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1. INTRODUCTION

1.1. GENERAL

Alookattheliteratureofrecentyearsrevealsthattheadsorptionofpolymers
is receiving much attention, both practical and theoretical. This is not so surprisinginviewoftheenormousexpansionintheapplication ofpolymersduring
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 asdispersing agents, flocculating agents, adhesives, emulsion stabilizers, and the
like.
Most ofthestudiesonpolymer adsorption havesofar concerned adsorption
at liquid-solid interfaces and, to a lesser extent, gas-liquid interfaces. Much
lessisto befound in the literature about the adsorption ofpolymers at liquidliquid interfaces. Nevertheless, this subject most certainly deserves attention,
for polymers play an important role in the stabilization of emulsions (KITCHENER 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 prolonged 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
examplestobefound inpractice.Milkisanemulsion offat inanaqueousphase
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 byemulsion-polymerisation (SCHULLER, 1965).
The interfacial activity of polymers can beimportant not onlyin the stabilization of emulsions but also in the field of biochemistry. Some enzymes are
more activewhenadsorbed. Lipase,for instance,ismost activewith emulsified
triglycerides (FRUTON, 1953); this can be ascribed to the conformation which
theenzymecan assume at the interface. Theformation ofplaques on thewalls
ofarteriesmayalsohavesomethingtodowiththepropertiesofmacromolecules
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
resultscritically.In thisstudy,therefore, measurements havebeenmadeon adsorbed and spread monolayers as well as on emulsions.
Paraffin - polyvinylalcohol- waterwaschosenasthemodelsystem. Paraffin
was chosen on account of its very low solubility in water. Polyvinylalcohol
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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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 information about the effectiveness of thepolymer 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
moleculeadsorbed inthiswaycan,dependingonvariousfactors, assume different conformations at the interface. This is in contrast to a low-molecularweightsubstancewhichusuallyadoptsasingleuniform orientation attheinterface. Somepossible conformations of an adsorbed polymer molecule are sketched infig.1.1.It can be seen that both the surface taken up by one molecule

wmrmi

FIG. I.I. Some possible conformations
of a polymer molecule adsorbed at an
interface.

and the fraction of segments adsorbed per molecule decreases from a to c,
whereasthetotaladsorption infact increases.Theprincipalfactors determining
theconformation of thepolymer at theinterface are theflexibilityof thepolymer chain, themutual interaction of thepolymer segments,and the interaction
between thepolymer and both the solvent and theinterface. Thepolymer concentration 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,cansubstantially influence thefinalconformation
of thepolymer during the formation of the interface.
The adsorption of polymers has been reviewed by, amongstothers, SILBERBERG(1962b),PATATetal.(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 state1 takes very much time.
2. The rate of desorption of complete molecules is so low that the adsorption
of the polymer can be considered as irreversible.
1
The term steadystateisused hereand belowtoindicate that thefinalvaluesare 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 adsorbed 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 thiscontext, ons should take into account
that the quality of the solvent isalso important.
In recent years, various workers have tried to approach the problem of
polymeradsorption theoretically,withtheaidofmodelsandstatisticalmethods.
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 a model defined by various parameters,theadsorptionbeingcalculatedasafunction oftheconcentrationandof
theseparameters. At present, however, it isimpossible to determine independently the various parameters which describe the polymer adsorption, so that
the theories cannot beverified. Thesetheories are,therefore, restricted in their
usefulness. They do, however, enable insight to be gained in the effect which
different factors, such asmolecular weight, quality ofthesolvent and flexibility
of thepolymer 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 because the different alkanes have almost the same interfacial tension against
water (REHFELD, 1967).Theinterfacial tension measured againstdistilledwater
was50.5 ± 0.2mNm - 1 withaspread of ± 0.8 mNm" 1 betweenthe different
paraffin samples.Theparaffin wasonlyjudged suitable iftheinterfacial tension
against distilled water decreased by less than 1.0 mN m _ 1 in 24 hours. The
liquid paraffin wasform E. Merck A.G.,Darmstadt; itsdensity was880kg/m3
and its viscosity at 25°Cwas about 8.0 N sec m~2.
1.3.2. Polyvinylakohol{PVA)
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 isfairly easy to determine quantitatively very low
concentrations of PVA in solution. Much information about the properties
and use of PVAwasgiven at a recent symposium devoted to it (FINCH, 1968).
1.3.2.1. Synthesis and structure
Thepolyvinylalcohol isprepared bypolymerisation of vinylacetate topolyvinylacetate (PVAc) and subsequent partial hydrolysis. The PVA contains a
certain percentage of acetate groups, depending on the degree of hydrolysis:
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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CH 2 = C -OCOCHj

vinylacetate

polymerisation
• - C H 2 -CHOH - C H 2 - C H partial
|
hydrolysis
OCOCH 3
PVA with a certain percentage of
acetate groups

The polymer obtained may be considered as a copolymer of vinylalcohol
and vinylacetate. It isprobable that theacetate groups aredistributed not uniformly along the chain butinblocks (HACKEL, 1968).Ithas been found thatthe
rate of hydrolysis increases with time, which implies that hydrolysis proceeds
more quickly once free OH-groups have been formed. It istherefore 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 PVAobtained by partial hydrolysis of polyvinylacetate (HAYASHI et al., 1964). The
structure ofthepolymer chain canalsobeinfluenced bythetacticityand the1,2diol content (MOORE and O ' D O W D , 1968), as well as by other factors which
are summarized by ZWICK (1964).

1.3.2.2. S o l u b i l i t y
The solubility characteristics ofPVAdependstronglyonitsdegreeofhydrolysis. When the latter exceeds 90%, the polymer is poorly soluble in water at
room temperature but dissolves readily at 80°C. Upon cooling the polymer
remains in solution. When thedegree of hydrolysis isless than 90%, PVAdissolves at room temperature but becomes insoluble at higher temperatures
( ~ 70°C). Theeffect ofthe acetate content on thebehaviour of PVA samples
insolution thus seems to becharacterized bya fairly sharp boundary at about
10% acetate groups (PETER and FASBENDER, 1964). Further evidence for this is
provided bytheintrinsic viscosity ofPVA which issubstantially independent of
the acetate content upto 10%,butthereafter decreases sharply with increasing
acetate content (TOYOSHIMA, 1968) indicating a reduction inthe predominantly
hydrophilic character.
The solutions are stable although fully hydrolysed PVA in concentrated
solution canaggregate after a time (TOYOSHIMA, 1968).
PVA is completely insoluble in paraffin. We confirmed this by shaking a
concentrated aqueous PVA solution (4000 ppm 1 ) with paraffin; after centrifuging, part oftheparaffin wasshakenwithalittledistilledwater.NoPVA could
be detected in the water.
1.3.2.3. T y p e s of PVA used
In all experiments commercial preparations, from a variety of suppliers,
were used. The PVAwasusually coded by two numbers, the first indicating
1

4

All concentrations areexpressed asparts permilion byweight.
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TABLE 1.1. Specification ofpolyvinylalcohol samples
Sample code
8-98
16-98
32- 98b
3- 98.5
28- 98.5
48-98
60-99
(105)'
(124)'
4-88
16-88
3-88
5-88
13-88
25-88
40-88
(204)°
25- 82.5
25- 76.5
1

Molecular
weight
35,000
55,000
80,000
• 13,000
72,000
91,000
105,000
24,000
110,000
22,000
60,000
16,000
26,000
53,000
85,000
106,000
20,000
90,000
95,000

Degreeof
polymerisation
780
1230
1780
290
1600
2040
2340
535
2450
450
1220
325
530
1080
1730
2160
410
1830
1760

Manufacturer
KONAM, The Netherlands
KONAM, The Netherlands
KONAM, The Netherlands
WACKER, Germany
WACKER, Germany
WACKER, Germany
WACKER, Germany
KURASHIKI, Japan
KURASHIKI, Japan
KONAM, The Netherlands
KONAM, The Netherlands
WACKER, Germany
WACKER, Germany
WACKER, Germany
WACKER, Germany
WACKER, Germany
KURASHIKI, Japan
WACKER, Germany
WACKER, Germany

The degree ofhydrolysis ofPVA samples 105and 124from KURASHIKI isabout 98 %, that
of PVA 204about 88%.
PVA 32-98 contains some alkyl residues.

the viscosity ofa4%aqueous solution at20°Candthesecond thedegree of
hydrolysis. The PVA samples used inthisinvestigation arelisted intable1.1.,
together with the suppliers' quotations of their viscosity-average molecular
weights. Incidentalchecksofthe molecularweightsby viscosity measurements
showed that the quoted values were reliable. Theaverage molecular weight
M wascalculated from theintrinsic viscosity, [//], from therelationship:

At 25°C values for k (dl/g) and a were taken to be 8.8x10~4 and 0.61
respectivelyatanacetatecontentofabout2%,and9.9x10~* and0.59respectively at an acetate content of about 12%.Thek anda values were derived
from viscosity measurementswiththePVAsamplesfrom Kurashiki,forwhich
the molecular weight was given. There isclose agreement between thevalues
derived fork andaandthose quoted by BRANDRUP andIMMERGUT (1965).
The different PVAsamples were obtained by courtesy of KonamN.V.,
Amsterdam, exceptforthe three lotsofPVAfrom Kurashiki which weresupplied bytheFresal Company,Amsterdam.
1.3.2.4. Quantitative determination in solution
Quantitativedetermination ofPVAinsolution can bedonecolorimetrically.
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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FIG. 1.2.Calibration curves for the determination of PVA in solution with boric acid and
potassium iodide.

Bytreatmentwith boricacidthepolymer isbrought intoahelix conformation,
inwhichiodinecanbeentrappedtogiveabluecomplexanalogoustothestarchiodine complex (ZWICK, 1965). The method can be made quantitative by a
suitablechoiceofconcentrations.It hasalreadybeenappliedbyseveralworkers
(HORACEK, 1962; CHENE, 1966;and MONTE BOVI, 1969).
To 6ml of an aqueous solution of between 0 and 40ppm PVA, 4ml of an
aqueous solution of 0.64 M H 3 B0 3 , 0.06 M I 2 and 0.018 M KI is added.
Extinction is measured at 670 nm in a 1cm cuvette against a blank sample.
The measured extinction is proportional to PVA concentration in the range
0-40ppm, 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
lowerwavelength.AccordingtoZWICK(1966)thiscanbeascribedtotheshorter
heliceswhich areformed at higher acetatecontents asaresult ofthe hindrance
of the acetate groups to helix formation.
1.3.3. Water
For themeasurement ofinterfacial tensionsand for thepreparation ofemulsions, 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 - 1 being taken as the minimum permissible value at
20°C.
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2. S T E A D Y - S T A T E I N T E R F A C I A L T E N S I O N B E T W E E N
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 tobeexpected with an irreversible process
like polymer adsorption and has been clearly demonstrated for PVA (KUHLMAN, 1965; LANKVELD and LYKLEMA, 1968).The conformation of the adsorbed
polymer moleculewilldepend on thewayinwhich theinterface isformed. When
an interface is stretched, more segments of an already partially adsorbed polymer 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 measurement 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 > 104) 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 published (LANKVELD and LYKLEMA, 1968). This article outlined several important
differences in interfacial activity between PVA with about 2% acetate groups
and PVA with about 12% acetate groups. The principal point to emerge was
the discontinuity in the y-log c p curve at the lower acetate level (c p = polymer
concentration). The dependence of y on time was also irregular for the polymer
with the lower acetate content for certain levels of cp. 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 apolymer molecule is irreversible, for
Meded. Landbouwhogeschool Wageningen 70-21 (1970)

7

CO
B
,0

o
o5

tf

co

s

CO

'I«

'I ft* 'I e 'I

t

V T3

co c
IS

t3

a

to

>>
c/l

e
u

3
O
XI

2

«

•a cj
a)

to

o

cl

2 ^
•2

I .

r—

8

3

8c

•*

e
2

'vt

u

•5
<*-

3
O
-C

c
E

E

3
O
Xi

T3
to

cu

VI

CO

IS

2Ui

g§

C

£

_o

•3
3

. * <A

D.

(A

V

a ™

<

2

E

to
o
3

2A

*->

o
u
x:
on

b. .
CO

a
a

O

a
o

.V

o

CO E

•s
c

_o

1
>>

c
2

2 -a

o

eO

o

•2
(A

8
c
o
u

> > co

T3

"2 K

CO

O

3

?

'C

g

so

E

a
0.

0

0"

1"

_c

I

t*-l

0

0 J3

c

•

0.

C/l

V)

C

7

0

c
_o

0

Cfl

(0

CO

en

e

c
8
c

3

3

0

I8

u
Vi

E
a

.2

CO

to

CO

O
(3

E
o,

b-

00

8c

0
0

0
0

«5 "O

co

8 "B2
b.

c
c
o
e
o
o.
u
o
V)

O 3
X? ^
• j ! CO

u u

22

0

60

00

%
1

'?

1

0
•O

a
0
•0

00

0,

E
D.
O

M

8

>>

E
"-3
<3

%

^

.H 2
SJ2

.o

t ! ft

*-»

j :

eo

s
_2
0.

1
1

0
0.
b•0

E

>.
o
ft.

o

O
XI
CO
u

^0^
x;
8

O

~£•
^
(A

x:

13 E

E

c0 "o
C

a

<u

0

a

a
c

c
2
">.
c
CO

5

"O

'0
CO

^
0—
X
8

0

• > to
>1

0 •3
a. a

'5Cb
O

_0<
XI
8
S
">,

CO

E a
3

">>

CO

T3
O *0)
<A

Sb

0
D,

J3

«C-»

c/>

c
'5

c

3

"3
(_•

<U
IZ2

8
.«
c*-.
b«

a>
c

t—t

u

*

•f

1
U

S
X

0
x:
0

u

tm

CO

to

u

E
E

OS

•0

(A

0

b

I

b*

'3

o

1M

a>

4>

0
b.

0

a

°-

<
H

o

*3
•<

w
S

<

2

3
0

3
•a

3

•a

1 1|

c
"a

•0

e

_3
13

>. 00

J=

0
x> •0

c
E

b.

CO .

s
2

_0^
JS

8

_5

">.

1.

CO "0

c a

"o
a

b«

to

b-

0>

1)

rt

e

8
c

1
b.

'5 ,

w

u

1

to

8

1

1

to
0

'5
5?

'3

'3

J4

"5

b«

0
CO

3

b.

Z

3
O

1

1

4}
CO

[
1>
1-1

>>
. to

c

CO

>< ^^
Vi
J
CD

Z

e

u

at
3

*c

*. b i

1*

4J 1
!J

1

1

U-4

*c
>1

3

O

2

t>0

0

3

£u

em
_c

t3
b.

«
•O
J=
>.
L-

4>

*o
a

.,_,I
X

0

CO

b*

>>

X

^^
X

4-*

a
0
•0

•o

E

>.

•O 'C

U a,
< w
X
0 j
H

2

i
<

•0

CO

CO

X Q
0 <
a.

2

Z

<
z >•

B2
X
0

c
CO

•3

c

•0
c

VI

§

00

0

<
.<

O
o\
B:

u u
X Q
Z
u <X
u
a

ku

•< <

2

f

P

0

"3
u
X
cfl

<>
<

K

•a O
w
u

<
Ui

>

a

5

D X

2

•3

C/5

0

O
cc;

O

Meded. Landbouwhogeschool Wageningen 70-21 (1970)

^

3-^ a

u

s
o
o

E a >.

<•-.

ISS
e-E

o
n

O

c

3

•*-»

<?

3
O
(3
C

c
o

2

"c3
c

'1
o

0)

o

o
a
o
a

*

to

§

>>

?
£

•a

>?— soS"'

'ft
U c
a)

E
~*
(A

w

<

C

<~ o
a u

«°

3
O
JO

•? *

a
c

1-

"I

3 *"

o J>

•a£

o -o
c c
ES

(3

rl g

o g"
u cA
.2 c » 2
S° E3
0 ) <4- ^

"•"

V

13

JO o o - 1
S C <2 e

>>

!-S|J

•a

13 c fc —

§s & i
S «

[J

c

o g>

•o
c
O 3
•^
w 8
eg

ss

E

,.

E

u
IB
.o

J=

an

3
XI

14

u

.a «

Q.

p

p.

(A Q.

s
O

I

=s

p

E
.5 •
•o
o
<0

I

13

a

5

111
£'££
2 "o "S

o

.a

8 l»

1*
o
a

o

t-l

•8

(!)
*1

1

OS

c
3
O

Z
3

M Q,

— !2 "o

60

JS

8
5

o
°<3

c

o
a

o

>> u o
Oi § s

•""S o h

g « ft «

J» U o -

t i lE
>. >. 3 _

a «8«

a a a

1

*

§4
y

c

1

§

isMa
a.a 2

•a
o
3

c

T3 ON

a

00

u
n

n

<
o

8

*; S
*>
J

Meded. Landbouwhogeschool Wageningen 70-21 (1970)

1°
N S

• O ON

so

is*

go

p ^

< cc

<

it is adsorbed by way of many tens of segments, all of which would have be
desorbed simultaneously ifthemoleculeitselfistobedesorbed.Theprobability
ofthishappeningisveryslight.Consequently,theconformation ofthepolymer,
and hencethereduction ininterfacial tension, candepend on thehistory of the
interface. On the other hand, the adsorption of a single segment probably isa
reversibleprocess,sothat anequilibrium willbeestablished locally.An indication for this can be found in the work of COCKBAIN (1956). He found that a
layer of serum albumin adsorbed on anemulsion interface could becompletely
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 thiswaythealbumin isgradually removed from theinterface. Iftheadsorption of individual segments is indeed reversible, the theoretical interpretation
becomessomewhat lessdifficult. Onecan 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 experimentally attainable.
A brief account will be given of the various theories on the reduction in
interfacial tension as a result ofpolymer adsorption.
2.2.2. Gibbs' law ofadsorption
The occupation of a surface by low-molecular-weight substances can be
calculated from thereduction ininterfacial tension for different concentrations
of the substances from the well-known equation of GIBBS:
1

dy

r=-_-_zL_

2.1.

RT dQnc)
where T = the absorption of the low-molecular-weight substance per unit
interface (if r„,veia = 0)
c = the equilibrium concentration of the low-molecular-weight substance
y = interfacial tension
R = the gas constant
T = the absolute temperature.
It isassumed here that thelow-molecular-weight substance does not dissociate, that itsadsorption isreversible, and that corrections for the activity inthe
solutioncanbeneglected.Theadsorption ofpolymers,however,isirreversible,
whichmakestheuseof GIBBS'lawto calculatethelevelofadsorption from the
reduction in interfacial tension highly questionable, despitewhat isoften done
in the literature (e.g. FUKAWA et al., 1961;GLASS,1968).
When, however, we assume reversibility for the adsorption of individual
segments, the GIBBS' 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
10
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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
LYKLEMA, 1968).
When using the GIBBSequation, therefore, one should always be clear what
the unit of T is and how the subsurface concentration is correlated with the
bulk concentration. Use of the lawof GIBBSasit stands isnot permissible and
results in improbably high adsorption value (GLASS, 1968;ABRAMZON, 1969).
2.2.3. Theory ofKatchalsky andMiller
KATCHALSKY 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 cp.The equation gives
reasonable predictions, despite a number of unjustifiable assumptions such as
the applicability of the Gibbs equation.
KATCHALSKYand MILLER formally divide the system into a boundary and a
bulk phase. When d/i molecules are added, their distribution between the
boundary layer and the bulk phase isdetermined by the relative proportion of
free space in the two and by a Boltzmann factor containing the free energy of
adsorption:
dns _ 5A{ - nsPw ^
d« b
V — nbPw

^

In this equation
«s = number ofpolymer molecules in the boundary layer
nb = number of polymer molecules in the bulk
5 = thickness of the boundary layer containing «s molecules
A{ = area of the boundary layer interface
V = volume of the bulk phase
P = degree of polymerisation
w = volume per segment
ifr = free energy of adsorption per molecule.
Bycombining equation 2.2.with thelawof GIBBS, KATCHALSKYand MILLER
derived the following relationship:
Ay = **T(o.577 - ± + InVb)

Pw\

kT

2.3.

J

inwhich Vb = nbPw/V, thevolume fraction of thepolymer in the bulk.
In the derivation of thisequation 5and \}i are considered to be independent
of cp; this is questionable, certainly at low concentrations. At low concentrations, onewould expect Sto increase sharply and $ to decreasewith increasing
concentration.
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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Equation 2.3.thus predicts a linear relationship between y and logcB:
y= a - 0logcp

2.4.

where Pis the slope and a the intercept of the y-log cpcurve.
The factors 5and i/^/AT can bewritten as follows:
5= 0 . 4 3 4 ^ !
kT

2.5.

jf_ = 2.3(y0 - a)
- 0.577
kT
p

2.6.

The question remains asto how much the assumptions made in this derivation, which is based on an incomplete picture of polymer adsorption, will
influence the values calculated for 8andty.
2.2A. Theory ofFrisch andSimha
FRISCH and SIMHA (1957) give a relationship between the proportion & of
the interface occupied by the polymer and the polymer concentration cp:

_°HKH

Kc. = —i

v-l

±1 tl—i
v [1 - 0 ] v

P

2.7.

in which the symbols not already mentioned are:
K = adsorption constant
z = coordination number of the polymer segment in the interface
v = number of segmentsper polymer molecule that are adsorbed in theinterface.
The theory isbased on a model,in which thepolymer 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. FRISCH 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 definitionoftheinterfacial pressureisutilized.Theequation ofstatefor theadsorbed
polymer isas follows:
IIA0

z v—

kT

2

V"H('-?H-ln(i-e)

«
12
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in which the symbols not already mentioned are:
77 = interfacial pressure
A0 = limiting surface area per segment.
From equation 2.7.it follows that:
( v - l ) l n [ l - ^ ( l - l ) e ] =lncp + i n * * 1 - * " '
0
which, when substituted in equation 2.8.gives:
IJA0 _ z
kT
2

3

' ( - :
z

6

ey

In(1 - 0) -

In CP

2.9.

3

2v[l -

follows from equation 2.9. that
d/7
d(lncp)

, - -

kTz
^

or

<"K)

kTz

2A

2.10.
d/?

d(lncp)
Equation 2.10. gives the relation between the number of adsorbed segments
per molecule and the slope of the 77 - In cpcurve.
Using the sameequations 2.7.and 2.8.but a different method of derivation,
Joos (1968) arrived at a relationship analogous to equation 2.10. with the
only difference that the term /
ofv.

! 1\ wasabsent. Thisresults in lower values

H)

2.2.5. Discussion of thetheories reviewed
For thecalculation oftheproportion of surface occupied on thebasisof the
three above-mentioned theories, the gradient /Jof the plot of y against c„ (see
equation 2.4.) isan important experimental quantity. Comparison of the three
theoriesshowsthatthevaluesofParealmostequal.Foralow-molecular-weight
substance it follows from equation 2.1. that
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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°-*»fi

1

2.11a

RT
surface area per active group
In the case of a polymer onemight consider the activegroup as a statistical
chain element of the polymer.
Since KATCHALSKY and MILLER used theGIBBS'equation in the deviation of
their equation, theyfindan analogous relationship, namely:
RT

P w surface area per polymer molecule

According to equation 2.10., the theory of FRISCH and SIMHA predicts the
followingrelationshipfor — < < 1:
0.434.
z
z
1
P=
=
2.11c.
RT
2vA0 2surface area per polymer molecule
Thus, the three theories discussed give an answer which is the same but for
a single factor.
From theabovediscussion itisclearjust howlittleisknown intheory 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 cp. Its applicability is however
decidedly limited by the many parameters which are either unknown or which
can only be estimated with difficulty. Whenthe 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 bemade to interpret the measured effect in the light of the theoretical considerations above.

2.3. MEASUREMENTOFINTERFACIALTENSION

2.3.1.Method
Theinterfacial tensionbetweenthePVAsolutionsandparaffin 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 aqueousphase,wasbrought through theparaffin layer up
to the interface between the paraffin and the aqueous PVA solution below it
(see2.3.2.).Uponcontactwiththeinterface theplateispulledintothe aqueous
14
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FIG. 2.1.Principle of measuring the interfacial
tension by the static Wilhelmy-plate method.
paraffin

i 2yl
aqueous
PVA solution

phaseasaresultoftheinterfacial tension.Theplate,whichissuspendedfrom an
electromagnetic balance, isbrought to balance bythe application of a force F
(fig. 2.1.). The value of /-"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 intheparaffin. The length of theplateswasalways measured
toanaccuracyof0.005cmandvariedbetween1.95and 1.97 cmfor the different
plates. The reproducibility of the interfacial tension measurements wasalways
within0.4mNm - 1 . Itisimportantthattheplateiswellwettedwiththeaqueous
phase. This can be seen from its reflectivity. Another indication of good wettingiswhenthedisplacement force, necessary to bringtheplate outofbalance,
is slight.
2.3.2. Experimental
PVA solutions of different concentrations were made bydilutionof astock
4000ppm solution. Of one of the PVA solutions, 15ml was put into a 50ml
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
oldwereused.Aparaffin layer ofabout 1 cmwasintroduced onthe PVAsolution and the vessel was put into a bath thermostated at 20.0 ± 0.2°C. The
interfacial tension wasmeasured three times between 18and 30hours after the
formation oftheinterface. Theaverage of thethree measurements, which seldomdiffered bymore than 0.2-0.3mNm - 1 from oneanother,wastaken asthe
steady-statevalue.Thelonginterval between formation oftheinterface and the
firstmeasurement isnecessary to ensure that thesteady state hasbeen attained
(chapter 3).
Allglasswarewascleaned before usewithasolution ofpotasium dichromate
and sulphuric acid, and then rinsed with distilled water.
2.4. RESULTS ANDDISCUSSION

The interfacial tension between the paraffin and the aqueous phase was
measured asa function of the PVAconcentration in the aqueousphase 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
hasbeensetoutalongtheabscissae.Thisimpliesthatthesegmentconcentration
has been taken as a unit and not the concentration ofpolymer molecules. The
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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FIG. 2.2.Influence of the acetate content of PVA (p CND 1700) on the interfacial tension.

equilibrium concentration of polymer in solution may betaken as being equal
to the initial concentration, because adsorption does not significantly influence
thepolymerconcentration provided theinitialvalueofthelatterisnot too low
( > 1ppm).
The effect of the acetate content and molecular weight of the PVA on the
interfacial tension willbediscussed inturn below,and an attempt willbemade
to interpret the measurements in terms of the adsorption of the polymer.
2.4.1. Effectof the acetate content
Fig. 2.2showsthemeasured interfacial tension asafunction of concentration
for four types of PVA with different acetate contents but with comparable
degreesofpolymerisation. Twoimportant aspectsemerge;firstly, thereduction
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
givenconcentration, iswhatwouldbeexpected,sincetheacetategroupsconvey
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
PVA16-98andPVA16-88isplottedagainstthetotalconcentration ofpolymer.
It can be seen that, except at low polymer concentrations, Ay is principally
determinedbythePVA 16-88.Alargerreductionininterfacial tensionathigher
acetate contents has also been found by KUHLMAN (1968) for the interfaces
16
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Interfacial tension
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30
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J
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103
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FIG 2.3.Interfacial tension for mixtures of a hydrophilic (16-98) and a more hydrophobic
(16-88) PVA(?<v> 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), HAYASHI et al. (1964), and GLASS(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 cpis found only at a low acetate
content. Similar discontinuities have been found for other polymers in interfacial tension measurements (GLASS, 1968) and in work on monolayers (ISEMURA,1952;LOEB,1968). Inthelattercasethisisexplained bya conformational
change of the polymer at the surface as a result of compression of the monolayer. With an adsorbed polymer layer, a change of conformation can occur
onlywhen themechanism of adsorption changes. When oneor 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 isstill free of adsorbed polymer can now be occupied in either
of two ways, namely by supply of newpolymer molecules from the bulk or by
theunfolding ofpolymermoleculeswhichhavealreadybeenpartially adsorbed.
When the polymer concentration is low, the interface can be occupiedbythe
unfolding mechanism, which will result in a flat conformation of polymer at
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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the interface. At lowconcentrations, therefore, themolecules arrivingfirstcan
completelyoccupy theinterface inthisway,sothat anincreaseinconcentration
will causeno further increase in adsorption and hardly any further decreasein
interfacial tension. Above a certain polymer concentration, however, the
polymer molecules at the interface will be able to unfold much less readily or
hardly at all,because theneighbouring siteswillhavebeen already occupied as
aresultofthehigherrateofsupplybydiffusion. Theoccupation ofthe interface
is thus determined by kinetic factors. The discontinuity in the y-log cp curve
thus corresponds to the concentration at which adsorption due to supply from
the bulk occursjust that bit more quickly than adsorption due to unfolding.
Entropic repulsion between the loops formed in thisway can also be partially
responsible for the sharper rate of decline of the interfacial tension. Since the
adsorption isirreversible, theway in which theinterface isoccupied can bean
important factor. Similar effects were found in the investigation of the timedependence of the reduction in the interfacial tension and with the work on
monolayers (chapter 3and 4).
From ellipsometry measurements on metal surfaces onto which polystyrene
had been adsorbed from a solution, STROMBERG (1965) found that the rate of
occupation by unfolding of the molecule can be quicker than that by diffusion
from the bulk. This agrees with the mechanism assumed above. The question
remains, however, as to why the discontinuity is only found with the PVA 98
samples (see also figures 2.4 to 2.6). This is probably due to a difference in
flexibility of the polymer molecule and a difference in its affinity for the interface. Polyvinylalcohol isa veryflexiblepolymer (ZWICK, 1965)and willexpand
markedly upon solvation. This will be less marked with PVA 88 samples on
account of their more hydrophobic character. A lowerflexibilitycancausethe
unfolding process to be slow in comparison with the rate of supply from the
bulk, and thus no clear transformation in conformation can be expected for
this concentration range. A higher affinity for the interface means that a
segment, once adsorbed, will be less readily desorbed. As a result, changes in
conformation of the molecule at the interface, necessary for it to be able to
unfold, will be lesseasy.
2.4.2.Effectofmolecular weight
Theeffect of the molecular-weight on the interfacial tension isshownin figs.
2.4., 2.5. and 2.6. for the PVA 98 samples and in figs. 2.7. and 2.8. for the
PVA 88 samples. There is not always agreement in the literature about the
effect of the molecular weight. PVA samples were therefore obtained from a
number of different sources to check whether different methods of preparation
couldaccountfortheobserveddiscrepancies.HAYASHI(1964)hasalreadyshown
that slight difference in secondary structure as a result of another method of
preparation can influence the measured reduction in interfacial tension.
With the PVA 98samples from Konam, the reduction in interfacial tension
increases with increasing molecular weight (fig. 2.4.). With the samples from
Wacker (fig. 2.5.) and Kurashiki (fig. 2.6.) the effect of molecular weight is
18
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FIG. 2.4. Influence of molecular weight on the interfacial tension for PVA 98ex Konam.
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FIG. 2. 5.Influence of molecular weight on the interfacial tension for PVA ex Wacker.

just theopposite.Thiscould indicatethat inthelatter casethelarger molecules
unfold less at the interface. The shift in the discontinuity to a lower concentration is possibly a further indication of a less flexible molecule, for, at the
discontinuity, the rate of supply by unfolding is roughly equal to the rate of
supply from the bulk, and a shift of the discontinuity to lower concentrations
means that the unfolding is slower. A similar difference with respect to the
molecular weight dependence, wasfound between the Konam PVA88samples
(fig.2.7.)andthosefrom Wacker(fig.2.8.).Intheformer casemolecularweight
had no effect, whilefor theWacker samplesthereduction in interfacial tension
wasagain least for the highest molecular weight. On the whole,the differences
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FIG. 2.6. Influence of molecular weight on the interfacial tension for PVA 98 ex Kurashiki.

arenot large,from which onecanconclude that thedegreeoflateral unfolding
issuch that it doesnot much matter whether thepolymer molecule ismade up
of 350or 2500segments.In addition, polymer segments far removed from the
interface, ofwhichtherewillbemorewithalargermolecule,willnot contribute
so much to the reduction in interfacial tension.
The slight differences in the effect on Ay of the various PVA samplescan
probably be attributed to differences in the stereochemical structure of the
molecules, such as differences in the distribution of acetate groups along the
chain, which depends on the polymerisation conditions. The influence of the
acetategroup distribution oninterfacial tension wasdemonstrated by HAYASHI
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FIG. 2.7.Influence of molecular weight on the interfacial tension for PVA 88 ex Konam.
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FIG. 2.8.Influence of molecular weight on theinterfacial tension for PVA88 ex Wacker.

(1964)forthewater-air interface. Thetacticity ofthepolymer canalsohavean
effect, aswasshownby JAFFEetal.(1967)forpolymethacrylates.These factors,
together with small differences inthe 1,2-diolcontent andtheacetate content,
differences in thelatter probably being the most important especially forthe
PVA98samples,canaccount fortheslight dissimilarities between thevarious
preparations.Onemustconcludethat themolecularweightishardly important,
butthatthetotalnumberofsegmentsisthedeterminingfactor andisonereason
for approaching theproblem intermsofstatistical chain elements.Atthesame
time onecanseethat, inaninvestigation with apolymer series,itisimportant
to know that thestereochemical structure remains identical, asthis can affect
the measured effects.
2.4.3. Semi-quantitative interpretation
In the theoretical discussion of the reduction in interfacial tension (2.2.) it
was pointed outthat thetheories areonly valid when adsorption isreversible
a condition which is not in general fulfilled for polymer adsorption (KUHLMAN,1965;LANKVELDand LYKLEMA, 1968). It was,however, also mentioned
thattheadsorption ofindividual segmentsisprobablyreversible,sothatlocally
there will beequilibria to which thetheories canbeapplied. Thereductionin
interfacial tension isthen nolongeradefinitive function ofthebulk concentration, but of the subsurface concentration which is unknown. The subsurface
concentration willbeafunction ofthebulk concentration provided thehistory
oftheinterface remainsthesame.Thus,adefinitive relationshipbetweeyand c„
can beexpected onlywhenthehistory oftheinterface isfixed.From theabove
it appears that theusefulness ofthe theories discussed ishighly questionable.
Nevertheless, it is still of interest to calculate theorder of magnitude ofthe
Meded. Landbouwhogeschool Wageningen 70-21(1970)
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TABLE 2.2.Adsorption data derived from interfacial tension measurements
1

2

Sample

P

8-98

780

16-98

1230

32-98

1780

3 - 98.5

290

28-98.5 ,

1600

60-99

2340

105

535

124

2450

4-88
16-88
3-88
25-88
40-88
25- 82.5

450
1220
325
1730
2160
1830

25- 76.5

1760

3

4

5

6

7

(ppm)

P

£(A*)

V

_ . 100
P

2 - 2 5
40 -4000
0.4 - 25
40 -4000
0.4 - 25
40 -4000
0.4 - 10
40 -4000
0.4 - 25
60 -4000
0.4 - 25
60 -4000
0.4 - 10
25 -4000
0.4 - 10
25 -4000
4 -4000
4 -4000
4 -4000
4 -4000
4 -4000
4
100
4
100

0.75
4.65
1.45
6.45
2.05
6.95
1.15
7.85
0.95
7.55
1.75
7.65
1.25
4.05
0.65
3.40
3.50
3.50
4.25
3.95
4.10
6.75
3.60
5.95
3.50

1240
200
640
144
454
134
810
118
980
123
530
122
744
298
1430
274
266
266
218
236
227
138
258
156
266

124.0
20.0
64.0
14.4
45.4
13.4
81.0
11.8
98.0
12.3
53.0
12.2
74.4
29.8
143.0
27.4
26.6
26.6
21.8
23.6
22.7
13.8
25.8
15.6
26.6

15.9
2.6
5.2
1.2
2.6
0.8
27.9
4.1
6.1
0.8
2.3
0.5
13.9
4.3
5.8
1.1
5.9
2.2
6.7
1.4
1.1
0.8
1.4
0.9
1.5

fi = slope of y-log c„ curve
=,= area per adsorbed unit according to GIBBS' law
v = number of segments adsorbed per molecule according to FRISCH and SIMHA.

adsorption which, according to the several theories,corresponds to the measured reduction in interfacial tension. These calculated adsorption valuescan
then be compared with the directly measured adsorptions (chapter5).
Table 2.2. summarizes the measured values of the slopes /? (column 4) of
the y-log cp plots for the diverse PVA samples at the stated concentrations.
The surface occupied per surface-active group, calculated on the basis of the
GIBBStheory (equation 2.1.),isgivenin column 5.The nature of the adsorbed
group is not specified. Column 6 gives the number of adsorbed segments per
molecule according to the FRISCH-SIMHA equation (equation 2.10. in which
A0 = 30A2 and z = 6),while in column 7this number is expressed as a percentage of thetotal number ofsegments.
If GIBBS'lawisused and r isexpressedasthenumberofpolymermolecules
per unit surface, the predicted adsorption values are improbably high. For
22
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instance,for PVA40-88thepredicted adsorption is80mgm~2 which isabout
20 times as high as is found by direct measurements on emulsion interfaces
(chapter 5).Thus,thesurface given incolumn 5isnot that of apolymermolecule but of a smaller unit, possibly that of a statistical chain element, which is
the reversibly adsorbed unit.
The percentage of segments adsorbed per molecule (column 7) decreases
withincreasingmolecularweight,whichimpliesthattheadsorbedpolymerlayer
becomesthickerthehigherthemolecularweight.Thisagreeswiththemeasurements of the adsorption on emulsion interfaces. It has been shown, however,
that yisfairly insensitive to changesin molecular weight,which underlines the
fact that y is not directly related to the number of molecules adsorbed, but
rather reflects the level of adsorption of segments and/or statistical chain elements, in addition to possible interactions between the loops. Comparison
between the PVA 98 and PVA 88 samples shows that, at low concentrations,
thepercentage ofadsorbed segmentsisgreater for the98than for the 88samples, but that at high concentrations the situation isjust the reverse. According
tothetheoriesofSILBERBERG(1968)and HOEVE(1969),apolymeradsorbed from
a good solvent should haveaflatterconformation than when adsorbed from a
poor solvent.Thiswouldmeanthat PVA98isflatterwhenadsorbed,andhence
that the percentage of adsorbed segments is higher. At low concentration,
therefore, the experiment is in agreement with the theory of SILBERBERG and
that of HOEVE. At higher concentrations, the greater hydrophobicity of the
PVA 88 samples may be responsible for the higher percentage of adsorbed
segments.
With the 98 samples, a higher percentage of adsorbed moleculeswasfound
before the discontinuity than thereafter. This suggests that the conformation
is less flat after the discontinuity. The percentage before the discontinuity,
however, is still but small, which implies that unfolding occurs only partly.
It should be noted that the slope of the plot is very difficult to determine experimentally at low concentrations.
Thefiguresin columns 5and 6differ by a factor to exactly 10.In 2.2.5.we
already learned that the theory of FRISCHand SIMHA shows a close agreement
with the theory of GIBBS (compare equations 2.11.a and 2.11.c). The factor is
exactly 10on account of thechoice of z = 6and A0 = 30A2.
From the theory of KATCHALSKY and MILLER one can calculate the free
energy of adsorption per molecule (\p) and the thickness (<5)of the adsorbed
layer. If one assumes the density of PVA to be 1.30 g/cm3 (BRANDRUP, 1965),
the volume per segment, w,can be calculated as 5.72x10" 23 cm3 for PVA98
and 6.30x10~23 cm3 for PVA 88samples. The layer thickness, 5, can becalculated with equation 2.5.For thecalculation of thefree energy of adsorption,
the volume fraction in the bulk in equation 2.6. has to be converted into the
concentration in ppm. Equation 2.6. then becomes
f

r

= , 3 ( ^ )

+ I

, 5
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TABLE 2.3.Adsorption data calculated from interfacial tension measurements with the theory
of KATCHALSKY and MILLER

1

2

3

4

5

6

7

8

PVA
sample

Cp

P

(ppm)

a
(mNm - 1 )

fi

6

(A)

end-toend distance (A)

ij/lkT

3 - 98.5

290

37.8
47.0
38.8
49.1
28.2
30.4

1.15
7.85
1.75
7.65
4.25
3.95

60-99

2340

3-88
40-88

325
2160

0.4 - 10
40 -4000
0.4 - 25
60 -4000
4 -4000
0 -4000

20
140
342
1100
94
578

70
198
74
190

38.9
14.5
28.9
13.9
25.6
25.2

a, /?= slope and intercept of y-logcBcurve
<5 = thickness of adsorbed polymer layer
([/ = adsorption free energy

The calculated values of5and ij/jkT&rQ given in Table 2.3.for severalPVA
samples. The calculated values probably have but little absolute significance
because the theory is based on a somewhat too simple picture of polymer
adsorption for which the GIBBS equation is assumed to hold. The tabulated
values for 5and ij/, however, are of the right order of magnitude. At lowconcentrations the calculated layer thicknesses (column 6) agree with estimates
made on the basis of direct adsorption measurements with emulsions, and are
alsoofthesameorder ofmagnitudeasthe'end-to-end distance'ofthepolymer
in solution (column 7).If weassume a free energy of adsorption of 0.5-1.OkT
per segment, the calculated free energy of adsorption per molecule (column 8)
agrees fairly well with the value expected in view of the number of segments
adsorbed (table 2.2.,column 6).
Thecloseagreementbetweenthecalculationsaccordingtotheseveraltheories
wastobeexpected,sincethetheoriesarecloselyanalogous(equations2.1l.a,b,c).
Moreover the calculations are primarily based on a single factor, the slope of
they-l°gCPcurve.Forthecalculation ofthefreeenergyofadsorption according
to the theory of KATCHALSKY and MILLER, however, the absolute value of
y (a,column 4)isneeded. Iftheadsorption free energyper segment assumed to
be0.5-1.0ATthenumberofadsorbed segmentscanbeestimated.Thisestimated
value agrees with the value calculated from the FRISCH-SIMHA equation. This
agreement isperhaps an indication of the applicability of these theories.
2.5. CONCLUSIONS

Thereduction (Av)in interfacial tension asaconsequence ofthe adsorption
of PVA at the paraffin-water interface isdirectly proportional to log cpover a
wide range of concentrations. In addition Ay increaseswithincreasingacetate
content of the PVA, which can be explained by the increasing hydrophobic
character of the polymer molecule. At a low acetate content (about 2%) the
24
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y-logCp curve shows a discontinuity which must beascribed to a change in the
conformation of the adsorbed polymer at the corresponding value of cp.
Kinetic factors during the formation of the polymer layer are probably responsible for this discountinuity. That the kinetics of the formation of the
polymer layer can determine thefinalinterfacial tension must be tied up with
the irreversible nature ofpolymer adsorption.
It isthisveryirreversibility which complicatesthequantitative interpretation
ofthereductionininterfacial tensionduetopolymeradsorption.Asemi-quantitative interpretation indicated that the percentage of segments per molecule
adsorbed in the layer islow,which agreeswith themeasurement on emulsions.
Although thecurrent theoriesdonotenableanexactquantitative interpretation
ofthemeasured effects, themanyexperimentsdescribedinthischaptermakean
important contribution totheunderstanding oftheeffect ofpolymer adsorption
on the reduction in interfacial tension.
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3. TIME-DEPENDENCE OF THE INTERFACIAL
TENSION
3.1. INTRODUCTION

When polymers are adsorbed, it usually takes a long time before the steady
state isreached (SILBERBERG, 1962b; PATATet al., 1964). It istherefore understandable why the intertacial tension can depend markedly on time. There are
two factors which determine this time-dependence, namely the rate of supply
bydiffusion andtherateofreconformation ofthepolymer intheinterface once
it isadsorbed. If onewants to study theinfluence of time on y,oneshould use
astaticmethod.Withadynamicmethodtheinterfaceiscontinuously disturbed,
whichcan have amarked effect on therates ofadsorption and reconformation
ofthepolymerattheinterface. Thisinfluences notonlythesizeofthemeasured
reductionininterfacial tension,butalsothetimetakenfor thesteadystatevalue
to be reached. Therefore measurement of the interfacial tension by the dropweightmethod and bythedynamicWilhelmyplateand du Nouy ringmethods
are unsuitable. From table 2.1., which summarizes the work of others on the
effect of polymer adsorption on interfacial tension, it isclear that the time recorded for theattainment ofthesteady stateislongerfor thestaticmethods.
The time-dependence ofthe surface-tension ofPVAsolutions hasbeen measured by FUKAWA et al. (1961) and GLASS(1968a) by different methods. FuKAWAetal.measured thetime-dependence bythestaticWilhelmyplatemethod
for concentrations of 102—10s ppm and found that the steady state was often
notreachedevenafter 20hours.Themeasurementsof GLASSwere, unjustifiably,
made with a stalagmometer at somewhat lower concentrations. GLASS found
that the surface tension had almost reached its steady-state within about 60
seconds. It isnot surprising, therefore, that the diffusion coefficients which he
calculated(10" is -10" 18 cm 2 /s) differ greatly from the diffusion coefficients of
PVAquoted elsewhere inthe literature. FUKAWAet al.alsoattribute themeasured effects of time to a limited supply by diffusion. It is, however, unlikely
that the supply can be limited by diffusion at the high concentrations which
they used. KUHLMAN (1969) has shown how the time-dependence at high
concentrations may well be caused by a slow exchange of adsorbed segments
with more hydrophobic segments in the chain, with a consequent reconformation of thepolymer at the interface.
Intheinterpretation ofthemeasurements of y„both oftheabove mentioned
causes of the time-dependence, namely the diffusion and reconformation
mechanisms, must betaken into consideration. It can be noted here that diffusion-determined time-dependence of the interfacial tension is only conceivable
at low concentrations.
3.2. THEORY

3.2.1.Diffusion-determinedtime-dependence
The supply by diffusion of a low-molecular-weight compound to a phase
26
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interface can be expressed by the well-known equation of WARD and TORDAI
(1946):

nt= 2c - •Vt

(3.1.)

Vn

where nt = the number of molecules per unit area which have been supplied
to the interface by diffusion at time t
c = concentration of the low-molecular-weight substance (molecules/
volume)
D = diffusion coefficient
t = time during which diffusion has taken place.
Equation 3.1.is only valid for the intitial phase of the adsorption process,
sinceitdoesnotfulfill theconditionthatthelevelofadsorptionshouldbefinite.
The equation of WARD and TORDAIcan be combined with the simple twodimensional equation of state, IIA = kT, in which II the interfacial pressure,
is defined as y0-y (7o = interfacial tension of clean interface). In this way an
expression can bederived for y as a function of time:
yt - 7o- 2ckT --ft

(3.2.)

V 7T

If the interfacial tension is now measured as a function of t for known c,
the diffusion coefficient can, in principle, be calculated from the slope of the
y -\/t curve.
Equation 3.1. will also be valid for the supply of polymers by diffusion,
but with polymer adsorption there is the added complication that the supply
of a single molecule results in many segments being adsorbed. The reduction
in interfacial tension will be related the number of statistical chain elements
adsorbed. It was in fact shown in Chapter 2 that the segment concentration
inthe bulk and not the molecular concentration was importantfor Ay- When
vsegmentsper molecule are adsorbed, vcp should be taken for the concentration in equation 3.2.,wherecpisthepolymer concentration.Equation 3.2.then
becomes:
y, = 7o-2vc p kT _ - V <

(3-3.)

V 7t

or
7. - 7o - Pift

(3.4.)

in which

fit -

IVCJCTJ?-
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(3.5.)
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When cp and D are known, it should bepossible to calculate the number of
segmentsper molecule adsorbed.
When equation 3.3.iscombined with the equation of state,
II(A - A0) = kT

(3.6.)

theequation of BARTHOLOME-SHAFER(1950),modified bythefactor v,isfound:
1

1
2vc9kT—-y/~t
vn

A
-2.
kT

(3.7.)

or
(3.8.)

When 77, -1 is plotted againstf-*, the value derived for fit from equation
3.8. should be identical to that found for fSyfrom the plot of yt against tK
Onefindsin fact that thisis only the casewhen 77,isdefined as 77,=y,_>0—y„
in which y,_0 is obtained by extrapolation of y to t=0. At the start of the
experiment (t=0), the interfacial tension is not equal to y0 but is lower, since
the water phase contains polymer, some of which will be present at the interface at t=0. Thisamount ofpolymer already present willnolongerhavetobe
suppliedbydiffusion. Theadvantageofusingthe BARTHLOME-SCHAFERequation
rather thanequation 3.4.isthat theslopecanberead off better from thecorresponding graph. This is because, for small t, the interfacial pressure 77 is
also small and hence 77 _1 and /~* are large in the range where diffusion is to
be studied. The BARTHOLOME-SCHAFERmethod of interpretation has also been
used for low-molecular weight substances by BARET and Roux (1968a) who,
however, did not take into account that y0 should be taken as y,-,0- The value
of y,_o must be calculated by extrapolation of y to t-»0, which inevitably
introduces a certain inaccuracy and makes the method somewhat less attractive.
3.2.2. Time-dependence notdeterminedby diffusion
At higher polymer concentrations, one cannot expect diffusion to be responsible for the long times required for the interfacial tension to reach its
final value. WARD and TORDAI(1946)assumed that an adsorption barrier must
thenbethelimitingfactor. Inthiscase,though,itbecomesquestionablewhether
theprocesscanbetreated asadiffusion problem. Thetreatment of WARD and
TORDAI has been adopted by VOCHTENet al. (1968), GLASS(1968) and others.
Thetime-dependenceobservedafter longtimesathighconcentrations should
rather be interpreted in terms of adsorption-desorption antagonism. This
involves replacement of surface active substances, or polymer segments,
28
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with low affinity for the interface by components with a higher affinity for the
interface. Thiscan result in longtimes beingrequired for theattainment of the
finalvalue. This picture, which predicts an exponential decrease of the interfacial tension with time, is outlined by BARET (1968b). There are, however,
alternative models likewise predicting an exponential decreasewithtime(MAC
RITCHIE and ALEXANDER, 1963; FAINERMAN et al., 1969). The general expression is:
77,= 77J1 - e" / r )

(3.9.)

or
log/ 7 ' ~ Yco-) = - 0.4341

vo-yJ

(3.10.)

*

.

inwhich 77,=y0—y, = interfacial pressure at time t
J7»=y<>—7«— n n a l value of interfacial pressure
T = relaxation time for the attainment of the steady state interfacial
tension.
In fact, for y0 one should again take theinterfacial tension at thetimewhen
the mechanism, on which equation 3.9. is based, begins. These values of y
are of course unknown but, according to equation 3.10., they do noteffect the
slope of the curves. In addition to the investigations already mentioned, exponential relationships similar to that in 3.9. have also been found by, amongst
others, HANSEN and WALLACE (1959), FRISCH and AL-MADFAI (1958) and
GLASS(1968).
3.3. EXPERIMENTAL

The interfacial tension was measured as described in 2.3.The time-dependence of the interfacial tension has been followed by two methods. On the one
hand, theinterfacial tension wasmeasured at various timesafter the formation
of theinterface for theexperiments described inchapter 2.On the other hand,
theinterfacial tension wasfollowed continuously asafunction ofthetime after
formation of the interface by suspending the platinum plate in the interface
throughout the experiment. The difference between the two techniques is that,
with the latter, the interface is not disturbed during the whole experiment,
whilewith thefirstmethod theinterface istemporarilydisturbedbytherenewed
introduction of theplate.With thisdiscontinuous technique,thefirstmeasurement was made after 15minutes and the method employed was that which is
described in2.3.
For the continuous recording of the interfacial tension larger volumes were
used becausetheseexperimentsweremostlycarried outatverylowconcentrations to investigate the limits of diffusion-determined time-dependence. Paraffin
was brought onto the surface of 100mlof a PVA solution in a vessel of about
250mland diameter 7.4cm. Thetimewasrecordedfrom themoment of introAfeded. Landbouwhogeschool Wageningen 70-21 (1970)
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duction of the paraffin and the interfacial tension was read off at various
intervals. The vessel was thermostated at 20°C.
It made no difference whether the paraffin had been equilibrated with water
ornot.Theinterfacial tensionrecordedinthiswaybetweenparaffin anddistilled
waterdroppedgraduallybyabout 1 mNm~ l inthecourseof8hours.Tocheck
that low-molecularweight substances, which might influence the time-dependence, are absent from the PVA, a concentrated solution of PVA 3-88 wasdialysed for oneweek. The time-dependence measured with diluted dialysed solution did not differ from that of non-dialysed solution. Thus, low-molecularweight components, which diffuse more quickly to the interface, cannot be
expected to have a disturbing effect on the measurements.
3.4. RESULTSANDDISCUSSION

3.4.1. Discontinuous measurements
The interfacial tensions measured at different times after the formation of
theinterface aregiveninfigures 3.1.-3.8.for thedifferent PVAsamplesand for
different concentrations.Amarked difference in theinterfacial activity between
PVAsampleswith a low acetate content (2%) and those with a higher acetate
content, as already noted in chapter 2, again emerged clearly in these experiments. While there was a marked difference in behaviour as a consequence of
the acetate content, little difference could be detected between samples of
different origin and molecular weight but the same acetate content. This holds
for both lowand high acetate contents.
Most striking is the irregular character of the time-dependence of the interInterfacial tension
mN m-1
PVA 105

40 hours

FIG. 3.1.Time-dependence of the interfacial tension of solutions of PVA 105 (ex Kurashiki)
of different concentrations.
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Interfacial tension
mN m"1

40 hours

FIG. 3.2. Time-dependence of the interfacial tension of solutions of PVA 16-98 (ex Konam
of different concentrations.

facial tension as a function of the PVA concentration at acetate contents of
about 2%. At low concentrations ( < 2 ppm) the time-dependence can be
explained by assuming diffusion to be the limiting factor (see 3.4.2.). In the
concentration range between about 1and 100ppm the interfacial tension was

Interfacial tension
vmNm- 1
PVA 28-98.5

40 hours

FIG. 3.3.Time-dependence of the interfacial tension of solutionsof PVA28-98.5(exWacker)
of different concentrations.
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lnterfacial tension
mN m - 1

PVA 60-99

40 hours

FIG. 3.4.Time-dependence of the interfacial tension of solutions of PVA 60-99 (ex Wacker)
of different concentrations.

found to be hardly dependent on time, for which it can be concluded that
diffusion can no longer be the limiting factor. The time required to form a
complete monolayer by diffusion can be estimated from equation 3.1. For
this we assume that the mechanism is that described in section 2.4.1., namely
Interfacial tension
mN m _1
PVA 3-88

04 ppm
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FIG. 3.5.Time-dependence of the interfacial tension of solutions of PVA 3-88 (ex Wacker)
of different concentrations.
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Interfacial tension
mN m- 1

PVA 16-88

£0 hours

FIG. 3.6. Time-dependence of the interfacial tension of solutions of PVA 16-88 (ex Konam)
of different concentrations.

that a molecule with a low acetate content can unfold quickly and extensively
at the interface. About 0.4 mg m~2 of PVA can be spread in a monolayer
(Chapter 4).Thus, if the diffusion coefficient of PVA is taken as 3 x10~7cm2
s - 1 (PVA 16-98) and its concentration as 4ppm, supply by diffusion will be
Interfacial tension

Oippm

(0 hours

FIG. 3.7. Time-dependence of the interfacial tension of solutions of PVA 25-88 (ex Wacker)
of different concentrations.
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Interfacial tension
vmN m
PVA 25-82.5
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—

(Hppm

40 hours

FIG. 3.8. Time-dependence of the interfacial tension of solutions of PVA25-82.5 (ex Wacker)
of different concentrations.

sufficient to completely form a monolayer within 2 or 3minutes. The monolayer will therefore be completely occupied before the first measurement,
whichinallcasesismadeafter 15 minutes.Anestimateoftherateof unfolding
can bemadebycalculating from equation 3.1. thetimenecessary for the interface to be occupied by diffusion at a concentration of about 60 ppm, which
corresponds to thekink in the y-Iogcpcurve.Thecalculated time of unfolding
amounts to several seconds. The other mechanism which can cause the interfacial tension to betime-dependent, namely thereconformation ofthepolymer
intheinterface,willnottakeplacebecauseoftheflat conformation ofthepolymer. Thus it isplausible that, for the concentration range in which the initial
occupation of the interface is due to the unfolding of the polymer, the interfacial tension will not be time-dependent.
The marked time-dependence at higher concentrations (> 100 ppm) must
then beascribed to factors other than thelimitation bydiffusion, and maywell
be caused by reconformation of the polymer in the interface. For when the
concentration is high, the supply by diffusion will ensure that the molecules
arriving at the interface will have no room to unfold, and hence that the conformation of thepolymer at the interface will belooped. Reconformation ofa
boundary layer built up in thisway,which isa slowprocess,willin turn result
inaslowreduction in y.Thusthediscontinuity inthey-logcpcurvesof figs.2.4.
to 2.6.can beexplained by kinetic factors, as isdone in chapter 2.
Behaviour analogous to that of PVA 98 has been found for polymethyl
methacrylate(A/ = 420,000)atthetoluene-water interface by HUBERand THIES
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(1970). For concentrations between 1 and 100 ppm, the interfacial tension
measured by the du Nouy ring method showed hardly any time-dependence.
Forconcentrations above 100ppmtherewasamarked time-dependence,which
was ascribed to a slow change in the structure of the polymer at the interface.
Such irregularity in the time-dependence isentirely absent for PVA samples
with a higher acetate content (> 10%).The time-dependence at high concentrationscannot beexplained byalimited supply bydiffusion inthiscaseeither,
since the diffusion coefficients for PVA 88 samples are comparable with those
for PVA98,for whichithasalready been shownthat diffusion cannot belimiting. With PVA 88,there isprobably a gradual transition from diffusion-determined time-dependence to reconformation-determined time-dependence with
increasing concentration. The slight differences between samples of different
molecular weight and from different sources may again be a consequence of
the stereochemical structure of thepolymer molecule not being identical in all
cases.
3.4.2. Continuous measurement atlow concentrations
Toenablethediffusion mechanism atlowconcentrations tobestudied quantitatively, the interfacial tension was measured continuously as function of
time. The first measurement could be made after about one minute, whereafter the interfacial tension was measured at various intervals, the platinum
plate remaining in the interface. The measured interfacial tension was plotted
as a function of ti, some of the curves being given in figs. 3.9. and 3.10. It
appears that, at least after a certain initial period, the interfacial tension is
proportional to ti over a long interval, which indicates that the diffusion
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FIG. 3.9.Interfacial tension as a function of t ' at very low PVA 16-98 concentrations.
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FIG. 3.10. Interfacial tension as a function of f"2 at very low PVA 16-88 concentrations.

mechanism may beplaying a role. The relationship between y and r1can only
belinear if theslope >9tisconstant, which isthecase if v isconstant (equation
3.5.).Theinitialperiod ofabout 15to25minutesbefore alinearrelationshipis
established, which is found primarily at low concentrations can perhaps be
ascribed to the slowness of unfolding since local gradients in the interfacial
tension are still low. The time-dependence measured is the resultant effect of *
both diffusion and unfolding. The maximum slope, which corresponds to the
linear part of the plot, is always taken for the quantitative interpretationAt this stage one can assume that the supply by diffusion, and not the rate of
unfolding, isthe limiting factor.
After the linear part of the y—t1'2 curve,therateof decrease in theinter,
facial tension with increasing r l falls off, probably as aresultof themonolayer
becoming saturated. The persisting time-dependence is probably due to reconformation at theinterface of thepolymer, which isnot yetunfolded, or not
completely so.For PVA98at highconcentrations (fig. 3.9.) there ishardly any
further decrease in interfacial tension about after 30 minutes. The drop of
1 mN m - 1 in the subsequent 90 minutes is partially explained by the effect
found with an interface free of polymer. The interfacial tension remains about
36mNm" 1 ,thevaluewhich was also found with the discontinuous measuring
technique (fig. 2.4.).
The slopes of the y—t* curves for the various PVA samples areplotted asa
function of the concentration in fig. 3.11.-3.13. It is striking that at a given
concentration byweight, the slopesfor PVApreparations of different molecular weight are almost the same.This supports theidea that the number of seg36
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FIG. 3.11. Initial slope of the y-t"2 plots ar very low PVA concentration.

merits, and not the number of molecules, determines the interfacial tension
measured at theselowconcentrations. It canalsobeseen that theslope,except
at very low concentrations, is not constant. If equation 3.2. were valid, one
would indeed expect y to be proportional to c.The diffusion coefficient could
then in principle be calculated from the slope, as has been done by several
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plots at very low PVA concentration.
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FIG. 3.13. Initial slope of the y-t ' plot at very low PVA concentration.

workers (e.g. GLASS, 1968)for much higher concentrations at which, however,
diffusion can no longer be the limiting factor. For PVA 16-98 (M = 55,000)
theslopeat a concentration of0.4 ppm is0.129 mN m - 1 sec "*.According to
equation 3.2., this corresponds to a diffusion coefficient of 0.6 cm2 sec -1 ,
which is a factor of 105-106 too large. As mentioned earlier, this must beexplained byassuming that theinterfacial tension does not depend on the supply
bydiffusion ofcomplete molecules,but that thesemolecules each bringalarge
number of surface-active units into the interface. This istaken into account in
equation 3.3. by the introduction of the correction factor v. Diffusion coefficients calculated from equation 3.2. are thus a factor v2 too high.
If, on the other hand, the diffusion coefficient isknown, v can be calculated.
The diffusion coefficients for PVA preparations of different molecular weight
can becalculated from the relationship D = kM~". Theconstants k and a. can
be determined graphically from data of BRANDRUP and IMMERGUT (1965),
who givediffusion coefficients of PVA at 20°Cfor different molecular weights.
The values found were k = 2.66xl0~ 4 and a=0.625. The diffusion coefficients of PVA 88 and PVA 98 samples were taken to be the same, which is
justified in viewof the experimental error, and the spread in molecular weight
of theindividual sampleswasnot taken into account. Thediffusion coefficients
thus calculated vary from 6.90x10~7 cm2 sec - 1 for M=1.3x 104 to 1.93x
10" l for M=10.5xl0 4 . The logarithm of the values of v calculated from
these diffusion coefficients with equation 3.5. is plotted as a function of concentration in fig. 3.14. It is found that, at low concentrations, the calculated
value of v tends to the total number of segments per molecule, P. Thus, at
verylowconcentrations,allsegmentslieintheinterface, thepolymer molecules
being completely unfolded. At higher concentrations vdecreases, as would be
predicted from the decrease in gradient with increasing concentration infigs
3.11. to3.13.
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FIG. 3.14. Thecorrection factor (v)to beapplied totheWard and Tordai diffusionequationas
a function ofthe concentration.

The relationship between yand tatconcentrations above 2ppm cannotbe
interpreted soclearly, for two main reasons. Firstly, thetechnique followed
does not enable theinterfacial tension tobemeasured sufficiently rapidly after
the formation of the interface. Secondly, thereconformation ofthe polymer
molecules supplied bydiffusion can alsoaffect thetime-dependence. The latter
is not the case with the PVA 98 samples,forwhich there ishardly any time_i_
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FIG. 3.15.The time-dependency of the interfacial tension according to the BartholomeSchafer equation, both forIlr = y„- yt and forII, = y,-.0- y,.
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dependence found for concentrations between 4 and 40ppm. This is an extra
argument in favour of the model proposed to explain the discontinuous character of the y-logcpcurves (figs. 2.4. to 2.6.): at a concentration of 4ppm the
supply by diffusion, compiled with subsequent unfolding, is sufficient to completely form a monolayer within a few minutes. The difference in behaviour
between PVA98and PVA 88at higherconcentrations (4-100ppm)must mean
that PVA 88 unfolds less rapidly than PVA 98 at these concentrations. However, no evidence can befound for this at low concentrations.
Infig.3.15. some measurements of the interfacial tension have been plotted
against time in accordance withtheBARTHOLOME-SCHAFER equation. The interfacial pressure,77„hasbeen expressed in twoways,namely as y0—7t (compare
BARET, 1968a) and yt^0—ft- In both cases a linear relationship was found
between 77, _1 and / - t , which indicates diffusion-dependence. The choice of
y0 or y,_0, however, markedly influenced the slope of theplots. The choice of
y0 seems unjustified since the interfacial tension at the moment when diffusion
beginsisnot that between paraffin and distilled water but betweenparaffin and
the PVA solution. The best agreement with the slopes determined from figs.
3.11. to 3.13. is indeed obtained when 77t is taken as Vi_0—yt. Nevertheless,
it is difficult to calculate the correct value of yt->0byextrapolation. Moreover,
a small error in y,_0causesarelatively largeerror inthe slope;thisshowsthat
the method is less useful.
3.4.3. Continuous measurement at higher concentrations andover longerperiods
For higher concentrations (> 4 ppm), at which the diffusion mechanism
can no longer be held responsible for the time-dependence, the interfacial

-(U

PVA16-8B

500 mm

FIG. 3.16. The decrease of interfacial tension over longer periods and for higher PVA concentrations.
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FIG. 3.17. The decrease of interfacial tension over longer periods and for higher PVA concentrations.

tensionwasagainrecorded continuously asafunction oftimefor about 8hours
after theformation of the interface,just asin theexperiments described insection 3.4.2. Log

\yo-yJ

has been plotted as a function of time for some

concentrationsofPVA 16-88and PVA 16-98infigs.3.16.and 3.17.respectively
For PVA 16-88a linear relationship wasfound for allconcentrations between
1and4000ppmafter aninitialperiodofabout40minutes.Theslopeisapproximately the samein all cases,indicating that the relaxation timeis independent
of the concentration. If follows therefore that diffusion cannot be a deciding
factor and that the relaxation time is determined by the polymerlayeratthe
interface. FAINERMAN (1969) also found the relaxation time for polymers
adsorbed from solution to be independent of concentration. For PVA 16-98
(fig. 3.17.) an entirely different picture was found - one which agreed in fact
withthediscontinuous measurements described insection 3.4.1.and onewhich
is not easy to interpret. At high concentrations the relaxation time was about
thesameasfor PVA 16-88,which may indicatethat the samemechanism isat
work. For concentrations between 4and 100ppm,hardly any time-dependence
was recorded. It should be mentioned that over longer periods the measured
interfacial tension approaches its steady state value and the error in log

(yt~yoo\
Vo-yJ

can

k e r a t n e r iarge. According to equation 3.9. the curves in figs.

3.16.and 3.17.shouldinterceptthey-axisatzero.Thediscrepancy isdueto the
incorrect choice of y0.
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The exponential relationship found between y and t at least demonstrates
that supply by diffusion cannot be the limiting factor. One factor which probably does help to account for the exponential relationship is a certain degree
of reconformation of the adsorbed polymer.
3.5. CONCLUSIONS

Thetime-dependenceoftheinterfacial tension betweenparaffin and solutions
of PVA-98 is of an irregular nature. This irregularity is not shared by PVA
with a higher acetate content. At low concentrations of PVA, independent of
acetate content, the time-dependence can be explained in terms of a limiting
supply by diffusion. In the quantitative interpretation of the gradients of the
y-t* curves, one must remember that the supply of one diffusing molecule
results in the introduction of many surface-active segments into the interface.
At low concentrations the number of surface-active segments is almost equal
to the total number of segments per polymer molecule. This means that all
segments are then localised in the interface, if it is assumed that they all contribute to Ay-At higherconcentrations diffusion can no longer bethelimiting
factor, and another time-dependence mechanism must be assumed. In view of
the exponential decrease of the interfacial tension with time at higher concentrations,aplausiblealternativemechanismisthereconformation ofthepolymer
in the interface. The change from diffusion-determined to reconformationdetermined time-dependence is not abrupt. Extreme care should therefore be
taken in the interpretation of the time-dependence of interfacial tension measurements.
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4. SPREAD AND ADSORBED MONOLAYERS OF
POLYVINYLALCOHOL AT PARAFFIN-WATER
INTERFACES
4.1. INTRODUCTION

The monolayer technique is very suitable for estimation of the molecular
dimensions of surface-active substances at an interface. Interpretation of the
resultsisoften easier however for simple amphipolar detergents than for polymers comprising a chain of surface-active segments. This chapter will be devoted to experiments with monolayers. It was hoped that the results of these
experimentswould supplement thepicture outlined in chapters 2and 3for the
adsorptionofpolymersataninterface. The irreversible nature of the adsorption
of PVA (KUHLMAN, 1965; LANKVELD and LYKLEMA, 1968) enables it to be
spread on the paraffin-water interface, despite its water-solubility.
In recent years much has been published about research on monolayers.
The subject hasbeen reviewed by GAINES(1960)and MINGINS(1966),of whom
the latter deals extensively with experiments of biochemical importance.
Both reviewsincludework onpolymer monolayers,afield reviewed earlier by
CRISP (1958). It appears that the interpretation of monolayer measurements is
far from easy.
So far little research has been done on PVA monolayers. CRISP (1946)
showed that monolayers of PVA werehighlycompressible and that the surface
pressureremainedverylow(< 3mNm~').Thisagreeswiththesmallreduction
in the surface tension which was measured upon the adsorption of PVA from
aqueous solution. LLOPIS(1956) also found the surface pressure of PVA to be
low, and independent of molecular weight, which confirmed the findings of
CRISP. Compressibility proved to be high, while no hysteresis was observed
upon compression and expansion.
Moreisknown about thebehaviour ofpolyvinylacetate(PVAc),thepolymer
from whichPVAisobtained uponhydrolysis. ISEMURA(1953)found thatPVAc
forms a highly expanded monolayer, the surface pressure of which is hardly
dependent on themolecular weight.The surface pressure issignificantly higher
than that for PVA, although in other respects the two monolayers are similar.
The close resemblance between monolayers of PVA and PVAc emerged from
the comparative experiments of LLOPIS(1956), although the higher interfacial
pressure ofPVAcwasagain evident. Thefindingthat theinterfacial pressureis
independent ofmolecularweightwould seemtoinvalidate theuseofthemonolayer technique for the determination of molecular weights, for instance done
by BULL (1945) for proteins. RIES (1959) found that high-molecular-weight
PVAc showed no hysteresis between compression and expansion and that the
response to compression and expansion was unusually rapid. He assumed a
flatorientation for the PVAc molecules at the water surface; the surface area
per segment wasfound to be about 27A2, while collapse of the monolayer always occurred at a surface pressure of about 25 mN m - 1 (RIES et al., 1959,
1960,1961).
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In addition to the experiments with PVA and PVAcmonolayers mentioned
above,muchresearchhasbeendonerecentlyintomonolayersofotherpolymers,
including many proteins. These investigations will not be referred to here,
butwillbementionedwhenandwhererelevantinthediscussion.Oneexception
can be made for the work of YAMASHITA (1968), who describes a method for
independently determining both thesurface tension and thesurface occupation
of adsorbed lysozyme monolayers. By means of a special technique, the adsorbed monolayerwastransferred tothecleansurface ofanaqueouspotassium
chloride solution and allowed to spread. Comparison of the surface tension
measuredwiththat recordedwhenknownquantitiesofpolymerwerespreadon
thesurface showed howmuchpolymer had beenadsorbed. Bymeasurement of
the surface tension in the original lysozyme solution, a relationship could be
established between surface tension and thesurface occupation oftheadsorbed
monolayer. YAMASHITA,however,measured thesurface tension ofthelysozyme
solution bythedropweight method, amethodwhichmustberejected for polymer solutions (2.1., 3.1.). An indication that this can have affected the results
isthat the adsorption measured in thisway did not increase any more at lysozyme concentrations above 400 ppm, whereas the measured surface tension
continued to decrease. Except for this objection this technique seems a good
one for establishing an experimental relationship between the surface tension
and the surface occupation as a result of adsorption.

4.2. THEORY

Monolayerscanbebroadlydividedintotwocategories,namelyexpanded and
condensed monolayers. Expanded monolayers have a less compact structure
asaresult ofwhich theinterfacial pressuredoesnot risesteeplyuponcompression. At low interfacial pressures these monolayers behave like ideal twodimensional gaseousfilms,which obey the simple equation of state, IlA—kT.
With a condensed monolayer, however, the interfacial pressure increases
sharply upon compression and there isastrong mutual interaction between the
molecules. This distinction can be applied both to low-molecular-weight susstances and to polymers. PVAc and PVA monolayers belong more to the expanded type (ISEMURA, 1953; RIES, 1959).
The problem is now to find a general equation of state for polymer monolayers.Thebest known, and sofar the most commonly used, equation of state
is that of SINGER (1948), derived by a statistical-thermodynamic approach.
Theequation,whichisatwo-dimensionalanalogueoftheFlory-Hugginstheory
for latices,is as follows:
77 _ (P - l)z
77^
1P~

'"KT)-'-!'-^)

<41)

in which:
77 = interfacial pressure =y0—y
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II0 = interfacial pressure for a compact monolayer = kT/A0
P = degree of polymerization
z —coordination number, to a close approximation, of the polymer at the
interface
A = surface available per segment
A0 = limiting surface area per segment
k = Boltzmann's constant
T = absolute temperature.
This equation of SINGER describes the behaviour of expanded monolayers
reasonably well, because in this case the mutual interactions between the segments, which were neglected in Singer's derivation, are slight. The problem is
how to measure or estimate the parameters z and A0. In practice, values of z
and A0 are usually chosen by trial and error such that the calculated curve
coincides with the experimental one. DAVIES(1954)interprets 2asameasureof
the flexibility of the polymer in the interface, but this hypothesis is contested
by KAWAI (1959) on the grounds that theoretical support islacking.
MOTOMURAand MATUURA(1963)havederived an equation of statefor polymer monolayers, which takes into account the mutual interaction of the polymer segments and which constitutes an improvement of the SINGER equation.
The equation of MOTOMURA and MATUURA reads as follows:

£-£ln{l
n0 2
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in which:

X=

*KH))('-^r(--')
:
KK£)

+1

The energy of interaction between the segments is given by the term co/kT,
while the other symbols have the same meaning as in equation 4.1.Equation
4.2. becomes identical with the SINGER equation for P > 1 and co/kT=0.
The theory of MOTOMURA and MATUURA has been used by JAFFE (1967a,b)
for the interpretation of measurements with monolayers of polymethacrylates
at both air-water and oil-water interfaces. The introduction of an extra term,
the interaction energy (w) between two segments, means that a combination
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FIG. 4.1.Surface pressure-area isotherms for polymer monolayers according to the equation
of state of MOTOMURA and MATUURA (1963) for z = 3 and various values of co.

of co, z and A0 must bechosen which givesthe best agreement between theory
and experiment. Usually, z is taken to be 4 and a combination of values for
coand A0 then remains to be chosen. As is clear fromfigs.4.1.and 4.2.,however,thechoiceof z isofverygreatimportance.Inthesefigures,/7/770hasbeen
calculated asa function of A/A0 with the aid of equation 4.2.for />=2000 and
for four values of co, with z=3 (fig. 4.1.) and z=6 (fig. 4.2.). Comparison of
fig. 4.1. andfig.4.2.showsthat thecurvefor z=3 andco=0 isalmost identical
to that for z=6 and co=0.4 kT. The choice of z thus markedly influences the
valuefound for co. This meansthat JAFFE'Sinterpretation of his measurements
with regard to the interaction between the segments should be treated with
some reserve, since z can be different for the various interfaces. Interpretation
according to the theory of MOTOMURA and MATUURA will therefore remain
ambiguous until the unknown parameters can be verified independently.
We have already seen that, when co=0, equations 4.1. and 4.2. become
identical. It therefore follows that the II—A curves for co=0 infigs.4.1.and
46
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FIG. 4.2. Surface pressure-area isotherms for polymer monolayers according to the equation
of state of MOTOMURA and MATUURA (1963)for z = 6and various values ofco.

4.2. correspond to the SINGER equation for z=3 and z=6 respectively. Although theform oftheII—A curvesinfigs.4.1. and 4.2.correspondswith that
found experimentally, it remains questionable whether the values of parameters determined by comparison of theoretical and experimental curves are
of much real significance. In addition it must be assumed that all segments
remain localized in the interface, which is possibly unjustifiable for hydrophilic polymers and for highly compressed polymer layers.
One interesting aspect is that the values of n//7 0 calculated from equation
4.2. can benegative for high interaction energies between the segments and/or
highvaluesofz(figs.4.1. and 4.2.).Thephysicalexplanation ofthisisthat, for
negative values of IJjII0, phase separation occurs, which is conceivable when
the segments interact strongly with one another.
FOWKES (1964) has derived an equation for the interfacial pressure which
arises when solvent molecules penetrate a polymer monolayer. The equation
can bewritten as follows:
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in which 0 is the fraction of the total interface which is occupied by solvent
moleculesand mthenumber ofadsorption sitesoccupied by onesolventmolecule.The meanings of other symbolsare asdefined in equation 4.1. Infig.4.3.
77/770 has been plotted as a function of the fraction of theinterface occupied
for two widely-differing values of (z—2)m. It can be seen how insensitive
77/770isto changesinz and m, which makesequation 4.3. seemoflimited use
for the description ofpolymer monolayers. It has again been assumed that all
segments are lying in the interface, which will not alwaysbethecase.
The three theories discussed above are of little direct value in the interpretation ofexperimental77—Acurves.TheoverallformoftheII—A curvecanbe
satisfactorily explained by the theories, but the parameters z, A0, toand m,
which are needed for precise definition of the theoretical model, cannot be
determined with sufficient accuracy by experiment. The interpretation of the
experiments will therefore beprimarily qualitative.
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FIG. 4.3.Surface pressure-area isotherms for polymer monolayers according to the equation
of state of FOWKES (1964)for two values of (z-2)m.

48

Meded. Landbouwhogeschool Wageningen 70-21 (1970)

4.3. EXPERIMENTAL

4.3.1. Spreading technique
Forthespreadingofproteinsonair/water interfaces, thewell-known method
of TRURNIT(1960)has often been applied with success.Asfar as I know, such
a method has not yet been applied for the spreading of a polymer layer on
liquid/liquidinterfaces.If apolymeristo be spread on an air/water interface, it
is usually dissolved in a volatile solvent which evaporates during spreading.
Thisis,however, impossible for a liquid/liquid interface. In the latter caseone
has to spread the polymer from a solution, the solvent of which is completely
miscible with one of the two liquid phases and has no effect on the interfacial
tension. The PVA monolayer was therefore spread from an aqueous solution
by a method similar to that of TRURNIT. A small glass rod was placed on the
bottom of the measuring vesselcontaining distilled water and paraffin, withits
roughened, tapered topjust penetrating theparaffin layer(fig.4.4.).Theroughened top remains covered with afilmof water. The point of the needle of an
Aglamicropipette containing aqueousPVAsolutionisplaced onthetopofthe
rod. The PVA solution is dispensed by operation of the micrometer screw of
the pipette, and is spread in the direction shown by the arrows in fig. 4.4.
Reproducibility wasverypoorwhentheneedleofthemicropipettewasbrought
directlyinto theinterface (i.e.without theglassrod) asdoneby HOTTA(1953),
ZILVERSMIT (1963) and others. This is probably because it is difficult to place
the needle precisely in the interface; in addition, the PVA is dispensed in the
direction of the aqueous phase and one does not know whether and to what
extent it disappears into the bulk. The spreading method illustrated infig.4.4.
was used both for the experiments in the Langmuir trough and for the experiments in vessels at a constant surface area.
4.3.2. Compression andexpansion
In recent years various techniques have been described for compressing a
monolayer onaliquid/liquid interface inorder torecord II—A curves (ZILVERSMIT, 1963; BROOKS,1964;BLIGHT, 1965;JAFFE, 1967b).In mostcasesa flexible
tapeisintroduced intotheinterface sothat theareaenclosed bythetapecanbe
PVA solution

/
needle of Agla micropipette
roughened top,
covered with waterfilm
paraffin
water
glass rod

FIG. 4.4. Method of spreading PVA at the paraffin-water interface.
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FIG. 4.5. Method of compressing monolayers at the paraffin-water interface.
1 = teflon tape; 2 = fixed bridge; 3 =
movable bridge; 4 = glass rods; 5 =
teflon rod.
«-|-t
l_J

LJ

reduced or increased. Reduction of the area can be achieved by moving the
barriers supporting the band towards each other (BLIGHT, 1965;JAFFE, 1967b).
The advantage of this technique is that the totalbandlengthremainsconstant,
although a certain amount of dead spaceiscreated. Another method isthat of
ZILVERSMIT(1963)which involves the rolling-up of a teflon tape. This removes
the drawback of the dead space, but the band-length no longer remains constant. Since adsorbed polymers can behave highly irreversibly, it was decided
to avoid creating dead corners and to follow the method of ZILVERSMIT.
A glass trough measuring 60x20x8 cm was constructed by cementing
together 1 cmthickglassplateswithatwo-component adhesive,whichdoesnot
giveoff surface-active substances and whichisresistant to alcoholicalkalisand
chromic acid. A framework holding isfixedand a movable bridge wasplaced
above the trough. Glass rods, around which the teflon tape was stretched,
were mounted in thesebridges.A teflon rod, with which theteflon tape can be
rolledupinordertoreducetheareaoftheenclosed interface,wasalsomounted
in the movable bridge (fig. 4.5.). The teflon tape (2 cm wide, 0.15 mm thick)
wastype A 15ex Huth, Bietigheim, Germany, and was specially reinforced to
avoid stretching. The area enclosed can be readily calculated from the known
distance between thetwo sections ofteflon tape and from thedistance between
thefixedand themovablebridge.Acorrection wasmadefor thecross-sectional
area oftheglassrodsand theteflon rod. Thearea increasedue tothe curvature
of the meniscus was not corrected for. The interfacial pressure measured was
found to be independent of the position within the interface. The interfacial
tension was in all cases measured at a distance of about 3cm from the teflon
tape near thefixedbridge by the Wilhelmy plate method described in section
2.3.1.
4.3.3. Design of the experiments
Three types of experiments were carried out, namely (1) spreading of PVA
monolayers on aninterface ofconstant area (45.4cm2),(2)spreading ofmonolayers in a Langmuir trough (surface area approximately 900 cm2) with subsequent compression and expansion, and (3) compression and expansion of
adsorbed monolayers. The experiments with a constant interfacial area were
carried out in vessels of250ml,into which about 100mlof distilled water and
subsequently 50ml ofparaffin were introduced. Thevesselwasthermostatedat
20°C. The glass rod required for the spreading (fig. 4.4.) was placed on the
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bottom of the vessel. After about an hour, a capillary tube was brought into
theinterface and suctionwasapplied toremoveanyimpuritiesandtoadjust the
level of the interface so that the top of the glass rodjust penetrated above it.
After removal of the capillary, the platinum plate waspositioned in the interface and thepoint of the Agla micropipette wasplaced on the top of the glass
rod. PVA solution was dispensed in amounts of 0.004 to 0.01 ml at a time.
Such an amount of PVA solution, accurate to 0.0002 ml,wasbrought into the
interface with the aid of the micrometer screw of the pipette in the space of
about a minute. Further PVA was added only when the interfacial tension
altered by less than 0.2mN m _ 1 within the space of 3minutes. This normally
took about 8to 15minutes, this interval thus determining the dispensing rate.
In the Langmuir trough experiments, spreading was performed in an analogous manner. The interface was cleaned by compressing it and sucking off
the compressed interface several times.Upon compression of the spread layer,
the interfacial tension was not measured until it altered by less than 0.2 mN
m"* inthespaceof3minutes.Solutionsof20-400ppmwereusedfor spreading,
the concentration being found to have not noticeable effect on the 77—A
curves recorded.
Adsorbed monolayers wereprepared byintroducing 3litresofPVA solution
into the Langmuir trough with 1.5 litres of paraffin on top of it. It was found
that the time between formation of the interface and compression markedly
affected the77-Acurves.Thiswillbereturned to inthediscussion ofthe results
(section 4.4.3.). The experiments in the Langmuir trough were carried out at
room temperature. Compression took about 40minutes, while expansion was
usually completed within about 25minutes.

Interfacial pressure
16

mN m-1

V, \

3 sa5

-

48-98

X\
NX.

Area
1

2

3

4

5 m'mg-'

FIG 4.6.Interfacial pressure-area isotherms obtained by spreading PVA 3-98.5 (p = 290)
and PVA 48-98 (p = 2040) on an interface of constant area.
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Interfacial pressure
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Fro.4.7. Interfacial pressure-area isotherms obtained by spreading PVA 3-88 (p = 325)
and PVA 40-88(p = 2160)on an interface of constant area.

4.4. RESULTS ANDDISCUSSION

4.4.1. Monolayers spreadonaninterface ofconstant area
Some Jl-A curves obtained by spreading various amounts of PVA on an
interface of45.4cm2 aregiveninfigs.4.6.and 4.7.In theseexamplesthePVA
was spread from a 60ppm solution. In fact no differences were found in the
concentration range 20-80ppm. The presence of 0.5 M KN0 3 in the aqueous
phase likewise had no effect. The reproducibility of the measurements was
within 0.5 mN m - 1 . Comparison offigs.4.6.and 4.7.again reveals the difference in interfacial activity between PVA samples of different acetate contents.
Molecular weight, on the other hand, appears to have hardly any influence at
all.
Extrapolation of the steeppart of the 77-Acurve to 77=0 givesan intercept
which is generally considered as corresponding to the area per segment for a
close-packed monolayer (GAINES, 1966). For both PVA 88 and PVA 98 this
interceptisbetween3.6.and4.2.m2mg"' andishardlydependentonmolecular
weight. This corresponds to an area per segment of about 26-31 A2, which
agreeswith the values quoted by RIES(1959)for vinyl acetate monomer. That
no difference is found for different molecular weights implies that the total
number of segments isthe determining factor for the interfacial pressure. This
is only possible if the molecule can unfold completely, or extensively, at the
interface.
The maximum interfacial pressure attainable with PVA 98samples is about
15 mN m _ 1 (fig. 4.6.) which agrees with the value derived from the y-log cp
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curvesinfig.2.4.to2.6.forconcentrationsbelowthatatwhichthediscontinuity
occurred. At these concentrations it was assumed that the polymer had aflat
conformation as a result of unfolding, as may also be assumed for the spread
monolayers.Thus,forsuchflatconformations,theinterfacial tensionsmeasured
in adsorbed and spread monolayers are comparable. The interfacial pressure
ofabout 15mNm - 1 isattained atanareaof 1.0to 1.4m2mg - 1 , assumingthat
allthedispensed PVAislocalized at theinterface. Although thisis3to4times
lower than the value for a close-packed monolayer, it is of the same order of
magnitude,which maywellbeindicative ofafairlyflatpolymer conformation.
This experiment thus supports to some extent the model which was developed
toexplainthehorizontalpartsofthey-logcpcurvesfor PVA98(section2.4.1.).
4.4.2. Spreadmonolayers onaninterface of variable area
In theexperiments discussedin4.4.1.a certain quantity ofPVAisspread on
theinterface, but it isnot known for certain whether all of the dispensed PVA
is, and remains, adsorbed at the interface. It is conceivable that some of the
water-soluble polymer willdisappear into theaqueous phasewhen it isdispensed as a result of the compression incurred, particularly when the level of
occupation of the surface is already high. The experiments were therefore
repeated in the Langmuir trough. The PVA was spread to a level of about
1.4 m2 mg - 1 , and the monolayer wascompressed and expanded.
The results are given in Figs. 4.8. to 4.11. for different samples of PVA.
The insets show the effects on the interfacial pressure of two compressionexpansion cycles. In comparison with the experiments described in section
4.4.1., theJ7-A curves obtained uponspreading showa slight shift along the x
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FIG. 4.8.Interfacial pressure-area isotherms of PVA 3-98.5 (p = 290) obtained by spreading
it on aninterface ofconstant area (•),and subjecting theinterface successively to compression
(x), expansion (O), compression (A) and, after 20 min, expansion (• ) .
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FIG. 4.9. Interfaciai pressure-area isotherms of PVA48-98(p = 2040)obtained by spreading
it on an interface of constant area (•), and subjecting theinterface successively to compression
( x ) , expansion (O) and, after one hour, compression (A) and expansion (Q).
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FIG. 4.10. Interfaciai pressure-area isotherms of PVA 3-88 (p = 325) obtained by spreading
itonaninterface ofconstant area(•),andsubjecting theinterface successively to compression
( x ) , expansions (O) and, after one hour, compression (A) and expansion ( • ) .
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FIG. 4.11. Interfacial pressure-area isotherms of PVA40-88(P = 2160)obtained by spreading
it on an interface ofconstant area (•), and subjecting the interface successively to compression
(x), expansion (O) and, after one hour, compression (A) and expansion (D).

axis to lower values of the area per mg PVA. This is probably a result of the
inaccuracy intheestimation ofthe size of the interface, which ispartly due to
thecorrection for themeniscusbeingneglected.Thiscorrection isrelatively larger for small interfaces.
Definite signs of a horizontal section, or plateau, are evident in the Tl-A
curvesfor the PVA98samples(figs.4.8.and 4.9.),asmight beexpected on the
basis of the y-log cp curves. For the Yl-A curves,though, such a plateau was
also evident, though to a lesser extent, for the PVA 88samples(figs. 4.10.and
4.11.).TheoccurenceofaplateauintheTl-A curveofapolymerhasbeen found
many times before and isusually attributed to a conformational change of the
polymer in the interface (LOEB, 1968a,b). A conformational change was also
assumedtoberesponsiblefor thediscontinuity inthey-logcpcurvesofPVA98
(section 2.4.1.). As the interface is compressed and the interfacial pressure
exceedsacertainvalue,someofthesegmentswillbepushed outofthe interface
into the aquous phase. This will cause a change in the conformation of the
polymer at the interface. The same ispossible for PVA 88,though the effect is
smaller and more gradual.
To enable the occurrence of hysteresis upon compression and expansion to
be investigated, the monolayers obtained by spreading were subjected to two
successive compression-expansion cycles. High-molecular weight PVA showed
no hysteresis upon compression and expansion (fig. 4.9. and 4.11.), whereas
PVA of lower molecular weight did show hysteresis (figs. 4.8. and 4.10.). In
monolayer experimentswithhigh-molecular-weightpolyvinylacetate (M~106)
Meded. Landbouwhogeschool Wageningen 70-21 (1970)
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RIES (1959) likewise found that no hysteresis occurred upon compression and
expansion of the monolayer. He also found that the response to compression
and expansion was unusually fast. Absence of hysteresis implies that all polymersegments,whichareforced outoftheinterface intotheaqueousphaseupon
compression, are readsorbed upon expansion. No polymer disappears into the
aqueous phase, which again underlines the irreversible character of the adsorption.
The question still remains as to why lower-molecular-weight PVA shows
hysteresis. A number of possible explanations can be mentioned. It isconceivable that low-molecular-weight PVA is in fact pushed out of the interface
duringcompression and notreadsorbed, thusleavinglessPVAinthe interface.
Thisargument,however,iscontradicted bythefindingthat thesame interfacial
tension can be obtained when compression is repeated after about an hour.
This would not be feasible if some of the polymer had disappeared into the
aqueous phase. If PVA disappears into the aqueous phase, it will not diffuse
back again; this would involve diffusion against a concentration gradient,
since the concentration of PVA in the aqueous phase is zero. As a check, the
interfacial tension outside the teflon tape was always measured. Its value remained constant during compression and expansion, thus providing a further
indication that no PVA is desorbed. It is not improbable that the explanation
liesin the relatively large number of chain-endsperunit surface for low-molecular-weight polymers. When the monolayer is compressed to 0.2 m2 rng -1 ,
about 90% of the segments are pushed out of the interface. This means that
manymoleculeendswillstick outintotheaqueousphase;thesecan onaverage
befurther removed from the interface than loops and willnot contribute to /7.
Upon expansion, itispossible therefore that thepolymer requires moretimeto
assume its original configuration. For we have already seen (section 3.4.3.)
that the interfacial tension, albeit measured under different conditions, took
several hours to reach its steady-state value when reconformation was the
mechanism responsible for time-dependence. More experimental data would,
however, be needed to substantiate this explanation of hysteresis. One could
for instance spread the PVA on a small interface up to 1.4 m2 mg~ l , and
subject the interface first to expansion and then to compression. In this way
no polymer should be pushed out of the interface and hysteresis should be
absent.
The discontinuous character of the Tl-A curves for spread monolayers on
interfaces of variable area, which suggests a conformational transformation,
isinaccordancewiththe y-Iogcpcurvesfor PVA98samples.Onthisbasis,one
would expect the discontinuity to be absent from theU-Acurves for PVA88,
but this is not entirely the case.This isprobably due to differences in the methods of formation of the interfacial layer. In these experiments, increasing
amounts of PVA were spread on an interface which was then made smaller.
Thispossibleexplanation issupported bytheobservation thatthediscontinuity
was absent when the area per milligram PVA was reduced only by spreading
(fig.4.7.).
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4.4.3.Adsorbedmonolayers
To enable comparison with spread monolayers, experiments have also been
carried out on the compression and expansion of adsorbed monolayers. Some
characteristic results are given infigs.4.12. to4.15.
With PVA98 samples the age of the monolayer had a marked influence on
itsbehaviour.Bothhysteresis,andtheinterfacial pressurewhichcanbeachieved
upon compression, increase with increasing age. This must be explained by
assuming a high degree of structural order in the interface, as a result of the
hydrogen bonds which the PVA can form (BAYER, 1968). Upon compression
the adsorbed structure will be disturbed, the disturbance being greater for
olderinterfaces. Whena monolayer of PVAolder than severalhourswascompressed, a visible film was formed. The interfacial pressure at which this occurred is indicated by an arrow infigs.4.12. and 4.13.The marked hysteresis
found upon subsequent expansion can be partially attributed to the fact that
some of the PVA monolayer remained in the form of a clearly visiblefilmat
the interface thus causing a decrease in the surface occupation. This crystallization during the compression of older monolayers occurred always at an
interfacial pressure of 30to 32mNm - 1 . Theformation ofa visiblefilmat the
interface appears analogous to the recentfindingof MACRITCHIE (1969) upon
the compression of spread protein monolayers. He found that protein monolayers coagulated upon compression when there was a discontinuity in the
FI-Acurve. This is in fact the case for film formation with PVA 98 monolayers.
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FIG. 4.12. Influence of ageing on the interfacial pressure-area isotherm of a monolayer of
PVA 3-98.5(p = 290) adsorbed from solution (4 ppm), The arrow denotes where crystallization of the PVA at the interface begins.
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FIG. 4.13. Influence of ageing on the interfacial pressure-area isotherm of a monolayer of
PVA 16-98(P = 1230) adsorbed from solution (4 ppm). The arrow denotes where crystallization of the PVA at the interface begins.

With PVA 88 samples, the interfacial pressure rises less sharply upon
compression and hysteresis is less marked. This probably because PVA 88,
on account of its higher acetate content, forms lesshydrogen bonds than PVA
98. One notable aspect is that the II-A curve shifts to higher interfacial pressures with olderfilms.This is in accordance, both qualitatively and quantita-
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FIG. 4.14.Influence of ageing on the interfacial pressure area isotherm of a monolayer of
PVA 3-88 (p = 325)adsorbed from solution (4ppm).
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FIG. 4.15. Influence of ageing on the interfacial pressure-area isotherm of a monolayer of
PVA 16-88 (p = 1220) adsorbed form solution (4 ppm).

tively,with the time-dependence of the interfacial tension already discussed in
section 3.4.3. The increase in hysteresis with increasing age is also in full
agreement with this. For, the slowly established conformation of the polymer
will be disturbed upon compression and the hysteresis, the result of this disturbance, will be larger for older interfaces. The structure of PVA 98 in the
interface is completely destroyed upon compression. This can be concluded
from thefact thattheinterfacial pressurereachedafter expansionisindependent
of the age of the interface and always equal to about 15mN m - 1 . This is not
the case with PVA 88,which implies an essential difference in the ageing mechanism.
When an old interface is sucked off, the new Tl-Acurve is the same as that
for a freshly interface, for all PVA samples. The ageing process then began
again and allTl-A curvescould bereproduced. It therefore seems unlikely that
a component or PVAfraction,present insmall quantities in thePVA solution,
can beresponsible for specificaffects on theageingprocess,sincesuchcomponents, which would accumulate in the interface, would be sucked off together
with the interface.
4.4.4. Comparison withthey-logc9 measurements
If the concentration (cp) of polymer in the bulk israised, the level of interfacial occupation will increase. For the interfacial tension measurements
described in chapter 2, a linear relationship was found between y and log cp
over a certain range of concentrations. The experiments dealt with in this
chapter are all concerned with changes in the interfacial tension as a result of
changes in the interfacial occupation, and it therefore seemsuseful to compare
theresultswiththoseoutlined inchapter2.
In the experiments described in 4.4.1., the interfacial occupation was inMeded. Landbouwhogeschool Wageningen 70-21 (1970)
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FIG. 4.16. Interfacial tension as a function of the interfacial concentration when PVA 3-98.5
Q> = 290) and PVA 3-88 (p = 325)are spread on an interface of constant area.

creasedbydispensingknown amounts ofPVAontoaninterface ofknown area.
In this way one can derive the relationship between interfacial tension (y)
and the logarithm of the interfacial occupation (log T,). This relationship is
shown infig.4.16. In an analogous way a relationship can be found between
y and log T c (fig. 4.17.), where r c is the interfacial occupation which is increased by compression of the monolayer (4.4.2.). Fig. 4.16. and 4.17. are almost identical,aswould beexpected for aflatmonolayer. Theslight difference
isprobably due to an error in Tc or r s , as a result of the area of the interface
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Fio. 4.17. Interfacial tension as a function of the interfacial concentration when PVA 3-98.5
(p = 290)and PVA 3-88 (j> = 325)are spread (O, A)on an interface which is subsequently
compressed (•, A).
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Fia. 4.18. Interfacial tension as a function of compression for monolayers of two ages for
PVA 3-98.5{p = 290) and PVA 3-88 (i>= 325) adsorbed from solution (4ppm).The arrow
denotes where crystallization of the PVA at the interface begins.

not beingknown accurately enough. The curves forPVA3-98.5clearly flattens
offataninterfacial tension ofabout 37mNm~ l , thesamelevelasthe 'plateau'
of the corresponding y-log cpcurve (fig. 2.5.).
Withtheadsorbed monolayers,itisnotknownexactlyhowmuchpolymeris
adsorbed at the interface. When, however, it may be assumed that, in view
of the irreversible nature of the adsorption, the total interfacial occupation
does not change, the relative increase in interfacial occupation can be calculated from the reduction in the area of the interface. In this case the
interfacial occupation will increase proportionally to the compression. In fig.
4.18., therefore, y has been plotted as a function of log A{~1, where At is the
areaoftheinterface. Plotsaregivenfor twoagesoftheinterface. Thetwoplots
for PVA 3-88 have the same gradient, but this is not so for PVA 3-98.5 on
account of the marked ageing of the interface (4.4.3.). The arrow infig.4.18.
indicates the point at which crystallization at the interface becomes clearly
visible. As with y and log cp, a linear relationship is found between the interfacial occupation over a certain concentration range.
Table 4.1. lists the gradients of the straight-line portions offigs.4.16.-4.18.
and that of the y-log c„ curve (see table 2.1.) for both PVA 3-98.5 and PVA
3-88.
The reciprocal of the gradient of the y-log T, and y-log Tc curves, which is
termed the compressibility of the monolayer, is larger for PVA 98 than for
PVA 88.For trypsine, AUGENSTINE (1958)found a marked difference in compressibility between monolayers of the polymer established by spreading
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TABLE 4.1. Comparison of the changes in interfacial tension due to the interfacial occupation being
altered in different ways
Gradient (mN m - 1 )
Plot
y-log T,
y-logr c
y-logAr1
y-logCp"

PVA 3-98.5

PVA 3-88

3.4
4.5
40'
1.15
7.85

8.6
11.7
7.8
4.25

*after 18 hours
b
From Table 2.1. (values before and after discontinuity)

increasing amountsoveragiven areaand monolayers obtained bycompressing
aninterfacial layercontainingagivenamount ofthepolymer. Nosuchmarked
difference wasfound for PVA.
No quantitative comparisons can be made between the interfacial tensions
and their variations with the interfacial occupation, because the conformation
of the polymer at the interface changes upon compression. Moreover the conformation is variable on account of the different ways in which the interfaces
are formed. Comparison is, however, justified at low levels of surface occupation, when it can be assumed that the conformation of the polymer is flat.
4.5. CONCLUSIONS

The monolayer experiments demonstrated that the 77-A curves for PVA 98
are also characterized by a distinct kink, which suggests a change in the conformation of the polymer. This kink is found at an interfacial occupation of
1.0 to 1.4 m2 nig" 1 , which corresponds to a fairly flat conformation. This
lends support to the model described earlier for theexplanation of thekink in
the y-logcpcurvesfor PVA 98.In this model, thekink waslikewise attributed
to a conformational change in thepolymer at the interface. Theresulting 'plateau' in the y-logcpand II-A curves was in both cases at about 15mN m - 1 .
At higher interfacial pressures, the polymer is more likely to adopt a more
looped conformation. In themonolayer experiments thisconformation change
iseffected by compression; in adsorbed monolayers the conformation of the
polymer will bepartly determined bykinetic factors (2.4.1.).
For PVA88,thetime-dependance ofthe77-Ameasurementsisin accordance
with the time-dependence found for the interfacial tension. The interfacial
layer, slowly built up by reconformation, is disturbed by compression: this
causeshysteresistoincreasewithtime.WitagedPVA98monolayers,compression causes some of the polymer to crystallize; thus, the surface occupation
upon subsequent expansion is lower and hysteresis can be even more marked.
The behaviour of adsorbed monolayers is clearly different from that of
spread monolayers; this must be due to the difference in conformation of the
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polymer. With adsorbed monolayers, ageisan important parameter, since the
polymerinthelayerissubject toreconformation. Thepolymerinaspreadlayer,
on the other hand, isflatat low interfacial pressures and hence lesssubject to
reconformation.
More extensive experiments could have to be carried out if the measured
effects wereto beexplained more precisely. In this study, however, the monolayer experiments served only to substantiate the qualitative interpretation of
the y-logcpcurves for interfaces on which polymer isadsorbed from the bulk.
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ADSORPTION OF PVA ON PVA-STABILIZED
EMULSIONS
5.1. INTRODUCTION

In the literature on interface chemistry, an emulsification technique is often
referred to as a direct method of determining the adsorption of surface-active
substances at liquid-liquid interfaces. The principle involves measurement
of the drop in concentration of the surface-active substance in the continuous
phase when the liquid-liquid system is emulsified in the presence of this susstance. In order to determine the adsorption per unit area of interface, one
should simultaneously and independently measure the specific surface of the
emulsion formed. As far as I know, however, the emulsification technique in
thisform, i.e.in combination with determination of thespecific interfacial area
has not yet been used for determining adsorption. The closest approach isthe
work of COCKBAIN(1954),who compared the adsorption at a liquid-liquid interface measured directly by the emulsification technique with the adsorption
calculated from interfacial tension measurements with the Gibbs' equation.
The specific interfacial area of the emulsion, though, was not measured by an
independent method. KUNDUet al. (1969)directly measured the adsorption of
cetyltrimethylammonium bromide on paraffin-water emulsions, but assumed
that theinterfacial areaisindependent oftheconcentration of emulsifier.
Thedetermination oftheinterfacial area ofanemulsion isoftendifficult and
too time-consuming to bedoneasaroutine analysis.Thisisprobably themain
reason why the emulsification technique has not yet been applied for determining adsorption. In addition, the emulsions formed are often reasonably
stable only athighconcentrations ofemulsifier. Thus,theamount of emulsifier
remaining inthecontinuousphaseislargecompared with the amount adsorbed, which causes the error in the measured adsorption to be high.
There is, however, hardly any need for a direct method of determining adsorption in the case of low-molecular-weight surface-active substances, since
theindirect method, i.e.measurement oftheinterfacial tension and application
of Gibbs' law, gives the correct results. The validity of Gibbs' law for ionic
detergents at water-air interfaces has been demonstrated by the foam method
by WILSONet al. (1957) and VAN VOORSTVADER(1960).
Applicability of GIBBS'lawto polymers though ishighlyquestionable (chapter2).Theemulsification techniquewastherefore chosen toenablethepolymer
adsorption to be determined directly and, by comparison of this value, with
thevaluecalculatedfrom interfacial tensionmeasurements(2.4.3.),toenablethe
applicability oftheGibbsequation for polymerstobetested.When comparing
the adsorption measured directly by the emulsification method and that calculated from interfacial tension measurements, one should remember that the
conformation of the polymer at the interface will not be the same in the two
cases. With the interfacial tension measurements the polymer was allowed to
assume its conformation at an undisturbed interface, whereas emulsification
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forcefully increases theinterfacial area. Thustheconformation of the polymer,
and hence the amount of polymer adsorbed per unit area, can be different in
the twocases.
The information obtained about the adsorption of polyvinylalcohol on the
paraffin-water emulsion interface isdescribed in this chapter. The experiments
also yielded information on the emulsifying capacity of thepolymer, since the
specific are (m2 m l - 1 paraffin) of the emulsion, which was measured in all
cases,can beconsidered as a measure of theemulsifying capacity. The propertiesofpolyvinyl alcohol asan emulsifier willbereturned toin detail in chapter
6, since they are highly interesting and, in several respects, unexpected. Some
insight could be gained into the mode of action of a polymer as an emulsion
stabilizer, asubject onwhichlittlefundamental researchhasbeendonetodate.
5.2. PREPARATION OFTHEEMULSIONS

The properties of emulsions can depend markedly on the way in which the
emulsification processiscarried out (BECHER, 1965),soa standard method had
to bechosen for preparing reproducible emulsions.The method chosen wasas
follows. Toaglassbeakerof250ml(diameter about 7.0cm)wasaddedexactly
80mlofa PVAsolution ofknown concentration; paraffin wasthenadded and
the beaker weighed continuously until exactly 20 ml of paraffin had been introduced. The contents of the beaker were emulsified with a type T45 Ultra
Turrax, ex Janke and Kunkel K.G., Germany. The emulsifier head (external
diameter 4.5cm)contained 6concentric rings,three of which revolve at about
13,000rev/min at 220V.The distance between the rotating and the stationary
rings isbetween O.lOand0.12cm; the Reynolds number isthus about 10*.The
time of emulsion was exactly 2minutes.This timewaschosen because emulsifying for morethan 1.5or2minuteshadlittleornofurther effect onthe specific
surface oftheemulsion obtained. Duringemulsification, thetemperature ofthe
emulsion rosetobetween 50°and 57°C,the exact leveldepending on thePVA
concentration, and the initial temperature. After preparation of the emulsion
the temperature was always recorded because it had a slight, but noticeable,
effect on the specific area obtained (6.4.3.). The emulsion was then cooled to
20°C.
With this standard procedure, the specific area of the emulsions was reproducible within 5%. Both the adsorption and the specific area were always
determined between 14and 20 hours after preparation of the emulsions. The
emulsion should behighly diluted before determination of thearea. Theemulsions were always diluted with an aqueous solution of about 0.1%polyoxyethylene lauryl ether (Brij 35,ex Atlas Chemicals) to keep them stabilized. The
Brij35alsoplayed animportant roleinavoidingflocculation,which sometimes
occurred during the dilution of emulsions prepared at low concentrations of
PVA.
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5.3. DETERMINATIONOF THESPECIFICAREA OFTHEEMULSIONS

Since the interfacial area of emulsion created is dependent on the concentrationoftheemulsifier,ithastobedetermined for eachemulsionfor whichthe
adsorption is measured to enable the amount absorbed per unit area to be
calculated. There are several suitable techniques for determining the specific
area (SHERMAN, 1968),though the turbidity method seems the best one in our
case for routine determination. The turbidity measurements of specific area
have been checked against Coulter counter measurements.
5.3.1. Coulter counter measurements
Principle. The principle of the Coulter counter lies in the registration of
voltage pulses arising when small particles flow through a narrow opening
across which an electric field is established. The size of the voltage pulse is
proportional to the volume of the particle (ALLEN, 1966). By electronically
counting the number of pulses above a certain level and by reducing thislevel
step by step, one obtains a cumulative distribution ofparticle size.The theory
of the Coulter counter method for characterizing dispersions isdescribed by
ALLEN (1966). Some aspects of Coulter counter measurements of particular
relevancetoemulsionshavebeenrecentlydiscussedbyWALSTRAand OORTWIJN
(1969). The method proves to be a good one for characterizing emulsions
provided theseaspectsaretakenintoaccount.Themanyprecautionswhichhave
to be taken, however, make the Coulter counter method time-consuming and
lesssuitablefor routinepurposes.Themeasurements therefore served only asa

Frequency distribution

20 yum

FIG. 5.1.Frequency distribution ofdroplet diameter inaPVA-stabilizedemulsion as measured
with the Coulter counter, and the relative contribution of the different-sized droplets to the
area and volume of the emulsion.
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check on the turbidity measurements and as a means of determining the nature of theparticle sizedistribution function for the emulsions.
Experimental. A model A Coulter counter with a tube opening of 70
or 100 u,mwas used for counting. The emulsions were diluted 100-fold to a
volume fraction of the oil, $, of 2x 10~3 withBrij 35solution (see5.2.)which
had been filtered through a micropore filter (0.22(im).The dilute emulsion
wasfurther diluted 50-, 100- and 200-fold with 0.9% NaCl solution which
had likewise been filtered. For these three dilutions, the number of emulsion
droplets werecounted withvolumesabovecertain different values.Counting at
three dilutions enable coincidence to be corrected for. Figure 5.1. gives the
frequency distribution according to droplets and of the the area and volume
ofthe emulsion inthecaseofanemulsionstabilized byPVA 16-98(10mg ml - 1
paraffin) The general form of the distribution curve was the same foralltypes
of PVAatallconcentrationstested. Thedistribution of droplets inthediameter
range accounting for the major part of the interfacial area of the emulsion
isinvariably exponential. It isimportant to know thisparticle size distribution
in theturbidity method. Theaveragedroplet diameter of emulsions calculated
from Coultercounts,willbecomparedwiththosedeterminedfromturbiditymeasurements later on(5.3.3.).
5.3.2. Turbidity measurements
Measurement of turbidity to characterize emulsions has been applied in
milkresearch (GOULDEN, 1958; WALSTRA,1965b,1968)andhasalsobeen found
suitable for paraffin-water emulsions (WALSTRA, 1968). The speed of the method, onceit has been adapted for a certain system, makesit suitable for routine determinations.
Principle. Theattenuation ofalight beamincident onadiluted, colourless
emulsion is due to scattering. The measured optical density obeys LambertBeer's law and for a homodisperse system, can be expressed as follows
I
loge ,
O = log-? =0 - ± _ nx2 KNl
7
4

(5.1.)
K

in which
O = the measured optical density
/„ = intensity of incident light
/ = intensity of transmitted light
x = diameter of the droplets
K = the light scattering coefficient
N = number of emulsion droplets per unit volume
/ = optical pathlength
The light scattering coefficient K depends on the droplet diameter (x) and
the difference in refractive index between the disperse phase (nd) and the continuous phase (nc)at the wavelength in question (A).The theory of MIE (1908)
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provides a relationship between K and the dimensionlessparameter of droplet
size,p, which isdefined by:
p = 2nx

(w

1 ~ "J

(5.2.)

Thisrelationshipishighlycomplicated,although WALSTRA(1964)hasderived
an approximation valid for p<C2.5 and 1 < njnc < 1.25. The value of the
light scattering coefficient for p < 2.5 isgiven by HELLER (1959).A correction
to K for forward scattering has been worked out by WALSTRA (1965a). The
scattering coefficient K, and the scattering coefficient K*corrected for the forward scattering (angle of acceptance 1.5°), are plotted as a function of p in
fig. 5.2.for njnc =1.05.Asimilarplot isgiven by WALSTRA(1965b)for njnc=
1.10.
Determination of the droplet diameter x is based on the dependence of the
scattering coefficient on the dimensionless parameter of droplet size p, which
includes x. It can be seen from fig. 5.2. that the method can only be applied
successfully ifpisnot toolarge.Thesmaller thedifference inrefractive indices
and the higher the wavelength, the larger the values of x forwhichthemethod
can be used.
For simple comparison of the theoretical with the measured turbidity, it is
useful to introduce the reduced tubidity Z, which is defined by Z=K*/p
(dimensionless). Combination of equations 5.1.and 5.2.yields:

Scattering coefficient

FIG. 5.2. Light scattering coefficient K,and thecoefficient K*corrected for forward scattering,
as functions of the particlesizeparameter p =
68

-^—- for njnc = 1.05.
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ox
z

= K*lo =

(5-3-)
1.30 nI<P (nd - nc)
inwhich <P isthevolumefraction ofthedispersephaseoftheemulsioninwhich
the optical density is measured. For a given emulsion, the parameters on the
right-hand side of equation 5.3.either areknown or can bedetermined. Since,
however, the emulsions are always polydisperse, the average droplet diameter
ought to be used in equations 5.1.and 5.2. In this case,equation 5.3.then becomes (WALSTRA 1965b):
IP

* * ^ =2^^)--W-

^

or, if the droplet diameter distribution, f (x), isknown:
$XK*x2 f(x) • dx
K*1P32 "2~« ( n - i i~)* Io$"x
>„.,,..
3
f(x)-dx
d
e

< 5 - 5 )'

o

Itfollows from thisthat theaveragediameter whichisfound bythe turbidity
method isthe 'volume-surface' diameter (x32). Thus, ifthedispersed volumeis
known, the specific interfacial area can be calculated directly, which is one of
the reasons why the method isso suitable for our purposes.
Calculated turbidity spectra. In order to calculate the theoretical
turbidity spectra, one must know the light scattering coefficient (fig. 5.2.),
the ratio of the refractive indices of the dispersed and continuous phases, the
angle of acceptence (a) of the turbidimeter used, and the droplet size distribution function of the emulsion. The ratio of the refractive indices of paraffin
and water is 1.10 ± 0.01 for the range ofwavelengths used. Whenx 32 islarge,
the measured optical density islow.Thevalue of Z, however, can beincreased
by reduction of the difference in refractive indices (equation 5.3.); when the
continuous phase is mixed 1:1 by volume with glycerol, the difference in
refractive indices is halved, and njnc becomes 1.05. The theoretical tubidity
was in fact calculated for both njnc= 1.10 and njne= 1.05.
The angle of acceptance of the turbidimeter was set to 1.5° (=0.0262 radians)inwater.Atsuchasmallangleofacceptance,theforward scatteringcanbe
corrected for by applying the correction to K. Moreover, for small a, multiple
scattering can be neglected (WALSTRA, 1965a). The corrected scattering coefficient wascalculated for an angle of acceptance of 1.5°.
FromtheCoultercountermeasurements(5.3.1.),itwasfound thatthedroplet
diameter distribution of emulsions stabilized by PVA was described by an
exponential function:
/(x) = exp(- x11')
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log P3.

FIG. 5.3.Theoretical turbidity
spectra for an exponential particle size distributions, f (JC) =
exp. (-xVp), and a refractive indexratio, njnc, of 1.05.

FIG. 5.4. Theoretical turbidity
spectra for an exponential particle size distribution, f (jt) =
exp. (,-xllp), and a refractive index ratio, njnc, of 1.10.
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FIG. 5.5. Modification of the
Beckman DU spectrophotometer for turbidimetry. 1 =
Monochromator; 2 = diaphragm; 3 = photocell; 4 =
lens( + 20 d); 5 = cuvette.

200mm
(t

*5mrn>|

it

105mm

^

inwhichp indicates thespread indroplet size.Substitution of this distribution
function in equation 5.5. enables the theoretical turbidity spectrum to be calculated for different valuesof/?. Thesecalculationsweremostlycarried outwith
a computer. The turbidity spectra calculated from equation 5.5. for several
different values of p are shown infig.5.3.(for njnc —1.05)andfig.5.4. (for
»„/«,=1.10).
Turbidity measurements and calculation of the specific area. The
turbidity measurements were made with a Beckman DU spectrophotometer,
which isreadily adapted for thispurpose and which has been used as such by
for instance BATEMANet al. (1959).The standard cuvette holder isreplaced by
one in which several diaphragms and a lens are placed, as shown in fig. 5.5.,
whereby the angle of acceptance is set at 1.5°.
Before measurement of their optical density the emulsions werediluted with
an aqueous solution of about 0.1 % non-ionic detergent (Brij 35) so that the
optical density measured at 380 nm in a 0.5 cm cuvette was between 0.2 and
0.6. The optical density of emulsions diluted in this way was measured at 380,
420, 470,530,615,725,890and 1150nm.Therefractive indicesat thesewavellengths were determined by the method described by WALSTRA (1965C) for
the determination of the refractive indices of milk fat. For the 1:1 mixture of
glycerol and water, thealgebraicmean ofthe refractive indiceswastaken,with
a small correction based on the difference between the refractive index at 589
nm calculated in thisway and that measured at 589nm. Emulsions were only
diluted with glycerol when x32 was larger than about 10(/m. When dilution
was applied, 25 ml of the emulsion already diluted with Brij solution was introduced into a 50 ml measuring flask and brought up to the mark with glycerol.
It is important that noflocculationshould occur upon measurement of the
optical density. This was checked with a microscope.Flocculationwasalways
absent provided the emulsions were diluted with Brij 35.Infig.5.6. themeasured optical density has been plotted against the volume fraction <P of the
dispersedphaseofadilutedemulsion.Itcan be seen that there is a linear relationship between optical density and <P at a given wavelength, which implies
that multiple scattering isabsent and that noaggregation or dispersion occurs
upon dilution.
>
• •
;
•
The average droplet diameter x32 is determined graphically as follows.
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Optical density
n=1150nm

Volume fraction x 10'

FIG. 5.6. Optical densities of dilute emulsions measured at different wavelengths in the modified Beckman DU spectrophotometer as a function of the volume fraction of the dispersed
phase.

The value of Z iscalculated from the measured optical density at each wavelength with equation 5.3.and plotted against logy, wherey is defined by:
P32

=

2 7i (n d - n c )

In fact, y isthe conversion factor between the real average droplet diameter
and the dimensionless droplet sizeparameter used throughout the calculation.
Onecan nowfindx 32 by shifting the experimental Z/logy curve until it coincideswithoneofthecalculated theoreticalZ/logp 3 2 curves.Thedistancewhich
the curve must be shifted then corresponds to log x32. Two experimental turbidity spectra are given in fig. 5.7., together with the three theoretical curves
fromfig.5.3.Oncelogx32 hasbeen read off, thespecific interfacial area canbe
calculated from the relationship:
S-

«T

(5.8.)

*32

inwhich Kistheknownvolumeof thedispersedparaffin. The areas calculated in
thiswaywere found to be always reproducible within 3%foragivenemulsion.
5.3.3. Comparison between turbidity andCoulter counter measurements
Theaveragediameter x 32 determined for different emulsionsbythe turbidity
method has been compared with the value obtained by the Coulter counter
measurementsinfig.5.8.Thereiscloseagreementbetweenthetwo,althoughthe
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FIG. 5.7. Comparison between expeii
mental turbidity spectra (Z against log M
y) for emulsions stabilized with PVA
16-88 and the theoretical spectra
(Z against log p32) for njnc — 1.05
(dashed lines).
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averagediameterfound withtheCoultercountertendstobeslightlyhigher.Thisis
becausedropletssmallerthan2(zmcannotbecountedwiththeCoultercounter.
Thus,theestimated area and volumeofthe dispersed phasewillbetoolow,the

Sja(Turbidity spectra
-/jm

FIG. 5.8. Comparison of the mean
droplet diameter x32 determined
from (i) turbidity spectra and (ii)
Coulter counter measurements.
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error in the area being reltively larger than that in the volume (fig. 5.1.), hence
causing
*32

=

£ «i xt
i

to be too high.
WALSTRA et al. (1968, 1969a) also found goo agreement between the two
methods both for milk fat emulsions and for paraffin-water emulsions. The
turbidity method thus seems suitable for the determination of the specific area
of an emulsion. Due to the rapidity with which the specific area can be determined, the method is ideally suited for routine analysis.

5.4. DETERMINATION OF THE ADSORPTION

The amount of PVA adsorbed at the interface of the emulsion was calculated
from the amount added initially and the amount recovered in the aqueous
phase. For the.determination of PVA in the aqueous phase by the method
described in 1.3.2.,the paraffin must first be removed. The emulsion was therefore centrifuged for 30 minutes at about 3500 rev/min in a Homef table centrifuge. Samples were taken from the aqueous phase with a syringe. When the
specific area of the emulsion waslarge,the aqueous phase was seldom sufficientlyclear and it was therefore centrifuged again, this time for 30minutes at about
20.000 rev/min in a Christ Universal ks III centrifuge.
From each emulsion two samples were centrifuged and the PVA concentration in the clear aqueous phase of each sample was determined three times.
The reproducibility of the concentration determinations was found to be within
2%. To check whether centrifuging influenced the PVA concentration found,
the concentration was also determined after creaming of the emulsion. No
differences could be detected. This check was made on emulsions with low
concentrations of PVA, for which the specific area is low and which settle out
sufficiently quickly (within 24 hours). At high PVA concentrations the specific
area was measured before and after centrifuging, whereby no difference could
be found. It may therefore be concluded that centrifuging does not influence
the adsorption determined, or at least does not cause noticable coalescence.

5.5. RESULTS AND DISCUSSION

With the knowledge of the specific area and the amount of PVA adsorbed,
theamount adsorbed per unit area ofinterface can becalculated. An adsorption
isotherm can now be generated by emulsifying at different PVA concentrations.
One should however bear in mind that this adsorption isotherm may not be
literally interpreted as such, for the interfacial area adapts itself during emulsification to the amount of PVA initially added. Moreover, the interface created
depends on the manner of emulsification (6.3.3. and 6.4.1.). Besides, the ad74

Meded. Landbouwhogeschool Wageningen 70-21(1970)

sorption is irreversible and one cannot therefore talk of an adsorption equilibrium, as is assumed for adsorption isotherm equations. The fact that the
temperature rise during emulsification can differ by several degrees for the
various emulsions did not effect the adsorption recorded per unit area, but it
did have a marked influence on the specific interfacial area (6.4.3.). Thus the
word isotherm in the literal sense is not whollyjustifiable here.
Since for each emulsion the interfacial concentration is measured as a function ofthesteady-state concentration intheaqueousphase,wewillcontinue to
talk about anadsorption isotherm. Nevertheless,oneshould bearinmindwhat
has been mentioned above. The steady-state concentration is in fact not the
onlyindependentvariabledetermingtheadsorption;thelatterisalsodependent
on the conditions under which the emulsion is prepared, such as the volume
fraction ofparaffin and the way inwhich the PVA isadded (6.3.3. and 6.4.1.).
When however the emulsification conditions remain the same, the emulsions
are highly reproducible, the same adsorption per unit area being found at a
given steady-state concentration.
5.5.1. Effectof theacetate content
The adsorption isotherms for different types of PVA are given in figs.
5.9.-5.11. The adsorption was not found to increase with increasing acetate
content, i.e.increasing hydrophobicity of the PVA. This isin contrast to what
would be expected. However the more hydrophobic character of PVA 88 is
manifest by a greater emulsifying capacity (figs. 5.12. and 5.13)., although the
higher acetate content of PVA 25-76.5 with respect to PVA 25-88 appears to
have no additional effect (fig. 5.11.). The degree of adsorption is found to be
determined more by the molecular weight than by the acetate content.
Adsorption
mg m"J

28-98.5(P=1600)

3.6

60-99(P=23i0)
28

*8-98(P=20tO)
X

2°h»
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°

°

°

3-985(P=290)

Equilibrium concentration
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FIG. 5.9. Isotherms for the adsorption of PVA containing about 2% acetate groups at the
interface of paraffin-water emulsions.
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Fio. 5.10. Isotherms for the adsorption of PVA containing about 12%acetate groups at the
interface of paraffin-water emulsions.

At an acetate content of > 12%,the adsorption isotherms are of a clearly
discontinuous character. At lowacetate contents (fig. 5.9.), thereisno discontinuityandinallcasesadsorptiontendstoaplateauvalueatlowconcentrations.
Theseisothermsthushaveahigh-affinity character.Itshould bementioned that
no measurements could be made at very low concentrations because stable
emulsions can seldom be prepared. The discontinuities in the adsorption iso-

1200 ppm

Fig. 5.11. Isotherm for the adsorption of PVA 25-76.5 at the interface of paraffin-water
emulsions and the specific areas of these emulsions.
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Fio. 5.12. Specific areas ofemulsions stabilized by PVAcontaining about 2%acetategroups.

therms for acetate contents > 12% (figs. 5.10. and 5.11.) correspond to the
discontinuities in the plots of specific area against concentration. These plots
are shown in fig. 5.13.for PVA 88 samples and infig.5.11.for PVA25-76.5.
Itisnoteworthlythat,aboveacertaincriticalPVAconcentration,the interfacial
area created decreases with increasing concentration, contrast to what would
be expected. This irregularity is not found for PVA 98 samples (fig. 5.12.)
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FIG. 5.13.Specificareasofemulsionsstabilized byPVAcontainingabout 12%acetategroups.
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FIG. 5.14.Distribution of PVAcontaining about 12%acetate groups between the interface
andthecontinuousphaseinemulsionsof20 mlparaffin in80mlwater.
for which the specific area tends to a plateau value with increasing concentration.
The distribution of PVA between the interface and the 80 ml of aqueous
phase, which isplotted infig.5.14.for thedifferent PVA 88samples, shows that
above the same critical concentration, at which the area began to decrease, the
amount of PVA in the interface remains approximately constant. A constant
amount of PVA in the interface and a decreasing specific area imply that the
amount adsorbed per unit area increases. The additional increase in the adsorption per unit area above a certain critical concentration is therefore correlatedwithadropinthespecific area created. The question remains as to whether
the decrease in area with increasing c p is the cause, of or a consequence of the
discontinuity in the adsorption isotherm. This question, which concerns the
emulsifying capacity of PVA, will be returned to in chapter 6.
5.5.2. Effect of molecular weight
For both PVA 88 and PVA 98 samples, with the exception of PVA 28-98.5,
the adsorption was found to increase with increasing molecular weight. This
can be explained by a thicker layer in the interface for the polymers of higher
molecular weight, as a result of the polymer loops being longer. According to
the theory of HOEVE (1966), the adsorption should increase proportionally to
Ml at least in a ©-solvent; this has been found experimentally for polystyrene
on a solid metal surface by STROMBERG(1965).For thePVA 88series, maximum
adsorption is also approximately proportional to M* (fig. 5.10.), in accordance
with HOEVE'S theory. For the PVA 98 series, the dependence of the adsorption
on the molecular weight is less regular. This is probably caused by slight variations in acetate content, and/or a non-random distribution of the acetate
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groups, which can have a relatively large effect at an acetate contentof about
2%
That PVA 88samples of higher molecular weight have more affinity for the
paraffin-water interface is apparent from figs. 5.10. and 5.14. The distribution
of thepolymer between the interface and the aqueousphase shifts in favour of
the interface at higher molecular weight. The ability of high-molecular-weight
PVA 88 to form stable emulsions at lower concentrations is related to this.
Thediscontinuityintheadsorption isothermsfor PVA88shifts tolowersteadystate concentrations with increasing molecular weight. At high molecular
weights the kink in the adsorption isotherms is less prominent, but nevertheless present(6.3.3.).
When the adsorption data are plotted according to the linearized Langmuir
equation, two straight-line sections are obtained with a kink correspondingto
the discontinuity in the adsorption isotherm. Even though the premises valid
for Langmuir adsorption are not met by polymer adsorption, the latter often
fits theLangmuir isotherm closely (PATAT, 1964),asisthecasehere.
5.5.3. Quantitative comparison with interfacial tension measurements
When comparing the adsorption of PVA on the emulsion interface with its
adsorption ontheparaffin-water interface intheinterfacial tensionexperiments,
one should bear in mind the difference in the way in which the interface is
formed. This may account for differences in both the amount of polymer
adsorbed and theconformation of theadsorbed polymer. The order of magnitudeofthemeasuredplateauvalueoftheadsorption,i.e.about2.0-4.5mgm~2,
suggests, however, that the adsorption is not markedly influenced by the
emulsification process. The same order of magnitude of adsorption was recorded for PVA on silver iodide (FLEER and LYKLEMA, 1968).
The adsorption data determined by the emulsification technique, and the
TABLE 5.1.Summary of adsorption data determined with the emulsification technique and of
the values of some parameter calculated from the data.
1

2

3

PVA
sample

P

tion
(mgm-2)

3 - 98.5
28 - 98.5
48-98
60-99
240
3-88
5-88
13-88
25-88
40-88
25 - 76.5

290
1600
2040
2340
410
325
530
1080
1730
2160
1760

2.1
3.9
2.3
3.0
2.5
2.9
3.5
• 4.1
4.5
4.9
4.7

adsorp-

4

5

a„
(A>)

V

1030
3070
6550
5800
1330
920
1230
2150
3140
3600
3360

34
102
218
194
44
31
41
72
105
120
112

7.

8

vIPx 100

Zo'l

h

(%)

(A)

11.7
6.4
11.7
8.3
10.8
9.5
7.7
6.7
6.1
5.6
6.4

79
147
87
113
85
98
118
138
152
166
159
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9

10

nh1

nh2

(A)

(A J )

4>

29
67
75
81
34
30
38
55
69
78
70

2640
14100
17700
20600
3630
2830
4540
9500
15000
19100
15400

2.6
4.6
2.7
3.6
2.7
3.1
3.7
4.3
4.8
5.3
4.6
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valuesofsomeparametersderivedfrom thesedata,aresummarized intable 5.1.
The maximum adsorption of the PVA samples listed in column 1are givenin
column 3.Column2givestheaveragedegreeofpolymerizationfor eachsample.
From the adsorption one can calculate the area,a0, occupied by one polymer
molecule at the interface. When a0 is compared with the area per polymer
molecule calculated from the interfacial tension measurements with the GIBBS
equation (table 2.1.,column 5), it is found to be a factor of about 10 to 20
higher. If, however, the area calculated with the GIBBS equation is taken as
beingthat occupied byastatisticalchainelement,thiswould suggestthat about
10to 20statistical chain elements per molecule are adsorbed on the emulsion
interface.
From the area per segment, about 30 A2, calculated from the monolayer
experiments (4.4.1.), one can calculate the maximum number of segments (v)
per molecule which can be adsorbed in the interface. This number isgiven in
column 5of table 5.1., and thepercentage of adsorbed segments in column 6.
The low proportion of adsorbed segments, usually < 10%, agrees with the
results of the interfacial tension measurements for high cp. If we compare the
values incolumn 5with the number of adsorbed segments calculated from the
interfacial tension measurements with the aid of the FRISCH-SIMHA equation
(table 2.1., column 7) there is fairly close agreement for PVA samples of low
molecularweight.At higher molecular weights, as the percentage of adsorbed
segments decreases, the value of vin column 5, which is calculated from the
direct measurement of adsorption, becomes a factor of 5 higher. Molecular
weight wasin fact found to havehardly influence on thelowering of the interfacial tension. The increasing adsorption with increasing molecular weight is
primarily due to the longer loops of the polymer. It seems likely that the
reduction in interfacial tension is hardly influenced by segments far removed
from theinterface, which explains the lack of effect of the molecularweighton
y. Thereduction in ywillbeprimarily determined bythesegmentsin,orin the
direct neighbourhood of, the interface, which possibly accounts for the fact
that y decreases linearly with log cp over a large concentration range. With
increasing concentration the polymer layer will become thicker as a result of
conformational changes, but the number of segments in the immediate neighbourhood of theinterface, which primarily determines Ay.will hardly change
any more. This probably explains why the agreement between the direct and
indirect adsorption measurements at high cpisbetter for lowmolucular weight
than for high molecular weight.
The exponential distribution of the segments in terms of their distance from
the interface, a consequence of the theory of HOEVE(1965),and the measured
adsorption, enable the thickness of the polymer layer to be estimated. In fact
the exponential distribution is valid only beyond the initial layer, but the distribution of segments over the whole layer is assumed to be exponential for
thepurpose of this estimation. Thus,
nz = n 0 exp(- qz)
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inwhich:
nz= number of segments at distance z
n0= number of segments in the interface
q = a constant.
Integration of equation 5.9. from 0 to oo gives thetotalnumberofsegments
adsorbed per unit area of interface in terms of n0 and q. From the measured
adsorption and the known average weight of monomer, one can calculate the
total number of segments in the layer, nlotaU and hence q. For the thickness
(z0-i) at which the number of segments is0.1 of that at the interface itself, the
following isfound to be valid:
z 0 .! = 2 . 3 ^
(5.10).
"o
If weassume theinitial layer to be4A thick and the area per segment tobe
30 A2, we can calculate z 0 .i. The results are given in column 7 of table 5.1.
The order of magnitude of thecalculated thickness isin agreement with thickness of a PVA layer adsorbed on silver iodide determined by viscometry
(FLEER, 1970).Thevalue calculated from equation 5.10.depends infact on the
assumptionsmadeandisproportionalto the assumed thickness and area of the
segments in the inital layer. By way of comparison the radius of gyration, h,
of the polymer molecule in solution is given in column 8. This has been calculated from the relationship (TANFORD, 1961):

h= cJlTP
in which c = apolymer constant. Thevalue of cisquoted as4.09by MATSUO
and INAGAKI (1962) and is assumed to be independent of the acetate content.
From the radius of gyration one can calculate the projected area, nh1, of the
polymer insolution (column 9),which isalwayslargerthano0(seecolumn 10).
From this it follows that the polymer at the interface is compressed laterally,
the more so the higher the molecular weight.
From the dimensions of the adsorbed polymer molecule calculated from
adsorption data,onecanconcludethatthepercentage ofsegmentsadsorbedper
moleculeisonlysmalland that themajor part isfound intheloopspenetrating
theaqueousphase.Thispicture isinagreement, at least qualitatively,with that
derived from the interfacial tension measurements.
5.6. CONCLUSIONS

For the determination of the adsorption of PVAontheparaffin-water interface, the direct technique of emulsification proved to be well suited. For each
emulsion, both the adsorption and the specific interfacial area were measured,
since the latter is dependent on the concentration of emulsifier. The turbidity
method is particularly suitable for the routine determination of the specific
area.ThismethodhasbeenadaptedtoPVA-stabilizedparaffin-water emulsions,
and found to give results in agreement with Coulter counter measurements.
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The measured amounts of adsorbed polymer per unit area proved to be little
dependent on the acetate content but markedly dependent on the molecular
weight of the polymer. A higher level of adsorption for the higher molecular
weights suggests a thicker layer of polymer at the interface. This isrealised by
the polymer loops, sticking out further into the aqueous phase.
The acetate content does, however, clearly influence the specific area of the
emulsion, which is larger for an acetate content of > 12% than for one of
about 2%. At a low acetate content the specific area gradually increases with
increasing polymer concentration until a plateau level is reached. At acetate
contents > 12% the specific area first rises sharply with increasing concentration, but then, above a certain critical concentration, starts to decrease.
This critical concentration increases with decreasing molecular weight.
Theadsorption isotherms arecharacterized byadiscontinuity at thesameconcentration.
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6. C H A R A C T E R I S T I C S O F P V A - S T A B I L I Z E D
EMULSIONS AND INVESTIGATIONS INTO THE
MECHANISM OF THEIR FORMATION
6.1. INTRODUCTION

Emulsion stability has been the subject of many investigations, which are
extensively reviewed by BECHER (1965) and SHERMAN (1968). Most of the investigations, however, have concerned emulsions stabilized by low-molecularweight ionicor non-ionic emulsifiers. Littlefundamental research hasbeen done
on the emulsifying capacities of polymers and the properties of polymer-stabilized emulsions. The irreversible nature ofpolymer adsorption makes the system
much more complicated than emulsions stabilized by low-molecular weight
emulsifiers, and consequently the experimental results lend themselves less
readily to theoretical interpretation. A short review of the research, much of it
applied, into the properties of polymers as stabilizers has been compiled by
KITCHENER and MUSSELWHITE (1968); it appears that emulsions stabilized by
polymers areusually very stabletocoalescene.Thishigh stability isattributed by
many workers to the mechanical properties of the polymer film at the interface.
The measurements, described in the previous chapter, on the specific area
of emulsions and the corresponding interfacial occupation stimulated a closer
study of the emulsifying capacity of PVA, particularly since it was found that
under certain circumstances the degree of dispersion decreased with increasing
polymer concentration. It was hoped that such a study would provide more
insight into the mode of operation of polymers as emulsifiers.
Little can be found in the literature about the emulsifying capacity of PVA,
although it is often applied as a stabilizer in emulsion-polymerization (TSUNEMITSU and SHOHATA, 1968; REYNOLDS and GULBEKIAN, 1968). BIEHN and ERNSBERGER (1948) studied the stability to coalscence of PVA-stabilized emulsions
of various oils and concluded that a high molecular weight and a low degree
of hydrolysis increased the effectiveness of PVA as a stabilizer. The PVA
concentration in this case was always > 0.4%. MAHROUS and LEMBERGER
(1968) compared the stabilizing effects of various water-soluble polymers
on emulsions of 2% hexadecane in water, stabilized by 0.09% Aerosol OT.
PVA was found to have a marked stabilizing effect, which was ascribed to the
formation of a strongly hydrated film around the droplets. The degree of hydrolysis and molecular weight of the PVA, however, were not specified.
More work has been done on the effect of PVA as an emulsifier in emulsionpolymerization, although this work is mostly in the applied field (COKER,
1957; O'DONNELL et al., 1958; DUNN and TAYLOR, 1965; GROMOV et al.,
1967; ALBRAMZON et al., 1969). Of particular interest is the comparison by
REYNOLDS and GULBEKIAN (1968) of the results of O'DONNELL'S group and
DUNN'S group, both of whom measured the rate of polymerization of vinyl

acetate asa function oftheconcentration ofPVA-88,which served as an emulsifier of the monomer. DUNN and TAYLOR found that the rate of polymerisation
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decreased with increasing PVA concentration, whereas O'DONNELL'S group
found just the reverse. The two groups, however, worked with different concentration ranges,which may explain the apparent disagreement. A high degree
of dispersion increases the rate of polymerization (COKER, 1957). The decrease
in the rate of polymerization with increasing PVA concentrations up to 0.36%,
as found by DUNN and TAYLOR, thus suggest a corresponding decrease in the
degree of dispersion of the monomer. This is in accordance with the results for
PVA-stabilized emulsion of paraffin in water (fig. 5.13.). O'DONNELL, on the
other hand, worked with PVA concentrations of > 0.75%, at which concentrations the area of paraffin-water emulsions also began to increase again.
ABRAMZON (1969) found that the stability of PVA-stabilized styrene droplets,
as a function of the concentration of sulphate ions added to the PVA solution,
went through a maximum at a given PVA concentration. On account of the
strong salting-out effect which sulphate has on PVA,theeffective concentration
of the latter drops as the sulphate concentration rises. Thus, in this case, the
anomalous stability characteristics can also be attributed to the anomalous
behaviour of the dispersing power of PVA as a function of concentration.
In agreement with the above, the specific area of PVA-stabilized paraffin-water
emulsions alsogoesthrough amaximum asthe amount of sulphate added to the
PVA solution increases.
As far as I know, the only reported case of a reduction in the degree of
dispersion of an emulsion with increasing polymer concentration is that of
mineral oil emulsions stabilized by Xanthan gum (ARAUJO, 1967). No explanation was offered for this behaviour. Wefound that the specific area of emulsions
stabilized with casein also went through a maximum as the casein concentration
increased. In fact, the emulsifying capacity of casein closely resembled that of
the more hydrophobic PVA.
Since PVA-stabilized emulsions are extremely stable to coalescence and
since the degree of dispersion does not noticably vary with time, it seems likely
that the mode of formation of the emulsion is the determining factor for the
degree of dispersion. It is therefore important to study the mechanism of emulsifion formation.

6.2. KINETIC MODEL FOR THE FORMATION OF EMULSIONS AND THEIR
STABILIZATION BY PVA

The different factors which are of importance in the emulsification process
have been summarized recently by GOPAL (1968). Little attention appears to
have been paid to the role of the emulsifier which is assumed to influence the
dispersion of the emulsion droplets only on account of its effect on the interfacial tension, VAN DEN TEMPEL (1960) has shown, however, that it is not so
much the absolute value of y which is important, but rather gradients in y
which arise during the emulsification process. For it is these gradients which
determine the flow pattern during emulsification and which thus help to determine the degree of dispersion, VAN DEN TEMPEL (1965) has discussed the dyna84
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micproperties of theinterface in relation to the stability of theinterfacial film.
Itturnsout that, in the stretching of the film, its elasticity and the interfacial
dilational viscosity should be taken into account, particularly at high rates of
shear and low levels of interfacial occupation. These are just the conditions
which prevail during emulsification. The dispersion of the emulsion droplets
is therefore not simply correlated with the interfacial tension, to which the
created area of emulsion was previously considered as being inversely proportional (GOPAL, 1968). With the paraffin-water-PVA system an increase in cp
alwayscausesadecrease in y,but,inthecaseof PVA88,thisisnot necessarily
accompanied by an increase in emulsion area. This shows that the interfacial
tension is not or at least not the only determining factor for dispersion. In
addition, themolecularweightwasfound tohavehardlyanyeffect ony(2.4.2.),
buthadamarked effect ontheemulsifying capacity(5.5.2.).Intryingtofind an
explanation of the anomalous behaviour of the emulsion area with respect
to the concentration of emulsifier, the following experimental facts should be
taken into account (5.5.):
1. The maximum in the plot of the specific area of the emulsion against c„
ispresentonlyfor acetatecontentsof > 12%, andnotfor anacetatecontent
of about 2%(fig. 5.12.and 5.13.).
2. The steady-state value of cp at which the specific area begins to drop is
lower for samples of higher molecular weight (fig. 5.13.).
3. The maxima in the specific areas correspond to discontinuities in the adsorption isotherms (fig. 5.10.); beyond the maxima, the total amount of
polymer adsorbed at the interface remains approximately constant (fig. 5.14.).
4. Up to thepolymer concentration corresponding to the maximum in surface
area there isa linear relation between the amount in the interface and that
in the aquous phase. This resembles a distribution equilibrium. For high
molecular weights, the distribution shifts in favour of the interface (fig. 5.14.).
5. WithPVA88,themaximumdegreeofdispersion islargerfor low-molecularweight polymer, while for PVA 98the reverse istrue.
6. The emulsions are very stable to coalescence.
Thepoints listed herecanprovidemore insight into theproblem astowhich
factors are important during emulsion formation. It may be noted that points
2 to 5inclusive are closely interrelated.
Thefact that PVAwith alowacetatecontent (about 2%)behaves differently
from PVA with a higher acetate content ( > 12%) can be due to at least two
factors. Thefirstoftheseisthedifference inflexibilityof thepolymermolecule,
which is partly determined by the nature of the solvent. In this context the
rise in temperature to between 50° and 57°C during emulsification may be
important. As the temperature rises,water becomes a relatively poorer solvent
for PVA 88 (whichflocculatesabove 65°C), whereas PVA 98 becomes more
soluble. The second factor is the higher affinity for theparaffin interface of
PVA 88,which,on account of itshigher acetatecontent, ismore hydrophobic.
Bothfactors willinfluence the rheologicalbehaviour of theinterface and hence
the formation of the emulsion.
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It isworth noting that anomalous behaviour in theinterfacial tension measurements(chapter 2to4)wasassociated with alowacetatecontent, whereasin
emulsion formation anomalous behaviour isthehall-mark ofthehigher acetate
contents. Thediscontinuous nature of the y-logcpcurveswasexplained bythe
kinetics governing the establishment of the interface. Kinetics may also be
important in the formation of the interfacial film during emulsification, although thetime-scalewillbemuch shorter (shearrate > 104s _1 ). Comparison
with the y-logcpmeasurements, however, isdifficult because the concentration
range of PVA with the emulsions is always higher than that at which the discontinuity was found in the y-log cpcurve for the PVA 98 samples. At lower
concentrations no stable emulsions could be formed.
That theexplanation for themeasured dropinspecific area at higherconcentrations should be sought in the mechanism of formation of theemulsioncan
alsobededucedfrom thefact that theemulsions, onceprepared, are extremely
stable to coalescence, as illustrated by the following observations, (a) The
interfacial area measured after several days was the same as that measured a
few minutes after emulsification. (b) A sample of emulsion between a microscopic slide and a cover glass was dried so that the individual droplets were
forced together to give a foam-like structure in which the individual films
were preserved; when water was added the droplets segregated again without any coalescence, (c) The paraffin in emulsions (<P—0.2Q) stabilized with
0.1 or 0.2% PVA did not separate out at all in the course of 2\ years,
irrespective of the acetate content of the PVA.
Ifpoints 2to 5areto beexplained, acloser look willhaveto betaken at the
mechanismofemulsion formation sincetheprocessesoccuringduring emulsification apparently determine the properties of the emulsion obtained. During
emulsification new droplets, and hence new interfaces, are continually being
formed. If a newly formed droplet isto surviveas an individual droplet, it has
to bestabilized against coalescence. Each newlyformed interface will therefore
havetobeoccupiedsufficiently rapidlybythestabilizer,inthiscasethepolymer.
Dynamic equilibrium is reached when the rates of formation and coalescence
are equal. The interfacial area eventually obtained will therefore depend,
amongst other things,on howquickly and howwellthenewlycreated interface
can be occupied so that coalescence is prevented.
From point 3 it follows that the adsorption per unit area must rise quite
abruptly at concentrations above that at which the maximum area is found.
There are tow possible explanations for this. The first is that coalescence is
enhanced at increasing concentrations, and that the same amount of polymer
(fig. 5.14.),which isirreversibly adsorbed at theinterface, hasto be distributed
over a smaller area. The second is that the mechanism of occupying newly
created interface changes with increasing concentration, such that the adsorption increases while the specific area remains low. In thefirstcase,coalescence
is the cause of a higher adsorption per unit area,while in the second casethe
increased adsorption, as a consequence of the change in mechanism, is the
cause of lower dispersion and/or increased coalescence during emulsificatipn,
86
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FIG. 6.1. Two possible mechanisms of bywhichapolymercan
occupy a newly created interface.

A Diffusion

•/////////////////J,

and hence ofa lower area. It isclear that thecorrect choice between the two
alternative explanations depends on a distinction being made between cause
and effect.
An argument in favour of the first explanation is that the increase inadsorption canbecompletely accounted forbythedecreaseinthearea, sincethe
totalamountintheinterface remainsconstant (fig.5.14).Thequestion remains,
though, why coalescence should increase above a certain concentration. It
seemsunlikely that ahigher concentration intheaqueousphase should be the
direct determining factor inthebreaking ofthe film.
If the mechanism of occupation of the interface is the determining factor,
therateatwhichoccupation occursisimportant.Twomechanisms arepossible,
namelydiffusion andunfolding, bothofwhichare represented highly schematically infig.6.1.With supply by diffusion (fig. 6.1.A) the concentration in
theaqueousphaseshould besufficiently high for the interface to beoccupied
in the short time before coalescence can occur. It is not only the polymer concentration which isimportant, butalso theamount ofpolymer which
is situated between two newly-formed, still uncovered droplets (VAN DEN
TEMPEL, 1960).Whenthe concentration, oramount, istoolowforthe interface
to becovered sufficiently quickly, unfolding ofthepolymer constitutes analternative possible means of achieving this (fig. 6.1.B). The readiness of the
polymer molecule tounfold will depend onitsflexibility.When aninterface is
stretched, aninterfacial tension gradient isestablished which causes adsorbed
molecules to bepulled into a flatter conformation. This flatter conformation
must then beresponsible for reducing thechange ofcoalescence andhencefor
preserving theenlarged interfacial area. This increased stability tocoalescence
ispossiblytheresultofastrongerinteraction intheinterface (moresegmentsper
molecule adsorbed). If, during emulsification, thesupply bydiffusion becomes
insufficient on account of the drop in polymer concentration, the unfolding
mechanism canplay animportant role.
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The time required for the interface to be occupied by diffusion at the bulk
concentration corresponding to the kink in the adsorption isotherm can be
estimated from equation 3.1. The estimated time is in order-of-magnitude
agreementwiththeshearrateduringemulsification.Thistimeisdetermined not
only by the diffusion rate but probably also by the amount of PVA between
two newly formed droplets. For sufficient PVA to be supplied at the given
concentration, thediffusion distancemustbeapproximatelyequaltotheaverage
distance between the droplets at $=0.20.
Points 2 to 5 may thus be attributable to the rheological properties of the
interface,whichinturnwilldependonthelevelof interfacial occupation and the
molecularweight.Thesepropertiesincludethe speed of unfolding as compared
to rate of diffusion which will influence the point of transformation from the
oneadsorption mechanismto the other. Theapparent distribution equilibrium
between theinterface and theliquid (point4)ispossibly aresult of the capture
of the PVA in the freshly created interface, the chance of which will increase
with increases in the interfacial area, the concentration in the aqueous phase,
and the degree of polymerization.
Thepictureoutlined for themechanismofinterfacial occupationcan broadly
explain the emulsification behaviour and the corresponding measured adsorption (5.5.). For more insight to be gained into the mechanism of emulsion
formation, varioustentativeexperimentshavebeendonebothonemulsionsand
on the dynamic properties of the interface.
6.3. EMULSIONS WITH DIFFERENT VOLUMEFRACTIONSOFPARAFFIN

If the mechanism described above isa true representation ofemulsion formation,thevolumefraction oftheparaffin mayinfluence thedegreeofdispersion,
forincreasingthevolumefraction ofparaffin increasesthechanceofcoalescence
during emulsification and hence reduces the time inwhich diffusion can occur.
Thiswillcauseashift intheconcentration atwhichtheoccupation ofthenewly
created interface reverts from onemechanism to the other, i.e. from unfolding
to diffusion.
6.3.1. Experimental
Emulsionswereprepared asdescribed in 5.2.exceptthat thevolume fraction
of paraffin was now varied between 0.025 and 0.40. To (100—*) ml of PVA
solution was added x mlparaffin, so that the total volume in all caseswas 100
ml. The amount of PVA in the aqueous phase was always chosen so that the
amount per mlparaffin wasconstant with variable <P. The specific areas of the
emulsions were determined by the turbidity method (5.3.2.),while the adsorption wasdetermined by the method described in 5.4.
6.3.2. Specific area asafunction of thevolumefraction
The degree of dispersion as a function of the volume fraction <Pfor different
amountsofpolymerpermlparaffin isshowninfigs.6.2.and 6.3.for PVA 3-88
88
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FIG. 6.2. Specific areas ofemulsions stabilized byPVA 3-88 asa function of thevolume fraction of paraffin for different amounts of PVA per ml paraffin.

and40-88respectively.Thedegreeofdispersionachievedisalmost independent
of <P at low levels of polymer supply, but at higher levels of polymer supply it
decreases markedly as 4> increases, particularly for small 4>.This means that,
when the supply islow, thepolymerfilmhas timeto form itself in such away
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FIG. 6.3.Specific areas of emulsions stabilized by PVA 40-88 as a function of the volume
fraction byparaffin for different amounts of PVAper ml paraffin.
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FIG. 6.4. Specific areas of emulsions stabilized by PVA 48-98 as a function of the volume
fraction of paraffin for a PVA level of 10mgper ml paraffin.

that an increased chance of collision does not result in increased coalescence.
Fromthemodeloutlined in6.2.itfollows thatatalowlevelofsupplythenewly
formed interface can be occupied by unfolding (fig. 6.1.B). The conformation
of thepolymer willthen beflat, irrespective of <P, which probably explainswhy
the degree of dispersion isindependent of4>.
The unfolding mechanismwasassumedto apply to the region in which the
area increased proportionally to thesteady-state concentration, in other words
prior to themaximum in thearea (fig. 5.13.).Theemulsions for #=0.20 atlow
levelsofpolymer(3and 6mgml~ l paraffin for PVA3-88and 2and 3mgml - 1
paraffin for PVA40-88)areindeed found to lieinthisregion. For higherlevels
ofpolymer per mlparaffin, thesteady-state concentration ishigher than that at
whichthemaximumintheareaoccurs.If, atsuchhighconcentrations, diffusion
is responsible for the interfacial occupation, the degree of dispersion may be
expectedtodecreasewithincreasing4>. For, onaccount oftheincreased change
of collision, the time available for the occupation of the interface will be the
limiting factor. The behaviour of the degree of dispersion as a function of $
atdifferent levelsofpolymer availability isthusincompleteagreementwiththe
picture outlined in 6.2. Byway of comparison, the degree of dispersion of an
emulsion stabilized with PVA 48-98 is shown in fig. 6.4. as a function of <P
for a high level of polymer availability. It appears that at this level of polymer
thedegreeofdispersionisalmostindependentof<P,whichsuggestsan unfolding
mechanism. This shows that PVA 98can unfold more quickly at the interface
than PVA88, whichwasalready deduced from theinterfacial tension measurements (2.4.1.). The question remains though as to why the area of emulsions
stabilizedwithPVA48-98doesnotincreaseproportionallytothe concentration
as wasthe casewith PVA 88.The difference maywell bedue to the difference
in affinity for the interface. This affinity helps to determine the rheological
behaviour of the interface and may be responsible for the total emulsion area
remaining low. Onceprepared, the emulsions stabilized with PVA 98are very
90
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stable to coalescence; this is possibly a consequence of the marked ageing of
thefilm(4.4.3.) whereby a stifffilmis formed.
Little has been published about the effect of the size of the volume fraction
on the average droplet diameter. SHOTTON and DAVIS (1968) found that the
average droplet diameter of paraffin emulsions was almost independent of4>
when lauric acid was the stabilizer but decreased markedly with increasing <P
whenpotassium arabinate, a macro-molecule, wasthe stabilizer. Also interesting in this context is the investigation by INKLAAR and FORTUIN (1969) of the
emulsifying capacities ofproteins.Separation of theoilwastaken asameasure
oftheemulsifier capacity.Theamountof oilseparated was found todecreaseas
thevolumefraction ofthe oilincreased, for agivenlevel ofprotein.Thus,here
aswell,itappears that a lower levelofemulsifier per ml oilgivesa more stable
emulsion. Noexplanation wasgivenfor this,although theresults are in accordancewiththeemulsifying behaviour of PVA with a high acetate content. We
carried out a number of tentative experiments with casein as stabilizer and
found that the specific area of the paraffin-water emulsions, which was also
dependent on pH and electrolyte concentration, showed the same dependence
on <P asdidemulsionsstabilized with PVA88.Atlowamountsofstabilizerper
ml paraffin the specific area was independent of <P,but it decreased with increasingtf>at higher levels of stabilizer.
6.3.3. Adsorption isothermsfor different volumefractions
If the adsorption mechanism, as described above, depends on the volume
fraction, it islikely that the amount adsorbed at the interface willalso depend
on <P. Adsorption isothermsweretherefore determined at twovolume fractions
for both PVA 3-88 and PVA 40-88. These are shown in figs. 6.5. and 6.6.
respectively.

Adsorption
PVA 3-88(P=325)
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FIG. 6.5. Influence of the volume fraction 4> of paraffin on the adsorption isotherm ofPVA
3-88.
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Adsorption

PVA 40-88(P=2160)

-mgm"2

Equilibriumconcentration
1000

1200 ppm

FIG. 6.6. Influence of the volume fraction 4>of paraffin on the adsorption isothermof PVA
40-88.

It is clear from these isotherms that the adsorption also depends on <£.
The discontinuity in the isotherms shifts to lower steady-state concentrations
for lower values of $. Theoccurrence of thediscontinuity isagain found to be
correlated with the maximum in specific area. At the concentration at which
the adsorption starts to increase after the discontinuity, the specific area starts
to decrease, as is shown infigs.6.7. and 6.8. The shift of the discontinuity to
lower steady-sate concentrations for lower 4> indicates that diffusion is the
determiningfactor downtoasmallerconcentration.Thismaybeaconsequence

Specific area
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FIG. 6.7. Influence of the volume fraction # of paraffin on the specific areas of emulsions
stabilized by PVA 3-88 at different concentrations of the latter.
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FIG. 6.8. Influence of the volume fraction <P of paraffin on the specific area of emulsions
stabilized by PVA40-88 at different concentrations of the latter.

of the smaller change of collison, which means that more time isavailable for
adsorption by diffusion. It is,however, also possible that the amount of PVA
between theemulsion dropletsisthedeterminingfactor at high <P; this amount
willdecrease as <P isincreased, because the average distance between the droplets then decreases. These experiments again underline the importance of the
kinetics of interfacial occupation in emulsification.
If one compares the effect of <£ on the adsorption and degree of dispersion
for PVA3-88 and PVA40-88,itisclearthat themolecular weightplaysarole.
With PVA 3-88 the maximum adsorption before and after the discontinuity
is the same for both volume fractions; this is not the case with PVA 40-88.
Themaximumdegreeofdispersion asafunction of $ isalsodifferent for emulsionsstabilizedwiththetwotypesofPVA.ForPVA3-88maximumdispersion
is larger for lower <P, while for PVA 40-88 this isjust the opposite. This may
be because of the different regions of <P for which the experiments were performed (comparefigs.6.2. and 6.3.).
6.4. SOME FACTORS INFLUENCING THE DEGREEOFDISPERSION

6.4.1. Renewedemulsification afteraddition ofextra PVA
Since, with PVA 88, the emulsion area decreases above a certain polymer
concentration, thequestion arisesastowhether thearea ofan emulsion canbe
reduced by renewed emulsification after addition of extra PVA. If the degree
of dispersion is determined solely by the steady-state concentration of PVA,
then emulsions with an areajust before the maximum should show a decrease
in area.
Two standard emulsions (<P=0.20) were prepared in portions of 100 ml
with PVA 3-88 as stabilizer at levels of 6.0 mg m l - 1 paraffin (emulsion A)
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Fio. 6.9. Influence of a second emulsification on the specific area. To 90 ml of emulsions A
and B( $ = 0.20), 10mlofPVAsolution ofvariousconcentrations wasaddedandthemixture
wasemulsified again for one minute.

and 10.2 mg m l - 1 paraffin (emulsion B). After 18 hours, 10 ml amounts of
PVAsolutions of different concentrations wereadded to 90mlportions of the
standard emulsions, and the mixtureswere emulsified for 1minute.Thespecific areas and the adsorptions were determined for the new emulsions. The age
of the standard emulsions had no influence on the area of the newemulsions.
The degree of dispersion after the second emulsification is shown in fig. 6.9.
asa function of the steady-state PVAconcentration. The dashed line indicates
the specific area obtained after a single emulsification at $=0.20 (fig. 6.7.),
andincludestheareasfor thestandardemulsionsAand B.Thecircledpointson
the newcurves are the values for the blanks, i.e. the specific areas obtained by
emulsifying 90ml of the standard emulsions with 10ml of water for 1 minute.
The shift of these points relative to the original values after just one emulsification ispartially due to the dilution which lowersthe volume of the paraffin
fraction.
The effect on the specific areas of the second emulsification after addition of
extra polymer is markedly different for emulsions A and B. The curve for
emulsion A is similar to that for the standard emulsion, whereas the specific
area of emulsion Bis almost independent of the extra amount of PVA added.
Thismeans that not only the supply mechanism, as described in 6.2., but also
thestructureofthepolymerfilmalreadypresent(whichisdifferent foremulsions
AandB),influencesthedegreeofdispersion.ForemulsionAthemaximumspecific area achieved when the polymer is added in two portions in 30%higher
than when it is added in one go. This implies that the level of polymer per ml
paraffin should bekept lowifa large specific area isto beobtained byemulsification. Theadsorption before themaximuminspecific area,evenwhenemul94
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sionAwasre-emulsified withextraPVA,was2.0mgm - 2 , whileafter themaximumanadsorption of2.8mgm - 2 wasmeasured.Themaximuminareacorresponded to apolymer level of 6-7 mgm l - 1 paraffin for the standard emulsion
A but to a level of between 9.6 and 10.0mgm l - 1 paraffin when the PVAwas
added in two lots. This increase of about 30% corresponds with the increase
in the maximum specific area. Since the area of emulsion A does not decrease
whenextrapolymerisadded,itseemsthatthedegreeofdispersionisdependent
not only on the steady-state concentration but also on the order of addition.
This again stresses the irreversible nature of thepolymer adsorption.
6.4.2.Polydispersity of thePVA
Thequestion remains asto whether therate ofdiffusion orthe total amount
of polymer between two newly formed interfaces becomes the determining
factor at decreasing polymer concentrations. To investigate this, emulsions
($=0.20)wereprepared withmixtures ofPVA3-88 and PVA40-88asemulsifier.The PVA 3-88 and PVA40-88weremixed either in equalproportions by
weight (50/50 w/w) or in approximately equal gram molecular proportions
(10/90 w/w). The specific areas of the resulting emulsions are plotted infig.
6.10. as a function of the total steady-state concentration of PVA. Thefigure
alsoincludesthecurvesof 100%PVA3-88and 100%PVA40-88(dashedlines).
For the determination of PVA in the aqueous phase, the relative proportions
ofthetwoPVAtypesafter emulsification havebeentakentoequalthosebefore
emulsification. This assumption is necessary because the calibration curve for
PVA (1.3.2.) is dependent on molecular weight. If one of the PVA types has
been preferentially adsorbed, then the error in the determined steady-state
concentration will be no more than about 5%.
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FIG. 6.10. The specific area of emulsions stabilized by high- and low-molecular weight PVA
88 and by mixtures of the two.
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Fig.6.10.clearlyillustratesthat the specific area generated isdetermined not
by the number of gram molecules but by the weight of PVA, i.e. by the concentration ofsegments.Thismaywellmeanthat theoccupation bydiffusion, at
concentrations above that corresponding to the maximum area, is determined
bythe amount ofpolymer situated betweentwonewlyformed interfaces rather
than by the rate of diffusion.
6.4.3. Temperature reachedduring emulsification
When the reproducibility of the emulsification method was being tested, it
wasfound that the higherthetemperature reached after emulsification (usually
between50and57°C)thehigherthespecificareawas.Forthiseffect tobestudiedinmoredetail,anumber ofotherwiseidenticalparaffin-water-PVA systems
were cooled to different extents before emulsification, so that their initial
temperatures, and hence their final temperatures, differed considerably.
Thiswasdonefor anemulsion ($=0.20) stabilizedwithPVA 3-88 at twoconcentrations, one each side of the area maximum. The specific area of the resulting emulsions is plotted as a function of thefinaltemperature infig.6.11.
The area was found to be proportional to the final temperature. The rate of
increase in specific area with increasing temperature was the same for both
concentrations, namely 3x 10 _2 m 2 m l - 1°C - 1 . Thetemperature dependenceis
therefore independent of thewayin which the interface is occupied, which is
different for the two concentrations.
The temperature dependence of the specific area can be explained by the
temperature dependence of the ratio of the viscosity in the continuous phase
(nc)totheviscosityinthedispersephase(na).Therelationshipbetweenviscosity
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FIG. 6.11. Influence ofthetemperaturereached at theend ontheemulsification onthe specific
area of the emulsions for two different amounts of PVAper ml paraffin.
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(>/) and thetemperature(T)canbeexpressed bytheAndrade equation (EIRICH,
1956):
r\ — A exp

©

(6.1.)

in which A and B are constant for a certain substance. For the ratio of the
viscosities in the continuous and disperse phases, therefore, the following
relationship is valid:
Id

Ad

\

(H*)

(6.2.)

T

which, for lowvalues of j —

-J, reduces to:

(6.3.)

*-$(*+*¥>)
The viscosity of the continuous phase can be taken as being equal to that
of water at these lowconcentrations (< 0.2%) and for low molecular weight.
The viscosity of water as a function of the temperature was taken from the
International Critical tables. The viscosity of paraffin wasmeasured as a function of the temperature with a Haake Rotovisko rotation viscometer. This
enabled the specific area to beplotted asa function of theviscosity ratiorjjr]a,
with temperature asthevariableparameter (fig.6.12.).Theratiot]Jrjd increases

Specific area

PVA 3-88(P=325)
o

^

6mgPVA/ml paraffin

Viscosity ratio IL£ x 101
J
Id

FIG. 6.12. Dependence of the specific emulsion area on the viscosity ratio i/c/'Zd, changes of
which were due to temperature changes.
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with increasingtemperature because Bd > Bc (equation 6.3.)- Weseetherefore
that a possible increase in the viscosity of the PVA solution at higher PVA
concentrations cannot explain the reductioninthespecificarea,sincethearea
increases with increasing t\Jt\d. In the literature, the specific area has been
quotedasbothincreasing and decreasingwith increasingijjrja(GOPAL, 1968).
6.5. STABILITYCHARACTERISTICS OFEMULSIONSPREPAREDBY SHAKING

In order to check whether theemulsification techniquecould beresponsible
for the anomalous emulsifying behaviour of PVA 88at higherconcentrations,
thefollowingexperimentwascarriedout.Toeachofaseriesofcylinders,25 ml
of PVA solution was added, the concentration of which increased from one
cylinder to the next. Anumber of glassbeadswereput on thebottom ofeach
cylinder. The cylinders were topped up with heptane and the stoppers were
inserted sothat no air wasenclosed.The cylinders were shaken vigorouslyby
hand, and the amount of heptane which separated out was assessed. Sinceno
air was enclosed, the glass beads were required to ensure good mixing. On
account of its much lower viscosity, heptane was used rather than paraffin,
in order to facilitate mixing.The results are shown infig.6.13.and 6.14. for
PVA 3-88 and PVA 40-88 respectively. The concentrations of PVA 3-88
(fig. 6.13.) were, from left to right, 10,40, 70, 100,250, 500, 750, 1000,1250,
1500, 2000, 2500, 4000 and 6000 ppm. The concentrations of PVA 40-88

FIG. 6.13.Effect of PVA 3-88 concentration on the stability of heptane-water emulsions
prepared by shaking. Above the aqueous phase is the creamed emulsion layer, from which
the oil phase has partially separated out. PVA concentrations from left to right: 10, 40, 70,
100, 250, 500, 750, 1000, 1250, 1500, 2000, 2500,4000 and 6000 ppm.
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FIG. 6.14. Effect of PVA 40-88 concentration on the stability of heptane-water emulsions
prepared by shaking. Above the aqueous phase is the creamed emulsion layer, from which
the oil phase has partially separated out. PVA concentrations from left to right: 10, 40, 70,
100,250, 500, 750, 1000, 1250, 1500and 2000.

(fig. 6.14.) were identical with the first 11of the 3-88 series. The photographs
weretakenabout 16hoursafter preparation oftheemulsions.Thevapourbubble
which can be seen under the stopper was not present upon emulsification and
isdue to slight evaporation of heptane during standing.
The variation of the emulsification capacity with concentration agrees
qualitatively with that observed on emulsions prepared with the Ultra Turrax
(fig. 5.13.). As before, the emulsifying capacity decreases above a certain concentration. This decrease is less clear for PVA 3-88 than for PVA 40-88,
probably because a lower molecular weight gives a greater specific area (fig.
5.13.).Theconcentration atwhich theseparating out of heptane isaminimum
is not noticably different, which is in contrast to what might be expected in
view of the positions of the maxima in the emulsion area plotsinfig.5.13.The
experiment clearly shows, however, that the decrease in emulsifying capacity
of the polymer with increasing concentration isindependentoftheemulsification method, and isaproperty ofthepolymer used asemulsifier. Shakeexperimentscarried out in thepresence of air gavethesame result, showingthat this
has no effect on the outcome.
6.6. DYNAMIC SURFACEAND INTERFACIAL TENSIONMEASUREMENTS

A few tentative experiments have been carried out to seewhether thedegree
of dispersion was correlated with the dynamic properties of the interface, for
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both the interfacial dilational viscosity 0/s) and the elasticity modulus (s) can
influence the stability of thin films (VAN DEN TEMPEL, 1965; KITCHENER and
MUSSELWHITE, 1968) and hence of the emulsion. The elasticity modulus of the
interface is defined by:
dy

8 =

(6.4.)

d i n ,4
and the interfacial dilational viscosity by
1, ~

Ay

(6.5.)

d In Ad/t

in which AT is the increase in interfacial tension for a relative increase, din A,
of the interface and d In Ajdt givesthespeedat whichtheinterface isexpanded.
A high elasticity and a high dilational viscosity usuallyenhance the film stability and hence the foaming and emulsifying capacity.
6.6.1.

MEASUREMENT OF THE DIFFERENCE IN SURFACE TENSION BETWEEN
AN EXPANDED AND A COMPRESSED SURFACE

Since the emulsifying capacity of PVA 88as a function of concentration goes
through a maximum, it is worthwhile measuring the difference in surface
tension (Ay) between the expanded and compressed surface of a PVA solution.
For this difference gives an indication of the interfacial dilational viscosity and
should go through a minimum with increasing concentration if a low dilational
viscosity is indeed correlated with a higher emulsifying capacity.
PVA solution (about 1600 ml) was pumped round in the apparatus sketched
in fig. 6.15. in the direction shown with a constant velocity of 26 ml sec. - 1
The apparatus isanalogous to that used by PADDAY (1957) to measure dynamic
surface tensions. At 1(area about 25 cm 2 ) the surface is continually expanded,
while at 2 (area about 115 cm 2 ) the surface is continually compressed. The
surface tension at both 1and 2 was measured as a function of concentration

T
6cm

>~*

1 Expanding surface with overflow.
2 Compressed surface.
3 Circulating pump.

milium

L Cooling water.

^

FIG. 6.15. Set-up for measuring dynamic surface tensions.
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FIG. 6.16. Time-dependence of the surface tension of different PVA solutions, the surfaces
of which were subject to continual compression.

at 20°Cfor PVA 3-98.5, PVA 3-88 and PVA 40-88. The reproducibility of a
duplicatemeasurementwasabout0.3mNm~1at 1 andabout 1.0mNm~ l at2.
Suckingoff the compressed surface several times had hardly any effect on the
result.
Thesurface tension of thecompressed surface was,incontrast to that of the
expanded surface, dependent on time, as is shown in fig. 6.16. for the three
Surface tension
tJ<fnNm-1
3-985

/n_HQ

PVA 3-9a5(P=290)
PVA 3-88(P=325)
PVA 40-88(P=2160)

>expanding
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3-985
<0-88

constant

3-88_
3-985
40-88 • compressed
3-88 I
concentration
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2000

2800

_1_
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FIG. 6.17. Acomparison between thesurface tensions ofexpanding,compressed and constant
surfaces for different PVA solutions.
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FIG. 6.18. Difference in surface tension between compressed and expanding surfaces for different PVA solutions.

typesof PVA.Fig.6.17. showsthe steady-state values of the surface tension of
the expanded and compressed surfaces as a function of concentration and, in
addition, the surface tension of the same solutions in the steady state. Infig.
6.18.thedifference betweenthesurfacetensionofthecompressed andexpanded
surfacesisplotted asafunction oftheconcentration.Asmaybeseen,thereisno
minimum. At the concentrations at which emulsions were prepared, though,
Ay increases in the order 3-88, 40-88 and 3-98.5, which is also the order of
decreasing emulsifying capacity. Here again, a marked difference is found
between the surface acttvity of the PVA 88 and PVA 98 samples.Thedifferencesin A?appear tobedeterminedprimarily bythesurface tension measured
on the expanded surface. It is, however, difficult to interpret the data, particularly their relation toemulsifying capacity,becausethefrequency withwhich
the surface is expanded and compressed is very much lower than that of the
emulsification process.
6.6.2. LONGITUDINAL WAVE MEASUREMENTS WITH PVAMONOLAYERS
To get an idea about the size of the elasticity modulus of the interface, and
the effect of the acetate content of the PVA on it, some measurements were
made with longitudinal waves (LUCASSEN, 1968) at the Unilever Research
Laboratory, Vlaardingen. The elasticity modulus is plotted as a function of
the wave frequency infig.6.19. It isfound that the elasticity modulus of PVA
3-98.5inthefrequency rangestudiedishigherthanthatofPVA3-88but,unlike
the latter, isindependent of the frequency. It is thus quite possible that at the
higher frequencies prevalent during emulsification, the elasticity of 3-88 is
higherthanthatof3-98.5,whichwouldindeedbeexpectedinviewofthehigher
emulsifying capacity of PVA 3-88.It isinteresting to note that there is hardly
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FIG. 6.19. Surface dilational modulus determined from longitudinal wave measurements as a
function of frequency for PVA 3-98.5 and PVA 3-88, adsorbed from solution (400 ppm) at
air-water (O, A) and paraffin-water (A, •) interfaces.

any difference between the elasticity ofthepolymer monolayer at the air/water
interface andthat attheparaffin/water interface, whichshowsthat thedynamic
interfacial properties of the polymer are independent of the upper phase.
The measured elasticity of the adsorbed polymer layers is surprisingly low
compared with that measured for low-molecular-weight monolayers (LUCASSEN, 1968),which may well be an indication of theflexiblenature of thepolymer at the interface. For the flexibility of the polymer permits those segments,which are situated in loops close to the interface, to be adsorbed upon
expansion of the interface and desorbed upon compression. Thus Ay will be
lowupon compression and expansion, and henceswillbelowaswell.It seems
likely that such dynamic interfacial measurements can give more insight into
the emulsifying mechanism of PVA, and it may be advisable to extend the
investigation in this direction.
6.7. CONCLUSIONS

Measurement of the degree of dispersion of PVA-stabilized emulsions as a
function of the volume fraction $ showed that, for PVA 88,the properties of
theadsorbed polymer layer at high concentrations aremarkedly different from
those at lowconcentrations.Amodelisdescribedwithwhichthediscontinuityof
theplotsofdegreeofdispersionagainstconcentrationforthePVA88samplescan
beexplainedintermsofthekineticsoftheformation oftheinterface. Whenthe
availability of polymer is low the newly created interface can be occupied by
unfolding, which gives a relative flat polymer conformation at the interface.
Athighconcentrations thesupplybydiffusion willbesufficiently rapid to affect
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occupation, with the result that the adsorbed polymer layerwillbethickerand
of a different structure. A flatter conformation corresponds with a greater
stability to coalescence. A greater emulsion area can therefore be generated if
the concentration of the emulsifier is kept low. This can be achieved by stepwiseaddition of the emulsifier to the oil and not the other way round. Experiments in which emulsions wereprepared by vigorous manual shaking showed
that the anomalous emulsifying behaviour of PVA 88was not affected by the
emulsification technique. It is not yet entirely clear what is the reason behind
the difference in emulsifying behaviour of PVA 88and PVA98.
Theincrease in the specific area with an increase in the temperature reached
during emulsification can be explained by the increase in the ratio of the
viscosity of the continuous phase to that of the disperse phase. The tentative
dynamicinterfacial experimentsshowthat thereisamarked difference between
theinterfacial activity of thePVA 88and that of PVA 98.It is,however, difficulttocorrelatetheresultswiththeemulsifying capacity,becausethe frequency
during the emulsification process isvery much higher.

104

Meded.Landbouwhogeschool Wageningen 70-21 (1970)

SUMMARY
The adsorption of polyvinylalcohol (PVA) on the paraffin-water interface
has been studied by interfacial tension measurements and by direct measurement of the adsorption with emulsions. The aim of the study was to provide
more insight into the factors which influence the adsorption of polymers at
phase interfaces. The interfacial properties of polymers, some of which find
application as adhesives, flocculating agents and emulsion stabilizers, are of
great practical importance. This helps to explain why much fundamental research, both theoretical and experimental, has been performed in recent years
on polymer adsorption. Only a small proportion of this research, however,
has been devoted to the adsorption of polymers at liquid-liquid interfaces,
and so this was chosen as the subject for our investigation. To this end, the
interface of a well denned model system has been studied by several different
techniques.
Theinterfacial tension was measured with the staticWilhelmy plate method
asafunction oftheconcentration ofPVA(0.1-4000ppm)andtime(upto30h)
for PVAsamplesdiffering indegreeofhydrolysis,molecular weightand origin.
Experiments were also done in a Langmuir trough with spread and adsorbed
PVA monolayers at the paraffin-water interface. Interpretation of the interfacial tension measurements in terms ofpolymer adsorption iscomplicated by
the irreversible nature of the latter. The irreversibility of polymer adsorption
can bededuced from thefact that themeasured interfacial tension depends not
onlyontheconcentration ofPVAintheaqueousphasebut alsoonthehistory
of the interface. As a result, the Gibbs law of adsorption cannot be applied
without further preface to polymers.
Characteristic differences were noted between the interfacial activities of
PVAof different degrees of hydrolysis. Thediscontinuity found in theplotsof
interfacial tension (y) against the logarithm of polymer concentration (cp) for
PVA with a low content of acetate groups (about 2%) was absent from the
corresponding plots for PVA with a higher acetate content ( > 12%). The
discontinuous nature of the former y-log c„ curves was explained in terms of
kineticfactors, namelytherelative ratesofdiffusion andunfolding of thepolymer, which determine how the interface is occupied. Differences in the mechanism ofinterfacial occupation will bereflected bydifferences inthe configuration of the adsorbed polymer molecules. This picture was confirmed by the
time-dependence measurements.
The molecular weight of the PVA was found to have no obvious effect on
the interfacial tension, whereas the adsorption measured directly on the emulsion interface clearly increased with increasing molecular weight. One may
conclude therefore that there is no well-defined relationship between the reduction in interfacial tension and the amount of polymer adsorbed. In this
respect, the behaviour ofpolymer contrasts with that of low-molecular-weight
surfactants.
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In theadsorption experimentswithemulsions,thespecific area ofeachemulsionwasdetermined bymeasurement oftheturbidity. Thedegreeofdispersion
wentthrough amaximumwith increasing PVAconcentration whentheacetate
content of the latter was > 12%.This maximum corresponded to a discontinuityintheadsorption isotherm.Theconcentration atwhichthemaximumwas
situated decreasedwithincreasingmolecularweightandwithdecreasingvolume
fractions of paraffin. An explanation for this was again sought in terms of
kineticfactors influencing theformation ofthestabilizingpolymer layer during
emulsification.
Thepropertiesofthepolymerlayeroftheemulsionsweremarkedly different,
depending on whether the emulsion had been prepared with a polymer concentrationbeloworabovethatcorrespondingtothemaximumspecificarea.The
emulsion area waslargewhen theamount ofpolymer per mlparaffin waskept
low.Anumber oftentative experimentsweredoneto enablethemechanism of
emulsion formation to be studied more closely.
All emulsions obtained were found to be extremely stable to coalescence
right down to lowpolymer concentrations.
Comparison oftheresultsofthedifferent measurementswiththesamesystem
shows that the way in which the interface is formed has a great influence on
its properties. This underlines the irreversible nature of the adsorption, which
is one of the reasons why none of the existing theories is adequate to explain
the measured effects quantitatively. By virtue of the many different measurements, however, this tudy serves as a basis for further theoretical and experimental work on the surface-active properties of polymers. In addition this
investigation helped to show which factors determine the emulsifying capacity
ofpolymers.
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SAMENVATTING
De adsorptie van polyvinylalcohol (PVA) aan het paraffine-water grensvlak
isbestudeerd viagrensvlakspanningsmetingenenviadirecteadsorptiemetingen
aan emulsies.Het doelvan het onderzoek was om meer inzicht te krijgen in
de factoren van invloed op de polymeeradsorptie aan grensvlakken. De
grensvlakchemische eigenschappen van polymeren zijn immers van groot
praktisch belang zoals b.v. bij het gebruik als hechtmiddel, vlokmiddel en als
emulsiestabilisator. Dit verklaart waarom de Iaatste jaren, zowel theoretisch
alsexperimenteel,veelfundamenteel onderzoek wordtgedaan overdeadsorptie
van polymeren. Slechtseen gering deel van dit onderzoek heeft betrekking op
vloeistof-vloeistof grensvlakken enisdaarom naderonderzocht. Hiervoorwerd
een goed gedefinieerd modelsysteem genomen waarbij verschillende technieken
zijn gebruikt om het grensvlak te bestuderen.
De grensvlakspanningen zijn gemeten m.b.v. de statische Wilhelmyplaat
methode alsfunctie van PVA concentratie (0,1-4000ppm)en tijd (tot 30 uur)
voor verschillende PVA monsters; verschillend in hydrolysegraad, moleculair
gewicht en herkomst. Daarnaast zijn tevens experimenten uitgevoerd aan gespreide en geadsorbeerde monolagen aan het paraffine-water grensvlak in een
Langmuirtrog. De interpretatie van degrensvlakspanningsmetingen in termen
van polymeeradsorptie is door het irreversibel karakter van de polymeeradsorptie moeilijk. Het irreversibel karakter van de polymeeradsorptie volgt
directuithetfeitdatdePVAconcentratieindewaterfase nietdeenigebepalende
grootheid isvoor degemeten grensvlakspanning doch dat ook de voorgeschiedenis van het grensvlak van invloed is. Dit houdt in dat deadsorptiewetvan
Gibbs niet zonder meer gebruikt mag worden.
Karakteristieke verschillen in grensvlakactiviteit werden gevonden tussen
polymeren met verschillende hydrolysegraden. De discontinuiteit welke werd
gevonden in de y-log cp curven bij PVA met een Iaag acetaatgehalte (ca 2%)
was afwezig bij een hoger acetaatgehalte ( > 12%). Het discontinue karakter
van y-log cv curven werd verklaard met kinetische factoren, namelijk derelatievesnelhedenvanontvouwingendiffusie vanhetpolymeerdiedeopbouwvan
het grensvlak bepalen. Verschil in mechanisme van grensvlakbezetting zal een
andere conformatie van het geadsorbeerde polymeer tot gevolg hebben. Dit
beeldwerd bevestigd door tijdsafhankelijkheidsmetingen.
Er werd geen duidelijk effect gevonden van het molecuulgewicht op de gemeten grensvlakspanning, terwijl daarentegen de adsorptie gemeten aan het
emulsieoppervlak duidelijk toenam met toenemend molecuulgewicht. Hieruit
kan geconcludeerd worden dat - in tegenstelling tot het geval bij laagmoleculaire grensvlakaktieve stoffen - er voor polymeren geen eenduidig verband
bestaat tussen grensvlakspanningsdaling engeadsorbeerde hoeveelheid.
Bij de adsorptiemetingen aan emulsies werd steeds van elke emulsie via
turbiditeitsmetingen het specifiek oppervlak bepaald. Hieruit bleek dat bij een
acetaatgehalte > 12% de dispersiegraad een maximum vertoonde als functie
108

Meded. Landbouwhogeschool Wageningen 70-21 (1970)

van dePVA concentratie. Dit maximum correspondeerde met een discontinuiteit gevonden in de adsorptie isotherm. De concentratie waarbij dit maximum
werdgevonden namafmettoenemend molecuulgewicht enafnemende volumefractie van de paraffine. De verklaring hiervoor werd ook hier gezocht via
kinetische factoren dievan invloed zijn bij de opbouw van de film tijdens het
emulgeerproces.
Deeigenschappen vandepolymeerlaagvandeemulsiesvoorennahetmaximum in oppervlak bleken duidelijk verschillend. Een groot emulsieoppervlak
werd gevonden wanneer het polymeeraanbod per mlolielaagwerd gehouden.
Enkele orienterende proeven werden uitgevoerd omhet mechanismevanemulsievorming nader te bestuderen.
Al de verkregen emulsies bleken reeds bij lage concentraties uiterst stabiel
tegen coalsescentie.
Door vergelijking van de uitkomsten van de verschillende metingen aan
hetzelfde systeem blijkt dat de manier waarop het grensvlak is gevormd, van
groot belang is voor de eigenschappen ervan. Dit onderstreept het irreversibel
karakter van de adsorptie. Mede hierdoor is het ook niet goed mogelijk de
gemeten effecten met de bestaande theorieen kwantitatief te verklaren. Door
develeverschillendemetingenkanditonderzoek echterdienenalsuitgangspunt
voor verder experimenteel en theoretische onderzoek naar de grensvlakaktieve
eigenschappen van polymeren. Tevens biedt dit werk informatie over de factoren die van belang zijn voor het emulgerend vermogen van polymeren.
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LIST OF SYMBOLS
A
A0
Ax
a0
c
cp
D
f(x)
h
/
/0
K
K*
k
/
M
N
nb
ne
na
«s
n,
w0
nz
O
P
p
R
S
T
/
V
v„
w
x
x32

area available per segment
limiting area per segment
area ofthe interface
interfacial area occupied byonepolymer molecule
concentration
polymer concentration
diffusion coefficient
droplet diameter distribution
radius ofgyration ofthe polymer
intensity oftransmitted light
intensity ofincident light
light scattering coefficient
light scattering coefficient corrected for the forward scattering
Boltzmann's constant
optical pathlength
average molecular weight
number ofemulsion droplets per unit volume
number ofpolymer molecules inthe bulk
refractive index ofthe continuous phase
refractive index ofthe dispersed phase
number ofpolymer molecules inthe boundary layer
number ofmolecules per unit area a ttime t
number ofsegments inthe interface
number ofsegments ata distance z from the interface
optical density
degree of polymerization
spread indroplet size
gas constant
interfacial area ofthe emulsion
absolute temperature
time
volume of the dispersed volume
volume fraction of the polymer inthe bulk
volume per segment
diameter of the emulsion droplet
volume-surface diameter

y

P32/*32

Z
z
z0.i
a.
a

reduced turbidity
coordination number ofthe polymer segment inthe interface
thickness a twhich n z = 0 . 1 n0
intercept ofthe y-log c p curves
angle ofacceptance ofthe turbiditymeter (Chapter 5)
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P
slope ofthe y-log c p curves
)?! slope ofthe y^-t11, curves
r
adsorption
re interfacial concentration increased by compression
r , interfacial concentration increased by spreading
y
interfacial tension
y0 interfacial tension ofa clean interface
yt
interfacial tension attime t
y t _o interfacial tension extrapolated to time is zero
y w final value ofthe interfacial tension
S
thickness ofthe boundary layer
s
elasticity modulus
[rj] intrinsic viscosity
JJC viscosity ofthe continuous phase
rjd viscosity ofthe disperse phase
rja interfacial dilational viscosity
0
proportion of the interface occupied bypolymer
X wavelength
v number of adsorbed segmentsperpolymer
II interfacial pressure
nt interfacial pressure at timet
77a) final value ofthe interfacial pressure
nQ interfacial pressure fora compact monolayer
p
dimensionless droplet size diameter
T
relaxation time
$
volume fraction ofthe paraffin
i]/ free energy ofadsorption per molecule
a> interaction energy between two polymer segments inunits kT
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