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ABSTRACT

The work presented in this thesis consists of a review of previous
work on cellulosic materials and related polymers, and the results of
an experimental investigation into the electrical conductivity of
cellulosic derivatives (cellulose acetate, cellulose acetate butyrate)
in the presence of moisture.

« The experimental work for the present investigation has been carried
out in three parts. The first part concerns the preparation of thin
films of cellulose acetate and cellulose acetate butyrate from the raw
material using a casting technique. The second and major part of the
experimental work concerns electrical measurements, including the
measurement of dielectric constant dielectric loss and volume conductance
under different conditions of humidity and contamination, etc. These
follow tﬁe experiments made by Barker and Thomas on the effect of moisture
and high electric fields on conductivity in alkali-halide doped cellulose
acetate. ' The third and the final pa?t of the experimental work deals
with the sorption measurements, i.e. the sorbtion isotherms for the
ﬁaterials and their correlation with the electrical measurements. This.
part is incomplete.

The results obtained are in agreement with the results of Barker
and Thomas and the two materials have given similar results. However
the work has been extended beyond the original work of Barker and Thomas
and significant disagreement has been found with their work. In
particular results obtained at different humidity do not support the

theory proposed by Barker and Thomas.
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The surface conductance of the specimens was measured and was
found to be negligible at all humidities. It is concluded that there

is no surface conduction on these materials.
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List

of symbols used in the thesis

O 6 O o >

. O»T S R 3 RSl‘f‘th""bt\om*mm

_— area
— width
_— capacitance
—_— concentration, constant (sec.2.2,2)
—_— diffusion coefficient (sec.2.3), dissipation factor

' (sec.4.5.1)
— potential gradient
—— electronic charge

frequency

— conductance, Gibb's potential (sec.3.4.3)

gap (separation between electrodes)
heat of adsorption

N humidity (3.27)

—_— current
—_— ions
-_— current density

Boltzmann's constant

dissociation constant

—_— intercept, constant (3.24)
—_— thickness

—_— mass

—_— moisture content

number of molecules

_— number of ions
_— pressure
—_— rate of penetration

—_— heat evolved during the time of molecules adsorption,
critical distance (sec.34

L




resistance

rdqdious

thickness (sec.3.4)

adsorption sites, solubility (sec.2.3)

shape factor

temperature
_ time
—_— dissociation energy

applied voltage
_— weight
—_— work
impedance
condensation coefficient
constant of proportionality
activity coefficient
thickness of water film on surface
— fringing constant
resistivity
conductivity
— . mobility of ions
fraction of surface covered with adsorbed molecules
dielectric constant
dielectric loss

fractional dissociation
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1.0 Introduction

The aim of this work is to examine the effect of sorbed moisture
on the electrical properties of cellulose acétate, cellulose acetate
butyrafe and regenerated cellulose acetate butyrate, It is well known
tha£ sorbed moisture causes an increase in the dielectric constant and
conductivity of polymers. The effect of moisture on the electrical
conductivity of cellulose acetate has been studied in some detail by
Barker and Thomas (1), who proposed that the increase in conductivity
is a consequence of the dissociation of molecules into ions and that
the amount of dissociation depends on the dielectric constant. Their
work is similar to that of Fuoss and Kraus (2) and Bjerrum (3) on the
dissociation o: strong electrolytes. The present work shows that a
similar behaviour exists in cellulose acetate butyrate and seeks to
examine the effect of humidity and contamination on the process. The
increase in volume conductivity and dielectric constant with the amount

of moisture sorbed by the materials has been confirmed.

It has beenxsuggested that such materials could be used as the basis
-of a humidity transducer element. Misevich (4) used cellulose acetate
butyrate and proposed that this material is ideal for capacitive humidity
transducers=-:.. He found that with a one per cent change in relative
humidity, there was a one per cent change in capacitance in the nanofarad
range. The element exhibited éood linearity and stability over normal
environmental ranges. Thoma (5) developed a cellulose acetate butyrate

resistance type humidity sensor and concluded that the material was

excellent for this purpose,
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The arrangement of the subject in this thesis is as follows,
First there is a general description of polymeric materials and this
is followed by a discussion on the sorption of moisture 5y polymers.
This is followed by a review of the effects of sorbed moisture on the
electrical properties., The experimental work is then described and dis-

cussed.

Polymeric Materials

The plastic industry began with the discovery of nitrocellulose in
1864 by Alexander Parkes. Parkes did not pursue his discovery commercially
and it was not until some ten years later that the possibility of the
utilization of the material was realized, Since then the importance of
plastics has grown enormously.  They are no longer just useful materials
for the fabrication of toys and kitchenware, nor are they alternatives_

or substitutes, but represent a very important and versatile group of

engineering materials. The word plastic means different things to different

people, but a plastic defined by the American Society for Festing Materials

and the Society of the Plastic Industry Inc. is "a material that contains

as an essential ingredient an organic substance of large molecular weight?

A more genera% definition of plastics from the point of view of the
chemical structure is that they are polymeric materials which defines them
in termé of the arrangement of their atoms, within the material. A
polymeric material consists of a small group of atoms (6), combined in a

given way called a "Mer". A large number of these groups when combined




with one another give a large molecule known as polymer. The most
important classification of polymers from a user's point of view is
considered as the division into thermoplastic and thermosetting
polymeric materials, buf this distinction is becoming less definite.
Thermoplastic materials may become thermosetting (7) by the addition
of small amounts of unsaturated compounds or on being irradiated with

certain rays.

Generally thermoplastic materials are those which undergo no
permanent change on heating.l They flow and may be moulded into a
shape which they retain on cooling. This process can be repeated but
on the other hand, thermosetting materials are capable of a high degree
of crosslinking. They are moulded in a partially polymerized state so
that they will flow when heated. During moulding process further
polymerization occurs and the polymer becomes highly crosslinked, hence
losing its ability to flow. Thermosetting materials in the partially
polymerized state are usually called resins, Strictly speaking, plastic
is short for thermoplastic and should only be used to descfibe such
mateirials. The word is often used more generally. The group of thermo-
plastic materials includes ail such substances which are norﬁally
formed by polymerization and certain natural materials. These are
polystyrenes, Polyvinyls,acrylic acid derivatives, cellulose-esters,
yubber, bitumen, etc. The membersof thermosetting group are formed
by conéensation or reaction., These include phenol formaldehyde, urea
formaldehyde, malamine formaldehyde, etc. Hybrid polymers are those
which have some of the properties of each group and known particularly

among the synthetic resins used in paint.




The difference in structure between thermoplastic and thermo-
setting materials is such that it is usually impossible to apply
the same conQitiqns to both. Depending on the pattern of distribution
of molecular chains, polymers are'subdivided into amorphous and
' crystalline. A solid differs from:liquid and a gas in that it has
a définite volume and shape. The distribution of molecules within
a liquid is completely random and the molecules move relative to one
another, the thermal energy being sufficient to overcome the inter-
molecular forces. For materials consisting of small molecules, the
change from liquid to solid is a change from disorder to order, In
solids, intermolecular forces are large enoiigh to hold the molecules
in an ordered array, and despite the thermal energy which causes them
to vibrate about their equilibrium position in that array, the
molecular arrangement is regular throughout. Such solids are
crystalline and melt at a fixed temperature , corresponding to the
thermal energy just sufficient to overcome the intérmolecular forces.
When the atomé are disordered and chaotic, characteristic of amorphous
substances, the solids have the same properties in all directions.
The properties of amorphous polymers should be considered in relation
to temperature, which exerts an influence on the intequponnections
between the mélecular chains and the physical properties. The
characteristic physical conditions of polymers'correspond to a
definite temperature range. There are three such conditions (8), 9lassy
or vitreous,,highly elastic and the state of fluidity or plastic flow.
The solid state of amorphous substances is called vitréous, it is

characterised by a very large force of cohesion between the molecules.




A typical example of such a substance at room temﬁerature is "PERSPEX".
In the highly elastic state, small forces cause the polymers to undergo
large deformation, For example, a small force will stretch rubber ten
or more times. The temperature at which the vitrified polymer changes
to the high elasticit& state (or the temperature of conversion from

the highly elastic state to the vitreous state) is called the vitrific-
ation temperature. The high elasticity state is midway between solid
and liquid because the movement of part of the chains influenced by
thermal movements makes this state approximate to the liquid but the
molecule bond which prevents the movements of whole molecules is
characteristic of solids. On heating a substance in the highly elastic
state to a certain temperature the forces of cohesion which secure
individual parts of macromolecules disappear and the latter are able to
change places with one another. This corresponds to a state of fluidity
or plastic flow, and the temperature at which this change occurs is

known as fluidity temperature.

Crystalline polymers are partly amorphous and partly crystalline.

They have two constants, melting point of crystalline part and vitrific-
ation point of the amo;phous part hence such polymers are often described
as semicrystalline. If the amorphous part of the polymer at a given
teﬁperature is in the highly elastic state, the material is elastic and
pliable, but a vitreous state of amorphous part on the other hand causes

hardness and brittleness in the polymer, A 9esd’ example of a crystalline
polymer is polytetrafluroethane. The smgll size of fluorine atoms enables

the polytetrafluoroethane chains to crystallise close to one another,
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A new group of crystalline polymers has recently been discovered
which is called stereoregular polymers. They are formed when the links

of macromolecular chain, having side groups, repeat regularly in space.

Cellulosic Materials

Cellulose is a naturally occurring polymeric material found in
many plants, and usually obtained from cotton lintners or wood pulp.
The raw cellulose is converted to a water soluble form and then purified,
and finally regenerated by the action of a suitable reagent. The process
is designed so that the polymer can be drawn off in the form of fibre
or sheet as it is regenerated. The intermolecular forces are strong
due to hydrogen bonding and the polymer is water insoluble, highly
crystalline and chars before it melts. Fibres made from regenerated
cellulose are the basis of a large industry. A wide range of fibres can be
made and they are classified as Rayons. The physical structure of
cellulose is important both in considering its properties and in the
manﬁfacture of its derivatives. 1In generél one can find natural cellulose
as consisting mainly of long fine fibres of largelyccrystalline character.
The insolubility of cellulose is also due to hydrogen bonding which must
therefore be overcome.if a soluble derivative is required. This can be
achieved by substituting sufficient hydroxyl groups by other groups to

prevent the reformation of hydrogen bonds.

The empirical formula for cellulose is (CGH1005)n' Cellulose fibres

are formed of groups of roughly parallel chains held together by bonding,

varying from weak Van der waals forces through varying degrees of hydrogen
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bonding, The resulting fibres have both crystalline and amorphous

areas. Cellulose undergoes the following reactions involving the OH-
groups, formation of esters, such as nitrates, acetates, propionates

etc., Formafion'of alkyl ethers, such as ethyl and methyl cellulose,
hydroxy ethers and other.esters, and the formation of additional compounds

with alkalies, acids and salts. Cellulose also hydrolyses to Glucose.

Manufacture of regenerated cellulosic compounds

Regenerated cellulose is produced by converting cellulose wholly

.or partially into a derivative and converting it back to cellulose.

This results in a produét of lower molecular.weight and different physical
character from the original cellulose. Commercial regenerated cellulose
products are cellophane, viscose rayon etc. Regenerated cellulose has a
degree bf polymerization of about 600 compared to about 1200 in purified

wood pulp. The fact that cellulose could be dissolved in an ammonical

"solution of copper oxide and regenerated by dilution with water weak

‘acids or bases was discovered by Schweitzer (9) in 1857 and formed the

basis of his cuprammonium rayon process. In 1892, another means of
producing regenerated cellulose was discovered by Cross,Bevon, and Beadle
(9). This progess, which is known as the "xanthate process', provided
the foundation stone for the cellulose film and viscose rayon industries.
A method for coagulation and regeneration of xanthated cellulose was
patented by Stern in 1898, but the person chiefly responsible for the
development of equipment for the continuous production of cellulose film

was Brahdenbergar to whom patents were first issued in 1911,
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In order to make regenerated cellulose film, cellulose in the form
of cotton lintners or.wood pulp is steeped in a 17-21% aqueous solution
of NaOH for about an hour at room temperature. The excess alkali is
pressed out and the alkali cellulose is shredded in a mixer and allowed
to age at room temperature, for two to three days. During this time the
alkali cellulése absorbs oxygen from air and the length of the cellulose
chain:is shortened; this being neceséary to reduce the viscosity of the
resultant xanthate solution., The aged alkali cellulose is next fed to
xanthating drqms which rotate slowly on the horizontal axis while carbon
disulphide is sprayed on the pulp. As the xanthating reaction is exothermic,
cooling of_the drums is necessary. The resultant solution is known as
viscose. The viscose is filtered and is then passed into a vessel where
it is alloﬁed to ripen for a period of from four to five days. During
ripening, slow hydrolysis takes place. Air bubbles in the solution are
removed by vacuum prior to delivery to the casting hopper. Similar tech-

niques are used for the production of cellulose esters and cellulose ethers.

Cellulose esters

Cellulose esters are formed when various acids react with the OH-group
of the cellulose; cellulose acetate is commonly made by mixing cellulose
with acetic anhydride, acetic acid and sulphuric acid in a mixer for about
three hours. For triacetate, it is precipitated with dilute acetic acid
and for secondary acefate, the triacetate is partially hydrolyzed by adding
water before precipitating. Cellulose nitrate or nitrocellulose is obtained
by the action of nitric acid on cellulose in the presence of sulphuric

acid as a catalyst. In the preparation of nitrocellulose, highly pure cotton
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is used as starting materials. The composition of the nitration

mixture is roughly 62% sulphuric acid, 20% nitric acid and 18% water.

Cellulose acetate butyrate is produced by reacting cellulose with
a mixture of acetic and butyric anhydrides. The resulting product has
about one acetyl group and two butyl groups pef glucose unit of the
cellulose. Cellulose p?opionate is produced by reacting propionic
anhydride with cellulose by procedures similgr to those used for the

acetate. The resultant product is dimensionally very stable and hard.

Cellulose ethers

Ethyl cellulose is the ether which is most commonly manufactured
out of the cellulose ethers, i.e. methyl, ethyl, benzyl etc. Ethers
of cellulose are usually represented by the following formula

o
/

C H,O o

67 2
\0—-———

where R is the methyl, ethyl and benzyl or other radicals.

In the production of cellulose ethers, first alkali cellulose is
made by treatment of lintners or pulp with 50% caustic soda. The excess
alkali is pressed out, the alkali cellulose broken up to a 'crumb' and
dried in a vacuum oven. The crumb is then conveyed to reactors, where
ethyl chloride , methyl chloride and benzyl chloride are added
respectively for the production of ethyl cellulose, methyl cellulose

and benzyl cellulose at the required temperature and pressure. By




1.3

varying temperature reaction time, pressure and ratios of the raw

materials, it is possible to control the viscosity of the resultant

ether.

General Properties of Polymeric Materials

There is a wide range of variation in properties among the
polymeric materials, which makes it difficult to discuss the advantages
and disadvantages of polymers as a group, compared with other materials,

Some generalizations may be made, but they are not applicable to all

polymérs.

Polymers are light materials and can be fabricated into items
with quite intricate shapes, using special techniques. They are not
és strong as metals, and dimensional changes usually occur under stress,
nevertheléss they are much more dense than metals. Polymers are very
good thermal insulators. They are much more resistant to corrosion

and -chemical attack than metals. They can be produced in a wide range

of colours and are in some cases transparent. Very few polymers are

water soluble, mostl& they are insoluble in water but absorb or adsorb
it to some extent. The effectiveness of the polymer reduces with the
sorption of water which produces changes in properties. The presence
of wafer molecules within or on the polymer often has a profound effect
on its electrical, chemical and physical properties. In order t6 assess
the feasibility of using a polymer in a given environment, some
information is always peqﬁired: the rate of penetration of the sorbant
thrbugh the polymer, the magnitude and mode of sorption and finally

the éffect of tﬁe penetrant on the physical, chemical and electrical

properties.

e
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Polymers are used as electrical insulation in many applications
from small electronic components to high voltage cables. The electrical
properties of plastics are measured for several purposes; to determine
pérformance in electrical applications, to provide control in manu-
facture, to provide a research tool in developing the theory of molecular
structure etc. Dielectric research is vital in the establishment of
the theoretical foundation upon which an understanding of the electrical

properties is based.

Cellulose esters have good mechanical and dielectric strength,
Films are used in packaging and photographic film and tapes. Cellulose
hitrate has got a greater flammability than any other ester. Water
absorption of cellulose esters is reasonably high. Ethyl cellulose is
very tough material with excellent electrical properties. It is
dimensionally stable and water absorption is lower than cellulose esters.
It is used in making footballs, helmets, flashlight cases etc. It is
widely used in coating compositions with other resins, where it improves

toughness and flexibility.
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Sorption of water vapours by Polymers

Sorption may be defined as the total uptake of vapour molecules
by a material. It is a process in which vapour molecules attach to
sites in the material. The vapour can be eifher water or any other gas
and the sites may be distributed throughout the bulk of an amorphous
or partially crystalline solid, The word sorption is used in
conformity with current phraseology to signify the combined effect
of adsorption and absorption. The word was first introduced by McBain
(10) in 1909, to describe a system where absorption or adsorption or

both occur at the same time.

The term absorption is used for systems where the uptake of water
or“gas is confined to the bulk of the material and such materials are
called absorptive materials. In the case of true adsorption, only
the surface regions of the materials are considered to be involved, in
other words, the uptake of the molecules is confined to the surfaces

of the materials .and the materials are known as adsorptive materials.,

The nature of the two processes is basically related to the nature
of the molecules of the material and their chemical arrangement.
Generally hard solids have high surface energies, the values being
higher the greater the hardness and the higher the melting point. Soft
solids, on the other hand, have much lower melting point and their
surface'energies are lower. Most of the solid polymers have low surface
energies, Sorption processes necessarily result in a decrease of free

energy of the system and are accompanied by an increase in entropy (11).




2.1

2.1.1

Sorption méasurements are concerngd with three major factors,
(L fhe rate of sorption (2) the modé and magnitude of sorption. and
(3) éhe effect of sorption on physical, chemicél, mechanical and
electrical properties of the material. Adsorption and absorption are
discussedlin the fdllowing section. The effect of éorption on the

electrical properties of polymers is discussed in :d:. separate Chapter.
. 1

Adsorption

'IAdsorption is a spontaneous process which-occurs at the surface
of a solid which haé a high surface-energy and results in a reéuction
of the énergy._ It is a consequence of the fact that the molecules of
fhe gases and vapours are capable of saturating some of the unbalanced
forges existiﬁg in the.surface of the solid..thereby decregsing the
surface free eﬁergy of the system ;IT). In the case of porous materials,

adorption occurs on the internal surfaces.

Adsorption is divided into two.classes., If the interaction
‘between the gas and solid is weak, the process is called physical
adsorption. If there is a strong interaction, the process is called

chemical-adsorbtion.

Physical adsorption

Physical adsorption is also termed Van der Waals adsorption. The
forces bringing about physical adsorption are classified as those
aésociated with permanent dipole moments in the adsorbed molecules, short

range reépulsive forces and dispersion forces. Dispersion forces arise
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from mutually induced inphase components in the oscillation of the
electron clouds. The existence of dispersion forces between pairs of
atoms or molecules was first recognised by London (13). Such forces
are always present and, unless the adsorbate molecule_possesses a’ strong
dipole moment, will represent the major contribution to the total
energy of adsorption. In ionic crystals or metallic solids, there are
electrostatic forces in addition to the diépersion forces. An ionic
crystal or metallic sol;d has an external electric field which ihduces

a dipole in the gas molecule,.

Chemical adsorption

Chemical adsorption or chemisorption, occurs due to the chemical
forces which arise when vapours or gas molecules come in contact with
the surface of a solid. An exchange of &lectrons between the solid

and adsorbed molecules takes placé and hence the formation of a chemical

bond,

Generally the distinction between physical and chemical adsorption
ean be made on the basis of heat of adsorption, the thickness of the
molecular layers, the temperature conditioné and the:type of adsorbent.
The heat of adsorption of.chemisorption is much greater than the heat
of adsorption of physical adsorption. The effect of temperature on
chemisorption is such that it increases rapidly with increasing tempera-
ture, but physical adsorption, being ; non activated process, is faster
than chemisorption at all temperatures, even at very low ones. The’
thickness of the adsorbed layer is always confined to a single atomic

or molecular layer in chémisorption, but in physical adsorption, the




2.2

layer though monomolecular at low pressures will become multimolecular
at high relative pressures. Chemisorption is highly specific, i.e.
certain adsorbents are only sorbed by certain materials, whereas

physical adsorption is essentially non specific.

Sorption Isotherms

Isotherms are essentially plots of the amount of gas adsorbed
as a function'of relative pressures at constant temperature. In the
literature of the subject sorption isotherms are recorded for a wide
variety of solids, but nevertheless, the majority'of those isotherms
which result from physical adsorption may be grouped into five classes.
These five classes were proposed by Brunaur, Emmett and Teller (14)
and are shown in Figure 2.1. Type 1 are associated with the systems
where adsorption does not proceed beyond a monomolecular layer. Type II
and Type III represent mono and multilayer adsorption and Types IV and V
represent mono and multilayer plus capillary condensation, The Type IV
also possesses a hysteresis loop which represents the measurements

obtained by progressive addition of vapour to the system in the initial

‘'stages and progressive withdrawal in the final stages. Besides the
' majbf five types of isotherms there are borderliné cases which, as in

most classifications,are difficult to assign to one group rather than

another. The phenomenon of hysteresis found in sorption-desorption

measurements has been explained by many workers in different ways, but
it is generally accepted that during sorption some of the molecules of
adsorbent stick to the adsorbate molecules permanently, and they do not

evaporate during deéorption, which causes such effect. Bridgeman (15),
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found in his high pressure experiments that the volume did not
immediately settle to its new equilibrium value when the solid

underwent a phase change, but slowly drifted towards it. It suggested

- that the hysteresis in adsorption is, sometimes at any rate, to be

ascribed to a kind of supersaturation effect, in which the rearrange-
ment of and reorientation of the adsorbed molecules suffers delay

anaiogous to that of a delayed phase change.
The phenomenon encountered in the study of physical adsorption

of gases or vapours by solids has been described by several theories.

Most well known are the Langmuir, B.E.T and Gibbs theories (16, 14, 17).

Langmuir theory

Langmuir was the first person to dgscribe a theoretical relation-
ship between?%mount of gas or vapour adsorbed and the equilibrium
pressure of that gas or vapour at that temperature. The basic assumption
in his theory was that adsorption was limited to a unimolecular layer.
The process was regarded as dynamic. Water or gas molecules when they
strike the surface are adsorbed on the surfacé for some time and then
evaporate. At equilibrium when the amount of water or gas has reached
a definite value at ;he surface, the rate at which these molecules
condense, is equal to the rate at which they evaporate from the
surface. The number of molecules striking per unit area of surface

per unit time is given by the kinetic theory of gases,

P (2.1)

M =W_77)_'/a




where p is pressure, M 1is the mass of molecule, K is Bollzmann's
constant and 7 is an absolute temperature. Molecules_which are
adsorbed on the surface are those which strike the bare surface,
whereas those which strike an already adsorbed molecule are elastically
reflected back into gas phase without being held by the.surface forces
for a finite time. This is a consequence of short range forces on

the surface. The rate of adsorption of molecules per unit area of

surface is therefore given by

YQ = o (/_9 7, R )

q

@ 1is the fraction of surface covered with adsorbed molecules, and

CKB is the condensation coefficient on the bare surfaces. The
condensation coefficient is defined as the ratio of the inelastic
.collisions resulting in adsorption to the total number of elastic

collisions of gas molecules with the surface.

The number of adsorbed molecules evaporating from unit area of
surface per unit time is dependent on the binding energy between the
gas or vapour molecules and the surface. The rate of desorption per

unit area of surface is given by,

;Q_d = Ve e (2.3

where ) is the number of adsorbed molecules evaporating from unit

area of surface per unit time and is given by,

VY = K, exp (..?,/Kr)

7 is the heat evolved during the ..... = o adsorption.




At equilibrium, 0(° (I-'G)/q = Ye

or .9 = X, (I—-O)A{ Y
or e = 0(01{//))-— °<°4/9/))
O(ﬂ/)) = 6 <I+ O(.AI/))
or 0 = o(.AIA)
I+0<0,¢/A)
If O(OAI y = gP
bp
6 - T

6 =<_.2__—.)' = %o cereseses (2,4)
)R ))(z,irMKT)'/a

Langmuir's derivation applies to a monolayer adsorption system and it
-:’;"-h'h_ld:_v only if £ is constant. It applies to adsorption on an
energetically uniform surface on which the adsorbed molecules do not

interact with each other,

2,2.2. The B.E,T. theory

The B.E.T. theory is the multimolecular adsorption theory of
Brunauer, Emmett and Teller. The approach to the adsorption problem

is again made kinetically and is based on the Langmuir theory. This




theory retains the concept of fixed adsorption sites, but allows
for the formation of an adsorbed layer more than one molecule thick;
the state of 'dynamic equilibrium' is assumed to hold for each
successive molecular layer. Assuming that each first layer adsorbed
molecule serves as a site for the adsorption of a molecule énto the

second layer and so on, SO s 5, m==———— si represents the number

1’ "2

of adsorption sites which are covered by 0, 1 2 =-=-=——- i layers
of adsorbed molecules respectively. At equilibrium the rate of
condensation on so is equal to the rate of evaporafion from sl, that

is

aps = £,5, éxp <_H,//<7'> cereeene. (2.4)

fﬂ is the heat of adsorption in the first layer, d, and 5, are
coﬁstants. The above equation is similar to Langmuir's equation.

Similarly the equilibrium between the first and second molecule is

expressed by

a.ps, =b s, exp (.y&/,(,) ceeene. (2.5)

by extending the treatment.

dsPs,

63 SIJ .ex,b (—”J/KO
a,-:pf,._, b S:,- pxp (_h;-/,q) ereenes (2.6)

The total number of adsorbing sites is ‘given by,

l'=°0
N; = > i : cereeees (2.7)
=0
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and the total number of molecules adsorbed is

(=co
Nm — 2. (SI‘. s sessesne (2.8)
¢ =0
Theltotal weight of adsorbate is,
W = Wm N ceeeee. (2.9)

‘where &Jm is the weight of adsorbate when each adsorbing site is

covered by gjust one molecule, then

wm-—- MD/N; .......‘._(2.10)
: l.=°0 F-
h%d/ o Whfm o Nm .255"555..... (2.11)
% N’ N‘ ¢=e i=o

Adsorption forces are assumed to be Van der Waal's forces, but the
argument is not invalidated if, in additidn, hydrogen-bond formation
also occurs (11). Such forces have a short range of action and there-
.fore the effect of the surface forces of the adsorbent is probably
quite small already in the second layer, so that in this and in the
higher adsorbed layers the properties of the molecules are practically
o in The

the same as those £\ 1liquid state. The key to B.E.T. solution lies in

the simplifying assumptions that

H, = Hy = = e ellyz Hy oo 212

. }h ‘is the heat of liquification or the latent heat of condensation,

and that

é‘d‘ = ._53/6?3 ..... = ‘%{, (2.13)
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In other words, the properties of all those layers adsorb?%n the

surface, except the first one, are the same as those of the 'surface

of the bulk' liquid.

Equation (2.4) may be written,
S' - YSO o----ocn.. (2.14)

mere .y = (h)r e ( ”'/kr)

Similarly using equations (2.12) and (2.13), equation (2.5) may be

written,

S

2 =

wmere X - (ag/ﬁ)p exp (//i fkr

and in general case,

XS, RN ¢ L)

. 1‘_[ ;
Ss =8 =X § =YX §=CXS--ennn (2,10

]

£ = Y/X = Z;éj exlb (f{...//‘)//(r cerees. (2.17)

substitution of equation (2.16) in (2.11) yields

1

¢=°0
"%d, <o é“‘ (/+,c ceereness (2.18)

&=l
:—l

the summation in the denominator of equation (2.18) is the sum of an

infinite geometrical progression, which is given

|

{ =00 .
é ' X cereene. (2.19)
- 1-X :

=X

and numerator can be evaluated as follows:-
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e
o0

X /=
txt = X 'O/ S xea X ... (2.20)
¢ =t ox . (-9t |

éubstituting-the results in equation (2.18) giveé

-N/a), <X cereees. (2.21)

(/-x)' (1-x+ A‘x)

éh'the'free surface, the amount adsorbed at saturation is infinite,

thus at p =P, .in order to make w = ©¢ , X must be equal to unity

in equation (2.21), from the equation where the value of is given

x= (B )F op Hfer =

when X = P/‘b°
e_c;uafion (2.2.1) becomes, AV U,‘ff (’;'P) (’*(c"’)p/p)

ceeeees (2.22)

If the adsorption -does not take place on a free surface but is limited
by the space available or by some other means, the summation of the
series in equation (2.18) is carried out to a finite number of terms

(n) thy, in which case,

W = wex/(-x - (’“’)" e nx" Cerneeeeees (2.23)
) l+(z-l)x-cx

If n= 1, equation (2.23) reduces to,

W= W 'C/p,-.P_ I+z{b 9

wﬁich'is identical with Langmuir's equation for unimolecular adsorption.

Equation (2.21) can be put into the form
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w, £ Py

P/w(,g_p) = Ve + (e-0F ... oo

Equation (2,24) is B,E,T. equation which shows that a plot of

%(e,—ﬁ)against P/po should yield a straight line having slope
(t-l)ﬁ,le and intercept %),,2 .

)
Some criticisms have been made'uﬁfh? regardlthe limited validity

of the assumptions used in B.E,T equation. The assuﬁption that the
adsorbate after the first layer has 1iquidnlike propérties and the
heat of adsorption of all those 1ayefs bﬁilt‘up on the first layer

ié equal to the latent heat of condensation. The fact:%hat both porous
and planar solids when exposed to a saturated vapour pressure sometimes
take up a strictly limited amount only and not an indefinite quantity
as postulated by B.E. T, The B.E.T. model neglects the horizontal
interactions between the molecules in the adsorbed layer and only
considers the vertical interactions, i.e. those molecules which are
sitting on one another perpendicular to the surface. In bulk liquid,
each molecule has twelve nearest neighbours on the average. B.E.,T.
model assumes that every molecule that condenses in any layer e#cept
the first one gives out its full latent hea; of 1iquification whether
it has horizontal ﬂeighbours or nof. But, in the absence of horizontal
neighbours there would be only two or three vertical neighbours so

the heat ev olved should be only a fraction of the latent heat and should

never exceed half the latent heat.

Another criticism of the model is that the number of adsorbed
molecular layers become infinite when the saturated vapour pressure is

reached; there are cases in which the number of molecular layers is
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finite even at saturation and gives good agreement with practical

observations.

-Absorption and Permeation

Absorption is a process by which the penetratioﬁ of a substance
i;e. gas or:water vapours, takes place into the body of another
‘substance, The penetration of gas or water vapours through polymers
occurs by an activated diffusion précess. In activated diffusion gas
or vabour dissolves into the pdlymer at the surface and diffuses into
the polymer under a concentration éradient. If the polymer is in the

form of a film separatiqg of two regions with different gas concen-

. tration, then there will be steady diffusion of the gas through the

polymer so ldng as the gas cqncentrations in the two regions do not
change. This process is called pefmeation.l The rate of transmission
of penetration depends on the solubility of the penetrant and the
diffusivity of the dissolved penetrant in the polymer medium. After a
comparatively short build up period the steady sfage is reached only if
the pressﬁre difference across two sides is kept constant. The rate

of penetration is defined as the amount of penetrant passing during
unit time through a surface of unit area at con;tant temperature and
pres;ure under steady state conqitions. Fick's law (19) is found to

hold and the transmission follows the relationship.

Q .= -D. bc/bx ceeeassess (2.25)

where & is the rate of penetration, p is diffusion coefficient at

concentration € of the diffusing material, D/ax is the concentration
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gradient across thickness ©X . The above equation can be

integrated across the total thickness [ ’

Q - _D(q_jc;)/[ veesesss (2.26)

€, and Ca. are concentrations at two surfaces. Concentrations

c, and C‘_ are directly related to the partial pressures p, and p‘

and according to Henry's law,

c =58P cee.. (2.27)

where § is the solubility coefficient of the penetrant in the polymer.

©
When Henry's law/fobey&d a linear relationship between concentration

and pressure is found.

§ being constant equation (2.26) becomes

Q -D§ (Pn-”;)/[ eereee. (2.28)

The product Dg is' referred to as permeability constant,
p = D§ = Ql/ée-/;) eree.. (2.29)

The above treatment applies to the system where D is independent of
concentration, but in many penetrant-polymer systems, D is not constant

but is a function of concentration. In such cases Fick's 2nd law holds,

D= D(C) )
o for = a/a:c (D(C) 3%9 (2.30)




A mean value of diffusion coefficient can be calculated over the

concentration range C, to C,_' ,

D) Oc /‘ac /D(c)?c/(c c)

vereee.. (2.31)

The dépendencg of D(C) on concentration can be generally found by

assuming (, =o

=<'/q)f)(c)3c - veeee. (2.32)

A .

As described before, P, and P‘ are pressures corresponding to

the two surfaces of the polymer membrane with concentrations c, and ¢
»

’ réspectively. _Assuming pressure Pa. equal to zero,. the solubility

coefficient 8 reduces to,

Y ST

:Generally the method for studylng dlffu51v1ty and solubility in @
penetrant-polymer system is to measure the rate of sorption and desorption
Iofzgenetrant 1n(solld medlum. In this case there is no steady state

as there is no second region at a different gas concentration. The

gas penetrafes through the solid éhd the gas concentration in the solid
rises with fime rapidly at the suriaces and slowly in the interior.

Until equilibrium is reached, there will be a concentration gradient

across the solid. In practice the change in weight of the sample is
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measured with.time as the sample is exposed to a known humid
atmosphere at constant temperature and pressure. Data are usually
. X

plotted as Ml/Mw against f/[ where M¢ and Mgxare
weights at time f , and at infinity respectively, e is the thickness
of the sample. fﬁ"ﬁ* c.me a?s . The initial stage of sorption
and desorption is often found to agree with Boltzmann's solution for

LS
diffusion in semi-infinite medium, i.e. Aﬂ744 against \/é//% is

ol

initially linear and diffusion equation reduces to (20)

Mt /Mg = (‘%r‘) <Df/€>% erenea. (2.39)

D , the diffusion coefficient can be calculated,

- 2
D - <xl6)l< ceeessss (2.35)

§ is the initial gradient of sorption or desorption curve

K = a(m Mm)/-a (%) e @

The transport of water molecules through polymers has been considered
in terms of mechanisms depending on the structure of the polymers. The
activated diffusion process is a highly specific process which depends
both on the mobility and solubility of the penetrant in the polymer.
Another process is convective or capillary flow which occurs in highly

porous media such as paper, glassine, and certain cellulosic polymers

etc.
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2.4 Sorption in cellulosic materials

Long and Thompson (21) studied the diffusion of water vapour
in pélymers, i.e. polyvinyl acetate, cellulose acetate, cellulose nitrate,
6-10 nylén and polyvinyl aléhol, with emphasis on the study of the
concentration dependence of the diffusion coefficient and on the extent
of agreement of the results with Fick's laws of diffusion. Polymer;;
films were made by a casting technique and sorption measurements were
‘carried out by following the weight change (sorption and desorption) as
a function of time. Their studies revealed three different classes of
behaviour: (é) Fickian diffusion with a diffusion coefficient independent
of concentration, (b) approximately Fickian diffusion with an initially
constant D and (c¢) anamalous diffusion, Out of all those polymers
which were studied, polyvinyl acetate fell in class (a), cellulose

acetate, cellulose nitrate and 6-10 nylon fell in class (b) and polyvinyl

alchol in class (c).

For all experiments, diffusion, whether Fickian or non Fickian,

was judged by agreement with the equation,

Mf/Mw = K (i{’fﬁ) ceeeee. (2.37)

where K is the initial slope.

¢4 . .
The plots of M Mo against [ and log(Meg-Mr) against time
for the materials in the three classes, for sorption and desorption,

showed the diffusion character. The plots are shown in Figure 2,1.A,24.B
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Thomas (11) studied moistpre permeability, diffusion and sorption
in grganic film-forming materials. He found that the sorption and
desorption rate curves for perspex, cellulose acetate and baked linseed
films at relative humidities below 75% were linear. The diffusion
constants for sorption and desorption were equal and independent of
the concentration of sorbed water. At relative humidities above 75%
the sorption rate curve ceased to be linear and the curves for sorption
and desorption differed considerably in shape. The difference in
sorption and desorption curves at high humidities was described as
either being due to a decrease of diffusion constant with a decrease of
the water content or due to the formation of a surface layer of low
permeability. It was supposed that if the rate of formation of this
layer was of the same order as the rate of decreasé of diffusion into
the film, the sorption rate curve was more or less in accordance with
Fick's law, but the derived diffusion constant was less than the true
value. Otherwise the formation of a surface 1a§er of low permeability
will have caused the sorption rate to decrease as sorption progressed.
In desofption, the raté became linear quickly which indicated a rapid
removal of the surface layer;. the initial lower rate shown by cellulose

acetate and perspex in figure 2.2 indicated a rather slow removal.

.. Rouse (22) studied the diffusion of vapour in films of
organic materials in order to investigate the dependence of the
diffusion coefficient upon the concentration of the vapour in the film.
Since the knowledge of the behaviour of diffusion coefficients provided

useful information concerning the nature of the association of the
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vapour with film, following the equation (23, 24)}

D =t’%—£ ceernenn.. (2.38)

where { is the thickness of fhe_film and [ is the intercept of the
straight line representing the steady state upon the time axis related
to the diffusion coefficient D ; they suggested that for a polymer-
vapour system the rate of transmission of water vapour was not directly "
proportional to the vapour pressure difference. For such systems it
was obvious that the diffusion coefficient was not a constant and the
method used avoided the assumptions that the film was uniform and that

the surfaces were at equilibrium with the vapour were retained.

Sheppard and Newsman (25,26) did a great deal of work concerning;
the sorption of water aﬁd other solvent vapours by cellulose and its;
derivatives., Sorption measurements were made using a McBain-Bakr
quarti fibre, spring balance at 30°C. They used cellulose acetate films
of various thicknesses and found that the rate of sorption decreased
and equilibrium time increased as the thickness of the film increased
regardless of the nature of the solvent. Table 2.1 shows the effect of
thickness on sorption, for cellulose acetate films, .A rapid increase
in sorption was noticed in the neighbourhood of saturation. The sorption
of water vapour by hydrate cellulose and regenerated cellulose was also
determined. Hydrate cellulose was made by soaking cellulose in the
strong solutions of caustic alkali. and then washing in distilled water
to remove any surface deposits. Regenerated cellulose was made from

cuprammonium solutions by precipitation with sulphuric acid and alkali
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followed by tnorongh washing. An increase in the sorption of water

by hydrate and regenerated cellulose was noticed and it was suggested
thet the increase was due to the decrease in viscosity of the materials.
The fine chemical structure difference between hydrate or regenerated
cellulose and non-regenerattd@](native) cellulose was visualised with
an X-ray spectroscope. The difference revealed that disorientation
occurred in the material during the regeneratien process and this

resulted in a greater attraction of hydroxyls.

Sheppard and Newsome (27) also studied the sorption of aléhol
vapours by ce11ulose and cellulose acetates. The relative-rate of
) sorption of aléhels by cellulosic materials in general at saturation
was found to be independent of the acetyl content, but the maximum
sorption-varie& greanly with the acetyl content as shown in Figure 2.3.
The difference in the rate.of sorption of different aléhols by the
materials indicated that the rate of sorption decreased as the grade
of aléhol went up. However, it wae suggested that higher alghols were
sorbed more slowly than the lower aléhols because of lower vapour

pressure and greater molecular size.

Sorption of vapours of acetone and methhol in;o cellulose acetate
" films was measured by Bagley and Long (285.- They concluded that the
diffueion'of organic vapours into cellulose acetate was non-Fickian or
anomalous, They found that two stage sorption and desorption phenomenon
occurred when M"/Mw against \/F/[ was plotted. In the initial

stages of sorption and desorption, the rate was fast, whereas in the
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. létter stages, the rate was slow as shown in figure 2.4. An
explanation given for such behaviour was that, during the fast initial
stages of sorption and desorption, the vapour penetrated the entire
polymer film to give a quasi-equilibrium concentration of vapour

which amounted to 10% of the true equilibrium value. Initial stages
involved Fickian diffusion with a diffusion coefficient which was
dependent on the material, the nature of penetrant and its concentration.
In contrast the latter stages were independent of the concentration

of the penetrant in the material. The reason that the rate of sorption
and desorption in the initial stages increased with concentration,
whereas in the latter stages it did not, was explained by the fact that
the initial stage did not enter below a fairly definite minimum -
concentration but it did in the latter stages. Another explanation
for such behaviour with regard to the structure of cellulose acetate
material was that cellulose acetate is characterized by inter-chain
bonds ('effective' cross-links) which prevented rapid macromovement of
one chain relative to another yet permitted elastic expansion of the
network. In the second stage of sorption and desorption, a macro
arrangement of the polymer network could presumably occur only by
breaking interchain bonds and the rate of breaking interchain bonds was

taken to be essentially independent of the amount of penetrant present,

A detailed study, on the rate of sorption of organic vapours, i.e.
the vapours of methylene chloride and acetone by films of cellulose
acetate as a function of vapour.pressure, film thickness and temperature
was done by Mandelvyern and Long (29). Films were prepaired by casting

from dilute éolutions in acetone and their thickness was changed by
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?varying the concentration of fhe casting solution. It was found

that fhe method of film preparation and conditioning greatly influenced
the kinetics of sorption. There was a considerable difference in
sorption characteristics between the cellulose films cast on glass

and otherwise similar films cast on mercury. It was evident that the
Ivgpoqr take—up by mercury-cast films was slower than the glass—cast
'_iilms, and moreover mercury-cast films showed an inversion of slope,
i.e. an S-shaped curve which was not shown on the glass-cast films.
Qualitative observations indicated that the film cast on mercury shrunk
in area by about 20%.during drying, whereas a film cast on glass
maintained its cmig:i.na; area due to strong cohesion forces between
solution and surface. Thus glass—cast films were characterized by an
unstable orientation of the molecules, while the mercury-cast films were
probably in a thermodynamically stable state. The experimental data
and the attempts at interpretation made, indicated that the sorption
mechanism was very complex and the results obtained were entirely
unexpected. In general the sorption of organic vapours by thin films

was more than thick films for a large time interval,

The studies of sorption of water vapours and other organic vapouré
iﬁ different polymers have been made by other workers, McCall (30)
studied the diffusion of benzene and n-hexane in ethylene polymers,
Starkweather (31), the sorption of water by nylons, Taylor (32) the
sorption of water by organic insulating materials, i.e.-phenol plastic
and rubbers, Spencer and Ibrahim (33) the diffusion-coefficient for a
water vapour-hydrophilic polymer éystem (polyvinyl alchol as a hydrophilic

polymer), Shirokshina, Suykovskaya and Pogodava (34), the diffusion of




water vapour through fluo-organic polymer films, Park (35) an
experimental study of the influence of various factors on the time
dependent nature of diffusion in pblymers. It is believed that the
sorption~desorption mechanism and the aependénce of the diffusion
coefficient on concentration of the adsorbate in the system is
significantly dependent on the method of ﬁaking films, the amount of
~acetone and acetyl content in the film, thickness of the films,
techniques to méasure sorptioh and desorption rates, nature and grade
of adsorbate. However, .it is generally-understood that in the water
vapour-cellulosic'polymers system, diffusion coefficient is
independent of concentration and initial slopes of /WZ%;q:gainst “45?

are linear for both sorption and desorption.
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Electrical Properties of Polymers

The basic function of any insulating material is to act as a
barrier to the flow of electricity and consequently the prope;ties
used by engineers merely represent the behaviour of the material as
an electrical barrier. Electrical properties of an insulating material
consist of insulation resistance, dielectric constant, dielectric
strength etc. The relative importance of these properties depend on
the use to which the material is to be put. The properties are measured
for several purposes, under different conditions of temperature,
humidity, contamination;}frequency, voltage etc. For the purpose of
this research, interest is centred on the volume and surface resistances

of the material for direct applied voltages and on the dielectric constant

"and loss factor, for alternating applied voltages.

D.C. Characteristics, insulation resistance, volume and surface

resistances

Insulation resistance

Consider a specimen of a polymer with two electrodes attached to it.
If a direct voltage is applied across these electrodes, a small current
flows, and the insulation resistance is defined as the ratio of applied

voltage to the total current (36,37)

where V is applied voltage in volts and I is total current in amps.

Clearly there are two separate current paths between the electrodes, one
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through the bulk of the material and the other across the surface. 1f
the currents are IV and IS respectively, then the volume resistance is

defined as

V,
Rv = /Iv e (3.2)

and surface resistance as,

R, - V/I, | eeieee. (3.3)

In measuring the properties of materials, care must be taken to
eliminate one or other current path from the measurements; this is

usually done by using a guard ring.

3.1.2 Volume resistivity

This is the property of an insulating material which describes
the flow of electricify through its volume and is equal to the ratio of

the potential gradient parallel to the current in the material, to the

current density. (36, 37).

e _ &

The measurement of the volume resistivity of a specimen involves
measuring the resistance between two parallel opposite faces of that

specimen,'using electrodes of known area and neglecting end effects.

£ . R . Y. e .. (3.5)

where A is the area of electrodes and [ is the thickness of the specimen.
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Surface resistivity

The electfiéal properties of a material which adsorbs moisture
are often defined in terms of surface conductivit& or surface
resistivity (36, 37, 38). The surface resistivity of a material is the
ratio of the potential gradient ﬁarallel to the current along its

surface to the current per unit width of the surface,

fz = é%{%: | ceeeaees . (3.6)

ES is potential gradient and Js is current density.
For current flow between two parallel electrodes with separation 9 ’

and width b .

g - S 'Q‘ 6/9 ohms e . (3.7)

RS is the surface resistance of rectangular film.
The relation between the surface conductivity and volume conductivity

of surface film in the rectangular electrodes system is given by (38).
— ceaneenas (3.8)
O = §6,; - -

where: 5 is the film thickness and 6';" the volume conductivity of

surface film,

So defined, the quantity fz is dependent on the thickness of

adsorbed film and is not a true resistivity. Basically it defines the

.resistance of the moisture film adsorbed on the material, but as both

the thickness of the film at given humidity and surface contamination

depend iargely on the adsorbent, it is .usual to refer to the surface

resistance of glass, polythene, etc.
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3.1.4. Measurements of volume and surface resistivity

When measuring either the volume or the surface resistance, care
must be taken to ensure that stray currents do not influence the
measurements. For this reason it is usual to use a three electrode
system. (See, for example, Figure 3.1), in which one electrode is a
guard electrode. Guarding depends on interposing in all critical paths,
a guard conductor which intercepts the stray currents. Figure 3.2
shows the basic measuremént connections using the system shown on
Figure 3.3,ufor the volume resistance measurements and for surface

resistance measurements.

The connection between the measuring electrode and current
measuring instrument, usually an electrometer, should be very carefully

screened and as short as possible.

Amey and Hamberger (39) have studied the effect of the shunt path
through the bulk of the material between electrodes, 1 and 2 (Figure 3.4)
on surface resistance measurements; they concluded that:

(1) If only two electrodes are used, increasing the electrode{iseparation
with respect to specimen thickness is detrimental rather than helpful

in reducing the effect of the volume path. Further, large reductions
inZZlectrode width with respect to the thickness of the specimen do
1ittle to reduce the effect of volume path,

(2) If three electrode system is u§ed, increasing the.ratio of electrode
‘separation to specimen thickness beyond 0.3, reduces the effect of
volume path considerably. This reduction is independent of the electrode

width, if the latter is equal to or greater than the twice the specimen

thickness.
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A.C. characterisities, dielectric constant, dielectric loss

Dielectric constant

Consider a parallel plate capacitor with a vacuum between the

plates, when an alternating source is connected across the plates,

“an alterhating cufrent flows, given by:

I = jwcové, erreee. (3.9)

where C; is the capacitance (in vacuum), V is the applied alternating

voltage, neglecting fringing effects.

C = éo-/)/[ e coer. (3,10

o

where # is the area of the plates, [ is the separation between two plates
and é; is the permittivity of free space. If the space between the
plates is filled with an insulating material (dielectric) then the value

of capacitance becomes

C = é.o/p e, . (3.11)

where ¢ is the permittivity of the insulating material. From equation

(3.10) and equation (3.11) dielectric constant or relative permittivity

of any material is calculated as

€, = é/éo = C/Co ceeree.. (3.12)

Dielectric constant of any material in a usual way is defined as the

ratio of the capacitance of a capacitor with material in between the two

'plates, to the same capacitor with a vacuum between the plates.=
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3.2.2 Dielectric loss

Theoretically for a perfect dielectric material, when voltage is
applied, the resulting current always leads the applied voltage by a
phase angle of 900 ; but in practice, since no insulating material is
perfect, a resistive current also flows, hence the angle becomes less
than 900. This effect is due to imperfect nature of the dielectric
material and is considered as a property of the material. To give a
general description without considering the origin of resistive current,

a complex permittivity is defined as

ér = - ¢ eveeeaee. (3.13)

Substituting (3.13) in equation (3.9), the current in the capacitor

becomes . , .,
I = /a)cov(é _/g)
or I = /IJUC},Vé +WC.ve”

or = k}Cové”.f- /h) Cove, Ceeeaneas (3.14)

/7
where ¢ is the dielectric loss factor.

An insulating material can be represented by a combination of resistances
and capacitors is many ways, i.e. a resistor and a capacitor in series,

a resistor and a capacitor in parallel or the combination of both. In
order to understand the relation between dielectric constant and
dielectric loss to some extent, usually a model with a capacitor in

parallel to a resistor is presented as shown in Figure 3.5.

] = [C;\"].K eeseess (3.15)




ic o~

—o IR

Lol

Pr-—

BQUIVALENT CIRCUIT.

Iy
v

\‘\ :l v

IR

CHARGING CURRENT Ic AND LOSS CURREN‘i‘ OR RESISTIVE CURRENT Ir

UF AN IMPERFECT DIELECTRIC MATERIAL. (GENERAL CASE)

/




3.2.3

_41_

”

I. = jJwcv Ip = weécy
from the Figuré 3.5, it is clear that

[1] = [@[+ [@)]

/ZI?S = /[%C, = wé”(‘,V = é/: (3.16)

weey

Tan § is called the loss tangent.

A,.C. surface relations-.: Similar measurements can be made on the

surfaces of materials in the same way as surface resistance on d.c. side.
When a material sorbs moisture, its conductance and capacitance increases.
For a material which is purely absorptive, the surface capacitance and
conductance both remain constant at any humidity unless there is any
leakage path through the material between electrode (1) and (2). For
adsorptive materials, when a layer of moisture takes place on the

surface, capacitance measurement becomes

¢ = Ly ereeieee. (3D)

again b is the width and 9 is.the gap or separation between the

electrodes.

C, =45¢C ceeeeeen.. (3.18)
Vs

CVS is the volume capacitance of the film and 5 the thickness of the

film,
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_ Effect of moisture on electrical properties of polymers

The effect of relative humidity on the electrical properties
of polymefs is often quite pronounced. Generally the conductance and
capacitance of the material increase with thé increase in humidity.
Uéually with materiais which absorb moisture, the effect is on their
volume properties, whereas in the case of adsorptive materials the
effect is on their surface properties. To assess the nature of a
material from this point of view, surface and volume measurements are

carried out as a function of humidity.

Effect of humidity on surface conductance

presence of foreign substances, i.e. contamination

When discussing the surface conductance or surface resistance of

a material, it is important to look at the nature of the surface. The
. on the surface,

2

plays a vital part in the surface conductance of the material, particularly

surfaces which are highly susceptible to the contamination. Semnov

and Chirkov (40) studied the surface conductivity of different materials
including polymers. They found that a carefully cleaned specimen of
any material had no significant surface conductance even at hjgh

humidities. A change in conductance was noted after the specimens had

.béen contaminated with acids or bases. It was found that quartz, mica,

methylmethacrylate, had a definite humidity dependent surface conductance,
‘once there was some sort of contamination on their surfaces. The
relationship between the surface conductivity and relative humi?ity

was given by,

6 = to exp (d P/ps)mﬁo eenn . (3.19)




where £ and Cf are constants depending on the material and FV?&

the relative vapour pressure. They concluded that for surface conductance
of a material, there must be a continuous film on the surface which

acts as a solvent and a source of suitable ions, which might arise

on the surface as contamination. The effect of humidity in increasing
the surface conductance of the material with contaminated or non-
contaminated surfaces may be explained in the light of the work carried
out by many workers such as Purdon and Morton (41), Kallweit (425,
Warfield and-Petree (43, 44) among others. It has been generally
accepted that electricai conduction (surface, volume) is a function of

the mobility of ions and the number of ions,

6 = 2’_,',”1. N e e .. (3.20)

where /1 is the number of ions.and Al is the mobility of ions, and €

is the electronic charge.

Chirkov (45) calculated the surface conductivity of quartz and
micé specimens bylassuming that, on exposure to HCl fumes, a monolayer
of acid molecules formed on the surface, that all the acid molecules
in that monolayer were subsequently dissociated in the physically
adsorbed moisture film and that the mobilities of the dissociated ions
had the values obtained from measurements on bulk electrolytes. The
conductivity had a calculated value which was 1000 times greater than
measured value. To check their reasoning, they then depositéd
‘accurately measured quantities of oxalic acid or NaOH, on the surfaces
of mica plates. Making the same assumption as above, on ionic mobilities

and dissociation, it was found again that the theoretical surface
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conductance was considerably greater than the measured value, by

a factor of 104 to 105; Though it follows that one or both assumptions
on ionic mobility and dissociation must be incorrect, it is not clear
how to distinguish between the two effects. The thickness of the
water layer increases with increasing humidity and similarly the
surface conductance increases. The close similarity between curves
relating surface conductance to relative humidity and those relating
film thickness to relative humidity was pointed out by Yager and Morgan
(46). Their results were very similar to those of McHaffie and Lenher
(47), who studied the adsorption of water vapour on glass and piatinum.
The dependence of film thickness on surface conductance was not linear
over the whole ranée of humidity. Koji Kawasaki (48) studied the
variation of electrical resistance of polymers as a function of the
 extent and nature of sorbed wétér. He presented an equation which

expresses the variation of the conduction current with the sorption of

water vapour:

/09 1fh = B e .. (3.21)
V=%, or by Yo < pm

where ]' and ]; are currents in the sample with sorbed and unsorbed
moistﬁre respectively, . is moisture content in weight per -cent.
}B is a constant of proportionality. The above equation holds only
|
in the cases'bf low moisture content, i.e. when the thickness of water film:
has notlreached to a critical value. After the film thickness has

exceeded a critical value, surface conductance increases linearly with

film thickness as shown in Figure 3.6. The expression given for this
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this stage was
f/fo = 1+ Rpm cereeeen.(3.22)

where O is constant.

It is not clear from Kawasaki's paper whether the moisture was in

fact adsorbed on the surface or absorbed by the bulk of the material.

He used two electrode geometry and this measures insulation resistance
but does not eliminate bulk conduction. There is insufficient information

in the paper on this point.

Wakuniland Calderwood (49) studied the water vapour adsorption
and surface conductivity of cellulose acetate, quartz and Teflon at
various humidities. The relationship between the surface electrical
conductivity and the adsorption of water molecules on the surface was
measured, after the specimens had.been carefully cleaned. It was found
from_the results that the amount of water vapour adsorbed on the
surface of the material was dependent on the nature of the surface of
the.material and the éonductivity varied accordingly. As shown in
Figure 3.3, the conductivity of a quartz specimen increases slowly
till the cbmpletion of the first layer, after that the increase in
linear with the number of layers. In the case of Teflon (polylelra-
fluoroethelene), increase in conductivity is linear throughou£. They
concluded that as electrical conduction in polymers is a function of
the number of ions and their mobility, on quartz, the conduction before
the completion of a monolayer may be due to those ions which are always
present on the surface. Initially, these ions are bound to the surface
i.e. they arenot mobile due to the interaction of forces between the

ions and solid molecules of quartz. The number of ions increases with
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the gdsorption of water molecules on the surface and hence the
conductivity increases. Until the completion of one layer, the mobility
of ions on the quartz surface is very small. In the case of Teflon,
they.concluded that the interaction between water molecules and the
Teflon surface is negligible so tﬁat as soon as the water molecules

come in contact with the surface,” conductivity starts increasing
linearly with the number ofvwwater molecules or the number of layers.

At eqﬁilibrium with nearly 100% relative vapour pressure, quartz
adsorbed about seven layers of water molecules whereas Teflon adsorbed

only three.

The use of BET (Brunauer, Emmett and Teller, 14) equation by
Wakuni and Calderwood is interesting and their results certainl& suggest
- a clear distinction between behaviour at surface coverages below one
monolayer and above, However, there is some doubt (Gregg and Sing, 50)
about the validity of the-BET expression for the monolayer capacity
of water. Thé results on the Teflon are difficult to understand. The
figures_df 5 X 10-16 ohms at zero humidity is considerably lower than
that of 10_18 ohms which is normally associated with this material. The
completion of one or two monolayers on Teflon would raise the surface
free energy of the system by nearly an order of magnitude, and this is
difficult to justify. Teflon is well known for the variability of its

electrical properties and its susceptance to contamination (51).
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Initial increase in surface conductance

The increase in surface conductance with time for materials
having negligible volume absorption when abruptly exposed to high

humidities has been studied by Field (52), who found that the conductance

_increased to a value of 10% of its final value in one minute after the

sample was exposed to 100% relative humidity, and afterwards the
increase ip conductance was gradual till the equilibrium sfaée. He
believed that the conductivity was due to the moisture film on the
surface and when the humidity was dropped to iero, the thin water
film evaporated in seconds or iess, and so the conductivity decreased

as shown in Figure 3.8. Field assumed that the reason for many plastics

. reaching :Efequilibrium,'i.e. the final conductance value attained

within an hour, was that their surfaces had been greatly influenced

by'contaminations. He also studied the surface resistivity for materials

~ which absorb relatively large amounts of water. The decrease in

resistance with time is shown in Figure 3.89 . This difference in behaviour
between the two types of material gives a clear indication of whether

the increase is due to the adsorption on the surface or absorption

- into the bulk of the material.

Effect of contamination on surface resistance

Killam (53) measured the effect of humidity on the surface and
volume resistance of a variety of materials. He took particular trouble

to ensure that the surfaces were scrupulously clean. His conclusions

were.— -
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(1) When a material is exposed to high humidity, i.e. 90%, its
resistivity is reduced by up to 2.5 decades.

(2) A decrease in surface resistivity of a material which adsorbed

no moisture when exposed to a humid athosphere was probably due to

the leakage current which passed through the bulk of the material
between two measuring électrodes; in other wprds, surface resistivity
measurement was volume resistivity measurement adjacent to the surface.
(3) The watersrepellent materials like polythene had highest
fesistivities, lower dielectric constants and the smallest water vapour
sorptions. The similarity in change in capacitance and resistance of
surface and volume confirmed that water permeated the bulk of these
.materials. It is possible that if the surfaces of such materials are
gontaminated, there may not be any similarity in change of capacitance
and resistance along the surface and of volume, because of the fact
that contamination will provide a new passage for the current to flow

through during surface measurements.

Thé surface resistivities recorded by-Killam were higher for
some materialslthan those quoted by Field. This is perhaps due to the
cieahing technique adopted by Killam.. It is well known that ionic
contaﬁination, e.g. a finger print or perspiration etc. greatly influence

the surface conductance of susceptive materials.

It is quite likely that contamination on the surface, apart from
providing a plentiful supply of ions, increases the adsorption capacity
6f the surface; Lieste (54) found that the surface conductance of
clean, untouched pressed amber at 50% relative humidity was one fifth

of that touched by hand, The effect of contamination. on the surface
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resistance increases as the humidity increases. A detailed study of
the effects of pérspiration contamination oﬁ médern insulating materials
. has been carried dut by Williams and Herrman (55). The effects of
contamination;have also been étudied by Chaikin (56). The effects

of finger pripfs, prihted circuit;: processing chemicals, solder flux ,

“studied.

'éodiym chloride aerosol and dust on synthetic resins<j_é§i§?
‘Particular attention was paid to printed circuit cdntéminants. It was
found, usiné a probe techniéué, that the surface conductivity could
var& by a factor of 4000 over the.surface of a panel at 97% relative
humidity. A method was developed to detect iron impurities on the |
lsurface an& an unsuccessful attempt made to correlate the surface
cqnductance to excess iron on the surface. The idea of silver migration
between silver electrodeé on a dielectric surface was also investigated

"by Williams (55) and Herrman and Chaikin (56); They suggested that although%
- the ﬁigrating silver appears to come from the negative electfode, !
anodic silver is oxidised, the oxide dissolved and the resulting cations

migrate across the inter-electrode gap to the cathode where they are

reduced to méttaiic silver and deposited adjacent to the electrode.

The growth of fungi was observed by Dryden and Wilson (57) when

materials were'exposed to a prolonged period at high humidities.

The work of Field, Kawasaki, Killam, among others, has emphasised
.the importance of surface resistance of polymers at high humidities.
Surface resistance measurement is a quick way of detecting the response

 of a material at high humidities.
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3.4 The effect of humidity on volume conductance

The éffect of humidity on the volume cqnducfance gf absorptive
:maférials is as marked as the effect of humidity on the surface
conductance ofladsorptive materials, In discussing the surface
conducfance, the nature of the surface was considered the most
'impqrtént factor, Qhereas in the volume conductance of a material,
" the nature of the material ifsélf, i.e. the t&pe of molecules, the
‘molecular arrangemént and the presence of impurities in it, are
important. Adsorption is an instantaneous process which takes place
ip seconds érlless, but absorption ma& take from hours to days or
eQen more, depending on the matefial.' Generally, polymers can absorb
-and adsorb water at. the same time. The best Qéy to describe which '
fabtor.(absorption or adsorption) is dominant is to use a three
electrode system. In porous mate?iéls which adsorb the moisture on
fhe'surface of the pores, it is difficult to distinguish between the

two processes,

Cellulosic materials are highly absorptive materials and
consequently their electricallconductivity changes appreciably with

exposure to a humid atmosphere, but materials like polyethelene do not,

3.44 Time dependence of volume conductivity, following exposure to humid

atmosphere

Because of diffusion as discussed in Section 2.3, sorption is a
time dependent process and the conductivity changes with time in a

similar way. The very long periods which are usually required for any
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absorptive material to reach equilibrium are quite interesting.

_ Normally equilibrium time of a material increases as its thickness

- increases. Thompson (58) presented a model to explain the distribution
of moisture across the thickness of an infinite panel. He suggested
that when a thick absorptive sample is.exposed to humidity, the

amounf of moisture is highest on the faces of the sample and decreases
slowly towardé the centre., The equiiibrium stage occurs when the
amount of moisture at any poin£ in the sample is consfant.. When the
humidity is dropped to zero, a similar mechanism takes place except

. that in the latter case, the amount of moisture is higﬁest at the
centre and lowest at the faces. The important point to note in the
drying process is how volume resistance continues decreasing even after
the humidity is dropped to zero. . Such effects are usually found émong
the thick wet pélymer laminates when they are ovén dried. - In fact,

the moisture diffusion accéierates at elevated temperatures, so both

drying and wetting occur much more rapidly (59).

The variation of volume conductance with moisture content in the
materials was found to agree with an empirical relationship developed

by Mathes (59),

| (R ) Re)"f _ K s 3.29)
=R _ resistivity

pe = Re == egquilibrium value of resistivity
¢ -  time

K and T} are constants.

Green (60), without making any attempt to measure volume or surface

resistance on phenolic laminates and cellulose acetate films separately,
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found that the insulation resistance was a function of moisture
sorbed by the materials until the sample reached equilibrium. He
concluded tha; volume resistance was the controlling resistance of

the materials, i.e. it was water absorption rather than.water adsorption.
'fqr cellulose acetate samples he found a continuous drop in resistance
until equilibrium with the moisture chéﬁbers was-obtaine&, at which
‘time a temporary levelling off was observed. Cellulose acetate
samples were exposed to 97% relative humi¢ity and the resistance
measﬁred after 24 hours was 2.4 x 104 meg_ohms. After more than 4000
additional hours the resistance was 7.5 x 103 me%iohms. He suggested
that the sample had reached equilibrium as far és moisture pick up was
concerned, énd'the additional drop must have beeﬁ caused by some
internal change in the material. Fie1d (61)'observed this phenomenon
| for cellulose acetate butyrate and spggested that sometimes the

water is heia initially in the material inlunconnected pockets, but
eventually.the watef in the isolated pockets joins and provides volume
resistance, A re;ationship developed between the resistance and the

'percentagé moisture absorption for materials is:

R K s o

’77ﬂ

where R is the resistance, f7 the percentage moisture absorbed, and n

and {(aré constants.
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3.4.2 Conduction mechanism

The conduction mechanism in moist polymers has been discussed
by Rosenberg (62), King and Medley (63), Hearl (64), Barker and Thomas
(1). Rosenberg studigd the electrical conductivity of a crystalline
bovine haemoglobin (a solid protein), using a two electrode system.
He measured an increase in conductivity with time due to water sorption
from the atmosphere (57% relative humidity) and an increase in weight
with time due to water sorption. Conductivity reached equilibrium
in about 4 hours and sorption took the same time,?;hown in Figure 3.1&
He concluded that the increase in conductance was in accordance with
the sorption of moisture in the material, Referring to previous work
(65) which presented the results of an experiment designed t$ distinguish
betwéen ionic and electronic conduction in a protein, he assumed that if
a protein containing 7.5% sorbed water shows ionic conduction then
the water must be electrolyzed and the water content of protein should
diminish with time. Since the magnifg} current was found to have an

exponential dependence upon the water content, the current should

diminish with timeé according to,

%l- - 1/1.0 + o(ﬁf e (3.25)

Ir 0

1, — 6
where J¢. is the current at time ¢ and 1; is the current at zero time,
CX:,}B are constants. If the conduction process is electronic, there

should be ho time variation in the current. Rosenberg found from his




FIG. 3-i0

. Ilo'

P
3
3 6
. % -
S
L
'\‘. ] '
g
RV i.
R |
Q2
"_,
° . lemreim _
.0 o g0 - ' 160 T 24o 320 ~ 360

-INCREASE IN WEIGHT (PERCENT) OF: CRYSTALLINE BOVINE HAEM(X}LOBIN
. WITH TIME DUE T0 WATER ADSORPTION FROM THE ATMOSPHERE (R.H =57%)

-5
1o

ol |

-
©,
L

ie

Voo o

curvent (amps) ..-p .

o : —_—

PIME-IN- MINUTES.-.
|
|
|

. 8o - 16 - 240
TIME IN MIN'UTES :
INCR.EASE IN CONDUCTIVITY WITH TINE DUE TO WATER AUSORPTION

(Rosenberg)

!
/

/




-54-

experimental results that the current was constant in time.

Therefore he believed that thecconduction ﬁrocessjiﬁ pfoteins (wet
proteins in particular), was electronic and not ionie. The évidence
fran the experiments indicates that the only effect of water was to
decrease the activation energy for semiconduction. The.activation
energy of a number of proteins and protein structures in the dry state
have been-meaéﬁred, whiéh is roughly the same for every one. An
additibnal evidence in favour_qf elect?onic conduction was found; when
log of'current against.the reciprocal absolute temperature was plotted,
it produced sfraight iinés.- Thé:straight lines indicated that haemo-
- globin crystals are-sémicqnductors and the slope of the lines was the

activation energy.

The two major features which emerge from Rosenberg's work needing
more explanation are (1) the sorption of water molecules on the proteins,

‘and (2) the electronic conduction,

Rosenberg (62) uses the term édsorption throughout his work but
clearly the time taken to reach equilibrium indicates that it is a
bulk process. It is more likely adsorption on pores. Generally a
crystal of bovine haemoglobin does not absorb.. any moisture, but it
adsorbs on the surface (66). As seen from Rosenberg's experimental
material, the crystals of bovine haemoglobin were pressed into a
_sandwich cell to make a sample, so the adsorption must have occurred in
- the bulk and on the surface of the individuél crystals. The electrical
measurements were made with two électrodes and consequently no attempt

Was made to distinguish between volume and surface conductance.
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Rosenberg considered 1-:hat the conduction mechanism was
electronic in proteins. This 'is in contradiction to the view of
King and Medley (63), Hearl (64) and Barker and Thomas (1). Baxter (67)
also.suggestéd that conduction in wool was electronic. The products
| of electrolysis have been obserived experimentally on materials such
as cellulose and @ératin films, It seems unlikely that electrons

contribute to conduction except possibly in exceptional cases.

Discussing conduction mechanism, Hearl (68) concluded that the
variation of resistance in fibres, either with moisture content or
with the type'of fibre, could be explained in terms of variations in
the aielectric constant, If the dielectric constant is low, there
will bé strong attractive forces between electric charges, and most
of the ions will be associated together as neutral ion pairs which are
nbt availablé to carry current. But if the dielectric constant is high,

the ion pairs will dissociate and the free ions can carry current.

King and Medley (63) studied the influence of sorbed salts on
d.c. conductivity of polar polymers by using water and other salt
‘solutions as adsorbates. The& concluded that impurities in the polymers
play a vital part in increasing the cpnductivity. The results obtained
on conduction of some of the polymers by impregnating them with salts
of high and low dissociation constant, showed that the conductivity
relations were analogous to.those for solutions of electrolytes in
solvents of low dielecfric constant, Hearl (68) treating the problem
theoreticall&, derived an equation for the conduction (or resistance)

in the fibres, i.e. silk, cotton, wool, viscose, acetate and nylon,
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/09R = %’ + & ceenen. (3.26)

4

where R is the resistance, ¢ is the dielectric constant and a, “

.are constants. The above equation is discussed in the following

section, Thg expression was based on the idea put foreard by King

and Medley (63), that the effect of moisture on the conductivity of
,

a material is to increase the dielectric constant ¢ , by reducing

electrostatic attraction forces between ion pairs.

Various empirical relations relating resistance to moisture
. condition have been proposed, one of the first was that of Murphy and

Walker (69) for cotton;

/bg Q = -0-0 95’/) + Qa eeene. (3.27)

where A is relative humidity (per cent) and a4 is a constant, the
value of which depends on the sample, the electrode system, and whether

the specimen is absorbing or desorbing.

Barker and Thomas (1) have considerably extended the work of
King and Medley (63) in their study on cellulose acetate. They used
the Fouss and Kraus (2) approach to ionic dissociation and derived the
foliowihg relation which is similar to that of King and Medley. If
the measured value of log 6 is plotted as a function of 5é' , then
a straight line result would confirm the hypothesis. Figure 3.1% shows
typical results obtained by Barkér and Thomas for cellulose acetate.

Clearly there is some agreement between the theory and experiment,
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3.4.3 Ionic dissociation theories

Because-of the importance of the ionic dissociation theory
to the present work, the relations between equations derived by
King and Medley, Hearl and Barker and Thomas, are considered in
terms of the dissociation hypotheses of Bjerrum (3) and Fuoss and
Kraus (2). Bjerrum's theory develops from thé consideration of the
faétors which deterﬁine the extent of ionic association under the
‘influence of cou;dmbic forces. The idea of Bjerrum that the average
effect of ian pair formation may be calculéted on.the basis that
all oppositely cha¥ged jons within a certain distance of one another
are associaﬁéd into ion pairs, led to a proposal that the critical

distance should be chosen as

i - /2,2&/; ceeeares (3.27)
TR

q is the distance at which the energy of separation of ions is 2KT
and é{ i?z are ion charges. According to Boltzmann;s distribution
law, the number of ions in a spherical shell of radius ¥ ~and 'aﬁr

thickness d& , surrounding a specified ion, is given by

On; = nid4xv exp(-WﬁU)d' e (3.28)

where ' oni veves.. number of ions of ith kind

it ....... number of ions of ith kind in
unit volume

work done to separate an ion
from the central one

k( eessss. Boltzmann's constant
T

Absolute temperature
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Central ion is supposed to be positive ion, whereas surrounding

ions carry negative charge. 1Ions are separated by a medium with

an effective dielkectric constant equal to that of solvent. The work
. required to sepérate an ion froﬁ the distance Y to infinity, w

is given by

W = 24 z"-e‘ ceveen. (3.29)

E?,e eessse.. positive charge

iirp «eses... negative charge
substituting the value of W in equation (3.28),

. . & &
Dna = M 4R7 CKP -21-?.3 ee.es.. (3.30)
DIKT

King and Medley restated the results of the theory as follows,

9
_ Nt 2 ge
KX = v 471y exf (0_—_(77‘ .dy

eesees.. (3.31)
%
20‘....... The closest distance of ionic approach
% v+..... The closest distance of approach for free ions

Nt....... The total number of ions of each type in volume

~ Working on the basis of Bjerrum's theory of ionic dissociation, they
obtained a reasonable agreement between experimental measurements of
resistance and dielectric constant for keratin and nylon: films.

However, in view of the doubt about the dielectric constant a simpler:
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though cruder approach had been made by Hearl: (64), that

-éC/(/— 0() = d/n’ exp (-U//(r) ceeen.. (3.32)

where €{ is the degree of dissociation into free ions, A is the
total number of the dissociating molecules per unit volume, Y is

U4
energy required to separate the ions and A is constant,

According to Coulomb's law, when the separation of two ions of

. _' rd
opposite charges takes place in a medium of dielectric constant € ,

’ .
U = Uo/é .
U, is the energy required to separate the charges in the vacuum,

rd
-For é’<20 or ¢ '<I$'.it is quite reasonable to assume that X <<'

and therefore:

Py ' ' 2
>4 /(/_o() o~ &«
"equation.(3.32) becomes, .

2

€ = %' exp (‘%T> (3.33)

a)h. exp (%_:{6__)

or o = ‘%- exp (;él'/"_. errenn. (3.35)

eeeress (3.34)

or o«

n

KT

but the resistance is inversely proportional to the number of free ions,

i.e., to the degree of dissociation. Therefore:

/09 R-. = Const - fo9o<
o= Const, U‘,/ " .
"
= a/é'+{ | .. (3.36)
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ﬁarker and Thomas studied the effect of moisture and high electric
field.on conductivity in alkali halide doﬁed cellulose aéetate.
Tﬁeoriés of ionic dissociation have been presehted by different workers.
The main idea emphasised concerning the effect of moisture on the
conductivity of cellulose acetate polymer is that water increases the
dielectric constant of the medium by reducing the effective dissociation
energy from its maximum value to a very low value and hence the
concentration of ions. They concluded from their experimental and
theoretical work that conductivity in terms of ion concentrations and

mobilities , 1s given as
6~ = 2!!7[,{/,'8
¢

They considered that when polymer film was doped in the salt solution
‘the number of salt molecules in a unit volume of the film was /M, .

bissociation of salt molecules at equilibrium was defined as

7{.)(-' *7\*-{-}’ ceee.. (3.37)
( - ¢)n. ﬁ": ¢m_

where ¢ is fractional dissociation, #7 is the number of salt
molecules obtained after dissocia tion had taken place, and (/— ﬁ)ﬂois

‘a salt molecule before dissociation. The dissociation constant was

given by

,&_ (7'\)] (’\'}‘) 79‘ /(-)(338)
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2
. where ( ) represents activity, ' 2’ is the product of

.activity coefficients and ¢ . is the fractional dissociation. An
activity coefficiént may be defineci_ as the ratio of active mass of

t_he solute to the cbnqentrai:ion ;)f 1;he solution per gram molecule

in l1000 .grams of water. With the dissociation of salt molecules, there
may occur -a change in thermodynamics of the system, i.e. change in

pressure of temperature etc. hence &was also defined as

x&_= /&' exp (—AQ/K7)¢\VJ/&;“’('U/;_’)...... (3.39)

A'é is the Gibbs potential in the system, When heat is evolved
during the process a negative sign is used, but when heat is added it

is vice versa. From equation (3.38)
/& = Zlfn,/(/_gy
K fom = 74/0-9)

- = /ve9/19:6/e

or _&/ ;—7&¢‘

o

| V/
or <_’é, - = 7¢ d =(%—-— Lf' cereeeees. (3.40)

conductivity as stated before,

6 = = A e =2,‘¢’,n‘-,¢{.e....... (3.41)

4
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1f only one kind of ion pair is involved,

6 = ¢n.e (,u,, +,a_> ceees. (3.42)

substitution of ¢ from equation (3.40) into equation (3.42),

;
6 %(%’)}" n, e (,a, +,a_) vernre. (3.43)

’ , ’ ’
Assuming 7 % U,/é) Y,as an effective dissociation energy,

= o 7k for () (a4

{09 6 -_-(/09(;",{:/:) + ’/& /09 n, + /09 ((aﬁ,a_)o
-— (U,I/«y.o‘aS'KT)('/é') ceeeenne.. (3.44)

The major points that emerge from Barker and Thomas's work are that
o
(1) at 25 C, 6~ for a dry sample of C2.5A whether or not it contains
. . -,8ﬂ-’ ol
salt molecules, is in the order of [e m , (2) for
measurements at ordinary ambient humidities on a typical sample which
is not bone dry Gv increase by a factor of about 2 during a 1-3 hour
period, after which a gradual decrease is noi:ed, (3) the moisture which
enters during the latter stages of sorption is apparently more efficient
'
in increasing é than the initially sorbed water, (4) 6 is
%
not proportional to # rather 60 X M. and finally log § is a

linear function of ’/é'and the slope is proportional to U,' .
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The work of Fuoss and Krauss, King and Medley and Barker and
Thomas is concerned with the ionic dissociation theory which was
basically produced by Bjerrum. An adequate description of the conduction
phenomena has been given which proves that the conduction process in
polymers is iénic and its magnitude is dependent on the number and

mobility of the ions.
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Experimental Technique

The present work is concerned with the determination of the
effect of humidity on films of C.A, and C.A.B. The films were prepared
by a casting technique and subsequently mounted in a three terminal
electrode system in a sealed humidity chamber. The humidity chamber
was maintained at constant temperature and the humidity changed by
using different saturated salt solutions. Measurements of the capaci-
tance, a.c. conductance and d.c. conductance were made for different

humidities. The effect of doping the films with ionic contaminants

was examined,

Some measurements were made of the moisture sorption characteristics
of the films, but these were incomplete due to the uncertain character-

istics of the sorption apparatus.

Materials

Materials used in the present work were obtained from Eastman Kodak,
Cellulose acetate (acetyl 40.0%, ASTM visc 25) and cellulose acetate
butyrate (17% butyryl, ASTM visc 15), were in the form of fine powder

and white flakes respectively.
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Film Preparation

Two techniques of preparation of specimens were examined, hot
compression and cold casting., The latter was finally chosen as it
produced thinner and better quality films, Further it is more likely

to be used in the manufacture of humidity elements.

Compression moulding involves the use of a heated press to raise
the material above its melting point and then to apply pressure. The
material is squeezed into the shape of the mould containing it. Charles
and Barker (70) successfully used a moulding technique to prepare
specimens of cellulose acetate. They used the same material as above.
Specimens of 0.0l m thick were made by compression without a plasticizer.
For 0,02 m diameter, 0.21 grams of cellulose acetate powder was used
for each specimen. Details of the method are as follows: the cellulose
acetate powder was first pressed at 4.2 MN/m2 and then placed between
two platens at 210°C and preheated for 10 minutes. After preheating a
pressure of 1.87 MEN/m2 was maintained for two minutes, followed by 15
MN/m2 for 3 minutes. The samples were then cooled slowly at 32.8 MN/m2
until they reached 180°C. Water cooling was used afterwards to cool

to 40°C and the samples were taken out of the mould.

Attempts were made to use compression moulding to make cellulose
acetate and cellulose acetate butyrate specimens. A measured quantity
of the material was heated in the lower part of the mould to a temperature
which was controlled automatically just above the melting point of

the material. The upper paft of the mould which had been heated to the
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same temperature was brought over the lower one as soon as the
material started melting. After 2-3 minutes, pressure was applied
by 30 ton press at 65.4 MN/m2 for a film of 0.076 m diameter. The
heating was switched off and as the temperature dropped below 100°C
water cooling was used. The pressure was released as the temperature

reached near 20°C.

‘Several problems were faced,when carrying ot this process, first
during the initial heating of the films. Fumes were observed leaving
the mould, and secondly, it was extremely difficult to separate the
specimen from the mould at the end. In several cases the material
had clearly deteriorated as the films had shown signs of burning.

Finally, the films were brittle and broke easily.

Various attempts were made to overcome these difficulties, including
the use of mould release agents and plasticizers. However, as the
specimengs were clearly inferior to those produced by cold casting, the

method was abandoned.

Considerably more success was achieved using a cold casting
technique. This method depends on the fact that C.A., and C,A.B. are
soluble in acetone and other solvents. The resulting solution can be
poured onto a suitable surface from which the film is subsequently
stripped once the solvent has evaporated. Long and Thompson (21) in
their work on the diffusion of water vapour in polymers made films of
polyvinyl acetate, cellulose acetate, cellulose nitrate am polyvinyl
alchol by casting. They used acetone as the solvent for all materials

and the films were cast on a mercury surface. -Spencer and Ibrahim (33)
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made polyvinyl alchol films for sorption measurements by casting on

a glass sheet from 5% aqueous solutions of du pont Elvanol 71-30.

The dried films were stripped from the glass and kept at 80°C. For

the experimental study of the influence of various factors on the time
dependent nature of diffﬁsion in polymers, Park (35) prepared thin

films of polystyrene and cellulose acetate by a casting technique.

The solvents used ﬁor polystyrene and cellulose acetate films were
methylene chloride and acetone respectively. Casting was carried out

on the glass plates after the films had been peeled off the glass plates.
In order to ensure that there were not traces of the solvent in the films,
they were heated before being used for experiments. Patel and Patel (71)
used a casting technique to prepare uniform films of polyethylene,
polypropylene, polybutene, polyacrylonitrite and cellulose triacetate.
(The same technique had been used by Carnell (72) to prepare films

of uniform thickness). Details of the procedure are given in their
paper. A glass tube 0,7 meters in length and 0.015 m inside diameter
and sealed at the lower end, was placed in an air oven held at constant
temperature (within + 0.5°C). The tube contained 10 ml of polymer
solution. The solution was allowed to reach thermal equilibrium. A
glass slide suspended by a string was allowed to reach thermal equilibrium
and then immersed in the solution. After half an hour the slide was
raised at a constant rate of 0.01 m per pinute. After it has been
completely withdrawn from the solution, the slide was left above the

solution for about one hour. The films were subsequently floated off

on water.




-68-

4,2,1 Details of casting method

The technique used to manufacture the films in the present work
is as follows. This is based on (v; preliminary experimentation and
the work of Patel and Patel. The method demonstrated the need to
carry out the whole process in as dry an atmosphere as possible. If
the acetone contains water, the resulting films are opaque and milky.
Sheppard and Newsome found that such films have a microscopically
porous structure and show much more absorption than a transparent film.
Using dry acetone and taking care that the air in contact with the
solution and film was as dry as possible, clear transparent films are

obtained.

The raw material (cellulose acetate or cellulose acetate butyrate)
was dried in an oven at 60°C overnight. Known amounts of the material
and dry acetone were mixed in a large beaker. A lid was made which
was used during mixing so as not to allow wét air to reach the mixture,
After'the solution was ready, the mixer was taken out carefully and
the beaker covered with another air-tight lid. The solution was left
for a half hour to get rid of the air bubbles (see Figure 4.1). Films
were subsequently made by casting on to glass plates 0.152 m x 0.05 m,
When the solution was free of air bubbles, it was poured into a small
beaker which was placed in a larger beaker containing activated silica
gel. The silica gel indicated the dryness of the air around the
system. Three similar glass plates were used for casting. Firstly
holes were drilled through them and they were mounted on a threaded rod.
This was connected to the pulling system by a rigid copper rod. The

plates hanging on the copper rod were brought into the chamber over
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fhe solution, and left there for 15 minutes to allow them to reach
thermal equilibrium. They were then dipped into the solution and kept
there for half an hour before they were pulled out. The films were
partially dried over the solution by leaving the glass plates there
for an hour. The glass plates with the films on were then taken out
of the chamber and put into another beaker which contained activated
silica gel, for further drying. The process was continued by placing

another set of glass plates in the chamber while the first set was

drying. After about an hour, when the films had completely dried,

see Froure (1)
they were peeled off the plates by marking the sides with a razor blade.A

Peeling off the films requir ed great delicacy, as many filmg, particﬁlarly
very thin ones 2.54 x 10—6 to 2,54 x 10-5 meters thick, tore while
peeling them off, An idea of dipping the glass plates in water for

a few minutes was tried, which happened to be highly successful, The
films came off the plates and floated on the surface of the water,

Very tﬁin film took a little longer before they floated off onto the
sufface. To ensure a uniform film, the plates.had to be drawn out of

the solution slowly and steadily.. The drive motor had a variable output
speed in the range 1 to 100 r.p.m. This was connected to a lead screw
which drew the specimens out of the solution. The rate of pulling

-3 - -2
was 1 x 10 ~ meters per minute to 3.3 x 10 meters per minute,

Film properties

Films of variable thicknesses were made by varying the concentration
of the solution and the pulling rate. To find out how the film thickness

depended on the concentration of the material in the solution, a series
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of films were made at the same pulling rate but using different
concentrations. The concentration was measured by taking a small
amount of solution from the beaker and weighing it carefully. It

was then left open to let the acetone evaporate. After the acetone
had completely left the sdlution,_the remainder was weighed and the
concentration was calculated. In general, the thickness of the films
iﬁcreased with the increase in concentration of the solution as shown
in Figure 4.2. Similarly the relationship between the pulling rate
of the glass plates and the thickness of the films was measured at a
constant concentration, The thickness of the films was found to
increase as the speed increased, as shown in Figure 4.3. The reason
that the thickness of the film increased with increasing speed was due
to the fact that at high speeds of withdrawal, the solution dried
quickly on the plates and did not run off, whereas at lower speeds,
'lthe solution ran off the plates and thinner films were formed. To
confirm this, glass tubes of 0.02 m diameter (internal) were dipped

into the solution and raised up, instead of the glass plates. After

they had dried, the two films, the inside and outside one, were signifi-

cantly different in thickness. The film cast on the outside of the
tube was thicker than the one obtained from inside. It was concluded

that dry space (area) affects the thickness of the film.
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Humidity and temperature control

The electrodes and specimens were mounted in a humidity chamber
which was in turn mounted in a water bath. The temperature of the
water bath was controlled to + O.5°C by a mercury thermometer.
Throughout the tests, the bath temperature was maintained at 25°C.
The humidity chamber was made from a solid block of aluminium 0.177 m
deep and 0.177 m in diameter (internal)., It had a thick wall of 0.0254 m.

The massive construction ensured that small variations in the bath

temperature were not transmitted to the specimen. The lid was sealed

to the chamber using an O ring and was clamped down to achieve metal
to metal contact and good thermal conductivity from the base to the lid.

(see Figure 4.4).

The humidity inside the chamber was controlled using saturated
-salt solutions., The method of humidity control haé been discussed by
Fionnuala and O'Brien (73). Details of the salts used and the corres-
ponding values of humidity are shown in Table 4.1. There are three
requirements for satisfactory operation: the humidity chamber must be
carefully sealed to prevent air leaks, the air must be continuously

circulated within the chamber, and temperature should remain constant.

Provided that these conditions are satisfied, the humidity within the

chamber is very stable. This is of considerable importance in measure-
ments of electrical conduction where a small change in humidity can
cause a large change in conductance, The method has the disadvantages
that fhe humidity cannot be changed easily, from one value to another,

and it requires a long settlement time following a change,
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To ensure that the chamber was air-~tight, all seals were of the

.vacuum O ring type. To circulate the air a small fan was mounted

inside the chamber. This was driven through a magnhetic link ensuring
an airtight seal to avoid air leaks along. the shaft. The drive

motor must be mounted outside the chaﬁber.

Electrode System

As pointed out in the discussion on the effects of moisture
on the electrical properties of polymers, many workers have made
measurements using a simple two electrode geometry. This does not
allow any distinction to be madé;between surface and volume conduction.
As one of the particular aims of fhis work was to investigate the

existence of separate surface conduction on these materials, the

" decision was taken éarly in the work to use a three electrode geometry.

The third electrode is used as a guard electrode and serves to define

5‘3 53'4
the nature of the measurement more clearly. Figuresd+9® shows the

. basic arrangement and the electrode connections for volume and surface

resistance measurements,

Amey and Hamberger ( 39 ) hgve investigated this system in some
detail and have shown in particular, that the effect of the volume
current path on méasurements of surfacé conductance is greatly reduced
by the presence of the guard electrode. For such systems, Améy and
Hamberger gave the fdllowing expression for the volume resistance

between electrodes 1 and 2;
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R:z = fv_- ......... (4.1)

12

where 812 is the disk (film) shape factor for the volume path bhetween

electrodes 1 and 2.

S'.; =7 (2 /oﬂe' fanh (%é_)_) ......... (4.2)
H = 67k

and for volume resistance between electrodes 1 and 3

where )\ is fringing constant

AS [(%r /o}eforh<f§)> ........ (4.4)

These equations hold so long as the following assumptions are Jjustified:-

S
Df, T o5
(e + 1)/,

where 72
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The actual electrode system is shown on Figure (4.§). The electrode
pattern was sprayed ontb the polymer film which was then clamped between
the electrodes using the thumb screw. Holes were drilled in the top
electrode to ensure free ventilation and rapid sorption of moisture by
the polymer. The electrodes were of stainless steel, and the rest of
system was of brass. Polytetrafluoroethylene was used to insulate the
electrodes from earth. The electrode system was mounted in the humidity
chamber above the saturated salt solution and adjacent to the fan.

The electrodes were connected to three coaxial terminals on the 1lid of

the humidity chamber which was earthed.

Similar expressions hold for the capacitance and a.c. conductance

between electrode 1 and 3,

Cou. = € ;r(;;..k) e (4.5)

/

C = €

3 013

Ci3 = w € C;:s

For the electrode system used in the experiment, .

Y = 13.5 mm
7;. = 17.5 mm
73 = 21,5 mm

}\ , the fringing constant is a function of the specimen thickness.
The maximum specimen thickness was 0.028 mm and the minimum O0.018 mm.

The corresponding values of A are 1.9 and 2.0 mm.
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The'shape factor, S becomes

12’

N
1]

. 70 & ,090. /5’)/) %))
?:, (& lo9e y ("’)) = 0

P
and Ru_.-;_(z_—h—)-z_,

Consequently in any surface measurements, the effect of the shunt path

can be neglected any measureable current will be a genuine surface

current and not a volume current.

Electrical measurements

Measurement of specimen capacitance, a.c. conductance (normally

at one frequency, but also at variable frequencies), and d.c. conductance

L d

were made. The dielectric constant 4 and d.c. conductivity 6~'

were then calculated.

A.C, measurements

The specimen capacitance and conductance were measured by a 1615-A

capacitance brdige (General Radio Company). This is a transformer ratio

-6
arm bridge which measures capacitance from a maximum of 10 Farads to

10

=17

Farads with an accuracy of 0.01% + 0.00003 picofarads at 1 KHz.
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Additional errors are introduced at high and low frequencies. The
conductance is measured from 0.1 Il mho to 10 P mho with an accuracy of
0.01% over the whole range of frequency. Large conductance measurements
can be made in terms of. dissipation factor and converting them into

conductance using the expression,

G = Dx 273 xC  _umbho

(from equation 3.14 and 3.16)

¢ =capacitance in picofarads.

The advantages of using a transformer ratio arm bridge for these

measurements are,

(1) The high measurement accuracy obtainable,
(2) The ability to measure a very small capacitance with no effects from
the shunt capacitance of long cables,

(3) The measurement of a very wide range of impedances.

The bridge was supplied from a variable frequency oscillator (Phillipsg
L.F. Generator) which had a range of 14 Hz to 150 KHz, The error signal
from the bridge was measured by a Ténsley detector amplifier (Type 5710
tuned amplifier) which had a tunable frequency range from 10 Hz to 100 KHz
and a sensitivity such that 0.1 microvolts could be detected over the
whole range. In practice, the oscillator was tuned to give maximum
detector deflection before balancing the bridge. The detector frequency

read-out was calibrated against a digital counter and found to be within
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+ .
- 1% of actual frequency. The minimum frequency at which satisfactory

results could be made was 30 Hz and the maximum frequency was 10 KHz.

4.5.2 D,C. measurements

The d.c. conductahée of the specimen was measured by a fast
picoammeter (Vacuum Generators/Ltd., Model DCl). The-instrument consists
of a transistor d.c. amplifier preceded by a bélanced pair of electrometer
valves. It is in effect a millivoltmeter in having a very high input
resistance. Current can be measured in two different ways. In the
slow mode of operation current is measured by passing it through a
standard high resistance and recording the voltage drop. For the
present work the fast mode of operation was used. With this connection,

a standard resistance is connected between the input and output of the
amplifier and the current to be measured is applied to the "virtual

earth" input thus formed. The fast ;ode of operation reduces the effect
of shunt capacitance at the input socket on the response time of
instrument. The picoammeter measures current from maximum of 3 x 10-5 amps
to a minimum of 10-13 amps, full scale. The maximum response time in

_the fast modé of operation is shown in the following table,

Amperes full scale . No added capacitance 50 U4 F ;'atdded capacitance
10_13 | I250 ms 300 ms
10-12 | 30 ms 35 ms
10-11 5 ms 5 ms
10_10 2 ms 2 ms
10_9 2 ms 2 ms
1078 2 ms 2 ms
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The drift is negligible after the instrument has warmed up. In

practise the instrument was warmed up for an hour before any measurements
were made. The average value of curéent was recorded from the current
readings for positive and negative supply voltages., The accuracy of

the instrument is + 4% of full scale, exclusive of noise and drift.

The voltage applied'to the specimen was obtained from a switched high
voltage supply (Keithley Instruments) with a voltage range of 0-1200
volts. When the voltage is applied to the electrodes, the resulting
current through the volume of the material decreases with time to a
limiting value. Usually after one minute, the current is substantially
constant, The time interval between the application of voltage and the
measurement of current is called the electrification time, The limiting
value of current is the conduction current, and current in excess of

the conduction current is called the absorption'current. The electrific-
ation time cannot be prolonged indefinitely, particularly at high

humidities, as electrolysis may occur.
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Experimental results and discussion

Introduction

The measurements of dielectric constant and d.c. conductivity
described above were made on films of cellulosé acetate and cellulose
acetate butyrate. Two techniques were adopted to determine the effect
of sorbed moisture on these properties of the materials. In the first,
measurements were made as a function of time following an abrupt change
in the humidity in the chamber and in the second, measurements of the

equilibrium values. as a function of humidity were recorded.

Following the application of the electrodes to the specimen using
the spray gun, the specimen was baked in the oven at 60°C for twelve
hours to remove the paint solvent. It was then mounted between the
electrodes and placed in the chamber over a desiccant. Silica gel
(activated) was normally used. Phosphorous pentoxide (P205) and molecular
sieves were tried but very little difference in the initial dry
properties of the film were recorded. The desiccant was kept in the
chamber in the water bath overnight, and a readingsof the dry specimen
propertieé"\.:mVe taken in the morning, prior to its exposure to any
hunidity. The relative humidity in the chamber was produced by
substituting a tray containing the required saturated salt solution for
silica gel. The time at which the film was exposédato the humid
atmosphefe was taken as the initial time and measurements of the a.c.
and d.c properties were made continuously one after the other for the

first hour or so. The time for each set of readings, e.g. capacitance,
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a.c. conductance and d.c. conductance was carefully noted. The
parameter values and the associated time at which these values were
recorded, were used to compilte a new set of parameters at predetermined
time intervals using a curve fifting program available on the university
computer. The program was modified to calculate '/é’ and fnG“ as required.
In this way it was possible to compare values of 9‘( and’nG' at the
same point in time. Equilibriuﬁ values were either obtained at the end of
a time run or by leaving the specimen over the saturated salt for some
seventeen hours overnight after it had been changed. Previous experience
had shown that this was sufficient time for equilibrium to be attained.
The salts were changed such that_the humidity increased or decreased
steadily throughout the run and the specimen was not dried between
different humidity values so that hysteresis, if present, could be

correctly observed.
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Effect of humidity on dielectric constant, a.c. conductance and

d.c. conductance.

The effect of humidity on the dielectric constant, a.c. conductance
and d.c. conductance of the specimens was to increase the values of these
parametérs. In the time response £uns following the exposure to a
humid atmosphere of an initially dried specimen the dielectric constant
g.c. conductance and d.c. conductance of the specimens increased with
time until the equilibrium stage was reached. In the initial stages
the values of dielectric ;onstant and d.c. conductance increased rapidly
but the rate of change fell off with time. Figures 5.1 to 5.3 show
these increases following an initial abrupt change of humidity in the
chamber. Comparing the initial dry values with the final equilibrium
values at 43% relative humidity, capacitance increases by a factor of
1.3 or 1.1,a.c. conductance by a factor of 1.05 or 1.0 and d.c. conductance
by a factor of 10+3 or 10+2'5 for cellulose acetate of cellulose
acetate butyrate respectively. This characteristic has been noticed
previously by many workers (1, 63, 64) who studied the effect of sorbed
moisture on dielectric properties of these materials. At higher humidities‘
the changes are much greater., For example with cellulose acetate at 96%

relative humidity capacitance increases by a factor of 1.8 and d.c.

canductance by a factor of 10+6.

If the equilibrium values of the specimen parameters are plotted
against humidity (%) the cur¥es are shown on figures 5.4 to 5.7 are
obtained. The increases in the.capacitance, a.c. conductance and d.c.
conductance are similar to those obtained in the time response run. In

addition these curves show marked hysteresis which is to be expected.
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As pointed out in section 2.4, hysteresis is a characteristic of the

sorption process,

An attempt was made to determine the sorption isotherms for the
materials used in the above tests. Figure 5.8 shows the results
obtained for cellulose acetate. This can be interpreted as an indication
of the sorption characteristic of the material, but as the temperature
control was not functioning satisfactorily, the results may be in error,
For the same réason, it was not possible to obtain sorption character-
istics of.cellulose acetate butyrate which sorbs less moisture.
Nevertheless the results agree with those pubiished by Wakuni and Calder
Wood (49), among others., It is interesting to compare the sorption
characteristics of cellulose acetate with the electrical characteristics
plotted above. It is noted that capacitance, and a.c. conductance
increased nearly linearly with the amount of moisture sorbed whereas
d.c. conductance increases exponéntially with the sorption, as shown
in figures 5:9 -, 5,10. The authors reviewed previously have reported
very few direct comparisons of sorption and electrical characteristics.
Rosenberg (62) found that the conductivity in haemoglobin crytals
increased exponentially with the amount of moisture sorbed. The results
are very similar, however, to those obtained by various authors (see
McIntosh (12)) for the increase in capacitance due to the physical
adsorption of water and other solvents on materials such as silica gel.
McIntosh suggests that for systems such as the one reported above where
the water mixes continuously through the solid dielectric, the dielectric
constant of the system may be found by adding dielectric constant of

the constituent on the volume fraction basis,
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’

E = & é‘.si' eee.. (5.1)

where é; and S}are the dielectric constants and the volume fraction
of the ith phase, Figures (5§11:) show the actﬁal variation in €
with the amount of moisture sorbed by the material and also the values
calculated using equation (5.1),.these results clearly disagree,

McIntosh suggests alternative approaches to the calculation of ¢ for

mixtures but these apply mainly to porous solids.

Comparison of the results with the dissociation theory of Barker and Thomas

As has already been pointed out, the very large increase in
d.c. conductance compared with the changes in the a.c., properties of the
specimens led King and Medley (63), Hearl (64) and Barker and Thomas,
to suggest that ionic dissociation plays a large part in the conduction
process. Clearly according to the Nernst- Thompson rule when a solvent
of high dieiectric constant such.as water enters the material, it reduces
electrostatic attraction between the ion pairs in that material and
hence increases the number of ions. As seen from equation (3.20) the

electrical conduction in polymers is expressed by the relation,

07 =Sinuie

The sorption of water by the speéimens only produces ions or current
carriers ini which in turn increase the conductivity of the specimens
but the mobility /pi of these ions virtually remain constant. The

dissociation theory of Barker ahd Thomas (1), reviewed previously in

section (3.4.3) leads to the following equation for the d,c. conductance,
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LN g

o? 096“ ~ (0) (f’/(,) I/
'/o 6 =~ a+b -Vé’

a = &9 ((, (Q )(4 +1/)> b= (- /4605'/0)

which indicates a linear relationship between the logarithm of conductivity
and the reciprocal of the dielectric constant of a specimen and proportionality
between the conductivity and the square root of the number of ions in the

specimen,

Following the method of Barker and Thomas who plotted log 64againstl/k‘
for a specimen of cellulose acetate, the results obtained from the present work
for cellulose acetate and cellulose acetate butyrate specimens are plotted on
figures (5.12 and 5.19). The results are based on time response data obtained
following an abrupt change in the humidity in the chamber. Figures (5.13 - 5,18;
5,20 - 5,25) show the variation of the parameters ‘/é’ and lﬂ6~with time at
different humidities for C.A. and C.,A.,B, materials. The points on the figures
represent the actual results obtained from three experiments and the average of
the three corresponding computer outputs for each humidity. These figures show
the spread in the experimental results, The average of the three computer
outputs clearly lies between the experimental values. Barker and Thomas used
only one humidity in their experiments, but ih the present work three different
humidities were used in each case, . As seen on the figures (5.12 and 5,19) the
values for 1716~égainst 1Aé’ for each humidity lie on a straight line and have
the same slope except for the initial values. These initial values were taken
withinllo to 20 minutes after the film was exposed to the humid atmosphere,

The changes in the values of capacitance and conductance during this period
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were quite rapid and on the reflection, the effective starting time for
, each run may not have been exactly the same from one run to the next due to
delay in closing the chamber. In the present work the straight lines have same
dope but different interce?ts. In the case of the time response run made
~at 22% relative humidity on a C,A,B, film, the straight line does not have
the same slope as the lines obtained for 43% and 65% relative humidity.
It is considered that 22% relative humidity is very low humidity and the
results obtained at this humidity may not be directly comparable with results
obtained at higher humidities, According to Barker and Thomas theory,

the results obtained at any humidity should lie on the same straight line,
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The expression for‘a’ given above involves a series of constants
i.e. y ’ the'activity coefficient, “K.’ the dissociation constant,

N, the number of salt molecules, '/u the mobility of ions, and

@ , the electronic charge, which are independent of humidity.
The expression fof slope also contains humigdity independent constants
such as Boltzmann's constant K , and absolute temperature T . However
the results suggest that ‘a'is a function of humidity, and that ‘b’ is
not. On the other hand, if the equilibrium values are plotted in the
same way, then the intercepts and slopes are different to those obtained

in the time response runs,

The most obvious reason for this disagreement between the results
obtained from the present work and the theory of Barker and Thomas is
that the moisture distribution in the specimen,must be changing
continuously during the measurements in the time response runs. Figure
(5.24) shows a model which suggests how the moisture distribution
across the thickness of the film (specimen) between the electrodes,
changes with time as sorption proceeds, assuming that the humidity in
the chamber reaches its equilibrium value fairly rapidly. As discussed
in section (3.4.1), the amount of moisture is highest at each face but
lowest in the middle. Such a moisture distribution is likely to occur
in absorptive materials (58) and this must be reflected in the electrical
measurements. The specimen could be considered as a éet of capacitors
of different values in series, From a simple consideration of two
capacitors in series with widely different values, the measured

capacitance will reflect the value of the lower of the two capacitors.
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As this represents the capacitance of the dry material in the centre
of the specimen, the measured resu}t is not a good indication of the
behaviour of the material. Some confirmation of this view is given by
the fact that the time taken for the electrical properties to reach
equilibrium is similar to that taken for sorption to reach equilibrium.
From the information given by Barkér and Thomas in their paper it would
look as though their results would show the same effect. The results
obtained in this work agree well with the results of Barker and Thomas,
i.e, cellulose acetate shows the same slope in.their results and in
the results shown above. Unfortunately, Barker and Thomas did not
publish results at different humidities and consequently a fuller
comparison is not possible. Regenerated cellulose has been used by
Misevich (4) and Thoma (5) in the development of a humidity transducer.

Figure (5.27) shows the results are similar to those already obtained.

Doping of specimens and electrical measurements

In section (5.0) it has been explained how experiments were
carried out to measure the electrical properties of undoped specimens.
In addition to those experiments specimens were doped with NaCl in order
to determine the effect of doping with an ionic solid on the electrical
properties of the specimens. Briefly, doping was carried out by soaking
the specimens in a known solution of NaCl for a period of 48 hours.

The specimens were then washed thoroughly in distilled and deionized water

o
to reduce possible surface deposits and dried overnight at 60 C. The
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procedure is similar to that used by Barker and Thomas (1).

Doping produces ions or current carriers in the specimen and
hence the conductivity of the specimen increases. From Barker and

Thomas the expression for conductivity is also defined as,

where 6'7 depends on the square root of salt concentration Re.

The presence of the salt molecules in the specimen in the dry
state has no effect on the conductivity of the specimen, but with water
sofbed by the material, the salt molecules dissociate into ions which
consequently increase the conductivity of the specimens according to
equation (3.20). Figures (s,zﬁ and 5.29) show the fesults of time
response runs done on the doped specimens. The intercept of the lines
changes as the concentration of the salt solution in which the specimens

were doped changes. As seen from the expréssion for a in section (5.3)

a = /09 <a" (Kin,b‘)) é/+ + ﬂ_)e

Ro is the only variable factor in the equation which varies the

conductivity of.the specimen., Barker and Thomas measured the number

. of salt molecules in the specimen using an x-ray technique and correlated

the conductivity with the number of ions., It was found that,
Y
6~ X No * Cenians (5.3)

In the present work the concentration of salt molecules in the specimens

could not be determined as the necessary equipment was not available.
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1

Nevertheless, assuming that the nuﬁber of salt molecules in the
material is proportional to the concentration of the doping solution,
it looks as though equation (5.3) is obeyed. The slope of the graphs
is the same as in previous time response runs, Equilibrium values
were not recorded because of specimen deterioration and the time

required.

Variation:.of dielectric constant and dielectric loss with frequency

The variation of the dielectric constant é'and dielectric
loss é’vof specimehs with frequency were determined by measuring values
of C and G of the specimens at different f?equencies, ranged from 300 Hz
to 100 KHz, The effect of humidity on é' and E” was determined by
using different saturated salts to vary humidity. The results
obtained from these tests are plotted on figures (5.30 and 5.31). The
dielectric constant of the specimens decreases slightly as the frequency
of thé applied field increases. The dielectric constant increases as
the humidity increases but there is no noticeable change in the form of
graphs. The results are plotted for cellulose acetate butyrate
specimens only, but cellulose acetate gave simi}ar results, " The dielectric
loss of the specimens on the other hand increases with increasing
frequency of the applied field. The increase is quite steady up to
10KHz, but after that it flattens out, Figure (5....) shows no clear
relaxation irequencies. The dielectric loss of the specimens increases
with the increase in humidity, the water molecules in the specimens

producing the loss due to their dipolar character. These results agree

with the results shown for example, by Hartshorn and Rushton (18), and

‘Barker and Thomas (1).
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If the capacitance and d.c. conductance are measured following
an abrupt change in humidity as described in the section (5.3), but
~at different frequencies, the results are a set of parallel straight

lines agreeing with the Barker and Thomas results, see figures (5.34)

- “

Surface and volume conductance

The effect of humidity on the surface and volume conductance of
different polymeric materials has been previously reviewed in éections
(3.31 and 3.4). The effect of humidity on the surface and volume
conductance of cellulose acetate and cellulose acetate butyrate was
observed in the present work. The experiments carried out consisted
of measurements of both surface and volume ;esistance on the same
specimen using a three electrode assembly., As shown in section (4.4),
using the equations observed by Amey and Hamberger (39), the volume
conductance between the coaxial electrodes on the upper surface of the
specimen is negligible. Consequently any change in the conductance
measured between these two electrodes with humidity would constitute
a genuine surface current, No such change was observed, the current
remaining substantially negligible at all humidities, It is concluded
that there is no surface conduction and therefore no adsorption on

the surface,
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Conclusions

Cellulose and its derivatives are hydrophilic polymers and
absorb moisture when they are exposed to a humid atmosphere. ° The
properties of cellulose and its derivatives, i.e. cellulose acetate,

cellulose acetate butyrate, cellulose nitrate and ethyl cellulose

- change with the absorption of moisture. A general survey of the

electrical properties of cellulose acetate and cellulose acetate
butyrate under different’conditions of humidity has been made. In
particular, work on the effect of humidity on electrical conduction has
been reviewed. The experimental work of Barker and Thomas has been
extended to consider the behaviour of cellulose acetate and cellulose
acetate butyrate at different humidities. Similar results were

obtained for both materials, Following Barker and Thomas, the capacit-
ance, a,c. conductance and d.c. conductance of the specimen were recorded
as a functioﬁ of time following an abrupt change in humidity. 1In
addition these parameters were recorded as a function of humidity once
equilibrium had been obtained. Similar experiments were carried out
with the specimen doped with sodium chloride and at different frequencies.
It was found that cellulose acetate butyrate had similar electrical
properties to cellulose acetate. This is to be expected as both
materials are similar chemically. In‘general capacitance and d.c.
conductance were slightly higher in the case of cellulose acetate when
these parameters were measured at equilibrium. Both materials showed
hysteresis with respect to humidity, electrical properties being greater
for decreasing humidity than for increasing humidity. This effect is
due to hysteresis in the sorption process. It was found to be less

with cellulose acetate butyrate than with cellulose acetate.




The results were compared with the work of Barker and Thomas.
. The dissociatipn theory of conduction developed by these authors
suggests that a plot of log 6 against b@’, should be linear., This
was found to be so for both cellulose acetate and cellulose acetate

chsely

butyrate. In both cases the slope of the plots wasKihe same as
published by Barker and Thomas when the experiment was carried .out in
the same way. However, there were some significant differences. The
intercepts with 9@' = 0 axis increased with humidity which is nof
predicted by the theory. Further the slope and intercepts for a plot
of log 6" against '/é' , for the equilibrium values differs significantly
from the values obtained in the time response runs. This disagreement
is expected . from the difference in intercepts with humidity. This

difference was attributed to the non-uniform distribution of moisture

across the specimen during sorption,

The effect of doping is as expected, the conductivity increasing
considerably. IThese results were in agreement with Barker and Thomas.
They were however obtained using time response runs and these,in view
of the above disagreement, are suspect. Nevertheless, it would appear
that the conductance intercept is a function of the square root of
the number of ions (salt molecules). Further work should be based on

the measurement of equilibrium values.

A specific attempt was made to compare surface and volume conductance

on the same specimen, but there was no detectable surface conductance.




From the view point of developing:humidity transducer, cellulose
acetate butyrate shows less hysteresis than cellulose acetate and is
to be preferred for this reason. On the other hand, the total change
in capacitance for a change in humidity from zero to 100% is less
with cellulose acetate butyrate than with cellulose acetate. Despite
the thinness of the film used in this work, the time required for
capacitance and conductance to reach their finallvalues was apparently

long. It is difficult to estimate this but it is probably of the

order of an hour. Much of it may be due to the effect of the electrodes.

In conclusion, the main points which require further work are

as follows,

(1) The application of Barker and Thomas theory to equilibrium results
should be extended and an attempt made to find out the exact reason
for the difference. between the results obtained using time response

runs tests and equilibrium tests. The equilibrium tests should be

extended to cover doping tests.

(2) The results should be compared to those results obtained on other
hygroscopic polymers, for example, nylon 6, polystrene and polymethyl-

methacrylate, etc.

(3) It would be useful to compare the changes in electrical properties

with the amount of moisture sorbed by material.
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Appendices

Appendix A

.Table 2.1

The values of maximum sorption of water vapours by

cellulose acetate films of different thickness.

Thickness Maximum Adsorption
0,0405 mm 14,95% at 600 min
0.0850 mm 14,49% at 1320 min
0.1320 mm 10.60% at 1290 min

0.1702 mm 10,79% at 1440 min
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Appendix B

Table 4.1

The values of relative humidity from saturated salt

o
solutions at a temperature of 25 C.

Type of Salts . Relative Humidity
Potassium sulphate ' 96%
Potassium chloride 86.5%
Sodium chloride 75.6%

-Sodium nitrate 65%
Sodium dichromate 54%
Potassium carbonate 43%
Magnesium chloride 33%
Potassium acetate 22% .
Lithium chloride 12%
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AEBendix C

Calculation of results from time response run

The following illustrates the program used to compute the data used
in conjunction with two other computer runs, to plot figure (5.12), - This
calculation is for one run on cellulose acetate for a step change in humidity

from zero % to 43%. Three such runs were calculated for each humidity.

The results were fitted using a polynomial of degree 5.

Input data
Time Capacitance (p.f) - d.c. conductance {mho)
c = 375,871
(o]
9,50 (sample was exposed to humidity)
9.52  1236.7
-12

9.53 . 2.25 x 10
9,55 | 1272.0

9,57 3.30 x 10 2
9.59 1305,.3
10,01 4.875 x 10 12
10.02 1329.0

10.05 _ 0.622 x 10 -
10,08 1362.5
-11
10.11 0.90 x 10
10,14 1396.6
-11
1.125 x 10

10,16




Time Capacitance d.c. conductance
10.19 1407.1
10.21 1.275 x 10
10.31 1442.4
10.33 1.850 x 10 11
10.46 1471.5
10.49 2.60 x 10 't
11,10 1492.7
11.12 3.450 x 10 *
11.35 1502.5
11.37 3.90 x 10 1
11.57 1506.0
11.59 4,20 x 10-11

These values were fitted to a polynomial of degree 5, although in many
cases a lowér degree was sufficient and a good agreement was obtained. The
’
‘/2 from capacitance results

polynomical coefficients for the calculation of

‘were,

0.3089443 D 00

[
It

a: = - 0.2861919 D - 02
a, = 0.7148045 D - 04
ag = - 0.9919628 D - 06
a, = 0.6899543 D - 08
a5 = =-.0,1851538 D - 10

%é =a_ + ait + a2t

2
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Similarly the coefficient for the calculation of

1n6~ b+ byt

Computed values of

0,.3093211 D 02

0.1285538 D Q0

0.2909374 D - 02
0.3983394 D - 04
0.2795332 D - 06
0.7564205 D - 09
2 3 4
t t
b + b3 + b4t

fn s;‘were s

i/é' and fn 6 at one time interval

Time
0.0
8.0
14,0
20.0
26.0
32.0
38.0
44,0
50.0
56.0
62.0
68.0
74.0

80.0

i
0.3089
0.2901
0.2804
0.2734
0.2683
0.2646
0.2619
0.2597
0.2578
0.2562
0.2548
0.2535
0.2524

0.2515

1 UNIVERS]
%\\““kg.ﬂi CE Tl

11 JUN1974

aR!

in6~

-30.932
-30.070
-29,.603
-29,248
-28.975
-28.760
-28.585
-28.438
-28.309
_28.193
-28,089
-27.995
-27.912

-27,.843




