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STELLINGEN

I
Een hoofdwasmiddel dient bij voorkeur niet als zodanig te worden gebruikt.

11
De theoretische inferpretatic van de gemeten grensvlakspanningsdaling, veroor-
zaakt door geadsorbeerde polymeren, in termen van polymeeradsorptie is com-
plex vanwege het irreversibel karakter van de adsorptie. Toepassing van de
Gibbsvergelijking is daardoor niet geoorloofd.

Dit proefschrift, hoofdstuk 2 en §

ITT
De tijdsafhankelijkheid van de grensvlakspanningsdaling tengevolge van poly-
meeradsorptie kan worden toegeschreven aan twee verschillende mechanismen:
diffusie en reconformatie.

Dit proefschrift, hoofdstuk 3.

'

JarrE et al. hebben niet onderkend dat de uitkomst voor de berekende inter-
acticenergie tussen de monomeereenheden in een polymeerlaag, via de theorie
van MoOTOMURA en MATUURA, zeer gevoeligis voor de keuze van het codrdinatie-
getal.

MotoMura, K. en MaTuura, R., J. Colloid Sci. 18, 52 (1963).

JAFEE, 1., BRicMAN, G. eén GELBCKE, A., J. Chim, Phys. 64, 942

(1967).

Dit proefschrift, hoofdstuk 4.

v
De tegenstrijdige resultaten van O'DoNNELL et al. enerzijds en van DUNN en
TayLOR anderzijds bij hun onderzoekingen naar het effect van de PVA concen-
tratie op de polymerisatiesnelheid van vinylacetaat moet waarschijnlijk worden
toegeschreven aan het anomale emulgeergedrag van het meer hydrofobe PVA.

O'DonneLL, J. T., Mesronian, R, B. en Woopwarp, A. E.,
J. Polymer Sei. 28, 171 (1958).

DunN, A.S.en TAYLOR, P. A., Makromolek. Chem. 83, 207 (1965).
ReynoLps, G. E. J. en GuLeekian, E. V., Soc. Chem. Ind. Mono-
graph nr. 30, 131 (1968).

Dit proefschrift, hoofdstuk § en 6.

VI
Het is onjuist het werk van CoCKBAIN aan te halen als voorbeeld waarbij de
emulgeertechniek is gebruikt als directe methode voor de bepaling van de ad-
sorptie aan vioeistof/vloeistof grensvlakken omdat door CockBain de specificke
oppervlakken van de emulsies niet onafhankelijk zijn bepaald.

CocksaiN, E. G., Trans. Faraday Soc. 50, 874 (1954).

Davies, J. T. en Ripear, E. K., ‘Interfactal Phenomena® Acad.
Press p. 210 (1963)

KiTcHENER, J. E. en MusseLwHITE, P. R., ‘Emulsion Science’
editor P. SHERMAN, Acad. Press p. 90 (1968)



VIL
De door de IUPAC gegeven definitie van een emulsie luidt: ‘An emulsion is a
dispersion of droplets of one liquid in another one with which it is incompletely
miscible’. Volgens deze definitie kan melk alleen dan een emulsie zijn als het zich
buiten de koelkast bevindt.

IUPAC Information Bulletin ne. 3 (1570)

VIIL
CHEN en JosLYN hebben bij de bestudering van de invloed van suikers op de vis-
cositeit van pektine-oplossingen onvoldoende rekening gehouden met de com-
plexe verandering van pH, ionsterkte en diélectrische constante van de oplossing
ten gevolge van de suikertoevoeging.

CHEN, TUNG-SHAN en JosLYN, M. A., J. Colloid Interface Sci. 23,
399 (1967).
Ibid: 25, 346 (1967)

IX
De bewering van BENDER dat de dosering van een nutriént boven het fysiolo-
gisch minimum geen enkel aantoonbaar gunstig effect heeft is aanvechtbaar.

BenDER, A. L., Royal Soc. Health J., § 221 (1969).

X
De conclusiec van ENGELBERG en ARTMAN dat het RNA van levensvatbare bac-
teriofagen tijdens de replicatie van het virus kwantitatief in een dubbelstrengige
vorm wordt omgezet is logisch doch niet gebaseerd op door hen verkregen
experimentele resultaten.

ENGELBERG, H. en ARTMAN, M., J. Mol. Biol. 48 181 (1970)

XI
De conclusie van HOLLAND et al. dat, op grond van de waargenomen koppelings-
constanten bij 1-Thio-B-D-glucopyranose Penta acetate de C-6 acetoxygroep
antiparallel staat met C-4, is aanvechtbaar.

HoLranp, C. V., HorToN, I, MuLLER, M. J., en Baacca, N. S.,
J. Organic Chem. 32, 3077 (1967)

X1
Het normaliseren van St. Nicolaaskleding dient te worden overwogen.
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1, INTRODUCTION

1.1. GENERAL

A look at the literature of recent years reveals that the adsorption of polymers

is receiving much attention, both practical and theoretical. This is not so sur-
prising in view of the enormous expansion in the application of polymers during
the last decade, This expansion explains the need for fundamental knowledge
about the factors affecting the physical properties of polymers. One of these
properties is the behaviour of polymers at phase interfaces. More knowledge
of this would give a better insight into the mode of action of polymers as dis-
persing agents, flocculating agents, adhesives, emulsion stabilizers, and the
like.
- Most of the studies on polymer adsorption have so far concerned adsorption
at liquid-solid interfaces and, to a lesser extent, gas-liquid interfaces. Much
less is to be found in the literature about the adsorption of polymers at liquid-
liguid interfaces, Nevertheless, this subject most certainly deserves atteation,
for polymers play an important role in the stabilization of emulsions (Kit-
CHENER and MUSSELWHITE, 1968). An emulsion is a distribution of droplets of
one liquid in another liquid, the two of which are immiscible, Emulsions are
thermodynamically unstable. The existence of the individual droplets is pro-
longed considerably when a third substance (the stabilizer) is present which
reduces the chance of a break in the film between two droplets close to one
another, Polymers are very suitable as stabilizers, and there are numerous
examples to be found in practice. Milk is an emulsion of fat in an aqueous phase
containing milk proteins, which act as stabilizers. Various hydrocolloids are
used as emulsion stabilizers in the pharmaceutical industry (ScHwarz, 1962).
Polymers can also be used to stabilize monomers during the preparation of
polymers by emulsion-polymerisation (SCHULLER, 1965).

The interfacial activity of polymers can be important not only in the stabili-
zation of emulsions but also in the field of biochemistry. Some enzymes are
more active when adsorbed. Lipase, for instance, is most active with emulsified
triglycerides (FRUTON, 1953); this can be ascribed to the conformation which
the enzyme can assume at the interface. The formation of plaques on the walls
of arteries may also have something to do with the properties of macromolecules
at a phase interface.

The aim of our investigation is to find out more about the adsorption of
polymers at oil-water interfaces. Since the polymer adsorption is irreversible
and because the properties of the interface are dependent on its history, it is
necessary to approach the problem from different angles and to interpret the
results critically. In this study, therefore, measurements have been made on ad-
sorbed and spread monolayers as well as on emulsions.

Paraffin - polyvinylalcohol — water was chosen as the model system. Paraffin
was chosen on account of its very low solubility in water. Polyvinylalcohol
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(PVA} is water-soluble, non-ionic, and readily determined quantitatively in
solution, all of which makes this polymer suitable for model experiments.
The effects of the factors time and the concentration, molecular weight and
hydrophobicity of the PVA on the interfacial tension of adsorbed and spread
monolayers have been studied. In addition, the adsorption of the PVA at the
interface of an emulsion obtained by emulsifying the same model system has
been measured; these latter measurements were also useful in providing in-
formation about the effectiveness of the polymer as an emulsifier.

1.2, POLYMER ADSORPTION

A polymer molecule consists of a chain of segments, some of which will be
caught up in the interface during adsorption. The segments which have not
been adsorbed in the interface stick out like loops into the liquid. A polymer
molecule adsorbed in this way can, depending on various factors, assume differ-
ent conformations at the interface. This is in contrast to a low-molecular-
weight substance which usually adopts a single uniform orientation at the inter-
face. Some possible conformations of an adsorbed polymer molecule are sket-
ched in fig. 1.1, It can be seen that both the surface taken up by one molecule

» b e
Y / /
6 % 3 g" é’l % @ Fig, 1.1. Some possible conformations

of a polymer molecule adsorbed at an
interface.

and the fraction of segments adsorbed per molecule decreases from a to c,
whereas the total adsorption in fact increases. The principal factors determining
the conformation of the polymer at the interface are the flexibility of the poly-
mer chain, the mutual interaction of the polymer segments, and the interaction
between the polymer and both the solvent and the interface. The polymer con-
centration in the solution is also important, since kinetic factors, such as the
relative rates of supply to the interface by diffusion and of the unfolding of
partially adsorbed molecules, can substantially influence the final conformation
of the polymer during the formation of the interface.

The adsorption of polymers has been reviewed by, amongst others, SILBER-
BERG (1962b), PaTAT et al. (1964) and STROMBERG (1967). From the publications
it appears that polymer adsorption usually satisfies all, or in any case many,
of the following conditions:

1. Attainment of the steady state’ takes very much time.
2. The rate of desorption of compiete molecules is so low that the adsorption
of the polymer can be considered as irreversible.

! The term steady state is used here and below to indicate that the final values are independent
of time without implying that equilibrium has been attained.
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3. The polymer is totally adsorbed at low concentrations, i.e. the adsorption
isotherms have a ‘high-affinity’ character.

4. Only a fraction of the segments comprising the polymer molecule are ad-
sorbed on the interface, so that parts of the polymer chain stick out like

loops into the solutions (fig. 1.1.), at least at high coverages.

5. Generally, the temperature-dependence is slight, while adsorption increases
with increasing molecular weight. There is, however, much less agreement

in the literature on these aspects. In this context, ons should take into account

that the quality of the solvent is also important,

In recent years, various workers have tried to approach the problem of
polymer adsorption theoretically, with the aid of models and statistical methods.
The principal theories are those of FrISCH and SiMHA (1954, 1955, 1957),
SILBERBERG (1962, 1967, 1968), HOEVE (1965, 1966) and CLAYFIELD and LumB
(1966, 1968). The basis of their approach is @ model defined by various para-
meters, the adsorption being calculated as a function of the concentration and of
these parameters. At present, however, it is impossible to determine independ-
ently the various parameters which describe the polymer adsorption, so that
the theories cannot be verified. These theories are, therefore, restricted in their
usefulness. They do, however, enable insight to be gained in the effect which
different factors, such as molecular weight, quality of the solvent and flexibility
of the polymer chain, have on the adsorption of the polymer.

‘ 1.3. MATERIALS
1.3.1. Paraffin

Paraffin was selected because of its very poor solubility in water and be-
cause the different alkanes have almost the same interfacial tension against
water (REHFELD, 1967). The interfacial tension measured against distilled water
was 50.5 4 0.2 mN m ! with a spread of 4 0.8 mN m ! between the different
paraffin samples. The paraffin was only judged suitable if the interfacial tension
against distilled water decreased by less than 1.0 mN m ™! in 24 hours. The
liquid paraffin was form E. Merck A.G., Darmstadt; its density was 880 kg/m?
and its viscosity at 25°C was about 8.0 N sec m 2,

1.3.2. Polyvinylalcohol (PV A)

PVA is soluble in water but not in paraffin and is, on account of its lack of
groups which can dissociate, little sensitive to changes in pH and electrolyte
concentration. Moreover, it is fairly easy to determine quantitatively very low
concentrations of PVA in solution. Much information about the properties
and use of PVA was given at a recent symposium devoted to it (FINCH, 1968).

1.3.2.1. Synthesis and structure

The polyvinylalcohol is prepared by polymerisation of vinylacetate to poly-
vinylacetate (PVAc) and subsequent partial hydrolysis. The PVA contains a
certain percentage of acetate groups, depending on the degree of hydrolysis:
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polymerisation

CH, = C -OCOCH; ————— -CH,; -CHOH -CH, -CH -
partial
hydrolysis OCOCH,
vinylacetate PVA with a certain percentage of

acetate groups

The polymer obtained may be considered as a copolymer of vinylalcohol
and vinylacetate. It is probable that the acetate groups are distributed not uni-
formly along the chain but in blocks (HACKEL, 1968). It has been found that the
rate of hydrolysis increases with time, which implies that hydrolysis proceeds
more quickly once free OH—groups have been formed. Tt is therefore likely that
an acetate group next to a free OH-group is more readily hydrolysed,
which results in' a non-random distribution of the remaining acetate groups
along the chain. The non-random distribution can also be deduced from
the fact that the surface activity of partially acetylated PVA, in which it is
assumed that the distribution is random, is different from that of PVA ob-
tained by partial hydrolysis of polyvinylacetate {HayasHt et al., 1964). The
structure of the polymer chain can also be influenced by the tacticity and the 1,2-
diol content (Moore and O’Downb, 1968), as well as by other factors which
are summarized by Zwick (1964).

1.3.2.2. Solubility

The solubility characteristics of PVA depend strongly onits degree of hydroly-
sis. When the latter exceeds 909, the polymer is poorly soluble in water at
room temperature but dissolves readily at 80°C. Upon cooling the polymer
remains in solution. When the degree of hydrolysis is less than 909, PVA dis-
solves at room temperature but becomes insoluble at higher temperatures
{~ 70°C). The effect of the acetate content on the behaviour of PVA samples
in solution thus seems to be characterized by a fairly sharp boundary at about
109, acetate groups (PETER and FASBENDER, 1964). Further evidence for this is
provided by the intrinsic viscosity of PYA which is substantially independent of
the acetate content up to 109, but thereafter decreases sharply with increasing
acetate content (TovosHIMaA, 1968) indicating a reduction in the predominantly
hydrophilic character.

The solutions are stable although fully hydrolysed PVA in concentrated
solution can aggregate after a time {TOYOSHIMA, 1968). '

PVA is completely insoluble in paraffin. We confirmed this by shaking a
concentrated aqueous PVA solution (4000 ppm') with paraffin; after centri-
fuging, part of the paraffin was shaken with a little distilled water. No PVA could
be detected in the water.

1.3.2.3. Types of PVA used

In all experiments commercial preparations, from a variety of suppliers,
were used. The PVA was usually coded by two numbers, the first indicating
1 All concentrations are expressed as parts per milion by weight.
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TaBLE 1.1. Specification of polyvinylalcohol samples

Molecular Degree of

Sample code . >, Manufacturer
weight polymerisation
8§-98 35,000 780 Konam, The Netherlands
16 — 98 55,000 1230 Konam, The Netherlands
32 - 98® 80,000 1780 Konam, The Netherlands
1-985 + 13,000 290 WACKER, Germany
28 -98.5 72,000 1600 Wacker, Germany
48 - 98 21,000 2040 WacCKER, Germany
60 - 99 105,000 2340 Wacker, Germany
(105 24,000 535 KURASHIKI, Japan
(124 110,000 2450 KuURASHIKI, Japan
4-388 22,000 450 KonaMm, The Netherlands
16 - 88 60,000 1220 KonaMm, The Netherlands
j-s88 16,000} 325 WackEer, Germany
5-88 26,000 530 WACKER, Germany .
13-88 53,000 1080 WACKER, Germany
25-88 85,000 1730 WaCKER, Germany
40 - 88 106,000 2160 Wacker, Germany
(204 20,000 410 KURASHIKI, Japan
25 - 825 90,000 1830 Wacker, Germany
25 -76.5 95,000 1760 WACKER, Germany

* The degree of hydrolysis of PYA samples 105 and 124 from KURASHIKI is about 98 %, that
of PVA 204 about 887/,
PVA 32-98 contains some alky! residues.

the viscosity of a 4%, aqueous solution at 20°C and the second the degree of
hydrolysis. The PYA samples used in this investigation are listed in table 1.1.,
together with the suppliers’ quotations of their viscosity-average molecular
weights. Incidental checks of the molecular weights by viscosity measurements
showed that the quoted values were reliable. The average molecular weight
M was calculated from the intrinsic viscosity, [y], from the relationship:

[n] = kM*

At 25°C values for k& (dl/g) and x were taken to be 8.8 x 10-* and 0.61
respectively at an acetate content of about 29/, and 9.9 x 10~* and 0.59 respec-
tively at an acetate content of about 129. The &k and « values were derived
from viscosity measurements with the PVA samples from Kurashiki, for which
the molecular weight was given. There is close agreement between the values
derived for k and a and those quoted by BRaANDRUP and IMMERGUT (1965).

The different PVA samples were obtained by courtesy of Konam N.V.,
Amsterdam, except for the three lots of PVA from Kurashiki which were sup-
plied by the Fresal Company, Amsterdam,

1.3.2.4. Quantitative determination in solution
Quantitative determination of PVA in solution can be done colorimetricaily.
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Fic. 1.2. Calibration curves for the determination of PVA in solution with boric acid and
potassiem iodide.

By treatment with boric acid the polymer is brought into a helix conformation,
in which iodine can be entrapped to give a blue complex analogous to the starch-
iodine complex (Zwick, 1965). The method can be made quantitative by a
suitable choice of concentrations. It has already been applied by several workers
(Horacek, 1962; CUENE, 1966; and MoNTE Bovi, 1969).

To 6 ml of an aqueous solution of between 0 and 40 ppm PVA, 4 ml of an
aqueous solution of 0.64 M H,BO;, 0.06 M [, and 0.018 M KI is added.
Extinction is measured at 670 nm in a 1 cm cuvetie against a blank sample.
The measured extinction is proportional to PVA concentration in the range
040 ppm, as is shown for two PVA samples in fig. 1.2. The slope of the line
decreases slightly with decreasing molecular weight and increasing acetate
content. With increasing acetate content, maximum absorption shifts to a
lower wavelength, According to Zwick (1966) this can be ascribed to the shorter
helices which are formed at higher acetate contents as a result of the hindrance
of the acetate groups to helix formation.

1.3.3. Water

For the measurement of interfacial tensions and for the preparation of emul-
sions, the polymer was dissolved in distilled water. The surface tension of the
distilled water was measured to check whether it was free from surface-active
substances, 72.0 mN m ™! being taken as the minimum permissible value at
20°C.
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2. STEADY-STATE INTERFACIAL TENSION BETWEEN
PARAFFIN AND POLYVINYLALCOHOL SOLUTIONS

2.1. INTRODUCTION

Few systematic studies have been made of the lowering, Ay, of the interfacial
tension as a result of the adsorption of a polymer (M > 10,000) at air-liquid
and liquid-liquid interfaces. Those studies so far reported in the literature on
the effect of polymer adsorption on the interfacial tension generally reveal the
size of the drop in interfacial tension but provide little information on polymer
adsorption as such. In addition, if improperly done, the results will depend on
the method of measurement. This is to beexpected with an irreversible process
like polymer adsorption and has been clearly demonstrated for PYA (KuML-
MAN, 1965; LANKVELD and LYKLEMA, 1968). The conformation of the adsorbed
polymer molecule will depend on the way in which the interface is formed. When
an interface is stretched, more segments of an already partially adsorbed poly-
mer will be pulled into the interface, thus causing a change in the conformation
of the polymer and consequently a different value of Ay. Methods of measure-
ment in which the interface does not attain the steady state must therefore be
rejected. Stretching of an interface during its formation occurs for instance
with the drop-weight method. Since the attainment of the steady state often
takes more than 12 hours (chapter 3), a static method is required.

Previous papers about the effect of adsorbed polymers (M > 10%) on the
reduction in interfacial tension are summarized in table 2.1. Careful note should
be made of the method of measurement. Most of the investigations are limited
in their scope and not very systematic; moreover they enable little comparison
because the polymer has been inadequately characterized and the methods of
measurement are different. Probably the most systematic investigation to date
is that of GLAsS (1968), although his quantitative interpretation of the results
raises many doubts.

One facet of the investigation to be described here has already been pub—
lished (LANKVELD and LYKLEMA, 1968). This article outlined several important
differences in interfacial activity between PVA with about 29/ acetate groups
and PVA with about 129/ acetate groups. The principal point to emerge was
the discontinuity in the y-log ¢, curve at the lower acetate level (¢, = polymer
concentration). The dependence of y on time was also irregular for the polymer
with the lower acetate content for certain levels of ¢,. HUBER and THIES (1970)
obtained analogous results with polymethyl methacrylate at a toluene-water
interface.

2.2 THEORY
2.2.1. Introduction

The problem is how to interpret the measured interfacial tensions in terms of
polymer adsorption. The adsorption of a polymer molecule is irreversible, for

Meded, Landbouwhogeschool Wageningen 70-21 {1970) 7
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it is adsorbed by way of many tens of segments, all of which would have be
desorbed simultaneously if the molecule itself is to be desorbed. The probability
of this happening is very slight. Consequently, the conformation of the polymer,
and hence the reduction in interfacial tension, can depend on the history of the
interface. On the other hand, the adsorption of a single segment probably is a
reversible process, so that an equilibrium will be established locally. An indica-
tion for this can be found in the work of CockBaIN (1956). He found that a
layer of serum albumin adsorbed on an emulsion interface could be completely
replaced by sodium dodecyl sulfate (SDS). This means that the segments of
the albumin must be desorbed and the adsorption sites occupied by SDS.
In this way the albumin is gradually removed from the interface. If the adsorp-
tion of individual segments is indeed reversible, the theoretical interpretation
becomes somewhat less difficult. One can then apply statistical-thermodynamic
methods to the individual segments. Results for polymer molecule as a whole
can not be compared with experiments because equilibrium is not experimen-
tally attainable.

A brief account will be given of the various theories on the reduction in
interfacial tension as a result of polymer adsorption.

2.2.2. Gibbs’ law of adsorption

The occupation of a surface by low-molecular-weight substances can be
calculated from the reduction in interfacial tension for different concentrations
of the substances from the well-known equation of Gisss:

1 dy

- 2.1,
RT d(Inc)

where I' = the absorption of the low-molecular-weight substance per unit
interface (if I'sorpene = 0)
¢ = the equilibrium concentration of the low-molecular-weight sub-
stance
y = interfacial tension
R = the gas consiant
T = the absolute temperature.

It is assumed here that the low-molecular-weight substance does not dissoci-
ate, that its adsorption is reversible, and that corrections for the activity in the
solution can be neglected. The adsorption of polymers, however, is irreversible,
which makes the use of GIBBS’ law to calculate the level of adsorption from the
reduction in interfacial tension highly questionable, despite what is often done
in the literature (e.g. FUKAWA et al.,, 1961; GLAss, 1968).

When, however, we assume reversibility for the adsorption of individual
segments, the Giees’ equation can be applied to this local equilibrium. This
means that the adsorption calculated according to GiBBs’ law may not be
interpreted in terms of molecules but in terms of smaller units, for example
the statistical chain element (s.c.e.) For the equilibrium concentration one
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should take the concentration of s.c.e.’s in the subsurface. The subsurface
concentration will be correlated with the bulk concentration only if the latter
is not altered after the adsorption process (KUKLMAN, 1965; LANKVELD and
LykiEMA, 1968).

When using the GiBBs equation, therefore, one should always be clear what
the unit of I' is and how the subsurface concentration is correlated with the
bulk concentration. Use of the law of GiBBs as it stands is not permissible and
results in improbably high adsorption value (GLAss, 1968; ABRAMZON, 1969).

2.2.3. Theory of Katchalsky and Miller

KaTtcHALskYy and MILLER (1951), with the aid of a simple model, have
derived an equation for the reduction in interfacial tension due to polymer
adsorption as a function of the polymer concentration ¢,. The equation gives
reasonable predictions, despite a number of unjustifiable assumptions such as
the applicability of the Gibbs equation. .

KATCHALSKY and MILLER formally divide the system into a boundary and a
bulk phase. When drn molecules are added, their distribution between the
boundary layer and the bulk phase is determined by the relative proportion of
free space in the two and by a Boltzmann factor containing the free energy of
adsorption:

v
dn, _ 04— nPw 5 2.2.
dn, V — ny,Pw

In this equation

n, = number of polymer molecules in the boundary layer

n, = number of polymer molecules in the bulk

d = thickness of the boundary layer coataining »n, molecules
A, = area of the boundary layer interface

V = volume of the bulk phase

P = degree of polymerisation

w = volume per segment

¥ = free energy of adsorption per molecule,
By combining equation 2.2, with the law of GiBgs, KATCHALSKY and MILLER
derived the following relationship:

dy = E(o s7-Y 4 V.,) ' 23,
: Pw kT

in which ¥, = n,Pw/V, the volume fraction of the polymer in the bulk.

In the derivation of this equation & and ¢ are considered to be independent
of ¢,; this is questionable, certainly at low concentrations. At low concentra-
tions, one would expect & to increase sharply and v to decrease with increasing
- concentration.
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Equation 2.3. thus predicts a lingar relationship between y and log ¢,:
y=a—floge, 24,

where 8 is the slope and « the intercept of the y-log ¢, curve.
The factors d and Y/kT can be written as follows:

5 = 0.434 BBV 2.5,
xT

Y 2300 =% _ o577 2.

kT 8

The question remains as to how much the assumptions made in this deriva-
tion, which is based on an incomplete picture of polymer adsorption, will
influence the values calculated for & and .

2.2.4. Theory of Frisch and Simha

FRriscH and SiMHA (1957) give a relationship between the proportion @ of
the interface occupied by the polymer and the polymer concentration ¢, :

=1
9[1 - 3(1 - l) @]
z\ P 2.7.

v[l — 8]

Ke, =

in which the symbols not already mentioned are:

K = adsorption constant

z = coordination number of the polymer segment in the interface

v = number of segments per polymer molecule that are adsorbed in the inter-
face.

The theory is based on a model, in which the polymer contacts the interface
by random walk and the interface is considered as a reflecting surface. When
the segments contact the interface, some of them are bound by adsorption,
the number retained being given by a Boltzmann factor. FrRiSCH and SiMHA
also give a relationship between the interfacial pressure and the extent of
occupation of the interface (equation 2.8.) in which the thermodynamic defini-
tion of the interfacial pressure is utilized. The equation of state for the adsorbed
polymer is as follows:

M4, _z v-1 111[1_3(1.._1)@]—111(1-@) 2.8.
kT 2v(1—1 2\ P
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in which the symbols not already mentioned are:
IT = interfacial pressure
A, = limiting surface area per segment.

From equation 2.7. it follows that:

(V—I)In[l-3(1_l) 9] =lncp+lnM
z P 5

which, when substituted in equation 2.8. gives:

M4y _z__ 1, Ku1-6) (-8 -
kT 2 ( 1)
w1l -_=
P
- __z_l inc, 2.9.
2v(1 - —)
P
It follows from equation 2.9. that
dir kTz
dincy N o
P 24,y (1 - _)
P
yo -k Tjﬂ 2.10,
24,
d(In ¢}

Equation 2.10. gives the relation between the number of adsorbed segments
per molecule and the slope of the IT - In ¢, curve.
Using the same equations 2.7. and 2.8. but a different method of derivation,
Joos (1968) arrived at a relationship analogous to equation 2.10. with the
z

only difference that the term 5 (1 _1) was absent. This results in lower values
of v.

2.2.5. Discussion of the theories reviewed

For the calculation of the proportion of surface occupied on the basis of the
three above-mentioned theories, the gradient § of the plot of y against ¢, (see
equation 2.4.) is an important experimental quantity. Comparison of the three
theories shows that the values of § are almost equal. For a low-molecular-weight
substance it follows from equation 2.1. that
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0434, 1
RT surface area per active group

2.11a

In the case of a polymer one might consider the active group as a statistical
chain ¢lement of the polymer,

Since KATCHALSKY and MILLER used the GiBBS’ equation in the deviation of
their equation, they find an analogous relationship, namely:

0.434 ] i

. 2.115.
RT P, surface area per polymer molecule

According to equation 2.10., the theory of FriscH and SIMHA predicts the

following relationship for —}1;- << 1:

z 1
=< 2.lic.
2 surface area per polymer molecule

0.4343_ z
RT 2vd,

Thus, the three theories discussed give an answer which is the same but for
a single factor.

From the above discussion it is clear just how little is known in theory about
the influence of polymer adsorption on the reduction in interfacial tension.
With the aid of a model for polymer adsorption, SiLBERBERG (1962b) has also
derived an equation for Ay as a function of c¢,. Its applicability is however
decidedly limited by the many parameters which are either unknown or which
" can only be estimated with difficulty. When the conformation of the adsorbed
polymer is known, the theory enables in principle the reduction in interfacial
tension to be predicted by a statistical-thermodynamic approach. In practice
the polymer conformation is not only dependent on the variables accounted
for by the theory but also on the way in which the interface has been formed.
This constitutes an additional difficulty in the experimental verification of the
theory. Finally, the many parameters can seldom be verified independently,
which makes the theory difficult to test. Still an attempt will be made to inter-
pret the measured effect in the light of the theoretical considerations above,

2.3, MEASUREMENT OF INTERFACIAL TENSION
2.3.1, Method

The interfacial tension between the PVA solutions and paraffin was measured
by the static Wilhelmy-plate method. We used the Prolabo-tensiometer of
Dognon-Abribat, the operational principle of which has been described by
PADDAY (1957). A small roughened platinum plate, which had been tempered
and wetted with the aqueous phase, was brought through the paraffin layer up
to the interface between the paraffin and the aqueous PVA solution below it
(see 2.3.2.). Upon contact with the interface the plate is pulled into the aqueous
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FiG. 2.1. Principle of measuring the interfacial
tension by the static Wilhelmy-plate method. ]‘F

paraffin
l 2yt

agquecus
PVA  solution

phase as a result of the interfacial tension. The plate, which is suspended from an
electromagnetic balance, is brought to balance by the application of a force F
(fig. 2.1.). The value of F can be read off, thus enabling the interfacial tension
to be calculated. The reading was corrected for the buoyancy of the plate due
to its submersion in the paraffin. The length of the plates was always measured
to an accuracy of 0.005 cm and varied between 1.95 and 1.97 cm for the different
plates. The reproducibility of the interfacial tension measurements was always
within 0.4 mN m~!. It is important that the plate is well wetted with the aqueous
phase. This can be seen from its reflectivity. Another indication of good wet-
ting is when the displacement force, necessary to bring the plate out of balance,
is slight,

2.3.2. Experimental

PVA solutions of different concentrations were made by ditution of a stock
4000 ppm solution. Of one of the PVA solutions, 15 ml was put into a 50 ml
vessel with a diameter of about 4.6 cm. To avoid possible effects due to the
ageing of PVA solutions, only those solutions which were less than a week
old were used. A paraffin layer of about I cm was introduced on the PVA solu-
tion and the vessel was put into a bath thermostated at 20.0 4 0.2°C. The
interfacial tension was measured three times between 18 and 30 hours after the
formation of the interface. The average of the three measurements, which seld-
om differed by more than 0.2-0.3 mN m~! from one another, was taken as the
steady-state value. The long interval between formation of the interface and the
first measurement is necessary to ensure that the steady state has been attained
(chapter 3).

All glassware was cleaned before use with a solution of potasium dlchromate
and sulphuric acid, and then rinsed with dlStlIled water.

2.4. RESULTS AND DISCUSSION

The interfacial tension between the paraffin and the aqueous phase was
measured as a function of the PVA concentration in the aqueous phase for the
PVA samples listed in table 1.1. The results are given in figures 2.2. to 2.8.
The concentration by weight of the polymer and not the molar concentration
has been set out along the abscissae. This implies that the segment concentration
has been taken as a unit and not the concentration of polymer molecules. The
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Fig. 2.2. Influence of the acetate content of PVA (P cv 1700) on the interfacial tension,

equilibrium concentration of polymer in solution may be taken as being equal
to the initial concentration, because adsorption does not significantly influence
the polymer concentration provided the initial value of the latter is not too low
(> 1 ppm).

The effect of the acetate content and molecular weight of the PVA on the
interfacial tension will be discussed in turn betow, and an attempt will be made
to interpret the measurements in terms of the adsorption of the polymer.

2.4.1. Effect of the acetate content

Fig. 2.2 shows the measured interfacial tension as a function of concentration
for four types of PVA with different acetate contents but with comparable
degrees of polymerisation. Two important aspects emerge; firstly, the reduction
in interfacial tension increases with increasing acetate contents and, secondly,
the plot of interfacial tension against concentration for a low acetate content
(1.5%) is characterized by a discontiniuty which is not found for the higher
acetate contents (== 12%).

Lowering of the interfacial tension with increasing acetate content, at a
given concentration, is what would be expected, since the acetate groups convey
a more hydrophobe character to the molecule (KUHLMAN, 1968) thus causing
the surface activity to increase. The marked effect of the acetate groups is
clearly illustrated in fig. 2.3. in which the interfacial tension for mixtures of
PVA 16-98 and PVA 16-88 is plotted against the total concentration of polymer.
It can be seen that, except at low polymer concentrations, Ay is principally
determined by the PVA 16-88. A larger reduction in interfacial tension at higher
acetate contents has also been found by KUHLMAN (1968) for the interfaces
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FiG 2.3. Interfacial tension for mixtures of a hydrophilic (16-98)} and a more hydrophobic
(16-88) PVA (P o0 1200),

between a 0.5 % solution of PVA in water and both benzene and air. Gromov
et al. (1967). likewise found Ay for the styrene-water and toluene-water
interfaces to increase with increasing acetate content, as did FUKAWA et al.
{1961), HavasHI et al. (1964), and Grass (1968) for the water-air interface.

It is, however, feasible that the lower interfacial tensions at higher acetate
contents are not only due to the more hydrophobic character of the molecule
but that interactions between the loops also has an effect. According to theory
(SILBERBERG, 1968; HOEVE, 1969) the average loop length of an adsorbed
polymer is larger with poorer solvents. This may cause the loop length of the
more hydrophobic PVA samples to be greater than that of PVA 98, and the
mutual entropic repulsion between the loops may results in an extra reduction
of the interfacial tension.

The discontinuity in y as a function of log ¢, is found only at a low acetate
content. Similar discontinuities have been found for other polymers in inter-
facial tension measurements (GLASS, 1968) and in work on monolayers (ISE-
MURA, 1952; LoeB, 1968). In the latter case this is explained by a conformational
change of the polymer at the surface as a result of compression of the mono-
layer. With an adsorbed polymer layer, a change of conformation can occur
only when the mechanism of adsorption changes. When one or more segments
of a diffusing polymer molecule contact the interface, the local interfacial
tension at the points of contact will be lower than for the free interface. The
interface which is still free of adsorbed polymer can now be occupied in either
of two ways, namely by supply of new polymer molecules from the bulk or by
the unfolding of polymer molecules which have already been partially adsorbed.
When the polymer concentration is low, the interface can be occupied by the
unfolding mechanism, which will result in a flat conformation of polymer at
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