
547.391.1 :54l .64:541.183.2:541.182.42:2532.135 

MEDEDELINGEN LANDBOUWHOGESCHOOL 
WAGENINGEN • NEDERLAND • 74-5 (1974) 

ADSORPTION OF POLYELECTROLYTES 
AT LIQUID - LIQUID INTERFACES 

AND ITS EFFECT ON 
EMULSIFICATION 

(with a summary in Dutch) 

j . T H . C . B Ö H M 

Department of Physical and Colloid Chemistry, Agricultural University, 
Wageningen, The Netherlands 

(Received ll-XII-1973) 

H. VEENMAN & ZONEN B. V. - WAGENINGEN - 1974 

ZO^Ù-0 )Z 



Mededelingen Landbouwhogeschool Wageningen 74-5 (1974) 
(Communications Agricultural University) is also published as a thesis 



CONTENTS 

1. INTRODUCTION 1 
1.1. Polymer adsorption 1 
1.2. Polymers at liquid-liquid Interfaces 3 
1.3. Outline of this study 5 

2. CHARACTERIZATION OF MATERIALS 7 
2.1. Paraffin 7 
2.2. Polyelectrolytes 7 
2.2.1. Synthesis and properties 8 
2.3. The conformational transition of polymethacrylic acids as studied by Potentio­

metrie titrations 11 
2.3.1. Introduction 11 
2.3.2. Theory 12 
2.3.3. Experimental 13 
2.3.4. Results and discussion 13 
2.4. Characterization of PMA-pe by viscosimetry 15 
2.4.1. Theory 15 
2.4.2. Experimental 16 
2.4.3. Results and discussion 16 
2.5. Summary 18 

3. INTERFACIAL TENSION AND ADSORPTION AT THE 
INTERFACE BETWEEN PARAFFIN OIL AND 
POLYELECTROLYTE SOLUTION 19 
3.1. Introduction 19 
3.2. Time dependence and steady-state value of the interfacial tension 21 
3.2.1. Mechanism of adsorption 21 
3.2.2. Measurements of interfacial tension 21 
3.2.3. Procedure 22 
3.2.4. Results and discussion of time dependence measurements for PMA-pe 22 
3.2.5. Results and discussion of steady-state measurements 24 
3.3. Spread monolayers of PMA-pe at the paraffin oil - water interface 28 
3.3.1. Introduction 28 
3.3.2. Experimental 30 
3.3.3. Results and discussion 31 
3.4. Adsorption of PMA-pe on polystyrene latices 36 
3.4.1. Introduction 36 
3.4.2. Experimental 36 
3.4.3. Results and discussion 37 
3.5. Calculations on spread and adsorbed monolayers of PMA-pe 39 
3.5.1. Introduction 39 
3.5.2. Polymer distribution in adsorbed and spread monolayers of PMA-pe 41 
3.6. Dynamic measurements of surface and interfacial tension 42 
3.6.1. Introduction 42 
3.6.2. Experimental 44 
3.6.3. Results and discussion 44 
3.7. Summary 46 



4. I N F E R E N C E O N A D S O R P T I O N F R O M I N T E R F A C I A L 
T E N S I O N - P H C Y C L E S 48 
4.1. Introduction 48 
4.2. Experimental 48 
4.3. Results and discussion 50 
4.3.1. pH 949 cycles of PMA-pe 50 
4.3.2. pH 494 cycles of PMA-pe 51 
4.3.3. pH cycles of PMA-pe in the presence of Ca2 + ions 55 
4.3.4. pH x94 and x49 cycles of PMA-pe 56 
4.3.5. Comparison of PMA and PAA cycles with PMA-pe and PAA-pe cycles . . . . 59 
4.3.6. Changes in PMA-pe concentration after adsorption 61 
4.3.7. Electrolyte substitution cycles 61 
4.4. Summary 62 

5. E M U L S I O N S S T A B I L I Z E D BY P O L Y E L E C T R O L Y T E S A N D T H E 
M E C H A N I S M O F E M U L S I F I C A T I O N 64 
5.1. Introduction 64 
5.2. Preparation of the emulsions 65 
5.3. Determination of the polyelectrolyte adsorption 66 
5.4. Determination of the specific area of the emulsions 67 
5.4.1. Introduction 67 
5.4.2. Turbidity measurements 67 
5.5. Results and discussion 70 
5.5.1. Effect of the degree of neutralization and ionic strength on the specific area . . 70 
5.5.2. Effect of the degree of neutralization and ionic strength on the adsorption . . . 72 
5.5.3. Effect of Ca2 + ions on the specific area and the adsorption of PMA-pe in emulsions 74 
5.5.4. Comparison between the adsorption of PMA-pe at the liquid-solid interface and at 

the emulsified liquid-liquid interface 75 
5.5.5. Changes in the continuous phase after emulsion preparation 76 
5.6. The mechanism of emulsification 78 
5.7. Summary 83 

6. C H A R A C T E R I Z A T I O N O F T H E A D S O R B E D L A Y E R O F 
E M U L S I O N S BY R H E O L O G Y 85 
6.1. Introduction 85 
6.2. Experimental 85 
6.3. Results and discussion 86 
6.3.1. The high viscosity of emulsions stabilized by PMA-pe for a degree of neutralization 

smaller than 0.30 86 
6.3.2. Quantitative comparison with adsorption experiments 89 
6.4. Summary 91 

S U M M A R Y 92 

A C K N O W L E D G E M E N T S 99 

S A M E N V A T T I N G 100 

R E F E R E N C E S 104 

L I S T O F S Y M B O L S 107 



1. I N T R O D U C T I O N 

1.1. POLYMER ADSORPTION 

Ever since antiquity natural water-soluble polymers such as proteins, gums, 
starches and their derivatives have been widely used at interfaces. Their function 
and structure were often unknown. However, with the development of research 
on natural and synthetic polymers and their applications in technology during 
the past twenty-five years the knowledge of their properties at interfaces has 
been increased. 

Polymers adsorb at almost any interface. Due to the sum effect of all mono-
meric units the decrease in free energy upon adsorption per polymer molecule 
becomes very high. The mechanism of attachment of segments to the interface 
can have various origins such as electrostatic interaction, VAN DER WAALS 

forces of attraction, chemical, hydrogen and hydrophobic bonding. JENKEL and 
RUMBACH (1951) were the first to propose a model for the adsorption of poly­
mers. They stated that only a part of the segments is really in contact with the 
interface (train segments), the other part being present in loops or tails. This 
picture is now generally accepted and explains why the amount of polymer 
adsorbed per unit area is usually several times higher than the amount of mono­
mers that can be accommodated in the monolayer. 

As a consequence of all of this, polymers adsorb normally irreversibly. 
Statistically it is very unlikely that all adsorbed segments would desorb simul­
taneously. Moreover, polymer adsorption is a time-dependent process. When a 
polymer molecule reaches the interface it adsorbs but not instantly in the most 
advantageous conformation. Exchange of adsorbed against non-adsorbed 
segments remains possible and this process gives rise to a growing amount of 
polymer at the interface. Eventually, a steady-state value of the adsorption will 
be reached, usually in the order of hours. The final conformation depends on 
many factors such as polymer concentration, molecular weight, the quality of 
the solvent and the way of adsorption. PATAT et al. (1964) and STROMBERG (1967) 
extensively reviewed the adsorption of polymers with special emphasis on the 
liquid-solid interface. 

The theoretical formulation of polymer adsorption, based on the loop-train 
model, has been worked out by FRISCH and SIMHA (1954, 1955 and 1957), 
SILBERBERG (1962, 1967, 1968 and 1970) and by HOEVE (1965, 1966, 1970 and 
1971). Although there is no mutual agreement between these theories they 
predict similar trends that are more or less in satisfactory agreement with the 
experimental results. These theories are restricted to flexible homopolymers, 
whereas in experiments this condition is not always fulfilled. Blockpolymers 
and proteins can adsorb in conformations deviating considerably from those 
predicted for flexible homopolymers. 
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The stability of colloidal dispersions is usually strongly affected if polymers 
are present on the surface of the particles. Interpretation of the action of the 
adsorbed polymer on the stability of the dispersion solely on basis of the DLVO 
theory (DERYAGIN and LANDAU, 1941 ; VERWEY and OVERBEEK, 1948) is not 
possible. Additional interaction contributions should be taken into account 
(e.g. HESSELINK, 1971 ; EVANS and NAPPER, 1973). By adsorption of polymers 
a bridging between the particles can occur if the loops of the molecules anchor 
onto a second particle. This results in an extra attraction free energy due to the 
gain in segmental adsorption free energy. On the other hand the number of 
possible conformations of a loop, and hence its entropy, is reduced by this 
bridging. This leads to an entropie repulsive contribution to the free energy. 
Moreover, an osmotic free energy contribution, due to the increasing segment 
concentration between the particles must be taken into account. As even nega­
tively charged suspensions can be flocculated1 by negative polyelectrolytes, 
these additional interaction contributions can be the major factors in the floc-
culation by polymers. 

The wide application of polymers as stabilizers or destabilizers of solid dis­
persions in liquids is based on these additional interaction contributions. An 
example of the stabilizing action of polymers is the coating of granulated food, 
to be added, for example, to drinking water for cattle. The destabilizing action 
of polymers on solid dispersions in liquids is widely used in the industrial pro­
duction of metals, in soil engineering, in water purification and in paper pro­
duction. In these fields polymers are known as flocculants and especially 
cationic flocculants are of growing interest. The properties of such systems 
depend on the ratio of dispersion to polymer and the mixing procedure. If 
covered and naked particles are mixed, the loops of the adsorbed molecules 
attach to the naked particles and a so-called bridged system with a network 
between the particles is obtained. Flocculation of this system is now more 
likely. However, if completely covered particles approach each other entropie 
repulsion between the adsorbed layers would prevent bridging and the stability 
of the dispersion is now increased (FLEER and LYKLEMA, 1973). In the produc­
tion of beer there is also an example of the action of polymers at the liquid-
solid interface. During the storage of beer, proteins are responsible for the 
nonbiological clouding by a complex formation with tannins. Finely divided 
modified silica, added to the beer, can prevent this clouding and has a so-called 
stabilizing effect. Its action can be explained essentially in that the silica selec­
tively adsorbs the high molecular weight proteins. 

Hitherto, applications at the liquid-solid interface have been reported. In 
beer technology also an example of an application of polymer adsorption at 
the liquid-gas interface is known. A desirable characteristic of beer is the for-

1. In agreement with FLEER et al. (1972) we distinguish between flocculation (aggregation of 
colloidal particles by polymers and coagulation (aggregation by electrolytes) 
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mation of stable foam upon pouring. Addition of a chemically modified starch 
improves this foam stability considerably without affecting the taste. Also in 
many non-food products the quality of foams has been improved by addition 
of synthetic polymers. The action of polymers at the liquid-air interface (and 
also at the liquid-liquid interface) is, that the polymer reduces the drainage and 
promotes the stability to rupture of thin films. 

In the study to be described in this thesis, the liquid-liquid (L/L) interface is 
emphasized. Polymers are widely used at the L/L interface as emulsifiers or/and 
stabilizers. An emulsion is a dispersion of liquid droplets in another liquid, the 
two of which are immiscible. Examples of applications of emulsions in which 
polymers are used as emulsifier or stabilizer are sprays, cosmetics, pharma­
ceutics and especially food products. The dispersed phase of milk consists of fat 
globules surrounded by an adsorbed layer of mainly proteins and lecithin. In 
many other emulsified food products it is the adsorbed amount and the kind of 
the proteins that determine the properties of the products. In ice-creams, for 
example, addition of polymeric emulsifiers improves the whipping quality of 
the mixture and the production of a smooth texture, giving a stiff dry product. 
Usually the emulsifiers or stabilizers in food products are mixtures of several 
compounds, but their main ingredients are proteins or gum-like substances. 
As their physico-chemical properties are very complicated, model substances 
are more suitable to investigate the emulsifying and/or stabilizing capacity of 
proteins at L/L interfaces. 

1.2. POLYMERS AT LIQUID-LIQUID INTERFACES 

The topic of the study to be described is polymers at L/L interfaces. Tech­
nically speaking, this system has a disadvantage as compared with the liquid-
solid (L/S) interface in that direct determination of the adsorbed amount per 
unit area T is not well feasible, since as a rule the interfacial area is too small. 
Emulsification of the system would solve this problem but creates a new prob­
lem namely the role of the polymer as emulsifier. An additional measurable 
parameter in the L/L system is the interfacial tension y. However, the relation 
between the bulk concentration c„, y and the adsorbed amount of polymer per 
unit area r is ambiguous because of the irreversible nature of the adsorption. 
The well-known GIBBS equation may not be applied. This explains why in 
studies, concerning the properties of polymers at L/L interfaces, the interpreta­
tions are mainly qualitative and comparative. Moreover, use of spread mono­
layers is not very helpful for understanding the relation between y and r for 
adsorbed layers, because the conformation of the polymer molecules in the 
interfacial layer differs much for the two systems. All this indicates that there 
is no simple technique to obtain information on the conformation of polymers 
at L/L interfaces. On the other hand, the practical importance of such systems is 
important enough for further investigations. 
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In general y decreases upon adsorption of polymers. From investigations at 
the L/S interface it can be deduced that the number of train segments per unit 
area increases with adsorption (e.g. STROMBERG et al., 1965; KILLMANN et al., 
1973). Moreover, it has been found by radioactivity measurements at the air-
water interface that y can still decrease, even if the adsorbed amount remains 
constant (e.g. ADAMS et al., 1971). This indicates a reconformation of the mole­
cule with an increasing number of train segments. It is therefore reasonable to 
assume as a first approximation that the reduction of y is primarily related to 
the number of segments being adsorbed in the first layer and not to the total 
amount of adsorbed polymer. LANKVELD and LYKLEMA (1972) stated this al­
ready on account of the adsorption of polyvinyl alcohol (PVA) at the paraffin 
oil-water interface. We shall adopt this idea as a working hypothesis and in­
vestigate its validity in due course. 

As polymers are often used as emulsifiers we are also interested in the behav­
iour of polymers at disturbed interfaces. A disturbed interface is subject to 
expansion and/or compression during the time that adsorption takes place. 
One must always realize that the findings about the behaviour of polymers at 
undisturbed interfaces cannot be directly compared with the behaviour at 
disturbed interfaces. In order to explain the emulsifying behaviour of an inter-
facially active compound and the stability of emulsions it is more valuable to 
use dynamic techniques than equilibrium techniques (LUCASSEN and v. D. 

TEMPEL, 1972a). LUCASSEN (1968) has developed a method for measuring surface 
tension changes, caused by local periodic area variations. The response of this 
surface tension change on the area variation is called the surface dilational 
modulus e and it reflects the eflectivity by which the uniformity of the surface 
tension is recovered after disturbance of the surface. At L/L interfaces this 
modulus is probably reflected in the behaviour during emulsification. Due to 
agitation the interface is disturbed continuously and the dispersed phase breaks 
up into smaller units. Adsorption of an emulsifying agent at this disturbed 
interface and its effectiveness to reduce the interfacial tension gradients at these 
interfaces determine the coalescence behaviour of the newly created units. 

If coalescence of droplets after finishing emulsification is absent, the final 
dispersity reflects the behaviour during emulsification. If polymers are used as 
emulsifying agents this stability is usually very high. KITCHENER and MUSSELL-

WHITE (1968) stated that the almost infinite stability to coalescence after 
finishing emulsification for such systems is correlated with the visco-elastic 
properties of the polymers in thin films, but KANNER and GLASS (1969) also 
mention examples that disagree with that conclusion. Nevertheless, it can be 
concluded that in general with polymers as the emulsifying agents the obtained 
dispersity reflects the emulsification process. 
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1.3. OUTLINE OF THIS STUDY 

This study was undertaken to gain more insight into the behaviour of syn­
thetic polyelectrolytes at undisturbed and disturbed L/L interfaces. LANKVELD 

and LYKLEMA (1972) already investigated the properties of an uncharged 
polymer (PVA) at the same L/L interface. As polyelectrolytes retain many of 
the properties of uncharged polymers and can be modified by charging disso­
ciable groups or by changing the ionic strength of the solution, this study pro­
vides an interesting extension of the study of PVA at L/L interfaces. 

To achieve a basic understanding of emulsification with polymeric emulsi-
fiers such as proteins and synthetic polyelectrolytes it is necessary to investigate 
their physico-chemical properties at an interface between oil and water. In 
order to understand these interfacial phenomena at a disturbed interface, first 
the simpler system of an undisturbed interface has been considered. We wonder 
to what extent these interfacial tension measurements at an undisturbed inter­
face are related to emulsion properties. The experiments at undisturbed inter­
faces imply interfacial tension measurements at the oil-water interface at which 
the polyelectrolyte adsorbs or has been adsorbed. Several parameters have been 
investigated, such as time of adsorption, polyelectrolyte concentration, charge 
density of the polyelectrolyte chain, ionic strength of the solution, nature of the 
counterion and effect of spreading the polyelectrolyte compared with adsorp­
tion from solution. Extensive attention has been paid to the effect of the chemi­
cal constitution and to the conformational transition of the polyelectrolytes in 
solution. Also changes of conditions after adsorption have been performed. 
Since polymer adsorption is normally irreversible upon dilution the properties 
of the adsorbed layer depend on its history and one can get additional infor­
mation by changing the conditions after adsorption. For polyelectrolytes not 
only concentration variations, but also pH changes and ionic strength variations 
are possible. JAFFÉ and RUYSSCHAERT (1964) used this idea to obtain informa­
tion about the reversibility of polyelectrolyte adsorption at a L/L interface. As 
the dynamic interfacial properties of the polyelectrolytes are probably re­
flected in the properties of the emulsions stabilized by polyelectrolytes the 
dynamic technique as developed by LUCASSEN (1968) has been used, although 
at the air-water interface. 

The properties of the emulsions, which have been investigated concern the 
dispersity and the rheology of the emulsions and the adsorption of the poly­
electrolytes at the emulsified interface. As the stability to coalescence after 
finishing emulsification is very high for these emulsions we concerned our atten­
tion to the emulsifying capacity of the polyelectrolytes as a function of the para­
meters mentioned before. With the information obtained by these experiments 
it has been tried to gain more insight into the mechanism of emulsification and 
to explain the rheological behaviour of the emulsions. 

Polyacrylic acid, polymethacrylic acid and the copolymers of the monomeric 
acids with their methyl esters have been chosen as the polyelectrolytes. These 
are weak polyelectrolytes. As in the study of the properties of polyelectrolytes 
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the charge of the macromolecule is an important parameter, it is obvious to 
choose model substances for which the charge is controlled by the pH. More­
over, polymethacrylic acid and its copolymer of the methyl ester show a con­
formational transition in bulk as a function of the charge density of the chain 
(MANDEL and STADHOUDER, 1964). To some extent these synthetic polyelectro-
lytes may serve as a model for the more practically applied systems with pro­
teins at the L/L interface, although they lack the ampholytic character. Especial­
ly the differences in the chemical constitution of the polyelectrolytes and the 
conformational transition are valuable contributions in terms of this model. 
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2. C H A R A C T E R I Z A T I O N OF MATERIALS 

2.1. PARAFFIN 

In our model system paraffin was selected as the oil phase. It is virtually 
insoluble in water. For the interfacial tension measurements (chapter 3 and 4) 
we used liquid paraffin, laboratory grade ex J. T. BAKER chemicals Co, Deven­
ter, Netherlands. For emulsion experiments (chapter 5 and 6) we always used 
liquid paraffin ex MERCK A.G., Darmstadt, DBR., with a density of 880 kg 
m - 3 . The viscosity of both paraffins was about 0.08 N s m - 2 . 

The interfacial tension, measured against distilled water was 51.0 ± 0.8 
mN m~ * for the different samples. The paraffin was used for experiments only if 
the interfacial tension did not decrease by more than 1.5 m N m - 1 in 24hours. 

2.2. POLYELECTROLYTES 

We decided to study the following model substances of which the structural 
formulae are collected in fig. 2.1.: 
1. the copolymer of methacrylic acid and the methyl ester of methacrylic acid 

(PMA-pe). 
This copolymer is commercially available. We used Rohagit S, low viscosity 
grade ex RÖHM A.G., Darmstadt, DBR. The number ratio between the mono-
meric substances of these polymers is always about 2. By titration and elemen­
tary analysis we have checked the composition and found 67% acid groups 
confirming the above ratio. 

PMA-pe 

4 CH2—C— CH2—C— 

PAA-pe 

- 4CH 2 —CH-

COOH 

CH2 — C H -
I 
COOCHj 

PMA ÇH, 

--CH2— C-
FIG. 2.1. Structural formulae of the poly-

--CH,—CH—(- electrolytes used in this study. For abbre-
COOHJI viations see section 2.2. 
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2. the copolymer of acrylic acid and the methyl ester of acrylic acid (PAA-pe). 
The fraction of acid groups is 0.63. For further details we refer to section 
2.2.1. 

3. polymethacrylic acid (PMA). 
4. polyacrylic acid (PAA). 

The polyelectrolytes mentioned under 2 till 4 have been prepared by us. 
Henceforth we shall use the given abbreviations for these polyelectrolytes. 

Most of the experiments have been carried out with PMA-pe. A great 
advantage of this polyelectrolyte with respect to the more hydrophilic PMA and 
PAA is its pronounced surface or interfacial activity, even when it is completely 
charged. SCHWARZ (1962) has summarized the emulsifying capacities of several 
hydrophilic colloids and he concluded that predominantly hydrophilic poly­
electrolytes are inadequate emulsifiers. 

PMA, PAA and PAA-pe have been mainly used for the sake of comparison, 
notably to investigate the influence of the ester and methyl groups on the inter-
facial properties. 

2.2.1. Synthesis and properties 
1. PMA-pe 

This commercial polyelectrolyte has been prepared by a perl polymerization 
of the two monomer components as described by DBP 947115 (1956). About 
two thirds of the methyl methacrylate monomer was saponified with NaOH. 
After saponification H 2S0 4 was added to make the monomer insoluble. After 
addition of the initiator (dibenzoylperoxide) the mixture of the thus obtained 
methacrylic acid and the unmodified methyl methacrylate is polymerized for 
2 hours at 74 °C. The product is purified by washing with water. By changing 
the amount of NaOH per unit monomer, the ratio of both monomers in this 
polymer can be varied. 

A detailed description of this polymer has been given by VÖLKER (1961a, 
1961b). For commercial use the monomer ratio of 2 is very advantageous, 
because in this special case the polyelectrolyte is also soluble as Ca2+ salt, 
whereas a lower or higher ratio makes the polyelectrolyte very sensitive to 
Ca2+ ions (DBP 950182, 1956). The degree of polymerization of Rohagit S, 
low viscosity grade, is about 1000 (RÖHM A.G., 1972). We tried to check this 
value by means of viscosity measurements (see section 2.4.). PMA-pe does not 
dissolve in water but only in alkaline solutions. Tn order to prepare PMA-pe 
solutions the following procedure has been adopted : to a weighed amount of 
PMA-pe the alkaline solution is slowly added under constant stirring. Especially 
the first part of this solution must be added very slowly. This dissolution proce­
dure can be accelerated by heating to about 70 °C. To avoid degradation of the 
polyelectrolyte this process should be carried out in the dark (VÖLKER, 1961a). 
After complete neutralization ( a= l ) has been reached it is possible to decrease 
the degree of neutralization by adding HCl without precipitation. Thus it is 
even possible to obtain a PMA-pe solution of a=0 . However, if the same disso­
lution procedure has been followed at higher ionic strength the limiting value 
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of a is not so low. For example in 0.2 M NaCl the lowest attainable value of a is 
about 0.08. The procedure described is applicable to a Na+PMA-pe solution. 
In order to prepare a Ca2+PMA-pe solution a different procedure has to be 
followed. Weighed amounts of dry PMA-pe and dry Ca(OH)2 are mixed and 
the solution must be prepared by slowly adding water and stirring. Again a can 
be reduced to about 0.10 by addition of HCl after completion of this process. 

The preparation of PMA-pe of différent degrees of esterification has also 
been tried both by esterification of PMA (MANDEL and STADHOUDER, 1964) and 
by saponification of the complete ester of PMA (polymethyl methacrylate, 
PMMA). This saponification is very difficult to carry out and depends on the 
stereo-regularity of the starting material (SELEGNY and SEGAIN, 1971). The rate 
of saponification decreases from isotactic to syndiotactic PMMA. BEVINGTON 

and EBDON (1972) suggested that saponification is only possible for the middle 
monomer of an isotactic triade. Complete saponification was never attained. 
We also tried to saponify our PMA-pe, because it would be interesting to in­
corporate the effect of the degree of saponification in the interfacial experiments. 
In acetone/water (1/1 volume) with a fivefold amount of NaOH we could not 
detect any saponification, when the solution was kept at 40 °C for two days. 
More rigorous conditions are not allowed, because of degradation of the poly­
mer. 

We have no specifications about the PMA-pe other than the information 
provided by the manufacturer. A random distribution of the monomers has 
been supposed. MARKERT and PENNEWISS (1970) paid attention to this subject, 
although their ways of copolymerization differ markedly from .that of RÖHM. 

They found that the propagation parameters for the copolymerization of 
methacrylic acid and methyl methacrylate do not differ much from each other, 
so that no significant preference for the addition of certain radical components 
is to be expected. 

2. PAA-pe 
In contrast with the ester of PMA, this ester can be saponified very easily. 

There is no steric hindrance in this polymer. PAA-pe has been prepared by us 
by polymerization of the methyl ester of acrylic acid follwed by a partial saponi­
fication. KAWABE and YANAGITA (1969, 1971) have studied the kinetics of this 
saponification. The experimental details of the two steps are: 
1. Polymerization of methyl acrylate. 

Methyl acrylate (ex BDH) was distilled to remove the inhibitor. 150 ml (about 
140 g) of the freshly distilled product was added to 1100 ml benzene analytical 
grade (ex MERCK) and 0.225 g a, a'-azobisisobutyronitrile (M=164) was also 
added. The solution was polymerized at 60 °C in N2 atmosphere for 18 hours. 
After polymerization the polymer was precipitated by adding an excess of 
methanol and purified by repeated precipitation from its acetone solution by an 
excess of methanol. The polymer obtained was dried in a vacuumoven at 40 °C. 
The yield was 55 %. The purity was estimated by complete saponification and 
titration with NaOH. The result was 83% purity. The remaining 17%isprob-
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ably acetone, it is not likely that any monomer is left because the polymer has 
been intensively washed out with methanol. By vacuum drying a certain amount 
of solvent remains included. 
2. Saponification of the ester. 

To a solution of the ester in a water-acetone mixture (2:5 by volume) so 
much NaOH was added that upon complete saponification 37 % of the ester 
group would remain. After saponification the final polyelectrolyte was precipi­
tated by HCl, vigorously washed with distilled water to remove acetone and 
HCl, and finally freezedried. Titration of the freezedried product confirmed 
that the degree of esterification was indeed 37 ± 1 % and that the purity of 
the product was 85 %, the rest probably being water. 

The molecular weight of the ester was estimated viscosimetrically and found 
to be 1.15 • 105 (see section 2.4.). 

3. PAA and PMA 
These polyelectrolytes have been prepared by solution polymerization in 

water. H 2 0 2 was used as the initiator. 150 ml acrylic acid (ex BDH), freshly 
distilled under reduced pressure to remove the inhibitor and 120 g 30% H 2 0 2 

are added to 900 ml water. The mixture was polymerized for 6 hours at 80 °C 
in N2 atmosphere under constant stirring. Afterwards the polymerisate was 
dialyzed against water for 6 days to remove low-molecular weight substances 
(monomer and initiator). After evaporation till a small but viscous volume was 
left the polymer solution was freezedried. The purity of this product is 76.4 % 

PMA was prepared in an analogous way: 45 g methacrylic acid (ex FLUKA 

A.G.) freshly distilled under reduced pressure and 170 g 30% H 2 0 2 were 
added to 350 ml water, after which the same procedure was applied. The 
achieved purity was 79.4 %. 

The relatively low purity of these polymers does not mean that they are 

TABLE 2.1. Survey of the polyelectrolytes, used in this study with some properties. See also 
fig. 2.1. 

poly­
electrolytes 

PMA-pe 

PAA-pe 

PAA 

PMA 

%acid 
groups 

67.6 

63.0 

100 

100 

M„ 

~ 1 0 5 

1.15 10s 

5.0 105 

0.51105 

determination1 

information 
manufacturer 
acetone, 25° C 2 

1 0 - 2 M H C 1 , 30° C 

2-10-3 M HCl, 30°C 

parameters 
MARK-HOUWINK 

equation 

-

k = 1.98-10-* 
a = 0.66 
k = 6.9 10" 4 

a = 0.50 
k = 6.6 -10"4 

a = 0.50 

notes: 1. see section 2.2.3. 
2. estimated for polymethyl acrylate, assuming no degradation upon saponification. 
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unsuitable for interfacial activity measurements. The impurity is probably just 
entrapped solvent, i.e. in this case water. SELIER (1965) found analogous results 
for the purity of his polyelectrolytes. 

The molecular weights of both polymers were estimated viscosimetrically 
and found to be 5.0 • 105 for PAA and 0.51 • 105 for PMA, i.e. they differed by 
a factor of 10. Table 2.1. summarizes some data on these polyelectrolytes. 

The polyelectrolytes are insoluble in paraffin. Aqueous solutions of 1000 ppm 
PMA-pe of oe=0 and a = 1 . 0 have been mixed with paraffin. Afterwards we 
measured the interfacial tension of this paraffin against distilled water. During 
the first 24 hours no significant decrease of interfacial tension was observed. 

2.3. THE CONFORMATIONAL TRANSITION OF POLYMETHACRYLIC 

ACIDS AS STUDIED BY POTENTIOMETRIC TITRATIONS 

2.3.1. Introduction 
One of the main objects of our investigation is the influence on the polyelectro-

lyte adsorption of the degree of ionization of the polyelectrolyte and the ionic 
strength of the solution. In view of these parameters we have to pay attention 
to the conformational properties of the polyelectrolyte in solution. Potentio­
metrie titration, as well as viscosimetry (see section 2.4.) are excellent methods to 
obtain this information. For proteins e.g. by the titration method the trans­
formation from helix to random coil structure as a function of pH can be de­
tected (HAMORI and SCHERAGA, 1967; NAGASAWA, 1970). LEYTE and MANDEL 

(1964) and MANDEL et al. (1967) reported on these Potentiometrie titrations for 
synthetic polyelectrolytes. Usually titration curves of synthetic polyelectrolytes 
do not indicate any conformational transition. However, P M A and its deriva­
tives such as PMA-pe are characterized by a clear change in conformation at 
0 . 1 < a < 0 . 3 . This conformational transition makes these weak polyelectrolytes 
interesting model substances for proteins, even if the ampholytic character is 
absent. It also induced us to look for possible conformational transitions in the 
adsorbed state. 

Following LEYTE and MANDEL we designated the two conformations as the 
a- and b-form. At low values of a the a-form predominates. Then, with in­
creasing a, follows a transition region after which the polyelectrolyte is in the 
b-form. At all values of a there is a thermodynamic equilibrium between the 
two forms. The a-form is a compact, hypercoiled conformation, whereas the 
b-form is more extended. MANDEL and STADHOUDER (1964) mentioned its 
presence for PMA and PMA-pe, whereas the transition has not been observed 
with PAA or its derivatives. They only exist in the b-conformation. D U B I N and 
STRAUSS (1970) observed a similar transition for copolymers of maleic acid and 
alkyl vinyl ethers. The influence of the stereo-regularity on the transition has 
been shown by NAGASAWA (1970) and by LEYTE et al. (1972). 

It is worth mentioning that this transition has been confirmed by other tech­
niques, e.g. by calorimetry (CRESCENZI et al., 1972), viscosimetry (ARNOLD and 

Meded. Landbouwhogeschool Wageningen 74-5 (1974) 11 



OVERBEEK, 1950; KATCHALSKY, 1951; SILBERBERG and MIJNLIEFF, 1970) and 

spectrophotometry (MANDEL et al., 1967). 
For the physical interpretation of this transformation we refer to the dis­

cussion (section 2.3.4.) and to chapter 6. 

2.3.2. Theory 
The titration behaviour of a weak polyelectrolyte deviates from that of a 

weak electrolyte. The dissociation equilibrium of a carboxylic acid in aqueous 
solution can be written as : 

- C O O H ^ - C O O " + H + (2.1.) 

with K0= [ - C O O " ] [ H + ] / [ - C O O H ] (2.2.) 

The brackets indicate activities. Equation 2.2. can be written as: 

pH = pK0 - log [(1 - a ' ) / a ' ] (2.3.) 

with pK0 = - logK0 = 0.434 AG°/RT (2.4.) 
a' = degree of ionization (the prime is used to distinguish this 

quantity from the degree of neutralization). 

where AG° is the standard free energy change of the dissociation process. In 
this derivation activity effects are neglected. 

For an already charged polyelectrolyte, however, the dissociation of a 
carboxylic group depends on the additional work to remove a H + ion against 
the electrostatic forces arising from the presence of charged groups in the same 
molecule. It is customary to define an apparent ionization constant K: 

pK = pH + log [(1 -<x')/<x' ] = 0.434 (AG0 + S Gelßoc')/RT (2.5.) 

where 8Gei/8a' is the additional electrostatic free energy change per group. 
Again in eq. (2.5.) activity effects, other than the electrostatic ones, are neglected. 
Eq. (2.5.) indicates that this apparent AT is a function of the degree of ionization. 
By combining equations 2.4. and 2.5. we find: 

p H = pK0 - log [(1 -a')/<x' ] + 0.434 (8G„/8o')/ÄT (2.6.) 

This description of polyelectrolyte behaviour is based on a model, whereas e.g. 
FISCHER and KUNIN (1956) observed that the titration behaviour of many 
polyelectrolytes conforms to the empirical HENDERSON-HASSELBALCH (H-H) 
equation over a wide range of a' values. In formula : 

pH = pKav - n log [(l-a')/a' ] (2.7.) 

in which pKav and n are constants at a constant polyelectrolyte concentration 
and ionic strength. 

Equations 2.5. and 2.7. are very suitable for analysing the Potentiometrie 
titration data of polyelectrolytes. One can obtain pK0 from a plot of pK versus 
a' by extrapolation to a' = 0. Moreover, Gel of a polyelectrolyte having a degree 
of ionization a.' can be calculated from the area under the graph of a plot of 
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pK — pK0 versus a'. In a plot of pH as a function of log[(l—oe')/a'] — a so-
called H—H plot — deviations from linearity, e.g. an inflection point, indicate 
conformational transitions in the polyelectrolyte. 

2.3.3. Experimental 
The Potentiometrie titrations have been carried out with an Electrofact 

combined electrode 7GR221. Titrant was added from a buret into the titration 
vessel, containing 50 ml of polymer solution. All titrations were performed 
under nitrogen at room temperature (22°C). One single titration took 5 hours. 
We used only NaOH as titrant, the molarity of which was adapted to the con­
centration of polymer to preclude differences in polymer concentration between 
different titrations. The difference between a' and a is only significant at low 
pH and rather low polymer concentration. 

2.3.4. Results and discussion 
Results are presented in fig. 2.2. as H—H plots. They demonstrate the differ­

ences between the polyelectrolytes and the effect of ionic strength. In agreement 
with cited literature we observe the conformational transition only for PMA 
and PMA-pe. It can be inferred from eq. (2.6.), that the higher the pH, at a 
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FIG. 2.2. HENDERSON-HASSELBALCH plots. 
a. PAA-pe, 0.01 M NaCl (+ ) ; PAA, without NaCl ( x ) ; PMA, without NaCl ( A). 
b. PMA-pe, 0.02 M NaCl (O, • ) ; PMA-pe, 0.20 M NaCl (D, • ) . Note shift of 2 pH units at 

c„ = 1000 ppm PMA-pe. 
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given value of log[(l—a')/a'], the higher the additional electric work required 
to remove a H + ion from the chain to infinity SG^/Sa'. From fig. 2.2. and eq. 
(2.6.) it can be concluded that 8Ge,/Sa' increases with decreasing ionic strength. 
One would expect this trend. Moreover, 8Gel/8a' is higher for PMA than for 
PAA. This indicates the effect of steric hindrance being higher for PMA than 
for PAA. A comparison between PAA and PAA-pe (or PMA and PMA-pe) is 
more complicated, because of the differences in ionic strength. For PMA-pe no 
significant influence of the polyelectrolyte concentration is observed. Extra­
polation of the linear parts of the curves for PMA and PMA-pe allows us to 
make a comparison between the a- and b-conformation in the transition region. 
8Gei/M' is considerably higher for the compact hypercoiled a-conformation 
than for the more extended b-conformation. From the slope of the curves it can 
be concluded that differences in 8Gelßa' are less pronounced at lower degree of 
ionization. It should be borne in mind that these comparisons are only possible 
if the pK0 values are the same for all conditions (see equation 2.6.). 

The H—H plots allow also the calculation of the fractional replacement of 
the a-form by the b-form as a function of pH in the transition region. Following 
LEYTE and MANDEL (1964) we assume that in the transition region the following 
linear combination may be written: 

<x' = ( l - v ) a ' « + va', (2.8.) 

in which v = cbjcp 

cb = polyelectrolyte concentration in b-conformation 
c„ = total polyelectrolyte concentration 
oe'a = degree of ionization in the a-conformation 
a'b = degree of ionization in the b-conformation 

Since a'a and a'b can be found as a function of pH from the lower and upper 
linear parts of the plots we can find v as a function of a'. Fig. 2.3. summarizes 
the results of these calculations for different experimental conditions. From 
these plots - and also already from the previous plots - we can conclude, that : 
1. there is no significant influence of cp on the transition region for both ionic 

strengths. 
2. there is a shift in the transition region with ionic strength. This can be ex­

plained as follows : the transition of a- to b-conformation is promoted by 
increasing a', i.e. expansion of the coil by charging. At a given a' the expansion 
is less pronounced at higher ionic strength and hence the b-conformation can 
persist till higher a' values. In respect of the effect of ionic strength different 
authors have not arrived at the same conclusion. MANDEL and STADHOUDER 

(1964) found no salt effect on the location of the transition in NaN0 3 (up to 
10"2 M). On the other hand, CRESCENZI et al. (1972) found a broadening and 
upward shift of the transition region with increasing concentration of NaCl 
(up to 0.5 M). This difference can be due to the different concentration regions 
used. The region studied by us (NaCl, up to 0.2 M) corresponds relatively 
better with that investigated by CRESCENZI et al. and so does our experimental 
found shift. 
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3. for PMA the transition takes place at a lower region of a' than for PMA-pe. 
However, if a' is not based upon the total number of carboxylic groups as 

done, but on the total number of segments (carboxylic and ester groups) the 
shift is smaller and may be attributed completely to the difference in the ionic 
strength. MANDEL and STADHOUDER (1964) found even a complete merging of v 
as a function of a' for PMA's of different degrees of esterification at constant 
ionic strength, if a' was related to the total number of segments. It means that 
the occurrence of the a-conformation is not specifically due to the carboxylic 
groups, but to the methyl groups of PMA in the main chain. 

About the origin of the existence of the compact state of PMA and PMA-pe 
at low degree of ionization, there is no complete agreement. It is certain that the 
methyl group in the main chain is a prerequesite but not the ester group or 
acid group. Intramolecular hydrogen bonding between COOH groups is ex­
cluded as a major factor because partial esterification of PMA does not in­
fluence the charge density at which the transition takes place. Two other possible 
factors are hydrophobic bonding and nearest-neighbour VAN DER WAALS 
forces of attraction between the — CH3 groups of the main chain. From Poten­
tiometrie and spectrophotometric results MANDEL et al. (1967) concluded, that 
the stabilization of the compact state is not primarily due to hydrophobic 
bonding, because in a water-methanol mixture with 40% volume fraction of 
methanol the transition is still present. Our viscosimetric experiments of emul­
sions stabilized by PMA-pe in water-methanol mixtures as the continuous 
phase are in contradiction with this conclusion (see chapter 6). These emulsion 
experiments suggest the occurrence of hydrophobic bonding as the major 
factor. 

2.4. CHARACTERIZATION OF PMA-PE BY VISCOSIMETRY 

2.4.1. Theory 
The viscosity-averaged molecular weight Mn is related to the intrinsic viscos­

ity \t]\ by the MARK-HOUWINK relation: 
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[r,] = k-Mf (2.9.) 

in which k and a are constants. With the aid of this relation we estimated the 
molecular weight of our PAA, PMA and PAA-pe (see section 2.2.1.). The 
values of k and a for PAA, PMA and polymethyl acrylate are obtained from 
BRANDRUP and IMMERGUT (1965). For PMA-pe no values for these parameters 
are known. Hence, we tried to check the molecular weight, as given by the 
manufacturer, in a quite different way (FLORY and OSTERHELD, 1954). 

The intrinsic viscosity in an arbitrary solvent is related to the intrinsic 
viscosity in a ©-solvent through the expansion factor a, : 

<=[l\l[n\e (2.10.) 

where the subscript 0 refers to the ©-condition. FLORY and OSTERHELD (1954) 
were able to check the molecular weights of their PAA samples by plotting 

5_ 
1 -a,,3 as a function of the reciprocal value of the ionic strength at different 

degree of ionization. In order to assess an, [n ] ö has to be known as a function 
of the degree of ionization. To obtain [n ]& we followed FLORY and OSTERHELD, 
who stated that the unperturbed dimensions are unaffected by the degree of 
ionization and can be obtained simply by increasing the ionic strength at any 
degree of ionization. The same procedure has been followed by GREENE (1971). 
However, it should be mentioned that the theory of FLORY and OSTERHELD is 
open to doubt, since in this way they found their molecular weights too low by 
a factor of 2 till 3. The method of NODA et al. (1970) gives better results for 
polyelectrolytes, but is not applicable in our case, as more properties of the 
PMA-pe have to be known. 

2.4.2. Experimental 
The viscosity measurements were carried out in Ubbelohde-type viscometers, 

which were mounted in a water bath, thermostatted at 20.0 ± 0.02 °C. The 
elution times for water at this temperature were about 360.0 ± 0-2 sec. and 
sufficiently long to neglect kinetic energy corrections. The [n ] value was obtain­
ed by extrapolation of the viscosity ratio excess r\spjcp to infinite dilution. \r\ ] 
has been estimated for the following a values: 0.10, 0.30, 0.50, 0.70, 0.75, 0.90 
and 1.0 at ionic strengths till 0.8 M NaCl. Dilution was done with a solution of 
fixed NaCl molarity. In some experiments it was checked that an isoionic 
dilution produces the same [rj] within the experimental error of 10%. 

2.4.3. Results and discussion 
In fig. 2.4. [n ] values for the various experimental conditions are collected. 

These experiments have been performed only for PMA-pe. In the region of a < 
0.70 the curves are sigmoid shaped. The low values of [n] at low degree of 
neutralization agree with the existence of a compact conformation, as deduced 
from titration. For PAA and PMA, NODA et al. (1970) confirm the difference in 
viscosimetric behaviour at low a values. They found the same sigmoid shape for 
PMA, whereas for PAA the rise in [rj ] in the region of low a is much more 
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FIG. 2.4. Intrinsic viscosity of 
PMA-pe at different ionic strengths 
of NaCl. 

pronounced. OHNO et al. (1973) find for a copolymer of maleic acid and styrene 
the similar sigmoid shape for [rj ] as a function of a and moreover, as expected, 
the occurrence of an a-conformation for this polymer was also found by Poten­
tiometrie titrations. 

At high values of a ( > 0.75) a decrease of [rç] has been observed, especially 
at low ionic strength. This phenomenon at a > 0.75 is rather difficult to explain. 
One would expect \r\ ] to tend to a limiting value with increasing a. In the litera­
ture similar results have been found for other polyelectrolytes with hydrophobic 
groups (SHAREV et al., 1970; DUBIN and STRAUSS, 1970). SHAREV et al. noted 
that the maximum in [))] as a function of a coincided with a maximum in 
emulsion stability as a function of a. DUBIN and STRAUSS found a significant 
maximum in [rj] for a copolymer of maleic acid and alkyl vinyl ether. All these 
examples indicate that the occurrence of the two different conformations is a 
well established fact. As it is unlikely to assume a reduction in coil size upon 
further charging of the polyelectrolyte molecules, it seems more likely that the 
observed reduction of [rj ] is under these conditions no longer a simple measure 
for the coil dimensions. 

With the theory of FLORY and OSTERHELD (1954) M, for PMA-pe, at various 
values of a, was calculated at about 40.000 i.e. a factor of 2.5 lower than the 
value given by the manufacturer. This factor is of the same order as the correc­
tion factor found by FLORY and OSTERHELD. Therefore we assumed Mn = 105. 

The chain dimensions of polymer molecules can be deduced from viscosity 
measurements. The relevant relations (FLORY, 1953, chapter 14) are only valid 
for randomly coiled polymers. If one assumes their validity also for linear 
polyelectrolytes (e.g. NODA et al., 1970), we are able to calculate the radius of 
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gyration RG for PMA-pe as a function of the degree of neutralization. At 
a = 0.1 RG was found to be about 12 nm; at a. = 1.0 it amounts to about 38 nm 
at 0.02 M NaCl and to about 28 nm at 0.20 M NaCl. 

2.5. SUMMARY 

Conformational properties of the polyelectrolytes have been studied by 
means of Potentiometrie titrations and viscosimetry. These properties have to 
be known since it is reasonable to assume a correlation between solution prop­
erties and the behaviour upon adsorption out of these solutions. Important 
variables are ionic strength and degree of neutralization. 

For PMA and PMA-pe a compact, hypercoiled conformation has been found 
at low a values (a <0.3), passing into a more open conformation upon in­
creasing a. For PAA and PAA-pe no such transformation is found. These 
polyelectrolytes are only present in the open conformation. These findings are 
in general agreement with the literature. For PMA-pe the conformational 
transition is also affirmed by viscosimetry. 
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3. I N T E R F A C I A L TENSION AND A D S O R P T I O N 
AT THE I N T E R F A C E BETWEEN P A R A F F I N OIL 

A N D P O L Y E L E C T R O L Y T E S O L U T I O N 

3.1. INTRODUCTION 

As already mentioned, polymer adsorption is normally an irreversible 
process. Desorption is only possible, if all adsorbed segments of one molecule 
would desorb simultaneously and this is statistically very unlikely. However, 
desorption is sometimes possible by changing the conditions after adsorption 
or if biopolymers have been used. Some biopolymers, for example, desorb on 
dilution (BULL, 1957; MACRITCHIE, 1972). Desorption of synthetic polymers 
by changing the solvent has been found by e.g. HOWARD and MCCONNELL 

(1967). The possibility of polyelectrolyte desorption upon charging up the 
adsorbed molecules has been demonstrated by e.g. PEYSER and ULLMANN (1965) 
and COLE and HOWARD (1972). 

Another aspect of polymer adsorption is its time dependence. After adsorp­
tion of a molecule, exchange of segments occurs and the ensuing reconformation 
gives rise to a growing amount of polymer at the interface and to a higher 
occupation of the first layer. 

Quantitative experiments at the L/S interface show that the following factors 
influence the adsorption : 
1. polymer concentration. The amount of adsorbed polymer increases with 

increasing cp, finally reaching a plateau value or sometimes a semi-plateau 
value. In general the fraction of segments of one molecule adsorbed in the 
first layer p is lower at higher cp. 
2. solvent-polymer, solvent-adsorbent and polymer-adsorbent interactions. Ad­

sorption from a poor solvent (i.e. having low solvent-polymer interaction as 
compared to polymer-polymer interaction) generally means that the adsorbed 
amount is high and that there are relatively long loops. Adsorption from a good 
solvent results in a lower adsorbed amount with small loops and long trains. If 
long loops would be present the polymer chain would be desorbed by strong 
osmotic pressures (HOEVE, 1970, 1971). 
3. molecular weight of the polymer. An increasing molecular weight results in a 

higher adsorbed amount, tending to a limiting value at high molecular 
weight. Adsorption on porous adsorbents shows the opposite effect (SCHMIDT 

and EIRICH, 1962). 
The final situation of an adsorbed polymer can be expressed by the following 

parameters : 
1. total amount of adsorbed polymer T, usually in mg m - 2 

2. fraction of polymer segments of one molecule adsorbed in the first layer p. 
3. occupation of the first layer by polymer segments 6. 
4. the segment density as a function of the distance from the interface p„ (x). 
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Of the three quantities r, p and 6 only two are independent. Examples of 
attempts to determine two out of these three quantities are known in the litera­
ture. FONTANA and THOMAS (1961) used infrared adsorption analysis and 
KILLMANN and ECKHART (1971) used a calorimetric method to measure 6 on 
silica surfaces. These and similar measurements do not allow an unambiguous 
conclusion concerning the relationship between T, p and 6 and the three 
adsorption parameters mentioned above (cp, M and solvent power). 

A more quantitative description of the adsorption in terms of segment 
density as a function of the distance of the interface is only possible if informa­
tion can be obtained about pp (x). FLEER et al. (1972) were able to estimate the 
viscosimetric thickness A from which pp (A) was obtained after assuming a 
certain analogy with the statistics of free-random coils. 

At undisturbed L/L interfaces r cannot be obtained by a depletion method, 
because the total interfacial area is too small. I t would therefore be convenient 
if it would be possible to extract r from y(cp) measurements, just as in the case 
of low-molecular weight substances. However, due to the irreversible nature of 
polymer adsorption this relation is ambiguous. Neither may GIBBS law be 
applied, although this has been done very often in the literature (ELEY and 
HEDGE, 1957; GLASS, 1968; FROMMER and MILLER, 1968). 

Direct determination of the adsorbed amount is possible by a surface radio­
activity technique ( Q U I N N and DAWSON, 1970; ADAMS et al., 1971). The use of 

spread monolayers or emulsification of the interface are only of limited value 
for the understanding of the conformation of adsorbed polymer layers, because 
the conformation in spread monolayers as well as that in an emulsified (i.e. 
disturbed) interface differ much from that in an adsorbed layer. 

The time dependence of the adsorption and interfacial tension limits the 
number of suitable methods of measurements of y. As described by LANKVELD 
and LYKLEMA (1972) it is not allowed to obtain the static interfacial tension 
from dynamic methods i.e. methods in which the interface changes during the 
measurements and where equilibrium is not attained. If, contrary to better 
judgement, dynamic y measurements are applied, results obtained by different 
authors differ, even when working with the same polymer at the same interface 
(GLASS, 1968; KUHLMAN et al., 1968, 1969). 

In this study the effect of the molecular weight of the polyelectrolyte samples 
will not be investigated in detail. Of the several other interesting variables, 
special attention has been paid to the charge of the polyelectrolyte, the ionic 
strength, nature of the counterion and the chemical constitution of the different 
polyelectrolytes. LANKVELD and LYKLEMA (1972) found that the molecular 
weight of PVA, adsorbed at the paraffin oil - water interface, is a rather in­
sensitive parameter and that the origin of the PVA samples is at least of com­
parable importance. 

20 Meded. Landbouwhogeschool Wageningen 74-5 (1974) 



3.2. TIME DEPENDENCE AND STEADY-STATE VALUE OF THE 

INTERFACIAL TENSION 

The term 'steady state' of interfacial tension or interfacial pressure will be 
used to indicate that the final values are independent of time without implying 
that equilibrium has been attained. 

3.2.1. Mechanism of adsorption 
The rate of reduction of interfacial tension dy/dt is determined by three 

processes of which at least two are consecutive, viz. diffusion from the polymer 
solution to the interface, spreading of the arrived molecule and reconformation 
of the molecule (during which more segments adsorb over a given area). In 
special cases dy/dt reflects only one of these three factors. However, generally all 
three processes occur simultaneously and cannot be separated solely by y(t) 
measurements. At low cp, supply by diffusion is slow and the adsorbed mole­
cules can spread fully. Only if a just adsorbed molecule can reconform and 
spread to its full extent, before the next molecule arrives at the interface one can 
state that dy/dt is fully diffusion controlled. However, adsorption from a 
highly concentrated solution means that in a very short time the interface has 
been completely occupied, so that no spreading can occur. Reconformation 
remains possible and is in fact the rate-determining step. 

In the case of polyelectrolyte adsorption it is interesting to consider the in­
fluence of the charge on these three steps. The charge of the polyelectrolytes 
leads to an additional contribution in the free energy gain upon adsorption, but 
on the other hand the hydrophilic nature of the polyelectrolyte molecule in the 
charged state will give rise to a lower interfacial activity of the polyelectrolyte 
(JAFFÉ and RUYSSCHAERT, 1964; KATCHALSKY, 1951). Moreover, the charge on 
the polyelectrolyte molecule affects the flexibility of the chain. As the rate of 
reconformation and spreading is related to the flexibility of the chain, dy/dt 
will depend on the charge density. 

3.2.2. Measurements of interfacial tension 
The interfacial tension between paraffin oil and the polyelectrolyte solution 

has been measured by the static Wilhelmy-plate method. A Prolabo tensio-
meter of Dognon-Abribat was used (HEERTJES et al., 1971). PADDAY (1957) 
described the operational principle of this apparatus. A small roughened plati­
num plate, which had been tempered and wetted with the aqueous phase, was 
passed through the paraffin layer down to the interface between the paraffin and 
the polyelectrolyte solution underneath it. Upon contact with the interface the 
plate is pulled into the aqueous solution as a result of the interfacial tension. The 
plate, which is suspended from an electromagnetic balance, is brought into 
balance by an extra force. After correction for the buoyancy, the interfacial 
tension can be calculated, when the length of the platinum plate is known. This 
length was measured to an accuracy of 0.005 cm and varied between 1.95 and 
1.97 cm for the different plates. The reproducibility of the interfacial tension 
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measurements was within 0.4 mN m *. It is important that the plate is well 
wetted with the aqueous phase, which can be seen from its reflectivity. 

3.2.3. Procedure 
All glassware used for the interfacial tension measurements, was cleaned 

with chromic acid, dilute nitric acid and finally with distilled water. 
Solutions of different concentrations between 1 and 1000 ppm were prepared 

by dilution of a stock solution. Stock solutions were never older than a week to 
avoid possible ageing effects. 100 ml of polyelectrolyte solution was brought 
into a 250 ml vessel, the pH was adjusted by injection of NaOH or HCl and 
controlled during the experiment. Paraffin was added as quickly as possible 
after rigorous sucking off the liquid - air interface. This operation is very 
important to obtain a clean interface and reproducible measurements. The 
wetted plate was put in the interface as described in section 3.2.2. The first 
measurement was made after exactly 1 minute, whereas the timing of further 
readings depended on the rate of lowering in interfacial tension. For the steady-
state value y(oo), the interfacial tension after 24 hours was taken. This is a safe 
measure since the final value is always attained more rapidly. The vessel was 
thermostatted during the experiments at 20.0 ± 0.2 °C. Irreproducible results 
are obtained when the Wilhelmy plate was taken out of the interface during the 
experiments. Reintroducing the plate did then disturb the interface. LANKVELD 

and LYKLEMA (1972) did not find such an effect for the polyvinyl alcohol 
solutions at the same interface. 

The time dependence for PMA-pe at pH = 4.0, 5.0, 6.0, 7.0 and 9.0 has been 
measured in solutions of 0.01 M, 0.20 M NaCl and 0.01 N CaCl2. Steady-state 
values have also been measured for the other polyelectrolytes in 100 and 1000 
ppm solutions, containing 0.01 M NaCl. 

3.2.4. Results and discussion of time dependence measurements for PMA-pe 
Data on the interfacial tension as a function of time after the formation of the 

interface are given in figs. 3.1.-3.3. In fig. 3.1. the time dependence is given as a 
function of polymer concentration at pH = 6.0 in 0.01 M NaCl. Results at 
other pH and ionic strengths are analogous. It is concluded that the drop in 
interfacial tension is faster as the polymer concentration is higher. The steepest 
drop in the tension takes place during the first few minutes. The rate of decay is 
minimal in the more dilute solutions. The initial drop at higher concentrations 
proceeds so fast that the first measurement (after exactly 1 minute) is not yet 
accurate. Similar trends have been found by KATCHALSKY and MILLER (1951) 
for PMA, by HAUSER and SWEARINGEN (1941) and JAMES and RAY (1972) for 
proteins at air - liquid and liquid - liquid interfaces. 

Fig. 3.2. gives the interfacial tension as a function of time at different pH 
at cp = 100 ppm and an ionic strength of 0.01 M NaCl. The curves of fig. 3.2. 
are a representative selection from a large number of similar graphs that have 
been measured but not reported here. The decay is faster at lower pH, i.e. at 
lower a value in bulk. Fig. 3.3. shows the time dependence as a function of 
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ionic strength and the nature of the counterion (Na+ , Ca2+) at pH = 6 and 9. 
From figs. 3.2. and 3.3. in combination with the viscosimetric results pre­

sented in section 2.4., it is concluded that the time dependence is related to the 
molecular dimensions in bulk: the more compact the molecule, the faster the 
stationary state is attained. These results agree with other observations. For 
proteins it has been found that dy/dt is higher at the isoelectric point than at 
lower or higher pH (CUMPER and ALEXANDER, 1951; JAMES and RAY, 1972). 
Similar effects for proteins at the air - water and paraffin - water interfaces 
have been found by GHOSH and BULL (1963) and ISHII and MURAMATSU (1970). 
Hence it is concluded that the adsorption behaviour of PMA-pe at the paraffin 
- water interface fits into a general experience scheme. At given supply of poly-
electrolyte these results imply that for a compact molecule (low pH, high ionic 
strength and Ca2 + counterions) diffusion to the interface is relatively fast and 
that the influence on y(?) of spreading and reconformation is of a smaller extent. 
However, if the polyelectrolyte molecule is charged, the coil is expanded and 
the flexibility of the chain is reduced. At that condition the supply by diffusion 
is much smaller and y(t) becomes reconformation controlled. Due to the stiffness 
of the polymer chain dy/dt is now a slow process. 

Finally a remark has to be made in relation to the conformational transition 
of PMA-pe in solution. At low pH the coils of PMA-pe molecules in bulk are 
compact, at higher pH they are expanded. In the very first moments of the ad­
sorption process, it is diffusion controlled. At low pH diffusion will lead to a 
rapid accumulation of segments at the interface, which is reflected in the sharp 
initial drop of y. It is likely that then the molecule adsorbs pretty much in the 
same conformation as it has in bulk, i.e. with both CH2 , COOH and COOCH3 

groups in the interface. At high pH the molecule is expanded and diffuses 
slowly. The supply of segments by diffusion is small in the first part of the 
curve, in agreement with the small decrease of y. However, upon long standing 
y continues to decrease, apparently mainly through reconformation, leading 
to longer and more strongly bound trains. Our experiments do not allow us to 
locate a specific transition region between the two conformations. However, an 
analogy to this transition can be extracted from another set of experiments to 
be reported in chapter 4. 

3.2.5. Results and discussion of steady-state measurements 
The steady-state interfacial tension values are obtained from the time 

dependence experiments. After 24 hours - often already before this time - no 
change in y{t) was observed any more, so that y(oo) equals y(24 hours). The 
results are summarized in figs. 3.4.-3.9. In figs. 3.4. and 3.5. y(oo) is shown as a 
function of polymer concentration. In these figures the measuring points have 
been omitted for the sake of clearness. From these figures it can be concluded, 
that: 
1. y(oo) decreases with increasing cp. 
2. increasing the ionic strength results in a decrease of y(oo), except at pH = 9. 

It is noted that even at pH = 4, where the polyelectrolyte is almost un-
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charged, a marked effect of ionic strength has still been found. At pH = 9 the 
coil dimensions in bulk depend strongly on ionic strength. This is reflected in 
the rate of decrease (fig. 3.3.) but not in the stationary value. It means that 7(00) 
is not simply correlated with the molecular dimensions in the bulk phase. 
Similar results have been found previously by MILLER and KATCHALSKY (1957). 
They reported on work with copolymers of 2-vinyl pyridine and methacrylic 
acid. At a positive net charge of this molecule, i.e. at low pH, the ionic strength 
hardly affected 7(00), whereas at a negative net charge the ionic strength had an 
important effect. As will be shown later, there are more similarities between 
PMA-pe and the copolymer of 2-vinyl pyridine and methacrylic acid. The ester 
segments of PMA-pe show similarity with the vinyl pyridine segments in their 
adsorption behaviour. All this indicates that the mode of adsorption at low pH 
is different from that at high pH, a conclusion at which we also arrived in the 
preceding section. 
3. in the presence of Ca2+ ions the interfacial activity is generally higher than 

with Na+ ions. At pH = 4 there is no difference between 7(00) in the pres­
ence of Ca2+ and Na+ ions, indicating that for almost uncharged polymers the 
nature of the counterion is not important. The adsorption behaviour at high pH 
is very complicated. Ionic strength had only little or no effect (compare figs. 3.6. 
and 3.7.), whereas the valency of the counterion exerts a considerable influence 
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(compare figs. 3.6. and 3.9.). This is probably related to the strong bonding of 
divalent counterions with polyelectrolytes (LEYTE et al., 1968). At pH = 9 Ca2 + 

counterions cause a higher interfacial activity at cp < 100 ppm, whereas at 
higher c„, Na+ ions cause a higher interfacial activity. 
4. for pH < 7 there is a direct relationship between the rate of decay of y and 

its steady-state value. However, for pH = 9 this is not always the case. 
At cp > 100 ppm y(0 decreases more slowly than at lower pH, whereas y(oo) 
reaches a lower value at pH = 9 than at lower pH. The variation in adsorption 
mechanism as a function of pH has already been mentioned in conclusion 2. 

The same results are replotted as a function of pH in figs. 3.6.-3.8. In view 
of the increasing charge a general upward trend of 7(00) with pH is anticipated. 
In certain literature references this trend has indeed been found, e.g. CUMPER 

and ALEXANDER (1950), MILLER and KATCHALSKY (1957) and JAFFÉ and 
RUYSSCHAERT (1964). For the L/S interface the same trend has been observed 
by MICHAELS and MORELOS (1955) and by COLE and HOWARD (1972) for T with 
pH. Our figures agree with this trend, except at cp > 100 ppm in 0.01 and 0.20 
M NaCl. 

Since the fully dissociated carboxylic groups are interfacially inactive it is 
likely that adsorption of hydrophobic groups at pH = 9 is responsible for the 
fact that y(oo) is below the blank value of 51.25 mNm - 1 . In order to study 
which groups are responsible for the adsorption at different pH values, it is 
expedient to compare the interfacial activity of different polyelectrolytes. 
Results of this comparative study, using the four polyelectrolytes described in 
section 2.2., are shown in fig. 3.9., from which the following is concluded: 
1. PAA and PMA are not interfacially activf when adsorption takes place at 

pH > 6. The mutual difference between PMA and PAA is very small and 
may be caused by the differences in the acidity between these two polyelectro­
lytes. Moreover, for PMA the molecular weight is a factor of 10 smaller than 
for PAA (see table 2.1.). It is concluded from these results, that the presence of 
ester groups is necessary to make the polyelectrolyte interfacially active at high 
charge density. The presence of the methyl group in the main chain does not 
significantly alter the interfacial activity. 
2. At low pH, PMA-pe and PAA-pe are more interfacially active than the 

corresponding polyacids. This shows that also at low pH the presence of the 
hydrophobic ester groups is required to obtain good interfacial activity. The 
difference between PAA-pe and PMA-pe is negligible at low pH. 
3. PMA-pe and PAA-pe are both interfacially active at pH > 6, although the 

difference between them is that in the case of PAA-pe the bulk concentration 
must be sufficiently high. In a 100 ppm solution, PAA-pe is not markedly inter­
facially active, whereas at 1000 ppm the supply is sufficient to decrease y. It is 
concluded that the presence of the methyl group in the main chain causes the 
difference, because the difference in the molecular weight between both poly­
electrolytes is small (see table 2.1.). 

Adsorption at high pH must be caused by the presence of the ester groups. By 
the adsorption of these polyelectrolytes at high pH, y(oo) can reach a relatively 
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