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(ii)
SUMMARY.

Following semi-quantitative investigations of the kinetics and

equilibria of:-

(a) Vinyl chloride monomer vapour adsorbed on polyvinyl chloride;

(b) Vinylidene chloride monomer vapour adsorbed on polyvinyl chloride;

(c¢) Vinylidene chloride monomer vapour adsorbed on polyvinylidene

chloride;

it became evident that, for a number of reasons detailed in the text, it

would be worth while to study system (a) in detail. Thorough investigations

were therefore made at the two temperatures, 25°C and 42.6°C,'and in the

pressure range 20 torr to 600 torr, with the following results:

(1)

(ii)

Attainment of equilibrium, especially at the higher pressures, was
very slow and as a result only approximate isotherms could be
obtained. These isotherms were shown to exhibit hysteresis.
Comparison of the amount of monomer adsorbed at the higher
pressures, within the above limits, with the amount of krypton
required to cover the surface with a monolayer, indicated that
multimolecular adsorption occurred. The ascending branches of the
isotherms appeared to obey the Freundlich isotherm .and thé
appfoximate isosteric heats of adsorption calculated from the
equilibrium data feil off lineafly as the logarithm of the amouht
of monomer adsorbed increased; as would be expected'if the
Freundlich isotherm were obeyed. The &alues of the heats of
édsorption found were 'such that comparison between them and the
latent heat of vapourisation of the monomer made it difficult to
decide whether the first layer on the surfaée'was chemisorbed or
physically adsorbed.

The kinetic data showéd that there was always an initial

instantaneous adsorption which was reversible towards pressure,



followed by d very mﬁch élower uptake of moncmer,
The kineties of the'slow uptake of monomer was studied, at the
tﬁo temperatures, undefvboth constadnt pressure and constant volume conditions
aﬂd was shown to consist of two processes. Initially5 at cbﬁStant pressure,

the following equation was obeyed:

whére k and m (m < l) are constants at constant temperature and s= is the
equilibrium amount adsorbed by this process at pressd}e p. At a later
stage in the reaction a second slow process of the Elovich type started,
while the first process continued,

Because of the similarity of the observed equations, to those‘
found for the kinetics for oxygen adsorbed on cuprous oxide, a comparisoﬁ
was drawn between the two systems. The mechanism which had been put forward
to explain the kinetics of the latter.system could not be postulated for
the vinyl chloride system bécause polyvinyl chloride.is covalent whereas
cuprous oxide is ionic. That different mechanisms were operating in the
two systems, was clearly illustrated when the two systems were compared.

In this comparison it was shown that the pressure dependence of the parameters
in the rate equation for the two systems were significantly different.

The fact that different mechanisﬁs can lead to the same form of -
rate equation,. is in keeping with thé hypothesis that, no unique mechanism
can be put forward for Elovich fype kinetics and that before a mechanism
can be assigned to a reaction which obeys a semi-logarithmic law, it is
necessary for the variation of theparaﬁéfef§Of the equation with the
experimental conditions to beé known.

The first slow process in the vinyl chloride system was explained



(iv)

in terms of a mechanism involving the rearrangement, on the surface, of
the monomer molecules adsorbed in the initial rapid process. The second
slow process was assigned to a mechanism involving adsorption swelling

of the‘adsorbent.
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CHAPTER 1.

INTRODUCTION,




1.1 Autoacceleration in free radical pelymerisations.

»During the course of the ffee radical polymerisation of many vinyl
.monomers, such as methyl mefhacrylate, styrené.and vinyl acetate, initiated
by substances such as benzoyl peroxide, periods of acceleration in the rate
of polymerisation have been observed to occdrsl) This aut§acceleration has
been found in systems in which the ﬁonomer was a solvent for the polymer or
in which the polyﬁerising mixture was a concenfrated solution of monomers in
some solvent in which the polymer was also soluble. In these systems the
period of autoacceleration commenced some time after fhe start of the poly-~
merisation. Simultaneously with the start of the period of acceleration,
there is a Sharp increase in the average molecular mass of the polymer.

Thus in the polymerisatioﬁ of methyl.methacrylate,(l), it has been
shown that for all monomer concentrations up to 40 percent in benzene, the
curves showing the extent of reaction plotted against time were roughly
independent of the initial concentration, as is required for a first order
process. At higher initial mohomer concentrations a marked acceleration in
rate was observed to occur at an advanced stage of the polymerisation. The
stage at which this acceleration invrate occured in each case corresponded
to an extent of polymerisation of about 25 percent.

Norrish and Smith(2) conclﬁded, that this period of autoacceleration
in the rate of polymerisation and the simultaneous increase in the average

molecular mass of the polymer, could only be explained by the assumption
that there is a decrease in the rate of termination of the kinetic chain
mechanism. This decrease in the rate of termination can be explained by the
increased viscosity of the polymerising mixture when the period of acceier—
ation commences.

The period of autoacceleration occurs at a late stage in the
polymerisation when the mixture has become viscous owing to the large con-
centration of pblymer molecules. Chain termination involving combination of

two free radicals is a very fast reaction which occurs at a large fraction of

the collisions between radicals. When the growing polymer molecules bearing



2
free radical end groups are embedded in the highly viscous mixture con-
sisting of a large propoftion of polymer molecules,.the rate of termination
may be. controlled by theiﬁ rate of diffusion. Thus because of the diminished
opportunity for interaction between radicals, the rate of termination will
decrease. This fall in the rate of termination will lead to an iﬁcrease
in the steady state concentration of free radicals in the system. The
propagation process on the other hand should be insensitive to the viscosity
of the medium for two reasons. In the-first place its rate constant is much
lower than that for the termination process, hence maintenance of an
equilibrium population of monomer near each radical places a lesser demand
on the diffusion processes. Secondly, one of the reaétants is a monomer
molecule, the movements of which are not seriously impeded by the long
polymer chains in the mixture. The increased steady state concentration of
free radicals resulting from the decreased rate of termination therefore
results in an increased rate of polymerisation and an increase in the average

molecular mass of the polymer.

1.1.1  Autoacceleration in the free radical polymerisation of vinyl

chloride and vinylidene chloride.

‘A period of autoacceleration is also observed when pure vinyl
chloride or vinylidene chloride is polymerised in the absence of a solvent
for the polymer.v Vinyl chloride and vinylidene chloride monomers.are not
solvents for their polymers and during the polymerisation of the pure
monomers solid polymer precipitates from the reaction mixture. The-auto-
acceleration which occurs when these monomers ére polymerised differs from
that observed when systems such as methyl methacrylate polymerise in two
important respects.

Firstly, the autoacceleration in the vinyl chloride and vinylidene
chloridé systems occurs from the commencément of the polymerisation reaction.‘
and.secondly, the.molecular‘mass of the polymer formed remains constantga’u)

In a series of experiments on the Vinyl chloride and vinylidene

4)

chloride systems Bengeough and Norrish(a’ were able to show that:
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(i) The autoacceleration was not due to the presence of impurities
in the manomers,

(ii)  '"Dead" polymer added to the monomer in the presence of initiator
caused an accelerafion in the rafe.

"(iii) ‘'Dead” polymer added to the monomers in the absence of initiator
did not cause polymefisation to occur.

(iv)  The autoacceleration did not occur when a solvent for the
polymer was present in the reaction mixture.

(v) The autoacceleration effect of "dead" polymer measured by the
increase of reaction rate was éroportional to the amount of
polymer present raised to the powér of %-.

(vi) The molecular masé of the polymer remained constant.

Bengough and Norrish put forward the hypothesig‘that the observed
autoacceleration in the vinyl chloride and vinylidene chloride systems was due
to chain transfer between free radicals in the system and dead polymer. This
would give rise to immobile surfacg radicals which could then grow by addition
" of monomer. The surface radicals were terminated by chain transfer with a
monomer molecule giving "'dead" polymer and a new mobile radical. They put

- forward the following mechanism for the polymerisation:

Initiation | B -+ 2R vki

Propagation R +MM > R kp'
Chain transfer

with‘monomer R+M > P+ R ktr
Termination R+R » P kt

Activation of

polymer sur-

face by

transfer "R+ P » P%+ P k

Propazation on

polymer
surface P* + M » p= k

- Termination of
surface
radical by

transfer P+ M> P+ R K
. tr



y

" In the above mechanism B, R, M, P and P* refer to initiator,
mobile free radicals, monomer, dead polymer and polymer conglomerate
radicals respectively. .kis kP etc. are the velocity constants for the
reaction steps. For simplicity all the mobile radicals are treated as
having the same reactivity. |

Application of steady state conditions to the two types of free
radical and making the assumption that the surface area of the polymer is
propdrtional to the amount of poiymer raiséd to the power of two thirds,
led to the following expression for the rate of polymerisation.

_an
dt

Extents of polymerisation calculated from the integrated form

2 1
KM + K'pg)(g)z where K and K' are constants.

of this equation fitted experimehtally determined curveé very well indeed.
| The Bengough and Norrish mechanism for the pélymefisation of

vinyl and vinylidene chloride involves the polymer surface and if this is

so, adsorption of the monomerion the surface could piax an important role.

Therefore, a study of this adsorption could be of interest.

1.2, Adsorption of gases and vapours on solids.

| One of the most studied phenomena in physical chemistry is that
of adsorption, nct only because of the important role which it plays in
heterogenious catalysis but also for its own sake.

Adsorption oécurs because the free energy at the interface between
two immiscible phases tends to a minimum and any process which will reduce the
free interfacial enérgy, will be a thermodynamically favourable one.

At the interface between a solid and a gas, the atoms of the solid
at the surface are Subjeéted to unbalanced forces perpendicular to the
surface and therefore possess a certain degree of unsaturation. This
unsaturation can be reduced and thebfree energy of the surface lowered
by the adsorption of gas molecules on to the surface of the solid.

As adsorption alwayé occurs with a reduction in free energy and as

there is usually a reduction in the entropy of the system, due to adsorbed



gas molecules losing certain degrees of freedom when confined to the surface,
application of the thermodynamic relationship |
AG = AH - TAS
shows that AH must bé négative, i.e. adsorption will be an exothermic
process,
The main work of saturating a surface is usually accomplished by

condensation of a single layer of molecules and in such cases the adsorption
is termed unimolecular or monomolecular. However, adsorptions involving the

condensation of several layers are by no means infrequent and these are

called multimolecular.

5)

1.2.1 Physical adsorption and chemisorptiong

Although the degree of unsaturation of surfaces can vary widely,
experience has taught that there are only two kinds of adsorption. If the
valency requirements of the atoms of the solid are satisfied by bonding to
adjacent atoms, and if no electron tfansfer or sharing can occuf between
adsorbate molecules and atoms of the adsorbent then fhe only forces
available for holding gas molecules on to the surface are those of physical
attraction éuch as exist between molecules in a liquid. This kind of ad-
sorption in which the adsorbate molecules are held on to the absorbent
sufface by van der Waals' type forces is known as van der Waals! adsorption
or as physical adsorption. On the ofher hand, if the valency requirements of
the surface atoms are not fully satiéfied by bonding to other atoms of the
solid then adsorption can result by electron transfer between the surface
atoms and the adsorbate molecules. In such cases the forces holding the ‘
adsorbate molecules on to the surface are similar to those forces found in
chemical bonding. This type of adsorption is kmown as chemisorption.

There are five criteria wﬁich can be used to‘distinguish between

the two types of adsorption:



(1) The magnitude of the heat of adsorption.

(ii) The temperature range over which adsorption occurs.
(iii) The rate at which the adéorption proceeds.

(iv) The number of layers of adsorbéte on the surfage.
(v)  Specificity.

As the forces involved in physical adsorption are those of
physical attraction, it follows that the différential‘heat of physical
adsorption should be of the order of the latent heaf of condensatioﬁ of the
adsorbate. Because of this parallelisﬁ between physical adscrption and
liquification of the adsorbate, physical adsorption shouldvonly occur at
temperatures below the critical témperature of the adsorbate. Furthermore,
physical adsorption should be non-activated and occur instantaneously, just
as no activation energy is required for the liquification of a gaéf- Physical
forces of attraction exist between all molecules, hence physical adsorption
should occur on all surfaces provided the temperature and pressure conditions
are suitable and it should be possible for multimolecular adsorption to
occur.

For chemisorption on the other hand, the forces involved are
similar to those found in chemical bonding and therefore the differential'
heat of chemisorption will be of the ordér of that found for chemical bonds.
As heats of chemical reacfion are generally very much larger fhan heats of
ligquification, it is %o be-expected that heats of chemisorption will usually
be very much iarger than heats of physical adsorption. Chemisorptioh can
occur at temperatures well above the critical femperature of the adsorbate
and because of its similarity to chemical reactions might well be activated,
occurning only at a measurable rate at elevated temperatures. Chemisorption
wiil be speéific and will only occur on some surfaces and not on others.
Also the surface mustvbe clean and free of contaminants.. Because chemi-
sorption invélves electron transfer befween the adsorbate and the adsorbent

it will cease when the adsorbate can no longer make contact with the surface.



Hence éhemisorption stops once a monomolecular layer of adsorbate has been
chemisorbed on to the surface.: | |
None of the above criteria fér distinguishing between the two kinds
of adsorptionareinfallib;e in all cases. Weak chemisorption can occur ip the
vah der Waals' adsorption temperature range and heats of chemisorption can
fall to fairly low ?alues comparable to physical adsorption, particularly
at high surface coveragesgﬁ)‘ Distinction between physical and chemisorption
on grounds of velocity is liable to be blurred for two reasons. First, many
surfaces are so unsaturated that they undergo rapid chemisorption even at
low temperaturesg7) Second, 1if an adsorbent is peorous, penetration of
adsorbate to the interior may be an extremely slow process. This penetration

may result in chemisorption at interior surfaces, but it may also be physical

' adsorption or even solution of the gas.

1.2.2 Measurements in the field of adsorption.

Early workers in the field used powder surfaces, often of doubtful
cleanliness. Their investigafions were mainly aimed at obtaining adsorption'
isotherms, adéorption isobars and heats of adsorption.

Adsorption isotherms and isobars were obtained uéing volumetric
methods. Heats of adsorption were determined from the isotherms, the isosteric
heat of adsorption5 or by using calorimetric methods. The calorimeters used,
and still used to;day, fall into two classes:

(i) Isothermal calorimeters.
(ii) Adiabatic calorimeters.

The isothermal calorimeters were modifications of the Bunsen ice
calorimeter in which the heat evolved during the reaction caused a phase
change in a surrounding liquid or solid such as liquid air(ﬁ) diphenyl

(9) (10)

ether, phenol and others.

(11,- 13) the heat evolved caused a

In the adiabatic calorimeter
measurable temperatyre rise in the adsorbent. Precautions were taken to

ensure that heat loss to. the surroundings was minimised and that the heat
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evolved caused a uniform temperature rise throughout the adsorbent.
Because of the doubtful nature of the state of the surface thess
early results were often irreproducible and hence difficult to interpret.

(14)

Later workers used filaments$7) evéporated films and powders, which had
been subjected to rigorous cleaning procedures, as adsorbents. This has
led to better reproducibility.

Modern methods for studying the adsorbed layer include:

measurement of changes in work functiongls) infrared measurementsgls)
. e sqs (17 - 20)  p as

magnetic susceptibility measurements and electron diffraction
(21)

methods.

1.2.3 Heats of Adsorption;

The magnitude of the heat of adsorption is the most single
characteristic property of an adsorption and determination of reliable heats

is therefore of considerable importance.

1.2.3.1 The isosteric heat of adsérption.

When the Clausius-Clapyron equation is applied to a set of thermo-
dynamically reversible isotherms, isosteric heats of adsorption are obtained.

These are defined by the equation:

fim2(81lnp
9isosteric T 3T )9
where q, . 1is the isosteric heat of adsorption, T is the absolute
180steric

temperature, p is the equilibrium pressuré of adsorbate at a surface coverage
8, and (K is the gas constant.

The isosteric heat of adsorption can be obtained-from a set of
igotherms by plotting the logarithm'of the equilibrium pressure against the
reciprocal of fhe absolute temperature for a constant amount adsorbed.
Provided that the temperature range is not too wide and that the adsorbate
can be treated as an ideal gas, the plot should be linear and from the slope

of the plot q. can be calculated using the relationship.

isosteric

q = + 2.303 (K x slope.

isosteric



1.2.3.2 The differential heat of adsorption.

If heats are measured isothermally at particular values of 8 in
such a manner that no work is deone during the adsorption, the true differential

heat q,. is obtained. It is possible to show thermodynamically that
laiff yo ¥

4 0e203lnpy

= KT [-;TE ) . K

| daire
S0 that Yisosteric -~ Ydiff tRT
1.2.3.3 - Calorimetric heats of adsorption.

When small quantities of gas are admitted to a surface and adsorbed,
the heat evolved and measured calorimetrically would be equal to Qief if
none of the work done during the adsorptionwere transferred to the calori-
meter as heat. On the other hand, if all the work done were transferred to
the calorimeter as heat, the heat liberated would be equal to qisosteric.

In practice the calorimetric differential heat is .intermediate between the

true differential heat and the isosteric heat.

1.2.3.4 Reproducibility of measured hedts of adsorption.

Measurements by diffefent investigators of the heat of physical
adsorption of a given gas on a given surface usually agree within experimental
error. With chemisorption, however, this is not thé case.

Differences have been found;between powdered samples of the same
absorbent£22’ 23) whereag an evaporated filmsheats aré usually repréduc:
ible(24’ 25)and higher than those found on powdered samples of the same
absorbent. Occasionally, as in the case of hydrogen and carbon monoxide
adsorbed on copper52us 26, 27) the heat of adsorption obfained from a film
is lower than that obtained from a powder. These differgnces can be
explained in terms of contamination of the powder. In most cases.the
contaminent reduces the adsorptive capacity of the system, but occasionally

the impurity might have a higher adsorptive capacity than the pure adsorbent

and this will result in enhanced values of the heat of adsorption.
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Heats of chemisorption may vary with the physical form of a clean
adsorbent. Thus whereas the heat of adsorption of hydrogen on a tungsten

. . 24 5 .
film is 45 k cal/moles » 25) on a tungsten filament it has been found to be

29 k cal/moleSQB) :

A phenomenon which is.often observed is that the initial heat of
adsorption.changes with temperature; being higher at the higher temperat-
uregzu‘ 29, 80) it is also usuaily observed in these cases that the rate
of adsorption is rapid at the lower temperature and slower at the higher
temperature. This can be explained by postulating that different.mechanisms
fér the adsorption operate over different temperature ranges. Thus at the
lower temperature-a weak chemisorption with loﬁ activation energy may
opérate whereas at the higher temperature a stronger chemisorption with a
higher activation energy operates.

Pretreatment of the adsorbent can also influence the heat of
chemisorption. This is most néticeable with oxide adsorbents in which
different methods of pretreatment have been found to alter the structure

and the stoichiometric formulagsl)

1.2.3.5 Variation of the heat of adsorption with surface coverage.

The general trend observed for the variation of the heat of chemi-
sorption with surface coverage is that the heat decreases as the surface
becomes covered. The way in which the heat changes with coverage varies

both with the adsorbate and with the adsorbent. Thus the heat of adsorption
(32)

of nitrogen on tungsten filaments and ribbons remains constant as the

surface coverage increases. The heat of adsorption of hydrogen on tungsten

(33)

decreases logarithmically with coverage. The heat of adsorption

(34)

powder
of hydrogen on iron films decreases linearly with surface coverage.
For other systems more complex changes of heat of adsorption with coverage
have been observedsss)
Three main explanations have been advanced to account fbr_the

generally observed trend of decreasing heat of adsorption with increasing
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surface coverage. The first of these theories, initially due to Constable(ss)

(37) ,
and Taylor, 1s the theory of surface heterogeneity. It is postulated that

there are sites of different energiés on the surfact. The more activo sites

w2

will be covered first and the ones of lower activity last. Hence as
adsorption proceeds there is a decrease in activity of the surface and
hence a fall in the heat of adsorption.

There is some qualitative evidence for this theory. The value of

(38)

the work function has been found to be different on different crystal faces

(39, 40)

and Beeck and co-workers have shown that different crystal faces

have different catalytic activity. Also very small amounts of a poison,
insufficient to cover the whole surface, can effectively inhibit a catalytic
reaction, indicating that only a few sites on the surface are active. The

existence of different bonding states on the surface has been shown by

(42)

Ehrlich(u;) and Redhead in their investigation of the manner in which

carbon monoxide is desorbed from a tungsten filament.

(7)

The second explanatioh, due to Roberts, is thaf the decrease
of heat of adsorption with éoverage occurs because the adsorbed molecules on
the surface repel each other. Testing of this theory by calculating the
repulsions between the molecules on the surface on the basis of overlapping

électron clouds and dipole-dipole interaction is difficult because of the lack of

quantitative data. In the few cases where calculations have been performed
9

the agreement between calculated and observed values of the heat of ad-

sorption have not been good. Usually the drop in heat observed is greafer
than that calculated. Also a theory based on repulsion between molecules
will not explain a logarithmic fall of heat of adsorption with coverage
because this would imply the greater repulsion occurring when the molecules

are most widely separated on a sparsely covered surface.

(43) (44)

The third explanation is due to Eley and Schwab in which

they ascribe heat falls to the filling of different electron energy levels
(u5)

in the solid. This theory may be applicable in certain chemisorptions
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on oxides, where the adsorption involves a limited number of orbitals,
arising from the small number of defects or impurities associated with non-

stoichoimetry.

1.2.4 Adsorption isotherms.

)

Brunauer et al(46 haQe suggested that experimental isotherms can
be classified as belonging to one or other of the five type shown in
Figure A. Over the last fifty years thousands of isotherms have been
reported and most of them do fit into this classification.

Type I isotherms are the kind found in chemisorption, where a
mdnplayer forms bn the surface of the adsorbent. Once the monolayer forms
no further adsorption occurs, i.e., the isotherm has a saturation limit. The

other four types are associated with multimolecular adsorption and porous

type adsorbents.

1.2.4.1 Monolayer adsorption.

Three of the empirical relétionships which give Type I isotherms
have been given theoretical significance.
(1) The Langmuir isotherm which has the empirical form
g, = ¢ + ¢'p where ¢ and c¢' are constants, p = equilibrium
pressure ;nd s = amount adsorbed.
(ii) The Freundlich isotherm which is of the form s = cp% where
¢ and n are cohstants and n > 1.
(iii) The Temkin isotherm which is obeyed in the range 20 to 80
percent of the adsorption and has the form s = ¢ + ¢' log p where
c and c' are.constants.
| In deriving theoretical isotherms three approaches are possible.
First, in kinetic terhs, the condition for equilibrium is that the velocities
of adsorption and desorption are equal and isotherms may be obtained by |
equating these velocities. Seco_nd9 in statistiéal terms, the equilibrium

constant is given by a ratio of partition functions of vacant sites, adsorbed
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molecules and gas phase molecules, and isotherms may be obtained by equating

~ this ratio to the corresponding ratio of concentration. Third, equilibrium

may be approached thermodynamically, either using the condition that the

change in free energy on transferring an infinitesimal amount of gas from the

gas phase to the surface at constant temperature is zero, or alternatively

using the Gibbs adsorption equation.

In the theoretical derivation of the Langmuir isothern

following assumptions are made:

(47, 48) the

(1) Adsorption is localized and takes place only through collision

of gas molecules with vacant sites.

(ii) Each site can accommodate only one adsorbed particle.

(iii) The energy of an adsorbed particle is the same at any site on the

surface and is independent of the presence or absence of nearby

adsorbed molecules.

This implies that the heat of adsorption does

not alter with surface coverage.

In the theoretical derivation of the Freundlich isotherm the main

assumption is that there is a logarithmic fall of heat of adsorption with

surface coveragegu99 50) this

surface heterogencity and not
The Temkin isotherm

decrease of heat of adsorption

in the heat of adsorption with

heterogeneity or to replusion

Tfapnell(52)

fall in. the heat of adsorption being due to
molecular repulsions.

(51) by assuming a linear

can be derived
with surface coverage. The linear decrease
surface coverage can arise due to either surface

between molecules on the surface.

has pointed out that when testing the fit of a set of

experimental points to one of the above isotherms three conditions must be -

satisfied.

(1) The data must give the correct plot.

(ii) The g ~.s curves must obey the form implied by the isotherm in

‘question.
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.(1ii) The experiﬁéntal.data must cover the.appropriate-range-of the
amount adsarbed.:'ln testing obedience to the Langmuir and
'Freundlich-iébthenmsnthe data must apply to the widest range of
coverage; in testing the Temkin isotherm the coverage must lie

between 20 and 80 percent.

1.2.4.2 Multimolecular adsorption.

The generalisation of the Langmuir mechanism to cover the other
four types of isotherﬁ was introduced by Brunauer, Emmett and Tellerssa)
This theory not only puts forward a simple procedure for the determination
of the monolayer'capacity, but it claims to be able to reproduce with the
samé set of parameters the.course of the isotherms at different temperatures
and also to calculate the heat of adsorption from a single isotherm.

The thecry retains the concept of fixed adsorption sites but allows
for the formation of an-adsorbéd layer more than one molecule thick; the |

state of dynamic equilibrium which Langmuir postulates for the monolayer is

assumed to hold for each successive molecuklr layer and it is then possible,

‘with the aid of certain simplifying assumptions, to arrive at an equation

for the adsorption isotherm. The simplifying assumptions used are:
(i) A fraction of the surface 90 is assumed to be bap=z. A fraction

of the surface 6, is assumed to be covered with a monolayer.

1

A fraction of the surface 62 is assumed to be covered with a layer
two molecules thick.

A fraction of the surface en is assumed to be covered with a

layer n molecules thick.

(ii) The heat of adsorption in the monolaygr is El, the heat of
adsorption.in all other layers is equal to L the molar heat of
condensation of the adsorbate.

(iii) When the pressure reaches the saturation vapour pressure po then

the vapour condenses on the adsorbent as a bulk liquid, i.e., at

p = p° the number of adsorbed layers is infinite.



(iv)

dynamic e
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The frequency of vibration of oscillatiomsof the molecules
perpendicular to the surface is the same for all layers.

Using these assumptions and applying the Langmuir mechanism of

quilibrium to the layers the B.E.T. equation
prec IR B )
‘PP m m BT

can be derived where 8, = volume of adsorbate which will cover the

surface with a monolayer, c

pressure

- i1
= B DVIKT g p° = saturated vapour ‘

of the adsorbate.

A

s(p”-p)

The equation can be tested by plotting ‘against 5%-.

This plot should be linear and S and ¢ can be found from the slope and

intercept

compared

‘ sm and El

calculated from ¢ and the known value of L can now be

with independent estimations of these quantities to test the

correctness of the theory.

reproduce

range —g-
P
be extend

In practice it has been found that the B.E.T. equation does
the course of many Type II isotherms reasonably weli over the
= 0.05 to —%— = 0.30 or sometimes less. The fit can sometimes

P
ed to higher pressures by using a modified equation which is

arrived at by assuming that the total number of layers adsorbed is not

infinite

————

S

but a finite number n. The equation derived in this way is:
s _ o(®/p°) 1 - +1)(B/,0)% nP/ o)™
- — - S D e (B)
- xy
-7 14 @D/ o) - o/ oyt

The general shape of the rather rare Type III isotherm is reproduced by

equation
rather po
to usé a
fourth de

branch of

does not

A with values of ¢ less than 2 but quantitative agreement is

orgsu) To reproduce isotherms of Type 1V and V it is necessary

somewhat complicated modification of equation B which contains a

posable constant. This gave moderate agreement with the adsorption

the isotherm in the one case in which it was triedgsu)

54)

The B.E.T. theory has been criticised( on the grounds that it

take into account variation of E, from one region of the surface to

1
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another and that this might account for its failure at relative pressureé
below 0.05. A second criticism is that in the absence of horizontal
neighbours in the higher layers, the adsorbed molecules do not have the
fﬁll value of the co-ordination number found in the liquid. Hence the heat
evolved during adsorption in these layers will not be the latent heat of

condensation but only a fraction of it.

1.2.4.3 Hxsteresis.

hdsorption isotherms are not always reversible, i.e., the path
traced out when measuring the amount adsorbed witﬁ increasing pressure is
different to that traqed out when the pfessure is reduced. This phenorenon
is Rnown as hysteresis and has been observed to occur with all five types of
isotherm. In some systems the cycle is reproducible, in others it is notgss)

In some cases at least hysteresis is associated with a very slow
approach to equilibrium, an approach which may take days or even weeks for
its attainment. In other cases, although a number of suggestions such as
capillary condensation, differences between the mechanisms of adsorption and
desorption and the opening to adsorption of previously closed éreas by

adsorption swelling, have been putforward, no generally accepted explanation

has yet been advanced.

1.2.5 Kinetics of adsorption.

Evidence for activated adsorption on powders has been of two
kinds.

(i) Many solids adsorb the same gas in different ways at different

(8)

temperatures. Thus Dewar found the heat of adsorption of

oxygen on charcoal tc be 4 k cal/mole at liquid air femperature

(12,56)

whereas other investigators found a value of 80 k cal/mole

at 0°c.
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~(ii) Adsorption isobars determined for many powders and

foi15(4757,58,59)

show maxima and minima. If only one kind

of adsorption occurs then the amount adsorbed at constant
pressure should continuously decrease with increasing temperature.
The observed maximé and minima can be explained in terms of
different processes occurring over different temperature ranges.

Thus it has been suggested(u7’6o)

that the process in the low
temperature region with low.heat.of adsorptidn was physical
adsorption whereas the process,or processes, occurring in the
higher temperature range was chemisorption.

Taylor(6o) has pointed out that as chemisorption segemg to proceed
to a measurable extent only above certain minimum temperatures, it must
involve an appreciable activation energy.

The theory of activated adsorption has‘been criticised on three
grounds: | | | | o

(1) The siow process could be diffusion or solution. Thus Ward(ﬁl)
found that for hydrogen adsorbed on copper at OOC therevwas a
rapid initial adsorption followed by a slow uptake. The heat of
adsorption for the rapid adsorption was 10 k éal/mole indicating
chemisorption. The extent of the slow uptake was found initially
to be proportional to the square root of time and this Ward
showed to be chéracteristic‘of a diffusion or solﬁtion process
when the concentration of adsorbate at the centre of the solid
particle is effectively zecro.

(ii) The surface of the adsorbent could be contaminated as powders are
| difficult to clean. Thus on clean tungsten filaments and nickel
films hydrbgen chemisorption is rapid and apparently non-activated,
whereas on an oxygenated surface there is a slow uptake of

hydrogenf7’39)



19

(iii) In the low temperature range where adsorption was thought to be
wholly physical, chemisorption is now known to occur. Thus for
(29)

hydrogen adsorbed on Cr,0 at liquid air temperature the heat

273
of adsorption is too large for physical adsorption and the oxide
has been found to be active as a catalyst in the hydrogen-
deuterium éxchangé reaction at -195°C.

Of the three criticisms, (ii) is the most difficult to refute. The
theory of activated chemisorption does not exclude non-activated chemisorption
which could occur at.low temperatures on a surface with a high degree of |
unsaturation, i.e., it is possible for non-activated chemisorption to occur
in the physical adsorption temperature range.

In the case of the first criticism, that the slow uptake may be-
absorption; this may be justified in some cases with powders and bulk
adsorbents possessing pores and capillaries but it seems less likely on
filaments and films which have large surface area to volume- ratios.

As far as criticism (ii) is concerned, it is probably impossible
to prove that a surface is absolutely clean. However, experiments
performed using evaporated films, prepared taking elaborate precautions
against contamination, have shown slow uptake of adsorbate to occur. Thus

(14)

Rideal and Trapnell reported a slow adsorption of oxygen on tungsten

film after the océurrence of an instantaneous orocess. Porter and Toﬁkins(su)
found a similar effect occurs during the adsorption of hydrogen and

carbon monoxide on evaporated iron films. These iatter authors also found
that reducing the surface area twenty-fold by increasing the presintering
temperature from 78K to 638K caused only a 40 percént increase in the ratio
.of'amount of instantaneous adsorption to that of slow adsorption. This,

together with other kinetic evidence, led them to deduce that the slow

adsorption was a surface effect.
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1.2.5:1 The Elovich Equation.
The most commonly found kinetic equation in slow chemisorptions

is the Elovich equation or,as it is sometimes called, the Zeldovich-Roginsky
equation. The use of this equation to represent rates of adsorption, the
variation of its parameters with experimental conditions, observed anomalies
and the various adsorption mechanisms which lead to the equation have been

. : - (62)
comprehensively reviewed by Low.

The equation has the form

ds
dt

where s is the amount adsorbed and a and o are constants.

= ge”®s I (1)

The integrafed form of the equation'aSSuming s = O when

t =0 is:

. _ 2.3 2.3 '
s = == log (t + t)) -==1logt, - -~ - (2)

where t, = —l.
o ao
If a volume of gas s, is adsorbed instantaniously before equation

(1) begins to apply then the integrated form of the equation becomes:

8§ = Zéi log (t + k) - 2é§ log ty =~ = = - (3)

where k = toeaso.

-If k is negligible in comparison with t then equation (3)

becomes

& = 2.3 2.3
g8 = === 1 t - =—=1 t
o g o %8 %o

Equation (1) can be tested and the parameters a, o and k evaluated by

. . 34,63,64,65
graphical and numerical methodsgv »63,64,65)

1.2.5.2 Mechanisms leading to the Elovich Equation.

Several divergent adsorption mechanisms have been put forward
to acéount for the Elovich equation. These can be roughly divided info
three classes.

In the first of these classes the activation energy of'chemif

sorption is assumed to increase linearly with surface coverage. This



21

variation of activation energy with surface coverage being due to (a)
molecular repulsion between the adsorbed molecules on a uniform surface or
to (b) the surface itself being non-uniform.

Brunauer g¢ azSSl) using these concepts, derived a form of the
Eloviéh equation for both (a) and (b) above.

(66)

The second kind of derivation due to Gundry and Tompkins involves
the concept of a precursor state in which the adsorbate is weakly chemi-
sorbedlbefore going over to the final more strongly bound chemisorbed state.
As the number of molecules adsorbed in the final state‘increases the
activation energy for the transfer of molecules from the precursor étate
to the final state increases. A linear increase in this activation energy
leads to the Elovich equation. In a sense this model of the adsorption
process is similar to the first model, inasmuch that both models postulate
a linear increase of activation energy with amount adsorbed, but the Tompkins
mechanism does not require a non-uniform surface nor does it have to postulate
repﬁlsion between molecules. Also depending on the form of the isotherm
for the molecules physically adsorbed which are in equilibrium with the
precursor state, the pressure dependence of the initial rate can be
accounted for.

The third kind of mechanism initially proposed by Taylor and

Thon(ss)

uses Val'kenshtein's theory. In this theory the very act of
adsorption generates adsorption sites. In chemisorption the mechanism
consists of a quasi explosive production of active sites upon contact between
the adsorbate and the adsorbent. This is offset by a first order spontaneous
decay bf sites resulting in an initial steady state site concentration .

and is marked at that stage by an amount of gas that is instantanéously
adsorbed. From that point on slow adsorption occurs with bimolecular
disappearance of sites and the corresponding expcnential decrease in the

rate of adsorption.

Jgnnings and Stone(87) have pointed out that mere linearity of

the s- log t plots cannot be used as a criterion for the choice of a
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mechanism. A knowledge of the effects

of change of experimental variables
on the kinetics may permit such choice and so is necessary. & comparison
of effects is desirable in view of the different mechanisms employed in

interpreting the exponential rate law. However, Low(G?) has made the

observation that such a comparison at present would be of dubious value

because of the complexity of experimental results and their occasional con-

Low(62)

tradictory nature. conclgdeé by'étating that none.of the present
models appear to be satisfactory. The more general models, such as that
of Taylor and Thom, suffer because their flexibility seems to preclude
quantitativity, whereas the moré quantitative approaches seem to be imbued
with too much rigour and cannot account for the complex behéviour found
experimentally.

The wide applicability of the Elovich equation to phenomena such

as chemisorption on very different adsorbents and also to some oxidations
has arroused criticism. Thus Parravono and Boulart(®®) found that a number
of different processes such as bulk or surface diffusion and activation or
deactivation of catalyst surfaces, as well as chemisorption, may be
represented by semi-logarithmic formulae, and they make the comment that is

appears futile to explain this formulation in terms of a unique mechanism.

1.2.6 Adsorption on polymers.

-~ 78)

In recent years a number of papers (69 on the sorption of

gases such as nitfogen, krypton, argon on polymers such as te flon, nylon
and polyvinyl chloride have been published. |

These studies were done at temperatures near the boiiing pointsof
‘the adsorbates and were mainly concerned with the determination of surface
areas and thermodynamic functions calculated from the experimental isotherms.

For most of the systems studied it was reported that the isotherms

obtained were reversible with no exhibition of hysteresis.. Exceptions to
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this were reported in two of the papers referred to above. Graham(73)

found that for the sorption of ethane, n-butane and ﬁ—octane on a teflon
surface, a rapid process initially occurred which was followed by a much
slower pfocess.» He considered the rapid process to be adsorption and the
slower process to be absorption and separ;ted them by extropolating

the s - t curves obtained to zero time.

Hoburg and‘co—workers(76>

found for the adsorption of nitrogen

and argon on polystyrene that hysteresis occurred when desorption was
attempted. These authors found that reversible isotherms, which were
suitable for thermodynamic analysis, could be obtained after equilibrating
the polymer with argon at a relative pressure of 0.95 at 75 - 77 K for

8 days. They noted that the polymer sorbed argon throughout.the whole of
this period but that 90% of the total amount was sorbed within 2 days. They
attributed the hysteresis té penetration of the gas.molecules inte the
polymér structure. In neither paper wés any attempt made to study the
kinetics of the slow process.

(69_- 78) was that

The general conclusion drawn from these studies
the surface of the adsorbents was highly heterogeneous with adsorption

occurring in patches or clusters on the surface.

1.3 The objectives of the research.

The Béngough and Norrish mechanism for the polymerisation of
vinyl and vinylidene chloride ﬁonomers involves the surface of the formed
polymer. In this mechanism adsorption of the monomer on the'polymer
surface could be of importance.

The objective of the research is thus to study the adsorption of
gaseous vinyl and vinylidene chloride monomers on their respective polymeré
in the temperature range over which they are polymerised and to see if any
points of similarity exist between them and inorganic systems which have

already been studied.
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It is intended:

(1) to perform a series of p:eliminary experiments on the two systems
to see if adsorption occurs and if adsorption isotherms can be
measured and hence‘isosteric heats of adsorption obtained;

(2) if possible to measure rates of adsorption and to derive kinetic

expressions to fit the observed rates of adsorption.



CHAPTER 2.

EXPERIMENTAL 1.

PRELIMINARY STUDY.
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2.1 Purification of reagents.

The method employed for the purification of the two monomers has
been described by Bengough and Norrish§3*“) In essence the apparatus for
the purification of the two monomeprs, (Fig. 1), consisted of a washing
train followed by a vacuum distillation stage and liquid storage traps.
‘Provision was also made for removing monomer from the system for purposes
of Calibration; purity checks and polymer preparation. The whole apparatus
could be evacuated by means of a mercﬁry vapour puﬁp backed by a rotary
oil pump. |

Vinyl chloride was obtained from a commercial cylinder and as the
main impurity was acetylene, this was removed by passing the monomer vapour
through a solution of ammonical copper(I) chloride contained in a wash bottle
and then passing the emergent vapour up a glass packed scrubbing column
down which trickled the same reagent. The monomer thus freed from acetylene
was then passed thfough water and dilute sulphuric acid to free it from
ammonia and then over soda lime, silica gel and phosphorous pentoxide.

The dried vapour was condensed in the boiler of the previously
evacuated fractionating column by surrounding the boiler with a dewar vessel
containing solid dry ice and filling the cold finger on the top of the
column with a slurry of dry ice in acetone. When sufficient monomer had
éollected in the boiler, the vacuum distillation waé performed.

The vapour at the top of the column was removed by means of the
grooved stopcock A thus ensuring a slow rate and fiﬁe contrel of the
distillation. The vapour drawn from the top of the column was condeﬁsed
in the storage traps by surrounding them with dewar vessels containing
liquid nitrogen. As recommended by Bengough and Norrish, three fractions
were taken, the first and last fractions being discarded and the middle

one kept for subsequent use.
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Vinylidene chloridé‘was_gpepared by the action of alcoholic
potaéh on 1,2,2-tri¢hloroethane at 75°C. The purification of thie monomer
was the same as forﬁvinyl chloride with the exception«tﬁat‘the acetyléne
‘removal and subseéuént ammonia removal steps Qere not necéssary and were

therefore omitted.

2.2 Calibration of the apparatus for monomer removal.

. To checkfthe purity of thé monomers prepared and purified by

the above method and to prepare the polymér required'for the adsorption
experimenfs, if was necessary to remove known amounts of monomer from the
system. The'calibrétion of the system for the removal of these known
amounts of moﬂomer Més carfied out as follows: |

Sméll tubes of about 6 to 8 ml capacity, made with a constriction
at which théy could be sealed off, were éttached to the "monomer take off"
points on the apparatus (Fig.l) by means of B1O giéss ground joints. The
tubes and the apparatus were evaéuated for 30 minutes and then the stppcocks‘
connecfiﬂg the tubés to the apparatus were closed. The take off secfion |
was then filled wifh monomer and the pressure of the monomer in the section
and the room temperature recorded;' | | | |

A samplejof monomer was then removed by condensing the monomer
into one‘éf the "take off" tubes surrounded by é dewar vessel containing -
liquid nitrogen. ﬁhen sufficient monomer had condensed in the fube,"the
stopcock was closed, the final pressure recorded, the tube séaled off at
the cbnstriction ahd removed from the épparatus. After allowing the tube
and contents to coﬁe to room temperature, thé thbe wasbweighed. After
weighing the tube was broken open, care being taken to prevent'lésS'of
any slivgrs of glaés. ‘To‘ensure that all the ﬁonomer‘was removed, the
pieces were placed;in a vessel attached to the pumps and evacuated for

30 minutes. After evacuation the pieces were reweighed and the mass of
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2.5 The adsorption section of the anparatus.

This section of the apparatus was altered several times during
the course of the experimental work. The original design (Fig. 5) was very
sim?le, qonsisfing of a section "C", containing a'prgssure gauge "é" and
of known volume. Separated from this section, by means of a stopcock 'A",
was the thermostated reaction vessel "R". Also separated from section
"C" by means of the stopcock "B" and immersed in the thermostat, was a
flask "S" whose volume, including the base of the stopecock, had been
determined by measuring the mass of water required to fill it. The volume
of this flask was found to be 1075 ml * 1 ml. The volumevof the measuring
section "C" and of the dead space above the adsorbent was determined by
expanding dry nitrogen,at a known pressure, contained in the standard
flask into the section whose voiume was required at the temperature of

the run.

2.5.1 Pressure gauges.

2

Various types of pressure gauges were tried. Mercury manometers
were not used in the initial design because yinylidene chloride tends to
interact with mercury, the surface of the mércury becoming coated with a
white deposit. Membrane and Bourdon type gauges were therefore tested,
these having to be made in the department. The final design, which ﬁas
found to work satisfactorily, is shown in Figure 6. This gauge was
calibrated over a émall range of pressure difference‘across the membrane,
the calibration curve being shown in Figure 7. The calibration curve was
almost linear. This type of gauge was found to work satisfactorily but it

was fragile and this limited the size of monomer aliquots which could be

allowed to come into contact with the polymer.
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2.5.2 Stopcock greases,

Four types of stopcock grease were available in the department.
These were Apeazon L and M,“Eduards”high vacuum and silicone high vacuum
grease.

Vinylidene chloride is known (%) to be soluble in hydrocarbon
greases and therefore, in spite of its many disadvantages, silicone grease
had to be used when this monomer was in the system. Edwards high vacuum
grease was used for experiments involving vinyl chloride. However, it was
observed that when either monomer was in the measuring section (section 'C")
there was always a pressure decrease beforevequilibrium ﬁas established.

Iﬁ some instances a pressure drop of as much as 10 eorr was recorded on
overnight standing. It seemad thue that the monomers were soluble to
some extent in all the greases available and in later designs attempts were

made to minimise this effect.

2.5;3 Measurement of the amount adsorbed.

The amount of monomer taken up by the polymer was measured by
calculating the amount of monomer initially present in the measuring
section, (section '"C"), and that which remained in the combined meesuring
section and reaction vessel after the stopcock, separating them, had been
oﬁened and equilibrium had been established. The total volume of the
combined sections was of the order of 200 ml, which was large and therefore
no great precision could be expected in the final result. The first
experimental studies were thus of a semi-quantitative nature, the more
interesting aspects of which could be studied quantitatively in a better

designed apparatus., (Section 3.3).

2.6 vTemperature and pressure range.

The temperature range over which measurements were to be made
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was a fairly narrow 6ns, with an upper limit of 47°C and a lower limit
of about 20°C, i.e., room teémperature. Above 47°C the danger of the.
polymers decomposing becomes real. Beloﬁ 20°¢C cooling baths would have
had to be used and as the rate of monomer take up was slow, the level of
these baths could not always be maintained constant; also the monomér
vapours would show greater deviation from ideal behaviour and complicate
the calculations. The pressure range was from 10 torr up to 600 torr

because adsorption had been observed in this pressure range.(79)

2.7 Preliminary studies on the adsorption of vinyl chloride on

polyvinyl chloride.

The apparatus with 2g of polymer contained in the reaction vessel
was degassed. Degassing was carried out by bringing the bath temperature
to 47°C and then pumping until the pressure in the system, as recorded on
the McCloud gauge, had fallen to lO“6 torr. Pumping was then continued
for a further 8 hours and then the run was started.

After the apparatus and polymer had been degassed the ﬁeasuring
section was filled with monomer to the desiréd initial pressure. It was at
this stage that it was noticed that the pressure in the section continued
to fall for some time after the section had been disconmected from the
monomer supply. (Section 2.5.3). Most of the pressure drop occurred in the
firstlhour-and thereafter only a small decrease in pressure was noted. The
procedure adopted, therefore, was to leave the system to stand for one hour
after the measuring secfion had been filled before taking the initial
reading. The stopcock connecting the adsorption vessel to the measuwring
section was then opened and the monomer allowed to~come into contact with
the polymer.

It was realised that if the stopcock grease had taken up monomer,

then when the pressure was reduced by expansion into the reaction vessel,
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monomer could be released from the grease and this could lead to error in
the calculated amount adsorbed at any time. However, at this stage it was
decided to ignore these effects as only semi-quantitative results were

expected.,

2.7.1 Adsorption'isotherms.

When the monomer was allowed to come into contact with the
polymer, there was an immediate uptake of monomer followed by a much slower
uptake. This slow process, in some instances at the higher pressures,
continued for several days without equilibrium being established. It séemed
therefore that the measurement of adsorption isotherms would be a lengthy
and possibly an impossible task. Also reproducibility could be expected to

/
be poor because if the adsorption process was slow, desorption is likely
to be even slower, and hence degassing of the surface, particularly as it
cannot be‘heated, would never be.complete and the extent of degassing would
vary from run to run. However, as this firét series of experiments was only
intended to be a preliminary investigation, the following procedure was
adopted.

The surface was degassed as described above and the first aiiquot
of monomer was admitted and kept in contact with the polymer for 48 hours.
After the 48 Hours had'elapsed, the next sample was admitted without
degassing, i.e., the method of succeséive inlets was used. This sample was
then allowed 48 hogrs to equilibrate and then the next sample added, In

'tbiérwaj an igotherm was obtained. After the iast sample.had been admitted
and allowed to equilibrate, the polymer was degassed and a large aliquot
admitted and allowed tO'eQUiiibPaFQ for 48 hours. In all cases the result
for the large aliquot fell beloW"thg;isotherﬁal curve for a series of small
aliquots. |

The isotherms obtained plotted.as amount adsorbed (ml N.T.P.)
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against pressure are shown in Figure 8. If the results are plotted as log
amount adsorbed against log pressure as in Figure 9, straight lines result
indicating that over the pressure range studied the isotherms obey the
Freundlich equation.

An estimate of the isosteric heats of adsorption was obtained
for different amounts adsorbed on the surface from the slopes of the log
equilibrium pressure against reciprocal of the absolute temperature plots;
(Fig. 10). A plot of heat of adsorption against log amount adsorbed (Fig.ll)
seemed linear as would be expected if the Freundlich isotherm was

obeyedsug’so)

2.7.2 Thermal cycling.

Because of the slow rate of adsorption and therefore the long
periods of time required to obtain a set of isotherms, a method first used

(33)

by Frankenburg was tested. Frankenburg allowed the adsorbate to
equilibrate with the adsorbent at the highest temperature at which measure-
ments were to be made. When equilibrium had been established the system
was cooled to the next temperature and he found that equilibrium was
established instantanesusly at the lower temperature. After the amount
adsorbed at the lowest working temperature had been obtained, the
temperature was raised again to the original value. On reaching this
temperature it was found that equilibrium was instantarecus, the amount
adsorbed, within experimental error, being the same as that which had been
previously adsorbed at this temperature.

The danger in this method is that if two processes with
different activation energies are operating'then the one of higher
activation energy may not be significant at the lower temperature, but
significant at the higher temperature; therefore if equilibrium is

established at the higher temperature and the system cooled to the lower,
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adsorbate taken up by the élow process at the higher temperature will not
desorb but will remain on the surface. This will lead to an amount
adsorbed at the lower temperature in excess of the true equilibrium value.
The following experiment was performed to check this.

Monomer was allowed to come into contact with fhe polymer af the
lowest temperature, viz., 25°C, The system was allowéd to stand until the
pressufe remained steady for 5 hours. The temperature was then raised to
50°C and held at that temperature until the pressure remained sfeady for
5 hours. The temperafﬁre'was then lowered to the original value of ZSOC
and held there until the pressure remained_éteady for 5 hours. The initial
amount of monomer and the final amount of monomer adsorbed at 25°C were then
compared. The results of this experiment are shown in Table I.

Table I shows cléarly that at higher pressures more ﬁonomer is
adsorbed if Frankenburg's method is used than would be if fhe-ﬁonomer were
allowed.tp equilibbate at 25°C. Two further observations that were made
in the course of this experiment were that:

(a) the net effect of raising the temperature was that monomer wWas
desorbed, i.e., more monomer is taken up at 25°C than at SOOC;
(b) on returning the temperature to the lower value equilibrium is

established almost immediately.

2.7.3 Rate of adsorption;

The rate éf uptake of monomer was studied by allowing monomer to
come into contact with the freshly evacuated p@lfmer and measuring the
amount adgorbed at various timeé after the admission. Plots of amount
adsorbed‘against time for some of the runs are shown in Figure 12. IA all
cases there was a rapid initial uptake of monomer folloﬁed‘by a slower

measurable process.
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-TABLE 1.

Effect of Thermal Cycling on Amount of Monomer Adsorbed at 25°C.

fritisd snuitigeiom | oot inicisly | feomt £imaitrc | bisterence
(torr) (ml N.T.P.) (ml N.T.P.) (ml N.T.P.)

3.4 0.15 . : 0.15 0.00

5.7 o 0.33 0.33 | 0.00 -

4.3 0.63 0.6 0.01

244 0.91 0.93 0.02

Ll 1.38 1.46 0.08

77.8 - 2.13 2.34 0.21

187.9  3.98 .50 0.52
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2.8 Preliminary studies of the adsogption of vinylidene chleridé on

polyvinyl chloride.

As vinylidéne chloride is known to dissolve in hydrocarbon
greases(u) silicone high vacuum grease had to be used for stopcock
lubrication when this monomer was in the system. This grease gave a
certain amount of trouble inasmuch as it tended to "creep” from its area
of application into othér regions of the apparatus. 1f it became necessary
to do any glassblowing in the vicinity of the grease largé sections had
to be removed and replaced because the grease decomposed under the heat
of the glassblower's torch. It also tended to block small hore stopcocks
and this, togethér with its rather poor holding power, meant that stop-
cocks had to be cleaned and regreased on thé average of once every threé
or four days. It was also Qbserved that even silicone grease tended to

dissolve vinylidene chloride to some small extent.

2.8.1 Adsorption isotherms.

The same sample of polyvinyl chloride as was used for the vinyl
chloride studies‘was used in this seriés of experiments. Because of the
long periods required to attain equilibrium and the inability of the
apparatus to remain leakproof over this long period, Frankenburg's method
was employed to obtain some measufe of the equilibrium_characteristics of
the system. Monomer was admitted to the polymer af 47.1°C and the system
allbwed to equilibrate for 48 hours. The temperature was then reduced
stepwise to 37.5°C and 27.8%. At these femperatures equilibrium was
attained almost instantaneously. On raising the temperature again to
47.100, equilibrium was quickly established and within experimental error
the amount adsorbed on raturning to the‘higher temperature was the same as.
that initially adsorbed at this temperature. The next sample was then

admitted and the procedure rapeated. The pressure range over which these
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isotherms was measured was a very narrow one, 20 torr to 120 torr,

this because of the difficulty of keeping the system’leakproof. These
three isotherms are shown in Figure 13, in which "amount taken up” is
-plotted against pressure. If the log of the amount taken up is plotted
against log pressure, straight lines result as shown in Figure 14.

Plots of log equilibrium pressure against the reciprocal of the
absolute temperature at constant amount adsorbed, were made and these were
found to be linear (Fig. 15). From the slope of these plots the isosteric
heats of adsorption could be determined and these were found to vary from

10.4 k cal/mole at 2 ml adsorbed to 9.3 k cal/mole at 4 ml adsorbed.

2.8.2  Rate of adsorption.

Figure 16 shows a plot of amount adsorbed against time, the
results being obtained using the method already described for vinyl chloride.
The main characteristics of these runs were very similar to those
described for vinyl chloride, i.e., there was a very large initial uptake

of monomer followed by a much slower process.

2.9 The adsorption of vinylidene chloride on polyvinylidene chloride.

The polymer was prepared as described earlier (Section 2.4). A
sample weighing 19.5 g was used in experiments with this system. Difficulty
was experienced in degassing the sample and when left overnight the
pressure always rose to 1 torr. After the series had been completed the
sample tube was opened and a very strong acid smell was noticed. It seems
very likely that the polymer is not stable and decomposes somewhat under
the experimental conditions. There were also signs that the monomer, when
left in the apparatus, tended to polymerise, initiated by light.To overcome
this, that section of the apparatus which contained the monomer was painted

black. Because of these complications only a few rate runs were performed
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on this system and these are shown in Figure 17. In these runs it was
found that the amount of monomer adsorbed was less than for the other
systems; also the initial fast takeup was small, most of the adsorption

occurring at a measurable rate.

2,10 Conclusions drawn from preliminary survey.

The preliminary studies indicate that generally the systems
investigated behave similarly.. The heats of adsorptioﬁ estimated from the
isotherms are of the same order. of magnitude. The rate studies indicate
that there seem to be at leést two processes oécurring; a very fast-
initial uptake of monomer which seems to be unacfivated, or of low
activation energy, and thermally reversible and a very much slower
activated process. This slow procesé makes the measurement of adsorption
isotherms a lengthy and imprecise process.

These deductions lead to the conclusion that:

(1) A étudy of the kinetics of the adsorption will be easier and
more fruitful‘than equilibrium studies.

(ii) One of the systems should be chosen and studied in detail.

2.10.1 Thexchoice of system for more detailed study.
The system vinyl chloride adsorbed on polyvinyl chloride was
selected for further study for the following reasons:

(1) Mercury can be used with vinyl chloride and therefore mercury
manometers can be used for pressure measurement instead of the
fragile membrane type gauges. Also gas burettes using mercury
can be employed. |

(ii) Vinyl chloride does not tend to polymerise in the apparatus

even when exposed to light.
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(iv)
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Polyvinyl chloride shows fewer signs of decomposing than does
polyvinylidene ehloride.
It might be possible to use hydrocarbon greases with vinyl

chloride instead of the more troublesome silicone grease.



CHAPTER TIII

EXPERIMENTAL II

The Adsorption of Vinyl Chloride on Polyvinyl Chloride.
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The following will be described in this section:
(1) The uptake of monomer by stopcock grease.
(ii) The effect on the course of the reaction of sudden changes in
pressure. |
(iii) The course of the reaction at constant pressure.
(iv) The course of the reaction at constant volume.
(v) The effect on the course of the reaction on changing from
conditions of constant pressure to conditions of constant volume.

(vi) Adsorption isotherms.

3.1 The uptake of monomer by stopcock grease.

The tendency for thc stopcock grease to take up monomer has
already been mentioned (Section 2.5.2) and it was realised that some effort
must be made to eliminate this source of error, or at least to minimise its
effect. The first attempt was fo replace the éonventional type stopcocks
with "Springham greaseless" high vacuum stopcocks. These were found to be
considerabiy worse than the conventional type of stopcock. The pfessure
of a sample of monomer eﬁclosed between five of these stopcocks fell from
630 torr to 450 torr over a beriod of 12 hours. It was suspected that the
monomer was being taken up by the neoprene membranes of these stopcocks. To
‘test this hypothesis a sample of nitrile rubber was placed in contact with
monomer and the pressure followed on a mercury manometer. Over a.period of
18 hours the pressure fell by approximately 180 torr (Fig. 18). Replacing
the vessel containing the rubber by one containing glass wool resulted in no
pressure change over a period of 24 hours. Similarly vinyl chloride vapour,
in éontact with benzoyl peroxide solid at room temperature, suffered no drop
in pressure over a period of three hours, in spite of the fact that benzoyl

peroxide initiates the liquid phase polymerisation.
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The five greaseless stopcocks were replaced by five conventional
stopcocks greased with Edwafds high vacuum grease and the‘region enclosed
between them filled with monomer vapour. The pressure in this region fell
steadily as shown in Figure 19. After 45 minutes héd elapsed, the pressure
having fallen by atout 10 torr, fhe pressure in the system was reduced by
removing monomerbfrom the section. There followed a steady increase of
pressure indicating desorption (Fig. 20). The other hydrocarbon greases
all behaved similarly and it seemed likely that all hydrocarbon greases
would take up vinyl chloride to some extent.

"As it did not seem possible to avoid grease takéup completely,
éxcept by using mercury cut-offs, wﬁich would have been inconvenient, an
%ttempt was made to minimise this gréase effect by designing the apparatus
such that the number and size of the stopcocks, in contact with the monomer,
was reduced to a minimum.

One way in which the number of stopcocks could be reduced to two
is shown in Pigure_Ql. With the stopcock B in the positién shown in
Figure 21(a) moncmer could be admitted.to the apparatus through stopcock A.
The monomer could be brought into contact with the polymer by rotating
stopceck B into the position shown in Figure 21(b). From the known values.
for the volumes D, E and R and the pressures recorded on the manometer the
amount taken up could be calculated.

The apparatus was now altered so that this modification could
be tested. With the stopcock B in the.position shown in Figure 21(a) the
section was filled with monomer and the pressure variation with time
followed by means of the manometer (Fig. 22). The total change of 5 torr
represented an amount of monomer equivalent to approximately €¢.1 ml at N.T.P,.
After the 17 hour period had elapsed the monomer was expanded into a blank

reaction vessel by rotating stopcock B.into the position shown in Figure 21(b).
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After expansion it was found that no further pressure change occurred,
the pressure remaining constant over a period of 375 minutes.

One further modification was made to the apparatus; a gas
burette was added between the manometer and stopcock B as shown in
Figure 21(c}. The purpose of the gas burette was to enable the pressure
in the system to be altered during the course of the reaction without
having to add monomer. The apparatus volumes were then calibrated with
dry nitrogen. Having calibrated the apparatus} it was considered wise to
do one mbre experimént to ihvestigate the effect of the stopcock grease
on monomer takeup when the pressufe in the system was altered. The‘
degassed system with stopcock B in the position shown in Figure 21(a) was
filled with monomer and left fof 24 hours. After 24 hours had elapsed
the pressure in the section was measured and the amount of gaseous monomer
present determined. The pressure was then increased stepwise by raising
the mercury in the gas burette and calculating the amount of gaseous
monomer present after each-step. The results tabulated in Table 2
indicate that within experimental error no monomer disappears.

It can be.concluded that there is a definite takeup of monomer
vapour by the stopcock grease, but that the effect is small when compared
to the amount of monormer adsorbed by thé polymer, particularly if the
size and number of stopcocks in contact with the moncmer are kept to

a minimum.



TABLE 2

Effect of stepwise increase of pressure on the takeup of

monomer by stopcock grease.

Pressure - Monomer
adsorbed
(Torr) (ml N;T.P.)
142.8 _—
150.4 ' -0.02
157 .4 : -C.04
163.5 ~0.02
169.7 | +0.03
177.8 | | 0.00
187.2 0.00
200.2 +0.01
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3.2 The effect on the reaction of sudden;pressure changes.

The apparatus described above was now used in a series of
experiments to examine the effect of sudden pressure changes on the course
of the adsorption of vinyl chloride on 4.4 grams of\polyvinyl chleride at
42.6°C. To establish a patterh of normal behaviour, a series of un-
interrupted runs at 42.6°C and different initial bressures, were performed.
One such run is shown in Figure 23 in which amount adsorbed is plotted
against time. Figure 24 shows the same run plotted as amount adsorbed
against log time and Figure 25 shows three such runs.

Strictly SPeaking these runs are neither at constant volume nor
constant pressure. There are small vclume changes throughout the course
of a run due to the movement of the mercﬁry in the gas burette and tﬁe
arms.of the manometer as the pressure.falls. These volume changes were
taken into account when the amount adsorbed was calculated; .the volume of
the system being calibrated to a fixed mark on the manometer; the diameter
of the tubing from which the manometer was constructed being known; the
gas burette being read in the usual manner. The average volume change
during the course of a run, from the first reading to the.last, amounted
to approximately 2% of the original volume. The pressure change over the
same time interval being of the order of 5%.

The runs illustrated in Figures 23, 24 and 25 all have similar
characteristics. There is a very rapid initial uptake of monomer followed
by a slower précess. If the run shown in Figures 23 and 24 is taken as an
example it can be seen that for a total of 14.75 ml at N.T.P. adsorbed
over 150 minutes, 12.66 ml or 85% of the total amount is taken up in the
first minute of the reaction. The plot of amount adsorbed against log time
is curved for the first ten minutes, the curvature being concave towards

the log time axis. Thereafter the plot becomes almost linear for the reat
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of the period of measurement. The other runs shown in Figure 25 behaved
similarly but there seemed to be a tendency for the slope of the linear

region of the curve to decrease as the initial pressure decreased.

3.2.1 Sudden increase in pressure after ten minutes.

Figure 26 illustrates the.effect'of increasing the pressure
during the course of a run. Ten minutes after the monomer had been allowed
to come into contact with the polymer, the pressure in the system was
increased by raising the level of the mercury in the gas burette. As
Figure 26 shows there was an instantanecus increasc in the amount adsorbed
followed by the usual slow increase., It was intéresting to note that
initially Run 24 was at a slightly lower pressure than Run 25 but that.
after the pressure increase Run 24 was at the higher préssure and that
the slope of the linear region following the break was smaller for Run 25

than for Run 24,

3.2.2 Sudden decrease in pressure after ten minutes.

Figure 27 illustrates the effect of decreasing the pressure
during the course of a run. Ten minutes after the monomer had been allowed
to come into contact with the polymer, the pressure in the system was |
reduced by lowering the level of the mercury in the gas burette. As can
be seen froﬁ the figure there was a very rapid desorption followed by a

slowW readsorption.

3.2.3 Changes in pressure after a period greater than twenty hours.

Figure 28 illustrates the effect of allowing the reaction to
proceed for approximately 24 hours (curve a). At the end of this period
the pressure was increased and the course of the reaction at the higher

pressﬁre followed (curve b), zerc time being taken as the moment at which
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the pressure was increased. After a further 24 hours the pressure was
decreased and thecxnﬁﬁgaof the reaction at the lower pressure fol;owed
(curve c), zero time being taken as'the moment at which the pressure was
lowered. The general shapes of curves é, b and c were later confirmed
using a differehf apparatus which will be described in Section 3.3. The
results obtained using this apparatus are shown in Figure 29. It .must be
ﬁoted that the results shown in Figure 29 répresent very much larger
pressure changes and lenger time periods than do the results showm in
Figure 28.

Figures 28 and 29 show that when monomer was left in contact with
the polymer for a period such that the slow process proceeded for some time,
then on increasing the pressure there was a rapid uptake of monomer
followed again by a slow uptake. However, provided that the pressure‘
increase was not toco large, the amount of monomer taken up by the slow
process was small enough to be practically neglected for the first twenty
minutes or so after the pressure'had been increased. Similarly reducing
the pressure led to an initial rapid desorption followed by a very much
slower désorption process. Also there was no readsorption.

It was thought, therefore, that the reversibilify of the rapid
uptake towards pressure could be tested by allowing monomer to remain in
contact with polymer for a twenty hour period and then calculating the
amount of monomer adsorbed. Thereafter the pressure in the system could
be raised stepwise by raising the mercury in the gas burette and calculating
the amount of monomer adsorbed immediately after each pressure increase.
After the highesf pressure had been attained the pressure could be decreased
-stepwise by lowering the mercury in the gas burette and calculating the
amount of monomer remaining on the surface after each step. If the rapid

uptake of monomer was reversible towards pressure and if the experiment was
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of short enough duration for the slow adsorption and desorption to be
negligible, then the results for increasing and decreasing pressure should
ali lie on the same smooth curve.

The experiment was performed as outlined above, the duration of
the experiment being of the order of fifteen minutes. The results plotted
as amount adsorbed against pressure are shown in Figure 30.

| This Figure shows that the adsorption and desorption points do
lie on the same curve. The curve itself appeérs to be linear with a
slope cf 0.024 ml N.T.P/torr but this linearity could be misleading
because of the narrow pressure rénge over which the measurements were
made, i.e., if the rapidlg'adsdrbed amounts oBeyed some isotherm, for
example the Freundlich isotherm, then over a short range of pressure this
may well appear to be linear. Hence the measured slope of 0.024 ml N.T.P./
torr can only be considered to be an estimate of the average slope of the
isotherm cbeyed by the rapid adsorption over the pressure range of the
measurements. However, the fact that the adsorption and desorptién pointsA
do lie on the same curve does indicate that the rapid améunt adsorbed was
probably reversible with respect to pressure.

An experiment, similar tc the one described above, was later
performed, psing the apparatus referred to in Section 3.2.3 and described
in Section 3.3, as a constant volume system. In this experiment monomer
was allowed to remain in contact with the polymer for 72 hours. At the end
of tﬁis period the pressure in the system was noted and the amount of
monomer adsorbed calculated. The pressure was then increased by adding
a further aliquot'of monomer. Immediately after the addition of thé extra
monomer the pressure in the system was recorded and the amount of monomer
adsorbed calculated. The system was then left to stand for 24 hours. At

the end of this period the above sequence was repeated. This continued
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until the pressure in the system had been increased to 580 torr.
For each addition of mcnomer the increase in the amount adsorbed was
calculated and divided by the increase in pressurc caused by the addition

of the aliqﬁot. The results for this experiment are tabulated in Table 3.

Table 3 shows that as the pressure in the system rises %% slowly

decreases, bearing out what was said about the linearity of the plot shown
in Eigure 30. However, it can be seen from the table that the value of

A , _
zg-corre3ponds to the slope of the curve shown in Figure 30 over the same

pressure range.

3.3 Effect of pressure on the rate of adsorption.

The runs described so far were all runs at constant voiume,
(Section 3.2), the pressure varying during the coursé of the run. The extent
to which the pressure changed being dependent on the dead space volume of the
system, the larger this volume and therefore the lower the precision of
measurement, the smaller the pressure drop between initial and final reading.
To examine the effect of pressure on the rate of reaction, it was therefore
necessary to build an apparatus which could 6perate at constant pressure.

One practical consideration in designing such an apparatus was
that the constant pressure device had to be rélatively simple so that it
could be built in the department. The constant pressure system described by

(80)

Winter did not meet this requirement, so it was decided to try the system

‘described by Taylor and Strothergss)

Basically the device shown in Figure 31 consisted of a gas.
burettevA,over the mercury reservoir of which was built an electrolytic cell
W, containing sodium hydroxide as electrolyte. When the pressure in the

system fell electrical contact between the pair of tungsten wires C and C',

sealed into one arm of the control manometer D, was broken because the
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The immediate increase in amount adsorbed caused by changes in pressure

at 42.6°C.
Initial Final Initial Final As Ap As
Pressure Pressure Amount Amount = 5,.-8 = p,-D Ap
(p,) (p,) adsorbed adsorbed 21 271
(sy) (s,)

(torr) (torr) | (m1 N.T.P.) (ﬁl N.T.P.) | (ml N.T.P.) | (torr) .(ml/torr)
150.9 167.1 9.68 lO.li 0.43. 16.2 0.027
165.0 183.4 10.15 10.60 0.45 18.4 "~ 0.024
181.8 198.3 10.62 11.03 0.41 16.5 0.025
194.6 219.2 11.11 11.75 0.64 24.6 0.026
214.9 238.2 11.84 12.33 0.49 23.3 0.021
‘233.2 255.9 12.45 12.95 YO.50 22.7 0.022
251.3 276.1 13.05 13.48 0.43 24.8 0.017
268.9 295.4 13.67 14,20 0.53 26.5 0.020
291.0 314.9 14.31 14,74 0.43 23.9 0.018
309.5 337.5 14.89 15.42 0.53 28.0 0.019
332.8 351.1 15.54 15.84 0.30 L8.3 0.016
346.7 383.3 15.96 16.60 0.64 36.6 0.017
376.9 403.1 16.78 >l7.22 o.uy 26.2 0.017
393.8 421°l, 17.49 - 17.93 O.44 _27.3 0.016
415.9 450.8 18.07 18.59 0.52 34.9 0.015
4y3.7 480.0 18.80 19.39 0.59 36.3 0.016
473.1 506.9 19.60 20.12 0.52 33.8 0.015
500.0 558.1 >20.35 21.28 0.93 58.1 0.016
549.3 - 582.0 21.57 22.08 OLSl 32.7 0.016
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mercury in the arm fell away from the upper :contact. This bperated a relay
which caused the electrolytic cell to be switched on. The gases generated
in the cell forced the mercury‘up the gas burette thus reducing the volume
of the system and hence increasing the pressure. If the pressure on the
contact side of the control manometer D was kept constant, the pressure in
" the system would remain constant. |

This simple device worked well provided fhat the reaction ‘was not
téo fast. Using it, it was found possible to maintain the pressure in the
system constant to within + 1 torr.

The rest of the apparatus, as'shown in Figure 31, consisted of
two mercury manometers E and F, one on each side of the stopcock X, X being
the stopcock separating the thermostatted reaction vessel R from the rest of
the apparatus. To keep the volume of the system small, capillary tubing
was uséd wherever possible.

The volume of the dead space between stopcocks Y and X to a fixed
mark on the manomefer E was determined by means of the gas burette A.using
dry nitrogen. The diameter of the tubing from which manometers E and F
were constructed was known, so that the volume of the manometer to the fixed
mark could be calculated for any given pressure, During the calibration
it was ensured that the mercury level in the control ménometer D always
remained at the height of the upper contaét C. The volume of the region
determined in this fashion was found to be 37.71 ml + O.1% ml, at the
95% confidence limits; | |

In a similar fashion the volume of the region beyond stopcock X
to a fixed mark on the manometer F with the reaction vessel at the
temperature at which the run was to be performed wés determined. With the
feaction vessel at 42.6°C this section had a volume such that 10 torr

pressure was equivalent to 0.1604 ml at N.T.P. + 6 x 10—4 ml at the 95%
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cénfidence limits.

The procedure for operating at constant pressure was as follows:
With stopcock X closed monomer was let into the gas burette system via
stopcock Y until the required pressure, preset on the control manometer D,
was attained. After the section had been filled, the amount of monomer
present could be calculated from the pressure recorded on manometer E, the
reading of the gas burette, the known dead volumg of the system, the
~temperature of the gas burette and room temperature. The pressure to which
t?is section was filled with monomer was always above that required for the
run, this being done to pfevent the gas burette being overrun due to
e%pansion and the large initial uptake. Aftervthe éection had been filled
aﬁd the amount of monomer calculated the pressure on the control side of
manometer D was reduced to the pressure desired for the run. ‘The run was
started by opening stopcock X which was then left open for the rest of the
run. The course of the reaction was followed by means of the changing
volumes recorded on the gas burette A. At-the beginning of a run it was
usually necessary to make some manual adjustﬁent of the height of the
.mercury reservoir of the gas burette.

Measurements at constant volume were carried out as follows:
iThe gas burette séction with stopcock X cloéed, was filled as before and
the amount of monomer filling it calculated. Stopcock X was then opened
so that monomer could come into contact with the pdlymer and then reclosed.
The amount of monomer remaining in the gas burette section could be
calculated and hence the amount of monomer allowed into the reaction vessel
couid be calculated. The course of the reaction could then be foliowed by

means of the pressure recorded on manometer F.

3.4 Measurements at constant pressure.

In all twenty uninterrupted runs at constant pressure and

442.6°C were performed. Figure 32A illustrates some of these rung plotted
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as amount adsopbed against log time. Figure 32B shows one of these runs
plotted on a iarger scale, Figures 324 and 32B show that these runs
%MMWd&emthﬁapumm,Lé,amwfuthlemmof
monomer followed by a slower process. The curves are'quaiitatively all
§ery similar and ére very similar to those obtained in earlier runs at.
constant volume. In all of them for the first ten minutes or so of the
reaction, the curve is concave towards the log time axis, thereafter the
curve becomes apparently linear over the remainderof the period of measure-
ment, the slope of the linear region tending to decrease with decreasing
pressure.

In the linear region of the curves the Elovich equation, in the

d -0 . ‘ .
form 5% = ae could be obeyed. The integrated form of this _ equation
being:
v = —Lg-lo [T + 17T | === log
a & C o g1
1 e es - .
where T = = @ & initial rate of the reaction v = the amount adsorbed

by the process which obeys this rate law at a time Tt since the commencement
of the process.

It is clear, howeyer, that over the first ten minutes or so of
the proceés, the above equation cannot apply alone, i.e. if 1 = t, (t being
the actual time which has elapsed since the monomer was allowed to come into
contact with the polymer),\then because the curve in this region is concave
towards the log t axis it can only be linearised by T, being negative,
which has no physical significance. It follows therefore that if a
process was occurring which obeyed the Elovich equation then a second
process, which does not obey this rate law, must also have been occurring

in the first ten minutes or so of the adsorption.
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3.5 Measurements at constant volume.
A series of runs at constant volume and varying initial pressures
0 J -
at 25°C and 42.6°C were performed and some of these are shown in Figure 33A

and Figure 33B.

3.6 - Effect of ambient pressure on the rate of the slow process.

In section 3.4 where the results obtained for runs done under.
constant pressﬁre conditions were shown, it was observed that beyond ten
minutes the plots of amount adsorbed against log time appeared to be
linear. It was suggested that in this region a rate equation of the
Elovich type could apply. It was also observed that as the pressure under
which the runs were done decfeased, so the slope of the log plots decreased.
This decrease in slope with decreasing pressure suggested that if the
Elovich equation applied then "a" in the exponential term of the equation
must decrease with increasing préssure. |

- Generally it has been found that when the Elovich equation was
applicable "o was insensitive to the ambient pressure but showed some
slight dependence on the initial pressure of the systemgel’82’62’65)

To test whether the observed changes in the slope of the log t
plots for the vinyl chloride system were due to changes in the ambient
pressure, the experiments described in sections 3.6.1 and 3{6.2 below were
performed. The argument on which these experiments were based was that;
if the rate of adsqrption was dependent on the ambient pressure, then
alteration of the rate at which the ambient pressuré’was changing, would
result in é change of slope in the s - log t plot at the point at which the
conditions were altered. AlteratiOn in the rate of change of the ambient
pressure could be brought about in two ways:

(1) by changing from conditions of constant pressure’tb those of

constant volume.
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FIG. 33B
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(ii) by reducing the volume of the system during the codrse of a
run at constant volume.
In both cases (i) and (ii) above it would be expected that if
the rate of adsorption was dependent on the ambient pressure, then the
slope of the g - log t plot would be smaller after the change in the

conditions than before. Figures 34 and 36 show that this was the case.

3.6.1 Conversion from constant pressure conditions to constant volume

conditions during the course of a run.

In this Serieé of experiments at 250C monomer was adsorbed on the
polymer at constant pressure for 71 minutes, the course of the reaction
being foilOWed'in the usual manner. After 71 minutes had elapsed the system
was converted to constant volume by closing stopcock X, the course of the
reaction for the rest of the run being followéd by meané of manometer F.

The results obtained for a typical run are shown in Figure 34.

3.6.2 The effect of reducing the volume of the system without altering

the pressure duriﬂg the course of a run at constant volume.

For this experiment the apparatus had to belmodified>in the.
féllowing manner. A bulb P of approximately 25 ml capacity was sealed on
to the apparatus on the reactibn vessel side of stopcock X. This bulb
could be iscolated from the adsorption vessel and the rest of theAapparatus
by means of - the tbree-way stopcock Z. The modified apparatus beyond stop-
cock X is shoﬁn in Figure 35.

After calibration, the following expériment was performed. The
system was degassed and then the adsorption vessel was isolated from the
rest of the'system by means of stopcock Z. The system was filled with a
known amount of monomer via stopcock X and stopcock X was closed.

Stopcock Z. was then rotated so as to include the adsorption vessel in the
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VSystem and thé course of the run at constant volume followed by means

of manometer F. After approximately 70 minutes had elapsed the extra

bulb P was isolated from the system by rotating Z and the course of the

reaction, under thesé conditions, followed for a further 230 minutes.
Only one such experiment at 25°C was performed, the results for

which are shown in Figure 36.

3.7 The effect of altering the pressure during the course of a run at

times greater than ten minutes.

For these éxperiments the apparatus, as shown in Figure 31, was
used. Thevprocedure adopted was as follows: A conventional rate run at
constant pressure and 42.6°C was started and allowed to proceed for 47 |
minutes in one case and 116 minutes in another. After the given period of
time had elapsed the pressure in the system was raised by raising the
mercury in the gas burette A and képt constant at this new value for the
Irest of the run, The results, which are similar to those shown earlier for

a constant volume system, are shown in Figure 37.

3.8 Adsorption isotherms.

Isotherms were measured at two temperatures, viz., 42.0°C and
25.0°C using the apparatus of Figure 31 as a constant volume system. The
procedure adopted was as follows: The sample was'degassed and a small
measuréd aliquot of monomer was allowed tc come into contact with the
polymer and remain in contact for 48 hours. After this'period of time had
elapsed, the amount of monomer adsorbed was calculated and a second aliquot
added without any intermediate pumping. This aliquot was also allowed to
remain in contact with the polymer for 48 hours. This procedure was
repeated with further aliquots. The two isotherms obtained are shown in

Figure 38.
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FIG. 38

ADSORPTION ISOTHERMS AT 25°C AND 42.0°C. -
‘ O= Run 76 at ZSOC.
O= Run 69 at 4,2.0°C.
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A third isotherm at 42.4°C was obtained in the manner described
above, but after the highest pressure had been attained, the desorption
branch was measured by reducing the pressure stepwise by removal of known
amounts of monomer, and calculating the amount of monomer remaining on the
surface 48 hours after the reduction in pressure. The results for this

experiment are shown in Figure 39.

3.9 The surface area of the polymer sample.#®

The surface area of the polymer was determined by the B.E.T.
méthod using krypton ét liquid nitrogen temperature. The volume of
kﬁypton required to form a monolayer on the sﬁrface was found to be 10.0 ml
,af N.T.P. The B.E.T. plot of (p/po)/[ﬁ(l - gUJ] against %b is shown in
Pigure 40. In the above expression p is the equilibrium pressure for an
amount ofkkrypton "s' adsorbed aﬁd po is the saturated vapour pressure of

krypton at liquid nitrogen temperature.

% Acknowledgements.
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CHAPTER 4.

Analysis of Kinetic Results for Vinyl Chloride cn Polyvinyl Chloride.
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4,1 = Precision of the results.

The formula used when calculating the amount of monomer adsorbed

at any time, using the apparatus in Figure 31, was as follows:

' ) Vv - D V! - 1
oo = 0.350us p| I g8 4 HOLOODT g gsaus -[__ o VR, Mea-ann))
R Tg TR {Tr " Tg TR P

L.

In this expression the unprimed symbols pertain to conditions
existing before the monomer is allowed to come into contact with the
polymer. The primed symbols pertain to conditions existing at the time of
measurement. ' -

The pressure in the system could be read with an estimated error
~of 1 torr, the temperature of the room and the gas burette with an error
of 0.1 lf, A, A" and . Bwith arerror of 0.5 mm and vV, and Vé with an error of
0.1 ml. The value of D had been determined as 37.71 ml * O.1l4 ml;

the> value of F was 1.604x 10™2 .ml N.T.P. torr-1 £ 6 x 107° ml N.T.P. at
42.6°C and the value of M was O.27£ ml.cm~l + 0.001 ml.

When these estimates of the errors in the measurements, together
with thebactual measurements, were substituted in the relationship for the
propagation of errors (83) 4 calculated relative error of 1.2% was
obtained for an amount of 21.4 ml N.T.P. of monomer adsorbed after 30
minutes at a pressure of 574 torr and a temperéture of QQ.GOC. |

The actual observed reproducibility of the results was rather
poor as can be seen from the figures shown in Table 4, where the amounts
adsorbed after 30 minutes, for four runs dene under similar conditions,
are.compared. This poor reproducibility was probably.due to the surface

not being degassed to the same extent for each run.

4,2 The rate curve.

The rate of adsorpfion at any time could be obtained by

measuring the slope of the amount adsorbed against time curve at the point
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TABLE 4.

Comparison of amounts adsorbed after 30 minutes for runs performed

under similar conditions at 42.6°C.

Pressure of Run Amount adsorbed
(Torr) (ml N.T.P.)
578 20.83
578 21.28
574 21.45
579 | 21.91
Mean Value 21.37 ml N.T.P.

Standard deviation 0.45 ml N.T.P.
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of interest. Determination of rates by this mefhod- is not always very
precise because the methods employed for determining the slope of the curve
usually demand a smooth curve with no breaks. As experimentally determined
points always show some scatter; the actual smooth curve fitted to them is
likely to be highly subjective. However examination of a rate curve can
often lead to the formulation of some rate equation, the parameters of which
can fhen be more precisely obtained by numerical operations on the actual
experimental data. |

With this in mind, oﬁe typical run at constant pressure and
42.6°C was chosen and the rates of adsorption at various amounts adsorbed
measured. (Fig. #1). Two methods ﬁere used to obtain the slope of the
"Amount édsorbed" against "Time" curve, viz., the mirror method(su) and
the ﬁumerical five.point method€84)

The apparent linearity of the "Amount adscrbed" against "log
time" curves in the region beyond ten minutes suggested that a plot
of "log rate" against "Amount adsorbed" dould be linear over this range.
This plot was made (Fig._42) and it appeared to become linear as the amount
adsorbed increased. However, in the beginning the plet was definitely
curved, this curvature suggesting that some other process was occurring
either simultaneously with the process which occurred in the later.region
or alone. .

To test whether the two processes occurred simultaneously in the
first ten minutes of the adsopption, the iinear region of the 'Amount
adsorbed" against "log time" was extrapolated backwards towards lower
values of time. The actual amouﬁt adsorbed at a given time was then
subtracted from the extrapolated value at the same time. If two processes
wére occurring simultaneously then this difference would represent the

amount still to be adsorbed by the second process before it attained
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equilibrium. Various plots of this difference were made but all of them
were curved and no simple.pelationship couid be found.

The earlier region of the rate plot (Fig. 4l) appeared to be
parabolic and therefore a plot of "(Rate)%" against "Amount adsorbed” was
tried (Fig. 43). This plot was definitely linear at earlier times and then
after ten minutes or so became definitely curved, the point at which the
plot became curved being very cleafly marked amounting.almost to a break
in the curve. When the linear region of this curve was extrapolated to
the (Rate)% = 0 axis, it cut this axis at an amount adsorbed equal to
18.33 ml. A plot of (18.33 - amount adsor'bed)-l against time (Fig. 4u4)
was made and found to be linear over the first ten minutes or so of the

reaction.

vu.2.1. Conclusions drawn from the study of the rate curve.

The form of the rate curvé seemed to indicate that:

(i) There were two measurable processes occurring.

(ii) In the first ten minutes or so there was a.process occurring
which obeyed the rate law %% = kp(sm - s)2 where kp is a
constant which may be pressure dependent and s_ is. the

equilibrium amount adsorbed by this process.

It also seemedvthat this process occurred alone in the first ten
minutes and that the second process, which might be of the Elovich type,
only commenced later, but before the first process had gone to completion,
i.e., before s  was attained, evidence for the late start of the possibly
Elovich type process being the gbod fit of the experimental point to the
rate ‘equation quoted above and the sharp break ‘exhibited by the (Réte)%

against amount adsorbed curve.
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4.3 A numerical method for obtaining kP and s _ from experimental points.

If the rate of adsorption obeys the relationship:
as 2

It = kp(sm - R 1.
then on integration this gives:
—1_ = kt+const =----+---- 2.
Sw - 8 P
If two times, tl and t, are chesen then:
275 . As - oAt
(s - 32)(3°° - Sl) (s - 52)(5°° - sif o)
. As
i kp(sm s,)(s_ - s,)

If for a particular run t, is fixed at some value, for example at 10

2

minutes, then a plot of b8y against's will be linear with slope

t

. At
= -k (s_ - s5,) and the plo% will cut the hsy _ axis at s, = s .
. p 2 : th-—-O t o
t
(Ast TS, T S, At =t - t)
4.3.1 Application of the numerical method to runs at constant pressure

and 42.6°C.

The method given in section 4.3 was applied to the runs done at
constant pressure and 42.6°C. The procedure adopted was as follows:

A plot was made of "Amount adsorbed" against "Time" and a smooth
curve fitted by inspection to the experimental points. This.plot was made
so that points which were obviously out could be corrected, otherwise the
actual experimental poinfs were used in the aéplication of the numerical

method. s, and t, were now chosen, these usually being the. amount adsorbed

‘ As
at ten minutes. T was then calculated for each of the experimental

At_t

points and plotted against S, (Fig, 45 and Fig. 46). From the slopes and

intercepts of these plots kp and sé could be calculated for each run. Some
: 1

of the values obtained for kp and s_ were checked by plotting (Rate)?

against amount adsorbed and the agreement between the two methods was
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found to be good. Table 5 shows the results obtained. Plots of (s°° - st)-.l

. against "time" were also made (Fig. 47) and shown to be linear, the value

- of kp calculated from these plots being in good agreement with the values of

kp obtained from the numerical method. Table 5 and Figure 47 show that:

(i) kP decreases with increasing pressure;
(ii) s increases with increasing pressure. :
: Ast
One significant point arose from a study of the . plots,
' t

namely, that for those plots in which t, had the same value, the slopes

2

of the plots were identical, i.e., kp(sw - s2) was the same for all runs.
This means that kp(sw - 82) was independent of pressure. As kp, s, and s,

are all pressure dependent their pressure dependence-must be of the form:

_ _ _ k
s, = af(p), s, = bE(p), kp e

where a is a constant, k is a constant and b = b(t2). As s, is an

2
arbitrarily chosen value it follows that'st = b(t )f(p).

4.4 Pressure dependence of s _, s, and k_.
© t P

A plot of log kp against log pressure (Fig. 48) was found to be

linear and gave a least square slope of -0,68., Hence k_ = ~E€§. Plots

of amount adsorbed at constant time against pressure were made (Fig. 49) and
within experimental scatter the points lay on smooth curves. It was
interesting to note that points obtained from runs 70, 73Iand 75, done

under constant’volume conditions, also lay on the same curves. Replotting
the data of Figure 49 as log st,against log pressure (Fig. 50) parallel
straight lines of slope 0.72 were obtained, this value of 0.72 being in

good pumerical agreement with the value of -0.68 obtained for the plot

of log kP against log pressure.

‘4Log s, against log pressure plots were also made for runs done

t

at 25°C under constant volume conditions (Fig. 51). These plots were also
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"TABLE 5 N
éalculéted Va}ues"of S .ar;d.kéf'or' Irur‘xs‘ ;’tt cOn}rs..tant préssufe_
! at 142,6%.
!
|
Rgn .NVo. B Pressure suo ’ kp
(torr) | (ml‘NfT.P.) }-f%(ml.NLT.P.)”l(min)—l
40 559 21.28 o 0.120
W1 458 18,79 0.138
42 387 16,48 0.149
43 ‘ 297 '15-32 : 0.190
W % a3 .} 1063 £ 0.232
ue A ' 566 'u20f07 0.121
47 i' 458 - 118.39 £ 0.136
ug - i 4ot 16.65 0.158
e 312 13.88 0.177
50 222 10.50 0.252
51 { 321 13.24 . 0.176
53 "'1 121 6,92 0.33u
s ] 578 20.88 10,117
55 578 21.45 o.12év
58 579 22.03 0.119
60 870 22.08- 0.121
! -
i
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found to be linear and parallel with slope 0.62. The least square slopes

for log,,st,against'log pressure plotsu for several. times at both "42.60C and

25°C are recorded as m-in Table 6. This table shows that m is constant at

constant temperature having a mean value of 0.62 at 25°C and 0.72 at 42.6°C.
Furthér evidence for the correctness of the proposed variation

of st'with pressure can be obtained by replotting the data of Figure 34

(section 3.7) and Figure 36 (section 3.8) as

?62 against log t (Figs. 52
and 53). These plots were now continuous andpapparently linear with no
.sign of the break shown in Figures 34 and 35 at the point where the
conditions were altered.

It should be possible to calculate the value of m from the data
for Figure 34, the reasoning being as follows:
As Sy plotted againét pressure gives a smooth curve
s = f(p,t)

If this function is of the form s = pmb(t)

) = S
then b(t) = pm

The rate of adsorption at constant volume (——0 will be given by

(ds, _ m 3b(t) QR ________
(dt)v =p Fp——tm b(t)p™ It _ A.

The rate of adsorption at constant pressure ( ) will be given by

ds) R R i B.

(a?'p ot

. At constant volume s =c - np where c and n are constants of the

apparatus and the initial conditions.
. ds, _ dp
* '(aiov - dt *

..U'QR (—""' . .
dt n dt’v R il v C.
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TABLE 6.

Values of m.

Time . Temperature

(mins.) ° °
25% 42.6°C
1 0.615 0.729

10 0.631 0.736
20 0.629 -
50 1 o0.622 0.722
100 0.619 0.719
200 0.616 0.716
500 | o0.615 -
1000 0.614 -
4300 0.617 -
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-Substitution of equation C in equation A gives

ds, T m m-11 _ m3b(t) _ ,ds
G, i) = B8 - @y

. ds dsy _ | m m-l . ‘_ -

Substituting b(t) = EE in equation D gives

p .

1+ =
. np

N
n

Hence

m o= Z-Vlpxn L. ____.__._ £,

s
At the break in the curve wherethe conditions were changed from those at
constant pressure to those at constant volume, = the curve had two slopes.
The ratio of these two slopes = Z.

Hence Z can be found for a given s_ and P,» 1 can be obtained

t
from the dimensions of the apparatus. Substitution of these values in
equation E should enable m to be determined.

This was tried on run 77. For this run at 25°C 2 = 2.19, n = 0.32,
8, = 29.57 and-pt= 52.6. Subsfitution of thése values in equation E gives
m = 0.68 in reasonable agreement with the value of 0.62 obtained earlier
from the log sy against log P plots.

Tabhle 7 summarises the variation of kp and s_ with pressure for

- the runs done at constant pressure and 42.6°C. The constancy of the values

listed in columns 3 and 4 of the table being a verification of the hypothesis.

4.5  Application of the numerical method to runs at constant volume.

It was shown in section 4.4 that the amounts adsorbed at constant
time plotted-against pressure at the same temperature all lie on the same
curve irrespective of whether the runs were done under constant pressure or

constant volume conditions. It was also shown that the relationship between
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TABLE 7

Pressure dependence of s, and kp for runs at constant pressure

at 42.6°C.
Run No. (Pressure)o'724 kP X p0.724 S
= o.72u0.72u ((ml N.T.P.)"1 99'724
((ems Hg) )| (cms Hg)0+72%) | (m1 N.T.P.
‘ min~1 (cms Hg)=0-724y
40 18.4 2.21 1.16
41 15.9 2.19 ' 1.18
42 w1 2.10 | 1.17
43 11.7 2.22 1.1y
Yy 9.2 . 213 1.16
46 18.4 2.23 ©1.09
47 15.9 2.6 | 1.16
48 14.6 2.28 1.1
49 12.1 1 2.1 1.15
50 9.4 2.37 1.13
51 12.3 2.16 1.08
53 | 6.1 ' 2.04 | 1.13
54 18.9 2.21 1.10
55 18.9 2.31 1.13
58 18.9 1 2.25 1.17
60 18.7 2.26 1.18
Mean value kp x p0:72% = 2,20 (ml N.T.P.) L(cms Hg)o'724miﬂ—l
Standard deviation of mean = 0.02 (ml N.T.P.);l(cms Hg)0'724min-l
Mean value S» = 1.14 (ml N.T.P)(cms Hg) 0:72%
p0- 72k

Standard deviation of mean = 0.01 (ml N.T.P.)(cms Hg)~O-72%



122

, " ‘
-stvand P, was of the form Sy = Py b(t), b(t) being independent of-pressure.

The numerical method of section 4.3 was applied directly to the
data for run 70 at constant volume and 42.6°C (Fig. 54). As can be seen
from the figure, the plot obtained was not linear. However, when the

numerical method was applied to values calculated from the same data

=

.72
P s s

the plot was linear (Fig. 55), cutting the A 72///At = 0 axis at —55 = 1.129.
P. .

Plotting (1.129 - —575)—1 against time for the same run gives a linear plot
D’ |

behaves as does s at constant

(Fig. 56), i.e., at constant volume 572
o
pressure, thus the relationship

s
d(—55)

)2 should hold, under both sets of

T k(a__

s
.72
P
conditions at 42.6°C.
Table 8 shows values of k and & calculated as indicated above for
runs done at constant volume at temperatures of 25°C and 42.6°C. The

values shown for k and a in Table 8 for runs 70, 73 and 75 (with the

exception of k for run 70) are in good agreement with the values of

W72 5
kp xp - and _275 respectively shown in Table 7.

P
It can be concluded that in the first ten minutes or so of the

reaction the rate, at constant pressure, follows the relationship:

-%E‘ = kpm(a -'----S-)2 where a and k are constants.
t . pm
4.6 The post ten minute region of the adsorption.

Analysis of this region was more difficult and less satisfactory
than the pre ten minute region, because by this time the rate had become
very slow and preciéion illusory. Most of the constant pressure runs at
42.6°C plotted as "Amount adsorbed" against "log time" appeared to be linear

in this region over the period of measurement of approximately 300 minutes.
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FIG. 54
PLOT OF i%% © AGAINST AMOUNT ADSORBED FOR RUN 70 AT CONSTANT VOLUME
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FIG., 55
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Values of k and a calculated for runs at constant volume.

TABLE

8.

Run No. {Temperature a k | om
o ' (m1)~1(cm Hg)gni:@
(min)~1
70 42,6 1.13 2.9 0.72
73 42.6 1.17 2.16 0.72
75 42.6 1.15 2.00 0.72
85 25.0 2.74 1.09 0.62
86 25.0 2.80 1.24 0.62
87 25.0 2.81 1.12 0.62
88 - 25.0 2.74 1.08 0.62
89 25.0 2.72 1.28 0.62
90 25.0 | 2.70 ©1.30 0.62
91 25.0 2.62 1.36 { 0.62

126
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However, the constant volume curves, which were followed fof a much longer
time, even when plotted as iﬁ against log time, showed definite curvature
in this region tending to be concave toﬁards the lég time axis.

In the analysis which follows it was decided, because of the
scatter in individual runs, to work with mean vaiués Of'SE . This is

D

justified by the observation that the log amount adsorbea at constant time
against log preésure appeared to be linear and parallel up to large values
(4000 minutes) of time.- Mean values of Eﬁ at various times are tabulated

P
together with the standard deviation of the mean in Tables 9 and 10, and

a plot of mean against log .time for the values obtained at 25°C is

s
_p;62
shown in Figure 57.

The first ten minutes of the mean curves were analysed using the
numerical method of section 4.3. The Amean ?ﬁ/At plots being shown in
Figures 58 and 59. These were linear and gave numerical values of k of
1.22 and 2.47 and numerical values of E% of 2.?06 and 1.139 at 25°C and
42.6°C respectively, in fair agreementpwith the individually measured
results.

It was now assumed that both processes occur simultaﬁeously in the
post ten minute period. Values of §m.wefe calculated for the first process
using the values quoted above. Suﬁiraction of these from the actually
measured values of §m gave §ﬁ values for the second process. This
difference was thenpplottedpagainst log time in the case of the results
for 25°C (Fig. 60) and log (time + 3 minutes) in the case of the results
at 42.6°C (Fig. 61). These plots were found to be linear with slopes of
0.112 and 0.055 at 25°C and 42.6°C respectively.

The plots (figs. 60 and 61) cut the log timé axis at 16 and 20

minutes respectively. Thus the second process appeared to start 16 and

17 minutes respectively after the start of the adsorption. Hence the



Mean Valuesof ——%7 for runs 85 to 90 at constant volume
P )

TABLE 9.

at 25°C.
Time Mean —%67 Std. deviation
. p of Mean
(mins) (ml N.T.P.)
(cmHg)=0-62

1 2.287 0.013
2 2.419 0.014
3 2.493 0.016
mn 2.541 0.015
5 2.569 0.017
7 2.608 0.015
10 2.631 0.016
15 2.663 0.015
20 2.675 0.015
30 2.707 0.014
50 2.739 0.012
100 2.782 0.010
200 2.824 0.011
1000 2.905 0;009
4300 2.971 0.004

128
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TABLE 10.
S ‘

Mean Values of P.724 for runs 40 - 60 at constant pressure

at u42.6°C.
s
Time Mean ;T?EH- Std. deviation
of mean
(mins.) (ml N.T.P.)
(cmHg)o'724
2 1.015 0.008
3 1.045 ~0.007
4 1.063 | 0.007
5 1.074 ' B 0.007
7 1.090 0.007
10 | i.103 0.007
15 1.116 0.007
20 1.124 ' 0,007
30 1.138 0.007
40 1.147 0.007
50 - . 1.154 0.007
75 1.166 0.007
100 1.174 ~0.007
1150 o 1.184 0.007
200 1.192 0.006
300 ' 1.203 (4 results
only)
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amount adsorbed by the second process can be represented by the equations:

S" . .
(35.62)p50c = 0:112 log (1y5 + 16) - 0.112 log 16
and

| t
(50%75)42.6 = 0.055 log (1,95 + 20) - 0.055 log 20

in which Bt t - 16 and tyy,g = t - 17 and s' = amount adsorbed by
this process. The overall amounts adsorbed when both slow processes are

operating can thus be calculated from the relationships:

s 1 :
(—55)y5 goc = 1.139 - 555 s + 0-055 log (typ gt 20)-0.055 19g 20

P
(t 217 mins)

(—2&2) o
s 290 - st T O 6)-0.112 log 1
? T.25¢+1.13 0.112 log (5 + 16) 2 log 16

(t > 16 mins)

4.7 Test of the equations.
The equations were tested by using them to calculate values of

(5%)T and then compariﬁg these calculated values with the observed values
of Tables 9 and 10. The good‘agreement that exists between the calculated
ana observed values of (;%)T.is shown in Table 11.

Further tests were pérformed by comparing calculated values of
the amounts adsorbed with those actually observed in two experiments.
It was realised, that as the parameters of the thebretiéal equations were
determined from mean values of (5%)T’ these mean values being obtained from
individual runs, between which there was a fair amount of scatter,.the fit
to any run chosen at random would not be exact. The best that could be
hoped for was that the equations would describe the course of the run

qualitatively and that the difference between calculated and observed

amounts would always differ by an approximately constant amount.
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TABLE 11,

Comparison of abserved and calculated values of C—%)T

Time | T = 42.6°C | T =25.0°
(mins) :
Observed value [Calculated value {Observed value| Calculated value
1 - - 2.287 2.280
2 1.015 1.015 . 2.419 © 2.426
'3 1.045 1.044 2;453 | 2.497
Y 1.063 1.062 2.541 2.540
5 .4 1.074 1.074 2.569 ' 2.568
7 1.090 4 1.090 2.608 2.603
10 1.103 | 1.103 2.631 2.631
15 1.116 1.114 2.663 2.655
20 1.124 1.123 2.675 2.678
30 1.138 1.138 2.707 | 2.709
40 1.147 1.147 - -
50 1.154 - 1.154 2.739 | 2.745
75 1.166 | 1.187 - -
100 1.174 1.174 : 2,782 2.787
150 1.184 1.185 | - _ -
200 1.192 1.192 _ 2.824 2.825
300 1.203 ' 1.199 | - -
1000 - - | 2.905 2.906
4300 - | - 2.971 : 2.978
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The.two runs chosen for comparison with the amounts calculated
from the equations were: Run 60 at constant pressure and 42.6°C and Run 78
at 25°C. In this latter run the conditions under which the run was
performed were changed from those of constant pressure to those of constant
volume after 71 minufes, the observed s against log t plot for this run
showing a break iﬁ the curve at this point. (Fig. 34).

Numerical comparison between s calculated and s observed are
shown in Tables 12 and 13 and graphical comparison in Figures 62 and 63.
The figures in the last columns of Tables 12 and 13 indicate that there is
an approximately constant difference betwesen observed and calculated
values. The graphical comparisons show that the observed and calculated

plots are qualitatively similar.
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- TABLE 12.

Comparison of s observed with s calculated for run 60 at

42.6°C,

e obseried calculzted Sobs ~ Scaic
(mins.) | (mL N.T.P.) (ml N.T.P.) | (ml N.T.P.)

0.6 17.91" 17.22 ' 0.69

1.0 18.66 17.97 - 0.69

1.5 19.28 18.38 ‘ 0.90

2.8 20.12 19.41 0.71

3.0 20.18 ‘ 19.54 0.64

4.8 20.75 20.05 0.70

7.8 | | 21.16 ~ 20.46 N 0.70
10.7 | 21.41 20.66 0.75
19.3 S 21,72 20.93 0.79
33.8 : 22.09 21.34 . 0.75
43.0 | 22.21 21.49 0.72
60.2 L2241 | . 21.67 0.74
87.0 RPN 21.86 10.61
180.0 ‘ ' 22.86 | 22.23 0.63
196.0 ' 22.93 22,25 . 0.68
300.0 23.23 , 22.48 - 0.75
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TABLE 13.

" Comparison of s observed and s calculated for run 78 at

25°c.
Time s s ' Sobs = Scalc
observed calculated
(mins.) (ml N.T.P.) (ml1 N.T.P.) | (ml N.T.P.)
0.9 21.78 22.43 | -o0.65
1.5 22.69 23.48 -0.79
1.9 23.31 23,97 -0.66
2.7 23.73 24.57 -0.84
3.3 24.41 24.92 -0.51 -
6.0 24.99 25.66 ' -0.67
8.8 25.36 25,99 -0.63
23.8 26.00 26.69 -0.69
48.3 26 .40 27.20 -0.80
66.6 26.62 27.40 -0.78
90.0 26.71 - 27.55 -0.84
120.0 26.79 27.59 -0.80
240.0 26.98 27.69 -0.71
361.0 o707 27.73 ~0.66
1440.0 27.31 28.07 . -0.76
.




CHAPTER 54

Discussion and Conclusions.
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5.1 The adsorption isotherms of vinyl chloride on polyvinyl chloride.

Because of the occurrence of a slow uptake of monomer, determin-
ation of adsorption isotherms involved a lengthy procedure of doubtful
precision. The procedure adopted was to allow a small aliquot of monomer
to remain in cont :ct with the previously evacuated polymer for 48 hours at
constaﬁt températureland to assume that equilibrium was established within
this period. A further aliquot of monomer was then added to the now
partially covered surface and the system again allowed to stand for 48
hours to equilibrate. This procedure was repeated for further doses of
gaseous monomer until the desired pressure range had been covered.

The assumption that equilibrium would be established after 48
hours was rather arbitrary and at higher pressures definitely not true.
When the system was allowed to stand under pressures of the'order of
400 mm Hg or more the pfessure continued to fall slowly after the 48 hours
had elapsed. It was also observed that if large aliquots were added the
amount adsorbed after 48 hours, at a particular pressure, was smaller than
that adsorbed when the same pressure was arrived at via smallervaliquots.

The uncertainty as to the nature of the slow process also
detfaétsf from the significance of the isotherms. If the>slow process is
a slow adsorption then the amount cf monomer taken up by it should be
included in the overall isotherm. On the other hand, if the slow process
:is due to absorption, then the amount taken up by it should be subtracted
from the total amournt taken up at equilibrium, to give the true adsorption
isotherm.

A tentative conclusion as to the nature of the slow process
might be drawn from the isotherms. At the lower pressures (< 30 torr)
equilibrium is apparently established within 10 minutes, the slow drift

towards equilibrium only occurring at higher pressures. At pressures higher
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than 200 torr the amount of monomer taken up exceeded the.vcl:me-of
krypton necessary to form a monolayer on the surface of the adsorbent.

The slow process accounted for about lC%of the total monomer
adsorbed, the other 90% being adsorbed within the first minute of the
reaction. At pressureé greater than 200 torr this 90% was more than
sufficient to give a monolayer on the surface. This must mean that for
the higher layers, at‘least, the adsorption was of a physical nature.

Also the rapid initial adsorption indicated that on a freely available
surf;ce no activation energy was required. The slow process was therefore
probably due to some form of incorporation in the polymer. This_
incorporafion could take the fofm of adsorption on internal surfaces
produced by adsorption swelling for examplie, or it could be due to solution
in the polymer. Incorporation of the monomer in the polymer would also
account for the observed hysteresis in the isotherms.

The isosteric heaf of adsorption, calculated from the overall
isotherms, could only give a very rough estimate of the true heat of
adsorption, because of the thermodynamic irreversibility of the isotherm
and because equilibrium had not been éompletely established. For the
range of pressure, over which the isotherms were measured, these
approximate heats of adsorption fell linearly with the logarithm of amount
adsorbed (Fig. 11) ranging from 9.5 k cal/mole af the lowest p;es;;fe.
at which measurements were made to 6 k cal/mole at the highest pressure.
The measurements were made at temperatures below the critical temperature
of the monomer and as the molar heat of vapourisation of vinyl chloride
at its boiling point, (-13.9°C at 1 atm pressure) is 5.5 k cal/mole(85)
no decision could be taken as to whether the adsorption of the first layer
on the surface was physiéal or chemisorption.

In spite of the doubtful nature of the experimentally obtained
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isotherms they did show certain interesting charactepistics. Mathematically
they were best represented over the pressure range of the experiments by
Freundlich plots (Fig. 9 and Fig. 64). The actual log-log plots might be
slightly curved (Fig.64) but the curvature was very small. This apparent
obedience to the Freundlich isotherm may be more than coincidence because,
(a) the isosteric heatsbcalculated from the isotherms show the correct
dependencé on surface coverage (Fig. 11) and (b) the slopes of the
Freundlich plots for these isotherms increases linearly with temperature
(Fig. 65) as demanded by theory. There was also a certain degree of
reproducibility. The slope of the log-log plot for the isotherm at 25°C
determinea in section 2 -was almost identical with the value obtained at
25°C in section 3 using a different apparatus and a much larger polymer
éample. However, the slbpe for the isotherm at 42°C, determined in section
3, was lower than would be expected from thg results of section 2 (Fig. 65).

Reproducibility of isotherms was also fair as can be seen from
the points plotted for Runs 67 and 69 at 42°C in Figure 64, However, it
must be stressed that thi§‘reproducibility was only obtained pfovided that
the procedure adopted to obtain the isotherm, ihcluding the size of the
aliquots, was the same. | |

The Freundlich isotherm is a Type I isotherm, i.e., it represents
.{he formation of a monolayer on the surface. The obedience of the ''vinyl
chloride adsorbed on polyvinyl chloride" system, in which the amounts
adsorbed indicated.that more than a monolayer was formed; to this type of

adsorption isotherm, is surprising.

5.2 The rate of monomer adsorbtion in the vinyl chloride adsorbed on

polyvinyl chloride éystem.

When the monomer was allowed to come into contact with the
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, freshly evacuated polymer, a rapid instantaneoué takeup of monomer
§ccurred. The rapid takeup of monomer was followed by a slow takeup

of monomer. This slow process, at pressures of 500 - 600 torr, had been
followed for periods up to 10 days without establishment of equilibrium.
At lower preésures (< 100 torr) equilibrium was apparently estéblished
within 72 hours. At still lower pressures (< 30 torr) equilibrium was
apparently established within 10 minutes, The rapid adsorption acéounts
for betweén 80 - 90% of the total amount adsorbed. The rate of the slow
process decreased steadily during the course of a run.

Increasing the pressure suddenly during the course of a run
resulted in an instantaneous increase in the amount of monomer taken up,
followed by a slow increase in monomer takeup (Figs. 26 and 37). A
sudden.decrease in pressure resulted in an instantaneous desorption of
monomer, followed by a slow takeﬁp of monomer, if the pressure decrease
occurs within the first ten minutes after the commencement of the run
(Fig. 27). If the pressure decrease occurs at times greater than 20 hours
after the start ef the run, the instantaneous desorption is followed
by a slow desorption énd not by further takeup of monomer (Figs. 28 and 29).
The slow process which follows a sudden increase in pressure is slower
than would be observed if an aliquot of monomer, equivalent to the pressure
increase, was added to a freshly evacuated surface. This indicates that
the monomer already adsorbed causes a retardation in the rate.

The slow up take of moncmer, which followed a pressure decrease
within the first_ten minutes of the reaction, indicated that the
instantaneous adsorption and the slow up take were two different processes.
The slow desorption which followed a pressure decrease affer 20 hours
indicated that the slow process could reach equilibrium ét a given pressure

if the run was continued for a long enough period.
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5.2.1 The instantaneous process:

In section 3.2.3 two experiments were described., The results
obtained from these experiments showed that tﬁe instantaneous process was
reversible. In the first experiment, the pressure in the system was
increased and then decreased stepwise over a period of time, short enough
for the amount adsorbed or desorbed by the slow process to be considered
negligible. After cach increase or decrease ‘in pressure, the amount
adsorbed was calqulated and plotted against the pressure (Fig.SO). Qver
the short pressure range of the experiment the plot appéabed tc be linear
with slope 0.024% ml/torr with fhe desorpfion and adsorption pbints lying
~on the same curve. In the second experiment the pressure was increased
at 24 hour intervals by adding a small aliquot of monomer to the system.
Immediately after the addition of the aliquot the amount adsorbed was
calculated and the extra amount adsorbed because of the bressure increase

was then divided by the increase in pressure. These results were tabulated

as %% in Table 3. Examination of the tabulated values of %E showed that
: _ -

this ratio decreased as the pressure increased but the good agréement
between the vaiue of %g and the value of 0.024 ml/torr obtained in the
first experiment over the same pressure range, confirmed the validity of
the result obtained in the first ekperiment.

At the higher pressures the amount adsorbed by the instantaneous
process was greater than the volume of kpyptpn required to form a monolayer
on the surface. The instantaneous adsorption seeﬁed therefore to be
multimolecular and probably of a physical nature. However, the possibility
that the surface might be covered with a chemisorbed monolayer, on which
the higher layers were physically adsorbed, cannot be excluded. The very

fast rate at which this adsorption occurred showed that it was non-

activated or alternatively had a very low activation energy.



iug’

5.2.2  The slow process.

In section 4 it was shown that the slow process was actually
two processes. There was a process which commenced at the beginning of

the run and proceedéd throughout the whole period of the run. At constant
pressure this process obeyed the rate eqﬁation‘%% - Eﬁ (54 - st‘)2 where

: : P .
Se was the equilibrium amount adsorbed by this process and the instantaneous

process alone, and k was a temperature dependent constant. It was also

shown in section 4 that both s, and Sy were proportional to p™ so that the

rate equation at constant pressure had the form

%% = k'p™1 - 0)? where 6 =5t ,

Se
The second process cémmeﬁced some time (approximately 10 minutes)
after the start of the run and this process at constant pressure obeyed a
rate law of‘the forﬁ

-Qs
ds m M s
- = aplel i f

at’
In this equation a was a constant at constant temperature, s was the
* amount adsorbed by the process and o was of the. form
o = C(T)
In some respects the "vinyl chloride on polyvinyl chloride" system
(System I) resembled the "oxygen adsorbed on cuprous oxide" system (System
II)§67) They are similar in as much as:
(1) In both systems more adsorbate was taken up than would be
.required'tq form a monolayer on the surface.
(ii) In both systems there was a slow takeup of adsorbate and this
slow process could be divided into two processes, the first of
which started at the commencemént of the adsorption and.had a
rate equétionAof the form g%-= kf(p)(l-6)27 The second
process in both systems started at some time arfter the commence-

ment of the adsorption and obeyed a rate equatidn of the Elovich

type.
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(iii) In System II the rate of the first slow process was proportional
to ''p" the'pressure at all temperatures. In System I the rate
of the first slow process was proportional to “pm" where "m" is
a constant at cénstant temperature. "m" had a value less than
ﬁnity and decreased as tﬁe temperature decreased.

(iv) In System II when the first slow process only was occurring a

1
..St

s, was the amount adsorbed to cover the surface with a monolayer.

plot of = against time at constant pressure was linear.

The slopes of these plbts were found to be proportional to the

pressure at which they were measured. In System”I a plot of

S-S, against time was linear at constant pressure but the
slope of the plot was inversely proportional to pm.

(v) ‘In System II the réte of the second slow process was proportional
to the pressure. The rate equation for this process was of the
form ape_aS where a and o were constants at constant temperature.

" In System I the rate equation for the second process was of the
-0S
form a e;ﬁr- where a and a were constants at constant
temperature. In System II o decreased with increasing temperature
but in System I o appéared to increase with increasing temperature.
The fact that the rate of the slow processes in System I waé
proportional to pm énd not proportional to p, as in System II, suggested
that fhese processes were dependent on monomer already adsorbed on the
surfacelwhen fhey commencedy_
The second slow process in System I could still be an incor-
poration bf monomer in the polymér. This ihcorporation could arise because

of diffusion of monomer from the surface layers to new areas produced in the

polymer on which further adsorption could occur. As the second slow
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process only occurred some time after the start of the reaction it would
follow that these'new areas only became effective at a later stage in the
reaction. If adsorption on these new areas occurred with a linearily
increasing activation energy an Elovich type rate equation would be

obeyed. The dependence of the exponent of "e" in this equation, on the
reciprocal of pm, suggested that at higher pressures, and thereforé at

~ higher amounts adsorbed on the external surface, the internal surface would

be more accessible, i.e., the activation energy increased more slowly.

5.2.2.1 The dependence of the amount adsorbed at a given time on

the pressure.

It was shown in section 4.4 that the amount adsorbed at a given

time was proportional to pm9 i.e., s, = atpz where a, is a constant for a

t t

given value of t, the time, at constant temperature. This relationéhip
held for runs performed under constant pressure and constant volume
conditions provided that the'run was started on a freshly evacuated surface
and that there were ﬁo sudden increases or decreases in pressure during the
course of the run.

A sudden increase of pressure during the course of a run resulted

. . S . .
in the ratio _t being less than a, for an uninterrupted run. A sudden
’ m
decrease in pressure resulted in fg being greater than a, for an
m
Pt

uninterrupted run. The gradual pressure decrease, which occurred during
the course of a run at constant volume, caused no deviation from the above
relationship. A change from conditions of constant pressure to conditioné
of constant volume, or a‘reduction of the volume of the system, without
altering the pressure during the course of a run at constant volume,

also caused no deviation from the above relationship.
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If the pressﬁre is increased suddenly during the course of a run
new sites will be created by the extra amount rapidly adsorbed. At a given
time, therefore, after the increase in pressure the extent of slow reaction,
measured in terms of the total number of sites which had been created, will
be less than it would have been, had the extra sites been present from the

s
beginning of the reaction. As a result _! yill be less than at»for an
=
P
uninterrupted run.

Convebsely if the pressure is suddenly decreased there is an
instantaneous desorption which should result in a decrease in thé number of
sites. However, if éifes which should disappear are already covered there
will be a delay while desorption from these sites occur. Consequently, more

]

t .
monomer will be adsorbed than should be at the lower pressure and - will

P
be greater than a

o
If the pressure drops gradually, as under constant velume
conditions, the sites which disappear are unoccupied and hence the number

of sites decrease but the surface area covered also decreases and hence

the site concentration remains constent.

5.2.2.2 A mechanism for the first slow process.

The occurrence and the observed kinetics of this process could
be explained in terms of the mechanism proposed in Section 5.2.2.1 and
‘rearrangement of the spontaneously adsorbed monomer on the surface.

It can be supposed that at a given pressure, if the adsorbate
molecules are packed on‘the surface in a systematic fashion, each molecule
occupying two adjacent sites, the maximum utilisation of adsorption sites
will occur and the maximum amount s, at the given pressure will be adéorbed.
Howevever, if the initial adsorption is random then certain sites will be

excluded as there will not necessarily be a second site with the correct
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spacing for adsorption in the vicinity. If rearrangement of the adsorbed
molecules NOWoccurs on the surface, then during the course of this re-
arrangement a vacant site can come into contact with a second vacant site.
If the rate of adsorption of a molecule from the gaseous phase on to a
pair of adjacent sites is rapicd then the rate of the slow process ﬁill
depend on the rate at which the vacant sites collide.

If the afguments of the previous section are now applied to

these sites then the concentration of these sites at any time will be
Sw = St

p
Hence the rate of collision of these sites and hence the rate of the

proportional to

slow process will be given by

) d(s‘” " Sty {5 - st)2
pm |/ —n/
| at
at constant pressure this reduces to:
ds
—_— = - 2
at = (s - st)

which is the observed rate law.

5.2.2.3 A mechanism for the second slow process.

This process which commenges some ten minutes or so after the
start of the reaction has a rate equation of the form
. ~as
Ei = aph® PO
it =~ % e
where a is a constant at constant temperature and m has the same value
as in the first process. The late appearance of this process suggests that
if it is an adsorption process, there is some delay in the formation of the
adsorption sites on which it occurs. The appearance of the p™ term in the
rate expression suggests that the process is dependent on the amount of

monomer previously adsorbed. This last hypothesis is supported by the

observation that at pressures below 30 mm Hg equilibrium is apparently
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established within 10 minutes, the very slow process being undetectable
with the apparatus used.

New aréas for adsorption can be created withinlthe polymer
if adsorﬁtion swelling occurssss’gs) This phenomonen, which results
because of the amcunt adsorbed on the éurface, causes distortion of the
polymer structure and this distortion hay cause it to spring open at
various points tc expose new areas. This distortion and opening of the
interior areas of the polymer may take time and this will account for the
late start of the process; 'Atvvery low pressures the distortion of the
polymer structure may not be sufficient for the new areas to be exposed
and hence the slow process does not occur.

Cnce the new areas have been exposed diffusion to these areas
from the monomer adsorbed on the surface can occur. The monomer, which.
is adsorbed én the new areas, could cause further distortion of the
polymer and thereby create further sites for adsorption. If these Sites
are created with a linearily increasing activation energy, an Elovich
type rate equation will result. At higher pressures there is greater
distortion of the surface and hence new areas are more easily produced at

“higher pressures than at lower pressures. This could mean that the
increase of activation energy for the producfion of new sites is less at
higher pressures than at lower pressures and this would account for the
g%: term in the above rate equation. The occurrence of adsorption
swelling will also account for the observed hysteresis(SG) in the .

adsorption isotherm.

5.3 The role of the polymer in the polymerisation of vinyl chloride.

In the Bengough and Norrish mechanism(3) for the polymerisation
of vinyl chloride it was supposed that chain transfer took place between

a growing radical and dead pclymer. Instinctively it would be thought
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thaf the molecular mass of the polymer should tﬁus increase with time
whereas experimentally it was found that the molecular mass remained
constant.

As adéorption of monomer on the polymer has been shown to take
place, it is more likely that chain transfer takes place between adsorbed
molecules on the surfacg and growing free radicals from the bulk liquid
phase rather than betwéen the polymer and the growing free radical. These
new radicals will continue to grow as they are surrounded by an ordered
array of corréctly aligned adsorbed monomer molecules until they are

terminated by chain transfer with monomer from the bulk liquid phase.

5.4 The vinylidene chloride ~ pclyvinylidene chloride system.

For the reasons stated in section 2, not many measurements were
made on this system. The few measurements that were made indicated that
the system behaved similarly to the vinyl chloride-polyvinyl chloride system.
However, the reproducibility of measurement was so poor that no

quantitative verification of this statement was possible.

5.5 Conclusions.

Adsorption of monomer on polyner occurs in both the vinyl
chloride adsorbed on polyvinyl chloride and vinylidene chloride adsorbed
on polyvinylidene chloride syétems. In both syétems there is a rapid
initial adsorption followed by a much slower process. The amount rapidly
adsorbed seems to be greater for the vinyl chloride system than for the
'vinylidene chloride system but the quality of the measurements made on the
latter system were very poor ané no conclusions'could be drawn from them.
Effort was therefore concentrated on.the vinyl chloride system.

Kinetic measurements were made on this system at two temperatures
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namely 25°C and 42.6°C. It was shown that the rapid initial adsorption
was reversible with respect to pressure and that at higher pressures the
amount adsorbed could exceed a monolayer. The slow process which followed
the initial rapid proéess was shown to consist of two processes. The

first of these occurred from the beginning of the reaction and obeyed a

ds
rate law of the form 5?3 = Ea(sw - §)2. The second process started
P

later in the reactién and was shown to obey an Elovich type rate equation.
A mechanism in terms of surface réarrangement was put forward to account
for the first slow process and a mechanism based on adsorption swelling
was put forward to account for the second slow process.

Measurement of adsorption isotherms was complicated by the slow
process which, at higher pressures, approached equilibrium exceedingly
slowly. The isotherms obtained were thus of rather poor reproducibility
and desorption experiments showed that they exhibited hystereisis. However,
tﬁe adsorption branches of the isotherms obeyed Freundlich plots over most
of their range, and the isosteric heats calculated from these plots showed
the correct theoretical dependence on surface coverage. The values
obtained for the isosteric heats of adsorption are in doubt because the
isotherms are not thermodynamically reversible. The values obtained for
these approximate heats of adsorption, taken together with the fact that
the system seemed to exhibit multimclecular adsorption, suggested that the
adsorption was of the van der Waal's type.

In view of the fact that adsorption does occur on the polymer
surface, it is suggested that in the Bengough and Norrish mechanism for
the polymerisation of the monomer chain transfer occurs between adsorbed
monomer molecules on the surface and radicals from the liquid phase and

not between '"dead polymer" and radicals from the liquid phase.
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5.6 Further experimentation.

5.6.1 The vinyl chloride on polyvinyl ¢hloride system.

The first objective of any further research done on this system
will have to be the improvement of reproducibility. The course of the
research done in this thesis was plagued with leaks in the vacuum system.
These leaks arose in some instances because of the use of poor quality
stopcocks. The frequency with which leaks occurred meant that standard-
isation of the degassing procedure used was not always possible. The
adsorbent was frequently exposed to the atmosphere when the stopcock
isolating the reaction vessel from thevrest of the system, had to be
regreased.

It was observed in those instances in which it was possible to
perform a set of runs without expoéing the adsorbent to fhe atmosphere

between runs, that under the same conditions of temperature and pressure,

A e

the amount of adéér£éféﬂ adsérbéﬁl at a given time showed a tendency to
increase from run tc run. A suggested procedure for improving reproduc-
ibility is that after any exposure of the adsorbent to the atmosphere the
adsorbent should be alternately saturated with adsorbate at the highest
pressure in the range and then degassed. This cycle of saturating with
adsorbate and then degassing t§ be continued until no regular increase in
the amount adsorbed at a given time, under the same conditions of
temperature and pressure, is observed.

| - The pressure range over which measurements were made should be
extended below 30 torr. Below this pressure the very slow process does
not seem to be significant and it is possible that reversible isotherms
may be obtained in this region of the pressure range. If reversible

isotherms can be obtained, reliable isosteric heats of adsorption can be
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calculated. These isosteric heats would represent heats of édsorpfion
at low coverages and their values might enable the type of adsorption
occurring in the lowest layer fo be elucidated. Also entropies of
adsorption could Le calculated and compared with theoretical entropy
§alues and this would lead to:some knowledge of the mobility of the
adsbrbed layers. .

Measurements of rates of adsorption over a temperature range
extending from the boiling point of the monomer up to 50°C shduld be made.
This would enable the temperature variation of the parameters of the rate
equations for the slow processes to be determined and hence make the
calculation of activation energies for these processes possible.

If, as has been suggested, the hystéresis obsérved in the isotherms aé
higher pressures, is due to the second slow process, then a knowledge of
the variation of the parameters of the fate equation for this process with
pressure and temperature will enable isotherms to be calculated fbr the
rapid initial process and the rearrangement process. These isotherms
should be reversible and thus will make the calculation of isosteric

heats of adsorption and entropies of adsorption possible for the higher
pressures.,

At the lower temperaturés these isotherms will fall into the
?ressure range over which the B.E.T. equation is valid. It ﬁay thus be
possible to obtain a valﬁe for the amount of monomer required to form
a monolayer on the surface. Comparison of this amount with the amount
of kryptonvrequired tc form a monolayer on the surface, together with
the ﬁse of scale models, could lead to some knowledge as to how the
monomer molecules pack on the surface.

The mechanism puf»forward to account for the seéond slow process

involved adsorption swelling. This should be tested for and if it is
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found to occur, the variation of this phenomcnen with amount adsorbed on

the external surface and with pressure and temperature, should be examined. -

5.6.2 The vinylidene chlcride on pclyvinylidene chloride system.

The major difficulties encoﬁntered with this system were:

(i) The polymer seemed to be unstable above 40°C.

(ii) The monomer was soluble to some extent in all stopcock greases.

(iii) The monomer tended to polymerise when exposed to lighf.

(iv)  The monomer reacted with mercury, thus gas burettes and

gauges containing mercury had to be avoided.
To avdid the use of stopcocks, it is suggested that a dilatometric

method be used in the study of this system. HMonomer can be sealed into a
calibrated dilatometer kept at constant temperature. The gasecus monomer
above the liquid monomer in the dilatometer will be at a constant pressure.
This pressure will vary with the temperature of the dilatometer and can be
measured by means of a membrane type gauge. The monomer can be bfought
into contact with‘the degassed polymer by breaking a glass seal which
initially separates them. The amount of monomer adsorbed at any time can
be calculated from the dilatometer readings and the dead space volume of
the apparatus. To prevent>polymerisation of the monomer the experiments
can be performed in the dark (some light will be required to read the
dilatometer) or the apparatus can bhe painted black. Decompoéition of the
polymer can be prevented by working at lower temperatures or by the
addition of stabilisers, although the addition of stabilisers might alter

the adsorption characteristics of the system.



APPENDIX 1.

CALIBRATION OF THE MONOMERS - DATA FOR FIGURES

2, 3 AND 4.
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CALIBRATION OF APPARATUS FOR VINYL CHLORIDE REMOVAL. (Figure 2)

ROOM_TEMPERATURE 19.2°C..-

" Initial

Mass of

I ‘Final .| Mass of Mass of ‘ Ap
Pressure it Pressure | Tube + empty Monomer =Py " Py
P, P, monomer | tube
(torr) (torr) *(g) .(g) (g) (torr)
666.8 493.0 9.427 9.139 0.288 173.8
493.0 314,0 10.509 | 10.208 0.301 179.0
314.0 152.2 9.232 8.971 0,261 161.8
152.2 3.0 9.432 | 9.198 0.234 149,2
128.3 5.0 9.570 9.375 0.195 123.3
2oé.7 5.2 9.480 9.164 0.316 197.5
306.0 4.9 9.555 9.064 0.491 307.1
506.3 3.1 10.211 9.383 0.828 503.2
59.6 9.073 0.096 57.2

- 2.4

9.169
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CALIBRATION OF APPARATUS FOR VINYLIDENE CHLORIDE REMOVAL (FIGURE 2)

ROOM TEMPERATURE 21.5°C

Initial Final Mass of Mass of Mass of Ap.
Pressure Pressure | Tube + empty Monomer o T N
Py P, Monomer tube -
(torr). (torr) (g) (g) (g) (torr)_
306.5 46.0 10.596 9.536 1.060 260.5
204.0 146.0 8.005 | 7.400 0.605 © 158.0
121.0 4140 7.888 | 7.597 0.291 77.0
162.0 46.0 9.025 8.593 0.432 116.0
- 242.0 54.0  8.316 | 7.585 0.731 188.0
264.0 48.0 7.908 7.055 0.853 216.0
82.0 26.0 7.378 7.175 0.203 56.0
280.0 52.0 8.756 | 7,810 0.946 228.0
277.0 50.0 9.514 8,575 0.939 227.0
182.0 48.0 8.968 8.442 0.526 134.0
146.0 4.0 6.616 | 8.228 0.388 102.0
236.0 56.0 9.262 8.531 0.731 180.0
109.0 48.0 8.404 8.181 0.223 61.0
293.0 62.0 9.163 | 8.186 0.977 231.0
297.0 9.197 | 8.420 0.777 188.0

108.0
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EXTENT OF POLYMERISATION OF VINYL CHLORIDE (FIGURE 3)

TEMPERATURE 47°C

MOLE % INITIATOR 0.3

Time in ‘Initial | Mass of Mass of %
{ thermostat | Mass of Monomer | Polymer polymerisation
Monomer remaining { formed
taken
(hours) (g) (g) (g) (%)
6.0 0.200 0.189 0,011 5.4
10.5 0.200 0.177 0.023 %1.5
12.0 0.200 0.171 0.029 i4.8
15.0 0.200 .0.164 0.036 17.9
18,0 Q.200 0.160 0.040 20.3
20.0 0.203 0.158 | 0.045 22,6
24,0 | 0,200 | 0,42 | 0.058 29.0
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EXTENT OE POLYMERISATION OF VINYL CHLORIDE (FIGURE 3)
TEMPERATURE _42°C
MOLE % INITIATOR 4.0%.
Time in Initial Mass of Mass of %
thermostat } Mass of Monomer Polymexr polymerisation
Monomer remaining | formed
taken
(hours) (g) (g) (g). (%)
2.0 0.503 0.430 0.073 14.5
4.0 0.502 0.322 0.180 35.9
6.0 0.503 0.112 0.391 77.17
8.0 0.503 0.096 O.Hlé 82.1
10.0 0.504 0.064 0.u440 87.3
16.5 0.501 0.048 0.453 90.4
20.0 0.503 0.0u4y 0.459 91.2
24.0 0.502 0.033 0.469 93.4
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EXTENT OF POLYMERISATION OF VINYLIDENE CHLORIDE  (FIGURE 4)

TEMPERATURE 43°C

MOLE % INITIATOR 0.3%

Time in Initial 4-Mass of | Mass of %
thermostat{. Mass of Monomer Polymer polymerisation
Monomer remaining | formed
taken
(hours) (g) (g) (g) (%)
1.0 0.630 0.607 0.023 3.7
2.0 0.640 | 0.568 0.072 11.3
4.0 0.660 0.522 | 0.138 . 20.9
6.5 0.650 0.479 ‘ 0.171 26.3
7.0 0.660 ' 0.506 | 0.154 23.3
15.3 0.650 } 0.358 0.292 v 44.9
29.0 | 0.660 | 0.173 0.487 73.8




APPENDIX 2.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE ADSORPTION

1SOTHERMS

DATA FOR FIGURES 9, 38, 39 and 64.
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PRELIMINARY STUDY RESULTS (FIGURE 9)
25%¢ 30°% 40°¢C 47°¢

Equilib- Equilib-~ Equilib- ~ |Equilib-{
rium S rium S Irium S rium S
Pressure Pressure Pressure Pressure

(torr) {(mi NTP)] (torr) |(ml NTP)| (torr) rml NTP){ (torr) {(ml NTP){ .

23.8 1.68 37.0 1.71 39.9 1.31 16.2 0.42

64.3 3.22 114.0 4,07 gL.6 2.52 58.1 1.48
156.3 5.53 214.1 6.10 158.8 3.97 131.2 2.52
272.7 8.33 327.0 8.24 263.0 5.67 | 236.3 4,26
390.3 10.66 365.6 9.04 309.3 6.69




RUNS 67, 68 and 69 ADSORPTION AND DESORPTION AT 42%
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RUN 68

RUN 67 RUN 69
Adsorption Desorption Adsorption
j Equilibrium s { Equilibrium S '.Equilibrium s
Pressure Pressure Pressure
(torr) (ml NTP) .(torr) (ml NTP) | (torr) (m1 NTP)

20.1 2.41 5342 23.51 Cu 0.91
37.5 3.80 500.9 22.68 13.3 1.90
58.8 5.12 458.9 21.71 26.2 2.77
101.4 7.19 397.9 20.39 48.2 4.15
204.9 11.57 319.5 18.26 76.0 5.68
306.9 15.32 248.3 16.01 97.5 6.74
435.0 19.49 1519 | 12.92 112.1 7.37
550.0 23.85 95.3 1 a.s0 134.0 8.30
58.3 6. T4 157.4 9.28
37.0 3.83° 172.1 9.83
28.0 2.45 205.1 11.14
296.0 14.05
387.0 17.14
471.8 19.93
559.6  23.01




RUN 76 at 25°C

RUN 76
Adsorption
Eéuilibrium S

Pressure
(torr) . (ml NTP)
14.8 3.24
30,9 4,94
3.1 6.93
v7ifl 8.29
89.2 9.79
110.7 11.13
140.,3 12.88
165.2 14,63
195.9 16.18
226.8 l7L83
256.1 19.67
296.2 21.35.
331.8 23.54
357.5 25.44
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APPENDIX 3

ADSORPTION ISOTHERSM FOR THE ADSORPTION OF VINYLIDENE

CHLORIDE ON POLYVINYL CHLORIDE.

DATA FOR FIGURE 13.
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27.8%¢ 37.5%¢ 47.1%
€
Equilib- Equilib- Equilib-
rium S rium S rium S
Pressure Pressure Pressure
(torr) | (ml NTP) (torr) (ml NTP) (torr) | (m1 NTE)
20.4 2.10 ou.8 1.65 28.9 1.26
4.4 3.13 " 47.7 2.53 54.9 1.86
75.6 4,97 84.8 3.89 9y .4 2.99
100.0 5.94 112.8 4.76 124.3 3.65




APPENDIX L.

ISOTHERM FOR KRYPTON ADSORBED ON POLYVINYL CHLORIDE

AT LIQUIﬁ NITROGEN TEMPERATURE.

DATA FOR FIGURE 40.
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Equilibrium p )
Pressure S po 1)o
P —— X 10”
- B
5(1- &)
p
(torr) (per mole) (per mole).:L
0.074 0.029 281.4 1.06
0.125 0.049 353.1 1.46
0.219 0.086 468.1 2.01
0.470 0.184 6u1.2 3.52




APPENDIX 5.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE.

RATE RUNS AT CONSTANT VOLUME ON A PARTIALLY COVERED SURFACE.

DATA FOR FIGURES 28 AND 28.
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Run No. 23(b)

Run No. 71

Run No. 71 {(contd.)

Temp.

42.6°C

Temp. 12.6°C

Temp.

42.6°¢C

Previous amount
adsorbed 8.60

Previous amount
.adsorbed 20.16

Previous amount
adsorbed 20.16

ml NTP ml NTP ml NTP
Time | Pressure s Time | Pressure S Time Pressure S
(min) | (torr) (ml (min) { (torr) (ml { (min) (torr) (ml
NTP) NTP) | NTP)
1.0 180.8 9.5 . 0.50 680.3 - 23.50 60.00 665.9 24.03
2.0 180.4 g.28 { 1.00 677.3 23.61 80.00 { 664.6 24.0§
3.0 180.6 9.27 | 2.OOV 675.1 23.69 120.0Q 663.2 24,15
5.0 180.7 9.27 2.50 674.7 | 23.70 {180.00 661.2 . 24,21
10.0 - 180.6 9.28 3.00 673.1 23.77 }315.00 658.5 24.30
20.0 180.5 9.29 4,00 672.5 ’ 23.79,‘540.00 654.9 24.44'
40.0 180.0 9.34 { 5.00 671.7 23.83 1260 648.4 24,66
60.0 180.0 9.35 6.00 671.5 23.84 | 1740 645.3 " 24,79
100 180.1 9.35 7.00 671.1 23.85 | 2700 641l.1 24,97
160 179.6 9.39 {10.00 670.7 23.86 3105 640.1. 25.00
200 179.6 9.39 [15.00 | 669.6 23.81 | 4080 636.8 25.13
320 178.6 9.44 20,00, 669.0 23.93 4500 636.5 25,16
1440 176.5 9.61 §30.00 667.7 23.96 5640 632.9 25.25
45.00 666.9 24.01 8650 628.7 25.43




RUN NO. 74

Temp. 42.6°¢C

Previous amount
adsorbed 14.80
ml NTP

Time |Pressure S
(min) (torr) (ml
NTP)
1.00 370.8 | 16.57
2.00 | 368.8 | 16.62
3.00 368.6 | 16.63
5.00 | 367.0 |16.57
7.00 366.8 | 16.69
10.00 366.9 | 16.68
15.00 366.0 | 16.70
20.00 365.4 |{16.73
30.00 365.1 |16.73
60.00 364.8 |16.74
120,00 | 363.1 |16.78
1.80.00 362.5 |16.81
1140 365.7 |16.95
5580 349.1 |17.16
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APPENDIX 6.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE .

DESORPTION FROM A PARTIALLY COVERED SURFACE.

DATA FOR FIGURES 28 and 29.
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RUN NO 23(C)

RUN NO. 72

Temp. 42.6°C

Temp. 42.6°C

Amount initially on
surface 9.61 ml NTP

Amount initially on
surface 25.43 ml NTP

Time 4 Pressure Time Pressure S
(min) (torr) (ml NTP) | (min) - (torr) (ml NTP)
1.0 136.0 8.59 1.00 232.9 i7.91
5.0 136.4 8.54 2.00 237.9 17.78
10.0 136.4 8.54 3.00 240.1 17.73
20.0 136.2 8.55. 4.00 42,1 17.68
40.0° 136.4 8.53 5.00 242.7 17.67
100 - - 6.00 243.1 17,66
200 136.9 8.47 7.00 243.5 17.66
300 136.8 8.48 10.00 2ul4,9 17.62
1440 137.1 8.45 15.00 246.2 _. 17.59
20.00 247.0 17.57
30.00 | 2u8.5 17.53
45.00 250.0 17.49
60.00 251.4 17.47
90.00 252.8 17.43
120.00 | 254.2 17.39
180.00 256.2 17.35
390.00 | 260.4 17.24
1140 267.9 17.06
2760 274.6 16.89
5460 280.6 16.74




APPENDIX 7.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE

SUDDEN INCREASES OR DECREASES IN PRESSURE DURING THE

COURSE OF A RUN AT 42.6°C.

DATA FOR FIGURES 26, 27 and 37.
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RUN NO. 24 RUN NO. 25 RUN NO., 29
Temp. 42.6°C Temp. 42.6°C Temp. 42.6°C
Time |Pressure S Time | Pressure S Time Pressure S
| (min) | Ctorr) <m§TP) (min) (torr) <m§ITP) (min) { (torr) (méTP)
1.0 165.7 7.40 1.0 167.4 7.64 1.0 165.8 6.76
3.0 163.1 7.67 2.0 165.0 7.88 2.0 l64.2 6.90
4.0 i62.5 7.73 370 163.7 8.00 3.0 v163,4 6.99
5.0 16271 >7.77 5.0 162.9 8.09 4.0 | 163.8 7.05
6.0 161.9 7.80 7.0 162.7 8.12 5.0 162.6 7.07
7.0| 161.5 | 7.83 8.0 vlé2.4 8.15 7.0 | 162.2 7.11
10.0 161.1 7.87 9.0 162.1 8.17 8.0 161.9 7.14
12.0 168.1 8.10. 10.0 161.8 8.20 9.0 161.8 7.15
.0| 167.8 | 8.13 | 11.0| 16u.9 8.27 | 10.0 | 161.7 7.16
16.0 167.6 8.15 12.0 164.6 8.30 14,0 168.9 5.42
20.0 167.3 8.18 14.0 164.4 8.32 16.0 168.6 7.45
-25.0 167.0 8.21 16.0 164.2 8.34 20.0 168.4 7.47
V3O.O 166.4 8.26 25.0 163.6 8.40 25.0 167.9 7.52
40.0 166.4 8.27 30.0 163.5 8.41 30.0 167.8 7.53
50.01 166.C 8.31 40,0 163.2 8.4y 40.0 167.3 .7.58
80.04 164.9 8.41 50.0 163.0 8.47 60.0 166.7 7.63
100.0 164.7 8.4Y4 60.0 162.4 8.52 72.0 166.5 7.66
120.0 164.5 8.45 8C.n 162.2 8.55 100.0 | 165.9 7.71
160.0 164.0 8.51 30.0 162.1 8.55 120.0 165.4 7.75
200.0 163.7 8.55 . 120.0 161.6 8.60 150.0 164.9' 7.79
250.0 163.4 8.57 180.0 161.2 8.64 180.C 164.4 7.84
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RUN NO. 61 (contd.)

. RUN NO. 30 - RUN NO. 61
Temp; 4é.6°C Temp. 42.6°C Temp. 42.6°¢C
Tiﬁe Pressure S "Time | Pressure S Time {Pressure S
{ (min) (torr) (ml (min) (torr) (ml (min) | (torr) (ml
NTP) NTP) ~ NTP
1.0 137.8 6.19 1.33| 505.1 17.31 {117.6 632.0 22.87
2.0l 136.6 6.28 1.671 505.1 17.54 |119.8 632.0 23.07
3.0 135.8 6.34 2.08] 505.1 17.85 [123.2 632.0 23.17
5.0/ 134.9 6.41 2.47} 505.1 18.16 |145.5 632.0 23.58
8.0 134.2 6.46 3.00| 505.1 | 18.34 [157.5 632.0 23.78
10.0} 133.8 6.48 3.28 505.1 18.45 175.0 | 632.0 23.54
11.0 94 .0 5.46 | 3.87{1 505.1 18.63 |196.8 632.0 24,14
12.0 94,2 5.44 4.17{ 505.1 18.71
13.0 a4 .4 5.41 4,50| 505.1 18.80
14.0 W.6 5.39 6.12| 505.1 18.98
15.0 éu.? 5.38 s.uzj 505.1 19.03
17.0 oy .7 5.38 7.58{ 505.1 19.14
20.0] = 94.6 5.39 10.25| 505.1 19.32
25.0| ou4.5 | 5.39 | 11.92{ s505.1 | 19.40
30.0 oy .4 5.40 16.08| 505.1 | 19.56
50.0 93.9 5.45 21,50| 505.1 19.74
80.0] 93.5 | 5.49 | 32.08| s505.1 | 19.87
100.0 93.6 | 5.48 43,08 ] 505.1 20.05
120.0 93.3 5.51 62.33| 505.1 20.18
180.0 92.8 5.56 91.17} 505.1 20.36
1220 90.0 5.84 {117.33| 632.0 27.78




Rdﬁ NO. 62 RUN NO. 62 (contd.)
Temp. 42.6°C Temp. 42.6°C
Time Pressure S Time Pressure S
(min) (torr) (ml NTP) | (min) (torr) | (m1 NTP)
1.50 { u81.3 17.06 23.50 | 481.3 18.92
1.84 | uBL.3 17.27 27.33 | 481.3 18.97
2.08 | 481.3 17.39 44,75 | u81.9 19.18
2.28 481.5 17.53 48.00 | 598.2 21.64
2.75 | u81.3 17.70 56,25 587.0 22.06
3.00 | u81.3 17.76 | 66.75 | 597.2 22,36
4.50 | 481.3 18.12 75.00 | 597.2 22.47
5.20 | u81.3 18.26 89.00 | 596.5 22.73
7.84 | u481.3 18.47 | 103.0 596.8 22.85
9.25 | 481.3 18.53 | 158.0 596.3 23.25
10.50 | 481.3 18.59 | 186.33 | -597.1 23.38
14.84 | 481.3 18.74 | 285.0 596.8 23.69
18.00 | 481.3 18.81 | 365.0 596.5 23.89
20.50 | 481.3 .18.85 677.0 596.6 24.31
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APPENDIX 8.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE

STEPWISE INCREASES AND DECREASES IN PRESSURE AFTER 20 HOURS.

DATA FOR FIGURE 30.
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RUN NO. 22
Temp. 42.6°C
Pressure S
(torr) . {ml NTP)
163.3 9.15
164.0 9.18
~ 164.6 | 9.19
165.6 9.22
168.2 9.23
170.0 9.28
171.4 9.32
174.2 9.37
175.2 9.41
177.3 9.45
179.8 9.53
183.7 9.59
188.0 9.71
193.7 9.83
199.9 10.00
197.3 9.96
190.0 9.80
185.4 9.67
176.0 9.44
166.4 9.23
158.5 © 9.02




APPENDIX 9.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE

RATE RUNS AT CONSTANT PRESSURE AT u42.6°C ON AN EVACUATED SURFACE.

DATA FOR FIGURES 32A and 32B.
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RUN NO. 40

RUN NO. 4l

RUN NO. 42.

Pressure 559 torr

Pressure 458 torr

Pressure 387 torr

Time S Time S Time S
(min) (ml NTP) (min) (ml NTP) (min) (ml NTP)
1.50 18.59 2.00 16.98 2.00 14,64
2.00 18.76 4.00 17.60 3.00 15.07
3.00 - 6.00 17.91 4.00 15.37
4.00 19.82 7.00 18.07 5.00 15.43
5.00 20.02 8.00 118.02 6.00 15.60
6.00 20.16 10.00 18.20 7.00 15.77
7.00 20.30 15.00 18.27 8.00 15.77
18.00 20.38 20.00 18.47 9.00 15.83
9.00 20.46 30.00 18.65 10.00 15.92
10.00 20.58 40.00 18.72 15.00 16.09
15.00 20.70 50.00 18.75 20.00 16.23
20.00 20.93 60.00 18.76 30.00 16.34
25.00 20.97 80.00 18.93 40.00 16.38
30.00 21.02 100.00 18.99 50,00 16.51
40.00 21.13 120.00 19.14 75.00 16.61
50.00 21.37 240,00 19.32 100.00 16.76
60.00 21.47 125.00 16.83
80.00 21.51 150.00 16.66
100.00 21.61 - 200.00 16.98
120.00 21.69 240.00 17.02
150.00 21.87
180.00 21.87
210.00 21.92
240.00 22.03
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RUN NO. 43

RUN NO. 44

RUN NO. 45

Pressure 297 torf

Pressure 213 torr'

Pressure 129 torf

Time

Time

S Time S S
(min) (ml NTP) (min) (ml NTP) § (min) (ml NTP)
3.00 12.08 2.00 9.54 2.30 6.83 .
4,00 12.39 3.00 9.76 3.00 6.94
6.00 12.60 4.00 9.87 4.00 7.02
8.00 12.76 5.00 10.00 5.00 7.03
10.00 12.75 6.00 10.10 6.00 7.13
15.00 13.00 8.00 10.21 8.00 7.23
20.00 13.09 10.00 10.26 10.00 7.23
30.00 13.36 '15.00 10.37 15.00 7.31
40.30 13.49 | 20.00 10.46 20.00 7.39
50.30 13.52 30.00 10.62 30.00 7.49
75.50 13.6%4 40.00 10.66 40.00 7.56
100.5 13.74 51.00 10.75 60.00 7.64
150.0 13,83 '53.00, 10.78 80.00 7.70
240.0 14.00 75.00 10.86 | 100.0 7.72
| 100.0 10.91 | 120.0 7.78
140.0 10.97 | 206.0 7.85
198.0 11.07
234.0 11.10
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'RUN NO. 46
Pressure 560 torr -
Time - 8
(min) (ml NTP)
2.00 17.68
3.00 18.37
4.00 |  18.59
5.00 | 18.89
6.00 18.99
7.00 | 19.11
8.00 19.21
10.00 | 19.38
12.00 19.46
15.00 19.62
20.00 19.84
25.00 19.96
30.00 ~20.06
40.00 20.22
50.00 20.33
75.00 20.64
100.00 20.83
126.0 20.99
165.0  21.1n
200.0 | 21.21
2140.0 21.40
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RUN NO. 47 RUN NO. 47 RUN NO. 48 RUN NO. 48
(contd.) (contd.)
Pressufe 458 Pressure 458 . Pressure 404 Pressure 404
torr torr torr torr
Time s Time S Time s Time S
(min) (ml NTP) (min) }(ml NTP)} (min) (mi NTP) | (min) [(ml NTP)
2.17 | a6.47 | 60.00 | 18.51 1.25] 14.33 40,00 | 16.64
2.50 | 16.64 | 80.00 | 18.63 1.50| 14.58 | 50.00{ 16.73
2.75 16.80 |:100.0 | 18.74 1.781 1u4.62 75.00{ 16.83
3.00 { 16.92 | 120.0 | 18.79 2,17} 14.97 96.00 | 16.95
3.25 1 16.98 | 150.0 | 18.84 2.60| 15.12 125.0| 17.06
3.50 17.08 | 203.0 | 19.02 2.89] 15.16 150.0} 17.11
3.75 { -17.10 | 240.0 | 19.07 3.18| 15.18 180.0| 17.21
4.00 | 17.15 | 330.0 | 19.22 3.571 15.u1 210.0| 17.24
5,00 | 17.31 4.00| 15.51
6.00 17.49 4.25| 15.55
7.00 ; 17.59 4.70 | 15.61
8.00 17.64 | 5.00 | 15.67
10.00 17.77 6.00 | 15.74
12.00 17.86 | 7.00 | 15.96
15.00 17.92 8.00 | 16.03
20.00 17.99 10.00 | 16.10
25.00 18.18 12.00 | 16.16
30.00 18.27 15.00 | 16.25
40.00 18.35 20.00 | 16.37
50.00 18.37 30.00 | 16.53
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RON NO. 49

RUN NO. 49
(contd,)

RUN NO. 50

RUN NO. S1

Pressure 312

Pressure 312

Pressure 222

Pressure 321

torr torrv torr torr
Time S Time S Time S Time S
(min) }(ml NTP){ (min) | (ml NTP)] (win) |(ml NTP)| (min) }{(ml NTP)
1.17 | 11.83 29.50| 13.83 1.05| 9.ou |  1.17] 11.25
1.43 12.03] 26.00] 13.89 1.38| 9.19 | 1.67{ 11.59
1.67 | 12.14} 53.00] 14.02 | 1.67] 9.36 2.00] 11.71
2.00 12.31] 78.00{ 14.10 2.00] 9.36 2.50 | 11.87
2.50 12.53] 173.0] 14.33 2.67 | 9.64 3.25] 12.13
2.75 12.59| 210.0{ 14.40 3.40| 9.78 4,00 12.24
3.00 12.71] 300.0| 14.53 4,33 | 9,90 4.35| 12.33
3.25 12.72 5.73 | 10.03 5.50 | 12.45
3.50 12.83 8.95 | 10.17 6.67 | 12.56
4.00 12.85 11.48 | 10.31 8.58 | 12.69
4.50 12.95 18.88 | 10.47 12.75 | 12.88
5,00 13.06 130.00 | 10.60 20.00 | 13.05
6.17 13.18 45.00 | 10.74 | 30.00{ 13.22
7.00 13.20 '60.00 | 10.80 40.00 | 13.28
8.00 13.29 90.00 | 10.93 50.00 | 13.41
10.00 13.40 126.0 | 11.04 60.00 | 13.53
13.25 13.50 184.0 | 11.15 80.00 | 18.67
17.58 13.62 240.0 | 11.23 100.0 | 13.71
24,00 13.74 300.0 | 11.30 102.0 | 13.76
26.00 13.78 180.0 | '13.94
28.00 13,82 246.0 | 14,03
300.0 | 14.12
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RUN NO. 54

RUN NO. 53 RUN NO. 54 RUN NO. 55
’ (contd.)
Pressure 121 Pressure 578 Prgéssure 578 Pressure 578
torr torr " torr torr
Time S Time S Time s |Time S
(min) {(ml NTP)} (min) |(ml NTP) |(min) (ml NTP)| (min) (ml NTP)
1.50 6.03] 1.17 17,53 | 145.0 21.75 1.00 | 18.03
1.92 6.20( 1.98 | 18.34 | 185.0 21.95 1.42 | 18.61
2.50|  6.21} 2.28 18.61 | 2u4.0 22.11 2.12 | 19.17
3.17 6.37{ 2.75 ] 18.82 | 316.0 22.28 2.50 | 19,44
5.37{ 6.51| 3.25 19.11 3.33 | 19.75
9.50 6.66] u4.u3 19.47 3.92 | 19.93
17.17{  6.81| 5.75 | 19.74 5.00 | 20.13
29.00 6.96| 8.00 19.92 5.83 | 20.36
51.17 7.09{ 9.00 } 20.07 8.17 | 20.59
83.50 7.23| 10.50 20.17 10.00 | 20.65
155.17 A7.35 12.00 20.25 11.42 | 20.80
284.00 |  7.49| 13.08 | 20.36 12.25 | 20.86
14.50 20.38 | 14.60 | 20.98
20.00 20.60 23.75 | 21.23
21,00 | 20.60 43.00 | 21.44
30.00 20.83 60.00 | 21.65
40.00 20.99 80.00 | 21.88
60.00 | 21.26 100.0 | 21.93
80.00 21.u4 121,0 | 22.07 -
100.0 21.70 197.0 | 22.36
21.71 300.0 | 22.61

120.0
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RUN NO. 56

RUN NO

. 58

RUN NO. 60

RUN NO.

60

{contd)

Pressure 574

Pressure 580

| Pressure 570

{ Pressure 570

torr torr torr torr
Time S ‘Time S Time g S 'Time | S
(min) *~ {(ml NTP) |(min) |(ml NTP){ (min) '(ml.NTf) (min) {(ml NTP)
1.35 | -18.46 | 1.00 18.48 0.58 . 17,91{ 87.00{ 22.47
1.75 18.98 | 1.33 18.98| 1.00 18.66| 93.831 22.54
2.00 19.18 | 1.75 19.36 i.so 19.28f 180.0} 22.86
2.50 19.39 | 2.25 19,771  1.75 19.48| 196.0{ 22.93
2.75 19.56 | 3.00 20.13 2.33 19.98| 300.0| 23.23
3.67 18.93 | 4.00 20.52| 2.75 20.12
5.17 20.33 | 5.00 20.75| 3.00 20.18
7.00 20.57 { 7.17 21.05| 3,37 20.39
8.00 20.71 9,00 21.17 3.92 20959,
10.50 20.75 | 11.33 21.394 4.75 20,75°
12.67 21.04 }20.00 21.711  5.42 | 20.94 |
19.00 21.24 | 35.00 21.98 7.75 21.16
30.00 .21.uu 60.00 22.24 a.gé 21.27
40.00 21.60 100.0 22.46 | 10.67 21.41
60.00 21.84 | 155.0 22.71| 12.33 21.51‘
80.00 22.00 | 241.0 22.91 | 13.83 21.57
115.0 22.22 19.25 21.72
181.0 22.45 33.83 22.09
304.0 22.69 43,00 22.21‘
— 60.17 22.41
64.08 | 22441




APPENDIX 10.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE -

'RATE RUNS AT CONSTANT FOLUME ON AN EVACUATED SURFACE.

DATA FOR FIGURES 33A and 33 B




RUN NO. 70 RUN NO. 70 (contd.)
Temp. 42.6% Temp. 42.6°C
Time Pressure S Time Pressure S
(min) (torr) [(ml NTP) (min) (torr) |(ml NTP)
1.00 529.1 16.96 450.0 457.8 19.24
2.12 511.7 17.55 690.0 454.,0 19.36
3.00 503.7 17.80 1320 448.7 19.51
4,08 497.7 17.99 2040 44,9 19.63
5.3 | ueslo ;1a.§2 2820 442, - 19.70
6.25 | uo1.7 | 18.19 | 350 440.0 19.78
7.07 490.7 18.21 4200 437.9. 19.84
8.08 489,7 18.26 5640 435.9 19.90
9.10 488.1 18.31 7200 434.,0 19.96
10.17 487.5 18.32 | 15960 427.2 20.16
15.08 483.7 18.45
20.18 | 480.8 18.53
30.03 477.8 18.62
40.07 475.5 18.69
60.07 472.2 18.80
91.08 469.1 | 18.89
120.0 467.0 }18.95
{ 150.0 U65.4 119.05
1180.0 464,0 19.04
240,9 461,9 20.11
330,0 | 459.6 19.15
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RUN NO. 73 | RUN NO. 73 (contd.)
Temp. 42.6°C Temp. 42.6°C

Time Pressure | S ' Time Pressure S
(min) (torr) |{ml NTP) { (min) (torr) | (ml ﬁTP)
0.50 | 360.8 | 12.38 | 60.00 | 299.2 I 14.02
1.00 3u8.5 | 12.73 75.00 297.5 14.07
1.50 | 340.9 12.93 90.00 296.2 14.09
2.00 | 335.3 13.08 120.0 25u.6 | 18.13
2.50 331.5 13.18 | 165.0 292.7 14.19 |
3.00 | 328.9 13.24 330.0 | 288.1 14.30
3.50 326.3 13.32 660.0 283.7 | 1u.41
4.00 323.9 13.37 | 1155 280.0 14.49
4.50 322.5 13.42 1635 - 278.0 - | 1u.s4
5.00 | 821.1 | 13.46 2520 | 275.2 14.61
6.00 | 318.9 | 13.51 | 3120 274.3 1464
7.00 317.3 ] 13.56 | 4320 272.9 14.67
8.00 | 316.9 | 13.57 5760 270.9 | 14.72
s.00 | 314.9 13.82 { 7300 269.3 14,76

10.50 | .313.7 | 13.65 8640 2689 14.78

15.00 | s11.1 | 18.71 | 10080 | 268.3 14.80
20.00 308.6 13.77

25.00 - | 306.4 13.83

30.00 | 30u.9 13.87

40.00 302.7 13.92

50.00 300.9. 13.97




 RUN NO. 75 RUN NO. 75 (contd.)
Temp. 42.6°C Temp. 42.6°C

Time |Pressure s Time Pressure S
(min) (torr) |[(ml NTP) { (min) (torr) (ml NTP)
0.50 207.0 8.48 60.00 172.0 g.24
1.00 201.2 8.61 90.00 169.0 9.31
1.50 196.6 8.71 | 5.0 | 167.5 9.33
2;00 ©193.8 8.77 200.0 165.0 9.39
2.50 191.4 8.82 300.0 162.7 9.64
3.00 189.6 8.86 1290 155.5 9.59
3.50 188.8 8.88 2670 152.9 9.64
4.00 | 187.6 8.90 | 1350 150.9 9.68
4.50 186.8 8.92
5.00 186.0 8.95

6.00 185.0 8.96

©7.00 183.4 9.00
8.00 183.4 9.00
9.00 | 182.6 9.07

10.00 . 181.6 9.04

15.00 179.2 9.09 |

20.00 177.7 9.12

25.00 176.7 9.1y

30.00 | 175.5 | 9.1

45,00 173.1 9.21
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RUN NO. 85 RUN NO. 86 RUN NO. 87
Temp. 25°C Temp, 25°C Temp. 25°C .
Time |Pressure S Time {Pressure | S Time |Pressure S
(min)| (torr) [}(ml NTP)] (min){ (torr) 1)(ml NTP) { (min) | (torr) }{(ml NTP) |
1.00{ 391.1 21.78 | 1.00} 3u3.2 20.66 1.00 | 258.7 17.46
2.50 | 365.9 22.51 | 2.00{ 323.8 | 21.18 | 2.00 | 2u3.5 | 17.8u
3.50| 356.9 22.76 | 3.00] 313.8 21.45 3.00 | 235.1 18.04
5,00 348.1 23.00 | %.00| 307.4 | 21.62 4.00 j 230.9 . | 18.14
7.00] 3u4.7 23.11 } 5.00] 303.8 21.72 5.00 228.1 18.21
8,50 | 3u2.3 23,18 | 6.00] 301.0 21.79 6.00 | 226.3 18.25
10.00 | 340.9 23.23 | 7.00| 299.8 21.83 7.00 | 224.7 18.29
15.00 } 337.1 23.32 | 8.00] 298.8 21.85 8.00 | 223.7 18.31
_'go.ooj 335.0 23.38 }10.00{ 296.4 21.91_V 10.0 | 222.5 18.34
{25.00 | 333.2 23.43 |15.00{ 293.8 | 21.97 | 15.00 | 219.7 18.41
30.00 | 331.4 23.48 [20.00]| 292.0 22.02 | 20.00 | 218.3 18.44
40.00 | 335.0 23.51 |30.00} 285.0 22.11 | 30.00 | 216.3 18.39
50.001328.2 | 23.56 |50.00] 286.7 22.17 - | 50.00 | 213.8 18.55
73.00 | 325.1 23.65 \lO0.0‘ 283.0 22.26 | 100.0 | 210.9 18.61
1 100.0 | 323.1 23.70 }156.0] 280.9 22.31 | 150.0 | 209.0 18.66
150.0 | 320.6 23.76 {210.0] 279.0 | 22.36 | 200.0 | 207.8 18.69
200.0 | 318.9 23.81 {1252 | 271.1 22.55 | 1285 | 201.9 18.82
300.0 | 316.4 23.87 [2625 | 268.7 22.63 | 2880 |} 198.9 18.89
1300 | 307.oi 24.13 {4310 | 266.0 22.69 | 4320 | 197.7 18.91
2740 | 302.9 | 2u.23
4310 | 298.8 21 .34
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RUN NO. 88 RQN NO. 89 RUN NO. 90
Temp. 25°C Temp. 25°C ) Temp. 25°C
Time |Pressure S |Time Pressgré S Tlme Preésure S
(min) | (torr) {(ml NTP) (m‘in)‘ ‘*.(tworrn)‘ (ml NTP) (l_nin.) (torr) [(ml NTP} ‘
1.00{ 217.3 | 15.21 | 1.00{ 115.3 MéfEQ.gsfﬁf?“l.bo' 68.1 | 7.54
2.00| 203.9 15.52 | 2.00| 107.9 iéféi»ff 2.00] eu.1 | 7.60
3.00{.196.9 | 15.67 3.00] ou.5 | 10.67 | 3.00 { 61.9 || 7.65
4.00| 103.1 | 15.77 | #.00{ 102.5 | 10.71 4.00] 60.3 |\ 7.68
5.00| 190.5 | 15.82 | 5.00{ 100.7 ;d,is | s.00] 60.3 | 7.88
6.00| 188.5 | 15.87 | 7.00{ 99.1 | 16;§8"‘A 7.00| | 58.5 7.71
s.00| 186.5 | 15.01 | 10.00{ ee.3 | 10.70 | 20.00| ~s8.1 Ev 7.72
10.00] 184.9 | 15.95 | 15.00] ‘6.3 | 10.84 | 15.00| 7.1 | 7,78
15.00] 182.9 { 16.00 - 3o.oo‘ ou.3 | 10.87 | 30.00| 55.8 | 7.75
20.00{ 181.1 | 16.03 | 50.00| e2.u | 10.92 | 50.00{ 5u.5 7.78
30.00] 178.9 | 16.08 | 100.01 90.3 | 10.95 | 100.0| 3.2 | 7.81
50.00| 176.8 | 16.13 | 200.0| ss.2 | 11.00 | 200.0| s2.0 | 7.83
100.0} 173.3 | 16.20 | 1206 | 4.3 | 11.06 | 1147 | wus.6 | 7.87
200.0} 170.7 16.27 | 2714 83.6 | 11.08 | 2695 | u8.b 7.89
1201 | 163.7 | 16.u2 {328 | 83.0 | 11.09 4als | us.2 7.89
172 | 161.2 | 16.47 |
4320 | 159.7 | 16.50 |




RUN NO. 91
Temp. 25°¢
Time |[Pressure S
(min) (torr) |(ml NTO)
1.00 60.1 6.94
2.00 56.7 7.00
3.00 | 55.5 7.02
4,00 54.3 7.04
5.00 53.1 7.07
6.00 52.7 7.08
7.00 52.7 7.08
10.00 52.3 7.08
20.00 51.1 7.10
| 30.00 50.3 7.12
50.00 49,8 7.13
100.0 48. 4 7.15
.220.0 47.4 7.17

1131 44,9 7.22
2675 44,0 7.23
4315 43,8 7.24
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APPENDIX 11.

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE

CHANGING FROM CONDITIONS OF CONSTANT PRESSURE TO CONDITIONS

OF CONSTANT VOLUME DURING THE COURSE OF A RUN.

DATA FOR FIGURE 34,




RUN NO. 77 RUN NO. 77 (contd.)
Temp. 25°C Temp. 25°C
Time Pressure S Time Pressure s
(min) (torr) |(ml NTP) | (min) (torr) | (ml NTP)
0.92 525.9 23;76 28.10 525.9 28.77
1.67 525.9 24,92 33.37 525.9 29.04
2,08 525.9 25.41 44.87 525.9 29.15
2.58 525.9 25.94 51.25 525.9 29.28
3.25 525,9 26.37 60.83 525.9 29.47
3.75 525.9 26.62 71.22 525.9 29.55
4.13 525.9 26.861 90.00 522.9 29.67
5.08 525.9 27.19 120.0 519.8 29.76
5.92 525.9 27.49 150.0 517 .4 29.84
7.33 525.9 27.70 180.0 515.7 29.90
10.00 525.9 27.96 240.0 512.1 30.01
12.75 525.9 28.21 300.0 509.9 30.10
16.57 525.9 28.40 360.0 507.7 30.15
20.47 525.9 28.64 1680 491.3 30.71
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RUN NO. 78 RUN NO. 78 (contd,)
Temp. 25°C Temp.  25°C
Time Pressure 5 Time . | P;Q'sf,sﬁpe S
(min) (torr) (ml NTP) | (min) .‘(tor:rr") | (ml NTP)
0.92 Wou.5 | 21.78 13.63 | uou.s 25.68
1.50 you.5s | 22.69 | 17.65 | wou.s 25.82
1.92 4O4.5 23.31 | 23,75 4O4.5 26.00
2.67 | uou.5 23.73 | 28.25 4O4.5 26.10
2.92 | u40u4.5 23.97 | 33.78 4oY.5 126,20
3.33 4ou.5 24.21 | 39.82 40U, 5 26.30
3.55 4O4.5 | 2u.41 | 148.38 404.5 26.40
wwr | sow.s | ow.en | se.us | wou.s 26.55
5.17 404.5 24,76 | 66.63 404.5 26.62
5.63 404, 5 24.95 { 90.00 404.1 26.71
6.00 4O4.5 24.99 | 120.0 401.1 26.79
6.37 | uou.5 25.08 | 181.0 | 397.1 26.91
7.37 | uou.s 25.22 | 240.0 394.7  26.98
7.95 404, 5 25.28 | 361.0 391.4 27.07
'8.75 404.5 25.36 | 1440 38u4.1 27.31
9.67 404.5 | 25.u46
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APPENDIX 12

VINYL CHLORIDE ADSORBED ON POLYVINYL CHLORIDE

'CHANGING THE VOLUME OF THE SYSTEM DURING THE COURSE OF

A RUN AT CONSTANT VOLUME WITHOUT ALTERATICN OF THE PRESSURE

DATA FOR FIGURE 36.



RUN NO. 80.
Temp. 25°C
Time Pressure S
{min) (torr) (ml NTP)
1.00 522.9 | 24.96
2.00 504.9 26.04
3.06 495.3 26.67
4.00 430.5 26.97
5.00 | u85.5 27.29
6.00 483.3 27.43
7.00 482.3 27.49
9.00 479.1 27.71
10.00 478.9 27.72°
15.00 475.1 27.96
20.00 473.1 28.09
30.00 470.8 28.24
45.00 467.3 28.47
70.00 4oh.8 128.63 |
80.00 483.0 28.66
100.0 461.7 28.72
120.0 459.3 28.78
180.0 456.2 28,88
300.0 450.9 29.05
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LIST OF SYMBOLS USED

The reading recorded by the measuring arm of manometer E in
figure 31. |

The reading recorded by the measuring arm of manometer F in
figure 31. |

The dead space volume of the region on the gas burefte side of
stopcock X up to the 41.00 cm mark on manometer E.

ml of gas at N.T.P. required to exért a pressure of 10 torr in
the dead space region on the adsorption vessel side of stopcock X
up fo the 41.00 cm mark on manometer F;

The volume of thé manometer tubing per centimetre of length.

The temperature of the gas burette in degrees Kelvin.

Room temperature in degrees Kelvin.

Volume of gas in the gas burette.

Pressure in the system.

Amount adsorbed.

_ Amount adsorbed at time t.

Amount adsorbed at equilibrium.
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