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‘SUMMARY

|

The gas lphase hydrogerllations of furan and sylvan -
(2- methylfuran)"over supported nickel and platinum catalysts
were mvestigated ‘in! order that the kinetics of these reactions
might be studied, particular emphasls bemg placed on the
relative rates of hydrogenolysis of the two furans' C - O bonds.
Ir'xformation concerning the relative rates of reaction was found
both by companng the rates of furan and sylvan hydrogenations-

carried out at the same temperature and by analysis of

simultaneous hydrogenations of the two compounds.

Hydrogenations over nickel catalysts were studied over
‘a wide range of temperatures (900C to ZZOOC). However, since |
there was not a temperature at which both furan and sylvan gave
a satisfactory yield of C - O bond hydrogenolysis products,
“hydrogenations over these catalysts were not investigated in

depth.

Supported platlnum catalysts, with the exception of

Pt/AIZO ‘were found to give high ylelds of hydrogenolys:.s

p:coducts3 for both the fura.ns at the same reaction temperatures
(SOOC i— 30 C). However, ofqthese catalysts only platinum
supported on pumice was free from strong adsorption of the
products of .hydrogenation, alcohols in particular, and hence

reactions of the two furans over only these catalysts were

subjected to detailed kinetic analysis.

Hydrogenationsi over all the»c'atalysts were subject-
to autopoisoning. This was. found not to be caused by strong
adsorption of the products of ‘the reactions but to> be a time
dependent phenomenon, the rate equation adopted for a furan's

hydrogenation being the product of a time dependent function



(representing the decreasing activity of the catalyst) and of a
function of the pressures of the reactants (representing the

kinetics of the reaction with the masking effect of the poisoning

removed). The rate equation takes the form :
0.2 _ L.0O z
dP ) P : ‘ — 1 42
R = — Kg Pgr PI_—I exp ( K't*),
dt
where PR and PH are"the furan and hydrogen pressures
respectively at time t, the rate constant being K, while K' is

a constant dependent on the rate of poisoning. R

Because of the difficulties encountered a large
emphasis has been placed on the techniques developed to
overcome them, falling into three main categories: Firstly,
methods for detecting adsorption of reactants and products,
secondly, methods for studying the autopoisoning and the
underlying kinetics of furan hydrogenations and finally,
techniques for studying the kinetics of the two simultaneous,
autopoisoned, reactions, complicated by strong adsorption of
both furan and sylvan. Solution of the two latter problems
could only be achieved by use of a computer. All the
necessary computer programs, in FORTRAN, with the
exception of two subroutines, one of which was modified
before being used, had to be written. The main ones are
listed in the appendices. It was attempfed to make the
programs sufficiently flexible to enable different systems to

be investigated with the minimum of difficulty.
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CHAPTER I

Introduction

1.1 Physical properties of furan

Any discussion of a chemical reaction involving furans
must be prefaced by a resume of the physical properties of the
furan molecule. These show furan to have proi)erties associated
with an aromatic compound while at the same time preserving

some of the characteristics of a diene.

Fig. 1.1 The struocture of the furan molecule.
1.46 A
+
¥y =107 - 4°
5 =109 < 3°
¢ =107 T 2°

Molecule is planar

From the structure of the furan molecule, fig. 1.1,
determined by electron diffraction (refs. 1 and 2) it is clear

that the structure of furan is not adequately represehted by I,

I
since the B,8- C - C bond length of 1. 46 ?ﬁ lies between that
of a normal C - C bond, 1.54 g&, and a C - C double bond,
1. 33 xch, hence this bond in the furan nucleus possesses some
multiple bond character. | On the‘ other hand the 'a,B c -C
bond lengths, 1.35 gx, are larger than would be expected from I,
suggesting that the «,f bonds have a fractional order lying
between one and two. From the bond lengths for furanic C - O
it has been estimated (ref. 2) that these bonds possess 5T 59

double bond character.



That furan has a high resonance energy was shown
both by analysis of combustion data (refs. 2 and 3), 23 Cals./
mole, and by the superior method of Kistiakowsky (ref. 4) fromr
the heat of hydrogenafion. Since this was shown to be 36.6 Cals./
mole (ref. 5) the resonance energy by this method is 19.8 Cals./
mole. Therefore, the molecule is usually represented in terms |

of a resonance hybrid of the following forms (ref. 6).

N 4 . § é-}—' >:' <+§ —:( . }‘
o, , ° O 2
o I v v

(whefe V is the excited state characteristic of a conjugated

diene system).

From bond length data Schomaker and Pauling (ref_. 2)
estimated that forms III and IV contribute only approximately 15%
to the furan resonance energy (born out by calculations using -
furan's dipole moment, (ref. 2). Furthermore it is thought
likely that III makes a greéter 'contribution to the resonance of
- furan than IV since the Chargé separation for III is smaller
“than IV (and hence it has a lower energy). This is born out by
the chemical evidence that attack of the furan nucleus occurs
almost exciusively at the « position suggesting that there is a

higher electron density at this position.

. A coi’hparison of the Raman spectral band corresponding
to the furan double bond (1485 crh.-l) with the corresponding bands
for cyclo-pentadiene (1500 cm.—l), benzene (1580 cm.—l) and an
. ethylenic double bond (1600 cm.-l) shows the similarity between
" furan and cyclopentadiene. According to Trucket and ChapronA
(ref. 7) the shifts in the band spectra of the furan double bonds
are due to oscillation of conjugated d'ouble' bonds which is in

agreement with the concept of an aromatic five membered ring.



From a study of the depolarizatic;n factor and the
frequency values, Reitz (ref. 8) concluded that the furan mole'cule
~was planar and diolefinic in character, the planar nature of the
molecule being confirmed by electron diffraction (ref. 2) and by

comparison of infrared and Raman spectra (ref. 9).

More recently the aromaticity of furan was finally
confirmed by N,M.R. studies (ref. 10) of the dilution shifts of

the aromatic protons in non-polar isotropic solvents.

The conclusion from the studies of the physical
properties ¢f furan is that it behaves as a conjugated diene
ether stébilié,ed by resonance energy, Yyet exhibiting aromatic

properties.

A deeper insight into the nature of the properties of
furan is provided by wave mechanical models of the ring.
Interesting information as to thg chemical propertieé of furan
are found By Zurawski (ref. 11) using the Generalized Free
Electron Molecular Orbital method to calculate localization
energies and frontier electron populations for electrophilic,
radical and nucleophilic substitutions which are given in the

following table.

Table 1.1 Frontier electron populations and localization

energies of furan.

Electrophilic Radical Nucleophilic
position substitution substitution substitution
A B A B A B

3 and 4 | 0.2398 5.845| 0.2269 5.714 0.2140 5.583
2 and 5 | 0.7848 3.4ll 0.8278 4.007| 0.8708 4.603

where A is the frontier electron population and B is the

localization energy in e.v.



From the chemical reactivity indices in table 1.1
it can be predicted that positions 2 and 5 are more sensitive
to all the above mentioned substitutions than positions 3 and 4

which is in agreement with chemical data (ref. 12).

An interesting confirmation that the 5 and 2 positions
are more susceptible to attack than the two @ positions was
furnished by the examination of the catalytic exchange reactions

in the liquid phase of furans with D, O over a:variety of

2
group VIII transitious metals (ref. 13) Exchange always occurred
to a much greater extent at the a positions (almost exclusively

over .PtOZ and Ni Clz). |

1.2 General characteristics of catalysts used for the

hydrogenation and hydrogenolysis of furans. ]

In 1897 Sabatier discoveréd that organic éompounds
could be catalytically hydrogenated over nickel. Sin;:e then fhe o
hydrogenation of a wide range of compounds has been accomplished
over numerous catalysts, the first hydi‘égenation of furan, over

nickel, being carried out in 1906 (ref. 14).

While such reactions are widely used in industrial
processes, the petroleum and margarine industries in particular,
it has beén, found that the heterogeneous hydrogenation of a
compound can be a function of so many variables (all of which
are not necessarily known) that reproducible results are ofteﬁ
difficult to obtain. The rate, extent and direction of a
hydrogenation can be influenced no;‘. only by the catalyst used
~ but also by .impurities either de'liberatetly or inadvertantly
added to the catalyst (refs. 15 and 16), the procedure by which
it is prepared (ref. 17),. reaction temperature (ref. 18),
pressure (ref.- 19), efficiency of shaking (ref. 17), batch size
(ref. 20), solvent (ref. 21), acidity (ref. 22), nature of catalyst
- support (ref. 23), etc. Even with all these variables held .

constant the activity of a catalyst may still vary from batch to



batch. In other words since all of the factors which affect a
heterogeneous catalytic reaction may be operative, one should
not expect to reproduce exactly any procedure reported in the
literature although it is possible to draw general conclusions

as to the properties of different catalysts.

Certain simplifications may be made, the easiest
being to carry out hydrogenations in the gas phase, hence
eliminating any solvent effects and reducing problems arising
from possible diffusion control of _reactions. The number of
variable factors may be reduced still further by the use of
metal films as catalysts, however, these suffer from the draw-
back that they have a low surface area and hence are not '

practical for the sfudy of very slow reactions. .

It has been found that the interaction of an organic
compound and hydrogen at the surface of a transition metal or
metal oxide may lead to the cleavage of one or’ more of the
molecule's bonds; such a cleavage is called hydr'ogenélysis.' '
This process is observed during the hydrogenation of the furan
nucleus of furan and its derivatives in varying degrees over all
the cétalysts surveyed in the literature (see the reviews on the

hydrogenation of furans, refs. 17, 24, 25, -26, 27 and 28).

On hydrogenating furans.it is found that the bulk of
the hydrogenolysis which occurs is at the C - O bonds, though
at elevated temperatures this is accompanied by simultaneous
cleavage of the furanic carbon chain (the temperature at which
this so called 'conjugative hydrogenolysis' begins being
dependent on the catalyst and reaction pressure). Furthermore,
for singly a substituted furans, VI, the C - O bond which is
broken is dependent upon the nature of the substituent, R

(ref. 29).

N
e

VI



For example when R = COOH or an aryl group the
1,2 C - O bond is preferentially cleaved (ref. 29), while for
R = alkyl group, the 1,5 C - O bond is attacked, almost

exclusively for R = methyl over Pt O in acetic acid (ref.29).

2
Hence the main hydrogenolysis products of sylvan are pentan-2-ol

and pentan-Z-oné while that for furan itself is n-butanol.

Catalysts used in the hydrogenation of furans may be
divided into two classeé : those which hydrogenate a furan's
nucleus in preference to rupturing it, 'class A', and those which
promote hydrogenolysis of the C - O bonds rather than forming
the tetrahydro-derivative .fbrmed by hydrogenation of the fgran

ring, 'class B'.

'CLASS A catalirsts (for gas phase reactions)

Pd (refs. 30 and 31, at 150°C)

Pd-Al (ref. 32, at 275°C)

Ni (ref. 19, at 100°C and 20-80 atm.; ref. 33,
140°C; ref. 34, at 190-200°C and 60-80 atm.)

‘Rh (ref. 35, at 200°C) | '

Cu (ref. 34, at 190-200°C and 60-80 atm.)

Mo (ref. 34, at 190-200°C and 60-80 atm.)

Increasing-the reaction vessel pressure leads to an
_increased yield of tetrahydro-derivatives for all the catalyst

‘ systems as well as increasing the rate of reaction. Hence
copper would normally be in 'class B since at atmospheric
pressure it induces hydrogenolysis, though at this pressure it
is only slightly reactive below 220°C. Of the above catalysts
only palladium and Pd-Al are almost ‘completely specific for
ring hydrogenation over a wiae range of temperatures (ZOOC to

275°C). -



'CLASS B' catalysts (for gas phase reactions)

Pt (ref. 36, at 275°C; ref. 38, at 20-60°C)
Os (ref. 35, at 200-300°C)

Ir (ref. 35, at 200-300°C)

Ru (ref. 35, at 200-300°C) |

Ni-Zu (ref. 32, at 250-300°C) .

Cu-Al (ref. 37, at 250-300°C)

Ni-ZnO (ref. 37, at 250-300°C)

Decreasing the reaction temperature tends to decrease
the amount of hydrégeﬁolysis which occurs, hence finely divided
osmium supported on asbestos falls into 'class A' if the reaction

temperature is sufficiently low (70°C, ref. 39).

While it should be stressed that a metal's fnembership
to the above two classes of catalysts may be depe1:1dent on
temperatulre and/or‘ pressure, most of the catalysts listed above
belong to 'class A' (e.g. Pd) or 'class B' (e.g. Pt) respectively

over widely varying reaction conditions.

1.3 Mechanisms for furan-hydrogen reactions.

Unfortunately the bulk. of the research on the
hydrogenation of furan and sylvan has been carried out with the
aim of developing catalysts and reaction conditions that would
give as high a yield as possible of the tetrahydro derivatives of
these compounds since they can be easily converted to the
. industrially important compounds butadiene and cyclopehtadiene
and piperylene respectively (ref. 40).'. Almost none of the work
has been concerned with the kinetics or the mechanisms of the
hydrogenation and hydrogenolysis reactions. What little rather
superficial work which has Been carried out in order to gain an

insight into the mechanisms is summarised in this section.



Since the hydrogenation of furan compounds yields on
the one hand the corresponding tetrahydrofuran and on the other
hydrogenolysis products, the possibility arises fhat the tetrahydro-
fufans act as intermediates in the cleavage of the furan nucleus.
This is not unreasonable since on hydrogenating diethyl ether
over platinum films (ref. 4l) below 100°C cleavage of a single
'C - O bond occurs, ethane and ethanol being produced. Hence,
in a similar manner, cyclic ethers such as the tetrahydro
derivatives of furan and syl{/an would be expected to form
n-butanol and a mixture of n-pentanol, pentan-2-ol and pentan-2-
one respectively. Formation of such produété has been shown
not to occur (ref. 18) over a platfingm catalyst at low temperatures

(<100°C) under conditions where the hydrogenation of furan and’

sylvan results almost solely in hydrogenolysis products.

4 Furthermore, at temperatures exceeding ZZOOC both
diethyl ether and tetrahydrosylvan (refs. 42 and 18-respectively)
are hydrogenated over nickel to form alkanes and carbon monoxide
~only while sylivan‘ under similar cdnditions forms ketones. -

At slightly lower temperatures, ZOObC, tetrahydrosylvan was
found to isomerise slowly (ref. 43) to pentan-2-one over Ni/
‘Ni-Al, the products of ring cleavage amounting to < 10%,

whereas under identical conditions they amounted to 80% for a

sylvan-hydrogen reaction.

Frorh the above evidence, confirmations of which .-
having been reported sporadically, one may conclude that
tetrahydrofurans are not intermediates in the formation of the
hydrogenolysis products of the’ fu'rans.' Hence the hydrogenol&sis
of the C - O bond can také place either in the furan ring itself,
in the dihydrofuran or in some adsorbed intermediate not

readily formed during the hydrogenation of tetrahydrofurans.

\



Those engaged in research into furan-hydrogen

. reactions fall into two groups, those who favour the notion that.
a dihydrofuran, VII, is an intermediate in both the hydrogenation
and hydrogenolysis of furans, 'mechanism A', and those who
claim that hydrogenation and hydrogenolysis of the furan nucleus
proceeds by two separate pathways ('mechanism B') having o'nly
adsorbed furans in common. Apparently no one believes that
cleavage of the furanic ring may take place in an adsorbed

complex other than adsorbed furan or its adsorbed tetrahydro-

derivative.
H2 HZ
—————————— ) cnm————(
° R - . R ‘R

VI VII _ ‘ VIII

) . /—3\ ——-Z——c— alcohols and alkanes
) - : ' IX ) . , :

Mechanism A _

series of adsorbed O\
—_—
complexes ‘
| , o R

series of adsorbed
complexes ——» hydrogenolysis
products

‘adsorbed
furan

ring
cleavage

Mechanism B.

Evidence that VII (or the analagous adsorbed species)
is an intermediate is only of an indirect nature sincé the dihydro-‘
compound has never been'detected during thé hydrogenation of a
furan. This is x;ot surprising since furan has a high resonance

-1 o
energy (20 K.cal.mole ) and hence the activation energy required
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XIII

:Fourth, the.existence of the dihydrofu'ran has been
used to account for a minor by-product, 2, 5-bis (trirhethyleneoxy)-
1, 4-dioxane, XV, obtained -during thé hyd'rog_;enation of furfuryl
alcohol, XIV, ref. 48. |

2 CH.OH 2 '
< O)\ X [O& CH,OH

XIv

‘alternatively , 2
| o CHOH 4 XIV — XV

Fifth, on a similar basis to the above reaction the

formation of spirononanes during the hydrogenation of various
furyl \acroleins over nickel copper and chromium catalysts has
been attributed to dihydrofuran inteArme;iiates. -For example |
(ref. 49) 1, 9-dioxa-5-spirononane, XVII, is formed in 33%
yield by hydrogenating 3-(2-furyl) acrolein, XVI, over Ni/:
kiezelguhr at 160°C :- |

é OX‘CH:CH'-CHO (CH,), OH

XVI | - - XVII
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The conclusion from the above five pieces of evidence
is that hydrogenation of the furan nucleus proceeds in a stepwise
fashion with a dihydrofuran or its adsorbed analog .pr'obably
being an 1ntermed1ate in the reaction. The evidence for this
1ntermedlate also being formed during the hydrogenolysis of the
ring is more dubious since the hydroggnolys:.s reactions were
probably provoked by the presence of the water and acid,
Topchiev called pa,l.ladiu_rn a 'spéciﬁc catalyst' for the formation
of XI, however, palladium is notorious for Being a catalyst
. which causes practically no. hydrogenolysis even under extreme
conditions. Furthermore, spirononanes were not formed from
~ 3-(2-furyl) acroleins over platinum (ref. 59), a catalyst noted

for its ability to hydrogenolyse the furan nucleus.

The evidence for 'mechanism B' is also indirect in
nature. Firstly, Bradley (ref. 38) claimed that the hydrbgeﬁation
of furan does not proceed by a stepwise process since graphs
of uptake of hydrogen during the conversion of furan to n-butanol
over PtO2 against time gave smooth curves‘.vl However, providing

the concentration of the dihydro-intermediate on the catalyst's

surface is low 'mechanism A' would give an identical result.

. A second more positive piece of evidence was
presented by Shuikin et.al. (ref. 49) who claifn to have proved
cénclusively that dihydrosylvan is not an intermediate in the
hydrogenolysis of sylvan since at 250- 260°C over Pt/C and N1/
ZnO dihydrosylvan is converted mainly to tetrahydrosylvan ,
(only 10% and 15 to 20% respectively of. pentan-2-one being
formed)- Under identical conditions practicélly no tetrahydro-
sylvan is formed on hydrogenating sylvan. Shﬁikin concludes
that nuclear C - O bond hydrogenoly31s occurs before the ring
is hydrogenated, such a result confirming the conclusions of

‘Balandin's multiplét theory which predicts that hydrogenation of
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the first double bond in the furan ring occurs with approximately
the same ease as does the hydrogenolysis of a furanic C - O

_bond (ref. 50).

Neither mechanism deals with the bossible role of
intermediate adsorbed species, probably because there is not
sufficient information to provide more than the barest outline
of the mechanism whereby hydrogenation is achieved. However,
since on deuterating furan over rhodium under pressure (ref. 51)
an almost quantitative yield of tetrahydrofuran -2, 3, 4, 5-d4 'isv
obtained, (hence deuteration proceeds without exchange) it is
probable that the furan riﬁg lies parallel to the catalyst surface
during hydrogenation, the initial adsorbed species being an intact -
furan molecule bound to the catalyst's surface by overlap of the
furan"s 7 orbitals with empty metal d - orbitals (c.f. benzene,
ref. 61). Furthermore, exchange reactions occur much more
readily at the a positions in thé furan ring (ref. 13, also note
the similar behaviour of thiophene over MOSZ' ref. 52), heﬁce
the first aﬁ:tack on the furan nucleus during hydrogenaﬁon will

occur at the 1 or the 5 positions.

. The reaction mechanism will be dealt with in more

detail in chapter 7.

1.4 Similarities between furan and benzene hydrogenations.

As mentioned previously furan has a high resonance .
energy, 20 K. cals.mole-l. While this is '—sméller than benzene's,
36 K. cals.mole"-l, .it is far higher than that for a typical
conjugated diene, 3 K. cals.mole-l,. and hence it is probablév
that, as with benzene, ref. 53, the rate determining step is
the addition of the first hydrogen aton"for molgcule to the ring.
Comparison of the rate constarnts for hydrogenation of a series
of furan§ with their benzene ‘analogs showed the rate constants

for the furans were between 1.3 to 3.8 times as great as those

g



14

.for their benzene counterparts (ref. 29), while comparison §f
the activation energies (ref. 29) show benzene derivatives to
have a slightly lower activation energy than their furanic
counterparts the latter having higher frequency factors (from
the Arrhenius equation). All the above &ata was collected from

hydrogenations in acetic acid over PtOZ.

On hydrogenating alkényl furans (for exan"xple 2-vinylfuran,
ref. 54) uéing gentle conditions thé side chain may be selectively
hydrogenated. Similarly, using more violent conditons aryl
furans (for example 2-benzylfuran, ref. 55,or 5-phenylfuran-2-
carboxylic acid, ref. 56) may beselectively hydrogenated to
their corresponding aryl tetrahydrofuréns. This order of 4
reactivity is consistent with the 'resonance energies of the vinyl

group in vinyl furans, of furan and of benzene.

Apart from both havi’ng a high resonance ‘energy and
similar. activation energies for hydrbgenatibn reactions, furan
and benzene derivatives follow the same kinetics for their .
reactions with hydrogen over PtO2 in acetic acid, namely first
and zero order in hydrogen and furan pressure réspectively'
(ref. 29). Hence furan, like benzene, must be strongly adsorbed

.on a catalyst surface.

The deuteration of furan already referred to (over
rhodium, ref. 51) shows that no exchange. occurs during the .
Ahydz_"ogenation of'furan. This behaviour, which is quite unlike
tha;t observed during the deuteration of an alkene (ref. 57), is
similar to the behaviour of benzene on deuteration over palladium
and platinum films (ref. 53) where it has been shown that the
deuteration and exchange reactions proceed by different reaction
pathways and that little redistriButi'on of deuterium occurs A

during deuteration.
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While deuterium exchange reactions with benzene are
rapid it has been- shown that at -34°C benzene exchanges 200
times more slowly than cyclohexene, this divergence in rates
increa’siné with temperature (ref. 62). Furan's exchange
reactions are also much slower than alkene exchange rates

(refs. 13 and 63)..

Finally, it is interesting to note that it has been
suggested that cyclohexenhe is an intermediate in the hydrogenation
of benzene, evidence coming from the detection of tetrahydroxylénes
during the hydrogenation of their parent xylénes over ruthenium,
rhodium and nickel (ref.. 60) and from the configurations of
the hexahydroxylene énd products (refs. 58 and 60)., As was
shown in the previous section there is evidence that partially

saturated furan is an intermediate in furan's hydrogenation.

All the above evidence points to the fact that furan's
behaviour on hydrogenation is closely related to benzene's.
The similarity of the two systems, (which is exploited in
chapter 7), is -all the more important sincé, while a large
~ volume of basic research has been carried 6ut on benzene-
hydrogen reactions,I relatively little has been devoted to the

analagous furan reactions.



CHAPTER 2

EXPERIMENTAL ASPECTS

2.1 Nomenclature for labelling experiments,

Each reaction is referred to by a code of the form

CXY 2 | ' 2.1

Where C X refers to the Xt-h batch.of supported
metal salt prepared. .C X Y identifies the supported metal
sample prepared from .the' batch of supported metal salt C X
and Z is the Zth reaction carried out over the catalyst sample

C X Y. X and Z are numbers, Y is an alphanumeric character.

For example the expe'riment‘C4C2 is the second
carried out over the catalyst sample C4C, which is the third
sample prepared from the batch of supported metal salt C4

(the fourth such batch to be prepared).

" The type of éatalyst used is clearly dictated by the

number X and may be found by reference to the following

table.
Table 2.1 Identification of the typé of catalyst
X (see 2.1) ~ Type of catalyst (percentages' are w.w.)
1 570 Ni/A1203
2
3
4 5% Ni/SiO,
5 5i0, ’
6 5% Pt/SiO2
7 10% Pt/pumice
8 5% Pt/pumice
9 570 Pt/A1203
10 5% Pt/pumice

16
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'FIGURE 2.1

Block diagram of the apparatus
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KEY
A - McLeod gauge.

B,C and D - 2l. storage vessels for the reactants, B containing
pure hydrogen. '

‘E - Hydrogen purification system (see Fig. 2.2).

F - Thermocouple’ (chrome-alumel).

G - Reactant plirification columns packed with molecular sieve.

H - Liquid air traps for freezing out reactants.

I - Mixing and storage vessel for reaction mixtures

J - Facility for sampling reaction mixtures prior to their
injection into the reaction vessel..

K - Pirani gauge.

L - Liquid air trap.

M - Mercury diffusion pump.

N - Rotary piston pump.
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The code letter C refers to all the reactions with the
exception of the consecutive reactions, described in section
+2.5.3, these being identified by CS or a CR in the place of the
C, for instance, CS8CZ is the second of a series of consecutive
' h

. . : . t
reactions carried out over the third catalyst sample of the 8

batch of catalyst (5% Pt/pumice), table 2.1, to be prepared.

2.2 The Apparatus.

The apparatus consisted of a pyrex glass vacuum rig

shown diagrammatically in figure 2.1.

2.2.1 Storage of Reactants.

Three two' litre vessels were used for storing
reactants in their gas phases, one of which was only used for
pure hydrogen, (diffused through a palladium thimble' from a
gas cyiinder)_, The other two Véssels had attachments in <w}1-ich_
the reactants could be frozen out in a liquid air trap to
minimise decomposition and to protect the grease on associated

taps.

Reaction mixtures were stored in a 750 ml. vessel
- which was sufficiently large to enable a reaction mixture of

the same composition to be used more than once.

2.2.2 Vacuum pumps and pressure measuring systems.

A.three stage glass mercury diffusion pump, in
conjunction with a liquid air trap, backed up by N. G.N. Ltd.,
Model PD.Z, three stage rotary piéton pump evacuated the
" apparatus down to a pressure of 4 x 1'0.-5 torr. Pressures
below one torr.were measured by an Edwards High Vacuum
Pirani gauge, using a G5C.2 head, whose callibration'was‘
checked using a 299. 8 ml. McLeod gauge and found to be
‘ satisfactory'(Graph 2.1). Higher pressux;es were measured

using mercury manometers.,
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GRAPH 2.1

Check on the calibration of the Pirani gauge.
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Calibration of the chrome-alumel thermocouple used

_ for temperature measurements of the reaction vessel.
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2.2.3 Furnaces, their temperature control and measurement,

Two furnaces were used, one surrounding a palladium
thimbl‘e used for hydrogen purification, the other used for
heating the reaction vessel. The temperature in both furnaces
was measured ﬁsing chrome alumel thermocouples calibrated
using lead, zinc and ice baths as standards (Graph 2.2). The
potentials generated by the thermocouples were measured

using a Cambridge potentiometer.

The palladium thimble's furnace was built out of a
pyrex tube encasing a palladium thimble. The glass tube wés
surrounded by layers of asbestos containing windings of
Nichrome resistance wire, -(resistance 10 Q), fig. 2.2. The
‘thermocouple was contained in a well protruding into the body
of the tube. The furnace temperature was maintained at 300°C

using a three ampere variable transformer set at 29.5 volts.

The furnace, an Amalgams V.T.M.1/123, surrounding
the reaction v;ssel, fig. 2.3, was mounted horizontally and
could be moved along its axis to facilitate. access to the
reaction vessel. The temperature measuring thermocouple was
attached to the reaction vessel itself using asbestos rope while
a thermistor (used‘t.o' c-ont'rol the oven temperature) was placed
in contact with the central oven coils. The thermistor formed
one arm of a Whetstone Bridge, and a variable_ resistance,
which acted as the temperature selector, another.’ The bridge
was kept in balance by means of a thyristor supplying power

to the oven coils when the resistance of the thermistor was too

21.

low  to maintain the bridge in balance. This reliable temperature

. controlling system maintained the furnace at temperatures up

‘to 450°C to within - 0.25°C.
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FIGURE 2.2
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~GRAPH 2.3

Tefnperature gradient along the reaction vessel's

furnace, the reaction vessel lies between the broken lines.
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Even with one inch thick ovven ends machined out of
asbestos a temperature gradiént existed along the oven -
(graph 2.3) at high temperatures. However the gradient along
the reaction vessel itself was small, particularly at the low

temperatures used for hydrogenations.

2.2.4 The Reaction Vessel,

A 200 ml. reaction vessel lying horizontally in the
furnace was used, fig. 2. 3. Whiie a reaction vessel of the
form outlined in fig. 2.3 was used for the later experiments,
the oﬁe used first differed in that no ground glass joint was
used at the end where samples weAre taken, see fig. 2.4, the
‘Teaction vessel being sealed onto the vacuum line each time

a new catalyst sample was used.

To ensure that the hydrogen used in the reduction of
a catalyst samplé was as uncontaminated .by organics as possible
it was only admitted to the reaction vessel through the greaseless
tap at one end of the r'eaction vessel (tap 5, fig.2.3 or fig.2.4).
This tap‘ was connected directly to the hydrogen storage vessel
by a short length of nylon tubing. Reaction mixtures were
admitted through the connection at the other end of the reaction
vessel which was also used. for taking samples of a reaction

mixture and for evacuating the vessel.

Contamination of the catalysts by tap grease was
minimised by applying an annulus (_)nl’;r of Apiezon T silicon
grease (Edward high vacuum Ltd.) to the ground glass joints
at either end of the reaction vessel (fig. 2.3). This did not

impair the vacuum holding ability of the system.

Between experiments the reaction vessel was washed
first with dilute nitric acid, then thoroAughly'with distilled water

and left to dry in an oven overnight. The catalyst samples
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were positioned near the mid point of the reaction vessel's

floor, as in fig. 2.4.

2.2.5 Sampling systems.

Two main sampling syséems were used shown
diagrammatically in figs. 2.4 and 2.3, the latter system being
superior for two reasons. First, it ensures that, as far as
is possible, a sample taken of the reaction mixture has the
same composition as the reaction mixture in Fhe immediate
vicinity'of the catalyst, samples being taken through an
0.2 mm. Veridia pyrex capillary projecting into the reaction
vessel. Second, by changing from the system outlined in
figure 2.4 to that shown by figure 2.3, the percentage pressure
drop in the reaction vessel on taking a sample was reduced by
almost an oArder of magnitude (from approximately 15% to 1.7%).

N

The latter improvement, which was achieved by
reducing the dead space in the sampling system, was o'f'great
importance in the later experiments during which up to 14
samples were taken (e.g. run CIOMIl), Furthermore, it was
easier to follow the kinetics of a reaction if the pressure drop's

caused by taking samples were reduced to a minimum.

A further advantage of the sampling system outlined
in figure 2.3 is that sample tubes with capillary taps and
ground glass joints at either end were used, which simplified
the analysisA procedure (section 2. 3.3) without a detectable
increase in the adsorptibn of reactanté or their products on

the tap grease. : ,

The procéd'urel used when sampling was basically the
same for the two systems. After as much of the dead space
between the sample and reaction vessels had been evacuated
a sample of the reaction mixture was expanded into an

evacuated sample vessel,



Chemicals
1. Reactants
Hydrogen Hydrogen (British Oxygen Company,

Furan

Sylvan

Benzene

Laboratory grade) was purified by diffusion
through a silver palladium alloy thimble,

maintained at 3OOOC .

(B.D. H.. Ltd. , Laboratory Reagent grade)
showed no detectable impurities on G. L. C.
é.nalysis' using a flame ionisation detector.
It was further purified by distillation through
a column of molecular sievé, type 4A, to

i
remove water and any dissolved gases.

(Fluké AG. Buchs SG.) quoted as having

less than 1% impurity, born out by G.L.C.
analysis which showed only a trace of furan
to be present,. was further purified by
distillation through a column of 4A molecular

sieve.

'Analar' gfa.de (B.D.H. Ltd.), further

purified in the Same manner as furan.

n-Hexene

tetrahydrofuran

n-butanol

/ n-propanol

(Koch-Light, 'Puriss'), purified as above.

(B.D.H. Ltd., Laboratory Reagent grade
stabilised with 0.1% quinol) purified as

1

above.

(B.D.H. Ltd., Laboratory Reagent grade,

purity exceeding 95%) purified ‘as above.

(B.D.H. Ltd., 'Analar' grade) purified

as above.
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Fig. 2.6

Silica [transmission], X 57500 Silica .- [scanning] X 20000




Figure 2.7b

Silica X20, 000 (Scanning).

Figure 2.8

Pumice X60, 000 (Transmission)
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Alumina

Silica

Pumice

' University of Newcastle, was 55 m'g

31.

.2 Catalyst supports

Type 1 :- Activated alumina, 16/32's mesh

(Laporte Industries Ltd., 'Type A' alumina).

‘Type 2 :- Prepared in the Laboratory from -

aluminium nitrate (section 2.4.1).

'Sorbosis M60' (Crosfield Chemicals Ltd.)

The surface area quoted by the manufacturers
-1

is 500 to 600 m. Zg .

Information on the pore size and density was

obtained from transrhission (fig. 2.5) and.

scanning (fig. 2.6) electron micrographs,

courtesy-of Mr. Boult, of the Electron

Micrographical Dept., University -of Newcastle.
The transmission micrographs were obtained
by pulverising a silica sample to such an
extent that some of .th‘e fragments,
ultrasonically dispersed on a grid, were
sufficiently thin to allow partial transmission
of the elec:cron beam to. occur. The minimum

1 . .
while the maximum -

o.

pore“density is lOlég. )
‘ 3
pore diameter is approximately 10~ 4, most

. : ‘ 0.
pores having a diameter of 150 to 500 A’

'Pumice Stone!, mesh 6-16 (B.D.H. Ltd.)

The surface area, courtesy ‘of Dr. H. Marsh,.
2 -1+ 10%,

found by the B E T method using an electro-

bélance. No fine pore structure was detected

by electron microscopy (scanning electron

" micrographs taken at the University of

Newcastle, figs. 2.7a'an'd‘2.-7b,:.transmiﬂs:sion

micrographs taken by Mr. J. Lyons, Newcastle '
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Polytechnic, fig. 2.8). The hig.hlir
convoluted nature of the pumice's surface
is illustrated by fig. 2.7a, taken at low

magnification (X200).

Examination of a pumice sample by
Dr.B. A, O.Randall of the Geology Dept.,
University of Newcastle, established the

pumice to be a ryalite, a type of glassy

~ mineral of greatly ‘varying compoéition,

being -a mixture of silicates.

2.4 .Catalyst preparations.

Six types of supported catalyst were prepared :

. Table 2.2 Catalysts prepared
Catalyst Code of the catalyst

(all %'s are w.w.)

batch (section 2.1)

570 Nl/A1203
5% Ni/SiOz
5% Pt/SiO,
570 Pt/AlZO3 |
5% Pt/pumice

10%. Pt/pumice

- Cl, CZ2 and C3
C4
Cé
C9
C8, Cs8, Clo, CRI0
C7

In the preparation of the above catalysts a supported

metal salt was prepared first, nickel nitrate and chloroplatinié

acid for the nickel and platinum catalysts respectively.

-Supported nickel nitrate was then converted to support nickel

oxide by heating under vacuum on a sand bath or in a bath of

dioctyl phthalate. Samples of supported chloroplatinic acid 'Aor

-nickel oxide were reduced with pure hydrogen in the reaction

vessel prior to a reaction,
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The first of the catalysts listed above proved
unsatisfactory since a number of different methods of
preparation of the Ni/AlZO3 (211 three) led to hydrogen
sulphide being produced on reduction of the supported nickel
salt, This was shown by infrg- red spectroscopy to be caused‘
by sulphaté being present in the activated alumina sample.

A peak was observed in the spectrograph at 1050 ‘c:m-<l

‘as compared with the literature value (ref. 64 ) for the sulphate

group in aluminium sulphate of 1110 crri-l.

2.4.1 Catalyst supports;

The supports used in the preparation of the first three
catalysts listed in table 2.2, were used as supplied by the
manufacturers, section 2.3.2, while the alumina used in the

preparation of the Pt/AlZO catalyst .was prepared in the

3
laboratory from aluminium nitrate and the pumice used in both
pumice supported catalysts was pretreated before use.

Preparation of the alumina used for the Pt/A1203

catalyst, (ref.:65 )

44g. of hydrated aluminium nitrate were dissolved in
300 mls. boiling distilled water. Excess dilute ammonium
hydroxide was carefully added to the stirred boiling solution
of the nitrate to precipitate the aluminium as its 'hydrated
. oxide'. The hot precipitate was isolated by filtration and was
washed with a hot solution (10% w.w.) of ammonium nitrate
followed by a thorough Washing with hot distilled water. The
hydrated alumina was then transferred to a crucible and heated
to 750°C for five hours. On cooling the alumina was pulverised

in a mortar and storedin a vacuum desicator.
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Pretreatment of the pumice stone used in the

preparation of the Pt/pumice catalyst.

The pumice stone supplied by B.D.H. contained some
* foreign organic matter, mainly wood, which was removed by
thorough washing of a pumice sample with water followed by |
decantation. Any further organic matter was’'removed by
heating the sample in. a furnace at 500°C for three hours. The
cooled pumice was washed thoroughly in hot dilute nitric acid
and distilled water in turn. The large quantity of fines
present were removed by decantation during. the final washing
of the pumice with water. Finally the pumice was dried at |

150°C in an oven.

2.4.2 Preparation of supported metal salts.

Standard solutions of nickel nitrate and chloroplatinic -
acid were made up to prepare supported nickel and platinum
catalysts respectively. A known volume of the appropriate
standard solution was added to a sample df the support and
evaporated to dryness over a steam bath, the mixture being
stirred continuously. The last traces of moisture" were
removed by heating the.‘ supported metal salts in an oven at

110°C‘for one hour.

The supported chloroplatinic acid samples were then
transferred to a vacuum desicétor until required while the
supported nickel nitrate samples wefe converted to supporte'd
nickel oxide by -heating under vacuum  at 300°C to 360°C for
about three hours after -which they weré also transferred to

a vacuum desicator.

The weights of chemicals used to prepare the

catalysts are summarised in the following table.



Table 2.3

Wt. of metal, Percent,
Type of Catalyst | Weight of from conc.. & | w.w., Metal
Catalyst System support vol. of ‘'stand. | in Support

. solution Catalyst

N:'Lckel/Si.O2 4 10. 611g 0.5693g 5.1%
Sioz" 5 1. 00g 0.0g 0. 0%
Pt/SiO, 6 1. 880g 0.0992g 5.0%
Pt/pumice 7 0. 891g 0.0992g 10%
Pt/pumice 8 7.2583g 0.3886¢g 5.1%
Pt‘./AlZO3 9 0.7326¢g 0.0397g 5.1%
Pt/pumice 10 7.5695¢g 0.3986 5. 0%

of the support.

* Used to test for possible catalytic activity

Reduction to supported metals.

The supported salts were reduced to supported

metals in the reaction vessel in an ati‘nosphere of hy&rogen

using a static system.

two stage process :-

Reductions were carried out using a

The supported salts were reduced for 45.mins.>

+

T 15 tnins. at a temperature of 400°C ! 10°¢

in an atmosphere of pure hydrogen at a pressure

of about 300 mm.Hg. After the reduction the

reaction vessel was evacuated.

The first stage was then repeated at the same

temperature, the reaction vessel being finally

pumped out and the supported metal catalyst |

allowed to cool under puré hydrogen.
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A qualitative examination of the activity of the
catalyst with respect to reduction times showed.
no correlation with the length of time the catalyst

had been reduced.

2.5 Ex];;erimental techniques involved in carrying out

a hydrogenation.

2.5.1 Preparation of the reaction mixture.

The condensible reactants, after’ introduction into
the storage vessels, were degassed by repeafed cycles of
freezing in liquid air traps, followed by evacuation of the

storage vessels. -

36

In the pfeparation of a reaction mixture a condensible

reactant is expanded from a storage vessel into the volume
bounded by taps 10, 11, 12, 16 and 17, fig. 2.1, and from there
into the miking vessel I. The process is repeated until the
desfred reactant pressure is obtained. The former volume is
then evacuated and the second reactant expanded into it, and
from there into the mixing vessel, the process being repeated
until all the reactants have béen added, hydrogen always being
_ the last since there is a high partial pressure of hydrogen

available in its storage vessel (D, fig. 2.1).

Since all reactant pressures were measured using
mercury manometers it was often found convenient to input
1;1igh reactant pre'ssures' (in the required ratio of p‘artial
.pressﬁres) into the mixing vessel,.the‘total pressure of the
'mixfure of reactants then being reduced by a suitable factor.
By this technique a greater accuracy in the relative and

absolute partial pressures of reactants can be achieved,

particularly for a reaction mixture in which one of the reactants



has a low partial pressure. For example, the reaction mixture
for run CR10D4 was made by preparing a mixture of furan

( 14.1 mm.Hg) and hydrogen (468.4mm.Hg), the total pressure
6f the mixture then being reduced by a factor of 0.44, by
partial evacuation of the mixing vessel, giving a final furan

pressure of 6.2 mm. Hg.

By G L C analysis of a sample (taken using the
sampling facility attached to the mixing vessel) of a reaction
mixture containing two reactants defectable by an FID detectdr
their relati_'ve concentrations may be found accurately, see
reactions% C10J1, C1l0Kl, Cl0Ll1, CIONl1, Cl0Ml, Cl100l, C8Gl,
Cl10Al1, C10Cl.

The mixing vessel had a sufficiently large volume
(750 ml). compared with the reaction véssel's volume (200 ml.)
to allow more than one sample of single' reaction mixture' to be
injected into the reaction vessel.A Hence a series of reactions
e.g., C6Cl, C6Dl, C6El, C6EZ and C6E3,_ could be carried out
using reaction mixtures of identical initial. mole percent

compositions.

2.5.2 Techniques involved in a single run.

When the reaction vessél furnace had settled down
to a -constant temperature the reaction vessel was evacuated
and the reaction mixture admitted from the mixing vessel.

The reaction was followed by observin'g the _reaction vessel
pressure and by taking samples for G.L.C. a{nalysis by
expanding the reaction mixture into an evacuated sample tube.

(see section 2.1.5).
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2.5.3 ' Techniques involved in 'consecutive run' experiments.

'Consecutive run' experiments refer specifica.lly to
two groups of experiments (CS8 and CRI10 series) where a
reaction is carried out over a catalyst sample,stopped after a
given time by flushing‘ the reaction vessel out with pure hydrogen
“and immediately injecting another reaction mixture. These
experiments differ from a series.of runs such as C6ElLl, 2 and 3
where the procedure between runs is to evacuate the reaction
vessel for some minutes after which the catalyst is left in an

atmosphere of pure hydrogen until next required.

The termination of a reaction in a series of
consecutive runs is achieved by reducing the reaction vessel
pressure to 5 cm. Hg, isolating the reaction vessel from the
vacuum, admitting =350 mm. Hg of 'pu‘re hydrogen, . evacuating
the reection vessel to a pressure of 5 cms again, isoléting a
from the vacuum, admitting ‘2 300 mm. Hg of pure hydrogen
and evacuating down to 5 cms.Hg pressure, A new reaction
mixture is immediately injected into the reaction vessel. The
above process was carried out as quickly as pos'siblev since it
was necesse'ry to disturb the state of the catalyst~ .by ‘as little.

as possible between runs.

2.6 Analysis Techniques,

Analysis of gaseous samples were carried out on
a gas-liquid chromatograph (Pye 'Pancromatograph') using a
flame ionization detector in conjunction with a gas sampling
valve. The carrier gas used was argoh and ancillary
equipment consisted of a digital integrator (Kent 'Cromalog 1')
and a chart reco-rder (Honywell). The chromatograph's columns

were packed glass tubing, length 9', internal diameter du,
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KEY
A To chromatograph
B From carrier gas supply
(O To rotary piston vacuum-pump

FIGURE 2.9

;

\J

“ . FIGURE 2.10 ..

2

«—8
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A commercial gas sampling valve (Pye 104) was
tried but was found unsatisfactory at low pressures, hence
pyrex glass sampling valves were made in the laboratory, the
two principle ones illustrated in figs. 2.9 and 2.10. Both
systems shown in the diagrams were made possible because
in the '"Pancromatograph' the carrier gas enters a column
through two inlets, therefore, isolation of a sampling valve
from the chromatograph (by closing taps 1 and 2, figs. 2.9 and
2.10), Which is essential 'when the sample vessels are changed,

does not prevent carrier gas from flowihg through the column.

The system outlined in fig. 2.10 was finally
a’doi)ted since samples could be analysed more quickly without
detectable loss in accuracy. (It had been feared that a system

using so many greased taps and jdints would be unsatisfactory).

2.6.1 Operation of the gas sampling valves..

- For the sam?li_ng ;\ralve outlined in fig. 2.9, the.
sample vessel was immersed in liquid air while the volume
from tap 3 to the rotary piston pump was evacuated. Tap 3
was then opened briefly to the vacuum to refnove the V
uncondensible gases, hydfogen, when tap 2 was closed, the
glass loop between taps 1 and 2 immersed in liquid air and
the sample tube allowed to come to room temperature, (tap 3 dpen).
After 15 miﬁs.ir 5 mins. the glass loop was isolated now
containing the detectable constituents of the sample‘ to be
analysed, and warme‘di to return the mixture to the gas phas'e.
Finally taps 1 and 2 were opened simultaneously to the

chromatograph hence injecting the gas sé.mple.

In the analysis of a gaseous sample using the
valve shown in fig. 2.10, the sample vessel was positioned

as shown in the figure with faps 1 and 2 closed, taps 1l and
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were then opened to the chromatograph and after approximately
one minute, when the chromatograph's column line pressure
had returned to its normal value, taps 3 and 4 were opened
osifnultaneously, the carrier gas sweeping the sample into the
chromatograph. After 30 seconds tap 1 was closed whereupon
tap 2 was opened to thé ‘atmosphere (to relieve the pressure

on the sample loop's ground glass 'connections).

2.6.2 Peak area measurement,

Since the treatment of the data obtained from
chromatographical analysis will be dealt with in detail in the
following chapter, suffice it to say for the time being that the
data used .in quantitative analyses was in the form of peak areas.
These were measurea either by an'electronic digital integrator .
or, when this was not available, visually using the following

relationship:
Peak area = (peak height) x (peak width at half height) 2.2

It was feasible to use equation 2.2 since all the columns

‘used gave symmetrical peaks, showing only .slight tailing.



CHAPTER 3
ANALYSIS
3.1 . Theoretical Aspects
3.1.1 Choice of analyfical method

|

Results from analysis of samples by gas-liquid chromato-.
graphy were processed to yield relative molar quantities of
components (c.f. ref. 66 ) rather than the absolute number of
moles of each constituent, the ratio of the number of moles of
each constituent being found relative to the number of moles of
one of the constituents. This method was employed for the
following reasons.

A. A highef ‘accuracy in the standardisation procedure
is possible since the éctual amount of a standard mixture analyse&
is immaterial (the molar ratios of any f.wo components in a

sample of the standard mixture are not affected by the amount

_of sample analysed). Hence a source of error is eliminated.
B. For the same reasons given in A the size of the
sa.'mple‘vessel.is not of importance. The error introduced when

" determining the volume of the sample tube is avoided. .

C. If the sampling system illustrated in fig. 2.3 is
used a relative analysis technique becomes essential since the
pressure-in the sample loop depends both on the reaction véssel
pressure and the time required to take a sample. An
expression, equation 3.1, relating these three quantities was -
derived from Poiseuille's e.quation for the flow of a gas through

a capillary (ref. 67 ), see Appendix I.

t =.2.303 V] 81 nlog ((Py + P) / (Py - Pp)) 3.1

P2 r4 T

Where Vi is the volume in ml of the sampling system

containing gas at pressure P; dyne cm. -2

after taking a sample
of viscosity 5 poise for time 6 seconds from the reaction vessel

. containing a reaction mixture at pressure P, dyne cm. -2 through

42
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a capillary length 1 cms., bore radius r cms.

For a typical reaction mixture pressure of 100 mm Hg
estimates of the time taken, usiﬂg equation 3.1, for the pressure
in the sample loop to reach 50 mm. Hg and 90 mm. Hg were
18.5 and 49.5 secs. respectively. ‘

Sampling times used in practice ranged from 5 to 50
seconds depending on the reaction mixture pressure and on the
percent reaction. Hence samples had pressures differing Widely
from that of the reaction mixtures they were taken from. ‘
Inclusion of a manometer in the sampling. system for pressure
measurement would have increased the dead spéce by at least
300%. Furthermore since sample pressure's were‘usually low
a 1érge inaccuracy in their determination would be introduced.

D. The sensitivity of the chromatograph, -which was
shared with other students, Avaried by t 1% from day to day.
However since changes in sensitivity occurred slowly they were
negligible during the analysis of a single sample, data from
numerous series of successive standardisations show ratios of
.peak areas remain constant to T 149 during any one analysis.
As an example the followmg table gives the area ratios for four
standardisations using the same standard mixture together with -
the percentage divergences for each corhpound. |

Table 3.1 Standardisation data for a 13% DNP/2%
- PEG 400/85% Phasep. P1. Column
Packing using 0.5 ml of a standard

mixture. -
Compound Area ratios relative to furan Max %
peak area. divergence
Furan 1,00 1.00 1..00 1. 00 - |
Sylvan 0.814 0.813  0.808  0.815 T 0.3%
Methylethyl | o 943 (945 0.942  0.946 T o.2%
butan-2-ol- 0.872 0.876 0.865 0.874 T 0. 6%
penton-2-one | 0.811 0.802  0.795  0.805 T 1. 0%
penton-2-0l | 0.718 0.707  0.705  0.715 T 0.9%
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Hence while a method of analysis which determines absolute
molar quantities would require a standardisation to be carried
out ‘at least once during the analysis of samples from a run,

the method employed makes this unnecessary.

3.1.2. Relative molar quantities or molar ratios.
The area of a peak on a chromatogram is directly
proportional to the number of moles of the substance producing

the peak (ref. 72).

‘MAa A

w

A . , ' 3
Where AA is the area of a peak on a chromatogram

produc'ed by M, moles of compound A. It follows from equation

A
3.3 that for compounds A and B,

M . A

®oeh R is

Cg is the proportionality constant and the ratio MA '/I
MB is the relative molar quantity for compéunds A and B.

Cg will be referred to as the conversion factor for A to the
base B. . -

To find C‘g a standard mixtufe of known composition
containing compounds A and B is analysed and Cg;'calcula.ted
using equation 3.5. Rearranging 3.4 :- '

cy = B A, - 3.5
AA , MB

‘Where MA is the molar ratio of A and B in the

Mg

mixture and AA and AB are the peak areas A and B produce:
A
For a given GL C column CB values were found for all the
products and reactants encountered where compound B was either
furan or sylvan. Actual Cg values were computed from the

averages of the area ratios from a series of standardisations on

the same standard mixtures.



Once a G L C column has been standardised the reéults from
the analysis of samples may be'processed. The molar ratios
themselves are of little use, however, they may be used to calculat.e
the mole fraction of the detectable components in a reaction mixture,

th component (M: moles of component,

J
- present in the sample taken) of an n-component mixture is :- '

. n _
1 ) .0 .
o j=1 ‘ ‘ ‘ -

but the same expression is obtained if the molar ratios discussed

The mole fraction of the i

w
o

above are used in place of ‘actual numbers of moles :-

n n .
i B)/§ 1\—/1‘] _ Mi/ E M., 3.

Hence combining. equations 3.4 and 3.7, expressions for
th

-

|

the mole fraction of the i~ component of an n-component mixture

may be obtained in terms of peak areas :- ‘
‘ ) n ) n ‘
A Cl CJ.' AJ . ‘
= B / E ; B e = M Mj , 3.8
AB B .
. j =1 T j =1 .

or

pVe]

4 | . |
A.CI/E:CjA.zM./EM. 3
1 B B 1 ] J

jo=1 j =1

Where the peak area produced by Mj' moles of the
jth component is Aj' All areas are measured relative to the

peak area Ag

Although equation 3.9 is simpler than equation 3.8 the
latter was generally used because calculation of the ratios Aj/AB
immediately shows up any gross errors in the estimation of peak
areas, this is of greatest importance when peak areas are

measured visually. Computer programs were written to
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calculiate mole fractions using equations 3.8 and 3.9, see
Appendix 3.

3.1.3. Changing conversion factors based on one compound to

those based on another.

A convenient property of the conversion factors

C B CA is that it can be expressed in terms of the

A B A

conversion factor C_ where D is a third compound. Namely

D
for compounds A and D an expression similar to 3.5 is
obtained :- ‘
A _
°p = “p Ma . : ' 3.10
Ax Mp ‘
(AD and .MD are the peak areas and the number of moles

of compound D p'roducing a peak respectively).

Dividing 3.5 by 3.9 gives :-

A A
Cg ' ¢p = 25 Mp /AD Mp : _ 3.11
Comparing the R.H.S. of 3.11 with that of '3.10
clearly 3.1l may be rewritten as, ‘
A A D : A
CB / CD = CB , 3.12
or rearranging 3.12, '
A A D :
CD = CB / CB , 3.13

The main use of relationship 3.13 is when A has
been standardised relative to compound B but not fo compound D
and the conversion factor Cg is required. T'his is particularly
useful if it is inconvenient to carry out such a standardisation.
(e.g. Methane, ethane, n-propane and n-butane were standardised A
directly relative to furan but relationship 3.13 was used to find
their conversion factors relative to sylvan). Another minor
advantage is that when two compounds are reacting simultaneously
with a third compound it is useful to usé a single set of:
conversion factors‘only.' When furan and sylvan reacted

competitively with hYdi-ogen the results of the analyses of samples



were i)rocessed by a computer pfogram (Appendix 3) which ma.de
use of relationship 3.13.

_3_1_4_ Calculation of the amount of furan and its products
removed from the gas phase by adsorption without using
pressure measurements.

The problem of how much of a reaction mixture is
removed from the gas phase by adsorption on a catalyst is of
importance since furan and hydrogen pressures are calculated
from the .results of analyses of samples, using the assumption .
" that a negligible amount of adsorption occurs. Hence failure to
detect adsorbed furan and/or adsorbed products could lead to
distortion of the results from the treatment of the analysis dota.

The simplest method of determining the extent of
adsorption is to compare the observed pressure drop in the
' reaction vessel with pressure change predicted from the G L C .
analysis (see section 3.1.5.). However this method has the
drawback that the accuracy of the pressure data leaves something
.to be desired since pressures wefe measured using a mercury
manometer. The inaccuracies inherent in this method become
pérticularly severe if numerous samples are taken' because the
sum of the.pressure drops due to the taking of samples must
be estimafed, these pressure drops being small leads to high
percentage errors. The following technique circumvents this
problem by predicting d1rectly from analysm data the molar
fraction of adsorption of furan and its products to the initial
amount of furan injected into the reaction vessel. No pressure
data is required.

The method employed requires that the reaction mixture
" contains a compound which does not react and®which is detectable
using an FID detector on the chromatograph, n-hexane was used

"in runs Cl0Al and C8HI.
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From equation 3.4 :-

L.A_X(_l_)_ . AW x . 3.14

M) AD  F o - 21

Where Ax(l) is the peak area produced by Mx(l)
.moles of the inert constituent X and AF<1) is the peak area
.produced by MF(l) moles of furan, both in sample (1).

A similar relationship holds for any other sample,
sample (2) :-

M, (2 A_(2

F e

Dividing 3.14 by 3.15 gives :-

M@ | A0 A

ML (1) AL(D) A, (2) S T

providing the amount of X in the gés phase remains constant.
Let O (1) and O (2) be the ﬁole fraction of :furan
only of furan and detectable furan products for sample (1)
and (2) respectively (i.e. hydrogen, water and the added
"~ inert 'compound are not involved in the expression for the
mole fraction, O, of furan in a sample). Then provided

that the C4'chain remains intact during the reaction :-
cw =M, Mp | 3.7
Where M? i's the number of moles of furan present
at the start of the reaction. For the reactions examined
using this technique, the percent reaction which resulted in
rupture of the C4 chain was less than 3%. (Appendix 2 deals
with a more general treatment allowing for breakage of the

carbon chain).

For sample (2) the equation corresponding to

- 3.17 is :-,
M_(2).
r(?) = O(2) . 3.18
M©° -

F
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‘Dividing 3.18 by 3.17 yields
o (2) M(2)

and - substituting areas for molar quantities using equation
3.16 in 3.19:- | '

o) Axap@)

—_— : 3.20

om) A MALE) ==

Hence O (2) may be expressed in terms of observed
areas only, i.e., substituting for O (1) in 3.20 by 3.9 and
rearranging i- '

o@) = AL AL(2) -

n . ! '
( Z G A - A ) A (2)
j =1

The above technique is of most use if a sample of
the reaction mixture is analysed prior to its injection into
the reaction vessel, nam'ely, a sample is taken from the

" mixing vessel (see fig. 2.1.) In this way the amount of
‘reactant initially adsorbed may be estimated. Furthermore
O (1) in this case is unity, hence equation 3.20 reduces to:-
o@) = Ag). A0 .
CAp). Ax(2)

If M (2) (ads.) moles of furan and its products were
adsorbed equation 3.19 would only apply to gaseous furan.
Réwriting 3.19 for convenience,

O (@) =Mg@2)g) / Mp()e) . 3.23

(O (1) as above is unity). But the ‘mole fraction of gaseous
, 1
furan, O (2) found by applying equation 3.8 to the results

from analysis of sample (2) can also be expressed as :-



1 M .(2)(g) |
o (2) = : - .. 3,24
M_(1)(g) - M (2) (ads.)

Eliminating MF(Z)(g) from 3.23 and 3.24 gives
M_(1 ' :
oY) = o (2) Mrile) s

(o) M (1)(g) - M (2)(ads.)

Solving 3.25 for M (2) (ads.) .. (the ratio of the
F(l)(g)

adsorbed species to the initial amount of furan gives

M@ @) . ocl@Ee-c@ . 3.26
M (1)(e) o 1

Where O 1 (2) and O (2) are found using equations 3.8
and 3.22 respectively. (MF(l)(g) = MF(l) by definition).

) The following table shows the results from .analysis
_of samples from run Cl0Al (X is hexane, weight of 5% Pt/
pumice catalyst is 0. 382 g, reaction temperature is 65°C)'
‘ processed using equation 3.26 to yield fractions of

adsorbed species. (O(1) = 1.00).

TABLE 3.2 Fractions of furan adsorbed for run CIl0Al

Sarpple o) ‘ 0—1(2) ‘ adfoizzt;ozp:fcies ixer?:t(lri?ns. )
2C10A1 0.882 | 0.916 0.037% 0.04 | 16.5
.3Cl10Al 0.818 | 0.865 | = 0.047% 0.04 | 40.0

5CI0Al | 0.667 | 0.715 0.067% 0.05 |1027.

Table 3.2 shows that little adsofption of furan and
its products occurs for the Pt/pumice catalyst, appearing to-
increase slowly with time. It is worth pointing out that if
an inert compound is included in the reaction mixture, as

above, then an accurate method of following the reaction kinetics



is possible by application of equation 3.22. This method'no't
only has.the advantages associated with a relative method of
analysis discussed in section 3.1.1. but also requires no
standardisetions to be carried out.

3.1.5. Calculation of reaction vessel pressure drops from
analysis data and the initial pressures of the reactants.

Knowing the % composition of a reaction mixture (from
pressure measurements during its preparation) the initial
reactant pressures can readily be calculated knowing the initial
total.pressure in the reaction vessel.

Let the hydrogenatlon of a reactant k proceed by n
pathways such that one molecule of R reacting by one pathway
forms a single molecule of a detectable product i. Results
from analyses show this to hold to all intents and purposes

‘for the reactions examined over Pt supported catalysts.

Let the fraction of R reactingvto form the produc.t i |
be Gj and the pressure drep associated with one_mm.'Hg
partial pressure of R reacting to form product i only be Z;
mm. Hg. Then the total pressure drop (L) in the reaction
vessel due to the reaction of one mm. Hg partial pressure

of R is

L = E 'Gi Zi mm. Hg 3.27

but Cri may be expressed in terms of areas.

i n
= A,C;/ E : AC ‘ 328
i o= 1




Then substituting 3.28 into 3.27 :-

n.

"L = 1 Z A.C.Z, mm. Hg.
1 1 1

n . .
Z A.C, =

izl i1

Hence the pressure drop APC at any % increase‘

is
APC = L X (number of mm.Hg partial pressure of
"R reacted). - '

But the number of mm.Hg partial pressure of R
reacted is the product of the initial pressure of R, Pg,
and.the fraction of R reacted. Hence using equation

3.30 becomes

AP

n ; . n
o
c = Fr iz_ ! (A;C; /ARCR + _z;lAiCi)
= -

— e—

Substituting for L, using 3.29 into 3.31 and

cancelling :-

Where no adsorption of reactants or products to

occur
=AP
APC a OBS
Where Pnopg is the pressure change in the reaction
vessel observed using a mercury manometer. However for

furan reacting over Pt/Si,Oz‘catalysts 3. 33 was not found

to hold (see table 4.2, ) ‘hen ce adsorption is occuring.

52
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Clearly there are three possible typés of adsorption.
Adsorption.of the reactant, adsorption of products and
adéorption of reactant and products. .

- If the reactant alone is adsorbed and if the number.
of mm. Hg. partial pressure of R removed from the gas phase

is X then from 3. 32 the pressyre drop due to the reaction of the

reactant is (Pg - X) APC , i.e., .if the reactant is removed
PO
"R

from the gas phase it is the same as saying the initial
reactant pressure is reduced. Inclusion of the pressure drop

due to the adsorption of reactant itself gives -

| 0 AP
APOBS = (PR - X) cC + X .3.34
PO
R
Then from 3.34 the observed pressuré drop is
greater than A PC for Ja Pc smaller than unity,
PR

for values of this ratio greater than unity the reverse is true. .

(At AP

C =1, 3.34 reduces to VA’PO_BS = AP

O
PR

c )

This behaviour was never observed, see table 4.2,

For adsorption of the products a complex relationship

between APOBS and APC is found to hold, see Appendix 4,
but it can be shown that APC is always smaller than
'APOBS' Furthermore as the reaction proceeds to high

percent reaction the difference between the two pressure drops
~will become smaller, tending in the limit (at 100% reaction),
to the partial pressures of the adéorbed products.. This
behaviour- was observed in practice, see table 4.2for furan

hydrogenations over Pt/Si 02'



For adsorption of both reactant and products. the

relationship between A PC - A POBS and percent reaction

will lie between the two types of adsorption already considered.

It is doubtful if the adsorption of both reactants and products
can be differentiated from the adsorption of products alone

However, for furan hydrogenations over Pt/Si O2 and

Pt/Al2 03 it is possible to show conclusively by the above

techniques that adsorption of one or more of the products is

occurring: (see Section 4.3.2!)

3.2 Columns used for gas liquid chromatographical analysis.

3.2.1 . Colunrul packings.

All chromatographical columns used were packed
1/4” I.D., 9' long glass tubes. The column packings
used consisted of a liquid stationary phase supported on
Phasep Pl (60-85 mesh brick dust with an antitdiling
~additive, supplied by Phase Separations’ Ltd.). The majorl;y
of runs were analysed using one of the three column

s ‘packings below.

Packing A: 15% polyethylene glycol 400/
Phasep Pl.
Packing B:- 4,75% 8,8 -oxydipropionitrile,

6.2% dinonyl phthalate/Phasep PL.

Packing C: 2% polyethylene glycol,
13% &inonyl'phthalate/ Phasep Pl.

-All the percenfages quoted above are on a w/w basis.
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Packing A was used for the analysis of the
early runs carried out over the Ni/silica catalysts,
However separation of the alkane. peaks and tetrahydrofuran
from tetrahydrosylvan was not possible. Both problems
were overcome using packing B at the cost of poor
sep:}ration of n-butanol and pentan-2-ol peaks but since

the next series of runs, over 5% Pt/SiO_ catalysts, did

2
not require these peaks to be separated (hydrogenation of )

sylvan produced little pentan-2-ol, <10% of all the

products).

Howeve'r.n-butanol and pentan-2-ol were the
major products of the hydrogenations of furan and sylvan
‘respectively over the last type of catalyst tried, Pt/Pumice,
hence it was necessary to use column packing C for the
analyses from simultaneous hydrogenations of furan and
sylvan. This packing separated the above two alcohols
at the cost of poor separation of butan-2-one from
‘tetrahydrofuran, fortunately this was of no importance
since no butan-2-one was formed over this catalyst in °

the range of temperatures investigated (ZZOC to lOOOC').

Table 3.3 lists the retention times relative to
furan of various compounds for the three column

packings.



Table 3.3 Relative retention times for the three main

column packings.

Relative Retention Times for Packing

3.35

. Compound A B c
Methane & ethane 0.251-0. 258 0.20
n-propane 0. 456-.0‘. 474 0.380 0.23
n-b‘utaneA 0. 34.2 0. 272
n-pentane - 0.505 |  0.408
furan 1.00 1. 00 1. Od
sylvan 1. 30 1. 86 1.71
tetrahydrofuran 1. 57 ) 2.48 ; 2.07
_tetirahydrosylvan 1. 58 2.64 2.51
butan-2-one 1. 77 3.37 2.09
péntan-Z-oné : 2.46 6.2 3.69-
n-hexane - 0.864 -
n-hexene - 0.921 -
cyélohexane - - 1. '?5
benzene - - 2.69
n-propanol 3. 87 4.01 3.47
pentan-2-ol 5.25 9.0 5.73
n-butanol 6.67 8.78 5.16
n-pentanol 9.1 12 6.23
butan-2-o0l 4.21 2.78
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Table 3.4 gives a brief summary of some of the other

column packings investigated and the reason they were not used. -

Table 3.4

11

III

Iv

"Sfa;‘-civovnar.y phases, supported on Phasep Pl, and.

Stati.on.é.'i'y‘ Phase

Porapak Q (unsuppofted)

10% tetraethylene glycol
diethyl ether

3% tetraethylene giycol
diethyl ether

20% 6,6-ODPN

1. 5% PEG 400,
18% 6,6-ODPN

Disadvantages

To achieve a good separation a

column temperature of 150°C (or

less)is required. At these

temperatures the peaks were not
symmetrical and the retention time
of the alcohols was too high (over

an hour for n-butanol).

Sylvan and tetrahydrofuran are not
separated satisfactorily (unless a
temperature of 50°C or less is
used whén the retentioﬁ times are

very large).

The separatio‘n is poorer than for

"the 10% column, furthermore

sylvari overlaps with the

tetrahydrosylvan peak.

Pentan-2-o0l and pentan-2-one are
not seperable, furthermore butan-
2-0l and butan-2-one separation is

poor.

At 92°C butan-2-one and b't‘J.tan-Z-ol
co‘rﬁe off together and tetrahydrofuran
and tetrahydrosylvan separation is
poor, the latter separation is

worsened by reducing the temperature.
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Vi 3% PEG 400, Tetrahydro derivatives of the two

17_% ODPN " furans are not separated satisfactorily.
"VII 12% DNP, 2% PEG400, Butan-2-one and tetrahydrosylvan
2% ODPN . separation is poor.
VIII 12% DNP, 2% PEG400, Neither the separation of butan-2-one
5% ODPN- : from tetrahydrosylvan nor the A

separation of n-butanol from

pentan-2-ol is satisfactory.

IX' 12% DNP, 8% ODPN, Separation of pentan-2-ol from

2% PEG 400 butan-2-ol is not satisfactory.
X 1% DNP, 6.5% ODPN, As for IX. _,
2% PEG400

The abbreviations used were - '
,V PEG400 -. Polyethylene glyéol,. average molecular weight
- of 400.
DNP - Dinonyl ph'thalafe

ODPN - B,B-Oxydipropionitrile.

3,2.2 Standardisation of the column packings.

All standardisations found conversion factors with
furan as the base using equation’3.5. Mixtures of known composition
were either injected into the chromatograph in the gas or liquid .
.phase and the resultant peak areas produced on the chromatogram
were either measured using an electronic integrator or visually

"using relationship 2. 2.

To produce a gas sample approximately 0.5 microlitres
. 3 rusge, ‘
of a standard mixture are injected, using a one microlitreg into a
small sample tube with a ground glass joint at one end. This is
immediately attached to the gas sample valve at C, see figures
2.8 and 2.9, and expanded into the evacuated gas sampling valve's

-loop which is immersed in a liquid air bath (a rotary piston pump
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connected to D, see figures 2.8 and 2. 9, is used for the evacuation).
After approximately ten minutes the loop is isolated and warmed to
room temperature when the gas sample is injected into the '

chromatograph.

As can be seen from table 3.5, which compares area
ratios found using gas and liquid samples of the same standard
mixture, there is no significant advantagé in injecting gaseous
samples. Hence all later standardisations were carried out By
injection of iiquid samples since this technique was faster and

more reliable.

Table 3.5 Average area ratios, for a standard mixture, f:om
six ga-s and eight liquid samples respectively for

“packing A (areas measured visually). .

Compouhd ‘| | Average area ratios . Aver:agé area ratios
using gaseous samples using liquid samples
Furan 1. 00 : 1. OOW
Sylvan . 0.9770.04 E 0.97 Y0.04
Butan-z-ome |- L22:0.02 ‘1.2270.03
Pentan-2-one L i9 T0.04 o | 1.16 fo.02
Butan-2-ol 1.267% 0,09 . 124 20.04
Pentan-2-0l | . 1.10 £ 0.06 1.13 ¥ 0.04

Comparisoﬁ of.pe.ak area ratios where the same peak
areas were measured visually and by an electronic integrator
respectively show a divergence 6f less than 2% , see table 3. 6,
hence the same conversion factors were used for analysis_‘g?.y

. either techniques.



Table 3.6

Average of three peak area ratios measured

visually and by an integrator respectively

for packing B (liquid samples used).

Area ratios,

Area ratios,
areas measured

Compound areas measured
visually by an Integrator

furan 1.00 1,00 _

sylvan 0.90 ¥ 0.01 0.89 & 0.005

tetrah.ydrofuran 1.06 ! 0.03 1. 04 Tom

tetrahydrosylvan| 0.99 = 0.0l 0.98 ¥ 0.01

butan-2-ol 1.10 T 0.03 1.10 T 0. 005

butan-2-one 1.08 T 0.02 1.09 ¥ 0.005

pentan-2-one 1.01 T 0.02 1.03 T 0.02.
+

n-butanol

0.96 ¥ 0.03

0.96 - 0.01

. 60
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CHAPTER 4.

HYDROGENATION OF FURAN AND SYLVAN
OVER SUPPORTED METAL CATALYSTS.

4.1 Poisoning effects

Poisoning occurred over'all the catalysts tried at all
the reaction temperatures used (ZZOC fo 2400C) for both furan
and sylvan hydrogenations. As an illustration, Graph 4.1 shows
a typical furan hydrogenation (C8A1f carried out at 46.5°C over
a 5% Pt/pumice cafalyst). | Fdrthérmoré as the reaction
tem-perature is increaéed the poisoning becomes increasingly
severe, pérticularly for Pt/pumicé catalysts, as is shown by
Graph 4.2 of three furan hydrogenations carried out at three

different temperatures over 5% Pt/pumice catalysts.

Attempts to regenerate catalysts, either By heating
them in hydrogen or in air at 400°C followed by hydrogen at. -
‘the same temperature, met with partial success at best; the
latter technique restored one catalyst, CSD, once to 70% of its
initial activity however failed to regenerate the same c:‘italysf
for a second time, it was also unsuccessful with other caté.lysts
(C8E, Cl0A and CIOB). |

}Poisoning will be dealt with in greater detail in

section 4.5.4 and in the following chapter.

4.2 Hydrogenations over Ni/SiO2 catalysts (C4 series).

Hydrogenations of fu;'an over Ni/SiO2 give product
distributions dependent on the time that the catalysts have been
exposed to the reaction fnixtpre as is shown by Graph 4.3 of
fhe,product distribution against the fraction of furan reacted
for run C4Hl carried 6ut at 180°C. This graph also shows
that at ‘th'is temperature the major products of a furan-hydrogen

reaction are tetrahydrofuran and hydrocarbons while the product
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-Fufan hydrogenation C8Al over 5% Pt/pumice at 46.4°C. .
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GRAPH 4.4

Product distributions -for the sylvan hydrogenation C4Gl

over 5% Ni/SiO_ at 180°C, initial sylvan and hydrogen
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produced by hydrogenolysis of a C - O bond without rupture of
the carbon chain (n-butanol) accounts for less than 20% of the
products. .Loweri'ng the reaction temperature .decreas-es the
amount of n-propane and methane produced, tetrahydrofuran

being the only major product.

Unlike furan,sylvan's product distributions on
hydrogenation show a far smaller time dependence, see graph
4.4 for run CA4dl, 180°C. further, the product distributions ‘
show an interesting dependence on the reaction temperature,
see graph 4.5 compiled from the initial product distributions
for a series of sylvan reactions carried out at temperatures -
between 150°C and 245°C. A similar effect was observed by
Wilson (ref. 18 ) for sylvan hydrogenations over unsupported
nickel catalysts. At reaction temperatures below 160°C
hydrogenation without cleavage of the ring occurs almost
exclusively (85% tetrahydrosylvan is produced at 160°C, while
at 190°C the main product is pentan-2-one, 65%, produced by
hydrogenolysis of the 1,5 C - O bond. At temi)eratures
exceeding 230°C the major products are n-propane and methane

indicating rupture of the carbon chain.

A more detailed list of products than is given in

Graphs 4.3 and 4.4 is given in table 4.1 :-



Table 4.1 Initial product distributions for furan and sylvan

hydrogenations over 5% Ni/SiOp at 180°cC.

for runs C4Hl (initial furan and hydrogen pressures = 15.0
~and 75.0 mm.Hg.) and C4Gl (initial sylvan and hydrogen

pressures = 14.1 and 67.9 mm. Hg.) respectively. .

Product . Furan ' . Sylvan
— Hydrogenation Hydrogenation
‘Methane * . % 8. 4%
Ethane < ' . '
n-propane 22% 2. 6%
n-butane : 1. 5% . 2. 6%
n-pentane <0.4% : 0. 6%.‘
tetrahydrofuran 49% -
tetrahydrosylvan - 19%
butan-2-one - ‘ , 12%
butan-2-ol ] - : 0. 9%
pentan-2-one - 52%
pentan-2-ol - - | 4.5%
n-butanol | 21% -
n-propanol . | - 0. 3%
n-pentahol - 0.8%

* It was not possible to separate Methane and Ethane.

Table 4.1 indicates how the 1, 5 C - O bond in sylvan
is much more prone to hydrogenolysis than the 1, 2 C - O bond.
" This is not thought to be caused by any shielding effect the
~methyl group' may be exerting, rather that the 1, 5 C - O bond

is more liable to attack because of the presence of the methyl



Initial distribution of the main products (area %).
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GRAPH - 4.5

Dependenc_g of Syl'van"s initial product distribution

on hydroge_nafion over 5% Ni/SiO
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GRAPH 4.6

Comparison of the rates of reaction for furan

(run C4Hl) and sylvan (run C4Gl) with hydrogen
over Ni/SiO, at 180°C.
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group at the 2 position for two reasons:

" First, more hydrogenolysis of the furan nucleus occurs
on hydrogenating sylvan than furan (72% as opposed to 51%)
.while a shielding effect would require —the reverse to hold,
unless it were accompanied by a stronger inhibition of the
hydrogenation Qithouf hydrogenolysis reaction. "This is rulec‘i

out by the following piece of evidence:

Second, sylvan‘ is 'hydrogenated more quickly than furan
at 180°C, see ‘graph 4.6 which compares the rate of reaction for
the two compounds (data from runs C4Hl and C4Gl). From
initial rate data for these two runs, sylvan reacts approximately
25% faster than furan. More reliable proof for the faster rate
of reaction of sylvan is obtained from dafa. at 50% reaction of
furan for reaction C4Fl at 183°C where furan and sylvan were
hydrogenated simultahebgsly, sylvan was found to react
approximately 32% faster than furap. (Initial furan, ‘sylvan and .
hydrogen presSufes‘for run C4Fl were 19.9, 20.3 and 162.4

_mm. Hg respectively).

It could be argued that sylvan only appears to react
more quickly than furan since it might poison the catalyst more
slowly. - However, poisoning should not affect the initial rates
of reaction and furthefmore it is reasonable to assume that the
hydrogenation of the two compounds will occur at similar sites
c;n the catalyst's surface, hence hydrogenation of a mixture of
furan and sylvan would poison both reactions to about the same

degree.

The catalyst was not investigated further for two
reasons. First, A s‘ince'the prqduct dist'ribution obtained from
hydrogenating furan wés strongly time dependent, rate data
analysis would be complex because a skewed time/product
distributidn graph suggests that two or more processes are

occurring at once.

70
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Second, it was intended to pay particuler attention to
the hydrogenolysis of the furan ring's C - O bonds. While this
could be studied satisfactorily for sylvan between 170°C to 1900C,
at similar temperatures a large amount of cleavage of the
carbon chain and hydrogena_tion withoet hydrogenolysis occurred
for furan. At 180°C less than 24% of the products from the
hydrogenation of furan are due to -rupture of C - O bonds only

(resulting in n-butanol and n-butane).

4.3 Hydrogenations over 5% Pt/SiO, catalysts (C6 series)

Preliminary hydrogenation reactions of furan over
Pt/SiOp catelysts showed that wh@le the catalyst is highly active
at as low a temperature as 40°C (which is advantageous since .
the temperature gradlent along the reaction vessel becomes
neg11g1b1e at temperatures below 100 °C see graph 2.3) the
product distribution changes sharply with the reaction time,
section 4.3.2. Furthermore the reaction vessel pliessure drop
predicted from the % reaction and fhe product distribution did
not compare favourebly with obser?ed pressure drops, as is

shown in the following section.

4.3.1. Mismatch of observed and calculated reaction vessel

pressures.

Theoretical pressure drops in the reaction vessel were
calculated using the method outlined in section 3. 1.5.- For all
the reactions analysed using equation_3_.?£2_ (e.g. C6LI1, C6E3,
C6Hl, C6Dl) the calculated pressure drops were smaller than
those observed as is illustrated by table 4.2 for runs C6E3 and
C6H1, using 0.08lg and 0.0182g Pt/Sin catalyst respectively.'
For these furan hydrogenat.ions the following reaction pathways

(see section 3.1. 5) were used:



. 3 =
CH, CH, CH, + CO ‘(z 1)
{ y (z = 2)
o .
zZ =3
- 'CH3 CH, CH, CH3+H20 ( )
| CH3 (.?H2 CH2 _CHZOH (z = 3)
(z is defined in section 3.1.5.)
% Since very little n=propane was formed the
mechanism used is of little importance.
Table 4.2 Calculated and observed reaction vessel pressure

changes for runs C6E3 and C6Hl, (initial furan

, pressures are 23.6 mm. and 16.3 mm.)

Observed .pressure Calculated pressure| AP -AP_,
d P 1 q AP OBS C
Sample rop,s A OBS’ rop, A c’
mm. Hg. mm. Hg. mm. Hg.
C6E3 " C6H1 . | C6E3 C6H1 C6E3 C6HI1
1 26 9.7 6.1 4.0 20 5.7
2 33.5 22.4 .| 12 17. 5 21.5 4.9
3 45  27.1 217 23 18 4
.4 52 35.3 . 35 32.5 17 2.8
5 59 - 46 - 13 -
The errors in A POBS - A PC in table 4.2 are

' particularly severe for runs such as C6Hl where less than .0.03g
of catalyst were us?ed. For example the error in A POBS --A PC
for C6Hl due only to a 5% error in the value of the initial furan
pressure is 3% and 60% for the first and last 'samples
respectlvelly, while the Aerrors pqss1'b1e in 'A.POBS - A PC due to
errors in the measurement of peak areas are 20% and 50%
respectively. When AP - ‘APC is large, as for C6E3, the.

OBS
maximum combined error is 30% (for the last sample).
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. GRAPH 4.7
PRODUCT OISTRIBUTIONS FOR A FURAN HYDROGEWATION OVER A 5% PtlSlﬂ,'
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The data for run C6E3 giveﬁ in table 4.2 shows that
A PC is smaller than APOBS even when APC is‘ approximately
twice as large as the initial furan pressure. Hence, as was
shown in section 3.1.5, the reaction vessel pressure drop is not
caused solely by furan adsorption, one or more of the products

must be adsorbing on the catalyst.
Aaexpected- for a given value of AP, (APOBS- APC)
is approximately proportional to the weight of catalyst (see

. table 4.2).

4,3.2. ?roduct distributions

All percent reaction/product distribution graphs for
furan hydrogenations over Pt/SiO; had the same characteristic
form illustrated By graph 4.7 for run C6Hl. The product
distribution changes. throgghout the reaction, particularly sharply
at the sté,rt of a hydrogenation. Tablé 4.3 compares the
estimated initial product distribution with that for 70% reaction

for run C6LIl, reaction tempei‘ature is 48°C.

Table 4.3 Product distributions for the furan hydrogenation

c6Ll at 48°C..

Product Initiél ‘7? pr.oduct ) % Product distribu?ion at
distribution : 70% reaction
n-pfopane _ 2.5 - 2
n-butane 5 9
tetrahydrofuran - 79 ‘ 50.5
n-butanol 13 39.5

Some possible explanations for the skewed product .

distributions are :-

A. The reaction is diffusion controlled.

Electronmicrographs show the silica to have an extensive fine

pore structure (see figs. 2.5 and 2.6).
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B. One or more of the products are adsorbing, from
the shapes of the percent reaction/product distribution graphs it
appears that n-butanol is being adsorbed. In section 4.3.1. it

was shown that adsorption by products is occurring.

C. The electronic properties of the catalyst surface
change during the reactlon This might take the form of
selective poisoning of active sites on the catalyst surface, such
a hypothesis presupposes that different products are produced at

- different types of sites.

Hypothesis _f_&_ may be eliminated since the degree of
distortion of the product distributions differs little with the speed
of reaction. For example runs C6Hl and C6E3 both had severely
d1storted product distributions even though 50% reaction was

reached after 17 and 162 minutes respectlvely

Added weight was lent to hypothesis B by run C6I1
where a reaction mixture of n-butenol and hydrogenfat 47°¢C
was exposed to 0.0536g 5% Pt/SlOZ, initial n-butanol pressure
was 4 mm. Hg. On taklng a sa.mple at 2.1 minutes no n-butanol
was present in the gas phase, the adsorbed alcohol reacting
slowly to form n—butane and a trace of n-propane. Hence the
supported catalyst adsorbs n-butanol strongly which explains why
the % of gaseous n-butanol fofmed increases with time oﬁ
hydregenating furan a.nd the hydrogenation of n-butanol to n-butane
explains why the percent of gaseous n-butane formed increases

with time on hydrogenating furan.

In order to attempt to verify that adsorption of n-butanol
eauses the time dependent product distribution a further reaction,
C6J1 was carried out at 50°C in which' 0; 0772g of 5% Pt/SiOZ
catalyst were saturated w1th n- propanol vapour, 6 mm. Hg.

After 47 minutes 79.3 mm. Hg of a mixture of 20% furan and
80% hydrogen was admitted to the reaction vessel. As expected

the hydrogenation reaction was badly poisoned,' reacting at



approximately the same rate as run C6E3. However unlike run
C6E3 the molar ratio of tetrahydrofuran to n-butanol remained
almost constant at 1.5 f 0.1 for the first hour (the same ratio

for run C6E3 dropped from 5.0 to 1.7 in the first hour).

A more detailed examination of the product distributions
for run C6J1 show that furan or its products slowly displace the
adsorbed n-propanol. Since the molar ratios of (propanol and

its hydrogenation products) / (furan and its hydrogenation

products) increases with time, see table 4.4, either n-propanol

is being displaced from the catalyst's surface by furan and/or
its products or furan itself is being adsorbed slowly. The

former hypothesis is the more probable since the molar ratio
of ethane (which is only formed when the catalyst was exposed
to n-propanol and hence its concentré.tion remains constant) to’
n-propanol drops initially with increasing reaction time until |
nearly all the furan has reacted when the n-propanoi starts to
be hydrogenated.

Table 4.4 Molar ratios from run C6J1, 50°C.

(n-propanol . ethane propane .. (mins. ) % furan
-+ products)_/, n-propanol n-propanol reacted
|(furan + furan
products)
0. 380 ~0.0725 0. 0481 6 2.5
10.471 0.0676 0.0492 | 30 11. 8
0.493 0. 0634 0. 0505 56 17. 3
0. 751 0.0789 0.0908 1204 99
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4.3.3 Conclusions from hydrogenations over 5% Pf/SiOz catalysts.

The catalyst has a high initial activity for furan hydro-
genations, inducing a high percentage of hydrogenolysis of the
furan ring to form n-buta‘.ne and n:butanol at 50°C with less than
3% conjugative hydrogenolysis occurring. However the catalyst
is rapidly poisoned by the reaction and more serious the product
distribution is strongly time dependent. The latter factor seems
to be caused by‘n-butanol adsorbing on the catalyst, in all

pr'obabilitonn the SiO,. (see vefs, 68 and 73),

It is of interest that while the silicé probably enters
furan-hydrogen ~reactions as an adsorbant an attempt to
hydrogenate furan over one gram of silica alone met with no
success (run CB5Al), even when the reaction mixture had been
exposed to the oxide at 230°C for four hours. However, on

removal of the silica sample a slight decolouration was detected.

Since adsorption occurs it is only possible to calculate
the perc‘ent reaction from the gas phase reactants and products.
Clearly since this would not yield the actual percent reaction
this is unsatisfactory for any kinetic analysis. Reducing the.
amount of catalyst would reduce the adsorption effects but the
distortion of the product distribution would remain a problerh.
Moreover if a very small weight of catalyst were used the

reaction would be badly affected by poisoning.

Hence it was decided to try other supports for

platinum in order to find a more satisfactory catalyst.

4.4 Hydrogenations over 5% P‘t/AlZO3 catalysts (C9 _Catalysts)

On-hydrogenatiﬁg furan this c'atalyst‘was found to
suffer from all the disadvantages of the silica supported catalyst -
. namely the product distribution/percent reaction graphs were
distorted, see Graph 4.8, adsorption of products occurred,

see table 4.5, and the reaction was autopoisoned. In addition
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GRAPH 4.8

Product dlstr1but1on for the furan hydrogenation C9Al

(over 0. 205 g. 5% Pt/Al O3 at 49. 5°C, initial furan -
s = 3L.1 a.nd 131. 0 mm. Hg respectwely)
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the amount of hydrogenolysis of the C - O bonds was 1;educed
(the sum of the initial percent of n-butanol and n-butane formed
was only 4.5%) which alone made the catalyst useless for the
study of C - 'O bond cleavage. Furthermore in all the reactions
examined the percent of n-propane was higher than the percent

of n-butane formed.

Table 4.5 Comparison of calculated pressure drops,~ A PC

assuming no adsorption and observed pressure

drops A POBS for run C9Al. (Reaction terhperature
= 49.5 C, W_eight of catalyst = 0.205g, initial furan
préssu;'/e = 3L.1 mm.Hg., initial hydrogen pressure

= 131.0 mm. Hg.)

‘ : - ' percent
A Pc,mm.Hg. A POBS,mm.Hg. A‘POBS APC,@m. Hg. Furan
S reacted
28.1 41 13 43.5
48.5 - 61 _ 12.5 70.2
75.0 80.5 - 5.5 | 99

Comparing the values for A.POBS - APC for run
C9Al, table 4.5, with those for C6E3, table 4.2, shows that it
is probable that the extent of adsorption on alumina supported
platinum is about a third of that for a silica supported catalyst.
2.5 times as much catalyst was used for run C9AI yet at 57%
reaction APOBS - APC is 1.4 times higher for reaction _
C6E3 than for C9Al, this could be attributed to the smaller

amount on n-butanol produced over the Pt/A1203.



4.5 Hydrogenations over Pt/Pumice catalysts

(C7, C8 and Cl0 series).

This catalyst system was finally adopted since
the product distributions for the hydrogenations of furan
and sylvan are constant over most of the reaction and the
calculated and observed pressure drops correspond closely,
hence little adsorption is occurring. Furthermore the
initial yield of n-butanol on hydrogenating furan is greater
than 60% for reaction temperatures between ZZOC and
95. 5°Cc while the yvield of n-propane is less than 1. 8%

for reaction temperatures below 50 C

The catalyst system has the disadvantage that
it is two orders of magnitude less reactive than either

Pt/AlZO or Pt/SiOz (weight for weight).

3

4.5.1 Reproducibility.

The initial product distributions from furan
hydrogenations over different catalyst samples are
reproducible to within t 2% for reactions carried out
at the same temperature as is illustrated by runs

Cl10F1, Cl0HI, CS8Hl and C8GI in table 4. 6.



Table 4.6 Initial distributions of detectable products for

furan hydrogenations over 5% Pt/pumice.

RUN A B C D E F G
Cl0F1 0.8 20.5 17.6 61.0 22.0 9.9 44.7
CS8HI 0.7 20.4 18.5 60.0 23.2 13.7 95.0
C8Gl1 0.6 18.8 19.9 60.2 23.2 12.5 125.2
CR10C1 0.7 17.5 20.5 6l1.2 28.2 12.8 104.2
CSSEL 0.9 -18.2 20.6 59.3 30.2 1l.6 75.2
CS8Gl 0.8 - 19.5 19.5 60.3 30.9 12.9 72.2
Cl0El 0.9 20.1 17.5 6.8 42.6 1.3 510
Cs8Cl 1.1 - 14.9 22.1° 62.2 45.1 1.6 151.6
C10H1 0.8 19.7 17.9 6.3 - 46.0 13.9 57.4
CTBL * 0.9 1.6 25.5 62.0 - 46.1 24.5 106.4
C10B1 0.9 12.2 23.4 63.5 46.4 12.1 51.8
C8Al 1.2 - 13.2 231 .62.5 46.4 18.8 82.0
Cc8D2 ** 1.4  13.1 24.1 6l.4 47.3 1.4 49.5
c8D3 ** 1.8 7.5 27.2 6l.4 48.5 9.6 418
CcRiOBL L5  12.7 ' 22.9 2.5 53,5 20.4 201.6
C8Hl1 2.0 1.6. 19.2 67.0 65.2 15.2 96.8
C8Dhl1 4.9 7.5 14.0 74.5 5 63,5'

95.5 13.

#* A 10% Pt/Pumice catalyst used
%% Cataiyst had been used before and regenerated
by he'ating first in air (at 4250C) then in
hydrogen (at 400°C).
- A, B, C and D are the initial produ.ct distributions
(mole %) of n-propane, n-butane, tetrahydrofuran and n-butanol
respecéively, E is'the reaction temperature (OC), and Fand G
are the iﬁitial furan and hydrogén pressures respectively

(mm. Hg.)
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Addition of n-hexane, run Cl0Al or n-propanol,
run Cl10Cl, or sylvan, runs C10J1, CIl0K1, CI10N1, Cl10Ml and
Cl1001 to a furan/hydrogen reaction mixture does not affect.the
product distribution appreciably, compare the following table

of the initial product distributions with table 4. 6.

Table 4.7 Initial distributions of the detectable products for

furan hydrogenations, the reaction mixtures

containing another reactant.

>
os]

RUN cC D E F G H I
clo51 . 0.5 20 20 60 26.1 8.8 77.7 10.5 Sylvan
C10H1 0.4 17, 21 61 30.5 8.5 1209 7.4 Sylva-n '
clocl 0.9 14 22 63 47.2 13.8 6L 8 "12.0n-propanol
C10K1 0.9 .14. 23.5 62 48:5 12.3 98.5 9.2 Sylvan
clori 0.9 18 19.5 62  48.5 14.5 9.5 7.3 Benzene
‘cloLz 0.9 1 22 63 49.5 8.2 5.7 4.1 Benzene
C10N1 1.1 13 22 64 49.5 14.2 96.1 10.6 Sylvan
C1001 25 11 20. 66 60.2 10.1 80.2 8.4 Sylvan
CloAL © 20 12 17.5 67.5 62.5 10.0 54.2 9.3 n-hexene

A, B, C and D are the initial product distribution in
'mole % of n-propane, n-butane, tetrahydrofuran and n-butanol
respectwely, E is the reaction temperature ( C) F, G and H
are the initial furan, hydrogen and additive pressures (mm.Hg.)

respectively and I is the additive.

Run Cl0L2 shows that the addition of benzene to the
,reactidn mixture has no effect on the initial product distribution
for the hydrogenation of furan. It is thought that an error was
made when recording the reaction temperature for run CIOLl and
that the thermocouple reading should have been 0.94 mv.

(23°C) as opposed to 1l.94 mv. (48.5°C) since both the product
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distributions and the poisoning constant (Table 5.42) correspond

to 23°C.

The evidence. for reproducibility of the initial
distributions of the detectable products for sylvan hydrogenations
is not as strong as for the furan hydrogenations since far fewer
reactions of sylvan and hydrogen were carried out. The initial

distributions for sylvaﬁ hydrogenations are given in table 4.8.

Table 4.8 Initial distributions of detectable products for

sylvan hydrogenations over 5% Pt/Pumice catalysts.

'RUN. A B C D E F G H I J
C1011 16 31 24.5 25.5 3 23.2 1.0 53.2 0.0 none
C10J1 14 35 - 25 24 2 25.9 10.5 77.7 8.8 Furan
clomMl 15 32 24.5 24 3.5 30.5 7.4 120.9 8.5 Furan
clopl 14 32 25 25 4 4l.2 12.6 60.0 0.0 none
CloKI 11 31. 25 28.5 5 48.5 9,2 98.5 12.3 Furan .
CIONI 10 29 28 28 5 49.5 10.6 96.1 14.2 Furan
C8Cl. 9 28 27 31 5 49.5 18.3 91.0 0.0 .none
7 60.2 8.4 80.2 10.1 Furan

C1001 6.5 29 21 36

A, B, C, D and E are the initial product distributions
(mole %) of n-pentane, tetrahydrosylvan, pentan-2-one, pentan-2-
"ol and 'n-pentanol respectively, F is the reaction temperature
( °c ), G, H and I are the initial partial pressures (mm. Hg.)
of sylvan, hydrogen and any additive present in the reaction
mixture respectively and J is the additive to the reaction
mixture. | |

Reproducibility of the rates' of reaction of the furan.
will be dealt ‘with in greater detail at the end of the following
'c.:hapter, however an indication Athat a reasonable reproducibility
was obtained is given by graph 4.9 which compares the rates of
“two pairs of reactions, C8Al and Cl0Bl both at 47°C and ClOFl
and C8Gl at 22.5°C.



GRAPH 4.9

Comparison of the rates of reaction of pairs of furan hydrogenations

at the same temperature and over the same weights of Pt/pumice

owﬁwHanm (runs C8Al and C10Bl1 at 46. 5°C over 0.524g. cat. and
‘runs C10F1 and C8Gl at 23 °C over 0.533g. cat.).
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4.5.2 Adsorption of reactants or products.

As already mentioned very little adsorption occurs,
Comparison of pressure drops calculated from analysis data
assuming no adsorption (APC, using equation 3.32,) and
pressure drops observed using a mercury manometer, A POBS-,-,'
showed no significant difference either for 5 or 10% Pt/pumice
catalysts. As an example the values for C7Bl (I. 02g 10% Pt/
'pumice hydrogenating furan at 460C) and C8Al (0. 382g 5% Pt/

pumice hydrogenating furan at 47°C) are -given in table 4.9

Table 4.9 Observed and calculated pressure drops,.

APOBS and APC respectively for furan

hydrogenations C7Bl and C8Al.

APOBS,mm.Hg _A-.Pc,mm, Hg Apaﬁ‘i:?{l;c’ % reaction
C7Bl  _C8AL | C7BI _ CBAIL C7BL  C8Al | C7BI CB8Al
18. 2 10. 2 17.0 9.1 173 1%2 25.4 18.3
30.9 15.4 | 30.0 14.0 1Y 3 1sT3 | 445 287
41, 8 21, 1 39.8 18,3 | 2%4 373 s59.2 36.9
3.5 | 29.2 | 2t3s 56.0

Initial furan pressures were 24.5 and 18.8 mm. Hg.
and initial hydrogen pressures were 106. 4 and 83 mm.Hg. for

runs C7Bl and C8Al respectively.

The errors in APOBS - APC rh;ke the figures
quoted in table 4.9 only interpretable in qualitative terms,
namely one can only say little adsorption is occuring. In order
to obtain more definite evidence as to t’he extent of adsorption

it was necessary to devise a technique which not only gives an
actual measure of the amount of adsorption but also has

" considerably lower inherent errors than the basically qualitative

approach used for ta}ble 4.9. The method used, outlined in

section 3.1.4, involves adding an inert gas, detectable by the
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GRAPH 4.11
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chromatograph, to the reaction mixture prior to its injection
into the reaction vessel and treating the analysis data from the
subseguent hydrogenatibn using equation 3.26. This equation is
an expression for the fraction of the initial furan present as
adsorbed species. The results from. this method applied to
run Cl0Al are summarised in table 3.2, unfortunately the
adsorption is so small that estimation of its extent is stili
hampered by experimental errors, the total amount of the initia.xl
furan present as adsorbed species is less than 10%, probably in
the order of 5% (Weight of catalyst for Cl0Al = 0:382g 5% Pt/
pumice, initial furan, hexane and hydrogen pressures are 10.0;
9.3 and 54.2 mm.‘Hg. respectively) which amounts to a partial
pressure of 0.5 mmHg .of reactants and products femoved

from the gas phase by adsorption.

4,5.3 . Product distributions.

An interesting feature oanltll the furan and sylvan
hydrogenations is that regardless of the reaction temperature
(between 22°C and 95.5°C) the fraction of the tetrahydro
derivatives formed remains constant throughout the entire
reaction while the distribution of the other products, while
remaining unchanged during- the initial stages of the reaction,
starts to alter slowly és the catalyst becomes increasingly
poisoned. Typical product distributions for furan ahd sylvan -
hydrogenations are given in Graphs 4.10 (of run Cl0BIl) and.
4,11 (of run Cl0I1) respectively. It is worth pointing out that
what changes in the product disiri‘butions which do occur are
small compared witﬁ any of the other catalyst systems

~ experimented with, compare graphs 4.3, 4.7 and 4.10.

These shifts in the product distributions are not
thought to ‘be due to changes in the electronic properties of the
catalyst's surface such that the probability of an adsorbed furan
.or‘ sylvan molecule reacting to form a given product changes

but rather that one or more of the products react to form
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GRAPH 4.12

T0 SHOW THE RATE OF HYDROGENATION OF n-BUTAROL OVER A 5°/. Pt/ PUMICE
ZH CATALYST AS A FUNCTION OF TIME FEOR RUN CBE1.
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another product, this reaction being poisoned more slowly than
the main reaction. For example in the furan/hydrogen reaction
it is thought that the n-butanol produced slowly reacts to form
n-butane and water. In the early stages of reaction this
secondary reaction is too slow to have a noticeablhe effect until
the furan hydrogenation becomes strongly poisoned. The effect
is thatb in the beginning of the reaction the produc.t distribution
remains constant while in the later stages the fraction of
ﬁ-butanol produced drops, while the fraction of n-butane

produced rises by an equal and opposite amount, (see graph 4.10).

The above hypothesis is strengthened by four factors
(apart fro:;h the unvarying fraction of the tetrahydro derivatives

formed) for the furan hydrogenation.

 First n-butanqi reacts with hydrogen over Pt/pumice
at 48°C tb form n-butane as was shown by run C8El, graph 4.12,
(weight of catalyst = 0.333g, initial n-butanol and hydrogen |
pressures were 4.7 and 85.3 mm. Hg. respectively. )
Furthermore the ratio of the initial rates for this reaction to
that for a furan hydrogenation at the same temperature is
approximately 1: 15 (compare gfaph 4.12 of thé rate of formation
. of n-'but'a‘ne during run C8El with graph 4.2, showing the rate of
reaction of furan at three different temperatures; - the time scales

on both graphs are corrected for the weight of catalyst‘used).

Second, also from run C8El, it was found that the.
rate of poisoning of the n-butanol/hydrogen reaction is
insignificant compared with that for a furan hydrogenation at the
same temperature (compare graphs 4.12 and 4.2). Provided the
two reactions occur at different sites, an assumption implicit in
the hypothesis, the hypothesis is proved. The evidence for this
a_-ssumptioxi is only‘indirec‘t‘ and is given in fhe followin'g two

paragraphs.
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Third, the reduction in the 'percent of gas phase-
n-butanol produced, accompanied by &an increase in the percent
n-butane formed is not linked to the ratios of the partial
pressures of n-butanol and furan, which would be the case if
the n-butanol were competing with furan for the catalyst's
surface. - Evidence for this is found by companng any fast
furan hydrogenatlon where little poisoning occurs w1th a 51mxlar
reaction where the rate of p01sonmg of the catalyst is high.

For examﬁle, reaction C7Bl using lg of catalyst at 50°C
proceeded to 60% reaction without any detectable drop in the
percentage of n-butanol produced. In contrast reaction C8Dl
‘which used 1/3 of the weight of cata‘,‘lyst and: was run at 95.5°C,
hence was subject to strong poisoning of the furan hydrogenation,
only proceeded to 22% before the fraction of n-butanol produced

started to drop.

)

Fourth, further evidence that n-butanol is not
competing with furan for the catalyst is obtained from run
Cl10Cl1 carried out at 47.5°C. For this run the reaction mixture
consmted of furan 15. 9%, n-propanol 13.8% and hydrogen 70.2%.
It was found that the furan/hydrogen reaction was not 1mpeded by
the presence of n-propanol, -the alcohol should have an effect
on the reaction not dissimilar to n-butanol. A rough indication .
of the validity of this statement is obtained by comparing the
initial rates of reaction of run Cl0Cl with that for a furan |
hydrogenation reaction at the same temperature, e.g. Cl0Bl,
.usirxg 0.546g and 0.526g of catalyst respectively. The irlitial
rate of run ClO0Cl was actually 1.2 times greater than that for
run Cl0Bl. A more complex treatmen’t of the reaction kinetics,
descrlbed in chapter 5, shows that the rate of poisoning of the
catalyst C10C was egual to the expected value for this temperature

within the range of experimental error (table 5.26 ).
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_GRAPH 4,13

THE INITIAL DISTRIBUTIONS OF THE DETECTABLE PRODUCTS FOR FURAN
HYDROGEWATIONS OVER 5%/ Pt/PUMICE CATALYSTS AS A FUNCTION

OF REACTION TEMPERATURE
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The temperature dependence of the initial product
distributions for the hydrogenation of the furans is charactel;ised
by the incréasing percentage of alcohols and decreasiné percentage
of alkane formed as the reaction temperature is raised.

Graph 4,13, compiled from ‘tables 4,6 and 4.7 shows furan;s

initial product distribution as a function of temperature.

4,.5.4 Conclusions

The Pt/pumice catalysts are particularly suitable
for kinetic analysis since they are free from complications
arising from strong adsorption of reactants and products and
they give product distributions which are stable for most of a
reaction. Furthermore, at SOQC the ratios of C - O bond
' hydrogenolysis products to the 'hydrogenation only' product are
3:1 and 2.5:1 for the furan and sylvan hydrogenations
respectively, hence the'catalysté are particularly suita:ble for

the study of C - O bond hydrogenolysis in furans.

The autopoisoning of the catalysts .becomes
increasingly severe for both furaﬁ and sylvan as the temperatﬁre
is increased (Graph 4.2). The poisoning is not caused by fhe
products of the reé.ction (r\ins C10Al, C8Gl and Cl0Cl showed
that alkanes, tetrahydrofb.ran and alcohols respectively do not
. ;:xffect either the initial rates or the rates of poisoning of the
furan/hydrogen reaction). In the following chapter it is shown
that these three hydrogenations follow the same kinetics as ’
ordinary furan reactions at this -temperature and hence follow.

the same kinetics with respect to poisoning.

' The poisdning which occursl is selective, affecting

' mainly-the catalyst sites at which the furans are hydrogenated.
As' has been shown the n-butanol hydrogenation is not only
poisoned at a very much slowerA rate (graph 4.12) than the furan

hydfogenation but is also poisoned to a lesser degree when the



two compounds are reacting with hydrogen simultaneously (hence
the distortion of product distributions from furan/hydrogen
reactions in the later stages of a reaction). Similarly when
a series of consecutive reactions, CI0Al to Cl0A5, were |
carried out where furan and n-hexene were hydrogenated

. simultaneously the n-hexene reaction did not appear to be
severely poisoned even when the initial rate of the furan
hydrogenation had been reduced by two orders of magnitude
from CIl0Al to Cl0A5. However it should be pointed out .tha.t'
since the hexene/hydrogen reaction was very fast.it was not
possible to obtain more than quantitative data (a1l the hexene. .

reactions reached completion within one minute).

The reactions Cl0Ll and C10L2 where furan and benzene
were hydrogenated si'multaneously showed that the surface |
coveragé of ‘active catalyst by furan is high sin_c‘e no benzene
(except 0.2% at the start of the. reaction) was hydrogenated
until practiéally all the furan had reacted, whereupon convex;sion
of benzene. to cyclohexa.he proceeded. This is particularly
intereéting since the gas phase hydrogenation of benzene is
zero order with respect to benzene at low ‘femperature.s
(ref. 69 (SOOC) and 70 (17°C)), such an order is suggestive
of a high surface coverage, hence if furan adsorbs more

strongly than benzene it must be strongly adsorbed.

The low reactivity of the Pt/pumice catalysts as
compared with their silica supported counterparts cannot b,e-
attributed to differences in surface area per gram of support '
alone. As was mentioned in section 2. 3,2 the silica's surface
area is approximately 500 to 600 m? g-'1 as compared with
551- 10 m? g'l for the pumice, howevér, the ratio of the initial
rates of reaction (per g of catalyst) of furan-hydrogen reactions
carried out at the same temperature ovér 5% Pt/SiO2 ﬁo that

for 5% Pt/pumice is greater than 75.



95

This discrepancy in the'activities/m.2 of the two
platinum catalysts is pr.obably due, at least in part, to differences
in the dispersion of the metal on the two supports (for excellent
examples of the effect of supports on the catalytic properties and
dispersions of platinum on various supports see references 23,

74 and 75). Since thé product distributions obtained from

hydrogenating furan over Pt/SiO, and Pt/pumice are similar,

2
if one allows for adsorption effects, it is more probable that

the differences in the specific activities of the two catalysts stem
from different degrees of dispersion of the platinum, rather than

from differences in the electronic interaction between the platinum

- and its supports (c.f. ref. 71)..

The latter effect is more likely to have been the cause

of the anomalous product distribution observed over Pt/A1203.

4.6 - Hydrogenolysis, -

When a furan molecule undergoes hydrogenolysis the

fragments produced show that four types of cleavage reactions

can occur, fission of a single C-O. (n-butanol being produced),
fission of both C-O bonds (n-butane ‘beir_ig formed), fission of
both C-O bonds and a C-C bond (forming n-propane), and severe

cracking of the furan ring with the formation of methane.

As expected from the reports of furan hydrogenations

. in the literature (see Chapter 1), platinum catalysts were most

éffective for n-butanol production, this being the major product
of é.'furan hydrogenation over Pt/pumice at temperatures as low
as 22°C~(when it comprised 60% of the products). In order to
illustrate the relative effectivexie_sé_ of nickel and platinum as
catalirsts ‘fo‘r this reaction compare the i)robability that a furan

molecule undergoing hydrogenation at 95°C will form n-butanol

over Pt/pumice (0.73) with that for a similar ‘reaction over
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Ni/SiOz', approximatelyi 0.05. The probabilities were obtained
from the product distributions. after one hour's reaction for runs
' C8D1 and C4Al respectively. " The amount of this type of
hydrogenolysis was found to increase with temperature, in the
temperature ranges' investigéted for both platinum and nickel
catalysts, -hence the activation’ energy for the hydrogenolysis

of a single furanic C-O bond is probably greater than for the

_hydrogenation of the furan ring.

The next most prevalent form of ring cleavage over the
platinum catalysts is the fission of both C-O furanic bonds.
Unlike the cleavage of a single C-O bond this form of multiple
fission shéws an inverse dependence on temperature, (graph 4.13).
While the reasoﬁ for this dependence is not known, it was" shown'
in section 4.5.3 that some of the butane formed during the
hydrogeﬁation of furan was produced by the hydrogernatio.n of the
-product n-butanol, hence the increased yield of the alkane at

low temperatures may be due to a decrease in the equilibrium

constant for the process (n—buta.nol)ads.v_. (n‘-butanol)g. .
This hypothesis is made the more probable by butanol's low
‘vapour pressure at low temperatures (5 mm. Hg at ZOOC).
Furthermore between 22 and _42°C the ‘mole % of n-butanol
prodﬁced remained almost constant whilhe the mole % of n-butane

formed at _ZZOC was 1.3 times that at 42°C, ‘see Gx:aph 4.13).

Sinée hydrogenations of furan over Ni/SiO2 were
carried out at higher temperatures than those over supported
‘platinum it is difficult to make a meaningful comparison of the
two metals' catalytic abilities, suffice it to say that at 180°C
alinost no butane (1. 5%) was formed, some 2.5% being formed
at 95°C (7.5% being formed over Pt/pumice at this temperature).
The ratio of butane to butanol is five times greater for the
" nickel catalyst at 95°C, which suggests that the alcb‘hol’is

desorbed less readily from the nickel than platinum or that: the



adsorbed alcohol is hydrogenated more readily over nic;kel.

It is interesting to compare this difference in the catalytic
properties of the two metals for furan-hydrogen and diethyl
ether-hydrogen reactions. It was found that dnly over platinum
(ref. 41) was ethanol formed, nickel (ref. 42) inducing a more

complete fragmentation of the ether molecule.

The ease with which nickel fragments the furan ring
is demonstrated by examination of the product distribution for

a furan hydrogenation at 180°C over Ni./SiO2 (Graph 4. 3) which

shows that at 50% reaction the main product is n-propane (45%)

while 12% ‘methane is produced. n-Propane formation was also -
observed over the platinum catalysts, even at temperatures as
" low as 22°C (0.7%), the mole percent formed increasing with
the reaction température, 4.9% beiﬁg formed at 95°C. |

No methane was detected ovefr_ platinum catalysts.

On hydro'genating sylvan the number of products is
increased due to the sylvan molecule being unsymmetrical.

The main types of hydrogenolysis products observed were

n-pentanol (from the cleavage of the 1,2 C-0O bond), pentan-Z-oné

and pentan-2-ol (from the cleavage of the 1,5 C-O bond),
'n-pentane (from the cleavage of both C-O bonds), butan-2-one
and butan-2-ol (from the cleavage of the 1,5 C-O and .4,5 C-C
bonds) and finally methane from the severe cracking of the

furan nucleus.

As was expected from previous work on the .
~ hydrogenation of sylvan (e.g. refs. 18 and 29 ) clleavage of the
1,5 bond occurs much more lreadily than ‘1,2 bond fission.

Over Ni/SiO2
25 times more readily than the other C-O bond (table 4.1),

at 180°C the 1,5 bond was cleaved approximately

while over Pt/pumice this ratio was approximately 10 : 1 between

22°C and 60°C (table 4.8). In this temperature range over
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platinum and over nickel between 170°C and 230°C (Graph 4.5),
the major products of the hydrogenation of sylvan are the result

of the cleavage of a single C-O bond. -

However, although this constraint is operatiw}e for the
sylvan-hydrogen reaction, if was found that sylvan reacts more
© quickly ’.chan' furan at 180°C over I'\Ii/‘SiO2 (Graph 4. 6). of
greater significance are the relative rates'}of reaction of the
two furans over Pt/pumice between 22°C and 60o since under
these conditions the proportions of single C-O bond hydrogenolysis
which occur exceeds 50% for both the furans and are similar in-
magnitude (tables 4.6 and 4.8). From the results of the
application of simulation co@puter programs to single furan .and'
sylvan hydrogenations, Chaﬁter 5, and to simultaneous reactions
of the two furans with hydrogen, ‘Chapter 6, it is clear that .
although the sylvan hydrogenation reaction has the larger
activation energy,  at approximately 50°C the rate. cbnst'ants for
the .two reactions are the same. Hence at this temperature the
rate of cleavage .of sylvan's 1,5 bond is twice that for a furan

C "O bondo

As was pointed out in section 4.2 this effect cannot.be
caused solely by the shieldi'ng effect of the methyl group. A

possible mechanism is given in the final chapter.

The temperéture dependence of single C-O bond
hydrogenolysis over supported nickel is complex (illustrated by
. graph 4.5), pentan-2-one being almost the only product,
showing a well défiﬁed maximum at ZOPOC. It is thought that
this is caused by multiple fission reactions, involving a C-C
bond, hairing a higher aétivation energy than single C-O bond

hydr-ogeno.lysis.
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In passing it is interésting to note that although the
fraction of tetrahydrosylvan in the products drops-from
approximately 0.9 to 0.1 between 140°C and ZOOOC, it remains
fairly constant from 200°C to 245°C (Wilson,’ ref., 18, actually
observed an increase in the peréentage of tetrahydrosylvan
produced in the latter temperature range over nickel). This -
anomalous effect is probably caused by the isomerisation
reaction (pentan-2-one)==(tetrahydrosylvan) occurring.
(tetrahyairosylvan isomerises over nickel at 250°C slowly to

form pentan-2-one in a small yield, ref. 18).

In a similar manner to furan it was found that the

© product from the hydrogenolysis of both sylvan's C-O bond's
increased with decreasing temperature, .probably for the same
reasons (the main alcohols formed over Pt/pumice, n-pentanol
and pentan-2-ol, having even lower vapour pressures than

n-butanol, 2.5 and 4.2 mm. Hg respectively at ZOOC).

Over Pt/pumice, between ZZOC and 60°C, syivan
showed .Alittle'tendency to undergo the types of conjugative
hydrogenolysis involving a- C-C bond listed above, 1,5 C-O +
4,5 C-C bond cleavage products amounting to less than 0. 6%.
Similarly, the product formed by cleavage of both C-O bonds
+ the 4,5 C-C bond, which was produced during furan's
: hydrogenation to the extent of approximately 1.5% at SOOC,
comprised only 0.1% of the reaction products for a sylvan
hydrogenation ‘at the same temperature. No methane was

detected over this catalyst.

'i‘he salient features of furan and sylvan hydrogenolyses

over Pt/pumice below IOQOC may be summarised as follows:-

A When hydrogenolysis of the furan nucleus does |
take place, cleavage occurs almost exclusively

at the C-0O bonds.’
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B The major products of the hydrogenations of
both furans result from cleavage of only one- -

of the C-O bonds.

C For sylvan the C-O bond furthest from the

methyl group is preferentially cleaved.

D C-C bond hydrogenolysis, which occurs only to
a limited extent, takes plaée éoleiy at C-C Bonds
adjacent to the C-O bonds. Furthermore C-C
bond fission is always accompanied by C-O bond

cleavage,

E For sylvan a further limitation to 'D' applies - -

only the 4,5 C-C bond is cleaved.

F The degree of hydrogenolysis increases with

temperature for both compounds.

Over Ni/SiOZ, since the hydro'genolysis reactions are
strongly temperature dependent, the above. generalisations do
not hold for the whole of the temperature range investiga-te'd
(IOOOC to 2450C). However, for sylvan the above six points
are ap'plicabley between 170°C and 230°C (above 230°C
conjugative hydrogenolysis accounts for the major products

while below 170°¢C hydrogenation of the furan nucleus is the

dominant reaction).

A cursory examination of the furan hydrogenation over
supported nickel showed that at 180°C the bulk of the products
are the result of conjugative hydrogenolysis, while at 100°C

hydrogenation occurs almost exclusively.

Finally, there is evidence to show that C-C bond
fission occurs to a greater extent over Ni/SiO2 than over

- Pt/pumice.
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CHAPTER 5

Kinetics of the hydrogenation of single furans

‘over 5% Pt/pumice catalysts,

The kinetics of the furan and sylvan hydrogenations

are represented by a model of the form

[$)] .
o

dP/dt = — Kf(P). gt) ,.
where f(P) is a function of the reactant pressure P, g(t) is

a function of time only and K is the rate constant.

The method by which f(P) and g(t) are found is
as follows: ) )

A Evidence that the rate equation can be represented

as in 5.1 (section 51)

Determination of the function g(t) (section 5.2).

o3

C Determination of the function £(P) (section 5. 3).

g

Having found the 4genera1 form of g(t) and {(P) other
experimental data from furan hydrogenations is processed to

give a more accurate picture of g(t). (sections 5.4 and 5. 5)

" Of all the catalysts tried only the Pt/pumice was readily
amenable to analysis by the abové scheme since not only was
adsorption of reactants and proAducts slight but also the product
‘distributions for hydrogenations over this catalyst were only

slightly time depende.nt.

Throughout the bulk of this chapter furan/hydrogen reactions
only will be considered since these héve been dealt with in much
.. greater detail than their sylvan counterparts. The sylvan reactions
will be discussed at the end of ;che chapter where strong evidence is
presented to show that their rate equation can be represented by a

" form almost identical to that for furan.



The General Form of the rate equation for furan

hydrogenations.
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From earlier runs furan hydrogenations were shown to be

self poisoning over all the catalysts tried, the poisoning increasing

in severity as the reaction temperature is increased (see Graph 4.2

which shows the extent of reaction as a function of time for three

furan reactions, over 5% Pt/pumice, at different terhperatures).

Furthermore the resulfs from numerous reactions show that the

ionger a catalyst has been exposed to a reaction mixture the more-

extreme is the poisoning (see Graphs 4.1 and 4. 2) whereas short

‘consecutive runs over the same catalyst sample at low temperatures

reacted at approximately the same rate.

An example of such a

series of reactions is CS8A, the initial rate data (from manemetric

_readings of the reaction vessel pressure) for which is presented in

table 5.

1.

Table 5.1 Initial rates of the change in the reaction vessel pressure

found manometrically for the series of consecutive

reactions CS8A. Reaction temperature = 25. 3°C,

weight of 5% Pt/pumice catalyst = 0. 776g

Initial rate Initial furan Initial hydrogen duration of
Run . - . .
(mm. Hg min)| pressure(mm. Hg)|pressure(mm. Hg)|reaction(min)

CS8Al 0.75 19.9 121. 2 10
CS8A2 0.62 19.0 117. 4 20
CS8A3 ~0.68 18.0 113.6 10
CS8A4 1 0.60 18.8 117. 2 21
CS8A5 0.57 17. 8 112. 9 53

Evidence that the products of the'reaction do not poiéon the

hydrogenation of furan comes from two cources. First,

direct

evidence was found by carrying out furan hydrbgenations with a

compound added to the reaction mixture.

It was shown that n-propanol

(run C10Cl), n-hexane (run ClOAl); benzene (runs CIOLl and C10L2)

and tetrahydrofuran (run C8Gl) affect neither the rate constant nor




the rate of poisoning of the furén- hydrogen reaction. Quantitative
data is given at the end of this chapter in tables 5.26 and 5.27.
Second, comparison of a fast furan hydrogenation with a relatively
slow one carried out at the same temperature’shows poisoning to
be independent of the concentration of the products, rather being
a' function of the reaction time. For example compare reaction
CS8B1 with C10Bl1, both carried out at 46°C and both ha;ving
similar initial furan and hydrogen pressures, 12 and 52 rm. H'g
respectively, but using 0.988 and 0.526g of 5% Pt/pumice catalyst
respectively. .Graph 5.1 shows the percentA conversion ofl furan

. .as a function of time for both reactions. As the g‘raph shows
CS8B1 reached 60% reaction within an hour without showing signs
of strong poisonin'g, however, run Cl0Bl had not reached 40% |
reaction in five hours, by which time the reaction was showing
signs of strong poisoning. Clearly the time which the reaction
mixture is in contact with the catalyst is of greater. importance
than the pressure of the products since their partial pressﬁre::
was greater for run CS8BI1 after an hour than for ClOBl after

5 hours yet the poisoning was much more severe for C10Bl1 at

this time.

Furthermore the furan and hydrogen partial pressures
themseives do not appear to affect the rate of poisoning as is-
. illustrated qualitatively by comparing the rates of percent -
reaction of furan for runs carried out at the same temperature
over approximately the same weight of cat‘alys;t but with
different initial furan and hydrogen pressures. For example
see graph 5.1 of the rates of reaction as a function of time for
runs CS8Bl (reaction conditions given above) and run C7Bl also
carried out at 460C over 1.02 g of catalyst whose initial furan
and hydrogen partial pressures were 24.5 and 106. 4 mm. Hg
resrpectively. Both hydrogenations react at approximately the

same speed. (see Appendix 11).
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However exposure of a platinum catalyst to either furan’
alone (run C6L1, 12.2 mm.Hg ) or n-propanel alone (run C6Il,
4.1 mm.Hg ) leads to almost complete poisoning, hence the
procedure adopted to protect catalysts between runs in the
consecutive reactions (CS and CR series) as is outlmed in

Chapter 3.

S'ince the above evidence shows tha.t‘ poisoning is neither
a function of the partial p.ressure of the products or of the
reactants one is forced to conclude it is a function of time.
Apparently.the proportion of active catalyst surface is being
reduced during a hydrogenation; e.g., b').r the formation of
strongly adsorbed species or polymeri’sationA of the furan
(ref. 76, ), and that this process could be represented by some
fu'ﬁction of time. Since the rate of reaction is proportional to
the amou‘nt.of‘ free surfece available the rate equation for a

furan hydrogenatiorx may be represented as

dP_ . K_. g(t) {(P_P )
F = — F &) (P g 5.2
dt ' ' o
where PF and PH are the furan and hydrogen partial pressures
respectively, KF is the rate constant, g(t) is the fraction of

the free surface (being a function of time only) and f(PF PH .)

is a function of the part1a1 pressures of the gas phase
components present during a reaction. In other words

(P, Py

would follow if no poisoning occurred.

The evidence presented above suggests that £(P PH. . )
in eguation 5.2 'rna.y.be simplified to f(PF, PH) since the
products do not.appea_r to affect the rate of reaction, hence

5.2 becomes :

(8]
w

- ap . .
e KF g(t). f(PF,PH)

- dt

.) describes the kinetics which the furan hydrogenation
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But it is shown in Appendix 8 that the hydrogen pressure
may be expressed in terms of the furan pAres'sure if the initial
furan and hyd‘rogen pressures and the product distributions are
known. Hence the function f(PF: PH) will bg rewritten as

f(PF) for simplicity, equation 5.3 becoming

v
N

aP 'KF. g(t). f('PF)

————— =

dt

In order to proceed further equation 5.4 must be
examined more carefully. ‘As yet no mention has been made of
possible changes in KF during a reaction. Because poisoning is
occurring it is not unlikely that KF will drop with increasing
reaction time since it is probable that the most active catalytic
sites will be'poisoned first. In order to remove this |
complication it is worth noting that if KF‘ does change during
the reaction then it will be a function of the extent of poisoning
which has occurred, therefore g(t) is redefined as the product
Aof the fraction of the active catalyst's surface remaining
unpoisoned at time t and the ratio of the rate constant at time t
to the rate constant at time t = zero, this new function will be

referred to as the poisoning function. By this means equatidn

5.4 contains only two' variable functions.

It is also possible that f(PF) might change during the
course of a reaction however for simplicity it is assumed, for

the time being, that f(PF) remains unchanged'during a reaction.

By making use of .consecutive reactions over the same
catalyst sample it is possible to isolate g(t) and examine it
without requiring any' knowledge of thelpre'ssure function as -_is
described in section 5. 2. Experiment.s that would isolate
f(PF) without any knowledge of the time dependent functioﬁ in

equation 5.4 suffer.:from the drawback that comparisons would

have to be made of the kinetics of furan's hydrogenation over
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different catalyst samples which would be inherently more préne
to error than a series of experiments over the same catalyst
sample (due to uncertainty over the reproducibility of catalyst
samples). Furthermore while it is possible to put forward
reasonable hypotheses for f(PF) one has no knowledge of the

form g(t) will take.

5.2 The determination of the poisoning function g(t)

As mentioned previously in section 5.1 it is assumed that
the catalyst surface is being poisoned by a time dependent
process and that g(t) is the fraction of its original activity.
Hence a function chosen for g(t) should decrease with increasing
time (since poisoning becomes inc;reasingly severe with incréasing

time) and should ideally be subject to the constraint

Lim. g(t) = 1-

t — 0 ' ( .&
since at the start of the reaction none of the surface is
poisoned. A further, 'more tentative, constraint might be

" ‘applied :- ‘
Lim. g(t) = 0
5.6

t —> co : , 2.2
since after long reaction times (in -excess of 20 hrs.) furan
hydrogenation becomes very slow for reaction temperatures
in excess of SOOC, hdwevér, complete poisoning was never

observed.

A final arbitrary constraint was applied in order to
facilitate the elucidation of g(t), namely, only one disposable
- constant was used in each function tried for g(t) for an

isothermal reaction.

On examining eguation 5.4 two methods for isolating

g(t) from.f(PF) become apparent :-

A Elimination of f(PF) from equation 5.4

B Elimination of f(PF) from the integrated-form of 5. 4.
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Method A suggests an initial rate approach while B
indicates the use of a fractional life time method: Although
the latter leads to more complex calculations it is preferable -
in view of the higher accuracy that can be achieved; the
initial 1;ate method has therefore been used mainly as a quick
approximate test. (Both methods are discussed in detail in

the remaining subsections of Section 5.2).

The general procedure adopted to find g(t) can be

conveniently summarised in block diagram form :-

TEST A MODEL FOR g(t) BY THE INITIAL RATE AND
FRACTIONAL LIFE TIME METHODS APPLIED TO DATA
FROM CONSECUTIVE RUN EXPERIMENTS

a4 A

IS g(t) SATISFACTORY ? | NO [EXAMINE THE RESULTS
- : - *| OBTAINED USING THIS
MODEL FOR g(t) AND
FROM THE NATURE OF
THE ERRORS IN IT
 |SUGGEST AN IMPROVED
FORM FOR g(t)

YES

Y
OUTPUT BEST g(t)

The above block diagram emphasises the empirical
nature of g(t). Such a scheme can of course only work
satisfactorily if a method can be found for eliminating f(P),
in other words if g(t) can be found regardless of the nature
of f(P). Methods which meet this requirement are discussed’

in the follbwing sections.

Y

5.2.1. The Initial rate method for determining g(t)

for furan hydrogenations.

Let RA and RB be the initial rates of the consecutive
feactions A and B, carried out at the same temperature (over
the same catalyst sample). Then, using equation 5.2 or 5.3

these rates are given by :-

\



o}

o
= = - t ’ . v
R, dPF/dt KFg( A) £ (AP AP H) 5.7
and R_ = dP_/dt = — K_g(ti) f( P°_, .P° ) 5.8
B F : F°'B B F A H —_—
o o O o . . .
where AP B AP B BP F and AP o are the 1n1t?a‘1 furan

and hydrogen pfessures for runs A and ‘B respectively while
tA and tB are the times of the start of reactions A and B
respectively measured from the time a reaction mixture was

first exposed to the catalyst sample.

Then dividing 5.7 by 5.8 gives

o o o o .
RA/RB—g(tA)f(AP F'AP H) /(g(tB)f(BP F AP )) 5.9
Clearly the pressure dependent terms cancel out if the
same initial partial pressures of the reactants are used for
both reactions, equation 5.9 then reducing to
= gt 5.
R, /Ry = gl A-,) / g(_tB) . 5.10

Hence, using equation 5.10, g(t) may be examined in
isolation from f(PF, PH). For such a method to operate
successfully the reactions A and B must be carried out at the

same temperature over the same catalyst sample and care must

be taken not to poison the catalyst between the consecutive reactions.

See chapter 2 section 2.5.3 for the experimental techniques used
for these experiments. Indirect evidence that the catalyst's
surface properties are not altered in between the consecutive
runs comes from the product distributions which remain
constant within i- 2. 0% befween any twolconsecutive reaction.s,
this divergence being_énly slightly greater than the observed

+ . . . .
- 1.5% variance for readings for a single reaction.

Since it is more convenient to express the initial rates in
terms of mole % furan reacted/min. rather than the partial

pressure of furan reacted/min., as in equations 5.7 and 5.8 ,
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proof that the ratios in equation 5.10 are unaltered by this change

of units is given as follows :-

Let QA be the rate of reaction A in mole % furan

reacted/min.,
or .
a, - i(emole % furan reacted) = 9PF- d(mole % furan reacted) 5. 11
- - dt dt - 4P '
F
but since, )
Mole % furan reacted = (1 - Po ). 100, 5.12
) ] o
AP F

equation. 5.11 may be rewritten as:

i

Q= — dPp d(100P /APF) = — dPp. 100 = — R,.100. 5.13
_ —
dt . o
dPp dt Pl APr

o . s ' o . .
(QA is the initial rate for reaction A in mole percent/min)

A similar relationship is obtained.for run B

o . '
= — R_. 100,
QB RB 10 | 5.14
PO |
B F
QIO3 being the initial rate for run B in terms of mole percent

furan reacted/min. Hence dividing equation 5.13 by 5. 14 gives

o o _ o) o '
Qu / Qg = (_RA / RB)' (_BP-F./APF-) o 2-15

but since the initial pressures are equal (as above) 5.10 becomes

o o _ . _ ‘ ‘. -~
QL / 9p RA/RB—g(-tA)/g(_tB) A 5.16

Hence all initial rates used in the remainder of this chapter
will have the units mole % furan reacted/min. and will be given

the symbbl R.



5.2.2 The fractional life time method for determiniﬁg g(t) for:

furan hydrogenations.

i

Integration of equation 5. 4 gives

o
(1- 2Z) P.FA t

o
PF

Where Z is the fraction of furan reacted at time tj and

t. is the time at which the reaction mixture is admitted to the
i . .

reaction vessel, both times being measured from the time when

the catalyst sample was first exposed to a reaction mixture.

i

Similarly for a second reaction carried out consecutively

over the same catalyst sample at the same temperature, starting

% .
at time ti

O . : T,
1-2)P. ".t?
f dPp o _ KF/ | g(t).dt , 5.18
o (P ‘
PO (P t,

% - ' th
where ‘cj is the time at which a Z of the furan has reacted.

Clearly the left hand sides of equations 5.17 and 5.18 will
be equal if, firstly, both tj values are measured at the same - |
fraction of furan reacted. Secondly, the initial pressures of the
reactants are the same for both reactions. Thirdly, the product
distribution's remain fairly constant frorp run to run, and,
fourthly, the catalyst's properties are not altered between
reactions. All these conditions are met by the consecutive run
experimehts used,'in the initial rate method for determining g(t);
secti‘on 5.2.1. (It is necessary that the product distributiops do
not change greatly from run to run since were they to, the hydrogen

t
pressures at Z h reaction of furan would differ, hence so would the

\

. dP_. : '
£ = - K4 g(t).dt , 5.17
| §(P | ~
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integrals of the pressure function in equations 5.17 and 5. 18).

Therefore, assuming the four above conditions have been met,

combination of 5. 17 and 5.18 gives

t, t.
J J

/g(t).dt = /g(t).dt ' 5.19

%
t. t.
1 1

Hence, as with the initial rate technique, a means of

isolating the poisoning function g(t) has been found.

In practice more than two consecutive runs were carried
out over ‘the same catalyst sample thus improving the resolution
of g(t) (see Graph 5.2 of the four consecutive hydrogenations of

furan at 23°C, CS8EL to 4 (over 5% Pt/pumice) ). .

5.2.3 Models for g(t) tried.

The functions for g(t) that were tried, were -

K'/t S

(1 — K'tZ) (c.f. Ref. 77 ) o
K'/tz oI

1 — exp ( — K'/t) : v
exp ( — K't) L v

exp ( — K‘té—) o Vi

Where K' is a constant which will be referred to as

the poisoning constant. Of these models VI is most satisfactofy.

On inserting t.he above functions into equations 5.10 and
g;_lﬁ_ it becomes apparent that they may be grouped into two |
distinct sets, class A and class B respectively. For class A
models K' disappeéi's on substitution into the two equations
while this is not the case for the class B models. Hence the
a.pplicatidn and the interpretation of the results from the initial

rate and fractional order techniques differ for the two sets.
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Class A comprises models I and III while class B models are’

I, IV, V and VI.

For example, on substituting model III into equation

5.19 and integrating :-

% b
ZK'#t. -—:".ZK'%/t .
1 i . ’ J

or, dividing through by 2K',
’th* th* | | th Qj ¢ | 5. 21
i - j k j ‘

However on substitution of model V (class B) into

ZK'Q/t, - ZK'Q/t. . 5.20
1 : J

equatipn 5.19, integrating and simplifying, the following
expression is obtained.
exp( — K t;; ) — exp( —K' t;) = exp( — K' ti) — exp(— K'tj) 5.22

i

In order to analyse 5.22 it is necessary to solve the
equality for K' and -examine the way in which‘ it varies from
run to run. If the correct form of g(t) has been chosen then
K' will remain constant for a series of consecutive reactions,
any déyiation from constancy is used fo postulate a new

function which will minimise the deviations.

In contrast 5.21 will provide a set of equalities from
a series of consecutive reactions only if Model III is correct.
If it is not, one will be presented with a series of inequalities

from which one deduces an improved form of g(t).

In the following three sections Models I and V will be
used to illustrate the different techniques used for class A

and B models respectively.

5.2.4 The Initial rate method applied to a class A model

for g(t)

To illustrate the analysis of a class A model for g(t)
model I will be processed using the data from the five

" consécutive reactions CS8HI to CS8H5 given in table 5.2.



Table 5.2 The initial rate data from experiment CS8H, for the

hydrogenation of furan at 22°C, over O.4121g. 5% Pt/

Eumice.
o o
Run J | t. min.] R. P mm.Hg| P_.mm.H R. /R.|R. _/R:
J PR . .J . <F o PR .g‘ .-. H ..... 7.% 1 - J J-l J
1 : 0 1.11 13.7 95.0 1.0 -

2 35 0. 645 13.3 91.3 1.72 1,72

3 91 {0.407 14. 0 '94.8 2.73 1.58

4 150 0.245] : 13.5 93.2 4,54 1.37
t. is the time at which run ; starts, measured from tl. Rj .is

the initial rate for the reaction of furan (for the jth run) in mole.

peréent of furan reacted/min. ‘and P; “and P;I are the initial

furan and hydrogen pressures respectively.

Substitution of g(t) = K'/t into equation 5.16.gives

Ry I Rg = tg/lty 5.23

Table 5.3 lists the calculated initial rate ratios, ﬁsing

equation 5.23, and their experimentally determined counterparts.

Table 5.3 Comparison of calculated (equation 5.23) and

experimentally determined initial rate ratios

for experiment CS8H. (g(t) = K'/t)

Run J Rj 1 /Rj calculated Rj 1 /Rj experimental

1 - | -
2 00 1. 72
3 2. 60 1. 58
4 1. 65 - Lnal
5 1. 66 1. 37

11D



The nomenclature used in table 5.3 is the same as for table 5. 2.

Comparison of the initial rate ratios in table 5.3 shows
that K'/t is not a satisfactory function for g(t). Furthermore
since all the calculated initial rate ratios are larger than their
corresponding experimentally determined countefparts a 1éss
steeply decreasing function is required. This is most easily
seen by selecting a value for K' such that K'/tj__1 equals the
actual value of g(t) at time tj-.l' Therefore, since the

ekperimentally determined value of g(tj 1) / g(tj) is always

smaller than its calculated counterpart, g(tj) is always too

small. Since tj is larger than t. by definition,K'/t decreases

j=1
too rapidly.

5.2.5 | The initial rate method applied to a class B model

for g(t) (model V).
Substituting model V, exp( — K't), into equation 5.10
gives . |

RA/R

i

B
Since K' is unknown equation. 5.24 is solved for K' by

taking logafithms of both sides :

KI

(tg - ty)

Since one can apply 5.25 to numerous pairs of runs-if a
whole series of consecutive reactions is being studied, for
example experiment CS8H, it is convenient to label K'. For

reactions i and j the following notation is used

VJ K' = 2.303 log (RJ. /'Ri) . - 2,26

i t., -t
J 1

Table 5.4 summarises two series of ‘?K' values
: i

for the consecutive run experiment CS8H calculated

using equation 5.26.

————

.—_exp(—K"(tB-tA)) L ' 5,24

2.303 log (RB / RA) 5 25
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Table 5.4 JK' values for model V for g(t) calculated by

equat1on 5 26 for the consecutive run furan

hydrogenation experiment CS8H (over Pt/Pumice).

: —
Run t.-t. (min. 1,K' t. -t min. J K!

Run | tot (min)| K feo g Gmin)) T
2 35 0.017. | . 35 0. 017

3 91 0.0094 56 0.0065

4 | 150 0.0082 59 ' 0.0045

5 250 0.0063 100 0.0036

;*.

Average value of the poisoning constant = 0.008 _ 0.009,
O = 0.540 ( Normalised ) .

where tJ and tJ , 2re the times at which the jth and (_j-l)th runs
start respectively and ‘] K' is described above.

Were exp ( — K't ) the correct model for g(t) then the
JK' values in table 5.4 should all be equal, within the limits of

exper1menta1 error. The f 100% divergence from the mean of

the K' 's shows that model V is unsatisfactory.

Interpretation of the divergences . of the ;K‘ values in
table 5.4 is most effectively achieved graphically. If one piots
time against exp { — %K't) one obtains a family of curves |
pass1ng through the origin, one for each value of jK' see
Graph 5.3. Since each curve is the ‘best fit to the actual
poisoning function for time 6, (zero secs.) and tj obtainable -
using g(t) = exp ( — %K't) one can conclude upon examining
these curves (see Graph 5.3) that the actual poisoning function
should decrease more rapidly than exp ( — K't) in the initial
stages of the reaction, the reverse being true for the later

stages.

This conclusion is also obtained by examination of the

j'iK" values. Since these show the best fit of adjacent data points
J

17
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GRAPH- 5.3

g.(t) = exp(-K"t)

Testing g(t) = exp (K't) by the initial rate method
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the gradients of the curves generated by exp ( —j-}K' )'s are a
closer approximation to the actual gradients of g(t)J than the

exp ( — ;K' t ) curves. Howevér, unlike the latter Acurves
there is no point known through which they will pass. See
Graph 5.3 for .a diagrammatic representatioﬁ of both families

of curves. The required shape of the improved form of g(t)

is illustrated diagrammatically in fig. 5.1, '

Fig. 5.1 Diagrammatic_representation of g(t)=exp(— K't) and

t (mins.)

5.2.6 The applicaﬁbn of the fractional life time method to

class B model V for g(t)

" As has been stated previously the fractional life
time method is more accurate than the initial rate technique,
however, the initial rate method is sufficiently accurate to
rule out models which are grossly inaccurate. Since both
models in Class A fall into this category the fractional life
time method will only be applied to a .classf B model (model V)
in this section, using the experimental data from the set of

consecutive furan hydrogenations CS8G presented in table 5.5.
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Table 5.5 Fractional life time data for the consecutive run
furan hydrogenations éxperiment, CS8G, using
0.4016 g. 5% Pt/pumice catalyst at 25°C
(fractional life of 0.20 was used).
. . ¢ .
RUN i j ti_ (min. ) J (min.) P; (mm. Hg) P:I(mm. Hg)
1 1 2 0. 25.6 12.9 72.2
2 3 4 32.2 74.6 12. 4 69.5
3 5 6 80.0 1 146.2 13.1 74.2
4 7 8 160.0 265.3 12. 6 71. 3
th

. . . . i+ :
ti is the time at which the ( 2 > ) run starts and

’cj is the time at which 20% of the furan has reacted in the
i - 1,th

( 2 ) = O secs.

run, the times measured from t1

The nomenclature used in table 5.5 will be used in

all the following sections dealing with fractional life time

techniques.

Rearranging equation 5.19 and defining the new

" function so obtained as Q(K) :

t, £
Q(K) = /J g(t). dt — /J g(t).dt = O 5.217

t. t
i i

For convenience in defining the pair of integrals in
5.27 equation 5.27 is re-expressed in terms of the two

following variables:

I (i4+1) =

; .
/' g(t).dt , ' 5.28
2 o . : ' '
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Hence equation 5."27‘ becomes

QK) =1 (i+1) — 1(ix1)=o0 5.30
= = T

Substituting the trial function g(t) = exp ( — K't)
intobequation 5.27, integrating and dividing throug}ioﬁt by
"K' gives

O = exp(—K't)— exp(—K'tj)—exp(—K'tj*) + exp(—K'ti*)=Q(K) 5, 31

)

As in equation 5.24, which was generated during
the initial rate calculations applied to model V, information '
about g(t) and suggestions as to the form an improved model
for g(t) will take is obtained by solving 5.31 for K' Since
Q(K) is a transcendental function it is necessary to use an
approximate method to find the non trivial - roots of Q(K).

The Newton-Raphson method for the successive appx‘oxinﬁation
to a root of a function was employed, taking the form, when

applied to 5.31 of :

Kol = % — QK' ) /3 (RK)) . " 5,32
: a-K;l

h

Where K' and K' ., are the nth and the (n + 1)t

1
approxifnations respectively to the value of K' which satisfies
equation 5. 31. A computer prograrri (Appendix 9) was

written to find the K 's for all the possible combinations of

iA's and i-*'s where i< i>':< using equation 5. 32. Use was made
of arithmetic statement functions for Q(K') and Q-'(K') so that
the same program could be used to test many different models

for g(t). The results from this program applied to the data



for experiment CS8G (see table 5.5) are given in table 5.6.

Table 5.6 Calculated K' values, from equation 5.32, for

g(t) = exp(— K't) using the data for experiment

122

K' from I(1)—I(2)=0.014 | K' from I(1) —I(3)=0. 011 | K'from I(1)—I(4)=0. 008
K' from I(2) —I(3)=0. 009| K¥from I(2)—1(4)=0.007
' K' from I(3)—1(4)=0. 005

The nomenclature used in this table is defined by equation 5.30

In passing if all the combinations>of the integrals were
used a 4 x 4 symmetric array would be obt_ained, the diégonal
elements of which would be zero. Hence all the possible non-
zero K' values are obtainable by examining only combinations of

i and i- in equation 5.30 where i < i.

Examination of the K' values in table 5.6 shows

exp(- K't)' to be unsatisfactory since there is a * 60% divergence

in the calculated K' values from their mean. To obtain
_informa.tion on an improved form of the poisoning function from
the nature of these divergences one must return to equation 5.30
which shows that each K' found was obtained by equating two
areas under a time against g(t) graph. Graphs 5.4 and 5.5
display the information from the first-row and the diagonal

elements in table 5.6 respectively.

The interpretation of Graphs 5.4 and 5.5 is similar to
that for the results from the initial rate technique, see graph
5.3 and section 5.2.5, the only difference‘being that in the
fractional life method areas are considered instead of gradients.
Hence graph 5.5 shows the closest fit to the areas under the
correct form éf g(t) since consecutive points are considered,
therefore from graph 5.5 it is clear that the type of function

required for g(t) must decrease rapidly near t = O and slowly
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A graph‘ical“}i_;’n’te'rpretation of the fractional life time
technique applied to the data in table 5.6 (expl-K't)=g(t)),
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thereafter, which is in agreement with the conclusions from

section 5.2.5, see Fig. 5.1

5.2.7. The initial rate and fractxonal life t1me methods

for g(t) = exp ( —K' "‘)

From the conclusions reached in sect1ons 5.2.5 and
5.2.6 the next model tried for g(t) was exp (— K' 2) -Since
this function was satisfactory it was adopted as the poisoning
function in all later calculations. The application of both
' techniques to experimental data will be summarised in the

]

following section. _ . ~

In order to apply the initial rate method for isolating
g(t), for the poisoning function exp ( - K! "‘) exp (— K't 2) is

substituted into 5.10 whence: ' ;

U § :
- — ' 2 _ 2 ’
RA/RB exp( K(_tB tA)) | 5.33

Solution of 5.33 for K' for runs i and J gives

_K=2.0log(R/R) ' ' " 5. 34

t2 -t
(J

i.‘
o

=

'the same nomenclature being used in 5.34 as in 5.26.
L : — . i
If exp(— K' t?) is satisfactory then all the ;K values found for

a series of consecutive runs will be identical.

The application of equation 5.34 to the experimental

results will be dealt with in the following section.

To apply the fractional life time method to g(t) =
1
exp ( — K' t?) this function is substituted into equation 5.27 and
. integrated |
| t, t
173 : 1 1L o/1
Q(K) O=2 exp(—=K't )<t +1 — 2exp(—K't?) [ t2+ 1 , 5.35
K K t, K! .
J J
where the nomenclature used is identical to that in 5.19.




In order to complete the integration of 5. 35 conveniently

a new function, Z(X,K) is defined:

) . 1 1
Z(X,K') = 2exp(—K' X?) <x2+3_>
Kl KI

Hence expanding 5.35 in terms of 5.36 :-

Q(K') = Z(ti,K') - Z(tJ,,K‘) - z(t;f K') + Z(t;_k, K')

(c.f. eguation 5. 31)

To solve the transcendental equation 5. 37 use is made

of the Newton-Raphson method for successive approximations to |

a root of an equation, hence K' is found, using the computer

program outlined in Appendix 9, by equation 5.32 where,

B(QK ) = B2t K)) = B2, K)) = (e, K +3(2(e, K1)

léao

5.38
JK! oK' ' JK! JK!

n : n n - .n

) th . .
(K'n being the n = approximation to K')
and where

. 1 L
dZ(X,K'n) = — 2exp(~— K'nX?‘) (X + X%+ 2 39

K K K K'?
n R

n n n

Hence to use equation 5.32, 5.39 is substituted into

.5. 38 for each of the four t values and 5.38 is in turn

substituted into 5. 32.

5.2.8. Application'to the data from the consecutive run

experiments of the initial rate and fractional life time

- 1
techniques for the isolation of g(t) where g(t)=exp(— K't?);

The data for the consecutive run experiments for furan
hydrogenations over 5% Pt/pumice catalysts is summarised in the

following four tables. -ti and tj are the times at which the

. . th .
reaction starts and when it reaches a Z reaction of the furan,

Z being the fractional life used for that series of consecutive runs.
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R. is the initial rate of reaction of the furan in mole percent/min.

L

and P;‘ and P;-I

respectively.

are the initial furan and hydrogen pressures

Table 5.7 Data from the consecutive run experiment CS8C.

Fractional life = 0.16. Reaction temperature = 45,1 oC,
Weight of catalyst = 0.3601lg
RUNL|i |j | t(min.) tj(min.) P;(mm. Hg) P;mm. Hg | Ry
1 1|2 0.0 13.9 11. 6 151. 6 3..84
2 3 |4 30.0 55.1 11. 4 148. 8 1.18
3 5 16 91.1 154.5 11,2 149.1 0. 38
4 7 |8 | 160.0 | 308.0 10.9 - 148.0 0.22
Table 5.8 Data from the consecutive run expefiment CS8E.
Fractional life used = 0.16, reaction temperature
© = 30.2 °C, Weight of catalyst = 0.321lg
RUN L| i j ti(min. ) tj(min. ) Pi(mm. Hg) P;Imm. Hg RL
1 1] 2 0.0 | 26.0 8.1 52.6  |0.79
2 34| 35.0 77. 6 50. 6 0.46
3 5(6| -95.0 164. 5 8.4 52.4 0.27
4 71 8 180.0 293.0 8.1 50. 3 0.147
Table 5.9 Data from the consecutive run experiment CS8G.
Fractional life used = 0.20, reaction temperature )
= 30.9 OC, Weight of catalyst = 0.4016 g
RUN L i ] ti‘(min. ) tj (min. ) P;(mm. Hg) PIO_I(mm; Hg RL
1 1) 2 0.0 25.6 12.9 72.2 1.2
2 31 4 32.2 74.6 ©12.4 69.5 0. 65
3 5/ 6| 80.0 | 146.2 13.1 74.2 0.40.
4 71 8 160.0 265.3 12. 6 71. 3 0.24
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Table 5.10 Date from the consecutive run experiment CS8H.

Fractional life used = 0.12. Reaction temperature

RUN L | i| j |t (min.) tj(min.) P;(mm. Hg) P;I(mm.Hg) R
1 1| 2| o.0 16.0 13.7 95.0 | 1.11
2 |3| 4| 35.0 61. 0 13.3 91.3 . |0.645
3 5] 6| 91.0 | 129.0 14. 0 94.8 | 0.407
4 |7 8|150.0 |202.0 13,4 91.7 | 0.336
5 9 |10| 250.0 [ 306.0 13. 5 93.2 0. 245

The results from the appl@cafion of the 'initiai rate rﬁethod
for isolating g(t) to the data given above is summarised in the
following four tables. The model used was g(t) = exp(— K' t%)

The i.K's calculated were found using equation 5.34. -

) i t t
Table 5.11 TK' 's found for the i h and j h runs of experiment
J

CS8C (see table 5.7) by the initial rate method.

1 . 1 1
j g g g
- ] j

2 0.22 - -
0.24 0.28 .
4 0.23 0.24 0.18

Average value for{tvhe poisoning constant = 0.23 i 0.06




ilO

i | .th .th
;K' 's found for the i and j runs of experiment

Average value for the poisoning constant = 0.12

Table 5.12
CS8E (see table 5.8) by the initial rate method.
) t 1
i j J
2 0.092 - -
3 0.11 0.14 -
4 0.11 0.13 0.12

To.03

Table 5.13 1K 's found for thei and jth runs of experiment
‘ J ; - -
CS8G (see table 5.9) by the initial rate method.
j le 'ZKr 3K'|
j i j
2 0.1 - -
0.13 0.15 -
4 0.12 0.14 0.13

+

Average value for the poisoning constant = 0.13 - 0.02

.t . .
and j  runs in experiment

Table 5.14 'K 's formed for the i
J .
CS8H (see table 5.10) by the initial rate method.
h 4l 1 1 4 1
j x 2k 3k 'K
j j j j
2 0.092 - - -
3 0.105 | 0.127 - -
4 0.098 | 0.096 | 0.071 -
5 | 0.096 | 0.100 0.084 | 0.094

Average value of the poisoning constant = 0.096 r 0.02
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Examination of tables 5.1l to 5.14 shows that exp(— K't?)

is a satisfactory model for g(t) since the errors in the poisoning
constants never exceed ! 30% for the temperatures at which the
above consecutive reactions were carried out. Little would be

gained by attempting to improve the model for g(t) further on the
strength of the initial rate data since there was an uncertainty of

approximately - 15% in determining the individual initial rates.

It is 1nterest1ng to contrast the percent dlvergences in
the poisoning constants obtained using g(t) = exp(— K't? 2) with those
for the next best poisoning function ob\tained, exp(— K't), (see
tables 5.14 and 5. 4 respectively for .the application of these two
models to experiment CS8H). The diverglences for the latter model

are five times greater than for exp(— K' £2).

3

.To examine model VI more closely the fractional life
time method for isolating g(t) is applied to the experimental data
" in tables 5.7 to 5.10. The values of the poisoning constants, which
were found using the cofnputer program outlined in Appendix'9 .
' .applied to the equations in section 5.2. 7, are listed in tables 5.'15
to 5.18, The nomenclature used in the following four tables is the»

same as is used in equation 5. 30."

Table 5.15 Poisoning constants for experiment CS8C (see table

5.7) found by the fractional life time technique.
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I(1)-1(2) gives K'=0.146 |I(1)-1(3) gives K'=0.177 |1(1)-I(4)gives K'=0. 187
’ I(2)-1(3)gives K'=0. 205 |I(2)-1(4)gives K'=0. 207
' I(3)-I(4)gives K'=0. 210

Average value of the poisoning constant = 0. 189 - 0.043
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"Table 5.16 Poisoning constants for experiment CS8E

(see table 5.8) found by the fractional

life time te chniqﬁe .

I(1)-(2)gives K'=0.123 | I(1)-I(3)gives K'=0.124 | I(1)-I(4)gives K'=0.123
1(2)-1(3)gives K'=0.125 | I(2)-1{4)gives K'=0.124
' 1(3)-1(4)gives K'=0.120

-Average value of the poisoning constant = 0.123 I 0.003

Table 5.17 Poisoning constants for experiment CS8G

(see table 5.9) found by the fractional.

life time technique.

1(1)-1(2)gives K'=0.130 | I(1)-1(3)gives K'=0.137 |I(1)-I(4)gives K'=0.135
' 1(2)-1(3)gives K'=0.138 | I(2)-I{4)gives K'=0.138
. 1(3)-1(4)gives K'=0.132

Average value of the poisoning constant = 0.135 ! 0.005

Table 5.18 Poisoning constants for experiment CSSH

(see table 5.10) found by the fractional

life time technique.’

1(1)-1(2):- K'=0.114 | I(1)-1(3):- K'=0.110 |I(1)-I(4):- K'=0.111 | I(1)-1(5):-K'=0.106
| 1(2)-1(3): - K'=0.106|1(2)-1(4):- K'=0.109| 1(2)-1(5):-K'=0.103
‘ 1(3)-1(4): - K'=0.114] I(3)-1(5):-K'=0.102
' 1(4)-1(5): -K'=0.09:

+
Average value of the poisoning constant = 0.107 - 0.014
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Tables 5.15 to 5‘. 18 show that the divergence in K' from its

average value for each set of consecutive runs to be less than 15%
with the exception of run CS8C where the divergence is approximately
20%, these figures are only slightly larger than the errors expected
due to experimental error. However, examination of the diagonal
elements in the above foﬁr tables do show a consistent trend (again
with the exception of CS8C, table 5.15) which suggests that an
improved function for g(t) coula be found. Using reasoning similar
| _to that in sections 5.2.5 and 5.2. 6 the results from both the initial’
rate and fractional life time methods for resolving K' suggest that |
exp(— K' t%) decreases too quickly at both high and very low values
of t. However, since the deviations are small little would be gainéd

by altering the function further. ;

¥
!

The constancy of the values for K' obtained for eaci'l run,
particularly using the fractional life technique, indicate that both
techniques are feasible for the study of poisoning. Furthermore
the values of the poisoning constanfs for a given consecutive run
experiment found by the two techniques agree within 12% except for
experiment CS8C where they differ by about. 17%, both values lying
within the individual percentage deviations for the respective ‘

experiments.

As expected from the results of preliminary hydrogenations
of furan the size of the poiéoning constant appears to increase with
"increasing temperature (the poisoning becomes more severe).'

This temperature dependence will be dealt with in greater detail

in section 5. 4.

1

It should be stressed that the expression g(t) = exp(—K't?)
is an empirical function and as such is only open to limited
interpretation. Moreover, as has been mentioned in section

‘5. 3.1, in finding g(t) it has been assumed that f(PF) remains

unchanged throughout the reaction. Hence strictly speaking g(t)

describes: thé decreasing activity of the catalyst and any change
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that might be occurring in f(P]'_:) with time. However, if one

assumes an unchanging f(P_) and K‘F it is interesting to note

)
F
that the form of g(t) chosen implies an inﬁomogeneous surface
since the probability of an adsorbed furan molecule poisoning an
active site decreases with increasing poisoning. - (In contrast
g(t) = exp(— K't) implies a homogeneous surface where the

probability of an adsorbed molecule poisoning an active site is

independent of time).

5.3 The determination of the pressure function, f(PF).

Having obtained an optimum expression fdr g(t) in
section 5.2 which represents the reduction in catalytic activity
~ of a Pt/pumice catalyst as a function of time it is no‘w possibléA
to studyithe underlying kinetics of the furan hydrogenation,
represented by the function f(PF), with the masking effect of

i

the poisoning removed. The rate equation used is

AP | " 1
— F F) exp( — K't?) = ' 5,40 -

Since the products of the r'éa,ction-do not appear to .
affect the kinetics (section 5.1) simple models which have only
furan and hydrogen pressures as variables were tried.
Furthermore it was assumed for simplicity, as in section 5.1,

that f(PF) did not alter during the reaction.

The pressure ‘fu'nctionvwas studied using three
techniques. First, ‘by use of computer programs which simulated
the reaction, see Appendix 10, the model for f(PF) which
fulfilled equation 5.40 being adopted. Second, by an initial rate
method applied to data from consecutivle hydrogenations over
the same catalyst sample and third by a fractional life time '

method also using data from consecutive reactions.
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5.3.1 Models for f(PF) experimented with.

Since it has been shown that the detectable products
of a furan hydrogenation do not affect the kinetics of the
reaction the models tried used only the furan and hydrogen
pressures as variables. The most successful model was of

the form

n m .
(p) = Py Pp | .

However a model based on a Langmuir-Hinshelwood.

. adsorption isotherm (ref. 79 ) was examined briefly. The

derivation of this model is as follows:-

The adsorption-dsorption isotherms for furan and

hydrogen are represented respectively by

K P (1— 6. — 6., _

1 F ¥ H) =K, % 5,42
and K, P, (- 6y — 6y) = K, Oy 5. 43
(where GF and 6 are the fractions of the catalyst's surface

covered by adsorbed furan and hydrogen respectlvely and Kl
KZ’ K3 and K4 are the rate constants for the adsorption and
desorption of furan and hydrogen respect1ve1y).

Solution of equations 5.42 and 5.43 for QF and OH

yields
O o : ,
F =K, ‘PF/(l + K, P+ Ky P.,) 5.44
d 0., = P B
an H KB PH/(l + KA - +KB PH) 5.45

(K and KB are K / K2 and K / K respectively, these ratios
being the equ1hbr1um constants for the adsorption of the two

gases).

But since the rate of reaction is proportional to
the fraction of the surface covered by each species .then the

following expression is obtained for f(P ) from equatlons 5 44 and 5.45.
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f(PF) = 6.6, = KA'KBPFPH /(1+ K, P+ K;P) 5.46

Rather than test the model for f(PF) outlined by
equation 5.46 it was decided to simplify the model further for
a preliminary -study. Since it has already be.en shown that furan
adsorbs strongly (séction 4.5.4) the equilibrium constant for

its adsorption must be large, hence a reasonable approximation

to 5.46 is
_ : 2 ' :
f(?F) = 6. 6 = ;{AgBPFPH/ (K, Pp + K Pp) 5,47

which becomes, on dividing the numerator and denominator
of the right hand side throughoqt‘by KA’
§P.) = KPP _/(P_ +K P_)
¥ B F H F C H - —

(where K = Kg /KA)

As is shown in the following section equation 5.48 was
not sufficiently satisfactory to merit an investigation of the

model outlined by equation 5.47. Both models for (P were

tested using a simulation program, the conclusion being that
not only does the optimum form of 5.41 fit the experimental
data more satisfactorily than of 5.48 but it also is more in

keeping with a system where furaﬁ is strongly adsorbed

relative to hydrogen.

5.3.2 The simulation technique for resolving f(PF)

The experiments designed to be used for finding
f(PF) by use of the rate simulation computer programs
outlined in Appendix 10 consisted of pairs of consecutive
reactions (e.g. experiments CRI0A and CR10B). The poisoning
constant K' was found first by applying the fractional life time

technique given in section 5.2.7, to both reactions, in this way

reducing the number of unknowns by one. The rate constant KFand the

134
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remaining unknowns in f(PF) were then found by applying the
simulation technique to the second of the consecutive runs,

using equation 5. 40.

_ Both simulation programs operate by solving the
differential equétion _'._"J_ﬂ)_ for the rate constant KF’ using a
trial model for f(PF), at each pair of data points, i.e:, when
a sample is taken. The solution for KF is achieved by

rearranging 5.40 and integrating :

L P '
. j F ‘
Kp = = / dPF / exp(-K' 2) dt.  5.49
iTF

. P
(where jPF and i. F are the furan pressures at -times ti], and

- 'ti respectively).

The denominator of the right hand side of

equation 5.49 is found using the closed form of the integral;

.1 L 1 1
2 < (t2 +1 ).exp (=K' t?) —(t2+1). exp (— K' t?-)> 5.50
K' bk R < . !
The numerator however is-integrated numerically,
hence increasing the flexibility of the programs. Clearly if

the correct model has been chosen the KF values -calculated
should be identical within experimental error since when g(t)
was redefined in section 5.1 as the product of the fraction of
active surface remaining unpoisoned at time t and the ratio of
the rate constart at time t to the initial valuel of KF’ any
changes which might occur during the reaction to KF- have been
allowed for (providing the form of f(PF)' is not time dependent).
In other words the KF in all the équations in_ fhis chapter is,

strictly speaking,f the initial value of the rate constant.
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The programs make allowances for reaction vessel
pressure drops caused by remowval of samples for analysis and
changes in the product distributions. The experirhental data
may either be read directly into the programs or approximated
to by a least squares C‘hebysh-ev polynomial incorporated in one
of the simulation programs, as subroutine CHEB (Appendix 6),
the latter method being superior provided sufficient’ data points
are available since the Chebyshev polynomial,- see Appendix 6,

smoothes out random errors.

The simulation technique has two advantages over the
more conventional initial rate and fractional life time methods.
Flrst a furan hydrogenation can be studied up ‘to 100% reaction
while the other two methods are 11m1ted to about 20% reaction
unless a technique for storing large numbers of samples is
available. Second, as has been mentioned, the integration
performed on the pressure function is carried out u;sing a .
general technique, hehce many models for f(PF) may be examined

within a relatively short space of time.

The major disadvantages of the‘ simulation technique
is that it assumes f(PF) and g(t) are not affected by the extent
of reaction. However it will be shown later that the values for
the poisoning constant calculated from short consecutive reactions
differ by only 10% from those calculated, using a simulation
.progra'm, for 1orig'single runs. A}l three techniques for
éxamining f(PF) have the disadvantage that they assume that the

pressure function itself is not time dependent.

The experimental data used for the application of the
simulation technique for the examlnatlon of f(P ) for furan
hydrogenatlons over Pt/pumice catalysts is summarlsed below'

in table 5.19.



Table 5.19 Summary of the data from the consecutive run

experiments CR10A and CRI10B for use in the

study of f(PF)"b'y.fhe simulation technique for

furan hydrogenations over 5% Pt/pumice.

...........

CRI10A

t is the time at which the i
1 .

Experirﬁen.t_ CRIOB
Reaction temperature, °c 47.2 46.3
Catalyst weight, ' g 0. 6101 0. 6311
Initial furan pressures, | mm. Hg 17.2 13. 6
Initial hydrogen pressure, mm. Hg 101. 2 60.9
Poisoning constant, K' 0.21 0.22
sample run CR10A2| run CRIOB2
i t; MF;j t;  MF; -
o 25.5 1. 000 22.3 1.000 .
1 40.2 0.889 | 44.2 0.861
2 65.3- 0.785 | 62.5 0.825
3 100.4 0.682 | 78.1 0.766
4 . 130. 3 0.606 | 135.2 0.690
5 151.3  0.586 | 180.2 O0.645
6 197.3 - 0.548 211.4 0.629
7. 271.4 0.601
8 985.5 0.421
th

sample is taken,

at which time the mole fraction of furan remaining unreacted

is MF'. .
i

On applying the simulation technique to the data

summarised in the above table it was found that the simple model

defined by. equation 5.41 was the most satisfactory, see table 5.20.

In investigating this form of f(PF) it was found convenient to

vary only one order at a time, hence when investigating the

furan order, n, the hydrogen order was kept constant at 1.0
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(yielding an optimum furan order which lay between 0.1 and O. 3)
while when examining the hydrogen order, n, the furan order
was maintained at 0.0 (yielding an optimum hydrogen order of '

between 0.9 and 1.2). "Hence the form of f(PF) finally adopted

was !

1.0 0.2
{(P.) = K. Py P : 5,51

i
1

F . F ' . e

-(When 1ntegrat1ng the rec1procal of the pressure function, f(P )

in the simulation programs, see equatlon 5.49, the hydrogen '
pressure was expressed in terms of the furan pressure using

equation A8.10 in Appendix‘ 8).

The above orders are in agreement with fhose
expected for a system obeying the Ridgal-Eley mechanism or
one of its variants, for instance whéré the hydroge-h is adsorbed
in the inter'stices between a layer of strongly adsorbed furan,
(see ref. 78 ), the situation or.iginally envisaged by Rideal,
"fhat furan is strongly adsorbed on 5% Pt/pumice has already

been shown, see section 4.5.4.

‘The optimal form of equation 5.48 was found to be

2
f(PE) Ky Pp Py / (Pp + 0.5Pp) 5.52

which suggests that the ratio of the equilibrium constants of
-hydrogen to furan is approximately 0.5. This is not in keeping

with strong adsorption of furan.

Table 5. 20 compares the results of the application
of the simulation program RATESIM 6 (appendlx 10) to the data
for run CR10B2, see table 5.19. (The criterion by which the
validity of a model is tested is the constancy of the calculated
constants, the rate constant for model 5.51 and the product of
the rate constant and the eAquilibrium constant for the adsorption

of hydrogen for model 5.52)

138
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Table 5.20 Rate constants for the furan hydrogenation over

5% Pt/pumice, run CR10B2, calculated using the

simulation program RATESIM 6 (using. subroutine

CHEB) for
A «(p) = Py’ BY°
Sample 104x KFfound using 104xKFfound using 104xKFfound using
'segmented integrals' 'weighted integrals'| 'normal integra;ls'
1 34.0 - 34.0 34.0
2 32,6 33.8 33.6
3 29.5 32.2 33.2
4 130.6 32.0 " 33,0
5 A32. 4 32.0 32.9
6 34.8 32.9 32.9
7 38.9 33.7 33.0
8 108.9 47.2 36.2
Normalised ,
Standard 1.086 0.138 0.023
deviation :
B f(P) = K P P /(P +0. SPH)Z
Kp % KB using - Ep*Ep using | "'KFXKB using
'segmented integrals' 'weighted integrals' | 'normalirntegrals’
1 ' 1. 09 1. 09 1.09
2 0.92 1,02 ' 1. 04
3 0. 80 0.97 - 101
4 0.69 0.93 : 0.97
5 0.65 0.89 0.94
-6_ 0.73 0.88 ' 0.92
7 0.93 0.89 0.92
8 2.02 1. 21 1.11
Normalised
32%?3?12‘31 0.426 0.111 0.070




Comparison of the calculated constants in table 5.20A
with those in 5.20B shows that equation 5.51 fits the data better
than the corre5pond1ng Langmulr -Hinshelwood model for the
pressure function except at very long reaction times (the last
sample was taken after the reaction had proceeded for over
19 hrs.) The difference between the two models is seen most
clearly by examination of the constants calculated using segmented
integrals which, .as is pointed out in Appendixllo, provide the
most delicate test. Since most of the reactions studied were
only followed up to reaction times of less than 6 hrs the.
breakdown of equation 5.53 at large values of t does not affect
the bulk of the current research hence the following model was |

"adopted to represent the rate equation.

_ 1.0 _0.2 3
-aP = Ko Py . Pg exp( — K' t?) : 5.53

— N il

dt .

The cause of the failure of 5.53 at large t is
thought to be caused by g(t) (which is only empirical in nature)
only being applicable to reactions lasting for less than 5 to 6. hrs.
rather than the pressure function collapsing due to the furan's
pressure dropping to such a degree that a change in its order
occurs. The rate equation 5.53 had already fail.ed‘ for run
CR10B2 when the calculated furan partial pressure was 7 mm, Hg
however, on applying the simulation programs to faster single
reactions (section 5.4) it was shown that their kinetics could
be adequately represented By 5.53 down to partial pressures of
furan of 4 mm. Hg, provided this pressure were reached within

5 hrs. (e.g. runs C7Bl, CLOF, ClOHI and ClOLl).

In the remainder of section 5.3 the furan and hydrogen

orders are found by two other independent techniques.
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hydrogenation of furan.

Introduction to the determination of the order .of

reaction with respect to hydrogen pressure  for the

Examination of f(PF) by the simulation technique shows

that the pressure function is adequately represented by equation

5.41 and hence experiment CRI10C, consisting of a set of five

consecutive hydrogenations over the same catalyst sample, was

designed to find the order of reaction, given the symbol n, with

respect to hydrogen pressure.

The first two runs of CRI10C

which had the same initial reactant pressures, were used to .-

determine the poisoning constant K' by the fractional life time

method outlined in section 5.2.7 while. the remaining three

reactions, which had identical initial furan pressures ( ! 0. 3mm. Hg)

but differing’ initial hydrogen pressures, together with ‘the first

two reactions were processed by either the initial rate or

fractional life time methods to yield n.

for experiment CRI10C is summarised in table 5.21.

Experimental data for the consecutive run

The experimental data

Table 5.21
| experiment CRI10C to find the order with
fespect to hydrogen for a furan hydrogenation
over 5% Pt/Pumice.
RUNL |i |j Ry |ty(min.) | t(min.) P (mm. Hg) [P (mm. Hg)| C
1 |1 l2lnw0| 0.0 | 16.6 104, 2 12.8° l0.138
2 |3 |4]0.542| 83.2 | 60.1 101. 2 12. 5 0.137
3 |5 |6|0.256] 85.5 | 126.0 76. 3 13.0 0.100
4 |7 |8l0.372{ 171.0 |235.2 ,160. 7 12.8 |0;2I2
5 |9 {10{0.235]225.0 | 311.8 130. 3 12. 6 0.175

' ‘ th
R_ is the initial rate of the L~ run (

L

. . - . th
furan/min. ), t, is the time at which the (i _+ 1) run starts,

2

mole percent reaction of .

. . th
t. is the time at which 5% of the hydrogen has reacted in the J/Z
j .

. . th
run, at which time a C of the furan has been consumed and
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P;I and P;‘ are the initial hydrogen and furan pressures

. . . o]
respectively. The reaction was carried out at 28.2 C over

0.367 g catalyst.

»

5.3.4 Initial rate method to find the hydrogen order for

. experiment CRI10C.

The -rate of reaction of a furan hydrogenation is given
by the expression obtained by substituting equation 5.41 into

equation 5.40 :

dP 3 n _m . —é— : .
dF = f-—KFPHPF exp ( —K't?) _ 5.54
t " . - N i

or, by making use of equation 5.13

L
d( % furan reacted) = 100. Ko PrI_li Pr; exp(—K' t?) 5.55
.- dt . . - : . .

1 . . ) P

9
OF
Rewriting equation 5.55 for ‘the. initial conditions of
th . . . .
the L reaction starting at time t:i minutes :
n - m-l L
R, = K_ P p° exp(— K' t.?) - 5.56
F A 1
But for all the runs making up experiment CRI10C
the initial furan pressure was constant to within i-~0. 3 mm,. Hg
partial pressure and furthermore the value of K' was found to
be 0.20 by apply'ring the fractional order technique, outlined in
section 5.2.7, to reactions CRI10Cl and CR10C2. Hence equation
5.56 may be rewritten as a proportiorialit_y applicable to all the
tuns which comprise experiment CRIOC : A
n

R @ P

’ 1
o v 4 2
‘ .5
| o exp (K ti) 5.57
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Using the ‘data in table 5.21 a graph of
(RL /| exp (— O. 2 t, %:) ) against the initial hydrogen pressure
} for the Lth'run was plotte‘d, ‘graph 5.6. Since an approxi'ma.tely
straight line was obtained the hydrogen order is approximately
unity which is in agreement with the results from the stimulation

technique (section 5.3.2.)

As a further check the poisoning constants were
calculated assuming the hydrogen order to be unity by a method
similar to that outlined in section 5.2.7. | In brief the ratio of
the initial rates for runs A', and B is given by equation 5.58,"

derived from the proportionality 5.57.

1 1
. _ o o Az L2 ‘
R,JRy = (P /5Py ) e Sk (2 - 1)) 5.58
: o o s . -
(Where APH and BPH a1‘:e the initial part}al pressures of

hydrogen for runs A and B starting at times tA and‘tB

' \ ! . .
respectively, QK' is the poisoning constant found from data

for runs A ‘and'B).

Solution of 5.58 for . QK' gives

The :E‘:K' values for experiment CRI0C are given-in

the following table. ,
- Table 5.22 ;K' values for experiment CR10C found

using equation 5.59.

. . o
(a consecutive run hydrogenation of furan at 28.2 C over

5% Pt/pumice)

3 1g 2k 3K Tk
j J i J
2 0.120 .
3 0.124 0.123
4 0.116 0.097
5 0.112 : 0.130
+

Average K' from the above dia;gonal elements = 0.117 - 0.020
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The above results confirm that the order in hydrogen
is one for the hydrogeﬁation of fur.an. A further graph of-
RL/exp(—K' ti%) a.ga_in.st th'e initial hydrogen pressure, where K'
was 0.117, obtained above, was plotted (graph 5.6) giving a

straight line.

5.3.5 Fractional life method for determining the order in

hydrogen for experiment CRIOC.

It is not feasible to apply thé isolation technique
(ref. 80 ), such as waé originated by W. Ostwald, to experiment -
"CRI10C in order to simplify the determination of the order with
respect to hydrogen since this metho.d would require that the
partial pressure of furan used would be sufficiently large in
comparison with that of hydrogen such that the furan pressure
could be taken as constant. Not only would such conditions |
diverge too far from the experimental cohditions actﬁally used
in all the furan hydrogenations performed but more important
it is experimentally' unfeasible to find the percent reaction from
analysis data with any accuracy unless between 10 to 15% reaction
of furan has occurred, hence the furan pressure cannotnbe
‘considered to be constant. (Furthermore, since on hydrogenation
each mole of furan requires approximately 2.5 moles of
hYdrogen,the minimum initial ratio of the partial pressures of
hydrogen to furan would be approximately 1: 4, which is not
small enoﬁgh for the isolation technique to operate). Hence it-
is necessary to assume an order for furan, the results from
the simulation programs (section 5.3.2) suggest an order of A0.2,
an order of zero* was used for simplicity. Equation 5.54
becomes :

n

% If the order with respéct to furan, m, is close to zero PF will

1
exp ( — K' t?) 5. 60

to all intents and purposes remain constant, which is the condition

required for the isolation technique.



Differentiating equation A8.10 with respect to furan

pressure :

dapP = constant = B =4 — F_—F , 5.61

—

dPF

H 2 3 —

where FZ and F3 are the product distributions (mole fractions)

of tetrahydrofuran and n-butanol respectively.

Hence combining equations 5. 60 and 5.61°

1 -
- - n _ K2
P, = dP, dP, = BK_ Py exp ( — K' t?) 5. 62
dt dt dP_,

Rearranging and integrating 5. 62 :

N (l—Z)P?-I N
_f. dPH/PH=B?{F f

o
) t
PH, ‘

. _l_ . .
) exp(=K' t?). dt. 5.63

Where tj is the time at which a Zth of the hydrogén

. . . ‘ . L0 . 4
has reacted, ti is the time at which the run started, PH is the

initial hydrogen pressure and Z is the fractional life time of

hydrogen.
For n = 1 completion of the integration gives :
o 1 1 t.
2.303 log (1-2Z) = —2BK_, exp(— K t%) < t? + 1 > J 5. 64
F - 2. 2=
) ) K K
' t

Since‘ hydrogen pressures are not measured directly
:but are calculated from the furan partial pressures (Appendix 8)
it is necessary to be able to find the fraction of furan reacted
when a Zth of the hydrogen has been consumed in order to find

the tj values needed for the solution of equation 5. 64.
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Rewriting equation A8.10 :
= A BP
PH + F .5. 65

o o ‘
- 4 - - .
(whgre A and B are P PFB and 2F, - F, respectively,

F2 and F3 being the product distributions, /| mole percent, of

tetrahydrofuran and n-butanol respectively, see Appendix 8).

Solving 5. 65 for PF:

- A)/ B ' 5. 66

P_ = (PH | .

F
. ' th : : .
But since at a Z reaction of hydrogen its partial
pressure is

. |
=(1-2) Py, . 5. 67

therefore substituting for PH in 5,66 using 5.67 and dividing

by the initial furan pressure :

E ((l-z)P —A)/BPO | . 5,68

th .
(E is the fractlon of unreacted furan at a Z reaction of the

. hydrogen). |

Hence the time at which a 'Zth~o£ the hydrogen has
reacted is the time at which an E#h of the furan remains
unreacted (E being given by equation 5.68 and tj found from a

time/fraction of furan unreacted graph).

If the hydroéen and furan orders are one and
approx1mate1y zero respectlvely then, from equatlon 5.64,

1 t3
(t® + 1/K') exp (K' 2) A il be independent of the initial

. ) : ty
hydrogen pressureAfor the series of consecutive runs CRI0C,

table 5.23 shows this to be the case..
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Table 5.23 Data from the application of the fractional life

method to experiment CRIOC (see table 5.21) for

the determination of the hydrogen order.

(Furan hydrogenation over 5% Pt/pumice, fractional
life used, Z, = 0.05, K' = 0.12, furan ‘and hydrogen orders are

approximately ze ro and 1.0 respectively)

. tj . 1
t, min. tj min. PIO-I mm. Hg. P;‘ mm, Hg /t exp(-K't?)dt
i
0.0 16. 6 104.2 12. 8 ) - 0.724
32.2 60.1 101.2 ] 12. 5 0.746
85.5 126. 0 76.3 13,0 -~ 0.71
171.2 | 235.2 160.7° 12. 8 ~0.701
225.3 311. 8 130. 3 12. 6 . 0.734
R

Average value of the above integrals = 0.723 - 0.023

i

(normalised standard deviation = 0.022)

Table 5.23 confirms the order with respect to

hydrogen is unity.

5.3.6 The order in.furan for a furan hydrogenation

Experiment CR10D was designed to determine the
order of furan with respect to the rate of hydrogenation oft
furan. The experiment consists of four consecutive reactions:
carried out over the same catalyst sample, 5% Pt/pumice, at
the same reaction temperature, the first two runs having the
same initial furan and hydrogen pressures ( T 5%) while the
following two runs have the same initial hydrogen -pressure but
differing initial furan pressures, see table 5.42. The pois‘oning‘
constant K' was found by applying the technique outlined in
section 5'.2.7Ato the first two reactions while all four runs were
studied by both the initia.l rate and fractional life time techniques.

The value of K', the poisoning constant, was found to be 0.26



Table 5. 24 Experimental data for experiment CR10D, consecutive
furan hydrogenations at 53. 5°C over 0. 30lg 5% Pt/
pumice (K' = 0.26). - _

RUNL i j |t min. |t min. P;mm.'Hg P;mm. Hg|R | mole %/ min

1 1 2 0.0 13.9 201. 6 20. 4 2.2

2 3 41| 30.0 83.6 . 203.2 20.8 0.47

3 5.6 1900 |162.0 | 202.2 10.5 0.29

4 7 -8 1175.0 293.4 "206.1 6.2 0.21
5.3.7 Initial rate and fractional life time techniques for

the determination of the furan order for experiment

CRI10D. 2.

Since the initial hydrogen pressures are constant to
within i— 1. 5% the initial rates of the four runs in CR10D obey the
proportionaiity

6.m-1 1

F) exp (— K't?) , 5.69

R o (P
derived from equation 5.54 (t is the time at which the reaction

starts)

If the order with fespect to-furan, m, is approximately
Zzero as is indicated by the simulation experiments (section 5. 3. 2)
then 5. 69 becomes

PR .
R aAexp(—K'ta)/P;‘ : 5.70

. 1 .
Since Graph 5.7 of K' t® against the natural logarithm

of (R. P;) is approximately linear, m is approximately zero.

As can be seen from table 5.24 the initial hydrogen
pressures for all the runs in experiment CRI1OD are lai'ge in -

comparison with the ipitial furan pressure, hence it is possible to
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use the isolation technique (ref. 80 ) in order to reduce the
aumber of variables when finding furan's order by the fractional

life technique since the hydrogen pressure may be taken as being

constant during a reaction. Hence rearrangement of equation 5.54

followed integration gives

(o] .
1-Z)P
U-=)% ol . .
. N
1 APL K ‘ exp(— K't?).dt , 5.71
)" o ~m  F -
H™ P_ P t
. -UF F i

where Z is the fraction of furan reacted at time tj min,

If, as is indicated by the rate simulation programs,
. the furan order, m, is approximately zero then for m = zero

equation 5.71 becomes

P 2/(Pp)” = -2k ((F+ D ep K )) | 572

————

Hence, since the initial hydrogen pressures are
constant ( ! 1.5%) the initial furan pressures will be proportional
to the integral with respect to time, equation 5.72. Graph 5.8,
using the data in table 5.25, shows‘this to be the case, therefore

the order with respect to furan is confirmed to be approximately

zero.

Table 5.25 Fractiorial life analysis using equation 5. 72 to

verify that the order with respect to furan is

approximately zero, data from the furan

hydrogenations CR10D (also see table 5.24)

(K' = 0.26, Z = 0.16, reaction temperature = 53.50C)

t,
. . o 1.0 ’ f-] ' , %
t, min. tj min. | P mm. Hg| P mm. Hg . exp(—K' t%).dt
i .
0.0 13.9 201. 6 "20.4 0.97
30.0 83.6 203.2 20.8 1.04
90.0 | 162.0 202.2 10.5 ' 0.528
175.0 | 293.4 . 206.1 6.2 0.303
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If the furan order were assumed to be 0.2 rather than

zero equation 5.72 would have been

t,
~0,0.8 0.8 J % :
- o,s(pF) 1-(1-2)y" ") = KF[ exp(— K' t?).dt. 5.73

- O

(P t

1) . i

8

If this order were correct (P;)O' would be
proportional to the integral of the poisoning function. Graph 5.8
shows that the difference between an order of zero and of 0.2

is small, both graphs are linear within experimental error,

hence the rate equation used in subsequent analyses is that

given by equation 5:53.

5.4 Kinetic analysis of single furan hydrogenations.

Once the general form for the poisoning function had
been determined in section 5.2 it was possible to proceed to the
_ investigation of the pressure. function f(Pp) which was found by
' ' 0.2 1-0

various independent techniques to be PF PH , section 5. 3.

If one assumes that the pressure function 1s independent of the
reaction temperature, ZZOC to 95.5°C was'the range covered by
hydrogenations over Pt/pumice catalysts, then a more detailed
study of the reaction kinetics may now be achieved by applying
the simulation programs (Appendix 10) already used in section
5.3.2 to the single furan-ﬁydrogen reactions using the model for
the rate equation given by equation 5.53. Examination of this
equation shows that there are only two unknowns, the rate |
con'stant KF and the poisoning constant K'. . However, since the
simulation programs calculate KF from the data and the form of
the rate equation under investigation, ﬁsing the constancy of these
calculated values as a cr.iterion'of the validity of the rate
equation, the number of unknowns is effectively reduced to one,

the poisoning constant.
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The advantage of this form of analysis over the
consecutive run experiments is that a large number -of reactions
may be processed in a short space of time, and furthermore one
is not tied to the rather artificial conditions imposed by the
consecutive run experiments which only invelstigate reactions up

to about 20% reaction of the furan.

The following two tables sumfnarise all the values of

the poisoning constants and the rate constants respectively.

Table 5.26. Poisoning constants, K', .for furan hydrogenations

over Pt/pumice.

Experi-|K'@nitial’ K'(fractional K'(simulation Reaction| Additive
ment. rate life method). - method). temper- | to reaction

| method). o " ature °C.| mixture.
CloF1 | = - - 0.090 . 22.0 -
CS8H 0.096 0.107 - 23.2 . -
C8Gl N 0.128 23.2 THF
Cl10J1 - - . 0.122 26,0 SYLVAN
C8F1 - - 0.130 27.5 -
CRI10C - 0.120 - 28.2 -
CS8E 0,117 0.123 ) . - 30.2 -
C10M1 - - , 0.130 30.5 SYLVAN
CS8G 0.130 0.136 - 30.9 -
CI0El - - 0.195 - 42,6 -
Cs8C 0.230 - 0,190 - ‘ 42.6 -
Cl10H1 - - - 70,190 46,0 -
C7Bl1 - - 0.220 46.2 -
CR10A | - C0.22 -  46.3 -
Cl0Bl1 - - 0.230 46,4 -
C8Al - - 0.245 = 46.4 -
Cl0Cl- - ' - 0.255 47,2 n-PROPANOL
CR10B - , 0.21 - 47.2 - ,
Cl0Ll * | + . = T - 0.105 48.5 BENZENE
CR10D. | 0.230 0.260 - ~ 53.5 - '
C1001 .- . 0.315 60. 2 SYLVAN
Cl0Al - C- 0. 320 62.5: n-HEXENE
C8Hl - - . 0.320 65.2 -
C8Dl1 - - 0. 645 95.5 -

* As mentioned previously it is thought that an error was made
in recording this reaction temperature (it was probably 23°C).




}

Table 5.27 Rate constants, KF's, for furan hydrogenations over

5% Pt/pumice.

Experiment 10'3. Koo (mm Hg)-o' 2 i:;ii:? af::zi::n to
g'.l' catalyst ature (°C) . | mixture

Cl0F1 : 2.82 22.0 -
C8Gl 2.51 : 23.2 THF
C8F1 2.99 Y- -
C10E1 ' 5.66 42.6 -
Cl10Hl1 _ 6.13 46.0 -
C7BL #% 4.98 46.2. .
cloB1 = 5.6l 46.4 -
C8Al 4.13 46.4 . -
C10Cl1 ‘ 5.57 47.2 n-PROPANOL
ClOL1 * 2.47 48.5 " BENZENE
C10Al 9.02 62.5 n-HEXENE
c8HI 8. 91 65.2 ——
C8Dl 44.0 - - 95.5 -

* As mentioned previously it is thought that the reaction
temperature for this run was actually 23°cC.

%% 10% Pt/pumice catalyst.

5.4.1 The poisohing constants, K'.

Graph 5.9 of reaction temperature against the poisoning
constant (data taken from table 5.27) shows clearly that the
poisoning constant increases with the reaction temperature, this
relationship being implied by the increasingly severe poisoning
observed with increasing i:emperature (shown qualitatively by

graph 4.2). Graph 5.9 shows this relationship to be linear to a

first approximation, or to be more specific the poisoning constant

is given ‘by

2 5

K' = 2.47;;10'2 + Tx2. 87x10'3 + T x2.82x10" 5.74
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where T is the reaction temperature in °c. Relationship 5.74
was found using the Chebyshev curve fitting prografn deéscribed

in appendix 6 applied'to the data in table 5. 26,

It is 1nterest1ng to note that nearly all the va.lues of
K' can be predicted, w1th1n the limits of the exper1mental
accuracy, by equation 5.74 regardless of whether there is any
additive to the reaction mixture. Hence addition of n-hexene,
n-propanol, tetrahydrofuran or sylvan to a furanLhydrogen mixture
does not affect t,}‘xe rate! of pdisoning. T:he anomalous furan
hydrogenation ClOLl,jwlvhere benzene had been added to the
reaction mixture, has already been shown in chapter 4‘ (using
evidence from the observed product distributior;s), to have -been .
p;obably carried out at 230C, not .as recorded, at 48.50C.
This supposition is strengthened by the value of K' of 0,105,
found using the simulationlprogram, since this corresponds
closely to the expected value at 23°C. Since the pois'oning
constant does not appear to be affected ‘by additives to the
reaction mixture one may conclude that the gaseous detectable
. products of a furan hydrogenation are not the cause of the

observed poisoning.

The similarity of the values of the poisoning constants
obtained by the simulation technique applied to single runs and
those from the consecutive run experiments, as is illustrated by
graph 5.9, shows the latter experiments to be suitable for the
study of both f(PF) and Ag(t) for furan hydrogenations. However
it is worth pointing out that the K' 's obtained from the
'coris.ecutiv‘e Tun experiments tend, on average, to be about 10%

lower than their counterparts obtained by the simulation techn.ique.



5.4.2 The furan rate constant KF

As with the poisoning constants table 5.27 shows that
the rate constants increase with the reaction temperature and
that they do not appear to be affected by additives to the reaction
mixture. The anomalous behaviour of benzene ‘as an additive in
reaction ClOLl has already been explained as beiﬁg due - to the
reaction temperature being probably recorded incofrectly as
48.50C (the correct value should be 230C), the evidence comiﬁg
not only from a second hydrogenation, Cl0L2, of furan with
benzene as an additive, but also from the ﬁroduct distributions,
poisoning constant and rate constant, all corresponding to a

. o
reaction temperature of 23 C.

The activatioﬁ energy for the furan-hydrogen reaction
was calculated by making use of the Arrhenius equation

(ref. 81 ),
Ko =Zexp(—E, /| RT), ~ 5.75
Z is the pre-exponential factor, EA the activation energy (cals.)

and T the reaction temperature (K).-
Taking natural logarithms of 5.75 :

LnKF = —EA/RT + M Z 5.76

A least squares best -s'tr'aight liné library program
was applied to the points on graph 5.10 whereby the activation
energy (7.5 K'.cals.mole—l, standard deviation = 1.1 Ki.cals. mole_l)
and the natural logarithm of the pre-exponential factor Z ( 6.6
'sec—l, standard deviation = 0.9 'sec-l) were computed from the
gradient and the point at which the lin‘e crosses the Y axis
respectively, see equation 5.76. The value for the activation-
energy is similar to the literature value of 8.0 K.cals. rnole-1
(ref. 82 ) for the hydrogenation of furan in acetic acid over

Pt:O2 but clearly since these reaction conditions differ so.greatly
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from those used in the present work this agreement of the values

! i
for the activation eﬁFrgies is coincidental.

On examining graph 5.10 it might at first sight be
advéntageous to ignore the point corresponding to a reaction
temperature of 95.5°C since this app'ears to be anomalous.
However, on recalculating the activation energy from the data
for the remaining eleven points it was found to be 5.4 K. Cals.
moleml with a standard deviation of 1.3 K.Cals.inole-l. Hence by
omitting the one apparently anomalous data point the percentage
uncertainty in the activation energy is almost doubled (which
' stresses the importance of using as large a temperature range

as possible when attempting to find activation energies).

5.5 Analysis of single sylvan hydrogenations. '

Rather than repeat the process outlined in the secti.ons.
5.2 to 5.4 for sylvan hydrogenations the form of .bovth the pressure
and poisoning functions were assumed to be the same as for I-furan
since furan and sylvan are so similar chemically. Hence the
rate equation used for sylvan was |

dP ; 0.2 1.0

1
. - _ 142
S KS Pg Py exp ( — K'' t?) 5.77

PS is the sylvan partial pressure, mm. Hg, KS the rate constant
for a sylvan hydrogenation and K'' is the poisoning constant for
the sylvan reaction (notice the similarity of 5.77 and 5.53 ).

If 5.77 is satisfactory one may immediately apply the simulation
programs to the single sylvan hydrogenations thus determining

KS and K''. Should 5.77 not represent the kinetiés of a furan-
hydrogen reaction no value of K'' inserted into the simulation
program will give constant values for the rate constant Ké
(see Appendix 10), fortunately, as is illustrated by table 5.28

model 5.77 is satisfactory.



Table 5. 28

L{S values (rate constants) for single sylvan

hydr‘ogenatibns over 5% Pt/pumice calculated by

the simulation program 'RATESIM &.' (Appendix 10)

applied to equation 5. 77.

160

cionn Cl0P1 CloC1
reaction temperature, °c 23.2 41.2 49. 5
weight of catalyst, g. 0. 3916 0.4211 0.5008
initial sylvan pressure '
(mm. Hg) 1.0 12. 6 18.3
initial hydrogen pressure ‘ :
(mm. Hg) 53.2 60.0 91.0
optimum poisoning constan] 0.083 0.235 0.280
sample A B A B A B
1 2,02 ° 10.3| 5.26 15.2 | 6.11 20.2
2 2.09 3L.3| 5.16 40.3| 6.03 45.2
3 2.19 © 97.3| 5.19  51.3| 5.92 .86.3
4' 2.08 1‘27.3 5.17 ' 65.3 6.01 130.4
5 2.09 180.3| 5.19 . 120.8 | 5.97 180.4
6 2.12 215.4| 5.21 150.4 | 6.06 222.4
7 2.16 275..4‘ 5.28 200.4 8’. 02 386.4 -
8 - | — 130.15 891.5 - -
standard deviation 0.021 0.856 0. 112
of K_ values (0.01 without | (0.0l without
(normalised) . last reading) | last reading)
A = 10% KS /g. of catalyst, (mm.Hg)-O' Z.min. -l(found using

w
n

'normal'integrals)

Time at which the sample was taken, min,

Comparison of table 5.28 with tables 5.27 and 5.26

shows that the poisoning and rate constants for the sylvan-

hydrogen reactions increase more sharply with increasing

reaction temperature than their counterparts for the analagous

furan reactions. This is confirmed in the following chapter where
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simultaneous hydrogenations of these two furans are discussed.

The stronger temperature dependence of the sylvan
hydrogenations' rate constant implies that the activation energy
for these reactions is greater than for furan hydrogenations

(as was found to be the case for hydrogenations over PtO,

in acetic acid, ref. 82 ).

5.6 ‘Summary and Conclusions.

The kinetics of a furan or sylvan hydrogenation are
described by a rate equatlon consisting of the product of two
functions, one, a functJ.on of time only (g(t) ), -representing the ,
decrease in the catalyst s activity due to poisoning occurring, ‘
the other (f(P)) represent}ng the underlying kinetics of the
reaction governed by the partial pressulres of the reactants.

It has been shown in this chapter ‘that both g(t) and f(P) may be

determined and that the resulting rate equation takes the form

1 .
dPp -k 10 p %% cxp (K t2) ,. 5.78
= R H "R x

PR is the partial pressure of the furan which has a poisoning

~constant K' and a rate constant KR. Equation 5.78 be1ng

applicable for reaction times of up to five hours and for furian
partial pressures exceeding 2 mm.Hg. for hydrogen partial pressures
in the order of 5‘0 mm, Hg. The rate equation 5,78 is characteristic

of a system where a furan is adsorbed much more strongly than

the” hydrogen.

In order to achieve the sepai’ation and elucidation of
f(P) and g(t) a series of experiments and techniques were |
developed “falling into two categories, the consecutive run
experiments and the s1mu1at10n techniques. The consecutive run
experiments. and their ancilliary techniques for pfocessing the
data which they previde may be divided into two sets, the CS-

series (section 5.2) which enable g(t) to be studied without



requiring any knowledge of the nature of f(P) and the CR series
(section 5.3) which make it possible to examine f(P) once the
general form of g(t) has been found. The simulation techniques
are not only used to find an optimum form of f(P) (section 5. 3)
but also to study large numbers of hydrogenations in a short |
space of time (§ections 5.4 and 5.5) once the general form of

. i
the rate equation has been found.

The tx%zo best proofs that the above techniques, which
are based on widely differing principles, do work satislfactorily
is that they yield complimentary results and that the activation
energy may be calculated for the furan hydrogenations from 22°¢C
to 95.5°C over 5% Pt/pumice, comparing well with the literature
value (section 5.4.2) 'even though heavy poisoning 'is,occurringi

in most of the reactions used for its determination.

A further indication that furan-hydrogen reactions are
first order in hydrogen and approximately zero order in furan
. is that the mole percent reaction of furan against time graphs
for two furan hydrogenations carried out at the same temperat\ire'
using differing initial reactant pressures are almost identical,

a correction being made for any differences in the weights of
catalyst used. For an example see gra]j;)h 4,9 of two pairs of .
furan hydrogenations, Cl0Bl and Cl0Al and CI0F1 and C8QGl ,
carried out at 46°C and approximately 23°c respectively.

In Appendix 1l it is shown that this is indicative of the kinetics
used.

To recap, g(t) is defined as a function which relates
the dépendence on time of the combination of the fraction of
active surfacé remaining unpoisonea and the change, if any, in
the rate constant. That this function is not dependent upon the
partial pressures of the reactants is illustrated by the fact that -
reactio'ns carried out-at the same temperature but having differing

initial partial pressures of reactants have similar poisoning

162
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constants (for example the CRC and CRD series). - That g(t) is
purely empirical in nature is stressed by the method by which
it was found, outlined in the block diagram in the beginning of
section 5.2. Hence, that it provides a fit for the true poisoning
function only over a limited range of reaction times is not
surprising (it is satisfactory from t = O to about five hdurs
after which it appears to decrease faster than the actual poiéoning
function). Furthermore, it is the very empirical nature iof g(t)
which makes its interpretation meaningless, except in general )
terms. However, it is perhaps worth pointiﬁg out that if one
assumes that the :rate constant remains .unchéngéd throughout a
reaction then the proba’bility‘of a'n'adsorybed furan molecule
poisoning the catalys’t"s' active surface is a function of time for
g(t) = exp ( — K t%_), implying an inhomogeneous surface

(g(t) = exp ( — K't') would imply a homogeneous surface)..

In section 5.4.1 and 5.4.2 it was shown that additionl.
of n-hexene, tetrahydrofuran, benzene or n-propanol to a
‘reaction mixtﬁre of furan and hydrogen'does not affect either the
poisoning constant (and hence the rate of p'éisoning) or the rate

constant (and I‘}ence' th?'rate of reaction of an adsorbed furan
.molecule); It is hence deduced that none of the ga[seous' |
detectable products of a furan-hydrogen reaction are the cause
of the poisoning and therefore these products do not adsorb
strongly on the platinum surface of the catalyst. However,
furan hydrogenations -over 5% Pt/SiO2 show that considerable
adsorption of the product does occur over these catalysts
(section 4.3.2) which substantiates the hypothesis. put forward
in chapter 4 that the bulk of the adsorption of the products,

in particular the n-butanol, occurs on the silica support rather
than on the platinum itself. A further piece of evidence to
support this theory is that little adsorption per unit area of

catalyst occurs over the Pt/pumice catalysts (section 4.5.2)

compared with that for P‘c'/SiO2 catalyst (contrast the adsorption

bl

~
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observed for furan hydrogenations over approximately 50 m2 of

Pt/pumice catalyst, run C7BIl, with that for 12 rn2 of Pt/SiO

2!
run C6Hl). The conclusion is that adsorption occurring over’
Pt/SiO_ occurs on the support and further that pumice is not an

2
efficient adsorbant for the products of furan hydrogenations.

While the cause of the observed poisoning is not known
it is thought to be caused in part by the polymerisation ‘'of the
furan at acid sites on the pumice support (which explains why
the pumice catalysts are the most prone fo poisoning) and on
t'o ‘some degree over the platinum, the latter reaction being
catalysed by traces of HCl (ref. 76 ) formed during the
reduction of the catalyst. The acid catalysed polymerisation of
furan is kno.wn to be Vaccelerated by increasing the reaction
témperature (ref. 76 ) which is in agreement with the
temperature depéndénce -of the poisor'ling'observed fo; furan

hydrogenations (section 5.4.1).

Whatever the cause of the poisoning the techniques
outlined in this chapter make it feasible to study the kinetics

of poisoned reactions in depth,

N



Chapter 6

Simultaneous hydrogenations of furan

Theoretically the most effective method for. finding
_the relative rates of hydrogenation of two compounds is to carry
out both reactions simultaneously over the same catalyst sample.
By this ineans possible errors introduced by differences in the
properties of cataljst samples and, of lesser impoftance, by
differences in the reaction temperatures and displacement of the
catalyst in the reaction vessel are eliminated. Clearly sﬁch a
technique is most readily ai)plicable to the hydrogenation of two
compounds whose surfac‘e'coverage is small since in suéh a case
neither compound will' have a measurable effect on the other's

kinetics (providing they are mutually inert).

Furan-_-syiva.n hydrogenations suffer from the draw-
back that both these reactants adsorb strongly (section 5. 6) énd
hence compete for the catalyst surface, therefore it is necessary
to separate the relative strengths of adsorption of the two furans
from their relative rates in order to obtain useful information
about their relativé reactivities. A second difficulty presented
by the system investigated is that the hydrogehation of either
react_a.nf poisons the catalyst, both compounds poisoning at

different rates.

: > ~
6.1 The calculation of the relative rates of hydrogenation of

P

furan. and sylvan,

Nomenclature ;-

: GF. Fraction of the active catalyst surface covered by furan
,GS . Fraction of the active catalyst surface covered by sylvan
a Fraction of the active catalyst surface poisoned by furan

Fraction of the active catalyst surface poisoned by syivan ‘

1400
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P Furan pressure (mm. Hg)
P. ' Sylvan pressure, mm, Hg

P Hydrogen pressure, mm, Hg

H
Kl Rate constant for furan adsorption
K2 Rate constant for furan desorption
K3 Rate constant for sylvan adsorption
i(4 Rate constant for sylvan de sorption
K' Furan's poisoning constant
K" Sylvan's ijoisoning constant

6.1.1 General form of the rate equations used.

Before proceeding with the mathematical analysis of
simultaneous hydrogenations of furan an& sylvan it is necessary
to examine the implicationé of the .high surface coverage of a
catalyst by a furan during its hydrogenatmn (section 5. 6).

Furan itself will be used as an example though the following

arguments also apply to sylvan.

At the start of a reaction

o
—

9F=1,

.since the proportion of the surface covered by hydrogen or the
produets of the reaction is negligible compared with furan
(section 5.6). However, ‘as the reaction proceeds an inereasing
~ proportion of the catalyst's active surface is poisoned by the _-

hydrogenation, hence 6.1 becomes

je0)
it
[
i
>3
o~
o

(In other words the furan covers all the catalyst surface
which remains unpoisoned). But in chapter 5 g(t) was defined as

the fraction -of the catalyst's surface remaining unpoisoned (the

M
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dependence of g(t) on KF is ignored here since it neither affects
nor -is germam to the argument) which is shown by 6.2 to equal
O_. Hence the general form of the rate equation 5.4 5.4 may be

F
re-written as

dP.. = — K_© f(PF).

F CF F 8.3
dt
But f(P_) was shown (section 5.3) to be P 0.2 P 1.0
) F . ) F H '
hence 6.3 may be expressed as
dP.. = =K o p %2%2p 10 6.4

F F F F  H o

————

dt -

If both furan and sylvan adsorb strongly, react at
similar sites and do not interfere with each other's hydregenations
when both are reacting at the same time with hydrogen then one
may assume that equation 6.4 6.4 applies equally to "single and
" simultaneous hydrogenations. That they both adsorb strongly
was shown in Chapters:4 and 5 while that they react on
similar sites seems probable since they are structurally and
chemically very similar. The assumt)tion that they do not
- interfere with each other's hydrogenations when reacting
simultaneously i\s shown to probably be the case by the fact that
the product distributions for either compound's hydrogenation is
the same, for a given reaction temperature, whether the other
furan is present or not (sect1on 4.5.1). Therefore the two rate
equations used for the simultaneous hydrogenatlon of furan and
-syh{’an over the same catalyst sample are 6 4 and its analog
for the consumption of sylvan :- '

| 0.2 | 1.0
dPg = — KgO Pg " Py

o
Ot

‘.

dt’
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Os-and GF are found by applying the Langmuir
isotherm (ref. 79 ) to the adsorption and desorption of furan
and sylvan, Equating the rates of adsorption and desorptiqn

for the two compounds yields 6.6 and 6,7 respectively :-

Kl(.l—OF—OS—a —3).PF=K2_9F 6.6
K3(_1"' Op = & —a«—B8) Pg = K, 6 | &1

(In the derivation of the above two equations the
cc_Wera‘ge ‘by hydrogen or the products is assumed to be neglibible,

c.f. equatmn 6.2 for the hydrogenatmn of a single furan).

Solving 6.1 and 6.2 for O_ and ©_ respectively :-

F S
9F=ﬁ PF(l—sta—ﬁ)/(l+ﬁ PF) ‘6_.8
2 | 5.
Gs=£{-§_ PS(I—GFfa—B)/(1+_I_{—§ PS) : 6.9
Ky o | L By
To obtain the coverage OS in terms of a, B, PF
and PS’ 6.8 is substituted into 6.9, KI/KZ and K3/K4 being
~replaced by K, and K_ for simplic'ity ,j_

A 7% OB

—a—3 )))/(} + KBPS), 6.10

95. KB S(1--oz— B—(K,P_(1- o
. 1+ K, Py
which on rearrangement becomes , S
OS = KBPS(I- a- g )/(1 + KAPF + KBPS) 6.11
> ' Similarly OF is given by
Or = KAPF(l- a-8)/(1+K P+ ,KBPS) . 6.12

A



Hence by substituting 6.12 and 6.11 into 6.4 and 6.5

respectively, the- rate equations for the hydrogenation of a

mixture of furan and sylvan are :-

o ot 0.2 o L2 L
— dP. = KO PP, = .KFKAPF Py(l=a=8) 6.13
dt o (1-+ K, P + K P)
0.2 : 1.2, " .
— dP¢ =K QP Py = KK PSPy (l—a—8) 6.14
dt , ( 1+ X, P+ KBPS)

Without making any further assumptions it is possible

to extract some useful information out of equations 6.13 and 6.14.

Dividing 6.14 by 6.13:

‘ . 12 -
dP = Kg K, Pg | . .. 6.15
. 1.2
dP. K K, P

which on rearranging and integratihg becomes

PS PF

/ dPs = KgKg f 9Py 616
B OEK, Pp

PS ,P?‘

where PS and PF are the initial sylvan and furan pressures

_respectively. Completing the -integration and rearranging,

6.16 becomes

_0:2 ,_0-0.2, _
(.PF o (_PF) = KF FA 6.17
-0.2 - -0.2 ' ,
(‘PS - (;pgj ) K gB .

169
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But since PF/P(;‘ = the mole fraction of furan

unreacted = MF . 6.18
and Pslpg = the mole fraction of sylvan‘unfeacted :

= M

S : ' ' 6.19

By'uée of equations 6.18 and 6.19 equation 6.17

may be expressed, for convenience in terms of mole fractions

and 1n1t1a1 pressures :

1) PO '.z

( My, F - Kp ¥y " 6.20
-2 o) K. K
(MS - 1) Pg - S B

" The uses. of ‘equation _6_2_Q are threefold.
First, if the assumptions made so far are correct then on
substituting experimental data iﬁto the left hand sidfa of
equation 6.20 for any simultaneous hydrogenation of furan and
.sylvan a constant .value should be obtained, within experimental
ei'i'or, hlence'g._Z_O_ is a simple test for the validity of the

‘theoretical model being used. Table 6.1 of the K K, /KK

S B
values computed.using equation 6.20 show that the model is
satisfactory.

-Secbnd, were one to assume KA = KB, which is

‘not unreasonable considering the similarity of furan and sylvan,
a quick method. for finding the relative rates of reaction,

KF/KS’ would be provided by the above relationship. It was
decided not to make this ‘assumption but to attempt to:

"separate the ratio of the rate constants from the ratio of

the equilibrium consfaﬁts (K _/KB). Since this process is

very t1me ‘consuming 1f one wished to examine the relative

. rates of react1on c‘>f a la.rge number of closely related compounds

equation 6.20 'would_. have to be .used in conjunction with the

' assumption that the ratio K, /K

a’Ep was app.roxu'nately unity.
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Third, use will be made later in this chapter of
relation 6.20 in order to reduce the number of variables when

attempting to separate KF]KS from KA/KB

Table 6.1 KFKA /_KSKB values found usmg equation 6.20

C10J1 Cl10K1 | CION1 C10Ml C1001
sample
) 1.13 1. 04 ~0.90 0.99 0.89
2 1.29 0. 81 1. 05 1.16 0.79
3 1.33 - 0.94 0.97 0.85 (1. 05)
4 1.35 0.95 1.02 | 1.29 0.90
5 1.37 0.93 0.97 1.27 (0.78) -
6 1.33 0.99 0.96 1.28 0. 89
7 1.05 1.01 1.28 '0.90
8 1. 00 0.99 | (1.35) .| o0.88
9 0.99 1.01 1. 30 0.91
10 1.27 0. 87
1 1.28 0. 89
reaction
temperature
°c 26.0 48.5 49.5 30.5 60.0

It should be noted that the errors in equation 6.20
are large at low percent reaction because both the numerator
and denominator of the left hand side of the relationship tend
. -to. zero as M_ and MS tend to one. _As an example the first

F
figure for run Cl0J1 in table 6.1 was found as follows :

<18. sojo' 2‘( (0. 9592)'0' 2-1) =1.0361 (1.000837 - 1)=1.0361(0.000837) = 1.13
0.50/ " {(0.9623)7% 2.1 . (1.000770 - 1) (0. 000770)




T+ .
Hence an error of - 0,005 in the determination of

MF and MS would lead to a -35% error in KFKA/KSKB (for

the first reading for C10J1).

) .. S t" fK L LT ‘
6.1.2 eparation o . F/fKS from KA/KB

~ One of 'the main difﬁc‘ulties encountered in the
separation of the ratio of the rate constants, . KF/KS’ frém
the ratio of the equilibrium constants for the adsorption-
desorption prbcesses, KA/KB, is that both reactar}ts are
poisoning the reaction at differing rates. Therefore the
differential equations-_é_.'l_?j and _6_1% cannot be solved unless

a and B , the degrees of poisoning by furan and sylvan

‘respectively, can be expressed in terms of the other variables,

PF’ PS and t (PH

in terms of PI‘; and PH, Appendix 8). To proceed further

it is necessary to re-examine the kinetics for the hydrogenation

of a single furan, as an example furan itself is chosen.

In the previous section it was shown that GF

g(t) (equations 6.2 and 6.3). - However, in the previous chapter
1

it was shown that g(t) = exp ( — K' t?) for ‘reaction times

smaller than five hours, therefore,

IR

" and hence, by differentiating 6.2l with respect to time:-

1
de_ = —K' exp(—K't?) = — _da ., . 6.

—_— - 2tz - dt

L
, or, by substitutingfar exp ( — KL t?) in 6.22 by 6.21:

d6_. = —K O. = — da 6

F F
dt 2tz

_dt

"has been omitted since. it may be expressed

equal

L : -
O .=exp(—Kt?))=1— a, 6

172



To proceed to hydrogenations of mixtures of two furans
a final assumption is required: equation 6.23 is equally
applicable to either the hydrogenation of a single furan or a
mixturé_ of two furans, the poisoning constants being the same
for both systems providing both types of reactions are carried
‘out at the same temperature. This assumption is merely an
extension of the three assumptions made in the previous s‘;ecétion
which resulted in equations 6.4 and 6.5 applying both to the
hydrogenation of furan and sylvan respectively separately or
simultaneo'usly. Expressed in words equation 6. 23 states that
the probability of an adsorbed furan molecule poisoning the
catalyst surface, at a ~given value of t, is the same whether
sylvan is present or not, the same being true for sylvan whose
poisoning is described by; the following equation, alnalago_us to

equation 6.23.

) 1 R

Hence, substituting for ©O_ in 6.23 by 6.13,

F
de =4, x o 6,25
0.2 1
dt dt 2 2
P_K_t
P HOF
and, by substituting for o in 6.24 by 6.14
dg = . dPg K" ' : 6.26
_ 1
dt a 2p %2 p £2

s " s

- Equations 6.13, 6.14, 6.25 and 6.26 form a set of four

"simultaneous differential equations in four dependent variables,

PF’ PS, « and B, and one independent variable, t, and hence are
‘soluble (as before it is assumed that PH is expressible in terms of

PF and PS, see Appendix 8, equation AS. 15).

109
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However, the four differential equations contain-six constants,
KF' KS’ KA’. KB, K' and K'". Of these only the last two, the
furan and sylvan poisoning constants, are known since, if the
assumption that-5.23 and 5. 24 are equally applicable to single or
mixed reactions, then the poisoning constants may be predicted

from kinetic analysis of single furan hydrogenations (equations 5. 74

and table 5.28).

The remaining four unknown constants may be reduced
by one since it has alréady been shown that both furan and sylvan
adsorb strongly, hence their eguilibrium constants for the A
adsorption-desofption process, KA and KB’ must be large and
therefore equation 6.12 reduces to ‘

O_=K, P

==K, F(l—a—ﬁ)/(K P +_KPS) : 6.27

Dividing the numerator and denominator of the right hand side

of 6.27 by KA

6 =P (l—a—p)/(Py + Ky Pg) - 6,28
The analagous expression fozl' the surface coverage -
by sylvan (from equation 6.11) is
eszPS'(l—a(—ﬁ )/(PS+KA- PF) 6.29
) ) K
B
Hence the rate equations for furan and sylvan consumption
respectively are '
_ap_ =k o p %%p -k P P (12 ) 6. 30
" F TUFEF R H F F x—B ’ =
dt ] ' ’
. (PF+ Kg PS ).
K



(by substitution of 6,28 into 6. 4) and

0.2 1.2 -
—dPS-KSQSPS_ PH-KSPS‘..»PH(I—a—B) , 6.31
dt { o
(PS+I_<_é_ PF)
Kg

(by substitution of 6.29 into 6.5).

The three remaining unknown constants, KF’ KS and
KA/KB, may be reduced to two by making use of equation 6.20.
“Clea‘rly‘which constant is eliminated is purely arbitrary,

however, since the valﬁe of KA/K is probably close to one

B .
it is more convenient to eliminate either of the rate constants,

in practice the two remaining unknowns were KA/K

B and KF.

' Before proceeding further it is necessary to show
that KF and KA/KB are theoretically resolvable. Using a
method based on the theory underlying the least squares
technique for finding the Qétimum fit to data, it is shown in

Appendix 7 that the two constants are separable.

In order to find the relative rates of reaction
(KF/KS) the'. four slimultaneous differential e;quatiohs 6.25, 6.26,
6.30 and 6.31 are solved by the Runge-Kutta numerical integration
technique, using Runge's coefficients, (r'efl.\ 83 ) making use of
the compute‘r progfam 'MTRUNGE' (Appendix 5). This program
employs a curve fitting technique to find the optimum values |
for KF and KA/KB, the latter value being s‘ubsti‘tuted'into
equation 6.20 which is solved for the 'ratio of the rate constants

while the value .of sylvan's rate constant is found by substituting

both K_ and KA/,KB into equation 6.20 and solving for K

¥ S
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B'riefly 'MTRUNGE' operates by solving the four
differential equations given above for some value of KF and -
of KA/KB. It then compares the resultimg time against furan
pressure curve with a similar curve, generated by a Chebyshev
curve fitting computer program (Appendix 6), which feprese_nts
~ the best fit to the experimentally determined data points.
Using the same value of KA/KB 'MTRUNGE' selects a new AKF
which is- likely to give an improved fit to the data and solves
the four differential equations ggain using this new KF' The
process of solving, matching the theoretical with the
experimentally determined time against furan pressure curves
and selection of a ..KF which is likely to give an improved fit
of the two curves is coﬁtinued until an optimum value of K

has been found. The whole process is then repeat'ed for aFnew
KA/KB until the optimum values of both constants have been
found. The procedure is tedious but would be greatly aided by
the use of a high speed computer (an IBM 1620 was used).

To complicate matters the values of K’ and K" were usuélly
altered slightly to fu;'ther optimise the curve f{itting. Graph 6.1
- _shows the fraction of furan unreacted as a function of time for

run ClOM1 together with the curve synthesised by the curve

fitting program.

- The above curve fitting procedure is only applied to
the furan pressure/time curve even though the syivan pressure/
time curve is of course synthesised as well during the solution
of the four differential equations. At first sight it may appear
that useful inform.a.tion is being discarded, however, since
equation 6.20 is utilised to reduce the number of unknowns the
relative positions of the two curves are fixed, thereifore, to
attempt to fit both the theoretical furan pressure/time and
.sylvan pressure/time curves to their experimentally determined

. counterparts would not yield additional information.
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GRAPH 6.1

~ A graphical representation of the application of the curve -
fitting program (appendix 5) to the simultaneous
hydrogenation of furan and sylvan for run C10M1
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Although it was shown in Appendix 7 that KF and
KA/KB are theoretically resolvable using the curve f{itting,
procedure, in practice considerable difficulty was encountered.
since the standard deviation between the theoretical and
experimental time/furan pressure curves was more than an
order of magnitude’k more sensitive to change in the furan rate
~constant than to similar changes in the ratio of the equilibrium

constants KA/K Hence in order to be able to achieve a high

B
degree of accuracy it would be necessary either to increase
the number of.reading‘s by a factor greater than four (wkich
would lead to large inaccuracies in calculated pressures) or to

improve the accuracy of the analysis technique.

The results of the analysis by program 'MTRUNGE'
of the simul'taneous hydrogenations of furan and sylvan over
5% Pt/pumice catalysts are summarised in the following table.
The 'least squares deviations' quoted in table 6.2 were -

calculated using formula 6.32 :

-

n

S is the least squares deviation, .n is the number of data
-points- used, Yi‘a'nd y; are the mole fractions of furan
remaihing unreacted, calculated by the simulation program
and found experimentally respectivély. A différ,ence of
0.01 between the calculated and observed mole fractions of
furan unreacted for each data point would result in a least

squares deviation of approximately 0.003.



Table 6.2

RUN

C10J1
c1oM1
C10K1
C10N1
C1001

26,
'30.
48,
49,
60.

o o ©

Results of analysis by the curve fitting program 'MTRUNGE'

of the data from the simultaneous hydrogenations of furan

and sylvan over 5% Pt/pumice.

L

B C D E F G H I J K
0.0038 0.7 1.33 0,122 0.096 77.7 8.8 '10.5 0.51ll 1.28 2.50
0.0040 0.9 1.29  0.130 0,110 120.9 8.5 7.4 0.4636 1.15 2.49
0.0020 0.8 0.99 0,245 0.280 89.3 12,2 9.2 0.4406 2.21 5.02
0.0019 1.0 0.99 0.250 0.280 96.1 14,2 10.6 0.6212 3,09 4.99
0.0040 ~ 1.2 0

A = Reaction temperature (OC), B = least s‘quares deviation between
the calculated and experimental mole fraction furan unreacted/time

o ) _ o
curves, C.- KA/KB, D = KAK‘/K K. (from table 6.1), E = K!',

F 'B'S
F =K', G, H and I are the ini-tialwfuran,. sylvan and hydrogen .
pPressures respectively (mm,.Hg), J = weight of 5% Pt/pumice catalyst,
K and L are the furan rate constants found by the program 'MTRUNGE'

and per gram respectively, (mm. I-Ig)'.o‘2 .min._l, M = KF/K

S’
N = the sylvan rate constant / g, (mm. Hg)—0°2.min.‘-}, all rate
constants have been multiplied by 103.‘

.89 0.315 0.368 80.2 10.1 8.4 0.4712 3.76 7.
4 R

98

M N
L9 L3
1.4 1.8
.2 4.2
1.0 5.0
0.7 10.8

6LT
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6.2 Discussion

As is shown by the least squares deviations in
table 6.2 the agreement between the experimentally determined
mole fraction furan unreacted/time curve and its counterpart
synthesised by the simulation program 'MTRUNGE' is within
the limits of experimental error for all the five s.imulfaneou.s
hydrogenations. It is worth remembering that the effect of
random experimental errors has been greatly reduced by the
use of the smoothing technique which has been applied to the
data points -(using the Chebyshév curve f{itting program,

Appendix 6).

Furthermore, since thesé close fifs between the two
‘curves were obtained using values for the furan an‘d sylvan
poisoning constants which compare well with those found from
the analysis of single reactions, see tables 5.27 and 5.28, the
model adopted to represent the hydrogenation of a mixture of

the furans (given by the four simultaneous differential

equations 6.25, 6.26, 6.30 and 6.31) is satisfactory.

However, since the least squares’ deviations are

relatively insensitive to small changes in the ratio KA/KB

compared with changes of a similar magnitude in the furan

rate constant, K the figures- quoted for the ratios of furan

P
to sylvan's adsorption equilibrium constants are only
approximate (-i- 25%) and hence so are the rate constants
and their ratios. While the errors in the rate constants
KF é.nd KS are about twicé those for Ivalues obtained from
hydrogenations of single furans the simultaneous reactions
were carried out in order to find the relativé rates of
reaction of the two furans, the error in this ratio being in

: + . . .
the order of - 25 to - 30%. Since relative rates of reaction

found from hydrogenations of furan and sylvan separately are
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subject to an error equal to the sum of the possible e‘rrors in
the rate constants for each of these reactions (amounting to
approximately T 20 %), the two techniques give values for
KF/KS to approximafely the same accuracy. Graph 6.2 shows
the dependance of KF/KS on the reaction température for the
five simultaneous hydro‘genations, data from table 6.2, and
the three single sylvap hydrogenations, Cl0Cl, CIl0Il and
C10N1, the value of the“ rate constants for the furan
hydrogenati'ons .:L.Lt t}}e‘ same temperature being found from
Graph 5.10. As Gz;aph 6.2 shows the two techniques yield

similar values (at the same temperatures) for KF/KS'

Although the information which may be extracted
from the simultaneous reactions is only semi-quantative in
~nature it is interesting to note that sylvan's rate constant ‘
increases more sharply with increasing reaction temperzitu;:e ‘
than furan's, see Graph 6.2, hence the activation energy for
the sylvan-hy&rogen reaction is greater than for furan's '

. hydrogenation (equation 5.76). This is in agreéement with
the results obtained for the hydrogenationé of the two furans
separately, contrast tables 5.27 and 5.28, and with the
activation energies quoted for furan and sylvan hydrogenations
over PtO'2 in acetic acid (ref. 82 ) of 8 and 8.6 K.cals.

respectively.

While the change in the KA/KB values with reaction
temperature is just within the limits of the experimental
accuracy the figures for this ratio in table 6.2 suggest that
at room temperature sylvan adsorbs more strongly than furan
while at 60°C the reverse is true. The slightly stronger
adsorption of sylvan .at low temperatures could be attributed
to its higher boiling point (63°C as opposed to furan's boiling
point of 320C), while the stronger adsorption of furan at 60°C

could either be caused by a difference in the electronic
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GRAPH 6.2
The ratio of the rate constants for the hydro enatlons

,5.  Of furan and sylvan as a function o
ﬂ temperature ‘
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properties between the two compounds or simply by the greater
ease with which furan molecules may.be packed on the catalyst's

surface.

A by-product of the mathematical analysis of the
simultaneous hydrogenations of furan and sylvan is that it
provides additional evidence to show that the models adopted
to represent the kinetics of thé hydrogenations of these
compounds singly (équations 5.53 and 5.77 respectively) are
satisfactory since these basic modeis were ﬁsed to construct
the model used to describe the kinetics of the simultaneous
hydrogenations“ of these two compouﬁds. Since this latter
model is shown above to be satisfactory so must its precursors,

equations 5.53 and 5.77. ' '

A large arhouﬁt of time was devoted to the
examination of the simultaneous reactions since the"rate
constants obtained using the early simulation programs for
the hydrogenation gf a single cognpound showed only a general
correlation with increasing reaction temperatures, the errors
being as high as ! 50% for furan hydrogenatiohs, hence the
ratios of the rate constants for the two furans' hydrogenations
were liable to errors of up to ! 100%. Hence it was thought
to be profitable to examine these corhpounds‘ competitive
hydrogenations where the errors in the ratio of the rate
constants is in the order of I 25% to ! 30%. However,
re-examination of the data from éingle hydfogenations using
an improved simulation program (RATESIM 6', Appendix 10),
which has a subroutine included to smooth out random errors
(Appendix 6) in the data, showed that, wit,h"only a few
exceptions, values for the poisoning and rate constants for
Teactions at the same temperatures were reproducible to
within * 10% as is shown by graphs 5.9 and 5.10. Hence

the errors in the ratio of the rate constants for furan and
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sylvan hydrogenations carried out. at the same temperature
would be approximately the same size as those found from
simultaheous hydrogenations. Since a complete analysis of
_the latter type of reaction can take a matter of weeks as
opposed to about 15 minutes for each single reaction the'
simultaneous reactions are only of limited use. A method
whereby the analysis of competitive reactions may be épeeded‘
| up is given at the end of Appendix 5, this had not been

perfected at the time of writing this thesis.
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CHAPTER 7

Mechanism.

Relatively little work has been carried out _o'n furan
hydrogenations with a view to gaining some insight into the
mechanism‘of the reaction. However as was stressed in
section 1.4, bec!aus;e 'the benzene-hydrogen and furan-hydrogen
systems show many similarities, it is possible to draw upon

the large body of research carried out on the former reactions.

To recap on the most important similarities :- -

First, both compounds have a large resonance energy.

Second, the rates of reactions of the two compounds

differ by less than a factor of two.

1

Third, redistribution of deuterium does not occur

during deuteration of the two compounds' nuclei.

Fourth, there is evidence to show that the dihydro-
derivatives of the two compounds act as intermediates in their

hydrogenations.

Fifth, both compounds are strongly adsorbed on the

catalyst's surface.

The mechanisms put forward will deal principally
with furan and sylvan reactions over Pt/pumice since most of
the research has been concerned with these systems. The

salient features of these reactions are :-

A Both furans are strongly adsorbed.

B Hydrogen exchange occurs predominantly at

the 2 and 5 positions,
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C Hydrogenolysis occurs nearly exclusively at

the C-O bonds.

D Sylvan's 1,5 C-O bond is cleaved more than“

ten times as readily as its 1,2 C-O bond.

E Sylvan's 1,5 C-O bond is cleaved twice as

readily as either of furan's C-O bonds.

F The rate at which the furan nucleus is
hydrogenated is affected to a negligible extent
by the presence of a methyl group at the

2 position.

G C-C bond fission occurs more readily for
furan than sylvan, the only C-C bond to be

cleaved. being the 4,5 one.

H 4,5 C-C bond fission only occurs in conjunction

with cleavage of both C-O bonds.

I Neither dihydro- nor tetrahydro- furans are

intermediates in the hydrogenolysis reactions.

J The dihydro- furans are probably short lived
intermediates in the hydrogenation of the furan
rihg which results in the formation of

"tetrahydrofurans.

Initial adsorbed species.

The adsorption of furans probably occurs in a manner
similar tox that thought to occur for benzene, Ref. 53, namely |
by the overlap of the furan ring's delocalised electrons with
vacant metallic d orbitals. In addition, partial donation .fror;n a
furaﬁic oxygen's lone pair will probably also occur, forming the

adsorbed complex I.
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Evidence for the strong adsorption of furan comes ‘
not only from the calculated furan order of approximately zero
(chapter 5, confirmed in chapter 6) but also from the simultaneous
" Feaction of furan and benzene (reported in chapter 4), which
showed furan to adsorb preferentially. Ho\‘avever, the
hydrogenations of n-hexene and n-butanol in the presenée of
furan suggests thaf, like benzene, either the furans adsorb
strongly on relatively few sites (c.f. benzene, ref. 70) or furan
does not pack efficiently on the catalyst's surface, leaving the
metal atoms in the intersticés between the adsorbed furan free
to react (c.f. benzene, ref. 78). Evidence for gaps in an
adsorbed monolayer of benzene comes from the ease witﬁ which
o} -P hydrogen interconversions and DZ - HZ.’ DZO = H2 and

DCl - H, exchange reactions occur over catalysts in the presence

of benzene).

Hydrogenation:

In chapte;r 1 section 3 evidence, " gatheréd by other
workers, was presented to show that dihydrofurans are probably
intermediates in the formation of tetrahydrofurans from furans,
~ the rate determining step 1b'eing the first addition of hydrogen to
the furan nucleus. Therefore the hydrogenation reaction .

probably proceeds as follows
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Such a mechanism, which is similar to that proposed.
by Anderson and Kemball (ref. 53) for the hydrogenation of
benzene, is consistent with the above c_qnditions A and F and

with the lack of exchange during hydrogenation (ref. 51).

C-O bond hydrogenolysis.

. .Hydrogenolysis products have been shown to be .formed
by a pathway which involves neither the dihydrofuran (ref. 49‘ )
nor the tetrahydrofuran (ref. 18 ). Furthermore it s unlikely
that the reaction will proceed by the adsorbed complex II since
hydrogen addition to this species is much more feasible than
bond cleavage (from the product distributions of furan and sylvan,
hydrogenoly.ses'\of the' C-O bond in II would have to .occur twice

as fast as addition of hydrogen).

A possible reaction mechanism involves the adsorbed
5-furyl radical (which, by analogy with the benzene-hydrogen
exchange intermediate (ref. 53), is probably an intermediate in

the hydrogen exchange Treaction of furans) :-’

R
e~ Slow
— - Lot
- » III
alkane ——= adsorbed <— adsorbed Ketone.——=-. gaseous ketone

alcohol

A

gaseous alcohol

The above scheme represents the hydrogenolyéis of a
2-alkyl furan, for furan itself species IV would be converted

straight to the adsorbed alcohol.
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C-C bond hydrogenolysis,.

Even at 95.5°C no n-pfopa.nol was detected in the
products from the furan-hydrogen reaction over Pt/pumice
although 4.9% n-propane was formed. However, at this
temperature ‘the ratio of n-butahol to n-butane formed was
approximately 10 : 1. Therefore, it seems unlikely édsc;rbed
n-propanol or one of its adsorbed analogs is the intermediate
in the formation of n-pxl'opane, this probably being formed by
fission of the C-C bond adjacent to the C-O bond in IV (R = H)

or adsorbed n-butanol.

If one postulates that C-C cleavage only occurs byl
cleavage of the Cl-C Bond adjacent to a primary OH group
(C-C bonds adjacent to C-O bonds are more prone to cleavage
over platinum than unsubstituted aliphatic C-C bonds, ref.. 41.)
then the -stability of the C-C bonds in the s&lvan molecule is
explained - primé.ry alcohols are formed from furan and sylvan
in a ratio which e:;ceeds 10 : 1. Furthermore, such a mechanism

explains why only sylvan's 4,5 C-C bonds are prone to cleavage.
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APPENDIX 1.

Nomenclature :-

r Internal radius of the capillary (cm.)

1 Capillary length (cm.)

7 Approximate viscosity of the reaction mixture

(poise)

dVo c . . 3 -1
av_ Flow rate of gas into the capillary (cm”. sec. ')
dt '

Pl Pressure in the sampling system (dynes cm. )
F‘2 Pressure in the reaction vessel (dyne cm. -2')

~ dn Flow rate of gas through the capillary (mole sec.‘l)
dt .
: -1 -1
R Ideal gas constant (erg. mole K )

Temperature ( K ) o

Using Poiseuille's equation Al.1 (ref. 67 ) for the
laminar' flow of a gas through a capillary an expression is
derived which relates'the pressure in a sampling system to the
time taken in sampling, and the reaction vessel pressure
assuming laminar flow, no slip effect, the reaction vessel
pressure remains constant during sampling, the expansion is
isothermal and that at t = O, .Pl = O. The relationship is
- only intended to be co.rr'ect' to a first approximation.
Poiseuille's equation applied to the sampling system

outlined in fig. 2.3 is

o .
R P_Z_C}X_ = __,w_r_‘%(,P_ e P

dt 2 1

161 g .- o Al.1l

Differentiating the ideal gas law,

PV =nRT, Al. 2
with respect to time gives

o . 4
P, dV' =R T dn Al. 3

ca Te —
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Where equation Al.3 applies to gases entering the
capillary. Similarly applying Al. 2 to the sampling system and
differentiating with respect to time, gives , * |

V dP i . | c .
1_1 = RT dn Al 4
dt P at

Combining Al.3 and Al. 4 :
av® v, ap ' o
at - o= =X . AL

PZ dt o
and substituting Al.5 into Al.l :

dP
V1 1

dt

4, 2 2. o
= 7Tr(P2 —Pl) . A16

161 ¢
Poiseuille's equation is now in a form where all
.the variables are either known or are easily measurable

with the exception of Pl.

Rearranging Al. 6 and integrating :

A I
- P V., 16 1 4

(Where the integration limit P1 is the pressure in

the sampling system at time t secs.), which gives

1 In /P. + P 4
2P 2 L= = r ¢
2 P, - P V. 16 '
2 1 19 Al. 8
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For the sampling system outlined in fig. 2.3 .
. 3
r =0.01 cms., 1 = 20 cms. and V1 = 5 cm. Comparison of
the literature value for the viscosity of hydroge?, 88 micropoise

(Ref. 83 ) and fo.r vax}ious organic molecules, e.g., isopentane
vapoull', 69. 5 niicfopoise '(Ref. 84 ), benzene vapour 85
micropoise (Ref. 85‘| ) n-butanol vapour, 105 micropoise,

(Ref. 86 ), all at ZSOC, suggests tha't‘a valué of the viscosity
of the reaction mixture of 88. micropoise is a fair approximation.
Graph Al.l of the time taken sampling, t, against the pressuré,
in the sampling system, P, was found by using the above data

1 .
.in equation Al.9 using a typical reaction pressure of 100 mm.
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GRAPH Al 1l
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APPENDIX -2

Alterations to equation 3,20 to allow for

‘possible cleavageA of a furan's carbon skeleton

resulting in the formation of two detectable products.

Nomenclature :- The same as that used in chapter 3, section 3.1.4.

This éppendix has been included in order to show that
the techniques. developed in section 3.1.4 are applicable to a

more geﬁeral class of reaction than those considered in chapter 3.

Let §‘.(JI) be the fraction of furan reacted, for the
Jth sample, which has been formed by cleavage of the carBon-
chain to form two detectable products, product distributions of
each being . ¢(J), the r.‘est of the furan reacted form;ng one mole

of products per mole of furan reacted.

Then equation 3.17 (for sample .'l') becomes :-

o
F

o) = M) /ML L+ $MED) A2l
and therefore 3.20, on expression for the ratio of the mole

fraction of furan present for samples 'l' and '2', becomes :

O(2) = A ALER) (1+ 2@ £M)

T ALRALN)  (1+ £(2) £(2))

A2.2

" -~ --To simplify the follow.ing expressions let

!

R = Ag(l) A(2) ! A#(z) AF(l)‘ - A2.3
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If, for simplicity, sample 'l' is a blank on the
reaction miictu;e, A2.2 in conjunction with A2.3 yields the

following expression for O (2) :-

o) = OO R/ (1+ 1(2) £(2)) - A2.4
but ¢ (2) = I - R | A2.5

Therefore by substituting A2.5 into A2.4 an

expression is obtained for O (2) in terms of O (1) and peak

-~

areas only (the analog of equation 3.20) :-

A2.6

CR)=CQR/(1+ t(1-R)) '



APPENDIX 3

The three computer programs, in Fortran,
. - L . . ’ ‘
which' were used most frequently for the

Lo t
conversion of G L. C analysis data into
i

molar percentages

A3.1 The computer program to proceés visually measured

data (program DATAS3)

The mole percent of detectable reactant and the
product distributions in terms of mole percents are calculated
'by using equations A3.1 and A3:2 respectively, both of which.
were derived from equation 3.8. Both types of mole percents

apply only to detectable reactants and products.
: N . |
= 10 . : . :
R 0 /321 (Cp Aj/ap) , ‘ A3.1

where R is the mole percent detectable reactant of the detectable
reactant and products. If no adsorption and little cleavage of
the carbon skeleton of thé reactant or its products occurs (as is
to all intends and purposes the case for the reac’éipns over Pt/
pumice catalysts) then R is the mole percent of the reactantA

which has not reacted when the sample for analysis was removed.

|La

>

.. n . .
. . 1 J

Py =100 4, CB/((E Cl A > _1> A3.2
B j=1 B/ |

where Pi is the mole percent of product i of the detectable

products (Ai Z AB), in other words the product distribution of i.

Program DATA3 also calculates the maximum errors
+
in R and Pi assuming an error of . 0.2 mm. in the measure-
ment of peak heights and peak widths at half height on a

chromatogram as follows: -

A 70
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)

The expressions for the minimum values of R (RMIN

and Pi(P ) assuming all the peak area measurements are

iMIN
subject to the maximum error are derived from equations A3.1

and A3.2 respectively:

_ RS i
Ry = 100(Ag - 65) /Z (a, +5) cl, A3.3
(AB +'5B) m (AB+ 5B)~

. . . 2 .
(where &, is the maximum error in mm.  in the area of the

j'th peak) and

Pimin = 10004 - &) C}ig/ 'i((A. +3) Cé-) -1 >A3.4

The maximum errors in R and P, are respectively
i .

+ - .

d . +(R - - ,
an PR - P 222

PROGRAM DATA3

ANALYSIS DATA TREATMENT , AREAS MEASURED VISUALLY
N=NUMBER OF PEAKS/CHROMATOGRAM , M=NUMBER OF
CHROMATOGRAMS. CONV(J)=CONVERSION FACTOR FOR J TH.
COMPOUND, NAME STORED IN NAME(l,J) TO NAME(15, J)
ARED(1)=PEAK HT.,ARED(2)=PEAK WIDTH AT 1/2 HT.,
ARED(3)=AMPLIFIER SENSITIVITY :
(C e 3l 2i¢ e 21z 336 3l 3¢ 3l 3ie e sie e 3le e sie e sie sfe 3ie sl e sie sie e sle e sie e sje sl sje sle e sje sie sie sie sl sie e sje sie sje sie sfe sie e e sje v sie e sle e sfe ofe dfesie e vle sieojesle
.DIMENSION CONV(10), AREA(3, 10, 8), OLFN(2, 10, 8), ARED(3), PR(2, 10)
DIMENSION OLP(2,10, 8), NAME(15, 10) A
FORMAT(FS. 3, 15A1)
FORMAT(3F8. 4)
3 FORMAT(212)
READ 3,N, M
DO 4 J=1,N .
READ 1, CONV(J), (NAME(K, J), K=1, 15)
4 CONTINUE .
IF(1. 0-CONV(1)) 5,6,5

SHONONORSNQ

N =



- 198

5 DO 7 J=1,N
" CONV(J)=CONV(J)/ CONV(1)

7 CONTINUE
6 DO 16 L=1,M
SUM=0. 0 ,
ESUM=0.0 ‘

DO 17 K=1,N
READ 2,ARED
AREA(L, K, L)=ARED(1)*ARED(2)*ARED(3)/100. o
AREA(2, K, L)=(ARED(1)-0. 2)*(ARED(2)-0. 2)*ARED(3)/100.
"AREA(3, K, L)=(ARED(1)+0. 2)*(ARED(2)+0. 2)*ARED(3)/100.
OLFN(L, K, L)=AREA(L, K, L)*CONV(K)/AREA(L 1, L)-
OLFN(2, K, L)=AREA(2, K, L)*CONV(K)/AREA(3, 1, L)
ESUM=AREA(3, K, L)*CONV(K)/AREA(3, 1, L)+ESUM
SUM=SUM+OLFN(L, K, L) ' ) '
17 CONTINUE o
DO 100 I=2,N ‘
OLP(L, I, L)=OLFN(1, I, L)*100. /(SUM-1. 0) . 4
OLP(2,I, L)=(OLP(1,I,.L)-OLFN(2, I, L)*100. / (ESUM-1. 0))/2.0
00 CONTINUE . o o :
PR(1, L)=100. /SUM '
PR(2, L)=(PR(1, L)-OLFN(2,1, L)*100. /ESUM )/2.0
16 CONTINUE
11 FORMAT(16X, 19HPEAK AREAS (SQ.CM.), /)
12 FORMAT(16X, 15 HMOLAR FUNCTIONS, /)
13 FORMAT(16X, 32HMOLE PERCENT PRODUCT OF PRODUCTS, /)
4 FORMAT(16X, 2IHMOLE PERCENT STANDARD, /)
15 FORMAT(2X,15A1, 5F16. 4
PRINT 11 E
DO 115 K=1,N :
PRINT 15, (NAME(L, K), I=1, 15), (AREA(L, K, L), L=1, M)
15 CONTINUE ‘
PRINT 12
DO 118 K=1,N ,
PRINT 15, (NAME(I, K), I=1, 15), (OLFN(1, K, L), L=1, M)
18 CONTINUE '
PRINT 13
DO 119 K=2,N o
PRINT 200, (NAME(I, K), I=1,15), ((OLP(M1, K, L), Ml=l, 2), L=1, M)
19 CONTINUE : A :
00  FORMAT(2X,15A1, 7X, 10F 8. 3)
PRINT 14 P
PRINT 200, (NAME(L, 1), I=1, 15), ((PR(ML, L), Ml=l, 2), L=1, M)
- CALL EXIT. .
END
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1
2
3

310

A3.2 Computer program to process peak areas measured

using an Integrator

DATA 4

DATA 4 finds tile same mole fractions as those found
by DATA 3 using equations A3.1 and'é_i}_ together with- the
mole fraction of each of the detectable constituents relative
to a.llA the detectable gaseous constituents using equation A3.7 ,

derived from equation 3.8,

\

Qi = 100A;

. . . .th .
Qi being the required mole fraction for the i  constituent.

PROGRAM DATA 4

ANALYSIS DATA TREATMENT , AREAS MEASURED BY
INTEGRATOR. N=NO. OF PEAKS/CHROMATOGRAM,
M=NO. OF CHROMATOGRAMS. CONV(J)=CONVERSION
FACTOR FOR J TH., COMPOUND, NAME STORED IN
NAME(1, J) TO NAME(15,J). ARED(l)=PEAK AREA ,
ARED(2)=INTEGRATOR SENSITIVITY.

ste st sle sl ste sl e =l e e sl ol sl 3k sfe sle sle sl sie e e sl sl 3je sie sl sle sl e sl e e e e sie 3l ok 3l ofe 3l sie 3¢ 3j¢ dic sl sfe s s sl vl Sk Bk

199

DIMENSION CONV(10), AREA(10, 8), ARED(2), OLFN(10, 8), OLP(Z, 10, 9),
.1NAME(15, 10) ‘

FORMAT(FS5. 3,15A1)

FORMAT(2F6.1)

- FORMAT(212)

READ 3,N,M

DO 4 J=1,N

READ 1, CONV(J), (NAME(K, J), K=1, 15)
CONTINUE

DO 310 J=1,N

DO 310 K=l,

" AREA(J,K)=

8
0.0
OLFN(J, K)=0. 0
OLP(1,J, K)=0.0

OLP(2, 7, K)=0.0

IF(1. 0-CONV(1))5, 6, 5

DO 7 J=I,N
CONV(J)=CONV(J)/CONV(1)
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17

100

16
11

12
13
14
18
15

200

CONTINUE
DO 16 L=1,M

- SUM=0.0

DO 17 K=1,N
READ 2,ARED

AREA(K, L)=ARED(1)*ARED(2)/100.

OLFN(K, L)=AREA(K, L)* CONV(K)/AREA(l L)
SUM=SUM+OLFN(K, L)

CONTINUE

DO 100 I=2,N

OLP(1, I, L)=OLFN(I, L)*100. /(SUM-L1. 0)

OLP(2,I, L)=OLFN(I, L)*100. /SUM

CONTINUE

OLP(2,1, L)=100. /SUM

CONTINUE

FORMAT(16X, 50HPEAK AREAS (INTEGRATOR AT SENS. 1, AMPL.
AT 1%%-8) ,/) -

FORMAT(16X,15HMOLAR FUNCTIONS, /)

FORMAT(16X, 32HMOLE PERCENT PRODUCT OF PRODUCTS, /)
FORMAT(16X, 2lHMOLE PERCENT STANDARD, /)
FORMAT(16X, 37HMOLE PERCENT OF PRODUCTS AND REACTANT, /)
FORMAT(2X, 15Al, 8F15. 4)

PRINT 11

PRINT 15, ((NAME(I K), I=1, 15), (AREA(K L), L=1, 8), K=1, N)
PRINT 12 .

PRINT 15, ((NAME(I; K), I=1, 15), (OLFN(K, L), L=1, 8), K=1, N)

PRINT 13 ..

PRINT 15, ((NAME(I, K), I 1,15), (OLP(1, K, L), L 1, 8), K=2, N))
PRINT 18

PRINT 15, (NAME(L, K), I=1, 15) (OLP(Z K, L), L=1, 8), K=1, N)
PRINT 14

PRINT 15, (NAME(], 1) I=1, 15) (OLP(Z 1, L), L=1, 8)

CALL EXIT

END
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A3.3 Computer program to process peak areas measured using

an integrator for a reaction where two reactants are

hydrogenated simulténeously, DATA 6.

The program finds the Qi's, Pi's and R's definéd
above first for all the detectable gaseous constituents, then
for one of the reactants and its products and finally for the
other reactant and.its products. Equatipn _Ii_E’»_ lis used to

calculate the conversion factors for the second reactant, hence

“only one set of conversion factors are required.

PROGRAM DATA 6

PROCESSING OF DATA FROM THE ANALYSIS OF A MIXED
REACTION (DATA FROM VPC WITH INTEGRATOR)

NM=NQ, OF PEAKS ASSOCIATED WITH PRINCIPLE REACTANT
N=NO. PEAKS/CHROMATOGRAM M=NO, OF CHROMATOGRAMS
ARED(J,K 1) PEAK AREA ARED(J, K, 2)=UNTEG. SENS,

sk 3e i 3 3 3l S 3k Sie 3l sie 2 e e 3¢ 3ie sie sl sl e e sl sl 3¢ e 3 Ne He 3 3k 3 e 3 3¢ 3¢ 3¢ e 3ie Sle Ne e e ek e Ne e sl Sk Sk 3k .~>,< Sje i st dje e o
DIMENSION CONV(lO 3), AREA(10, 10, 3), ARED(10, 10, 2), OLFN(10, 10,
3), NAME(15, 10, 3), PMOLEA(10, 10, 3) PMOLEB(lO 10, 3), NN(3) -
FORMAT(F5. 3,15A1) . - - .

'FORMAT(10F6. 1)

FORMAT(3I3)

READ 3,N, M, NM

READ 1, (CONV(J, 1), (NAME(K J,1), K=1,15), J=1, N)
DO 310 J=1,8 .

DO 310 K=1,N
DO 310 JJ=1,3
AREA(J, K, JJ)=0.
OLFN(J, K, JJ)=0.
PMOLEA(J, K, JJ)=0.0

PNOLEB(J, K, JJ)_O. 0

CONTINUE ,

READ 2, (((ARED(J, K, L), L=1, 2), K=1, N), J=1, M)
NN(1)=N - .

NN(2)=NM :

NN(3)=N-NM - ’

DO 185 JJ=1, 3

NFN=NN(JJ)

DO 85 K=1, NFN

I1F(JJ-3)30, 31, 31

KK=K+NM

GO TO 32

KK=K

DO 80 J=1,M

IF(JJ-2)82, 82,83

0
0
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82 AREA(J,K, JJ)=ARED(J,K, 1)*ARED(J, K, 2)/100. 0
GO TO 80
83 AREA(J,K,JJ)= ARED(J’ KK, 1) ARED(J KK, 2)/100, o
80 CONTINUE -
IF(2-JJ)86, 87, 87
87 CONV(K,JJ)=CONV(K,1)
DO 89. LT=1,15 .
NAME(LT, K, JJ)= NAME(LT K,1)
89 CONTINUE
86 CONV(K, 3)=CONV(KK, 1)
DO 85- LTT=1,15 -
NAME(LTT, K, 3)=NAME(LTT, KK, 1)
85° CONTINUE '
IF(1. 0-CONV(1, JJ))5, 6, 5
5 DO 7 J=1,NFN
CONV(J, JJ)=CONV(J, JJ)/CONV(I JJ)

7 CONTINUE - -
6 DO 16 L=, M
SUM=0.0

*

DO 17 K=1, NFN
OLFN(L, K, JJ)=AREA(L, K, JJ)*CONV(K, JJ)/AREA(L, 1, JJ)
SUM=SUM+OLFN(L, K, JJ) - ]

17 CONTINUE ~ :
DO 100 I=2, NFN
PMOLEA(L, I, JJ)=OLFN(L, I, JJ)*100. 0/ (SUM-1. 0)
PMOLEB(L, I, JJ)=OLFN(L, I, JJ)*100. 0/SUM

100 CONTINUE .
PMOLEB(L, 1, JJ)=100. 0/SUM

16 CONTINUE '

11 FORMAT(26X50HPEAK AREAS (INTEGRATOR AT SENS.1, AMPL. AT 10%%-8

12° FORMAT(16X15HMOLAR FUNCTIONS)

13 FORMAT(16X32HMOLE PERCENT PRODUCT OF PRODUCTS)

14 FORMAT(16X21HMOLE PERCENT STANDARD)

18 FORMAT(16X37HMOLE PERCENT OF PRODUCTS AND REACTANT)

15 FORMAT(2X,15Al, 8F15. 4)

19 FORMAT(IHO030X17HS T AN D A R D =,15A1,/)

- PRINT 19, (NAME(LT, 1, JJ), LT=1,15)
IF(2-37)92, 94,93

93 PRINT 11
PRINT 15, ((NAME(], K, JJ), I=1, 15), (AREA(L, K, JJ), L=1, 8), K=1, NFN)

92 PRINT 12
PRINT 15, ((NAME(I K, JJ), I=1, 15), (OLFN(L K, JJ), L=1, 8), K= 1, NFN)

94 PRINT 18 .. )
PRINT 15, ((NAME(I K JJ), - 1, 15), (PMOLEB(L K, JJ), L=1, 8), K=1, NFN)
IF(JJ)91,185,91 . -

91 PRINT 13
PRINT 15, ((NAME(I K, JJ), I=1, 15), (PMOLEA(L, K, JJ), L=1, 8), K=2, NFN)
PRINT 14 .
PRINT 15, (NAME(I 1,J7J), I=1,15), (PMOLEB(L 1, JJ) 1-=1, 8)

185 CONTINUE
CALL EXIT
END
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APPENDIX 4.

Theoretical pressure drop in the reaction vessel

assuming .adsorption of products occur.

The reaction produces n detectable products and all
sumations in this appendix are over the n products on.ly.-
A single molecule of reactant R produces only one molecule
of a detectable product.

Nomenclature

Gi Fraction of reactant R reacting to form product
i, the product may be either in the gaseous or
.adsorbed state. |

z Pressure drop associated vﬁth a partial pressure

of one mm. Hg.R reacting to form product i,

mm. Hg.

R Initial reactant R pressure, mm.Hg.
X Partial pressure of products removed from
the gas phase by adsorption, mm. Hg. |

h

M Number of moles of the ith product in the

gas phase.

h S roduct adsorbed

.iADS Number of moles of the it
on the c.atalyst;

Number of moles of the reactant R present.

R
APC Reaction vessel pressure drop, due to reaction,
calculated assuming no adsorption occurs, mm. Hg.
APOBS Observed reaction vessel pressure drop, mm. Hg,

from mercury ‘manometer readings.
The total pressure drop, L, in the reaction vessel )
due to the reaction of a partial pressure of one mm.Hg. of
:R is ' n ‘

L = X + E G. Z, mm. Hg , A4.1

1 1
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(c.f. equation 3.27 and Gi is given by equation A4.2, derived
from 3.9 :-
L n o
Gi = (M. + M, o
i =™ " Yiaps) 12 l(Mi t Miaps)). A4.2
v 1 =

'

Substituting A4.2 into A4.l gives

n 0
L =X+ '21 2 (M + M, py)
i= ‘ :
: mm. Hg A4.3
n
iz_:l (M; + M, ) p) | ,

But if the fraction of reactant R 'which has reacted

is D then the partial pressure of R which has reacted is

OPRD mm. Hg | ' .- A4.4

Hence the total pressure drop in the reaction vessel,

APoms, is

o .
APype = Pp D (L - X) + X mmHg, A5

Where D is given by A4.6 derived from _A3.1 |,

n - ‘'n

D= .Zl(MiJrMiADs,) (Mg iZ_:I(Mis-+ Miaps)) Ad.6

1 =

SuBstituting equations A4.3 and A4.6 into A4.5

and cancelling gives

n

4

Z_ '1 Zi(Mi * MiADS )

n

AP =

OPR
OBS .

1

+ X mm.Hg A4.7

M_ + .
R Z (M; + My, pg)

i=1



Since there are too many unknowns in equation A4.7
it does not yield useful information on its own. However, if it
is used in conjunction with an expression for APC ( the
calculated pressure drop in the reaction vessel assuming. no

d ti it is f d that a - AP i i
adsorption occurs) it is found tha POBS C varies mth

percent reaction in a distinctive fashion.

‘An expression for APC in terms of tholes of reactant

R and its products is found frorﬁ_equat{on Ad4.'7 by omitting any

terms involving adsorption,,

n
@)
APC = PR Z Zl M1 ’ .
. i=1 - A4.8
M.+ -
RO M »
i=1
’rhen clearly APOBS > APC for all 0{0 react1oni
since - |
n_ . i n
Z Z,(M; + M, 5) : Z Z; My .
i=1 : i =1
: > A4.9
N | - — :
M_ + (M, +M ) M_ + M,
R i iADS R i
i=1 i=1

. Two simple cases of the above expreséions are
obtained for the percent reaction tending' to zero and to
100% respectively :- | |

. A Percent reaction tending to zero
Expression A4.9 becomes ,
n . n
igl z, (M + My, pg) iz=:1 Z; My
>

- Mp ' Mg

A4.10

- 205
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AP = ! \
therefore APOBS _ PC iz=:1 MiADS/MR + X | A4.11

E Percent, reaction tending to 100%

Expression A4.9 becomes

n ' : n .
: Z. M,
izl Z;(M; + M) i) . 12::1 i A4:12
n ' B n
M M K
izl (M, + iADS?- 121 M,
Hence for a reaction which has run to-completio'n
APOBS.- APC = X o A4.13
This dependance of APOBS - APC (always positive)

makes it possible to distinguish between adsorption of the

| reactant alone and adsorption of products since as'shown by
equation 3,34 APOBS - APC becomes negative at high percent,
reaction. ‘

LV
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Appendix 5

A curve fitting program to find the relative

rates of reaction of furan and sylvan when

i

both- these compounds are being

hydrogenated sirr'mltaneouslj.

Of the various programs which were written to find
the relative rate constants; only the final and most successful
will be described. This prograﬁ used the Runge-Kulta \
| approximate technique using Runge's coefficients (ref. 87 )
to solve the fc;ur simultaneous differential equatiohs._(lﬁ, 6.23,
6.27 and 6.28 finding the standard deviation of this synthétic
curve from the experimental results and changing' the rate
constant automatically in a way likely to reduce the standard
deviation. When an optimum value for the furan _fate constant

is obtained the process is repeated with another value of K,

the ratio of the equilibrium constants for the adsorption Kp
of furan and sylvan. The cycle is continued. until both constants
are optimised. The sylvan rate constant 1s then found using
relationship 6.18 and hence the ratio of the furan and sylvan

rate constants is obtained.

The program consists of a subroutine RUNGE (ref. 87 )
which carries out the integration in conjunction with another
‘subroutine TRUNGE. The main functions of TRUNGE are
controlling RUNGE, calculating the hydrogen pressures
adjusting the partial pressures of the reactants for each ‘sample
taken and calculating the standard deviation for the pair of
constants used. TRUNGE in turn is controlled by the main
prograrﬁ which in practice incorporates a Chebyshev polgrnomial
subprogram but which has for simpli;:ity's sake been described

separately (Appendix 6). The main program's other functions



are arranging the data in a suitable form and selecting the next

value of the furan rate constant to be tried.

A5.1 The Main Program.

The Runge Kutta method is an approximate technique
which operates by increasing the independent variable, time in
this case, in discrete steps, predicting the values of the
dependent variables from their values and gradients during the
transition of a step, for a fuller explanation of the technique
see (ref. 88 ). Because of this step nature values of the
dependent variables are only obtainable at set intervals of. the
independent variables and hence the main program must first
find the steps which lie as close as poss'iblé to the times at
which the samples were taken. For example if the time scale
used ranges from 0 to 300 minutes increasing in steps of ten

minutes and if a sample were taken at 73 minutes then the

nearest calculated value obtained by the integration is 70 minutes.

Having selected the best approximations to the .sample
times used the corresponding mole fractions of furan arAe
calculated by simply substituting into a Chebyshev polynomia"l
(Appendix 6) which has previously been synthesised representing

the best fit to the mole fraction furan reacted/time graph.

The main program then starts calling the subroutine
TRUNGE, each time with a different value for the furan rate
constant. At first the rate constant is changed by an arbitrary
amount, then the last three standard deviations obtained together
with their corresponding rate constants are used to construct a
Lagrange polynomial (ref. 89 ) which may take one of the six

forms illustrated in fig. AS5.1.

[AvEe]
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. A5.1 The six possible forms of the Lagrange polynomial.

@
o

A B C D E " F

NN

Furan Rate Constant

Standard
Deviation

Of the above six possible shapes of the Lagrange
polynomial only five occur in practice, F  was never observed

and hence it was ignored.

For types A and B the rate coﬁs’cant is simply
varied by an arbitrary amount (the rate constant is decreased |
below the lowest ivalu!e for a type A curve and increased above
the highest value for a type B curve). For the other three
possible types the minimum value of the curve is calculat.ed “.by
finding where the derivative is zero. The I;ighest of the three
s-tandard deviations is then discarded and the new estimate of
the furan rate constant is used when s'.ubroutine TRUNGE is

recalled.

Main Program 'MTRUNGE'

OPTIMISATION OF FURAN RATE CONSTANT

IF SENCE SWITCH 2....0N TO RECORD, OFF TO RUN NORMALLY |
IFF SENCE SWITCH 1.... ON TO FETCH, OFF TO RUN NORMALLY
¥k JF SENCE SWITCH 3 OFF...NORMAL, -ON... TO CHANGE

BKI1 #**** RECORD AND FETCH HOLD SD(J), RCF(J), J=1,3 AND RC
P3=HYDR, PRESSURE INITIAL, P4=FURAN PRESS, INITIAL,
P5=SYLVAN PRESS, INITIAL, T3=FURAN POIS. CONST., T4=SYLVAN
POIS. CONST., BKI=RADIO OF ADS, EQUIL, CONSTS., RCF=GUESSED

i sjeslesk < 318 31 3ie 33 3 3k 3l 3l e e sle sl sfe sl sie sl she s sl sje sle sje sfe sl sje sl sle slesie sl se sl sl sl slesie ste sle sl sle sl sl sle sl ok Sk e s

DIMENSION DY (4), Y(4), F(28), SD(3), FURG(10, 2), RCF(3) , R3(10)
DIMENSION SRCF(3),SSD(3) : . S
DEFINE.DISK(10, 000)

Y 1L=10. 0

XL=10.0

YD=0. 05

YMIN=0. 4

sl 2 3e 3 3k

"YMAX=1.0

XD=10.0



2000

2001

1

1

235
236
238

2.

778 .

220

222
224

223
225

226

221

99

777

779

107
94

93

XMAX=300.0

XMIN=0. 0

READ 235, T3, T4, P4, P5, P3

IC=1 . S

READ 236, BKI,RC  ,RATIO, Fl, F2,5l,S52,53,55

PRINT 2001, RATIO, BKl1, T3, T4

PRINT 2000, P3, P4, P5

FORMAT(9X, 22HINITIAL HYDR.PRESS.= ,F7.2,9X, 22HINITIAL

FURAN PRESS.=.,F6.2, 9X, 23HINITIAL SYLVAN PRESS.= ,F6.2//)

FORMAT(1HL, 9%, 7HRATIO— , F8.4, 9%, 26HADSORPTION EQUIL.

CONST. =-, F8.5, 9%, ZOHPOIS CONST. FURAN:= , F8.5, 9%, 21HPOIS
CONST. SYLVAN= , F8.5) '

READ238 , ((FURG(K, J), J=1, 2) K=1,9 )

TU=RC/5.0-- -

FORMAT(2F9. 6, 3F7. 2)

FORMAT(9F8. 6)

FORMAT(8F9. 4)

TIME SELECTOR

PRINT 778

FORMAT(5X, 1THTIME SAMPLE TAKEN)

T=0.1 -

K=0

K=K+1

PRINT 777, FURG(K, 1)

T=T+5.0 .

IF( FURG(K, 2))221, 221, 222

IF(FURG(K, 1)-T)223, 225, 224

T=T+5.0 ~

GO TO 222

IF(FURG(K, 1)-T+2. 5)226, 225, 225

FURG(K,1)=T

GO TO 220

FURG(K,1)=T-5.0

GO TO 220

MOLE FRACTION ADJUSTMENT

READ99, M, (R3(I), I=1, M)

FORMAT(12,.5E13.7)

FORMAT(F10. 5)

PRINT 779

FORMAT(1HO, 5X, 46HCALCULATED MOLE FRACTION , FROM

CHEBYCHEV POLN.) :

J=1

IF(FURG(J, 2))94, 59,94

X=R3(1)

DO 93 K=2, M

X=X+R3(K)*FURG(J, 1) “(K-1)

CONTINUE

FURG(J, 2)=X

PRINT 777, FURG(J, 2)

J=J+1 - : . °

&1V
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A refinement to the process whereby a prediction
is made of the value of KF which will give the best fit of the
experimental and theoretical furan reacted/time curves which
was not completed at the time when this thesis was written up
is to store all the standard deviations between the two curves
obtained together with their corresponding furan rate co.nstants
in large dimensioned array, the program proceeding as before
until a 'type E' curve (fig. A5.1) is located. At this point
the old optimum rate constant prediction part of the program

is discarded and all the n standard deviations f;)und so far

together with their corresponding rate constants are used to

_construct a best fit polynomial of order n - 1 (using subroutine

TN

NP #\.,\_u,\/-\;,.." Lt

PIERE

. UG LY ) .
AP R PRSI

"

«
8 ALFPAE T SN

L P
i

"CHEB'", Appendix 6). The minimum possible standard deviation
is found by the Newton-Raphson approximation technique applied
to the differentiated form of the polynomial, the wvalue of KF
which corresponds to this minimum being used as the next

approximation to the rate constant.

Such a technique should speed the determination of

the rate constant yielding a result of superior accuracy.

PP 271 to 216 inclusive are in the reverse order, viz.
read p 216 for p 211
w w215 " w212
won 214 ® " 213
w ® 213 ® m 214

mn w212 n w215
n m 211 w = 216,




100
101

106

110

111

112

113

114

124

134

140

170
180

299
300
404

405
406

A5.3 Subroutine RUNGE (Ref. 87 ).

SUBROUTINE RUNGE (T,DT,N,Y,DY,F, L, M,J)
DIMENSION DY (4), Y(4), F(28)

GO TO (100, 110,-300),-L

GO TO (101, 110), IG

J=1 .

L1=2

DO 106 K=1,N

K1=K+3*N

K2=KI1+N

K3=N+K

F(K1)=Y(K)

F(K3)=F(kl)

F(K2)=DY(K) 4 '
GO TO 406

DO 140 K=1,N

- Kl=K

K2=K+5*N

K3=K2+N

K4=K+N _

GO TO (l11,112,113,114),J
F(K1)=DY(K)*DT
Y(K)=F(K4)+. 5%(Kl)

GO TO 140 .
F(K2)=DY(K)*DT

.GO TO 124

F(K3)=DY(K)*DT
GO TO 134

Y (K)=F(K4)+(F(K1)+2. *(F(K2)+F(K3))+DY(K)*DT)/6.

GO TO-140 - - ) N
Y(K)=. 5+F(K2)

Y(K)=Y(K)+F(K4) _

GO TO 140 ..~ o
Y(K)=F(K4)+F(K3) , -
CONTINUE " ‘
GO TO (170,180, 170 180) I
T=T+.5%DT

J=J+1

IF(J-4)404, 404, 299.

M=1

GO TO 406

1G=1

GO TO 405

1G=2

L=1 . .

RETURN ° A |
END o R

212



10
50

75
100

200

241

1111
250

260

49

999

998

&alo

RCF(NN)=RC+NN*TU

RCS=BKI*RCF(NN)/RATIO

LMN=1 :

SUE=0.0

LJ=0

Y(1)=PF

Y(2)=PS

Y(3)=0.0

Y(4)=0.0

L=3

M=0 . .

CALL RUNGE (T,DT,N,Y,DY,F,L,M,J)

IF(M-1)75, 10, 75

GO TO (100,200,999), L _

DY(1)=-RCF(NN)*Y (1)*HPF(PH, ¥ (1), Y(2))*(1. 0-Y(3)-Y(4))/(Y(1)+Y(2)/ BKI)
DY(2)=-RCS*Y (2)¥*HPF(PH,-Y(1), ¥(2))*(1. 0-Y(3)-Y(4))/ (Y (1)*BK1+Y(2))
DY(3)=-DY(1)*T3/(2. 0%*SQRTF(T)*RCF(NN)*HPF(PH, Y(1), Y(2)))
DY (4)=-DY(2)*T4/(2. 0+SQRTF(T)*RCS*HPF(PH, Y(1), ¥(2))) -
GO TO 50 - . . : : .
LJ=LJ+1

IF(LJ-2 )250, 241, 250

A=Y(1)/(PPFS+PF)

IC=9.

LJ=0

B=Y(2)/(PPSS+PS)

PRINT 111, T, A, B, Y(3), Y(4)

FORMAT(7X, 5F20. 4)-

IF(FURG(LMN, 2))999, 999, 260

ADJUST PRESSURES IF SAMPLE IS TAKEN

C=1.0-A ,

IF(T-FURG(LMN, 1))50, 49, 49

SUE=SUE+(A-FURG(LMN, 2))%*%2

LMN=LMN+1 :

PPFS=PPFS+PF-Y(1)

PPSS=PPSS+PS-Y(2)

PPS=PPS+PPFS+PPSS

PPS=PRESSURE OF PRODUCTS

TOTP=Y(1)+Y(2)+HPF(PH, Y(1), Y(2))+PPS

D=(1.0-1..5/ TOTP) :

" PPS=PPS*D

PH=HPF(PH, Y(1), Y(2))*D
Y(1)=Y(1)*D - -
Y(2)=Y(2)*D '
PF=Y(1) .
PS=Y(2)
PPFS=PPFS*D
PPSS=PPSS*D
GO TO 10 = ‘ '

RMN=LMN - S
SD(NN)=SQRTF(SUE)/RMN '/ 1=+ itimioee e
PRINT 998, SD(NN), RCF(NN) '’ * =~ - 787 ,
FORMAT(4X, 14HSTANDARD DEV. =, F10. 6, 10X, 17THRATE CONST.
FURAN-=, F10. 6)

RETURN '

"END "

4
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A5,2 Subroutine TRUNGE

TRUNGE calculates the hydrogen pressure for each
step using equation A8.15. For the sake of increased flexibility
the hydrogen pressure is described by an arithmetic statement
function (HPF) this in turn being defined using two other
arithmetic statement functions, FHDELF and SHDELF,
describing the contributions of the furan and sylvan reactions
respectively to the change in the hydrogen pressure. In this
way \;s/ere another pair of compounds to be hydrogenated
simultaneously it would only be necessary to redefine FHDELF

and SHDELF.

The drops in the partial pressures of furan, sylvan
and hydrogen caused by the removal of a sample from the
reaction vessel are calculated by assuming a total pressure
drop of 1.2 mm.Hg. The individual pressure drops are then
simply calculated knowing the relative pressures of the three

reactants and the products of the reactions,

Subroutine TRUNGE is as follows:-

SUBROUTINE TRUNGE(DY, Y, F, NN, TU, RCF, SD, FURG, T3, T4, P3,
1 P4, P5, BK1, RATIO, Fl, F2, S1, S2, S3, S5, XMIN, XMAX, XD, YMAX,
2 YMIN, YD, XL, YL, RC) ,
FHDELF(Z)=(PF-Z)%(4.0-2. 0¥F1-F2)
SHDELF(V)=(PS-V)*(4, 0-2, 0%51-2. 5%52-53-S5)
HPF(P8, Z, V)=P8-FHDELF(Z)-SHDELF(V)
DIMENSION DY(4), Y(4) F(28) SD(3) FURG(lO 2), RCF(3)
PH=P3 . _ .
PF=P4
PS=P5
PPS=0.0 - Coe L N N T
PPFS=0.0
PPSS=0.0
N=4 -
800 FORMAT(10XF20.2,4F20. 4)
237 FORMAT(23X92HTIME(MIN. ) FURAN UNREACTED. SYLVAN REACTED.
1 FURAN COVERAGE. SYLVAN.COVERAGE)
PRINT 237
DT=5.0
. T=0.1 - -
RNR=NN



D06

005

007

229

230

231
240

228

969
251
260

242

241

247

246
248

249
243
671

28

SSD(1)=SD(L1)

IF(RCF(L2)-RCF(13))1005,1005,1006

1L4=12 - -

12=L3

1.3=14

SRCF(2)=RCF(L2)

SRCF(3)=RCF(L3)

SSD(2)=SD(L2)-

SSD(3)=SD(L3 )

DO. 1007 J=1, 3

SD(J)=SSD(J)

RCF(J)=SRCF(J)

END.-OF SORT ' (
PRINT 969, (RCF(J), SD(J), J=1, 3) ‘

QO= - SD(1)/((RCF(1)-RCF(2))* (RCF(l) RCF(3)))
Ql= SD(2)/-((RCF(2)-RCF(1))*(RCF(2)-RCF(3)))

Q2=. SD(3)/((RCEF(3)- RCF(l))><(RCF(3) RCF(Z)))
DDL=2. 0%(QO+Q1+Q2) - - .
IF(DDL)229, 228, 228 ‘
. TU=ABSF(TU) '
IF(SD(3)-SD(1))230, 231, 231
SD(1)=SD(3) -
RCF(1)=RCF(3)

GO TO 240 -

TU=-TU
RC=RCF(1)-2.0%*TU

GO TO 3
RO=(RCF(2)+RCF(3))*SD(1)/((RCF(1)-RCF(2))*(RCF(1)-RCF(3)) )
R1.=(RCF(1) +RCF(3))*SD(2)/ ({RCF(2)-RCF(1))*(RCF(2)-RCF(3)))
R2=(RCF(1) +RCF(2)): <SD(3)/((RCF(3) RCF(l))><(RCF(3) RCF(Z)) )
RC=(RO+R1+R2)/DDL

PRINT 969, DDL, RC

'FORMAT( EI2.4)

IF(RC)251, 251, 260
RC=0.0-3. 0*TU

GO TO 3 : .
DO 242 J=1,3
IF(RC-RCF(J))241, 242
CONTINUE -

SD(1)=SD(3)
RCF(1)=RCF(3)

GO TO 243 .

DO 247 J=1,3
IF(RC-RCF(J))247, 246, 246
CONTINUE -

GO TO 243
IF(SD(1)-SD(3))249, 249, 248
SD(1)=SD(3) -
RCF(1)=RCF(3)
TU=TU/4.0 -
RC=RC-3.0%TU
CONTINUE

CALL EXIT

END

&lo
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96

30

269

400
2200
300

004
1001
002

003

GO TO 107
DO 671 K=1, 5

GO TO (98,3,3,3,3),K
IF(SENSE SWITCH 1)4, 96

FETCH (II)(SD(JJ), RCF(JJ), JJ=1, 3),RC

GO TO 5.. . .. - -
NN=1

CALL TRUNGE(DY, Y, F, NN, TU, RCF, SD, FURG, T3 T4, P3, P4, P5,
1 BK1, RATIO, Fl, F2, S1, §2, S3, S5, XMIN, XMAX, XD, YMAX, YMIN, YD
2KL, YL,RC)

1C=99
NN=2

CALL TRUNGE(DY, Y, F, NN, TU, RCF, SD, FURG, T3, T4, P3, P4, PS5,
1 BK1, RATIO, Fl, F2, S1, 52, 3, S5, XMIN, XMAX, XD, YMAX, YMIN, YD,
2XL, YL,RC)

IF(SD(1)- SD(Z))269 3,3
TU=-TU -

RC=RC-1. 0%TU

IF(SENSE SWITCH 3)2400, 33
ACCEPT 2200, BKI
FORMAT(F7. 4)

¥

2

240

FORMAT(1H]1, 20X, 38HRATIO OF ADSORPTION EQUIL. CONSTANTS= ,

F7.4) - .
PRINT 2300, BK1 —
TU=RC/3.0 -

K=2.0

GO TO 96

IF(SENSE SWITCH 2)7,5
RECORD(II)(SD(JJ), RCF(JJ) Jr=1, 3
GO TO 28 - .. )

1C=99

NN=3

CALL TRUNGE(DY, Y, F, NN, TU,RCF, SD, FURG, T3, T4, P3, P4, PS5,
1 BK1, RADIO, F1, F2, S1, S2, S3, S5, XMIN, XMAX, XD, YMAX, YMIN, YD,
2XL,YL,RC)

1C=99

L1=1.0

L2=2.0

L3=3.0 o :
IF(RCF(L1)-RCF(L2))1001, 1001, 1002
IF(RCF(L1)- RCF(L3))1003 1003, 1002
GO TO(1,2), L1 .

L1=2.0 -

L2=1.0

13=3.0

GO TO 1004

L1=3.0

1.2=1.0

L:3=2. 0

SRCF(1)=RCF(L1)

-
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Appendix 6.

Chebyshev polynomial curve fitting computer program.

.
The Chebyshev polynomial curve fitting method is a.

high speed technique relying on the least squares principle for
the optimum approximation of a function to data points. The
principle states that the partial derivatives of S, the sum oi the
squares of the 'residuals' (the difference in the Y coordinate of
each data point and the value calculated using a trial function),
with respect to each unknown constant in the trial function is
zero when the function giving the optimum fit to the data points

is used. ’ )

Using this principle a polynomial of degree m which-
approximates to the data can be found by solution of the m + 1
'normal' or simultaneous linear equations generéted by the
partial differentiation of S with respect to each of the m +1
unknown constants in turn. This is the method most usually

adopted for least squares approxXimations to data.

The Chebyshev polynomial approach .is superior in that
it is inherently faster and requires less storage space. Both
advantages arise because' the data is processed in such a way
that rather than solve m + 1 linear simultaneous equations in
m + 1 unknowns, simple expressions can be derived for each of
the unknown constants. The simplific-ation‘relies on the following

property of Chebyshev polynomials :-

m +1 0 for K #1

i=1 - : m+1 for K = 1=0



2ls

where Tj (%) is the Chebyshev polynomial of degree j, m is an

integer and X, = cos (2i—1) ’

2(m + 1) Ab.2

In brief, a linear transform is applied‘to the data
so that the x coordinates lie in the interval (—1,1). By using
Lagrangian interpolation the altered data is used to find the Y

coordinates ( S;i ) which correspond to the ;{i values generated

by equation Ab6.2 and these new data points, (:’cl, ?l), ()'EZ, '}72)....

("_‘m +1 Vm + 1 ) are approximated to by the polynomial,
- i | A |
Y X) = A T. (% ) Ab.3
(%) JZ AT e |

h constant and m is the

where Aj is the polyhomial‘s _j/c
" polynomial's order. Then, applying the least squares criterion

to A6.3 and making use of Ab6.1: '

' m + 1
A, = 2 ' Sf‘iT(i) , jEO0O . A6.4
J m+l iT1 J

S (%) 6
A = 2 7. T. (%, , j=0 Ab.5
A Z R S B

Finally, equation A6.3 is re-expressed as a
polynomial in X and a linear transform is applied to change
the data back to its original interval, the Aj's being used to

find the new constants, Cj's, in this final equation,

j=1

Y (x) = Z c; x | A6, 6

A more detailed description of the technique is

given in ref. 90.
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The Chebyshev polynomial curve fitting program was
used to smooth out random errors in the data for the final
simulation programs used for single reactions (RATESIMS,

Appendix 10) and simultaneous hydrogenations of furan and

sylvan ("MTRUNGE', Appendix 5). For single reactions it was

found that the incorporation of the smoothing sub-program
increased the reliability of the values found for the rate constant

by a factor of approximately three.

The Chebyshev smoothing was carried out by subroutine
'CHEB', which was incorporated in 'RATESIMé', being called by
a short main program 'MCHEB' whenever else it was used

(e.g. '"MTRUNGE')

Program 'MCHEB!'

DIMENSION R(25), V(20 ), ¥(2Q ), C(25), F(25), G(10.10)
CALL CHEB(N, M, Y) ' I
CALL EXIT

END

SUBROUTINE CHEB

SUBROUTINE CHEB(N, M, Y)

CHEBYSHEV POLYNOMIAL CURVE FITTING - NON EQUIDISTANT
DATA, M=ORDER OF POLYNOMIAL, N=NUMBER OF DATA
POINTS USED, Y(I) AND V(I) ARE Y AND X COORDS.RESP. OF
ITH DATA POINT ) :

e e e sl sl sl sle sesle sie e 3k st e s sl sie e sl sl e Sk 3ie 3k sl sfe sl sl sfe e sfe e sfe e ik sfe e sfeale sl sfesie sfe o e sje e Sfe sfedke slesie ofe de e e skl e
DIMENSION R(25) V(20 ) Y(ZO ), c(25) F(ZS) G(lO 10)

READ 5, M, N .

READ 2,(Y(I), V(I) I=1, N) -

PAUSE _ o

VM=V (1) o

IF(VM)30, 31, 30 :

DO 32 I=1,N

V(1)=vV(I)-VM

M=M+1

FORMAT(12, 14)

FORMAT(8F9. 4)

FORMAT(8F9. 4)

M=M+1

COMPUTE ROOTS



- 220

X2=M
DO 1000 I=1,M
X1=1
ARG=1.5707963268%(2. 0%X1-1. 0)/ X2
- MSUB=M+1-1
R(MSUB)=COSF(ARG)
1000 CONTINUE
SUMl= (V(N)-V(1))/2.0
SUM2=(V(N)+V(1))/2.0
NORMALIZE VECTORS
DO 1003 I=1,N
V(I)=(V(1)-SUM2)/SUMI1
1003 CONTINUE
LAGRANGE INTERPOLATION UNEQUALLY SPACED DATA
I=1. 0
DO 150 L=1,N
160 SS=0.0
IF  (R(I)-V(L))151, 151,150
151 IF(L-2)154,154,155
155 IF(N-L)156,156,157 ‘ ,
154 DO 13 K=1,3 »
PI=1.0
LL=0.0
4 LL=LL+l
IF(LL-K)12, 4,12
12 IF(LL-3)10,10,7 -
10 PI=PI*(R(I)- V(LL))/(V(K) V( LL))
GO TO 4
7 SS=SS+PI*Y(K)
13 CONTINUE
GO TO 19
156 L5=3.0 -
GO TO 158
157 L5=4
158 DO 14 K=1, L5
PI=1.0
LL=L-3
16 LL=LL+1
IF(LL-L-K+3)15,16,15
15 IF(LL-L-L5+3)18,18,17
18 LLL=L-3+K
PI=PI*(R(I)-V(LL))/(V(LLL)-V(LL))
GO TO 16 ~ :
17 LLL=1-3+4K -
S$S=SS+PI*Y(LLL)
14 CONTINUE .
19, F(I)=SsS
- I=I41
IF(M+1-1)153,153, 160
150 CONTINUE



1l

153
992

260
261

265
266

270

271
272
275
280

305

888

884

886

597

COMPUTE COEFFICIENTS
ZM=M : ‘
FORMAT(5EL6. 6)

PRINT 992, (F(I), I=1, M)
DO. 280 I=1,M -

SUM=0.0 -
IF(I-2)260, 265,270

DO 261 J=1,M
SUM=SUM+F(J)

GO TO 275

DO 266 J=1,M
SUM=SUM+R(J)*F(J)

GO TO 275 -,

V(1)=1.0

DO 272 J=1,M

V(2)=R(7J)

DO 271 K=3,1

V(K)=2. *R(J)*V(K-~1)-V(K-2)
SUM=SUM+F(J)*V(I)
C(1)=2.0%SUM/ ZM-
CONTINUE

c(1)=Cc(1)/2.0

PRINT 992, (C(I), I=1, M)
NN=M-1 S g
PRINT 305, NN

_ FORMAT(2X, 33HPOLYNOMIAL COEFFICIENTS - DEGREE
CONVERT CHEBYSHEV SERIES TO ITS EQUIVALENT POWER SERIES

DO 888 Lé6=1,5

DO 888 L7=1,2

G(L7, L6)=0

CONTINUE

G(1, 2)=1.0

G(2, 3)=1.0

F(1)=C(1)

F(2)=C(2)

DO 886 L=3,M

F(L)=0

J6=1L+1

DO 884 N=2,J6

G(L, N)=G(L-2, N)+2. 0¥G(L-1, N-1)
F(N-1)=F(N-1)+G(L)*G(L, N)
CONTINUE S
G(L,1)=0.0

G(L, L+2)=0.0

G(L, L+3)=0.0

CONTINUE

COEF OF POWER SERIES IN F(N)
GO BACK TO ORIGINAL INTERVAL
PRINT 992, (F(1),I=1, M) . :
Y(1)=F(1) .-

221
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DO 580 K=2, M
580 Y(K)=0.0
DO 583 K=2,M .
L=K-1
Y(K)=Y(K)+F(K)/SUM2%*L
SUM3=1, 0
ZIP=1.0
X2=K
DO 582 J=1, L
X1=J
SUM3=SUM3*X1
DV=SUM3%SUM2**L,
ZIP=ZIP%*(X2-X1)
~ LLL=K-J- .
582 Y(LLL)=Y(LLL)+(ZIP*SUMIl**J*(-1, ¥ J*F(K))/DV
583 CONTINUE - R -
IF(VM)20, 21, 20
20 DO 22 K=1,M
22 V(K)=Y(K)
Y(1)=0.0 | , .
DO 26 I=1, M
26 Y(1)=Y(1)+(- VM)**(I-1)
DO 27 M2=2, M
K2=M2-1
Y (M2)=0 .
DO 27 I=M2, M ‘
RI=I
PR=1.0
DO 28 K=1, K2
RK=K .
28 PR=PR*(RI-RK)/RK
27  Y{M2)=Y(M2)+PR*A(I)%(- VM)**(I- M2)
COEFFICIENTS STORES IN Y(K)
21 DO 584 K=1,M
, I=K-1 :
584 PRINT 585, 1, Y(K)
585 FORMAT(30X, 2HA(, I2, 3H)=, E16. 8)
RETURN ' .
- END
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APPENDIX 7.

Theor‘etical proof that KA and KF are resolvable

Kg

using a curve fitting procedure.

Nomenclature :-
is The furan partial pressure (mm.Hg.) in the
F . . .th
reaction vessel on taking the i~ sample.
is The sylvan partial pressure (mm.Hg.) in the
S . : s .th
reaction vessel on taking the i sample.
R KA / KB
t ~ Time (sec.)
e i ) i i - i i
i d PF/dt Ko P Py (1-a-8) / (PF+ PS/R),
from equation 6.27.
di = -d 1PF/dt , found from experimental results.
Ji = Di/KF’ note that this funct:ion is independant -
f K |
Rl O
n
S =

§ (Di - di‘) , summed over all n readings.
i=1
The conditions for a best fit between the experimental

and theoretical curves is the same as those involved in a least

squares approximation, i.e.,

_g_S_ = 0o , . A7.1

and

S - o © AT7.2
OR ' .



Using the definition of S, A7.1 and AT.2 expand

to A7.3 and A'7'.4- respectively :-

BR

n
}: a(D.'-d.)2 -
- 1 1
, a_KF

Z B(D d)

i=1
n
i .
Z | Z(Di—di) PS Di
1 , 1
" 3 ( P+ PS/R)

Expanding A7.3 and dividing by two gives

n
e 2

=0

A7.4

‘A7.5

AT7.6

Expanding the sum in A7.4 and dividing by two gives

n

s

1
+ PS/R)

i.=

"

2 i

E:dPD
R =0

(P +P/R)

CATLT

. Substitution for Di'(see'nomenclature) into A7.7 and removing

/R

terms gives

l

A7.8

et e ™K
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Equations A7.6 and A7.8 form a pair of simultaneous

equations from which K_ may be  conveniently eliminated

F
(remembering that g; and di are not functions of KF) i.e.,

n .
n d.g. n ’
i : Z i 2 i :
~ 4 Pgog; _Ji=1 <& s A7.9
E: E:l i .
(P +P

i i o
i =1 (Pt Pg/R) Z 2 i=1 s/R)
L b
i=1

A7.9 is an equation which involves R, and variables

which are independant of KF’ hence K_ and R are theoretically

F

seperable. In practice it was found that changes in K had a

F
much larger effect on the shape of the theoretical curve
generated by solution of the four simultaneous differential

equations 6.27, 6.28, 6.22 and 6.23 then changes of a

similar magnitude in R.



APPENDIX 8.

Calculation of the hydrogen pressure in the reaction vessel.

For a system where a reactant R is hydrogenated to

n products.:-

PRODUCT 'l

PRODUCT '2'

PRODUCT 'n'

(Where Xi is the number of molecules of hydrogen
: !

required to hydrogenate one molecule of R to product 'i'.)
‘ | P

Let R, be the fraction of product 'i' formed (e.g.
section 3.1.5. In other words when one molecule of R is

hydrogenated the probability of it forming product i’ is R,

R is found from the product distribution, see e uation A3.2).
{ P q na.c,

Then if a partial pressure of one mm. Hg of R reacts the drop .A

in the partial préssure of hydrogen is

n .
E X. R, mm. Hg.
1 1
i=1" . :

Therefore if a partial pressure of Z mm.Hg of R

reacts the drop in the hydrogen's paftial pr'essure is

n
z § Xi Ri mm. Hg -
i 1

i =
But the hydrogen pressure,UPH, in the reaction

vessel during the hydrogenation of R is given by -

: PH = PI?I - (the drop in the partial pressure

; of hydrogen)

where P° is the initial partial pressure of hydrogen
H P y g

A8.2

LLdo
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Combination of A8. 3 and A8.2 gives

n
O
P_= P - VA X. R, A8.4
H — i1 .
1 =

But Z is given by

Z = PR - Ry mm, Hg ' A8.5
where Pg is the initial reactant pressure and PR is the reactant
pressure at the time at which the hydrogen pressure is required.
Therefore substituting A8.5 into A8.4 leads to an expression for
the hydrogen pressure in terms of the partial pressure of the

reactant:

n ' 2
O .
- - E X.R. mm. Hg. AS8.6
H H (PR PR) ] 11 . g A :
This expression was not usually used since,' in order
to minimise the number of bits of information used to calculate

PH one of the Ri values was expressed in terms of all the other

Ri's making use of the following relationship

n

2 &

ci=1

A8.7

i
—

The application of A8. 6 and A8.7 is best illustrated

by the following examples of the furan and sylvan hydrogenations.

The Furan hydrogenation over Pt/Pumice

"R'= F in all the relationships used in this example.
Si'nc.e at low temperatures the fraction of n-propane formed is
less than 2% this product will be omitted for simplicities sake.

- - . n-butane . F

4H
1

furan

tetrahydrofuran F

n-butanol F



228

(Where F,, F_ and F_ are the product distributions for the three

1 2 3
products in terms of mole fractions). The hydrogen pressure

when the furan partial pressure has dropped from an initial value

of P?:‘ to PF mm. Hg is given by applying A8. 6 to the furan

hydrogenation :
. O ®)
PH = PH - (PF - PF) (4}?1 + 2F2 + 3F3) _ A8.8
But by using the relationship A8.7;
F1=1-F2.—F3 ) o A8.9

Substitution of A8.9 into A8.8 gives

o O _
P =Py -(Pg- P) (4 - Fy - 2F,) A8.10

The sylvan hydrogenation over Pt/pumice

4H > n-propane

tetrahydrosylvan S»

) 3/2H,
sylvan - -2~ ‘ S
A 3H2 pentan-2-one. 3
' pentanv-Z-ol Sq4
i)entan-l—ol ] S5

(where the S; values are the product distributions for the i
product in terms of mole fractions). The hydrogen pressure
_ when the furan partial pressure has dropped from an initial

value of PO to P_ is given by equation A8.6 i.e.,

S S
P =PO- (PO-.P. ) (4s, +25_ + 35, + 3S + 3S) - A8.11
H "H S 'S 1 2 -2— 3 4 5 —_—
but by using the relationship A8.7
Sy =1-8,-5;-5,-5 A8.12

then substituting A.12 into A8.11 gives

o . | .
o - Pg)(4-25,-5/28, -5, - S;) A8.13

P =P - (P 3
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Hydrogenétion of furan and sylvan simultaneously

For a simultaneous reaction the hydrogen pressure
is given by PH = PIC_; - (drop in the hydrogen's partial

pressure due to the furan reacting) - (drop in the hydrogen's

partial pressure due to the sylvan reacting) - ' AB8.14

Clearly A8.14 may be re-expressed by substituting
for the pressure drops by A8.10 and A8.13 giving
O

P, =P -(P

@)

o ,
o - Pp) (4-F,-2F,)-(Pg - F) (4-25,-2:55,-5,-5)  A8.15
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| Appendix 9

Computer Program to solve equation 5.30

for the poisoning constant.

The program finds K' by solving equation 5. 30 by the
‘Newton-Raphson technique for successive approximations to the

root of an equation (ref. 91 ).

By this technique a recursive procedure is used to
- find successively more accurate approximations to the solution of
an equation in the form f(x)= 0 using the iterative sequence

X, = X —fX) /(X)) A A9,1

th th
where X and X, are the n~ and (n+l) approximations.

The computer program written, using equation 5, 32
(which is the form A9.1 takes if £(x) = Q(K')) finds K' for all
the combinations of different runs in a consecut1ve run experiment.
To increase the program's flexibility Q(K') and Q '(K') are defined
in terms of the 'Arithmetic Statement Functions' TF(T) and DF(T) |
respectively. Since all the models for g(t) tried can be conveniently
expressed in terms of Z(X,K'), c.f. equation 5. 37, and
3(Z(X,K')) / JK', c.f. equation 5.38, TF(T) and DF(T) define
these two vari.ables_-rather than the mere complex expressions
for Q(K') and Q'(K'). To use the program for a different model -
for g(t) it is only necessary to redeflne TF(T) and DF(T), which

'

are the first cards in the program,

In'-passing; all thé models analysed using the program
have trivial roots, for instance,.for g(t) = exp(—K't) one solution
1
of equatmn 5. 30 is for K' 0 wh11e for g(t) = exp(—K' t?), Q(K")

tends to zero as K' tends to 1nf1n1ty These tr1v1a1 values of K'



55

51
19
52

50

56
90

91

92
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were avoided by a suitable choice for the first approximation to

the root of Q(K').
: 1
In the following program g(t) = exp ( — K't?).

Program to f1nd K!

TIMES OF START OF RUN IN T(1, J), OF XTH REACTION IN T(2, J)
TF(T)=2: 0%*EXPF(- CONST*SQRTF(T)$SQR TF(T)+1. 0/ CONST)/ CONST*(-1. 0)
DF(T)=2. 0*EXPF(- CONST*SQR TF(T))# (T+2 OFSQRTF(T)/CONST+2 0/ -

[ CONST#*%2)/CONST

DIMENSION T(2, 4), SCONST(3, 3)

READ 2, T

FORMAT(8F6. 2)

K=1 )

N=1. 0

N=N+1

DO 50 J=N, 4 _ .
$=99.9 : | : '
CONST = 0. 001

IMl1=J-1

. DEN=DF(T(2, K))-DF(T(1, K))-DF(T(2,J ))+DF(T(1,J ))

CONST=CONST-(TF(T(2, K))-TF(T(1, K))-TF(T(2,J ))+TF(T(1,J )))/DEN
IF(0. 00001-ABSF((S-CONST)/CONST))19, 52, 52.

S=CONST

GO TO 51

SCONST(K, JM1)=CONST

CONTINUE '

K=K+1

IF(K-4)55, 56, 56

PRINT 90, (SCONST(L, J), J=1, 3)

FORMAT(20X, 18HI(1)-1(2) GIVES K=, F6.4, 5X, 18HI(1)-1(3) GIVES K=,
F6.4,5X,18HI(1)-1(4) GIVES K=,F6.4//)
PRINT 91, (SCONST(2,J), J=2, 3)

FORMAT(20X, 18HI(2) I(3) GIVES K=, F6.4, 5X%, 18HI(2) 1(4) GIVES K=,
F6.4//) -
PRINT 92, SCONST(3 3)
FORMAT(20X, 18HI(3)-1(4) GIVES K=,F6.4 )

'CALL EXIT

END



APPENDIX 10

Two computer programs for the simulation of the

kinetics of the hydrogenation of a single reactant.

The two programs used both solve equation 5.49 to
find what KF woulld be. if the model for f(PF) and the poisoning
constant K' under investigation are correct, clearly if they are
satisfactorylalll the icompﬁted KF's will have the same value
within the limits of experimental error. The two programs
therefore differ only in their means of'operati'on rather than

- in their possible applicationé.

As has been mentioned in section 5.3.2 the integration

of exp (-K' t%) is performed by solution of the closed form of
its integral, equation 5.50, while the integral with réspept to -
the reactant's partial pressure in equation 5.49 is carried out
by an approximate numerical t‘echnique, wherein lies the |majof

- difference.in the two programs. In the first program,

RATESIM3, the numerical integratioh is performed by Simpson's

method which splits the function to be integrated into short
sections ranging between the required limits, approximates to
each arc so obtained by a parabola, finds the area under each

parabola by substitution. into the closed form of the integral

for a parabola and finally sums these areas to give the required

integral (fo.; further details see ref.( 92 )). Clearly the
smaller the sections into which the function is partitioned the _-
better is the approximation to the integral but this improved

accuracy increases the calculation time.

N

The second more powerful program, RATESIMS,
uses. Gaussian quadrature to perform the numerical integration.

Briefly the technique. may be summed up by equation AlO.1.-

232
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1 n

/ f(x). dx = Z w, £ (x) : A10.1

-1 i=1

. ; . . . .th
Where f(x) is any continuous function in x, x., is 'the i
: A i

root of the Lagrange polynomial, P.n+l(x), of degree n + 1,
n is an arbitrary integer ciepe_nding on ‘the accuracy required;
six was usually used, and w, is the weighting coefficient

which is found using equation Al0.2

+1
W, = R / Pn+l (x) dx Al0.2
—_—
Pan ) S U

An excellent explanation of this form of Gaussian

"quadrature is given by Kuo (ref. 87 )-

Clearly the second program is much faster than
RATESIM3 and hence was used to process all the data from

the later furan and sylvan hydrogenations.

Both computer programs allow for pressure changes
in the reaction vés_sel due to sampling and both express all |
hydrogen pressures in terms of furan pressures, see Appendix 8.
The furan pressures themselves are calculated from the initial
furan i)ressure; PO , and the mole {fraction Qf furan unreacted,

F
R, (found for each sample analysed using equation A3.1):-

P ) = .
F RPF Al0Q. 3

where PF is the furan pressure, mm. Hg.

Both programs find the K_ values by using two types

F
of integrals of the pressure function (see equation 5.49), these

will be referred to as segmented and normal integrals
respectively. These. different methods for finding KF were used
since first, the pressures of the reactants change when a sample
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is taken, hence f(PF) is not a continuous function, and second,
because it is of interest to examine small divergences in the
rate constant from its mean. The second factor increases in
1mportance with increasing percent react1on 51n(|:e a small change
‘m the reaction. k1net1c§ at high percent react1on will be masked
by the bulk of the rleact1on which has already occurred. This is
demonstrated diagrammatically 'in fig. Al0.1 for a hypothetical
reaction which proceeds under one type of kinetics until a -
reactant pressure of P1 mm. Hg. is reached at time t; minutes

when the kinetics changes slightly and the reaction continues up

to time t2 minutes when the reaction pressure is P2 mm. Hg.

Fig. Al0.1 Hypothetical dependance of 1/f(P) on pressure

(diagrammatic) . o

i
!
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A
=
~
—
1 2
~

Decreasing pressure

If one is calculating KFin a similar manner to that
summarised in equation 5.49 by using the integration limits of
the initial conditions and those at reactant pressure P2 the
difference between the integral of the ectual pressure function
and that of the pressure function which describes the bulk of the
reaction is the shaded area in fig. AlO.l. As is apparent from
the above figure this difference is only a small fraction of the

total area under the stra1ght line and hence would be difficult

to detect
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Clearly both the above difficulties are overcome by
changing the integration limits to the time and pressures for
adjacent pairs of data points (i.e., when a sample is taken).

These integrals will be referred to as segmented integrals.

Since there was an error of approximately -.!.- 1. 5%
in the values of the reactant pressures found by analysi:s of
samples of the reaction.mixture taken, the fluctuations in the- 3
equilibrium constants found using segmented integrals was as
high as 60%, hence another inherently more stable type of

integral was used to find K The 'normal integrals' are

FZ
the equivalent of integrating from the start of the reaction to
when a sample is taken, the reason for the stability in the

KF's found using them has been outlined above. The expression

for KF’ derived from 5. 49, for the nth sample found u;sing normal

integrals is

n iPF dPF tn L
K=— E / _f(P / exp (-K' t%).dt, Al0. 4
‘ i=1 Yi1FF .-F) t, - '

where t] and t, are the time at which the reaction starts and when

th . . . .
the n sample is taken respectively, Py is the furan partial
th - .
pressure in the reaction vessel when the i  sample is withdrawn
and the solution for the integral with respect to time is given

by equation ‘5. 50.

Program RATESIM 3

Smoothing out the random fluctuations in the calculated
values of KF’ caused by expérimental error, is achieved by.
plotting a graph of time against the mo'le.‘ fraction of furan
unreacted, using analysis data. A best f{it curve is then drawn
through the points and the mole fraction of furan unreacted and
time data which i;c; fed into RATESIM 3 is found from the best

fit curve. An additional feature of this program is that extra
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data points, from the best fit curve, can be fed in as data to
give a less disjointed picture of how KF varies with time.
(A provision is made so that the no pressure drops are

calculated for such points).

The normalised standard deviations of both sets of
equilibriumi constants are calculated using a modification of the .

usual equation used to find standard deviations :

n ’ . n :
O'<: N ) 2 - 2
i=1" i=1
AlO. 5
. n
Z iKF

i=1
where O 1is the standard deviation, n is the number of data
. . .th
points used and ;Kg .is the rate constant found for the i

data point. Equétidn Al0.5 is the normal expression for the

K

standard deviation divided by the mean vallue of the ;

P
The advantage of expression Al0.5 for O is that all the

standard deviations are on an absolute scale.

PROGRAM RATESIM3

SIMULATION OF A FURAN HYDROGENATION USING SIMPSON
INTEGRATION.
N=THE NUMBER OF READINGS USED, TFF(J) IS THE MOLE
FRACTION OF FURAN UNREACTED FOR THE JTH SAMPLE
TAKEN AT TIME (J), PH AND PF ARE THE INITIAL HYDROGEN
AND ‘FURAN PRESSURES (MM.HG.) RESPECTIVELY, ALF AND
BET = THE PROBABILITIES THAT A FURAN MOLECULE -
UNDERGOING HYDROGENATION FORMS THF AND N-BUTANE
'RESPECTIVELY, MM(J)=1 IF A PRESSURE DROP MUST BE
"ALLOWED FOR THE J TH. READING, ZERO IF NO PRESSURE
DROP IS REQUIRED, T3= THE POISONING CONSTANT, B4= THE
FURAN ORDER. ' S '
=i 3 3je s e o s e 3l S slesle ol 3 e e sfe ol sfe s sfe s sl slesle s stk slesle sie sle st A sie slesle sfesle Sk skesie sesie sl sfe sl le ol Heole sle Sleole sl e sl e ke
DIMENSION TIME (26), TFF(26), MM(26), CONS(26, 2), SIM(27), S(27),
1XLAMDA(26), XX(26), TOT(2), TOTSQ(2), STDEV(2) o
' READ 2,N, PH, PF,ALF, BET .

READ 1, (MM(J), J=I,N)
1 FORMAT(2612)
2 FORMAT(I2, 4F9. 4)

aqa00Qac0aaaaQa

&IV



101

100 FORMAT(5X, 24HINITIAL FURAN PRESSURE-=

900

500
51

31

o

10

11

12

41

42
400

DO 3 J=1,26

TIME(J)=0

TFF(J)=0

CONTINUE

T3=0. 04

PRINT 100, PF, PH _
A=PH-PF#*(3.0-ALF+BET)
B=3.0-ALF+BET
XLAMDA(J)=0 C
READ 101, (TFF(J), TIME(J),J=1,N)
FORMAT(8F9.4)- : '

, F6.2,

1INITIAL HYDROGEN PRESSURE:= , F6.2,4HMM. )

DO 60 K=3,5
S(1)=2.0/(T3*T3)

SIM(1)=0 .

PRINT 900,K

FORMAT(I2)

‘B6=4%K-10

B4=B6/10.

MCl=1

X=PF

JJ=1

DO 500 J=1,26

XX(J)=0

XLAMDA(J)=0

CONS(J, 1)=0

CONS(J, 2)=0

CONTINUE

SIMINT=0

L=0

GO TO 10

L=1

IF(X-TFF(JJ)*PF)9, 6, 6

X=X-0.02

L=L+1.

GO TO (8,11,12), L

SIMINT=SIMINT+0. 02/ (X**B4*(A+B*X)*3. )
GO TO 4

SIMINT=SIMINT+4. %0, 02/(x B4v<(A+B=-<X)>=3 )
GO TO 4 A
SIMINT=SIMINT+2. *0. 02/ (X#*B4*(A+B*X)%3, )
GO TO 31

IF(L-2)40, 41, 40

SIMINT=SIMINT-0. OZ/(X “<B4=s(A+Bsx) 3.)
GO TO 42

X=X-0.02

SIMINT=SIMINT+0. 02/ (X* »B4“<(A+B KX)%3.) .
IF(2-MM(JJ)401, 400, 400 :
MC1=MCl+1

32HMM. ,
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899

401

402

52

450

550

998

999
997

102
103
104
105
106

60

SIM(MC1)=SIMINT

S(MCl1)= (TIME(JJ)*rO 5+1. 0/ T3)* EXPF( T3*TIME(JJ)%%*0. 5)*2. 0/T3
CONS(JJ,1)=10, **4*SIMINT/ (-S(MC1)+2.: 0/ (T3*T3))

CONS(JJ, 2)=10. *3#4%(SIM(MCI1)-SIM(MCl- 1))/(S(MC1 1)- S(MCI))
PRINT 899, (CONS(JJ, J6),J6-1,2) - -

FORMAT(2F12.8) -

IF(1-MM(JJ)402, 401, 401

XLAMDA(JJ)=TFF(JJ)*PF*0. 7/(PH+PF+PF-=(1 0- TFF(JJ)) (ALF 3.0))
X=TFF(JJ)*PF-XLAMDA(JJ) - - -

XX(JJ)=X ‘

XGAMMA=(PH- (PF PF*’I‘FF(JJ)*B)*O 7/(PH+PF+PF>«<(1 0- 'I‘FF(JJ))*
(ALF-3.)) - .

PF=PF- XLAMDA(JJ)

PH=PH-XGAMMA

JI=JJ+1

TF(TFF(JJ))51, 52, 51

TOT(1)=0

TOTSQ(1)=0 n

TOT(2)=0 : . » :

TOTSQ(2)=0 ' ,

DO 550. NN=1, 2 '

DO 450 J=1,N

TOT(NN)=TOT(NN)+CONS(J, NN) ,

TOTSQ(NN)= TOTSQ(NN)+CONS(J NN )*#2,

CONTINUE '

TC1=MCl-1

STDEV(NN)= ABSF((TClMZ *TOTSQ(NN)- TC1*TOT(NN)*#*2)/ TOT(NN)
%3%2)%%0. 5/ TC1**0. 5

CONTINUE '

“JJ=JJ-1

IF(13-J7)999, 998, 998

JJ=13

GO TO 997

JI=26

PRINT 5, B4, STDEV(1), STDEV(2)

FORMAT(5X, 12HFURAN ORDER= , F4.1, 2X, 69HCORR. STAND. DEVS.
OF RATE CONSTS., NORMAL AND SEGMENTED INTGRALS RESR.
= ,2F9. 4)

'FORMAT(ZX 22HNORMAL RATE CONSTANTS, 13F9. 4)

FORMAT(2X, 23HRATE CONST. VIA SEG.INT., 13F9.4)
FORMAT(14X, 1lHTIMES, MINS., 13F9. 3)

FORMAT(2X, 23HFURAN PRESSURES, MM.HG., 13F9.4 )
FORMAT(5X, 20HFURAN P, DROPS, MM.HG., 13F9.5)
PRINT 102, (CONS(J,1),J=1,J7J) ' -

PRINT 103, (CONS(J, 2), J=1, JJ)

PRINT 104, (TIME(J), J=1, JJ)

PRINT 105, (XX(J), J=1, JJ) ‘

PRINT 106, (XLAMDA(J) J=1,J7)

CONTINUE -

CALL EXIT

END
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PROGRAM RATESIMb6

Not only is this program about é,n order of magnitude
faster than RATESIM3 but it is also much more flexible due to
extensiQe use of IF SENSE SWITCHES in conjunction with ’;he
typewriter for inputing information. One of the major differences
in this program, over and above those already mentioned, is the
inclusion of the subroutines CHEB and SP. Subroutine CHEB can
be called, if required, to approximate to the data points using
a Chebyshev curve fitting program d1scussed in Appendix 6.
Having automatically found the best fit curve (which had to be
done graphically for the previous program) ten data points are
generated using subroutine SP, the points being. spaced at intervals

of 30 minutes from 30 minutes to 300 minutes.

»

The actual integration is perforrﬁed by subroutine
QUADR which is a modified version of that given by Kuo
(ref. 87 ). . h

A further difference between the two programs is that
a third set of equilibrium constants are calculated using 'weighted

1ntegrals , the expression for K being

P
b .
' 1
(/i-lpp f(PF) [ -Kot )dt  Al0.6
>/
i= l f(p )

F .

.. M

1

expression. A10. 6 was chosen because it exhibits properties
which lie between AlO.4 and that for KF found using segmented

integrals.

An additional feature of the program is that the
number of statistical tests carried out on the output is increased

to four (normalised standard deviation (Al0. 5), correlation
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o0

40

41
987

887
772

A
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coefficient and the gradient and its standard deviation for the.

least squares straight line for the time against rate constant

graph).

MAIN PROGRAM RATESIM6 '

RATE SIMULATION FOR A SINGLE REACTION USING GAUSSIAN
QUADRATURE *¥% SWITCH 1....0ON - IMPUT NEW FURAN ORDER,

" OFF - GO TO SWITCH 2k SWITCH 2 ...ON - IMPUT NEW

POISONING CONSTANT, OFF - STOP sk xxSWITCH 3 ... ON -
IMPUT HYDROGEN ORDER, OFF - GO TO SWITCH 1 ik
SWITCH 4 ...ON - USE CHEBYSHEV. APPROX. TO DATA, OFF -
USE DATA -
s s s st s le e e sieste st ek ke ek

W(I, K) AN T(1,K) =THE WEIGHTING COEF. AND THE LEGENDRE
ROOTS FOR THE INTEGRATION BY GAUSSIAN QUADRATURE OF
THE INVERSE OF THE PRESSURE FUNCTION

34

s ats als als ale sl ale al, e ale ale ale ale als she 2l ate Sle W als wls ale ate afs sl ale alr le wla ale ale ale sty ale ale ol als ole Wy e als als ate sty sl e e ate O
te 3l ste ole sl B¢ sl 3y Sl 3 B SE e AR 383 ¢ sl e sl sle sl st e sl e sl Sie sk s st sl e sk Sl sl sie e sleote sl sie sl sie e e e e

RUN = NAME OF RUN, N = NUMBER OF. READINGS USED,

TFF(J) IS THE MOLE FRACTION REACTANT UNREACTED FOR
THE J TH. SAMPLE TAKEN AT TIME(J), PH AND PF ARE THE
INITIAL HYDROGEN AND REACTANT PRESSURES (MM. HG.)
RESPECTIVELY, ALF AND BET = THE PROBABILITIES THAT
A FURAN MOLECULE UNDERGOING HYDROGENATION FORMS

'THF AND N-BUTANE RESPECTIVELY, M = REQUIRED ORDER

OF CHEBYSHEV POLYNOMIAL.. B4 AND B5 = ORDERS WITH
RESPECT TO THE FURAN AND HYDROGEN PRESS.

T3 = THE POISONING CONSTANT :

HF (X)= ((PH-PF*(3. 0-ALF+BET)-PHD+(3. 0-ALF+BET)*X))
DIMENSION TFF(26), TIME(26), CONS(26, 3), S(27), BS(26)
DIMENSION R(25), V(20 );Y(20 ), C(25), F(25), G(10, 10)
DIMENSION W(4, 6), T(4,6) .

COMMON ANS. TEMP.KOUNT, X, IPM2, IPOINT, EPS,

DO 8 I=1,4 ‘ :

IP2=I+2 .

READ 9, (W(I, K), K=1, IP2), (T(I, K), K=1, IP2 )
FORMAT(5F13. 10) 4

‘READ 40,RUN-

FORMAT(1A6)
PRINT 41, RUN K
FORMAT(20X, 4HRUN , 1A6//, 20X, L0H*#sickiicii /)

_READ 300,N, PH,PF,ALF, BET

IF(SENSE SWITCH4)987, 887

CALL CHEB(N, M, Y)

CALL SP(N, TFF, TIME, M, Y)

GO TO 772

READ 301, (TFF(J), TIME(J), J=1, N)
B4=0.2 o :

T3=0.12

B5=1.0

-
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009 SUM2=0.0
S(1)=2. 0*EXPF (- T3>4<SQRTF(TIME(1)))><(SQRTF(TIME(I))+1 0/T3)/T3
SUM3=0.0
SUM4=0.0
PFD=0.0
PHD=0.0 o
300 FORMAT(12,4F9.4 )
301 FORMAT(8F9.4)
B=PF
DO 302 J=2,N
1. A=B-PFD
2 B=TFF(J)*PF-PFD
KOUNT=0.0
X=9.999 i
5. IF(B4) 200,201, 200
201 Q=1.0/((PH-PF*(3.0-ALF+BET)-PHD+(3.0- ALF+BET) X))
GO TO. .6 .
200 Q=1.0/(X**B4*(PH-PF%*(3.0- ALF+BET) PHD+(3. 0-ALF+BET)*))
6 CALL QUADR (A,B,Q,W,T,D) :
14 GO TO(5 5,5,5,5,5, 17) KOUNT
17 BS(J)=B
' SUM2=SUM2+ANS
DJ=J-1 :
FDD=(PH+PF+PF*(1.0- TFF(J))*(ALF-3,0)-DJ)
FD=B/FDD : .
PFD=PFD+FD
HD=(PH-PF*(3. 0- ALF+BET) PHD+(3.0- ALF+BET)-<B)/FDD
PHD=PHD+HD
S(J) =(SQRTF(TIME(J))+1.0/T3)%*2. O/(T3 <EXPF(T3<SQRTF(TIME(J))))
SUM4=SUM4+S(J) .
CONS(J, 3)=10000. 0% SUMZ/(S(J) -s(1))°
CONS(J, 1)=-10. 0%%4*ANS/(S(J-1)-5(J))
SUM3=CONS(J, 1)*ANS+SUM3
CONS(J, 2)=SUM3/SUM2 _
PRINT 899, CONS(J,1), CONS(J, 2), CONS(J, 3)
899 FORMAT(3F12.4) :
302 CONTINUE
" . PRINT 1000
PRINT 1005, T3, B4, BS
PRINT 1001, (CONS(J, 1), J=2, N)
PRINT 1002, (CONS(J, 2), J=2, N)
PRINT 1003, (CONS(J, 3), J=2, N)
PRINT 1004, (TIME(J), J=2,N) ' '
PRINT 1006, (BS(J), J=2,N) .
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DEV=0.0 .
DO 500J=2,N '
A=A+TIME(J) , Ve
B=B+CONS(J, 3) : , , |
U=U+TIME(J)*%*2 ' :
' D=D+TIME(J)*CONS(J, 3)

500 E=E+CONS(J, 3)**2
X=(RN*D-A*B)/(RN*U-A%A )
DO 501 J=2,N
YP=(B-X*A) /RN

501 DEV=DEV+(CONS(J, 3)-X*TIME(J)+YP)**2
DEV=SQRTF(RN*DEV/((RN-2. 0)*(RN*U-A*A)))
SDEV=SQRTF(RN*E-B*B)/B
CC=(RN*D-A*B)/SQRTF((RN*U- A<A)><(RN *E-B*B)) -
PRINT 503,CC,SDEV
PRINT 504, X, DEV

503 FORMAT(15X74HCORRELATION COEF. AND STANDARD DEV.FOR
1RATE CONSTS. FROM THE NORMAL INT. =, 2F12. 4)

504, FORMAT( 15X,97HTHE GRADIENT AND ITS STAN. DEV. FOR THE
I} LEAST SQUARE S STRAIGHT LINE FOR TIME/RATE CONST. ARE
2RESP.,2F12.4/////) '

1000 FORMAT(20X,50HA L L R A TE CONSTANTS X
1 1000 0)

1001 FORMAT(1X, 29HRATE CONST.VIA SEGMENTED INT., 6X, 12F9. 4)

1002 FORMAT(1X, 28HRATE CONST.VIA WEIGHTED INT. 6X 12F9. 4)

1003 FORMAT(1X,26HRATE CONST.VIA NORMAL INT. 8X 12F9.4)

1004 FORMAT(1X, 24HTIME SAMPLE TAKEN (MIN,), 1OX 12F9. 4)

1005 FORMAT(1X, 17HPOISONING CONST. =, F'9. 5, 5X, 12ZHFURAN ORDER
1 =, Fé6.3,5X,15 HHYDROGEN ORDER-= Fé 3)

1006 FORMAT(IX 23HREACTION PRESSURE (MM. ) 11X, 12F9. 4)

IF (SENSE SWITCH 3) 4000, 4001

1000 ACCEPT 2008, B5

4001 IF(SENSE SWITCH 1) 2000, 2001

2000 ACCEPT 2008, B4

2008 FORMAT(F5. 3.)

2001 IF (SENSE SWITCH 2)3000, 3001

3000 ACCEPT 2008, T3

GO TO 2009

3001 CALL EXIT

END
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SUBROUTINE QUADR (Ref. 87).

SUBROUTINE QUADR (A,B,F,W,T,C)

DIMENSION W(4, 6), T(4,6)

COMMON ANS, TEMP, KOUNT, X, IPM2, IPOINT, EPS
IF(KOUNT) 8,10,8

GO TO 30

ANS=1.0

IPOINT=2

EPS=0.00

C=(B-A)/2.

IPOINT=IPOINT+1

TEMP=ANS

ANS=0.0

IPM2=IPOINT-2

KOUNT=1 . '
X=C*T( IPM2, KOUNT)+(B+A)/2.0
RETURN -
ANS=ANS+C*W(IPM2, KOUNT)*F
KOUNT=KOUNT+1
IF(KOUNT-IPOINT)20, 20, 40
IF(IPOINT-3)18, 18, 50
DELT=ABSF(ANS- TEMP)
RATIO=DELT/ABSF(TEMP)
IF(RATIO-EPS)70, 70, 80

PRINT 72,IPOINT, ANS

FORMAT(///5X,16HBY CONVERGENCE, ,I2,24H POINT GAUSS.

QUADRATURE, 15H GIVES ANSWER =, E14.8//)

KOUNT=7

RETURN
IF(IPOINT-6)18, 100, 100
KOUNT=7

RETURN

END

SUBROUTINE SP

SUBROUTINE SP(N, TFF, TIME, M, Y)
DIMENSION TFF(26), TIME(26), Y(20)
N=10 . : S :

DO 5J=2,11 _ '
TIME(J)=30%(J-1)

TFF(J)=Y(1)

DO 5 K=2,M
TFF(J)=TFF(J)+Y(K)*TIME(J)**(K-1)
RETURN S
END
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APPENDIX 11

Proof that furan hydrogenations carried out at

the same temperatures with the same ratio of

initial furan and hydrogen pressures will yield

identical % reacted/time graphs ( if the same

weight of-catalyst is used for both reactions). .

Restating equation 5. 68 :-

All. 1

————

i O

v

E:((l_z)pg-A)/Bp

where E is the fraction of furan unreacted when a Zth of the
hydrogen has been consumed, A and B are constants defined
in equation 5.65. On expressing A in terms of B (see

equation 5. 65 and the paragraph following it), All.l becomes :

@)

: O] ®) . O .
E-((l-Z)PH-PH+BPF)/BPF All. 2
O O O
= ( BAPF - ZP_H )/B PF All. 3
Solving 11,3 for Z :
@)
Z=(1-E)B PF All. 4

-
mol

But an expression, 5,64, was derived in section
5.3.6 relating Z and t for a furan hydrogen reaction which
is zero order in furan and first order in hydrogen. For a

reaction starting -at t = 0 secs. (i.e. t. = 0 secs.) 5.64 becomes:
1 1

In (1 - 2) = —2BK, (exp ( —K't?)(t%41/k') — 1/K" ) . AlLS

KI

244



245

Substituting All.4 into All.5 gives

) 1 1
In(1—~1 - E) Pg )= — 2 B K_ (exp(—K't?)(t? +1/K') —1/K')  AlL. 6

_E —F
O K!
PH
PO '
Clearly from equation All. 6, providing F is the
O
PH

same for any two reactions carried out at the same
temperaturé', graphs of E against time .will be '
identical. This is demonstrated to be the case £01;
reactions. C8A1 and CIl0Bl, 47°C, and C8Gl and

3

cior1, 23°C, by graph 4.9.

A similar result would not have been obtained if the

reaction had been first order in furan, zero in hydrogen.
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