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Abstract

Adsorption studies were carried out 1in a gravimetric
adsorption apparatus, a quartz spring balance being used
instead of a more sensitive wvacuum microbalance (due to
lack of finance). This was connected to gas reservoirs and
a vacuum pump. Low pressures (< ltorr) were indicated on
Pirani and Penning vacu m gauges, higher pressures were

measured on a silicone o0il U-tube manometer.

To test the balance BET measurements using nitrogen were
made on a Sn-Sb oxide catalyst and carbon-black powder.

The physisorption study was satisfactory.

Chemisorption of propene, 1l-butene and oxygen was studied
on Sn-Sb oxide catalyst. The chemisorption work allowed
the calculation of isosteric heats of adsorption from a
Clapeyron-Clausius type of equation which were found to
decrease in complex ways from 28.08, 95.09 and 66.65 kJ/mol
to less than 1 kJ/mol for oxygen, propene and l-butene
respectively. Entropies of adsorption were also calculated
and were found to vary in a complex fashion with coverage
indicating the importance of lattice oxygen, surface
complexes and the complex nature of the mechanism of

adsorption

Data was fitted to wvarious models, the best fit being an
empirically modified Langmuir isotherm to some of the
olefin data. No satisfactory fit was attained with the

oxygen data.
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1.0 General Introduction

In addition to using o0il as an energy source 1its distillates,
which consist mainly of hydrocarbons, are of great

importance as starting materials in the petrochemical
industry. The most important hydrocarbons used as

starting materials are those containing one or more
functional groups, which are used in the manufacture of
plastics, synthetic fibres, dyestuffs and pharmaceuticals.
Propene and isobutene are two such hydrocarbons leading to
the production of such intermediates as acrylonitrile,

acrolein, acrylic acid, propylene oxide and methacrolein.

One of the main keys to the production of starting
materials for the petrochemical industry is oxidation,

which may be carried out homogeneously or heterogeneously.

However, the large variety of products is the main dis-
advantage of using homogeneous oxidation leading to complex
seperation and purification stages. On the other hand
heterogeneous oxidation of hydrocarbons is highly selective

towards the desired products.

The most favoured .catalyst systems for heterogeneous hydro-
carbon oxidation are a) noble metals and b) metal oxides or

mixtures of metal oxides.

Noble metals usually cause complete oxidation of hydro-
carbons to carbon dioxide and water, an exception being

silver which converts ethylene to ethylene oxide.

The limitations of partial hydrocarbon oxidation over noble

metals led to the use of metal oxides - particularly of

13



transition metals, as single compounds or mixtures.
Ethylene, for example, was oxidised to acetaldehyde and
formaldehyde by chromium oxide and wvanadium pentoxide,
propene to acrolein by cuprous oxide, and more recently by
a mixture of tin-antimony oxides, and iso-butene to

methacrolein by bismuth-molybdate.

Despite extensive research, the intermediates involved in
olefin oxidation over these oxide catalysts have not been
positively identified. The precise nature of the active
sites 1is not known and the relationship of catalyst
structure with activity and selectivity 1is uncertain. Some
of this uncertainty is due to the difficulty of comparing
different studies because of the use of ill-defined

catalysts or different catalytic systems(l*m

In spite of a great number of experimental data from gas
adsorption, good correlation between theory and experiment
has not, in general, been found. This has led to
questioning of the wvalidity of the first generally accepted
theory Langmuir’s equation (for monolayer adsorption) and
its extension the BET (for multilayer adsorption) . Un-
fortunately, proposed extensions and new approaches
frequently lead to equations that- are so cumbersome and

(3)

complicated that their use 1is restricted Due to these
facts, sixty years after its appearance the Langmuir theory

still appears to be the generally used and accepted theory

of monolayer adsorption.

Research has been carried out in this laboratory on the

kinetics of olefin oxidation over tin-antimony and bismuth-

molybdate catalysts using solid-gas stirred reactors”™”".

14



The line of the present study was designed to compliment

the previous work.

1.1 Introduction

Adsorption 1is a process 1in which atoms or molecules of one
material (the adsorbate) become attached to the surface of

another (the adsorbent) or, in a more general sense, become

concentrated at an interface. There are five types of
interfaces: gas-solid, 1liquid-solid, gas-liquid, liquid-
liquid and gas-gas. The main concern in the work to be

described is the combination of gas and solid, which is

common to many systems in heterogeneous catalysts.

1.1.1 Energetics of Adsorption

A number of gquite different types of forcescan be respon-
sible for bonding the adsorbate to the adsorbent. In
principle the forces are the same as those operating between
two atoms or molecules. However, the theoretical treatment
of adsorption in the present case is made more difficult by

the adsorbent atom being incorporated in a solid.

The following forces may be identified:

(1) Dispersion forces' ', which originate through the
rapidly changingelectron density in one atom which induces

a corresponding electrical moment in a near neighbour and

so leads to attraction between the two atoms. The resultant
force has a relatively long range, over five to six

molecular diameters.

(2) The overlap or repulsion forces. They appear when the

two atoms approach closely so that their electron charge



clouds cause a repulsive effect.

If the adsorbate and adsorbent are composed of non-polar
molecules, then the above forces are the only ones which
must be taken into account. If the molecules are polar

there are other forces which have to be recognised.

(3) Dipole interactions. These forces occur whenever a
polar adsorbate 1is adsorbed on a non-polar or polar adsor-
bent, e.g. an ionic solid, or whenever a non-polar adsorbate

is adsorbed on a polar adsorbent.

(4) Valency forces, which 1like the repulsive forces, occur
at sufficiently close distances. They are due to the
transfer of electrons between the adsorbent and adsorbate,

giving a chemical bond.

(5) Interaction forces between the atoms or molecules of
the bound adsorbate themselves. These forces must be con-
sidered in both physisorption and chemisorption when the
coverage of adsorbate on the adsorbent is such that the

seperating distances between adsorbate molecules are small.

As previously stated physisorption is basically the
combination of attractive and repulsive forces. Based on
work by London Kirkwood and Muller the Lennard-

Jones expression may be used,
E = bl - ¢ (1.1)
12 6
r r
where,
b*and ¢ are constants
E - potential energy (kJ/mole)

r - distance between adsorbate and adsorbent.

16



A typical energy plot is given in Fig. 1.1 for the physi-
sorption of a molecule S2 on the surface of a solid A. The

depth of the minimum represents the heat of adsorption(g ).

The chemisorbed state is a much more complex situation. A
simplified theoretical scheme is represented in Fig. 1.2.
Curves (1) and (l1) represent the potential curves for
surface coverages 6 of 0 0 and O—0 .8 respectively. The
potential energy curve (111) represents the physisorption
of a gaseous molecule S2« The heats of physisorption and
chemisorption are g” and gc respectively. E® represents
the activation energy. Curves (1) and (11) represent the
situations where 0 is small; hence more active sites will
be preferentially occupied, and high 0; where only the less

active sites will be available, respectively.

As S2 approaches the surface it will be physisorbed with

a heat of adsorption As the molecule nears the surface
the energetics depart from curve (111) and follow curves

(1) and (11). If the point of intersection of the chemi-
sorption and physisorption curves 1s below the line of =zero
potential, then no activation energy is required for
chemisorption. This 1is represented by point A in Fig. 1.2,
for low surface coverages. If, however, the intersection
is above the zero potential, as shown for high surface
coverages, an activation energy is required for chemisor-
ption to take place, kJ/mole in the example. It should
be noted that other simple schemesexist, of which

this is only one.

17



energy (kj/mole)

Ct

in

qp- heat of adsorption

Q. c —dlstancebetween adsorbent A and
z adsorbate ™

Fig. 11

Energetics of physisorption
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Cjp- heat of physisorption
qgc(0)-heat of chemisorption at zero coverage
gc(0-8)-heat of chemisorption at 08 coverage

EE- activation energy

Fig.1.2

Energetics of chemisorption
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1.1.2 Representation of Adsorption Data

Adsorption is described in terms of an empirical adsorption

function = f(P,T) where vo 1is the amount adsorbed, P
pressure and T temperature. The most common representation
of adsorption data is the adsorption isotherm, v = £T (P);

in a detailed study this is done for several temperatures.
Alternatively the data may be plotted as v against T at
constant pressure, or as P against T at constant v, these

are known as adsorption isobars and isosteres respectively.

From the many adsorption isotherms recorded, five types of

classification have been identified by Brunauer, Deming,

Deming and Teller commonly known as the Brunauer,
Emmett and Teller (BET) classification, as described in
Fig. 1.3.

The Type I isotherm indicates chemisorption, the others
physisorption. Type IV shows a hysterisis. loop where the
desorption path is different to the adsorption path (due

to e.g. capillary condensation). Other Types also show
this effect. In general it 1is possible to use isotherms

of Type II and IV to calculate the specific surface area of
an adsorbent (see later) and Type IV to estimate pore size
distribution, with Types III and IV neither of these

estimates are possible.

It should be noted that the above 1is a generalisation and

there are a number of isotherms which are either borderline

cases or difficult to fit into the classification at all.



amount
adsorbed

BET classification
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1.1.3 Characteristics of Chemisorption

Chemisorption, as mentioned above, 1is said to describe a
situation where the adsorbate-adsorbent bond approaches a
chemical bond in strength. The distinction between
physisorption and chemisorption is blurred and many
principles of physisorption apply to chemisorption.
However, there are a number of experimental criteria which

help to distinguish between the two.

The best criterion is that of heat of adsorption (see Abater)
which is much greater for chemisorption than for physisor-
ption. The heat of physisorption being comparable to.the
heat of condensation. Adsorption work with carbon monoxide
and hydrogen 12) seemed to support this, where the heats
of chemisorption were found to exceed 80 and 60 kJ/mole
respectively. The heats of physisorption were always less
than 24 and 8 kxJ ./ mole. Although the distinction in

general 1is wvalid, the opposite has also been foundJla

Chemisorption is more specific than physisorption. Chemi-
sorption needs a clean surface but not all surfaces, even
when clean can chemisorb. Physisorption takes place on
all surfaces under the correct conditions of temperature

and pressure.

Temperature range 1is another criterion that may be used to
differentiate between physisorption and chemisorption. As
physisorption and condensation are related, the former
occurs only at temperatures near or below the boiling point
of the adsorbate at the prevailing pressure. Chemisorption

can usually take place at temperatures far above the boiling



point, however, as with heats of adsorption this is not

always the case.

Chemisorption ceases when the adsorbate can no longer make
direct contact with the surface, and therefore results 1in a
monolayer, i.e. a Type I isotherm in Fig. 1.3. Physisorp-
tion has no such limitation and under suitable conditions
of temperature and pressure may result in layers many

molecules thick.

Finally being a chemical reaction,, chemisorption may have
an appreciable activation energy. If so, it will only
proceed at a reasonable rate above a certain minimum
temperature. Physisorption has no activation energy and
so occurs rapidly at all temperatures below the boiling
point of the adsorbate. Taylor”~6) first suggested that
chemisorption involved an activation energy and this has
been used to interpret adsorptive and catalytic phenomena.
Energies of activation have been calculated from rates of
adsorption at different temperatures. In some cases,
particularly on oxide surfaces, relatively high activation

energies are found

The activation energy needed for chemisorption explains a '
variety of observations. For example, heats of adsorption
are frequently found to be small at low temperatures and
large at higher ones. This is due to physisorption pre-
dominating at the lower temperatures where chemisorption
is very slow* At higher temperatures, chemisorption
predominates. Rates of adsorption have been found to
decrease as the temperature was raised. At lower

temperatures there was rapid physisorption while at higher



temperatures it was the slower chemisorption.

1.2 Isotherms

Research in adsorption has been guided by early work from
Langmuir, Freundlich and Polanyi. (The latter will not be

discussed as it deals exclusively with physisorption.)

The Langmuir equation is perhaps the most important single
equation in the field of adsorption. Although other iso-
therms have been derived that fit experimental data and do
not obey the Langmuir equation, invariably the basis of
such isotherms 1is the Langmuir equation. The kinetic
derivation is given below. However, other derivations have
also been carried out, the thermodynamic derivation by

\holjnégi% and the statistical derivation by Fowlerﬁlw

(19)

1.2.1 Langmuir's Isotherm

The collisions occurring between the molecules of the
adsorbate and the surface of the adsorbent may be elastic
or inelastic. Normally the collisions are inelastic and
the molecules remain in contact with the surface for a cer-
tain period of time (very rarely are the collisions
elastic), after which they return to the gas phase. This
period according to Langmuir 1is responsible for adsorption;
the period being short for physisorption and long for

chemisorption.

If p represents the rate of condensation of molecules on
the surface and v the rate of evaporation then the net rate

of adsorption is

24



ds = ay - Vv (1.2)

dt
wheret
s - surface concentration (number of molecules
adsorbed per unit area of surface)
a - condensation coefficient (ratio of molecules

remaining on the surface to those striking the

surface)

a 1is close to unity as elastic collisions are infrequent,

At equilibrium ds _ 0 and ay = v. From the kinetic theory

o

of gases, y for a unit area of surface is represented by

(see Appendix X)

vV ~ P \Y% (1.3)
(27rmkT) 2
where,
m - mass of molecule
k - Boltzmanns constant
T - absolute temperature
P - pressure

If g is the heat given out when a molecule 1is adsorbed from
statistical considerations the number of molecules acquiring

a quantity of energy equal to or greater than g will be

proportional to e”q'/kT consequently
v = koe T (1-4)

where,
kg - proportionality constant

It is now possible using Langmuir’s assumptions to derive

the explicit form of ay = v.

a, y and v are functions of p, T and s. 0 is now used in'



place of surface concentration

0 = s (1.5)

- surface concentration to complete a monolayer

Langmuir introduced two assumptions into his derivation.
The first is that the probability of evaporation of a
molecule from the surface is the same whether neighbouring
positions on the surface are occupied or not, 1mplying that

the forces of interaction between the adsorbed molecules

are negligible. The expression to describe this situation
is

v = (1.6)
where,

= rate of evaporation from a completely covered

surface

The above equation also implies a uniform heat of adsorption

over the entire surface, 1i.e. a homogeneous surface.

The second simplifying assumption is that only those
molecules that strike the bare surface will condense, this

is expressed as

ap = aQ(l - 0)p (1.7)
where,

otg - condensation coefficient on the bare surface

1 - 0 - fraction of the surface that is bare
The wvalue of aQ is always close to unity. Substi -.uting
(1.7) and (1.6) into ap - v and solvin for 0, the Langmuir

isotherm equation 1s produced

26



This is more commonly written as

0 = - bp (1.9)
1 + bp
where,
b - adsorption coefficient (function of temperature
only)

*The value of-b can be obtained by manipulation of (1.2),

(1.3), (1.7), (1.8) and ap = v and 1is found to be
b = ao eQ/kT (1.10)

kg (27imkT)

The Langmuir isotherm equation for sirftjle site adsorption

may be linearized as:

p/e = 1/b + p Gi.ii)

This should have unit slope at all temperatures.

Alternatively, the Langmuir equation may be expressed as

0 = bp(l - 0) (1.12)

Taking logarithems and transposing

In S/p = In b + 1n(l - 0) (1.13)
since (1 - 0) <1
3
In(1-0) = —-(0 + 3s02 + 1/37 ceed) (1.14)
This simplifies to 1In(l - 0) = -0 except when O0<L,

consequently (1.13) simplifies to

In 0/p = 1lnb - 0 (1.15)

27



Data which fits the Langmuir equation should give a linear

X
0 may not always be known and may be replaced by /xm or

V/Vm where x represents the mass adsorbed and xm the mass

of a monolayer and v represents the volumetric equivalents.

Hence, if x/xm is substituted for 0 in equation (1.11) we

have the following relationship

(1.16)

which should still be linear for ®/x v p.

The simple Langmuir isotherm gives two limiting types of

behaviour. At very low pressures where bp<« 1 the isotherm
reduces to 0 = bp, whilst at high pressures, where bp> 1,
0 o 1. *

The basic assumptions made during the derivation of the

Langmuir isotherm and then to its extension in the BET

model (see later) are open to criticism'20),

The model assumes that the surface 1is energetically uniform
i.e. that all adsorption sites are exactly equivalent, but
there is much evidence (e.g. from variation of heat of

adsorption with coverage) that the surface of most solids



is energetically heterogeneous.

A further criticism of the model is that it neglects
"horizontal” interactions between the molecules of the
adsorbed layer. The horizontal forces between the adsorbate
molecules cannot remain negligible because at higher
coverages the average seperation is much less than a single

emolecular diameter.

It should be emphasized, however, that a fit to the
algebraic form of the Langmuir isotherm may be fortuitouse
The heat of adsorption may be found to be independent of
surface coverage due to the internal compensation of
several opposing effects, such as attractive lateral inter-
action (leading to an increase in the heat of adsorption
with coverage) and surface non-uniformity (leading to a

decrease of heat of adsorption with coverage).

The isotherm derived thermodynamically by Williamand
kinetically by Henry' ' 1s based on the Langmuir model,
modified by the stipulation that each .adsorbed molecule
occupies nadjacent sites. The rate at which molecules are

adsorbed is now ap(l - 0)n. Linearizing by taking

logarithems leads to the Williams-Henry isotherm

In V/p = In v b (1.17)
m

If on adsorption each molecule dissociates into two atoms
(or ions) and each atom or ion occupies one site, e.g.

the isotherm equation becomes

0 = _ bp* (1:18)

1 + bp”

29



The more general equation

o bp /n
(1.19)
1 + bp /n

. (23) It reduces to the Freundlich iso-
has been derived
therm at low pressures and gives the Langmuir plateau at

high pressures.

Another empirical relationship showing these properties is

1.2.2 Adsorption with Lateral Interaction

The model is an ideal localized monolayer with the further
assumption that each adsorbed molecule interacts with its
nearest neighbours. The total energy of interaction can be
expressed as the sum of the contributions of nearest
neighbour pairs. Each site has Z nearest neighbour sites
and the interaction of 7Z adsorbed molecules on nearest

neighbour sites is V.

The problem is most simply treated using the Bragg-Williams
24

approximation'( ), m which the distribution of adsorbed

molecules 1is assumed to be random. In other words lateral

interaction is neglected for the purpose of computing the

number of nearest neighbour pairs, this result then being

used to calculate the total interaction energy. Rush-
brooke“25k then derived thermodynamically
bp = (1.21)

30



1.2.3 Adsorption on Non-Uniform Surfaces

The idea of irregularities being a general property of solid
surfaces has long existed. The surface of a real solid 1is
liable to contain various kinds of imperfections which will
make it energetically heterogeneous. These 1include cleavage

steps, dislocations and point defects.

The existence of cleavage steps has been shown by the
electron microscope and 1is illustrated in Fig. 1.4. The
step heights such as hl and 1 may vary from one to

hundreds of atomic diameters.

The dislocation is also an important surface imperfection
shown by the electron microscope and illustrated in Fig.
1.6. A dislocation 1is a region of misfit of atomic
dimensions within the crystal. The two important dis-

locations are the edge and screw dislocations (see diagram).

Finally, there are the point defects, as illustrated in
Fig. 1.5. A point defect may be a vacancy where one or
more 1ions are missing completely. An- interstitial defect
which is an ion, normally a cation, in an interstitial
position rather than in the lattice. An impurity defect

where an ion has been replaced by a foreign ion.

In addition to this general non-ideality of surfaces, many
consist of more than one crystal face. Even on a perfect
crystal the adsorption potential on an edge or corner 1is
different from that on the main surface iy A further
complication arises if the properties of the solid surface

change with time.
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Fig. 1.6

Screw dislocation
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One of the earliest attempts to formulate a theory of

adsorption on a non-uniform surface was due to Langmuir'ugh
(see earlier), who suggested the extension of the simple
adsorption isotherm to polycrystalline and amorphous
surfaces. In the former case, the surface was assumed to

be composed of a finite number of patches of sites with
equal energy, the isotherm being

bi P! (1'22)
v ~ Z-/1 + bi p

where,

i indicates the lth patch

For the latter case the summation may be replaced by an

integral.

(26

7
Frumkin and Slygin' 27,

assumed a linear decrease between
site energies and represented this by replacing g, the heat
of adsorption in the Langmuir equation by g” (1 ~ ctQ0)
leading to an equation of the form

0 = RT In Aop (1.23)
Qal

AQ, ot being constants.

In 1938 Cremer and Flugge”28" pointed out that at low

pressure since the Langmuir isotherm reduces to Henry's Law
the isotherm being linearized by taking logs of both sides
giving unit slope. Deviation from the theoretically
expected slope can be explained on the assumption that
adsorption takes place on sites of progressively decreasing

activity.

An approximate method for deriving the adsorption isotherm

from the distribution function and vice-versa, making use



of Langmuir’s isotherm, has been given by Roginskii'ﬁg_31%

The simple distribution

N = K. (X - X) P ax (1.24)
X 1 max ! ‘
where,
Ny - number of sites with energy between X and X + 3X
Kf, B - constants

was shown to lead to the isotherm

In v = (B 4+ 1) In In P + C (1.25)
where,

c - constant

If B has a value of zero then (1.25) simplifies to
v =A In P (1. 26)
which 1is comparable to the Temkin equation. If the

experimental distrubition is assumed

N = K e-otXax (1.27)
A

it leads to the Freundlich isotherm

V = Bpl/n (1.28)

The first rigorous treatment of adsorption on a non-Uniform

(32),

surface was made by Halsey and Taylor The fractional

coverage of sites having energy x is given by the Langmuir

equation as

-1 (1.29)

The total surface coverage, assuming a continuous range of

X values, may be written as

VONx3x
(1.30)

~N.e"X/kT + 1
p
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where Ny is the distribution function usually normalized

to

JINxax = 1 | (1.31)

Two distributions are considered
i) = constant (1.32)
This corresponds to the assumption of an adsorbing surface
consisting of a number of uniform (i.e. Langmuir) patches
of equal area. The solution, which is made possible by the
further assumptions that at low coverage the least active
sites are bare, and at high pressure the most active sites
are covered, takes the form

In ? = kT + In pn (1.33)

where,
PO = ae’X/KkT

m*— constant

ii) Assuming an exponential distribution
\/\/X
Nx = Ce /Am (1.34)

and integrating (1.30) from - c to + ¢ Halsey and Taylor
arrived at an equation, identical in form with the Freund-
lich isotherm
kT
In 0 = X—-In p + constant (1.35)
m

where Xm is a constant at a constant temperature T.

The treatment due to Sips”33'34" is essentially the reverse

of that of Halsey and Taylor. He considered a combination

of the Langmuir and Freundlich isotherms
I Vn

0 AP (1.36)

1 + Ap /n

which has the proper limits for monolayer adsorption, vyet

1/n
reduces to 0 = Ap ' at low pressure.



Adsorption with lateral interaction on a heterogeneous
surface on which sites of equal energy are grouped in

patches has been examined by Halsey(35%.

On such patches
co-operative adsorption takes place. Two—-dimensional

condensation will begin at

(1.37)

If the surface is characterized by a distribution function

of co-operative adsorption energies r the isotherm is
given by
/«CD foOO
0 " NAgdg
(1.38)
Aq :T1nP/p0O

The use of an exponential distribution of the form

(_Ag/Aa |

Na Ce /aqm) (1.39)

leads to the co-operative analogue of the Freundlich

isotherm

RT/a
0 = C ‘(P/po) 7 gm (1.40)

A more recent modification of the Langmuir model is that
carried out by Jovanovic' * . The principle innovation
in Jovanovic’s approach is the attempt at a detailed
consideration of collisions between the bulk gas phase
molecules and the molecules in the process of desorbing
from the surface. The equation derived by Jovanovic for
monolayer coverage was as follows

O=1 — exp(-ax) (1.41)
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where

a = a T Po (1.42)
(21irmkT)
x - relative equilibrium pressure
t - average time spent on the surface by a molecule
a - cross—-section of interaction
m - mass of a molecule
k - Boltzmanns Constant

A simpler derivation than the original is given by

(38) (39),

Budrugeac' Misra' has generated both the

Jovanovic and Langmuir isotherms by integrating the
differential equation ~ = C(1-0)K, C and K being constants
for K = 1 and 2 respectively. However, no models, kinetic
or statistical, have yet been found for isotherms with K

values other than 1 or 2.

1.2.4 General Equation of Adsorption

Attempts have been made to determine the energy distribution
from experimental data, the form of? the energy distribution
depending on the choice of local isotherm. However, it has
been shownthat wvarious local isotherms with corres-
ponding distribution functions fit the data equally well,
consequently it is not possible to identify the true local
isotherm as well as the true energy distribution. What 1is
in fact required is a general adsorption equation, over all
pressures. Such an equation would give standard parameters

which could be used to characterise adsorption systems.

Such an equation has been put forward (3/41) anc3 “‘nown as-

the Maxwell-Boltzmann-Langmuir (MBL) isotherm. The starting



point 1is the definition of two functions, they are:

i) The function between the adsorption energy and the
number of sites possessing the given adsorption energy,

ii) The function between the fraction of sites of a given
energy covered by adsorbate and the bulk phase concentration

of the adsorbate.

The above may be generalised by the following equation

max
/L(p, T) f(q)dg (1.43)

where Bmin
©L(p, T) - local isotherm
f(gq) - distribution function

The isotherm is based on the Maxwell-Boltzmann distribution
(usually found in descriptions of molecular velocities and
kinetic energies) of site energies combined with the

Langmuir local isotherm to give the following expression
[o]e]

~

O —= I (gJ"expl”/RTJJIdg

xAr (RTf] 3/2 1 (1.44)
1 + )exp (- yRT)

where, "o

Tf - frozen temperature (the heterogeneity parameter)

L - related to the Langmuir constant

by L exp (| "~/RT) = (K")

However, though good correlation was found between theory
and experiment at low pressures, at ultra high wvacuums the
predicted and actual did not agree. The equation (1.44)
was thus modified by using the following argument. The
integration interval (0, «) 1is not physically correct since
the true distribution of adsorption energies must cover

some finite interval with an upper limit Fnax Equation

39 .



(1.44) works when the region of the inte?ral from A ax to
infinity is negligible in relation to the interval from
zero to gmax (the region of moderate adsorbate pressures).
The lower the adsorbate pressure the greater the adsorption
on highly energetic patches of the surface. Hence, the

relative importance of the interval from gmax to infinity

is greater under these conditions and must be taken into

account in the formulation. The modified form 1is now<42%
/* gmax
0 = 1/ g'exp qg/RTI) dg (1.45)

/ 1 + T exP<“gq/RT|

where,

H RTf) £ (1 - exp(-gmax/RTEf"

Recent studies have extended the above to multilayer

adsorp%‘ion(ll2>

Much work has been done in deriving equations to describe
multilayer adsorption (physisorption). The only relevant
multilayer adsorption equation is the Brunauer, Emmet and

Teller (43)

(BET) extension of the Langmuir isotherm, the
theory of which follows. This extension when used in

conjunction with (1.46) enables the specific surface area

of a sample to be estimated.

S = xm.N. Am 20 (1.406)
.......... B x 10
where,
S - surface area (m2g%“l)
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xm ~ monolayer capacity (g-adsorbate per g-adsorbent)

Am - area occupied by molecule of adsorbate (gzl
N - Avogadros number
1*2.5 Brunauer, Emmet and Teller (BET) Eqguation
The assumptions made in the BET approach are:-
(1) Localised adsorption, 1i.e. adsorption occurs at fixed

sites on the surface, so that, as in the Langmuir approach,

lateral interactions are ignored.

(ii) Adsorption onto a higher layer can only occur on a

molecule already adsorbed.

(iii) Surface homogeneity.

Brunager, Emmet and Teller approached the problem
kinetically, extending Langmuirs equation to .multilayer
adsorption, within each layer of which dynamic equilibrium

is assumed to occur.

Let S* s' .... S¥ be the areas of the surface covered by
<> a3 1
0, 1 .... 1 layers of molecules. Then the total surface

area SA 1s given by

SA = E Si (1.47)

VvV = t EiS. (1.48)
0
where,
t - monolayer thickness

But the monolayer volume Vm = t(SA), therefore



e, L (1.49)

Since there is an equilibrium, the rate of condensation on
the bare surface must be equal to the rate of eva?qraticn
from the first layer, that is

a; p so = by sy e 91/Rrr (1.50)
where, i

ays bl - constants

gy —- heat of desorption of the first layer

This is essentially the Langmuir equation for unimolecular
coverage. For the second layer we have
7 -3 ¥ _qz
ach-Si = bzpszqe ;"{RT ‘1-51}
Consequently for the ith layer

b 4 _—qy
a;.P:8S;_ 5 = hi.si.e /RT (1.52)

Further simplifying assumptiun; now have to be made

(i) The ratio aifbi is taken as coﬁstant for all layers
after the first

(ii) The energy g; is assumed to be equal to -AHads. The
second and subsequent layers are considered to be adsorbed
with an energy equal to the latent heat of condensation qr,

of the bulk adsorbate.

(1.52) now becomes

‘ Fi
81 = x.5i-1 {1.53)
where,
i
X = %I.p.equRT (1.54)

This does not hold for i=1, in this case the relationship
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will be

r ’
s; = 21.p.e%l/Rr.50 (1.55)
by

or =

/ / :

51 = ¥So (1.56)
where,

Y = 21.p.e9/RT (1.57)

o

From (1.48) we have

r ’ &

Si-1 = xSi-2 (1.58)
In general

7 . s =T

si = x61-1 = x%si-2 .., = x'7}g] (1.59)
or

’ . 2

Si = c.x1s0 (1.60)
where,

c = I/x (1.61)

Substituting (1.61) into (1.49) we have

(1.62)

The summation represented by the denominator is the sum of

an infinite geometric progression and is equal to I§E'

The summation of the numerator may be represented as
i=e i=oa
Plx® &g .83 &% % (1.63)
i=1 dx i=1 11I-x)2

Substituting into (1.62) and rearranging

oo o,
Vm  (1-x) (1-x+cx) (1.64)

If the adsorption takes place on a free surface then at p,,

the saturation pressure of the adsorbate, an infinite
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number of layers can build up on the adsorbent. Hence for
V = o when p = pQ, x must be equal to unity in (1.64).

From (1.54)

(1.65)

Substituting into (1.64) and by
manipulation the BET isotherm is obtained as a linear
equation

= -J- + Sz1 P/D
V(PS-P)  Vmc  Vmo- /P° (1.66)

This is the most commonly used form of the BET equation.

P/V (po-p) against ~/Po should be linear with a slope

c-1 . - 1 .
S = y— and mtercegt 1 = —— The solution of the two
, . m 1
simultaneous equations leads to' xm = 7--, which in con-

l,
junction with (1.46) leads to the evaluation of the

specific surface area of the sample.

While the BET model 1is still the most often used in the
e
field of multilayer physisorption, it is open to criticism
, and refinements have been undertaken by Huttig and

Frankel-Halsey-Hill to name but a few.

1.2.6 Freundlich Isotherm

1

(44),

The Freundlich isotherm is described by the eqguation

V = KpVn (1.67)
where,

V - volume adsorbate

P - pressure of gas

K,n - constants (n>1)

It deals most successfully with adsorption at intermediate

pressures.
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Although initially an empirical relationship, it may be

derived theoretically(45_47%

if certain assumptions are
made concerning the nature of the surface and the

mechanism of adsorption.

Data which fits should give a linear relationship between

In V and In p.

1.3 Thermodynamic and Kinetic Considerations

1.3.1 Heats of Adsorption (Appendix IX)

When a Clasius-Clapeyron type of equation is applied to a
set of isotherms at a ficed coverage, isosteric heats of
adsorption (ggt] are obtained. If the heats of adsorption
are measured isothermally at particular 0 values, 1in such a
way that no external work 1is done during adsorption, the
differential heat of adsorption (g*) is obtained. It is
possible to show, by the use of thermodynamics that

st Y %S + RT-

It 1s uncertain which heat is measured in a calorimeter (the
most commonly used method for measuring heats of adsorption)
when small quantities of gas are admitted and adsorbed. In
such an experiment, external work 1is done, but it is not
certain how much of this work is transferred to the calori-
meter as heat. If none is transferred, g” is obtained,
while if all 1is transferred, g is obtained. It is very
likely that in practice the "calorimetric differential

heat" is intermediate between g t and g”.

Strictly, when comparing heats of adsorption g should be

used because there is no possible wvariation of these owing



to differences in technique of measurement, as there may be
with calorimetric heats. However, with chemisorption the
maximum possible error in comparing the two heats of
adsorption, namely RT, is less than the normal error of
measurement and for most purposes it 1s possible to neglect

the difference between the two heats of adsorption.

Strictly speaking the derivation of the Clapeyron-Clausius
equation is not wholly valid for adsorption. A sounder
theoretical treatment, which in fact leads to a Clapeyron-
Clausius type of equation, 1is via the Van’'t Hoff Isochore

and 1is given below.

1.3.1.1 The Clapeyron-Clausius Equation Via the Vanll Hoff

Isochore

To find a relationship between pressure, temperature and
heat of chemisorption start with:-

dG = Vdp - SdT (1.68)
from which the following relationships may be obtained

(fOp = -s (1-69)

¢ (FDT —v <1-70

from the basic definition of the Gibbs function we have the
relationship

S = (H - G)/t (1.71)

Substituting into (1.69)

Consider the equation



H -

(1.73)

Substituting (1.72) into (1.73) and rearranging, the
following equation is obtained

D> >prpmR —~Xr (1.74)

This is the Gibbs-Helmholtz equation which may be applied
to a chemical reaction as described by.
initial state (reactants) - final state (products)

lver AG = Gj- Gi

The Gibbs-Helmholtz equation applies to both G* and G~ and

37 (1.75)
> AHO
(1.76)
T2
The relationship AGO = -RT1lnKe may now be.substituted into
(1.76) where Ke 1is the equilibrium constant. (1.76) now
becomes
d(ln Ke) = AH.-dT (1.77)

RT?2

The reaction of interest is
A+ B £~

where,
A - adsorbent
B - adsorbate

C - adsorbed phase

Ke = activity C
. (activity A) (activity B)

A and C are assumed to be solid, the activity thus becoming
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unity. Assuming ideality activity B is replaced by its
pressure. (At high pressures the fugacity should be used.)

(1.77) now becomes

d(ln p-1) = AH dT (1.78)
RT2
integrating

In p = AH constant of
RT integration

which is a Clapeyron-Clausius type relationship.

1.3.2 Entropies of Adsorption (Appendix VIII)

Three different entropies associated w-ith an adsorbed layer

may be distinguished

Sq - total entropy of the adsorbed layer
Sq - integral molar entropy
Sq -+ differential molar entropy

The relationship being as follows

SG

(n0) s0 (1.80)

S0

£ 850

2
+

S0 (1.81)

\9<n0) /T \90 /T

where n0O is the number of moles adsorbed at coverage 0.

The molar free energy change AG which occurs when an
infinitesimal quantity of gas 1is transferred isothermally
at T Kelvin from a reservoir at standard pressure to the
adsorbed layer is given by

-AG = —(Hg - Hq) + T(sg - sO (1.82)

Hg and s tare, respectively, the integral molar enthalpy and
entropy of the gas at 1 atmosphere. HO is the differential
molar enthalpy of the adsorbed layer. (H - HOJ] = gst, the

isosteric heat of adsorption.



If the adsorbed layer is in equilibrium at a pressure P
then, assuming ideal behaviour,

AG = —-RT1lnP
hence

- S t I
Sqg = sg - RInP - qS /T (1.83)

If Sg is required it can be obtained by an integration over

all coverages- f*rom zero to 0

S0<3s (1.84)

o
The entropy of the

gas”48) can be estimated from the
following equation
sg (entropy due to translational motion) t
(entropy due to vibrational motion) +
(1.85)
(entropy due to electronic effect) +

(entropy due to rotational effect)

A further discussion 1is given in Appendix VI.
1.3.3 Kinetics

From general kinetic considerations the rate of impact of
molecules on a surface is u (molecules impacted per unit
area per second) may be written as follows

u = p (1.86)
(2irmkT)

ST the sticking probability (defined as the fraction of
these impacts resulting in adsorption) when substituted into
(1.80) modifies it to

u = STp (1.87)
(2TrmkT)

where u is now the molecules adsorbed per unit area per

second



ST is rarely equal to unity and the following factors have

an influence on lowering the value of ST.

Activation energy; only those molecules possessing the

required amount of energy will be chemisorbed.

Steric factor; even 1if the molecule possesses the required
activation energy, the probability of adsorption may depend

on which part of the molecule hits the surface,,

If surface heterogeneity is assumed, then this implies a
varying activity from site to site. Consequently the
sticking probability must be some function of this wvariation
and ST may be written in the form

ST = a £(0)e /RT (1.88)

Where a 1is the condensation coefficient and is the
probability that a molecule will be adsorbed, provided it
possesses the necessary activation energy Eq and collides
with a vacant surface site, £(0) is a function of the
surface coverage 0 and represents the probability of a
collision taking place at an available site, consequently
~Ea (0) /RT
u = g(Q)P , £f(0) e (1.89)
(27imkT)
The complexity of the equation is due to possible variations
of a and Eg with 0, and £(0) becoming complex due to e.g.

adsorption with dissociation, etc.

Consequently if u and p can be measured the wvariation of
with 0 may be studied or if ST can be approximated and p
measured then the variation'of u with 0 may be studied, the

former 1is found to be easier.
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Either of these studies will give the activation energy.

1.4 Catalysisd?

Many chemical reactions that are carried out in the
laboratory and most industrial chemical processes are
catalytic. Due to the difficulty of discovering effective
catalysts the fraction of the possible spontaneous reac-
tions known is larger than the fraction of catalytic

reactions.

Catalysis can be divided into three categories; homogeneous,

heterogeneous and enzymic.

In homogeneous catalysis, all the reactants and the
catalyst are dispersed as molecules in one phase. In
heterogeneous catalysis, the catalyst constitutes a separate
phase. Normally, the catalyst is a solid and the reactants
and products are gases or liquids. The catalytic reaction
occurs at the surface of the solid and in the absence of
physical constraints the reaction rate is proportional to
the area of the catalyst. Enzyme catalysts are macro-
molecules small enough to be molecularly dispersed with
reactants and products in one phase, but large enough so
that one may speak of active sites at the surface of the

enzyme molecule.

1.4.1 Catalysts

Catalysts come in a variety of forms, e.g. wires, pellets
and powders. In principle the catalytic activity should be
proportional to the area of the catalyst (stated previously),

thus it would seem logical to use as fine a powder as is
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obtainable. However, the material would be unusable in

flow reactors, as even at large pressure drops flow through
a bed of such fine particles would be very slow. Even in a
batch reactor, 1in spite of a reasonable reaction rate, the
recovery of the catalyst may prove to be difficult. Another
associated problem is that, in the bed of the flow reactor,
such fine catalyst particles could adhere to each other and

sinter with the subsequent loss of surface area.

A possible way round these problems is to deposit the
catalyst on an inert porous support such as alumina or
silica, the texture of which resembles a loose gravel bed.
However, even doing this has its disadvantages as the rates
of transport of heat, reactants and products in and out of

the catalyst granules or pellets are restricted.

In spite of mass and heat transport problems supported
catalysts are widely used. However, other forms of cata-
lysts are used, e.g. platinum and nickel powders in the
hydrogenation of ethene, pelletized tin-antimony oxide
powders in the oxidation of propene and platinum-rhodium
alloy gauze used in the high temperature oxidation of

ammonia to nitric acid.

A fundamental problem in catalysis is due to foreign com-
pounds which strongly adsorb onto the surface, known as
poisons, which can reduce the rate of a catalytic reaction.
If the poison 1is adsorbed strongly onto the catalyst sur-
face so that it cannot be removed by eliminating the poison
from the gas (or liquid) phase it is described as a
permanent poison. If it can be removed it 1is described as

a temporary poison. If the poison is adsorbed as strongly
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as the reactants it is termed a competitive inhibitor.

The surface of a metal is soft in the classification of
Pearson”0). Thus the effective poisons for metallic
catalysts are soft such as carbon monoxide, hydrogen sul-
phide and hydrogen cyanide. In oxide catalysis, where the
catalytic site is an unsaturated coordinated ion at the
surface (e.g. Al1"0Og or Cr~op the most effective poisons

are hard bases such as water or amines.

Even 1in the absence of poisons, deactivation of a catalyst
may be noticed at high temperatures. This may be due to
sintering causing a loss of surface area of the catalyst
or, as 1in-the case of reactions involving hydrocarbons, due
to deposition on the catalyst surface of slowly reacting

hydrocarbon residues.

In general, an overall heterogeneous catalytic reaction can

be divided into the following five processes:

(1) The diffusion of the reactants from the bulk fluid to
the catalytic site.

(11) Chemisorption of one or all of the reactants.

(iid) The reaction between the adsorbed species (surface
reaction) or between a molecule in the fluid phase and the
adsorbed species.

(iv) Desorption of the products.

(v) Diffusion of the products to the bulk fluid phase.

Ideally it is desirable to have process (iii) as the rate



limiting step.

1.5 Methods of Measuring Adsorption Isotherms

There are three main methods for the determination of
adsorption isotherms. These are the volumetric, gravimetric
and dynamic methods, general details of which are given

ft. - -

below.

1.5.1 Volumetric Method

This 1is theemost widely used method for adsorption isotherm

determination, the underlying principle being as follows(5“

The temperature, pressure and volume of a guantity of ad-
sorbate are measured and the number of moles present
calculated, after which it is brought into contact with the
adsorbent. When the temperature, pressure and volume
readings are constant, 1.e. when equilibrium has been
attained, the number of moles present in the gas phase 1is
again calculated. The difference between the initial and
final number of moles being equal to the amount of gas

adsorbed by the adsorbent.

The accurate determination of the number of moles unadsor-
bed at equilibrium depends on the precise knowledge of the
‘dead-space’ (i.e. space surrounding the adsorbent) which
is normally determined using helium. However, estimation
of the free gas may be complicated by parts of the dead-
space being at different temperatures, therefore the volume
of a particular component must be measured at the correct

temperature before assembly.



Not only is it important to have a knowledge of the dead-
space but also, 1in particular at low pressures, it 1is
necessary to take into account a correction for thermal
transpiration. The thermal transpiration, or thermolecular
flow, appears as a pressure difference between connected
parts of an apparatus held at different temperatures.
Provided that the bore of the tubing is very much smaller
than the mean free path of the gaseous molecules, the

pressure above the adsorbent (p”) at a temperature is

given by (52)

where pm and represent the pressure and temperature

respectively of the manometer.

When the mean free path of the gas molecules 1is wvery much
smaller than the diameter of the tubing, i.e. when
Poiseuille*s Law is applicable, the pressure throughout the
apparatus is equal. In the region between the two extremes
of Knudson and Poiseuille flow the effect is a complex
function of the temperature, pressure, and bore of the

tubing

1.5.2 Gravimetric Method

(53),

The sorption balance introduced by McBain and Bakr' was
until recently the most used gravimetric technique. It
essentially consists of a helical sprinc usually of fused
quartz (but-copper-beryllium alloy springs have been

(54, 55) suspended from a hook inside a glass tube

reported’
with a light bucket containing the adsorbent attached to

the other end. The balance case 1is connected to a gas

storage reservoir, manometer and wvacuum system. The amount



of gas taken up by the adsorbent is measured by noting the
extension of the previously calibrated spring by means of a

cathetometer

Although the spring balance does away with the need for a
dead-space calculation, it is necessary to carry out a
f R

buoyancy correction, particularly at high pressures..

Further details are given in the experimental section.

Greater sensitivity (to a microgramme) can be obtained by
using wvacuum microbalances, which are based on the prin-

ciples of the beam balance, and well documented in the

literature:

1*5.3 Dynamic Method

Early dynamic methods included the passing of a stream of
air saturated with benzene over u-tubes containing silica-
gel, and following the course of the adsorption by weighing
the tubes at frequent intervals . Another method 6-"
consisted of saturating the adsorbent with the wvapour at a
definite temperature and pressure, then passing dry air
through the system at a known rate, noting the decrease in
weight of the adsorbent. With the sophistication of wvacuum
microbalances it is now possible to follow an adsorption on

chart recorders.

The recent trend in dynamic methods is to use gas chroma-

tographic techniques, the most popular of which is the

continuous flow method *2) used to measure nitrogen

adsorption at -196°C and hence determine surface areas.

Attempts have been made to employ flow methods in chemisor



ption studies and hence determine specific surface areas.

(3)

An example 1is the method developed by Gruber which uses
the specific, irreversible adsorption of carbon monoxide on
a metal surface at room temperature. A pulse of carbon
monoxide and its carrier gas is passed through the reference
side of a conductivity cell, then through the catalyst bed
and finally into the sample side of the conductivity cell.
The recorder trace shows two peaks, the areas of which
corresponds to the amount of carbon monoxide present before

and after adsorption, from the difference in areas the

amount of carbon monoxide adsorbed may be calculated.
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2.1 Vacuum System

A 'CRENCO HYVAC' two stage rotary oil pump in conjunction
with an ’'EDWARDS' E203D oil vapour diffusion pump gave a
vacuum of 10 torr( « /760 Pa) to 10 torr. An oil wvapour
diffusion pump was used in preference to a mercury vapour
one because of the potential hazard of mercury vapour as
well as the possibility of contamination of the samples

used.

The working fluid of the rotary pump was 'EDWARDS' high
vacuum oil, that of 'the vapour diffusion pump was 'DOW-
CORNING' silicone 702 fluid, its stated wvapour pressure
being 10“8torr.

To prevent backstrearning occuring, 1i.e. when a small
percentage of molecules of the working fluid, in the
vapour diffusion pump, suffer collisions in the Jjet
region causing migration into the vacuum apparatus, an

"EDWARDS' 2L1B baffle and isolation valve was used.

Because of the sensitive quartz spring it was vital that
the rotary pump was mounted so that vibrations would not
be transmitted to the apparatus. The mounting was in fact
a wooden board on a metal frame, the frame being cut to
prevent contact with the work bench. The use of thick
rubber tubing from the rotary pump to the air admittance
valve (vacuum tight seals being maintained by use of
jubilee clips) also helped to minimise the transmission of

vibrations.

In addition it was necessary to use a liquid nitrogen cold

trap to remove condensible vapours, such as water vapour,



and also any oil wvapour that may still have escaped from

the pumping system.

Valves D, E and F in Fig. 2.2 were muff-coupled 'EDWARDS'
S.C.10 speedivalves used in conjunction with 'VITON
(silicone rubber) o-ring~s. "Muff-coupling" produced
vacuum tight seals by compressing the greased o-ring
between a compression sleeve and the valve. Valve H, 1like
all the other taps in the vacuum apparatus, was glass and

the grease used was 'DOW CORNING high wvacuum grease.

To allow high pumping speeds it was essential to use large
bore tubing («1.5cm diameter) in preference to narrow bore
tubing, with appropriate large bore taps. Large bore
tubing also enabled the thermal transpiration effect (see
earlier) to be ignored, as the mean free path x at the
lowest pressure used was smaller than the smallest bore

tube diameter (see Section 3).

2.1.1 Working Principles

2.1.1.1 Rotary Pump

A sketch of the two stage rotary pump is given in Fig. 2.3.

The two rotors are mounted on a common shaft and set at

90° to each other, the whole being immersed in a single oil

bath. The gas is trapped between the blades and swept out

through the exhaust wvalve.

The o0il functions both as a lubricant and sealant between

the moving parts.

The gas ballast permits the pumping of condensible vapours

through the rotary pump, without condensation and con-
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Key to Fig. 2.2

A Vacuum apparatus

B Isolation and baffle wvalve
C 01l wvapour diffusion pump
D Roughing wvalve

E¥ Backing valve

F Throttle wvalve (for leak detection)
G Pirani Gauge

H Air admittance valve

I Backing pump

J Copper piping

K Rubber tubing

L Glass tubing
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sequent harmful effGCts to the pump oil. The pump was not

in fact operated in this way due to the cold trap already

mentioned

2.1.1.2 0il Vapour Diffusion Pump

A sketch of the o0il wvapour diffusion pump is given in

Fig. 2.4. The pump fluid in the boiler is heated to
generate a suitable boiler pressure within the Jjet stream.
The resultant wvapour passes upward through the jet stages
and emerges from the Jjet nozzles as high velocity vapour
streams to impinge and condense on the cooled pump body
and subsequently drain to the boiler. Under normal
operation, a portion of any gas arriving at the pump inlet
(top jet) 1is trapped, compressed and transferred to the
next stage. This process 1is repeated through the pump jet
stages, until the gas 1is removed by the backing pump via

the backing tube and the condenser.

In operating the o0il diffusion pump it 1is absolutely
essential to allow the backing rotary pump to reduce the
pressure to the working backing pressure of the diffusion
pump in order to prevent the silicone o0il becoming too hot,

so causing decompos.ition or attack by oxygen.

22 Oven

During the course of the study two ovens were used at
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Key to Fig. 2.4
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Plate 1
Side view of apparatus

Rate 2
Sorption baiance and manometer
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Plate 3 _
Balance case containing spring

Plate 4
Pirani (foreground) and Penning gauge heads
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Plate 5
Vacuum pumps

Plate 6
Diffusion pump showing muff-coupled valves
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different times to maintain a constant temperature around
the catalyst basket during adsorption. They also provided
the high temperatures needed for outgassing of the

catalysts.

The first was a 'PHILLIPS 4000 oven and the second a 'PYE'
series 104 oven. Both were precision gas chromatography
ovens with seperate temperature control units. Gas
chromatography ovens were preferred as they allowed precise
control of oven temperatures and were comparatively cheap.
Heat loss was minimised by surrounding the heated part of

the balance with thick asbestos sheets.

However, in spite of good insulation, the oven temperature
was not as indicated on the temperature controller,
especially at high temperatures. To overcome this problem
a chrome-alumel thermocouple was placed at the centre of
the oven and connected to a thermocouple potentiometer box
which, when used in conjunction with a calibration table,

gave an accuracy of 0.1 c.

2.3 Pressure Measurement

Three types of pressure measuring devices were used. The
working principles of two, the Pirani and Penning gauges,
are given below. The Pirani gauge scale recorded pressures

between 0.51 torr and 10”3 torr. Lower pressures, down to

10~6 torr, were indicated on a Penning gauge.

Higher pressure measurements were carried out by a mano-
meter, the manometer fluid being silicone oil. This was
preferred to the conventional mercury manometer due to the

fourteen fold increase in sensitivity obtained, and also
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eliminating contamination of the catalysts by mercury

vapour.

2.3.1 Working Principles

2.3.1.1 Pirani Vacuum Gauge

A Pirani gauge depends on the thermal conductivity of a
gas, at low pressures, being proportional to its pressure
and that a heated wire suspended in a gas will lose part
of its energy by impact of ’'cold! molecules on its sur-

face.

A hot wire loses energy by conduction through the gas and
the ends of the wire. There is also loss by radiation,
especially with polyatomic molecules. By making the wire
sufficiently long and thin, the end losses may be

practically eliminated.

Pirani gauges are operated in Wheatstone bridge circuits,
where the voltage is kept constant and the change of

current 1is observed as a function of pressure'wB)

The practical advantage of Pirani gauges 1is that they may
be used with gases and vapours, corrosive or otherwise.

Also, backing line Pirani gauges are useful when checking
for leaks in vacuum systems when the compression produced

by a diffusion pump permits small leaks to be detected.

2.3.1.2 Penning Vacuum Gau-,e

The action of a working Penning gauge is as follows. An
anode rod passes through a circular cathode. When a vol-
tage 1is applied between the two, electrons are drawn from

the cathode and accelerate towards the anode, as 1in a
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thermionic diode. However, a magnetic field deflects the
electrons so that they follow a complex spiral path which
is very much longer than the spacing between the elect-

rodes. Collisions with the gas molecules ionize the gas,
producing positive ions and additional electrons, both of

which cause further ionization.

The sum of the positive ion current to the cathode and the
electron current to the anode constitutes the gauge head
current which is measured by the associated -control unit.
The current is approximately proportional to the gas
pressure up to about 10~4 torr, at higher pressures the
current rises at a diminishing rate until it reaches a-

maximum at about one torr.

Penning gauges tend to 'age* due to the production of
electrical leakage paths and conducting or insulating
layers caused by the dissociation of hydrocarbons or
silicone vapours. Such contamination can lead to
erroneous or unstable indications of pressure, so that the
Penning gauge reading can rarely be regarded as a precise

measurement of pressure.

2.4 Sorption Balance

The essential part of the sorption balance, similar to
that first introduced by McBain and Bakr(53), was a
transparent fused quartz spring (particulars of which are
given in Fig. 2.5) supplied by 'THERMAL SYNDICATE LTD.'
The advantage that the fused quartz spring had over the

other spring types was that its extension was perfectly

elastic, consequently there was no elastic hysterisis
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occur ing.

The upper hook of the spring was attached by thread to a

glass key which, when turned, raised or lowered the spring.

The lower hook of the spring was attached to an aluminium

foil catalyst basket by means of a glass fibre ’'hand-down'.

As shown in Fig. 2.1 the sorption balance was placed in a
vertical glass cylinder, or balance 'case*, of length
100cm. and diameter 5cm. which was connected to the wvacuum

system.

The lower half of the balance 'casel, containing the cata-
lyst basket, was placed centrally in the oven, to ensure

the catalyst was kept at the temperature required.

As quartz has a small but definite temperature coefficient
(64, 65) was necessary |-o thermostat the part of the
balance ’'case' containing the spring. This was done by
using electric light bulbs as heaters in an enclosed box
with holes for wventilation. The supply to the bulbs was
controlled with a 'FISONS' Fi-monitor fixed to a mercury
thermometer to hold the temperature at a constant 25°C.

The Fi-monitor sensed the position of the mercury thread.

A travelling microscope (cathetometer) was used to measure
any displacement of the spring caused by uptake of adsor-
bate. It consisted of a low power telescope, mounted on a
rigid bed, which was focused on a reference point on the
glass fibre 'hang-down¥*. The vernier scale of the catheto-

meter allowed measurements of 0.00lcm. (10"im) to be made.

To eliminate any errors in measurements due to vibrations

idioe - o

76



the cathetometer was placed on a solid concrete block, and
the whole system built onto a vibration-free outside wall

built up directly from the foundations.

2.4.1 Working Principle

2.4.1.1 Fused Quartz Spring

Assuming the mass of the spring to be negligible compared
to the load, and the helix angle to be small, the
extension, Y, can be related to the load, m, by the

equation (see Appendix XIT),

Y = 21R2m (2.1)
4
Ilzr
where,
r - radius of silica fibre

1 - length of silica fibre
R - coil radius

z - modulus of rigidity of silica.

Taking the mass of the spring into account equation (2.1)

will now become,

Y = 21R2m + r2P 12 (2.2)
Ilzr [Izr
where,
P - density of silica.

At zero load the extension is given by,

Y = R2*>12 (2.3)

o ———= t— 1
nzré

The sensitivity, K, 1is given by,

K =Y - Yo = 2R21 (2.4)

m nzr
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Replacing the fibre length, 1, by 2llrn, where, n, 1is the

number of turns, the sensitivity, K, 1s now,

K = 4R3n (2.5)

4
zZr

Hence the sensitivity may be increased by decreasing the
radius of the silica fibre, increasing the coil radius and

the number of turns.

There 1s, however, a limit to which these factors can be
changed. The limit is set by the mechanical strength and

overall length of the spring.

With spring balances a buoyancy correction is required.

Assuming an ideal gas the following expression may be

used,
3w = MV .p. (2.6)
RT
where,
aw - upthrust
P - pressure
T - absolute temperature
M - molecular weight of gas
V - volume of the load
R - universal gas constant.

It is difficult to calculate the wvolumes of the catalyst
basket, the adsorbent and the adsorbed phase. The
correction was determined empirically by measuring the
apparent weight of the load in the presence of an inert
gas (helium) which was assumed to be unadsorbed. This was
performed at a series of pressures. It was also assumed

that the upthrust from a given adsorbate was proportional
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to the ratio of the molecular weight of adsorbate to that

of the inert gas.

The above use of an inert gas also allowed for the
estimation of the error due to thermal gradients. This
effect, caused Dby the spring and catalyst basket being
held at differing temperatures, leads to the production
of thermal currents within the gas phase and a thermal
gradient along the hang-down fibre which can cause
apparent increases or decreases of weight. Another
possible effect caused by the apparatus not having a
uniform temperature is that of thermal transpiration.
However, this may be ignored as wide bore tubing was

used (see earlier).

2.5 Evacuation of the Apparatus

Initially the baffle valve and air admittance valve were
shut as were all other openings to the atmosphere in the
system. The roughing and backing valves (D and E in Fig.
2.2) were opened, the cooling water turned on (at a rate

not less than 0.51/min) and the rotary pump switched on.

Once the backing pressure, as indicated on the Pirani
gauge (G), had reached O.5torr or less the wvapour
diffusion pump was switched on, and the cold trap was
filled with liquid nitrogen. After allowing four or five
minutes for the o0il to warm, the roughing wvalve (D) was
shut and the baffle valve opened. This allowed the

apparatus to be evacuated.

To close down the apparatus safely, the following sequence
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was necessary. The baffle valve was closed and the
electrical supply to the diffusion pump switched off.

The time allowed for the diffusion pump o0il to cool was
twenty to twenty-five minutes before the backing wvalve (E)
was closed. The air admittance valve was opened and the
rotary pump switched off. Also at this point it was
important to remove the liquid nitrogen cold trap to

prevent oxygen Condensing from the atmosphere.

The above procedure ensured that the vapour diffusion

pump was left evacuated and prevented the pump from
absorbing air. If the o0il was not allowed to cool
sufficiently, on re-evacuation the o0il would superheat and
evolve a quantity of wvapour which would pass into the

backing pump.

Oil suck back into the system could occur if the rotary
pump was stopped 'under vacuum. Consequently the backing

pump was never shut down under these conditions.

2.5.1 Leak Testing

The apparatus was initially tested for vacuum tightness by
opening all taps, except those to the atmosphere, in Fig.
2.1 and evacuating. A Tesla coil was used to test for any
pin-holes that may have occurred due to the glass-blowing

work carried out in order to assemble the apparatus.

Opening taps Tl and T2, under vacuum, removed any dissolved
gases from the manometer fluid, this procedure was
necessary whenever the apparatus had been taken up to

pressure using air with tap T2 open.
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The best attainable wvacuum was found to be 1ON6 torr.”;

JL._ Pa
7600

2.6 Equipment Maintenance and Safety

There were three items of equipment requiring regular
maintenance during the course of the study. These were
the greased taps, o0il vapour diffusion pump and the rotary

backing pump.
2.6.1 Taps

Constant regreasing of the taps was found to be necessary
because of the *streaking* of the wvacuum grease due to
cold, heat or excessive use. This effect led to the
production of a poorer ultimate wvacuum than would normally

be expected.

The best .way to regrease was first to remove all traces of
grease from the key and socket using a solvent such as
chloroform. Then regrease the key with 'DOW CORNING' high
vacuum grease and place it into the warmed socket. The

key was then 'worked-in' so that all streaks were removed.
2.6.2 0il Vapour Diffusion Pump

As previously discussed o0il from the diffusion pump may be
lost due to super heating or breakdown by oxygen. Both
will lead to a progressively worsening ultimate wvacuum,

which can only be improved by replacing the used oil.

To do this the diffusion pump and baffle wvalve had to be
completely isolated from the system. As taps D and E in

Fig. 2.2 were muff-coupled it was relatively easy to



isolate the diffusion pump and baffle valve from the rotary-
pump. The wvacuum apparatus was isolated by cutting the
glass tubing above the baffle wvalve. Once isolated the
diffusion pump was seperated from the baffle wvalve by

removing the four holding bolts.

The pump could now be tilted and the used o0il poured out.
It was replaced with a new 50ml. charge of silicone oil.

The system was then re-connected.

2.6.3 Rotary Backing Pump

Due to the breakdown of the rotary pump o0il, regular
replacement was necessary to maintain the optimum ultimate

vacuum and also to prevent damage to the pump.

The pump was easily isolated by unscrewing the coupling at
the inlet. The oil was poured out by removing the wing
nut at the base of the pump. After all the used o0il had
drained out, the nut was replaced and a new charge of oil
poured in through the inlet pipe. The pump was then re-

connected to the system.

2.6.4 Safety

Whenever the apparatus was being pressurised or evacuated

there was a possibility of implosion; due to rapid
evacuation, or explosion; due to excessively swift
pressure build up. In both cases shards of glass would be

ejected from the apparatus and would cause extensive facial
damage - 1in particular to the eyes. To prevent such
injuries it was found necessary to wear some sort of facial

protection when near the apparatus in the form of a face



visor, or at the very minimum, a pair of safety spectacles.

In the handling of the liquid nitrogen it was found
necessary to wear protective gloves for two reasons. It
was found the the dewar used to transport the liquid
nitrogen to the apparatus could unaccountably break,
cutting the unprotected hand of the handler. Also spurting
of the ligquid nitrogen, due to excessive boiling, could

cause cold burns on the back of unprotected hands.

Finally, as. flammable gases were used such as oxygen, it
was important that there was no naked flames in tjbe

laboratory in case of tap or cylinder leaks.

2.7 Sorption Balance Materials

2.7.1 Catalyst Boat

The catalyst boat or basket had to be as light as possible.
It was important that it retained its mechanical strength
under negative and positive pressures, and also over a

large temperature range. It should also not adsorb any of

the adsorbates used.

A glass boat was tried but was too heavy (the lightest
glass boat weighing 1in the region of one gramme). The
maximum load capacity of the spring, 1i.e. catalyst boat
plus sample, was one gramme. A variety of low density
metallic films were found to satisfy all the above men-
tioned criteria; it was decided to use an inexpensive

aluminium foil.

The boat was constructed in the shape of a cylinder, with
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one open end, of height 1.5cm. and diameter 1.0cm., with

two holes pierced at the top to take the thread.

2.7.2 The Thread

The thread was needed between the rotating key (E in Fig.
2.1) and the top of the quartz spring, and also between

the bottom of the spring and the catalyst boat.

A terylene thread was found to be suitable; it was found
to be thermally stable up to 225°C. It remained taut with-
out stretching under the weight of the catalyst basket and
catalyst, and its weight was appropriately low. A quartz'

fibre was found to be too stiff.

During the course of the experiment it was found necessary
to use temperatures greater than 225°C. Under these
conditions the thread disintegrated leading to permanent
damage to the sensitive quartz spring. The thread between
spring and sample was than replaced by a glass fibre ‘hang-
down’, which had the required properties and withstood

high temperatures.

2.7.3 Spring Calibration

The procedure was as follows:

The spring was suspended by means of a terylene thread in
a draught free air thermostat. The thermostat temperature
was set to 25°C. The bottom ‘hook' of the spring served
as the reference or datum point. The cathetometer was

focussed upon the datum point and the scale reading noted.

The glass-fibre ’'hang-down' and catalyst basket were

weighed seperately and the change in the datum noted after
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each had been connected to the spring.

Known weights were then added to the catalyst basket, up
to a total of approximately 0.8g, then the weights were
successively removed so checking for hysteresis. The

datum position was noted for every change in weight.

The readings are shown in Tables 2.1 and 2.2. For
increased accuracy in the estimation of the spring
sensitivity, a computed linear regression analysis was

used 1in preference to a graphical analysis.

However a graphical representation is given in Graphs 2.1

and 2.2 and the computed analysis in Tables 2.3 and 2.4.

Blank experiments were performed to check that the materials

were suitable for adsorption studies.

Initially the quartz spring (connected to the catalyst
basket by means of the glass-fibre hang-down) was sus-
pended in the balance case in the centre of the air
thermostat, with the basket in the oven. The balance case

was then evacuated.

The blank experiments were carried out using nitrogen,
oxygen, propene, butene, argon and helium at wvarious

temperatures and over a range of pressures.

No adsorption occurred and the materials were considered

suitable for their purpose.

2.8 Catalysts

The samples used during the course of the study were

85



Change 1in

Weight (g) Datum (cm)
0 0
0.0966 1.633
0.1708 3.333
0.3069 6.432
0.4317- 9.262
0.5734 12.459
0.4991 10.766
0.3662 7.777
0.2391 4.893
0 0

Table 2.1

Spring I Calibration

Change 1in

Weight (g) Datum (cm)
0 0
0.2488 ,8.404
0.2809 9.688
0.3188 10.965
0.3567 12.242
0.39%406 13.519
0.45306 v 14.831
0.4902 16.065
0.5675 18.654
0.6796 22.399
0.744¢6 24.894
0.5184 17.355
0.3288 11.042
0.2488 8.433
0.1147 4.270
0 0

Table 2.2
Spring II Calibration
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Table 2.3

Observed Fitted Difference
Value (cm) Value (cm) (%)
1.633 1.651 -1.0730
3.333 3.334 -0.0222
6.432 6.421 0.1686
9.262 9.252 0.1055
12.459 12.466 -0.06106
10.766 10.781 -0.1411
7.777 7.766 0.1367
4.893 4.883 0.2019
Standard Deviation 0.390%
Spring Sensitivity (cm/qg) 22.6849

Computed Analysis of Spring I Calibration

Observed Fitted Difference
Value (cm) Value (cm) (%)
8.404 8.537 -1.578
9.688 9.576 1.159
10.965 10.802 1.481
12.242 12.029 1.737
13.519 13.256 1.943
14,831 15.166 -2.260
16.065 16.350 -1.780
18.654 18.853 -1.068
22.399 22.481 -0.370
24.894 24.585 1.237
17.355 17.263 0.525
11.042 11.126 -0.763
8.433 8.537 -1.229
4.270 4.196 1.740
Standard Deviation 1.446%
Spring Sensitivity (cm/g) 32.3706

Table 2.4
Computed Analysis of Spring II Calibration
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Graph 2.2

Spring H calibration curve
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carbon-black as an inert reference material and bismuth-

molybdate and tin-antimony catalysts.

The carbon-black was supplied by 'CABOT CARBON LTD*
specifically for BET studies to examine the suitability

of the sorption balance. The quoted specific surface area

being 65.0 t 0.5 m™g \

The tin-antimony and bismuth-molybdate catalysts were

(4) and were pelleted Dby

prepared m the laboratory'
'B.P. LTD’. The specific surface areas being quoted by

2 -1
'B.P. LTD' as 7.40 and 0.25 m g respectively. The

method Qf preparation being as follows”™4' 66).

The tin—-antimony catalyst was produced by seperately
oxidising the pure metals with nitric acid at about 100°C,
and mixing the correct proportion (atomic ratio of tin to
antimony being 2:1) of the washed oxides before drying at
110°C. The resulting mixture was heated in air by prog-

rammed heating at 20°C per hour to 850°C and then main-

tained at this temperature for 16 hours.

The bismuth molybdate preparation was as follows. The
catalyst was precipitated from a solution of ammonium
molybdate mixed with acidified bismuth nitrate and
ammonia to give a final P h. of 5.5 and a bismuth to
molybdenum atomic ratio of unity. The precipitate then

being washed, dried and heated to 450°C.

Both the tin-antimony and bismuth molybdate catalysts were

used in the form of pellets of diameter 3-/8" by 1/16".



2.8.1 Correction of Catalyst Weight

The sample was weighed carefully and then suspended in its
container from the spring. The datum change caused by
outgassing and then returning to room temperature was

noted. -

A buoyancy correction had to be made. This was carried
out by noting the datum change compared to vacuum, with-

the balance case pressurised to one atmosphere with argon.

2.9 Gas Storage

Initially the gas reservoirs (covered with tape to prevent
danger from shards of glass in the event of implosion)

had to,be evacuated to remove any air present. This was
carried out by closing taps T4 and T10 with taps Te6, T13,
*T7t T8r T9 and Til open, and then following the general

evacuation procedure as described in section 2.5.

The gas cylinder was connected to Tl10 by means of plastic

tubing.

Once the reservoirs had been evacuated, the gas cylinder
was 'cracked open' to allow a flow of gas. T10 and Til
were closed slightly to allow removal of any air in the
pipeline. Til was then shut leading to an increase of
pressure 1in the reservoirs, the pressure being indicated
by the precision pressure gauge P. Once the desired

pressure had been reached T10 was shut.

The above was repeated twice, before allowing the pressure

in the gas reservoirs to reach a value of 1.5 atmospheres,
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whereupon T13, T10, T7, T8, T9 as well as the cylinder
valve were shut. The reservoirs now contained the gas

supply for a particular adsorption experiment.

2.10 Outgassing

Before any adsorption data could be taken it was necessary

to prepare the adsorbent surface.

In theory it should be possible to desorb any adhering
gases by evacuation alone. In practice the situation is
much more complex and it has been found that outgassing 1is

improved by evacuating at high temperatures.

An empirical formulaexists which enables a rough
estimate to be made of the outgassing time at temperatures
between 100 to 400°C with a vacuum of 5 x 10_6torr or

better. The equation is

t = 14.4 x 104 x T—-1'77 (2.7)

Frequently evacuation has to take place at wvery high

temperatures to remove any chemisorbed layers.

In order to minimise the time required for outgassing, the
temperature should be the maximum consistent with the
avoidance of sintering or alteration of the surface.
Estimation of this temperature is to a large extent

empir ical.

One of the great advantages of the gravimetric method of
measurement 1is that outgassing can take place to a constant

weight.

For the physisorption of nitrogen on carbon black it 1is

92



generally accepted that degassing for several hours at

110°c/8) is sufficient to provide a clean surface for

adsorption

However, for the chemisorption work on the tin-antimony
catalyst and the scouting experiments on the bismuth-
molybdate catalyst, the time and temperature for out-
gassing were found by experiment. It was found that the
catalysts reached constant weight after outgassing at a
temperature of 300°C for 18 hours. The temperature was
well below that at which the catalysts were fired and
consequently it was assumed that the surface was

unchanged.

2.11 Experimental Procedure

2.11.1 Adsorption

«

First the catalyst was outgassed with the lower end of the

balance case maintained at the correct temperature (with

the air thermostat on), and with the balance at the best
possible vacuum. During this time Tl to T6 were kept
open. However, before starting adsorption measurements

Tl, T3, TS5, T6 as well as Til were closed and T13 opened
to admit adsorbate to the system. Careful manipulation of
T3 connecting the ’'doser' to the balance case allowed
small increases in pressure in the balance case. This was
shown by the manometer. Adsorption on the catalyst
surface was indicated by a change in datum. When taking
the manometer scale readings it was important that there
were no parallax errors. To minimise such errors the

scale reading was taken when a straight edge placed



horizontally at the bottom of the o0il meniscus was co-
incident with its image in the mirror placed behind the

manometer arm.

A more sensitive pressure measuring device could have been
used, e.g. a tilted manometer or pressure transducer, but
the limited spring sensitivity would have nullified such

improvement.

The adsorption was carried out in stages up to a point
when no change in datum was noticed, in the case of
chemisorption, or to a relative pressure of 0.3 in the

case of physisorption.

It should be noted that between stages a certain period
had to be allowed, so that equilibrium could be attained.
This time was short for physisorption (a few minutes) and

large for chemisorption (up to several hours).

When a pressure greater than 50cm of o0il was required for
physisorption then (having reached the maximum difference
in 0il levels) T1 was opened, admitting gas into the left
hand arm of the manometer. With Tl now closed a further

dose of gas was admitted into the balance case.

There was found to be a limit beyond which adsorption
measurements could not be taken due to continuous un-
dampable spring oscillations. The limit was related to
the adsorbate pressure, and temperature difference between
the air thermostat and the lower end of the balance case.
Fortunately, during the course of this study, this limit

was not exceeded.



It.was also of great importance to check the spirit level
of the cathetometer between readings. If the air bubble
was to change position at any time during an adsorption

run and was not brought back to its original position, then
the cathetometer reading taken would be erroneous. The

air bubble position was adjusted by tilting the catheto-
meter up or down by means of the screw under the barrel of

the cathetometer.

2.11.2 Desorption

All openings to the atmosphere were shut and the system
evacuated, using the backing pump only, up to T13 and T3.
Adsorbate gas was removed in stages, the pressure and
datum change noted after every stage. Once the pressure
change could not be detected by the o0il manometer T5 was
opened and the o0il vapour diffusion pump brought into

operation.

2.12 Experimental Detail

2.12.1 Physisorption Study

This was really an initial trial of the sorption balance.
Samples of known specific surface areas were used in BET
studies using nitrogen adsorbate at liquid nitrogen
temperatures. In conjunction with the above, observations
were carried out on the catalysts using argon to enable

buoyancy corrections to be made.

2.12.2 Chemisorption Scouting Study

Runs were carried out at various temperatures using tin-



antimony and then bismuth-molybdate catalysts with oxygen,
propene and butene adsorbates, to find the optimum

temperature ranges for chemisorption work.

2.12.3 Chemisorption Studies

From the chemisorption scouting studies it was found that
chemisorption of all adsorbates on the bismuth-molybdate
catalyst were too little for the sensitivity of the
balance. Attempts to meet the cost of a suitable micro-

balance were unsuccessful.

However, measurable quantities of gas were 'found to*be

adsorbed on the tin-antimony catalyst. The temperature

ranges for the wvarious adsorbates were as follows:
Oxygen 80~100°C

Propene 200-250°C

Butene 130-170°C

[§
Further accurate studies were carried out on these

systems.

As in the case of the physisorption studies, buoyancy

corrections were made using argon.
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3.1 Mean Free Paths and Molecular Diameters

To determine whether thermomolecular flow corrections had
to be made (due to the different temperatures in the

apparatus) 1t was necessary to compare the mean free path X

with the .bore of the tubing. The derivation of X is given
in Appendix XI. It can be seen that the molecular diameter
d of the gas needs to be known. This may be found from

viscosity data, as follows.

The elementary gas model assumes that all molecules are non-
interacting rigid spheres of diameter .d and mass m moving
randomly with a velocity v. Assuming the average speed to
be proportional to | /M) ? (see Appendix X) the wviscosity
relationship may be written as

n(yP) = 26.69 (MT)" (3a)
dz2 '

A more rigorous treatment, taking into account intermolecular

forces is that due to Chapman-Enskog *8) which modifies the

above equation to

n— 26.69 imt /I (3.2)

dzQ
v

where Qv 1is the collision integral and may be obtained from

tables by Reid and Sherwood

Whether a correction was necessary for the dipole moment of

the molecule was indicated by the equation

¢ = (up)?2
2E03
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where

yp - dipole moment (debyes)

o
a - hard-sphere diameter (A)
E - characteristic energy (J)
the correction being necessary if 6 ~0.05. Although

propene and butene exhibit small dipole moments 0.4 and 0.3
debyes respectively, the ¢ wvalues of 0.02 and 0.004 were
sufficiently small to enable a dipole correction to be

ignored.

From the above considerations the molecular diameters used

were as follows:

o

Gas d (3)
Oxygen 3.467
Propene 4.678

1-Butene 5.229

It should be noted was found by using the Lennard-Jones

potential which applies to non-polar gases.

From Appendix XI

X = 3.108 x 10~24 T (3 3)
d2 p
where
T - Kelvin
p - Nm
d — metres

>

The smallest pressure used was 0.10 cm.oil which corresponds

to a pressure of

100 <



0.10 x 1.070 1.013 x 105
13.546 X 76.0 10.529 Nm or Pa

Equation (3.3) now becomes

A = 2.952 x 10

For oxygen, in the temperature range 80-100°C, X lies bet-

ween 9.16 and 8.67 x 10 “m.

For propene, in the temperature range 200-250°C, X lies
-4

between 7.05 and 6.38 x 10 m.

For butene, in the temperature range 130-170°C, X lies

between 3.70 and 3.27 x lO_4m.

Therefore in all cases X was rather less than one millimetre,
which is very much smaller than the diameter of the narrowest

bore tubing used which was 1.01 centimetres.

3,2 Correction of Catalyst Weight

There were two corrections to be made to the apparent

catalyst weight.

Firstly, the buoyancy effect. The procedure for this was

to carry out adsorption and desorption runs using an inert
gas (argon) which would not be adsorbed, and notice the
apparent loss in weight with increasing pressure. The
amount of argon would be used to calculate the corresponding
amount of air and this value plotted against pressure as in

Graph 3.1.

The conversion of the upthrust due to argon into the upthrust
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due to air at the same temperature and pressure was as

follows:-
PV = nRT (3.4)
where
P - pressure
V - volume
R - gas constant
n - number of mols
T - temperature
also
where
m - mass of gas
M - molecular weight

From (3.4) and (3.5)

/PV\ = m
ARTy M

Hence for constant Pr V and T

This gives the ratio of the upthrusts at constant pressure

and temperature.

The second effect to be accounted for was the loss of weight
due to outgassing. This was a straightforward measurement,

an example of which is given in Table 3.1.
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3.3 Corrected Pressure Readings

When the apparatus was evacuated and tap Tl closed (see
Fig. 2.1), the pressure after admitting the adsorbate was

shown directly in centimetres of oil.

If, however, a pressure greater than 50cm. of oil was
required, then 1t was necessary to open tap Tl and allow

the o0il 1lgvels to become equal before shutting the tap.

Consequently when more adsorbate was admitted into the
balance case the gas between the manometer fluid*and T1 was
being compressed and a correction had to be made to allow

for this.

The correction was made by assuming the ideal gas law
relationship

P1V1 " P2V2

Sample Calculation

Manometer fluid in both arms level 32.75 cm.
at a scale reading of

Volume between Tl and left hand 178.47 err?

manometer fluid, when fluid levels
in both arms level

Radius of manometer arm 0.70 cm.

From raw data Table 1 the first pressure value of 55.90
cm.oil was the actual pressure reading not requiring cor-
rection. Therefore when Tl was opened in advance of the
next dose of gas the whole balance case was assumed to be

at this pressure.

The subsequent dose of adsorbate led to the o0il level

increasing to 60.05 cm. 1in the left hand manometer arm.
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Therefore,

P-* = 55.90 cm.oil

V1l = 178.47 cm3

?2 = unknown

v, = 178.47 - (60.05 - 32.75)it (0.70) 2
/ ~

From the gas law relationship

The

the

was

The

P2 = 73.31 cm.oil

true pressure in the balance case was equal to P2 plus
difference in the two o0il 1levels, which 1in this case

equal to 55.10 cm.oil.

corrected pressure value was therefore 128.41 cm.oil.

In the case of desorption the volume V2 was greater than

v*,

and the difference in the o0il levels had to be sub-

tracted from the calculated wvalue of P2,

The

conversion factor from centimetres of silicone o0il to

millimetres of mercury was simply the ratio of the densities

multiplied by ten. At 20°C the o0il density was 1.070 g.cm

—3

that of mercury 13.546 g.cm_3 giving a conversion factor

and
of 0.790.
The amount of adsorbate taken up by the adsorbent was cal

culated by multiplying the change in datum (A) by the

spring sensitivity (see Section 2.7.3).
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3.4 Sn-Sb/N2

From Appendix I Table 1

Loss in weight due to

removal of adsorbed gases 1.034
(mg)
Buoyancy correction 0.179
(mg)
Correction wvalue 0.855
(mg)
Corrected weight 0.5782
(mg)
TABLE 3.1
From Appendix I Table 2
Corrected Relative Apparent Amount
Pressure Pressure of N2 Adsorbed
(cm.oil) (P/ PO (mg)
52.70 0.055 0
123.13 0.129 0
223.67 0.232 0
347.37 0.3061 0
513.22 0.533 0
725.54 0.754 0.216
1000.17 1.040 ¢ 0.432
1315.79 1.368 0.049
25.12 0.026 0
87.87 0.091 0
179.23 0.186 0
283.83 0.295 0
412.62 0.429 0
571.90 0.594 0
774.03 0.804 0.216
1031.83 1.072 0.432
TABLE 3.2
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ORDINATE Apparent amount N adsorbed /mg
ABSCISSA Relative pressure

0-500

-—— - >

0 0-30 1-00 1-50

Graph 3.1

Correction curve for Sn-SbANA
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From Appendix I Table 3

Corrected ~/P P _g
Pressure (P) /10 0

45.00 0.047 917.15

108.73 0+113 853.42

199.43 0.207 762.72

- 306.51 0.318 655.64

A - amount N2 physisorbed.
TABLE 3.3

For  points within wvalid range

e

Observed Fitted .
Difference
5 (%)
{PO-PTE (PO-P) A
49.63 47.61 4.079
93.73 98.86 -5.473
176.30 171.80 2.569
256.50 257.90 -0.556
Slope 773.759
Intercept 11.419
Monolayer Capacity (x) 0.124 x 10
C 68.76 °?
S.S.A. 7.67 m /g
Standard Deviation 3.654%

TABLE 3.3.1

Corrected ~/P
Pressure P 7 0 Po-P
32.80 0.034 929.35
78.34 0.081 883.81
144.00 0.150 818.85
208.84 0.217 753.31
334.03 0.347 628.12
'421.82 0.438 540.33
604.92 0.629 357.23

TABLE 3.4
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For points within wvalid range

Observed Fitted

Difference A
P 12 .

(PO-P) A (Pq-P)A (%) (mg)
51.93 52.67 -1.419 0.679
92.56 88.87 3.983 0.958

-135.60 141.10 -3.994 1.297

195.10 192.60 1.226 1.421

Slope 764.897
Intercept 26.591
Monolayer Capacity (x) 0.126 x 10 g
C 29.77

S.S.A. 7.61 m /g
Standard Deviation 2.976%

TABLE 3.4.1

For points within and outside wvalid range

51.93 -5.99 111.50 0.679
92.56 55.71 39.80 0.958
135.60 144.70 -6.66 1.297
195.10 232.60 -19.21 1.421
331.00 402.20 -21.50 1.606
443.30 521.20 -17.56 1.761
870.00 769.30 11.58 1.940
Slope 1303.830
Intercept -50.445
C -24.85
Standard Deviation 44 .679%
Corrected > Po-p A
Pressure P (mg)
34.40 0.036 927.75 0.834
82.10 0.085 880.05 1.050
149.80 0.156 812.35 1.328
236.93 0.246 725.22 1.452
360.24 0.374 601.91 1.576
508.42 0.528 453.73 1.700
629.66 0.654 332.49 1.854
445,93 0.463 516.22 1.637
193.47 0.201 768.68 1.328
28.49 0.030 933.66 0.649
TABLE 3.5
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For points within wvalid range

Observed

P

(PQ-P)A

44

88,
138.
225.
189.

47.

Slope
Intercept

.45
82
80
00
50
04

Fitted
P

(PO-P)A

47.07
88.55,
147.40
223.20
185.40
41.93

Monolayer Capacity

C

S.SA

Standard Deviation

Difference

(%)

-5.892
0.296
-6.205
0.810
2.144
10.850

836.731
17.1506
0.117 x 10
49.77 9
7.06 jji /g
5.709%

TABLE 3.5.1

For points within and outside valid range

44
88

138.
225.
189.

47

379.

1059
1022
527

Slope
Intercept

C

.45
.82
80
00
50
.04
90
.50
.00
.60

-11.41

59.07
159.10
287.90
223.60
-20.15
470.10
689.00
868.20
596.70

Standard Deviation

See Graph 3.3

125.700
33.490
W14.620
W27.94-0
18.040
142.800
W23.750
-4.484
15.020
13.100

1421.780
-62.245
-21.84
59.153%

TABLE 3.5.2
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.328
.649
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.050
.328
.452

.328

.649

.576
.699
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.637



110



3.5 Carbon-black/N2

From Appendix I Table 4

Corrected Carbon Black Weight

Loss

in weight due to removal

of adsorbed gases (mg) 6
Buoyancy correction (mg) 0
Correction (mg) 5
Corrected weight (g) 0
TABLE 3.6
From Appendix I Table 5
Corrected
Pressure P Péio ;D—P
(cm.oil)
13.80 0.014 948.34
51.60 0.054 910.55
88.29 0.092 873.86
133.30 0.138 828.85
178.26 0.185 783.89
208.34 0.216 753.81
132.54 0.138 829.01
53.47 0.055 908.68
. 9.89 0.010 952.26
TABLE 3.7
For points within wvalid range
Obsifved Flz}ed Difference
(PO-P) A (PO-P) A (%)
5.66 5.49 3.267
9.17 9.19 -0.265
13.66 13.75 -0.617
18.29 18.30 -0.035
21.40 21.34 0.252
13.68 13.67 -0.035
5.54 5.67 -2.322
Slope 97.395
Intercept 0.255
Monolayer Capacity (x) 0.102 x 10
C 383.1
S S»A 67.84 m /g
Standard Deviation 1.538%

TABLE 3.7.1
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9
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.993
10.
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.874
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For points within and outside wvalid range

Observed Fitted

p p Difference
(PQ-P) A (PQ-P) A (%)
5.66 5.43 4.139
9.17 9.16 0.069
13.66 13.74 -0.561
18.29 18.31 -0.119
21.40 21.37 0.109
13.68 13.66 0.094
5.54 5.62 -1.447
1.62 1.58 2.168
1.05 1.19 -12.690
Slope 97.889
Intercept 0.179 .
Monolayer Capacity (x) 0.102 x 10 S
C 547.6 9
SeS*A. 67.56 m /g
Standard Deviation 4.445%

A graphical representation is given in Graphs

3.4 and 3.5 TABLE 3.7.2

Corrected P/po Po_p

Pressure
23.70 0.029 938.45
44.90 0.047 917.25
77.25 0.080 884.90
145.18 0.151 816.97
192.67 0.200 769.48

TABLE 3.8

For points within wvalid range

Obsisved Flifed Difference
(Pa-P)A (PQ-P) A (%)
2.86 2.69 5.986
4.83 4.94 -2.268
8.32 8.36 -0.501
15.39 15.55 -1.092
20.73 20.58 0.713
Slope 101.866
Intercept 0.184
Monolayer Capacity (x) 0.979 x 10 g
C 555.2
S.S.A. 64.92 m /g
Standard Deviation 2.875%

TABLE 3.8.1
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Corrected p/p A

Pressure 70 0 (mg)
33.10 0.034 929.05 8.993
90.15 0.094 872.00 10.403

152.38 0.158 809.77 11.7206

222 .70 0.231 739.45 12.608

286.38 0.298 675.77 13.754

180.63 0.188 781.52 12.299

82.02 0.085 880.13 10.712
TABLE 3.9

For points within wvalid range

Observed Fitted Difference
3.96 '3.68 7.139
9.94 9.72 2.176

16.05 16.31 -1.645
23.89 23.76 0.538
30.81 30.50 1.001
18.79 19.30 -2.722
8.70 8.86 e-1.844 "
Slope 101.902
Intercept 0.173 ?
Monolayer Capacity (x) 0.979 x 10 g
C 588.8
S.S.A. 64.90 m /g
Standard Deviation 3.104%

TABLE 3.9.1

3.6 Adsorption Plots for Sn-Sb/0" at 80, 90 and 100°C

The buoyancy/thermal convection effect correction was made
by using the "apparent" amount of inert argon adsorbed
(Appendix III Table 1) to calculate the corresponding
amount of oxygen using the relationship described in
section 3.1 at temperatures of 80 and 100°C. The results

are tabulated below and shown in Graph 3.6.
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cm.oil

28

*44 .,
32.
.30

11

.80
15.
20.
49.
38.
28.
13.
.10

80
50
30
70
90
00

.80
19.
.90

90

30
90

Oxygen 'adsorbed
(mg .|

.049 T=80°C
.074
.099
.148
.124
.124
.074
.025

slcNeNoNoNoNoNe)

TABLE 3.10

.049 T=100°C
.099
.124
.148
.124
.074

O OO OO O

TABLE 3.11

The key to the following tables is as follows:

P" - pressure 1in cm.oil

P* - pressure in mm.mercury

A - uncorrected amount of oxygen adsorbed (mg)

B - correction value (to be subtracted) (mg)

C - corrected amount of oxygen adsorbed (mg)

D - amount adsorbate adsorbed (mg) per g. of catalyst
E - coverage of sites

The graphical correction curve 1is required so that the

correction value may be read off directly at any pressure

used,
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ORDINATE Apparent amount O2 adsorbed / mg

Correction curve for Sn-Sb/02



Tables 3.12

- 3.20.

From Appendix III Tables 2-4

Corrected Weight of Catalyst 0.5782g.

BLOCK 1

Run

Run

1

OO WNREFE O OO O JoWwWHEoOoo

O oo BN OO

Pl

.20
.40
.80
.70
.50
.80
.80
.00

.20
.50
.70
.50
.60
.60
.50
.60
.80
.00

.10
.40
.90
.50
.30
.70
.00
.00

T

o U WNDN O OO oSN OOO

~Noor wWEk O OO

80°C

P2

.158
.316
.632
.343
.765
.581
.161
.109

.158
.395
.553
.185
.053
.844
.555
.213
.951
.109

.079
.316
711
.975
.3 97
.292
.319
.109

PP RrRPRPRPPROOO FRPPRPROOOO

FRPRPRRPREROOO

.132
.397
.793
.970
.278
.587
.719
719

.132
.529
.617
.014
.146
.322
.455
.631
719
719

.088
.353
.661
.058
.367
.675
.719
.719

TABLE 3.

TABLE 3.

OO O OO0 O oo OO OO OO oo

O OO OO oo

B
(mg)

.001
.003
.008
.014
.027
.042
.053
.059

.001
.004
.006"
.013
.021
.029
.034
.047
.058
.059

0.0

.003
.009
.020
.032
.047
.054
.059

12

13

TABLE 3.14
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FRRERRRROOO FPFRRROOOO

PR RRPROoOO

C
(mg)

.131
.394
.785
.956
.251
.545
.666
. 660

.131
.525
.611
.001
.125
.293
.421
.584
.661
.660

.088
.350
.652
.038
.335
.628
.665
.660

D

E

(mg/g-catalyst)

NMNNDNNDNNNNERERPRRE OO NNMNNNRERE PR OO

NNNNNRERE P OO

L2277
.681
.358
.653
.164
.672
.881
.871

.227
.908
.057
731
.946
.236
.458
. 740
.873
.871

.152
.605
.128
. 795
.309
.817
.880
.871

OO OO OO oo oNoNeoNoNoNe)

O OO OO O

.078
.236
.471
.574
.751
.927

1
1

.078
.315
.367
.601
.675
.776
.85-3
.950"

.053
.210
.391
.623
.801
977



BLOCK

Run 1

QO oUW o

Run 2

O 0ok WH OO

Run 3

O NN OO O

=
=

BLOCK

Run 1

o0 WHE OO

2

.50
.10
.50
.00
.50
.80
.20
.20

.40
.70
.80
.10
.70
.40
.30
.70

.10
.30
.70
.10
.90
.70
.30
.50
.50

.30
.70
.70
.20
.00
.90
.90

T

N oYU1T WDN P O o O DN EFE OO

O J U WN OO oo

~N o wdNhHE OO

.395
.869
.185
.580
.765
.581
477
.057

.316
.553
.422
.449
713
.055
.556
.872

.079
.237
.553
.869
.291
.713
. 766
.504
.081

100°C

.237
.553
.343
.528
. 950
.450
.030

PR RPRPREPRPOOO HFRPF R PR OOOO

FHRrRrRPRPROOOO

O OO OO oo

.485
.749
.838
.882
.234
.455
.587
.587

.353
.705
.882
.102
.278
411
.587
.587

.132
.264
.661
.793
.058
.278
.499
.587
.587

.176
.265
.397
.573
.749
.970
.970

TABLE 3.

TABLE 3.

TABLE 3.

O OO OO OOoo oNoNoNoNeoNoNoN®) cleoNoloNoNoNoNe

ocNoNoNoNoNoNe!]

.004
.010
.013
.017
.027
.042
.055
.065

.003
.006
.015
.024
.035
.046
.056
.059

0.0

.002
.006
.010
.023
.035
.050
.062
.071

.002
.006
.014
.026
.037
.048
.059

FRRPPROOOO

15

PR RPRRPRPROoOOO

16

PFRRRPRRPROOOO

17

oNoNoNoNGNGNG)

TABLE 3.18
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.481
.739
.825
.865
.207
.413
.532
.522

.350
.699
.867
.078
.243
.365
.531
.528

.132
.262
.655
.783
.035
.243
.449
.525
.516

.174
.259
.383
.547
712
.922
.911

NNDNMNNREPERERRE O NNMNNMNNRE PP O

NN PP OO

PR PRP OOOO

.832
.278
427
.496
.088
.444
.650
.632

.605
.209
.499
.864
.150
.361
.648
.643

.228
.453
.133
.354
.790
.150
.506
.637
.622

.301
.448
.662
. 946
.231
.595
.576

O OO O oo O OO o oo

OO OO oOooo

OO O oo

.314
.482
.539
.565
.788
.922

.228
.456
.566
.704
.811
.891

.086
171
.428
.653
.676
.811
.946

.188
.281
.415
.593
172



Run 2

0.10 0.079 0.132 0.0 0.132 0.228 0.143
0.50 0.395 0.220 0.004 0.216 0.374 0.234
1.80 1.422 0.441 0.015 0.426 0.737 0.462
3.40 2.686 0.6061 0.027 0.634 1.097 0.688
5.60 4.423 0.925 0.041 0.884 1.529 0.959
7.10 5.608 0.970 0.049 0.921 1.593 1
9.40 7.425 0.970 0.061 0.909 1.572 1
TABLE 3.19
3
0.30 0.237 0.176 0.002 0.174 0.301 0.189
0.80 0.632 0.265 0.008 0.257 0.444 0.279
1.90 1.501 0.441 0.016 0.425 0.735 0.461
3.40 2.686 0.617 0.027 0.590 1.020 0.640
5.80 4.581 0.882 0.042 0.840 1.453 0.911
7.60 6.003 0.970 0.056 0.914 1.581 1
9.40 7.425 0.970 0.061 0.909 1.572 1
TABLE 3.20
Graphs 3.7 - 3.9 show the amount of gas adsorbed per gramme

of catalyst at 80, 90 and 100°C respectively. Graphs 3.10
- 3.12 are plots of coverage (6) against pressure which
will be referred to in the section concerning heats of

adsorption

3.7 Adsorption Plots for Sn-Sb/C-"H” at 200, 225 and 250°C

The buoyancy/thermal convection correction was made exactly
as described in section 3.5 from data values obtained from
Appendix II Table 1 and tabulated below and plotted in

Graph 3.13.
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ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure /cm. ol

20 Graph 3.7
++ Adsorption plot for
t, + Sn-Sb/.02at T=80°C
+
++
10 |
fo o
+++ + + o+
+
+ +
Graph 3.8
Adsarption plot for
Sn-SB/CA 'at T-900C
OL —
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ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure/cm. oil

Graph 3.9
Adsorption plot for Sn-Sb at T=100°C
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ORDINATE Coverage 9
ABSCISSA Pressure/cm. oll
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ORDINATE Coverage 0
ABSCISSA Pressure/cm. oil

8 vP plot for SNn-Sb/02 at T=100°C
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) Propene ‘adsorbed'

cm.oil (mg)
0.30 0.065 T=200°C
1.00 0.130
3.80 0.227
6.10 0.292
- 9.00 0.390
/ 1.20 0.130
2.60 0.162
5.00 0.260
6.10 0.292

TABLE 3.21

0.90 0.097 T=250°C
2.20 0.162
3.70 0.195
6.10 0.227
8.40 0.292
0.40 0.065
1.50 0.130
3.40 0.195
5.40 0.227
8.0 0.292

TABLE 3.22

The key for the following tables 1is as described in section

3.5.

Tables 3.23 - 3.31 from Appendix TI Tables 2—4

BLOCK 1 T = 225°C

Run 1

A B C D E
Pl =% (mg) (mg) (mg) | 9/9-c<italyst)
0.20 0.158 0.485 0.030 0.455 0.787 0.322
0.70 0.553 0.705 0.083 0.623 1.077 0.441
1.00 0.790 0.926 0.106 0.820 1.418 0.580
1.30 1.027 1.058 0.123 0.935 1.617 0.6061
1.60 1.264 1.234 0.140 1.094 1.892 0.774
2.00 1.580 1.411 0.157 1.254 2.169 0.887
2.40 1.896 1.587 0.173 1.414 2.44¢6 1
2.60 2.053 1.587 0.180 1.407 2.433 1

TABLE 3.23
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ORDINATE Apparent amount C3P5 adsorbed/mg
ABSCISSA Pressure/cm. oil'

Graph 3.13

Correction curve for Sn-Sb/CgHg
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Run 2

MNP P OOOO

Run 3

NNNNNEREREPROOO

BLOCK

Run 1

Do PR RroooO

PR RPRPRPRPOOOO

.10
.30
.50
.90
.20
.70
.00
.40
.60

.10
.30
.90
.20
.60
.20
.40
.60

.20
.50
.70
.00
.30
.60

.10
.40
.80
.90
.20
.50
.90

NP PP OO OO NP RPRPPRPR OOOOO

N eoNoNoNe

PP OOOOOo

.079
.237
.395
L711
. 948
.343
.580
.896
.054

.079
.237
L711
. 948
.264
. 734
.896
.054

250°C

.158
.395
.553
.790
.335
.264

.079
.316
.632
711
. 948
.185
.501

FRRPR R OoOOO O

OO OO oo

OO O OO oo

PR R RRPROoOOO

.265
.617
. 750
.882
.058
.278
.411
.587
.587

.132
.265
.353
.485
.573
.573

.088
.220
.353
.441
.529
.573
.573

TABLE 3.

TABLE 3.

TABLE 3.

OO OO OO oo oNeoNoNoNoNoNoNoNe)

OO OO oo

OO OO O OO

.017
.043
.063
.100
.120
.145
.157
.173
.180

.017
.043
.100
.120
.140
.165
.173
.180

.030
.063
.145
.106
.129
.140

.017
.053
.093
.100
.120
.135
.150

PP OOOCOO

24

el e N o NoNe)

25

O O OO oo

26

cNoNoNoNoNeNe]

TABLE 3.27
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.248
.574
.687
.782
.938
.133
.254
.414
.407

.248
.530
.738
.938
.138
.378
.—414
.407

.102
.202
.208
.379
.444
.433

.061
.167
.260
. 341
.409
.438
.423

NN R RFEF OO S R e e =)

OO OO oo

OO OO O oo

.429
.993
.188
.352
.622
. 960
.169
.446
.433

.429
.917
.276
.622
.968
.383
.446
.443

.176
.349
.360
.656
.768
.749

.106
.289
.450
.590
.707
.758
.7132

oNeoNeoNoNeNe) O OO O OO o

[oNeoNeNe]

OO O oo

.175
.406
.486
.553
.663
.801
.887

.175
.375
.522
.663
.805
.976

.230
.455
.468
.854

.137
.376
.586
.768
.921



Run 3

.10
.30
.50
.60
.00
.20
.50
.70

RFRPRPRPRPOOOO

BLOCK 3 T

Run 1

.20
.50
.70
.10
.50
.80

[l N e N e Ne)

[NS)

.20
.50
.60
.00
.20
.60
.80

PR EROOO

Run 3

.10
.40
.90
.10
.30
.40

PR RPROOO

Graphs 3.14

il s eoNoNoNeoNeoNe)

P OOOOoOo Ll e N oNelNo]

PR OOoO

.079
.237
.395
.474
. 790
.948
.185
.343

200°cC

.158
.395
.553 "
.869
.185
422

.158
.395
.474
. 790
.948
.264
L422

.079
.316
L711
.869
.027
.106

O OO OO OO O

oR-NoNoloNoNe)] O OO OO o

O OO O oo

.088
.176
.265
.309
.441
.529
.573
.573

.220
.529
.617
.705
.838
.838

.265
.529
.573
.661
.793

.83.8

.838

.132
.441
.661
.749
.838
.838

TABLE 3.

TABLE 3.

TABLE 3.

.017
.043
.063
.073
.106
.120
.135
.145

OO O OO o oo

.030
.063
.083
113
.135
.450

oNoNeoNoNeNe!

.030
.063
.073
.106
.120
.140
.150

ocNoNoNoNoNoNe]

.017
.053
.100
.113
.123
.130

oNoNoNoNoN®)

[cNeoNoNoNoNoNoNe)

28

O OO OO o

29

O OO OO oo

30

cNoNoNoNeNe]

TABLE 3.31

.061
.133
.202
.236
.335
.409
.438
.428

.190
.466
.534
.592
.703
.688

.235
.466
.500
.555
.673
.698
.688

.115
.388
.561
.636
.715
.708

.106
.230
.349
.408
.579
.707
.758
.740

O OO O OO oo

.329
.806
.924
.024
.216
.190

PR P OOO

.406
.806
.865
. 960
.164
.207
.190

PR OOOO

.199
.671
.970
.100
.237
.225

PR OO O

OO OO oo

oNoNeoNoNe] [ecNoNeoNe]

o O O o

.137
.300
.455
.532
. 755
.921

.266
.652
.747
.828

.329
.652
.699
.176
.942

.278
.543
.785
.890

3.16 represent the amount of gas adsorbed per

gramme of catalyst at 200,

250 and 225°C.

Graphs 3.17 -

3.19

represent coverage against pressure which will be referred

to in the section concerning heats of adsorption.
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ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure /cm. oll

Graph 3.14
Adsorption plot for Sn-Sb/Co Hr
at T=20CTC J
0 4
0 2-0
0-9-
+  ++ +
0-6- * o+
+ Graph 3.15
Adsorption plot for Sn- Sb/CQH
0.3 + at1-2 5D P 5
I~ +

1-0
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ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure/cm. oll

1-Or

0 10 2-0
Graph 3.16

Adsorption plot for Sn—Sb/%"lé
at T=225C
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ORDINATE Coverage Q

130



ORDINATE Coverage 9
ABSCISSA Pressure / cm. oil

Graph 3.19

9vP plot forSn-Sb/CgHg
at T=225°C
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3.8 Adsorption Plots for Sn-Sb/1-C*Hp at 170, 150 and 13Q°C

The buoyancy/thermal convection correction was made exactly
as described in section 3.5 from data wvalues obtained from
Appendix IV Table 1 and tabulated below. The results are

shown in Graph 3.20. '

P Butene 'adsorbed'

cm.oil (mg)
2.00 0 T=17'0°C
14.60 0.130
26.00 0.260
39.00 0.389
2.70 0
6.10 0.086
18.90 0.173
29.80 0.260

TABLE 3.32

7.20 0.086
15.20 0.130
25.00 0.216
34.40 0.303

2.60 0.043
14.00 0.130
18.80 0.173
27.80 0.260

TABLE 3.33

The key for the following tables is as described in section
3.5.

Tables 3.34 to 3.42 are from Appendix IV Tables 2-4.

BILOCK 1 T = 170°C

Run 1

. A B c | E
P2 (mg) (mg) (mg)  (Mg/9-Ciatalyst)

0.10 0.079 0.062 0.001 0.061 0.105 0.136

0.80 0.632 0.278 0.011 0.267 0.462 0.597

1.10 0.869 0.432 0.015 0.417 0.721 0.933

1.20 0.948 0.463 0.016 0.447 0.773 1

1.40 1.106 0.463 0.019 0.444 0.768 1

TABLE 3.34
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ORDINATE Apparent amount C*Hg adsorbed /mg
ABSCISSA Pressure/cm. oll

Graph 3.20

Correction curve forSn-Sb/C”*Hg
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Run

Run

2

PR PP OoOOO

il el oNoNe]

BLOCK

Run

Run

Run

1

PR RPROOO

R RPRPPOOO

w

R BPR o OOOo

.10
.20
.70
.00
.10
.20
.30

.20
.40
.70
.90
.00
.20
.40

Pl

.10
.30
.60
.00
.20
.40

.20
.50
.60
.00
.20
.50

.10
.20
.40
.90
.20
.40

.079
.158
.553
.790
.869
.948
.027

P OO OoOooOo

.158
.316
.553
L7111
.790
. 948
.106

N eoNoNoNoNoNe)

= 150

P2

.079
.237
.474
. 790
.948
.106

OO oOoOOoOo

.158
.395
.474
.790
.948
.185

OO OOoOO

.079
.158
.316
L7711
. 948
.106

P OO OoOOoOoO

O O O OO oo

cNoNoNoNeNoN®)

OO OO oo OO OO oo

OO O OO o

.093
.124
.309
.402
.433
.463
.463

.154
.216
.309
.371
.402
.463
.463

.185
.278
.402
.525
.587
.587

.247
.371
.432
.494
.587
.587

.185
.247
.309
.463
.587
.587

TABLE 3.

TABLE 3.

TABLE 3.

TABLE 3.

OO O OO oo

oNeoNoNeNoNeNe]

OO OO oo

OO OO oo

O OO OO o

.001
.003
.010
.014
.015
.016
.018

.003
.006
.010
.013
.014
.016
.019

B
(mg)

.001
.004
.008
.014
.016
.019

.003
.007
.008
.014
.016
.020

.001
.003
.006
.013
.016
.019

OO OO O oo

35

OO O OO oo

36

37

O O O O oo

38

OO OO oo

TABLE 3.39
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OO OO oo

.092
.121
.299
.388
.418
.447
.445

.151
.210
.299
.358
.388
.447
.444

.244
.364
.424
.480
.571
.567

.184
.244
.303
.450
.571
.568

OO OO O oo

[oNoNoNoNeNoNe]

D
(m9/g-ce ta1

[oNoNoNoNG)

.159
.209
.517
.671
.723
773
L7770

.261
.363
.517
.619
.671
773
.768

.318
.474
.681
.884
.988

.0.982

cNoNoleNoNe

OO O OO o

.422
.630
.733
.830
.988
.981

.318
.422
.524
.778
.987
.982

O O O oo

O OO O o

o O O O

o OO o

.206
.271
.669
.868
.935

.338
.470
.669
.801
.868

1
1

E
yst)

0.322
0.
0
0

480

.690
.895

1
1

427
.637
.743
. 841

.322
L4277
.531
.788

1
1



BLOCK 3 T = 1300C

Run 1
B C D
Pl (ng) (ng) (mg)  (mg/g-catalyst
0.10 0.079 0.185 0.001 0.184 0.318 0.383
0.20 0.158 0.247 0.003 0.244 0.422 0.508
0.70  0.553 0.432 0.010 0.422 0.730 0.880
1.00 0.790 0.494 0.014 0.480 0.830 1
1.10 0.869 0.494 0.015 0.479 0.828 1
TABLE 3.40
Run 2
0.10 0.079 0.155 0.001 0.154 0.266 0.321
0.30 0.237 0.278 0.004 0.274 0.474 0.571
0.40 0.316 0.371 0.006 0.365 0.631 0.760
0.70 0.553 0.433 0.010 0.423 0.732 0.881
1.00 0.790 0.494 0.014 + 0.480 0.830 1
1.20 0.948 0.494 0.016 0.478 0.827 1
TABLE 3.41
3
0.20 0.158 0.216 0.003 0.213 0.368 0.444
0.40 0.316 0.340 0.006 0.334 0.578 0.696
0.60 0.474 0.402 0.008 0.394 0.681 0.821
0.90 0.711 0.463 0.013 0.450 0.778 0.937
1.10 0.869 0.494 0.015 0.479 0.828 1
1.30 1.027 (0.494 0.018 0.476 0.823 1
TABLE 3.42
Tables 3.20 - 3.22 show the amount of gas adsorbed per

gramme of catalyst at 170, 150 and 130°C. Graphs 3.23 -
3.25 represent the coverage against pressure which will be

referred to in the section concerning heats of adsorption.

3.9 Heats of Adsorption

From section 1.3.1.1 it has been shown that heats of adsor-
ption may be calculated from the Clapeyron-Clausius type of

equation

-gst . .
In P = = + constant of integration

-r-
=



ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure /cm.oil

Graph 3-21

Adsorption plot for
Sn-Sb/C. Hoat T= 170°C
"4 o

Graph 3.22

Adsorption plot for
Sn-Sb/C H at T=150*C

4 o

1-6
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ORDINATE mg adsorbate per g adsorbent
ABSCISSA Pressure /cm. oil

+ + + 4+
0-8 . ¥
+
+
+
+
0'4 +
+
+
0 - - , , >
0-8 1-6
Graph 3.23

Adsorption plot for Sn-Sb/C*Hg at T=130°C
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ORDINATE Coverage 0
ABSCISSA Pressure /cm. oil
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ORDINATE Coverage 0
ABSCISSA Pressure/cm. oil

Graph 3.26

OvPplot for SN-Sb/C,HgatT=130 C

139



where,

P - pressure (torr)
q - 1isosteric heat of adsorption (kJmol
R - universal gas constant (J K "“mol

T - temperature (Kelvin)

From plots of pressure against coverage it 1is possible to
obtain a set of data of T and In P, the slope of which
. IIqSt

is equal to /R. (If log-"g ? were used m place of

gst
In P the slope would be /2.303R.) A worked example

follows.

From graphs 3.10 - 3.12 for a coverage of 0.5, the following

table was produced.

T°C 100 90 80
T 1K 2.681 x IO’3 2.755 x 10™3 2.833 x 1023
Pl 2.250 1.350 1.350
P2 1.777 1.066 1.066
log P£ 0.249 0.026 0.026
Slope = -1454
S, —-1454 = ~gst
2.303R
qg = 27.82 kJ mol

140



co

300

co
co
co

CcM

Cco

rd

in
in

CM

co

rd

rd
co
10

CM

-r

<D
Ch

rd

CM
Ch

Cn

rd

rd
Ch

CM
Ch

cp

r—i

r-4
Ch

CM
Ch

CP

rd

r-4

00 co
O co
00 F’
CM CM
r* o
ID CM
ST
rd i~
1 1
CM
O ¢CD
co
O O
1 1
in in
CM in
O O
CM
q co
F' co
O o
1 1
»
in in
CM m
O o
CH co
rd
O O
1 1
CM r~4
'sF CH
O O

CD

r>

CM

Cco
CM

1D
co

=
CcD
rd

CD
co

oM
n

Cco

141

En
CM

H

CD
CMm

in
co

rd

ID
CM

tn
co

rd

-
CM

CM

co

(0

CM

=
CH
CcM
r4

CcM™
CH
rH

CM
CH

—

r-
CH

rd

rd
CH

co

CM

f—

co

CD
CH

co
(¢

cM
m
CcM
rH

CcP

00

CM

CH
cm
co

CMm

rH
cM
mn

Cco
m

CcM
m

CT

r-4
rd
<0

rd
in

r—

00

sF
in
CM

r—j

cb

co
in

rd
CcD
cb

200

C.

in
co

co

co

Nf

F>-
co

F-

tn
CcD
F-

CM
r>

30

-

TABLE



ORDINATE Isosteric heat of adsorption/kd mol'
ABSCISSA Coverage

Variation of isosteric heat of adsorption
with coverage for Sn-Sb/02
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for Sn-Sb/C
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Graph
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ORDINATE Isosteric heat of adsorption/kd mol-1
ABSCISSA Coverage

Graph 3.28

Variation of isosteric heat of adsorption
with coverage for Sn-Sb/C-Hg
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ORDINATE Isosteric heat of adsorption/kd mol
ABSCISSA Coverage

Graph 3.29

Variation of isosteric heat of adsorption
with coverage for Sn-Sb/C, H$
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3.10 Entropies of Adsorption

As has been described in section 1.3.2 it 1is possible to
evaluate the entropy of adsorption from P, g and T data.
For comparative purposes the differential molar entropy of
adsorption is used, and 1is evaluated from the following

relationship

_ st/ -1 -I

s = s - R In PE - ZT JK mol
As can be seen from the above relationship it is necessary
to evaluate the molar entropy of the gas phase. This may,
be done by taking into account translational and rotational
effects as described in Appendix VI. The calculated wvalues

for oxygen, propene and butene are also in Appendix VI.

The above has been used for the systems Sn-Sb/f", Sn-Sb/C"H"
and Sn-Sb/C”Hg at the temperature corresponding to maximum

«
coverage, due to negligible wvariation of Sg with T.' Graphs-

3.30 - 3.32 illustrates the wvariation of SS with 6 from the

tables below.

3.10.1 Sn-Sb/0o

s = 195.42 JK Imol”1

m,
0.2 0.42 31.488 75.282 88.65
0.3 0.91 37.913 73.271 84.24
0.4 1.43 41.669 73.351 80.40
0.5 2.24 45.339 73.941 76.14
0.6 3.12 48.152 66.568 80.70
0.7 4.20 50.622 64.236 80.56
0.8 5.17 52.349 30.429 112.64
0.9 6.35 54.058 13.056 128.31
1.0 7.50 55.441 2.681 137.30

TABLE 3.46
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3.10.2 Sn-Sb/C3H6

S = 256.79 JK 1mol

m, g
6 p1 R1nP3 qst/T ss (JK 1mol 1
0.1 0.05 13.802 190.944 52.04
0.2 0.13 21.743 100.000 135.05
0.3 0.26 27.503 78.474 150.81
0.4 0.42 31.488 61.908 163.39
0.5 0.62 34.724 42.189 179.88
0.6 0.83 37.149 26.265 193.38
0.7 1.10 39.489 16.426 200.88
0.8 1.41 41.552 8.554 206.68
0.9 1.77 43.442 2.771 210.58
1.0 2.20 45.249 2.C08 209.53

TABLE 3.47

3.10.3 Sn-Sb/C4HS8

e P1 R1nP3 qst SS (JK~lmol“l)
0.1 0.G3 9.557 157.565 93.06
0.2 0.06 15.318 102.861 142.00
0.3 0.11 20.355 88.132 151.69
0.4 0.19 24.896 66.619 168.66
0.5 0.32 29.228 58.771 172.18
0.6 0.47 32.422 59.716 168.04
0.7 0.65 35.117 53.972 171.09
0.8 0.85 37.346 41.986 180.85
0.9 1.04 39.023 21.560 199.60
1.0 1.24 40.485 9.504 210.19

TABLE 3.48

3.11 Actual Surface Coverage

From BET calculations the surface area of the Sn-Sb cats-
lyst was 7.40 ng_l, The actual weight of the catalyst
used was 0.5782g. Therefore the total area available for

adsorption to take place was 4.279 x lO4cm.2

Below a sample calculation is given for the adsorption of

02 on Sn-Sb at 100°C

P10 1
iy
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ORDINATE Diff. molar entropy s$/JK 'mol !
ABSCISSA Coverage O

Variation of ss with 0 for Sn-Sb/02
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ORDINATE Diff. molar entropy s$/JK ’mol-1
ABSCISSA Coverage O

Graph 3.31

Variation of s, with 9 for Sn-Sb/CgH”

150



ORDINATE Diff. moiarentropy SjZJK-'moi-
AuSCISSA Coverage O

Graph 3.32

Variation of si with 0 forSn-Sb/C”Hg
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mol.wt
6.023 x 1027

Weight of one molecule of oxygen -

= 5.313 x 10 g./molecule
Weight adsorbed at 100°C = 1.666 x 10 2g.

-3 19
No. of molecules adsorbed = 1,666 x 10 = 3.136 x 10
5.313 x IO"23

From section 3.1 diameter of an oxygen molecule is

3.467 x 10 10m.

.2
The area covered by one molecule = ird

4

ir. (3.4067 x 1078)2 cm?
4

= 9.441 x 10"1l6 cm2.'

19 —16

Total area covered = (3.136 x 10 | x (9.441 x 10 J
= 2.961 x 104 cm2

¥, surface area covered = 2.961 x 104 x 100 = 69.20%

4.279 x 104

3.!1.1 Sn-Sb/02 at 100, 90 and 80°C

Surface

T

o Coverage
(°C) .

(%)

100 38.29
90 63.62
80 69.20

TABLE 3.49
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Surface

T Covered
(°C) (%)
170 24.13
150 30.82
130 25.86

3.12 Experimental Variance

Two types of errors have been identifiedThey are
determinate and indeterminate errors. The former type of
errors are defined as those that can be avoided once
recognized, e.g. improper calibration of glassware or
instruments. The latter type of errors cannot be eliminated,
they exist by the very nature of measurement data and it is
those errors that are known as the experimental error. In
order to judge the reliability of the experimental results,

they must be compared with the estimated experimental error.

Normally experimental error is based on the use of replicate -

experiments”9) . In this case it was not possible to
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precisely replicate any one adsorption run. The reason for
this was the doser system. The doser taps (see Fig. 2.1)

had to be operated manually and it was found impossible to
admit exactly the same dosage of gas in different experiments.
The only practical way to overcome this problem would be to

use an expensive electronic gas injection system.

In this work variances have been used to give an estimate
of experimental errors. The only way to calculate the
experimental variances and standard deviations was by the
use of linear interpolation to convert similar pairs of
readings from two runs of a particular experimental block
into ones effectively taken at the same pressure of

adsorbate.

Consequently, similar pairs of readings from two runs were
taken (a typical set of pairs being given below), and the
extension value of the lower pressure reading was altered
by linear interpolation (linear interpolation being used as
the increase in the amount adsorbed with pressure over a

small range was virtually linear) and the percentage

Sn-Sb/0o Block 3 T = 100°C
P A P A
0.30 0.004 0.30 0.004
0.70 0.006 0.80 0.006
1.70 0.009 1.90 0.010
3.20 0.013 3.40 0.014
5.00 0.017 5.80 0.020
6.90 0.022 7.60 0.022

difference (X) between the unchanged extension value and the
corrected extension value for a pair of readings calculated.

If the pressure readings were equal the percentage difference
between extension values (if any) was calculated directly.

The mean difference (X) could be calculated by summing all
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the individual differences and dividing by the number of
pressure readings (N). The calculation of wvariance (uz)

and the standard deviation o« was carried out by using the

following equation

2 N - 2
a =
1
~N-1 v
and the relationship o = /aZA

The experimental variances calculated in this section are

of great importance, as not only do they give an indication
of the experimental errors involved but also of goodness of
fit when used in the subsequent sections of data fitting to

various models.

' Exper imental Exper imental

Adsorbate Tempefature Var iahce Std. Dev.
(°C) o2 0
e %
C3 Hb6 200 57.992 t  7.526
C3 Hb6 225 16.601 z 4.074
C3 H6 250 15.789 £ 3.974
°2 80 92.202 + 9.602
°2 90 91.012 + 9.540
°2 100 30.528 + 5.525
C4 H8 130 15.338 + 3.9106
C4 H8 150 21.701 + 4.658
C4H8 170 100.000 + 10.000

TABLE 3.52

Computed values of experimental variances and standard
deviations.



3.13 Data Fitting Tables

As discussed in section 1.2.1 it is possible to linearise
the Langmuir isotherm for single site adsorption by taking
reciprocals. This form should have unit slope. The above
was carried out by using a linear regression program and
the goodness of fit was defined as the ratio of the
variance from the linear regression analysis to that of the

experimental variance calculated as in the previous section.

In the case of oxygen, it has often been found that the

oxygen molecule dissociates and double site adsorption

takes place. In the Langmuir isotherm this should lead to
P %

a linear relationship between P! and /0O, this was carried

out and variances compared.

By inspection of the heat of chemisorption against coverage
plot for the Sn-Sb/C"H” system the relationship can be seen
to be exponential. This is the type of heat of adsorption
and coverage relationship described by the Freundlich
isotherm. From the Freundlich equation a linear relation-

ship between In V and In P should exist.

Data fitting was also carried out on two other isotherms.

Firstly that of Misra which under certain conditions yields

the Langmuir and Jovanovic isotherms; secondly on a
" lp
modified Langmuir equation of the form 6 = for Dboth
single and double site adsorption.with > K2 to give 9=1
at finite wvalues of P. This also gives the minimum
saturation pressure P , = /™—
v * P e min k*~-k2
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3.13.1 Fit to Langmuirs
T o
80 418.
90 100.
100 1451.
3.13.!'.2 Sn-Sb/C3Hb6
200 72.
225 144
250 171
3.13.1.3 Sn-Sb/C"Hg

130
150
170

61.
93.
96.

Isotherm for

2
a
e
80 92.
00 91.
00 30.
TABLE 3.53
60 57
.40 le.
.00 15.
TABLE 3.54
69 15.
49 21.
20 100.

Single Site Adsorption

20
01
53

.99

60
79

34
70
00

°2/02

4.54
1.10

1.25

0.96

(s=0.63)

(s=0.56)

(s=0.56)

TABLE 3.55

3.13.2 Fit to Langmuirs Isotherm for Double Site Adsorption
3.13.2.1 Sn-Sb/02
80 4483.00 92.20 48.62
90 964.50 91.01 10.60
100 243.10 30.53 7.96

TABLE 3.56
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3.13.3 Fit to Misras Isotherm

T a2 a2
e

80 195,18 92.
90 12'9.54 91.
100 133.00 30.

3.13.3.2 Sn-Sb/C3Hb6

200 + 59.83 57.99
225 126.23 16.60
250 103.46 15.79
TABLE 3.58
3.13.3.3 Sn-Sb/C"Hg
130 97.77 15.34
150 115.33 21.70
170 286.98 100.00
TABLE 3.59
3.13.4 Fit to Freundlich’s Isotherm
3.13.4.1 Sn-Sb/CgHg
200 1932.00 57.99
225 1596.00 16.60
250 310.30 15.79

TABLE 3.60

158

20
01
53

[

.12
.42
.36

.03
.61
.55

.37
.32
.87

33.32
96.15
19.63



3.13.5 Fit to the Modified Langmuir Equation
3.13.5.1 Sn~Sb/02

T 2 2 az, 2 Sat.Press.
(°C) a a, /oe (mmHg) K1 K2
Single Site
80 190.41 92.20 2.06 - 0.742 0.762
90 79.42 91.01 0.88 18.302 1.000 0.945
100 1' 71.02 30.53 2.33 12.121 0.923 0.84J
Double Site
80 27.66 115.27 0.24 2.365 0.353 *0.069
90 176.21 91.01 1.94 2.344 0.482 0.055
100 30.24 38.16 0.79 2.402 0.544 0.128
TABLE 3<61
3.13.5.2 Sn—-Sb/C3H6
Single Site
200 74 .94 57.99 1.29 1.176 2.419 1.569
225 141.54 19.70 7.18 19.336 2.169 2.118
250 21.85 19.73 1.11 1.133 1.475 0.529
Double Site
200 135.70 57.99 2.34 1.019 0.681 -0.301
225 59.37 19.70 3.01 1.479 0.724 0.047
250 18.07 19.73 0.92 0.999 0.484 -0.517

TABLE 3.62
3.13.5.3 Sn-Sb/C4HO0

1
Single Site

130 23.21 14.98 1.55 0.862 4.457 3.297
150 38.87 18.81 2.07 2.091 3.775 3.297
170 38.52 100.00 0.39 1.085 2.149 1.227
Double Site
130 42.94 14.98 2.87 0.859 1.227 0.063
150 21.22 18.81 1.13 1.091 1.155 0.239
170 13.72 100.00 0.13 0.982 0.715 -0.303

1 59 J'er

J*J?



4x,

' Data Fitting

Discussion Page

Initial Work 16l
Data Correction 161
Physisorption Study ' lo4
Chemisorption Study 168
Heats and Entropies of Adsorption 171

178

160



4.1 Initial Work

The physisorption of nitrogen on carbon-black at liquid
nitrogen temperature (77K) was carried out to test the
apparatus. This also gave the opportunity to discover any
shortcomings of the design, e.g. 1in the vacuum system. A
BET specific surface area determination was carried out on
carbon-black as well as the tin-antimony oxide catalyst.
No accurate BET data could be produced from the bismuth-
molybdate catalyst due to its very low specific surface
! n nc 2-1(82)
area quoted as 0.25 mg
To determine whether the apparatus could be used for chemi-
sorption studies, scouting experiments were carried out on
the tin-antimony oxide and bismuth-molybdate catalysts.
These used different adsorbates and various temperature
ranges. The conclusion was that the apparatus did not have
sufficient sensitivity to study chemisorption on the

bismuth-molybdate catalyst.

However, adequate spring extensions were given by the tin-
antimony oxide catalyst when adsorbing oxygen, propene and
l-butene. These adsorptions were found at temperature
ranges of 80-100°C, 200-250°C and 130-170°C respectively,

and occurred with convenient pressure changes.

4.2 Data Correction

Before any information could be gained from the adsorption
data it was 1important to make corrections for buoyancy and
thermal effects. From the correction data for nitrogen on

Sn-Sb catalyst at liquid nitrogen temperature (Table 3.2) no
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noticeable change of the datum value was found until a large
relative pressure had been reached (-0.75), much above that
required in the experiments (0.30). This was either because
the above mentioned effects were not present or the apparatus
was not sensitive enough to detect them. Thus no correction
was required to' the observed amount adsorbed. This was

also found to be the case for the carbon-black/” system.

In both cases, however, a pressure correction was required
when the pressure of gas in the balance case was greater than
50cm. of oil. Larger manometer arms could have been used,
but this would have made reading the .o0il levels very

difficult.

In the case of the chemisorption runs a correction to the
amount adsorbed was required. The correction data produced
(Tables 3.10, 3.11, 3.21, 3.22, 3.32 and 3.33) was a mixture
of buoyancy and thermal effects. If buoyancy alone was
significant we would expect the datum wvalue to decrease as
an inert gas was being admitted, due to the increasing
upthrust exerted by the gas on the catalyst arid basket.
This was not the case. In fact the datum increased with
increasing pressure of gas as 1f the gas were adsorbed.

This indicated that thermal effects were dominant. The
causes were thermal gradients along the hang-down wire and
also the existence of convection currents, due to the lower
part of the balance case being at a higher (and in some
cases appreciably higher) temperature than the rest of the
case. (The thermal effects could have worked in the
opposite direction, leading to an exaggerated buoyancy
effect.) No pressure corrections were required as the

largest pressure required for complete site coverage was in
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the region of 12cm. of oil.

If at low pressures the adsorbent were maintained at a
temperature different to that of the manometer, then there
would be an associated pressure gradient. This is known

as the thermal transpiration effect and must be taken into
account. Should the mean free path (A) of the gas be larger
than the diameter of any part of the glass tubing from the
adsorbent to the manometer, the pressure shown on the
manometer would be different to that existing in the
vicinity of the adsorbent. Complicated empirical formulas

/oo\
are necessary to correct for this effectk

In fact from section 3.1 the X values for the gases used,

at the lowest pressure at which a reading was taken (0.1

cm.o0il) was always much smaller than the diameter of the

smallest tubing. Consequently with the use of wide Dbore

tubing, the pressure throughout the apparatus was assumed
¢

to be constant. Also no thermal transpiration correction

was necessary.

When the temperature of the lower half of the balance case
was approximately 200K below that of the thermostated
region, no appreciable change in datum was noted till high
pressures (*57cm.Hg) had been reached (see Graph 3.1). Yet
when the temperature of the lower region of the balance
case was 200K above the thermostated region, datum changes
were first noticed at appreciably lower pressures (~0.08cm.
Hg). Also the larger the positive temperature difference
between the oven region and the thermostated region the
larger was the correction. This was simply due to rising

hot gases leading to effects not present when the gases
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were cold.

4.3 Physisorption Study (BET)

The basic data for the physisorption studies consist of
changes in datum values (A) with pressure (cm.oil). The
amount adsorbed being the product of A and the spring sen-
sitivity. It was found that no correction to this weight
was required to compensate for thermal or buoyancy effects.
However, as large pressures were used, a pressure correction

was required and this was given in the previous section.

Physical adsorption on non-porous adsorbents (those without
internal surfaces) will give isotherms of Types II and III
from the BET classification, and also step-wise isotherms.
Should the adsorbent be macro-porous then the thickness of
the adsorbed layer is limited by the pore d.iameter and
adsorption may give a Type IV or V isotherm. With macro-
porous solids there may also be a hysterisis loop because
the adsorption and desorption paths were different. This
may be caused by condensation within the pores or other
reasons. The situation becomes much more complicated if
the adsorbent is microporous giving a Type I isotherm with

a hysterisis loop.

In the case of the tin-antimony oxide and carbon-black
adsorbents Graph 4.1 shows a typical plot of amount adsorbed
against relative pressure. This is clearly a Type II iso-
therm, which is given by non-porous or macro-porous adsor-
bents. Surface area calculations can only be made from this

type of isotherm.
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ORDINATE Amount adsorbed / mg
ABSCISSA Relative pressure

Graph 4.1

Characteristic data plot
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This is because a sharp kink is required to define the
monolayer capacity (x | which when used in the following

equation provides the specific surface area (S).

Whether such a kink exists or not is indicated by the
numerical value of the BET constant in the BET equation (see
section 1.2.5). Values of C greater than 2 indicate a Type
IT isotherm, the larger the value the more pronounced 1is the
kink in the isotherm. Should the wvalue of C be 2 or less
the isotherm will be a Type III, which cannot be used to
calculate specific surface areas as already stated. The
reason for this can be found from the Type II and Type III
isotherms (Fig. 1.3). X" may be determined by extrapolating
the linear portion of the curve to the ordinate, (on the
assumption that the monolayer is complete at this point).
The point of intersection is the monolayer capacity; this
is known as the point B method. If this extrapolation 1is
carried out on a Type III isotherm the wvalue for the mono-
layer capacity will be negative and thus have no physical
significance. It can be seen from the C wvalues of the
carbon-black adsorbent (400-600) and the tin-antimony oxide
adsorbent (30-70) that the isotherm kink is much more

obvious with the former, as shown in Graph 4.2.

However, there 1is some uncertainty over the precise position
of point B, especially if the isotherm kink is not sharp

(1.e. the C value 1s low). Consequently the monolayer
capacity was determined by using the BET formula as described
in sections 3.4 and 3.5. As can be seen from Graphs 3.2-3.5

of the BET equation, these were non-linear at relative
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ORDINATE Amount adsorbed/mg
ABSCISSA Relative pressure

+ adsorption 0 desorption

Graph 4.2

Comparative data plots
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pressures below approximately 0.03 and above 0.3. The
divergence at low relative pressures was probably due to the
non-uniformity of the surface (the BET theory, as with the
Langmuir theory assumes a homogeneous surface). At higher
relative pressures the divergence was presumably caused by
lateral interaction of adsorbate molecules due to physisorbed
molecules being closer packed with increasing coverage
(another phenomenon ignored by both the BET and Langmuir
models). Therefore data within the range of relative
pressures 0.03 to 0.30 were used to calculate the surface

areas.

The reason for using the BET rather than any refined
theories, such as Huttigs”®2"", was that-the BET surface area,
in spite of some of its theoretical weaknesses, was the most
quoted in the literature. As-.can be seen there was good
agreement between the quoted areas and those determined
experimentally. However, the method of determination by

the supplier was not known.. The value determined experimen-—
tally for the carbon-black adsorbent was 65.89 ¢t 1.69m2g_1,
the quoted wvalue by 'CABOT CARBON LTD.' was 65.05 t+ 0.5

2 —1 (83 . . .
mg { L. The experimentally determined value for the tin-

antimony oxide adsorbent was 7.45 t 0.34 ng_l as compared

to the wvalue 7.40 m2g quoted by 'B.P. LTD.'"82".

4.4 Chemisorption Study

The basic data from the chemisorption of Sn-Sb/02, Sn-Sb/
C"Hg and Sn-Sb/1-C"Hg consist of change in datum values (&)
with equilibrium pressure (cm.oil). The amount adsorbed

(in mg.) was the product of the A values and the spring
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sensitivity with possible corrections for thermal and
buoyancy effects as previously described. In these adsorp-
tion studies there was no need for pressure corrections
(unlike the case of physisorption), due to the low pressures
at which maximum adsorption took place. For each system

the necessary data were collected at three different
temperatures. It was found that a temperature of between

10 to 25°C was required to produce noticeable differences

in the maximum amount of gas adsorbed. Three complete sets
of data 'were taken at each temperature for each adsorbate

to -allow a critical estimate to be made of the reprodﬁcibility
of the results. This also allowed a. quantitative estimate

of experimental error to be made for each adsorbate at each

temperature.

The adsorption plots (Graphs 3.7-3.9, 3.14-3.16 and 3.21-
3.23) indicated chemisorption, showing the Type I isotherm
of the BET classification. A gradual increase in adsorption
with increasing pressure (in some cases virtually linear)
occurred to a point where all the active sites were
presumably occupied, 1i.e. saturation. After this there was
no further adsorption with increased pressure (i.e. the

plateau region).

At saturation it was found that the amount adsorbed decreased
in the series oxygen, propene and butene. Also in all three
cases the amount adsorbed went through a maximum as the
temperature was varied (Tables 3.49-3.51). The lack of
adsorption at low temperatures indicated that an activated
adsorption had occurred (the activation energy theory was

also verified by the solid-gas stirred reactor work done
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by previous researchers' The increasing amount of
adsorption with increasing temperature, up to the maximum
could probably be due to the activation of otherwise
inactive sites by collisions of adsorbate molecules having

a higher kinetic energy than the average value for the
gaseous molecules. The subsequent decreases of the amount
adsorbed with increased temperature (very marked with oxygen
and propene) was much more difficult to explain. Possibly
at higher temperatures the average time the adsorbate
molecule spent on the surface may be too short for chemisor-
ption to take place, 1leading to an overall decrease in the
amount adsorbed. This could be verified by kinetic studies
which were not possible, due to the limited sensitivity of
the apparatus. It was also not possible to measure the

rate of adsorption for the same reason.

With both olefins it was found that the amount of olefin
removed from the surface by evacuating the system at the
adsorption temperature was negligible. Consequently it was
decided that it would be pointless to carry out any pro-
longed desorption investigation. On outgassing at elevated
temperatures («300°C) for several hours, most, though not
all, of the species held on the surface could be removed.
It was found necessary to heat the catalyst to 200°C in
oxygen for several hours and then outgas under wvacuum to
restore the initial state as indicated by a return to the

original datum.

Furthermore, if after removing most of the surface species,
at high temperatures (300°C), and carrying out another

adsorption, it was found that the amount adsorbed was less
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in the second case than the first. When this was repeated
for a third time the amount adsorbed was found to be less

than the second. This has also been reported by other

researchers 70)

The explanation is thought to be due to the fact that two
types of adsorption occurred, reversible and irreversible.
The major part was irreversibly adsorbed. From the

. 71 72
literature ( ' )

it is generally accepted that reversible
adsorption leads to partial oxidation products and the

irreversible adsorption to complete oxidation products.

The importance of lattice oxygen in the oxidation of olefins

(73)

is well known and the removal of this source of oxygen
without replenishment is thought to be the reason for the
apparent deactivation. Also heating the catalyst in oxygen
not only helps the oxidation of the irreversibly adsorbed
olefin, but also replenishes the lattice oxygen. It was

not possible within the scope of this work to test for

oxidation products.

The reversibly adsorbed layer 1is considered to be held as
an allylic complex leading to the production of selective
oxidation products. The irreversibly held major part gives
completely oxidised products and is probably the olefin
held as a carbonate-carboxylate type intermediate. It was

found, as described above, to be dislodged at high tempera-

tures in the presence of oxygen”™7).

4.5 Heats and Entropies of Adsorption

The theory behind the calculations of the isosteric heats
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and differential molar entropies of adsorption are given
in section 1.3 and the Appendices. The variation of iso-
steric heats of adsorption (qsn) with coverage (9) are
given in Graphs 3.27-3.29, and those of the wvariation of
differential molar entropy (ss) with coverage are given in

Graphs 3.30-3.32.

The heats of adsorption were calculated from a Clapeyron-

Clausius equation. The plot being that of log™™ P v T-1

at constant coverage the slope of which was equal to

\\qst
/2.303R, R being the universal gas constant.

A typical example of a calculation being that of Sn—Sb/CgH%

at 200-250°C as follows:-

From Graphs 3.17-3.19 the corresponding pressure reading to
a particular surface coverage may be read for the different
temperatures, e.g. at 50% coverage the pressure reading (in
cm.oil) are 0.56, 0.62 and 0.34 at 250, 225 and 200°C

respectively (Table 3.44). By plotting loglQ-P against t "1
the slope of the best straight line through the data points
may be obtained which when equated to the theoretical slope

“gst
of /2.303R will yield the isosteric heat of adsorption.

In this example the slope was -1098 giving a value for the

heat of adsorption of 21.01 kJ/mol.

The best straight line through the data points was found by
linear regression analysis, 1i.e. the sum of the squares of
the distances from the data points to a fitted line is an

algebraic minimum.

In all three cases the data showed that there was a fall
*
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with increasing surface coverage from some maximum g

value. This indicated a dependence of ggt on 9 (clearly
opposing the assumption of Langmuir that g t and 9 are
independent), showing the surface to be heterogeneous. The
g t v ® plots of Sn-Sb/C” and Sn-Sb/1-C"Hg showed a complex
relationship. The first showed a gradual decrease to
approximately 50% coverage followed by a sharp decrease.
The second had a point of inflexion, once again at approxi-
mately 50% coverage. The Sn-Sb/C"H” showed an exponential

type of decrease typical of the Freundlich isotherm.

In general the progressively decreasing g value with 6
was as expected, from a surface assumed to be made up of
sites of differing activity. The most active sites would
be occupied first followed by the gradual occupation of the
less active sites. The situation being made more complex
in the case of propene and butene by the intermediate
oxidation complexes presumably formed by the active lattice

oxygen.

It is possible to compare theoretical and experimental
heats of chemisorption at low coverages (so that adsorbate-
adsorbate interactions on the surface may be ignored) for
simple systems such as W/H2 and Fe/H2. Theoretical models
to describe the chemisorption process have two extreme
cases, namely purely ionic or purely covalent bonding. The
energy associated with the bonding is the heat of chemisor-

ption.

The ionic bond is regarded theoretically as occurring in

(74)

tw'o steps The molecule loses an electron to the

adsorbent followed by the adsorbate ion approaching the
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equilibrium separation distance. A typical example of the
covalent case could be the formation of a hydride

2Me—-H2 -> 2Me-H
where Me represents the metal. However, this equation could

be somewhat misleading as it implies the breaking of the

Me-Me bond. It is much more accurate to write
gs (heat of adsorption) = 2EMe H - 2ER H
with representing the energy to form the Me-H bond

and Er_r the energy to break the H-H bond. Eyie H niay

normally be found from the Pauling relationship”88".

Most of the work in this field has been carried out on metal

(9)

surfaces' Attempting to apply this to olefin adsorption
on metal oxides is not justified for two main reasons.
First, there 1is still much that is unknown about the surface
processes and, second, the different reaction pathways

complicate the calculation of the energetics of the wvarious

surface species.

The differential molar entropies (s | were calculated from

the following equation

gst
s = s - RlnP - /T
S m,g
Consequently with g ] (see above) , T and P data %S may be
calculated once the molar gas entropy s is known at

m, g
standard conditions, R being the universal gas constant.

A

S is theoretically made up of four components, they are
entropies of translation, rotation, vibration and electronic

effects. The latter two may be assumed to be negligible.

The. entropy of vibration because the relevant factor
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is significant at high temperatures only, and the electronic
effect because the difference between energy levels is
assumed to be too great for electrons to migrate from one
level to another. The translational contribution may be
calculated from the Sackur-Tetrode equation and the

rotational contribution is described in Appendix VI.

The differential molar entropy is a measure of the entropy
of a mole of adsorbate when adsorbed onto a partially

covered surface from the gas phase.

The Sn-Sb/09 s v 0 plot shows a decreasing s value up to
the minimum at approximately fifty per cent coverage
followed by a marked increase in sg up to maximum coverage.
The decreasing part of the curve showed a gradual ordered
chemisorption with fewer degrees of freedom for the mole-
cules on the surface. This was due presumably to loss of
translational motion and also in the case of oxygen
adsorption with dissociation. The increasing part of the
curve indicated some compensation for the previous loss of
degrees of freedom, perhaps due to adsorbate-adsorbate
interactions and also the possibility of some surface

mobility.

In the case of the olefins both show different types of
curve but in general sg increased with coverage, the butene
curve, as does that for oxygen, showing a possible change
in adsorption mechanism at fifty per cent coverage. A
possible reason for this general loss of surface order may
be formation of the previously discussed allylic and
carbonate-carboxylate intermediates. Pre-oxidation product

complexes formed on the surface by interaction of the lattice
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oxygen with the above allylic complex may also explain this
effect. There may be further complications if these species
were mobile on the surface as sites could now be occupied
that could have been appropriate for olefin adsorption.

(This latter point is not of great importance in actual
oxidation experiments as the reduced sites are thought to

be re-oxidised by the gaseous oxygen to allow olefin

adsorption once again' .)

There is a possibility that oxidation products desorbed

from the surface without either evacuating the system or
increasing the temperature. There was no evidence of this
by spurious weight losses indicated by the spring balance
but it is possible that this effect was obscured by the lack
of spring sensitivity. Gas analysis immediately after

evacuation might have shown oxidation products.

The propene s Vv § curve shows a gradual increase with
coverage, butene was much more complex passing through a
point of inflexion with a maximum at approximately fifty

per cent coverage.

In statistical mechanical derivations of isotherms the factor
used to describe the maximum number of different ways that
adsorbed molecules may be distributed among the available

adsorption sites (CN] 1is as follows

Ns!
CN = . .
(NS-NA)Imm a .
where Ng is the number of sites and the number of adsor-
bed molecules. reaches a maximum at fifty per cent

coverage, hence at this point the probability that a 1l-butene
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molecule approaching a site with an available oxygen is at
its lowest. This effect loses importance after fifty per
cent coverage and other factors become important. It is
also possible that the point of inflexion is the barrier at

which there is a change in the mechanism of adsorption.

In general a gas molecule being adsorbed will (assuming
immobile adsorption) lose its rotational and translational
degrees of freedom which will be replaced by vibrational
ones. This will lead to a substantial nett loss of entropy.
However, as can be seen from the large positive values of
the entropies, this is not the case, clearly the situation
is much more complex than the simple immobile framework put
forward and appears to indicate an increasing liquid-like

adsorbed layer with increasing coverage.

From the basic Gibbs free energy relationaship AG = AH - TAS
we have, with increasing coverage, a decreasing negative
value, 1i.e. towards =zero, because both g and AS become
smaller with increasing coverage, indicating the decreasing
favourability of the chemisorption with coverage. (It is
interesting to note that if the Langmuir hypothesis of
constant heat of adsorption with coverage is accepted, i.e.
g t = constant, then the above equation is of the form

y - mx + ¢ and a linear relationship between AG and AS

would be expected.)

Making some simplifying assumptions it 1is possible to
estimate the probability of a molecule colliding on the

surface and then being chemisorbed. Taking the case of the



minimum amount of C?Hg adsorbed on Sn-Sb at 200°C and
assuming a hypothetical equilibration time of one second,
the number of collisions per square metre (Z) may be

derived from
Z = P/(2irmkT) 'l

and is equal to 1.788 x 1023. The total surface area of

the catalyst from BET measurements (see section 3.4) was
7.4Om2g_1, knowing the weight of catalyst used (0.5782qg),
the total number of collisions on the surface may be

estimated from

’ 10 = 2.288 1&4 1lisi
Z 976/8% = . X co isions

From Graph 3.14 the amount adsorbed in mg. is 0.8, that is
a total of 2.583 x 1018 molecules have beeYi adsorbed.
Consequently the probability that a molecule will be adsor-
bed is the ratio of the number of molecules adsorbed to the
total number colliding with the surface, that is 2.583 x
1078/2.288 x 10" which is equal to 1.129 x 10 Thus the
chances of a molecule hitting the surface and then being
chemisorbed are in the region of a million to one. Clearly
the longer the equilibrium time the larger the total number
of collisions on the surface leading to a further decrease
in the probability. We would also expect a decreasing
probability with coverage because not only are the sites
available becoming less energetic, but the proportion of
molecules with sufficient energy to chemisorb on these

sites will also diminish.

4.6 Data Fitting

An attempt was made to fit all the experimental data to
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various isotherms. Three sets of results were taken at

each temperature for each adsorbate, the three sets of
results were then combined to give one block of data for
fitting. Thus nine blocks of data in all were fitted to

the isotherms to be discussed. The measure of goodness of
fit used was the ratio of the fitting wvariance to the
experimental variance. The fitting wvariance being calculated

from the differences between ‘observed and ‘fitted wvalues

for a given isotherm. The experimental wvariance was that

calculated by using linear interpolationt , described in
. . 2

section 3.12. The variance (a ) was used m preference to

the standard deviation (a), because the latter may take
positive or negative values as it is = /u , this was the
reason for minimising the sum of squares of differences

between observed and fitted wvalues.

The first isotherm to be fitted was Langmuir’s, the most
widely used model in gas adsorption studies which still
generates discussion. prom the data fitting tables it
can be seen that the fitting wvariance from the regression
analysis (the linear form of Langmuir's equation was used
which is described in section 1.2.1) when compared with the
experimental variance gave ratios which were all greater
than one. A ratio approaching one would be expected for a
perfect fit. In several cases Sn-Sb/C” at T = 90°C,
Sn-Sb/C3H6 at T = 200°C and Sn-Sb/1-C4H8 at T = 170°C the
fitting ratio was found to be in the region of one, due to
high experimental variances, but the wvalues of the slope,
0.63, 0.56 and 0.56 respectively was well outside the wvalue
of one that would be expected from theoretical considerations

(section 1.2.1). In the case of the Sn-Sb/02 system the
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data was fitted to the linearised form of the Langmuir

equation modified for double site adsorption (p /0 v p2 as

oxygen adsorption is generally thought to go through a

dissociative step(7“

As with the single site adsorption
it was generally found that the variance ratios were greater

than one.

By inspection of the variation of heats of adsorption with
coverage for the Sn-Sb/C"H” system, it can be seen that
there 1is an exponential type of decay as postulated by
Freundlich in his isotherm. A fit was attempted to the
linearised form of the Freundlich equation (lnx v lnp see
section 1.2.6) but once again large variance ratios were

found

/oc)\
A non-linear regression fit' ] (as with most of the com-

puter work carried out by Dr. J. Cartlidge on a 'CROMEMCO
Z2 microcomputer) was attempted to the Misra equation.
This takes the form

p - Trart|1-a-ej1"Ki

where
P pressure
6 coverage
C,K constants

The significance of this equation is that for K wvalues of

1 and 2 the Jovanovic and Langmuir isotherms are generated.
However, for other values of K no kinetic models have as
yet been proposed (although the true significance of K is
not as yet established it is thought to be related to the
adsorption process). As can be seen from the tabulated

data large variance ratios were found showing that the
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experimental data does not fit the proposed isotherm.

At present most work done on generating a formula to des-
cribe adsorption is based on the Langmuir equation, as it
generates nearly all known synthetic isotherms providing
the appropriate energy distribution function of the surface
is chosen. One such example is that proposed by
Wojciechowski‘s), where a Maxwell-Boltzmann energy distri-
bution (normally associated with molecular velocities) is
assumed. However such equations tend to have several un-
known parameters requiring the use of numerical integration
in conjunction with non-linear fitting techniques. It 1is
also possible that such complex functions may disguise other
processes occurring on the surface such as adsorbate-adsor-

bate interactions.

The obvious failure of the Langmuir isotherm is that &6=1
only when P Consequently, an empirically modified

K p
Langmuir isotherm was used which took the form 6 =

with K1 > K2* The “~vantage of such an isotherm is that

when 0 = 1 a finite saturation pressure is obtained given

by The closeness of this calculated minimum

(K1“K2>

saturation pressure to the observed one was a further

indication of the goodness of fit of any block of data to

this particular isotherm. In comparing the actual and

experimental variances, a modification was necessary to the

latter, as extensions corresponding to only two or three

vernier divisions of the cathetometer scale were left out

as these generated the greatest inaccuracies. For double
Kip~» P

site adsorption the isotherm was modified to 6 = /1+K" Pl

which* is analagous to that of Langmuir for double site
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adsorption

As previously stated the isotherm is empirical, and the
significance of and is not understood” Dbut it 1is
thought that and K2 may be related to adsorption and

desorption rates respectively.

By comparing the wvariance ratios in section 3.13 it can be
seen that the best ratios were found with the modified

Langmuir isotherm.

In the case of oxygen the better fit was found with the
double site isotherm, but the experimental saturation
pressures are about twice that of the fitted values, e.g.

at 80°C the fitted value was 2.37 mm.Hg and the experimental
value was in the region 5.23-5.29 mm.Hg. (All pressures
will now be stated in units of mm.Hg.) In the case of the
olefins not only were good variances found but also the
correlation between experimental and fitted saturation
pressures was good, but there were complications because

the above two points held for both the single and double

site isotherms as shown in the table below.

Single Site Double Site
1q2/02 Sat. 2/a8 Sat. Experimental
e P e P P. Range
Sn-Sb/C”

6

200 1.29 1.18 2.34 1.02 0.95-1.03

225 7.18 - 3.01 1.48 1.73-1.90

250 1.11 1.13 0.92 1.00 0.95-1.34
Sn-Sb/C. 5

130 1.55 0.86 2.87 0.86 0.71-0.79

150 2.07 2.09 1.13 1.09 0.79-0.95

170 0.39 1.09 0.13 0.98 0.87-0.95
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For both systems there was one temperature at which a good
fit was found which appears to indicate that qualitative as
well as quantitative changes of surface properties with
temperature occurred. From the results of fitting it was
difficult to distinguish between the modified isotherms

put forward for single site and double site adsorption.

However, the single site adsorption was thought to be of
greater wvalidity than the double site model as in the latter
case only the pressure has been changed, as in the original
Langmuir isotherm, but other factors not considered here

may also need altering. The single site model is an
improvement on the Langmuir because of the fact that a

finite saturation pressure is obtained at complete adsorption

site coverage.

It is interesting to note that whilst no model could be
found to fit the apparently simpler Sn-Sb/0” system, the
modified Langmuir was found to give a good fit to the much
more complex (as indicated by the calculated entropy data)

olefin systems.

The fact that 3.44 x 1019 molecules of propene are adsorbed
per gramme of catalyst as compared to 1.05 x 1019 of butene
at maximum coverage was thought to indicate a stereo
specific adsorption such that the larger butene molecule on
adsorption makes sites in close wvicinity inaccessible to

other adsorbing olefin molecules, to a greater extent than

the propene.
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The experimental variance as calculated by linear inter-
polation not only gave a measure of the goodness of fit,
but by taking the square root of the wvariance, 1i.e. the
standard deviation, gives a quantitative wvalue for the
experimental error which was found to be between 4-10%,

the mean error being 6%.

The two sources of error were the measurement of the amount
of gas adsorbed, read off a vernier scale and the pressure
of gas as indicated on an o0il manometer, the greatest

source of error being the former.

The largest errors were found when the first dose of gas
was admitted to the system leading to a 2-3 vernier division
change, the accuracy of the reading being to one vernier

division
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Conclusions



The apparatus was found in general to be easy to handle.
The only equipment likely to be damaged was the fragile
quartz springs. However during the course of the

experimental work only one spring was broken.

The balance was found to be appropriate for BET surface
area measurements with samples of surface areas of lng_1
or greater. Although still being the most widely used
treatment for data from surface area measurements, the BET

model was found to be valid only between the relative

pressure range of 0.03-0.30.

The adgorption of oxygen, propene and l-butene on the tin-
antimony oxide catalyst led to the following conclusions:

In all three cases chemisorption was clearly taking place,
indicated by a gradual rise in the amount adsorbed up to a
maximum after which no adsorption took place (also indicated
by the heats of adsorption wvalues), also the majority of

the adsorbed species was irreversibly held on the surface
and could only be removed at high temperaturerand, as in the
case of the olefins, in the presence of an oxygen atmos-
phere. Chemisorption was found in all three cases to take
place within a limited temperature range indicating an
activation process. In the case of olefin adsorption the
importance of lattice oxygen was found by the gradual de-
activation of the catalyst between adsorptions, also

indicating a redox mechanism in olefin oxidation.

The heats of adsorption calculations quite clearly indicated
the heterogeneity of the surface towards the adsorbates by
the decreasing variation of these values with coverage from

-
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a maximum of 28.1, 95.1 and 66.7 kJ mol for oxygen,
propene and l-butene respectively to less than one. The
importance of the interactions of surface complexes with
lattice oxygen and mobility of the surface species in a
liquid-1like adsorbed layer appeared to be indicated by the
variation of the entropies of adsorption with coverage
(this approach has not been previously used with mixed
oxide catalysts). What was clearly shown by this data was
the complex nature of the mechanism of adsorption of olefins
onto the tin-antimony catalyst which as yet is not fully
understood. Further evidence of this was the previous
unsuccessful attempt to fit accurate data from Sn-Sb

(4)

catalysed reactions m the gas-solid stirred reactor work'

Using the wvariance ratio as the main criterion of the
measure of goodness of fit of the data to an isotherm, of
those models used only the empirically modified Langmuir
isotherm for single site adsorption was a satisfactory fit
to only some of the olefin data. No reasonable fit was

found for the more accurate oxygen data.

There is still a need for a relatively simple model which
when fitted to adsorption data will yield parameters that
may be used to characterize a system, 1i.e. that are of real

physical significance.

Further Work

The main drawback to this work has been the insensitivity
of the spring balance. Increased sensitivity could have
been achieved by using specially made quartz springs. This,

however, must necessarily mean longer springs leading to
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associated handling problems. Consequently, the only way
to increase the sensitivity of the apparatus is to replace
the spring by an expensive vacuum microbalance; if such a
balance had been available then work could have been
carried out on the bismuth-molybdate catalyst. Another,
but not as wvital change, 1is to replace the 0il manometer
with a pressure transducer (which was bought but not used)
Overall such improvements described would be beyond

available means.

Having increased the sensitivity of the apparatus it would

be possible to carry out kinetic studies of the catalytic
systems and information such as variation of the sticking
probability with coverage, rates of adsorption and activation
energies could be measured, which was not possible in this

wor k.

It may be possible to analyse the gases present within the
balance case during the adsorption to examine the importance
of lattice oxygen; there is no evidence in the literature

that this has been done.
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Table 1

Sn-Sb weight correction data

Uncorrected catalyst weight

Loss in weight due to
evacuation and degassing

Buoyancy correction using

Ar.

Table 2

Correction data using He at liquid N2 temperature

Pressure
(cm.oil)

52
107

165.
220.
275.
329.
383.
.30

12.

60.
116.
168.
220.

431

272

326.
382.

.70
.20
10
30
60
60
10

60
20
30
30
50
.80
60
60

Spring II wused

191

Head
(cm.)

59.
60.
61.
60.
60.
59.
59.
57.
.80
.60
.60
.55
.30
.50
.70
.80

~N D> 0oy oy O B

30
20
90
00
50
85
60
00

0.5791g
4 A2

0.031 0.036
41 A2

0.008 0.008

ecNeoNoNoNoNolNoNololNoNe]

O O O O

.001
.002
:003
.003
.003
.003
.003
.003
.003
.002
.001



Table 3

Sn-Sb/N2 BET data

Pressure Level of Head A
cm.oil cm. cm.
45.00 55.40 0.032
95.80 58.40 0.044
151.40 60.80 0.048
203.20 58.95 0.059
32.80 49.30 0.022
71.60 52.35 0.031
117.50 55.90 0.042
154.10 51.65 0.046
210.60 61.20 0.052
243.10 49.10 0.057
296.70 59.75 0.063
34.40 50.10 0.027
74.70 53.10 0.034
121.30 56.25 0.043
168.80 56.80 0.047
221.30 59.20 +0.051
270.40 57.55 0.055
303.70 49.70 0.060
246.30 3.90 0.053
193.50. 6.00.
137.80" 4.60" 0.043
84.00. 5.05.
29.901 5_60 0.021

Spring II used

Table 4

Carbon black weight correction data

Uncorrected catalyst weight 0.5317g

Loss in weight due to evacuation Al A2 A3
and degassing (Spring 1) 0.137 0.137 0.136
Buoyancy correction using Ar. Al A2 A3
(Spring 1) 0.011 0.011 0.011

Springs I and II wused
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Table 5

Carbon black BET data
Pressure Level of Head A
cm.oil cm. cm.

13.80 39.80 0.204,
39.60 45.80 0.227
68.70 47.50 0.250
99.70 48.50 0.267
- 126.70 46.40 0.282
2 143.00 41.00 0.293
100.10 11.20 0.265
58.80 12.00 0.241
39.40 23.00 0.224
N 23.70 44 .65 0.200
44.90 55.40 0.230
= 71.40 46.00 0.238
< 92.50 56.70 0.262
120.10 46.60 0.274
33.10 49.50 0.204
81.30 57.00 0.236
. 123.20 53.90 0.266
162.10 52.40 0.286
=] 192.10 47.85 0.312
o~ 140.00 6.25 0.279
RN 11083 0.243

Spring I used
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Sn-S b/C"Hg

Sn~Sb/C3H6

Sn-S b/C"Hg

correction

adsorption

adsorption

adsorption

data

data

data

data

194

at

at

at

225°C

250°C

200°C

Table

Table

Table

Table
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Table 1

Sn-sb/C"Hg
T = 200°C
T = 250°C

Table 2
Sn-sb/C~Hg

Block 1

P
0.20
0.70
1.00
1.30
1.60
2.00
2.40
2.60

correction data

Pressure

cm.oil

O UNFHFOOoWRH O

O U1 WHFE OowhNo

.30
.00
.80
.10
.00
.20
.60
.00
.10

.90
.20
.70
.10
.40
.40
.50
.40
.40
.00

(using Argon)

adsorption data at T =

RUN 1

O OO OO OOoOo

.011
.016
.021
.024
.028
.032
.036
.036

NN PR OOOO

.10
.30
.50
.90
.20
.70
.00
.40
.60

195

RUN 2

eoNoNoNoNoNoNeoNoNe]

A
cm.
0.002
0.004
0.007
0.009
0.012
0.004
0.005
0.008
0.009
0.003
0.005
0.006
0.007
0.009
0.002
0.004
0.006
0.007
0.009
225°C
A
.006 0
.014 0
.017 0
.020 1
.024 1
.029 2
.032 2
.036 2
.036

.10
.30
.90
.20
.60
.20
.40
.60

RUN 3

oloNoNoNoNolNeNe)

.006
.013
.019
.024
.029
.035
.036
.036



Table 3

Sn-Sb/C”"Hg adsorption data at T =

Block 2

Table 4

Sn-Sb/C"Hg adsorption data at T

Block 3

PR PR oOO

P RPRPROOO

.20
.50
.70
.00
.30
.60

.20
.50
.70
.10
.50
.80

RUN 1

0.003
0.006
0.008
0,011
0.013
0.013

RUN 1

.005
.012
.014
.016
.019
.019

O OO OoOoOo

RUN 2

.10
.40
.80

.20
.50
.90

R RFPOoOooo

RUN 2

.20
.50
.60
.00
.20
.60
.80

PR RROoOO
sNoNoNoNoNoNe)

Spring I and II

196

0
0
0
.90 0.
0
0
0

250°C

200°C

>

.006
.012
.013
.015
.018
.019
.019

used

RUN 3

.10
.30
.50
.60
.00
.20
.50

PR RPROOOO

RUN

0.10
0.40
0.90
1.10
1.30.
1.40

O OO OO oo

[oNoNoNoNoNo]

.002
.004
.006
.007
.010
.012
.013

.003
.010
.015
.017
.019
.019



Appendix

Sn—-Sb/02

Sn-Sb/02

Sn—-Sb/02

Sn—-Sb/02

I1I

correction

adsorption

adsorption

adsorption

data

data

data

data

at

at

at

T

90°C

100°C

Table

Table

Table

Table



Table 1

Sn-Sb/02 correction data

T = 80°C
T = 100°C
Table 2

(using Argon)

Pressure

cm.oil

6.
15.
.50
49.

2.
13.
28.
.70

20

38

6.
19.
28.
11.
32.
.30

44

80
80

30
10
00
90

80
90
90
30
90

Sn-Sb/02 adsorption data at T = 80°C

Block 1

(NN RV NeoNeolNe

.20
.40
.80
.70
.50
.80
.80
.00

RUN 1

OO OO O OooOo

.003
.009
.018
.022
.029
.036
.039
.039

O oo WN OO Oo

.20
.50
.70
.50
.60
.60
.50
.60
.80
.00

198

RUN 2

clNoNoRoNoNoNeoNoNo N

.003
.012
.014
.023
.026
.030
.033
.037
.039
.039

OO OO OoOooOo

O OO O oo

cm.

.002
.003
.004
.006
.001
.003
.005
.005

.002
.004
.005
.003
.005
.006

O OO BN OO

.10
.40
.90
.50
.30
.70
.00
.00

RUN 3

ocNoNeoRoNoNoNoN®)

.002
.008
.015
.024
.031
.038
.039
.039



Table 3

Sn-Sb/0"
Block 2

OO0 whNhHFEFE O

[

Table 4

Sn-Sb/02
Block 3

O o Ul WHE OO

adsorption data at T =

.50
.10
.50
.00
.50
.80
.20
.20

RUN 1

O OO OO OooOo

.011
.017
.019
.020
.028
.033
.036
.036

.40
.70
.80
.10
.70
.40
.30
.70

O 0o WHE OO

90°C

RUN 2

adsorption data at T =

.30
.70
.70
.20
.00
.90
.90

RUN 1

O OO OO oo

.004
.006
.009
.013
.017
.022
.022

.10
.50
.80
.40
.60
.10
.40

o NJowRrk oo

RUN

O OO OO OoOoOo

.008
.016
.020
.025
.029
.032
.036
.036

100°C

O OO OO oo

.003
.005
.010
.015
.021
.022
.022

oo J>NDEFEOOO

[

o JowrEr oo

Spring I used throughout

199

RUN 3

.10
.30
.70
.10
.90
.70
.30
.50
.50

RUN

.30
.80
.90
.40.
.80
.60
.40

ocNoNoRNoNoNoNoNoNe]

[ocNoNoNoNoNoN®)]

.003
.006
.015
.018
.024
.029
.034
.036
.036

.004
.006
.010
.014
.020
.022
.022



Appendix IV

Sn-Sb/C4Hg

Sn-Sb/C4Hg

Sn-Sb/C4Hg

Sn-Sb/C4Hg

correction

adsorption

adsorption

adsorption

data

data

data

data

200

at

at

at

170°C

150°C

130°C

Table

Table

Table

Table



Table 1

Sn-Sb/C"Hg

T = 170°C
T = 130°C
Table 2

Sn-Sb/C"Hg

Block 1

PR P OOO

.10
.50
.80
.10
.20
.40

correction data

Pressure
cm.oil

2.
14.
26.
39.
.70

6.
18.
29.

2

9

34
2
14

18.
27.

00
60
00
00

10
90
80

.20
15.
25.
.40
.60
.00

20
00

80
80

(using Argon)

adsorption data at T =

RUN 1

oNoNeoNoNeNe]

.002
.009
.012
.014
.015
.015

PR R RPROOO

.10
.20
.70
.00
.10
.20
.30

201

RUN 2

clNoNoNoNoNoNe!

cm.

ocNoNoNoNoNoNoNe)

cNoNoNoNoNoNoNe)

170°C

.003
.004
.010
.013
.014
.015
.015

.000
.003
.006
.009
.000
.002
.004
.006

.002
.003
.005
.007
.001
.003
.004
.006

PP OOOO

.20
.40
.70
.90
.00
.20
.40

RUN 3

ocNoNoNoNoNoNe!

.005
.007
.010
.012
.013
.015
.015



Table 3

Sn-Sb/C”"Hg adsorption data at T

Block 2

Table 14

RPERPRPOOO

.10
.30
.60
.00
.20
.40

RUN 1

OO OO OO

.006
.009
.013
.017
.019
.019

.20
.50
.60
.00
.20
.50

PP ooOo

RUN

Sn-Sb/C"Hg adsorption data at T

Block 3

= O oo

.10
.20
.70
.00
.10

RUN 1

OO O oo

.006
.008
.014
.016
.016

Spring II used throughout

.10
.30
.40
.70
.00
.20

N eoNoNeNe)

202

RUN

2

OO OO oo

OO OO O o

150°C

.008
.012
.014
.016
.019
.019

130°C

.005
.009
.012
.014
.016
.01e6

PP OOOOoOo

il e NoNoNe)

.10
.20
.40
.90
.20
.40

.20
.40
.60
.90
.10
.30

RUN 3

RUN

oNeoNoNoNoNe

[eoNeoNoNoNeNe]

.006
.008
.010
.015
.019
.019

.007
.011
.013
.015
.016
.016



Appendix V

Computer programme for calculating the experimental

variance and standard deviation by linear interpolation.
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Computer programme for calculating
the experimental variance and
standard deviation by linear
interpolation (pp.204-205)
has been removed for copyright reasons



Appendix VI

Evaluation of the Molar Entropy of a Gas from

Statistical Mechanical Considerations.
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Evaluation of the Molar Entropy of a Gas from Statistical

Mechanical Considerations(45'75)

From statistical mechanical considerations the molar entropy

of a gas 1is described by

(p.f.)t - translational partition function
(p.f.) - electronic partition function
(p.f.) - vibrational partition function
(p.f.) - rotational partition function

The electronic and vibrational effects may normally be
ignored; the former because the energy difference between
levels is too great for electrons to migrate from one level
to another, and the latter because the important relation

in (p.f.) is - /kT, (where v is the vibrational frequency
and h is Plancks' constant) and is normally significant at

high temperatures.

Consequently the important contributory factors to the
molar gas entropy are the rotational and translational

effects.

Rotational Entropy

From equation 1 it follows that

S (rot) - RdAd T In (p.f.) 2
ra'g dT r
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For a diatomic molecule the partition function is

2
(p.f.) = —————— = (constant) .T 3
r oh?
where
A - moment of inertia

k —Boltzmann constant

T - temperature K
h - Planck constant Js
a - symmetry factor
In the case of oxygen a = 2. Substituting 3 into 2 and

carrying out the differentiation we have

S (rot) = R(ln(p.f.). +1) 4
mrg i

A non-linear molecule, such as propene and butene, will be
characterized by three principle moments of inertia A, B
and C, 1in this case the partition function 1is more complex
1135 (81T2kT) //2(A.B.C) ¥
(p.f.)r = 3 5
an
The symmetry number being equal to one for propene and

butene. Substituting 5 into 2 and carrying out the

differentiation the rotational entropy becomes

S (rot) = R(ln (p.f.) + 3/2) 6

mry r
Data from Landold and Bernsteir1'<76)I gives the following
values for the moments of inertia (M.0.I.) of oxygen,

propene and butene molecules
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Gas M.O.I.

(g.cm2)
°5 1.934 x 10 °°
S 1.816 x 10-38
9.019 x I0O-39
1.032 x IO"38
- 5.484 x 10“39

B 1.506 x 10738
1.950 x 10738

The subsequent calculations, from the above equations,

give rise to the following rotational entropies

Gas Sm,g(rot)
JK_lmol_1
°2 43.820
C3 Hé 101.804
C4 «8 101.604

Translational Entropy

The translational contribution to the gas entropy is given

by the Sackur—-Tetrode) equation, which is

‘ . 3/2k5/2
S (trans) In T - InP + in(ggk'
m,g h

This equation can be simplified to

(T /2. 2mm) ~2. k

Sm (trans) = R In g
'9 \ P.
where,
S entropy J K_lmoi-1
-1 -1
R gas constant J K "mol
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T temperature K

m mass
k Boltzmann const.
P pressure

h Planck constant

It is important that the correct units are used when sub-
stituting for the standard state in equation 7. To ensure
this a dimensional analysis must be carried out. This was
done for the expression within the brackets of equation 2t

which should be dimensionless.

Substituting the units into the bracketed expression of
equation 8§ the following is found

(K5/2) (Kg3/2] (J5/2 K~5/2)

9
(Nm“2) (J3 s3)
By definition 1J = 1Nm, substituting
(K /2) (Kg /Z2] (3 /2 K /2
10
(Nm 2) (N3HF s%)

Once again, by definition, a force of one Newton is required

2 .
to accelerate a mass of one Kg. by one ms— . The units of

N are therefore Kg.m.s , substituting into 4

r 3 S B S -s
(k/2¥ ng4/2} éﬁg /Zm /25_5m /2¥ /2W
-2 -2. 3 3 -6 3 3. 11
(Kg.m.s m J (Kg ms ms)

Collecting like terms in the denominator and numerator

(Kg4] (m5] (s~5]
(Kg)4 (m5) (s~5)

12

As all the units cancel the correct pressure units are

Nm and the mass in Kg.
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In the standard state T = 298.IK and P - 1.013 Nm*2, also

m = M/103L where M is the molecular weight m g.

Therefore
. 3 5 . . 5
S = Rin M"//2 T 1/2 - Rin P + Rin (———+ R1InK ™2 + 5/2R
10JLh7
which simplifies to
3 5
S = R In M "2T - 10.04 JK~Imol 1 14

Substituting the values for oxygen, propene and butene into

14 gives

Gas S (trans)
m,g
JKY1mol”1
°9 151.600
C 3 H6 154.986
C4 HS 158.574

Finally the molar gas entropy, assuming negligible wvalues

for the electronic and vibrational effects, 1s as follows

Gas S
m,qg
JKY"1mol"1
°9 195.420
C3 Ho 256.790
C4 H8 260.178
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Appendix VII

Derivation of master equations for surface thermodynamic

properties.
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Derivation of Master Equations for Surface Thermodynamic

Propertiesx77_7%?

Simplifying Notations

1. Subscript x refers to the adsorbent in the presence
of adsorbed gas.
2. Subscript s refers to the surface.
3. Subscript x refers to the adsorbent in the presence of

a negligible amount of adsorbed gas.

4. Subscript (o) refers to a property in the absence of a
surface.

5. No subscript implies a property of the thermodynamic
system.

The thermodynamic system in equilibrium with the unadsorbed
gas 1s defined as the combination of adsorbed gas plus
adsorbent enclosed by an imperfectly defined surface. The
change in the internal energy, U of the thermodynamic sys-
tem, for h molecules of adsorbent and n molecules of
adsorbed gas at a temperature T, pressure P and enclosed by

a volume V, may be described by

dU = TdS - PdV + y dn_ + p _dn 1
X X s s
where dS represents the entropy change and Py and p, repre-
sent the chemical potentials (the intrinsic molar energy

function) of the adsorbent and adsorbed gas respectively.

On removal of the adsorbed gas equation 1 may be modified
to
= 4 - ' ]
dUX« TdSX Padv + g i dn 2

This assumes that the removal of the gas from the surface

has some effect on the chemical potential of the surface.

213



From 1 and 2 it 1is now possible to produce a formula for
dUs, defined previously

du = du - du_.
S X

= TdSS - PdVS + KpX - %x»)dnx + psdnS 3

The chemical potential of a solid in the absence of gas 1is

made up of two components

Bx' 7 px»t(oyw Yy Am,x 4

where is a hypothetical chemical potential of a solid
in the absence of adsorbed gas and surface with y »A
representing the surface contribution. y » 1is the surface

tension in the absence of adsorbed gas and Am % the molar

4

surface area of the adsorbent.

In the presence of adsorbed gas 4 may be modified to

P = P

X x,(oﬂ+ yXA >

m, X

A

where, once again, p is a hypothetical chemical

potential, this time in the presence of adsorbed gas but
absence of surface. The surface contribution being %xAm %
4

It follows that

Vx ~x! “"x, (0) “"xr(o)) + ~x ~"x’)Am, x 6

. . . ¢ - o _
Assuming the solid to be inert then &%x«%o) - %X»(O)) 0
and by definition the surface pressure (n) = V! T Yy
Equation 3 may now be modified to

du_ = TdsS - PdV (t | A dn + p dn 7

S S S m,x X s s

Am anx represents the change in area dA due to a very small

increase in the number of adsorbed molecules, equation 7 can
be further modified to

dU = TdS - PdAV_ - irddA + p dn 8
S S S S S

From this other master equations may be derived, such as
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Appendix VIII

Entropies of adsorption.



Entropies of Adsorption

It is important to define exactly which entropy of adsorp-
tion is being used as either the molar entropy of the
adsorbed layer (sm c¢) or the differential molar entropy

(s .) may be used.
(1) Molar Entropy of the Adsorbed Layer

From the master equation 9 in Appendix VII and with T and P
constant, the Gibbs free energy function of the surface may
be described by

dG_ = -mdA + p _dn 1
s s s

integration w.r.t. ng and A gives

G§ = -mA..+ PNy +2 constants of ~
integration

differentiating w.r.t. A, m, P and ng gives

dG_ = p dn_+ n dp_ - mdA - Adm 3
s s s s s

Since 3 above and equation 9 from Appendix VII both equal
dGo, 1t follows that subtraction of 9 from 3 gives

SAdT - VdP - Adm + n dp_ = 0 4

s S s s
rearranging and dividing by n - the number of moles adsor-
bed on the surface, to give molar properties

+ A 5
m

2

Considering the gas phase, keeping P and T constant in the

following equation

dG =V dP - S dT + p dn 6
g g g g g

gives

dG = p dn ’ 7
g g g
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Integrating 7 w.r.t. n gives
Y

G = p n + constant of integration 8
g g g

which when differentiated w.r.t. p

A

and ng gives

dG = p dn + n dp 9
g g g °) g

When this equation is subtracted from 6 and then divided by
n9 and rearranged, the chemical potential of the gas phase
is described

dpg =V dP - s dT 10

At equilibrium there is no change in the chemical potential,

therefore d;n i = dyw / equating 10 and 5 we have
g S
\Y dp - s dT = v. dpP I s dr + a dir 11
m,g m,g m, S m, s m, S

with constant surface pressure, dir = 0, and rearranging the

above
S ) dT 12
m, s

Assuming V and also that Vmg RT/? we HRave

m, g y? VHLS

RTdP ) i
— = | S “ S ] dT 13
m,g m, s
or
pinP] _ (sm - sm J at constant 14
- ,gRT -S- surface pressure
s , the molar gas entropy may be evaluated from statis

tical mechanical considerations (see Appendix VI).
(ii) Differential Molar Entropy of the Adsorbed Layer

Starting with the master equation

dG = V dP - s dT - udA + P dn 15
S S S ] S

and differentiating w.r.t. ng 15 becomes
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3 (dG) idP daT dA +

— dn
3ns S
where symbol indicates a molar property then
"= (dG)s = VsdP - SsdT .

] idA * — F'ns 16
s/P,TfA
For a constant amount adsorbed (dnS ~ 0) and adsorbent of
fixed area (dA = 0) i.e. at constant coverage, 16 becomes
V dP - s dT 17
S S

Once again assuming equilibrium and that the chemical
potential of the surface can be equated to the chemical

potential of the gas, which is

dp \Y dpP - s dT
g m,g m,g
we have
(V -V )dP = (s s )dT 18
m,g S m,g S
Again assuming V V and that VvV RT
J ’ 9 Vm,g 77 Vs m, g /P
RTdP s )dT 19
P S
or
[31np\ (Sn1§> s | at constant .
RT --— coverage
\ 3T /e verag

The molar entropy for the gas phase being calculated by use

of statistical mechanics.

Consequently, the molar entropy of adsorption is measured
from P v T plots at constant surface pressure and the
differential molar entropy of adsorption by similar plots

at constant surface coverage.
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Appendix IX

Heats of adsorption.
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Heats of Adsorption

As with entropies of adsorption, it 1is important to identify

the different heats of adsorption; they are

(1) The Equilibrium Heat of Adsorption

This corresponds to the molar entropy of adsorption and is

defined as

Substitution into equation 14 of Appendix VIII i.e

LelnP)\ (sm,g ~ sm,s” at constant
3T surface pressure
RT
as
AH
T sm, g sm, S
[ 31nP) AH 5
\ 9T A’ gr?
RT
(i1) The Isosteric Heat of Adsorption
This heat of adsorption g t is derived from
= T (s - s 3

st m,g S

which when substituted into equation 20 of Appendix VIII

i.e.
[s at constant
m,%T coverage
0
yields
A m? again at s

st
/RT constant coverage

(1i1d) The Differential Heat of Adsorption

This heat of adsorption (g") 1is found only by calorimetric
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methods and 1is defined 1in a similar manner to QS%’ but

applies to constant volume conditions.

The relationship between the isosteric and differential

heats of adsorption is

=% + RT 5
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Appendix X

Number of collisions on a surface from kinetic

considerations.
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(80)

Derivation of Collision Frequency

Consider a wall of area A perpendicular to the x-axis. If

a molecule has a velocity V in the x direction, 1lying be-
tween 0 and +« it will strike the wall in time At if it

lies at a distance of V7 At (if its velocity is between 0 and
-«> it 1s moving in the opposite direction) from the wall.
Therefore any molecule in the volume AV At will strike the
wall in a time At providing it has the appropriate velocity.

The total number of collisions 1is therefore

‘/,%' £f(v )dv 1
X X! X

o
where,
2 - number of collisions
C - concentration 1i.e. the number of molecules/unit
volume
f (Vx| - wvelocity distribution, undefined at present

To solve the above equation the explicit form of the

velocity distribution must be known.

Consider the mean velocity of a particle
4-00

<V > =/ VvV £(V )dv
X X2z J X 'ox! X

—Co

The function f(V | gives the probability of the x-component

of velocity lying in range V:>E£:¥x:#:£¥i. The probability

that a molecule has a velocity component VX in the above

range, a velocity component V in the range V and V + ldvy
Y y

and a component V.Z in the range VZ and VZ + dVZ is

f(V )E(V )E(V )dv dV dV , since these velocities are
X v z Xy oz

independent of each other

i.e. F(V., V., V_ )dv_dv_dv
z Xy z

x" %
= £(V_ L (V_)E(V_)dv_dv_dv 2
% y z Xy oz
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Assuming that the wvelocity distribution is independent of

orientation, but dependent only on speed V, where

V2 = V2 + V2 + V2 equation 2 becomes
X y z

F(V2 + V2 + V2) = f(V (V HH(V ) 3
X y z "X y z
It is found that fiV J = K exp (—£V2) satisfies equation 3

where K and £ are constants.

Therefore,

The probability that the wvelocity lies between - and +°°

must be unity

5
Substituting 5 into the equation for f(VX)
(V) v
= K =1 6
where, t 1is the geometric t
Therefore
K = d/ir)"
To evaluate t
/9
<v2> =/ v2f(V )dv
X Xz SIS S >
<-00
C—~>r exp(-5Vj.)dVx 7
X

—00

The integral on the right hand side is a standard one and
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Therefore

(C/-rr)s I5(T/C3)™ =

The mean square speed U 1is

U = <V2> =< V2 + V2 + V2 >

9
b % z
and therefore
10
Also, from kinetic theory,
pV = JN.m.U 11

where N is the actual number of molecules present and m is

the mass of one molecule.

In addition

pvV = NkT 12

Equating 11 and 12 and substituting for U the following is

obtained

Hence the velocity distribution is

13
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The integral on the right hand side is again a standard

one, vVviz:

00 2
/x.e ax dx = %a

o
whence
00

2 f(vx)dvx =

Therefore the number of collisions per unit area per unit
time 1is

Z = / kT \
I 27rm {

14

If there are N molecules in a volume V then C = N/V and 14

becomes
/'
2 = /xt n2("
15
\ 2mmV2)
Furthermore pV = NkT, substituting into 15
/. 2 /2
z - _ :
y2irmkTj
i.e.
Z 2 collisions/unit time/unit area
(21rmkT)
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Appendix XI

Calculation of the mean free path (X)



The Mean Free Path X(8m

If a molecule is travelling with a speed U and collides at
a frequency 7, it spends a time Z 1 in free flight between
collisions, and therefore travels a distance U/Z between
collisions. Therefore the mean free path may be described
as

X = U/Z 1

Z, the number of intermolecular collisions may be accounted

for as follows.

A collision 1is said to occur when two molecules come to
within some distance d of each other (since we are assuming
only one gas, d may be taken as the molecular diameter).

If we now 'freeze* the positions of all atoms except the
one of interest, in travelling at an average speed U in
time At a ’'collision tube* of area o = Hdz and volume OoUAt
is swept out (o is the collision cross section). The
number of molecules with centres inside this volume is N/V
where N represents the number of molecules in a wvolume V.

Consequently the number of collisions per unit time 1is

o U N/V.

There 1is an error in calculation arising from the assumption
that the molecules are ‘frozen*. There are two limiting
cases of collision. Firstly there is the head on collision
of relative velocity 2U and then there 1is the grazing
collision of relative velocity The latter 1is thought

to be predominant, consequently

7 =al2 o U N/V )
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Substituting into 1

X - 3
V2 o N

From the relationships N = nL and pV = nRT 3 may be

modified by substitution to

X = kT .
V2 a p
and from o = ird" we finally have
X = kT
-—— 3y 5
VATTd p

Therefore a knowledge of T, p and d will yield the value

of X.
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Appendix XII

Extension of a spiral spring.
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HR

Imagine a spiral spring formed by winding a wire of radius

r on a cylinder of radius R, the plane of the. wire being

practically perpendicular to the axis

a flat spiral spring).

Suppose a weight m is attached to the

of the cylinder (i.e.

free end. Then

considering the equilibrium of the part of the spring

below a section A in the above diagram, there must be a

shearing force equal to m acting vertically over the

section and couple of moment mR. The
is to produce a uniform twist, «), per

and this is balanced by the torsional

QO

t.r. = % Z7rr%

where

Z - torsional modulus
For equilibrium,

4
mR = ZTrr ¢
2

Adopting the terms stress and strain,

effect of the latter
unit length of spring,

resistance (t.r.)

NS

Hooke’s Law may be

stated as; the ratio of stress to strain is constant.

This constant 1s called the elastic modulus. In the case
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of a body under a linear stress, the ratio of stress to
strain is known as Youngs modulus; while for a shear
effect the constant is known as the modulus of rigidity Z.
Consequently the shearing strain at A in the diagram is
m/z7rr2. If the length of the spring is Zr the total
extension will be IT'IA/ZurZ. The extension due to twist 1is
AK|) and from equation 2 assuming this extension to be x

then

X = 2mR"£

irZr
Furthermore,
extension due to vertical shear rE
extension due to torsion (twist)
and, 1in general, this ratio is very small. In fact for the

spring used in this study the ratio was found to be

8.9 x IO"5,
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