that does not involve the
formation of a C5 cyclic intermediate. Thus, in a catalytic
reforming system the total aromatisation activity of the
bifunctional reforming catalyst is given by the sum of the rates
of two contributory aromatisation mechanisms, one involving

the participation of both the metal and acidic catalytic functions,

the other being catalysed solely by the metal.

Clarification of the mechanism involved in the latter of the
above reactions has been obtained by Pail and Tétényi (34)
from [14-c] radiolabelling experiments. These workers
produced benzene over Pt black catalysts at temperatures of
between 390-480°C using a reactant mixture that consisted

of either [14-c] labelled n-hexane and inactive l-hexene, or
radiolabelled n-hexane and inactive cyclohexane. All three
reactant species when injected alone gave benzene. However,
the authors reasoned that in the case of, for example, the
latter reactant mixture, if the cyclohexane was a surface
intermediate in the formation of benzene from n-hexane, then
this cyclohexane would mix with the inactive cyclohexane and
in so doing increase the specific activity of the cyclohexane
obtained as product. Thus, the specific activities of the
product species obtained from the labelled n-hexane mixtures
indicated that l-hexene is formed from n-hexane over Pt but
that cyclohexane is not, and therefore the latter species cannot
participate in the Pt catalysed cyclisation mechanism. Similar
experiments involving mixtures of labelled 1-hexene with inactive
cyclohexene, 1,3 - cyclohexadiene and 1,3,5 - hexatriene,
implicated an n-hexane cyclisation pathway in which 1,3,5-
hexatriene and 1,3 -cyclohexadiene, but not cyclohexane or
cyclohexene, served as intermediates. Paal and Tétényi
therefore postulated the "stepwise" aromatisation mechanism

that is illustrated in figure 1.2. The mechanism proposes that
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equilibrium is established between mono, di and tri-olefinic
species on the surface. The formation of the cyclohexadiene
and thence the aromatic is believed to involve the metal-catalysed

cyclisation of the tri-olefin intermediate in its cis - geometric form.

As stated previously, in a catalytic reforming system reactions
which lead to the formation of product species having a lower
carbon number than the reactant hydrocarbons, i.e. hydrogenolysis
and hydrocracking reactions, invariably accompany the desired
isomerisation and dehydrocyclisation processes. Although both
hydrogenolysis and hydrocracking involve the rupture of carbon-
carbon bonds with concomitant hydrogenation, the resultant product
distributions, and the mechanism by which they are produced, are
distinct. Thus, on a bifunctional reforming catalyst, the
hydrogenolysis of saturated reactant species occurs on the metal
function of the catalyst, whereas hydrocracking can take place

via interaction with the acidic function alone or may involve the

co-operative action of the metal and acidic functions.

The catalytic hydrogenolysis of saturated hydrocarbons on various
metal surfaces has been reviewed by Sinfelt (35). The earliest
reported investigations of the kinetics and mechanism of the
hydrogenolysis of simple hydrocarbons were those of Taylor et al
(36). These workers, studying ethane hydrogenolysis on supported
Ni catalysts, reported a fairly large inverse dependence of the

rate on the hydrogen partial pressure. In fact, this observation
has since been shown to be a general feature of hydrocarbon
hydrogenolysis on many supported metal catalysts including those

of cobalt and the group viii metals.

In the case of ethane hydrogenolysis on Pt catalysts, the
following reaction scheme is consistent with much of the experi-

mental data (21)

CHe(g) & Cz2Hs (ads)+H(ads)
C:zHs(ads)+H(ads) & C2Hx(ads)+aH2(g)
C2Hx(ads)-»ads. C1 fragmentsﬂ CH4(g)
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1.2

where (ads) and (g) denote, respectively, adsorbed and

gaseous species, and a is equal to (6-x)/2. Thus, the initial
step in the sequence involves the rupture of a carbon-hydrogen
bond to produce an adsorbed C:Hs species. Further dehydro-
genation follows to generate a hydrogen deficient C2Hx surface
intermediate which subsequently undergoes carbon-carbon bond
scission to form monocarbon fragments. These fragments are

then hydrogenated to give methane by interaction with a molecule
of hydrogen. If it is assumed that equilibrium is established

in the first two steps of the sequence and further that the
carbon-carbon bond scission is rate-determining, then the
experimentally observed kinetics can be rationalised by considering
that the effect of increasing the hydrogen partial pressure is to
limit the equilibrium concentration of C2Hx (ads) intermediate

and hence decrease the rate of hydrogenolysis (21). The
presence of substantial quantities of methane and ethane in a
reforming product mixture can be attributed to hydrogenolysis
reactions. These species are formed either as primary hydrogenolysis
products or by the secondary hydrogenolysis of primary product

fragments.

In contrast, the hydrocracking of linear and branched alkanes
proceeds via olefinic and thence carbonium ion intermediates (37).
Once formed, the carbonium ions undergo extensive degradation

on the acidic catalytic centres via successive B-eliminations to
generate, almost exclusively, C3 to C6 fragments. The product
distributions obtained from hydrocracking reactions generally

contain large amounts of branched products due to the re-arrangement
of the intermediate carbonium ions to the favoured tertiary

configuration.

COKING OF REFORMING CATALYSTS

In catalytically promoted hydrocarbon conversion processes, such
as cracking and reforming, the desired molecular conversions are
invariably accompanied by the formation of hydrogen deficient

carbonaceous residues (coke) on the surface of the catalyst.
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1.2.1

The accumulation of such deposits results in substantial
catalyst deactivation through the blockage of active sites
and necessitates that plant shutdown and regeneration
procedures be periodically undertaken to restore the catalyst

activity to an acceptable level.

Carbonaceous residues tend to form most rapidly in the initial
stages of the catalytic reaction when a maximum number of free
catalytic sites are available for poisoning (38)(39). However,
as the coverage of the catalytic surface by these deposits
becomes more extensive, producing a corresponding reduction
in the number of accessible surface sites, the rate of the coking
reaction itself progressively decreases until, in many instances,
a limiting concentration of surface carbonaceous residues is
approached. This is the normal situation with commercial
reforming catalysts (40)(41) which, under industrial conditions,
operate in the presence of surface coke deposits that, if
permitted, can accumulate to give concentrations equivalent to

perhaps 5-10% of the original catalyst weight (42).

Characterisation of Carbonaceous Residues

A wide range of both physical and chemical analytical techniques
have been applied to the characterisation of the surface
carbonaceous residues associated with bifunctional reforming
catalysts and the results from many such investigations have
recently been reviewed by Wolf and Alfani (43). Although the
detailed nature of these deposits appears to be dependent on
many of the reaction parameters, a complex heterogeneous surface
material in which mono and polycyclic aromatic rings and aliphatic
linkages co-exist and which is comprised of both graphitic and
amorphous regions, is consistent with much of the characterisation

data.
Eberly and co-workers (44), for example, used infra-red

spectroscopy to examine the coke deposits formed at 445°C on

a 13% Al203, 87% SiO:2 acidic cracking catalyst from a variety
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of high molecular weight hydrocarbons e.g. hexadecane, 1-butyl-
benzene, l-methylnaphthalene. The coked catalyst samples were
dissolved in a KOH solution for 2 hours and the infra-red spectra
of the solutions recorded. Absorption bands attributable to
-CH2, -CH3 and aromatic groups were observed in the spectra
of the coked catalysts associated with both the aromatic and
non-aromatic reactant species, although the deposits forrﬁed

from the latter tended to be more paraffinic in nature.

Similarly, several x-ray diffraction studies, notably those of
Appleby et al (45) and Haldemann and Botty (46), have reported
evidence for the presence of condensed aromatic structures
of low hydrogen content in the coke deposits associated with
hydrocarbon conversion catalysts. In the latter study, x-ray
diffraction techniques were used to examine the structure of
the coke retained by a SiO2/Al203 catalyst after the cracking
of a gas oil hydrocarbon fraction. These workers found that
some 50-60% of the coke deposit was organised having a
pseudographitic structure. The remaining material consisted of
aromatic systems and polynuclear aromatics with aliphatic and

alicyclic appendages.

Raman spectroscopy has been shown by Espinat et al (47) to
provide a very sensitive method for the characterisation of coke
deposits. By considering the ratio in intensities of the 1355 cm™
and 1600 cm™! spectral bands which are associated, respectively,
with pregraphitic carbon (i.e. condensed polyaromatic rings)
and graphitic coke, these workers were able to assess the
significance of coke content, hydrogen/hydrocarbon reactant
ratio, and nature of the metallic phase, on the structures of the
coke deposits associated with a number of different reforming
catalysts. Both pregraphitic and graphitic type deposits were
found to be present on platinum/acidified alumina catalysts which
contained coke contents ranging from between 0.29-27.3% by weight.
For a given catalyst coke content, however, increasing the
hydrogen/hydrocarbon reactant ratio under which the coking was

incurred, decreased the extent of graphitisation in favour of the
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pregraphitic phase. A similar effect was encountered when
the platinum catalyst was promoted with either rhenium or

iridium.

The analysis of coke combustion products has been extensively
used as a means of determining the H/C stoichiometry of the
coke deposits associated with a variety of catalytic systems
and has demonstrated conclusively that many distinct coke
structures exist. The results obtained from many such
analyses have been summarised in the previously cited review
by Wolf and Alfani (43). Davis, Zaera, and Somorjai (42),
however, have combined the techniques of Auger electron
spectroscopy (AES) and hydrogen thermal desorption to
ascertain the chemical composition of the coke deposits
remaining on a number of platinum single crystal catalysts
after n-hexane conversions had been performed within the
temperature range 300-405°C. Thus, AES provided a
quantitative measure of carbon coverage by yielding a value
for the surface carbon to surface platinum atomic ratio, whilst
the hydrogen content of the surface deposit was obtained via
temperature programmed hydrogen desorption. It was found
that the H/C stoichiometry of the coke deposit was dependent
upon the reaction temperatures, ranging from between

H/C= 1.6 and H/C= 1.0 for reactions carried out at 300°C
and 405°C respectively. The authors have pointed out that
these chemical compositions are intermediate between those
expected for polyacetylene (H/C= 1.0) and polyethylacetylene
(H/C = 1.5) or related surface structures such as those

illustrated in figure 1.2.
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FIGURE 1.2 - PROPOSED STRUCTURES FOR CARBONACEOQUS RESIDUES ON Pt (42)
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Moreover, AES when used in conjunction with carbon
monoxide adsorption-desorption studies, the latter providing
a means of titrating the uncoked platinum sites, revealed that
the carbonaceous deposits exhibited a more 3-dimensional

character when formed at higher temperatures.

Temperature programmed oxidation techniques have been used
in a number of studies to distinguish between the coke deposits
associated with the metallic and acidic functions of reforming
catalysts (48)(49)(50). Figoli et al (48), for example, have
used differential thermal analysis to monitor the temperature
programmed oxidation of the carbonaceous residues that were
retained on a Pt/8-Al203-Cl catalyst after interaction with a
naphtha feedstock under a variety of industrial type conditions.
Under all conditions, two different zones of coke combustion
were detected during the temperature programmed oxidation,
one from 123°C to 369°C and the other from 369°C to 555°C.
Similar sequential oxidations have been reported by other
workers (51)(52) for Pt/6-Al1,03-Cl catalysts that had been

coked by mono-reactant hydrocarbon feedstocks.

By comparing the temperature programmed oxidation character-
istics of a coked Pt/6-Al203-Cl catalyst to those of coked
Pt/Si02 and acidified Al20s catalysts, Figoli et al (48) were
able to assign the low temperature oxidation zone to coke
associated with the metal catalytic function and the high
temperature zone to coke associated with the alumina support.
Moreover, from the chromatographic analysis of the combustion
products obtained during each of the combustion zones, they
deduced that the H/C ratio of the coke formed on the metal
was higher than that of the support coke deposit which, state
the authors, suggest that the coke residing on the metal is

of a less highly polymerised nature than that which is retained
by the support. Similar conclusions have been arrived at by

Parera et al (49).

A number of surface science spectroscopic techniques, other

19



1.2.2

than AES, have been shown to be capable of providing useful
complimentary information in the elucidation of the structure
of surface hydrocarbon species. Somerjai and Zaera (53),
for example, have demonstrated the successful application

of LEED and HREELS in investigations on the structure of
adsorbed hydrocarbon monolayers associated with Pt single
crystal catalysts. Information regarding the bond lengths
and bond multiplicities within the metal-adsorbate layer, and
indeed the chemical identity of surface groups,can be derived

by such techniques.

Origin and Formation of Carbonaceous Residues

The coking of the catalyst surface that occurs during the
catalytic reforming of hydrocarbons, and indeed during many
commercial hydrocarbon conversion processes, is generally
considered to be initiated by the retention on the catalyst
surface of strongly adsorbed coke precursor molecules (15)(44)

(45)(54-56)(60). These coke precursor molecules subsequently

undergo condensation and polymerisation reactions on the catalyst

surface, with simultaneous loss of hydrogen, to generate
extensive hydrogen deficient carbonaceous residues that, as
described previously (section 1.2.1), can be detected and

characterised by a wide range of analytical techniques.

In general, the precursor molecules that are directly responsible
for catalyst coking are not themselves normal constituents of
the hydrocarbon feedstock, but are rather formed through the
interaction of certain species within the feedstock with the
catalyst surface. That this is indeed the case in the reforming
of typical industrial naphthas over bifunctional Pt/8-Al203
catalysts is evident from the work of Bertolacini and Pellet (15).
These workers have demonstrated that although an intimate
mechanical mixture of Pt/§-Al203 and Re/8-Al1203, when used

in the reforming of an industrial naphtha, exhibited a superior

activity maintenance relative to the Pt/6-Al203 catalyst alone,
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the promotional effect was removed when the Re/¥-Al203 catalyst
was re-located upstream of the Pt/8-Al203 catalyst. As the
promotional effect of the Re/¥-Al203 catalyst, when in the mechanical
mixture, occurred in the absence of any direct chemical interaction
between it and the Pt/8-Al203 catalyst, it is highly likely that

the Re/6-Al203 catalyst was active in the removal of coke precursor
molecules that would eventually have fouled or blocked the

Pt/6-Al.03 catalyst. Moreover, as the displacement of the Re/$-Al203

catalyst upstream from the Pt/8-Al203 coincided with the removal
of the promotional effect, it is clear that the coke precursor
molecules were not contained within the naphtha feedstock itself
but were instead only formed after the naphtha had interacted
with the Pt/B-Al.03 catalyst. Similar conclusions regarding the
origin of coke precursor molecules have been obtained by John,
Pachovsky and Wojcigchowski (54). These workers studied the
cracking of various crude oil extracts over a commercial cracking
catalyst and concluded that coke formation was not the direct
result of primary reactions but rather resulted from the secondary

reactions of primary reaction products.

In the many studies which have sought to gain an insight into
carbonaceous residue formation on catalyst surfaces and in
particular the nature of the coke precursors, small unsaturated
molecules have consistently been shown to exhibit a very high

coke forming tendancy relative to their saturated counterparts,

and the formation of such species within a catalytic system is
therefore believed to be an essential pre-requisite for carbonaceous
residue formation. Cooper and Trimm (40), for example, compared
the coking characteristics of a Pt/8-Al203-Cl reforming catalyst
using a variety of different monohydrocarbon feedstocks and
observed that, under a fixed set of experimental conditions typical
of those used in an industrial reforming system, the rate of
deposition of carbonaceous residues from n-hexene was approximately
three times greater than that from n-hexane. In a similar study,
Appleby and co-workers (45) examined the amount of coke deposited

on a Si02/Al203 catalyst during the cracking of a number of
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aliphatic and polycyclic model compounds. In concurrence with

the results of the previous study, these authors reported that,

for a given set of conditions, aromatic and olefinic feedstocks

were far more virulent in terms of coke production than the
corresponding saturated species. They further speculated that

in the case of the olefins, coke was formed via aromatic nuclei

which subsequently underwent further condensation and dehydrogenation

reactions.

A number of more detailed reaction schemes, all of which have
invoked the use of small unsaturated molecules as precursors, have
however been postulated to account for carbonaceous residue
formation on catalyst surfaces. Bertolacini and Pellet (15), for
example, attributed the rapid coking of a Pt/¥-Al203-Cl catalyst
which was used in the reforming of a cyclopentane rich feedstock,
to a mechanism in which the cyclopentane molecules underwent an
initial excessive dehydrogenation reaction on the metallic function

of the catalyst to generate cyclopentadiene molecules. The
cyclopentadiene molecules, acting as coke precursors, then dimerised
to naphthalene which in turn subsequently polymerised to generate
a more extensive aromatic deposit. Further mechanisms in which
unsaturated coke precursor molecules were considered to have

been formed via the dehydrogenation of reactant species by the
catalyst surface,have been proposed by Tauster and Koros (55)

and by Levinter et al (56). The former interpreted the retention
of carbonaceous materials that occurred on the surface of a supported
chromia catalyst during its interaction with n-propane, in terms of
a mechanism involving the cyclisation and alkylation of C6 and C9
olefinic fragments generated by the combination of unsaturated Cs
coke precursors. Levinter et al (56), on the other hand,
formulated the following reaction scheme to account for the formation

of carbonaceous residues on the surface of a layered Pt/8-Al203

catalyst during naphtha reforming:- naphtha feedstock »dienes =

resins + asphaltenes » carboides.

Several authors (44)(54)(57) have commented on the possible role of
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1.2.3

hydrogen acceptor molecules in the formation of unsaturated

coke precursors. Thus, the unsaturated species required to
initiate coke formation are formed not through the abstraction

of hydrogen by the catalyst surface,but rather through the
donation of hydrogen from the adsorbed reactant molecules to
acceptor molecules which are themselves unsaturated. Mechanisms
involving olefinic acceptor molecules, for example, have been
postulated by John, Pachovsky and Wojeichowski (54) and by
Eberly et al (44) to account for the formation of coke on
commercial cracking catalysts during the cracking of saturated
hydrocarbons. In the case of linear saturates, the latter workers
envisaged a mechanism in which coke was formed via the
condensation, cyclisation and progressive growth of highly
unsaturated species generated by a series of successive

hydrogen donations from individual feedstock molecules to a

plurality of acceptor molecules.

Blue and Engle (57), Thomas (58) and Greensfelder and Voge (59)
have attributed the high coke forming tendency of naphthenes,
which has been demonstrated on numerous occasions (15)(40)

(60), to the readiness of the naphthenic molecules to donate

hydrogen to unsaturated acceptor molecules.

Factors Affecting Residue Formation

The rate and extent of deposition of carbonaceous residues on
the surface of a reforming catalyst is governed by many factors,
including not only the conditions under which the catalyst is
operated but also the composition and structure of the catalyst

itself.

It has been known for many years, for example, that conditions
of high temperature and low pressure within a reforming system,
whilst béing beneficial from the point of view of reaction kinetics
and equilibria, tend to favour the rapid accumulation of
carbonaceous residues on the catalyst surface (61)(62).

Consequently, the temperatures and pressures actually employed



in commercial reformers (section 1.1.1) represent a compromise
between the desire to attain high product yields and the desire

to maintain catalyst stability.

The influence of temperature and pressure on the severity of
the coking process has been demonstrated in numerous studies
(40)(42)(48)(63). Gillespie and co-workers (63), for example,
studied the conversion of n-heptane on a variety of Pt single
crystal catalysts and observed that for a given catalyst and

a fixed set of conditions, the rate of retention of carbonaceous
materials increased almost linearly with increasing reaction
temperature. Figoli et al (48) on the other hand, using an
accelerated deactivation technique (64), derived non-linear
expressions to describe the relationship between the temperature
and pressure variables and the amount of carbonaceous material
deposited on the surface of a Pt/§-Al203-Cl catalyst during
naphtha reforming. Moreover, in the case of the pressure
dependence, these authors identified a critical value below

which the coking rate was particularly severe.

The molar ratio of hydrogen to hydrocarbon (H:Hc) in the
feedstock gas mixture and the space velocity have also been
shown to exert a considerable influence on the rate and extent
of catalyst coking. With respect to the former parameter,
several studies have demonstrated that, for a fixed pressure,
an increase in the (H:Hc) reactant ratio results in a reduced
coking rate and for this reason commercial reforming processes
are invariably carried out in the presence of excess quantities
of hydrogen gas. The impediment of coke formation in the
presence of excess hydrogen has been attributed to the
accelerated rehydrogenation and suppression of the unsaturated

coke precursor molecules (42)(65).

The dependence of the catalyst coking rate on space velocity
has been shown by Eberly et al (44) to be a complex matter.
Studying the kinetics of coke deposition during the cracking

of n-hexadecane and gas oil on silica~alumina catalysts, these
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authors observed that although changes in the rate of coke
deposition on the catalyst could be correlated with changes

in the space velocity, the exact nature of this correlation was
influenced by other factors such as the reaction time and the
position within the catalyst bed. Figoli et al (48) have,
however, reported that for a fixed coking period and constant
conditions, the total amount of carbonaceous material retained
on the surface of a Pt/§-Al203-Cl catalyst during naphtha |
reforming increased with decreasing space velocity. As with ‘
the pressure, a critical space velocity existed below which the

coking rate was particularly severe.

Several studies have demonstrated that the rate of carbonaceous
residue formation on a reforming catalyst is strongly dependent
on the chemical identity of the species present within the
hydrocarbon feedstock. Beltramini et al (60), for example,
compared the coke forming tendancies associated with a series
of paraffinic, naphthenic and aromatic monohydrocarbon
feedstocks during their interaction with a bifunctional Pt/8-Al1203-ClI
reforming catalyst and observed that, for a fixed coking period,
the naphthenic and aromatic feedstocks produced more coke than
the paraffinic species. Moreover, in the case of the paraffinic
and the aromatic feedstocks, there existed a general trend
towards more rapid coke formation with increasing molecular
weight, although with the latter species the position and
structure of the side chains attached to the aromatic ring were
also shown to be important. A similar correlation between
molecular weight and coke forming tendancy has been noted in
other studies (45)(66).

A number of studies (15)(40), including that of Beltramini et al
(60), have identified the C5 naphthenic structure as being
particularly potent with respect to coke formation. Indeed,
Cooper and Trimm (40) have found that under typical reforming
conditions the amount of coke deposited on a bifunctional
Pt/6-Al1203 catalyst from a methylcyclopentane feedstock greatly
exceeded that produced from a variety of other C6 hydrocarbons

including cyclohexane and benzene. Similarly, Bertolacini and
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Pellet (15) detected a very significant increase in the rate of
coking of a Pt/$-Al203 catalyst during naphtha reforming on
doping the naphtha with cyclopentane.

The composition and structure of reforming catalysts, like the
conditions under which they are operated, are constrained as

much by the need to keep the catalyst surface free of carbonaceous
residues as by the desire to achieve high activity. The deposition
of excess quantities of chlorine on the surface of a reforming
catalyst has, for example, been shown by Parera et al (65) and
Bishara et al (67) to be coincident with an increase in the rate

of coke deposition. This was attributed by both sets of workers
to a reduction in the rate of rehydrogenation of the unsaturated
coke precursor molecules caused by the action of the chlorine

in preventing the spillover of feedstock hydrogen from the metal
catalytic function to the support. Thus, although the incorporation
of chlorine into a reforming catalyst is essential from the point

of view of creating a catalyst with the desired acidic characteristics
(section 1.1.2), the amount of chlorine on the catalyst must be
kept below a certain limiting value (normally around 1%) if rapid

catalyst coking is to be avoided.

It is also a well established fact that the contamination of the
hydrocarbon feedstock fed to a reforming catalyst by sulphur
containing compounds can result in an accelerated decline in
catalyst activity (1)(62). The sulphur compounds are thought to
adsorb irreversibly on the metal catalytic sites which thus prevents
the adsorption and reaction of the reactant molecules (20)(68).

As pointed out previously, however, (section 1.1.2) the addition
of a controlled small quantity of sulphur to reforming catalysts is
in fact known to be highly beneficial to the catalyst both in terms
of an improved selectivity and an enhanced resistance to
deactivation. The latter is related to the ability of the sulphur

to selectively suppress the intrinsically very high initial
dehydrogenation activity of the metal catalytic function (18). As

a consequence of this ;ability, the rate of production of unsaturated

coke precursor molecules, and hence coke, is reduced (69).
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Hence, as with the chlorine, the amount of sulphur that is normally
present in reforming catalysts represents an optimum balance

between the processes of catalyst promotion and catalyst poisoning.

Several studies have indicated that the metal loading of a reforming
catalyst and the size of the metal crystallites can play a very
significant role in determining the degree to which the catalyst
becomes covered with carbonaceous residues during use. Barbier
and co-workers (51), for example, observed that the total amount

of coke retained on the surface of a Pt/8-Al203 catalyst during

its interaction with a cyclohexane feedstock increased as the metal
loading of the catalyst was increased. Other studies have indicated,
however, that for a fixed metal loading the metal crystallites
themselves become more resistant to coking as the metal dispersion
increases. Lankhorst and co-workers (70), for example, studied
the reactions of n-hexane over a series of monometallic Pt/SiO2
catalysts having various average metal particle sizes, and considered
that the greater activity and selectivity maintenance exhibited by
the more highly dispersed catalysts was indicative of a reduced rate
of carbonaceous residue laydown. This phenomenon was attributed
by these authors to the greater proportion of edge and corner surface
atoms present in the smaller crystallites. According to Somarjai and
Blakely (71) such sites are less vulnerable towards coke deposition

than those possessing a higher degree of co-ordinate saturation.

The superior activity maintenance exhibited by many bimetallic
reforming cata/dysts relative to the monometallic Pt/$-Al205-Cl
species (section 1.1.2), has often been attributed to an ability of
the secondary promoting metal to inhibit the formation of carbon-
aceous residues on the active Pt and acidic sites. Margitfalvi et al
(72) and Bertolacini and Pellet (15), for example, have proposed
that the Re present in Pt-Re/$-A1.03-Cl is capable of intercepting
harmful C5 naphthenic coke precuréofs that are formed over the Pt
during reforming, and converting them into less harmful paraffins
through hydrogenolysis. In a similar vein, Carter et al (16) have
concluded that the high hydrogenolysis activity of Ir was primarily
responsible for the greatly reduced coking rate of Pt-Ir/6-Al203-Cl
relative to Pt/8-Al203-Cl during reforming.

oo
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1.2.4

Effect of Carbonaceous Residues on Catalyst Performance

The retention of carbonaceous materials on the surface of
hydrocarbon conversion catalysts is known to result in
substantial catalyst activity loss. Indeed,_in commercial
catalytic processes, the rate at which such residues accumulate
on the catalyst surface is one of the principal factors in
determining the length of time that a catalyst charge remains

in use.

The existence of an association between catalyst deactivation
and coking is exemplified by the fact that spent catalyst charges
can often be restored to their original high activity by
regeneration procedures in which the carbonaceous materials

are removed from the catalyst surface (61). More direct
evidence for such a relationship exists, however, in the fact
that the rate of activity decline within a catalytic system can
often be directly correlated with the rate of carbonaceous
residue formation on the catalyst surface. Toei et al (73),

for example, have shown that during the dehydrogenation of
n-butane on a chromia-alumina catalyst,the attainment of a
stable catalytic activity after an initial period of activity decline
was accompanied by the establishment of a limiting concentration
of surface carbonaceous materials. Similarly, in the reforming
of a hydrocarbon naphtha fraction over a bifunctional Pt/8-Al203
catalyst, Parera et al (41) observed that an initial rapid
deposition of carbonaceous material on the catalyst surface
coincided with a rapid decline in catalyst activity. Moreover,
the gradual decrease in the rate of deactivation that occurred
with increasing time-on-stream was paralleled by a corresponding

reduction in the rate of carbonaceous residue deposition (48).

As well as being detrimental towards catalyst activity, however,
carbonaceous residues have also, on numerous occasions, been
shown to be responsible for changes in catalyst selectivity.

The ability of the surface residues to selectively suppress certain
surface reactions to a greater extent than others has, in general,

been attributed to the preferential adsorption of the residues




on the sites responsible for particular catalytic reactions.

In the case of catalytic reforming, attempts to discern the
effect of carbonaceous residue deposition on catalyst selectivity
have been largely confined to studies involving the interaction
of single hydrocarbon species with monofunctional Pt catalysts.
Davis, Zaera and Somerjai (42), for example, investigated the
role of strongly adsorbed carbonaceous deposits on Pt single
crystal catalysts during the conversion of n-hexane.

According to these authors,the deposition of the residues on
the catalyst surface resulted in a significant enhancement in the
selectivity of the catalyst for the aromatisation and hydrogenolysis
reactions relative to isomerisation and Cb-cyclisation. Moreover,
within the isomerisation reaction,the selectivity for 2-methyl-
pentane formation relative to 3-methylpentane formation was lower
on the carbon covered surface when compared to the initially
clean Pt. Similar results have been obtained by Karpinski and
Koscielski (74) and by Lankhorst and co-workers (70) during
n-hexane conversion over supported Pt/SiO2 catalysts. In the
latter study (70), Lankhorst and co-workers compared the
effect that the deliberate deposition of surface carbonaceous
residues had on the activity and selectivity of a series of
Pt/SiO2 catalysts having different metal particle sizes. These
workers observed that for each catalyst the major effect of
carbonaceous residue deposition was to increase the dehydro-
cyclisation selectivity with a simultaneous decrease occurring

in the isomerisation selectivity.

The extent, however, to which the results obtained from studies
involving monofunctional catalysts can be extrapolated to describe
the selectivity changes taking place during reforming processes
over bifunctional catalysts, remains unclear. Christoffel and
Paal (26), for example, have shown that in the reaction of
methylcyclopentane over a bifunctional Pt/8-Al203 catalyst, the
formation of carbonaceous residues on the surface of the catalyst
results in the partial deactivation of the Pt function in as much
as it loses its isomerisation and hydrogenolysis activity whilst

the dehydrogenation activity remains unchanged.
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Figoli et al (48), on the other hand, have provided evidence
for the selective loss of dehydrocyclisation activity with
increasing carbonaceous residue formation during naphtha
reforming over bifunctional Pt/6-Al203. In accordance with
these findings, Beltramini et al (60) observed that the
formation of carbonaceous residues on Pt/8-A1203-Cl during
its interaction with n-hexane, produced a significant increase
in the isomerisation selectivity of the catalyst whilst

simultaneously decreasing the dehydrocyclisation activity.

Thus, despite the considerable amount of effort that has been
spent in studying the interaction of carbonaceous residues
with reforming catalysts, a satisfactory description of how
the surface residues influence the selectivity of a bifunctional
catalyst, under its normal operational conditions, has yet to

emerge.
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CHAPTER TWO

OBJECTIVES OF THE PRESENT WORK




The principal objective of this study is to gain a clearer
understanding of the role played by permanently retained surface
carbonaceous materials in the catalytic reforming of hydrocarbons

over bifunctional Pt/8-Al203~-Cl reforming catalysts.

To achieve this objective, the following investigations will be

undertaken using n-heptane as a model hydrocarbon feedstock:

i) Variations in the activity and selectivity of two different
Pt/8-Al203-C] catalysts will be determined under industrial type
conditions with a view to examining the relationship between
these parameters and the accumulation of carbonaceous materials
on the catalyst surface, and to ascertain whether the nature

of this relationship is dependent on the physical and chemical

characteristics of the catalyst.

ii) The coking characteristics of a reforming catalyst will be
examined during reactions performed in the absence of reactant
hydrogen to gain an insight into the effect exhibited by hydrogen
on carbonaceous residue formation and to establish whether
reactant hydrogen influences the way in which the performance
of a reforming catalyst is modified by carbonaceous residue

formation.

iii) The pre-labelling of the surface of a reforming catalyst
with [14-C] labelled carbonaceous materials will be used in
conjunction with radiochromatographic techniques as a means of
investigating (a) the build-up of carbonaceous materials on the
catalyst surface and (b) the possible exchange of hydrocarbon
between these surface carbonaceous residues and gas phase
hydrocarbon during the catalytic reforming process, with
pérticu‘lar Feference to the determination of the chemical identity
of the hydrocarbonaceous species incorporated into the gas phase

products during any such exchange.
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3.1

CATALYST PREPARATION AND REDUCTION

Two supported platinum metal catalysts, RC1l and RC2, were

used throughout the course of this study. Both catalysts

were prepared using a procedure which involved the impregnation
of a ®-alumina (A1203) support with chloroplatinic acid
(H,PtClg ) followed by adjustment of the support chlorine level.
The preparations of the two catalysts differed, however, in

the relative quantities of reactant materials used in the
impregnation and chlorination process, and in the post-chlorination

treatment of the catalysts.

The following account describes the impregnation and chlorination

procedure as applied to the preparation of catalyst RCl:-

50g. of ¥-alumina (Condea Alc 169) was mixed with 10 cm?® of
10% v/v acetic acid and 5 cm® of deionised water. This was
ground with mortar and pestle to ensure complete mixing.

15g. batches of the mixture were pressed under a pressure of
570 atm. and the resultant granules were then ground and
sieved to a diameter of 425-1000 micrometers. The granules
were calcined for 84 hours in a 20 1/hr, air flow, the temperature
being raised, during an initial period, from ambient temperature
to 610°C at a rate of 150°C/hr.

About 5g. of chloroplatinic acid was weighed accurately and
dissolved in 25 cm?® of deionised water with 0.5 cm® of concentrated
hydrochloric acid. The solution was filtered and made up to

50 cm® with deionised water. 2.2 cm?® of this was added to 47.5 cm?
of deionised water with 0.05 cm® of concentrated hydrochloric acid.
25g. of the calcined ¥-alumina granules was added to the mixture
which was then covered and left to stand overnight. After the
excess liquid had been decanted off, the granules were transferred
to a porcelain dish and dried in an oven. The temperature of the
oven was ramped from ambient temperature to 110°C at 1°C/min

and was held there for 3 hours. The dried granules were then
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recalcined for 3 hours in a 20 1/hr. air flow with the
temperature being raised from ambient temperature to 500°C

at 100°C/hr.

The relative quantities of ¥-alumina and chloroplatinic acid
used in this impregnation, were consistent with the preparation
of a supported Pt/ ¥-Al203 catalyst containing 0.3% by weight

platinum.

Neutron activation analysis of the catalyst granules after the
impregnation process, revealed a residual chlorine content of

ca. 0.42% by weight. To augment the chlorine content, 10g.
samples of the impregnated material were loaded, separately, into
a reactor tube and were then heated, at a rate of 180°C/hr.,
from ambient temperature to 500°C in an air flow of 2.0 1/hr.

1.0 molar hydrochlori¢c acid was introduced into the air flow,

via a syringe pump and vapouriser, at a constant rate of

3.0 cm?®/hr. to complete the impregnation and chlorine adjustment

of catalyst RCI.

Catalyst RC2 was prepared in an identical manner except that
the reactant quantities used were consistent with the preparation
of a catalyst containing 1.0% by weight platinum. Moreover,
after the impregnation and chlorination procedure, catalyst RC2
was submitted for reduction and sintering treatment. Small 6g.
samples of RC2 were reduced for 24 hours, at 500°C, in a

2.4 1/hr hydrogen flow. The bulk of the reduced material was
then sintered in small quantities. Hence, after the catalyst had
been subjected to a 1 1/hr. nitrogen flow at 610°C for 4 hours,
3% oxygen was introduced into the nitrogen flow. The
oxygen/nitrogen gas blend was flowed over the catalyst, at

1 1/hr. and 610°C, for a further 4 hours. The sintered material

was then reduced, once again, under the conditions noted above.

After impregnation and chlorine adjustment, catalyst RC1l was

simply reduced for 24 hours at 500°C in a 2.4 l/hr. hydrogen flow.
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3.2

3.2.

1

All catalyst charges were re-reduced in situ before experiments.
This final reduction was carried out in a 0.8 1/hr. hydrogen
flow with the temperature being raised, steadily, from ambient
temperature to 500°C during the initial 24 hours of a 36 hour

reduction period.

CHARACTERISATION OF FRESH CATALYSTS

A range of both physical and chemical analytical techniques were
applied to the freshly prepared catalysts in order to characterise
them in terms of their specific surface areas, metal dispersions,
chlorine contents etc. (Note: much of the work described in

the following sections of this chapter was carried out in the

laboratories of I.C.I., Wilton during the course of the study)

Hydrogen Chemisorption

Hydrogen chemisorption experiments on the prepared catalysts

were performed using a Micromeretics Digisorb 2500 instrument.

The selective adsorption of the hydrogen adsorbate onto the
platinum metal, at room temperature, provided a convenient method
of determining, not only the total platinum surface area exposed

or accessible to the adsorbate, but also the mean platinum crystallite
diameter (d) and the platinum dispersion (defined as Pt(s)/Pt(t),
where Pt(s) and Pt(t) are the number of surface and bulk platinum

atoms, respectively, per unit weight of catalyst).

Assuming an Hads)/Pt(s) adsorption stoichiometry of 1:1, the
quantity of hydrogen adsorbed by the platinum surface at monolayer
surface coverage, Vm, as determined from the associated adsorption
isotherm, provided a measure of the total number of surface
platinum atoms, Pt(s), present per unit weight of catalyst. Taking
a value of 6.02 (I?s)2 for the cross-sectional area of a surface
platinum atom, the specific platinum surface areas of catalysts RCl

and RC2 were calculated (table 3.1).



TABLE 3.1: Determination of Specific Platinum Surface Area

RC1 RC2
Volume of Hz (m1) Ads. at Monolayer
Coverage (Vm). g1 Catalyst (20°C) 0.204 0.615
Moles of H Atoms Ads. g~ Catalyst 1.82 x 1075 5.49 x 107
No.of H Atoms Ads. g~' Catalyst 1.09 x 10% 3.31 x 10"
No.of Pt Surface Atoms (Pt(s))
.g~1 Catalyst (assuming 1:1 stoichiometry) 1.09 x 10'9 3.31 x 10
x 6.02 (A)2 Pt(s)™ ((A)2 Pt(s)T ) 0.66 x 1020 1.99 x 1020
Platinum Surface Area (mz.g™! Catalyst) 0.66 1.99

The dispersions of RCl and RC2 were easily obtained from these

values (table 3.2).

TABLE 3.2: Determination of Platinum Dispersion

RC1 RC2
No.of Pt Surface Atoms (Pt(s))
.97 Catalyst 1.09 x 10" 3.31 x 101
No.of Bulk Atoms .g'l Catalyst.
(Assuming 0.31% and 1.08% by weight 0.96 x 10'° 3.33 x 10'9
Pt for RCl and RC2 respectively).
Metal Dispersion (%) 113.54 99.40
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The mean platinum crystallite diameters (d) of catalysts RCl

and RCZ2 were determined using the following relationship:-

d = _(_’_X_ﬂa ceeeeeens (1)
p. Sa
where d = mean diameter of supportea metal crystallites (X)
p = density of platinum (g.cm-a)
Sa = surface area per gram of platinum (m2g ').

The derivation of this equation is based on a model of a
supported metal catalyst in which all the metal particles are
assumed to be spherical and of identical size. The platinum
density (p = 21.45 g.cm_3) and the appropriate Sa value
(212.90m>g ' Pt, and 248.75m.g Pt for RCl and RC2,
respectively,) were substituted into equation (1) to obtain

the d values that are shown in table 3.3.

TABLE 3.3: Mean Platinum Crystallite Diameters

RC1 RC2

Mean Platinum Crystallite ° °
Diameter (d) 13.14 A 11.24 A

3.2.2 Transmission Electron Microscopy

Transmission electron microscopy was used in an attempt to
corroborate the mean platinum crystallite diameter (d) values
obtained from the hydrogen chemisorption analysis (section 3.2.1)
and, moreover, to determine the platinum crystallite size
distribution of catalysts RCl and RC2. For catalyst RCl, the
distribution of platinum crystallite sizes, as determined by this

technique, is illustrated in figure 3.1. The graph indicates
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3.2.3

a mean crystallite size of 222;. Although the d value specified
here for catalyst RC1l is in excess of the corresponding hydrogen
chemisorption value, it should be noted that the transmission
electron microscopy technique is not conducive to the detection
of particles with a diameter of <10;\. Therefore, the d value

of ZZZ is probably slightly exaggerated. No- platinum crystallites
were detected during the analysis of catalyst RC2 which
indicated that all had a diameter of <10A.

Surface Area Measurement

The specific surface areas of catalysts RCl and RCZ2 were
measured using a Micromeritics Mic 2200 Rapid Surface Area
Analyser which had been previously calibrated against surface
area standards. The method of analysis used by this instrument
involved the uptake of nitrogen gas by the surface of the
samples at liquid nitrogen temperature and amounted to a
modification of the conventional B.E.T method of surface area

determination.

One form of the B.E.T equation which describes the adsorption

of gas upon a solid surface is:-

ﬂ_ = —1- + w ........ (2)
V{1-(P/Ps)] Vm C [VinC] Ps
where \Y% = volume (at S.T.P.) of gas adsorbed

at pressure P,

Ps = t he saturation pressure (the vapour

pressure of liquefied gas at adsorption

temperature).

V' = the volume of gas required to form a
monolayer.

C = constant related to the energy of
adsorption.



Thus, when experimental data are plotted in the form of
(P/Ps)/V[1-(P/Ps)] on the ordinate against (P/Ps) on the
abscissa, a straight line generally results for (P/Ps) values
between 0.05 and 0.35 (solid line in figure 3.2). The
intercept and slope of the straight line are 1/VmC and
(C-1)/VmC respectively. The monolayer volume, Vm, can,
therefore, be expressed as the reciprocal of the value
obtained by summing the slope plus the intercept. The
surface area of the adsorbing sample is then calculated from
the monolayer covering gas volume Vm, the area covered by
a single gas molecule, the Avogadro number, and the molar

volume of the gas.

However, the reciprocal slope of a line drawn through, for
example, (P/Ps) = 0.30 and the origin (dotted line in

figure 3.2) does not differ greatly from that of the solid line
drawn through the data points. An approximated line such

as this, which requires gas adsorption to be carried out at
only one single (P/Ps) relative pressure value, can therefore
be used as a means of rapidly determining the specific surface
area of a solid. Allowance has to be made, however, for

the discrepancy in the intercept values of the two lines.
Comparison of the surface areas generated by the two
alternative methods, for a large number of corresponding
samples, has revealed that the error in the rapid method, due
to the neglect of the ordinate intercept, is approximately
proportional to the actual surface area of the sample as determined
by the full B.E.T determination. Therefore, a calibration
graph, expressing the relationship between the surface area
values generated by the full B.E.T method and the rapid
method, can be constructed to enable corrections to be made to
the specific surface area values obtained from the slightly less
accurate, but less laborious,rapid method of surface area

determination.

The specific surface areas of catalysts RCl and RC2 were

determined on the Mic 2200 instrument by the rapid method
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3.2.4

of analysis. The measurements were based on the volume of
nitrogen adsorbed on each sample at liquid nitrogen temperature
at the single relative pressure point of 0.3. Before adsorption

the catalyst samples were outgassed for 100 minutes at 140°C.

After the appropriate corrections had been made, the specific

surface areas of the catalysts were as shown in table 3.4.

TABLE 3.4: Specific Surface Areas of Catalyst RC1 and RC2

RC1 RC2

Spegific SurfacezAr1ea
.g Catalyst (m.g ) 203.70 98.94

Mercury Porosimetry

The pore structures of catalysts RCl and RCZ2 were characterised
by mercury porosimetry using a Micromeritics AutoPore 9200

instrument.

Mercury porosimetry analysis is based on the volume of mercury
forced into the pores of a sample by an applied pressure, this being
measured by the change in electrical capacitance of a cylindrical
coaxial capacitor formed by an outer metallic shield around a
penetrometer stem and an inner capillary of mercury. As the
applied pressure is increased, the uptake of mercury by the porous
sample is increased. The total pore volume of a porous sample can,
therefore, be derived by increasing the applied pressure until the
sample becomes saturated with mercury. The saturation intrusion
volume of the mercury is taken as a measure of the total pore

volume of the sample.

The calculation of pore diameters is based on the capillary law

governing liquid penetration into small pores. This law, in the case
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of non-wetting liquids, such as mercury, and assuming

cylindrical pores, is expressed by the equation:-

D = - (1/p) 4% cos® ......c.....(3)

where D = pore diameter
p = applied pressure at which penetration occurs
% = the surface tension of the penetrating liquid
8 = the contact angle.

The pore surface area is calculated from the pressure-volume
work expended in forcing mercury into the pores. The work dW
required to immerse an area, dA, of pore wall is expressed by

the relationship:-

dW =¥8cos8 dA = - PAV ...........(4)

The total pore area is then:-

Vmax
A =- L PAV  vevnrrnnn..(5)
Bcosh min

where Vmax and Vmin correspond, respectively, to the volume
of mercury present in the capillary column when pores of maximum
size are first penetrated and when pores of minimum size are

filled.

Samples of catalysts RC1 and RC2 were outgassed overnight

in an oven, which was maintained at 100°C, before being loaded
into the AutoPore 9200 penetrometer sample chambers which

were subsequently evacuated to a pressure of 4.5 x 107° mm Hg.
The samples were maintained at this pressure for 10 minutes.
The pressure applied to the penetrometer mercury columns was
then increased, incrementally, from an initial pressure of

ca 1.5 p.s.i.g to a final pressure of ca 60,000 p.s.i.g with
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3.2.5

the cumulative intrusion volume of mercury taken up by each
sample being recorded at each of the successive intermediate
pressure values. The resultant plots of mercury intrusion
volume versus applied pressure are shown in figures 3.3(a)

and 3.3(b) for catalysts RCl and RC2, respectively.

The total pore volume, total pore area and average pore
diameter values of catalysts RCl and RC2 were derived from
the graphs using the procedures described and are given in

table 3.5.

TABLE 3.5: Pore Structures of Catalysts RCl and RC2

RC2 RC1
Total Pore Volume (cm3.g_‘) 0.67 0.62
Total Pore Area (m2.g™) 110.29 203.60
Average Pore Diameter (mx108) 0.024 0.012

Neutron Activation Analysis

Fresh samples of catalysts RC1 and RC2 were submitted for
neutron activation analysis in order to determine both the platinum
metal loading and support chlorine level of the prepared catalysts

after their respective post-chlorination treatments.

Neutron activation analysis is a trace elemental analytical
technique in which an unknown sample is bombarded with thermal
neutrons. The chemical elements present within the sample are
identified and assayed after irradiation by measurement of
characteristic Y-radiation emitted from radionuclides formed

in the (n, %) reaction.
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The determination is based on the following equation:-

R= 2 Nopo E(Q-e ™)
where 3 = flux of bombarding particles-
oo = capture cross section for target nuclide
A = decay constant of Y-emitting nuclide
t =  irradiation time
E = efficiency of detector
R = counting rate at end of irradiation
m = mass of sample
M = atomic weight of elemental species analysed
N = Avogadro number

Samples of RC1 and RC2, weighing 0.103g and 0.096g respectively,
were irradiated in a fixed neutron flux for 45 seconds along with
standard samples which contained known quantities of chlorine

and platinum. For each of the catalyst and standard samples,

the resultant emitted ¥-rays, the energy and half-life of which
were characteristic of the “°Cl and '97b¢ nuclides formed during

the irradiation period, were counted for 10 minutes using a

Ge(Li) detector. The specific weights of chlorine and platinum

in catalysts RCl and RC2 were obtained (table 3.6) by comparing
the 28C1 and '*"Pt activities of the catalyst samples, at the end of

the irradiation period, with those of the standard samples.

TABLE 3.6: Platinum and Chlorine Contents of Catalysts RC1 and RC2

RC1 RC2
Weight % Platinum 0.31 1.08
Weight % Chlorine 0.77 1.26
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3.3

3.3.1

3.

3.2

ANALYSIS OF SPENT CATALYSTS

After each experiment several samples of the spent catalyst
charge were recovered from the reaction chamber and
subsequently examined. This section is confined to a description
of the analytical techniques used in the spent catalyst analysis.
Selected results from the analysis are referred to, where

appropriate, throughout the ensuing chapters.

Neutron Activation Analysis

This enabled comparisons to be made between the chlorine contents
of the spent catalyst samples and those of the corresponding fresh
samples. The neutron activation analysis of the spent catalyst
samples was identical to that of the fresh catalysts which has

been described previously (section 3.2.5).

Surface Carbon Analysis

The residual surface carbon content of the spent catalyst samples
was analysed using a simple combustion technique. Individual
samples of spent catalyst were heated to 1100°C in an oxygen
atmosphere. Pyrolysis of the surface carbonaceous residues
occurred leading to carbon dioxide formation. Gas chromatographic
analysis provided a quantitative measure of the carbon dioxide

0

formed, from which the % weight of carbon on the catalyst was

obtained.
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4.1

4.1.1

4.1.2

4.1.3

4.1.4

MATERIALS

N-HeEtane

All non-radiolabelled n-heptane used throughout the course of
this study was puriss p.a. n-heptane as supplied by Fluka.
The purity, as measured by gas chromatography, was >99.5%.
with a water content of <0.05%. It was used without further

purification.

[14-C] Labelled N-Heptane

1-[{14-C] n-heptane was prepared from 1-[14-C] n-heptyl
bromide by a simple Grignard reaction followed by decomposition

with dilute acid to afford the alkane:-

C,H  Br _ Mg 5 C,H MgBr _HCL . C_H, +MgBrCl

Dry magnesium turnings were added to a solution of 1-[14-C]
n-heptyl bromide (I.C.I.plc) in sodium dry ether. A small
crystal of iodine was added and the mixture heated to initiate
the reaction. After the formation of the Grignard reagent, a
small sample was quenched by addition of dilute (10%)
hydrochloric acid and the mixture extracted with ether. The
dried ether solution was distilled to remove the ether then
subjected to preparative g.l.c. to isolate the pure n-heptane.

This was diluted with inactive n-heptane before use.

Hydrogen

Cylinder hydrogen (B.0.C.Ltd.) was used without further

purification.

Helium

Cylinder helium (B.0O.C.Ltd.) was used without further

purification.



4.1.5 Methane

Cylinder methane (B.0.C.Ltd.) was used as a quenching gas in
the gas flow proportional counting system. No purification was

made before use.

4.2 THE HIGH PRESSURE MICROCATALYTIC REFORMING SYSTEM

4,2.1 Introduction

The initial part of this study was concerned with the design,
construction and calibration of a microcatalytic reforming system
capable of operating at temperatures of {500°C and pressures

of €20 atm. The desire to operate under these conditions, which
simulated those used in an industrial reactor, necessitated that
strong building materials be employed and, in accordance with this,
stainless steel was used wherever possible; A simplified diagram
of the high pressure microcatalytic reforming system is shown in
Fig.4.1.

The system consisted of three sections:

i) the feed system
i) the reactor system
and iii) the analytical system

As such, it was designed to accommodate both continuous flow and

non-continuous flow experiments.

4.2.1.1 Continuous Flow Studies

During continuous flow studies the feed system was used to
introduce a continuous supply of a hydrogen/hydrocarbon reactant
mixture to the reactor system (Fig.4.1). The method by which

this was achieved is described in section 4.4.2. Thus, the reactants
were flowed over the surface of the catalyst, in an uninterrupted

manner, throughout the duration of the continuous flow experiment.
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4.2.1.2

On elution from the reactor system, the gas stream was

split into two unequal fractions via a 'T' junction (Fig.4.1.A),
the larger fraction being vented to the atmosphere via a
restricted exhaust (B). The lesser fraction, which was also
ultimately vented (C) but via a finer restrictor, passed
through a gas sampling facility which enabled the product

gas stream, at any given instant during the continuous flow

experiment, to be analysed.

All continuous flow experiments were performed using a

non-radiolabelled hydrocarbon feedstock.

Non-Continuous Flow Studies

By manipulating isolation valves 4 and 5 (Fig.4.1) the reactor
system was disconnected from the continuous flow feed system
which allowed non-continuous flow studies, involving either
unlabelled or [14-C] radiolabelled hydrocarbon reactant, to be
carried out. Under these conditions, using valves 6,8 (Fig.4.1)
and 12 (Fig.4.9), the helium chromatographic carrier gas was
diverted via the catalyst chamber en route to the chromatograph.
The manual injection of liquid hydrocarbon into the carrier gas
stream, via a heated injection port situated upstream of the
chromatograph (Fig.4.1.D), enabled 'pulse-flow' experiments

to be performed. The analysis of product mixtures by gas
sampling was not relevant to this type of experiment as any
products formed, during passage of the injected pulse through
the catalyst chamber, were automatically introduced into the

chromatographic columns by the carrier gas stream (E).

Alternatively, the catalyst chamber and injection port were
completely isolated from the rest of the microcatalytic reforming
system by closing valves 4,5,6 and 8. In this way, liquid
hydrocarbon reactant was injected into a 'static' helium filled

catalyst chamber. Valves 6 and 8 were then released to
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allow the helium chromatographic carrier gas to flow through
the catalyst chamber and flush the reaction products directly

onto the chromatographic column for analysis (E}.

4.2.1.3 Restrictors

These components, which were incorporated into both the
feed and reactor sections of the microcatalytic reforming
system, were important for maintaining the stability of reactant

and product flow rates during continuous flow studies.

A restrictor is essentially a device which regulates the flow
of a gas and which is suitable for use under high pressure
conditions. A restrictor is not merely a crimp, susceptible
to expansion under the influence of a high pressure gas flow,
but rather a piece of calibrated crimped tubing which, by

its design, experiences equal internal and external pressures.
The possibility of expansion, or indeed further compression,
of the calibrated restriction, which would have an adverse
effect on the stability of the flow rate across it, is thus
eliminated. A further benefit of using restrictors as opposed
to conventional crimped tubing restrictions is considered in

section 4.2.2.
A diagram of a restrictor is shown in Fig.4.2 and the
apparatus and procedure used in their construction is described

in appendix I.

4.2.2 THE FEED SYSTEM

This section of the microcatalytic reforming system was

designed to feed a constant and steady stream of gaseous
hydrogen/hydrocarbon reactant mixture to the reactor system
during continuous flow studies. To achieve this, separate
hydrogen and hydrocarbon component gas streams were combined
via a 'T' junction. A schematic diagram of the feedsystem is

shown in Fig.4.3.
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Under atmospheric pressure, liquid hydrocarbon feedstock was
directed through a funnelled filling pipe (A) into a 75 ml.
stainless steel storage reservoir (B). After isolation from the
filling pipe (valve 2), the reservoir was pressurised by
introducing a controlled pressure of nitrogen gas into the volume
above the level of the liquid hydrocarbon. Under the influence
of high pressure nitrogen, a constant flow of hydrocarbon was
channelled through the pipework connecting the storage reservoir

to a vapourisation/restriction unit (C).

The vapourisation/restriction unit contained a feed vapouriser
and a restrictor in series. The former consisted of approximately
30 cm. of 0.3 cm.i.d. stainless steel tubing wound into a spiral
and, together with the restrictor, was surrounded by a tubular
quartz furnace. The temperature of the furnace was controlled
by an external Simmerstat device and was monitored by a
thermocouple permaneﬁtly fixed to the inside wall of the furnace.
To minimise heat loss the furnace was enclosed within a box
constructed from 1 cm.thick "Sindanyo" insulating board. Using
the Simmerstat, the vapourisation/restriction unit was maintained
at a temperature of ca.290°C, this being sufficiently in excess
of the hydrocarbon feedstock boiling point to ensure that
vapourisation was rapid and complete. After passage through
the restrictor, calibrated to admit a flow of 1 ml/min. at a
pressure differential of 60 p.s.i, the gaseous hydrocarbon flowed
on to a 'T' junction (D) where the reactant gas mixture was
generated by blending the gaseous hydrocarbon with a stream of
hydrogen gas which emanated from the hydrogen limb of the

feed system.

A prerequisite for the stable mixing of the hydrogen and
hydrocarbon gas streams, in a fixed and well defined ratio, was
that the flow rate of both streams could be readily, and accurately,
controlled and measured. Therefore, although the hydrogen limb
of the feed system was less elaborate than that of the hydrocarbon,
with the hydrogen being drawn directly from a cylinder, it did

incorporate flow control and measurement facilities.
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The flow rate of hydrogen gas through the feed system was
measured by directing the gas stream through a U-tube

capillary flow meter which was filled with dodecane (Fig.4.3.E).
The flow meter operated on the following principle. A small
restriction was placed on the hydrogen stream .across the two
arms of the U-tube manometer which were partially filled with
dodecane (Fig.4.4). This was done by adjusting a Nupro fine
metering needle valve to a suitable fixed setting. Although

the restriction was such that the gas flow was constrained to
only a minor extent, a small pressure differential (AP) was
established across the restriction and, consequently, the dodecane
columns in each arm of the manometer adopted different levels (Ah).
Increasing the pressure difference across the restriction resulted
in a corresponding increase in gas flow. The dodecane columns
responded by assuming a new Ah value which was representative

of the new gas flow.

Before its installation into the hydrogen limb of the feed system,
the flow meter was calibrated by combining it, in series, with a
graduated bubble flow meter. The bubble flow meter enabled

the relationship between absolute hydrogen flow and the height
differential (Ah) response of the dodecane columns in the hydrogen
flow meter to be correlated. A plot of hydrogen flow versus flow

meter Ah response is shown in Fig.4.5.

A Hoke fine metering needle valve (Fig.4.3.F), situated between
the hydrogen cylinder and the flow meter, was used to control the
hydrogen stream during continuous flow studies. Adjustment of
the valve produced a simultaneous change in the relative levels

of the dodecane columns, which thus allowed the Ah value which
corresponded to the desired hydrogen flow to be established and

maintained.
The hydrogen pressure between the cylinder and the Hoke needle

valve was continuously monitored using a Budenberg gauge
(0-300 p.s.i.g) (G).
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In the case of the hydrocarbon feedstock, a calibrated sightglass
(i.d.1.5 mm) (Fig.4.3.H) permitted the rate of displacement of
liquid hydrocarbon from the storage reservoir (B) to be calculated.
The sightglass, which measured approximately 18 cm. in length,
was tightly secured by two Swagelok couplings in a position
adjacent to, and level with, the liquid hydrocarbon storage

reservoir.

During continuous flow studies the sightglass and storage reservoir
were operated in parallel with one another. Accordingly, the
hydrocarbon limb of the feed system was split, temporarily, into
two branches (Fig.4.3.J), both of which were identical except

that one branch incorporated the storage reservoir whilst the other
embodied the sightglass. Thus, the single stream of liquid
hydrocarbon feedstock that flowed into the feed vapouriser, was
generated by combining two initial contribﬁtory hydrocarbon streams
of equivalent flow rate. One stream emerged from the storage
reservoir whilst the other originated from that branch of the
hydrocarbon feed system containing the sightglass. The flow rates
of these two streams were equivalent because the two branches of
the hydrocarbon feed system were pressurised to the same degree

by the nitrogen gas.

It was possible, through closure of isolation valve 3 (Fig.4.3),

to halt the issue of liquid hydrocarbon from the storage reservoir.
In these circumstances all hydrocarbon fed to the vapouriser was
drawn from that which was contained within the sightglass branch
of the feed system. Disconnecting the storage reservoir in this
manner, did not affect the overall flow rate of liquid hydrocarbon
through the feed system. This depended solely on the pressure
differential that existed across the fixed restrictor, which remained
constant, and it was independent of the pathway along which the

liquid hydrocarbon was channelled en route to the restrictor.
Under these conditions, the transparent sightglass enabled the

descending level of the liquid hydrocarbon meniscus within the

sightglass branch of the feed system to be visually monitored.
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As the internal diameter of the graduated sightglass was known,
the volume of liquid hydrocarbon displaced, per unit time, could
be calculated. Therefore, the sightglass provided a rapid and
convenient means of ascertaining the liquid hydrocarbon feed rate.
Once the measurement was complete, the liquid-hydrocarbon
storage reservoir, which held the vast bulk of the liquid
hydrocarbon, was reinstated as a feedstock source by reopening
valve 3 (Fig.4.3).

During such measurements, although the descent of the liquid
hydrocarbon through the sightglass occurred in a steady and
continuous manner, the level of the hydrocarbon meniscus was
subject to a slight, but continuous, rapid oscillation (¥2 mm)
about a mean level. This phenomenon was attributed to a
corresponding oscillation of the hydrocarbon "boiling front" in

the feed vapouriser tui)ing, as illustrated in Fig.4.6.

The boiling front is the term used to describe the region of
interface between the liquid and gaseous phases of the hydrocarbon
stream which is undergoing vapourisation. The vapourisation of
liquid hydrocarbon at boiling front 1 (Fig.4.6) momentarily cools
the walls of the stainless steel tubing adjacent to it. Therefore,
the liquid hydrocarbon has to progress further along the vapouriser
tubing to a hotter region in order to vapourise, which thus creates
a new boiling front, 2. In the meantime the cooled tubing adjacent
to boiling front 1 is reheated by the surrounding furnace, and the
original boiling front is re-established. In this way, the boiling
front in the feed vapouriser tubing migrates continually back and
forth between two limits which results in a corresponding fluctuation

in the level of the hydrocarbon meniscus in the sightglass.

Some difficulty was experienced, therefore, in accurately reading
the instantaneous level of the liquid hydrocarbon meniscus in the
sightglass, which could, potentially, have led to erroneous
calculated flow rate values. In practice, however, the instantaneous

level of the hydrocarbon in the sightglass was estimated by taking
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a value midway between the upper and lower limits of the
fluctuation in meniscus level. Furthermore, during each flow

rate measurement the level of liquid hydrocarbon within the
sightglass was allowed to drop ca.l1l0 cm. This large drop ensured
that any error associated with reading the initial and final levels
of the meniscus was likely to have a minimal effect on each
calculated flow rate value. Moreover, to ensure further accuracy,
the value actually taken as the feed rate of hydrocarbon during a
continuous flow experiment was that obtained by averaging the
results of several sightglass measurements which were performed

at regular intervals throughout the duration of the experiment.

A further benefit of using a restrictor in series with the feed
vapouriser (Fig.4.3.C), as opposed to a conventional crimp, was
that, because of the large internal volume of the restrictor
(constructed from 0.4 cm.i.d.tubing, Fig.4.2), the fluctuation

in the vapourisation process was dampened. This helped to ensure
that the flow of gaseous hydrocarbon downstream from the restrictor

was steady and uniform.

By maintaining the feed vapouriser at a temperature which was high
enough to ensure the complete vapourisation of the liquid hydrocarbon,
an increase in hydrocarbon flow rate was induced by increasing the
pressure exerted by the nitrogen pressurising gas. This pressure,
which was measured by a Budenberg gauge (0-300 p.s.i.g)
(Fig.4.3.K), was increased by suitable adjustment of the nitrogen
cylinder-head primary control valve. Alternatively, a pressure

release valve, 1, used in conjunction with the primary control valve,
enabled the nitrogen pressure to be decreased instantaneously,
thereby effecting a corresponding abatement in the hydrocarbon

feed rate.

The initial step in establishing a hydrogen/hydrocarbon gas stream
of a fixed and well defined composition during continuous flow
studies, was to fix the hydrogen flow rate at the desired value in

the absence of the hydrocarbon. To achieve this, hydrogen was
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introduced to the section of the system between the cylinder and
the Hoke needle valve control (Fig.4.3) with the latter remaining
closed. The needle valve was then gradually opened until the
hydrogen flowmeter displayed the Ah value that corresponded to
the desired hydrogen flow. The hydrogen flow rate tﬁrough the
overall system was then confirmed by attaching a bubble flowmeter
to exhausts E and F (Fig.4.7), in turn, and summing these two
component hydrogen flows. The pressure within the hydrocarbon
limb of the feed system was then set at an arbitrary value
(gauge K, Fig.4.3) which was in excess of that exerted by the
hydrogen stream (gauge D, Fig.4.7). Thus, when valve 4
(Fig.4.3), which maintained the hydrocarbon limb of the feed
system in a state of isolation, was released, gaseous hydrocarbon

flowed into, and mixed with, the hydrogen stream.

The gaseous mixture was passed through the reactor 'bypass'

(section 4.2.3.3) and vented in the manner described previously
(section 4.2.1.1). Using the gas sampling valve (section 4.2.4.2),
samples of the mixture were repeatedly injected into the gas
chromatograph for analysis. Application of the appropriate hydrocarbon
response factor (section 4.2.4.1) to the resultant chromatograms,

which was done automatically by the integrator, enabled the molar
quantity of hydrocarbon in each injected sample to be determined.
Consideration of the volume of the injected gas samples and of the

total flow rate of gaseous mixture through the system, which was
measured in an identical way to that of the single hydrogen component
discussed above, enabled the feed rate of hydrocarbon reactant through
the reactor bypass to be calculated. The feed rate of the hydrocarbon
was then gradually adjusted, in the manner described, until the

desired hydrocarbon flow rate, and therefore, the desired hydrogen/

hydrocarbon ratio, was achieved.

The chromatographic sampling of the hydrogen/hydrocarbon reactant
mixture provided a means of verifying the hydrocarbon feed rate
values obtained from the sightglass measurements. Furthermore,

through consideration of the variation in the molar hydrocarbon content

of successive injected gas samples, it afforded a very convenient way
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4.2.3

4.2.3.1

of monitoring the compositional stability of the reactant gas
blend before diversion of the continuous flow reactant mixture

through the catalyst chamber.

THE REACTOR SYSTEM

General Description

A diagram of the reactor system is shown in Fig.4.7. The

reaction chamber itself (A) consisted of a 30 cm. section of 0.4 cm.
i.d. glass lined stainless steel tubing. This chamber, which was
fixed between two stainless steel Swagelok couplings, was
encompassed by a ceramic (pyrophyllite) electrical heating furnace (C)
which was, in turn, lagged with 'Tyglas' thermal insulating material.
The temperature of the furnace was regulated using a Simmerstat
controller and was monitored via a thermocouple permanently fixed

in the centre of the furnace.

Catalyst samples (0.25g) were maintained in position, midway along

the reaction vessel tube, by glass wool.

During continuous flow operations, the pressure within either the
reaction chamber or the bypass (section 4.2.3.2) was monitored by
a Budenberg gauge (0-300 p.s.i.g) (Fig.4.7.D). The gauge was
connected to either of these two alternative routes by switching

valve 9.

Switching valves 10 and 11 (Fig.4.7) were used in conjunction

with valves 4,5,6 and 8 (Fig.4.1) when interchanging between
continuous flow and non-continuous flow experiments (section 4.2.1.2).
Valve 10 connected the chromatograph to the continuous flow gas
sampling system or, alternatively, enabled a direct route between

the chromatograph and the reaction chamber to be created.

Switching valve 11 permitted the reaction chamber to be depressurised

or flushed out with carrier gas after a continuous flow experiment.
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4.2.3.2

Where appropriate, the pipework connecting the reactor system
to the feed and analytical systems was maintained at an elevated
temperature (180°C). This was achieved by binding the stainless
steel tubing with electrical heating tape (Electrothermal), the
temperature being controlled by Simmerstat and/or Variac
transformers. Lagging the pipework, in this manner, eliminated
the possibility of any condensation of hydrocarbon taking place
after the initial vapourisation of the liquid hydrocarbon reactant
had occurred. Thermocouples, placed between the heating tape
and the outside wall of the stainless steel tubing, enabled the
temperature to be monitored using a Comark type 1602 electronic

thermometer.

Significance of Reaction Vessel and Catalyst Bed

Dimensions

An illustration of the reaction vessel used in this study,

containing a sample of catalyst, is shown in Fig.4.8.

The dimensions of the reaction vessel, and of the catalyst bed,
are of great significance in any catalytic study involving flowing
reactant gases. The diameter of the catalytic reaction vessel is

a major factor in controlling both the rate, and mechanism, of the
mass and heat transfer processes taking place during the passage
of gas phase reactant molecules through the catalyst bed. Hence,
unlike a large industrial reaction vessel where the turbulent
motion of gas phase reactant molecules is prevalent in gas phase
mixing, in a reaction tube of smaller diameter, such as the one
used in this study where only laminar flow takes place, the mixing
of the gas phase proceeds through the radial diffusion of gas
molecules from the centre of the tube, or catalyst bed, to the walls
of the vessel, and vice versa. The rate of this radial mixing is

governed by the following expression:

t = (dT)%/8Dr
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Where t = time taken for a molecule to move from the centre
of the reaction tube to the wall (independent of

flow rate for laminar flow)

dT = tube diameter

Dr = radial diffusivity

Therefore, as the reaction vessel diameter becomes smaller the

rate of radial mixing increases.

Moreover, the rapid radial diffusion operative in small diameter
reaction vessels ensures that 'static' or 'stationery' gaseous
regions, which can form at the walls of the reaction vessels and
around the catalyst particles (wall effects), do not delay the
progress of individual molecules through the catalyst bed.
Therefore, provided -that the catalyst bed is of sufficient length
to allow at least one complete radial mixing stage (theoretical
plate) to occur (i.e. bed length >> reaction chamber diameter),
the concentration of gas phase reactant molecules, and the
residence time of individual molecules, within the catalyst bed,

is likely to be uniform.

Furthermore, in tubular reaction vessels of small diameter, heat
transfer occurs by convection in which the gas phase molecules
themselves transport the heat, and it is, therefore, as rapid as
mass transfer. Hence, even in the presence of exothermic and
endothermic reactions, the temperature gradient across the diameter
of the catalyst bed is likely to be negligible when the catalyst

vessel is of small diameter.

In the present study, therefore, the dimensions of the reaction
vessel, (diameter 0.4 cm.), and of the catalyst bed, (vol.0.35 cm?,
bed length 2.8 cm. = 7 x reaction vessel diameter) (Fig.4.8),

were chosen to ensure that the observed product distributions from
the continuous flow and pulse-flow experiments, were not

influenced by mass and heat transfer limitations.
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4.2.3.3

The Bypass

A means whereby, during continuous flow studies, the reaction
vessel containing the catalyst could be bypassed, was incorporated
into the reactor system. Thus, within the furnace block there
existed a further tubular vessel (Fig.4.7.3). This vessel was
situated parallel to the reaction vessel and was identical to it
in all respects except that it contained no catalyst. Switching
valve 7, situated upstream of the furnace block, was used to
direct the stream of reactant gases, emanating from the feed
system, either over the catalyst or through the bypass.
Similarly, with switching valve 8 suitably orientated, switching
valve 9 connected either of the two alternative routes to the
analytical system. Therefore, as described in section 4.2.2,
during continuous flow studies the bypass enabled the desired
hydrogen/hydrocarbon reactant flow rate and ratio to be
established before the diversion of the reactant stream over the

catalyst.

A further benefit of the bypass route was that, during continuous
flow studies, it enabled 'blank' experiments to be conveniently
performed in situ. Such experiments afforded some indication of
the contribution made by non-catalytically produced products to
the observed experimental catalytic product distributions. In

the case of the pulse-flow and static experiments, blank runs were
performed without utilising the bypass facility. In these cases
blank runs were carried out as separate experiments using the
procedures laid down in section 4.2.1.2, but with a reaction
vessel from which all traces of catalyst had been removed. In

the non-continuous flow experiments, blank experiments also enabled
the reproducibility of the microsyringe injection procedure and

associated chromatographic analysis to be examined (section 5.2.2).
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4.2.4

4,2.4.1

THE ANALYTICAL SYSTEM

A schematic diagram of the analytical system is shown in
Fig.4.9.

Gas Chromatographic Analysis

The chromatographic analysis of product mixtures was carried
out using a Pye Unicam PU 4500 thermal conductivity
chromatograph equipped with a Pye Unicam PU 4810 computing
integrator for the identification, measurement and display of
chromatographic peaks. A single 4m x 0.2 cm.i.d. stainless
steel column packed with Chromosorb 101 (mesh size 60-100)
was used for product separation. Helium was used as the

carrier gas.

Unfortunately a flame ionisation chromatographic instrument
equipped with a linear temperature programmer, which had

been shown to produce the best resolution of potential products,
was unsuitable. This was because a non-destructive method of
chromatographic detection, such as thermal conductivity
detection, was required in order to permit the subsequent
radioanalysis of the separate product compounds during [14-C]

radiolabelling experiments.

It was found, in general, that reaction products could not be
resolved to a satisfactory degree by operating the PU 4500
chromatograph under isothermal conditions. Therefore, in the
absence of any automatic temperature programming facility, a
temperature programme consisting of three isothermal temperature
periods was developed. Thus, in almost all instances, the
separation and elution of product compounds was achieved by
introducing the product mixtures to the chromatographic column
preheated to 110°C. This initial temperature was held constant
for the first six minutes of each chromatographic run. The
column oven was then rapidly heated to an intermediate

temperature of 160°C. After a further fifteen minutes at 160°C
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the temperature was finally increased to 225°C. Maintaining
the oven at this temperature, for a further short time period,
ensured the elution of any remaining products to complete the

chromatogram.

Before the injection of any product samples into the chromatograph,
and with the column oven at 110°C, the helium carrier gas flow
rate was stabilised at 40 ml.min_1 by adjusting a Nupro fine
metering needle valve (Fig.4.9.A) used in association with a
Negretti Zambra precision gas pressure regulator (B). This

flow rate remained constant during the initial isothermal period

of the chromatographic runs. However, increasing the temperature
of the column oven, in the stepwise manner described, produced

a corresponding decrease in the helium flow rate. Thus, during
the 160°C and the 225°C isothermal periods the carrier gas flow

rate dropped to 32.4 ml.min_1 and 24.2 ml.min—1 respectively.

A consequence of the stepwise cucrease in helium flow rate

during a chromatographic run was that the resultant chromatograms,
generated by the integrator, exhibited non-horizontal baselines.

A sharp, positive deviation away from the stable baseline level
traced during the initial isothermal period, was incurred

immediately after each temperature increase. During each ensuing
isothermal period the baseline gradually descended back to its

original level.

Figure 4.10 illustrates the anomalous nature of the baselines

generated by the chromatographic temperature programme.

The extent to which the baseline deviated from the initial
horizontal level depended only on the size of the associated
temperature increment and the integrator sensitivity settings.
These parameters were not generally varied between chromatograms
which ensured thata non-horizontal baseline trace, identical in
character and magnitude of irregularity, was common to all

chromatograms. This reproducibility permitted the computing
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integrator to be programmed such that the automatic integration
of peaks appearing during the intermediate and final isothermal
periods of a chromatographic analysis was performed on the

basis of peak area above the deviant baseline and not peak area

above the extrapolated horizontal baseline.

The retention times and response factors of all potential reaction
products, and of the hydrocarbon reactant, were determined by
making unique injections of a known quantity of each compound
into the chromatographic column via a chromatographic injection
port. Injections were made using a graduated liquid-tight or,
where appropriate, gas-tight microsyringe. Before each injection
the column oven was preheated to 110°C and the helium carrier
gas flow rate stabilised at 40 ml.min_l. In all instances the
chromatographic temperature programme was commenced upon
injection. The calibration procedure was repeated several times
for each individual compound and, therefore, all retention times
and response factors quoted represent average values. The
retention times and response factors of all compounds relevant

to this study are given in table 4.1.

The response factors were found to be independent of the integrator
sensitivity settings. These settings merely allowed the size of

the peaks appearing on the chromatograms to be controlled.

Thus, for equivalent repeated injections of a given compound into
the chromatograph, each resultant integrator printout reported an
"area units" value that was within experimental error of all the
other area units values, regardless of the sensitivity at which

the corresponding chromatogram had been recorded.

Although the chromatographic conditions employed during the
course of this study were developed to produce an optimum
separation of product compounds, the resolution of peaks appearing
on chromatograms was still often incomplete. This was particularly
so in the case of the iso and normal isomers of a given hydrocarbon

species where some degree of peak coalescence was generally
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Table 4.1 - Chromatographic Retention Times and Response Factors.

COMPOUND RETENTION TIME (MiNS) | RESPONSE FACTOR
-

METHANE 092 " 164

ETHANE 1.25 195

PROPANE 205 4.72

ISO —BUTANE 3-67 12:50

BUTANE 4.50 1460

BUTENE 525 14.60
ISO~PENTANE 7-47 4.20

PENTANE 7-98 724

PENTENE 8.75 7.24
ISO-HEXANE 10-35 6-00

HEXANE 11:20 13.30

HEXENE 11.95 13:30
ISO~HEPTANE 1475 21-60
HEPTANE 15.48 2320
HEPTENE 1625 2320
TOLUENE 22.80 18:70




]
{
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4.2.4.2

4.2.4.3

observed. In such cases, a divisory peak boundary was
automatically defined by the integrator before integration

was performed (Fig.4.11[a]). This boundary was dropped
vertically to the baseline from the point on the chromatographic
trace between the two peak maxima where the peak gradient
was zero. Moreover, in all instances of fuéed peaks, the
individual peak areas were reapproximated manually, using

the triangulation method of measurement (Fig.4.11[b]l), in

order to confirm the reliability of the integrator analysis.

The Gas Sampling System

An air tight Valco 8 port injection gas sampling valve

(high temperature model) was used to inject fixed volumes

of the product gas mixture into the chromatograph during the
continuous flow studies. The valve incorporated two identical
4 ml. gas sampling loops, A and B, which were used alternately
(Fig.4.12). Thus, in position 1 the post-reactor gas stream
was vented to the atmosphere via sample loop A with the helium
chromatographic carrier gas being directed through sample
loop B. The contents of sample loop A, at any given instant,
could be flushed by the helium carrier gas, onto the
chromatographic column by manually switching to position 2.
When required, a further product sample could be delivered to
the chromatograph from sample loop B by returning the valve

to position 1.
The entire gas sampling valve was maintained at a temperature
of approximately 180°C by electrical heating tape (Electrothermal)

in order to eliminate hydrocarbon condensation.

The Gas Proportional Counting System

The radiochromatographic analysis of [14-C] labelled product
mixtures was performed using a gas flow proportional counter
operating in series with the gas chromatograph (75) (Fig.4.9).
The chromatograph provided a means of separating and detecting

eluted compounds which was non-destructive. Thus, the [14-C]
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content of each successive eluted species could be analysed
uniquely during its subsequent passage through the gas

proportional counter.

The gas proportional counter, which was constructed primarily
from brass and teflon, was similar in design to that described
by Schmidt-Bleek and Rowland (76 ) (Fig.4.13). The anode,
which consisted of a length of 0.01 cm. diameter stainless

steel wire, was suspended in a central position along the length
of the cylindrical shaped void enclosed by the brass cathode
casing. The anode and cathode were isolated from one another
by teflon insulating joints. The proportional counter was
connected to a scaler ratemeter (ESI 5350) via a pre-amplifier
(ESI 425) and operated using the optimum ratemeter settings

described previously (77).

Before entering the gas proportional counter, the effluent
helium stream from the chromatograph was blended with methane
gas to generate a suitable counting gas medium for the
radioanalysis of eluted compounds. A helium/methane gas ratio
of 10:1 was used throughout the present study. The methane
flow, like that of the helium described earlier, was controlled
by a Nupro fine metering needle valve used in association with
a Negretti Zambra precision gas pressure regulator (Fig.4.9.C
and D). Thus, with the column oven initially at 110°C, the
desired 10:1 ratio was established by first stabilising the helium
flow through the analytical system at 40 ml.min_l, as indicated
by the bubble flow meter (E). The methane flow was then
gradually increased, by adjustment of the methane needle valve,
until the required combined flow rate of 44 ml.min—1 was

achieved.

In order to maintain the 10:1 helium/methane ratio throughout
the duration of a radiochromatographic analysis, compensation
had to be made to allow for the stepwise decrease in helium

flow rate. Thus, as each of the column oven temperature
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increments were made, as described previously, the methane
flow was curtailed by the appropriate amount through
simultaneous adjustment of the methane needle valve. Thus,
during the intermediate and final isothermal periods of a
radiochromatographic run, the combined helium and methane
flow rate through the gas proportional counter was maintained

at 35.6 ml.min*1 and 26.6 ml.min-l, respectively.

Using an external B-emitting [60-Co] radiation source, the
yoltage plateau" of the gas proportional counter was established
for each of the three helium/methane counting gas flow rate
values. This is the voltage region in which the counting rate
induced by a given radiation source is independent of the
applied voltage. With the [60-Co] source resting in position
on the external wall of the cathode, the -applied voltage was
gradually increased, from an arbitrary low starting voltage,
in small 5 or 10 volt increments. At each voltage setting the
count rate was determined over an appropriate time period.
The resultant graphs of count rate versus applied voltage are

shown in Fig.4.14.

The mid point of the "voltage plateau" reveals the "best working
voltage" of the gas proportional counter for a particular set of
conditions. Thus, although the count rate produced by the

[60-Co] source increased with decreasing counting gas flow rate,
the lengths and positions of the voltage plateau were independent
of the flow rate of the counting gas mixture and consequently

the applied voltage was maintained at a value of 2.25 kV throughout

the course of each radiochromatographic run.

The reproducibility of the gas proportional counting system was
examined, under operating conditions, by regularly performing
a series of consecutive one minute counts and recording the
distribution of count rate values obtained. This was done using
the external [60~Co] radiation source with each of the three

counting gas flow rate values being considered independently.
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Although, as stated, the count rate increased with decreasing
counting gas flow rate, all count rate values recorded for a
given flow rate were generally within the expected inherent
error, * v counts.min—l, of a mean value, n counts.min-l.
This indicated that the counting system was stable under all

conditions employed.

In a similar way, but in the absence of the [60-Co] source,
the background count rate associated with each counting gas
flow rate value was determined. Background readings were
collected at frequent time intervals during the radiolabelling
experiments and, as in the presence of the [60-Co] source,
count rate values obtained for a given counting gas flow rate
generally fell within *vn counts.min—l of a mean background

count rate, n counts.min
For each of the three counting gas flow rate values the count

rate generated by the external [60-Co] source, and the

background count rate, were as follows:

Table 4.2 - Variation in [60-Co] and Background Count

Rates with Counting Gas Flow Rate.

Counting Gas [60-Co] Source Background
Flow Rate (ml/min) (c.p.m) (c.p.m)
44,0 600 = 24 90 = 9

35.6 650 = 25 97 = 10

26.6 700 = 26 104 = 10

The failure of several consecutive count rate readings to fall within
the expected limits,was indicative of a departure from the desired
10:1 helium/methane counting gas ratio. This situation was
rectified by making the appropriate adjustments to the methane
needle valve until the expected count rate, and therefore, by

implication, the correct counting gas blend, was reinstated.
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During the radiochromatographic analysis of product mixtures,
counting was commenced upon injection of the product sample

into the chromatograph and was continued, without interruption,
until all product species had been eluted from the chromatographic
columns and had passed through the gas proportional counter.

In this way, the total number of counts associated with an injected
product sample could be determined. Moreover, throughout the
counting period the instantaneous counts value was noted and
recorded at 30 second intervals. This permitted the number of
counts accumulated during any small time interval, (t,-ty), of

the analysis to be computed. The counts associated with individual
product species or groups of products could, therefore, be
ascertained by correlating the scaler rate meter data with the
accompanying chromatogram. Thus, the counts detected during

a retention time interval (t,-ty) pertained to any products eluted

during that same period.

All count rate values recorded during a radiochromatographic

analysis were normalised with respect to the sensitivity of the

gas proportional counter that was associated with the column

oven temperature of 160°C. In addition, in all cases, the appropriate
background count rate was multiplied by the relevant counting time

interval and subtracted from the detected counts value.
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CHAPTER FIVE

TREATMENT OF RESULTS




5.1

PROCEDURE FOR THE CALCULATION OF YIELD, CONVERSION,
CARBON MASS BALANCE AND SELECTIVITY

The yield,conversion, carbon mass balance and selectivity

values quoted throughout this text (as percentages) are defined

as follows:

Yield:- the number of moles of hydrocarbon reactant
converted into an individual product species relative to the
number of moles of hydrocarbon reactant introduced to the
catalyst. Thus, for a product i, the yield is expressed by the

relationship,

yield = oni Mi) 0 e (1)
N (X)

where ni = the number of carbon atoms in product

species i,
Mi = the number of moles of product species i,

N = the number of carbon atoms in the

hydrocarbon reactant molecule,

and X = the number of moles of hydrocarbon

reactant introduced to the catalyst.

Conversion:- the total number of moles of hydrocarbon reactant

transformed into products relative to the number of moles of
hydrocarbon reactant introduced to the catalyst. This was
obtained by summing all the individual product yields. Thus,
for j product species,

ni (Mi)

TN ) (2)

conversion =

imE
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Carbon Mass Balance:- the number of moles of carbon

atoms eluted from the reaction vessel relative to the number of
moles of carbon atoms introduced to the reaction vessel. This
was derived using a modified form of equation (2) which included
a term to account for the elution of unreacted hydrocarbon

reactant,

=i
carbon mass balance = [ i§1 i (MD] + N oo (3)
N (X)
where Y = the number of moles of hydrocarbon

reactant eluted from the catalyst.

Thus, the values obtained for the conversion and yield provide
a measure of, respectively, the total catalyst activity and its
activity with respect to individual product components, whilst the
carbon mass balance figures relate to the capacity of the catalyst

to retain surface <.rbon.

The selectivity values of the catalyst with respect to individual
product species were obtained by dividing the appropriate yield

values by the conversion,

selectivity = ni Mi) ... (4)
iz)
if.‘ ni (Mi)
During continuous flow experiments (section 4.2.1.1) the number
of moles of hydrocarbon reactant fed to the catalyst, per unit
time (Xt), was calculated from a series of sightglass measurements
as described in section 4.2.2. Chromatographic analysis of the
post reactor gas stream via the gas sampling valve (section 4.2.4)
permitted the molar quantity of each individual eluted compound
present within a fixed volume of this gas stream, equivalent to

the sample loop volume, to be determined. Measurement of the
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overall gas flow rate through the system (section 4.2.2)
enabled the time taken for the gas sample loop to be filled by
the post reactor gas stream to be calculated. Thus, the rate
of elution of any compound from the reaction vessel, and hence
the time dependent numerator values in equations (1), (2) and
(3), could be derived from any time-on-stream value during

a continuous flow experiment.

The chromatographic analysis of a gaseous hydrogen/hydrocarbon
reactant mixture which was passed through the reactor bypass
in the absence of any catalyst (section 4.2.2), revealed that a
slight, but continuous, random fluctuation of the hydrogen/
hydrocarbon reactant ratio about a preset value occurred during
continuous flow operations. It was necessary, therefore, to
minimise any influence that such deviations away from the preset
reactant ratio would have on the derived yield, conversion and
carbon mass balance values, thereby ensuring that the values
actually obtained, for any given time-on-stream, were truly
representative of the performance of the catalyst at that time
and under the preset reactant ratio conditions. Accordingly,

all individual yield, conversion and carbon mass balance values
quoted in the following chapter were generated by averaging

the results of between six to twelve consecutive sample loop
injections. The samples were taken in rapid succession during a
sampling period which was relatively very short (s6 hours) when
compared to the total reaction time (<130 hours). The resultant
averaged values were considered to be indicative of the state

of the catalyst at the time-on-stream value which corresponded

to the mid-point of the sampling period.

In the non-continuous flow experiments (section 4.2.1.2) the

(X) values relevant to equations (1), (2) and (3) were defined
‘simply by the quantity of hydrocarbon reactant material introduced
to the reaction vessel via the injection port. For each injection,
the yield, conversion and carbon mass balance values were
calculated by applying equations (1), (2) and (3) to the integral

areas of the peaks obtained in the associated chromatogram.
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All yield and conversion values quoted in the following chapter
relate only to catalytically generated product species and are
exclusive of any contribution made by gas phase pyrolysis products.
The yields of the latter species were determined from appropriate
blank experiments (section 4.2.3.3) using equation (1) and were
subtracted from the overall experimental yields to obtain the
catalytic yield and conversion values. This subtraction was not

performed, however, in the derivation of carbon mass balance

values.
5.2 ERRORS
5.2.1 Errors on Continuous Flow Results

The absolute error associated with each of the averaged product
yield values obtained during the continuous flow experiments

was derived using the following relationships:-

o o [ 75 Mit(z) - Mit)? e (1)
1 (g- 1)

zz=1

the rate of formation of product species i as

where Mit(z) -

calculated from sample loop injection z,
q = the number of sample loop injections,

Mit = the mean rate of formation of product species i

calculated from q sample loop injections.

o represents the absolute error on each individual Mit(z}

3
value. The absolute error on the mean value, Mit, was calculated

using:-

o, - ceeeenea(2)

s B
v a
Hence, the relative error, S1, on each of the averaged yield values,

ni Mit was obtained using the equation:-

N Xt
St =\/( T3 02 () ®)
Xt Mit
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where o-, = the absolute error on the hydrocarbon feed rate
Xt (o-; was calculated using a procedure similar
to that employed in the derivation of the oy
values but from a series of hydrocarbon feed rate
measurements taken during the course of the

experiment (section 4.2.2)).

The absolute error, 0z » on the yield was then derived:-

ni.Mit

N.Xt )

oz = S1. (
The absolute errors associated with the conversion and carbon
mass balance values were generated by simply combining the

appropriate yield errors according to the equation:-

o5 = (o )2 e (5)

The summation in equation (5) was taken over all product species
and all eluted species, respectively, when calculating the errors on
the conversion and carbon mass balance values. Similarly, the
relative error, S2, on each of the individual product selectivity
values was obtained using the appropriate yield and conversion

relative errors thus:-

S2 = \/(j“_)2 + o —O5 yrea.l(6)

yield conversion

Hence, the absolute error, og , on each selectivity figure was

evaluated: -
Sa.ni(Mi) il (7))
% T iz T
2 ni(Mi)

The absolute error on the sum of several selectivity values was
obtained by combining the appropriate individual og absolute
errors in a manner similar to that described previously for the
derivation of the carbon mass balance and conversion errors

(equation (5)).
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5.2.2

The absolute errors o - og , thus calculated, represented one
standard deviation from the mean which corresponds to a confidence
interval of approximately 68%. The confidence interval on each of
the experimental yield, conversion, carbon mass balance and
selectivity values was increased to 95% by multiplying each standard
deviation figure by an appropriate student t - distribution factor.
The factor applied in any particular calculation was dependent on

the number of sample loop injections from which the yield, conversion

or carbon mass balance value had been derived.

Errors on Non-Continuous Flow Results

Before each of the non-continuous flow experiments, (section 4,2.1.2),
repeated injections of a chosen fixed quantity of the liquid hydrocarbon
feedstock were made into 'the helium carrier- gas and passed through
the empty reaction vessel as described in section 4.2.3.3. The

results obtained from the integration of each resultant chromatogram
indicated a very high degree of reproducibility in the microsyringe
injection and chromatographic analysis procedure, as described in

section 4.2.1.2.

Similarly, as described in section 4.2.4.3, the gas proportional
counting system used in the radiochromatographic analysis of
non-continuous flow experimental product mixtures was observed to

be stable under all analytical conditions.

Consequently, it was not considered necessary to perform error
calculations on the results obtained from the chromatographic and
radiochromatographic analysis of non-continuous flow product

mixtures.
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6.1

As stated previously, all yield, conversion, carbon mass balance
and selectivity values given in this chapter are expressed in the
form of percentages. The error values quoted in tables 6.2 - 6.10
denote a confidence interval of 95%. All error bars represent a

confidence interval of 68%.

Continuous Flow Experiments

A gaseous reactant mixture consisting of hydrogen and n-heptane
in a 6:1 molar ratio was flowed continuously, in separate experiments,
over 0.25 g samples of the reduced catalysts RCl and RC2. The
experimental conditions used in the continuous flow studies were

as follows:-

TABLE 6.1 - Experimental Conditions for Continucus Flow Studies

Temperature (°C) 500
Pressure  (atm) 9.50
WHSV (g.n-heptane/g.cat/hr) 2.24
Reaction Time (hours) <130

Table 6.2 lists the yields of the gas phase pyrolysis products
that were formed during blank experiments (section 4.2.3.3)
carried out under the temperature, pressure and flowrate

conditions given in table 6.1.
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TABLE 6.2: Yields of Pyrolysis Products obtained during Blank Continuous
Flgw Experiments

PRODUCT YIELD

METHANE 0.17 * 0.02
ETHANE 1.37 = 0.27
PROPANE 0.70 £ 0.13
BUTANE 0.20 * 0.04
PENTANE 0.37 £ 0.08
HEXANE 0.10 * 0.04

6.1.1 Continuous Flow of Hydrogen/N-Heptane over Catalyst RCl1

The hydrogen/n-heptane reactant mixture was passed over a sample
of catalyst RC1 for 130 hours under the conditions shown in table 6.1.
Throughout this period the effluent gas stream was sampled at

regular intervals and the yields of all individual product species
calculated. The resultant values, together with the amount of
unreacted n-heptane, are recorded in table 6.3 and are presented

graphically as a function of time-on-stream in figures 6.1 - 6.6.

The yields of all product species were observed to decrease with
time. For each product, however, the most substantial yield loss
occurred during the initial stages of the experiment, the loss
becoming progressively less rapid with time until eventually a
stable yield value was approached. Accordingly, the conversion
values, which are presented in the first column of table 6.4,

exhibited a similar trend when considered as a function of
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time-on-stream as illustrated in figure 6.7.

The data presented thus far is, therefore, consistent with the

commonly observed phenomenon that the deactivation of catalysts,
including those employed in reforming processes, tends to occur
with an initial fast rate which gradually subsides until an almost

stable activity is attained.

The values for the amount of unreacted n-heptane are listed

in the second column of table 6.4. A plot of this data (Fig.6.6)
clearly indicates that the amount of residual unreacted n-heptane
appearing in the post reactor gas stream follows largely the
opposite trend, with time, to that observed in both the

individual product yields and the total conversion. Thus,

during the initial stages of the reaction a relatively small amount

( 25%) of the n-heptane reactant that was fed to the reaction
vessel appeared in the reactor effluent. The amount progressively
increased, however, until in the later stages of the experiment

a larger ( 60%) more stable proportion was eluted.

The value for the amount of unreacted n-heptane feedstock that

is observed at any given time-on-stream is, in principle, governed
by two determining factors, namely, the activity of the catalyst

at that time, and the extent to which the n-heptane is retained

on the catalyst surface in the form of carbonaceous materials.
Accordingly, an almost exact inverse correlation was observed

to exist between the rate of deactivation of the catalyst (Fig.6.7)
and the rate of increase in the amount of n-heptane reactant
(Fig.6.6), except during those periods in which high levels

of surface retention were indicated. For instance, during the

1.8 - 8.7 hour, and possibly also the 8.7 - 23.5 hour time-on-
stream intervals where the inverse correlation was less well
defined, the carbon mass balance values, which are shown in
the third column of table 6.4, suggest that very significant

quantities of carbonaceous materials were being retained.

Figure 6.8 shows the carbon mass balance values plotted as a

function of time-on-stream. The graph impiies that a sharp
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increase in the extent of n-heptane retention on the catalyst
surface took place during the initial stages of the reaction with
a maximum uptake of hydrocarbon occurring after a reaction
time of 8.7 hours. Thereafter, the extent of retention gradually
lessened, ultimately approaching a situation where there was no
further net uptake of carbon by the catalyst. This latter stage
is signified by the asymptotic approach of the curve to the carbon
mass balance value of 100%. When the graph is interpreted in
terms of the weight of residual carbon retained on the catalyst
surface at the end of the experiment, a value equivalent to
around 900% of the original catalyst weight is inferred. This
differs very significantly from a corresponding figure of 0.53%
which was obtained from the combustion analysis of the spent

catalyst.

The selectivity values of catalyst RC1 with respect to each of

the individual product species are listed in table 6.5. The
variation with time in the selectivity of the catalyst for each of
the major types of reforming reaction was examined by considering
the selectivity values for appropriate individual compounds, or
groups of compounds, each of which was considered to be
representative of a particular reaction type. Thus, the
iso-heptane and toluene selectivity values at any given time-on-
stream were considered to be indicative of, respectively, the
selectivity of the catalyst for the isomerisation and aromatisation
processes. Similarly, summing the individual methane, ethane,
n-pentane and n-hexane selectivity values at each time-on-stream,
-e_nabled any trend in the selectivity of the catalyst with respect
to hydrogenolysis to be followed, whilst variations in the
selectivity of the catalyst for hydrocracking were monitored by

summing the iso-butane, iso-pentane and iso-hexane values.

Table 6‘.6 gives the selectivities of catalyst RC1 with respect to

aromatisation, isomerisation, hydrocracking and hydrogenolysis

against the corresponding time-on-stream values. The data

contained in table 6.6 is illustrated in figures 6.9 - 6.10. The
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6.1.2

results reveal that throughout the course of the experiment
considerable changes in the selectivity of the catalyst were
experienced. Figures 6.9 - 6.10 clearly demonstrate, for
example, that a substantial increase in the isomerisation selectivity
occurred with a reciprocal decrease taking place in the aroma-
tisation and hydrocracking selectivities. The selectivity of the
catalyst with respect to hydrogenolysis remained essentially
constant. Moreover, the selectivity changes did not occur linearly
with respect to time. Instead, as is particularly apparent from
figure 6.10, the most pronounced changes were experienced during
the initial stages of the experiment with more stable selectivity
values gradually being assumed as the reaction time increased.

In this respect the trends observed in the selectivity values are
similar to those noted earlier in the total conversion and

individual product yield values.

Neutron activation analysis of spent catalyst RC1l, after the
completion of the continuous flow run, indicated a residual
catalyst chlorine content of 0.11% by weight as compared to a

corresponding figure of 0.77% by weight for the fresh catalyst.

Continuous Flow of Hydrogen/N-Heptane over Catalyst RC2

The continuous flow experiment described in section 6.1.1

was repeated under identical conditions using catalyst RCZ.

The yields of all product species and the amount of n-heptane
remaining unreacted are tabulated against the corresponding

time-on-stream values in table 6.7 and are presented graphically

in figures 6.11 - 6.16. The conversion and carbon mass balance

values are given in table 6.8 and are plotted as a function of
time-on-stream in figures 6.17 and 6.18 respectively, whilst the
selectivities of the catalyst with respect to both the individual

product species and the major reaction types are listed in tables

6.9 and 6.10. Figures 6.19 - 6.21 relate to the data contained

in table 6.10.
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On examining figure 6.18 it must be concluded that there is no
obvious or discernible trend in the calculated carbon mass balance
values. Consequently, it was not considered possible to interpret
figure 6.18 in terms of a variation in the extent of carbon uptake
by the catalyst surface with time. In considering the remainder
of the data, however, it is clear that under a given set of
continuous flow conditions strong parallels exist between the
performance of catalyst RC2 and that of RC1 (section 6.1.1).

For example, at any given time-on-stream the relative yields of
the individual products obtained from both catalysts are largely
compatible. Moreover, for both catalysts a downward trend is
observed in many of the yield and the conversion values with
increasing time-on-stream. In addition, the selectivity changes
experienced by catalyst RC2 (Figs.6.19 - 6.21) are identical in
nature to those described previously for catalyst RC1 (Figs.6.9 -
6.10), with once again the most marked changes in selectivity

taking place during the initial stages of the reaction.

However, despite the obvious similarities that exist between the
two sets of experimental data, several differences must also be
pointed out. Perhaps the most striking of these is that, in the
case of catalyst RC2, the yield of the iso-heptane product actually
increased during the course of the experiment (Fig.6.15) and vyet,
as noted, there was a simultaneous decrease in the overall catalyst
activity (Fig.6.17). This contrasts with the decrease in

iso-heptane yield that occurred in the corresponding experiment

carried out over catalyst RC1 (Fig.6.5). Furthermore, although
like that of catalyst RCI,
catalyst RCl

tial

the total conversion for catalyst RCz,
exhibited an overall decrease with time, in contrast to
there appears to have been no deactivation during the very ini

stages of the reaction. It is also notable that whilst the initial

g and aromatisation selectivities of the two catalysts
, catalyst RC2 exhibited a higher hydrogenolysis
n selectivity than RCl. Moreover,

the experiment the magnitude of the

hydrocrackin
were very similar
and lower isomerisatio
throughout the course of

selectivity changes experienced by the two catalysts were different,

particularly in the case of the isomerisation and aromatisation reactions

(tables 6.6, 6.10).
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6.2

6.2.1

The residual chlorine content of spent catalyst RC2 was
measured by neutron activation analysis at a value of 0.47%

by weight. This compares with a corresponding figure of

1.26% by weight for the fresh catalyst.

Non-Continuous Flow Experiments

The experimental procedure used in both the pulse-flow and
static non-continuous flow experiments has been described
previously (section 4.2.1.2). Both the experiments reported
in this section were performed using catalyst RC1 (section 3.2)

and were carried out in the absence of reactant hydrogen.

Pulse-Flow of N-Heptane over Catalyst RC1

The retention of surface carbon by catalyst RCl was examined

under pulse-flow experimental conditions. A total of eight 1l

injections of liquid n-heptane were made into a 40 ml. min ™"

helium flow and pulsed over a 0.25 g sample of the reduced

catalyst which was maintained at 500°C. The injections were
made at regular 30 minute intervals throughout a 210 minute
injection period. The reduced catalyst was treated with a

40 ml.min " helium flow for 1 hour before the initial n-heptane
injection and was left standing in static helium between injections.
Blank pulse-flow experiments (section 4.2.3.3) indicated that

the gas phase pyrolysis of n-heptane occurred to a negligible

extent under the above experimental conditions.

The yields of all individual products, together with the amount

n-heptane, and the total conversion values are
. These

of unreacted

shown in table 6.11 and the first column of table 6.12.

values are plotted against the corresponding injection numbers
in figures 6.22 - 6.28.
were calculated for each injection and

Carbon mass balance and hydrogen

mass balance values

these are given in the second and third columns, respectively,

of table 6.12. The latter were derived using a procedure

similar to that used in the derivation of the carbon mass balance



values which has been described previously (section 5.1).
The carbon mass balance values are plotted against injection

number in figure 6.29.

Appreciable quantities of carbon were retained by the catalyst
surface during the pulse-flow experiment. This is clearly
illustrated in figure 6.29 which indicates a quantity of residual
carbon equivalent to ca.0.1% of the original catalyst weight.

In comparison a corresponding figure of ca.l.0% was obtained
from the combustion analysis of the spent catalyst (section 3.3.2)
although it should be noted that the size of the sample available
for combustion analysis (0.05g) was perhaps too small to permit
an accurate determination of surface carbon content to be
performed. It is further evident from figure 6.29 that the vast
bulk of the carbon uptake occurred during passage of the initial
n-heptane pulse through the catalyst bed. A comparatively minor
quantity was retained during the second pulse. During the
remaining six pulses little if any carbon appears to have been
laid down on the catalyst surface with the carbon mass balance

values approximating to 100%.

It is very interesting to note that the retention of carbon did

not coincide with a corresponding decrease in the catalyst activity.
Indeed, the conversion values actually exhibited a very substantial
and progressive increase over the first three injections (Fig.6.28).
Thereafter an essentially stable value was attained. Figures

6.22 - 6.27 reveal that the trend observed in the conversion values
vas coupled with a corresponding increase in the individual

yields of most of the reaction products. In fact, only methane
and the unreacted n-heptane reactant decreased in yield with

each subsequent injection. In the case of toluene, and also
ethane, a prominent increase in yield which occurred over the
first few injections was followed by a progressive decrease in

yield during the latter injections.

he trends noted in the individual product yield values are

largely reiterated when the corresponding selectivity values are
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6.2.2

considered. These values are tabulated in table 6.13 and
are plotted against the appropriate injection numbers in
figures 6.30 - 6.35, In the product distribution obtained
from the initial injection methane and toluene were the major
products, ethane being the only other product formed in
any significant quantity. The selectivity for methane was
drastically reduced in the second and third injections whereas
that for ethane, propane and toluene was greatly enhanced,
with appreciable quantities of n-butane also being formed.
For subsequent injections the selectivities of the catalyst
with respect to methane and propane formation approached
stable values with the ethane selectivity showing a slight
decrease. This coincided with a more acute reduction in
the toluene selectivity and a progressive increase in the
tendancy of the catalyst to form n-hHutane and n-pentane

together with the olefinic species, n-butene, n-pentene and

n-heptene. Neither n-hexane, n-hexene nor any iso-

paraffinic compounds were detected as products following

the injections.

The absence of any sharp negative peak at the beginning of
each of the chromatograms obtained during the pulse-flow
experiment, indicated that molecular hydrogen was not present

amongst the product mixtures.

Static Experiment Involving the Interaction of [C-14] N-Heptane

and Unlabelled N-Heptane with Catalyst RC1

A total of eleven 5ul injections of liquid n-heptane were made
into a static helium filled reaction vessel (section 4.2.1.2)
which contained a 0.25 g sample of the reduced catalyst RC1
at 500°C. The injections were made at regular 35 minute
intervals throughout a 350 minute period. The first five
injections were performed using [14-C] labelled n-heptane
(section 4.1.2) whereas non-radiolabelled n-heptane was used
in the remaining six injections. Each injected sample was

allowed to react for 5 minutes before the reaction vessel was
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flushed with helium carrier gas and its gaseous contents
subjected to radiochromatographic analysis (section 4.2.4).
The reaction vessel was left under helium between injections.
Negligible quantities of gas phase pyrolysis products were
formed during blank experiments (section 4,2.3.3) carried

out under the above conditions.

The yields of the product species produced during the static
non-continuous flow experiment are presented in table 6.14
against the corresponding injection numbers. In the
chromatographic analysis of the eluted compounds the
chromatogram peaks associated with the n-heptene, iso-heptane
and n-heptane species were not resolved, and therefore, it
was not possible to determine the individual molar guantities
of these particular compounds present within the product
mixtures. Consequently, conversion values were not obtained
during this experiment. In performing carbon mass balance
calculations, the total area under the unresolved n-heptene,
iso-heptane, n-heptane peak was measured manually and

this area was considered, for the purpose of the calculations,
to be wholly attributable to the elution of unreacted n-heptane
reactant., The measured area was then expressed in terms of
an equivalent molar quantity of unreacted n-heptane via
application of the n-heptane response factor. The resultant
molar quantity value was taken as the Y term in equation (3),
section 5.1. The calculated carbon mass balance values are
tabulated in the second column of table 6.15 and are plotted

against the appropriate injection numbers in figure 6.36.

The carbon mass balance values derived for this experiment
indicate that, as was the case in the pulse-flow experiment
discussed in the previous section (6.2.1), significant quantities
of carbon were retained on the surface of catalyst RC1 during
its interaction with the injected n-heptane samples. In this

instance a weight of residual surface carbon equivalent to

approximately 0.94% of the original catalyst weight was predicted

by the carbon mass balance values, this being in good agreement
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with a corresponding figure of 1.08% which was obtained from

the combustion analysis of the spent catalyst (section 3.3.2).
Furthermore, figure 6.36 clearly illustrates that, as also observed
in the pulse-flow experiment, a maximum amount of surface carbon
retention took place during the interaction of the catalyst with
the initial n-heptane injection. The amount of carbon retained
per injection progressively decreased over the next four injections
until a limiting concentration of surface carbon was attained.

The latter is implied by the fact that no net retention of carbon
occurred during the interaction of the catalyst with the remaining

six n-heptane injections.

The third column of table 6.15 shows the total number of counts
detected during the radiochromatographic analysis associated with
each of the eleven n-heptane injections. The values correspond
to a 27 minute counting period which was commenced from the
point at which the reaction vessel was flushed with the helium
carrier gas. All values have been corrected for background
(section 4.2.4.3). The variation in the total count values as a
function of injection number is illustrated in figure 6.37. As
shown, the total number of counts detected in each of the
radiochromatographic analyses increased progressively over the
first five injections which, as stated, were performed using [14-C]
labelled n-heptane. Thereafter, on switching to injections of
non-radiolabelled n-heptane, the total number of counts decreased
in an exponential fashion with each subsequent injection.
Moreover, for each of the non-radiolabelled n-heptane injections
the number of counts detected during each consecutive 30 second
retention time interval of the radiochromatographic analyses were
recorded as described in section 4.2.4.3. These count values
are tabulated against the corresponding retention time intervals in

tables 6.16, 6.17 and 6.18 for injections 6-7, 8-9 and 10-11

respectively.

Attempts to correlate the gas proportional counter data contained in

tables 6.16 - 6.18 with the corresponding chromatograms, in terms

of assigning absolute count values to individual eluted species,
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were made difficult by the insufficient resolution of
chromatographic peaks. However, what can be seen from,

for example, table 6.16 is that large numbers of counts were
detected during the 1-4 minute, 5-7 minute and 8-11 minute
retention time intervals which, by reference to table 4.1,
clearly correspond to the elution of product species having
carbon numbers of C1-C3, C4 and C5 respectively, with a
smaller number of counts heing detected during or immediately
after the elution of the C6 species. Similarly, large count
values were recorded during the retention time interval in
which the elution of the iso-heptane, n-heptane and n-heptene

species were expected and also during the elution of toluene.




CHAPTER SEVEN

DISCUSSION
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7.1

INFLUENCE OF CARBONACEOQOUS RESIDUES ON THE ACTIVITY

AND SELECTIVITY OF CATALYSTS RC1 AND RC2 UNDER

CONTINUOUS FLOW CONDITIONS

As described in detail in the previous chapter, the continuous
flow of a hydrogen/n-heptane reactant mixture over samples of
catalysts RCl and RC2 in turn, and under industrial type
conditions, resulted in each case in an overall decrease in the
conversion of n-heptane with increasing time-on-stream.
Similarly, the yields of all individual product species were observed
to diminish with time with the exception of iso~heptane formation
over catalyst RC1 where a progressive increase in product yield
was observed. A substantial increase in the isomerisation
selectivity of both catalysts occurred whilst on stream along with
a corresponding decrease in the aromatisation and hydro-
cracking selectivities. The selectivity of both catalysts with
respect to hydrogenolysis remained essentially constant. The
combustion analysis of a sample of the spent RC1 catalyst charge
indicated that carbonaceous residues were retained on the surface
of the catalysts under the conditions of the continuous flow

experiments.

The activity and selectivity changes that occurred during the
continuous flow experiments over catalysts RCl and RC2, can,
as demonstrated by the following discussion, be fully interpreted
by considering that they were produced solely or predominantly

as a direct result of the retention of carbonaceous materials on

the surface of the catalysts.

It is commonly acknowledged that during catalytic reforming
carbonaceous residues accumulate on both the metallic and acidic
functions of the bifunctionajll catalyst. Indeed, as described in
section 1.2.1, this has been convincingly demonstrated by
temperature programmed oxidation studies of spent catalyst

samples (48)(49)(50). Whilst the results from the continuous

flow studies that have been obtained in the present study are

not incongruous with this belief, they do however strongly suggest

that carbonaceous residues preferentially reside on the metallic
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function of the bifunctional reforming catalyst and that the
metal function is more selectively poisoned than the acidic

function.

In order to understand the reasoning behind the above assertion,
it is necessary to examine in greater detail the role of olefinic
species in the reforming process. As described earlier, the
-initial interaction of paraffinic reactant molecules with a
bifunctional reforming catalyst results in the formation of olefins
via metal-catalysed dehydrogenation, this reaction proceeding
rapidly to equilibrium under typical reforming conditions, even
when only very low (0.1%) catalyst metal loadings are present
(29). The participation of these olefins as intermediates in the
bifunctionally catalysed isomerisation, hydrocracking and
dehydrocyclisation reactions is firmly established (24)(25). It
should be noted, however, that olefins also feature as
intermediates in the mechanisms postulated to account for the
metal-catalysed hydrogenolysis and direct 1,6 ring closure
reactions (section 1.1.4). The participation of a common olefinic
intermediate in both the bifunctionally catalysed reactions and
the metal-catalysed reactions, would indeed enable the activity
and selectivity changes observed in the present continuous

flow studies to be rationalised by invoking the concept of

competing mechanisms (Fig.7.1)

/\/n\/\
/N A

ACID ACID ACID METAL METAL

v \ v

/\N /\/ A C1+Cs

participation of Qlefin Intermediate in the Bifunctional

Figure 7.1 - : :
and Metal-Catalysed Reforming Reactions.
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In developing this idea, it is convenient to consider first of
all the continuous flow experiment involving catalyst RC2
(section 6.1.2).With regard to the aromatisation activity of
catalyst RC2 (Fig.6.15), a guestion immediately arises
concerning the relative contributions made by the bifunctional
and the metal-catalysed cyclisation routes to the overall toluene
yield. Given that the initial dehydrogenation of paraffins to
olefins on the metal proceeds rapidly to equilibrium (29), the
rate of the bifunctionally catalysed aromatisation mechanism
cannot be enhanced by an increase in dehydrogenation activity.
Therefore, it is not likely to be affected by an increase in the
total metal surface area that is exposed or accessible to the
adsorbate. In contrast, several studies, notably those of
Dautzenberg and Platteeuw (32), Sinfelt et al (29) and
Callender et al (24) have shown that the rate of aromatisation
via the metal-catalysed cyclisation route exhibits a strong
positive dependence on the metal surface area. Therefore, the
higher the metal surface area, the greater the contribution
made by the metal-catalysed cyclisation route to the overall
aromatic yield. In view of the high platinum surface area

of catalyst RC2 (1.99m2.g'1) it can be concluded that the
metal-catalysed cyclisatien route is predominantly responsible
for the observed overall aromatisation activity of this catalyst.
Indeed, working under conditions similar to those used in the
present continuous flow studies, Callender et al (24) produced
evidence which indicated that, even for a Pt/6-Al203-Cl
catalyst in which the specific platinum surface area was less
than that of RC2, the metal-catalysed cyclisation route
accounted for some 70% of toluene formation from n-heptane.
Thus, any time-dependent variations that exist in the overall
activity and selectivity of catalyst RC2 with respect to toluene
formation, are likely to reflect changes in the rate of the
'metal—cat'alysed cyclisation reaction and can, therefore, be

interpreted in terms of carbonaceous residue laydown on the

metal cyclisation sites.
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It is evident, therefore, from Figs.6.15 and 6.19 that the
laydown of carbonaceous residues on the surface of catalyst
RC2 has resulted in a very significant blockage of the metal
cyclisation sites. The metal sites responsible for hydrogenolysis
have also been poisoned (Figs.6.11-6.13) although to a much
lesser extent than the cyclisation sites, the selectivity for
hydrogenolysis remaining essentially constant throughout the
experiment (Fig.6.21). Consequently, the fall in the total
selectivity for the metal-catalysed reactions of around 10%,

is wholly attributable to the poisoning of the metal cyclisation
sites. It is important to emphasise here that the laydown of
carbonaceous materials on the metallic function need not,
however, have resulted in a decrease in the concentration of
olefinic intermediate present, since, as noted earlier, sufficient
dehydrogenation activity generally exists even with very low
metal surface areas for equilibrium olefin concentrations to be

maintained within a reforming system (29).

It is clear from the nature of the carbonium ion mechanism
which is generally considered to apply to the bifunctionally
catalysed isomerisation, aromatisation and hydrocracking
reactions (section 1.1.4), that the rate at which these reactions
occur in a reforming system will generally be limited by either
of two parameters; namely, the concentration of intermediate
olefin available for reaction, or alternatively, the number of
accessible acid sites. If the metal surface area of the reforming
catalyst is relatively large, and hence the rate of metal-
catalysed cyclisatibn very rapid, it is readily visualised that
the former parameter would be the prevalent rate-limiting factor
as, under these circumstances, a lesser proportion of the
equilibrium concentration of intermediate olefin would be available
for participation in the bifunctionally catalysed reactions. It
might therefore have been expected that the proposed blockage
of the metal cyclisation sites by carbonaceous residues during
the continuous flow study involving catalyst RC2, would have
coincided with an increase in the rate of the bifunctionally

catalysed reactions. Such arguments would certainly account
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for the increase in yield of iso-heptane observed with catalyst

RC2 with increasing time-on-stream (Fig.6.15).

In contrast to the iso-heptane yield, however, the yields of

all the hydrocracking products decreased continually in the
manner shown in figure 6.14. It is, therefore, necessary to
postulate that carbonaceous residues are also retained on the
acidic function of the catalyst and, further, that those acidic
sites responsible for the hydrocracking reactions are particularly
susceptible to poisoning by these residues, whilst those sites
which are active in the isomerisation reaction are much less
vulnerable and remain relatively unaffected by the presence of
surface residues. Thus, in the case of the hydrocracking
reactions, the proposed increase in the availability of intermediate
olefin resulting from the deactivation of the metal cyclisation
sites, has no effect on the reaction rates as, in the presence

of the surface residues, the deficiency of the acidic hydro-
cracking sites becomes rate limiting. Consequently, whereas

the combined selectivity of the catalyst for the acid-catalysed
reactions of isomerisation and hydrocracking undergoes a net
increase of approximately 10% during the course of the
experimen% (table 6.10), the selectivity for the isomerisation
reaction itself increases by around 16% whilst the total hydro-

cracking selectivity falls by approximately 6%.

The apparent absence of any decrease in the yield of toluene
during the initial stages of the reaction (Fig.6.15) can be
readily accounted for by proposing that, during this period

at least, the rate of the bifunctionally catalysed aromatisation
reaction is limited by the concentration of intermediate olefin
present and increases as the sites responsible for the metal-
catalysed cyclisation reaction are poisoned. Thus, although the
trends observed in the yield of toluene with respect to time-on-
stream are considered to substantially reflect the fate of the
metal cyclisation sites, during the initial period of the

continuous flow study over catalyst RCZ, the expected decrease
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in toluene yield, resulting from the deactivation of the metal
cyclisation sites, may have been compensated for by an

enhancement of the bifunctionally catalysed aromatisation reaction.

A similar argument can be forwarded to rationalise the
observation that there is no evident overall decrease in the
total conversion during the initial period of the reaction over
catalyst RC2 (Fig.6.17). During this period, the potential
deactivation of the catalyst which might have resulted from the
blockage of the metal cyclisation and hydrogenolysis sites by
carbonaceous residues, is nullified by a corresponding overall
increase in the conversions associated with the acid sites, the
latter occurring in response to the increased availability of the
olefin intermediate. With increasing reaction time, however,
the contribution made by the bifunctionally catalysed reactions
to the total conversion begins to decrease as the progressive
accumulation of carbonaceous residues on the acidic support

makes the availability of accessible acid sites rate-limiting.

The strong similarities in the performance of RCl and RC2 as

a function of time-on-stream during the continuous flow studies
(sections 6.1.1, 6.1.2), indicates that carbonaceous residues
interacted with both catalysts in a similar manner. Indeed,

the proposals given ab0ve,k which explain the activity and
selectivity changes of catalyst RCZ in terms of the selective
interaction of carbonaccous residues with both the metallic and
acidic functions of the catalysts, and the effect that this
deposition process haé on the role of olefinic intermediates in
the reforming reactions, are also consistent with the activity and
selectivity changes observed with catalyst RCl. The fact that
some differences do exist between the two sets of continuous flow
data (section 6.2.1) does not invalidate a common interpretation,
as these ‘differencés can be attributed to the different specific
metal surface areas of the two catalysts (section 3.2.1). Thus,
the lower initial hydrogenolysis activity (Tables 6.3, 6.7) and
selectivity (Tables 6.6, 6.10) of catalyst RCl relative to catalyst
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RCZ is expected in view of the much lower specific metal surface
area of the former catalyst. This factor also readily accounts for
the difference in the initial isomerisation activities and select-
ivities of the two catalysts. Assuming that, for both catalysts,
sufficient metal dehydrogenation activity was present to maintain
the maximum possible concentration of intermediate olefin within
the reacting system, the lower activity with respect to the
metal-catalysed cyclisation reaction found with RC1 is as expected.
Consequently, with catalyst RC1 a greater proportion of the
equilibrium concentration of olefin would be available for
participation in the bifunctionally catalysed reactions. During
the initial stages of the reaction, when the extent of poisoning
of the acidic sites by carbonaceous residues would be relatively
small, the rates of the bifunctionally catalysed reactions would
be limited by the amount of intermediate olefin available for
reaction. Consequently, the activity and selectivity of catalyst
RC1 for the bifunctionally catalysed reactions were initially
greater than those of catalyst RC2. The higher initial isomer-
isation activity and selectivity of catalyst RC1 relative to that

of RC2, could therefore have been predicted. Similarly, for
catalyst RC1 a greater contribution to aromatisation from the
bifunctionally catalysed reaction accounts for the fact that the
initial aromatisation activity and selectivity of this catalyst was
very similar to that of catalyst RC2, despite the higher metal
surface area, and hence greater metal-catalysed cyclisation
activity, of the latter catalyst. It is not clear, however, from
these arguments, why there was apparently no significant
difference in the initial hydrocracking activity and selectivity

of catalyst RC1 and RC2Z.

Given that in the case of catalyst RCl a high proportion of

the intermediate olefin was available for participation in the
bifunctionally catalysed reactions, the steady deactivation of the
catalyst with respect to both the hydrocracking and isomerisation
reactions which was observed during the continuous flow
experiment (Figs.6.4, 6.5), is indicative of the blockage of the
hydrocracking and isomerisation sites by carbonaceous residues.
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Once again this occurred selectively, with the hydrocracking
sites being preferentially poisoned (Fig.6.10). Similar steady
deactivation profiles were observed for the aromatisation
(Fig.6.5) and hydrogenolysis (Figs.6.1,6.2,6.3) reactions with
the net result that the total conversion obtained over RC1

decreased, unlike that over RC2, in a continuous uninterrupted

manner (Fig.6.7).

The validity of the above treatment, in which the changes that
took place in the activity and selectivity of catalysts RC1 and
RC2 during the continuous flow studies have been interpreted
in terms of the effects of carbonaceous residue laydown on the

catalysts,can be further substantiated.

It has been firmly established (38)(39) that a characteristic
feature of the laydown of carbonaceous residues on all hydro-
carbon conversion catalysts, when it occurs, is that the rate

of residue accumulation, whilst being initially very rapid,
gradually decreases with time as the extent of surface residue
coverage increases. Moreover, in the case of catalytic reforming
processes, a limiting concentration of residues on the surface of
the catalysts is eventually approached (40)(41). In the present
continuous flow studies, the most severe changes in the activity
and selectivity values were experienced during the initial stages
of the reactions, with more stable values eventually being
attained as the reaction time progressed (Figs.6.7,6.17,6.9,6.10,
6.19-6.21). Hence, in this respect, the nature of the activity
and selectivity changes observed during the continuous flow

studies can be ascribed to the formation of surface carbonaceous

residues.

The removal of chlorine from the surface of the catalysts during
the continuous flﬁw reactions must also be recognised as a
potential factor which could have contributed to the observed
activity and selectivity changes. Bishara and co-workers (67),
when studying the reforming of naphtha over bimetallic catalysts

under industrial type conditions, observed that the depletion
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of the support chlorine level coincided with product yield and
selectivity changes similar to those observed in the continuous
flow reactions over catalysts RC1 and RC2; the aromatisation
and hydrocracking selectivities exhibiting an appreciable decline
in response to chlorine loss. In the present study, any
assessment of the effect of chlorine loss on catalyst performance
is complicated by the fact that it is not clear how much of the
detected loss (section 6.1) is actually attributable to chlorine
removed during the reforming process itself. Whilst it is
probable that during the reforming reactions, chlorine would
have been leached from the surface of the catalysts by traces
of moisture present in the feedstock gases (78), it is equally
likely that a substantial proportion would have been removed
during the pre-experimental in-situ reductions of the catalysts
(section 3.1)(67)(79). Moreover, analysis of'the catalyst samples
by neutron activation provides a measure of the overall bulk
chlorine content rather than, as required, a value which refers
specifically to chlorine adsorbed on the catalyst surface.
Furthermore, for the present purposes, a very important point
to have emerged from the work of Bishara et al (67) was that
the yield and selectivity changes resulting from the loss of
chlorine varied linearly with respect to time-on-stream. In

the present study the corresponding relationships are distinctly
non-linear, and thus it is clear that chlorine loss does not
satisfactorily account for the changes in catalyst performance that
were detected during the continuous flow studies. Therefore,
even accepting that a certain amount of chlorine was leached
from the surface of the catalysts during the reforming reactions,
the interpretation of the observed activity and selectivity

changes in terms of the laydown of carbonaceous residues on the

catalysts is still valid.

Further support fo} the latter interpretation is provided by the
work of Beltraminiet-al (60). These workers, studying the

reactions of a wide range of monohydrocarbon feedstocks on a

bifunctional Pt/$-Al203-Cl catalyst under industrial type conditions,
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found that the deposition of carbonaceous residues on the
catalyst surface coincided with product yield and selectivity
changes which were identical in nature to those observed in

the present studies including, in the case of paraffinic reactants,
an increase in the yield of the corresponding iso-paraffin. The
loss of chlorine from the catalyst was not, however, a feature

of this study.

The interpretation of the changes in catalyst performance in
terms of the retention of carbonaceous materials on the catalyst
surface, is supported by the fact that the lessening in severity
of the changes in activity and selectivity with increasing time-on-
stream, can be correlated with the trend which is known to apply
to the rate of carbon laydown on reforming catalysts. The lack
of any discernible pattern in the carbon mass balance values
plotted in figure 6.18 indicates, however, that the measurement of
carbon mass balance did not provide, in the case of the
continuous flow studies, a suitable method of monitoring the
laydown of carbon on the catalyst. In support of this, the carbon
mass balance values derived during the continuous flow study
involving catalyst RC1, (table 6.4), are very clearly incompatible
with the value for weight of residual surface carbon that was

actually measured at the end of the experiment (section 6.1.1).

In order to rationalise the disparity that exists between the
predicted and measured residual surface carbon contents of
catalyst RC1 after the continuous flow study, it is proposed that
the carbon mass balance values of 82.2% and 90.5%, which
correspond respectively to time-on-stream values of 1.8 hours
and 8.7 hours (table 6.4), are erroneous and exaggerate the
capacity of this catalyst to retain carbon at these particular
times. A situation in which the calculated carbon mass balance
values were lowef than the true values could indeed have arisen
if, during the early stages of the experiment, carbon had rapidly

accumulated on the surface of the catalyst to such an extent that,

at a given level, it had begun to restrict the passage of the
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reactant hydrocarbon through the catalyst bed. Consequently,
the pressure within the section of the microcatalytic reforming
system situated between the hydrocarbon feed restrictor and the
reaction vessel (figures 4.3,4.7), would be required to increase
in order for the original hydrocarbon flow through the catalyst
bed to be re-established. If the pressure increase required to
achieve this was relatively small, the feed rate of hydrocarbon
across the feed restrictor, as measured from the sightglass
(section 4.2.2), would not be significantly affected, as a small
increase in pressure would make little difference to the pressure
differential across the restrictor (section 4.2.2) which, under
normal conditions, was very large ( 200 p.s.i). Under these
circumstances, there would be a period during the continuous
flow experiment in which the feed rate of hydrocarbon across
the feed restrictor was in excess of the actual hydrocarbon

flow rate through the catalyst bed. As a consequence, any
carbon mass balance values that were derived during the period
in which a significant discrepancy in the flow rates existed
would be appreciably lower than the true values, as the N(X)

value applied in equation (3) of section 5.1 would be too high.

In a catalytic system in which the rate of carbon laydown on the
catalyst surface was initially very rapid but gradually tailed

off with time, as a stable carbon concentration was approached,
any flowrate discrepancy that was created would tend to become
less appreciable with time. Moreover, it would cease to exist
only when the rate of carbon laydown had become so slow that
the pressure increase reguired to re-establish the original
hydrocarbon flow rate through the catalyst bed, could be
achieved as rapidly as any increase in restriction was being
created. If, during a process in which carbon laydown occurred
‘in this manner, the carbon mass balance values were calculated
in acéordance with' the procedures used in section 5.1 and
plotted as a function of time-on-stream, a graph similar to that
shown in figure 6.8 would be expected. Therefore, in view of

the extent to which the predicted surface carbon content of
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catalyst RCl exceeded that which was actually found, together
with the inconsistency that exists between the curve in

figure 6.8 and the established coking characteristics of a
reforming system, it is believed that the carbon mass balance
values derived during the continuous flow study over catalyst
RC1 do mot accurately reflect the extent of carbon laydown on

the surface of this catalyst as a function of time-on-stream.

The occurrence of this flow rate discrepancy would also lead

to ralculated values for the individual yields .and total conversion
that were lower than the true values. It would, therefore,
readily account for the observation that in.a number -of the

curves displayed in figures 6.1-6.7 the pletted point corresponding
to the time-on-stream of 1.8 hours has .a value which is well

below -that predicted by the best-fitting curve. This is
particularly -apparent in figure 6.7. ’

NON-CONTINUOUS FLOW STUDIES

Pulse~Flow of N-Heptane over Catalyst RC1

-As noted previously, (section 6.2.1), the retention-of carbonaceous
-materials -on -the surface of catalyst RC1l whigch-eecurred .when
pulses -of n-heptane were passed through the reaction chamber in

the .absence of reactant hydrogen, coincided, -not only with

-appreciable -product yield and selectivity changes, but also with

.a very -significant increase in the total quantity of -n-heptane
reactant -converted into products per injected sample. Thus,
despite the less of catalyst surface area that must inevitably

‘have occurred as a result of the carbon laydown, the overall

_activity -of the catalyst was enhanced in the presence of the

-surface -carboenaceous materials.

The apparent absence of any positive correlation between the
catalytic activity and the exposed surface area of the catalyst,

strongly suggests that in this particular system, the catalytic




activity was limited by some factor other than the availability

of surface sites. Thus, in view of the fact that the reactions
were carried out in the absence of reactant hydrogen, it is
proposedthat the overall activity was constrained by a deficiency
in the concentration of surface hydrogen available for

participation in the catalytic reactions.

The existence of a correlation between the overall catalytic
activity and the availability of surface hydrogen is, in fact,
strongly substantiated by the remainder of the experimental
data, in that the latter reveals that the increase in catalytic
activity which occurred over the first three injections coincided
with the growth of a 'pool' of hydrogen on the catalyst surface,

as demonstrated by the following experimental observations.

i) The hydrogen mass balance values (table 6.12) show that

an appreciable net uptake of hydrogen by the catalyst surface
occurred during each of the first three injections. Thus, the
concentration of hydrogen present on the catalyst surface was

augmented during its interaction with each of these injections.

ii) Whilst the trends noted in the individual product yield and
selectivity values (section 6.2.1) may have been influenced,

to some extent, by the selective blockage of surface sites resulting
from the carbonaceous residue deposition, they can be interpreted
much more conveniently in terms of a progressive increase, with
each subsequent injection, in the concentration and availability

of hydrogen on the catalyst surface.

This latter submission is perhaps best substantiated by considering
the variation in the yield of toluene as a function of injection
number (Fig.6.27). As described earlier, convincing evidence

has been presenfed by Pail and Tétényi (30) to show that the
metal-catalysed dehydrocyclisation of paraffins involves the
cyclisation of a tri-olefinic intermediate in its cis- geometric

form. Further work (30) has indicated that the rate of this
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reaction may, under certain circumstances, be limited by the
rate of the geometrical isomerisation of the trans- and

cis- tri-olefinic species. As this isomerisation proceeds via
half-hydrogenated intermediates (80), its rate, and hence that
of the dehydrocyclisation reaction, is promoted by the presence
of hydrogen. On the other hand, when sufficient hydrogen

is present to ensure that the geometrical isomerisation of the
trans- and cis- tri-olefinic species is no longer rate-limiting,

the rate of dehydrocyclisation will decrease with increasing
hydrogen concentration, as the hydrogen will decrease the
concentration of tri-olefinic intermediate attainable at equilibrium.
Thus, the trend observed in the activity of catalyst RC1l with
respect to toluene formation as a function of injection number

is clearly consistent with an increase in the availability of surface
hydrogen. Moreover, a curve very similar in shape to that shown
in figure 6.27 has been reported previously by Pail et al (30).
These workers pulsed n-hexane over a Pt black catalyst at
360°C using a helium/hydrogen carrier gas mixture and examined
the variation in the yield of benzene as the hydrogen content

of the carrier gas was varied between 0 and 100%. The

benzene yield was observed to increase with increasing hydrogen
partial pressure over the range 0 to 25% hydrogen. At higher
hydrogen contents, however, the benzene yield exhibited an

inverse dependence on hydrogen partial pressure.

The validity of the above proposal, in which the aromatisation
behavior of the bifunctional catalyst RCl, possessing both metallic
and acidic characteristics, has been rationalised solely in terms

of a metal-catalysed dehydrocyclisation reaction, can be
demonstrated by considering the work of Sinfelt and Rohrer (27).
These workers, when studying the dehydroisomerisation of

methylcyclopentane to benzene on a bifunctional Pt/%-Al203

catalyst, showed that, in the absence of reactant hydrogen, the
only reaction to occur to any appreciable extent was metal-

catalysed hydrogenolysis. Similarly, Ciapetta and Hunter (81)
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have reported that the high activity exhibited by a bifunctional
Ni/SiO2/Al20s catalyst with respect to the isomerisation of n-hexane,
was observed only in the presence of reactant hydrogen. In the
absence of hydrogen, metal-catalysed hydrogenolysis was once again
the dominant reaction. Evidently therefore,_in the absence of
reactant hydrogen the acidic function of a bifunctional catalyst,
such as Pt/8-Al20s -Cl, is essentially redundant, the catalyst

being active only with respect to those reactions that take place
solely on the metal. That this was indeed the case in the pulse-
flow study over catalyst RC1 is confirmed by the observation that
no iso-heptane or low molecular weight branched species were
detected. Consequently, it is highly unlikely that any significant
contribution was made by a bifunctionally catalysed cyclisation
reaction to the toluene yield obtained during the pulse-flow study.
Toluene formation can, in this instance, by considered solely

in terms of a metal-catalysed reaction such as that which must

have occurred during the study conducted by Pail et al (30).

In order to demonstrate that the trends observed in the yield and
selectivity values for the hydrogenolysis products, as a function
of injection number, are also consistent with an increased
availability of surface hydrogen, it is convenient to invoke a
reaction sequence for the hydrogenolysis of n-heptane which is
similar in nature to that shown previously for ethane hydrogenolysis
(section 1.1.4). The n-heptane hydrogenolysis mechanism shown
in figure 7.2 is therefore envisaged, where 'a' is equal to
(16-x)/2, 'n' varies between 1 and 6, and C7Hx(ads), CnHy(ads.)
and Cz-nHz(ads.) denote the adsorbed hydrogen deficient
interm.ediate and associated carbon-carbon bond rupture fragments

respectively containing 7,n and 7-n carbon atoms.

C7Hw# (g) =C7H1s (ads) + H(ads) ..... (1)

C7H15 (ads) + H(ads)= C7Hx(ads) + aH2(g) .. (2)
H2

C7Hx(ads)(—ay CnHy(ads) +C7-nHz(ads)&-5>

CnH2n+2(g) + C7-nH16-2n ..... (3)

Figure 7.2 - Metal-Catalysed Hydrogenolysis of n-Heptane
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In the presence of excess quantities of hydrogen gas, which
is indeed the normal situation in all catalytic hydrocarbon
conversion processes, the rate of n-alkane hydrogenolysis

on platinum is limited by the step involving the carbon-carbon
bond rupture of the hydrogen deficient intermediate

(step (3a)) (21). Thus, the rate of hydrogenolysis is
inversely dependent on the hydrogen partial pressure, as the
hydrogen limits the equilibrium concentration of the hydrogen
deficientintermediate (step (2)) available for participation in
this reaction (36). In the absence of reactant hydrogen
however, as in the pulse-flow study over catalyst RCI1, it is
highly likely that the overall reaction rate would be determined
more by the step involving the desorption of the adsorbed
carbon fragments that result from the carbon-carbon bond
rupture reaction, as this process requires the presence of
reactant hydrogen (step (3b)). This desorption step has
indeed been shown to be rate-limiting in the case of n-alkane

hydrogenolysis over Fe and Re surfaces (82).

A further important consequence of a hydrogen deficiency

is that the product distributions obtained from hydrogenolysis
will strongly favour the lower molecular weight products, as the
adsorbed hydrocarbon fragments resulting from the initial
carbon-carbon bond rupture will undergo further carbon-carbon
bond scission on the catalyst surface in preference to
desorption as saturated products. This will ul.imately result

in the formation of adsorbed mono-carbon fragments and thence,
eventually, methane. If the concentration of hydrogen on the
catalyst surface progressively increases, the residence times

of the hydrocarbon fragments will be reduced accordingly and,

consequently, the carbon numbers of the desorbing molecules

are expected to progressively increase.
From these arguments it is clear that the trends noted in the

yield and selectivity values for the saturated hvdrogenolysis

products, provide strong evidence for an increase in the
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concentration of available surface hydrogen during the course
of the pulse-flow experiment. Moreover, just as an increase
in surface hydrogen will tend to promote the desorption of
the adsorbed hydrogen deficient species, it will also
simultaneously encourage their partial rehydrogenation on

the catalyst surface. The subsequent desorption of partially
rehydrogenated species would therefore account for the
observed increase in the yield of the linear unsaturated

hydrocarbons.

The experimental evidence demonstrates very convincingly
that the concentration of hydrogen on the catalyst surface was
enhanced during the course of the pulse-flow experiment, and
that this factor was very likely responsible for the observed
increase in the overall catalytic activity. It is therefore
appropriate to examine what can be deduced regarding the
nature of the hydrogen source. Whilst it is apparent from
the work of Taylor, Thomson and Webb (83) that only some
of the hydrogen remaining on the catalyst surface after the
reduction process is removed during the subsequent helium
treatment (section 6.2.1), it is, in any case, difficult to
visualise how the availability of any residual hydrogen would
be improved as a result of the n-heptane injections. It is
clear that an increase in the availability of surface hydrogen
must have occurred via the retention on the catalyst surface
of the hydrogen contained within the reactant n-heptane
molecules themselves. It is conceivable that such a situation
arose from the donation to the catalyst surface of hydrogen
released during the formation of the unsaturated aromatic

and olefinic products. Indeed, as noted above, no molecular
hydrogen was detected during the chromatographic analysis

of the pulse-flow product mixtures. However, inspection of
the product distributions associated with each of the n-heptane
samples (table 6.11), shows that, with one exception, the
quantity of hydrogen taken up during the hydrogenolysis

reactions was in excess of that liberated during the formation
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of any unsaturated products. Consequently, an increase

in the availability of surface hydrogen could not have arisen
simply as a result of the formation of the unsaturated products.
This leads to the conclusion that the enhanced availability of
hydrogen occurred as a direct result of the formation of

carbonaceous residues on the surface of the catalyst.

The veracity of this conclusion is further substantiated by the
fact that the most pronounced changes in the conversion
values, and in the individual product yield and selectivity
values, occurred between the first and second injections,
which can be correlated with the observation that more surface
carbonaceous material was retained during the first injection
than during any of the subsequent injections (Fig.6.29). It
is not possible, however, from the existing data, to ascertain
whether the increased availability of hydrogen was

attributable to hydrogen actually present within the surface
carbonaceous residues themselves, or to that which was
generated during the condensation and polymerisation reactions
which occur during carbonaceous residue formation (section 1.2.2).
Both sources may be important. The importance of the former
source has, however, certainly been implied by the work of
Thomson and Webb (84) and Somorjai and co-workers (42)(53)
which has emphasized the dynamic ability of the carbonaceous
residues, associated with various supported metal catalysts
and with platinum single crystals, to donate or exchange
hydrogen with reacting surface species. Moreover, Davis,
Zaera and Somorjai (42) have proposed a working model for
hydrocarbon conversion catalysts which accommodates very
readily the conclusions of the present pulse-flow study, in
that the desorption of strongly bound reaction intermediates

is believed by these workers to be facilitated by hydrogen

donation from permanently retained surface carbonaceous

materials.
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7.

3

STATIC EXPERIMENT INVOLVING THE INTERACTION OF

[14-C] N-HEPTANE AND UNLABELLED N-HEPTANE WITH

CATALYST RC1

The carbon mass balance and radiochromatographic data obtained
from the static non-continuous flow experiment (section 6.2.2)
has demonstrated that, during this experiment, the surface of
catalyst RC1 became pre-labelled with [14-C] carbonaceous
materials as a result of its interaction with a series of
consecutive [14-C] n-heptane injections performed in the
absence of reactant hydrogen. Moreover, the retained surface
label was readily incorporated into the product mixtures obtained
during subsequent injections of non-radiolabelled n-heptane
reactant into the reaction vessel, despite the absence of any

net retention or removal of carbonaceous material on or from

the catalyst surface during these latter injections.

In catalytic hydrocarbon conversion processes, the ability of
reactant hydrogen to inhibit the formation of carbonaceous
residues on the surface of the catalyst is well established
(section 1.2.3). This has been ascribed to the accelerated
rehydrogenation of the hydrogen deficient precursors, which
ultimately lead to residue formation. Owing to the capacity
of hydrogen to act in this manner, it has commonly been
assumed that the attainment of a limiting concentration of
carbonaceous residues on the surface of, for example, a
reforming catalyst, corresponds to the establishment of a
"steady-state" situation in which hydrocarbon is exchanged
between the gas phase and the surface carbonaceous deposit
at an equal and constant rate. This exchange is considered
to be facilitated by the continual hydrogenolysis, rehydrogenation
and removal of the surface residues by the large quantities

of hydrogen gas present.

The present study is able to confirm, at least for the
particular catalytic system studied, that the formation of a
limiting concentration of surface carbonaceous residues is

indeed best interpreted in terms of a fixed rate equilibrium
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exchange of hydrocarbon between the gas phase and surface
carbonaceous deposit. However, the most interesting point
to have emerged from the data is that although reactant
hydrogen, when present, probably can and does participate
in the removal of surface residues, its presence is not a
condition upon which the establishment of the steady-state
surface residue concentration depends. Thus, as noted
previously (section 6.2.2), in the static non-continuous flow
experiment which was performed in the complete absence

of reactant hydrogen, a limiting concentration of surface
carbonaceous residues, equivalent to approximately 1% by
weight of the catalyst, was established after the sixth n-heptane
injection had passed through the catalyst bed. No further
net carbon uptake occurred during the remaining five
injections (Fig.6.36). Any possibility that the absence of
surface carbon retention during these latter injections was
due to the complete saturation of the catalyst surface by
carbonaceous residues, can be dismissed by the fact that,

as seen from table 6.14, the catalyst remained active with
respect to product formation throughout the course of the
experiment. This would indicate, therefore, that even
although the concentration of surface residues had reached

a limiting value, some portion of the catalyst surface remained

uncovered.

The existence of a steady-state exchange of hydrocarbon
between the gas phase and the surface carbonaceous deposits
during the sixth and subsequent injections, can be affirmed
by considering the relationship between the carbon mass
balance values (Fig.6.36) and the total number of counts
detected in the effluent gas mixtures (Fig.6.37). The
progressive increase in the total number of counts detected
during each of the first five injections which, as stated,
were performed using the [14-C] labelled n-heptane feedstock,
can be correlated with a corresponding increase in the carbon
mass balance values. However, on switching to the non-

radiolabelled n-heptane feedstock, the total number of counts
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detected in the effluent gas mixtures decreased with each
subsequent injection in the exponential manner noted

previously, whereas during this time, as described, there
was no net retention or removal of carbonaceous materials
from the catalyst surface, the carbon mass balance values

remaining essentially constant at around 100%.

The very fact that any incorporation of surface label into

the gas phase occurred at all during the non-radiolabelled
injections, does in itself provide verification that an exchange
of hydrocarbon between the gas phase and the surface
carbonaceous materials took place. However, the exponential
manner in which the total count rate values decreased during
this period is significant, in that it is indicative of a
controlled and regular exchange process in which the rate of
exchange was the same for each of the injections, and as
such is consistent with the concept of a steady-state type
process. Thus, if during the first five injections the surface
of the catalyst was pre-labelled with a limiting concentration
of [14-C]) labelled surface residues equivalent to a total of

x counts, and during each of the remaining six injections

a fixed amount of the surface residue equivalent to, for
example, half of the total limiting concentration was exchanged
with non-radiolabelled feedstock, then the number of counts
incorporated into the effluent gas mixtures of the last six ,
injections would be expected to be given by x/2, x/2%, x/Z3 R
x/2%, x/2° and x/2% respectively. The exponential type
decrease in these values is similar in nature to the trend
actually observed in the total count rate values of the last six
injections. This would indicate, therefore, that for each of
these injections the rate of exchange of hydrocarbon between

the gas phase and the surface carbonaceous residues remained

constant.

"y

From the data considered above, it is clear that even in the
absence of reactant hydrogen, the surface carbonaceous ]

residues associated with reforming catalysts do not comprise
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of truly irreversibly adsorbed surface species, but can
instead be more accurately described in terms of strongly
bound species which, by virtue of their ability to exchange
with hydrocarbons contained in the gas phase, possess finite
residence times on the catalyst surface. In view of this,

a question immediately arises concerning the chemical identity
of the species that are recovered from the surface carbon-
aceous residues during the exchange process. The radio-
chromatographic data relating to the incorporation of the
surface label into specific product species (section 6.2.2)is
of great significance here, in that, from this data, it is clear
that a range of different chemical species having carbon
numbers as low as C1 and exhibiting a variety of structures,
must have participated in the exchange process, with toluene

being specifically identified.

The incorporation of toluene from the surface residues into
the gas phase is perhaps not surprising in view of the
consensus of evidence accumulated from many studies affirming
the aromatic nature of the carbonaceous residues associated
with many hydrocarbon conversion catalysts (section 1.2.1).
However, it is very interesting to note that whilst the surface
label was also present in species having a lower molecular
weight than that of toluene, at no time during any of the
radiochromatographic analyses were any product species

with a carbon number greater than that of the n-heptane
starting material detected. Thus, under the conditions of the
experiment, the species liberated from the surface carbon-
aceous residues during the exchange with gas phase hydro-
carbon, were not those consistent with the breakdown of a
highly condensed or polymeric aromatic type surface structure.
It is considered therefore, that the incorporation of the surface
label into the gas phase corresponded to the removal of
strongly adsorbed yet uncondensed surface compounds, which
may have retained their structural integrity as small discrete
species in the presence of a more highly structured and
extensive polymeric surface deposit, or which may,

alternatively, have acted as precursors to this deposit.
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APPENDIX 1

Apparatus and Procedure for Making Restrictors

The restrictors were prepared using the apparatus shown

overleaf,

The die B was put in a hydraulic press and gently squeezed.
The N, pressure was gradually increased and the flow rate
monitored. If the flow rate was in excess of the desired

value the pressure exerted on B was increased until the flow
rate was approximately equal to that required. The N, was
then shut off and allowed to leak out of the system. The
hydraulic pressure was then removed and the restrictor
annealed to red hot (bunsen). The system was then set up
again. The hydraulic pressure was then reapplied (gently)
and the N, flow re-established. The exact flow at the required
pressure differential was them obtained. The N, pressure was
released and then the hydraulic pressure. The crimped metal
was re-annealed avoiding twisting. The tubing was cut off

at about point A (crimp being held in the die to avoid distortion).
The undrilled connector was disconnected and then reconnected

to an 1/8" connector as in finished restrictor (Fig.4.2).
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